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Abstract 

 

Triple-negative breast cancer (TNBC) is the most aggressive subtype of breast 

cancer. Immunotherapy, notably cancer vaccines and immune checkpoint modulators, 

has emerged as a promising alternative therapy. However, limited efficacy has been 

obtained for cancer vaccines and severe immune-mediated side effects have been 

related to immune checkpoint inhibitors under clinical development. Thus, to overcome 

the main disadvantages presented by these two therapeutic options when used 

individually, and considering the heterogeneity of TNBC, combination therapies are 

under clinical development to treat this specific breast cancer subtype. 

We hypothesized that the development of a multifunctional nanovaccine could re-

shape the tumour microenvironment (TME), sensitizing TNBC to the agonist immune 

checkpoint OX40, and thus, improving the overall anti-tumour immune response. 

For this purpose, a poly(lactic acid) (PLA) nanoparticle (NP)-based nanovaccine 

was designed and synthesized to target dendritic cells (DC) and the TME by 

incorporating TNBC-associated antigens, toll-like receptor ligands CpG and Poly(I:C), 

and siRNA to downregulate the potent immunosuppressive cytokine transforming growth 

factor-β (TGF-β). NP surface was modified by hyaluronic acid to promote DC activation, 

but also to potentiate their delivery to the TME by targeting CD44 receptor, 

overexpressed in TNBC cells. 

NPs presented a spherical-shape with an average diameter close to 200 nm, 

displaying narrow polydispersity index, near-neutral surface charge, and entrapment 

efficiencies (EE) superior to 85%. NPs were extensively taken up by both DC and TNBC 

cells, without affecting their viability. In addition, NPs induced DC activation and 

maturation, increasing significantly the expression of the surface markers. 4T1 tumour-

bearing animals treated with the multifunctional nanovaccine combined with αOX40 

showed a noteworthy tumour remission, with a higher overall survival and a tumour 

volume 4-fold lower than those obtained for αOX40-treated mice. The nanovaccine re-

shaped the immune profiling within the TME, which correlated with the overall anti-

tumour effect obtained in this combinatorial scheme. This study revealed the synergy 

between a multi-targeting nanovaccine and αOX40 in TNBC, providing important insights 

for the establishment of novel combination regimens against this tumour.  

 

Keywords: vaccine, triple-negative breast cancer, nanomedicine, tumour 

microenvironment, immune checkpoints
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Resumo 

 

De acordo com a Organização Mundial de Saúde (OMS), o cancro da mama é o 

tipo de cancro mais frequente nas mulheres e apresenta a maior taxa de mortalidade 

relacionada com cancro nas mulheres a nível mundial.  Anualmente, estima-se que mais 

de 2,1 milhões de mulheres são diagnosticadas e que mais de 627’000 mulheres 

morrem desta doença. Além disso, a OMS estima que até 2020 uma em cada oito 

mulheres será afetada por esta doença.  

 O cancro da mama é uma doença complexa e com um elevado grau de 

heterogeneidade. Esta heterogeneidade dá origem a tumores com comportamentos 

distintos, e diferentes características clínicas, patológicas e moleculares, com 

prognósticos distintos e implicações terapêuticas distintas. Atualmente, o cancro da 

mama pode ser classificado em diferentes subtipos moleculares, tendo por base a 

expressão de três biomarcadores, determinados por imunohistoquímica: o recetor de 

estrogénio, o recetor de progesterona e a proteína transmembranária HER2.  

 O cancro da mama triplo negativo (CMTN) é um subtipo molecular de cancro da 

mama caracterizado pela ausência de expressão dos recetores de estrogénio e de 

progesterona e a ausência de sobre-expressão de HER2. Estima-se que a prevalência 

do CMTN seja de cerca de 15 a 20% de todos os casos metastáticos de cancro da 

mama, sendo tipicamente observado em mulheres com menos de 40 anos, 

especialmente em mulheres de raça negra, e/ou portadoras de mutações germinais no 

gene BRCA1. Os pacientes diagnosticados com esta doença apresentam um mau 

prognóstico e falecem rapidamente quando comparado com outros subtipos de cancro 

da mama, o que se pode dever ao seu comportamento agressivo, mas também à falta 

de terapia direcionada. O CMTN caracteriza-se por um tumor maior no diagnóstico, 

maior grau histológico, metastização precoce (1 a 3 anos após o diagnóstico) e mais 

agressiva.  

 Contrariamente aos outros subtipos de cancro da mama, os pacientes 

diagnosticados com o CMTN não beneficiam das terapias endócrinas nem das terapias 

direcionadas para o HER2 devido à ausência destes mesmos biomarcadores, o que 

limita fortemente as opções terapêuticas disponíveis para esta doença. 

Tradicionalmente, a quimioterapia tem sido a principal opção para o tratamento desta 

doença, tanto em estadio inicial como avançado. No entanto, esta abordagem 

terapêutica está associada a uma resposta fraca por parte da maioria dos pacientes, 

toxicidade e eventual desenvolvimento de resistência aos agentes quimioterapêuticos. 
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Por estas razões, considera-se urgente o desenvolvimento de terapêuticas direcionadas 

para o CMTN. 

  A imunoterapia tem surgido como uma opção terapêutica promissora para o 

tratamento desta doença. Nas últimas décadas, a imunoterapia passou de uma “terapia 

promissora” para uma realidade clínica já bem comprovada. Diversas opções 

imunoterapêuticas foram já aprovadas pelas agências reguladoras do medicamento 

norte-americana (FDA) e europeia (EMA), e muitos outros estão em ensaios clínicos, 

como monoterapia ou combinado com tratamentos convencionais ou outros agentes 

direcionados. Estas terapêuticas inovadoras, baseiam-se em respostas anti-tumorais 

desencadeadas pelo próprio sistema imunitário do doente, através da ativação de uma 

complexa rede de células imunitárias, tais como os linfócitos T efetores CD8+ e os 

linfócitos T auxiliares CD4+, mas também em respostas de memória que impeçam a 

formação de metástases e a disseminação da doença. Contrariamente aos outros 

subtipos de cancro da mama, o microambiente tumoral do CMTN apresenta uma grande 

infiltração de linfócitos T, o que aumenta a suscetibilidade dos pacientes com esta 

patologia para a imunoterapia.  

Dois tipos de imunoterapia que têm sido aplicados em doentes com CMTN em 

ensaios clínicos são os moduladores dos immune checkpoints e as vacinas anti-

tumorais. Os immune checkpoints são um conjunto de moléculas co-estimuladoras e co-

inibitórias envolvidas na ativação de complexas vias de sinalização que previnem a 

ativação excessiva dos linfócitos T em condições normais. No ambiente tumoral, a 

expressão dos immune checkpoints está alterada, evitando a resposta imunitária anti-

tumoral pelos linfócitos T. Os anticorpos monoclonais (mAb) direcionados contra estas 

moléculas permite reverter a inibição da imunidade adquirida e, assim, contribuir para a 

sobrevivência dos pacientes. Um dos mAb em estudo em ensaios clínicos para o 

tratamento do CMTN é direcionado contra o OX40. O OX40 é um recetor co-estimulador 

expresso pelos linfócitos T, cuja ativação, induz a expansão e sobrevivência dos 

linfócitos T efetores e bloqueia a ação inibitória dos linfócitos T reguladores no 

microambiente tumoral. 

Apesar dos resultados promissores, os moduladores dos immune checkpoints, 

em particular quando usados em regimes de monoterapia, têm sido associados a efeitos 

adversos graves e a baixas taxas de respostas prolongadas e perduráveis em doentes 

de cancro metastático. As vacinas anti-tumorais têm vindo a ser desenvolvidas ao longo 

destes últimos 100 anos e é possível identificar vários casos de remissão completa em 

diversos tipos de cancro. No entanto, a maioria dos ensaios clínicos envolvendo vacinas 

anti-tumorais falharam em demonstrar qualquer melhoria clínica nos pacientes. 
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Assim sendo, de forma a ultrapassar as principais desvantagens apresentadas 

por estas duas opções imunoterapêuticas quando usadas individualmente, deve-se ter 

em consideração a terapêutica combinatória para tratar este subtipo específico de 

cancro de mama. A terapêutica combinatória tem sido um tópico importante no 

desenvolvimento clínico de abordagens mais eficazes contra diferentes tipos de cancro, 

incluindo no campo da imunoterapia. Ao combinar dois ou mais agentes terapêuticos 

que possuem mecanismos de ação diferentes, mais células cancerígenas devem ser 

destruídas, melhorando assim a resposta geral do paciente à terapêutica. 

Por conseguinte, este trabalho consistiu no desenvolvimento de uma nanovacina 

multifuncional com o objetivo de remodelar o microambiente tumoral sensibilizando-o 

para o agonista dos immune checkpoints OX40, e assim melhorar a resposta imunitária 

anti-tumoral. Com esse objetivo foram desenvolvidas nano-vacinas anti-tumorais 

baseadas em nanopartículas (NPs) biodegradáveis constituídas por uma matriz de 

ácido polilático (PLA), direcionadas para as células dendríticas (DCs) e para o 

microambiente tumoral. Para a indução de uma reposta anti-tumoral específica, este 

nanosistema incorporou o antigénio α-Lactalbumina cuja expressão está aumentada no 

CMTN, ligandos dos recetores toll-like, nomeadamente CpG-ODN e Poly(I:C) para 

potenciar a resposta imunitária, juntamente com o siRNA direcionado contra o TGF-β, 

uma importante citocina imunossupressora. A superfície das NPs foi modificada com 

ácido hialurónico de forma a promover a ativação das DCs, mas também direcionar as 

NPs para o microambiente tumoral ao reconhecerem o recetor CD44, sobre-expresso 

nas células de CMTN. 

As NPs apresentaram forma esférica com um diâmetro hidrodinâmico médio de 

cerca de 200 nm, com um índice de polidispersão baixo, carga à superfície da NP 

próxima da neutralidade, e eficiência de encapsulação superior a 85%. As NPs foram 

extensivamente internalizadas pelas DCs e células de CMTN, sem afetar as suas 

viabilidades. Além disso, as NPs induziram a ativação e maturação das DCs, 

aumentando significativamente a expressão de diferentes marcadores de superfície, e 

permitiram reduzir significativamente a expressão do TGF-β in vivo. Os murganhos 

inoculados com células de CMTN 4T1 e tratados com a nanovacina combinada com o 

mAb anti-OX40 demonstraram uma notável remissão do tumor, com um aumento de 

sobrevivência geral, apresentando um volume de tumor 4 vezes menor que o obtido 

pelos murganhos tratados com o mAb anti-OX40. A nanovacina permitiu remodelar o 

perfil imunológico dentro do microambiente tumoral, o que se correlacionou com o efeito 

antitumoral geral obtido neste esquema combinatório. Este estudo revelou a sinergia 

entre uma nano-vacina multi-direcionada e o mAb anti-OX40 no CMTN, fornecendo 
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informações importantes para o estabelecimento de novos regimes de combinação 

contra este tumor. 

 

Palavras-chave:  vacina, cancro de mama triplo negativo, nanomedicina, 

microambiente tumoral, immune checkpoints 
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immunisation scheme, and immune checkpoint therapy. b, Body 
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MHCII+CD11bdimCD8+CD103+ (n). Tumours were isolated on day 

19 after tumour cell inoculation. Quantification was performed by 

flow cytometric analysis. Data are presented as mean ± SD, N = 

3 animals, n = 3 measurements per experiment. One-way ANOVA 

followed by Tukey Post-Hoc test. P values relative to PBS-treated 

group. 

 

81 

Figure 16. Ibrutinib did not improve the antitumour effect of the dual therapy. 

a, Timeline (days) of tumour inoculation in BALB/c mice, 

immunisation scheme, and treatments. b, Body weight change, 

expressed as percent change from the day of treatment initiation. 

Data are presented as mean ± SEM (N = 5 animals per group). c, 

Tumour growth curve. Data are presented as mean ± SEM (N = 

5 animals). P values correspond to tumour volume at day 22 after 

tumour inoculation relative to PBS-treated group. *P value 

correspond to tumour volume at day 22 after tumour inoculation 

83 



List of figures 

xxv 
 

relative to the nanovaccine + αOX40 group. One-way ANOVA 

followed by Tukey Post-Hoc test. d, Kaplan-Meier overall survival 

over time graph for mice inoculated with 7 x 105 4T1 cells (two 

independent assays were performed for groups nanovaccine + 

αOX40 and nanovaccines + αOX40 + Ib with N = 8 animals for 

nanovaccine + αOX40 group and N = 5 animals for the remaining 

groups). Log-Rank test, P = 0.0006 for the combination 

nanovaccine + αOX40 compared to all other treatment groups. e, 

Individual tumour volume at day 22 (N = 5 animals) with mean ± 

SEM. P values correspond to tumour volume at day 22 after 

tumour inoculation relative to PBS-treated group and *P values 

are relative to the nanovaccine + αOX40 group. One-way ANOVA 

followed by Tukey Post-Hoc test. f, Tumour mass and spleen 

weight recovered after mice sacrifice. N = 3, Mean ± SD. One-

way ANOVA followed by Tukey Post-Hoc test. P values relative 

to PBS-treated group and *P values relative to the nanovaccine + 

αOX40. 
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19 after tumour cell inoculation. Quantification was performed by 

flow cytometric analysis. Data are presented as mean ± SD, N = 

3 animals, n = 3 measurements per experiment. One-way ANOVA 

followed by Tukey Post-Hoc test. P values relative to PBS-treated 
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(j), CD11c+MHCII+CD11bhi (k), CD11c-MHCII+CD11b+ (l), 
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Aims and outline  

 

The main goal of the research described in this thesis was to evaluate whether 

the combination of a multifunctional nanovaccine could re-shape the tumour 

microenvironment, sensitizing triple-negative breast cancer to the immune checkpoint 

OX40 agonist, and thus, improving the overall anti-tumour immune response. 

 

For this purpose, several questions were addressed: 

1. Can biodegradable polymeric nanoparticles entrapping a tumour-associated 

antigen, immune potentiators and regulators of potent immune suppressor molecules 

within the TME be produced with optimal physicochemical characteristics for antigen-

presenting cell and tumour cell targeting? 

2. Can antigen-presenting cells and tumour cells extensively internalize these 

nanoparticles without affecting their viability? 

3. Can these nanoparticles knockdown the expression of immune suppressor 

molecules within the TME?  

4. Can nanoparticles induce a cytotoxic antitumour immune response in vivo? 

5. Can we induce a synergistic antitumour immune response by combining DC-

targeted nanoparticles with OX40 stimulation? 

6. Which populations of tumour-infiltrated immune cells are driving the therapeutic 

response? 

 

The results of the research are presented in chapter III, which is preceded by 

chapter I, a general introduction where several aspects of the field are addressed. 

Chapter II presents detailed information regarding materials and methods used to 

prepare nano-vaccine and the evaluation of their efficacy under both in vitro and in vivo 

studies. In chapter IV, the results are subject to discussion and in chapter V, concluding 

remarks and future perspectives are presented.
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2. Silva AS*, Peres C*, Conniot J*, Matos AI, et al. Nanoparticle impact on innate 
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4. Matos AI, Carreira B, Peres C, Moura LI, et al. Nanotechnology as a key strategy 

for combinational innovative chemo-immunotherapies against colorectal cancer. 

Journal of Controlled Release, 2019, 307: 108-138. DOI: 

10.1016/j.jconrel.2019.06.017.
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Chapter I – General introduction 

 

1. Breast cancer – A brief discussion of the disease 

 

1.1. Incidence and mortality 

Although early detection and current improving treatments have been associated 

with a reduction in breast cancer mortality rate, over the last decade, in most developed 

countries (1, 2), breast cancer is still one of the most devastating diseases. According to 

the World Health Organization (WHO), breast cancer is the most frequent cancer in 

women and has the highest rate of cancer-related mortality among women worldwide, 

both in the developed and developing countries. In 2018, it was estimated that over 2.1 

million women were newly diagnosed and over 627,000 died from this disease (3), being 

metastasis the leading cause of death (4). Additionally, WHO estimates that by 2020 one 

in every eight women will develop breast cancer (5). The 5-year survival for breast cancer 

is 98% for localised disease, 84% for regional disease, but only 23% for distant disease. 

Moreover, 25% of patients with early breast cancer will relapse and 50% of the women 

with axillary lymph node (LN) involvement will relapse (6). 

 

1.2. Distinct subtypes 

Breast cancer is frequently described as a heterogeneous cancer group, which 

differs greatly among patients (intertumour heterogeneity), and even within each 

individual tumour (intratumour heterogeneity) (7, 8). This heterogeneity gives rises to 

tumours with distinct behaviours, namely in terms of clinical presentations, treatment 

responses, and clinical outcomes (9). In an attempt to treat patients more efficiently, 

extensive research at molecular and genetic level has been conducted in order to classify 

these distinct breast cancers (10-12). In 2000, Perou et al. proposed that the 

phenotypical diversity of breast tumours could be associated with specific gene 

expression patterns. To evaluate this, Perou et al. used complementary DNA (cDNA) 

microarrays to analyse genetic profiles and grouped genes based on their similar 

patterns of expression (10). Subsequently, Sørlie et al. demonstrated that breast tumours 

could be divided into, at least, four distinct molecular subtypes: (i) luminal A, (ii) luminal 

B, (iii) human epidermal growth factor receptor 2 (HER2)-type, and (iv) basal-like, based 

on the expression of three biomarkers (assessed by immunohistochemistry (IHC)): 

oestrogen receptors (ER), progesterone receptors (PR) and the HER2 (Table 1) (11-14). 

These subtypes have diverse natural history and present different clinical, pathologic 

and molecular features with distinct prognostic and therapeutic implications (9). 
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Luminal A breast cancer is the most common subtype, accounting for 30 - 40% 

of all invasive breast cancer (13). The luminal A IHC profile is characterized by ER-

positive and/or PR-positive, an absence of HER2 expression, a low rate of cell 

proliferation measured by Ki-67 and a low histological grade (13, 15). Patients with 

luminal A early-stage breast cancer have the best prognosis and relatively low rates of 

local and regional relapses (16, 17), although they frequently have bone as the first site 

of metastatic disease (18). This subtype also tends to have a more indolent course with 

a slower evolution over time (19).  

 

Table 1. Breast cancer molecular subtypes: standard classification, correlation with biomarker 

staining on immunohistochemistry, outcome and prevalence. Adapted from Fragomeni SM et al. 

(2018) Surg Oncol Clin N Am. 27(1):95-120. and Dai X et al. (2015) Am J Cancer Res. 

15;5(10):2929-43. 

  IHC staining    

Breast cancer subtype  ER PR HER2 Grade* Outcome Prevalence** 

Luminal A  Either ER or PR + - 1 | 2 Good 30 - 40% 

Luminal B 

(HER2-) Either ER or PR + - 2 | 3 Intermediate 

20 - 30% 

(HER2+) Either ER or PR + + 2 | 3 Poor 

HER2-enriched  - - + 2 | 3 Poor 12 - 20% 

Basal-like/TNBC  - - - 3 Poor 15 - 20% 

 

Abbreviations: ER: oestrogen receptor; HER2: human epidermal growth factor receptor 2; IHC: immunohistochemistry; 

PR: progesterone receptor; TNBC: triple-negative breast cancer. *Histological grade. **Prevalence is based on all invasive 

breast cancer cases.   

 

Luminal B tumours represent 20% to 30% of all invasive breast cancers (13). The 

luminal B IHC profile is characterized by ER-positive, with negative and/or positive 

expression of PR and HER2 markers, and higher level of Ki-67 labelling index, compared 

to luminal A (20). This subtype is more aggressive, has higher histological grade and 

proliferative index, and is associated with a more intermediate prognosis than luminal A 

subtype (13, 14, 21). Although bone is the most common site of recurrence, there is a 

higher recurrence rate in visceral sites in this subtype (22). Additionally, the survival from 

time of relapse is lower (1.6 years) compared to luminal A (2.2 years) (23). 

HER2-enriched breast cancers accounts for 12 - 20% of all invasive breast 

cancers (13). At molecular level, HER2-positive breast cancers are characterized by the 

overexpression of the HER2 gene and genes related to cellular proliferation (24). These 

tumours are highly proliferative with a higher histological grade than the previous 
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subtypes (14). In addition, patients with HER2-enriched breast cancer have a higher 

frequency of developing brain metastases (25, 26), and a higher rate of metastases to 

the liver and lung (23, 25). 

Basal-like breast cancer represents approximately 15% of all breast cancer cases 

and is defined as a tumour that lack the expression of ER, PR and HER2, although the 

strong expression of basal epithelial markers, such as cytokeratins (CK: CK5/6, CK14 

and CK17), and low expression of luminal genes (10). Patients diagnosed with this 

subtype have a poor prognosis and a short-term disease-free and overall survival (OS) 

(27), owning to the aggressiveness of the tumour and the recurrent lesions (28). 

Basal-like breast cancer and triple-negative breast cancer (TNBC) are often 

considered as synonymous, since most of basal-like breast cancers are also triple-

negative breast cancers (77%) and the majority of TNBCs (71%) are also basal-like 

breast cancers (29), however the analysis of morphologic and molecular features and 

immunohistochemical expression has shown that these are not the same entity, and 

equating them is misleading (30-32). Indeed, they express different molecular markers, 

TNBC have a higher histologic grade, and have a worse prognosis than basal-like breast 

cancer (33). TNBC are of particular interest because they follow very aggressive clinical 

course and currently lack any form of standard targeted systemic therapy. 

 

1.2.1. Triple-negative breast cancer 

TNBC is clinically defined by a lack of ER and PR expression, and the absence 

of HER2 protein overexpression and HER2-gene amplification (31). It accounts for 15 - 

20% of all invasive breast cancer (13, 34, 35) and is typically observed in young women 

(below the age of 40 years), especially in African-American women, and Hispanic women 

who carry BRCA1 mutations. Risk factors associated with the diagnosis of TNBC include 

positive BRCA mutation status, race (since African-American women have a higher risk 

of TNBC than non-African American women), premenopausal status, obesity and some 

maternal-related factors (35-38). 

Patients diagnosed with TNBC have an extremely poor prognosis and die quickly  

(median OS of 13.3 months with treatment), when compared to the previous breast 

cancer subtypes (39), owing to an inherently aggressive clinical behaviour and a lack of 

recognized molecular targets for therapy (42). Additionally, TNBC is characterized by 

larger tumour at diagnosis, higher histological grade (40), an early peak of recurrence (1 

to 3 years after diagnosis) (19, 41), and higher rates of distant recurrences, with more 

aggressive metastasis, which are more likely to occur in viscera, particularly in the lungs 

(40%) and brain (30%), and less likely to spread to the liver (20%) and the bone (10%) 

(31, 32). 
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1.2.1.1. Conventional therapies 

In contrast to the other breast cancer subtypes, patients diagnosed with TNBC 

do not benefit from endocrine therapies, such as Tamoxifen and aromatase inhibitors, or 

HER2-directed therapies, such as Trastazumab and Lapatinib, due to the loss of the 

target receptors ER, PR, and HER2 (42, 43), which limits greatly the therapeutic options 

available for this disease. Hence, surgery, for the excision of the lesions, radiation 

therapy and chemotherapy, individually or in combination, appear to be the only available 

modalities. However, these approaches are unspecific and are characterized by severe 

side effects (44).  

The best method for locally controlling TNBC is surgical excision, similar to other 

types of breast cancer, being the breast-conserving therapy (BCT) the most applied in 

TNBC patients (45). However, many studies have reported local and regional recurrence 

after BCT, which forces clinicians to consider other therapies to be used in combination 

with BCT, namely radiotherapy and chemotherapy (46-48). However, the use of 

radiotherapy for patients with TNBC has been controversial. Indeed, radiotherapy has 

not been constantly associated with an OS benefit in TNBC (49). Nevertheless, recently, 

Yao and collaborators conducted a retrospective study to clarify the influence of 

radiotherapy on the survival of TNBC patients after surgery based on a large population 

analysis, where they showed significant survival benefits for the TNBC patients receiving 

radiation therapy after surgery (50). 

Chemotherapy has been traditionally the primary established treatment option for 

patients with early- and advanced-stage TNBC (43). Over the past two decades, many 

studies have shown a significant benefit of chemotherapy in the treatment of patients 

diagnosed with TNBC (51). Despite its aggressive behaviour, a subset of early TNBC 

patients present a good initial response and high sensitivity to chemotherapy, specially 

to anthracyclines and taxanes (33). However, patients with advanced disease typically 

respond poorly to current chemotherapeutic agents. Even in cases in which patients 

respond to this standard chemotherapy regimens, rapid disease progression is observed 

later (33), which can be explained by the development of resistance to chemotherapy, a 

key player in metastasis and recurrence of cancer in TNBC patients (52, 53).  

Clinically, it has been particularly challenging to find the optimal chemotherapy 

regimen that would improve the metastasis free and OS for these patients. Nowadays, 

and besides the specific regimens that may be most effective for TNBC remains 

incompletely defined for both early stage and advanced disease, third-generation 

chemotherapy regimens like those offered to other high-risk patients are among the most 

effective tools presently available (54). Anthracyclines (doxorubicin, epirubicin) and/or 
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taxanes (paclitaxel, docetaxel) are the two most active classes of cytotoxic agents for 

both early and advanced stage breast cancer (55), and are considered as the current 

standard of care for early TNBC patients (56), achieving pathologic complete response 

(pCR) rates of approximately 40% (57, 58). Capecitabine is often used as second-line 

monotherapy in patients whose disease is resistant to anthracycline, taxane, or both (59). 

When added to the standard chemotherapy regimen, this chemotherapeutic drug has 

shown a potential survival benefit in early TNBC patients. Despite a substantial toxic 

effect, the addition of capecitabine to the standard chemotherapy regimen has been 

considered as a reasonable option for patients with TNBC carrying a higher risk of 

relapse (59). There has also been a renewed interest in platinum compounds for the 

treatment of TNBC, specially for patients harbouring BRCA mutations. Although many 

preclinical and clinical studies have shown a significant increase in the pCR rates after 

the addition of platinum agents to the standard chemotherapy regimen (60, 61), platinum 

agents failed to demonstrate improved benefit in the context of advanced breast cancer 

(62). Currently, platinum-based chemotherapy is currently recommended only for 

patients with known BRCA mutation (63). 

Several other combination chemotherapy regimens have been studied and 

assessed in preclinical and clinical trials in an attempt to improve the outcomes of these 

patients (56). Although some combination therapies have improved the response rates 

compared with single agents, they were also associated with an increased toxicity and 

did not provide any benefit in patient OS (64).  

Additionally, conventional chemotherapeutic agents present several drawbacks: 

i) non-specific distribution in the body, where they affect both normal and malignant cells, 

thereby limiting the dose achievable within the tumour and thus resulting in suboptimal 

treatment (65); ii) high clearance rate of anticancer drugs from the blood stream requires 

larger doses for an effective treatment, which can be responsible for several side effects 

due to the excessive toxicity (65); iii) poor solubility of most conventional, thus requiring 

solvents that can lead to severe adverse effects, including acute hypersensitivity 

reactions, fluid retention, and peripheral neuropathy (66); and iv) development of multi-

drug resistance, an effect that has been associated to at least six mechanisms in TNBC, 

namely i) ATP-binding cassette transporters; ii) overexpression of β-tubulin III subunit; 

iii) mutations in DNA repair enzymes such as topoisomerase II and DNA mismatch repair 

enzymes; iv) alterations in genes involved in apoptosis (p53, caspase-3 s, bcl-2, bcl-x); 

v) aldehyde dehydrogenase 1 (ALDH1) and glutathione (GSH)/ glutathione-S-

transferase (GST); and vi) NF-kB signalling pathways (67). 
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1.2.1.2. Targeted therapies 

Considering the heterogeneity of TNBC, personalized treatment strategies 

targeting molecular tumour-specific alterations have been considered as the most 

appropriate to effectively treat the 60–70% of patients with TNBC who do not fully 

respond to chemotherapy (43). There are many drugs in phase I, II and III clinical trials, 

investigating novel molecules either alone or in combination with other novel agents or 

standard chemotherapeutics that are promising for improved clinical outcomes of TNBC 

patients. Many of them have already been approved by the US Food and Drug 

Administration (FDA) and the European Medicines Agency (EMA) for the treatment of 

other cancers. These agents target some component(s) of the signalling pathways 

indispensable for the growth, survival, invasion and progression of TNBC (Figure 1), 

which are altered in 90% of TNBCs that persist after chemotherapy (68).  

 

 

 

Figure 1. Overview of signalling pathways involved with identified potential inhibitors in 

TNBC. The network of multiple signalling cascades with downstream effectors help in the 

maintenance of growth, proliferation, survival and metastasis of triple-negative breast cancer 

(TNBC) cells. The signalling pathways like NF-κB, PI3/AKT/mTOR (PAM), JAK/STAT and RTKs 

(receptor tyrosine kinases) are implicated in the pathogenesis of TNBC cells. The developmental 

pathways like Wnt/β-Catenin, Notch, Hh (Hedgehog) are associated with invasion, migration, and 

metastatic potential. Most of the potential inhibitors directly induced apoptosis in TNBC by up-

regulation of Bad, Caspase 3 and down-regulation of BCL-2, BCL-XL and surviving. From 

Chalakur-Ramireddy NKR and Pakala SB (2018) Biosci Rep 38(1):BSR20171357. 
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Although, many pathways have been targeted, only a few of them are found to 

be sensitive and, therefore, considered as effective targets for the treatment of TNBC. 

While several agents showed therapeutic response through the control of tumour growth 

and antiproliferative effect on TNBC cells, some of them increased their chemosensitivity 

(69). These targets encompass poly (ADP-ribose) polymerase 1 (PARP1), epidermal 

growth factor receptor (EGFR), and the PI3K-Akt-mTOR (PAM) pathway (70, 71), among 

many others as intensively reviewed elsewhere (72-76).  

PARP1 is an abundant and constitutively expressed nuclear enzyme involved in 

the repair of DNA damage. Its inhibition has gained special interested for TNBC patients 

harbouring BRCA mutations (77). While in cells with wild-type BRCA1/2, double-strand 

breaks are repaired via homologous recombination, in BRCA1/2-deficient cells 

homologous recombination is impaired and thus, DNA strand breaks rely on PARP1 

functionality for repair (78). Thus, in TNBC with BRCA mutations, the inhibition of this 

enzyme results in double-strand breaks, which leads to a severe and highly selective 

toxicity in these tumour cells, and consequent cell death (79). In addition, the use of 

PARP inhibitors allows also the sensitization of TNBC cells to chemotherapy and 

radiotherapy (80). Several PARP inhibitors are currently being tested in clinical trials, 

either as monotherapy or combination with chemotherapy, such as niraparib 

(ClinicalTrials.gov identifier: NCT01905592), rucaparib (ClinicalTrials.gov identifier: 

NCT02505048, NCT01074970), veliparib (ClinicalTrials.gov identifier: NCT01618357), 

and hold a promising future. Last year, PARP inhibitors Lynparza® (olaparib) and 

Talzenna® (talazoparib) were approved by FDA and EMA for breast cancer treatment, 

in patients with germline BRCA1 or BRCA2 mutations, who have HER2 negative locally 

advanced or metastatic breast cancer. 

EGFR is highly expressed in most of the TNBCs and has been recognized as a 

factor of poor prognosis for TNBC (81), which has been considered as a promising 

targeted treatment approach. The receptor activation promotes tumour progression and 

drug resistance in different cancers, such as lung, colon, head and neck, brain, 

pancreatic, and breast cancers (82, 83). There are two types of EGFR inhibitors – small 

molecular tyrosine kinase inhibitor (TKI) (e.g. erlotinib, gefitinib) and monoclonal 

antibody (mAb) (e.g. cetuximab, necitumumab) –  and many have already been 

approved by FDA and EMA for the treatment of cancers, such as non-small cell lung 

cancer (NSCLC) and colorectal cancer. For breast cancer, however, most of the clinical 

trials of EGFR inhibitors have failed due to low response rates and/or acquired drug 

resistance (84). Currently, several phase I, II and III clinical trials are ongoing on TNBC 

patients as single agent (e.g. ClinicalTrials.gov identifier: NCT03692689, 

NCT01307891), in combination with other chemotherapeutic agents (e.g. 
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ClinicalTrials.gov identifier: NCT02511847, NCT01091454, NCT01094184), or other 

signalling pathways inhibitors (e.g. ClinicalTrials.gov identifier: NCT01272141, 

NCT01307891).   

Analysis of The Cancer Genome Atlas (TCGA) samples has shown activation of 

PAM pathway signalling in 10% – 20% of TNBCs (85), which is an important signalling 

pathway involved in motility regulation, metabolism, cell proliferation, migration and 

survival of TNBC cells (86). PAM pathway has been widely studied in several cancer 

types and a number of inhibitors of three main components of this pathway, namely 

phosphoinositide 3-kinase (PI3K), AKT and mammalian target of rapamycin (mTOR), 

are being investigated to be developed as therapeutic agents against cancer (87). Many 

different inhibitors are in phase I and II clinical trials for TNBC, as single agents or in 

combination with chemotherapeutic drugs, or with other signalling pathways inhibitors, 

as extensively reviewed by Khan et al. (2019) (86). The most promising inhibitors of PAM 

pathway are mTOR inhibitors and includes, namely, everolimus. Everolimus efficacy and 

OS, in combination with carboplatin, was assessed in phase II clinical trials in metastatic 

TNBC patients. This therapeutic combination showed efficacy with a clinical benefit rate 

(CBR) of 36%, and an improved progression-free survival (PFS) and OS. However, in 

another phase II clinical trials, when combined with the cisplatin + paclitaxel dual therapy, 

everolimus increased the adverse event profile of the dual therapy and did not improve 

the desirable clinical responses (88). This might be explained by the fact that mTOR 

blockade trigger a mechanism of negative feedback that leads to the activation of 

upstream molecules, which ultimately may increase antitumour activity in TNBC (67). 

Preclinical data have shown that the combination of compounds targeting the different 

components of the PAM pathway, such as AKT and mTOR, leads to synergistic activity, 

with an improved mean percentage of tumour growth inhibition compared to either one 

alone in vivo (89). 

Another promising targeted therapy for the treatment of TNBC patients that have 

been under investigation in several clinical trials is immunotherapy. Contrarily to the other 

breast cancer subtypes, TNBC microenvironment present an increased tumour 

infiltration of CD4+ and CD8+ T-cells, which increases TNBC patients’ susceptibility to 

immunotherapies (90). Moreover, due to the high genomic instability and elevated 

genetic mutation frequencies, TNBC are highly increased in immunogenicity, which also 

makes TNBC a cancer subtype predestined for immunomodulation (27, 91). This subject 

will be addressed on section 2.3. 
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2. The immune system 

The link between the immune system and cancer is now well known, and was 

first highlighted by Rudolph Virchow over 150 years ago (92). The immune system is a 

complex network, comprising several types of soluble bioactive molecules, cytokines, 

proteins, and cells, involved in the control of host defences against pathogens or 

infected/malignant cells, that promptly reacts through an effector response (93). 

However, the immune system must also ignore the presence of self-antigens and 

innocuous microorganisms from ingested food/drink and the environment (94). 

To provide protection and maintain the host’s normal state of homeostasis, the 

immune system is divided into an innate and an adaptive branch, which mainly differ in 

response time and the level of specificity (Figure 2). Communication between those 

immune cells upon encountering a pathogen or infected/malignant cells is mediated by 

the release of signalling molecules, in particular cytokines and chemokines, which play 

important roles in immunity by interacting with specific receptors. Cytokines are a diverse 

group of proteins that have the ability to recruit and activate other cells, induce 

differentiation and enhance cytotoxic activity (95). Chemokines typically function as 

chemotactic factors, helping to guide other immune cells to the site of infection or tissue 

damage (96). 

The innate immune system is activated almost immediately after the detection of 

danger signals, such as an invading pathogen, and involves the migration of phagocytic 

cells to the site of infection, forming the first line of defence (97). Principal components 

of innate immunity include epithelial barriers (skin and mucosal membranes), pattern 

recognition receptors (PRRs), effector cells (monocytes/macrophages, natural killer (NK) 

cells, dendritic cells (DCs), mast cells, neutrophils, eosinophils and basophils) and 

humoral components (complement proteins and collectins) (98). Innate immune cells are 

characterized by their lack of antigen-specificity and immunological memory. Instead, 

innate immune cells recognize self from non-self through genetically conserved 

molecular patterns that are frequently present in pathogens, but not in host cells (98, 99). 

These molecules are known as danger-associated or pathogen-associated molecular 

patterns (DAMPs or PAMPs), which are recognized by a limited number of germline-

encoded PRRs present on the surface of innate immune cells (100).  

Neutrophils, monocytes, and macrophages are phagocytic cells that confer 

immune protection by engulfing cells expressing non-self-antigens or altered self-

antigens and killing them with their lysosomal enzymes (92). Eosinophils, basophils, and 

mast cells contribute to the cellular innate immunity by recruiting more immune cells to 

the inflammation/injured site (93). NK cells enable host protection inducing apoptosis of 
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cell with abnormal or altered major histocompatibility complex (MHC) class I expression, 

by secreting perforin and granzyme (101). 

Another mechanism by which the innate immunity promotes host protection is 

through the complement activation (93). Upon activation, these complement proteins 

function in opsonization, act as chemoattractant for other immune cells, and mediate 

cell/pathogen death after the formation of the membrane attack complex (MAC), which 

promotes lysis of cells and microorganisms (102).  

 

 

 

Figure 2. The innate and adaptive immune response. The innate immune response 

functions as the first line of defence against infection. It consists of soluble factors, such as 

complement proteins, and diverse cellular components including granulocytes (basophils, 

eosinophils and neutrophils), mast cells, monocytes/macrophages, dendritic cells and natural 

killer cells (NK). The adaptive immune response is slower to develop, but manifests as increased 

antigenic specificity and memory. It consists of antibodies, B-cells, and CD4+ and CD8+ T 

lymphocytes. NKT cells and γδ T-cells are cytotoxic lymphocytes that straddle the interface of 

innate and adaptive immunity. From Dranoff G. (2004) Nat Rev Cancer 4(1):11. 

 

Failure of the innate immune system to eliminate an invading pathogen leads to 

the activation of the adaptive immune system. The adaptive immune response is 

mediated primarily by T and B lymphocytes, which display specific receptors that can be 

tailored to recognize an extensive range of molecules, called antigens (99). The adaptive 
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immune responses may take 3–7 days upon first exposure to a new pathogen, as they 

depend on the generation of a diversity of antigen receptors on T and B lymphocytes, as 

well as on the specific clonal proliferation of antigen-specific B and T effector cells (110). 

Contrarily to the innate immune system, the adaptive immune system can form 

immunological memory resulting in a rapid specific response upon reinfection with the 

same pathogen.  

Principal cells involved in adaptive immunity include T and B-cells, as well as 

DCs.  

B-cells can differentiate into plasma cells that secrete antibodies when become 

activated, which in turn may bring about their effect against pathogens through a number 

of different mechanisms, including neutralization (direct binding to pathogen), 

opsonization (binding of pathogen to facilitate phagocytosis), precipitation (binding 

pathogens into a formation), and complement activation (93, 99).  

T-cells can further differentiate into two other subsets: CD4+ T-cells and CD8+ T-

cells. CD4+ T-cells act as helper cells and mediate the activation of B-cells, macrophage 

function and maturation of other T-cells. Depending on the cytokine milieu, naïve CD4+ 

T-cells can further be differentiated into different subsets, such as T helper (Th) cells 

(e.g. Th1 and Th2 cells), and regulatory T-cells (Tregs), which are characterised by 

different cytokine profiles (103).  Each CD4+ T-cell subset has its own specific role in the 

immune system: Th1 cells secrete interferon (IFN)-γ and support antiviral and anti-

tumour responses and autoimmunity; Th2 cells secrete interleukin (IL)-4 and IL-13 and 

mediate host defence against extracellular parasites and allergic diseases, and may 

hamper the anti-tumour response; and Tregs play a critical role in maintaining immune 

homeostasis (104). Tregs suppress the development of other T-cells, limit the immune 

response and help to maintain immunologic tolerance. Frequently, Tregs are attributed 

to tumour immune escape, which will be further discuss in section 2.2. CD8+ T-cells can 

generate cytotoxic T lymphocytes (CTLs) upon activation, which are able to directly 

eliminate virus-infected or tumour cells through the release of perforin and granzymes. 

Natural killer T (NKT) cells and γδ T-cells are also involved in the adaptive 

immunity and are considered as CTLs that function at the intersection of innate and 

adaptive immunity (105).  

The initiation and control of adaptive immune responses depends on DCs. Along 

with macrophages and B lymphocytes, DCs are described as antigen-presenting cells 

(APCs), and more precisely, as the most powerful “professional” APCs (99, 106). First 

described by Steinman and Cohn in 1973, DCs are present in the majority of mammalian 

tissues and are organized in an intricate network throughout the human lymphatic and 

non-lymphatic tissues (107). DCs act as sentinels, constantly sampling their environment 
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through pinocytosis, micropinocytosis, and receptor-mediated uptake. These receptors, 

also known as PRRs including toll-like receptors (TLRs) and scavenging receptors direct 

the nature of the immune response that DCs will trigger. Indeed, ligation of receptors 

TLR3, TLR4, TLR5, TLR 7, TLR8, TLR9 and TLR11 in human DCs leads to an anti-

tumour Th1 immune response, while ligation of TLR1, TLR2 and TLR6 leads to a 

tolerogenic Th2 immune response (108).  

An important aspect of DCs is the existence of different subsets, such as 

plasmacytoid DCs (pDCs), conventional/classical DCs (cDCs) and monocyte-derived 

DCs (moDCs), which are defined by specific transcriptional factors (109, 110). Although 

all subsets descend from the same precursor cells, CD34+ hematopoietic stem cells, 

present in the bone marrow (111), each one is specialized to respond to particular 

pathogens and to interact with specific subsets of T-cells. This increases the flexibility of 

the immune system to react properly to a wide range of different pathogens and danger 

signals (112).  

Different processing pathways within DCs can occur upon the recognition of 

endogenous or exogenous antigens.  

Extracellular antigens are generally taken up by immature DCs (iDCs) through 

endocytosis and cleaved into peptides of 12–25 aminoacids (aa) long within the 

endosomes and lysosomes. These peptides interact with MHC class II molecules and 

form an MHC class II-peptide complex, which is transported to the surface of APCs and 

further interact with the TCR of CD4+ T-cells (113). In this situation, cytokine priming by 

DCs also favours a Th2 profile, consequently inducing a predominant humoral immune 

response. However exogenous antigens can also be presented as a complex with MHC 

class I molecules, and thus activating CD8+ T-cell-mediated immunity, through the 

process known as ‘‘cross-presentation” or “cross-priming” (114). In this process, 

exogenous antigens are translocated from endosomal compartments into the cytosol, 

being further presented through MHC class I molecule to CD8+ T-cells (113, 267). 

Opposite to exogenous antigens, endogenous antigens are transported from the 

cell cytoplasm into the endoplasmic reticulum, through the proteasome, where they are 

degraded into peptides typically 8–11 aa long. These peptide fragments exclusively bind 

to MHC class I molecules. A stable complex of MHC class I-peptide is expressed on the 

cell surface of DCs and also other nucleated cells, interacting with the T-cell receptors 

(TCRs) of CD8+ T-cells and inducing the differentiation of CTLs (115). These effector 

cells can directly kill infected or malignant cells, and also acquire a long-lasting memory 

phenotype, allowing them to fast respond in a second contact with those antigens, in the 

case of repeated infections or cancer recurrence (116). However, the presentation of 

pathogen antigens through MHC class II to CD4+ T-cells seems to be central for the 
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development of an immune response by activating antigen-specific effector cells and 

recruiting cells involved in the innate immune response (117). In fact, Th1 cells enhance 

CTL functions through the secretion of cytokines, such as IL-2, IL-12 and IFN-γ, which 

activate other players of the innate system, as NK cells and macrophages, thereby 

resulting in higher pathogen or tumour cells elimination (118). In addition, Th2 cells 

stimulate the secretion of antibodies by B-cells, which additionally activate other 

phagocytic cells (119). Thus, an immune response against intracellular pathogens or 

tumour cells requires the involvement of both cellular and humoral immune responses to 

combat the already established infections or disease. 

 

2.1. Cancer immunoediting 

For over a century, the idea that the immune system can control cancer has been 

a subject of debate. The immune system has three main roles in the prevention of 

tumours: i) it can protect the host from virus-induced tumours by eliminating or 

suppressing viral infections; ii) the timely elimination of pathogens and prompt resolution 

of inflammation can prevent the establishment of an inflammatory environment 

conducive to tumourigenesis; iii) the immune system can specifically identify and 

eliminate tumour cells in certain tissues on the basis of their expression of tumour-

specific antigens (111). This third process is also known as cancer immunosurveillance, 

and occurs when the immune system identifies transformed cells that have escaped cell-

intrinsic tumour-suppressor mechanisms and eliminates them before they can establish 

malignancy (112). Although the existence of this process, tumours still have the ability to 

escape the immune system, which is not only involved in protecting the host against 

tumour development, but also in promoting tumour growth by sculpting tumour 

immunogenicity or inhibiting host-protective anti-tumour responses (120). This conflict 

between the immune system and a developing tumour initiates a process named cancer 

immunoediting, which is divided in three phases: elimination, equilibrium and escape 

(Figure 3) (120, 121).  

The first phase – elimination – represents the original concept of cancer 

immunosurveillance, in which both innate and adaptive immunities act combined to 

recognize tumour cells and to destroy them. If the developing tumour is successfully 

eradicated in this first phase, tumour cells are destroyed, and the immunoediting process 

ends without progression to the subsequent phases (121, 123).  

The second phase – equilibrium – is described as a period of tumour latency. 

When tumour cells survive the elimination phase, the new derived tumour cells are 

continuously “edited” by the adaptive immunity. Tumour cell growth is thus controlled, 
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and immunogenicity is shaped, leading to the tumour dormancy. This phase is believed 

to be the longest phase of the entire process. It seems to allow cancer cells to reside in 

patients’ body even decades before it restarts to grow and become clinically evident 

(122). 

The third phase – escape – represents the failure of the immune system either to 

eliminate or to control transformed cells. In this phase some of the tumour cell variants 

escape the immune system and start growing, mainly due either to a lack of 

immunological recognition or to the induction of tolerance, which can be triggered by 

diverse tumour immune escape mechanisms or by the immune suppressive tumour 

microenvironment (TME) (112, 120, 121, 123).  

 

 

Figure 3. The three phases of cancer immunoediting process. In the elimination 

phase, tumour cells are recognized by innate and adaptive immune cells and are destroyed before 

they can become a clinical malignancy. If not destroyed, the tumour enters into the equilibrium 

phase and suffers genetic changes and/or becomes resistant to immune detection. In the escape 

phase, the tumour microenvironment becomes immunosuppressive, promoting the tumour 

development. From Swann JB and Smyth MJ (2007) J Clin Invest 117(5):1137-46. 
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2.2. Tumour microenvironment 

The tumour mass consists not only on a heterogeneous population of cancer 

cells, but also on a variety of resident and infiltrating host cells, secreted factors and 

extracellular matrix proteins, collectively known as TME. Similarly to other solid tumours, 

breast TME is a complex network of bidirectional interactions established between a 

complete set of tumour cells, infiltrating immune cells and stromal cells with vasculature, 

along the extracellular matrix, which can either eradicate tumours using activated 

immune effectors or to promote immune evasion that ultimately leads to tumour growth 

and eventually metastasis, via individual or collective functions, and even shape 

therapeutic responses and resistance (124, 125).  

The stroma plays an essential role in the tumour architecture, providing a physical 

support for the functions of residing cells (126, 127). Stromal cells, such as endothelial 

cells (EC), and cancer-associated fibroblasts (CAFs) have been identified as having an 

active role in breast TME (128). EC play a key role in the development and function of 

blood and lymph vessels. In the TME, these cells are essential to transport nutrients and 

oxygen for tumour survival and growth. In addition, the tips of some branched EC may 

penetrate the vessel lumen creating small intercellular gaps in the wall, which contribute 

to the metastatic spread (129). CAFs promote tumourigenesis, by aiding in tumour 

proliferation, vascularization, survival and metastasis. These cells are maintained and 

activated by growth factors, such as transforming growth factor-β (TGF-β) (130). 

The immune system itself is also an important contributor to the suppressive 

TME. Despite the ability of the immune system to regulate the tumour biology and inhibit 

tumour development, as referred above, both innate and adaptive immune cells can 

polarize from their “tumouricidal” form to their “tumourigenic” one within the TME, further 

influencing the growth, proliferation, and infiltration of other immune cells into the site of 

injury (131).  

The different subtypes of breast cancer have distinct contributions from the 

microenvironment to undergo malignant progression. Contrarily to the other subtypes, 

the TME of TNBC present a high infiltration of tumour-infiltrating lymphocytes (TILs), 

mainly CD8+ T, being thus considered as a “hot” tumour (132, 133). However, TNBCs 

tend also to have a higher average number of Tregs and a higher ratio of Treg/CD8+ 

cells than the other subtypes (134-136). In the TME, T-cells mediate the most important 

immunological response in tumour growth in the early stages of cancer but change to 

Tregs after chronic stimulation and interactions with tumour cells, which block anti-

tumour responses and promote cancer development and progression (137). Tregs can 

indirectly hamper CD8+ T-cell activation by restraining expansion and immunogenicity of 
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DCs, leading to reduce IFN-γ secretion and poor tumour control. Additionally, surface-

bound TGF-β on Tregs also suppresses CTLs effector functions (138).  

TME contains other cell types that make the environment suppressive to immune 

effectors, including M2 macrophages, N2 neutrophils, B-cells, myeloid-derived 

suppressor cells (MDSCs), and DCs. 

Macrophages are the first line of defence against a physiological insult and 

present high levels of cellular plasticity and diversity, allowing them to exert dual 

influence of cancer depending on the activation state, with classically activated (M1) and 

alternatively activated (M2) cells generally exerting anti-tumoural and pro-tumoural 

functions, respectively (139). M2 macrophages are tumour-associated macrophages 

(TAMs) that aid in neovasculature formation and subsequently invasion and metastasis. 

While M1 macrophages typically produce a Th1-type response, M2 macrophages initiate 

a Th2-type response (140). The polarization toward M2 is mainly mediated by Th2 

cytokines, such as IL-4, and anti-inflammatory cytokines, such as IL-10, TGF-β and 

macrophage colony-stimulating factor (M-CSF) (141). Although TME contains both M1 

and M2 phenotypes, TNBCs secrete more granulocyte-colony stimulating factor (G-CSF) 

than the other breast cancer subtypes, thereby priming M1 cells to promote tumour 

growth by skewing them to M2 phenotype (142).  

Neutrophils are involved in the first line of defence against infections, and like 

macrophages, these cells can also polarize from their anti-tumour and pro-inflammatory 

form (N1) to their “tumour-progressive and immunosuppressive” one (N2), within the 

TME (143). As the tumour progresses, cytokines, predominantly TGF-β and the 

inflammatory TME skew TANs to become N2-TANs favour tumour progression and 

metastasis through the release of VEGF to promote angiogenesis, and the expression 

of arginase 1 to suppress CTL anti-tumoural activity (144). Neutrophils are involved in 

various stages of tumourigenesis including tumour initiation, proliferation and metastasis 

(145). 

B-cells can also have either tumour-promoting or tumour-suppressive properties, 

depending on their subtypes. Indeed, studies both in mice and humans have identified 

discrete subsets of regulatory B-cells (Bregs) that, similar to Tregs, enable cancer cells 

to escape the immune surveillance, namely by keeping the immune tolerance and 

suppressing both autoimmune and inflammatory responses, through the release of anti-

inflammatory factors, such as TGF-β and IL-10 (146, 147). Moreover, Bregs have been 

shown to suppress effector T-cells and NK cells by expressing immune checkpoints, 

such as programmed death ligand-1 (PD-L1) (147). In addition, Bregs have been shown 

to promote metastasis by converting CD4+ T-cells into Tregs, in lung metastasis of breast 

cancer (148). Recently, Ishigami and collaborators demonstrated that the existence of 
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Bregs in TIL aggregates in breast cancer patients was closely related to that of Tregs 

(149). 

Similar to Tregs, MDSCs are a heterogeneous population of immature myeloid 

cells which inhibit innate and adaptive immunity. In breast cancer, MDSCs can cause 

inhibition of T-cells, NK cells, and DCs, whereas they can be stimulatory to immune 

regulators such as Th2 cells, Tregs and M2-TAMs (150). Kumar and collaborators 

showed that blocking MDSCs slow TNBC metastasis (151). 

As referred above, the initiation and control of adaptive immune responses 

against tumours is highly dependent on DCs. However, different studies have shown that 

DCs are not only involved in immune activation. Depending on the signals present in the 

TME, mDCs can be subdivided in stimulatory (sDC) and regulatory (rDC) DCs (152). 

Exposure to pro-inflammatory signals generates sDC, which triggers the stimulation of 

T-cell proliferation and impairment of Treg function, while tolerogenic signals, such as 

TGF-β, IL-10 and prostaglandins, generate rDC that suppress T-cell activation and 

proliferation, and provide signals that enable Treg differentiation and expansion (153). 

Although the presence of these cells within the TME contribute to the suppression 

of both innate and adaptive immune responses, the absence of certain cells can also be 

crucial to the tumour escape. Indeed, recent findings underline the importance of CD103+ 

cDC1 into the TME (154). cDC1 form a small subset of tissue hematopoietic cells that 

populate most lymphoid and non-lymphoid tissues, being considered as the most 

important DC subsets in defeating tumour. In mice, cDC1 can be classified as lymphoid 

tissue resident CD8α+ cDC1 and non-lymphoid migratory CD103+ cDC1 (155). cDC1 

excel at cross-presenting exogenous antigens to CD8+ T-cells and are key cells for the 

generation of CTL responses (156). The importance of cDC1 in anti-tumour immunity 

has been demonstrated by several studies with cDC1-deficient Batf3-/- mice and other in 

vivo models of cDC1 depletion. These studies revealed that cDC1 depletion unable the 

animals to reject transplantable immunogenic tumours, and tolerate T-cell–based 

immunotherapies, such as adoptive T-cell therapy or immune checkpoint blockade (154, 

157-159). In addition, further studies revealed that the loss of cDC1 cannot be 

compensated by other DC subsets (160), which highlights the importance of these 

specific DCs, and specially migratory CD103+ cDC1. Indeed, recently, migratory CD103+ 

cDC1 have been pointed as the responsible for the transport of the tumour-associated 

antigens (TAA) from the tumour to the LNs and as the only cDC population required to 

induce an effective CTL response against tumours (161). CD103+ cDC1 population 

constitute a small minority within the TME (162). However, gene expression data and 

flow cytometric analysis have shown that the overall tumour content of CD103+ cDC1 
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positively correlates with cancer patient survival in several cancers (163-165). Of note, 

NK cells are crucial to stimulate the recruitment of cDC1 into the TME (166). 

The release of immunosuppressive cytokines by tumour cells can also contribute 

to the suppressive TME. The most extensively studied immunosuppressive molecules 

secreted by tumours are TGF-β, IL-10, and prostaglandin E2. 

TGF-β, in particular, is a cytokine that plays a key role in tumour-induced 

immunosuppression, being considered as the most potent immunosuppressor described 

to date (167). TGF-β plays important roles in the regulation of various physiological 

processes, as maintaining tissue homeostasis by controlling the proliferation and 

interaction with the tissue microenvironment of diverse cell types including epithelial, 

endothelial, stromal fibroblastic and immune cells (168). TGF-β1 is the only isoform 

known to circulate in plasma and the most rapidly induced in response to a variety of 

environmental stimuli. TGF-β1 is produced by various cells within the TME including 

tumour cells, TAMs, DCs and Tregs (169, 170). 

In cancer, TGF-β1 plays a dual and paradoxical role (171, 172). In fact, TGF-β1 

can act as a tumour suppressor or as a promoter of invasion and metastasis depending 

on the context and the temporal stage of the disease. In early tumours, TGF-β1 acts as 

tumour suppressor and limits the cell growth through anti-proliferative and pro-apoptotic 

actions (173). During tumour progression, cells lose TGF-β1 suppressive effects 

resulting in tumour overproduction of TGF-β1, which becomes an oncogenic factor and 

induces proliferation, angiogenesis, immunosuppression, invasion and metastasis, 

affecting all leukocyte populations, as summarized in Figure 4 (172, 174). 

Given the multiple immunosuppressive mechanisms that are engaged to promote 

tumour survival and growth, it is believed that targeting these suppressive mechanisms 

may be required to most effectively achieve effector T-cell activation and functionality in 

the TME.  

 

2.3. Cancer immunotherapy 

Due to its genomic instability, high mutational burden, and abundant infiltrating 

immune cells within the TME (90, 91, 175), TNBC has been considered as a good cancer 

subtype candidate for immunotherapeutic applications. Indeed, immunotherapy has 

emerged as a promising new field in TNBC treatment and represents a variety of 

approaches (176). During the past decades, cancer immunotherapy has evolved from a 

promising therapeutic option to a robust clinical reality. Diverse immunotherapeutic 

regimens are now approved by FDA and EMA for use in cancer patients, and many 

others are being investigated in clinical trials, as single agent or combined with 

conventional treatments or other targeted agents (177). 
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Figure 4. TGF-β signalling affects all populations of leukocytes in a stimulatory or 

inhibitory manner. Positive or negative effects of transforming growth factor-β (TGF-β) signalling 

on the indicated aspects of leukocyte biology are marked by arrows pointing up or down. Only 

cellular processes with a well-documented role for TGF-β are indicated in this figure. NK: natural 

killer; TH, T helper. From Rubtsov and Rudensky (2007) Nat Rev Immunol 7,443–453. 

 

Cancer immunotherapy are related to treatments based on the modulation of the 

host’s immune system so that they can kill their tumours, but also to alert the immune 

system, by generating memory response, to impede metastasis formation and further 

spread of the disease (178). The concept of immunotherapy relies on specific immune 

mechanisms and targets, which could confer greater efficacy and specificity with less 

toxicity than conventional treatments. Immunotherapies may be subdivided into 

“passive” and “active” based on their ability to engage the host immune system against 

cancer. 

 

2.3.1. Immune checkpoint modulation 

Immune checkpoints refer to a set of co-stimulatory molecules, such as CD28 

and OX40, and co-inhibitory, including cytotoxic T-lymphocyte antigen 4 (CTLA-4), 

programmed death-1 (PD-1), T-cell immunoglobulin and mucin domain 3 (TIM-3), and 

LAG-3, involved in the activation of complex pathways that prevent the excessive activity 



General introduction 
 

24 
 

of T-cells under normal conditions, protecting the host from tissue damage during an 

immune response against a foreign antigen (179, 180). In the presence of a tumour, the 

expression of immune checkpoint molecules is altered, preventing effector T-cells from 

mounting an effective anti-tumour immune response. mAb targeted against these 

molecules can reverse the inhibition of acquired immunity, and, thus contributing to 

higher survival rates in patients (75). 

Immune checkpoint antagonists specific for CTLA-4, PD-1, and its ligand, PD-L1, 

have revolutionized cancer therapy, inducing durable objective responses, which in 

some cases translate into an OS benefit in different cancer types (181, 182). CTLA-4 is 

expressed exclusively on T-cells, where it regulates the amplitude of the early stages of 

T-cell activation, by counteracting the activity of the T-cell co-stimulatory receptor CD28 

(183). Although CTLA-4 is expressed by activated CTLs, its major physiologic role seems 

to be through distinct effects on the two major subsets of CD4+ T-cells, by 

downmodulating Th cells activity and enhancement of Treg suppressive activity. While 

blockade of this immune checkpoint molecule results in a broad enhancement of immune 

responses dependent on Th cells, CTLA-4 engagement on Tregs enhances their 

suppressive function (184, 185). PD-1 is expressed on the surface of lymphocytes and 

APCs, while PD-L1 is expressed by tumour cells and immune cells (76). PD-L1/PD-1 

pathway is a potent mechanism by which immunogenic tumours evade host immune 

response. Anti-PD-1 and anti-PD-L1-mAbs disrupt this ligand-receptor interaction, 

thereby enhancing T-cell immune response (179). 

Thus far, several immune checkpoint inhibitors – ipilimumab (anti-CTLA-4), 

pembrolizumab (anti-PD-1), nivolumab (anti-PD-1), cemiplimab (anti-PD-1), 

atezolizumab (anti-PD-L1), avelumab (anti-PD-L1), and durvalumab (anti-PD-L1) – have 

been approved by FDA and EMA for the treatment of several cancer types, including 

melanoma, NSCLC, glioblastoma, mesothelioma, large-cell lung cancer, cancer, 

gastroesophageal cancer, primary mediastinal large B-cell lymphoma, cervical cancer, 

renal cancer, and head and neck cancer (186-191). Earlier this year, atezolizumab in 

combination with nab-paclitaxel has been approved by FDA and EMA for the treatment 

of metastatic TNBC whose tumours express PD-L1. This approval was based on findings 

from the phase III double-blinded IMpassion130 trial (ClinicalTrials.gov identifier: 

NCT02425891), which involved 902 patients with unresectable locally advanced or 

metastatic TNBC who had received no prior chemotherapy for metastatic disease. 

Patients receiving atezolizumab with nab-paclitaxel presented a PFS of 7.4 months (6.6–

9.2 months) in the atezolizumab with nab-paclitaxel group vs 4.8 months (3.8–5.5 

months) in the control group (P < 0.0001). The objective response rate was 53%, 

including pCR in 9%, vs 33%, with pCR in up to 1% (192).  
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Many other agents have already exhibited promising data at pre-clinical and 

clinical levels, for the treatment of this disease (193-196). A multitude of trials using these 

approved agents, alone or in combination with other conventional or targeted therapies, 

are currently ongoing in TNBC patients (Table 2) (43, 76).  

 

Table 1. Some clinical trials using FDA and EMA approved immune checkpoint agents, alone or 

in combination with other agents, under investigation in TNBC. 

Target Agent Phase Combinatorial agent(s) 
ClinicalTrials.gov 

identifier: 

CTLA-4 Ipilimumab II - NCT00083278 

PD-1 Pembrolizumab I - NCT01848834 

   Doxorubicin hydrochloride NCT02648477 

   Enoblituzumab (anti-B7-H3 mAb) NCT02475213 

   Itacitinib (JAK inhibitor) or INCB050465 

(PI3K inhibitor) 

NCT02646748 

   Modified vaccinia virus Ankara vaccine 

expressing p53 

NCT02432963 

   Nab-paclitaxel, doxorubicin, 

cyclophosphamide, carboplatin 

NCT02622074 

   Ruxolitinib (JAK inhibitor) NCT03012230 

   Stereotactic ablative body radiosurgery NCT02303366 

  I/II Epacadostat (IDO inhibitor) NCT02178722 

   Eribulin mesylate NCT02513472 

   Niraparib (PARP inhibitor) NCT02657889 

   Paclitaxel or capecitabine NCT02734290 

   PEGylated doxorubicin NCT03591276 

   PLX3397 (CSF1R) NCT02452424 

  II - NCT02447003 

   - NCT02644369 

   - NCT02411656 

   Bemcentinib (AXL inhibitor) NCT03184558 

   Carboplatin NCT03095352 

   Carboplatin + gemcitabine NCT02755272 

   Cyclophosphamide NCT02768701 

   Enobosarm (selective AR modulator) NCT02971761 

   Imprime PGG (PAMP) NCT02981303 

   Nab-paclitaxel NCT02752685 

   Nab-paclitaxel, epirubicin, 

cyclophosphamide 

NCT03289819 
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   Paclitaxel NCT01042379 

   Radiotherapy NCT02730130 

   SBRT and ADV/HSV-tk NCT03004183 

  III - NCT02555657 

   - NCT02954874 

   Nab-paclitaxel or paclitaxel or gemcitabine 

or 

carboplatin 

NCT02819518 

   Carboplatin, paclitaxel, doxorubicin, 

epirubicin, or cyclophosphamide 

NCT03036488 

 Nivolumab I Nab-paclitaxel NCT02309177 

  I/II Ipilimumab (anti-CTLA-4 mAb) NCT01928394 

   NKTR-214 (CD122) or ipilimumab  NCT02983045 

  II Capecitabine NCT03487666 

   Carboplatin NCT03414684 

   Doxorubicin (low dose) or 

cyclophosphamide 

metronomic or radiation therapy or cisplatin 

NCT02499367 

PD-L1 Atezolizumab I - NCT01375842 

   CPI-444 (A2A receptor antagonist) NCT02655822 

   GDC-0919 (IDO inhibitor) NCT02471846 

   RO6870810 (BET inhibitor) NCT03292172 

  I/II Entinostat (HDAC) NCT02708680 

  II Carboplatin, paclitaxel NCT02883062 

   Carboplatin and cyclophosphamide or 

paclitaxel 

NCT01898117 

   Nab-paclitaxel NCT02530489 

   PEGylated doxorubicin NCT03164993 

   Stereotactic radiosurgery NCT03483012 

   Veliparib NCT02849496 

  III Nab-paclitaxel NCT02425891 

   Nab-paclitaxel/ carboplatin NCT02620280 

   Nab-paclitaxel, doxorubicin, 

cyclophosphamide 

NCT03197935 

   Paclitaxel NCT03125902 

   Paclitaxel, doxorubicin, or 

cyclophosphamide 

NCT03281954 

   Paclitaxel, epirubicin, or cyclophosphamide NCT03498716 

 Avelumab II Utomilumab (CD137) NCT02554812 



General introduction 

27 
 

  III - NCT02926196 

 Durvalumab I/II Nab-paclitaxel + dose dense doxorubicin 

and cyclophosphamide 

NCT02489448 

   Olaparib (PARP inhibitor), cedinarib (VEGF 

inhibitor) 

NCT02484404 

   Olaparib NCT02734004 

   Paclitaxel  NCT02628132 

   Paclitaxel, epirubicin, cyclophosphamide NCT03356860 

  II Tremelimumab (anti-CTLA-4 mAb) NCT02536794 

   Nab-paclitaxel, epirubicin, 

cyclophosphamide 

NCT02685059 

  II/III Vigil NCT02725489 

Abbreviations: AR: androgen receptor; CTLA-4: cytotoxic T lymphocyte-associated antigen 4; HDAC: histone deacetylase; 

IDO: indoleamine 2,3-dioxygenase; JAK: Janus kinase; mAb: monoclonal antibody; mTOR: mammalian target of 

rapamycin; PAMP: pathogen-associated molecular pattern; PARP: poly-ADP ribose polymerase; PD-1: programmed cell 

death protein 1; PD-L1: programmed death ligand 1; PEG: poly(ethylene glycol); PI3K: Phosphoinositide 3-kinase; 

VEGFR: vascular endothelial growth factor receptor. 

 

Another immune checkpoint agent that has been targeted in TNBC patients at 

clinical level, but at lower extent, is OX40. Contrarily to the previous ones, OX40 is a co-

stimulatory receptor, belonging to the tumour necrosis factor (TNF) family. OX40 is 

transiently expressed on activated T-cells, while its ligand, OX40L is expressed on 

activated APCs, and ECs, but also by activated T-cells (197). Upon ligation of OX40L to 

its receptor, OX40 induces expansion, trafficking and the survival of effector T-cells, and 

increases pro-inflammatory cytokine secretion (198, 199). In addition, OX40-signalling 

can also block the inhibitory activity of tumour-infiltrating Treg by hindering Foxp3, TGF-

β and IL-10 signalling (200). 

Clinical trials of OX40 agonist antibodies, such as GSK3174998, INCAGN01949, 

and PF-04518600, which bind specifically to OX40 to activate TIL, are in progress alone 

or in combination with other immune checkpoint agents such as pembrolizumab and 

nivolumab (anti-PD-1 mAb), avelumab (anti-PD-L1 mAb), and ipilimumab (anti-CTLA-4 

mAb) for different advanced cancer types, including TNBC (ClinicalTrials.gov identifier: 

NCT02528357, NCT03971409, NCT03241173, NCT02554812). 

Despite the promising clinical results, this immune checkpoint therapy has been 

associated with low percentages of effective and durable responses to single-agent 

therapies (201-203). For instance, response rates to PD-1 and PD-L1 blockade are very 

modest as single agent in advanced TNBCs. Although a durable response was obtained 

in many different early-phase trials, response rates were only up to 10% in unselected 
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TNBC patients and improved slightly to 20% to 30% when patients are selected based 

on IHC-based PD-L1-positive tumours (204-207).  

Additionally, the use of these drugs in different cancer types has shown serious 

adverse events related to excessive immune activation. The clinical (systemic) use of 

anti-CTLA-4 mAb have been associated with severe autoimmune side effects, resulting 

in inflammation of multiple organs, including the gastrointestinal tract, lung, and 

endocrine organ (208). The most common adverse effects referred in the literature 

related to PD-1 and PD-L1 agents are colitis, hepatitis, adrenocorticotropic hormone 

insufficiency, hypothyroidism, type 1 diabetes, acute kidney injury, and myocarditis 

(189). Also, excessive effects of OX40 have been associated with cytokine storm and 

autoimmunity (197). 

In an attempt to improve the benefits of these agents, namely PD-1 or PD-L1 

inhibitors, and to overcome their side effects, these drugs may be combined with other 

immunotherapeutic strategies, namely with cancer vaccines. In a phase I study, Ott et 

al. (2017) combined the anti-PD-1 antibody pembrolizumab with a neoantigen vaccine in 

melanoma patients (stage IV), showing that the vaccine worked synergistically with the 

immune checkpoint inhibitor (209). Also Sahin et al. (2017) observed this synergistic 

effect when combined the personalized RNA vaccine with PD-1 blockade therapy (210). 

More recently, Conniot and collaborators (2019) demonstrated that prophylactic and 

therapeutic combination regimens of DC-targeted mannosylated nanovaccines with anti-

PD-1 antibody and anti-OX40 antibody triggered a synergistic effect that stimulates T-

cell infiltration into tumours at early treatment stages of melanoma (211).  

 

2.3.2. Cancer vaccines 

Cancer vaccine is another promising strategy for TNBC treatment. This 

immunotherapeutic regimen has been developed and utilized for over 100 years with 

variable success, but notably with numerous reports of pCR with regression of all 

measurable disease in patients with advanced cancers of different types (180). Cancer 

vaccines have the potential to elicit tumour-specific CTLs and humoral responses, 

specifically against tumour-specific antigens and TAA. The main goal of vaccination is to 

induce tumour specific immune responses able to either eliminate the malignant cells or 

keep it under constant restraint, delaying tumour recurrence and prolonging survival 

(212).  

A number of strategies have been explored for cancer treatment, including 

vaccination with autologous/allogeneic tumour cells, tumour-associated proteins or 

peptides, tumour antigen-expressing DNA or viral vectors, DC-based vaccines (124). 
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These therapeutic approaches offer distinct advantages over conventional therapies, 

including increased specificity, reduced toxicity and long-term effects via immunologic 

memory (213, 214). However, as cancer vaccine candidates move towards clinical 

investigation, it becomes clear that their biological effect depends on their optimal design 

to ensure their efficient transport across biological barriers and optimum presentation to 

innate and adaptive immune systems.  

 

2.3.2.1. Essential elements of cancer vaccines 

According to Silva et al. (2013), an ideal vaccination strategy needs to engage 

the administration of the most immunogenic TAA together with the most effective 

adjuvants, including delivery platforms (215). Antigens can be defined as peptides or 

proteins that are recognized by the immune system and are able to induce an adaptive 

immune response. Adjuvants are described as molecules that stimulate the innate 

immune system, acting as “danger signals”. Delivery systems are platforms that insure 

optimal delivery of single or multiple vaccine antigens and/or adjuvants to DCs in a 

targeted and prolonged manner (9, 215). These elements are essential for priming 

tumour-specific T-cells, inducing tumour-specific antibodies and killing tumour cells by 

host immune effector mechanisms. A large number of studies have shown that antigens 

and adjuvants must act in a concerted way on the same APC to obtain its full activation, 

which can be provided by a singular delivery system (216, 217). In many cases, the 

antigen itself is poorly immunogenic, thus an adjuvant is needed to intensify the immune 

response (218). In fact, when administered alone, the antigens tend to elicit a Th2-type 

immune response or even tolerance to the antigen, while when co-administered with 

adjuvants they tend to induce Th1-type immune response. Therefore, the efficacy of a 

cancer vaccine formulation can be considerably improved by the development of delivery 

systems able to protect and modulate the delivery of antigens and adjuvants 

simultaneously (216). 

 

Antigens 

The choice of the appropriate tumour antigens is one of the main issues in cancer 

vaccine development, since these molecular entities influence the specificity of the 

immune response (219). Tumour antigens can be proteins, peptides, or even lipids and 

carbohydrates (220-222). In a general way, the prime targets for cancer vaccines must 

fulfil the following criteria: i) include peptide sequences that bind to MHC class I, being 

also important those that bind MHC class II molecules; ii) be processed by DCs and 

become available for binding to MHC class I molecules; iii) be recognized by the T-cell 
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repertoire in an MHC class I-restricted manner, and iv) drive the expansion of CTL 

precursors expressing specific TCRs (215, 223). 

Tumour antigens can be divided into two main categories: tumour-specific 

antigens and TAAs (224, 225). In the first category, antigens are completely unique to 

the tumour and not found in normal tissue, and include i) specific antigens for certain 

tumours, such as the melanocyte differentiation antigen Melan A or the prostate-specific 

antigen (PSA), and ii) cancer testis antigens (CTAs), that are expressed in a variety of 

tumours, namely the human telomerase reverse transcriptase (hTERT) and the 

carcinoembryonic antigen (CEA) (225). In the second category, antigens are peptides or 

proteins inappropriately or aberrantly expressed by tumour cells. These antigens can be 

mutated and thus unique (β-catenin), overexpressed (α-lactalbumin (α-Lac), mucin 1 

(MUC1) and HER2), or germ line antigens that are silent in normal tissue but expressed 

in cancers (e.g. NY-ESO-1 in melanoma and synovial sarcoma) (124). It is widely 

accepted that most tumours express TAAs and that the immune system can be triggered 

to recognize these TAAs as non-self, thereby affecting a specific anti-tumour response 

(225, 226).  

Although no TNBC-specific antigen has been validated, several targets have 

been identified and tested as a tumour vaccine to produce effective anti-tumour 

immunity, including α-Lac. α-Lac is a breast-specific self-protein expressed in normal 

breast tissues exclusively during late pregnancy and lactation, but not in aging females. 

However, it is also found at high levels in the vast majority, approximately 75%, of TNBCs 

(227, 228). The stable expression of α-Lac genes was detected in early and late stage 

TNBC patients. According to Tuohy (2014), in addition to the high expression of α-Lac in 

TNBC, there are two complementary features of the normal female aging process that 

together provide a basis for selecting α-Lac as antigen for vaccination against TNBC: i) 

95% of breast cancer cases in the USA are diagnosed in women aged 40 and older; ii) 

less than 3% of children in the USA are born from women 40 years of age and older 

(229). In sum, most of women older than 40 no longer breastfeed, and their lactation 

proteins become essentially “retired” at a time in life when risk for developing breast 

cancer rises rapidly (229). Thus, vaccination against α-Lac would not induce any breast 

tissue damage since the selected protein would no longer be produced in the “retired” 

breast tissues. Indeed, Tuohy and collaborators steady-state studies demonstrated that 

healthy, cancer-free, and adult females can mount abundant pro-inflammatory T-cell 

responses against α-Lac, independently of the female history of breastfeeding and 

lactation (229). In addition, they also found that α-Lac prophylactic and therapeutic 

vaccination consistently inhibited the formation and growth of TNBCs in three different 

mouse models, commonly used in breast cancer research, such as 4T1 transplantable 
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tumours in BALB/c mice, with any detectable autoimmune inflammatory damage in any 

normal tissues examine (227, 230).  

 

Adjuvants 

In addition to the antigens, the selection of the appropriate adjuvant(s) in cancer 

vaccines is also important, since they define the quality and magnitude of the tumour 

immune response (231). Several clinical studies have already been done with different 

classes of compounds that present adjuvant activity, among them: mineral salts, 

emulsions, particulate adjuvants, nucleic acids, small molecules, bacterial products, 

plant derivatives, saponins and liposomes (232, 233). However, only a few of them have 

been approved for human use. Failures of adjuvants during the development phase may 

be related to the manufacturing process (lack of a reproducible formulation or negative 

impact on antigen stability) and/or to local or systemic adverse effects (234). Note that 

FDA considers adjuvants as vaccine components, and thus they are not licensed 

separately (235).  

Alum is a mixture of aluminium salts and was the first vaccine adjuvant approved 

by the FDA and EMA for human use and to be widely used worldwide. Its adjuvanticity 

was demonstrated in the early 1920s, and since then, it has been incorporated in the 

majority of the vaccines currently in clinical use, such as diphtheria, tetanus and pertussis 

(DTaP) vaccines, the pneumococcal conjugate vaccine and the hepatitis B vaccines 

(232, 236). Alum adjuvants are generally well tolerated and can increase humoral-

mediated immune responses against most of the antigens (237). However, alum has 

some disadvantages, including important side effects and safety concerns (164), also 

providing poor adjuvanticity for recombinant protein vaccines (238), and contributing little 

to or even suppressing cell-mediated immunity and subsequent CTL responses (238, 

239). In fact, it was reported that vaccination using aluminium salt as an adjuvant only 

induces Th2 immune responses that are related to humoral immunity, but inhibits cell-

mediated immune responses, which are important to eliminate the tumour cells (239). 

In addition to alum, only two other adjuvants have been licensed by FDA and 

EMA for human use: AS03 (240), as a component of the pre-pandemic H5N1 vaccine 

Prepandrix®; and AS04 (241), as an adjuvant that combines alum and monophosphoryl 

lipid A (MPLA), used in hepatitis B virus (HBV) (Fendrix®) and human papillomavirus 

(HPV) (Cervarix®) vaccines (233). In addition, the oil-in-water emulsion MF59 is another 

adjuvant already approved for human use in Europe, as a component of the Influenza 

vaccine Fluad® (242). Despite its acceptable safety profile, cases of chills, fever, 

increased local pain at the site of administration and muscle aches have been 

occasionally reported (243). 
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TLR-agonists as adjuvants 

The molecular and cellular targets of the human licensed adjuvants described 

above are not always understood. MPL®, a derivative of the bacterial component 

lipopolysaccharide (LPS), is probably the most characterized, activating TLR4. 

Engagement of this receptor promotes cytokine expression, antigen presentation and 

migration of APCs to the T-cell area of draining LNs, allowing for an efficient priming of 

naïve T-cells. Other TLR agonists, such as flagellin and polyinosinic-polycytidylic acid 

(poly(I:C)) induce a similar process and are validated vaccine adjuvants in pre-clinical 

models (244). Notably, cytosine phosphorothioate-guanine motifs (CpG)-containing 

oligodeoxy-nucleotides (CpG-ODN), which target TLR9, have also been very efficiently 

used in humans in a number of vaccine trials (245). These molecules mimic elements 

exclusively expressed on bacteria, viruses, fungi or protozoa, also known as PAMPs, 

and activate immune cells via TLRs, acting as TLRs agonists (246). TLRs are the largest 

and the most extensively studied class of PRRs, playing a crucial role in the induction of 

innate and adaptive immune responses. TLRs, which are mainly expressed on APCs, 

but also in T-cells, Treg and NKT cells, are involved in the detection of PAMPs on cell 

surface, but also intracellularly at endosomal membranes (247, 248). When TLRs 

expressed on APCs detect PAMPs or synthetic TLRs agonists, intracellular signalling 

pathways are activated leading to the induction of inflammatory cytokines, chemokines, 

interferons and upregulation of costimulatory molecules (249). 

 

Delivery systems 

Formulation of vaccines as particulate delivery systems represents a promising 

concept and offers some attractive features when compared with soluble agents 

(proteins, peptides or nucleic acids) (250), including protection of encapsulated agents 

that otherwise would suffer fast degradation when administered, but also facilitate co-

delivery of antigens and adjuvants to the same APC which could assist in directing the 

type of immune response desired (94, 250). 

The nature and type of the carrier used to deliver TAA and adjuvants should be 

carefully considered. Several particulate systems have already been used as carriers, 

namely whole cell vaccines, virosomes, virus-like particles or antigens formulated in 

particulate-based adjuvants such as liposomes, microparticles (MPs) and nanoparticles 

(NPs) (251-253). In particular, biodegradable polymeric NPs are being widely explored 

as carriers for controlled delivery of a multitude of molecules, including proteins, 

peptides, nucleic acids and oligonucleotides (72, 211, 254). Such NPs have the ability to 

stabilize vaccine antigens, but also to promote antigen sustained and controlled release 

to APCs, maximizing their capture, processment and presentation, and consequently 
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eliminating booster immunizations (253). Moreover, their subcellular size and large 

surfaces that may present electrostatic or receptor-interacting properties have been 

shown to contribute to a better interaction with APCs, comparing with soluble antigen 

alone (254, 255). Apart from this, these nanoscale compounds are biocompatible with 

tissue and cells, stable in blood, non-toxic, non-immunogenic, non-inflammatory, do not 

activate neutrophils, and avoid the mononuclear phagocyte system (MPS) preventing 

premature phagocytosis by macrophages (256). 

The most commonly used biodegradable polymers for the formulation of 

nanoparticulate delivery systems are based on aliphatic polyesters, such as poly(lactic 

acid) (PLA), poly(glycolic acid) (PGA), and their copolymer poly(lactic-co-glycolic acid) 

(PLGA) (254). Their application in controlled release is essentially due to their high 

biodegradability, low toxicity, excellent biocompatibility and bioabsorbability in vivo (257), 

as it will be deeply discuss in section 3.  

 

2.3.2.2. Applications in TNBC 

Cancer vaccines may be developed as a prophylactic tool to prevent future 

development of cancer or as a therapeutic approach to boost the immune system to 

eliminate the tumour. Currently, only three prophylactic cancer vaccines have been 

approved by FDA: Fendrix®, Cervarix® and Gardasil®. The first one prevents the 

infection with HBV, while the other two prevent the infection with HPV (258). The HBV 

and HPV are believed to be the leading causes of liver cancer (259), and cervical cancer 

(260), respectively. Regarding therapeutic cancer vaccines, only one has been approved 

by FDA for human use. This vaccine, called Provenge® (Sipuleucel-T), is a patient-

specific vaccine produced by transiently incubating the patient’s own peripheral blood 

mononuclear cells with a fusion protein consisting of prostatic acid phosphatase (PAP; 

a prostate cancer–specific antigen) linked to the DC growth and differentiation factor 

granulocyte macrophage colony-stimulating factor (GM-CSF) (261, 262). Provenge® 

therapeutic intent is to generate PAP-specific T-cells capable of recognizing and killing 

prostate cancer cells that express this antigen (261). This tumour vaccine induced a 4-

month OS benefit when compared to the control group, although the absence of objective 

tumour regressions or effect on time to progression (261). 

Although there is no vaccine approved by FDA or EMA for the treatment of TNBC, 

several ongoing phase I and II clinical trials with therapeutic vaccines are being studied 

in combination with anticancer drugs and/or immune checkpoint inhibitors (Table 3) 

(263).  
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Table 2. Example of ongoing clinical studies involving cancer vaccines 

Clinical trial Agent Combinatorial agent Phase 

NCT03362060 PVX-410 Pembrolizumab (PD-1) I 

NCT02826434 PVX-410 Durvalumab (PD-L1) I 

NCT03256344 T-VEC Atezolizumab (PD-L1) I 

NCT03289962 RO7198457 Atezolizumab (PD-L1) I 

NCT01986426 LTX-315 Pembrolizumab (PD-1),  

ipilimumab (CTLA-4) 

I 

NCT02432963 p53MVA Pembrolizumab (PD-1) I 

NCT02779855 T-VEC Paclitaxel I/II 

NCT03387085 NANT Aldoxorubicin, avelumab (PD-L1), 

bevacizumab (VEGF), capecitabine, 

cisplatin, cyclophosphamide, 

fluorouracil, nab-paclitaxel 

I/II 

NCT03328026 SV-BR-1-GM Pembrolizumab (PD-1),  

ipilimumab (CTLA-4) 

I/II 

Abbreviations: CTLA-4, cytotoxic T lymphocyte-associated antigen 4; PD-1, programmed cell death protein 1; PD-L1, 

programmed death ligand 1; VEGF, vascular endothelial growth factor. 

 

2.3.2.3. Dendritic cells as targets for cancer vaccines 

DCs have been proposed as key players in cancer vaccination process, since 

they can function as a route of entry to the immune system and a way of controlling both 

innate and adaptive immune responses (264). In the early phase of the antitumour 

immune response promoted by cancer vaccine, DCs are strategically positioned in 

peripheral tissues, such as skin and mucosa, in an immature state, acting as sentinels 

where they sample the environment for foreign antigens (265, 266). Once detected, iDCs 

internalize the exogenous antigens in vesicular structures through different mechanisms 

of endocytosis, which can be either a receptor-dependent or receptor-independent 

mechanism. Receptor-dependent pathways include clathrin-mediated endocytosis, 

caveolae-mediated endocytosis, lipid-raft-mediated endocytosis and phagocytosis, 

while, receptor-independent mechanisms encompass fluid-phase endocytosis and 

micropinocytosis (267). After entry in the cytoplasm, the vesicles carrying extracellular 

antigens undergo several alterations, until they fuse with lysosomes or MHC class II 

compartments. There, MHC class II molecules are loaded with peptide antigens, forming 

an MHC class II-antigen complex, which is then transported to the cell surface, becoming 

available to be recognized by CD4+ T-cells (98, 99). However, exogenous antigens may 

also be exhibited by MHC class I on DC surface through cross-presentation. This 

process is extremely important for cancer vaccination, as TAA carried by nano-based 
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cancer vaccines may escape endosomes and reach the cytosol eliciting the activation of 

CD8+ T-cells, which are fundamental for the successful eradication of tumour cells. 

Upon activation, iDCs start converting to mature DCs (mDCs). This 

transformation is accompanied by a decrease in their capacity to capture antigens, 

presentation of a higher number of MHC molecules at the surface, change in the 

expression pattern of chemokine receptors, an upregulation of co-stimulatory molecules 

(e.g. CD40, CD80, CD86), and secretion of cytokines and chemokines, such as IL-12 

and IFN-γ. In addition, it is observed a cytoskeleton reorganization and morphological 

changes including the proliferation of dendrites from the membrane of these phagocytic 

cells (101, 102). After antigen internalization, DCs migrate to LNs in a chemokine-driven 

manner, where they can prime naïve T-cells (268, 269). Activated DC express CCR7, a 

LN-homing chemokine receptor, thereby entering lymphatic vessels towards LNs, where 

CCR7-ligands – CCL19 and CCL21 – are expressed (270). Once there, naïve T-cells 

recognize the antigens associated to MHC molecules at the surface of mDCs, through 

their TCRs, initiating the adaptive immunity. For T-cells to be effectively activated by 

DCs, three signals are required. Firstly, they need to recognize the processed antigen in 

the context of MHC class I (for CD8+ T-cells) or MHC class II (for CD4+ T-cells). Each T-

cell carries a unique TCR and only those cells that recognize the antigens presented by 

DCs in the form of an MHC/antigen complex will become activated. Secondly, and 

referred above, DCs also upregulate other cell surface molecules during maturation, 

such as MHC class I and II, and costimulatory molecules, such as CD40, the receptor 

for CD40L expressed by naïve T-cells, and also CD80 and CD86 (B7-1 and B7-2 in 

humans, respectively), which are the ligands for the immunoglobulin superfamily 

member CD28, also expressed by naïve T-cells. Thirdly, T-cells need cytokines and 

chemokines, such as IL-12 and type I IFNs, which are produced by DCs and directly 

affect T-cells in a paracrine fashion (74, 271). After these three signals, T-cells become 

activated and start their proliferation and differentiation in both memory T-cells and 

effector T-cells (109, 272).  

Several studies have already demonstrated the ability of the immune system to 

impact on tumour growth in several manners. It is thought that the most effective way of 

eradicating tumour cells in vivo is through the combined action of CD8+ T-cells and Th1 

CD4+ T-cells (215, 273) (Figure 5). CD8+ T-cells can generate CTLs upon activation, 

which are able to directly eliminate tumour cells through the release of perforin and 

granzymes, but also acquire a long-lasting memory phenotype that allow them to 

promptly respond in the case of a second contact with the same antigens, like it happens 

in recurrent cancers (116). Th1 CD4+ T-cells, through the secretion of IFN-γ, improve the 

action of CTLs by enhancing clonal expansion at the tumour site and promoting the 
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generation and maintenance of the memory phenotype (274). Moreover, IFN-γ released 

may also sensitize other components of the antigen-processing machinery, promoting 

the recruitment of cells from the innate immune system, such as NK cells, that also 

contribute to tumour cell lysis  (94).  

 

 

Figure 5. Desired immune response elicited by a therapeutic cancer vaccine. From Matos et al. 

(2019). J Control Release 307: 108-138. 
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3. Nanodelivery systems for DC-based vaccines 

In the past decade, nanotechnology has gained significant importance for the 

diagnosis, prevention and treatment of a wide range of diseases. This technology makes 

use of materials in the nanometre scale similar to that of functional components of living 

cells or biological molecules (275). Nanotechnology has been explored for several 

applications, particularly to cancer (96, 276), gene therapy (277), regenerative medicine 

(278), drug delivery (279), imaging (280), and biosensors (281), which are broadly 

labelled ‘‘nanomedicines”. These sophisticated nanosystems have been applied for the 

efficient targeting of pathological sites, including the co-delivery of imaging agents and 

drugs, biomolecules or genes, combining diagnosis and therapy within a singular 

nanoplatform (282). The great impact of the successful application of nanotechnology in 

medicine accelerated the discovery and the design of new nanoscale systems with 

different compositions. Several nanosystems have been reported as potential carriers of 

bioactive molecules in cancer therapy, as reviewed elsewhere (215, 283-287). These 

nanocarriers can be formulated using different materials, such as polymers, lipids and 

metal or inorganic compounds. Nowadays, the most common developed 

nanotechnology platforms can range from micelles, liposomes, dendrimers, gold, 

magnetic or polymeric NPs to quantum dots (288), which are schematically represented 

in Figure 6. 

 

Figure 6. Schematic representation of polymeric, lipid, metal and inorganic nanocarriers. From 

Peres et al. (2017) Acta Biomater 15;48:41-57. 
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3.1. Polymeric nanoparticles  

Polymeric NPs are submicron-sized colloidal systems of natural or synthetic 

polymers, ranging from 10 to 1000 nm, frequently used as delivery carriers of several 

drugs, proteins, peptides and nucleic acids, due to their high bioavailability, controlled 

release, biodegradable and biocompatible properties, and low toxic profile (253, 289).  

Many polymers may be used to produce micro and nanodelivery systems, from 

aliphatic polyesters, to poly(amino acids), or even polysaccharides. PLA, PGA, PLGA, 

poly(methyl methacrylate) (PMMA), poly(ε-caprolactone) (PCL) and chitosan (Cs) are 

components of medicines already approved by FDA and EMA for the sustained delivery 

of several agents like drugs, biomolecules, and genes, via different routes of 

administration (287, 289). Different preparation methods have been widely explored for 

the preparation of polymeric NPs, being the most common the solvent evaporation, 

salting out, nanoprecipitation and emulsion-based formulation procedures (290). Varying 

the preparation method, two types of polymeric NPs can be obtained with different 

release properties: nanospheres and nanocapsules. Nanospheres are matrix spherical 

systems, which have the active agent physically and homogeneously, incorporated into 

the matrix system, while nanocapsules are vesicular systems containing the agent inside 

a cavity surrounded by a polymeric layer (291). 

Polymeric NPs have had the best progress on the development of procedures for the 

entrapment of various bioactive molecules. Polymeric NPs are usually highly stable and 

have high entrapment and/or adsorption capacity, reducing the number of doses in 

vaccine administration (292). In fact, the antigens can be dispersed within polymeric 

matrix, entrapped in the core of the nanocapsule, or adsorbed onto NP surface. The 

nature of antigen association to polymeric carrier has been shown to have an important 

effect on the induction of an effective and long-lasting immune response (288). 

Unlike lipid NPs, polymeric NPs can easily incorporate both hydrophilic and 

hydrophobic biomolecules (293). In lipid NPs, hydrophilic antigens are difficult to entrap, 

leading to a low entrapment efficiency and fast leakage. Also, liposomes have shown 

poor storage stability when compared to biodegradable polymeric NPs (294, 295). On 

the other hand, even though the formulation process of polymeric NPs might be 

considered less expensive than liposome formulation, its translation into the clinic has 

been challenging due to multiple reasons. Among them, the diversity of new materials, 

the presence of residual organic solvents, low yield, high burst and incomplete release, 

uncontrolled effect of NP physicochemical properties in vivo, difficult sterilization of the 

final product and variability on particle size and shape between batches (296). To date, 

there are about 20 PLA/PLGA-based products approved by FDA and EMA for clinical 
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use, but not a single nanoparticulate carrier based on these polyesters has reached the 

market (297). However, it is believed that by increasing the implementation of process 

analytical technologies (PAT), it will be possible to foster the on-line/at-line control of NP 

major attributes, clarifying the effect of critical points during the manufacturing process 

(298). In addition, the application of these ‘‘quality-by-design” concepts and the 

implementation of novel pharmaceutical development regulations, mostly by the USA, 

Europe and Japan, are expected to improve the clinical translation of these polymeric 

nanosystems (299).  

 

3.1.1. Polymeric NPs as nanodelivery systems for vaccines 

Polymeric nanocarriers have demonstrated the required features for developing 

new vaccine tools able to overcome the main hurdles related to traditional vaccines, 

namely safety standards and low immunogenicity, triggering the activation of the 

adaptive immune system (300, 301). In fact, the administration of proteins or peptides in 

solution has presented real pitfalls due to their limited bioavailability, short half-life in vivo 

and non-diffusion across some biological barriers. Moreover, the rapid degradation and 

elimination of soluble antigens dictates the need for repeated injections to attain effective 

levels (42, 302). To overcome these concerns, entrapped biomolecules are protected 

from premature enzymatic degradation (i.e., nucleases and proteases) and from the 

contact with unfavourable in vivo biological environment, being their release to intra- or 

extracellular compartments controlled by erosion of NP matrix (293, 303). Moreover, the 

maintenance of the integrity and activity of entrapped antigens favours their 

bioavailability and consequent ability to induce effective immune responses (304).  

These nano-based systems are also able to deliver simultaneously antigens and 

specific adjuvants (e.g. TLRs ligands) in the same carrier. This has been shown to be 

essential to alert the immune system, but also enables lower doses of those immune 

modulating compounds, and thus limiting their toxicity (305). These nanocarriers 

modulate the antigen release, being a sustainable source of retained antigens by 

providing a continuous, prolonged and sustained delivery for a long period to APCs 

(depot effect), avoiding the need for several boosting administrations and the risk of 

tolerance (306). The continuous stimulation of effector T-cells can indeed lead to their 

exhaustion, and consequently to T-cell anergy. Even though, the targeted delivery of 

carrier contents, both immune modulators and antigens, to specific cells allow the use of 

low doses of cargo, minimizing the risk of a continuous stimulation of adaptive immune 

cells (307, 308). 
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3.1.1.1. Influence of NP properties in cellular uptake by dendritic cells 

Several physicochemical properties, as size, morphology, surface charge, 

hydrophobicity and receptor interactions have been shown to influence the uptake of the 

nanocarrier by DCs. 

 

Size 

Size is a critical parameter that dictates the fate of nanomaterials within the body. 

It has a crucial impact on the recognition and capture of delivery systems by cells from 

MPS, thus dictating their biodistribution and payload bioavailability. However, the ideal 

size for particle uptake by APCs is still under discussion (304, 309). Several studies have 

demonstrated that larger carriers (> 500 nm) stay physically imprisoned in the skin and 

are efficiently internalized via phagocytosis by APC, predominantly by monocytes and 

skin iDC at the dermis, epidermis and to a lesser extent at the subcutis, being 

subsequently drained to the LN within 18-24 h (310). However, a faster pathway and 

independent on cell transport is attained by smaller nanovaccines (< 100 nm), which 

travel directly into the lymphatic drainage by interstitial flow reaching lymphoid organs to 

interact with LN-resident DCs, within 2–3 h after administration (310, 311). Although the 

rapid LN targeting by smaller NP, a compromise between NP size and retention in LN 

must be attained to maximize LN trafficking and retention, since larger-sized NP are 

retained more efficiently into LN and very small NP can bypass them (312). 

DCs have demonstrated preference to take up smaller particles, as viral-sized 

particles (20–200 nm), whereas larger carriers (> 500 nm), as those within bacterial size 

range, are preferentially ingested by macrophages (313). However, iDCs can also 

internalize larger particles by either micropinocytosis or phagocytosis, while smaller 

particles are mainly taken up by receptor-mediated endocytosis (314). Generally, small-

sized particles can be taken up via clathrin-dependent endocytosis (size < 200 nm) (315), 

or via caveolae-mediated endocytosis (size range 50–100 nm) (316).  

 NP size may also dictate the type of immune response. Indeed, NP with size 

equivalent to viruses, are usually able to initiate virus-like immune responses, with 

activation of CTL and Th1, while larger particles normally generate a similar immune 

response to those induced by bacteria, with Th2 activation and antibody production 

(317). 

In addition, nanosized particles ranged 100–500 nm are able to cross efficiently 

some physiological barriers, such as blood brain barrier, tight epithelial junctions of the 

skin, intestinal tract and pulmonary system path, in a very efficient manner (291), 
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endorsing a stronger immunostimulation by promoting the antigen delivery to both 

peripheral and LN-resident iDC (318).  

 

Morphology 

NP morphology may influence cellular uptake and biodistribution. Non-spherical 

particles have been highlighted because of their increased blood circulation time, due to 

reduced phagocytosis by unspecific cells. However, the cellular uptake of those particles 

is decreased, when compared to spherical NPs. According to Gratton et al., rod-shaped 

NPs show the highest uptake performance, followed by spheres, cylinders and finally 

cubical NP (319). This differential cellular uptake was also observed by Herd and 

collaborators who showed that spherical NPs appear to have greater degree of 

internalisation, when compared to worm-like NPs (320).   

  

Surface charge and hydrophobicity 

Surface characteristics of nanocarriers play an important role regarding their 

association with cells and their biodistribution and overall circulation time. The presence 

of charge influences the opsonization of nanomaterials, their capture by cells of the MPS, 

or their accumulation at tumour sites via the enhanced permeability and retention (EPR) 

effect (321). Positively charged NPs are known to have a higher internalisation rate than 

the negatively or neutrally charged ones, apparently, as a result of the ionic interactions 

established between positively charged polymers and negatively charged cell 

membranes (322, 323). In addition, it is well documented the more prominent 

aggregation of cationic particles with serum blood proteins, which is particularly important 

to predict the overall toxicity of those nanoparticulate systems when administered 

through the intravenous route due to the complement activation, and consequent 

hypersensitivity reaction (324). Also, particle aggregation may promote their 

sedimentation and diffusion, which has been shown in vitro to have a profound effect on 

the rate of particle uptake (325)  

Coating particles with hydrophilic polymers, such as poly(ethylene glycol) (PEG) 

to neutralize the surface charge or make them more hydrophilic, may slow down the 

process of plasma protein adsorption, opsonization and non-specific uptake. The use of 

PEGylated nanocarriers has resulted in lower uptake by the MPS and increased 

circulation half-life, allowing for a prolonged retention and interaction with their targets, 

thus enhancing the intracellular delivery of targeted nanocarriers (326). However, 

PEGylation may hinder intracellular uptake and endosomal escape, resulting in a so-

called “PEG dilemma” (327). In addition, the role of neutral charge on the internalization 

of nanomaterials by specific routes is still unclear (328). 
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3.1.1.2. Polylactic acid-based particulate systems for vaccine delivery 

Aliphatic polyesters such as PLA, PGA, PLGA, PCL, and PMMA have been 

reported as potential biomaterials for the production of delivery systems for bioactive 

macromolecules, including peptides and proteins (286, 288). Among them, PLA has 

been one of the most well-studied for NP production. PLA is a linear aliphatic polyester 

composed by lactic acid building blocks (Figure 7), which are naturally occurring organic 

acids easily derived from renewable resources, such as sugarcane and corn starch (329, 

330).  

 

Figure 7. Schematic representation of PLA chemical structure 

 

PLA is the most explored renewable polyester for numerous medical applications 

(331). PLA-based products have been approved by FDA and EMA for biodegradable 

packing and multiple biomedical applications, such as degradable surgical sutures, 

scaffolds for tissue regeneration, bone implants, bone screws and controlled delivery 

systems of anticancer drugs, peptides, proteins, but also vaccines (329, 330, 332, 333). 

PLA approval was based on its unique features of biodegradability, biocompatibility and 

bioabsorbability (329, 333). In vivo, PLA is hydrolysed into α-hydroxy acid, which is a 

byproduct of different metabolic pathways in the body under normal physiological 

conditions and is easily metabolized in the body via the Krebs cycle, being thus 

physiologically eliminated (334). 

Different techniques have been explored for the development of PLA NP-based 

vaccines, including the conventional emulsion-based procedures, nanoprecipitation, 

supercritical fluids, dialysis, spray drying and, more recently, microfluidic techniques 

(297). Several studies have shown the application of PLA-based vaccines for the in vivo 

control of bacteria, including Chlamydia trachomatis (335-339), Salmonella typhi (340), 

and Streptococcus equi (341-343), among others as reviewed elsewhere (288). After 

internalization by DCs, PLA carriers entrapping/adsorbing bacterial antigens were able 

to trigger mucosal, cellular and humoral systemic immune responses in vivo, inducing 

high antibody (e.g. IgG and IgA) and cytokine (e.g. IL-2 and IFN-c) titres. It has also been 

shown that the addition of adjuvants, such as alum or CpG, and/or PEG onto/into PLA 

MPs or NPs may improve their immunoadjuvant effect (305, 344). All of these studies 
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evidenced that the entrapment/adsorption of the bacterial antigens in PLA particles 

induced stronger immune responses than antigens and/or adjuvants in solution. 

Recombinant or synthetic proteins/peptides of viral pathogens entrapped or 

adsorbed onto PLA particles have also been extensively used as advanced vaccines for 

the treatment of infections caused by HBV (345-350), HIV (351-359), and HPV (360), as 

reviewed (288). PLA MPs and NPs containing viral antigens and/or adjuvants induced 

potent cellular and humoral immune responses locally and at distant sites, in vivo and 

ex vivo. Indeed, PLA-based vaccines induced strong antigen-specific CD8+ T-cells/CTLs 

and Th1 responses, and high cytokine and antibody (IgG, IgA and IgM) titres. Contrarily 

to alum in solution, PLA particles do not induced inflammation. However, the 

incorporation of this adjuvant in these particulate vaccines seems to enhance the overall 

immune responses. 

In addition to bacterial and viral antigens, PLA particles have also been studied 

as potential vaccine delivery systems for the prevention of malaria, eliciting strong and 

sustained proliferative responses and induced specific isotype/subclass antibodies 

(361).  

Apart from their application for the prevention of infectious diseases, PLA-based 

vaccines are also holding great promise in tumour immunotherapy, an absolutely 

emerging alternative therapeutic approach against cancer that takes advantage of host 

immune system to specifically destroy malignant cells, thus avoiding off-target effects 

commonly induced by anti-tumour conventional therapies (362). However, their 

application in the induction of cytotoxic immune responses against cancer diseases has 

not been extensively reported.  

Dominguez and Lustgarten prepared their cancer vaccine by covalently 

conjugating antibodies against RNEU, a TAA, and against CD40, a surface marker 

expressed by DCs, to PLA NPs. The particles trafficked to RNEU+ tumours and then 

attracted DCs into proximity of the tumour with the anti-CD40 antibodies. This PLA NP-

based cancer vaccine induced an antitumour response that led to the complete tumour 

elimination and generation of protective memory responses. In addition, PLA NPs 

specifically activated an antitumour response against RNEU+ tumours, but not against 

RNEU- tumours, which demonstrated the high specificity of this vaccine. Furthermore, 

PLA NPs allowed a reduction in the number of Tregs within the tumour and the activation 

of a specific cytotoxic response (363). 

Egilmez and collaborators also developed a cancer vaccine based on PLA 

particles and tested its efficacy in vivo. MPs containing recombinant human PEG-IL-2, 

murine IL-12 or murine GM-CSF were prepared by phase inversion nanoencapsulation 

method, allowing high entrapment efficiency of these biologically active molecules. 
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Unlike IL-2- or GM-CSF-loaded MPs, the intratumoural injection of PEG-IL-12-loaded 

PLA MPs have shown to induce the regression of established tumours, preventing 

spontaneous metastasis and promoting the development of tumour-specific immunity 

(364). 

Despite the limited literature focused on PLA carriers for cancer vaccination, data 

obtained for the modulation of immune cells against infection support their promising use 

to increase antigen recognition and tailor its processing within target DCs. However, it is 

important not only to understand the effect of these polymeric carriers in the signalling 

pathways of these target cells, particularly those related to MHC molecules, but also to 

correlate particulate properties with immune-tumour cells crosstalk within TME. By 

correlating biological effect with particle physicochemical properties, it will be possible to 

rational design effective cancer vaccines towards a prolonged and specific cytotoxic 

immune response. In addition, a better characterization of the events involved in the 

interaction of NP with immune cells at molecular level can also guide the identification of 

the best combination treatments towards a synergistic overall anti-tumour effect. 
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Chapter II - Materials and Methods 

 

1. Materials 

Poly(L-lactic acid) (PLA) with an average molecular weight (Mw) of 1,600-2,400 

kDa was purchased from Polysciences Europe GmbH (Hirschberg an der Bergstrasse, 

Germany). Chitosan glutamate (GlutCs; Protasan UP G113) and chitosan hydrochloride 

(HCCs; Protasan UP C113) were purchased from NovaMatrix (Sandvika, Norway). 

Glycol chitosan (GCs), dichloromethane (DCM), sodium chloride (NaCl), α-lactalbumin 

(α-Lac) Type I from bovine milk, albumin from chicken egg white (OVA), fluorescamine, 

poly(vinyl alcohol) (PVA, Mw 13,000-23,000 Da), Pluronic® F-127 (PF127), hyaluronic 

acid (HA) sodium salt from Streptococcus equi, ethidium bromide solution, sodium 

dodecyl sulfate (SDS), N,N,N',N'-tetramethylenediamine (TEMED), ammonium 

persulfate (APS), protein marker wide range (SigmaMarkerTM: 6,500-200,000 Da), 

Fluoromount™ Aqueous Mounting Medium, Lipopolysaccharides (LPS) from Salmonella 

typhosa, bovine serum albumin (BSA) and monoclonal Anti-β-Actin antibody (A5541) 

were purchased from Sigma-Aldrich  (Darmstadt, Germany). Cytosine 

phosphorothioate-guanine motifs (CpG)-oligodeoxynucleotides (ODN) 1826 

(TCCATGACGTTCCTGACGTT) was purchased from Microsynth GmbH (Balgach, 

Switzerland). Polyinosinic:polycytidylic acid (Poly(I:C)) (High Molecular Weight) 

VacciGrade™ was purchased from Invivogen (Toulouse, France). Small interfering RNA 

(siRNA) anti-transforming growth factor (TGF)-β1 (siTGF-β1; Sense: 

GGGCUACCAUGCCAACUUCtt) and siRNA negative control (Silencer™ Negative 

Control No. 1 siRNA), phosphate buffered saline (PBS, pH 7.4), Quant-iT™ PicoGreen™ 

double-stranded DNA (dsDNA) Assay Kit, Quant-iT™ OliGreen™ single-stranded DNA 

(ssDNA) Assay Kit, RPMI 1640 Medium with no phenol red, minimum essential medium 

(MEM) α (nucleosides, no ascorbic acid), heat inactivated fetal bovine serum (FBS), 

penicillin/streptomycin (PEST; Penicillin 10,000 U/mL and - Streptomycin 10,000 

mg/mL), sodium pyruvate (100 mM), Dulbecco's Modified Eagle Medium (DMEM; high 

glucose, pyruvate), RPMI 1640 + GlutamaxTM, 4-(2-hydroxyethyl)-1-

piperazineethanesulfonic acid (HEPES) buffer (1 M), L-glutamine (200 mM), Minimum 

Essential Medium (MEM) non-essential amino acids (NEAA), β-mercaptoethanol (50 

mM), trypsin-ethylenediamine tetraacetic acid (EDTA) 1x, AlamarBlue® cell viability 

reagent,  CountBright™ Absolute Counting Beads, LIVE/DEAD™ Fixable Yellow Dead 

Cell Stain Kit (for 405 nm), wheat germ agglutinin (WGA)-Alexa Fluor™ 488 conjugate, 

Hoechst 33342, ammonium-chloride-potassium (ACK) lysing buffer, power SYBR green 

PCR master mix, halt protease, phosphatase inhibitor cocktail and super signal substrate 
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were purchased from Thermo Fisher Scientific (Bremen, Germany). 

Acrylamide/bisacrilamide, Mw marker for SDS-polyacrylamide gel electrophoresis 

(Precision Plus ProteinTM standards, All Blue, 10,000-250,000 Da), Bio-Rad protein 

assay kit and secondary antibody conjugated with horseradish peroxidase were 

purchased from Bio-Rad (Hemel Hemstead, UK). Agarose, Tris-acetate-EDTA (TAE) 

buffer, loading buffer, sucrose, sodium phosphate, NaCl, Tris- hydrochloric acid (HCl), 

triton X-100, paraformaldehyde (PFA), and RibozolTM reagent were purchased from 

VWR Scientific (Philadelphia, PA, USA). Recombinant Murine granulocyte macrophage 

colony-stimulating factor (GM-CSF) was purchased from PeproTech (Kölbe, Germany). 

Programmed death-1 receptor (PD-1, clone: RMP1-14) and OX40 (clone: OX-86) 

monoclonal antibodies (mAb) were purchased from Bio X Cell (West Lebanon, NH, 

USA). Ibrutinib was purchased from Selleckchem (Houston, TX, USA). Fluorochrome-

labelled antibodies, Inside Stain kit, FcR blocking reagent, Anti-PE-conjugated magnetic 

microbeads and LS columns were purchased from Miltenyi Biotec (Miltenyi Biotec, 

Bergisch Gladbach, Germany). Collagenase type II, dispase and DNase were purchased 

from Worthington Biochemical Corp. (Freehold, NJ, USA). Rabbit polyclonal antibodies 

against TGF-β1 (ab92486) was purchased from Abcam (Cambridge, UK). Tumour-

associated peptide MHCI-restricted gp100:209-217(IMDQVPFSV) was purchased to 

GeneCust (Dudelange, Luxembourg). Peptide–major histocompatibility complex (MHC) 

tetramer tagged with PE (H-2Kb-restricted SIINFEKL PE-labelled Class I Tetramer) was 

obtained from NIH Tetramer Facility (Emory, Atlanta, USA). Cyanine5 (Cy5)-carboxylic 

acid was purchased from Lumiprobe GmbH (Hannover, Germany). Rhodamine-6G 

derivative was synthesized as described elsewhere (365). Cyanine 5 carboxylic acid-

grafted PLGA (PLGA-Cy5) was synthesized by esterification based on Freichels et al 

(366). 

 

2. Methods 

2.1. Preparation of nanovaccines 

2.1.1. Preparation of chitosan-siRNA polyplexes 

Water-soluble chitosan derivative – glycol chitosan (GCs), glutamate chitosan 

(GlutCs) or hydrochloride chitosan (HCCs) - was first dissolved in acetate buffer (0.1 M 

sodium acetate/0.1 M acetic acid, pH 4.5), while siRNA was resuspended in RNAse-free 

water (60 µM). Chitosan-siRNA polyplexes were formed by adding the chitosan solution 

drop-wise to an equal volume of the siRNA solution (5:1 or 15:1 (m/m) Cs:siRNA ratios) 

and quickly mixed. This mixture was further incubated at room temperature, under 

stirring for 1 hour. 
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2.1.2. Synthesis of multifunctional biodegradable NPs 

Poly(L-lactic acid) (PLA) nanoparticles (NPs) were prepared using a modified 

state of the art double emulsion solvent evaporation (w/o/w) technique (367). Briefly, PLA 

was dissolved in dichloromethane (DCM) at 50 mg/mL (oil phase). The aqueous phase 

containing 500 μg of the antigen (model antigen ovalbumin (OVA) or the breast tumour-

associated antigen (TAA) α-lactalbumin (α-Lac)) and/or 10 µg of small interfering RNA 

(siRNA) (against transforming growth factor (TGF)-β1 or negative control), dissolved or 

previously complexed with GlutCs, was mixed with an equal volume of 25% (m/v) PVA 

aqueous solution containing the TLR ligands (85 µg of cytosine phosphorothioate-

guanine motifs (CpG)-oligodeoxynucleotides (ODN) 1826 and 170 µg of 

polyinosinic:polycytidylic acid (Poly(I:C)) (Table 4). This aqueous phase was added to 

the oil phase, while 50 µL of GlutCs in 12.5% (m/v) polyvinyl alcohol (PVA) aqueous 

solution were used for the synthesis of empty NP. The mixture was emulsified by 

sonication for 15 seconds at 70 W (Sonicator® Ultrasonic processor, Misonix, Inc). Then, 

400 μL PVA aqueous solution (5% (m/v)) or 5% (m/v) PVA aqueous solution containing 

0.05% (m/v) hyaluronic acid (HA) was added and the second emulsion was formed under 

the same conditions. This double emulsion was added dropwise into a 0.25% (m/v) PVA 

aqueous solution or 0.125% (m/v) block co-polymer Pluronic® F-127 (PF127) aqueous 

solution and stirred for 1 hour at room temperature. NP suspension was collected by 

centrifugation at 22,000 g for 45 minutes at 4 ºC (Beckman Coulter Allegra 64R High 

Speed Centrifuge). NPs were washed twice with ultrapure water, collected by 

centrifugation and finally resuspended in phosphate-buffered saline (PBS, pH 7.4).  

Cy5-grafted poly(lactic-co-glycolide) (PLGA) and rhodamine-6G-grafted PLGA 

were synthesized as described elsewhere (368). Cy5-labeled or rhodamine-labelled NP 

were prepared by adding 25 μg Cy5-grafted PLGA or 250 µg Rhodamine-6G-grafted 

PLGA to the polymer blend.  

All solutions were prepared with ultrapure DNase/RNase-Free Distilled Water. 

 

Table 3. Biomolecules co-entrapped in the nanovaccine formulations. 

 Antigen Gene regulator TLR ligands 

NP1 α-lac 

siTGF-β1 
CpG-ODN  

& Poly(I:C) 
NP1_OVA OVA 

NP2 - 

Abbreviations: α-lac: α-lactalbumin; CpG: Cytosine phosphorothioate-guanine motifs; NP: nanoparticle; ODN: 

Oligodeoxynucleotides; OVA: ovalbumin; Poly(I:C): Polyinosinic:polycytidylic acid; TLR ligands: toll-like receptor ligands; 

siTGF-β1: small interfering RNA anti-TGF-β1. 
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2.1.3. Gel retardation assay 

The ability of chitosan polymers to retard siRNA mobility was determined by 4% 

(m/v) agarose (low melting point) gel electrophoresis. Two different chitosan to siRNA 

weight ratios (5:1 and 15:1) were loaded (20 μL of the sample containing 0.2 μg of siRNA) 

in the agarose gel. The 1:6 dilution of loading dye was added to each well and 

electrophoresis was carried out at a constant voltage of 55 V for 2 hours in Tris-acetate-

EDTA (TAE) buffer containing 0.5 μg/mL ethidium bromide. The siRNA bands were then 

visualized under a UV transilluminator, at a wavelength of 365 nm. 

 

2.1.4. Physicochemical characterisation of NP 

2.1.4.1. Size distribution and ζ potential measurements  

NP hydrodynamic mean diameter was measured by Dynamic Light Scattering 

(DLS) with Malvern Nano ZS (Malvern Instruments, UK). NPs were diluted at 1 mg/mL 

in PBS (pH 7.4) and determined at 25 ºC. Z-average size was determined by cumulative 

analysis (13-16 measurements), in triplicate. ζ potential of NPs was measured by Laser 

Doppler Velocimetry (LDV) in combination with Phase Analysis Light Scattering (PALS), 

using the same equipment. NPs were diluted in at 1 mg/mL in ultrapure water, and 

electrophoretic mobility was determined at 25 °C with the Helmholtz-von Smoluchowski 

model, by cumulative analysis (100 measurements), in triplicate. 

 

2.1.4.2. Particle morphology 

NP surface morphology was determined using atomic force microscopy (AFM). 

NPs were diluted at 5 mg/mL in ultrapure water. A drop of sample was placed onto freshly 

cleaved mica for 15 minutes and dried with pure nitrogen. Samples were analysed in 

tapping mode in air at room temperature, using a Nanoscope IIIa Multimode Atomic 

Force Microscope (Digital Instruments, Veeco), and etched silicon tips (ca. 300 kHz), at 

a scan rate of ca. 1.6 Hz. 

 

2.1.5. NP physical stability assay 

Empty NPs were dispersed in PBS (pH 7.4) and maintained at 25 ºC and 4 ºC. 

After predetermined periods of time over 3 months, samples were collected and particle 

size, PdI, and ζ potential were analysed. 
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2.1.6. Entrapment efficiency and loading capacity of antigens and immune 

potentiators 

Supernatants collected from NP centrifugations were used for the indirect 

quantification of entrapped antigens (OVA and α-Lac), siRNA (anti-TGF-β1 and negative 

control) and immune potentiators (CpG-ODN and Poly(I:C)). Entrapment efficiency (EE 

% (m/m), Eq. (1)) and loading capacity (LC μg/mg, Eq. (2)) were calculated as follows: 

 

EE(%)= 
Initial amount of agent-Amount of agent in the supernatant

Initial amount of agent
×100  (Eq. 1) 

 

LC(μg/mg)= 
Initial amount of agent-Amount of agent in the supernatant

Total amount of polymer
  (Eq. 2) 

 

The amount of OVA in the supernatants was evaluated using fluorescamine. The 

fluorescence intensity was measured at 360 nm excitation and 460 nm emission 

wavelengths using a microplate reader (FLUOstar Omega, BMG Labtech, Durham, NY, 

USA).  

The amount of α-Lac was determined by high-performance liquid 

chromatography (HPLC). Chromatographic analyses were performed using a Beckman 

System Gold: UV-vis detector (Beckman 166), Beckman 126 solvent module and a 

Midas autosampler. Samples of 20 μL were injected onto a Shodex PROTEIN KW-803 

series (8.0 mm ID x 300 mm, 5 μm particle size, 300 Å pore size) and eluted with 50 mM 

sodium phosphate buffer (pH 7.0) and 0.3 M NaCl, at a flow rate of 1 mL/minute with a 

run time of 20 minutes at room temperature. α-Lac elution was monitored at 220 nm by 

spectrophotometric analysis. The amount of α-Lac in each sample was calculated using 

a standard curve generated with known concentrations of the surfactant, which 

demonstrated to be linear over the range of 0 to 40 μg/mL of α- Lac, with a correlation 

coefficient higher than r2=0.99. 

Loading of siRNA (siTGF-β1 and negative control) and Poly(I:C) in NPs was 

quantified using the Quant-iT™ PicoGreen™ dsDNA Reagent, following manufacturers’ 

instructions. Fluorescence generated by the binding of PicoGreenTM to siRNA or 

Poly(I:C) was measured using a microplate reader (FLUOstar Omega, BMG Labtech, 

Durham, NY, USA) at 480 nm excitation and 520 nm emission wavelengths. 

The amount of CpG-ODN in the supernatant was determined by the Quant-iT™ 

OliGreen™ ssDNA Reagent, following manufacturers’ instructions. Fluorescence 

generated was measured using the microplate reader (FLUOstar Omega, BMG Labtech, 

Durham, NY, USA) at 485 nm excitation and 530 nm emission wavelengths.  
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2.1.7. Integrity of α-Lac entrapped in NP  

After 3 hours at 37 ºC under continuous stirring, NP suspensions (20 mg/mL) or 

α-Lac solution (250 μg/mL), used as control, were mixed with SDS-containing loading 

buffer and digested at 95 °C for 20 minutes. Samples at room temperature were loaded 

onto a 12.5% polyacrylamide gel prepared with an acrylamide:bisacrylamide solution 

29:1 at 30% (m/v) (Bio-Rad, UK). Electrophoresis was then performed at a constant 

voltage of 150 V for 90 minutes using a Bio-Rad 300 power pack (Bio-Rad, Hercules, 

CA, USA). Mw marker (6,500-200,000 Da) was used as a control. Gels were further 

stained with Coomassie Blue G 250 0.025% (m/v) to reveal protein bands. 

 

2.1.8. NP antigen release 

Alexa FluorTM 647 OVA conjugate-loaded NPs were prepared as described above 

and dispersed in RPMI medium 1640, with no phenol red. The final NP suspension (5 

mg/mL) was divided by Eppendorf® tubes of 2 mL, two for each time point (0 hours, 6 

hours, 24 hours, 72 hours, 1 week, 3 weeks, 4 weeks and 8 weeks) and incubated at 37 

ºC, under gentle stirring (150 rpm). At each time point, NP suspensions were centrifuged 

at 22,000g for 20 minutes, at 4 ºC. The supernatants were recovered and displayed in a 

96 well-plate. A calibration curve was prepared using Alexa FluorTM 647 OVA solution, 

with concentrations ranging from 0 to 8 µg/mL. Fluorescence values were read in a 

microplate reader (FLUOstar Omega, BMG Labtech, Durham, NY, USA) at 480 nm 

excitation and 560 nm emission wavelengths. 

 

2.2. Cell line culture conditions 

Murine bone marrow dendritic cells (DCs) JAWSII cell line (ATCC® CRL-11904TM) 

were cultured in MEM-α, nucleosides, with no ascorbic acid, supplemented with 10% 

(v/v) FBS, 1% (v/v) PEST (Penicillin 10,000 U/mL and - Streptomycin 10,000 mg/mL), 

1% (v/v) sodium pyruvate (100 mM), and 5 ng/mL GM-CSF Recombinant Mouse Protein, 

in an incubator at 37 °C equilibrated with 5% CO2. Murine mammary carcinoma 4T1 cells 

(ATCC® CRL-2539TM) were cultured in DMEM, high glucose with pyruvate, 

supplemented with 10% (v/v) FBS, and 1% (v/v) PEST (Penicillin 10,000 U/mL and - 

Streptomycin 10,000 mg/mL), in an incubator at 37 °C equilibrated with 5% CO2. Highly 

metastatic B16 melanoma cell line transfected with OVA gene (B16.MO5) was cultured 

in RPMI 1640 with 10% (v/v) heat-inactivated FBS, 1% (v/v) PEST (Penicillin 10,000 

U/mL and - Streptomycin 10,000 mg/mL), 2 mmol/L glutamine, 1% (v/v) sodium pyruvate 

(100 mM), 25 mM HEPES, and 1% (v/v) non-essential amino acids, in an incubator at 

37 °C equilibrated with 5% CO2. 
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2.3. Animal studies  

Female BALB/c mice (8-12-weeks-old) and female C57BL/6J mice (10-weeks 

old) were purchased from Charles River (France), and housed in the animal facility of 

the Faculty of Pharmacy at University of Lisbon. All animal procedures were completed 

in compliance with Faculty of Pharmacy, University of Lisbon guidelines and protocols 

were reviewed and approved by the Direção-Geral de Alimentação e Veterinária (DGAV, 

Portugal). Animals were housed under a 12 hours light, 12 hours dark cycle, with food 

and water available ad libitum and handled in compliance with the National Institutes of 

Health (NIH) guidelines and the European Union (EU) rules for the care and handling of 

laboratory animals (Directive 2010\63\EU). Mice body weight change was monitored 3 

times a week. Mice were euthanized according to ethical protocol when showing signs 

of distress or with rapid weight loss (above 10% within a few days or 20% from the initial 

weight). For tumour-bearing mice, tumour volume was monitored 3-times a week. 

Animals were also euthanized in case the tumour size exceeded 1000 mm3 or if the 

tumour was necrotic/ulcerative. Tumour volume (mm3) was determined using a caliper 

by 𝑑2 × 𝐷 × 0.5 where d and D are the shortest and longest diameter in mm, respectively.  

 

2.4. Isolation of murine hematopoietic stem cells from bone marrow and 

differentiation into BMDC 

Immature bone marrow-derived DCs (BMDCs) were generated as described by 

Inaba et al. (1992) (369), with some modifications. Fresh bone marrows flushed from 

femurs and tibias from female BALB/c mice (8-12-weeks-old, purchased from Charles 

River, France) were depleted of erythrocytes by ACK lysing buffer for 5 minutes at 37 

ºC, and cultured for 7 days in RPMI 1640 + GlutamaxTM with 10% (v/v) FBS, 1% (v/v) 

PEST (Penicillin 10,000 U/mL and - Streptomycin 10,000 mg/mL), 1% (v/v) sodium 

pyruvate (100 mM), 1% (v/v) HEPES buffer (1 M), 0.1% (v/v) β-mercaptoethanol (50 

mM), and 20 ng/mL murine GM-CSF Recombinant Mouse Protein, in an incubator at 37 

°C equilibrated with 5% CO2. On days 3 and 6, plates were gently swirled, and medium 

replaced. On day 7, loosely and non-adherent cells were harvested for further assays. 

BMDC purity was assessed by flow cytometric analysis of CD11c-APC monoclonal 

antibody-surface stained cells (Miltenyi Biotec, Cat.# 130-102-800, mouse, clone: N418, 

1:10). 

 

2.5. In vitro and ex vivo cell viability in the presence of NP 

Cell viability of JAWSII DCs and BMDCs was assessed by AlamarBlue® assay. 

Briefly, 1x104 cells were seeded in 96-well plates and incubated overnight, at 37 °C and 
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5% CO2. Cells were then treated with different NP concentrations (up to 1 mg/mL) for 48 

hours, at 37 °C and 5% CO2. AlamarBlue® reagent was added at 10% (v/v) and incubated 

for 4 hours, at 37 °C and 5% CO2. Fluorescence measurements were performed at 

excitation wavelength of 570 nm and emission of 600 nm with a FLUOstar Omega 

microplate reader (BMG Labtech, Ortenberg, Germany). The 0.5% (v/v) triton X-100 

solution and PBS were used as negative and positive controls, respectively. 

 

2.6. In vitro and ex vivo NP internalisation by targeted cells by flow cytometric 

analysis 

Dendritic cells (JAWSII DCs and BMDCs, 3x104 cells/well) or 4T1 breast 

carcinoma cells (1x104 cells/well) were seeded in 96-well plates and incubated overnight, 

at 37 °C and 5% CO2. Cells were then incubated with rhodamine-grafted NP (0.5 mg/mL, 

465 nm excitation and 559 nm emission wavelengths) for 3, 12 and 24 hours, at 37 °C 

and 5% CO2. Cells were then washed with PBS 1x (pH 7.4) and resuspended in flow 

cytometry buffer. Non-treated cells and non-labelled NPs were used as negative 

controls. The individual fluorescence of 10,000 cells was collected for each sample using 

LSR Fortessa cytometer (BD Biosciences) and analysed with FlowJo software version 

7.6.5 (TreeStar, San Carlos, CA). 

 

2.7. In vitro NP internalisation by DCs by confocal microscopy 

JAWSII DCs (1x105 cells/well) were seeded in 8-well Ibidi® μ-Slide microscopy 

chambers, previously coated with fibronectin, and incubated with empty Cy5-grafted 

PLGA/PLA NPs (647 nm excitation and 664 nm emission wavelengths) at 0.5 mg/mL for 

3 hours, 12 hours and 24 hours, at 37 ºC and 5% CO2. Cells were then washed with PBS 

(pH 7.4) and incubated with a solution containing paraformaldehyde (PFA, 4% (m/v)), 

WGA-Alexa Fluor® 488 Conjugate (5 µg/mL) for plasma membrane and Golgi apparatus 

staining (495 nm excitation and 519 nm emission wavelengths), and Hoechst 33342 (2 

µg/mL) for nucleus staining (350 nm excitation and 461 emission wavelengths), for 20 

minutes at room temperature and protected from light. JAWSII DCs were then washed 

three times with PBS (pH 7.4) and after covered with Fluoromount™ Aqueous Mounting 

Medium. Images were obtained by confocal microscopy (Leica TCS SP8, Solms, 

Germany) and processed using LAS X software. 

 

2.8. Ex vivo analysis of NP effect on DC activation and maturation 

Immature BMDCs (1x105 cells/well) were seeded in 96-well plates and incubated 

overnight, at 37 °C and 5% CO2. Cells were then incubated with 0.5 mg/mL NP (empty 
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or entrapping antigen/adjuvants) for 48 hours, at 37 °C and 5% CO2. After this period, 

BMDCs were washed with PBS and stained with fluorochrome-labelled antibodies 

(CD11b-APC-Vio770 (Miltenyi Biotec, Cat.# 130-109-288, mouse, clone: REA592, 1:10), 

CD11c-APC (Miltenyi Biotec, Cat.# 130-102-493, mouse, clone: N418, 1:10), MHC Class 

II-VioBlue (Miltenyi Biotec, Cat.# 130-102-145, mouse, clone: M5/114.15.2, 1:10), CD40-

VioBright FITC (Miltenyi Biotec, Cat.# 130-105-109, mouse, clone: FGK45.5, 1:10), 

CD80-PE-Vio770 (Miltenyi Biotec, Cat.# 130-116-462, mouse, clone: REA983, 1:50), 

CD86-PE (Miltenyi Biotec, Cat.# 130-102-604, mouse, clone: PO3.3, 1:10)), following 

manufacturers’ instructions. Samples were then analysed using a LSR Fortessa (BD 

Biosciences) and FlowJo software version 7.6.5 (TreeStar, San Carlos, CA). LPS (100 

ng/mL), free antigens (25 µg/mL) and free adjuvants (5 µg/mL) were used as controls. 

 

2.9. NP in vivo biodistribution  

Female BALB/c mice (N = 3) were injected subcutaneously with empty Cy5-

grafted PLGA/PLA NPs (20 mg/mL) at inguinal site on the left flank, and with PBS (pH 

7.4) on the right flank, as negative control. After 24 hours, the animals were sacrificed 

and analysed by fluorescence using an IVIS Lumina imaging system (Xenogen, CA, 

USA). Major organs (spleen, kidneys, lymph nodes (LNs), lungs, liver, and heart) were 

recovered and analysed by fluorescence.  

 

2.10. Intervention combination therapies in triple-negative breast 

carcinoma 

On day 0, female BALB/c mice were orthotopically inoculated in the fourth 

inguinal mammary fat pad with 50 µL of cell suspension, containing 7x105 4T1 breast 

carcinoma cells (mycoplasma-free) in PBS, as reported by Gregório et al. (2016) (370). 

On day 5 after tumour inoculation, animals were randomized into different groups (N = 9 

-10) according to Table 5. Three different intervention combinational studies with distinct 

treatment schedules (Figure 14a, 16a and 18a) were performed by combining 

nanovaccines (NP1 + NP2; Table 4) with i) αOX40, ii) αOX40 + ibrutinib, and iii) αOX40 

+ αPD-1. 

Treatments such as PBS and cancer vaccine (antigens and immune regulators 

in solution or entrapped in NPs (NP1)) were injected by hock immunization, via 

subcutaneous (SC) injection proximal to popliteal and axillary LNs (100 µL). Half dose 

was injected into the right side and the other half into the left side. Cancer vaccine 

(antigens and immune regulators in solution or NP1 (23.5 mg/mL)) contained 100 µg of 

the TAA α-Lac, 2 µg of siTGF-β1 (or siRNA negative control), 20 µg CpG-ODN and 40 
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µg poly(I:C). NP2 were injected directly into the tumour site (IT) (50 µL at 47 mg/mL) and 

did not contain the TAA. αOX40 and αPD-1 were administered intraperitoneally (IP) at 

10 mg/kg. Ibrutinib was also administered IP at 6 mg/kg. On day 19, three mice from 

each group were sacrificed and the tumour and spleen were isolated aseptically for 

characterising the tumour-infiltrating immune population (see section 2.10.1) and 

assessing the antigen-specific nature of the T-cell response (see section  2.10.3), 

respectively. The remaining animals were maintained for the survival assay. Mice were 

sacrificed when the tumour size exceeded 1000 mm3. 

 

Table 4. Treatment groups and the respective route(s) of administration in the three combination 

assays. 

 

Abbreviations: α-Lac: α-lactalbumin; OX40: monoclonal antibody against OX40 receptor; αPD-1: monoclonal antibody 

against programmed death-1 receptor; Combi: combination; CpG: Cytosine phosphorothioate-guanine motifs; Ib: Ibrutinib; 

IP: intraperitoneal; IT: intratumoural; ODN: Oligodeoxynucleotides; PBS: Phosphate-buffered saline; Poly(I:C): 

Polyinosinic:polycytidylic acid; siTGF-β1: Small interfering RNA anti-TGF-β1; SC: subcutaneous. NP1: NP entrapping α-

Lac + siTGF-β1 + CpG-ODN/Poly(I:C); NP2: NP entrapping siTGF-β1 + CpG-ODN/Poly(I:C). 

 

2.10.1. Characterization of tumour-infiltrating immune populations by flow 

cytometry 

Tumours were isolated from three animals per group, directly after euthanasia, 

and placed in cold sterile PBS (pH 7.4). Tumour single-cell suspensions were obtained 

by mechanical disruption of the tissues and enzymatic digestion for 1 hour at 37º C. 

Enzymatic digestion solution was prepared in RMPI medium with 0.5% (m/v) BSA, 0.1% 

(m/v) collagenase type II, 0.1% (m/v) dispase and DNAse. After digestion, the cell 

 
Group Treatments 

Route(s) of 

administration 

1
s
t  
 

C
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s
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y
 

G1 PBS  SC 

G2 α-Lac + siTGF-β1 + CpG-ODN/Poly(I:C) SC 

G3 OX40 IP 

G4 NP1 SC 

G5 NP2 IT 

G6 NP1 + NP2  SC + IT 

G7 NP1 + NP2 (with siRNA negative control) SC + IT 

G8 NP1 + NP2 + OX40 SC + IT + IP 

2
n

d
  

C
o

m
b

i.
 

A
s
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a
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G9 Ib IP 

G10 NP1 + NP2 + OX40 + Ib SC + IT + IP + IP 

3
rd

 

C
o

m
b

i.
 

A
s
s
a

y
 

G11 OX40 + PD-1 IP 

G12 NP1 + NP2 + OX40 + PD-1 SC + IT + IP + IP 
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suspension was filtered through a 70 μm filter (BD Biosciences) with cold PBS to remove 

the debris. The cell suspension was centrifuged at 300 g for 5 minutes at 4º C and 

washed with cold PBS. The centrifugation was repeated, and the cell pellet was 

resuspended in cold PBS and seeded in medium in sterile 96-well tissue culture plates 

(1x106 cells per well). The obtained single-cell suspension was then stained with 

fluorochrome-labelled antibodies for surface markers, fixed with PFA 3.7%, and stained 

with fluorochrome-labelled antibodies for intracellular markers (Inside stain kit, Miltenyi 

Biotec, Germany), following manufacturer’s protocols. Cells were analysed using a LSR 

Fortessa (BD Biosciences) and FlowJo software version 7.6.5 (TreeStar, San Carlos, 

CA). 

Lymphocyte panel: CD3-PerCP-Vio700 (Miltenyi Biotec, Cat.# 130-109-240, mouse, 

clone: REA606, 1:10), CD8a-PE (Miltenyi Biotec, Cat.# 130-109-247, mouse, clone: 

REA601, 1:10), CD107b-APC-Vio770 (Miltenyi Biotec, Cat.# 130-106-292, mouse, 

clone: M3/84, 1:10), CD279 (PD-1)-VioBlue (Miltenyi Biotec, Cat.# 130-102-741, mouse, 

clone: HA2-7B1, 1:10).  

Treg panel: CD3-PerCP-Vio700 (Miltenyi Biotec, Cat.# 130-109-841, mouse, clone: 

REA641, 1:10), CD4-VioBlue (Miltenyi Biotec, Cat.# 130-110-310, mouse, clone: 

REA604, 1:10), CD8a-APC-Vio770 (Miltenyi Biotec, Cat.# 130-109-328, mouse, clone: 

REA601, 1:10), CD25-PE (Miltenyi Biotec, Cat.# 130-109-051, mouse, clone: REA568, 

1:10), FoxP3-Vio515 (Miltenyi Biotec, Cat.# 130-109-051, mouse, clone: REA568, 1:10). 

Cytokine panel: CD3-PerCP-Vio700 (Miltenyi Biotec, Cat.# 130-109-841, mouse, clone: 

REA641, 1:10), CD8a-APC-Vio770 (Miltenyi Biotec, Cat.# 130-109-328, mouse, clone: 

REA601, 1:10), IL-2-PE (Miltenyi Biotec, Cat.# 130-110-154, mouse, clone: 

REA638,1:10), TNF-α-APC (Miltenyi Biotec, Cat.# 130-109-767, mouse, clone: 

REA636,1:10), IFN-γ-FITC (Miltenyi Biotec, Cat.# 130-109-768, mouse, clone: 

REA665,1:10).  

DC Panel: CD11c-FITC (Miltenyi Biotec, Cat.# 130-102-800, mouse, clone: N418, 1:10), 

CD11b-APC-Vio770 (Miltenyi Biotec, Cat.# 130-109-288, mouse, clone: REA592, 1:10), 

MHC Class II-VioBlue (Miltenyi Biotec, Cat.# 130-102-145, mouse, clone: M5/114.15.2, 

1:10), CD8a-APC-Vio770 (Miltenyi Biotec, Cat.# 130-109-328, mouse, clone: REA601, 

1:10), CD103-APC (Miltenyi Biotec, Cat.# 130-111-686, mouse, clone: REA789, 1:50), 

CD24-PerCP-Vio700 (Miltenyi Biotec, Cat.# 130-110-830, mouse, clone: REA743, 1:50).  

MDSC Panel: CD11b-APC-Vio770 (Miltenyi Biotec, Cat.# 130-109-288, mouse, clone: 

REA592, 1:10), Gr-1-APC (Miltenyi Biotec, Cat.# 130-112-307, mouse, clone: REA810, 

1:50). 
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2.10.2. Assessment of TGF-β1 expression in tumours 

Tumours were isolated from three animals of groups 1 and 6 (treated with PBS 

and NP1+NP2, respectively), directly after euthanasia, to quantify TGF-β1 expression, 

at both mRNA and protein levels. 

 

2.10.2.1. Quantitative RT-PCR 

Total RNA was extracted from animal tumour samples using the RibozolTM 

reagent according to the manufacturer's instructions. Quantitative real-time RT-PCR 

(qPCR) was performed in the QuantStudio™ 7 Flex Real-Time PCR System (Life 

Technologies Corp., Carlsbad, CA, USA). The following primer sequences were used: 

for TGF-β1 gene 5’ CTG CTG ACC CCC ACT GAT AC 3`(forward) and 5’ GTG AGC 

GCT GAA TCG AAA GC 3’ (reverse); for the glyceraldehyde-3-phosphate 

dehydrogenase (GAPDH) gene 5’ ATT CAA CGG CAC AGT CAA GG 3’(forward) and 5’ 

TGG ATG CAG GGA TGA TGT TC  3’ (reverse). Three independent reactions for each 

primer set were assessed in a total volume of 5 μL containing 2x Power SYBR green 

PCR master mix and 0.6 μM (each) primer. The relative amount of TGF-β1 was 

calculated based on the standard curve and was normalized to the level of GAPDH, 

being expressed as fold change from PBS controls. 

 

2.10.2.2. Protein extraction and immunoblotting 

For isolation of total protein extracts, tumour pieces were homogenised using a 

motor-driven grinder on ice-cold lysis buffer (10 mM Tris-HCl, pH 7.6, 5 mM MgCl2, 

1.5 mM potassium acetate, 1% Nonidet P-40, 2 mM dithiothreitol) and 1x Halt Protease 

and Phosphatase Inhibitor Cocktail. The lysate was sonicated at 80% power for 10 

seconds and centrifuged at 10,200 g for 10 minutes at 4 °C. The supernatants were 

recovered and stored at -80 ºC. Protein concentrations were determined using the Bio-

Rad protein assay kit, according to the manufacturer's specifications. Forty µg of total 

protein extracts were separated on an 14% SDS-PAGE. Following electrophoretic 

transfer onto nitrocellulose membranes and blocking with 5% (m/v) milk solution, blots 

were incubated overnight at 4 °C with primary rabbit polyclonal antibodies against TGF-

β1 (1:1000), and with a secondary antibody conjugated with horseradish peroxidase 

diluted 1:5000 in blocking solution, for 2 hours at room temperature. Membranes were 

processed for protein detection using Super Signal substrate. β-actin (1:40000) was 

used as housekeeping gene. The relative intensities of protein bands were analysed 

using the Image Lab densitometric analysis program (version 5.1; Bio-Rad Laboratories, 

Hercules, CA, USA).  
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2.10.3. Functional assessment of T-cells 

Spleens from animals treated with NP1+NP2 (group 8) were aseptically removed 

from three animals, 23 days after tumour inoculation, and placed in cold sterile PBS (pH 

7.4). Splenocyte suspensions were obtained by mechanical disruption of the tissues and 

filtered through a 70 μm filter (BD Biosciences) in cold PBS to remove the debris. 

Suspensions were depleted of erythrocytes by ACK lysing buffer for 5 minutes at 37 ºC, 

and cultured for 5 days in RPMI 1640 + GlutamaxTM with 10% (v/v) FBS, 1% (v/v) PEST 

(Penicillin 10,000 U/mL and - Streptomycin 10,000 mg/mL), 1% (v/v) sodium pyruvate 

(100 mM), 1% (v/v) HEPES buffer (1 M), 0.1% (v/v) β-mercaptoethanol (50 mM) 

containing PBS, 100 µg/mL of α-Lac aqueous solution or 100 µg/mL of gp100, in an 

incubator at 37 °C equilibrated with 5% CO2. After 5 days, splenocytes were recovered 

and stained with fluorochrome-labelled antibodies for surface markers, fixed with 3.7% 

PFA solution, and stained with fluorochrome-labelled antibodies for intracellular markers 

(Inside stain kit, Miltenyi Biotec, Germany), following manufacturer’s protocols. 

Splenocytes were then analysed using a LSR Fortessa (BD Biosciences) and FlowJo 

software version 7.6.5 (TreeStar, San Carlos, CA). Panel: CD45-VioBlue (Miltenyi 

Biotec, Cat.# 130-110-663, mouse, clone: REA737, 1:50), CD3-PerCP-Vio700 (Miltenyi 

Biotec, Cat.# 130-109-841, mouse, clone: REA641, 1:10), CD8a-APC-Vio770 (Miltenyi 

Biotec, Cat.# 130-109-328, mouse, clone: REA601, 1:10), IL-2-PE (Miltenyi Biotec, Cat.# 

130-110-154, mouse, clone: REA638,1:10), TNF-α-APC (Miltenyi Biotec, Cat.# 130-109-

767, mouse, clone: REA636,1:10), IFN-γ-FITC (Miltenyi Biotec, Cat.# 130-109-768, 

mouse, clone: REA665,1:10). 

 

2.11. Intervention combination therapies in B16.MO5 murine model 

The efficacy and specificity of the NP vaccine – NP1, using OVA as antigen 

(NP1_OVA), and NP2, combined with αOX40 was confirmed in a B16.MO5 melanoma 

murine model.  

On day 0, all female C57BL/6J mice were anaesthetized with isoflurane and the 

right dorsal area was treated with depilatory cream before the subdermal injection of 50 

µL of cell suspension, containing 2x105 B16.MO5 melanoma cells (mycoplasma-free) in 

PBS. On day 10 after tumour inoculation, mice were randomized into one of the following 

groups (N = 5) (Table 6) and started to be treated (Figure 10a). 

Treatments such as PBS and cancer vaccine (either free in solution or entrapped 

in NP1) were injected by hock immunization, via subcutaneous (SC) injection into 

inguinal areas, twice (once a week) with 100 µL (Figure 10a). Half dose was injected 

into the right side and the other half into the left side. Cancer vaccine (either free in 
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solution or entrapped in NP1_OVA (23.5 mg/mL)) contained 100 µg of OVA, 2 µg of 

siTGF-β1, 20 µg CpG-ODN and 40 µg poly(I:C). Contrarily to NP1, NP2 were injected 

directly into the tumour site (IT) (50 µL at 47 mg/mL) and did not contain the antigen. The 

αOX40 was administered intraperitoneally (IP) at 10 mg/kg, twice (once a week). 

 

Table 5. Treatment groups and the respective route(s) of administration for the functional 

assessment of T-cell. 

 

 

 

 

 

 

 

 

 

 

Abbreviations: OX40: monoclonal antibody against OX40 receptor; CpG: Cytosine phosphorothioate-guanine motifs; IP: 

intraperitoneal; IT: intratumoural; ODN: Oligodeoxynucleotides; OVA: ovalbumin; PBS: Phosphate-buffered saline; 

Poly(I:C): Polyinosinic:polycytidylic acid; siTGF-β1: Small interfering RNA anti-TGF-β1; SC: subcutaneous. NP1: NP 

entrapping OVA + siTGF-β1 + CpG-ODN/Poly(I:C); NP2: NP entrapping siTGF-β1 + CpG-ODN/Poly(I:C). 

 

2.12. Functional assessment of T-cells  

For the assessment of T-cell specificity using tetramer staining, spleens were 

harvested 7 days after the second injection, homogenized in a single-cell suspension 

and plated in a 96-well plate for staining. First, the peptide–major histocompatibility 

complex tetramer tagged with PE (H-2Kb-restricted SIINFEKL PE-labelled Class I 

Tetramer (NIH Tetramer Facility at Emory, Atlanta, USA) was added to the single-cell 

suspension, including FcR blocking, following the supplier instructions. After 30 minutes 

of incubation at 4 °C, the cells were washed to remove unbound tetramers and 

centrifuged at 1,300 rpm for 10 minutes at 4 °C. Cell population was enriched using anti-

PE-conjugated magnetic microbeads and passed over a magnetized column. Cell 

samples were eluted and centrifuged at 1,300 rpm for 10 min at 4 °C. The cells were 

resuspended in ice-cold sorter buffer and plated in 96-well plates. After adding a mix of 

the antibodies (LIVE/DEAD™ -BV605, CD19-APC (Miltenyi Biotec, Cat.# 130-112-036, 

mouse, clone: REA749, 1:50), CD3-APC-Vio770 (Miltenyi Biotec, Cat.# 130-119-793, 

mouse, clone: REA641, 1:50) and CD8α-Vio770 (Miltenyi Biotec, Cat.# 130-119-123, 

mouse, clone: REA601, 1:50), the cells were incubated for 10 minutes at 4 °C, protected 

from light. Cells were then washed, centrifuged and resuspended in 200 μL of ice-cold 

sorter buffer to determine the specificity of CD3+CD8α+ T-cells, by flow cytometry. The 

Group Treatments 
Route(s) of 

administration 

G1 PBS  SC 

G2 OVA + siTGF-β1 + CpG-ODN/Poly(I:C) SC 

G3 OX40 IP 

G4 NP1_OVA + NP2 SC + IT 

G5 NP1_OVA + NP2 + αOX40 SC + IT + IP 
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absolute number of OVA-specific T-cells within each sample was determined as 

described by Moon et al. (2009) (371). 

 

2.13. Statistical Methods 

Data are presented as mean ± standard deviation (SD) for in vitro and ex vivo 

studies, and as mean ± standard error of the mean (SEM) for in vivo studies. T-test, one-

way ANOVA followed by Tukey’s post-hoc test, or Log-Rank test were performed to 

demonstrate statistical differences (P < 0.05), using the software GraphPad Prism 

version 6 (GraphPad Software.Inc, CA, USA). * P < 0.05; ** P < 0.01; *** P < 0.001. 
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Chapter III – Results 

 

1. Multifunctional nanoparticles as antigen delivery systems and regulators of 

TGF- levels  

Three different water-soluble chitosan derivatives - glycol chitosan (GCs), 

glutamate chitosan (GlutCs) and hydrochloride chitosan (HCCs) - were used at two 

different chitosan/small interfering RNA (siRNA) ratios to prepare the polymer-siRNA 

complexes by electrostatic-based interactions. An electrophoretic mobility shift assay 

(EMSA) was used to determine the optimal chitosan/siRNA ratio, using free siRNA as 

control. Chitosan/siRNA polyplexes were analysed by electrophoresis on an EMSA to 

assess the ability of the different water-soluble chitosan derivatives to retard the siRNA 

mobility on the agarose gel. GlutCs and HCCs were able to form a complex with siRNA 

with an optimal Cs:siRNA ratio of 15:1, contrarily to GCs (Figure 8). 

 

Figure 8. Electrophoretic mobility of chitosan–siRNA polyplexes formed with different chitosan 

derivatives (glycol chitosan (GCs), glutamate chitosan (GlutCs) and hydro-chloride chitosan 

(HCCs)) with siTGF-β1 at two different Cs-siRNA ratios (5:1 and 15:1). Free siRNA was used as 

control. 

 

 Poly(lactic) acid-based nanovaccines were prepared by a modified state of the art 

double emulsion solvent evaporation technique. Different surface active agents - 

poly(vinyl alcohol) (PVA) and block co-polymer Pluronic® F-127 (PF127), and hydrophilic 

stabilizers/viscosity enhancers with adjuvant properties (water-soluble chitosan 

derivatives (GCs, GlutCs and HCCs), and hyaluronic acid (HA)) were used to optimize 

nanovaccine formulations, in order to achieve a stability suitable for the co-entrapment 

of bioactive molecules with distinct physico-chemical properties (Figure 9a). The size, 

shape and surface morphology of empty NP were assessed by atomic force microscopy 

(AFM) (Figure 9b). The section analyses of empty NP revealed homogenous spherical 
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particles with a slightly rough surface, and a diameter close to 180 nm, which correlates 

with the data measured by dynamic light scattering (DLS) analyser (Table 6).  

The stability of empty NP in terms of size (mean diameter and PdI) and surface 

charge (ZP) was assessed by DLS and doppler velocimetry (LDV), respectively. Empty 

NPs were resuspended in phosphate-buffered saline (PBS, pH 7.4) and followed for 

88 days, at 4 ºC and 25 ºC. During this period, no significant changes were observed for 

all three parameters, at both storage conditions (Figure 9c-e). 

 

Figure 9. Physical properties of nanoparticles (NPs) and stability. a, Schematic 

representation of nanoparticles (NP). b, AFM images of empty NPs showing spherical shape, 

slight roughness on the surface and a narrow size polydispersity (N = 3). c-e, Empty NP 

physicochemical stability in PBS (pH 7.4) at 25 ºC (n = 3). 

  

 Two different NP were synthesised (Table 4) according to targeted cells: 

nanovaccine NP1 to deliver the combination of antigens (α-lactalbumin (α-Lac) or 

ovalbumin (OVA)), Toll-like receptors (TLR) ligands (CpG-ODN and poly(I:C)) and gene 

regulator siRNA molecules (siTGF-β1 or negative control) to DCs; nanovaccine NP2 to 

deliver the combination of immune potentiators and siRNA to tumour cells, aiming at the 

modulation of tumour-infiltrating immune cell sub-populations.  

Each biomolecule entrapped in the NPs was selected based on their synergistic 

role: α-Lac as tumour-associated antigen, siTGF-β1 to silence the expression of this 
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potent immune suppressor by DCs (NP1) and tumour cells (NP2), and CpG-ODN and 

Poly(I:C) as agonists of the TLR9 and TLR3, respectively, within DCs and tumour niche. 

 Empty NP, NP1 and NP2 presented similar average hydrodynamic diameters, 

ranging from 167 ± 7 nm to 202 ± 8 nm, with a narrow particle size distribution (PdI, 

range between 0.09 ± 0.01 and 0.17 ± 0.09) and a near-neutral surface charge (Z-Ave, 

ranging -4.53 ± 1.43 and -1.08 ± 0.43), depending on the entrapped molecules (Table 

7). All three parameters (Z-Ave, PdI and ZP) did not depend on both the surface-active 

agents (PVA or PF127) and the coating with HA (Table 7). 

High EE and LC values were obtained for α-Lac into the different NPs, ranging 

from 88.2 ± 2.1 and 92.1 ± 1.8 for the EE and 44.1 ± 1.1 and 46.1 ± 0.9 for the LC, 

suggesting that the entrapment of α-Lac into the different NPs was not affected by both 

the surface-active agents (PVA or PF127) or the HA coating (Table 7). The incorporation 

of the TAA into NP did not change the nanovaccine ability to entrap the other bioactive 

immune regulatory molecules, including the TLR ligands and the siRNA molecules, since 

high EE and LC values were obtained for these biomolecules co-entrapped into the 

nanovaccines (Table 7). 

The structure of the α-Lac protein (14 kDa) entrapped within NP1 was not affected 

by the formulation procedure, as a single band can be seen at a molecular weight similar 

to the one obtained for the α-Lac standard solutions (Figure 10a). Alexa Fluor 647®-

ovalbumin conjugate was used to assess the release profile of the biomolecules 

entrapped into the nanovaccine. OVA-Alexa 647® was slowly released from the NPs, 

being 22% (w/w), 33% (w/w) and 72% (w/w) released after 1, 3 and 4 weeks of 

incubation, respectively (Figure 10b).   

 

Figure 10. a, SDS-PAGE of α-Lac protein (14 kDa) in solution (positive control) or entrapped into 

NPs (n = 3). b, Release profile of OVA-Alexa 647® entrapped in the nanovaccine over 28 days 

(N = 3; n = 3). 
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Table 6. Size, polydispersity index (PdI), ζ potential, and entrapment efficiency (EE) and loading capacity (LC) of the different biomolecules within nanovaccines. 

    Antigen siRNA CpG-ODN Poly(I:C) 

Nanovaccine 
Size 

(nm ± SD) 
PdI ± SD 

ζ Potential 

(mV ± SD) 

EE 

(% ± SD) 

LC 

(µg/mg) 

EE 

(% ± SD) 

LC 

(µg/mg) 

EE 

(% ± SD) 

LC 

(µg/mg) 

EE 

(% ± SD) 

LC 

(µg/mg) 

NP PVA  166 ± 1 0.05 ± 0.02 -5.60 ± 1.13 - - - - - - - - 

NP PVA + HA  167 ± 7 0.09 ± 0.01 -4.21 ± 1.70 - - - - - - - - 

NP PF127 167 ± 4 0.08 ± 0.01 -6.90 ± 0.96 - - - - - - - - 

NP PF127 + HA 164 ± 6 0.10 ± 0.04 -7.16 ± 0.97 - - - - - - - - 

NP PVA + α-Lac 173 ± 9 0.10 ± 0.01 -3.78 ± 0.57 90.2 ± 1.3 45.1 ± 0.7 - - - - - - 

NP PVA + HA + α-Lac 177 ± 8 0.08 ± 0.05 -4.37 ± 1.77 92.0 ± 1.5 46.0 ± 0.8 - - - - - - 

NP PF127 + α-Lac 195 ± 9 0.13 ± 0.05 -4.53 ± 1.43 92.1 ± 1.8 46.1 ± 0.9 - - - - - - 

NP PF127 + HA + α-Lac 180 ± 1 0.13 ± 0.01 -3.05 ± 0.56 88.2 ± 2.1 44.1 ± 1.1 - - - - - - 

NP1: NP α-Lac + siTGF-β1 193 ± 6 0.14 ± 0.05 -1.08 ± 0.43 86.2 ± 10.9 43.1 ± 5.5 95.1 ± 1.2 1.0 ± 0.0 93.0 ± 0.9 7.9 ± 0.1 96.4 ± 1.7 16.4 ± 0.3  

NP1_OVA: NP OVA + siTGF-β1 199 ± 4 0.17 ± 0.09 -2.89 ± 0.62 81.7 ± 5.7 40.9 ± 2.9 92.2 ± 3.1 0.9 ± 0.0 93.2 ± 1.1 7.9 ± 0.1 96.2 ± 2.3 16.4 ± 0.4 

NP2: NP siTGF-β1 202 ± 8 0.14 ± 0.01 -1.53 ± 0.10 - - 93.9 ± 2.3 0.9 ± 0.0 95.1 ± 0.5 8.1 ± 0.0 97.1 ± 2.9 16.5 ± 0.5 

 

Abbreviations: α-Lac: α-lactalbumin; CpG: Cytosine phosphorothioate-guanine motifs; EE: entrapment efficiency; HA: hyaluronic acid; LC: loading capacity; NP: nanoparticle; ODN: 

Oligodeoxynucleotides; OVA: ovalbumin; PdI, polydispersity index; PF127: Pluronic F-127; PVA: polyvinyl alcohol; Poly(I:C): polyinosinic:polycytidylic acid; SD: standard deviation; siTGF-β1: small 

interfering RNA anti-TGF-β1. NP PVA: empty NP prepared with PVA as surfactant; NP PVA + HA:  empty NP prepared using PVA as surfactant and HA as stabilizer and immunomodulator; NP PF127: 

empty NP prepared  with PF127 as surfactant and immunoregulator; NP PF127 + HA: empty NP prepared using PF127 as surfactant and immunoregulator, and HA as stabilizer and immunoregulator; 

NP PVA + α-Lac: NP prepared with PVA entrapping α-Lac. NP PVA + HA + α-Lac: NP prepared with PVA and HA entrapping α-Lac. NP PF127 + α-Lac: NP prepared with PF127 entrapping α-Lac. 

NP PF127 + HA + α-Lac: NP prepared with PF127 and HA entrapping α-Lac. NP1: NP entrapping  α-Lac, the TLR ligands (CpG, Poly (I:C)), and siTGF-1; NP1_OVA: NP entrapping OVA,  the TLR 

ligands (CpG, Poly (I:C)), and siTGF-1; NP2: NP entrapping  the TLR ligands (CpG, Poly (I:C)), and siTGF-1.  For each formulation, 4 independent batches (N = 4) were prepared and measured in 

triplicate (n = 3). 
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2. Multifunctional nanovaccines activate and improve the maturation of dendritic 

cells  

An AlamarBlue® assay was performed to determine the effect of empty NP on the 

viability of dendritic cells (DC, murine immature JAWSII cell line and primary murine bone 

marrow DC (BMDC)) and 4T1 breast tumour cells. Cells were incubated with increasing 

concentrations (250 to 1000 µg/mL) of the different NPs, for 48 hours. Empty NPs did 

not affect DC viability (JAWSII (> 94%), BMDC viability (> 80%)) nor 4T1 breast tumour 

cells (> 91%), in the concentration range tested, independently of their composition, 

supporting NP safety and physiological biocompatibility (Figure 11a). 

The internalization pattern of empty NP by immature DCs (JAWSII and BMDC) 

and 4T1 breast tumour cells was assessed by flow cytometric analysis. DC and tumour 

cells were incubated with Rho-labelled NP for 3, 12 and 24 hours. The NPs synthesized 

using PF127 as surfactant and coated with HA were taken up by DCs and breast tumour 

cells at higher extent (P = 0.0001) than the NP containing only HA or PF127 (Figure 

11b). Therefore, and having in consideration the results above, the NPs synthesised 

using GlutCs + PF127 + HA were selected for further studies. 

Cy5-labelled NP were prepared to assess the internalisation pattern of NP by 

immature JAWSII DC by confocal microscopy. Z-stacks and maximum projections 

showed that the optimised empty nanoplatform were effectively internalised by DCs and 

that the internalisation levels increased with incubation time until 24 hours of incubation, 

being the highest internalisation extent obtained after 12 hours of incubation (Figure 

11c). These results corroborated the ones obtained with NP PF127+HA (Figure 11b), 

by flow cytometric analysis.  

To assess the ability of NP (empty or entrapping antigen and/or immune 

regulators) to induce the maturation of primary BMDC, a flow cytometric analysis of the 

expression of co-stimulatory molecules (CD40, CD80 and CD86) in the 

CD11b+CD11c+MHCII+ population was performed after 48 hours of incubation. PBS and 

LPS-treated cells were used as negative and positive controls, respectively. α-Lac, and 

α-Lac + TLR ligands (CpG-ODN/Poly(I:C)) were also tested. The highest levels for each 

surface co-stimulatory molecule were obtained for BMDCs treated with NPs entrapping 

α-Lac and both adjuvants (Figure 12). 

 

3. Combination of therapeutic multifunctional nanovaccines with OX40 immune 

checkpoint therapy restricts tumour growth and prolongs survival 

The Cy5-labeled NP1 remained at the site of injection after the subcutaneous 

administration of these multifunctional nanocarriers in the left hind (N = 3) (Figure 13a).  
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Figure 11. a, Cell viability of DC (JAWSII ATCC® CRL-11904TM and BMDC) and breast tumour 

cells (4T1 ATCC® CRL-2539TM) after incubation of NPs for 48 hours. Mean ± SD (N = 3 

independent experiments, n = 6 replicate measurements). b, Rho-labelled NP internalisation by 

murine immature DCs (JAWSII and BMDCs), and by murine 4T1 breast tumour cells, determined 

by FACS. Non-treated cells and non-labelled NPs were used as negative controls. Data are 

presented as mean ± SD, N = 4 independent samples, with 3 technical replicates (n = 3). One-

way ANOVA followed by Tukey Post-Hoc test. ***P = 0.0001. c, Confocal images (Z-stack and 

maximum projection) of murine immature DC (JAWSII) after 4, 12 and 24 hours of incubation with 

Cy5-labelled NPs (N = 3; n = 3). Scales bar: 25 µm. 
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Figure 12. Median florescence intensity (MFI) of activated DCs that internalised NP1, present in 

the lymph nodes, 17 hours after immunisation. Mean ± SD; N = 3, n = 3, where N denotes the 

number of independent experiments and n denotes the number of measurements per experiment. 

One-way ANOVA followed by Tukey Post-Hoc test. ***P < 0.001. 

 

In addition, ex vivo images of dissected organs (liver, spleen, kidneys, heart, 

lungs and lymph nodes (LNs) (inguinal)) showed a fluorescent signal in inguinal LNs 

recovered from the left side of mice, contrary to the one recovered from the right side. 

Moreover, no fluorescent signal was detected in any other organ (Figure 13b). 

To determine the anti-tumour effect of our nanovaccine against triple-negative 

breast carcinoma (TNBC), we administered three doses of our nanovaccine, seven days 

apart, to 4T1 mouse model and tested if the induced immune response would synergize 

with the agonist antibody anti-OX40 (αOX40). 

To test this hypothesis, 4T1-bearing BALB/c mice were treated according to the 

dosing schedule described in Figure 14a. On day 22 after tumour inoculation, the 

average tumour volume of mice groups treated with α-Lac and immune stimulators (CpG-

ODN and Poly(I:C)) free in solution or the nanovaccines with siRNA negative control 

were identical to the PBS-treated group. There was no evidence of body weight change 

in all groups, attesting the vaccine tolerability and safety (Figure 14b). Although mice 

treated with NP1 and NP2 presented similar average tumour volumes, they are slightly 

lower than the obtained by the previous groups. Also, αOX40 treatment slightly 

decreased the average tumour volume when compared with the PBS-treated group (P > 

0.05) (Figure 14d). It is important to highlight that this group presented variable tumour 

volumes (Figure 14e). The tumour volume of the animals treated with the nanovaccines 

alone or combined with αOX40 was significantly lower compared with the PBS-treated 

group (P = 0.0037 and P = 0.0001, respectively). The tumour volume of the nanovaccine 

+ OX40 group was more than 5-fold smaller than the one presented by the PBS-treated 

animals. 
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Moreover, the tumour volume of this treatment group was significantly lower than 

the one obtained in all other treatment groups (P = 0.0001 relative to the α-Lac + siTGF-

β1 + Adjs group, P = 0.0011 relative to the NP1 group, P = 0.0022 relative to the NP2 

group, P = 0.0194 relative to the nanovaccine group and P = 0.0003 relative to the NP1 

+ NP2 (siRNA negative control) group (Figure 14d). Additionally, these immunized 

animals presented a long-term survival: 50% (4 out of 8) of the animals treated with NP1 

+ NP2 + αOX40 remained alive at day 35 after tumour inoculation, in comparison to the 

remaining treated groups (P = 0.0006) (Figure 14c).  

At the endpoint (day 19 after tumour inoculation), 3 animals from each treatment 

group were sacrificed and the main organs were recovered. Tumour mass from each 

animal was weighted. The tumour mass of animals treated with the multifunctional 

nanovaccines or treated with nanovaccine + αOX40 was significantly smaller than those 

presented by the PBS-treated group (P = 0.0369 and P = 0.0011, respectively) (Figure 

14f).  

Murine mammary carcinoma 4T1 is known to induce splenomegaly (372). For 

this reason, the spleen was also recovered from each animal and weighted, revealing a 

significant decrease in the group treated with NP1 + NP2 + αOX40, when compared with 

PBS-treated group (P = 0.0224) (Figure 14e).  

 

Figure 13. Non-invasive intravital fluorescence imaging 24 hours following hock immunisation 

with NP (left) and PBS (right) of a, BALB/c mouse. b, Organ biodistribution. N = 3 animals. LN: 

lymph nodes. 



Results 

79 
 

 

 

Figure 14. Nanovaccines synergize with αOX40 immune checkpoint against TNBC. a, 

Timeline (days) of tumour inoculation in BALB/c mice, immunisation scheme, and immune 

checkpoint therapy. b, Body weight change, expressed as percent change from the day of 

treatment initiation. Data are presented as mean ± SEM (N = 5 animals per group). c, Kaplan-

Meier overall survival over time graph for mice inoculated with 7 x 105 4T1 cells (two independent 

assays were performed with N = 8 animals for NP1+NP2+αOX40 group and N = 5 animals for 

the remaining groups). Log-Rank test, for the combination NP1+NP2+αOX40 compared to all 

other treatment groups. d, Tumour growth curve. Data are presented as mean ± SEM (N = 5 

animals). P values correspond to tumour volume at day 22 after tumour inoculation relative to 

PBS-treated group and *P values are relative to the nanovaccine + αOX40 group. One-way 

ANOVA followed by Tukey Post-Hoc test. e, Individual tumour volume at day 22 (N = 5 animals) 

with mean ± SEM. P values correspond to tumour volume at day 22 after tumour inoculation 

relative to PBS-treated group and *P values are relative to the nanovaccine + αOX40 group. One-

way ANOVA followed by Tukey Post-Hoc test. f, Tumour mass and spleen weight recovered after 

mice sacrifice. N = 3, Mean ± SD. One-way ANOVA followed by Tukey Post-Hoc test. P values 

relative to the PBS-treated group and *P values relative to the nanovaccine + αOX40 group. 



Results 

80 
 

When analysed by flow cytometry, the multifunctional nanovaccine combined 

with αOX40 stimulated T-cell infiltration (Figure 15a) into tumours at an early stage of 

the treatment (day 19), resulting in an increase of CD4+ T-cells (CD3+CD4+ cells) (Figure 

15b) and CD8+ T-cells (CD3+CD8+ cells) (Figure 15b), specially of activated CD8+ T-

cells (CD3+CD8+CD107b+ cells) (Figure 15Figure 15c), expressing tumour necrosis 

factor (TNF)-α, interleukin (IL)-12 and interferon (IFN)-γ (in CD3+CD8+ population) 

(Figure 15g-i). Additionally, an increase of CD8+ T-cells expressing programmed death-

1 receptor (PD-1) was observed into tumours treated with the nanovaccines combined 

with αOX40 (Figure 15d), but also in the ones treated only with αOX40.  

Besides the infiltration of T-cells, tumours recovered from mice treated with the 

combination therapy (nanovaccines + αOX40) also revealed a high infiltration of myeloid 

cells, such as DCs (CD11c+MHCII+CD11b+ cells) (Figure 15j), monocyte-derived DCs 

(CD11c-MHCII+CD11b+) (Figure 15k) and macrophages (CD11c-MHCII+CD11b+) 

(Figure 15l). More importantly, a high infiltration of CD103+ DC (CD11c-

MHCII+CD11bdimCD8+CD103+) (Figure 15n) was only found in the tumours of these 

animals. These CD103+ DC are essential to promote an effective anti-tumour immune 

response. However, these animals also presented levels of tumour-infiltrating MDSCs 

(CD11b+Gr-1+) (Figure 15m) higher than those observed in tumours of animals treated 

with αOX40 alone, NP1, NP2 and NP1 + NP2. 

 

4. Ibrutinib does not improve the antitumour effect of the therapeutic 

multifunctional nanovaccines with OX40  

Motivated by the results obtained above, two additional combination treatments 

were performed to possibly improve the anti-tumour effect obtained in animals treated 

with the combination of the nanovaccines with αOX40. In one hand, the nanovaccines 

were combined with αOX40 + ibrutinib (Ib), according to the dosing schedule described 

in Figure 16a, as an attempt to decrease the infiltration of MDSCs observed in these 

animals (Figure 15m). On the other hand, the nanovaccines were combined with αOX40 

+ αPD-1, according to the dosing schedule described in Figure 18a, to decrease the 

immune suppressor-mediated effect of the PD-1 expression in CD8+ T-cells, previously 

found in the tumours of nanovaccine + αOX40 treatment group (Figure 15d). 

Concerning the combination of the nanovaccines with αOX40 + Ib, the groups 

αOX40, Ib and PBS-treated group showed similar average tumour volume at day 22 after 

tumour inoculation. However, the group treated with Ib showed variable individual tumour 

volumes (Figure 16e). 
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Figure 15. Tumour-infiltrating immune cell populations after the combination of 

nanovaccines with αOX40. a-n, Tumour-infiltrating immune cell populations for CD3+ (a), 

CD3+CD8+ (b), CD3+CD8+CD107b+ (c), CD3+CD8+PD-1+ (d), CD3+CD4+ (e), 

CD3+CD4+CD25+FoxP3+ (f), CD3+CD8+TNF-α+ (g), CD3+CD8+IFN-γ+ (h), CD3+CD8+IL-2+ (i), 

CD11c+MHCII+CD11b+ (j), CD11c+MHCII+CD11bhi (k), CD11c-MHCII+CD11b+ (l), CD11b+Gr-1+ 

(m), CD11c-MHCII+CD11bdimCD8+CD103+ (n). Tumours were isolated on day 19 after tumour cell 

inoculation. Quantification was performed by flow cytometric analysis. Data are presented as 

mean ± SD, N = 3 animals, n = 3 measurements per experiment. One-way ANOVA followed by 

Tukey Post-Hoc test. P values relative to PBS-treated group. 
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Although mice treated with the nanovaccine + αOX40 + Ib showed a significantly 

smaller average tumour volume when compared with PBS-treated group (1.8-fold) (P = 

0.0089), with negligible systemic toxicity observed (Figure 16b), the average tumour 

volume observed in nanovaccines + αOX40 group was significantly lower when 

compared with the previous group (P = 0.0288) (Figure 16d). 

In addition, the triple combination treatment did not improve the overall animal 

survival, since none of those animals survived after 35 days (Figure 16c), neither 

showed a decrease on tumour mass or spleen weight (Figure 16f).  

The analysis of tumour-infiltrating immune cells by flow cytometry showed that 

the nanovaccines combined with αOX40 + Ib also improved the infiltration of CD4+ 

(Figure 17e) and activated CD8+ T-cells (Figure 17b, c) into tumours at an early stage 

of the treatment (day 19), but at a lower extent than nanovaccines + αOX40 group. Also 

the expression of TNF-α and IL-2 was significantly higher than PBS-treated group, but 

lower than the one induced by the nanovaccines combined with αOX40 (Figure 17g, i). 

Moreover, and contrarily to the latter group, the nanovaccines combined with αOX40 +Ib 

did not stimulated the infiltration of monocytes (Figure 17j-l,n). However, and as 

expected, the nanovaccines combined with αOX40 +Ib reduced significantly the MDSCs 

infiltration into the tumours, when compared with the nanovaccines + αOX40 group (P < 

0.0001). 

 

5. PD-1 blockade does not improve the antitumour effect of the therapeutic 

multifunctional nanovaccines with OX40  

Regarding the combination of the nanovaccines with αOX40 + αPD-1, this 

treatment decreased significantly the average tumour volume of the animals at day 22 

after tumour inoculation, when compared with PBS-treated group (2.4-fold) (P = 0.0015) 

(Figure 18c), with negligible systemic toxicity observed (Figure 18b). However, the 

average tumour volume was similar to the one obtained while combining the 

nanovaccines with αOX40. The control groups (PBS-treated group, αOX40 and αOX40 

+ αPD-1) also presented similar tumour volumes (Figure 18c). However, the group 

treated with αOX40 + αPD-1 showed variable individual tumour volumes (Figure 18d). 

Moreover, αOX40 + αPD-1 and the triple combination (nanovaccines + αOX40 + αPD-

1) also decreased the tumour mass weight when compared with PBS-treated group (P 

= 0.0039 and P = 0.0118, respectively), but not the spleen weight (Figure 18e). 
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Figure 16. Ibrutinib did not improve the antitumour effect of the dual therapy. a, Timeline 

(days) of tumour inoculation in BALB/c mice, immunisation scheme, and treatments. b, Body 

weight change, expressed as percent change from the day of treatment initiation. Data are 

presented as mean ± SEM (N = 5 animals per group). c, Tumour growth curve. Data are 

presented as mean ± SEM (N = 5 animals). P values correspond to tumour volume at day 22 after 

tumour inoculation relative to PBS-treated group. *P value correspond to tumour volume at day 

22 after tumour inoculation relative to the nanovaccine + αOX40 group. One-way ANOVA followed 

by Tukey Post-Hoc test. d, Kaplan-Meier overall survival over time graph for mice inoculated with 

7 x 105 4T1 cells (two independent assays were performed for groups nanovaccine + αOX40 and 

nanovaccines + αOX40 + Ib with N = 8 animals for nanovaccine + αOX40 group and N = 5 animals 

for the remaining groups). Log-Rank test, P = 0.0006 for the combination nanovaccine + αOX40 

compared to all other treatment groups. e, Individual tumour volume at day 22 (N = 5 animals) 

with mean ± SEM. P values correspond to tumour volume at day 22 after tumour inoculation 

relative to PBS-treated group and *P values are relative to the nanovaccine + αOX40 group. One-

way ANOVA followed by Tukey Post-Hoc test. f, Tumour mass and spleen weight recovered after 

mice sacrifice. N = 3, Mean ± SD. One-way ANOVA followed by Tukey Post-Hoc test. P values 

relative to PBS-treated group and *P values relative to the nanovaccine + αOX40. 
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Figure 17. Tumour-infiltrating immune cell populations after the combination of 

nanovaccines + αOX40 with Ibrutinib showed a decrease on the MDSCs, besides not 

improving the antitumour effect of the dual therapy. a-n, Tumour-infiltrating immune cell 

populations for CD3+ (a), CD3+CD8+ (b), CD3+CD8+CD107b+ (c), CD3+CD8+PD-1+ (d), 

CD3+CD4+ (e), CD3+CD4+CD25+FoxP3+ (f), CD3+CD8+TNF-α+ (g), CD3+CD8+IFN-γ+ (h), 

CD3+CD8+IL-2+ (i), CD11c+MHCII+CD11b+ (j), CD11c+MHCII+CD11bhi (k), CD11c-MHCII+CD11b+ 

(l), CD11b+Gr-1+ (m), CD11c-MHCII+CD11bdimCD8+CD103+ (n). Tumours were isolated on day 

19 after tumour cell inoculation. Quantification was performed by flow cytometric analysis. Data 

are presented as mean ± SD, N = 3 animals, n = 3 measurements per experiment. One-way 

ANOVA followed by Tukey Post-Hoc test. P values relative to PBS-treated group. 
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Flow cytometric analyses of the tumour cell suspension from mice treated with 

the triple combination nanovaccines + αOX40 + αPD-1 revealed a higher infiltration of 

CD4+ (Figure 19e) and activated CD8+ T-cell (Figure 19b, c), compared to PBS-treated 

group, at an early stage of the treatment (day 19). However, the infiltration observed was 

at a lower extent than the nanovaccines + αOX40 group. CD8+ T-cells were shown to 

overexpress TNF-α, but not IFN-γ nor IL-2, contrarily to what was observed in mice 

treated with the nanovaccines + αOX40 (Figure 19g-i). However, and as expected, the 

expression of PD-1 by CD8+ T-cells decreased in group treated with the nanovaccines + 

αOX40 + αPD-1 (Figure 19d). Although this treatment induced monocyte-derived DCs 

(Figure 19k) and macrophages (Figure 19l) infiltration into the tumour, the DCs and 

CD103+ DCs infiltration was not significant (Figure 19j, n).  

 

Figure 18. PD-1 blockade did not improve the antitumour effect of the dual therapy. a, 

Timeline (days) of tumour inoculation in BALB/c mice, immunisation scheme, and immune 

checkpoint therapy. b, Body weight change, expressed as percent change from the day of 

treatment initiation. Data are presented as mean ± SEM (N = 5 animals per group). c, Tumour 

growth curve. Data are presented as mean ± SEM (N = 5 animals). One-way ANOVA followed by 

Tukey Post-Hoc test. P values correspond to tumour volume at day 22 after tumour inoculation 

relative to PBS-treated group. d, Tumour mass and spleen weight recovered after mice sacrifice. 

N = 3, Mean ± SD. One-way ANOVA followed by Tukey Post-Hoc test. P values relative to PBS-

treated group. 
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Figure 19. Tumour-infiltrating immune cell populations after the combination of 

nanovaccines + αOX40 with αPD-1 monoclonal antibody decreased the PD-1 expression 

on CD8+ T-cells, besides not improving the antitumour effect of the dual therapy. a-n, 

Tumour-infiltrating immune cell populations for CD3+ (a), CD3+CD8+ (b), CD3+CD8+CD107b+ (c), 

CD3+CD8+PD-1+ (d), CD3+CD4+ (e), CD3+CD4+CD25+FoxP3+ (f), CD3+CD8+TNF-α+ (g), 

CD3+CD8+IFN-γ+ (h), CD3+CD8+IL-2+ (i), CD11c+MHCII+CD11b+ (j), CD11c+MHCII+CD11bhi (k), 

CD11c-MHCII+CD11b+ (l), CD11b+Gr-1+ (m), CD11c-MHCII+CD11bdimCD8+CD103+ (n). Tumours 

were isolated on day 19 after tumour cell inoculation. Quantification was performed by flow 

cytometry. Data are presented as mean ± SD, N = 3 animals, n = 3 measurements per experiment. 

One-way ANOVA followed by Tukey Post-Hoc test. P values relative to PBS-treated group. 
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6. Nanovaccines knockdown TGF-β expression and induce systemic CD8+ T-cell-

mediated immune response 

The ability of the nanovaccines (NP1+NP2) to decrease the expression of TGF-

β1 was confirmed in vivo. Both qRT-PCR and immunoblotting analysis revealed a 

significant decrease in the TGF-β1 expression in mice treated with the nanovaccines 

compared to the PBS-treated group (2.6-fold and 2-fold, respectively) (P = 0.0287 and 

P = 0.0008, respectively) (Figure 20a, b).  

The antigen-specific nature of the CD8+ T-cell-mediated immune response was 

evaluated. Flow cytometric analysis showed that the CD8+ T-cells within the spleens of 

animals treated with the nanovaccines presented the highest expression of IFN-γ, IL-2 

and TNF-α, following their incubation with the specific antigen α-Lac (Figure 20c-e), 

when compared with the same sample incubated with PBS or with a non-specific antigen 

(gp100). 

 

Figure 20. a, qRT-PCR analysis of TGF-β1 in tumours. Data are shown as mean ± SD fold 

change of 3 individual animals (N = 3). Unpaired two-tailed t test. b, Imunnoblotting and 

densitometry of TGF-β1. Blots were normalised to the endogenous β-actin. Representative 

immunoblots are shown. Results are expressed as mean ± SD fold change of 3 individual animals 

(N = 3). Unpaired two-tailed t test. c-e, Flow cytometric analysis of T-cell specificity. Spleens from 

animals treated with NP1+NP2 were recovered on day 23 (after tumour inoculation) and co-

cultured in medium, medium with gp100 or medium with α-Lac. Data are presented as mean ± 

SD of 3 individual animals (N = 3). 
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7. Nanovaccines induce CD8+ T-cell-mediated immune response within the 

tumour microenvironment 

Additionally, the antigen-specific nature of the immune response induced by our 

nanovaccine was also confirmed following the immunization of B16.MO5 melanoma-

bearing mice with OVA-loaded nanovaccine (NP1_OVA), according to the dosing 

schedule described in Figure 21a. Contrarily to the remaining treatment groups, the 

combination of the nanovaccines (NP1_OVA + NP2) with αOX40 reduced significantly 

the average tumour volume, at day 22 after tumour inoculation, when compared with the 

PBS-treated group (Figure 21c), with negligible systemic toxicity observed (Figure 21b).  

Flow cytometric analysis revealed that mice treated with the nanovaccines 

(NP1_OVA + NP2) combined with αOX40 induced the highest expression of SIINFEKL 

(OVA)-specific CD8+ T-cells (Figure 21d). 

 

 

Figure 21. T cell induced response by nanovaccine on B16.MO5 model is specific for OVA 

antigen.  a, Timeline (days) of B16.MO5 inoculation in C57BL/6J mice, immunisation scheme, 

and immune checkpoint therapy. b, Body weight change, expressed as percent change from the 

day of treatment initiation. Data are presented as mean ± SEM (N = 5 animals per group). c, 

Tumour growth curve. Data are presented as mean ± SEM (N = 5 animals). P values correspond 

to tumour volume at day 22 after tumour inoculation. One-way ANOVA followed by Tukey Post-

Hoc test. d, Frequency of SIINFEKL (OVA)-specific CD8+ T-cells (in live CD3+CD19- cell 

population) in spleen. Data are presented as mean ± SD (N = 5 animals per group, n = 3 

measurements per experiment). One-way ANOVA followed by Tukey Post-Hoc test. P values 

relative to PBS.
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Chapter IV – Discussion 

 

Immunotherapy, notably cancer vaccines and immune checkpoint therapy, has 

recently emerged as a promising strategy for the treatment of triple-negative breast 

cancer (TNBC) patients. Although cancer vaccines have been greatly improved, most of 

them still fail in providing clinical benefits as monotherapy in patients with advanced 

cancers. This can be explained by several immune escape mechanisms developed by 

tumours, which includes the recruitment of immunosuppressive cells and overexpression 

of potent inhibitory molecules, leading to an ineffective antitumour immune response 

(373). Additionally, despite the promising long-term responses of different immune 

checkpoint modulators, the use of these drugs as monotherapy has shown serious 

adverse events related to excessive immune activation, as well as primary resistance in 

the majority of patients (374). Thus, in an attempt to overcome the main disadvantages 

presented by these two therapeutic options, when used individually, and considering the 

heterogeneity of TNBC, combination therapies should be considered to treat this specific 

breast cancer subtype. Combination therapy has been a hot topic in the immunotherapy 

field. By combining two or more therapeutic agents that have different mechanisms of 

action, more cancer cells should be killed, thereby improving the overall patient’s 

response. 

Here we report the synergism of a multifunctional nanovaccine, composed of two 

nanosystems, with an immune checkpoint OX40 agonist. Additionally, we also report the 

lack of improvement in the overall immune response by adding to this dual therapy a 

programmed death-1 receptor (PD-1) inhibitor and a modulator of the function and 

generation of myeloid-derived suppressor cells (MDSCs). 

 

1. Multifunctional nanoparticles as antigen delivery systems and regulators of 

TGF- levels  

The first step of the nanovaccine development consisted of polyplexes 

preparation. Interaction between the positively charged chitosan backbone and the 

negatively charged small interfering RNA (siRNA) leads to the spontaneous formation of 

nano-size complexes (polyplexes) in the aqueous milieu (375). Three different chitosan 

salts were tested to evaluate their ability to complex with the siRNA molecules, at 

different ratios. Contrarily to the two other chitosan derivatives, glycol chitosan (GCs) 

was not able to complex efficiently the oligonucleotide at low ratios (1:5 and 1:15 (w/w)). 

Although both glutamate chitosan (GlutCs) and hydrochloride chitosan (HCCs) were 

found to complex efficiently the oligonucleotides at a siRNA-Cs ratio of 1:15 (w/w), 



Discussion 

98 
 

GlutCs was chosen as chitosan derivative for the polyplexes preparation, based on Mao 

et al. studies, who stated that GlutCs allowed a higher gene silencing than HCCs (375). 

 In an attempt to obtain the best physicochemical characteristics, two different 

external aqueous phase surfactants, polyvinyl alcohol (PVA) and Pluronic® F-127 

(PF127), were used for polylactic acid (PLA) nanoparticle (NP) preparation, and their 

surface was modified by hyaluronic acid (HA). Overall, all nanosystems presented similar 

morphology and physicochemical characteristics in terms of size, polydispersity index 

(PdI), surface charge, entrapment efficiency (EE) and loading capacity (LC) of the 

antigen, without affecting dendritic cells (DCs) nor breast cancer cell line viability. 

Comparing all nanosystems, NP synthesised with PF127 as surfactant showed a higher 

and faster internalisation by DCs and tumour cells, than the ones synthesized with PVA. 

NP internalisation by tumour cells herein observed is in accordance with Menon et al. 

study, where they attest that cancer cells internalised more poly(lactic-co-glycolic) acid 

(PLGA) NPs coated with PF127 than the ones coated with PVA (162). Additionally, 

despite PVA is the most well-known and the most commonly used surfactant in the 

formulation of polymeric NPs (376), diverse side effects have been related to this 

surfactant, namely hypertension, organ lesions, anaemia, and depression of the central 

nervous system, upon subcutaneous and intravenous administration in vivo (377, 378).  

As it was expected, the modification of the NP surface with HA also improved 

their ability to be taken up by tumour cells when compared with the other nanosystems 

(P < 0.0001). This can be explained by the fact that HA is a targeting moiety that 

specifically recognizes the receptor CD44, which is overexpressed on several tumour 

cell surfaces, including TNBC cell lines, such as 4T1 (379). Upon encountering tumour 

cells, these NP are internalised via HA-CD44 interaction. On the other way, immature 

DC also internalised at higher extent the NP modified with HA than the other 

nanosystems (P < 0.0001). Although there is no evidence in the literature that HA may 

target DCs, Do et al. revealed that HA induced the activation of DCs, enhancing their 

ability to stimulate allogeneic and antigen-specific T-cells markedly (380). 

NPs synthesised with PF127 as surfactant and coated their surface with HA were 

shown to be the safest nanosystem, with the ability to target both DCs and the tumour 

microenvironment (TME).  

We observed that this optimized nanosystem was able to co-entrap whole 

proteins (α-lactalbumin (α-Lac) and ovalbumin (OVA)), the toll-like receptor (TLR) ligands 

cytosine phosphorothioate-guanine motifs (CpG) and polyinosinic:polycytidylic acid 

(Poly(I:C)), and siRNA molecules with high EE and LC values. Importantly, the 

entrapment of α-Lac into the NP did not affect its structure, which is fundamental to 

induce the specific and desired immune response. This nanosystem also promoted 
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antigen prolonged/sustained release overtime, which is highly desired in vaccination 

since this release profile has been shown to elicit more efficiently antigen-specific 

immune responses, and activate cytotoxic T lymphocyte cells (CTLs) and immune 

memory cells in vivo, reducing or even eliminating the need for booster immunisations 

(303). The co-entrapment of these biomolecules into these nanosystem originated NP 

with an average diameter slightly lower than 200 nm, which is suitable for their trafficking 

through the lymphatic drainage directly to the lymphoid organs (381), narrow PdI values, 

and a surface charge close to neutrality, owing to lower toxicity and prevention of their 

premature phagocytosis by macrophages in circulation. 

 

2. Multifunctional nanovaccines activate and improve the maturation of dendritic 

cells  

The co-entrapment of the antigen and both CpG and Poly(I:C) TLR agonists in a 

single polymeric matrix showed to be relevant for the efficient activation and maturation 

of DCs, since an increase in the stimulatory molecules’ expression (CD40, CD80 and 

CD86) was observed, in contrast with their levels upon incubation with the biomolecules 

free in solution (P < 0.0001). This highlight the important role of the nanovaccine in this 

process, since a residual immune response was obtained when the antigen and the TLR 

ligands were added to BMDCs free in solution. The efficient activation of those antigen-

presenting cells (APCs) is crucial for the priming of naïve T-cells, and the consequent 

induction of tumour-specific T-cell responses (382). When entrapping the antigen only, 

NPs did not increase co-stimulatory molecules expression at the same extent, specially 

CD40 and CD80, which showed the importance of having both the tumour antigen and 

the TLR ligands entrapped within the nanovaccine. CpG-ODN and Poly(I:C) were 

specifically chosen because they have been described as potent Th1-inducing 

immunoadjuvants (383). Recently, Poly(I:C) has been shown to stimulate specialized DC 

subsets that are involved in the cross-presentation of antigens to CTL precursors in 

humans, known as BATF3-dependent, CD141+ DCs (known as CD103+ in mice) (384). 

Their receptors, TLR3 and TLR9 respectively, are both localized in the endosomal 

membrane where NPs can easily get access, upon internalisation by DCs (385). When 

both TLR ligands are successfully delivered to the same DC, these biomolecules may 

potentiate the efficient maturation of those APCs towards balanced Th1- and Th2-type 

immune responses, which has a crucial role in controlling homeostasis within tumour site 

(386).  

 When injected s.c. by hock immunization, the optimized nanosystem remained 

near the local of injection, which may anticipate an extended contact with DCs at the 
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periphery, as well as proximity to the axillary lymph nodes (LNs). This may explain the 

obtained preferential accumulation of the nanovaccines in these tissues, which is 

extremely important for the induction of antigen-specific adaptive immune responses and 

vaccine efficacy (387).  

 

3. Nanovaccines knockdown the expression of TGF-β, induce systemic CD8+ T-

cell-mediated immune response, and, when combined with OX40 immune 

checkpoint therapy, restrict tumour growth and prolongs survival 

Here we also report the ability of the dual therapy (multifunctional nanovaccine 

combined with αOX40) to induce an antitumour immune response, which resulted in a 

noteworthy tumour remission, with a higher overall survival and a tumour volume 4-fold 

lower than those obtained in αOX40-treated mice. The multifunctional nanovaccine was 

composed by two nanosystems, one targeting DCs (NP1) and the other targeting the 

TME (NP2). Both polymeric NP entrap the TLR ligands CpG-ODN and Poly(I:C) and the 

siRNA against transforming growth factor (TGF)-β1, with the addition of the tumour-

associates antigen (TAA) α-Lac in the NP1. Although α-Lac is expressed in healthy 

breast tissue during late pregnancy and lactation, this protein is also expressed at high 

levels in the vast majority of TNBC cases (227). Contrarily to what could be expected, 

Tuohy et al. showed that prophylactic vaccination of adult women against α-Lac provided 

a substantial proinflammatory T-cell response to human α-Lac, and that a history of 

lactation and breastfeeding has no impact on α-Lac-induced immunity and on the 

protection that such immunity will provide against the development of breast cancer 

(227). As far as we know, this is the first time α-Lac is entrapped in any kind of 

nanosystem to develop a nanovaccine for the treatment of breast cancer.  

Contrarily to NP1 which was injected s.c. by hock immunization, NP2 was 

administered by i.t. injection aiming at delivering the combination of immune potentiators 

and siRNA to the TME, and thus modulate the tumour-infiltrating immune cell sub-

populations. Although the use of this administration route has been controversial in 

immunotherapy, i.t. has numerous advantageous. In our case, we can highlight the 

proximity of the siRNA molecules to their target to deplete Tregs population within the 

TME. Important components of the NP2 are the TLR ligands. Indeed, some studies have 

referred that the i.t. delivery of CpG alters the TME by improving the antitumour activity 

of both innate and adaptive immune cells. Lou et al. showed that the direct activation of 

the immune potentiators within the tumour promote an extensive infiltration of tumour 

antigen-specific T-cells and natural killer (NK) cells, and subsequent tumour suppression 

in vivo (388). More recently, Humbert et al. also referred the inhibition of the tumour 
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growth upon i.t. injection of this TLR9 agonist. They also showed the ability of CpG to 

activate conventional DCs, subsequent increasing antitumour T-cell priming at draining 

LNs, and enhancing the effector T-cell infiltration within TME (389). Poly(I:C) has also 

been shown to modulate the TME upon i.t. injection. Salmon et al. demonstrated that i.t. 

administration of this TLR3 agonist avoids systemic toxicity, but also activates directly 

tumour-resident classical DC (cDC)1 in mice (158). Interestingly, among many innate 

immune receptors, TLR3 has been shown to be expressed almost exclusively by mouse 

CD8α+ cDCs and CD103+ cDCs (390) and human CD141+ cDCs (384, 391), which excel 

in the priming and cross-presentation of cell-associated antigens to CD8+ T-cells 

(155).These facts support our interest in delivering these TLR agonists into the TME. 

It is important to highlight that despite the ability of CpG and Poly(I:C) to activate 

these immune cells, these agents alone do not induce a therapeutically effective 

systemic antitumour immune response. 

Our nanovaccine significantly reduced the average tumour volume of mice when 

compared with the group treated with the antigen, TLR ligands and siTGF-β free in 

solution. This highlights the role of our nanosystem on delivering these biomolecules, 

protecting them from early degradation and promoting their continuous release in vivo, 

which was already demonstrated by many different studies of our research group and 

others (211, 392-398). Mice treated with the nanovaccine entrapping the siRNA negative 

control, instead of siTGF-β, showed an average tumour volume markedly higher, 

suggesting the effective function of siTGF-β by decreasing the expression of this immune 

suppressive cytokine upon delivered by our nanosystem. This was further confirmed by 

qRT-PCR and immunoblotting analysis, where mice treated with the nanovaccine 

showed a significant decrease in TGF-β expression in comparison with the PBS-treated 

group. Additionally, our nanovaccine controlled tumour growth at a similar level than the 

αOX40. However, a synergistic effect was shown when combining these two treatments, 

inducing a noteworthy tumour remission, but also increasing the overall survival of the 

treated group, with minimal reversible systemic toxicity, reflected by slight body weight 

changes relative to the initial body weight. In addition, we further confirmed the antigen-

specific nature of the CD8+ T-cell-mediated immune response, systemically and the 

tumour site. 

Anti-OX40 agonistic monoclonal antibodies (mAbs) are currently being tested in 

four different clinical trials for the treatment of TNBC, in combination with other immune 

checkpoint modulators (ClinicalTrials.gov identifier: NCT02528357, NCT03971409, 

NCT02554812, NCT03241173). Although tumour regression was obtained in several 

preclinical models, conflicting results and controversies between in vitro and in vivo data 

have been also observed (399). Additionally, clinicians have reported some 
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inconsistency in terms of patient´s response when treated with αOX40, as well as, 

several side effects (400).  

When combined with our nanovaccine, the immune response was not only 

improved, by presenting lower variability in terms of tumour volumes of treated mice, but 

also the αOX40-related toxicity was reduced. This may be explained by a significant 

increase of TILs within the TME, specially CTLs. Here we also reported the impressive 

infiltration of CD103+ cDCs, which are as the most important DC subsets in defeating 

tumour. These cells excel at cross-presenting exogenous antigens (e.g., tumour 

antigens) to CD8+ T cells and are key cells for the generation of CTL responses (156).  

Despite the impressive results, animals treated with our dual combination 

treatment also showed an increased infiltration of MDSCs and PD-1 expression in CD8+ 

T-cells. 

  

4. Ibrutinib does not improve the antitumour effect of the therapeutic 

multifunctional nanovaccines with OX40  

MDSCs have emerged as an important contributor to tumour progression, 

promoting tumour angiogenesis, chemoresistance, and tumour metastasis (401) and 

have been implicated in limiting the efficacy of cancer immunotherapy (402-404) in 

different cancer types. Therefore, in an attempt to revert their immune suppressive effect 

within the TME, we combined our dual therapy (nanovaccine + αOX40) with ibrutinib, an 

irreversible inhibitor of Bruton’s tyrosine kinase (BTK) and IL-2-inducible T-cell kinase, 

to modulate the MDSC generation and function (405, 406). By inhibiting MDSCs, this 

drug has been shown to improve DC maturation and migration, inducing T-cell activation 

and proliferation in vivo (407, 408), but also to enhance the efficacy of immune 

checkpoint modulators (409).  

As we expected by combining ibrutinib with our dual treatment, MDSC infiltration 

was significantly reduced. However, the overall immune response (average tumour 

volume, survival and infiltration of immune cell populations) was not improved. This 

results suggest that this immature myeloid cell population was not totally involved in the 

major immune suppressive mechanism that was preventing the combined action of our 

dual treatment, contrarily to what we observed in a similar study in melanoma (211).  

Another important aspect to take into account is the non-specificity of ibrutinib to 

MDSCs, being able to affect other immune cells, as B-cells, T-cells, NK cells, 

macrophages and neutrophils (410-415), which certainly affect the overall anti-tumour 

immune response. To avoid this, more specific inhibitors to MDSCs should be used in 

combination with our nanovaccine. MDSC inhibitors can modulate these cells by i) 
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inhibiting their immunosuppressive activity (e.g. PDE5 and STAT3 inhibitors and class I 

histone deacetylase); ii) blocking their recruitment to the tumour site (e.g. vitamins, 

tyrosine kinase inhibitors and chemotherapeutic agents); iii) regulating the myelopoiesis 

and/or their depletion in the tumour-bearing hosts (e.g. CCL2 inhibitors and CCR5 

antagonists)  (416). Recently, CXCR2/CCR4 inhibitors have shown to reduce MDSC 

recruitment, angiogenesis, and metastasis in TNBC patients (151).  

Despite the non-specificity for MDSCs, systemic administration of ibrutinib has 

shown to enhance the antitumour immune response induced by the intratumoural 

injection of CpG-ODN in mouse lymphoma (417), which reinforce our interest in 

combining this agent with our nanovaccine. 

In an attempt to improve the overall immune response achieved by our dual 

therapy, it would be important to genetically characterize the tumour-infiltrating cell 

populations to better understand the immune suppressive mechanisms involved in the 

TME of TNBC and thus, select the appropriate inhibitors to decrease their suppressive 

functions.  

 

5. PD-1 blockade does not improve the antitumour effect of the therapeutic 

multifunctional nanovaccines with OX40  

PD-1 is an inhibitory receptor expressed at the surface of diverse immune cells, 

namely T-cells, NK cells, B-cells, macrophages and several subsets of DCs. Its ligand, 

programmed death ligand-1 (PD-L1), is frequently overexpressed on tumour cells, but 

also DCs. Upon its binding to PD-1 or CD80 (B71) located on T-cells, an inhibitory signal 

is delivered to T-cells, leading to T-cell exhaustion and thus ineffective T-cells. With the 

inhibition of PD-L1 or PD-1, T-cell exhaustion is reversed, and the antitumour response 

is improved (418).  

Several mAbs targeting PD-L1 (Atezolizumab, Durvalumab and Avelumab) and 

PD-1 (Nivolumab and Pembrolizumab) are currently in clinicals trials, as monotherapy 

or in combination with other agents. However, αPD-1 monotherapy has shown a limited 

therapeutic benefit in TNBC. Indeed, although TNBC patients have a high number of 

TILs, and express higher level of PD-L1 compared to other breast cancer subtypes, most 

of them do not, or only incompletely, respond to PD-1 blockade therapy. Recently, phase 

III KEYNOTE-119 clinical trial using Pembrolizumab as a monotherapy in TNBC failed 

to extend overall survival in patients (ClinicalTrials.gov identifier: NCT02555657). Earlier 

this year, Atezolizumab in combination with nab-paclitaxel chemotherapy has been 

approved by FDA and EMA for the treatment of locally advanced or metastatic TNBC, 

based on findings from the phase III double-blinded IMpassion130 trial (ClinicalTrials.gov 
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identifier: NCT02425891). Although its acceptance, the results were not impressive. 

Indeed, this dual therapy presented a progression-free survival (PFS) of 7.4 months, 

against 5.5 months presented by the control group (nab-paclitaxel chemotherapy). 

Despite statistically significant (P < 0.0001), the improvement of PFS was only of 1.9 

months. Contrarily, the improvements in the overall survival (OS) were impressive (23.7 

months for the dual therapy against 17.6 months for the control group), however they 

were not statistically significant (P = 0.08). 

In an attempt to revert the immune suppressive effect, induced by the 

overexpression of PD-1 and consequent exhaustion of tumour-specific effector T-cells, 

our dual therapy (nanovaccine + αOX40) was combined with an anti-PD-mAb. The 

combination of αOX40 and PD-1 blockade has already been studied in different cancer 

types, including, melanoma (211), ovarian cancer (419), lung cancer (420), and TNBC 

(421). However, the immune effect of this combination and the interaction of the two 

molecules on the downstream immune outcome remain unclear. In ovarian cancer and 

melanoma, the combined of these two immune checkpoint modulators  induced a 

significant increase of CD8+ T-cells relative to Treg at the tumour site (211, 419). 

Interestingly, Messenheimer et al. demonstrated that the combination of αPD-1 and 

αOX40 is additive in metastatic breast cancer, but for such effect, they require to be 

given in the right sequence (421). In fact, simultaneous addition of αPD-1 to αOX40 

negated the antitumour effects of αOX40, leading to a lower infiltration of antigen-specific 

CD8+ T-cell into the tumour, weak antitumour response, and lower overall survival (420, 

421). However, the sequential administration of Abs targeting OX40 first and then PD-1, 

but not vice versa, was effective and additive (421). This study corroborates the results 

obtained by Shrimali et al. who showed that the simultaneous addition of anti–PD-1 to 

anti-OX40 negated the antitumour effects of OX40 antibody, by inducing T-cell apoptosis 

(420). As it can be seen in ClinicalTrials.gov, few clinical trials have started, and others 

are being planned to test this combination. However, response results have not yet been 

reported. 

 As expected, by combining αPD-1 with our dual treatment, the PD-1 expression 

was significantly reduced in CD8+ T-cells within the TME. However, here also the overall 

immune response (average tumour volume, survival and infiltration of immune cell 

populations) was not improved. 

Additionally, we also highlight the inconsistency in the average tumour size of the 

mice treated with αOX40 + αPD-1. 

 Different studies have emphasised the dual role of PD-1 in defining efficient or 

ineffective immune T-cell responses. Indeed, although an inhibition signal is triggered 

upon ligation to PD-L1, PD-1 expression is firstly a marker of T-cell activation, allowing 
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the identification of the tumour-reactive CD8+ T-cell and of high avidity CD8+ T-cells 

specific for their specific antigens (422, 423). The level of PD-1 expression has been 

related to the strength of TCR signalling, and thus to the functional avidity of specific T-

cells (424). Thus, PD-1 expression can also be considered as a marker of activated 

tumour-reactive T-cells.  
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Chapter V – Conclusions and Future Perspectives 

 

Triple-negative breast cancer (TNBC) is the most aggressive subtype of breast 

cancer and due to the lack of expression of important receptors, TNBC patients do not 

benefit from endocrine and human epidermal growth factor receptor 2 (HER2)-targeted 

therapies. Considering the limitations of traditional treatment methods, immunotherapy 

might improve the survival rate and prognosis of TNBC patients based on its high 

specificity and immune memory, and thus hopefully, providing a new turning point for the 

treatment of TNBC.  

In this research project, we proposed an immunotherapeutic strategy to treat the 

aggressive TNBC, combining a polymeric nanoparticle (NP)-based cancer vaccine with 

the immune checkpoint agonist, OX40. Here, we demonstrated the potential of NPs as 

cancer vaccines and their synergistic effect with the monoclonal antibody anti-OX40 

(αOX40), obtaining a noteworthy tumour remission and improved overall survival, in 

TNBC-bearing mice. These results may be explained by the ability of i) these polymeric 

NPs to prime antigen-specific T cell responses, by targeting DCs, and ii) to decrease the 

expression of the immune suppressive cytokine transforming growth factor (TGF)-β 

overexpressed by DCs and the tumour cells; and iii) αOX40 to increase T-cell expansion, 

trafficking and the survival (197, 198), and block the inhibitory activity of tumour-

infiltrating regulatory T-cells (199).  

Although these findings provide important insights for the establishment of novel 

combination regimens against this aggressive tumour, there is still limited knowledge 

underlying the mechanisms of action of these immunotherapeutic strategies, and thus 

additional studies are needed. A better characterization of their mechanisms of action 

would help in identifying possible other immune cell populations involved in the overall 

anti-tumour immune response observed, and thus, adding important knowledge into 

better combinatorial therapies and schedules. In addition, deeper understanding of these 

mechanisms would also allow the identifications of additional biomarkers, which would 

facilitate the selection of the appropriate tumour patients to receive immunotherapeutic 

treatments. 

Currently, there have been few studies on immunotherapy for TNBC patients. 

However, most of them are still at the basic research stage, and many problems remain 

to be solved, which may be improved by chosen the best tumour antigen and the best 

administration route for both cancer vaccines and immune checkpoint modulators.  

Considering the tumour heterogeneity and phenotypic diversity, targeting of a 

single antigen may not be sufficient to achieve a complete tumour remission. By using 
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multiple tumour antigens or tumour lysates, the immune system can generate strong and 

long-lasting anti-tumour responses against each antigen and, thus, to target a higher 

number of cancer cells. However, the weak immunogenicity of tumour cells has led to 

the search for antigens with stronger immunogenicity, such as neoantigens. Neoantigens 

are a class of tumour-specific antigens that are generated from somatic mutations in 

tumours, but not in healthy tissue. These molecules have emerged as a promising path 

to personalized cancer immunotherapy that may overcome some challenges presented 

by tumour-associated antigens (TAA) (425). Advancements in sequencing technology, 

mass spectrometry, bioinformatics, and peptide manufacturing have simplified the 

identification of cancer neoantigens and the production of synthetic neoantigen peptides 

within a reasonable time course, making it possible to use them as cancer vaccines 

(426). The presence of these peptides is one of the essential differences between tumour 

cells and normal cells, and therefore, the idea of using them as vaccines to actively 

stimulate patients’ immune system and, thus, generate anti-tumour response has gained 

recognition. Theoretically, compared to other types of antigens used in cancer vaccines, 

neoantigen vaccines, can induce stronger specific immune response and elicit stable 

therapeutic effects. 

Another important aspect that may influence the overall anti-tumour response is 

the route of administration of the immunotherapeutic agents. Regarding cancer vaccines, 

few studies have shown that the route of administration influences the distribution of the 

vaccine upon injection and, consequently, lead to different anti-tumour immune 

responses (427, 428). Recently, intravenous administration of cancer vaccine has shown 

to elicit higher CTL response, when compared with the subcutaneous injections, resulting 

in more successful anti-tumour effects in mice (428). These differences depending on 

the administration routes were also observed upon the injection of a monoclonal antibody 

against the immune checkpoint agonist OX40 (αOX40), in mice. Indeed, it has been 

shown that the systemic delivery of αOX40 may favour the activation of peripheral 

lymphocytes rather than the intratumoural lymphocytes. Therefore, the intratumoural 

administration of αOX40 could enforce local priming of tumour–specific immune 

responses, while avoiding systemic toxicity (399). 

Although some of the cancer immunotherapeutic agents presented impressive 

pre-clinical results, most of them failed in clinical trials. This may be explained by the 

unsuccessful translation from the pre-clinical models to humans. Animal models have 

been the major preclinical tool for the evaluation of novel diagnostic and therapeutic 

anticancer therapies before clinical testing. Mouse models, and more specifically 

syngeneic models, are the most commonly used preclinical model for the evaluation of 

immunotherapies, due to their ease of use and experimental reproducibility. However, 
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these models are frequently poor predictive of clinical challenges being the average rate 

of successful translation less than 8% (429). These models lack the genomic and 

microenvironmental (intra and inter) heterogeneity that defines cancer, and the 

implanted tumours develop as de novo poorly differentiated malignancies and do not 

undergo the natural steps of tumour evolution (premalignant transformation, tumour 

development, and progression) (430). The rapid kinetics for tumour growth in these 

models often provides an inadequate time window to evaluate immunotherapy efficacy, 

which impairs the evaluation of immunotherapeutics in earlier stages of disease (430). 

As an alternative, humanized patient-derived xenograft (PDX) mouse models have been 

developed for cancer immunotherapy research. Contrarily to syngeneic models, 

humanized mouse models present the complexity involved in natural tumour 

development, including genomic heterogeneity, tumour architecture, and 

microenvironment factors (430), that are critical to evaluate immunotherapeutic agents, 

as cancer vaccines and immune checkpoint modulators. Nevertheless, humanized 

mouse models are also associated with diverse drawbacks, namely: i) cost and time 

required for their development; ii) the success rate of engraftment of human tumour 

tissue into the mouse is variable; iii) humanized models present a short lifespan, which 

precludes, for instance, long survival assays; iv) they do not represent a complete 

immune system, lacking important immune cell populations (B cells, T cells, myeloid cells 

or NK cells) depending on the humanized model. Given these issues and the scientific 

limitations, it is important to assess whether these humanized models represent the best 

pre-clinical models to assess the efficacy of cancer immunotherapeutics. 

Contrarily to the immune checkpoint modulators, few cancer vaccines have been 

approved so far by the American (FDA) and European (EMA) medicine agencies. 

Despite their tremendous potential for the treatment of a diversity of cancers, including 

TNBC, either as monotherapy or in combination with other therapeutic modalities, such 

as chemotherapy, radiotherapy, surgery, and immune checkpoint modulators, so far 

most of cancer vaccine trials have failed to show improvement in clinical outcome. In 

addition, the inconsistent data obtained from clinical studies and the lack of 

understanding of the mechanisms of action of cancer vaccines has unfortunately biased 

the view of many people against this therapeutic approach. For this reason, the 

pharmaceutical industry has tended to favour other anti-tumour options for production 

and marketing with the security of more financial return, such as cytotoxic 

chemotherapies and more recently, monoclonal antibodies (180). However, taking in 

consideration the multiple T cell–suppressive activities in TME, cancer vaccines cannot 

be expected to show optimal anticancer efficacy by themselves. As so, cancer vaccines 
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need to be used in combination treatments that are designed to inactivate the most 

important immunosuppressive mechanisms in this environment. 
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