Advanced Drug Delivery Reviews 172 (2021) 148–182

Contents lists available at ScienceDirect

Advanced Drug Delivery Reviews
journal homepage: www.elsevier.com/locate/adr

Preclinical models and technologies to advance nanovaccine
development
Carina Peres a,b, Ana I. Matos a,b, Liane I.F. Moura a, Rita C. Acúrcio a, Barbara Carreira a, Sabina Pozzi c,
Daniella Vaskovich-Koubi c, Ron Kleiner c, Ronit Satchi-Fainaro d,⇑, Helena F. Florindo a,⇑
a

Research Institute for Medicines (iMed.ULisboa), Faculty of Pharmacy, Universidade de Lisboa, Av. Prof. Gama Pinto, 1649-003 Lisbon, Portugal
Instituto de Medicina Molecular, Faculdade de Medicina, Universidade de Lisboa, Av. Prof. Egas Moniz, 1649-028 Lisbon, Portugal
Department of Physiology and Pharmacology, Sackler Faculty of Medicine, Tel Aviv University, 6997801 Tel Aviv, Israel
d
Department of Physiology and Pharmacology, Sackler Faculty of Medicine, Sagol School of Neuroscience, Tel Aviv University, 6997801 Tel Aviv, Israel
b
c

a r t i c l e

i n f o

Article history:
Received 26 January 2021
Revised 26 February 2021
Accepted 1 March 2021
Available online 09 March 2021
Keywords:
Cancer preclinical models
Nanotechnology
Cancer vaccine
Tumor immune microenvironment
Clinical translation

a b s t r a c t
The remarkable success of targeted immunotherapies is revolutionizing cancer treatment. However,
tumor heterogeneity and low immunogenicity, in addition to several tumor-associated immunosuppression mechanisms are among the major factors that have precluded the success of cancer vaccines as targeted cancer immunotherapies. The exciting outcomes obtained in patients upon the injection of tumorspecific antigens and adjuvants intratumorally, reinvigorated interest in the use of nanotechnology to
foster the delivery of vaccines to address cancer unmet needs. Thus, bridging nano-based vaccine platform development and predicted clinical outcomes the selection of the proper preclinical model will
be fundamental. Preclinical models have revealed promising outcomes for cancer vaccines. However,
only few cases were associated with clinical responses. This review addresses the major challenges
related to the translation of cancer nano-based vaccines to the clinic, discussing the requirements for
ex vivo and in vivo models of cancer to ensure the translation of preclinical success to patients.
Ó 2021 Elsevier B.V. All rights reserved.
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mouse models have been shown to mimic the immune responses
triggered in patients, which makes them attractive tools for the
development of new cancer vaccines.
Cancer vaccine efficacy can also be assessed by using noninvasive diagnostic tools that monitor immune cell function. These
preclinical tools have revolutionized the diagnosis and treatment
of human disease by providing anatomical, physiological, and
molecular information. For instance, by labeling immune components with contrast agents, magnetic resonance imaging (MRI)
and positron emission tomography (PET) scanning can provide
non-invasive imaging of tumor growth and, at the same time, follow metabolic cancer vaccine efficiency, which may expedite cancer vaccine development.
This review discusses the potential of cancer nanovaccines as
targeted immunotherapies, alone or in combination with other
anti-cancer strategies, and debates the challenges related to their
translation to the clinic, namely the choice of the most appropriate
preclinical models. Additionally, this review also discusses the
advancing personalized cancer vaccines, highlighting the advances
in genomic single-cell analysis and biomarker identification that
are driving the development of these active immunotherapies.

1. Introduction
Over the last decades, cancer immunotherapy has evolved from
a promising therapeutic option to a robust clinical reality. Diverse
immunotherapeutic regimens are now approved by the US Food
and Drug Administration (FDA) and the European Medicines
Agency (EMA) for use in cancer patients, and many others are
being investigated in clinical trials, as single agents or combined
with conventional treatments or other targeted agents [1]. Cancer
vaccines have been widely explored as a targeted immunotherapeutic approach against various cancer types. By mobilizing
patients’ own immune system, namely towards the activation of
anti-tumor cytotoxic and antibody-mediated responses, cancer
vaccines are designed to fight cancer without affecting healthy tissues, but also to evoke durable anti-tumor immune responses to
avoid tumor recurrence.
Despite the tremendous potential of cancer vaccines observed
in preclinical studies, most of them fail in providing clinical benefits in patients, especially those with advanced cancers. This poor
clinical outcome can be related to diverse factors, including tumor
heterogeneity, low immunogenicity, and tumor-associated
immunosuppression mechanisms, which include cellular and soluble factors [2,3].
In an attempt to overcome these tumor-associated immunosuppression mechanisms, cancer vaccines have been successfully combined with immune modulators in preclinical [4] and clinical
studies [5,6]. 3D tissue-engineered platforms, such as organs-ona-chip, organoids, and multicellular tumor spheroids, have been
crucial to evaluate these combinatorial effects, by offering an architecture and complexity comparable to the human tumor microenvironment (TME), and decreasing significantly the number of
animals used, and related costs [7].
Nanotechnology has been a powerful tool to improve cancer
vaccine efficacy, namely by protecting the biomolecules from early
enzymatic degradation, but also by delivering vaccine components
directly to the target cells (e.g., antigen-presenting cells, TME),
priming strong and long-lasting antigen specific T-cell responses.
The successful clinical translation of cancer vaccines is dependent on a rigorous preclinical evaluation of several parameters in
animal models, such as pharmacokinetic, pharmacodynamic,
metabolism, efficacy, and safety. The choice of the animal model
is crucial for cancer vaccine assessment, since only experimental
models that feature the presence of fully competent immune system can mimic human responses to vaccination and thus, anticipate the clinical outcome of those potential anticancer
approaches [8].
Mouse models are the most widely used and cost-effective preclinical tools [9,10]. However, most of them are seen as poor models for cancer [11], which might be explained by important genetic,
immunologic and biological differences observed between mice
and humans [12,13]. In fact, a high number of preclinical cancer
vaccine study outcomes did not correlate with the ones observed
in cancer patients. As an alternative, novel models of humanized
mouse that reflect more accurately patients’ immune responses
have been generated. By providing the different cellular and soluble components of the human immune system, these humanized

2. Cancer immunology basic principles for vaccine development
Different immunotherapeutic strategies have been explored
since the early 20th century to harness the immune system
towards tumor eradication, which was prompted by the recognition that cancer cells may be eliminated by an immune cellmediated endogenous response. This tumor immunosurveillance
process involves the specific recognition of cancer cell antigens
by antigen-presenting cells (APC), and subsequent elimination
through orchestrated innate and adaptive immune responses [14].
The innate immune system includes anatomical, physiological,
phagocytic, and inflammatory barriers that together coordinate
the first mechanism of defense against external agents. The presence of inflammatory cells within tumor milieu, such as macrophages, neutrophils, mast cells, and natural killer (NK) cells,
plays a crucial role in monitoring cancer development by eliminating tumor cells and reducing the number of vessels in the TME,
thus inhibiting the angiogenic process [15]. However, it has also
been shown that the plasticity of innate immune cells may change
to a proangiogenic phenotype, and consequently favor an immunosuppressive TME [15].
While depending on the function of these distinct players that
drive the overall innate response, the adaptive immune response
is crucial to activate an antigen specific immunity following the
recognition of non-self-antigens on malignant cells by APC, being
B and T cells the major players within this arm of the host immune
response.
Naïve antigen-specific T cell priming by APC, as dendritic cells
(DC), is determinant for the induction of a robust and specific
immune response against malignant cells. DC are considered the
most potent APC, which allow antigen capture, internalization,
and processing into peptides following the endosomal or the
cytosolic pathways for antigen presentation. While in the lymphoid organs (e.g., spleen and lymph nodes (LN)), the CD4+ T cells
149
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The inhibition of tumor immune escape and, consequent prevention of metastasis is possible through the blockade of these
immunosuppressive cells or the elimination of immunosuppressive mechanisms within TME. In fact, the use of immune checkpoint inhibitors, such as anti-CTLA-4, anti-PD-1 and anti-PD-L1
antibodies, has already revolutionized the treatment of metastatic
melanoma, non-small cell lung cancer, kidney cancer, bladder cancer, among others [26]. However, as a small percentage of patients
respond to these therapies and considering the growing understanding of the mechanisms of resistance to these revolutionizing
immunotherapies, it is becoming clear that combinational
approaches are required to trigger balanced and effective innate
and adaptive immunities to control cancer growth and
progression.

recognize the antigens presented by major histocompatibility complex (MHC) class II molecules at DC surface, leading to CD8+ T-cell
activation via cytokine release (e.g., interleukin (IL)-2 and interferon (IFN)-c). Additional cytokines secreted by these matured
DC are crucial for effective antigen-specific T-cell responses, such
as the IL-12 for Th1, IL-4 for Th2, or IL-17 for Th17 activation
[16,17]. The CD8+ T cytotoxic cells are activated by DC that present
peptide-MHC class I complexes generated following the crosspresentation pathway, further destroying their cellular targets by
secreting perforin, granzymes, and other cytokines (e.g., tumor
necrosis factor (TNF)-b, IFN-c) [18,19].
Among the human DC population, different subsets have been
considered, including the classical DC (cDC1 and cDC2) and the
plasmacytoid DC (pDC), based on their phenotypic markers and
their ability to prime CD8+ and CD4+ T cells. cDC1 cross-present
exogenous antigens and stimulates antigen-specific cytotoxic T
cells, and activate NK and natural killer T (NKT) cells towards an
effective anti-tumor immune response. Their absence from TME
has been associated with tumor growth and limited T-cell
responses, being therefore a poor prognosis for patient survival.
Moreover, the secretion of type I IFN by this DC subpopulation
boosts the tumor-specific CD8+ T-cell response. Nevertheless,
cDC1 is present in reduced numbers both in murine and in human
tumors [20,21]. The cDC2 is a heterogeneous large population that
activates CD4+ T cells and expresses monocyte markers, such as
cluster of differentiation (CD)14 or CD163, that favors the secretion
of pro-inflammatory markers, which promotes the infiltration of
tissue-resident CD8+ T cells in the TME [21]. pDC produce a high
quantity of type I IFN, in response to virus and endogenic nucleic
acids. These DC subpopulation can enhance the anti-tumor
immune responses, following the activation of Toll-like receptor
(TLR)7 and TLR9, as well as by enhancing cytotoxic CD8+ T cell
priming by cDC [22].
An equilibrium between immune cell activation and suppression is mandatory to control immune homeostasis. These cytotoxic
T lymphocytes play an important role in the elimination of tumors
when the innate surveillance mechanisms fail. However, the genome plasticity of cancer cells allows their continuous proliferation
until establishing an equilibrium phase, after which the tumor
escapes from the immune attack and promotes a clinically detectable malignant mass followed by metastasis. At this point, tumorinduced immunosuppressive cells and multiple resistance mechanisms lead to immune tolerance. Multiple factors contribute to
tumor immune evasion, being associated with an inefficient innate
immunity, as well as to an inadequate antigen presentation, and
thereby to defective adaptive immune responses. Tumor antigen
masking following, for example, epitope sequence mutation or
the downregulation of antigen expression during tumor progression, contribute to weakly immunogenic and highly heterogeneous
tumors, which escape host primary responses [19,23,24]. TME
immunosuppressive mechanisms are mainly sustained by regulatory T cells (Treg), myeloid-derived suppressor cells (MDSC) and
tumor-associated macrophages (TAM). Treg propagate antigen
specific tolerance, while MDSC secrete high amounts of proinflammatory factors, promoting angiogenesis, invasion, and
metastasis. TAM emerged as major targets for cancer immunotherapies due to their recognized role as promoters of tumor development and progression, by regulating several pathways within TME,
following the secretion of cytokines, growth factors, as well as by
activating inhibitory immune checkpoints in T cells [25].
CTLA-4 and PD-1, which bind to CD80/CD86 and PD-L1 and PDL2, respectively, are the best characterized immune checkpoint
receptors responsible to initiate checkpoint signaling, promoting
T-cell exhaustion and cytotoxic T lymphocyte (CTL) inhibition
[3]. Additionally, metabolic enzymes, such as IDO, also favor
tumor-mediated immune suppression in the TME.

3. Vaccine-based approaches against cancer
Cancer vaccines constitute a promising approach to support
immunosurveillance against cancer development, and those have
been explored under preventive or therapeutic settings.
Preventive cancer vaccines constitute a promising strategy in
pre-malignant stages of cancer, where the immunosuppressive
mechanisms are not yet well established. Currently, there are several vaccines approved for human use to prevent viral-induced
cancers, such as vaccines used for the prevention of the infection
by the human papillomavirus (HPV), as well as by the hepatitis B
virus (HBV), which cause hepatocellular carcinoma. The oncovirus
are highly immunogenic, being responsible for 10% of human cancers, as well as for the development of 70% of total cervical cancers
and HPV positive oral cancers. For example, oncogenic HPV 16 and
18 subtypes are the principal cause of cervical cancer. They selectively multiplicate inside tumor cells to induce cell death or promote cellular immune responses. The oncogenic viral-based
vaccines induce the production of neutralizing antibodies, reducing significantly the infection and the development of precursor
cervical lesions, thus limiting the risk of developing cancer
[14,27]. However, these vaccines are effective when the tumor is
already established, as the humoral immunity is not able to eliminate large numbers of virus-infected cells. Various studies are
testing vaccines targeting T-cell epitopes of different E6 and E7
oncoproteins in patients with cervical cancer. Results available so
far show the induction of a potent antigen-specific T-cell response
and attest for vaccine tolerability [28,29].
A vaccine administrated at a pre-malignant stage potentiates
immunosurveillance to eradicate pre-tumoral cells and prevents
the progression to cancer. Additionally, this strategy avoids
immune exhaustion and faces a less immunosuppressive TME,
enabling an effective CD8+ immune response. Various target antigens have been identified at this pre-malignant stage, such as the
mucin 1 (MUC1) and the mesothelin (MSLN). Both are overexpressed in early-stage pancreatic cancer, while MUC1 has been also
found in breast ductal cancer in situ [27].
An effective therapeutic cancer vaccine strengthens the patient
immune system by increasing the recognition of cancer antigens,
and thereby promoting the activation of specific CD8+ T-cell
responses against those tumor antigenic markers, as well as generating tumor-specific tissue-resident memory T cells at the TME to
prevent tumor recurrence.
3.1. Vaccine-based delivery strategies for ex vivo versus in vivo
immune cell targeting and tracking
Different platforms have been exploited for cancer vaccine
development to grant the induction of safe, effective and durable
immune responses by overcoming tumor-driven immune suppres150

Advanced Drug Delivery Reviews 172 (2021) 148–182

C. Peres, A.I. Matos, Liane I.F. Moura et al.

bined with the adjuvant CpG-ODN stimulated robust and functional
CD8+ and CD4+ T-cell responsesin melanoma patients[38]. Moreover,
a vaccine comprising multi-human leukocyte antigen (HLA)-binding
heat shock protein (HSP)70/glypican-3 (GPC3) peptides and a novel
adjuvant combining a soluble recombinant human lymphocyteactivation gene 3 (LAG-3) protein (hLAG-3Ig) and Poly I:CLC resulted
in the potent stimulation of antigen-specific CTL in patients with
metastatic gastrointestinal cancers [39].
In the ex vivo DC targeting approach, monocytes or CD34+
hematopoietic precursors are isolated from the patient and differentiated into immature DC in the presence of various external
stimuli, such as granulocyte–macrophage colony-stimulating factor (GM-CSF) and IL-4. After maturation with oncovirus, tumor
lysates, or tumor-derived peptides or messenger RNA (mRNA),
inflammatory cytokines and TLR agonists, DC are administered
back into patient by different routes, such as intranodal, intradermal, or intravenous. This strategy enables a more efficient use of
antigen loading methods, as it employs the direct stimulus by
TAA/TSA and peptides. The major difference between the in vivo
and ex vivo strategies explored for DC vaccine development is
related to the place where antigen internalization and DC maturation occurs – while in vivo DC targeting takes place in the natural
microenvironment, the ex vivo laborious approach requires the
manipulation of autologous DC in vitro for differentiation [16,17].
Additionally, a novel strategy for ex vivo DC loading has been
developed using dendritic/tumor fusion cells. These are based on
the formation of hybrid cells by the combination of autologousderived DC and whole tumor cells – the dendritoma. The fusion
is mediated by different chemical and physical methods, allowing
the cross-presentation with whole tumor-derived antigens, thus
avoiding the need for individual-specific antigen identification
[17,40].
Several clinical studies combined DC vaccines with immune
checkpoint inhibitors, to overcome DC tolerance, reporting prolonged anti-tumor responses and improved survival rate [4,41].
The FDA approved in 2010 the therapeutic DC vaccine
Sipuleucel-T (ProvengeÒ) for patients with hormone refractory
prostate cancer, but the marketing authorization holder has
requested its withdrawn in 2015 to EMA [32]. The Talimogene
laherparepvec (T-VEC) was approved by EMA and the FDA in
2015 for the treatment of advanced melanoma. T-VEC is a genetically modified oncolytic viral therapy that encompasses the
expression of the human GM-CSF, which improves T-cell responses
against the antigens locally released following its local administration in the melanoma lesions [42,43].
Despite the high potential of these active targeted immunotherapies, the tumor progression-related signaling pathways together
with the immunosuppressive milieu have limited the success of
therapeutic vaccines in metastatic cancer patients. Therefore, therapeutic cancer vaccines have been combined with immune checkpoint inhibitors, such as the anti-PD-1 or anti-CTLA-4 mAb, to
revert T-cell exhaustion and dysfunction within TME and thereby
expand vaccine-mediated anti-tumor efficacy. This combinatorial
immunotherapy is currently being highly explored in clinical settings, following the enthusiastic results obtained in patients treated with personalized neoantigen vaccines, alone or in
combination with immune checkpoint inhibitors [5,44–46]. For
example, Ott et al. [5] reported that four out of five patients had
no recurrence 25 months after treatment with vaccines targeting
up to 20 neoantigens admixed with Poly(I:C) (Hiltonol), while
the recurrent tumors detected in the other two patients completely
disappeared once treated with anti-PD-1 mAb. These studies
clearly show that personalized cancer vaccines may be a potent
weapon against highly heterogenous tumors, while granting the
induction of host immune responses specifically directed against
malignant cells, while preserving the healthy tissues.

sion, while bridging innate and adaptive immunities [30]. The
immunological properties of DC promoted their use as anticancer vaccines. The induction of effective and safe cytotoxic
immune responses requires the rational selection of tumor antigens, which will trigger a tumor-specific immune response once
delivered to APC with appropriate adjuvants. In fact, tumor antigen
selection is among the most important factors in the development
of a cancer vaccine. An ideal antigen should be highly immunogenic, expressed only by tumor cells, and present in all types of
tumors. However, few antigens meet all these criteria [31].
Tumor antigens are divided in two main categories: tumorassociated antigens (TAA) and tumor-specific antigens (TSA). TAA
are non-mutated, aberrantly overexpressed self-antigens, that are
also found in normal cells. TAA include: i) cancer/testis antigens,
normally expressed in germline cells, and aberrantly expressed in
tumors (e.g., melanoma-associated antigen (MAGE), B melanoma
antigen (BAGE) and sarcoma antigen 1 (SAGE1)); ii) cell lineage differentiation antigens, that are expressed on tumor cells, being present in low levels in adult healthy cells (e.g., gp100 and Melan-a/
melanoma antigen recognized by T-cells-1 (MART-1), prostatespecific antigen (PSA), and carcinoembryonic antigen (CEA)); and
iii) antigens overexpressed in cancer cells, but with low expression
in normal cells (e.g., human epidermal growth factor receptor 2
(HER2) (breast cancer), and MUC1 (breast, prostate and colon cancers)) [31,32]. Numerous cancer vaccine studies have used TAAderived from cancer/testis and cell lineage differentiation antigens,
to promote anti-tumor immune responses. However, these vaccines have led to limited clinical outcomes, due to the low frequency
and duration of the CTL responses [32].
TSA, as the neo-antigens and the oncovirus, are highly specific
and immunogenic tumor antigens, absent from normal cells in
tumors with high mutational burden. The neoantigens constitute
a subset of TSA obtained by non-synonymous mutations and other
genetic modifications, which are characteristic of the tumor genome. The neoantigens obtained from single-nucleotide variants
are the most studied, and have been shown to induce strong Tcell responses, without leading to autoimmune toxicity [33].
Different strategies have been developed for antigen delivery to
DC, which included the incubation of these bioactive molecules
with APC differentiated ex vivo and subsequently administered to
the patient, or following the administration of antigens and adjuvants directly in the body, enabling the in vivo targeting of DC
[16,34]. These vaccine components are administered via subcutaneous (s.c.), intradermal, intranodal, intralymphatic or intravenous
(i.v.) routes, being recognized and internalized by immature DC,
which become mature, thus expressing co-stimulatory factors
and secreting cytokines that will enable naïve T cell priming by
MHC-peptide complexes present at DC surface [17,35].
DC receptor ligands, adjuvants or anti-receptor antibodies are
examples of agents that may be targeted to DC. Moreover, some
DC surface molecules are the main inducers of antigen recognition,
and subsequent internalization and processing. The pattern recognition receptors (PRRs) such as the Toll-like receptor (TLR), nucleotide oligomerization domain (NOD)-like receptors, C-type lectin
receptors, deoxyribonucleic acid (DNA)/ribonucleic acid (RNA)
receptors RIG-I and melanoma differentiation-associated protein
5 (MDA-5) are some examples.
Vaccine antigens have been administrated in combination with
TLR agonists, such as cytosine-phosphate-guanine oligodeoxynucleotide (CpG-ODN) (TLR9 ligand), R837 (TLR7 ligand), monophosphoryl lipid A (MPLA) (TLR2/4 ligand), and polyinosinic:
polycytidylic acid (Poly(I:C)) (TLR3 ligand), which led to potent
CD4+ T cell (Th1, Th2, and Th17 cells) responses, while controlling
the suppressive functions of Treg and activating CTL immune
responses [36 37,38]. As an example, vaccination with the New York
esophageal squamous cell carcinoma 1 (NY-ESO-1) peptide com151
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for the stimulator of interferon genes (STING)-activating vaccinedelivery platform and the anti-PD-1 antibody against HPV E6/E7,
which resulted in the complete tumor remission with a 100% of
survival rate, even after re-challenging of tumor free mice with
TC-1 cells [70]. Ni et al. [71] also reported robust and durable
anti-tumor innate and adaptive immune responses against colorectal cancer (CRC) induced by a dual-adjuvant neoantigen
nanovaccine co-delivering MC38 neoantigen (Adpgk) and two
TLR ligands, R848 (TLR7/8 agonist) and CpG-ODN (TLR9 agonist),
within the same maleimide-functionalized poly(ethylene oxide)block-poly(d,l-lactic acid) (MAL-PEO-b-PLA)-based micelles. Moreover, a single administration of the thermo-responsive hydrogel
prepared by the self-assembly of curcumin-loaded polymeric
poly(e-caprolactone-co-1,4,8-trioxa[4.6]spiro-9-undecanone)-poly
(ethylene glycol)-poly(e-caprolactone-co-1,4,8-trioxa[4.6]spiro-9undecanone) (PECT)-based NP, in which was entrapped coassembling cationic poly(ethylene glycol)-b-poly(2-amino ethyl
methacrylate)-b-poly(2-(hexamethylene
imino)
ethyl
methacrylate-co-2-(dibutyl amino) ethyl methacrylate) (EAASc)based nanovaccine, entrapping in its turn the E75 peptide and
CpG, increased the systemic (spleen and LN) and tumorinfiltrating levels of CD8+ T cells post-surgical removal of a triple
negative breast carcinoma (TNBC) induced following the inoculation of 4T1 cell in mice, thus reducing disease recurrence and pulmonary metastasis [55].
Dendrimers are polymeric hyperbranched globular structures
composed by a hydrophobic inner core surrounded by hydrophilic
symmetrical branches of repeating monomer units, where biomolecules can be loaded depending on their physicochemical properties [72]. Dendrimers can be synthesized by a convergent method,
starting from outside branches towards the inner core, or following
a divergent polymerization that starts at the center [73]. The
polyamidoamine (PAMAM), poly(L-glutamic acid), polyethyleneimine, polypropyleneimine and polyethylene glycol (PEG) are
among the most widely used polymers for the synthesis of these
carriers [74,75]. Daftarian et al. [76] developed a deoxyribonucleic
acid (DNA)-based vaccine platform based on fifth generation (G5)PAMAM dendrimers conjugated to DNA and MHC class II–targeting
peptides (gp70-derived AH1, SPSYVYHQF; TRP2180–188,
SVYDFFVWL; PAn DR epitope (PADRE), aKXVAAWTLKAAaZCmodified hemagglutinin-derived H2-I-Edrestricted HA110–120,
SFERFEIFPKEC), which elicited strong T-cell-mediated immune
responses and delayed the tumor growth in B16-F10 melanoma
model. In a cervical HPV-related cancer, the single administration
of the therapeutic vaccine candidate based on HPV type 16 E7 protein epitope 8Q (QAEPDRAHYNIVTFCCKCD; E744-62) conjugated
to polyacrylate amphiphilic 4-arm star-dendrimers was able to
eradicate E7-expressing TC-1 tumors [57].
Liposomes are spherical artificial vesicles similar to cell membranes, presenting aquatic pores within lipid bilayer(s) formed by
amphiphilic phospholipids (e.g., phosphatidylcholine and phosphatidylethanolamine) and cholesterol, which is used to change
membrane rigidity [77]. These artificial vesicles are formed by
self-association of hydrated lipid sheets during agitation, leading
to small unilamellar vesicles (SUVs), large unilamellar vesicles
(LUVs) and multilamellar vesicles (MLVs), according to the size
and number of phospholipid bilayers [78–80]. Liposomes are
widely used as versatile delivery vehicles carrying vaccines
[81,82], genes [59], and anticancer drugs [83,84] incorporated in
the aqueous core (hydrophilic molecules) or within the lipid
bilayer interface (lipophilic molecules). These carriers present several advantages, such as higher biocompatibility, biodegradability,
weak immunogenicity, no toxicity, and surface handling easier
than other delivery systems. In gene therapy, liposomes are successfully functional due to their ability to cross lipid bilayers and
cell membranes [85–87]. Liang et al. [58] developed a versatile

3.2. Nanotechnology-based cancer vaccines
It has occurred an enormous evolution in the development of
cancer vaccines over the last two decades. However, the poor
immunogenicity and internalization of conventional cancer vaccines (antigens and adjuvants in solution) by APC, as well as their
rapid clearance has limited the full success of cancer vaccination
in clinical settings [47]. An ideal vaccine platform should protect
the antigen from degradation, uphold the antigens’ uptake, and
subsequently trigger the strong activation of APC, enabling the
induction of anti-tumor effector CTL responses and immunological
memory [37].
Nanotechnology has been reported to be a powerful field when
applied to modern medicine by using engineered nanoscale-based
systems to deliver bioactive molecules for the diagnosis, prevention and treatment of diseases [48]. These nanopharmaceuticals
enhanced the biodistribution and accumulation of bioactive molecules in the tumor, with minimal toxic effects. As an example,
Doxil Ò (a PEGylated liposomal formulation of doxorubicin) was
approved by the FDA in 1995 by overcoming severe side effects,
such as the cardiac toxicity obtained with the systemic administration of doxorubicin [49].
Novel generations of nanocarriers emerged to act as a shield by
avoiding the rapid clearance of bioactive constituents in vivo and
extending their circulation half-life, allowing their efficient targeted delivery to organs, tissues, or cells of interest, but also
enabling the intracellular delivery of mRNA, DNA, TAA, and adjuvants to the desired site [50]. The targeting of soluble mediators,
such as cytokines and chemokines, using siRNA-loaded NP has
been explored to modulate TME [51]. Robust anti-tumor immune
responses against tumors have been also shown to be promoted
by the sustained and prolonged release of antigens and
immunomodulators to APC (depot effect) by different types of
NP-based vaccines, avoiding T-cell tolerance, anergy and exhaustion caused by repeated administrations [52].
Fig. 1 includes examples of different types of nanoparticulate
carriers that have been exploited for cancer immunomodulation,
such as polymeric NP [4,53], polymeric micelles [54,55], dendrimers [56,57], solid lipid NP (SLN), liposomes, phospholipid
micelles [58,59], metal/inorganic systems (quantum dots, silica,
magnetic and gold NP) [60–62], and biomimetic-like nanocarriers,
such as cell membrane-based vesicles and virus-like particles (VLP)
[63–66].
Polymeric NP are submicron-sized colloidal systems of natural,
synthetic, or semi-synthetic polymers ranging from 10 to 1000 nm.
Biodegradable, biocompatible, nontoxic, and nonimmunogenic
polymers like poly(lactic acid) (PLA), poly(glycolic acid) (PGA),
poly(lactic-glycolic acid) (PLGA), poly(methyl methacrylate)
(PMMA), poly(e-caprolactone) (PCL) and chitosan were approved
by the FDA to develop compatible polymeric NP for the sustained
delivery of several agents like drugs, biomolecules, and genes, via
different routes of administration (oral, nasal, dermal and parenteral) [67,68]. Varying the preparation method between spraydrying, salting out, nanoprecipitation and emulsion-based methods, two types of NP can be obtained. Accordingly, nanospheres
present the cargo physically and homogeneously spread along
the matrix spherical system, while nanocapsules are vesicular systems containing the bioactive molecules in a cavity surrounded by
the polymeric membrane [69].
Several of these polymeric NP systems have been rationally
developed to inflect the role of immune populations within the
TME, thus potentiating strong anti-cancer effects and survival outcomes. A small-sized polymeric PC7A nanovaccine (29 nm) loaded
with a cocktail of MC38 neoantigens (Reps1P45A, AdpgkR304M,
Dpagt1V213L) induced a strong tumor growth inhibition in MC38
colon cancer model [70]. Moreover, a potent synergy was reported
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Fig. 1. Example of nanotechnology-based vaccines. Polymeric nanoparticles (NP) are submicron-sized colloidal systems of natural, synthetic, or semi-synthetic polymers.
Polymeric micelles are self-assembling systems formed mainly by amphiphilic block-copolymers. Hydrogel NP are polymeric networks that can incorporate large quantities
of water or biological fluids. Dendrimers are polymeric hyperbranched globular structures presenting a hydrophobic inner core surrounded by hydrophilic outside
symmetrical branches of repeating monomer units. Liposomes are self-assembled nanocarriers composed by a lipid bilayer membrane that can incorporate hydrophobic
compounds with an aqueous nucleus capable of incorporating hydrophilic molecules. Solid lipid NP are lipid emulsions where the liquid lipid has been substituted by a solid
lipid. Phospholipid micelles are prepared by self-assembly surfactants formed by phospholipids. Inorganic NP are submicron scale entities made of metals (e.g., gold,
platinum, silver), and other inorganic compounds (e.g., magnetite, silicon dioxide). Cell-membrane based vesicles are hybrid nanostructures with the uppermost layer similar
to a cell membrane and a synthetic inner core. Viral-like NP are noninfectious viruses-mimicking artificial structures.

nanocomplexes increased the levels of tumor-infiltrating immune
populations, such as macrophage and DC, crucial to inhibit the
tumor growth and prolong B16-OVA-bearing mouse survival.
More recently, biomimetic nanocarriers have emerged as a
new and innovative natural class of cancer vaccine delivery systems that by mimicking biological membranes, present improved
stability and prolonged circulation [94,95]. VLP are defined as safe
and noninfectious viruses-mimicking artificial structures (20–
100 nm) with no capacity to induce replication, and have been
reported as exciting approaches in the cancer immunotherapy
field [96]. For example, the nasal administration of stable and
nontoxic cowpea mosaic virus-generating self-assembling VLP
was able to induce potent anti-tumor immune responses based
on type I IFN adaptive immunity and neutrophils activation,
which led to prolonged mouse survival in B16-F10 and 4T1 lung
metastatic, intradermal CT26 colon and ID8-Def29/Vegf-A ovarian
tumor mouse models [63]. These VLP can be loaded with antigens
and immunoadjuvants. Molino et al. [64] observed that a single
immunization with the non-viral pyruvate dehydrogenase E2
protein-based VLP system developed to deliver gp100 melanoma
antigen and CpG immunoadjuvant (CpG-gp-E2) highly enhanced
the levels of antigen-specific CD8+ T-cells in draining LN and
spleen, as well as the IFN-c production, when compared to peptide and CpG in solution. In a prophylactic setting, CpG-gp-E2treated animals showed a significant delay on tumor growth
and an improved survival rate compared to phosphate buffer saline (PBS) group, upon the inoculation of B16 melanoma cells [64].
Cell-membrane coated NP are additional biomimetic carriers that
have been explored as therapeutic cancer nanovaccines. These
carriers present a ‘‘core–shell” dynamics/assembly composed by
a hydrophobic synthetic NP core surrounded by a hydrophilic

DC-targeted nanovaccine against melanoma, based on gold nanocages coated with loaded with anti-CD11c-modified liposomes
entrapping tyrosinase-related protein-2 (TRP-2) peptide and MPLA
(Lipos-AuNCs). This nanovaccine induced effective immune
responses that led to melanoma remission in both B16-F10 prophylactic and lung metastasis models. Intravenously administered
ribonucleic acid (RNA)-based lipoplexes (RNA-LPX) encoding viral
or mutant neo-antigens or endogenous self-antigens were also
reported to trigger effective antitumor immunity, and to mediate
IFN-a-based rejection of aggressively growing melanoma (B16F10), cervical HPV16 (TC-1), and colon (CT26) carcinoma mouse
models [59]. These results were corroborated by a phase I trial
(NCT02410733), where RNA-LPX vaccines encoding New York esophageal squamous cell carcinoma 1 (NY-ESO-1), tyrosinase, transmembrane phosphatase with tensin homology (TPTE) and MAGEA3 tumor antigens induced strong IFN-a-mediated antigenspecific T-cell immunity in three melanoma patients [59].
Inorganic NP are promising delivery candidates due to their
potential use to generate cores and scaffolds with special chemical,
physical, optical, and magnetic features. These non-biodegradable
carriers are stable in biological media, and the release of their cargo
intra or extracellularly can be triggered by changes on pH, magnetic field, temperature or light [88]. Carbon nanotubes [60,61],
gold- [62,89], silver- [90], aluminum- [91,92], and mesoporous
silica-based NP [93] have been reported as reliable cancer vaccine
delivery systems. Multi-walled carbon nanotubes co-loading the
model antigen ovalbumin (OVA) and the adjuvants CpG and antiCD40, led to a remarkable tumor regression in OVA-expressing
B16-F10 s.c. or lung pseudo-metastatic mouse models [61]. Lin
et al. [62] developed a triethylene glycol (TEG)-modified gold NP
to deliver intratumorally the CpG oligodeoxynucleotide. These
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present an immature state with higher phagocytic capacity. Otherwise, most of LN-resident DC are in a mature state with poor
capacity to internalize nanovaccines [52,105].
Particle size also affects the endocytic pathways followed by
these carriers. Accordingly, NP bigger than 500 nm follow the
macropinocytosis or phagocytosis pathways, while smaller particles (20–200 nm) are commonly internalized via classic clathrindependent (size < 200 nm) or caveolae-dependent (size range
50–100 nm) receptor-mediated endocytosis [98,106–108]. At the
one hand, the classic receptor-mediated endocytic pathways promote the induction of CTL/Th1-cell mediated immunity
[98,106,107]. On the other hand, phagocytosis or macropinocytosis
endorses preferentially humoral immune responses based on Th2
cell activation and antibody production [98,106,107].
The internalization mechanisms followed by the particulate
material will in fact lead to distinct intracellular routes, and
thereby dictate the antigen presentation pathways, and consequent type of adaptive immunity. Internalized nanoparticulate
antigens usually follow the endolysosomal route, being processed
by proteases and complexed with MHC II molecules, to be presented to naïve CD4+ T cells. Depending on the cytokine storming,
Th2 humoral or Th1 cytotoxic profiles can be induced. However, an
escape from the endolysosomal route can drive antigen processing
by the proteasome in the cytosol, being the peptides loaded onto
MHC class I molecules in endoplasmic reticulum and presented
to naïve CD8+ T cells, triggering their differentiation in CTL. This
process termed cross-presentation is strongly played by DC, especially by potent cross-presenting cDC1 in lymphoid (CD8+ CD11b
cDC1) or non-lymphoid (CD103+ CD11b cDC1) tissues, where
express high levels of MHC class I pathway genes. Although highly
reported via endosome-to-cytosol route, antigens can also be processed by lysosomal proteases and loaded onto MHC class I molecules within the endolysosomes, in a processed termed vacuolar
route [109,110].

cell-membrane layer that acts as a self-antigen [94]. Guo et al.
[65] reported a mannose-inserted erythrocyte membrane-coated
PLGA NP loaded with melanoma antigenic peptide (hgp10025-33)
and TLR4 agonist (MPLA) (Man-RBC-NPhgp + MPLA). This biomimetic nanovaccine was highly retained in the draining LN after
intradermal immunization, and induced a significant tumor
growth and metastasis suppression in B16-F10 melanoma mouse
model, under prophylactic, therapeutic and metastatic settings,
when compared to other vaccine formulations, including antigen
and adjuvant in solution (hgp + M), non-manosylated PLGA-based
NP (PLGA-NPhgp + MPLA), and non-manosylated RBC-NP (RBCNPhgp + M). Organized, symmetric and stable self-assembling protein NP mimicking a bio microbe structure have been also
reported as biomimetic cancer nanovaccines. Kuai et al. [66]
obtained a potent neoantigen-specific CTL response induced by
high-density lipoprotein (HDL)-mimicking nanodiscs containing
neoantigen peptides and the TLR9 agonist CpG. The nanodiscs
showed a potent tumor growth inhibition in B16-F10 melanoma
and MC38 colon cancer models. However, when combined with
anti-PD-1 and anti-CTLA-4 immune checkpoint inhibitors, the
strong synergism resulted in the complete remission of established melanoma and colon carcinoma [96].
Table 1 summarizes cancer nanovaccines in clinical development, including 8 phase 1 and 9 phase 2 trials.
3.2.1. Challenges related to the biophysical properties and the
biological functions of targeted nanosystems
The physicochemical properties of nanocarriers including size,
charge, surface modifications, hydrophobicity and biodegradability, loading efficiency, releasing profile, cellular internalization,
intracellular release and stability can be optimized for an optimal
interaction between DC an T cells in peripheral LN, key organs
for cancer vaccination [97].
3.2.1.1. Size. Carrier size is a critical factor that influence NP draining to LN and uptake by DC. APC are able to internalize antigens
ranging from nanometer-viral (20–100 nm) to micrometerbacterial/cell size range [47]. However, NP ideal size to target the
T-cell-rich organs remains an utopia [98]. Two different sizedependent transports can be followed by nanocarriers, depending
also on the route employed for their administration (e.g. s.c., intradermal, or intramuscular routes) [99,100]. Intraperitoneal and
intranodal routes are mostly used to target LN-resident DC, while
s.c. and intradermal routes are highly used to target peripheral
DC [52]. For instance, small-sized particles (<100 nm) preferentially follow the cell transport-independent passive pathway
[101,102]. These carriers can cross biological barriers being drained
through the lymphatic system to reach the LN within 2–3 h postinjection, thus interacting favorably with LN-resident APC
[101,102]. However, very small NP (<20 nm) can bypass the LN
being rapidly eliminated [103]. A pathway dependent on cell transport will be preferentially followed by larger particles. Carriers
with mean diameters higher than 500 nm will remain at the injection site, being captured and transported to LN by peripheral
macrophages, as well as Langerhans and dermal immature DC,
around 18 h post-injection [104]. NP within the range of 100–
500 nm will be delivered to T-cell-rich areas by both LN-resident
or peripheral DC through both cell transport-independent and
dependent routes, respectively [47,101].
Only matured DC can present antigens complexed with MHC
molecules to T cell receptors (TCR) to induce antigen-specific
immune responses. However, despite the great ability to present
antigens to T cells, matured DC present lower phagocytic ability
when compared to immature sentinels. Accordingly, s.c. or intradermal routes may be preferential for cancer nanovaccines, as DC
that patrol the peripheral tissues (e.g., skin and mucosal barriers)

3.2.1.2. Surface charge. Surface charge and hydrophobicity are also
key parameters that have a major impact on NP internalization by
APC, being a matter of consideration when designing
nanotechnology-based cancer vaccines. Positively-charged particles present the highest cellular internalization proficiency by
establishing electrostatic interactions with negatively charged cell
membranes, when compared to carriers with a negative or neutral
surface. Accordingly, endosomal membranes are destabilized by
these cationic charges, thus promoting NP endolysosomal escape
[69,111,112]. Despite these promising features, hypersensitivity
and cellular toxic events have been reported following the administration of positively charged carriers due to the induction of: i)
metabolic and integrity disturbance due to conformational
changes (local fluidity) on cell membranes [113], and ii) aggregation in serum, thus forming a ‘‘protein corona”, especially post i.
v. injections [113,114].
In contrast to cationic NP, neutral and negatively-charged NP
present prolonged circulation lifetimes and enhanced biocompatibility, as they poorly interact with the proteins of the biological fluids, being less vulnerable to clearance by the reticuloendothelial
system (RES) [115]. However, the interaction of anionic particles
with the lipid bilayer of cell membranes may induce local gelation
toxicity, also destabilizing the normal metabolism of cells [113].
Accordingly, looking at the application of NP as vaccine delivery
systems, neutral or charged particles coating with hydrophilic moieties (e.g., PEG non-ionic polymer) are desirable to improve their
biocompatibility, in vivo half-life circulation and capacity to reach
the LN before clearance [116]. Although internalized in a lower
extent that the positively charged NP, the neutral surface charge
help to avoid an extensive internalization of the nanovaccine by
macrophages. The neutral NP were also shown to promote greater
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Table 1
Summary of cancer nanovaccines in clinical development.
Clinical
trial
stage

Proprietary
name

Delivery
system
composition

Active Molecules

Cancer type

Sponsor

NCT number

Status

Outcome

Phase 1

PDS0101

Liposomal

Six HPV-16 E6 and E7 peptides

Cervical
intraepithelial
neoplasia
Ovarian, fallopian,
or peritoneal
cancer

PDS
Biotechnology
Corp.
ImmunoVaccine
Technologies,
Inc. (IMV Inc.)

NCT02065973

Completed

Positive

NCT03332576

Ongoing

NCT01416038
NCT02785250

Completed
Ongoing

NCT01095848

Completed

Active,
not
recruiting
Positive
Active,
not
recruiting
Positive

Dana-Farber
Cancer Institute

NCT02865135

Ongoing

Active,
not
recruiting

GlaxoSmithKline

NCT00140738

Completed

Positive

Lipotek Pty Ltd

NCT01052142

Completed

Negative

Merck KGaA

NCT00828009

Ongoing

NCT01462513
NCT01507103
NCT01496131
NCT01094548
NCT03029403
NCT02323230

Completed
Completed
Completed
Completed
Ongoing
Ongoing

NCT03349450
NCT00952692

Ongoing
Completed

Active,
not
recruiting
Unknown
Unknown
Unknown
Unknown
Recruiting
Active,
not
recruiting
Recruiting
Positive

DPX-Survivac

Surviving peptide and an adjuvant

Ovarian cancer

DPX-0907

7 tumor-specific HLA-A2-restricted
peptides, a universal T helper peptide
and a polynucleotide adjuvant
E7 peptide of the HPV-16 protein

DPX-E7

dHER2 + AS15

Phase 2

LipovaxinMM
Tecemotide
(L-BLP25)

DC-targeted
liposome
Liposomal

Truncated HER2 protein in combined
with the immunological liposomal
AS15 adjuvant (MPLA and QS21)
Melanoma antigens
MUC1 antigen

DPX-Survivac

Liposomal

Surviving peptide and an adjuvant

dHER2 + AS15

Liposomal

Truncated HER2 protein in combined
with the immunological liposomal
AS15 adjuvant (MPLA and QS21)

Ovarian, breast and
prostate cancer
HPV-16-related
oropharyngeal,
cervical, and anal
cancer
HER2-positive
metastatic breast
cancer
Malignant
melanoma
Non-small-cell
lung cancer
CRC
Rectal cancer
Prostate cancer
Myeloma
Ovarian cancer
Lymphoma

HER2-positive
metastatic breast
cancer

ImmunoVaccine
Technologies,
Inc. (IMV Inc.)

GlaxoSmithKline

Abbreviations: CRC: colorectal cancer; DC: dendritic cell; HER2: human epidermal growth factor receptor 2; HLA: Human leukocyte antigen; HPV: human papillomavirus;
MPLA: monophosphoryl lipid A; MUC1: Mucin 1.

Th1-directed immune responses. According to their low ability to
travel throughout the lymphatic system, rigid dimethyldioctadecylammonium (DDA)-based liposomes seemed to be highly retained
at the site of injection as a depot, when compared to fluid
dimethyldioleoylammonium (DODA)-based liposomes, resulting
in a continuous APC attraction, subsequent activation with upregulation of CD40/CD86 co-stimulatory molecules, and overall
enhanced Th1-based immunity [123]. Other studies also reported
a lower internalization of soft carriers by cells compared to rigid
carriers [124,125]. Sun and co-workers [126] prepared hybrid NP
with different rigidity degrees by changing the water content
between the PLGA core and lipid–PEG shell using a microfluidic
chip. The authors concluded that rigid (‘‘hard”) NP, with lower
water amount among polymeric and lipid counterparts, are less
malleable and more energetically friendly for internalization by
HeLa and human umbilical vein endothelial cells (HUVEC) than
flexible (‘‘soft”) NP [125,126]. Although the ability of ‘‘soft” PEGbased hydrogel NP to improve the circulation time, organ accumulation and targeting in vivo, lower internalization levels by J774
macrophages, bEnd.3 brain endothelial cells, and 4T1 epithelial
breast tumor cells were obtained in vitro [124].

delivery efficiency to tumors, which can be a valuable tool to enable
the modulation of immune cell function within the TME [117].
3.2.1.3. Morphology and rigidity. Particle morphology and rigidity
can have a major impact on the biodistribution, uptake by APC
and lymphatic trafficking of these carriers, affecting antigenpresenting pathways and therefore the nature of triggered immune
responses. The lower curvature radius of spherical particles and
the minimal membrane bending energy barrier that they need to
overcome compared to non-spherical counterparts (cubic, rod
and disk-like shaped NP) have been reported to enhance the cellular internalization rate, according to large scale molecular dissipative particle dynamics simulations [118,119]. Venkataraman et al.
[120] concluded that spherical-shaped carriers presented
decreased clearance and improved circulation half-life, when compared to non-spherical particles. Shukla et al. [121] also reported a
lower internalization by APC and less efficient LN transport for rodshaped VLP, than those presented by spherical counterparts. In
addition, stronger in vivo Th1 and Th2 immunities were generated
when OVA-loaded spherical NP were used, compared to rodshaped particles entrapping this antigen [122].
Concerning the rigidity parameter, several studies have
reported that hard or rigid particles improve immune cell uptake,
antigen presentation and immune cell activation [123–125]. Christensen et al. [123] developed solid ordered (rigid) and fluid disordered (soft) phase liposomes and compared their ability to trigger

3.2.1.4. Contamination, impurities, and endotoxin levels. One of the
most challenging tasks faced by vaccine developers in general,
and particularly those focused on new engineered nanomedicines,
is the selection of materials and production methodologies ade155
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DC express TLR9, while in human it is exclusively expressed by
pDC [139]. Also, CD209/DC-specific intercellular adhesion
molecule-3-grabbing non-integrin (DC-SIGN) receptor is expressed
on mouse Langerhans cells, but not by human counterparts [140]
present high levels of DC-SIGN.
The design of NP with appropriated physical and chemically
structured features and the choice of a ligand suitable to target
these PRR on the surface of a particular DC subpopulation have
been an outstanding approach explored to guide the targeted
delivery of antigens and adjuvants to DC subpopulations, while
controlling the nature of the induced immune response. [141]. Different strategies for the active targeting of immune cells using, for
example, peptides, proteins, antibodies or antibody fragments, glycolipids and carbohydrates are summarized on Table 2.

quate to meet safety guideline requirements in order to ultimately
avoid serious risks for human health. Impurities derived from byproducts generated during particle synthesis or by endotoxin contamination have been reported to affect the biological effect of
nanosystems and trigger inflammatory effects [127,128]. In particular, endotoxins are abundantly presented in raw and glassware
materials used in laboratories during the preparation of nanomaterials [128]. Endotoxin contaminants within NP formulations may
trigger cytokine storms due to an exacerbated and uncontrolled
activation of the immune system, ultimately leading to severe
toxic events [129]. The Gram-negative endotoxin or lipopolysaccharide (LPS) is a regular contaminant of biomaterials and surfactants used in the formulation of NP, being a potent inducer of DC
maturation, cytokine priming, inflammation, and cell death [130].
Accordingly, it is imperative to work with endotoxin-free conditions by using endotoxin-free biomaterials and surfactants and
depyrogenated glassware materials during the formulation of
nanoparticulate vaccines [130]. Since the depyrogenation methods
are commonly found to change the psychochemical and biological
features of nanomedicines, vaccine developers must undertake a
restrict quality control of endotoxin levels to ensure that nontoxic effects will occur following the administration of new
nano-based systems [128,131].

3.3. Combinational nanovaccine-based strategies
Growing evidence has placed synergistic combinatorial strategies as the answer for treating at multiple levels immuneassociated diseases, namely cancer. In fact, to successfully treat
cancer, therapeutic nanovaccines need to overcome several
immunosuppressive mechanisms, including immunological tolerance and ignorance, and the high mutation load of tumor cells
[150].
By themselves, vaccines can induce effective T cell responses
against cancer cells. However, in most of the cases, the durability
of the produced immune response has not been sufficient to eradicate all the tumor cells. To reach the full potential of cancer vaccines, different combinational vaccine-based approaches include
their combination with other immune modulators (e.g., anti-PD-1
(anti-PD-L1, or IL-2), or with other therapeutic agents (e.g., radiotherapy, or chemotherapy) [50].
Min et al. [151] reported an improved immunotherapeutic
approach based on the combination of an anti-PD-1 therapy with
antigen-capturing NP in a syngeneic mouse model of melanoma.
These NP were capable of delivering tumor-specific proteins to
APC, where the protein antigens captured by each NP formulation
were highly dependent on the NP surface characteristics (see
Table 3.).
Conniot et al. [69] reported that the combination of DC-targeted
mannosylated nanovaccines containing melanoma-associated
antigens and adjuvants, with a Bruton Tyrosine Kinase (BTK) inhibitor (ibrutinib), an anti-PD-1 monoclonal antibody (mAb) for
immunosuppression blockade, and an anti-OX40 mAb (aOX40)
for effector T-cell stimulation, expansion, and survival, successfully
enabled a remarkable cancer remission in melanoma-bearing
mouse, and prolonged survival under prophylactic and therapeutic
regimens. This study has shown that the NP surface modification
by mannose was required for this strong anti-tumor effect in such
low immunogenic melanoma models.
He et al. [152] developed core–shell NP loaded with oxaliplatin
and pyrolipid, a photosensitizer pyropheophorbide-lipid conjugate, for chemo and photodynamic therapies. They reported the
synergistic effect caused by the combination of these NP with
anti-PD-L1 immunotherapy in MC38 and CT26 CRC mouse models.
The combinational approach mediated the regression of primary
tumors following the induction of a strong tumor-specific immune
response.
More recently, nanovaccines are being developed based on biomimetic strategies for personalized anti-cancer combinational
therapies [153]. Kuai et al. [66], showed the anti-tumor efficacy
of high-density lipoprotein nanodiscs loaded with a neoantigen
and CpG, combined with anti-PD-1 and anti-CTLA-4 therapies.
The nanodiscs enhanced the delivery of the neoatigen to the draining LN, stimulating the antigen presentation to APC. This combination induced effective cytotoxic T-cell responses, successfully

3.2.1.5. NP surface functionalization for immune cell targeting. To
potentiate stronger adaptive immune responses, cancer nanovaccines must be rationally designed to be extensively internalized by
DC, the most specialized cells in delivering and presenting the
tumor antigens to T-cells within the lymphatic tissues. The internalization of antigen-loaded NP depends on carrier physicochemical properties, as discussed above, but distinct receptors have been
found on the surface of different subsets of human DC, also presenting a different distribution pattern across the organs, which
can be explored to guide the delivery of DC-targeted NP, and
thereby unlock the full potential of cancer vaccination.
Accordingly, the expression of different PRR (e.g., TLR, C-type
lectin receptors (CLR), and mannose receptors) have been reported
among the different classes of the most professional APC. The two
major classes of mouse and human DC are pDC and myeloid DC
(mDC) [132]. At the one hand, pDC (shared by both human and
murine) are inductors of innate immune responses and express
TLR7/9, Fc receptors (FcR)II, blood DC antigen-2 (BDCA-2) and DC
immunoreceptor (DCIR) CLR [133,134]. On the other hand, mDC
is considered the major APC, and can be divided in CD8+/BDCA3+
(CD141+) and CD8-/BDCA1+ (CD1c+) mouse/human subsets, respectively [135]. In contrast to CD8- mDC that express the DCIR2 CLR
skilled for MHC class II-mediated antigen presentation and CD4+
T-cell stimulation, high levels of DEC-205 and DC natural killer lectin group receptor-1 (DNGR1; human Clec9A) CLR involved on
CD8+ T-cell priming through MHC class I-mediated crosspresentation are expressed by CD8+ mDC [135]. Otherwise, both
human BDCA3+ (CD141+) and BDCA1+ (CD1c+) mDC are highly proficient in (cross-)presenting antigen by both MHC class I and class
II pathways [132,136]. Cohn and co-authors demonstrated that
both human BDCA3+ (CD141+) and BDCA1+ (CD1c+) mDC shown
great MHC class I-mediated cross-presentation ability when antigen was delivered to late endosomes and lysosomes through
DEC-205, and to early endosomes through CD40 or CD11c receptors, respectively [137,138].
Skin subsets, such as epidermal Langerhans cells and dermal
(CD14+ DC and CD1a+ myeloid) DC also express other CLR, langerin
and DC-SIGN, respectively [135]. Among mDC, TLR3 and TLR7 are
exclusively expressed by CD8+ and CD8-, respectively [135].
Although mouse and human DC subsets commonly express the
majority of CLR and TLR, some dissimilarities that impact the
design of nanovaccines are also found. Accordingly, all murine
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Table 2
Surface-modified nanovaccines for active targeting of dendritic cells (DC) against cancer.
Class of targeting
moiety

Targeting moiety

Molecular
receptor/target

Cell
target

Delivery system
composition

Active molecules

Peptide

a-helical peptide
FAEKFKEAVKDYFAKFWDNH2
(a-peptide)
Mannose

SR-B1

mDC

Phospholipid monolayer
shell based

Ag: OVA and gp100
Adj: CpG

 E.G7-OVA syngeneic s.c. lymphoma model
 B16-F10 syngeneic s.c. melanoma model

[142]

CD206/MR

DC

PEGylated PLGA-PCL NP

Ag: Melan-A/MART-1 and gp100
Adj: CpG and Poly(I:C)
Ag: Melan-A/MART-1 and gp100
Adj: CpG and MPLA
Ag: HER2 and HA peptides
Adj: Pam3CAG, Pam2CAG and
Pam2CGD
Ag: p-AH1-A5
Adj: CpG, 20 30 cGAMP, and 50 pppdsRNA
Ag: OVA

 B16-F10 syngeneic s.c. melanoma model

[143]

 B16-F10, Ret and Ret-mCherry-sorted
syngeneic s.c. melanoma models
 RenCa-lacZ(ErbB2) syngeneic s.c. renal
carcinoma model

[4]

 CT-26(FL3) syngeneic orthotopic CRC model

[145]

 E.G7-OVA syngeneic s.c. lymphoma model

[146]

 B16-F10 syngeneic s.c. melanoma model

[147]

PLA-PLGA NP
Liposome

157
Glycolipid

Antibodies

a/b-Galactose-DLPE
aGalCer

Macrophage galactose-type
CLR
CD1

DC

Anti-CD11c

CD11c

DC/
NKT
DC

Anti-CD40

CD40

DC

Lipid
calcium phosphate NP
Liposomes
PEGylated lipid-PLGA NP
Liposomes-coated gold
nanocages
PLGA NP

c-PGA NP

Ag: Melan-A/MART-1 and gp100
Adj: CpG and MPLA
Ag: Trp-2
Adj: MPLA
Ag: OVA
Adj: Pam3CSK4 and Poly(I:C)
–

Tumor models

Ref

[144]

[58]
 B16-F10 syngeneic s.c. melanoma model
and B16-F10 i.v. melanoma lung metastatic
model
 B16-OVA syngeneic and transgenic s.c.
[148]
melanoma models
 MB49 syngeneic s.c. bladder cancer model
[149]
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Abbreviations: Adj: adjuvant; Ag: antigen; CLR: C-type lectin receptor; CpG: cytosine-phosphate-guanine; CRC: colorectal cancer; DC: dendritic cell; DC-SIGN: dendritic cell-specific ICAM-3-grabbing nonintegrin; DLPE; 1,2didodecanoyl-sn-glycero-3-phosphoethanolamine; GalCer: galactosylceramide; HA: haemagglutinin; HER2: human epidermal growth factor receptor 2; LPS: lipopolysaccharide; MART-1: melanoma antigen recognized by T-cells
1; mDC: mature dendritic cell; MPLA: monophosphoryl lipid A; MR: mannose receptor; NKT: natural killer T-cells; OVA: ovalbumin; PCL: poly(e-caprolactone); PEG: Polyethylene glycol; PGA: poly(glycolic acid) PLA: Poly(lactic
acid); PLGA: poly(lactic-co-glycolic acid); Poly(I:C): Polyinosinic:polycytidylic acid; SR-B1: scavenger receptor class B1; TRP-2: tyrosinase-related protein-2.
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immunotherapeutic systems, disappointing results have been
reported in clinical trials. This may be explained by the poor correlation between the conventional preclinical cancer models and
human cancer biology and immunology.
Preclinical cancer models are essential tools for the translation
of cancer therapies from bench to clinical application. Before
reaching human experimentation, the regulatory authorities
require the demonstration of immunotherapies safety and efficacy
in relevant preclinical cancer models. These have been crucial to
address the impact of the appropriate routes of administration,
as well as adjuvants, nanocarrier properties, dose, and schedule
of therapeutics on host biological response. However, the average

eradicating previously established B16-F10 and MC38 tumors.
Zhang and colleagues [154] produced a magnetic nanocluster
coated with leucocyte membrane antigens, being also decorated
with OVA peptide and anti-CD28 co-stimulatory molecule. This
magnetic artificial APC induced CD8+ T-cell expression, causing
tumor reduction.

4. Preclinical models in cancer nanotechnology-based vaccine
development: Current challenges
Despite the outstanding results of preclinical studies exploring
cancer vaccines, both alone and in combination with other

Table 3
Nanovaccines used in combinatorial strategies for cancer immunotherapy.
Target

Nanosystem

Combinatorial strategy

Tumor model

Ref

TME

Core-shell NP

Anti-PD-L1 plus photodynamic therapy
(photosensitizer pyrolipid) plus oxaliplatin

[152]

Zn-pyrophosphate NP
Gold nanostars

Anti-PD-1 plus photodynamic therapy
(photosensitizer pyrolipid)
Anti-PD-L1 plus laser irradiation

Gold NP

CpG plus photothermal therapy

PEG-grafted poly(maleic anhydride-alt-1octadecene)-modified up conversion NP
Gold nanorods

Lipid NP

PD-L1 trap plus oxaliplatin

Silica NP

Indoximod plus oxaliplatin

Liposomal NP gels

TGF-b inhibitor plus IL-2

Nanodisc

Neoantigen peptide and CpG plus anti-PD-1 and
anti-CTLA-4

PLGA NP

PLGA NP

Cancer cell membrane and CpG plus anti-PD-1
and anti-CTLA-4
Neoatigen (Adpgk) plus anti-PD-1 and anti-CTLA4
Listeriolysin O peptide plus anti-PD-1 and antiCTLA-4
Tumor-derived protein antigens plus anti-PD-1

Lipid NP

MUC1 antigen plus anti-CTLA-4

DNA-RNA nanocapsules
Nanoscale coordination polymer

Neoantigen (Adpgk) plus CpG plus shRNASTAT3
OVA plus anti-PD-1

PLGA NP

Tumor-derived protein antigens released during
radiotherapy plus anti-PD-1

Liposome

Dying tumor cell modified with hyaluronic acid
and CpG plus anti-PD-1

TAM

Gold NP

Vasculature

Thiolated glycol Cs

M2 macrophage-targeted peptide plus RNAi antiVEGF
siRNA against VEGF plus Doxorubicin

Gold NP

RGD (Arg-Gly-Asp) peptide plus X-ray irradiation

Tumor stroma-targeted nanovehicle

FH peptide plus doxorubicin

H22 syngeneic s.c. hepatic
carcinoma model
KPC-RFP/luc syngeneic orthotopic
pancreatic cancer model
CT26 syngeneic orthotopic CRC
model
CT26-FL3 syngeneic orthotopic CRC
model
KPC syngeneic orthotopic
pancreatic cancer model
B16 syngeneic s.c. melanoma
model
B16-OVA syngeneic s.c. melanoma
model;
MC38 syngeneic s.c. CRC model
B16-F10 syngeneic s.c. melanoma
model
B16-F10 syngeneic s.c. melanoma
model
B16-F10 and B16-OVA syngeneic s.
c. melanoma models
B16-F10 syngeneic s.c. melanoma
model
4T1 syngeneic orthotopic breast
cancer model
MC38 syngeneic s.c. CRC model
B16-OVA syngeneic s.c. melanoma
model
B16-F10 syngeneic s.c. melanoma
model;
4T1 syngeneic orthotopic breast
cancer model
B16OVA syngeneic s.c. melanoma
model;
CT26 syngeneic s.c. CRC model
A549-Luc xenograft orthotopic lung
adenocarcinoma model
PC3 xenograft s.c. prostate cancer
model
Panc-1 xenograft s.c. pancreatic
cancer model
Hep G2 xenograft s.c.
hepatocellular carcinoma model

[159]

Lipid NP

TLR7 agonist (imiquimod) plus anti-CTLA-4 plus
photothermal therapy and surgery
CpG-ODN plus doxorubicin plus photothermal
therapy
CXCL12 and PD-L1 Trap

MC38 and CT26 syngeneic s.c. CRC
model;
HT29 xenograft s.c. CRC model
4T1 syngeneic orthotopic breast
cancer model
MB49 syngeneic s.c. bladder
carcinoma model
EG7-OVA syngeneic s.c. lymphoma
model
CT26 syngeneic s.c. CRC model

APC

Nanodisc
Gold NP

APC & TME

CAF

[155]
[156]
[157]
[158]

[160,161]

[162]
[163]
[164]
[66]

[165]
[166]
[167]
[168]
[169]
[170]
[171]
[168]

[172]

[173]
[174]
[175]
[176]

Abbreviations: APC: antigen presenting cell; CAF: cancer-associated fibroblast; CpG: cytosine-phosphate-guanine; CpG-ODN: cytosine-phosphate-guanine oligodeoxynucleotides; CRC: Colorectal cancer; Cs: chitosan; CTLA-4: cytotoxic T-lymphocyte-associated protein 4; IL: interleukin; MUC1: mucin 1; NP: nanoparticle; OVA: ovalbumin;
PD-1: programmed cell death 1; PD-L1: programmed death-ligand 1; PEG: polyethylene glycol; PLGA: poly(lactic-co-glycolic acid); s.c.: subcutaneous; siRNA: small
interfering RNA; TAM: tumor-associated macrophage; TGF-b: transforming growth factor beta; TLR: Toll-like receptor; TME: tumor microenvironment.
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example to better characterize the mechanisms of action of the
immunotherapeutic agent thus increasing the success of clinical
studies.
In this regard, ex vivo 3D models offer a valid and robust tool to
validate the efficacy of tumor vaccines.
The variety of tumor antigens expressed in 3D tumors and associated stroma, compared to 2D cell cultures, increase the chances
of DC antigen recognition in the tumor site, and therefore provide
a wider therapeutic prospective. 3D spheroids of patient-derived
cell suspension is a simple platform useful to identify and screen
the major tumor antigens responsible for activating DC-mediated
immunological response [193,194]. In glioblastoma, the expression
of adhesion molecules and stemness markers, enriched in 3D cultures, were shown to reduce the cytotoxic potential of T-cells, by
lowering the IFN-c secretion and granzyme B [194]. This is an
important finding while developing cancer vaccine-based
approaches against this devastating disease.
Moreover, the coordinated integration of tumor cells and the
immune system in a microfluidic system, recreated interconnected
3D spaces and revealed whereby DC can approach dying cancer
cells for antigen intake and subsequently present them to T cells.
Autologous DC-based vaccines are produced from the ex vivo
differentiation of patients’ monocytes to DC, subsequently activated with TAA (whole tumor lysates, recombinant proteins or
peptides) through TLR danger stimuli [195]. Interferon activated
patient-derived DC (IFN-DC) exposed to cancer cells treated with
histone deacetylase and DNA methyltransferase inhibitors have
been shown to have a superior ability to reach the tumor compartment, enhanced uptake of antigens released by dying cancer cells,
and further presentation to CD4+ T helper and CD8+ cytotoxic T
cells. IFN-DC not only migrated preferentially towards treated
tumor cells, but also acquired ‘‘amoeboid-like” motility that significantly arrested along with antigen internalization [196]. In a clinical study, a IFN-DC cancer vaccine synergized with decarbazinetreated melanoma, and evoked in situ anti-tumor immunity upon
antigen presentation accomplishment [197]. Of note, CXCR4/
CCL12 axis activation was found to predominantly guide IFN-DC
migration towards CRC cells treated with romidepsin and IFNa2b in combination [196].
Nevertheless, additional challenges are encountered following
successful DC infiltration into tumor and antigen presentation

rate of the successful translation of immunotherapies from animal
models to clinical cancer trials is less than 10% [181].
For a better understanding of the efficacy and safety of emerging cancer immunotherapies, multiple preclinical models that
mimic more closely the human tumor development and its complex TME, but also the human immune system, are highly desired.
Examples include in vitro 2D models, ex vivo 3D platforms and
in vivo models (Fig. 2). Although traditional in vitro 2D (monolayers) cancer models have provided important tools for cancer
research, these simple models can only be considered as low-cost
screening platforms for immunotherapeutic systems, and as precursors to their in vivo evaluation [182]. Indeed, in vitro 2D models
lack important tumor constituents that are essential for the evaluation of cancer vaccines, namely, the complexity of the TME in
terms of the cell diversity (tumor cells, immune cells, stromal cells
and extracellular matrix), the interaction between those cells, as
well as their spatial distribution within the TME, but also vascularization (circulatory and lymphatic systems) and important architectural features [183,184].
4.1. Advanced ex vivo models to characterize nanovaccine effect on
immune cell function.
Previous studies described the quintessence of the third dimension in vitro and ex vivo investigation, as 3D models better reflect
the activation status and the confinement of immune cells (motile
cells) found within the tumor milieu in vivo, as opposed to 2D cultures, where tumor cells, immune cells and components of the
tumor stroma can interact with each other [185–187]. The latest
advances in cell biology and bioengineering enabled the development of a variety of ex vivo 3D platforms (including microfluidic,
organs-on-a-chip [188], organoids [189,190], multicellular tumor
spheroids [184,189]) to study the complexity of the interactions
established between tumor cells and TME, with the ambition of
identifying new major targets and predicting the clinical outcome
of potential immunological approaches [191,192].
These models have been successfully used as ‘‘pre-in vivo models”, by screening potential immunotherapeutic candidates (alone
or in combination). However, these 3D ex vivo approaches can be
run in parallel with in vivo studies for instance to evaluate the
reproducibility of the results, but also after in vivo studies, for

Fig. 2. Common preclinical models used in immunotherapy development. In vitro 2D cell culture, ex vivo 3D models (spheroid and organoid), and mouse models are
evaluated for their relative benefits and limitations, namely cost, time, easy handling, tumor heterogeneity and tumor-stroma interactions. The highest score is represented in
green (four check marks), while the lowest is represented by one red check mark. (For interpretation of the references to colour in this figure legend, the reader is referred to
the web version of this article.)
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important to highlight that, depending on the mouse strain chosen
to conduct the in vivo studies, different therapeutic outcomes can
be obtained. Indeed, due to their extensive application for studies
on immunoregulation in different disease models, the most commonly used mouse strains have been classified based on the type
of T-cell response: while C57BL/6, DBA/2, AKR and CBA mouse
strains preferentially develop Th1 immune response, thus encompassing the favored induction of cellular immunity, the BALB/c,
BP2 and A/J mice lean toward Th2-dominated immune responses
and therefore preferentially directed towards humoral immunity
[216–218]. Since T cells are the main cells involved in the antitumor immune response, the most suitable mouse strains for cancer nanovaccine’s safety and efficacy assessment is the prototypical Th1-type ones, namely C57BL/6, being in fact the most
common mouse strains used in biomedical research [219].
For the reasons present above, syngeneic tumor models are considered good proof-of-concept preclinical models to evaluate the
effectiveness of cancer nanovaccines or to elucidate their mechanism of actions [220], especially when preclinical studies require
large group numbers.
Syngeneic models can be generated by the s.c and orthotopic
injections of murine tumor cells for tumor development and spontaneous metastasis, but also following the i.v (e.g., tail vein and
portal vein injections) and intracardiac injection of tumor cells
for experimental metastasis models. Cancer mouse models developed with the s.c. inoculation of tumor cells present a fairly good
experimental reproducibility, being the tumor volume easily monitored [213,214]. This technique has been employed to generate
most of the preclinical cancer mouse models used for the evaluation of the anti-tumor effect of different cancer nanovaccines
(alone or in combination anti-cancer therapies), in several cancer
types, such as bladder carcinoma [156,221], breast cancer
[222,223], cervical cancer [53,59,224], colorectal cancer
[59,158,172,225], hepatocellular carcinoma [226 227], lymphoma
[157,228–232 233,234], lung cancer [231,235], melanoma
[4,53,66,143,168,224,235–237], ovarian cancer [238], pancreatic
carcinoma [239], and prostate cancer [240] (Table 4).
Despite the widespread use, the syngeneic s.c. tumor mouse
models do not fully mimic human malignancies since tumor cells
do not grow in the appropriate anatomical site [241]. As a result,
those tumor models lack the organ-specific physiology features
of the tumor (architecture, growth rate and vascularization)
[242], and do not mimic the tissue-specific recruitment of immune
system components [241,243], which affects the tumor sensitivity
to vaccination. Additionally, these tumor models also lack the
organ-specific microbiome. The latter is defined as the aggregate
of genomes from all microorganisms in the body [244] and changes
according to the anatomic site [245]. Thus, the tumor development
in an unappropriated anatomical site affects the natural anti-tumor
immune response [246], but also the immunity to vaccination.
In contrast, syngeneic orthotopic models result from the injection of murine tumor cells in the specific anatomic site. Several
preclinical cancer immunotherapy studies have been performed
in syngeneic s.c. orthotopic models mimicking bladder carcinoma
(intravesical tumor implantation) [247,248], breast cancer (injection into mammary adipose tissue) [168,225,249–252], CRC (injection into the cecum) [253,254], glioblastoma (intracranial
injection) [255–257], hepatocellular carcinoma (subcapsular
implantation) [258–262], renal cancer (injection into the kidney)
[263,264], lung cancer (direct injection into the lungs or instillation
into the trachea) [265,266] and pancreatic cancer (intrapancreatic
injection) [267] (Table 4).
Although syngeneic orthotopic mouse models have attempted
to overcome the limitations presented by the previous mouse
models, cancer cell lines used for the development of these orthotopic mouse models are poorly differentiated, multiply very

[198]. DC dysfunction and defective antigen presentation characterized a subset of CD14+ DC responsible for attenuating the antitumor efficacy of CD8+ T-cells. In skin melanoma organoids
(SMO), normal immunostimulatory cDC2 (CD1c+CD14) were
transformed into CD14+ DC, M2-like macrophages and PD-L1
expressing DC. The administration of anti-IL-6 and anti-PGE2
(but not CCL2) neutralizing antibodies induced changes in DC activation, towards a diminished immunosuppressive phenotype,
resulting in an enlarged proliferation of T-cells. Therefore, the
preparation of the adequate DC vaccines showed to be instrumental for achieving immunological response in the TME under the
influence of tumor-induced events [187].
4.2. Available models of cancer disease for nanovaccine evaluation
Despite the important information that can be obtained from
2D and 3D models, animal models have been essential to elucidate
more complex questions concerning the safety and efficacy of the
emerging cancer vaccines. These systems have been crucial to
understand the biodistribution profile and cellular accumulation
of nanosystems, and thereby avoid unexpected side effects during
clinical development. In addition, animal models are also important screening tools to select other central factors that need to be
considered before reaching human clinical trials, namely the
administration route and volume, dosing methodology, and treatment schedule, among others [199].
Over the last decades, great efforts have been made to develop
reliable animal models that mimic closely the anatomical histology
and heterogeneity of human tumors, including their characteristic
genetic features. The choice of the animal model is crucial for cancer vaccine studies, since only animals with a complete immune
system can mimic human responses to vaccination or associated
immune modulation, and thus, anticipate the clinical outcome of
those potential anticancer approaches [8].
Diverse animal models are currently available to study cancer
immunotherapeutic agents, which range from rodents (murine
[9,10] and rat [200]), to large animal models as canine [201–
204], porcine [205,206], and non-human primate models
[207,208]. Although non-human primates are the animal model
closest to humans (in terms of genetics, immunology, and physiology), their use raises several ethical concerns [209,210], in addition
to their high costs, expensive maintenance, and limited source
[211]. As an alternative, murine models have been the most commonly used preclinical tools for immune-oncology studies, mainly
due to their low cost, ease of housing, short reproductive cycle,
high reproducibility, ease of genetic modification, and good characterization of each mouse strain in terms of genetic profile, and
tumor development and immune cell infiltration [9,10].
Murine tumor models extensively used for cancer development
can be generally classified as autochtonous (spontaneous) and
non-autochtonous (transplantable). The first group include
genetically-engineered mouse models (GEMM), while the second
group can be subdivided in syngeneic mouse models or xenograft
mouse models (cell line-derived or patient-derived) (Fig. 3).
The syngeneic tumor models result from the inoculation of
in vitro cultured murine tumor cells in immunocompetent mice
(with the same genetic background) of different strains, such as
C57BL/6, BALB/c, BP2, A/J, DBA/2, AKR, and CBA [9,212]. These
tumor models are easily and rapidly established (within few
weeks), easily handled, less expensive than their immunodeficient
and genetically engineered counterparts, and have been revealing
relatively consistent results for the evaluation of cancer nanovaccine safety, efficacy, pharmacokinetics and pharmacodynamics
[213,214]. In addition, syngeneic tumor models have the immune
cell system complete, comprising the function of the different subpopulation of cells largely intact and characterized [215]. It is
160

Advanced Drug Delivery Reviews 172 (2021) 148–182

C. Peres, A.I. Matos, Liane I.F. Moura et al.

Fig. 3. Preclinical mouse models for immune-oncology. (A) Syngeneic tumor models result from the inoculation of murine tumor cell lines in immunocompetent mice
(subcutaneous, orthotopic, intravenous or intracardiac). (B) Genetically engineered mouse models (GEMM) incorporate tissue-specific expression of oncogenes or tissuespecific deletion of tumor suppressors, which drives spontaneous tumor cell growth in immunocompetent mice. (C) Cell line-derived xenograft and (D) patient-derived
xenograft (PDX) result from the transplantation (subcutaneous or orthotopical) of in vitro human immortalized cancer cells or tumor fragments from individual patients,
respectively, in immunodeficient mice.

their albumin/vaccine nanocomplexes (AlbiVax) containing TAA
and tumor-specific neoantigen discovered via exome sequencing
and CpG, alone or in combination with anti-PD-1 mAb, both in primary tumor models and experimental metastatic models. Primary
tumor models were generated by the s.c. inoculation of EL4 cells
(lymphoma), EG7.OVA cells (lymphoma), B16-F10 cells (melanoma), or MC38 cells (colorectal cancer) on the shoulder of
female C57BL/6 mice, while lung metastatic melanoma model
was generated by the i.v. injection of B16-F10-fLuc or MC38 cells.
The in vivo studies revealed the ability of albumin/AlbiVax to
specifically inhibit the progression of established primary or meta-

rapidly, and are inoculated into healthy organs, which does not
mimic the natural development of the disease and its complex
microenvironment [9]. Moreover, it has been proved that cancer
cell line injection into the healthy tissues can induce inflammatory
immune responses, which can misrepresent the in vivo efficacy of
the immunotherapeutic agents [268].
In addition to primary tumor mouse models, syngeneic tumor
mouse models can also be generated by intracardiac and i.v. injection of murine tumor cells. These experimental metastatic mouse
models have been used for a small number of cancer vaccine studies. For instance, Zhu et al. [236] assessed the anti-tumor efficacy of

Table 4
Example of syngeneic tumor mouse models for cancer nanovaccine development.
Tumors

Immortalized cell lines

Murine host species

Subcutaneous injection

Bladder carcinoma
Breast cancer

MB49
4T1

C57BL/6
BALB/c
SKG
BALB/c
SKG
C57BL/6
C57BL/6
BALB/c
C57BL/6
BALB/c
C57BL/6
BALB/c
C57BL/6
C57BL/6
C57BL/6
C57BL/6
C57BL/6
C57BL/6

[156,221]
[222]

Cervical cancer
Colorectal cancer
Hepatocellular carcinoma
Lymphoma

Lung cancer
Melanoma
Ovarian cancer
Pancreatic cancer
Prostate cancer

EMT6
TUBO
TC-1
MC38
CT26
Hepa 1–6
H22
E.G7
A20
EL4
LLC
B16-F10
ID8
Panc02
TRAMP-C2

Orthotopical injection

Intravenous injection

[168,169,225,269-271]
[272]

[232]

[222,223]
[272]
[53,59,224]
[53,54,66,236,273]
[59,158,172,225]
[226]
[227]
[157,228-232]
[233,234]
[233]
[231,235]
[4,53,66,143,168,224,235-237]
[238]
[239]
[240]
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boost, around 33% of HER2 transgenic mice were protected.
Despite the low percentage value, it is important to highlight that
none of the control group induced protection.
More impressive results were obtained by Wei et al. [322], who
developed fusion proteins admixed with DC-activating CpG and
evaluated their anti-tumor efficacy in a transgenic BALB-neuT
mice. Indeed, immunized transgenic mice were significantly protected against a subsequent challenge with neu-expressing murine
breast tumor cells, showing a delayed the onset of spontaneous
mammary carcinoma. The transgenic adenocarcinoma of the
mouse prostate (TRAMP) model bears the SV40-Tag oncogene
expression and has been the most widely used and well characterized transgenic models [326], nicely mimicking the human prostate tumor development. Accordingly, it has been used to assess
the efficacy of several immunotherapeutic approaches, such as
the one obtained when anti-CTLA-4 mAb was combined with
tumor cell based-vaccine [302]. TRAMP mice were s.c. immunized
three times (given three days apart) with irradiated tumor cells or
i.p. injected with three doses of anti-CTLA-4 mAb on days 7, 10 and
13 after the treatment initiation. This in vivo study revealed no significant reduction in tumor incidence in TRAMP mice treated with
anti-CTLA-4 mAb, control antibody or the tumor cell-based vaccine
[302]. However, transgenic mice receiving the combination therapy (anti-CTLA-4 mAb plus tumor cell-based vaccine) presented
lower tumor development. Additionally, tumor incidence was even
lower when vaccines were made of tumor cells transduced to
express GM-CSF.
Interestingly, another prostate cancer transgenic mouse model
(HLA-A*0201 transgenic mice) has been applied to assess the
immunogenicity of eight different HLA-A*0201 restricted prostate
cancer peptides co-entrapped with the TLR agonists CpG-ODN
and Poly(I:C) in PLGA microparticles (MP) [327]. Among all prostate cancer peptides, only mice immunized with MP entrapping
the six-transmembrane epithelial antigen of the prostate 1
(STEAP1) (262–270) peptide and TLR agonists induced an effective
CTL priming. In addition of recognizing the STEAP1262–270/HLAA*0201 complexes on human DC, CTL were also able to detect
and lyse targeted cells (both human cells and immortalized cell
lines) in prostate cancer transgenic mouse model. Moreover, this
in vivo study also revealed that MP-based vaccine elicited stronger
immune response against prostate cancer than the well-known
incomplete Freund’s adjuvant [327].
In addition to the spontaneous development, another attractive
feature of GEMM is their ability to incorporate multiple transgenes
or knock-in (KI) genes. The introduction of KI genes is highly
desired namely for the screening of immune checkpoint modulators that only recognize the human form of the immune checkpoint molecules, as well as to assess possible irAE [328,329]. KI
mouse models have also allowed the assessment of cancer vaccine
efficacy alone or in combination with immune checkpoint modulators. For instance, Tanaka et al. [330] developed a multi-epitope
long peptide vaccine and evaluated its prophylactic and therapeutic anti-tumor activity in HLA-A*2402 KI mice s.c. inoculated with
B16F10.A24/SART293–101 tumor cells. These mice were immunized
with three doses of the vaccine alone, given 7-days apart, or in
combination with anti-PD-1/PD-L1 mAb, i.p. administered seven
days after the last immunization. This in vivo study revealed the
ability of the multi-epitope long peptide vaccine to induce multiple
epitope-specific CTL in these KI mice, and the synergistic antitumor effect when combined with immune checkpoint modulators
anti-PD-1/PD-L1.
Although the anatomical location is recapitulated and some disease specific mutations frequently observed in human tumors are
present, GEMM have a relative high cost, require a long time for
the generation of the tumors (latency period) and large colonies
of mice [331], lack of genomic heterogeneity characteristic of the

static tumors. Moreover, the anti-tumor effect was further potentiated when the nanovaccine was combined with anti-PD-1 mAb. As
another example, Li et al. [224] evaluated the anti-tumor efficacy
of a polyethyleneimine (PEI) in a mesoporous silica microrod
(MSR) vaccine entrapping a pool of B16-F10 or CT26 neoantigens,
and CpG, also both in primary and experimental metastatic syngeneic mouse models. Primary tumor models were developed by
the s.c. injections of TC-1 (cervical cancer), B16-F10 and CT26 cell
on the back of the neck of C57BL/6 mice, while lung metastasis
syngeneic mouse model was also generated in C57BL/6 mice by
the i.v. injection of B16-F10 or CT26 tumor cells. The in vivo studies
showed that the cancer vaccine-controlled tumor growth, but also
eradicated established lung metastases.
Taking into consideration the limitations presented by the
transplantable models, spontaneous cancer models have emerged
as an alternative for the preclinical assessment of anticancer
agents. Genetic and biotechnology advances for nearly four decades enabled the development of precise GEMM, carrying specific
aberrations present in human malignancies [274,275]. GEMM can
be generated by different technologies, namely by using i) tissuespecific promoters to drive the expression of an oncogene (e.g.,
simian virus 40 (SV40) large T antigen [276–278]) or oncogenes
related to tumor development (e.g., Kras [279–281], MYC
[282,283], epidermal growth factor receptor (EGFR) [284] and
BRAF V600E [285,286])), or ii) recombinase enzymes, such as
Tet-on/off [281,287,288], tamoxifen-inducible Cre recombinase
[289,290] and clustered regularly interspaced short palindromic
repeats (CRISPR)-Cas9 technology that eliminate tumor suppressor
genes (e.g. TP53 [291–293], adenomatous polyposis coli (APC)
[292,294], and phosphatase and tensin homolog (PTEN))
[291,292,294].
Contrarily to the previous tumor models, tumors in GEMM
develop spontaneously in a tissue-specific manner, which mimic
more closely the natural tumor development and progression,
and therefore also harbor a TME similar to the human malignancies. GEMM have been developed to support the preclinical development of the most common cancer types, such as breast
carcinoma [295–299], prostate cancer [300–304], CRC [305–307],
lung cancer [308–310], pancreatic adenocarcinoma [311–313],
and melanoma [314–316].
This spontaneous development requires longer periods of time
when compared to the development of syngeneic tumor models,
which may not be advantageous when the assay intends, for example the screening of the anti-tumor efficacy of novel drugs and/or
combinational schemes. However, it provides an intact immune
system thereby allowing for the evaluation of potential antitumor effects and the characterization of the mechanisms associated with tumor initiation, progression, and metastasis. This is a
very important aspect while evaluating immunotherapeutic system efficacy and safety, namely cancer vaccines, as it is necessary
to trigger animal immunity, while leaving room for the expansion
of immune cell populations and evaluation of the potential induction of immune-related adverse events (irAE) [317].
For instance, mouse mammary tumor virus (MMTV)-neu/HER2
transgenic mice, which closely mimic the development of human
breast carcinoma [318], have been used to evaluate the efficacy
of the anti-HER2 mAb trastuzumab, alone [319,320] or in combination with anti-PD-1 mAb or anti-4-1BB (CD137) mAb [320]. This
mouse model has also been applied for the evaluation of the
immune-mediated anti-tumor effect obtained using cancer vaccines [321–325]. For instance, Piechocki et al. [321] assessed the
anti-tumor efficacy of their plasmid DNA (encoding full-length
and truncated variants of HER2 gene and GM-CSF) vaccine in a
HER2 transgenic mice model. When immunized with five doses
of plasmid DNA vaccine and challenged with a C57BL/6 thymoma
cell line transfected with pCMV-HER2, two weeks after the last
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in NSG mice and the metastatic behavior of melanoma in patients
treated only with surgery [344], Frankel et al. [345] demonstrated
that the anti-metastatic effect of the combination therapy of
digoxin (cardenolide) and trametinib (MEK inhibitor) observed in
20 patients correlated with the therapeutic effect exhibited by
the respective PDX mice. Campbell et al. [346] also reported a good
correlation between the clinic and the PDX mouse model generated from an oral cavity squamous cell carcinoma-patient. Genomic analysis of tumor samples revealed that in 12 models with
high purity, over 90% of variants were kept in the respective PDX
mice, including the oral cavity squamous cell carcinoma heterogeneity. Moreover, when treated with a mitogen-activated protein
kinase kinase (MAPKK) inhibitor, both patient and PDX model displayed similar responses [346].
More recently, diverse anti-cancer immunotherapy systems
have also been tested in PDX models, such as monoclonal [347–
351] and bispecific [352–355] antibodies, and chimeric antigen
receptor (CAR) T cells [356–360]. These PDX models requires
immunodeficient mice, thus preventing their use for evaluating
the anti-tumor efficacy of immune checkpoint blockade and cancer
vaccines, since an intact immune system is required. Additional
drawbacks of these models include the cost, long latency periods
required upon tumor graft implantation (from 2 to 10 months)
and the variability of tumor development among mice [361]. In
addition, while human tumor cell suspension are inoculated in
these mice, the TME stromal components present a murine
background.

tumor onset, progression, and metastasis [10], and present inherent immunologic differences between mouse and human [332].
Mestas et al. [12] reported an extensive list of discrepancies in both
innate and adaptive immunities of human and mice, including the
balance of leukocyte subsets, TLR, Ig subsets, the B cell and T cell
signaling pathway components, Thy-1, cd T cells, cytokines and
cytokine receptors, Th1/Th2 differentiation, costimulatory molecule expression and function, Ag-presenting function of endothelial cells, and chemokine and chemokine receptor expression
[12]. In addition, contrarily to naturally developing tumors, the
genetic mutations introduced in these mice affect all cells of the
organism, which may alter important pathways involved in the
anti-tumor immune response. Moreover, it has been reported that
tumors developing de novo in those models may induce T-cell
anergy [333,334]. Altogether, these limitations affect the clinical
relevance of these preclinical models for cancer vaccine studies.
From a general point of view, the major limitation of syngeneic
mouse models and GEMM is that they do not permit the engraftment of human tumor cell lines neither, for instance the targeting
of antigens exclusively expressed by human cells by a cancer vaccine. These models fail to mimic the human genomic heterogeneity, as well as immune cell and TME profiling in humans
[332,335], and therefore these mouse models are not the most
suitable for cancer immunotherapy studies.
As an alternative, human xenograft models have been developed and are currently widely used for the assessment of the
anti-tumor effect of cytotoxic drugs and targeted cancer therapies.
These preclinical models result from the transplantation (s.c. or
orthotopical) of human immortalized cancer cells (cell linederived xenografts (CDX)) or fresh tumor fragments from individual patients (patient-derived xenografts (PDX)) in immunodeficient mice to avoid the rejection of the human tumor cells
mediated by the mouse immune system, more precisely by T cells,
B cells, NK cells and macrophages [336–338].
Over the last decades, several PDX models have been developed
in a variety of immunodeficient mice, such as athymic nude (nu)
mice, severely compromised immuno-deficient (SCID) mice, nonobese diabetic (NOD)/SCID mice, NOG mice, or more recently
NOD scid gamma (NSG mice).
Athymic nude mice were the first immunodeficient models
used for human cell transplantation and have been used for multiple studies, including cancer metabolomics, and to test new imaging methods and pharmacological treatments [339–341]. These
mouse models bear an increased activity of NK cell, but do not have
a functional thymus, which leads to a significant decrease in
mature T-cell numbers and thereby to a reduced antigen-specific
T-cell response, as well as to an antibody response limited to the
IgM class [342].
In addition to the lack of T-cell response, SCID strains also lack B
cell-mediated responses, although allowing the evaluation of NK
cell, macrophage, and DC functions [343]. NOD/SCID mice are deficient in T and B cells, and present low activity of NK cells, macrophages, and DC, while NOG mice are deficient in T cells, B cells and
NK cells, harboring a defective innate immunity and lacking cytokine binding. Similarly, NSG mice are also deficient in T cells, B
cells and NK cells, presenting a defective innate immunity, an
impaired cytokine binding and signaling. Due to the high ‘‘degree
of immunodeficiency”, the latter has been the mouse strain of
choice for the development of PDX models following the engraftment of primary tumor cells or tissues.
PDX models have been a useful resource for preclinical trials,
being however mostly limited for testing conventional anticancer
therapies and personalized medicines, some of them demonstrating a good correlation between these mouse human xenograft
models and clinical trials. As an example, and after demonstrating
the correlation between the metastatic behavior of melanoma PDX

4.3. Emerging models of cancer disease suitable for vaccine study
Despite the diversity of mouse models available, as discussed in
the previous sections, none of them totally mimic the heterogeneity and anatomical histology of human TME, or recapitulate the
human immune system, which is prevents reliable predictions
required to advance the translation of immunotherapies under
development from the bench to clinic.
Immunodeficient mice implanted with human tumors (CDX or
PDX) that display an intact humanized immune system have been
developed to overcome these limitations. These sophisticated
mouse models, here defined as humanized xenograft mouse models, are considered the most relevant and translational tools for
immune-oncology preclinical studies, by enabling the interactions
between human cancer, stromal and immune cells [362,363].
To reconstitute the human immune system, immunodeficient
mice (e.g. SCID, NOG or NSG mice) can be successfully engrafted
through a variety of different protocols with human immune cells.
Examples include i) human peripheral blood mononuclear cells
(PBMC); ii) CD34+ hematopoietic stem cells (HSC) isolated from
mobilized peripheral blood stem cells, bone marrow, fetal liver or
umbilical cord blood; or iii) bone marrow, liver and thymus
(BLT); originating, respectively, human peripheral blood lymphocytes (Hu-PBL) models, human CD34+ (Hu-CD34+) models and
BLT models (Fig. 4) [363–365].
Hu-PBL models result from the i.v. or i.p. injection of human
PBMC in immunodeficient mice. Contrarily to the original immunodeficient mouse, once engrafted with human PBMC, these
humanized mice present human T cells, B cells, NK cells, and DC
in circulation [363], which are crucial to evaluate the immunemediated anti-tumor effect of emerging immunotherapeutic
approaches. Hu-PBL models have already been used to assess the
efficacy of immune checkpoint modulators [366–371], but also
cancer vaccines [372,373]. For instance, Liu et al. [372] engrafted
esophageal squamous cell carcinoma (EC9706 cells) in Hu-PBL
mice to assess the efficacy of their HUVEC prophylactic vaccine.
Hu-PBL mice immunized with five doses of HUVEC vaccine, administered weekly, presented a significant decrease in the average
163

C. Peres, A.I. Matos, Liane I.F. Moura et al.

Advanced Drug Delivery Reviews 172 (2021) 148–182

transitional cell carcinoma (bladder carcinoma model), MDA-MB231 triple negative breast adenocarcinoma, or SiHa HPV positive
squamous cell carcinoma (cervical carcinoma). Contrarily to other
tumor mouse models, this genetic variant enabled repeated administrations of the human bifunctional fusion protein over several
weeks, showing an overall significant reduction in HTB-1, MDAMB-231 and SiHa tumor volume, as well as a robust anti-tumor
immune response in those three different NSG-b2m/ xenograft
tumor mouse models. Indeed, independently of the tumor cells
engrafted, these humanized mice, treated weekly with bintrafusp
alfa (total of 4–5 doses) via i.p. administration, presented a higher
number of tumor-infiltrating CD4+ and CD8+ T cells expressing IFNc+, in comparison with control tumors. Additionally, an over 6-fold
reduction in the amount of active TGF-b1 present in the TME was
obtained in the humanized HTB-1 model treated with bintrafusp
alfa compared to controls. Nevertheless, it is important to highlight
that the magnitude of the bintrafusp alfa-mediated antitumor
response in all three different tumor mouse models was dependent
on the PBMC donors [379]. Despite the successful application of
this genetic variant of Hu-PBL models for the assessment of different immunotherapeutic systems, those cannot be used for cancer
vaccines studies. Since MHC class I and class II molecules are key
players in the antigen presentation to T cells, their absence hampers T-cell priming and consequent specific T-cell immune
response (cellular immune response), which is the most important
arm of the immune system against cancer.

tumor volume of the human esophageal carcinoma xenografts.
Additionally, HUVEC-treated mice presented a lower expression
of angiogenesis associated antigens (vascular endothelial growth
factor receptor 2 (VEGFR-2) and VE cadherin) in human xenografts,
as well as higher titers of angiogenesis associated antibodies in the
serum. Moreover, HUVEC-treated mice also a higher infiltration of
T cells into the spleen [372].
Despite the success of Hu-PBL models, they present a major limitation. Since the immune cells do not develop within the mouse,
they rapidly develop xeno-reactivity against host MHC class I and
class II, which leads to severe xenogeneic Graft-versus Host Disease (GvHD), and consequent poor survival [374]. For this reason,
these humanized mouse models may be used for a short period
of time (around 4 weeks after engraftment), which makes it difficult to assess the effectiveness of cancer vaccines [374,375]. Several genetic variants of these Hu-PBL models lacking murine
MHC class I and/or class II expressions have been developed
[376–378]. One example of these variants is the NSG-b2m/ strain
that lacks the expression of beta-2 microglobulin (b2M), eliminating murine MHC class I, thus delaying the development of GvHD
usually observed in conventional Hu-PBL mice [377]. Recently,
Morillon et al. [379] assessed the anti-tumor efficacy of a human
bifunctional immunotherapeutic agent anti-PD-L1/TGFbRII (bintrafusp alfa) in three different NSG-b2m/ xenograft tumor mouse
models. In addition to human PBMC, these NSG-b2m/ mice have
been also engrafted (s.c. injection in the flank) with HTB-1 human

Fig. 4. Emerging humanized mouse models for immune-oncology. Human peripheral blood lymphocytes (Hu-PBL) models are generated by intravenous (i.v.) or
intraperitoneal (i.p.) injection of peripheral blood mononuclear cells (PBMC) into adult immunodeficient mouse. Human CD34+ (Hu-CD34+) models result from the i.v. or i.p.
injection of CD34+ hematopoietic cells into irradiated neonatal or adult immunodeficient mice. Bone marrow-liver-thymus (BLT) models are developed by the coimplantation of fetal liver and thymus fragments under the renal capsule and i.v. injection of CD34+ hematopoietic cells (derived from the same fetal liver) into irradiated
adult immunodeficient mice. These humanized mouse models can further be implanted with cell line-derived xenograft (CDX) or patient-derived xenograft (PDX), giving rise
to mouse models bearing a human immune system and human cancer microenvironment.
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Hu-CD34+ models are generated by the engraftment of CD34+
HSC in irradiated adult or neonatal immunodeficient mice. The
generation of these humanized mouse models is more complex
than the one required for the Hu-PBL models, involving a source
of fetal tissue, isolation of CD34+ HSC, and irradiation of mice
[380]. However, and contrarily to Hu-PBL models, HSC can adapt
to the host environment under mouse MHC education and generate a ‘‘human” immune system without developing GvHD, which
enable a longer window for the assessment of vaccine efficiency.
Several human immune cells have been detected in circulation in
Hu-CD34+ mouse models, namely T cells (Th, CTL and Treg), B cells,
NK cells, monocytes, and DC [381], which makes them attractive
preclinical models for immuno-oncology studies, including the
evaluation of the anti-tumor effectiveness of cancer vaccines.
Pham et al. [382] evaluated the efficacy of breast cancer stem cell
(BCSC)-targeting DC vaccine in a breast cancer-bearing Hu-CD34+
model. This humanized cancer model was generated by the
transplantation of human HSC in immunocompetent NOD/SCID
mice and the injection of BCSC into the mammary fad pad. Mice
treated with mature DC, previously incubated with BCSC-derived
lysate and TNF-a, presented a tumor regression and a significantly
prolonged survival, when compared with the control group.
Despite the interest in Hu-CD34+ mouse models for cancer
immunotherapy, human T-cells are educated in the mouse thymus
and thus, these animals present a very poor human thymopoiesis,
being therefore unable to drive HLA-restricting antigen-specific
immune responses [383,384]. This greatly limits the use of human
biomolecules in these humanized mouse models, as immune
checkpoint mAb that only recognize the human form of the
immune checkpoints or even human tumor antigens for
vaccination.
A more complex humanized mouse model named BLT has been
generated by the co-engraftment of human fetal thymus/liver tissues into the renal capsule of irradiated immunodeficient mice
and i.v. injection of CD34+ HSC derived from the same human fetal
liver [385]. These humanized mice present different human
immune cells, both in circulation and in lymphoid organs, including T cells, B cells, DC (both cDC and pDC) and macrophages, but
also high levels of human IgG and IgM [386]. As human thymus
is co-transplanted, T cells produced in these humanized mouse
models follow human thymus education and thymic selection
[386], which have been shown to produce potent human immune
responses [387]. For instance, Jaiswal et al. [388] reported the
potential of humanized BLT-NSG mice as a preclinical platform to
assess the immunogenicity of candidate dengue vaccines. In addition to the in vivo infection of human cells with dengue virus, these
humanized mice induced human dengue virus-specific immune
response (e.g., virus-specific IgM antibodies with neutralizing
activity). Moreover, when challenged with dengue virus peptide
pools and HLA-A2 restricted peptides, human T cell secreted high
levels of IFN-c.
Although there has been a growing interest in these humanized
mouse models for cancer immunotherapy, Hu-PBL, Hu-CD34+ and
BLT mouse models present a major limitation. In most of the
humanized models, human tumor fragments and human immune
system components (e.g. PBMC and HSC) have not been collected
from the same cancer patient. Therefore, these models only harbored a partial HLA matching between grafted cells [363]. A new
immunodeficient model, named HUMAMICE, has been developed
to overcome this limitation. These HLA-matched human PBMC
mouse models express human HLA molecules instead of mouse
MHC molecules, thus presenting a functional human immune system able to induce effective anti-tumor T-cell responses, without
developing GvHD [389]. These complex humanized mouse models
reflect more accurately patient immune responses, which is central
for the successful clinical translation of cancer vaccines. In order to

assess the applicability of these humanized mouse models to vaccination, Zeng et al. [389] immunized HUMAMICE with three doses
of a commercially available hepatitis B virus vaccine, given two
weeks apart. This study revealed a robust and reproducible production of high levels of antigen-specific antibodies. In addition,
these results correlated with the ones observed in human clinical
trials using an identical vaccine. Although HUMAMICE represent
a promising model for the development of novel vaccines and
immunotherapies, they have not yet been extensively used, which
may be explained by the complexity and cost inherent to its development, but also the difficulty in obtaining both tumor fragments
and PBMC from the same donor.
Although no mouse model can serve as an absolute surrogate
for clinical trials, and despite the constant need for more reliable
preclinical models, humanized mice, and specially HUMAMICE,
may become promising tools for the development of new cancer
vaccines, providing valuable information regarding the safety and
efficacy of advanced immunotherapies.
In addition to in vitro and in vivo preclinical studies, several
non-invasive diagnostic tools can also be applied to monitor
immune cell function to follow nanovaccine efficacy, as discussed
in the next section.

4.4. Non-invasive diagnostic tools to monitor immune cell function to
follow nanovaccine efficacy
Non-invasive imaging revolutionized the diagnosis and treatment of human disease by providing anatomical, physiological,
and molecular information. The main available imaging technologies that study tumor response in vivo may be divided in two categories, anatomical and molecular imaging, which differ in their
capabilities and limitations. Thus, combination technologies have
become particularly important as an attempt to provide the complete clinical picture. Anatomical imaging offers high-resolution
of 3D imaging of the tumor, enabling the quantification of the
tumor size if there is a clear contrast between the tumor and its
surrounding. These technologies include computed tomography
(CT), ultrasound and magnetic resonance imaging (MRI)
[390,391]. However, their application is limited to follow
immunotherapy efficacy in case there is a poor correlation
between the tumor anatomical features and the treatment
response. In fact, it has been often reported an initial increase on
tumor size as a result of immune activation, including T-cell infiltration, rather than due to the tumor proliferation [392]. Nevertheless, these technologies can be exploited for monitoring
immunotherapy efficiency by labeling the immune components
with suitable contrast agents, thus providing a molecular feature
in addition to the anatomical imaging [393,394].
There is a wide range of contrast agents that molecular imaging
employs, being most of them based on small molecules like antibodies, which target a sole molecular objective [395]. Therefore,
in contrast to anatomical imaging, the molecular imaging provides
molecular visualization and quantification of a specific target at a
whole-body level [396], thus supporting treatment monitoring
and evaluation of the therapeutic efficacy, while lacking sufficient
spatial resolution [397]. However, the expression of such molecular target can change during tumor progression, which directly
affects the imaging output. The main technologies that are currently being used for molecular imaging are positron emission
tomography (PET) or single-photon emission computed tomography (SPECT), bioluminescence imaging (BLI), fluorescence imaging
(FLI), Scintigraphy, photoacoustic tomography (PAT) or multispectral optoacoustic tomography (MSOT) [396,398]. The conjunction
of these noninvasive imaging modalities with cell-labeling methods allows real-time visualization of the labeled cells in vivo, as
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MRI contrast agent is fluorine-19 (19F) [411,412] that enables the
characterization of the adaptive immune cell populations, as well
as the quantification of cell’ localization, migration and clearance
[413,414]. For example, research on B16-OVA melanoma mouse
model monitored and quantified tumor infiltration of OVAspecific T cells that were labeled ex vivo with 19F up to 3 weeks
post-transfer by MRI [415].
Direct cell labeling is indeed a common method with clinical
applications and various ready to use contrast agents. However,
the main downfall of this approach is that the contrast agent concentration per cell can be diluted and become undetectable. Several processes can limit the maximum observation time in vivo,
the decay of radioisotopes, label dilution by cell division, weakening of fluorescence signal by over exposer and exertion of the NP or
plasmids [407].

well as cell distribution and activity tracking and quantification
[399].
In vivo tracking of immune cells is mainly focused on creating a
contrast between the target cells or proteins, and the remaining
cells of the organism, which is achieved with the help of contrast
agents. These contrast agents are based on the mechanism and
principles of molecular imaging devices, and most of them need
to be introduced to the cells of interest via two methodologies,
direct or indirect cell-labeling [400].
4.4.1. Direct cell labeling
The direct method refers to labeling cells ex vivo with a contrast
agent, which are subsequently re-administrated into the animal or
the patient, where the appropriate imaging system will monitor
them. These methods include the uptake of the contrast agents
by cells, as well as the infection or transfection of cells with a fluorescence agent [401]. The direct method has been applied to
study the biodistribution and kinetics of adoptive T cell (ATC) therapy, which can be used to improve and maximize its therapeutic
effect [402,403]. For example, gold NP, a CT contrast agent, can
be absorbed by immune cells, and thereby be monitored via CT, a
technology widely used in hospitals for its low cost, high availability, high temporal and spatial resolution [404]. This method was
performed on primary human T cells that were transduced to
express melanoma-specific T-cell receptor, as well as on nontransduced T cells, in order to evaluate their migration, bodydistribution and kinetics in vivo. By using a whole-body CT,
researcher found that the transduced T cells accumulated at the
tumor site, as opposed to non-transduced cells [405]. In the same
study, another method of direct cell-labeling was performed, to
assure that the labeled T-cells are indeed the ones that are being
tracked, rather than the gold NP that eventually escaped from
the cells. To that end, the cells were genetically engineered to
express green fluorescence protein (GFP) prior to gold NP loading.
The fluorescent signal was detected by FLI while the CT traced the
gold NP, and a direct correlation was found between both signals
[405]. Another study successfully employed FLI to detect the trafficking pattern of ex vivo expanded DC labeled with near-infrared
(NIR)-emitting fluorescent semiconductor nanocrystals, in mice
LN [406]. Furthermore, NIR dyes can function as a photoacoustic
agent, for PAT or MSOT imaging, as well as fluorescent agent
[407]. FLI can determine the general location of those visualized
cells, while PAT/MSOT allows a more profound and accurate observation. PAT/MSOT technologies enable deep-penetration, high sensitivity, and high ultrasonic resolution of the targeted immune
cells, which can be used to follow their dynamic change in the disease site [401,408]. A study focused on the change of OVA-specific
T-cells activity, observed and quantified their migration and accumulation patterns by using the NIR-797-isothiocyanate dye, which
has qualities of both photoacoustic and fluorescent contrast agents
[408].
Other contrast agents that can be used for direct cell-labeling
are chelated radio-metals, for PET or SPECT, and 19F-fluorinated
NP or iron oxide NP for MRI. An ex vivo expanded NK cells have
been labeled with [11C]methyl iodide, and their systemic distribution was tracked using PET by following their re-administration
into tumor bearing mice. This method enabled the quantification
of the number of effector NK cells that accumulated in the tumor,
which can provide useful information about the efficiency of the
adoptive immunotherapy [409]. An additional approach exploits
the magnetic properties of MRI, which enables a superior visualization of soft tissues for cell tracking, by using cells magneticallylabeled with superparamagnetic iron oxide (SPIO) [394,410]. This
approach allowed the post-injection localization of the target cells
and was already used in the clinic in melanoma patients to monitor
DC that were labeled with an iron oxide formulation [393]. Another

4.4.2. Indirect cell labeling
Immune cells can be detected and monitored by direct cell
labeling approaches, as mentioned above, but also via indirect cell
labeling, which allows the detection of different cell surface components, such as receptors, surface costimulatory, and corepressor
molecules. One way to trace immune cells by labelling surface
components is via antibodies. mAb have high specificity, low
immunogenicity and are relatively easy to use [395]. However, it
is essential to evaluate the possible effect of the mAb on cell function, proliferation, and viability in vivo when targeting a specific
population. For example, targeting surface receptors via mAb
may demonstrate antagonist or agonist behaviors that may disrupt
cell function [416]. Moreover, it is important to take under consideration the pharmacokinetics of the mAb, as immune cells naturally accumulate in primary and secondary immune organs,
which tend to absorb a large amount of the mAb [417].
Antibodies can be useful for monitoring immune response by
targeting cell classification proteins to identify immune cells populations in vivo. Those markers can be detected with a specific mAb
connected to a contrast agent by different imaging methods, such
as PET, CT, SPECT, scintigraphy, and US [417–424]. For example,
89
Zr-p-isothiocyanatobenzyl-deferoxamine-CD3 PET probe has
been used preclinically to monitor T-cell trafficking in colon cancer
after treatment with anti–CTLA-4 immunotherapy. This study findings indicated that the high 89Zr-p-isothiocyanatobenzyl-deferoxa
mine-CD3 uptake in anti-CTLA-4–treated mice correlated with
reduced tumor volume, being thus a potential predictive biomarker for treatment response [421]. Besides CD3, CD7 and CD2 are
also capable of detecting the T-cell population. However, those
markers are expressed also on NK cells, and therefore are not sufficient to distinguish between these two cell types [425]. Nevertheless, both cell populations have an anti-tumor cytotoxic function,
and therefore their imaging can be used for evaluating a general
immune response to cancer immunotherapy. In addition, many
studies used the main subsets, CD4 and CD8 for identifying helper
and cytotoxic T cells, respectively [416,417,423].
In recent years, the use of immune checkpoint and costimulatory molecules, such as PD-1, PD-L1, CTLA-4 anti OX40,
has advanced greatly, not only as targets for treatment but also
as markers for imaging by PET, SPECT, BLI and fluorescence [426–
430]. A previous preclinical study used a 64cu-labeled PD-1 antibody to evaluate and track in vivo the level of tumor-infiltrating
lymphocytes (TIL) as a predictive biomarker to anti-PD1/PD-L1
immune checkpoint inhibitors efficacy [429]. In another study,
anti-PD-L1 treatment was labeled with [111In] and was imaged
via SPECT to monitor its bio-distribution and to identify the individuals most responsive to anti-PD-L1 treatment. This study suggests that by utilizing anti-PD-L1 as a biomarker, the treatment
dose could be optimized and adjusted to the one needed to achieve
an effective anti-tumor response [431]. CTLA-4 can be also used for
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the tumor site [441]. These studies provide validation that the
use of reporter genes can be beneficial for the assessment of
nanovaccine efficiency in animal models.

monitoring TIL in vivo, as it was shown by a study in which PET
imaging was applied to identify 64Cu-DOTA-anti-CTLA-4 mAb,
which enabled the detection of CTLA-4 that is expressed on tumor
infiltrating T cells [430]. Co-stimulatory molecules, such as OX40
have been also utilized for imaging of activated T cells. By using
OX40 mAb labeled with 64Cu, it was demonstrated that OX40
imaging could be used to predict tumor responses after in situ vaccination with CpG-ODN in a dual tumor-bearing mouse model.
These studies provide essential comprehensions on T-cell activation following local CpG treatment and suggested that 64CuDOTA-AbOX40 is a promising candidate for evaluating cancer
immunotherapy strategies [432].
Antibodies can also be used to monitor immune response by
targeting cytokines, such as INF-c. A preclinical study utilized
PET imaging in mice with breast cancer to follow 89Zr-anti-INF-c
uptake after treatment with HER2/neu vaccine. A significant elevation of the INF-c levels was found in the vaccinated group, which
inversely correlated with tumor progression rate, constituting an
indicator of the induction of an adequate response to this vaccine
therapy [433]. These results suggest that soluble cytokines may
provide an important understanding of the function of immune
cells in situ and can be used to evaluate immune responses. Moreover, these peptide and cytokine ligands mentioned above can be
labeled not only with antibodies, but also directly by using different radiolabeling techniques. For example, IL-2 is a crucial cytokine
for T-cell survival, and therefore its receptor is overexpressed in
activated T cells [434]. In a previous study, radioactively-labeled
IL-2, [18F]FB-IL-2, was used to target the IL-2 receptor on activated
T cells. The tumor-infiltrating and systemic activated lymphocytes
were followed after tumor irradiation, alone or combined with
immunization. A significantly higher signal of [18F]FB-IL-2 was
observed via PET in the irradiated tumors, alone or in combination
with immunization compared to un-treated mice. Furthermore,
the treatment with CXCR4 antagonist reduced the tracer uptake,
which indicates that the infiltration of activated T cells following
this treatment is CXCR4-dependent [435]. These results imply that
[18F]FB-IL-2 PET can serve as a clinical biomarker to examine
treatment-induced infiltration of activated T cells and thereby constitute as a tool for assessing immunotherapies for cancer, such as
vaccines.
Immune cells can also be detected by using reporter genes for
their activation upon the effect of an external factor. One of the
most abounded reporter genes used for monitoring immune cells
is the luciferase (Luc) gene. Contrary to GFP-transfected cells that
do not need an injection of a substrate, the bioluminescence (BL)
created by cells labeled with Luc can be detected only after the
injection of its substrate luciferin [436]. Nevertheless, it was shown
that the detection of Luc-labeled cells by BLI is more sensitive than
the detection of GFP-transfected cells by FLI [437,438]. The monitoring of the immune response by BLI is usually based on an indirect methodology, by imaging the BL of Luc-tumor cells to assess
the cytotoxic effect. However, few studies have used immune cells
transduced with BL to evaluate and monitor the immune response
of different immunotherapies. A previous study showed that BL
could be used to monitor firefly luciferase (Fluc)-transduced DC
after treatment with TLR7 agonist, Imiquimod, by using BLI. This
treatment caused tumor-specific T-cells response and enhanced
the DC survival [439]. Another study used TAM expressing an
enhanced Fluc to track their migration in mice bearing colon cancer. Moreover, by using this technique, they were able to evaluate
the effects of anti-inflammatory drugs on TAM and their role in
modulating tumor progression [440]. Additionally, it was shown
that BLI could be used to evaluate and characterize the functional
efficacy of MART-1 specific CTL transduced with Luc (MART-1-Luc
CTL) that were stimulated by HLA-Ig based artificial APC. This
study demonstrated antigen-dependent localization of the CTL to

4.5. Advancing personalized cancer vaccine efficiency
Precision medicine is no more a fantasy, being rather a clinical
reality representing a huge paradigm shift in cancer treatment and
diagnosis. The advances observed in precision oncology have been
assisted by the molecular profiling of individual tumors using high
throughput sequencing studies, reviewed elsewhere [442–444]. In
fact, these studies are supporting the development of more effective and less-toxic anti-tumor approaches, as well as rational
clinical-trial enrollments and therapy selection. Briefly, below we
highlight the advances in genomic single-cell analysis and biomarker identification that are driving the development of broader and
effective immunotherapeutic approaches, as cancer vaccines.

4.5.1. Genomics for the discovery of novel immune evasion-related
targets
Over the last decades, cancer research has been focused on the
discovery of genes modified by somatic mutations [445,446], as
well as on the understanding of their impact on tumor progression
[447,448], which have driven the development of new therapeutic
approaches specifically targeting these mutations or related pathways [449–451]. In general, genomics have been an utmost valuable ‘‘tool” involved in the diagnosis, prognosis, and treatment of
cancer [452], following the astonishing development in genome
sequencing technologies. In oncology, sequencing is now a routine,
and tumor biopsies are sequenced at different stages of the disease
(e.g., diagnosis, resection, or after therapy), thus providing a deeper
picture of each TME. Accordingly, this genetic profiling has allowed
the identification of mutational signatures among different tumors,
supporting a better prognosis and patient stratification, which has
been a fundamental tool to guide clinical-trial enrolments and
treatment decisions for patients among different cancer types,
such as melanoma [453–456].
Genomic-guided therapeutics are now a clinical reality for different malignancies [457], including therapies targeting BRAF in
melanoma [458], EGFR in lung cancer [459] or BRCA1 and BRCA2
in ovarian cancer [460]. Besides, genomic findings have been also
fundamental in treatment decisions, such as anti-EGFR-targeted
therapies for KRAS, NRAS, and BRAF mutations in CRC [461].
Genomics combined with bioinformatics has also been pivotal
on the development of personalized cancer vaccines [462–464].
Indeed, there are different genomic-guided neoantigen-based cancer vaccines using distinct adjuvants and delivery platforms under
preclinical [465–467] and clinical evaluation (NCT04072900,
NCT02316457, NCT02287428, NCT02510950, NCT01532960,
NCT02348320, NCT04040231) for melanoma, glioblastoma, breast
or pancreatic cancers. Overall, these studies have been showing
that personalized cancer vaccines are effective, safe, and induce a
robust and broadened specific T cell-response [5,468].
Despite representing an extraordinary opportunity for precision
oncology by guiding the development of new therapeutic
approaches and clinicians’ decisions, genomics is still not consensual among the cancer research community and oncologists.
Indeed, along with new tools, many regulatory, ethical, and practical concerns are being raised, in addition to the considerable gap
that still needs to be overcome while translating molecular profiling data into clinical settings. Besides, inconsistent responses
among patients have been reported [469]. In fact, tumor heterogeneity and resistance are inherent challenges that the cancer
research community is still facing.
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of scRNA-Seq or snRNA-Seq is not a straightforward choice. Both
techniques hold their own pros and cons, and there is an inherent
variability among tumor types and tissues, due to their diverse
extracellular matrix and cellular compositions. As each of these
techniques is growing by its own, it is expected to observe an
increase in the number of systematic studies comparing both procedures. These studies are fundamental to guide the scientific community and clinicians over its selection. However, their use in a
larger number of samples, as clinical trials, demands for simple,
robust, and validated procedures.

4.5.2. Novel technologies to identify predictive biomarkers
Advancing genomic sequencing technologies opened a wide
range of possibilities for researchers and oncologists to identify
new therapeutic targets and/or predictive biomarkers to overcome
patient therapy resistance and adverse events. In fact, large-scale
genomic analyses and expression profiling of tumor samples have
supported much of our knowledge of cancer in patients.
However, only a small number of predictive biomarkers has been
clinically validated when compared to the significant number of
cancer-related mutated genes [470–473]. The majority of these
were identified using retrospective tissue analyses [451,474]. Lately,
since the discovery of cell-free circulating tumor DNA (ctDNA) in
blood, ‘‘liquid biopsies” have provided new insights into biomarker
identification [475]. This blood-based testing has been most valuable among tumor types [476,477]. In fact, this approach provides
several advantages over tissue sampling, specifically in the extent
of sample availability and frequency of acquisition. Besides, it has
been reported that amounts of ctDNA change among the anatomical
sites of the tumor [478,479], and tumor milieu [480,481]. In addition, the few comparative studies reported have demonstrated that
liquid biopsies fail to detect approximately 20% of alterations present in the tumor [482,483]. Thus, these features must be taken in
consideration when exploiting this approach to design new strategies to identify predictive biomarkers.
Together with genomic sequencing technologies, bioinformatics, and microfluidic-based approaches, have been also fundamental driven the identification of new predictive biomarkers, and will
be further discussed.

4.5.2.2. Bioinformatic pipelines. The astonishing development and
decreasing costs observed in high throughput sequencing technologies enabled a deep understating of immune and tumor cells
interplay using genomic tools. However, the large volume of data
generated using these technologies have also brought to the light
the role of bioinformatics. In fact, bioinformatics has a fundamental role both in deciphering genomic, transcriptomic, and proteomic data generated by high-throughput experimental
technologies, as well as in compiling information. In the last decade, several tools and protocols have been developed to assist
tumor immunology and genomic data effectively, reviewed elsewhere [499,500].
Despite the differences among the several high-throughput
single-cell sequencing approaches, they share part of the data analysis workflow. Key computational methods include clustering
analysis to identify common cell types and states among patients
[501–503], allelic analysis to identify single nucleotide variants
[504,505], or trajectory, and RNA velocity analysis to characterize
transcriptional dynamic [506–508]. The methods highlighted have
been most valuable to identify new biomarker and understand the
interactions of immune and tumor cells among cancer types (melanoma [509], gliomas [510], breast [511], pancreatic [512], or lung
[513] cancers).
Some hardware and software are already mature and well
established, such as analytical pipelines for NGS data and software
for analyses of images. Despite the astonishing developments in
data processing and analysis, major challenges involving integrative data analysis demand for new theoretical studies that ultimately will lead to new protocols. In addition, computational
methods are limited by what can be measured. In the near future,
the systematic studies focused on the use of sequencing technologies and data analysis will guide the selection of the most proper
protocol to address the question of interest.

4.5.2.1. Single-cell sequencing technologies. In the last decade, we
observed a huge progress in single-cell genomics technologies, as
single-cell DNA, and single-cell RNA sequencing (scRNA-Seq).
These sophisticated techniques have revolutionized the way
tumors are analyzed letting to explore each tumor cell and advance
the knowledge on how their different interactions affect tumor
progression and therapy response and resistance [443,484–486].
Different tumors have already benefited from single-cell genomics
[487–489], including melanoma [454,455] or gliomas [490,491].
Single-cell genomics have also advancing the development of personalized cancer vaccines, specifically in the identification of
neoantigens [492,493]. Although tumor neoantigens have long
been conceptualized as ideal antigen targets, their identification
has only been achieved using next-generation sequencing techniques [494,495].
There are different high-throughput single-cell sequencing
approaches that have been applied to biomarker identification.
Despite the considerable progress using scRNA-Seq, this technique
faces different challenges. The use of scRNA-Seq demands a quick
sample treatment protocol, and most importantly, it uses fresh tissue. Together, they represent a huge challenge in clinical settings
requiring a high coordination between tissue acquisition and processing teams.
Single-nucleus RNA-Seq (snRNA-Seq) emerged as a solution for
some of the scRNA-Seq limitations. It consists of profiling a single
nucleus isolated from frozen tissues. Thus, in contrast to scRNASeq, there is no need to acquire the sample right after its processing. In addition, snRNA-Seq can be used for tissues hard-todissociate, due to size or cell fragility [496,497]. However, it also
has its own limitations, as the considerable low amount of mRNA
that is extracted from the nucleus when compared to whole cells,
in addition of being more challenging to enrich or deplete for
specific cell types of interest.
Recently, systematic studies comparing both techniques have
been reported and will be certainly most valuable to guide
researchers in the selection of the most suitable protocol in a particular scenario [498]. These first studies highlighted that the use

4.5.2.3. Microfluidics. Emerging techniques in personalized medicine aim to characterize the interplay between immune and tumor
cells at TME [514,515]. Besides advancing preclinical studies,
microfluidic-based approaches have been also fundamental in
advancing TME characterization through multiplexed detection of
markers on tumor tissue sections [516–519]. These approaches
offered many advantages over typical immunohistochemistry
analysis, including full automation protocols, precise control on
multiple parameters, or decreased sample processing and lower
reagent diffusion times. Microfluidic-based approaches also
explore the different biomarkers related to TIL and the interaction
with the tumor being most valuable to diagnosis and cancer
immunotherapy research [520]. In fact, the use of microfluidic
devices to multimarker detection and analysis can ultimately identify new important interactions at the TME associated with tumor
progression or tumor-mediated immune evasion pathways.
In addition, microfluidics has proved to be extremely valuable on
advancing single-cell sequencing studies [521–523]. The precise
control of small volumes together with the control of device geometries, surface, and flow, enabled microfluidics to create an accurate
and defined microenvironment for single-cell sequencing. Overall,
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Fig. 5. Immunotherapeutic approaches and personalized medicine. Immunotherapeutic approaches include the use of checkpoint blockers, cancer vaccines with neoantigens
and adoptive T cell (ATC) therapy. Despite the exciting outcomes, most patients do not respond to current therapies, and therefore the quest for the identification of predictive
markers and understanding the mechanisms that underlie resistance to therapy is an intense area of interest. Personalized cancer vaccines based on molecular profiling of the
tumor using next-generation sequencing (NGS) technologies, are currently under clinic evaluation. Personalized medicine approaches, as vaccines or ATC, involves several
techniques, including NGS instruments and specialized IT infrastructures, as it is here highlighted. Advancing both hardware and software have been fundamental to handle
such large amounts of data.

it is required standard operating protocols and address regulatory
and ethical issues.
Focusing on personalized cancer vaccines, advancing genomics,
bioinformatics and cancer immunotherapy enabled a fast mapping
of mutations within the genome and proper vaccine target selection. The first personalized cancer vaccines are currently under
clinical testing and have shown to be feasible, safe, and effective
targeting individual tumor mutation signatures.
Still, there is a long path to implement personalized cancer vaccines in a straightforward manner. New technologies and methodologies in data science will certainly continue to grow and predictive
neoepitope algorithms will undoubtedly be improved, enabling
the selection of multiple mutations to design unique neoepitope
vaccines. In addition, it will be fundamental to advance the identification of predictive biomarkers to improve patient stratification.
Currently, limited predictive biomarkers are validated, being those
restricted to small patient subsets. Thus, each stratified drug
excludes most patients who do not harbor the respective aberration.
Overall, we are driving through an era in which most of effective anti-tumor therapies benefit only a small number of patients.
Personalized approaches, as personalized cancer vaccines, still constitutes a highly laborious and costly approach making it inaccessible to many. However, healthcare systems must anticipate the
great potential of precision oncology to improve patients’ overall
survival that ultimately will ease healthcare facilities.

microfluidics has been fundamental to advance sequencing studies,
involving DNA and RNA amplification in two critical ways. First, in
single-cell recovery, essential to recover rare populations, such as
circulating tumor cells [524–526]. Besides, microfluidics has been
useful in the preparation of single-cell sequencing libraries
[527,528]. The preparation of sequencing libraries using microliter
scale is not feasible due to constrains in sample availability. Thus,
microfluidics emerged as a powerful tool to sequencing libraries
preparation into nanoliter or picoliter volumes, and it has the potential to reduce the single-cell analyses-related costs.
Overall, advancing the technologies herein highlighted and
others have unveiling a deep understating in cancer biology from
early phases to the metastatic form of the disease, and ultimately
guide the selection of targeted therapeutic approaches through
the identification of new predictive biomarkers (Fig. 5). Despite
the exciting outcomes, these technologies have to be further developed to enable a systematic process of biomarker identification
leading to a hand-in-hand process between predictive biomarker
identification and drug development.

4.5.3. Major challenges for clinical implementation of personalized
cancer vaccine efficacy
Precision medicine and genomics have opened a wealth of possibilities for translational applications. Certainly, the large molecular characterization campaigns will continue to grow exponentially
(single-cell sequencing). However, it will be imperative to understand the implications of this genetic profiling before its translation into new anti-tumor therapeutic approaches. In addition, to
translate next-generation sequencing (NGC) into clinical settings,

5. Conclusions and future perspectives
Cancer vaccines have emerged as a viable and promising treatment for many cancer types. Over the last decades, impressive
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microenvironment. These 3D preclinical systems are important
tools also to support vaccine development by identifying the
immune modulators that better synergize with APC modulation,
thus helping on defining the most promising combinational
vaccine-based systems for future preclinical studies.
Mouse models have been widely used in the preclinical assessment of several immunotherapeutic approaches. Nevertheless,
most of them are also not able to reflect completely the complexity
of the human tumor development and progression, neither their
complex immune system, which prevents to make reliable predictions for human clinical trials. Alternatively, more complex mouse
models that mimic more closely human malignancies and their
immune system have been developed. These so-called humanized
mouse models have been shown to correlate with several clinical
trials, which might help to improve the success rate of cancer vaccine translation to the clinic. Despite the tremendous progress in
the field, limitations remain for each model, and the appropriate
mouse model must be chosen carefully.

anti-cancer immune responses have been obtained for cancer vaccines in preclinical settings. However, most of them have failed in
inducing effective anti-tumor immune responses when translated
to the clinic, which might be related to tumor-associated immunosuppression mechanisms and tumor low immunogenicity. Nanotechnology has been applied to create the next generation of
cancer vaccines, to fulfill the targeted delivery of combinations of
the most relevant antigens and adjuvants to their specific site of
action. By enabling the concomitant delivery of antigens and adjuvants, nano-based vaccines re-shape the immune cell profiling in
lymphoid organs, which impacts the tumor immune profiling,
thereby priming immune cell-mediated effector cytotoxic actions
against these malignant cells. However, looking at the clinical
development of nanomedicines, the limited knowledge on the
impact of NP physicochemical properties on pharmacokinetics,
biodistribution, metabolism, and clearance/excretion, efficacy,
and toxicity profile have been narrowing the approval of these
advanced therapeutics [166,177].
The manufacturing of cancer vaccines requires several processes from formulation, conjugation of ligands, purification,
lyophilization, to sterilization; and involves many different variables such as temperature, pressure, pH, flow, time, agitation
velocity, composition of materials, and solvents ratio. While for
small-molecule immune potentiators, the scale-up is not a limitation, for, the manufacturing of multicomponent vaccines may not
be totally effective [178]. Microfluidic equipment and novel
screening systems to test antigens predicted to activate human T
cells isolated from the cancer patient to be vaccinated are
advantageous.
Due to the increased complexity and multifaceted nature of
cancer nanovaccines that enter in preclinical and clinical development stages, the scale-up and manufacturing of these
immunotherapies constitute a challenge. The production of small
batches (few milligrams of material) enables low variability, and
the feasibility of studies are guaranteed. However, the production
in large scale requires tight specifications, and require additional
biological/chemistry manufacturing and controls. It has become
clear that it is crucial to define the Critical Quality Attributes
(CQA) of a nano-based system, as these attest for the quality of
final product, which has a tremendous impact on the safety and
efficacy of nanovaccines. The implementation of scale-up and
reproducible cancer nanovaccine fabrication, allow the establishment of CQA that are then assessed by bioanalytical, biological,
and biochemical assays, during the product development following
International Conference on Harmonisation (ICH) [49]. This practice will minimize the variability from batch to batch, thus
enabling the prediction of their biological outcomes, and thereby
avoiding unexpected side effects at late stage clinical trials, such
as hypersensitivity, inflammation, anaphylaxis, and fatal organ
damage [179,180].
Current clinical efforts include the combination of cancer vaccines with modulators of these immunosuppressive cellular and soluble factors, showing the potential impact of these active targeted
immunotherapies in sensitizing aggressive and resistant tumors to
clinically relevant immune modulators. The choice of peptide
neoantigens that elicit not only MHC class I, but also class II
immune responses, involving CD4+ T-cell responses, should be
beneficial due to the synergism of both T-cell types in triggering
an effector cytotoxic response against tumor cells.
Integrated preclinical approaches should be devised to speed
cancer vaccine translation to patients. 3D ex vivo cancer models
have an undeniable role in revealing the cross-talk between several
types of cells by better mimicking the spatial and complex tumor
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