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Abstract
Introduction: Immune checkpoint inhibitors have considerably changed the landscape in oncology.
However apart world-acclaimed success stories limited to melanoma and lung cancer, many solid
tumors failed to respond to immune checkpoint inhibitors, due to limited immunogenicity,
unfavorable tumor micro-environment (TME), lack of infiltrating T lymphocytes or increase in Tregs.
Areas Covered: Combinatorial strategies is foreseen as the future of immunotherapy, and using
cytotoxics or modulating agents is expected to boost the efficacy of immune checkpoint inhibitors. In
this respect, nanoparticles displaying unique pharmacokinetic features such as tumor targeting
properties, optimal payload delivery and long-lasting interferences with TME, are promising
candidates for such combinations. This review covers the basis, expectancies, limits and pitfalls of
future combination between nanoparticles and immune check point inhibitors.
Expert Opinion: Nanoparticles allow optimal delivery of variety of payloads in tumors while sparing
healthy tissue, thus triggering immunogenic cell death. Depleting tumor stroma could further help
immune cells and monoclonal antibodies to better circulate in the TME, plus immune-modulating
properties of the charged cytotoxics. Finally, nanoparticles themselves present immunogenicity and
antigenicity likely to boost immune response at the tumor level.

Keywords: Immunotherapy; nanoparticles; drug delivery; immunogenicity; pharmacokinetics; cancer

2

1. Current achievements and Limits of immunotherapies
The use of immune checkpoint inhibitors has profoundly changed the evolution profile of cancer
patients with advanced disease [1]. Antibodies targeting the T cell inhibitory receptors cytotoxic Tlymphocyte antigen 4 (CTL A 4) and the programmed death receptor 1 (PD 1) (or its ligand PDL 1) are
now clinically recognized with FDA approvals in melanoma, non-small-cell lung cancer (NSCLC), renal
cell carcinoma and head and neck cancers to name but a few [2]. Checkpoint inhibitors have a
different toxicity profile than chemotherapy with a lower incidence of pancytopenia or digestive
toxicities which are the most frequent adverse events with chemotherapeutic agents. However initial
over-optimism about checkpoint inhibitors has been tempered by the limited number of patients
exhibiting spectacular response rates, or the issue of emerging specific toxicities [1]. Another
limitation is the fact that baseline biomarker studies have shown that checkpoint blockade therapy is
mainly active through reactivation of antigen specific T cells present within tumor microenvironment (TME) [2]. It is a matter of fact that the majority of solid tumors do not exhibit a
productive T cell infiltrate and can thus be considered as non-T cell-inflamed [2]. Thus turning cold
tumors into hot tumors is currently one of the major goals to improve treatment of solid tumors with
checkpoint inhibitors.
2. Turning cold tumors into hot tumors: an ongoing challenge
To achieve transforming cold tumors into hot ones, the wide range of possible combinations
between immunotherapeutic agents and other drugs has to be appraised. A recent review by Lafolla
and coworkers [3] covered a total of 410 combination trials involving two or more than two immuneoncology drugs, mostly in skin and genitourinary malignancies. Gene expression data from TCGA
were investigated and put into evidence 178 targets in 9089 tumors from 19 cancer-types. This
allowed several promising new drug combinations to be identified. Above all, the impact of a
combination between checkpoint inhibitors with cytotoxics or targeted agents to reshape tumor
milieu in order to get immune infiltrate compatible with an expected activity of the checkpoint
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inhibitors is getting more and more attention [4]. The main contributor for a replenishment of
cytotoxic T cells is the tumoral neo-epitope production [5]. This neo-epitope production can be
stimulated in different way, such as co-administration of agents, the most efficient ones being
standard cytotoxic drugs (5). Modulation of the immune response through checkpoint inhibition may
be increased by cytotoxic chemotherapy not only through the potential for neo-antigen crosspresentation but also by inhibiting the ratio of cytotoxic lymphocytes to T regulatory (Tregs)
lymphocytes [6] or blocking the STAT6 pathway to upregulate dendritic-cell activity [7].
3. Nanoparticles at a glance
Nanoparticles are small (i.e., <200 nm) entities designed to cargo anticancer agents throughout the
body to the tumor site. Beyond canonical liposomes, a wide range of supports and scaffolds have
been made available now, ranging from dendrimers, squalene derivatives, nanospheres, to inorganic
carriers such as silica beads or gold nanoparticles [8]. Despite their heterogeneity (Figure 1), all these
nanoparticles share common features, such as ability to passively target tumor tissue and to
accumulate preferentially in the tumor micro-environment, through the Enhanced Permeation and
Retention effect (EPR effect). Indeed, provided that their size is below 200 nm, nanoparticles will
pass through gaps and loose tight junctions of the tumor neovessels, thus enabling a preferential
extravasation in tumor neighborhood. In addition, the latest generation of nanoparticles such as
immunoliposomes or conjugated nanoparticles can further target actively tumor antigens or tumor
micro-environment [9]. Overall, nanomedicines in oncology all aim at improving the efficacy/toxicity
balance of cytotoxics through an optimized biodistribution profile sparing healthy tissues and
targeting tumor cells (Figure 2) [10]. In addition to carrying drugs, nanoparticles can be further used
in theranostic applications such as iron-oxyde constructs [11], or radiosensitizing agents [12],
highlighting how the carrier itself could have therapeutic applications. This per se efficacy could
come from intrinsic properties of inorganic particles, such as antibody-dependent cell cytotoxicity
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(ADCC) – even when < 200 nm, nanoparticles are large enough to trigger immunogenic response,
especially when they are composed of inorganic materials [13].

4. How nanoparticles could help to preserve patient’s innate immunity while delivering
cytotoxics.
Cancer patients are generally heavily treated by a wide variety of drugs but standard cytotoxics
remain the backbone of most regimens in solid tumors. The canonical and common drug-related
toxicity of most cytotoxics is pancytopenia, leading to sepsis and sometimes lethal outcome in the
most dramatic cases [14]. This side-effect is the direct consequence of the non-specific mechanism of
action of the vast majority of cytotoxics, which have all been selected to interfere with rapidlydividing cells such as cancer cells. Because hematopoietic progenitors are also rapidly-dividing cells,
they are doomed to be affected by most chemotherapy regimen, regardless of the pharmacological
class (e.g., antimicrotubules, antimetabolites, or alkylating agents to name but a few). In the light of
the critical importance of innate immunity against cancer, one can assume that affecting
lymphocytes count or other cells implicated in the immune response will have deleterious effects on
the clinical outcome first, and will impair the efficacy of any immunotherapy-based strategy next,
thus triggering innate resistance. For instance, several studies have suggested that elevated
neutrophil-to-lymphocyte ratios (i.e., NLR >5) or diminished absolute lymphocyte count are
associated with poor clinical outcome in patients treated with immune check point inhibitors [15,16].
It has already been shown that prior treatment with cytotoxics and history of drug-related
lymphopenia are associated with poor prognosis of various cancer types [17,18] and considered now
as a possible unfavorable factor in patients treated with immune check point inhibitors [19]. This
hypothesis is however controversial and other studies have failed to confirm this relationship, at
least during phase-I studies [20]. Indeed, transient lymphopenia can be an opportunity for reshaping
the repertoire of immune cells [21], thus explaining why an in-depth understanding of the duration
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and level of chemo-induced lymphopenia plus full characterization of the kinetics of T-cells recovery
is critical to better picture the impact of lymphopenia on homeostatic proliferation and efficacy of
immune check-point inhibitors. As seen before, one of the most remarkable achievement of
nanoparticles is their ability to target tumor tissue, thus sparing, at least partly, healthy cells and
reducing thereby canonical cytotoxics-related side effects such as hematological toxicities. Several
experimental data showed how the biodistribution of anticancer agents shifts from totally nonspecific when used as free drugs to a more tumor-directed distribution when used as nanoparticles.
For instance, tumor VS. healthy tissue comparative biodistribution studies showed that paclitaxel is
more concentrated in tumors and less in liver, spleen or kidneys when administered as nabpaclitaxel, a 120 nm conjugated form of paclitaxel linked to a bioengineered albumin that targets
SPARC and other glycoproteins of the TME [22]. As a direct consequence of this increase in tumortargeting properties, several studies have shown how nanoparticles led to reducing side effects in
patients scheduled for chemotherapy. Because one of the canonical treatment-related severe
toxicity is pancytopenia, sparing hematopoietic progenitors could help to maintain patient’s innate
immune system functional. For instance, liposomal doxorubicine or liposomal vincristine show both
reduced toxicities as compared with free doxorubicine or free vincristine [23,24]. In a non-clinical
study, it has been demonstrated that stealth liposomal 5-FU was less likely to trigger severe
leucopenia than standard 5-FU [25]. Similarly, severe neutropenia appeared less in patients treated
with nab-paclitaxel drug conjugate, as compared with standard paclitaxel [26], and model-informed
studies have further confirmed how paclitaxel nanoparticles were less toxic against blood cells [27].
More recently, in the Napoli-1 trial, liposomal irinotecan associated with LV-5-FU led to 18% of
severe hematological toxicities, a figure markedly lower than the incidence of this toxicity when
standard irinotecan is associated with 5-FU, such as the FolFiri regimen [28]. Finally, by sparing
hematologic progenitors, nanoparticles can be indirectly further helpful in patients scheduled for
immunotherapy, by reducing the need to use antibiotics in patients. Indeed reducing toxicities,
especially the neutropenia-related infections, will lead to cutting broad-spectrum antibiotherapy,
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whom administration has been repeatedly associated with reduced survival in immunotherapytreated patients [29], much probably because of the disruption of gut microbiome necessary to the
immune surveillance, e.g. by enhancing the function of dendritic cells and elevating recruitment and
function of T cells interacting with these later [30]. Overall, because they are better tolerated, using
nanoparticles to deliver anticancer agents could be a promising strategy when a patient is scheduled
next for immunotherapy because it is more protective towards patient’s immunity, both by reducing
the incidence of hematological toxicities and by limiting antibiotics whom use has been proven to be
deleterious on survival.
5. How Nanoparticles could increase neo-antigens burden and modulate actors of immune
response.
Standard anticancer agents are expected to boost immunotherapy at least in two distinct ways: by
triggering immunogenic cell death and by adding effects on cancer and normal host cells in the TME.
5.1. Delivering immunogenic agents.
Lack of suitable neo-antigens and disruption in antigen processing or presentation is usually
associated with impaired immune response to cancer [31]. Consequently, promoting immunogenic
cell death prior introducing immune check-point inhibitors should help improving efficacy,
supporting the hypothesis that cytotoxics should be associated indeed with immunotherapy [32,33].
Immunogenic response induced by cytotoxics probably involves the purinergic receptor P2RX7 or the
pattern recognition receptor toll-like receptor-4 (TLR-4) [34]. In addition, intrinsic tumor
immunogenicity can be enhanced with cytotoxics by upregulating tumor antigens such as CEA or by
increasing tumor antigen presentation and recruitment of antigen presenting cells (APCs), i.e.
through the overexpression of MHC class-I molecules. Using nanoparticles should further trigger
immunogenic response, because they frequently exhibit higher cytotoxicity as compared with
standard drugs. For instance, liposomal 5-FU shows greater antitumor properties, both in vitro and in
vivo, as compared with free 5-FU. In particular, stealth liposomal 5-FU induces deeper TS inhibition in
7

colorectal cell lines, thus triggering Fas-mediated apoptosis because of the thymineless stress in
cancer cells [35]. In a quite similar way, liposomal gemcitabine proved to perform better than
standard gemcitabine in pancreatic cancer models [36], and nab-paclitaxel exhibited higher
antiproliferative efficacy than free paclitaxel in a variety of solid tumors [22]. The superior
antiproliferative efficacy of nanoparticles over standard cytotoxics has been confirmed at bedside as
well, since liposomal vincristine was found to be more effective than standard vincristine [24]
whereas the combo daunorubicine + cytarabine given as a liposomal formulation improved response
rates as compared with standard combination in patients with myelodysplastic syndromes [37]. In
addition to the selective delivery of cytotoxics likely to trigger immunogenic cell death, nanoparticles
can be further used to deliver antigens or adjuvants to specifically dendritic cells (DCs). For instance,
lymph node-targeting nanoparticle-conjugate vaccines (i.e., TAA-NP and CpG-NP) proved to induce
stronger cytotoxic CD8+ T-cell responses, higher antiproliferative efficacy and extended survival in
mice bearing melanoma [38].

5.2. Modulating TME Immune cells.
In addition to promoting cancer immunogenicity by increasing neo-antigens burden, nanoparticles
carrying cytotoxics or cytokines could modulate as well immune response through a variety of
mechanisms, ranging from upregulating the expression of MHC Class I molecules to which the
antigens bind, upregulating of co-stimulatory molecules and PD1/PDL1 expression, to
downregulating co-inhibitory molecules such as PD-L1/B7-H1 or B7-H4, thus enhancing the strength
of effector T cell activity. For instance, canonical 5-FU can abrogate Myeloid Derived Suppressive
Cells (MDSCs) and Treg activity, while additionally it makes T cell-mediated lysis more effective
through Fas-dependent mechanisms [39–41]. Cisplatin and cyclophosphamide both proved to
decrease Tregs expression and to increase CD8+ T cell activity [42]. In addition to modulating T
lymphocytes, chemotherapy, especially when administered with low dose such as following
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metronomic regimen, can modulate as well DCs phenotype and function. For instance vincaalkaloids, taxanes and cyclophosphamide proved to enhance the function of DCs, much probably
through an IL-12 dependent mechanism [43,44]. Much interestingly, the very distribution profile of
nanoparticles, which are expected to nest in the TME and start releasing their payload regularly and
over a long period of time, could meet this metronomic-like exposure required to enhance DC. One
of the common features of all drug-carriers is indeed to stay longer in the tumor site, whereas free
drugs enter massively before being rapidly cleared out of the tumor tissue. Consequently
pharmacodynamic properties of standard cytotoxics are best described by the Hill equation, i.e. the
higher the dose, the higher the effect on tumor cells or TME, with no lag compartment when
modeling the effects. In contrast, the complex interplay between carrier’s PK, payload release,
carrier’s interactions with TME, makes the PK/PD profiles of nanoparticles more likely to ensure a
sustained and constant release of cytotoxics at the tumor site [10]. In addition and because of the
complete lack of specificity of anticancer agents, the high dose regimen required to trigger
immunogenic cell death will have deleterious impact on bone marrow cells (see previous paragraph),
with subsequent lack of clonal expansion of T cells. This calls for using nanoparticles to redefine
optimal dosing and scheduling of cytotoxics, so as to limit their hematological toxicities while
preserving immunogenic cell death at the tumor level. In addition, drastic tumor debulking with
cytotoxics leading to minimal residual disease may mitigate the negative impact of tumor burden on
the efficacy of immune check point inhibitors. In this context, using nanoparticles once again could
help to solve this once contradictory issue, because PK/PD relationships of nanoparticles allow
sparing healthy cells while exerting maximal antiproliferative efficacy at the tumor level [10].
Although published data remain sparse, it has been recently confirmed that nanoparticles could
achieve higher antiproliferative efficacy when combined to immune check point inhibitors because of
their immunomodulating properties. For instance after having demonstrated how topoisomerase-I
inhibitors such as irinotecan could enhance T-cell-mediated cytotoxicity of melanoma tumors in vitro,
liposomal irinotecan was associated with anti-PDL1 in tumor-brearing-mice. Results confirmed
9

greater efficacy of this association, much probably because of the higher cytotoxic functionality
observed with CD8+ T cells in the combination group [45].
5.3. Triggering immunogenic response.
Nanocarriers themselves can exert some kind of immunomodulation on their own, due to their
physico-chemical composition. Despite being < 200 nm, nanoparticles remain foreign objects likely to
be recognized by the MPS. When circulating in the body, this could be an issue associated with lack
of stability and different strategies can be undertaken to increase nanoparticle stealthness, such as
surface pegylation [46]. However once the TME is reached, immunogenicity and antigenicity of
nanoparticles could help to boost immune response against cancer [47]. Generating antibodies
against nanoparticles can be obtained through a thymus-dependent pattern. Bioengineered
nanoparticles will activate DC’s producing cytokines that activate T-helper cells. These T-helpers will
recognize next antigens from APCs and finally prompt B cells to proliferate and to differentiate
against the antigenic nanoparticles. In addition, B-cell activation can be achieved by repetitive
elements in the antigen without T-cell involvement [48]. Of note, beyond inorganic scaffolds such as
metal-based nanoparticles [49], it has been shown that antibodies can be raised even against 100%
biocompatible lipid carriers such as liposomes [50,51]. Of note, even surface pegylation, a common
strategy in nanomedicine to increase stealthness and mask nanoparticles from scavengers and
phagocytic cells, can show some immunogenicity as anti-PEG IgM have been already described in
non-clinical models [52]. Nanoparticles immunogenicity could be therefore mostly based upon
antibody-dependent cell cytotoxicity (ADCC)-like mechanism, the antibodies being capable to
recognize either surface groups or core components. Because in oncology nanoparticles are expected
to preferentially accumulate and concentrate in tumors, this immunogenicity could contribute to
attract in TME new actors of the immune response. However, to what ADCC could contribute to a
better efficacy when using next immune check point inhibitors must be clearly investigated, as some
nanoparticles showed inconsistent results. For instance, silicon nanoparticles encapsulated with

10

sorafenib and coated with anti-CD326 antibodies showed increased efficacy in various breast cancer
models. However, concentration-dependent ADCC was evidenced in MCF7 cells, but not in the MDAMB231 model [53], whereas elsewhere a complete lack of ADCC mechanism was reported with gold
nanoparticles [54]. Despite this discrepancy in ADCC properties, several strategies have been
successfully tested to boost patient’s immunity. For instance, inorganic nanoparticles (i.e., polymeric
or gold) with surface modifications were used to target Tumor Associated Macrophages (TAM)
thanks to PEG-sheddable, mannose-modified constructs [55]. Elsewhere, artificial APCs for direct CTL
activation were achieved using iron-oxide nanoparticles coated with dextran and quantum dots
coated with avidin led to an increase in T-cells and successful tumor rejection in melanoma-bearing
mice [56].

6. Helping immune cell and therapeutic monoclonal antibodies to better trafficking into
tumor micro-environment
Tumor-associated immune factors and chemokines in TME are heterogeneous and play a critical role
in determining clinical outcome in cancer patients treated with immune checkpoint inhibitors. As
early of the early 2000’s it was found that TME was associated with higher turnover of Tlymphocytes, as compared with non-cancerous tissue, suggesting that targeting TME could be of
importance in the era of immunotherapy because of its immunosuppressive properties [57]. By
affecting TME cytotoxics may enhance the efficacy of tumor-educated lymphocytes. The higher the
amount of cytotoxics in tumor surrounding, the more effective will be the action on tumor stroma,
desmoplastic cells, fibroblasts and eventually tumor cells. However, it seems that the balance
between direct cytotoxicity (and subsequent immunogenic cell death), depleting effect on TME, and
immunomodulating properties of cytotoxics all depends on the dosing and the scheduling of the
regimen, and should be finely tuned as it is probably drug-dependent. It has been demonstrated,
long before immunotherapy was on the rise, that neo-adjuvant paclitaxel could ease new
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intratumoral immune cell infiltrates with subsequent higher apoptotic response and clinical efficacy
in breast cancer [58]. Much interestingly, paclitaxel can be delivered either as a cremophor
formulated drug, or as a conjugated nanoparticle, nab-paclitaxel. Nab-paclitaxel proved to deplete
tumor stroma, reducing density and disrupting tumor micro-environment, in addition to direct effect
on tumor cells microtubules. Because one of the main causes for immune escape is unfavorable TME
[59], such additional mechanism of action is likely to make hot an initially cold tumor, thus further
easing the infiltration of dendritic cells and antigen-experienced T cells as compared with free
paclitaxel. Indeed, tumor-specific CD8 T-cells subsequently differentiated into effector T-cells require
trafficking to the TME prior to kill cancer cells expressing neoantigens. By depleting tumor stroma,
nanoparticles could actually both enhance the infiltration in TME of T cells, but as well that of
therapeutic monoclonal antibodies such as immune checkpoint inhibitors which are usually
molecules too large to properly reach solid tumors because of high stroma density and binding-site
barrier issues [60]. Although to date no experimental data are available to support this hypothesis
because little is known on the tumor distribution of immune check-point inhibitors in vivo, one can
speculate that depleting effect on TME by nanoparticles should additionally increase drug delivery of
these large therapeutic antibodies next.

7. Conclusion: How nanoparticles could be best combined with immunotherapy.
Overall, nanoparticles can be used to boost immunotherapy in several ways. Optimizing delivery at
the tumor site of a variety of payloads ranging from cytotoxics triggering immunogenic cell death,
cancer vaccine or therapeutic RNAs is an appealing strategy. Interestingly, nanotechnologies offer
today such a wide sort of scaffolds that there is no limit but the imagination of the researchers to
achieve this goal (Figure 2). For instance gold nanoparticles have been designed to deliver anti-VEGF
siRNA both to TAMs and to lung cancer cells, achieving a synergistic efficacy in tumor-bearing mice
[61]. Elsewhere, dendrimers loaded with paclitaxel conjugated with mAbK1 antibodies proved to be
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effective in ovarian cancer mice models [62]. Nontoxic core-shell nanoparticles encapsulating
photosensitizer pyrolipid proved to increase the efficacy of anti-PDL1 in metastatic breast cancer
models, partly by increasing tumor mutational burden after photodynamic therapy [63]. In breast
cancer model again, liposomal nanoparticle coated with tumor-targeting peptide and coencapsulating anti-PI3K drug plus a specific agonist of therapeutic T cells, proved to act synergistically
when CAR-T cells were administered next. Increase of immune effector cells such as CD8+
lymphocytes and invariant natural killer cells were evidenced, and increase in efficacy was further
confirmed in a mouse model of human glioblastoma [64]. Elsewhere nanogels carrying interleukin-15
were successfully developed to boost mouse T cell and CAR-T cell therapy in a melanoma model
[65]. In addition to drug delivery properties or tumor micro-environment reshaping, nanoparticles
can also exhibit directly some immunogenic properties. Size, composition, surface properties, electric
charge, all probably matter and call for a comprehensive understanding of the immunogenicity and
antigenicity of nanoparticles. For instance, cobalt oxide nanoparticles coated with PMIDA and
conjugated to a lysate antigen triggered increase in IgG and CD4+ response in mice [66]. In breast
cancer models, manganese dioxide liposomal nanoparticles combined with doxorubicin increased the
infiltration of CD8+ T cells in TME, thus boosting antitumor efficacy as compared with free
doxorubicine alone. Much interestingly, naïve tumor-bearing mice transplanted with splenocytes
from mice previously treated by this combination were able to control tumor growth, whereas
splenocytes from control mice or from doxorubicine-treated mice had no antiproliferative effect,
thus highlighting how immunomodulating properties of nanoparticles were at the origin of the
observed efficacy [67]. Although only experimental, all these studies pave the way for future
combinations with immune check point inhibitors. However, there are several pitfalls in developing
combinatorial strategies between nanoparticles and immunotherapy. First, the most immunogenic
nanoparticles such as the ones based upon metal, silica nanosphere of other inorganic or polymeric
components, have all unaddressed issues in terms of nanosafety, because little is known about their
possible long-term effects once injected in the body [68]. In addition, being too immunogenic may
13

expose nanoparticles to early recognition by macrophages and scavenging cells before the
nanoparticles even reach the tumor site. Second, apart long-studied liposomes, little is known about
the exact pharmacokinetic profile of the most recent nanoparticles, because their unique features
differ to that of standard drugs [10,46]. Extensive PK/PD modeling is therefore much awaited to
better understand how and when nanoparticles should be best combined with immune check-point
inhibitors. For instance, increasing mutational burden and achieving drastic tumor debulking is more
likely to be observed when high concentrations of cytotoxics reach tumor cells, whereas
immumodulating properties on DCs, Tregs or effector T-cells have been conversely reported with
metronomic regimen leading to sustained and continuous exposure to low levels of drugs [69]. The
era of trial-and-error strategies, inherited from the 20th century medicine, is gone and with respect to
the possible number of combinations made available now, strong pharmacometric support is
mandatory to ensure successful development of immuno-nano-therapeutics.

Expert Opinion:
Beyond the initial frenzy sparked by the successful stories in melanoma and lung cancer,
immunotherapy seems to have reached a glass-ceiling in oncology, at least as single-agents. Poor
trafficking of activated T lymphocytes to the tumors, massive recruitment of Tregs or MDSCs in the
tumor micro-environment, low mutational burden, are the most frequent reasons explaining the
innate resistance of most solid tumors towards immune checkpoint inhibitors. Pre-treating patients
with agents likely to boost immune response is therefore an appealing strategy to optimize the
efficacy of immunotherapy. Nanoparticles present a wide range of characteristics such as optimized
drug delivery in the tumor surroundings and immunogenic properties that make them suitable
candidates for combinatorial strategies with immune checkpoint inhibitors. In addition, nanoparticles
can cargo a limitless number of payloads such as cytotoxics, cytokines, vaccines or nucleotides, all
likely to modulate tumor immunity or to trigger immunogenic cell death. However, a current
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bottleneck in the clinical development of nanoparticles remains scale-up issues and pitfalls when
shifting from bench-size batches to clinical-size batches. Apart from

liposomes and

immunoliposomes for which proof-of-concepts of successful industrial production has already been
made, the complexity to produce large and reproducible batches of sophisticated scaffolds has to be
taken into account and could be a limitation to future bedside applications. Nanosafety issues and
emerging tight regulations regarding manufacturing and handling of nanoparticles also has to be
taken into account as a possible limitation, especially with inorganic materials [70]. In addition, there
is another possible safety risk when administrating highly immunogenic nanoparticles in combination
with immune check point inhibitors, because of a possible potentiation of immune-related adverse
effects (IRAEs) reported with immunotherapy. In addition, immunogenic nanoparticles can also be
recognized by scavenging cells or macrophages when trafficking in the blood, spleen or liver, thus
having little chance to reach the tumor. Stealthness is a common strategy to limit spleen or liver
uptake – however designing a nanoparticle smart enough to be stealth in healthy tissue to limit IRAEs
while triggering immunogenicity only once malignant tissue are reached is particularly challenging.
Finally, lessons have to be learned from previous recent failures when trying to combine empirically
immune check-point inhibitors with other treatments such as metronomic chemotherapy,
radiotherapy or anti-angiogenics. In-depth knowledge of nanoparticles PK/PD profiles, ideally using
model-informed approaches, is urgently needed to better picture the optimal modality to combine
nanoparticles with immunotherapy. The complexity in the multiple and possibly contradictory effects
on immune cells, especially when using encapsulated cytotoxics, require finely tuned protocols in
terms of dosing, sequencing and treatment duration. With respect to the number of treatment
modalities and scheduling, extensive mathematical resources are required to help determining in
silico the strategy that is the most efficient to yield synergistic effect between nanoparticles, immune
check-point inhibitors, and possibly other drugs likely to boost efficacy such as anti-angiogenics.
Should the optimal conditions be met, because nanoparticles are more protective towards
hematopoietic progenitors and therefore less likely to trigger lymphopenia, not to mention stroma15

targeting properties and boosting tumor immunogenicity, they could be of great value for awakening
tumor immunity and help once resistant solid tumors to respond to immune check-point inhibitors?

Article highlights
•

Immunotherapy is currently limited by cold tumors displaying unfavorable immunogenic
profile because of low mutational burden, harsh tumor micro-environment, plus possible
deleterious impact of prior chemotherapy on patient’s innate immunity.

•

Combinatorial therapy is seen as the future of immunotherapy, and associated treatments
are all expected to turn cold tumors into hot tumors, so as to boost the efficacy of immune
check-point inhibitors.

•

Nanoparticles present promising features, making them particularly suitable candidates to be
associated with immune check-point inhibitors.

•

Improved pharmacokinetics, immunogenic properties and ability to cargo a wide variety of
anticancer drugs or immunomodulating agents provide nanoparticles with unique properties.

•

Determining the optimal modality of such combination is challenging because of the multiple
and complex interplays between nanoparticles, patient’s immunity, tumor microenvironment and tumor cells.

Disclosures:
16

Anne Rodallec received a grant from French charity La Ligue Nationale contre le Cancer (#
GB/MA/CD/Ep-1204) as part of her Ph.D. studies. All authors have no relevant affiliations or financial
involvement with any organization or entity with a financial interest in or financial conflict with the
subject matter or materials discussed in the manuscript. This includes employment, consultancies,
honoraria, stock ownership or options, expert testimony, grants or patents received or pending, or
royalties. This article was not funded.

17

References
[1]

Temel JS, Gainor JF, Sullivan RJ, et al. Keeping Expectations in Check With Immune Checkpoint
Inhibitors. J. Clin. Oncol. 2018;36:1654–1657.

[2]

Spranger S, Gajewski TF. Impact of oncogenic pathways on evasion of antitumour immune
responses. Nat. Rev. Cancer. 2018;18:139–147.

[3]

Iafolla MAJ, Selby H, Warner K, et al. Rational design and identification of immuno-oncology
drug combinations. Eur. J. Cancer. 2018;95:38–51.

[4]

Mellman I, Coukos G, Dranoff G. Cancer immunotherapy comes of age. Nature. 2011;480:480–
489.

[5]

Chabanon RM, Pedrero M, Lefebvre C, et al. Mutational Landscape and Sensitivity to Immune
Checkpoint Blockers. Clin. Cancer Res. 2016;22:4309–4321.

[6]

Roselli M, Cereda V, di Bari MG, et al. Effects of conventional therapeutic interventions on the
number and function of regulatory T cells. Oncoimmunology. 2013;;2:e27025.

[7]

Lesterhuis WJ, Punt CJA, Hato SV, et al. Platinum-based drugs disrupt STAT6-mediated
suppression of immune responses against cancer in humans and mice. J Clin Invest.
2011;121:3100–3108.

[8]

Jurj A, Braicu C, Pop L-A, et al. The new era of nanotechnology, an alternative to change cancer
treatment [Internet]. Drug Design, Development and Therapy. 2017;11:2871-2890.

[9]

Fanciullino R, Ciccolini J, Milano G. Challenges, expectations and limits for nanoparticles-based
therapeutics in cancer: A focus on nano-albumin-bound drugs. Critical Reviews in
Oncology/Hematology. 2013;88:504–513.

[10] Rodallec A, Fanciullino R, Lacarelle B, et al. Seek and destroy: improving PK/PD profiles of
anticancer agents with nanoparticles. Expert Rev Clin Pharmacol. 2018;11: 599-610.
[11] Tseng S-H, Chou M-Y, Chu I-M. Cetuximab-conjugated iron oxide nanoparticles for cancer
imaging and therapy. Int J Nanomedicine. 2015;10:3663–3685.
[12] Liu Y, Zhang P, Li F, et al. Metal-based NanoEnhancers for Future Radiotherapy: Radiosensitizing
and Synergistic Effects on Tumor Cells. Theranostics. 2018;8:1824–1849.
[13] Shah A, Dobrovolskaia MA. Immunological effects of iron oxide nanoparticles and iron-based
complex drug formulations: Therapeutic benefits, toxicity, mechanistic insights, and
translational considerations. Nanomedicine. 2018;14:977–990.
[14] Kurtin S. Myeloid Toxicity of Cancer Treatment. J Adv Pract Oncol. 2012;3:209–224.
[15] Sacdalan DB, Lucero JA, Sacdalan DL. Prognostic utility of baseline neutrophil-to-lymphocyte
ratio in patients receiving immune checkpoint inhibitors: a review and meta-analysis. Onco
Targets Ther. 2018;11:955–965.
[16] Putzu C, Cortinovis DL, Colonese F, et al. Blood cell count indexes as predictors of outcomes in
advanced non-small-cell lung cancer patients treated with Nivolumab. Cancer Immunol.
Immunother. 2018; 67: 1349-1353.
18

[17] Liu L-T, Chen Q-Y, Tang L-Q, et al. The Prognostic Value of Treatment-Related Lymphopenia in
Nasopharyngeal Carcinoma Patients. Cancer Res Treat. 2018;50:19–29.
[18] Wild AT, Ye X, Ellsworth SG, et al. The Association Between Chemoradiation-related
Lymphopenia and Clinical Outcomes in Patients With Locally Advanced Pancreatic
Adenocarcinoma. Am. J. Clin. Oncol. 2015;38:259–265.
[19] Yarchoan M, Diehl A, Johnson BA, et al. Relationship between lymphopenia and objective
response rate with programmed death-1 (PD-1) inhibitor therapy: A single-center retrospective
analysis. JCO. 2017;35:e14512–e14512.
[20] Sun R, Champiat S, Dercle L, et al. Baseline lymphopenia should not be used as exclusion criteria
in early clinical trials investigating immune checkpoint blockers (PD-1/PD-L1 inhibitors). Eur. J.
Cancer. 2017;84:202–211.
[21] Zitvogel L, Apetoh L, Ghiringhelli F, et al. Immunological aspects of cancer chemotherapy. Nat.
Rev. Immunol. 2008;8:59–73.
[22] Desai N, Trieu V, Yao Z, et al. Increased antitumor activity, intratumor paclitaxel concentrations,
and endothelial cell transport of cremophor-free, albumin-bound paclitaxel, ABI-007, compared
with cremophor-based paclitaxel. Clin Cancer Res. 2006;12:1317–1324.
[23] Rafiyath SM, Rasul M, Lee B, et al. Comparison of safety and toxicity of liposomal doxorubicin
vs. conventional anthracyclines: a meta-analysis. Exp Hematol Oncol. 2012;1:1-9.
[24] O’Brien S, Schiller G, Lister J, et al. High-Dose Vincristine Sulfate Liposome Injection for
Advanced, Relapsed, and Refractory Adult Philadelphia Chromosome–Negative Acute
Lymphoblastic Leukemia. J Clin Oncol. 2013;31:676–683.
[25] Fanciullino R, Mollard S, Giacometti S, et al. In Vitro and In Vivo Evaluation of Lipofufol, a New
Triple Stealth Liposomal Formulation of Modulated 5-Fu: Impact on Efficacy and Toxicity. Pharm
Res. 2013;30:1281–1290.
[26] Gradishar WJ, Tjulandin S, Davidson N, et al. Phase III Trial of Nanoparticle Albumin-Bound
Paclitaxel Compared With Polyethylated Castor Oil–Based Paclitaxel in Women With Breast
Cancer. JCO. 2005;23:7794–7803.
[27] Ait-Oudhia S, Straubinger RM, Mager DE. Meta-analysis of nanoparticulate paclitaxel delivery
system pharmacokinetics and model prediction of associated neutropenia. Pharm. Res.
2012;29:2833–2844.
[28] Adiwijaya BS, Kim J, Lang I, et al. Population Pharmacokinetics of Liposomal Irinotecan in
Patients With Cancer. Clin. Pharmacol. Ther. 2017;102:997–1005.
[29] Derosa L, Hellmann MD, Spaziano M, et al. Negative association of antibiotics on clinical activity
of immune checkpoint inhibitors in patients with advanced renal cell and non-small-cell lung
cancer. Ann. Oncol. 2018;29:1437–1444.
[30] Yi M, Yu S, Qin S, et al. Gut microbiome modulates efficacy of immune checkpoint inhibitors. J
Hematol Oncol. 2018;11:47.
[31] Schumacher TN, Schreiber RD. Neoantigens in cancer immunotherapy. Science. 2015;348:69–
74.
19

[32] Kepp O, Galluzzi L, Martins I, et al. Molecular determinants of immunogenic cell death elicited
by anticancer chemotherapy. Cancer Metastasis Rev. 2011;30:61–69.
[33] O’Donnell JS, Long GV, Scolyer RA, et al. Resistance to PD1/PDL1 checkpoint inhibition. Cancer
Treat. Rev. 2017;52:71–81.
[34] Green DR, Ferguson T, Zitvogel L, et al. Immunogenic and tolerogenic cell death. Nat. Rev.
Immunol. 2009;9:353–363.
[35] Fanciullino R, Giacometti S, Mercier C, et al. In vitro and in vivo reversal of resistance to 5fluorouracil in colorectal cancer cells with a novel stealth double-liposomal formulation. Br. J.
Cancer. 2007;97:919–926.
[36] Bornmann C, Graeser R, Esser N, et al. A new liposomal formulation of Gemcitabine is active in
an orthotopic mouse model of pancreatic cancer accessible to bioluminescence imaging.
Cancer Chemother. Pharmacol. 2008;61:395–405.
[37] Kim M, Williams S. Daunorubicin and Cytarabine Liposome in Newly Diagnosed Therapy-Related
Acute Myeloid Leukemia (AML) or AML With Myelodysplasia-Related Changes. Ann
Pharmacother. 2018;52:792–800.
[38] Jeanbart L, Ballester M, de Titta A, et al. Enhancing efficacy of anticancer vaccines by targeted
delivery to tumor-draining lymph nodes. Cancer Immunol Res. 2014;2:436–447.
[39] Chen G, Emens LA. Chemoimmunotherapy: reengineering tumor immunity. Cancer Immunol.
Immunother. 2013;62:203–216.
[40] Emens LA, Middleton G. The interplay of immunotherapy and chemotherapy: harnessing
potential synergies. Cancer Immunol Res. 2015;3:436–443.
[41] Katsuya Y, Horinouchi H, Asao T, et al. Expression of programmed death 1 (PD-1) and its ligand
(PD-L1) in thymic epithelial tumors: Impact on treatment efficacy and alteration in expression
after chemotherapy. Lung Cancer. 2016;99:4–10.
[42] Ercolini AM, Ladle BH, Manning EA, et al. Recruitment of latent pools of high-avidity CD8(+) T
cells to the antitumor immune response. J. Exp. Med. 2005;201:1591–1602.
[43] Kaneno R, Shurin GV, Tourkova IL, et al. Chemomodulation of human dendritic cell function by
antineoplastic agents in low noncytotoxic concentrations. J Transl Med. 2009;7:58.
[44] Shurin GV, Tourkova IL, Kaneno R, et al. Chemotherapeutic agents in noncytotoxic
concentrations increase antigen presentation by dendritic cells via an IL-12-dependent
mechanism. J. Immunol. 2009;183:137–144.
[45] McKenzie JA, Mbofung RM, Malu S, et al. The Effect of Topoisomerase I Inhibitors on the
Efficacy of T-Cell-Based Cancer Immunotherapy. J. Natl. Cancer Inst. 2018;110:777–786.
[46] Rodallec A, Benzekry S, Lacarelle B, et al. Pharmacokinetics variability: Why nanoparticles are
not just magic-bullets in oncology. Critical Reviews in Oncology / Hematology. 2018;129:1–12.
[47] Ilinskaya AN, Dobrovolskaia MA. Understanding the immunogenicity and antigenicity of
nanomaterials: Past, present and future. Toxicol. Appl. Pharmacol. 2016;299:70–77.

20

[48] Sauerborn M, Brinks V, Jiskoot W, et al. Immunological mechanism underlying the immune
response to recombinant human protein therapeutics. Trends Pharmacol. Sci. 2010;31:53–59.
[49] Zolnik BS, González-Fernández A, Sadrieh N, et al. Nanoparticles and the immune system.
Endocrinology. 2010;151:458–465.
[50] Banerji B, Kenny JJ, Scher I, et al. Antibodies against liposomes in normal and immune-defective
mice. The Journal of Immunology. 1982;128:1603–1607.
[51] Neun BW, Barenholz Y, Szebeni J, et al. Understanding the Role of Anti-PEG Antibodies in the
Complement Activation by Doxil in Vitro. Molecules. 2018;23:1700.
[52] Shimizu T, Ishida T, Kiwada H. Transport of PEGylated liposomes from the splenic marginal zone
to the follicle in the induction phase of the accelerated blood clearance phenomenon.
Immunobiology. 2013;218:725–732.
[53] Shahbazi M-A, Shrestha N, Mäkilä E, et al. A prospective cancer chemo-immunotherapy
approach mediated by synergistic CD326 targeted porous silicon nanovectors. Nano Res.
2015;8:1505–1521.
[54] Ahmed M, Pan DW, Davis ME. Lack of in vivo antibody dependent cellular cytotoxicity with
antibody containing gold nanoparticles. Bioconjug. Chem. 2015;26:812–816.
[55] Zhu S, Niu M, O’Mary H, et al. Targeting of tumor-associated macrophages made possible by
PEG-sheddable, mannose-modified nanoparticles. Mol. Pharm. 2013;10:3525–3530.
[56] Perica K, De León Medero A, Durai M, et al. Nanoscale artificial antigen presenting cells for T
cell immunotherapy. Nanomedicine. 2014;10:119–129.
[57] Whiteside TL. Apoptosis of immune cells in the tumor microenvironment and peripheral
circulation of patients with cancer: implications for immunotherapy. Vaccine. 2002;20 Suppl
4:A46-51.
[58] Demaria S, Volm MD, Shapiro RL, et al. Development of tumor-infiltrating lymphocytes in
breast cancer after neoadjuvant paclitaxel chemotherapy. Clin. Cancer Res. 2001;7:3025–3030.
[59] Pitt JM, Vétizou M, Daillère R, et al. Resistance Mechanisms to Immune-Checkpoint Blockade in
Cancer: Tumor-Intrinsic and -Extrinsic Factors. Immunity. 2016;44:1255–1269.
[60] Jain RK. Barriers to drug delivery in solid tumors. Sci. Am. 1994;271:58–65.
[61] Conde J, Bao C, Tan Y, et al. Dual targeted immunotherapy via in vivo delivery of biohybrid
RNAi-peptide nanoparticles to tumour-associated macrophages and cancer cells. Adv Funct
Mater. 2015;25:4183–4194.
[62] Jain NK, Tare MS, Mishra V, et al. The development, characterization and in vivo anti-ovarian
cancer activity of poly(propylene imine) (PPI)-antibody conjugates containing encapsulated
paclitaxel. Nanomedicine. 2015;11:207–218.
[63] Duan X, Chan C, Guo N, et al. Photodynamic Therapy Mediated by Nontoxic Core-Shell
Nanoparticles Synergizes with Immune Checkpoint Blockade To Elicit Antitumor Immunity and
Antimetastatic Effect on Breast Cancer. J. Am. Chem. Soc. 2016;138:16686–16695.

21

[64] Zhang F, Stephan SB, Ene CI, et al. Nanoparticles That Reshape the Tumor Milieu Create a
Therapeutic Window for Effective T-cell Therapy in Solid Malignancies. Cancer Res.
2018;78:3718–3730. doi: 10.1158/0008-5472.CAN-18-0306. Epub 2018 May 14.
[65] Tang L, Zheng Y, Melo MB, et al. Enhancing T cell therapy through TCR-signaling-responsive
nanoparticle drug delivery. Nature Biotechnology [Internet]. 2018;36:707-716
[66] Chattopadhyay S, Dash SK, Mandal D, et al. Metal based nanoparticles as cancer antigen
delivery vehicles for macrophage based antitumor vaccine. Vaccine. 2016;34:957–967.
[67] Amini MA, Abbasi AZ, Cai P, et al. Combining Tumor Microenvironment Modulating
Nanoparticles with Doxorubicin to Enhance Chemotherapeutic Efficacy and Boost Antitumor
Immunity. J. Natl. Cancer Inst. 2018; doi: 10.1093/jnci/djy131. [Epub ahead of print]
[68] Meng H, Leong W, Leong KW, et al. Walking the line: The fate of nanomaterials at biological
barriers. Biomaterials. 2018;174:41–53.
[69] Kareva I. A Combination of Immune Checkpoint Inhibition with Metronomic Chemotherapy as a
Way of Targeting Therapy-Resistant Cancer Cells. Int J Mol Sci. 2017;18:E2134.
[70] Warheit DB. Hazard and risk assessment strategies for nanoparticle exposures: how far have we
come in the past 10 years? F1000Res. 2018;7:376.

Figures Legends

Figure 1: Different scaffolds and nanoparticles available to cargo payloads to the tumor site. NP:
nanoparticle.

Figure 2: Schematic comparison of the biodistribution profiles of xenobiotics administered as free
drugs (A) or as nanoparticles (B).

Figure 3: Representation of the possible multiple interplays between nanoparticles, cancer cells, and
immune cells in the TME. TAM: Tumor-Associated Macrophages. MDSC: Myeloid Derived
Suppressive Cells, APC: Antigen-Presenting Cells.
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