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Restoring and improving the ability of the immune system to effectively recognize and eradicate cancer is the main
focus of immunotherapy, a topic which has garnered recent and significant interest. The initial excitement about
immunotherapy, however, has been challenged by its limited efficacy in certain patient populations and the devel-
opment of adverse effects such as therapeutic resistance and autoimmunity. At the same time, a number of ad-

ﬁi{ggﬁ;des vances in the field of nanotechnology have sought to address the challenges faced by modern
Vaccines immunotherapeutics and allow these therapeutic strategies to realize their full potential. This endeavour requires
Adjuvant anunderstanding of not only the immunological barriers in cancer butalso the mechanisms by which modern tech-
Cell therapy nologies and immunotherapeutics modulate the function of the immune system. Herein, we summarize the major
Drug delivery barriers relevant to cancer immunotherapy and review current progress in addressing these obstacles using vari-
ous approaches and clinically approved therapies. We then discuss the remaining challenges and how they can be
addressed by nanotechnology. We lay out translational considerations relevant to the therapies described and pro-

pose a framework for the development of next-generation nanotechnology-enabled immunotherapies.
© 2018 Published by Elsevier B.V.
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1. Introduction

A successful anti-tumor immune response consists of several com-
ponents. First, tumor-associated antigens (TAAs) must be presented to
effector immune cells by antigen-presenting cells (APCs), which acti-
vate the effector cells and prepare them for an immune response. Sec-
ond, effector immune cells must make their way to the tumor,
navigate the tumor vasculature, and penetrate the tumor tissue. Finally,
these effector cells must bind to and recognize the TAAs on the tumor
surface and kill the tumor cells presenting these antigens. This process
is cyclical, wherein cancer cell death can release more antigens for pro-
cessing by APCs and activate effector cells, thereby enhancing subse-
quent anti-tumor activity [1]. The anti-tumor immune response,
however, is dysfunctional in cancer. Tumors can induce immune toler-
ance by avoiding or blocking the immune system from recognizing
TAAs, or by actively suppressing activated effector T cells and natural
killer (NK) cells to prevent them from eliminating tumor cells [2, 3].
Cancer immunotherapy aims at restoring the proper function of the
anti-tumor immune response by overcoming mechanisms of tumor im-
mune evasion or suppression. Recent advances in immunotherapy have
invigorated the field by identifying and addressing the mechanisms by
which tumors avoid being cleared by the immune system. These recent
clinical successes and the approval of several promising immunothera-
peutic drugs have spurred substantial scientific and public interest in
the field. However, the clinical application of cancer immunotherapy
still faces an array of challenges, including the lack of response or

development of resistance to immunotherapy, toxicities associated
with therapies such as cytokine or CAR-T cell infusion, and the limited
efficacy of approaches such as cancer vaccines [4-7]. New generations
of immunotherapies will have to address these challenges to achieve
broader applicability and better patient outcomes.

Nanotechnology offers unique opportunities to tackle the clinical
challenges faced by current immunotherapies. Depending on their
physicochemical characteristics, nanoparticles can alter the pharmaco-
kinetics, biodistribution, and activity of the therapeutic agents that are
loaded within them. These properties allow investigators to engineer
specific nanotechnology-enabled strategies for improving the therapeu-
tic efficacy of anti-cancer drugs. Several nanoparticle drugs have already
been approved for cancer therapy, such as liposomal doxorubicin
(Doxil), albumin-bound paclitaxel (Abraxane), and liposomal
irinotecan (Onivyde). In recent years, nanotechnology-enabled strate-
gies for immunotherapy have been extensively investigated, yielding
new strategies and insights for the development of more effective
next-generation immunotherapies.

In this review, we summarize the barriers facing modern immuno-
therapy and examine the general cellular and biochemical barriers of
the tumor microenviroment, the ways they are addressed by modern
immunotherapies, and the specific barriers facing particular immuno-
therapeutic approaches. We also discuss how nanotechnology can di-
rectly address the general barriers to generating anti-tumor immunity
and help overcome the specific barriers that limit current immunother-
apies. We summarize translational considerations and lessons learned

Box 1
Barriers to effective immunotherapy.
Problems Mechanisms/barriers Selected
references
Lack of tumor antigen processing and presentation - Downregulation or loss of class  MHC [10]
- Disruption of antigen-processing machinery
Disabling of antigen-presenting cells in the tumor - Prevention of DC maturation using immunosuppressive mediators, e.g. VEGF [38,39]
microenvironment - Induction of DC apoptosis
Anergy and ineffectiveness of infiltrating immune - Lack of expression of positive costimulatory ligands, e.g. CD80 (B7-1) and CD86 (B7-2) [2,3,22,42,
cells - Expression of negative costimulatory ligands, e.g. PD-L1, and upregulation thereof by immune 43, 46]
mechanisms, e.g. [FN-y
- Generation of immunosuppressive cytokines and modulators in the tumor microenvironment, e.g.
TGF-p, IL-10, IDO, PGE2
- Recruitment of immunosuppressive cell types to the tumor microenvironment, e.g. Tregs, MDSCs,
M2 macrophages
- Direct killing of T cells via Fas/FasL interactions
Difficulty in transport and retention of - Elevated interstitial fluid pressure compresses and collapses tumor microvessels [49-51]
drugs/nutrients in the tumor - High pressure gradient favors leakage of nutrients, drugs, and cells out of the tumor
- Inefficient transport of nutrients leads to hypoxic regions and buildup of metabolic waste products
Inhibited trafficking and infiltration of immune cells - Mismatch between chemokines produced from tumors and receptors expressed on immune cells  [30, 55-57]
to the tumor site - Downregulation or aberrant modification of chemokines

- Tumor-associated ECs express low levels of adhesion molecules to inhibit T-cell transmigration
and instead favor Treg trafficking
- Expression of inhibitory molecules by ECs (e.g. PD-L1, FasL, TGF-P)
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from the various components of nanotechnology-enabled immunother-
apies, including conventional immunotherapies, nucleic acids, nano-
technology, and biotechnology-based therapeutics. Finally, we lay out
a framework for the development of the next generation of nanotech-
nology-enabled immunotherapies.

2. Barriers to effective anti-tumor immunotherapy

The interactions between cancer cells and their surrounding stroma
and immune cells create an immunosuppressive network that inhibits
anti-tumor immunity and allows cancer cells to flourish [8, 9]. For the
purpose of this review, we separate the mechanisms of tumor immune
evasion into three categories: biochemical, cellular, and vascular. These
mechanisms and the barriers they create are summarized in Box 1 and
reviewed further below.

2.1. Biochemical mechanisms of tumor immune escape

2.1.1. Dysfunction of antigen-processing machinery

Tumor cells have been observed disrupting the cellular machinery
required for the transportation and processing of tumor antigens, par-
ticularly the downregulation or total loss of class I major histocompati-
bility complex (MHC) molecules needed for presenting these antigens
[10]. Defects in the antigen-processing machinery (APM) include a
downregulation of proteasome subunits [11, 12] needed for peptide
generation from longer protein fragments. Other alterations involve
transport proteins (TAP1 and TAP2) and processing proteins, which de-
liver peptides into the ER [13] and process proteins within the ER, re-
spectively. Protein processing within the ER optimally trims and loads
peptides onto class I MHC [14]. Alterations in these processes affect
both antigen processing and presentation. The total loss of class | MHC
is frequently observed in cancer, with loss of heterozygosity appearing
to be the most common causal mechanism [15, 16]. Without proper pre-
sentation of TAAs by class | MHC, tumors can avoid recognition and lysis
by cytotoxic T cells (CTLs). Class | MHC loss can render tumors sensitive
to attack by NK cells and may lead to better prognosis [17]. However, ev-
idence also exists that the abnormal release of class  MHC, either in sol-
uble or exosome-bound form, may instead contribute to reduced
sensitivity to killing by NK cells [18, 19].

2.1.2. Inhibitory ligands for the control of T-cell function

Tumor cells and their surrounding microenvironment can directly
inhibit T-cell function by both contact-dependent and contact-indepen-
dent mechanisms. Programmed cell death protein-1 (PD-1) is an inhib-
itory receptor on the surface of T cells that regulates T-cell exhaustion,
and its engagement causes T cells to undergo loss of effector function re-
garding proliferation, cytotoxicity, and cytokine production [20, 21].
Some tumors can selectively upregulate programmed death ligand-1
(PD-L1), the ligand to PD-1 on T cells, in response to the effector cyto-
kine interferon-vy (IFN-vy). Tumors are therefore able to hijack the PD-
1 signaling pathway when they detect effector immune cell activity,
strengthening their defense against immune attack [22]. Regulatory T
cells (Tregs), a class of immunosuppressive cells, express high levels of
the checkpoint inhibitor cytotoxic T-lymphocyte antigen-4 (CTLA-4),
which competes with costimulatory ligands to dampen the immune re-
sponse after T-cell activation. Treg-specific CTLA-4 deficiency was
shown to promote anti-tumor immunity, demonstrating its involve-
ment in suppressing the anti-tumor immune response [23]. Tumor
cells can also directly kill T cells using the interaction between the
death receptor Fas and its ligand FasL, either by the expression of FasL
on tumor cells [24, 25] or tumor-derived FasL-bearing exosomes [26].

2.1.3. Immunosuppressive cytokines and mediators

The tumor and surrounding stroma also produce immunosuppres-
sive cytokines and molecules that inhibit immune function without
cell-cell contact. Signaling proteins such as transforming growth

factor-p (TGF-B) and interleukin-10 (IL-10) are pleiotropic cytokines,
able to induce a host of immunomodulatory effects, and they can sup-
press anti-tumor immunity through multiple mechanisms. TGF-( is
expressed at high levels in many different tumors. It suppresses the ef-
fector functions of multiple immune cell types, including cytotoxicity
and cytokine production by both T cells and NK cells, the proliferation
of T cells, and the presentation of antigen by dendritic cells (DCs)
(reviewed in [27]). IL-10 is a key regulator of inflammation that acts
to restrain the immune response and prevent excessive damage [28].
In the tumor microenvironment, IL-10 production has been observed
in tumor cells, T cells, and macrophages. Its actions also include down-
regulating tumor antigen processing and presentation, suppressing DC
and T-cell function, and upregulating the checkpoint inhibitor ligand
CTLA-4 on T cells (reviewed in [29]). Tumors can also disrupt chemokine
signaling by aberrantly altering these signaling proteins or suppressing
their production, impairing proper chemokine function and, conse-
quently, inhibiting the homing of cytotoxic T cells to the tumor [30].

Several molecular metabolites also play immunosuppressive roles in
the tumor microenvironment. Tryptophan metabolites produced by
indoleamine 2,3-dioxygenase (IDO) are known to suppress T-cell and
NK-cell function; in several tumor types, the expression of IDO in the
tumor microenvironment and tumor-draining lymph nodes has been
associated with poor prognosis (reviewed in [31]). Prostaglandin E2
(PGE,), a metabolite of arachidonic acid and a product of the COX en-
zyme, is an active promoter of tumor inflammation and growth. It
does so through several mechanisms. PGE, downregulates the
chemokines MIP-1ac and MIP-1p3 in macrophages and DCs as well as
IL-8, IP-10, and MCP-1 in macrophages [32, 33]. These chemokines are
essential for macrophage and lymphocyte trafficking during inflamma-
tion. It suppresses the activity of cytotoxic NK cells and CD8 " T cells and
downregulates Th1 cytokines (IL-2, IFN-y, TNF-a), which favor tumor
destruction [34, 35]. Finally, it favors the development of suppressive
cells such as Tregs and myeloid-derived suppressor cells (MDSCs)
[34]. Hence, tumors are able to mediate immunosuppression through
a variety of soluble mediators, including cytokines, chemokines, and
small molecular species.

2.2. Cellular mechanisms of tumor immune escape

Inherent to their genetic instability, transformed cells express abnor-
mal proteins and peptides that can be recognized and eliminated by
TAA-specific immune cells [36]. These TAA-specific T cells are primed
by DCs, a class of APC highly specialized for antigen presentation and
T-cell activation, which typically activate naive antigen-inexperienced
T cells in the periphery. Tumor-infiltrating T cells can then recognize an-
tigens on the surface of tumor cells and target them for cytolysis. Within
the tumor microenvironment, however, this interaction is rendered
dysfunctional by several different mechanisms.

2.2.1. Dysregulation of DC function

Tumors have been shown to disrupt the trafficking and function of
DCs in their microenvironment. DCs within the tumor microenviron-
ment are frequently found to be dysfunctional; chronic inflammation
and immunosuppressive signals result in poorly differentiated and im-
mature DCs, which tend to be non-stimulatory or even tolerogenic,
i.e., able to produce immune tolerance against the tumor [37, 38].
Tumor cells can induce apoptosis of DCs both in vitro and in vivo, thereby
preventing these DCs from provoking an immune response [39]. Thus,
in some cases, the DC infiltration of tumors can be used as an indicator
of cancer progression as well as patient prognosis and survival [40,
41]. The function of DCs is therefore dysregulated through multiple
mechanisms within the tumor microenvironment, preventing them
from effectively activating cytotoxic T cells and coordinating an effective
immune response.
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2.2.2. Immunosuppressive cell populations

The tumor microenvironment contains a variety of immunosuppres-
sive cell types. CD4"CD25%FoxP3™ Tregs can suppress anti-tumor im-
mune responses through the secretion of cytokines such as IL-10 and
TGF-P and the presentation of inhibitory ligands such as CTLA-4, and
they can inhibit and even kill DCs and other effector T cells and poten-
tially compete with surrounding effector T cells for the immune-activat-
ing cytokine interleukin-2 (reviewed in [42]). MDSCs are immature but
activated myeloid cells that are elevated in the bloodstream and tumors
of cancer patients. They inhibit T-cell recruitment and activity through a
variety of immunosuppressive mediators, including the production of
nitric oxide, prostaglandin E2, and TGF-B (reviewed in [43]).
Plasmacytoid DCs, a subset of DCs that typically secretes large amounts
of inflammatory interferons in response to viral infection, can be
subverted by the tumor microenvironment to become immunosuppres-
sive or tolerogenic [44]. These cells have been observed to stimulate
Treg activity in ovarian cancer patients [45]. Tumor-associated M2 mac-
rophages have been implicated in a wide range of pro-tumorigenic ac-
tivity, including the suppression of T-cell activity through the action of
PD-L1, IL-10, and TGF-B; by recruiting Tregs; and by promoting tumor
angiogenesis and metastasis (reviewed in [46]). The presence of these
cells in the tumor and stroma create a strongly unfavorable environ-
ment for immune effector cell function.

2.3. Vascular

Tumor growth is sustained by rapid neovascularization and angio-
genesis, resulting in a disorganized and malformed tumor vascular
structure that differs significantly from physiologic vasculature [47]. A
key characteristic of tumor blood vessels is that they are ‘leaky’ due to
a loose association of pericytes and substantial gaps, up to 2 pum in diam-
eter, between their endothelial cells. This architecture is attributed to
the overproduction of vascular endothelial growth factor (VEGF) during
tumor angiogenesis [48]. Due to solid stress on the tumor mass from
both intratumoral growth and surrounding tumor tissue, blood and
lymphatic vessels within the tumor are compressed. This condition re-
sults in elevated intratumoral interstitial fluid pressure (reviewed by
Jain, Martin and Stylianopoulos [49]). Under conditions of sufficiently
high interstitial fluid pressures, microvessels within the tumor can col-
lapse, abolishing the transvascular delivery of bloodborne nutrients and
drugs [50]. In addition, the high pressure gradient from the tumor to its
periphery favors the leakage of nutrients, drugs, and cells out of the
tumor [51, 52]. Overall, this leads to an uneven distribution of oxygen
and nutrients within the tumor, which is accompanied by the formation
of hypoxic regions and the buildup of metabolic waste products.

The dysregulated tumor vasculature contributes to tumor-mediated
immune tolerance through the actions driven by VEGF, hypoxia, and the
tumor endothelium [30]. VEGF is known to inhibit DC maturation and
antigen presentation, and it upregulates PD-L1 expression on DCs [53].
Hypoxia is itself a driver of VEGF secretion by tumor cells and M2 mac-
rophages, a mechanism intended to restore blood flow to oxygen-
starved tissues, and it participates in immunosuppression through a va-
riety of mechanisms. For example, it upregulates the expression of COX2
and production of PGE,. Hypoxia also promotes TGF-{ secretion by M2
macrophages and increases the expression of PD-L1 on cancer cells and
CD86 (a ligand for CTLA-4) on DCs. It also inhibits the interaction be-
tween tumor cells and the costimulatory receptor NKG2D on NK cells
and T cells (reviewed in [54]). Finally, the tumor endothelium also
acts to significantly impair immune cell transport. Tumor-associated en-
dothelial cells (ECs) express low levels of critical adhesion molecules
such as E-selectin, ICAM1/2, and VCAM1, and they upregulate receptors
that allow the transmigration of Tregs and other immunosuppressive
populations (reviewed in [55]). These ECs also upregulate inhibitory
molecules such as PD-L1, TGF-3, and the death ligand FasL, inducing
the suppression or killing of cytotoxic cells [56-58]. The tumor vascula-
ture therefore provides a highly unfavorable environment for the effi-
cient penetration of drugs and immune cells and contributes to the
suppression of anti-tumor immunity.

3. Addressing barriers with conventional immunotherapies

The current breakthrough successes in the field of cancer immuno-
therapy have built on sustained efforts to identify and dismantle barriers
to effective anti-cancer immune responses. Herein, we review current
progress in both clinical and preclinical immunotherapies, discussing
how each of these therapies addresses the barriers we discussed earlier
(Box 2), as well as the challenges that still remain (Box 3).

3.1. Cytokine therapy

Since the late 1980s, two cytokines—interleukin-2 (IL-2) and inter-
feron alpha (IFN-a)—have been used as biologic drugs for activating
the immune system to treat cancer. High-dose IL-2 cytokine therapy is
currently used to treat metastatic melanoma and metastatic renal cell
carcinoma [59]. Where tumor-infiltrating immune cells are hampered
by tumor-induced anergy and disrupted trafficking, IL-2 activates and
expands cytotoxic T cells and NK cells while maintaining their function,
leading development of IL-2 as the first purely immunologic strategy
that could cause tumor regression [60]. In clinical trials for metastatic
melanoma and renal cell carcinoma, high-dose IL-2 induced overall re-
sponses in about 15% of patients [61, 62], along with long-term durable

Box 2
How modern immunotherapies address the barriers.
Barriers Immunotherapeutic strategies for addressing barriers Selected
references
Lack of tumor antigen processing and - Enhance antigen presentation by tumor cells and increase DC cross-presentation of antigen, e.g. [FN-o [66, 90, 116]
presentation - Engineer T cells that recognize a completely different antigen, e.g. CAR CD19-specific CAR-T cells
- In vivo lysing of tumor cells and release of tumor antigens, e.g. oncolytic virotherapy (T-VEC)
Inhibited trafficking of immune cells to the - Expand TILs ex vivo and re-infuse into the patient, e.g. adoptive TIL therapy [60, 82]
tumor site - Expansion of T cells in vivo, e.g. IL-2 cytokine therapy
Disabling of antigen-presenting cells in the - Enhanced DC function, maturation, capacity to stimulate effector T cells, e.g. IFN-a therapy [66, 112, 116]
tumor microenvironment - Adoptive transfer of autologous DCs stimulated ex vivo, e.g. Sipuleucel-T
- Stimulation of tumor-resident DCs by immunogenic cell death, as well as DC priming through
virus-mediated GM-CSF expression, e.g. oncolytic T cell virus (T-VEC)
Anergy and ineffectiveness of infiltrating - Nonspecific expansion and activation of T cells to attack the tumor, e.g. IL-2 therapy [60, 82,98, 102]
immune cells - Blockade of negative costimulatory molecules CTLA-4 and PD-1 to restore effector T-cell function, e.g.
checkpoint inhibitors Yervoy (ipilimumab), Opdivo (nivolumab), and Keytruda (pembrolizumab)
- Couple adoptive therapy with radioablative therapy to remove immunosuppressive Tregs and boost the
efficacy of transferred TILs
Difficulty in transport and retention of - Not addressed, although vascular normalization by treatment with VEGF has been demonstrated to [49]

drugs/nutrients in the tumor

improve drug delivery in preclinical models
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Box 3
Challenges encountered by modern immunotherapies.
Immunotherapy  Challenges Contributing factors Selected
references
Cytokine therapy - Systemic toxicities and limited efficacy - Low serum half-lives of many cytokines necessitate high doses, leading to [7, 71, 77, 80]
- Immunogenicity is a common safety issue toxicities and off-target effects
CAR-T cell therapy - Cytokine release syndrome - Rapid expansion of infused CAR-T cells [4]
- Limited number of antigenic targets - Other promising tumor targets (e.g. ErbB2) are expressed at low levels on
- Permanent loss of targeted cell population non-tumor tissues, and have caused patient deaths in clinical trials
- Labor-intensive culture process - CD19-targeting CAR-T cells can lead to B cell aplasia, requiring additional
Adoptive TIL - Limited accessibility - Additional expansion methods (such as aAPCs) may be needed for more [85]
therapy - Multiple rounds of expansion required effective therapy
- TILs have difficulty persisting after adoptive transfer - Limited number and immunosuppressed phenotype of isolated cells,
- Difficulty in identifying antigen-specific T cells in inter-donor variability
cancer types besides melanoma - Transferred TILs may be suppressed upon re-entering the tumor micro-
environment
- Persistence may be linked to telomere length, necessitating shorter times
allowed for ex vivo expansion
Checkpoint - Immune-related adverse events associated with treat- - On-target, off-tumor blockade induces autoimmune responses to [107-110]
inhibitor ment include colitis, arthritis, diabetes therapy, which may result in treatment termination
blockade - Resistance to checkpoint inhibition has been observed =~ - Resistance possibly develops through treatment-induced selection of
tumor cells expressing alternative immune checkpoints
Cancer vaccines - Limited efficacy - Likely due to additional unaddressed barriers, e.g. tumor [111,113]

- Labor-intensive culture process for cellular vaccines

immunosuppression

responses in some of those responders. IFN-a is approved for clinical
use in the U.S. for several types of cancer, including hairy cell leukemia,
AIDS-related Kaposi's sarcoma, melanoma after surgical resection, and
renal cell carcinoma in combination with Avastin [63-65]. While IFN-
« directly inhibits the proliferation and function of tumor cells, it also
promotes a range of immune effects that favor anti-tumor immunity
[66]. IFN-a treatment has been shown to increase TAA expression on
tumor cells [67]. It also induces DC maturation and stimulates the
cross-priming of cytotoxic T cells by DCs [68]. The pleiotropic nature
of both IL-2 and IFN-a thus enables them to address tumor immuno-
suppression with multiple mechanisms.

Inefficient delivery remains a key drawback to cytokine therapy.
Both IL-2 and IFN-a have short half-lives in circulation, necessitating
high-dose infusions that cause significant systemic toxicities. For exam-
ple, IL-2 may cause pulmonary edema and a potentially fatal capillary
leak syndrome that necessitates careful patient management during
therapy [7]. It may also contribute to the development of immunosup-
pression via regulatory T cells [69, 70]. IFN-« therapy is often associated
with hematologic adverse events such as leukopenia and
myelosuppression, liver toxicities, development of autoimmunity, and
depression [71]. For patients with metastatic melanoma, adjuvant IFN
treatment resulted in reduced health-related quality of life due to the
side effects that followed [72]. Longer-circulating versions of these cyto-
kines have thus been investigated to improve therapeutic efficacy while
reducing side effects and off-target toxicities. Although PEGylated IFN-
a2b was recently approved for treating melanoma patients after sur-
gery [63], patients still showed a significant reduction in quality of life
[73]. A clinical trial that followed high-dose IL-2 with the chronic main-
tenance of PEGylated IL-2 did not show any improved clinical benefit
[74]. Another obstacle with cytokine therapy is the immunogenicity
that may result. In some patients, repeated administration of therapeu-
tic proteins may break the immune system’s tolerance to self-antigens
and result in the generation of antibodies that neutralize both the native
protein and its therapeutic counterpart [75]. PEGylation helped to re-
duce the problem but did not overcome it, and the immunogenicity of
therapeutic proteins and their PEGylated derivatives remains a signifi-
cant hurdle [75]. For example, the development of antibodies to either
IFN-a2a or IFN-ai2b was reported in patients with hepatitis and neo-
plastic disease [76, 77]. Moreover, the antibodies generated in response
to therapeutic IFN-a2a or IFN-a2b were cross-neutralizing for both
products, their PEGylated versions, and native IFN-a1 [78, 79]. Similar
challenges affecting pharmacokinetics, safety, and efficacy have been
reported for recombinant IL-2 [80, 81].

3.2. Adoptive T-cell immunotherapy

The use of tumor-infiltrating lymphocytes (TILs) for adoptive im-
munotherapy, pioneered by Rosenberg and colleagues at the National
Cancer Institute, presents a therapeutic strategy that addresses multi-
ple immunologic barriers to effective therapy. TILs are lymphocytes
that have already recognized and infiltrated the tumor but are sup-
pressed and inactive. In this therapy, TILs are extracted from patient
tumors, expanded ex vivo using cytokines and other stimuli, and re-
infused into the patient, thus directly addressing the barrier of limited
tumor-infiltrating effector cells [82]. Patients also undergo
lymphodepletive chemotherapy and radiation regimens before TIL in-
fusion, which removes endogenous lymphocytes that can compete
with either infused TILs for activating cytokines or populations such
as Tregs, which act to suppress anti-tumor immunity. These efforts
have so far resulted in response rates of 50% or more in some clinical
trials [83, 84].

The personalized nature of adoptive TIL therapy contributes to a
number of challenges and complications. First, the therapy is not yet
widely applicable. Second, patients must be able to endure a number
of procedures, including tumor resection, lymphodepletive regimens,
and IL-2 infusion [85]. Third, despite the ability to expand viable TILs,
not all tumor samples yield immunologically active T cells [86]. TILs
are usually grown with multiple rounds of expansion, and the data
from responding and non-responding patients suggest that TILs with
longer telomeres persist longer in vivo [87]. While in vivo persistence
alone is insufficient to predict efficacy, TIL telomere length is being ex-
amined as a metric for identifying viable T cells, and methods for more
rapidly culturing TILs are also being investigated. Finally, adoptive TIL
therapy has so far only been widely applied to melanoma, while TILs ca-
pable of lysing autologous tumor cells are difficult to obtain from other
tumor histologies [88]. Nevertheless, a patient with cholangiocarcinoma
was successfully treated using a TIL approach after a tumor-reactive Th1
CD4™" cell population was identified via exome sequencing [89]. Efforts
remain underway to apply the successes of TIL therapy in melanoma to
other cancer types.

3.3. Chimeric antigen receptor (CAR)-T cell therapy

The use of CAR-T cells for immunotherapy, particularly in the treat-
ment of B-cell acute lymphocytic leukemia (ALL), is a recent advance in
immunotherapy utilizing genetically modified T cells. In this therapy, T
cells from patients are modified with chimeric antigen receptors
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comprised of an antibody-derived targeting ligand that is fused to T cell
receptor (TCR) signaling machinery, with next-generation CAR-T cells
incorporating multiple signaling domains and additional costimulatory
ligands [90]. This class of therapies entirely bypasses the barrier of dys-
regulated tumor antigen processing and presentation, as the antibody-
antigen interaction is completely independent of MHC-restricted anti-
gen recognition. CAR-T cells can thus eliminate cancerous B cells that
have impaired or nonexistent MHC I expression, due to their recogni-
tion of the B-cell lineage marker CD19. In clinical trials, CAR-T cells
targeting CD19 have achieved response rates of over 50-80% in refrac-
tory lymphoma [90], and the same technique has also been used for
NY-ESO-1-targeting CAR-T cells to treat multiple myeloma [91] and sy-
novial cell carcinoma [92].

Several obstacles hamper the widespread clinical application of
CAR-T cell therapy. The activation and expansion of infused T cells
cause a cytokine release syndrome (CRS) in patients, resulting in
fever soon after infusion, organ dysfunction, neurologic symptoms,
and other toxicities [4], with severe cases frequently requiring inten-
sive medical intervention. CAR-T therapy-associated CRS is currently
managed by corticosteroids and IL-6 receptor blockade by tocilizumab,
which has had good results in the clinic. However, prolonged use of
corticosteroids may reduce the effectiveness of the transferred T cells,
as evidenced by patients who are treated with high-dose steroids
and subsequently relapse despite previously achieving complete re-
mission [93]. A second challenge is the selection of an appropriate an-
tigenic target, as CAR-T cells can recognize and attack healthy cells
expressing the target antigen (on-target/off-tumor recognition). In
the case of CD19-specific CAR-T cells, the major on-target toxicity is
B cell aplasia and resultant hypogammaglobulinemia [94]. CD19 was
selected as a clinical target in part because these toxicities are medi-
cally manageable through immunoglobulin replacement therapy [94].
However, despite the ability to mitigate most infectious complications
of B-cell aplasia by this approach, concerns still remain regarding po-
tential long-term toxicities. CAR-T cells targeting other antigens have
led to severe autoimmunity [95] and even death [96]. Finally, CAR-T
cells have struggled to effectively treat solid tumors, likely due to the
multiple mechanisms of immunosuppression common in the tumor
microenvironment [97].

3.4. Checkpoint inhibitors

Immune checkpoint inhibitor therapies represent another recent ad-
vance in immunotherapy, the most successful of which have been anti-
bodies directed against the T cell inhibitory ligands CTLA-4 and PD-1. As
CTLA-4 and PD-1 serve to dampen the immune response, these antibod-
ies enhance endogenous anti-tumor immune responses initiated by in-
filtrating cytotoxic T cells. Therapeutic CTLA-4 blockade raises the
threshold for T-cell inhibition and prolongs T-cell activation [98],
while PD-1 blockade prevents the exhaustion of T cells triggered by
PD-L1 ligation. An antibody blocking PD-L1 was also recently approved
for the treatment of metastatic Merkel cell carcinoma [99]. The applica-
tion of checkpoint inhibitors in the clinic has resulted in long-term du-
rable responses in patients with a variety of cancers, with median
response durations of 1-3 years noted in objective responders [100]. Ef-
forts are already underway to improve the clinical benefits demon-
strated by checkpoint inhibitors. For example, the combination of both
anti-CTLA-4 and anti-PD-1 is being considered because they act through
non-overlapping immune pathways. Recent clinical reports have indi-
cated overall response rates of the combination are around 40% for mel-
anoma and renal cell carcinoma, with lower response rates observed for
non-small cell lung cancer [101]. Currently, there is also significant in-
terest in combining checkpoint inhibitors with a range of immunother-
apeutic strategies, including adoptive cell therapy [102, 103], targeted
therapies [104], and cancer vaccines [105], due to the ability of check-
point inhibitors to amplify immune responses by inhibiting mecha-
nisms of tumor immunosuppression.

However, not all patients respond to checkpoint inhibitors, and the
search continues for predictive biomarkers of response to these thera-
peutics. For example, the tumor expression of PD-L1 does not defini-
tively predict the clinical benefit of anti-PD-1 therapy, even though it
may correlate with patient response in some cases [106]. In addition, re-
sistance to checkpoint inhibition has also been observed and occurs pos-
sibly through the upregulation of alternative immune checkpoints such
as TIM-3 [107]. The administration of checkpoint inhibitors is also com-
monly associated with immune-related adverse events (irAEs). While
most of these are well-tolerated and can be managed symptomatically,
irAEs can be robust enough, such as grade 3 or 4 diarrhea or colitis, to

Box 4
How nanotechnology can address barriers to effective immunotherapy.
Barriers Nanotechnology-enabled strategies to address barriers Selected
references
Lack of tumor antigen processing and - Delivery and co-delivery of tumor lysates, antigens, neoantigens, and adjuvants to immune cells (examples [130, 131,
presentation include multiple platforms) 173, 174]
- Improved lymphatic trafficking and delivery to the LN (examples include multiple platforms) [134,138,

- Ability to engage the immune cells both at the site of administration and at draining LN (examples include 183]

multiple platforms)

- Systemic delivery and vaccination against identified tumor antigens

- Enabling externally triggered disruption of tumor tissue by hyperthermia to release tumor antigens and
combining with adjuvants for in situ vaccination (e.g. plasmonic gold nanostructures and SPION)

- Enhancing chemotherapy-mediated ICD (e.g. Doxil and Abraxane)

Inhibited trafficking of immune cells to the - Disruption of neovasculature to improve immune cell infiltration and release of danger signals (e.g. [201]
tumor site CYT-6091)

Disabling of antigen-presenting cells in the - Combination delivery of antigen and adjuvant for enhanced DC priming (multiple platforms) [130]
tumor microenvironment - Targeted delivery to DCs (e.g. DEC205)

Anergy and ineffectiveness of infiltrating - Delivery of inhibitors and oligonucleotides to the tumor microenvironment to counter tumor immunosup- [121,
immune cells pression 127-129]

- Inhibition of immune checkpoint ligands by siRNA delivered to the TME (multiple platforms)
- Co-delivery of agents to simultaneously abrogate immunosuppression and reactivate T cells (e.g. IL-2/TGFbi,

CpG + anti-CD40, IL-2 + anti-CD137)

Difficulty in transport and retention of - Tumor-specific accumulation of NPs via the EPR effect (examples include multiple platforms)

[120, 185,

drugs/nutrients in the tumor - Magnetic guidance of NPs to the tumor site 201]
- Disruption of neovasculature (e.g. CYT-6091)
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result in the permanent discontinuation of treatment [108]. In some
cases, more serious autoimmune conditions, such as type I diabetes or
autoimmune hypophysitis, may occur [109, 110].

3.5. Cancer vaccines

Therapeutic cancer vaccines are represented by a broad range of
strategies to treat established cancers by educating the immune system
against TAAs. These TAAs may be self-antigens that are overexpressed
in the tumor or neoantigens generated by tumor-specific mutations
that are absent in normal tissue. By delivering an antigen directly to
the immune system, a successful cancer vaccine would thus overcome
the barrier of limited tumor antigen presentation and possibly address
additional barriers depending on vaccine design. However, it is clear
that vaccination with peptide antigens is insufficient to evoke effective
immune responses. In clinical trials between 1995 and 2004, the Na-
tional Cancer Institute treated 440 patients with peptide vaccines that
were either emulsified in an adjuvant, delivered by viruses, or encoded
in DNA [111]. The overall response rate for all of these treatments was
only 2.6%, most likely due to the extensive immunosuppressive mecha-
nisms encountered by T cells in the tumor microenvironment.

Two cancer vaccines have so far been approved for clinical use. The
autologous DC vaccine Sipuleucel-T was the first cellular immunother-
apy approved for prostate cancer treatment, where patient DCs are ex-
tracted via leukapheresis for ex vivo treatment with an antigen-cytokine
fusion protein before being reinfused as a vaccine [112]. Sipuleucel-T
thus addresses the paucity of antigen-presenting cells in the tumor mi-
croenvironment by introducing large numbers of APCs educated ex vivo.
This therapy proved to have limited efficacy because it only extended
patient survival by four months in clinical trials and failed to improve
progression-free survival [113, 114]. However, it did set an important
precedent for DC vaccines that rely on ex vivo education of DCs without
the need for in vivo targeting. Further efforts are underway to improve
this therapy, including a trial in combination with indoximod, an inhib-
itor of the tumor immunosuppressor IDO [115]. The 2015 approval of
Imlygic (T-VEC), the first oncolytic virus therapy, also represents a
new class of cancer vaccines where viruses are repurposed to lyse
tumor cells in vivo. T-VEC is derived from the type I herpes simplex
virus, is engineered to target malignant cells, and carries the gene for
GM-CSF, a cytokine that activates monocytes and DCs for the induction
of immunity [116]. T-VEC therefore has the potential to debulk the
tumor through virally induced lysis while exposing the immune system
to TAAs under immune-activating conditions. In its Phase III trial, T-VEC
achieved a 26.4% overall response rate in melanoma patients, and sys-
temic immune responses were observed in patients at all disease stages
[117]. T-VEC is likewise being tested alongside ipilimumab to investi-
gate possible synergy with checkpoint inhibitors [118, 119].

4. Addressing barriers with nanotechnology

Nanotechnology has been extensively employed to enable immuno-
therapy both directly (by targeting barriers to immunotherapy), and in-
directly (by improving conventional immunotherapies that are already
used in the clinic) (Box 4).

4.1. Direct strategies to addressing barriers to immunotherapy

4.1.1. Offsetting the immunosuppressive tumor microenvironment by tu-
mor-specific delivery

Nanoparticles are known to accumulate at sites of increased vascular
permeability and reduced lymphatic drainage, such as the dysregulated
vasculature of tumor beds. If circulating nanoparticles are sufficiently
small to avoid renal clearance, they can leak into tumor tissue through
the porous vasculature, and be subsequently trapped in the tumor
bed. This phenomenon, known as the enhanced permeability and reten-
tion effect (EPR), is an important motivator for the use of

nanotechnology for cancer therapy [120]. It turns the therapeutic bar-
rier of dysregulated tumor vasculature into a viable target due to the po-
tential of tumor-specific drug delivery enabled by nanoparticles. In
addition, the loading of therapeutic agents within nanoparticles pro-
tects them from degradation, extending their circulation time in the
body and allowing for a longer therapeutic window. In the clinic, nano-
particle systems such as Doxil and Onivyde have applied these strate-
gies to the delivery of cytotoxic drugs, reducing systemic toxicities
while maintaining therapeutic efficacy of the APL

Tumor-specific delivery is a useful strategy for targeting immuno-
suppressive mechanisms in the tumor microenvironment. In particular,
the nanoparticle-mediated delivery of nucleic acid therapeutics to in-
hibit tumor immunosuppression has been reported by several investi-
gators. As reviewed by Conde et al. [121], most of these reports are in
vitro or ex vivo studies, though several demonstrate efficacy in animal
models. Wang et al. designed 100 nm-polymersomes to deliver siRNA
against CTLA-4, demonstrating nanoparticle uptake by CD4*" and
CD8™ TILs after intravenous administration. Tumor-infiltrating T cells
showed reduced expression of CTLA-4, along with enhanced tumor in-
filtration and anti-tumor activity [122]. Other reports have demon-
strated the in vitro knockdown of the PD-1 ligands PD-L1 and PD-L2 in
human T cells and tumor cells [123, 124], indicating that this approach
can be extended to other immune checkpoint ligands as well. Huang
et al. developed a dextran-based nanocomplex with a pH-responsive al-
ginate element for delivery of CpG, anti-IL-10, and anti-IL-10 receptor
oligodeoxynucleotides (ODNs) to tumor-associated macrophages. This
formulation enabled ODN release in the acidic tumor microenviron-
ment [125]. The nanocomplexes accumulated intratumorally after sys-
temic intravenous administration and led to a reduction in tumor
growth and angiogenesis. In another report, Conde et al. fabricated
gold nanoparticles conjugated with anti-VEGF siRNA, which were deliv-
ered intratracheally in lung-tumor-bearing mice. The nanoparticles
suppressed VEGF production in pulmonary macrophages and lung tis-
sue, resulting in improved survival that was further extended with the
addition of a macrophage-targeting ligand [126]. These reports show
that nanoparticles can be used to deliver nucleic acid therapeutics di-
rectly to the tumor microenvironment for the inhibition of tumor
immunosuppression.

Finally, nanotechnology has proven useful for combination immu-
notherapies, either by combining the effects of multiple immune-acti-
vating or immunosuppressive therapies or by simultaneously
stimulating local immune cells while inhibiting mechanisms of tumor
immunosuppression. Park et al. developed a hydrogel-encapsulated li-
posome delivering IL-2 and a TGF-{ inhibitor [127]. This formulation
was able to traffic to the tumor vasculature after intravenous adminis-
tration, activate tumor-infiltrating T cells and NK cells, and improve sur-
vival in both subcutaneous and metastatic melanoma tumor models
[127]. By complexing the excipient cyclodextrin into the hydrogel ma-
trix, co-encapsulation and delivery of a hydrophilic protein together
with a hydrophobic drug were achieved, demonstrating that nanoparti-
cle chemistry can be designed to accommodate agents with very differ-
ent chemical characteristics. The combination of soluble IL-2 and a TGF-
(3 inhibitor failed to elicit any anti-tumor immunity, demonstrating the
necessity of a nanotechnology platform for delivery of these therapeutic
agents. Kwong et al. coated liposomes with anti-CD40 agonistic anti-
bodies and CpG oligonucleotides. Liposomal anchoring of these agents
allowed intratumoral retention of both CpG and anti-CD40, which en-
hanced their synergy and reduced their exposure to systemic circulation
in treated animals after intratumoral injection, thereby significantly re-
ducing toxicities associated with soluble CD40-specific antibodies [ 128].
To evoke better long-term responses, the same group developed lipo-
somes with either IL-2 or anti-CD137 anchored on the particle surface.
As before, intratumoral co-administration of both liposomes resulted
in intratumoral retention of both agents, reduction of systemic toxicity
compared to soluble agents, and long-term systemic anti-tumor immu-
nity and resistance to rechallenge [129]. While these examples show the
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induction of anti-tumor immunity without administration of a specific
antigen, the principles outlined therein are similarly applicable to the
cancer vaccine approaches discussed below.

4.1.2. Building more effective cancer vaccines with nanotechnology

Two key challenges in the area of cancer vaccines—the targeting of
specific immune cell populations and the delivery of antigen and adju-
vant to those cells—are problems well-suited for nanotechnology-
based approaches. Whereas in other cancer drug delivery applications
the clearance of drug-carrying nanoparticles by the MPS should be
avoided to extend drug circulation times, the efficient uptake of anti-
gen-carrying nanoparticles by DCs and other antigen-presenting cells
becomes a desirable trait in vaccine applications. To enable improved
vaccination strategies, nanoparticle systems can be designed to over-
come physiological barriers in delivering vaccines to DCs for immune
education and to carry combinatorial payloads for the stimulation of op-
timal immune responses (reviewed in [130]). Many of these strategies
can also be used to improve DC-based cancer vaccines such as
Sipuleucel-T.

4.1.3. Influence of nanoparticle physicochemical characteristics on lymph
node targeting

Several strategies have been pursued to target nanoscale cancer vac-
cines to lymph nodes and other lymphoid organs, as well as to go after
sites where anti-tumor T cells are primed. For nanoparticle-mediated
strategies, nanocarrier size is known to affect nanoparticles’ direct traffic
to the lymphatic system. Some investigators have determined that
smaller nanoparticles (with a hydrodynamic size of 30-50 nm) travel
quickly through lymphatic vessels to lymph nodes upon subcutaneous
injection, while their larger counterparts (with a hydrodynamic size
equal to or greater than 100 nm) remain in the extracellular matrix of
the injection site [131-133]. Sub-50-nm nanoparticles are therefore fre-
quently used as vaccine candidates to target lymph-node-resident APCs.
Notably, tumor-draining lymph nodes contain immunosuppressed, an-
tigen-experienced T cells, which may be re-activated following immu-
notherapeutic stimuli. Jeanbart and colleagues found that
administering nanoparticle vaccines to tumor-draining lymph nodes
was more effective than targeting non-tumor-draining nodes and re-
quired nanoparticle-mediated delivery of antigen and adjuvant [134].
Protein-based nanoparticles, which are far smaller than the 50-nm size
limit, have also demonstrated efficacy at lymph node targeting. For ex-
ample, CpG adjuvants and peptide antigens modified with lipophilic al-
bumin-binding domains converted the vaccine components into
albumin nanoparticles upon contact with serum, which demonstrated
improved anti-tumor efficacy and specific accumulation in lymph
nodes [135]. Lee et al. also demonstrated the lymph node delivery and
retention of ferritin-based protein nanoparticles, which were subse-
quently able to induce protective anti-tumor immunity [136]. Investiga-
tors have also shown that nanoparticles above the 50-nm size limit can
be used to target lymph nodes via intravenous injection. This size limit
only appears to confine itself to nanoparticle uptake via lymphatic ves-
sels. A recent report directed intravenously administered microparticle
constructs to lymph node high endothelial venules using the MECA-79
targeting antibody [137]. Kranz and colleagues optimized an mRNA can-
cer vaccine delivery system to target lymphoid organs and found that
near-neutral or slightly negative RNA-lipid lipoplexes between 200-
400 nm in diameter demonstrated exclusive splenic expression, den-
dritic cell uptake, and enhanced antitumor efficacy in mouse models.
The study also revealed antigen-specific responses in patients tested in
a Phase I clinical trial [138]. Another example of how nanotechnology
can benefit vaccines through engineering nanoparticle size comes
from the interbilayer-crosslinked multilamellar vesicles (ICMV) de-
signed by Moon et al. [139, 140]. This concept allows for the encapsula-
tion of a protein antigen between multiple layers of the core particle,
exposure of the antigen on the particle surface, and co-delivery of vari-
ous immunomodulatory agents [139, 140]. This design enabled

stimulation of APCs both at the site of injection and in the resident
lymph nodes through multistage particle dissolution and engagement
of various size-dependent mechanisms of antigen delivery. As a result,
the ICMVs stimulated a greater and longer-lasting humoral immune re-
sponse than conventional vaccines [139, 140]. The successful targeting
of cancer vaccines to lymphoid organs can therefore be achieved by a va-
riety of strategies involving vehicle design and route of administration.

Nanoparticle surface charge is also known to impact lymphatic up-
take, although here the picture is less clear. Several groups have demon-
strated that, with an increase in negative surface charge, nanoparticle
vaccines are taken up more effectively into lymph nodes after subcuta-
neous injection [141, 142]. However, other reports indicate that cationic
gold- and hydrogel-based nanoparticles may also traffic more readily
into draining lymph nodes than anionic nanoparticles [143-145].
These reports, however, involve the pulmonary delivery of nanoparti-
cles, where cationic nanoparticles have been shown to be preferentially
internalized by pulmonary DCs. The relationship between lymphatic
uptake and nanoparticle surface charge therefore appears to depend
on the route of administration.

4.14. Adjuvant delivery by nanoparticles

Nanoparticles are ideal systems for delivering appropriate combina-
tions of antigen and adjuvant to immune cells. Such delivery is most fre-
quently accomplished by incorporating pathogen-associated molecular
patterns (PAMPs), evolutionarily conserved microbial components that
are strong activators of immune cells and APCs, into the vaccine delivery
vehicles alongside the desired antigen. As such, many different PAMPs
have been used for this purpose, including LPS, Poly(I:C), and CpG oligo-
nucleotides, largely encapsulated with antigen within the same nano-
particle platform (reviewed in [146]). The inherent physicochemical
properties of nanoparticles have been used to promote immunity
through activating inflammasomes [147, 148], triggering the comple-
ment pathway [131], or activating autophagy [149], which allows
nanomaterials themselves to act as vaccine adjuvants. Investigators
have a broad range of adjuvant candidates and material properties
from which to select, and they should carefully choose appropriate com-
binations for the best results. A key challenge in this area is the avoid-
ance of toxicities associated with the systemic administration of
adjuvants, many of which have been linked to adverse inflammation
[150-152]. Several investigators have developed nanoparticle-formu-
lated adjuvants that traffic to lymph nodes and avoid systemic delivery.
Two separate groups using different nanoparticle platforms to deliver a
CpG adjuvant reported a stimulation of anti-tumor responses and the
abolition of serum inflammatory cytokine responses to free CpG oligo-
nucleotides [153, 154]. This behavior is not limited to oligonucleotide-
based adjuvants and has also been demonstrated for the STING agonist
cyclic di-GMP [155] as well as the TLR7/8 agonist R848 [156, 157]. Of
note, several of these nanoparticle systems did not require co-encapsu-
lation of antigen together with the adjuvant, indicating that the localiza-
tion of immunomodulators to the lymph node environment is more
important than localizing them to the same subcellular compartment
by co-delivery within the same nanoparticle.

4.1.5. Tunable antigen delivery for cross-presentation and sustained release

The encapsulation of antigen in nanoparticles confers a host of advan-
tages for vaccine delivery, including increased antigen uptake by APCs as
well as the cross-presentation of antigens. DCs can capture antigen by the
endolysosomal (class II) pathway, which stimulates T helper cell re-
sponses; they can also cross-present antigen via the class I pathway,
which stimulates cytotoxic responses against cytosolic antigens. Capital-
ization on DC cross-presentation is therefore seen as a critical mechanism
for stimulating cytotoxic T cell responses [ 158, 159]. To create a depot for
sustained antigen delivery, antigens are frequently encapsulated in a bio-
degradable polymer such as poly(lactide-co-glycolide) (PLGA), where
they are slowly released as the polymer degrades. The internalization of
these antigen-loaded particles by DCs, or their presence near DCs as an
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antigen depot, would therefore stimulate anti-tumor immunity by the
uptake and cross-presentation of desired antigens. A variety of protein
and peptide antigens have been employed for this purpose, including
nanoparticles encapsulating tumor lysate, which have been investigated
as vaccines that educate the immune system against the full range of
tumor antigens and which can elicit immune responses from autologous
patient samples [160, 161].

In experiments with cultured DCs, antigen encapsulated in PLGA
nanoparticles was superior to its soluble counterpart in regard to both
uptake and cross-presentation [162, 163], two key factors in eliciting
strong DC-mediated T cell responses for anti-tumor immunity. To help
nanoparticles undergo endosomal escape and enhance cross-presenta-
tion, several groups have incorporated polycationic components, such
as polyethyleneimine (PEI), into the nanoparticle matrix [163, 164].
One group demonstrated this with a particle system composed fully of
PEI [165]. However, the incorporation of the polycation PEI induced sig-
nificant nanoparticle aggregation, a factor which may limit the translat-
ability of these systems [166]. Other strategies for improving cross-
presentation include the targeting of nanoparticles to DCs via the C-
type lectin receptors DEC-205 or MGL, as well as intracellular targeting
of antigen to lysosomal compartments via pH-sensitive linkers or lyso-
somal sorting signals [122, 167, 168].

Successful cancer immunotherapy requires the activation of both
helper and cytotoxic T cells. Traditional adjuvants fail to fulfill this re-
quirement. For example, alum, the only approved vaccine adjuvant, pro-
duces a strong antibody- and Ty;2-biased immune response but is a poor
inducer of cytotoxic T cell response [169]. Nanotechnology helps to
overcome this problem by allowing investigators to tune antigen load-
ing and release from nanoparticle carriers. Moreover, by optimizing
the physicochemical properties of individual nanocarriers, one may
achieve preferential induction of a desired immune response. For exam-
ple, compared to liposomal vaccination, vaccination with PLGA nanopar-
ticles was found to stimulate longer-lasting humoral responses as well
as stronger CD8™ T cell responses after a bacterial challenge. This effect
was attributed to PLGA having slower antigen-release characteristics
than liposomes. Both PLGA- and liposome-formulated vaccines were
able to activate cell-mediated immunity, as opposed to alum, which
only stimulated high antibody titers [170]. Similarly, polymersomes en-
capsulating antigens were better stimulators of CD4™" T cell responses,
while solid nanoparticles with surface-conjugated antigens engaged
stronger CD8™ T cell responses. The authors suggested that these differ-
ences are due to differential biodistribution and intracellular targeting,
as the polymersomes were more efficiently targeted to DCs and the
solid-core nanoparticles were mostly taken up by macrophages. An ad-
ditional explanation could be a difference in particle size and the mech-
anism of the antigen release from the carriers, since polymersomes are
125 nm in size and release antigen after oxidation, while the solid-core
nanoparticles are 30 nm and release antigen by reduction [171].

In using engineered nanosystems, investigators can select particular
antigens and adjuvants that may be most relevant for a particular pa-
tient, opening the door for personalized nanoparticle vaccines. The ad-
vent of deep sequencing technologies has allowed for the
identification of patient- and cancer-specific neoantigens that may be
biomarkers and targets for effective cancer immunotherapy [172].
Using HDL-based nanodiscs with established clinical manufacturing
procedures, Kuai and colleagues recently demonstrated for the first
time a nanoparticle vaccine that is capable of eliciting immune re-
sponses against both single and multiple TAAs as well as an identified
neoantigen in mouse models [173]. The nanodiscs co-delivered these
antigens together with a nanodisc-bound CpG adjuvant, and the efficacy
of the combined platform was not observed when the components
were delivered separately. Combination therapy using the multi-epi-
tope nanodisc vaccine and the checkpoint inhibitors anti-CTLA-4 and
anti-PD-1 induced complete responses in almost all treated animals,
demonstrating its further promise in combination with established
immunotherapies.

4.1.6. Nanoparticle systems for externally induced immunotherapy

Nanoparticle systems can take advantage of unique materials and
chemicals that are sensitive to external manipulation, allowing for local-
ized intratumoral therapy and reduction of off-target effects. Such ef-
fects are typically achieved by imparting photosensitivity or
magnetosensitivity to delivery systems, which can be externally stimu-
lated after intratumoral accumulation. In particular, external excitation
of some these nanosystems can cause localized tissue damage, inflam-
mation, and the release of tumor antigens and danger signals. These
nanoparticles can therefore initiate and enhance anti-tumor immune
responses or act synergistically with other types of immunotherapies.
External stimulation of nanoparticles can be used to address barriers
to immunotherapy, including the local activation of APCs via hyperther-
mia- and phototherapy-induced cell death, as well as the magnetic
guidance and targeting of nanoparticles to tumors.

Photosensitivity may be imparted to nanomaterials either through
unique material properties or by incorporating known chemical photo-
sensitizers into these nanoparticles. Specific nanosystems, such as gold
nanorods and nanoshells [174], copper sulfide (CuS) [175], and Prussian
Blue nanoparticles [176], have surface plasmon resonance properties
that allow for strong adsorption of near infrared (NIR) light, resulting
in efficient energy conversion for heat generation. This process is
known as plasmonic photothermal therapy (PTT). On the other hand,
nanoparticles may carry photosensitizers as part of their therapeutic
payload, which are capable of generating singlet oxygen upon external
excitation. This process is termed photodynamic therapy (PDT) [177].
By taking advantage of intratumoral nanoparticle accumulation, the
application of external photostimulation localizes the area of effect
specifically to the tumor, thus avoiding off-target effects. Recent
studies investigating nanoparticle-induced phototherapy reveal
that, while PTT and PDT excel at eliminating tumors at the site of
photostimulation, these strategies struggle to induce systemic anti-
tumor immunity when applied on their own. Therefore, several
strategies have been used to enhance the immune responses insti-
gated by nanoparticle-enabled phototherapy. Gold and copper sul-
fide nanoparticles have been coupled with CpG as an adjuvant,
which has improved resulting immunotherapy even at distant
tumor sites [178, 179]. Prussian Blue nanoparticles could also signif-
icantly enhance the anti-tumor efficacy of anti-CTLA-4 checkpoint
inhibition [180]. While these studies involving PTT all required the
intratumoral administration of nanoparticles, two recent nanoparti-
cle PDT platforms were able to effect anti-tumor immunity after sys-
temic intravenous administration in animal models. For example,
PLGA nanoparticles co-encapsulating the photosensitizer indocya-
nine green (ICG) and the TLR7 agonist Imiquimod resulted in strong
anti-tumor responses in two cancer models that were enhanced by
anti-CTLA-4 [181]. He et al. developed a core-shell coordination
polymer nanoparticle, delivering the chemotherapeutic oxaliplatin,
as well as a porphyrin photosensitizer [182]. The oxaliplatin-gener-
ated immunogenic cell death, along with the cytotoxic reactive oxy-
gen species generated upon porphyrin photostimulation, resulted in
a substantial anti-tumor immune response that synergized with
anti-PD-L1 therapy. These results demonstrate that nanoparticle-en-
abled phototherapy, both locally and systemically administered, can
be used alongside adjuvants and other immunotherapies to boost
systemic anti-tumor immunity.

Hyperthermia and apoptosis induction within the tumor also result
in the release of tumor antigens and danger signals that activate the im-
mune system. Iron oxide nanoparticles (IONPs) can induce intratumoral
hyperthermia due to heating effects generated by hysteresis loss in an
alternating magnetic field (AMF). As with phototherapy, IONP-medi-
ated hyperthermia in tumors can also provoke anti-tumor immune re-
sponses. For example, hyperthermia treatment using 100 nm IONPs
conferred resistance to a subsequent tumor challenge that was anti-
gen-specific and dependent on CD8™ T cells [183]. Hyperthermia medi-
ated by lipid-coated magnetite nanoparticles synergized with IL-2 or
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GM-CSF immunotherapy in a murine melanoma model [184]. Magnetic
nanoparticles offer another advantage by guiding particle accumulation
in the tumor area. This property was successfully used for the guidance
and delivery of [FN-y to tumors by cytokine-loaded IONPs [185]. Com-
bined magnetic guidance and hyperthermia strategies have previously
been applied in non-immunogenic cancer models and may be found
useful in immunotherapeutic strategies as well.

4.2. Improving conventional immunotherapies

Nanotechnology offers multiple strategies for improving conven-
tional immunotherapies (Box 5). Examples and remaining challenges
are further considered below.

4.2.1. Nanoparticles for physiologically relevant cytokine delivery

Cytokine delivery presents a unique challenge for nanoparticle-en-
abled delivery systems. Physiologically, cytokines act in a paracrine
fashion to target cells and function within a complex signaling network,
and, as discussed earlier, their systemic administration for cancer ther-
apy frequently leads to dose-limiting toxicities. In this arena,
nanomedicine has most commonly been employed to alter cytokine
biodistribution and to act as depots for sustained cytokine release in
vivo, as reviewed elsewhere [186]. Liposomes and polymeric particles
represent the most frequently used carriers for cytokine delivery,
while IL-2, IL-12, TNF-o,, GM-CSF, and IFN-y are some of the most com-
monly studied APIs [187-190].

The benefits of using nanotechnology for cytokine delivery include
the ability to formulate cytokines in physiologically relevant ways that
enhance their stimulatory capacity, as well as the ability to achieve the
sustained release of cytokines from carriers to mimic the paracrine re-
lease of these proteins from cells. For example, the encapsulation of
IL-2 in nanoparticles and microparticles used for antigen presentation
produced a far stronger expansion stimulus than IL-2 given at exoge-
nous concentrations of up to 1,000-fold higher [191]. Biophysical

modeling suggested that this effect was due to the sustained release of
IL-2 in a paracrine fashion and its accumulation at the particle-cell inter-
face, a phenomenon that is further enhanced by the embedding of nano-
particles in the cell membrane [192, 193]. Upon intratumoral injection,
and when accompanied with surface-bound antibodies against CD3 and
CD28, IL-2-loaded microparticles delayed tumor growth in a B16 tumor
model, compared to antibody-coated particles with no cytokine [194].
Although this study did not use nanoparticles, the comparable
immunostimulatory ability of IL-2-loaded nanoparticles suggests that
similar results might be seen.

Nanoparticles have also been used as scaffolds to support surface-pre-
sented cytokines, such as IL-15 and TNF-a. IL-15 is a cytokine closely re-
lated to IL-2; however, it does not contribute to the development of
Tregs. Unlike IL-2, the biological activity of IL-15 is achieved in a more
complex fashion. This cytokine is presented on the surface of activated
DCs and monocytes via its high-affinity receptor IL-15Ra, which acts as
a superagonist for the cytokine and presents it to the IL-15R( that is
expressed either on the same cell or on other cells. Therefore, leveraging
the positive properties of this cytokine for immunotherapy requires co-
delivery withitsreceptor . Such co-delivery hasbeen achieved using an-
tigen-encapsulating PLGA nanoparticles, where the [L-15:IL-15Ra com-
plex presented on the particle surface was a more potent activator of
CD8™ T cells than if the complex was delivered separately [195].

The cytokine TNF-a has also been investigated for cancer therapy
due to its ability to directly induce the cell death of tumorigenic or vi-
rally infected cells, but its clinical administration was not approved
due to systemic toxicity [196]. TNF-« on the surface of PEGylated colloi-
dal gold nanoparticles (CYT-6091) has demonstrated anti-tumor effi-
cacy in animal models [197], reduced systemic toxicity, and
successfully passed a Phase I clinical trial [198]. TNF-« protein exists
in two forms—soluble and membrane-bound—which differentially acti-
vate the TNF receptors TNFR1 and TNFR2. Both forms activate TNFR1,
but only the membrane-bound form activates TNFR2 [199]. TNF-a
bound to the surface of silica nanoparticles activated TNFR2-based

Box 5
How nanotechnology can improve conventional immunotherapies.
Immunotherapeutic Challenges faced Nanotechnology-based strategies to enhance immunotherapy Selected
approach references
Cytokine therapy - Systemic toxicities and limited efficacy Nanoparticle-mediated delivery of cytokine proteins and genes, [186, 195, 200,
- Enhancing cytokine effectiveness through biophysical allowing for improved half-lives (e.g. IL-2), tumor-specific targeting 201]
presentation (e.g. IL-12), physiological presentation (e.g. IL-2, IL-15, TNF-at),
reduced systemic toxicity (TNF-a)
Adoptive TIL - TILs are not always accessible and expandable to the Artificial antigen-presenting cell platforms can rapidly expand large [194, 213,
therapy large numbers needed for adoptive therapy number of TILs (e.g.) 215-218, 220]
- Multiple rounds of expansion required, as well as the T cell-conjugated nanoparticles enhance their survival post-injection
immunosuppressed phenotype of isolated TILs, may by delivering critical cytokines, such as IL-15 and IL-21
limit the efficacy of these cells In vivo tracking and targeting of transferred TILs
- TILs have difficulty persisting after adoptive transfer
- Difficulty in identifying antigen-specific T cells in can-
cer types besides melanoma
CAR-T cell therapy - Cytokine release syndrome In vivo tracking of transferred CAR-T cells [215,217-222]
- Limited number of antigenic targets Redirecting FITC-targeting CAR-T cells using FITC-folate or other
- Loss of targeted cell population conjugates
- Labor-intensive culture process In vivo CAR gene delivery to peripheral T cells using nanoparticles
Checkpoint inhibitor - Antitumor response is not universal in patients Combination with a broad variety of nanotechnologies, including [173,181, 182,
blockade - Immune-related adverse events associated with treat- cancer vaccine and hyperthermia platforms to enhance efficacy 223,229, 230]
ment include colitis, arthritis, diabetes (multiple examples in this review)
- Resistance to checkpoint inhibition has been observed Nanoparticle-loaded microneedle patch for localized delivery of
checkpoint inhibitors
Reporter NPs for early detection of effectiveness or resistance to
checkpoint blockade
NPs such as Doxil can act as adjuvant therapies for checkpoint
inhibitors
Cancer vaccines - Limited efficacy Combination delivery of antigen and adjuvant in the same nanopar- [153, 154, 162,
- Toxicity and ineffectiveness of adjuvants ticle system for enhanced DC priming 163, 167, 168,
- Labor-intensive culture process for cellular vaccines Reduced toxicity by increasing specificity of delivery 170, 171]

Tuning NP adjuvanticity by changing particle PCC
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responses, indicating that nanoparticle presentation enables physiolog-
ically relevant signals that deliver the soluble that cytokine alone cannot
provide [200]. CYT-6091, a PEGylated colloidal gold-formulated TNF-c,
was shown to utilize TNFR1 on tumor endothelial cells to induce tumor
neovasculature permeability efficiently, rapidly, and selectively [201],
which is essential for enhancing both drug and immune cell infiltration
into the tumor space. While TNFR2 signaling is necessary for T-cell func-
tion and DC survival, it also can stabilize Treg populations in inflamma-
tory environments and the accumulation of MDSCs in the periphery
[202-205]. Therefore, one may hypothesize that nanoparticle-formu-
lated TNF-ae may share this property. In the case of CYT-6091, preclinical
studies demonstrated an accumulation of cytotoxic T cells without en-
hancement of Tregs in tumors of genetically engineered mice with pan-
creatic ductal adenocarcinomas after they were treated with this
nanoformulation (Dobrovolskaia M and Tamarkin L, unpublished obser-
vation). These data show promising results and further emphasize the
need for the thorough investigation and understanding of nanoparticle
properties to determine either the beneficial or negative impacts of the
carrier on the biological properties of TNF-o. nanotherapeutics.

4.2.2. Enhancing adoptive immunotherapy

Immunotherapies based on adoptive transfer strategies, such as the
use of expanded tumor-infiltrating lymphocytes and CAR-T cells, in-
volve highly complex and expensive procedures that limit their transla-
tional application. Large numbers of effector T cells are generally
required, and they must be expanded either from TILs that are isolated
from the resected tumor or from the genetically modified CAR-T cells
generated from a patient’s blood. The in vivo tracking and monitoring
of transferred cells remains a challenging task, and transferred cells
still have to overcome the immunosuppressive microenvironment at
the tumor site. Nanomedicine-based technologies have the potential
to enhance cell-based immunotherapies at multiple stages of their ap-
plication and thus contribute to the development of next-generation
personalized immunotherapies.

4.2.2.1. Ex vivo expansion of T cells for adoptive immunotherapy. Nanopar-
ticle platforms possess unique advantages as platforms for expanding
large populations of anti-tumor cells. Engineered acellular systems pro-
vide a flexible, modular, and off-the-shelf approach for T-cell expansion
[194]. These are termed artificial APC (aAPC) platforms and are typically
equipped with various ligand combinations, including an MHC mole-
cule and one or more costimulatory ligands whose type and density
can be tuned for optimal T-cell activation and growth. Considerations
for this technology include the degree of T-cell expansion afforded,
the quality of T cells generated, and the separation of undesired compo-
nents after expansion.

To date, multiple acellular, nanoparticle-based platforms for T-cell
expansion have been developed in preclinical settings. Materials used
for aAPC nanoparticles have included iron-dextran, PLGA, liposomes,
and quantum dots [191, 195, 206-208)]. Several strategies have been
employed to enhance the proliferative capacity of aAPCs. As described
in the previous section, aAPCs may be designed to encapsulate and re-
lease cytokines, providing essential signals for T-cell activation. Fadel et
al. recently developed nanoparticle aAPCs releasing paracrine IL-2 into
a magnetically separable carbon nanotube/PLGA nanoparticle compos-
ite. In this concept, the MHC I molecules and anti-CD28 were presented
on a high-surface-area CNT scaffold, and IL-2 was released in paracrine
fashion from magnetite-loaded PLGA nanoparticles [209]. T cells could
thus be efficiently expanded using this system and cleanly separated
after expansion. The shape of aAPCs and geometries of ligand clustering
have also been manipulated to enhance T-cell expansion. Meyer et al.
reported that ellipsoidal nanoparticles used as aAPCs were able to stim-
ulate more efficient T-cell expansion than spherical nanoparticles and
had the added benefit of improved pharmacokinetics after systemic ad-
ministration [210]. To alter ligand distribution, Perica et al. constructed
paramagnetic nanoscale aAPCs, which cluster on the T-cell membrane

under a magnetic field and enhance T-cell signaling [211]. The resulting
cells proliferated robustly and induced a greater anti-tumor response,
compared to cells that did not see a magnetic field. Many of these sys-
tems reported an ex vivo expansion of T cells between 20- and 200-fold
over a period of 7-14 days [191, 206, 209]. aAPCs themselves have also
been tested as in vivo therapies, with Perica and colleagues demonstrat-
ing anti-tumor protection in the B16 tumor model after the intravenous
administration and trafficking of nano-aAPCs to lymph nodes [206].
Nanoparticle-based platforms have thus been used to engineer systems
for quickly generating large numbers of activated effector cells.

4.2.2.2. Nanoparticles for the improved survival and tracking of transferred
T cells. Nanosystems can also aid in the survival and tracking of effector
cells after adoptive transfer. In adoptive therapy with expanded tumor-
infiltrating lymphocytes, IL-2 is often given alongside transferred cells
toenhance their survival, subjecting patients to the systemic toxicities as-
sociated with cytokine therapy [212]. To overcome toxicity while pro-
moting T-cell expansion and effector function, multilamellar lipid
vesicles loaded with IL-15:IL-15Ra and IL-2 1were conjugated to the sur-
face of transferred T cells [213]. These nanoparticles were stably tethered
to the cell surface, did not affect T-cell effector function, and vastly im-
proved the efficacy of adoptive T-cell therapy in mice, as compared to
adoptive transfer with systemically administered cytokines. The same
surface-conjugated nanoparticles were observed to co-localize with the
immunological synapse between tumor-specific T cells and their targets,
allowing for the nanoparticle-mediated, synapse-specific delivery of a
phosphatase inhibitor to enhance T-cell expansion after delivery [214].
Labeling T cells with nanoparticles also presents a useful strategy for the
invivo tracking of transferred effector cells, a critical challenge for the un-
derstanding and advancement of modern adoptive transfer and CAR-T
cell therapies. To date, T cells have been labeled with nanoparticles
made of gold and iron oxide, allowing for their tracking in animal models
by CT, MRI, or PET[215-219]. The nanoparticles themselves may be used
asimaging agents or may be conjugated with moieties, such as radioiso-
topes, for non-invasive imaging. Liposomes have also been used to target
T cells after adoptive transfer, using either antibodies specific for the
transferred T cells or an IL-2-Fc fusion protein targeting activated T cells
[220]. While translational issues exist for this system, including the po-
tentiallack of targeting ligands on patient-derived T cells and non-specific
targets of IL-2-Fc, it nevertheless demonstrates a proof of concept that
transferred T cells can be targeted with nanoparticles post-transfer.

4.2.2.3. Nanoparticles for improved CAR-T cell therapy. While nanotech-
nology-based strategies have not yet been extensively applied to CAR-
T therapy, many of the strategies described earlier for adoptive TIL ther-
apy (e.g. enhancing the expansion and survival of transferred T cells)
also apply to CAR-T cells. Several recent reports describe the use of nano-
technology to directly improve CAR-T cell therapy. Bhatnagar et al. used
gold nanoparticles functionalized with 54Cu®* to allow for positron
emission tomography-enabled imaging of CAR-T cells after adoptive
transfer in animal models [219]. To reduce on-target, off-tumor, and
other systemic effects of CAR-T cells, Kim and colleagues engineered
CAR-T cells to recognize an irrelevant target (i.e. fluorescein
isothiocyante, or FITC), then directed them to attack cancer cells using
a nanoscale bifunctional linker bearing FITC and folate [221], whose re-
ceptor is upregulated across multiple cancer types. Finally, a recent re-
port used nanoparticle gene transfer carriers to edit T cells in vivo,
introducing CAR expression within a patient’s T cells without laborious
ex vivo cell manipulation and gene transduction. Smith and colleagues
utilized CD3e-targeted poly(R-amino ester) to deliver plasmids
encoding the leukemia-targeting 194-1BBz CAR into T-cell nuclei
[222]. These nanoparticles successfully transfected circulating T cells in
mouse models, which then proliferated and induced robust anti-tumor
immunity. This report represents the first proof of concept of in vivo
CAR gene delivery to T cells using nanoparticles, directly addressing
the cost barrier involving T cell therapies.
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4.2.2.4. Enhancing checkpoint inhibitor therapy with nanotechnology. The
clinical success of checkpoint inhibitors has spurred efforts to broaden
their use in cancer therapy. Checkpoint inhibitors are thought to be
most effective in PD-L1-expressing, immune-infiltrated tumors—a
“hot” tumor microenvironment, where anti-tumor immune responses
have arisen and become suppressed. As certain kinds of chemotherapy
can cause immunogenic cell death in tumor cells, checkpoint inhibition
may amplify the resulting immune responses, initiating therapeutic im-
mune responses in patients who normally do not respond to checkpoint
inhibitor therapy. Nanotechnology-formulated oncology drugs, such as
PEGylated liposomal doxorubicin (Doxil ), have shown promise in this re-
gard. Doxil was shown to synergize with the checkpoint inhibitors anti-
CTLA-4 or anti-PD-1 in two separate syngeneic tumor models, including
both prophylactic and therapeutic settings. Crucially, the study showed
that Doxil was more effective than free doxorubicin in delaying tumor
growth and that the benefit due to Doxil was abolished in an immunode-
ficient setting [223]. While the existing data strongly argue for the im-
mune system’s involvement in this phenomenon, the mechanism is yet
poorly understood. A proposed clinical trial already aims at testing the
combination of Doxil with anti-PD-1 for platinum-resistant cancers
[224]. There is also evidence that Doxil may work well with cytokine-
based immunotherapies. Tumor cells that survive Doxil treatment re-
portedly upregulate MHC-I and Fas ligand, enhancing their immunoge-
nicity and rendering them vulnerable to interleukin-18 (IL-18)
immunotherapy [225], a cytokine that was halted in Phase II trials
due to lack of efficacy in a monotherapeutic setting. Doxil has further
been shown to improve the survival of tumor-bearing mice upon
combination with free or liposomal IL-2, to a greater extent than
any of the agents on their own [226]. Another nanotechnology for-
mulation, nanoalbumin-bound paclitaxel (Abraxane), has also dem-
onstrated a synergy with checkpointinhibitors. Two ongoing studies
currently seek to verify the combination of this formulation with
anti-PD-1 or anti-PD-L1 [227, 228]. Therefore, the potential remains
for clinically approved nanomedicines such as Doxil and Abraxane to
be used in combination with immunotherapeutic approaches.

Additional strategies for assisting checkpoint inhibitor therapy in-
clude a “reporter nanoparticle” system containing a response element
with an emitter-quencher FRET pair linked by a caspase-3 sensitive pep-
tide sequence. Nanoparticle-delivered paclitaxel or the checkpoint in-
hibitor anti-PD-L1 induces tumor apoptosis, which in turn cleaves the
reporter element and activates the fluorescence signal. Apoptosis-trig-
gered fluorescence was observed as early as eight hours after the com-
mencement of therapy, far earlier than differences found between
tumor growth kinetics [229]. This observation demonstrates the utility
of this system in reporting improved sensitivity or resistance to apopto-
sis-inducing checkpoint blockade therapies. A second strategy uses dex-
tran nanoparticles to deliver encapsulated anti-PD-1, as well as a
microneedle patch to localize antibody delivery to the tumor. This sys-
tem was able to achieve retention and sustained release of anti-PD-1
at the tumor site, improving the anti-tumor efficacy over that of free
anti-PD-1 alone [230]. These delivery systems provide new strategies
for improving on existing checkpoint immunotherapies through more
effective diagnostics and sustained delivery.

5. Translational considerations

The successful translation of many of these concepts to the clinic
should lean heavily on lessons learned from the drug development of
the relevant APIs, as well as the fields of nanotechnology and immuno-
therapy. Here, we summarize important translational considerations
from each of these areas.

5.1. Lessons learned from biotherapeutics

The immunogenicity of protein-based therapeutics represents a sig-
nificant barrier to both their translation and clinical use. Anti-drug

antibodies (ADA) may affect the pharmacokinetics, safety, and efficacy
of recombinant protein therapeutics by neutralizing the drugs them-
selves (e.g. anti-Eprex ADAs neutralize Eprex as well as the other re-
combinant erythropoietin drugs Neocormon and Aranesp), their
native counterparts (e.g. anti-Eprex ADAs also neutralize endogenous
erythropoietin), and ligands (e.g. idiotypic antibodies against the ligand
can also neutralize the receptor) [231-233]. Strategies for overcoming
this barrier include the identification and removal or masking of immu-
nogenic epitopes within the protein product, the PEGylation of the pro-
tein, the humanization or generation of fully human therapeutic
antibodies, and the reformulation of these drugs using novel technolo-
gies, including nanotechnology [234]. Although PEGylation is widely
used for improved solubility, pharmacokinetics, and protection from
immune recognition, there are many challenges associated with this ap-
proach. Linkers used to attach PEG to a protein may be immunogenic per
se, while methods used for protein PEGylation may create activated
polymers and co-product(s) with undesirable properties and toxicities
[235]. The stability and type of the chemical bond(s) between the ther-
apeutic protein, the PEG moiety, the selected chemical linker connecting
the PEG to the protein, the coupling conditions, and the influence of
PEGylation on surface charge are among the critical parameters respon-
sible for the qualitative differences in PEGylated protein products [235].
Furthermore, accumulating evidences suggest the occurrence of natural
anti-PEG antibodies in the plasma of healthy individuals [236]. Such
pre-existing antibodies, when present in plasma of patients, may affect
both the safety and the efficacy of the PEGylated products. Accidental
contamination of protein therapeutics with nanomaterials (e.g. tung-
sten, silicon oil, cellulose fibers) or the presence of trace amounts of en-
dotoxin contributes to the immunogenicity of these products and
represents another significant hurdle in this therapeutic area [234]. It
is important to distinguish between the nanomaterials accidentally
contaminating the protein-based formulations and the nanoparticles
engineered to deliver the proteins. While the presence of accidental
particles in formulations contributes to their immunogenicity by
promoting protein aggregation and exaggerating adjuvant properties
of trace amounts of endotoxin, engineered nanocarriers may help to
protect the protein therapeutics and prevent the immunogenicity.
“Bio-optimization” is an important approach in the preclinical devel-
opment phase to screen out protein-based therapeutics with undesir-
able biological properties. Both in vitro and in vivo models are helpful
in this effort. Moreover, some in vitro assays are more predictive of
product safety than traditional animal models, which is an important
lesson learned from biotechnology therapeutics. In the case of the
anti-CD28 super-agonist antibody TGN1412, a cytokine secretion test
using PBMC from healthy donors was more predictive of cytokine
storm than animal studies conducted in rats and non-human primates
[237]. A thorough evaluation of the lessons learned from the develop-
ment of a product helps to overcome barriers and develop a protein
therapeutic successfully even after its predecessor’s failure [237].

5.2. Lessons learned from therapeutic oligonucleotides

Preclinical and clinical studies of traditional oligonucleotide-based
therapeutics have revealed numerous translational barriers impeding
favorable pharmacokinetics, toxicology, and stability of these products
in the blood [238-245]. The toxicity arising from undesirable effects of
therapeutic oligonucleotides on the immune system includes a broad
spectrum of immunosuppressive, immunostimulatory, and immuno-
modulatory effects: myelosuppression, neutropenia, thrombocytope-
nia, lymphadenopathy, suppression of the immune response to
common antigens, anaphylaxis, delayed-type hypersensitivity reac-
tions, autoimmune hemolytic anemia, cytokine release syndrome, sys-
temic inflammatory response syndrome, anemia, and thrombosis. The
type of toxicity depends on the chemical composition and physico-
chemical properties of the individual product and has been discussed
extensively elsewhere [246]. Many of these hurdles can be addressed
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through chemical modifications of the oligonucleotide backbone, se-
quence optimization, change in route of administration, or alterations
in the dose regimen (reviewed in [242, 243, 247]. Additional strategies,
including in-silico screening for potential off-target toxicities and refor-
mulation using nanotechnology carriers, have also been discussed [248,
249].

5.3. Lessons learned from nanotechnology-based combination products and
complex drug formulations

The nanoparticle physicochemical properties critical for the biologi-
cal performance of these materials include particle size, polydispersity,
zeta potential, surface properties, composition, density of surface li-
gands, stability, solubility, architecture, and other material-dependent

Nanotechnology

¢ Tune size, shape, charge, surface area, surface
functionality, aspect ratio, and other PCP to reach
desirable biological effect

* Provide multi-functionality to co-deliver drugs,
imaging agents, adjuvants, antigens, etc.

 Selectively target specific immune cell types

* Manipulate intracellular distribution through rational

particle design
¢ Deliver to lymphatic system

¢ Deliver across biological barriers (e.g. tumor-blood or

brain-blood)
* Decrease systemic toxicity
e Change PK
¢ Influence biodistribution
* Change vascular permeability

parameters such as aspect ratios for nanorods and fibers. Characteriza-
tion of these properties often requires complex instrumentation and ap-
proaches different from those traditionally used for small molecules and
biotechnology products. Establishing synthetic procedures and controls
for ensuring the batch-to-batch consistency of nanotechnology-based
products represents a significant challenge and is often material-specific
[250,251]. Once understood, these properties can be linked to biological
effects. For example, nanomaterials with cationic surfaces tend to inter-
act with platelets and are prone to thrombogenic side-effects, while an-
ionic materials tend to inhibit coagulation [252, 253]. Other common
structure-activity relationship patterns have been discussed elsewhere
[252, 253]. Knowing such relationships will inform the design of deliv-
ery vehicles with optimal properties. The biological characterization of
nanomaterials requires careful selection of appropriate models;

Conventional Immunotherapy
* Remove undesirable anergy
* Provide desirable co-stimulatory signals
¢ Stimulate humoral immunity
e Stimulate cellular immunity
¢ Stimulate antigen recognition

Nanotechnology
Rational Design
and Formulation
Process

Improved Cancer Immunotherapy

e Optimized pharmacokinetics

¢ Improved delivery across barriers, to target tissues, to
target cells, and to desirable intracellular compartment(s)

¢ Improved specificity

¢ Improved safety profile

¢ Improved efficacy

* Improved humoral response
* Improved cellular response

Fig. 1. General strategy for creating improved immunotherapies. The approach is suggested which leverages the benefits of traditional immunotherapeutics and nanotechnology. On a
case-by-case basis and through the rational nanoparticle design it combines optimal properties of each component to create an improved generation of the immunotherapeutics.
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understanding of both acute and long-term toxicities; estimation of
drug loading and its stability, release, and conjugation; as well as quan-
tification and determination of the biological activity of targeting moie-
ties [254]. It is important to recognize that a drug reformulation using
nanocarriers may result in a change in the drug biodistribution. For ex-
ample, the cardiotoxicity of doxorubicin was overcome by reformula-
tion using PEGylated liposomes. However, this reformulation also led
to drug accumulation in the skin and subsequent palmar-plantar
erythrodysesthesia (PPE), which created certain limitations for the use
of PEGylated liposomal doxorubicin [255]. When studying nanotechnol-
ogy-formulated drugs, it is also important to track all components of the
formulations, including the platform and the drug, as well as to estimate
both the particle-bound and free drug in biological matrices [256, 257].
To avoid compromised results in immunotoxicity and immunological
efficacy studies, it is critical to accurately detect and quantify endotoxin
in particle formulation [250, 258-271]. Sterilization and
depyrogenation of nanomaterials also represent significant challenges
[270, 272, 273]. When available, in vitro methods with good in vivo cor-
relation profiles can be used to quickly screen for nanoformulation with
the desirable biological property. Such assays for immunotoxicity stud-
ies have been discussed previously and, among other tests, include cyto-
kine detection in human primary PBMC cultures, which is similar to the
assay used in the characterization of biotechnology products [274-276].
The presence of chemical impurities and toxic excipients are common
reasons for particle-based product failure in preclinical stages [250].
Often, these impurities are unknown at the initiation of the particle
characterization study. Therefore, the importance of both in-study and
post-study characterization is hard to underestimate. Since PEGylation
is the most common approach for masking nanoparticles from immune
recognition, the same challenges of PEG immunogenicity and pre-
existing anti-PEG antibodies, as discussed above in “Lessons Learned
from Biotherapeutics,” apply to PEGylated nanomaterials. Many nano-
technology platforms utilize high molecular weight PEG, which may
create additional hurdles, and thus warrant careful consideration during
nanocarrier design stage. Despite its solubility in water, PEG’s metabo-
lism and clearance rates decrease as its molecular weight increases
[277]. As such, it may create additional safety concerns for patients
with abnormal renal clearance. These and other challenges in chemistry,
efficacy, pharmacology, toxicology, and immunology, as well as some
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strategies to overcome them, have been reviewed elsewhere [249,
250, 252, 253, 257, 278]. Guidance for conducting the immunotoxicity
studies required for the regulatory approval of the final nanotechnol-
ogy-formulated drug product have also been discussed [279].

54. Lessons learned from conventional immunotherapy

Both the improvement of tumor-specific immune responses and the
correction of the immunological environment of the tumor are impor-
tant factors for successful tumor elimination. Clinical experience has
shown that both factors need to be addressed in combination ap-
proaches for optimal anti-tumor immunity, which is already being
tested in clinical trials [280, 281]. Despite understanding the need for
improvement, optimization of the anti-tumor immune response
with conventional immunotherapeutics is associated with many chal-
lenges. Due to the relatively low number of clinical responders to immu-
notherapy, the field is actively searching for predictive markers to
identify these patients beforehand and improve the precision of these
therapies [282]. In addition, while mouse models are the primary tool
for advancing the field of immune-oncology [283], they fail to predict
the range of heterogenous patient responses and toxicities experienced
in the clinic, and the use of young and inbred mice overlooks the impor-
tant factors of age, obesity, and gut microbiota [284]. For cellular immu-
notherapies, a key challenge is the need to identify, isolate, and
characterize these cells post-transfer in order to better understand
their behavior in vivo. This challenge requires new, sensitive technolo-
gies for single-cell tracking, isolation, and analysis, including both
genotyping and phenotyping approaches. Both on-target and off-target
effects are common with different types of immunotherapies. Address-
ing these limitations may benefit from the targeted delivery and real-
time tunability of novel immunotherapeutics, the development of
which, in turn, depends on highly sensitive, rapid technologies for cell
identification and characterization.

6. Roadmap to the next generation of nanotechnology-enabled
immunotherapies

Successful cancer immunotherapy requires the simultaneous re-
moval of multiple barriers to anti-tumor immunity. This has been

Combine approaches Understand quality
to maximize benefits attributes and set up
and minimize assessment criteria

side effects

&=

- e

Fig. 2. Aroadmap to the next generation of immunotherapeutics. The roadmap starts from capitalizing on the experiences with nanotechnology and immunotherapy. The product design is
based on analyzing lessons learned from various fields, combining beneficial properties to maximize benefits and reduce side effects, identifying critical quality attributes, re-assessing
multiple parameters to verify that the desired performance is achieved and adjusting if necessary.
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borne out in the clinical experience with immunotherapy so far, as well
as in the literature reviewed here. This is not a foreign concept to nano-
technology, as the tumor-specific delivery of nanoparticles also faces
multiple barriers that have to be simultaneously addressed [285]. To
this end, nanotechnology offers not only a carrier for desired therapeu-
tics, but sophisticated delivery systems that can alter drug-drug, drug—
tumor, and drug-immune cell interactions to amplify anti-tumor im-
munity. We have summarized the ability of nanotechnology to address
the biological barriers to anti-tumor immunity and their capacity to en-
hance current immunotherapeutic strategies as well. In some cases,
they can provide additional capabilities, such as external stimulation
and specialized diagnostics. The success of nanotechnology in address-
ing these barriers bears witness to their potential in making significant
contributions to the oncologist’s toolkit for immunotherapy.

We envision the road to developing new immunotherapies as a cycli-
cal process: drawing from scientific experience with past strategies and
technologies, carefully reviewing lessons learned, and developing new
approaches that deliver the best combinations of efficacy, translatability,
and safety (Figure 1). Our review of the existing literature underscores
the notion that monotherapies are generally inefficient for treating sys-
temic disorders like cancer. With an understanding of how current im-
munotherapies affect the cancer immunity cycle, the field is already
rapidly moving to test combination therapiesin efforts to capitalize onre-
cent successes |1, 286]. These efforts are ongoing in academia and small
enterprises (multiple referencesin this review),as well aslarger pharma-
ceutical companies [287]. Nanotechnology offers many advantages to-
wards this effort, allowing investigators to optimize pharmacokinetics;
improve delivery across physiological barriers to reach target tissues, tar-
get cells, and/or desirable intracellular compartment(s); and improve
specificity, safety profile, and efficacy at both humoral and cellular levels
(Figure 2). Asdiscussed in this review, in order to amplify anti-tumor im-
munity, investigators should consider how nanotechnology may en-
hance current immunotherapy strategies or enable new ones and how
these approaches can address multiple barriers to immunotherapy or
steps in the cancer immunity cycle. The careful consideration of lessons
learned fromindividual therapeutic areas to be combined will also impact
the success of these novel combinatorial approaches. Finally, by under-
standing the biological quality attributes of each component separately
and as a part of the combination, this framework will help set up accep-
tance criteria to enable translation of optimized products from bench to
clinic. The evidence-drivenre-evaluation and update of such quality attri-
butes are critical contributors to the future success of these therapeutics
(Figure 1). For example, investigators developing a novel formulation
with one or more APIs should consider not only the desired target indica-
tion and all relevant considerations but also known challenges for similar
formulations and APIs being tested. In testing for preclinical and clinical
efficacy, the performance of the candidate nanotechnology should con-
sistently be compared against “gold standard” treatment(s) (both immu-
notherapies and non-immunological therapies) for the selected
indication, as well as those of similar formulations and APIs that have ad-
vanced or failed in the clinic. Throughout this process, care should be
taken to maintain consistency in the nanotechnology across physico-
chemical characteristics and immunotherapeutic efficacy in suitable
models. This is generally achieved only with a good understanding of
the physicochemical attributes of the formulation and its biological/im-
munological effects, such that they can be appropriately measured, mon-
itored, and adjusted where necessary. These efforts further contribute to
ourunderstanding of how nanotechnological attributes impact immuno-
logical phenomena, which in turn will iteratively inform the design of
new nanotechnology-enabled immunotherapies. Nanoparticle attri-
butes that enhance qualities such as lymphatic trafficking, synergy be-
tween immunomodulatory APIs, and in vivo survival and activation of
effector cells can thus be further characterized and incorporated into fu-
ture nanoparticle designs,as was donein several studies reviewed herein.

Ultimately, by bringing together combination immunotherapy strat-
egies to address multiple barriers to tumor immunity, capitalizing on

the multifunctional capabilities of nanotechnology, and drawing from
translational considerations with conventional proteins, nucleic acids,
and immune- and nanotechnology-based therapeutics, the research
seeks to enable the creation of combination strategies to maximize ben-
efits and minimize undesirable effects. Nanotechnology has significant
potential to expand the impact and benefit of cancer immunotherapy,
and we believe the intersection of these fields to hold great promise
for the future.
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