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  Abstract 
Immunotherapy is a field of cancer treatment which uses the body’s built-in 
defense system as a means of killing diseased cells. Cancers foster an immuno-
supressive tumor microenvironment in order to evade detection, a state that im-
munotherapy seeks to rectify. Nanotechnology pairs well with this goal, espe-
cially in its ability to mimic or borrow from the body’s endogenous mechanisms 
to develop effective drugs and delivery systems. Nanomedicine builds upon 
existing immunotherapy techniques, which have in the past experienced issues 
in the proportion of patients that respond to treatment and the systemic toxicity 
that follows from their off-target effects. This review surveys existing applica-
tions of nanotechnology to major branches of immunotherapy, elucidating their 
advantages and providing examples of novel platforms that enhance antitumor 
effects. The term cancer describes a broad range of diseases in which normal 
regulation of cell growth and division is disrupted, producing a population of 
cancerous cells that proliferate uncontrollably. Cancer cells often display er-
ror-prone replication and DNA repair mechanisms, evolving rapidly as a result. 
Advantageous mutations allow cancer to adapt around the body’s defense me-
chanisms, making the disease especially hard to cure [1]. Indeed, cancer claimed 
an estimated 9.9 million lives in the year 2020 alone [2]. 
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Several treatment options are available for cancer, including immunotherapy. While surgery, radiotherapy, and 

chemotherapy seek to directly remove or kill cancer cells, immunotherapy rectifies and reinforces the immune re-
sponse to cancer. Cancer cells are able to modify themselves as well as their surrounding tumor microenvironment 
(TME) in order to evade immune attack. Immunotherapeutic approaches seek to restore the immune system’s abili-
ty to recognize and destroy diseased cells, and has seen great advances over the past five decades [3]. 

Nanotechnology is an emerging field of research that has especially attractive applications in immunotherapy. 
Beginning with the discovery of tiny, 60-carbon nanoparticles in 1985, nanotechnology has since expanded to util-
ize a diverse inventory of organic and inorganic structures within the nanoscale, defined as 1-100 nm in diameter. 
For reference, the width of a human hair is approximately 50-100 thousand nanometers, whereas the width of a sin-
gle carbon atom is 0.16 nm [4, 5]. Nanotechnology complements immunotherapy especially well due to its en-
hanced biomimetic potential. Our immune systems operate at the level of cells and molecules, and nanotechnology 
can essentially speak the same language, employing lipid bilayers to interact with cell membranes, ligands to trig-
ger immune pathways, and nanotube scaffolds to anchor cells or molecules. 

This review summarizes popular immunotherapeutic strategies to fight cancer, compiles novel applications of 
nanotechnology to augment these strategies, and provides future directions to maximize the effectiveness of cancer 
immunotherapeutics at the nanoscale. Several applications are provided to best characterize the nano-landscape of 
immunotherapy, emphasizing a diverse selection of technologies and circumstances for clinical use. 
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1. Discussion 
1.1 The Immune Response to Cancer: 

Immunology was born in the late nineteenth century, following the discovery of antibody (Ab)-mediated attack 
and phagocytosis of foreign pathogens. In 1909, immunologist Paul Ehrlich predicted that the body could recognize 
and supress mutated human cells, which would otherwise arise at great frequency during fetal development. In the 
following years, research would verify his hypothesis, elucidating a mechanism by which the immune system re-
cognizes cancer cells as ‘non-self’ and launches an attack. 

Indeed, several lymphocytes are able to fight cancer. One such example is the natural killer (NK) cell. Similar to 
the concept of convergent evolution, cancer cells subject to the same selective pressures may diminish or elevate 
the expression of the same proteins, such that unrelated cancer cells may ‘look’ similar. NK cells monitor the body 
for these cancer-associated changes—failure to bind certain proteins or amplified binding of others (dubbed miss-
ing or induced self hypothesis, respectively) both prompt NK cell-mediated cytotoxicity (Fig 1a). A limitation of 
NK cells is their inability to anticipate new antigens arising from cancer mutations, as they are born with all the 
tumor-recognition tools they will ever have.  

In contrast, T cells can differentiate healthy ‘self’ cells from cancerous ‘non-self’ cells through selective antigen 
binding. Each T cell expresses a unique T cell receptor (TCR) which binds its corresponding structural motif, like a 
key and a lock. T cells with TCRs for ‘self’ antigens are discarded early in development, leaving mature T cells to 
travel the bloodstream and lymphatic system. During the course of their growth, cancer cells will develop neoanti-
gens: mutated forms of our bodies’ normal proteins that are classified as ‘non-self.’ By chance, a T cell with an ap-
propriate TCR can encounter and bind to a neoantigen, triggering an immune response. TCRs can bind neoantigens 
from two potential sources: 1) MHC-I, a surface protein complex found on all nucleated cell types that presents 
endogenous peptides to T cells (one peptide may, by chance, be a neoantigen) and 2) MHC-II, which is only found 
on antigen-presenting cells (APCs) and displays exogenous peptides. APCs, which include dendritic cells, macro-
phages, and B cells, kill diseased cells and collect peptides from their remains, increasing the likelihood that pep-
tides presented on MHC-II molecules are ‘non-self.’ In any event, binding of a TCR to a neoantigenresults in T cell 
activation. Helper T cells bind MHC-I, whereas cytotoxic T cells bind MHC-II. Having identified a threat, the latter 
T cell will release cytotoxic molecules, which kill the diseased cell. Both cell types will release cytokines, which 
recruit additional immune cells to the region of initial binding. Finally, the T cell will undergo clonal expansion, 
rapidly dividing to bind more neoantigen-expressing cells and induce further immune response until the tumor is 
destroyed (Fig 1b). 

1.2 Immune Checkpoint Therapy 

One way that cancer has evolved to evade immune detection is by passing through immune checkpoints. These 
checkpoints are conducted by T cells, and cancers able to pass as healthy survive this screening process unscathed. 
Several proteins are facilitate these immune checkpoints. The most well-researched and clinically relevant proteins 
include cytotoxic T lymphocyte antigen 4 (CTLA4) and programmed cell death 1 (PD-1). PD-L1, PD-1’s ligand, 
have also been well characterized. CTLA4 competes with the CD28 for the same ligands. The binding of CD28 
co-stimulates T cell activation along with TCR binding, though this activation is inhibited by CTLA4. Similarly, the 
binding of PD-1 on T cells to PD-L1 inhibits T cell activation. These processes are thought to be involved in the 
de-activation of T cells that would otherwise recognize and kill self cells. Though this mechanism is often co-opted 
by tumors to quell T cell responses. This discovery prompted the development of anti-CTLA-4 (aCTLA-4), aPD-1, 
and aPD-L1 Abs (Figure 2a). Today, immune checkpoint inhibitors (ICIs) have become integrated into standard of 
care cancer drugs.  

Nanoparticles efficiently deliver ICIs to the tumor with minimal side effects. One major limitation of ICT is 
the side effects associated with systemic administration of ICIs. This may occur because immune checkpoint pro-
teins are not unique to tumor cells, and off-target binding of ICIs can result in immune-related adverse events 
(irAEs). Nanoparticles (NPs) have been extensively researched as techniques for drug delivery, and are commonly 
employed to overcome the obstacles that free drug molecules face (Fig 2b). A diverse class of NPs, including lipo-
somes and polymer-based NPs, can be designed to encapsulate various small-molecule drugs or biologics and bind 
surface structures, where drug release is stimulated by a change in pH, electrical potential, or other mechanism.ICIs 
in these nanocarriers can bind immune checkpoint proteins in a targeted manner, either by peritumoral injection, 
binding to tumor associated motifs, leveraging the enhanced permeability and retention (EPR) of solid tumors, or a 
combination of these factors. 
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Figure 1.The immune response to cancer. a) shows NK cell activity, with the normal (middle) NK cell-normal cell interaction not 

producing cytotoxicity. The missing-self hypothesis (left) induces cytotoxicity if a protein (in this case MHC-I) is underexpressed, as is 
often observed in cancer; the induced-self hypothesis (right) induces cytoxitcity if a protein is overexpressed. b) shows T cell response 
when binding to its corresponding neoantigen. Binding of the TCR to a neoantigen expressed on the tumor cell’s MHC-I inducescy-

toxicity, and stimulates rapid T cell expansion, and immune cell recruitment through cytokine signaling. 

A variety of NP delivery systems have been developed that target immune checkpoint proteins, allowing greater 
ICI accumulation, slower release, lower dosage, and greater synergistic potential than other administration methods. 
Importantly, ICT is most effective when employed directly before chemotherapy, as the latter has been shown to 
increase checkpoint protein expression. Indeed, Alimohammadi et al. found that both free and liposomal aCTLA4 
treatment displayed synergism when administered before Doxil, a common chemotherapeutic drug. Liposomalna-
nocarriers were found to increase the ratio of cytotoxic T cells to T-reg cells in the TME, the latter of which contri-
butes to tumor-mediated immunosupression. This supports earlier research, which found that polyethylene glycol 
(PEG)-ylated liposomes allow greater accumulation and longer retention of the drug than non-PEG-ylated lipo-
somes or free monoclonal antibodies (mAbs). Another study tested gold NPs with aPD-L1 on a colon cancer mouse 
model, finding that NPs efficiently prevented tumor growth, even when administered at a fifth the standard dosage. 

Nanobodies improve upon monoclonal antibody ICIs. The standard binding protein for much of the history of 
immunotherapy has been free-floating mAbs, and eventually engineered single-chain variable fragments (scFv) (30 
kDa), which are composed of two binding regions, the VH and VL domains, joined by a genetic linker. Unfortu-
nately, hydrophobic residues on these domains can impair their solubility, and the peptide linker in scFvs, as well as 
variable domains from nonhuman sources, have proven to be immunogenic. More recently, the discovery and en-
gineering of camelid antibodies has allowed the development of nanobodies (Nb) (15 kDa) which are much smaller 
than previously developed methods. Camelids have all-heavy chain antibodies, allowing nanobodies to be com-
posed of one VHH domain, rather than two variable domains (Fig 2c). These Nbs can be employed as a 
next-generation of ICIs that are highly soluble, minimally immunogenic, and potentially more flexible in binding 
ability due to a longer CDR3 loop, which may allow it to reach cavities inaccessible to bulkier Abs (Fig 2d). 

Li et al. characterized three anti-PD-1 Nbs that displayed high binding affinity and specificity in in vitro assays. 
While the study did not test the anti-tumor capabilities of the Nbs or compare them to free Ab counterparts, identi-
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fication of these three Nbs supported attempts to incorporate the technology into ICT. Tang et al. developed aNb 
against CTLA-4 which effectively suppressed tumor growth in hepatocarcinoma and breast cancer xenograft mouse 
models. They observed increased tumor cell apoptosis following treatment and enhanced T cell proliferation, 
stressing the potential of Nbs in ICT to be used with adoptive cell therapy (ACT), discussed later in this paper. 

 
Figure 2. Immune checkpoint therapy restores the ability of T cells to recognize tumor cells in vivo. a) The co-inhibitory 

PD-1/PD-L1 axis represents one of the most commonly targeted pathways for ICT. Binding of immune checkpoint inhibitor (ICI) 
mAbs to both these proteins allows T cells to recognize and kill cancer cells uninhibited. b) PEG-ylated liposomes can encapsulate or 

display ICIs, and act as effective drug delivery systems that infiltrate tumors and can be administered locally to avoid systemic toxicity. 
c) Single chain variable fragments (scFvs) are derived from the VH and VL domains of a standard monoclonal antibody (mAb), whe-
reas nanobodies (Nbs) are derived from the single VHH domain of a camelid antibody and are roughly half the size of a scFv. d) Na-

nobodies can bind immune checkpoint proteins with potentially greater penetrance and diversity of epitopes. 

2. Adoptive Cell Therapy 
Rather than employ drugs to modulate immunosupression in the TME, ACT attempts to restore the antitumor ef-

fects of lymphocytes ex vivo. The major steps of ACT includes isolation of the desired cell type from a patient 
blood, transduction of an artificial receptor to the cell, activation and expansion of the cells with newly equipped 
receptors, and finally, re-infusion to the patient (Fig 3a). The cells generated during ACT include tumor infiltrating 
lymphocytes (TIL), T cell receptor (TCR) cells, chimeric antigen receptor (CAR) T cells, and CAR NK cells. TIL 
cells lack a transduction step, as the cell culture is isolated from T cells that already display antitumor effects. Dur-
ing TCR therapy, T cells are made to express an artificial TCR that recognizes neoantigens displayed by the MHC-I 
complex, whereas CAR T and CAR NK cells recognize neoantigens on the tumor cell surface. CAR T cells have 
become the predominant approach for ACT, though other methods merit consideration as well. 

Nanomaterial scaffolds facilitate cell activation and expansion, and afford greater spatiotemporal control 
upon re-infusion. Common procedure to treat solid tumors includes the surgical resection of tumors, followed by 
post-operative therapy to remedy the high risk of metastasis. Post-operative therapies face several challenges due to 
the body’s physiological response to tissue trauma, which can create an ideal state for tumor metastasis. Immuno-
therapy is especially hindered due to immunosupression post-surgery, an issue which can be remedied by the use of 
biodegradable nanomaterial scaffolds, which can continuously stimulate the immune milieu and allow in situ, gra-
dual release of adoptive cells. Scaffolds can also facilitate the activation and expansion steps by helping present 
target antigens to adoptive cells (Fig 3b). 
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Indeed, Chang et al. developed a scaffold of mesoporous silica rods with adsorbed IL-2 (a cytokine stimulating T 
cell proliferation) and a liposome coating with embedded MHC-antigen complex and agonsists for costimulatory 
proteins to mimic in vivo antigen presentation. The APC-mimetic scaffold achieved over fivefold expansion of T 
cells when compared to when compared to Dynabeads, expediting and augmenting the manufacture of adoptive 
cells. Ahn et al. extended scaffolding strategies to include release into the post-operative tumor site by developing 
an implantable CAR NK cell scaffold with tunable biodegredation speed, allowing for both ex vivo culture and in 
situ release. The scaffold was dubbed three-dimensional (3D) engineered hyaluronic acid-based niche for cell ex-
pansion (3D-ENHANCE). When tested, 3D-ENHANCE improved upon existing NK cell culture methods and ef-
fectively prevented relapse and metastasis in an incompletely resected breast cancer model. Excitingly, Agarwalla 
et al. recently developed a scaffold to consolidate the manufacture of CAR T cells into an entirely in vivo process. 
They present an implantable Multifunctional Alginate Scaffold for T Cell Engineering and Release (MASTER), 
employing a viral vector interface to generate CAR T cells and mediating their release to the tumor site. 
MASTER-generated CAR T cells were able to control tumor growth in a mouse xenograft lymphoma model, and 
could help alleviate the high time and cost barriers facing CAR T cells in the clinic. It is worth noting that all pre-
viously approved CAR T cell therapies have targeted blood cancers, whereas the strategies outlined above expand 
the clinical applications of adoptive cell therapy to include treatment of solid cancers.  

Nanobody-CAR T cells reduce immunogenicity and protein aggregation while expanding the selection of 
accessible antigens. Standard CARs are composed of an extracellular targeting domain linked with a transmem-
brane and activating domain and, often, one or more costimulatory domains to augment CAR signaling. Tradition-
ally, the targeting domain is composed of anscFv domain. Conversely, Nb-CARs replacescFv with the camelid 
VHH domain discussed previously. Similar to free Nbs, this lessens immunogenicity of the targeting domain, po-
tentially remedying the issue of anti-CAR T cell immune responses which can sharply impair T cell effectiveness. 
Additionally, the extended CDR3 loop can bind to more surface tumor epitopes, such that several previously inac-
cessible antigens may become therapeutic targets. Furthermore, scFv-based CARs have the tendency to aggregate 
due to mispairing of VH and VL domains. This aggregation has been identified as a prominent source of CAR T 
cell exhaustion, and may be remedied by the substitution of scFv targeting domains with Nb (Fig 3c). 

Several Nb-CAR T cells have been developed against various cancers, including two recently developed against 
lymphoma by Wang et al., which performed well in vitro among laboratory cell lines as well as patient-derived 
acute lymphoblastic leukemia. The Nb-CAR T cells targeted CD19 and CD20, antigens that are commonly ex-
pressed by lymphoblastic cells, and displayed significant specificity as well as cytotoxicity. This follows previous 
research by Munter et al., which generated and tested Nb-CAR T cells targeting CD20 and CD33, proving specific-
ity and antitumor effect in vitro and in vivo. Importantly, this paper employed PCR and Gibson Assembly over 
conventional Nb-CAR manufacture methods, fast-tracking a potentially weeks-long process into one of less than 
four days. Finally, Hambach et al. extended Nb-CAR technology to NK cells, demonstrating the cytotoxic effect of 
their Nb-CAR NK cells against CD38-expressing laboratory cell lines as well as patient-derived multiple myeloma 
cells, while sparing laboratory and myeloma cells that did not express CD38. When tested against a primary bone 
marrow sample, the Nb-CAR NK cell also depleted CD38-expressing myeloma cells. Existing Nb-CAR cells are 
tested for efficacy rather but not compared to scFv-based CARs, challenging attempts to explain the unique advan-
tages of Nb-CAR cells; however, their well-documented therapeutic potential encourages clinical trials of Nb-CAR 
treatments. 

3. Cancer Vaccines 
Cancer vaccines attempt to generate immune responses in vivo by facilitating antigen presentation to T cells. 

These vaccines target APCs rather than cancer cells, the former being much more accessible. Traditional vaccines 
are loaded with neoantigens to be taken up by APCs, as well as adjuvants which stimulate an immune response, 
increasing the likelihood that neoantigens are detected by circulating lymphocytes. Cancer vaccines are a promising 
platform for immunotherapy, and can make good use of various nanosystems to increase accumulation in lymph 
nodes and bind selectively to dendritic cells, often through targeting of mannose receptors. The nanoparticles can 
then deliver neoantigens and adjuvants to the cytosol. mRNA-basednanovaccines have also been developed, em-
ploying nanocarriers to deliver mRNA into APCs, which then express neoantigen to be displayed on cell-surface 
MHC complexes. 
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Figure 3. Adoptive cell therapy modifies lymphocytes ex vivo. a) ACT consists of five general steps. First, the patient’s cells are 
sampled and the desired type is isolated. Next, the cell is transduced to expressed a specific receptor, and activated and expanded in 
culture. Finally, the adoptive cells are re-infused into the patient. b) Nanomaterial scaffolds can facilitate antigen presentation and be 
implanted post-operation into the resected tumor bed. This significantly increases the efficiency of T cell activation and proliferation, 

and allows for tunable release of cells into the tumor bed. c) CARs traditionally employ the scFv from immunized animals for the 
binding domain, which can cause CAR aggregation and unintended immunogenicity, whereas Nb binding domains do not aggregate 

and are minimally immunogenic, and may bind a greater number of tumor antigens. 

Peptide-based nanovaccines facilitate neoantigen and adjuvant delivery. A significant advantage of nano-
vaccines is their ability to co-deliver neoantigens and adjuvants within the same nanoparticle, increasing the like-
lihood that a cell is exposed to both neoantigen and adjuvant, promoting a T cell response (Figure 4a). Neoantigen 
peptides alone are weakly immunogenic; Shae et al. developed a nanovaccine which co-delivers a range of neoan-
tigens along with cGAMP, an agonist of the stimulator of interferon genes (STING) pathway, which triggers an 
immunogenic state ideal for T cell priming. Their nanoparticle platform is pH-responsive and endosomolytic, and 
degrades upon internalization to release their contents to the cytosol. In combination with ICT, the co-delivery me-
thod enhanced T cell response for a range of peptides and inhibited tumor growth in multiple murine tumor models, 
in some cases leading to complete tumor rejection and enduring immune memory. In addition, Baharom et al. found 
that intravenous injection of a micelle nanoparticle linking neoantigen peptides to a Toll-like receptor 7/8 agonist 
induced greater stem-like T cell proliferation, and generated antitumor response in a murine colon carcinoma model. 
Stem-like cells are hypothesized to have greater self-renewing potential and are associated with a better prognosis, 
supporting their method of nanovaccinedelivery. Recently, Meng et al. developed a lipid-coated iron oxide nano-
particle capable of membrane fusion as well as lysosomal uptake, allowing for two synergistic methods of cellular 
uptake. The iron oxide nanoparticle co-delivers neoantigen peptides as well as adjuvant CpG DNA, and itself acts 
as an adjuvant by generating reactive oxygen species. The nanoparticles accumulated in dendritic cells of draining 
lymph nodes, inducing T cell proliferation in both tumor and spleen. Treatment effectively inhibited tumor growth, 
and improved animal survival. 

mRNA-basednanovaccines. In addition to peptides, mRNA-based nanovaccines have seen increasing attention, 
especially following the development of the Pfizer and BioNTech COVID-19 vaccines, which proved the safety 
and efficacy of newly developed mRNA vaccination techniques. mRNA vaccines allow for high modularity, as 
mRNA drugs can be formulated as discreet components, where the molecule changes only by sequence and the 
properties of two mRNAs that encode disparate proteins are extremely similar. The same nanovaccine framework 
can prove effective and safe for a wide range of treatments encouraging their clinical application (Figure 4b). 

In an initial experiment, Oberli et al. developed a lipid nanoparticle, encapsulating mRNA that transfected APCs 
to produce a strong antitumor T cell response. The paper further recommended the incorporation of different adju-
vants to increase the vaccine’s potency, and the later formulation of a nanoparticle which co-delivered mRNA and 
Pam3 adjuvant displayed enhanced antitumor effects, supporting this conclusion. The combination of mRNA na-
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novaccines with ICIs has proven effective in treating cancers, as demonstrated by a nanoparticle with mRNA en-
coding tumor antigen MUC1 and administered along with aCTLA-4. The treatment successfully induced antigen 
expression and anti-tumor immune response in an aggressive breast cancer model.  

 
Figure 4. Cancer Vaccines. a) Peptide-based nanovaccines co-deliver neoantigen peptides and adjuvant into the cytosol of antigen 

presenting cells (APCs), facilitating antigen presentation and recruitment of T cells, respectively. b) mRNA vaccine technology deliv-
ers neoantigen-encoding mRNA to APCs, where they are translated into tumor antigens and displayed on MHC-II, subsequently acti-

vating T cells and inducing an immune response. 

4. Future Directions 
Immune checkpoint therapy, adoptive cell therapy, and cancer vaccines represent three major platforms of im-

munotherapy, discussed at length in this paper. All these techniques have incorporated nanotechnology to some de-
gree, and have advanced significantly as a result. Future research and reviews should also relate immunotherapies 
to specific cancer types and clinical contexts, such as in haemotological versus solid malignancies, and periopera-
tive therapy. Overall, it is important to keep the practical implications of the clinic in mind while developing new 
therapies. 

While outside the scope of this paper, nanotechnology has a promising future in other branches of cancer therapy 
as well. Nanoparticle delivery systems applied to chemotherapy allows drugs to overcome several biological bar-
riers, while allowing for synergism between multiple therapies. Indeed, nanotechnology allows for greater synerg-
ism between therapies. Co-delivery of IOX1, an inhibitor of PD-L1 expression, together with doxorubicin, a che-
motherapeutic drug, promotes T cell infiltration while modulating tumor immunosuppression.  

5. Conclusion 
In summary, immunotherapy can leverage properties of the nanoscale to optimize the delivery and binding of 

treatments to cancer cells. Nanotechnology can be applied to several areas of cancer immunotherapy, including 
immune checkpoint therapy, adoptive cell therapy, and cancer vaccines–mentioned in this paper. Such technologies 
improve upon existing techniques in both efficacy and safety, decreasing necessary dosage and/or enhancing an-
ti-tumor effects while minimizing off-target cytotoxicity. Meanwhile, technologies such as nanomaterial scaffolds 
allow site-specific, gradual release of small molecule drugs as well as adoptive cells. 

Nanotechnology platforms so far represent a very promising development in immunotherapy, and can be utilized 
to augment existing cancer treatments. This review outlines the advantage offered by several such nanomedicines, 
while offering examples of their employment in existing literature. As more information regarding cancer’s effects 
on the immune system is revealed, nanotechnology will no doubt play a role in rectifying and boosting the immune 
response to the disease. Further characterization of cancer types and administration styles to which nanotechnology 
is best suited would benefit the clinical future of such therapeutics. Future studies should also attempt to administer 
these therapies with other cancer treatments such as chemotherapy, radiotherapy, or surgery. Indeed, across a broad 
range of techniques, cancer types, and clinical contexts, the future of nanotechnology seems bright. 
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