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Abstract

T cell therapy shows promise as an immunotherapy in both immunostimulatory and 

immunosuppressive applications. However, the forms of T cell-based therapy that are currently 

in the clinic, such as adoptive cell transfer and vaccines, are limited by cost, time-to-treatment, 

and patient variability. Nanoparticles offer a modular, universal platform to improve the efficacy 

of various T cell therapies as nanoparticle properties can be easily modified for enhanced cell 

targeting, organ targeting, and cell internalization. Nanoparticles can enhance or even replace 

endogenous cells during each step of generating an antigen-specific T cell response – from antigen 

presentation and T cell activation to T cell maintenance. In this review, we discuss the unique 

applications of nanoparticles for antigen-specific T cell therapy, focusing on nanoparticles as 

vaccines (to activate endogenous antigen presenting cells (APCs)), as artificial Antigen Presenting 

Cells (aAPCs, to directly activate T cells), and as drug delivery vehicles (to support activated T 

cells).
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1. Introduction

Advances in cellular therapies, both in efficacy and ease of manufacturing, have expanded 

treatment options for cancers that were previously non-responsive to traditional treatments, 

including tumor resection, radiation, and chemotherapy [1,2]. Adoptive T cell therapies 

(ACT) such as tumor infiltrating lymphocyte (TIL), T cell receptor (TCR), and chimeric 

antigen receptor (CAR) T cell therapy have all shown clinical efficacy in cancer patients. 

TIL therapy has resulted in complete remission in a subset of melanoma patients and 

increased patient survival [3,4]. TCR therapy has also shown to be effective in treating 

melanoma as well as synovial cell sarcoma [5]. Patients with B cell malignancies have been 

able to achieve durable remission when treated with CAR T cell therapy [6]. However, these 

T cell therapies require a highly expensive and specialized ex vivo culture step for expanding 

and preparing cytotoxic T cells for re-infusion. This greatly limits the number of facilities 

that are equipped to handle such work [2]. In addition, after ex vivo activation, T cells must 

reach between millions and billions in number prior to reinfusion [7–9]. This process is 

lengthy and often gives rise to cytotoxic T cells that are unable to persist overtime in vivo 
[10,11]. There is also variation depending on the T cell activation technique; for example 

activation with anti-CD3 and anti-CD28 antibodies can be less efficient than cell based 

artificial antigen presenting cells (aAPCs) or nanoparticle (NP) based aAPCs [12].

Clinical and academic research on the various forms of ACT has increased the overall 

efficacy of treatment and ability to identify ideal candidates for each therapy. However, each 

form of ACT still faces challenges that affect the widespread use. For TIL therapy there 

is a direct correlation between the number of CD8+ T cells expanded and the potency of 

the treatment [13]. TILs are extracted from digested patient tumors and undergo a rapid 

expansion protocol in order to obtain high cell counts. The heterogeneous nature of the 

starting population of TILs has been noted to result in an end product that contains low 

frequencies of tumor specific T cells [8,13]. To increase the population of reactive T cells 

involves a lengthy culture time that pushes T cells to become terminally differentiated 

effector T cells, which can affect persistence in vivo [8]. TCR therapy addresses this 

issue by circumventing the need for TILs. Rather than relying on tumor samples, TCR 

therapy involves isolating T cells from a patient’s peripheral blood. Retroviruses are then 

utilized to transduce T cells with engineered TCRs specific for tumor-associated antigens. 

However, the therapy is currently not applicable to all patients because of HLA-restriction 

[8]. CAR T therapy offers a similar advantage over TIL therapy while also addressing 

the issue of HLA-restriction. To produce CAR T cells, viral vectors are used to induce 

the expression of chimeric antigen receptors [8]. But unlike TIL therapy, CAR T cell 

therapy does not show profound clinical efficacy in solid tumors; CAR T cells can only 

recognize a ligand expressed on the cell’s surface, lack the ability to recognize multiple 

tumor associated antigens, and are impacted greatly by immunosuppressive factors within 

the tumor microenvironment [14,15]. Lastly, the viral transduction methods used to produce 

CAR T cells often result in prolonged expression of the CAR which drive adverse 

reactions, such as cytokine release syndrome [16]. Despite shortcomings, T cell therapies 

show great promise in cancer therapy and can be further improved by addressing these 

issues, namely complex and expensive manufacturing and limited patient accessibility. New 
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bioengineered nanotechnologies, through improvements to the method of production, ease of 

use, and performance, have the potential to enhance the accessibility and efficacy of T cell 

immunotherapy for patients with a variety of diseases.

Nanoparticles provide useful platforms for engineering T cells at each stage of the 

therapeutic T cell response. To date, they have been utilized to deliver antigen directly 

to T cells, activate and expand existing antigen-specific T cells, and maintain the 

function and presence of therapeutic T cell populations (Figure 1). Particles can likewise 

enhance T cell therapies by enriching in vitro performance, improving ex vivo T cell 

selection and activation, and facilitating translation of benchtop therapies for in vivo use. 

Nanoparticles enrich in vitro performance by contributing additional immunomodulatory 

properties [17,18], enabling specific cell and receptor targeting [19], and enhancing 

intracellular delivery of drugs and biologics. Nanoparticles augment the immunomodulatory 

capacity of T cell therapies through innate immunostimulatory effects, enabling colocalized 

presentation of immune synapse signals and antigen, promoting receptor crosslinking and 

TCR clustering, and permitting the targeting of modulators to a specific site on the cell 

surface or intracellularly [20]. By controlling nanoparticle size, chemistry, and flexibility 

it is possible to direct the route of cellular uptake along with mechanisms for endosomal 

escape and direction to specific intracellular compartments (Figure 1A) [21]. This is 

particularly useful in T cell therapies, as intracellular delivery to T cells can be difficult 

due to limited mechanisms of internalization compared to other immune cell types. The size 

of nanoparticles in relation to the size of a cell allows for multiple particles to bind to a cell 

at one time. This provides advantages in ex vivo T cell activation, through spatial control of 

signal presentation to T cells [22] as well as high throughput screening of T cells, through 

the ability to separate targeting components onto individually distinct particles (Figure 1B) 

[23]. In addition to improving the development of ex vivo techniques, nanoparticles facilitate 

translation of successful ex vivo T cell therapies by enhancing cellular manufacturing 

and the phenotypic properties of T cells for in vivo therapeutic use [24]. By improving 

biocompatibility, pharmacokinetics, and biodistribution, nanoparticles also enhance in vivo 
generated T cell responses (Figure 1C). Depending on the application, nanoparticles can 

be administered systemically and designed for specific accumulation in certain tissues of 

interest by the addition of targeting ligands or changing material properties such as shape, 

size, elasticity, surface charge, or response to dynamic stimuli [25,26]. In this review, we 

will discuss various approaches to generating and maintaining an antigen-specific T cell 

response for immunotherapy, and how nanomaterials are used to enhance these processes.

2. Generating antigen-specific T cells

The first step of initiating an antigen-specific T cell response using nanoparticles is 

presentation of antigen, which can be initiated by using nanoparticles that interact directly 

with T cells or by using nanoparticles that interact with other cells, including antigen 

presenting cells (APCs). APCs and other non-T cell targets offer ease of targeting as well as 

potential multi-faceted effects, while T cell targeting is a more direct approach to mediate 

cellular immunity. Each approach to the generation of antigen-specific T cell therapy carries 

distinct design considerations in the context of nanomedicine and are active, emerging areas 

of research.
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2.1. Professional APC targeting

Targeting professional APCs such as macrophages or dendritic cells offers an upstream 

opportunity for immune modulation with great potential to manipulate T cell behavior. 

There are several excellent reviews discussing the specific targeting of DCs [27] 

versus macrophages [28] for immunotherapy applications. APCs are actively circulating 

phagocytotic cells that constantly surveil blood and peripheral tissues for foreign pathogens 

and signs of cellular damage. When a foreign or damaged cell is detected, APCs will mature 

and traffic to secondary lymphoid tissues where they can present antigen and other signals 

to direct T cell activation, movement, differentiation, and functionality. Professional APCs 

are attractive therapeutic targets for T cell therapy due to their abilities to home to sites 

of inflammation, efficiently process and present delivered antigens, potently direct T cell 

behavior, and be easily targeted both extracellularly and intracellularly in vivo compared to 

T cells [29]. Likewise, APCs modulate additional components of the immune response such 

as inflammation that may be harnessed to cooperatively benefit outcomes of T cell therapies.

APCs act as links between the innate and adaptive immune systems, and as such, have 

unique traits that can be exploited for nanoparticle targeting and function. As part of their 

function in the innate immune system, APCs have evolved to detect and process viruses. 

Nanoparticles exist in the same length scales as viruses and can exhibit similar properties 

that utilize these evolutionarily derived pathways to mount robust immune responses [30]. 

APCs are members of the reticuloendothelial system, which functions to surveil and engage 

with foreign material. As a part of this role, APCs are constantly taking up material from 

their extracellular environment and employ all four major endocytosis pathways to do 

so: phagocytosis, marcropinocytosis, clathrin-mediated endocytosis, and caveolin-mediated 

endocytosis [31]. Uptake via these pathways has been demonstrated to be dependent on 

particle size, shape, and surface chemistry, with particles > 1000 nm primarily taken up 

by phagocytosis, ~200-1000 nm by means of macropinocytosis, and <250 nm through 

clathrin and calveolae-dependent pathways [21,31]. The effects of particle shape and surface 

chemistry are less clear, with conflicting reports of the effects of low to moderate aspect 

ratios on APC uptake of nanoparticles [32–34]. Very high aspect ratio particles, however, 

have been shown to make internalization by phagocytosis more likely than by endocytosis 

[35,36]. This could improve macrophage targeting over uptake by non-APC cells.

2.1.1. Harnessing innate immune mechanisms—Professional APCs have specific 

receptors that have evolved as part of the innate immune system to recognize common 

signals of invading pathogens and cellular damage. These signals are broadly categorized 

into pathogen associated molecular patterns (PAMPs) and damage associated molecular 

patterns (DAMPs). Since nanoparticles can exploit innate immune pathways in APCs by 

adopting pathogen-like properties, it is useful to design nanoparticles for APC targeting to 

receptors of PAMPs, known as pattern recognition receptors (PRRs). The most common 

families of PRRs utilized for therapeutic targeting to APCs are C-type lectin receptors 

(CLRs) and toll-like receptors (TLRs) [37]. CLRs identify a variety of pathogens by 

recognizing carbohydrate structures such as mannose, fucose, and glucan [38]. CLR 

activation initiates uptake of the pathogen, processing, and antigen presentation. Conjugation 

of mannose in particular has been utilized widely to target both dendritic cells and 
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macrophages, as well as activate CLRs [39–42]. There is likewise evidence that targeting 

specific sub-classes of CLRs or multiple CLRs with tunable nanoparticles may give finer 

control of downstream T cell responses. For example, Bandyopadhyay et al. found that 

targeting the CLR sub receptor DEC-205 produced an anti-inflammatory IL-10 response 

that was dependent on nanoparticle surface ligand density [43]. The mechanism of this 

response was shown to be due to DEC-205 receptor crosslinking at higher densities. To 

target multiple CLRs at once, Duinkerken et al. conjugated ligands for the DC-SIGN and 

Langerin CLRs onto a polyamidoamine dendrimer along with gp100 antigen [44]. Targeting 

both receptors compared to a single receptor increased in situ DC uptake 10-fold, antigen-

specific cross-presentation ~ 3-fold and doubled the percentage of antigen-specific CD107+ 

CD8+ T cells after treatment.

Similar strategies have been employed to target TLRs. Rather than recognizing 

carbohydrates, TLRs recognize a variety of conserved pathogenic structures including 

oligonucleotides and the endotoxin lipopolysaccharide (LPS). Nanoparticles can conjugate 

to the surface or encapsulate DNA [45] or TLR agonists such as LPS [46,47]. Lastly, 

interactions between multiple PRRs have been shown to instruct T helper cell differentiation 

as well as increase robustness of the adaptive immune response [38]. Li et al. recently 

demonstrated a trivalent nanoparticle vaccine targeting CLR DC-SIGN and TLR7 [40]. 

Dual receptor targeting increased DC specific antigen presentation and activation of antigen 

(Ag)-specific T cells ~2.5-fold compared to TLR7 and antigen alone. In the future it may be 

helpful to consider using nanoparticles to target multiple PRRs or specific sub-receptors to 

modulate T cell behavior more precisely.

In addition to the ability to conjugate targeting molecules on the surface, the choice of 

nanoparticle material itself can directly modulate the immune behavior of a professional 

APC via innate immune mechanisms. Several common biomaterials used for constructing 

nanoparticles have reported intrinsic immunostimulatory effects [48] Nanoparticle size, 

shape, and surface chemistry have been shown activate immune pathways by interaction 

with PRRs, inflammasomes, and other aspects of the innate immune system [49–51]. 

Adjuvant effects of nanomaterials alone can be powerful enough to decrease the need 

for traditional adjuvants. Luo et al. created a simple nanoparticle vaccine by mixing an 

intrinsically immunogenic nanoparticle (PC7A) with antigen. PC7A generated cytotoxic T 

cell responses higher than both alum and LPS [50]. PC7A was found to stimulate interferon 

genes (STING), and delivery of the nanovaccine with PD-1 resulted in 100% survival in 

a mouse TC-1 tumor model along with inhibited tumor growth after rechallenge. Innate 

immune mechanisms of APCs are powerful modulators of downstream T cell response, but 

as APCs are also the link between the innate and adaptive arms of the immune system, it 

is useful to consider ways in which nanoparticles can harness their adaptive mechanisms to 

promote desirable T cell responses.

2.1.2. Harnessing adaptive immune mechanisms—Professional APCs are unique 

in that they can present antigen on MHC class I as well as MHC class II. Typically, 

endogenous antigens are expressed on MHC class I and exogenous antigens are expressed 

on MHC class II, which leads to downstream activation of CD8+ T cells and CD4+ T cells, 

respectively. Depending on the application, it may be useful to target presentation on a 
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specific type of MHC to control desirable T cell activation and presentation. In addition 

to targeting MHC I through intracellular delivery, APCs can cross-present extracellular 

antigens onto MHC class I to direct the CD8+ T cell response through a process known 

as cross-presentation. Cross-presentation is especially important in the context of pathogens 

that do not traditionally infect APCs as well as in generating a cytotoxic T cell response 

from vaccination [52]. Methods to induce or enhance cross-presentation include changing 

nanoparticle size, route of endocytosis, or surface chemistry [53], but the mechanisms of this 

are poorly understood and not consistent across the literature [54]. In some cases, graphene 

oxide [55] and super paramagnetic iron oxide (SPION) [56] particles have been shown to 

disrupt antigen processing and cross-presentation, although the disruption pathways appear 

to be more complex than material alone. In the case of the SPION particles, Blank et al. 

were able to decrease CD4+ T cell activation after treatment of DCs with ~100nm, positively 

charged SPION particles as a result of the inhibition of cross-presentation, providing a 

useful strategy to ameliorate Ag-specific autoimmunity.

Along with cross presentation, APC homing and maturation are adaptive mechanisms that 

influence the fate of manipulated T cells. After maturation, APCs express upregulated levels 

of costimulatory surface ligands CD40, CD80, and CD86, which have been shown to be 

necessary for the induction of a T cell immune response [57]. Maturation has been shown 

to be size dependent with amphiphilic poly(glycolic acid) (PGA) nanoparticles, and results 

indicate surface interactions as well as route of uptake is important in DC maturation 

[58]. However, uptake does not always result in maturation, and the increasing surface 

hydrophobicity regardless of uptake has been found to increase expression of MHC II and 

CD86 maturation markers [59]. Likewise, Chang et al. show nanoparticle size and coating 

influence DC maturation independent of uptake magnitude with small (270 nm) particles 

inducing greater anti-inflammatory response than large (560 nm) [53]. Mechanisms of 

nanoparticle induced APC maturation are largely unknown, but it was recently suggested 

that ~150nm poly(lactic-co-glycolic acid) (PLGA) NPs induce maturation through MAPK 

activation, with resulting DC phenotype dependent on particle zeta potential. Barillet et al. 

observed that the rate of DC uptake of NPs increased as surface charge increased from 

~ −20mV to ~ +20mV, but neutral NPs had the highest magnitude of uptake, and uptake 

magnitude increased DC maturation [60]. Lastly, particle material alone has been found to 

induce maturation. For example, 10-60nm fullerene derived nanoparticles induced functional 

DC stimulation skewed toward Th1 polarized response [61], and 20-30nm cationic gold 

nanoparticles are able to mature DCs without additional stimulus [62]. Together with APC 

maturation, DC homing to the lymph node is a key component of effective APC targeted 

immunotherapy. Methods to influence APC homing include materials-based methods as 

well as applying external stimuli to dynamic particles. One example of this is directing 

magnetized nanoparticles taken up by DCs into the draining lymph nodes near a tumor to 

activate Ag-specific CTLs. Jin et al. applied this method and reported 11-fold increase in 

lymph nodes accumulation of DCs which corresponded to almost complete inhibition of 

tumor growth after inoculation [63].

2.1.3. Targeting APCs for vaccines—The most common applications for 

nanoparticle-mediated APC targeting for T cell therapy are APC targeting for vaccines 
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and APC targeting for immunotherapy. Nanoparticles are particularly useful in vaccine 

strategies, as they are able to stabilize and protect protein or nucleic acid antigen from rapid 

degradation in vivo. Likewise, nanoparticles can act as adjuvants themselves and actively 

deliver antigen to APCs through the specific targeting strategies mentioned previously. 

Several excellent reviews of nanoparticle vaccine technology exist with specific focuses on 

infectious disease [64], biomaterials [65], cancer [66], and COVID-19 [67]. Emerging areas 

of nanoparticle vaccine research include investigating the interplay between nanoparticle 

vaccines, immune modulation, the microbiome, oral vaccine delivery for the generation 

of mucosal immunity, and vaccines that work synergistically with other arms of T cell 

therapy [68,69]. For example, Reinhard et al. recently utilized a lipid nanocarrier mRNA 

vaccine in tandem with CART therapy to generate antigen-specific APCs that bolstered 

CART performance in a solid tumor [70]. Nicknamed “CARVac”, this combination T cell 

therapy elicited remarkable reduction of tumor burdens in vivo in multiple cancer models, 

and complete tumor rejection after inoculation compared to CART therapy alone, which 

simply delayed tumor onset.

2.1.4. Targeting APCs for immunotherapy—While targeting APCs for vaccine 

applications is useful for disease prevention, nanoparticle APC targeting can also be used 

to direct T cell immunotherapies in active disease states such as cancer or autoimmune 

disorders. In cancer, it is essential to target not only circulating APCs, but also APCs within 

the tumor microenvironment for T cell mediated tumor treatment. Although controversial in 

studies with patients, it has been shown many times in preclinical models that nanoparticles 

preferentially accumulate in tumors after I.V. injection, including due to the enhanced 

permeability and retention effect (EPR), originally theorized to be due to leaky vasculature 

in the tumor [71]. Likewise, rather than focusing on CD4+ T helper cell mediated immunity, 

in cancer it is beneficial to focus on expanding and enriching cytotoxic lymphocytes and 

CD8+ effector and memory T cells to combat the active disease state. The ability of 

nanoparticles to facilitate APC cross priming of exogenous tumor-associated antigen (TAA) 

is especially important for TAA display on MHC I and subsequent priming of CD8+ T cells. 

CD103+ dendritic cells have been shown to be the primary APCs that cross prime in the 

tumor microenvironment [72] and are the drivers of immune checkpoint blockade success 

[73]. Because of this, targeting CD103+ DC cell subsets may be advantageous for solid 

tumor immunotherapy. To investigate this, Fromen et al. varied nanoparticle surface charge 

and demonstrated CD103+ DCs were preferentially targeted with cationic particles, which 

provides a feasible route for specific targeting of CD103+ DCs by nanoparticles for T cell 

therapy.

In some diseases such as autoimmune disorders, it is desirable to shift the immune 

response toward immunosuppression rather than immunostimulation for the purpose of 

inducing antigen-specific tolerance. Nanoparticles employ many of the same strategies 

as those discussed for tumor immunotherapy to target APCs, but strategies to modulate 

APC activity differ. In order to create a tolerogenic T cell response, nanoparticles harness 

tolerogenic environments such as the gut and liver, impair inflammatory function of APCs 

while simultaneously delivering antigen, and mimic apoptotic cell death [74]. Specifically, 

PEGylation of nanoparticles to induce tolerogenic APCs (tolAPCs) has been shown to 
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control traffic to the spleen dependent on length of the PEG chain [75]. Induction of 

tolAPCs using nanoparticles has shown significant success in treating autoimmune disorders 

in vivo, and there is a focus on inducing antigen-specific regulatory T cells (Tregs) to 

mediate these responses. Yeste et al. demonstrated this by encapsulating nanoparticles with 

an antigen for experimental autoimmune encephalomyelitis (EAE) [76]. APCs treated with 

the nanoparticles displayed a tolerogenic phenotype and induced 3-fold more FoxP3+ CD4+ 

T cells which mediated full suppression of EAE in the treatment group.

2.2. Other cell as APCs

Professional APCs, namely dendritic cells and macrophages, are the most common targets 

of cancer vaccines due to their efficiency at performing cross-presentation to elicit a 

strong T cell response; however they present several limitations. First, delivery of vaccine 

components to the lymph node (LN), where lymphocytes are concentrated, is required for 

robust immune activation; however this process is currently inefficient [77]. Improvements 

in nanoparticle design have improved the ability of vaccines to directly traffic to the LN, 

increasing the efficacy of T cell-inducing vaccines. However, the efficiency of transport 

to secondary lymphoid organs, and to the specific zones within the lymph node needed 

to activate CD4+ and CD8+ T cells, is still low. Second, while nanoparticles have greatly 

improved the ability of a vaccine to induce cross-presentation in APCs, more mechanistic 

studies of cross-presentation are needed to further improve cancer vaccines [78]. Third, DCs 

are often dysfunctional in cancer patients, rendering DC targeting for cancer immunotherapy 

ineffective [79]. Finally, APCs are easily skewed by the tumor microenvironment into an 

immunosuppressive phenotype [80].

Beyond DCs and macrophages, other APCs, both professional and non-professional, have 

been targeted for eliciting an antigen-specific T cell response. These cells, including B cells, 

endothelial cells, and even cancer cells, have unique properties that make them valuable 

targets for distinct applications.

2.2.1. B cells as APCs—Although B cells are most commonly associated with humoral 

immunity, B cells are professional APCs that also play an important role in shaping the 

endogenous T cell response through both cytokine secretion and direct T cell activation 

[81]. There is evidence that B cells both regulate the initial expansion of CD4+ T cells 

after antigen exposure as well as reactivate memory CD4+ T cells [82,83]. While it was 

initially unclear if B cells also directly activate CD8+ T cells, it is now known that B cells 

can perform cross-presentation, and that cross-presentation in B cells is integral to their role 

in mounting a CD8+ T cell response [84]. The expansion and differentiation of activated 

T cells can also be controlled by B cells, through cytokine and chemokine secretion, to 

enhance effector responses [85]. Nanoparticles are an ideal platform for the activation of 

B cells as they can provide the multivalent presentation of antigens required for B cell 

activation and have superior pharmacokinetics to free protein [86].

In some cases, B cells provide an advantage over DCs for the ex vivo activation of T 

cells as they are more abundant in circulation and easier to culture than DCs [87,88]. 

However, unlike with DCs, targeting nanoparticles to B cells require an antigen-specific 
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approach that must specifically trigger intracellular processing that leads to downstream 

T cell activation. Nanoparticles must trigger clustering of the B cell receptor (BCR), be 

internalized by the B cell for antigen processing and presentation, then antigen must be 

presented on MHC molecules to interact with T cells [89]. Importantly, this means that 

particles must deliver antigen that can be recognized by both B cells and T cells, which may 

recognize different epitopes. Bennett et al. have specifically investigated antigen features 

that result in effective B-T cell interaction, as opposed to previous studies which only 

optimized for B or T cell activation alone [89]. The authors conjugated viral antigens onto 

a polymer backbone and found that high epitope valency led to increased B cell uptake and 

antigen processing. Additionally, they found that presentation of the T cell epitope can be 

enhanced by designing the T cell antigen to be easily processed by the B cell; in this case 

it was achieved by conjugating the T cell epitope via a cathepsin D-sensitive linker which 

can be cleaved in the endosome [89]. While B cells are relatively abundant in circulation, 

antigen-specific B cells are much more rare, occurring at frequencies of less than 0.05% 

of all B cells [90]. Since native B cell activation is an antigen-specific process, this can 

greatly hinder the use of B cells for APCs. To combat this, Sicard et al. has developed 400 

nm polystyrene particles conjugated with antigen and antibodies specific to the framework 

region of the BCR, allowing activation of noncognate B cells [88]. These particles triggered 

BCR clustering and subsequent uptake of particles. Upon internalization, the antigen was 

cleaved from the particles, processed, and presented on MHC class II for the activation of 

antigen-specific CD4+ T effector cells.

B cells can also be targeted for in vivo vaccination for the purpose of subsequent T cell 

activation, even without active targeting of B cells. Despite the spatial separation of B cells 

and T cells within the lymph node, B cells can travel from B cell follicles into T cell zones 

to deliver a strong, albeit temporally delayed, stimulation to CD4+ T cells [89]. In fact, it is 

shown that upon delivery of a virus-derived nanoparticle vaccine, B cells are the dominant 

APC initiating CD4+ T cell activation [91]. The virus-like particles (VLPs), approximately 

20nm, were derived from E. Coli BL21 infected with bacteriophage Qβ. These particles 

maintain the surface properties of the virus, but no longer replicate, making them ideal 

delivery vehicles. The VLPs used here did not contain any active B cell targeting moieties, 

suggesting that other particle properties, in this case antigen presentation density, can also 

contribute to the shape of the APC response. As DCs uptake antigen non-specifically, they 

require large amounts of antigen in order to obtain a high enough dose intracellularly to 

initiate maturation. B cells, on the other hand, uptake antigen via high affinity receptor 

binding, allowing them to still be able to uptake sufficient amounts of antigen even when 

a low dose of antigen is present [91]. In this study, about 20-30 antigen epitopes per 

particle was sufficient to preferentially activate B cells; however, this density should be 

further explored. While this phenomenon may depend on the antigen type and largely be a 

virus-specific response, researchers can capitalize on this finding to create vaccine particles 

that preferentially activate B cells rather than other APCs. As described above, targeting 

B cells specifically allows therapies to bypass many of the disadvantages presented by 

DC targeting. Additionally, it is thought that B cells are involved with breaking immune 

tolerance, making them particularly valuable targets for therapeutic cancer vaccines [91].

Est-Witte et al. Page 9

Semin Immunol. Author manuscript; available in PMC 2022 December 23.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



2.2.2. Cancer cells as APCs—Cancer cells are not often grouped in the category of 

antigen presenting cells, but like most cells in the body, they do present antigen on MHC 

class I molecules. Similar to other non-professional APCs, interactions between cancer cells 

and T cells often results in a tolerizing response. This effect is due not only to the fact that 

as a non-professional APC, cancer cells express low levels of costimulatory molecules, but 

also due to the overall immunosuppressive tumor microenvironment in which the interaction 

takes place. However, cellular engineering techniques have allowed researchers to turn this 

tolerizing interaction into an activating one [92].

Tumors are attractive targets for APC engineering for several reasons. First, tumor cells 

already present tumor-specific antigens, meaning that a therapy could be designed to be 

antigen-agnostic, not requiring knowledge of specific cancer neoantigens a priori. This 

provides an advantage over traditional personalized cancer vaccines as it eliminates the 

need for tumor excision and proteome analysis prior to vaccine production. Second, 

unlike with professional APCs, there is no need to induce cross-presentation through the 

nanoparticle design; however, some tumors may require treatment to maintain or enhance 

MHC expression. Finally, nanoparticle targeting of tumor is much more efficient than 

targeting of LNs, as needs to be done for most APC targeting. The concept of engineering 

tumor cells to behave like APCs was introduced as early as 1990s [93] and has been 

advanced by the advent of nanotechnology, which can improve the intracellular delivery of 

gene-editing molecules as well as tumor cell targeting.

The first use of tumor cells as APCs was in tumor cell vaccines. In this therapeutic 

strategy, which has already reached the clinic, tumor cells from resected tumors are 

irradiated to prevent further proliferation, genetically modified ex vivo to express cytokines 

or costimulatory molecules, and then re-injected into patients [94]. Nanoparticles provide 

a highly efficient platform for gene delivery to tumor cells as they have high nucleic acid 

loading capacity and show efficient cell uptake [95]. The ex vivo engineering of tumor 

cells has often been carried out by viral vectors, including retroviruses, adenoviruses, and 

adeno-associated viruses (AAV), due to their highly efficient RNA and DNA delivery. 

These particles have been used to induce expression of immunostimulatory molecules in 

tumor cells such as IL-12, IL-2, IL-4, IL-6, TNF-α, IFN-γ, and granulocyte-macrophage 

colony-stimulating factor (GM-CSF) [94]. This therapy can also be augmented with the 

delivery of soluble costimulatory molecules like OX40, 4IBB, and CD40 [94].

Researchers have also explored the in situ modification of tumor cells. Because of safety 

concerns regarding the in vivo use of viral delivery vehicles, gene modification of tumor 

cells in vivo can be investigated with non-viral vectors such as lipid, polymeric, and 

inorganic nanoparticles [95]. This approach offers several advantages over other cancer 

vaccine approaches including eliminating the need for ex vivo cell manipulation, tumor 

protein expression profiling, and personalized therapy manufacturing. For example, Tzeng 

et al. have developed poly(beta-amino ester) (PBAE) nanoparticles to deliver IL-12 and 

4-1BBL DNA to tumor cells, resulting in a highly functional antigen-specific T cell response 

[96]. Similarly, Huang et al. created tumor-targeting lipid-dendrimer-calcium-phosphate 

(TT-LDCP) nanoparticles to deliver IL-12 DNA and PD-L1 siRNA to the tumor, to 

both support T cell activation and suppress T cell inhibition [97]. In addition to turning 
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tumor cells into effective APCs from the inside out, nanoparticles can also be used 

to deliver costimulation molecules externally. For example, Kosmides et al. developed 

“immunoswitch” particles, which presented both anti-PD-L1 and anti-4-1BB molecules on 

an iron dextran particle such that the particle binds PD-L1 on tumor cells and 4-1BB on T 

cells, converting an inhibitory signal into a stimulatory signal [98]. The tumor cells present 

signal 1 naturally, and the immunoswitch assists the tumor cells in providing costimulation 

to the T cells.

2.3. T cell targeting

Vaccine platforms and APC targeting are indirect ways of activating T cells and can be 

useful methods for achieving antigen specificity. Alternatively, the use of nanoparticle-based 

artificial antigen presenting cells (aAPCs) can bypass the need to use endogenous cells while 

also allowing different parameters that affect T cell expansion to be altered.

2.3.1. aAPCs to directly stimulate T cells ex vivo—Currently, ex vivo T cell 

expansion remains a key step in adoptive T cell therapy. Nanoscale platforms that mimic 

natural APCs offer an attractive option for this process; they can be readily produced, easily 

stored, and properties of nanoparticles can be finetuned to suit expansion needs. aAPCs 

mimic essential functions of APCs by engaging the TCR and costimulatory molecules of the 

T cell [99]. While some aAPCs are constructed using anti-CD3 and anti-CD28 antibodies to 

non-specifically expand T cells as has been studied for treatment of HIV, a peptide-MHC, 

pMHC, complex is necessary for an antigen-specific response [100]. aAPCs have been 

readily utilized for ex vivo T cell expansion and various factors, such as ligand density and 

spacing as well as general material properties can be controlled to affect the efficiency of 

T cell expansions and therefore can be used to modulate the potency of the cellular therapy 

[101,102].

T cells that have the ability to recognize epitopes of TAAs provide a potent response against 

tumors; however, precursors for antigen-specific cells are rare which makes expanding them 

for adoptive transfer difficult [2,8]. To address this, Perica et al.[2] developed an enrichment 

and expansion (E+E) method using magnetic nanoparticle based aAPCs. The aAPCs had 

MHC class I loaded with melanoma associated antigens, a colon carcinoma antigen, or a 

Kb-restricted ovalbumin antigen along with anti-CD28 [2]. Naïve CD8+ T cells from a 

wild type B6 mouse were incubated with the aAPCs for the enrichment step then placed 

in a magnetic column. This allowed for the unbound nonspecific cells to be discarded 

while the desired T cells could be eluted from the column and cultured. For one of the 

melanoma associated antigens, Kb-TRP2, the cognate population expanded from roughly 

0.03% to 17.6% by day 7 [2]. Ichikawa et al. [103] utilized this E+E platform with human 

HLA Class I molecules loaded with the MART-1 peptide, to expand cognate T cells from 

patient PBMCs. The study showed that the nano-aAPCs were able to expand MART 1 

specific CD8+ T cells ex vivo more effectively than autologous dendritic cells and CD3/

CD28 Dynabeads, a commercially available aAPC. Upon phenotypical analysis, a higher 

population of stem cell memory cognate T cells was seen from the group expanded with the 

nano-aAPCs [103]. Thus, this ability to engage specific T cells for ex vivo expansion can 
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have great implications for the preparation of endogenous T cells for use in adoptive T cell 

therapies.

In the case of cancer and chronic viral infections, CD8 T cells begin to express the inhibitory 

signals, commonly known as checkpoint signals, because of continuous stimulation by a 

cognate antigen [104]. This is one of the contributing factors to effector T cell suppression 

in the tumor microenvironment. Kosmides et al. [100] recapitulated this scenario in vitro by 

stimulating CD8 T cells with PLGA aAPCs multiple times to upregulate PD-1 expression. 

The aAPCs alone led to 30- and 20-fold expansion of PMEL and 2C transgenic CD8+ 

T cells, respectively. Further, the addition of PD-1 blockade led to enhanced activation 

of antigen-specific cells as seen by a 3.5-fold increase in IFN gamma secretion, which 

show promise in enhancing adoptively transferred T cells [100]. While PLGA particles 

are advantageous in that they are biodegradable and are suitable for in vivo use, they also 

can have certain limitations, including generally low protein conjugation efficiency [105]. 

This can then correspond to less efficient T cell activation due to a decrease in ligand 

density [101]. Biodegradable polymer blends can be used to construct aAPCs with increased 

ligand density and improved performance, including by blending PLGA, which is negatively 

charged, with PBAE, which is positively charged. Rhodes et al. [105] found a 1.5-fold 

increase in the efficiency of signal conjugation with the composite biomaterial (Figure 2B). 

When compared to PLGA only aAPCs, the PLGA/PBAE aAPCs bound to a larger number 

of antigen-specific T cells, resulting in a 35-fold increase in mean fluorescence intensity 

(Figure 2C). These particles led to a 15-fold greater expansion and were observed more 

efficient at stimulating CD8 T cells [105]. Related aAPCs constructed of polymer blends 

were also shown to be useful for inducing Foxp3+ Tregs [106].

Zhang et al [107] fabricated nanoparticles with high signal conjugation efficiency by 

functionalizing magnetic nanoclusters with azide-engineered leucocyte membranes. The 

azide functionalization was used to take advantage of click chemistry which required 

the peptide MHC and anti-CD28 to undergo mild modification while retaining complete 

function and efficacy. These aAPCs were able to achieve 78-fold expansion by day 3 [107]. 

A separate group also utilized an immune cell membrane as a part of their aAPC; Xiao et al 

[108] prepared an imiquimod-loaded aAPC from PLGA nanoparticles coated with anti-CD3 

and a dendritic cell membrane. The DC membrane retained MHC and signal 2 expression 

allowing for antigen specificity. Using these nanoparticles, the CD8+ T cell population 

increased 26 % more when compared to the control (PBS) and T cell functionality was 

improved as depicted by the increase in TNF-α and IFN-γ by 8.7- and 8.4-fold, respectively 

[108].

2.3.2. aAPCs to directly stimulate T cells in vivo—By engineering biocompatible 

and biodegradable aAPCs, one could also directly target T cells in vivo, avoiding the 

need for ex vivo expansion. The same parameters that affect ex vivo T cell activation also 

affect in vivo T cell activation, and in some cases, the effects of certain parameters are 

magnified in vivo. The viscoelastic moduli of natural APCs were recorded for dendritic 

cells, macrophages, and monocytes and found to be 440 +100/−90 Pa, 900+110/−100 Pa, 

and 520 +90/−80 Pa respectively [109]. Bufi et al. [109] demonstrated that the elasticity 

of endogenous APCs varied in the presence or absence of inflammation; in inflammatory 
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conditions the stiffness of APCs were found to increase. This offers insight into properties 

that affect engagement between T cells and APCs in the setting of cancer, as chronic 

inflammation and cancer have a close relationship [110]. The stiffness of NPs affects cellular 

uptake and circulation within the blood. Anselmo et al. [111] evaluated the effects of particle 

stiffness in vivo by fabricating soft (10 kPa) and hard (3000 kPa) PEG-based hydrogel NPs . 

To compare circulation of the different NPs, each was injected intravenously into mice. Both 

soft and hard NPs, sized at 200 nm, persisted for long periods in vivo. However, the soft 

NPs were found to persist longer at higher concentrations in circulation; distribution half-life 

and elimination half-life for the soft NPs were longer than those of the hard NPs [112]. To 

evaluate cellular uptake of these NPs a mouse IgG antibody was conjugated to both soft 

and hard NPs to encourage interaction with macrophages. There was a significant difference 

between the soft and hard NPs, the hard NPs were phagocytosed at much higher rates, 

making softer NPs more desirable for T cell targeting [112]. Kong et al. [113] saw a similar 

stiffness related effect: softer NPs remained in circulation longer. The data also showed that 

the softer NPs accumulated in the spleen and liver more than the harder NPs. NP elasticity 

may also affect T cell activation in vivo. Our data has shown that when comparing CD3 

cluster areas of T cells, those activated on a softer substrate (0.5 kPa) exhibited greater 

clustering than those activated on a harder substrate (3 kPa) [114]. The interaction between 

aAPCs and T cells seeks to mimic that of the endogenous interaction. The surface fluidity of 

a NP can be engineered to closely mimic the membrane fluidity of an APC. This enhances 

T cell activation by increasing movement of ligands and favoring clustering of receptors 

within the immune synapse[115,116]. Olden et al.[116] constructed silica particles with 

different lipid compositions in order to alter membrane fluidity and evaluate its effect on T 

cell activation. After incubating the particles with human T cells, they found that as surface 

fluidity increased there was a significant increase in fold expansion, thus a more robust 

expansion was achieved [116].

Particle shape is another key parameter that impacts T cell activation. Sunshine et al. and 

Meyer et al. have shown that elongated, or ellipsoidal, aAPCs provide increased contact 

with T cells (Figure 2A–F), which results in increased fold expansion (Figure 2G) [32,117]. 

When used in vivo, ellipsoidal aAPC were also better able to activate T cells against cancer 

antigens, resulting in reduced tumor growth compared to spherical particles (Figure 2H). 

Interestingly, the interface of the T cell-aAPC interaction is not the only force that allows 

for ellipsoidal particles to perform better in vivo. Meyer et al. [32] found an additional 

layer of help provided by ellipsoidal particles; spherical aAPCs were more readily engulfed 

by macrophages than the ellipsoidal aAPCs (Figure 2I), allowing for ellipsoidal aAPCs 

to remain in circulation for longer than their spherical counterparts, even with all other 

parameters (surface area, volume, and protein amount) remaining approximately the same. 

This finding is consistent with previous reports that have shown that ellipsoidal particles are 

taken up slower by macrophages than spherical particles, potentially because the amount of 

energy required for actin remodeling during the phagocytosis process is larger for particles 

with a greater aspect ratio [118,119]. In vivo, ellipsoidal aAPCs resulted in 2-fold greater 

expansion of cognate CD8 T cells (Figure 2J). Alternatively, Bruns et al. [120] enhanced 

the biodistribution and in vivo functionality of their aAPCs by including CD47, a “don’t eat 

me” signal to inhibit phagocytosis mediated by macrophages. CD47+ aAPCs outperformed 
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CD47- aAPCs in vivo; particles were able to stimulate antigen-specific T cells better as 

they accumulated more in the lymphoid organs. This correlated with statistically significant 

inhibition of tumor growth [120]. Song et al. [121] used similar approaches to Meyer et 

al. [32] and Bruns et al. [120]; this group combined PEGylated ellipsoidal aAPCs with a 

CD47-Fc conjugate (EaAPCPEG/CD47). These aAPCs were able to increase percentage of 

INF-gamma positive T cells, as well as enhance their ability to infiltrate tumors and inhibit 

growth [121]. Other aAPC parameters, such as ligand density and particle size, have also 

been shown to not only affect T cell activation ex vivo, by controlling the contact between 

a T cell and the aAPC, but also in vivo biodistribution [32,101]. The literature suggests 

that one apparent feature of nanosized aAPCs is that they can have improved performance 

at activating T cells if they are able to re-create a biomimetic micron length-scale of 

interaction between the aAPC surface and the T cell surface, mimicking a biological DC. 

For nanoparticles, this can be enabled through clustering, facilitated by nanoparticle ligands 

or an externally applied magnetic field, or by an elongated particle shape, such that at least 

one particle axis approaches the micron scale [22,23]. Thus, the physical and chemical 

properties of a nanoparticle can be engineered to improve the ability of aAPCs to stimulate 

T cells both ex vivo and in vivo.

2.3.3. Gene delivery to generate antigen-specific T cells—Gene delivery, which 

has clinical relevance for in vivo and ex vivo applications, can be achieved through viral or 

non-viral methods [122]. CAR and TCR engineering offer an alternative way of producing 

antigen-specific T cells and allow researchers to bypass the need to find existing T cells 

that naturally recognize their target. A variety of nanoscale delivery vehicles such as 

vectors and other biomaterial-based nanoparticles can be utilized to deliver genes to T 

cells and produce antigen specificity [8,123]. Viral vectors including, but not limited to 

adenoviral vectors, adeno-associated vectors, and retroviral vectors, have varying benefits 

and drawbacks. For example, retroviral vectors integrate into the host cell genome and 

work well for ex vivo transfections but can only transfect dividing cells and do not show 

promise for in vivo applications. Adenoviral vectors, however, can transfect nondividing 

and dividing cells but preexisting immunity to adenoviruses is common and in severe 

cases, has resulted in the death of patients [124]. Non-viral methods, although generally 

less efficient than viral vectors, are considered to be a safer method for gene delivery 

[124,125]. They serve as an attractive alternative for T cell reprogramming; constitutive 

CAR expression and prolonged CAR T cell activity caused by viral vector transfection 

can cause potentially fatal cytokine storms [123,124]. However, T cells can be difficult to 

transfect using non-viral systems because of their limited ability to engage in endocytosis 

[126]. Electroporation, a method of non-viral transfection, uses electrodes to disrupt the cell 

membrane to allow for large molecules to enter the cell [124]. It has been shown to have low 

rates of successful transfection and decrease cell viability [126]. Loaded NPs are another 

method by which non-viral gene delivery can be achieved. McKinlay et al. [126] found 

that altering combinations of lipids used for fabricating cationic lipid NPs greatly impacted 

mRNA delivery; cell membranes are nonpolar and the charges of the lipids impacts gene 

transfer. Billingsley et al. [127] created lipid NPs that could deliver mRNA to human T 

cells for CAR reprogramming. This was done without the need for electroporation, which 
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maintained the function and viability of the CAR T cells as shown by percent killing of 

Nalm-6 acute lymphoblastic leukemia cells [127].

Despite advances in ex vivo generation of TCR and CAR T cells, the process remains 

expensive and labor-intensive. To address the high cost of ex vivo CAR and TCR 

transfections, Parayath et al. [123] sought to target T cells in vivo, eliminating the need 

for complicated ex vivo expansions. Parayath et al. [123] successfully constructed in 
vitro-transcribed (IVT) mRNA-loaded polymer NPs for human T cell transfection with 

CD19-specific 1928z CAR or with the HBcore18-27 TCR (Figure 3A and 3B) . The 

particles were formulated with a biodegradable PBAE inner core and a PGA exterior. This 

material combination helped to decrease off target uptake of particles by reducing the overall 

charge of the particles [123]. The particles were also coated with anti-CD8, which increased 

transfection efficiency compared to particles that lacked this antibody. In vivo, it was found 

that the NPs led to successful transfection of the T cells (Figure 3C) with relatively little side 

effects. Adoptively transferred virally-transduced CAR T cells eradicated 60% of tumors and 

improved survival by an average of 32 days, while the IVT mRNA loaded NP-transfected 

1928z CAR T cells eradicated 70% of tumors and improved survival by 37 days [123]. 

This platform also showed promise for solid tumors, specifically T cells transfected with 

ROR1 CAR transgene against prostate cancer. In addition, the authors found that the NPs 

may serve as a useful alternative to current ex vivo platforms as there was no significant 

difference in overall function of T cells transfected using the IVT mRNA NPs compared to 

T cells transduced using viral techniques based on cytokine measurements and target cell 

killing (Figure 3D and 3E) [123]. This same group has also utilized using DNA-carrying 

PBAE NPs for this purpose. Smith et al. [128] fabricated NPs decorated with anti-CD3e 

f(ab’)2 to transfect T cells with the 194-1BBz CAR for leukemia. In vivo the particles 

had low off target effects as they bound preferentially to T cells and did not contribute to 

systemic toxicity as determined by blood work and cell counts. The NPs were able to able to 

transfect T cells, which led to 5.5 fold proliferation of CAR T cells and increase in memory 

like phenotype (CD44+CD62L+) [128].

3. Maintaining an antigen-specific response

Generation of the antigen-specific T cell response, whether it is done ex vivo or in vivo, 

is only the first step in producing a successful immunotherapy. Maintenance of the T cell 

response in vivo can be equally challenging and is a barrier to success for both cancer 

therapies and autoimmune therapies. Some of the major challenges that must be addressed 

to bring T cell immunotherapy into the forefront include improving the persistence and 

preventing the exhaustion of T cells, which can be achieved through influencing T cell 

differentiation and metabolism as well as addressing the immunomodulatory properties of 

the tissue being treated. Nanoparticles can assist in this arena by allowing targeted and 

controlled delivery of immunomodulators to support in vivo functionality.

3.1. Cytokine delivery

Cytokine support is critical for T cell activation, differentiation, and survival. Traditionally, 

ACT is accompanied by systemic IL-2 injections to achieve the prolonged in vivo 
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support required by T cells; however, cytokines are notoriously unstable, have poor 

pharmacokinetics, and demonstrate mixed results in patients due to cytokine pleiotropy 

[129]. Additionally, systemic cytokine injections have been associated with toxicity [130]. 

Nanoparticles can address these challenges by providing sustained, local, and temporally 

controlled delivery of both soluble and particle-bound cytokines [131]. Controlled release 

of soluble cytokines can be achieved with biodegradable nanoparticles, using materials 

such as PLGA [132], hydrogels, and liposomes [133]. Cytokines can also be conjugated 

to the surface of particles, which allows for more control over how T cells interact with 

the presented cytokine, as well as less potential for released soluble cytokines to act 

systemically instead of locally [134,135].

Cytokine-carrying nanoparticles can be functionalized to actively target specific immune 

cells or specific tissues. One method of this targeting is to fix the orientation of the presented 

cytokine, which has been shown to significantly impact which immune cell subtypes get 

activated. For example, IL-2 interacts differentially with T effector cells and T regulatory 

cells due to the slightly different forms of the IL-2 receptor expressed on these cells. 

Presenting IL-2 in such a way that interacts more efficiently with one receptor complex over 

another has allowed researchers to target immunostimulatory or immunosuppressive cells 

with specificity [134]. Another way to target nanoparticles to T cells is to add a targeting 

ligand to the particle that is specific to a marker expressed on T cells [135,136]. T cells 

may also be conjugated with nanoparticle “backpacks,” providing local cytokine support that 

can be delivered in a highly-controlled, antigen-specific manner [137,138]. Finally, rather 

than targeting T cells directly, some research groups have taken a tissue-targeting approach, 

for example, using tumor-specific markers [97]. Here Huang et al. delivered cytokine DNA 

rather than protein, allowing for longer term expression of cytokine, highlighting another 

promising approach for cytokine delivery.

3.2. Vaccine boosts

In vivo activation of T cells is an emerging area, but complications such as efficient T 

cell targeting by APCs has hindered its translation. Even in systems in which T cells 

are activated ex vivo, continued proliferation and stimulation following T cell transfer has 

been correlated with treatment success. One approach to provide continued support to ex 
vivo expanded T cells is to co-deliver the activated T cells with a vaccine. It is thought 

the vaccine provides support to the T cells through multiple mechanisms, including direct 

cytokine secretion for T cell proliferation and differentiation to memory cells [139,140], 

stimulating other host immune cells to support the transferred cells, and even stimulating 

the immune system to recognize different targets that compliment those that are recognized 

by the transferred T cells [141]. This is especially useful for CAR T cell therapy, which 

classically targets only one tumor antigen at a time, often leading to tumor escape [142]. 

Vaccine boosts for CAR T cells have shown that they can not only boost the transferred 

CAR T cells, prolonging persistence of the cells, but they also provide protection against 

tumors which have lost the CAR-specific antigen [70,139]. Nanoparticles are an ideal 

platform for delivery of the vaccine boost, as their ideal pharmacokinetics allow them to 

support T cells both at the tumor site and in secondary lymphoid organs.
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3.3. Small molecule delivery

Small molecule drugs can also be used to alter T cell phenotype and function by 

interfering with or enhancing signaling and metabolic pathways [143,144]. As with 

cytokines, delivering small molecules systemically can have off-target effects and toxicity. 

In addition, some small molecules have poor penetration of cells due to size or charge 

[145]. Nanoparticles can improve cellular uptake of small molecules as well as provide 

active targeting to specific cells. For example, Li et al. designed a “trident” nanogel 

that used a peptide agonist of PD-L1 to target the delivery of an adjuvant and IDO 

inhibitor to T cells [146]. The nanogel better equipped the T cells to survive the tumor 

microenvironment and resulted enhanced tumor treatment. TGF-β inhibition is another 

popular target of immunomodulating small molecule drugs. Yang et al. constructed gold 

nanoparticles carrying anti-CD8 antibodies and a TGF-β receptor inhibitor [147]. This 

system increased the amount of small molecule drug that accumulated in CD8+ T cells 

as compared to delivering free drug and improved anti-cancer efficacy when given in 

conjunction with a vaccine. Ou et al. also delivered a TGF-β inhibitor, here using PLGA 

nanoparticles conjugated with either anti-CD8, a T cell-specific marker, or anti-PD-1, a 

functional marker, to further target delivery to exhausted T cells [136]. Finally, rather than 

just enhancing T effector cells, nanoparticles can also target and inhibit immunosuppressive 

cells in the tumor microenvironment, such as T regulatory cells [148].

3.4. Checkpoint blockade

Improvements in the persistence, phenotype, and function of antigen-specific T cells can still 

be overwhelmed by the immunosuppressive tumor microenvironment. Checkpoint blockade 

inhibitors (CBI) have seen great clinical success with restoring function to T cells that were 

previously blocked by inhibitory signals expressed by tumor cells, both as a stand-alone 

therapy and in conjunction with ACT [149]. Nanoparticles can offer improvements to the 

traditional antibody-based CBI by improving pharmacokinetics, enhancing trafficking into 

the tumor, and providing a sustained release of CBI molecules [150–152]. ACT and CBI can 

also be combined with physical therapies, such as photothermal therapy [153]. Zhang et al. 

used anti-PD1 iron oxide nanoparticles combined photothermal therapy to increase CD8+ T 

cell infiltration and efficacy in cancer treatment. Kosmides et al. used nanoparticles to not 

only deliver CBI, but also costimulation by conjugating both anti-PD-L1 and anti-4-1BB 

to the same nanoparticle, effectively switching inhibitory signals into stimulatory signals 

[98]. Additionally, nanoparticle-mediated siRNA delivery has also been shown to effectively 

knockdown checkpoint molecule expression and restore antigen-specific T cell activity 

[154,155].

4. Conclusion

Unlocking the ability to generate an antigen-specific T cell response has been of 

great interest since the advent of immunotherapy. As fundamental immunology research 

uncovered mechanisms of T cell activation, engineers have been better able to emulate 

or enhance this process using cellular engineering, protein engineering, and biomaterials 

design. Mounting an antigen-specific T cell response starts with inducing or engineering 

effective antigen presentation. This can be accomplished using nanoparticle vaccine delivery 
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to professional and non-professional antigen presenting cells, or by directly engaging T 

cells. Impressively, nanoparticle-targeted APCs or nanoparticle aAPCs can dramatically 

enrich natural antigen-specific T cells from an endogenous T cell repertoire, where antigen-

specific cells are found at a frequency of around 1/100,000. Beyond activating endogenous 

cells, antigen-specificity can be engineered into the T cells through strategies such as CAR 

T and TCR engineering. After generating antigen-specific T cell responses, maintaining 

them involves providing cytokine support, skewing T cells towards a memory phenotype, 

and overcoming the immunomodulatory microenvironments of the tissue in which the T 

cell is acting. Nanoparticles have the potential to launch T cell-based therapies into the 

forefront of immunotherapy. Nanoparticles are a modular platform that are relatively easy 

to produce, modify, and personalize for each patient. Biocompatibility, and in many cases 

biodegradability, of these particles also allows us to modulate T cells in vivo rather than 

just ex vivo. Throughout this review we have discussed various nanoparticle properties that 

impact cell-particle interaction, immunomodulation, and biodistribution, such as size, shape, 

signal composition, and material choice. While progress in these fields is steadily advancing, 

there are still several challenges facing the translation and efficacy of nanoparticle-based 

T cell therapies. Many current approaches do not wholly appreciate the complexity of the 

immune response to immunotherapies. For example, more research has been done in recent 

years that has uncovered new subsets of immune cells that were previously thought to be one 

homogenous population. Understanding these subsets and how to target each individually 

will be invaluable to improving the efficacy of immunotherapy and reducing off target 

effects or toxicity. In general, more care needs to be taken in research to understand the 

mechanism of action of those therapies. Where nanoparticles have a particularly unique 

role to play in advancing immunotherapy is in reducing the cost and complexity of T cell 

therapy. The ability to create “universal” or “off-the-shelf” particles, using antigen-agnostic 

approaches, will reduce the manufacturing burden compared to cell-based therapies and 

broaden the range of patients who could be effectively treated by T cell immunotherapy.
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Highlights:

• T cell therapies have shown clinical success in cancer and autoimmunity

• T cell therapies are limited by cost and patient variability

• Nanoparticles (NPs) allow for enhanced delivery of immunomodulatory 

signals

• NPs can enhance natural APCs or act as aAPCs to create antigen-specific T 

cells

• NPs expand accessibility of patient-specific immunotherapy.
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6.

Citation Diversity Statement

It has been recently demonstrated across multiple scientific disciplines that publications 

by women and other minority scholars are cited less frequently relative to the numbers 

of their papers in the field [156–159]. We aimed to proactively analyze the references 

cited in this work so as to prevent the under-citation of women and minority scholars. 

To do this, we utilized a codebook developed by Zhou et al. that reported the percentage 

breakdown of cited women and authors of color in our reference list, excluding self-

citations [160]. The codebook obtained the predicted gender, race, and ethnic categories 

of the first and last authors of each citation from databases that store the probability of a 

first and last name of an author being carried by a woman and/or an author of color [161–

163]. Using these methods, our references contain 8.22% woman(first)/woman(last), 

11.11% man/woman, 36.53% woman/man, and 44.14% man/man. Likewise, they contain 

31.66% author of color (first)/author of color(last), 13.55% white author/author of color, 

22.28% author of color/white author, and 32.51% white author/white author. These 

methods are limited in that (1) names and databases may be imperfect predictors or 

gender, race, and ethnicity, (2) they are unable to account for nonbinary, intersex, or 

transgender identities, and (3) they are unable to account for Indigenous and mixed-race 

authors, or those who may face biases due to ambiguous racialization or ethnicization of 

their names. We hope this analysis provides transparency and can help support equitable 

practices in science.
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Figure 1. Use of nanoparticles for T cell therapy.
(A) Antigen delivery to a dendritic cell (DC) can be facilitated by vaccine or mRNA 

loaded nanoparticles. The nanoparticles enter the cell through an endocytic vesicle and the 

release of the loaded material is mediated through endosomal escape. Released mRNA is 

translated into protein and processed into peptide for MHC loading and surface presentation. 

The dendritic cell then activates a cognate CD8+ T cell by presenting signal 1 and signal 

2. (B) Artificial antigen presenting cells (aAPCs) mimic endogenous presentation driven 

by APCs by presenting signals 1 and 2 on the surface to engage T cell receptors and 

co-stimulatory receptors. Interaction between aAPCs and T cells results in clustering on 

the T cell surface and engagement of multiple stimulatory receptors. (C) After expansion, 

nanoparticles maintain and enhance T cell activity through release of stimulatory drugs and 

cytokines, blocking inhibitory signals, and activation of local antigen presenting cells for 

restimulation. Created with Biorender.com.
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Figure 2. Shape of aAPCs impact T cell activation both in vitro and in vivo.
(A) aAPC and cognate T cells form a distinctive synapse or cap upon engagement. When 

observing T cell binding to aAPC, ellipsoidal aAPC form conjugates with T cells more 

commonly than spherical aAPC (B-D), and for a longer period of time (E). (F) Time-lapse 

of a CD8+ T cell interacting with an ellipsoidal aAPC, depicting the formation of the 

synapse. (G) Increasing the stretch of the aAPC results in increased fold expansion of target 

T cells. (H) Ellipsoidal aAPC activate T cells in vivo and prevent tumor growth. (I) Spherical 

aAPC are taken up by macrophages more frequently than ellipsoidal aAPC. (J) PLGA 

ellipsoidal particles better activate target T cells in vivo than spherical particles [32,117].

(A-H) Reprinted from Biomaterials, 35(1), Sunshine, J. C., Perica, K., Schneck, J. P., & 

Green, J. J., Particle shape dependence of CD8+ T cell activation by artificial antigen 

presenting cells, 269–277., Copyright (2014), with permission from Elsevier.
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(I-J) Reprinted from Small, 11(13), Meyer, R. a., Sunshine, J. C., Perica, K., Kosmides, A. 

K., Aje, K., Schneck, J. P., & Green, J. J., Biodegradable nanoellipsoidal artificial antigen 

presenting cells for antigen specific T-cell activation, 1519–1525, Copyright (2014), with 

permission from Elsevier.
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Figure 3. Nanoparticles for CAR and TCR transfection result in successful transfection of 
human T cells in vitro and in vivo.
A, B. Flow cytometry of transfected T cells. The cells show transient expression of CAR 

(A) or TCR (B) genes after transfection by mRNA loaded nanoparticles. C. Flow cytometry 

showing successful transfection of peripheral T cells with CAR genes after the nanoparticles 

were injected. D, E. T cells transfected with CAR (D) or TCR (E) genes show ability to kill 

target cells with similar potency to retrovirus-transduced T cells [123]

Adapted from N.N. Parayath, S.B. Stephan, A.L. Koehne, P.S. Nelson, M.T. Stephan, In 

vitro-transcribed antigen receptor mRNA nanocarriers for transient expression in circulating 

T cells in vivo, Nat. Commun. (2020). https://doi.org/10.1038/s41467-020-19486-2 licensed 

under CC BY.
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