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Abstract

Particles engineered to engage and interact with cell surface ligands and to modulate cells can be 

harnessed to explore basic biological questions as well as to devise cellular therapies. Biology has 

inspired the design of these particles, such as artificial antigen-presenting cells (aAPCs) for use in 

immunotherapy. While much has been learned about mimicking antigen presenting cell biology, as 

we decrease the size of aAPCs to the nanometer scale, we need to extend biomimetic design to 

include considerations of T cell biology—including T-cell receptor (TCR) organization. Here we 

describe the first quantitative analysis of particle size effect on aAPCs with both Signals 1 and 2 

based on T cell biology. We show that aAPCs, larger than 300 nm, activate T cells more efficiently 

than smaller aAPCs, 50 nm. The 50 nm aAPCs require saturating doses or require artificial 

magnetic clustering to activate T cells. Increasing ligand density alone on the 50 nm aAPCs did 

not increase their ability to stimulate CD8+ T cells, confirming the size-dependent phenomenon. 

These data support the need for multireceptor ligation and activation of T-cell receptor (TCR) 

nanoclusters of similar sizes to 300 nm aAPCs. Quantitative analysis and modeling of a 
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nanoparticle system provides insight into engineering constraints of aAPCs for T cell 

immunotherapy applications and offers a case study for other cell-modulating particles.
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Engineering the body’s immune system is an attractive approach to treating and preventing 

diseases. CD8+ T cells are good targets for implementing precision immunomodulation 

against pathogens and tumors with antigen-specificity. Furthermore, the memory response of 

these cells gives this approach potential long-term durability. As a consequence, controlling 

CD8+ T cell responses is one of the goals of adoptive cell therapy (ACT) for cancer 

immunotherapy1 However, the activation of CD8+ T cells for therapy is costly and 

technically challenging. One of the main hurdles of ACT is generating enough functional 

antigen presenting cells (APCs) to stimulate antitumor CD8+ T cells. Endogenous APCs 

from cancer patients are frequently dysfunctional due to immunosuppression from the tumor 

microenvironment. Additionally, ACT often requires multiple leukophoreses; and yet the 

outcomes vary significantly from patient to patient.2–4

To bypass cell-based endogenous APCs, we have developed particle-based artificial antigen 

presenting cells (aAPCs).5,6 These particles are coated with the two stimulatory signals 

needed for effective CD8+ T cell activation—peptide loaded major histocompatibility 

complex (pMHC) (Signal 1) and costimulatory anti-CD28 (Signal 2) (Figure 1a). Using a 

particle-based system offers a convenient off-the-shelf product and cellular replacement for 

ACT, ultimately leading to the control and standardization of CD8+ T cell activation.

Furthermore, particle-based aAPC properties can be engineered to more efficiently activate 

and modulate antigenspecific T cells.7 For example, the shape of the particle can be changed 

to promote increased attachment with the T cells;8,9 biodegradable particles can be used to 

modulate T cells in vivo,10 and particles can encapsulate and deliver other cell modulators 

such as cytokines11,12 and can be used in combination therapies such as with checkpoint 

blockade molecules.13
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The particle size and stimulatory ligand surface density are important determinants that 

influence the interaction of particles and cells.14 Our original designs of aAPCs were based 

on particles of several microns in diameter—chosen to mimic the endogenous APCs.5 

However, using micron-sized particles presents a challenge for in vivo application due to the 

issue of potential embolization. Nanoparticles offer enhanced biodistribution to reach lymph 

nodes if injected subcutaneously15 or to reach tumors if injected intravenously.16 More 

recently, we have demonstrated that nanoparticle (NP) aAPCs with an average size of 50 nm 

can provide therapeutic benefit in adoptive cell transfer models.17,18 Also, others have 

recently employed nanoparticles with only pMHC conjugated (no costimulation) to induce a 

regulatory response instead of activating T cells for autoimmune applications.19 Here the 

size was also explored, but in a limited size range between 4 and 20 nm.20 Therefore, the 

detailed effect of particle size on T-cell activation efficiency has not yet been well-defined.

Differences in particle dimensions could have implications due to nanometer-scale structures 

of signaling molecules at the surfaces of T cells and APCs. It has been shown, for example, 

that T cell receptors (TCRs) are preclustered into protein islands of around 35–70 nm in 

radius and 300 nm at the longest length scale with 7–30 TCRs per island.21,22 Furthermore, 

pMHC patches have also been observed on APCs with radii from 70 to 600 nm and about 

25–125 pMHC per patch.23 Therefore, we hypothesized that nanoparticles with similar size 

dimensions to TCR islands and pMHC patches would result in more effective engagement 

and activation of T cells.

Another parameter important to T cell activation is stimulatory ligand density. CD4+ T cells 

are insensitive to activation when the density of Signal 1 (pMHC) is too low. Interestingly, 

for antigen-independent stimulation with anti-CD3, the activation threshold was a maximum 

linear distance of 60–70 nm;24,25 however, the linear distance was close to 115 nm for 

pMHC class II molecules.26 Thus, nanometer scale distances and ligand densities have clear 

implications for nanoparticle aAPC design and may offer novel insights to how the influence 

of ligand density is impacted by being attached to a mobile platform.

In this study, we tailored size, stimulatory ligand density, and concentration of particle 

aAPCs to modulate T cell activation (Figure 1b). Our strategy is based from an effort to see 

whether design considerations of T cell biology, such as TCR organization, will improve the 

efficiency of nanosized aAPCs. These findings will provide important guidance to control 

the efficiency of T cell stimulation using nanoparticle-based aAPCs for immunotherapeutic 

applications.

We prepared aAPCs from superparamagnetic iron oxide nanoparticles (SPIONs). SPIONs 

can be formulated to have a defined size range and can be manipulated in a magnetic field. 

We conjugated chimeric pMHC-Ig loaded with model antigen SIY (Signal 1) and anti-CD28 

antibody (Signal 2) at a 1:1 molar ratio to particles of different average sizes—50, 300, 600, 

and 4500 nm. All aAPC particles were stable postconjugation and maintained distinct size 

populations (Figure 1c, Supplemental Figure 1, Supplemental Table 1). All nanoparticle 

aAPCs across sizes and densities had between —1 and −10 mV zeta potential when 

measured in PBS at a pH of 7.4 (Figure 1d). While the density of stimulatory signals 

between different sized aAPCs varied slightly, for the 50 nm aAPCs we were able to make a 
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high (HD) and low density (LD) version where the ligand density differed by 100-fold 

(Figure 1e, Supplemental Figure 1, Supplemental Table 1).

Using the panel of well-defined, nanoparticle-based aAPCs, we found a size-dependent 

association with T cell activation. At a concentration of 2 pM of particle-bound Signal 1, 

Kb-SIY, we observed a significant decrease in the ability for 50 nm aAPCs to stimulate their 

cognate 2C CD8+ T cells compared to particles larger than 300 nm (Figure 2a). We 

controlled for the total number of bound pMHCs in all experiments because this parameter 

has been a critical factor in T cell activation in past studies, and not the number of aAPCs.27 

Although we kept the surface ligand concentration constant in each condition, a greater 

number of smaller aAPCs were added than larger aAPCs because larger aAPCs had more 

surface-bound ligand per particle. At 2 pM, 50 nm aAPCs only produced a 5-fold CD8+ T 

cell expansion, which statistically differed from all larger particles. All particles larger than 

300 nm produced around 12-fold T cell expansion—a value indicative of a robust 

stimulation of T cells for a 7 day culture period—and were not statistically different from 

one another. The differences between 50 nm and larger aAPCs to provide stimulation were 

consistent with the need to engage local islands of Signals 1 (pMHC) and 2 (aCD28) greater 

than 50 nm in diameter for effective CD8+ T cell stimulation.

To show this size-dependent effect is independent of particle preparation, we formulated 

aAPCs from another set of iron-oxide particles of 50, 300, and 600 nm diameters 

(Supplemental Figure 2, Supplemental Table 1). We observed ineffective stimulation with 

the 50 nm aAPCs when compared to the larger aAPCs (Supplemental Figure 3a). 

Importantly, we did not observe any activation by aAPCs with noncognate pMHC (Kb-

TRP2) and anti-CD28 of any size (Supplemental Figure 3b). Repeating this experiment in 

another particle system substantiated the evidence of a size-dependent effect observed with 

nanoparticle aAPCs.

These first two experiments examined proliferation as a functional readout for T cell 

activation; however, early signaling events may provide additional insight into the 

mechanism of the aAPC-T cell interaction. To do so we stimulated T cells for 30 min and 

examined MAPK signaling by staining for phosphorylated ERK1/2 (pERK). Similar to our 

proliferation results, we observed robust early signaling by 300 nm and larger aAPCs as 

indicated by the mean fluorescent intensity (MFI) of pERK, yet 50 nm aAPCs did not 

produce a detectable signal (Figure 2b, Supplemental Figure 4a). Others have recently 

shown that local clusters of TCR-pMHC interactions are necessary both for T cell activation 

and for effective initial phosphorylation of ERK.28 This result provided additional support to 

our hypothesis that 50 nm aAPCs are unable to cluster local TCRs to achieve robust T cell 

activation.

Another indicator of early, robust T cell activation is through effective mTOR signaling, 

where phosphorylated ribosomal protein S6 (pS6) is a downstream target of activated 

mTOR.29,30 We stained for pS6 after activating the T cells for 30 min, and found consistent 

results between both proliferation and pERK data. Levels of pS6 for 300 nm and larger 

aAPCs were significantly higher than those produced by either 50 nm aAPCs or the 

nonstimulated negative control (Figure 2c, Supplemental Figure 4b). Recently, it has been 
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shown that effective pS6 staining is correlated to the duration of the APC-T cell contact.31 

Therefore, larger aAPCs may be able to contact CD8+ T cells longer because of greater 

multivalent binding and thus provides another mechanism to the observed size-dependent 

effect.

Shorter signaling duration has been associated anergy in CD4+ T cells.31 We did not expect 

the aAPCs to induce anergy because we have conjugated a Signal 2, costimulation (anti-

CD28) in addition to pMHC, which has been shown to induce activation rather than anergy 

in T cells.32,33 Nevertheless, we wanted to confirm whether the reduced activity of CD8+ T 

cells from 50 nm aAPCs was due to suboptimal signaling or just ineffective engagement of 

the CD8+ T cell. We first examined TCR downregulation, which is associated with TCR 

engagement and T cell activation.34,35 We stimulated T cells with 2 pM dose of the aAPCs 

and observed a significant decrease in TCR expression for cells stimulated with 300-, 600-, 

4500 nm aAPCs, but not 50 nm aAPCs when compared to noncognate aAPCs and no 

stimulation controls (Figure 2d). Additionally, we probed for a regulatory phenotype at day 

7 as defined by other researchers who use pMHC-only (no costimulation) and have induced 

an immunoregulatory CD8+ T cell response, which are both CD122+ and CD44+.19,20 After 

stimulating with aAPCs, we found no significant difference in the percentages between all 

aAPCs (Supplemental Figure 5). Moreover, we formulated a 300 nm particle with only 

pMHC (which we term 300 S1), to replicate the type of particle used in previous studies.
19,20 Importantly, here we found that there was a significant increase in the percent of a 

regulatory phenotype at day 7 (Supplemental Figure 5)—further substantiating evidence for 

the importance of having both pMHC (Signal 1) and costimulatory anti-CD28 (Signal 2) on 

the particle for an immune activating response. These data point to ineffective engagement 

of the CD8+ T cell rather than suboptimal signaling leading to anergy by the 50 nm aAPCs.

To better understand the interaction of different sized particle aAPCs and T cells, we imaged 

the aAPCs and T cells using transmission electron microscopy (TEM). Interestingly, very 

few 50 nm aAPCs attached to the T cells, where on average only about one particle attached 

to a T cell in the 70 nm slice, whereas many more 300 and 600 nm aAPCs attached to the 

surface of the T cells (Figure 2e). Additionally, the 300 and 600 nm aAPCs were distributed 

over the surface of the T cell, yet there seemed to be areas where multiple particles attached 

near each other. These images support both of our proposed mechanisms for why we 

observe the size-dependent effect—the size of TCR clusters and duration of attachment via 

increased avidity. More specifically, we observed that the 50 nm aAPCs were not clustered, 

nor attached well to the T cell compared to the larger 300 and 600 nm aAPCs.

To further probe the size-dependent phenomenon, we asked if we could overcome the 

restriction with increasing the dose of pMHC and thus total particle numbers. Schematically 

we are testing that if by adding excess aAPCs, then multiple 50 nm aAPCs could diffuse and 

engage a single TCR cluster and achieve similar T cell activation, or if clusters need to be 

ligated by a single larger nanoparticle (Figure 3a). Furthermore, by adding more aAPCs, this 

may increase the number of aAPCs bound at one time and increase the signaling duration. 

Indeed, at surface saturating concentrations of 50 nm aAPCs (18 pM of particle-bound Kb-

SIY), 50 nm aAPCs were able to stimulate the CD8+ T cells just as well as the larger 

particles (Figure 3b). All aAPCs produced around 12-fold CD8+ T cell expansion with no 
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statistical difference between any of the groups. We confirmed that this saturating dose of 

nanoparticle-based aAPC stimulation resulted in a similar final CD8+ T cell phenotype 

(surface markers) and functionality (cytokine analysis), further supporting that TCR clusters 

may be activated by multiple smaller particles, but not necessarily by a single particle 50 nm 

or less (Supplemental Figure 6a–b).

We extended this finding by quantitating the minimum number of aAPCs required for 

activation at each aAPC size. Interestingly, this revealed three separate patterns in the 

number of aAPCs needed to provide effective T cell signaling (Figure 3c). First, the 

minimum number of 50 nm aAPCs needed to activate T cells is similar to the number of 

TCRs per T cell, which is reported to be around 0.5–1 × 105 per T cell.36 Second, larger 

aAPCs, 300- and 600 nm, require many fewer aAPCs than the number of TCR per T cell, 

and much lower than the estimated number of nanoislands per T cell—ca. 15 000, assuming 

about 30 TCR per island.21 Third, the 4500 nm aAPCs required even fewer aAPCs—less 

than one per T cell.

The high number of 50 nm aAPCs required for activation further confirms that there is a 

need for a surface saturating amount of aAPCs, since nanoparticle aAPCs diffuse through 

solution, their binding with TCRs will be stochastically distributed over the surface of the 

CD8+ T cell. Estimating the T cell to have around 50,000 TCRs, to achieve complete 

nanoisland ligation, all or most TCRs should be bound by 50 nm aAPCs (Supplemental 

Figure 7a). Furthermore, the need for many fewer 300- and 600 nm aAPCs supports the idea 

that individual particle aAPCs can bind multiple TCRs in TCR nanoislands to achieve local 

stimulation with only one particle per island. Finally, the low numbers of 4500 nm aAPCs 

points to a different signaling mechanism where multiple TCR clusters are bound by a single 

particle; and multiple T cells can be stimulated by the same particle. The need for a surface 

saturating amount of 50 nm aAPCs can also be examined by plotting the ratio of particle 

aAPC surface area to cell surface area (Supplemental Figure 7b). Consequently, this shows 

that 50 nm nanoparticles need nearly a 1:1 ratio of particle surface area to T cell area to 

activate T cells, whereas aAPCs larger than 50 nm need less than a 1:5 ratio of particle to T 

cell surface area.

To connect our findings involving synthetic aAPCs to studies with endogenous APCs, we 

calculated the average number of available pMHCs per T cell (Figure 3d). Previous studies 

have reported between 1 and 400 pMHCs are needed to activate a CD8+ T cell.37–44 While 

for aAPCs the pMHC is conjugated to a solid scaffold and not within a mobile lipid bilayer 

with additional signaling molecules, the results seen are consistent with previous reports. We 

found that the “cell-sized” 4500 nm aAPCs required about 3 pMHCs per T cell. These 

averages were also similar to numbers found through direct observation of cell-based APCs, 

where 10 pMHCs were needed to activate a CD8+ T cell and only 3 pMHCs were needed to 

activate for killing.42 The 300 and 600 nm aAPCs both required close to 200 pMHCs per T 

cell, which also falls within the range that has been calculated by indirect averages of 

endogenous APCs. In contrast, 50 nm aAPCs required more than 10 000 pMHCs per T cell

—pointing to the spatial relation or on-rate of the pMHCs when engaged may be important 

parameters for activation rather than total pMHCs available to a T cell.
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Cells are able to dynamically rearrange and cluster receptors on their surface for enhanced 

function and signaling.45–47 We sought to mimic receptor clustering of the diffusely bound 

50 nm magnetic particles on the surface of the T cell by applying a magnetic field (Figure 

4a). Thus, if individually bound TCRs by 50 nm aAPCs can be physically made to cluster 

using magnetic force, and effective signaling is generated, then this would strengthen our 

hypothesis of the importance of spatially activating TCRs in clusters.

To artificially cluster TCRs, we placed T cells with 50 nm SPION aAPCs within a static 

magnetic field.18 Indeed, artificially clustering 50 nm aAPCs at subsurface saturating 

amounts stimulates CD8+ T cells to the same level as surface saturating conditions (Figures 

3b and 4b). Within a magnetic field 50 nm aAPCs produce approximately a 12-fold, 

statistically different CD8+ T cell expansion in contrast to the 3-fold expansion without a 

magnetic field. Artificial clustering of 50 nm aAPCs were comparable to larger aAPCs 

without artificial clustering. Magnetic clustering of larger aAPCs and surface saturating 

amounts of 50 nm aAPCs did not further increase CD8+ T cell stimulation, suggesting there 

is no added benefit to the magnetic field other than providing artificial clustering of diffuse 

50 nm particles (Figure 4c).

This result demonstrated that artificial clustering of Signals 1 (pMHC) and 2 (anti-CD28) 

improved signal activation, suggesting a particle size-dependent signaling effect that is 

linked with stimulatory signaling molecule clusters. However, taking a reductionist approach 

and modeling the surfaces of the particle and the T cells as spheres, we determined that a 

confounding variable is the number of ligands available from particle aAPCs to interact with 

T cells (Figure 5a, Supplemental Figure 8a–b, Supplemental Table 1). Even if there are 

similar densities of ligands for particles of different sizes, differences in geometry can lead 

to differences in number of ligands actually available to engage T cells. We calculated the 

number of available ligands for each spherical particle at the initial contact (Figure 5a). As 

the particle size decreases, there is an increase in particle curvature and a decrease in ligands 

available to interact with T cells.

To decouple the effect of multiple-ligands per TCR nanocluster and stimulation signal 

cluster size, we prepared 50 nm aAPCs with a higher density of Signals 1 and 2 (HD 50 

nm). HD 50 nm aAPCs have the same effective radius (reff) as their 50 nm counterparts 

(Supplemental Figure 8a) but a shorter distance between ligands—thus, presenting 

comparable numbers of effective stimulatory molecules as larger aAPCs (Figure 5a). Using 

these HD 50 nm aAPCs, we confirmed the size-dependent constraints of 50 nm aAPCs as 

they are also unable to stimulate T cells effectively at 2 pM of particle-bound pMHC in 

terms of cellular proliferation (Figure 5b) and in early activation events like ERK 

phosphorylation, mTOR signaling, and TCR downregulation (Supplemental Figure 9a–c). 

HD 50 nm aAPCs were even less efficient in activating T cells than the regular density 50 

nm aAPCs at the 18 pM dose and required a total dose of 90 pM of particle-bound pMHC to 

produce a similar maximal T cell expansion. This is to be expected as a large number of HD 

50 nm aAPCs is still needed to achieve saturation binding of nanoparticles to T cells. 

Interestingly at the higher dose of 90 pM, HD 50 nm aAPCs produced a greater apparent 

expansion of T cells than their regular density 50 nm counterpart. This could be due to 

particle toxicity or to activation-induced T cell death evoked by adding so many regular 
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density 50 nm aAPCs. Noncognate 50 nm particle aAPCs at the same dose did not cause any 

additional toxicities as compared to a traditional 4500 nm aAPC stimulation (Supplemental 

Figure 10a), ruling out toxicity due to particle numbers. Proliferation analysis by CFSE 

dilution at the 90 pM dose demonstrated effective cell stimulation and division with the 50 

nm aAPCs at an earlier time point than that observed with HD 50 nm aAPCs, consequently 

pointing to activation-induced T cell death (Supplemental Figure 10b–c).

Thus, even with normalized ligand availability, 50 nm aAPCs were less effective than larger 

aAPCs at stimulating T cells under subsaturating conditions. These findings support the 

notion that the size of the aAPCs is particularly important in achieving T cell activation 

rather than differences in ligand availability. This could be explained by TCR density, as it 

has been reported to be on the order of 1200 TCR/μm2.21 Linearly, this translates to about 30 

nm spacing between TCRs, which means that even if small particles have a high density of 

ligand, all available ligands may not be beneficially engaged over the entire surface of the 

TCR island. Consequently, small particles result in fewer TCR-MHC interactions and fail to 

result in sustained activation of the TCR island by an individual particle (Figure 5c). In 

contrast, larger particles can have multivalent binding with nanoclusters leading to a rapid 

on-rate of local TCRs.48–51

To further investigate the relationship between the observed size-dependent effect and 

potential mechanism of TCR cluster activation, we again used a magnetic field to artificially 

cluster the HD 50 nm aAPCs at subsaturating concentrations. We observed effective CD8+ T 

cell stimulation at both the 2 pM and 18 pM concentrations only when the particles were 

artificially clustered in a magnetic field (Figure 5d). These results further indicate that 

activation of TCRs in clusters is important for effective T cell activation and agrees with 

previous studies that demonstrate the importance of pMHC clustering on endogenous APCs 

for T cell activation.46

This study shows that in addition to ligand spacing (Supplemental Figure 11a), the size of 

the stimulatory island (particle size) is also important for T cell activation. Previous studies 

with T cells involving TCR nanoarrays have shown a stimulatory molecule spacing 

requirement for T cell activation of around 70–120 nm.24–26 We observe differences from 

this reported trend with 50 nm aAPCs. Even when using 16 nm linear spacing between 

ligands, we did not observe as effective stimulation as with larger particles with even larger 

linear distances between ligands (Supplemental Figure 11a).

Since the size of the particle appears to be a driving factor in our findings, we probed how 

ligand density influenced T cell stimulation with 600 nm aAPCs. Theoretically, 600 nm 

aAPCs are able to engage multiple receptors with a linear ligand spacing up to about 150 nm 

(Supplemental Figure 11b). Since this is close to the values reported from TCR nanoarrays, 

we hypothesized that we would notice a drop-off in T cell activation with ligand densities in 

this regime. To test this hypothesis, we formulated 600 nm aAPCs with seven different 

ligand densities (distance between ligands), ranging from 27 to 800 nm, and added these at a 

2 pM concentration to CD8+ T cells (Supplemental Table 2).
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We observe that for 600 nm aAPCs, the expansion of CD8+ T cells began to decrease 

substantially at spacing of about 100 nm (Figure 5e, Supplemental Figure 11c), which is 

similar to values reported for TCR nanoarrays. Therefore, this shows the importance of 

engineering ligand spacing as well as size of aAPCs for effective T cell activation.

Our ability to provide a mobile stimulatory unit by conjugating the stimulatory ligands to a 

particle instead of a nanoarray allowed us to probe unique mechanisms of T cell activation. 

This particle-based aAPC system enables simultaneous control of both the number of 

stimulatory molecules and the density of these molecules, something that is difficult to 

achieve with substrate-conjugated signals. Additionally, whereas substrate-conjugated 

signals allow the study of how T cells might adapt to a fixed stimulation, particle-conjugated 

signals allow the study of native T cell biology where stimulation signals are also mobile. 

Another distinction between this and previous studies is that here we study CD8+ T cells, 

where previous studies have investigated the effect of ligand spacing and density on CD4+ T 

cells.

This study provides a systematic understanding of how particle aAPC parameters such as 

particle size, surface ligand density, and concentration collectively influence T cell 

activation. We demonstrate that aAPCs larger than 300 nm were more effective at activating 

CD8+ T cells, presumably due to their ability to initiate clustering of pMHC-TCR and 

costimulatory interactions due to their size. Mechanistically, once particles bind to TCR 

nanoclusters, larger particles have an enhanced ability to bind other TCRs with pMHCs and 

CD28 with anti-CD28 leading to multivalent binding of receptors and sustained signaling 

necessary for T cell activation.48–51 This is consistent with recent data from (1) 

immunoregulatory pMHC-only nanoparticles, (2) DNA chimeric antigen receptors, and (3) 

endogenous antigen presenting cells. For immunoregulatory pMHC-only nanoparticles, 

higher ligand densities led to the increased activity of the particles and clustered attachment 

to T cells.20 Indirectly, we also observed this as noncognate aAPCs (with anti-CD28) 

prevented full activation of CD8+ T cells cocultured with cognate aAPCs—presumably 

because they compete for CD28 binding and decrease the ability for multivalent binding 

(Supplemental Figure 12). For DNA chimeric antigen receptor T cells, it was necessary that 

a small group of the receptors be clustered by the counterpart DNA (pMHC) for effective 

activation.28 For endogenous APCs, pMHC molecules containing identical peptide 

sequences are found clustered on the surface of APCs and lead to effective T cell activation.
52–54 Furthermore, effective nanocluster signaling has been shown to be necessary for T cell 

activation prior to the formation of supramolecular activation centers.55

In this systematic and quantitative analysis of aAPC particle size, we revealed the 

importance of designing cell-modulating nanoparticles with biology in mind. Here we 

considered both APC and T cell biology where primarily the field has been focusing on 

mimicking APCs. Furthermore, these mechanistic studies have implications for aAPC 

design for optimal therapeutic applications. One application is in utilizing the magnetic 

properties of the SPION aAPCs for magnetic enrichment of antigen-specific cells. Antigen-

specific T cells occur at very low frequencies—at about 1 in every 105 to 106 T cells—and 

are therefore difficult to detect.56 As immunotherapies have continued to develop, 

techniques surrounding identification and isolation of rare antigen-specific T cell have 
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grown in importance. Additionally, previous work has indicated that an enriched cell 

population can be activated to have therapeutic potential.17 Therefore, aAPCs that are able to 

bind multiple TCRs may result in greater specificity and avidity and in greater enrichment of 

antigen-specific T cells. Our studies lay a foundation of quantitative analysis of particle 

aAPC size that pave the way for similar studies in the development of optimal aAPCs for 

magnetic enrichment.

Furthermore, these findings can provide aAPC design guidance in the in vivo activation of 

antigen-specific T cells. Using aAPCs to stimulate CD8+ T cells in vivo overcomes several 

challenges of the cancer immunity cycle and adoptive T cell transfer (ACT).6,57 Endogenous 

APCs, such as dendritic cells (DCs), are immunosuppressed and can even be skewed to be 

immunosuppressive themselves.58–60 This results in either deficient activation or 

immunosuppression of CD8+ T cells. Using aAPCs would bypass the need for DCs and 

allow effective and precise stimulation of antigen-specific CD8+ T cells. Additionally, in 

ACT, T cells are taken from a patient and cultured ex vivo then injected back into the body.1 

This process of ex vivo culture is time-consuming, technically challenging, and costly.61–63 

Therefore, in vivo activation of antigen-specific T cells is a primary goal of the field. Yet, 

achieving saturating conditions of 50 nm aAPCs in vivo may be impractical due to both poor 

nanoparticle-based biodistribution and retention and low frequency of antigen-specific T 

cells.14,56 Thus, the goal is to engineer a particle that could achieve optimal biodistribution 

yet not require saturating amounts of aAPCs to activate a T cell. Our studies provide the 

basis for development of different sized biocompatible aAPCs to achieve robust in vivo 

immunotherapies.

In conclusion, we demonstrated how biologically inspired design of nanoparticle aAPCs to 

mimic a cell can lead to increased functionality of the particle and reveal aspects of cellular 

function. We utilized a reductionist approach to isolate the important properties of particle 

size and ligand density. Though we studied this in a model system with CD8+ T cells for 

immunotherapeutic applications, our findings and quantitative approach can impact and be 

implemented in other areas of cell modulation and mimicry.14,64
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Figure 1. 
Particle aAPCs are made with different sizes and ligand surface densities. (a) Schematic 

showing interaction between particle-based aAPC and cognate antigen-specific T cell. 

Stimulation is mediated through two signals. Signal 1 is antigen-specific and is between 

peptide loaded MHC-Ig (pMHC) and cognate TCR. Signal 2 is a costimulatory signal 

mediated between the binding of anti-CD28 and CD28 ligand on the T cell. (b) Schematic 

depicting relative sizes and ligand densities of aAPCs to a T cell. Scale bar = 500 nm. (c) 

Dynamic light scattering (DLS) measurements showing size distributions of nanoparticle 

aAPCs. 4500 nm aAPC particle size was analyzed by light microscopy. (d) Zeta potential 

measurements for different sized particles in PBS (error bars show s.e.m., n = 3). (e) The 

surface density of ligand defined as the number of Signal 1 and 2 molecules per μm2 of the 

aAPC particle surface area, measured by fluorescent antibody detection (error bars show 

s.e.m., n = 4).
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Figure 2. 
Particle aAPC size influences the ability to activate CD8+ T cells. (a) Antigen-specific T 

cells are cultured with aAPCs at a controlled total dose of 2 pM conjugated pMHC, and fold 

proliferation is measured 7 days later (error bars show s.e.m.; ***p < 0.0005, **p < 0.005, 

*p < 0.05, n = 9, one-way ANOVA with Tukey’s post test). (b-c) Mean fluorescent intensity 

(MFI) for (b) phosphorylated ERK and (c) phosphorylated ribosomal protein S6 of CD8+ T 

cells cultured with aAPCs at 37 °C for 30 min (error bars show s.e.m.; ***p < 0.0005, **p < 

0.005, *p < 0.05, n = 3, one-way ANOVA with Dunnett’s post test). (d) MFI for TCRβ of 
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CD8+ T cells cultured with aAPCs at 37 °C for 5 h (error bars show s.e.m.; **p < 0.005, *p 
< 0.05, n = 3, Student’s t test). (e) Transmission electron microscopy (TEM) of 2C CD8+ T 

cells incubated with 50, 300, and 600 nm aAPCs for 1 h at 4 °C (scale bar = 500 nm).
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Figure 3. 
Particle aAPC concentration reveals a saturating concentration of 50 nm aAPCs is needed to 

activate CD8+ T cells. (a) Schematic depicting hypothesis that saturating the T cell with 50 

nm aAPCs is needed for the same nanoisland cluster-based activation as lower concentration 

larger 300 nm particles (600 nm aAPCs are depicted). (b) 18 pM dose of particle-conjugated 

pMHC is used to stimulate CD8+ T cells for 7 days, and the fold expansion is measured (no 

significant differences between aAPCs, one-way ANOVA, n = 13). (c-d) Dose-titrating 

amounts of particle aAPCs to activate T cells for 7 days determined lowest dose or (c) ratio 

of number of aAPCs to T cells or (d) estimated pMHC per T cell needed for activation (error 

bars show s.e.m., n = 4).
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Figure 4. 
Particle aAPC can be artificially magnetically clustered at subsaturating concentrations. (a) 

Schematic demonstrating the effect of magnetic fields on the 50 nm particle aAPCs to 

achieve artificial clustering. (b, c) CD8+ T cells and particle aAPCs were cultured for 7 days 

with or without the presence of a magnetic field and counted for fold expansion at either (b) 

2 pM or (c) 18 pM dose of particle-conjugated pMHC (error bars show s.e.m.; **p < 0.005, 

n = 5–7, Student’s t test).
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Figure 5. 
Normalizing the effective available activating ligands does not overcome size-dependent 

stimulation capacity of aAPCs. (a) Calculated values of number of effective stimulatory 

ligands per particle. The square represents the HD 50 nm aAPCs made. (b) CD8+ T cells 

were incubated with equivalent doses of aAPC-bound pMHC of either 50 nm or HD 50 nm 

aAPCs for 7 days, and fold expansion was measured (error bars show s.e.m.; ***p < 0.0005, 

**p < 0.005, *p < 0.05, n = 10–13, Student’s t test). (c) Schematic showing how aAPC size 

influences ligand-TCR interaction (spaced at ~30 nm) in TCR islands, where larger particles 
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facilitate more effective TCR ligand interactions, thus promoting T cell activation. (d) The 

effect of a magnetic field for either aAPC amounts at 2 pM or 18 pM of particle-bound 

pMHC (error bars show s.e.m.; *p < 0.05, n = 5, Student’s t test). (e) 600 nm aAPCs with 

different ligand densities were incubated with T cells at 2 pM of particle-bound pMHC and 

fold expansion of CD8+ T cells was measured on day 7; 50 nm data replotted for 

comparison (error bars show s.e.m.; n = 5).
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