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Abstract

We describe the development of a nanoparticle platform that overcomes the immunosuppressive 

tumor microenvironment. These nanoparticles are coated with two different antibodies that 

simultaneously block the inhibitory checkpoint PD-L1 signal and stimulate T cells via the 4-1BB 

co-stimulatory pathway. These “immunoswitch” particles significantly delay tumor growth and 

extend survival in multiple in vivo models of murine melanoma and colon cancer in comparison 

to the use of soluble antibodies or nanoparticles separately conjugated with the inhibitory 

and stimulating antibodies. Immunoswitch particles enhance effector-target cell conjugation and 

bypass the requirement for a priori knowledge of tumor antigens. The use of the immunoswitch 

nanoparticles resulted in an increased density, specificity, and in vivo functionality of tumor

infiltrating CD8+ T cells. Changes in the T cell receptor repertoire against a single tumor antigen 

indicate immunoswitch particles expand an effective set of T cell clones. Our data show the 

potential of a signal-switching approach to cancer immunotherapy that simultaneously targets two 

stages of the cancer immunity cycle resulting in robust antitumor activity.
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Cancer provokes an immune response to tumor-associated antigens. This can initiate the 

activation of tumor-specific T cells and result in tumor cell death in a process known as the 

cancer-immunity cycle.1 Cancer thrives when there is a blockade in this cycle that allows 

cancer escape, and current immunotherapeutics aim to take down these barriers.2

Many emerging immunotherapies target activation of a tumor-specific T cell response.3–7 

T cell activation can be initiated by ligating two necessary signals—the T cell receptor 

with its cognate peptide-MHC, termed signal 1, and a co-stimulatory molecule, termed 

signal 2—using cellular or nanoparticle-based platforms. Different molecules can serve 

as co-stimulatory signals to T cells8 such as B7-1/B7-2 or 4-1BBL which bind to CD28 

and 4-1BB on the T cell, respectively. Signaling through 4-1BB in particular has gained 

interest in recent years for its ability to induce a more effective antitumor immune 

response than CD28 alone. Ligation of 4-1BB on T cells has been demonstrated to 

enhance cytotoxicity, prevent activation-induced cell death, and increase expansion and 

cytokine secretion preferentially in cytotoxic CD8+ T cells.9–11 Despite the ability of 4-1BB 

activation to initiate and maintain more effective tumor-targeting CD8+ T cells, the tumor 

microenvironment often upregulates immunosuppressive surface antigens and cytokines that 

diminish their cytotoxic effects.12–17 Programmed death ligand 1 (PD-L1) is one such cell 

surface antigen, a checkpoint molecule upregulated on many cancers including melanoma, 

ovarian cancer, renal cell cancer, and non-small cell lung cancer.18 Since a large proportion 

of tumor-infiltrating lymphocytes express PD-L1’s receptor, programmed death 1 (PD-1),6 

expression of PD-L1 suppresses tumor-infiltrating lymphocyte effector functions.19,20

Monoclonal antibodies (mAb) that block checkpoint molecules such as PD-1, PD-L1, 

and CTLA-4 delay tumor growth in murine melanoma models,19,21 and anti-PD-1 and 

anti-CTLA-4 mAb have been approved by the FDA with overall patient response rates of up 

to approximately 30%.22–25 While expression of PD-L1 within the tumor microenvironment 
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correlates with outcome, its overall expression cannot predict response, indicating that there 

are other mechanisms at play.26 Complete response rates in these patients have been as low 

as 5%27 and demonstrates the need for additional development.

Recent studies have shown that checkpoint blockade efficacy can be further improved 

through combination with immunotherapies targeting diverse pathways. For example, a 

clinical trial combining PD-1 and CTLA-4 blockade nearly doubled survival time compared 

to anti-PD-1 mAb alone.28 Additional studies in mice have shown similar results, with 

superior tumor control in mice treated with PD-1 antagonists in combination with CTLA-4 

checkpoint blockade and 4-1BB co-stimulation.29,30 However, these nonspecific approaches 

require high concentrations of antibody, as high as 100–200 μg/dose in murine models, and 

a majority of patients experience significant off-target side effects, especially when treated 

with a combination of antibodies.28 Improvements in combinatorial immunotherapeutics are 

thus imperative to enable their use at safe and effective levels.

Here, we describe our development of a nanoparticle platform for combinatorial 

immunotherapeutics. These nanoparticles, termed immunoswitch particles, switch off the 

immunosuppressive PD-L1 pathway on tumor cells while simultaneously switching on the 

co-stimulatory 4-1BB pathway on CD8+ T cells. By physically constraining the antibodies 

on a nanoparticle platform, immunoswitch particles result in synergy between the two 

immunotherapies and are thus effective at low doses. In vivo we found that immunoswitch 

treatment had significant antitumor activity in both murine melanoma and colon cancer 

models and that the antitumor activity was seen with or without a model foreign antigen. 

The particles increase tumor-specific CD8+ T cell activation as compared to soluble 

antibody and do not require a priori selection of a cognate signal 1, allowing for activation 

of a robust polyclonal response. We show that immunoswitch particles mediate not only an 

increase in the number and specificity of tumor-specific CD8+ T cells but also a change 

in the endogenous T cell receptor repertoire. This conserved change demonstrates that 

therapy recruits an altered set of T cell receptors for more effective recognition even when 

recognizing a defined tumor antigen. Immunoswitch particles represent a signal-switching 

approach to T cell-mediated cancer immunotherapy that simultaneously targets two stages of 

the cancer immunity cycle.

RESULTS AND DISCUSSION

Immunoswitch Particles Activate PD-1hi CD8+ T Cells in Vitro.

Immunoswitch particles link checkpoint blockade with T cell co-stimulation on a single 

nanoparticle platform. The particles are synthesized by conjugating 80 nm iron-dextran 

nanoparticles with a 1:1 molar ratio (Supplementary Figure 1A,B) of agonistic antibodies 

against 4-1BB (a co-stimulatory receptor found on the effector T cells) and antagonistic 

antibodies against PD-L1 (found on the cancer cells) (Figure 1A, inset). The hypothesized 

mechanism of action of the immunoswitch particles is shown in a schematic in Figure 1A – 

the particles target tumor cells expressing PD-L1 and simultaneously block access to PD-1 

on T cells. Their co-stimulatory antibody binds to 4-1BB on CD8+ T cells, targeting them 

to the tumor cells and thus switching a negative signal into a co-stimulatory signal. The 
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clonotypic T cell receptor on the CD8+ T cell receives cognate signal 1 stimulation from the 

tumor cell itself.

Immunoswitch particle activity was analyzed in vitro using a model of repetitive antigen 

stimulation known to mimic the tumor microenvironment.31 2C T cell receptor transgenic 

CD8+ T cells, specific for the SIY peptide presented in the context of the H-2 Kb MHC, 

were repetitively stimulated with anti-CD3/anti-CD28 expander beads. Murine melanoma 

cells—either noncognate B16-F10 cells or cognate B16-SIY cells, a transfected tumor cell 

line derived from B16-F10 that expresses the cognate Kb-SIY antigen—were treated with 20 

ng/mL IFN-γ. These treatments resulted in upregulation of PD-1 and 4-1BB expression on 

the CD8+ T cells (Supplementary Figure 2A) and upregulation of PD-L1, but not PD-L2, 

on the murine melanoma cells (Supplementary Figure 2B,C). Treatment with either soluble 

anti-4-1BB or anti-PD-L1 mAb increased CD8+ T cell activation in a dose-dependent 

fashion, demonstrating the ability to study immunoswitch nanoparticle activity in this model 

(Supplementary Figure 3A,B).

PD-1hi CD8+ T cells and PD-L1hi B16-SIY cells were co-incubated with immunoswitch 

particles, and T cell stimulation was measured by IFN-γ secretion. Compared to cultures 

treated with isotype particles, there was maximally over a 6-fold increase in IFN-γ secretion 

by immunoswitch particle-treated cultures (Figure 1B). As expected, cultures treated with 

soluble anti-4-1BB and anti-PD-L1 also increased IFN-γ secretion, although only a 2- to 

3-fold increase over isotype antibody controls. These data show that the antibodies maintain 

their functionality even when constrained on nanoparticles and in fact potentially have 

increased T cell stimulatory activity.

To investigate the requirement for both antibodies on the surface of the nanoparticle, 

we compared CD8+ T cell activation in response to co-incubation with immunoswitch 

particles versus anti-4-1BB mAb only or anti-PD-L1 mAb only particles. The greatest 

IFN-γ secretion, maximally 173 ± 3 ng, was measured in immunoswitch particle treated 

cultures (Figure 1C). In contrast, only 141 ± 18 ng and 107 ± 8 ng of IFN-γ was produced 

by cultures treated with anti-4-1BB and anti-PD-L1 only particles, respectively.

Immunoswitch Particles Enhance T Cell-Tumor Cell Conjugation.

To understand the mechanism of immunoswitch particle activity, we studied their cellular 

interactions. We sought to investigate both their ability to mediate CD8+ T cell-tumor cell 

conjugation as well as requirements for cognate peptide-MHC stimulation.

We investigated the requirement for peptide-MHC recognition by comparing 2C CD8+ 

T cell activation when co-incubated with immunoswitch particles and cognate B16-SIY 

or noncognate B16-F10 tumor cells. In the presence of B16-SIY cells, immunoswitch 

particles resulted in robust IFN-γ secretion (Figure 1D). There was no IFN-γ secretion in 

response to immunoswitch particles when 2C CD8+ T cells were stimulated with B16-F10 

tumor cells lacking the cognate antigen. We further investigated the signal 1 dependence 

of immunoswitch activation by measuring cytotoxicity of cognate tumor cells in vitro. 2C 

CD8+ T cells were co-incubated with cognate B16-SIY cells, immunoswitch particles, and 

an anti-Kb mAb to block the signal 1 peptide-MHC interaction. At a 1:1 effector-target 
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cell ratio, immunoswitch particles resulted in 22.8% specific lysis of B16-SIY cells (Figure 

1E). This was reduced to only 2.16% when an anti-Kb mAb was included during the co

incubation. Immunoswitch particle stimulation and cytotoxicity is dependent on the CD8+ T 

cell receiving a cognate signal 1 from the tumor cell itself.

In addition to requiring a cognate tumor cell for CD8+ T cell activation, we also investigated 

the hypothesis that immunoswitch particles increase effector-target cell conjugation. 2C 

CD8+ T cells and B16-F10 melanoma cells were labeled with a red and green membrane 

dye, respectively. Noncognate B16-F10 cells were chosen to eliminate conjugate formation 

mediated by the T cell receptor-peptide-MHC interaction.

Labeled 2C CD8+ T cells and B16-F10 cells were co-incubated in the presence of 

immunoswitch or isotype particles. After 1 h, cells were fixed and conjugate formation 

was measured by confocal microscopy or flow cytometry. Confocal microscopy showed an 

increase in effector-target cell conjugation mediated by immunoswitch particles (Figure 1F, 

Supplementary Figure 4A). At a 420 ng/mL total antibody dose, immunoswitch particles 

resulted in significantly higher conjugate formation than isotype particles, nearing 30% of 

CD8+ T cells conjugated to tumor targets. Isotype particles resulted in minimal conjugate 

formation, indicating that PD-1/PD-L1 expression plays little to no role in effector-target 

cell conjugation in this system. The results of confocal microscopy were validated by a 

flow cytometry-based conjugation assay. 420 ng/mL of immunoswitch particles resulted in 

significantly greater effector-target cell conjugation as compared to isotype (Supplementary 

Figure 4B). These results indicate that immunoswitch particles increase conjugation by 

physically linking effector and target cells in an antigen-independent fashion.

Immunoswitch Particles Inhibit Tumor Growth in Vivo.

We investigated the efficacy of immunoswitch nanoparticle treatment in several in vivo 
models. Our first model, based on our in vitro system, was an adoptive transfer of 

the repetitively stimulated PD-1hi tumor-specific 2C CD8+ T cells into mice with pre

established B16-SIY melanoma tumors, followed at intervals by immunoswitch particles. 

Adoptively transferred cells were used as a model of exhausted tumor-specific cells that 

would likely be present in a patient’s tumor microenvironment prior to treatment.

C57BL/6 mice were injected with 1 × 106 B16-SIY tumor cells on day 0, and 5 × 105 

PD-1hi 2C CD8+ T cells were adoptively transferred on day 8 (Figure 2A, schematic). T 

cell recipients were treated with immunoswitch particles on days 8, 11, and 15 or with 

various controls: (1) PD-1hi 2C CD8+ T cells alone, (2) PD-1hi 2C CD8+ T cells + isotype

conjugated particles, or (3) PD-1hi 2C CD8+ T cells + soluble anti-4-1BB mAb + soluble 

anti-PD-L1 mAb. All treatment groups received a total of 1.3 μg of antibody per mouse per 

treatment intratumorally, approximately 10–100-fold less than the amount typically used for 

systemic treatment.29,30,32

Immunoswitch treatment significantly delayed tumor growth compared to all other groups (p 
< 0.001). Adoptive cell transfer alone, isotype particles, and soluble antibody did not result 

in significant slowing of tumor growth compared to no treatment (Figure 2B). This indicates 

that the particles themselves do not have any effect due to the intratumoral injection and 
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that conjugating the antibodies to a rigid nanoparticle is necessary for their antitumor 

activity. Additionally, immunoswitch particles were the only treatment to significantly 

extend survival (Figure 2C); mice died later or not at all by day 31. Soluble antibody 

also extended survival in a small number of mice, although this change was not statistically 

significant.

In our second in vivo model, we analyzed immunoswitch particle activity in vivo in the 

absence of adoptively transferred T cells in the pre-established B16-SIY model (Figure 3A, 

schematic). Controls included no treatment or animals co-injected with a mixture of single

coated anti-4-1BB only and anti-PD-L1 only particles. This second control was included to 

investigate the importance of effector-target cell conjugation seen in vitro on in vivo activity. 

If immobilizing the antibodies on a rigid nanoparticle platform is sufficient for activity, then 

we would expect both immunoswitch particles and separately conjugated nanoparticles to 

perform equivalently.

Only immunoswitch treated animals had delayed tumor growth and extended survival 

compared to all other groups (Figure 3B,C). By day 18, nontreated and separate particle

treated mice had an average tumor size of approximately 176 mm2, whereas immunoswitch 

particle-treated mice had an average tumor size of nearly half, approximately 95 mm2. This 

indicates that immunoswitch particles stimulate the polyclonal endogenous repertoire of 

CD8+ T cells and that both antibodies must be presented by the same nanoparticle for in 
vivo activity.

Immunoswitch Particles Activate Endogenous T Cells.

To mechanistically study how immunoswitch particles activate an immune response, we 

analyzed tumor-infiltrating lymphocytes and tumor-draining lymph nodes of immunoswitch 

treated animals. C57BL/6 mice were injected with B16-SIY tumor cells on day 0. 

Immunoswitch particles were administered days 8 and 11, and tumors and tumor-draining 

lymph nodes were harvested and analyzed on day 14.

As expected, immunoswitch treated mice had significantly smaller tumors (Figure 3D). 

The density of CD8+ T cells within the tumor-infiltrating lymphocyte compartment more 

than doubled in the immunoswitch treated group compared to no treatment (Figure 3D), 

while CD4+ T cell density remained unchanged (Supplementary Figure 5). The impact 

of immunoswitch treatment on antigen-specific T cells was analyzed by determining the 

Kb-SIY-specific CD8+ T cell response to the B16-SIY tumors. There were approximately 

double the percentage of Kb-SIY positive CD8+ T cells within the tumor-draining lymph 

node of immunoswitch treated animals compared to nontreated animals: 0.49 ± 0.2% and 

0.22 ± 0.1%, respectively (Figure 3E,F), while no difference in Kb-SIY positive CD8+ 

T cells were seen within the spleen, peripheral blood (Supplementary Figure 6), or tumor

infiltrating lymphocytes (Supplementary Figure 7a).

Since immunoswitch treated mice have significantly delayed tumor growth, we hypothesized 

that treatment may increase the functionality of tumor-infiltrating lymphocytes. To study the 

functionality of Kb-SIY+ CD8+ tumor-infiltrating lymphocytes following immunoswitch 

treatment, mice were treated, and tumor-infiltrating lymphocytes harvested on day 14 as 
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above. Tumor-infiltrating lymphocytes were restimulated in vitro with SIY pulsed RMA-S 

cells, and cytokine and CD107 production analyzed.

Immunoswitch treated animals had more than double the percentage of CD8+ tumor

infiltrating lymphocytes expressing CD107, a degranulation marker and indicator of 

the ability of T cells to lyse target tumor cells (Figure 4A). CD8+ tumor-infiltrating 

lymphocytes also produced more IFN-γ compared to tumor-infiltrating lymphocytes from 

nontreated mice (Figure 4B,C). This was seen by both an increase in the percent of IFN-

γ+ cells (Figure 4B) and a 38% increase in the mean fluorescence intensity of IFN-γ+ 

cells, indicating greater per-cell production (Figure 4C). Together, these data indicate that 

immunoswitch particles stimulate an antitumor CD8+ T cell response by increasing their 

density, local tumor specificity, and in vivo functionality, consistent with findings that 

anti-4-1BB mAb primarily targets CD8+ T cells.10

Immunoswitch Particles Alter the T Cell Receptor Repertoire.

To gain a deeper understanding of the mechanism of action of immunoswitch particles, we 

analyzed the T cell receptor repertoire of the tumor-infiltrating CD8+ T cells. As described 

above, tumors were harvested on day 14, tumor-infiltrating CD8+ T cells were sorted, and 

T cell receptors sequenced to determine amino acid sequence of the CDR3 region of the 

T cell receptor beta chains (T cell receptor V-beta). V-beta usage by the tumor-infiltrating 

lymphocytes of each treatment group was compared to usage in a naïve C57BL/6 mouse 

and to a Kb-SIY-specific response obtained by using a previously established CD8+ T cell 

activation protocol33 to expand Kb-SIY-specific cells from splenocytes of naïve C57BL/6 

mice. After a 7 day stimulation, Kb-SIY+ CD8+ T cells were sorted and sequenced 

(Supplementary Figure 7B). As seen previously by Kb-SIY peptide-MHC staining of the 

tumor-infiltrating lymphocytes, the primary response of both immunoswitch-treated and 

tumor-bearing nontreated mice was dominated by V-beta 13, which is characteristic of a 

Kb-SIY response (Figure 5A).

Despite the similarity in V-beta usage, the T cell receptor repertoire of these cells was 

significantly altered by immunoswitch treatment. T cell receptor clones, defined by the 

amino acid sequence of the CDR3 region, present in the tumor-infiltrating lymphocytes of 

immunoswitch treated mice appear at significantly lower levels in nontreated mice (Figure 

5B). Similarly, T cell receptor clones present in nontreated mice are present at significantly 

lower levels than in immunoswitch treated mice (Figure 5B). This indicates that although a 

majority of the response both in the presence and absence of treatment is specific for the 

tumor-expressed Kb-SIY model antigen, the clones making up this response are changed by 

immunoswitch therapy.

Next, we investigated the conservation of this changed CD8+ T cell response after 

immunoswitch treatment. The clones that make up the majority of the response between 

pairs of immunoswitch-treated mice overlap by 44.1 ± 4.3% (Figure 5C). This contrasts 

with only 6.43 ± 6.92% of an overlapping response between pairs of nontreated mice. Thus, 

immunoswitch particle treatment selects for a highly conserved antitumor response. This 

indicates that treatment delays tumor growth by inducing expansion of a specific population 

of antitumor CD8+ T cells with an altered T cell receptor sequence signature.
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Immunoswitch Particles Prolong Retention at Treatment Site.

In addition to altering the immune response, nanoparticles are larger than soluble antibody 

and thus have a different biodistribution.34,35 Therefore, we sought to characterize the 

pharmacokinetics of immunoswitch particle treatment. We hypothesized that immunoswitch 

particles would diffuse from the injection site more slowly than soluble antibodies, resulting 

in a higher average concentration over time.

Immunoswitch particles or an equivalent amount of soluble antibody were labeled with an 

infrared (IR) dye and injected subcutaneously into nude mice. Mice were imaged using a 

full body IR imager after 3, 24, 48, and 72 h to quantify biodistribution. Soluble antibody 

was cleared from the injection site significantly more rapidly than immunoswitch particles 

(Figure 6A,B). By 24 h, approximately 72% of immunoswitch particles, but only 26% 

of soluble antibody, remained at the injection site. Within 72 h, this decreased to 60% 

of immunoswitch particles and 8% of soluble antibody. A fit of the data to one-phase 

decay equations showed a half-life of 15.2 h for soluble antibody compared to 84.5 h for 

immunoswitch particles.

Similarly sized nanoparticles have been shown to drain to the proximal tumor-draining 

lymph node following intratumoral injection but not to more distal sites, minimizing 

systemic toxicity.35 We therefore examined the organ biodistribution of immunoswitch 

particles following intratumoral injection. C57BL/6 mice were injected with IR-labeled 

immunoswitch particles 8 days after B16-SIY tumor inoculation. 48 h after treatment, the 

tumor, tumor-draining lymph node, contralateral lymph node, and spleen were dissected 

and imaged by an IR imager. Immunoswitch particles were found in the tumor and tumor

draining lymph node (Figure 6C), consistent with our finding that tumor-specific CD8+ T 

cells are present at higher levels in the tumor-draining lymph node of immunoswitch treated 

mice. There were little to no detectable levels of immunoswitch particles in the contralateral 

lymph node or spleen. Prolonged retention of the immunoswitch particles at the tumor 

site and tumor-draining lymph node may contribute to their increased efficacy over soluble 

antibody. This sequestration of immunostimulatory ligands at the tumor site is consistent 

with the findings of others in the development of nanocarriers for tumor microenvironment 

immunomodulation.34,35

Immunoswitch Particles Reverse Tumor Growth in Multiple Cancer Models.

We sought to investigate the broader applicability of immunoswitch particles by assessing 

treatment in additional tumor models, colon cancer and B16-F10, and through a different 

injection route, IV administration. We first studied their efficacy in MC38-OVA, a murine 

colon cancer expressing a model foreign antigen, OVA. C57BL/6 mice were injected 

subcutaneously with MC38-OVA tumors on day 0. Mice were treated with immunoswitch or 

isotype particles intratumorally on days 8, 11, 15, and 18, and tumors were measured.

Immunoswitch treated mice had significantly delayed tumor growth, averaging 19 mm2 

on day 36, as compared to 158 mm2 for nontreated mice and 126 mm2 for isotype 

particle treated mice (Figure 7A). As compared with 10% of nontreated mice (Figure 7B), 

70% of immunoswitch-treated mice survived past day 55. These effects were even more 
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pronounced than those seen in the B16-SIY model. In 5 of 10 mice, immunoswitch particle 

treatment led to complete regression of palpable MC38-OVA tumors. The MC38-OVA cell 

line also expresses different peptide-MHC from B16-SIY, demonstrating the robustness of 

immunoswitch treatment in the absence of adoptively transferred cells.

The tumor models B16-SIY and MC38-OVA both express strong model foreign antigens. 

Thus, we next sought to investigate the efficacy of immunoswitch particle therapy in a 

less immunogenic tumor model, B16-F10, which is identical to B16-SIY except that it 

lacks expression of the Kb-SIY model foreign antigen, to demonstrate broader therapeutic 

relevance.

C57BL/6 mice were injected subcutaneously with B16-F10 tumors on day 0. Mice were 

treated with immunoswitch particles intratumorally on days 8, 11, and 15, and tumors were 

measured. Immunoswitch particle therapy resulted in significantly delayed tumor growth 

compared to nontreated mice (Figure 7C). By day 15, the tumor size was nearly halved 

by immunoswitch treatment; tumors averaged 112 mm2 for immunoswitch-treated mice 

compared to 205 mm2 for nontreated mice. Immunoswitch particle treatment also resulted 

in significantly extended survival compared to no treatment. These data demonstrate the 

broader applicability of immunoswitch particle therapy to less immunogenic tumor models.

Immunoswitch Particles Delay Tumor Growth When Injected Intravenously.

Finally, we further investigated the route of administration by studying the effect on tumor 

growth when injected intravenously. C57BL/6 mice were injected subcutaneously with 

B16-SIY tumors and were treated with immunoswitch particles intravenously on days 4, 

8, 11, and 15. Mice treated with immunoswitch particles intravenously were given one 

additional early dose on day 4, a standard time point used for checkpoint inhibition studies 

in the B16-SIY model.29 Intravenous treatment resulted in similar antitumor efficacy to our 

standard intratumoral treatment (Figure 7D). In contrast, similar doses of IV administered 

soluble antibody had no effect on tumor growth, as was seen with intratumoral injection of 

soluble antibodies.

CONCLUSION

Combinatorial immunotherapy for cancer treatment has resulted in promising success in 

clinical trials. However, the use of nonspecific immunomodulators, such as checkpoint 

blockade, requires high doses of the drugs and results in significant off-target side effects, 

especially when multiple drugs are used in combination.28 Thus, there is incentive to 

develop more effective and less toxic treatments. Sequestering immunotherapeutics on a 

rigid nanoparticle platform alters their biodistribution and may reduce off-target toxicities. 

In this way, Kwong et al. have laid the groundwork in the development of nanoparticles to 

deliver and present immunostimulatory ligands, such as anti-4-1BB or anti-CD40, to CD8+ 

T cells and other immune cells.34,35 However, their nanoparticles were not designed to target 

two different cell types in the tumor microenvironment. Immunoswitch nanoparticles do 

this, linking immunomodulators differentially expressed on CD8+ T cells and target cells 

within the tumor, and have significant antitumor activity in vivo.
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We have created an immunoswitch nanoparticle that blocks the immunosuppressive PD-L1 

pathway while switching on the 4-1BB co-stimulatory pathway of tumor-targeting CD8+ T 

cells on a single injectable platform. These particles utilize spatial constraints to enhance 

the efficacy of two developing immunotherapies. Immunoswitch particles inhibited tumor 

growth more effectively than equivalent amounts of soluble anti-PD-L1 and anti-4-1BB 

mAb. While tethering the antibodies to a rigid particle platform increases avidity for their 

ligand and may play a role in their efficacy, we identified at least two additional mechanisms 

that explain immunoswitch-based T cell activation and antitumor activity.

Combining both anti-PD-L1 and anti-4-1BB mAb on a single platform physically links 

the effector and target cells. This was directly shown in vitro by confocal microscopy 

and flow cytometry. The importance of the physical linkage of both antibodies to a single 

nanoparticle was also seen in vivo despite the complexity of the tumor microenvironment; 

co-injected separately conjugated particles, bearing either anti-PD-L1 or anti-4-1BB mAb, 

were ineffective. Additionally, we showed that immunoswitch particles diffuse from the 

injection site more slowly than their soluble counterpart. This implies a higher local 

concentration of the bioactive particles integrated over time and consequently a decreased 

concentration at off-target sites. Although soluble antibody and separately conjugated 

particles had some in vitro activity, stimulating IFN-γ secretion, they had no in vivo effect. 

In contrast, immunoswitch treatment had significant antitumor activity in vivo. Thus, in 
vitro IFN-γ secretion may not fully explain in vivo activity where other factors, such as 

biodistribution and shaping of the endogenous T cell receptor repertoire, may play a larger 

role.

While the immunoswitch particles led to antigen-independent effector-target cell 

conjugation, target cell recognition and IFN-γ effector cytokine secretion were signal 1 

dependent. This was demonstrated in vitro when transgenic 2C CD8+ T cells were not 

stimulated by immunoswitch particles in the presence of noncognate target cells. However, 

a priori knowledge of the tumor antigen is not necessary since signal 1 is derived from 

the tumor cell itself. Thus, immunoswitch particles can activate a diverse polyclonal T cell 

response in vivo and reduce the chance of antigenic escape.36

Murine melanoma tumor control mediated by immunoswitch particles was observed even in 

the absence of adoptively transferred tumor-specific CD8+ T cells and when administered 

systemically by intravenous treatment. We showed that immunoswitch particles exert their 

effect by increasing the density, specificity, and functionality of endogenous tumor-specific 

CD8+ T cells. Tumor-infiltrating lymphocytes of immunoswitch treated mice increased IFN-

γ production and CD107 expression. In addition, more IFN-γ was made on a per cell basis 

as seen by an increase in IFN-γ mean fluorescence intensity (MFI) after immunoswitch 

treatment. There was no difference in tumor-specific CD8+ T cell levels in the spleen or 

in circulation, indicating that immune activation is concentrated to the tumor site and thus 

may limit off-target immune-mediated toxicities, as supported by the particle biodistribution. 

Additionally, this approach may be generally applicable, as tumor control was also evident 

in an MC38-OVA colon cancer model and in a less immunogenic B16-F10 melanoma 

cancer model lacking a model foreign antigen. Immunoswitch particles thus activate the 

endogenous T cell repertoire against a variety of tumor antigens.

Kosmides et al. Page 10

ACS Nano. Author manuscript; available in PMC 2021 December 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Finally, sequencing analysis of the tumor-infiltrating lymphocytes revealed that the 

immunoswitch-mediated anti-tumor response is mediated by a change in the T cell receptor 

repertoire. Immunoswitch particle treatment expands a different set of CD8+ T cell receptor 

clones not present at high levels in nontreated mice. This altered T cell receptor repertoire 

is highly conserved, indicating that treatment enables the immune system to find the 

“correct” antitumor immune response without switching recognition to a different antigen. 

While many existing therapies induce alterations in the breadth and depth of the T cell 

response,37,38 we show that immunoswitch particles change the clonal composition of the 

response against a defined tumor antigen.

Immunoswitch particles are an immunotherapy that utilizes a single, nanoparticle-based 

injectable therapeutic. By combining multiple targeting moieties on the surface of a single 

particle, this represents a genre of nanoparticle-based approaches for cancer immunotherapy. 

The increased effectiveness of immunoswitch particles over soluble antibody can allow 

for reduced cost and complexity of a multifaceted therapeutic. The nanoparticle platform 

also allows for further modifications to optimize biodistribution or deliver signals locally. 

For example, nanoparticle size or shape can be engineered to reduce clearance or target

specific cell types,39,40 and the core can be designed to release an immune-stimulant 

such as IL-2.41 Additionally, we have shown proof of concept of a “signal-switching” 

approach that links two signaling pathways. This can be extended to other parts of the 

cancer-immunity cycle, including other inhibitory and/or co-stimulatory pathways, such as 

Lag-3, CTLA-4, or CD28, in addition to pathways relevant in autoimmunity and other 

disease states. Thus, immunoswitch particles are a nanoparticle-based combination therapy 

and build a framework for further mechanistic and translational studies.

METHODS

Mice.

2C T cell receptor transgenic mice were maintained as heterozygotes by breeding on a 

C57BL/6 background. C57BL/6 and Nu/J mice were purchased from Jackson Laboratories 

(Bar Harbor, ME, USA). All mice used were 6–8 weeks of age and were maintained 

according to Johns Hopkins University’s Institutional Review Board.

Cell lines.

B16-SIY was a gift from Thomas Gajewski (The University of Chicago, IL, USA). B16-F10 

and MC38-OVA were a gift from Charles Drake (Johns Hopkins University, MD, USA). 

RMA-S cells were a gift from Michael Edidin (Johns Hopkins University, MD, USA). 

Tumor cell lines have been authenticated by cognate T cell cytotoxicity.

Reagents.

Anti-PD-L1 monoclonal antibody clone 10F.9G2, anti-4-1BB clone 3H3, anti-CD3 clone 

145.2C11, anti-CD28 clone 37.51, and their respective isotype controls were purchased 

from BioXCell (West Lebanon, NH, USA). Fluorescently labeled monoclonal antibodies 

were purchased from BioLegend (San Diego, CA, USA). SIY peptide was purchased from 

GenScript (Piscataway, NJ, USA).
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Immunoswitch Particle Synthesis and Characterization.

Antibiotin-coated iron-dextran 50–100 nm particles were purchased from Miltenyi (Miltenyi 

Biotec, Auburn, CA, USA). Anti-PD-L1 antibody clone 10F.9G2, anti-4-1BB clone 3H3, 

and their respective isotype controls were biotinylated using EZ-Link sulfo-NHS-biotin 

(Thermo Fisher Scientific, Waltham, MA, USA) according to the manufacturer’s protocol. 

Particles and a 2-fold molar excess of the biotinylated antibodies of interest were combined 

and allowed to conjugate for 24 h at 4 °C. Unbound antibody was removed by running the 

particles over an MS column (Miltenyi Biotec, Auburn, CA) and washing according to the 

manufacturer’s protocol.

Particle size was determined by nanoparticle tracking analysis using a Nanosight 

LM10. To characterize particle conjugation, a standard curve relating absorbance to 

particle concentration was made using a Beckman Coulter AD340 plate reader and 

Nanosight LM10. Particles were then subsequently measured for absorbance to determine 

concentration, and all particles were brought to a concentration of 1.4 × 1012 particles/mL. 

The amount of specific antibody per particle was determined by staining the particles with 

fluorescently labeled secondary antibodies against the antibody of interest. Excess antibody 

was removed by running the particles over an MS column (Miltenyi Biotec, Auburn, CA, 

USA), and antibody concentration was measured by comparing particle fluorescence to a 

standard curve and correlating with the total bead concentration.

In Vitro CD8+ T Cell Activation Model.

On day −8, primary splenocytes were isolated from naïve 2C transgenic mouse spleens 

through cell straining. Cells were treated with 4 mL of ACK lysis buffer for 1 min to 

lyse red blood cells. CD8+ T cells were isolated by negative selection with the Miltenyi 

CD8a+ isolation kit IIa following the manufacturer’s protocol (Miltenyi, Auburn, CA, 

USA). Micro anti-CD3/anti-CD28 expander beads were synthesized on 4.5 μm M-450 

Epoxy Dynabeads (Life Technologies, Grand Island, NY, USA) at a 1:1 molar protein 

ratio, following manufacturer’s protocol. 2C CD8+ T cells were mixed with micro expander 

beads at a 1:1 ratio and cultured in RPMI supplemented with L-glutamine, non-essential 

amino acids, vitamin solution, sodium pyruvate, β-mercaptoethanol, 10% FBS, ciproflaxin, 

and a cocktail of T cell growth factors. On day −4, additional T cell growth factors and 

expander beads were added at a 2:1 bead:cell ratio. On day −2, B16-SIY and B16-F10 

cells were cultured in RPMI supplemented with L-glutamine, non-essential amino acids, 

vitamin solution, sodium pyruvate, β-mercaptoethanol, 10% FBS, ciproflaxin, and 20 ng/mL 

recombinant murine IFN-γ (R&D Systems, Minneapolis, MN, USA).

On day 0, B16-F10 and B16-SIY were harvested and washed three times to remove all 

IFN-γ, as confirmed by ELISA. 2C cells were also harvested and washed three times, and 

beads were removed with a magnet. Live CD8+ cells were isolated by density centrifugation 

using Ficoll-Paque PLUS (GE Healthcare Life Sciences, Pittsburgh, PA, USA). Surface 

marker expression on both cell types was measured using a BD FacsCalibur flow cytometer 

and analyzed in FlowJo (TreeStar). For IFN-γ release studies, 2C cells and B16-SIY or 

B16-F10 cells were mixed at a 1:1 effector target ratio in the presence of particles or 

soluble antibody. The cells were incubated for 18 h at 37°, then supernatants were collected. 
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IFN-γ was measured by ELISA using the ebioscience murine IFN-γ Ready-SET-Go! Kit 

(San Diego, CA, USA). For cytotoxicity assay, 2C cells and B16-SIY cells were mixed 

at a 1:1 effector target ratio in the presence of immunoswitch particles and 100 μg/mL 

anti-Kb (clone 20.8.4) or respective isotype mAb. After 4 h, supernatant was harvested, and 

cytotoxicity was measured using a CytoTox-Glo Cytotoxicity Assay (Promega, Madison, 

WI, USA) according to the manufacturer’s protocol. Luminescence was read on a Tropix 

TR717 Microplate Luminometer.

B16 in Vivo Tumor Growth Experiments.

Immunoswitch and isotype particles were synthesized and characterized as described above. 

Amount of antibody on the particles was quantified, and a solution of equal concentration 

nonbiotinylated antibody was diluted in PBS. Particles and soluble antibody were put 

to a concentration of 13 μg/mL total antibody (6.3 μg/mL anti-PD-L1 and 6.3 μg/mL 

anti-4-1BB), and treated mice received 100 μL each.

C57BL/6 mice were injected with 1 × 106 B16-SIY or 3 × 105 B16-F10 cells 

subcutaneously on the right flank on day 0. For adoptive transfer experiments, CD8+ 

cells were harvested from naïve 2C splenocytes and stimulated with anti-CD3/anti-CD28 

expander beads on days 0 and 4 as described above. On day 8, when all mice had a 

palpable tumor, beads were isolated from CD8+ cells, and live cells were isolated by 

density centrifugation using Ficoll-Paque PLUS (GE Healthcare Life Sciences, Pittsburgh, 

PA, USA). Five ×105 2C CD8+ cells were intravenously injected into all groups (except for 

the no treatment group). For all experiments, isotype particles, immunoswitch particles, or 

soluble antibody were injected intratumorally on days 8, 11, and 15. For intravenous studies, 

immunoswitch particles or soluble antibody were injected retro-orbitally on days 4, 8, 11, 

and 15. Beginning on day 4–8, tumors were measured every 2–3 days using digital calipers, 

and tumor size was computed by multiplying the longest dimension by the length of the 

perpendicular dimension. Mice were sacrificed when tumor area surpassed 200 mm2.

B16-SIY Tumor-Infiltrating Lymphocyte Analysis.

Immunoswitch particles were synthesized and characterized as above. C57BL/6 (Jackson 

Laboratories, Bar Harbor, ME, USA) mice were injected with 1 × 106 B16-SIY cells 

subcutaneously on day 0. Immunoswitch particle treatment was administered intratumorally 

on days 8 and 11 (n = 5/group).

On day 14, tumors were measured, and peripheral blood, tumors, spleens, and tumor

draining lymph nodes were isolated. Spleens and tumor-draining lymph nodes were brought 

to a single cell suspension using a cell strainer, washed, and then resuspended in PBS. 

Tumors were coarsely sectioned using scissors and then brought to a single cell suspension 

using a cell strainer. Tumor-infiltrating lymphocytes were isolated by density centrifugation 

using Ficoll-Paque PLUS (GE Healthcare Life Sciences, Pittsburgh, PA, USA), then washed 

three times, and resuspended in PBS. Cell counts were taken using a hemocytometer.

For phenotypic analysis, isolated cells were stained with a fluorescently labeled with a 

live/dead stain (Thermo Fish Scientific, Waltham, MA, USA), CD8 antibody (BioLegend, 

San Diego, CA, USA), and biotinylated Kb-SIY dimer, followed by fluorescently labeled 
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streptavidin. Cells were run on a BD LSR II flow cytometer and analyzed using FlowJo 

(TreeStar). CD8 cell density was measured by multiplying the CD8 purity measured by 

flow cytometry by the total cell count and dividing by the tumor volume (longest dimension 

squared and multiplied by the perpendicular dimension).

For functional analysis, an equivalent number of tumor-infiltrating lymphocytes from 

individual mice (n = 3/group) were co-incubated with SIY pulsed RMA-S cells and anti

CD107 FITC. After 12 h, GolgiStop/GolgiPlug (BD Biosciences, San Jose, CA, USA) were 

added to solution. Six hours later, cells were stained for surface markers, then fixed and 

permeabilized with BD Cytofix/Cytoperm, and stained with fluorescently labeled antibodies 

against intracellular cytokines according to the manufacturer’s protocol. Labeled cells were 

read on an LSR II and analyzed with FlowJo.

T Cell Receptor Sequencing Analysis.

In vivo tumor administration and treatment was identical to that in the B16-SIY Tumor

Infiltrating Lymphocyte Analysis section (n = 3/group). On day 14, tumor-infiltrating 

lymphocytes were isolated as above. Isolated cells were stained with a fluorescently labeled 

anti-CD8 mAb and live/dead stain (Thermo Fish Scientific; Waltham, MA) and CD8 

antibody (BioLegend; San Diego, CA), and each sample was sorted based on live/CD8+ 

cells. CD8+ cell samples were sent to Adaptive Biotechnologies for deep sequencing of the 

T cell receptor beta chain.

To assess V-beta usage analysis compared to a Kb-SIY response, spleens were isolated 

and pooled from three nontumor bearing C57BL/6 mice. CD8+ T cells were isolated by 

negative selection as described above, and stimulated for 7 days with Kb-SIY/anti-CD28 

nano-aAPC according to our previously published enrichment + expansion protocol.33 On 

day 7, cells were fluorescently labeled with a live/dead stain, CD8 antibody, and Kb-SIY 

dimer, as described above. Cells were sorted for live/CD8+/Kb-SIY+ and sent to Adaptive 

Biotechnologies for sequencing.

To assess characteristics of T cell receptor sequence repertoire, tsv files from adaptive were 

downloaded from their online portal and converted to excel files, and the unproductive 

sequences were removed (only clones with amino acid CDR3 sequences were examined). 

All clones with the same amino acid sequence were combined, and their net frequency was 

calculated. In order to examine the presence of clones in either immunoswitch or nontreated 

cohorts, only sequences with a contribution above 0.5% were examined. To examine the 

conservation of the response between animals in both cohorts, the top 85% of the CD8+ T 

cells response was examined, and conservation of response was determined as the weighted 

average (by reads) an identical sequence makes up in the two samples being compared.

MC38-OVA in Vivo Tumor Model.

Immunoswitch particles and isotype particles were synthesized as described above. Amount 

of antibody on all particles was quantified by the methods described above, and particles 

were put at a concentration of 13 μg/mL total antibody. Treated mice received 100 μL 

particles/mouse.
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C57BL/6 (Jackson Laboratories, Bar Harbor, ME, USA) mice were injected with 1 × 106 

MC38-OVA cells subcutaneously on day 0, and cages were randomly assigned to one of 

three groups: (1) no treatment, (2) isotype particles, or (3) immunoswitch particles (n = 6 in 

isotype, n = 10/other groups). On days 8, 11, 15, and 18, treated mice received intratumoral 

injections of immunoswitch or isotype particles, and tumors were measured every 2–3 days.

Immunoswitch Biodistribution.

Immunoswitch particles were synthesized as described above. Immunoswitch particles and 

a mixture of soluble anti-4-1BB and anti-PD-L1 antibody were labeled with IRDye 680RD 

protein labeled kits from LI-COR Biosciences (Lincoln, Nebraska, USA) according to the 

manufacturer’s protocol.

Nu/J mice (Jackson Laboratories, Bar Harbor, ME, USA) were injected with equal protein 

amounts of either IR-labeled soluble antibody or immunoswitch particles subcutaneously 

on the right flank (n = 3/group). Dorsal, ventral, right, and left images of the mice were 

taken at 3, 24, 48, and 72 h post-injection. Only the right images which show the injection 

area are shown. All images from any individual mouse had matched thresholding. Images 

were analyzed in ImageJ by defining a region of interest (ROI) around the initial injection 

site which was then duplicated in all images. The mean gray value of each ROI was then 

measured in ImageJ. The mean gray value for an image of an individual mouse at time T 
was then normalized to the mean gray value at 3 h using the following equation:

mean gray value (normalized) =
mean gray valuet = T
mean gray valuet = 3

These data were then fit to a one-phase exponential decay curve using the GraphPad 

nonlinear regression analysis module (GraphPad Software, La Jolla, CA, USA).

For organ analysis studies, C57BL/6 mice (n = 3/group) were injected subcutaneously with 

B16-SIY cells on day 0. Eight days later, IR-labeled immunoswitch particles were injected 

intratumorally into half of the tumor-bearing mice. 48 h after treatment, the tumor, spleen, 

tumor-draining lymph node, and contralateral lymph node of each mouse were dissected and 

imaged on an IR imager. Images were analyzed in ImageJ by defining a ROI around each 

lymph node which was then duplicated in all images. Tumor and spleen ROI were defined 

for each image independently due to their difference in size and shape. The mean gray value 

of each ROI was then measured in ImageJ and was normalized to the maximum of the 

sensor.

Conjugation Assay.

2C CD8+ T cells were isolated from naïve splenoctyes and stimulated on days −8 and −4 

with expander beads as previously described. B16-F10 cells were incubated with media 

supplemented with 20 ng/mL recombinant murine IFN-γ (R&D Systems, Minneapolis, MN, 

USA) on day −2 for 48 h.

On day 0, CD8 cells and B16-F10 cells were isolated from beads and IFN-γ, respectively, 

as previously described. CD8 cell membranes were labeled with the PKH26 red fluorescent 
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cell linker kit, and B16-F10 cell membranes were labeled with the PKH67 green fluorescent 

cell linker kit (Sigma-Aldrich, St. Louis, MO, USA) according to the manufacturer’s 

protocol. Effector and target cells were co-incubated at a 1:1 ratio with immunoswitch 

or isotype particles. After 1 h, cells were briefly vortexed and fixed. For flow cytometry 

experiments, cells were fixed in 0.5% paraformaldehyde for 20 min at room temperature. 

Cells were then read on a BD FacsCalibur. Conjugate formation was measured by first 

gating on all CD8+ T cells (i.e., red cells) and then on those also bound to B16-F10 cells 

(i.e., also expressing green) using FlowJo (TreeStar). Flow cytometry experiments were 

repeated three independent times. For confocal microscopy experiments, cells were fixed 

in 2% paraformaldehyde for 20 min at room temperature. Cells were then read on a Zeiss 

LSM510-Meta laser scanning confocal microscope at 100× magnification. Two to three 

nonoverlapping images were taken per experiment, and the experiment was repeated three 

independent times. Conjugate formation was determined manually by observing red/green 

overlap/contact using ImageJ. Each image was taken as an independent data point. For both 

flow cytometry and confocal microscopy studies, conjugation was measured as the percent 

of CD8 cells forming conjugates with B16-F10 cells divided by the total number of CD8 

cells.

Statistics.

Information on statistical tests is present in all figure legends. One and two-way ANOVA 

were used when making multiple comparisons. Bonferroni post-tests were performed when 

comparing all groups, and Dunnett’s post-tests were performed when the hypotheses being 

tested involved comparison against a single group. One-tailed and two-tailed t tests were 

used when comparing two groups, as indicated in figure legends. All data sets were assumed 

to fit a normal distribution, and all graphs show mean and error bars represent SEM. All 

n values are present within figure legends. In vivo tumor treatment studies were repeated 

in two independent experiments to ensure adequate sample size and reproducibility. Mice 

with outlier tumor size before the beginning of treatment were removed from the studies. 

Randomization was performed by cage in all animal studies. All statistical analysis was 

performed using GraphPad Prism software.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Immunoswitch particles link PD-L1 checkpoint blockade with 4-1BB co-stimulation. (a) 

Schematic showing immunoswitch particle interaction with CD8+ T cell and cognate 

target cell. Inset: Immunoswitch particles are synthesized by conjugating anti-4-1BB 

and anti-PD-L1 monoclonal antibodies to the surface of 80 nm particles. (b) IFN-γ 
secretion from PD-1hi 2C CD8 cells co-incubated with PD-L1hi cognate B16-SIY cells 

and immunoswitch particles or soluble antibody. Concentrations refer to total antibody in 

culture. Significance measured by two-way ANOVA with Bonferroni post-test (p = 0.0064, 

F1,30 = 8.607 treatment variation; p < 0.0001, F4,30 = 79.76 concentration variation). (c) 

IFN-γ secretion from PD-1hi CD8 cells co-incubated with PD-L1hi B16-SIY and 9 μg/mL 

of the indicated particle type. Significance measured by one-way ANOVA with Dunnett’s 

post-test. Comparisons to immunoswitch particles are shown. (d) IFN-γ secretion from 

PD-1hi 2C CD8 cells co-incubated with PD-L1hi cognate B16-SIY cells or noncognate 

B16-F10 cells and immunoswitch particles. Significance was measured by two-tailed t test 

Kosmides et al. Page 20

ACS Nano. Author manuscript; available in PMC 2021 December 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



(p < 0.0001). Mean ± SEM of three samples is shown for (b–d). (e) Percent specific lysis 

of B16-SIY cells by 2C CD8+ T cells when co-incubated for 4 h at a 1:1 effector-target 

ratio in the presence of immunoswitch particles and 100 μg/mL anti-Kb blocking mAb or 

isotype control. Significance was measured by two-tailed t test. (f) PD-1hi 2C CD8 cells 

and PD-L1hi B16-F10 cells were labeled with a red and green membrane dye, respectively. 

Percent of CD8 cells forming conjugates were counted. Each data point represents an 

independent image taken across three independent experiments. 420 ng/ml of immunoswitch 

particles significantly increased conjugation rate over isotype particles as measured by 

one-way ANOVA (p = 0.0013) with Dunnett’s post-test. Arrows show conjugate formation. 

***p < 0.001, **p < 0.01, *p < 0.05. Cell and antibody images in (a) are adapted under a 

Creative Commons License from Servier Medical Art (http://www.servier.com/Powerpoint

image-bank).
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Figure 2. 
Immunoswitch particles inhibits tumor growth in vivo. (a) Schematic showing our in vivo 
model. C57BL/6 mice (n = 4 isotype, n = 8 all other groups) were injected with 1 × 

106 B16-SIY cells subcutaneously (SC) on day 0. 2C CD8 cells were isolated on day 

0, stimulated with anti-CD3/anti-CD28 expander beads on days 0 and 4 as previously 

described,25 and isolated from the beads and injected intravenously (IV) on day 8. Particle 

and antibody treatments were given intratumorally (IT) on days 8, 11, and 15. (b) Tumor 

growth curves show only immunoswitch treatment significantly delayed tumor growth 

as compared to no treatment and all other controls, past day 15. Black arrows indicate 

treatment days. Significance measured by two-way ANOVA with Bonferroni post-test (p 
< 0.001). (c) Immunoswitch treatment significantly extended survival as compared to no 

treatment. Significance measured by log-rank test (p = 0.0002). Combined results from two 

independent experiments are shown. ***p < 0.001.

Kosmides et al. Page 22

ACS Nano. Author manuscript; available in PMC 2021 December 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 3. 
Immunoswitch particles delay tumor growth in the absence of adoptively transferred cells. 

(a) C57BL/6 mice (n = 6 separate particle treatment, n = 11/other groups) were injected with 

B16-SIY cells SC on day 0. Treatment with either immunoswitch particles or a co-injection 

of anti-4-1BB and anti-PD-L1 particles was injected IT on days 8, 11, and 15. No adoptive 

transfer of tumor-specific cells was given. (b) Immunoswitch particles, but not separate 

anti-4-1BB and anti-PD-L1 mAb particles, delayed tumor growth compared to no treatment 

at all time points past day 11. Arrows indicate treatment days. Significance was measured 

by two-way ANOVA with Bonferroni post-test (p = 0.007). (c) Only immunoswitch particle 

treatment significantly extended survival. Significance was measured by log-rank test (p = 

0.0066). Results from two independent experiments are combined for (a–c). (d) C57BL/6 

mice (n = 5/group) were injected with B16-SIY cells as above, and half were treated with 

immunoswitch particles IT on days 8 and 11. On day 14, tumor-infiltrating lymphocytes 
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and tumor-draining lymph nodes were harvested and analyzed. The nontreated group had 

significantly larger tumors (p = 0.034) and a lower CD8+ T cell density (p = 0.032) 

within the tumor on day 14. Significance was measured by two-tailed t test. (e) CD8+ 

cells within the tumor-draining lymph nodes of immunoswitch-treated mice had higher 

Kb-SIY (expressed by tumor) specificity. Significance was measured by two-tailed t test (p 
= 0.033). (f) Representative flow plots showing Kb-SIY specificity of CD8+ T cells from 

tumor-draining lymph nodes of immunoswitch (left) or nontreated (right) mice. ***p < 

0.001, **p < 0.01, *p < 0.05.
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Figure 4. 
Tumor-specific CD8+ tumor-infiltrating lymphocytes of immunoswitch treated mice have 

increased functionality. (a) C57BL/6 mice (n = 3/group) were injected with B16-SIY cells 

SC on day 0. Immunoswitch particles were injected IT on days 8 and 11. On day 14, 

tumor-infiltrating lymphocytes were harvested and restimulated with SIY pulsed RMA-S 

cells. Intracellular cytokine staining indicated an increased frequency of CD107 producing 

(a) and IFN-γ producing (b) CD8+ T cells following immunoswitch treatment. The mean 

fluorescence intensity (MFI) of IFN-γ+ cells was increased in treated mice. Significance 

was measured by one-tailed t test (*p < 0.05).
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Figure 5. 
Immunoswitch treatment alters the CD8+ T cell repertoire. (a) T cell receptor V-beta usage 

in CD8+ tumor-infiltrating lymphocytes from immunoswitch-treated, nontreated, nontumor 

bearing adult B6 mice, or a Kb-SIY-specific CD8+ T cell response. C57BL/6 mice (n = 3/

group) were injected with B16-SIY cells SC on day 0. Immunoswitch particles were injected 

IT into treated mice on days 8 and 11, and tumor-infiltrating lymphocytes were isolated on 

day 14. Immunoswitch treated and nontreated mice skew toward T cell receptor V-beta 13, 

as is seen in a Kb-SIY specific response. (b) T cell receptor clones present in the CD8+ 

tumor-infiltrating lymphocytes of immunoswitch-treated mice are present at significantly 

higher frequencies than in the tumor-infiltrating lymphocytes of nontreated mice (left). T 

cell receptor clones present in the CD8+ tumor-infiltrating lymphocytes of nontreated mice 

are present at significantly higher frequencies than in the tumor-infiltrating lymphocytes 

of immunoswitch-treated mice (right). Significance measured by two-tailed paired t test 

(p < 0.01). (c) CD8+ T cell receptor clones are conserved to a significantly higher extent 

in immunoswitch-treated mice. Each point represents the percent of overlapping clonal 

response between two mice of the same group. Significance measured by two-tailed t test (p 
< 0.01).
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Figure 6. 
Immunoswitch particles remain at the injection site longer than soluble antibody. (a) Nude 

mice (n = 3/group) were injected with IR-labeled soluble antibody or immunoswitch 

particles at t = 0 h. Mice were imaged with a full body IR imager at t = 3, 24, 48, and 72 h 

post-injection. (b) Change in the mean gray value over time in the target ROI. Images from 

individual mice were normalized to the mean gray value at t = 3 h (see Methods section). 

An immediate decrease is observed after injection, followed by a consistent clearance 

rate. Clearance from the injection site is greater for soluble antibodies than immunoswitch 

particles at all time points: t1/2,soluble = 15.2 h and t1/2,immunoswitch = 84.5 h when fit to 

a one phase decay equation. Significance measured by two-way ANOVA with Bonferroni 

post-test (p < 0.0001, F1,16 = 995.7 treatment variation). (c) C57BL/6 mice (n = 3) were 

injected with IR-labeled immunoswitch particles 8 days after B16-SIY inoculation. Tumor, 

spleen, tumor-draining lymph node, and contralateral lymph node were harvested 48 h after 

treatment. Immunoswitch particles are retained primarily in the tumor and tumor-draining 

lymph node. Values were recorded relative to the sensor’s maximum (i.e., 0–1 scale). 

Significance measured by two-way ANOVA with Tukey’s post-test (*p < 0.05, **p < 

0.01,***p < 0.001).
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Figure 7. 
Immunoswitch particles reverse tumor growth and extend survival in multiple tumor models 

and injection routes. (a) C57BL/6 mice (n = 6 in isotype, n = 10/other groups) were 

injected with MC38-OVA murine colon cancer cells SC on day 0. Treated mice received IT 

injections on days 8, 11, 15, and 18. Only immunoswitch particles significantly delayed 

and reversed tumor growth as compared with no treatment, past day 22. Significance 

was measured by two-way ANOVA with Bonferroni post-test (p = 0.0003). Arrows 

indicate treatment days. (b) Only immunoswitch particles significantly extended survival 

as compared to no treatment, as measured by log-rank test. Combined results from two 

independent experiments are shown. (c) C57BL/6 mice (n = 5/group) were injected with 

B16-F10 cells SC on day 0. Treated mice received IT injections on days 8, 11, and 15. 

Immunoswitch treatment delayed tumor growth as compared to no treatment, past day 11. 

Significance was measured by two-way ANOVA with Bonferroni post-test. Arrows indicate 

treatment days. (d) C57BL/6 mice (n ≥ 5/group) were injected with B16-SIY cells SC on 

day 0. IV immunoswitch particles were administered on days 4, 8, 11, and 15 and days 

8, 11, and 15 by IT. Immunoswitch particles injected either IT or IV delay tumor growth 

past day 13 compared to no treatment (p < 0.01). Soluble injected antibody has no effect 

on tumor growth. Significance was measured by two-way ANOVA with Bonferroni post-test 

(**p < 0.01, ***p < 0.001).
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