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Abstract

Recent innovations in immunoregulatory treatments have demonstrated both the impressive 

potential and vital role of T cells in fighting cancer. These treatments come at a cost, with systemic 

side effects including life-threatening autoimmunity and immune dysregulation the norm. Here, 

we developed an approach to locally synthesize immune therapies and in this way, avoid systemic 

toxicity. Rather than just encapsulating cytokines, we endowed our nanoparticles with 

transcriptional and translational machinery to make cytokines locally, in situ, and on demand 

(activated by light). We demonstrated the capabilities of these particles in vitro and in vivo, in a 

mouse model of melanoma, and showed that tumor-infiltrating T cells were more highly activated 

in the context of these “microfactory” particles that make the synthetic cytokine.

Introduction

Cytokine therapy, checkpoint inhibitor therapy, and other forms of immunomodulation have 

proven exceptionally potent in the fight against cancer. However, globally altering the 

immune system can lead to adverse systemic effects, including severe inflammation, 

autoimmunity, and increased susceptibility to infection1,2. Ideally, immunomodulatory 

factors would be provided at the site of the tumor – where they are needed, and allowing for 
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higher concentrations - while avoiding systemic exposure. Moreover, other diseases also 

may arise if there is a physiological inability to make enough key protective factors when 

most needed. Nano-bio-manufacturing affords the opportunity to synthesize specific factors 

in situ and deliver to cells while employing controls on timing and spatial delivery that 

cannot be achieved by biological systems.

The in situ biosynthesis of proteins allows for a number of features not attainable by other 

approaches to deliver proteins exogenously: tunable initiation to eliminate the systemic 

toxicity of basal/continuous expression and controlled release to locally focus the site of the 

cytokines’ activity. Here we propose a new approach in which we implemented the in situ 
synthesis of the interleukin 2 (IL-2) at the site of immunological action to tune T cell fate 

locally and to safely augments the immune response to promote clearance of cancer.

Results and Discussion

Our approach is predicated on the nanoencapsulation of cell-free transcription and 

translation machinery, coupled with a mechanism to control protein production (Figure 1a). 

Here we first encapsulated cell-free protein biosynthesis systems (also known as in vitro 
transcription-translation kits) into liposomes to contain the reagents. It has been reported that 

liposomal encapsulation can achieve transcription and translation of functional proteins and 

enzymes3. Here we used our microfluidics approach to prepare nanoliposomes4. A broad 

size range of nanoliposomes (50–400 nm) and narrow polydispersity was achieved by 

adjusting relative microfluidic flow rates (Figure 1b,c).

To test how the size of liposomes affected their ability to hold DNA cargo, we encapsulated 

three sizes of plasmids (3300 – 6500 bp) within six sizes of nanoliposomes (40–400 nm) and 

measured encapsulation. The efficiency of loading depended on the sizes of both the cargo 

and the nanoliposomes (Figure 1d). In contrast to microfluidic approaches, formation of 

nanoliposomes by conventional bulk mixing and extrusion techniques with porous 

membranes produced polydisperse particles of 100–800 nm diameter (Figure 1c), and thus 

could incur variable inefficiencies in loading plasmids. Based on these data, nanoliposomes 

of 350 nm diameter (“uF-4”) were able to encapsulate substantial amount of all three 

plasmids and were with selected for further investigation.

Our first goal was to demonstrate temporal control over protein production in the 

nanofactories. We tested whether a UV-caged ATP (DMNPE-caged ATP) could efficiently 

control protein synthesis5. Exposure to UV uncages ATP and should initiate transcription 

and translation. We started by encapsulating transcription/translation machinery provided by 

cellular extracts, an IL2-GFP plasmid (AddGene #67053), and caged ATP into 

nanofactories. Imaging of nanofactories revealed no detectable basal expression of GFP, 

while UV exposure at 360–480 nm wavelength for 10 s (at 80 mW/cm2; pH 7.4; 37 °C) 

uncaged the ATP and resulted in robust GFP expression in 30 min (Figure 1e). As GFP only 

fluoresces if IL-2 and GFP are folded properly, these observations show the fabricated 

nanoparticles contained all components necessary for transcription, translation, and folding 

of cytokines on demand. Nanofactories >100 nm in size were capable of producing GFP, and 

larger nanofactories were more productive (Figure 1f). Improved encapsulation efficiency of 
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protein production machineries into microfluidic assisted synthesized liposomes resulted in 

protein synthesis with higher efficiency.

In order to localized synthesis and controlled delivery of cytokine at tissue level, we 

fabricate artificial cells that not only mimic the size, shape, and mechanics of lymphocytes 

like T cells 6, but also contain the synthetic machinery for transcription and translation of 

functional cytokine, and elements that allow for precisely controlled activation and release 

of the cytokine. To load the liposomal nanofactories into delivery vehicles with additional 

capabilities, we microfluidically encapsulated them into alginate-based microparticles 

(Figure 2a), with an average of 443 nanoliposomes per microparticle (Supplemental Figure 

1). To facilitate magnetic purification of the “microfactories,” we embedded 

superparamagnetic iron oxide nanoparticles (SPIONs) during microfluidic synthesis as we 

reported before 3. Microparticle factories showed no basal expression of IL2-GFP. Upon 

UV-illumination, protein synthesis from the microparticle factories plateaued at ~60 min 

(Figure 2b–c).

To demonstrate the capability of these microfactories to be delivered and activated in vivo, 

we “tattooed” mouse skin with IL2-GFP microfactories and exposed part of the tattooed skin 

to UV light. These wavelengths of light allow for ~1 mm of penetration in the epidermis7. 

Within 60 min after UV exposure, GFP production was evident only in the UV-exposed area 

(Figure 2d). This result confirmed that microfactories can survive in vivo and can produce 

functional protein after UV activation.

Next, we examined the efficiency of nanoliposome-produced IL-2 in augmenting T cell 

activation. IL-2 has been FDA-approved for treatment of several cancers since the 1980s8, 

but clinical use has been limited due to severe side effects, some of which include vascular 

leak syndrome, hypotension, and cardiac toxicity9. Other groups have engineered 

approaches to mitigate the toxicity of IL-29,10. For the rest of our studies, we employed a 

synthetic IL-2 (Super2) (Supplemental Figure 2), which has the advantage of activating T 

cells expressing the receptor most commonly found on naïve T cells – comprising IL2Rβ 
(CD122) and IL2Rγ (CD132) – but not requiring the high affinity IL2Rα chain (CD25) that 

is found on activated and regulatory T cells11.

We co-cultured naïve T cells with Super2-producing nanofactories either as free particles, or 

encapsulated in alginate microfactories. For some particles, alginate was conjugated with 

heparin12 before encapsulation to test whether heparin could prolong release of the cytokine. 

For others, the microfactories were coated with the phosphatidylcholine lipid POPC for a 

similar test. We showed that the duration of Super2 release increased over 10-fold by 

heparin incorporation and lipid encapsulation, with 50% release extended from 5.4 h to 62 h 

(Figure 3a). To assess the impact on T cells, we measured in vitro proliferation and found 

that free nanofactories (fastest cytokine release) elicited the highest expansion early (day 4), 

but heparin-lipid encapsulation of nanofactories (slowest cytokine release) resulted in the 

greatest sustained expansion (p < 0.005 compared to each other condition) (Figure 3b). To 

study the mechanism underlying enhanced proliferation, we found that enhanced viability 

(Figure 3c, Supplemental Figure 3), expression of Granzyme B (Figure 3d, Supplemental 

Figure 4), and IFN-γ secretion (Figure 3e, Supplemental Figure 5) correlated with enhanced 
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proliferation. Sustained release of synthetic IL-2 resulted in a potent effector pool but 

modest upregulation of CD25 and minimal downregulation of CD62L (Figure 3f, 

Supplemental Figure 6). In contrast, exposure to rapidly synthesized Super2 by free 

nanofactories promoted downregulation of CD62L and upregulation of CD25, consistent 

with prior reports13,14. Thus, sustained protein synthesis and exposure to Super2 generated a 

differentiation state of effector T cells with strong killing potential.

To test whether accentuation of T cell activation by our microfactories could also augment 

antigen-specific killing of cancer cells, we cultured naïve OT-I T cells with Super2 

microfactories for 3 days, then added fluorescently-labeled B16-ova melanoma cells as 

targets. T cells co-cultured with microfactories showed enhanced killing as compared to 

soluble IL-2 (Figure 3f,g, Supplemental Figure 7). Taken together, these results demonstrate 

that T-cell activation, proliferation, and killing were enhanced by Super2 synthesis from 

microfactories.

To test the impact of microfactories on T-cell function in vivo, we subcutaneously injected 

mice with B16-ova melanoma cells on both flanks (Figure 4a). After the tumors became 

palpable, Super2 microfactories were injected subcutaneously into the same regions as the 

tumors, and activated OT-I T cells were transferred intravenously. As a control, some mice 

received OT-I T-cells plus microfactories producing only GFP. As another control, some 

mice received no T cells and no microfactories but rather only saline injections (“PBS”). 

Even though both flanks received Super2 microfactories, we illuminated only one flank with 

UV light (“treated” side), the other side was covered from UV light (“untreated” side) as a 

control. As a control for the potential treatment effect that a short burst of UV could provide, 

as a control some mice with tumor and OT-I T cells received no microfactories and instead 

were treated with an identical exposure of UV light. As another control for the effect of 

IL-2, intratumoral injection of soluble IL-2 was given to some mice. The UV “treated” side 

showed virtually no growth of the tumor (Figure 4b,c, Supplemental Figure 8), whereas the 

unilluminated side (UV-“untreated”) showed substantial growth, comparable to mice that 

received OT-I T cells and local IL-2 (Figure 4b,c), comparable to the mice that received OT-I 

T cells and GFP microfactories, and comparable to the mice that received OT-I T cells and 

only local UV exposure (Supplemental Figure 8). Thus, Super2 microfactories dramatically 

enhanced local tumor clearance by the transferred antigen-specific T cells. Because the 

particles here were injected intratumorally, the UV “on switch” was not strictly necessary for 

treatment purposes, but allowed us here to make a legitimate comparison with the 

contralateral side of the mice, which received “full” microparticles but did not receive UV 

irradiation.

We then investigated the mechanism of the enhanced tumor clearance and found that 

illuminated (“treated”) Super2 microfactories elicited greater expansion of tumor-infiltrating 

cytotoxic T cells compared to the unilluminated side (“untreated”) or controls (Figure 4d), 

raising the ratio of cytotoxic effectors to helper T cells substantially (Figure 4e). There was 

also a disproportionate enrichment of antigen-specific OT-I T cells on the illuminated side 

(Figure 4f). We found that Super2 microfactories drove higher expression of cytotoxin 

granzyme B in T cells (Figure 4g; Supplemental Figure 9a). Exposure to Super2 also 

enhanced co-expression of CD44 with Granzyme B, especially among OT-I T cells 
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(Supplemental Figure 9b–c). Together, these results provide a mechanistic explanation for 

the enhanced clearance of tumors by illuminated Super2 microfactories. We examined the T-

cell exhaustion marker PD-1 on intratumoral T cells and found comparable levels across 

treatments, supporting the well-established notion that fast-growing tumors like B16 

melanoma do not rely on PD-1-based T cell exhaustion solely for immune evasion15–17 

(Supplemental Figure 9d–e).

Conclusions

Our approach embodies a technological foundation for on-demand production and release of 

therapeutic proteins at the site of immunological action to safely augment the immune 

response to solid tumors. Similar approaches have demonstrated luciferase production from 

nanoparticles3 and even anti-tumor enterotoxins18. Moving towards human translation with 

this approach would probably see abandonment of UV activation, especially if the particles 

are injected in the peri- or intra-tumoral area. This platform can also enable control over 

sequential production of multiple factors during the therapeutic course, which is not trivial 

with competitive technologies.

This platform affords the opportunity to synthesize specific factors in situ while employing 

controls on timing and spatial delivery that are difficult to achieve in traditional cancer 

therapies.
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Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Characterization of nanofactories in vitro.
a, Microfluidic system used to make monodisperse, synthesis-capable nanoliposomes. b, 

Dynamic light scattering (DLS) was used to analyze size of nanoliposomes fabricated by 

microfluidic flows or bulk synthesis. c, Polydispersity of microfluidically synthesized 

particles is much smaller (more uniform) than those synthesized by bulk process. d, 
Efficiency of encapsulation of DNA of different sizes as a function of nanoparticle diameter. 

e, Fluorescent images of IL2-GFP producing nanoliposomes at 30, 45, and 75 min after UV 

illumination. Scale bar: 5 μm. f, Kinetics of IL2-GFP expression inside nanoliposomes of 

different sizes after triggering of caged-ATP by UV. Mean +/− SD is shown, n=10.
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Figure 2. Characterization of microfactories.
a, Microfluidic generation of alginate-heparin microfactories encapsulating protein 

producing nanoliposomes (artificial cells). These microfactories were subsequently coated 

with lipid bilayers. b, Fluorescent image of GFP production in alginate-heparin 

microfactories 90 min after UV exposure. Lipid membrane around microfactories stained 

using DiD fluorescent lipophilic cationic indocarbocyanine dye. c, Kinetics of GFP 

expression inside alginate-heparin microfactories. Mean +/− SD is shown, n=10. d, 

Fluorescence of IL-2-GFP “tattoo” in UV-illuminated region, showing that IL-2 synthesis is 

local.
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Figure 3. In vitro activity of Nano- and micro-factores.
a, Release of Super2 from free nanoliposomes as compared to nanoparticles encapsulated 

within alginate microparticles that are further endowed with a lipid coat or heparin or both 

after UV triggering of production. b, Expansion of pre-activated primary mouse T cells 

cultured in the presence of the indicated synthesis platforms. n=3 independent replicates. 

Mean shown. c, T cell viability after co-culture with nanofactories or encapsulated 

nanofactories. d-e, Activation and differentiation markers on day 4 and 10 of co-culture 

including granzyme B (d), IFN-γ (e). f, Activation markers on day 10 of co-culture with T 

cells, data representative of 3 independent experiments. g, Chromium (51Cr) release assays 

shows antigen peptide-specific and cytotoxicity of TCR transgenic CD8+ T cells after 4 or 

10 days of co-culture with particles as listed. Cytotoxic activity was examined at different 

ratios of 100:1, 30:1, 15:1, 7:1, 3:1, 1.5:1, and 0.75:1 of treated T cells to tumor cells. The 

data are presented as Mean ± SD of 3 independent experiments.
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Figure 4. Cytokine microfactories eliminate tumors by enhancing T cell activation.
a, Experimental protocol. b, Tumor growth over time. c, Tumor mass at day 22, note 

separate vertical axes. On day 22 in tumor T cells: d, CD8 T cells; e, CD8-to-CD4 ratio; f, 
Preferential expansion of transferred, antigen-specific T cells; and g, Mean fluorescence 

intensity of granzyme B expression. Each dot is a mouse, box is permuted mean and 95% 

CI. All p-values have been adjusted for multiple comparisons.
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