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ABSTRACT 

 

Development of Immunomodulatory Scaffolds from Injectable Polymeric Nanowires 

 

by 

Colin Robert Zamecnik 

 

Injectable nanomaterials that interact with host tissue presents an attractive platform to 

actively engage resident cell populations. Nanomaterials that have a high aspect ratio, i.e. are 

asymmetric, allow a cell to generate a bending moment and interact with the nanostructure as a 

mechanical cue. We first demonstrate a facile fabrication strategy to generate high yield of these 

nanowires made from polycaprolactone with aspect ratios of up to 100 with simple benchtop 

equipment via a melt templating technique using anodized alumina as a mold material. When 

cultured with 3T3 fibroblasts in vitro, we observed no differences in proliferation and apoptosis of 

these cells compared to cells grown in the absence of these structures. We observed a marked 

decrease in expression levels of key fibroblast activation markers such as Collagen 1 and TGFβ as 

well as a phenotypic deviation from myofibroblast morphology. 

Given their compatibility in vitro, we explored whether these same systems could serve as 

an ideal platform to present long-term, spatially confined biological signaling to surrounding 

immune cells when used in vivo. When coupled with cytokine-binding antibodies, these nanowires 

assemble into porous matrices when injected into the subcutaneous space. These scaffolds then 

accumulate and sequester their target cytokine inside this nodule, and by judicious choice of 
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antibody binding site, can provide exquisite cellular specificity and activation by means of locally 

concentrating and potentiating these signaling proteins. 

Nanowires were found to be well tolerated in vivo and incite minimal macrophage mediated 

foreign body response. Nanowires conjugated with antibodies were designed to capture 

endogenous interleukin-2 (IL-2), an important leukocyte activating cytokine. As a proof of 

concept, we first explored how these nanowire-antibody conjugates could potentiate a specific 

subset of CD25- cells, and showed that not only were we able to see cellular specificity by means 

of which antibody is present, but also achieved tissue level specificity – i.e. limiting off target 

tissue effects that were seen when antibody was injected without being conjugated to the nanowire 

matrix. 

These self-assembling nanowire matrices show promise as scaffolds to present engineered, 

local receptor-ligand interactions for cytokine mediated disease. We demonstrated how an 

orthogonal antibody that activates CD25+ cells, primarily regulatory T cells, could rebalance the 

local immune compartment during an inflammatory disease event in a transgenic model of 

autoimmune disease in the skin. We observed decreased effector T cell activity and improved 

regulatory T cell function as well as tissue level improvements such as a significant decrease in 

plaque formation local to injection sites.  
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I. Introduction 

A. Limitations of Current Injectable Biomaterials 

Injectable three-dimensional biomaterials offer a promising platform for modulation of 

host cell populations.1–3 Much effort has been made in this area4,5, using materials ranging from 

methyl cellulose,6–8 polyethylene glycol,9 hyaluronic acid, chitosan,10,11 solubilized extracellular 

matrix6 and alginate12,13. These materials have been conjugated to various protein species14 or even 

encapsulating live cells to generate a node to modulate tissue function.15 

These materials have significant restrictions on either their form factor or material 

properties in order to be used in an injectable format. Generally, they are either made into large 

spherical particles that limit surface area, or are a shear thinning material that results in a loose 

network of a porous gel.16 In both cases, the end goal is to deliver a therapeutic through a large 

bore needle where it can interact with the host cellular microenvironment via either 

mechanotransducive signaling (i.e. by their stiffness or nanotopography) or through biological 

cues that are conjugated to the surface of the material.  

Injectable, self-organizing matrices of asymmetric structures that assemble into a porous 

network upon administration are an attractive alternative to shear thinning or particle-based 

material suspensions. Ideally, these structures can form long lasting focal points for an engineered 

interface with host tissue by increasing cell infiltration through the large interparticle pores that 

form between these structures.17 Protein conjugated nanowires represent a straightforward strategy 

to generate a self-organizing matrix. They present a form factor that retains the high surface area 

to volume ratio of a nanoparticle but also confer resistance to phagocytic clearance given their 

large longitudinal size relative to macrophages. 
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Our vision is to generate a material fabrication strategy to generate asymmetric structures 

that naturally assemble into a porous matrix in vivo after injection. This will decouple many of the 

material properties from the form factor in which it is presented. In this work, we seek a 

generalizable fabrication method for generating non-spherical, high aspect-ratio structures from 

any crosslinkable or thermoplastic material.  

Photolithographic techniques are one way to pattern high aspect-ratio structures, using 

wafer scale techniques borrowed from the semiconductor industry.18,19 However, these are often 

costly and require expensive equipment to fabricate.20 Instead, we turned to a straightforward, 

three-step templating technique that utilizes a commercially available inorganic template to 

generate asymmetric structures in large quantities with only a hotplate for equipment.21  

We then set out to test how a particular set of these polymeric nanowires of this technique 

used to pattern nanowires from polycaprolactone (PCL) interacted with fibroblasts in vitro. In 

particular we wish to investigate how these nanostructures themselves might interact with a 

mechanosensitive cell line that would perceive a structure with a longer bending axis as ‘soft’ as 

a potential injectable mechanotransducive cue.  

B. Cytokine Capture and Immune Cell Modulation 

Recent advances in receptor ligand engineering for cytokine and cellular therapy to treat 

immune disorders have necessitated the fabrication of versatile matrices for targeted presentation 

of proteins and other signaling cues. Cytokine therapy, both as standalone22,23 and in combination 

with adoptively transferred immune cells24–26 has been of great interest in clinical immunology to 

treat conditions ranging from cancer to an expanding range of autoimmune disorders including 

psoriasis, lupus, and rheumatoid arthritis.27 However, systemic delivery of cytokines such as IL-

222 and IL-1228 has remained a challenge, mainly due to short half-lives, off-target effects on other 
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tissues, and increased risk of cytokine release syndrome, hypotension, and life threatening 

tachycardia.22,23  

IL-2 is particularly interesting as it has pleiotropic effects on immune cell homeostasis.29 

It promotes activation of both stimulatory effector cells and suppressive T regulatory cells (Tregs). 

Its critical role in immune regulation makes it a valuable therapeutic target both in cancer where 

heightened cytotoxic immune responses from effector cells are desired, as well as in autoimmune 

disorders where Treg-mediated inflammatory suppression is beneficial. 30–32 

IL-2 most efficiently signals via a noncovalently linked trimeric receptor complex 

composed of the IL2Rα chain (CD25), the IL2Rβ chain (CD122), and the common gamma chain, 

IL-2Rγ (CD132). Activated effector cells and Tregs express the full receptor complex, which binds 

IL2 with high affinity, while resting memory T cells and natural killer (NK) cells express only the 

β and γ chains, which retain signaling capacity but only bind IL-2 with intermediate affinity. 

Several strategies have been employed to promote selectivity towards a particular receptor 

complex and thus cell type of interest, such as mutating the cytokine itself to produce so-called 

‘superkines’.31–34 An alternative strategy has been to use antibodies which selectively sequester 

the ligand binding region of IL-2 similarly to influence receptor avidity.35–37 These have been 

widely characterized38,39 and have garnered recent clinical interest with the development of 

humanized equivalents.40 

A typical drug delivery strategy to address cytokine delivery challenges would be to 

encapsulate exogenous material into a nanoparticle or drug that would slowly release it into the 

tissue of interest. Instead, we attempt to trap and concentrate the cytokine that is already present 

in the tissue itself by conjugating a partially neutralizing anti-cytokine antibody to the injectable 

nanowire matrix platform we had developed earlier. This allows us to choose the target immune 
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cell by changing which ligand binding site of IL-2 is exposed to the surrounding microenvironment 

once sequestered by the scaffold. We hypothesize that while it will take longer to accumulate the 

necessary cytokine into the matrix – particularly in a homeostatic setting, where baseline cytokine 

expression is low – this strategy will localize the immunomodulation to the tissue in which the 

scaffold is present by way of concentrating and confining the endogenous cytokine that naturally 

flows through it.  
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II. Fabrication of Polymeric Nanowires for use as Discrete 

Topographical Cues in Fibrosis 

A. Abstract 

Mechanical and topographical cues are important mechanisms that regulate fibrotic 

phenotype in both diseased and healthy tissue. In vitro, the field has been explored in depth, where 

varying nanotopography has been shown to regulate the phenotype of several mechanosensitive 

cells including fibroblasts. However, fabrication of a discrete structure with high aspect ratio that 

could be applied in an injectable format would address many clinical challenges, particularly in 

deep tissue. First, we discuss these fabrication challenges and demonstrate a wafer scale templating 

technique to generate high aspect ratio nanowires from polycaprolactone (PCL). We show that 

when cultured with 3T3 fibroblasts, these structures do not elicit apoptosis or inhibit proliferation 

when compared with the same material in nanoparticle form. We also observed that when cultured 

with nanowires, fibroblasts exhibited a reduced myofibroblast phenotype and expressed lower 

levels of TGFβ and Collagen 1 in a dose dependent manner. 

B. Introduction 

Topographical cues are a nonbiological and highly local mechanism of regulating cellular 

function and response.1–3 In tissue, cells encounter and respond to a variety of mechanical 

properties of their environment, including compliance or stiffness, radius of curvature as well as 

micro and nanoscale texture.4 Rarely does a cell encounter a smooth environment in vivo¸ where 

the shape and size of ECM components can have drastic effects on cellular differentiation; varying 

stiffness alone is sufficient to drive stem cell differentiation down distinct pathways.5,6 

Extracellular physical cues are critical in the maintenance of cellular function in a homeostatic 
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setting as well as dynamic cellular phenotype during non-equilibrium conditions, such as 

inflammation and wound healing. As a result, precise control over these cues that cells experience 

is one means to manipulate their behavior and can lead to cellular and even tissue level influence 

over outcomes.7  

Fibrosis is a particularly interesting case study in this context, in that it is influenced greatly 

by the physical characteristics of the tissue environment in which disease is presented. Fibrosis, 

etiologically, generally follows either a local trauma or chronic inflammatory event which depends 

on the tissue in which it takes place. For example, in pulmonary fibrosis, exposure to 

environmental toxins such as smoke or particulate can cause denudation of the pulmonary 

epithelium in the alveoli.8–10 In some cases where continued exposure or some hereditary 

predisposition prevents resolution via re-epithelialization of this layer, a chronic inflammatory 

condition occurs where the now unprotected underlying tissue is exposed to the outside 

environment. This then releases both soluble signals that leads to a cascade of cellular infiltrate as 

well as a positive feedback loop of mechanical cues that communicate to fibroblasts to produce 

significant scar tissue in the lung parenchyma. This impedes both sufficient airflow into the lung 

on the tissue level as well as surrounding pulmonary epithelial function on the cellular level, 

leading to eventual lung failure.11   

Fibrosis can occur after a traumatic, acute event as well. For example, in the case of a 

cardiac infarct, typically a portion of the left ventricle is cut off from blood supply due to an 

upstream blood clot. The resulting hypoxia kills a significant portion of the cardiomyocytes in that 

region, which leads to local tissue necrosis and tissue softening. Cardiac-resident fibroblasts then 

invade this space and rapidly produce scar tissue to mechanically stabilize the now weakened 

ventricular wall.  However, over time, the ejection fraction of the post-infarcted heart is reduced 
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is followed by eventual thinning of the ventricular wall which impairs heart functionality.12–14 

Interrupting this hyperproliferation of fibroblasts, preventing an overcorrection of ECM 

production as well as providing an environment for both cardiomyocyte and vascular regeneration 

are areas of continued tissue engineering research in this area.15–17  

On a cellular level, fibrosis occurs when tissue resident fibroblasts respond to a change in 

the mechanical properties of the surrounding extracellular matrix. They become more contractile 

by activation of myosin light chain kinase (MLCK) and Rho-associated kinase (ROCK) 

cytoskeletal contractility pathways.18 These fibroblasts are then able to liberate TGFβ, which is 

contained in a unique integrin-binding protein envelope buried with in the ECM of the surrounding 

tissue.19 Many studies have shown the binding of TGFβ and increased contractility of these cells 

initiates a feedback loop that results in differentiation of fibroblasts into a highly active 

myofibroblast phenotype, which is more proliferative than their dormant counterparts.20 These 

activated myofibroblasts predominantly exhibit increased expression of alpha-smooth muscle 

actin (αSMA), increased production of collagen 1 and 4, upregulate the receptor for TGFβ, 

adhesive integrins such as α8β1, and take on a dendritic morphology.21 

Extensive effort in both the Desai lab and elsewhere have been made to understand how 

mechanical properties of microstructured and nanostructured cues can influence behavior of 

fibroblasts in vitro as well as tissue fibrosis in vivo.22,23 Fibroblasts grown on isotropic microposts 

exhibit decreased contractility compared to cells grown on flat substrates.24 Cells grown in contact 

with microstructured features with stiffnesses similar to that of native, healthy ECM have shown 

reduced myofibroblast phenotype, proliferation and collagen secretion.7,25 

In another study, Allen et al patterned high aspect ratio fibers into the surface of 

polypropylene films in varying lengths.26 Cells grown on these films then exhibited a fiber-length 
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dependent phenotype – longer fibers generally induced cells that were less contractile and 

proliferative than those grown on short fibers or flat films. In vivo, when implanted in a 

subcutaneous surgical pocket, they observed a significant decrease in collagen 1 deposition on 

sides of films that contained the higher aspect ratio microtopography. This result demonstrated 

that while the bulk properties of the material do not change, its apparent stiffness can be modulated 

based on the aspect ratio of features that interact with the surrounding cells. In engineering terms, 

this can be understood in the context of a fixed or one-sided clamped beam bending model, where 

the apparent strain with a given stress is given by the equation: 

 

𝛿 =
𝐹𝐿

3𝐸𝐼
 

 

Where δ is deflection of the beam, L is the length, E is the elastic modulus, F is force and 

I is beam thickness. This shows the apparent stiffness at the end of the beam is proportional to the 

third power of length – indicating a great deal of control over the range of mechanical properties 

that mechanosensitive cells such as fibroblasts perceive, with the right form factor, can be achieved 

by simply changing the aspect ratio of the structure in question.  

This has significant implications for scar tissue formation around chronically implanted, 

larger scale drug delivery devices such as insulin pumps, pacemakers, and birth control implants. 

However, while there has been a great deal of compelling results showing the capability to 

manipulate cellular behavior, there remains a fundamental clinical barrier if topography is to be 

used therapeutically. This is particularly true for deep tissues in the body that are not as easily 

accessible to a film. In order to gain widespread utility in the clinic, topography would ideally have 
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a form factor that clinicians are familiar with using on inaccessible tissues – i.e. an injectable or 

inhalable fluid in which the topographical cue is dispersed.  

However, in the context of fibrosis, it remains to be seen if these ‘discrete’ structures, when 

injected or exposed to the relevant tissue or cells, might retain their anti-fibrotic activity as those 

same structures do when attached to a film. 

C. Fabrication of PCL Nanowires 

We first explored how to reliably manufacture discrete, unattached polymeric nanowires 

that could be fabricated in scalable, high throughput fashion. Unfortunately, fabrication of high 

aspect ratio structures that are made of polymeric materials is very difficult without the 

exploitation of exotic chemical properties which are unlikely to be biocompatible.27,28 Most 

solution based fabrication methods are variations of emulsions and nanoprecipitation, which gives 

round, symmetric particles because this is the geometric configuration in which surface energy is 

minimized. To make polymeric particles that aren’t spherical, solution based syntheses are not 

suitable – especially for the aspect ratios of five or higher that appear to be required for sufficient 

fibroblast phenotypic changes.25,26 

To generate these nanostructures, we adapted a wafer scale nanotemplating technique using 

anodized alumina as a mold material (Fig. II-1a).29,30 Anodized alumina is a commercially 

available template material which has anisotropic pores that run orthogonal to the surface, are 

tunable in size, and are impervious to organic solvents but easily dissolved in base or acid.31 These 

have been used in the past for templating nanowires onto various polymeric features on a planar 

substrate.32,33  

A film of polymer is first spun cast onto a clean substrate and subsequently brought above 

the melting temperature of the polymer while in contact with the inorganic porous membrane. 
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Nanowire formation is rapid as capillary force is very strong with small pores.33,34 We allowed the 

templating to ‘complete’ such that when finished, the inorganic alumina membrane is in contact 

with the underlying substrate with no remaining underlying polymer layer. The membrane can 

then be physically detached from the surface and selectively etched via sodium hydroxide. Once 

released, the nanowires are then sonicated gently to aid in dispersion, filtered and purified for 

biological use. 

Nanowire length can be tuned by changing the thickness of the polymer film that is 

templated, with lengths ranging from as short as 6 ± 2.1μm and as long as 18 ± 4.3μm (Fig. II-1b, 

c). Wires were approximately 200nm across, the same diameter as the pores in the mold.  We 

observed no degradation of PCL nanowires over the course of several months in the form of 

aggregation. Over the course of several days the nanowires would settle and form a loose floc due 

to gravity which is easily resuspended by gentle shaking. 

Bio-compatibility, lack of toxicity and capacity for degradation are important features of 

any long-residing biomaterial. While this fabrication platform is capable of creating nanowires 

from any thermoplastic polymer, polycaprolactone (PCL) was chosen because it is an FDA 

approved biomaterial for use in skin sutures35 and has demonstrated relatively little 

immunogenicity and local inflammation when used in larger implants such as drug delivery 

devices.36,37 This is in contrast to polypropylene38, commonly used in  abdominal meshes, and even 

other polyesters such as polylactide-co-glycolide (PLGA)39,40 which have demonstrated a 

significant nonspecific inflammatory response in certain  tissues upon degradation. 
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Figure II-1. Nanowire fabrication process (a) Nanowires are templated in anodized 
alumina mold with 200nm pore size. Once templating is complete the molds are etched to 
expose nanowires, which are then purified and conjugated to IL-2 binding antibody. Bottom: 
scanning electron micrographs of (b) long (18 ± 4.3μm) and (c) short (6 ± 2.1μm) nanowires, 
demonstrating tunability of this fabrication scheme. Dotted lines surround typical nanowire 
size. Scale bars 10 μm. 

 

D. NIH 3T3 Fibroblast Culture with PCL Nanomaterials 

We first wanted to establish culture protocols for polymeric nanowires along with 

fibroblasts in simple 2D cell culture conditions. 3T3 cells, which are an immortalized murine 

fibroblast cell line, were used in these studies. We first fabricated nanowires according to the 

above-mentioned protocol, washed several times in distilled water and then resuspended in sterile 

PBS. Wires were then resuspended at two concentrations, a ‘low’ concentration of approximately 

105 wires/mL and a ‘high’ concentration of 106 wires/mL. Wires were made at a much higher 

concentration and diluted into the same sterile medium used for 3T3 culture. While nanowires 
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were stable and did not experience irreversible aggregation in storage, we observed that the fetal 

bovine serum supplemented in the cell culture medium helped maintain their dispersion in 

extended cell culture.  

3T3 cells were first plated overnight and allowed to adhere to cell culture surface such as 

a 24 well plate. Nanowires were then added to the cell culture medium in concentrated form to the 

final concentrations detailed above and left for 1 day in culture together.  

While polycaprolactone is a generally biocompatible material, nanomaterials themselves 

can often cause cells to undergo apoptosis or necrosis by intracellular accumulation, which 

interferes with cellular functionality. We wanted to assess whether this was true of PCL nanowires 

as compared to their spherical counterparts, which were fabricated using a nanoprecipitation 

technique and similarly plated with fibroblasts in a molar equivalent fashion. In a TUNEL assay, 

we did not see an increase in apoptosis rate at 48h after addition of the nanowires at either 

concentration – in fact, we observed a slight decrease in these groups compared to a cell only 

control. However, as expected, we saw an increase in apoptosis in the group exposed to higher 

concentration of spherical nanoparticles (Fig. II-2a).  

In a subsequent experiment, nanowires and nanoparticles were similarly cultured with 3T3 

cells and their proliferation was assessed using a CYQUANT assay after 48h, which simply 

records the amount of DNA at a point in time in a plate or well after lysing the associated cellular 

content (Fig. II-2b). Again, we observed that the proliferation of 3T3 fibroblasts was not 

significantly affected by the presence of the nanowires at either concentration, yet the spherical 

nanoparticles at high concentration performed significantly worse.  
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Figure II-2. Nanomaterials cultured with 3T3 fibroblasts and their effects on (a) 
apoptosis and (b) proliferation at 48h. One-way ANOVA. 

 

We attribute these differences to uptake of nanoparticles by fibroblasts into the intracellular 

space, which occurs by even non-professional phagocytes by various mechanisms such as macro 

pinocytosis or phagocytosis and, if unable to be broken down by the lysosome, can inhibit cell 

function. Nanowires, however, are too large in their longitudinal dimension to be uptaken and as 

long as there is sufficient cell culture plate surface that is accessible by the cell, does not seem to 

have a deleterious effect on them in 2D culture.  

Next, we wished to evaluate the fibrotic response of 3T3 fibroblasts in culture with 

nanowires and how this compared to cells cultured on their own. We first incorporated Nile Red 

dye at approximately 0.5% (w/w) of PCL. Nile red is an inexpensive, hydrophobic dye that 

incorporates well with PCL, is relatively photostable, and does not leach out into aqueous solution 

as it has insignificant solubility in water.  
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Given the fibroblast phenotype can be evaluated based on their shape and degree of 

attachment points, we wanted to assess the cell morphology after culture with the nanowires at 

both low and high concentrations as described previously. After 48h, we observed interesting 

qualitative changes to cellular morphology when cultured with the nanowires. Cells appear to be 

more rounded in shape and lose their dendritic morphology in a dose dependent fashion with 

nanowire exposure (Fig. II-3). We also observed a decrease in distinct actin stress fiber staining, 

instead becoming more diffuse and isotropic across the cell. Greater circularity and less attachment 

points are indicative of the quiescent phenotype, whereas ‘spindly’ and spread out cells with 

stressed actin cytoskeletons are indicative of the active myofibroblast phenotype.41,42  

 

Figure II-3. 3T3 Fibroblasts cultured with low (1million/mL) and high (10million/mL) 
nanowire concentrations in media. 



19 

In order to obtain an additional quantitative assessment of their activity, reverse 

transcription-quantitative polymerase chain reaction (RT-qPCR) was used to measure the 

expression of key phenotypic markers for these cells, such as TGFβ, TGFβ receptor and collagen 

1, the primary component of mature scar tissue which is predominantly generated by fibroblasts. 

We saw a significant decrease in fold expression of TGFβ and collagen 1 in a dose dependent 

fashion (Fig. II-4). Interestingly, we saw an increase in TGFβ receptor expression, which is a 

possible feedback or compensatory mechanism for cells that are otherwise showing less activation.  

Taking these morphological and expression level differences together, we see a general 

decrease in myofibroblast phenotype in 3T3 fibroblasts cultured with nanowires and this appears 

to be a dose dependent response. Given how the nanowires appear to be concentrated underneath 

the cells, it is possible that the fibroblasts are binding the nanowires at more than one location, and 

interpreting their relative bending as structural feedback, similarly to 3D structures attached to a 

film (allen et al). Future studies to help elucidate this mechanism would include more rigorous 

focal adhesion tracking in real time to observe colocalization of focal adhesion components such 

as paxillin with the nanowires, traction force microscopy, as well as contractility inhibition via 

ROCK or MLCK inhibitors.  



20 

 

 

Figure II-4. RTqPCR data of nanowires cultured with 3T3 Fibroblasts. One-way 
ANOVA compared to control (no nanowires). 
 

E. Summary 

We demonstrated a facile fabrication method for high throughput melt templating of 

discrete polymeric nanowires. This method could in theory be generalized for any thermoplastic 

polymer that is sufficiently stable in strong base. We were able to tune the length of these wires 

up to an aspect ratio of 100 based on the thickness of the underlying polymer film. 3T3 fibroblasts 

demonstrated a decreased myofibroblast phenotype when cultured with these structures, and in 

addition showed decreased TGFβ and Collagen 1 expression. 
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F. Materials and methods 

1. Nanowire Fabrication 

First, preparation of substrate was imperative to a reliable manufacturing process. Large 

Fisher microscope slides (75mm x 50mm x 1mm) were used as substrates as they are inexpensive 

and very nearly as flat as CMP silicon. Clear substrates also allow for simpler visual identification 

of templating and film thickness. Wafers were washed in clean room on wet bench with a lint free 

wipe and 2% w/v micro-90 surfactant in dust free distilled water. They are then rinsed copiously 

in more distilled water then followed by an isopropanol rinse to remove any surfactant, blown dry 

with a nitrogen gun and baked at 200°C for at least 5 minutes. Organic washes are not required 

and oxidative cleaning such as RCA or piranha are not advised as these greatly increase the 

hydrophilicity of the substrate surface.  

For long nanowires: a 125 mg/mL solution of pure 45kDa PCL in trifluoroethanol is 

dissolved in a 50mL tube at 37C for at least 2h. 0.75-1mL of polymer solution is required for spin 

casting on a single wafer. After dispensing polymer solution onto clean wafer on chuck, wafers 

were spun at 200RPM for 5s and then ramped immediately to 1000RPM for 30s, this results in an 

approximately 10-12um film. Films were then baked for 5 minutes at 120°C to remove any residual 

solvent and left to cool. For short nanowires, the same spin speed but a 25mg/mL solution of 

80kDa PCL was used.  

Anodized alumina membranes (Whatman, 37mm diameter) were applied to the polymer 

films and then heated to 120°C, applying sparing pressure to the membranes to initiate wicking 

into the pores. They were then rolled with a glass tube to facilitate even adhesion to the underlying 

polymer film layer. Once the entire film had been taken up into the membrane, which takes 
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approximately 3h for a 10μm thick film, they were subsequently cooled and allowed to anneal 

overnight.  

The wire-containing anodized alumina membranes were then removed from the wafer 

substrate and etched in room temperature 5M NaOH for 15 minutes in 50mL conical tubes. They 

were then sonicated thoroughly for 10 minutes in a bath sonicator on ice to help disperse the wires 

and then washed via centrifugation in distilled water. Ice is imperative as nanowires can easily 

heat above PCL’s relatively low melting temperature (~55-60°C) under sonication and aggregate. 

Nanowires were then immediately filtered through a 0.2μm polyethersulfone cell culture filter and 

washed with at least 10x volume of ice-cold deionized water, 5x of d-PBS and further 5x deionized 

water to remove any remaining NaOH or solubilized aluminum. Nanowires were then adhered to 

filtration membrane. Suction was removed and approximately 20mL of ~2% polyvinyl alcohol 

(PVA) was added to the top of the filter and then wires were sprayed or agitated off with more 

distilled water with the aid of a squeeze bottle or similar. Nanowires were further purified by 

passing the solution through a 38μm mesh and subsequent washing with distilled water to remove 

PVA. Wires were then concentrated and stored in sterile D-PBS in the dark at 4°C until use.  

2. SEM Imaging 

SEM images were taken on a Carl Zeiss Ultra 55 FE-SEM at 5kV using a secondary 

electron detector. Nanowire size was determined by measuring 120 sample wires from optical 

images. All image analysis was performed in ImageJ and images taken with Nikon 6D 

epifluorescence microscope.  
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3. Cell Culture 

Cells were cultured in 10% FBS, 1x penicillin-streptomycin and DMEM media and seeded 

from the same parent flask and at approximately 10% confluency. Cells were cultured without 

TGFβ with the exception of the RTqPCR experiments, where they were cultured in the above 

medium + 5ng/mL of TGFβ overnight to activate the cells before addition of the nanowires.  

4. RTqPCR and Cell Assays 

RTqPCR and primer selection was similar to Allen et al.26 RNA was isolated using RNeasy 

column purification (Qiagen). The concentration and purity of RNA was determined using a 

Nanodrop ND-1000 Spectrophotometer (Thermo Scientific). Approximately 1 mg of RNA was 

converted to cDNA in a reverse transcription reaction using the iScript cDNA Synthesis Kit (Bio-

Rad). Quantitative polymerase chain reaction (PCR) analysis of each sample was performed in a 

ViiA 7 Real-Time PCR System (Life Technologies). Forward and reverse intron-spanning primers 

and Fast SYBR Green Master Mix (Life Technologies) were used to amplify each cDNA of 

interest. Each sample was run in duplicate and all results were normalized to the housekeeping 

gene GAPDH. Fold changes in gene expression were calculated using the delta-delta Ct method. 

Figures show the mean and standard deviation for a minimum of three biological replicates. For 

statistical analysis, average expression and standard error of the mean were calculated for each 

condition across all biological replicates, each of which is an average of three technical replicates. 

ANOVA analysis followed by Student–Newman–Keuls test was used to evaluate statistical 

significance. 

For CYQUANT Cell Proliferation Assay, cells were cultured for 48 h after being seeded 

in a 96 well plate at 10,000 cells per well and processed according to manufacturer’s instructions 

(Invitrogen #C7026) after being frozen in lysis buffer at -80°C overnight. TUNEL assay was 
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performed similarly with 10,000 cells per well and cultured with various nanomaterials conditions 

as previously indicated for 48h, and stained with commercial TUNEL kit (Thermo Fisher 

#C10245) and counted manually after imaging in a 10x objective on a 6D Nikon epifluorescence 

microscope for proportion of cells containing TUNEL stain. 
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III. Antibody Conjugated Nanowires as Local Immunomodulators 

Adapted with permission from Zamecnik, C. R., Lowe, M. M., Patterson, D. M., Rosenblum, M. 
D. & Desai, T. A. Injectable Polymeric Cytokine-Binding Nanowires Are Effective Tissue-
Specific Immunomodulators. ACS Nano 11, 11433–11440 (2017). Copyright (2017) American 
Chemical Society. 
 

A. Abstract 

Injectable nanomaterials that interact with the host immune system without surgical 

intervention present spatially anchored complements to cell transplantation and could offer 

improved pharmacokinetics compared to systemic cytokine therapy. In this chapter we 

demonstrate fabrication of high aspect ratio polycaprolactone nanowires coupled with cytokine-

binding antibodies that assemble into porous matrices when injected into the subcutaneous space. 

These structures are fabricated using a nanotemplating technique that allows for tunability of 

particle dimensions, and utilize a straightforward maleimide conjugation chemistry to allow site-

specific coupling to proteins. Nanowires are well tolerated in vivo and incite minimal inflammatory 

infiltrate. Nanowires conjugated with antibodies were designed to capture and potentiate 

endogenous interleukin-2 (IL-2), an important leukocyte activating cytokine. Together these 

nanowire-antibody matrices were capable of localizing endogenous IL-2 in the skin and activated 

targeted specific Natural Killer and T cell subsets, demonstrating both tissue- and cell- specific 

immune activation. These self-assembling nanowire matrices show promise as scaffolds to present 

engineered, local receptor-ligand interactions for cytokine mediated disease. 

 

B. Introduction 

Currently, local half-lives for antibody therapeutics dosed subcutaneously are on the order 

of a few hours,1 which makes them unsuitable for sustained local presentation of a preferred 
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cytokine. Antibody-cytokine presentation could be potentiated and off-target effects minimized by 

localizing to the tissue of interest. We hypothesized that immobilizing an anti-IL-2 antibody on an 

injectable substrate with sufficiently high surface area, even without the use of exogenous 

cytokine, could result in a potent tissue specific immunomodulatory platform (Fig. III-1) by 

passive accumulation of endogenous IL-2 passing through the matrix.  

 

 

 

 

We utilized the same PCL nanowires as described in Chapter 1 as a scaffold to present the 

relevant biology to the surrounding microenvironment. We also developed a broadly applicable, 

inexpensive conjugation chemistry to attach the desired antibody or other sequestering species of 

interest and demonstrated the utility of the platform in a murine in vivo subcutaneous 

administration model. Together these nanowire-antibody matrices were capable of localizing 

Figure III-1. (a) Nanowires are injected subcutaneously and form a nodule, which forms a loose 
matrix as saline leaves the injection site (b). (c) Endogenous cytokine of interest in subcutaneous 
tissue is captured by the functionalized nanowire matrix, and cytokine is presented to relevant 
immune microenvironment. (d) Specific cell subpopulations (CD25- CD122+) cells are activated 
while CD25+ cells remain unaffected. 
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endogenous IL-2 in the skin and selectively stimulating NK cells as well as CD8+ CD122+ T cell 

subsets, demonstrating both tissue- and cell- specific immune activation in healthy wild type mice. 

 

C. Conjugation to Antibody Species 

In order to facilitate conjugation to an antibody or other protein with the nanowires, we 

synthesized a maleimide functionalized PCL derivative to incorporate into the polymeric 

nanowires during casting. Maleimide groups are desirable because they are stable at relatively high 

temperatures and readily undergo Michael addition with thiol groups over a broad pH range.2 Since 

PCL does not have accessible groups to functionalize, our strategy was to couple a very short chain 

PCL diol (2kDa) to a maleimide via a phenyl isocyanate linker, resulting in a short PCL chain 

containing a maleimide group at each end via a stable carbamate bond (Fig. III-2a).3,4 MALDI-

MS results show a clear +428g/mol mass shift from the parent compounds’ molecular weight 

distribution, which corresponds to the installed conjugation handle. H1 NMR show complete 

coupling with no urea or other by-products, and no remaining PCL diol parent compound (Fig. III-

2b, c).  
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Figure III-2. (a) General synthetic scheme to generate MP-PCL. (b) Relevant NMR 
spectrum demonstrating complete coupling via isocyanate linkage to PCL molecule 
indicated by peak shift of aryl protons. (c) MALDI mass spectrometry of PCL diol parent 
compared to MP-PCL product, where product appears at +428 g/mol with no unmodified 
PCL detected. 

 

The resulting product, herein referred to as MP-PCL, was blended with the larger 45kDa 

PCL when cast into a film and resultant nanowires. Functionalizing these short chains allows for 

large numbers of maleimide groups per nanowire without the need to modify the polymer 

backbone, as well as faster predicted clearance of the nanowires in vivo as a result of the lower net 

molecular weight of the blend.5 

The MP-PCL nanowires were characterized first on their ability to be surface 

functionalized with Alexa488-conjugated fluorescent IgG after reduction. When allowed to react 
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with antibodies selectively reduced at the hinge region, we saw that the nanowires were highly 

fluorescent compared to an unreduced control (Fig. III-3a-d), which demonstrates site specific 

conjugation to the IgG.  

 

 

We then conjugated an IL-2 sequestering antibody, S4B6-1, in the same fashion to evaluate 

whether the nanowires would interfere with its antigen binding capacity. In a capture assay where 

nanowires were conjugated to S4B6-1 anti-IL-2, washed and subsequently challenged with 500 

pg/mL of IL-2, the sequestration curve follows a hyperbolic isotherm consistent with specific 

binding (Fig. III-3e).6 Given physiological concentrations of IL-2 in the skin range from 1-

10pg/mg of tissue,7 this demonstrates these doses of wires have capacity to bind orders of 

magnitude more cutaneous cytokine than is present in homeostatic conditions. The hinge region-

specific reduction used in this protocol ensures that while the antibody is fixed on the underlying 

nanowire, the Fab binding portions of the antibody are both covalently bound and oriented such 

that presentation to surrounding infiltrating cells remains intact.  

Figure III-3. (a) MP-PCL nanowires conjugated to A488-IgG with selective reduction, (b) Same 
nanowires reacted without reduction of IgG species. (c) Schematic of conjugated nanowire. (d) 
Fluorescence intensity of FITC-IgG conjugated nanowires vs an unreduced antibody and nanowire 
only control, n=3. (e) Binding assay of 500pg/mL of IL-2 to S4B6-1 anti-IL-2 conjugated nanowires 
at various concentrations, n=6 for each dilution. Scale bar 20 μm. 
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D. Nanowires as an Injectable Matrix 

Given that high aspect ratio nanostructured matrices allow for a higher degree of cell 

infiltrate due to greater pore size,8 and predicted increased residence time due to their respective 

size relative to professional phagocytes,9–11 the ‘long’ wire formulation from Fig. II-1b was chosen 

for all in vivo studies.  

In order to evaluate in vivo tolerability and inflammatory capacity of these structures, bare, 

unmodified PCL nanowires were injected subcutaneously into dorsal skin of B/6 mice with carrier 

saline. As expected, the saline rapidly drained from the injection site and the nanowires self-

assembled into a stable nodule (Fig. III-4d). When the skin was harvested and digested for flow 

cytometry at day 5, we saw no significant myeloid infiltrate when compared to a saline-only sham 

control (Fig. III-4a). Nodules were also retrieved, individually sectioned and stained by IF for 

F4/80-positive macrophages at day 5 with similar results, i.e. no qualitative differences were 

observed when compared to sham injection site (Fig. III-4b, c). 
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Mice remained healthy and nanowires appeared to be well tolerated. In a subsequent 

longitudinal study, ten nanowire injection sites were made per mouse and monitored for six weeks. 

We found on average five of ten nodules per mouse were resorbed by week six, and no significant 

dermatitis or inflammation was observed at those sites (Fig. III-4d, e). Some groups have suggested 

that the porosity of biomaterial is a key parameter in shifting the macrophage response to a more 

Figure III-4. (a) Flow cytometry analysis of myeloid cells in dorsal skin of C57BL/6 mice 
injected with PCL nanowires, (n=4 mice per group, 10 injections per mouse). (b) Nile Red 
stained nanowires and (c) saline injected and stained for macrophage infiltrate with anti-
F4/80. Dotted line indicates nanowire nodule location. Both analyses done at 5 days post 
injection. Scale bars 100μm. (d) Representative image of nanowire nodules in mouse dorsal 
skin at 14 days from injection, arrow indicates a single nodule, scale bar 1cm. (e) Number of 
wire nodules remaining in each mouse at respective time point, one-way ANOVA, n=4. (f) 
A488-IgG nanowire in dorsal skin at 3 and (g) 9 days post injection, compared to equivalent 
antibody alone (h) 3 days post injection, scale bars 100μm. (i) Quantification of fluorescence 
at injection sites at days 3 and 9 as well as day 3 antibody only control, average of n=4 
sections for each group. 
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anti-inflammatory phenotype.12,13 These nanowire nodules have large inter-nanowire pores which 

allow cells to penetrate into the resulting matrix,8 which may contribute to the lack of inflammatory 

response seen with this nanomaterial when injected into the skin.  

Next, we wanted to explore the residence time of a conjugated antibody on the PCL 

nanowires matrix in vivo. Nanowires fabricated with the MP-PCL were conjugated to the same 

A488 IgG antibody as described above and injected subcutaneously. Mice were sacrificed at days 

3 and 9, and we found significant antibody present in the nodule as indicated by A488 staining 

compared to antibody only control (Fig. III-4f-i), demonstrating that the nanowires are capable of 

retaining a biological species in vivo in its respective tissue for an extended period of time, whereas 

drainage half-lives for comparable molecules injected subcutaneously is approximately 3-6 h.1  

 

E. Nanowires as an Immunomodulatory Platform 

Next, the capability of these PCL nanowires to act as an injectable immunomodulatory 

platform was examined. We decided to investigate nanowires conjugated with antibodies that bind 

IL-2 since these antibodies have previously been shown to present different ligand binding regions 

of bound IL-2 to the surrounding immune environment, and thus are able to target different 

immune subsets based on the respective receptor expression.14–16 For this study we chose the 

S4B6-1 clone of anti-IL-2, which selectively targets cells expressing the dimeric IL-2 receptor 

complex and should therefore preferentially activate resting effector cells and NK cells over other 

cell subsets, such as Tregs that express the trimeric complex.17 

 We set out to determine whether attaching an antibody to the nanowires could enhance its 

effect in vivo in a target tissue compared to its soluble, non-conjugated counterpart. First, S4B6-1 

was conjugated to nanowires containing MP-PCL and washed thoroughly to remove free antibody. 
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Nanowires were then suspended in sterile saline and injected into the subcutaneous space of B/6 

mouse dorsal skin at multiple sites. At 72h post-injection, we observed a marked increase in 

frequencies of CD8 T cells expressing the dimeric IL-2 receptor (i.e., CD3+CD8+CD122+ cells) in 

the skin compared to equivalent antibody-only and nanowire-only controls (Fig. III-5b). We also 

observed an increase in Ki67 expression, a proliferation marker, in NK cells (CD45+CD3-NK1.1+ 

cells) in skin. However, we saw no difference in NK cell presence in skin draining lymph nodes, 

and only marginal differences in CD8 T cell numbers (Fig. III-5c). Treg (CD45+ CD3+ CD4+ 

FOXP3+) and CD4 effector T cell (CD45+ CD3+ CD4+ FOXP3-) populations were unchanged in 

both skin draining lymph nodes and dorsal skin (see Appendix S4). The S4B6-1 nanowires were 

not only able to activate the cell types that are specific for the exposed portion of IL-2 using 

endogenous cytokine, but specifically targeted the intended CD8 and NK subsets over regulatory 

T cells. 
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 Interestingly, when mice were injected with a soluble antibody dose that matched the total 

active antibody present in the equivalent nanowire dose, we observed no specific upregulation in 

the skin. This is likely due to the nanowires being capable of locally concentrating the IL-2 growth 

factor in the nodule area. 

In addition, we saw a marked decrease in the CD8+ T cell populations in the skin draining 

lymph nodes in mice injected with the equivalent soluble antibody, compared to both the 

conjugated antibody group and the bare nanowire group. It appears that the soluble antibody’s 

ability to sequester IL-2 and remove it from the lymph node environment is not sufficiently 

counteracted by its presentation to the relevant surrounding cells. The antibody-conjugated 

Figure III-5. (a) Schematic showing how S4B6-bound IL-2 signals different cell populations. (b) 
Flow cytometry analysis of whole dorsal skin showing increased proliferation of NK cells as well as 
an increase in CD122+ CD8+ cells when injected with S4B6-1 conjugated nanowires compared to 
nanowire- or antibody-only controls. Each data point represents one mouse. (c) Skin draining lymph 
nodes from the same animals show no such activation in NK cells regardless of experimental group. 
CD8+ CD122+ cells are significantly reduced in the antibody-only group. Treg activation as 
measured by CD25+ staining showed no difference between groups in either tissue. One-way 
ANOVA with multiple comparisons correction for all analysis. 
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nanowire group, however, seemed to offer some protection from these 'off-target' effects. It is 

possible that the ability to prevent distribution of the antibody to relevant skin draining lymph 

nodes is responsible for this effect.  

F. Summary 

In summary, we’ve developed a conjugation strategy that allows coupling of biological 

species through a short chain PCL maleimide handle that can be easily incorporated into the 

polymeric nanowires. Antibodies bound to these nanowires and subsequently injected 

subcutaneously into mouse dorsal skin demonstrate both cell- and tissue-specific 

immunomodulation by amplifying specific immune cell subsets and only in the tissue of interest, 

without the need to pre-complex exogenous cytokines before administration. Furthermore, the 

nanowires anchor the antibodies in place preventing off-target effects in downstream tissues that 

are seen with a soluble counterpart. Thus, self-assembling nanowire matrices conjugated to 

bioactive proteins have the potential to induce a localized, specific immune response and represent 

a new paradigm for cell specific, engineered receptor-ligand interaction. 

 

G. Materials and methods 

1. MP-PCL Synthesis 

Synthesis of p-Maleimidobenzoyl azide was performed as previously described.18 All 

reagents and solvents were purchased from commercial sources and used as received without 

further purification. Reactions were carried out under an inert atmosphere of argon in flame-dried 

glassware. 1H NMR spectra were obtained on a 400 MHz Bruker AvanceIII HD spectrometer. 

Matrix-assisted laser desorption/ionization (MALDI) mass spectrometry was performed on an 
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AXIMA Performance MALDI TOF/TOF Mass Spectrometer. PCL samples were prepared for 

MALDI as previously described.19 

MP-PCL. A solution of p-maleimidobenzoyl azide (2.5 g, 10 mmol) in anhydrous toluene 

(150 mL) was refluxed for 2 hours under argon. Toluene was removed under reduced pressure to 

afford p-maleimidophenyl isocyanate (PMPI) as a yellow solid. Under argon, polycaprolactone 

diol (6.7 g, 3.4 mmol, Sigma) was dissolved in anhydrous dimethylformamide (10 mL) warmed 

to 40 °C. The PCL solution was added to the PMPI, maintained at 40 °C, and stirred under argon 

for 24 hours before quenching with anhydrous ethanol (1 mL) for at least 1 hour. The product, 

MP-PCL, was isolated by precipitation with ice-cold ethanol (200 mL) followed by centrifugation. 

The mother liquor was discarded and the precipitate was rinsed with ice-cold ethanol (3 x 50 mL). 

The product was dried under reduced pressure to yield the desired product as a yellow solid (7.0 

g, 2.9 mmol, 85%): 1H NMR (400 MHz, CDCl3) δ 7.52 (d, J = 8.6 Hz, 4H), 7.29 (d, J = 8.0 Hz, 

4H), 6.86 (s, 4H), 4.19 (t, J = 6.6 Hz, 4H), 4.08 (t, J = 6.7 Hz, 32H), 2.32 (t, J = 7.6 Hz, 32H), 1.75-

1.36 (m, 108H). Full spectra can be found in Appendix (Fig. S1). 

2. Nanowire Conjugation and Binding Assay 

Nanowires were washed and dispersed in reducing buffer (d-PBS with 0.04% EDTA). 

Antibodies were reduced using freshly dissolved tris(2-carboxyethyl)phosphine (TCEP) at a 4.5 

molar excess for 1 hour at 37°C. Reduced antibody solution at 0.1mg/mL was added to the 

nanowires and thiol-maleimide reaction proceeded at room temperature for 2h, after which it was 

washed thrice in d-PBS, resuspended in sterile saline and subsequently stored at 4°C until use. 

For fluorescent IgG conjugation (Fig. III-3), the same nanowire batch was exposed to either 

reduced or unreduced antibody at the same concentration, washed thrice in PBS and measured for 

fluorescence, n=3 replicates per condition.  
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IL-2 binding assays were performed by taking dilutions from a concentrated stock solution 

of nanowires conjugated to S4B6-1 antibody and challenging with equal volume of 1000 pg/mL 

rmIL-2 for 1 hour at 37°C (Abcam). Nanowires were then centrifuged at 12000 rcf and supernatant 

was sampled and analyzed by mIL-2 ELISA (Abcam), n=6 replicates per dilution.  

 

3. In vivo Studies 

Mouse experiments were performed in compliance with the University of California, San 

Francisco Institutional Animal Care and Use Committee guidelines with protocols approved for 

this study (Protocol AN110246).  

For T cell activation studies, female C57BL/6 mice (Jackson Labs) of 6-8 weeks of age 

were treated with either nanowires alone (n=6), nanowires conjugated with anti-IL2 (n=5) (clone 

S4B6-1, Bio X Cell) or equivalent dose of soluble S4B6-1 (n=6). Each mouse was shaved and 

injected subcutaneously into the dorsal skin over ten separate sites (50µL per site). Nanowire dose 

for each mouse was standardized to 50ng of active anti-IL2 as measured by binding assay 

described earlier. Following three days, mice were sacrificed, whole mouse dorsal skin was 

harvested which included all 10 injection sites for that respective mouse, digested and stained. 

Skin was finely minced and digested in RPMI media with collagenase XI (2mg/mL, Sigma), 

hyaluronidase (0.5 mg/mL, Sigma) and DNAse (0.1 mg/mL, Sigma) for 45 minutes while being 

shaken at 37°C. The skin suspension was vortexed and filtered through a 100µm filter. Six skin 

draining lymph nodes (inguinal, axillary, and brachial) were harvested and pooled for each 

respective mouse. Lymph nodes were mashed through a 100µm filter. Single cell suspensions from 

lymph node and skin were then subjected to flow cytometry staining and analysis (see Appendix 

for staining protocol and T cell panel).  
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For myeloid infiltration studies, nanowires that had incorporated Nile Red dye (Acros 

Organics) were injected subcutaneously at 10 sites in the dorsal skin of C57BL/6 mice with either 

nanowires or saline only, and subsequently sacrificed at day 5 post injection, n=4 mice per group. 

Whole mouse dorsal skin was harvested which included all 10 injection sites for that respective 

mouse. Skin draining lymph nodes were also harvested, both skin and SDLNs were processed 

similarly to above, then stained and subjected to flow cytometry for analysis (see Appendix for 

myeloid staining panel).  

For degradation studies, nanowires were injected subcutaneously at 10 sites in the dorsal 

skin of C57L/6 mice, and sacrificed at 2-, 4- and 6-week time points (n=4 mice per time point). 

Nodules that contained nanowires were accounted for visually after removing dorsal skin post 

sacrifice.  

For macrophage staining, dorsal skin surrounding injection sites of nanowires with Nile 

Red dye was harvested, placed into OCT and frozen on isopentane in liquid nitrogen. 20µm 

sections cut via cryotome were then fixed in 10% formalin and mounted with ProLong Gold 

Antifade Reagent with DAPI. Select slides were additionally blocked with 5% goat serum in PBS 

and stained with Alexa Fluor 647 anti-F4/80 antibody (Life Technologies Inc). Slides were imaged 

on a Zeiss Axio Imager M2 microscope using 5x and 10x objectives. 

For in vivo antibody tracking, nanowires conjugated to Alexa Fluor 488 - IgG (courtesy of 

AbbVie Inc) or equivalent soluble antibody were injected subcutaneously and subsequently 

sacrificed at 3 and 9 days. Each mouse received 5 injection sites which were labelled with a 

dermatological pen. Back skin surrounding injection sites was harvested, placed into OCT and 

frozen on isopentane in liquid nitrogen. 20 µm sections beneath the demarcated injection sites were 

cut via cryotome were then fixed in 10% formalin and mounted with ProLong Gold Antifade 
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Reagent with DAPI. For analysis, 4 separate skin sections were averaged for each condition. 

Averaging was performed in the nanowire groups by calculating the average fluorescence intensity 

over the ROI defined over the visible injection depot in select sections. A similar area was averaged 

around the visible injection mark under the injection site for the antibody-only control, with 

exposure times and settings maintained across samples. 

Statistical analysis was performed via one-way ANOVA to determine significance between 

groups with multiple comparisons correction in GraphPad Prism v7.0.  

4. Flow Cytometry  

Flow cytometry. For myeloid infiltration studies, 1-2 x106 cells were stained with anti-

CD45-Alexa700 (30-F11, eBioscience), anti-Ly6G-PerCP-Cy 5.5 (1A8, Tonbo), anti-CD25-PE 

(PC61, BD), anti-MHC II- APCe780 (M5/114.15.2, eBioscience), anti-TCRγδ-APC (eBioGL3, 

eBioscience), anti-CD11b-BV711(M1/70, Biolegend), anti-CD11c-BV650(N418, Biolegend), 

anti-Ly6C-BV605(HK1.4, Biolegend), anti-CD4-FITC (RM4-5, eBioscience), anti-CD3-PE-Cy7 

(145-2C11, eBioscience), anti-CD8-BV785 (53-6.7, BioLegend), Ghost Violet 510 viability dye 

(Tonbo), then fixed and permeabilized with the eBioscience FOXP3/Transcription Factor Staining 

Buffer kit. Samples were then stained intracellularly with anti-FOXP3-efluor450 (FJK-16s, 

eBioscience). 

For SB46-1 studies, 1-2 x 106 cells were stained with anti-CD45-Alexa700 (30-F11, 

eBioscience), anti-CD4-FITC (RM4-5, eBioscience), anti-CD3-APC-efluor780 (145-2C11, 

eBioscience), anti-CD8-BV605 (53-6.7, BioLegend), anti-CD122-PE (TM-b1, eBioscience), anti-

CD25-BV650 (PC61, BioLegend), anti-TCRγδ-PerCPefluor710 (GL-3, eBioscience), anti-

NK1.1-BV711 (PK136, BioLegend), Ghost Violet 510 viability dye (Tonbo), then fixed and 

permeabilized with the eBioscience FOXP3/Transcription Factor Staining Buffer kit. Samples 
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were then stained intracellularly with anti-Ki-67-PeCy7 (B56, BD), anti-CTLA4-APC (UC10-

4B9, eBioscience), and anti-FOXP3-efluor450 (FJK-16s, eBioscience). Samples were acquired on 

an LSRFortessa flow cytometer (BD) and analyzed with FlowJo v9.9.3 (Treestar).  
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H. Appendix  

 

 

Figure S1. MP-PCL Product in CDCl3 
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Figure S2. PCL Diol in CDCl3 

 

 



47 

 

Figure S3. Gating strategy for myeloid cell panel 

 

 

Figure S4. Gating strategy for T Cells in digested skin 
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Figure S5. Natural Killer cell population (as frequency of grandparent/all single cells) 
as well as CD4 effector T cell populations. Skin NK: p<0.07, one-way ANOVA. 
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IV. An Injectable Cytokine Trap for Local Treatment of Autoimmune 

Disease 

A. Abstract 

Systemic cytokine therapy is limited by toxicity due to activation of unwanted immune 

cells in off-target tissues. Injectable nanomaterials that interact with the immune system have 

potential to offer improved pharmacokinetics and cell specificity compared to systemic cytokine 

therapy by instead capturing and potentiating endogenous cytokine. Here we demonstrate the use 

of high aspect ratio polycaprolactone (PCL) nanowires conjugated to cytokine-binding antibodies 

that assemble into porous matrices when injected into the subcutaneous space. Nanowires are well 

tolerated in vivo over several weeks, incite minimal foreign body response and resist clearance. 

Nanowires conjugated with JES6-1, an anti-interleukin-2 (IL-2) antibody, were designed to 

capture endogenous IL-2 and selectively activate tissue resident regulatory T cells. Together these 

nanowire-antibody matrices were capable of sequestering endogenous IL-2 in the skin and were 

successful in rebalancing local immune compartments to a more suppressive, regulatory T cell 

driven phenotype in both wild type and transgenic murine autoimmune disease models.  

 

B. Introduction 

Injectable matrices that interface with host immune populations are a promising platform 

for local immunomodulation. These have been shown to be highly effective cancer vaccines,1–5 

artificial antigen presenting cells6–9 and chemotherapeutic delivery vehicles combined with 

immune cell adjuvants.10,11 Comparatively little has been demonstrated in the context of 
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autoimmune disease, where cytokine profiles between various helper T cell populations are often 

responsible for driving or ameliorating progression.12,13 

Approvals of drugs for autoimmune disease indications include neutralizing antibodies 

against cytokines that promote an inflammatory tissue and cellular phenotype.14 Examples include 

etanercept15 and adalimumab which neutralize TNF-α,16 ustekinumab17 which targets IL-12 and 

IL-23, and a host of IL-17A binding antibodies such as secukinumab,18 ixekizumab19 and 

brodalumab.20 Cytokines are a challenging drug target as they are often pleiotropic,21,22 i.e. having 

multiple binding mechanisms with several immune subsets, which may not be conserved across 

all tissues, particularly in a disease setting. 

While cytokines remain a popular mechanistic target for the pharmaceutical industry,14,23 

use of recombinant cytokines themselves as a standalone therapy to bias a patient’s immune 

response has run into multiple clinical roadblocks.24,25 Their lack of bioavailability, narrow 

therapeutic window, short half-life26 and often severe off-target cellular and tissue level side 

effects such as cytokine release syndrome have made systemic cytokine therapy an unattractive 

and expensive candidate for immunotherapy.27 An ideal local immunomodulatory drug delivery 

approach that takes advantage of cytokines’ pleiotropic nature would allow us to tailor the immune 

response locally while controlling off-target effects and increase residence time in tissue.  

IL-2 is a particularly interesting target for this approach as it is still used in systemic 

cytokine therapy today28,29 and transduces T cell activity through two orthogonal axes.30 IL-2 

preferentially signals via a trimeric receptor complex composed of the IL-2Rα chain (CD25), the 

IL-2Rβ chain (CD122), and the common gamma chain, IL-2Rγ (CD132).31 Tregs express the 

complete receptor complex, which binds IL-2 with high affinity, while resting effector CD4+ T 
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cells and natural killer (NK) cells express only the β and γ chains, which bind IL-2 with only 

intermediate affinity.  

Both receptor complexes have a distinct ligand binding site on the cytokine, and as such 

antibodies and Fc fusions have been developed which selectively sequester the ligand binding 

region of IL-2 to confine which immune subset is stimulated22,30,32–34 and can enhance function 

beyond the standalone cytokine.35,36 Similarly to the previous work, instead of dosing with 

exogenous cytokine, our approach was to locally inject a matrix conjugated to one of these 

antibodies to passively trap the cytokine that naturally flows through the tissue and concentrate it. 

By judicious choice of antibody structure, we were able to potentiate a local, Treg specific immune 

response to bias the local immune compartment in favor of a more suppressive phenotype in both 

healthy and inflammatory murine disease models (Fig. IV-1).  
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Figure IV-1. (a) Schematic of selective cytokine accumulation and subsequent immune 
cell activation. (b) typical nanowire injection site in mouse skin, scale bar 1mm. (c) close up 
of resected nodule, scale bar 0.5mm. (d) SEM of PCL nanowires, scale bar 1μm. (e) Confocal 
immunofluorescence image of JNWs and regulatory T cells in the skin, scale bar 10μm. Treg 
nuclei in green channel, nuclei in blue, JNWs in red. 
 

C. Residence time and biocompatibility of Nanowires in Vivo  

Previously, we reported on a fabrication technique of high aspect ratio polycaprolactone 

nanowires that inherently address strict requirements for background inflammation due to low 

immunogenicity of PCL37 and the resistance to phagocytic clearance conferred by their 
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asymmetric structure.38,39 We developed a stable conjugation chemistry that can present antibodies 

to the surrounding microenvironment for more than 1 week and incited minimal inflammatory 

infiltrate. In this study we have conjugated nanowires with the JES6-1A12 antibody clone which, 

when bound to IL-2, not only potentiates CD25+ cell interaction but precludes CD25- cells from 

doing so.30,32,40 Our strategy was to augment local Treg activity by restricting both the pleiotropism 

and clearance of endogenous cytokine from the skin, which was the target tissue. We tested the 

hypothesis that a matrix that captures endogenous IL-2 over the course of a highly inflammatory 

autoimmune disease event would shift the local immune compartment to a more suppressive 

phenotype.  

Relatively long-lived nanomaterial strategies that interface with the host immune system 

remain a challenge for several reasons. First, materials used for drug delivery often have 

inflammatory byproducts that may exacerbate autoimmune disease already present in the 

tissue.41,42 In addition, the longer the nanomaterial resides in this area the more likely there will be 

deleterious pharmacokinetic effects such as foreign body response.43,44 To address whether 

subcutaneously injected wires give rise to a longer-term inflammatory response, we longitudinally 

observed healthy 6-8 week female wild type C57BL/6 mice dosed with PCL nanowires labelled 

with Nile Red. Mice were sacrificed at 2, 4 and 6 weeks and nanowire nodules were cryosectioned 

in OCT and stained with anti-F4/80 antibody to label macrophages surrounding the nodule (Fig. 

IV-2a-f).  
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Figure IV-2. Nanowire injection sites at 2 (a,b), 4 (c,d) and 6 (e,f) weeks post injection. 
Scale bar top 100μm, bottom 200μm. (g,h) In vitro culture of JNWs with lymphocytes from 
pooled skin draining lymph nodes after 48h of culture in 1nM IL-2 spiked media. Each data 
point represents pooled node sample from one animal. Two-way t-test, ** denotes p<0.01. 
Macrophages in green channel, nuclei in blue and Nile Red labeled nanowires in red. 

 

We observed that the nanowires resist clearance by macrophages for the first 4 weeks as 

there is minimal colocalization with macrophage staining. In addition to injection sites being well 

tolerated longitudinally, we see that by week 4 the sites have little foreign body response as 

evidenced by the lack of macrophages surrounding the site as compared to week 2. By week 6 the 

site has become notably more macroporous, as well as fully cell permeable given DAPI staining 

across the entire nodule cross section. This agrees with prior data which showed the majority of 

depots are cleared by week 6; given the propensity of PCL for bulk degradation (as compared to 

surface degradation experienced by other polyesters) this is likely the final stage in tissue 

persistence.45–47 Previous work has shown that the low protein adsorption potential of PCL inhibits 

macrophage mediated foreign body response in long term PCL implants,37 in addition to the M2 

phenotype shift of local macrophages that surround porous scaffolds.48,49 
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D. Wild type Treg activation using anti-IL-2 nanowires 

Next, we sought to examine how JNWs influence local immune cells over time without 

being pre-complexed to exogenous IL-2 in healthy and immune competent BALB/C mice. 

Conjugated JNWs were injected subcutaneously across ten sites in the dorsal skin of healthy 

female 6-8-week old mice, where endogenous cytokine was allowed to passively accumulate in 

the nanowire matrix for a period of 4 days. Mice were then sacrificed and the dorsal skin was 

harvested for digestion to stain resident T cell population for flow cytometry. We observed Treg 

activation as evidenced by increased Cytotoxic T Cell Antigen 4 (CTLA-4) and Ki67 staining in 

the skin resident cells of the JNW treated group compared to mice treated with nanowires alone 

(Fig. IV-3c,d) but preceded any change in number of either CD4+ cell population in the skin (Fig. 

IV-3a,b). 
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In a subsequent experiment where JNW matrices were allowed to persist for 5 days before 

tissue harvest, we saw a significant increase in the proportion of Tregs by flow cytometry after 

Figure IV-3. Regulatory and effector T cell population (a,b) and median fluorescence of 
skin resident Tregs (c,d) at 4 days post injection. (e,f) Regulatory and effector T cell 
populations at 5 days post injection. (g,h) T cell populations in pooled skin draining lymph 
nodes. (i) CD25 MFI in skin resident Tregs at day 5. (j) quantification of Treg foci in stained 
cryosections of FOXP3-GFP mice that were injected with either (k) JNWs or (l) nanowires 
alone. Scale bar 200μm. Nanowire injection sites outlined in white dotted line, arrow 
indicates a single Treg nuclei in green, nuclei in blue. Each data point in panels (a-j) consist 
of one animal. 1-way ANOVA with multiple corrections for (a-i), two-way t-test for (j), * 
denotes p<0.05, ** p<0.01, *** p<0.001. 
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whole skin digestion in the JNW treated group compared to nanowires alone (Fig. IV-4e). 

Interestingly, we see a concomitant decrease in the numbers of FOXP3- CD4+ effector T cells in 

mice treated with JNWs, which we attribute to a decrease in available IL-2 for binding (Fig. 4f). 

Increased CD25 staining in these skin resident Tregs (Fig. IV-3i) along with their prior activation 

shown by CTLA-4 staining suggests they are highly activated after proliferation when exposed to 

the JNWs and are not simply increasing in number. We also saw no significant difference in skin-

resident CD4+ T cells in mice dosed with an equivalent amount of soluble JES6-1 antibody 

compared to the blank nanowire-only control on either day 4 or day 5, likely due to the short half 

life of these IgG proteins when administered subcutaneously.50 

Single cell suspensions from pooled skin draining lymph nodes from each mouse were 

similarly stained for flow cytometry, where these differences between JNWs and nanowires alone 

were not recapitulated, showing a highly localized immune response. Surprisingly, we observed 

the opposite trend in mice that were treated with soluble antibody - a minor decrease in Treg and 

increase in effector T cells in these downstream lymph nodes that was not seen with the JNWs, 

suggesting the conjugation is stable and mitigates off-target effects even in immediately adjacent 

tissue (Fig. IV-3g,h).  

Next, we labelled the JNWs with Nile Red and injected them similarly into FOXP3-GFP 

mice to observe local differences in Treg numbers around the matrix. Indeed, when stained by 

immunofluorescence with an anti-GFP reporter we observed greater than four-fold average 

increase in Treg nuclei local to a JNW injection site compared to blank vehicle control (i.e. within 

sections containing injection sites) (Fig. IV-3j-l).  
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E. JNWs for activation of Tregs in K5-TGO-DO11 disease model 

Given increased FOXP3+ Treg numbers proximal to the injection site, we hypothesized 

this immunosuppressive JNW nanomaterial matrix could abrogate a tissue specific autoimmune 

response. We chose to use a transgenic mouse model of skin-specific autoimmunity, in which 

disease results from a tetracycline-inducible expression of ovalbumin (OVA) specifically 

expressed in keratinocytes through the keratin 5 (K5) promotor.51 Mice also carrying the MHC 

class II restricted DO11.10 T cell receptor which recognizes OVA, i.e. which are K5-TGO-

DO11.10 transgenic, will generate a CD4+ effector T cell mediated inflammatory response when 

subject to this inducible autoantigen expression. Mice are healthy and maintain immune 

homeostasis until antigen is ‘turned on’ by tetracycline administration, where rapid infiltration of 

thymus derived CD4+ T cells into the skin generates a robust, skin resident Th1 type driven 

autoimmune disease. Antigen generation in the skin results in pronounced inflammatory 

dermatitis, as well as marked scaling, alopecia and weight loss. Disease is apparent at 24h and 

peaks at 10 days post-induction. The skin infiltrate is characterized by antigen specific DO11.10+ 

T cells that primarily produce IFNγ as well as interleukin-17 (IL-17).  

We induced antigen in homozygous K5-TGO-DO11.10 transgenic mice at day 1 and 

administered ten subcutaneous injections into their shaved dorsal skin similarly to prior wild type 

experiments at day 2. Mice were sacrificed at day 6 and subject to whole dorsal skin digestion, 

with results outlined in Fig. IV-4. Skin resident, antigen-specific effector T cells (CD45+ CD3+ 

CD4+ FOXP3- DO11.10+ subset) showed no difference in activation by CTLA-4 staining between 

diseased mice treated with JNWs vs a blank, nanowire only control. Similarly, we saw no 

difference in their proliferative capacity as indicated by Ki67+ staining between groups. However, 

in the antigen-specific Tregs (CD45+ CD3+ CD4+ FOXP3+ DO11.10+ subset), we saw a marked 
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increase in the number of CTLA-4+ cells as well as a significantly increased number of Ki67+ cells 

compared to nanowire only control, indicating a cell specific response to the JNW matrix. Given 

FOXP3+ cells typically express high levels of CD25 in the skin, it’s likely they are better able to 

bind to the JES6-1 clone which restricts IL-2 binding to T cells that express the CD25+ variant of 

the IL-2 receptor and are therefore preferentially activated.  

Figure IV-4. K5 TGO DO11.10 mice injected with NWs or blank nanowires only. CTLA-
4 and Ki67 staining of D011.10+ CD4+ (a,b)  effector T cells and (c, d) regulatory T cells. 
Bottom: (e) intracellular cytokine staining of IFNγ in CD4+ effector T cells. (f) Quantification 
of plaque thickness from H&E stained dorsal skin explants from mice treated with (g) 
nanowires only and (h) JNWs, scale bar 200μm, arrow indicates plaque in diseased mice. 
Each data point represents a single animal, 1-way ANOVA with multiple corrections. * 
denotes p<0.05, *** p<0.001. 
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Furthermore, the skin cell digest was stimulated with a PMA-ionomycin-BFA cocktail to 

non-specifically activate T cells. We then stained these stimulated cells after 4h for IFNγ cytokine 

production and observed that antigen specific effector T cells, which are predominant cytokine 

generators in this model, had a modest abrogation of IFNγ staining in mice treated with JNWs 

(Fig. IV-4e). This trend was also seen in DO11.10+ Tregs (See Appendix). 

Lastly, 4μm skin sections within 1mm of the nanowire injection depot were taken from 

mice on day 7 of disease, paraffin embedded, sectioned, and stained for H&E (Fig. IV-4g,h). In 

general, we observed a decrease in infiltrate in sections with mice treated with JNWs though 

overall architecture remained the same. However, this disease is characterized by a neutrophilic 

crust or plaque that forms on the surface of the skin. While these were still present to some degree 

in all skin samples their thickness and coverage were significantly decreased compared to mice 

that received the vehicle only control. We believe that this tissue and cell specific augmentation of 

Tregs suppresses this plaque formation, a difference quantifiable across several skin sections (Fig. 

IV-4f).   

F. Summary 

In summary, we have demonstrated that this injectable cytokine trap can selectively 

neutralize specific T cell subsets and influence the local immune repertoire. These depots do not 

incite long term rejection or foreign body response and incite minimal myeloid infiltrate. This 

platform’s unique ability to amplify local immune response from tailored antibodies has a highly 

local effect in a transgenic skin resident autoimmune model by shifting the immune compartment 

in favor of a more suppressive phenotype. This results in tissue level responses that minimize 

plaque formation adjacent to injection sites in this model. 
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G. Materials and methods 

1. Nanowire Fabrication and Conjugation to JES6-1A12 

Synthesis of MP-PCL and nanowire fabrication was performed as previously described.38 

All reagents and solvents were purchased from commercial sources and used as received without 

further purification. Briefly, a 125mg/mL solution of either pure 45kDa PCL or a 30% blend of 

MP-PCL and 45kDa PCL was generated in trifluoroethanol and spun cast onto a clean wafer at 

1000rpm for 30s. NWs used for in vitro or in vivo tracking studies had 1mg/mL of Nile Red 

incorporated in solvent mixture. Anodized alumina membranes (37mm, 200nm pore diameter) 

were then placed in contact with the polymer film as it was heated above its melting temperature 

(120°C) while applying sparing pressure to membranes to initiate capillary action into the pores. 

The templating process was deemed complete when no polymer film remained underneath, 

typically after 3h. The membranes were allowed to cool, then removed from substrate and etched 

in 5M NaOH for 30min at 4°C and briefly sonicated to aid dispersion. Etchant solution was passed 

through a 0.22μm PES filter and retentate rinsed in 5x volume of cold distilled water. Wires were 

then rinsed off filter with a solution of 1% polyvinyl alcohol (Mowiol 5-88, Sigma) and sonicated 

again to disperse. NW solution was then passed through a 40μm filter and retentate was discarded. 

They are then centrifuged at 10krcf for 15 min and pellet retained to further wash 3x in distilled 

water, concentrated and stored in 1x D-PBS with 0.04% (w/v) of EDTA without calcium or 

magnesium (reducing buffer). Wires are stable in solution for several months requiring only gentle 

vortexing to resuspend.  

To conjugate, first antibodies were reduced using freshly dissolved aliquots of tris(2-

carboxyethyl)phosphine (TCEP) in reducing buffer at a 4.5 molar excess for 1 hour at 37°C under 

gentle shaking. Reduced antibody solution at 0.1mg/mL was added to the nanowires and thiol-
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maleimide reaction proceeded at room temperature for 2h under gentle shaking, after which it was 

washed thrice in d-PBS, resuspended in sterile saline and subsequently stored at 4°C until use. 

Nanowires were always injected into animals or used for in vitro experiments within 24h of 

conjugation. 

2. In vitro Experiments 

For T cell in vitro experiments, wild type C57BL/6 mice were sacrificed and their inguinal, 

axillary and brachial skin draining lymph nodes were pooled. Lymph nodes were harvested, 

mechanically disrupted, and passed through a 100μm filter in complete media and washed and 

plated in 24 well plates at 105 cells/well. Cells were supplemented with 40 units/mL of recombinant 

mouse IL-2 (Tonbo Biosciences) and Dynabeads (Mouse T-Activator CD3/CD28 beads, Cat. 

#11453D Gibco) at a 1:10 bead:cell ratio and cultured with either control nanowires with no 

conjugated antibody (nanowires alone) or JNWs at a concentration of 100ng active antibody per 

mL for 48h. Cells were then fixed and stained for flow cytometry. One experimental replicate 

constitutes pooled lymphocytes from one mouse. 

3. In Vivo Experiments 

For macrophage tissue staining and immunofluorescence, dorsal skin surrounding injection 

sites of JNWs with Nile Red dye was harvested at two-, four- and six-weeks post injection into 

wild type C57BL/6 mice, placed into OCT and frozen on cold isopentane in liquid nitrogen. 15µm 

sections cut via cryotome were then fixed in 10% formalin and stained with anti-F4/80 antibody 

in 5% goat serum. They were then rinsed in DI water and mounted with ProLong Gold Antifade 

Reagent (Life Technologies) with DAPI.  
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For FOXP3-GFP albino C57BL/6 mice, we took two mice per group and injected them 

with 6 injection sites per mouse at the same concentration of JNWs or unconjugated wires only as 

used in T cell activation experiments. Each mouse was then sacrificed at day 5 post injection. 

Approximately 2mm x 2mm skin explants were then harvested as described above and placed in 

2% PFA in normal saline and submerged overnight at 4°C. Sections were then washed thrice in 

PBS and then again submerged overnight in a 30% sucrose solution and gently agitated at 4°C. 

Skin was then blotted dry and subsequently frozen in OCT on isopentane, sectioned and stained 

as described above with an anti-GFP AlexaFluor 488 antibody (Life Technologies) and imaged 

after 12h in mounting media. Each experimental replicate represents one section from a different 

explant in the respective group. Image analysis was done with ImageJ software drawn within ROI 

of each 10x image but due to spectral overlap, area within nanowire injection site excluded from 

analysis.  

Slides were imaged on a Zeiss Axio Imager M2 microscope using a 10x objective. 

T cell activation studies. Female BALB/C mice (Jackson Labs) of 6-8 weeks of age were 

treated with either nanowires alone (n=6), nanowires conjugated with anti-IL2 (n=6) (clone JES6-

1A12, Bio X Cell) or equivalent dose of soluble JES6-1A12 (n=6). Each mouse was shaved and 

injected subcutaneously into the dorsal skin over ten separate sites (50µL per site) with a 29-gauge 

needle. Nanowire dose for each mouse was standardized to 100ng of active anti-IL2 as measured 

by ELISA. At the respective time point, mice were sacrificed, whole mouse dorsal skin was 

harvested which included all 10 injection sites for that respective mouse, digested and stained. 

Skin was finely minced and digested in RPMI media with collagenase XI (2mg/mL, Sigma), 

hyaluronidase (0.5 mg/mL, Sigma) and DNAse (0.1 mg/mL, Sigma) for 45 minutes while being 

shaken at 200rpm at 37°C. The skin suspension was diluted in 10mL of RPMI media, vortexed 
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and filtered through a 100µm filter. Six skin draining lymph nodes were harvested and pooled for 

each respective mouse. Lymph nodes were mashed through a 100µm filter. Single cell suspensions 

from lymph node and skin were then subjected to flow cytometry staining and analysis (see 

Appendix for staining protocol and T cell panel). Wild type T cell activation data is representative 

of two experimental replicates.  

K5-TGO-DO11 Autoimmune model. Mixed gender mice carrying the K5-TGO-DO11.10 

transgene were administered chow containing 1g/kg doxycycline at Day 1 as previously 

described.51 24h later, either nanowires alone or JNWs were injected as described above. Mice 

were then allowed to continue on doxycycline chow until Day 6 when they were sacrificed and 

processed as above. N=6 for each diseased mouse group (JNW and nanowires alone) and n=5 for 

each no-disease control groups which did not receive doxycycline chow.  

Intracellular cytokine staining was performed on T cells isolated from the K5-TGO-

DO11.10 mice skin and lymph nodes. Following isolation, cells were plated in 1x Tonbo T cell 

stimulation cocktail containing PMA, Ionomycin and Brefeldin-A for four hours. The cells were 

then fixed and stained for flow cytometry as described in Appendix. 

For H&E experimental analysis, a larger cohort was used to compare plaque thicknesses 

between JNW (n=9 mice) and nanowire only (n=7 mice) treated groups. Mice were treated as 

above and sacrificed on day 6. Approximately 2mm x 2mm skin explants were fixed for a week in 

10% formalin in normal saline and then dehydrated overnight in 70% ethanol in water. Explants 

were then fixed in paraffin, cut to 4μm, deparaffinized and subsequently stained with H&E and 

imaged on a Zeiss Axio Imager M2 microscope. For plaque analysis, five representative 

thicknesses were blindly applied and averaged on each section, representing one experimental 
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replicate, each from a different mouse. One JNW group replicate was excluded as tissue sample 

degraded during sectioning.  

Statistics. Multi-group statistical analysis was performed via one-way ANOVA to 

determine significance between groups with Tukey’s multiple comparisons correction in 

GraphPad Prism v8.0. Two group analysis used two-tailed t-test. All plots show standard deviation, 

* represents p<0.05, ** represents p<0.01, *** represents p<0.001. All flow cytometry gating and 

analysis done in FlowJo v10. 

4. Flow Cytometry 

For T cell activation at baseline, 1-2 x 106 cells were stained with anti-CD45-Alexa700 

(30-F11, eBioscience), anti-CD4-FITC (RM4-5, eBioscience), anti-CD3-APC-efluor780 (145-

2C11, eBioscience), anti-CD8-BV605 (53-6.7, BioLegend), anti-CD122-PE (TM-b1, 

eBioscience), anti-CD25-BV650 (PC61, BioLegend), anti-TCRγδ-PerCPefluor710 (GL-3, 

eBioscience), anti-CD49b-BV711 (HMα2, BioLegend), Ghost Violet 510 viability dye (Tonbo), 

then fixed and permeabilized with the eBioscience FOXP3/Transcription Factor Staining Buffer 

kit. Samples were then stained intracellularly with anti-Ki-67-PeCy7 (B56, BD), anti-CTLA4-

APC (UC10- 4B9, eBioscience), and anti-FOXP3-efluor450 (FJK-16s, eBioscience). 

For T cell cytokine studies in the K5-TGO-DO11 transgenic mice disease model, 1-2 x 106 

cells were stained with anti-CD45-Alexa700 (30-F11, eBioscience), anti-CD4-BV650 (RM4-5, 

BD Biosciences), anti-CD3-BV711 (145-2C11, BD Biosciences), anti-TCR-DO11.10-APC (KJ1-

26, eBioscience), and Ghost Violet 510 viability dye (Tonbo), then fixed and permeabilized with 

the eBioscience FOXP3/Transcription Factor Staining Buffer kit. Samples were then stained 

intracellularly with anti-IL17A-PeCy7 (TC11-18H10, Biolegend), anti-IL2-PE (JES6-5H4, 
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Tonbo), anti-IFNγ–FITC(XMG1.2, eBioscience), and anti-FOXP3-efluor450 (FJK-16s, 

eBioscience).  

 

For T cell activation studies in the K5-TGO-DO11 transgenic mice disease model, 1-2 x 

106 cells were stained with anti-CD45-Alexa700 (30-F11, eBioscience), anti-CD4-BV650 (RM4-

5, BD Biosciences), anti-CD3-BV711 (145-2C11, BD Biosciences), anti-ICOS-FITC (C398.4A, 

eBioscience), anti-Ly6G-PerCPCy5.5 (1A8, Biolegend), anti-CD11b-APCeFluor780 (M1/70, 

eBioscience), anti-F4/80-BV785 (BM8, Biolegend), anti-TCR-DO11.10-APC (KJ1-26, 

eBioscience), Ghost Violet 510 viability dye (Tonbo), then fixed and permeabilized with the 

eBioscience FOXP3/Transcription Factor Staining Buffer kit. Samples were then stained 

intracellularly with anti-Ki-67-PeCy7 (B56, BD), anti-CTLA4-APC (UC10- 4B9, eBioscience), 

and anti-FOXP3-efluor450 (FJK-16s, eBioscience). Samples were acquired on an LSRFortessa 

flow cytometer (Becton Dickenson). 
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H. Appendix 

Figure S1. K5-TGO-DO11 Disease Model - Skin Activation & Phenotype 

 

 

Figure S2. K5-TGO-DO11 Disease Model – LN Activation 
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Figure S3. K5-TGO-DO11 Disease Model – Intracellular Cytokine Staining – Skin 

 

 

Figure S4. K5-TGO-DO11 Disease Model – Intracellular Cytokine Staining - LN 
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Figure S5. Intracellular cytokine staining for regulatory T cells in K50-TGO-DO11 disease 
model experiments. 
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