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SUMMARY:
Presented here is a protocol for the use of alginate as a polymer in microencapsulation of immortalized cells for long-term delivery of biologics to rodent eyes.

ABSTRACT:
Many current therapeutics under development for diseases of the posterior pole of the eye are biologics. These drugs need to be administered frequently, typically via intravitreal injections. Encapsulated cells expressing the biologic of choice are becoming a tool for local protein production and release (e.g., via long-term drug delivery). In addition, encapsulation systems utilize permeable materials that allow diffusion of nutrients, waste, and therapeutic factors into and out of cells. This occurs while masking the cells from the host immune response, avoiding the need for suppression of the host immune system. This protocol describes the use of alginate as a polymer in microencapsulation coupled with the electrospray method as a microencapsulation technique. ARPE-19 cells, a spontaneously arising human RPE cell line, has been used in long-term cell therapy experiments due to its lifetime functionality, and it is used here for encapsulation and delivery of the capsules to mouse eyes. The manuscript summarizes the steps for cell microencapsulation, quality control, and ocular delivery.

INTRODUCTION: 

Cell-based therapies represent revolutionary biological techniques that have been applied widely in medicine. Recently, they have been successfully applied in the treatment of neurodegenerative diseases, eye diseases, and cancer. Cell therapies cover a wide range of fields from cell replacement to drug delivery, and this protocol focuses on the latter. Biodegradable alginate microcapsules (MC) have shown effectiveness as a delivery system, and they are becoming widely used in the biomedical field. Alginate has been used in microencapsulation due to its simple gelling process, biodegradability, excellent biocompatibility, and stability under in vivo conditions1-4. 

The electrospray method, as a microencapsulation technique, has been successfully utilized to encapsulate peptides and proteins using alginate (base polymer) and poly-l-ornithine (secondary coating polymer). Both polymers are naturally found and used for their biocompatibility5-7. However, the main challenge in cell-based therapies is suppression of the host immune system to avoid side effects caused by immunosuppressive drugs. The permeability of alginate microcapsules is considered a suitable property for cell encapsulation, which allows diffusion of nutrients, waste, and therapeutic factors into and out of cells while masking them from the host immune response8-10.

In the eye, encapsulated cells have been used in clinical trials for the constant delivery of biologics (i.e., growth factors11,12 and growth factor antagonists13) for the treatment of retinitis pigmentosa or age-related macular degeneration. Other targets such as complement inhibitors14 are also currently being explored in preclinical settings.  

PROTOCOL:

All experiments were performed in accordance with the ARVO Statement for the Use of Animals in Ophthalmic and Vision Research and were approved by the Medical University of South Carolina Animal Care and Use Committee under protocol ID 00399.

1. Cell culture 

1.1. Generate human retinal pigment epithelial cells (ARPE-19) cell line stably expressing the gene of choice according to published protocols14,15.

1.2. Maintain cells in Dulbecco's Modified Eagle Medium (DMEM) supplemented with 10% fetal bovine serum (FBS).

1.3. Incubate the cells at 37 °C and 5% CO2.

1.4. Replace the medium every 2–3 days. 

1.5. Passage the cells after reaching 70%–80% confluence using standard tissue culture procedures.

2. Cell encapsulation 

2.1. Mix sodium alginate with deionized (DI) water for a final concentration of 2% w/v and purify by filtration with a 0.2 mm sterile syringe filter.

2.2. Prepare the cells to be mixed with the alginate solution by trypsinizing, centrifuging, and washing them with 10 mM HEPES buffered saline solution (pH = 7.4). Using a hemocytometer, count the cells and adjust the final cell concentration to 1 x 106 in alginate solution. 

NOTE: The encapsulation process should be run inside a sterilized hood.

2.3. Load 300 µL aliquots of alginate and cells mixture into a 3 mL syringe and attach it to a syringe pump. The solution will be pumped through a 30 G blunt tip needle to a sterile gelling bath placed in a sterile 50 mL beaker below the syringe tip at 7 mm for a needle to bath spraying distance.

2.4. The gelling bath contains a volume of 40 mL of 10 mM HEPES buffered saline containing 100 mM calcium chloride (CaCl2) and 0.5% w/v poly-L-ornithine (PLO). The PLO is a secondary polymer coating that can be omitted or changed according to the needs of the investigator. 

2.5. Adjust the voltage and flow rate and keep them both constant during the encapsulation process at 60 mm/h flow rate and 6.0 kV initial voltage to produce microcapsules size of 150 µm.

2.6. Connect the clip of anode wire (red) of a high voltage generator needle tip to the needle and connect the ground clip (black) to the copper wire that is halfway submerged in the gelling bath. One batch of the alginate + cell mixture (1 mL) takes approximately 30 min to prepare the encapsulated cells (approximately 25,000 microcapsules). 

2.7. Wash the formed microcapsules containing cells with washing solution (10 mM HEPES buffered saline containing 1.5 mM CaCl2, pH = 7.4) twice. Do not use PBS for washing.

2.8. Incubate the encapsulated cells with 10% FBS supplemented DMEM media in a humidified incubator at 37 °C and 5% CO2.

NOTE: Encapsulation process instruments are depicted in Figure 1.

3. Confirmation that encapsulation does not affect cell viability

3.1. After incubating the encapsulated cells for 24 h in media, prepare a small sample of 500 µL (30 microcapsules) for staining.

3.2. Wash the microcapsules 2x using washing solution (10 mM HEPES buffered saline containing 1.5 mM CaCl2) and stain them for live-dead viability using a live/dead assay kit.

3.3. Prepare a staining mixture of calcein AM (acetoxymethyl) and ethidium homodimer-1 at final concentrations of 2 µM and 4 µM, respectively.

3.4. Add 2 mL of the staining mixture to the encapsulated cells and incubate for 30–45 min in the dark at room temperature (RT).

3.5. With careful aspiration, aspirate the staining solution and wash the microcapsules 2x with the washing solution. Use a fluorescent microscope system to observe and image the encapsulated cells.  

NOTE: Documentation of encapsulation is depicted in Figure 2.

4. Confirmation that capsules are the appropriate size for delivery and delivery of the biologic

4.1. Intravitreal injections in a mouse eye are typically performed with a 27 G blunt-tip needle (inner diameter of 210 µm) attached to a 2.5 µL Hamilton syringe.

4.2. Generate capsules ranging from 100 to 200 µm, dilute them in serum-free media, and carefully pull them up into the Hamilton syringe. PBS is not a suitable vehicle, as alginate capsules will dissolve in PBS.

4.3. Slowly eject 1 µL drops containing capsules onto a microscope slide and determine their integrity using an upright bright-field microscope. 

4.4. Adjust the capsule size (see step 2.3) by adjusting voltage and flow rate accordingly. Smaller microcapsules are produced in a nonlinear fashion by increasing voltage and slightly decreasing flow rate8. In our hands, capsules of 150 µm in diameter proved to be most suitable. Adjustment of capsule size is also dependent on keeping the alginate concentration constant while changing the other parameters. 

4.5. Maintain a separate set of cells in capsules of the appropriate size in serum-free medium to determine the amount of secretion of the desired biologic. Use sensitive ELISAs or western blotting to determine the concentration of the biologics in the supernatant.

4.6. Determine the required amount of capsules that need to be injected based on the known PK/PD (pharmacokinetics/pharmacodynamics) of the therapeutic. In our hands, 10 capsules per mouse eye proved to be most efficacious.

5. Capsule delivery into mouse vitreous

5.1. Perform intravitreal injections using a dissecting microscope. See Figure 3 for surgical set-up and materials used during the procedure. A detailed protocol for intravitreous injections can be found elsewhere16.

5.2. Anesthetize mice by intraperitoneal injection of xylazine and ketamine (20 mg/kg and 80 mg/kg) or other preferred anesthetics approved by the specific institution’s Animal Care and Use Committee. Ensure the appropriate depth of anesthesia using a toe pinch17.

5.3. Dilate the mouse pupils with phenylephrine HCL (2.5%) and atropine sulfate (1%) to allow for good visibility of the vitreous chamber and apply a lubricant eye gel to the eyes to keep them hydrated during the procedure.

5.4. Puncture the sclera at the limbus with a 26 G needle as the guide hole, making sure that 1) the needle is at a 45° angle with the eye and table and 2) the beveled tip is pointed upwards to avoid puncturing the lens. 

5.5. Carefully inject the capsules using a 27 G blunt-tip needle attached to a Hamilton syringe at a 45° angle under visual inspection, making sure to avoid touching the lens with the needle. Injury of the lens will lead to cataract formation. The capsules should be visible in the vitreous using the dissecting microscope (Figure 4A). 

5.6. After retraction of the needle, treat the injection site with antibiotic ointments neomycin and polymyxin B sulfates in addition to dexamethasone ophthalmic antibiotic ointment.

5.7. Apply goniotaire hypromellose demulcent ophthalmic solution (2.5%) to both eyes to prevent the corneas from drying out during the recovery period. 

5.8. Place the mouse on a heating pad held at 37°C and monitor until fully awake.

5.9. A successful injection of encapsulated ARPE-19 cells should reveal the presence of intact capsules in the vitreous chamber of the mouse with only minor amounts of debris when imaging the eye by optical coherence tomography or other methods (Figure 4B).

5.10. The injected mouse eye, after a few days of recovery due to the surgery, is now ready for the experimental paradigm at hand.

NOTE: The surgical set-up and documentation of capsules in the eye are depicted in Figure 3 and Figure 4, respectively.

REPRESENTATIVE RESULTS:
ARPE-19 cells are a spontaneously immortalized human RPE cell line that has been shown to be amenable to encapsulation and long-term survival upon implantation of capsules into the eye. The tools for alginate encapsulation are shown in Figure 1. In this study, it was demonstrated that upon encapsulation in alginate, the cells in alginate capsules were confirmed by bright-field imaging (Figure 2A). Live-dead assays were performed on the cells inside the capsules, demonstrating 90% viability post-encapsulation (Figure 2B). To ensure long-term viability of the cells inside capsules, capsules were dissolved in sodium citrate and cells were then re-plated (Figure 2C). After confirming in independent experiments that the stable transfected ARPE-19 cells expressed and secreted the biologic that was desired14, and after establishing the parameters for safely encapsulating cells, capsules were produced for intraocular injection.

Intravitreal injections into the mouse eye requires the use of a 27 G blunt-tip needle (inner diameter of 210 µm) and accurate delivery system to consistently inject the required small volume of 1 µL. The size of capsules that were not damaged during ejection through the 27 G needle was confirmed by microscopy (Figure 2A). An optimal size of 150 µm was identified.  Intravitreal injection was performed under visual inspection, which allowed the visualization of capsules in the vitreous (Figure 4A). Likewise, OCT imaging was performed, which confirmed that a majority of capsules in the vitreous chamber of the mouse were intact with relatively minor amounts of debris (Figure 4B). In follow-up published experiments, it was confirmed that the desired biologic was present in the eye at therapeutically relevant doses, inhibiting the disease process under investigation14. These results confirmed that encapsulated cells can safely be injected into mouse eyes for the long-term delivery of biologics.

FIGURE LEGENDS:

Figure 1: Encapsulation process instruments. The set-up includes (A) a 3 mL syringe, (B) 0.2 µm filters, (C) a 30 G, ½ inch blunt-tip needle, (D) an electronic syringe driver, (E) a high voltage generator, (F) the system set-up, and (G) a 7 mm fixed distance between the needle tip and gelling solution surface.

Figure 2: Cell encapsulation. (A) Microcapsules filled with ARPE 19 cells. (B) Live/ dead assay: [a] red fluorescent color indicates dead cells, and [b] green fluorescent color indicates live cells. (C) Cultured cells after recovery from microcapsules beginning with a small cluster growing to confluency. Scale bars represent 100 µm.

Figure 3: Surgical set-up. A dissecting microscope (1) with a video camera (2) is used to visualize the procedure. The mouse is weighed (3) to administer the appropriate amount of anesthetic and placed on a small platform (4) to ease handling and injection. Eyes are dilated with mydriatics atropine and phenylepinephrin (5) and are kept hydrated with lubricant (6). A guide hole is punctured just outside the limbus using a 26 G needle (7). The glass syringe (8), loaded with appropriately diluted capsules (9), is placed at a 45° angle to the mouse eye and advanced through the guide hole, using a micromanipulator (10). The needle track as well as the capsules being released can be visualized [(11); see Figure 4]. Upon retraction of the needle, the cornea is moistened with hypromellose (12) and antibiotic ointment (13) applied to the injection site to avoid infection. Following the procedure, the mouse will be placed on a 37 °C heating pad and monitored until fully awake.

Figure 4: Encapsulated cell technology to deliver ARPE-19 into the eye. (A) Injections are performed using a blunt 27 G needle attached to a Hamilton syringe. The needle track can be followed as the tip of the needle enters the eye, avoiding the lens and the capsules (arrowhead) can been visualized, magnified by the optical system of the mouse eye. It should be noted that the circular reflection of the light source. (B) Capsules (arrowhead) can be imaged in the vitreous using optical coherence tomography. Scale bars represent 200 µm. Panel B was reprinted with permission from Annamalai et al.14

DISCUSSION:

This cell encapsulation technique is relatively quick and easy to perform; however, certain points must be kept in mind to obtain accurate downstream results. Cells should be maintained in culture in a Petri dish prior to encapsulation and held at proper confluency. Encapsulation should be performed in a proper ventilation hood with regulated air flow, if possible. Too strong of an air current can affect capsule formation, especially in long-term experiments. Sterile utensils and solutions are critical for long-term maintenance of cells within the capsule.

At present, live-dead staining is used as a confirmatory tool to determine the viability of cells within the capsules. The number of cells per capsule and under the current condition (i.e., normally 12–20 cells per capsule) are also visually determined. The viability of each batch of encapsulated cell batches are monitored by this method. To further determine the viability of the cells, encapsulated cells are dissolved and re-cultured. This further demonstrates the viability and integrity of cells within the capsules, validating successful cellular encapsulation.

The parameters used for cellular encapsulation have been established for this particular cell type. The parameters stated above are those used for the encapsulation of ARPE 19 cells for these experiments. Flow rate, alginate concentration, voltage applied, and secondary coating of the capsules are all variables that can be adjusted for appropriate use of the capsules. Likewise, the amount of capsules required for a given experiment needs to be determined either empirically or based on the known PK/PD of the biologics. It is important to always perform appropriate control experiments, adding empty capsules to control for the presence of the capsules and capsules loaded with untransfected ARPE-19 cells to control for the presence of secreted factors. ARPE-19 cells can also be stably transfected with a control plasmid, as the presence of even a small number of capsules in the small vitreous of the mouse (<10 µL) appears to alter the normal physiology of the eye. Within this context, it is important to know the secretome of APRE-19 cells under encapsulation conditions (as well as in the presence of vitreous in a particular disease condition), as the secreted proteins may interfere with the efficacy of the biologic under investigation.

Finally, this technique was implemented to provide proof-of-principle for long-term delivery of complement inhibitors for the treatment of AMD and to improve the current method of intravitreal injections14. At the current stage of development, complement inhibitors are injected into the vitreous, typically using monthly injections. This includes injection of the complement factor D blocking antibody lampalizumab18, which failed in a phase III clinical trial to reduce the progression of geographic atrophy, or the complement factor 3 inhibitor APL-219, which is currently in a phase III clinical trial. 

[bookmark: _GoBack]Intravitreal injection is hampered by side effects of the injection itself (i.e., risk of retinal detachment, rise in intraocular pressure, endophthalmitis, etc.). In addition, drug levels will vary significantly over the course of the month upon monthly intravitreal injections, and rebound reactions may be expected. As an alternative, gene therapy strategies are being developed, such as the soluble CD59 complement inhibitor20, which is currently in a phase I clinical trial. Encapsulated cells also allow for the continuous production of a biologic for extended periods of time and can be terminated (i.e., explanting of the capsule), if required. 

To date, we have only tested for production of a biologic over the course of ~6 weeks14. It should be noted that the method described here should only be used for proof-of-principle in animal models and not for use in patients, as the alginate capsules are not sufficiently stable to completely prevent shredding during the injection and are not expected to last more than a few weeks. In contrast, a solid device such as that developed by Neurotech can last for years21 to deliver the required factors22-24. In addition, this new technique can also be combined with encapsulated drug delivery. Overall, it is expected that this emerging field will rapidly develop as an alternative strategy for repeated injections of therapeutics of gene therapy. 
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