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Abstract

Segmental injuries to peripheral nerves (PNs) too often result in lifelong disability or pain 

syndromes due to a lack of restorative treatment options. For injuries beyond a critical size, a 

bridging device must be inserted to direct regeneration. PN allografts from immunologically 

incompatible donors are highly effective bridging devices but are not a regular clinical option 

because of the expense and health risks of systemic immunosuppression (ISN). We have developed 

a method to deliver a single administration of ISN localized around a PN allograft that 

circumvents the risks of systemic ISN. Localized ISN was provided by regulatory T cells (Tregs), 

a potently immunosuppressive cell type, that was delivered around a PN allograft with a 

poly(ethylene glycol) norbornene (PEGNB) degradable hydrogel. Tregs are released from the 

hydrogel over 14 d, infiltrate the graft, suppress the host immune response and facilitate 

regeneration of the recipient rats equal to the autograft control. Furthermore, this method was 

effective in a segmental PN defect that included a branch point, for which there currently exist no 

treatment options. These results show that localized delivery of immunosuppressive cells for PN 

allografts is an effective new strategy for treating segmental PN defects that can also be used to 

regenerate complex nerve structures.
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1. Introduction

Injuries to peripheral nerves (PNs) affect hundreds of thousands of new individuals in the 

United States each year [1]. These injuries often leave patients with motor disability, sensory 

aberrations and pain syndromes [2,3]. When a PN is bisected and a gap of more than a few 

millimeters is created, a bridging device must be inserted for regeneration to occur. The 

degree of regeneration depends on how well surviving axons cross the bridging device, re-

enter the distal nerve structure and navigate to their target tissues, which may involve long 

distances and many branch points. The slow rate of axonal regeneration and misrouting of 

axons at branch points are major impediments to functional recovery.

The best current option for a bridging device is an autologous nerve, such as the sural branch 

of sciatic nerve or the dorsal cutaneous branch of the ulnar nerve. These are sensory nerves 

that are an acceptable tradeoff for partial restoration of motor function but are not ideal for 

regeneration of motor or mixed PNs, which contain both motor and sensory axons [4–6]. To 

offset concerns of donor site morbidity, non-exact physical matching and sensorimotor 

mixmatching of sensory autografts, scaffolds of degradable conduits and decellularized 

allografts have been developed as bridging devices. Although approved for small PN 

segmental defects, they lack the bioactivity of sensory autografts and are fractionally 

effective in comparison with autografts [7–14]. Many innovative methods are being 

developed to bioactivate such scaffolds, but none are yet equivalent to sensory autografts.

Furthermore, treatment of a PN defect that includes a branch point is particularly complex. 

With an organization similar to vasculature, PNs extend in large bundles out from the spinal 

cord and progressively branch into smaller fibers that innervate motor and sensory targets 

[15]. In the human sciatic nerve alone, there are 10 major branch points and numerous minor 

branch points until the nerves reach their enervation targets [15]. When an injury affects a 

branched structure, it is conceivable that surgeons could anastomose two autologous nerve 

sections to the larger proximal stump that are then connected to the distal branches, similar 

to what occurs in linear defects when the autologous nerve is significantly smaller in 

diameter than the affected nerve [16]. However, there are no reports of this practice or its 

efficacy for branched defects. 3D printed conduits for branched defects have been developed 

[17], but nothing has been as of yet tested in vivo.

PN allografts are highly effective bridging devices for PN defects but currently are limited 

by the need for systemic immunosuppression (ISN). Allografts can be from mixed nerves, 

can be anatomically matched to the implant site and better recapitulate fascicular 

organization, all of which lead to superior regeneration [4–7,18,19]. Three other factors 

make PN allografts amenable for clinical use; Graft procurement is facilitated because 

immunological matching is not necessary, surgeons often wait weeks to months from the 

time of initial injury to specifically address the damaged PN and PN allografts can be stored 

and retain their regenerative potential [20,21]. The primary limitation preventing widespread 

use of PN allografts is ISN. Systemic ISN carries substantial risks to the patient, such as 

susceptibility to pathogens, nephrotoxicity and lymphoproliferative disorders [22]. Systemic 

ISN is also expensive and is generally reserved for quantity of life, rather than quality of life, 

scenarios [23].
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PNs have unique immunological properties that may be leveraged to circumvent the risks 

and expense of systemic ISN. Observations across multiple species illustrate that temporary 

systemic ISN is sufficient to stimulate full regeneration with a PN allograft [24–31]. Thus, 

achieving long-term tolerance isn’t necessary for PN allografts. This informed our 

hypothesis that a sufficient delay might be achieved by localized ISN instead of systemic 

ISN to allow for PN allograft regeneration. Localized ISN would circumvent or alleviate 

concerns about systemic ISN and has long been a goal of transplantation therapy.

Here we provided localized ISN with regulatory T cells (Tregs), which are an 

immunosuppressive sub-population of CD4+ T cells [32]. Tregs suppress antigen-presenting 

cells (APCs) and effector T cells and have shown temporary efficacy in clinical models of 

immune suppression [33,34]. In our study, Tregs were placed around 2-cm branched PN 

allografts via a degradable hydrogel carrier at the time of graft placement. The poly(ethylene 

glycol) norbornene (PEGNB) hydrogel delivered the Tregs over a period of 14 d. No 

additional immunosuppressive interventions were administered. PN regeneration in animals 

that received PEGNB with Tregs was equal to the regeneration in rats that received mixed 

autografts. This new, highly effective strategy for PN regeneration suggests that localized 

ISN is possible for PN allografts and also is capable of promoting regeneration through 

branched PN defects.

2. Materials and methods

2.1. Animal acquisition and care

The animals were acquired, cared for and used in accordance with the NIH Guide for the 

Care and Use of Laboratory Animals and followed the protocol approved by the University 

of Wyoming IACUC. Rats were housed at ambient temperature with stable humidity and a 

natural day-night cycle, with free access to rodent laboratory food and water. Lewis and SD 

rats were obtained from Charles River Laboratories. Wilmington, MA, USA. SD rats 

constitutively expressing GFP, strain SD-Tg (UBC-EGFP) 2BalRrrc (common name SD-

EGFP), were obtained from the Rat Resource and Research Center (RRRC), Columbia, MO, 

USA. Animals were housed jointly in cages until 1 week before surgery, at which point they 

were kept in individual cages for the duration of the study.

2.2. Isolation, expansion and immunophenotyping of rat tregs

Spleens were harvested from SD rats or from heterozygotes obtained by breeding SD-EGFP 

animals with SD animals. Tregs were purified from the spleens by magnetic-activated cell 

sorting with phycoerythrin (PE)-conjugated anti-CD4 (eBioscience, cat. no. 12–0040-82), 

anti-PE multisorting microbeads (Miltenyl; cat. no. 130–040-100), biotin-labeled anti-CD25 

(Biotin; cat. no. 102004) and Streptavidin MicroBeads (Miltenyl, cat. no. 130–048-102). 

Isolated Tregs were expanded in RPMI 1640 (Sigma, cat. no. R8758) supplemented with 

400 U/mL interleukin-2 (IL-2) (R&D systems, cat. no. P60568), 1 × non-essential amino 

acids (Gibco, cat. no.11140050), 1 × sodium pyruvate (Gibco, cat. no. 11360070) and 10% 

fetal bovine serum (FBS) (Life Technologies, cat. no. 10437028) in a plate coated with 5 

μg/mL of goat anti−rat IgG1 (Thermo Fisher Scientific, cat. no. A-11006) and 5 μg/mL of 

purified NA/LE mouse anti−rat CD28-superagonist (BD Biosciences, cat. no. 554992) [35].
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For immunophenotyping, cells were washed with PBS (Sigma-Aldrich, cat. no. P4417) and 

labeled with PE-conjugated mouse anti−rat CD4 (1:50) (eBioscience, cat. no. 12–0040-82) 

and with mouse anti−rat CD25 (1:50) (Biolegend, cat. no. 202111) and Alexa Fluor 

488−conjugated goat anti−mouse IgG1 (1–10 μg/mL) (Thermo Fisher Scientific, cat. no. 

A-21121). Cells were permeabilized with 0.1% Triton X-100 and labeled with FoxP3-APC 

(1:100) (eBioscience, cat. no. 17–5773-80) and DAPI (Invitrogen; cat. no. D1306, 0.01 mg/

mL). Labeled cells were mounted on coverslips with Fluoroshield (Sigma-Aldrich, cat. no. 

F6182) and imaged by fluorescence microscopy (Zeiss 710 confocal microscope). Counts 

were performed manually by individuals blinded to the experimental groups.

2.3. In vitro suppression assay

Expanded Tregs were co-cultured with isolated splenocytes from Lewis rats (allograft 

recipient) stimulated with 5 μg/mL concanavalin A (conA) (Sigma, cat. no. L7647). Co-

culture was carried out in medium consisting of RPMI 1640, 10% FBS, 100 U/mL penicillin 

and 100 μg/mL streptomycin (Thermo Fisher Scientific, cat. no. 15140122) and 50 μM β-

mercaptoethanol in 96-well plates. Tregs were mixed with 20,000 conA-stimulated 

splenocytes at the indicated ratios, and proliferation of stimulated splenocytes was measured 

by Alamar blue assay (Thermo Fisher Scientific, cat. no. DAL1100). Measurements of Tregs 

alone and conA-stimulated splenocytes alone were taken to calculate the individual 

influence of these cell types from the co-culture assay.

2.4. Synthesis of PEGNB hydrogels and treg biocompatibility and escape

PEGNB hydrogels were prepared following established protocols [36]. To prepare PEGNB 

hydrogel−forming solution, a 1:1 M ratio between thiol and -ene functional groups was 

maintained for effective crosslinking. PEGNB was mixed with di-thiol linker and photo 

initiator LAP (lithium phenyl-2,4,6-trimethylbenzoylphosphinate) (Sigma Aldrich, cat. no. 

900889) to a final concentration of 10% (w/w) 20k 4-arm PEGNB (Sigma Aldrich, cat. no. 

808466), 10 mM di-thiol linker (1.5k, Sigma-Aldrich cat. no. 704369) and 0.1% (w/w) LAP. 

5 × 106 Tregs were mixed with 450 μl hydrogel-forming solution before polymerization. 

Hydrogels were formed via photopolymerization by exposure to UV light at 100 mW/cm2 

for 20 s [36]. Viability of encapsulated cells was assessed using the LIVE/DEAD Viability/

Cytotoxicity Kit (Thermo Fisher Scientific, cat. no. L3224).

To quantify Treg escape, 5 × 106 Tregs were encapsulated in 10% (w/w) bulk hydrogel and 

placed on a 40-μm cell strainer (Sigma, cat. no. CLS431751). The cell strainer with hydrogel 

was placed in a 6-well plate containing 8 mL of medium so that the hydrogel was submerged 

under the medium. The cell strainer containing the cell-laden hydrogel was then transferred 

to a new well each day. Cells that escaped from the hydrogel were stained with 0.2% trypan 

blue (Thermo Fisher Scientific; cat. no. 15250061), and live cells were counted with a 

hematocytometer.

To quantify the Tregs remaining in the PEGNB hydrogel, 5 × 105 Tregs were encapsulated 

in PEGNB as previously discussed. On days 1, 7 and 14, cell-laden hydrogels were lysed in 

1% SDS supplemented with proteinase K in a tissue grinder on ice, then were centrifuged at 

2600 g for 5 min. Supernatant was collected for measuring dsDNA content using Quant-iT 
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Picogreen dsDNA Reagent (Thermofisher Scientific; cat. no. P11495) following the 

manufacture’s instruction.

2.5. Harvest and storage of nerve allografts

Animals were euthanized via cervical dislocation while under isoflurane anesthesia. PN 

grafts of the sciatic nerve were harvested from each flank and placed into PBS and stored on 

ice until implantation. Implantation occurred between 3 and 8 h after harvest.

2.6. Surgical procedure and post-operative care

Surgery was performed using previously published methods [10]. Briefly, Lewis rats were 

anesthetized with isoflurane and their hind limb was shaved. They were kept on a 38 °C 

heating pad and given intraperitoneal injections at the future incision site that consisted of 

bupivicaine (2 mg/kg) and baytril (5 mg/kg), and the surgical site was washed three times 

with iodine and isopropyl alcohol. Vaseline was placed on their eyes to prevent drying, 

sterile drapes were placed over the surgical site and the foot pinch test was performed to 

verify the level of anesthesia. Under sterile conditions, the skin was incised with a scalpel 

and the gluteus superficialis and biceps femoralis muscles were gently dissected to reveal the 

sciatic nerve. A 2-cm section of the sciatic nerve was removed with scissors, beginning 1 

mm distal to the external obturator tendon and extending past the tibial-peroneal branch 

point. For autograft groups, this section of nerve was resutured with 9–0 sutures back into 

the created defect exactly as it was prior to removal. Allografts from SD donors were 

likewise sutured into place, connecting the peroneal to peroneal and tibial to tibial segments. 

Nerves were sutured at the epineurium layer under a surgical microscope using 9–0 sutures. 

4.5 × 106 Tregs were prepared within 450 μl of PEGNB as described above was pipetted into 

the implant site and polymerized in place by UV illumination (100 mW/cm2) for 20 s. This 

quantity of hydrogel completely covered the entire length of the PN allografts and portions 

of the proximal and distal boundary with host PN. The muscle and skin were then 

sequentially sutured using 6–0 sutures [10].

For post-operative analgesia, rats received bupranorphine (0.03 mg/kg) twice per day for the 

first 3 d after surgery and acetaminophen (64 mg/kg/day) once per day for 7 d after surgery. 

Rats were fitted with Elizabethan collars (Kent Scientific, cat. no. EC404VS) for the first 3–

7 d after surgery. No incidences of autophagy occurred.

2.7. Electromyography (EMG) to measure CMAPs

CMAP recording was performed on all recipient rats prior to surgery and at the designated 

time points afterward. CMAPs were recorded using a Viking NCS EMG EP IOM System as 

described [10,37]. The three highest amplitudes or shortest latencies were averaged for each 

animal at each time point.

2.8. Tissue collection at endpoint

Under isoflurane anesthesia, nerves were surgically exposed and fixed in situ with Trump’s 

fixative (4% paraformaldehyde, 1% glutaraldehyde, 1.16 g/100 mL NaH2PO4 in PBS) for 30 

min. Nerves were then removed and placed in Trumps fixative, and the animals were 

sacrificed by cervical dislocation.
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2.9. Sectioning and histology

Sciatic nerves were harvested, kept in Trump’s fixative solution overnight and then were 

incubated in 20% sucrose solution overnight at 4 °C for cryoprotection. Samples were 

embedded in Tissue-Tek® O.C.T. Compound, Sakura® Finetek (VWR, cat. no. 25608–930) 

and frozen at −20 °C. Nerves were cryosectioned longitudinally (8–10 μm thick), and the 

resulting sections were placed on Superfrost Plus glass slides (Thermo Fisher Scientific, cat. 

no. 9951LPLUS).

Immunofluorescence of frozen sections was performed for PE-conjugated anti−rat CD4 

(1:50). Frozen sections were washed three times with PBS, followed by a 1 h incubation in 

blocking solution (5% BSA with 0.1% of Triton X-100) at room temperature and were then 

incubated with the antibody diluted in blocking solution for 1 h at room temperature. The 

sections were washed three times with PBS and, lastly, were incubated with DAPI (Thermo 

Fisher Scientific, cat. no. 62248) for 5 min. Sections were analyzed by photomicroscopy 

using an EVOS FL Color Imaging System (Life Technologies) microscope.

2.10. Imaging and densitometry

First, from each of the 12 animals used for the in vivo Allograft + GFP + Treg analysis, 50 

images from the donor/boundary/host region were taken using the EVOS FL microscope at 4 

× and 10 × magnification, to cover a region of 9 mm in length. These images were used for 

intensity density measurement and tracking of the GFP + Tregs. Second, from each of these 

same images at least 10 frames were taken with the same microscopy setup at 4 ×, 10 × and 

20 × magnification of the proximal stump/junction region to analyze CD4 intensity density 

measurements. Photomicrographs were analyzed using confocal and EVOS FL microscopes 

and ImageJ software (NIH). Finally, the mean gray value of each antibody/marker 

(integrated density, %) was obtained with the measurement function of ImageJ software as 

described [38]. From each photomicrograph, the average of the mean gray values from 

multiple photomicrographs was used for analyses. This method was used to quantify the 

abundance of positive cells for each antibody/marker in the nerves.

2.11. Nerve morphometry

Nerve segments were embedded and stained with toluidine blue according to our previous 

protocol [39] or stained with Masson’s Trichrome. Toluidine blue sections quantified are 4 

mm proximal from the peroneal-tibial branch point and sections for Masson’s Trichrome are 

2 mm proximal from the branch point. Quantification of regeneration from images was 

performed by individuals blinded to the experimental groups.

3. Results

3.1. Isolation, expansion and characterization of tregs

Tregs were isolated from Sprague Dawley (SD) rat spleens by magnetic-activated cell 

sorting for CD4 and CD25 and were cultured with IL-2 and surface-adsorbed anti-CD28 

superagonist antibody. Tregs were expanded in vitro for up to 12 d prior to use in 

experiments (Fig. S1A). Immunophenotyping the expanded cells showed the population to 

be > 98% CD4+, > 98% CD25 + and > 89% FoxP3+ (Fig. S1B, C). To determine the 
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functional characteristics of the cells, Tregs were placed in co-culture with splenocytes 

isolated from Lewis rats and stimulated with concanavalin A (conA). As shown in Fig. S1D, 

Tregs inhibited expansion of conA-stimulated splenocytes, consistent with previous 

characterization of Treg functionality [32].

3.2. Encapsulation and release of tregs from PEGNB hydrogel

While Tregs delivered via intravenous infusion do circulate and localize to tissue grafts, they 

may not do so in sufficient numbers at the target site, have the potential to be active at non-

target sites and billions of cells are required [34,40,41]. To increase the consistency of their 

target site accumulation, we developed a hydrogel for localized and controlled delivery of 

Tregs at the site and time of graft placement. PEG-based hydrogels possess excellent 

versatility and biocompatibility for cell immobilization and delivery applications [42]. We 

adapted a PEGNB hydrogel that forms thiol-ene crosslinks in the presence of a dithiol PEG. 

Biocompatibility was evaluated by assessing the viability of PEGNB encapsulated Tregs 

compared to standard 2-dimensional (2D) culture conditions. This assessment did not 

include IL-2 or anti-CD28 in the medium, as these factors are available only in vivo 
following effector immune cell infiltration of the area. Results showed improved Treg 

survival in PEGNB hydrogels compared to 2D cultures at 7 d and 14 d (Fig. 1A).

To quantify release, 5 × 106 Tregs were encapsulated in 500 μl of PEGNB and placed in a 

cell strainer with 40-μm pores in a 6-well tissue culture dish. The cell strainer was shifted to 

a fresh well each day, and the number of viable Tregs left in the well bottom was quantified. 

As shown in Figs. 1B and 2% (∼100,000) Tregs escaped the first day, 6–10% (∼300,000–

500,000) escaped per day on days 2–9 and 2–6% escaped per day on days 10–14. By day 14, 

the hydrolytically degrading gel had lost most of its structural integrity. Quantification of the 

DNA in the hydrogel at 7 and 14 d showed that 57 and 0.17% of Tregs remained in the 

hydrogel respectively at these days (Fig. 1C). Overall, 84% of the encapsulated Tregs 

escaped and were viable over the 14 d period. This release profile is consistent with the goal 

of ensuring that sufficient Tregs are on-site throughout the two-week time frame over which 

immune cells begin to infiltrate allogeneic PN tissue grafts [43].

3.3. In vivo experiments with a 2-cm branched nerve defect

An enabling feature of PN allografts is the potential to serve as bridging devices for complex 

nerve structures. Our in vivo experiments to test the effectiveness of locally delivered Tregs 

used a 2-cm defect that encompassed the peroneal-tibial branch point of the sciatic nerve 

(Fig. 2A). Allografts were harvested from donor SD rats and sutured into recipient Lewis 

rats, where a corresponding 2-cm segment of the sciatic nerve had been removed. The 

PEGNB hydrogel with Tregs was polymerized in the graft site after the graft had been 

sutured into place (Fig. 2B and C). No additional immunosuppressive interventions were 

administered. Control groups included the allograft with and without the PEGNB vehicle 

and an autograft control.

Compound muscle action potentials (CMAPs) are a standard clinical method for measuring 

PN function and were used to quantify functional regeneration [44]. CMAPs were measured 

for the distal enervation muscle targets in the foot of the peroneal and tibial branches of the 
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sciatic nerve. CMAP amplitudes, which measure the quantity of electrically conductive 

fibers, first began to be detectible for the peroneal branch 8 wk after surgery (Fig. 3A). By 

12 wk, the Treg-treated group showed peroneal CMAP amplitudes statistically equivalent to 

the autograft positive control and greater than other groups. This trend was maintained for 

all additional time points.

CMAP amplitudes of the tibial branch of the sciatic nerve in Treg-treated animals were also 

statistically equivalent to the autograft positive control and greater than the allograft negative 

control at the study endpoint (Fig. 3B). Interestingly, tibial amplitudes for allograft negative 

control and vehicle-treated animals were relatively higher in relation to the autograft as 

compared with peroneal amplitudes. CMAP latencies, which measure the time for the fastest 

nerve fibers to conduct between the stimulation and recording sites, showed longer 

conduction times only for the negative control group of allograft without vehicle compared 

to other treatment groups (Fig. S2). Together, the CMAP data indicates that of all the 

treatment groups, only the Treg-treated animals showed equivalency to autograft in both the 

number of conductive fibers and speed of conduction.

3.4. Morphometry of regenerated nerve within the grafts

To assess the morphometry of the regenerated nerves, toluidine blue staining of 1-μm-thick 

cross-sections was performed on the center section of the graft prior to the branch point (Fig. 

4A–D). The morphometry showed that nerves from animals with allograft ± vehicle had 

axons spread over a large area within the nerve cable similar to autograft, but there was a 

higher abundance of non-nerve tissue within allograft ± vehicle compared to autograft. All 

Treg-treated allografts displayed a distinct morphometry where all axons were highly 

condensed within an area of the graft (Fig. 4C). This corresponded to a much greater axonal 

density for Treg-treated groups (Fig. 4E). While there was a trend for greater percent 

myelination for the Treg-treated group, this was not statically significant (p = 0.063) (Fig. 

4F). Masson’s trichrome stain is used to indicate fibrous tissue and the degree of stain on 

Treg-treated PNs suggests that the non-nerve tissue within the epineurium is inconsistent 

with fibrous tissue (Fig. 4G, Fig S3). Quantification showed that the percentage of non-nerve 

tissue was higher in Treg-treated animals (Fig. 4H).

3.5. Treg infiltration into the PN allografts

To evaluate the extent that Tregs migrated into the allografts, Lewis recipients with branched 

PN allografts from SD donors were administered SD-EGFP Tregs within the PEGNB 

hydrogel. Tissue was harvested at 3, 7, 14 and 21 d after surgery and assessed for GFP 

fluorescence at the proximal donor-host boundary. At 3 d, a large degree of GFP 

fluorescence was observed at the donor-host boundary, within both the graft and host nerve 

(Fig. 5A). By 7 d, the GFP signal had decreased relative to 3 d at the donor-host boundary 

but appeared to be more diffusely distributed along the length of the graft (Fig. 5B). At 14 d 

and 21 d, GFP fluorescence had increased within both the donor and host nerve structures 

(Fig. 5C and D).

Quantification of densitometry shows the changing distribution of GFP intensity relative to 

the donor-host boundary over time (Fig. 5E), as the GFP-expressing Tregs spread from the 
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donor-host boundary into both the host and donor PN. This showed a significant increase in 

overall intensity of GFP in the 9 mm segment of the nerves analyzed at 21 d relative to 7 d 

(Fig. 5F). As the PEGNB hydrogel had completely degraded by 14 d in vivo, this suggests 

that the increase in GFP intensity at later time points was due to proliferation of the 

surviving GFP + Tregs within the nerve rather than increased infiltration of Tregs released 

from the PEGNB hydrogel.

To evaluate Treg migration to other tissues, we collected the spleens from the Lewis rats that 

received GFP + Tregs with PN allografts. Isolated pockets of GFP-expressing cells were 

observed at 3 d and 7 d in the red pulp of the spleen (Fig. S4A, B). GFP-expressing cells 

were not observed in the white pulp. The abundance of GFP-expressing cells at 14 d and 21 

d was progressively less than at previous days (Fig. S4B–D). This indicates that some of the 

Tregs locally implanted around the PN graft entered the circulation and entered the spleen 

but did not endure and proliferate in the spleen as was the case for Tregs within the PN 

allograft (Fig. 5).

3.6. Effects of tregs on host-derived CD4+ T cells

Tregs suppress the proliferation and stimulate apoptosis of effector T cells [33]. To assess 

the functional impact of locally delivered Tregs, the abundance of host-derived CD4+ cells 

within the proximal 5 mm of the graft was analyzed. As Tregs are also CD4+, the co-label of 

GFP was used to distinguish host-derived CD4+ cells from Tregs in the Treg-treated animals. 

Densitometry showed a sustained reduction in the quantity of CD4+ GFP− cells in Treg-

treated grafts at all timepoints (Fig. 6), indicating a significant functional impact of the Tregs 

in the PN allografts.

4. Discussion and conclusion

A bridging device is required when PN segmental defects are more than several millimeters 

in length. Scaffolds as bridging devices for segmental PN defects were developed to replace 

autologous sensory nerves. Although conduits and decellularized allografts can be effective 

for stimulating regeneration of shorter PN segmental defects, these scaffolds are not as 

effective as autografts for short defects and cannot be used for long defects [45], for which 

an autograft is still the only clinical option. The inclusion of cells, neurotrophic factors and 

small molecules, electrical stimulation, material advances and new fabrication methods are 

all being investigated to improve scaffold performance [46]. Whereas many of these 

innovative advances show promise, none have yet shown the potential to match sensory 

nerve autografts. Mixed PN allografts are already as effective as autografts, can be used for 

long defects and have many advantages as bridging devices but are not routinely used 

because of the risks and expense of systemic ISN [26].

The primary advancement of our study is that a single localized application of Tregs 

delivered by PEGNB around the graft was sufficient to replace systemic ISN for PN 

allografts. Without any additional ISN, PN allografts treated with Tregs showed regeneration 

equivalent to mixed autograft at 20 wks, where CMAPs were the primary measure of 

functional regeneration. The survival and engraftment of Tregs via localized delivery has 

also been observed in a case of pancreatic cell transplantation, where the locally delivered 
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Tregs improved the survival time of the transplanted islet cells [47]. In other studies, Tregs 

are delivered via intravenous bolus dose [33].

In our study, the positive control group was an autologous graft that was cut out and 

immediately sutured back in place in the exact pre-injury configuration. This was necessary 

due to the branched nature of the defect and is distinct from studies on linear defects where 

the autograft is reversed within the defect site. Clinical studies with sensory autografts are 

not exactly matched in terms of mixed vs sensory, diameter and fascicular organization, 

which leads to inferior regeneration compared to mixed grafts [4–6]. Thus, the positive 

control of the mixed nerve directly sutured into the defect in exactly the same configuration 

in this case represents the best possible regeneration.

PNs appear to have immunological features that may make localized ISN more feasible for 

PN allografts than for transplantation of other tissues. A substantial degree of regeneration 

occurs following PN allografts even in the absence of any immunosuppressive therapy 

[4,29,43,48–50] (Fig. 3). Immune rejection of allogeneic skin grafts, by comparison, occurs 

within 2 weeks and the entire graft loses integrity and fails [51]. Within PN allografts, 

donor-derived cells survive for longer but are eventually eliminated and replaced by host 

cells [43,50]. Potential reasons for this disparity are differences in APCs within skin versus 

PNs [38,52] and because PN allografts serve only as a temporary scaffold for regeneration of 

host axons, which are the functional component for regeneration.

Within PNs, Schwann cells are the most important support cell for stimulating axonal 

regeneration, yet they also appear to be the most immunogenic [53,54]. Despite this, 

allogeneic Schwann cells persist in PN grafts for long periods of time even without ISN but 

are ultimately replaced by host-derived Schwann cells [20,49,50]. The mechanisms by 

which Schwann cells can temporarily evade the immune response and still promote 

regeneration are yet to be defined.

The second advancement of our study is the test on a critical size defect that included a 

branch point. Allografts are uniquely positioned to be used for such defects, as scaffolds are 

not available for branched defects and harvesting branched sensory autografts would 

increase donor-site morbidity. As regenerating axons reach branch points, incorrect routing 

can result in complete pruning of the axon or aberrant sensorimotor connections [55]. PN 

grafts from motor or mixed PNs contain biological cues that better stimulate regeneration of 

motor axons that sensory grafts lack [56]. These cues also promote correct routing of motor 

axons at branch points [57,58]. Consequently, it is likely that if a segmental defect 

encompasses a branch point where sensory and motor axons diverge, a PN allograft 

harvested from the corresponding PN region from a donor would be the ideal bridging 

device.

Differences in control group peroneal and tibial CMAPs potentially indicate the 

circumstances when ISN is most important. Tibial CMAP amplitudes in negative controls 

were much more similar to those of autograft and Treg-treated allografts as compared with 

peroneal CMAP amplitudes (Fig. 3A and B). While the CMAPs were taken from the most 

distal muscles in the foot enervated by the nerves, the tibial anterior muscle is the most 
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proximal motor enervation target of the tibial fibers and is closer to the defect than those of 

the peroneal fibers. Motor axons that initially reach their targets rapidly recruit other motor 

axons in a process called preferential motor reinnervation [59]. The difference in the degree 

of regeneration in the allograft negative control between the tibial and peroneal may suggest 

that preferential motor reinnervation occurred for tibial axons at the expense of peroneal 

axons in the absence of Tregs, suggesting Tregs or other methods of ISN are most critical for 

axons that have longer distances to regenerate after the graft. Additional tests would need to 

be performed to confirm this.

Tregs that were applied locally to the PN allograft infiltrated and remained in the PN 

allograft. While some Tregs did enter the spleen, their presence in the spleen was temporary 

and localized to the red but not white pulp. This is indicative of localized ISN but is not a 

direct test of the ability of animals to combat and generate immunological memory to a 

pathogen away from the area of Treg administration. It is also presently unclear how long 

the Tregs remain in the recipient. Tregs proliferate in response to signaling from effector T 

cells and APCs, which may persist in the graft for long periods. Tregs are also capable of 

transdifferentiation under some circumstances into effector T cells [60], which may become 

a concern. Finally, although we used a Treg population consistent with current clinical 

applications [33], there is growing diversity in the number of subpopulations, degree of 

allospecificity and source of Tregs that may be more or less advantageous for PN allografts.

Application of this new strategy in the clinic is facilitated by advancements in donor tissue 

procurement and screening [61], the excellent safety record of Tregs in clinical studies [62], 

and the prior regulatory approval of PEG-based hydrogels [63]. However, additional pre-

clinical development and assessment are needed in large-animal models, in which direct 

comparison to sensory autografts can occur, autologous Tregs can be tested and the strategy 

can be assessed for larger nerve gaps.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. 
Biocompatibility and release of Tregs from the PEGNB hydrogel. (A) Viability of Tregs 

encapsulated in PEGNB hydrogel over time, using viability in 2D culture as a control. (B) 

Cumulative release profile of 5 × 106 Tregs from 500 μl of PEGNB hydrogel. (C) 

Percentage of Tregs in PEGNB hydrogel over time measured by DNA content within 

PEGNB. N ≥ 3, **p < 0.005 by ANOVA and Tukey’s post-hoc test. Error bars depict s.e.m.
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Fig. 2. 
Surgical placement of branched PN allograft and Tregs within PEGNB hydrogel. (A) A 2-

cm PN allograft that includes the peroneal-tibial branch point of the sciatic nerve harvested 

from a donor SD rat. (B) Image of the implant site within a recipient Lewis rat after the PN 

allograft was sutured into place. (C) Graft site after the PEGNB hydrogel containing Tregs 

was polymerized into place.
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Fig. 3. 
CMAP amplitudes of regenerated sciatic nerve. (A) Amplitudes of the peroneal branch of 

the sciatic nerve. (B) Amplitudes of the tibial branch of the sciatic nerve. N = 6 rats per 

group, *p < 0.05, **p < 0.005 by two-way ANOVA with Tukey’s post hoc test. Error bars 

depict s.e.m.
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Fig. 4. 
Morphometry of nerves within grafts at 20 weeks after surgery. (A−D) Representative 

images (10 × ) of nerve cross-sections from each of the four groups stained with toluidine 

blue. (E) Percentage of myelinated axons within grafts from the different treatment groups. 

(F) Axonal density of nerve cables within grafts. (G) Representative image (10 × ) of nerve 

cross-sections from Allograft + Tregs group stained with Masson’s trichrome. (H) 

Percentage of non-nerve tissue within the epineurium. N = 6 rats per group, #p = 0.063, *p < 

0.05, **p < 0.005 by two-way ANOVA with Tukey’s post hoc test. (For interpretation of the 
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references to colour in this figure legend, the reader is referred to the Web version of this 

article.)
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Fig. 5. 
Localization and abundance of Tregs within PN allografts. GFP + Tregs from SD-EGFP 

animals were implanted within PEGNB gels around SD PN allografts within recipient Lewis 

rats. (A−D) Images of GFP fluorescence in PN allografts harvested at day 3, 7, 14 and 21 

after implantation. Boxes indicate the donor-host boundary identified through sutures. 

Dashed lines are the outline of the PN. Scale bar = 1 mm. (E) Quantification of the 

localization of GFP + Tregs at the donor-host boundary and out to 4 mm in either direction. 

(F) Quantification of the abundance of GFP fluorescence in a 9-mm segment of the PN, 

including 4 mm of the graft, 1 mm of the donor-host boundary and 4 mm of the host nerve. 

N = 3, #p = 0.039, **p = 0.0022 by Tukey’s multivariable test. Error bars depict s.e.m.
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Fig. 6. 
Abundance of host-derived CD4+ cells in PN allografts after implantation. (A, B) Images of 

PN allografts harvested 14 d after implantation and immunolabeled for CD4. (C, D). Images 

of PN allografts treated with GFP + Tregs harvested 14 d after implantation and 

immunolabeled for CD4. Yellow indicates implanted GFP + CD4+ Tregs. Scale bars in A 

and C = 400 μm, B and D = 100 μm. (E) Quantification of the CD4 densitometry between 

allografts with and without Tregs, in which GFP was used to distinguish CD4+ Tregs from 

host-derived CD4+ T cells. N = 3, **p < 0.005, ***p < 0.0005 by Tukey’s multivariable test. 

Error bars depict s.e.m. (For interpretation of the references to colour in this figure legend, 

the reader is referred to the Web version of this article.)
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