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Abstract

Biomaterial scaffolds are central to many regenerative strategies as they create a space for 

infiltration of host tissue and provide a platform to deliver growth factors and progenitor cells. 

However, biomaterial implantation results in an unavoidable inflammatory response, which can 

impair tissue regeneration and promote loss or dysfunction of transplanted cells. We investigated 

localized TGF-β1 delivery to modulate this immunological environment around scaffolds and 

transplanted cells. TGF-β1 was delivered from layered scaffolds, with protein entrapped within an 

inner layer and outer layers designed for cell seeding and host tissue integration. Scaffolds were 

implanted into the epididymal fat pad, a site frequently used for cell transplantation. Expression of 

cytokines TNF-a, IL-12, and MCP-1 were decreased by at least 40% for scaffolds releasing TGF-

β1 relative to control scaffolds. This decrease in inflammatory cytokine production corresponded 

to a 60% decrease in leukocyte infiltration. Transplantation of islets into diabetic mice on TGF-β1 
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scaffolds significantly improved the ability of syngeneic islets to control blood glucose levels 

within the first week of transplant and delayed rejection of allogeneic islets. Together, these 

studies emphasize the ability of localized TGF-β1 delivery to modulate the immune response to 

biomaterial implants and enhance cell function in cell-based therapies.
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Introduction

Cell transplantation holds tremendous potential for regenerative strategies such as those 

focused on the heart [1], liver [2], nervous system [3], and diabetes [4]; however, cell 

survival following transplantation and long-term function pose significant hurdles for these 

therapies. To address these issues, biomaterial scaffolds designed to enhance cell survival, 

engraftment, and function at the implant site have been the focus of intense investigation [5–

7]. Biomaterials have been modified with biological signals, such as extracellular matrix 

proteins to modulate cell adhesion and migration, or inductive factors to stimulate cell 

survival, proliferation, or differentiation. The ultimate goal of these modifications is to 

create an environment within the implant site that will promote engraftment and long-term 

function of the transplanted cells.

Despite biological cues presented by the scaffold, tissue damage due to surgery and 

implantation evokes inflammation that will drastically alter the immune environment within 

the implant and can adversely affect the short- and long-term survival and function of 

transplanted cells. Tissue resident macrophages detect tissue damage through pattern 

recognition receptors leading to the release of inflammatory proteins such as tumor necrosis 

factor-alpha (TNF-a), interlukin-1beta (IL-1β), and chemokines that recruit neutrophils [8]. 

TNF-a, IL-1β, and IL-17, released by neutrophils, induce expression of monocyte 

chemotactic protein-1 (MCP-1) by tissue resident cells including fibroblasts, endothelial 

cells, and smooth muscle cells, leading to the recruitment of monocytes, dendritic cells 

(DCs), and natural killer (NK) cells. Neutrophils and NK cells can release reactive oxygen 

species, enzymes, and cytolytic factors that can damage endogenous and transplanted cells, 

irrespective of whether transplanted cells are autologous or allogeneic; however, if the 

transplanted cells are allogeneic, DCs will activate T and B cells known to play critical roles 

in transplant rejection [9–14]. In this way, simply implanting allogeneic tissue initiates an 

inflammatory cascade that leads to its destruction. Thus, an ability to reduce local 

inflammation and promote non-activated or tolerogenic immune cell phenotypes during and 

immediately after implant has the potential to enhance both autologous and allogeneic cell-

based regenerative therapies.

In this study, we investigated poly-lactide-co-glycolide (PLG) scaffolds designed to release 

recombinant transforming growth factor-beta1 (TGF-β1) in order to modulate the local 

immune environment. Localized delivery of immunomodulatory factors is emerging as a 

strategy for controlling the immune environment within the implant site. TGF-β1 has a 
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substantial role in innate immunity, regulating the recruitment, activation, and function of 

neutrophils, macrophages, and NK cells [15]. Furthermore, TGF-β1 antagonizes antigen 

presentation and maturation of DCs [16, 17] and promotes the differentiation of naïve CD4+ 

T cells into regulatory T cells (Tregs) [18]. Thus, we hypothesized that TGF-β1 release from 

biomaterial scaffolds could decrease inflammation within the implant, enhance function of 

syngeneic cell transplants and delay immune rejection of allogeneic cells. This hypothesis 

was investigated using PLG scaffolds that support islet transplantation into the epididymal 

fat pad of diabetic mice [19–23], a model that allows for non-invasive monitoring of cell 

viability and function by measurement of blood glucose levels. Major objectives were to 

quantify the effect of TGF-β1 delivery on the inflammatory environment within the implant 

site and correlate these effects with the ability of the transplanted islets to establish and 

maintain euglycemia in diabetic animals.

Materials and Methods

Scaffold fabrication

Protein-loaded poly(lactide-co-glycolide) (PLG) scaffolds were fabricated using a 

previously described gas foaming and particulate leaching process [24], with a modified 

design containing a non-porous center layer for protein loading. PLG (75:25 mol ratio d,l-

lactide to glycolide, 0.76 dL/g) (Lakeshore Biomaterials) was dissolved in dichloromethane 

to make either a 2% or 6% (w/w) solution, which was then emulsified in 1% poly(vinyl 

alcohol) to create microspheres. The microspheres were collected by centrifugation, washed 

with deionized water, and lyophilized overnight. The non-porous center layer for TGF-β1 

scaffolds was made by reconstituting 2 mg of 2% PLG microspheres in sterile deionized 

water containing 1mg of mannitol (Sigma) and recombinant murine TGF-β1 (Cell Signaling 

Technology). The mixture was lyophilized and compressed into a 3 mm diameter disk with a 

height of 100 μm using a manual KBr pellet hand press (Pike Technologies). Center layers 

for the control scaffolds were made using the same procedures while omitting protein from 

the lyophilized mixture. The composite scaffold was constructed by sandwiching the 

protein-containing non-porous layer between two porous layers containing 6% PLG 

microspheres and NaCl particles 250–425 μm diameter combined in a 1:30 ratio. The three 

layers were pressed together in a 5 mm steel die at 1500 pounds per square inch using a 

Carver press into a 5 mm diameter disk with a height of 2 mm. The scaffold was then gas-

foamed after equilibration to 800 psi under CO2 gas in a custom-made pressure vessel. Salt 

particles were removed from the foamed scaffolds by immersion in 10 mL deionized water 

for 1 hour.

In vitro TGF-β1 Release Assay

Scaffolds were leached in 10 mL of water containing 1% BSA (fraction V, protease free, 

Millipore) for 1 hour to remove salt porogen and were then transferred into 1mL of EBSS 

(Life Technologies) containing 1% BSA, penicillin, and streptomycin and incubated at 37°C 

for 28 days with gentle agitation. At 1, 3, 7, 14, 21, and 28 days scaffolds were placed in 

fresh EBSS and the old EBSS was frozen. At the end of the experiment TGF-β1 was 

measured using a TGF-β1 DuoSet® ELISA Kit (R&D Systems) as per the manufacturer’s 

instructions.

Liu et al. Page 3

Biomaterials. Author manuscript; available in PMC 2017 February 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Scaffold implantation

Prior to implant, scaffolds were disinfected in 70% ethanol and then washed twice in sterile 

phosphate buffered saline (PBS; Life Technologies). For non-transplant studies, mice 

received scaffold implants into both epididymal fat pads for a total of two per mouse. 

Scaffold implantation was performed as previously described [25]. Prior to implant, 

recipient mice were anesthetized with an intraperitoneal injection of ketamine (10 mg/kg) 

and xylazine (5 mg/kg), and the abdomen was shaved and prepped in a sterile fashion. 

Following a lower abdominal midline incision, scaffolds were wrapped in the epididymal fat 

and returned to the intraperitoneal cavity. The abdominal wall was then closed with a 

running stitch, and the skin was closed with wound clips.

Flow cytometry

The following antibodies were purchased from Biolegend: anti-CD45 clone 30-F11; anti-

CD8a clone 53-6.7; anti-Ly6G clone 1A8; anti-F4/80 clone BM8; anti-NK1.1 clone PK136, 

anti-CD19 clone 6D5, anti-I-A/I-E (MHCII) clone M5/114.15.2, and anti-CD16/32 clone 93. 

The following antibodies were purchased from eBioscience: anti-CD11b clone M1/70, anti-

CD11c clone N418, and anti-Foxp3 clone FJK-16s. Anti-CD4 clone RM4-5 was purchased 

from BD Biosciences.

Following euthanization, scaffolds were harvested and immediately washed in ice cold 

Hanks Balanced Salt Solution (HBSS; Life Technologies). Excess tissue was trimmed such 

that only the immediate scaffold environment and integrated tissue were analyzed. Scaffolds 

were minced and incubated in collagenase (Roche) at 37°C for 20 min. The solution was 

then passed through a 70 μm filter, washed in PBS, and suspended in PBS containing anti-

CD16/32 and LIVE/DEAD blue fixable dye (Life Technologies). Antibodies against 

extracellular antigens were then added. After extracellular antibody incubation, cells were 

washed to remove unbound antibody, fixed in fixation buffer (Biolegend) and analyzed on 

an LSRFortessa flow cytometer (BD Biosciences). The entire cellular infiltrate isolated from 

the scaffold and integrated tissue was analyzed by flow cytometry so the total number of 

immune cells could be reported. Data was analyzed in FlowJo software (Treestar). Isotype 

controls were used to set gates for immunophenotyping. Foxp3 was detected using 

eBioscience’s Foxp3/Transcription factor staining buffer set.

The gating scheme for flow cytometry data is depicted in Supplemental Figure 1. Cellular 

events were gated using forward scatter and side scatter. Viable leukocytes were then 

identified by CD45 expression and low signal from viability stain, while cell aggregates 

were excluded with side scatter width. Ly6G and F4/80 positive cells were then identified. 

Cells negative for Ly6G and F4/80 were then gated for expression of CD4 and CD8. Cells 

negative for CD4 and CD8 were then gated for CD19 and NK1.1. Cells negative for CD19 

and NK1.1 were gated for CD11b and CD11c.

Measuring cytokine expression within scaffolds

Following euthanization, scaffolds were harvested, washed in ice cold HBSS, and frozen 

using liquid nitrogen. Tissue was weighed and then homogenized in 500 μL of PBS 

containing Halt Protease Inhibitor Cocktail (Pierce) using a Dounce tissue grinder. Insoluble 
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material was removed by centrifugation, and samples were frozen using liquid nitrogen and 

stored at −80°C until use. All cytokines were measured using DuoSet® ELISA Kits (R&D 

Systems) as per the manufacturer’s instructions.

Animals and induction of diabetes

Male C57BL/6 mice (Jackson Labs) between 8 and 12 weeks of age were used for syngeneic 

islet transplants. In allogeneic transplants, male BALB/c (Jackson Labs) and C57BL/6 mice 

between 8 and 12 weeks of age were used as islet donors and transplant recipients, 

respectively. Clinical diabetes was induced by intraperitoneal injection of 190 mg/kg of 

streptozotocin (Sigma). Diabetes was confirmed by blood glucose measurements greater 

than 300 mg/dL on two consecutive days prior to transplantation. The Northwestern 

University Animal Care and Use Committee approved all studies.

Islet isolation, scaffold seeding, and transplantation

Islet isolation and scaffold seeding were performed as previously described [19]. Briefly, 

islets were isolated from donor pancreata by a mechanically enhanced enzymatic digestion 

using collagenase (type XI; Sigma). After filtration through a mesh screen, the filtrate was 

applied to a discontinuous ficoll gradient (Sigma). Islets were handpicked from the gradient, 

washed, and counted. Scaffolds were immersed in 70% ethanol and then washed in serum-

containing media. Each scaffold was seeded with 250 manually counted islets in a minimal 

volume of media by applying them to a single side of the scaffold and allowing them to 

settle onto the microporous structure. Examination of the tissue culture media following 

removal of the scaffolds demonstrated that greater than 98% of the islets were retained 

within the scaffolds. Prior to transplant, recipient mice were anesthetized with an 

intraperitoneal injection of ketamine (10 mg/kg) and xylazine (5 mg/kg), and the abdomen 

was shaved and prepped in a sterile fashion. For each recipient, following a lower abdominal 

midline incision, an islet-seeded scaffold was wrapped in the right epididymal fat pad and 

returned to the intraperitoneal cavity. The abdominal wall was then closed with a running 

stitch, and the skin was closed with wound clips.

Assessment of graft function

To assess graft function, non-fasting blood glucose measurements were taken between 12:00 

and 17:00 after transplantation. Graft rejection was confirmed by two consecutive 

measurements of blood glucose levels more than 250 mg/dL.

Statistics

Multiple groups were compared using one-way ANOVA with the Tukey post-hoc test. 

Comparisons between two groups were made with an unpaired t test. Comparisons between 

two groups overtime were made using a two-way ANOVA with Bonferroni’s multiple 

comparison test. The log-rank test was used to compare Kaplan-Meyer survival curves 

depicting islet survival. The specific test and information on the number of animals and 

experiments are specified in each figure legend. All analysis was carried out using GraphPad 

Prism. In all figures, error bars denote SEM.
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Results

Scaffold structure and protein release

A layered scaffold design was implemented to facilitate incorporation of protein, while 

retaining an interconnected open-pore structure suitable of cell transplantation [20]. The 

scaffold consisted of a thin, non-porous center layer of PLG sandwiched between two 

porous outer layers of PLG (Fig. 1A). Fusion of the microspheres within the composite 

structure by gas foaming resulted in an effective union of the adjacent layers that withstood 

salt leaching and surgical implantation. Importantly, the outer layers have a porous structure 

that allows for effective islet transplantation, and the inner layer can be separately designed 

for sustained protein release.

We initially characterized the release profile of the TGF-β1 from scaffolds in vitro (Fig. 1B) 

as a prelude to investigating the immune response in vivo. Leaching of salt to remove the 

porogen resulted in loss of 13% of the TGF-β1 (data not shown). Of the remaining protein, 

83% was released in the first day, with an additional 10% of the TGF-β1 released between 

days 1 and 3. The amount of TGF-β1 released after day 3 accounted for 7% of the total 

protein loaded into the center layer of the scaffold.

Leukocyte infiltration into TGF-β1 scaffolds

Initial in vivo studies investigated the leukocyte populations that infiltrate and reside within 

TGF-β1 loaded scaffolds following implantation. Flow cytometric analysis indicated that the 

number of leukocytes (identified by CD45 expression) within the scaffold 7 days after 

implantation was decreased in a dose dependent manner in response to TGF-β1 delivery. 

Scaffolds loaded with 0.2 μg and 2 μg of TGF-β1 contained 35% and 60% fewer leukocytes 

respectively, compared to scaffolds without TGF-β1 (Fig. 2A). Numbers of CD45 cells 

isolated from 2ug TGF-β1 scaffolds and control scaffolds were similar for 7 and 14 days 

after implantation (Sup. Fig 2).

We next investigated specific immune lineages residing in the scaffold after 7 days. Eight 

leukocyte populations were identified within the scaffolds, which were F4/80 macrophages, 

Ly6G neutrophils, CD11c DCs, CD11b monocytes, CD4 T cells, CD8 T cells, CD19 B 

cells, and NK1.1 NK cells (Fig. 2B). Significant decreases in the numbers of all leukocyte 

populations studied were observed at the 2 μg dose relative to the empty scaffold control, 

with the 0.2 μg dose exhibiting average values intermediate between the control and 2 μg 

dose. Notably F4/80 macrophages and NK1.1 NK cells exhibited a reduction of more than 

69% and 74%, respectively, within the scaffold for the 2 μg dose relative to the no protein 

control. Despite the known role of TGF-β1 in generating Tregs through expression of 

Foxp3, there was a decrease in the number of Tregs in TGF-β1 scaffolds compared to the 

control scaffolds (Sup. Fig. 3); however, there was an increase in the expression level of 

Foxp3 amongst Tregs in scaffolds loaded with 2 μg of TGF-β1.

Leukocyte activity within TGF-β1 scaffolds

The activation status of antigen presenting cells (APCs) within the scaffold was investigated 

by measurement of MHCII expression by flow cytometry; activated cells are expected to 
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express higher levels of MHCII (Fig. 3A). F4/80 cells exhibited decreased MHCII surface 

expression within scaffolds loaded with 0.2 μg or 2 μg TGF-β1 scaffolds (20% and 30%, 

respectively) relative to control scaffolds. CD11c cells exhibited a 15% decrease in MHCII 

expression within scaffolds loaded with 2 μg of TGF-β1 compared to control scaffolds. In 

contrast, MHCII expression was not affected on CD11b cells. Ly6G cells, which do not 

typically express MHCII, were included as a control and did not stain positively for MHCII.

The significant decrease in leukocyte numbers and MHCII expression on APCs led to 

investigating cytokine and chemokine expression (Fig. 3B). At day 3, the NK cell 

chemokine CXCL10 and monocyte/macrophage chemokine MCP-1 were in highest 

abundance in scaffolds without TGF-β1. These factors exhibited a 53% and 47% decrease 

with TGF-β1 delivery, respectively. The T cell chemokine CCL5 was also decreased by 

67%. TGF-β1 delivery decreased inflammatory cytokines TNF-a and IL-12 by 65% and 

61%, respectively, while IL-1β exhibited a decreasing trend. Interestingly, expression of the 

anti-inflammatory cytokine IL-10 was also significantly decreased following TGF-β1 

delivery. IFN- expression, if present, was below the level of detection (31 pg/mL).

Syngeneic islet transplant on TGF-β1 releasing scaffolds

The ability of localized TGF-β1 delivery to enhance islet function was initially investigated 

by seeding syngeneic islets isolated from healthy C57Bl/6 mice onto scaffolds containing 2 

μg of TGF-β1 that were then implanted into male C57Bl/6 mice rendered diabetic by 

streptozotocin injection. Blood glucose was monitored daily to assess islet function (Fig. 

4A). Islets transplanted on scaffolds containing 0 or 2 μg of TGF-β1 maintained similar 

blood glucose levels for the first three days after transplant. However, between days 4 and 6, 

islets transplanted on TGF-β1 scaffolds maintained significantly lower blood glucose levels. 

Following day 6, daily blood glucose levels for the two groups were not different for the 

remainder of the study. Tissue infiltration into the scaffold and vascularization were studied 

at day 7 post-transplant. Hematoxylin and eosin stained sections indicated greater host tissue 

integration around the central layer of the scaffold in the presence of TGF-β1 (Sup. Fig. 4); 

however, we did not observe differences in CD31+ staining of endothelial cells between the 

two groups (Sup. Fig. 5).

The ability of the engrafted islets to clear glucose from the circulation was investigated 

using an intraperitoneal glucose tolerance test that was performed at day 70. At this time 

point, no significant difference in the area under the curve was observed between the two 

groups (Fig. 4B). Finally, at day 80, the fat pads containing islets were removed. Within 4 

days, all mice in both groups reverted to hyperglycemia (Fig. 4A), indicating that 

euglycemia was due to islet transplantation and not regeneration of endogenous islets.

Allogeneic islet transplant on TGF-β1 releasing scaffolds

The protection of allogeneic islets from immune rejection by localized delivery of TGF-β1 

delivery was subsequently investigated. Islets isolated from healthy Balb/C mice were 

seeded onto TGF-β1 or empty control scaffolds and transplanted into diabetic C57Bl/6 mice. 

Two consecutive blood glucose measurements above 250 mg/dL indicated graft rejection. 

Kaplan-Meyer survival analysis of the two groups indicated that islets transplanted on TGF-
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β1 scaffolds functioned significantly longer than those transplanted on empty controls (19 

versus 12 days, respectively) (Fig 5).

Leukocyte infiltration into allogeneic islet transplants

The mechanism for extended allogeneic islet survival with TGF-β1 scaffolds was 

investigated by performing flow cytometry on allografts 7 days after transplant, a time that 

immediately preceded graft failure for the control scaffolds (Fig. 5). In the presence of TGF-

β1, grafts exhibited 30% less CD45 cells compared to grafts without TGF-β1 (Fig 6A). Flow 

cytometry indicated that the numbers of F4/80 macrophages, CD11c DCs, and NK1.1 NK 

cells were significantly decreased by 70%, 45%, and 45%, respectively, in grafts delivering 

TGF-β1 relative to control (Fig 6B). However, both CD4 and CD8 T cells numbers were 

unaffected by TGF-β1 delivery. As observed previously in the blank implantations, the 

overall number of Tregs within the scaffold decreased with TGF-β1 delivery (Sup. Fig. 6). 

Additionally, we did not see an increase in the expression level of Foxp3 in the CD4 Foxp3 

population.

The spatial distributions of key leukocyte populations were investigated within allogeneic 

islet transplants through immunofluorescence imaging of histological sections for scaffolds 

releasing TGF-β1 (Fig. 7 D–F) and control scaffolds (Fig. 7 A–C). In the absence of TGF-

β1, F4/80 (Fig. 7A) and NK1.1 (Fig. 7B) signal was detected throughout the scaffold and 

around the islets. In contrast, in the presence of TGF-β1, F4/80 (Fig. 7D) and NK1.1 (Fig. 

7E) signals were primarily localized to the exterior surface of the scaffold. However, TGF-

β1 delivery failed to modulate CD8 T cell infiltration into the scaffold and amongst the islets 

(Fig. 7C versus Fig. 7F).

Discussion

This report investigated the delivery of TGF-β1 as a means to modulate inflammation 

following surgical implantation of PLG scaffolds. TGF-β1 delivery from scaffolds has been 

used to promote bone and cartilage regeneration in vitro [26–29] and in vivo [30–32]. Herein 

we demonstrate that scaffold-based delivery of TGF-β1 suppresses the local inflammatory 

response. TGF-β1 was delivered from layered scaffolds, where protein was entrapped within 

a solid PLG-mannitol inner layer and surrounded by a porous PLG outer layer designed for 

cell seeding and tissue engraftment. This scaffold design maintained TGF-β1 bioactivity and 

provided short-term release that was able to decrease leukocyte infiltration and 

inflammatory cytokine production within the implant. Functionally, the TGF-β1 scaffolds 

promoted better blood glucose control of syngeneic islets immediately after engraftment, 

and delayed rejection of allogeneic islets in diabetic mice. These findings are significant 

because inflammation following cell transplantation contributes to transplanted cell 

dysfunction or death.

TGF-β1 loaded scaffolds, in the absence of transplanted cells, reduced the infiltration of 

immune cells after implantation. All eight innate and adaptive immune cell types we 

identified by flow cytometry showed reduced populations within isolated TGF-β1 scaffolds. 

The decrease in infiltration of these cell types was dose-dependent, with the most significant 

decreases observed with delivery of 2 μg TGF-β1. Though TGF-β1 can serve as either a pro- 
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or anti-inflammatory stimulus depending on the local microenvironment [33], our model 

indicated TGF-β1 delivery has primarily immunosuppressive effects. While some reports 

have described TGF-β1’s role as a monocyte and macrophage chemoattractant [34, 35], we 

observed significant decreases in these same myeloid lineage cells that suggests protein 

delivery blocks migration of these populations or inhibits their local proliferation. TGF-β1 is 

also known to promote immature and tolerogenic phenotypes on APCs [16, 37–39], which is 

consistent with the observed decreases in MHCII expression on APC populations. Despite 

the in vitro release assay data indicating that the majority of TGF-β1 was released within the 

initial 3 days, leukocyte infiltration was reduced for up to 14 days (Sup. Fig 2). Thus, short-

term release of TGF-β1 has relatively long-term affects on leukocyte infiltration into the 

implant site.

TGF-β1 loaded scaffolds reduced expression of inflammatory cytokines within the adipose 

tissue 3 days after implant, which likely contributed to the reduced leukocyte infiltration at 7 

days. Macrophages are the most abundant leukocyte in the adipose tissue [40] and their 

adhesion to biomaterials can induce activation [41, 42]. Activated macrophages release 

inflammatory mediators (e.g., TNF-a and IL-1β) that induce adipocytes and stromal vascular 

cells to release chemokines that recruit additional leukocytes. Indeed, the most abundant 

factors measured in the surrounding tissue three days after scaffold implantation were the 

chemokines MCP-1 and CXCL10, which were each decreased by 50% with delivery of 

TGF-β1. MCP-1 is recognized by CCR2, which is highly expressed on inflammatory 

monocytes that differentiate into macrophages and DCs after they exit the blood stream [43]. 

CXCL10 is a chemokine produced by monocytes, macrophages, and fibroblasts upon 

inflammatory stimulation that attracts T cells, B cells, and NK cells, which contribute to the 

rejection of allogeneic tissue [44]. High levels of both MCP-1 and CXCL10 have been 

found to correlate with graft failure and rejection [44, 45]. We also noted reductions in 

IL-12, TNF-a, and CCL5, which are inflammatory cytokines that potentiate transplant 

rejection through activation of APCs, polarization of naïve T cells towards a graft-

destructive Th1 effector phenotype, and migration of T cells to sites of inflammation [46, 

47]. IL-10 expression was decreased in the presence of TGF-β1 delivery, likely due to the 

lower levels of inflammatory cytokines. Elevated expression of inflammatory cytokines has 

been reported to increase IL-10 expression by many leukocytes and other cell types and is 

thought to be a protective mechanism to control aberrant inflammation and damage to the 

host tissue [48].

Immediately after transplant, syngeneic islets on TGF-β1 releasing scaffolds were more 

effective at controlling blood glucose levels relative to islets on control scaffolds. While 

both scaffold types effectively reversed diabetes, we observed significantly lower blood 

glucose levels on days 4–6 post-surgery in mice receiving TGF-β1 releasing scaffolds. Since 

TGF-β1 has been reported to decrease islet insulin secretion [49] and vascularization of the 

scaffold at day 7 was not observed (Sup. Fig. 3), which could be indicative of TGF-β1 

induced angiogenesis [50], we suggest that improved islet functionality is due to a more 

immunologically permissive microenvironment created by TGF-β1 delivery. Syngeneic or 

autologous cells can be damaged by nonspecific innate immunity [51]. Isolation and culture-

related cell injury, ischemic reperfusion, or foreign body responses, can contribute to a local 
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inflammatory environment that damages the auto- or isograft during the initial engraftment 

period [52, 53]. Reduction of inflammatory cells and cytokines with TGF-β1 delivery within 

the peri-islet environment may prevent host-induced damage and enable more efficient 

engraftment that leads to superior function at early times. Importantly, maintenance of long-

term euglycemia by syngeneic islets, as evidenced by daily blood glucose measurements and 

a glucose tolerance test conducted at day 70, confirmed that elevated local concentration of 

TGF-β1 at the time of implant did not deter islet graft viability or functionality, which is a 

frequent concern when testing immunosuppressive agents.

TGF-β1 delivery from the scaffolds delayed the rejection of transplanted allogeneic islets. 

Transplantation of allogeneic cells enhanced the severity of the local immune response, 

which was observed by the 67% increase in leukocyte infiltration compared to scaffold 

implantation alone (Fig 2A versus Fig 6A). The overall effect of TGF-β1 release on 

leukocyte infiltration was dampened in the allotransplants, where a 30% reduction in 

leukocytes was observed compared to 60% in scaffolds implanted without cells. There was a 

profound shift in the composition of infiltrating leukocytes towards lymphocytes, in 

particular CD8 T cells and NK cells, underscoring their role in allograft rejection. 

Significant decreases in the peri-islet innate immune cell populations (F4/80 macrophages, 

NK1.1 NK cells, CD11c DCs) were observed with TGF-β1 loaded scaffolds at day 7, which 

indicate innate leukocyte populations were still affected by protein release. These cell 

populations play significant roles in allograft rejection, thus delaying their arrival likely 

contributed to the delay in rejection. Macrophages act as both recruiters of inflammatory cell 

types and effectors of T cell-mediated graft destruction through the release of cytokines and 

reactive oxidative species [52, 54, 55]. DCs are the primary APC stimulating T cell 

proliferation and are a common therapeutic target to prevent allograft rejection [56]. Recent 

work has shown monocytes specifically recognize allogeneic tissue and preferentially 

differentiate into activated DCs that upregulate inflammatory cytokines compared to 

syngeneic tissue [57]. Finally, while NK cells may be required for induction of allograft 

tolerance through inhibition of T cell proliferation and destruction of graft-derived APCs 

[58], they also demonstrate the ability to eliminate allogeneic cells lacking self MHC-I 

molecules [59].

While TGF-β1 delivery delayed innate cell infiltration into allogeneic islet-containing 

scaffolds, CD4 or CD8 T cell populations did not show significant differences at day 7. 

Since T cells are the primary mediators of allograft rejection [60], we suggest that the 1-

week extension in allograft survival seen with TGF-β1 delivery may be due to a delay in the 

full activation of infiltrating T cells. TGF-β1 can have suppressive effects on the priming of 

T cells [17, 18], and its release from the scaffold may provide a short-term stimulus that 

influences T cell activation. Additionally, considering the ability of CD4 T cells to express 

cytokines that can polarize macrophages toward inflammatory phenotypes [61], the decrease 

in overall macrophage population caused by the TGF-β1 scaffolds may have dampened a 

key effector mechanism of the CD4 T-cell response. While TGF-β1 is known to induce 

Foxp3 expression in CD4 T cells and may assist in the generation of peripheral Treg 

populations [18], we did not observe an increase in the induction of Tregs in the scaffolds in 

either the blank or allogeneic transplantation models (Sup. Figs 3 and 6). There was also no 

detectable increase in Foxp3 expression in Tregs present in scaffolds transplanted with 
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islets. Thus, it is unlikely that improvements in graft function were due to a TGF-β1 induced 

enhancement of local Treg populations. Thus, we believe the delay in rejection of allogeneic 

islets transplanted on TGF-β1 loaded scaffolds may have been caused by the decreased 

initial nonspecific damage from innate immune cell populations and a delay in the fully 

activated T cell response in the graft environment. Even though transient TGF-β1 release did 

not result in long-term allograft survival, we hypothesize that the profound reduction in 

inflammation demonstrated in this study could be used in combination with a system for 

long-term delivery or tolerance induction, such as nanoparticle alloantigen delivery to non-

activated APCs [62], in order to promote long-term allograft survival.

Conclusions

Scaffolds designed to release recombinant TGF-β1 elicited less inflammation after implant 

by decreasing local cytokine concentrations and leukocyte infiltration. This 

immunomodulated scaffold transplant environment supported better islet function and 

longer islet survival in syngeneic and allogeneic models of islet transplant, respectively. 

Analysis of leukocyte infiltration into allogeneic grafts revealed significant decreases in 

innate immune cell lineages, suggesting that extended allograft survival on TGF-β1 

scaffolds could be linked to reductions in nonspecific tissue damage and a delay in the full T 

cell response. This approach for locally controlling inflammation after biomaterial 

implantation may enhance systemic strategies for tolerance induction in order to promote 

engraftment and long-term function of allogeneic transplants.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig 1. Scaffold microstructure and protein release profile
(A) Diagram and scanning electron microscope image of a layered scaffold. Black arrow 

indicates the protein-containing center layer. (B) In vitro release profile from five layered 

scaffolds containing 2μg of TGF-β1 as measured by ELISA.
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Fig 2. Leukocyte infiltration into TGF-β1 scaffolds
(A) Number of leukocytes isolated from TGF-β1 scaffolds seven days after implant as 

measured by flow cytometry. (B) Prevalence of leukocyte populations within TGF-β1 

scaffolds. Data is from 8 scaffolds from 4 mice per condition receiving bilateral scaffold 

implants into the epididymal fat pads. * indicates P < 0.05 versus 0 μg. Statistics determined 

one-way ANOVA with Tukey’s Multiple Comparison Test.
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Fig 3. MHCII and cytokine expression within TGF-β1 scaffolds
(A) MHCII expression on leukocytes within scaffolds containing a dose range of TGF-β1 

collected seven days after implant. Data is from 8 scaffolds per condition isolated from 4 

mice receiving bilateral scaffold implants into the epididymal fat pads. * indicates P < 0.05 

versus 0 μg. ** indicates P < 0.05 versus 0.2 μg. Statistics determined by one-way ANOVA 

with Tukey’s Multiple Comparison Test. (B) Cytokines detected by ELISA in scaffold 

homogenate collected three days after implant. Data is from 10 scaffolds isolated from 5 

mice per condition receiving bilateral scaffold implants into the epididymal fat pads. * 

indicates P < 0.05 versus 0.0 μg. Statistics determined by unpaired t-test.
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Fig 4. Syngeneic islet function on TGF-β1 scaffolds
(A) Blood glucose versus days post transplant for diabetic mice receiving syngeneic islet 

transplants on TGF-β1 scaffolds. Fat pads containing islets were removed at day 80. Dotted 

line indicates a blood glucose level of 250 mg/dL, and two consecutive readings above 250 

would indicate graft failure. Data is from 8 scaffolds from 8 mice per condition receiving 

one scaffold implant into the right epididymal fat pad. * indicates P < 0.05 versus 0 μg on 

same day. Statistics determined by a two-way ANOVA with Bonferroni’s multiple 

comparisons test. (B) Blood glucose versus time following an intraperitoneal dextrose 

injection. Glucose tolerance test was performed on day 70.
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Fig 5. Allogeneic islet function on TGF-β1 scaffolds
Kaplan-Meyer survival curve of islet grafts versus time. Two consecutive blood glucose 

measurements above 250 mg/dL indicated graft failure. Data is from 8–10 mice receiving 

one scaffold implant into the right epididymal fat pad. * indicates P < 0.01. Statistics 

determined by log-rank test.
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Figure 6. Leukocyte infiltration into allogeneic islet grafts implanted on TGF-β1 scaffolds
(A) Total number of CD45 positive cells isolated from islet allografts seven days after 

transplant. (B) Leukocyte populations within the islet allograft seven days after transplant. 

Data is from 7–9 scaffolds from 7–9 mice per condition receiving one scaffold implant into 

the right epididymal fat pad. * indicates P < 0.05. Statistics determined by unpaired t-test.
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Figure 7. Immunofluorescence imaging of leukocyte infiltration into allogeneic islet grafts 
implanted on TGF-β1 scaffolds
Immunofluorescent detection of insulin (green), nuclei (blue) and (A,D) F4/80, (B,E) 
NK1.1, or (C,F) CD8 (red) within histological sections of islet grafts transplanted on 

scaffolds containing 0 μg (A–C) and 2 μg (D–F) of TGF-β1 at day seven. Scale bars located 

in the top right of each image indicate 100μm. Images representative of sections from 4 mice 

per condition.
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