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Pancreatic islet encapsulation into synthetic, passive material matrixes can provide protection for transplanted
islets from destruction via cell-contacted mediated interactions with autoreactive immune cells for treatment of
Type | diabetes mellitus. However, one of the fundamental deficiencies with current encapsulation technology is
that passive material barriers cannot protect islets from exposure to cytokines and other small, diffusible cytotoxic
molecules produced by activated immune cells, subsequently leaddrgeibdestruction. Preparation of material
matrixes that can actively provide localized immunosuppression of autoreactive immune cells may prolong the
viability, and hence function, of encapsulated islet grafts. We have demonstrated the ability to conjugate apoptosis-
inducing anti-Fas monoclonal antibodies (MAbs) to the surfaces of poly(ethylene glycol)-modified hydrogels,
providing a surface that actively attempts to locally down-regulate the autoimmune response by destroying
autoreactive T cells against pancreatic islet cells. We have conjugated anti-Fas MAbs to a high degree to the
surface of these hydrogels, with retention of anti-Fas recognition of the Fas antigen as shown by ELISA testing.
Apoptosis induction of Fas-sensitive Jurkat T cells was enhanced in the presence of anti-Fas conjugated hydrogels.
In addition, this apoptosis induction was specific to anti-Fas MAbs, with no apoptosis induction with control
antibodies or with Fas-insensitive T cells. These experiments promote the concept that surface-conjugated hydrogel
constructs can provide localized immunosuppression for encapsulated grafted tissue.

INTRODUCTION macrophages; however, PEG cannot actively protect islets from
cytotoxic molecules produced by preactivated immune c@)ls (
This example illustrates one of the fundamental deficiencies with
current encapsulation technology, that cytokines and other
‘effector molecules produced by immune cells can still diffuse
through these passive barrier matrixes to inactivate or destroy
transplantegB-cells within these islets)-11).

Encapsulation of grafted islets with passive materials may
prevent destruction gi-cells initiated by celt-cell contact with
autoreactive T cells; however, such passive barriers cannot
protect islets from exposure to cytokines and other effector
molecules, such as IL-1, produced by activated immune cells
that can subsequently leadfecell destructiong, 12). Preparing

: : encapsulation matrixes that can actively suppress the auto-
complex of alginate and polylysin@) Over the past 20 years, dimmune response will therefore be beneficial in prolonging the

this system has been continually optimized and has seen limite Survivability and function of islet grafts. One method of

success in a number of animal models. Islets encapsulated inactivatin these polymeric barriers is to conjugate monoclonal
alginate matrixes have survived in vivo for a significant duration 9 poly 1ug

of time while maintaining euglycemia, up to 6 monti®, but antjboldie§ (tjo the jurface.of thefse hydhogelhconztructs thgt can
biocompatibility issues with these types of matrixes still persist, lzact|\1_e y dl'n uce destruction Of T ce SI' t e(;e_y provi f'tng
especially with the choice of polycation used to form these ocalized Immunosuppression for transplanted tissue grafts.
membrane barrierss).
Poly(ethylene glycol) (PEG) represents an alternative bio- EXPERIMENTAL PROCEDURES
material that holds potential promise for encapsulation of  Preparation and Characterization of Mouse Anti-Human
pancreatic islets. PEG is a biocompatible polymer that has |gG Conjugated Hydrogels. Poly(ethylene glycol diacrylate)
gained FDA approved when incorporated into different drug (PEGDA, MW = 4600 g/mol) was polymerized withN-
formulations §). Cruise et al. microencapsulated islets by hydroxysuccinimide-PEG-acrylate (NPA, MW 3400 g/mol)
photopolymerizing PEG diacrylate (PEGDA) to form their py UV-initiated photopolymerization to form PEGDés-NPA
passive membrane barrie)(Islets encapsulated in PEGDA  hydrogels with PEGDA-to-NPA ratios ranging from 95/5 to 50/
were able to maintain normoglycemia in streptozotocin-induced 50 (wt) using a 0.05% (wt) UV photoinitiator, 1-[4-(2-
mice for up to 4 months7). Investigations into the biocom-  hydroxyethoxy)phenyl]-2-hydroxy-2-methyl-1-propan-1-one
patibility of PEG has shown that in vitro PEG itself does not (12959, Ciba Geigy, Newport, DE). Hydrogel constituents were
activate immune cells, such as splenetic lymphocytes anddissolved in 0.15 M sodium phosphate buffer, pH 6.5, and
hydrogels were prepared by photopolymerization for 15 min at
* Corresponding author. Tel: (303) 492-7471, Fax: (303) 492-4341, 365 nm. Mouse anti-human IgG (MAH IgG, Fitzgerald Indus-
E-mail: kristi.anseth@colorado.edu. tries International, Concord, MA) was then conjugated to these

Pancreatic islet transplantation represents an attractive treat
ment option for Type | diabetes mellitus but requires lifelong
systemic immunosuppressive therapies to be successful. En
capsulation of islets within a cell impermeant polymer matrix
provides a passive physical barrier that allows for small molecule
diffusion through the barrier but prevents T-cell infiltration and
cell contact-mediated destruction of grafted islets. Most of the
current research has focused on forming polyionic complexes
using sodium alginate mixed with different polycationic com-
pounds to form polymeric barriers for immunoisolation of islets
(2). The first and most extensively investigated microencapsu-
lation system of individual islets was with a polyelectrolyte
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Figure 1. (A) Schematic representation of photopolymerization of Rgfliacrylate and NPA, forming hydrogel networks with pendant NHS
moieties on the hydrogel surface, and (B) conjugation of MAH IgG MADbs to the surface of these hydrogels.

hydrogels at concentrations ranging from 0.05 to 1 mg/mL for slipped. Fluorescence images were taken with a Zeiss Axioplan
1 hin PBS. Hydrogels were then incubated with 50 mM glycine 2 confocal microscope (Zeiss, Thornwood, NY).
in PBS to quench the reactivity of any unreacted NHS groups Preparation and Characterization of Anti-Fas MAb
remaining in the gels. Conjugated Hydrogels. PEGDA-co-NPA hydrogels were
The level of MAH IgG conjugated to the surface of the prepared at 100/0 to 50/50 PEGDA/NPA ratios as described in
hydrogels was assessed by a modified indirect ELISA using the previous section. These hydrogels were then conjugated with
goat anti-mouse horseradish peroxidase (GAM HRP) (Jackson0—0.25 mg/mL of anti-Fas MAbs (DX2 clone, R&D Systems,
Immunoresearch, West Grove, PA) to detect surface-conjugatedMinneapolis, MN) using the same reaction conditions as
MAH 1gG. A modified sandwich ELISA was prepared to described previously for MAH IgG. Following conjugation to
determine the extent to which MAH IgG retained the ability to DX2 antibodies, 50 mM glycine methyl ester (Sigma-Aldrich,
recognize its antigen, human IgG, after conjugation. 75/25 or St. Louis, MO) was then added to the gels to quench any
50/50 PEGDAeo-NPA hydrogels conjugated with MAH IgG  unreacted NHS groups within the gels. Both modified indirect
were exposed to human IgG at concentrations ranging from 0 and sandwich ELISAs were performed as described previously.
to 50ng/mL, followed by incubation with goat anti-human HRP. The degree of DX2 conjugation was assessed by indirect
Hydrogels in both assays were incubated with Ultra-TMB ELISAs using goat anti-mouse HRP. Sandwich ELISAs to verify
(Pierce Biotechnology, Rockford, IL), and quantitative absor- DX2 recognition and binding of recombinant human Fas
bance measurements were taken at 450 nm. (Peprotech, Rocky Hill, NJ) was performed utilizing goat anti-
Immunostaining and Cryosectioning of Hydrogels.75/25 Fas PADb (R&D Systems) for the sandwich antibody and donkey
PEGDA-<o-NPA hydrogels were polymerized and conjugated anti-goat HRP for secondary detection (Jackson Immunore-
with 0—0.5 mg/mL MAH IgG, as described in the previous search).
section. Hydrogels were then soaked in Cryo-Gel (Instrumedics, Apoptosis Assessment by Annexin V Assaylurkat T cell
Hackensack, NJ), snap-frozen in liquid,Nind sectioned into  lymphoma cells were a kind gift from Dr. Peter Mariner
50 um sections with a Leica CM 1850 cryostat (Leica, (Department of Chemistry & Biochemistry, University of
Bannockburn, IL) and placed onto glass slides. The sections Colorado). Jurkat cells were cultured with RPMI 1640 supple-
were then soaked three times in PBS for 5 min and blocked mented with 100 units/mL penicillin/streptomycin and fungizone
with 1% BSA in PBS for 1 h. After an additional PBS wash, and 10% fetal bovine serum (FBS). For apoptosis induction
the sections were then immunostained with Alexa 488- experiments, 75/25 PEGDA/NPA hydrogels were polymerized
conjugated goat anti-mouse F(gantibody fragments for 1 h.  in 96-well TCPS under aseptic conditions. These gels were
The sections were washed three times with PBS and thensoaked in sterile-PBS for 5 min and then conjugated to 0.25
mounted with Biomeda Gel/Mount (Biomeda, Foster City, CA) mg/mL MAH IgG, or 0.25 mg/mL DX2 anti-Fas MAbs in PBS.
supplemented with 1,4-diazabicyclo[2.2.2]octane and cover- After washing and blocking remaining reactive sites on hydro-
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(A) four random fields of view. Approximately 158100 cells were
1.400 counted per field of view.

Additional apoptosis studies compared the ability of DX2-
conjugated hydrogels to induce apoptosis within Fas-sensitive
(Jurkat) and Fas-insensitive (19.2) T cell lines. 75/25 PEGDA/
NPA hydrogels were conjugated with either no DX2 or 0.25

‘D 95/5 PEGDAINPA

1.200 1 m90/10 PEGDANPA
0 75125 PEGDANPA
1.000 - & 50/50 PEGDANPA

B mg/mL DX2 in the same manner as stated above. 10000 cells/
< well of either Jurkat cells or 19.2 cells (ATCC, Manassas, VA),
0.600 - a caspase-8 mutant Jurkat cell line that is Fas-insensitive, were
0.400 then added to these hydrogels. Annexin V-FITC binding studies
were then performed following 2 days incubation. Quantitation
0.200 - of the fraction of apoptotic cells with all samples was calculated
0,000 using the same techniques as described above.
0 0.05 0.1 0.5 1 RESULTS
MAH IgG Concentration (mg/ml) . .
(B) 3.000 PEGDA-co-NPA hydrogels were photopolymerized prior to

0 0mg/m| MAH IgG conjugation to MAH 1gG (Figure 1A). NHS moieties were

2500 utilized to react to amine groups in the antibodies (Figure 1B).
m0.1mgiml MAH igG Preliminary results showed that a high level of MAH IgG was

2.000 + ©0.5mg/m| MAH IgG conjugated to the surface of prepolymerized PEGE2ANPA
- hydrogels. Indirect ELISA assays showed higher levels of MAH

3 U IgG conjugated to these hydrogels upon both increasing MAH
1.000 . IgG solution concentration (61 mg/mL) and fraction of NPA

(5—50 mol %) comprising the hydrogels (Figure 2A). The
0 10 25 50

0.500 - highest degree of conjugation was observed with 50/50 PEGDA-
co-NPA gels; however, these gels were less mechanically robust
due to the lower quantity of cross-linking PEGDA monomer
present within these gels. In addition, minimal color formation
HulgG Concentration (ng/ml) was evident when 100/0 PEGDA/NPA control gels were reacted

0.000

(©) with MAH IgG antibodies, indicating that the presence of
200 antibody was due to conjugation to NPA groups and not due to
2 500 || @0mg/mI MAH IgG physical adsorption of the antibodies to the hydrogel matrix (data
m0.1mg/ml MAH IgG not shown). Sandwich ELISA assays performed on 75/25 and
2,000 50/50 PEGDAeo-NPA hydrogels showed that conjugated MAH
o IgG retained the ability to recognize human IgG antigen, with
L greater detection sensitivity with gels that contain higher

1.000 guantities of conjugated MAH IgG (Figure 2B, 75/25 gels). High
nonspecific background absorbance was observed with 50/50
gels in the absence of human IgG (Figure 2C, 50/50 gels).
Detection levels for human IgG become saturated at 25ng/mL
with both gel compositions. These ELISA results indicate that
0 10 25 50 monoclonal antibodies can be conjugated to a high degree to
HulgG Concentration (ng/ml) preformed PEGDAco-NPA hydrogels without significantly
Figure 2. (A) Indirect ELISA for detection of MAH IgG conjugated compromising the abilities of the antibodies to recognize their
to PEGDA<0-NPA hydrogels. PEGDA:0-NPA hydrogels were pho- ~ antigens.
topolymerized at 100/0, 90/10, 75/25, and 50/50 (wt) ratios of PEGDA  Cryosectioning and immunostaining of MAH-conjugated
to NPA. nydr(())gte|51WGF<7 CEniuctJ_zteéi tOM'\AﬁIHI IgG at _Con(tlegttratit%ns hydrogels showed that MAH 1gG conjugation was limited to
ranging from 0 to 1 mg/mL antibody. conjugated to the indi
surf%cg of hydrogels Wa% detected us)i/ng GAM gHRP. SJangdWich ELISAs E)hbigr)(/irg g\?vlit?#r:fat%% ?ﬁtg;%?aéefdtﬁg thI?cFFgufggo%e).scmce

were formed for (B) 75/25 and (C) 50/50 PEGIA-NPA hydrogels .
conjugated with MAH IgG. Hydrogels were conjugated with@5 fluorescence was observed with hydrogels not exposed to MAH

mg/mL MAH IgG and then exposed to Human IgG antigen. Sandwiches (Figure 3A). In addition, a thicker band of fluorescence on the
were completed using goat anti-human HRP. hydrogel surfaces was evident with higher concentrations of
MAH used for conjugation, which may be indicative of greater
gels using 50 mM glycine methyl ester, 5000 or 10000 Jurkat degrees of surface conjugation (Figure 3B,C).
cells were added to the gels and the cells were allowed to Conjugation of DX2 anti-Fas MAbs to PEGDés-NPA
incubate suspended atop these hydrogels for 2 days &£37  hydrogels was performed using the methodology and conditions
Jurkat cells were then removed and placed into fresh wells developed for MAH IgG discussed in the above section. Indirect
following the incubation period. The Annexin Apoptosis Assay and sandwich ELISAs were performed with PEGRANPA
(Invitrogen, Carlsbad, CA) was then used to determine the extenthydrogels prepared at varying ratios (100:0 to 50:50 PEGDA:
of apoptosis. Cells were stained with annexin V-FITC conjugate NPA). These assays show similar trends for detection of protein
and then counterstained with propidium iodide (PI), which conjugation and antigen recognition by DX2, respectively, as
allows for the differentiation between necrotic and apoptotic seen with ELISAs with model MAH IgG antibodies (Figure
cells. The cells were resuspended in RPMI without phenol red 4). A higher degree of DX2 conjugation was observed with
and supplemented with 10% FBS, and images were taken withhigher concentrations of antibody added for conjugation (Figure
a Nikon Eclipse TE300 fluorescent microscope (Nikon, Lewis- 4A). However, minimal differences in conjugation efficiency
ville, TX). The fraction of apoptotic and necrotic cells within ~ were observed with gels polymerized with different concentra-
each condition tested was quantitated by counting cells within tions of NPA, which is in contrast to MAH IgG results. Greater
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Figure 3. Immunological staining of MAH 1gG-conjugated PE&-NPA hydrogel cryosections. Hydrogels were conjugated with (A) 0 mg/mL,
(B) 0.1 mg/mL, and (C) 0.5 mg/mL MAH IgG. Conjugated hydrogels were then frozen and cryosectionegdrattbizkness. Section were then
stained with goat anti-mouse {H.) F(abj), Alexa 488 conjugate. Images were taken at(ébjective) magnification. Fluorescently stained sections
were then observed by fluorescence microscopy.

sensitivity of rFas detection was evident with higher concentra- DISCUSSION

tions of DX2 conjugated to both 75/25 and 50/50 PEGDA/NPA ] ) ] )
hydrogels; however, significant background was evident with ~ Passive encapsulation technology has made great strides in
50/50 hydrogels, most likely due to rFas entrapment within these providing protection for islets against celtell-mediated im-

gels (due to greater pore sizes) (Figure 4B,C). munity by presenting a physical barrier between islet cells and

. . . . activated CD4 and CD8 T cells. However, inflammatory
‘The ability of DX2-conjugated hydrogels to induce apoptosis cytokines produced by these activated cells, such asiTNF
within Jurkat cells, a model T cell line, was assessed by

. . S . . .71, and IFN/, can elicit a toxic response within islets, leading
:jnycl)ggﬁrr]'ggvaﬂgﬁxi? Jgﬁg}ﬁ,'?gg;gﬁeghn t\rﬁeblirr]]?\Se:ciepg‘lc:estpgfattﬁe to p-cell destruction@S). PEG represents a functionally v_ersat_ile
hos holi ids bilaver of the cell membrane. but becomes inert polymer materlal that can be mo<_JI|f|ed to attach blologl_cal
tpranslloocatgd o thg outer leaflet in dvin ceils Binding of moieties to actively promote and assist the long-term survival
A n-EITC ugates t N t'y Jg Kat ) I 9 b of islet grafts by down-regulayng the immune response around
nnexin conjugates 1o apoptotic Jurkat cells can be encapsulated tissue. In addition, PEGylation has improved the
visualized by fluorescence microscopy. Counterstaining of cells

; Y . . - serum half-life and stability of proteins. The studies discussed
with propidium iodide can differentiate between apoptotic and i, yhis work describe the application of PEGylated antibodies
necrotic cells, as Pl can diffuse into and bind with the DNA

v withi . s, | . latively f into hydrogel network for the treatment of autoimmune diabetes,
only within necrotic cells. In our experiments, relatively few assessing the potency of antibodies conjugated to hydrogel
cells (less than 1%) were observed to be necrotic throughout

> heref | . | surfaces to act in a therapeutic manner. Investigators have
all conditions tested, and therefore only apoptosis results aree,ioysly incorporated polymerizable antibodies and antibody
shown and discussed.

fragments into hydrogels by free radical polymerization, but
Experiments were performed to compare the ability of DX2- with the sole purpose for the diagnostic detection of antigens
conjugated hydrogels to induce apoptosis within Jurkat cells and biosensor application$4, 15.
compared to control hydrogels. Control hydrogels were either  gy,gies have shown that conjugation of apoptosis-inducing
unconjugated or were conjugated with MAH IgG control anti-Fas IgG MAbs to PEGDA hydrogels provides a matrix that
antibodies that are not apoptosis-inducing. Fluorescence imagegan actively work to suppress T cell mediated immunity. Fas is
screening for Annexin V fluorescence showed that while similar 5 45¢D s a cell surface protein belonging to the TNF receptor
fractions of cells appear to induce apoptosis in the presence oftamjly of proteins that can induce apoptosis when engaged with
both control hydrogel formulations, a significant increase in Fas [igand (FasL). Fas-mediated apoptosis is normally involved
apoptotic cells was observed with hydrogels conjugated with jn clonal deletion of autoreactive T cells by negative selection
DX2 (Compare fluorescence images from Figure 5A and 5B (16). The Fas pathway is also responsible for the elimination
with 5C). These cell images were also used for quantitation of of activated T cells following the completion of the immune
the fraction of apoptotic cells within each condition tested. response to infection. Many tissues and cell lines weakly express
Quantitative results confirm that an enhancement in apoptosisFas, but Fas is highly expressed in activated, mature lympho-
induction was observed with Jurkat cells exposed to DX2- cytes, making lymphocytes highly susceptible to Fas-mediated
conjugated gels. Only-57.5% of Jurkat cells were apoptotic  apoptosis 17, 18. FasL is the natural homotrimeric protein
in the presence of control gels, whereas approximately 20% of hinding ligand for Fas, binding to three Fas receptor molecules
Jurkats appeared apoptotic with DX2-conjugated gels (Figure to induce apoptosis1@). FasL expression is induced upon
6). Statistical analysis by studenttest showed that afi-values  activation of cytotoxic T lymphocytes, which can then destroy
were lower than 0.05, indicating statistical significance of the Fas-expressing activated lymphocytek7)( Fas activation
data. Other tests were performed to test the specificity of requires FasL multimerization or cross-linking of Fas receptors
apoptosis induction by DX2 antibodies. 19.2 Fas-insensitive T to initiate the signal transduction cascade for apoptdE®. (
cells were exposed to DX2-conjugated hydrogels to determine Binding of MAbs to Fas receptors can also induce apoptosis.
whether apoptosis induction occurred due to the specific action The multimeric nature of Anti-Fas IgM antibodies effectively
of the Fas/anti-Fas interaction or whether apoptosis induction induce apoptosis by allowing for multiple cooperative binding
was a nonspecific occurrence. Results from this study show thatevents to cross-link several Fas receptors simultaneously on cell
no enhancement in apoptosis was observed with 19.2 cells surfaces 20, 21). Monomeric IgG subclass anti-Fas antibodies
exposed to 0.25 mg/mL DX2 over levels induces with control do not induce apoptosis as effectively as the IgM subclass due
gels lacking conjugated antibodies, whereas higher levels of to their inability to simultaneously cross-linking multiple Fas
apoptosis were observed within Jurkat cells as expected (Figurereceptors in the absence of exogenously added cross-linking
7). molecules 22). DX2 is an anti-Fas monoclonal antibody (IgG1
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to hydrogels conjugated with various antibodies. Jurkat T cells were
cultured for 2 days in 96-well tissue culture plates in the presence of
PEG-<o-NPA hydrogels conjugated with (A) no antibody, (B) 0.25 mg/
mL MAH IgG control MADb, or (C) 0.25 mg/mL DX2 anti-Fas MADb.
Following the culture period, Jurkat cells were removed from wells
containing hydrogels and then assayed for the presence of phosphati-
dylserine using annexin V-FITC conjugates. Images were takenxat 10
(objective) magnification. Brightfield images show Jurkat cell density
for each condition tested, whereas green fluorescence observed in
fluorescent images (shown in grayscale) are indicative of annexin
V-FITC conjugation to phosphatidylserine, which is indicative of
apoptotic cells.

0 5 10 25 0e
rFas Concentration (ng/ml)

Figure 4. (A) Indirect ELISA for detection of DX2 anti-Fas MAb
conjugated to PEGDA©O-NPA hydrogels. PEGDA:0-NPA hydrogels
were photopolymerized at 100/0, 90/10, 75/25, and 50/50 (wt) ratios
of PEGDA to NPA. Hydrogels were conjugated to DX2 at concentra-
tions ranging from 0 to 0.25 mg/mL antibody. DX2 conjugated to the
surface of hydrogels was detected using GAM HRP. Sandwich ELISAs
were formed for (B) 75/25 and (C) 50/50 PEGIRA-NPA hydrogels
conjugated with DX2. Hydrogels were conjugated with@25 mg/

mL DX2 and then exposed to rFas antigen. Sandwiches were completed?
using goat anti-Fas PAb, followed by detection with donkey anti-goat
HRP secondary antibodies.

O Control - No IgG
| | m0.25mg/ml MAH IgG
B 0.25mg/ml DX2 lgG

0.25

0.2 4

0.15 -

0.1 +

ction of Apoptotic Cells

0.05 |

subclone) that can induce apoptosis in human T cells lines in =A% 10000
solution upon antibody cross-linkin@1, 23. # of Cells
Antibody immobilization can induce cellular activation more Figure 6. Quantitative evaluation of annexin V binding to Jurkat cells.

; ; ; P : The fraction of apoptotic cells was calculated by counting both apoptotic
effectively than soluble antibodies due to the ability to provide and total cell numbers from four random fields of view. Data were

high local concentrations of antibodies for binding and receptor generated from both 5000 and 10000 Jurkat cells exposed to hydrogels
clustering that leads to enhanced transcriptional signal strengthprepared at the various experimental conditions described in Figure 4.
of activation signals or secondary messenge4k (mmobiliza- * denotesp < 0.04 when results are compared to controls lacking
tion of anti-CD3 antibodies on solid surfaces has been shown conjugated antibody.

to both enhance stimulation and activation of T cells and induce

anergy within T cells in the presence and absence of co- our hydrogel devices, which precluded the use of organic
stimulatory factors, respectively2l, 24-26). Surface im- solvents for surface conjugation. Therefore, aqueous conjugation
mobilization techniques were modified in our studies to account conditions at physiological salt concentrations were required.
for the future presence of live islets to be encapsulated within Copolymerization of PEGDA with NPA allowed for incorpora-
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