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Ex vivo Pretreatment of Islets with
Mitomycin C: Reduction in Immunogenic
Potential of Islets by Suppressing Secretion
of Multiple Chemotactic Factors
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Takashi Kimura1, Ikuo Wada3, Tsutomu Mori4,
Shigeru Marubashi1, and Mitsukazu Gotoh1

Abstract
Strategies to reduce the immunogenicity of pancreatic islets and to prevent the activation of proinflammatory events are
essential for successful islet engraftment. Pretransplant islet culture presents an opportunity for preconditioning to improve
outcomes of islet transplantation. We previously demonstrated that ex vivo mitomycin C (MMC) pretreatment and subse-
quent culture significantly prolonged graft survival. Fully understanding the biological process of pretreatment could result in
the development of a protocol to improve the survival of islet grafts. Microarrays were employed to conduct a comprehensive
analysis of genes expressed in untreated or MMC-treated rat islets that were subsequently cultured for 3 d. A bioinformatics
software was used to identify biological processes that were most affected by MMC pretreatment, and validation studies,
including in vivo and in vitro assay, were performed. The gene expression analysis identified significant downregulation of
annotated functions associated with cellular movement and revealed significant downregulation of multiple genes encoding
proinflammatory mediators with chemotactic activity. Validation studies revealed significantly decreased levels of interleukin 6
(IL-6), monocyte chemoattractant protein 3 (MCP-3), and matrix metallopeptidase 2 (MMP2) in culture supernatants of
MMC-treated islets compared with controls. Moreover, we showed the suppression of leukocyte chemotactic activity of
MMC-treated islets in vitro. We also showed that MMC-treated islets secreted lower levels of chemoattractants that
synergistically reduced the immunogenic potential of islets. Histological and immunohistochemical analyses of the implant site
revealed that infiltration of monocytes, CD3-positive T cells, and B cells was decreased in MMC-treated islets. In conclusion,
the ex vivo pretreatment of islets with MMC and subsequent culture can reduce the immunogenic potential and prolong the
survival of islet grafts by inducing the suppression of multiple leukocyte chemotactic factors.
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Introduction

The transplantation of pancreatic islets is a minimally invasive

therapy for patients with type 1 diabetes mellitus with severe

hypoglycemia unawareness, despite adequate insulin therapy.

The short-term results of recent clinical trials of islet transplan-

tation are promising, although multiple donors were required to

achieve sustained insulin independence of 1 recipient, and the

function of implanted islets decreased with time after trans-

plantation.1,2 Early impairment of islet engraftment might be

attributed to numerous factors involved in intrahepatic islet

infusion such as instant blood-mediated inflammatory

response (IBMIR), thrombosis, and hepatic tissue ischemia.3

Furthermore, cell stress probably initiated by both isolation and
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transplant-induced adaptive immune responses might be

involved and play a significant role in islet loss.4,5 Islet grafts

are stressed and inflamed by the isolation procedure6,7 and

secrete or express multiple proinflammatory mediators imme-

diately after isolation or even after a couple of days in cul-

ture.8,9 Numerous studies over the past decade have

described the presence of proinflammatory cytokines includ-

ing C-X-C chemokine ligand 8 (CXCL8)/interleukin 8 (IL-8),

CXCL6/granulocyte chemotactic protein (GCP) 2, chemokine

(C-X-C motif) ligand (CXCL) 2, CXCL1, CXCL5, C-C che-

mokine ligand (CCL) 2, CXCL12, and CCL28 and danger

signals induced by islet isolation.10 Targeting these cytokines

was found to be effective in restoring glucose tolerance or

prolonging graft survival,11 but the effect was insufficient

when tested against a single molecule.12 We hypothesized that

the regulation of multiple inflammatory cytokines together will

be more effective and could induce immunological unrespon-

siveness to islet grafts. This hypothesis was clarified in our

model using mitomycin C (MMC) pretreatment of islets and

culture, in which an indefinite survival of islet allografts and

xenografts was obtained without any immunosuppressive

treatment.13,14 MMC is categorized as a pharmacological alky-

lating agent that has genotoxic activity by inhibition of DNA

replication to influence intracellular metabolism via various

pathways.15,16 Ex vivo islet pretreatment exposure of islets to

sublethal genotoxic stressors such as ultraviolet (UV) irradia-

tion,17 g irradiation,18 or mitomycin-C19 reduced the postgraft-

ing immune response and enhanced islets engraftment. In our

previous studies, the finding that the enhancement of MMC-

induced engraftment was the greatest when islets were cultured

for 3 d after MMC treatment is particularly interesting,13 indi-

cating that biological processes relevant to engraftment were

induced in MMC-treated islets over the periods. Here, we

showed that comprehensive analyses of gene expression by

MMC treatment provided evidence of its potential as a regu-

lator of multiple proinflammatory cytokines, as validated in in

vitro and in vivo studies.

Materials and Methods

Animals

Islet donors were male Wistar (Jcl) rats (CLEA Japan, Inc.,

Tokyo, Japan) aged 8 to 10 wk, weighing 250 to 320 g. We

induced diabetes in male C57BL/6 (H-2b) mice (B6 mice;

Nihon Clea, Inc. Shizuoka, Japan) aged 8 to 9 wk using a

single intraperitoneal (i.p.) injection of streptozotocin (STZ;

250 mg/kg body weight; Sigma-Aldrich, St Louis, MO,

USA). Rats and mice were housed in cages at a controlled

temperature and under a suitable light–dark cycle. Mice with

2 consecutive nonfasting blood glucose levels of >400 mg/

dL served as recipients. Monocytes were isolated from bone

marrow of male B6 mice aged 8 to 10 wk. All animals were

anesthetized using isoflurane inhalation. The Ethics Review

Committee for Animal Experimentation of Fukushima

Medical University approved this study.

Isolation of Pancreatic Islets, MMC Treatment Culture,
and Transplantation

Islets were isolated using a method similar to that reported

previously.20 In brief, pancreatic islets were isolated from

Wistar rats using stationary collagenase digestion (Liberase;

0.23 mg/mL; Roche, Basal, Switzerland), followed by centri-

fugation through a discontinuous gradient of Ficoll (Ficoll

400; Sigma-Aldrich). The crude islets obtained after the sec-

ond Ficoll separation were divided into 2 groups as follows:

(1) MMC-treated islets were incubated for 30 min in Roswell

Park Memorial Institute (RPMI)-1640 medium with 10 mg/

mL MMC (Kyowa Hakko Kogyo, Tokyo, Japan) (13) and (2)

nontreated islets were incubated for the same time in RPMI-

1640. After washing thrice in RPMI-1640 containing 10%
fetal bovine serum (FBS) (Nichirei Bioscience Inc. Tokyo,

Japan), the islets were cultured in complete medium (RPMI-

1640 with 10 mM 4-(2-hydroxyethyl)-1-piperazineethanesul-

fonic acid (HEPES), 2 mM L-glutamine (MP Biomedicals,

Santa Ana, CA, USA), 100 U/mL penicillin (Life Technolo-

gies, Carlsbad, CA, USA), 100 mg/mL streptomycin sulfate

(Life Technologies), 0.5 mg/mL amphotericin B, and 10%
FBS) at 37 �C in a humidified atmosphere containing 5%
CO2 and 95% air. Our previous study demonstrated that 10

mg/mL MMC concentration was optimal pretreatment dose, in

which glucose stimulated insulin secretion and the percentage

of viable islets was not decreased comparing nontreated

islets13 which were cultured for 3 d, were implanted into the

left renal subcapsular space of STZ-induced diabetic B6 mice.

Graft rejection was defined as a blood glucose level of >300

mg/dL in 2 consecutive measurements.

RNA Purification, Amplification, and Microarray Analysis

RNA was purified from MMC-treated or nontreated islets

immediately after 30 min of treatment (d0-islets) and from

1-d (d1-islets) and 3-d cultures (d3-islets; n ¼ 3). We used a

microscope to assist manual harvesting of 200 islets that

were immediately stored at �80 �C. Total islet RNA was

purified using the RNeasy Mini Kit (Qiagen N.V., Venlo,

The Netherlands) according to the manufacturer’s protocol.

RNA quantity and purity were measured using a NanoDrop

1000 spectrophotometer and the Agilent RNA 6000 Nano

Kit (Agilent Technologies, Santa Clara, CA, USA). Samples

with an RNA integrity number of >7.0 and concentrations of

>33 ng/mL were used for amplifications. Each total RNA

sample was reverse-transcribed into double-stranded com-

plementary DNA (cDNA) that was used in in vitro transcrip-

tion reactions to amplify antisense mRNA (complementary

RNA [cRNA]) using the Ambion WT Expression Kit

(Thermo Fisher Scientific Inc). The cRNA was labeled and

fragmented using the Affynmetrix GeneChip WT Terminal

Labeling Kit (Affymetrix, Santa Clara, CA, USA). The

labeled cDNA from each islet sample was hybridized to a

single GeneChip Rat Gene 1.0 ST Array (Affymetrix, Santa

Clara, CA, USA). This array can be used to detect >30,000
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transcripts of known rat genes and potentially expressed

sequences. The hybridized arrays were scanned using Gene

Chip Scanner 3000 7G (Thermo Fisher Scientific, Inc.) to

generate images of fluorescence intensity for data analysis.

Image data were quantified using GeneChip Command

Console Software (Affymetrix).

Identification of the Functions of Differentially
Expressed Genes

Normalization and filtering of microarray data were

performed using Gene Spring GX software Version 12.5

(Agilent Technologies, Santa Clara, CA, USA). Differen-

tially expressed genes were defined as those levels that chan-

ged > 2-fold or� 2-fold (log2) compared with the respective

control. Ingenuity Pathway Analysis (Qiagen, Redwood

City, CA, USA; qiagen.com/ingenuity) was used to identify

the biological processes that were differentially affected in

MMC- or nontreated cultured islets. This tool provides infor-

mation about a disease, molecular and cellular functions, and

physiological and development function categories related to

genes obtained from the microarray analysis. To determine

the biological functions most closely associated with MMC-

induced engraftment, we used an activation z-score of >2 or

�2 and P value of <0.05. The activation z-score assesses the

match between observed and predicted upregulation or

downregulation patterns that indicate significant differential

biological activity of MMC-treated islets compared with that

of control islets (nontreated d0-islets). The P value, which

was calculated using the Fisher exact test, indicates the sta-

tistical significance of the association of a biological func-

tion with a set of differentially expressed genes.

Immunoassay of Cytokines and Peptidase Activity
in Islet Culture Supernatants

Aliquots of pancreatic islet preparations (240 islets/mL) were

cultured in 3 mL of RPMI-1640 medium in a 3.5-cm dish

(Sumilon, Sumitomo Bakelite Co., Utsunomiya, Japan) in a

CO2 incubator. Islet culture supernatants were collected after

1 and 3 d of culture and immediately stored at �80 �C. The

levels of interleukin 6 (IL-6), monocyte chemoattractant pro-

tein 3 (MCP-3), and matrix metallopeptidase 2 (MMP-2) were

determined using the Quantikine enzyme-linked immunosor-

bent assay (ELISA) Kit (R&D Systems, Minneapolis, MN,

USA), MCP-3 ELISA Kit (Cloud-Clone Corp. Houston, TX,

USA), and MMP-2 ELISA kit (Abnova, Taipei, Taiwan). Each

reaction was performed in duplicate. The lower limits of detec-

tion density was measured at 450 nm using a microplate reader

(Multiskan GO: Thermo Scientific, Yokohama, Japan).

Isolation of Murine Bone Marrow Monocytes

B6 mice were sacrificed by inhalation of an analgesic, and the

femur and tibia were removed to collect bone marrow cells, as

described previously.21 Monocytes were isolated from bone

marrow cells using auto magnetic cell sorting (MACS). T cells,

granulocytes, natural killer cells, B cells, dendritic cells (DCs),

and basophils were depleted from the bone marrow cell popu-

lation using a mixture of antibodies against CD3, CD7, CD19,

CD45RA, CD56, and anti-immunoglobulin E (IgE; Monocyte

Isolation Kit; Miltenyi Biotec, Bergisch-Gladbach, Germany)

and an autoMACS Pro Separator (Miltenyi Biotec).

Chemotaxis Assay

The chemotaxis of mouse monocytes toward rat islet super-

natants was evaluated using a 5-mm pore Transwell mem-

brane (Corning Inc., Corning, NY, USA), as described

previously.22 The rat islet culture supernatants used in this

assay were the same as those used to determine cytokine

concentrations. MACS-enriched monocytes (1.0 � 105)

were seeded in the upper chamber in 100 mL of serum-

free medium, and 600 mL of islet supernatant or RPMI was

placed in the lower chamber. Chemotactic activity is

expressed as the mean number of migrated monocytes in

10 high-power microscope fields. Monocyte migration

toward RPMI served as the negative control.

To validate the effects of MCP-3 on chemotaxis,

anti-MCP-3 monoclonal antibody (mAb; 2 mg/mL; Abcam,

Cambridge, UK) was added to the islet supernatant to neutra-

lize MCP-3. Isotype-matched mouse immunoglobulin G (2

mg/mL; Santa Cruz Biotechnology Inc., Santa Cruz, CA,

USA) served as the control. To inhibit chemotaxis induced

by MMPs, the MMP inhibitor GM6001 (10 mmol/L; Santa

Cruz Biotechnology, Inc.) was used, as described previ-

ously.23 GM6001 inhibits MMP-1, MMP-2, MMP-3, MMP-

7, MMP-8, MMP-9, MMP-12, MT-MMP1, and MMP-26.

Histological and Immunohistochemical Analyses
of the Implant Site

STZ-induced diabetic B6 mice were implanted in the left

renal subcapsular space with 300 MMC-treated or non-

treated islets cultured for 3 d. Mice with normalized

blood glucose levels were killed on days 4 or 8 after

grafting. Specimens of the transplanted kidney contain-

ing the islet graft were fixed in 10% formalin (Graph-

Pad, La Jolla, CA, USA), embedded in paraffin (Sakura

Finetek Japan Co, Tokyo, Japan), and serially cut into 4-

mm thick sections. The sections were stained with hema-

toxylin and eosin (H&E) to estimate the host’s cell-

mediated immune response. Subsequently, monocytes,

T cells, and B cells that migrated to the transplantation

site were subjected to immunohistochemical analyses.

To detect monocytes and T cells, we used anti-F4/80 mAb

(1:200 dilution) and anti-CD3 mAb (1:100 dilution), each

purchased from Abcam, and a rabbit anti-rat IgG (DAKO,

Glostrup, Denmark) secondary antibody. For the detection

of B cells, we used biotin-conjugated rat anti-mouse CD45

R mAb (1:50 dilution; Thermo Fisher Scientific Inc, Wal-

tham, MA, USA) and rabbit anti-rat IgG (DAKO).
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Statistical Analysis

Data are expressed as the mean + standard error of mean

(SEM). The IL-6, MCP-3, and MMP-2 concentrations in islet

culture supernatants were compared using the Student t test,

and chemotactic activities were compared, as appropriate,

using the Student t test or 1-way analysis of variance

(ANOVA) with Bonferroni adjustment. Statistical signifi-

cance was defined as P < 0.05. All statistical analyses were

performed using Graph-Pad PRISM 5.0 Software (GraphPad,

La Jolla, CA, USA).

Results

Comprehensive Analysis of Gene Expression by Rat
Islets in Response to MMC Treatment and Subsequent
Culture

Compared with control islets (nontreated d0-islets), the gene

expression analysis revealed 735 differentially expressed

transcripts in nontreated d3-islets, including 526 upregulated

and 209 downregulated transcripts. In MMC-treated islets,

115 differentially upregulated transcripts in d0-islets and 812

differentially expressed transcripts in d3-islets, including

335 upregulated and 477 downregulated transcripts

(Table 1). These analyses indicate that upregulated tran-

scripts increased during the culture period in nontreated

islets, whereas the repression of gene expression by pretreat-

ment with MMC is enhanced during the 3 d of culture.

Identification of Differences in Biological Functions
between MMC-Treated and Untreated Islets

The hierarchical gene cluster map based on the activation

z-score and P value indicated that upregulated biological

functions were dominant in nontreated islets in response to

3-d culture, whereas biological functions, including “cellular

movement,” were downregulated in MMC-treated islets

(Fig. 1). Among molecular and cellular functions, expression

levels of numerous genes involved function such as “cellular

movement” were upregulated in nontreated d3-islets (Fig. 2).

On the other hand, more than half of the functions, including

“cellular movement,” were downregulated in MMC-treated

d3-islets (Fig. 3A and B). These findings indicate that the

functional category associated with “cellular movement”

was more significantly changed between nontreated

d3-islets and MMC-treated d3-islets.

Among the genes that constituted the “cellular move-

ment” category, the number of downregulated genes that

encode chemoattractants, such as cytokines and peptidases,

was increased in MMC-treated islets as a function of time

in culture (Table 2). Many more genes associated with

cytokine and peptidase were upregulated in nontreated

d3-islets than in control islets (data were not shown). These

findings indicate that multiple chemoattractant genes were

upregulated in isolated islets as a result of the stress of

isolation procedures, whereas ex vivo pretreatment with

MMC reduced the immunogenicity of isolated islets by

repressing the gene expression of multiple proinflamma-

tory molecules.

Analysis of IL-6, MCP-3, and MMP-2 Levels in Islet
Supernatants

To validate microarray data, we selected cytokines and pep-

tidase genes with the highest differences in mRNA levels

(IL-6, fold-increase [FC] �7.659; MCP-3, FC �3.819, and

matrix metallopeptidase-2 (MMP-2), FC �4.721; Table 2).

The levels of IL-6, MCP-3, and MMP-2 in islet culture

supernatants were more significantly decreased in MMC-

treated islets than in untreated islets (Fig. 4). These data are

consistent with the gene expression data.

Chemotaxis of Mouse Monocytes in Response to
Culture Supernatants from MMC-Treated or
Untreated Islet Cultures

We next attempted to answer the crucial question of whether

ex vivo MMC treatment reduces the chemotactic activity of

leukocytes in response to islets. We found that mean number

of monocytes that migrated toward the islet culture super-

natant in 1 high-power field was significantly lower for

MMC-treated islets than for untreated islets (Fig. 5).

To determine whether the validated molecules encoded

by highly downregulated genes function as key components

of chemoattractants secreted from islets, we assessed mono-

cyte chemotaxis in response to supernatants treated with

MCP-3-neutralizing antibody (anti-MCP-3 mAb) or an inhi-

bitor of MMP activity (GM6001). The mean number of

migrated monocytes significantly decreased under both con-

ditions (Fig. 5).

Histology of Representative Transplanted Islets
Harvested from C57BL/6 Recipients on Day 4 or 8

To assess the localized immunological response to an

implanted graft in a concordant xeno-transplantation experi-

ment (B6 mice engrafted with Wistar rat islets), we used

Table 1. Comprehensive Analysis of Gene Expression by Non-
Treated and MMC-Treated Rat Islets.a

Islet Sample Number of Differentially Expressed Genes

Non-treated islets d0-Islets (Control) d1-Islets d3-Islets
Total genes 723 735
Upregulated genes 398 526
Downregulated genes 325 209

MMC-treated islets d0-Islets d1-islets 3d-islets
Total genes 115 797 812
Upregulated genes 115 376 335
Downregulated genes 0 421 477

aGene expression analysis: differentially expressed genes were character-
ized as those with a fold-change >2, or�2 (log2) compared with the control
(untreated d0-islets).
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immunohistochemistry to detect leukocytes that infiltrated

the transplantation site. In this transplantation experiment,

prolonged graft survival induced by ex vivo MMC treatment

was determined. The median survival time (MST) of

engrafted MMC-treated d3-islets was significantly pro-

longed compared with that of untreated d3-islets (median

survival time [MST]; 98 days vs. 17 days, P < 0.01), which

is consistent with the results of our previous study.13

Histological analysis revealed marked infiltration of

inflammatory cells in untreated xenografts, whereas signifi-

cantly fewer leukocytes were observed in MMC-treated

xenografts 8 d after transplantation (Fig. 6).

Immunohistochemical analysis of the leukocytes that

infiltrated the site of engraftment in the kidneys revealed

that ex vivo pretreatment with MMC significantly sup-

pressed the infiltration of monocytes, T cells, and B cells

8 d after engraftment, although there was no significant

difference in leukocyte infiltration between the 2 groups

after 4 d (Fig. 7). These findings demonstrates that pre-

treating islets with MMC inhibits the chemotaxis of host

leukocytes to xenografts in vivo and prolongs the survival

of the grafts.

Survival of Untreated and MMC-Treated
Engrafted Islets

Prolonged graft survival induced by ex vivo MMC treatment

was determined in a concordant model of islet xeno-

transplantation. The MST of engrafted MMC-treated

d3-islets was significantly prolonged compared with that

of untreated d3-islets (MST; 98 days vs. 17 days, P < 0.01;

Fig. 8). Notably, 40% of the MMC-treated grafts survived for

>100 days without adding immunosuppressive agents, which

is consistent with the results of a previous study.13

Discussion

The present study provides a comprehensive interpretation

of the biological characteristics of islets following their

exposure to MMC ex vivo and subsequent short-term (3 d)

culture. Specifically, our islet-preconditioning protocol

induced simultaneous downregulation of 3 important che-

moattractants (IL-6, MCP-3, and MMP-2) as compared to

nontreated islets, and the secretion and chemoattractant

activities of islets were validated to be suppressed in in vitro

Fig. 1. Comprehensive interpretation of biological functions in nontreated and mitomycin C (MMC)-treated islets in response to 3-d
culture. We used the ingenuity pathway analysis (IPA) algorithm to determine the z-score and the P value to identify significant biological
functions associated with MMC-induced engraftment (MMC- and nontreated d3-islets compared with control islets [nontreated d0-islets]).
Each category was sized and arranged in order of –log (P value) and colored by the activation z-score (red; upregulation, blue; down-
regulation). Compared to nontreated islets, many biological functions were downregulated in MMC-treated d3-islets; most significantly
downregulated function was cellular movement.
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studies. The in vivo study investigating the host immune

response to implanted grafts demonstrated that infiltration

of monocytes and CD3-positive T cells were significantly

decreased in MMC-treated islets. To the best of our knowl-

edge, this is the first report using a single protocol to induce

the downregulation of multiple cytokines, suggesting a clin-

ical application of this pretreatment protocol.

The comprehensive analysis of gene expression demon-

strated a contrasting change between MMC-treated and non-

treated islets. The upregulated transcripts increased during

the culture period in nontreated islets, whereas the number of

expressed transcripts in MMC-treated islets further

decreased the following culture (Table 1). Among molecular

and cellular function categories, the expression levels of

numerous genes involved in functions such as “cellular

movement” were upregulated in nontreated d3-islets, but

downregulated in MMC-treated d3-islets (Figs. 2 and 3).

The levels of upregulated multiple proinflammatory

genes in isolated islets during subsequent culture were

comparable with those of a previous finding by Cowley

et al, who showed that isolated human islets express high

levels of a set of chemokines in association with a marked

nuclear factor (NF-kB)-dependent proinflammatory

response based on a comprehensive analysis of gene expres-

sion.8 In addition, they showed that the inflammatory profile

of isolated human islets was traced even after transplantation

into severe combined immunodeficient (SCID) mouse recipi-

ents. They also found that the forced expression of NF-kB in

rodent islets induced the same proinflammatory chemokine

profile and glucose intolerance in syngeneic recipients and

accelerated rejection in allogeneic recipients.

MMC treatment prolonged islet xenograft survival with a

half of the islet grafts surviving indefinitely in nonimmuno-

suppressed STZ-induced diabetic mice (Fig. 8). A significant

inhibition of inflammatory response against islet grafts has

consistently been observed in histological studies.13,24 In

line with these observations, we reasonably assumed that a

multiple cytokine regulatory regimen in the MMC pretreat-

ment of islets protects islets against an acquired immune

response to grafts.

Thus, questions naturally arise as to candidate chemo-

attractants to injure islets and to initiate rejection responses

to islet grafts. Proinflammatory cytokines including tumor

necrosis factor a ,25 MCP-1,22 and the alarmin high mobility

group box 1 (HMGB1)26 act as strong stimulators of the host

innate cell-mediated immune response. These molecules may

Fig. 2. Significant alteration of annotated molecular and cellular functions in nontreated islets. We sorted molecular and cellular function
annotations according to the z-score as follows: >2 (upregulation) or �2 (downregulation). The P value (square dot), which was calculated
using the Fisher exact test, indicates the statistical significance of the association between the expression of a set of genes and a biological
function (P value � 0.05, �log10 � 1.3). Expression levels of numerous genes involved function such as “cellular movement” were
upregulated significantly in nontreated d3-islets during culture period prior to transplantation.
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serve as therapeutic targets in efforts to enhance islet trans-

plantation11,12; however, the effect was limited. Citro et al.12

insisted that anti-inflammatory treatment that targets a single

proinflammatory axis is insufficient because of the redun-

dancy and promiscuity of chemokine signaling mechanisms.

Our bioinformatics analysis revealed that ex vivo pre-

treatment of islets with MMC downregulated various

cytokine genes and suppressed the secretion of IL-6,

MCP-3, and MMP-2 by isolated islets as well as the chemo-

taxis of monocytes toward islets. These findings suggest that

such treatment reduces early-phase proinflammatory events

provoked by damaged and inflamed islets. Further, the sup-

pression of monocyte chemotaxis toward the islet culture

medium was reproduced using anti-MCP-3 mAb and a

Fig. 3. Significant alteration of annotated molecular and cellular functions in mitomycin C (MMC)-treated islets. Significant alteration of
annotated molecular and cellular functions in MMC-treated islet was evaluated, as described in Fig. 2. A number of downregulated functions
were increased over subsequent 3-d culture period in MMC-treated islets, and more than half of the functions, including “cellular move-
ment,” were downregulated in MMC-treated d3-islets.
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pharmacological inhibitor of MMPs, suggesting that MCP-3

and MMPs play an important role in monocyte recruitment

to grafted islets during the early stage of the innate immune

response and therefore serve as potential therapeutic targets.

Few studies have shown that MCP-3 and MMPs contrib-

ute to the outcome of islet transplantation. The chemokine

MCP-3, which is a member of the CC-chemokine subfamily,

is one of the most pleiotropic chemokines because it acti-

vates all major leukocytes by stimulating the specific recep-

tors CC-chemokine receptor (CCR) 1, CCR2, CCR3, and

CCR5.27 Accordingly, Ali et al.28 employed a mouse model

of skin transplantation to show that an MCP-3 antagonist

reduces the infiltration of grafts by CD3þ lymphocytes and

consequently increases the survival of allografts.

MMPs are members of a family of zinc-dependent endo-

peptidases that mediate the turnover of the extracellular matrix

as well as the invasion of grafts by inflammatory cells.29 Con-

sistent with the findings of the present study, Barro et al.30

found that mRNAs encoding MMP-2, MMP-3, MMP-9,

MMP-14, tissue inhibitor of metalloproteinase 1 (TIMP-1),

and TIMP-2 are expressed by isolated rat pancreatic islets.

Further, Lingwal et al.23 found that MMP-9 expression and

activity after islet transplantation are relevant to leukocyte

chemotaxis and early islet graft function.

Table 2. Time-Dependent Alterations of Expressed Genes Involved in Cytokine and Peptidase Functions of MMC-Treated Islets Relative to
Non-Treated Islets.a

Gene
Category

d0-Islets d1-Islets d3-Islets

Symbol Gene Name FC Symbol Gene Name FC Symbol Gene Name FC

Cytokines IL6 Interleukin 6 9.041 CXCL10 Chemokine ligand 10 4.530 CXCL10 Chemokine ligand 10 8.839
CCL13 Chemokine

ligand 13
7.102 WNT5A Wingless-type MMTV

integration site family,
member 5A

�2.085 IL15 Interleukin 15 2.374

CXCL10 Chemokine
ligand 10

5.657 IL11 Interleukin 11 �3.936 CXCL13 Chemokine ligand 13 �2.258

CXCL2 Chemokine
ligand 2

4.629 CXCL14 Chemokine ligand 14 �2.311

CXCL3 Chemokine
ligand 3

4.350 IL10 Interleukin 10 �2.969

WNT5A Wingless-type MMTV
integration site family,

member 5A

�3.050

CCL7
(MCP3)

chemokine ligand 7 �3.819

IL33 Interleukin 33 �5.372
IL6 Interleukin 6 �7.659

Peptidase ND ND ND ADAM8 ADAM metallopeptidase
domain 8

3.812 ADAM*8 ADAM*
metallopeptidase
domain 8

11.024

C3 Complement
component 3

�3.454 LOC286960 LOC286960 3.782

CASP1 Caspase 1, apoptosis-
related cysteine
peptidase

�2.360

MMP9 Matrix
metallopeptidase 9

�2.406

PLAU Plasminogen activator,
urokinase

�2.507

MMP7 Matrix
metallopeptidase 7

�3.203

MMP14 Matrix
metallopeptidase 14

�3.872

C3 Complement
component 3

�4.536

MMP2 matrix
metallopeptidase 2

�4.721

CTSC Cathepsin C �4.843
GZMB Granzyme B �4.997

Abbreviations: ADAM, A disintegrin and A metalloprotease; FC, Fold change; MMP, metallopeptidase 2; ND, not determined.
aGene lists were created by comparing expressed genes involved in cellular movement between MMC-treated islets and untreated islets.
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The IL-6 gene was downregulated by MMC treatment.

IL-6 plays an important role in inflammation by stimulating

the section of IL-8 and MCP-1 chemokines and upregulating

the expression of adhesion molecules such as intercellular

adhesion molecule 1 (ICAM-1) and vascular cell adhesion

molecule 1 (VCAM-1).31 The downregulation of IL-6 gene

expression might be related to the reduced immunogenicity of

islets. Our interpretation regarding the role of IL-6 in islet

transplantation is supported by the findings of Itoh et al.,32

who revealed that the anti-IL-6 R antibody prevents the early

loss of intrahepatic islet grafts in a syngeneic and an allo-

geneic combination.

Our findings lead us to the conclusion that precondition-

ing islets to suppress chemoattractant secretion is a

Fig. 4. Rat pancreatic islets produce and secrete interleukin 6 (IL-6), monocyte chemoattractant protein 3 (MCP-3), and metallopeptidase 2
(MMP-2). Supernatants from primary cultures of rat islets were analyzed using the enzyme-linked immunosorbent assay (ELISA) Kit. The
IL-6, MCP-3, and MMP2 levels in islet culture supernatants were significantly higher in untreated islets than in MMC-treated islets.

Fig. 5. Mouse monocyte chemotactic activity of supernatants harvested from cultures of MMC-treated or untreated islets. Undiluted
supernatants of cultured islets (day 1 or 3) were used in chemotaxis assays of mouse monocytes. The results are expressed as the mean
number of migrated monocytes toward the islet culture supernatant per high-power field. (A) The number of monocytes was significantly
lower in MMC-treated islets than in untreated islets. (B) Compared with controls, the mean number of migrated monocyte was significantly
decreased in islet culture supernatants treated with anti- monocyte chemoattractant protein 3(MCP-3) monoclonal antibody (mAb) or the
metallopeptidase 2 (MMP) inhibitor GM6001.
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reasonable approach because reduction in the immunogenic

potential of islets before implantation may contribute to the

suppression of the early innate immune response mediated by

the infiltration of immunocytes such as neutrophils or

macrophages. We showed that the infiltration of the graft by

monocytes and CD3-positive T cells in vivo was significantly

suppressed by ex vivo MMC pretreatment (Figs. 6 and 7),

which is consistent with the results of a previous study.24

Fig. 6. Histology of representative Wistar rat islets harvested from C57BL/6 recipient on day 4 or 8. Representative sections of xenografts
treated with 10 mg/mL mitomycin C (MMC; A, C, E, and G) or untreated xenografts (B, D, F, and H). Paraffin-embedded sections were
reacted with antibodies specific to T cells (CD3), macrophages (F4/80), and B cells (CD45 R).
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There are certain limitations associated with the present

study. First, biological functions other than “cellular move-

ment” may be involved in MMC-induced engraftment

because suppression of multiple chemotactic factors from

islets is insufficient evidence for revealing the underlying

mechanism of the MMC-induced inhibition of inflammatory

cellular infiltration (Figs. 6 and 7) and engraftment with no

immunosuppressive treatment. Further research that focuses

on induction of donor-specific tolerance by MMC

pretreatment as well as cellular movement is required. Sec-

ond, the cytokine profile of post-grafting islets in vivo is

recommended in future studies, in which we will know how

the in vitro difference contributes to the diversity of cytokine

profiles in in vivo situations. Finally, in the present study, the

effects of ex vivo MMC pretreatment were demonstrated in

rodent islets. Validation of the present results in human islets

would significantly increase the relevance of our study.

In conclusion, the results of our comprehensive analysis

of genes differentially expressed by isolated pancreatic

islets reveal that ex vivo pretreatment of islets with MMC

simultaneously suppresses the secretion of leukocyte che-

motactic factors inducing the synergistic suppression of

leukocyte chemotaxis, leading to enhanced islet engraft-

ment without immunosuppressive agents. These findings

suggest that this ex vivo pretreatment of islets reduces the

immunogenic potential of islets and prolongs the survival

of islet grafts. A better understanding of the mechanism

will likely contribute to the clinical application of this pre-

treatment protocol.
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