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Introduction: Mizoribine (MZR) is an inosine monophosphate dehydrogenase inhibitor. It has been widely
used in Japan in the treatment of autoimmune diseases and is known to inhibit T and B cell proliferation.
The aim of this study was to evaluate the efficacy of MZR as an immunosuppressive agent and determine
its ability to synergize with a commonly used calcineurin inhibitor Cyclosporine A (CsA) in prolonging sur-
vival of murine islet cells and heart transplanted across major histocompatibility barrier.
Methods: Murine allogeneic islet cell transplantation between Balb/c donor mice and C57BL/6 recipient mice and
heterotopic heart transplantation was done between C3H/He donor mice and Balb/c recipient mice. Recipients
were divided into groups based on immunosuppression: Group 1-No immunosuppression, Group 2—-MZR
alone (20 mg/kg/day), Group 3—CsA alone (20 mg/kg/day), Group 4—MZR + CsA (20 mg/kg/day). Donor specif-
ic IFN-v, IL-10, IL-2, IL-4 secreting cells were enumerated by ELISpot. Serum cytokine and chemokine concentra-
tion was measured by Luminex.
Results: Islet cell allograft recipients treated with CsA and MZR had prolonged islet function compared to other
groups [normoglycemia {blood glucose <200 mg/dL) up to 32 +4 days, p<0.05]. Similarly, heart allograft sur-
vival was significantly improved in mice treated with CsA and MZR compared to other groups (50% 30-day sur-
vival, p=10.04). Donor specific IFN-y, IL-4, IL-2 secreting cells were significantly decreased in recipients treated
with CsA and MZR with marked increase in IL-10 secreting cells (p<0.05). There was also an increase in serum
IL-10 with decrease in IFN-y, IL-4, IL-2, MCP-1, and IL-6 in mice treated with CsA and MZR
Conclusion: MZR and CsA when used in combination are potent immunosuppressive agents in murine islet cell
and heart transplantation models. These agents lead to a decrease in donor specific IFN-y with increase in [L-10
secreting cells leading to improved allograft survival and function.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

IMPDH plays a role in the de novo synthesis of guanosine nucleotides
especially in lymphocytes. Due to this MZR has a potent immunosup-

Mizoribine (MZR) is an immunosuppressive agent that was initially
isolated as an antibiotic from the mold Fupenicillium brefeldianum [1]. In
its active form—mizoribine-5’-monophosphate, MZR acts as a competi-
tive inhibitor of Inosine monophosphate dehydrogenase (IMPDH).

Abbreviations: MZR, Mizoribine; MMF, Mycophenolate mofetil; CsA, Cyclosporine;
IMPDH, Inosine monophosphate dehydrogenase; NFGB, Non-fasting blood glucose.
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pressive effect on both humoral and cellular immunity [2-4}. MZR was
approved for clinical use in 1984 in Japan and has been used as a immu-
nosuppressive agent in rheumatoid arthritis [5] and a variety of autoim-
mune kidney diseases like lupus nephritis [6], IgA childhood
nephropathy [7], steroid resistant nephritis [8] and even in renal trans-
plantation [9]. It is also known to have anti-viral properties especially
against respiratory syncytial, influenza and parainfluenza, measles and
hepatitis C virus [10-12].

Cyclosporine A (CsA) is a widely used immunosuppressant that is
used in both autoimmune diseases as well as in the setting of trans-
plantation. As an inhibitor of calcineurin, it prevents the activation
of both T-cells and B-cells [13]. Due to the different modes of action
of MZR and CsA, we postulated that immunosuppressive properties
of these two agents may synergize leading to better islet and heart al-
lograft survival across MHC mismatches.
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2. Objective

The aim of this study was to investigate the immunosuppressive
effects of MZR and to determine its effect in combination with CA
in vivo models of murine allogeneic islet cell transplantation and het-
erotopic heart transplantation. We hypothesized that MZR can syner-
gize with CsA thus acting as an efficacious immunosuppressive
combination to promote allograft survival and function.

3. Materials and methods
3.1. Mice

Inbred 6-8 week old C3H/He (H2¥), male Balb/c (H2?) and C57BL/
6 {H2®) were obtained from Jackson Laboratories, Bar Harbour, ME,
All animal studies were performed in accordance with the Animal
Studies Committee, Washington University, St. Louis, MO guidelines.
The procedures described were done under aseptic technigues.

3.2, Induction of diabetes

Diabetes was chemically induced in C57BL/6 recipient mice using
Streptozotocin {Sigma, St. Louis, MO). A single intraperitoneal injec-
tion of Streptozotocin freshly dissolved in citrate buffer at 200 mg/
kg body weight dose was administered 7 days prior to transplanta-
tion., Mice with digbetes defined as two consscutive non-fasting
blood glucose (NFBG) levels of greater than 300 mg/dL were used as
recipients,

3.3, Murine islet cell isolation and transplantation

Islets were isolated from murine pancreata by coliagenase diges-
tion and transplanted under the kidney capsule as described previ-
ously [14,15]. Briefly, donor (Balb/c) pancreas was digested using
collagenase-P (Roche, Indianapolis, IN, 2 mg/mlL}). Islets were purified
on a Ficoll gradient and handpicked. They were cultured for 24 hours
at 37 °C prior to transplantation, Approximately 500 islets were trans-
planted per diabetic recipient mice (C57BL/8} under the left kidney
capsule. NFGB was measured daily with a cut-off of less than
200 mg/dL as a sign of graft function and rejection defined as a
value greater than 250 mg/dL on 2 consecutive days.

34. Murine heterotopic cardiac transplantation

C3H/He (H2¥) cardiac allografts were transplanted heterstopically
into male Balb/c (H2%) mice as described previously [16] Briefly,
donor ascending aorta and the pulmionary trunk from the heart
graft was anastomosed end-to-side to the recipient infrarenal abdom-
inal aorta and inferior vena cava, respectively, using 10-0 sutures,
Cold ischemic times were less than 30min. Graft survival was
checked by palpation for heart beat, direct visualization under a mi-
croscope and electrocardiogram,

3.5, Immunosuppression

CsA (Neoral, Novartis Pharmaceuticals, USA), MZR (Bredinin,
Asahi Kasei Corp, [apan) and MMF {CeliCept, Roche, USA) were
obtained, Immunosuppressants were started immediately following
transplantation as a once daily dose. CsA was diluted in normal saline
and MZR and MMF in 0.2% hydroxvpropyl methylcellulose and
administered orally by gavage needle, The mice that were islet trans-
plantation recipients were divided into four groups {15 islet trans-
plantations per group): Group T—no immunosuppression {n==15},
Group 2 (n=15)-MZR (20 mg/kg/day), Group 3 (n=15)-CsA
(20 mg/kg/day), Group 4 (n=15}—MIR (20 mg/kg/day)+CsA
(20 mg/kg/day). Five animals from each group were sacrificed on
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day 7 after islet transplantation to study histology, serum for cytokine
analysis and splenocytes for Enzyme Linked Immunospotf Assay
(ELISpot).

The immunosuppressive effect of varving doses of MZR along with
CsA as well as MMF and CsA was tested in the murine heterotopic
heart transplantation model The mice were divided into seven
groups {10 heart transplantations per group): Group | (n==10}—No
immunosuppression, Group 11 {n=10)-CsA (20 mg/kg/day}, Group
i (n==103-CsA (20 mg/kg/day) + MZR (20 mg/kg/day), Group IV
{n=10}-CsA (20mg/kg/day)+MZIR (10mgkg/iday), Group V
{n=10)—-CsA (20 mg/kg/day) + MMF (20 mg/kg/day). Group VI
{(n=10}—CsA (20 mg/kg/day)+MMF (10 mg/kg/day), Group VI
{n=101—MZR (20 mg/kg/day].

3.6. Analysis of donor specific secretion of IFN-+v, IL-2, IL-4 and [L-10 by
Enzyme Linked Immunospot (ELISpot) Assay

In order to determine the frequency of cells secreting IFN-y, [L-2,
IL-4 and IL-10 in response to donor antigens, splenocytes were isolat-
ed from recipient mice ({57BL/6} on day 7 after islet transplantation.
The cells were cultured in the presence irradiated donor splenocytes
{Balb/c) as antigen presenting cells {APC) at 37 °C in 5% CO,. IFN-y,
IL-2, iL-4, IL-10 ELISpot was performed as per the manufacturer’s in-
structions {BD Biosciences, CA} with recipient splenocytes cultured
in triplicate (3% 10% celisfwell) in the presence of donor APC in a
ratio of 1:1. Negative control were cells cultured in medium alone
{RPMI-1840 suppiemented with 10% fetal bovine serum (Hyclone,
Logan, UT, USA), 2 mM t-glutamine, 25 mM HEPES buffer, 1 mM sodi-
um pyruvate, 100 U/ml penicillin, 0.1 mg/m streptomycin, and 50 pM
2-mercaptoethanol {Gibco BRL, Life Technologies)) and phytohemag-
glutinin was positive controls, The spots were analyzed in an Immu-
nospot Image Analyzer {CT1, Cleveland, OH). Spots greater than + 2
standard deviations of the mean obtained in the negative control
wells were considered to be significantly positive and expressed as
mean spots per million cells {spm}.

3.7. Measurement of serum insulin by ELISA

Serum insulin concentration was measured in the islet graft
recipients using Insulin quantification ELISA Kit (Mercodia Inc,
Winston Salem, NC}. Serum was obtained from blood collected by
retro-orbital puncture on alternate days using an anticoagulant
coated capillary tubes, ELISA was performed as per manufacturer’s
instructions. Briefly, serum samples were incubated for 2 hours at
room temperature in ELISA plates precoated with monoclonal
anti-insulin antibodies. The plates were washed, developed using
tetramethyl benzidine substrate and read at 450 nm. Concentra-
tion of serum insulin was determined by a standard curve of the
binding of a known concentration of insulin solution and
expressed as pg/mL.

3.8, Measurement of serum cytokines and chemokines using luminex

Serum was obtained on day 7 after islet transplantation and the
concentration of cytokines (IFN-vy, IL-1ar, IL-15, 1L-2, 14, 1L-5, IL-6,
IL-10, 1L-12p40/p70, 1L13, [L17) and chemokines {FGF, GM-CSF, IP-
10, KC, MCP-1, MIG, MIP-Tw, TNF-tx and VEGF) were measured by
multiplex bead assay using Luminex. Briefly, 2 mouse 20-plex
cytokine and chemokine kit was used and assay performed as per
manufacturer’s instructions {Invitrogen, Carisbad, CA). The mean
fluorescence intensity of experimental and standard wells was
determined on Luminex xMAP {Fischer, Pittsburgh, PA). Concentra-
tions were obtained by a standard curve and expressed in pg/mL
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Fig. 1. Islet allograft survival and function among the recipients treated with mizori-

bine (MZR), cyclosporine [CsA) or 2 combination of both, Data is representative of
mean £ SE of 10 animals/group at each time point of blood draw. “indicates p=005
in comparison to other groups, (1A} Non-fasting bicod glucose measurement: Recipi-
ents treated with CsA and MZR had significantly fonger {32 £ 4 days) normoglycemia
(sugar <200 mg/dL) compared to other groups. Control group did not receive any im-
raunosuppression. (1B} Serum insulin concentration following allogenele islet
transplantation.

3.9. mmunohistological analysis

Frozen samples of islet transplanted kidney were obtained on day
7 post islet transplantation and embedded in Freeze Tissue matrix
{OCT), and sections 6 um sections cut, The sections were fixed in
cold alcohol for 2 min (—20°C) and air-dried. They were treated
with 3% H,0, in EtOH for 10 min 1o block endogenous peroxidase ac-
tivity followed by biotin/avidin blocking reagent for 15 min (Avidin/
Biotin Blocking Kit; Vector Laboratories), Diluted primary antibodies
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{rat anti-mouse CD4 or CD8-5 pg/mi; BD Pharmingen) were added
to sections and incubated overnight (O/N) at 4 °C. Sections were
washed with tween-phosphate buffered saline and secondary anti-
bodies added for 30 min {biotin-conjugated goat anti-rat 1gG 1:50;
BD Pharmingen). They were then incubated with streptavidin-HRP
for 30 min at room temperature and positive cells detected by diami-
nobenzidine substrate kit. The sections were counterstained with he-
matoxylin, and examined using a light microscope. Positive cells were
counted by random sampling of three areas per section, For each an-
imals, at least 3 sections from different areas were studied and ceil
counts per high power field {hpf) represented as mean of 5 animals

per group.
3.10. Seatistical analysis

GraphPad Prism v5.0b {La Jolla, CA), 5PSS v12 (5PSS Inc. Chicago,
IL} and Enterprise guide v2.2 {Cary, NC) sofrware were used for statis-
tical analysis, Kaplan-Meier survival plots and log-rank tests were
done for graft survival. Differences in drug toxicity, stimulation indi-
ces, T-cell frequencies, serum insulin levels, blood sugars and serum
cytokine concentrations between the groups were compared using
the Kruskal-Waliis test and two-tailed significance set at p<0.05.

4, Resulis
4.1. Stgnificant prolongation of islet allograft survival in mice treated with CA and MZR

isler cells from Balb/c (H2%) mice were ransplanted under the kidney capsules
into C57BL/S (H2%) recipient mice following induction of diabetes using Streptozoto-
cin, Immunosuppressants were administersd by oral gavage a5 described. NFGE was
measured daily from tail vein blood and serumn insulin concentration was measured
on alternate days using ELISA. Control animals (Group 1, 1= 10} with no Immunosup-
pression rejected the isiet allografts by 1042 day (Fig. 1A). Administration of either
MZR or CSA {n~ 10 in each group) alone prolonged islet altograft survival more than
20 days {Group 2—-MIR alone—20+ 4 days and Group 3—CsA alone 1943 days), I
the animals were given both MZR and CsA (Group 4, n=10), the jslet allogealt
remained functional mose than 32 days (Fig 1A}, In additien, group 4 mice also dem-
opstrated significantly longer duration of insulin secretion with detectable fevels of
seruam insulin {0.25 pg/ml) even up to 35 days following islet transplantation {Fig. 1B).

4.2, Significant prolongation of cardiec alfograft survival in mice treated with CsA and MZR

To determine whether the combination of imam uppression using MZR and (5A
will also prolong vascularized solid organ transpl ion, the beneficial effects of varving
doses of MZR {20 or 10 mg/kg/day) along with CsA (10 mg/hgiday) was tested using
a murine heterslopic heart ansplantation medel O3A alone [10 mghe/day), CGA
with MMF (20 or 10 mg/kg/day), CsA with MZR (20 or 10 mg/kg/day] and MZR alone
{20 mg/kg/day} {n= 10 in each zroup) were administered following cardiac transplanta-
tion and results were compared o those that did not receive any Imy ppression,
C3HMe (H2%) cardiac allografis were transplanted heterotopically into male Balb/e (H29)
mice and were given daily immunosuppressant by oral gavage as described above.
Graft survival was checked by palpation for pulse, direct visualization and electrocar-
diogram. As expected, animals with no immunosuppression rejected their trans-
planted hearts with in 8 days following transplantation, CsA alone prolonged the
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Fig. 2. Kaplan-Mier survival curve of Murine heterotopic heart allograft survival among the groups of different Immunosuppressive regimens, Groups with CsA and MZR (Group 1!
and V) and significantly higher allograft survival {log rank p= 0.001). Each group consisted of 10 animals each, *indicates log rank p<0.05 compared to other groups.
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Fig. 3. ELSpot to enumerate IFN-y, [1-10, IL-4, IL-2 secrefing cells in response to frradi-
ated donor splenocyies. Reciplents treated with CoA and MEZR demonstrated signifi-
cantly decrease [Filey, B-2, L4 secreting cells with Inoreased 1-10 secveting oefls in
response to donor celis. Control group did not receive any immunosappression (data
expressed as mean spots/miliion cells £ 58, Data are representative of mean 2 8E of
experiments performed in wiplicste with 5 animals In each group sacrificed on day 7
post islet transplant. *is =005 compared to other groups.

cardiac aliograft survival to 104 2 days. CSA in combination with MMF prolonged
cardiac allograft survival to 17 £ 2 days. In contrast, CSA in combination with MZR
had 2 median cardiac allogra@ survival of 3023 days. In mice that were treated
with MZE alone {group VIl, n= 10} cardiac allograft survival were 1643 days. In
beief, none of the grafts in groups 1, 1L, V and VI were functioning at day 30 (Fig. 2).
Thirty-day graft survival was the highest in the groups treated with MZR and CsA
{and group W—CsA 10 mg/kg/day -+ MZR 20 mg/ig/day group IV-CsA 10 mg/kg/
day +MZR 10 mg/kg/day) at 50% and 40% respectively {(Fig. Z). it is of interest that
even with lower dose of MZE (10 mg/kg/day-group IV there was significant prolon-
gation of cardiac aflograft survival,

4.3, Decreased donor specific iFN-y, 1L-2 and 114 secreting cells and increased IE-10 secreting
cells inn kslet allograft reciplents treated with CoA and MZR

Donor specific responses were determined using recipient splenocytes on day 7
after islet transplantation. Cells seorsting Py, 11-2, 114 and 11-10 were analyzed
after culture with irradiated donor splenocytes and the number of cells secreting each
of the cytokines was enumerated using ELISpot. As presented in Fig. 3, allogralt recipi-
ents treated with a combination of (sA and MZR exhibited significantly lower donor
specific IFN-y secreting colls compared to those that did not recelve Immuntsuppres-
sion or those whe received MR or 54 alone (In spm SE—180£32 ve. 146428 vs,
120 4 30 vs. 75 4 15 spin, p<0.05}. IL-2 and IL-4 secreting cells in response to donor an-
tigens were also reduced in the recipients treated with CsA and MZR (p<D.05, Fig. 3}
This was associated with an increase in frequency of donor specific 11-10 ssoreting
cells in the mice with MZR and CsA compared to other groups (2546 vs. 5645 vs.
523 vs, 78 10 spm, p<0.05] (Fig. 3). The results are representative of mean in 5
ardmals for each group,

44. Decreased serom pro-inflommatory cytokines and chemokines (MOP-T 12, BNy, 11-6)
and incregsed IL-10 in aflograft recipients treated with CsA and MZR

Serum cytokines (IFNey, B-lo, I-1B, -2, 14, 1L-5, 1L-6, 1L-10, 1L-12p407p70,
1L13, IL17} and chemokines (FGF, GM-CSF, IP-10, KC, MCP-1, MIG, BIP- 16, TNF-oc and
VEGF} concentrations were determined in islet celf aflograft reciplents on day 7 after
islet transplantation using Luminex. In comparison to contiols {no immunesuppression ),
those that received immunosuppression dem ated significantly lower proinflamma-
tory oytokine and chemokine concentration in serum (MCP-1, I-2, IFN-y and 116,
p<005} (Fig. 4). More importantly, in these ani there was a significant Increase In
serun H-10{p=0.05} {Fig. 4} that paralieled the resulis irved with increased frequen-
¢y of I secreting cells noted by Ellspot bn particular, the concentration of these oyl
kines and chemokines in those that received 2 combination of G4 and MZR was
significantly reduced {except for 11-10 which was significantly elevated in GsA -+ MZR
groug) compared to those that did not receive immunosuppression or those whe got
only MZE or (oA alone: MOP-1—-162 4 15 ve 9645 ve 123210 vs, 854 10 p/ml;
2175425 vs. 15125 ve. 752 10 v 63 210 p/mbl I-10-TE 46 ve. 13146 v
13528 vs. 164210 pg/mbs IFN-y—172:L7 vs, 12543 vs. 11945 v, 11544; IL-6-
183220 vs 9844 vs, 168236 ve 10027 pgionl (Fig. 4} The concentrations of other
eytokines and chemokines measured did not differ among the groups (data not shown).
All results are representative of mean of 5 animals in sach group.

4.5, Decregsed ceflulor infiltration of €04 and CD8 rells in Blet grofts In mice treated with
CsA and MZR

To determine the histological differences in the islet grafts among various groups,
we analyzed the infiltration of CD4 and CDE cells in isket cells grafts on day 7 after trans-
plantation wsing immunchistochemical staing. As shown In Flg 5, treatment with 04
and MZR in combination had significantly reduced CD4 cells in comparison to untreated
control, and those with CsA alone or MZR alone (GA - MER (n=5)-442 cells/hpf,
untreated 1843, CsA alone 11424, MZE alone 1224). Similarly, mice treated with
CsA and MZR had decreased CO8 cells in islet grafts on day 7 post islet transplantation
compared {0 untreated controls and those treated with CsA or MZR alone (CsA -+ MER
(=5} 104 3 celis/hpf, untreated 282 4, (34 alons 2083, MZR alone 19431 004
and CDE cell infiltration among those that either received CeA slone or MZR alone
although lower than untreated control mice was not significanily different.

5. Discussion

Improvements in immunosuppressive strategies using newer and
better immunosuppressive drugs have been critical to the success of
both solid organ and cell transplantations across MHC barrier. This
study evaluated the immunosuppressive effect of Mizoribine—an
IMPDH inhibitor in murine full major histocompatibility mismatch
islet cell and heterotopic heart transplantation models, We demon-
strate that MZR is a potent immunosuppressive agent in promoting
both islet cell as well as heart allograft survival across major histocom-
patibility barrier. In addition, there was a profound synergistic immuno-
suppressive effect for MZR when combined with CsA (Figs. 1, 2} A
combination of MZR and CsA demonstrated decreased donor specific
IFM-y, 11-2, 114 secreting cells and increased IL-10 secreting cells seen

25D -
g 200 = #*
% 150 =
=
8
g 100«
$
B o
G- S ame .
MCP-1 iL-10 IFH-y
Cytokines .
B Convol 5 MZR B csa 1 mZraCsa

Fig. 4. Serum cytokine and chemokine concentration measurad by Luminex. Recipients treated with CsA and MZR had decreased serum IFN-y, IL-2, 114, [L-6 and MCP-1 and in-

creased 1L-10 compared to other groups (p<0.05). Control group did not receive any iny

uppression (data expressed in pg/mL & SEL Dats are representative of mean of 5 an-

imals in each group sacrificed on day 7 post Bslet transplant, *indicates p=0.05 compared to other groups.
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Fig. 5. Immunohistological analysis of islet cell grafts treated with different immunosuppressive drugs. Kidney from recipients of islet allo-transplantation was harvested on day 7
post-transplant, CD4 and CDB cells were stained and number of cells/high power field were counted in 3 areas of 3 sections taken in random from islet graft recipients, Recipients
with CsA and MZR treatment had significantly lesser (D4 and CD8 cell infiltration compared to other three groups. (5A) A representative high power image of CD4 and CD8 stained
sections in untreated controls and those treated with MZR and CsA. (5B) Denotes mean cells/high power field of 5 islet recipients in each group. "indicates p<0.05.

by day 7 post transplantation (Fig. 3). This was associated with an in-
crease in serum IL10 as well as the suppression of serum pro-
inflammatory cytokines and chemokines (IFN-vy, IL-4, IL-2, IL-6, MCP-
1) (Fig. 4). Also there was significantly decreased infiltration of CD4
and CD8 cells in islet graft treated with CsA and MZR in combination
in comparison to untreated controls or those treated with CsA alone
or MZR alone by day 7 post islet transplantation (Fig. 5). This is similar
to the beneficial effect of MZR in combination with CSA reported for ca-
nine renal allograft models [17,18].

The reason for this synergistic effect of CsA and MZR can be
explained by the different mechanism of action of the drugs. MZR is
an inhibitor of IMPDH which is a key enzyme in the denovo purine
synthesis pathway of nucleotide biosynthesis that is involved in the
conversion of inosine monophosphate (IMP) to guanosine monopho-
sphate [19]. Purine synthesis in lymphocytes primarily occurs by the
denovo pathway which makes IMPDH inhibitors such as MMF and
MZR an important therapeutic intervention in immunosuppression
[20]. On the other hand, CsA is a calcineurin inhibitor [13]. Inhibition
of calcineurin results in the blockade of translocation of the nuclear
factor of activated T cells (NF-AT) into the nucleus thus inhibiting
the expression of various genes involved in T cell and B-cell activation
and cytokine secretion [21]. Thus due to different effects on leuko-
cytes these collectively act as potent immunosuppressants.

There was also a difference in the immunosuppressive effect of
MZR and MMF. This may be due to the different mechanisms by
which MZR and MMF inhibit IMPDH. MZR acts via its active form
mizoribine monophosphate, which competitively inhibits IMPDH ac-
tivity by binding to the IMP binding site of IMPDH [22,23]. In contrast,
MMF acts as a non-competitive reversible inhibitor of IMPDH via its

active form mycophenolic acid (MPA). MPA binds to the nicotinamide
adenine dinucleotide (NAD) binding site of IMPDH and thus inhibit-
ing the conversion of IMP to xanthine monophosphate, an intermedi-
ary step in the denovo synthesis pathway [23-25]. These differential
mechanisms of MMF and MZR on IMPDH inhibition also explain the
synergistic immunosuppressive effects of a combination of MZR and
MMF in animal models [25].

Results in this report also demonstrate marked effects of CsA and
MZR in down regulating [FN-vy, IL-2 and IL-4 as well as various pro in-
flammatory cytokines including MCP-1 and IL-6. I[FN-y is a potent in-
flammatory cytokine and both CD4 and CD8 T cell mediated IFN-y
donor specific responses have been shown to play an important role
in allograft rejection [26,27]. Combination of CsA and MZR suppressed
the number of cells secreting IFN-y in response to donor antigens
seen by ELISpot (Fig. 3) as well as the circulating serum IFN-y level
(Fig. 4). It also decreased the CD4 and CD8 cells infiltrating the graft
by day 7 following transplantation (Fig. 5). In addition, in these animals
there was a concomitant increase in serum IL-10 levels along with anin-
crease in the donor specific IL-10 secreting cells. IL-10 has been reported
to be a potent anti-inflammatory cytokine and can also suppress I[FN-y
secretion [28,29]. A limitation of our study is that we did not specifically
select T-cells to perform ELISpot experiments to demonstrate that this
was indeed T-cell mediated. However, the data from histological analy-
sis with significant differences in CD4 and CD8 cell infiltration strongly
suggests that the immunosuppressive drugs predominantly affects T
cells in reducing the IFN-y response. Thus the immunological changes
that lead to a suppression of IFN-+y as well as other pro-inflammatory
cytokines and chemokines (MCP-1, IL-4, IL-2) and an increase in [L-10
in the animals treated with a combination of CsA and MZR provides a
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possible mechanism for the noted improvement in both islet cell and
cardiac allograft survival,

In conclusion, this study demonstrates that a combination of MZR and
CsA is an effective immunosuppressant both in murine islet cell allograft
survival as well as in a model of vascularized cardiac allograft. These
drugs in combination suppress donor specific responses—particularly
M-y, IL-2 and 114 secreting cells along with significant suppression of
various pro inflammatory cytokines and chemokdnes including MCP-1
and IL-6. We also demonstrate that this combination also significantly
promote induction of donor specific IL-10 secreting cells and increase in
serurn 1L-10 in mice following transplantation. Thus these synergistic ac-
tions by MZR and CsA in the immunological response to donor antigens
lead to prolongation of graft survival across major histocompatibility
barrier,

Acknowledzements

The authors would like to thank Ms, Billie Glasscock for her help in
preparation of this manuscript.

References

1] Mizeno K, Tsujino M, Takada 8, Hayashi 8, Atsumi K. Studies on bredinin, L lso-
lation, characterization and biclogical properties. | Antibiot (Tokyo) 197427
Ti5-82,

121 Tarka LA, Dayton §, Sinclair G, Thompsen CB, Mitchell BS, Guanine ribonuclectide
depletion inhibits T celf activation, Mechanism of action of the Immunosuppres-
sive drug mizoribine, | (in Invest 1991;87:940-8.

3] Okubo M, Chen XM, Kamata K, Masald ¥, Uchivama T. Suppressive effect of mizer-
ibine on humoral antibody production in DBA/Z mice, Transplantation 1286:41:
495-8,

{41 Kamata K, Okubo M, Ishigamor E, Masaki ¥, Uchida H, Watanabe K, et al. mymu-
nosuppressive effect of bredinin on cell-mediated and humoral immune reactions
in experimental animals, Transplantation 1983,35:144-9.

{51 Takei 5. Mizoribine in the treatment of rheumatoid arthritis and juvenile idiopath-
ic arthritis. Pediatr Int 2002:44:205-9,

6] Athara ¥, Mivamae T, 110 5, Kobayashi §, magawa T, Mori M, et al. Mizoribine as an
effective combined maintenance therapy with prednisolone in child-onset sys-
temic lupus erythematosus. Pediatr Int 2002:44:195-204.

[7] Magaoka R, Kaneko ¥, Obtomo Y, Yamashiro Y. Mizoribine treatment for child-
hood lgA nephropathy, Pediatr Int 2002:44:217-23,

(8] fkezumd ¥, Suzubd T, Karasawa T, Kawachi H, Nikolic-Paterson D, Uchivama M.
sz of mizoribine 35 2 rescue drug for steroid-resistant pediatric Iga nephropathy.
Pediaty Hephrol 2008:23:645-50,

19] Tsuzuki K. Role of mizoribine in renal transplantation. Pediatr Int 2002;44:224-31,

{10} Hosoya M, Shigeta 3, Ishii T, Suzuki H, De Gereq E. Comparative inhibitory effects
of various nuclesside and nonnuclesside analogues on replication of influenza
viras types A and Bin vitro and in ovo, | Infect Dis 1993,168:641-6.

111} Shigeta S, Recent progress in antiviral chemotherapy for respiratory syncytisl
virus infections. Expert Opin Investig Drugs 2000;9:221-35,

[12] Naka K, Tkeda M, Abe K, Dansako H, Kato N, Mizoribine inhibits heparitis € virus
RNA replication: effect of combination with interferon-alpha. Biochem Biophys
Res Commun 2005:330:871-49,

113} Sleklerks Jf, Sigal NH, FK-506 and oyclosporin A immunosuppressive mechaniem
af action and beyond, Curr Opin Immunel 1992:4:548-52,

{14} BharatA, Saini D, Benshoff N, Goodrman §, Desal N#, Chapman W et al. Role of inera
islet endothelial cells in islet alio-immunity, Transplantation 2007,84:1316-23,

{15} Nataraju A, Saini D, Ramachandran S, Benshoff M, Livu W, Chapman W, et al. Olea-
nolic acld, a plant triterpenoid, significantly improves survival and function of
islet afiograft, Transplantation 2009;88.987-94,

118} Yang |, Jaramillo A, Lin W, Olack B, Yoshimura ¥, Joyee 8, et al. Chronic rejection of
murine cardiac allografts discordant at the H13 minor histpcompatibility antlgen
correlates with the generation of the H13-specific CD8 + cytotoxic T cells, Trans-
plantation 2003:76:84-91,

117] Amerniya H, Suzold §, Rilya 5, Watanabe H, Kotake T, Synergistic effect of cyrlo-
sporine and mizoribine on survival of dog renal allografts, Transplantation
1988:46:768-71.

[18] Gregory CR, Gourley IM, Cain GR, Broaddus TW., Cowgill LD, Willits NH, et al, Ef-
fects of combination cyclesporine/mizoribine Immunosuppression on canine
renal allogralt ¢ spf nis. Tra plantation 1968:45:856-9,

{19} Shu Q, Nair V. inosine monophosphate dehydrogenase (IMPDH) as a target in
drug discovery. Med Res Bev 2008:28:219-32,

{20} Scholar EM, Calabresi P, Identification of the enzymatic pathways of nucleotide me-
tabolism in human lymphocytes and leukermia cefls, Cancer Res 1873;33:94-103,

{211 Ho §, Clipstone N, Timmermann 1, Northrop |, Graef |, Fiorentino D, et al. The
mechanism of action of cycdosporin A and FE506. Uin Imemenol Immunopathol
15996:80:540-5.

122} Ganl, Sevedsayamdoss MR, Shuln 5 Matsuda A, Petsko GA, Hedstrom L The fmmuns-
suppressive agent mizoritine monophosphate forms a transition state analogue cor-
plex with inosine monophosphate dehydrogenase, Biochemistry 2003:42:857-63,

{23] Hedstrom L. IMP dehydrogenase: mechanism of action and inhibition. Curr Med
Chem 1999:6:545-60,

[241 Ransom [T, Mechanism of action of mycophenclate mofetll, Ther Drug Monit
1995:17:681-4,

[25] Shimmura H, Tanabe K, Habiro K, Abe R, Torna H. Combination effect of mycophe-
nolate mofetil with mizeribine on cell proliferation assays and in a mouse heart
transplantation model, Transplantation 2006;82:175-9.

1261 Tovey MG, Benize £ Gugenheim [, Bernard G, Eid P Blanchard B, et 2l Bole of the
type I interferons in allograft refection, | Leukoc Biol 1996;59:512-7.

{277 Hidalgs LG, Halloran PF. Role of IFM-gamiraa in allograft rejection. Crit Bev lownu-
nol 2002:22:317-48,

[28} Plocotel JR, Chan SY, VanBuskirk AM, Eichwald ), Bishop DK Are Th2 helper T
tymphocytes beneficial, deleterious, or irrelevant [n promoting allograft survival?
Transplantation 1997,63:619-24,

|28} de Vries JE. Immunosuppressive and anti-inflammatory properties of intereukin
10, Ann Med 1995:27:537-41,

173



[ tapraidd/jur-jurofjur-juro/jur99911/jur0483d11z | malvankarm | S=1 | 2/24/12 | 6:23 | Art: 8486 |

Serum Neutrophil Gelatinase-Associated Lipocalin During the

Early Postoperative Period Predicts the Recovery of Graft
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Purpose: Kidneys procured from donors after cardiac death hold great potential
to expand the donor pool. However, they have not vet been fully used, in part due
to the high incidence of delayed graft function. Although urine neutrophil gela-
finase-associated lipocalin is a well-known early biomarker for renal injury after
kidney transplantation, its usefulness is limited in cases with delaved graft
function because of the unavailability of a urine sample. We evaluated serum
neutrophil gelatinase-associated lipocalin as a potential biomarker to predict the
functional recovery of kidneys transplanted from donors after cardiac death.
RMaterials and Methods: Consecutive patients transplanted with a kidney from a
living related (39), brain dead (1) or post-cardiac death (27) donor were retro-
spectively enrolled in the study. Serum samples were collected serially before and
after kidney transplantation. Serum neutrophil gelatinase-associated lipocalin
was measured using the ARCHITECT® assay.

Results: Average serum neutrophil gelatinase-associated lipocalin was markedly
high during the pretransplantation period. It decreased rapidly after transplan-
tation. The slope of the decrease corvelated well with the recovery period. By
analyzing ROC curves we determined cutoffs to predict immediate, slow or
delayed graft function requiring hemodialysis for longer than 1 week with high
sensitivity and specificity.

Conclusions: These data suggest that serial monitoring of serum neutrophil
gelatinase-associated lipocalin may allow us to predict grafl recovery and the
need for hemodialysis after kidney transplantation from a donor after cardiac
death.

Key Words: kidney; kidney transplantation; LCN2 protein, human; delayed
graft function; hemodialysis

Abbreviations
and Acronyms

0CD = donor after cardiae death
OGF = delayed graft function
DGF-L = DGF longer than 7 days
ELISA = enzyme-linked
immunosorbent assay

HO == hemodialysis

IF = immediate function

Kix == kidnay transplantation
NGAL = neutrophil gelatinase-
associated Hpoeali

POD = postoperative day
SGF = slow graft function

Tae shortage of organ donors repre-
sents a major obstacle to the adequate
treatment of patients with end stage
renal disease. Transplantation from
DCDs is becoming an alternative
method to that from brain dead do-
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KTx using DCD grafts is still associated with a
high incidence of DGF and/or failure to recover func-
tion during the early posttransplantation period.
The incidence of failure to recover function is as

small as 5% but most grafts undergo some degree of

DGF.? DGF predisposes the graft to acute and

chronic rejection, indicating that DGF is a crucial
risk factor for short-term and long-term graft sur-
vival and recipient prognosis.® ® These situations
pmmpwd attempts to understand the etiology of
DGF and establish highly sensitive prognostic
markers for DGF in kidneys transplanted from
DCDs.

Various clinical parameters were proposed to pre-
dict DGF based on preoperative risk factors.” How-
ever, no objective, reliable markers are currently
available for the early diagnosis of DGF after KTx
from a DCD. Several clinical definitions of DGF us-
ing urine output, a decreased creatinine ratios or an
HD requirement were reported™ ' but these clinical
variables typically identify DGF only several days
after KTx. Graft biopsy during the early period to
identify acute tubular necrosis, and/or rejection or
caleineurin inhibitor nephrotoxicity is the only way
to make a timely diagnosis of DGE in kidney frans-
planted from a DCD.

In another study gene expression profiling was
done using renal biopsy samples obtained 1 hour
after KTx from DCDs.**'® Several genes that were
significantly up-regulated in DCD kidneys were
identified that might reflect graft performance and
be potential noninvasive biomarkers. A candidate
gene that may potentially be useful as a serum
marker is the gene encoding serum NGAL.

There is accumulating evidence that NGAL is a
sensitive marker for detecting kidney dysfunction.
NGAL is one of the most remarkably up-regulated
genes in the kidney after ischemia. 13,14 NGAL is also
one of the genes that is rapidly induced in rat kidney

Tabls 1. Patient characteristics

isografts from brain dead donors.!! NGAL expres-
sion is induced in proximal tubular epithelial cells
during the regeneration process after kidnev in-
jury. ™% NGAL is a highly predictive biomarker for
acute and chronic kidney injury.'®'7 Also, urine
NGAL or NGAL immunostaining intensity may
serve as an early biomarker for renal injury after
KTx.'#-2! However, the usefulness of urine NGAL is
limited in DGF cases due to the unavailability of a
urine sample.

In a preliminary study we reported that monitor-
ing serum NOGAL may predict graft recovery after
KTx from DCDs. In the current study we evaluated
the usefulness of serial analysiz of serum NGAL as
a predictive biomarker for graft recovery after KTx
from DCDs,

MATERIALS AND METHODS

Study Design
This investigation was approved by the institutional re-
view boards at our centers. Written informed consent was
obtained from each patient or legal guardian before en-
rollment. Consecutive patients who received a kidney
transplanted from a living related (39} or brain dead (1)
donor, or a DCD (27) were retrospectively enrolled in the
study. The immunosuppressive regimen was similar in all
patients, consisting of basiliximab, tacrolimus or cyclo-
sporine with prednisone and mycophenolate mofetil.
Table 1 lists the clinical characteristics of patients
freated with KTx from lving related and brain dead do-
nors, and DCDs. Al DCDs from this hospital were classi-
fied as type IV in this study. The cause of donor death was
cerebrovascular disease in all cazes, Although 27 recipi-
ents required 1 to 30 days of HD after KTy due to DGF, the
function of the single transplanted kidney from a DCD
donor never recovered. There were no cases of rejection or
calcineurin inhibitor nephrotoxicity, as confirmed by bi-
opsy during DGF.
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Serum samples were collected before and after KTz,
and stored in aliquots at —80C. Primary outcome vari-
ables were IF, SGF, DGF and DGF-L. IF was defined as no
need for HD after kidney transplantation and serum cre-
atinine 3 mg/dl or greater on POD 5. 8GF was defined as
no need for HD after kidney transplantation and serum
creatinine greater than 3 mg/dl on POD 5, aeccording to
Humar et al.** DGF was defined as the need for HD within
the first few weeks afier transplantation.® DGF-L was
defined as the need for HD) longer than 7 days in duration.
The decizion to initiate HD was made by the primary
transplant nephrologists and transplant surgeons without
our involvement, Other variables included age, gender,
original kidney disease, warm and total ischemia time,
urine output and serial serum creatinine.

ELISA for NGAL Quantification

BLISA for serum NGAL was done as previously de-
seribed.'® Briefly, microtiter plates were precoated with
mouse monocional antibody raised against human NGAL
{HYB211-05, AntibodyShop, Gentofte, Denmark) and
blocked with buffer containing 1% bovine serum albumin,
The wells were then coated with 100 ul of serum samples
or standards (NGAL 1 to 1,800 ng/ml) and incubated with
biotinylated monoclonal antibody against human NGAL
(HYB211-01B, AntibedyShop), followed by avidin-conju-
gated horseradigh peroxidase (Dako, Carpinteria, Califor-
nia). TMB substrate (BD™ Biosciences) was added for
color development, which was read after 30 minutes at
450 nm with a Benchmark™ Plus microplate reader. All
measurements were made in triplicate. The inierassay
and intra-assay coefficient of variation was 5% to 10% for
batched samples analyzed on the same day. Laboratory
investigators were blinded to sample sources and clinical
outcomes until the end of the study.

ARCHITECT NGAL Assay
The ARCHITECT NGAL assay uses a noncompetitive
sandwich format with chemiluminescent signal detection,
as described previgusly.™ The assay includes a micropar-
ticle reagent prepared by covalently attaching anti-NGAL
antibody to paramagnetic particles and a conjugate re-
agent prepared by labeling a second anti-NGAL antibody
with acridinium. Mouse anti-NGAL antibodies were de-
veloped elsewhere to be directed against distinet, nonover-
lapping NGAL epitopes. Calibrators were prepared with
recombinant human NGAL expressed and purified else-
where, The recombinant NGAL was a full length protein,
The assay uses an automated sequence consisting of an
18-minute incubation step with the sample (2.5 ul) and
microparticle reagent (80 ul), a solid phase wash step and
a 4-minute incubation step with conjugate reagent (50 ul).
After the immunocchemistry steps the sclid phase is
washed again and the acridinium label is triggered with
peroxide and base o generate the signal Assay calibra-
tors are at 0, 10, 100, 500, 1,000 and 1,500 ng/ml. The
measured NGAL concentration is proportional to the sig-
nal,

Statistical Analysis

Statistical analysis was done using PSAW Statistics, ver-
sion 18 (SPSS®). Results are shown as the mean * SEM.
Correlations were evaluated by linear straight line regres-
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sion. BOC analysis was performed to assess the potential
of serum NGAL to predict DGF. AUC was caleulated from

a standard ROC plot. The optimal cutoff was defined by

the largest gum of sensitivity and specificity. Significance
was considered at p <0.05.

RESULTS

Since the ARCHITECT NGAL assay was optimized
to estimate urinary NGAL, we first measured serum
levels using that assay and compared the data with
those obtained by standard NGAL ELISA. The
crozs-sectional pilot study was designed to verify the
ABRCHITECT NGAL assay against the NGAL
ELISA assay. The NGAL concentrations in the 512
serum samples from this study determined by the 2
assay correlated highly (r = 0.95, fig. 1). Using the
ELISA assay the average serum NGAL of the 173
pre-HD and post-HD chronic renal failure cases was
945 * 27 and 762 % 33 ng/ml, respectively. In con-
trast, uging the ARCHITECT NGAL assay the av-
erage serum NGAL of the 173 pre- -HD and post-HD
cases was 735 & 22 and 578 = 24 ng/ml, respec-
tively.

The study included 67 renal transplant recipi-
ents, including 36 with IF, 4 with 8GF, 13 with DGF
and 14 with DGF-L (table 1). In KTx cases with IF
serum NGAL decreased rapidly from POD 1 teo
PODs 2, 3 and 5 (mean 229 = 15, 170 + 13, 156 = 10
and 126 = 9 ng/ml, respectively, table 2). In con-
irast, in KTx cases with S8GF serum NGAL de-
creased relatively slowly from POD 1 40 PODs 2, 8
and 5 (mean 371 £ 67,254 + 75,251 + 52 and 205 =
22 ngfml, respectively). However, in recipients of a
kidney transplant from DGFs in whom HD was re-
quired for less than 1 week (DGF 7 days or less)
sernm NGAL decreased gradually from POD 1 to
PODs 2, 3 and B (mean 757 = 58, 560 = 60, 508 % 60
and 355 * 48 ng/ml, respectively). In DGF cases in

fmgidly
2506 VARCHITECT) = 0. 711 22(FLISA) + 49,0
: r= 10,9473
H e 125 * E
2000 | {n=512y N P

ARCHITECT

2500 3000 3500

Figure 1. Straight line linear regression analysls shows correls-
tion of values oblained by ARCHITECT NGAL assay vs standard
ELISA.
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Table 2. Serum NGAL time course in patient groups

Mean = SEM NGAL (ng/mi}
Pre-KTx e POD 2 POD 3 FOOs
IF 584 £ 63 2825 [H 188 = 10 * §
S6F 8313 3 =87 284 £ 75 251 = 52 £y
DGF §70 =39 757 = 58 560 = 80 53R = 6D 48
DGR 762 = 72 049 = 58 678 = 68 666 + 48 + 38

which HD was required for greater than 1 week,
serum NGAL decreased more slowly from POD 1 to
PODs 2, 3 and 5 (mean 849 = 56, 678 £ 68, 666 = 468
and 588 * 36 ng/ml, respectively). The slope of the
decrease correlated well with the period needed for
recovery (fig. 2).

To further evaluate NGAL as an indicator of renal
function recovery we analyzed the correlation be-
tween NGAL on early PODs and various clinical
parameters on subsequent PODs by linear regres-
sion analysis, As expected, DGF duration correlated

5 well with NGAL levels on POD 1 {fig. 3, A).

Regarding clinical parameters, we evaluated urine
output, serum potassium and serum creatinine on
POD 5. Urine output and serum creatinine on POD
5 correlated well with NGAL levels on POD 1 (fig. 3,
B and C). We also evaluated the NGAL decrease
from POD 0 to 2, which only weakly correlated with
DGF duration (fg. 3, ).

To assess the usefulness of serum NGAL mea-
surements at varying cutoffs to predict the clinieal
outcome of IF, SGF, DGF and DGF-L, conventional
ROC curves were generated and the AUC was cal-
culated on PODs 1 to 3 and 5. To predict graft
failure, including SGF, DGF and DGFE-L, we applied

'l
000
B0
O
a3
oud e ROF
< 3 e LHIF
w5
260
o ¢
bafore Tx PO POD2 FODS PODS

Figure 2. Mean serum NGAL measured by ARCHITECT assay in
garly post-KTx period. Vertical lines indicate SE. Tx, KTx.
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a cutoff of 350 ng/ml at POD 1. This allowed for high
sensitivity (88%) and specificity (86%), and sug-
gested that serum NGAL was diagnostic for predict-
ing graft failure (ROC AUC 0.98, table 3). To predict
the need for HD (DGF plus DGF-L) we applied a
cutoff of 500 ng/ml at POD 1. Thiz allowed high
gensitivity (81%) and specificity (97%) (AUC 0.99,
table 3). To predict DGF-L we applied a cutoff of 700
ng/ml at POD 1. This also allowed high sensitivity
(82%) and specificity (83%) (AUC 0.93, table 3).
Using a similar approach serum NGAL at POD 2
was also an excellent biomarker for predicting DGF
at a cutoff of 350 ng/ml with 86% sensitivity and 90%
specificity (AUC 0.94). DGF-L at a cutoff of 600
ng/ml had 737 sensitivity and 85% specificity (AUC
0.85), POD 3 serum NGAL was also an excellent
biomarker for predicting DGE at a cutoff of 300
ng/ml with 91% sensitivity and 93% specificity (AUC
0.98) while DGF-L at a cutoffl of 500 ng/ml had 82%
sengitivity and 85% specificity (AUC 0.94).

DISCUSSION

We evaluated the usefulness of serum NGAL as a
predictor of graft function recovery after KTx. This
relationship is not well established since the kinet-
ies of serum NGAL during the peri-KTx period are
complicated. Various factors can affect serum NGAL,
including the condition of the native kidneys, the
pre-KTx condition, and post-KTx functional recov-
ery of the graft and clearance via HD or urine. In our
previcus study the pattern of the serum NGAL de-
crease appeared to be biphasic after transplanting
kidneys from DCDs within the initial few weeks
after KTx and the multifactorial nature hindered its
application as the biomarker during this period.”” It
was also reported that even donor serum NGAL
values obtained before KTx were not useful to pre-
dict graft function recovery.”® Thus, we analyzed
serum NGAL during the early period after KTx as a
biomarker to predict graft function recovery. Al-
though values before KTx varied widely according to
the clinical condition of each case, those on POD 1
correlated well with the duration of subseqguent kid-
ney dysfunction,

POD 1 levels were useful to predicet the prognosis
regardless of serum NGAL before KTx in each case,
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