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Peritransplant infusion of ethylene carbodiimide-fixed donor splenocytes
(ECDI-SPs) induces protection of islet and cardiac allografts. However,
pro-inflammatory cytokine production during the peritransplantation per-
iod may negate the effect of ECDI-SPs. Therefore, we hypothesized that
blocking pro-inflammatory cytokine secretion while increasing levels of
anti-inflammatory cytokines would enhance the tolerance-induced efficacy
of ECDI-SPs. The objective of this study was to determine the effectiveness
of using ECDI-SPs combined with a short course of al-antitrypsin (AAT)
for induction of tolerance. Using a mice cardiac transplant model, we
demonstrated that ECDI-SPs + AAT effectively induced indefinite mice
cardiac allograft protection in a donor-specific fashion. This effect was
accompanied by modulation of cytokines through decreasing levels of pro-
inflammatory cytokines (including IFN-y, TNF-a, IL-1f, IL-6, IL-17, and
IL-23) and increasing levels of anti-inflammatory cytokines (including IL-
10, IL-13, and TGF-B), and by inhibition of effector T cells (Teff) and
expansion of regulatory T cells (Tregs). Therefore, we concluded that com-
bined ECDI-SPs and AAT appeared to modulate the expression of cytoki-
nes and regulate the Teff:Treg balance to create a support milieu for graft
protection. Our strategy of combining ECDI-SPs and AAT provides a
promising approach for inducing donor-specific transplant tolerance.
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As a therapy for end-stage organ failure, organ trans-
plantation is considered as one of the most significant
achievements of 20th century medicine. However,
chronic rejection remains a barrier to achieving long-
term graft and patient survival. The use of immunosup-
pressive agents could efficiently reduce rejection, but
such agents are usually associated with high risk of
opportunistic infections, organ toxicity, malignancies
and metabolic disorders [1,2]. Therefore, inducing
donor-specific immune tolerance is considered as an
ideal solution to both prevent allograft rejection and
obviate the need for continuous immunosuppression.
Strategies for inducing donor-specific tolerance include
induction of mixed hematopoietic chimerism, blockade
of costimulatory molecules, depletion of peripheral T
cells, and induction or expansion of regulatory T cells
(Tregs) [2]. Although these approaches have succeeded
in rodent animal models, there are still many obstacles
in primates and clinical applications.

Recently, studies have demonstrated that intravenous
infusion of donor splenocytes fixed with 1-ethyl-3-(3'-
dimethylaminopropyl)-carbodiimide (ECDI) is a power-
ful and safe method for inducing antigen-specific
tolerance in vivo [3,4]. Specifically, ECDI-fixed donor
splenocytes (ECDI-SPs) have been shown to effectively
suppress
autoimmune encephalomyelitis (EAE) model and an
autoimmune diabetes model [5,6]. ECDI-SPs have also
been shown to induce donor-specific tolerance in a
mouse model of islet cell transplantation [7]. Similarly,
we have previously demonstrated that intravenous infu-
sion of ECDI-SPs significantly prolonged mouse cardiac
allograft survival [8]. The mechanisms of ECDI-SPs
induced graft protection involve deletion, anergy and
regulation of T cells, such as inhibiting effector T-cell
(Teff) activity and stimulating Tregs [3,8,9]. However,
the establishment and maintenance of a favorable Teff:
Treg balance, which is critical in long-term ECDI-SP-
induced allo-tolerance [7], is affected by the microenvi-
ronment of the allograft. Pro-inflammatory cytokine
release during peritransplantation period can promote
naive CD4" T-cell differentiation into Teff (including
Thl and Thl7 cells), preventing Treg induction, and
weakening the efficacy of tolerance induction by ECDI-
SPs [3,10]. This can explain why ECDI-SPs alone can
only prolong graft survival but not indefinitely induce
immune tolerance in mouse cardiac allografts. Thus, cre-
ating an appropriate support milieu by inhibiting pro-
inflammatory cytokine production while simultaneously
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enhancing anti-inflammatory cytokine release may help
to enhance the effect of ECDI-SP-induced tolerance.

al-Antitrypsin (AAT) is a key serine protease inhibi-
tor, a member of the serpin family, found in high concen-
trations in serum [11]. AAT has been found to inhibit
various enzymes including neutrophil elastase, cathepsin
G, proteinase 3, thrombin, trypsin, and chymotrypsin
[12]. Additionally, as an acute-phase reactant, AAT
demonstrates potent anti-inflammatory, immunosup-
pressive, and immunoregulatory properties, which are
associated with the inhibition of cytokine production,
complement activation, and immune cell infiltration
[13]. Recent studies have demonstrated that AAT plays
an important role in immune regulation, including trans-
plant tolerance, graft-versus-host disease, and autoimmu-
nity [14]. AAT can inhibit pro-inflammatory cytokine
production such as IL-1B, TNF-0, and IL-6, and at the
same time prevent the expansion and activation of Teff
[15,16]. In addition, AAT is also administrated to prevent
allogeneic islet cell and marrow allograft rejection and
prolong allograft survival [14,17,19].

We hypothesized that using an anti-inflammatory agent
such as AAT during peritransplantation period could
create a support milieu by reducing pro-inflammatory
cytokines and increasing anti-inflammatory cytokines, so
as to enhance tolerance induction by ECDI-SPs. The aim
of this study is to verify the hypothesis that combined use
of ECDI-SPs and AAT could induce donor-specific
tolerance and increase long-term graft survival in a full
MHC-mismatched mouse cardiac transplant model.

Animals

Male BALB/c, C57BL/6 (B6), and C3H mice (8-
10 weeks old, weighing 20-25 g) were obtained from
the Laboratory Animal Center of Sun Yat-Sen Univer-
sity. All animals were maintained under specific patho-
gen-free (SPF) conditions and were supplied by the
Laboratory Animal Center of Sun Yat-sen University.
All animal work was conducted under the institutional
guidelines of Guangdong Province and approved by the
Use Committee for Animal Care. Additionally, all stud-
ies were approved by the Sun Yat-sen University Insti-
tute Research Ethics Committee.

Abdominal heterotopic cardiac transplantation

Abdominal heterotopic cardiac transplantation was per-
formed as described previously [18]. Briefly, the heart
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of the donor (BALB/c mouse) was excised en bloc via
median sternotomy. Then, the ascending aorta and pul-
monary artery of the donor were anastomosed end to
side to the recipient’s abdominal aorta and inferior vena
cava, respectively. Direct abdominal palpation of heart
beating was used to assess graft survival. Rejection was
determined by loss of palpable cardiac impulses and
was considered as the ending event. Blood samples were
collected from tail veins to measure serum cytokines.
The recipient mice were followed up to the date that
the ending event occurred, or for 90 days if recipient
survived for more than 90 days.

Preparation of ECDI-SPs and AAT administration

Ethylene carbodiimide-fixed donor splenocytes were pre-
pared as previously described [7]. In brief, spleens from
BALB/c mice were processed into single-cell suspensions.
Erythrocytes were lysed with ACK lysis buffer (BD Bio-
sciences, Franklin Lakes, NJ, USA) and splenocytes were
incubated with ECDI(150 mg/ml per 3.2 x 10° cells;
Sigma, St. Louis, MO, USA) on ice for 1 h with agitation
followed by washing. A total of 1 x 10° ECDI-treated
splenocytes in 200 pl PBS were injected intravenously on
day —7 and day 1, with day 0 being the day of heart
transplantation. AAT (2 mg/mouse; Sigma) was adminis-
tered intraperitoneally on days —1, 2, 5 and 8.

Cytokine assay

Blood samples were obtained at different time points
post-transplantation. Serum pro-inflammatory cytokines
(IFN-y, TNF-a, IL-1B, IL-6 IL-17, and IL-23) and anti-
inflammatory cytokines (IL-10, IL-13, and TGF-P) were
measured using cytokine 30-plex antibody bead kit (Life
Technologies, Grand Island, NY, USA) using luminex
200TM (Luminex Corporation, Austin, TX, USA)
according to the manufacturer’s instructions. Serum
concentrations of each cytokine were calculated from a
control standard curve.

FACS analysis

Recipient splenic CD3" T cells were isolated on day 7
post-transplantation using microbeads (Miltenyi Biotec,
Bergisch Gladbach Germany) according to the manu-
facturer’s instructions and analyzed by flow cytometry.
Flow cytometry analysis was performed by FACS (Cali-
bur BD, Franklin Lakes, NJ (New Jersey), USA) using
CELL QUEST software (BD Science, Franklin Lakes, NJ
(New Jersey), USA). FITC-conjugated anti-CD4, PE-
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conjugated anti-IL-17, APC-conjugated anti-CD25, PE-
conjugated anti-Foxp3, and isotype-matched control
antibodies were purchased from BD Science, Franklin
Lakes, NJ (New Jersey), USA.

Real-time PCR

Total mRNA of fresh cardiac allograft tissues at differ-
ent time points was extracted with TRIzol reagent
(Invitrogen Carlscad, CA, USA) and transcribed to
c¢DNA using a commercial cDNA synthesis kit (Fermen-
tas Inc, Burlington, Ontario, Canada) according to the
manufacturer’s instructions. First-strand cDNA synthesis
was generated from 500 ng of total RNA. Quantification
of target and reference (GAPDH) genes was performed
in triplicate on ABI Prism 7300 (Applied Biosystems
Inc, Carlscad, CA, USA). The primers used in each reac-
tion were as follows: IFN-y forward 5-CGCTACACACT
GCATCTTGG-3" and reverse 5-TTTCATGTCACC
ATCCTTTTGCC-3'; IL-4 forward 5'-TCACTGACGGCA
CAGAGCTA-3' and reverse 5-TCTGTGGTGTTCTTCGT
TGCT-3'; IL-17A forward 5'-ATCTGTGTCTCTGATGCT
GTTG-3' and reverse 5-ATCAGGGTCTTCATTGCG
GT-3'; IL-10 forward 5-GGTTGCCAAGCCTTATCGGA-
3’ and reverse 5-AATCGATGACAGCGCCTCAG-3;
TGF-B forward 5-AGGGCTACCATGCCAACTTC-3" and
reverse 5'-CCACGTAGTAGACGATGGGC-3'; Foxp3 for-
ward  5-CTTAGAGAAGACAGACCCATGCT-3'  and
reverse 5'-TCAGAGGCAGGCTGGATAAC-3'; GADPH
forward  5-AGGAGCGAGACCCCACTAACA-3"  and
reverse 5'-AGGGGGGCTAAGCAGTTGGT-3'. Following
normalization to GAPDH gene, expression levels for tar-
get gene were calculated using the comparative threshold
cycle method.

One-way mixed lymphocytic reactions

One-way mixed lymphocytic reactions (MLRs) were
performed at day 7 after cardiac transplantation. Splenic
CD3" T cells were purified from recipient mice using a
T cell-negative isolation kit (Miltenyi Biotec) as respon-
der cells and were labeled with 0.5 um carboxyfluores-
cein diacetate succinimidyl ester (CFSE; eBioscience,
San Diego, CA, USA) for subsequent assessment of T-
cell proliferation. T cell-depleted splenocytes from
donor mice were irradiated at 25 Gy and used as stimu-
lator cells. A total of 1 x 10’ responder cells were cul-
tured in a round-bottom 96-well plate in RPMI-1640
culture medium supplemented with 10% fetal calf
serum, 100 U/ml penicillin, and 100 mg/ml strepto-
mycin and stimulated with 5 x 10° stimulator cells.
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After culture for 4 days, cells were harvested and T-cell
proliferation was quantified by CFSE dilution using flow
cytometry (Callibor BD).

Measurement of antidonor antibody responses

Thymocytes were harvested from donor thymus and
5 x 10° donor thymocytes were blocked with 1 pl Fc
Blocker (Biolegend, San Diego, CA, USA) followed by
incubation with plasma samples from recipients (1:4
dilution) on ice for 1 h. Cells were then washed and
stained with PE-labeled anti-mouse IgM antibody (eBio-
sciences) and APC-labeled anti-mouse IgG antibody
(Biolegend), and analyzed by FACS. Negative control
was provided by incubation with naive mouse sera.

Graft histology and immunohistochemistry

At different time points after transplantation, recipient
mice were sacrificed and heart allograft sections stained
by hematoxylin and eosin (H&E) staining and immuno-
histochemistry. For immunohistochemistry, cardiac tis-
sues were evaluated for the presence of CD8'/IL-17"/
Foxp3™ T cells using biotin-conjugated anti-mouse CD8a.
mADb (1:100, rat IgG,,, #53-6.7; R&D), anti-mouse Foxp3
mADb (1:100, rabbit IgG, #1054C, R&D), and anti-mouse
IL-17 mAD (1:100, rabbit IgG, #sc7927; Santa Cruz Bio-
tech, Dallas, TX (Texas), USA). Intragraft infiltration of
CD8"/IL-17"/Foxp3" T cells was quantified by counting
positively stained cells from different slices from 3 to 4
recipients of each group.

Statistical analysis

All statistical analyses were performed using spss19.0
software (IBM Company, Chicago, IL, USA). Kaplan—
Meier analysis was used for graft survival analysis, and a
log-rank test was used to compare survival among
groups. Quantitative variables were represented as
median + quartile and analyzed by nonparametric test
(rank-sum test) if the sample size was small and the
data did not have normal distribution. If quantitative
variables had normal distribution, data were represented
as mean *+ SD, and Student’s t-test was used for analy-
sis. A P value <0.05 was considered to be statistically
significant.

Combined treatment of AAT and ECDI-SPs induced
indefinite donor-specific protection to mouse cardiac
allografts

In this study, we hypothesized that the combined use of
AAT, a proinflammatory inhibitor, may suppress proin-
flammatory cytokines and enhance graft protection pro-
vided by ECDI-SPs. To test this hypothesis, a BALB/c
to B6 cardiac transplant model was used (scheme shown
in Fig. la). Similar to our previous study [8], mice
receiving ECDI-SPs alone exhibited prolonged graft sur-
vival relative to untreated controls [median survival
time (MST) = 42 days for ECDI-SPs-treated mice ver-
sus 7 days for control mice, P = 0.0006; Fig. 1b], but
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Figure 1 Combined treatment of AAT and ECDI-SPs induced indefinite donor-specific protection to mouse cardiac allografts. Heterotopic heart
transplant was performed using Balb/c mice as donors, and C57B/6 mice as recipients. C3H mice were used for third-party donors. (a)

Scheme of treatment for different experimental groups. (b) ECDI-SPs or AAT alone significantly prolongs cardiac allograft survival, whereas only
combination of ECDI-SPs and AAT induced indefinite protection of cardiac allografts (=90 days). (c) ECDI-SPs + AAT induced allograft protec-
tion in a donor-specific fashion. Allografts from Balb/c mice achieved indefinite graft protection, while allografts from C3H mice (third party)
were all rejected by day 9. ECDI-SPs, ECDI-treated donor splenocytes; AAT, a-1 antitrypsin; Tx, transplantation. Allograft survival was calculated

by Kaplan—Meier analysis.
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fail to induce indefinite graft survival. Unlike the graft
protection seen in other transplant models such as allo-
geneic islet transplantation [20], protection of allogeneic
cardiac grafts by AAT was transient, as all of the mouse
heart allografts were rejected by day 14 (Fig. 1b). How-
ever, when ECDI-SPs was combined with a peri-trans-
plant short-term use of AAT, the combination therapy
led to long-term graft survival (>90 days) in 100% of
the recipients. Importantly, cardiac allografts protection
induced by ECDI-SPs + AAT was specific,
because all cardiac allografts were rejected by day 9
when a third-party donor (C3H mice) was used
(Fig. 1¢).

donor

ECDI-SPs combined with AAT inhibited pro-
inflammatory cytokine and increased anti-
inflammatory cytokine production

To investigate whether combination of ECDI-SPs and
AAT might suppress inflammatory conditions during
the peritransplantation period, serum pro-inflammatory
and anti-inflammatory cytokines levels were measured
by luminex at days 7, 30, and 90 after transplantation.
Notably, the serum level of pro-inflammatory cytokines,
including IEN-vy, TNF-a, IL-1pB, IL-6, IL-17, and IL-23,
was significantly reduced by ECDI-SPs or AAT treat-
ment alone, and much more markedly by combined
treatment of ECDI-SPs and AAT, compared with the
control group. In contrast, the serum levels of anti-
inflammatory cytokines such as IL-10, IL-13 and TGF-B
were increased by ECDI-SPs or AAT treatment alone,
and more by combination of ECDI-SPs and AAT.
Importantly, ECDI-SPs + AAT-treated recipients con-
tinued to show sustained low levels of pro-inflamma-
tory cytokines and elevation of anti-inflammatory
cytokines at day 30 and day 90 (Fig. 2). These results
indicated that combined ECDI-SPs and AAT could
enhance the effects on inhibiting pro-inflammatory
cytokine release while promoting anti-inflammatory
cytokine production.

Cardiac allograft protection is associated with
markedly reduced expression of pro-inflammatory
cytokines, but enhanced anti-inflammatory cytokine
expression among allografts

We next investigated the expression of cytokines among
allografts. The results showed that ECDI-SPs alone,
AAT alone, and ECDI-SPs + AAT treatment signifi-
cantly decreased pro-inflammatory cytokine (IFN-v,
IL-6, and IL-17) mRNA levels at day 7, and this
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phenomenon persisted to days 30 and 90 in
ECDI-SPs + AAT-treated recipients. In contrast, anti-
inflammatory cytokine mRNA (IL-10 and TGF-f) and
Foxp3 mRNA were significantly increased in ECDI-SPs-
treated, AAT-treated, and combination-treated groups
at day 7, and this phenomenon persisted to longer time
points (day 30 and 90) in the combination therapy
group (Fig. 3). Therefore, AAT appeared to enhance the
effect of ECDI-SPs on regulating the expression of
cytokines among allografts to create a suitable cytokine
milieu for graft protection.

Allograft protection is associated with inhibition of
Th17 and expansion of Tregs

We next tried to determine the influence of ECDI-
SPs + AAT on Teff (Th17) and Tregs in recipients,
which was examined by analyzing splenic IL-17" and
Foxp3™ T cells among different groups. The results
showed that the splenic Th17 population was signifi-
cantly decreased in ECDI-SPs-treated and AAT-treated
recipients, and much more markedly in the combina-
tion therapy of ECDI-SPs + AAT group (Fig. 4). In
contrast, the population of splenic CD4 ' Foxp3 Tregs
was enhanced in recipients of ECDI-SPs or AAT
alone treatment, and much more markedly in those
that received combination treatment. These results
suggest that AAT could enhance the effect of ECDI-
SPs on inhibiting Teff (Th17) while promoting Treg
expansion.

ECDI-SPs + AAT significantly diminished graft
CD8"T-cell and Th17 infiltration, but enhanced
presence of graft Foxp3" cells

Cardiac allografts from different groups of recipients
were examined histologically by H&E staining at days 7
and 30 after transplantation. As shown in Fig. 5a, a
dense mononuclear cell infiltrate of the cardiac grafts
was observed in control recipients, with less intense
infiltration in ECDI-SPs or AAT recipients. In the com-
bined treatment group, the cardiac tissues were well
preserved with minimal cellular infiltration and minimal
fibrosis.

We further examined the different lymphocyte popu-
lations infiltrating the cardiac allograft from groups of
recipients that received untreated (control), ECDI-SPs-
or AAT-treated alone, or ECDI-SPs + AAT-treated at
day 7 and day 30. We noted that ECDI-SPs or AAT
alone significantly decreased the number of infiltrating
CD8'T cells and Th17 cells at day 7, and decreased
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Figure 2 Combined ECDI-SPs and AAT decreased pro-inflammatory cytokines and increased anti-inflammatory cytokines. Serum levels of
selected cytokines were measured by luminex at day 7, day 30, and day 90 after transplantation. Data were represented as median + quartile
from serum samples of five or six recipients in each group. Nonparametric test was used for analyzing these data. ECDI-SPs, ECDI-treated

donor splenocytes; AAT, a-1 antitrypsin.

more dramatically with treatment of ECDI-SPs + AAT,  there was an increased presence of Foxp3'Tregs, most
and this decrease persisted at day 30. In contrast, significantly in grafts from ECDI-SPs + AAT-treated
among the infiltrating lymphocytes at day 7 and day 30,  recipients, and to a lesser extent in grafts from ECDI-
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Figure 3 ECDI-SPs + AAT significantly inhibited mRNA expression of pro-inflammatory cytokines and promoted mRNA expression of anti-
inflammatory cytokines in cardiac allografts. Quantitative RT-PCR was used to quantify cytokine mRNA expression of heart allografts at day 7
after transplantation. Data were represented as median+quartile from allografts of five or six recipients in each group. Nonparametric test was
used for analyzing these data. ECDI-SPs, ECDI-treated donor splenocytes; AAT, a-1 antitrypsin.

SPs-only-treated recipients. However, AAT alone did
not increase Foxp3'Treg infiltration compared with the
control recipients (Fig. 5).

Cardiac allograft protection is associated with altered
antidonor cellular and humoral responses

Antidonor cellular and humoral responses were assessed.
In vitro restimulation by MLRs was set up using donor
(BALB/c mice) splenocytes as stimulators and T cells
from recipient (B/6 mice) spleens on post-transplant day
7 as responders. T cells from recipients treated with
ECDI-SPs or ECDI-SPs + AAT showed markedly dimin-
ished proliferation responses to BALB/c stimulation,
whereas T cells from AAT alone-treated recipients
showed comparable proliferation to BALB/c stimulation
as those from untreated recipients (Fig. 6a,b). Antidonor
antibodies (total IgG and IgM) were measured from
serum samples acquired at day 14. Serum from naive
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mice was used as the negative control. As shown in
Fig. 7, untreated controls exhibited elevated antidonor
IgG and IgM antibodies as early as day 14 (blue curves).
In contrast, ECDI-SPs + AAT-treated recipients showed
markedly diminished production of antidonor IgG and
IgM at the same time point (red curves).

Ethylene carbodiimide-fixed donor splenocytes have been
used to induce donor-specific tolerance, which has been
described in various models of autoimmune diseases and
allograft transplantation. The mechanisms of ECDI-SPs
appear to regulate T cells by reducing Teff signaling
capacity while enhance Treg induction. It is acceptable
that a pre-existing support milieu is indispensable to sup-
port Foxp3'Tregs [21], so the cytokine milieu is impor-
tant for the function of ECDI-SPs. Pro-inflammatory
cytokines can inhibit Treg function and activate allo-
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Figure 4 ECDI-SPs combined with AAT significantly inhibited Th17 differentiation and promoted Treg expansion. At day 7 after transplanta-
tion, spleens were harvested from 3 to 4 recipients of each group. CD4*IL-17* Th17 and CD4*CD25*Foxp3*Tregs were analyzed by flow
cytometry. Data were represented as median 4 quartile, and nonparametric test was used for analysis. ECDI-SPs, ECDI-treated donor spleno-

cytes; AAT, a-1 antitrypsin.

immune responses. Ischemia/reperfusion is an unavoid-
able consequence of the organ transplant procedure,
which results in a robust release of pro-inflammatory
cytokines. This vigorous inflammatory state adversely

312

affects graft parenchyma and endothelium and activates
graft-destructive immune cell populations [22-24], while
preventing generation of graft-protective Treg cells
[25,26]. Various cytokines, including IL-1, TNF-a, IL-6,
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Figure 5 Combined ECDI-SPs and AAT diminished graft infiltration of CD8" and IL-17* cells, but increased Foxp3* cells. (a) A representative
cardiac graft retrieved from control (untreated), ECDI-SPs alone, AAT alone, and ECDI-SPs + AAT-treated recipients at day 7 and day 30. Grafts
were stained by hematoxylin and eosin (H&E) and by immunohistochemistry using CD8, IL-17, and Foxp3 antibodies. (b) Bar graphs show aver-
age cell numbers per low power field counted by two different individuals from 12 to 15 different sections from 3 to 4 different cardiac grafts
from each group. Magnification: x40. Bar: 50 um. Data were represented as mean + SD, and Student’s t-test was used for analysis. ECDI-

SPs, ECDI-treated donor splenocytes; AAT, a-1 antitrypsin.

and IL-21, could counteract Treg suppression of activated
Teff [27,28]. For instance, IL-6 plays a pivotal role in
directing the immune response toward an inflammatory
phenotype and away from a regulatory response. It drives
naive T cells to differentiate into Th17 cells, inhibits the
generation of CD4Foxp3"™ from CD4'Foxp3~ T cells,
and inhibits the suppressive function of natural Tregs
[29,30].

In contrast, anti-inflammatory cytokines such as IL-
10 induces T-cell anergy by inhibiting proliferation and
cytokine production. Recent studies indicate that IL-10
mediates the protective responses from
mediated damage that occurs in organ transplantation
[31]. This is consistent with the observation that
increasing IL-10 levels prolong graft survival in a

immune-
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cardiac transplant model [32,33]. Another anti-inflam-
matory cytokine TGF-f3 directs commitment of donor-
activated CD4" T cells into a Foxp3'Treg phenotype
and prevents differentiation of T cells into tissue-
destructive Th17 or Thl modes [21].

Thus, blocking pro-inflammatory cytokine release
while at the same time increasing anti-inflammatory
cytokine production would create a support milieu and
enhance the immune regulatory effects of ECDI-SPs.
Suppressive agents such as rapamycin could enhance IL-
10 production and decrease pro-inflammatory cytokine
levels, and prolong allograft survival. However, due to
their side effects of the immune inhibitors, there is a
need to find safer and more effective agents to inhibit
pro-inflammatory cytokine production.
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Figure 6 Cardiac allograft protection is associated with altered antidonor cellular responses. In vitro restimulation by mixed lymphocytic
reactions (MLRs) was set up using BALB/c splenocytes as stimulators and splenic CD3* T cells from recipients of different treatment groups and
controls (on day 7 post-transplant) as responders. (a) Proliferation of T cells was measured by CFSE dilution using flow cytometry. (b) The
percentages of responder T-cell proliferation among different groups. Results shown in b were represented with median + quartile from three
independent experiments. Nonparametric test was used for analyzing these data.

al-Antitrypsin is a serine protease inhibitor present and immune modulatory properties [34]. Emerging evi-
in the serum, which plays important roles in limiting  dence shows that AAT functions by reducing pro-
host-tissue injury triggered by neutrophil elastase.  inflammatory cytokine production, enhancing anti-
Beyond this ability, AAT possesses anti-inflammatory  inflammatory cytokine secretion, and expansion of
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Figure 7 Cardiac allograft protection is associated with altered antidonor humoral responses. (a) Serum total antidonor IgG and IgM were
measured on day 14 from recipients treated with ECDI-SPs + AAT or control untreated recipients. (b) Bar graphs show serum MFI of IgG and
IgM antibody intensities tested from six mice in each group. MFI, mean fluorescent intensity. Data were represented as median + quartile, and
nonparametric test was used for analysis. ECDI-SPs, ECDI-treated donor splenocytes; AAT, a-1 antitrypsin.

Tregs [35]. The cellular targets of AAT include non-T
cells such as dendritic cells [20], B lymphocytes [36,37],
macrophages, and neutrophils [38], resulting in reduced
levels and activity of inflammatory mediators such as
IL-1B, TNF-o, monocyte chemotactic protein (MCP)-1,
and nitric oxide, as well as elevating levels of IL-10 and
IL-1 receptor antagonist (IL-1Ra) [39,40].
studies demonstrate that AAT monotherapy prolongs
survival of islet allografts [17], induces immune toler-
ance to allografts [20], and prevents development of
diabetes in NOD mice [40], shifting the cytokine envi-
ronment from pro- to anti-inflammatory.

Previous

As ischemia/reperfusion is an unavoidable conse-
quence of the organ transplant procedure which leads
to over expression of proinflammatory cytokines, we
hypothesized that with a combined use of AAT during
peritransplantation period could change the balance of
pro-inflammatory and anti-inflammatory cytokines and
create a supportive microenvironment for ECDI-SPs.
Thus, in the present study, we examined the effect of
the combination of ECDI-SPs and AAT using a fully
MHC-mismatched mouse heart transplant allograft
model and investigated the possible mechanisms.

We first assessed the effect of combined ECDI-SPs
and AAT treatment on survival in the mouse heart
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allograft model. Unlike the effect in islet transplantation
[20], AAT only transiently prolonged mouse cardiac
allograft survival, and the MST only reached 14 days,
whereas ECDI-SPs significantly prolonged the survival
of heart allograft, and the MST reached 42 days. Why
AAT only transiently prolonged allograft survival could
be explained by two reasons. Firstly, the half-life period
of AAT is short, only 3-5 days, so the function of AAT
in vivo is transient. Secondly, it has been reported that
using hAAT in mice could induce anti-hAAT antibodies
in mice [38], which could neutralize the effect of hAAT
in the long term. ECDI-SPs can not only inhibit the
release of proinflammatory cytokines, but also prolong
graft survival through inducing macrophage IL-10 secre-
tion by regulating PD-L1 expression, or inducing Tregs
by enzyme indoleamine 2,3 dioxygenase (IDO) expres-
sion [6-8]. Only the combination treatment achieved
permanent survival (MST >90 days). This effect was
donor specific, because a third-party skin allograft was
rejected in all recipients. These results indicated that
combined ECDI-SPs and AAT could promote indefinite
donor-specific protection in the mice cardiac transplant
model.

Next, we examined the effect of ECDI-SPs + AAT on
the recipient serum cytokine levels and mRNA
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expression among allografts. Our results show that
ECDI-SPs or AAT, respectively, decreased pro-inflam-
matory cytokine levels (including IFN-vy, TNF-o, IL-1,
IL-6, IL-17, and IL-23), and increased anti-inflamma-
tory cytokines such as IL-10, IL-13, and TGF-B. Impor-
tantly, the combination treatment was more effective at
decreasing pro-inflammatory cytokines and increasing
inflammatory cytokines. Similarly, the change in mRNA
expression of pro-inflammatory cytokines and anti-
inflammatory cytokines was in accordance with the
serum cytokine levels. Therefore, our results demon-
strate that combined ECDI-SPs and AAT was more
effective at decreasing pro-inflammatory cytokine pro-
duction while increasing anti-inflammatory cytokine
production, suggesting AAT treatment could help to
produce a supporting cytokine milieu for ECDI-SPs.

Based on the observations above, we examined the
effect of ECDI-SPs and AAT on Thl7 and Tregs. Both
ECDI-SPs and AAT independently inhibited Th17 and
induced Treg expansion. However, combination of both
agents had a more significant effect on promoting Tregs
and inhibiting Th17. Therefore, AAT may promote early
establishment of a favorable Treg:Teff ratio and enhance
tolerance induction by ECDI. The in vitro experiment
of MLRs and antidonor antibody measurement further
proved that the allograft protection of the combination
of ECDI-SPs and AAT was associated with altering anti-
donor cellular and humoral responses.

In summary, our studies show that donor ECDI-SPs
plus a short course of AAT result in indefinite donor-
specific cardiac graft protection through inhibiting Teff
and enhancing Treg function. The changes in the cyto-
kine milieu by decreasing pro-inflammatory cytokines
while increasing anti-inflammatory cytokines might be
the consequence of an effect of AAT, which create a

1. Sayegh MH, Carpenter CB.
Transplantation 50 years  later —
progress, challenges, and promises. N

tolerance

4. Turley DM, Miller SD.
induction using
ethylenecarbodiimide-fixed APCs uses

supporting milieu for the tolerance induction by ECDI-
SPs. Consequently, combination of these two agents cre-
ates a favorable graft environment resulting in the
indefinite survival of the cardiac allograft. As it may
reduce dependence on immunosuppressive agents and
induce long-term donor-specific allograft protection,
combined ECDI-SPs and AAT may provide a promising
therapeutic strategy for tolerance induction in clinical
organ transplantation.

The authors have declared no funding.

The authors have declared no conflicts of interest.

We thank Dr. Gendie E. Lash for her contribution to
revising the manuscript. This study was supported by
the Youth Scholar project of National Natural Science
Foundation of China(81302549), Youth Medical Tea-
cher Project of Sun Yat-sen University (14ykpyll),
National Natural Science Foundation project of China
(81470976), Science and the Technology Planning pro-
ject of Guangdong Province(2013B021800129), the
Guangdong Provincial Key Laboratory on Organ Dona-
tion and Transplant Immunology (2013A061401007)
Youth Scholar project of National Natural Science
Foundation of China(81601393) Doctor Scientific
Research Project of Guangzhou Medical University
(2015C15).

6. Fife BT, Guleria I, Gubbels BM, et al.
Insulin-induced remission in new-onset
NOD mice is maintained by the PD-1-

Peripheral

Engl ] Med 2004; 351: 2761.

. Lechler RI, Sykes M, Thomson AW,
Turka LA. Organ transplantation — how
much of the promise has been realized?
Nat Med 2005; 11: 605.

. Getts DR, Turley DM, Smith CE, et al.
Tolerance induced by apoptotic antigen-
coupled leukocytes is induced by PD-L1+
and IL-10-producing splenic macro
phages and maintained by T regulatory
cells. ] Immunol 2011; 187: 2405.

316

both direct and indirect mechanisms
of antigen presentation for prevention
of experimental autoimmune
encephalomyelitis. ] Immunol 2007;
178: 2212.

. Kennedy MK, Tan LJ, Dal Canto MC,

Miller SD. Regulation of the effector
stages of experimental autoimmune
encephalomyelitis  via  neuroantigen-
specific tolerance induction. J Immunol
1990; 145: 117.

PD-L1 pathway. J Exp Med 2006; 203:
2737.

. Luo X, Pothoven KL, McCarthy D, et al.

ECDI-fixed  allogeneic  splenocytes
induce donor-specific tolerance for long-
term survival of islet transplants via two
distinct mechanisms. Proc Natl Acad Sci
USA 2008; 105: 14527.

. Chen G, Kheradmand T, Bryant J, et al.

Intragraft  CD11b(+) IDO(+) cells
mediate cardiac allograft tolerance by

Transplant International 2017; 30: 305-317
© 2016 Steunstichting ESOT



10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

ECDI-fixed donor splenocyte infusions.
Am ] Transplant 2012; 12: 2920.

. Kheradmand T, Wang S, Bryant J, et al.

Ethylenecarbodiimide-fixed donor
splenocyte infusions differentially target
direct and indirect pathways of
allorecognition ~ for  induction  of
transplant tolerance. | Immunol 2012;
189: 804.

Hunter Z, McCarthy DP, Yap WT,
et al. A biodegradable nanoparticle
platform for the induction of antigen-
specific immune tolerance for treatment
of autoimmune disease. ACS Nano
2014; 8: 2148.

Brantly ML, Wittes JT, Vogelmeier CF,
Hubbard RC, Fells GA, Crystal RG. Use
of a highly purified alpha 1-antitrypsin
standard to establish ranges for the
common normal and deficient alpha 1-
antitrypsin phenotypes. Chest 1991; 100:
703.

Breit SN, Wakefield D, Robinson JP,
Luckhurst E, Clark P, Penny R. The role
of alpha l-antitrypsin deficiency in the
pathogenesis of immune disorders. Clin
Immunol Immunopathol 1985; 35: 363.
Churg A, Dai J, Zay K, et al. Alpha-
l-antitrypsin and a broad spectrum
metalloprotease  inhibitor, RS113456,
have similar acute anti-inflammatory
effects. Lab Invest 2001; 81: 1119.
Goldstein S, Reddy P. Tolerance
without toxicity? alphal-antitrypsin as a
novel alternative to
immunosuppression. Expert Rev Clin
Immunol 2012; 8: 397.

Gao W, Zhao J, Kim H, et al. Alphal-
antitrypsin inhibits ischemia
reperfusion-induced lung injury by
reducing inflammatory response and
cell death. J Heart Lung Transplant
2014; 33: 309.

Mizrahi M, Cal P, Rosenthal M, et al.
Human alphal-antitrypsin modifies B-
lymphocyte responses during allograft
transplantation. Immunology 2013; 140:
362.

Abecassis A, Schuster R, Shahaf G, et al.
Alphal-antitrypsin increases interleukin-
1 receptor antagonist production during
pancreatic islet graft transplantation.
Cell Mol Immunol 2014; 11: 377.

Zhang Z, Zhu L, Quan D, et al. Pattern
of liver, kidney, heart, and intestine
allograft rejection in different mouse
strain  combinations.  Transplantation
1996; 62: 1267.

Lewis EC, Mizrahi M, Toledano M,
et al. Alphal-antitrypsin monotherapy

Transplant International 2017; 30: 305-317
© 2016 Steunstichting ESOT

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

ECDI-SP plus AAT in mouse cardiac transplant

induces immune tolerance during
islet allograft transplantation in mice.
Proc Natl Acad Sci USA 2008; 105:
16236.

Hanidziar D, Koulmanda M.
Inflammation and the balance of Treg
and Th17 cells in transplant rejection
and tolerance. Curr Opin Organ
Transplant 20105 15: 411.

Kruger B, Krick S, Dhillon N, et al
Donor Toll-like receptor 4 contributes
to ischemia and reperfusion injury
following human kidney
transplantation. Proc Natl Acad Sci USA
2009; 106: 3390.

Huang X, Moore DJ, Ketchum R]J, et al.
Resolving the conundrum of islet
transplantation by linking metabolic
dysregulation, inflammation, and
immune regulation. Endocr Rev 2008;
29: 603.

Linfert D, Chowdhry T, Rabb H.
Lymphocytes and ischemia-reperfusion
injury. Transplant Rev (Orlando) 2009;
23: 1.

Karim M, Kingsley CI, Bushell AR,
Sawitzki BS, Wood K]J. Alloantigen-
induced CD25+ CD4+ regulatory T cells
can develop in vivo from CD25-CD4+
precursors in a thymus-independent
process. J Immunol 2004; 172: 923.
Chen L, Ahmed E, Wang T, et al. TLR
signals promote IL-6/IL-17-dependent
transplant rejection. J Immunol 2009;
182: 6217.

Bettini M, Vignali DA. Regulatory T

cells and inhibitory cytokines in
autoimmunity. Curr Opin  Immunol
2009; 21: 612.

Walker LS. Regulatory T  cells

overturned: the effectors fight back.
Immunology 2009; 126: 466.

Kim I, Wu G, Chai NN, Klein AS,
Jordan S. Anti-interleukin 6 receptor
antibodies attenuate antibody recall
responses in a mouse model of
allosensitization. Transplantation 2014;
98: 1262.

Zhang C, Zhang X, Chen XH.
Inhibition of the interleukin-6 signaling
pathway: a strategy to induce immune
tolerance. Clin Rev Allergy Immunol
2014; 47: 163.

Chen S, Kapturczak MH, Wasserfall C,
et al. Interleukin 10 attenuates
neointimal proliferation and
inflammation in aortic allografts by a
heme oxygenase-dependent pathway.
Proc Natl Acad Sci USA 2005; 102: 7251.

31.

32.

33.

34.

35.

36.

37.

38.

40.

Chen D, Ding Y, Zhang N, et al. Viral
IL-10 gene transfer inhibits the
expression of multiple chemokine and
chemokine receptor genes induced by
inflammatory or adaptive immune

stimuli. Am ] Transplant 2003; 3:
1538.
DeBruyne LA, Li K, Bishop DK,

Bromberg JS. Gene transfer of virally
encoded chemokine antagonists vMIP-II
and MC148 prolongs cardiac allograft
survival and inhibits donor-specific
immunity. Gene Ther 2000; 7: 575.
Bergin DA, Hurley K, McElvaney NG,
Reeves EP. Alpha-1 antitrypsin: a potent
anti-inflammatory and potential novel
therapeutic ~ agent.  Arch  Immunol
TherExp (Warsz) 2012; 60: 81.

Wang Y, Yan HJ, Zhou SY, et al. The
immunoregulation effect of alpha 1-
antitrypsin  prolong Dbeta-cell survival
after transplantation. PLoS One 2014; 9:
€94548.

Hadzic R, Nita I, Tassidis H, Riesbeck

K, Wingren AG, Janciauskiene S.
Alphal-antitrypsin inhibits Moraxella
catarrhalis MID protein-induced

tonsillar B cell proliferation and IL-6
release. Immunol Lett 2006; 102: 141.
Jeannin P,  Lecoanet-Henchoz S,
Delneste Y, Gauchat JF, Bonnefoy JY.
Alpha-1 antitrypsin up-regulates human
B cell differentiation selectively into IgE-
and 1gG4- secreting cells. Eur J Immunol
1998; 28: 1815.

Bergin DA, Reeves EP, Meleady P, et al.
Alpha-1 antitrypsin regulates human
neutrophil  chemotaxis induced by
soluble immune complexes and IL-8. |
Clin Invest 2010; 120: 4236.

Lewis EC, Shapiro L, Bowers O],
Dinarello CA. Alphal-antitrypsin
monotherapy prolongs islet allograft
survival in mice. Proc Natl Acad Sci
USA 2005; 102: 12153.

. Tilg H, Vannier E, Vachino G, Dinarello

CA, Mier JW. Antiinflammatory
properties of hepatic acute phase
proteins:  preferential  induction  of
interleukin 1 (IL-1) receptor antagonist
over IL-1 beta synthesis by human
peripheral blood mononuclear cells. |
Exp Med 1993; 178: 1629.

Koulmanda M, Bhasin M, Hoffman L,
et al. Curative and beta cell regenerative
effects of alphal-antitrypsin treatment
in autoimmune diabetic NOD mice.
Proc Natl Acad Sci USA 2008; 105:
16242.

317



