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INTRODUCTION
Current treatment of type 1 diabetes in-

cludes exogenous insulin injections to
maintain normal blood glucose levels.
However, patients endure uncontrolled
glucose spikes, as well as sporadic hyper-
glycemia, the risk of hypoglycemia and
long-term complications associated with
diabetes (1). Pancreatic islet transplanta-
tion has been evaluated as a procedure
that could enable patients to regain phys-
iological glucose control, yet the im-
munosuppressive protocol that accompa-

nies this procedure excludes diabetogenic
corticosteroids, resulting in the exposure
of grafted cells to an unopposed inflam-
matory environment (2). Similar to the
process of islet injury during transplanta-
tion, the autoimmune response that is di-
rected toward islets in a type 1 diabetic
individual appears to overlap with sev-
eral immune processes that occur during
allograft rejection, with recently establish
limited responses to T cell–directed clini-
cal therapies (3). The concept by which
inflammation serves as the backbone for

both alloimmune and autoimmune re-
sponses is recently emerging as highly
valid (4–10). Thus, there is increasing mo-
tivation to identify an islet-protective an-
tiinflammatory immune-modulating
agent that is safe for use.

Islets are particularly prone to injury
during inflammatory conditions, re-
sponding most profoundly to interleukin
(IL)-1β (11–13). As can be deduced from
transplantation of human and animal
islets, injured islets are a source of
macrophage chemokines, particularly
when inflamed (14–16). These antigen-
 independent, inflammation-dependent
activities precede, as well as determine,
the degree of subsequent antigen-specific
immune responses.
α-1-Antitrypsin (AAT), the primary

protease inhibitor in our circulation, rises
during acute-phase responses and pos-
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sesses antiinflammatory properties (17).
For example, AAT increases production
of IL-10 and decreases production of IL-6
(18), blocks infiltration of neutrophils and
macrophages (19) and reduces nuclear
factor (NF)-κB translocation to the nu-
cleus (20). AAT blocks lipopolysaccharide
(LPS) responses in human cells (21,22),
blocks neutrophil migration and directly
binds to IL-8 in lipid rafts (23,24). AAT
has been shown to benefit disease param-
eters and animal models in rheumatoid
arthritis (25), multiple sclerosis (26), sys-
temic lupus erythematosus (8,27), ulcera-
tive colitis (6,7,28) and type 1 diabetes
(18,19,29–33), and its deficiency appears
to be associated with several autoim-
mune diseases and their complications
(6–8,34). Not unexpectedly, nonobese dia-
betic (NOD) mice have been reported to
have 50% less circulating AAT than other
strains (35). In addition, cultured islets
display superior function in the presence
of AAT (36,37). We recently reported that
plasma-derived human α-1-antitrypsin
(hAAT) facilitates antigen-specific im-
mune tolerance to islet allografts, accom-
panied by inhibition of dendritic cell mat-
uration and reduction in expression of
costimulatory molecules, as well as by
graft-site accumulation of T-regulatory
(Treg) cells and local expression of the
IL-1 receptor antagonist (IL-1Ra) (38). In
diabetic individuals and in experimental
diabetes, circulating AAT is inactivated
by time- and concentration-dependent
hyperglycation (39–42).

Irrespective of diabetes research, clini-
cal-grade, plasma-derived affinity-
 purified hAAT is injected into patients
with varying degrees of genetic defi-
ciency in AAT, and prolonged adminis-
tration has been proven safe (43–46). Yet,
the mechanism of action of AAT is un-
known, and the involvement of protease
inhibition by AAT has not been estab-
lished as the exclusive means of immune
modulation and islet protection. Notably,
there are experimental limitations to clin-
ical-grade hAAT; purified from pooled-
plasma, hAAT is rigorously processed to
remove infectious contaminants (47).
Also, depending on the manufacturer, the

preparation is reported to contain plasma
impurities such as antithrombin III,
α1-lipoprotein and immunoglobulin A
(47), all carried into the experimental
system together with the injected (in
vivo) or added (in vitro) material. Finally,
the preparation consists of a diverse mix-
ture of >120 human hAAT isoforms.

By using a plasmid construct that con-
tains the genomic sequence of hAAT,
rather than a cDNA-based expression
segment, Stoll et al. (48) achieved sus-
tained circulating levels of hAAT in mice.
In the present study, we use this ap-
proach to replace exogenous hAAT with
gene-based hAAT therapy and examine
the ability of circulating single-isoform
gene-delivered hAAT to protect islet allo-
grafts from acute rejection. The platform
established here allows future research to
focus on long-term whole animal studies
with mutated hAAT to advance the un-
derstanding of the mechanisms that
allow the molecule to protect islets from
immune-mediated destruction.

MATERIALS AND METHODS

Mice
Islet allograft recipients were 6- to 7-

wk-old female mice, heterozygote to the
human AAT gene expressed under the
control of surfactant promoter (back-
ground strain C57BL/6, H-2b) (38,49),
achieved by crossbreeding with wild-type
C57BL/6 mice (The Jackson Laboratory,
Bar Harbor, ME, USA) or foxp3–green flu-
orescent protein (GFP) knock-in mice (38)
of the same background strain (a gift from
TB Strom, Beth Israel Deaconess Medical
Center, Boston, MA, USA). Circulating
levels of hAAT in heterozygote mice were
below detection, as determined by
 enzyme-linked immunosorbent assay
(ELISA) (sensitivity 4 ng/mL; Immunol-
ogy Consultants Laboratory, Newberg,
OR, USA). Islet allograft donors were 6- to
7-wk-old female wild-type BALB/C
(H-2d) and DBA/2J (H-2d) mice (The Jack-
son Laboratory). Experiments were ap-
proved by the Ben-Gurion University of
the Negev Animal Care and Use Commit-
tee (permit number IL-06-02-2010).

Plasmid Constructs
The 28-kb pEF-hAAT plasmid (a gift

from MP Calos, Stanford University
School of Medicine, Stanford, CA, USA)
was constructed as described (48). A plas-
mid construct containing a truncated
 nonexpressing form of the human α-1-
anti trypsin gene (pEF-Δ-hAAT) was gener-
ated to serve as a control for the native
human α-1- antitrypsin gene–expressing
plasmid. Briefly, a 6.5-kb EcoRV-BstBI
fragment was removed from the pEF-
hAAT plasmid. The remaining 21.5-kb
fragment 5′-overhangs were converted
into blunt ends using a DNA polymerase I
large klenow fragment (New England Bio-
Labs, Hitchin, UK) and then ligated using
T4 DNA ligase (New England BioLabs).
Negative hAAT expression was verified
by specific ELISA (sensitivity 4 ng/mL;
Immunology Consultants Laboratory).

In Vivo hAAT Gene Delivery
Delivery of the 28-kb pEF-hAAT con-

struct was carried out as described (48).
Briefly, 100 μg pEF-hAAT plasmid DNA
was introduced by hydrodynamic (HD)
tail-vein injection over a period of 6–9 s in
a volume of 1.8 mL PBS (Biological Indus-
tries, Beit Haemek, Israel). Circulating lev-
els of hAAT from periodically obtained
tail serum samples were determined by
ELISA (sensitivity 4 ng/mL; Immunology
Consultants Laboratory). Control animals
were either noninjected or introduced by
HD tail-vein injection with 1.8 mL PBS
alone or PBS containing 100 μg pEF-Δ-
hAAT. Mice were allowed 12–17 d to re-
cover before further experimentation.

Tissue Lysate Analysis
Liver tissue was homogenized in a ra-

dioimmunoprecipitation assay (RIPA)
lysis buffer containing 10 mmol/L Tris,
pH 8.0, 100 mmol/L NaCl, 5 mmol/L
EGTA, 0.1% sodium dodecyl sulfate, 1%
NP-40, 45 mmol/L β-mercaptoethanol
and 50 mmol/L NaF (all from Sigma-
Aldrich, Rehovot, Israel). Protease in-
hibitor cocktail set III (Calbiochem, Bee-
ston, UK) was added immediately before
tissue lysis. Protein concentrations were
determined using a Bio-Rad protein assay
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(Bio-Rad, Hercules, CA, USA). Aliquots
of 100 μg protein were separated on 10%
sodium dodecyl sulfate–polyacrylamide
gel electrophoresis (SDS-PAGE) and blot-
ted onto a polyvinylidene fluoride mem-
brane (Bio-Rad). Human AAT was de-
tected using anti–human AAT antibody
(Fitzgerald Industries International,
Acton, MA, USA). For detection of pri-
mary antibodies, blots were incubated
with horseradish peroxidase conjugated
to antirabbit antibodies (Amersham Phar-
macia, London, UK). Immobilized anti-
bodies were detected by an enhanced
chemiluminescence (ECL) reagent (Amer-
sham Pharmacia). Protein size and speci-
ficity were compared with hAAT from
affinity-purified pooled human plasma
(Aralast™; Baxter, Westlake Village, CA,
USA).

Islet Allograft Transplantation
Islet transplantation was performed as

described (19). Briefly, heterozygote
hAAT transgenic (Tg) mice were ren-
dered diabetic by a single injection of
streptozotocin (225 mg/kg i.p.; Sigma-
Aldrich). Donor islets were isolated and
grafted under the renal capsule as de-
scribed (19). Islet allograft rejection was
defined as the day blood glucose levels
exceeded 300 mg/dL after a period of at
least 3 d of normoglycemia.

Immunohistochemistry
Tissues were fixed in 10% neutral-

buffered formalin. Histological sections of
paraffin-embedded sections were stained
with di aminido phenyl indol (DAPI)
(Sigma-Aldrich) and hematoxylin and
eosin as well as with specific antibodies:
hAAT was stained using polyclonal rab-
bit anti–human AAT (Fitzgerald) and CY-
3-conjugated goat anti–rabbit IgG (Jack-
son ImmunoResearch, West Grove, PA,
USA), mouse insulin was stained with
guinea pig anti–swine insulin antibody
(Dako, Glostrup, Denmark), and CY-3-
 conjugated donkey anti–guinea pig IgG
(Jackson ImmunoResearch) and Foxp3
were stained with Alexa Fluor® 488
anti–mouse foxp3 antibody (BioLegend,
San Diego, CA, USA).

Assessment of Explanted Renal
Allografts

Grafts were harvested by left nephrec-
tomy as described (38). Upon graft ex-
plantation, tissue was maintained on ice
and islet graft sites were identified
macroscopically on the surface of the
kidneys. For histology, samples were
fixed in 10% formalin (Sigma-Aldrich).
For reverse transcriptase–polymerase
chain reaction (RT-PCR), the region con-
taining the graft was removed with a
number 11 blade and immediately trans-
ferred to liquid nitrogen. An equivalent
size of tissue was removed from the op-
posite renal pole to control for back-
ground gene expression.

RT-PCR
Total RNA was extracted using a Per-

fectPure RNA Tissue Kit (5 PRIME,
Gaithersburg, MD, USA), and reverse
transcription followed using a Verso
cDNA kit (Thermo Scientific, Horsham,
West Sussext, UK). Primer sequences:
mouse β-actin: forward 5′-GGTCTCAAA-
C ATGATCTGGG-3′, reverse 5′ GGGTC
AGAAGGATTC CTATG-3′; IL-1β: forward
5′-CTCCA TGAGCTTTGTACAAGG-3′, re-
verse 5′-TGCTGATGTACCAGT TGGGG-3′;
IL-1 receptor antagonist: forward 5′-
GACCC TGCAAGATGCAAGCC-3′, re-
verse 5′-GAGCGGATGAAGGTA
AAGCG-3′; IL-18 binding protein: forward
5′-CCCAC CCTACGAAGTACCAA-3′, re-
verse 5′-CTGGTCAAGGTCATGGTGTG-3′;
inducible nitric oxide synthase (iNOS):
forward 5′-CCAACCGGAGAAGGG
GACGA ACT-3′, reverse 5′-GGAGG
GTGGT GCGGC TGGAC 3′; monocyte
chemoattractant protein (MCP)-1: forward
5′-CTCAC CTGCT GC TACTCATTC-3′,
 reverse 5′-GCTTGAGGTGGTTGT
GGAAAA-3′; and tumor necrosis factor
(TNF)-α: forward 5′-CCTGAGTTCT
GCAAAGGGAG-3′, reverse 5′-AGCAA
AAGAGGAGGC AACAA-3′.

Every sample was amplified by at least
two different numbers of cycles to ensure
that amplification was in the exponential
phase of the PCR. Gene expression pro-
file was analyzed by densitometry using
National Institutes of Health ImageJ soft-

ware (http://rsbweb.nih.gov/ij) and
normalized to β-actin. The results are
presented as means ± standard error of
the mean (SEM).

Skin-Tissue Allografts and Spleen Treg
Analysis

hAAT-Tg × foxp3-GFP knock-in het-
erozygote mice were implanted in-
traperitoneally with a single sterile piece
of 0.5 cm2 freshly prepared skin tissue,
derived from vessel-poor abdominal
midline sections of allogeneic donor mice
and cleaned from the hypodermis. On
day 7 after transplantation, spleens were
removed. Erythrocytes were removed
from total splenocytes using red blood
cell (RBC) lysis buffer (PharM Lyse™;
BD Biosciences Pharmingen, San Diego,
CA, USA). Total splenocytes from all
treatment groups were counted to deter-
mine population size and viability
(Countess® automated cell counter; Invit-
rogen, Carlsbad, CA, USA). After wash-
ing with a fluorescence-activated cell
sorter (FACS) buffer (PBS containing 2%
bovine serum albumin, 0.1% sodium
azide and 0.1% EDTA, pH 7.4), spleno-
cytes (1 × 106 cells per sample) were ei-
ther stained with allophycocyanin (APC)-
conjugated anti–mouse CD4 (BioLegend)
or underwent magnetic bead enrichment
for CD4- positive T cells (EasySep®; Stem-
Cell Technologies, BC, Canada). GFP-
positive cells from CD4-positive spleno-
cytes were analyzed by FACS (3 × 105

cells per sample, Cytomics FC 500; Beck-
man Coulter, Brea, CA, USA). Data were
analyzed by FlowJo software (Tree Star,
Ashland, Oregon, USA).

RAW 264.7 Stimulation Assay
RAW 264.7 cells (ATCC) were seeded

in a 24-well plate (2.5 × 105 cells per well)
in RPMI 1640 medium (Biological Indus-
tries) containing 2% fetal calf serum and
supplemented with 50 U/mL penicillin
and 50 μg/mL streptomycin (Biological
Industries). Cells were stimulated with
LPS (1 ng/mL; Sigma-Aldrich), with or
without one-third volume of serum col-
lected from mice, introduced by HD tail-
vein injection with either PBS or pEF-
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hAAT 48 h earlier. For negative control,
wild-type mouse serum was used (control
[CT]), and for positive control, hAAT was
added (Aralast™, 160 μg/mL, correspon-
ding to plasmid-derived hAAT  levels in
the positive sera). Cell culture super-
natants were collected 24 h later and ana-
lyzed for IL-6, MCP-1, TNFα and the 
C-X-C motif ligand 1 keratinocyte-derived
chemokine (KC) levels using Q-Plex
mouse cytokines chemiluminescence-
based ELISA (Quansys Biosciences,
Logan, UT, USA) and Q-View imager
(Quansys Biosciences). Each cytokine 
was quantified by densitometry using 
Quansys Q-View software (Quansys Bio-
sciences). Supernatant IL-1Ra levels were
evaluated by specific DouSet ELISA (R&D
Systems, Minneapolis, MN, USA).

Peritoneal Cell Population Analysis
Mice were anesthetized by isoflurane

inhalation and injected intraperitoneally
with cold PBS (8 mL). Peritoneal fluid
was recovered, and erythrocytes were
lysed by RBC lysis buffer for 10 min at
room temperature. After being washed
with FACS buffer, peritoneal cells (1 × 106

cells per sample) were stained with 
R-phycoerythrin (PE)-conjugated
anti–mouse CD4O antigen, APC
anti–mouse major histocompatibility
complex class II (MHCII) and FITC
anti–mouse CD11b (all from BioLegend).
Isotype control antibodies were used ac-
cording to the manufacturer’s recom-
mendations. CD40 and MHCII-positive
peritoneal cells (3 × 105 cells per sample)
were analyzed using an FACS Canto
flow cytometer (BD Biosciences Pharmin-
gen). Data were analyzed by FlowJo soft-
ware. Fluorescent intensity below 103

was defined negative as obtained from
unstained samples and isotype controls
(not shown). Fluorescent intensity in the
range of 104 to 105 was defined as high.
The cell size of CD11b-positive cells was
determined by forward scatter analysis
with gating on CD11b cells.

Statistical Analysis
In the bar graphs, results are expressed

as the mean ± SEM. The significance of

differences between groups was deter-
mined by a two-tailed Wilcoxon t test.
Means were considered statistically dif-
ferent at P < 0.05.

All supplementary materials are available
online at www.molmed.org.

RESULTS

Production of Circulating hAAT in
Mice Protects Islet Allografts from
Acute Rejection and Promotes Treg
Recruitment to Grafts

As we previously described (38), trans-
genic mice that carry a single copy of
foxp3 promoter–driven GFP and a single
copy of surfactant promoter–driven
hAAT exhibit green fluorescent–positive
foxp3-expressing Treg cells and circulat-
ing hAAT that is below detection (38).
These strains were necessary to avoid
mouse-to-human antibody production.
Here, the animals were introduced pEF-
hAAT or PBS by a single HD tail-vein
injection. Expression of plasmid-derived
hAAT in liver cells was confirmed by
RT-PCR, Western blot analysis and im-
munohistochemistry (Figure 1). As
shown, hepatocytes from mice that re-
ceived pEF-hAAT by HD tail-vein injec-
tion expressed hAAT mRNA transcripts
and produced hAAT, whereas mice that
received PBS by HD tail-vein injection
lacked hAAT expression. The anti-hAAT
antibody detected a product of two
sizes, one equivalent to Aralast™ and
the other depicted a lower molecular
size, reported elsewhere to be the result
of posttranslational modifications
(50–52).

As soon as 1 d after HD tail-vein injec-
tion of pEF-hAAT, circulating levels of
hAAT reached approximately 450
μg/mL. In 5 of 11 mice, these levels per-
sisted for the >40 d of follow-up, accord-
ing to periodic serum sample analysis
using ELISA specific for hAAT. In 6 of 11
mice, hAAT levels were in the range of
171–350 μg/mL and persisted for the
>110 d of follow-up (Figure 2A, represen-
tative follow-up, black dashed line, rep-
resenting hAAT levels). These pEF-

hAAT–derived circulating hAAT levels
are comparable with those obtained by
injections of  clinical-grade hAAT at 1 d
after injection; however, clinical-grade
hAAT-derived circulating levels are short
lived and drop to 7.8 ± 2 μg/mL on
day 4 after injection, requiring multiple
injections (not shown). To assess islet
graft survival in hAAT-expressing ani-
mals, mice were allowed to recover for
12 d after HD tail-vein injection and
were then rendered diabetic by a single
streptozotocin injection. Five days later,
hyperglycemic injected animals were
transplanted with 450 allogeneic islets
and glucose follow-up was preformed.
As shown in Figures 2A and B, mice that
were introduced with either PBS (PBS,
n = 11) or a truncated nonexpressing con-
struct of the human α-1-antitrypsin gene
(pEF-Δ-hAAT, n = 6) by HD tail-vein in-

Figure 1. Production of hAAT in mice by
HD injection of pEF-hAAT. Expression of
hAAT in mouse liver: Heterozygote hAAT
transgenic mice were administered either
PBS (HD-PBS, n = 3) or pEF-hAAT (HD-pEF-
hAAT, 100 μg, n = 3) via HD tail-vein injec-
tion (1.8 mL/6 s). (A) Twenty-four hours
later, animals were sacrificed and liver
samples were examined for hAAT expres-
sion by RT-PCR of extracted liver RNA using
primers specific for hAAT (top). Western
blot analysis of extracted liver protein
using an anti-hAAT antibody is shown (bot-
tom). Protein size and specificity are com-
pared to clinical-grade hAAT (Aralast™).
(B) Immunohistochemistry (blue, nuclear
DAPI stain; red, hAAT antibody).
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jection rejected islet allografts at a com-
parable rate to untreated transplanted
mice (CT, n = 20). In contrast, normo-
glycemia persisted for over 100 d in mice
that displayed circulating hAAT (Figure
2A, representative mouse; Figure 2B, n =
11, P < 0.0001 between pEF-hAAT–in-
jected animals and the CT group and P <
0.001 between pEF-hAAT and PBS or
pEF-Δ-hAAT–injected  animals). One
mouse out of the pEF-hAAT– treated
group exhibited graft failure on day 28
after transplantation  (Figure 2B).

Grafts were removed for inspection
after graft acceptance was established
(Figure 2C). Insulin staining confirmed
the presence of viable islets, and hema-
toxylin and eosin staining revealed the
presence of a noninvasive mononuclear
cell “cuff,” similar to the observation de-

scribed using exogenous hAAT injections
(38) and other tolerogenic approaches
(53). To identify foxp3-positive Treg cells,
anti–mouse foxp3 staining was per-
formed. As shown in Figure 2C (bottom),
a scattered appearance of Treg cells is de-
tected within the noninvading mononu-
clear cell population, comparable to the
findings observed using exogenous
hAAT during islet allograft transplanta-
tion in mice (38). By contrast, mice that
were introduced with PBS by HD tail-
vein injection, depicted islet allograft re-
jection as evidenced by the low residual
insulin staining, and foxp3-positive Treg
cells were infrequent or absent (Supple-
mentary Figure 1, PBS). To facilitate com-
parison, the original Figure 2C pEF-
hAAT immunofluorescent panel is
presented adjacent to PBS.

Cytokine Expression Profile in Islet
Allografts

RT-PCR was performed on explanted
tissue to study the inflammatory and an-
tiinflammatory-related gene expression
profile in the allografts (Figure 3). Renal
tissue from the pole opposite to the
transplantation site was used for back-
ground tissue gene expression. Grafts
from day 2 after transplantation in mice
that were introduced PBS by HD tail-
vein injection were used to represent an
inflammatory graft environment (PBS);
these were compared with grafts from
day 60 to 110 after transplantation in
mice that were introduced pEF-hAAT by
HD tail-vein injection (pEF-hAAT), rep-
resenting the end-point inflammatory
profile of islet grafts in the presence of
hAAT. Importantly, graft-derived MCP-1

Figure 2. Circulating pEF-hAAT–derived hAAT protects islet allografts from acute rejection. Healthy heterozygote hAAT transgenic mice
were either non-HD tail-vein–injected animals (CT , n = 20) or administered PBS (n = 11), pEF-hAAT (n = 11) or a truncated modified plas-
mid pEF-Δ-hAAT (n = 6) via HD tail-vein injection, rendered diabetic by a single streptozotocin (STZ) injection and then grafted with allo-
geneic islets. (A) Representative follow-up of blood glucose and circulating hAAT levels. pEF-hAAT, pEF-Δ-hAAT and PBS administration (in-
dicated by HD injection arrowhead []) was followed by STZ injection (indicated by STZ arrowhead []) before transplantation of
allogeneic islets (day 0, indicated by an up arrow [↑]). hAAT levels are indicated by the black dashed line. Blood glucose levels were as-
sessed periodically in pEF-hAAT (black solid line), pEF-Δ-hAAT (gray dashed line) and PBS (gray solid line) groups. Nephrectomy, removal of
the graft-containing kidney. (B) Graft survival curve. The day of islet graft failure is defined as the time after transplantation in which blood
glucose levels exceed 300 mg/dL. CT, islet graft recipient mice that were not HD tail-vein injected. (C) Graft histology. Accepted allografts
were removed from mice for staining (30–100 d; representative stain of a 72-d graft explant). Graft, islets, noninvasive “cuff” and Treg cells
are indicated. Red, insulin staining; blue, DAPI nuclear staining; green, foxp3 Treg cells inside the noninvasive mononuclear “cuff.”



R E S E A R C H  A R T I C L E

M O L  M E D  1 7 ( 9 - 1 0 ) 1 0 0 0 - 1 0 1 1 ,  S E P T E M B E R - O C T O B E R  2 0 1 1  |  S H A H A F E T  A L .  |  1 0 0 5

was evaluated in light of its reported cor-
relation with poor allograft prognosis in
human islet transplantation (14–16,54).
As shown, expression of MCP-1 reached
as low as background values in mice that
had positive circulating levels of pEF-
hAAT–derived hAAT and was 2.7 ± 0.43-
fold lower compared with PBS-treated
mice (P = 0.0156). A similar trend was
found in the levels of TNFα and iNOS 
(P = 0.0488 and P = 0.0313, respectively).
IL-1β expression responded to circulating
hAAT by a significant reduction of 1.8 ±
0.35-fold compared with PBS-treated
mice (P = 0.0391), whereas the expression
of the antiinflammatory IL-1Ra was ele-
vated by 1.52 ± 0.6 compared with PBS-
treated mice (P = 0.0313). IL-18BP expres-
sion levels were increased 1.45 ± 0.21-fold
compared with PBS-treated animals (P =
0.0313).

Circulating pEF-hAAT–Derived hAAT
Modifies the Posttransplantation foxp3
Treg Cell Population

We sought to examine the effect of
hAAT on the Treg cells under inflamma-
tory conditions in vivo. Skin-tissue grafts
were used to evoke a strong immune re-
sponse. Foxp3-GFP knock-in transgenic
mice were used as recipients, since they
allow the detection of graft-evoked GFP-
positive Treg cells within the CD4-
 positive lymphocytic spleen population
by FACS analysis (Figure 4). Specifically,
mice were introduced pEF-hAAT or PBS
by HD tail-vein injection (n = 6 per treat-
ment) 4 d before intraperitoneal skin-
 tissue transplantation (skin-tissue graft).
Mice that were not grafted with skin-
 tissue (CT and pEF-hAAT HD tail-
vein–injected mice, n = 6 per group) were
used to determine background Treg cell

population size in each group. Circulating
hAAT level at the time of transplantation
was 0.5 ± 0.1 mg/mL (mean ± SEM). On
day 7 after transplantation, total spleno-
cyte count from control and treated mice
depicted comparable population size and
viability. CD4-positive cell population and
foxp3-GFP–positive cell population were

Figure 3. Cytokine expression profile in explanted islet allografts. Mice were grafted with
allogeneic islets and graft mRNA expression levels were assessed. Renal tissue (CT, n = 8)
was obtained from the opposite pole to islet grafts of non-HD tail-vein–injected animals,
to represent background gene expression levels. Graft tissue: PBS (n = 8, PBS administered
by HD tail-vein injection, islets grafted 17 d later and grafts explanted at 48 h); pEF-hAAT
(n = 8, pEF-hAAT administered by HD tail-vein injection, islets grafted 17 d later and grafts
explanted 30–100 d later). The results are presented as arbitrary units (AU) of mean ± SEM
normalized to β-actin mRNA expression; *P < 0.05.

Figure 4. Circulating pEF-hAAT–derived
hAAT modifies posttransplantation foxp3
Treg cell population. (A) Mice were
grafted intraperitoneally with allogeneic
skin tissue, and splenic Treg cell popula-
tion size was assessed 7 d after transplan-
tation. Control (nontransplanted mice):
CT, background Treg cell population size
in mice that were not injected by HD tail-
vein injection (n = 6); pEF-hAAT, Treg cell
population size from mice that were HD
tail-vein injected with pEF-hAAT (n = 6).
Transplantation (skin-tissue graft): PBS, allo-
geneic skin-tissue transplantation into
mice that were HD tail-vein injected with
PBS (n = 6). pEF-hAAT, allogeneic skin-tissue
transplantation into mice that were HD
tail-vein injected with pEF-hAAT (n = 6).
Treg cell population size was assessed by
FACS after CD4-positive T-cell enrichment.
Mean ± SEM; *P < 0.05. (B) Representative
FACS analysis images (y axis: forward scat-
ter [FSC]; x axis: Foxp3-GFP).
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assessed out of total spleen (Supplemen-
tary Figures 2Aa and B). The expression
of CD4 was in the range of 19.1–19.4% for
all treatment groups (Supplementary Fig-
ure 2A), whereas the expression of foxp3-
GFP out of total splenocytes varied in the
low range of 1.4–2.27% between treatment
groups (Supplementary Figure 2B). To
better depict changes in foxp3-GFP ex-
pression, splenocytes were enriched for
CD4- positive cells. Subsequently, GFP-
positive cells out of CD4-enriched cells
were identified by FACS analysis. As
shown, skin-tissue grafted mice that were
introduced with PBS exhibited 4.5 ± 0.7%
foxp3-positive cells, whereas mice that
were introduced pEF-hAAT exhibited 
7.5 ± 0.6% cells, a 1.67-fold increase in
Treg cell population size (P = 0.0469) (Fig-
ure 4A). Representative scatter images are
shown (Figure 4B).

Macrophages and Peritoneal Cell
Population Exhibit an
Antiinflammatory Response Profile in
the Presence of Circulating pEF-
hAAT–Derived hAAT

It was important that we demonstrate
the antiinflammatory function of circu-
lating hAAT. The ability of serum col-
lected from mice that were introduced to
either pEF-hAAT or PBS to reduce the in-
flammatory response of macrophages
was examined using stimulated RAW
264.7 cells (Figure 5A). The cells were
added sera obtained from untreated
mice, sera from untreated mice supple-
mented with clinical-grade hAAT 
(160 μg/mL) or sera from mice that were
introduced PBS/pEF-hAAT by HD tail-
vein injection, all at a 1-to-3 dilution ratio
inside culture media. Cells were then
stimulated with LPS for 48 h. Culture su-
pernatants were collected, and cytokine
levels were analyzed. As shown, stimula-
tion by LPS evoked the secretion of the
proinflammatory cytokines and chemo -
kines IL-6, TNFα, KC and MCP-1. To a
lesser extent, LPS also evoked IL-1Ra re-
lease. Proinflammatory cytokine secretion
was significantly reduced by both exoge-
nous hAAT and pEF-hAAT–derived
hAAT, but not by sera from mice that

were administered PBS. Between PBS-
 introduced animals and pEF-hAAT–
 introduced animals (Figure 5A, two far

right bars), IL-6 was reduced by 45.7 ±
1.3% (mean ± SEM, P = 0.0156); MCP-1
by 60.1 ± 1.8% (P = 0.0078) and TNFα by

Figure 5. Macrophages exhibit an antiinflammatory response and a reduced maturation
profile in the presence of circulating pEF-hAAT–derived hAAT. (A) RAW 264.7 cells were stim-
ulated with LPS (1 ng/mL) in the presence of mouse serum (33% volume) from the following
sources: nonstimulated and CT (serum from noninjected mice, n = 8); serum + hAAT (serum
from noninjected mice plus 160 μg/mL hAAT, n = 8); serum pEF-hAAT (serum from plasmid-
 injected mice expressing 500 μg/mL hAAT, n = 8); and serum PBS (serum from PBS-injected
mice, n = 8). The 48-h supernatant cytokine levels were analyzed. (B) Surface levels of CD40
and MHCII in peritoneal cell populations directly obtained from islet-grafted mice. The peri-
toneal cell population (1 × 106 cells per sample) from CT nongrafted mice (black dashed
line, n = 6) or islet-grafted mice that were administered PBS (gray solid line, n = 6) or pEF-
hAAT (thick black solid line, n = 6) via HD tail-vein injection was assessed for the expression
of CD40 (upper panels) and MHCII (lower panels) in total cells (left) and CD11bHI peritoneal
cells (middle) by FACS (representative images are shown). Bar graphs depict events from
CD11bHI peritoneal cells, presented as fold from CT. Mean ± SEM; *P < 0.05, **P < 0.01.
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33.3 ± 1.9% (P = 0.0078). In contrast, IL-
1Ra was elevated by 74 ± 3.6% in the
presence of sera from pEF-hAAT– intro-
duced mice compared with sera from
PBS-introduced mice (P = 0.0078). Analy-
sis of sera before introduction to wells re-
vealed minute levels of inflammatory cy-
tokines with insignificant changes
between treatments (IL-1β <40 pg/mL,
IL-6 <20 pg/mL, IL-10 <2 pg/mL, 
MCP-1 <1 ng/mL and KC <30 pg/mL).
However, hAAT-positive sera contained
elevated IL-1Ra levels (137.8 ± 30 ng/mL
control sera, 434.4 ± 72 ng/mL hAAT-
positive sera, mean ± SEM, P = 0.0234).

Antiinflammatory function of circu-
lating pEF-hAAT–derived hAAT was as-
sessed in islet-grafted mice in vivo. Islet-
grafted mice that were introduced PBS
or pEF-hAAT by HD tail-vein injection
at day 30 after transplantation were
used to assess the expression of CD40
and MHCII in the peritoneal cell popu-
lation by flow cytometry. These mice
were compared with nongrafted mice
(CT), representing the steady-state ex-
pression profile of CD40 and MHCII in
peritoneal cells. At the time of peri-
toneal lavage on day 30, PBS-treated
islet-grafted mice exhibited hyperglyce-
mia, indicating islet graft failure. As
shown in Figure 5B, pEF-hAAT–treated
islet-grafted mice exhibit an expression
profile of total CD40 and MHCII that
was similar to nongrafted mice (CT) and
significantly reduced compared with
PBS-treated islet-grafted mice (Figure
5B, left upper and lower panels, repre-
sentative images and Supplementary
Figure 3, pooled results, P = 0.0313).
Similarly, CD11b-positive peritoneal
cells from pEF-hAAT–treated mice dis-
played significantly reduced surface
levels of both CD40 and MHCII com-
pared with PBS-treated islet grafted
mice (P = 0.0313). However, the expres-
sion of MHCII in this cell population
was not significantly altered in both
PBS-treated islet grafted mice and con-
trol nongrafted mice (CT) (Figure 5B,
middle upper and right lower panels,
representative images, and their corre-
sponding bar graphs).

DISCUSSION
Despite the discouraging 5-year out-

comes of human islet transplants, multi-
international collaboration groups have
made tremendous progress in various as-
pects of islet transplantation (reviewed
in 2). The ongoing developments include
improvements in islet-isolation tech-
niques, advances in pretransplant islet
culture conditions and progress toward
single-donor transplants.

AAT has been administered to AAT-
deficient patients for three decades; the
low plasma levels of AAT are augmented
by lifelong weekly injections of affinity-
purified hAAT, reaching 4- to 6-fold
higher circulating levels than normal.
Consistent with its role as an antiinflam-
matory agent, AAT augmentation ther-
apy was reported to reduce the inci-
dences of pneumonia and lung cancer in
treated individuals (43–46). Recently, var-
ious studies suggested that AAT pos-
sesses qualities that are favorable for islet
graft survival (30,33,35,55–58). In particu-
lar, our group studied the protective at-
tributes of AAT in the context of islet al-
lograft survival using repeated injections
of clinical-grade hAAT in mice (18,38).

An increasing amount of evidence
points at an association between α-1-
 antitrypsin deficiency or its impaired ac-
tivity and a variety of immune disorders
with an inflammatory component, such
as rheumatoid arthritis (25), multiple
sclerosis (26), systemic lupus erythe-
matosus (8,27), ulcerative colitis (6,7,28)
and diabetes mellitus (29–33,59,60). The
study of hAAT in animal models for pro-
longed periods of time is essential to elu-
cidate the underlying mechanisms for
the protective effect of α-1-antitrypsin in
these immune disorders and its possible
clinical implication. However, the use of
exogenous hAAT in animal models im-
poses substantial limitation in prolonged
experimental setups. For example, ad-
verse effects were reported when admin-
istering multiple injections of hAAT to
animals, including induction of inflam-
mation at the site of administration (35)
and induction of a humoral response
against the human protein (35). Human

AAT is cleared twice as rapidly in mice
and therefore requires more frequent in-
jections (61). Lastly, the presence of other
plasma proteins and chemical impurities
in clinical-grade preparations of human
AAT that are carried into the experimen-
tal system together with the injected (in
vivo) or added (in vitro) material require
revisiting with a gene-derived product to
confirm outcomes. In light of the well-
recognized genetic AAT deficiency in
 humans, AAT is considered a primary
candidate for gene therapy (62). Hydro-
dynamic-based transfection of nonaden-
oviral naked DNA allows long-term ex-
pression of the transgene without
evoking host immune responses (48,63).
pEF-hAAT is a 28-kb plasmid that holds
the entire human α-1-antitrypsin se-
quence, including exons and introns, and
the ability to self-replicate without inte-
grating into the genome (48). The plas-
mid also holds an Epstein Barr viral
backbone that provides affinity for hepa-
tocytes, the cells in which the promoter
for AAT is most active. Using pEF-hAAT,
expression of hAAT extends for the
longest period of time compared with
various cDNA-based hAAT plasmids
(48). Moreover, recent work highlighted
the potential to translate the HD delivery
method to large animals and humans
through the use of catheters to access
liver circulation (64–67).

In the present study, we show that
hAAT-expressing mice accept allogeneic
islet grafts. Accepted grafts revealed
local reduction in proinflammatory cy-
tokine and chemokine expression and an
increase in the expression of antiinflam-
matory molecules, similar to the reported
findings using repeated injections of clin-
ical-grade hAAT (38). Of particular im-
portance, the proinflammatory cytokine
IL-1β and the chemokine MCP-1 were
significantly reduced in intragraft sites of
hAAT-expressing mice. These mediators
were reported to cause islet graft failure
via antigen-independent inflammation
and correlate with poor transplant out-
come (12,68–70). Thus, the ability of
hAAT to diminish inflammatory media-
tors in the graft tissue may provide the
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basis for the diminished alloimmune re-
sponse and prolonged islet graft sur-
vival. Furthermore, a noninvasive
mononuclear cell “cuff” containing
foxp3-positive T-regulatory cells was re-
cruited, agreeing with the results ob-
tained by Lewis et al. (19) and others
(53). Within the pEF-hAAT–treated
group there was one case of graft failure.
We attribute the late failure to the devel-
opment of ascites, which appears to have
progressed gradually. According to liver
histology, which was obtained on a dif-
ferent day throughout the first month
after HD injection in related experiments,
we detected an injured liver in the imme-
diate time after injection, but a regener-
ated liver from day 14 onward (not
shown), consistent with the report by
Stoll et al. (48). The proportion of cases
with HD injection–induced ascites was
thus minimized by allowing a 17-day fol-
low-up before islet transplantation proto-
col and the exclusion of animals that ex-
hibited signs of intra-abdominal fluid
accumulation.

Graft gene expression profile was con-
siderably antiinflammatory. We com-
pared 48-h untreated graft gene expres-
sion profiles with >60-day
pEF-hAAT–treated accepted grafts. These
time points were found to be optimal to
allow the examination of inflammatory
events that govern rejection versus the
inflammatory environment of a treated
graft; untreated islet grafts did not sur-
vive until day 60, preventing time-paral-
lel inspection of longstanding accepted
treated allografts.

To specifically address the possibility
that gene-derived hAAT modifies Treg
cells under inflammatory conditions, we
examined spleen cells after graft provo-
cation in vivo in animals that were intro-
duced pEF-hAAT. Skin-tissue transplan-
tation represents a more stringent
allograft model than islet transplanta-
tion, since it contains numerous profes-
sional antigen-presenting cells with the
capacity to migrate from the graft and ef-
ficiently stimulate recipient T cells (71).
In addition, a larger number of animal
recipients is more easily achievable in a

short experimental session, minimizing
variance in outcomes. Indeed, expression
of hAAT resulted in a greater number of
Treg cells in the spleen (Figure 4) and el-
evated foxp3 transcripts in the explanted
long-lasting islet allografts (Figure 3).
The rise in Treg cell population size is
desired not only in experimental setups
but also in the clinical environment (72),
where mild changes in Treg cell popula-
tion size have been shown to partially
predict outcomes of transplants (73–75).

Macrophages are the primary cell
population that the engrafted islets en-
counter in current surgical practice and
that exert the greatest rapid damage to
islets. To examine the implications of cir-
culating plasmid-derived hAAT on
macrophage cell activation, we exposed
a murine macrophage cell line to animal
sera after pEF-hAAT introduction, in the
presence of LPS. The effect of sera from
hAAT-expressing mice on macrophage
cell stimulation revealed a blunted in-
flammatory profile that is consistent
with graft survival. The importance of
early macrophage inhibition can also be
appreciated by the requirement that
hAAT therapy cover the initial 3 days
after transplantation, as previously re-
ported by Lewis et al. (18). Here, serum
contained changes in cytokines that
evolved because of the presence of circu-
lating hAAT, consistent with findings
obtained from exogenous hAAT treat-
ments (38). However, quite notably, IL-
1Ra levels exhibited a 3.1-fold rise in the
hAAT group. The induction of IL-1Ra,
the naturally occurring endogenous in-
hibitor of IL-1, by hAAT was reported
by others in other experimental setups
(17,76), and the role of IL-1Ra in IL-1
blockade and islet protection has had a
recent surge in reports (12,77–79). These
changes may have influenced the out-
come of macrophage stimulation. If this
is indeed the case, it may be advanta-
geous to use prolonged hAAT pretreat-
ment in the context of islet transplanta-
tion, thus raising IL-1Ra levels and
aiming at preconditioning the recipient
toward an improved islet transplant
prognosis.

Peritoneal cell population from hAAT-
expressing islet-grafted mice depicted
marked reduction in surface costimula-
tory molecules CD40 and MHCII expres-
sion. The reduction in surface costimula-
tory molecule expression was more
profound in CD11b-positive peritoneal
cells. The expression of costimulatory
molecules on the surface of antigen-
 presenting cells is crucial in determining
the nature and extent of the immune re-
sponse. Elevated surface expression of
costimulatory molecules is generally
 associated with increased immune acti-
vation. The expression of the surface
markers CD11b, CD40 and MHCII is a
well-established phenotype of macro -
phages. However, recent data suggest
that using these markers for identifying
macrophages may not exclude other cell
types (80). In summary, the reduced ex-
pression of costimulatory molecules in
peritoneal cells from islet-grafted hAAT-
expressing mice suggest an overall di-
minished maturation profile.

Although AAT appears to modify the
immune response to pancreatic islet allo-
grafts, AAT does not cause immune in-
competence (43–46,81–87). In support of
this finding, two independent studies re-
port that AAT does not inhibit T-cell pro-
liferative and cytokine release responses
to IL-2, anti-CD3/CD28 or concanavalin
A (18,38). In addition, in vivo studies
demonstrate an ability for AAT treatment
to protect against TNFα- and endotoxin-
induced lethality (84), as well as to sup-
press live bacterial proliferation in two
chronic lung infection models (81,83).
Clinical studies indicate that augmenta-
tion therapy with AAT for α-1-
 antitrypsin genetically deficient patients
effectively elevates AAT levels and func-
tion in serum and lung epithelial fluid
and attenuates microbial colonization,
loss of lung tissue and function, airway
inflammation, and the frequency and
severity of acute chronic obstructive
 pulmonary disease (COPD) exacerbation
(43–46,82,85–87). In these reports, admin-
istration of AAT at doses that exceed
normal plasma values is reported to be
well tolerated and safe (44,85,86). Taken
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together, the outcomes of islet grafting in
the presence of circulating hAAT, as de-
scribed in the current study, and the
widely reported competence of the im-
mune system under these conditions,
suggest that AAT is a nontoxic agent
with a tolerogenic function.

Islet protection by AAT was success-
fully executed using gene therapy ap-
proaches in the autoimmune NOD
mouse model. For example, in the
study by Lu et al. (58), a single intra-
muscular injection of recombinant
adeno- associated virus 1 (rAAV1)-ex-
pressing hAAT resulted in prevention
of diabetes in 9 of 10 NOD mice. This
protective effect of hAAT was regarded
specific, since the treatment with
rAAV1 vector–expressing human elafin
resulted in prevention of diabetes de-
velopment in only 1 of 10 NOD mice.
However, circulating elafin levels were
considerably low (10 ng/mL). The ani-
mals responded to hAAT with a strong
humoral immune response, primarily
since the material is from a human
source, but perhaps enhanced by the
fact that they are prone to a hyperactive
immune system (88). The present study
is novel in that the mouse model used
harbors an intact immune system and
does not mount neutralizing antibodies
against the human material.

In related experiments, using animals
with low circulating pEF-hAAT–derived
hAAT (1.0 ± 0.02 μg/mL, n = 5, not
shown), we found protection of islet allo-
grafts and reduction in inflammation to
be similarly achieved. A protective effect
by clinical-grade hAAT could not be
achieved with this 500-fold lower dose.
Thus, this finding implies that clinical-
grade hAAT might contain AAT with im-
paired islet-protective activity, requiring
dose compensation. Because elastase in-
hibition by the clinical preparation is in-
tact, according to the manufacturer and
as verified by us, our findings suggest
that the islet-protective attributes of AAT
may be protease independent. Using the
molecular approach reported here, a mu-
tation of the plasmid at the elastase-bind-
ing site would allow direct examination

of the protease-independent activities of
hAAT in vivo.

In conclusion, plasmid-derived circu-
lating hAAT protects islet allografts
from acute rejection, and human
plasma impurities are unrelated to islet
protection. Consistent with the avail-
ability as augmentation therapy for ge-
netic deficiency in AAT and its favor-
able safety profile (43–46), the use of
AAT for recently diagnosed type 1 au-
toimmune diabetes is under two clinical
trials in the U.S. (NCT01319331 and
NCT01183455); yet the complete mecha-
nism behind the favorable activities of
AAT is still being investigated. Future
studies may use the approach described
here to examine the structure-function
attributes of the islet-protective activi-
ties of AAT in vivo by gene manipula-
tion of the hAAT plasmid.
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