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ABSTRACT
Lifelong weekly infusions of human a1-antitrypsin (hAAT) are
currently administered as augmentation therapy for patients with
genetic AAT deficiency (AATD). Several recent clinical trials
attempt to extend hAAT therapy to conditions outside AATD,
including type 1 diabetes. Because the endpoint for AATD is
primarily the reduction of risk for pulmonary emphysema, the
present study explores hAAT dose protocols and routes of
administration in attempt to optimize hAAT therapy for islet-
related injury. Islet-grafted mice were treated with hAAT (Glassia;
intraperitoneally or subcutaneously) under an array of clinically
relevant dosing plans. Serum hAAT and immunocyte cell
membrane association were examined, as well as parameters
of islet survival. Results indicate that dividing the commonly
prescribed 60 mg/kg i.p. dose to three 20 mg/kg injections is

superior in affording islet graft survival; in addition, a short
dynamic descending dose protocol (240→120→60→60 mg/kg
i.p.) is comparable in outcomes to indefinite 60 mg/kg injections.
Although pharmacokinetics after intraperitoneal administration in
mice resembles exogenous hAAT treatment in humans, subcutane-
ous administration better imitated the physiologic progressive rise of
hAATduring acute phase responses; nonetheless, only the 60mg/kg
dose depicted an advantage using the subcutaneous route. Taken
together, this study provides a platform for extrapolating an islet-
relevant clinical protocol fromanimalmodels that usehAAT toprotect
islets. In addition, the study places emphasis on outcome-oriented
analyses of drug efficacy, particularly important when considering
that hAAT is presently at an era of drug-repurposing toward an
extended list of clinical indications outside genetic AATD.

Introduction
a1-Antitrypsin (AAT) is an acute phase protein administered

as an augmentation therapy for patients with genetic AAT
deficiency (AATD). However, preclinical data suggest that AAT
treatment may benefit conditions outside AATD, including
transplant rejection, as well as ischemia-reperfusion injury,
collagen-induced arthritis, graft-versus-host disease, experi-
mental autoimmune encephalomyelitis, lupus, and preeclamp-
sia (Daemen et al., 2000; Lewis et al., 2005; Lewis et al., 2008a;
Grimstein et al., 2010; Subramanian et al., 2011; Tawara et al.,
2012; Gao et al., 2014; Feng et al., 2015; Elshikha et al., 2016;
Feng et al., 2016). AAT displays particular benefit in the case of
inflamed pancreatic islets both in vitro and in vivo, as reviewed
in Fleixo-Lima et al. (2014).
Several clinical trials presently address the potential benefit

of AAT therapy to individuals without AATD, including islet
and lung transplantation, type 1 diabetes (T1D), graft-versus-

host disease, acute myocardial infarction, and cystic fibrosis
(Lior et al., 2016). In the case of T1D clinical trials, the initial
dosing plan for assessing islet protection by AAT was directly
borrowed from the long-standing protocols of AAT augmenta-
tion therapy for AATD patients, e.g., weekly infusions of
60–80 mg/kg plasma-derived affinity-purified human AAT
(Balbi et al., 2016). Limited by these constraints, it is a rather
unexpected that clinical trials that introduced serial AAT
infusions to patients with recent onset T1D presented data
suggestive of a possible positive change in disease course.
Specifically, in a 12-participant trial (ages 12–39 years old), the
duration of treatment consisted of 8 consecutive weekly in-
fusion sessions (Gottlieb et al., 2014), and 80 mg/kg AAT; an
18-month follow up established improved circulating c-peptide
levels in 5 of the patients. Consistent with these findings, a
24-participant trial (ages 9–17 years old) tested a total of
18 infusions in a decreasing frequency of infusion sessions:
12 consecutive weekly infusion sessions of AAT, then four
infusions 2 weeks apart, followed by two infusions 4 weeks
apart (Wewers et al., 1987). The dose of AAT was 40, 60, and
80mg/kg in three randomized groups; according to the 37-week
long follow up, improvement in individual HbA1c levels was
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established in all participants. Eight patients displayed a
2.94 6 1.55% decline in HbA1c (compared with a 0.956 1.83%
decline in HbA1c in the remainder of the cohort) independent of
dose. Both studies displayed remarkable safety and compliance
at#80 mg/kg. However, not being placebo-controlled, diabetes-
related outcomes must be interpreted accordingly.
More recent clinical trials were designed to evaluate the

safety and efficacy of several doses of AAT for T1D, including
120 and 180 mg/kg (NCT02005848 and NCT02093221, re-
spectively); in parallel, the 120 mg/kg dose is evaluated as
replacement therapy for AATD patients (Sorrells et al., 2015).
Although treatment of AATDpatients is lifelong, and its success
is based solely on decreased prevalence of emphysema (Balbi
et al., 2016), the timing and duration of the treatment course
required for pancreatic islet preservation has no precedent that
may help in extrapolating a relevant treatment protocol. Also,
unlike T1D, lung emphysema is not an immune disorder,
rendering the course of AAT treatment of both these conditions
distinct. Ideally, an islet-protective protocol would be tailored in
a mechanism-oriented and function-specific manner, aiming at
an endpoint that incorporates islet viability and function.
During a physiologic acute phase response, circulating AAT

levels rise 4- to 6-fold for the duration of about 2 weeks,
depending on the severity of the underlying inflammatory
trigger; the levels gradually decline, coincide with its 3- to
4-day half-life in human plasma. It was reported that hAAT
binds to cell surface to execute its activity (Subramaniyam
et al., 2010). In contrast, the kinetics of exogenous AAT in
humans is comprised of a narrow 24-hour–long spike-like surge
that is followed by a sharp decline and subsequent plateau; it
has yet to be determined where the molecule is sequestered
upon decline under these conditions. Unlike exogenous de-
livery, continuous release of AAT into the circulation, as
achieved by gene delivery of a human AAT-expressing plasmid
to mice, despite markedly lower levels of circulating AAT
compared with those attained by infusion-based approaches,
results inprotection of islets (Shahaf et al., 2011). In this regard,
it is possible that a distinct distribution of infused AAT might
represent an important parameter for diabetes-related trials.
In the present study, we explore several parameters of AAT

treatment protocol in an islet allograft transplantationmodel. In
thismodel,we address the initial days of engraftment (#14days)
as representing rapid inflammation-related compromised islet
survival and function. In contrast, we consider the subsequent
advanced weeks to represent the immune response toward the
graft. Because this is the first study to directly examine a
nonlyophilized preparation of human AAT for islet protection
(Glassia, Kamada Ltd., Ness-Ziona, Israel), we also provide an
in vitro exploration of its protective effects on primary islets.

Materials and Methods
Animals. Seven-week-old transgenic hAAT-heterozygote female

mice, background strain C57BL/6, a kind gift from Prof. Churg A,
University of British Columbia, Vancouver, Canada (Dhami et al.,
1999), were used as graft recipients as described (Ashkenazi et al.,
2013). Circulating levels of hAAT in thesemice are below detection, as
determined by specific ELISA for human AAT (sensitivity 10 ng/ml in
serum, Immunologic Consultants Laboratory, Inc., Portland, OR).
Pancreatic islets and dendritic cells were isolated from 7- to 8-week-
old wild-type female CBA/2 mice (Jackson Laboratories, Bar Harbor
ME). Experiments were approved by the Ben-Gurion University of the
Negev Animal Care and Use Committee.

Pancreatic Islet Culture Experiments. Pancreatic islets were
isolated as described elsewhere (Lewis et al., 2008b). Briefly, donor
mice were anesthetized, and pancreata were inflated with collagenase
(1 mg/ml, type XI, Sigma-Aldrich, Rehovot, Israel), excised, and
incubated for 28 minutes at 37°C. Digested pancreata were vortexed
and filtered through a 500-mm sieve and the pellet was washed in
Hanks’ balanced salt solution containing 0.5% bovine serum albumin
(Sigma-Aldrich). The pellet was resuspended in RPMI 1640 medium
supplemented with 10% fetal calf serum, 50 U/ml penicillin, and
50 mg/ml streptomycin, all from Biologic industries, Beit-Haemek,
Israel. Islets were collected on a 100-mm cell strainer (BD Biosciences,
Bedford, MA) and hand-picked under a stereomicroscope. For in vitro
studies, 35 islets per well in triplicates were stimulated with 5 ng/ml
recombinant murine interferon (IFN)-g and 5 ng/ml recombinant
murine IL-1b (R&D Systems, Minneapolis, MN) in the absence or
presence of 0.5mg/ml humanAAT (Glassia, KamadaLtd., Ness-Ziona,
Israel). Forty-eight hours later, supernatants were collected for anal-
ysis by Q-Plex mouse cytokines chemiluminescence-based 8-p ELISA
(Quansys Biosciences, Logan, UT). Each cytokine was quantified by
densitometry using Quansys Q-View software (Quansys Biosciences).
Supernatant nitric oxide levels were evaluated by nitrite measure-
ment usingGriess reagent (Promega,Madison,WI). Islet viability was
determined by XTT assay, according to manufacturer’s instructions
(Sigma-Aldrich).

Islet Allograft Transplantation. Recipient mice were rendered
hyperglycemic by single dose streptozotocin (STZ, 225 mg/kg i.p.,
Sigma-Aldrich), and 450 islets were grafted under the renal capsule,
as described (Lewis et al., 2008b). Briefly, recipient mice were
anesthetized and an abdominal-wall incision was made over the left
kidney. Isolated islets were then released into the renal subcapsular
space through a puncture in the capsule, which was rapidly sealed
with 1-mm3 sterile absorbable gelatin sponge (Surgifoam, Ethicon,
Somerville, NJ). Blood glucose levels were determined three times a
week from tail blood by a standard glucometer (Roche Pharmaceuti-
cals, Hod Hasharon, Israel).

Generation of Bone Marrow-Derived Dendritic Cells. Den-
dritic cells were generated from bone marrow progenitors, as de-
scribed elsewhere (Lewis et al., 2008b). Briefly, bone marrow was
prepared from femurs and tibias of donor mice. Cells were seeded at
3 � 103 cells per culture plate, in 10 ml RPMI 1640 medium
supplemented with 10% fetal calf serum, 2 mM L-glutamine, 50 U/ml
penicillin and 50 mg/ml streptomycin. Medium was added 10 ng/ml
recombinant granulocyte macrophage colony stimulating factor
(GM-CSF, Prospec, Rehovot, Israel). After 8 days, BMDC entered
in vitro assays.

DC Maturation Assays. Bone marrow-derived dendritic cells
(BMDC) were stimulated with IFNg and IL-1b (5 ng/ml each, Prospec),
in the absence or presence of human AAT (0.5 mg/ml). Forty-eight hours
later, supernatants were collected for cytokine and nitrite analysis. In the
same manner, 24 hours after stimulation, cells were examined by flow
cytometry, as described (Lewis et al., 2008b). The following antibodies
were used for staining: anti-CD86-FITC, anti-MHC class II-PE and anti-
CD11c-APC (all from eBioscience, San Diego, CA).

hAAT Treatment Protocol. All in vivo hAAT treatments begun
1 day before islet transplantation and were repeated every 3 days,
based on previously reported islet transplantation experiments (Lewis
et al., 2005; Lewis et al., 2008a; Ashkenazi et al., 2013), unless
otherwise specified. The route of administration included either
intraperitoneally or subcutaneously, as indicated, and the doses
included 15, 20, 30, 60, 120, and 240 mg/kg, as specified in each
experimental group.

hAAT Distribution Study. Serum from nongrafted hAAT-
treated mice was collected using a designated microvette (Fisher
Scientific, Waltham, MA). Circulating hAAT levels were detected
using species-specific ELISA for human AAT (Immunologic Consul-
tants Laboratory, Inc.). Membrane-associated hAAT was determined
by flow cytometry of thioglycolate-elicited peritoneal cell lavages using
anti-hAAT-FITC (Bethyl Laboratories, Inc., Montgomery, TX) and
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anti-CD45-PE (eBioscience) antibodies. Peritoneal macrophages were
pulsed with Glassia for indicated time points and lyzed, and hAAT
content was depicted by Western blot analysis using goat anti-human
AAT (Bethyl Laboratories, Inc.) and mouse anti-b-actin (MP Biomed-
icals, Santa Ana, CA) antibodies.

Histology. Islet graft-baring kidneys were removed 7 days after
graft failure or .90 days after normoglycemia and preserved in 10%
formalin (Sigma-Aldrich) for 24 hours and then transferred into 70%
ethanol for another 3 days. Samples were embedded in paraffin and
then cut into 5-mm sections. Histologic sections were stained by
hematoxylin and eosin (H&E, Dako, Carpinteria, CA).

Statistics. Two-way ANOVA or Student’s t test was used to assess
differences between groups. P , 0.05 was considered statistically
significant. Results are presented as mean 6 S.E.M.

Results
Glassia Improves Primary Islet Function, Decreases

the Degree of Inflammation, and Reduces Dendritic
Cell Maturation. To assess the function of inflamed islets in
the presence of Glassia, primary mouse islets were stimulated
with interleukin (IL)-1b and interferon g (IFNg; 5 ng/ml each)
in the absence or presence of Glassia (0.5 mg/ml). As shown in
Fig. 1A, 48 hours after stimulation islet viability was reduced,
as expected, in the presence of IL-1b/IFNg (786 0.01%viability
compared with non-stimulated islets, albeit without reaching
statistical significance). However, in the presence of Glassia,
islet viability was significantly improved and restored to near
control levels. Accordingly, levels of insulin per islet released
into the supernatants were significantly diminished by IL-1b/
IFNg-stimulation (a reduction of 3.67 6 0.05-fold from non-
stimulated islets) and significantly increased in stimulated
islets 2.21 6 0.36-fold in the presence of Glassia.
We next examined whether the changes in the levels of

inducible inflammatory mediators that are released by islet
cells, namely, nitrite oxide, IL-6, and MCP-1, and of the anti-
inflammatory mediator IL-10, are consistent with changes
observed in previous reports. Indeed, as shown in Fig. 1B,
nitric oxide production levels were increased by IL-1b/IFNg
5.486 0.51-fold, unless Glassiawas added, which resulted in a
significant 32.3% decline in nitric oxide levels on average.
Treatment with Glassia also reduced MCP-1 levels (33.8 6
0.07% from stimulated levels) and IL-6 levels (52.9 6 0.10%
from stimulated levels). Although IL-10 levels increased in the
presence of IL-1b/IFNg, its levels further increased 4.6-fold in
the presence of added Glassia.
To assess whether Glassia alters dendritic cell maturation

as reported using other preparations of hAAT, cultured bone
marrow-derived dendritic cells were treated with IL-1b
(5 ng/ml) and IFNg (5 ng/ml) in the absence or presence of
Glassia (0.5 mg/ml) and were then examined for surface
activation markers by flow cytometry. As shown in Fig. 1C,
stimulated dendritic cells exhibited a marked rise in matura-
tion markers CD86 and MHC class II; however, Glassia
treatment resulted in diminished surface CD86 expression
(51.4% from stimulated levels, mean), and surface MHC class
II reached 13.160.11%, nearing control nonstimulated levels.
Glassia Treatment and Mouse Islet Allograft Sur-

vival. Islet graft survival was examined under the treatment
of 60 mg/kg Glassia based on previous protocols (Fig. 2A). To
avoid mouse anti-human antibody response, mice that are
heterozygous for lung-specific human AAT and that display
undetectable circulating levels of human AAT were used as

Fig. 1. The effect of Glassia on pancreatic islet responses and dendritic
cell maturation during inflammatory conditions. (A and B) Primary
mouse islets (35 per well in triplicate) were cultured for 48 hours in the
absence (CT) or presence of IL-1b and IFNg (5 ng/ml each), with or
without overnight pretreatment with Glassia (0.5 mg/ml). (A) Islet
viability and insulin release. (B) Supernatant levels of nitric oxide,
IL-6, MCP-1, and IL-10. (C) BMDCs (3 � 105 cells per well in
triplicates) were stimulated with IL-1b and IFNg (5 ng/ml each)
overnight in the presence or absence of Glassia (0.5 mg/ml). Cells were
analyzed by flow cytometry. Representative results of three indepen-
dent experiments. Mean 6 S.E.M., *P , 0.05, **P , 0.01.
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graft recipients. Islet graft survival was defined as the
duration of normoglycemia after transplantation, and rejec-
tion day was defined as the day circulating glucose levels
exceeded 300 mg/dl. Indefinite islet graft survival was defined
as normoglycemia in grafted animals that lasted .90 days.
Here, doses were extended above and below 60mg/kg with

adherence to a uniform time course (15, 30, 60, 120, and
240 mg/kg, every 3 days beginning 1 day before trans-
plantation). As shown, islet grafts in all untreated recipi-
ents (CT; Fig. 2A) failed to normalize blood glucose levels
before day 20 (n 5 9). Coinciding with previous reports,

administration of 60 mg/kg hAAT resulted in prolonged graft
survival (indefinite graft acceptance in 6 of 10 mice). As
expected, the extremely low dose of 15 mg/kg exhibited no
protective effect on islet allografts, all transplants failed by day
15 (n5 3). The dose of 30mg/kg resulted in a somewhat limited
protection, achieving 2 of 13 mice with indefinite graft accep-
tance. As expected, twice the standard dose (120 mg/kg)
achieved islet graft survival rates that were comparable to
the 60 mg/kg group (2 of 5 grafts displayed indefinite graft
function). Unexpectedly, the 240 mg/kg dose had no beneficial
effect in the long term, because all grafts failed by day 20
(n 5 5); nonetheless, the median time point of graft rejection
was delayed to 16 days compared with the CT group median
time to graft failure (12 days), and the earliest failing graft was
on day 14 comparedwith day 9 inCT, indicating superior early
graft function (Table 1).
Graft histology is depicted in Fig. 2B. As shown, rejected

grafts in the CT group displayed subcapsular islet graft
regions (G) and kidney parenchyma (K) with the prominent
presence of a mononuclear infiltrate (representative image,
2 days after graft failure). Upon examining hAAT-treated
mice, two patterns emerged: those that were explanted
upon graft rejection and those that were accepted. As
expected, hAAT-treated graft-rejected mice displayed ro-
bust cellular infiltrate throughout the graft site (represen-
tative image from the 60 mg/kg group 2 days after graft
failure). However, indefinitely accepted grafts exhibited
intact islet morphology with no evidence for cellular in-
filtrate within islet borders but rather a prominent non-
invasive concentration of mononuclear cells at junctions of
capsule-graft-kidney parenchyma (shown in representative
day 110 explant), agreeing with the distinctive profile of
active long-term immune tolerance.
Exploration of Transplantation Outcomes using a

Fixed Dose of Glassia with Altered Frequency of
Rationed Injections. In light of the outcomes in the dose-
screening experiment, we sought to examine the impact of hAAT
treatment using distinct layouts of dose rations. Namely, we
sought to better emulate the behavior of circulating hAAT
during an acute phase response, i.e., stably elevated levels and
not fluctuating levels obtained during exogenous hAAT treat-
ment. In addition, the pharmacokinetics of oddly distributed
injections of hAAT in mice has yet to be determined. Here, mice
received either single dose of 60 mg/kg i.p or the same total
amount of hAAT distributed as two or three separate rations.
Tail blood was collected and serum hAAT levels were deter-
mined. As shown in Fig. 3A, the obtained mouse hAAT serum
pharmacokinetics were similar to that reported in humans in
that soon after administration circulating hAAT levels peaked
(1,348.38 6 247.11 mg/ml), followed by dramatic reduction over
the following 72 hours, reaching 103.98 6 31.67 mg/ml.
Being that the sharp decline in circulating levels of exoge-

nous hAAT upon each dose administration does not represent
the physiologic pattern of circulating hAAT during acute
phase responses, we sought to examine the possibility that
injected hAAT is readily sequestered onto cell membranes.
Here, C57BL/6 wild-type mice were treated with single-dose
Glassia (240 mg/kg i.p). In half the groups, the peritoneal
compartment was preconditioned using thioglycolate for
3 days so as to elicit activated immunocytes with more
expressive membrane profiles. Sixteen hours later, lavaged
cells were examined for membrane-associated hAAT levels by

Fig. 2. Protection of pancreatic islet allografts by Glassia. Mice were
rendered hyperglycemic by single-dose STZ (225 mg/kg) and then
subjected to islet allograft transplantation. Experimental groups included:
15 mg/kg (n = 3), 30 mg/kg (n = 13), 60 mg/kg (n = 10), 120 mg/kg (n = 5),
and 240 mg/kg (n = 5). Control group animals received PBS vehicle (n = 9).
(A) Graft survival curve. (B) Graft site histology, K signifies kidney tissue
and G signifies graft site. Representative images of rejected untreated
mouse graft (top), 60 mg/kg-treated rejected graft (bottom left), and
accepted graft (bottom right).
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flow cytometry. As shown in Fig. 1B, top, nonstimulated
untreated mice (CT), as well as thioglycolate-preconditioned
mice (ThG) displayed no detectible surface levels of hAAT. In
contrast, thioglycolate-stimulatedGlassia-treatedmice (ThG/AAT)
displayed detectible membrane-associated hAAT levels. Surpris-
ingly, cells derived fromnonstimulatedGlassia-treatedmice (AAT)
did not show any detectible levels of hAAT.
The presence of cell-associated hAAT was also examined in

cell lysates. For this, 1�106 peritoneal mouse macrophages
were pulsed with 0.5 mg/ml Glassia in vitro and then washed
with PBS after various time points. Upon lysis, levels of hAAT
were evaluated byWestern blot analysis. As shown in Fig. 1B,
bottom, hAAT can be recovered from cell lysates as early as
5 minutes after treatment.
Different dose distribution protocols were compared: �1 of

60 mg/kg,�2 of 30 mg/kg, and�3 of 20 mg/kg within 72 hours.
As shown in Fig. 3C, the 30mg/kg dose displayed the predicted
circulating levels of 667.05 6 117.95 mg/ml and a kinetic that
overlaps the full dose, and the additional dose of 30 mg/kg
increased circulating hAAT levels to 976.16 221.03mg/ml and
a value of 69.32 mg/ml hAAT at the lowest measurement.
However, administration ofGlassia at 20mg/kg every 24hours
over a period of 3 days resulted in a relatively stable range of
concentrations, all above 226.65 mg/ml hAAT.
The ability of these dose distribution protocols to prolong

islet graft survival was next examined. As shown in Fig. 3D,
administration of Glassia at 30 mg/kg every 36 hours had a
minor effect on graft survival, and all mice rejected the grafts
by day 40 (n 5 6). Surprisingly, when mice were treated with
daily 20 mg/kg doses, 66% displayed indefinite graft survival,
comparable to the 60 mg/kg group (n5 3). Table 1 depicts the
influence of dose distribution on islet allograft survival.
Subcutaneous Administration of Glassia. Because the

somewhat uniform distribution of hAAT appears to have pro-
vided a positive trend in as far as islet protection, using a lower
dose per injection, we explored subcutaneous administration of
hAAT as a clinically-favorable route that results in a relatively
slow release of injectedmaterial. As shown inFig. 4A, circulating
hAATwas distributed along the 72-hour experiment in a distinct
manner based on the frequency of injected material. The
standard dose of 60 mg/kg displayed a delayed peak followed
by a gradual decrease. The 20mg/kg dose was tested alone, and
in a serial manner that reaches the same total of 60 mg/kg per
72 hours; as shown, single dose 20 mg/kg conforms well to the

pattern obtained with 60 mg/kg s.c.. However, daily administra-
tion of 20 mg/kg over 3 days resulted in a well-anticipated
build-up of circulating hAAT followed by stabilization at 601.27
6 6.232 mg/ml.
The effect of switching to the subcutaneous route of

administration on islet graft survival was next examined
(Fig. 4B). Compared with the established outcomes of in-
traperitoneal administration of Glassia, graft survival profile
was superior in the 60 mg/kg s.c. group alone and to a lesser
extent in the �2 of 30 mg/kg group. The rest of the sub-
cutaneous dosing protocols resulted in grafts failing by day
40 with no apparent advantage over intraperitoneal injections
of equivalent doses, as summarized in Table 1.
Dynamic versus Static Dose Protocol. Based on an

apparent benefit to high dose Glassia (240 mg/kg) on early
graft function and the benefit of lower doses thereafter (�3 of
20 mg/kg), we were interested in examining whether their
incorporation into a short dynamic-dose protocol may prolong
graft survival in a manner superior to the flat 60 mg/kg dose
plan. Figure 5A displays the treatment plan, which runs
through days 21 to 7 from islet grafting, in descending doses.
The rationale for cutting the treatment short was to facilitate
the isolation of any potential advantage of the examined
course of treatment over the standard prolonged 60 mg/kg
plan. In addition, the subcutaneous route was compared with
the intraperitoneal route.
As shown in Fig. 5B, both routes of administration of the

descending dynamic dose resulted in outcomes that were
comparable to the 60 mg/kg dose in the first 3 weeks of
treatment, at which point, unexpectedly, a week of dynamic
240–60mg/kg i.p. Glassia remained beneficial to islet function
almost as favorably as the 60 mg/kg dose (days 14, 16, 31,
49,.90, and.90). In contrast, subcutaneous administration of
descending hAAT doses displayed a trend toward grafts failing
before the 3-week time point (days 14, 17, and .90). A similar
survival trend was observed in the subcutaneous group, 33% of
mice displayed graft survival beyond day 90. Table 1 lists the
parameters of comparison between treatment groups.

Discussion
Human a1-antitrypsin has been extensively investigated in

preclinical models of autoimmune diabetes and islet allograft
transplantation. Administered in the early stages of these

TABLE 1
Islet graft function parameters after hAAT treatment

Treatment Type Treatment Group (mg/kg) n Median Graft
Survival (days)

Average Graft
Survival (days)

Indefinite Graft
Survival (% from group)

First Occurrence of Graft
Failure (day from transplantation)

i.p. dose gradient Untreated 9 12 12.1 0 9
15 3 14 13.6 0 12
30 13 17 29.6 15.3 7
60 10 90 62.5 60 11

120 5 48 54.6 40 18
240 5 16 16.6 0 14

i.p. dose distribution 30/30 6 15 18.3 0 7
20/20/20 3 90 65.3 66.6 16

s.c. 60 6 90 77.1 83.3 13
30/30 5 20 31.4 20 11
30 2 15 15 0 14
15 1 17 17 0 17

dynamic dose 240→0 i.p. 6 40 48.3 33.3 14
240→0 s.c. 3 17 40.3 33.3 14
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pathologies, hAAT appears to shift the profile of the immune
system toward tolerance (Lewis et al., 2008a; Koulmanda
et al., 2014). These studies provided the rationale for the use of
hAAT infusions for patients with T1D (Gottlieb et al., 2014;
Rachmiel et al., 2016) and for clinical islet transplantation, as
reviewed (Fleixo-Lima et al., 2014).
The dosing for these studies is directly extracted from

lifelong hAAT augmentation protocols, designed for patients
with genetic AATD. However, these doses are not based on
preclinical data, let alone on the specific purpose of protecting
islet cells from injury. Specific attention to functional end-
points, e.g., islet cell viability, has yet to be incorporated. Here,
we examined the effect of hAAT (Glassia) on mouse islet
function and survival both in vitro and in vivo at a wide range
of clinically relevant doses and routes of administration. As
expected, treatment with Glassia reproduced the previously
reported beneficial outcomes using other clinical-grade for-
mulations (e.g., Aralast, Baxter Deerfield, IL; Pileggi et al.,
2008; Koulmanda et al., 2012; Koulmanda et al., 2014); islet
viability and function had increased, their inflammatory
profile decreased, and graft survival was prolonged.
The rationale for exploring not only the dose but also the

distribution of doses relates to the dynamic of islet injury. After
islet transplantation, grafts endure nonspecific inflammation
and subsequently only are destroyed by antigen-specific events;
the early phase is as crucial to islet function as the latter. By
following the function of grafted islets, we identify both phases
of islet injury. As expected, not all doses of hAAT effectively
targeted both waves of islet destruction; lower doses were
inefficient altogether and the 120 mg/kg dose provided no
particular benefit over 60–80 mg /kg dose. The high dose of
240 mg/kg, confirmed to be safe in animals (Ashkenazi et al.,
2013; Iskender et al., 2016) and patients (Stolk et al., 2005),
displayed an advantage in protecting islets in the first 14 days
from grafting; it failed, however, to provide long-lasting benefit,
possibly by facilitating concentration-dependent allogeneic
mouse anti-human antibodies (Lewis et al., 2005; Lu et al.,
2006). Of note, several treatment groups have a lown, including
groups treated with extreme subtherapeutic doses of hAAT
previously shown to fail in protecting allografts (Shahaf et al.,
2011). Thus these particular group outcomes satisfy dose
dependency curves rather than novelty.
Based on these observations, we examined the outcomes of a

dynamic dose treatment. Exploiting both the favorable effects
of an initial high dose of hAAT and the advantage of lower
maintenance doses thereafter, a relatively short descending
treatment protocol was tested (240→120→60→60). This pro-
tocol offered prolonged islet graft survival similar to repeated
indefinite injections of 60 mg/kg hAAT. The fact that a long-
standing immune tolerance has thus far required at least

Fig. 3. The effect of intraperitoneal Glassia dose distribution treatment
on hAAT serum concentration and islet graft survival. (A) Mice (n = 3–5)
were treated with 60 mg/kg i.p Glassia as indicated (arrow). Serum levels
of human AAT were determined with specific ELISA. Results of
3 independent experiments, mean 6 S.E.M. (B) Mice were stimulated
with ThG for 72 hours after treatment with Glassia (240 mg/kg i.p.).
Peritoneal lavage was performed 16 hours later, and membrane-
associated hAAT levels were measured by flow cytometry (top panel).
Groups included nonstimulated, untreated mice (CT, red); ThG-

stimulated untreated mice (ThG, yellow); nonstimulated Glassia-treated
mice (CT/Glassia, blue), and ThG-stimulated Glassia-treated mice
(ThG/Glassia, green), n = 3. Results are representative of 3 independent
repeats. For cell-associated analysis (bottom panel), peritoneal macro-
phages (1�106, in triplicate) were pulsed with Glassia (0.5 mg/ml). hAAT
binding was evaluated by Western blotting. (C) Mice were treated with
30 mg/kg (left) or 20 mg/kg (right) Glassia intraperitoneally at indicated
time points (arrow; n = 3 or 4 in each group). Serum levels of human AAT
were determined. Results of 3 independent experiments, mean 6 S.E.M.
(D) Islet graft survival curve. Groups include: �3 of 20 mg/kg i.p (n = 3,
yellow) and �2 of 30 mg/kg i.p (n = 6, red). CT and 60 mg/kg treatment
groups are duplicates of Fig. 2A.
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21 days of repeated 60 mg/kg hAAT in mice (Lewis et al.,
2008a) and is achieved hereby in a short dynamic protocol,
sheds light on the importance of peritransplantation pro-
tection of islets compared with the finer immunomodulation
by hAAT that occurs thereafter and may require low doses.
Unlike during acute phase responses, where hAAT levels

rise progressively, patient infusions result in nonphysiologic
spikes in circulating hAAT. To better imitate the physiologic
pattern, we examined variations in dose distribution. As we
demonstrate here, dividing 60 mg/kg dose of hAAT to 30/30
and to 20/20/20 mg/kg injections within the same original
timeframe resulted in an interesting phenomenon: when it
comes to protection of islet grafts from failure, i.e., the desired
outcome/activity of hAAT treatment in the present constella-
tion, the presence of mildly elevated stable circulating hAAT
levels (20/20/20 i.p.) was superior to the 30/30 i.p. dose
distribution; the latter displayed transient periods of low
circulating hAAT levels between injections. Nonetheless, it is
established that patient compliance is already inferior in
weekly infusion-drip sessions compared with other forms of
administration, let alone to more frequent infusions; exclud-
ing recent positive hAAT gene therapy attempts (Flotte et al.,
2011), there is presently no protocol for systemic administra-
tion of hAAT in any other manner outside weekly infusions.

In as far as achieving the desired outcome for augmentation
therapy, hAAT infusion appeared thus far to be sufficient, i.e.,
it reduced the risk for pulmonary emphysema (Balbi et al.,
2016). Here, the desired endpoint is distinct and might not be
the mere amount of circulating hAAT; rather, we propose that
it is its levels between infusions. Thus we explored sub-
cutaneous hAAT; by this we also achieve a slower deposition
of hAAT in the serum. Interestingly, subcutaneous is prefer-
able in a list of drugs that used to be administered
intravenously/intramuscularly, including heparin and hydro-
cortisone (Jin et al., 2015). However here, only the 60 mg/kg
group displayed prolong graft survival. In the parallel in-
traperitoneal route of administration, only the 60 mg/kg and
the 20/20/20 mg/kg groups displayed prolonged graft survival.
These groups have also displayed higher levels of hAAT in the
serum (∼1 mg/ml), similar only to the 60 mg/kg s.c group. Thus
it is possible that other groups failed to reach therapeutic
levels early after transplantation. Considering this dosewould
translate to an impractical volume of subcutaneous material
for human injection (Jin et al., 2015), this outcome suggests
that a more concentrated formulation of clinical-grade hAAT,
or a slow-release apparatus, may better emulate sustained
functional levels of hAAT. The prospect of introducing hAAT
subcutaneously has been tested in rabbits (Pamarthi et al.,

Fig. 4. The effect of subcutaneous Glassia treatment on hAAT serum concentration and islet graft survival. (A) Mice were treated with 60 and
20 mg/kg Glassia subcutaneously at indicated time points (arrow; n = 3 or 4 in each group). Serum hAAT levels were measured. Results are
representative of three independent experiments, mean 6 S.E.M. (B) Islet grafted mice were treated with Glassia either intraperitoneally
(dashed) or subcutaneously (solid). Groups include untreated mice (CT; gray. n = 9);�1 of 60 mg/kg i.p (n = 10);�1 of 60 mg/kg s.c (n = 6);�2 of 30 mg/kg
i.p. (n = 6);�2 of 30 mg/kg s.c. (n = 5);�1 of 30 mg/kg i.p (n = 13);�1 of 30 mg/kg s.c. (n = 2);�1 of 15 mg/kg i.p (n = 3);�1 of 15 mg/kg s.c. (n = 1). Islet graft
survival curve.
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2008) and mice (Ma et al., 2010) and is evaluated in a phase
I/II trial (NCT02503683).
The anti-inflammatory mechanism of hAAT is not entirely

clear. Regarding signal transduction, hAAT was reported to
elevate cAMP levels in multiple cell types (Janciauskiene
et al., 2007; Kalis et al., 2010; Ehlers, 2014) and in thismanner
is associated with an anti-inflammatory profile (Tilg et al.,
1993; Pott et al., 2009). We hypothesize that it is not merely
the antiprotease function of hAAT that exerts beneficial
effects on islet survival but rather multiple binding activities
that were recently described for the molecule, as reviewed in
(Guttman et al., 2015). Jonigk et al. (2013) report that hAAT
with no antielastase activity reduces responses to lipopoly-
saccharide. Here we show that exogenous hAAT adheres to
immune cells, agreeing with reports of adherence of hAAT to
membrane lipid rafts (Subramaniyam et al., 2010; Zhou et al.,
2015). Binding to cell surfaces would also provide a mecha-
nism for the rapid sequestration of exogenous hAAT and the
superiority of continuously elevated hAAT over interspersed
spikes, agreeingwith islet preservation using plasmid-derived
hAAT in vivo (Lu et al., 2006; Shahaf et al., 2011).
Other binding targets of hAAT include a set of danger-

associated molecular pattern molecules (DAMPs), which pre-
dominate at sites of cell injury and act as immune adjuvants
(Braza et al., 2016), including gp96 and HSP70 (Finotti and
Pagetta, 2004; Ochayon et al., 2013). Based on this attribute, it
is possible that the narrow surge in hAAT levels would be
inferior to its constant supply, in amanner that accommodates
local DAMP sequestration. It also supports the concept of a
dynamic dose, in that the expected period of peak DAMPs

would be the earlier window of massive cell injury, as opposed
to the more delicate manipulation of immunocyte functions
(Ozeri et al., 2012). Indeed, some overlap between the
pathophysiology of emphysema and T1D may exist: lung
alveolar wall degradation is observed in AATD and b cell
injury in T1D is associated with inactivated glycated-hAAT
(Austin et al., 1987).
How does the present study translate to humans? Admin-

istering hAAT to humans once a week is the equivalent of
administering hAAT to mice every 3 days (Lewis et al., 2005).
Based on this frequency of infusions, 21 days of treatment
(6 infusions in mice) were established as sufficient to achieve
immune tolerance (Lewis et al., 2008a), hence the 8–18
infusions in the T1D trials (Gottlieb et al., 2014; Rachmiel
et al., 2016). Based on the present results, however, it is
possible that future trials may explore a shorter course of
hAAT, provided it is distributed so as to better overlap a
physiologic acute phase response. For example, patients may
be introduced the following course of weekly hAAT infusions:
180, 180, 120, 120, 120, 120, 60, and 60mg/kg (all representing
slow-drip infusion sessions in recently diagnosed patients
with high titers of auto-antibodies and detectable c-peptide
levels). This shorter protocol may be both more potent in
immediate islet protection and superior in as far as patient
compliance and procedure cost.
Taken together, we provide a platform for extrapolation of a

clinical protocol from animals in which hAAT appears to
protect islets from injury. The study places emphasis on
function- and outcome-oriented analyses of treatment, a
particularly important entity when considering that hAAT is
entering an era of drug-repurposing toward an extended list of
clinical indications (Lewis, 2012; Lior et al., 2016). More
studies are to be undertaken to optimize treatment protocols
relevant to diseases other than AATD.
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