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Abstract

Alpha-1 antitrypsin (AAT) has protective functions in animal islet transplantation models. While
the therapeutic effect of AAT therapy is currently being tested in clinical trials, we investigated the
mechanism of AAT protection in a clinically relevant marginal intrahepatic human islet
transplantation model. In recipients receiving islets and AAT, 68.9% (20/29) reached
normoglycemia, compared to 35.7% (10/28) in those receiving islets only, at 60 days
posttransplant (PT). AAT-treated mice had lower serum levels of inflammatory cytokines
immediately PT. Reduced M1 macrophages were observed in livers of AAT-treated recipients
compared to controls as evidenced by flow cytometry and RNA-seq transcriptional profiling
analysis. In vitro AAT suppressed IFN-y-induced M1 macrophage activation/polarization via
suppression of STAT1 phosphorylation and iNOS production. AAT inhibits macrophage activation
induced by cytokines or dying islets, and consequently leads to islet cell survival. In a macrophage
depletion mouse model, the presence of M1 macrophages in the liver contributed to graft death.
AAT, through suppressing macrophage activation, protected transplanted islets from death and
dysfunction in the human islet and NOD-SCID mouse model. The protective effect of AAT was
confirmed in a major mismatch allogeneic islet transplantation model. Taken together, AAT
suppresses liver macrophage activation that contributes to graft survival after transplantation.
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1 INTRODUCTION

Islet/B cell transplantation offers a therapeutic option for the treatment of type 1 diabetes.
However, even in syngeneic islet transplantation models, up to 60% of islet cells die
immediately posttransplant (PT) as a result of innate inflammatory responses.1-2
Understanding the mechanisms and suppressing these responses may reduce early islet cell
death and enhance the efficacy of islet transplantation.

Alpha-1 antitrypsin (AAT) is an acute phase reactant and serine protease inhibitor that
inhibits both protease and non-protease enzymes, including neutrophil elastase, cathepsin G,
and others.3 Plasma AAT levels and activity are lower in diabetic patients than in non-
diabetic controls. Therefore, AAT deficiency may be associated with diabetes.* AAT exerts
anti-inflammatory effects via suppression of cytokine production, complement activation,
and immune cell infiltration.>6 In pancreatic B cells, AAT functions as an anti-apoptotic and
anti-inflammatory agent.”~2 In murine models of diabetes, a single injection of AAT to non-
obese diabetic (NOD) mice reduced the intensity of insulitis, increased p cell mass,
promoted B cell regeneration, and prevented the onset of diabetes via modulating T
regulatory cells (Tregs).8 AAT protected mouse and non-human primate islet grafts from
failure by reducing islet cell death, promoting vascularization,®1 and suppressing
inflammation.12 The effects of AAT therapy in chronic pancreatitis patients undergoing islet
autotransplantation are currently being evaluated in clinical trials by our center and others.

Macrophages are one of the major cells of the innate immune system.13 They can be divided
into a variety of tissue-specific resident cells and marrow-derived circulating monocytes that
travel to inflammatory sites via the bloodstream.14 Resident macrophages in specific organs,
such as the liver, participate in tissue repair, immune surveillance, and homeostasis. Both
resident and inflammatory macrophages can be activated and become classically activated
macrophages (M1) or alternatively activated (M2) macrophages. M1 macrophages can be
activated by cytokines, including interferon (IFN)-y and lipopolysaccharide (LPS), and exert
proinflammatory and host defense functions via secretion of TNF-a., inducible nitric oxide
(iNOS), and superoxide anions. In contrast, M2 macrophages can be activated by interleukin
(IL)-4 and IL-13, and contribute to tissue repair and resolution of inflammation, by secretion
of 1L-10, IL-1 receptor a, and TGF-B.1> While the stimuli for macrophage polarization into
the classical M1 and alternative M2 pathways are likely much more complex and less
bipolar, the paradigm is useful to study therapeutics that affect macrophage function.

In patients, islets are infused into the liver via the portal vein. Activated liver resident
macrophages (Kupffer cells) and inflammatory macrophages secrete proinflammatory
cytokines and contribute to islet cell death after transplantation. In the meantime, dying
cells also produce iNOS and high mobility group box 1 (HGMB) that attract more
macrophages to the liver and enhance inflammation and  cell death. We have shown that
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AAT treatment to the recipients protects mouse islets from B cell death after transplantation
in the syngeneic islet transplantation model.12:16 However, whether AAT suppresses
macrophage activation/M1 polarization as a mechanism for reduced islet death and better
function remains largely unknown. In this study, we assess whether macrophages are the
direct cellular targets of AAT and whether treatment with AAT protects human islets from
cell death and dysfunction via modulating macrophage activation.

2 MATERIALS AND METHODS

2.1 Animals

Male NOD-SCID, BALBY/c, and C57BL/6 mice at 6-8 weeks of age (The Jackson
Laboratory) were used in the study. All procedures and protocols were approved by the
Institutional Animal Care and Use Committee (IACUC) at the Medical University of South
Carolina.

2.2 Islet transplantation

Diabetes was induced in NOD-SCID or C57BL/6 mice using streptozotocin (STZ) as
previously described.}2 Human islets were from Georgetown University. Donor information
and islet characteristics are listed in Table S1. In human islet transplantation, 85 islet
equivalent number (IEQ) per gram of mouse body weight were transplanted via portal vein
into the liver of the NOD-SCID mice. In the allogeneic islet transplantation model, BALB/c
islets (400-450) were transplanted under the kidney capsule of the diabetic C57BL/6 mice.
Non-fasting blood glucose levels were measured every 2 or 3 days until 60 days PT and
mice with blood glucose levels <200 mg/dl were considered normoglycemic.

2.3 AAT injection

Recipient mice were given intraperitoneal human AAT (Prolastin C, Grifols) at 2 or 4 mg/
mouse every 2 days through 12 days PT. Mice receiving vehicle at the same schedules were
used as controls.

2.4 Intravenous glucose tolerance test (IVGTT) and human C-peptide levels

Mice fasted overnight were injected with a glucose solution (1 g/kg body weight, i.v.). A
small aliquot of blood/serum was obtained at 0, 15, 30, 60, 90, and 120 min for glucose and
human C-peptide measurements using a Freestyle glucometer and the Human C-peptide
ELISA kit (ALPCO).

2.5 Serum cytokine levels

Blood samples were collected before (day 0) and at 1, 3, and 7 days PT. The presence of 23
mouse cytokines in serum was quantified using the Bio-Plex Pro Mouse Cytokine 23-plex
Assay kit (Bio-Rad), following the manufacturer's instructions.

2.6 Liver macrophage isolation

Livers were perfused with an enzyme solution containing 1 mg/ mL of collagenase type IV
(GIBCO); 1 mg/mL Pronase E (Millipore), 20 pg/mL of DNase (Sigma-Aldrich), and 3
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mmol/L of CaCl, in HBSS (Sigma-Aldrich) at 3 ml/min for 20 min as previously described.
17.18 The liver was gently removed, minced, and filtered. Cells were washed multiple times
and cultured in DMEM medium with 10% fetal bovine serum, 1% penicillin, and
streptomycin in 5% CO, at 37°C. Floating cells were removed at 2 hours after cell plating
and macrophages were allowed to continually attach to the plate overnight before testing.

2.7 Flow cytometry

Macrophages were harvested, washed with PBS, and fixed with 2% paraformaldehyde. Cells
were incubated with respective antibodies or their corresponding isotype controls for 1 hour
in the dark on ice. Expression of cellular markers was analyzed on the BD LSRFortessa X20
flow Cytometer. Data were analyzed using the FlowJo software.

2.8 RT-PCR and transcriptional profiling analysis of liver macrophages

Total RNA was extracted and mRNA levels of genes were analyzed by real-time (RT)-PCR
using standard methods as reported previously.12 For RNA-seq analysis of liver
macrophages, RNA libraries were constructed using the NEBNext Ultra Il Directional RNA
Library Prep Kit for lllumina (NEB, #E7760S/L). Directional mRNA-seq was conducted
using the lllumina HiSeq 4000 system, using the paired-end 150 reads option. RNA-seq
paired-end reads were aligned to the 10-mm mouse reference genome (GRCm38 release 89)
using the ultrafast universal RNA-seq aligner (STAR v2.5.3).1° Genewise counts were
assessed with HTSeg-count v.0.8.0.20 DESeq2 v1.16.1 was used to compute regularized log
2 levels of gene expression and estimate differentially expressed genes.2! Between-group
differences above a two-fold change with a false discovery rate-adjusted ~-value (padj) < .05
were considered differentially expressed. g: Profiler (https://biit.cs.ut.ee/gprofiler/gost) was
used for pathway and Gene Ontology (GO) analysis.

2.9 Measurements of islet cell apoptosis

Raw264.7 cells were treated by IFN-y at 100 ng/mL for 24 hours. Human islets were co-
cultured with the Raw cells in the presence or absence of AAT at 0.5 mg/mL for another 24
hours. Islets were removed and embedded in OCT and sectioned. Islet cell death was
identified using the fluorescein In Situ Cell Death Detection kit (Roche Diagnostics). Cell
death was confirmed using an apoptosis ELISA Kkit.

2.10 Macrophage activation when co-cultured with cytokine-treated dying islets in vitro

Human islets were treated with cytokines (IFN-y [100 ng/mL], IL-1B [5 ng/mL], and TNF-
a [100 ng/mL]) or vehicles for 24 hours, and cell death was measured by the apoptosis
ELISA kit. Raw264.7 cells were co-cultured with vehicle- or cytokine-treated islets for 24
hours in the presence or absence of 0.5 mg/mL AAT. mRNA expressions of CD11c, IL-6,
iNOS, and TNF-a were measured by RT-PCR analysis.

2.11 Western blot

Raw264.7 cells were lysed using protein lysis buffer, and protein concentration was
measured using the spectrometer with analysis by immunoblotting using antibodies against
p-STAT1 and STATL. Beta-actin expression was detected using the anti-p-actin antibody and
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used as the endogenous control. Protein expression was quantified using the ImageJ
software.

Islet transplantation into macrophage-depleted recipients

Clodronate-containing liposomes (lip-clod, Liposoma, 50 mg/kg) were given to recipients
after STZ injection and before human islet transplantation as previously described.22:23
Liver tissue was collected 24 hours post liposome administration to confirm macrophage
depletion by RT-PCR analysis and immunohistochemistry staining for F4/80 expression.
Human islets alone (control group), islets with IFN-y-treated Raw264.7 cells (1 x 108, M1
macrophages, IFN-y group), or islets with Raw264.7 cells treated with IFN-vy in the
presence of AAT (AAT group) were transplanted into the livers of the macrophage-depleted
diabetic NOD-SCID mice. Nonfasting blood glucose levels of mice were measured daily
until 21 days PT.

2.13 Statistical analysis

Percentage of mice reaching normoglycemia was analyzed and plotted using Kaplan-Meier
survival statistics compared by the log-rank test. Data are expressed as mean + standard
error of the mean (SEM). Differences between groups were compared for statistical
significance by ANOVA with Tukey-Kramer post hoc test, Student's ¢test, or Ztest; £<.05
denoted significance.

3 RESULTS

3.1 ATT improves the survival and function of islets transplanted into the STZ-induced
diabetic mice

We showed in our previous study that AAT treatment (2 mg/mouse) to the islet transplant
recipient prolonged the survival of mouse islet grafts in a syngeneic intrahepatic islet
transplantation model in C57BL/6 mice.12 To explore the potential clinical application, we
tested the protective effects of AAT on graft survival and function when human islets were
transplanted into the immunodeficient NOD-SCID mice that had been rendered diabetic
(two consecutive blood glucose levels >350 mg/dl) by STZ treatment. In this model, when
400-450 human islets were transplanted, only 35.7% (10/28) of recipients in the control
group achieved normoglycemia at day 60. In contrast, 46.7% (7/15) of recipients receiving
AAT at 2 mg/ mouse (o= .5 vs. control by log-rank test) and 68.9% (20/29) of recipients
receiving AAT at 4 mg/mouse groups achieved normoglycemia (p = .009 vs. control) at day
60 PT (Figure 1A). Average days needed to reach normoglycemia were 6.1 + 2.9 days in
control, and 3.1 + 0.6 days in the AAT 4 mg/mouse group (Figure 1B). Based on these data,
we used 4 mg/mouse AAT treatment in all the following studies.

AAT-treated mice had better islet function as shown by lower blood glucose levels and
significantly smaller glucose area under the curve during the IVGTT (Figure 1C,D, and
insets) and higher basal and glucose-stimulated human C-peptide levels in serum (Figure
1E) at 7- and 28-days PT. The levels of mouse C-peptide in both groups were undetectable
(not shown), suggesting that normoglycemia was maintained by the transplanted human
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islets. Besides, AAT-treated recipients exhibited better physical condition and faster recovery
of body weight loss postsurgery (Figure 1F).

We next tested the protective effect of AAT in a major mismatch allogeneic islet
transplantation model in which BALB/c islets (H-2P) were transplanted into diabetic
C57BL/6 H-29 recipients. In this model, primary islet function occurred in only 50% (5/10)
of control recipients when 400-450 islets were transplanted. In contrast, 90% (9/10) of the
AAT-treated recipients showed primary function (p = .02, Ztest, Figure 1G). The average
blood glucose levels in AAT-treated mice were lower than mice in the control group during
the follow-up period (until day 60, Figure 1H). Also, in mice that demonstrated primary
graft function, AAT islets survived much longer (surviving 8, 10, 12, 16, 16, 21, 60, 60, and
60 days, median: 16 days) than controls (surviving 4, 8, 12, 21, and 60 days, median 12
days) (Figure 11). These data further confirmed the protective effect of AAT on the primary
function of transplanted islets.

3.2 AAT reduces serum proinflammatory cytokine levels PT

Nonspecific inflammatory responses lead to islet graft loss in both autologous and allogeneic
islet transplantation settings PT.24To test whether AAT suppressed inflammation post
intrahepatic islet transplantation, we measured cytokine secretion profiles in serum samples
collected from AAT and the control NOD-SCID recipients before and at days 1, 3, and 7
post human islet transplantation using the Bio-Plex pro cytokine 23-plex assay Kit. Most
cytokine levels were elevated in control mice at day 1 PT. Presence of proinflammatory
cytokines, including IL-1a, IL-1B, IL-6, IFN-y, TNF-a, granulocyte-macrophage colony-
stimulating factor (GM-CSF), granulocyte colony-stimulating factor (G-CSF), and others,
was significantly reduced in serum from AAT-treated recipients compared to controls at day
1 PT (Figure 2A). Meanwhile, inflammatory-related chemokines, including MIP-1a,
MIP-1B, KC, eotaxin, and MCP-1, were also significantly reduced in AAT-treated recipients
compared with control at day 1 PT (Figure 2A). Most of the elevated cytokine levels
declined to basal levels by day 7. Additionally, AAT-treated mice had higher levels of IL-4
and IL-10, and two anti-inflammatory cytokines, at day 3, although there was a lower IL-10
expression in the AAT group at day 1 (Figure 2B). Our data showed that AAT inhibits serum
proinflammatory cytokines while increased anti-inflammatory cytokine levels in NOD-SCID
mice receiving human islet transplantation.

3.3 AAT suppresses liver macrophage activation

Kupffer cells and infiltrating macrophages play central roles in the inflammatory responses
within the liver after intrahepatic islet transplantation. Graft survival was improved when
macrophage activation was inhibited.2°> To determine whether AAT suppressed liver
macrophage activation in our model, we assessed M1 and M2 macrophage phenotypes in
relation to total F4/80™ liver macrophages at day 1 PT in the NOD-SCID recipients.
Although AAT-treated recipients had similar total numbers of F4/80* macrophages
compared to controls (58.4 + 3.1% vs. 60.0 £ 6.7%), they had significantly fewer activated
M1 macrophages (F4/807CD11¢*CD206™, 20.4 + 4.1% vs. 36.8 + 2.7%; p=.02) and
increased M2 macrophages (F4/80*CD11c"CD206%, 14.0 + 0.6% vs. 3.8 + 0.3%, p=.01) at
1-day PT (Figure 3A,B). The phenotypes of macrophages were confirmed by reduced
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mRNA expressions of M1 marker genes, including CD11c, iNOS, and TNF-a, and
increased M2 marker genes, including CD206, IL-10, and Arginase 1 (Argl), in the AAT
group compared to controls (Figure 3C). These data suggest that treatment with AAT
suppressed M1 and favored M2 macrophage polarization in the livers of NOD-SCID mice
bearing human islet grafts.

Transcriptional profiles of liver macrophages from control and AAT-treated mice at 1-day
PT showed that 344 genes were differentially expressed with a fold change (FC) >2 and padj
<.05 in the AAT-treated group compared with the control group (Figure S1). The genes
most attenuated by AAT included M1 macrophage-related genes iNOS, Marco, and TNF-a
(Figure 3D). Analysis of a broader set of M1 makers also indicated that AAT-treated
recipients had reduced M1-related cytokine and chemokine gene expression than the control
group (Figure 3E). These data suggest that AAT suppressed the expression of M1
macrophage-related genes that might have contributed to enhanced islet survival in our islet
transplantation model. The GO and pathway and interactive network enrichment were
performed to assess the functional outcomes of AAT-altered genes in macrophages. Clusters
of inflammatory response, chemokine activity, and cytokine and cytokine receptor GO
pathways were significantly affected by AAT treatment (Figure 3F).

3.4 AAT suppresses IFN-y-induced Raw264.7 macrophage activation by suppression of
STAT1 phosphorylation in vitro

To decipher whether AAT has a direct effect on macrophage activation, we treated Raw264.7
cells with IFN-y and measured M1 marker gene expression in the presence and absence of
0.5 mg/ mL of AAT by RT-PCR. Expression of M1 marker genes, including CD11c, TNF-a,
IL-6, and iNOS, at the transcriptional level was measured at 1, 3, 6, 24, and 36 hours after
treatment with 100 ng/ mL of IFN-y. Control cells treated with vehicle or AAT alone did not
lead to any change of expression of all four genes. IFN-y stimulation leads to increased
expression of CD11c, TNF-a, IL-6, and iNOS in a time-dependent manner. Cells treated
with AAT showed significantly less gene expression at 3—36 hours posttreatment (Figure
4A-D). In contrast, there was no difference in expression of most M2 macrophage-related
genes in Raw264.7 cells treated with IL-4 with or without AAT (Figure S2).

To explore the molecular mechanism of AAT inhibition on IFN-y-induced M1 activation,
we measured the phosphorylation of STAT1, a key molecular mediator of M1 polarization,26
in Raw264.7 cells treated with IFN-vy in the presence or absence of AAT. In control cells,
phosphorylation of STAT1 (Tyr701) was presented from 5 to 30 minutes after IFN-y
treatment. Addition of AAT significantly suppressed STAT1 phosphorylation (Figure 4E,F)
and iNOS expression (Figure 4G,H). These results suggest that AAT inhibits M1
macrophage activation at least in part by suppressing IFN-y-induced STAT1
phosphorylation and iNOS production.

3.5 AAT inhibits macrophage activation induced by cytokines or inflamed/dying islets
and consequently leads to islet cell survival

The presence of activated macrophages is a characteristic feature that occurs in the
destructive cascade of some islet cells after transplantation.2” This was confirmed in vitro
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when more islet cells underwent apoptosis when co-cultured with IFN-y-activated
Raw264.7 macrophages (Figure 5A). In contrast, there was significantly less islet cell death
when islets were co-cultured with AAT pretreated, IFN-y-treated Raw264.7 macrophages
(Figure 5B,C). These data show that AAT suppresses macrophage activation and
consequently reduced islet cell death.

Meanwhile, inflamed/dying islets contribute to their demise releasing cytokines and
chemokines that attract inflammatory macrophages to the liver and activate resident
macrophages, which cause more islet death.28 To mimic the in vivo transplantation
microenvironment, we treated human islets with cytokine cocktails, including IL-1p, IFN-y,
and TNF-a, and confirmed the presence of increased islet apoptosis (Figure 5D). We co-
cultured dying or healthy islets with Raw264.7 cells for 24 hours in the presence and
absence of AAT, and measured M1 marker gene expression in Raw264.7 cells. Co-culture
with dying islets led to increased expression of CD11c, IL-6, iINOS, and TNF-a., and
treatment with AAT suppressed the expression of those genes in macrophages (Figure 5E).
These data show the AAT suppresses macrophage activation induced by inflamed/dying
islets. Taken together, AAT suppresses macrophage activation induced by cytokines or dying
islets, which subsequently leads to islet cell survival.

3.6 AAT suppresses M1 macrophage activation and contributes graft survival and

function

To obtain direct evidence that macrophage activation plays an essential role in islet graft
death and whether AAT can attenuate the detrimental effects of activated macrophages in
vivo, we established a liver macrophage depletion diabetic mouse model by injecting
diabetic NOD-SCID mice with lip-clod, and transplanted human islets with or without IFN-
y-treated Raw cells, and measured islet graft function (Figure 6A). Treatment with lip-clod
effectively depleted F4/80 macrophages in mice livers as shown by liver tissue RT-PCR for
F4/80 expression and immunohistochemistry staining (Figure 6B,C). At day 21 PT, all
macrophage-depleted control recipients receiving human islets alone achieved
normoglycemia (n = 6). In contrast, only 55.6% (5/9) of recipients receiving islets and IFN-
y-treated Raw cells achieved normoglycemia (n =9, p=.001 vs. control, log-rank test),
compared to 90% (9/10) of recipients receiving islets and AAT-treated IFN-y Raw cells (p
=.003 vs. IFN-y group) (Figure 6D). Without macrophage depletion, about 35.7% (10/28)
of diabetic NOD-SCID mice achieved normoglycemia at day 21. In addition, the AAT group
showed significantly better graft function compared to the IFN-y control group, as indicated
by lower blood glucose levels and smaller glucose AUC during an IVGTT at 7 days PT
(Figure 6E). Therefore, our data show that the presence of M1 macrophages in the liver
contributed to the primary nonfunction of transplanted islets. Through suppression of
macrophage activation, AAT protects transplanted islets from dysfunction.

4 DISCUSSION

AAT therapy is a promising treatment that could improve islet graft survival after
transplantation.8:10.12 AAT protects islet grafts via suppression of neutrophil infiltration and
regulation of natural killer (NK) cell responses that contribute to islet graft acceptance.
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8,29-32 \Whether AAT has a direct effect on macrophages, a major component of the innate
immune response after human islet transplantation, is still unknown. In this study, we
demonstrate for the first time, using a clinically relevant human islet transplantation model,
that AAT protects islet graft survival at least in part via suppression of M1 macrophage
polarization in both in vivo and in vitro systems. In vivo, we found that more mice receiving
human islet grafts achieved normoglycemia when AAT was administered. Macrophages
from AAT-treated recipients showed a distinct transcriptional profile with reduced M1
marker gene expression compared to cells from controls. In vitro, using Raw264.7 cells, we
found that AAT suppressed IFN-y-induced M1 macrophage polarization via inhibition of
STAT1 phosphorylation. Importantly, by depletion of liver macrophages, we showed direct
evidence that M1 macrophages in the liver contributed to primary nonfunction of
transplanted islets.

Both macrophages and neutrophils contribute to inflammatory islet injury following islet
transplantation into the liver.24:33.34 Multiple studies show that transient macrophage
inhibition or inhibition of cytokine production prolonged islet allograft survival.2>:35 For
example, Kaufman and colleague showed that in a major mismatch islet transplantation
model, primary nonfunction of transplanted islets was a result of a cell-mediated host-
immune response dependent on macrophages or macrophage byproducts. Silica-induced
macrophage depletion completely abolished primary nonfunction.3® In this study, we
confirm those findings and introduce potential therapy to downregulate M1 macrophage
polarization and cytokine-induced injury by treatment with AAT. Kupffer cells comprise
80% of the liver tissue macrophages in the human body. They contribute to injuries to other
cells via secretion of free radicals and inflammatory cytokines, including IL-1, IL-6, TNF-a.,
IFN-v, coagulation factors, complement, reactive oxygen, and nitrogen species.2537 After
islet transplantation, Kupffer cells can be activated by many factors including transplanted
islets, injuries to the sinusoidal endothelium,2® the residual endotoxin derived from the islet
isolation process,38 and dying acinar cells in the islet product.3° Furthermore, intraislet
macrophages residing within the pancreatic islets, although low in numbers, may mediate
islet injury.9 In addition, monocyte-derived inflammatory macrophages recruited by tissue
injury can be activated and contribute to islet damage.*! However, whether the AAT effect
was on Kupffer cells, intraislet macrophages, inflammatory macrophages, or all of these
cannot be distinguished in this study.

Recent studies show that human AAT dose protocols and routes of administration impact the
protective effects of AAT therapy for islet-related injuries.#2 We found that infusion of 4 mg/
mouse of AAT achieved better protection to human islet grafts compared to the lower dose
of 2 mg/mouse. Our experience shows that the dose of human AAT needs to be optimized in
different transplantation situations. For example, in the syngeneic islet transplantation model
using C57BL/6 mice, treatment of recipients with seven doses of AAT at 2 mg/mouse every
other day led to 60% of recipients reaching normoglycemia,12 while in this study when
human islets were transplanted into NOD-SCID mice, a dose of 4 mg/mLwas needed to
achieve similar protection. The requirement of different doses for different transplantation
settings is not fully explained, although higher doses of AAT may be needed to suppress
complement activation associated with human (xenoislet) transplantation. The body weight
of each mouse averaged 25 g, and the approximate dose of AAT in our model was 160
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mg/kg every 2 days. Studies have shown that AAT up to 240 mg/ kg (about 6 mg/mouse for
a mouse of 25 g) was safe in animals and patients.2® Therefore, higher doses or different
dosing schedules of AAT might be needed to achieve better protection in human islets.

It is worth noting that mice receiving AAT survived significantly longer with quicker
recovery after surgery than vehicle-treated controls. Continuous AAT infusion in mice led to
the death of mice in certain mouse species due to generation of antibodies:29 however, we
found that AAT injection was safe in the C57BL/6 and the NOD-SCID mice. Although our
studies were focused on the impact of AAT on macrophage function, we observed that AAT-
treated mice showed lower levels of serum cytokines and chemokines from day 0 (about 2—4
hours after AAT injection and before islet transplantation). Treatment with STZ can induce
cell apoptosis and cause multiple injuries to liver, cardiac, and adipose tissues.#344 Since
AAT has a protective effect on many tissues by downregulation of inflammatory factors,
74546 the petter survival of transplanted islets and better ter survival of treated mice may not
be entirely macrophage specific.

Therefore, we believe that AAT exerted its protective effects at least in part through
suppression of macrophage activation. In a previous study, islet cells co-cultured with
activated macrophages were lysed within 15 hours in vitro,*” which is consistent with our
data that the co-culture of islets with IFN-y-stimulated macrophages led to increased p-cell
death in vitro.

In addition, this study focuses on early events following human islet transplantation into the
immunodeficient recipients, since early islet cell death is a major issue hindering the success
of islet transplantation.? While it is not a focus of this study, it is important to assess the
long-term protective effects of AAT in immunocompetent mice, since notable chronic
decline in islet function has been observed in both autologous and allogeneic islet
transplantations.#8:49

5 CONCLUSIONS

We identified a novel mechanism that explains the protective effects of AAT on human islet
graft survival after intrahepatic islet transplantation, which was mediated by suppression of
macrophage activation/polarization. These data provide strong evidence that AAT treatment
has the potential to be used to enhance human islet graft survival and function in clinical
islet transplantation.
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Cytokine levels in AAT or control recipients after transplantation. (A) Serum cytokines and
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measured by the Bio-Plex Pro Cytokine 23-Plex Assay kit. Data are shown as mean + SEM,
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FIGURE 4.
AAT suppresses IFN-y-induced M1 macrophage activation by suppression of STAT1

phosphorylation in vitro. Expression of CD11c (A), TNF-a (B), IL-6 (C), and iNOS (D) in
IFN-y-treated Raw264.7 cells in the presence or absence of AAT at 1, 3, 6, 24, and 36
hoursafter treatment. CTR, nontreated Raw cell control; AAT, cells incubated with AAT (0.5
mg/mL) only; IFN, cells treated with IFN-y (100 ng/mL) only; IFN+AAT, cells treated with
IFN-7y in the presence of AAT. (A-D) Data shown are mean £ SEM from three to five
individual experiments; differences were compared by one-way ANOVA test. *P< .05 vs.
CTR; #P< .05 vs. IFN-y treatment. (E) Protein expression of phosphorylation STAT1 (p-
STAT1) and total STAT1 was measured in Raw264.7 cells stimulated with IFN-y in the
presence and absence of AAT by Western blot analysis. (F) Quantification of p-STAT1/
STAT1. (G) Expression of M1 macrophage intracellular marker iNOS was measured by flow
cytometry. (H) Quantification of iNOS™* cell population among F4/80* macrophages. (E-H)
Experiments were repeated three times; *P< .05 by Student's #test
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FIGURE 5.
AAT protects islets cells from activated macrophage-induced apoptosis. (A) Human islet cell

death after co-culture with IFN-y-activated macrophages by TUNEL staining. Nuclei were
stained with DAPI (blue), B-cells with the anti-insulin antibody (red), TUNEL™ cells are
green. (B) Quantification of TUNEL+ cells within an islet; 15-20 islets were included in
each group. (C) Islet cell death measured by the apoptosis ELISA kit. CTR, human islets;
IFN, human islets co-cultured with IFN-y-treated macrophages; IFN+AAT, human islets co-
cultured with IFN-y-treated macrophages in the presence of AAT. (D) Death of vehicle or
cytokine-treated islets measured by cell apoptosis ELISA kit. (E) M1 marker gene
expression in Raw264.7 cells measured at 24 hours after co-cultured with cytokine-treated
islets. Vehicle, nontreated Raw264.7 cells; Cyto-Islet, cytokine (human IL-18, TNF-a, and
IFN-7y)-treated human islets; Cyto-Islet +AAT, cytokine-treated human islets in the presence
of AAT. Data shown are mean + SEM; *P< .05, CTR vs. Cyto-islets or Cyto-islets+AAT,
and #P < .05 Cyto-islets vs. Cyto-islets+AAT, analyzed by one-way ANOVA
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FIGURE 6.

AAT suppresses macrophage activation and improves survival of transplanted human islets
in macrophage-depleted diabetic NOD-SCID mice. (A) Study timeline of macrophage
depletion and diabetes induction in the NOD-SCID mice. (B) Quantitation of F4/80 mRNA
expression and immunostaining of F4/80+ macrophages in livers of control and lip-clod-
treated mice at 24 hourspost lip-clod or PBS (CTR). (C) F4/80 staining in normal and
macrophage-depleted livers. Arrows point to macrophages. (D) Percentages of recipients
reaching normoglycemia after human islet transplantation in recipients receiving human
islets alone (CTR), human islets with IFN--y-treated Raw264.7 cells (IFN-vy), or human
islets with IFN-y-treated Raw264.7 cells in the presence of AAT (IFN-y +AAT). (E) Blood
glucose levels during the IVGTT performed at 7 days posttransplant. Inset, AUC of IVGTT.

*P< .05, Student's Ztest
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