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Context: Recent studies have implicated proinflammatory responses in the mechanism of type 1

diabetes (T1D).

Objective: Our objective was to evaluate the safety and effects of therapy with the anti-inflam-

matory serum protein �1-antitrypsin (AAT) on islet function and innate immunity in recent-onset

patients.

Design and Setting: This was an open-label phase I trial at the Barbara Davis Center for Childhood

Diabetes, University of Colorado Denver.

Patients: Twelve recently diagnosed subjects with T1D with detectable C-peptides were included

in the study.

Intervention: Eight consecutive weekly infusions of 80 mg/kg of AAT were given.

Main Outcome Measures: Patients were monitored for adverse effects of AAT therapy, C-peptide

responses to a mixed-meal tolerance test, and toll-like receptor (TLR)-induced cellular IL-1� in

monocytes and myeloid dendritic cells (mDCs).

Results: No adverse effects were detected. AAT led to increased, unchanged, or moderately re-

duced levels of C-peptide responses compared with baseline in 5 patients. The total content of

TLR4-induced cellular IL-1� in monocytes at 12 months after AAT therapy was 3-fold reduced

compared with baseline (P � .05). Furthermore, at baseline, 82% of monocytes produced IL-1�, but

at 12 months after therapy, the level decreased to 42%. Similar reductions were observed using

TLR7/8 and TLR3 agonists in monocytes and mDCs. Unexpectedly, the reduction in cellular IL-1� was

observed only 9 and 12 months after treatment but not in untreated diabetics. Improved �-cell

function in the 5 AAT-treated individuals correlated with lower frequencies of monocytes and

mDCs producing IL-1� compared with subjects without improvement of islet function (P � .04 and

P � .02, respectively).

Conclusions: We hypothesize that AAT may have a beneficial effect on T1D in recently diagnosed

patients that is associated with downmodulation of IL-1�. (J Clin Endocrinol Metab 99:

E1418–E1426, 2014)

ISSN Print 0021-972X ISSN Online 1945-7197

Printed in U.S.A.

Copyright © 2014 by the Endocrine Society

Received October 22, 2013. Accepted January 29, 2014.

First Published Online February 14, 2014

Abbreviations: AAT, �1-antitrypsin; AUC, area under the curve; HbA1c, hemoglobin A1c;

LPS, lipopolysaccharide; mDC, myeloid dendritic cell; MFI, median fluorescence intensity;

MMTT, mixed-meal tolerance test; NF, nuclear factor; PBMCs, peripheral blood mononu-

clear cells; pDC, plasmacytoid DC; PR3, proteinase-3; T1D, type 1 diabetes; TLR, toll-like

receptor.

J C E M O N L I N E

H o t T o p i c s i n T r a n s l a t i o n a l E n d o c r i n o l o g y — E n d o c r i n e R e s e a r c h

E1418 jcem.endojournals.org J Clin Endocrinol Metab, August 2014, 99(8):E1418–E1426 doi: 10.1210/jc.2013-3864

D
o
w

n
lo

a
d
e
d
 fro

m
 h

ttp
s
://a

c
a
d
e
m

ic
.o

u
p
.c

o
m

/jc
e
m

/a
rtic

le
/9

9
/8

/E
1
4
1
8
/2

5
3
7
3
8
5
 b

y
 g

u
e
s
t o

n
 1

6
 A

u
g
u
s
t 2

0
2
2



How type 1 diabetes (T1D) is triggered is unknown;

however, studies in humans with T1D and animal

models support the hypothesis that microbial infections

and the innate immune system play crucial roles in the

disease mechanisms (1). This possibility is consistent with

the hypothesized role of pancreatropic viruses, such as

enteroviruses, in the mechanisms leading to T1D in hu-

mans (2–7) and the observation that islet �-cells from pa-

tients with T1D coexpressed enterovirus-capsid protein,

interferon-�, CXCL10, and other chemokines (5, 8).

�1-Antitrypsin (AAT) is 52-kDa serum serine-protease

inhibitor that is normally produced by hepatocytes and

mononuclear phagocytes (9). Emerging evidence suggests

that AAT has anti-inflammatory properties. For example,

AAT can inhibit the lipopolysaccharide (LPS)-induced

production and release of both TNF-� and IL-1� and en-

hance IL-10 production in human monocytes (10). In

whole blood cultures, AAT inhibits the expression of IL-8,

IL-6, TNF-�, and IL-1� (11). Moreover, AAT suppresses

the activation of nuclear factor (NF)-�B, a transcription

factor associated with the expression of proinflammatory

cytokines (12). Recently, it was reported that AAT treat-

ment can restore normoglycemia (13) and halt T1D (14)

in NOD mice and prevent islet allograft rejection (15).

Our studies implicated IL-1� in the proinflammatory

response leading to T1D in animal models of virus-in-

duced T1D (16–19). We recently reported that monocytes

and dendritic cells from newly diagnosed patients with

T1D and subjects at risk for disease development have

dysregulated toll-like receptor (TLR)-induced cellular lev-

els of IL-1� in monocytes and myeloid dendritic cells

(mDCs) (20, 21). We hypothesized that this proinflam-

matory signature is associated with the mechanism of

�-cell destruction. In the present study, we examined the

hypothesis that treating T1D patients with the anti-in-

flammatory serum protein AAT is a safe treatment regi-

men that could downmodulate TLR-induced IL-1� in pe-

ripheral monocytes and DCs and preserve endogenous

insulin production. To test this possibility, we analyzed

IL-1� responses in TLR-activated peripheral monocytes

and mDCs and monitored the C-peptide response of per-

sons with diabetes to the mixed-meal tolerance test

(MMTT) before and after AAT infusion. We report that

AAT administration is a safe treatment regimen in patients

with normal levels of AAT. Furthermore, we show for the

first time that AAT can potentially preserve islet function

in a subset of patients via a mechanism that could involve

downmodulation of IL-1� responses in monocytes and

mDCs. �ur data support the possibility that an anti-in-

flammatory therapy may be an efficient clinical strategy to

downmodulate inflammation in T1D.

Subjects and Methods

Study participants and AAT study protocol
The clinical trial was designed as an open-label phase I study.

Twelve subjects with T1D within �4 years from disease diag-
nosis and detectable C-peptide were recruited to the study. The
diagnosis of diabetes was established by American Diabetes As-
sociation criteria, and the diagnosis of T1D was confirmed by the
presence of anti-glutamic acid decarboxylase 65, anti-islet cell
autoantigen 512, anti-insulin, and anti- zinc transporter 8 auto-
antibodies. The subjects were infused with AAT (Aralast; Baxter
Inc) at a dose of 80 mg/kg body weight at a rate of 0.08 mL/kg
body weight per minute once a week for 8 weeks. Infusions took
place at the Barbara Davis Center and Clinical and Translational
Research Center-University of Colorado Hospital (UCH) and
Children’s Hospital. Blood samples were drawn before the treat-
ment (time 0, or baseline) and weeks 1, 3, 7, and 9 and months
3, 6, 9, 12, and 18 after the initiation of the treatment. Blood
samples were drawn for immunologic studies and hemoglobin
A1c (HbA1c), and a 2-hour MMTT was performed per standard
protocol at 0, 3, 6, and 12 months. All subjects enrolled in this
study underwent intensive management of their diabetes. AAT
was well-tolerated, and the only significant adverse event seen
was hyperglycemia in 7 of the 12 subjects. The sera and periph-
eral blood mononuclear cells (PBMCs) were isolated immedi-
ately after the blood samples were drawn. Two subjects were
rechallenged with a second course of AAT at the same dose and
schedule as described for the first course and therefore did not
undergo MMTT at 18 months after treatment. The study was
approved by the Institutional Review Board at the University of
Colorado Denver.

The subject cohort treated with AAT included 12 subjects
with T1D (Table 1). The average age of the treated cohort was
24.6 � 10.5 years (range, 12–39 years; 4 females and 8 males).
The subjects had an average body mass index of 23.3 � 3.7 kg/m2

and an average disease duration of 15.7 � 14.9 months (range,
3–44 months). All of the treated individuals were non-Hispanic
Caucasians. As a control for the flow cytometry analyses, we

Table 1. Clinical Parameters in AAT-Treated Subjectsa

Baseline

Time After Initiation of AAT Therapy

3 mo 6 mo 12 mo 18 mo 24 mo

HbA1c, % 6.0 � 0.51 (10) 6.2 � 0.65 (9) 6.5 � 0.61 (11) 7.0 � 1.7 (9) 6.6 � 0.74 (8) 6.65 � 0.64 (6)
Blood glucose, mg/dL 119.5 � 21.4 (10) 124.9 � 33.1 (9) 137.0 � 34.2 (10) 148.7 � 60.3 (10) 152.1 � 46.4 (9) 129.8 � 55.5 (5)
Insulin use, U/d 20.2 � 13.8 (10) 22.5 � 9.9 (9) 26.0 � 12.8 (10) 35.1 � 15.1 (10) 32.4 � 15.6 (9) 30.7 � 9.2 (5)
C-peptide AUC, ng/mL 269.9 � 127.7 (10) 264.5 � 138.8 (11) 213.6 � 84.9 (12) 178.3 � 151.0 (12) 162.43 � 101.7 (9) 137.1 � 70.8 (7)

a Data are means � SD. Values in parentheses represent subject number.

doi: 10.1210/jc.2013-3864 jcem.endojournals.org E1419
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used an untreated cohort of 4 T1D patients with an average age
of 18.8 � 3.6 years (range, 16–25 years, 3 males and 1 female)
and body mass index of 24.1 � 3.2 kg/m2. These subjects were
selected based on the disease duration that was similar to that of
the treated cohort at 17.3 � 4.3 (range, 12–23) months.

MMTT and C-peptide and autoantibody

measurements
Measurements of C-peptide levels and autoantibody detec-

tion were performed by the Clinical Core at the Barbara Davis
Center for Diabetes, University of Colorado Denver. HbA1c

levels were measured by the DCA-2000 plus methodology
(Siemens/Bayer).

PBMC isolation and flow cytometry
PBMCs were rapidly isolated from freshly drawn heparinized

blood from autoantibody-positive and autoantibody-negative
subjects by Ficoll-Hypaque Plus density centrifugation (GE
Health Care). The PBMCs were washed twice with PBS (Invit-
rogen Life Technologies) and resuspended in endotoxin-free
high-glucose DMEM containing 2mM L-glutamine, 100 U/mL
penicillin and 100 �g/mL streptomycin (both from Invitrogen
Life Technologies), and 10% AB serum (PAA Laboratories). For
the flow cytometry analyses, the PBMCs were washed and re-
suspended in fluorescence-activated cell sorting buffer consisting
of PBS (Invitrogen Life Technologies) containing 1% BSA and
0.05% sodium azide (both from Sigma-Aldrich). The frequency
of monocytes and mDCs was assessed with flow cytometry as
recently described (20, 21).

Activation of PBMCs with TLR ligands and

intracellular cytokine staining
PBMCs were added to a 96-well round-bottom microtiter

plate at a concentration of 1 � 106 per well in a total volume of
100 �L. For the intracellular cytokine analysis, the PBMCs were
incubated in the presence or absence of various purified TLR
ligands plus 1 �L/mL brefeldin A (BD Biosciences) for 4 hours
and then stained for surface markers and intracellular IL-1�. For
intracellular cytokine staining, the PBMCs were cultured in the
presence or absence of 100 ng/mL ultrapurified LPS (O111:B4,
InvivoGen) and 1 �L/mL R848 (Axxora) for 4 hours and then
stained for DC and monocyte surface markers and intracellular
IL-1�, as previously described (21). For compensation control,
BD CompBeads (BD Biosciences) were used. Instrument perfor-
mance was verified daily according to the manufacturer’s quality
control guidelines. Ultra Rainbow particles (3 �m; Spherotech)
were used to monitor the optical alignment, laser-delay settings,
histogram peak channel stability, and fluidic stability of the cyan.
The median fluorescence intensity of IL-1� expression was de-
termined by gating on the monocyte and mDC subsets. The TLR
ligands were reconstituted in Dulbecco’s PBS and stored in ali-
quots at �20°C until used.

Statistical analyses
Statistical differences in the frequencies of mDCs, plasmacy-

toid DCs (pDCs), and monocytes; frequencies of monocytes and
mDCs expressing IL-1� after TLR ligation; and serum IL-1�

levels at different times after therapy were evaluated using the
nonparametric Kruskal-Wallis test with Dunn’s multiple com-
parison. C-peptide response to the MMTT at time intervals of 0,

30, 60, 90, and 120 minutes was expressed as the total area under
the response curve. The 2-hour C-peptide area under the curve
(AUC) was calculated using the trapezoidal rule over the 2-hour
period. The AUC calculation was based on the time points
available from the MMTT (22). Statistical differences in the
C-Peptide AUC were calculated using the nonparametric
Kruskal-Wallis test with Dunn’s multiple comparison. Com-
parisons between 2 samples were performed using the un-
paired t test. P values � .05 were considered to be statistically
significant.

Results

Effects of AAT on metabolic parameters

To assess the effect of AAT treatments on islet function,

we screened the AAT-treated subjects for the expression

level of HbA1c, glucose, C-peptide AUC, and insulin use.

No significant differences were observed in the overall

expression of these metabolic parameters in blood samples

drawn at 3, 6, 12, 18, and 24 months after the initiation

of the treatment compared with the baseline value (Table

1 and Figure 1B). We observed, however, that 5 of the 12

subjects infused with AAT (patients 3, 4, 10, 12, and 15)

had either increased or moderately reduced C-peptide lev-

els at 12 to 18 months compared with the baseline value.

Specifically, the levels of C-peptide AUC in the blood from

subjects 3 and 4 were decreased and increased by 18% and

Figure 1. C-peptide responses to MMTT in AAT-treated persons with

diabetes. A and B, The individual AUC of the C-peptide during a 2-

hour MMTT from nonresponders and responders as indicated (A) and

comparison between the C-peptide response of responders and

nonresponders (B) before and at different time points during and after

the start of therapy (n � 10–12 per time point).
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D
o
w

n
lo

a
d
e
d
 fro

m
 h

ttp
s
://a

c
a
d
e
m

ic
.o

u
p
.c

o
m

/jc
e
m

/a
rtic

le
/9

9
/8

/E
1
4
1
8
/2

5
3
7
3
8
5
 b

y
 g

u
e
s
t o

n
 1

6
 A

u
g
u
s
t 2

0
2
2



100%, respectively. The levels of C-peptide AUC in sub-

jects 10 and 12 were reduced by 8% and 16%, respec-

tively, and that of subject 15 was increased by 120% com-

pared with the baseline level (Figure 1A). In contrast, the

other subjects exhibited a reduction of 40% to 80% in

their C-peptide AUC levels compared with the baseline

(Figure 1A). These data suggest that treatment with AAT

could potentially result in improved or stable C-peptide

responses in a subset of patients.

Frequencies of monocytes and dendritic cells in

the peripheral blood from newly diagnosed T1D

patients treated with AAT

We next examined the potential effect of AAT therapy

on the proportion of monocyte and DC subsets in the

peripheral blood from treated patients. PBMCs were iso-

lated from freshly drawn blood before or during and after

the AAT infusions. The data show similar frequencies of

monocytes, mDCs, and pDCs in the blood from the subjects

before, during the 8-week course of AAT infusions, and after

the treatment (Figure 2 and Supplemental Figure 1, pub-

lished on The Endocrine Society’s Journals Online website at

http://jcem.endojournals.org). These findings suggest that

AAT therapy does not alter the percentage of monocytes

and DC subsets from the levels before treatment.

Therapy with AAT reduces the TLR-induced IL-1�

fluorescence intensity in monocytes and mDCs

Increased IL-1� levels in the peripheral blood mono-

cytes have been linked to the development of T1D in hu-

mans (23–26) and animal models of the disease (16). For

example, we recently reported that TLR-induced cellular

levels of IL-1� is increased in monocytes and mDCs from

newly diagnosed patients with T1D (21) and subjects at

risk for the disease (20). In the present study, we tested the

hypothesis that therapy with AAT may alter the TLR-

induced IL-1� levels in peripheral monocytes and mDCs.

For this purpose, freshly isolated PBMCs were obtained

from the subjects before and at different times during and

after the AAT infusion treatment. The cells were cultured

in the presence or absence of LPS (TLR4 ligand) or R848

(ligand of TLR7/8). We used flow cytometry to assess the

fluorescence intensity of IL-1� expression in monocytes 4

hours after the activation of TLRs in vitro. Using a cohort

of approximately 90 subjects with islet autoimmunity, we

recently established that IL-1� is highly expressed in 80%

to 90% of the total monocytes and 30% to 75% of mDCs

after in vitro TLR ligation (20, 21). Similar median fluo-

rescence intensities (MFIs) were detected in unactivated

monocytes and mDCs at all time points (Figure 3, A–C,

and Supplemental Figure 2, A and B). The data shown in

Figure 3B further indicate that the average cellular level of

IL-1� observed in LPS-activated monocytes was reduced

from an MFI of 16 detected before AAT treatment to an

MFI of 6 at 12 months after treatment (P � .05). Likewise,

the MFI for IL-1� expression in R848-activated mono-

cytes from the subjects at 9 or 12 months after the initi-

ation of the AAT infusion was significantly reduced com-

pared with that of the subjects before the treatment and at

1, 3, 7, or 9 weeks after the start of therapy (Figure 3B).

The MFI for IL-1� in the TLR4-activated monocytes from

Figure 2. Frequencies of monocytes and DC subsets in the peripheral

blood. Freshly drawn PBMCs were isolated from recently diagnosed

subjects before and after AAT administration and stained for surface

markers characteristic of CD14	 monocytes, CD1C	CD19� mDCs,

and CD304	 pDCs, as indicated (n � 3–11 per group). The results are

expressed as the percentage of the cell subtypes of all the PBMCs. The

bars indicate the mean values. There are no statistically significant

differences in the frequencies of monocytes or DC subsets over time.

doi: 10.1210/jc.2013-3864 jcem.endojournals.org E1421
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the subjects at 18 months after the therapy was greater

than the values observed at 9 and 12 months, but this

difference did not reach a statistically significant level due

to the relatively small subject number. As expected, the

MFI for IL-1� in TLR4-activated monocytes from un-

treated control patients with T1D was increased and sim-

ilar compared with that observed in monocytes from

treated subjects at 12 months after the therapy and the

baseline level, respectively. As observed in the monocytes,

the MFI for IL-1� levels in LPS-activated mDCs from

AAT-treated subjects at the 12 months was significantly

less than the levels observed before the treatment or those

1, 3, or 9 weeks after the treatment (Figure 3C and Sup-

plemental Figure 2B). The MFI for IL-1� in R848-acti-

vated mDCs from patients at 12 months was less than that

observed during the pretreatment period or 1, 3, 7, and 9

weeks after the initiation of the therapy (Figure 3C and

Supplemental Figure 2B). As observed in the monocytes,

the MFI values for cellular IL-1� expression in mDCs from

the treated subjects after 18 months and the untreated

T1D controls were greater than the values at 12 months.

Similar reductions in the MFI of the IL-1� staining were

observed in monocytes and mDCs activated with poly(I:C)

(Supplemental Figures 3 and 4). Taken together, these

data suggest that therapy with AAT results in a reduction

in the levels of TLR-induced cellular IL-1� detectable at 12

months after the therapy.

AAT treatment decreases the frequency of

TLR-induced IL-1�–containing monocytes and mDCs

Because AAT induces a reduction in the MFI for IL-1�

in TLR-activated monocytes and mDCs at 12 months after

Figure 3. Fluorescence intensity of IL-1� produced in LPS- and R848-activated monocytes and mDCs. A–C, As indicated, PBMCs were left

unactivated or stimulated with ultrapurified LPS or R848 in the presence of brefeldin A and then stained with fluorochrome-conjugated

monoclonal antibodies directed against surface markers for monocytes (A and B) or mDCs (C). The cells were fixed, permeabilized, and labeled

with fluorochrome-conjugated monoclonal antibodies against IL-1� or the appropriate isotype controls. A, Representative flow cytometry images

of LPS-induced IL-1�-expressing monocytes. The MFI was determined by gating on the monocyte or mDC populations. Each symbol represents an

individual MFI (n � 4–12 per group). The bars indicate the mean values. The indicated P values were determined using the nonparametric Kruskal-

Wallis test with Dunn’s multiple comparison.

E1422 Gottlieb et al TLR Responses in �1-Antitrypsin-Treated Diabetics J Clin Endocrinol Metab, August 2014, 99(8):E1418–E1426
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therapy, we next assessed the effect of AAT on the overall

proportion of monocytes and mDCs that contain IL-1�

after in vitro TLR ligation. We observed that the frequency

of IL-1�–positive monocytes from untreated subjects cul-

tured in the absence of TLR agonists was approximately

3% compared with 2.5% to 6.9% observed in the AAT-

treated subjects (data not shown). The data indicate that

LPS activation led to the induction of cellular IL-1� in

approximately 50% to 100% and 25% to 90% of mono-

cytes (Figure 4, A–C) and mDCs (Figure 4, D–F), respec-

tively, and that this phenotype was overall stable until 9 to

12 months after therapy. Figure 4C demonstrates that at

1 and 9 weeks after the initiation of the treatment, 80% of

monocytes, produced IL-1� after LPS activation com-

pared with 40% of monocytes from the subjects at 12

months after the treatment (P � .05 for both time points).

The frequency of LPS-induced IL-1�–producing mono-

cytes from subjects at 18 months after the treatment was

increased compared with the value at 12 months. Similar

to our recent data from new-onset patients and at-risk

subjects (20, 21), activation of PBMCs from untreated

controlpatientswithLPS induced IL-1� inmost themono-

cytes at a frequency similar to that seen in monocytes from

subjects before therapy and higher than that seen at 12

months (P � .05 for both pretreatment and 12-month

values). Comparable data were obtained from mDCs ac-

tivated with LPS (Figure 4, D–F). Finally, activation of

PBMCs with R848 and poly(I:C) led to reduced cellular

levels of IL-1� in monocytes and mDCs at 12 and 18

months after therapy (Supplemental Figures 3 and 4). Col-

lectively, these data indicate that AAT therapy results in

reduced frequencies of monocytes and mDCs expressing

cellular IL-1� after in vitro TLR ligation.

Correlation between C-peptide levels and

TLR-induced IL-1� responses

We next determined whether the C-peptide levels ob-

served after the MMTT correspond to the magnitude of

the TLR-induced IL-1� responses in monocytes and

mDCs. For this analysis, we evaluated the LPS-induced

IL-1� responses from subjects stratified into C-peptide

responders and nonresponders. The data shown in Figure

5 demonstrate that AAT-treated subjects who had im-

proved islet function also had significantly lower frequen-

cies of IL-1�–positive monocytes and mDCs compared

with the nonresponders 9 months after the AAT admin-

istration (P � .01 for monocytes and P � .003 for mDCs).

Although not statistically significant, we found a similar

Figure 4. IL-1� production in LPS-activated monocytes and mDCs. A–F, PBMCs were either unactivated or activated with purified LPS in the

presence of brefeldin A and subsequently stained with fluorochrome-conjugated monoclonal antibodies directed against IL-1� and surface

markers specific for monocytes (A–C) and mDCs (D–F). A, D, B, and E, Individual TLR4 responses from nonresponders (A and D) and responders

(B and E) before and at various time points after therapy. C and F, Comparisons between IL-1� responses in monocytes (C) and mDCs (F) from

AAT-treated subjects vs control untreated patients with T1D (n � 4–12 per group). The bars indicate the mean values. The P values were

evaluated using the nonparametric Kruskal-Wallis test with Dunn’s multiple comparison.

doi: 10.1210/jc.2013-3864 jcem.endojournals.org E1423
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trend toward reduced frequencies of IL-1�–positive

monocytes and mDCs after TLR7/8 ligation in subjects

who had improved islet function compared with nonre-

sponders (data not shown). These findings suggest that

improved �-cell function after AAT therapy could be

linked to a downmodulation in the TLR-induced IL-1 pro-

duction in monocytes and mDCs.

Discussion

Published data from animal models and humans with islet

autoimmunity have led to the recognition that proinflam-

matory responses play a key role in triggering T1D (4, 5,

8, 27, 28). Therefore, effective therapeutic interventions

for disease prevention and maintenance of endogenous

insulin production will likely have to include modalities

that downmodulate proinflammatory responses associ-

ated with disease progression (29). In this exploratory

phase I clinical study, we tested the safety and efficacy of

the anti-inflammatory compound AAT in recently diag-

nosed patients with T1D. We report that AAT is well-

tolerated by subjects with T1D and provide evidence for

the first time that AAT may potentially be beneficial to

islet �-cell function in some patients via mechanisms that

could be linked with downregulation of IL-1� responses.

How AAT modulates the function of peripheral mono-

cytes and mDCs remains to be identified. A mechanism

that explains the reduction in TLR-induced IL-1� produc-

tion observed at 9 and 12 months after AAT infusion must

take into consideration a potential effect of AAT on bone

marrow precursors at a specific stage of differentiation of

myeloid precursors resulting in altered signaling upstream

or downstream of TLR activation. Others have reported

that a subpopulation of normal bone marrow cells releases

a complex of AAT and a 31-kDa fragment of proteinase-3

(PR3), which can inhibit the proliferation of leukemic cells

(30, 31). AAT is a potent inhibitor of PR3 as well as elas-

tase and cathepsins. Experiments with highly purified

CD34	 bone marrow cells suggested that PR3 acts directly

on the progenitor cells, implicating a role for PR3 in reg-

ulating myelopoiesis (30). Thus, AAT therapy could result

in PR3 inhibition during myeloid maturation. Such an

effect, however, would be detectable only 9 to 12 months

after therapy because these cells exit the bone marrow to

the periphery as mature monocytes. Another potential

mechanism for the AAT-induced reduction in IL-1� pro-

duction could be linked with reduced TLR expression be-

cause AAT was shown to suppress the surface expression

of TLR2 and TLR4 (32, 33). AAT can also bind the heat-

shock protein gp96, and such interaction could lead to

reduced TLR expression (34).

One major problem in evaluating the outcome of ther-

apies targeting the innate immune system is the lack of

biomarkers that can be used to assess in vivo drug efficacy.

Using a flow assay system established in our laboratory

(20), we demonstrate that patients with T1D treated with

AAT had lower TLR-induced IL-1� responses in mono-

cytes and mDCs observed at 9 or 12 months after therapy.

Moreover, this alteration correlated with improved

C-peptide responses after MMTT. These data are in ac-

cordance with serum data indicating a trend toward re-

duced serum IL-1� levels 6 to 9 months after AAT therapy

(Supplemental Figure 5). Additional studies are required

to determine whether TLR-induced IL-1� in monocytes

and mDCs could be used as a biomarker for monitoring

the in vivo effect of anti-inflammatory therapies.

Our observations indicate that therapy with AAT

downmodulates proinflammatory responses in mono-

cytes and mDCs, lowers the levels of serum IL-1�, and may

also improve islet �-cell function in a subset of recent-

onset patients. Our islet function data, however, must be

interpreted with caution due to the small sample size of our

trial and the absence of a placebo group. Previous data

have shown that some patients with T1D can maintain

their C-peptide levels after disease onset (22). Our data are

consistent with earlier data obtained from the NOD

mouse model showing that AAT therapy prevented insu-

Figure 5. TLR-induced IL-1� responses in C-peptide responders vs

nonresponders. IL-1� responses were evaluated in subjects stratified

based on their response to the MMTT (responders vs nonresponders)

at different times in the course of the trial. Each symbol represents an

individual frequency of IL-1�–expressing monocytes (A) and mDCs (B)

after LPS activation. The bars represent the mean values (n � 3–8 per

group). The P values were evaluated using an unpaired t test.
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litis and T1D via mechanisms hypothesized to be linked to

downmodulation of proinflammatory pathways (13, 14).

However, our data are in contrast to a previous report

suggesting that AAT treatment does not protect NOD

mice from islet autoimmunity (35). In any case, AAT was

shown to suppress TLR-induced expression of TNF-� and

IL-1� and enhance IL-10 production in human monocytes

(10). AAT can suppress the expression of IL-8, IL-6,

TNF-�, and IL-1� in whole blood cultures (11) and inhibit

the activation of NF-�B, a transcription factor associated

with the expression of proinflammatory cytokines (12).

How AAT-induced IL-1� responses improves islet

function is not yet clear. This effect could partially be a

result of reduced levels of proinflammatory cytokines such

as IL-1� in the microenvironment of islets leading to lesser

�-cell inflammation. The findings that AAT downmodu-

lates IL-1 production and improves islet function lend sup-

port to the hypothesis that IL-1� could potentially be in-

volved in islet inflammation and insulin deficiency in

recently diagnosed patients. Observations from a number

of animal models implicate IL-1 in the mechanisms of islet

destruction. We recently demonstrated that IL-1� is up-

regulated in virus-induced T1D in rat models of the disease

(16, 17), and therapy with the IL-1 blocker anakinra can

prevent disease development (18). IL-1, either alone or in

conjunction with other proinflammatory cytokines such

as interferon-�, can cause �-cell destruction in the islets

from humans and animals and in a perfused pancreas

model via mechanisms involving MAPK and NF-�B (re-

viewed in Refs. 36–38).

Although we found that improved islet function in

AAT-treated subjects correlated with downmodulation of

IL-1� production, recent clinical trials demonstrated that

therapies specifically targeting IL-1 with IL-1 receptor an-

tagonist (anakinra) or anti–IL-1� monoclonal antibodies

did not exert a beneficial effect on islet function in new-

onset patients (39, 40). One potential explanation for

these seemingly disparate results is that IL-1–targeted

monotherapy was not sufficient to block islet destruction.

Data from humans and animal models suggest that the

proinflammatory response associated with islet destruc-

tion involves, in addition to IL-1, other proinflammatory

cytokines and chemokines including IL-6, IL-12, IL-18,

and CXC chemokine ligand 10 (4, 5, 8, 27, 28). It could

therefore be that the beneficial effect of AAT on islet au-

toimmunity seen in subjects with T1D is linked with its

known ability to suppress, in addition to IL-1, a number

of other proinflammatory molecules such as TNF-�, IL-8,

IL-6, and NF-�B and upregulate IL-10 production

(10–12).

In summary, we found that therapy with AAT either

increased or inhibited the decline in C-peptide responses in

some patients, and this effect correlated with lower TLR-

induced IL-1� production. Given these data, we suggest

that targeting inflammation with inhibitors of the innate

immune system might represent an efficient therapeutic

strategy for disease prevention. Future trials will have to

be conducted in at-risk and recent-onset subjects to assess

the full therapeutic potential of AAT in T1D.
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