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Introduction

Summary

B-lymphocyte activities are associated with allograft rejection. Interleukin-
10 (IL-10) -expressing B cells, however, exhibit regulatory attributes.
Human al-antitrypsin (hAAT), a clinically available anti-inflammatory
circulating glycoprotein that rises during acute-phase responses, promotes
semi-mature dendritic cells and regulatory T (Treg) cells during alloim-
mune responses. Whether B lymphocytes are also targets of hAAT activity
has yet to be determined. Here, we examine whether hAAT modulates B-
cell responses. In culture, hAAT reduced the lipopolysaccharide-stimu-
lated Ki-67" B-cell population, IgM release and surface CD40 levels, but
elevated IL-10-producing cells 1.5-fold. In CD40 ligand-stimulated cul-
tures, hAAT promoted a similar trend; reduction in the Ki-67" B-cell pop-
ulation and in surface expression of CD86, CD80 and MHCII. hAAT
increased interferon-y-stimulated macrophage B-cell activating factor
(BAFF) secretion, and reduced BAFF-receptor levels. Draining lymph
nodes of transgenic mice that express circulating hAAT (C57BL/6 back-
ground) and that received skin allografts exhibited reduced B-lymphocyte
activation compared with wild-type recipients. BSA-vaccinated hAAT
transgenic mice exhibited 2.9-fold lower BSA-specific IgG levels, but 2.3-
fold greater IgM levels, compared with wild-type mice. Circulating Treg
cells were 1.3-fold greater in transgenic hAAT mice, but lower in B-cell
knockout (BKO) and chimeric hAAT-BKO mice, compared with wild-type
mice. In conclusion, B cells are cellular targets of hAAT. hAAT-induced
Treg cell expansion appears to be B-cell-dependent. These changes sup-
port the tolerogenic properties of hAAT during immune responses, and
suggest that hAAT may be beneficial in pathologies that involve excessive
B-cell responses.

Keywords: B-cell activating factor (BAFF); interleukin-10; regulatory B
cells; regulatory T cells; tolerance.

planted patients return to insulin dependency within
5 years after transplantation.”’

Clinical pancreatic islet cell transplantation can restore
normoglycaemia in diabetic patients and is increasingly
considered to be a viable therapeutic option for patients
with type 1 diabetes." However, the majority of trans-

In data collected from pre-clinical and clinical studies,
B lymphocytes appear to play a role in the pathogenesis
of both islet allograft rejection*” and type 1 diabetes® '
by means of pro-inflammatory cytokine release, antigen

Abbreviations: APC, allophycocyanin; BKO, B cell-knockout; BAFF, B-cell activating factor; CD40;, CD40 ligand; CFA, complete
Freund’s adjuvant; DLN, draining lymph node; GFP, green fluorescent protein; hAAT, human al-antitrypsin; IFA, incomplete
Freund’s adjuvant; IFN, interferon; IL-4, interleukin-4; LPS, lipopolysaccharide; NOD, non-obese diabetic; PE, phycoerythrin;

PerCP, Peridinin chlorophyll protein; TPBS, PBS/Tween
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presentation and antibody production. For example, anti-
bodies specific for donor alloantigens in patients that
were transplanted with human islets serve as a marker for
islet graft failure.” Also, in human patients, high baseline
B-cell counts are associated with poor islet transplanta-
tion outcome.*

B lymphocytes modulate immune responses by produc-
ing a vast array of pro- and anti-inflammatory mediators,
including interleukin-4 (IL-4), IL-6, interferon-y (IFN-y),
transforming growth factor-f and IL-10."" B lymphocytes
are activated by processes that are either T-cell-dependent
or T-cell-independent. In both cases, B-lymphocyte acti-
vation leads to B-cell proliferation, as well as to an
increase in cytokine release, up-regulation of co-stimula-
tory molecules (e.g. MHCII, CD86 and CD40), and the
instigation of cell differentiation and antibody produc-
tion."?

In the T-cell-independent pathway, lipopolysaccharide
(LPS) can directly activate B lymphocytes through their
membrane-bound Toll-like receptor 4.'> T-cell-dependent
B-lymphocyte activation, on the other hand, occurs in
secondary lymphoid organs and is considered the main
alloimmune mechanism by which B lymphocytes mount
specific antibody responses.'> This process involves anti-
gen presentation on MHCII molecules and requires inter-
action between MHCII and CD40 molecules on B cells,
with their corresponding T-cell receptor and CD40 ligand
(CD40,), respectively."” Following this interaction, in the
presence of IL-4, B cells perform class switch recombina-
tion and, in addition, can differentiate into antibody-
secreting cells.'*

B-cell activation may also occur in the presence of
B-cell activating factor (BAFF), released mainly by macro-
phages and dendritic cells. BAFF engages with BAFF
receptor (BAFF-R) on B cells.”® Elevated levels of BAFF-R
are found upon B-cell receptor activation.'® Elevated
BAFF levels have been shown to increase IgM titres
in vivo'”'® and to promote B-cell differentiation into
plasma cells, which produce large amounts of IgM."
Moreover, data suggest that levels of BAFF and BAFF-R
may be associated with an allogeneic response in clinical
transplantation studies.*

Lastly, a subpopulation of recently identified IL-10-
producing B cells has been shown to be protective in
the context of autoimmunity and, more specifically, to
prevent diabetes in mice. Repeated transfusions of B-
cell receptor-stimulated splenic B cells into non-obese
diabetic (NOD) mice prevented disease development,
while transfusion of activated B cells from IL-10-knock-
out mice failed to confer protec‘[ion.21 Moreover, regu-
latory B cells were found to support regulatory T
(Treg) cell differentiation in several proposed mecha-
nisms.”>** Hence, as far as the effect of B cells on Treg
cells is concerned, the presence of intact B-cell popula-
tions and their positive modulation under particular
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circumstances may be of benefit to transplantation
outcomes.

Human ol-antitrypsin (hAAT) is a circulating anti-
inflammatory glycoprotein that exerts protective activities
in the context of autoimmune diabetes and islet alloim-
mune responses both in vitro and in vivo.***® Specifically,
our group has demonstrated that hAAT facilitates Treg
cell expansion in various in vivo models.”>*>*° In addi-
tion, hAAT monotherapy improved diabetic parameters in
the NOD mouse.”®*” Importantly, these observations are
consistent across several orders of hAAT circulating levels;
injections represent a clinically relevant range®**>’ while
transgenically expressed hAAT in both whole animal
transfection®””" and in a genetically engineered strain
(hAAT'*)* represent low circulating hAAT levels, which
all lead to an expansion of Treg cells. The mechanism of
immunomodulation by hAAT has yet to be established.

The cellular targets of hAAT are a topic of recent inter-
est. For example, it has been established that hAAT does
not directly interfere with T-cell responses.”>*” Indeed,
our findings indicate that the cellular targets of hAAT are
predominantly antigen-presenting cells, such as macro-
phages and dendritic cells,”> which become tolerogenic in
the presence of hAAT.*® Together with the lack of litera-
ture regarding hAAT and B lymphocytes, and the emerg-
ing role of these cells in important clinical conditions, the
study of the effect of hAAT on B-lymphocyte responses is
of great interest.

In the present study, we sought to establish whether
the protective activities of hAAT might be directly related
to B-lymphocyte modulation.

Materials and methods

Animals

Six- to eight-week-old BALB/c and C57BL/6 female mice
were purchased from Harlan Laboratories Inc., Jerusalem,
Israel, and were used as skin donors and skin recipients,
respectively. hAAT transgenic mice that express hAAT
under the surfactant promoter (background strain
C57BL/6) were engineered as described previously.”
Interleukin-10-promoter-driven green fluorescent protein
(GFP) transgenic mice and B-cell knockout mice were
purchased from Jackson Laboratories, Inc. (Bar Harbor,
ME) (B6.129S6-1110™'1/) and B6.129S2-Ighm"™'“&"/],
respectively). All mice were kept under specific pathogen-
free conditions. Experiments were approved by the insti-
tutional animal care and use committee.

Cell isolation and culture

B220-positive and CDI19-positive B-lymphocytes were
isolated from spleens of C57BL/6 mice using magnetic
beads, according to the manufacturer’s instructions

363



M. Mizrahi et al.

[B220 negative selection kit, EasySep®, STEMCELL (Van-
couver, BC, Canada) and CDI19 MicroBeads, MACS
(Miltenyi Biotec, Bergisch Gladbach, Germany), respec-
tively] resulting in > 95% purity. For IL-10 expression
experiments, splenocytes were isolated from IL-10-GFP
transgenic mice. Peritoneal macrophages were isolated
from C57BL/6 mice by peritoneal lavage 72 hr after 3%
thioglycolate (intraperitoneally). Isolated B cells, spleno-
cytes and macrophages were cultured at 37° in 5% CO,
with complete RPMI-1640 medium containing 10% fetal
calf serum, r-glutamine, penicillin and streptomycin. In
all experiments, hAAT (0.5 mg/ml, Glassia, Kamada Ltd,
Ness Ziona, Israel) was added 2 hr before stimulation.
For IgM release assays, 1 x 10° B cells per well were cul-
tured in 96-well round-bottom plates with LPS (1 pg/ml;
Sigma-Aldrich, Rehovot, Israel) for 7 days. For activation
marker expression, 1 x 10° B cells per well were cul-
tured in 48-well plates and stimulated with LPS (100 ng/
ml) or CD40 ligand combined with IL-4 (100 ng/ml;
R&D Systems, Minneapolis, MN; 50 ng/ml; PeproTech,
Rehovot, Israel, respectively). For IL-10-producing B-cell
experiments, 3 x 10° splenocytes were cultured in six-
well plates and stimulated with LPS (1 ug/ml) for 72 hr;
5 hr before harvest, PMA (50 ng/ml), ionomycin
(500 ng/ml) both from Sigma-Aldrich and monensin
(1:1000) from BioLegend® (San Diego, CA) were
added. For the BAFF release assay, 0.5 x 10° peritoneal
macrophages were cultured for 24, 48 and 72 hr in 48-
well plates with IFN-y (5 ng/ml, R&D Systems).

Assessment of proliferation marker expression, Ki-67

In vitro, B lymphocytes were isolated from spleens of
C57BL/6 mice using a CDI19-positive enrichment kit
(CD19 MicroBeads, MACS, Miltenyi Biotec). Cells were
cultured in 96-well round-bottom plates (2 x 10° B cells
per well) and stimulated with LPS (1 pg/ml), CD40
ligand combined with IL-4 (100 ng/ml and 50 ng/ml,
respectively) and recombinant BAFF (50 ng/ml; Pepro-
Tech) for 60 hr. hAAT (0.5 mg/ml) was added 2 hr
before stimulation. Intracellular staining for Ki-67 was
performed using an eBioscience staining kit (San Diego,
CA) according to the manufacturer’s instructions using
Ki-67-allophycocyanin (APC). In vivo, B-lymphocyte pro-
liferation marker expression in draining lymph nodes was
evaluated according to surface expression of B-lympho-
cyte marker CD19 and intracellular Ki-67, 14 days after
transplantation.

In vivo LPS stimulation

C57BL/6 and transgenic hAAT mice were injected intra-
peritoneally with LPS (1 mg/kg). Mice were harvested
72 hr after injection and splenocytes were evaluated by
flow cytometry.
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Skin transplantation

Allogeneic  skin transplantation was performed as
described.” Briefly, donor BALB/c mice were harvested
and shaved using surgical blade number 22. Skin was
removed from the midline abdominal area directly into
Petri plates containing sterile ice-cold PBS (Biological-
Industries, Kibbutz Beit-Haemek, Israel). Blood vessels
and hypodermis tissue were removed using a surgical
blade. The skin was then cut under light stereomicroscope
into 1 mm?® pieces. Skin was transplanted into the thigh
region of recipient C57BL/6 mice through a 2-mm inci-
sion that was immediately closed with a 3-0 suture.

Immunization protocol

Wild-type and hAAT transgenic mice were immunized
with BSA (Sigma-Aldrich), protocol and dosing, as
described elsewhere.”**> Briefly, solution containing
1 mg/ml BSA diluted in PBS, mixed with 100 pg/ml of
complete Freund’s adjuvant (CFA; Sigma-Aldrich) was
emulsified using two glass syringes. Solution was injected
intraperitoneally at a total volume of 200 ul per mouse.
Mice were injected intraperitoneally for a second time
3 weeks later with 200 ul emulsified solution containing
1 mg/ml BSA and incomplete Freund’s adjuvant (IFA;
Sigma-Aldrich). Control mice were treated with CFA and
IFA without BSA antigen. Serum was collected from the
tail-vein at 1, 2, 3, 9 and 21 weeks after immunization
and BSA-specific IgM and IgG titres were determined.

ELISA for BSA-specific IgM and 1gG and for skin
allo-antigen IgG

Antigen coating was performed in 96-well flat-bottom
plates using 50 ng/ml BSA in PBS in a total volume of
100 ul, during 15 hr of incubation at room tempera-
ture. For detection of antibody response to skin-anti-
gens, skin lysate was prepared by incubation with Tissue
Protein Extraction Reagent (T-PER; Thermo Scientific,
Waltham, MA) followed by an aggressive mechanical
homogenizing protocol. Well-blocking was performed
using 1% normal horse serum (Vector Laboratories,
Inc., Burlingame, CA), diluted in PBS with 0.05%
Tween-20 (TPBS) at a total volume of 300 ul. Plates
were washed three times using TPBS. Sera were diluted
in 100 pul PBS containing 1% normal horse serum
(1:5000 for BSA-specific IgM ELISA, 1 : 125 000 for
BSA-specific IgG ELISA, and 1:250 for skin-antigen
ELISA, as optimized according to related calibration
studies), and then loaded into wells and incubated for
3 hr at 4°. Wells were washed three times with TPBS
before the addition of horseradish peroxidase-conjugated
goat anti-mouse IgM or goat anti-mouse IgG (Invitro-
gen, Carlsbad, CA; 1:2000 and R&D Systems, 1 : 1000,
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respectively) in 100 ul PBS containing 1% normal horse
serum. Samples were incubated for 2 hr. Plates were
washed three times and then 100 ul TMB substrate
(Southern Biotech, Birmingham, AL) was added. The
reaction was stopped 10 min later using 100 ul HCI
0.5 M. Optical absorbance was determined by ELISA
reader (BioTek instruments, Winooski, VT) at 450 nm
wavelength. Total IgM was measured using total mouse
IgM detection kit (R&D Systems).

RT-PCR

Total RNA from draining lymph nodes was extracted using
PerfectPure RNA Tissue Kit (5 PRIME, Hamburg,
Germany), according to the manufacturer’s instructions.
RNA concentration was determined using a spectropho-
tometer (NanoDrop, Thermo Scientific). Reverse tran-
scription was performed using a Verso cDNA Kit (Thermo
Scientific). PCR amplification was performed using XP
cycler (BIOER, Hangzhou, China) using the following
primers: mouse f-actin: forward 5'-GGGTCAGAAGGATT
CCTATG-3'. reverse 5-GGTCTCAAACATGATCTGGG-3'.
mouse IL-4: forward 5'-ACGCCATGCACG GAGATGGA-3'.
reverse 5'-CCAGGCATCGAAAAGCCCGA-3'. mouse BAFF:
forward 5-ACCCAGCCCTGCCATGCTCT-3'".
5-AGCGCGTCTGTTCCT GTGGC-3'.

reverse

Flow cytometry

Flow cytometry analysis was performed using FACSCali-
bur™ and FACSCanto™ II (Becton Dickinson) and analy-
sed by CeLQuest and Frowjo software. For in vitro
experiments, 1 x 10° B220-positive and CD19-positive
cells were stained with CD19-FITC, CD40-phycoerythrin
(PE), CD86-PE, CDB80-Peridinin chlorophyll protein-
Cy5.5 (PerCP-Cy5.5) and MHCII-APC. For in vivo exper-
iments 1 x 10° cells from inguinal draining lymph nodes
or 1 x 10° splenocytes were stained with CD40-PE,
B220-APC, CDI19-FITC, CD86-PE, CD80-PerCP-Cy5.5
and MHCII-Pacific Blue. For intracellular staining of Ki-
67 and foxp3, an eBioscience intracellular staining kit was
used according to the manufacturer’s instructions and
staining was performed using Ki-67-APC and foxp3-
FITC. All antibodies were purchased from Biolegend®
and diluted according to the manufacturer’s recommen-
dations.

Assessment of BAFF and BAFF-R

Levels of BAFF were assessed by specific mouse BAFF
ELISA (Quantikine®; R&D Systems). BAFF-R surface
levels were induced by AffiniPure anti-F(ab’), fragment
donkey anti-mouse IgM (Jackson Immunoresearch,
25 pg/ml) and detected by FACS analysis using PE-
labelled antibody at the recommended concentration.

© 2013 John Wiley & Sons Ltd, Immunology, 140, 362-373
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Generation of chimeric mice

Transgenic hAAT mice were irradiated (1200 rad) and
were introduced bone marrow from either B-cell knock-
out or transgenic hAAT mice. Animals with a restored
immune system and below-detection B cells were used.
Circulating levels of hAAT in transgenic hAAT mice and
chimeric transgenic hAAT mice were determined by
hAAT-specific ELISA (Immunology Consultants Labora-
tories, Portland, OR) and were uniform (not shown).
Hence, the chimera represent mice that exhibit elevated
circulating lung-derived hAAT and an immune system of
a B-cell knockout strain.

Statistics

Comparisons between groups were performed using two-
tailed Mann—Whitney U-test using GrapHPAD Prism 5.0
software (GraphPad Software, La Jolla, CA).

Results

hAAT modifies B lymphocyte responses to LPS
in vitro and in vivo

The effect of hAAT on B lymphocyte responses was first
addressed in vitro. Splenic B lymphocytes were isolated
and cultured for several time periods in the presence of
various concentrations of LPS. Before stimulation, cells
were pre-incubated for 2 hr with the frequently employed
concentration of hAAT (0.5 mg/ml).36 As shown in
Fig. 1, responses evaluated at the end of the incubation
period included assessment of Ki-67" B cells, IgM release
and surface expression of activation markers.

Lipopolysaccharide was introduced at the biologically
effective concentration of 1 ug/ml. As shown in Fig. 1(a),
the stimulated group displayed 6.34 £ 0.87-fold more
Ki-67" B cells than control non-stimulated cells
(P = 0.016). However, cultures that were stimulated with
LPS in the presence of hAAT exhibited near-background
levels of Ki-67" B cells.

Release of IgM antibodies was evoked using the same
concentration of LPS (Fig. 1b). Stimulated cells exhibited
a 1.49 £ 0.09-fold rise in total IgM compared with con-
trol cells (P < 0.01), whereas added hAAT resulted in
near-background levels.

Cell surface activation markers were determined by
FACS analysis in LPS-treated cells (100 ng/ml). As shown
in Fig. 1(c), cultured B lymphocytes responded to LPS
with elevated surface levels of CD40, CD86 and MHCII.
However, LPS combined with hAAT exhibited a
1.45 4 0.02-fold decrease in CD40™" expressing cells
compared with LPS-stimulated cells (P < 0.05). CD86™
and MHCIT™ expression did not appear to change in the
presence of hAAT.
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Figure 1. Human ol-antitrypsin (hAAT) modifies B-lymphocyte responses to lipopolysaccharide (LPS). Spleen-derived bead-enriched B lym-
phocytes were isolated from C57BL/6 mice and incubated with LPS at indicated concentrations, with or without hAAT (0.5 mg/ml). CT repre-
sents untreated cells in all figure panels. (a) Intracellular Ki-67: cells were cultured in 96-well round-bottom plates (1 x 10°/well, six
replicates) and stimulated with LPS (1 pg/ml) for 60 hr. Intracellular Ki-67 staining gated for CD19" B220" cells. Results are presented as fold
difference from CT. Right, representative FACS dot plot. (b) IgM release: cells were cultured in 96-well round-bottom plates (1 x 10°/well, six
replicates) and stimulated with LPS for 7 days. IgM levels were determined by ELISA. (c) Activation markers: cells were cultured in 48-well
plates (1 x 10%/well, four replicates) and stimulated with LPS (100 ng/ml) for 16 hr in the presence or absence of hAAT (dashed and solid
lines, respectively). Untreated cells represent control group (shaded). Cells were stained for surface activation markers and gated for B220"
cells. Representative overlays are shown. (d) In vivo LPS stimulation: C57BL/6 and hAAT transgenic mice (n = 6 per group) were introduced
intraperitoneally with LPS (1 mg/kg, solid and dashed lines, respectively). Control, untreated group (shaded). Splenocytes were isolated after
72 hr and analysed by FACS for activation markers. All panels are representative of two independent experiments. Mean £+ SEM, *P < 0.05,
*¥*P < 0.01, ¥***P < 0.001.
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We next examined in vivo changes in surface expression
of the co-stimulatory molecules in response to systemic
LPS. C57BL/6 and transgenic hAAT mice (n = 6 per each
group) were injected with LPS (1 mg/kg). Expression of
activation markers in splenic B lymphocytes was evalu-
ated 72 hr later. As shown in Fig. 1(d), surface expression
of CD40™, CD86™ and MHCII"" significantly increased
after LPS treatment in comparison with the non-treated
group (P < 0.01). On the other hand, surface expression
on splenic B lymphocytes obtained from LPS-treated
hAAT transgenic mice displayed significantly lower levels
of surface expression of all markers examined, in compar-
ison to LPS-treated control mice.

hAAT modifies CD40-related B-lymphocyte activation

As allograft rejection involves T-cell-dependent activation
of B lymphocytes, we examined the effect of hAAT on
the response of B lymphocytes to CD40 ligand. B lym-
phocytes were isolated and cultured with recombinant
CD40 ligand combined with IL-4 (100 ng/ml and 50 ng/
ml, respectively) in the presence or absence of hAAT. Ki-
67 was assessed 72 hr after stimulation, while expression
of activation markers CD86, CD80 and MHCII was eval-
uated 16 hr after stimulation.

As shown in Fig. 2(a), using Ki-67 intracellular staining
we show that B lymphocytes displayed an increase in the

(a) Intracellular Ki-67
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Ki-67" population in response to CD40 ligand. However,
in the presence of hAAT, stimulated B lymphocytes
exhibited near-background Ki-67 content. Similarly, as
shown in Fig. 2(b), surface expression of CD86",
CD80™ and MHCIT™ was significantly elevated upon
stimulation, but partially responsive in the presence of
hAAT (reduction in CD86"', CD80"™' and MHCII"-
expressing cells of 1.07 & 0.015-fold, 1.5 £ 0.04-fold and
1.14 £ 0.02-fold, respectively).

hAAT modifies B-lymphocyte responses in
transplantation and vaccination models

The initial in vivo aspect that we sought to examine
involves allograft transplantation (Fig. 3a—d). To evoke a
potent and readily detectable immune response in allo-
graft draining lymph nodes (DLN), skin transplantation
was performed between major MHC disparate mouse
strains. Both wild-type C57BL/6 and hAAT transgenic
mice were grafted with 1 mm?® uni-size donor skin
(BALB/c) in the subcutaneous compartment within the
inner thigh region, and inguinal DLN were analysed
14 days later for Ki-67" B lymphocytes, as well as for
B-lymphocyte population size, IL-4 expression and
B-lymphocyte activation markers.

Skin graft survival was not measured in this model,
because the model was used for the primary purpose of
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Figure 2. Human ol-antitrypsin (hAAT) modifies B-lymphocyte responses to CD40 stimulation. Spleen-derived bead-enriched B lymphocytes
were isolated from C57BL/6 mice and incubated with CD40; combined with interleukin-4 (IL-4) (100 ng/ml and 50 ng/ml, respectively), with or
without hAAT (0.5 mg/ml). CT represents untreated cells in all figure panels. (a) Intracellular Ki-67: cells were cultured in 96-well round-bottom
plates (1 x 10°/well, six replicates) and stimulated with CD40; combined with IL-4 for 60 hr. Intracellular Ki-67 staining gated for CD19" B220"
cells. Right, representative FACS dot plots. (b) Activation markers: cells were cultured in 48-well plates (1 x 10°/well, four replicates) and stimu-
lated with CD40; combined with IL-4 for 16 hr. Cells were stained for surface activation markers and gated for CD19" B220" cells. All panels
are representative of two independent experiments. Mean £+ SEM, *P < 0.05, ***P < 0.001.
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Figure 3. Human ol-antitrypsin (hAAT) modifies B-cell responses in vivo. (a—d) Skin allograft transplantation model and (e) vaccination model.
Skin grafts from BALB/c donor mice (H-2%) were transplanted into the thigh region of wild-type C57BL/6 mice (H-2°) and hAAT transgenic
mice (C57BL/6 backcrossed). Inguinal draining lymph nodes were removed 14 days after transplantation and analysed. (a) Intracellular Ki-67:
expression of CD19 and Ki-67 was determined in draining lymph nodes (DLN) of transplanted wild-type and hAAT transgenic mice (n = 6 per
group). Results are displayed as fold-change from non-treated wild-type mice. Right, representative FACS dot plots. (b) B-cell population size:
percentage of B220" CD19" cells in DLN of non-treated and transplanted wild-type and transgenic hAAT mice (n = 8 per group). (c) IL-4
mRNA: f-actin-normalized IL-4 mRNA transcript levels in DLN of non-treated and transplanted wild-type and transgenic hAAT mice (n =6
per group). (d) Activation markers: high expression of B-cell activation markers CD40 and MHCII in DLN of non-treated wild-type (CT) and
transplanted wild-type and transgenic hAAT mice. (e) BSA-specific IgM and IgG ELISA in a vaccination model: wild-type and transgenic hAAT
mice (n = 8 per group) were immunized with BSA/complete Freund’s adjuvant (CFA) and 3 weeks later received a booster in the form of BSA/
incomplete Freund’s adjuvant (IFA). Non-immunized control group was injected with only CFA and IFA. Serum was collected at 1, 2, 3, 9 and
21 weeks after immunization. ELISA for BSA-specific IgM and IgG antibodies was performed in 96-well flat-bottom plate coated with 50 ng/ml
of BSA. Samples were diluted (1 : 5000 for BSA-specific IgM and 1 : 125 000 for BSA-specific IgG) and incubated for 3 hr. Results displayed as
fold change from non-immunized control. All graphs are representative out of at least two independent experiments. Mean £ SEM, *P < 0.05,

**P < 0.01, ***P < 0.001.

evoking a high-amplitude immune response with focus
on B-lymphocyte responses. However, IgG antibody
response to skin-antigen was evaluated, and found to dis-
play reduced IgG titres (1.29 = 0.08-fold less anti-skin-
Ag IgG in hAAT mice compared with wild-type mice at
6 weeks, P < 0.05). In addition, as shown in Fig. 3(a),
the population of CD19" Ki-67" B lymphocytes increased
8.11 £ 2.06-fold in DLN obtained from transplanted
wild-type mice, in comparison to the non-transplanted
group, whereas CD19" Ki-67" B lymphocytes in DLN
from transplanted transgenic hAAT mice were almost
completely unaffected by the transplantation procedure,
and displayed a decrease of 4.38 + 1.1-fold from trans-
planted wild-type mice (P = 0.05). Representative FACS
images are also shown.

The changes observed in Ki-67" B lymphocytes are
reflected in the B-cell population size in DLN, as shown
in Fig. 3(b). Out of the total cell populations in the DLN,
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B220" CD19" population size in transplanted wild-type
mice increased 1.36 £+ 0.09-fold, compared with the
wild-type non-transplanted mice (P = 0.0159). However,
B-lymphocyte population size in the DLN of hAAT trans-
planted transgenic mice was near-normal. Of note, albeit
without reaching statistical significance, non-transplanted
hAAT transgenic mice (not shown) exhibited steady-state
levels of B220" CD19" in DLN that were 1.25 + 0.05-
fold lower than in non-transplanted wild-type mice
(P = 0.34).

To further depict B-lymphocyte downstream responses
to the allogeneic skin transplant, that is, the T-cell-depen-
dent aspect of activation, we examined DLN-related
changes. DLN were examined by RT-PCR for changes in
IL-4 transcript levels (Fig. 3c). As shown, graft recipient
wild-type mice exhibited a 1.29 + 0.08-fold increase in
IL-4 transcript levels compared with non-grafted wild-
type mice (P = 0.048). However, IL-4 transcript levels
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were in the non-stimulated range in DLN of transgenic
hAAT recipient mice.

In a FACS analysis of the cellular content of DLN,
changes in surface co-stimulation molecules were deter-
mined (Fig. 3d). As shown, we observed 1.19 £ 0.09-fold
more MHCII™" B220* B lymphocytes and 1.29 + 0.11-
fold more CD40™ B220* B lymphocytes in DLN of
recipient wild-type mice than in DLN of non-grafted
mice (P = 0.24 and P = 0.032, respectively). On the other
hand, recipient hAAT transgenic mice displayed
1.39 =+ 0.1-fold less MHCII"" and 1.39 + 0.11-fold less
CD40™ B lymphocytes than recipient wild-type mice.

The effect of hAAT on downstream B-lymphocyte
antigen-specific antibody production was addressed in a
vaccination model (Fig. 3e). Wild-type and hAAT trans-
genic mice were introduced to antigenic BSA in a vacci-
nation protocol; following the series of exposure and
booster doses, circulating BSA-specific antibodies were
determined at various time-points. As shown, 2 weeks
after antigen introduction, BSA-specific IgM antibody lev-
els increased 1.3 £ 0.12-fold in BSA-vaccinated animals
compared with non-treated wild-type mice (open circles,
P =0.25), whereas BSA-specific IgG antibody levels
increased 3 weeks after antigen introduction 22.58 £ 1.9-
fold and 44.47 £ 6.85-fold after 9 weeks, in comparison
to untreated wild-type mice (open circles, P < 0.001). On
the other hand, BSA-specific IgM antibody levels were
significantly ~ elevated in hAAT transgenic mice
(2.3 £ 0.36-fold, P < 0.001) 2 weeks after antigen intro-
duction, in comparison to treated wild-type mice,
whereas BSA-specific 1gG antibody levels decreased in
hAAT transgenic mice at 3 and 9 weeks after antigen
introduction (5.0 4+ 0.42-fold and 2.88 + 0.44-fold from
BSA-vaccinated wild-type mice, P = 0.03 and P = 0.11,
respectively).

hAAT affects BAFF release and activity in vitro and

in vivo

As our results indicate that hAAT interferes with B-lym-
phocyte activation both in culture and in an allogeneic
skin transplantation model, we sought to establish the
effect of hAAT on B-cell survival and activation factor,
BAFF. Initially, we examined B-lymphocyte responsive-
ness to recombinant BAFF in culture (Fig. 4). Splenic B
cells were cultured in the presence of recombinant BAFF
(50 ng/ml), either alone or with hAAT (0.5 mg/ml).
Ki-67 staining was performed 60 hr later. As shown in
Fig. 4(a), Ki-67" B lymphocytes increased 8.62 + 0.25-
fold in response to BAFF. However, stimulated culture in
the presence of hAAT exhibited an intermediate response
to BAFF, 2.04 + 0.21-fold lower than that achieved in
the presence of BAFF (P = 0.028). In vivo, allogeneic skin
transplantation was performed and DLN were analysed
for BAFF transcript levels 14 days later (Fig. 4b). Unex-
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pectedly, BAFF transcript levels were grossly unchanged
in DLN of recipient wild-type mice compared with non-
grafted mice, but were 1.71 + 0.08-fold greater in DLN
from hAAT transgenic recipient animals compared with
non-treated mice (P < 0.001).

Macrophages are a major source of inducible BAFF; to
study the effect of hAAT on macrophage-derived BAFF,
IFN-y was added to peritoneal macrophages in the pres-
ence or absence of hAAT (0.5 mg/ml). BAFF release was
determined 24, 48 and 72 hr after stimulation. As shown
in Fig. 4(c), BAFF accumulated in supernatants in a
time-dependent manner, and displayed a significant
increase in the presence of IFN-y as early as 24 hr after
stimulation. This trend was maintained throughout all
incubation periods (circles compared with corresponding
squares, P < 0.001 for all groups between control and
stimulated cells at each time-point). On the other hand,
BAFF release from cells stimulated with IFN-y combined
with hAAT (solid circles) resulted in 1.24 4 0.04-fold
more BAFF after 48 hr and in 1.34 + 0.05-fold more
BAFF 72 hr after stimulation.

The trend observed in steady-state non-stimulated
BAFF (squares), was distinct from that achieved under
the induction of IFN-y. Hence, BAFF release from cul-
tures treated with hAAT alone was lower compared with
untreated cells (2.8 £ 0.46-fold, 2.14 £ 0.09-fold and
1.49 + 0.12-fold at 24, 48 and 72 hr, respectively).

To examine whether hAAT affects BAFF-R expression
on stimulated B cells, splenic B lymphocytes were isolated
and then stimulated with anti-mouse IgM [anti-F(ab’),
fragment, 25 ug/ml], which promotes BCR signalling in
the presence or absence of hAAT (0.5 mg/ml). As shown
in Fig. 4(d), cultures stimulated with anti-mouse IgM
exhibited a 3.52 £+ 0.08-fold increase in BAFF-R expres-
sion, compared with non-treated control cells. On the
other hand, the presence of hAAT in stimulated cultures
resulted in lower BAFF-R levels, a 1.47 £ 0.05-fold
decrease from those achieved in stimulated culture condi-
tions (P < 0.01). Representative FACS histogram plots
are shown in an overlay diagram.

hAAT increases IL-10-producing B-cell population
size

As hAAT was found to increase IL-10 release in various
cell types,”* we sought to investigate whether hAAT
promotes IL-10-producing B cells in culture (Fig. 5a).
Splenocytes were isolated from GFP-IL-10 mice and cul-
tured with LPS (1 pg/ml) in the presence or absence of
hAAT (0.5 mg/ml). Interleukin-10-producing B cells
expressing CD1d™, CD19 and B220 were identified by
FACS analysis. As shown, stimulation of cells with LPS
resulted in a 2.35 = 0.05-fold increase in the proportion
of IL-10-producing B cells compared with non-treated
controls (CT, P < 0.001). On the other hand, cultures
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stimulated with LPS in the presence of hAAT resulted in
a further significant increase in IL-10-producing B-cell
population size, 1.5 + 0.03-fold greater than levels
observed in stimulated cells (P < 0.001).

hAAT increases Treg cell population size in a B-cell-
dependent mechanism

Given that regulatory B cells were found to be involved
in the induction of Treg cells, and that Treg cells were
found to be associated with hAAT-mediated tolerance
induction in allograft transplantation models, we sought
to investigate whether the ability of hAAT to promote
Treg cells might be B-cell-dependent. For this purpose,
we generated chimeric hAAT transgenic mice that lack
mature B lymphocytes by performing adoptive transfer of
bone marrow from B-cell knockout (BKO) mice into
irradiated hAAT transgenic mice. In addition, adoptive
transfer from wild-type into irradiated hAAT transgenic

(a) Intracellular Ki-67

—
£

»
<)
J

mice was performed; however, this group was excluded in
light of the ability of cells from the wild-type strain to
mount an anti-hAAT antibody response with high animal
mortality, as described previously.”* Irradiated hAAT
transgenic mice were adoptively transferred with bone
marrow from hAAT transgenic mice, as control. Treg cell
population size in the circulation was determined by
FACS analysis for CD4" cells and for intracellular foxp3
(Fig. 5b). As shown, Treg cell population size in the cir-
culation of hAAT transgenic mice was significantly greater
than in WT mice, whereas BKO and BKO/hAAT mice
displayed reduced levels of Treg cells.

Discussion

Human AAT displays a tolerogenic profile, particularly in
the context of islet allograft transplantation; yet, besides
the expansion of Treg cells and the alteration of dendritic
cell responses, the complete cellular mechanism is
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histograms. Results are representative of at least
two independent experiments. Mean £+ SEM,
*P < 0.05, ¥*P < 0.01, ***P < 0.001.
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(a)

Figure 5. Human ol-antitrypsin (hAAT) pro-
motes interleukin-10 (IL-10) -producing B cells
and regulatory T (Treg) cells in a B-cell-depen-

IL-10* cells
(% from CD19*B220*CD1d")

dent mechanism. (a) IL-10-producing B cells:
splenocytes were isolated from IL-10-GFP
transgenic mice, and cultured in 24-well plates

at 3 x 10° cells/well in 10 replicates. Lipopoly-
saccharide (LPS) (1 ug/ml) was added in the
presence or absence of hAAT (0.5 mg/ml). CT,

CT

untreated cells. Seventy-two hours later, IL-10-
positive cells were identified by FACS gated for
CD19, B220 and CDI1d. Right, 12

14 -
surface
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IL-10-producing
B cells

Gate: CD19+B220*
LPS

CT -
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representative FACS images. (b) Regulatory T r
cells: leukocytes were obtained from peripheral
blood of wild-type mice, hAAT transgenic
mice, chimeric hAAT/hAAT mice, B-cell
knockout mice (BKO) and chimeric BKO/
hAAT mice (n > 5 per group). FACS analysis,

% T reg cells
(out of CD45*CD4")

regulatory T cells are shown as % foxp3*
cells out of CD45" CD4" lymphocytes. Repre-
sentative results out of two independent
repeats. Mean £ SEM, *P < 0.05, **P < 0.01,
**Ep < 0.001. -

unknown. In the current study we present data that sup-
port the involvement of B lymphocytes as cellular targets
of hAAT in a manner that may take part in its tolero-
genic activities during allogeneic transplantation. We
show that LPS-stimulated cultures with hAAT added, dis-
played reduced B-lymphocyte activation and Ki-67" B-cell
population size, reduced IgM release, lower expression of
activation markers CD40 and CD19, whereas, on the
other hand, there was increased production and release of
the anti-inflammatory cytokine, IL-10. Moreover, hAAT
appears to affect T-cell-dependent B-cell activation path-
ways, characterized by lower expression of the co-stimula-
tory molecules CD80 and CD86 upon stimulation with
CD40 ligand, a highly relevant stimulus for the engage-
ment that occurs between B and T cells in the context of
alloimmune responses. Lastly, hAAT positively affected
IL-10-secreting B lymphocytes, characterized by expres-
sion of CD19, B220 and CD1d, and hAAT-driven Treg
cells appeared to require an intact B-cell population.

The effect of hAAT on B lymphocytes was also illus-
trated in a skin allogeneic transplantation model, in
which draining lymph nodes of recipient hAAT transgenic
mice contained a smaller population of B lymphocytes,
expressing less CD40 and MHC class II. These DLN also
contained fewer mRNA transcripts for IL-4.

As we chose to focus on B-lymphocyte responses in a
specific chosen time-point (14 days), skin graft survival
was not measured in this experimental setup. However,
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antibody titres reflected a reduced IgG response, consis-
tent with the vaccination model outcomes.

The effect of hAAT on events downstream to B-lym-
phocyte activation was specifically illustrated in the BSA-
vaccination model. According to our results, transgenic
hAAT BSA-vaccinated mice mounted a smaller BSA-spe-
cific IgG antibody response, but a greater BSA-specific
IgM antibody response. This apparent inability to fulfill
an isotype switch response is in agreement with a defi-
cient CD40 pathway; together with IL-4, CD40 : CD40
ligand interaction is crucial for successful class switch
recombination. In humans, hyper-IgM syndrome is a
result of overt disruption in the CD40 pathway, resulting
in excess circulating IgM levels.”” We suggest that the ele-
vated levels of BSA-specific IgM isotype antibodies and
reduced levels of BSA-specific IgG isotype antibodies are
mostly the result of the ability of hAAT to interfere with
the CD40 pathway.

Interestingly, when comparing the in vitro effects of
hAAT on B cells and the in vivo changes in their response
profile, an overlap is only partially obtained. Hence, while
LPS-induced MHCII up-regulation is unaffected by hAAT
in vitro, its levels on the surface of B cells is diminished
significantly in the skin graft model. This may be attrib-
uted to the cellular responders to hAAT in the whole ani-
mal, such as dendritic cells,”* and the elaboration of the
transplant setting as a whole under hAAT therapy, distin-
guishing it from cultured isolated enriched B cells.
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The effect of hAAT on BAFF was unexpected. The
increase in BAFF secretion in the presence of hAAT in vitro
was supported by in vivo findings, according to which
DLN of recipient hAAT transgenic mice contained more
mRNA transcripts for BAFF than control recipient wild-
type mice. We present two possible explanations for the
observed rise in BAFF: (1) the cells are less responsive to
BAFF in the presence of hAAT and (2) the cells express less
BAFF receptor. According to our results, both options are
viable; in vitro B lymphocytes stimulated with recombinant
BAFF in the presence of hAAT displayed a reduced pro-
portion of Ki-67" cells, and the expression of anti-mouse
IgM-induced BAFF receptor was diminished in the pres-
ence of hAAT. These findings are in line with recent evi-
dence suggesting that abnormal BAFF signalling may be
involved in several immunologically-driven mechanisms,
such as rejection or loss of graft function.*

Although the effect of hAAT on B-lymphocyte activa-
tion appears potent, our results do show that essential
properties that concern the ability of B lymphocytes to
induce an effective response against bacterial antigens
remain intact. In culture, CD86 and MHCII, important
molecules for antigen presentation and activation of T
lymphocytes, were unaffected by hAAT. Moreover, in vivo,
in a non-sterile stimulation provoked by intestinal caecal
puncture, hAAT transgenic mice displayed similar levels
of circulating IgM isotype immunoglobulin in comparison
to control wild-type (not shown). In this model, perito-
neal fluids of wild-type mice contained elevated bacterial
load upon harvest, while hAAT transgenic mice contained
trace levels of bacteria, supporting the concept that the
effect of hAAT does not compromise host response to
bacterial infection. These data complement the findings of
the ability of hAAT transgenic antigen-vaccinated mice to
mount a higher antigen-specific IgM antibody response,
which may compensate for the overall reduced activation
profile. The aspect of protection from bacterial infection
by hAAT is currently under investigation.

Lastly, our results suggest that the presence of an IL-
10-producing B-cell population is elevated by hAAT. As
the ability of hAAT to induce allograft tolerance was
found to involve an expansion of Treg cells,”>*"** we
suggest that this phenomenon may in fact involve regula-
tory B cells. To establish whether the IL-10-producing B
cells in the current study are indeed Breg cells and com-
ply with functions and related markers (e.g. CD5/CD21/
CD23/CD24), more studies are required. Nevertheless, we
show in Fig. 5(b) that the rise of Treg cells in hAAT
transgenic mice is abrogated in BKO/hAAT transgenic
chimeric mice.

Further studies are required to fully elucidate the
molecular mechanisms by which hAAT modifies B-cell
responses, and, in light of its impressive clinical safety
record, whether hAAT can modify other pathologies that
involve excessive B-cell responses.
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