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Introduction

Summary

Neutrophils are essential in the fight against invading pathogens. They
utilize antimicrobial effector mechanisms, such as phagocytosis, release of
proteases and other antimicrobial products, robust oxidative bursts and
neutrophil extracellular traps to combat infections. Neutrophils also mod-
ulate immune responses through the production of eicosanoids, cytokines
and chemokines, as well as via direct communication with other immune
cells. This system of high-intensity offense against pathogens is exquisitely
balanced through regulation to limit damage to host tissue. Unfortu-
nately, the control of neutrophils is not failproof. In cases of sterile
injury, autoimmunity and even during an infection, neutrophils can cause
tissue destruction and become detrimental to the host. For that reason,
there is a need to find means to regulate the aberrant activation of these
cells. We found that alphaB-crystallin (aBC), a heat-shock protein known
to have anti-inflammatory abilities, affects certain properties of mouse
neutrophils that subsequently influence the pro-inflammatory state of
antigen-presenting cells (APCs). More specifically, aBC mediated small
but significant increases in the levels of IL-10 and matrix metallopro-
teinase 8, and altered hydrogen peroxide secretion by stimulated neu-
trophils. Further, the heat-shock protein influenced the communication
between neutrophils and dendritic cells by decreasing the production of
pro-inflammatory cytokines, specifically IL-12p40, by the APCs. aBC
could thus contribute to dampening neutrophil inflammatory responses
by impacting the effect of neutrophils on other immune cells.

Keywords: alphaB-crystallin; dendritic cells; interleukin-10; interleukin-12;
matrix metalloproteinases.

mechanisms, including release of reactive oxygen species
(ROS), anti-microbial peptides and proteases are

Following infection with bacteria, viruses, fungi and para-
sites, or after tissue injury, neutrophils are mobilized
rapidly from blood and bone marrow niches to areas of
damage or contagion via inflammatory agents such as
N-formylated peptides, chemokines and danger signals.'
With respect to infection, a variety of effector

employed by the granulocytes to efficiently kill invading
microbes.* Neutrophils are thus considered essential
beneficial cells, and their importance became evident
when their removal from the inflammatory equation,
such as in the case of neutropaenia or following the use
of immunosuppressive agents, resulted in a substantial

Abbreviations: APC, antigen-presenting cell; CD, cluster of differentiation; ELISA, enzyme-linked immunosorbent assay;
GM-CSF, granulocyte macrophage-colony-stimulating factor; H,O,, hydrogen peroxide; IL, interleukin; iNOS, inducible nitric
oxide synthase; JNK, c-Jun N-terminal kinase; LPS, lipopolysaccharide; MAPK, mitogen-activated protein kinase; MCP-1,
macrophage chemotactic protein-1; MIP-1a, macrophage inflammatory protein-lo; MMP, matrix metalloproteinase; NET, neu-
trophil extracellular trap; p38, class of mitogen-activated protein kinases; PI3K, phosphoinositol-3-kinase; ROS, reactive oxygen
species; Th, helper T lymphocyte; TLR, toll-like receptor; oBC, alphaB-crystallin
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increase in the susceptibility to infection.”® However,
exuberant infiltration and activation of neutrophils during
sterile injury, autoimmunity or even during infection can
lead to tissue damage. For example, matrix metallopro-
teinases (MMPs) secreted by neutrophils are thought to
digest collagen, tendon and bone, which severely damages
joints in rheumatoid arthritis (RA).” It is thus important
to decipher how the physiological properties of neu-
trophils can be regulated in order to control over-zealous
neutrophil responses.

In addition to direct effects during injury and infection,
neutrophils can also modulate the responses of other
immune cells, such as dendritic cells (DCs), and thus fur-
ther influence inflammatory responses. Through direct
cell-to-cell contact or indirectly through secreted factors,
neutrophils can interact with DCs to alter their antigen-
presenting abilities, cytokine production and/or polariza-
tion of T-cells.*'° For instance, DCs can engulf neu-
trophils and present the antigen(s) that was being
processed by the neutrophils. In other situations, the
granulocyte can directly transfer antigen(s) to DCs.'" "’
In addition, neutrophils are able to induce DCs to pro-
duce the pro-inflammatory cytokine interleukin (IL)-
12p40, and potentiate the ability of these antigen-present-
ing cells (APCs) to differentiate T lymphocytes into a
Thl or Th17 phenotype.'”'* Because of these cell-to-cell
interactions, over-exuberant neutrophil activation could
augment and extend the pro-inflammatory properties of
APCs such as DCs. Thus, the ability to control neutrophil
function would indirectly regulate the actions of other
potentially harmful immune cells.

The small heat-shock protein, alphaB-crystallin («BC),
has many protective functions, including chaperoning, anti-
neurotoxic and immunosuppressive properties.'> We, and
colleagues, have shown that oBC treatment is beneficial in
autoimmune diseases and after peripheral nerve injury due
to its chaperoning, remyelinating and immune-dampening
effects.'®?” Most of these studies focused on the anti-
inflammatory effect of «BC on T-cells'”'® and macro-
phages'”?! because of the involvement of these cell types in
the models used. It is suggested that exogenous «BC exerts
its cellular effects by binding to and crossing the plasma
membrane,*” or signalling through the TLR2/CD14 recep-
tor.”! Whether «BC also impacts the biology of neutrophils
remains unclear. van Noort et al?' have shown that
microparticle-encapsulated ~ oBC-treated = macrophages
reduced neutrophil activation and migration following lung
injury. Additionally, Dieterich et al.** found that «BC regu-
lated the release and expansion of Gr-1" immunosuppres-
sive immature immune cells from the bone marrow during
tumour progression. Whether oBC directly influences neu-
trophil function to subsequently impact the activation of
other immune cells has not, however, been elucidated. We
therefore sought to establish whether the small heat-shock
protein affects how neutrophils respond to inflammatory
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stimulation by assessing for cytokine secretion, activation
state and effector mechanisms, such as ROS and MMP
secretion. We also examined whether aBC-treated neu-
trophils could influence the response of other immune cells,
specifically DCs. Altogether, we found that the crystallin
mediated a small increase in IL-10 and MMP8 production
by neutrophils, and that «BC-treated neutrophils reduced
the production of IL-12p40 by DCs in both a contact- and
non-contact-dependent manner.

Materials and methods

Mice

129S6 mice from Taconic (129SVETac, Germantown, NY)
were housed and bred in a specific pathogen-free conven-
tional unit at the University of Calgary where they had
access to food and water ad libitum. Eight—12-week-old
female mice were used for all experiments. All procedures
were carried out in accordance with guidelines of the Cana-
dian Council of Animal Care, and received approval by the
University of Calgary Animal Resources and Ethics Com-
mittee.

Immune cell isolation from bone marrow

Hind limbs were removed from naive 129S6 mice, and
bones carefully extracted from the surrounding tissue.
Bone marrow was then flushed from the femurs and tib-
ias using cold sterile phosphate-buffered saline (PBS).
Cells were centrifuged at 295 x g (Beckman Coulter Alle-
gra X-12R) at 4° for 10 min.

Neutrophil isolation and stimulation

Neutrophils were isolated from the bone marrow of naive
129S6 animals using a neutrophil isolation kit (MACS Mil-
tenyi, 130-097-658, Auburn, CA, USA). Briefly, cells were
incubated with biotin-labelled non-neutrophil antibodies
for 10 min at 4°, washed, incubated with anti-biotin mag-
netic beads for 15 min at 4° and then passed through mag-
netized ferromagnetic matrix columns. Eluted cells were
collected and plated at 1 million cells/ml of media contain-
ing RPMI 1640, 5% heat-inactivated fetal bovine serum
(FBS), 100 U/ml penicillin/streptomycin and 2 mwm L-gluta-
mine. For neutrophil-only experiments, cells were stimu-
lated with 50 ng/ml recombinant mouse (rm)-granulocyte
macrophage-colony-stimulating factor (GM-CSF; Invitro-
gen, PMC2015, Waltham, MA, USA) plus 1 npg/ml
lipopolysaccharide (LPS; Sigma, L2654, St. Louis, MO,
USA), and then treated with 2 pg/ml aBC,;5 ¢, peptide
(Stanford Pan Facility) for 20 hr at 37° and 5% CO,. We,
and colleagues, have previously shown that the «BC;; o,
peptide as well as full-length «BC'” reduces central nervous
system inflammation®* and activation of CD4" T-cells.*”
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DC isolation and co-culture

Dendritic cells were derived from neutrophil-depleted bone
marrow. After neutrophils were eluted from the bone mar-
row cell suspension using the neutrophil isolation kit, col-
umns were removed from the magnet and the remaining
cells flushed from the columns. The neutrophil-depleted
cells were grown in RPMI 1640 media containing 10%
heat-inactivated FBS, 100 U/ml penicillin/streptomycin, 2
mM L-glutamine and 20 ng/ml rm-GM-CSF for 4 days at
37° and 5% CO,. Wells were replenished with fresh rm-
GM-CSF-containing media and grown for an additional 3
days. DCs were harvested using 0-25% trypsin and gentle
scraping, and plated at 20 000, 40 000 and 100 000 cells/
well in 96-well plates, 50 000 cells/well in 24-well plates, or
100 000 cells/well in 96-well transwell plates (Corning,
3391, Corning, NY, USA). Cells were starved from rm-
GM-CSF for 48 hr. Pre-stimulated and oBC-treated neu-
trophils were added on top of the DCs at 100 000 DCs/well
in 96-well plates or 250 000 DCs/well in 24-well plates. For
the transwell system, 200 000 neutrophils/well were added
on top of the 0-4-um pore polycarbonate membrane. For
these co-cultures, neutrophils were prior stimulated with 5
ng/ml rm-GM-CSF plus 100 ng/ml LPS, and treated with
200 ng/ml aBC;3 o, peptide at 37° and 5% CO, for 20 hr.

Enzyme-linked immunosorbent assay (ELISA)

Supernatants were collected from cells at 20 hr after stimula-
tion, and 10-50 pl assayed for the following cytokines and
proteins according to the manufacturer’s instructions:
tumour necrosis factor (TNF)-o (R&D Systems, DY410, Min-
neapolis, MN, USA), IL-1f (BD Biosciences, 559603, San Jose,
CA, USA), IL-4 (BD Biosciences, 555232), IL-6 (BD Bio-
sciences, 555240), IL-10 (BD Biosciences, 555252), IL-12p40
(BD Biosciences, 555165), MMP8 (Abcam, ab206982, Cam-
bridge, MA, USA), MMP9 (R&D Systems, MMPT90), macro-
phage inflammatory protein-loe (MIP-1o; R&D  Systems,
DY450) and macrophage chemotactic protein-1 (MCP-1;
eBiosciences, 88-7391-88, Waltham, MA, USA).

Extracellular hydrogen peroxide (H,0,)

As an indicator of ROS generation, extracellular secretion
of H,O, was assessed using Amplex UltraRed reagent,
which reacts 1 : 1 with H,0, to produce fluorescent resoru-
fin. Neutrophils were primed with 50 ng/ml rm-GM-CSF
plus 1 pg/ml LPS, and treated with 2 pg/ml aBC;3 o, pep-
tide for 2, 4 or 20 hr. Plates were centrifuged at 1200 rpm
for 5 min at 24°, and supernatants collected and stored at
4° for 1 hr to assess for H,O, secreted by cells prior to
zymosan stimulation. Cells were then stimulated with 1
mg/ml serum-opsonized zymosan for 1 hr, their super-
natant removed and diluted 20 x in PBS. A fresh substrate
solution consisting of 20 pg/ml Amplex UltraRed Reagent
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(ThermoFisher, A36006, Waltham, MA, USA) and 20 U/ml
horseradish peroxidase was prepared in PBS. Fifty microli-
tres of the substrate solution was added to 50 pl of diluted
supernatant or a prepared standard curve of H,O, used for
quantification of reactive oxygen. The plate was incubated
in the dark for 15 min at room temperature, and fluores-
cence emission measured at 571 nm/585 nm (excitation A/
emission 1). Five measurements were collected per well.

RNA isolation and quantitative polymerase chain reac-
tion (PCR)

Following neutrophil stimulation for 20 hr in a six-well
plate, cells were lysed in 1 ml of Trizol reagent (Life Tech-
nologies, 15596018, Waltham, MA, USA) and RNA iso-
lated from the aqueous phase of a Trizol chloroform
mixture using a Qiagen RNeasy mini kit (74106, German-
town, MD, USA) according to manufacturer’s instructions.
RNA was eluted with 30 pl of RNase-free water and quanti-
fied using a Nanodrop spectrophotometer. RNA was then
converted to cDNA by reverse transcription with a Quanti-
Tect RT kit (Qiagen 205311) according to the company’s
directions. Contaminating genomic DNA was eliminated
by an incubation with gDNA Wipeout Buffer at 42° for 2
min. QuantiTect Reverse Transcriptase and RT primer mix
were added to the RNA (70-150 pg of RNA was used in
each reaction) followed by an incubation at 42° for 15 min.
Reverse transcriptase was inactivated by incubating for 3
min at 95°. Gene expression was subsequently analysed by
real-time PCR. Briefly, cDNA samples were incubated with
Quantifast Sybr Green master mix (Qiagen Quantifast Sybr
Green PCR kit, 204054) along with inducible nitric oxide syn-
thase (iNOS; Mm_LOC673161_1_SG QuantiTect Primer
Assay) and glyceraldehyde 3-phosphate dehydrogenase
(GAPDH; Mm_Gapdh_3_SG QuantiTect Primer Assay) pri-
mers. Samples were run in triplicate with a MyiQ2 qPCR
machine (BioRad, Hercules, CA, USA). The real time cycle con-
sisted of a 5-min incubation at 95° followed by 45 cycles of 15
seconds at 95° and 1 min at 60°. All experiments were con-
cluded with a melt curve of 55°-95° in 81 steps to ensure cor-
rect gene product was replicated. BIORAD 1Q5 software was used
to set up the experiments and to analyse the data, including cal-
culation of the threshold cycle. Fold change was calculated over
gene expression level in the GM-CSF + LPS-treated cells using
the following equations: (i) threshold cycle of gene of inter-
est — threshold cycle of housekeeping gene (GAPDH) = Delta;
(i) Delta — average Delta of GM-CSF-stimulated sam-
ples = Delta-Delta; (iii) 2~ PP = fold change.

Flow cytometry

Cells were suspended in PBS containing 3% heat-inactivated
FBS and their Fc receptors blocked for 5 min at room tem-
perature using unlabelled anti-CD16/CD32 antibodies (BD
Biosciences 553142). Cells were then stained for 30 min at
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4° with the following BD Biosciences fluorescently-conju-
gated antibodies: FITC-conjugated CD45 (553080), PerCP-
conjugated CD45 (557235), APC-conjugated CD45
(559864), APC-Cy7-conjugated CD45 (557659), FITC-conju-
gated Ly6G (551460), PerCP-conjugated Ly6G (560602),
FITC-conjugated CDI11b (553310), PE-conjugated CDl1lc
(557401), APC-conjugated CD11c (550261), PE-conjugated
CD40 (561846), PerCP-conjugated CD80 (560526), PE-conju-
gated CD86 (560582) and FITC-conjugated I-A/I-E (MHC
class II, 562009). An Attune acoustic focusing cytometer
(Applied Biosystems, Waltham, MA, USA) was used with its
blue and red lasers configured to measure the size, granularity
and fluorescence intensity of cells bound with antibodies.

DC : neutrophil interaction assay

Neutrophils were stimulated with 5 ng/ml rm-GM-CSF plus
100 ng/ml LPS, and treated with 200 ng/ml «BC;;_, peptide
for 20 hr, washed and co-cultured with DCs for 24 hr. Cells
were then fixed and images captured on an inverted micro-
scope using phase contrast. METAMORPH Advanced software ver-
sion 7-7-8-0 was used to capture images in five locations in
each well. Under phase contrast, neutrophils and DCs were
distinguished by size and appearance (Fig. S5e both panels: DC
— black arrowhead; neutrophils — black arrow) and interactions
were counted when the two cell types were touching (Fig. S5e
right panel: white arrowheads). Each DC was counted along
with the number of interacting neutrophils.

Kinase inhibition assay

The following kinase inhibitors were purchased from Milli-
pore (Burlington, MA, USA): LY294002 (Cat# 440202), a
phosphoinositol-3-kinase (PI3K) inhibitor that blocks the
phosphorylation of Akt; SB203580 (Cat# 559389), a p38
mitogen-activated protein kinase (MAPK) inhibitor that
prevents the activation of MAPKAPK-2 by p38 MAPK;
U0126 (Cat# 662005) that inhibits the kinase activity of
MEK1/2 and downstream activation of MAPK p42/44; and c-
Jun N-terminal kinase (JNK) inhibitor II (Cat# 420119), a
small molecule inhibitor that blocks the kinase activity of JNK
by competitive inhibition with respect to adenosine triphos-
phate. LY294002, SB203580, U0126 or JNK II (1 pm) was
administered to neutrophils simultaneously with 50 ng/ml rm-
GM-CSF + 1 pg/ml LPS stimulation and 2 pg/ml oBCys o,
peptide, and incubated for 20 hr at 37° and 5% CO,. Super-
natants were collected, and the amount of IL-10 secretion
assessed by ELISA.

Viability assay

Neutrophils were stimulated with 50 ng/ml rm-GM-CSF +
1 pg/ml LPS, and treated with 2 pg/ml «BC;5 o, peptide in
the presence or absence of 1 um LY294002, SB203580,
U0126 or JNK inhibitor II inhibitors for 20 hr. The Fc
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receptors on cells were blocked for 5 min at room tempera-
ture with unlabelled anti-CD16/CD32 antibodies. Cells
were subsequently stored in 300 pl of PBS containing 3%
heat-inactivated FBS on ice, resuspended, and 5 pl of pro-
pidium iodide added to the tube 30 seconds before process-
ing by flow cytometry. Alternatively, neutrophils were
stimulated with 5 ng/ml rm-GM-CSF + 100 ng/ml LPS,
and treated with 200 ng/ml aBC;; o, peptide for 20 hr and
incubated with 5 pl of propidium iodide and 5 pl of
Annexin V in binding buffer for 10 min before processing
by flow cytometry. Cells that stained positive for propid-
ium iodide and/or annexinV were considered non-viable.

Statistics

Results are expressed as the mean of each experiment in
individual scatter plot data sets. Comparisons between
groups were made by repeated-measures two-way ANOVA
with Siddk post hoc tests, or repeated-measures one-way
ANOVA with Dunnett’s multiple comparison test. All statis-
tical measures were completed using GRAPHPAD PRISM 6
software (GraphPad, La Jolla, CA). A value of P < 0-05
was considered statistically significant.

Results

aBC induced a small increase in the secretion of
IL-10 but did not alter the production of other
cytokines in neutrophils

Neutrophils secrete a plethora of cytokines including
TNF-a, IL-12p40, IL-6, IL-1f, IL-17 and IL-10 upon acti-
vation by various stimuli.”*** To assess if «BC affected
cytokine production by these cells, bone-marrow-derived
CD45" CD11b" Ly6G" neutrophils (Fig. 1a) were stimu-
lated with rm-GM-CSF + LPS with or without «BC addi-
tion. Although TNF-a and IL-6 production increased
with stimulation, «BC did not alter the secretion of these
cytokines from either stimulated or unstimulated neu-
trophils (Fig. 1b,c). For other pro-inflammatory cytoki-
nes, such as IL-1f and IL-12p40, production of these
signalling factors was not altered following stimulation or
upon aBC treatment relative to media levels (Fig. 1d,e).
With respect to immunosuppressive cytokines, very low
levels of IL-4 could be detected and remained unchanged
among the various groups (Fig. 1f). For IL-10, however, a
significant increase was evident following GM-CSF + LPS
stimulation, which was modestly, but consistently signifi-
cantly enhanced when «BC was present (Fig. 1g).

H,0, and MMP secretion by neutrophils were not
altered by aBC

Neutrophils exhibit an array of effector mechanisms
that are vital in the fight against pathogens, but which
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are not always beneficial to the host if they are not
controlled. For example, proteases and ROS released by
neutrophils can cause significant tissue damage and
pathology if not abated.”” We therefore evaluated
whether the secretion of ROS and two prominent
MMPs in the neutrophil repertoire (neutrophil collage-
nase, MMPS, gelatinase B, MMP9) were impacted by
oBC. MMPs play an important role in neutrophil
migration and tissue damage in diseases such as
RA>"  As well, both immune-suppressing and
immune-activating functions of MMP8 have been
reported. Both MMP8 and MMP9
enhanced when neutrophils were stimulated with rm-
GM-CSF + LPS (Fig. 2). However, while MMP9 levels
remained unchanged in the presence of the heat-shock
protein (Fig. 2a), MMP8 production displayed a small

significant increase upon application of aBC to

secretion were
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and post hoc test (treatment on IL-10).

stimulated cells (Fig. 2b). We then proceeded to assess
if the crystallin impacted the secretion of H,0,, an
indicator of the ROS effector program in neutrophils.
Using an AmplexRed assay, we found that neutrophils
stimulated with GM-CSF + LPS alone did not release
measurable amounts of H,O, after stimulation
(Fig. S1). The protocol was therefore modified whereby
cells were first activated with GM-CSF + LPS with and
without oBC, and then activated with serum-opsinized
zymosan. Neutrophils primed for 2 hr displayed no
increase in H,O, secretion (Fig. 3a). However, an
enhancement was evident at 4 hr (Fig. 3a). At this time
point, a small but significant decrease in H,O, synthesis
towards control levels was observed in the presence of
«BC (Fig. 3b). Intriguingly, but not unprecedented,’” a
reduction in ROS production was seen at 20 hr post-
stimulation relative to media controls (Fig. 3c). Here
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again, a small but significant increase in H,O, levels
again towards control levels was seen when aBC was
applied to cells (Fig. 3c).

aBC did not affect the expression of CD11b or iNOS

Upon activation, neutrophils usually upregulate iNOS
production and membrane expression of CDI11b.>
During the degranulation process, granules containing
CDI11b in their membranes fuse with the cell membrane
to increase the presence of this protein on the cell surface.
Neutrophils then use this CD11b for migration into tissue
and to communicate directly with other immune cells,
such as DCs and T-cells.”*® We therefore assessed
whether CD11b expression was altered by «BC at 20 hr
post-GM-CSF + LPS stimulation. Although stimulated
neutrophils showed an increase in CD11b mean fluores-
cence index as compared with media control, «BC treat-
ment did not alter cell surface expression of CD11b in
stimulated cells (Fig. S2a). We then considered the effect
of aBC treatment on iNOS synthesis following GM-CSF
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Figure 2. AlphaB-crystallin («BC) treatment enhanced secretion of
matrix metalloproteinase (MMP)8 by stimulated neutrophils. MMP9
(a) and MMP8 (b) secretion by granulocyte macrophage-colony-sti-
mulating factor (GM-CSF) + lipopolysaccharide (LPS)-activated neu-
trophils grown in the presence (squares) or absence (circles) of aBC.
Data represent the mean and spread of six (MMP9) and five
(MMP8) independent experiments. Statistical analyses were done by
repeated-measures two-way aNova with Siddk post hoc test, *P < 0-05
of main effect (stimulation on MMP8 and MMP9) and post hoc test
(treatment on MMPS8).
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+ LPS stimulation in the presence or absence of aBC.
Neutrophils stimulated for 2 or 6 hr but not 20 hr dis-
played increased levels of iNOS mRNA as compared with
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Figure 3. Hydrogen peroxide (H,O,) secretion is altered by alphaB-
crystallin («BC) treatment of stimulated neutrophils. Hydrogen per-
oxide, as an indicator of reactive oxygen species (ROS), secreted by
zymosan-stimulated neutrophils following (a) 2 hr, (b) 4 hr and (c)
20 hr pre-stimulation with granulocyte macrophage-colony-stimulat-
ing factor (GM-CSF) + lipopolysaccharide (LPS) with (squares) or
without (circles) addition of «BC. The results represent the com-
bined mean and spread of five (2 hr), five (4 hr) and five (20 hr)
independent experiments. Statistical analyses were performed by
repeated-measures two-way anova with Siddk post hoc test (2 and 4
hr), and repeated-measures one-way aNova with Dunnett’s multiple
comparison test for 20 hr, *P < 0-05 of main effect (2 hr), interac-
tion (4 hr stimulation) and post hoc/multiple comparison tests (4
and 20 hr treatment).
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media control (Fig. S2b). Treatment of activated cells
with «BC did not, however, alter the level of iNOS
mRNA at any of the time points (Fig. S2b).

DCs co-cultured with aBC-treated neutrophils
produce less IL-12p40

Because neutrophils are known to communicate with
DCs to modulate the activation of both DCs and lympho-
cytes,®'® and that aBC was found to have a small effect
on some of the effector properties of neutrophils (aug-
mentation of IL-10 and MMPS8 secretion, altered H,O,
release), we evaluated if aBC-treated neutrophils could
change the activation of DCs. Neutrophils were stimu-
lated with GM-CSF + LPS with and without «BC, and
seeded on top of CD45" CD11c" DCs (Fig. 4a) ina 1 : 5,
1:2-5and 1: 1 ratio. We then measured for the levels of
IL-1f and IL-12p40, which are produced by DCs, but not
our neutrophils grown in isolation (Fig. 1d,e). DCs co-
cultured with GM-CSF + LPS-stimulated neutrophils pro-
duced significant amounts of IL-1f and IL-12p40
(Fig. 4b—g). Following oBC treatment of GM-CSF + LPS-
stimulated neutrophils, secretion of IL-1f by DCs
remained unchanged relative to stimulation alone
(Fig. 4b—d). For IL-12p40, however, a reduction was evi-
dent in the group whose neutrophils had been previously
treated with the crystallin as compared with those DCs
cultured with untreated stimulated neutrophils (Fig. 4e—
g). Moreover, the reduction in IL-12p40 by DCs occurred
in a cell ratio-dependent manner. Specifically, DCs cul-
tured in a 1 : 5 ratio with aBC-treated neutrophils dis-
played the largest reduction in IL-12p40 secretion
(Fig. 4e), followed by the cells grown in a 1 : 2.5 ratio
(Fig. 4f). Cells cultured at a 1 : 1 density did not have a
significant reduction in IL-12p40 secretion (Fig. 4g). It is
also important to note that DCs that were grown with
the washed supernatant from neutrophil-free wells con-
taining only stimulation reagents did not exhibit any
secretion of IL-1f and IL-12p40 (Fig. S3), indicating that
the changes in IL-1f and IL-12p40 were specifically
related to the neutrophils and not to stimulation contam-
ination. In addition, «BC treatment did not affect the via-
bility of these cells as assessed by propidium iodide and
Annexin V staining (Fig. S4a,b), suggesting that in this
case the viability of the neutrophils did not influence the
communication between neutrophils and DCs. This effect
of aBC-treated neutrophils on DCs appears to be specific
to pro-inflammatory cytokine production, particularly IL-
12p40, and not the antigen-presenting machinery or
interactive ability between the two cell types because the
expression of antigen-presenting molecules (CD40, CD80,
CD86, MHC 1II) on DCs (Fig. S5a—d) and number of
contacts (Fig. S5e,f) between DCs and neutrophils were
unchanged by the presence of the heat-shock protein. The
latter observation is likely related to the finding that the
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secretion of two chemokines that are produced by neu-
trophils and known to attract DCs to allow for direct
cell-to-cell engagement, MIP-1o0 (CCL3) and MCP-1
(CCL2),'*283773% was also not altered by oBC in unacti-
vated or stimulated neutrophils (Fig. S5g,h).

aBC pre-treated neutrophils reduce IL-12p40
secretion by DCs in a non-contact-dependent manner

Thus far, we discovered that prior oBC-treated neu-
trophils were capable of reducing pro-inflammatory cyto-
kine (IL-12p40) production by DCs when co-cultured
together. Neutrophils can indeed alter the response of
other immune cells through direct cell-to-cell contact,
which could be the case in our situation. However,
because no observed difference was seen in the interac-
tions between neutrophils and DCs, we assessed whether
oBC-treated neutrophils could also impact DC function
in a non-contact-dependent manner, that is, via secretory
factors. To test this idea, a transwell system was imple-
mented. Similar to that seen in the contact-dependent
assay (Fig. 4), IL-1f secretion by DCs was not altered
when co-cultured with stimulated and aBC-treated neu-
trophils in the transwell scenario (Fig. 5a). For IL-12p40,
however, DCs secreted significantly less of this cytokine
when grown with «BC-treated stimulated neutrophils as
compared with untreated neutrophils (Fig. 5b). Our data
therefore suggest that oBC treatment of neutrophils
results in repressed IL-12p40 production by DCs via a
secreted factor(s).

aBC-mediated increase in IL-10 production may
involve PI3K and MEK/ERK

Finally, in an effort to decipher the molecular mechanism
(s) underlying the small effect of «BC on IL-10, MMP
and ROS production by neutrophils, we evaluated the
importance of the MAPK and PI3K pathways as they are
known to be involved in the secretion of IL-10 and
degranulation by neutrophils.***' Also, aBC treatment
has been shown to affect various MAPK pathways as well
as PI3K.*>*> We therefore investigated if these signalling
pathways were involved in the enhanced secretion of IL-
10 wusing inhibitors against p38 (SB203580), PI3K
(LY294002), MEK/ERK (U0126) and JNK (JNKII).*’ Inhi-
bition of the JNK pathway did not alter the secretion of
IL-10 by either unstimulated or activated neutrophils
(Fig. 6a), whereas SB203580 reduced the production of
IL-10 in both non-oBC-stimulated and aBC-treated neu-
trophils (Fig. 6b). Of interest, PI3K and MEK/ERK inhi-
bition resulted in a reduction of IL-10 in stimulated
neutrophils, but the decrease was only significant in cells
that had been incubated with «BC (Fig. 6¢,d). To ensure
that the PI3K and MEK/ERK-induced reduction in IL-10
secretion was not due to cell death, the viability of the
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cells was evaluated by propidium iodide staining for non-
viable cells. None of the kinase inhibitors altered the via-
bility of non-stimulated, GM-CSF + LPS-stimulated or
oBC-treated cells (Fig. S4c), suggesting that the reduction
in IL-10 production with the inhibitors was not related to
cell death.

Discussion

Neutrophils are imperative for protecting the host
against invading microbes. Unfortunately, over-exuberant
activation of these granulocytes in autoimmune diseases,
sterile injury and infection can result in direct damage
to host tissue and/or prolongation of the inflammatory
reaction due to interactions between neutrophils and

© 2018 John Wiley & Sons Ltd, Immunology, 155, 72-84

other immune cells. It is thus important to understand
if suppressors of neutrophil activation could be identi-
fied so as to reduce aberrant neutrophil responses. Neu-
trophils can dampen inflammation by acting directly on
T lymphocytes and APCs, or through their own engulf-
ment by APCs such as DCs.***® Because «BC has been
shown to suppress the activation and function of T-cells
and macrophages, we investigated if the small heat-shock
protein could also reduce neutrophil activation. We
found that the heat-shock protein had a small but sig-
nificant effect on selective properties of neutrophils,
specifically IL-10, MMP8 and H,0O, secretion, and that
oBC-treated neutrophils were capable of suppressing
pro-inflammatory cytokine production, specifically IL-
12p40, by DCs.
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Neutrophils, IL-10 and MMP8

IL-10 production is upregulated during the height of inflam-
matory reactions where it contributes to refraction of the
reaction.”’ For example, IL-10 plays a role in suppressing
Th1l CD4" T-cell and CD8" T-cell responses by downregulat-
ing MHC 1II and co-stimulatory molecule expression on
APCs, thereby reducing antigen presentation by APCs and
thus T-cell activation.*® With respect to MMPS, this metallo-
proteinase has been reported to possess both pro- and anti-
inflammatory functions** ' in addition to its expected pro-
teinase activity — it is involved in the breakdown of type I, II
and III collagens.” Further, MMPS$ secretion is differentially
altered depending on the activator.”® We speculate that the
small effect of «BC in augmenting the secretion of IL-10 and
MMP8 in neutrophils is by mediating the release of certain
granules within neutrophils that contain these factors. Neu-
trophils contain granules that are formed sequentially during
development in the bone marrow and contain particular
molecules based on what is being synthesized at the time of
formation.”* Secondary (or specific) granules contain
MMPS8, and are speculated to be formed during myelocyte
and metamyelocyte phases of neutrophil maturation. The IL-
10 receptor is also known to reside within secondary gran-
ules® and, although not well characterized, IL-10 secretion
may also be associated with release of these granules.” Fur-
ther, IL-10 transcription can be regulated by C/EBPo, which
is the dominant transcription factor active during secondary
granule formation.*” It is possible that BC treatment is
enhancing the release of secondary granules to result in the
dual secretion of IL-10 and MMP8. A feedback loop may also
be involved whereby MMP8 mediates IL-10 production as
MMPS is thought to have a role in processing IL-10.>®

Neutrophils and PI3K/MAPK signalling

The PI3K and MAPK pathways have a demonstrated
involvement in not only primary and secondary granule

80

release’” by neutrophils, but also the secretion of IL-10
by these cells.*” For instance, the release of lactoferrin,
one of the defining molecules present within secondary
granules, is regulated by PI3K, p38 and ERK®' in response
to the complement protein, c5a. We found that the small
oBC-augmented IL-10 secretion was significantly reduced
by PI3K and MEK/ERK inhibitors, while others have
shown that MMP8 production is augmented by c-MET
through the PI3K and MEK/ERK pathways.®® Because the
crystallin has been found to act through the PI3K, MEK/
ERK and p38 signalling in relation to its anti-apoptotic
and immunosuppressive functions,">®* it is possible that
oBC is acting through these kinase pathways to enhance
the release of secondary granules and/or IL-10 and
MMP8 production directly.

Neutrophils, ROS and «BC

We observed that neutrophils that were primed with
GM-CSF + LPS for short periods of time and further
stimulated with zymosan showed a small increase in
H,0, secretion, whereas those cells primed for longer
periods displayed decreased H,0O, secretion. This diver-
gence in H,0, (indicative of ROS) production over time
has been observed by others. Saturnino et al.’* found that
mast cells also experience this effect when primed for
long periods with endotoxin. Further, ‘immunosuppres-
sive’ neutrophils have been associated with both low and
high levels of ROS generation that was related to the
length of stimulation of the cells.® Regarding «BC and
ROS, the crystallin has been shown to inhibit the genera-
tion of ROS in response to Cu®' stimulation of lens
epithelial cells.®® In this situation, aBC sequestered the
Cu?' to reduce the reason for ROS production, but this
is unlikely in our case as «BC was removed before stimu-
lating these cells with zymosan. Also, because treatment
of neutrophils with the heat-shock protein during prim-
ing appeared to return H,O, production by neutrophils
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to an unprimed level of secretion, it suggested that «BC
could affect the priming of these cells. However, because
the effects of «BC on IL-10, H,O, and MMPS8 are small,
the crystallin is likely not a major modulator of neu-
trophil priming and effector abilities.

Neutrophils and IL-12p40 production in DCs

Stimulated neutrophils are known to upregulate the pro-
duction of IL-12p40 and TNF-o by DCs.*” DCs utilize IL-
12p40 to mediate differentiation of naive T lymphocytes
into a Th1®® or Th17°®7° phenotype. IL-10 opposes this
process, and the ratio of IL-12 : IL-10 is often used to
assess inflammatory status.”"’* Interestingly, even though
the effects of «BC on IL-10, H,O, and MMP8 were small,
treatment of neutrophils with the crystallin was capable
of reducing secretion of IL-12p40 by co-cultured DCs in
a cell-ratio-dependent manner. It is possible then that
oBC-treated neutrophils could contribute to reducing the
overall pro-inflammatory milieu by suppressing DC pro-
inflammatory state, while at the same time suppressing
the ability of DCs to polarize T-cells towards a Thl or
Th17 phenotype and thus tipping the inflammatory reac-
tion towards a dampening phenotype.

An interesting observation was the ability of «BC-treated
neutrophils to suppress IL-12p40 secretion by DCs in both
a contact-dependent and non-dependent manner. Because
the interactions between neutrophils and DCs were not
altered in the presence of aBC, the transwell experiment
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suggests that stimulated neutrophils treated with oBC
secreted less of an unknown factor(s) that normally drives
the secretion of IL-12p40 by DCs. One mechanism that
neutrophils employ to induce IL-12p40 secretion by DCs is
through secretion of TNF-o..'* We do not think that TNF-«
is the unknown secretory factor because production of the
cytokine was not changed in «BC-treated neutrophils
(Fig. 1b). An alternate possibility is that «BC-treated neu-
trophils secreted a molecule(s) that suppressed the produc-
tion of IL-12p40 by DCs. Many factors are known to
regulate the expression of IL-12p40 by DCs including IL-
10.”? Since we found that IL-10 was elevated in «BC-treated
neutrophils, it is conceivable that the immunosuppressive
cytokine could contribute to suppressing DC IL-12p40 pro-
duction. Another possibility is that neutrophil elastase
(NE), which was found to be inhibited by oBC,’* may con-
tribute to the reduced secretion of IL-12p40 by DCs. NE
has been shown to reduce IL-12 production by macro-
phages,”® and it is possible that a similar process may occur
in mature DCs.

In summary, treatment of neutrophils with aBC pep-
tide led to small increases in IL-10 and MMP8 secretion
as well as suppressed secretion of the pro-inflammatory
cytokine, IL-12p40, by DCs. These data suggest that the
small heat-shock protein is likely not a major player in
neutrophil priming and effector abilities, but its limited
effects on neutrophil physiology may contribute to
impacting overall inflammatory responses via dampening
of DC IL-12p40 production.
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Supporting Information

Additional Supporting Information may be found in the
online version of this article:

Figure S1. Hydrogen peroxide secreted by neutrophils
stimulated with GM-CSF + LPS and treated with «BC for
two (black bars), four (dark grey bars), or 20 hr (light
grey bars) with no further stimulation. Combined data
from 3 individual experiments. Error bars represent
spread of data from minimum to maximum. Statistical
analyses were completed by repeated measures two-way
ANOVA with Siddk post hoc test.

Figure S2. oBC treatment does not modulate CD11b
and iNOS expression by GM-CSF + LPS-stimulated neu-
trophils. (a) Expression of CD11b by untreated (circles)
or oBC-treated (squares) neutrophils in the combined
mean and spread of 6 individual experiments. Statistical
analyses were completed by repeated measured two-way
ANOVA with Siddk post hoc test, *P < 0-05 of main
effect. (b) Relative fold change of iNOS mRNA in neu-
trophils treated with or without aBC for 2, 6, or 20 h
compared to GM-CSF + LPS stimulation and normalized
to amplified GAPDH. Data represents 5 combined indi-
vidual experiments. Error bars represent spread of mini-
mum to maximum. Statistical analyses were performed by
repeated measures one-way ANOVA with Dunnett’s post
hoc test, ¥*P < 0-05 of post hoc test.

Figure S3. IL-1f (a—c) and IL-12p40 (d—f) secretion in
the supernatants from 20 000 (a, d), 40 000 (b, e) or
100 000 (¢, f) DCs grown in the washed supernatant from
neutrophil-free wells containing GM-CSF + LPS stimu-
lants with or without the addition of «BC. One represen-
tative experiment of 3 individual experiments. Error bars
represent spread of data from minimum to maximum.
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Figure S4. (a, b) Flow cytometric analysis of the per-
centage (a) and number (b) of Annexin V and/or PI
stained bone marrow-derived neutrophils that were stim-
ulated with GM-CSF + LPS for 20 hr while in the pres-
ence or not of oBC, n =4 animals per group. (c)
Percentage of PI positive GM-CSF + LPS stimulated neu-
trophils treated with oBC in the presence or absence of
1 um of kinase inhibitors. Results show the combined
mean and minimum to maximum spread of data from 3
individual experiments. Statistical analyses were per-
formed by repeated measures two-way ANOVA with
Sidak post hoc test, *P < 0-05 of main effect.

Figure S5. Dendritic cell antigen presenting marker
expression, chemokine secretion and interactive ability
were not altered when co-cultured with «BC pre-treated
neutrophils. (a-d) Mean fluorescence index relative to
control of CD40 (a), CD80 (b), CD86 © and MHCII (d)
surface expression on DCs grown in a 1:5 ratio with GM-
CSF + LPS-activated neutrophils that had been grown in
the presence (squares) or absence (circles) of aBC. Results
represent combined mean and spread of 4 independent
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experiments. Statistical analyses were performed by
repeated measures two-way ANOVA with Siddk post hoc
test. (e) Sample images of DCs (black arrowheads) with
no interactions (left panel) and multiple interactions
(white arrowheads in right panel) with co-cultured neu-
trophils (black arrows). (f) Combined mean cell interac-
tions of 3 individual experiments showing the mean
number of DCs with zero (white bars), one (light grey
bars), and two or more neutrophil interactions (dark grey
bars). Error bars represent standard deviation. Statistical
analyses were performed by repeated measures two-way
ANOVA with Siddk post hoc test. (g, h) MIP-1a (g) and
MCP-1 (h) secretion in supernatants from neutrophils
that had been treated with (squares) or without (circles)
oBC. Data show the combined mean and spread of 9
(MIP-1a) (g) and 6 (MCP-1) (h) independent experi-
ments. Statistical analyzes were completed by repeated
measures two-way ANOVA with Dunnett’s multiple com-
parison test (MCP-1), *P < 0-05 of main effect of stimu-
lation on MIP-1.
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