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Abstract

Macrophages (M®s) play an important role in the inflamma-
tory response during injury by participating in the removal of
injurious stimuli, such as bacteria, and promoting tissue
healing to restore homeostasis. Mds can acquire distinct
functional phenotypes along a spectrum between two opposite
stages (M1/M2) during activation. In the present study, we
induced a stress response in Ms via heat shock (HS) and
found that it incurred an increase in phagocytosis (1.6-fold,
P<0.05) and bacterial killing (2.8-fold, P<0.01). Upon heat
stress activation, Ms respond to group B Strepfococcus
(GBS) infection with lower levels of pro-inflammatory cyto-
kines, TNF-« (2.25-fold, P<0.01), IL-6 (7-fold, P<0.001),
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and inducible nitric oxide synthase (iNOS) (2.22-fold,
P<0.05), but higher levels of the anti-inflammatory cytokine
IL-10 (3.9-fold, P<0.01). Stressed Mds exposed to GBS
display rapid phagosome maturation, increased extracellular
trap (ET) formation and elevated cathelicidin antimicrobial
peptide expression (2.5-fold, P<0.001). These findings are
consistent with a heretofore uncharacterized M¢ activation
state formed in response to stress, associated with secretion of
large quantities of anti-inflammatory mediators and redirec-
tion of antimicrobial mechanisms to NADPH-oxidase-
independent pathways. This “friendly activation” of Ms is
characterized by increased bactericidal activity and more rapid
and controlled resolution of the inflammatory response.
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Key Messages

* Macrophages form a dual pro-bactericidal and anti-
inflammatory state.

+  Stress in the setting of infection triggers friendly activation
in macrophages.

» Heat shock plus infection increases macrophage bacteri-
cidal activity.

* Heat shock plus infection increases macrophage extracel-
lular trap formation.

* Heat shock plus infection increases macrophage produc-
tion of cathelicidin and IL-10.

Keywords Macrophageactivation - Heatshock - Macrophage
phenotype and functional polarization - Stress response -
Group B Streptococcus - Macrophage extracellular traps

Introduction

Inflammation is a natural response to infection and tissue
damage directed at protecting the individual by removing
pathogens and injurious stimuli and through facilitating tissue
repair. However, elevated or sustained inflammatory re-
sponses are detrimental and have been associated with a large
number of disorders, including atherosclerotic heart disease,
asthma, chronic obstructive pulmonary disease, autoimmuni-
ty, sepsis, inflammatory bowel disease, allergies, and genetic
or acquired immunodeficiency [1]. The mechanisms that con-
trol inflammation are incompletely understood. Therefore,
few targeted therapeutic options are available to modulate
aberrant inflammatory processes [2—4]. Macrophages (Ms)
are key host cells involved in the initiation and orchestration
of inflammatory responses. M activation results in reversible
functional polarization, progressing from M1 (pro-
inflammatory) to M2 (anti-inflammatory or regulatory) phe-
notypes with the development of several intermediary stages
in between [5-9]. An adequate and time-appropriate M
functional phenotype switch can mitigate the progression of
inflammatory diseases [10—12]. Consequently, a better under-
standing of the factors that control M switching between
phenotypes may provide therapeutic or pharmacological op-
tions for the treatment of diverse pathologies.

One main function of Ms is the removal of pathogens and
damaged cells, which commonly results in parenchymal tissue
damage due to the production of pro-inflammatory factors
[13]. Upon activation with pro-inflammatory agents, such as
M1 ligands (e.g., bacterial components), M¢s undergo a
series of physiologic changes that result in the activation of
killing mechanisms as well as the secretion of a large number
of pro- and anti-inflammatory mediators that modulate M
function, control the recruitment and activation of other in-
flammatory cells, and alter cell metabolism [14]. We have
previously shown that activation of the stress response (SR),
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a common cellular defense mechanism against a variety of
insults, significantly modulates M responses to M1 ligands
[15, 16], resulting in more efficient clearance of pathogens and
cell debris. The mechanisms involved in this SR-associated
improvement in M function are unknown, but they are likely
linked to the upregulation of heat shock proteins (Hsps)
[15-17].

Pathogen clearance is the result of several well-coordinated
processes such as detection and binding of the pathogen,
phagocytosis, phagosome maturation, targeting to lysosomes,
and final destruction [18, 19]. Mds have several mechanisms
to destroy pathogens, including the production of reactive
oxygen and nitrogen species (ROS and RNS). The strong
production of superoxide anion (O, ) observed upon patho-
gen recognition is due to activation and assembly of the
membrane NADPH-oxidase. We have previously demonstrat-
ed a significant decrease in O,  production in thermally
stressed Ms activated with M1 ligands [15]. This finding
was in agreement with other publications that additionally
showed that heat shock (HS)-associated inhibition of
NADPH-oxidase is not driven by heat denaturation, inhibition
of protein synthesis, and changes in cytosolic pH, oxidative
stress, or alterations in actin cytoskeleton functions [20-22].

In this study, we further characterize the functional changes
triggered by activating the SR in M¢s. We observe that
stressed Ms respond to bacterial infection (classically con-
sidered an M1 stimulus or ligand) not only with elevated
phagocytosis and increased bactericidal activity but also with
enhanced production of anti-inflammatory mediators and ele-
vated expression of M2 markers. These data support the
formation of a new M functional phenotype in response to
SR activation, which may promote faster resolution of inflam-
mation and, therefore, accelerated restoration of homeostasis.

Materials and methods
Reagents

Alexa Fluor (AF) 488-labeled Escherichia coli (E. coli; K-
12 strain), Staphylococcus aureus (S. aureus; Wood strain,
lacking protein A) particles, and fluorescein (FITC)-conju-
gated IL-10R antibody were purchased from Molecular
Probes Inc. E. coli (026:B6) lipopolysaccharide (LPS)
was obtained from Difco Laboratories and zymozan and
PMA from Sigma-Aldrich. Streptococcus agalactiae strain
COH1 is a highly encapsulated serotype III group B
Streptococcus (GBS) obtained from a fatal neonatal sepsis
case [23]. STAT3 antibody was kindly provided by
AVIVA Systems Biology, CA. AF532-conjugated cholera
toxin subunit B and AF532-transferrin were purchased
from Invitrogen Life Technologies.
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Animal studies

All mice, BALB/c male mice (8 weeks old), were purchased
from Jackson Laboratories. Under sterile conditions alveolar
(AMds) and peritoneal (PMds) were isolated by bronchoal-
veolar lavage and peritoneal lavage from naive mice utilizing
cold SF RPMI1640 medium, as described in detail previously
[24-26]. In some studies, mice were subjected to thermal
stress as previously described [27]. In brief, mice were anes-
thetized with ketamine 100 mg/kg i.p.; a rectal thermistor
probe was inserted; and mice were warmed via heating blan-
ket until core body temperature reached 42 °C. This temper-
ature was maintained for 10 min and then mice were returned
to their cages. Control mice were anesthetized but not sub-
jected to thermal stress. All animal protocols were reviewed
and approved by the UCSD Institutional Animal Care and Use
Committee according to the National Institutes of Health
guidelines.

Cell culture and heat shock induction

Mouse M cell lines (J774 and RAW264.7) and naive alveolar
macrophages (AMds) or peritoneal macrophages (PMds) iso-
lated from BALB/c mice were cultured in RPMI 1640 medium
supplemented with 10 % heat-inactivated fetal bovine serum
(FBS), 10 IU/ml penicillin, and 10 pg/ml streptomycin at
37 °C with 5 % CO, in a humidified incubator. Cells were
plated in antibiotic-free medium for at least 16 h before exper-
iments. Heat shock (HS) was performed by incubation of cells
for 1.5 h at 42 °C, followed by recovery at 37 °C.

Todd-Hewitt broth (THB) was inoculated with one colony
of GBS and allowed to grow to stationary phase overnight.
Two hundred microliters of GBS overnight culture was inoc-
ulated into 10 ml of fresh THB and grown to mid-log phase
(abs 0.4 at 600 nm). Bacteria were spun at 4,000 rpm for
10 min and resuspended in PBS to abs 0.4 at 600 nm, giving
1x10® colony forming units (CFU)/ml. Bacteria were diluted
1:10 in PBS for a final concentration of 1x10” CFU/ml. For
studies utilizing a multiplicity of infection (MOI) of 1, for
every 2x10° macrophages, 2x 10> CFU of GBS were used
(20 pl at 1x10” CFU/ml). For an MOI of 0.1, 2 ul at 1x
10" CFU/ml were used.

Phagocytosis

GBS was grown in THB (Difco) and on Todd-Hewitt agar
plates at 37 °C. Ms were harvested by scraping and plated at
2x10° cells/well for 16 h prior to phagocytosis assays. Mds
were washed twice with sterile PBS and incubated with
serum-free (SF) medium for 30 min at 37 °C, followed by
incubation with 50 ul AF488-bacteria particles (70 pg/ml) for
2 hat37 °C or by incubating with live GBS-GFP at an MOI of
1 at 37 °C for 1 h [28]. Mds were washed twice with SF

medium and PBS to remove noninternalized bacteria particles
or live bacteria. To quench noninternalized signal, M¢s were
incubated with PBS pH 5.0 for 15 min, then fixed in 4 %
paraformaldehyde (PFA) for 10 min. Samples to be tested for
bacteria adherent to the outside of the M¢s were not quenched
prior to fixation. Slides were mounted using 3.9 % DABCO in
PermaFluor aqueous mounting medium (Thermo Scientific)
and visualized using confocal microscopy.

Phagosome maturation

Studies were performed as previously described by Chow
et al. [29]. In brief, 2.5x 10° J774 Mds were grown on round
glass cover slips for 16 h as described previously [15]. At the
desired time point, stressed and control M¢s were incubated
in SF medium for 1 h at 37 °C to deplete endogenous trans-
ferrin. Ms were then cultured in the presence of AF532-
transferrin (50 pg/ml) for 30 min at 25 °C to label early/
recycling endosomes (red). Noninternalized transferrin was
removed by washing with PBS. AF488-bacterial particles
(70 mg/ml; nonopsonized) were added for 1, 5, and 7 min at
25 °C. Maturation of phagosomes was evaluated by fluores-
cent microscopy as co-localization of transferrin-labeled
endosomes (red) with bacteria particle containing phagosomes
(green). Experiments were repeated in PM®s. For quantifying
Md endocytosis of transferrin and cholera toxin, J774 Md¢s
were incubated for 30 min in SF medium followed by incu-
bation with fluorescent transferrin (50 pg/ml) or cholera toxin
(5§ meg/ml) for 30 min at 37 °C. Noninternalized signal was
removed by washing with PBS. Internalized signal was recti-
fied by MTT in each well and expressed as endocytic index
(intensity of the signal/MTT). Experiments were performed in
triplicate and repeated at least three times.

Ratio of internalization of FITC-IgG-BSA

Mdos were incubated with FITC-IgG-BSA at 4 °C to allow
binding, but not internalization, of the complex. Mds were
then placed at 25 °C for up to 2 h to allow internalization of the
complex. Cells were washed twice with SF medium to remove
unbound complex, and the noninternalized signal was
quenched by incubation in PBS pH 5.0. Quantification of
internalized signal was performed by fluorometry; fluorescent
values were corrected to the estimated number of live cells
(measured via MTT) in each well. Experiments were per-
formed three times and statistical significance evaluated by
one-way analysis of variance (ANOVA) followed by
Newman-Keuls test.

qRT-PCR

One million Ms were subjected to HS (42 °C for 90 min) or
not (37 °C) and allowed to recover for different lengths of time
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up to 24 h at 37 °C. In some experiments, control and HS M s
were incubated with or without 100 ng/ml LPS or 200 pg/ml
zymozan for 2 h, or GBS at MOI 1 for 1 h. Total mRNA was
isolated using Trizol, and mRNA expression levels were
evaluated by quantitative reverse transcription PCR (qRT-
PCR) using commercial primers. Efficiencies of all primers
were within 85-100 %. Values were rectified by GAPDH. In
the case of cathelicidin-related antimicrobial peptide
(CRAMP), arg-1, mrc-1, IL-4, ym-1, ym-2, and ptgs-2 rela-
tive gene expressions were calculated using AACt analysis.
Results for pro- and anti-inflammatory cytokines are
expressed as copies of target gene/copies of GAPDH.

Bacterial killing

Bactericidal assays were run with primary M¢s (PMs) in
parallel with J774 and RAW264.7 cell lines. Ms (1x10°)
were placed in 96-well flat-bottom plates and cultured with
50 ul of RPMI 1640 medium supplemented with 2 % FBS.
Cells were allowed to adhere for 2 h at 37 °C with 5 % CO,
and then stimulated with PMA (10 ng/ml, 30 min). To
block phagocytosis, cytochalasin D (50 uM) was added
30 min prior to infection. To dissolve extracellular DNA
traps, micrococcal nuclease was added at 1:500 for
20 min. Supernatant was removed and replaced with
fresh RPMI 1640 media. Cells were incubated for 2 h
with log-phase GBS at an MOI=1 or 0.1, after centri-
fugation at 1,600 rpm for 10 min to initiate cell contact.
Cells were lysed with Triton X-100 (0.06 %), and
surviving bacteria were quantified by serial dilution,
plating, and enumeration. For supernatant antimicrobial
activity, the supernatants were harvested after micrococ-
cal nuclease treatment and were infected with GBS at
1x10% colony forming units (CFU)/ml. Surviving bacte-
ria were quantified at 30 min by serial dilution, plating,
and enumeration. ANOVA one-way analysis and
Bonferroni’s multiple comparison were used to analyze
statistical significance.

Extracellular traps

Studies were performed as previously described [30]. In brief,
Mds (3% 10 cells/well) were incubated in 24-well plates with
300 pul RPMI 1640 with 2 % FBS. Mds were allowed to
adhere for 2 h at 37 °C with 5 % CO,, then stimulated with
PMA (25 uM) or infected with live GBS for 60 min. To
dissolve extracellular DNA traps, micrococcal nuclease was
added at 1:500 for 20 min. Wells were rinsed three times with
PBS, and extracellular traps were stained with Mammalian
Dead staining (Invitrogen) for 10 min, followed by evaluation
via fluorescent microscopy.
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Flow cytometry

One million M¢s were fixed in 1 % PFA and incubated with
FITC-conjugated IL-10R Ab (1/200 dilution) for 60 min at
4 °C. Cells were analyzed using FACSort and CellQuest
software (BD Biosciences).

Immunostaining

Mds (1x10°) were grown on a sterile glass cover slide.
Nonspecific binding was blocked by incubation with serum
(20 %) from the host of secondary Ab and 0.2 % Tween 20 in
PBS (0.5 h at 25 °C). Cells were incubated with primary Abs
(1/200 dilution) for 1 h at 4 °C, extensively washed with PBS,
and incubated with secondary Abs (1/1,000 dilution) for 0.5 h
at 4 °C. Cells were fixed with 4 % paraformaldehyde (PFA)
(10 min at 25 °C) and permeabilized with cold acetone (15 s).
Nuclei were stained with 4',6’-diamido-2-phenylindole
(DAPI) hydrochloride (15 s at 25 °C), and cells were visual-
ized using a fluorescent microscope.

Results

Activation of the SR results in faster phagosome maturation
in murine Mds

We previously found that Ms exposed to HS or treated with
geldanamycin increased their phagocytic capacity. This in-
crease in phagocytosis was dependent on new gene expression
[15]. However, the specific genes involved in this phenome-
non have not yet been identified. In addition, actin polymer-
ization was observed to increase upon SR activation in the
absence of external or foreign stimuli [15, 16]. Formation of
F-actin is a key element for the internalization of the newly
formed phagosomes and also plays a role in their maturation
[31]. These observations suggested that the SR might induce
accelerated phagosome maturation. To assess phagosome
maturation in stressed (42 °C, 1.5 h) and control J774 Mds,
we measured co-localization of green phagosomes containing
nonopsonized AF488-E. coli (green) and endosomes contain-
ing AF532-conjugated transferrin (red). We observed more
rapid co-localization of phagosomes and endosomes (yellow
and arrows) in stressed Ms (within 5 min) in comparison
with control cells (7 min) as presented in Fig. 1a. In addition,
the distribution of internalized E. coli particles was markedly
different between control and stressed cells at 5 min of incu-
bation. Thus, stressed cells showed a vesicular distribution of
bacteria particles while control cells had a primarily peripheral
distribution, supporting the data suggesting a faster internali-
zation by stressed Ms. Faster formation of phagosomes was
similarly observed when PMds were utilized (Fig. S1A).
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S. aureus, opsonized bacteria particles, or latex beads
(0.2 um) were used, suggesting that this observation is inde-
pendent of the ligand type or degree of opsonization. A rapid
maturation of phagosomes could reflect accelerated internali-
zation of bacteria, typically considered M1 ligands. Thus, we
next evaluated the rate of internalization of IgG-opsonized
BSA in J774 cells as well as in naive PMds derived from
BALB/c mice. We observed that stressed M s display a faster
internalization rate than nonstressed (control) Ms (Fig. 1b).
It is important to remark that the same tendency (higher ratios
of internalization) was observed before removing the

A

1 min 5 min

noninternalized ligands by washes with acidified PBS, show-
ing a 2.1-fold increase by stressed J744 cells and a 2.7-fold
increase by stressed PMs derived from BALB/c mice, with
respect to their controls. The ratios of IgG-opsonized BSA
internalization were also measured in the presence of LPS
(0.1 ng/ml), which displayed significantly higher internaliza-
tion than observed in the absence of LPS (Fig. 1c), which
suggests that the increase in internalization of IgG-opsonized
BSA by HS M¢s is not due to contamination with LPS.
Interestingly, stressed cells also showed a faster endocytosis
of transferrin (clathrin-mediated endocytosis) and cholera
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Fig. 1 Activation of the SR accelerates phagosome maturation and
internalization of M1 ligands. a Phagosome maturation was evaluated
in stressed and control cells by co-localization of AF532 transferrin-
labeled endosomes (red) and AF488-conjugated bacteria particles
(green). Arrows indicate co-localization of red and green (yellow areas).
b Ratios of internalization of M1 ligand were measured using FITC-
conjugated IgG-opsonized BSA by fluorometry using J774 cells and
naive PMds derived from BALB/c mice. HS cells were subjected to
HS (42 °C, 1.5 h) and allowed to recover for 5 h. Noninternalized signal
was removed by washing with SF media and membrane bound signal was
removed by incubating with acidic PBS. Intensity of the signal was
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rectified by MTT values in each plate. ¢ Internalization of FITC-
conjugated IgG-opsonized BSA measured by fluorometry in the presence
or absence of 0.1 ng/ml of LPS. d Endocytosis of transferrin (clathrin-
mediated internalization) and cholera toxin (caveolin-1-mediated inter-
nalization) by control or stressed J774 cells or naive PM s was quantified
by incubating cells in SF medium for 30 min, followed by incubation with
transferrin (5 pg/ml) or cholera toxin (5 pg/ml) for 30 min at 37 °C.
Noninternalized signal was removed by washing with PBS. Internalized
signal was rectified by MTT in each well. *P<0.05 with respect to control
group; **P<0.05 with respect to HS group one-way ANOVA with
Newman-Keuls post-tests
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toxin (caveolin-1 endocytosis) as compared with nonstressed
cells (Fig. 1d), suggesting that activation of the SR enhances
internalization processes via a mechanism that is independent
of the ligand or involved receptor.

Activation of the SR in Mds leads to increased killing
capacity in response to GBS infection

Since stressed M s have elevated phagocytosis and increased
phagosome maturation rate, we next examined whether these
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<« Fig. 2 Activation of SR increases M¢ internalization and destruction of

live GBS. Ms were subjected or not to HS (42 °C, 1.5 h) and allowed to
recover for 24 h. Cells were infected with live GBS at an MOI of 10 (2 to
3 hat37°C). a Visualization of internalized live GBS-GFP by control and
stressed (SR) cells. Arrows indicate the presence of internalized GBS-
GFP within control or stressed cells. These experiments were performed
at least three times, each in triplicate. b Increase in GBS killing activity by
HS Mds was observed after 2 and 3 h of infection (MOI of 1). *P<0.01;
**P<0.001, by two-way ANOVA with Bonferroni post-tests. ¢ Blocking
phagocytosis via incubation of M¢s with cytochalasin D (CytD, 50 uM
for 30 min) decreased M¢ killing of GBS. However, HS M¢s maintain
higher bactericidal activity compared to controls. *P<0.01, with respect
to control (non-HS) cells, by one-way ANOVA with Bonferroni post-
tests. d Kinetics of increase in killing activity by HS Mds. Mds
underwent HS and were allowed to recover for various amounts of time.
Significant increases in killing activity were observed 12 h into the
recovery time and persisted for up to 40 h (data not shown). *P<0.01,
with respect to control (non-HS) cells, by one-way ANOVA with
Bonferroni post-tests

properties translated into increased internalization and killing
of bacteria (GBS-GFP). Ms subjected to HS (42 °C, 1.5 h)
internalized significantly higher numbers of GBS-GFP when
compared to nonstressed control cells (Fig. 2a, arrows). Sim-
ilar differences were noted in the samples run without
quenching of external, adherent bacteria, consistent with the
differences seen being due to phagocytosis alone. Further-
more, Ms subjected to HS killed more bacteria than control
cells (Fig. 2b). Blocking phagocytosis via incubation of M¢s
with cytochalasin D (CytD, inhibitor of actin polymerization)
led to a dramatic reduction in both control and HS-linked
bacterial killing. However, HS M¢s maintained a modicum
of bactericidal activity outside of phagocytic mechanisms
(Fig. 2¢). Kinetic analysis demonstrated that enhanced killing
activity in stressed M¢s becomes significantly higher than in
control cells within 12 h and lasts up to 26 h into the recovery
time (Fig. 2d). The cause of the decreased bacterial killing in
the first 9h post-HS is likely due to the large amount of protein
unfolding that is caused by HS and thus decreased cell func-
tionality. Once heat shock proteins have completed their chap-
erone activities to reinstate correct protein folding, the cells
regain functionality. This data suggests that while acute stress
decreases the ability of Ms to clear pathogenic bacteria, the
activation of the SR subsequently leads to overall improve-
ment in M¢ antimicrobial activities.

Enhanced killing capacity linked to SR activation is associated
with enhanced formation of extracellular traps and increased
expression of cathelicidin

In earlier studies, we had shown that increased killing activity
by stressed cells was not due to the activation of membrane
NADPH-oxidase during respiratory burst [25]. Thus, we eval-
uated the effect of the SR on other M killing mechanisms
such as antibacterial DNA-based extracellular trap (ET) for-
mation [32-36] and the expression of antimicrobial peptides
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(AMPs). M¢ps were infected with live GBS bacteria and
ET formation visualized by fluorescent microscopy. HS-
treated Mds had increased ET formation at 60 min in
response to GBS infection whereas control cells did not
exhibit significant formation of these structures
(Fig. 3a). All ET-producing Ms died within 3 h. How-
ever, 50 % of control cells were also dead secondary to
infection with GBS. HS-triggered M¢ ETs were func-
tional and contributed to bacterial clearance and killing,
as their disruption via treatment with micrococcal nu-
clease led to improved bacterial survival in HS cells
alone (Fig. 3b).

Destruction of bacteria within ETs is associated with
a framework of nuclear DNA in which histones, prote-
ases, and AMPs are embedded [32, 37, 38]. Since
AMPs serve a bactericidal role in ETs, we evaluated
the induction of the murine cathelicidin-related AMP
(CRAMP) in response to HS as well as to GBS infec-
tion in control and HS Mds. Activation of the SR alone

A

Control

H Control
O Control+GBS
41 | oHs il
£ B HS+GBS
S 33
3 5 *
Se, *
1
0

Fig. 3 Activation of the SR triggers an increase in bactericidal activity,
which is linked to ET formation and enhanced expression of cathelicidin.
Mds were subjected or not to HS (42 °C, 1.5 h) and allowed to recover
for 24 h at 37 °C. a Ms were infected with live GBS (MOl of 1) for 1 h
and then stained with Mammalian Live/Dead stain to visualize ETs under
fluorescent microscopy. Arrows indicate the presence of ETs after incu-
bation with live GBS and were found exclusively in HS-treated cells. b
Improved bactericidal function of stressed cells is abolished by disruption
of ETs. Treatment of HS M s with DNase prior to GBS infection resulted
in the disruption of ETs as well as a significant decrease in GBS killing
capacity in stressed cells. DNase treatment had no effect on the killing

resulted in a 2.3-fold increase in M¢p CRAMP expres-
sion (measured by qRT-PCR) compared to control cells
(Fig. 3c). Infection of stressed Md¢s with live GBS
resulted in a further 3.5-fold increase in CRAMP ex-
pression (Fig. 3c), suggesting that cathelicidins play a role in
the increased killing activity of HS Mds. To further evaluate
this, supernatents were harvested from Mds after ET induction
with PMA and breakdown with micrococcal nuclease.
Supernatents from HS Mds stimulated with PMA to form
ETs increased bactericidal activity compared to controls:
191 CFU surviving compared to 310 CFU in controls,
230 CFU in controls+PMA, and 230 CFU in HS supernatent
alone (P=0.0188, one-way ANOVA with Bonferroni post-
tests). This data supports the increased production and release
of antimicrobial factors by HS Mds, via secretion as well as
being embedded within ETs.

Another bactericidal mechanism of Ms is the release of
nitric oxide (NO), which is produced by a reaction catalyzed
by inducible nitric oxide synthase (iNOS). The expression of
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capacity of control cells. *P<0.01 with respect to control or untreated
cells; **P<0.001 with respect to HS cells, one-way ANOVA with
Bonferroni post-tests. ¢ Expression of cathelicidin was measured by
qRT-PCR using commercially available primers. *P<0.01, with respect
to control or untreated cells; **P<0.01 with respect to control Ms in the
presence or absence of GBS as well as heat-shocked cells. d Expression
of iNOS was measured by qRT-PCR in control and stressed cells in the
presence or absence of GBS (MOI of 1 for 1 h). Values were rectified by
GAPDH. *P<0.05, with respect to control; **P<0.05, with respect to
control cells infected with GBS, analyzed via one-way ANOVA with
Newman-Keuls post-tests
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iNOS at the level of messenger RNA (mRNA) was
significantly reduced when cells were subjected to HS
and then stimulated with live GBS (Fig. 3d). In addi-
tion, the production of nitrites, measured by the Griess
reaction, was also reduced in stressed cells stimulated
with live GBS (46.9 uM/MTT), in clear contrast with
nonstressed control cells stimulated with live GBS
(74.6 uM/MTT). Thus, SR activation induces ET for-
mation and increases cathelicidin expression, which con-
tribute to enhanced bactericidal activities of HS Mds.
However, the SR also decreases iNOS expression and
the production of nitrites.

>

Fig. 4 Decreased expression of
TNF-o and IL-6 in response to 180 -
GBS is observed in stressed Ms.

J774 cells were subjected or not to 150 -
HS (42 °C for 1.5 h) and then
allowed to recover for different
lengths of time up to 24 h. Levels
of TNF-« (a, b) and IL-6 (d, e)
mRNA were evaluated by qRT-
PCR in stressed and
nonstimulated (control) Ms in
the presence or absence of live
GBS (MOI 1, 1 h). Values were
rectified by GAPDH. Data was
analyzed by one-way ANOVA
followed by Newman-Keuls test.
*P<0.01 with respect to control
cells (no GBS). **P<0.01 with
respect to control cells infected or
not with GBS. ¢ J774 cells were
incubated with increasing con-
centrations of recombinant mu-
rine TNF-« for 24 h, followed by
assessment of phagocytosis of
bacterial particles. Phagocytosis
decreased in response to increas-
ing concentrations of rTNF-«, in
a dose-dependent manner. Results
were rectified by MMT in each
well and results are expressed as
phagocytic index (A.U.)
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Activation of the SR decreases pro-inflammatory cytokine
expression in response to M1 ligands

To characterize the role of SR activation on M1/M2 pheno-
type balance in Ms, we measured the expression of TNF-«
and IL-6 in control or HS Ms in the presence and absence of
live GBS, an M1 stimulus. HS by itself did not trigger the
expression of TNF-o« (Fig. 4a). Moreover, stressed cells
expressed significantly lower amounts of TNF-« in response
to live GBS infection as compared to nonstressed control cells
(Fig. 4b). Measurements of extracellular levels of TNF-« by
ELISA showed no differences between control and stressed
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cells (10.1 pg/mI/MTT in nonstressed controls versus 12.4 pg/
ml/MTT after HS and 3 h recovery or 9.9 pg/ml/MTT after HS
and 24 h recovery). On the contrary, a significant reduction in
live GBS-induced TNF-«x levels was observed in stressed
cells (HS+3, 235.7 pg/ml/MTT and HS+24, 467.8 pg/ml/
MTT) as compared with nonstressed control cells
(3,451.3 pg/ml/MTT). Similar data was found when AMds
and PMos derived from naive BALB/c mice were infected
with live GBS (Fig. S1A). This decreased expression of
TNF-« could be part of the mechanism responsible for the
increased phagocytosis by stressed M¢s because we have
observed that internalization of bacteria particles is inversely
proportional, in a concentration-dependent manner, to

Control \ 30

exogenous addition of recombinant murine TNF-x (Fig. 4c).
Similarly, IL-6 expression was not influenced by HS alone
(Fig. 4d), and the combination of HS and GBS infection also
resulted in lower expression of this cytokine when compared
to infected nonstressed control cells (Fig. 4e, S1B). Similar
results were observed by using PM¢s or AMs derived from
naive BALB/c mice exposed to GBS (Fig. S1B). We also
observed decreased expression of the IL-23 p40 subunit upon
SR activation, while expression levels of the IL-23 p19 sub-
unit, IL-17, IL-12 p35 subunit, and TGF-f3 were unchanged
(Fig. S2). These data suggest that activation of the SR
significantly modifies the expression of certain pro-
inflammatory mediators (i.e., TNF-« and IL-6) in
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Fig. 5 SR strongly induces IL-10 expression in vitro. J774 cells (1x10°
cells per well) were subjected or not to HS (42 °C for 1.5 h) and then
allowed to recover for 3, 6, and 24 h. IL-10 mRNA levels were quantified
by qRT-PCR in nonstimulated (control) and stressed cells and rectified by
GAPDH expression in each sample. a HS increased expression of IL-10
in the absence of M1 ligand, with peak levels at 6 h into recovery. b HS-
associated increase in IL-10 expression started at 30 min into the recovery
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time. ¢ Infection of heat stressed cells with live GBS resulted in a
synergistic effect on IL-10 production. d Synergistic increases in 1L-10
levels were also observed when stressed M¢s were incubated with other
M1 ligands such as LPS (100 ng/ml for 1 h) and zymozan (200 pg/ml for
1 h). Data was analyzed by one-way ANOVA followed by Newman-
Keuls test. *P<0.01 with respect to control cells
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response to GBS infection, which is an M1 stimulus.
These results were confirmed using other M1 ligands,
such as lipopolysaccharide (LPS), zymozan, and bacteria
particles (Fig. S3).

Enhanced expression of IL-10 and mrc-1 by stressed M s
in the presence or absence of GBS

It is well known that levels of TNF-« are inversely propor-
tional to the concentration of IL-10 [39, 40]. Thus, we decided
to investigate the effect of SR activation on the expression of
IL-10. We observed an induction of IL-10 mRNA after HS in
the absence of M1 ligand stimulation (Fig. 5a), suggesting that
expression of this anti-inflammatory cytokine is strongly
modulated by the thermal stress. Interestingly, the
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Fig. 6 IL-10R levels are not modified by SR activation while STAT3
translocation into the nucleus is increased in stressed Mds. a Levels of
IL-10R on the cell surface of control or stressed M¢s were measured by
FACs analysis using a commercially available kit (anti-IL-10R-FITC
antibody). No changes in the quantity of IL-10R bound by the antibody
were observed when control and HS cells were compared. b HS alone or
in combination with LPS, an M1 ligand, resulted in translocation of
STAT3 (green) into the nuclei (blue). As expected, STAT3 translocation
into the nucleus was maximal when both conditions were present (HS+
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enhancement in IL-10 expression begins early in recovery
(30 min; Fig. 5b), which may suggest a specific role of IL-
10 in the development of the SR-linked phenotypes. Infection
of stressed cells with live GBS resulted in a synergistic eleva-
tion of IL-10 expression (Fig. 5c). Other M activators such
as zymozan, IgG-opsonized bacteria particles, and LPS
showed similar synergy with HS (Fig. 5d). We did not observe
changes in IL-10 receptor (FITC-labeled) levels after HS, as
demonstrated by flow cytometry (Fig. 6a). In contrast, in-
creased translocation of STAT3 into the nucleus was observed
in response to M1 ligand in stressed Mds as opposed to
stressed cells in absence of LPS or nonstressed cells without
an external stimulus (Fig. 6b). These results suggest that the
IL-10 signal transduction pathways are stimulated in stressed
Mds, and they may contribute to formation of an intermediary
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LPS), with almost no STAT3 remaining in the cytoplasm, which may be
linked to the higher levels of IL-10 produced. ¢ Induction of HS in vivo
also resulted in the upregulation of IL-10 expression. In brief, BALB/c
male mice (8 weeks old) were subjected to HS as described in Paidas et al.
[33]. Mice were allowed to recover for 6 h after HS and then liver, lung,
and PM¢s were isolated. Macrophages that underwent HS in vivo behave
similarly to macrophages in which HS was induced ex vivo (d). Data was
analyzed by one-way ANOVA followed by Newman-Keuls test.
*P<0.01 with respect to control cells or non-HS mice
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M phenotype in which anti-inflammatory and antibacterial
activities are enhanced.

We also found that the expression of IL-10 was significant-
ly higher in the lung and liver derived from mice subjected to
HS and recovered for 6 h at normal temperatures as compared
with non-HS control mice (Fig. 6¢). These results are consis-
tent with prior reports indicating increased production of IL-
10 and lower production of TNF-« in vivo when male
BALB/c mice were subjected to thermal stress [27]. In
addition, isolation of PMds from control and HS mice
showed the same cytokine profile described above: low
expression of TNF-a (data not shown) and elevated
expression of IL-10. The elevation in IL-10 from
in vivo HS PMds was similar to that of PMd®s isolated
from control mice and then exposed to HS ex vivo
(Fig. 64).

Finally, we investigated other well known markers of M
polarization and discovered that the M2-associated gene mrc-
1 had increased expression in response to HS (Fig. S4A) [7].
Control Mds infected with GBS respond with increased ex-
pression of ptgs-2, a classic M1 marker [41], and decreased
mrc-1 and ym-1, M2 markers (Fig. S4B) [42]. HS Mds
infected with GBS have further increased expression of mrc-
1 (Fig. S4C). These data further characterize HS Mds as
having anti-inflammatory (increased IL-10 with decreased
TNF-« and IL-6) and anti-bacterial (increased ETs and
CRAMP expression) functional characteristics as well as M2
(mrc-1) characteristics. Overall, our data describe a unique
Md activation and functional type within an ever growing
spectrum of Md phenotypes.

Discussion

Hsp70 expression is increased after stress, either by treatment
with geldanamycin or by HS [15], which has been linked to
improving internalization of several ligands, including trans-
ferrin, cholera toxin [16], and opsonized particles [17]. It is
also possible that expression of Hsp70 plays a role in pheno-
typic changes of Mds. The involvement of Hsp expression, in
particular Hsp70, in M¢ function was supported by the time-
dependent increase in bacterial killing capacity presented in
the current study. The expression of Hsps immediately after
the initial thermal injury is mainly targeted to the refolding of
polypeptides that are damaged during the insult, preventing
their degradation. As time passes and fewer damaged proteins
are present, Hsps may play unconventional/nontraditional
roles such as modulating killing capacity and ET formation.
This hypothesis is supported by the fact that HS effects on
these innate immune phenotypes last up to 26 h after thermal
stress, whereas levels of misfolded or damaged proteins return
to physiological levels within 9 h [27].

In this study, we observed the lack of significant ROS or
RNS production by stressed Ms, which was compensated by
the significant activation of other bactericidal mechanisms,
including ET formation and expression of cathelicidin antimi-
crobial peptide (CAMP). ETs are genomic DNA-based net-like
structures that capture bacteria and fungi. The formation of ETs
is promoted by increased production of ROS and pro-
inflammatory mediators such as TNF-o and IL-1f3, while IL-
10, per se, tends to inhibit these structures from being formed
[43, 44]. Thus, these are unlikely to be the mechanisms in-
volved with SR-associated induction of ETs, since we report in
this study a decreased expression of pro-inflammatory media-
tors but elevated levels of IL-10. On the contrary, we speculate
that changes in the cytoskeleton triggered by SR activation,
such as enhanced formation of F-actin [15], are responsible for
ET formation in the absence of oxidative stress or severe
inflammation. Participation of actin and tubulin in ET forma-
tion has been previously reported [45]. The mechanisms by
which the SR triggers cytoskeleton changes remain unknown,
although expression of Hsp70 and Hsp27 may play a role.

AMPs, which are 12-100 amino acid peptides, have been
shown to play a critical role in innate immunity due to their
anti-bactericidal capacities [46]. Expression of AMPs can be
constitutive or can be inducible by infectious and/or pro-
inflammatory stimuli, such cytokines, bacteria, or bacterial
molecules [47, 48]. Our data demonstrates that stressed
Mds, in the absence of pathogens, express higher levels of
cathelicidin, which increases further when infected with live
GBS. The increased levels of cathelicidin likely contribute to
bacterial killing and thus clearance of noxious stimuli.

Conclusions

Activation of the SR modulates polarity in stressed Mds by
promoting an M2-like production of anti-inflammatory signals
(IL-10) and gene expression (mrc-1), while also promoting M 1-
like killing of pathogens via increased phagocytosis, AMP
production, and ET formation. This “friendly activation™ helps
Ms fight bacterial infections while trying to protect tissues
from damage caused by excessive inflammation, such as that
observed in sepsis. Elucidation of SR-related mechanisms that
control the balance of M functional polarity may have enor-
mous potential applications in the treatment or prevention of
diseases where the M polarity is inappropriate.
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