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After cardiopulmonary bypass (CPB), the occurrence of systemic inflammatory response is often accompanied by
a persistent compensatory anti-inflammatory response syndrome that can lead to a compromised immune
competence termed immunoparalysis, rendering the patients susceptible to infections which is a leading
complication following cardiac surgery. However, the underlying mechanisms of CPB-elicited immunoparalysis
remain obscure. In this study we showed that peroxiredoxin 1 (Prdx1), a putative cytosolic antioxidant, was
released immediately after CPB in a cohort of pediatric patients receiving congenital cardiac surgery. This
increased Prdxl was correlated to a reduced human leukocyte antigen-DR expression and an elevated
interleukin-10 (IL-10) production, as well as a hypo-responsiveness of macrophages to endotoxin and a higher
incidence of nosocomial infection. We demonstrated that substitution of Ser® for Cys®® prevented Prdx1 from
oligomerization and subsequent binding and internalization to macrophages. These effects mitigated Prdx1-
induced IL-10 induction and endotoxin tolerance. Furthermore, after engagement with toll-like receptor (TLR)
4, clathrin-dependent endocytosis is crucial for Prdx1 to elicit IL-10 production in phagocytes. Congruently,
inhibition of Prdx1/TLR4 endocytosis in phagocytes reversed the Prdx1/IL-10-mediated hypo-responsiveness to
endotoxin. Our findings unveiled the possible mechanisms by which Prdx1 undertakes to cause immunoparalysis,
and targeting endocytosis of Prdx1 could be a novel therapeutic approach for postoperative infections associated
with CPB.

Immunoparalysis can be quantified through the measurement of
monocytic human leukocyte antigen (HLA)-DR expression or via anal-

1. Introduction

It is well documented that drastic hemodynamic situations such as
severe trauma or cardiopulmonary bypass (CPB) procedure associated
with cardiac surgery can elicit production and release of numerous pro-
inflammatory mediators by the innate immune system [1-3]. This sys-
temic inflammatory response syndrome (SIRS) is accompanied by a
compensatory anti-inflammatory response syndrome (CARS) aiming to
restore homeostasis. However, a prolonged or exaggerated CARS often
leads to a status of marked reduction in immune competence known as
immune tolerance or immunoparalysis, rendering the host susceptible to
infections [4]. Compared to SIRS, the pathogenesis and critical causative
molecular mediators of CARS are far less understood.

ysis of the ex vivo capacity of blood leukocytes to produce tumor necrosis
factor (TNF)-a upon stimulation with endotoxin [4,5]. Several studies
have demonstrated that CPB induced immunoparalysis following pedi-
atric heart surgery, and elevation of anti-inflammatory cytokine
interleukin-10 (IL-10) plays a pivotal role in the pathogenesis [6-8].
However, the underlying mechanism leading to dysregulation of IL-10
production under CPB or other perturbing hemodynamic conditions
remains poorly understood.

Pattern recognition receptors such as toll like receptor 4 (TLR4)
could recognize molecular patterns of intrinsic host materials which are
released during hypoxia and ischemia-related cell injury or death, the
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so-called damage-associated molecular patterns (DAMPs), to provoke
severe sepsis-like syndrome [9-11]. In patients with cardiac arrest and
trauma, the increased plasma levels of DAMPs are associated with the
development of immunoparalysis [12,13]. It has been recently demon-
strated that IL-10 signaling pathway plays an instrumental role in
myeloid-related proteins (MRPs)-induced phagocyte
hypo-responsiveness to endotoxin in a group of patients with
CPB-elicited sterile inflammation [14]. Although these findings support
a causative link between MRPs and IL-10 in innate immune tolerance, it
remains unsolved whether other DAMP is involved in CPB-induced
immunoparalysis and IL-10 may play a similar role under such situation.

The newly identified DAMP Peroxiredoxin 1 (Prdx1) is a ubiquitous
antioxidant possessing peroxidase and chaperon-like activities intra-
cellularly [15-18]; nevertheless, when released extracellularly under
various pathological situations, Prdx1 becomes a noxious promoter of
inflammation, which interacts with innate immune receptors to induce
the expression of pro-inflammatory cytokines, and thereby, initiates
acute sterile inflammation [19-23]. We have discovered that circulating
Prdx1 prognosticates the severity of SIRS in patients with cardiogenic
shock receiving extracorporeal membrane oxygenation support, and the
plasma IL-10 levels are positively correlated to the levels of plasma
Prdx1 in this cohort of patients [24]. These data denote that Prdx1 may
play a pivotal role in modulating innate immune responses to affect the
clinic outcomes in patients under systemic inflammation.

In this study, we showed that plasma Prdx1 increased immediately in
a cohort of pediatric patients following CPB, and this elevated Prdx1 was
correlated to a decrease in HLA-DR expression and the rise of plasma IL-
10 production, as well as a hypo-responsiveness of macrophage to
endotoxin and a higher incidence of in-hospital infection. We also pre-
sented evidences that cell surface engagement of TLR4 and subsequent
clathrin-dependent endocytosis was essential for Prdx1 to trigger IL-10
induced endotoxin tolerance in phagocytes. Correspondingly, inhibi-
tion of Prdx1 internalization in phagocytes could reverse the hypo-
responsiveness in response to LPS and targeting endocytosis of Prdx1
may be a promising therapeutic approach to minimize the occurrence
and severity of CPB-induced immunoparalysis.

2. Materials and methods
2.1. CPB patient selection

A cohort of pediatric patients less than 3 years of age undergoing
congenital cardiac surgery involving CPB were enrolled at National
Taiwan University Hospital. Patients were excluded if they had active
infection or inflammation preoperatively, were neonates with gesta-
tional ages less than 36 weeks, or weighed less than 2500 g. This study
protocol was approved by the local research ethics committee (Internal
Review Board number 201807127RIND), and informed consents were
obtained from parents of the recruited patients.

2.2. Outcome definitions

Demographic, clinical, and culture data were obtained from elec-
tronic medical records. If postoperative infection was suspected in the
setting of SIRS within 30 days after the surgery, blood, urine, or sputum
samples were sent to the laboratory for culture, and patients were
classified as “infected” if any final culture report was positive.

2.3. Blood sampling

Blood samples (3.0 mL) were drawn from arterial or central venous
lines at the following time points: immediately after insertion of a cen-
tral venous catheter during anesthetic induction, at the end of CPB, and
at day 1, day 3 after CPB. The withdrawn blood would be collected into
lithium (LH) heparin containing tubes for ex vivo lipopolysaccharide
(LPS) stimulation experiment, or into ethylenediamine tetraacetic acid
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(EDTA) containing tubes, centrifuged at 2000xg for 15 min at 4 °C to
collect plasma, which was aliquoted and stored at —80 °C for later
analysis. After centrifugation, the cell pellets were diluted with PBS and
gently layered over an equal volume of Ficoll (Invitrogen, Carlsbad, CA.
USA) in a tube to isolate peripheral blood mononuclear cells (PBMCs).
After washing with phosphate-buffered saline (PBS), 20 pL of RNAlater
stabilization solution (Invitrogen) was added to the collected PBMCs and
stored at —80 °C for RNA extractions.

2.4. Flow cytometric analysis

HLA-DR expressions on monocytes were investigated by adding 100
uL of EDTA anticoagulated whole blood to the combination of the
following mouse anti-human antibodies (BD Biosciences, San Jose, CA.
USA): 10 pL of phycoerythrin (PE) conjugated anti-CD14 and 10 pL of
peridinin-chlorophyll-protein conjugated anti-HLA-DR. Cells were also
labeled with negative isotype control antibodies. After incubation for 20
min at room temperature in the dark, red blood cells were lysed by 1.5
mL of BD lysing buffer, and white blood cells were washed twice with
1.5 mL of PBS containing 1 % fetal bovine serum (FBS, Invitrogen) and
0.1 % sodium azide (washing buffer). After centrifugation, the cells were
fixed in 0.5 mL of PBS with 0.25 % paraformaldehyde (fixation buffer)
and kept on 4 °C until analysis. For CD14 and TLR4 expression on
monocyte, 100 pL of PBMCs (5 x 10° cells) from a healthy volunteer
were added to a combination of 10 pL of PE conjugated anti-CD14 and
12 pL of biotinylated anti-TLR4 antibodies. After incubation for 2 h at
4 °C, the cells were washed and further incubated with 5 pL of allo-
phycocyanin conjugated streptavidin for another 1 h before wash and
fixation. For each test, a minimum of 20,000 leukocytes were acquired
on BD Calibur flow cytometer and analyzed with CellQuest software.
Monocytes were gated in a side scatter (§SC)/CD14" dot plot, HLA-DR
positive monocytes and TLR4 and CD14 expressions were gated using
isotype controls within CD14" monocytes.

To examine the interaction of Prdx1 with TLR2/TLR4, the human
PBMCs or mouse RAW264.7 macrophages (5 x 10° cells) were incu-
bated with 10 pg/mL mouse anti-TLR2 monoclonal antibody (mAb),
mouse anti-TLR4 mAb, and isotype-matched antibody (all from Invi-
trogen) for 60 min at 37 °C followed by incubation with fluorescein
isothiocyanate (FITC)-conjugated recombinant Prdx1 (FITC-Prdx1) for
another 30 min at 4 or 37 °C. Cells were washed and re-suspended in
fixation buffer, and Prdx1 specific fluorescence was measured by flow
cytometry using CellQuest data acquisition and analysis software as
described above.

2.5. Ex vivo cytokine production

The capacity of leukocyte to produce inflammatory cytokines was
examined by challenging whole blood from the patients with LPS ex vivo.
The RPMI 1640 culture medium only or culture medium supplemented
with 12.5 ng/mL LPS, was stored at —80 °C and brought to room tem-
perature before use. LH anticoagulated whole blood (0.2 mL) drawn
from the patients at various time points was added to 0.8 mL of the
culture medium with or without LPS, incubated at 37 °C in a humidified
incubator maintaining 5 % COz for 4 h, and then the cultures were
centrifuged at 1600x g and the supernatants were stored at —80 °C until
cytokine analysis by ELISA. In non-stimulated samples, the measure-
ments of TNF-a production all fell below the detection limit.

2.6. RNA extraction and qRT-PCR analyses

Total RNA of PBMCs and cell lines were extracted and purified using
the PureLink™ RNA mini kit according to the manufacturer’s in-
structions (Invitrogen). The mRNA expressions in cells were evaluated
by using Kapa SYBR Fast One-Step quantitative reverse transcription-
polymerase chain reaction (qQRT-PCR) kit (Kapa Biosystem, Wilming-
ton, MA. USA). Briefly, 20 ng of the purified RNA was transcribed into
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cDNA, which was thereafter examined by qRT-PCR with gene specific
primers as shown in Table 1. The forward primers were designed to
cover an exon-exon junction to prevent amplification of genomic DNA.
The amplification of these sequences and the probes with the production
of copies of target mRNA were specifically identified during the PCR
analysis on a CFXconnect Real-Time PCR Detection System (Bio-Rad,
Hercules, CA, USA). A primer pair for the detection of human
glyceraldehyde-3-phosphate dehydrogenase (GAPDH) was used as the
internal control for RNA isolated from THP-1-derived macrophages. For
RNA obtained from PBMCs of the patients, peptidylpropylisomerase B
(PPIB) was used as reference gene for HLA-DR alfa chain (HLA-DRA)
[13,25]. A specific amount of RNA isolated from THP-1 cells was used on
each plate as a calibrator [CV% of 0.48 % (PPIB), 0.5 % (HLA-DRA)
between plates], and gene expression levels are expressed as fold change
relative to the calibrating sample using the formula 22,

2.7. Cloning, mutagenesis, expression, and purification of human
recombinant Prdx1 protein

The entire coding region of human Prdx1 was amplified from human
c¢DNA by PCR using specific primers as follows: forward: 5'-
CGCGGATCCGTCTTCAGGAAATGCTAAA-3 and reverse: 5'-
CCCAAGCTTACTTCTGCTTGGAGAA-3', containing a BamHI and a
HindIII restriction site respectively. The purified PCR product was
cleaved using endonucleases BamHI and HindIII (New England Biolab,
Ipswich, MA, USA) and was ligated into the pET15b vector to construct a
plasmid (Prdx1/pET15b) expressing histidine-tag (His-tag) recombinant
Prdx1 protein. Using the Prdx1/pET15b as a template, site-directed
mutagenesis of Cys®® to Ser®® was performed to generate point
mutated Prdx1 (rPrdx1C83S) by PCR with the following primers: for-
ward: 5-GGATTCTCACTTCTCTCATCTAGCATGGGTC-3' and reverse:
5'-GACCCATGCTAGATGAGAGAAGTGAGAATCC-3’. The wild type and
mutated Prdx1 constructs were verified by DNA sequencing. The re-
combinant plasmids were transformed into Escherichia coli BL21 (DE3)
strain. After the expression of the recombinant protein was confirmed,
the bacteria were centrifuged and the pellet was re-suspended in 50 mM
Tris-HCl lysis buffer containing 500 mM NaCl and 40 mM imidazole
(pH7.5). The bacterial lysate was sonicated on ice, centrifuged again at
3000xg for 10 min at 4 °C. The supernatant was collected and the His-
tag fusion protein was purified by Ni™ Sepharose (GE Healthy Care Life
Science, Buckinghamshire, UK) and desalted using Amicon ultracen-
trifugal filter units. Endotoxin contamination was removed by incu-
bating the protein with endotoxin removal resin (Thermo Fisher
Scientific, Carlsbad, CA. USA) for 2 h at 4 °C. The purified proteins were
tested for endotoxin level using a limulus amebocyte lysate assay
(Genscript USA Inc, Piscataway, NJ, USA). The concentrations of puri-
fied proteins were measured using a Bicinchoninic Acid (BCA) protein
assay kit (Thermo Fisher Scientific).

2.8. FITC labeling of recombinant Prdx1

FITC-Prdx1 was prepared by incubating the purified rPrdx1 with
FITC using a commercially available FITC antibody labeling kit from
Pierce following the manufacturer’s protocol. Protein amounts were
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quantified using a standard Lowry assay. The F:P (fluorescence:protein)
ratio was calculated according to the manufacturer’s instructions using
the optical density at 495 nm (FITC absorbance) and 280 nm (protein
absorbance).

2.9. Cell culture treatment

The human monocytic THP-1 and mouse macrophage (RAW264.7)
cell lines were maintained in RPMI 1640 and DMEM medium respec-
tively (both were supplemented with 10 % heat-inactivated FBS, 100
unit/mL penicillin, and 100 pg/mL streptomycin, all from Invitrogen) at
37 °C in a humidified incubator maintaining 5 % CO,. Macrophages
derived from THP-1 cell line were obtained by treating cells with 20 ng/
mL phorbol 12-myristate 13-acetate (Sigma-Aldrich, St. Louis, MO.
USA) for 24 h and followed by resting for 3-5 days with RPMI 1640
culture medium. Human PBMCs from healthy volunteers were obtained
as described earlier [24]. The recombinant wild type and mutated
Prdx1, IL-10 (PeproTech, Rocky Hill, NJ. USA), patients’ plasma, LPS
(Escherichia coli serotype 0111:B4, Sigma-Aldrich), and dynasore (Sig-
ma-Aldrich) were added to the corresponding cells as indicated in the
figures before cells or culture medium were harvested and analyzed.

2.10. ELISA for Prdx1 and cytokine analysis

Plasma Prdx1 levels were measured by an ELISA kit from Northwest
Life Science Specialties (Vancouver, WA, USA). Cytokine levels in
plasma or cell culture supernatant were determined separately using
ELISA kits for TNF-a, IL-6, and IL-10 (BD Biosciences).

2.11. Pull down assay

Mouse RAW264.7 macrophages were incubated with His-tagged
rPrdx1 (10 pg/mL) or not at 37 °C for 1 h, after washing twice with
cold PBS and lysed with CSK buffer, the cell lysates were incubated with
25 L of Ni™ Sepharose beads at 4 °C overnight. After washing, captured
proteins on the beads were separated by sodium dodecyl sulpha-
te-polyacrylamide gel electrophoresis (SDS-PAGE) and analyzed by
Western blot using antibodies recognizing TLR2 (Cell Signaling Tech-
nonogy, Danvers, MA. USA), TLR4 (Santa Cruz Biotechnology, Dallas,
TX. USA), or 6 x His-tag (Sigma-Aldrich).

2.12. Transfection, and immunoprecipitation

RAW264.7 cells were transfected with FLAG-tagged human TLR2 or
TLR4 expression DNA constructs (gifts from Dr. Li-Chung Hsu, Institute
of Molecular Medicine, National Taiwan University College of Medicine)
using PolylJet transfection reagent (SignaGen laboratories, Frederick,
MD. USA) and opti-medium (Invitrogen) according to the manufac-
turer’s protocol. The tranfected cells were harvested with CSK buffer 3
days after the transfection, and the cell lysates were immunoprecipitated
with 4 pg of mouse anti-FLAG M2 antibody (Sigma-Aldrich) overnight at
4 °C. Then, 25 pL of Protein G-agarose beads (GE Healthy Care Life
Science) were added to the lysates and incubated for another 4 h. The
beads were washed with lysis buffer and subjected to SDS-PAGE for

Table 1

The sequence of primers used for quantitative reverse transcription-polymerase chain reaction.
Genes Forward (5'-3") Reverse (5'-3') size (bp)
PPIB ACAGGAGAGAAAGGATTTGGCT AAGTTCTCATCGGGGAAGCG 143
GAPDH GTTCGTCATGGGTGTGAACCA GTCTTCTGGGTGGCAGTGATG 171
TNF-a GCTGCACTTTGGAGTGATCG TATCTCTCAGCTCCACGCCA 215
HLA-DRA GGGCTATCAAAGAAGAACATGTGA GCCTCAAAGCTGGCAAATCG 172

The sequences of primers used for each gene and sizes of PCR products are shown.
PPIB, peptidylpropylisomerase B; GAPDH, glyceraldehyde-3-phosphate dehydrogenase; TNF, tumor necrosis factor; HLA-DRA, human leukocyte antigen-DR alpha

chain.
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Western blot analysis using polyclonal rabbit anti-human Prdx1 anti-
body (Abcam, Cambridge, MA, USA).

2.13. Western blotting

The protein samples were applied to 10-15 % acrylamide SDS gels
and transferred to nitrocellulose membranes (Merck Millipore, Darm-
stadt, Germany) by electroblotting. After blocking in 5 % non-fat milk in
PBS containing 0.05 % Tween 20, membranes were probed with various
primary antibodies: polyclonal rabbit anti-human Prdx1 antibody
(Abcam), mouse anti-His (Sigma-Aldrich), followed by detection with
anti-rabbit-IgG-horse-radish peroxidase conjugate (Sigma-Aldrich) or
anti-mouse IgG horseradish peroxidase conjugate (Stratagene, Agilent
Technologies, Santa Clara, CA. USA). Western blots were developed
using advanced chemiluminescence (ECL) reagents (GE Healthcare,
Amersham, UK) and exposed to autoradiography using Hyper-film (GE
Healthcare).

2.14. Statistical analysis

Medians and interquartile ranges were presented in some figures due
to non-normal distribution characteristic of most data. Continuous data
were also expressed as mean + standard deviation (SD) in figures when
appropriate. Categorical variables were compared using X2 or Fisher’s
exact test. The significant differences between groups were compared by
Mann-Whitney U test or Student’s t-test. The correlated data were
analyzed by the Spearman’s test for simple correlation, or determined
using Bland and Altman analysis for repeated measures correlation [26].
All tests are two-sided, and P < 0.05 is considered significant. The data
were analyzed using SPSS 17.0 (SPSS Inc, Chicago, IL. USA).

3. Results
3.1. Patient characteristics

Fourty patients were enrolled with a median age of 5.5 months
(range 2.25-13.25 months), median weight of 6.4 kg (range 4.3-8.5 kg),
median duration of ICU stay of 6 days (range 3-26.5 days), median
duration of hospital stay of 18 days (range 10-42.5 days) and an overall
mortality of 7.5 %. The median duration of CPB for all patients was 87
min (range 68-151 min). Eleven (27.5 %) patients who fulfilled the
criteria indicative of CPB associated SIRS were identified during the first
six days of the postoperative period, and 8 of them were documented to
have positive microbial culture results within 30 days after surgery. The
baseline characteristics of these patients were depicted in Table 2.

Table 2
Characteristics of patients with and without postoperative infection.
Parameter no Infection (n = Infection (n = P value
32) 8)
Age (months) 6 (4.0-13.3) 2.5 (0.5-16) 0.176
Male, n (%) 24 (75.0) 7 (87.5) 0.655
Weight (kg) 7.07 (5.80-8.79) 3.85 0.023
(3.29-6.58)
CPB time (minutes) 80 (67-113) 166 (107-233) 0.001
Neonates, n (%) 4 (12.5) 2 (25.0) 0.58
Aortic clamp time (minutes) 44 (32-58) 97 (45-127) 0.023
Duration of ICU stay (days) 5(2.3-8.8) 107.5 <0.001
(28-159)
Duration of hospital stay (days) 14 (10-20.8) 161 (34-184) <0.001
Mortality prior to hospital 0 (0.0) 1(12.5) 0.275

discharge, n (%)

Continuous data values are shown as medians with inter-quartile ranges. The
number of patients with frequency (%) is shown for categorical data. The listed
P values of statistical tests were calculated using Mann-Whitney U for contin-
uous data and the X? or Fisher’s exact test for categorical data.

CPB, cardiopulmonary bypass; ICU, intensive care unit.
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Longer duration of CPB and aortic clamping, and smaller body weight
were significant risk factors for postoperative infection following CPB.
Although previous studies have identified age as a contributing factor
for nosocomial infection after cardiac operation [27-29], our analysis
did not show a similar result. We reasoned this discrepancy could be due
to a small sample size in the infected group.

Infected patients had higher levels of plasma Prdx1, IL-6, and IL-10
after CPB than non-infected patients.

To decipher the role of DAMP molecule Prdx1 in the recovery process
after CPB, the dynamic changes of plasma Prdx1 and inflammatory cy-
tokines in the infected and non-infected patients were monitored during
the peri-operative period (Fig. 1). Plasma Prdx1 rose immediately after
CPB and remained significantly elevated at day 1 and day 3 in the
infected patients compared to the non-infected patients (Fig. 1A).
Similar difference was also noted for plasma IL-6 levels in the infected
patients verse the non-infected patients after CPB (Fig. 1B). The anti-
inflammatory cytokine IL-10 increased immediately after CPB in these
patients, and the IL-10 fell thereafter in non-infected group with IL-10
remaining significantly higher in the infected group at day 1 and day
3 (Fig. 1C). In contrast to IL-10 and IL-6, pro-inflammatory cytokine
TNF-a did not change too drastically throughout the whole observa-
tional period, and the TNF-a levels were not significantly different be-
tween both groups of patients possibly reflecting a generally
immunosuppressive status of subjects receiving CPB (Fig. 1D) [13].

Immunosuppression is more profound in infected patients than non-
infected patients.

Given these pediatric patients were aseptic before operation but
some of them suffered from infection after CPB, we reasoned that CPB
incurred an immunosuppessive influence during the cardiac operative
procedure and then led to subsequent in-hospital infection in the more
severely immunosuppressed patients. To test this hypothesis, the ca-
pacity of leukocytes responding to LPS challenge was examined by a
pilot study in a selected group of patients whose clinical characteristics
were shown in supplemental table 1. The ex vivo productions of in-
flammatory mediator TNF-a in all patients were severely impaired
immediately at CPB wean off. However, the repressed cytokine pro-
ductions recovered shortly at day 1 and day 3 after the surgery, reaching
the level noted at pre-CPB time (Fig. 2A). In the same group of patients,
HLA-DR expressions on monocyte decreased after CPB, with the lowest
expression being observed at day 1 (Fig. 2B). HLA-DRA mRNA level has
been reported to correlate well with flow cytometric analysis of mem-
brane HLA-DR [30]; therefore, HLA-DRA gene expressions were also
analyzed in PBMCs of the main cohort (the patients whose clinical
outcomes, including infection history, had been well recorded, Table 2).
Indeed, HLA-DRA expressions were significantly lower in infected pa-
tients as early as CPB wean-off than those who did not develop infection
(Fig. 2C). Moreover, to verify whether humoral inflammatory mediators
in plasma is crucial in determining the immune suppression, secretion of
TNF-a by THP-1 macrophages stimulated with LPS (4 h) was measured
in the presence of patient’s plasma (1 h prior to addition of LPS) ob-
tained from all time points. Similar to the earlier result shown in a
smaller group of patients (Fig. 2A), ex vivo TNF-a response was repressed
by the patients’ plasma obtained at the end of CPB as compared to the
plasma retrieved before CPB (Fig. 2D). Furthermore, this suppressive
effect was more profound for plasma from the infected patients
compared to those from non-infected patients.

Secretion of Prdx1 after CPB is involved in the production of IL-10
and development of immunoparalysis.

Plasma Prdx1 levels at the moment of CPB wean-off were positively
correlated with duration of CPB procedure (r = 0.418, P = 0.007,
Fig. 3A). During the observational period, the peak level of plasma
Prdx1 correlated well with the lowest mRNA expression of HLA-DRA (r
= —0.415, P = 0.008, Fig. 3B). Plasma Prdx1 levels were also positively
correlated with IL-10 levels at all the 4 time points when the samples
were collected (r = 0.606, P < 0.001, Fig. 3C). Notably, the extents of
these plasma to suppress THP-1 macrophages immune responsiveness,
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Fig. 1. Higher Prdx1 and inflammatory
cytokine levels precede the occurrence of
septic infection after cardiopulmonary
bypass. Plasma peroxiredoxin 1 (Prdx1) (A),
interleukin 6 (IL-6) (B), IL-10 (C) and tumor
necrosis factor (TNF-a) (D) levels in pediat-
ric patients at pre-operation, the end of CPB,
1 day, and 3 days after cardiac surgery were
assayed in infected (n = 8, green boxes) and
non-infected (n = 32, blue boxes) patients.
Data were expressed as median and inter-
quartile range; solid circle and open triangle
indicated mild and extreme outliers respec-
tively. Statistical differences between groups
were analyzed by Mann-Whitney U test.
(For interpretation of the references to
colour in this figure legend, the reader is
referred to the Web version of this article.)

Fig. 2. Blood leukocytes and plasma from
infected patients show more suppressive
immune responses and effects than that
in non-infected patients. TNF-a production
in whole-blood after LPS stimulation for 4 h
(A) and percentage of HLA-DR™ cells in
CD14" monocytes (B) were analyzed in a
selected group of patients (n = 16) at the
indicated time points during the peri-
operative period, **P < 0.01, ***P < 0.001
as compared to baseline. (C) HLA-DRA gene
expressions in PBMCs were assayed by qRT-
PCR in infected (n = 8, green boxes) and non-
infected (n = 32, blue boxes) patients at the
indicated time points following CPB. (D)
Plasma obtained from infected (n = 8, green
boxes) and non-infected (n = 28, blue boxes)
patients at the indicated time points were
added to THP-1 macrophages (5 x diluted in
the culture medium) 1 h prior to stimulation
with LPS for 4 h, and TNF-a productions in
the supernatants were analyzed by ELISA.
Data represented median and interquartile
range; solid circle and open triangle indicated
mild and extreme outliers respectively. Sta-
tistical differences between groups were
analyzed by Mann-Whitney U test. (For
interpretation of the references to colour in
this figure legend, the reader is referred to
the Web version of this article.)

3.2. Induction of IL-10 secretion and LPS tolerance is dependent upon

Prdx1 structure

Human Prdx1 can induce TLR4-dependent pro-inflammatory TNF-a
and IL-6 secretions from macrophages, and this effect is likely dependent
on its structure and chaperon activity [19]. However, the capacity and
biochemical determinant of Prdx1 to induce anti-inflammatory IL-10
production has not been investigated. Given the above results that the
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Fig. 3. Increased Prdx1 levels are associ-

ated with longer CPB duration, less MHC
class II expression, and higher IL-10 pro-
duction that is correlated with a status of
immunosuppression. Correlation between
(A) CPB times and plasma levels of Prdx1 at
the end of CPB, (B) peak levels of plasma
Prdx1 and the lowest expression of HLA-
DRA mRNA in PBMCs from patients right
after CPB, (C) plasma Prdx1 and IL-10 levels
(n = 40, 4 time points per patient), and (D)
plasma levels of IL-10 and TNF-a production
by LPS-stimulated THP-1 macrophages in
the presence of plasma obtained from pa-
tients (n = 36, 4 time points per patient).
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plasma Prdx1 levels in patients were negatively correlated to the innate
immunity activation marker HLA-DRA (Fig. 3B) and positively corre-
lated to IL-10 (Fig. 3C), we thus hypothesized that Prdx1 could induce
IL-10 production and trigger subsequent immunosuppression in
phagocytes. To determine whether the ability of Prdx1 in cytokine
production was related to its structure, wild type and rPrdx1C83S
mutant were examined in parallel. To eliminate endotoxin contamina-
tion during the preparation of the recombinant Prdx1, these proteins
were treated with endotoxin removal resin, and the purified rPrdx1 and
rPrdx1C83S proteins were noted to contain a negligible level of endo-
toxin (0.035 + 0.006 EU/ml and 0.046 + 0.015 EU/ml respectively). We
observed that unlike wild type rPrdx1 which existed as a decamer,
mutation of cysteine Cys83 in Prdx1 prevented its high molecular weight
formation and existed mainly as a dimer as previously reported (Fig. 4A)
[31]. Having demonstrated the importance of intermolecular and
intramolecular disulfide bonds in the biochemical property of Prdx1, we
conjugated fluorescein to purified recombinant Prdx1 (FITC-Prdx1) and
used it as a probe in the absence or presence of dithiothreitol (DTT) to
trace the fate of Prdx1 following its contact with phagocytes. Indeed,
Prdx1 binding and subsequent internalization to macrophages depended
upon the presence of high molecular forms as binding at 4 °C and
endocytosis at 37 °C of Prdx1 were both significantly decreased with
DTT pretreatment which denatured rPrdx1 to its monomeric form by
reducing the intermolecular and intramolecular disulfide bonds
(Fig. 4B). Moreover, the rPrdx1 could induce IL-10 production compa-
rable to the extent as elicited by LPS (Fig. 4C), whereas, both the
pro-inflammatory and anti-inflammatory cytokines-inducing abilities of
rPrdx1 were diminished when rPrdx1 was pretreated with reducing
agent DTT (Fig. 4C and D). There was a significant reduction of TNF-«
and IL-10 release from macrophages stimulated with rPrdx1C83S
(Fig. 4E and F). Taken together, the presence of key cysteine residues to
preserve the higher molecular weight forms in Prdxl can be a
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TNF-a secretion by THP-1 macrophages (pg/mL)

prerequisite for its cytokine-inducing activity via binding and subse-
quent internalization to macrophages.

To examine the potential of Prdx1 as an inducer of immunoparalysis,
human THP-1 macrophages were primed with LPS, recombinant Prdx1
(rPrdx1), or Prdx1C83S (rPrdx1C83S) for 24 h prior to LPS stimulation
and TNF-a production was determined. Lipopolysaccharide and rPrdx1
pretreatments significantly attenuated both the TNF-a protein release
and mRNA expression in response to LPS stimulation (Fig. 4G), while
pretreatment of these cells with rPrdx1C83S only led to a marginal
reduction of TNF-a production in response to LPS challenge. Moreover,
treatment of rPrdx1 with heating significantly abrogated its induction of
LPS tolerance in RAW264.7 macrophages, while heating did not block
this effect of LPS (Fig. 4H), indicating the observed immune tolerance is
specific to rPrdx1 instead of any contaminated endotoxin left from the
purification step of this recombinant protein.

We also explored the impact of IL-10 signaling on Prdx1-induced LPS
tolerance in human phagocytes, and it was noted that recombinant IL-10
pretreatment inhibited TNF-a secretion from THP-1 macrophages to the
extent as observed in LPS or rPrdxl-mediated immune tolerance
(Fig. 41). In contrast, the presence of IL-10 receptor antibody during pre-
incubation period of rPrdx1 significantly diminished the immune
tolerance effect of rPrdx1 and reverted the response of human PBMCs to
subsequent LPS challenge (Fig. 4J). Intriguingly, there was no apparent
effect of IL-10 receptor blocking on the LPS induced immune hypo-
responsiveness (Fig. 4J). This implied that there existed an IL-10 inde-
pendent pathway to mediate the endotoxin induced immune tolerance.

Clathrin-dependent endocytosis of Prdx1/TLR4 is required for
Prdx1-mediated LPS tolerance.

Like many other DAMPs, Prdx1 is shown to interact with both the
TLR2 and TLR4 receptors [20]. Although our pull-down assay demon-
strated that only TLR4 but not TLR2 interacted with his-tagged Prdx1
(Fig. 5A), co-immunoprecipitation analysis showed that both the
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Fig. 4. Prdx1 induces IL-10 production and IL-10-dependent LPS tolerance in phagocytes. (A) Immunoblot analysis using mouse anti-His tag antibody of his-
tagged human Prdx1 (rPrdx1) and rPrdx1C83S (C83S) recombinant proteins separated by SDS-PAGE under non-reducing (-DTT) and reducing (+DTT) conditions.
Molecular weight markers in kilodaltons were denoted on the left. (B) FITC-labeled rPrdx1 was pretreated with DTT (10 mM) at room temperature for 1 h and then
added to mouse RAW264.7 macrophages at 4 or 37 °C for 30 min. Separate assays were conducted using FITC-Prdx1 which had not been pretreated with DTT, but
with the same amount of DTT being added directly to the incubation medium as DTT controls. The fluorescence of these cells was measured by flow cytometry.
Human THP-1 macrophages were stimulated with DTT pretreated (10 mM for 1 h) or non-treated PBS, rPrdx1, or LPS for 24 h before IL-10 (C) or TNF-« (D) level in
culture medium was analyzed by ELISA. Human THP-1 and mouse RAW264.7 macrophages were incubated with PBS, rPrdx1 (10 pg/mL) or rPrdx1C83S (10 pg/mL)
for 24 h, and the culture supernatants were analyzed for IL-10 (E) and TNF-a (F) by ELISA. (G) THP-1 macrophages were incubated with PBS, LPS (10 ng/mL), rPrdx1
(10 pg/mL), or rPrdx1C83S (10 pg/mL) for 24 h and all four different groups of cells were subsequently re-challenged with LPS (10 ng/mL) for another 4 h, TNF-«
secretion in culture medium and mRNA expression in cells were analyzed by ELISA (left) and qRT-PCR (right) respectively. (H) PBS, LPS (10 ng/mL), or rPrdx1 (10
pg/mL), that were either pretreated with heating (100 °C for 10 min) or not, was added to RAW264.7 macrophages for 24 h before being re-challenged with LPS (10
ng/mL) for 4 h, and the TNF-a levels in the supernatant were analyzed by ELISA. (I) THP-1 macrophages were pretreated with PBS, LPS (10 ng/mL), rPrdx1 (10 pg/
mL), or recombinant IL-10 (rIL-10, 10 ng/mL) for 24 h and the cells were challenged with LPS (10 ng/mL) for 4 h. TNF-a secretion in culture medium was analyzed
by ELISA. (J) Human PBMCs were incubated with PBS, LPS, or rPrdx1 in the presence or absence of an IL-10 receptor blocking antibody (50 pg/mL) for 24 h. Then,
cells were stimulated with LPS (10 ng/mL) for 4 h and TNF-« secretion in the culture supernatants was analyzed. Data represented means of triplicate samples; error
bars represented standard deviations (SDs). *P < 0.05, and ***P < 0.001.

over-expressed FLAG-tagged human TLR2 and TLR4 could bind to
endogenous Prdx1 in RAW264.7 macrophages (Fig. 5B). Compared to
TLR2, less TLR4 was isolated by the anti-FLAG immunoprecipitating
antibody presumably reflecting the different expression efficiencies of
the two plasmids used in the transient transfection. Notably, although
less TLR4 was immunoprecipitated, similar levels of Prdx1 were isolated

in the corresponding immune complex implying that the binding affinity
of TLR4 for Prdx1 should be stronger than that of TLR2. Given these
findings from our pull-down and co-immunoprecipitation assay which
established a physical interaction between Prdx1l and TLR4, we then
focused to interrogate the consequences of this molecular interaction at
cellular level. To this end, we used the fluorescein conjugated Prdx1
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Fig. 5. Endocytosis of Prdx1/TLR4 complex plays a crucial role in Prdx1-induced IL-10 secretion and the development of LPS tolerance. (A) Mouse
RAW264.7 macrophages were incubated with His-tagged rPrdx1 or not for 1 h, and the cell lysates were incubated with Ni* Sepharose beads. After washing, captured
proteins on the beads were processed by SDS-PAGE and subjected to Western blot analysis using antibodies recognizing TLR2, TLR4, or 6 x His-tag. (B) RAW264.7
macrophages were transfected with FLAG-tagged TLR2 or TLR4 expressing DNA constructs and cell lysates were immunoprecipitated with mouse anti-FLAG anti-
body. The precipitates were further subject to SDS-PAGE followed by Western blot analysis for the presence of Prdx1. Blots were also probed with antibody to FLAG
as a loading control. (C) Human PBMCs were pretreated with neutralizing mAbD to either TLR2, TLR4, or isotype-matched control antibody (10 pg/mL) at 37 °Cfor 1 h
and further incubated with FITC-labeled rPrdx1 (10 pg/mL) for 30 min at 4 or 37 °C, the cell-bound fluorescence was detected by flow cytometry. (D) Human PBMCs
were pretreated with neutralizing mAb to either TLR2, TLR4, or isotype-matched control antibody at 37 °C for 1 h and further incubated with rPrdx1 (10 pg/mL).
After 24 h, TNF-a and IL-10 cytokine levels in culture supernatants were measured by ELISA. (E) Human PBMCs were incubated with either PBS, LPS or rPrdx1 for 24
h, and re-challenged with LPS (10 ng/mL) for additional 4 h, cell surface expressions of CD14 and TLR4 were analyzed by flow cytometry. (F) RAW264.7 mac-
rophages were pretreated with dynasore (80 pM) or DMSO at 37 °C for 1 h and further incubated with FITC-labeled rPrdx1 (10 pg/mL) at 4 or 37 °C for 30 min. The
fluorescence was measured by flow cytometry. (G) THP-1 macrophages were treated with dynasore (80 pM) or DMSO at 37 °C for 1 h prior to stimulation with LPS or
rPrdx1 for 24 h. IL-10 levels in culture supernatants were analyzed by ELISA. (H) THP-1 macrophages were left untreated (none), treated with DMSO, or dynasore
(80 uM) at 37 °C for 1 h prior to be incubated with PBS, LPS, or rPrdx1 for 24 h. Then, these cells were re-challenged with LPS (10 ng/mL) for 4 h and TNF-« secretion
was measured by ELISA. Data represented means of triplicate samples; error bars represented SDs. **P < 0.01, and ***P < 0.001.

(FITC-Prdx1) as a surrogate marker to study the fate of Prdx1 following
its contact with phagocytes. We found that both the cell surface-bound
(Fig. 5C, left panel) and the endocytosed (Fig. 5C, right panel)
rPrdx1-specific fluorescence intensities were lower when human PBMCs
were pre-incubated with anti-TLR4 antibody than those pre-incubated
with anti-TLR2 or isotype-matched control antibody. These results
indicated that TLR4 was likely the main surface receptor for Prdx1.
Additionally, both the pro-inflammatory TNF-a and anti-inflammatory
IL-10 inducing effects of rPrdx1 were significantly reduced in human

PBMCs pre-incubated with TLR4 antibody as compared to those cells
pre-treated with anti-TLR2 or isotype-matched control antibody
(Fig. 5D), confirming that rPrdx1-mediated induction of IL-10 in mac-
rophages is predominantly dependent on its interaction with TLR4.
Furthermore, in vitro priming of healthy PBMCs with either LPS or
rPrdx1 for 24 h led to a reduced monocytic CD14/TLR4 surface pre-
sentation as compared to unprimed controls (Fig. 5E). This observation
signified the formation of a signaling endosome which has been impli-
cated with transduction of anti-inflammatory message following LPS
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engagement of TLRs at plasma membranes [32].

Clathrin-dependent endocytosis is known to be a major pathway for
internalization of transmembrane receptors. Therefore, we examined
whether receptor-mediated endocytosis of Prdx1 is essential for activa-
tion of IL-10. When mouse RAW264.7 macrophages were incubated
with FITC-Prdx1 in the presence of dynasore, a specific dynamin in-
hibitor that is identified to block clathrin-dependent endocytosis, the
internalization of rPrdx1 at 37 °C was impeded as reflected by the
reduced fluorescence of FITC-Prdxl in the whole cell (Fig. 5F). In
contrast, RAW264.7 macrophages treated with dynasore displayed
higher fluorescence intensity at 4 °C, suggesting an accumulation of
rPrdx1-TLR4 complex on cell surface when the receptor-mediated
endocytosis was inhibited (Fig. 5F). Concurrently, rPrdx1-mediated IL-
10 induction was largely abolished in THP-1 macrophages treated with
dynasore (Fig. 5G). Intriguingly, while both endotoxin and the DAMP
molecule rPrdx1 could elicit significant immune hypo-responsiveness in
THP-1 cells, dynasore could only relieved the immune inertia in rPrdx1,
but not in LPS-pretreated cells (Fig. 5SH). This discrepancy implied that
LPS may employ some other mechanism to elicit immune tolerance in
addition to the dynamin mediated signaling endosome formation.

4. Discussion

Our study demonstrated that Prdx1l, an intracellular antioxidant
fundamental for redox homeostasis, was released after CPB and,
intriguingly, not only acted as a danger signal to initiate acute inflam-
mation but also triggered destructive immunoparalysis via IL-10 in-
duction. The findings identify Prdx1 as a crucial link between oxidative
stress and immune suppression underlying postoperative infections
following CPB, and unravel a promising therapeutic target for
combating late complications in sterile inflammation.

The contributing factors associating CPB during cardiac surgery to
SIRS include ischemia-reperfusion (I/R) injury, surgical trauma, me-
chanical shear stress, and contact of peripheral blood with artificial
surfaces [2,3]. However, despite great advances in cardiothoracic sur-
gery, pump and circuit design, oxygenators, and the improvement of
biocompatible surfaces, a considerable inflammatory response ensues
from CPB. In consequence, I/R injury has been recognized as a crucial
factor contributing to aberrant inflammation during CPB [33-35]. It has
been reported that prolonged CPB duration and aorta cross-clamp dur-
ing cardiac surgery link to the post-operative complications [27], but the
underlying mechanisms have not yet been fully elucidated. Our data
showed that plasma Prdx1 increased immediately following CPB, and
correlated to the CPB times, possibly reflecting the degree of hypoxic
damage under I/R injury in these patients. This finding was in concur-
rence with our previous works in a cohort of globally ischemia patients
with extracorporeal membrane oxygenation support, in whom endoge-
nous Prdxl was released from monocytes and tissues due to
hypoxia/re-oxygenation insult [24].

It has been well documented that CPB induces immunoparalysis
following pediatric cardiac surgery; Allen et al. demonstrate an associ-
ation between reduced monocyte HLA-DR expression in the first 4 days
following CPB and subsequent development of post-operative sepsis in
children with cardiac surgery [6]. These results are reinforced in a
follow-up study in which the patients with the lowest values of ex vivo
TNF-a productions as early as day 2 following CPB are associated with
progress of post-operative complications including nosocomial infec-
tion, and the reduction in TNF-a response is related to high plasma IL-10
levels in these subjects [7]. Likewise, Cornell et al. show that reduced
TNF-a production capacity on post-operative day 1 predicts the devel-
opment of sepsis in children undergoing CPB [8]. Apparently, our results
are in agreement with these findings that immunoparalysis is associated
with an increased risk for infections and consequently longer hospital
stays. Our data further revealed that the increased DAMP Prdx1 was
associated with an elevated level of plasma IL-10 as well as a reduced
expression of monocytic HLA-DR presentation and, more importantly,
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with the occurrence of postoperative infections. In addition, the results
from THP-1 macrophages challenged with LPS in the presence of pa-
tients’ plasma (Fig. 3D) proved that the inflammatory mediators in
plasma were the major culprits for the reduced TNF-a production ca-
pacity of leukocytes.

Increased plasma levels of DAMPs are associated with the develop-
ment of ensuing immunoparalysis in patients with sterile inflammation,
and high circulating levels of IL-10 are implied to have a crucial role in
the pathogenesis of this immunosuppression [13]. Recently, new evi-
dences reveal that IL-10 triggers phosphorylation/activation of down-
stream transcription factor signal transducer and activator of
transcription-3, which causes B-cell lymphoma-3 expression in
MRPs-induced tolerant monocytes [14]. These results signify that the
mechanisms for immunosuppression following CPB comprise down-
stream signaling of DAMPs and IL-10. The Prdx family proteins are
known to induce pro-inflammatory cytokines like TNF-o and IL-6
through interaction with TLR4 and TLR2 [19,20,23], and this
pro-inflammatory effect is independent of its peroxidase activity, but is
likely dependent on its chaperon activity [19]. In this study, we
confirmed that high ordered molecular formation is essential for Prdx1
binding to TLR4. It has been demonstrated that substituting Cys®® with
Ser® lead to striking structural and functional alterations of Prdx1 in a
direction toward those characteristics of Prdx2. Compared to Prdx2, the
peroxidase activity of Prdx1 is more predisposed to inactivation by
H50,. Coherent to this finding, the catalytic cysteine residues of Prdx1
are more susceptible to hyperoxidation than that of Prdx2 [31].
Although both the over-oxidized and reduced forms of Prdx1 exist as a
decameric complex with high molecular weight, but the hyperoxidized
form confers a more stable oligomer than the reduced form [36].
Therefore, this property may bestow perniciousness differentially on
Prdx1 and Prdx2 based on the distinctive reactions of phagocytes in
response to rPrdx1 and rPrdx1C83S.

A complex pathophysiologic interaction of innate immunity initia-
tors, such as DAMPs and pathogen-associated molecular patterns, may
be involved in the progression of multiple organ failure and mortality in
patients with sterile and septic inflammation. Li et al. show that CPB
during pediatric cardiac surgery inhibits the activation of TLR signal
transduction pathways in monocyte with down-regulated expression of
CD14, TLR4, and TLR2, thereby causing an immunosuppressive state
after cardiac surgery for congenital heart disease [37]. This result is in
line with our observation that monocytic CD14/TLR4 expressions were
reduced on monocytes with rPrdx1 or LPS-induced endotoxin tolerance
(Fig. 5E), possibly reflecting the interaction and internalization for
ligand/receptor complex during activation of innate immunity. Indeed,
perturbation of endocytosis by dynamin inhibitor to interfere internal-
ization of transmembrane receptors (TLR4) blocked internalization of
rPrdx1, which was essential for IL-10 production and reversed the
IL-10-mediated LPS tolerance in macrophages.

In summary, our study highlighted the possible mechanisms by
which Prdx1 can engender an immunoparalysis status during sterile
inflammation by initiating TLR4-mediated endocytosis to induce IL-10
production in phagocytes and a profound immunosuppressive
response deterring recovery from CPB-elicited SIRS after cardiac sur-
gery. On the other hand, inhibition of Prdx1/TLR4 endocytosis to
enhance a host protective pro-inflammatory response can alleviate the
IL-10-mediated detrimental effects.
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