
www.manaraa.com

Circulating mitochondrial N-formyl peptides contribute
to secondary nosocomial infection in patients with
septic shock
Woon Yong Kwona,b,1

, Gil Joon Suha,b, Yoon Sun Jungb
, Seung Min Parkc, Subi Ohc

, Sung Hee Kimb, A. Rum Leeb,
Jeong Yeon Kimb, Hayoung Kimb, Kyung Ah Kimd, Young Kimd

, Byoung Choul Kimd,e
, Taegyun Kimb

,
Kyung Su Kimb

, Kiyoshi Itagakif, and Carl J. Hauserf

aDepartment of Emergency Medicine, Seoul National University College of Medicine, Seoul 03080, Republic of Korea; bDepartment of Emergency Medicine,
Seoul National University Hospital, Seoul 03080, Republic of Korea; cDepartment of Medicine, Seoul National University College of Medicine, Seoul 03080,
Republic of Korea; dDepartment of Bioengineering and Nano-Bioengineering, Incheon National University, Incheon 22012, Republic of Korea; eDivision of
Nano-Bioengineering, Incheon National University, Incheon 22012, Republic of Korea; and fDepartment of Surgery, Beth Israel Deaconess Medical Center/
Harvard Medical School, Boston, MA 02215

Edited by Paul Kubes, University of Calgary, Calgary, AB, Canada, and accepted by Editorial Board Member Carl F. Nathan March 3, 2021 (received for review
September 5, 2020)

Secondary infections typically worsen outcomes of patients recov-
ering from septic shock. Neutrophil [polymorphonuclear leuko-
cytes (PMNs)] migration to secondarily inoculated sites may play a
key role in inhibiting progression from local bacterial inoculation
to secondary infection. Mitochondrial N-formyl peptide (mtFP) oc-
cupancy of formyl peptide receptor-1 (FPR1) has been shown to
suppress PMN chemotaxis. Therefore, we studied the association
between circulating mtFPs and the development of secondary in-
fection in patients with septic shock. We collected clinical data and
plasma samples from patients with septic shock admitted to the
intensive care unit for longer than 72 h. Impacts of circulating
nicotinamide adenine dinucleotide dehydrogenase subunit-6
(ND6) upon clinical outcomes were analyzed. Next, the role of
ND6 in PMN chemotaxis was investigated using isolated human
PMNs. Studying plasma samples from 97 patients with septic
shock, we found that circulating ND6 levels at admission were
independently and highly associated with the development of sec-
ondary infection (odds ratio = 30.317, 95% CI: 2.904 to 316.407,
P = 0.004) and increased 90-d mortality (odds ratio = 1.572, 95% CI:
1.002 to 2.465, P = 0.049). In ex vivo experiments, ND6 pretreatment
suppressed FPR1-mediated PMN chemotactic responses to bacterial
peptides in the presence of multiple cytokines and chemokines, de-
spite increased nondirectional PMN movements. Circulating mtFPs
appear to contribute to the development of secondary infection
and increased mortality in patients with septic shock who survive
their early hyperinflammatory phase. The increased susceptibility to
secondary infection is probably partly mediated by the suppression of
FPR1-mediated PMN chemotaxis to secondary infected sites.
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Secondary nosocomial infections are thought to reflect sepsis-
induced immune paralysis, and they clearly worsen clinical

outcomes in patients recovering from septic shock. Current con-
cepts of sepsis management therefore emphasize the prevention of
secondary immune paralysis (1–3). Neutrophil (polymorphonuclear
leukocyte, PMN) migration to secondarily inoculated sites in re-
sponse to chemoattractants is a critical aspect of innate immune
responses to secondary infection (4, 5). The binding of chemo-
attractants to surface G protein–coupled receptors (GPCRs) in-
duces the depletion of endoplasmic reticulum calcium stores (ER
calcium depletion) and subsequent cytosolic calcium influx, which
generates PMN polarity and chemotaxis in response to GPCR
agonists (6–10).
Mitochondrial damage–associated molecular patterns (mtDAMPs)

are released from injured tissues (11–14). MtDAMPs express at
least two critical inflammatory molecular signatures: mitochondrial
N-formyl peptides (mtFPs) and mitochondrial DNA (mtDNA)

(15, 16). MtFPs bind to formyl peptide receptor-1 (FPR1) on the
PMN membrane, desensitizing FPR1 and other GPCRs via in-
ternalization of the receptors (11, 17–20). This step blocks the
binding of chemoattractants to a broad range of GPCRs poten-
tially suppressing PMN migration toward bacterial inoculation
sites (11, 17–20). Our previous studies have shown that mtDAMPs
released by extrapulmonary injuries can reduce bacterial clearance
and so increase secondary pneumonia by suppressing PMN che-
motaxis toward secondary stimuli and that FPR1 blockade pre-
vented down-regulation of PMN chemotaxis by preserving non-
FPR1 GPCRs after injury (11, 21, 22).
Septic shock commonly induces multiorgan injury both di-

rectly via tissue inflammation and secondarily via hypoperfusion
(23–25). Both of these events can result in mtDAMP release into
the circulation. Unlike the situation early after injury though, in
septic shock, it’s well-known that ongoing systemic inflammation
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releases elevated amounts of cytokines and chemokines into the
circulation for several days even after hemodynamic stabilization
(26). Because of this, chemokine gradients from blood to sec-
ondary infected sites may be diminished, but newly synthesized
bacterial peptides will still be relatively concentrated in second-
arily infected sites. This difference may make the role of FPR1-
mediated PMN chemotaxis more important in patients with
septic shock than in injured patients. However, there have been
no studies evaluating the role of circulating mtFPs in patients
with septic shock.
We therefore hypothesized that septic shock induces mtFP

release from injured tissues or other sites into the circulation and
that such released mtFPs may contribute to the development of
secondary infection in patients with septic shock via suppressing
FPR1-mediated PMN chemotaxis to sites of secondary infection.
To study this hypothesis, we investigated whether circulating
mtFP levels are independently and positively associated with the
development of secondary infection in patients with septic shock
who survive their early hyperinflammatory phase. We also in-
vestigated whether the increased susceptibility to secondary in-
fection can be attributed to the suppression of PMN chemotaxis
by mtFP occupancy of FPR1.

Results
Patients’ Characteristics. Among 189 consecutive patients admit-
ted to the intensive care unit (ICU) with septic shock, 180 pa-
tients provided written informed consent at admission; of these,
83 were excluded and 97 were finally enrolled (Fig. 1A). The 90 d
mortality of enrolled patients was 36.0%. Mechanical ventilation
(MV) was necessary for 39 of the 97 patients (40.2%). Central
venous and urinary catheters were inserted in all patients. Cen-
tral venous catheters were not routinely replaced if there were no
signs of catheter insertion site infection and were removed as
soon as possible when patients started enteral nutrition. Urinary
catheters were replaced every 2 wk. In all of the enrolled pa-
tients, urinary catheters were maintained throughout the ICU
stay. Secondary infections were identified in 15 patients. Sec-
ondary infection characteristics including isolated pathogens are
shown in SI Appendix, Table S1. Ventilator-associated pneu-
monia (VAP), central line–associated bloodstream infection
(CLABSI), and catheter-associated urinary tract infection
(CAUTI) developed in 5, 9, and 2 patients, respectively. In one
patient, VAP and CLABSI were identified simultaneously. Most
secondary infections developed between 4 and 25 d after ICU
admission (Fig. 1B). The mortality rate of patients who devel-
oped secondary infections was significantly higher than that of
secondary infection–negative patients (90 d mortality 73.3% and
29.3%, respectively) (P < 0.001) and was particularly apparent
after day 14 post-ICU admission (Fig. 1C).
Clinical characteristics of patients developing secondary in-

fection and 90 d mortality are described in SI Appendix, Tables
S2 and S3. The presence of bacteremia, blood lactate levels > 4.1
mmol/L, a duration of MV > 7 d, and the use of renal replacement
therapy were significantly associated with the development of sec-
ondary infection. Furthermore, blood lactate levels > 5.5 mmol/L,
sequential organ failure assessment (SOFA) scores > 9.0, a dura-
tion of MV > 4 d, and the use of renal replacement therapy were
associated with increased 90 d mortality. There were no significant
differences in the time to first antibiotics between secondary
infection–negative patients and patients developing secondary in-
fections (1.6 and 1.4 h, P = 0.461) and between 90 d survivors and
nonsurvivors (1.6 and 1.7 h, P = 0.668).

Plasma Levels of Nicotinamide Adenine Dinucleotide Dehydrogenase
Subunit-6 (ND6), Cytokines, and Chemokines. Plasma levels of ND6
(the most potent human mtFP to induce PMN chemotaxis) (12),
cytokines, and chemokines at 0, 24, and 72 h are presented in
Fig. 1 D and E and SI Appendix, Table S4. In stepwise logistic

regression analysis, increases in plasma levels of ND6 at 0 h
(odds ratio = 6.701, 95% CI: 1.824 to 24.618, P = 0.004), in-
terleukin (IL)-6 at 24 h, IL-10 at 24 h, and growth-regulated
oncogene (GRO)-α at 24 h were significantly associated with
the subsequent development of secondary infection (SI Appen-
dix, Table S5). Moreover, increased plasma levels of ND6 at 0 h
(odds ratio = 1.660, 95% CI: 1.116 to 2.470, P = 0.012), IL-10 at
24 h, IL-8 at 72 h, and leukotriene B4 (LTB4) at 0 h were as-
sociated with increased 90 d mortality (SI Appendix, Table S5).

Effects of Circulating ND6 on Clinical Outcomes in Patients with Septic
Shock. Plasma ND6 levels in patients going on to have secondary
infection were higher at all time points than those in secondary
infection–negative patients (P < 0.001) (SI Appendix, Fig. S1A).
Furthermore, plasma ND6 levels in 90 d nonsurvivors were
higher than those in survivors (P = 0.015) (SI Appendix, Fig.
S1B). Plasma LTB4 levels in 90 d nonsurvivors were also higher
at all time points than those in survivors (P = 0.001) (SI Ap-
pendix, Fig. S1B).
In multivariable analysis, a relatively high plasma ND6 level at

0 h was independently associated with both the development of
secondary infection (odds ratio = 30.317, 95% CI: 2.904 to
316.407, P = 0.004) and increased 90 d mortality (odds ratio =
1.572, 95% CI: 1.002 to 2.465, P = 0.049) (SI Appendix, Table
S6). A relatively high plasma LTB4 level at 0 h was also asso-
ciated with increased 90 d mortality (odds ratio = 1.239, 95% CI:
1.003 to 1.532, P = 0.047) (SI Appendix, Table S6). Furthermore,
the occurrence of secondary infection (odds ratio = 4.670, 95%
CI: 1.134 to 19.230, P = 0.033) was independently associated
with increased 90 d mortality (SI Appendix, Table S7).
In the receiver operating characteristic (ROC) curve analysis,

the area under the curve (AUC) for the plasma ND6 level at 0 h
to predict the development of secondary infection was 0.930, and
its optimal cutoff value was 2,255 pg/mL (Fig. 1F). The AUCs for
the diagnostic abilities of plasma ND6 and LTB4 at 0 h to predict
90 d mortality were 0.630 and 0.655, respectively (Fig. 1G).

Role of Circulating ND6 in PMN Chemotaxis in Response to Bacterial
FP.To examine the role of circulating ND6 in the development of
secondary infection, we first performed in vitro experiments us-
ing isolated human PMNs incubated in the control medium. In
three independent experiments, the mean purity of isolated
PMNs was 97.47 ± 0.42% (SD) (SI Appendix, Fig. S2). PMN
calcium mobilization and chemotaxis in response to N-for-
myl-methionine-leucine-phenylalanine (fMLF) and ND6 were
completely blocked by 10 μM cyclosporine H (CsH) (SI Appen-
dix, Figs. S3 and S4).
ND6 prestimulation suppressed PMN ER calcium depletion in

response to fMLF in a dose-dependent manner (Fig. 2 A and B).
Furthermore, no changes were observed in the total amount of ER
calcium depletion achieved with variable doses of ND6 and sub-
sequent 100 nM fMLF (SI Appendix, Fig. S5). ND6 pretreatment
prevented PMN chemotaxis in response to fMLF in a dose-
dependent manner, same as calcium mobilization (Fig. 2C). ND6
pretreatment also prevented PMN chemotaxis in response to
100 nM ND6 in a dose-dependent manner (Fig. 2D). We saw in-
creased nondirectional spontaneous movements (chemokinesis) of
ND6- and fMLF-pretreated PMNs under the nongradient condi-
tions (SI Appendix, Fig. S6 A and B). Flow cytometry showed that
10 μM CsH abolished FPR1 on the PMN membrane (Fig. 2 E and
F). An addition of 100 nM fMLF significantly reduced FPR1 ex-
pression on the PMN membrane, and ND6 also reduced FPR1
expression in a dose-dependent manner (Fig. 2 E and F).

Heterologous Desensitization of CXCR2 and LTB4 Receptor (BLT1) by
ND6. ND6 pretreatment suppressed PMN chemotaxis in response
to 100 nMGRO-α (SI Appendix, Fig. S7A) and decreased CXCR2
expression on the PMNmembrane (SI Appendix, Fig. S7 B and C).
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Fig. 1. Clinical data. (A) Enrolled patients. (B) Cumulative occurrence of secondary (second) infections after ICU admission. (C) Comparison of cumulative
survival between patients going on to have secondary infections (second infection (+)) and secondary infection–negative (second infection (−)) patients. (D)
Comparison of plasma levels of ND6, cytokines, and chemokines between second infection (+) and second infection (−) patients, and (E) between 90 d
survivors and nonsurvivors. The data are presented as the mean ± SD. The y axis is expressed on a log scale. For exact values, see SI Appendix, Table S4. *P <
0.05, **P < 0.01, and ***P < 0.001 between second infection (+) and second infection (−) patients. †P < 0.05 and ‡P < 0.01 in stepwise logistic regression
analysis (with an entry level of 0.05 and a stay level of 0.05) (SI Appendix, Table S5). §P < 0.05 in multiple logistic regression analysis (SI Appendix, Table S6). (F)
ROC curve analysis for the development of secondary infection. The AUC of the plasma ND6 levels at 0 h to predict the development of secondary infection
was 0.930 (P < 0.001), and its optimal cutoff value was 2,255 pg/mL (the sensitivity and specificity were 93.33 and 80.49%, respectively). The cutoff value was
calculated by the Youden index (J). (G) ROC curve analysis for 90 d mortality. The AUCs of the plasma ND6 levels at 0 h and LTB4 levels at 0 h to predict 90 d
mortality were 0.630 (P = 0.036) and 0.655 (P = 0.011), respectively.
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Fig. 2. Roles of ND6 in PMN chemotaxis. (A) ER calcium depletion in response to ND6 prestimulation and subsequent fMLF stimulation. Each line represents
the mean value of each time point. (B) The AUCs of ER calcium depletion. The white bars represent the mean AUCs for 150 s (AUC150) of ER calcium depletion
in response to ND6 prestimulation, and the black bars represent the mean AUC150 in response to fMLF. (C) PMN chemotaxis in response to fMLF after ND6
pretreatment. (D) Gradient PMN chemotaxis in response to ND6 after ND6 pretreatment. (E) Representative figures of flow cytometry detecting FPR1 on the
PMN membrane. (F) Mean fluorescence intensities of flow cytometry. The addition of 10 μM CsH completely decreased the number of FPR1 detected on the
PMN membrane. Furthermore, 100 nM fMLF significantly decreased FPR1, and ND6 also decreased FPR1 in a dose-dependent manner. (G) Inhibitory effects of
ND6 pretreatment on PMN chemotaxis in the sepsis-mimicking medium. In the sepsis-mimicking medium, PMN chemokinesis was significantly increased, and
inhibitory effects of ND6 pretreatment on PMN chemotaxis in response to fMLF were weaker than in the control medium: DMEM containing 10% FBS.
However, even in the sepsis-mimicking medium, 100 nM ND6 pretreatment significantly suppressed PMN chemotaxis in response to fMLF. (H) FPR1-blockade
effects on PMN chemotaxis. In the sepsis-mimicking medium, FPR1-mediated PMN chemotaxis in response to fMLF and ND6 was significantly blocked by
pretreatment with an FPR antagonist, CsH (10 μM). In the medium without fMLF or ND6, 0.1% dimethyl sulfoxide (DMSO) was added. The data are presented
as the mean ± SE of three independent experiments. *P < 0.05; **P < 0.01; ***P < 0.001.
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ND6 pretreatment also suppressed PMN chemotaxis in response
to 10 nM LTB4 (SI Appendix, Fig. S7D) and decreased BLT1
expression on the PMNmembrane (SI Appendix, Fig. S7 E and F).
However, FPR1 blockade by 10 μM CsH before ND6 pretreatment
prevented the ND6-induced suppression of PMN chemotaxis in
response to GRO-α and LTB4 as well as CXCR2 and BLT1 ex-
pression on the PMN membrane (SI Appendix, Fig. S7). At very
high dosages, CsH may well have “off-target” effects. However, at
the dose we studied here (10 μM), CsH itself did not alter PMN
chemotaxis in response to GRO-α and LTB4, or CXCR2 and
BLT1 expression on the PMN membrane.

FPR1-Mediated PMN Chemotaxis in Sepsis-Mimicking Medium. To
simulate septic conditions, we prepared a sepsis-mimicking me-
dium that contained a mixture of four cytokines and three che-
mokines at concentrations approximating those previously found
in our patients with septic shock developing secondary infection,
and we incubated PMNs obtained from healthy volunteers in the
sepsis-mimicking medium. We investigated the effect of ND6
pretreatment on PMN chemotaxis in response to 100 nM fMLF
in the sepsis-mimicking medium. Upon PMN exposure to the
sepsis-mimicking medium, PMN chemokinesis significantly in-
creased (Fig. 2G), and the inhibitory effects of CsH and ND6
pretreatment on PMN chemotaxis in response to fMLF were
weaker than in the control medium (Fig. 2H). Despite these
changes, ND6 pretreatment significantly suppressed FPR1-
mediated PMN chemotaxis in response to fMLF, even in the
presence of multiple cytokines and chemokines (Fig. 2G).

Microfluidic PMN Migration Chip Assay. PMN chemotactic properties,
such as the fraction of completely migrated PMNs (chemotactic
PMNs) among the PMNs entering microchannel entrances and their
migrating velocities, were directly examined by using a microfluidic
PMN migration chip (27) (SI Appendix, Fig. S8). Representative
figures of microfluidic PMN migration chip experiments are pre-
sented in Fig. 3A. Images were captured at 15 min of chip-running
from representative video files (Movie S1). Similar to the results of
PMN chemotaxis tested in the conventional pore-membrane plate
(SI Appendix, Fig. S6A), PMN chemokinesis increased when PMNs
were exposed to 100 nM ND6 and/or the sepsis-mimicking medium
(Fig. 3 B and C). When chemokinetic PMNs were subtracted,
ND6 pretreatment significantly reduced the fraction of chemo-
tactic PMNs in response to fMLF by 80.4% in the control me-
dium and 88.1% in the sepsis-mimicking medium (Fig. 3D). In
contrast, ND6 pretreatment increased the migrating velocities of
PMNs in the control medium but not in the sepsis-mimicking
medium (Fig. 3E). Although the difference was not significant,
overall chemotactic responses were decreased in sepsis-mimicking
versus control media.

Effects of ND6 on Bacteria-Killing Activities of PMNs. In PMNs in-
cubated with Staphylococcus aureus (Fig. 4 A and B) and
Escherichia coli (Fig. 4 C and D), ND6 treatment slightly reduced
bacteria-killing activities of PMNs. However, there were no
statistical significances.

Peripheral Blood Mononuclear Cell–Bacteria Conditioned Medium.
After 24 h incubation of peripheral blood mononuclear cell
(PBMC) with S. aureus or E.coli, ND6 levels in the PBMC–bacteria
conditioned medium increased. However, in bacteria-only con-
ditioned medium and in media containing sonicated bacteria,
ND6 levels did not increase (SI Appendix, Fig. S9). ND6 has not
been reported to occur in bacteria, but to confirm, we performed
this experiment. These data indicate that human mtFPs were
not released from bacteria but from the human PBMCs. Our
recent study also showed that monocytes stimulated by infec-
tious stimuli actively released mtDAMPs into the circulation
via microparticles (28).

Plasma of Patients with Septic Shock Who Developed Secondary
Infections. To verify the direct correlation between circulating
ND6 and the development of secondary infection, we performed
ex vivo experiments with prospectively collected plasma samples
and isolated PMNs from patients with septic shock who had
developed secondary infections (n = 3) and secondary
infection–negative patients (n = 3) between 10 and 18 d after
ICU admission. Clinical characteristics of enrolled patients for
this ex vivo study and their plasma levels of ND6, cytokines, and
chemokines are shown in SI Appendix, Table S8. At the onset of
secondary infection, plasma ND6 levels in patients with septic
shock who developed secondary infections (2,521 pg/mL) were
higher than plasma ND6 levels in healthy volunteers (627 pg/mL)
and secondary infection–negative patients (951 pg/mL) (Fig. 5A).
Plasma mtDNA levels in patients who developed secondary in-
fections (2,054 pg/mL) were also higher than in healthy volun-
teers by (14 pg/mL) and secondary infection–negative patients
(143 pg/mL) (Fig. 5B). However, plasma LTB4 levels at the
onset of secondary infection were significantly lower in patients
who developed secondary infections (65 pg/mL) than in secondary
infection–negative patients (82 pg/mL), unlike plasma LTB4 levels
during the early 72 h period of septic shock (Fig. 5C).
When PMNs obtained from healthy volunteers were exposed

to the plasma of patients with septic shock who developed sec-
ondary infections, PMN chemotaxis in response to 100 nM fMLF
significantly decreased, when compared to PMNs exposed to
the plasma of healthy volunteers (P < 0.001) and secondary
infection–negative patients (P = 0.001) (Fig. 5D). Furthermore,
FPR1 expression detected on the PMN membrane in PMNs ex-
posed to the plasma of patients who developed secondary infec-
tions also decreased compared to PMNs exposed to the plasma of
healthy volunteers (P = 0.018) and secondary infection–negative
patients (P = 0.030) (Fig. 5 E and F).
Previous studies have reported that CD16 expression is mod-

ulated during sepsis-induced immunosuppression (29). In the
present study, PMNs gated by forward versus side scatter (FSC
versus SSC) and gated by CD16-positive among whole cells ex-
posed to the plasma of healthy volunteers were 61.6 and 67.5%,
respectively. PMNs gated by FSC versus SSC and by CD16-
positive among whole cells exposed to the plasma of patients
who developed secondary infections were 68.7 and 72.3%, re-
spectively (SI Appendix, Fig. S10). Even in the plasma of patients
who developed secondary infections, the number of PMNs gated
by CD16-positive did not substantially differ from the number of
PMNs gated by FSC versus SSC. Thus, we gated PMNs by CD16-
positively.

PMNs in Patients with Septic Shock Who Developed Secondary
Infections. Next, we directly examined the chemotactic response
to 100 nM fMLF in PMNs obtained from healthy volunteers,
patients with septic shock who had developed secondary infec-
tions, and secondary infection–negative patients. PMNs from
patients who developed secondary infections exhibited a signif-
icantly lower chemotactic response than PMNs from healthy
volunteers (P = 0.008) and secondary infection–negative patients
(P = 0.005) (Fig. 5G). FPR1 expression on the PMN membrane
in PMNs from patients who developed secondary infections also
decreased compared to PMNs from healthy volunteers (P =
0.025) (Fig. 5 H and I).

Discussion
The present study shows that plasma ND6 levels are elevated in
patients with septic shock compared to healthy volunteers.
Moreover, high plasma ND6 levels on admission are strongly
associated with the development of secondary infection and in-
creased 90 d mortality in patients with septic shock admitted to the
ICU for longer than 72 h. The occurrence of secondary infec-
tion was independently associated with increased 90 d mortality.
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Fig. 3. Microfluidic PMN migration chip assay. (A) Representative figures of microfluidic PMN migration chip experiments. Images were captured at 15 min of
chip running from Movie S1 (scale bar, 50 μm length). (B) The number of completely migrated PMNs (chemotactic PMNs) and PMNs entering microchannel
entrances in the control medium (CM, DMEM containing 10% FBS) and the sepsis-mimicking medium (SMM). (C) The fraction of chemotactic PMNs among the
PMNs entering microchannel entrances. (D) Inhibitory effects of 100 nM ND6 pretreatment on PMN chemotaxis after subtracting chemokinetic PMNs. ND6
pretreatment significantly reduced the fraction of chemotactic PMNs in response to fMLF in both the CM and SMM. Representative figures of chemotactic and
chemokinetic PMN movements are shown in SI Appendix, Fig. S13 A and B, respectively. (E) The migrating velocities (μm/second) of PMNs. ND6 pretreatment
increased the velocities of PMNs in the CM but not in the SMM. The data are presented as the mean ± SE of three independent experiments. Four different
conditions were studied in each experiment, and PMN movements were observed in five fields at random in each chip. *P < 0.05; **P < 0.01; ***P < 0.001.
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Before day 14 post-ICU admission, the mortality rate of patients
who developed secondary infections was not different from that of
secondary infection–negative patients. However, increased mor-
tality after day 14 was significantly associated with the occurrence
of secondary infection. These data suggest that an increase in the
circulating ND6 level during the early period of septic shock may
contribute to the development of secondary infection and con-
tributing to an increase in delayed mortality in patients with septic
shock who survived their early hyperinflammatory phase. Fur-
thermore, the high diagnostic ability of plasma ND6 levels is not
inferior to conventional biomarkers, indicating that circulating
ND6 may be used as a potential prognostic biomarker in patients
with septic shock (30).
To examine the potential importance of circulating ND6 in the

development of secondary infection in patients with septic shock,
we performed in vitro experiments using isolated human PMNs.
For the purpose of these experiments, we hypothesized that
during septic shock, cytokines and chemokines are evenly dis-
tributed in the circulation but that a significant gradient in bac-
terial FPs is likely to exist between secondary infected sites and
the circulation, which derives PMN recruitment. Thus, to simu-
late septic conditions, we made a sepsis-mimicking medium that
contained a mixture of four cytokines and three chemokines
based on our patient plasma study results. Moreover, to simulate
secondary infected sites, fMLF, a canonical bacterial FP, was
added to the sepsis-mimicking medium. We found differences in
PMN chemotactic responses in sepsis-mimicking versus control
media. Upon PMN exposure to the sepsis-mimicking medium,
PMN chemokinesis increased, as was found in the literature (31),
and the proportion of FPR1-mediated chemotaxis in response to
bacterial FP decreased compared to the control medium. These
data suggest that non-mtFP-FPR1–mediated pathways, such as
GPCR modulation by other cytokines and chemokines and/or
unknown mediator-induced FPR1 down-regulation, are also in-
volved in PMN chemotaxis during septic shock (32, 33).

We also examined the chemotactic properties of PMNs using a
microfluidic PMN migration chip. This system potentially mini-
mizes the gravitational interference that may contribute to che-
mokinetic transport of PMNs or cellular debris down the
transwell, as may occur in conventional chemotaxis experiments
(34, 35). Although no significant differences were observed, in
the sepsis-mimicking medium, the fraction of chemotactic PMNs
and their migrating velocity appeared to be reduced compared to
those in the control medium. These findings might be partly due
to heterologous desensitization of other GPCRs by mtFP occu-
pancy of FPR1 (11) (SI Appendix, Fig. S7). Despite these dif-
ferences, ND6 pretreatment significantly suppressed FPR1-
mediated PMN chemotaxis in response to bacterial FP in the
sepsis-mimicking medium as it did in the control medium.
Next, we found that ND6 treatment appeared to reduce the

bacteria-killing activities of PMNs, though the effect was not
significant. These data indicate that the increased susceptibility
to secondary infection is probably due to the suppression of
FPR1-mediated PMN chemotaxis to secondary infected sites
rather than a loss of PMN bactericidal activity.
Finally, we studied plasma samples and PMNs obtained from

patients with septic shock who had developed secondary infec-
tions and secondary infection–negative patients. At the onset of
secondary infection, plasma ND6 levels in patients who devel-
oped secondary infections were significantly higher than in sec-
ondary infection–negative patients, as shown during the early
72 h period of septic shock. Plasma mtDNA levels were also
higher in patients who developed secondary infections than in
secondary infection–negative patients. We have previously
shown a subset of 5/13 human mtFPs act similarly (11, 12). ND6
is likely to be both the most potent FPR1 agonist and a marker
for the other mtFPs. However, other mtDAMPs like mtDNA
released during septic shock may act differently, such as modu-
lating toll-like receptor-9–related pathways (28). The SOFA
scores at the onset of secondary infection were significantly higher
in patients who developed secondary infections (10.7 ± 1.5) than in
secondary infection–negative patients (4.3 ± 1.2) (SI Appendix,
Table S8). Consistently high circulating mtFP levels might be at-
tributed to ongoing tissue injuries. Furthermore, active mtDAMP
release via microparticle extrusion from monocytes stimulated by
secondarily infected bacteria might also increase circulating mtFP
levels (28). Exposure to the plasma of patients who developed
secondary infections, that contained large amounts of ND6, sig-
nificantly suppressed the chemotaxis of PMNs obtained from
healthy volunteers and FPR1 expression on the PMN membrane.
When we directly studied PMNs obtained from patients who de-
veloped secondary infections, PMN chemotaxis in response to
bacterial FP and FPR1 expression on the PMN membrane signif-
icantly decreased compared to PMNs from healthy volunteers and
secondary infection–negative patients.
Unlike during the early period of septic shock, at the onset of

secondary infection, plasma LTB4 levels in patients with septic
shock who developed secondary infections were significantly
lower than in secondary infection–negative patients. Previous
experimental studies reported that LTB4 might be a relay signal
to enhance FPR1-mediated PMN chemotaxis (36). These results
suggest the possible important role of LTB4 in developing sec-
ondary infection due to immune paralysis in patients recovering
from septic shock.
Our findings may indeed point to the importance of high cir-

culating mtFP levels that persists while other inflammatory medi-
ators subside. This may suggest the crucial role of mtDAMPs in the
worsening of clinical outcomes in patients recovering from septic
shock. Therefore, we suggest that immunotherapy desensitizing
and/or eliminating circulating mtFPs, before secondary infection
can occur, may be a therapeutic strategy to reduce the development
of secondary infection and delayed mortality in patients with septic
shock whose plasma ND6 levels at admission are equal or greater

Fig. 4. Effects of ND6 pretreatment on bacteria-killing activities of PMNs.
(A) Changes in the number of CFUs of S. aureus during the 60 min incubation
period with PMNs. Each line represents the mean value of each time point.
(B) Calculated S. aureus killing activities of untreated and 100 nM ND6-
treated PMNs. Bactericidal activity was calculated by subtracting the num-
ber of CFUs of extracellular bacteria and intracellular bacteria in bacteria
with PMNs from the number of CFUs of extracellular bacteria in bacteria-
only control. (C) Changes in the number of CFUs of E. coli during the 60 min-
incubation period with PMNs. (D) Calculated E. coli killing activities of un-
treated and 100 nM ND6-treated PMNs. ND6 treatment slightly suppressed
the bactericidal activity of PMNs both in the PMNs incubated with S. aureus
and E. coli, but the difference was not significant. The data are presented as
the mean ± SE of three independent experiments.

Kwon et al. PNAS | 7 of 11
Circulating mitochondrial N-formyl peptides contribute to secondary nosocomial infection
in patients with septic shock

https://doi.org/10.1073/pnas.2018538118

M
ED

IC
A
L
SC

IE
N
CE

S

D
ow

nl
oa

de
d 

at
 P

al
es

tin
ia

n 
T

er
rit

or
y,

 o
cc

up
ie

d 
on

 D
ec

em
be

r 
12

, 2
02

1 

https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2018538118/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2018538118/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2018538118/-/DCSupplemental
https://doi.org/10.1073/pnas.2018538118


www.manaraa.com

Fig. 5. Plasma and PMNs of patients with septic shock at the onset of secondary infection. (A) Plasma ND6 levels of the plasma obtained from patients who
had developed secondary infections (second infection (+), n = 3) and secondary infection–negative patients (second infection (−), n = 3). (B) mtDNA levels. (C)
Plasma levels of cytokines and chemokines. Each sample was assayed in duplicate. At the onset of secondary infection, plasma ND6 levels in second infection
(+) patients (2,521 pg/mL) were still higher than plasma ND6 levels in healthy volunteers (627 pg/mL) and second infection (−) patients (951 pg/mL). Plasma
mtDNA levels in second infection (+) patients (2,054 pg/mL) were also higher than in healthy volunteers (14 pg/mL) and second infection (−) patients (143 pg/
mL). However, plasma LTB4 levels at the onset of secondary infection were significantly lower in second infection (+) patients (65 pg/mL) than in second
infection (−) patients (82 pg/mL), unlike plasma LTB4 levels during the early 72 h period of septic shock. For detailed information, see SI Appendix, Table S8.
(D) The chemotaxis of PMNs obtained from healthy volunteers exposed to the plasma of second infection (+) and second infection (−) patients. When PMNs
obtained from healthy volunteers were exposed to the plasma of second infection (+) patients, PMN chemotaxis in response to 100 nM fMLF significantly
decreased, when compared to PMNs exposed to the plasma of second infection (−) patients (P = 0.001). (E) Representative figures of flow cytometry detecting
FPR1 on the PMN membrane and (F) Mean fluorescence intensities. FPR1 expression on the PMN membrane in PMNs exposed to the plasma of second in-
fection (+) patients also decreased compared to PMNs exposed to the plasma of second infection (−) patients (P = 0.030). (G) The chemotaxis of PMNs
obtained from second infection (+) and second infection (−) patients in response to 100 nM fMLF. The chemotaxis of PMNs from second infection (+) patients
significantly decreased, when compared to PMNs from second infection (−) patients (P = 0.005). (H) Representative figures of flow cytometry detecting FPR1
on the PMN membrane and (I) Mean fluorescence intensities. FPR1 expression on the PMN membrane in PMNs from second infection (+) patients also de-
creased compared to PMNs obtained from healthy volunteers (P = 0.030), but FPR1 expression of the PMN membrane in PMNs from second infection (−)
patients did not decrease significantly. The data are presented as the mean ± SE of three independent experiments. *P < 0.05; **P < 0.01; ***P < 0.001.
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than 2,255 pg/mL (Fig. 1F). Five highly potent mtFPs, including
ND6, ND3, ND4, ND5, and cytochrome c oxidase subunit 1
(Cox1), might be candidates for this immunotherapy (12). This
immunotherapy may preserve FPR1-mediated PMN chemotaxis in
response to bacterial FPs, which is more concentrated in secondary
infected sites, in the presence of circulating chemokines.
The present study has several limitations. First, the septic

shock population studied may not be representative of all pa-
tients with sepsis or even all patients with septic shock. In order
to investigate the role of mtFPs in septic shock, we only enrolled
patients who survived their early hyperinflammation phase and
thus were admitted to the ICU for longer than 72 h. Thus, unlike
other studies (37, 38), the plasma concentrations of many me-
diators (with the notable exception of LTB4) were not inde-
pendently associated with 90 d mortality. Second, our in vitro
experiments used a model system where we used fMLF and a
sepsis-mimicking medium to simulate secondary infected sites
during septic shock. We made this system to perform in vitro
experiments under the well-controlled environments mimicking
septic shock patients’ plasma. Although this system may not re-
flect all clinical circumstances equally, it is based on real clinical
data, and we therefore believe it to be clinically relevant. Fol-
lowing ex vivo study, results support the clinical relevance of this
system. Third, this study investigated only changes in bacteria-
killing activities of PMNs induced by ND6 treatment. When a
bacterial infection occurs, PMNs kill bacteria by phagocytosis,
intracellular killing, and extracellular traps (39). We did not in-
vestigate these individual steps, but we found that the overall
bactericidal activity of PMNs was not significantly affected by
ND6. Fourth, during septic shock, the phenotypes and functions
of immune cells may also be altered (29, 40, 41). Particularly,
macrophage, dendritic cells, and monocytes also express mem-
brane FPR1 (42). To more fully understand the role of circu-
lating mtFPs in septic shock, the remaining questions should be
answered by conducting further research using freshly collected
immune cells and plasma samples from patients with septic
shock treated with or without anti-mtFP antibodies.

Conclusions
In the present study, we found that an increase in circulating
mtFPs appeared to contribute to the development of secondary
infection and increased delayed mortality in patients with septic
shock who survived their early hyperinflammatory phase. We
also found that the increased susceptibility to secondary infection
was at least in part mediated by the suppression of FPR1-mediated
PMN chemotaxis to secondary infected sites. Incorporation of these
findings into therapeutic strategies may improve clinical outcomes
in patients with septic shock by preventing PMN chemotactic
anergy.

Materials and Methods
Please see SI Appendix for a detailed version of all materials and methods.

Patients. The present clinical study was a retrospective observational study
that used prospectively collected clinical data and plasma samples. The re-
pository of clinical data and blood samples from patients with septic shock,
the repository of blood samples from healthy volunteers, and the use of
stored samples were approved by the Institutional Review Board of Seoul
National University College of Medicine/Seoul National University Hospital
(IRB number: 1707-012-865, 1806-125-954, and 1904-033-1024, respectively).
Written informed consent was obtained from each patient or legally au-
thorized representative and each healthy volunteer. We enrolled consecu-
tive patients with septic shock admitted from the emergency department to
our ICU between February 2016 and January 2019. Exclusion criteria in-
cluded no informed consent, age < 18 y old, death or survival discharge from
the ICU within 72 h post-ICU admission (43), transfer to another facility
within 72 h, presence of an advanced directive to withhold or withdraw life-
sustaining treatment, insufficient blood samples, and follow-up loss.

We screened sepsis patients with the criteria of the quick SOFA score ≥2
(44). We infused crystalloid (30 mg/kg), obtained blood cultures, and
attempted to administer intravenous broad-spectrum antibiotics within 1 h.
Next, we calculated the SOFA score. If the SOFA score was ≥2, mean arterial
pressure was <65 mmHg after hydration, and serum lactate level was >2
mmol/L, the patient was diagnosed with septic shock (44). These patients
with septic shock were admitted to the ICU as soon as possible. After ad-
mission to the ICU, we collected demographic and laboratory data. Blood
samples were obtained from patients at 0, 24, and 72 h after ICU admission
through an arterial catheter. The repository protocol for patients with septic
shock is registered at ClinicalTrials.gov (NCT01670383).

The primary outcome was the development of secondary infection–like
VAP, CLABSI, and CAUTI (SI Appendix, Table S9) (45). The secondary outcome
was 90 d mortality.

Plasma Levels of Cytokines and Chemokines. Plasma levels of tumor necrosis
factor-α (TNF-α), IL-1β, IL-6, IL-8, IL-10, and GRO-α were measured with a
Luminex bead assay using the Human XL Cytokine Discovery Panel
(LKTM014, R&D Systems). Plasma LTB4 levels were measured by enzyme-
linked immunosorbent (ELISA) assay using the LTB4 Parameter Assay Kit
(KGE006B, R&D Systems). Each sample was assayed in duplicate.

MtFPs. Among 13 human mtFPs, the most potent stimulator of ER calcium
depletion and PMN chemotaxis was ND6 followed by ND3, ND4, ND5, and
Cox1 (12). Therefore, in this study, we measured plasma ND6 levels using the
human NADH-ubiquinone oxidoreductase chain 6 ELISA kit (MBS936598,
MyBioSource). Each sample was assayed in duplicate. For in vitro experi-
ments, ND6 hexapeptides (N-formyl-methionine-methionine-tyrosine-alanine-
leucine-phenylalanine, N-formyl-MMYALF) were synthesized by Peptron.

Human PMN Isolation. Human PMNs and PBMCs were isolated from freshly
drawn healthy volunteer blood (11, 12). With the permission of the Insti-
tutional Review Board (IRB) of Seoul National University College of Medi-
cine/Seoul National University Hospital (IRB number: 1605-044-760), we
received written informed consent from healthy volunteers and obtained
fresh blood from them for in vitro and ex vivo experiments.

The purity of isolated human PMNs was determined by flow cytometry
using a BD FACSCalibur (BD Biosciences). In brief, human leukocytes were
sorted by using a fluorescein (FITC)-conjugated anti-human CD15 antibody
(301903, BioLegend). Among these cells, CD49d-negative CD16-positive cells
detected with a phycoerythrin/cyanine 7 (PE/Cy7)-conjugated anti-human
CD49d antibody (304313, BioLegend) and an allophycocyanin (APC)-conjugated
anti-human CD16 antibody (360705, BioLegend) were counted as PMNs.

PMN Calcium Mobilization. PMNs were loaded with fura2-AM (F1221, Thermo
Fisher) for 45 min at 37 °C, and fluorescence was measured by using a
spectrofluorometer (FluoroMax Plus-C, Horiba, Ltd) at 505 nm with 340/
380 nm dual-wavelength excitations at 37 °C (12). ER calcium depletion was
assessed by measuring the 340 nm/380 nm ratio and was quantified as the
AUCs for 150 s (AUC150). The role of FPR1 in calcium mobilization was de-
termined by pretreatment with an FPR antagonist, CsH (10μM, SML1575,
Sigma-Aldrich) (42, 46). The most potent concentration of fMLF for FPR1
stimulation was 100 nM fMLF (SI Appendix, Fig. S11A), and 10 μM CsH
completely blocked the FPR1-stimulating effects of fMLF (SI Appendix, Fig.
S11B). Three independent experiments were performed.

PMN Chemotaxis. To assess PMN chemotaxis, a multiScreen 96-well plate with
a 3 μm pore membrane (MAMIC3S10, Merck Millipore) was used as previ-
ously described (11, 12, 47, 48). PMNs were resuspended in the control
medium, namely, Dulbecco’s modified Eagle’s medium (DMEM, 11885-084,
Thermo Fisher) containing 10% fetal bovine serum (FBS, F2442, Sigma-
Aldrich) and incubated for 45 min at 24 °C with ND6 (0, 5, 10, 50, or 100 nM)
or fMLF (100 nM). To determine the role of FPR1, PMNs were pretreated
with 10 μM CsH for 15 min at 24 °C before treatment. PMNs were placed in
the plate’s upper chambers (0.1 × 106 cells in 75 μL per well). DMEM con-
taining 10% FBS supplemented with 100 nM fMLF, 100 nM ND6, GRO-α
(100 nM, 78063, STEMCELL Tech. Inc.), or LTB4 (10 nM, L0517, Sigma-
Aldrich) (150 μL per well) was placed in the lower chambers. The plate was
incubated for 60 min in an incubator at 37 °C with 5% carbon dioxide
(CO2). Three independent experiments were performed in quadruplicate.

Receptor Expression on the PMN Membrane. Receptor expression on the PMN
membrane was detected by flow cytometry using BD FACSCalibur (BD Bio-
sciences). An FITC-conjugated anti-human FPR1 antibody (FAB3744F, R&D
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Systems) was used to detect FPR1 on the PMN membrane. FITC-conjugated
anti-human CXCR2 (551126, BD Biosciences) and PE-conjugated anti-human
BLT1 (LS-C16203-100, LifeSpan Biosciences Inc.) antibodies were applied to
detect CXCR2 and LTB4 receptor (BLT1) on the PMN membrane. An APC-
conjugated anti-human CD16 antibody (360705, BioLegend) was used for
PMN isolation. Three independent experiments were performed.

Sepsis-Mimicking Medium. To simulate septic conditions, we made a sepsis-
mimicking medium that contained a mixture of four cytokines and three
chemokines at concentrations approximating those previously found in our
patients with septic shock with secondary infection: human recombinant
TNF-α (25 pM, PHC3015, Thermo Fisher), IL-1β (10 pM, PHC0814, Thermo
Fisher), IL-6 (0.7 nM, PHC0065, Thermo Fisher), IL-8 (0.5 nM, I1645, Sigma-
Aldrich), IL-10 (0.7 nM, MBS142362, MyBiosource), GRO-α (0.75 nM, 78063,
STEMCELL Tech. Inc.), and LTB4 (0.15 nM, L0517, Sigma-Aldrich) in DMEM
containing 10% FBS.

Microfluidic PMN Migration Chip Assay. We fabricated a microfluidic PMN
migration chip by standard photolithography as described (27). Briefly, three
parallel wide chambers with a width of 200 μm and a height of 50 μm and
multiple narrow connecting microstructures with a width of 3 μm, a height
of 3 μm, and a length of 200 μm were created on a silicon wafer by pho-
tolithography. The patterns were then transferred to a polydimethylsiloxane
(PDMS) slab, resulting in PDMS microchannels (SI Appendix, Fig. S8A). A
culture medium with an attractant flowed into the attractant chamber, and
culture medium without an attractant flowed to the control chamber si-
multaneously, forming a diffusion-driven chemotactic gradient across the
narrow connecting microchannels (SI Appendix, Fig. S12).

Four different conditions were studied (SI Appendix, Fig. S8B). During the
30 min of chip running, PMN movements in each condition were recorded.
PMNs entering and penetrating microchannels, observed in five fields at
random in each chip, were discriminated and counted manually. Next, the
fraction of completely migrated PMNs to the attractant spaces (chemotactic
PMNs) among the PMNs entering microchannel entrances was calculated.
The migrating velocities of PMNs were measured by using ImageJ software
with the MTrackJ plugin. Migrated PMNs into the control medium or sepsis-
mimicking medium without fMLF were considered chemokinetic PMNs
(PMNs with nondirectional spontaneous movements). Representative im-
ages of chemotactic and chemokinetic PMN movements are shown in SI
Appendix, Fig. S13 A and B, respectively. Three independent experiments
were performed.

Bacteria-Killing Activities of PMNs. Effects of ND6 treatment on PMN bacte-
ricidal activity were estimated as previously described (49). S. aureus (14458)
and E. coli (35401) were purchased from American Type Culture Collection.
In brief, 5.0 × 106 of S. aureus and E.coli were opsonized in 2 mL of sup-
plemented phosphate-buffered saline (sPBS) containing 10 mM sodium
phosphate buffer (pH 7.4), 140 mM NaCl, 1 mM CaCl2, 0.5 mM MgCl2, and
5.6 mM glucose for 20 min in a 10 rpm rotator at 37 °C. Next, bacteria were
mixed with the same volume of sPBS containing 10% serum (bacteria-growth
control), 5.0 × 106 PMNs with 0.1% dimethyl sulfoxide (DMSO) (bacteria with
no-treated PMNs), and 5.0 × 106 PMNs with 100 nM ND6 (bacteria with ND6-
treated PMNs) and incubated for 60 min in a 10 rpm rotator at 37 °C.

At 0, 10, 30, and 60 min, bacteria-killing activities were calculated by
subtracting colony forming units (CFUs) of extracellular bacteria and intra-
cellular bacteria in bacteria with PMNs from CFUs of extracellular bacteria in
bacteria only. Then, we compared the bactericidal activities of untreated
PMNs and ND6-treated PMNs. Three independent experiments were
performed in triplicate.

Plasma and PMNs of Patients with Septic Shock at the Onset of Secondary
Infection. For ex vivo experiments, we prospectively collected blood sam-
ples from patients with septic shock who had developed secondary infections
(n = 3) and secondary infection–negative patients (n = 3) between 10 and
18 d after ICU admission. With the updated permission of the IRB of Seoul
National University College of Medicine/Seoul National University Hospital

(IRB number: 1605-044-760), we received renewed written informed consent
from patients with septic shock or their legally authorized representatives.

Using PMNs obtained from healthy volunteers, we studied changes in PMN
chemotaxis toward 100 nM fMLF and FPR1 expression on the PMN mem-
brane, after a 45 min exposure to the plasma of patients with septic shock
who developed secondary infections or to the plasma of secondary
infection–negative patients. Next, by using PMNs obtained from patients
with septic shock, we directly compared PMN chemotaxis in response to
fMLF and FPR1 expression on the PMN membrane between secondary
infection–positive and secondary infection–negative patients.

Plasma mtDNA Levels. Quantitative real-time PCR was performed to detect
and quantify mtDNA in the plasma as previously described (14). Primers for
human cytochrome B (forward 5″-ATGACCCCAATACGCAAAAT-3″ and re-
verse 5″-CGAAGTTTCATCATGCGGAG-3″) were synthesized by Bioneer Corp.

PBMC–Bacteria Conditioned Medium. We incubated 2.5 × 106 of PBMC with
2.5 × 106 CFU of S. aureus or E. coli in DMEM containing 10% FBS for 24 h at
37 °C with 5% CO2. PBMC alone and bacteria alone were also incubated.
After centrifugation at 20,000 g for 10 min at 4 °C, supernatants were col-
lected (PBMC-bacteria conditioned medium). Next, bacteria-alone pellets
were resuspended, sonicated 10 times for 30 s each, and centrifuged again.
The supernatants were collected, and ND6 levels were measured. Four in-
dependent experiments were performed in duplicate.

Statistics. In the present study, the 90 d mortality rate of patients who de-
veloped secondary infections and secondary infection–negative patients
were 73.3 and 29.3%, respectively, and a sample size of equal or greater
than 12 per group showed a power of 0.8 and a significance level of 0.05.
Cumulative survival and the cumulative occurrence of secondary infection
were analyzed using Kaplan–Meier survival analysis with the log-rank post
hoc test. Clinical demographic and laboratory data were analyzed by using
the Student’s t test or χ2 test. Differences in parameters for 72 h between
patients developing secondary infection and secondary infection–negative
patients and between 90 d survivors and nonsurvivors were analyzed using
the repeated measures ANOVA. Serial data were analyzed using stepwise
logistic regression analysis (with an entry level of 0.05 and a stay level of
0.05). Next, to determine which parameters were independently associated
with clinical outcomes in patients with septic shock, multiple logistic re-
gression analysis was applied. The diagnostic abilities of ND6 for the de-
velopment of secondary infection and increased 90-d mortality were
evaluated by calculating the AUCs in the ROC curve analysis, and the cutoff
value was calculated by the Youden index (J). P values less than 0.05 were
considered statistically significant, and the significance levels quoted are
two-sided. In vitro and ex vivo experimental data were analyzed using the
one-way analysis of variance with Tukey’s post hoc test. Bacteria killing ac-
tivities of PMNs were analyzed using the repeated-measures analysis of
variance test. These statistical analyses were conducted by using IBM SPSS
version 23.0 for Windows (SPSS).

Data Availability. All study data are included in the article and/or supporting
information.
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