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Objectives: Sepsis is an overwhelming systemic inflammatory response for which no satisfactory thera- 

peutic drug is available. Previous studies have shown that autophagy is involved in the cytokine storm 

and vascular leakage that occur during sepsis. Therefore, we aimed to evaluate the therapeutic potential 

of autophagy inhibitors against bacterial infection-induced sepsis. 

Methods: Cytokine production and phagocytosis of bacteria by human leukocytes and the permeability 

of endothelial cells were determined after the co-incubation of cells with lipopolysaccharide (LPS) or 

Escherichia coli in the presence or absence of autophagy inhibitors in vitro . Furthermore, the therapeutic 

effects of the autophagy inhibitors in E. coli -infected mice were analysed. 

Results: In the presence of the autophagy inhibitors, the LPS-triggered cytokine secretion of human leuco- 

cytes and LPS (or LPS-conditioned medium from leucocytes)-induced endothelial hyperpermeability were 

significantly reduced. Moreover, the inhibition of autophagy enhanced the clearance of E. coli by leu- 

cocytes in vitro . Finally, we demonstrated that post-treatment but not pretreatment with an autophagy 

inhibitor (hydroxychloroquine) completely protected mice against E. coli infection-induced lethality by 

simultaneously reducing cytokine production and vascular leakage and enhancing bacterial clearance. 

Conclusions: These results suggest that autophagy plays an important role in the pathogenesis of sepsis 

and could serve as a potential therapeutic target for sepsis. 

© 2019 The British Infection Association. Published by Elsevier Ltd. All rights reserved. 
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Introduction 

Sepsis is a syndrome caused by an overwhelming systemic

inflammatory response to infection which can lead to life-

threatening septic shock. 1,2 Since there is no effective drug to sup-

press the excessive inflammatory response, sepsis is the leading

cause of death in hospital intensive care units. 3–5 Hence, an effec-

tive therapeutic strategy preventing sepsis-induced lethality is in

great demand. 

Cytokine storms and vascular leakage are two major patho-

logical hallmarks of sepsis. 6–10 The exposure of immune cells

to the Gram-negative bacterial cell wall component lipopolysac-

charide (LPS) can induce the production and secretion of many

pro-inflammatory cytokines, such as tumour necrosis factor α
(TNF α), interleukin 1 (IL-1), IL-6, macrophage migration inhibitory

factor (MIF) and high mobility group box 1 protein (HMGB1), in

septic patients. 11,12 In addition, LPS and LPS-induced cytokines

can increase endothelial permeability, leading to multiple or-
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an failure. 9,10,13 Previous studies have shown that autophagy

s involved in the regulation of endothelial permeability during

nflammation. 13–16 In addition, autophagy plays important roles in

egulating the production, processing, and secretion of cytokines,

uch as IL-1. 17 Therefore, we proposed and tested the hypothesis

hat the modulation of autophagy may represent a potential ther-

peutic strategy for preventing the cytokine storm and vascular

eakage that occur during sepsis. 

Autophagy is a conserved homeostatic process occurring in cells

n response to stress conditions. 18,19 Autophagy signalling can be

nduced by starvation, reactive oxygen species (ROS), endoplas-

ic reticulum stress and infection. The formation of autophagic

esicles requires many autophagy-related (Atg) genes. This pro-

ess begins with the lipidation of the Atg8 protein (light-chain

 I, LC3-I) by phosphatidylethanolamine to form an LC3-II conju-

ate. The conversion of LC3-I to LC3-II leads to the formation of

 double-membrane-bound autophagosome. During the late stage

f autophagy, autophagosomes fuse with lysosomes to form au-

ophagolysosomes, and the cargos contained in the autophago-

omes are then degraded by lysosomal enzymes, such as hydro-

ases. 20 Therefore, it is generally believed that autophagy plays a

rotective role in sepsis by degrading damaged proteins, killing
eserved. 

https://doi.org/10.1016/j.jinf.2018.12.003
http://www.ScienceDirect.com
http://www.elsevier.com/locate/jinf
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jinf.2018.12.003&domain=pdf
mailto:today@mail.ncku.edu.tw
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athogens, preserving mitochondrial function and preventing cell

poptosis. 21,22 However, some studies note that macrophages de-

cient in autophagy exhibit increased uptake of bacteria and pro-

ect mice against bacterial infection. 23,24 In addition, the inhibition

f autophagy by chloroquine can either worsen or protect mice

gainst caecum ligation and puncture-induced lethal sepsis. 25,26 

herefore, the roles of autophagy in the pathogenesis of sepsis re-

ain controversial. 

In this study, we used LPS stimulation and Escherichia coli in-

ection as models to investigate the effect of autophagy inhibitors

n cytokine secretion and bacterial clearance by leucocytes and

he permeability of endothelial cells. We demonstrated that LPS-

nduced cytokine production by leucocytes was attenuated by the

nhibition of autophagy. Moreover, the treatment with the au-

ophagy inhibitors enhanced bacterial clearance by leucocytes. In

ddition, the endothelial hyperpermeability induced by either LPS

r LPS-conditioned medium was also alleviated in the presence of

he autophagy inhibitors. Finally, the inhibition of autophagy im-

roved survival in mice by reducing both cytokine secretion and

ascular leakage and increasing bacterial clearance after lethal E.

oli infection. 

aterials and methods 

thics statement 

All research involving healthy adult donors (5 healthy adult

onors were recruited for this study) was approved by the National

heng Kung University (NCKU) Hospital Institutional Review Board

IRB #A-ER-104-368). Informed written consent was obtained from

he volunteers following the human experimentation guidelines of

he Institutional Review Board of NCKU Hospital. 

All animal studies were performed in compliance with the

uide for the Care and Use of Laboratory Animals (The Chinese-

aipei Society of Laboratory Animal Sciences, 2010) and approved

y the Institutional Animal Care and Use Committee (IACUC) of

CKU under the number IACUC 105,018. 

nhibitors and treatment 

In the in vitro cell culture experiments, the cells were co-treated

ith LPS and different inhibitors. Autophagy initiation was in-

ibited by co-treating with a PI3K inhibitor (3-methyladenine, 3-

A) (Sigma-Aldrich, St. Louis, MO) at a concentration of 2 mM or

n ROS scavenger (N-acetyl- l -cysteine, NAC) (Sigma-Aldrich) at a

oncentration of 20 mM. The autophagosome and lysosome fusion

as blocked by co-treatment with 25 nM bafilomycin A1 (BafA1,

lfa Aesar, Ward Hill, MA) or 100 μM chloroquine (CQ, Sigma-

ldrich). Neither cytotoxicity nor bactericidal activity against E. coli

as observed at the concentration of autophagy inhibitors used.

olymyxin B (PMB) (Sigma-Aldrich) was used to neutralize LPS ac-

ivity in a comparison group. In the in vivo experiments, a deriva-

ive of CQ, hydroxychloroquine (HCQ, Sigma-Aldrich) (65 mg/kg)

nd 3-MA (40 mg/kg) were intraperitoneally injected into mice to

valuate their therapeutic effects. 

solation of peripheral blood leucocytes 

Peripheral blood was collected from healthy donors using

thylenediamine tetraacetic acid (EDTA)-coated vacutainer tubes

BD Biosciences, Franklin Lakes, NJ). The leucocyte buffy coat was

solated by centrifugation at 1500 rpm for 15 min. After transfer-

ing to a sterile centrifuge tube, the buffy coat was washed with

BC lysis buffer (Sigma-Aldrich) to eliminate the erythrocytes and

entrifuged at 2500 × g for 5 min at room temperature (RT). Then,

he supernatant was discarded, and the pellets were washed once
ith phosphate-buffered saline (PBS) by centrifugation at 1500 × g

or 5 min. The leucocytes were re-suspended in the desired volume

f serum-free RPMI-1640 medium. 

ell culture 

The human microvascular endothelial cell line (HMEC-1) (ob-

ained from the Centres for Disease Control and Prevention, CDC,

aiwan) and human umbilical vein endothelial cells (HUVECs)

Bioresource Collection and Research Centre, BCRC, Taiwan) were

ultured in Medium 200 (Thermo Fisher Scientific, Waltham, MA,

SA) supplemented with 10% heat-inactivated foetal bovine serum

FBS; HyClone Laboratories, Logan, UT). The human monocytic cell

ine (THP-1) was grown in RPMI-1640 medium (Life Technologies,

arlsbad, CA) containing 10% FBS, 2 mM l -glutamine (Caisson Lab-

ratories, Smithfield, UT, USA) and 50 μg/ml gentamycin (MDBio,

aiwan). Stable clones of luciferase (Luc) knockdown HMEC-1 cells,

FP knockdown THP-1 cells and LC3 knockdown THP-1 cells were

enerated by a lentivirus-based short hairpin RNA (shRNA) system

National RNAi Core Facility, Academia Sinica, Taiwan). The Atg5-

ilenced HMEC-1 cells were a generous gift from Dr. Chiou-Feng

in (Department of Microbiology and Immunology, Taipei Med-

cal University). The HMEC-1 and THP-1 stable clones were se-

ected with 250 ng/ml or 2 μg/ml puromycin (MDBio), respectively.

ll cells were cultured in a 37 °C incubator in a humidified 5% CO 2 

tmosphere. 

PS stimulation of leucocytes and THP-1 cells 

Leucocytes (2.5 × 10 5 cells/well) were seeded in 24-well plates

nd stimulated with 1 μg/ml LPS (Sigma-Aldrich) or not stimulated.

he cell culture medium was collected 24 h after the stimulation

nd centrifuged at 10 0 0 × g for 6 min to obtain the supernatant

or the cytokine measurement or storage as the LPS-conditioned

edium or normal control (NC) medium. The THP-1 cells (1 × 10 6 

ells/ml) were exposed to 5 ng/ml phorbol 12-myristate 13-acetate

PMA) (Sigma-Aldrich) for 48 h to induce differentiation. The PMA-

ifferentiated THP-1 cells (2.5 × 10 5 cells/well) and leucocytes were

timulated with 1 μg/ml LPS in the presence or absence of au-

ophagy inhibitors. The cell culture medium was collected at the

ndicated time points after treatment and centrifuged at 10 0 0 × g

or 6 min to obtain the supernatant for the cytokine measurement.

ytokine measurement 

The concentration of human IL-1 β , IL-6, MIF and HMGB1 in the

ell culture medium or mouse plasma was measured using human

r mouse ELISA kits following the manufacturers’ instructions. The

uman and mouse IL-1 β ELISA kits were purchased from Invitro-

en (Carlsbad, CA) and BioLegend (San Diego, CA), respectively. The

uman and mouse IL-6 and MIF ELISA kits were purchased from

&D Systems (Minneapolis, MN). The human and mouse HMGB1

LISA kits were purchased from Chondrex, Inc. (Redmond, WA) and

eadgene (Taiwan), respectively. 

ndothelial permeability assay 

HMEC-1 cells (9 × 10 4 /well) were seeded in the upper cham-

ers of Transwell plates (0.4 μm; Corning B.V. Life Sciences, The

etherlands) and maintained in M200 medium containing 10%

BS for 5 days. After the cells formed a stable monolayer, LPS

r LPS-conditioned medium with or without the inhibitors was

dded to the upper chambers along with M200 medium. After 1

r 6 h of treatment as indicated, the medium in the upper cham-

ers was replaced with 300 μl of RPMI medium containing 4.5 μl

f streptavidin-horseradish peroxidase (HRP) (R&D Systems). The
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Fig. 1. Autophagy inhibitors suppressed LPS-induced cytokine secretion in human leucocytes. Isolated human leucocytes were co-treated with LPS (1 μg/ml) with or 

without autophagy inhibitors (3-MA or CQ) for 24 h, and PBS only treatment was used as normal control ( n = 4 per group). Cell supernatants were collected, and the 

concentrations of (A) IL-1 β , (B) IL-6, (C) MIF and (D) HMGB1 in the cell supernatants were determined by ELISA kits. ∗P < 0.05, ∗∗P < 0.01, ∗∗∗P < 0.005. 
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streptavidin-HRP was allowed to equilibrate for 10 min, 50 μl of

the medium in the lower chambers were collected, and HRP activ-

ity was assayed by adding 100 μl of 3,3 ́,5,5 ́-tetramethylbenzidine

substrate (R&D Systems). The colour development was detected by

a VersaMax microplate reader (Molecular Devices, Sunnyvale, CA,

USA) at OD 450 nm 

. 

Western blotting 

The proteins were separated using SDS-PAGE and transferred

onto a PVDF membrane (Pall, Ann Arbor, MI, USA). The mem-

brane was blocked with 5% skim milk in TBST (0.05% Tween

20 in TBS) for 1 h. Then, the membrane was incubated with

antibodies against LC3 (GeneTex, Irvine, CA) or β-actin (Sigma-

ldrich) at 4 °C overnight and washed with TBST. Then, the mem-

branes were incubated with HRP-conjugated anti-mouse or anti-

rabbit immunoglobulin secondary antibodies (1:10,0 0 0 dilution)

(Leadgene) for another 1 h. After washing with TBST, the bound

HRP-conjugated antibodies were detected by WesternBright ECL

reagents (Advansta, Menlo Park, CA). The Western blotting results

were quantitatively analysed using ImageJ software. 

Preparation of E. coli 

E. coli isolated from the blood of patients with sepsis was a

generous gift from Dr. Pei-Jane Tsai (Department of Medical Lab-

oratory Science and Biotechnology, NCKU). E. coli was maintained

on LB agar plates for 16 h. Before each test, a loopful of the bacte-

ria from the plate was transferred into 10 ml of sterile LB broth and

grown for 16-20 h at 37 °C and 100 rpm. Then, the E. coli -containing

medium was washed with sterile PBS to eliminate the LB broth by

centrifugation at 30 0 0 × g for 5 min at RT. After the supernatant
as discarded, the pellet was re-suspended in 1 ml of PBS, and

he concentration of E. coli was determined by spectrometry at OD

00 nm 

. The E. coli stock was adjusted to the desired concentration

y using PBS. 

hagocytosis assay 

Leucocytes (4 × 10 5 cells/tube) were infected with E. coli (at a

ultiplicity of infection of 10:1) and co-treated with or without

utophagy inhibitors in cell culture tubes for 2 h at 37 °C with shak-

ng. Then, the cell culture tubes were centrifuged at 100 × g for

0 min to separate the cells from the supernatants. The infected

ells were washed once with PBS and treated with gentamycin

125 μg/ml) for 3 h to eliminate the residual extracellular bacteria.

fter washing with PBS, the cells were lysed in 200 μl of distilled

ater for 15 min, and the intracellular bacteria were harvested. The

xtracellular bacteria in the supernatants and the intracellular bac-

eria in the cell lysates were serially diluted, and 30 μl of each

ample were plated on LB agar plates. After 18 to 22 h of culture

t 37 °C, the bacterial load was calculated by counting the colony-

orming units (CFU). 

acterial sepsis models and treatment 

Eight- to ten-week-old female BALB/c mice were purchased

rom the National Laboratory Animal Centre and maintained at the

aboratory Animal Centre of NCKU. The mice were weighed and

ivided into the following four groups ( n = 6 per group): Group 1

control, intraperitoneal (i.p.) injection of PBS only), Group 2 ( E. coli

nfection, i.p. injection of E. coli (5 × 10 9 CFU/kg) in PBS), Group 3

post-treatment with 3-MA, i.p. injection of 3-MA (40 mg/kg) 1.5 h

fter the E. coli infection), and Group 4 (post-treatment with HCQ,
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Fig. 2. Inhibition of autophagy attenuates endothelial hyperpermeability induced by LPS and LPS-conditioned medium. The relative endothelial permeability was 

assessed by a Transwell permeability assay after the indicated treatment. (A) HMEC-1 cells were treated with PBS (normal control, NC), LPS (5 μg/ml) alone, or LPS with 

autophagy inhibitors (NAC, 3-MA, CQ or BafA1) for 1 h ( n = 6 per group). (B) HMEC-1 cells were transfected with luciferase shRNA (control; shLuc) or Atg5 shRNA (shAtg5). 

After selection with puromycin (250 ng/ml), the stable knockdown cell lines were treated with or without LPS (5 μg/ml) for 1 h ( n = 6 per group). (C) Isolated human 

leukocytes were stimulated with PBS or 1 μg/ml LPS for 24 h, and the cell supernatants were collected as NC medium or LPS-conditioned medium. HUVECs were treated 

with LPS-conditioned medium or LPS (1 μg/ml) for 6 h. PMB (15 μg/ml) was used to rule out the possible effect of LPS activity on the LPS-conditioned medium ( n = 6 per 

group). (D) HUVECs were co-treated with NC medium, LPS-conditioned medium, or LPS-conditioned medium and autophagy inhibitors (NAC, 3-MA, CQ or BafA1) for 6 h 

( n = 6 per group). ns: not significant, ∗P < 0.05, ∗∗P < 0.01, ∗∗∗P < 0.005. 
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.p. injection of HCQ (65 mg/kg) 1.5 h after the E. coli infection).

n addition, another set of experiments was designed to test the

nfluence of drug administration at different times in mice. The

ice were divided into the following four groups ( n = 6 per group):

roup 1 (control, intraperitoneal (i.p.) injection of PBS only), Group

 ( E. coli infection, i.p. injection of E. coli (5 × 10 9 CFU/kg) in PBS),

roup 3 (pretreatment with HCQ, i.p. injection of HCQ (65 mg/kg)

.5 h before the E. coli infection), and Group 4 (post-treatment with

CQ, i.p. injection of HCQ (65 mg/kg) 1.5 h after the E. coli infec-

ion). Blood was collected by orbital sinus sampling using hep-

rinized capillary tubes at the indicated time point. The cytokine

roduction and bacterial burden in the blood and the vascular

eakage were determined to ensure the success of establishing bac-

erial sepsis in the mice. The survival rate of the mice was mon-

tored every 6 h for the first 24 h after infection and every 12 h

hereafter for up to 2 days, and the remaining mice were sacrificed

y an overdose of anaesthetics. 

ascular leakage in the mouse organs 

The in vivo endothelial permeability was measured using a

odified Miles assay. 27 Briefly, 24 h after infection, the mice were

ntravenously injected with Evans blue dye (5%, 200 μl) 30 min be-

ore sacrifice. The organs (intestine and lung) from the mice were

eighed and soaked in 0.5 ml of formamide (J.T. Baker, Phillips-

urg, NJ) at 55 °C overnight to extract the Evans blue from the
issue. The amount of Evans blue in the extract was quantified by

pectrometry at OD 600 nm 

. 

ascular leakage in the mouse peritoneal cavity 

Twenty-four hours after infection, the mice were intravenously

njected with Evans blue dye (5%, 200 μl) 30 min before sacrifice.

he peritoneal fluid was harvested from the mice by peritoneal

ashing with 2 ml PBS and centrifugation at 10 0 0 × g for 5 min.

he OD 600 nm 

of the supernatants was determined, and the con-

entration of protein in the peritoneal washing fluid was deter-

ined using the Bradford method. 

etermination of the bacterial CFU in blood and organs 

Blood was collected from the orbital sinus of the mice by using

eparinized capillary tubes at the indicated time points. The mice

ere sacrificed 24 h after infection. The organs (intestine, heart,

nd liver) of the mice were weighed and homogenized in 0.5 ml

f PBS using a tissue homogenizer. Both the blood and the tissue

omogenates were serially diluted. Thirty microlitres of each sam-

le were plated on LB agar plates, and the bacterial colonies were

numerated after incubation at 37 °C for 18 h. 
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Fig. 3. Treatment with autophagy inhibitors enhances the phagocytosis of bacteria by human leucocytes. Leucocytes were infected with E. coli (MOI of 0.1) and co- 

treated with or without autophagy inhibitors (3-MA or CQ). The bacterial killing capacity was assessed by estimating the (A) intracellular and (C) extracellular CFUs 2 h after 

infection and the (B) intracellular and (D) extracellular CFUs 6 h after infection ( n = 4 per group). ∗P < 0.05, ∗∗P < 0.01, ∗∗∗P < 0.005. 
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Statistical analysis 

The statistical analyses of each experiment were performed us-

ing GraphPad Prism software (GraphPad Software, Inc., La Jolla,

CA, USA). Student’s t-test was used to compare the differences be-

tween two groups. For comparisons among multiple groups, the

data were analysed by one-way analysis of variance (ANOVA). All

data are presented as the means ± standard deviations (SDs). The

differences between groups were considered statistically significant

at P < 0.05. 

Results 

LPS-induced cytokine secretion by human leucocytes is suppressed by 

the inhibition of autophagy 

The roles of autophagy in a sepsis-induced cytokine storm

were investigated by co-treating human leukocytes with LPS and

autophagy inhibitors (3-MA or CQ). The results showed that LPS

induced human leucocytes to secrete cytokines (IL-1 β , IL-6, MIF

and HMGB1), which could be supressed by the co-treatment with

the autophagy inhibitors (Supplementary Fig. 1 and Fig. 1 ). The

differences in the effects of LPS on cytokine secretion between a

stable clone of LC3-knockdown THP-1 cells (shLC3) and a stable

clone of vehicle control THP-1 cells (shGFP) were also compared.

We found that the secretion of IL-6, MIF and HMGB1 was increased

in the LPS-stimulated shGFP THP-1 cells and that this increase

was significantly reduced in the LPS-stimulated shLC3 THP-1 cells
Supplementary Fig. 2 ). Taken together, these results suggest

hat autophagy is required for LPS-induced cytokine secretion by

uman leucocytes and that the inhibition of autophagy could at-

enuate the LPS-induced production of pro-inflammatory cytokines.

ndothelial hyperpermeability induced by either LPS or 

PS-conditioned medium is attenuated in the presence of autophagy 

nhibitors 

LPS and the leucocyte culture medium obtained after LPS stim-

lation (LPS-conditioned medium) were used as stimulators to in-

uce hyperpermeability in the human endothelial cell line HMEC-1

nd primary human umbilical vein endothelial cells (HUVECs). The

ells were co-incubated with four different autophagy inhibitors

3-MA, NAC, BafA1, and CQ) that could block the autophagic pro-

ess at different stages as indicated in the Materials and Meth-

ds and LPS or the LPS-conditioned medium. The results showed

hat LPS could induce endothelial cell hyperpermeability 1 h after

timulation; this effect was suppressed in the presence of the au-

ophagy inhibitors ( Fig. 2 A). In addition, the knockdown of Atg5

shAtg5) in the HMEC-1 cells prevented the LPS-induced increase

n endothelial permeability observed in the shLuc HMEC-1 cells

 Fig. 2 B). Subsequently, we attempted to further confirm that the

utophagy inhibitors could ameliorate cytokine-induced vascular

eakage. HUVECs were incubated with LPS-conditioned medium

ollected 24 h after stimulating leucocytes with LPS to determine

he effect of LPS-induced cytokines on endothelial permeability.

s shown in Fig. 2 C, the LPS-conditioned, but not NC medium
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Fig. 4. Autophagy inhibitors inhibit cytokine secretion in E. coli -infected mice. BALB/c mice were intraperitoneally injected with PBS or E. coli (5 × 10 9 CFU/kg) and 

treated with or without autophagy inhibitors (40 mg/kg 3-MA or 65 mg/kg HCQ) 1.5 h after E. coli infection ( n = 6 per group). Blood was collected, and the plasma level of 

(A) IL-1 β , (B) IL-6, (C) MIF and (D) HMGB1 was analysed 24 h post-infection. ns: not significant, ∗P < 0.05, ∗∗P < 0.01, ∗∗∗P < 0.005. 
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ignificantly increased the permeability of HUVECs 6 h after in-

ubation. Moreover, the hyperpermeability induced by the LPS-

onditioned medium was not inhibited in the presence of PmB,

nd 1 μg/ml LPS could not increase HUVEC permeability. These

esults indicate that the hyperpermeability induced by the LPS-

onditioned medium was caused by LPS-induced cytokines rather

han by LPS. Furthermore, the hyperpermeability induced by the

PS-conditioned medium could be blocked in the presence of the

utophagy inhibitors ( Fig. 2 D). 

reatment with autophagy inhibitors promotes bacterial clearance by 

eucocytes 

Previous studies have indicated that macrophages deficient in

utophagy exhibit increased uptake of bacteria. 23,24 In agreement

ith previous studies, compared to the PBS control group, we

lso found that the intracellular bacteria CFU was increased in the

roups treated with the autophagy inhibitors (3-MA and CQ) at 2 h

nd decreased at 6 h after E. coli infection ( Fig. 3 A and 3 B). In addi-

ion, the co-treatment with the autophagy inhibitors continuously

ecreased the extracellular bacteria CFU 2 and 6 h after the E. coli

nfection ( Fig. 3 C and 3 D). These results suggest that autophagy in-

ibition could promote the uptake of E. coli without affecting the

acteria-killing ability of human leukocytes. 

utophagy inhibitors suppress cytokine secretion induced by E. coli 

nfection in mice 

The effect of autophagy inhibition on cytokine production in

ivo was further evaluated in mice after E. coli infection. The
esults showed that infection by E. coli induced the production of

ro-inflammatory cytokines, such as MIF, IL-6, IL-1 β and HMGB1,

n BALB/c mice in a time-dependent manner. The levels of these

ytokines were significantly increased 24 h after infection (Supple-

entary Fig. 3 ). Furthermore, the treatment with the autophagy

nhibitors (3-MA and HCQ) 1.5 h after infection effectively atten-

ated the E. coli -induced pro-inflammatory cytokine secretion

 Fig. 4 ). 

utophagy inhibitors ameliorate vascular leakage in E. coli-infected 

ice 

We also used an in vivo permeability assay and a peritoneal

ash assay to confirm the protective effect of autophagy in-

ibitors against vascular leakage in E. coli -infected mice. The

esults showed that the treatment with the autophagy inhibitors

3-MA and HCQ) 1.5 h after infection could significantly reduce E.

oli -induced vascular leakage in the lung, but not in the intestine,

n BALB/c mice ( Fig. 5 A and 5 B). In addition, the E. coli -induced

ncreases in vascular permeability and protein extravasation in the

eritoneal cavity were significantly blocked in the presence of the

utophagy inhibitors (3-MA and HCQ) ( Fig. 5 C and 5 D). 

ost-treatment but not pretreatment with the autophagy inhibitor 

CQ increases bacterial clearance and survival rate in E. coli-infected 

ice 

As shown in Fig. 3 , autophagy inhibitors might enhance bac-

erial clearance in leucocytes in vitro . We further investigated the

nfluence of autophagy inhibition on the clearance of bacteria in
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Fig. 5. Autophagy inhibitors prevent vascular leakage in E. coli -infected mice. BALB/c mice were intraperitoneally injected with PBS or E. coli (5 × 10 9 CFU/kg) and treated 

with or without autophagy inhibitors (40 mg/kg 3-MA or 65 mg/kg HCQ) 1.5 h after E. coli infection ( n = 6 per group). Then, 5% Evans blue dye was intravenously injected 

into the mice’s tail vein 30 min before sacrifice; the (A) lung, (B) intestine and (C) peritoneal washing fluid were collected; and the vascular permeability was detected 

by quantifying the extravasation of Evans blue dye using VersaMax microplate reader at OD 600 nm . (D) The concentration of protein in the peritoneal washing fluid was 

quantified by the Bradford method. ∗P < 0.05, ∗∗P < 0.01, ∗∗∗P < 0.005. 
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vivo . We compared the bacterial loads in different tissues from

mice treated with or without the autophagy inhibitor HCQ 24 h af-

ter E. coli infection. The results showed that the mice treated with

HCQ 1.5 h after E. coli infection (the post-treatment group) had a

lower bacterial burden in the blood, intestine, heart, and liver than

those in the non-treatment group ( Fig. 6 ). However, the bacterial

loads in the mice treated with HCQ 1.5 h before E. coli infection

(the pretreatment group) were much higher than those in the non-

treatment group 24 h post-infection ( Fig. 6 ). Furthermore, the sur-

vival rate of the mice in the HCQ post-treatment group 48 h after

E. coli infection was 100% (12/12), which was significantly higher

than that in the non-treatment group (66%, 8/12). Conversely, the

survival rate of the mice in the HCQ pretreatment group decreased

to 37% (3/8) 48 h after E. coli infection ( Fig. 7 ). 

Discussion 

In this study, we demonstrated that both LPS- and E. coli -

induced cytokine production and vascular leakage were effectively

attenuated by treatment with autophagy inhibitors both in vitro

and in vivo . Furthermore, we also observed that treating mice with

autophagy inhibitors after, but not before, E. coli infection could

significantly decrease the bacteria load and increase the survival

rate in mice. Therefore, the inhibition of autophagy may represent

an alternative therapeutic strategy against sepsis. 

Previous studies have shown that autophagy can regulate the

secretion of cytokines that do not contain a secretory signal pep-

tide, such as IL-1 β and HMGB1, via an autophagosome/endosome-

base secretion pathway. 16 , 29–32 Consistent with previous studies,

we also demonstrated that the secretion of IL-1 β and HMGB1
nduced by either LPS or E. coli can be suppressed in the presence

f autophagy inhibitors. In addition, we found that the secretion of

L-6, which contains a secretory signal peptide, and MIF, which is a

ytokine that is secreted through a non-classical pathway involving

n ABC-transporter, were both attenuated in the presence of the

utophagy inhibitors. 28 Autophagy is known to enhance NF- κB

ignalling and regulate IL-6 and IL-8 secretion via a compartment

ntermixed with autophagic organelles. 29–31 Since the production

f MIF is also regulated through NF- κB signalling, 32 it is possi-

le that autophagy regulates MIF and IL-6 secretion/production

hrough NF- κB activation. However, the precise mechanisms by

hich autophagy regulates the LPS- or E. coli -induced secretion of

ifferent cytokines require further investigation. 

In our previous studies, we demonstrated that autophagy is in-

olved in vascular leakage triggered by different stimulators, in-

luding MIF, dengue virus non-structural protein 1 and thrombin,

ia an autophagy-mediated adherent/junction protein degradation

echanism. 16,33 Previous studies also suggest that autophagy is in-

olved in LPS-induced endothelial hyperpermeability. 13,34 In this

tudy, we further demonstrated that the vascular leakage induced

y LPS, LPS-conditioned medium, and E. coli infection was also at-

enuated by autophagy inhibitors. Therefore, autophagy may repre-

ent a common pathway involved in endothelial hyperpermeability

uring infection or inflammation. 

In addition to the suppression of LPS- or E. coli -induced cy-

okine secretion and vascular leakage, surprisingly, the bacterial

learance by leucocytes was found to be enhanced in the pres-

nce of the autophagy inhibitors. Traditionally, autophagy is con-

idered a lysosomal degradation pathway that plays key roles

n bacterial clearance. 35 During infection, intracellular pathogens
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Fig. 6. Post-treatment but not pretreatment with the autophagy inhibitor HCQ enhances bacterial clearance in E. coli -infected mice. HCQ (65 mg/kg) was intraperi- 

toneally injected into BALB/c mice 1.5 h before or after E. coli (5 × 10 9 CFU/kg) intraperitoneal infection ( n = 6 per group). At 24 h post-infection, the mice were sacrificed, 

and the bacterial burden in the (A) blood, (B) intestine, (C) heart, or (D) liver was analysed by plating the homogenates on LB agar. 

Fig. 7. Post-treatment but not pretreatment with the autophagy inhibitor HCQ 

protects mice against lethal E. coli infection. HCQ (65 mg/kg) was intraperi- 

toneally injected into BALB/c mice ( n = 7-10 per group) 1.5 h before or after in- 

traperitoneal infection with E. coli (5 × 10 9 CFU/kg). The survival rate of the mice 

was monitored at the indicated time points after infection. ∗P < 0.05, ∗∗P < 0.01, 
∗∗∗P < 0.005. 
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re recognized and ubiquitinated for recruitment to autophagic

argo receptors; this process results in the transportation of these

athogens to autophagosomes, which eventually fuse with lyso-

omes to kill the pathogens. 36,37 However, the roles of autophagy

n immune cells to engulf bacteria are still controversial. 38 Intrigu-

ngly, macrophages from Atg7 knockout mice exhibit an increase in

he expression of scavenger receptors and higher bacterial uptake

han those from wild type mice in response to mycobacterial in-

ection. 39 In addition, the inhibition of autophagy can increase the

hagocytosis of macrophages to methicillin-resistant staphylococ-

us aureus. 24 However, the phagocytosis of pneumococci by neu-

rophils is enhanced by autophagy. 40 Therefore, the effect of au-

ophagy inhibitors on the phagocytosis and bactericidal activity of
ifferent immune cells against different bacteria should be further

tudied. 

Interestingly, in this study, we found that only post-treatment

ith HCQ could effectively inhibit bacterial infection and increase

urvival in mice. However, the mice pre-treated with HCQ showed

ignificantly higher tissue bacterial loads and higher mortality

ates than the non-treated mice. These data suggest that autophagy

s a double-edged sword in sepsis. During the early stages of in-

ection, autophagy is required for pro-inflammatory cytokine se-

retion to trigger a beneficial inflammatory response to remove

athogens. However, the overwhelming production of these cy-

okines and autophagy-mediated vascular leakage can lead to mul-

iple organ failure and shock during sepsis, which may explain why

he differently timed treatments with the autophagy inhibitors had

ompletely different outcomes in the septic mice. The identifica-

ion of the therapeutic window during which treatment with au-

ophagy inhibitors can stop the inflammatory cascade in a timely

anner should be pursued in the future. 

Taken together, our results indicate that inhibition of autophagy

t either initiation stage by 3-MA or autophagosome and lyso-

ome fusion stage by CQ after E. coli infection have several ben-

ficial effects. First, the clearance of bacteria by immune cells can

e enhanced in the presence of autophagy inhibitors, which can

revent the spread of local infection throughout the body. Sec-

nd mitochondrial function may be maintained in cells due to the

lockage of mitophagy by autophagy inhibitors, and ROS gener-

ted by mitochondria can be further used to eliminate intracel-

ular pathogens. 41,42 Finally, importantly, autophagy inhibitors can

nhibit E. coli -induced cytokine secretion, thus preventing the over-

roduction of pro-inflammatory cytokines and the development of

ndothelial hyperpermeability in mice. Taken together, these find-

ngs may explain why the post-treatment of mice with HCQ could
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protect against E. coli -induced lethality. Since HCQ is a recognized

antimalarial and anti-inflammatory drug, its safety and tolerability

are well documented. 43 Clinical trials investigating HCQ should be

performed in the future to validate its efficacy in improving the

therapeutic outcome in septic patients. 
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