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Role of collectin-11 in innate
defence against uropathogenic
Escherichia coli infection

Hai Yuan*, Zhao Gao*, Xiaohan Lu and Fengqi Hu

Abstract

Classical collectins (surfactant protein A and D) play a significant role in innate immunity and host defence in uropatho-

genic Escherichia coli (UPEC)-induced urinary tract infection (UTI). However, the functions of collectin-11 (CL-11) with

respect to UPEC and UTI remain largely unexplored. This study aimed to investigate the effect of CL-11 on UPEC and

its role in UTI. We further examined its modulatory effect on inflammatory reactions in proximal tubular epithelial cells

(PTECs). The present study provides evidence for the effect of CL-11 on the growth, agglutination, binding, epithelial

adhesion and invasion of UPEC. We found increased basal levels of phosphorylated p38 MAPK and human cytokine

homologue (keratinocyte-derived chemokine) expression in CL-11 knockdown PTECs. Furthermore, signal regulatory

protein a blockade reversed the increased basal levels of inflammation associated with CL-11 knockdown in PTECs.

Additionally, CL-11 knockdown effectively inhibited UPEC-induced p38 MAPK phosphorylation and cytokine production

in PTECs. These were further inhibited by CD91 blockade. We conclude that CL-11 functions as a mediator of innate

immunity via direct antibacterial roles as well as dual modulatory roles in UPEC-induced inflammatory responses during

UTI. Thus, the study findings suggest a possible function for CL-11 in defence against UTI.
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Introduction

Urinary tract infection (UTI) is one of the most

common bacterial infections, affecting 150 million

people each year worldwide.1 Nearly half of the total

number of women develop a UTI in their lifetime, and

up to 50% of these suffer from recurrent infection

within six months of the initial infection.2

Uropathogenic Escherichia coli (UPEC) is the most

common pathogen causing UTIs.1 Recent studies

have highlighted the importance of innate immunity

in UTI.3 The innate immune system, consisting of

PRRs and their downstream effectors, helps protect

against bacteria in the urinary tract.1 PRRs can be

classified into two major families: TLRs and C-type

lectins.1

Collectins are a subtype of the C-type lectin family

that have a collagen-like domain (CLD) and a calcium-

dependent carbohydrate-recognition domain (CRD).4

Our previous studies and other reports found that

classical collectins, surfactant protein A (SP-A) and
surfactant protein D (SP-D) play a significant role in
innate immunity and host defence in UTIs.5–10 Both
SP-A and SP-D can directly bind to UPEC and inhibit
its growth.5–7 Additionally, SP-D can agglutinate
UPEC.5 Previous studies, including our own, showed
that SP-A and SP-D function as PRRs, interact with a
variety of receptors and possess both pro- and anti-
inflammatory signalling functions.7,11–13 Under healthy
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conditions, SP-A and SP-D bind to signal regulatory

protein a (SIRPa) at its CRD domain, which inhibits

excessive activation of p38 MAPK, thus showing anti-

inflammatory properties.11 However, in the presence of

microbes (such as UPEC), the CRD domain of SP-A

and SP-D interacts with the microbial surface,14 and

the CLD domain binds to calreticulin/CD91 of the epi-

thelial cells, thereby stimulating p38 MAPK phosphor-

ylation and exerting pro-inflammatory effects that help

in bacterial clearance.7,11,12

Collectin-11 (CL-11), also known as collectin kidney

1 (CL-K1), is a novel collectin identified by Keshi et al.

in 2006.15 CL-11 exhibits calcium-dependent sugar

binding activity to L-fucose and D-Man, which can be

inhibited by EDTA.15,16 CL-11 recognises and binds to

a broad range of bacteria, including E. coli O:126 and

E. coli O:60 (smooth E. coli strains with known LPS

structures that contain L-fucose and D-Man in their O-

Ags), rough E. coli HB:101 and Pseudomonas aerugi-

nosa owing to its specific sugar-binding character,16,17

and possesses antibacterial activity.18 Further studies

have reported that calreticulin/CD91 and SIRPa are

involved in CL-11-mediated opsonophagocytosis and

cytokine production in epithelial cells.19 However, the

functions of CL-11 with respect to UPEC and UTI

remain unclear.
This study aimed to investigate the possible modu-

latory effect of CL-11 on UPEC and its role in UTI.

Thus, we examined whether CL-11 directly interacts

with UPEC. We further examined its modulatory

effect on inflammatory reactions in proximal tubular

epithelial cells (PTECs).

Methods

Reagents and buffers

Recombinant mouse CL-11 protein, anti-SIRPa and

anti-CD91 Abs were purchased from R&D Systems

(Minneapolis, MN). Anti-CL-11 Ab was purchased

from Invitrogen (Carlsbad, CA). Anti-p38 MAPK,

anti-phosphorylated p38 MAPK and anti-GAPDH

Abs were purchased from Santa Cruz Biotechnology

(Santa Cruz, CA). UPEC (strain CFT 073, a smooth

strain with the O6:H1 serotype of LPS) isolated from a

human pyelonephritis patient, was purchased from the

American Type Culture Collection (ATCC, Manassas,

VA). CL-11 small interfering RNA (siRNA) and neg-

ative control siRNA were purchased from Qiagen

(Hilden, Germany). The following buffers were used:

TBS (10 mM Tris and 145 mM NaCl), TBS/Ca (TBS

with 2 mM CaCl2, pH 7.4), TBST (TBS with 0.1%

Tween-20) and TBS/EDTA (TBS with 2 mM EDTA,

pH 7.4).

Animals

The C57BL/6 mice were bred and maintained in the
animal facility at Hubei University of Arts and
Science. Mice were housed in a temperature-
controlled room at 22�C under specific pathogen-free
conditions. In this study, we used 8- to 10-wk-old
female mice. All animal experiments were approved
by the Institutional Animal Care and Use Committee
of the Hubei University of Arts and Science (approval
number #2018-071). Procedures were performed
according to the National Institutes of Health Guide
for the Care and Use of Laboratory Animals (NIH
Publication no. 8023, revised 1978). Murine urine and
kidney samples were collected as previously described.7

Immunohistochemistry

Immunohistochemistry (IHC) was performed on
paraffin-embedded normal murine kidney sections as
per our previously published protocol.20 In brief, sec-
tions were incubated with Ab against mouse CL-11
overnight at 4�C, followed by incubation with biotiny-
lated secondary Ab and avidin–biotin peroxidase com-
plex. Peroxidase activity was visualised by
diaminobenzidine (DAB). As a negative control, the
samples were incubated with non-immune serum
instead of the primary Ab.

Primary PTEC isolation, culture and treatment

Primary PTECs from mice were isolated using our pre-
viously described methods.21 In brief, the renal cortex
was dissected and digested with type I collagenase and
subsequently passed through a 70 lm nylon sieve. The
pellet was overlaid on an OptiPrepTM density gradient
solution (Sigma–Aldrich, St Louis, MO) and centri-
fuged. Purified PTECs were collected and cultured in
DMEM/F12 medium supplemented with 5% FBS,
non-essential amino acids and insulin-transferrin-
selenium (Sigma–Aldrich). For the identification of
PTECs, the cells were placed on glass coverslips after
fixing with 4% paraformaldehyde, following which
they were double stained with anti-megalin Ab (Santa
Cruz Biotechnology) to confirm the species of the cul-
tured cells and to determine the purity of PTECs. For
the fluorescence visualisation of primary Abs, slides
were stained with FITC-conjugated IgG for 1 h at
room temperature. The nuclei were counterstained
with DAPI (Antgene, Wuhan, PR China) for 5 min.
For experiments, confluent layers of PTECs (control;
CL-11 knockdown and pre-treated with 2 mg/ml anti-
SIRPa Ab, 2 mg/ml anti-CD91 Ab or control IgG for
30 min) were infected with CFT 073 for 3 h. To assess if
the effects of CL-11 knockdown could be rescued with
the addition of CL-11 protein to the assay medium,
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CL-11-knockdown PTECs via siRNA were incubated

with CL-11 (10mg/ml) for 1 h, then infected with or

without CFT 073. Supernatant and protein were col-

lected and stored at –80�C until further analysis.

Western blot analysis

PTECs, murine renal tissue and murine urine samples

were lysed with RIPA buffer containing a cocktail of

protein inhibitors and phosphatase inhibitors (Roche,

Mannheim, Germany). The samples were centrifuged,

and the supernatant was recovered for Western blot

analysis. In brief, protein samples were subjected to

electrophoresis using a Tris-glycine gel and transferred

to polyvinylidene fluoride membranes (Thermo Fisher

Scientific, Waltham, MA). Membranes were probed

with primary Abs (Abs against mouse CL-11, p38

MAPK, phosphorylated p38 MAPK or GAPDH), fol-

lowed by secondary IRDye 800CW labelled Abs (LI-

COR Biosciences, Lincoln, NE). Membranes were

scanned using an Odyssey CLx infrared imaging

system (LI-COR Biosciences), and Quantity One anal-

ysis software (Bio-Rad, Hercules, CA) was used to

quantify the band intensity of the blotted proteins.

Preparation of bacteria

CFT 073 cells were cultured in lysogeny broth (LB) at

37�C. Bacteria were harvested by centrifugation at

2000 g for 10 min at 4�C and re-suspended in PBS.

UV-treated CFT 073 cells were prepared for binding

experiments. The cultured medium was UV irradiated

for 5 min. The bacteria were then washed, re-suspended

and diluted to a final OD of 0.1 at 600 nm in sterile

TBS for further experiments.

Binding of CL-11 to UPEC CFT073

Because both SP-A and SP-D can directly bind to

UPEC CFT073 in a calcium-dependent manner

through CRD, and this binding is strongly inhibited

by EDTA,5,6 UV-treated CFT 073 were incubated

with CL-11 (10mg/ml) in TBS/Ca or TBS/EDTA

buffer at 37�C for 1 h. After incubation, CFT 073

was collected by centrifugation at 5000 g for 5 min

and washed with TBST. The bacterial pellet obtained

after centrifugation was re-suspended in SDS-loading

buffer. Samples were analysed using SDS-PAGE

and Western blotting using the anti-CL-11 Ab as

described above.

Bacterial viability assay

Bacterial viability assays were carried out using a LIVE/

DEAD BacLight Bacterial Viability Kit (Invitrogen,

Molecular Probes, Carlsbad, CA) according to the

manufacturer’s instructions. Stained bacteria were incu-
bated with different concentrations of CL-11 (0, 5 or
10mg/ml) in TBS/Ca for 4 h. After incubation, the bac-
teria were observed by fluorescence microscopy.
Changes in fluorescence intensity were measured using
the fluorescence microplate readers (Thermo Fisher
Scientific) and compared to a standard curve that was
generated using increasing concentrations of live/dead
bacteria.

Adherence and invasion assay

PTECs (105 cells/well) were seeded onto a 24-well plate
and allowed to adhere to the surface overnight.
The PTECs were then infected with CL-11-pre-
treated (10 mg/ml for 1 h at 37�C) or vehicle-treated
(control, DMEM/F12 medium) UPEC CFT073 at
37�C in DMEM/F12 medium. For bacterial adherence,
after incubation with UPEC CFT073 for 1 h, cells were
vigorously washed with PBS to remove unattached
bacteria and lysed with 0.1% Triton X-100 for 10
min.22 For bacterial invasion, after incubation with
UPEC CFT073 for 1 h, PTECs were washed with
PBS three times and then incubated with 100 mg/ml
gentamicin for 1 h to kill extracellular bacteria. Cells
were then washed and lysed with TBST as previously
described.22 The lysate was serially diluted and plated
onto LB agar plates for a colony count.

CL-11 siRNA transfection

PTECs were transfected with 10 nM CL-11 siRNA or
control siRNA using HiperFect transfection reagent
(Qiagen) as previously described.23 Cells were then cul-
tured in normal growth media for 48 h before treat-
ment. To assess the knockdown efficiency, transfected
cells (CL-11 siRNA or control siRNA) were collected
for subsequent Western blot analysis using specific
CL-11 Ab 48 h following transfection.

Urinary CL-11 levels in patients with recurrent UTI

Forty-two non-pregnant women (aged 18–65 yr) with
recurrent UTI and 42 age-matched healthy women
were included in this study. All patients were recruited
at the Xiangyang Central Hospital. Each patient’s first
morning urine specimen was collected for analysis.
Recurrent UTI was defined according to our previous-
ly published definition24 and the European Association
of Urology Guidelines on Urological Infections (pre-
sented at the European Association of Urology Annual
Congress Copenhagen 2018) as three or more recur-
rences per yr or two or more recurrences within 6
mo. Exclusion criteria included urinary tract obstruc-
tion, vesicoureteral reflux and diabetes. The study was
conducted in accordance with the Declaration of
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Helsinki, and the protocol was approved by the Ethics
Committee of Xiangyang Central Hospital, Xiangyang,
China (approval number #ZXYYLL-2017-006). All
participants gave written informed consent.

ELISA

Supernatants were collected after CFT 073 infection of
PTECs (control; CL-11 knockdown and pre-treated
with either 2mg/ml anti-SIRPa Ab, 2 mg/ml anti-
CD91 Ab or control IgG for 30 min) and centrifuged
at 5000 g for 5 min and stored at –80�C. The levels of
released keratinocyte-derived chemokine (KC; the
functional homolog of human IL-8) from PTECs
were measured by KC ELISA assay Kit (R&D) accord-
ing to the manufacturer’s instructions. Urine samples
were centrifuged at 2000 g for 5 min, and the levels of
CL-11 were measured using the Human CL-11
BioAssayTM ELISA Kit (USBiological, Swampscott,
MA) according to the manufacturer’s instructions.

Statistical analyses

All data are presented as means�SEM. Statistical anal-
ysis of the data was performed using GraphPad Prism
v7.0 (GraphPad Software, San Diego, CA). Comparison
among/between groups was performed using one-way
ANOVA or Student’s t-test. For all comparisons,
P< 0.05 was considered statistically significant.

Results

CL-11 expression in murine kidney tissue and urine

To examine the expression and distribution of CL-11 in
murine kidney and urine, Western blot analysis and

IHC were performed. CL-11 protein expression was

detected using Western blotting in the kidneys and

urine of mice (Figure 1a). Immunoreactivity for CL-

11 was detected in the proximal tubules and medullary

collecting tubules of mice by IHC (Figure 1b and c).

CL-11 agglutinates UPEC CFT073 and exhibits

antimicrobial activity against UPEC CFT073

We conducted cell viability assays to determine the

agglutination and antimicrobial activity of recombi-

nant mouse CL-11 against UPEC CFT073. Through

LIVE/DEAD cell staining, we documented a clear

reduction in UPEC CFT073 and higher agglutination

in UPEC CFT073 treated with CL-11 compared to

negative control (Figure 2a and b, respectively).

Additionally, our results demonstrated that mouse

CL-11 at 10 mg/ml exhibits rapid, dose-dependent bac-

tericidal activity towards UPEC CFT 073 (Figure 2c).

CL-11 directly interacts with UPEC CFT073

The binding of CL-11 to CFT 073 was investigated

using a co-incubation assay. Unbound proteins were

removed with several washes, and CL-11 bound to the

CFT 073 was detected using Western blotting. We found

that CL-11 binds in a calcium-dependent manner to

CFT 073 (Figure 3a). As CL-11 is considered to interact

with specific complex carbohydrates of bacteria in a

calcium-dependent manner via the CRD, we performed

an inhibition analysis using EDTA to identify the bind-

ing specificities of CL-11 against CFT 073 and found

that EDTA inhibited the binding of CL-11 to CFT 073

(Figure 3a). These results indicated that CL-11

Figure 1. Collectin-11 (CL-11) expression in the kidney and urine of mice. (a) CL-11 proteins were detected in the kidney and urine
by Western blot analysis. (b) and (c) Positive staining of CL-11 expression was detected in the tubular epithelial cells of the kidney
(original magnification, 200�).
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recognised carbohydrate patterns of CFT 073 in a

calcium-dependent manner via the CRD.

CL-11 prevents adhesion and invasion of UPEC

CFT073 to PTECs

The key events during UPEC CFT073 infection are epi-

thelial adhesion and intracellular invasion of UPEC

CFT073. Because the results described above indicate

that CL-11 exerts innate immune functions in part via

direct binding to UPEC CFT073, we next focused on

the effects of CL-11 on the adhesion and invasion of

UPEC CFT073 to PTECs. The primary PTECs from

mice were identified by immunofluorescence staining

for megalin, a proximal tubular specific biomarker, as

previously described.21 The results indicated that > 95%

Figure 2. CL-11 shows bactericidal activity towards uropathogenic E. coli (UPEC) CFT 073. CFT 073 was stained using a LIVE/DEAD
BacLight Bacterial Viability Kit. (a) Bacteria were incubated with CL-11 (10 mg/ml). Untreated bacteria served as the control. Bacterial
viability was analysed integrating fluorescent changes from viable (green) and dead (red) cells. (b) CFT 073 was incubated without or
with CL-11 (10 mg/ml) in the presence of CaCl2. After incubation, the bacteria were observed by fluorescence microscopy (original
magnification, 400�). (c) The percentage of live bacteria was plotted against time. *P< 0.05.

Figure 3. CL-11 binds to UPEC and inhibits their adhesion and invasion into proximal tubular epithelial cells (PTEC) CFT 073 in vitro.
(a) CFT 073 was incubated with or without CL-11 (10 mg/ml) in the presence of CaCl2 or EDTA. After incubation, the mixture of CFT
073 and protein was washed and centrifuged. The bacterial pellet obtained was subjected to SDS-PAGE, and blotting analysis was
performed to detect CL-11 co-sedimented with the bacteria. As a positive control, recombinant CL-11 was loaded. (b) PTECs from
mice were isolated and identified as described in the Methods. More than 95% of the isolated cells showed megalin-positive staining.
(c) and (d) CFT 073 was pre-treated with CL-11 (10 mg/ml) or vehicle control. PTECs were then incubated with CFT 073. The media
was aspirated, and PTECs were washed, treated without or with gentamicin (adhesion or invasion) and finally lysed with TBST to
quantitate intracellular bacteria (expressed as % of initial inoculum). *P< 0.05 compared to 0 and 10 mg/ml.
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of the isolated cells showed positive megalin staining

(PTEC biomarker), suggesting that these isolated cells

contained > 95% of PTECs (Figure 3b). We observed

that UPEC CFT073 pre-incubated with CL-11 exhibited

significantly less adherence and invasion to the PTECs

(P< 0.05; Figure 3c and d). These data indicate that

binding of CL-11 to CFT 073 prevents adhesion and

invasion of the bacteria to PTECs.

CL-11 exerts anti-inflammatory effect via SIRPa
without UPEC CFT073 stimulation in PTECs

CL-11 siRNA effectively reduced CL-11 expression in

PTECs (Figure 4a). Without UPEC CFT073-

stimulation, very low levels of basal p38 MAPK, phos-

phorylated p38 MAPK and KC expression were

observed in PTECs (Figure 4). However, basal and

phosphorylated levels of p38 MAPK and KC expression

were significantly increased in CL-11 siRNA-transfected

PTECs (CL-11 knockdown) compared to that in cells

without CL-11 siRNA transfection or with negative

control siRNA transfection (P< 0.05; Figure 4).

Furthermore, the addition of CL-11 to CL-11 siRNA-

transfected PTECs (CL-11 knockdown) could reverse

the increase observed in KC expression (Figure 4d).

These results showed that CL-11 attenuated p38

MAPK phosphorylation and KC expression under

normal conditions (without UPEC CFT073 infection).

Moreover, SIRPa Ab inhibited the expression of CL-11

to activate p38 MAPK phosphorylation and KC expres-

sion (P< 0.05; Figure 4), indicating that without UPEC

CFT073 infection (under normal conditions), CL-11

exerts an anti-inflammatory role through SIRPa.

CL-11 exerts a pro-inflammatory role via CD91 in

UPEC CFT073-infected PTECs

Although UPEC CFT073 did not change the expression

of CL-11 (data not shown), it up-regulated p38 MAPK

phosphorylation and KC expression in PTECs compared

to untreated PTECs or negative control (Figure 5). Pre-

treatment of PTECs with calreticulin/CD91 Ab partially

reversed UPEC CFT073-induced p38 MAPK phosphor-

ylation activation and KC expression (Figure 5), indicat-

ing that calreticulin/CD91 is involved in UPEC CFT073-

induced inflammatory response. CL-11 siRNA transfec-

tion also reduced UPEC CFT073-induced p38 MAPK

phosphorylation activation and KC expression. The

Figure 4. CL-11 exerts anti-inflammatory effect via SIRPa in uninfected PTECs. (a) CL-11 siRNA effectively reduced CL-11
expression in PTECs. (b) and (c) PTECs were pre-treated with anti-SIPRa Ab or control IgG, and then incubated with or without CL-
11 siRNA. Levels of p-p38 MAPK were detected using Western blot analysis. (d) Supernatants were collected and used for measuring
keratinocyte-derived chemokine (KC) expression using ELISA. *P< 0.05.
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addition of CL-11 to CL-11 knockdown PTECs could

reverse the decrease observed in KC expression (Figure

6), indicating a pro-inflammatory role for CL-11 under

UPEC CFT073 stimulation. Incubation with the CD91

Ab further blocked p38 MAPK phosphorylation-

mediated activation and KC expression under UPEC

CFT073 stimulation (Figure 6), indicating that calreticu-

lin/CD91 is involved in UPEC CFT073-induced CL-11

activation of inflammatory response.

Urinary CL-11 levels in recurrent-UTI and healthy

groups

The levels of CL-11 in the urine of patients were tested

by ELISA. Compared to the healthy group, urinary CL-

11 levels were significantly lower in the recurrent UTI

group (8.7� 3.93 mg/ml vs. 4.2� 2.3mg/ml; P< 0.05).

Discussion

UTI is one of the most common bacterial infections in

humans. Numerous host factors have been implicated

in the defence mechanisms against UTI induced by

UPEC. Previous studies revealed that classic collectins

(SP-A and SP-D) are involved in the host defence

against UPEC-induced UTI.5–7,20 In a recent investi-

gation, CL-11 knockout mice were shown to be more

susceptible to lung infection with Streptococcus pneu-

moniae.25 However, the functions of CL-11 with

respect to UPEC and UTI were unclear. In the pre-

sent study, we provided evidence that CL-11, as one

of the novel collectins, affected the growth, agglutina-

tion, binding, epithelial adhesion and invasion of

UPEC. We found increased basal levels of phosphor-

ylated p38 MAPK and KC expression in CL-11

knockdown PTECs. Moreover, SIRPa blockade

reversed the increased basal levels of inflammation

via CL-11 knockdown in PTECs. In addition,

UPEC induced inflammation in PTECs. However,

CL-11 knockdown effectively inhibited UPEC-

induced p38 MAPK phosphorylation and KC expres-

sion in PTECs. CD91 blockade further inhibited the

UPEC-induced p38 MAPK phosphorylation and KC

expression in PTECs. These observations suggested

Figure 5. CD91 is involved in UPEC-induced p-p38 activation. (a) and (b) PTECs were pre-treated with anti-CD91 Ab or control IgG
and then incubated with or without UPEC. Levels of phosphorylated p38 MAPK were detected using Western blot analysis. (c)
Supernatants were collected and used for measuring KC expression levels using ELISA. *P< 0.05.
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that CL-11 exerted a direct antibacterial effect and

modulated inflammatory response to UTI.
In this study, we demonstrated direct antibacterial

roles of CL-11 in host defence against UPEC. We

showed that CL-11 directly bound to and agglutinated

UPEC CFT 073, a smooth strain with the O6:H1 sero-

type of LPS. Previous studies have reported that CL-11

bind to LPS from E. coli EH100 (rough strain), E. coli

F583 (rough strain) and Klebsiella pneumoniae.15

Furthermore, CL-11 has been shown to bind, with

broad specificity, to bacteria including E. coli O:126

(smooth), E. O:60 (smooth), E. coli HB:101 (rough), S.

pneumoniae and P. aeruginosa.16,17,25,26 As previous

studies have shown that CL-11 exhibits calcium-

dependent sugar-binding activity to L-fucose and D-

Man, the O-Ags of E. coli O:126 and E. coli O:60 LPS

(which contain L-fucose and D-Man), glycolipids or

UPEC surface lipids could be the candidate ligands for

CL-11. Although a recent study showed that CL-11

inhibits the growth of non-pathogenic E. coli,18 it was

unclear whether it would have the same effects on the

growth of pathogenic E. coli, as pathogenic strains usu-

ally have a different composition/structure of LPS than

that in non-pathogenic strains. Our present study found

that CL-11 inhibited the growth of UPEC CFT 073.

This may be explained by the binding of collectins to

glyco and lipid conjugates on bacterial membranes, lead-

ing to increased permeabilisation and lysis of the micro-

organisms.27 Incubation of PTECs with a complex of

CL-11 and UPEC inhibited bacterial adherence and

invasion into the PTECs. It is likely that the binding

of CL-11 to UPEC, which agglutinated UPEC, may

be responsible for the decreased adhesion and invasion.

We detected CL-11 expression in the proximal tubules

and medullary collecting tubules of mice. These results

were consistent with previous findings.28 In the present

study, we also demonstrated that the level of urinary

CL-11 was lower in patients with recurrent UTI com-

pared to that in healthy individuals. These results clearly

indicated the direct interaction of CL-11 with UPEC.

Figure 6. CL-11 exerts pro-inflammatory effect via CD91 in UPEC-infected PTECs. (a) and (b) PTECs were pre-treated with CL-11
siRNA (with or without CD91 Ab) or control siRNA and then incubated with or without UPEC. Levels of p-p38 MAPK were
detected in PTECs using Western blot analysis. (c) Supernatants were collected and used for measuring KC expression using ELISA.
*P< 0.05.
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We next focused on the roles of CL-11 in the mod-
ulation of the inflammatory response to UPEC.
Epithelial cells of the urinary tract not only form a
barrier to prevent pathogens, but also cause inflamma-
tion in response to UPEC stimulation. Previous stud-
ies, including ours, have revealed the dual
immunomodulatory effects of classic collectins (SP-A
and SP-D).7,11,13 Additionally, the immunoregulatory
roles of CL-11 as a novel collectin have recently
received more attention. CL-11 has been shown to
interact with cell surface receptors, including calreticu-
lin/CD91 and SIPRa, thereby regulating inflammatory
signals.19 Murine KC is a functional homolog of
human cytokine IL-8. IL-8 expression has been
observed to be significantly increased in the kidneys
of patients with UTI.29 Human IL-8 production in
the urinary tract epithelial cells is dependent on p38
MAPK-mediated NF-jB activation.30 The p38
MAPK signalling pathway plays a central role in the
regulation of pro-inflammatory cytokine production.
Previous studies have shown that p38 MAPK is phos-
phorylated in response to UPEC infection and regu-
lates the activation of NF-jB in UTI.31 Interestingly,
we found increased basal levels of p38 MAPK phos-
phorylation and KC expression in CL-11 knockdown
PTECs, but SIRPa blockade reversed these increased
basal levels of p38 MAPK phosphorylation and KC
expression by CL-11 knockdown in PTECs. These
results indicated that under normal environmental con-
ditions or in the healthy state, CL-11 binds to SIRPa,
which inhibits the activation of p38 MAPK and attenu-
ates the production of inflammatory mediators, thus
exerting a pro-inflammatory role.

We also found that UPEC increased p38 MAPK
phosphorylation and KC expression. Exposing
PTECs to CD91 Ab or CL-11 siRNA prior to UPEC
infection significantly dampened UPEC-induced p38
MAPK activation and KC expression. The combina-
tion of CD91 blockade and CL-11 knockdown
further suppressed UPEC-mediated inflammation.
We postulated the following to explain this phenome-
non. After infection of PTECs, CL-11 first binds to
UPEC via CRD, while its CLD interacts with CD91/
calreticulin on PTECs, thereby activating the p38
MAPK signalling pathway and up-regulating the
expression of inflammatory mediators. Our findings
are similar to those of a recent study on retinal pigment
epithelial cell infection models, where CL-11 was found
to modulate retinal pigment epithelial cell phagocytosis
and cytokine production either via the interaction of
its CLD with calreticulin/CD91 or its CRD with
SIRPa on retinal pigment epithelial cells under differ-
ent situations.19 For the benefit of the host, it is
important that the immune response is slightly regulat-
ed and homeostasis is restored following an infection.

UPEC attach to the surface of PTECs, where they

rapidly invade epithelial cells. Therefore, during the

phase of acute infection, CL-11 could exert pro-

inflammatory effects in PTECs and help clear UPEC.

When UPEC is cleared, CL-11 exerts anti-

inflammatory effects, inhibiting cytokine production

to avoid excessive inflammatory reactions that can

damage the body.
Our study has a few limitations. First, most of the

data in this study were obtained from in vitro experi-

ments with primary PTECs and an analysis of CL-11 in

the urine of patients with UTI. Therefore, it lacks in

vivo animal model-related evidence in order to confirm

the hypothesis. Second, SIRPa and calreticulin/CD91

are important receptors present in epithelial cells, and

PTECs express SP-A, SP-D and other proteins that are

known to regulate SIRPa and calreticulin/CD91-

mediated signalling.32–34 Therefore, blocking SIRPa
or calreticulin/CD91 may affect the signalling pathway

mediated by proteins other than CL-11. Further studies

are required to provide mechanistic insights into this

aspect.
Based on the present study findings and previously

published reports, CL-11 plays an important role in

innate immunity during the pathogenesis of UTI. CL-

11 has direct antibacterial roles and is responsible

for dual regulation of UPEC-induced inflammatory

responses. This study demonstrates that CL-11

could protect PTECs against UPEC infection, thus

suggesting a possible function for CL-11 in defence

against UTI.
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