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Abstract
Urinary tract infection (UTI) is a prominent global health care 
burden. Although UTI is readily treated with antibiotics in 
healthy adults, complicated cases in immune-compromised 
individuals and the emerging antibiotic resistance of several 
uropathogens have accelerated the need for new treatment 
strategies. Here, we surveyed the composition of urinary 
exosomes in a mouse model of uropathgenic Escherichia coli 
(UPEC) UTI to identify specific urinary tract defense constitu-
ents for therapeutic development. We found an enrichment 
of the iron-binding glycoprotein lactoferrin in the urinary 
exosomes of infected mice. In subsequent in vitro studies, 
we identified human bladder epithelial cells as a source of 
lactoferrin during UPEC infection. We further established 
that exogenous treatment with human lactoferrin (hLf) re-
duces UPEC epithelial adherence and enhances neutrophil 
antimicrobial functions including bacterial killing and extra-

cellular trap production. Notably, a single intravesicular dose 
of hLf drastically reduced bladder bacterial burden and neu-
trophil infiltration in our murine UTI model. We propose that 
lactoferrin is an important modulator of innate immune re-
sponses in the urinary tract and has potential application in 
novel therapeutic design for UTI. © 2019 The Author(s)

Published by S. Karger AG, Basel

Introduction

Urinary tract infection (UTI) afflicts more than half of 
women at least once in their lifetime and generates over 
$2.4 billion in direct healthcare costs annually in the USA 
[1, 2]. Acute UTI is most often mild and is readily treated 
in healthy adults, but elderly individuals or those with 
underlying metabolic and/or immune dysfunction such 
as diabetes mellitus, pregnancy, or multiple sclerosis are 
at risk for complications including recurrent UTI, pyelo-
nephritis, or urinary obstruction [3–5]. UTI is the most 
common reason for prescribing antibiotics in primary 
care [6]. As a consequence, antibiotic resistance in uri-
nary tract pathogens including the predominant caus-
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ative agent uropathogenic Escherichia coli (UPEC) is be-
ing increasingly recognized [7–10]. These circumstances 
are a cause for concern and drive a need to develop novel 
treatments for UTI beyond repeated antibiotics. 

One strategy for novel therapeutic discovery entails 
identifying critical host urinary defenses that can be ma-
nipulated or enhanced. Urinary exosomes, extracellular 
membrane-bound vesicles present in urine [11], provide 
a physiologic “snapshot” of the cells lining the urinary 
tract and are thus an appealing, noninvasive source of 
both protein and RNA biomarkers for a variety of human 
urinary tract diseases [12, 13]. Urinary exosomes are typ-
ically 40–100 nm in size and derive from the endocytic 
pathway with a “cytoplasmic-side in” orientation; they 
are further organized into multivesicular bodies released 
into the urinary space following fusion with the plasma 
membrane [12]. Many efforts have been made to establish 
the urinary exosome proteome in health [12] and in dis-
ease states such as polycystic kidney disease [14], Bartter 
syndrome type I [15], acute kidney injury [16], and vari-
ous nephropathies [17]. Several physiologic roles of uri-
nary exosomes have been proposed, including the elimi-
nation of aged proteins as an alternative to lysosomal deg-
radation, and intercellular communication through the 
delivery of signaling molecules, mRNAs, and miRNAs 
[18]. Recently, human urinary exosomes were found to 
possess bactericidal activity against UPEC, in part due to 
a high concentration of antimicrobial proteins and pep-
tides, suggesting that urinary exosomes contribute to the 
innate defense of the urinary tract [19]. 

Multiple host factors protect against UTI through di-
rect or indirect antibacterial activity including antimicro-
bial peptides (cathelicidins and β-defensins), iron-bind-
ing proteins (lactoferrin and lipocalins), and soluble pro-
teins that inhibit bacterial attachment (Tamm-Horsfall 
protein and secretory IgA) [20–25]. Many of these de-
fense factors, including lactoferrin, lipocalin 1, lipocalin 
2, and β-defensin-9, have been detected in urinary exo-
somes of healthy humans [19]. Additionally, some of the 
associated antimicrobial peptides, including cathelicidin, 
can serve dual functions to recruit cellular immune re-
sponses during UTI [26]. Cellular innate immune re-
sponses to acute UTI include robust neutrophil recruit-
ment and subsequent macrophage infiltration [27, 28]. 
Neutrophil recruitment, in particular, is linked to control 
of the bacterial burden, reducing bacterial dissemination 
to the bloodstream, and limiting renal damage secondary 
to UTI [29, 30].

A principal objective of this study was to characterize 
the composition of urinary exosomes in the context of 

UTI. To this end, we performed proteomic analyses of 
urinary exosomes collected from mice during UPEC UTI 
to probe host constituents involved in urinary tract de-
fense. We identified lactoferrin as an abundant compo-
nent of urinary exosomes during infection, and subse-
quently observed lactoferrin production by human blad-
der epithelial cells. Functional assays revealed a consistent 
protective effect of exogenous human lactoferrin (hLf) 
treatment against UPEC infection in coculture with hu-
man bladder epithelial cells and neutrophils, and the 
therapeutic potential of hLf was corroborated in a murine 
UPEC UTI model. 

Methods

Bacterial Strains, Growth Conditions, and Minimum 
Inhibitory Concentration
Wild-type (WT) UPEC strain CFT073 (O6:K2:H1; ATCC 

700928) was grown for at least 20 h in shaking culture to stationary 
phase at 37  ° C in Luria-Bertani (LB) broth prior to experiments. 
For growth curve and minimum inhibitory concentration (MIC) 
assays, overnight cultures were diluted 1: 30 in fresh LB broth, and 
incubated by shaking at 37  ° C until mid-log phase (OD600nm = 0.4). 
For growth curves, mid-log phase cultures were diluted 1: 100 in 
synthetic urine [31] or RPMI-1640 containing 250, 125, 62.5, or 0 
μg/mL of lactoferrin from human milk (hLf, Sigma Aldrich, Cat# 
L0520) or iron-saturated lactoferrin from human milk (Fe-Lf, Sig-
ma Aldrich, Cat# L3770). Bacterial growth was determined by 
OD600nm every 30–60 min for 7 h, or by serial dilution and plating 
on LB agar at 1, 2, 4, 8, and 24 h. For MICs, mid-log phase UPEC 
was diluted 1: 100 in RPMI-1640. Diluted bacteria (100 µL) were 
added to 96-well plates. hLf or Fe-Lf (2-fold dilution series, con-
centrations tested 0–1,000 µg/mL) was diluted in RPMI-1640 and 
100 µL was added to the bacterial plates. The plates were then in-
cubated at 37  ° C for 18 h and OD600nm was measured to determine 
MIC values. 

Animals
Animal experiments were approved by the UC San Diego In-

stitutional Animal Care and Use Committee (IACUC) and con-
ducted under accepted veterinary standards. WT C57Bl/6J female 
mice, aged 7 weeks, were purchased from the Jackson Laboratory. 
HIF-1α knockout targeted to keratinocyte inactivation of HIF- 
1α (Hif1αflox/flox/K14-Cre+), and WT littermates (Hif1αflox/flox/K14-
Cre–) from the same breeding pairs were used at 7–10 weeks [32]. 
Mice were allowed to eat and drink ad libitum.

Cell Lines and Adherence Assays
The human bladder epithelial cell line 5637 (ATCC#, HTB-9) 

was cultured in RPMI-1640 (Gibco) media supplemented with 
10% heat-inactivated FBS at 37  ° C in humidified air with 5% CO2. 
Adherence assays were conducted as done previously [33] with a 
number of modifications. Briefly, HTB-9 monolayers in 24-well 
tissue culture plates were treated with 250 μg/mL hLf or Fe-Lf, or 
mock-treated for 2 h before adding CFT073 to cells at a multiplic-
ity of infection (MOI) of 0.1 (CFT073-to-cell ratio). Plates were 
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centrifuged at 300 g for 1 min and then incubated for 2 h at 37  ° C 
with 5% CO2. Cells were washed 3 times with PBS, lysed, and plat-
ed on LB agar for enumeration. 

Generation of HIF-1α Reporter Cells and Luciferase Assays
HTB-9 cells at 70% confluency in 24-well plates were trans-

duced at MOI = 20 with Cignal Lenti reporter mCMV-HRE-lucif-
erase (CLS-007L), or Cignal Lenti control vector mCMV-lucifer-
ase (CLS-NCL) in combination with SureENTRY Transduction 
Reagent (Qiagen) at 8 μg/ml in RPMI-1640 + 10% FBS. After 24 h, 
lentiviral supernatant was removed and replaced with fresh media 
containing 0.5 µg/mL puromycin. Cell lines, termed HTB-9 HRE 
reporter cells and HTB-9 vector control cells, were selected after 
48 h for puromycin resistance, with noninfected cells treated si-
multaneously to ensure proper selection. Cell lines were main-
tained in media supplemented with 0.5 µg/mL puromycin for pop-
ulation stability. For luciferase assays, HTB-9 HRE reporter and 
vector control cell monolayers in 96-well tissue culture plates were 
treated with 255 nM AKB-4924 (Aerpio Pharmaceuticals), 300 µM 
deferoxamine (DFO, Sigma Aldrich), and 250 µg/mL hLf, or 
mock-treated for 6 h in fresh RPMI-1640 + 10% FBS at 37  ° C with 
5% CO2. Cells were washed once with PBS and lysed with 25 µL/
well of Steady-Glo® Luciferase Assay System reagent (Promega) 
for 5 min at room temp. RPMI-1640, containing no phenol red or 
serum, was added (25 µL/well), mixed, incubated at room tem-
perature for 15 min, and luminescence was then measured on an 
EnSpire Alpha Multimode Plate Reader (PerkinElmer). Arbitrary 
units (AU) of luminescence were normalized across individual ex-
periments with mock-treated HRE reporter cells (range 25,000–
60,000 AU). The range of luminescence detected in vector control 
cells in any treatment group was 100–4,000 AU and this was de-
termined to be the assay background. 

Human Neutrophil Assays
Under approval from UC San Diego IRB/HRPP, venous blood 

was obtained after informed consent from healthy adult volun-
teers, with heparin as an anticoagulant. Neutrophils were isolated 
using PolymorphPrepTM (Axis-Shield) to create a density gradient 
by centrifugation according to the manufacturer’s instructions. 
For killing assays modified from previous work [34], neutrophils 
were diluted to 2 × 106 cells/mL in RPMI-1640 (Gibco, Cat# 
11875–093), treated with 250 μg/mL of hLf or Fe-Lf, or mock-
treated, and then incubated at 37  ° C in 5% CO2 for 1 h. Neutrophils 
were seeded at 2 × 105 cells/well in 96-well tissue culture plates. 
CFT073 diluted in RPMI-1640 was added to neutrophils at MOI = 
0.1. Plates were centrifuged at 300 g for 5 min to facilitate bacte-
rial contact with neutrophils, and then incubated at 37  ° C in 5% 
CO2 for 30 min. Samples were lysed, serially diluted, and then plat-
ed on LB agar for enumeration of the surviving colony-forming 
units (CFU). For reactive oxygen species (ROS) production, neu-
trophils were stained with 2′,7′-dichlorofluorescein diacetate (Sig-
ma Aldrich), treated with 250 μg/mL of hLf or Fe-Lf, or mock-
treated, and incubated at 37  ° C in 5% CO2 for 1 h prior to the ad-
dition of 25 nM phorbol 12-myristate 13-acetate (PMA, Sigma 
Aldrich) to stimulate ROS release [34]. Plates were incubated at 
37  ° C with 5% CO2 for 30 min, and fluorescence intensity (485-nm 
excitation and 530-nm emission) was measured in an EnSpire Al-
pha Multimode Plate Reader (PerkinElmer). Samples were nor-
malized to percent of fluorescence signal of the PMA-stimulated 
mock-treated controls. For quantification of neutrophil extracel-

lular traps (NETs), isolated neutrophils were plated on 96-well tis-
sue culture plates at 2 × 105 cells/well. Cells were pretreated with 
250 μg/mL of hLf or Fe-Lf, or mock-treated, and incubated at 37  ° C 
in 5% CO2 for 1 h, and then incubated for an additional 3 h with 
PMA (25 nM) to induce NET production [35]. Micrococcal nucle-
ase was then added at a final concentration of 500 mU/mL for 
10 min to digest extracellular DNA. Plates were centrifuged at 200 
g for 8 min; sample supernatant was then collected and transferred 
to a new 96-well plate. DNA was quantified using a Quant-iT Pi-
coGreen® dsDNA Assay Kit from Life Technologies (Carlsbad, 
CA, USA).

Murine Neutrophil Assays
Neutrophils were isolated from the femurs and tibia of 7- to 

8-week-old WT C57Bl/6J mice, as described previously [36] with 
minor modifications. Femurs and tibia were isolated and washed 
with ice-cold 70% ethanol and PBS, and then flushed with HBSS 
(Gibco, Cat# 14175–095) with 0.1% gelatin. The cells were centri-
fuged at 400 g for 5 min and resuspended in PBS. Neutrophils were 
isolated as described above. Neutrophils in 200 μL HBSS (Gibco, 
Cat# 14025–092) with 0.1% gelatin and 2% heat-inactivated FBS 
were seeded at 1–10 × 105 per well in 96-well tissue culture plates. 
Cells were treated with 250 μg/mL of hLf or Fe-Lf, or mock-treated, 
and incubated at 37  ° C in 5% CO2 for 1 h. Cells were infected with 
CFT073 at MOI = 0.1–2. Plates were centrifuged at 400 g for 5 min 
to facilitate bacterial contact with the cells. After 45 min, cells were 
lysed, serially diluted, and plated on LB agar to assess total surviv-
ing bacteria by CFU enumeration.

Quantitative PCR
For HTB-9 cells were infected at MOI = 0.1 for 2 h with CFT073. 

Cell-to-Ct kit (Life Technologies) was used to isolate RNA, fol-
lowed by cDNA synthesis using VILO polymerase (Life Technolo-
gies). After RNA isolates were resuspended in RNAase/DNase-
free water, TURBO DNase (Ambion, Invitrogen) was added to 
eliminate potential DNase contamination in the RNA prep. To 
synthesize cDNA, approximately 100 ng of total RNA was used for 
iScript cDNA synthesis kit (Bio-Rad), and approximately 1 ng of 
cDNA was used in triplicates or quadruplicates for real-time quan-
titative (q)PCR using KAPA SYBR qPCR 2x master mix (KAPA 
Biosystem, Cat# KM4101). The reaction was performed using the 
BioRad CFX96 real-time C1000 Thermocycler. Primers were used 
at a final concentration of 200 nmol. The primer sequences used 
for hLf were: (forward) 5′-ACG AAC TCA CTA TTA TGC CGG 
TTT T-3′ and (reverse) 5′-CGG CAT AAT AGT GAG TTC GAC 
GGT G-3′). Human β-actin (forward: 5′-AAG AGA GGC ATC 
CTC ACC CT-3′ and reverse: R 5′-TAC ATC GCT GGG GTG 
TTG-3′) was used as a control house-keeping gene, and relative 
transcript level was normalized to endogenous β-actin using the 
2-ΔΔCt method [37].

Murine Urinary Tract Infection Model
An established mouse UTI protocol was used as previously de-

scribed [38]. Urine was voided from the bladder prior to transure-
thral treatment with 100 µg of hLf (Sigma Aldrich, Cat# L0520) in 
100 μL (administered in approx. 4 s), or mock-treated with 100 μL 
of PBS, for 1 h followed by infection with 50 μL of UPEC CFT073 
(administered in approx. 2–3 s) at 2–3 × 107 CFU per mouse. 
Transurethral infection was achieved by inserting a UV-sterilized 
polyethylene tube (inner dimension 0.28 mm and outer dimension 
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0.61 mm, Cat# 598321 Harvard Apparatus) attached to a 30-g hy-
podermic needle into the urethra. At 24 h after infection, urine 
samples were collected from each mouse. Bladders and both kid-
neys were removed and homogenized in PBS using a MagNa Ly-
ser (Roche), and serially diluted and plated on LB agar for CFU 
enumeration. 

Exosome Isolation
Urine from CFT073-infected or mock-infected mice 24 h after 

infection (n > 10 per group) was pooled and centrifuged at 3,000 g 
for 10 min at 4  ° C. For cell culture, HTB-9 cells were infected with 
CFT073 at MOI = 20 for 2 h or mock-infected, and supernatants 
were removed and centrifuged at 3,000 g for 10 min at 4  ° C. The 
supernatant was removed and mixed with urinary exosome isola-
tion buffer (Life Technologies) at a 1: 1 ratio (v/v). The mixture was 
shaken at room temperature for 1 h, followed by centrifugation at 
10,000 g for 30 min. The supernatant was removed, and the pre-
cipitating proteins were reconstituted in 30–50 μL of PBS.

SDS-PAGE and Western Blot
SDS-PAGE and Western blot assays were performed as de-

scribed previously [39]. Protein concentrations from murine urine 
exosomes and HTB-9 cell exosomes were measured by Bradford 
protein binding colorimetric assay (Bio-Rad), and samples were 
loaded on a precasted 4–12% SDS polyacrylamide gel (Bio-Rad). 
For protein band visualization, gels were stained with Simply Blu-
eTM Safe Stain (Thermo Fisher). To probe for lactoferrin in HTB-9 
exosomes, the following antibodies were used: goat anti-lactofer-
rin antibody at 1: 500 (Santa Cruz Biotechnology, Cat# sc-14434) 
and anti-β-actin monoclonal antibody at 1: 2,000 (Clone AC-74, 
Sigma Aldrich, Cat# A5316). 

Liquid Chromatography-MS/MS Analysis
Gel tracks from Coomassie-stained gels were separated into 3 

equal sections and submitted to the UCSD Biomolecular and Pro-
teomics Mass Spectrometry Facility for liquid chromatography 
tandem mass spectrometry (LC-MS/MS) analysis. Samples were 
trypsin-digested and subjected to LC-MS/MS as described previ-
ously [40]. Four independent experiments were performed on 4 
MS runs, and data from these runs were combined. Protein iden-
tification required ≥2 unique peptides, with a false discovery rate 
of 0.1. Normalized spectral abundance factor (NSAF) was calcu-
lated using the formula established previously [41]. Gene ontol-
ogy analyses and accompanying graphics were performed on 
ranked NSAF values of UPEC-infected mice using the Gene On-
tology Enrichment Analyses and Visualization Tool (GOrilla) 
[42].

Flow Cytometry
Urine samples were subjected to flow cytometry as described 

previously [34]. Urine was passed through a 40-μm filter, and cells 
were then washed in PBS and blocked with 2% FBS for 15 min on 
ice. Staining of surface markers was performed in 2% FBS using 0.5 
μg/mL anti-CD11b-FITC (Clone M1/70, Cat# 553310, BD 
Pharmingen) and anti-Ly6G-APC (Clone 1A8, Cat# 127614, Bio-
Legend) for 30 min on ice. Samples were gated on unstained cells 
and positive signals were determined using single-stain controls. 
Samples were run on BD FACSCantoII (BD Biosciences) and data 
were analyzed with FlowJo v10.2 software (FlowJo LLC).

ELISAs
HTB-9 lysates were assessed for lactoferrin production using 

an hLf ELISA kit (Abcam, Cat# ab200015) per manufacturer’s in-
structions. Murine bladder homogenates were diluted 1: 2 and sub-
jected to lactoferrin quantification using a mouse lactoferrin ELI-
SA kit (LSBio, Cat# LS-F4352) as per the manufacturer.

Statistical Analyses
All data were collected from at least 3 biological replicates per-

formed in at least technical duplicate as part of at least 2 indepen-
dent experiments. When biological replicates were not available 
(e.g., immortalized cell lines and bacteria-only assays), experi-
ments were performed independently at least 3 times. Mean values 
from technical replicates were used for statistical analyses, with 
independent experiment values or biological replicates represent-
ed in graphs with mean ± SEM or median and 95% confidence 
interval (CI). All datasets were subjected to the D’Agostino and 
Pearson normality test to determine whether values displayed 
Gaussian distribution before selecting the appropriate parametric 
or nonparametric analyses. Data from growth curves were as-
sumed to be parametric. In the instances where in vitro, ex vivo, 
and in vivo experimental numbers were too small to determine 
normality, data were assumed to be nonparametric. The level α = 
0.05 was used for all tests. NSAF values from LC-MS/MS, nonpara-
metric continuous variables, were analyzed using the Wilcoxon 
matched-pairs signed rank test. HTB-9 mRNA expression and 
murine bladder lactoferrin ELISA were analyzed using the two-
tailed Mann-Whitney U test. UPEC adherence to HTB-9 cells, 
HTB-9 lactoferrin ELISA, and HRE reporter cell bioluminescence 
were analyzed using one-way ANOVA with the Holm-Sidak or 
Tukey multiple comparisons test. Human neutrophil killing was 
analyzed using the Kruskal-Wallis test with the Dunn multiple 
comparisons test. UPEC growth curves, human NETs and ROS, 
bladder and kidney CFU, and urine cell populations were analyzed 
using two-way ANOVA with the Tukey or Sidak multiple com-
parisons test. Murine neutrophil killing was analyzed using the 
two-tailed paired Student t test. Statistical analyses were performed 
using GraphPad Prism, v7.03 (GraphPad Software Inc., La Jolla, 
CA, USA). p < 0.05 was considered statistically significant. 

Results

UPEC Increases the Release of Lactoferrin in Urinary 
Exosomes
To assess changes to the proteomic content of urinary 

exosomes during acute UTI, female C57Bl/6 mice, 7–8 
weeks of age, were infected transurethrally with 1 × 107 
CFU of UPEC strain CFT073, or mock-infected as a con-
trol. At 24 h postinfection, urine was collected, pooled, 
and urinary exosomes isolated as described in Methods. 
Analysis of 4 independent LC-MS/MS runs with urinary 
exosomes of pooled mouse samples (> 10 mice/group) de-
tected a total of 650 proteins (online suppl. Table 1; see 
www.karger.com/doi/10.1159/000499342 for all online 
suppl. material); 302 proteins were unique to UPEC-in-



Lactoferrin Enhances Host Responses 
during UTI

5J Innate Immun
DOI: 10.1159/000499342

fected mice, and 55 were unique to uninfected controls. 
Gene ontology analyses of ranked proteins in infected 
mice demonstrated a significant enrichment of the cellu-
lar components of the plasma membrane, cytoskeletal fi-
bers, and keratin filaments (online suppl. Fig. 1) and of 
biological processes including keratinization, cytoskele-
ton organization, and humoral immune responses (on-
line suppl. Fig. 2). Of the 10 most abundant proteins or 
protein families detected (representing 73% of proteins 
detected in UPEC-infected mice and 75% of proteins in 
uninfected controls), UPEC-infected mice displayed re-
duced levels of renal proteins including napsin A, meprin, 
epithelial growth factor (EGF), and an expansion in com-
plement system proteins (including C3, factor B, and fac-
tor H) and lactoferrin (Fig. 1a). Common urinary exo-
some contaminants including Tamm-Horsfall protein 
(THP), albumin, and mouse-specific major urinary pro-

teins (MUP1–4) were also detected [43]. Comparison of 
the NSAF demonstrated a significant increase of lactofer-
rin in UPEC-infected mice (mean uninfected NSAF = 
0.0083, mean UPEC-infected NSAF = 0.0295, p = 0.0313) 
(Fig. 1B). Because lactoferrin is abundant in the second-
ary granules of neutrophils [44], we also examined the 
relative abundance of the neutrophil-associated proteins 
myeloperoxidase (MPO) and neutrophil elastase. Inter-
estingly, although MPO (mean uninfected NSAF = 
0.0007, mean UPEC-infected NSAF = 0.0026, p = 0.0625) 
and elastase (mean uninfected NSAF = 0.0000 [not de-
tected], mean UPEC-infected NSAF = 0.0002, p = 0.1250) 
were higher in UPEC-infected mice, their relative pro-
portions were much lower than that of lactoferrin (Fig. 1c, 
d).
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Fig. 1. Urinary exosome lactoferrin is significantly increased dur-
ing UPEC infection. a Proportion of proteins or protein families 
detected in urinary exosomes of UPEC-infected WT C57Bl/6 mice 
24 h postinfection with 2–3 × 107 CFU CFT073 or uninfected con-
trols. Data represent the combined results of 4 independent ex-
periments and LC-MS/MS runs (6 independent pooled urine sam-

ples, n > 10/group). Normalized spectral abundance factor (NSAF) 
of lactoferrin (b), myeloperoxidase (c), and neutrophil elastase (d) 
from the same LC-MS/MS experiments as in a. Symbols represent 
6 independent pooled biological replicates/group with lines indi-
cating median and 95% CI. b–d Data were analyzed with the Wil-
coxon matched-pairs signed rank test. * p < 0.05.
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UPEC Stimulates the Production of Lactoferrin in 
Bladder Epithelial Cells
Due to the abundance of lactoferrin in UPEC-infected 

mice (Fig. 1), we examined whether the bladder epithe-
lium itself could be a source of lactoferrin during UTI. 
Monolayers of HTB-9 cells were infected with UPEC 
CFT073 for 2 h, and exosomes were isolated and analyzed 
for lactoferrin via Western blot. In UPEC-infected HTB-
9 exosomes, a band of approximately 80 kDa was detected 
with an α-lactoferrin antibody, but no band was visual-
ized in uninfected controls (Fig. 2a). HTB-9 samples were 
also subjected to lactoferrin mRNA analyses, and al-
though lactoferrin transcripts were detected under both 
conditions, UPEC-infected cells demonstrated a signifi-
cant reduction (9-fold, p = 0.0012) in lactoferrin mRNA 

transcripts compared to uninfected controls (Fig. 2b). To 
quantify the total amount of lactoferrin produced by 
HTB-9 cells during UPEC infection, these were infected 
for 4 h, lysed, and then lactoferrin was quantified by ELI-
SA. To test whether the iron limitation induced by UPEC 
infection was a stimulus for lactoferrin production, def-
eroxamine (DFO, 300 µM), an iron chelator, was included 
as a control. Lysate from UPEC-infected HTB-9 cells con-
tained significantly higher levels of lactoferrin (mean = 
749 pg/mL) than uninfected controls (mean = 83 pg/mL, 
p = 0.0021) (Fig. 2c). DFO treatment did not induce great-
er lactoferrin production than in uninfected controls 
(mean = 112 pg/mL, p = 0.8509). To determine if exoge-
nous lactoferrin alters HTB-9 cell responses to UPEC, 
these cells were treated with 250 µg/mL native lactoferrin 
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Fig. 2. Bladder epithelial cells produce lactoferrin in response to 
UPEC infection. a Western blot of exosomes from HTB-9 cells in-
fected with CFT073 for 2 h, MOI of 20, and probed for human 
lactoferrin (approx. 80 kDa, top image) and β-actin (bottom im-
age) as a loading control. A single representative blot from 3 inde-
pendent experiments is shown. b Normalized lactoferrin mRNA 
from HTB-9 cells infected with CFT073 for 2 h, MOI of 0.1, as 
quantified by qPCR. Symbols represent 6–7 independent repli-
cates/group, with lines indicating mean ± SEM. c Lactoferrin pro-
duction in HTB-9 cell lysate infected with CFT073, MOI of 0.1,  

or treated with deferoxamine (DFO, 300 µM) for 4 h as quantified 
by ELISA. Symbols represent means of independent experiments 
(n = 4–5) with lines indicating mean ± SEM. d Percent adherence 
of CFT073 to HTB-9 cells after 30 min of infection, MOI = 0.1. 
Symbols represent means of independent experiments (n = 4/
group) with lines indicating mean ± SEM. Data were analyzed us-
ing the two-tailed Mann-Whitney U test (b), or one-way ANOVA 
with the Holm-Sidak multiple comparisons test (c, d). ** p < 0.01. 
hLf, human lactoferrin; Fe-Lf, iron-saturated lactoferrin.
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isolated from human milk, i.e., hLf, overnight, and then 
UPEC adherence was measured after 2 h infection. Fe-Lf 
was included as a control for the effects of lactoferrin-
mediated iron chelation in the experimental conditions. 
Pretreatment with hLf (approx. 10% iron-saturated, 
2097325) significantly reduced UPEC adherence com-
pared to in mock-treated controls (mean adherence 61.8 
and 93.2% respectively, p = 0.0015). Pretreatment with 
Fe-Lf (> 90% iron-saturated) did not reduce UPEC adher-
ence compared to in mock-treated controls (mean adher-
ence 90.5%, p = 0.9070) (Fig. 2d).

hLf Is Not Directly Antimicrobial in Synthetic Urine 
To test the antimicrobial activity of hLf and Fe-Lf 

against UPEC, bacterial growth curves were performed in 
synthetic human urine [31] and tissue culture medium 
RPMI-1640 during 7 h of culture. Neither hLf nor Fe-Lf 
altered the growth of UPEC in synthetic urine at concen-
trations of 250, 125, or 62.5 µg/mL (Fig. 3a). In RPMI-
1640, no significant differences in growth were observed 
between hLf (p = 0.0749) or Fe-Lf (p = 0.7912) conditions 

and controls; however, a small but significant growth ad-
vantage was observed in the bacteria grown in Fe-Lf (all 
concentrations) compared to those grown in 250 and 125 
µg/mL of hLf (Fig. 3b). To establish if hLf treatment al-
tered bacterial viability, UPEC was grown in RPMI-1640 
containing 250, 125, 62.5, or 0 µg/mL hLf, and viable CFU 
were determined via plating at 1, 2, 4, 8, and 24 h. No sig-
nificant differences were observed in CFU across all con-
ditions (Fig. 3c). The MIC for hLf and Fe-Lf was > 1 mg/
mL in both synthetic urine and RPMI-1640 (data not 
shown). 

hLf Promotes Neutrophil-Mediated Bacterial Killing
Since neutrophils are a known source of lactoferrin 

[44] and are important early innate effectors during UTI 
[29], we examined the effect of exogenous lactoferrin on 
neutrophil antibacterial functions. Primary human neu-
trophils were isolated from human blood, pretreated with 
250 µg/mL hLf or Fe-Lf for 1 h, and then incubated with 
UPEC at a MOI of 0.1 for 30 min. Treatment with either 
hLf or Fe-Lf significantly reduced bacterial survival com-
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Fig. 3. Human lactoferrin is not antimicrobial in synthetic urine. 
Growth curves of CFT073 in synthetic urine (a) or RPMI-1640 (b) 
with given concentrations of hLf and Fe-Lf as measured by optical 
density (OD). c Viable CFU/mL in RPMI-1640 were measured by 

serial dilution and plating. Symbols represent the means of inde-
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± SEM. All data were analyzed using two-way ANOVA with the 
Tukey multiple comparisons test. * p < 0.05.
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pared to mock-treated controls (mean normalized hLf = 
79.0% and Fe-Lf = 66.7%, p < 0.01) (Fig. 4a). The forma-
tion of NETs was determined by stimulation with PMA 
in the presence of 250 µg/mL hLf or Fe-Lf over 4 h, and 
extracellular double-strand DNA release was quantified 
via fluorescence. In PMA-stimulated neutrophils, treat-
ment with hLF significantly increased NET generation 
compared to that in mock-treated controls (mean 22,840 
and 16,794 relative fluorescence units [RFU], respective-
ly; p = 0.0038), but no difference was observed in stimu-
lated cells treated with Fe-Lf (mean 18,210 RFU; p = 
0.9624) (Fig. 4b). No differences were observed in control 
neutrophils not stimulated with PMA. In a similar man-
ner, ROS production of human neutrophils was mea-
sured in the absence or presence of stimulation with 

PMA. In PMA-stimulated neutrophils, treatment with 
Fe-LF generated a slight but significant increase in ROS 
over that in mock-treated controls (mean % of max sig-
nal = 107%; p = 0.0492), but no difference was observed 
in stimulated cells treated with hLf (mean % of max sig-
nal = 100%; p = 0.9998) (Fig. 4c). In unstimulated con-
trols, both hLf (mean % of max signal = 41%; p = 0.0003) 
and Fe-Lf (mean % of max signal = 44%; p = 0.0025) treat-
ment suppressed ROS compared to in mock-treated cells 
(mean % of max signal = 54%) (Fig. 4c).

Exogenous Lactoferrin Enhances Clearance of UPEC 
in vivo
To characterize the effect of exogenous lactoferrin in 

vivo, we first confirmed hLf enhancement of UPEC kill-
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Fig. 4. Exogenous lactoferrin alters neutrophil antimicrobial func-
tions. Isolated human neutrophils were pretreated with 250 µg/mL 
hLf or Fe-Lf as indicated in Methods. a Neutrophil killing of 
CFT073 expressed as a percentage of inoculum and normalized to 
mock-treated controls within biological replicates. b Neutrophil 
extracellular trap (NET) formation by production by unstimulated 
neutrophils (control), or neutrophils stimulated with PMA as 
measured by fluorescence. c Reactive oxygen species (ROS) pro-
duction by unstimulated neutrophils (control) or neutrophils 

stimulated with PMA and normalized to maximum values of 
mock-treated stimulated neutrophils within biological replicates. 
Symbols represent the means of biological replicates (n = 3–7/
group), with lines indicating median and 95% CI. Data were ana-
lyzed using the Kruskal-Wallis test with the Dunn multiple com-
parisons test (a), or two-way ANOVA with the Sidak multiple 
comparisons test (b, c). *** p < 0.01, ** p < 0.01, * p < 0.05 com-
pared to mock-treated cells within the group (i.e., control or stim-
ulated). hLf, human lactoferrin; Fe-Lf, iron-saturated lactoferrin.
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ing by murine neutrophils. Neutrophils were harvested 
from the bone marrow of WT C57Bl/6 mice, pretreated 
with 250 µg/mL hLf for 1 h, and then incubated with 
UPEC at a MOI of 0.1 for 45 min. Pretreatment with hLf 
significantly reduced bacterial survival compared to 
mock-treated controls (a mean survival of 38.4 and 
29.1%, respectively; p = 0.0105) (Fig. 5a). To test the ef-
fect of lactoferrin in a murine UTI model, WT C57Bl/6 
mice received a single transurethral dose of hLf (100 µg 
in 50 µL of PBS); 1 h later, they were infected with 2 × 
107 CFU of UPEC CFT073 in 50 µL of PBS. Urine, blad-
der, and kidneys were collected 24 h postinfection. Mice 
treated with hLf exhibited a > 1,000-fold reduction in 
bladder CFU (median 1.19 × 105 CFU/g vs. 4.48 × 108 
CFU/g in mock-treated mice; p = 0.0002), but no sig-
nificant differences were observed in kidney CFU (me-
dian 4.97 × 102 CFU/g and 6.08 × 104 CFU/g, respec-
tively; p = 0.9999) (Fig.  5b). Cells isolated from urine 
were stained for CD45, Ly6G, and CD11b, and then an-
alyzed via flow cytometry. Mice treated with hLf exhib-
ited a significant reduction in Ly6G+CD11b+ (neutro-
phil) populations (median 2.78 × 103 cells/mL vs. 2.02 × 
104 cells/mL in mock-treated mice; p = 0.0452), but no 
significant differences were observed in Ly6G–CD11b+ 
(other myeloid cells) populations (median 2.93 × 102 
cells/mL and 1.65 × 103 cells/mL, respectively; p = 
0.9955) (Fig. 5c).

Exogenous Lactoferrin Does Not Alter HIF-1α 
Stabilization in Bladder Epithelial Cells
It has been proposed that iron chelation effects of lac-

toferrin serve as a physiologic mimetic of hypoxia. Sys-
temic administration of lactoferrin stabilizes the tran-
scription factor hypoxia-inducible factor (HIF)-1α which, 
during normoxia, is rapidly degraded upon modification 
by iron-sensitive hydroxylases [45]. We previously dem-
onstrated that HIF-1α stabilization during UPEC UTI re-
duced bacterial burden, proinflammatory cytokines, and 
neutrophil activation markers [38]. To investigate if ex-
ogenous lactoferrin alters HIF-1α levels in human blad-
der epithelial cells, we generated HTB-9 mCMV-HRE-
luciferase reporter cells. A 6-h treatment of HTB-9 HRE 
reporter cells with 255 nM of AKB-4924, a prolylhydrox-
lase inhibitor (a 1.65-fold increase, p = 0.0072) [46], and 
300 µM of DFO (a 1.65-fold increase, p = 0.0457), but not 
250 µg/mL hLf (no change, p > 0.9999), significantly in-
creased luciferase signal over that in mock-treated con-
trols (online suppl. Fig.  3A). On the other hand, treat-
ment of AKB-4924 (mean 197 pg/mL) did not significant-
ly alter endogenous production of lactoferrin by HTB-9 
cell lysate compared to vehicle and mock-treated controls 
(mean 81 and 70 pg/mL, respectively; online suppl. 
Fig. 3B). Additionally, although mice with a Cre recom-
binase-mediated, keratinocyte-specific inactivation of 
HIF-1α (Hif1αfl/fl/K14-Cre+) are more susceptible to 
UPEC UTI [38], endogenous bladder levels of lactoferrin 
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(median 133 ng/g) were not altered 24 h postinfection 
compared to littermate Hif1αfl/fl/K14-Cre– control mice 
(median 194 ng/g; p = 0.0973; online suppl. Fig 3C). 

Discussion

A major objective of this study was to investigate the 
composition of urinary exosomes during UPEC UTI in a 
murine model to identify host defense constituents. Very 
few studies have been conducted on urinary exosomes in 
mice [47–49] and none has performed nontargeted pro-
teomic analyses. Urinary exosome proteomic analyses 
have been conducted in a variety of human disease states 
including those affecting the bladder, kidneys, and even 
remote organs including the lung [50], but, to our knowl-
edge, the composition of urinary exosomes during UTI 
has not been characterized. More than one-third of the 
proteins we detected were previously reported in human 
urinary exosome studies (online suppl. Table 1, indicated 
by grey shading) suggesting moderate species conserva-
tion and suitable application of murine models to de-
scribe urinary exosome components. These proteins in-
clude ALIX and TSG101 (ESCRT components and bind-
ing partners), Rab and Rho family members, cytoskeletal 
and motor proteins, and multiple integral membrane 
proteins characteristic of urinary exosomes [12, 19]. 
However, more than half of the proteins detected in our 
analyses have not been previously identified in human 
studies. This may be due to species-specific proteins (in-
cluding major urinary proteins which are absent in hu-
mans), proteins from infiltrating immune cells (neutro-
phils, eosinophils, and other lymphocytes) and, lastly, 
proteins from the urinary tract epithelium specific to host 
response during UTI. 

One such protein, lactoferrin, has been previously de-
tected in human urinary exosomes of healthy subjects 
[19]. In this study, we found an expansion of lactoferrin 
in UPEC-infected mice, comprising around 3% of pro-
tein detected in urinary exosomes compared to < 1% of 
protein in uninfected controls (Fig.  1). Lactoferrin is a 
cationic transferrin with a high affinity for iron that is se-
creted by a variety of glandular and epithelial tissues and 
is a predominant component of human breastmilk (2–7 
g/L [51]). It has historically been associated with iron ab-
sorption in nursing newborns; however, a more recent 
study using lactoferrin-deficient mice indicated that lac-
toferrin is not required for iron uptake nor are there dif-
ferences in iron delivery or tissue iron stores compared to 
WT mice [52]. In the urinary tract, lactoferrin serves as a 

biomarker for UTI with a 100-fold increase compared to 
healthy controls [53, 54], but the source of lactoferrin 
during infection has not been fully characterized. Infil-
trating neutrophils [51], as well as renal collecting tubules 
[55] may be sources of urinary lactoferrin, and we could 
not rule out these sources in our study. Of note, we found 
that HTB-9 cells produced lactoferrin mRNA transcripts 
in both control and UPEC-infected cells. However, the 
discordant levels of mRNA and protein in our analyses 
suggest that lactoferrin is posttranscriptionally regulated 
in the bladder epithelium (Fig. 2). Lactoferrin production 
has previously been detected in another urothelial cell 
line (HCV29) and was found to decrease upon infection 
with the parasite Schistosoma haematobium [56]. We 
conclude that urinary lactoferrin comes most likely from 
a combination of cellular sources, particularly during 
UTI. 

The physiologic role of lactoferrin during UTI is not 
fully understood. Its antimicrobial activity against a vari-
ety of human bacterial, viral, and fungal pathogens is 
widely recognized [57]. At some sites, it achieves rela-
tively high concentrations, e.g., 1.1 µg/mL in saliva [58], 
1.7 µg/mL in cervical-vaginal lavage [59], or 2.2 mg/mL 
in tears [60]. In other body fluids, baseline levels are rela-
tively low, e.g., 123 ng/mL in plasma [61] and 30–75 ng/
mL in human urine [53, 55]. In bacterial infections, the 
level may rise to as high as 2 µg/mL in plasma during sep-
sis [61], 3 µg/mL in urine during UTI [53], or 5 µg/mL in 
vaginal secretions during bacterial vaginosis [59]. Most of 
these physiologic concentrations are well below the MIC 
that is required for bacterial (130 µg/mL to 5 mg/mL) 
[62–65] and fungal (200 µg/mL–100 mg/mL) pathogens 
[66, 67], suggesting that the antimicrobial activity of lac-
toferrin, through iron sequestration or microbial mem-
brane disruption, may not be its primary role in numer-
ous body fluids including the urine. At higher concentra-
tions, such as that present in human milk and tears and 
infant urine, its antimicrobial activity may indeed play an 
important role in the modulation of host defenses. In this 
study, lactoferrin did not appear to be antimicrobial in 
synthetic urine (Fig. 3), which is a nutrient-poor condi-
tion. In tissue-culture media, native hLf was modestly 
more effective in reducing UPEC growth than Fe-Lf 
(measured by optical density), a phenomenon also ob-
served with Candida [68], but no reduction in CFU via-
bility was observed under our conditions. Additional fac-
tors impacting differences in optical density may include 
changes to bacterial pigmentation or capsule thickness, 
although no alterations of bacterial buoyancy, a measure-
ment of capsular expression, were observed under the ex-
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perimental conditions (data not shown). It is also possible 
that lactoferrin synergizes with other host proteins to 
maximize antimicrobial activity at physiologic concen-
trations, an effect which would have been missed in our 
in vitro assays. For subsequent studies investigating the 
impact of lactoferrin on neutrophils and bladder epithe-
lial cell function, we tested the level of 250 µg/mL lactofer-
rin, which is at the upper limit of lactoferrin detected in 
the urine of breastfed infants [69]. We postulate that this 
may be a physiologically achievable concentration in in-
dividuals taking oral lactoferrin supplements, as bovine 
lactoferrin delivered orally has demonstrated a > 60% gas-
tric survival in healthy adults [70].

We observed a reduction in UPEC adherence to hu-
man bladder epithelial cells, a phenomenon observed 
previously in other in vitro models. Treatment with hLf 
reduced the adherence of enteropathogenic E. coli (EPEC) 
to HELA cells [71], and treatment with bovine lactoferrin 
reduced the adherence of Streptococcus dysgalactiae to 
mammary epithelial cells [72]. More generally, lactofer-
rin coating of glass surfaces reduces adherence of Pseudo-
monas aeruginosa and Staphylococcus aureus [73]. The 
mechanism by which bacterial adhesion to the bladder is 
blocked by hLf remains to be determined, and it is pos-
sible that hLf acts either through host-bacterial receptor 
antagonism as seen previously with E. coli 055:B5 [74] 
and S. uberis [75] or through lactoferrin-mediated altered 
bacterial aggregation/dispersion [76]. hLf did not inhibit 
the adherence of UPEC to mouse uroepithelial cells [77], 
suggesting the potential for species specificity. Of note, 
Fe-Lf did not have an impact on UPEC adherence to blad-
der epithelial cells, suggesting a role of iron sequestration 
by lactoferrin in reduced cellular adherence. 

Emerging evidence establishes lactoferrin, also a factor 
of neutrophil secondary granules, as a potent immune 
modulator including the suppression of the proinflam-
matory cytokines TNF-α, IL-1β, IL-6, and IL-8 [78–80], 
the transcriptional regulation in whole blood, NK cells, 
and macrophages [80, 81], the reduction of apoptosis in 
monocytes [82, 83], and increased macrophage intracel-
lular killing [84]. In this study, we focused on the effect of 
exogenous hLf on neutrophil antibacterial functions. Sev-
eral earlier studies examined the effect of hLf or lactofer-
rin fragments on neutrophil function, and they reached 
differing conclusions. Results included the lactoferrin-
mediated enhancement [85, 86] or inhibition [87] of NET 
production, the suppression of [88, 89], augmentation of 
[90], or no impact [87] on ROS formation, the delay of 
apoptosis [91], and no effect on neutrophil phagocytosis 
[90, 92]. The experimental discrepancies of the inhibitory 

or excitatory nature of lactoferrin on neutrophils may 
largely depend on the environmental conditions of the 
assay, including iron availability [93]. We utilized both 
native hLf and Fe-Lf in our studies to distinguish the con-
tribution of iron to lactoferrin regulation of neutrophil 
function. We found that iron saturation of lactoferrin im-
pacted bladder epithelial cell adherence, E. coli growth in 
RPMI, and NET generation, but that lactoferrin enhance-
ment of neutrophil killing and suppression of ROS pro-
duction was iron-independent which suggests that tissue 
iron levels will differentially affect neutrophil function. 
Lastly, we found no direct alteration of lactoferrin on 
HIF-1α levels in bladder epithelial cells, nor was endog-
enous lactoferrin influenced in mice deficient in epithe-
lial HIF-1α. Together, these data suggest that the protec-
tive role of exogenous hLf in our model was independent 
of HIF-1α regulation, and that endogenous lactoferrin 
production by the bladder epithelium is not under regula-
tion by HIF-1α.

Clinical evidence supports the role of lactoferrin in 
protection against bacterial infections, particularly in the 
skin and on mucosal surfaces. Humans deficient in neu-
trophil-specific granules, and thus void of neutrophil-de-
rived lactoferrin, are at an increased risk of recurrent bac-
terial and fungal infections [94–96]. Genetic models uti-
lizing lactoferrin knockout (Lf KO) mice or transgenic 
mice expressing hLf have demonstrated mixed roles of 
lactoferrin for a variety of pathogens. Lf KO mice exhibit 
impaired ROS production in response to PMA but not 
bacterial stimuli, and are not more susceptible to system-
ic S. aureus or P. aeruginosa infection [97]. Conversely, in 
an oral infection model, Lf KO mice were more suscep-
tible to alveolar bone loss induced by the oral pathogen 
Aggregatibacter actinomycetemcomitans [98], and hLf-
transgenic mice displayed enhanced clearance of system-
ic S. aureus [99]. In an independently derived mouse 
strain, Lf KO mice displayed increased expression of in-
flammatory cytokines in an induced colitis model [100]. 
Several studies using murine models have demonstrated 
the protective effect of hLf administration during E. coli 
infection in vivo. Pretreatment of either bovine lactofer-
rin or hLf increased survival in mice given a lethal dose of 
E. coli [101]. In a UTI model, oral administration of a 
single dose of 500 µg of hLf at 30 min postinfection re-
sulted in lower bladder CFU (approx. 100-fold) and uri-
nary leukocytes 24 h postinfection than in mock-treat- 
ed controls, but only trace amounts of hLf (well below  
the MIC) were detected in the urine at 2 h posttreatment 
(< 10 ng/mL) [77]. Interestingly, oral administration of 
bovine lactoferrin in drinking water (estimated as 100 mg/
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mouse/day) does not alter mucosal and systemic immune 
responses in uninfected mice [102]. In this study, we ob-
served that a single dose of intravesicular hLf (100 µg)  
1 h prior to UPEC introduction significantly reduced 
bladder bacterial burden (> 1,000-fold), concurrent with 
a reduction in infiltrating neutrophils but not other my-
eloid cells (Fig. 5). Alternatively, in the absence of infec-
tion, injection of recombinant lactoferrin into the perito-
neal cavity induces both neutrophil and monocyte/mac-
rophage recruitment [83]. Unfortunately, we were unable 
to distinguish between the contribution of lactoferrin 
treatment and lower bacterial burden on neutrophil re-
cruitment to the bladder; however, the lack of differences 
in nonneutrophil CD11b+ populations combined with 
the striking effects seen in neutrophil in vitro assays led 
us to conclude that modulation of neutrophil function is 
a prominent driver of lactoferrin-mediated protection 
during UTI. An additional limitation of our study was the 
inability to define the role of endogenous lactoferrin dur-
ing UTI in vivo. Future studies using resources such as Lf 
KO mice [52, 100] would be informative on the contribu-
tion of lactoferrin to urinary tract defense and homeosta-
sis.

In summary, these data demonstrate the protective ef-
fects of lactoferrin in UTI through both antiadhesive and 
immune modulatory activity. Our findings reveal the 
bladder epithelium as an endogenous source of lactofer-
rin during UTI, highlighting lactoferrin as a potent thera-
peutic target of interest in resolving or preventing UTI. 
Further studies are needed to distinguish the mechanisms 
by which lactoferrin mediates immune responses in the 
bladder. 
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