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Abstract

Mounting evidence suggests that antimicrobial peptides
and proteins (AMPs) belonging to the RNase A superfamily
have a critical role in defending the bladder and kidney from
bacterial infection. RNase 6 has been identified as a potent,
leukocyte-derived AMP, but its impact on urinary tract in-
fection (UTI) in vivo has not been demonstrated. To test the
functional role of human RNase 6, we generated RNASE6
transgenic mice and studied their susceptibility to experi-
mental UTI. In addition, we generated bone marrow-derived
macrophages to study the impact of RNase 6 on antimi-
crobial activity within a cellular context. When subjected to
experimental UTIl, RNASE6 transgenic mice developed re-
duced uropathogenic Escherichia coli (UPEC) burden, mu-
cosal injury, and inflammation compared to non-transgenic
controls. Monocytes and macrophages were the predomi-

nant cellular sources of RNase 6 during UTI, and RNASE6
transgenic macrophages were more proficient at intracel-
lular UPEC killing than non-transgenic controls. Altogether,
our findings indicate a protective role for human RNase 6

during experimental UTI. © 2023 The Author(s).
Published by S. Karger AG, Basel

Introduction

Urinary tract infections (UTIs) rank among the most
common bacterial infections of childhood [1]. UTIs occur
in 2% of males and 8% of females prior to 7 years of age,
and 12-30% of these children will develop recurrent UTI
[2-4]. Young children with UTI have a 50% risk of
pyelonephritis, which is associated with acute kidney
injury and new renal scars in 15% of cases. Antibiotic
options to treat UTIs are limited by rising bacterial
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resistance rates [5]. Novel, effective measures are des-
perately needed to identify patients most at risk for UTI
recurrence, as well as to prevent detrimental sequelae like
urosepsis, acute kidney injury, and renal scarring.

To destroy invading uropathogens, the innate im-
mune system relies on a combination of phagocyte
recruitment, complement activation, and production
of antimicrobial peptides and proteins (AMPs) [6-8].
AMPs confer antimicrobial activity by disrupting
membranes, inducing microbial agglutination,
blocking cell division, and impairing prokaryotic
translational machinery, among others [9-11]. AMPs
have been implicated in host defense against UTI,
based on their potent antimicrobial activity toward
uropathogenic bacteria in vitro, as well as their po-
tential to attenuate host susceptibility to experimental
UTTI in vivo. Multiple cell types produce AMPs during
UTI, including urothelial cells, kidney intercalated
cells, neutrophils, monocytes, and macrophages [7,
12-14].

Macrophages have been implicated as effectors of the
innate immune response during UTI [15-20]. Depletion
of circulating monocytes with clodronate liposomes leads
to impaired clearance of uropathogenic Escherichia coli
(UPEC) during experimental cystitis [16, 17]. In the
infected bladder and kidney, resident Cx3crl+ macro-
phages produce chemokines, which are instrumental in
the recruitment of Ccr2+ monocytes and neutrophils to
the site of infection [15, 17]. During cystitis, interactions
between resident macrophages and recruited monocytes
serve an instrumental role in promoting transepithelial
migration of neutrophils to the urinary space [17].
However, the antimicrobial mechanisms by which
macrophages confer resistance to UTI are incompletely
understood. In particular, the antimicrobial roles of
specific macrophage-derived AMPs have not yet been
fully elucidated.

We previously identified RNase 6 as a monocyte and
macrophage-derived AMP that is expressed in the uri-
nary tracts of humans and mice [11]. Moreover, RNase 6
levels increase during experimental UTI in mice and in
kidneys from human patients with chronic pyelonephritis
[11]. Recombinant human and mouse RNase 6 proteins
exhibited bactericidal activity toward UPEC at low-
micromolar concentrations, along with absent cytotox-
icity toward human epithelial cells and erythrocytes [11].
Despite these findings, the functional role of human
RNase 6 during UTT in vivo remains to be elucidated. In
this study, we generated mice bearing a human RNASE6
transgene and investigated its impact on UTI suscepti-
bility in vivo.

] Innate Immun 2023;15:865-875
DOI: 10.1159/000534736

866

Materials and Methods

Study Approval. Animal experiments were approved by and
performed in accordance with the National Institutes of Health
Guide for the Care and Use of Laboratory Animals and the In-
stitutional Animal Care and Use Committee at Abigail Wexner
Research Institute at Nationwide Children’s Hospital.

Generation of Human RNASE6 Transgenic Mice. Transgenic
mice were generated by TransViragen (Research Triangle Park,
NC, USA). BAC clone CH17-158G19 was digested in vitro with
Cas9 and guide RNAs RNASE6-5g70T (protospacer sequence 5'-
gTGTGATTGATGCTGTGCAA-3") and RNASE6-3g68B (proto-
spacer sequence 5'-gTGCAGGGTGAACTGACAGA) to remove a
30,054 bp fragment. The fragment was cloned into a BAC vector
backbone to generate the pPBAC-RNASE6 Tg BAC. The Tg BAC
was digested with Pmel and a 30,062 bp fragment was gel purified
by standard methods (QIAquick Gel Extraction Kit). The isolated
fragment was dialyzed in microinjection buffer and microinjected
into C57BL/6] mouse embryos. Resulting animals were screened
for the presence of the transgene by PCR using the following
primers: sense 5'- CTCAGATGAGGCAGGAAGCA-3' and an-
tisense 5'-TTTACTGCTCTACTCGCTCCAG-3,’ yielding a 393
bp product. Founders were crossed with C57BL/6] to generate
RNASEG6 transgenic lines. In all experiments, RNASE6 mice
transgenic were compared to age- and sex-matched littermate
controls that lacked the RNASE6 transgene.

Characterization of Transgenic Mice. The Ohio State University
Comparative Pathology and Mouse Phenotyping Shared Resource
was used to measure serum chemistries (Alfa Wassermann Ve-
tACE Chemistry Analyzer; Diamond Diagnostics, Holliston, MA,
USA), complete blood counts (Hemavet 950FS Hematology An-
alyzer; Drew Scientific, Miami Lakes, FL, USA), and evaluate
baseline organ histology in healthy adult female RNASE6 trans-
genic mice and non-transgenic littermates.

Experimental UTI. Experimental UTI was induced in anes-
thetized female mice age six to eight weeks by transurethral in-
oculation with UTI89, a clinical UPEC isolate from a patient with
cystitis [21]. UTI89 was inoculated from a glycerol stock and
grown statically in LB medium for 16 h at 37°C. The inoculum was
107 colony forming units (CFUs) in 50 pL phosphate buffered
saline (PBS). After infection, mice were re-anesthetized and eu-
thanized by exsanguination, urinary tract organs were isolated, and
bacterial burden assessed [22]. Briefly, urinary tract tissues were
homogenized by mechanical agitation with stainless steel beads
(McMaster-Carr, Elmhurst, IL, USA) in sterile PBS using a Tis-
sueLyser II instrument (Qiagen, Germantown, MD, USA), serially
diluted, and plated on LB agar for CFU enumeration. Alternatively,
bladders were fixed in 10% formalin, embedded in paraffin, H&E
stained, and mucosal injury and inflammation were scored by a
veterinary pathologist in a blinded fashion [23, 24]. Intracellular
bacterial communities were identified by p-galactosidase staining
[25, 26].

qRT-PCR, Western blotting, and ELISA. Total RNA was isolated
from indicated tissues using TRIzol Reagent (Thermo Fisher
Scientific, Waltham, MA, USA), reverse transcribed into cDNA
(Verso cDNA Synthesis Kit; Thermo Fisher Scientific), and subject
to PCR using intron-spanning, gene-specific primers. Amplifi-
cation was detected using SybrGreen (Absolute Blue qPCR
SYBRGreen; Thermo Fisher) with an Applied Biosystems 7000
Real-Time PCR System (Thermo Fisher). Results were expressed
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using the 2799€T method normalizing to the housekeeping gene,
Gapdh. The following gene-specific were used: human RNASE6
forward 5'-AGCCCCAACACTGAGACCAGAAAA-3' and re-
verse 5'-GGTGGCAGTTGTGCCGACGA-3'; mouse Rnase6
forward 5'- TGGCCCTGTTCACCATAGGAGCC-3' and reverse
5'-GCGCATGGCTGTGTTGCATGG-3"; and Gapdh forward 5'-
CTGGAGAAACCTGCCAAGTA-3' and reverse 5'-TGTTGC
TGTAGCCGTATTCA-3." Protein extraction and Western blot-
ting were performed as described [27]. Primary antibodies were
rabbit a-Gapdh (Cell Signaling, Beverly, MA, USA) and rabbit a-
human RNase 6 (Cloud-Clone Corp., Katy, TX, USA). RNase 6
levels in macrophage supernatants were measured by ELISA
(Cloud-Clone).

Immunofluorescence Microscopy. Formalin-fixed, paraffin-
embedded kidneys were sectioned at 4 um. Following citrate-
based antigen retrieval, immunolocalization was performed using
the following primary antibodies: rabbit a-human RNase 6 (1:800;
Cloud-Clone), chicken a-GFP (1:300, Abcam, Waltham, MA,
USA), goat a-RFP (1:500, Rockland Immunochemicals, Limerick,
PA, USA), and goat a-E. coli (1:800, Abcam). Cy3-and AlexaFluor
488-conjugated secondary antibodies raised in donkey were used
(1:300; Jackson ImmunoResearch Laboratories, West Grove, PA,
USA), coverslipped using Vectashield with DAPI (Vector Labo-
ratories, Burlingame, CA, USA), and imaged at x60 using a Nikon
Eclipse Ti2 microscope. Non-transgenic tissues were processed in
parallel to confirm that findings were transgene specific. Addi-
tional negative control sections were incubated with irrelevant
species-specific Ab or secondary Ab alone.

Flow Cytometry. Bladders were minced and digested in HBSS
with 1 mg/mL collagenase type 4, 20 mg/mL DNase I, and 1 mg/
mL BSA/fraction V (Invitrogen, Grand Island, NY, USA). After
enzymatic dissociation, mononuclear and polymorphonuclear
cells were enriched using a double gradient formed by layering an
equal volume of Histopaque-1077 (Sigma, St. Louis, MO, USA)
over Histopaque-1119 (Sigma). Single-cell suspensions were in-
cubated in 1 mg/mL of anti-mouse Fc receptor (anti-mouse anti-
CD16/32, clone 93) in 100 mL PBS containing 0.5% BSA plus
0.02% sodium (Na) azide (FACS buffer) for 15 min on ice to block
nonspecific Ab binding. Cells were then stained with blue-
fluorescent reactive dye (L23105; Life Technologies) for 20 min
at room temperature to remove dead cells from the analysis. After
washing, 1-3 million cells were stained for cell-surface receptors in
FACS buffer, for 15 min at 4°C, with various fluorescent mAb
combinations (see the list below). Flow cytometry studies used Abs
at 1:100 dilutions. Stained cells were further collected on a LSR II
cytofluorometer (BD Biosciences), and data were analyzed using
FlowJo software (Tree Star, Ashland, OR, USA). Absolute cell
numbers were calculated using CountBright Absolute Counting
Beads (Thermo Fisher, Wilmington, DE, USA). The following
fluorochrome-conjugated Abs were purchased from BioLegend:
Brilliant Violet 650 anti-mouse I-A/I-E Ab (107641, M5/114.15.2),
APC anti-mouse F4/80 Ab (123116, BMS8), Brilliant Violet
785 anti-mouse CD45 Ab (103149, 30-F11), AlexaFluor 700 anti-
mouse/human CD11b Ab (101222, M1/70), PerCP/Cy5.5 anti-
mouse Ly-6G Ab (127616, 1A8), PE anti-mouse Ly-6C Ab (clone
128018, HK1.4).

UPEC Killing by Bone Marrow-Derived Macrophages. Mouse
bone marrow-derived macrophages (BMDM) were derived by
plating cells from femurs and tibia in DMEM F12 medium
supplemented with 10% fetal bovine serum, 100 U/ml penicillin,
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100 pg/mL streptomycin, 2 mM L-glutamine, and 20 ng/mL M-CSF
(Biolegend, San Diego, CA, USA). After 6 days of culture at 37°Cin
5% CO,, cells were detached and plated into 24-well plates in the
absence of antibiotics at 200,000 cells/well. The following day,
UPEC-containing medium was added at the indicated multiplicity
of infection (MOI) and centrifuged 750 g for 5 min to promote
attachment. Extracellular and attached UPEC were enumerated as
described after 30 min culture at 37°C [28]. Alternatively, after
three washes with medium containing 100 pg/mL gentamicin,
BMDM were incubated for an additional 120 min at 37°C followed
by BMDM lysis with 0.1% Triton X-100 to enumerate intracellular
UPEC [29]. Six replicate wells were evaluated for each experi-
mental condition.

Cytokine Elicitation. BMDM from WT and RNASE6 transgenic
mice were cultured in DMEM F12 medium supplemented with
10% fetal bovine serum and challenged with UPEC (MOI 10) for
24 h. The supernatants were collected and stored at —80°C. The
LEGENDplex Mouse Inflammation Panel Assay (Biolegend) was
performed according to the manufacturer’s directions to quanti-
tate IL-1 a, TNF-a, MCP-1, IL-1p, IL-6, IL-10, IL-27, and IFN-f
levels in supernatants. The samples were acquired with an LSR II
flow cytometer (BD) and analyzed using the LEGENDplex™ Data
Analysis Software Suite.

Macrophage Apoptosis and Necrosis. WT and RNASE6 trans-
genic BMDM:s were stimulated with UPEC (MOI 10) for 30 min
and 3 h to evaluate early apoptosis and late apoptosis/necrosis,
respectively. Cells undergoing apoptosis and/or necrosis were
identified by the Pacific Blue Annexin V Apoptosis Detection Kit
with 7-AAD (Biolegend). BMDMs were acquired by flow cy-
tometry and analyzed with the FlowJo software.

Macrophage Phagocytosis. 2 x 10° BMDM from WT and
RNASE6 transgenic mice were cultured in RPMI-1640 medium
(Sigma, R7509) supplemented with 10% fetal bovine serum using a
black, clear bottom 96 well plate. After 30 min of culture at 37°C in
5% CO2, BMDMs were stimulated with Fluorescein-labeled E. coli
K-12 Bioparticles (VybrantTM Phagocytosis Assay Kit, Invitrogen,
V6694) following the manufacturer’s protocol. After 15, 30, and
60 min, the cells were fixed using 4% PFA. The cells were washed
twice with PBS, stained with trypan blue, 0.25 mg/mL, and imaged
at 20X using an EVOS® FL Cell Imaging System microscope. Four
areas were analyzed per well to assess the percentage of green
(bioparticle) positive cells.

Statistics. Statistical analyses were performed using Prism
Software (GraphPad Software, La Jolla, CA, USA). Continuous
data were evaluated for a normal distribution with the D’Agostino-
Pearson Omnibus test, with normality defined as a p value >0.05.
Normally distributed data were compared by unpaired or paired
t-test as appropriate; otherwise, the nonparametric Mann-
Whitney U test was used with unpaired data. Multiple compar-
isons were made by one-way ANOVA with Tukey’s modification
with p values of <0.05 were considered significant.

Results

Establishment of Human RNASE6 Transgenic Mice. To
investigate the functional role of RNase 6 in promoting
bacterial clearance from the urinary tract in vivo, we
developed human RNASE6 transgenic mice (Fig. 1a). The
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Fig. 1. Characterization of RNASE6 transgenic mice. a Schematic of the BAC transgene containing human
RNASE6. DNA lengths flanking RNASE6 exons 1 (Ex1) and exons (Ex2) are shown in kilobases (kb). b Relative
quantitation of RNASE6 mRNA expression in transgenic tissues by QRT-PCR (n = 4-8 mice/group). ****p <
0.0001, one-way ANOVA. Bars represent mean + SEM for each condition. ¢ Detection of RNase 6 protein
expression in transgenic bone marrow (BM) and spleen by Western blotting.

30-kilobase transgene encompasses the RNASE6 gene
along with its putative regulatory elements and excludes
any neighboring genes whose co-expression might con-
found the phenotype of transgenic mice. Two founders
were generated and crossed with C57BL/6] mice to
generate hemizygous RNASE6 transgenic lines (online
suppl. Fig. S1A; for all online suppl. material, see https://
doi.org/10.1159/000534736). We selected one line (RN-
ASE6.22) for further characterization based on higher
magnitude of RNASE6 mRNA and RNase 6 protein
expression in F2 offspring (online suppl. Fig. S1B-C).
Data from the RNASE6.22 line are presented here.

We detected higher expression levels of RNASE6
mRNA in hematopoietic organs, bone marrow and
spleen, which are the primary sites of RNase 6 expression
reported in humans and mice [11], with lower but de-
tectable levels in the urinary tract (Fig. 1b). Western
blotting with a polyclonal Ab directed against human
RNase 6 identified 2-3 distinct bands in the range of 15-
kilodalton (kDa) in bone marrow and spleen from
transgenic mice that were absent in non-transgenic
controls (Fig. 1c). The RNASE6 transgene had no dis-
cernible impact on organ histology, body weight, com-
plete blood count and differential, or serum chemistries
(online suppl. Table S1). Flow cytometry determined that

] Innate Immun 2023;15:865-875
DOI: 10.1159/000534736

868

the number of neutrophils (CD45*/CDI11B*/Ly6C/
Ly6G™), monocytes (CD45"/CD11B*/Ly6G~/Ly6C"),
and macrophages (Ly6C~/Ly6G~/MHC-II*/F4807) in the
bone marrow and spleen was comparable in RNASE6
transgenic and WT mice (online suppl. Fig. S1D; gating
strategies are shown in online suppl. Fig. S1E). These data
demonstrate that the RNASE6 transgene does not impact
myelopoiesis and that RNASE6 transgenic mice are
healthy compared to their WT counterparts. Thus, RN-
ASE6 transgenic mice are well-suited for functional
studies investigating the role of human RNase 6 in vivo.

Human RNase 6 Has a Protective Role during Exper-
imental Cystitis. To investigate the role of human RNase 6
during UTI, we subjected female RNASE6 transgenic
mice to experimental cystitis. Following transurethral
inoculation of UPEC strain UTI89, bladder RNase 6
protein levels increased within 6 h postinfection (hpi) and
peaked 24 hpi (Fig. 2a). In contrast, there was no increase
in RNASE6 mRNA levels under these conditions, and
RNASES6 followed the same expression pattern as mouse
Rnase6 (online suppl. Fig. S2A). Splenic RNase 6 protein
levels did not change 24 hpi, arguing against a systemic
induction of RNase 6 (online suppl. Fig. S2B). When we
measured bacterial burden 24 hpi, significantly fewer
UPEC CFUs were recovered from the urine, bladder,
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Fig. 2. RNASEG6 transgene exerts a protective role during experi-
mental cystitis. a Representative Western blot shows increased
RNase 6 protein expression in RNASE6 transgenic bladder extracts
at indicated times after transurethral UPEC inoculation. Gapdh is
included as a loading control. The graph depicts increased bladder
RNase 6/Gapdh levels 24 hpi compared to uninfected bladders by
densitometry. (Bars indicate mean + SEM for each condition; n =
4 bladders/group; p = 0.0159, Mann-Whitney U test.) b Reduced
UPEC burden in RNASE6 transgenic mice (TG) 24 hpi compared
to non-transgenic, wild-type (WT) controls (**p < 0.01; *p < 0.05;
Mann-Whitney U Test; n = 13-17 mice/group). Horizontal lines
indicate the geometric mean for each condition. ¢ RNASE6
transgenic bladders (TG) manifest minimal to mild edema (black
arrow), multifocal, submucosal suppurative inflammation (black
circles), and focal hemorrhage (white arrow). Throughout the
mucosa, there is multifocal hyperplasia (black box), with degen-
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erate urothelial cells and neutrophilic inflammation. Conversely,
non-transgenic bladders (WT) show severe submucosal edema
and suppurative inflammation (black arrow) with foci of hem-
orrhage 24 hpi. The mucosa is variably hyperplastic (black box) or
superficially eroded with sloughing of superficial urothelial cells
(red box). Inflammation extends into the muscularis (white ar-
row). Scale bars indicate 100 um. d Bladder inflammation and
mucosal injury scores in RNASE6 transgenic mice and controls
(**p < 0.01; ****p < 0.0001; Mann-Whitney U Test; n = 4-13 mice/
group; horizontal bars indicate median values for each group).
e Flow cytometry identifies comparable numbers of neutrophils
(CD45%/CD11B*/Ly6C~/Ly6G*), monocytes (CD45%/CD11B*/
Ly6G~/Ly6C*), and macrophages (Ly6C /Ly6G~/MHC-II*/F4/
80") in RNASEG transgenic bladders and non-transgenic controls
at baseline and 24 hpi (ns: not significant, Mann-Whitney U test;
bars indicate mean + SD for each group). hpi, hours postinfection.
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ureters, and kidneys of infected RNASE6 transgenic mice
compared to non-transgenic controls (Fig. 2b). However,
we did not observe changes in UPEC intracellular bac-
terial community counts in transgenic and control
bladders 6 hpi (online suppl. Fig. S2C). Transgenic mice
exhibited reduced mucosal injury and bladder inflam-
mation scores 24 hpi (Fig. 2¢, d) but did not differ from
non-transgenic controls with regard to phagocyte re-
cruitment (Fig. 2e). Subsequently, we did not note any
difference in UPEC burden between RNASEG6 transgenic
and non-transgenic controls 48 and 72 hpi (online suppl.
Fig. 2D, E). Thus, human RNase 6 provides a temporally
delimited window of protection to promote bacterial
clearance and reduce tissue injury during experimental
UPEC-induced cystitis.

Monocytes and Macrophages Are the Main Cellular
Sources of RNase 6 during Cystitis. Based on our previous
studies and the published literature, we hypothesized that
phagocytes such as neutrophils, monocytes, and mac-
rophages were the likeliest sources of RNase 6 [11, 30, 31].
Using immunofluorescence microscopy, we detected
RNase 6 in a granular distribution within cells in the
submucosa of uninfected bladders (Fig. 3a). Following
UPEC infection, RNase 6+ cells increased in abundance
and infiltrated the urothelium and submucosa (Fig. 3b, ¢).
In rare instances, RNase 6+ cells were observed in the
vicinity of UPEC intracellular bacterial communities.
RNase 6+ cells did not express the neutrophil-specific
antigen, Ly6G (Fig. 3d, g). To investigate whether
monocytes and macrophages are cellular sources of
RNase 6, we generated RNASE6 transgenic; Cx3cr1GFP/+,
Ccr2RFP/* reporter mice, in which Cx3cr1+ macrophages
express the green fluorescent protein (GFP); Cecr2+
monocytes express the red fluorescent protein (RFP); and
monocyte-derived macrophages express both GFP and
RFP [32, 33]. RNase 6 localized to distinct Cx3Cr1°FP+
macrophages and Ccr2RFP* monocytes in uninfected
bladders (Fig. 3e, h). Following UPEC infection, RNase 6
localized primarily to Ccr2RFP*; Cx3Cr15FP* monocyte-
derived macrophages (Fig. 3f, i). These finding confirm
that monocytes and macrophages are a critical cellular
source of RNase 6 during UTI.

Human RNase 6 Promotes UPEC Killing by Macro-
phages. Since macrophages exert potent antimicrobial
activity and are a prominent source of RNase 6 during
experimental cystitis, we investigated the contributions of
RNase 6 to UPEC killing by BMDM in vitro. RNASE6
transgenic BMDM expressed human RNase 6 protein at
baseline (Fig. 4a), and UPEC exposure did not lead to
substantial changes in RNase 6 protein levels in the
cellular fraction or supernatants (online suppl. Fig. S3A).
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We challenged RNASE6 transgenic and control
BMDM with UPEC at varying MOI, and quantified
extracellular, attached, and intracellular CFU (Fig. 4b).
While we did not observe differences in extracellular
or attached UPEC between genotypes (online suppl.
Fig. S3b), we recovered significantly fewer intracellular
CFU from RNASEG6 transgenic BMDMs compared to
controls (Fig. 4c). RNASE6 transgenic and non-
transgenic BMDM exhibited similar levels of apo-
ptosis and necrosis as well as cytokine elicitation
following UPEC exposure and did not differ in their
phagocytic capacities (Fig. 4d, f). These studies argued
against a difference between RNASE6 transgenic and
control BMDM in their overall state of activation.
Altogether these findings support a role for
macrophage-derived RNase 6 in intracellular killing of
phagocytosed UPEC.

Discussion

While mammalian genomes encode hundreds of
proteins and peptides with established antimicrobial
activity in vitro, their functional significance remains
largely untested in vivo. In a similar vein, we previously
identified RNase 6 as a leukocyte-derived AMP with
bactericidal activity in vitro, with a preference toward
Gram-negative species and in particular toward UPEC
[11], but the physiological roles of RNase 6 during UTI
remained uncertain. Accordingly, the purposes of this
study were: to test the hypothesis that RNase 6 promotes
antimicrobial activity toward UPEC in vivo; to define the
cellular sources of RNase 6 at steady-state and following
UTL and to test the antimicrobial activity of RNase 6
toward UPEC at a cellular level within a macrophage
context.

In this study, we demonstrated that human RNase 6
can be safely and effectively over-expressed in mice. We
found that the expression of RNase 6 protein was tightly
regulated during cystitis, and its upregulation 24 hpi was
associated with limited UPEC burden and tissue injury at
this time point in RNASE6 transgenic mice. Use of the
Cx3crIS™Y and Ccr2R*P  reporter alleles identified
monocytes and macrophages as the main cellular sources
of human RNase 6 during experimental UTI. Experi-
ments in BMDM from RNASE6 transgenic and non-
transgenic mice further established that RNase 6 pro-
motes the killing of phagocytosed UPEC. Our findings
indicate that human RNase 6 expression in macrophages
is an antimicrobial mechanism that limits UPEC colo-
nization within the urinary tract.
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bladders (n = 4 bladders/group; *p = 0.0286, Mann-Whitney U
test; horizontal bars indicate mean + SEM for each condition).
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d, g 24 h after UPEC infection, RNase 6+ cells do not express the
neutrophil specific antigen, Ly6G. e, h RNase 6+ cells (white)
co-express Ccr2 (red arrows) or Cx3crl (green arrow) in the
absence of UTI. Ccr2+ and Cx3crl+ cells were identified using
antibodies raised against RFP and GFP, respectively, in RN-
ASEG+; Ccr2REP/+; Cx3cr1GFP/* mice. f, i 24 h after UPEC in-
fection, RNase 6 localizes primarily to Cecr2+; Cx3crl+
monocyte-derived macrophages (brown arrows). Representa-
tive micrographs from 4 to 6 separate bladders are shown. Scale
bars represent 25 microns (a-f) and 10 microns (g-i). L, Lu-
men; U, Urothelium; S, Submucosa.
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Fig. 4. Macrophage-derived RNase 6 promotes elimination of
intracellular UPEC in vitro. a Expression of RNase 6 protein by
RNASEG6 transgenic in bone marrow-derived macrophages
(BMDM). b Experimental design to test the contributions of
RNase 6 to UPEC killing by BMDM. Time in minutes (m) is
indicated. ¢ Reduced recovery of intracellular UPEC from
RNASEG6 transgenic BMDM (TG) compared to non-transgenic
controls (WT), at the indicated MOI. Results from 6 experi-
ments are shown. Each data point represents the average of 6
technical replicates from a single experiment. The bar desig-

Previous studies have relied upon depletion of
monocytes and macrophages to implicate these cells
in the innate immune response to UTI, but the
mechanisms responsible for UPEC clearance have
been unclear [16, 17]. Some have argued that
monocytes and macrophages serve an indirect role in
promoting neutrophil recruitment and activation
through the production of cytokines and chemokines
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nates the mean across experiments. Paired data are connected
by lines and analyzed by paired ¢ test (*p < 0.05). d WT and
RNASES6 transgenic BMDM exhibit comparable levels of apo-
ptosis and necrosis at baseline and following UPEC exposure
(MOI 10) for 30 min (early apoptosis) and 3 h (late apoptosis/
necrosis)(*p < 0.0001, ANOVA). e WT and RNASEG6 transgenic
BMDM do not differ in their phagocytic capacity of fluorescein-
labeled E. coli K-12 bioparticles. f Similar magnitudes of cy-
tokine elicitation by UPEC (MOI 10) in RNASEG6 transgenic and
WT BMDM 24 hpi.

[15, 17, 34]. Others have claimed that macrophages
directly exert antimicrobial activity during cystitis by
migrating from the submucosa to the urothelium,
where they phagocytose UPEC [35]. Even so, the
precise antibacterial mechanisms employed by mac-
rophages during UTI remain incompletely under-
stood. Some of the primary antimicrobial mechanisms
triggered by UPEC in macrophages include: the
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activation of the inflammasome and caspase-1-de-
pendent processing of pro-IL-1f [36]; macrophage-
mediated zinc poisoning [37]; and the suppression of
iron retention and lipocalin 2 production [38]. In this
context, we have identified human RNase 6 as an
additional, novel effector mechanism employed by
macrophages to directly target invading uropathogens
such as UPEC.

In this regard, there are features of RNase 6 that
make it ideally poised to serve as an instrumental
antimicrobial effector toward UPEC in macrophages.
To begin with, RNase 6 has been identified as a ly-
sosomal resident protein [39]. This compartmentali-
zation may allow RNase 6 to reach high concentra-
tions, as has been recently shown for RNase 2 and
RNase T2 [40], while not causing cytotoxicity. Fur-
thermore, UPEC has been shown to reside within
Lampl+ vesicles following its phagocytosis by
macrophages — a scenario that favors its encounter
with RNase 6 [29]. As a cationic protein, RNase 6 binds
to bacterial lipopolysaccharide with high affinity,
permitting its association with the Gram-negative wall
of UPEC [41]. Through its amino (N-) terminus,
RNase 6 promotes the agglutination of UPEC, thereby
producing densely packed bacterial aggregates [41].
Finally, hydrophobic residues within the N-terminus
of RNase 6 allow it to disrupt lipid bilayers and
bacterial membranes, dissipating electrochemical
gradients and resulting in potent bactericidal activity
[41]. These attributes of RNase 6 make this AMP a
compelling candidate for therapeutic strategies that
seek to increase its levels, activity, or both, in order to
prevent and treat UTIL.

Work from our group has previously established key
roles for epithelial-derived RNase 4 and RNase 7 in
host defense against UTI [13, 27, 28, 42, 43]. However,
the contributions of leukocyte-derived RNases during
UTI in vivo have remained unknown. In this study, we
have begun to fill this knowledge gap by implicating
RNase 6 as an intracellular AMP that promotes UPEC
killing following bacterial phagocytosis by macro-
phages in vitro and in the context of experimental UTI
in vivo. While RNase 6 offered a window of protection
by reducing bacterial burden and tissue injury during
acute cystitis, further studies are warranted to un-
derstand whether RNase 6 can limit chronic and re-
current UTL In addition, future, complementary ex-
periments in Rnase6 deficient mice are needed to fully
comprehend the contributions of RNase 6 to macro-
phage antimicrobial activity and UTI susceptibility
in vivo.

Ribonuclease 6 Promotes Host Defense
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