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Previous studies have suggested that macrophages may conitsute to acute Leptospira
dissemination, as well as having a major role in kidney bras. Our aim was to
characterize the role of macrophages and galectin 3 (Gal-3)n the survival, clinical
course, bacterial burden, interstitial nephritis, and clanic kidney brosis in Leptospira
interrogans serovar Copenhageni (LIC)-induced experimental murine geospirosis.
C57BL/6J mice depleted of macrophages by liposome-encapsiated clodronate
treatment and infected with LIC presented a higher bacterlaburden, had reduced
subacute nephritis and enhanced chronic kidney brosis reltive to untreated, infected
mice. Moreover, LIC infection in mice whose Gal-3 was disrupd (Lgals3 ™) had a
higher bacterial burden and enhanced subacute nephritis ah chronic kidney brosis
when compared to C57BL/6J wild-type mice. Chronic brosis did not correlate with
higher transcription levels of TGH1 or IL-13 in the kidneys. Kidney brosis was found
in chronically infected rats as well as in wild infected ratfOn the other hand, human
broblast cultures exhibited enhanced differentiation tomyo broblasts after treatment
with LIC. Our results demonstrate that macrophages and Gab play a critical role in
controlling the LIC burden but has a minor role in subsequentrosis. Instead, kidney
brosis was better correlated with bacterial burden. Takentogether, our results do not
support a role for macrophages to disseminate leptospires dring acute infection, nor in
chronic kidney brosis.
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INTRODUCTION comparative study dfeptospira interrogarisfection in normal,

macrophage-depleted or Gal-3 depleted mice.
Leptospirosis is a global zoonosis caused by pathogenic

spirochetes of the genuseptospirathat frequently occurs in

tropical areasEharti et al., 2008 Recently, it has been estimated METHODS

that worldwide there are more than 1,000,000 cases and neaBacteria

60,000 deaths due to leptospirosis each y€as(a et al., 20)5 The virulent L. interrogansserovar Copenhageni (LIC) strain

The transmission is frequently related to contact with @in Fiocruz L1-130 has been described previouisly ¢t al., 1999

contaminated soil and water or with infected animal tissueBacteria were cultured at 30 under aerobic conditions in

(Faine, 1988; Lecour et al., 198%n addition, leptospirosis liquid Ellinghausen-McCullough-Johnson-Harris (EMJH) media

is currently recognized as a neglected disease associéted WDifco, USA) supplemented with 10% rabbit serum (vol/vol),

poverty and slum settlements where sanitation is lackin@.015% L-asparagine (wt/vol), 0.001% sodium pyruvate (§t/vo

(Hartskeerl et al., 2011; Sarkar et al., 2012; Felzemburgh, et 0.001% calcium chloride (wt/vol), 0.001% magnesium ctiori

2019. (wt/vol), 0.03% peptone (wt/vol), and 0.02% meat extract(ol/
The pathogenesis of leptospirosis is not completely knowiiPretre et al., 2093 The bacteria were quantied by direct

(Haake and Levett, 20).4Pathogenit.eptospirapp. disseminate counting in a Petro -Hausser chamber (Hausser Scienti ¢, UK)

during the acute leptospiremic phase of infection that mayusing dark eld microscopy $charrig et al., 20)5Virulence

aect kidney physiology \(Vunder et al., 201% The subacute of LIC was maintained by iterative passages in Golden Syrian

leptospiruric phase begins 5-12 days later with an increase hamsters and to reduce its pathogenic variability, aliquetse

speci ¢ antibodies that clear the bacteria from blood andesth freezed at 80 C and when used, thawed was performed in 2 ml

organs. However, bacteria are not cleared from the kidneysf medium that were cultured 7 days before inoculation.

where they can chronically persist in the proximal tubules Whic

results in shedding of leptospires into the urine for monthsAnimals and Experimental Design of

producing a chronic in ammation and the host becomes a carrie Animal Infections

that contaminates the environment with their urinéifake and  Ethics Statement: all animal experiments were conducted in
Levett, 201} compliance with the Argentine animal protection Law “Ley

In the past, the role of monocytes and derived macrophages4346—Malos tratos y actos de crueldad a los animales.”
was studied for many diseases after their depletion usinghe Institutional Animal Care and Use Committee of the
silica particles Allison et al., 196p This procedure was Facultad de Ciencias Exactas, Universidad Nacional de La Plat
later associated with increased macrophage activatiém ( dependence has reviewed the protocol and procedure for the care
Rooijen and Sanders, 1997which led to uncertainty in and use of laboratory animals entitled “Chronic experimental
the role of macrophages in many of those studies. Morgnfection of C57BL/6J mice with. interrogans This Committee
recently, the role of monocytes and macrophages in dierenhas found that the procedures are in agreement with local
pathologies has been claried by specic depletion of thesguidelines for vertebrate animal welfare as well as with US
cells using liposome encapsulated clodronate (LipClodpyblic Health Service and/or European Union policy (National
(Van Rooijen and Hendrikx, 20)0 However, their role in Research Council, National Academy Press, Washington DC,
leptospirosis is still unclear, even with a study showing thapo10, and/or European Union Directive for Animal Experiments
the silica particles treatment did not aect the outcome 0f2010/53/EU). This project was approved under the Protocol
the infection (u et al., 198p Another study showed that Number 016-06-15. All infectious experiments have been
Leptospiramay persist and even replicate in macrophages angonducted following IBBM institutional safety proceduresdan
proposed that macrophages might be carriers of leptospiragere performed under biosecurity level 2, as it is required.fo
and aid in their spread to target organsiqma et al., jnterrogansAll animals received water and foed libitum. All
201). e orts were made to minimize su ering.

Galectin 3 (Gal-3) belong to the family df galactoside  weanling (3—4 weeks old) C57BL/6J inbred male mice used
binding animal lectins, and it is highly expressed and sectél  for the macrophage depletion experiments were supplied by the
monocytes and activated macrophages functioning as a regula Faculty of Veterinary, UNLP, Argentina. Gal-3 de cient mice
of acute and chronic in ammation |.(IU and Rabinovich, 20])0 (Lga|s3= )(BGCnga|Sgn1P0FJ) and their control littermates
In addition, Gal-3 secretion by macrophages is a major drofer wijth a C57BL/6J genetic background were originally obtine
broblast activation and subsequent myo broblast accumtidn  from Jackson Laboratory (stock 6338) and were kindly supplied
during the progression of several organs to brosige(iderson  py Dr. O. Campetella of the Instituto de Investigaciones
etal., 2006, 2008; Jaquenod De Giusti et al., Rpldys a critical  Bjotecnolégicas (IIB), Universidad Nacional de San Martin
and complex context-dependent role in the kidnegén and  (Buenos Aires). Mice were injected intraperitoneally (IP)hwit
Kuo, 2019 and have an enhanced expression in chronic muring) 2 mL of phosphate bu ered saline (PBS, Mock) or 0.2mL
leptospirosisKerrer et al., 2004 of PBS containing 70LIC. For macrophage depletion, mice

In the present study, we aimed to clarify the respectivgvere injected IP with 10mL/g of animal weight of LipClod
roles of macrophages and Gal-3 in controlling the bacteria{ciodronateliposomes.org) 24 h before infection and theergv
burden, interstitial nephritis and renal brosis by perforng a 5 days (Mock LipClod and LIGCLipClod groups). Macrophage
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depletion was con rmed by peripheral blood smears and bysections were heated three times for 5min in a 10 mmol/L
immunocytochemical detection of the F4/80 antigen in tssu citrate bu er in a microwave oven. The sections were then
(Jaquenod De Giusti et al., 201Mice were monitored daily and cooled, immersed in 3% D, for 15min, and incubated in
euthanised by C@overdose at 14 and 45 dpi (6—8 mice were5% normal goat serum in PBS for 20 min at room temperature.
used for each time point and two independent experiments werghe samples were incubated with a primary murine polyclonal
performed) for collection of their blood and kidneys. Routiyne  anti-LipL32 antibody, generously provided by Dr. Nascimento
the kidneys were sliced in half along their long axis, andloalé  of Butantan Institute, the mouse monoclonal anti-macrophage
was frozen at 80 C for further studies while the other was xed F4/80 antibody (Novus Biologicals, USA) or the aatsmooth
in 4% paraformaldehyde. muscle actin protein (Clone 1A4, Dako, USA) for 1 h at room
All experimentation in rats was conducted in accordancdemperature. Then, samples were incubated with a secondary
with protocols as reviewed and approved by the Animal Care &nti-mouse antibody conjugated to a peroxide-labeled dextr
Use Committee at the National Animal Disease Center, and gsolymer (Dako EnVision, CA, USA). The hydrogen peroxidase
approved by USDA Institutional guidelines. Female Fisher 344ubstrate diaminobenzidine was added for 10—20 min to reach
inbred rats (Strain F344/NHsd, Envigo) of approximately 4kgee the appropriate intensity and then the slides were rinsed with
of age were experimentally infected with 110’ low-passagé.  distilled water. Immunostained sections were countersidi
interroganserovar Copenhageni as describedl(y et al., 2018 with hematoxylin for 1 min, washed with tap water, rinsed with
distilled water, and dehydrated in increasing concentrasi of
Live-Trapping of Wild Rats ethanol followed by xylene (each treatment was 5 min). Slides
Live-trapping of wild rats was performed in nine livestock farm were then observed under a Nikon E200 photomicroscope.
in central Buenos Aires province during August 2016. Cagestra
(15 16 31cm) were placed in dierent environments of DNA Isolation
the farms for three consecutive nights. Traps were checked f@NA was isolated as previously describeBelfer et al.,
captures every morning and captured animals were humanel§019. Briey, kidney samples were subjected to mechanical
sacri ced to collect tissue samples after a deep anesthétfia whomogenisation in 500nL of lysis bu er (50 mM Tris-HCI pH
an intramuscular injection of ketamine-acepromazine. Traygpi 8.0, ImM EDTA, 1% Triton X-100, 0.5% Tween-20, 1% SDS)
handling, and euthanasia were done following the proceduresontaining proteinase K (g/mL) and incubated for 2 h at 5€.
and protocols approved by the Argentine Law for Animal CareThe reaction was mixed with one volume of phenol (pH 8.0)
14346, the Argentinean Society for Mammalian Studies (wwvand centrifuged at 12,000 g for 15min at 4C. The aqueous
sarem.org.ar), the American Society of Mammalogisiggs phase was extracted once more with phenol and then four times

etal., 201p with 0.5 volumes of chloroform/isoamyl alcohol (24:1), with
_ centrifugation at 12,000 g for 10min at 4C between each
Histopathology extraction. DNA was precipitated by the addition of 1@

Samples were processed for routine histology and kidneyynjur3 M sodium acetate pH 5.2 and 100% ethanol up to a volume
was scored by a professional pathologist as previously dedcribef 1 mL and stored overnight at 20 C. DNA was pelleted
(Ferrer et al., 2004 Brie y, nephritis was graded blindly by a by centrifugation at 12,000 g for 20min at 4C. The DNA
pathologist on a scale of 0—4 in a whole longitudinal sectithe pellet was washed twice with 70% ethanol, resuspended in TE
organ: a score of 0 corresponded to the absence of in ammatoryu er (10 mM Tris-HCI pH 7.5, 1 mM EDTA) and incubated at

in Itrates or necrosis, 1 denoted minimal in ammation (1 to 55-60C for 15-20 min. DNA was stored at20 C until use.

5 foci), 2 indicated mild in ammation € 25% of the section

was a ected, or 6-10 foci), 3 suggested moderate in ammatioflReal Time-PCR

(25-50% of the section was aected, or 11-20 foci), and Real time-PCR (qPCR) studies were performed with a Line-Gene
corresponded to severe in ammation (more than 50% of theK instrument and software (Bioer) as describéee(rer et al.,
section had in ammatory in ltrates, or more than 20 foci). 2019. The 5X HOT FIRE Pol Eva Green gPCR Mix Plus was used
Picrosirius red staining and digital image analysis weraluse for all reactions according to the manufacturer's instioos.
quantify the amount of red-stained collagen bers as pregigu Initial denaturation was carried out at 9¢ for 10 min, followed
described [terrer et al., 20)4using a Nikon E200 microscope by 65 cycles of 20s at 94, 15s at the respective annealing
with a Tucsen TCC 5.0 digital camera and the software providetemperature and 15s at 72 for each round of extension,
by the manufacturer. Brie y, the full kidney was photographedfollowed by a nal extension at 7Z for 2 min. A melting curve
(usually 70-80 pictures), and 5 pictures of each sample withnalysis was performed immediately after ampli cation, rangi
the larger vessels were discarded. Background levels etdg s from 70 to 89C with a linear temperature transition rate of
all the experiment pictures. Measurement of collagen deposis3 C/s and continuous uorescence acquisition. The size of
was performed using the green channel. Percentage of collageCR products was con rmed by agarose gel electrophoresis. To

staining was obtained for each picture. calculate the bacterial burden, the 16S DNA bacterial gese w
_ _ ampli ed, quanti ed and results were expressed as the number
Immunohistochemistry of Leptospiraequivalent genomes per mg of kidney tissue DNA

Immunohistochemistry was performed as previously describe@atsui et al., 2015 The primer sequences used are as follows
(Ferrer et al., 2004 Briey, rehydrated Pro-Bond Plus tissue (5°to 3% (Fw/Rv; ampli ed gene):

Frontiers in Cellular and Infection Microbiology | www.frdiersin.org 3 October 2018 | Volume 8 | Article 384


www.sarem.org.ar
www.sarem.org.ar
https://www.frontiersin.org/journals/cellular-and-infection-microbiology
https://www.frontiersin.org
https://www.frontiersin.org/journals/cellular-and-infection-microbiology#articles

Ferrer et al. Leptospira Burden Determine Fibrosis

16SDNA bacterial gene CATTCATGTTTCGAATCATTTCA muscle actin protein (Dako) followed by incubation with a
AA/GAAACACGGACACCCAAAGTA; actin CGTCATCCAT FITC-conjugated secondary antibody (Life Technologiesn@
GGCGAACTG/GCTTCTTTGCAGCTCCTTCGT; CCL-2 TGC Island, NY, USA). Nucleus were stained with propidium iodide
CCTAAGGTCTTCAGCAC/AAGGCATCACAGTCCGAGTC; (Sigma-Aldrich, USA). Slides were analyzed with a Nikon E200
TGFhl TGCGCTTGCAGAGATTAAAA/AGGTAACGCCAG uorescent photomicroscope (Nikon E200, Tokyo, Japan).
GAATTGTTGCTA; IL-13 GACCAGACTCCCCTGTGCAA/TG
GGTCCTGTAGATGGCATTG; IFNg CTTGGATATCTGGA Flow Cytometry
GGAACTGGC/GCGCTGGACCTGTGGGTTGTTGA,; IL-4 CA To evaluatea-smooth muscle actin protein expression levels,
TCGGCATTTTGAACGAGGTCA/CTTATCGATGAATCCAG treated broblasts were detached using trypsin/EDTA, xedtwit
GCATCG; IL-10 CCAGTTTTACCTGGTAGAAGTGATG/TG 1% paraformaldehyde, permeabilised with 0.1% Triton X-100,

TCTAGGTCCTGGAGTCCAGCAGACTCAA. and stained with a mouse antibody agaimssmooth muscle
actin protein followed by FITC-conjugated secondary antilesd
Western Blot (Life Technologies, Grand Island, NY, USA) or a matched IgG

For western blot, tissue samples were collected on Bu er RIPA&otype as a negative control (BD Biosciences, San Jose, CA, USA
(NaCl 150 mmol/L, Triton x-100 1%, sodium deoxycholatefor 30 min at room temperature. Flow cytometry analysis was
1%, SDS 0.1%, EDTA 1 mmol/L, PMSF 1 mmol/L, leupeptiperformed using a FACSCalibur ow cytometer (BD Biosciences
1mg/ml en Tris-HCI 50 mmol/L pH 7.4) and homogenized Franklin Lakes, NJ, USA) using FCS Express V3 software (De
using Bio-Gen PRO200 homogenizer three times for 5s a{ovo Software, Los Angeles, CA, USA).

maximal speed. Protein samples were separated by SDS-PAGE

on 10% polyacrylamide gels and electrotransferred to PVDRtatistical Analysis

membranes using Trans-Blot SD (Bio-Rad) according to they|| results are expressed as the mean plus SEM. A Student's paired
manufacturer's instructions. Membranes were incubatechwit t-test was used to determine signi cant dierences between

mouse monoclonal antb-actin (GenScript), or the already means, andP-values lower than 0.05 were considered statistically
described anta-smooth muscle actin protein. Membranes weresjgnj cant. When multiple groups were compared, a one-way
washed again and incubated with anti-mouse-HRP (Santa Crugnalysis of variance (ANOVA) followed by the Tukey's multiple

Biotechnology) or anti-rat biotinylated followed by strepi@in  comparison test was used to determine signi cant di erences
HRP. Bands were detected by enhanced chemiluminescenggiween groups. Pearson correlation coe cientvas used for

(Amersham) and quanti ed using LabWorksTM 4.6 (Image correlation analysis. All statistical analyses were perfdrasing
Acquisition and Analysis Software) and normalizedb@ctin  prism 6 software (GraphPad).

expression.

Fibroblast and Macrophage Cell Cultures RESULTS
The previously characterized human foreskin broblast Ce”Macrophage Depletion Increased

line FPA De Campos-Nebel et al., 2Q1®as obtained from . .
Servicio de Cultivo de Tejidos, Depto Virologia, INEI-ANLIS Bacteremia and the Subacute Kldney

Dr. CG Malbran (Buenos Aires, Argentina) and was grownBacterial Burden but Reduced Subacute
in Minimum Essential Medium supplemented with 10% FBSNephritis
and 2 mM L-glutamine, pH 7.4. CD14 monocytes were isolated o clarify the role of macrophages in acute murine leptospirosis,
from peripheral blood mononuclear cells (PBMCs) using CD14ve rst studied the survival rate and bacterial burden in
positive selection kit (Stem Cells Technology) and humarC57BL/6J mice with or without macrophage-depletion by
monocyte-derived macrophages (HMDM) were obtained after TipClod treatment afterL. interrogansserovar Copenhageni
days of culture in the presence of rM-CSF as previously reported.IC) infection (Figure 1A). All groups of mice had a 100%
(Kusne et al., 2034 survival rate. Bacteremia at 1 day post infection (dpi) was
The broblasts (1 10P) were seeded in 24-well at-bottom- signi cantly increased in LIGC LipClod mice relative to the LIC
plates with or without poly-L-lysine treated coverslips, andgroup (Figure 1B P < 0.05). At 14 dpi, LipL32 immunostaining
placed in a humidi ed incubator at 37T with CO, (5%) for was detected in the kidney&igure 1C) and a higher bacterial
immuno uorescence or ow cytometry analysis. Fibroblastseve load in LICC LipClod mice which was con rmed by measuring
incubated with RPMI medium with 2% of FBS, LIC conditioned- bacterial DNA levelsKigure 1D, P< 0.01).
medium, or LIC (MOI 10) for 48h. Co-culture of FPA and  Analysis of kidney histopathology showed no histological
HMDM assays were performed also in presence or absence abnormalities at 14 dpi in uninfected mice meanwhile LIC-
N-Acetyl-D-lactosamine (Carbosynth) as a Galectin-3 bitor  infected mice exhibited a moderate interstitial nephritisat

(Gal-3i) Jaquenod De Giusti et al., 2015 was signi cantly reduced in LICC LipClod mice Figure 1B,
scoring 2.33 0.36 and 1.5 0.30, respectivelyF{gure 1F,
Immuno uorescence P < 0.01). The pathological score was further supported by CCL-

Cells were xed with 1% paraformaldehyde and permeabilise@ mRNA levels, used as an in ammatory marker, since expression
with 0.1% Triton X-100. After blocking with 6% BSA, cells @er levels were signi cantly lower in LIC LipClod treated animals
incubated for 1h with a primary antibody againatsmooth compared to LIC infected animal&igure 1G P< 0.05).
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FIGURE 1 | Depletion of macrophages resulted in a higher bacterial bden, reduced subacute nephritis, and unaltered renal funain. (A) Treatment scheme for
intraperitoneal depletion and infection in Mock, MoclC LipClod, LIC and LICC LipClod groups of C57BL/6J mice. (B) Bacteremia levels at 1 day post-infection (dpi)
were signi cantly increased in LIC-infected mice depleted omacrophages. (C,D) At 14 dpi, kidneys sections of all groups of mice were immunasined for LipL32
(the majorLeptospira interrogansantigen) and also bacterial load in LIC LipClod group resulted in higher levels compared to undepted but LIC-infected mice.
(E-G) Representative haematoxylin-eosin staining of kidney séons. An in ammation score was established by a pathologisend CCL-2 mRNA was quanti ed by
gRT-PCR as a molecular marker of in ammationp-actin was used as a housekeeping control. Signi cantly dinmiished levels of in ammation were detected in LICC
LipClod group. (H,I) Normal urea and creatinine levels in serum samples from alkperimental groups were detected and assayed as a measure aenal functions at
14 dpi. Serum samples from LIC-infected gerbils were used as @ositive control C). In all cases, data represent assays of two independent expignents of groups of
6 animals, each. Bars indicate 50 microns; AU, arbitrary uts; "SP > 0.05; *P < 0.05; **P < 0.01; **P < 0.001; ****P < 0.0001.

To determine whether macrophage depletion modulated renacute and subacute bacterial burden without impairment ofite
function, the levels of urea and creatinine in the serum werdunction by the infection.
measured at 14 dpi. Results showed that while there was a
signi cant increase in infected gerbils (used as positiveticds), . .
no signicant dierences were found among mice groupsperS'StenF Depletlon of Macr(_)phgges
(Figures 1H,)). These results suggested that kidney in ammationResulted in Increased Chronic Kidney
in our model was below the threshold necessary to eliciBacterial Burden and Increased Fibrosis
physiological kidney alterations such as those observeerinlg, To determine how macrophage depletion a ects the progression
where kidney in ammation was clearly higher (data not shgwn of this disease, the same experimental design used to study
Taken together, these results suggest that infection with L subacute leptospirosis was carried out for 45 days to study
under macrophage depletion conditions results in an incrdasechronicity (Figure 2A). Body weight was used as a clinical
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parameter and showed a progressive increase over time in Mogidneys of LIC C Lgals3~ mice (Figure 4A), which was

uninfected control. By contrast, the LIC-infected animabgps con rmed by quanti cation of the bacterial burden by g-PCR

exhibited a slight decrease in body weight over the rst 10 dpianalysisFigure 4B P < 0.05, vs. LIC-infected mice).

However, these mice then started to gain weight and ended The histopathological analysis showed an increased, mild

with close to the same weight as the control mice. The CIC interstitial nephritis in LIC C Lgals3~ mice compared to

LipClod group, on the other hand, had signi cantly reduced LIC-infected mice Figure 4C), with scores of 1.02 0.16 and

weight gain, gaining only 10% of their original weight by the1.83 0.31, respectivelyF{gure 4D, P < 0.0001). These results

end of the experiment ending with similar values as the Mockvere corroborated by the mRNA levels of CCL&idure 4E

C LipClod group Figure 2B, P < 0.05 vs. LIC-infected mice, P < 0.0001, LIC vs. LIC Lgals3~ mice). Non-altered renal

P < 0.01 vs. mock control). At 45 dpi, no macrophage in Itration function was observed in any groupigures 4F,G.

was observed in the controls, but a moderate in ltration was These results indicate that Gal-3 plays a role in limiting the

associated with the nephritis in the LIC group that, as expicte bacterial burden and tissue in ammation during the acute pbaa

was absent in LIC LipClod mice Figure 20. of LIC-induced nephritis. Taken together, mice knockout for
Immunostaining of LipL32 was signi cantly higher in the Gal-3 showed similar results to macrophage depletion.

kidneys of LICC LipClod mice Figure 2D) and at least 10 times

higher than at 14 dpi. This trend was con rmed by quantifying Gal-3 Disruption Increased the Chronic
the bacterial load by g-PCR analyskdure 2E P < 0.05, vs. Bacterial Burden and Fibrosis, but Do Not

LIC-infected mice). Affect In ammation

Histopathology Figure 2 showed an absence of doi. i . ¢ Lipl32 Fi d
abnormalities in uninfected mice and a similar moderateAt 45 dpi, immunostaining of LipL32 Kigure 54) an

interstitial nephritis in both infected groups, scoring 1.83).50 qu_anti cation of the bacterial bl_eren by g-PCR analysis
and 1.84 0.26 for LIC and LICC LipClod mice, respectively (Figure 56 showed that the bacterllal burdgn was I.ow.er for the
(Figure 2G). This result was supported by the mRNA levels oil,‘lc group T[han thg LICC LipClod mlce,_but '.t was signi cantly
CCL-2 Figure 2H). Unexpectedly, no signi cant di erences increased in the kidneys of LIC Lgals3~ mice relative to the
were observed in the parameters of renal function assessle*&C group(P_<_0.05, VS LI_C-mfgcted_WT mlce)._ . .
(Figures 21,J At chronicity, LIC infection induced similar slight

To determine whether macrophage depletion moduIated.nf"wmp,hage in ltration n both W'l.d type an.dl'_gals3‘
chronic brosis, kidneys samples were stained for collagé&h w mice (Figure 50). The_hlsto_pathqloglcal an§|y5|§|gure 5'.3) .
Picrosirius red Figure 3A) at 45 dpi. None in the control group showed no abr_1c_)rmallt|es_ n _unlnfected mice and a similar
exhibited collagen deposits. By contrast, IGQ.ipClod-infected discrete, interstitial nephritis in both of the infected gms,

mice had several foci of collagen deposits in the kidneys th&t?ring 1i025 0.10 anddl.;)?, hO.ZO, resplectilvelf(gure SE)'h. h
were signi cantly higher in number and larger in size tharotie This result was supported by the mRNA levels of CCL-2, whic

in the LIC group. Digital analysis of collagen area con rmed"Vas usedasanin ammat_ory markefigure 5F). Together, both
these observations with scores of 0.48.10 and 1.38 0.25 of these values were similar but lower than those .obser.\led af
for LIC and LICC LipClod, respectivelyfigure 38 P< 0.0001, mgcrophqge_depletlc_)n. As obs_erved for sub_acute infectiofh; at
comparing LIC to LICC LipClod). Besides, in the LIC LipClod AP non-signi cant di erences in renal function were detedte
group a positive correlation between Picrosirius red staini between LIC gnd LIC Lgals3 mice (Fl.gures 5G.H. )
and bacterial burden was observed D 0.8982,P < 0.05). To determine whether Gal-3 disruption modulated chronic

Enhanceda-smooth muscle actin proteinat SMA) expression, brosis_, kidney samples were sta_ined for collagen with P“‘F"‘“?S

as a parameter of myo broblast activation, was observed iﬁed _G:|gure 6A) at 45 dpi. l\_lone in the control group exhl_blted
both groups of infected mice and enhanced in the LOGC signi cant .collagen deposns.l By contrast, LI(C. LgalsS— ;
LipClod group Figure 3C). Western blot analysis con rmed infected mice had §everal foci of collagen.dep.osns in thadyd .
the immunohistochemistry stainingFigures 3D.E P < 0.05). that were higher in number and larger in size than those in

Taken together, these results suggested that macrophades be LIC-ipfectet_:lhmice grm;p. Digitla7l angl;l/s;s cor;;rr;edl_tllaes
a ect the clinical course and that control of the bacteriarben ~ © servations with scores of 0.550.17 and 1.75 0. or LIC

was more important than in ammation to trigger chronic kidye and LICC Lgals3™ mice, respectivelﬂgure G,B‘ P< 0.0001).
Enhanceda-SMA expression was observed in both groups of

brosis.
rosts infected mice Figure 6C). The western blot analysis showed
_ _ o higher levels in the LICC Lgals3~ mice (Figures6D,E
Gal-3 Disruption Signi cantly Increased P< 0.01).
the Subacute Bacterial Burden and Kidney o _ _
In ammation Fibrosis Was Not Associated With TGF- bl

In order to study the role of Gal-3 in experimental murine Or IL-13 MRNA Levels in the Kidney

leptospirosis, C57BL/BUgals3~ and their control littermate Previous studies have implicated some cytokines, inclu@iiag-
mice were used in a comparative study. There was abl, as important mediators of renal brosisi(), 2011; Conway
absence of spontaneous mortality in all groups. At 14 dpiand Hughes, 20)2 However, no signi cant di erences were
immunohistochemistry staining of LipL32 had increased ie th found in the TGFb1 mRNA expression levels between LIC and
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FIGURE 2 | Depletion of macrophages resulted in an increased chronicenal bacterial burden and similar chronic interstitial ndpitis. (A) Treatment scheme for
intraperitoneal depletion and infection in Mock, MoclC LipClod, LIC and LICC LipClod groups of C57BL/6J mice. (B) Percentage of body weight change in all
groups of mice during the 45 days post-infection (dpi) showig that the LICC LipClod group had signi cantly reduced weight gain. Immunosaining with an antibody
against F4/80C cells (macrophages)C) con rming macrophage depletion or with anti-LipL32 (the majr Leptospira interrogansantigen)(D) in kidney sections of all
experimental groups of mice at 45 dpi. Depletion of macrophges in LIC-infected mice resulted in more presence of leptospal antigen.(E) Higher bacterial load in
kidneys of LICC LipClod group was detected compared to undepleted LIC group.b-actin was used as a housekeeping control (F-H) Representative
haematoxylin-eosin staining of kidney sections. An in ammigon score was established by a pathologist and CCL-2 mRNA ws quanti ed by gRT-PCR as a molecular
marker of in ammation; b-actin was used as a housekeeping control. Similar chronismiammation was observed among experimental groups(l,J) Normal urea and
creatinine levels in serum samples from all experimental@ips were detected and assayed as a measure of renal functianat 45 dpi. In all cases, data represent
assays of two independent experiments of groups of 6 animalseach. Bars indicate 50 microns; AU, arbitrary unitsiSP > 0.05; *P < 0.05; *P < 0.01.

the LIC C LipClod group or LIC and LICC Lgals3~ mice triggering and/or developing LIC-induced brosis during ¢h
at 45 dpi Figures 7A,B. Similar results were found for the chronic phase of infection in the absence of macrophages or
expression levels of IL-13, IFdl-and IL-10 Figures 7C-F,1,).  Gal-3.
In contrast, IL-4 mRNA expression was reduced in LT
Lgals3= mice while it remained unchanged in LIC LipClod ~Leptospira Triggered Kidney Fibrosis in
mice (Figures 7G,H. Experimentally Infected and Wild Rats
Collectively, the analysis of mRNA expression levels foKext, in order to know if the enhanced collagen deposition
these cytokines revealed that they did not play a major role ibserved in chronic murine leptospirosis was a species-related
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FIGURE 3 | Depletion of macrophages resulted in an increased brosis(A,B) Picrosirius red was used for collagen staining of kidney seions for all groups of mice at
45 dpi and digital quanti cation of brosis revealed signi cartly increased collagen deposition in the LIC LipClod group of mice at 45 dpi.(C—E) a-smooth muscle
actin protein immunostaining in all groups of mice and repsentative western blot image ofa-smooth muscle actin protein in kidney samples from LIC and LIC
LipClod groups of mice at 45 dpi;b-actin was used as a housekeeping control. Data represent asays of two independent experiments of groups of 6 animals, &h.
For digital quanti cation, the samples derive from the same xperiment and the gels/blots were processed in parallel. AUgrbitrary units; P < 0.05; **f < 0.0001.

issue we extended our studies rst to a rat experimental model_IC Activated Human Fibroblasts

also used as a model of chronic leptospirosis. Picrosirius reficcording to our results, chronic brosis did not seem to be
staining of kidney samples from experimentally LIC-infectedenhanced by the presence of macrophages, Gal-3 expression or by
rats at 45 dpi showed more collagen staining than the mocka particular chronic cytokine. In contrast, we found that ohic
infected ones. Digital analysis conrmed these observatio brosis was associated with bacterial load. Therefore, wetad
with scores of 2.49 0.18 and 3.77 0.15 for Mock and toknow whether LIC was able toinduce broblast di erentiati.
LIC rats, respectivelyFHgures8A,B P < 0.0001). Then, a Specically, human broblasts were treated with LIC or LIC
similar study was performed in trapped-wild rats to con rm conditioned medium (negative control) aredSMA protein was

if brosis indeed happened in nature. A total of 48 animalsstained in cultured cells. The expression levels were qeahti
were captured at the livestock farms, and all belongeRdtius as a parameter of broblast conversion to myo broblast, which
norvegicusspecies. Only 3 rats were positive fbeptospira is an accepted prerequisite of kidney brosisiy, 201).
according to PCR analysis. All of the 3 PCR-positive wild ratémmuno uorescence Figure 9A) and ow cytometry studies
showed some degree of kidney in ammation and an enhanceckvealed an increased expressionrag8MA protein upon LIC
renal collagen deposition when compared with PCR-negatitge ratreatment relative to control sample&igure 9B P < 0.001).
(Figures 8C,Q P< 0.05). In addition, we performed co-culture assays of human brcitéa
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FIGURE 4 | Genetic disruption of Gal-3 signi cantly increased the acug bacterial burden and acute kidney in ammation(A) Immunostaining with an antibody against
LipL32 (the majorLeptospira interrogansantigen) in kidney sections of Mock, MockC Lgals3 = , LIC and LICC Lgals3 = groups of mice at 14 days post-infection
(dpi). (B) Absence of galectin-3 in LIC-infected mice resulted in highebacterial load in kidneys compared to wild-type LIC groupb-actin was used as a housekeeping
control. (C-E) Representative haematoxylin-eosin staining of kidney sé&ons. An in ammation score was established by a pathologisand CCL-2 mRNA was
quanti ed by gRT-PCR as a molecular marker of in ammationp-actin was used as a housekeeping control. Acute kidney in armation as well as signi cantly higher
CCL-2 levels were detected in LICC Lgals3 = group. (F,G) Normal urea and creatinine levels in serum samples from alkgerimental groups were detected and
assayed as a measure of renal functions at 14 dpi. Serum samg$ from LIC-infected gerbils were used as a positive control). In all cases, data represent assays of|
two independent experiments of groups of 6 animals, each. Ba indicate 50 microns; AU, arbitrary units?'SP > 0.05; *P < 0.05; **P < 0.001; **P < 0.0001.

and macrophages LIC-infected in presence or absence of aiGal®e clinical evolution but not in kidney function of this
Results showed that LIC enhance the conversion to myo brsibla disease.
and that the Gal-3i blocked this e ecE{gure 9C P< 0.05). Macrophages play an important role in controlling the
bacterial burden and tissue in ammation during other spihmte
infections. Their systemic depletion from mice using LipClod
DISCUSSION resulted in uncontrolledBorrelia duttoni growth and a 100-
fold increase in theBorrelia recurrentisburden in blood,
In this study, we showed that macrophages and Gal-3 play farther supporting that these phagocytic cells play a critical
major role in controlling the LIC burden and its associatedrole in controlling the spirochete burderiérsson et al., 2009
inammation, but they are not involved in subsequent Two pioneering studies were performed to clarify the role of
brosis. In agreement with previous studies, all C57BL/6Jnacrophages in leptospirosis. Both studies used BALB/c mice
mice had a 100% survival rateFgnton D'andon et al., and depleted macrophages by administering silica particlas. O
2014; Ferrer et al., 20).4The observation that the LipClod study found a similar outcome for the infection in non-degelt
group of mice showed signi cant weight loss that was notand depleted miceT(u et al., 198), while the second observed
associated with level changes in serum urea and creatinin increased sensitivity foeptospiranfection and an inhibition
suggests that macrophages are important mediators inf bacterial clearance after depletiolsgai et al., 1996 This
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FIGURE 5 | Genetic disruption of Gal-3 signi cantly increased the chraic bacterial burden.(A) Immunostaining with an antibody against LipL32 (the majdreptospira
interrogansantigen) in kidney sections of Mock, MockC Lgals3 = , LIC and LICC Lgals3 = groups of mice at 45 days post-infection (dpi)(B) Absence of
galectin-3 in LIC-infected mice resulted in higher bacterldoad in kidneys compared to wild-type LIC groupb-actin was used as a housekeeping control(C)
Immunostaining with an antibody against F4/8C cells (macrophages) revealed its presence in both infectegroups independent of galectin-3 absence. D-F)
Representative haematoxylin-eosin staining of kidney séons. An in ammation score was established by a pathologisand CCL-2 mRNA was quanti ed by gRT-PCR
as a molecular marker of in ammation;b-actin was used as a housekeeping control. Similar chronicidney in ammation was observed among experimental groups.
(G,H) Normal urea and creatinine levels in serum samples from alkperimental groups were detected and assayed as a measure a&nal functions at 45 dpi. In all
cases, data represent assays of two independent experimestof groups of 6 animals, each. Bars indicate 50 microns; AU, ritrary units;"SP > 0.05; *P < 0.05.

work conrms and expands upon those results in a more Regarding the role of Gal-3 in experimental leptospirosis,
susceptible mouse strain, as monocyte-macrophage phagocytier results showed that Gal-3 played a signi cant role in
cells in C57BL/6J mice were found to play a critical role incontrolling both the subacute kidney bacterial burden and
the acute bacterial burden but subacute interstitial nejhwvas  kidney in ammation. Moreover, Gal-3 also played a role in the
reduced. Moreover, chronic depletion of macrophages resultechronic kidney bacterial burden. These data are in agreémen
in an increased chronic kidney bacterial burden. Takentoge with Gal-3 controlling initial Leishmania(Sato et al., 20)4as
these ndings strongly suggest that macrophages control thevell as Helicobacter pylorinfections Gubhash et al., 20).6
acute, subacute and chronic bacterial burden and have a kéythough several mechanisms have been implicated (inclydin
role in subsequent in ammation. This nding is particularly Gal-3 recognition of pathogen-associated molecular pagtern
relevant ad_eptospirasp. was reported to be able to replicatesuch as lipopolysaccharide, microbe binding to target celts an
inside infected macrophages without any apparent cytopathichemoattraction by phagocyté&ato et al., 2014; Subhash et al.,
e ects (Toma et al., 201)] leading to the possibility that infected 2016, the speci ¢ mechanism(s) involved in leptospirosis require
macrophages participate in bacterial dissemination. Alttioug further studies to be clari ed.

our results do not discard this possibility, the observedéase Our ndings on kidney brosis were quite unexpected. It was
in bacterial burden following macrophage depletion did notnot primarily related to the presence of macrophages as brosis
indicate that macrophages play a signi cant roleLieptospirap.  was enhanced in their absence, even with a diminished ititiefs
dissemination in mice. nephritis. In a similar way, enhanced brosis was found in
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FIGURE 6 | Genetic disruption of Gal-3 signi cantly increased the chraic brosis with similar chronic in ammation. (A,B) Picrosirius red was used for collagen
staining of kidney sections for all groups of mice at 45 dpi ah digital quanti cation of brosis revealed signi cantly inceased collagen deposition in the LICC

Lgals3 = group of mice at 45 dpi. (C—E) a-smooth muscle actin protein immunostaining in all groups bmice and representative western blot image oé-smooth
muscle actin protein in kidney samples from LIC and LIC Lgals3 = groups of mice at 45 dpi; b-actin was used as a housekeeping control. Data represent asays
of two independent experiments of groups of 6 animals, eachFor digital quanti cation, the samples derive from the same xperiment and the gels/blots were
processed in parallel. AU, arbitrary units; < 0.01; **P < 0.0001.

the absence of Gal-3 with a similar chronic in ammation, process. This does not necessarily mean that our model of
suggesting that the levels of Gal-3 were not criticallywaieé  brosis is TGFb1l independent since TGB1 is regulated at
to kidney brosis, in contrast to that was shown in a non- many di erent levels and time points. Moreover, it has been
infectious model of kidney brosis where macrophages andhown that the addition ofLeptospirato tubular epithelial
Gal-3 played a major roleHenderson et al., 2008 Recent cells induces collagen accumulation via a TiEFdependent
studies showed that bone marrow-derived broblasts conitdh mechanism {ian et al., 2008 Besides, Gal-3 de ciency did not
signi cantly to the pathogenesis of renal brosiSn et al.,, aect macrophage in Itration and in ammation but was able to
2016; Yan et al., 20).6Whether this mechanism is involved in trigger kidney brosis that correlated with increased bexgal
leptospirosis should be determined in future studies. In #ddi  load, and together with the nding that non-specic Gal-3i
although TGFb1 and IL-13 are typically involved in triggering reduce myo broblast activation triggered by LIC, suggebtst
the brotic processes, our present results showed that TGFRegardless of macrophage rolesptospirasp. is responsible for
bl mRNA levels were not up-regulated Leeptospiranduced the activation o-SMA and might trigger kidney brosis directly
chronic renal brosis. Surprisingly, neither IL-13 nor theéher  either by forming bio Ims in the lumen of the distal convolude
studied cytokines seemed to in uence the LIC-induced hoot tubule and/or by the secretion of unknown molecule(s),
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FIGURE 7 | Cytokine mRNA levels in renal interstitial brosis triggeceby LIC infection showing that brosis was not associated withTGF-b1 or IL-13 mRNA levels in
the kidney. gRT-PCR analysis of TG (A,B), IL-13 (C,D), IFN-g (E,F), IL-4 (G,H), and IL-10 (1,J) mRNA levels in kidney samples from LIC, LIC LipClod, and LICC
Lgals3 = groups of mice at 45 dpi. b-actin was used as a housekeeping control. Data represent agys of two independent experiments of groups of 6 animals,
each; AU, arbitrary units;"SP > 0.05; *P < 0.05.
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FIGURE 8 | Leptospiratriggered kidney brosis in experimentally infected and wdl rats. (A,B) Picrosirius red was used for collagen staining of kidney seions for
Mock, and experimentally LIC-infected rats and digital quancation of brosis revealed signi cantly increased collagen deposition in the LIC group at 45 dpi.(C) Wild
rats were screened forLeptospiraand 3 out of 48 animals were PCR-positive and Picrosirius redas used for collagen staining of kidney sections(D) Digital

quanti cation of brosis revealed signi cantly increased colagen deposition in the Infected (PCR-positive) compared i the Uninfected (PCR-negative) rats at 45 dpi.
*P < 0.05; ***P < 0.0001.

FIGURE 9 | LIC activated human broblasts. (A) Immuno uorescent staining ofa-smooth muscle actin protein (a speci ¢ marker of activated kroblasts or

myo broblasts) in a primary cell line of cultured human brotast treated previously for 48 h with Mock, LIC conditioned-mdium, and LIC. Propidium iodide was used
for nuclear staining.(B) Representative FACS plots of SMA mean uorescent intensityMFl).(C) Representative FACS plots of SMA MFI of a co-culture (Co-) of
broblast and macrophages infected or not for 48 h with LIC in alsence or presence of a non-speci ¢ Galectin-3 inhibitor (G&i). Bar indicate 50 microns. P < 0.05;
**P < 0.001.

perhaps other galectin/s, but requires further studies tamice found that brosis was only present in the chronically
con rmiit. infected hamsters and was not correlated with TFlevels. It

A few recent studies have characterized renal brosis irwas related to the degree and persistence of in ammation rathe
experimental leptospirosis models. By using C57BL/6J aritian to the bacterial burden. The absence of murine brosis
many genetically modi ed mice, d'’Andon et al. showed thatmay be due to OF-1 mice being outbred, the use of di erent
kidney brosis was iINOS-dependent but was independent obacterial strains or inoculation of animals at a di erent ages
TGFb1, TLR, and NLR signaling pathways. Furthermore, th€Matsui et al., 201% In a previous study based on ndings in
authors indicated that murine kidney brosis was more highl Dafl = mice that have an enhanced immune response and
correlated to the presence akptospirathan with interstitial  interstitial nephritis, we proposed that brosis did not colate
nephritis (Fanton D'andon et al., 20)4However, in that study, with TGF-b1 levels Ferrer et al., 20)4and was more related to
brosis was not abolished in the infected INOS knockoutthe degree of interstitial nephritis and the level of GalF&i{er
mice suggesting that another unknown mechanism(s) exsts tet al., 201}t However, the Dafl™ mice also had a signi cantly
promote Leptospirainduced renal brosis. In contrast, a more higher bacterial burden in their subacute kidneys so thsute
recent study comparing chronic leptospirosis in hamsters telOF does not contradict our current ndings.
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Humans were considered unable to become persistentgnd MF wrote the main manuscript text and MF prepared
infected carriers oLeptospiraspp. However, recent studies haveFigures 1-9 AR performed the serum analysis. RD performed
challenged that paradigm, demonstrating asymptomatic rendahe pathology analysis. EC performed the FACS and the WB
colonization by either pathogenic or intermediate pathogeni analysis. JN performed some chronic rats studies. AN and DM

Leptospiraspp. Ganoza et al., 20).(More interestingly, chronic

performed wild rats studies. All authors have reviewed the

kidney disease (CKD) was suggested to be a possible outcomanuscript.

of persistent_eptospiraspp. infection in humansHerath et al.,

2019. In fact, a recent cohort study performed by Yang et alFUNDING
was the rst to demonstrate the association between CKD and

Leptospiraspp. infection {ang et al., 20)50ur present study,
which demonstrates that the bacterial burden abeptospira

This work was supported by the grants PICT 2012-0434 and
2016-1740 (RG), PICT 2014-0352 (MS), and PICT 2016-2608

itself can activate broblasts, highlights the importancé o (\uF) from the Agencia Nacional de Promocién Cientica y
understanding the pathogenic mechanisms of leptospirosis anflacnolggica (ANPCyT).

their link to kidney brosis.
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