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Abstract.

Leptospirosis is a neglected zoonosis caused by pathogenic Leptospira. In this study, we characterized the

virulence of isolate B3-13S obtained from a wild mouse (Mus musculus) captured in New Caledonia, subsequently
identified as a bacterium belonging to the L. borgpetersenii serogroup Ballum. Hamsters were infected with an intraperito-
neal injection of 2 x 10® bacteria, resulting in severe histopathological organ damages consistent with tissue lesions
previously observed with other strains. Hamsters were also injected with 1 x 10° or 5 x 107 bacteria and animals that
recovered showed renal carriage of leptospires in concentrations similar to the bacterial load quantified in mouse kidneys,
with urinary shedding of bacteria up to 4 weeks postinfection. The serogroup Ballum is increasingly reported in human
leptospirosis, and these results highlight the use of the B3-13S isolate for the development of models resulting in either
severe acute or chronic forms of the infection, allowing for better characterization of its pathogenesis.

Leptospirosis is a widespread zoonosis caused by pathogenic
spirochetes of the genus Leptospira. Severe forms in humans
include multiple organ failures with renal, hepatic, and pulmo-
nary failures, possibly leading to death. Pathogens are transmit-
ted to humans by direct or indirect contact with contaminated
urine from mammalian reservoir hosts.

Although rats and mice are major maintenance hosts, they
present with mostly asymptomatic infections and with subse-
quent elimination of the pathogens from all organs except the
kidneys." Indeed, bacteria levels are maintained through chronic
infection of the renal proximal tubules, although bacteria are
subsequently shed through urine for the entire lifetime of the
animal?> Different host-serovar associations seem ubiquitous
as typically observed for rats (commonly Rattus norvegicus and
R. rattus) with serovars Icterohaemorrhagiae and Copenhageni,
and for mice (Mus musculus and other Mus species) with the
serogroup Ballum.? Icterohaemorrhagiae is the serogroup most
often implicated in human infection.* However, epidemiological
studies in the Caribbean and Pacific regions suggest an increased
contribution of the serogroup Ballum to human leptospirosis on
a level comparable to that of Icterohaemorrhagiae serogroup.>®
In New Caledonia, leptospires of the Ballum serogroup are
involved in less than 5% of human cases,” with mice comprising
the main asymptomatic carrier of this serogroup.® Herein, using
histological and molecular techniques, we characterized both
severe acute and chronic infections in the golden Syrian hamster
with the strain B3-13S of L. borgpetersenii serogroup Ballum,
isolated from a wild mouse captured in New Caledonia.®

OF1 mice (Mus musculus) and golden Syrian hamsters
(Mesocricetus auratus), whose genitors originated from Charles
River Laboratories, were bred at Institut Pasteur in New
Caledonia. Animal manipulations were conducted according
to the guidelines of the Animal Care and Use Committees of
the Institut Pasteur and followed European Recommendation
2007/526/EC.

The B3-13S isolate was obtained from the Ellinghausen—
McCullough-Johnson-Harris (EMJH)-culture from the kidneys
of a wild mouse (M. musculus) in 2009 in New Caledonia,
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and was subsequently characterized as L. borgpetersenii belong-
ing to serogroup Ballum.® Bacteria were cultured in a liquid
EMJH medium as previously described.” Cell concentration
was determined using a Petroff-Hausser counting chamber
(Hausser Scientific, Horsham, PA). Virulence of bacteria was
maintained by intraperitoneally injecting hamsters, and reisolat-
ing leptospires from the blood.

Hamsters 6- to 8-week-old were injected with three doses of
B3-13S (5 x 107, 1 x 10%, or 2 x 10® bacteria, determined after
preliminary tests) to reproduce acute or chronic infection. Mice
were injected with 1 x 10® B3-13S to produce typical chronic
infection. For ethical reasons, nonreactive animals were consid-
ered dead and euthanized by atlanto-occipital dislocation after
anesthesia with chloroform. For chronic experimental infec-
tion, animals were euthanized at 21 or 28 days postinfection.

After dissection, we conducted gross macroscopic examina-
tion of the organs. For histological observations, organs were
harvested and fixed in 10% neutral buffered formalin, and
tissues were then stained by hematoxylin-erythrosin (HE),
Masson’s trichrome, or Alcian Blue staining. Leptospires were
visualized after silver impregnation following the Warthin—
Starry (WS) protocol modified with pyrocatechol.'”

Total DNA was extracted from samples using QIAamp
DNA Mini Kit (Qiagen GmbH, Hilden, Germany). For renal
tissue, 25 mg samples were placed into MagNA Lyser Green
Bead tubes (Roche Applied Sciences, Auckland, New
Zealand) containing 360 pL lysis buffer, and disrupted and
homogenized using the MagNA Lyser Instrument (Roche
Diagnostic Ltd., Rotkreuz, Switzerland). Urinary excretion of
leptospires was evaluated in urine collected from the bladder
or by collecting pieces of wood shaving in cages of B3-13S-
infected animals at 21 or 28 days postinfection. Shaving sam-
ples were vortexed into 2 mL phosphate buffered saline (PBS).
Following the proteinase K incubation step, and after washing,
the eluted DNA was quantified by spectrophotometry
(NanoDrop 2000; ThermoFisher, Wilmington, DE). PCR
targeting the IfbI gene!! was carried out on a LightCycler 2.0
using the LightCycler FastStart DNA Master SYBR Green [
(Roche Applied Science) with primers purchased from
Eurogentec (Seraing, Belgium). A standard curve obtained
from serial 10-fold dilutions of known numbers of leptospires
was used for absolute quantification. Results were expressed as
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FIGURE 1. Acute lesions in hamsters experimentally infected with 2 x 10° B3-13S. (A) Peritoneal cavity of a control hamster. (B) Icterus with
yellowish adipose tissues and blood accumulation in the bladder (arrow) of hamster deceased 5 days after B3-13S infection. (C) Massive
pulmonary hemorrhage of lungs in an infected hamster. (D) Normal hepatocytic architecture (HE [hematoxylin-erythrosin], x400). (E) Regular
alveolar structure in lungs of noninfected animals (HE, x 100). (F) Normal tubules and glomerulus in kidneys (HE, x400). (G) necrotic hepatocytes
associated with sinusoidal congestion and infiltration of inflammatory cells in liver of B3-13S-infected animals 5 days postinfection (HE, x400).
(H) Edema and foci of intensive hemorrhages in lungs 5 days postinfection (HE, x100). (I) Intense hemorrhages in tubules and glomeruli (arrow)

in kidneys of infected animals (HE, x400).

the number of Leptospira genome equivalents per microgram
of DNA extracted from kidney tissue. Statistical studies were
performed using GraphPad Prism v4 (GraphPad Software Inc.,
La Jolla, CA) to analyze the difference in bacterial load
between animals (unpaired ¢ test).

Hamsters were infected with twofold serial dilutions of 2 x
10® (N = 17 individuals), 1 x 10® (N = 17), or 5 x 107 (N = 4)
virulent B3-13S, and survival was monitored until 21 days.
Fatal outcome was observed for all hamsters within 4—6 days
after inoculation with 2 x 10% bacteria, whereas 41% and 50%
animals survived until 21 days after infection with 1 x 10® and
5 x 107 bacteria, respectively.

Tissue lesions of hamsters lethally infected with B3-13S were
then examined. Necropsy revealed icterus and blood in the
urinary bladder (Figure 1B). Massive hemorrhages in the respi-
ratory tract and pulmonary tissues were also observed in some
hamsters (Figure 1C). Sinusoidal congestion and infiltration
of inflammatory cells in liver of infected hamsters associated
with hepatocytic necrosis were observed (Figure 1G). Alveolar
edema and foci of intensive hemorrhages were observed in
lungs of infected animals (Figure 1H). Diffuse congestion and
intense hemorrhages in renal tubules and glomeruli of hamsters
were also seen at day 5 postinfection (Figure 1I).

We also examined surviving hamsters infected by inocula-
tion of 1 x 10% or 5 x 107 B3-13S, and compared infectious
characteristics to the chronically infected mice. Localized car-
riage in kidneys and subsequent shedding of leptospires in
urine were evaluated by molecular approaches and histology

from samples collected at 28 days postinfection. Quantitative
PCR confirmed the presence of leptospires in kidneys of all
animals with detection of leptospiral DNA in renal tissues
4 weeks postinfection (Figure 2A). Results showed no difference
in bacterial load between infected hamsters (~1,000 Leptospira
genomes/ig DNA tissue) and mice (~900 Leptospira genomes/ng
DNA tissue). Shedding of leptospires in urine was also con-
firmed by quantitative polymerase chain reaction (qPCR) from
urine or from bedding collected from hamster cages (not
shown). Argentic staining also confirmed the presence of intact
spirochetes in the kidneys of hamsters until 28 days postinfec-
tion (Figure 2B). Clusters of bacteria were found localized in
the central zone of the lumen of the proximal tubules.

Histological changes were also investigated in the renal tissue
of hamsters at 28 days postinfection. Contrasting with lethal
cases, kidneys did not show any congestion in gross observa-
tion, but rather, abnormal pallor and sclerosis (Figure 2D).
These observations correlated with histological changes show-
ing a crenulated capsule (not shown). Infiltration of polynuclear
neutrophils and lymphocytes associated with necrotic elements
in the tubular structures (Figure 2E) supports acute or subacute
tubulointerstitial nephritis. Evidence of interstitial fibrosis was
demonstrated by staining collagen in the interstitium using
Masson’s trichrome (Figure 2F). Alcian Blue staining showed
intensive coloration of mucopolysaccharides in the lumen of
some kidney tubules (Figure 2G).

Rodents are regarded as principal reservoirs of leptospires,'?
and their close proximity to inhabited areas in developing and
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FiGure 2. Carriage of B3-13S leptospires and lesions in the kid-
neys of hamsters 28 days postinfection. (A) Bacterial load in kidneys
of mice and hamsters infected with 1 x 10® virulent B3-13S, quantified
at 28 days postinfection by quantitative polymerase chain reaction
(qPCR) assays. Results expressed as Leprospira genomes per micro-
gram of DNA extracted from kidneys. Values are means + SEMs
(n = 3). ns = nonsignificant. (B) Spirochetes in the kidneys of ham-
sters 28 days after infection; a large cluster of leptospires is indicated
in the central zone of a tubular lumen by an arrow (WS, x1,000).
(C) Kidney from a control hamster. (D) Kidney from a surviving
hamster 28 days after infection. (E) Tubular infiltration of polynuclear
neutrophils and lymphocytes with necrotic cells in infected hamster
(HE, x400). (F) Collagen in interstitial space (Masson’s trichrome,
x1,000). (G) Intense staining of mucopolysaccharides in a tubule
(Alcian Blue, x1,000).

tropical countries constitutes a favorable condition for human
contamination.®'? The serogroup Ballum, the principal reservoir
of which is mice, is increasingly reported in human infection.>®
Here, we characterized the virulence of a Ballum strain B3-13S,
which was isolated from a wild mouse captured in New Caledonia,
using hamster model. We described tissue lesions during both
the acute and chronic stages of infection. Lethal leptospirosis of
hamsters infected with the L. interrogans serovar Icterohae-
morrhagiae strain Verdun was previously described'® and, simi-
larly, led to fatality within 4-6 days, as was also observed for the
Ballum B3-13S isolate. This contrasts with the mean period
before onset of death observed with another serogroup, Ballum
strain 4E, in the same animal model, which died between 8 and
18 days postinfection.'* However, bacterial concentration of
B3-13S greater than 1 x 10°® leptospires was required to induce
lethality in all hamsters; this contrasts with lethality observed
from doses lower than 1 x 107 for Ballum strain 4E.'* The
B3-13S-infected hamsters revealed severe hemorrhaging, as well
as edema and congestion in liver, lung, and kidney tissue at the
time of death, similar to lesions observed with other strains.'>"

Hamsters that survived acute disease developed chronic
infection with the B3-13S isolate. Indeed, WS staining and spe-
cific qPCR techniques confirmed the presence of Leptospira in

the kidneys of infected hamsters at 28 days postinfection.
Recently, Zuerner and others described the chronic infection
of hamsters with one particular isolate of L. borgpetersenii
serovar Hardjo.!® In that study, leptospires established renal
colonization, and hamsters remained asymptomatic with chronic
renal infections until 30 days after inoculation. The bacterial
load was quantified and no difference was observed between
mice and hamsters infected with B3-13S. Previous studies quan-
tified the bacterial load in kidneys of animals infected with
virulent strains of serovar Copenhageni.'” It is noteworthy that
acute infection models showed higher concentrations of lepto-
spires (> 2.4 x 10* genomes/ug DNA) compared with reservoir
rats (50-825/ug DNA). The bacterial load in the kidneys of
chronic infection models was closer to the range observed in
those of reservoir rats. A lower Leptospira burden seems repre-
sentative of chronic infection compared with the higher load
observed in acute infection.

During chronic infection, hamsters presented with no clini-
cal signs although renal lesions were observed with inflamma-
tory infiltrates characteristic of interstitial nephritis at 28 days
postinfection, a condition also associated with chronic lepto-
spirosis in experimentally infected carrier animals including
rats, mice, pigs, cattle, and dogs.]g’22 Interestingly, hamsters
infected with virulent strains of leptospires and developing
rapid acute lethal infection presented with severe damage of
tubular epithelia with cell swelling, whereas hamsters present-
ing advanced signs of the disease (10 days postinfection)
exhibited multifocal moderate nephritis with infiltrates of leu-
kocytes and histiocytes.** During chronic infection, interstitial
nephritis is commonly associated with fibrosis. Using Masson’s
trichrome staining, we also recorded evidence of intensive
interstitial fibrosis in hamster kidneys during chronic lepto-
spirosis. This was associated with observed tubular atrophy
related to necrotic epithelial cells. Interstitial nephritis evolving
into tubular atrophy and renal fibrosis was also seen in chroni-
cally infected animals, such as dogs infected with serovar
Canicola and rats infected with serovar Icterohaemorrhagiae.”

Histological staining allowed for visualization of Leptospira
localization in the kidneys of infected animals. Large clusters
of spirochetes were confined into the central area of the tubu-
lar lumen in infected hamsters. Using another Ballum strain,
colonization of renal tissues by leptospires was found exclu-
sively in the tubules of hamsters.'® In contrast, description of
the close proximity of leptospire layer to tubular epithelium
was reported using WS staining in infected wild, long-tailed
field mouse (Apodemus sylvaticus), suggesting attachment
of the leptospires to the tubular wall.?* Scanning electron
microscopy also revealed leptospires attached to the inner
tubular surface in kidneys of rats infected with virulent
serovar Copenhageni.! Aggregation of pathogenic leptospires
has been previously observed in vitro when cultured in fresh
water for 110 days, and was proposed as a possible survival
mechanism in the natural environment.?> Aggregates of lepto-
spires may be assimilated to biofilms, with Ristow and others
reporting evidence supporting the formation of biofilm com-
posed of pathogenic leptospires surrounded by an extracellu-
lar matrix.?® Interestingly, endogenous expression of a major
sialic acid was reported in a virulent serovar Copenhageni.?’
Herein, Alcian Blue staining of kidney sections of B3-13S-
infected hamsters showed massive mucopolysaccharidic struc-
tures that may include sialic acids in the tubular lumen.
These components could be produced by tubular cells in the
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chronically infected animals as a potential host response. This
mechanism may be related to the formation of biofilm-like
structures possibly contributing to the maintenance of bacteria
in the kidneys of host reservoirs.

This study, therefore, confirms the utility of the B3-13S iso-
late in exploring mechanisms of leptospirosis. The develop-
ment of accurate models for both acute and chronic infection
is critical for pursuing robust research on the disease. Such
research could have significant implications for public health
in tropical and subtropical regions where human leptospirosis
infection is considered a significant and growing morbidity risk
among vulnerable populations.
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