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Pathogenic species of Leptospira cause leptospirosis, a bacterial zoonotic disease with

a global distribution affecting over one million people annually. Rats are regarded as

one of the most significant reservoir hosts of infection for human disease, and in the

absence of clinical signs of infection, excrete large numbers of organisms in their urine.

A unique biological equilibrium exists between pathogenic leptospires and reservoir

hosts of infection, but surprisingly, little is known concerning the host’s cellular immune

response that facilitates persistent renal colonization. To address this deficiency, we

established and applied an immunocompetent inbred rat model of persistent renal

colonization; leptospires were detected in urine of experimentally infected rats by 3 weeks

post-infection and remained positive until 8 weeks post-infection. However, there was

little, if any, evidence of inflammation in colonized renal tubules. At 8 weeks post-infection,

a robust antibody response was detected against lipopolysaccharide and protein outer

membrane (OM) components. Purified B and T cells derived from the spleen of infected

and non-infected rats proliferated in response to stimulation with 0.5 µg of OM fractions

of Leptospira, including CD4+ T cells, which comprised 40% of proliferating cells,

compared to 25% in non-infected controls. However, analysis of gene expression did not

determine which immunoregulatory pathways were activated. Lymphocytes purified from

the lymph node draining the site of colonization, the renal lymph node, also showed an

increase in percentage of proliferating B and T cells. However, in contrast to a phenotype

of 40%CD4+ T cells in the spleen, the phenotype of proliferating T cells in the renal lymph

node comprised 65% CD4+ T cells. These results confirm that the renal lymph node,

the local lymphoid organ, is a dominant site containing Leptospira reactive CD4+ T cells

and highlight the need to consider the local, vs. systemic, immune responses during renal

colonization infection. The use of inbred immunocompetent rats provides a novel tool to

further elucidate those pathophysiological pathways that facilitate the unique biological

equilibrium observed in reservoir hosts of leptospirosis.
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INTRODUCTION

Leptospirosis is a zoonotic disease of global significance caused
by a unique group of bacteria (Bharti et al., 2003). Pathogenic
species of Leptospira are excreted from colonized renal tubules
of infected reservoir hosts via urine into the environment where
they can survive in suitable moist conditions. Contact with urine
from infected reservoir hosts, or contaminated water sources,
can result in disease when pathogenic leptospires penetrate
breaches of the skin, or mucosal surfaces, and disseminate
haematogenously to cause a range of clinical symptoms from
mild fever, to icteric Weil’s disease and pulmonary hemorrhage
syndrome. Mortality in these incidental hosts ranges from
10 to 70% (McBride et al., 2005). Leptospirosis is estimated
to cause 1.03 million cases and 58,900 deaths each year
(Torgerson et al., 2015). In developed countries, leptospirosis
is primarily a recreational disease, an occupational disease
of farm workers, veterinarians, and slaughter plant workers,
or in returning travelers. In developing countries, it is a
socioeconomic disease perpetuated by rapid urbanization, rodent
infestation and transmission via contaminated water sources
associated with limited infrastructures and severe weather
events. Although rats are regarded as one of the most
significant reservoir hosts of infection for human disease
(Costa et al., 2014), many domestic animal species are
also asymptomatic carriers, including dogs, cattle and pigs
(Rojas et al., 2010; Ellis, 2015).

Rattus norvegicus was first recognized as a reservoir host of
leptospirosis over 100 years ago, since experimental infection
did not result in any clinical signs of disease, despite the
persistent excretion of leptospires from kidney tissues which were
subsequently lethal to guinea pigs (Ido et al., 1917). Though
a unique biological equilibrium exists between pathogenic

leptospires and reservoir hosts of infection, virtually nothing
is known about those host-pathogen interactions that facilitate
persistent renal colonization. There appears to be a specific
host-parasite relationship in the Norway rat with serogroup
Icterohaemorrhagiae, as compared to other serovars, since
experimental infection results in persistent excretion over
220 days (Thiermann, 1981). Infected wild rats shed >106

leptospires/ml of urine and their presence in households is
significantly associated with the risk of infection (Costa et al.,
2014, 2015).

Experimentally infected rats persistently excrete large

numbers of leptospires in urine which has allowed for the
characterization of urinary derived leptospires compared

to its in vitro cultivated counterpart (Bonilla-Santiago and
Nally, 2011). Leptospires excreted from renal tubules modify
their protein and antigen expression, and regulate expression of
protein post-translational modifications, a function hypothesized

to help evade host immune responses (Nally et al., 2005, 2011,
2017; Monahan et al., 2008; Witchell et al., 2014). Antibodies
from experimentally infected rats react with a larger number of

antigens expressed by in vitro cultivated leptospires compared to
urinary derived leptospires (Monahan et al., 2008). Urine from

experimentally infected rats contains host-derived biomarkers of
infection (Nally et al., 2015).

In the current study, we refined the rat model of persistent
renal colonization to use immunocompetent inbred rats.
Leptospires colonized renal tubules by 3 weeks post-infection
and were persistently excreted at 8 weeks post-infection.
Despite this, no pathology was observed in renal tissues.
Experimentally infected rats produced antibody against protein
and lipopolysaccharide antigens of leptospires. In addition, there
was a cell specific proliferative immune response. Interestingly,
lymphocytes derived from spleen responded differently to those
derived from the renal lymph node, demonstrating the need to
study not just systemic, but localized cellular immune responses.
Our results emphasize the unique biological equilibrium
observed between leptospires and their respective reservoir host
of infection, and provide a framework to further understand the
hosts’ cellular immunoregulatory pathways associated with renal
colonization.

MATERIALS AND METHODS

In Vitro Cultivated Bacteria
Virulent low-passage L. interrogans serogroup
Icterohaemorrhagiae strain RJ19115 was cultivated under
standard conditions at 30◦C in EMJH medium. Virulence was
assessed by experimental infection of guinea pigs (Nally et al.,
2004; Schuller et al., 2015).

Experimental Infection of Rats and Sample
Collection
All animal experimentation was conducted in accordance with
protocols as reviewed and approved by the Animal Care &
Use Committee at the National Animal Disease Center, and as
approved by USDA Institutional guidelines. Fifteen female Fisher
344 inbred rats (Strain F344/NHsd, Envigo) of approximately
4 weeks of age were experimentally infected with 1 × 107

low-passage L. interrogans strain RJ19115 by intraperitoneal
injection in a final volume of 0.5ml. From 3 to 6 weeks post-
infection, urine was collected weekly from rats for enumeration
of spirochetes by dark-field microscopy (DFM) as previously
described (Miller, 1971). The limit of detection of leptospires by
DFM is 105 leptospires/ml. In order to collect urine samples, rats
were housed individually in a metabolism cage immediately after
receiving furosemide (2–10 mg/kg) intramuscularly (Bonilla-
Santiago and Nally, 2011). Nine additional rats served as non-
infected controls and received 0.5ml of culture medium.

Microscopic Agglutination Test
Serumwas collected from each rat at approximately 8 weeks post-
infection by cardiac puncture. Themicroscopic agglutination test
(MAT) was performed using strain RJ19115, according to OIE
guidelines at 2-fold dilutions from an initial dilution of 1:25 (Cole
et al., 1973).

Pathology and Immunohistochemistry
Rat kidneys were harvested at approximately 8 weeks post-
infection and immediately fixed by immersion in neutral buffered
10% formalin, processed routinely, embedded in paraffin,
cut into 4µm sections, and stained with hematoxylin and
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eosin (HE). Immunohistochemistry was performed on paraffin-
embedded tissue sections using antiserum generated against
outer membrane vesicles (OMV) of Leptospira species or with
anti-LipL32 (Nally et al., 2004, 2017). After dewaxing, tissue
sections were blocked with 10% normal goat serum in PBS for
30 mins at room temperature. Samples were incubated with anti-
OMV or anti-LipL32 at 1:200 in blocking solution and incubated
overnight at 4◦C. After 3 × 5min washes in PBS, samples were
incubated in goat anti-rabbit IgG conjugated to AlexaFluor 546
(Invitrogen, CA) and DAPI (Invitrogen, CA) 1:3,000 in blocking
solution for 60min at room temperature in the dark. Samples
were again washed in PBS before the addition of ProLong Gold
anti-fade (Molecular Probes, OR) mounting media per slide and
covered with a 24× 50mm coverslip. Samples were viewed using
a Nikon Eclipse E800 and images captured using Nikon Elements
Software.

Antigen Preparation and Immunoblotting
Fractionation of L. interrogans strain RJ19115 to enrich for
outer membrane (OM) proteins was performed using Triton X-
114 as previously described (Nally et al., 2001). OM enriched
fractions were compared to whole leptospires by 1-D gel
electrophoresis as previously described (Monahan et al., 2008).
Proteins were visualized by staining with Sypro Ruby (Invitrogen,
CA) and lipopolysaccharide was visualized by staining with
Pro-Q Emerald 300 (Invitrogen, CA) as per manufacturer’s
guidelines. For immunoblotting, samples were transferred to
Immobilon-P transfer membrane (Millipore, 220 Bedford, MA)
and blocked overnight at 4◦C with StartingBlock (TBS) blocking
buffer (Thermo Scientific, CO). Membranes were individually
incubated with indicated antisera (anti-LipL21, anti-LipL32 and
anti-LipL41 at 1:4,000, anti-Treponema FlaA at 1:2,000, or a pool
of sera from infected or non-infected rats at 1:1,000, in PBS-
T for 1 h at room temperature), followed by incubation with
horseradish-peroxidase anti-rabbit immunoglobulin G conjugate
or horseradish-peroxidase anti-rat immunoglobulin G conjugate
(Sigma, MO). Bound conjugates were detected using Clarity
Western ECL substrate (BioRad, CA) and images acquired using
a Bio-Rad ChemiDoc MP imaging system.

Lymphocyte Isolation
Spleens and renal lymph nodes were harvested from rats at
approximately 8 weeks post-infection and placed in transport
media (DMEM [Gibco] supplemented with 5% fetal bovine
serum [FBS], 2% Pen-Strep [10,000 U/mL, Gibco], 150µg/ml
gentamicin sulfate [Sigma]). Spleens were homogenized by
pressing through a 40µmmesh cell strainer with a syringe barrel
plunger in a small volume of transport media. Homogenized
spleen was overlaid onto Lympholyte R©-Rat (Cedarlane, Canada).
Renal lymph nodes were homogenized by gently mashing using
the frosted end of two acid-washed autoclaved glass microscope
slides, resuspended in PBS and overlaid onto Lympholyte R©-Rat.
Renal lymph nodes from 3 infected or non-infected animals
were pooled together, while spleens were processed individually.
After centrifugation, the lymphocyte cell layer was recovered
and washed once with PBS. Red blood cells were then lysed
by ammonium-chloride-potassium (ACK) lysis buffer (150mM

NH4Cl, 10mM KHCO3, 0.01mMNa2EDTA) for 90 s. Cells were
passed through a 40µm cell filter, washed by centrifugation,
resuspended in PBS containing DNase (1 mg/mL, Sigma D25) for
10min and washed again. Washed cells were resuspended in PBS
and overlaid onto 5ml FBS for a final wash. Cells were counted
on a hemocytometer after staining with trypan blue. Cells
were labeled with 10 nM Cell-Trace Violet (Molecular Probes)
following manufacturer’s recommendations and resuspended at
a final concentration of 5 × 106 per ml in DMEM media
supplemented with 1% sodium pyruvate (Gibco), 2mM L-
glutamine (Gibco), 1% non-essential amino acids (Gibco),
10% FBS, 5 × 10−3 mM β-mercaptoethanol, 1% Pen-Strep
(10,000 U/mL, Gibco) and 100µg/ml gentamicin sulfate (Sigma).
Cells were cultured in 96 well round bottom plates (5 × 105

cells/well) in the presence of L. interrogans strain RJ19115 OM
antigen at 0.5µg/ml. This dose was experimentally determined
to be optimal for stimulation. Concanavalin A (1µg/ml) was
included as a positive control stimulant, andmedia only was used
as no stimulant/negative control. Cells were cultured for 4 days at
39◦C with 5% CO2.

Flow Cytometry and Statistical Analysis
At 4 days post-stimulation in culture, cells were harvested by
centrifugation, and labeled with live/dead discriminator dye
(Zombie Yellow, Biolegend, CA) followed by antibodies to cell
surface markers for CD3, CD4, CD8b, gamma-delta T cell
receptor, NK T cell marker (CD161a), B220, and CD19. Primary
antibodies, secondary antibodies, dilutions and suppliers are
provided in Supplementary Table 1. Following labeling, cells
were fixed (Stabilizing Fixative 3X, BD Bioscience, CA) and
data collected using BD LSRII Flow Cytometer. Data analysis
for cell phenotype was performed using FlowJo software with
2,000 cells within the live gate required for analysis. An example
of gating strategy is provided in Supplementary Figure 1.
Proliferation was indicated by a decrease in fluorescence intensity
of cell membrane proliferation tracking dye as compared to
no stimulation wells. Phenotype of proliferating subsets were
determined with gate restrictions being set using fluorescence-
minus-one. Data was further analyzed for statistical significance
using GraphPad Prism 7 software fitting 2-way ANOVA with
Sidak’s multiple comparisons post-test, comparing within groups
(Control or Infected) effect of well stimulation to no stimulation
wells and between groups for a given well treatment. Mean
percentages were significant if p ≤ 0.05. Statistical significance
for cell phenotype between groups was determined by multiple
t-tests using the Holm-Sidak method with alpha= 0.05.

Gene Expression Arrays and Statistical
Analysis
Spleens were harvested from rats at approximately 8 weeks post-
infection and a portion flash frozen on dry ice. Samples were
stored at −80◦C until RNA extraction using the RNeasy RNA
kit (Qiagen). Purified RNA was treated with Ambion Turbo
Free DNase (Thermo-Fisher) and sample quality checked using
the BioAnalyzer 2,100–RNA Chip Nano 6,000 (Agilent, CA).
Two microgram of RNA was used per 150 µl cDNA synthesis
reaction (Invitrogen Superscript IV First Strand Synthesis
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kit) for each animal. cDNA amounts were normalized and
pooled such that 20 ng from three infected or non-infected
animals provided 60 ng per each well of a BioRad Prime PCR
custom array PCR assay plate. Genes assayed, relevant gene
identification information, and primer sequence as supplied
by the manufacturer are supplied in Supplementary Table 2.
RT-PCR assays were performed using SSOAdvanced Universal
SYBR Green Supermix (BioRad) on 384 CFX C1000 Touch
Thermal Cycler (BioRad). QRT-PCR analysis was carried out
using BioRad CFX Manager Software using Single Threshold
and the relative gene expression levels were calculated using
comparative Ct (11Ct) method, normalized to the expression
of 2 housekeeper genes (actb, b2m). Replicate wells with Ct
standard deviations >0.5 were removed from further analysis.
Gene expression was calculated as 2−11Ct and then Log2
transformed using GraphPad Prism 7 for statistical analysis.
Statistical significance was determined by multiple t-tests using
the Holm-Sidak method with alpha = 0.05. An expression ratio
of 1.5 was chosen as difference from control (non-infected).

RESULTS

Persistent Excretion of Leptospires
All experimentally infected rats were positive excretion of
leptospires in urine, as detected by dark-field microscopy (DFM),
by 3 weeks post-infection, Table 1. Numbers of leptospires in
urine ranged from 1 × 105 leptospires/ml (the lowest limit of
detection by DFM) up to 1× 107 leptospires/ml. Kidneys from all
experimentally infected rats were culture positive demonstrating
persistent renal colonization until the end of the experiment.
All infected rats displayed similar weight increases compared to
non-infected controls (data not shown).

Pathology and Immunohistochemistry
All kidneys from experimentally infected rats were positive
by immunohistochemistry using antibody specific for outer
membrane vesicles (OMV) or anti-LipL32, Figure 1. In
general, there was little, if any, evidence of inflammation.
Direct comparison of areas positive for leptospires by
immunofluorescence with their HE counterparts did not
identify corresponding areas of inflammation. Occasionally,
mild small foci of low numbers of interstitial lymphocytic
infiltrates were observed in both infected and non-infected rats;
none of these areas were positive for leptospires.

Humoral Response
All experimentally infected rats had a positive MAT titer that
ranged from 1:400 to 1:1,600 indicating a strong antibody
response against leptospiral lipopolysaccharide,Table 1. A strong
antibody response against leptospiral proteins was also evidenced
by immunoblot, Figure 2A. Non-infected rats were negative by
MAT (titer <1:25) and immunoblot, Figure 2B.

Cellular Response
Purified lymphocytes were stimulated with a fraction of
Leptospira enriched for outer membrane (OM) components.
The interaction of OM proteins with the host during infection

is indicated by a positive immunoblot, Figure 2A, compared
to non-infected controls, Figure 2B. The protein content
of the OM enriched fraction compared to the total protein
profile of leptospires indicates those proteins that partitioned
to the OM fraction, Figure 2C. The OM fraction contains
lipopolysaccharide, Figure 2D, as well as a number of well
characterized OM proteins including LipL21, LipL32, and
LipL41, Figures 2E–G, respectively. As expected for the
periplasmic FlaA, it was detected in minimal amounts in the OM
fraction compared to whole leptospires, Figure 2H.

To examine relative numbers and phenotypes of antigen
responsive cells, lymphocytes were isolated from chronically
infected inbred rats. Purified lymphocytes derived from the
spleen of 15 infected and nine non-infected rats proliferated
in response to stimulation with 0.5 µg of OM fractions
of Leptospira. Both infected and control animals showed a
statistically significant (p < 0.001) increase in percentage of
proliferating B cells (CD3−, B220+, or CD19+) and T cells
(CD3+) when cultured in the presence of LeptospiraOM fraction
compared to lymphocytes cultured with media alone (No Stim),
Figures 3A,B. Additionally, a significant (p < 0.001) increase
was observed in the percentage of proliferating B-cells and T-
cells isolated from spleens of infected rats when compared to
non-infected controls. The phenotype of proliferating T cells
stimulated with 0.5 µg OM fraction from infected animals
comprised 40% CD4+ (standard deviation [SD] 8), 26% CD8b+
(SD 12), 39% NK/CD161a+ (SD 8), and 24% gδ-TCR+ (SD 7),
Figure 3C. The phenotype of proliferating T cells stimulated
with 0.5 µg OM fraction from control animals comprised 25%
CD4+ (SD 9), 28% CD8b+ (SD 12), 48% NK/CD161a+ (SD 12),
and 23% gδ-TCR+ (SD 7), Figure 3C. There was a statistical
difference (p = 0.0013) in the percentage of proliferating CD4+
population between control and infected animals, indicating the
presence and proliferation of Leptospira specific reactive CD4+
T cells in the spleen of persistently infected rats.

In order to determine effector T cell functions or specific
immune pathways that may have been induced by chronic
Leptospira infection, gene expression for T-cell activation was
analyzed in spleens of 15 infected and nine control rats.
A custom T-cell activation panel was chosen to represent
various T cell pathways including Th1, Th2, Th17, and
Treg (Supplementary Table 2). As shown in Figure 4, none
of the genes assayed were significantly differentially expressed
(p < 0.05) above an expression threshold of 1.5.

Given that the host response may be more localized to the site
of colonization by Leptospira, antigen responsive lymphocytes
derived from the renal lymph node (RLN) of 15 experimentally
infected rats, and nine non-infected controls, were assayed.
Lymphocytes were isolated from the RLN, pooled into groups
of three animals, and stimulated with purified OM fraction from
Leptospira. Both infected and control rats showed a significant
increase (p < 0.005) in percentage of proliferating B cells
(CD3−, CD19+, or B220+) when stimulated with 0.5µg/ml OM
antigen compared to no stimulant controls, Figure 5A, but no
difference was observed between infected and control animals.
Lymphocytes from infected RLN showed a significant increase
in proliferating T cells (CD3+) compared to control RLN
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TABLE 1 | Experimentally infected rats were positive for persistent renal leptospirosis.

Animal # Week 3 Week 4 Week 5 Week 6 Culture MAT

1 1.00E + 05 1.00E + 05 1.00E + 05 ND + 1:800

2 5.00E + 06 1.00E + 07 5.00E + 06 3.00E + 06 + 1:1,600

3 1.00E + 06 1.00E + 06 3.00E + 06 3.00E + 06 + 1:1,600

4 5.00E + 06 8.00E + 06 3.00E + 06 4.00E + 06 + 1:1,600

5 3.00E + 06 2.00E + 06 2.00E + 06 3.00E + 06 + 1:800

6 1.00E + 05 1.00E + 05 1.00E + 05 ND + 1:400

7 1.00E + 06 2.00E + 05 1.00E + 06 1.00E + 06 + 1:400

8 1.00E + 06 5.00E + 05 2.00E + 05 ND + 1:800

9 3.00E + 06 3.00E + 06 1.00E + 06 4.00E + 06 + 1:800

10 5.00E + 06 2.00E + 06 1.00E + 06 1.00E + 06 + 1:1,600

11 7.00E + 05 1.00E + 06 1.00E + 06 1.00E + 06 + 1:400

12 1.00E + 07 5.00E + 06 2.00E + 06 1.00E + 06 + 1:1,600

13 1.00E + 06 2.00E + 05 2.00E + 06 3.00E + 06 + 1:800

14 1.00E + 05 2.00E + 05 1.00E + 05 ND + 1:400

15 2.00E + 05 1.00E + 05 3.00E + 05 ND + 1:400

Mean 2.56E + 06 2.36E + 06 1.53E + 06 2.18E + 06

Numbers of leptospires excreted per ml of urine, as detected by dark-field microscopy, at 3, 4, 5, and 6 weeks post-infection. At 8 weeks, all rats were kidney culture positive and MAT

positive at indicated titer.

ND, Not detected.

(p = 0.007) and no stimulant controls (p = 0.0069; Figure 5B).
The phenotype of proliferating T cells stimulated with 0.5µg OM
fraction in RLN from infected animals comprised 65% CD4+
(SD 1), 13% CD8b+ (SD 3), 14% NK/CD161a+ (SD 5), and 14%
gδ-TCR+ (SD 1), Figure 5C. The phenotype of proliferating T
cells stimulated with 0.5 µg OM fraction in RLN from control
animals comprised 30% CD4+ (SD, 4), 24% CD8b+ (SD 3), 33%
NK/CD161a+ (SD 1), and 30% gδ-TCR+ (SD 1), Figure 5C.
There was a statistical difference in all the T cell subsets between
control and infected animals (p < 0.001), with the greatest
difference being between the proportion of CD4+ subsets. These
results confirm that the RLN, the local lymphoid organ, is the site
containing the majority of the Leptospira reactive CD4+ T cells.

DISCUSSION

Host-pathogen relationships have evolved over millennia and
range from asymptomatic, chronic and persistent carriage in
some hosts compared to acute, fulminant disease in others.
The unique biological equilibrium that exists between reservoir
hosts of infection and bacterial pathogens is facilitated in
part by the ability of the pathogen to express appropriate
virulence factors that maintain infection, yet minimize detection
and subsequent clearance by host immune responses. Rattus
norvegicus is one of the most important reservoir hosts for
the persistent dissemination and transmission of pathogenic
leptospires to human populations throughout the world. Wild
rats can routinely excrete >106 leptospires/ml of urine, yet
they also show evidence of an antibody response against
lipopolysaccharide, and a cellular immune response as evidenced
by interstitial nephritis (Tucunduva de Faria et al., 2007; Costa
et al., 2015). In this manuscript, an immunocompetent inbred rat
model of leptospirosis was developed to specifically address the

host cellular immune responses associated with persistent renal
infection.

Acute leptospirosis in humans and domestic animals is
generally described as a biphasic disease (Haake and Levett,
2015). Phase one comprises a leptospiraemia during which
leptospires disseminate throughout the host and thus cause
a wide range of clinical symptoms, ranging from fever to
pulmonary hemorrhage. The second convalescent phase is
associated with the appearance of agglutinating antibodies which
are believed to mediate clearance of leptospires. At this time,
leptospires are no longer detected in blood but may be detected
in urine. Urinary excretion in incidental hosts tends to be short-
lived. A similar profile is observed in laboratory animal models
of acute leptospirosis, including hamsters and guinea pigs,
whereby an acute lethal disease is associated with dissemination
of leptospires throughout the host; this is accompanied by
significant weight loss and pathology in a range of tissues which
can include lung, liver and kidney (Nally et al., 2004; Coutinho
et al., 2011; Wunder et al., 2016). Experimental infection of
Rattus norvegicus is also associated with an initial leptospiraemic
phase during which leptospires are detected in liver, kidney
and skeletal muscle but, in contrast to acute infection, no
underlying histopathology, or weight loss, is observed (Athanazio
et al., 2008; Monahan et al., 2008). By day 9 post-infection,
leptospires are cleared from all organs except the kidney,
and experimentally infected rats can become persistent urinary
shedders of leptospires for months (Thiermann, 1981; Rojas
et al., 2010; Bonilla-Santiago and Nally, 2011). Similarly, we
now report that inbred immunocompetent Rattus norvegicus
(Fisher 344) are susceptible to infection with L. interrogans
serogroup Icterohaemorrhagiae as characterized by persistent
renal colonization and urinary shedding for at least 8 weeks
post-infection in the absence of pathology or weight loss.
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FIGURE 1 | Representative immunohistochemical staining of kidneys from experimentally infected rats at 8 weeks post-infection with anti-OMV (A,C) or anti-LipL32

(B,D). Arrows indicate positive renal tubules. Original magnification × 400.

Urinary excretion of leptospires at 8 weeks post-infection
was evident despite the detection of a robust antibody response
specific for both lipopolysaccharide and protein antigens (Table 1
and Figure 2). Antibody specific for the O-antigen of leptospiral
polysaccharide is considered protective (Challa et al., 2011).
The production of antibody was supported by the detection of
proliferating B cells in the spleen of infected rats when stimulated
with OM antigen. Experimental models using B cell deficient
mice, suffering acute infection, have shown that B cells are
a crucial lymphocyte subset responsible for the clearance of
leptospires from liver and peripheral tissues (Chassin et al., 2009).
Polymeric bacterial antigens, such as LPS, can bind directly
to B cell receptors and induce B cell activation, even in the
absence of the cognate T cell (Murphy and Weaver, 2016).
Leptospira specific antibody may be found in the urine (Nally
et al., 2011), however, the lack of innate or other cell-types, which
interact with pathogen bound antibody for an effector function,
within the undamaged renal tubule makes the antibody of little
consequence to the pathogen (Lu et al., 2018). Antigen-specific
proliferating CD3+T cells were evidenced in spleen and included

CD4+, CD8+, NK, and gδ-TCR+. The proportion of CD4+
CD3+ antigen stimulated proliferating cells increased from 25
to 40% in those spleens derived from infected rats compared
to non-infected controls (Figure 3). In order to identify those
immunoregulatory pathways involved in cellular activation, gene
expression profiles of spleen tissue from infected or non-infected
control rats were assayed with a custom gene expression array
that included genes previously shown to regulate T cell pathways,
including Th1, Th2, Treg, and Th17 (Supplementary Table 2;
Belkaid and Rouse, 2005; Iwakura et al., 2008; Gasteiger and
Rudensky, 2014; Godfrey et al., 2015). No differences in gene
expression values were observed in the spleen from infected and
control animals (Figure 4). This may be a result of multiple
factors including (1) the lack of pathology observed in the kidney
despite the presence of leptospires which suggests a limited
activation of the host response, (2) the limited number of genes
assayed (3) the low numbers of T cells induced in the spleen
in this model of infection, or (4) the selected time point post-
infection for analysis. These observations are in keeping with
an increase in levels of gene expression for both IL17a, an
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FIGURE 2 | Characterization of outer membrane (OM) fraction. Antigen derived from whole cells (1) was compared to the OM fraction (2) by immunoblotting with sera

from experimentally infected rats (A) or non-infected controls (B) and for protein (C), and lipopolysaccharide content (D), as well as the presence of LipL21 (E), LipL32

(F), LipL41 (G), and FlaA (H). *Indicates O-antigen. Molecular mass markers (M) are indicated.

indicator of pro-inflammatory immune responses and FoxP3,
a transcription factor associated with the development of T-
regulatory cells, in infected rat spleens that failed to reach
statistical levels of significance (Figure 4). Analysis of differential
gene expression at earlier time points post-infection may provide
additional insights.

Given that the presence of leptospires in the rat was limited
to renal tissues, lymphocytes were also purified from the lymph
node draining the site of colonization, the renal lymph nodes.
As with the spleen, proliferating B cells were readily detected in
stimulated cells, though similar profiles were observed whether
they were derived from infected or non-infected animals.
However, there was also a readily detected antigen specific
increase in proliferating CD3+T-cells from the renal lymph node
of infected rats compared to non-infected rats (Figure 5); the
percentage of antigen proliferating CD4+ T cells increased from
30 to 65% compared to other cell types; CD8+ T cells decreased

from 24 to 13%, NK cells from 33 to 14% and gδ-TCR+ from 30
to 14%. Additional phenotypic markers and/or cytokine analysis
will be required to determine whether the memory phenotype or
functionality (Th1-Th2-Th17) of these antigen-reactive CD4+ T
cells in the spleen are similar to those in the renal lymph nodes of
chronically infected rats.

A predominant lesion in naturally infected chronic rat
leptospirosis is diffuse interstitial nephritis (Sterling and
Thiermann, 1981; Tucunduva de Faria et al., 2007; Monahan
et al., 2009; Agudelo-Flórez et al., 2013). In rats experimentally
infected with 108 L. interrogans serovar Copenhageni, interstitial
nephritis was detected in 33% of rats by 4 weeks post-infection
(Tucunduva de Faria et al., 2007); by 2 months, this number
increased to 71.4% thus highlighting the dynamic nature of
the cellular immune response. No interstitial nephritis was
observed during our study at 8 weeks-post infection though
this may be due to the lower dose of 107 leptospires used in
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FIGURE 3 | Proliferative responses and cellular phenotypes of lymphocytes isolated from the spleen of 15 infected and nine control rats. Percentage of proliferating B

cells (CD3−, CD19+, or B220+) (A), percentage of proliferating T cells (CD3+) (B) and phenotype by proportion of proliferating CD3+ cells stimulated with 0.5µg/ml

OM antigen (C). *indicates statistical significance between infected and control animals; # Indicates statistical significance between OM antigen stimulated wells and

no stimulant (No Stim) wells within the same group.

our study. However, interstitial nephritis has been observed at
160 days post-infection in rats experimentally infected with a
lower dose of 106 leptospires. At this time, a lymphocyte-rich
inflammatory infiltrate in association with leptospires in infected
kidney sections was apparent; however, it was also apparent that
leptospiral organisms were also detected within tubules devoid

of any immune response. It remains unclear if such responses
can ultimately be successful enough to remove organisms and
eliminate renal excretion, or whether leptospires can continue
to evade detection and reactivity as hypothesized by differential
expression of antigens (Nally et al., 2007, 2011, 2017; Monahan
et al., 2008; Witchell et al., 2014).
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FIGURE 4 | Relative gene expression in spleens of 15 infected vs. nine control rats. P = 0.05 is signified by a blue dashed line. The upper expression threshold

(upregulated genes) (Effect size [ratio]) of 1.5 is signified by a red dotted line and lower expression (downregulated) threshold of 0.5, by a green dotted line.

At 8 weeks post-infection, all rats had a positive MAT titre
ranging from 1:400 to 1:1600. This differs to experimentally
infected rats that were MAT negative at 160 days post-infection
(Nally et al., 2015). This discordance is likely due to waning
titers over time since experimentally infected rats were exposed
to infection only once, compared to wild type rats, which appear
to maintain titers, and are routinely exposed via multiple routes
(Costa et al., 2015; Minter et al., 2017). The MAT is typically
used to diagnose acute disease; in the absence of clinical signs of
infection, it only serves to indicate exposure, and is of limited
use to detect domestic animals that are acting as reservoir hosts
of infection. Cattle, acting as reservoir hosts for serovar Hardjo,
are routinely MAT negative (Miller et al., 1991; Libonati et al.,
2017). The leading cause of bovine leptospirosis is infection with
serovar Hardjo, including both members of L. interrogans and L.
borgpetersenii. Most bovine infections are inapparent clinically,
despite the potential shedding of viable Leptospira for extended
periods of time. Isolation, although successful from bovine
reproductive tissues, is most frequently accomplished as seen
here with the rat, from either the kidney or from urine. Although
interstitial nephritis can be detected in the kidneys of cattle
experimentally infected with L. borgpetersenii serovar Hardjo,
lesions produced are usually minimal in scope and limited to
focal capsular depressions or areas of pallor. Histologically, these
foci may show evidence of tubular and glomerular damage
with inflammatory infiltrates and fibrosis (Bolin and Alt, 2001;
Zuerner et al., 2011). Protective vaccine-induced responses in

cattle tend to favor a Th-1 immune response involving both
CD4+ T cells and gδ-T cells (Naiman et al., 2002).

Studies on the cell-mediated immune response to leptospirosis
have been limited to humans and small animal models with
acute symptoms. Hamsters and humans, which exhibit acute
disease, express high levels of pro-inflammatory cytokines IL-6
and TNFα in infected tissues or from PBMC (Matsui et al.,
2011; Volz et al., 2015). Increased levels of IL-10, while also
highly expressed in infected hamsters, were associated with
milder disease in humans (Raffray et al., 2015). Humans with
higher bacterial burdens had decreased numbers of circulating
gδ-T cells (Raffray et al., 2015). However, a C3H/HeJ mouse
model of nonlethal acute disease, induced a more Th2-mediated
CD4+ effector response (Richer et al., 2015). Much of the
discrepancy in conflicting reports comes from trying to draw
parallels between not just different species, but different types
of infection: mild to sublethal to acute lethal disease. The rat,
an asymptomatic reservoir host, does produce antibody and a
robust cellular response at the draining lymph node, despite an
apparent lack of inflammatory responses. While a Th1 vs. a Th2
type response was not elucidated in this current study, it may
be that chronic leptospirosis in the reservoir host is similar to
that of syphilis and starts out as a Th1 response with robust
antibody; with time, and as the disease changes tissue tropism,
the immune response shifts to a more Th2-like response as
the pathogen and host reach biological equilibrium (Fitzgerald,
1992).
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FIGURE 5 | Proliferative responses and cellular phenotypes of lymphocytes

isolated from the renal lymph node of 15 infected and nine control rats.

Lymphocytes were isolated from the RLN, pooled into groups of 3 animals,

and stimulated with purified OM fraction from Leptospira. Percentage of

proliferating B cells (CD3−, CD19+, or B220+) (A), percentage of proliferating

T cells (CD3+) (B) and phenotype by proportion of proliferating CD3+ cells

stimulated with 0.5µg/ml OM antigen (C). *Indicates statistical significance

between infected and control; # Indicates statistical significance between OM

antigen stimulated wells and no stimulant (No Stim) wells within the same

group.

Regardless, the use of an inbred immunocompetent rat
model of persistent renal colonization, using different doses of
inoculum at a range of time-points post-infection, provides for
the further characterization of the host cellular immune response,
in both systemic and local immune sites, to understand the

pathophysiology of persistent renal colonization over time in an
immunocompetent reservoir host of infection.
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Supplementary Figure 1 | Gating strategy for flow cytometry. A representative

example using lymphocytes purified from the spleen of experimentally infected

rats is provided. Live cells were gated using Zombie Yellow Live/Dead

discriminator dye (A). Live cells were then gated on forward scatter (FSC) and side

scatter (SSC) pattern consistent with proliferating lymphocytes (B). Proliferating

lymphocytes were gated on decrease in fluorescence of Cell Trace Violet cellular

proliferation dye (C). Dotted line is unstimulated cells, gray histogram is ConA

1µg/ml stimulated cells and black is 0.5µg/ml OM antigen stimulated cells.

Proliferating cells were then gated into CD3+ and CD3– populations against an

irrelevant marker (D). Proliferating B cell population was defined in CD3– subset

as being CD19+ and/or CD45R/B220+ (E). Proliferating T cell subset (CD3+)

was further phenotyped into CD4+ vs. CD8b+ (F), gamma-delta TCR+ (gδTCR)

(G) and NK (CD161a+) (H) subsets respectively.

Supplementary Table 1 | Antibodies used for flow cytometry.

Supplementary Table 2 | List of genes used in custom RT-PCR array.
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