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Severe Leptospirosis Features in the Spleen Indicate Cellular Immunosuppression Similar to That Found in Septic Shock
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Objectives: To compare microscopic and immunologic features in the spleens of patients who died of pulmonary hemorrhage and shock caused by leptospirosis (11 cases) or Gram-positive/-negative bacterial septic shock (10 cases) to those from control spleens (12 cases from splenectomy).

Methodology: Histological features in the red pulp and white pulp were analyzed using archived samples by a semi quantitative score. Immunohistochemistry was used for the recognition of immune cell markers, cytokines, caspase-3 and Leptospira antigens.

Results: The control group differed significantly from the leptospirosis and septic shock patients which demonstrate strong similarities: diffuse congestion in the red pulp with a moderate to intense infiltration of plasma cells and polymorphonuclear cells; follicles with marked atrophy; high density of CD20+ cells; low density of NK, TCD4+ and active caspase-3 positive cells and strong expression of IL-10; leptospirosis patients had higher S100 and TNF-α positive cells in the spleen than the other groups.

Conclusion: The results suggest that an immunosuppressive state develops at the terminal stage of severe leptospirosis with pulmonary hemorrhage and shock similar to that of patients with septic shock, with diffuse endothelial activation in the spleen, splenitis, and signs of disturbance in the innate and adaptive immunity in the spleen. The presence of leptospiral antigens in 73% of the spleens of the leptospirosis patients suggests the etiological agent contributes directly to the pathogenesis of the lesions. Our results support therapeutic approaches involving antibiotic and immunomodulatory treatments for leptospirosis patients and suggest that leptospirosis patients, which are usually young men with no co-morbidities, form a good group for studying sepsis and septic shock.
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INTRODUCTION

Leptospirosis is the most widespread zoonosis in the world and is caused by pathogenic species of the Leptospira genus (1). In Brazil, leptospirosis is a re-emergent infectious disease with a growing incidence rate. In the city of São Paulo, the biggest Brazilian metropolis, leptospirosis had an incidence rate of 1.34-−2.73/100,000 inhabitants and a case-fatality of 8.86–15.61% in the period of 2009–2017 (2).

The clinical presentations of leptospirosis range from a non-specific febrile illness to severe forms. Severe leptospirosis has an estimated incidence of 5–15% and patients can present jaundice, renal failure, myocarditis, meningitis, severe pulmonary hemorrhage syndrome (SPHS), shock, and multiple organ failure (3–5). Little is known about the histological features of the spleens of patients with severe leptospirosis.

Describing briefly, the spleen is a secondary lymphoid organ organized in two morpho-functional compartments: the red pulp and the white pulp. The red pulp is constituted by vascular channels—the sinusoids—lined by endothelial cells and resident macrophages which screen and remove pathogens and soluble antigens from the systemic circulation. The white pulp represents the lymphoid tissue, where the specific immune response to pathogens/antigens occurs. It is constituted by the central arteriole, lymphocytes, and antigen presenting cells (mainly dendritic cells and macrophages). The T lymphocytes are in close contact with the central arteriole, forming the periarteriolar lymphoid sheath, and the B lymphocytes are more external, forming follicles (6, 7).

Cumulative evidence from experimental and human studies show that septic shock develops into an immunosuppressive state (or sepsis-related immunosuppression) as it evolves until the death of the host, with disturbances in the different components of innate and adaptive immunities (8–12). Circulating leukocyte and cytokine levels indicate that there also are disturbances in the immune response in severe leptospirosis, such as neutrophils at low levels and with impaired antibacterial function (13–15).

Since features of the white pulp of the spleen can indicate immunosuppression in cases of generalized infection with septic shock (8–10), and given that Leptospira are likely to behave similarly to Gram positive/negative bacteria, the aim of this study was to determine if patients with severe leptospirosis (Weil's disease with SPHS and shock) have a histological pattern similar to those who die from septic shock caused by Gram-positive/negative infections. To correlate these data with Leptospira infection, we analyzed the presence of Leptospira antigens in the spleens of the leptospirosis cases.

Clinical trials for treatment of sepsis often exclude patients with leptospirosis because this infection has so far not been characterized as septic. Our results should support the inclusion of leptospirosis groups in clinical trials for drugs targeted to treat sepsis, such as antibiotics.

Table 1 was compiled based on three current references, describing the main components of the immune system associated with sepsis that were studied here and the molecular markers that identify them (16–18). The discussion about other mediators involved in the pathophysiology of sepsis, such as neutrophils, Treg, chemokines, IL-33, and IL-15 are beyond the scope of this work.


Table 1. Main components of the immune system associated with sepsis and the molecular markers that identify them.
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MATERIALS AND METHODS

This study is a retrospective histological evaluation of the spleen samples from three different groups of patients (leptospirosis, sepsis and control) obtained by autopsy (leptospirosis and sepsis) or by surgery (control) from the Department of Pathology of the Medical School of the University of São Paulo. The records of the Death Verification Service of the Department of Pathology were reviewed to identify all deaths due to severe leptospirosis with both SPHS and shock during the period between January 1st 1988 and January 1st 2005. All autopsies were performed after written informed consent was given by next of kin according our usual procedures.

The project was approved by the Ethical Committee and Research board of the Clinical Hospital of the University of São Paulo Medical School (registered by CAPPesq ICHC n° 0537/06).

Case Definition of Leptospirosis, Septic Shock, and Control

The definition of leptospirosis was made by clinical-epidemiologic criteria (exposure to soil and water contaminated with urine from typical leptospirosis reservoirs or exposure to flooding after rainfall and clinical features compatible with leptospirosis) plus any of the following diagnostic confirmations: serologic diagnosis by Immunoglobulin M (IgM) enzyme-linked immunosorbent assay (ELISA) or microscopic agglutination test (MAT) (one single sample >1:800; seroconversion or a 4-fold increase in two samples, one collected at the acute phase and another collected at convalescence); positive culture; typical pathological features of leptospirosis in the necropsies (interstitial nephritis, acute tubular necrosis, disorganization of the liver cell plates, pulmonary hemorrhage) accompanied or not by positive immunohistochemistry to the Leptospira antigen. All leptospirosis cases had to fulfill the criteria of septic shock (described below). We excluded cases of leptospirosis in which patients had acquired other bacterial infections during intensive care. Autopsies were carried with a median of 8 h after death (from 7–12 h).

Septic shock patients were assigned according to the septic shock definition valid at admission (19): presence of bacterial infection (proven or not) with a systemic inflammatory response syndrome (SIRS) associated with hypotension (mean arterial pressure <70 mmHg) requiring vasoactive drug infusion. The cases included in this study also fulfill SOFA and quick SOFA criteria for sepsis definition (20). We excluded patients with immunosuppressive disease or taking immunosuppressive medication. Autopsies were carried out with a median of 8 h after death (from 7–11).

The control group was composed of healthy portions of the spleen of individuals who had abdominal trauma and had undergone laparotomy with splenectomy. We excluded patients who arrived at the emergency room with haemorrhagic shock, patients with immunosuppressive disease or taking immunosuppressive medication.

We collected the following data from charts of all patients: age, gender, APACHEII score, intensive care stay duration and peripheral lymphocyte count. For leptospirosis patients, we collected data for aspartate aminotransferase (AST), alanine transaminase (ALT), total serum bilirubin, platelet count, leukocyte count, serum potassium, creatinine and urea.

The APACHE II is a score system that predicts prognosis of patients in the general intensive care unit (ICU), by including age, previous health conditions and physiologic variables (i.e., vital signs and laboratory exams) and is calculated during the first 24 h of hospitalization in the ICU (21).

Sections 5 μm thick of paraffin-embedded spleen samples were stained with Haematoxylin-Eosin (HE) for morphological analysis.

Immunohistochemistry

The assay was carried out on 4 μm thick paraffin-embedded spleen samples according to Hsu et al. (22), following a procedure standardized by the Pathology Department of the University of São Paulo Medical School. Briefly, specimens were deparaffinized and hydrated in ethanol, the antigens were retrieved in TRIS/EDTA buffer pH 9.0, for 20 min, at 95°C. The primary antibodies were diluted in 1% bovine albumin solution and incubated overnight at 4°C. Afterwards, the biotinylated secondary antibody and streptavidin-peroxidase complex (Dako, Agilent, Santa Clara, CA, USA,) were applied and specimens were incubated for 30 min, at 37°C. Antibody information is provided in Table 2. 3,3-diaminobenzidine tetrahydroxychloride (Sigma-Aldrich/Merck, Darmstadt, Germany) was used as chromogen and the slides were counterstained with haematoxylin. All reactions were performed with positive and negative controls. Two antibodies (anti CD4 and CD8) required signal amplification using the CSAII kit (Dako, catalog number K1497), according to the manufacturer's instructions.


Table 2. Antibody information.
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In the case of cytokine staining, the assay was modified as follows: before blocking, slices were treated with 0.1% saponin in PBS, for 10 min, and then rinsed with PBS. In addition, after secondary antibody incubation, another incubation with saponin was carried out, followed by rinsing and a second blocking of endogenous peroxidase.

The histological features of the spleens were analyzed as following: A—by the presence or absence (0 = absence, 1 = presence of the event) of: pericapsular/subcapsular hemorrhage, red pulp hemorrhage, red pulp necrosis, vessel necrosis and thrombosis, central artery of the white pulp with signs of endothelial activation, extra medullary hematopoiesis, depletion of T-zone and B-zone, atrophy or hyperplasia of follicles. B—red pulp congestion type: focal or diffuse. C—subjective semi-quantitative score (0 = normal, 1 = discrete, 2 = moderate, and 3 = intense) according to the presence of: red pulp congestion, haemosiderin pigment, red pulp reticular cells/macrophages, red pulp polymorphonuclear cells, red pulp plasma cells, red pulp lymphocytes. D—a quantitative analysis was done using a grid-scale with 10 × 10 subdivisions in an area of 0.0625 mm2 to count the cell phenotypes and immune cells expressing cytokines in their cytoplasm. Ten fields were counted randomly at 400 times magnification in the two compartments of the spleen (red pulp and white pulp). Evaluations were carried out independently by two pathologists.

Statistical Analysis

The categorical data are expressed as percentages and we calculated the Pearson Chi-Square and Fischer's Exact Test. The quantitative data are expressed as median and 25th or 75th percentiles of cells per mm2. Differences between the medians of the three groups were analyzed using Kruskal-Wallis. Differences among two groups were analyzed by unpaired t-test and by nonparametric methods (Mann-Whitney test). Values of p < 0.05 were considered statistically significant.

RESULTS

Patient Data

Table 3 summarizes leptospirosis patient clinical and laboratorial characteristics. The group was composed mainly by men (82%) which took 4.5–7 days to present to the hospital after symptoms began and had a high APACHE II score (21 to 28). The median APACHE II score was 23.5, which corresponds to a survival rate of 30%, reflecting the severity of the leptospirosis cases (21). In seven cases, the microagglutination test was positive, and the main serovars were the Icterohaemorrhagiae (5 cases) and Copenhageni (3 cases).


Table 3. Clinical and laboratory findings of 11 patients with severe leptospirosis with severe pulmonary hemorrhage syndrome and shock.
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Septic shock patient data (Table 4) are as follows: 10 individuals with a median age of 57 years (minimum 19, maximum 68; p = 0.02 compared to controls, not different from leptospirosis), 20% male (p = 0007 compared to leptospirosis; p = 0.001 compared to controls). Main comorbidities were: systemic arterial hypertension (80%) and diabetes mellitus (70%). The autopsy showed that sepsis cases had bronchopneumonia (60%), skin and soft tissue infections (40%), pyelonephritis (20%), and intra-abdominal infections (10%). Median intensive care stay was of 7.5 days (1–30 days). All patients were treated with vasoactive drugs and mechanical ventilation. The APACHE II score was high, but calculated in only two cases (25 and 28).


Table 4. Clinical and laboratory findings of 10 patients with septic shock.
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As for the control group, healthy portions of the spleen were used from trauma patients. There were 12 individuals, with a median age of 27 years (minimum 22, maximum 40), 92% male; 9 patients were admitted due to a motorbike or car collision with a lamppost and 2 cases resulted from falls.

Spleen Morphology

Table 5 and Figures 1, 2 display the results of the histological parameters analyzed. The congestion in the red pulp was more intense and diffuse in the leptospirosis and sepsis groups than in the control group (Figures 1A,I). Pericapsular or sub capsular hemorrhages were more frequent in the control group than in the leptospirosis and sepsis groups. Hemorrhages in the red pulp occurred equally among the groups (Figure 1A).


Table 5. Histological and immunohistochemical findings in the spleen of patients with severe leptospirosis (with pulmonary hemorrhage and shock), sepsis or control.
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FIGURE 1. Histological and immunohistochemical findings in the spleen of patients with severe leptospirosis with pulmonary hemorrhage and shock. Spleen from a patient with leptospirosis with (A) congestion, hemorrhage and haemosiderin pigments (HE); (B) acute splenitis with neutrophils, eosinophils, plasma cells, reticular cells, and macrophages (HE); (C) extramedullary haematopoiesis (HE) and (D) hypertrophic and hyperplasic reticular cells and macrophages increased in the red pulp (HE). Control patient with (E) adequate white pulp, with germinative center (HE); and (F) normal T-zone and B-zone (HE); (G) Spleen from a leptospirosis patient with positive IH for Leptospira antigens in the red pulp. Spleen from a bacterial septic patient with (H) white pulp with low TCD8+ density by IH stain and (I) red pulp congestion and atrophic follicles with depleted T-zone and B-zone(HE). Original magnification 400×, except for (C) oil immersion (1000×) and (E) 200×. HE, Haematoxylin-Eosin; IH, Immunohistochemistry.
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FIGURE 2. Antigen expression for cell receptors, cytokines and apoptosis in the white pulp of the spleens from fatal cases of Leptospirosis with pulmonary hemorrhage and shock. (A–C) NK cells (CD57+) were present at lower levels in the leptospirosis and sepsis groups as compared to the control group. (D–F) The S100 cells were higher in the leptospirosis group than the sepsis and control groups. (G–I) The TCD4+ cells were in lower quantity in the leptospirosis and sepsis groups than in the control group. (J–L) Both leptospirosis and sepsis groups had more CD20+ cells than patients with control in the white pulp. (M–O) Cleaved caspase 3 positive (apoptotic) cell levels were lower in the leptospirosis and sepsis groups than in the control group in the white pulp. (P–R) TNF-α levels were higher in the leptospirosis group as compared to sepsis and control in both the white and red pulps. (S–U) The number of cells expressing IL-10 was greater in leptospirosis and sepsis groups as compared to control in both red and white pulps. Magnification: 400×.



In the leptospirosis and sepsis groups, the reticular cells showed pronounced hyperplasia and hypertrophy and there was an increased number of macrophages in the red pulp (Figure 1D).

In the cords, neutrophil, eosinophil, plasma cell and lymphocyte numbers were increased in leptospirosis and sepsis groups in comparison with the control group.

In response to stress, including bacterial infections, stromal haematopoietic stem cells around the sinusoids of the spleen can be activated, enabling extramedullary haematopoiesis to occur (7, 24). Although this observation is not directly associated with the immune response, we would like to mention that we describe, for the first time, that extramedullary haematopoiesis occurs in leptospirosis. It occurred more frequently in leptospirosis patients than in the sepsis group and was not observed in control patients, as expected (Figure 1C). We believe this observation may be associated with the Leptospira virulent factors or with the fact that leptospirosis patients were younger and may have had more responsive precursor cells.

The follicles of the leptospirosis and sepsis (Figure 1I) groups were atrophic, whereas those of the control group were normal (Figure 1E).

The T-cell and B-cell-dependent regions had a lower cellular density in the leptospirosis and sepsis groups as compared to the control group (Figures 1F,I).

The endothelium of the central artery showed signs of activation in the leptospirosis and sepsis groups in comparison with the control group (Figures 1F,I). Artery activation is characterized by: tumefaction of the endothelial cell (cubical aspect as compared to normal flat cells) and arterial wall oedema.

Immunohistochemistry for Cytokines and Cell Markers

The Leptospira antigen was positive in the spleen of 8 out 11 of the leptospirosis patients (72.7%) (Figure 1G).

NK cells (CD57+) were present at lower levels (≤20% of control) in the leptospirosis and sepsis groups as compared to the control group (Figures 2A–C).

Dendritic S100+ cells levels were increased more than 10-fold in the red pulp of both leptospirosis and sepsis groups as compared to control and the levels found in leptospirosis tissues were higher than those in the septic tissues. However, in the white pulp, S100 cells were higher only in the leptospirosis group (Figures 2D–F). The changes in dendritic cell numbers were the most extreme findings regarding cell data in our study.

Cleaved caspase 3 positive (apoptotic) cell levels were lower in the leptospirosis and sepsis groups than in the control group in the white pulp (Figures 2M–O). Indeed, no active caspase 3-positive cells were found in the leptospirosis group (compared to 62.4 cells/mm2 in the control group). Apoptosis was also significantly lower in the leptospirosis group compared to the sepsis group in the red pulp.

CD68+ cells were found at higher levels in the sepsis group as compared to leptospirosis and control groups.

The TCD4+ cells were in lower quantity in the leptospirosis and sepsis groups than in the control group (Figures 2G–I). More TCD4+ cells were found in the red pulp of the sepsis group than in that of the leptospirosis group.

TCD8+ cell numbers in the red and white pulps were lower in the sepsis group than in the leptospirosis (Figure 1H) and control groups.

Both leptospirosis and sepsis groups had more CD20+ cells than patients with control in the white pulp (Figures 2J–L). The leptospirosis group had more CD20+ cells than the sepsis and control groups in the red pulp.

There was a minimum expression of Th1 cytokines (IFN-γ, IL-1, IL-2, and IL-6) in all experimental groups, with no statistical difference. An exception was IL-12, with a significantly higher expression in the red pulp of the leptospirosis patients as compared to the control group. We have added immunohistochemistry positive controls presented in Supplementary Figure 1 to indicate that low expression was not a result of incomplete staining.

TNF-α levels were higher in the leptospirosis group as compared to sepsis and control groups in both the white and red pulps (Figures 2P–R). In fact, no TNF-α-positive cells were found in sepsis and control patients in the white pulp, whereas 32 cells/m2 were found in leptospirosis samples.

Control and leptospirosis groups had similar distribution of IL-4 in both white and red pulps and this expression was higher than that of the septic group in the red pulp.

The number of cells expressing IL-10 was greater (more than 10-fold, p < 0.0005, one of the greatest changes found in our study regarding cytokines) in leptospirosis and sepsis groups as compared to control in both red and white pulps (Figures 2S–U).

As for TGF-β, its expression was similar in all three groups in the white pulp, whereas levels were higher in the sepsis group compared to the other two groups in the red pulp.

DISCUSSION

We compared severe leptospirosis with sepsis—infection with Gram positive or Gram-negative bacteria—and control samples. This is the first report to explore the immune aspects of severe leptospirosis with shock and SPHS.

We focused our study on the spleen, where there is heavy splenocyte death among the lethal cases of septic shock (9) and because of changes in immune system response reflected in this organ.

Patient Data

Leptospirosis patients have a very characteristic demographic: they are mostly young and male. We found it difficult to find corresponding sepsis patients, that were older and only 20% male, and controls, that were younger than the leptospirosis group. The most common serovars identified in the present cases were Icterohaemorrhagiae and Copenhageni, of the Leptospira interrogans serogroup, which are the most prevalent in the State of São Paulo and are associated with severe cases of leptospirosis (23).

Some authors believe that antibiotic treatment in severe cases of leptospirosis is unnecessary because, at this stage, it is likely that all bacteria have already been eliminated and that focus should be on treating organ damage due overreacting immune and inflammatory response (25). We describe that the Leptospira antigen is still present in the spleen at time of death, which implies that early antibiotic treatment probably could have saved some patients and should be prescribed in cases of severe leptospirosis. However, we should point out that the time until admission was found to have a median of 5 days. It is likely that this delay in treating patients with antibiotics (ceftriaxone) and intravenous hydration was an important factor in mortality. Our results indicate that health providers should be trained to recognize leptospirosis as early as possible and start antibiotic treatment to avoid sepsis.

Spleen Morphology

Our results demonstrate a strong similarity in histological aspects between leptospirosis and septic spleens of patients, as opposed to controls, displaying a pattern of acute splenitis as found by other authors (26–28). The endothelial cells of the central artery had histological signs of activation in leptospirosis without necrosis. In contrast, the sepsis group had endothelial activation plus, in two cases, endothelial necrosis and thrombosis. Increased plasma levels of sE-selectin and Von Willebrand factor, possibly derived from endothelial cells, have been previously described in leptospirosis patients and higher sE-selectin levels were associated with lower mortality (29).

Leptospira Antigen in Spleen

The Leptospira antigen showed strong labeling in a granular pattern widely distributed in the red and white pulps, both intracellularly (macrophages, reticular cells, endothelial cells) and extracellularly, indicating that these bacteria probably have an important role in the pathogeny of severe leptospirosis. This is the first study to show that the Leptospira antigen is present in the spleen of patients with leptospirosis, although this antigen has been previously found in the liver, kidneys, heart, lungs, and skeletal muscle (3, 30–32).

As discussed earlier, the presence of Leptospira and signs of immunosuppression in later and severe stages of infection corroborate that antibiotic treatment should occur at all stages of the disease as prescribed for other types of sepsis (33) and proven to be beneficial in animal models (34).

Innate Immune Response

Although our study was carried out evaluating immune response in both red and white pulps, we consider that the red pulp is a transition zone and will focus our discussion on results obtained in the white pulp.

We report, for the first time, that patients with severe leptospirosis have a compromised innate immune response associated with a decrease in NK cells and low levels on IFN-γ. The decrease in NK levels was also found in sepsis. Low NK cell count was previously found in an ex vivo report for leptospirosis (35), although Leptospira are known to stimulate these cells in vitro; NK levels at early stages of the disease probably correlate with its outcome (36, 37), as found in sepsis (38).

We found a >10-fold increased number of dendritic cells in leptospirosis and in sepsis patients. In leptospirosis, an ex vivo study found that dendritic cells proliferate and secrete a high quantity of Th1 cytokines and a low quantity of IL-10 (39). Reports for sepsis (10, 40) show a loss of dendritic cells in the spleen due to apoptosis as opposed to our results. This can be explained by our different methodology: we employed a broad marker to detect dendritic cells—S100, while other authors used specific tissue markers for follicular cells (CD21 and FDC-M1) (10, 40). The S100 protein allows us to detect myeloid cells, including interdigitating dendritic cells, Langerhans cells and follicular dendritic cells (41). We chose this marker because of its availability and because it allows us to detect dendritic cells in both red and white pulp. We also believe a high number of dendritic cells is possible in the leptospirosis group and can be attributed to the virulence factors, young age and predominant male gender.

Regarding inflammation, we believe patients had suffered from an intense inflammatory response early during infection since both leptospirosis and sepsis patients presented with severe tissue lesions including nephritis, interstitial pneumonitis, pulmonary hemorrhage, hepatopathy, and muscular lesions. As mentioned above, histological analysis also indicated splenitis probably caused by an intensive inflammatory response to the infective agents.

T and B Lymphocytes—Acquired Immune Response

Both leptospirosis and sepsis patients showed clear follicle atrophy in the white pulp, with low cellular density in the T- and B-cell dependent regions. This is a strong indication of the inhibition of the adaptive immune response. TCD4+ levels in the leptospirosis and sepsis groups were significantly lower as compared to controls. The depletion of TCD4+ cells in leptospirosis appears to be essential for the host's homeostasis (42, 43).

We have no data to indicate how TCD4+ cells are lost in leptospirosis, though it is likely by apoptosis, as found in animal models (44) and in spleens of patients with septic shock (8–10). However, we found a decreased level of apoptosis in the sepsis and leptospirosis patients as compared to controls. It is possible that our results are due to the methodological approach: we used antibodies against activated caspase-3, whereas other authors used anti-caspase 9 or the TUNEL assay, which may label necrotic cells (45). Another possibility is that there is a massive apoptotic event during earlier stages of infection, which is completed by the later stages—and cannot be detected—also suggesting that no new lymphocytes migrate to the spleen. Other forms of cell death or control of cell population by inhibition of proliferation are other possible explanations for the low amount of immune cells found in sepsis and leptospirosis, especially since we found low levels of proliferation stimulants (i.e., NK cells and cytokines) (46).

Regarding CD20+ B lymphocytes, they were found in increased numbers in both infectious groups as compared to control which may be associated with a humoral response to the infectious agents.

Cytokine Expression in the Spleen

We showed that TNF-α levels are increased in leptospirosis in comparison with the sepsis and control groups, in spite of the lack of regulation of other Th1 cytokines. TNF-α is the most studied cytokine in leptospirosis and has been found to be a marker for clinical outcome (47, 48).

We found that IL-1, IL-2, IL-4, IL-6, IL-12, and IFN-γ levels were very low or undetectable, with no major changes among patient groups, confirming previous studies (48–53). IL-12 levels were expected to be high in leptospirosis, based on in vitro and animal studies (39, 51, 54). Our results showed elevated expression of IL-12 in leptospirosis in the red pulp, but since it was absent from the white pulp, the overall result is probably of immunosuppression. The low secretion of IFN-γ during the immunoparalysis phase of sepsis is a key aspect of this syndrome and is associated with its outcome (55).

We found increased levels of IL-10 in both sepsis and leptospirosis groups indicating an immunosuppressed environment and confirming previous studies in other tissues (51, 56, 57).

TGF-β levels were also increased in the spleens of leptospirosis and sepsis patients, as described in kidneys of hamsters infected with Leptospira (57).

Overall Th1 vs. Th2 Response: Immunoparalysis in Severe Infections

We conclude from our data and its corroboration by other studies that there is immunoparalysis in leptospirosis as also occurs in sepsis. However, as our reviewers have pointed out, the data is restricted to a late time point (after death), a single tissue (spleen) and morphological analysis of preserved tissues—and therefore that it is hard to be certain of the immunological processes that occurred in the patients. Therefore, the following analysis should be viewed with caution.

The in situ decrease (or lack of expression) in Th1 pro-inflammatory cytokines (IL-6, IFN-y, IL-1β, IL-2r, and IL-12) and the increase in IL-10 indicate that there is an inhibition of the innate and acquired immunity during the acute and severe phases of leptospirosis and sepsis. Previous data obtained in vitro or in patient serum indicate that there is an initial Th1 response in leptospirosis (36, 37, 39, 47, 58–62) as opposed to our findings in later stages of the disease. This may indicate that in later stages of severe leptospirosis there is an immune system burnout or some sort of inhibition of immune response triggered by bacteria.

Human patients and animal models show that sepsis is associated with an immunosuppressive state (55, 63–65) corroborating that severe leptospirosis is similar to sepsis.

Overall, our study shows that there is an “immunoparalysis” in severe leptospirosis and sepsis: low quantity of NK and TCD4+ cells, low expression of IFN-γ, IL-12, IL-6, IL-1 and IL-2 and high expression of IL-10. The successful immune response to leptospirosis appears to depend on the secretion of Th1 pro-inflammatory cytokines (36, 37, 59, 61, 66). We believe that the host's response to the infectious agent needs to hit a sweet spot: not too high (such as with cytokine storms) and not too low, as in immunoparalysis (63, 64, 67). Immunoparalysis has been shown in sepsis, where it favors the development of new infections and morbidity (63, 68). Sepsis associated with septic shock has been correlated with a Th2 response (55, 64, 69). Indeed, in hamster models of Leptospira infection, it has been shown that there is an initial Th1 response followed by a predominance of high IL-10 at later stages of the infection (51, 56, 57).

We also found that there appears to be a lack of interaction between innate and adaptive immunity when comparing the increase in dendritic cells, but decrease in IL-2 and IL-12 expression—in dendritic cells. Had the levels of these cytokines increased, then they should have been able to stimulate other Th1 cells (70).

We hypothesized that severe leptospirosis with shock has some elements of immunosuppression-like septic shock as we have demonstrated in the spleen. Leptospirosis patients should be included in clinical trials for sepsis treatment and biomarker discovery as well as sepsis caused by Gram +/– bacteria (9, 71, 72).

Our results indicate that an immunomodulatory treatment may aid in patient recovery, controlling the initial immune response in order to prevent immune system burnout or stimulating the immune system at later stages (8, 12, 73). Another practical aspect of our results is that it suggests that immunoparalysis markers can be useful in patient diagnosis and to aid treatment (63).

Our study has some limitations: it was based on retrospective data recovered from patient files. This has drawbacks because some clinical data was not collected at the time of admission or during treatment (especially for several sepsis cases), which restricts our analysis. Also, because Brazilian law requires that autopsies be carried out at least 6 h after death—the median time until autopsy was 8 h in our study—some sample autolysis may have happened, with loss of antigens, although HE staining shows no signs of tissue degradation and staining controls were positive. Since we based our study on patients that died from leptospirosis or sepsis, we do not have spleen data for mild cases, where there was recovery. We also do not have spleen samples from severe cases before death (at earlier stages of the severe disease). Overall, we based our study on morphological aspects of the spleen and do not have data relating to systemic immune response, such as circulating immune cell types and circulating cytokines and other inflammatory markers. We also designed our study based on broad cell markers and not on more specific markers (for example, CD21 for dendritic follicular cells).

CONCLUSION

To the best of our knowledge, this is the first study evaluating immune response in severe leptospirosis-like septic shock. Our research demonstrates that severe leptospirosis behaves like septic shock caused by Gram +/– bacteria regarding: clinical/biochemical presentation and spleen histopathological characteristics. Given that we found an intense and diffuse Leptospira antigen distribution and an immune response characterized by a low Th1/Th2 ratio in the spleen, patient treatment should include antibiotics and immunomodulators to reduce mortality.

ETHICS STATEMENT

This study is a retrospective histological evaluation of the spleen samples from three different groups of patients (leptospirosis, sepsis and trauma) obtained by necropsy (leptospirosis and sepsis) or by surgery (trauma) from the Department of Pathology of the Medical School of the University of São Paulo. The records of the Death Verification Service of the Department of Pathology were reviewed to identify all deaths due to severe leptospirosis with LPHS and shock during the period between January 1st 1988 and January 1st 2005. The project was approved by the Ethical Committee and Research board of the Clinical Hospital of the University of São Paulo Medical School (registered by CAPPesq ICHC n° 0537/06).

AUTHOR CONTRIBUTIONS

AD-N performed the autopsies, conceived and designed the analysis, collected the data, performed the analysis, and wrote the paper. JC collected the data and revised the paper. CP collected the data, performed the analysis, and wrote the paper. FS treated the patients during the hospitalization, performed the analysis, and wrote the paper. AN treated the patients during the hospitalization, collected the data, performed the analysis, and revised the paper. MD performed the autopsies, conceived and designed the analysis, collected the data, performed the analysis, and wrote the paper.

ACKNOWLEDGMENTS

We wish to thank Dr. Celine Pompeia for her assistance in the preparation of this manuscript.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fimmu.2019.00920/full#supplementary-material

Supplementary Figure 1. Positive immunohistochemical controls for low-expressing cytokines. Expression of the following cytokines was found to be very low in all groups (leptospirosis, sepsis and control). This figure shows positive staining in control spleen: (a) IL-1β; (b) IFN-γ; (c) IL-2; (d) IL-6. Magnification: 400× (a,c); 200× (b,d).

REFERENCES

 1. Levett PN. Leptospirosis. Clin Microbiol Rev. (2001) 14:296–326. doi: 10.1128/cmr.14.2.296-326.2001

 2. Secretaria da Saúde do Estado de São Paulo. Dados Estatísticos—Secretaria da Saúde—Governo do Estado de São Paulo. São Paulo, SP: State of São Paulo (2018). Available online at: http://www.saude.sp.gov.br/cve-centro-de-vigilancia-epidemiologica-prof.-alexandre-vranjac/areas-de-vigilancia/doencas-de-transmissao-por-vetores-e-zoonoses/agravos/leptospirose/dados-estatisticos (accessed June 27, 2018).

 3. Nicodemo AC, Duarte MI, Alves VA, Takakura CF, Santos RT, Nicodemo EL. Lung lesions in human leptospirosis: microscopic, immunohistochemical, and ultrastructural features related to thrombocytopenia. Am J Trop Med Hyg. (1997) 56:181–7. doi: 10.4269/ajtmh.1997.56.181

 4. Bharti AR, Nally JE, Ricaldi JN, Matthias MA, Diaz MM, Lovett MA, et al. Leptospirosis: a zoonotic disease of global importance. Lancet Infect Dis. (2003) 3:757–71. doi: 10.1016/S1473-3099(03)00830-2

 5. Chen HI, Kao SJ, Hsu YH. Pathophysiological mechanism of lung injury in patients with leptospirosis. Pathology. (2007) 39:339–44. doi: 10.1080/00313020701329740

 6. Junt T, Scandella E, Ludewig B. Form follows function: lymphoid tissue microarchitecture in antimicrobial immune defence. Nat Rev Immunol. (2008) 8:764–75. doi: 10.1038/nri2414

 7. Golub R, Tan J, Watanabe T, Brendolan A. Origin and immunological functions of spleen stromal cells. Trends Immunol. (2018) 39:503–14. doi: 10.1016/j.it.2018.02.007

 8. Hotchkiss RS, Tinsley KW, Swanson PE, Chang KC, Cobb JP, Buchman TG, et al. Prevention of lymphocyte cell death in sepsis improves survival in mice. Proc Natl Acad Sci USA. (1999) 96:14541–6. doi: 10.1073/pnas.96.25.14541

 9. Hotchkiss RS, Tinsley KW, Swanson PE, Schmieg RE Jr., Hui JJ, Chang KC, et al. Sepsis-induced apoptosis causes progressive profound depletion of B and CD4+ T lymphocytes in humans. J Immunol. (2001) 166:6952–63. doi: 10.4049/jimmunol.166.11.6952

 10. Hotchkiss RS, Tinsley KW, Swanson PE, Grayson MH, Osborne DF, Wagner TH, et al. Depletion of dendritic cells, but not macrophages, in patients with sepsis. J Immunol. (2002) 168:2493–500. doi: 10.4049/jimmunol.168.5.2493

 11. Hotchkiss RS, Karl IE. The pathophysiology and treatment of sepsis. N Engl J Med. (2003) 348:138–50. doi: 10.1056/NEJMra021333

 12. Hotchkiss RS, Coopersmith CM, Karl IE. Prevention of lymphocyte apoptosis–a potential treatment of sepsis? Clin Infect Dis. (2005) 41 (Suppl. 7):S465–9. doi: 10.1086/431998

 13. De Silva NL, Niloofa M, Fernando N, Karunanayake L, Rodrigo C, De Silva HJ, et al. Changes in full blood count parameters in leptospirosis: a prospective study. Int Arch Med. (2014) 7:31. doi: 10.1186/1755-7682-7-31

 14. Raffray L, Giry C, Vandroux D, Kuli B, Randrianjohany A, Pequin AM, et al. Major neutrophilia observed in acute phase of human Leptospirosis is not associated with increased expression of granulocyte cell activation markers. PLoS ONE. (2016) 11:e0165716. doi: 10.1371/journal.pone.0165716

 15. Adiga DSA, Mittal S, Venugopal H, Mittal S. Serial changes in complete blood counts in patients with Leptospirosis: our experience. J Clin Diagn Res. (2017) 11:ec21–4. doi: 10.7860/jcdr/2017/25706.9836

 16. Abbas AK, LIchtman AH, Pillai S. Cellular and Molecular Immunology. (2012). Amsterdam: Elsevier.

 17. Hotchkiss RS, Monneret G, Payen D. Sepsis-induced immunosuppression: from cellular dysfunctions to immunotherapy. Nat Rev Immunol. (2013) 13:862–74. doi: 10.1038/nri3552

 18. Tang BM, Herwanto V, McLean AS. Immune paralysis in sepsis: recent insights and future development. In: Vincent J-L, editor. Origin and Immunological Functions of Spleen Stromal Cells. Cham: Springer International Publishing (2018). p. 13–23.

 19. Bone RC, Balk RA, Cerra FB, Dellinger RP, Fein AM, Knaus WA, et al. Definitions for sepsis and organ failure and guidelines for the use of innovative therapies in sepsis. The ACCP/SCCM Consensus Conference Committee American College of Chest Physicians/Society of Critical Care Medicine. Chest. (1992) 101:1644–55. doi: 10.1378/chest.101.6.1644

 20. Singer M, Deutschman CS, Seymour CW, Shankar-Hari M, Annane D, Bauer M, et al. The third international consensus definitions for sepsis and septic shock (sepsis-3). JAMA. (2016) 315:801–10. doi: 10.1001/jama.2016.0287

 21. Knaus WA, Draper EA, Wagner DP, Zimmerman JE. APACHE II: a severity of disease classification system. Crit Care Med. (1985) 13:818–29. doi: 10.1097/00003246-198510000-00009

 22. Hsu SM, Raine L, Fanger H. Use of avidin-biotin-peroxidase complex (ABC) in immunoperoxidase techniques: a comparison between ABC and unlabeled antibody (PAP) procedures. J Histochem Cytochem. (1981) 29:577–80. doi: 10.1177/29.4.6166661

 23. Romero EC, Bernardo CC, Yasuda PH. Human leptospirosis: a twenty-nine-year serological study in São Paulo, Brazil. Rev Inst Med Trop Sao Paulo. (2003) 45:245–8. doi: 10.1590/S0036-46652003000500002

 24. Burberry A, Zeng MY, Ding L, Wicks I, Inohara N, Morrison SJ, et al. Infection mobilizes hematopoietic stem cells through cooperative NOD-like receptor and Toll-like receptor signaling. Cell Host Microbe. (2014) 15:779–91. doi: 10.1016/j.chom.2014.05.004

 25. Guidugli F, Castro AA, Atallah ÃN. Systematic reviews on leptospirosis. Rev Inst Med Trop SÃ£o Paulo. (2000) 42:47–9. doi: 10.1590/S0036-46652000000100008

 26. Arean VMCP. The pathologic anatomy and pathogenesis of fatal human leptospirosis (Weil's disease). Am J Pathol. (1962) 40:393–423.

 27. Comby F, Gauthier R, Nazimoff O. [New contribution to the study of leptospirosis in Reunion. II. Anatomopathology and histopathology of 10 fatal cases]. Bull Soc Pathol Exot Filiales. (1969) 62:92–101.

 28. Muensoongnoen J, Phulsuksombati D, Parichatikanond P, Sangjan N, Pilakasiri C, Sripaoraya K, et al. A histopathological study of hearts and spleens of hamsters (Mesocricetus auratus) infected with Leptospira interrogans, serovar pyrogenes. Southeast Asian J Trop Med Public Health. (2006) 37:720–8.

 29. Goeijenbier M, Gasem MH, Meijers JC, Hartskeerl RA, Ahmed A, Goris MG, et al. Markers of endothelial cell activation and immune activation are increased in patients with severe leptospirosis and associated with disease severity. J Infect. (2015) 71:437–46. doi: 10.1016/j.jinf.2015.05.016

 30. Alves VA, Yasuda PH, Yamashiro EH, Santos RT, Yamamoto LU, de Brito T. An immunohistochemic assay to localize leptospires in tissue specimens. Rev Inst Med Trop Sao Paulo. (1986) 28:170–3. doi: 10.1590/S0036-46651986000300006

 31. de Brito T, Morais CF, Yasuda PH, Lancellotti CP, Hoshino-Shimizu S, Yamashiro E, et al. Cardiovascular involvement in human and experimental leptospirosis: pathologic findings and immunohistochemical detection of leptospiral antigen. Ann Trop Med Parasitol. (1987) 81:207–14. doi: 10.1080/00034983.1987.11812114

 32. Uip DE, Amato Neto V, Duarte MS. Diagnóstico precoce da leptopirose por demonstração de antígenos através de exame imuno-histoquímico em músculo da panturrilha. Rev Inst Med Trop São Paulo. (1992) 34:375–81. doi: 10.1590/S0036-46651992000500001

 33. Dellinger RP, Levy MM, Carlet JM, Bion J, Parker MM, Jaeschke R, et al. Surviving Sepsis Campaign: international guidelines for management of severe sepsis and septic shock: 2008. Crit Care Med. (2008) 36:296–327. doi: 10.1097/01.CCM.0000298158.12101.41

 34. Spichler A, Ko AI, Silva EF, De Brito T, Silva AM, Athanazio D, et al. Reversal of renal tubule transporter downregulation during severe leptospirosis with antimicrobial therapy. Am J Trop Med Hyg. (2007) 77:1111–9. doi: 10.4269/ajtmh.2007.77.1111

 35. De Fost M, Chierakul W, Limpaiboon R, Dondorp A, White NJ, van Der Poll T. Release of granzymes and chemokines in Thai patients with leptospirosis. Clin Microbiol Infect. (2007) 13:433–6. doi: 10.1111/j.1469-0691.2006.01640.x

 36. Naiman BM, Alt D, Bolin CA, Zuerner R, Baldwin CLCP. Protective killed Leptospira borgpetersenii vaccine induces potent Th1 immunity comprising responses by CD4 and gammadelta T lymphocytes. Infect Immun. (2001) 69:7550–8. doi: 10.1128/IAI.69.12.7550-7558.2001

 37. Klimpel GR, Matthias MA, Vinetz JM. Leptospira interrogans activation of human peripheral blood mononuclear cells: preferential expansion of TCR gamma delta+ T cells vs TCR alpha beta+ T cells. J Immunol. (2003) 171:1447–55. doi: 10.4049/jimmunol.171.3.1447

 38. Giamarellos-Bourboulis EJ, Tsaganos T, Spyridaki E, Mouktaroudi M, Plachouras D, Vaki I, et al. Early changes of CD4-positive lymphocytes and NK cells in patients with severe Gram-negative sepsis. Crit Care. (2006) 10:R166. doi: 10.1186/cc5111

 39. Gaudart N, Ekpo P, Pattanapanyasat K, van Kooyk Y, Engering A. Leptospira interrogans is recognized through DC-SIGN and induces maturation and cytokine production by human dendritic cells. FEMS Immunol Med Microbiol. (2008) 53:359–67. doi: 10.1111/j.1574-695X.2008.00437.x

 40. Tinsley KW, Grayson MH, Swanson PE, Drewry AM, Chang KC, Karl IE, et al. Sepsis induces apoptosis and profound depletion of splenic interdigitating and follicular dendritic cells. J Immunol. (2003) 171:909–14. doi: 10.4049/jimmunol.171.2.909

 41. Shinzato M, Shamoto M, Hosokawa S, Kaneko C, Osada A, Shimizu M, et al. Differentiation of Langerhans cells from interdigitating cells using CD1a and S-100 protein antibodies. Biotech Histochem. (1995) 70:114–8. doi: 10.3109/10520299509108327

 42. Yamashiro-Kanashiro EH, Benard G, Sato MN, Seguro AC, Duarte AJ. Cellular immune response analysis of patients with leptospirosis. Am J Trop Med Hyg. (1991) 45:138–45. doi: 10.4269/ajtmh.1991.45.138

 43. Pereira MM, Andrade J, Marchevsky RS, Ribeiro dos Santos R. Morphological characterization of lung and kidney lesions in C3H/HeJ mice infected with Leptospira interrogans serovar icterohaemorrhagiae: defect of CD4+ and CD8+ T-cells are prognosticators of the disease progression. Exp Toxicol Pathol. (1998) 50:191–8. doi: 10.1016/S0940-2993(98)80083-3

 44. Isogai E, Isogai H, Kubota T, Fujii N, Hayashi S, Indoh T, et al. Apoptosis of lymphocytes in mice administered lipopolysaccharide from Leptospira interrogans. Zentralbl Veterinarmed B. (1998) 45:529–37. doi: 10.1111/j.1439-0450.1998.tb00824.x

 45. Resendes AR, Majo N, Segales J, Espadamala J, Mateu E, Chianini F, et al. Apoptosis in normal lymphoid organs from healthy normal, conventional pigs at different ages detected by TUNEL and cleaved caspase-3 immunohistochemistry in paraffin-embedded tissues. Vet Immunol Immunopathol. (2004) 99:203–13. doi: 10.1016/j.vetimm.2004.02.001

 46. van der Poll T, Opal SM. Host-pathogen interactions in sepsis. Lancet Infect Dis. (2008) 8:32–43. doi: 10.1016/S1473-3099(07)70265-7

 47. Tajiki H, Salomao R. Association of plasma levels of tumor necrosis factor alpha with severity of disease and mortality among patients with leptospirosis. Clin Infect Dis. (1996) 23:1177–8. doi: 10.1093/clinids/23.5.1177

 48. Athanazio DA, Santos CS, Santos AC, McBride FW, Reis MG. Experimental infection in tumor necrosis factor alpha receptor, interferon gamma and interleukin 4 deficient mice by pathogenic Leptospira interrogans. Acta Trop. (2008) 105:95–8. doi: 10.1016/j.actatropica.2007.09.004

 49. Opal SM, Fisher CJ Jr., Dhainaut JF, Vincent JL, Brase R, Lowry SF, et al. Confirmatory interleukin-1 receptor antagonist trial in severe sepsis: a phase III, randomized, double-blind, placebo-controlled, multicenter trial. The Interleukin-1 Receptor Antagonist Sepsis Investigator Group. Crit Care Med. (1997) 25:1115–24. doi: 10.1097/00003246-199707000-00010

 50. Delves PJ, Roitt IM. The immune system. Second of two parts. N Engl J Med. (2000) 343:108–17. doi: 10.1056/NEJM200007133430207

 51. Vernel-Pauillac F, Merien FCP. Proinflammatory and immunomodulatory cytokine mRNA time course profiles in hamsters infected with a virulent variant of Leptospira interrogans. Infect Immun. (2006) 74:4172–9. doi: 10.1128/IAI.00447-06

 52. Wen H, Hogaboam CM, Gauldie J, Kunkel SLCP. Severe sepsis exacerbates cell-mediated immunity in the lung due to an altered dendritic cell cytokine profile. Am J Pathol. (2006) 168:1940–50. doi: 10.2353/ajpath.2006.051155

 53. Wagenaar JF, Gasem MH, Goris MG, Leeflang M, Hartskeerl RA, van der Poll T, et al. Soluble ST2 levels are associated with bleeding in patients with severe Leptospirosis. PLoS Negl Trop Dis. (2009) 3:e453. doi: 10.1371/journal.pntd.0000453

 54. de Fost M, Hartskeerl RA, Groenendijk MR, van der Poll TCP. Interleukin 12 in part regulates gamma interferon release in human whole blood stimulated with Leptospira interrogans. Clin Diagn Lab Immunol. (2003) 10:332–5. doi: 10.1128/CDLI.10.2.332-335.2003

 55. Ertel W, Kremer JP, Kenney J, Steckholzer U, Jarrar D, Trentz O, et al. Downregulation of proinflammatory cytokine release in whole blood from septic patients. Blood. (1995) 85:1341–7.

 56. Marinho M, Oliveira-Junior IS, Monteiro CM, Perri SH, Salomao R. Pulmonary disease in hamsters infected with Leptospira interrogans: histopathologic findings and cytokine mRNA expressions. Am J Trop Med Hyg. (2009) 80:832–6. doi: 10.4269/ajtmh.2009.80.832

 57. Lowanitchapat A, Payungporn S, Sereemaspun A, Ekpo P, Phulsuksombati D, Poovorawan Y, et al. Expression of TNF-alpha, TGF-beta, IP-10 and IL-10 mRNA in kidneys of hamsters infected with pathogenic Leptospira. Comp Immunol Microbiol Infect Dis. (2010) 33:423–34. doi: 10.1016/j.cimid.2009.05.001

 58. Cinco M, Vecile E, Murgia R, Dobrina P, Dobrina A. Leptospira interrogans and Leptospira peptidoglycans induce the release of tumor necrosis factor alpha from human monocytes. FEMS Microbiol Lett. (1996) 138:211–4. doi: 10.1111/j.1574-6968.1996.tb08159.x

 59. Diament D, Brunialti MK, Romero EC, Kallas EG, Salomao RCP. Peripheral blood mononuclear cell activation induced by Leptospira interrogans glycolipoprotein. Infect Immun. (2002) 70:1677–83. doi: 10.1128/IAI.70.4.1677-1683.2002

 60. Dorigatti F, Brunialti MK, Romero EC, Kallas EG, Salomao R. Leptospira interrogans activation of peripheral blood monocyte glycolipoprotein demonstrated in whole blood by the release of IL-6. Braz J Med Biol Res. (2005) 38:909–14. doi: 10.1590/S0100-879X2005000600013

 61. Tuero I, Vinetz JM, Klimpel GR. Lack of demonstrable memory T cell responses in humans who have spontaneously recovered from leptospirosis in the Peruvian Amazon. J Infect Dis. (2010) 201:420–7. doi: 10.1086/650300

 62. Reis EA, Hagan JE, Ribeiro GS, Teixeira-Carvalho A, Martins-Filho OA, Montgomery RR, et al. Cytokine response signatures in disease progression and development of severe clinical outcomes for leptospirosis. PLoS Negl Trop Dis. (2013) 7:e2457. doi: 10.1371/journal.pntd.0002457

 63. Rajan G, Sleigh JW. Lymphocyte counts and the development of nosocomial sepsis. Intens Care Med. (1997) 23:1187. doi: 10.1007/s001340050482

 64. Gogos CA, Drosou E, Bassaris HP, Skoutelis A. Pro- versus anti-inflammatory cytokine profile in patients with severe sepsis: a marker for prognosis and future therapeutic options. J Infect Dis. (2000) 181:176–80. doi: 10.1086/315214

 65. Monneret G, Lepape A, Voirin N, Bohe J, Venet F, Debard AL, et al. Persisting low monocyte human leukocyte antigen-DR expression predicts mortality in septic shock. Intensive Care Med. (2006) 32:1175–83. doi: 10.1007/s00134-006-0204-8

 66. Naiman BM, Blumerman S, Alt D, Bolin CA, Brown R, Zuerner R, et al. Evaluation of type 1 immune response in naive and vaccinated animals following challenge with Leptospira borgpetersenii serovar Hardjo: involvement of WC1+ gammadelta and CD4 T cells. Infect Immun. (2002) 70:6147–57. doi: 10.1128/IAI.70.11.6147-6157.2002

 67. Calandra T, Baumgartner JD, Grau GE, Wu MM, Lambert PH, Schellekens J, et al. Prognostic values of tumor necrosis factor/cachectin, interleukin-1, interferon-alpha, and interferon-gamma in the serum of patients with septic shock. Swiss-Dutch J5 Immunoglobulin Study Group. J Infect Dis. (1990) 161:982–7.

 68. Karp CL, Wysocka M, Ma X, Marovich M, Factor RE, Nutman T, et al. Potent suppression of IL-12 production from monocytes and dendritic cells during endotoxin tolerance. Eur J Immunol. (1998) 28:3128–36.

 69. Friedland JS, Porter JC, Daryanani S, Bland JM, Screaton NJ, Vesely MJ, et al. Plasma proinflammatory cytokine concentrations, Acute Physiology and Chronic Health Evaluation (APACHE) III scores and survival in patients in an intensive care unit. Crit Care Med. (1996) 24:1775–81.

 70. von Andrian UH, Mackay CR. T-cell function and migration — two sides of the same coin. N Engl J Med. (2000) 343:1020–34. doi: 10.1056/NEJM200010053431407

 71. Maciel EA, Athanazio DA, Reis EA, Cunha FQ, Queiroz A, Almeida D, et al. High serum nitric oxide levels in patients with severe leptospirosis. Acta Trop. (2006) 100:256–60. doi: 10.1016/j.actatropica.2006.11.006

 72. Andrade L, Cleto S, Seguro AC. Door-to-dialysis time and daily hemodialysis in patients with leptospirosis: impact on mortality. Clin J Am Soc Nephrol. (2007) 2:739–44. doi: 10.2215/cjn.00680207

 73. Kox WJ, Bone RC, Krausch D, Docke WD, Kox SN, Wauer H, et al. Interferon gamma-1b in the treatment of compensatory anti-inflammatory response syndrome. A new approach: proof of principle. Arch Intern Med. (1997) 157:389–93. 

Conflict of Interest Statement: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Copyright © 2019 Duarte-Neto, Croda, Pagliari, Soriano, Nicodemo and Duarte. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.

OPS/images/fimmu-10-00920-t003.jpg
Demographic and epidemiologic data

Age, median (IR)* 40 (36-56)
Male gender, n (%) 9 (81.8%)
Contact with rodents, n (%) 5 (45.4%)
Contact with dirty water, 1 (%) 7 (63.6%)
Co-morbidities (arterial hypertension), n (%) 3 (27.27%)
CLINICAL SYMPTOMS ON ADMISSION

Duration of symptoms, median (IR) 6 days 4.5-7.0)
Fever, n (%) 11 (100%)
Muscle pain, n (%) 11 (100%)
Jaundice, n (%) 11 (100%)
Altered mental state, n (%) 6 (64.5%)
Pulmonary hemorrhage, n (%) 11 (100%)
Shock, n (%) 11 (100%)
LABORATORY VALUES

Positive microagglutination, n (%) 7 (63.6%)
Distribution of serovars diagnosed by MAT in

seven patients

Ioterohaemorrhagiae 5 71%)
Copenhageni 3 (43%)
Hebdomadis 2 (30%)
Canicola 2 (30%)
Auturnnalis 2 (80%)
Javanica 1 (14%)
Australis 1 (14%)
Cynopteri 1 (14%)
Djasiman 1 (14%)
Positive ELISA IgM, n (%) 5 (45.4%)
Positive liver Leptospira antigen, n (%) 7 (63.6%)
Positive spleen Leptospira antigen, n (%) 8 (72.7%)
Haematocrit %, median (IR) 28.79 (25.5-30.85)
Leukocytes, cells/mm?3, median (IR) 1.69 x 104 (1.29-2.4 x 10%)
Platelets, cells/mm?, median (IR) 50x 104 (4.0-6.3 x 10%)
Serum creatinine, mg/dL, median (IR) 6 4.5-8)
Serum biliubin, mg/dL, median (IR) 14 (7-27)
AST, mg/dL, median (IR) 134 (44.5-294)
ALT, mg/dL, median (IR) 78 (25-114)
CLINICAL COURSE

Use of vasoactive drugs, n (%) 11 (100.0%)
Mechanical ventiition, n (%) 11 (100.0%)
Dialysis, n (%) 9 (81.8%)
Duration of ICU hospitalization, median (IR) 2 days (1595
APACHE Il score, median (IR)*** 235 (21.0-27.5)

IR, Interquartie range; ELISA, enzyme-linked immunosorbent assay; AST, aspartate
aminotransferase; ALT, alenine aminotransferase; ICU intensive care unit; APACHE I,
Acute Physiology And Chronic Health Evaluation.

“Leptospirosis group was older than control group (o = 0.029, Mann-Whitney).
“Leptospirosis group had more males than sepsis group (o = 0.007, Pearson Chi-
Squere).

*APACHE Il score calculated for 8 patients.

Patient sera were analyzed by the microagglutination test (MAT) to identity antigens from
the main pathogenic serovars of Leptospira sp. Assays were carried out by the Instituto
Adolfo Lutz, Séo Paulo, SR, Brazi, according to a published protocol (23).
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anergy and “immunoparalysis” in sepsis

Adaptive immunity

Express CD4, CD3, CD5, CD28, CD45, CD154

Cytotoxic activity

Adaptive immunity

Express CD8, CD3, CD45

Carry out antigen presentation to T lymphocytes and antibody
production to eliminate pathogens

Adaptive immurity

Express CD20, CD19, CD79

Potent pro-inflammatory cytokine released in the early phase of
sepsis by macrophages, NK cells and T cels. Involved in Th1
response. Induces activation of neutrophils, monocytes and other
effector immune cells; induces phagocytosis, synthesis of acute
phase proteins by the liver, activation of endothelial cells
{coagulation and inflammation), apoptosis and catabolism fever
Essential to eradicate pathogens. Excessive release in the initial
phase of infection can cause a hyper-inflammatory (‘cytokine
storm’) response with excessive tissue damage

Pro-inflammatory cytokine released in the early phase of infection
and sepsis by Thi cells, CD8* T cells and NK cells. Essential for T
cell Thi differentiation. Activates T cells and NK cells. Promotes
phagocytosis, expression of MHC | and Il, antigen presentation,
pro-inflammatory cytokine secretion, production of Ig@, oxidative,
and nitrosative stress

Pro-inflammatory cytokine released in the early phase (innate
immunity) of infection and sepsis. Produced by fibroblasts,
hepatocytes, myeloid, endothelial and epithelial cels. Induces
endothelial and hepatocyte activation, inflammation, and fever

Pro-inflammatory cytokine released in the early phase (innate
immunity) of infection and sepsis. Produced by T cells. Induces
prolferation and differentiation of T cells, proiiferation and
activation of NK and B cells

Pro-inflammatory cytokine released in the early phase of infection
and sepsis by myeloid and stromal cells. Promotes inflammation,
synthesis of acute phase proteins by the liver and antibody
production by B cells. May induce Th2 response

Pro-inflammatory cytokine released in the early phase of infection
and sepsis. Induces inflammation, TNFa production, recruitment
of neutrophis and myeloid cells

Pro-inflammatory cytokine released in the early phase of sepsis by
macrophages and dendritic cells after activation by pathogens.
Essential for inducing T cell Thi diferentiation. Induces T cells,
denditic cels and NK cells to release IFNy. teytotoxic activity

Anti-inflammatory cytokine released by T CD4*+ Th2 cells and
mast cells. Induces Th2 subset differentiation, inhibition of
IFNy-mediated macrophage activation and isotype switch to IgE

Regulatory and Th2 cytokine released by Treg cells, macrophages,
denditic cells and CD4*+ Th2 cells, with anti-inflammatory action.
Inhibits the T cell response

Anti-inflammatory cytokine released by Treg and Th2 cells (T cells
and macrophages). Inhibits T and B cell proliferation and function,
inhibits macrophage activation and function. Induces isotype
switch to IgA in B cells, and T cell TH17 and Treg differentiation.
Increases collagen synthesis

Programmed cell death of immune cells (NK cells, CD4*+ and
©CD8* T cells, B cells and dendritic cells in lymphoid tissues),
through both death receptor- and mitochondrial-mediated
pathways in sepsis

Express activated caspase 3, caspase 9, positive TUNEL

Implicated role in sepsis-related immunosuppression

Endotoxin tolerance (Lexpression of TLR), release of
pro-inflammatory cytokines, | HLA-DR expression causing
antigen presentation), production of anti-inflammatory
cytokines (IL-10, IL-4), 1 susceptibiity of the host to
secondary infections and worse outcome

Loss by apoptosis, altered cytotoxic function and cytokine
production in response to TLR ({IFNy production). Low
numbers of NK cells are associated with 1 mortality

Loss by apoptosis; inability to induce Thi response (T cell
anergy), due to JHLA-DR expression, 11L-10 secretion, 1Treg
proiferation, Jantigen presentation to T and B cells); low

number is associated with 1 mortality

Massive loss by apoptosis, leading to anergy (Th2
polarization), adhesion molecule expression, |CD28
expression, } TCR diversity

Loss by apoptosis, impairment of cytotoxic function,
Loytokine release, 4 TCR diversity

Loss by apoptosis, exhaustion of B cells, compromised
antibody production

Inthe sepsis-related immunosuppression, itis |

IRelease in the scenery of sepsis-related
immunosuppression

| Release in the scenery of sepsis-related
immunosuppression

1Release in the scenery of sepsis-related
immunosuppression

IRelease in the scenery of sepsis-related
immunosuppression

| Release in the scenery of sepsis-related
immunosuppression

I Production by denditic cells and lymphocytes in scenery of
sepsis-related immunosuppression

Implied as a mediator to induce sepsis-related
immunosuppression

Implied as the main medator of sepsis-related
immunosuppression; inhibits expression of IL-12,
co-stimulators and MHC Il, negatively influences monocyte
production of pro-inflammatory cytokines

(TNFa, IL-1, and IL-6)

Implied as a medator to induce sepsis-related
immunosuppression

Main mechanism of death of immune cells in sepsis;
phagocytosis of apoptotic cells by monocytes, macrophages
and denditic cells induces an anergic CD4*+ Th2 response,
with $1L-10, compromising pathogen eradication

CD, cluster of differentiation; IL, interleukin; NK, natural killer; TLR, Toll-ike receptor; TCR, T Cell Receptor; Th, helper T cells; Treg, regulatory T cell.

*The tissue expression of cytokines is detected by immunohistochemistry using specific monoclonal antibodiies.
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Antigen Provenance, Catalog number Dilution used in
immunohistochemistry

Leptospira University of Séo Paulo, Brazi® 1:400
cD4 Dako M834 1:1000
[ Dako M7103 1:30
CD20 Dako MO755 1:40
CD4s Dako M742 1:100
cDe8 Dako M0876 1:30
5100 Dako Z311 1:100
IL1-p R8D Systems® AF2001-NA 1:20
L4 R8D Systems AF204-NA 1:40
IL6 R&D Systems AF206-NA 1:20
IL10 R8D Systems MAB217 1:10
IL12 R8D Systems MAB219 1:10
IFN-y R8D Systems MAB285 1:30
TNF-o R8D Systems AF210MA 1:40
cDs7 Immunotech® 1166 1:100
TGF-p Santa Cruzd SC-82 1:50
Caspase 3 Cell Signaling® 96615 1:100
IL2r Novocastra/Leical CD25 1:20

#The polyclonel rabbit antibody was produced and validated by the Tropical Medicine
Institute (University of Séio Paulo, SP, Brazi) and was used to detect Leptospira antigens in
the liver and kidney for post-mortem diagnosis according to previous published protocols
3,30

PR&D Systems Minneapolis, MN, USA.

elmmunotech Marseill, France.

9Santa Cruz Dallas, T, USA.

“Cell Signaling, Danvers, MA, USA.

Novocastra/L eica, Wetzlar, Germany.
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Pathologic findings Leptospirosis Sepsis Control Overallp  Leptospirosis x Leptospirosis x  Sepsis x

(n=11) (n=10) (=12 value? sepsis p controlp  control p

Red pulp congestion*
Absence/discrete 10.1%) 0(0.0%) 10(83.3%) 0.0001 0.001 NS 00001
Moderate/intense 10 (20.9%) 10 (100%) 2(16.7%)
Congestion type®
Focal 0(0.0%) 0(0.0%) 10(83.3%) 0.0001 0.001 NT 00001
Diffuse 110%) 10 (100%) 1(8.3%)
Peri/subcapsular 1(9.1%) 2(20.0%) 8(66.7%) 0.008 0.007 NS 0.038
hemorrhage
Red pulp hemorrhage 10 (90.9%) 10 (100%) 8(66.7%) 0075 NT NS 0068
Red pulp necrosis 10.1%) 3(30%) 0(0.0%) 0.093 NT NS NS
Red pulp vessels
Necrosis and thrombosis 0(0.0%) 2(20.0%) 0(0.0%) 0.093 NT NS NS
Red pulp reticular cells/macrophages*
Normal/discrete 0(0.0%) 1(10.0%) 12 (100%) 0.0001 0.0001 NS 00001
Moderate/intense 11 (100%) 9(90.0%) 0(0.0%)
Red pulp polymorphonuclear cells*
Normal/discrete 0(0.0%) 4(40.0%) 12 (100%) 0.0001 0.0001 0.035 0.003
Moderate/intense 11 (1000%) 6(60.0%) 0(0%)
Red pulp plasma cells*
Normal/discrete 0(0.0%) 1(10.0%) 12 (100%) 0.0001 0.0001 NS 00001
Moderate/intense 11 (100%) 9(90.0%) 0(0.0%)
Red pulp lymphocytes**
Normal 0(0.0%) 0(0.0%) 11(91.7%) 0.0001 0.0001 NT 0.0001
Discrete 11 (100%) 10 (100%) 1(8.3%)
Red pulp extramedullary 11 (100%) 4(40.0%) 0(0.0%) 0.0001 0.0001 0.004 0.029
haematopoiesis
Red pulp haemosiderin pigments®
Normal 5 (45.5%) 6(60.0%) 12 (100.0%) 0.064 0012 NS NS
Moderate 1(9.1%) 1(10.0%) 0(0.0%)
Intense 5 (45.5%0) 3(30.0%) 0(0.0%)
Follicle volume®
Normal 2 (18.2%) 0(0.0%) 12 (100%) 0.0001 0.0001 NS 00001
Atrophied 9(81.8%) 10 (100%) 0(0.0%)
T-zone depletion 11 (100%) 6(60.0%) 0(0.0%) 0.0001 0.0001 0.035 0.003
B-zone depletion 9(81.8%) 9(90.0%) 0(0.0%) 0.0001 0.0001 NS 00001
Central artery with signs of 11 (100%) 7 (70.0%) 3(25.0%) 0.001 0.0001 NS 0.046
activated endothelium
TCD4T IH*
Red pulp 784(67.6-237.6)  185.6(90.4-4112)  624.0 (628.0-846.4) 0.0001 0.0001 0.044 00003
White pulp 1835.0 1850.0 5118.0 0.0001 0.0001 NS 0.0001

(1367.0-2376.0) (1420.0-2307.0) (3925.0-6040.0)
TCD8* IH*+
Red pulp 412.8 (260.0-1493.0) 7040 (49.60-298.40) 5832 (340.8-761.6) 00011 NS 00035 00008
White pulp 865.6 (500.6-1024.0) 148.0(62.40-188.0) 835.20 (564.0-12680)  0.0001 NS 0.0002 00001
CD20+ IH***
Red pulp 0.73(0.55-1.08) 0.30 (0.16-0.49) 0.14(0.08-0.31) 0.0084 0.0082 0.0221 NS
White pulp 845(7.81-9.82)  9.86(8.13-11.84) 601 (5.01-7.46) 0.0001 0.0035 NS 00022
NK [
Red pulp 19.2(16.0-26.4) 17.6 (2.4-73.6) 90.4 (73.6-173.6) 0.0003 00001 NS 00062
White pulp 240 (18.4-61.6) 56(0.0-32.8) 135.2 (92.8-198.4) 0.0005 0.0023 NS 00022
CD68 IH
Red pulp 598.4(1536-898.4)  1075(712-1411)  308.0 (224.0-350.9) 00007 NS 00184 0.0005
White pulp 192.0 (153.6-325.6)  547.2(404.8-628.0)  148.0 (68.8-184.0) 0.0001 NS 0.0001 0.0001
$100 IH***
Red pulp 686.4(390.4-1040)  54.4(12.8-125.6) 48(6.4-80) 0.0001 0.0001 0.0003 00001
White pulp 214.4 (81.60-288.8) 10.4 (0.8-19.2) 8.8 (1.6-24.0) 0.0001 0.0001 0.0001 NS
Cleaved caspase 3 IH***
Red pulp 48(16-17.6) 15.2 (6.4-40.8) 37.6 (8.80-71.20) 0029 0016 NS NS
White pulp 00(0.0-5.6) 32(2.4-14.4) 62.4(29.6-108.2) 0.0002 0.0006 NS 0.0011
TNF-o IH*
Red pulp 22.4(12.8-32.4) 4.0(0.8-17.6) 2.4(0.0-5.6) 00021 00014 00166 NS
White pulp 32.0(0.0-100) 0.0(0.0-0.8) 00(0.0-2.4) 00001 00011 0.0008 NS
IFN-y IH
Red pulp 0.0(0.0-4.0) 0.0(0.0-1.60) 0.0(0.0-3.20) 068 NS NS NS
White pulp 0.0(00-0.0) 0.0(0.0-0.0) 00(0.0-00) 063 NS NT NT
LT IH**
Red pulp 0.0(00-0.0) 0.8(0.0-2.40) 00(0.0-00) 0054 NS NS NS
White pulp 0.0(00-0.0) 0.0(0.0-0.0) 00 (0.0-00) 0.97 NS NS NS
L2 1H=*
Red pulp 0.0(0.0-24.0) 0.0(00-0.0) 00(0.0-08) 0515 NS NS NS
White pulp 00(00-32) 0.0(0.0-0.0) 00(0.0-16) 0.16 NS NT NT
1L6 IH
Red pulp 32(16-112) 0.0(00-0.0) 16(0.0-6.4) 0.0021 NS NT NT
White pulp 0.0(0.0-4.0) 0.0(0.0-0.0) 00 (0.0-16) 011 NS NT NT
1L12 IH
Red pulp 8.0 (4.8-14.4) 0.0 (0.0-0.0) 0.0 0.0-0.0) 0.0001 0.0031 NT NT
White pulp 00(00-2.4) 0.0(0.0-0.0) 0.0 (00-1.60) 0076 NS NT NS
1L4 IH*
Red pulp 11.2(0.0-49.6) 0.0(0.00-08) 1.6 (0.0-12.0) 0034 NS 0.035 0,044
White pulp 0.0(00-24.8) 0.0(0.0-0.0) 16(0.0-5.6) 0014 NS NT NT
1L10 IH*
Red pulp 336(288-642)  83.2(38.4-1520) 00(0.0-08) 0.0001 0.0006 0024 0.0002
White pulp 208 (15.2-62.8) 32,0 (13.6-66.4) 00(0.0-08) 0.0002 0.0006 NS 0.0009
TGFp IH***
Red pulp 832(58.4-1560) 212 (118.4-266.4) 32 (8.0-80.8) 0.003 NS 00184 0.0041
White pulp 86.4 (64.0-207.2) 117.6 (71.6-199.2) 816 (25.6-124.0) 0.43 NS NS NS

@Subgroups were added for statistical analysis.

“These parameters were regrouped in two categories (normal/discrete or moderate/intense) to do the statistical analysis.

**The semi quantitative analysis of the lymphocyte number in the red pulp was regrouped in two categories (normal or discrete) to do the statistical analysis as none of the patients had
moderate o intense cord lymphocytic infitration.

***The data are expressed as median and (in parentheses) the 25th and 75th percenties of the number of positive cells per square millmeter.

4 compares the three groups as determined by Pearson Chi-Square.

NS, not significant; NT, not tested.
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