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SARS-coronavirus-2–induced immune dysregulation and inflammatory responses are involved in the pathogenesis of coronavirus disease-2019 (COVID-19). However, very little is known about immune cell and cytokine alterations in specific organs of COVID-19 patients. Here, we evaluated immune cells and cytokines in postmortem tissues, i.e., lungs, intestine, liver, kidneys, and spleen of three patients with COVID-19. Imaging mass cytometry revealed monocyte, macrophage, and dendritic cell (DC) infiltration in the lung, intestine, kidney, and liver tissues. Moreover, in patients with COVID-19, natural killer T cells infiltrated the liver, lungs, and intestine, whereas B cells infiltrated the kidneys, lungs, and intestine. CD11b+ macrophages and CD11c+ DCs also infiltrated the lungs and intestine, a phenomenon that was accompanied by overproduction of the immunosuppressive cytokine interleukin (IL)-10. However, CD11b+ macrophages and CD11c+ DCs in the lungs or intestine of COVID-19 patients did not express human leukocyte antigen DR isotype. In contrast, tumor necrosis factor (TNF)-α expression was higher in the lungs, intestine, liver, and kidneys, but not in the spleen, of all COVID-19 patients (compared to levels in controls). Collectively, these findings suggested that IL-10 and TNF-α as immunosuppressive and pro-inflammatory agents, respectively,—might be prognostic and could serve as therapeutic targets for COVID-19.

Keywords: imaging mass cytometry (IMC), COVID-19, organ specific response, immune dysregulation, inflammatory response

Coronavirus disease-2019 (COVID-19) caused by severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) has become a global pandemic and the worst public health crisis at present. COVID-19 has been reported to be associated with diverse co-morbidities, such as pneumonia, respiratory failure, acute respiratory distress syndrome, and sepsis, that are usually associated with pathophysiological changes, including alveolar macrophage activation, lymphopenia, and thrombosis (Chen et al., 2020; Fu et al., 2020; Guan et al., 2020; Huang et al., 2020; Jose and Manuel, 2020; Moore and June, 2020; Wang et al., 2020; Yang et al., 2020). Additionally, in addition to the lower respiratory tract and lungs, SARS-CoV-2 targets many other organs, including the liver, heart, intestine, kidneys, central nervous system, and muscles, thereby resulting in multiorgan injury, which is frequently associated with severe or even fatal outcomes (De Felice et al., 2020; Varga et al., 2020; Zhang C. et al., 2020). Immune dysregulation and inflammation are therefore involved in the pathogenesis of COVID-19 (Giamarellos-Bourboulis et al., 2020; Moore and June, 2020). However, most of the information regarding the dysregulation of immune cells and cytokines has been obtained from studies using blood samples from patients. Therefore, it is essential to profile COVID-19-associated immune cell and pro-inflammatory cytokine responses in specific organs and tissues to improve our understanding of the pathogenesis of this disease.

Tissue samples from COVID-19 patients including the lungs, intestine, spleen, liver, and kidneys, were obtained from three deceased COVID-19 patients. Paracancerous tissues from lung cancer, colorectal cancer, hepatocarcinoma, or renal cancer patients without COVID-19, as well as splenic tissues from trauma patients, were used as controls. The tissues were sectioned, fixed in formalin, and embedded in paraffin. COVID-19 or control sections were probed using a panel of 27 antibodies that enabled the detection of different lymphocyte types, cytokines, lymphocyte activation, and vascular and spatial structures of tissue cells (Supplementary Table 1). These sections were then subjected to imaging mass cytometry (IMC; Figure 1A). IMC is a progressive imaging technique that rather than analyzing single cells in suspension as in case of flow cytometry enables the detection of approximately 37 epitopes in paraffin-embedded tissue sections based on simultaneous antibody probing, thereby revealing the entire structure of the scanned tissue. Compared to immunohistochemistry or immunofluorescence, this technique can effectively reduce the background signal and crossover between fluorescence by employing isotopically applied metal tags and mass spectrometry. Meanwhile, the number of samples tested is reduced to one paraffin section, which greatly reduces sample consumption. IMC can not only improve the quality of experiments and results but also can facilitate subsequent bioinformatic analysis on the original specimen. Further, semi-quantitative data result in more accurate and upgraded information compared to those obtained with the simple qualitative analysis of images. Therefore, for accurate detection of the parameters, the adjustment of image parameters and the design and redacting of analysis algorithms are crucial. We used a t-SNE map to display 55,391 subsampled single cells from each PhenoGraph cluster identified in the heatmap image colored according to sample (control, patient 1, patient 2, patient 3), organ (lungs, intestine, spleen, liver, and kidneys), and cluster (Figures 1B–D). The z-scored mean marker expression of the panel markers was determined for each PhenoGraph cluster using heatmap analysis. Clusters and markers were grouped according to expression profiles (Figure 1E). Furthermore, we compared the percent relative abundances of cell clusters between the three patients and the control using a histogram (Figure 1F).


[image: Figure 1]
FIGURE 1. Imaging mass cytometry (IMC) of tissues from patients with coronavirus disease-2019 (COVID-19). (A) Schematic of IMC acquisition for multiplexed images from three patients with COVID-19 and controls. (B) t-SNE map displaying 55,391 subsampled single cells from each PhenoGraph cluster identified in heatmap images colored according to sample. (C) t-SNE map displaying 55,391 subsampled single cells from each PhenoGraph cluster identified in heatmap images colored according to organ. (D) t-SNE map displaying 55,391 subsampled single cells from each PhenoGraph cluster identified in heatmap images colored according to cluster. (E) Heatmap showing the z-scored mean marker expression of the panel markers for each PhenoGraph cluster. Clusters and markers are grouped according to expression profiles. (F) Bar plots showing the relative percent abundances of the cell clusters.


First, we found that monocytes (CD14 and CD68) infiltrated the lungs (Figures 2A,B) and intestines (Figures 3A,B) of patients with COVID-19. Moreover, CD11b+ macrophage, CD11c+ dendritic cell (DC), CD3+ CD56+ natural killer T (NKT) cell, and CD19+ B cell counts were higher in the lungs (Figures 2A,B) and intestines (Figures 3A,B) of patients with COVID-19 than in those of controls. These data suggest that the lung and intestine are the major targeted organs in COVID-19 and that SARS-CoV-2 infection induces a strong immune response in these organs. The difference among patient 1, patient 2 and patient 3 on the whole morphology of the lung and intestine tissues could be due to the different severity of acute lung and intestine injuries of these patients. However, changes in these immune cells differed in other organs. For example, in the liver of patients with COVID-19, no significant differences were observed in macrophage (CD14 and CD68) counts compared with those in controls (Supplementary Figures 1A,B), and counts of CD11b+ macrophages, CD11c+ DCs, and CD3+ CD56+ NKT cells were also higher than those in the control, the exception being patient 1 (Supplementary Figures 1A,B). In contrast, in the kidney, CD11b+ macrophage, CD11c+ DC, and CD19+ B cell counts were higher in patients 1 and 2 than those in the control, and patients 2 and 3 had more monocytes (CD14 and CD68) than the control (Supplementary Figures 2A,B). The counts of all immune cell were reduced in the spleens of patients with COVID-19 (Supplementary Figures 3A,B). In previous studies, flow cytometric analyses of peripheral blood mononuclear cells from symptomatic patients with COVID-19 revealed the significant influx of CD14+ monocytes (Xu et al., 2020; Zhang Y. et al., 2020), consistent with our findings. Furthermore, compared to those in control samples, the numbers of CD11b+ macrophages and CD11c+ DCs were elevated in the lungs, intestine, liver, and kidneys of all three patients with COVID-19 (Supplementary Figures 1, 2). However, CD11b+ macrophages and CD11c+ DCs were reduced in the spleens of patients with COVID-19 (Supplementary Figure 3), suggesting that the responses of CD11b+ macrophages and CD11c+ DCs to SARS-CoV-2 might be transferred from the spleen to the infected site or other damaged sites. Together, these results indicated that macrophages and DCs infiltrate the lungs—the major infection site of SARS-CoV-2—and other organs, including the intestine, kidneys, and liver, and this phenomenon is probably associated with multiorgan injuries. Moreover, NKT cells infiltrated the liver, lungs, and intestine of patients with COVID-19, and B cells infiltrated the kidneys, lungs, and intestines of these patients. These data suggest that unequal immune cell infiltration could induce tissue-specific immune responses; thus, monotherapy might not be sufficient for the treatment of patients with severe COVID-19.
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FIGURE 2. Immune cell responses to severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) in the lungs of patients with coronavirus disease-2019 (COVID-19). Representative imaging mass cytometry (IMC) for each panel, with different colors to distinguish panels; iridium-DNA staining is shown in blue. (A) Monocytes (CD14 and CD68), CD11b+ macrophages, CD11c+ dendritic cells (DCs), natural killer T (NKT) cells (CD3 and CD56), and B cells (CD19) in the lungs of controls and three patients with COVID-19. (B) Bar plot for the comparison of monocyte (CD14 and CD68), CD11b+ macrophage, CD11c+ DC, NKT cell (CD3 and CD56), and B cell (CD19) counts in the lungs of controls and three patients with COVID-19. The significance of differences between groups is shown in horizontal brackets and was assessed using Fisher's exact test. ***P < 0.01; ns, P > 0.01.
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FIGURE 3. Immune cell responses to severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) in the intestine of patients with coronavirus disease-2019 (COVID-19). (A) Monocytes (CD14 and CD68), CD11b+ macrophages, CD11c+ dendritic cells (DCs), natural killer T (NKT) cells (CD3 and CD56), and B cells (CD19) in the intestine of controls and three patients with COVID-19. (B) Bar plot for the comparison of monocytes (CD14 and CD68), CD11b+ macrophages, CD11c+ DCs, NKT cells (CD3 and CD56), and B cells (CD19) in the intestine of controls and three patients with COVID-19. The significance of differences between groups is shown as horizontal brackets and was assessed using Fisher's exact test. ***P < 0.01; ns, P > 0.01.


Second, IL-10, an anti-inflammatory cytokine, plays a critical role in infection by limiting the immune response against pathogens, thereby preventing damage to the host. IL-10 is a well-known immunosuppressive cytokine (Mannino et al., 2015) that downregulates the expression of major histocompatibility complex class II (de Waal Malefyt et al., 1991). In our study, IL-10 production was elevated in the lungs of patients with COVID-19 and was found to be expressed by CD11b+ macrophages but not by CD11c+ DCs. Moreover, CD11b+ macrophages and CD11c+ DCs in the intestine showed higher IL-10 production (Figures 4A–C). In contrast, the expression of human leukocyte antigen DR isotype (HLA-DR) increased in the lungs and intestines of patients with COVID-19 but was found not to be expressed in CD11b+ macrophages or CD11c+ DCs (Figures 4D–F). Macrophages and DCs are the major antigen-presenting cells (APCs), and HLA-DR is the connecting link between the innate and adaptive immune responses. Our findings support the results of a previous study showing that IL-6 induces low HLA-DR expression and lymphopenia in patients with severe COVID-19 associated with immune dysregulation (Giamarellos-Bourboulis et al., 2020) and that the counts of circulating HLA-DR-positive cells were increased during convalescence in a patient with moderately severe COVID-19 (Thevarajan et al., 2020). Thus, severe respiratory failure (SRF)-aggravated pneumonia caused by SARS-CoV-2 might involve the following: a unique immunosuppressive pathway aimed at IL-10 overproduction via the inhibition of HLA-DR activation on APCs; high IL-10 secretion by macrophages and DCs.


[image: Figure 4]
FIGURE 4. Production of IL-10 and expression of human leukocyte antigen DR isotype (HLA-DR) in the lungs and intestines of patients with coronavirus disease-2019 (COVID-19). (A) Imaging mass cytometry (IMC) for IL-10, CD11b, and CD11c in the lungs and intestine of controls and patients with COVID-19. Iridium-DNA staining is shown in blue, IL-10 staining is shown in red, and CD11b and CD11c staining is shown in green. (B,C) Bar plot for the comparison of IL-10, CD11b, and CD11c in the lungs and intestine of controls and three patients with COVID-19. (D) IMC for HLA-DR, CD11b, and CD11c in the lungs and intestine of controls and patients with COVID-19. Iridium-DNA staining is shown in blue, HLA-DR staining is shown in red, and CD11b and CD11c staining is shown in green. (E,F) Bar plot for the comparison of HLA-DR in the lungs and intestine of controls and patients with COVID-19. The significance of differences between groups is shown as horizontal brackets and was assessed using Fisher's exact test. ***P < 0.01; ns, P > 0.01.


Finally, we demonstrated the overproduction of tumor necrosis factor (TNF)-α in the lungs of all patients with COVID-19. In addition, TNF-α production in the intestines was consistent with changes in TNF-α expression in the lungs. Notably, TNF-α production was much higher in the liver of patient 1 and in the kidneys of all patients with COVID-19, as well as in the spleen of all patients with COVID-19 (Figures 5A,B). Previous studies have confirmed the role of TNF-α in promoting the pathogenesis of SARS-CoV infection through its receptors and suggested that the inhibition of TNF-α signaling might be leveraged as a treatment strategy (McDermott et al., 2016). However, extensive studies are needed to confirm the correlations between TNF-α and other inflammatory cytokines with respect to pathological inflammation. Circulating concentrations of IL-6 are significantly higher among patients infected with SARS-CoV-2, and IL-6 is a key pro-inflammatory factor leading to the generation of cytokine storms (Fu et al., 2020). Our study showed that TNF-α is a potent cytokine related to pathological inflammation in tissues—similar to IL-6—in patients with COVID-19.
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FIGURE 5. Production of TNF-α in tissues from patients with coronavirus disease-2019 (COVID-19). (A) Imaging mass cytometry (IMC) for TNF-α in the lungs, intestine, liver, kidneys, and spleen from controls or patients with COVID-19; iridium-DNA staining is shown in blue, and TNF-α staining is shown in red. (B) Bar plot for the comparison of TNF-α in the lungs and intestine of controls and three patients with COVID-19. The significance of differences between groups is shown as horizontal brackets and was assessed using Fisher's exact test. ***P < 0.01; ns, P > 0.01.


In summary, we showed for the first time that CD11b+ macrophages and CD11c+ DCs infiltrate the lungs and intestines, a phenomenon that is accompanied by overproduction of the immunosuppressive cytokine IL-10. However, the expression of HLA-DR on CD11b+ macrophages and CD11c+ DCs was low in the lungs and intestines of patients with COVID-19. Furthermore, we identified a unique signature of pathogenesis in patients with COVID-19, characterized by high levels of IL-10 production in the lungs and intestine, which might inhibit HLA-DR expression on macrophages or DCs, and TNF-α overproduction in the lungs, intestines, and other damaged tissues. This clear understanding of the delicate balance between antiviral and inflammatory innate immune programs will be essential to develop effective biomarkers and therapeutics for COVID-19.


EXPERIMENTAL SECTION


Tissues

Lung, intestine, spleen, liver, and kidney tissues were obtained by autopsy from patients with COVID-19 at Wuhan Jinyintan Hospital, Wuhan, Hubei in China. Patient 1 was a 53-year old woman, patient 2 was a 53-year-old woman, and patient 3 was a 60-year-old woman. In addition, control tissues were obtained from five different individuals; all samples were collected by surgical operation as follows: control 1 (75-year-old woman with no chronic basic disease) donated splenic tissue; control 2 (68-year-old man with hypertension) donated lung cancer tissue; control 3 (64-year-old woman with hypertension) donated kidney tissue; control 4 (72-year-old man with no chronic basic disease) donated liver tissue; control 5 (57-year-old woman with hypertension) donated intestine tissue (Supplementary Table 2). Tissues were oriented during staining to investigate their structures to the greatest extent.

All samples were treated in accordance with the biocontainment procedures required to process SARS-CoV-2-positive samples. All work performed in this study was approved by the Wuhan Jinyintan Hospital Ethics Committee (No. KY-2020-15.01). SARS-CoV-2 infection was diagnosed based on the New Coronavirus Pneumonia Prevention and Control Program (6th edition) published by the National Health Commission of China.



Antibodies and Panel

The antibody panel included those related to lymphocyte types, cytokine expression, lymphocyte activation, and vascular and spatial structures of cells from other tissues. Descriptions of the antibodies, isotope tags, clones, and concentrations used for staining are provided in Supplementary Table 2. Metal-conjugated primary antibodies were applied using a Maxpar labeling kit (Fluidigm, USA). Concentration was determined using a Biotek instrument (Berten Instruments) and was adjusted to 0.5 μg/μL in Antibody Stabilization Solution (Candor Bioscience GmbH, Wangen, Germany). Antibodies were stored at 4°C for long-term storage.



Tissue Antibody Labeling

Tissue samples were fixed in formalin and embedded in paraffin at Wuhan Jinyintan Hospital. Supplementary Table 1 shows the staining used for all samples. Slides were baked at 60°C in a slide dryer for 2 h, deparaffinized in xylene, and hydrated in decreasing concentrations of ethanol (100, 95, 80, 70%) for 5 min each. Next, 40 mL Antigen Retrieval Reagent-Basic (R&D Systems; diluted from 10× to 1×) was added to 50 mL conical tubes, and the tubes were incubated on a heating block (97°C) with loose lids. The tubes were then cooled to 60°C by monitoring the temperature for ~20 min. Next, the sections were blocked with 3% bovine serum albumin (BSA) for 45 min at room temperature (25°C) in a hydration chamber. The antibody cocktail was then prepared in 0.5% BSA in phosphate-buffered saline (PBS) PH 7.4 basic. Samples were probed overnight with antibodies at 4°C and then washed twice with 0.1% Triton X-100 prepared in PBS for 8 min with slow agitation in Coplin jars. Tissues were then stained with Intercalator-Ir (Fluidigm; cat. no. 201192A) in PBS for 30 min at room temperature to detect DNA and air dried before IMC measurements for at least 20 min (Figure 1A).



IMC

For H&E staining, we selected the appropriate 500 × 500 μm location for scanning. IMC Images were acquired using a Hyperion Imaging System (Fluidigm). The largest square area was laser-ablated in a rastered pattern at 200 Hz, and preprocessing of the raw data was completed using commercial acquisition software (Fluidigm). IMC acquisition stability was monitored by the interspersed acquisition of an isotope-containing polymer (Fludigm). All successful image acquisitions were processed using MCDViewer, CellProfilor, and HistoCAT.



Single-Cell Identification

The original MCD file was converted to TIFF format using imctools (https://github.com/BodenmillerGroup/imctools). Data were segregated into single cells using Cellprofiler v3.1.8 (Carpenter et al., 2006). Briefly, Fluidigm DNA markers were designed to identify nuclei, and CD3, CD4, CD8, CD45, pan-cytokeratin, and α-smooth muscle actin were used to identify membranes. The data were combined and analyzed using Cellprofier to identify single-cell object masks. The mask (TIFF file) containing the cell location and boundary was obtained. Even with high-quality segmentation, imaging of tissue segments yielded single-cell data from tissue slices and overlapping cell fragments that did not always capture the nucleus of a cell; therefore, nucleus-mismatched signals could be assigned to neighboring cells in densely packed areas. This could lead to rare cases in which the data assigned to one cell contained marker expression from the neighboring cells.



Data Transformation and Normalization

Single-cell marker expression was measured using histoCat v1.75 (Schapiro et al., 2017), multiplied by a factor of 107 to yield values larger than 1, and then log-transformed. The single-cell data were censored at the 95th percentile to remove the outliers, and z-scored cluster means were visualized using heat maps. For t-SNE and PhenoGraph, the data were normalized with Harmony (Korsunsky et al., 2019).



Clustering

Single cells from the large cohort were clustered into groups according to their phenotypic similarity using PhenoGraph, unsupervised clustering, and an aggregation of these clusters into larger groups based on their markers. The data were clustered to detect and separate rare cell subpopulations. PhenoGraph (v.2.0) (Levine et al., 2015) was used with 15 of the nearest neighbors. The resulting 40 clusters were aggregated into larger groups following hierarchical clustering (Euclidean distance and Ward's linkage) of their mean marker correlations. Multiscale bootstrap resampling was used to assess the uncertainty of each subtree (R package pvclust, v.2.0).



Barnes-Hut T-SNE

For visualization, high-dimensional single-cell data were reduced to two dimensions using the non-linear dimensionality reduction algorithm t-SNE (Kobak and Berens, 2019). We applied the Barnes-Hut implementation of t-SNE to Harmony-normalized data with default parameters (perplexity = 42).



Neighborhood Analysis

To identify significantly enriched or depleted pairwise neighbor interactions between cell types, the Cellprofier MeasureObjectNeighbors module and neighborhood (https://github.com/BodenmillerGroup/neighboRhood) functions were used to perform a permutation-test-based analysis of the spatial single-cell neighborhood. Neighboring cells were defined as those within 4 pixels (4 μm). P-values smaller than 0.01 were considered significant.
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Supplementary Figure 1. Immune cell responses to severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) in the liver of patients with coronavirus disease-2019 (COVID-19). Representative imaging mass cytometry (IMC) for each panel, with different colors to distinguish panels; iridium-DNA staining is shown in blue. (A) Monocytes (CD14 and CD68), CD11b+ macrophages, CD11c+ dendritic cells (DCs), natural killer T (NKT) cells (CD3 and CD56), and B cells (CD19) in the liver of controls and three patients with COVID-19. (B) Bar plot for the comparison of monocytes (CD14 and CD68), CD11b+ macrophages, CD11c+ DCs, NKT cells (CD3 and CD56), and B cells (CD19) in the liver of controls and patients with COVID-19. The significance of differences between groups is shown as horizontal brackets and was assessed using Fisher's exact test. ***P < 0.01; ns, P > 0.01.

Supplementary Figure 2. Immune cell responses to severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) in the kidneys of patients with coronavirus disease-2019 (COVID-19). Representative imaging mass cytometry (IMC) for each panel, with different colors to distinguish panels; iridium-DNA staining is shown in blue. (A) Monocytes (CD14 and CD68), CD11b+ macrophages, CD11c+ dendritic cells (DCs), natural killer T (NKT) cells (CD3 and CD56), and B cells (CD19) in the kidneys of controls and patients with COVID-19. (B) Bar plot for the comparison of monocytes (CD14 and CD68), CD11b+ macrophages, CD11c+ DCs, NKT cells (CD3 and CD56), and B cells (CD19) in the kidneys of controls and patients with COVID-19. The significance of differences between groups is shown as horizontal brackets and was assessed using Fisher's exact test. ***P < 0.01; ns, P > 0.01.

Supplementary Figure 3. Immune cell responses to severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) in the spleen of patients with coronavirus disease-2019 (COVID-19). Representative imaging mass cytometry (IMC) for each panel, with different colors to distinguish panels; iridium-DNA staining is shown in blue. (A) Monocytes (CD14 and CD68), CD11b+ macrophages, CD11c+ dendritic cells (DCs), natural killer T (NKT) cells (CD3 and CD56), and B cells (CD19) in the spleen of controls and patients with COVID-19. (B) Bar plot for the comparison of monocyte (CD14 and CD68), CD11b+ macrophage, CD11c+ DC, NKT cell (CD3 and CD56), and B cell (CD19) counts in the spleen of controls and patients with COVID-19. The significance of differences between groups is shown as horizontal brackets and was assessed using Fisher's exact test. ***P < 0.01; ns, P > 0.01.

Supplementary Table 1. Descriptions of antibodies, isotope tags, clones, and concentrations used for staining.

Supplementary Table 2. Descriptions of patients with COVID-19 and controls.
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Severe acute respiratory syndrome coronavirus-2 (SARS-CoV-2) has spread across the world and impacted global healthcare systems. For clinical patients, COVID-19 not only induces pulmonary lesions but also affects extrapulmonary organs. An ideal animal model that mimics COVID-19 in humans in terms of the induced systematic lesions is urgently needed. Here, we report that Syrian hamster is highly permissive to SARS-CoV-2 and exhibit diffuse alveolar damage and induced extrapulmonary multi-organs damage, including spleen, lymph nodes, different segments of alimentary tract, kidney, adrenal gland, ovary, vesicular gland and prostate damage, at 3–7 days post inoculation (dpi), based on qRT-PCR, in situ hybridization and immunohistochemistry detection. Notably, the adrenal gland is a novel target organ, with abundant viral RNA and antigen expression detected, accompanied by focal to diffuse inflammation. Additionally, viral RNA was also detected in the corpus luteum of the ovary, vesicular gland and prostate. Focal lesions in liver, gallbladder, myocardium, and lymph nodes were still present at 18 dpi, suggesting potential damage after disease. Our findings illustrate systemic histological observations and the viral RNA and antigen distribution in infected hamsters during disease and convalescence to recapitulate those observed in humans with COVID-19, providing helpful data to the pathophysiologic characterization of SARS-CoV-2-induced systemic disease and the development of effective treatment strategies.
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INTRODUCTION

The golden Syrian hamster (Mesocricetus auratus) is a commonly used experimental animal model that has been recorded to support the replication of SARS-CoV (Roberts et al., 2005) and SARS-CoV-2 (Sia et al., 2020) but not MERS-CoV (de Wit et al., 2013), which capitalizes on the dipeptidyl peptidase-4 (DPP4) protein as the central receptor for viral entry. Syrian hamster have been put to use as animal models for other respiratory system related viruses (Wang et al., 2019), including SARS-CoV, influenza virus, and adenovirus (Hammer and McPhee, 2014; Song et al., 2019; Wang et al., 2019). In silico comparison of the angiotensin-converting enzyme 2 (ACE2) sequence of humans known to interact with the SARS-CoV-2 spike glycoprotein receptor-binding domain (RBD) with that of hamsters (Chan et al., 2020) implied that Syrian hamsters might be susceptible to SARS-CoV-2 infection. Recently, the hamster has been widely used as a small animal for building up the model of SARS-CoV-2 infection and developing countermeasure. After experimental intranasal infection, Syrian hamsters exhibit mild to moderate disease with progressive body weight loss starting very early after infection [1–2 days post inoculation (dpi)]. All animals inoculated by different SARS-CoV-2 isolates and with different groups consistently show respiratory symptoms, including labored breathing (Boudewijns et al., 2020). Additional features of morbidity include lethargy, ruffled fur and hunched posture (Chan et al., 2020). Two weeks after infection, hamsters typically recover. SARS-CoV-2 disease in hamsters is related to high levels of virus replication and pathological changes in respiratory tract (Chan et al., 2020).

Clinically, persistent symptoms in patients during and after recovery from COVID-19, such as diarrhea, hepatic damage, renal failure, fatigue, dyspnea, joint pain, chest pain (Carfì et al., 2020) and neurologic manifestations (Mao et al., 2020), are found. However, at present, there are many unknowns, and few reports have observed extrapulmonary and systemic lesions in animal models to mimic the potential pathogenic process in real patients with COVID-19. On the other hand, histopathological findings have only been collected in fatal cases. The critical period for disease development and convalescent pathology is still unclear. As a small animal model for SARS-CoV-2 infection, Syrian hamsters display efficient SARS-CoV-2 replication in their lungs and exhibit severe pathological changes in the lungs similar to generally reported imaging features of patients with COVID-19. However, previous reports demonstrated that among non-respiratory tract tissues, only intestinal tissue demonstrated viral antigen expression in combination with severe epithelial cell necrosis, intestinal villi damage and deformation, and increased lamina propria mononuclear cell infiltration (Boudewijns et al., 2020; Imai et al., 2020). At the whole-body level, understanding the relationship between extrapulmonary organ injury and COVID-19 is crucial but still not clear.

Here, Syrian hamsters were challenged with SARS-CoV-2 and observed for 37 days, and the pathological characteristics of the infected hamsters during disease and recovery were recorded to provide systemic pathological data for understanding the pathogenesis of COVID-19 in patients. Remarkably, we found that the adrenal gland is an important target organ of SARS-CoV-2, based on observation by hematoxylin and eosin (H&E) staining, examination of viral RNA by in situ hybridization (ISH), and detection of viral antigen by immunohistochemistry (IHC). Viral RNA was also detected in the corpus luteum of the ovary, vesicular gland and prostate. Overall, hamsters provide a commercially available small animal model in which the clinical, virological, and histopathological hallmarks of SARS-CoV-2 infection appear to recapitulate those observed in humans with COVID-19.



MATERIALS AND METHODS


Ethics Statement

At the Institute of Laboratory Animal Science (ILAS), the animal biosafety level 3 (ABSL3) facility was used to accomplish all the research with Syrian hamsters (male and female, aged 12 weeks old). All experiments were implemented according to the Animal Welfare Act and other regulations associated with animals and experiments. The Institutional Animal Care and Use Committee (IACUC) of the ILAS, Peking Union Medical College, evaluated and gave permission to all the protocols in these studies, including animal experiments (LJN20004).



Cells and Viruses

The SARS-CoV-2 virus (accession number is MT093631.2, SARS-CoV-2/WH-09/human/2020/CHN) (Deng et al., 2020a) was put to use in this research and seeded in Vero E6 cells incubated in Dulbecco’s modified Eagle’s medium (Invitrogen, Carlsbad, United States) supplemented with 10% fetal bovine serum (Gibco, Grand Island, United States) and incubated at 37°C and five percent carbon dioxide.



Syrian Hamsters Experiments

To monitor viral replication and histopathological changes, eighteen hamsters were inoculated intranasally with SARS-CoV-2 stock virus at 106 50% tissue culture infectious dose (TCID50) per mL (0.2 mL per animal) used as SARS-CoV-2 challenge group. Three hamsters were inoculated intranasally with an equal volume of PBS were used as a mock control group. The infected and mock-infection hamsters were continuously observed to record clinical symptoms, body weight, responses to external stimuli, and death. Throat swabs were collected and incubated in 1 mL of DMEM containing 50 μg/mL streptomycin and 50 U/mL penicillin on 0, 1, 3, 5, and 7 dpi. The main organs were collected in the SARS-CoV-2 challenge group at 1, 3, 5, 7, 18, and 37 dpi (N = 3/group) and in the mock control group at 7 dpi (N = 3).



RNA Extraction and Quantitative Real-Time Polymerase Chain Reaction (qRT-PCR)

Utilizing the RNeasy Mini Kit (Qiagen, Hilden, Germany), total RNA was extracted from all the collected tissues and organs. According to the manufacturer’s explanations of the PrimerScript RT Reagent Kit (TaKaRa, Japan), reverse transcription was completed (Deng et al., 2020a; Gao et al., 2020). Putting to use the PowerUp SYBR Green Master Mix Kit (Applied Biosystems, United States), qRT-PCR was implemented, and then all the samples were prepared in duplicate followed the cycling protocol: 50°C for two min; 95°C for two min; 40 cycles of 95°C for 15 s, 60°C for thirty s, and 95°C for 15 s; 60°C for 1 min; and 95°C for 45 s. The primer sequences directed at qRT-PCR targeted the envelope protein (E) gene of SARS-CoV-2 and were as follows: forward: 5′-TCGTTTCGGAAGAGACAGGT-3′, reverse: 5′-GCGCAGTAAGGATGGCTAGT-3′. Using an ABI 3730 DNA sequencer (Applied Biosystems, CA, United States), the PCR products were confirmed by sequencing with the dideoxy method. During the sequencing course, amplification was completed with specific primers. The obtainable sequencing reads were linked with DNAMAN. In the DNAStar software package, the results were compared with the MEGALIGN module. The sequences of the primers prepared for this program were available upon request.



Homogenate Supernatant Preparation

For preparing the tissue homogenates (1 g/1 mL), an electric homogenizer was performed by maintaining in 1 mL of DMEM for 2.5 min. At 825 × g at 4°C for 10 min, the homogenates were centrifuged (Bao et al., 2020b; Deng et al., 2020a).



TCID50 Assay

The TCID50 assay was performed as following (Bao et al., 2020a; Deng et al., 2020b), briefly, to mensurate the SARS-CoV-2 titers, 10-fold serial dilutions of the virus were applied to seed Vero E6 cell monolayers in DMEM including two percent fetal bovine serum, which were maintained in 37°C for 4 days. The cytopathic effect (CPE) was recorded. Via the Reed and Muench method, the TCID50 values were calculated.



Hematoxylin and Eosin (HE) Staining

A ten percent buffered formalin solution was applied to fix all the collected tissues and organs, and paraffin sections (3–4 μm in thickness) were applied following the routine operating procedure. All the tissue and organs sections were stained with HE. The pathological findings in diverse tissues and organs were carefully observed using an Olympus microscope.



Immunohistochemistry (IHC)

A 10 percent buffered formalin solution was applied to fix all the collected tissues and organs, and paraffin sections (3–4 μm in thickness) were completed routinely as described in a previous report (Deng et al., 2020a; Yu et al., 2020). Briefly, reagent (Boster, AR0022) from an antigen retrieval kit was prepared to treat the sections at 37°C for one min. A three percent solution of H2O2 in methanol was used to quench endogenous peroxidases for 10 min. With anti-SARS spike glycoprotein mouse monoclonal antibody (Abcam, ab273433, 1:1000), the slices were maintained in 4°C overnight, synaptophsin rabbit monoclonal antibody (Abcam, ab32127, 1:1000), CD31 rabbit polyclonal antibody (Abcam, ab28364, 1:100), or CD19 rabbit monoclonal antibody (Abcam, ab245235,1:1000) after blocking in one percent normal goat serum. The goat anti-mouse IgG secondary antibody labeled with HRP (Beijing ZSGB Biotechnology, ZDR-5307, 1:200) or the goat anti-rabbit IgG secondary antibody labeled with HRP (Beijing ZSGB Biotechnology, ZDR-5306, 1:200) was added and incubated at 37°C for 60 min. The slices were treated with 3,3′-diaminobenzidine tetrahydrochloride (DAB) to observe the results. The sections were counterstained with hematoxylin, dehydrated, and observed under an Olympus microscope. The sequential sections from all the collected tissues and organs were directly incubated with the goat anti-mouse IgG or goat anti-rabbit IgG secondary antibody labeled with HRP and prepared as the omission control for viral antigen staining. The sequential sections from these tissues were maintained in a recombinant anti-mouse IgG antibody [RM104] (Abcam, ab190475, 1:1000) or a recombinant anti-rabbit IgG antibody [SP137] (Abcam, ab208334, 1:1000) as the negative control for testing the level of viral antigen.



In situ Hybridization (ISH)

To examine SARS-CoV-2 genomic RNA in FFPE tissues, ISH was applied by the RNAscope® 2.5 HD Reagent Kit-RED (Advanced Cell Diagnostic, ACD, Cat No. 322310) depending on the manufacturer’s instructions (Hecht et al., 2020; Liu et al., 2020). Briefly, ISH Probe-V-nCoV2019-S (Advanced Cell Diagnostic, ACD, Cat No. 848561, positive-sense RNA probe) (Genomic RNA fragment 21631-23303, RefSeq #NC_045512.2) was prepared and synthesized by ACD. With xylene, the tissue sections were deparaffinized, underwent a series of ethanol washes and peroxidase blocking, and then were heated in an antigen retrieval buffer provided by the kit and digested in the proteinase provided by the kit. Sections were incubated in ISH target probe at 40°C in a hybridization oven for 2 h. After rinsing, ISH signal was amplified by the pre-amplifier provided by the kit and amplifier conjugated to alkaline phosphatase and incubated with DAB for visualization at room temperature. Then, the sections were stained with hematoxylin, air-dried, mounted, and stored at 4°C for observation and analysis.



Statistical Analysis

The experimental data were analyzed with GraphPad Prism 8.0 software (GraphPad Software Inc., San Diego, CA, United States).



RESULTS


Clinical Features, Viral RNA Distribution, and Histopathological Changes in Lung

SARS-CoV-2-infected but not mock-infected animals exhibited progressively body weight loss from 1 to 9 dpi. The infected animals exhibited severe weight loss at 5 days dpi (8.91%), which peaked at 9 dpi (18.02%), then gradually regained their weight by 14 dpi (5.04%). In contrast, the body weight of mock-infected hamsters gradually increased by 7 dpi (Figure 1A). The viral load was detected from throat swabs and peaked at 1 dpi (3.96 log10 RNA copies/mL) (Figure 1B). Next, viral RNA was detected by qRT-PCR in the respiratory tract (nasal turbinate, lung, and trachea) and extrapulmonary organs (brain, heart, liver, spleen, lymph nodes, intestine, kidney, adrenal gland, and reproductive organs) to investigate the dissemination of SARS-CoV-2 in hamsters. Infection of hamsters with SARS-CoV-2 resulted in a high mean viral RNA load in the nasal turbinate (4.05 log10 RNA copies/g), lung (5.91 log10 RNA copies/g), and trachea (4.33 log10 RNA copies/g) at 3–7 dpi (Figure 1C). For extrapulmonary organs, viral RNA was detectable in different organs at different days, the detectable rate progressively decreased from 3 to 7 dpi (Figure 1C).
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FIGURE 1. Clinical characteristics and viral load in the collected organs. (A) Body weight changes in Syrian hamsters after viral infection at 0, 1, 3, 5, 7, 9, 11, 13, 14, 18, 21, 30, 33, 35, and 37 days post inoculation (dpi). The mock-infected hamsters were examined at 0, 1, 3, 5, and 7 dpi. (B) Viral RNA (log10 RNA copies/mL) by qRT-PCR assay detected in the throat swabs at 0, 1, 3, 5, and 7 dpi. (C) Viral RNA (log10 RNA copies/g) by qRT-PCR assay detected in the respiratory tract tissues and extrapulmonary organ tissues of SARS-CoV-2-challenged hamsters at 3, 5, and 7 dpi. Statistical significance in (A,B) was calculated between infected and mock-infected animals within each group. The data shown are the mean ± SEM. Statistical significance between groups was calculated by Student’s t-test (nsP > 0.05, ∗∗P < 0.01, ∗∗∗P < 0.001).


We further examined the histopathological changes in the respiratory organs along with the period of disease. Consistent with previous reports (Imai et al., 2020; Sia et al., 2020), after 3 dpi, hamsters infected with SARS-CoV-2 developed moderate to severe lung lesions. At 5 and 7 dpi, the lesions progressed into multifocal and coalescent lesions throughout the lung lobes. Diffuse alveolar destruction, marked infiltration of inflammatory cells including macrophages, lymphocytes, and neutrophils, in the alveolar septum, cell debris filling bronchiolar lumina, and alveolar collapse with hemorrhage were observed. Viral S protein was abundantly expressed in bronchiolar epithelial cells, alveolar epithelial cells, and alveolar macrophages. Selected IHC results were further confirmed by ISH. Robust viral RNA expression was detected by RNAscope® probe in the lungs at 5 and 7 dpi (Supplementary Figures S1A,B). No detectable viral antigen or RNA was present in the lungs collected at 18 or 37 dpi or from the mock control hamsters. Next, periodic acid-Schiff (PAS)-positive exudate could be observed in the alveolar lumina, alveolar septum and bronchiolar lumina at 5 and 7 dpi but not at 18 or 37 dpi. A small amount of collagen could be observed focally in the thickened alveolar interstitium by modified Masson’s trichrome staining at 5 dpi, and the amount of collagen was increased and more scattered at 7 dpi. Compared with the control mice, the infected hamsters showed a slight increase in the amount of collagen at 18 dpi. No substantial difference could be observed in the lungs between 37 dpi hamsters and control hamsters (Figure 2).
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FIGURE 2. Histopathological changes of the lung at 5, 7, 18, 37 dpi. The viral pathology in the lungs was observed by hematoxylin and eosin (H&E) staining. Viral S protein was examined by immunohistochemistry (IHC). Viral RNA was detected by in situ hybridization (ISH). The black frames in the corners are a magnification of the region in the respective panel of IHC and ISH. Exudation was tested by periodic acid-Schiff (PAS) staining. Collagenous fibers were stained by modified Masson staining. Data are representative of three independent experiments.




SARS-CoV-2 Infects Multiple Extrapulmonary Organs in Hamsters Including Urogenital Organs and Adrenal Gland

At 5 and 7 dpi, all the infected hamsters displayed severe systemic inflammatory responses that led to severe interstitial pneumonia and different degrees of multiple organs lesions by H&E observation. All the collected tissues and organs were examined for both viral antigen (IHC) and RNA (ISH). The mainly results detected by qRT-PCR, IHC, and ISH were summarized in Table 1.


TABLE 1. The infectious multi-organs in hamsters with COVID-19.

[image: Table 1]The significance of secondary lymphoid organs containing the spleen and lymph nodes (LNs), for resisting against infection is well defined. Tissue-resident macrophages placed in the splenic marginal zone are among the first cell types to bring up against invading pathogens (Aichele et al., 2003; Feng et al., 2020). Likewise, the resident macrophages of the subcapsular sinus and hilar LNs have been suggested to function as a protective role against viral infections by taking viral particles (Junt et al., 2007). Previous reports have demonstrated that lymphocytopenia is prevalent in patients with COVID-19 (Feng et al., 2020; Xu et al., 2020). Here, we observed white and red pulp depletion with reductions in follicle number and size in infected hamsters at 5 and 7 dpi (Figure 3A). Marked phagocytosis of debris or affected cells with swelling, degeneration, or necrosis was present around white pulp. Inflammatory cells and megakaryocytes were observed in the splenic vein (Figure 3B). A small amount of viral RNA was detected by ISH in the MZ and red pulp compared with that from the mock control group (Figures 3C–E). For one hamster at 5 dpi, the affected mandibular LN had been destroyed; the germinal center had disappeared and been displaced by massive necrotic areas (Figure 3F). The retropharyngeal LNs draining the nasal cavity, with acute rhinitis (Supplementary Figures S1C–E), may develop acute lymphadenitis. The LNs were markedly congested, and the sinuses were filled with blood. The sinuses and the parenchyma of the cortex and medulla showed coalescing foci of neutrophilic inflammation, necrosis, and fibrin deposition (Figure 3G). Some veins were filled with swollen and degenerative inflammatory cells or debris (Figure 3H). The affected submandibular glands were also surrounded by inflammatory cells and necrosis, and some debris or exudate filled the lumen of the glands (Figure 3I). Some viral RNA expression was detected by ISH in the parenchyma of the medulla compared with that from the mock control group (Figures 3J–L).
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FIGURE 3. Observation and examination of the spleen and lymph nodes. (A,B) White and red pulp depletion with a reduction in the follicle number and size in infected hamsters at 7 dpi. (C–E) Low viral RNA expression was detected by ISH in the splenic marginal zone and red pulp compared with the control group at 7 dpi. The black frames in the corner of (D) is the magnification of the arrowed region. (F–I) The germinal center of the affected mandibular lymph node had disappeared and been displaced by massive necrotic areas at 5 dpi. (J–L) Some viral RNA expression was detected by ISH in the parenchyma of the medulla compared with the mock control group at 5 dpi. Sequential sections were stained by H&E and subjected to ISH. Data are representative of three independent experiments.


Consistent with previous report, viral antigen was detected in the alimentary tract. Furthermore, different segments of the alimentary system, including the duodenum (Figure 4A, HE; Figures 4B–E, ISH), jejunum (Figure 4F, HE; Figures 4G,H, ISH), The ileum (Figures 4I,J), colon (Figures 4K,L), Peyer’s LNs (Figures 4M,N), and pancreas tissues (Figures 4O,P) from the infected group and mock control group were examined by IHC. Most of the intestinal mucosal epithelial cells were intact. Focal mononuclear or neutrophilic cell infiltration was observed in the lamina propria. Although there were no marked lesions present in the alimentary system, rare weak viral RNA and antigen expression was detected by ISH and IHC, mainly in the lamina propria or submucosa, in a patchy distribution. Some viral antigen was also observed in Peyer’s LNs in the ileum, implying that the virus might spread from the initial entry through gut-associated lymphoid tissues.
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FIGURE 4. Observation and examination of the alimentary system at 5 dpi. (A–E) Observation of the duodenum by H&E and examination by ISH. (F–H) Observation of the jejunum by H&E and examination by ISH. (I–P) The ileum, colon, Peyer’s lymph nodes, and pancreas tissues from the infected group and mock control group were examined by IHC. The black frames in the corners are a magnification of the arrowed region in the respective panel. Sequential sections were stained by H&E and subjected to ISH and IHC. Data are representative of three independent experiments.


For kidney, we found that some glomeruli were atrophied, and renal tubules were damaged, characterized by acute tubular necrosis, mainly in the renal cortex (Figures 5A,B). This lesion was characterized primarily by coagulation necrosis with occasional detachment of the epithelium from the tubular basement membrane, nuclear pyknosis, karyorrhexis, and karyolysis. Some proteinaceous debris was present in the dilated proximal or distal tubules. Infiltration by inflammatory cells, including monocytes, lymphocytes and neutrophilic cells, was observed in the renal interstitium (Figure 5C). The lumen of some of the collecting tubules was also filled with proteinaceous debris (Figure 5D). Consistently, low viral RNA expression was also detected by ISH in the renal tubules (Figures 5E,F).
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FIGURE 5. Observation and examination of the kidney and adrenal glands at 5 dpi. (A–D) The kidney lesions were characterized primarily by coagulation necrosis with occasional detachment of the epithelium from the tubular basement membrane. Some proteinaceous debris was present in the dilated proximal and distal tubules or collecting tubules. (E,F) Low viral RNA expression was also detected by ISH in the renal tubules. (G–I) Scattered inflammatory cells, mainly including neutrophilic cells (black circle in H,I) and lymphocytes (green circle in H), in the adrenal cortex and medulla. (J,K) Robust viral RNA expression was detected by ISH in the adrenal medulla. (L,M) Abundant viral S protein expression was detected by IHC in the cytoplasm. The black frames in the corner of L is the magnification of the framed region. Sequential sections were stained by H&E and subjected to ISH, IHC, and IF. Data are representative of three independent experiments.


During this research, we also collected the adrenal gland, which was named for its position just craniomedial to the kidney. The adrenal cortex is derived from mesodermal origin, and adrenocortical cells produce corticosteroids (steroid hormones) from cholesterol, whereas the adrenal medulla has a neural crest ectoderm origin, and its cells synthesize catecholamines from tyrosine. The adrenal medulla is enclosed by the adrenal cortex, so medullary cells are incubated in cortisol-rich blood. This close anatomic combination between the adrenal cortex and medulla is crucial because the phenylethanolamine-N-methyltransferase that converts norepinephrine to epinephrine is corticosteroid hormone-dependent (Zachary and McGavin, 2012).

First, we observed scattered inflammatory cells, mainly including lymphocytes and neutrophilic cells, in the adrenal cortex and medulla in one infected hamster at 5 dpi. Some chromaffin cells were swollen or necrotic. The adrenal medulla appeared to have become atrophied (Figures 5G–I). Next, we examined this adrenal tissue by ISH and IHC. To our surprise, there was robust viral RNA expression in a dense distribution (Figures 5J,K). The viral protein was mainly expressed in the cytoplasm of some spindle or triangle cells, according to staining for SARS-CoV-2 S protein (Figures 5L,M). At 7 dpi, all adrenal glands from the three hamsters were tested by IHC and ISH. Two-thirds of them exhibited weak viral RNA expression in the adrenal medulla.

The above findings brought this organ to our attention. Initially, we collected and embedded the adrenal glands together with the kidney; this gland was so small that it could not be well presented in sections together with other larger organs. Therefore, an independent set of 15 adrenal gland samples at 7 dpi was collected. All tissues were embedded separately and observed by H&E staining and examined by IHC and ISH (Table 2). Remarkably, in 15/18 hamsters, focal to multifocal inflammation was observed in the adrenal cortex and medulla. Among the 15 hamsters, 13 of them exhibited viral RNA as detected by ISH and viral antigen as detected by IHC. Six of the detectable adrenal glands tested positive for viral RNA not only in the adrenal medulla but also throughout the adrenal cortex. As the adrenal medulla is derived from neural crest ectoderm, one marker protein of the adrenal medulla, synaptophysin, which is expressed in vesicles of various neuroendocrine cells of both neuronal and epithelial phenotypes, was used to examine the viral distribution in this case. Compared with the adrenal gland, which displayed mild or rare pathological changes (Figures 6A–C), the adrenal gland, which presented severe inflammation throughout the organ, also exhibited adrenal medulla atrophy (smaller area of medulla stained by synaptophysin in Figure 6F) and swelling, along with degenerative or necrotic adrenocortical cells and chromaffin cells (Figures 6D–I). In the center of the adrenal medulla, the small vessels seemed to be increased in number, and there were masses of inflammatory cells, including neutrophilic cells, lymphocytes, and mononuclear cells (Figures 6G,J–N). Next, staining for CD31, the biomarker of vascular endothelial cells, was performed to clearly observe the small vessels (Figures 6O,P) compared with those in animals with mild changes (Figure 6Q). Furthermore, CD19-positive cells were aggregated in the inflammatory foci (Figures 6R,S) compared with those in animals with mild changes (Figure 6T). In a word, adrenal gland is a target organ vulnerable to infection by SARS-CoV-2.


TABLE 2. Summary of lesions in adrenal glands induced by SARS-CoV-2 at 7 dpi.
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FIGURE 6. The adrenal gland was severely affected, and SARS-CoV-2 was detected throughout the adrenal gland at 7 dpi. (A–C) Mild adrenal gland changes accompanied by few inflammatory foci were observed in one infected hamster at 7 dpi. (D,G,J,K) Multifocal inflammatory cells, mainly including neutrophilic cells and lymphocytes, were scattered in the adrenal cortex and medulla. (E,H) Robust viral RNA expression was detected by ISH in the adrenal cortex and medulla. (F,I) The adrenal medulla was atrophied, as confirmed by synaptophysin protein staining. (L–N) The expression of viral S protein was further confirmed by IHC, mainly in the cellular cytoplasm. (O–Q) Abundant vascular endothelial cells were stained for a biomarker, CD31. (R–T) A mass of CD19-positive cells was stained, confirming the aggregation of B lymphocytes. Sequential sections were stained by H&E and subjected to ISH and IHC. Data are representative of three independent experiments.


The female and male reproductive systems were both observed by H&E staining and examined by ISH and IHC. Normally, the cortex of the ovary contains different stages of developing follicles. When the follicle ruptures, ovulation occurs, releasing the ovum and allowing the space to be swarming with blood and then with luteal cells to form the corpus hemorrhagicum and corpus luteum, respectively. However, in one infected hamster at 5 dpi, oophoritis was present, characterized by focal necrosis and the presence of mononuclear cells and lymphocytes in the stromal connective tissue. Some follicles even displayed necrosis, including granulosa cells. No mature follicles were found (Figures 7A,B). Notably, robust viral RNA expression was detected in the area of the corpus luteum (Figures 7C,D). Regarding the male reproductive system, no substantial pathological changes were observed in the testis, while rare weak expression of viral RNA was detected by ISH in Sertoli cells (Supplementary Figure S1F); this anti-inflammatory result is perhaps due to the blood-testis barrier, which results in an altered immunologic environment in the testis. There were some lesions in the prostate and the vesicular gland (Figure 7E). Prostatitis (Figures 7F,G) and inflammation of the vesicular gland (Figure 7H) were present. The glands and interstitium contained large numbers of inflammatory cells, including lymphocytes, mononuclear cells, and neutrophils. Some debris was desquamated into the lumen of the prostate. The epithelium of the vesicular gland was vacuolated, swollen and degenerated. Remarkably, robust viral RNA expression (Figure 7I) was detected in a patchy distribution in the interstitium of the prostate (Figure 7J and Supplementary Figures S1G,H) and the epithelium of the vesicular gland (Figures 7K,L). There were no detectable viral RNA could by examined in the collected tissues from the normal control hamsters by ISH (Supplementary Figures S1I–K).
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FIGURE 7. Observation and examination of the reproductive system. (A–H) The female reproductive system at 5 dpi. (A,B) Oophoritis was present, characterized by focal necrosis and the presence of mononuclear cells and lymphocytes in the stromal connective tissue. No mature follicles were found. (C,D) Robust viral RNA expression was detected in the area of the corpus luteum. (E–L) The male accessory sexual gland at 7 dpi. (E–H) Prostatitis and inflammation of the vesicular gland. (I–L) Robust viral RNA expression was detected in a patchy distribution in the interstitium of the prostate and the epithelium of the vesicular glands. Sequential sections were stained by HE and subjected to ISH. Data were representative of three independent experiments.




Convalescent Pathology of Infected Hamsters

At 18 dpi, there were a few pathological changes can be observed in the hamsters. There were no viral RNA or viral S protein can be detected at 18 and 37 dpi. Notably, there were regeneration present in the adrenal glands, which suggesting that if the hamster passed the crisis, the damaged adrenal glands might be recovery slowly (Figures 8A–C). Additionally, there were a random distribution of hepatocellular necrosis in the liver with rare inflammation, which similar like other viral infection in the liver, such as herpesvirus infection in many species (Zachary and McGavin, 2012) (Figures 8D,E), compared with the normal control liver (Figure 8F). Cholecystitis, inflammation of the gallbladder, was present in the hamster. The mucosa and submucosa of the gallbladder were edema. The inflammatory cells were mainly lymphocytes, neutrophils, and mononuclear cells in the submucosa (Figures 8G,H), compared with the normal control gallbladder (Figure 8I). The heart showed mild focal myocardial degeneration and inflammatory (Figures 8J,K), compared with the normal control myocardium (Figure 8L). Additionally, there was chronic lymphadenitis accompanied with fibrosis present in one hamster (Figures 8M,N), compared with the normal control LN (Figure 8O).
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FIGURE 8. Observation and examination of infected hamsters at 18 dpi. (A–C) Regeneration was present in the adrenal glands at 18 dpi. (D–F) Compared with the normal control liver, there was focal hepatocellular necrosis in the liver. (G–I) Compared with the normal control gallbladder, there were inflammatory cells in the submucosa of the gallbladder. (J–L) Compared with the normal control myocardium, the heart showed mild focal myocardial degeneration and inflammation. (M–O) Compared with the normal control lymph node, chronic lymphadenitis accompanied by fibrosis was present in one hamster at 18 dpi.




DISCUSSION

Albeit extrapulmonary infection perhaps less common in mild or subclinical disease and not easy to examine for clinical patients, it is unknown whether active extrapulmonary infection can be present in a patient without concurrent infection of respiratory system. Our findings of systemically multi-organs involvement of SARS-CoV-2 provide significant data to support the clinical symptoms found in patients with COVID-19 during periods of disease and convalescence.

Recently, a report of clinical trials that measured the impact of corticosteroids compared with standard care or a placebo on patients with COVID-19 displayed statistically significant difference. Corticosteroids are both affordable and easily available medicine with anti-inflammatory outcomes that trials have recommended could resist dangerous COVID-19 complications (McIntosh, 2020). Of 628 patients who received the treatment of steroid, the analysis, conducted by the WHO and posted in the Journal of the American Medical Association on September 2,2020, demonstrated that approximately thirty-three percent passed away over a 28-day observation period. Approximately 41% of 1,025 patients who received standard care or a placebo died during the same period. Using meta-analyses, statistical modulations, reflected an absolute mortality risk reduction of approximately 30% when corticosteroids were applied (Zha et al., 2020). It is well known that the adrenal gland is responsible for producing mineralocorticoids, aldosterone, and glucocorticoids by adrenal medullary cells producing the catecholamine hormones norepinephrine and epinephrine from tyrosine. Our findings demonstrate serious injury to the adrenal gland in 6/18 hamsters at 7 dpi. In severe cases, diffuse inflammatory cells mainly included lymphocytes and neutrophilic cells in the adrenal cortex and medulla. A mass of viral RNA was detected at 5 dpi in the adrenal medulla and then spread throughout the adrenal gland at 7 dpi. Functionally, the adrenal medulla and the cortex are two relatively independent organs with connected anatomy, but they share the same blood supply, suggesting a potential pathway for the spread of pathogens. Our research found serious pathological changes in approximately 33% of the adrenal glands collected from infected hamsters at 7 dpi. These hamsters might lose the ability to produce mineralocorticoids, aldosterone, glucocorticoids, catecholamine hormones, norepinephrine and epinephrine by themselves. Consistently, the adrenal glands of patients with clinically severe COVID-19 may have been affected, accompanied by dysfunctional hormone production and disorder of the endocrine system. Additionally, not all adrenal glands from hamsters were detectable affected by SARS-CoV-2, which is consistent with the recommendations of the WHO emphasizing that corticosteroid treatment, while apparently beneficial for patients suffering from severe cases of COVID-19, does not appear to have an effect on patients with non-critical cases of the disease in the same way. Under normal conditions, the body has different degrees of physiological compensation, regeneration and repair activity during stress or injury. SARS-CoV-2 not only induces severe respiratory system lesions but also damages multiple extrapulmonary organs (Bradley et al., 2020). In severely affected patients who also had significant comorbidities, the adrenal gland is much more vulnerable.

The adrenal cortex includes the zona glomerulosa, fasciculata, and reticularis. The zona glomerulosa produces mineralocorticoids, primarily aldosterone. Aldosterone regulates blood pressure and extracellular fluid volume by operating at the distal and collecting tubules of the kidney to facilitate sodium retention and potassium excretion. The zona fasciculata, located in the middle, is the largest layer of the cortex. Its cells synthesize cortisol and other glucocorticoids; therefore, it responds to stimulation by adrenocorticotrophic hormone (ACTH) released into the systemic circulation by the adenohypophysis (anterior pituitary gland) (Zachary and McGavin, 2012). Glucocorticoids have different effects on many tissues and organs throughout the body, but generally, they are inclined to enhance glucose production, reduce lipogenesis, restrain the immune response, and suppress inflammation and its repair by fibroplasia (Hammer and McPhee, 2014). Adrenal medullary cells synthesize the catecholamine hormones norepinephrine, epinephrine, and dopamine. Catecholamines help to regulate metabolism, cardiac and smooth muscle contractility, and neurotransmission. Physiologic stimuli affect medullary secretion through the nervous system. Catecholamine secretion is low in the basal state and is reduced even further during sleep. In emergency situations, there is increased adrenal catecholamine secretion as part of a generalized sympathetic discharge that serves to prepare the individual for stress. Hypoglycemia and certain drugs are also potent stimuli for catecholamine secretion. Patients who have combined deficiencies of the adrenal cortex and medulla will suffer an increased risk for COVID-19. These functions of the adrenal gland, which might normally be compensatory, are particularly important after viral infection but are so vulnerable and susceptible that they may aggravate disease progression and even lead to death.

Previous reports have mainly focused on the respiratory system. Among non-respiratory tract tissues, only intestinal tissue demonstrated viral antigen expression. Here, we found damage in multiple extrapulmonary organs. The mass of viral RNA expression in the corpus luteum of the ovary, vesicular gland and prostate suggests that SARS-CoV-2 might affect human and animal reproduction and development, which requires further research. Low viral RNA expression was also detected in tubular cells accompanied by acute tubular cell necrosis. In fact, one of the first events in renal tubular cell damage is changed ion transport at the luminal surface (uptake). This course leads to reduced sodium absorption and enhanced sodium ions in the lumina of the distal tubules, which activate the renin-angiotensin mechanism, inducing vasoconstriction and reduced blood flow, in turn resulting in ischemia and tubular cell damage. In severe cases, the renin-angiotensin mechanism related to the adrenal cortex also aggravates kidney injury.

The lesions in multiple organs induced by SARS-CoV-2 in hamsters need to be further research whether there exist disorder of their function during disease and even after recovery. Our findings illustrate systemic histological observations and the viral RNA and viral S protein distribution in infected hamsters, contributing to the pathophysiologic characterization of SARS-CoV-2-induced systemic disease and hopefully providing evidence supporting the development of effective treatment strategies for clinical patients.
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Supplementary Figure 1 | Observation and examination of lung, nasal cavity, testis, and accessory sexual gland at 7 dpi. (A,B) There were amounts of viral Rna in the coalescent lesions throughout the lung lobes by Ish. (C–E) The epithelium of the nasal cavity were tested a mass of viral Rna by Ish. (F) Rare weak expression of viral Rna was detected by Ish in the Sertoli cell. The black frames in the corner is a magnification of the arrowed region in (F). (G,H) Robust expression of viral Rna were detected in a patchy distribution in the lumen and interstitium of the prostate. The black frames in the corner is a magnification of the arrowed region in (H). (I–K) The mock control tissues from the testis, prostate, and nasal cavity were examined by Ish. Sequential sections were stained by He and subjected to Ish. Data were representative of three independent experiments.
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Decrease of Clone Diversity in IgM Repertoires of HBV Chronically Infected Individuals With High Level of Viral Replication
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High-throughput antibody sequencing allows in-depth insights into human antibody repertoires. To investigate the characteristics of antibody repertoires in patients with chronic HBV infection, we performed Illumina sequencing and IMGT/HighV-QUEST analysis of B lymphocytes from healthy adults and the HBV carriers with high or low level of viral replication. The comparative study revealed high levels of similarity between the IgM and IgG repertoires of the HBV carriers and the healthy adults, including the somatic mutations in V regions, the average CDR3 length, and the occurrence of junctional modifications. Nevertheless, the diversity of the unique clones decreased and some clusters of unique clones expanded in the IgM repertoire of chronic HBV carriers (CHB) compared with healthy adults (HH) and inactive HBV carriers (IHB). Such difference in clone diversity and expansion was not observed in the IgG repertoires of the three populations. More shared antibody clones were found between the IgM repertoires of IHB and HH than that found between CHB and HH (7079 clones vs. 2304 clones). Besides, the biased used IGHD genes were IGHD2-2 and IGHD3-3 in CHB library but were IGHD3-10 and IGHD3-22 in IHB and HH library. In contrast, for IgG repertories, the preferred used VDJ genes were similar in all the three populations. These results indicated that low level of serum HBV might not induce significant changes in BCR repertoires, and high level of HBV replication could have more impacts on IgM repertories than IgG repertoires. Taken together, our findings provide a better understanding of the antibody repertoires of HBV chronically infected individuals.
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INTRODUCTION

Chronic hepatitis B is a major global health issue. More than 200 million people are persistently infected with the hepatitis B virus (HBV) worldwide, and are at high risk of developing liver cirrhosis and hepatocellular carcinoma (El-Serag, 2012; Trepo et al., 2014). However, current therapies using interferon or direct-acting antiviral agents are unlikely to eradicate the virus or cure the infection (Gish et al., 2012; Revill et al., 2016); thus, efficient therapeutic approaches are urgent requirements.

The virus-host interaction during HBV infection determines infection outcome. Several reviews have summarized the current knowledge of host immune responses in chronic HBV infections (Bertoletti and Ferrari, 2012, 2016; Lin and Kao, 2016; Shin et al., 2016; Gehring and Protzer, 2019). Generally, defective immune responses, particularly the exhaustion of T lymphocytes, were commonly observed during chronic HBV infection. Thus, a series of strategies were designed to restore human immunity and resolve the infection. Recently, several such agents have been developed to reconstitute host responses including lymphotoxin-β receptor agonists, toll-like receptor agonists, immune checkpoint inhibitors, and therapeutic vaccines (Gehring and Protzer, 2019). Notably, the discovery of the sodium taurocholate co-transporting polypeptide (NTCP) as the receptor of HBV has largely advanced our understanding of humoral immune responses and anti-HBV antibodies during chronic HBV infection, which was largely neglected in previous HBV studies (Yan et al., 2012; Ni et al., 2014). The NTCP interacts directly with the preS1 domain of the HBV surface antigen (HBsAg), and antibodies against HBsAg could block the virus entry into cells, neutralize the virus, and restrict the spread of HBV (Wu et al., 2019; Yan et al., 2019). Thus, antibodies play important roles in limiting HBV infections and eliminating the virus.

Recently, the analysis of human antibodies based on high-throughput sequencing and bioinformatics methods have provided unprecedented insight into human immune repertoires. Several studies have revealed the antibody repertoire dynamics before and after HBV vaccination using high-throughput sequencing (Chang et al., 2016; Ma et al., 2017; Miyasaka et al., 2019). However, very few studies investigated the antibody repertoires of individuals with chronic HBV infection, except one study reporting the characteristics of immunoglobulin G (IgG) repertoire of HBV-infected children, which uncovered a network of sequence-related heavy-chain complementarity determining region 3 (CDR3) clones in HBV carriers (Chang et al., 2016). Therefore, the understanding of the characteristics of antibody repertoires with chronic HBV infection remains limited, and whether defects exist in antibody production or function during HBV infection has not yet been fully elucidated.

In this study, we describe the characteristics of B cell repertoires in individuals with chronic HBV infections, and the comparison with that of healthy adults. The heavy chains from immunoglobulin M (IgM) and IgG were analyzed using the Illumina sequencing platform to investigate the influence of HBV infection on the antibody repertoires. Although most of the characteristics were similar among the repertoires of healthy adults and HBV carriers, we found some important features of the IgM repertories in HBV carriers induced by the high level of HBV replication, including the decrease of the clone diversity, the expansion of the clone size and the different biased usage of IGHD and IGHJ genes.



MATERIALS AND METHODS


Samples

Thirty adults were employed in our study. They comprised 10 inactive HBV carriers with serum HBsAg but without serum virus load increased (IHB), 10 chronic HBV carriers with elevated HBV load levels (CHB), and 10 healthy adults (HH) who underwent a routine health check with no history of HBV infection or known major diseases. None of the included HBV carriers had active hepatitis or received antiviral treatment. The basic characteristics of the study population were summarized in Table 1.


TABLE 1. The basic characteristics of study population.
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Establishment of the Antibody Repertoires for Deep Sequencing

Total RNA was extracted from peripheral blood mononuclear cells (PBMCs) and prepared according to the reported protocols (Chen et al., 2009), then reverse-transcripted to the first-strand cDNA and used as the source for amplification of antibody sequences. The PCR conditions and primers employed in amplifying the IgM heavy chains repertoire have been previously reported (Hong et al., 2018). The primers used to amplify the variant (V) segments of IgG repertoire were the same as those for the IgM repertoire, but the amplification of the constant domains were performed using a sense primer specific for the CH1 domain of IGHG spanning the first eight codons (3’–5’ strand) according to the ImMunoGeneTics database1 (Lefranc et al., 2015). Two rounds of PCR amplification were performed to produce special isotype antibody fragments with the proper length for the Illumina sequencing. PCR amplifications were performed in a 50 μL volume, using 25 μL Pfu master mix (CWbio, China), 1 μL template, and 1 μL (50 nM) of each primer mixture. The PCR conditions were as follows: initial denaturation at 94°C for 5 min, 35 cycles of denaturation at 94°C for 30 s, annealing at 56°C for 1 min, extension at 72°C for 1 min, and final extension at 72°C for 10 min. The PCR amplicons were purified and subjected to high-throughput sequencing based on the Illumina Hiseq platform according to the manufacturer’s protocol.



Sequence Processing

To exclude biologically implausible sequences, a series of stringent quality control criteria were applied in the data processing. A detailed explanation of these criteria has been published in our previous report (Hong et al., 2018). IMGT/High V-QUEST (version 1.5.1) was used for sequence annotation to determine the V(D)J genes, CDRs, junctional modifications, and to identify insertion and deletion (indels) errors (Ehrenmann et al., 2011; Lefranc, 2011). The data were classified into productive and unproductive sequences according to the analysis of IMGT/HighV-QUEST. The unproductive V(D)J rearrangements were eliminated from the dataset. Then, the productive sequences that contained stop codons, indel errors, and substitutions or mutations in the conserved amino acids at specified positions were excluded. Furthermore, the redundant sequences were eliminated to avoid the accumulation of one single sequence due to PCR amplification. Finally, the sequences that had unique VDJ gene rearrangements, including those contained unique CDR3 amino acid sequences, or had identical CDR3 but distinct VDJ rearrangements were defined as the unique clone. Additionally, the clones with the same V(D)J gene rearrangements and the same CDR3 sequences were assigned to a unique cluster. The number of sequences after each step of processing were listed in Table 2.


TABLE 2. The number of input cells and sequencing data.
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Statistical Analyses

The Margalef index (D) was used to describe the repertoire diversity, which was defined and given by the function D = (S−1)/ln N, with S being species richness and N being the total number of all specimens in a sample (Li et al., 2016). The species richness in our study were the number of the unique clones that extracted from the datasets of unique amino acid sequences. The D-values were calculated, respectively, when 10, 100, 1,000, 10,000, 100,000, 1,000,000, 1,500,000 sequences were randomly selected. Moreover, the percentage change was calculated to assess the difference between two D-values, and the percentage difference not less than 20% was considered to be significant. Notably, except for the calculation of the repertoire diversity, the unique clones finally obtained from all the sequences were used in the data analysis of the other repertoire characteristics in this study.

Data analyses were performed using the R, Perl, and GraphPad Prism programs. Student’s t-test, Pearson’s chi-test, and logistic regression analysis were used to determine the statistical significance when required. The effect sizes were also used in this study to determine whether meaningful differences exist when the p-value is small. Cohen’s d value was used to measure the standardized difference between two means, and odds ratios (ORs) and the 95% confidence interval (95%CI) were used as the effect size measure between two rates (Cohen, 1988; Muth, 2006). In comparative analyses, to simplify these criteria, the difference was considered to be significant when p < 0.05 (two sided), d ≥ 0.20 and OR ≥ 1.50 or ≤ 0.60. The sequencing data have been deposited in the NCBI SRA database (Accession number: PRJNA578020)2.



Ethics Statement

The blood samples were provided by the Second Affiliated Hospital of Fujian Medical University (Quanzhou, Fujian, China) with the approval of the institutional research board and the donors’ consent. Procedures followed in this study were under the ethical standards of concerned institutional policies.




RESULTS


The Repertoire Diversity

In this study, we carried out high-throughput sequencing analysis of the BCR repertoires from individuals with chronic HBV infection and compared them with the repertoires from healthy adults (HH). The HBV-infected individuals were divided into two groups according to the level of serum HBV load: chronic HBV carriers with a high level of virus load (CHB) and inactive HBV carriers with no increase of virus load (IHB). Initially, approximately 1 × 107 PBMCs from each investigated group were input into the analysis and yielded more than 1 × 108 raw reads in each library after the sequencing reactions. The sequences that had unique V(D)J gene rearrangements or unique CDR3 amino acid sequences were defined as the unique clone in our study. After a series of stringent data filtering and cleaning procedures, 510,607 unique clones were identified in the IgM repertoire of HH library, 544,159 unique clones in IHB library and 464,874 clones in CHB library. Besides, 139,969 unique clones were found in the IgG repertoire of HH library, 165,050 unique IgG clones in IHB library and 176,100 unique clones in CHB library (Table 2).

To compare the repertoire diversity of the three libraries, the Margalef index (D) were calculated based on the same amount of sequence number randomly selected from each dataset (Figures 1A,B). In IgM repertoires, the D-values of IHB library were slightly higher than that of HH library, but the percentage difference of the D-values were not more than 10%, suggesting that the diversity of unique clones showed no significant difference between HH and IHB library (Figure 1C). In contrast, the D-values of CHB library were lower than that of HH and IHB library. The greatest percentage difference of D-values between HH and CHB library was 15.33% when 1,000,000 sequences were included in calculations, and the percentage difference decreased to 12.36% as the sequence number increased to 1,500,000. The difference of D-values was larger between IHB and CHB library, which was 24.76 and 22.59% when 100,000 and 1,000,000 sequences included, respectively, and the percentage difference decreased to 19.76% when 1,500,000 sequences were included (Figure 1C). However, the D-values showed slight difference among the IgG repertoires of HH, IHB and CHB library; the difference of the D-values between each two libraries were less than 13% when the included sequence number increased from 10 to 1,500,000 (Figure 1D). Together, these results suggested that the diversity of the unique clones had no significant difference in the IgG repertoires of the three libraries, but the diversity of the unique clones decreased greatly in the IgM repertoire of CHB compared with IHB library when the included sequence number were relatively less.
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FIGURE 1. The Margalef index (D) was used to describe the repertoire diversity that was calculated, respectively, when 10, 100, 1,000, 10,000, 100,000, 1,000,000 sequences were randomly selected using the randomized table generated by R program. (A) The diversity of the unique clones in the IgM repertoires of healthy adults (HH), inactive HBV carriers (IHB) and chronic HBV carriers (CHB). (B) The diversity of the unique clones in the IgG repertoires of HH, IHB, and CHB libraries. (C) The percentage difference of the D-values between each two libraries in IgM repertoires. (D) The percentage difference of the D-values between each two libraries in IgG repertoires. (E) The percentage of the total repertoire comprising by top 1,000 most frequent clusters were selected from the datasets of 100,000 sequences in IgM repertoires of HH, IHB and CHB libraries. (F) The percentage of the total repertoire comprising by top 1,000 most frequent clusters were selected from the datasets of 100,000 sequences in IgG repertoires of HH, IHB, and CHB libraries.


Since the diversity of the unique clones differed greatly in the IgM repertoires when 100,000 sequences were included, the clonal expansion was analyzed using the datasets of 100,000 sequences. To evaluate the clone expansion, the number of the unique amino acid sequences belonging to each unique clusters were calculated that represented the size of the cluster. Then, the top 1,000 most frequent clusters were selected and the proportions of sequences belonging to these clusters in the total repertoire were calculated. The percentage was 34.76% in CHB, 27.37% in HH and 23.37% in IHB; which suggested that the degree of the clone expansion in the IgM repertoire of CHB library was significantly higher than IHB library (p < 2.2E-16, OR = 1.720, 95%CI: 1.687–1.754; Figure 1E), and was slightly higher than HH library (p < 2.2E-16, OR = 1.416, 95%CI: 1.390–1.443; Figure 1E). Interestingly, the degree of the clone expansion did not show significant difference between the IgM repertoire of HH and IHB library (p < 2.2E-16, OR = 1.215, 95%CI: 1.190–1.239; Figure 1E). Besides, the degree of the clone expansion did not show significant difference between the IgG repertoire of HH, IHB, and CHB library, since the OR values were close to 1.0 (Figure 1F).



The Repertoire Similarity

To assess the repertoire similarity, we calculated the proportion of the shared clones among the antibody repertoires from the three libraries. In IgM repertoires, only 518 unique clones shared in HH, CHB, and IHB libraries (a collection designated as “ALLshared”) constituting 0.10% in HH libraries, suggesting most of the clones were different among the three libraries. Besides the clones of ALLshared, there were 7,079 shared clones found between IHB and HH library (HH + IHBshared) accounting for 1.30% of IHB, but only 2,304 clones shared between CHB and HH library (HH + CHBshared), accounting for 0.5% of CHB (Figure 2A). The proportion of clones in HH + IHBshared was higher than that in HH + CHBshared. Although the shared clones account for a small portion of the repertoires, the difference has statistical significance in the comparative analysis based on the large sample size (p < 2.2E-16, OR = 2.646, 95%CI: 2.524–2.774). In IgG repertoires, there were 3,016 clones in ALLshared, accounting for 2.15% in HH, of which the proportion was much higher in IgG repertoires than that of IgM repertories (Figure 2B). The proportion of IgG clones in HH + IHBshared was 2.45%, while it was 1.80% in HH + CHBshared; but the difference was slight between the two collections (2.45% vs. 1.80%, p < 2.2E-16, OR = 1.371, 95%CI: 1.308–1.437).
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FIGURE 2. The shared unique antibody clones in HH, IHB and CHB. (A) The shared unique clones in IgM repertoires of HH, IHB and CHB. (B) The shared unique clones in IgG repertoires. (C) The shared V(D)J gene rearrangements in IgM repertoires of HH, IHB and CHB. (D) The shared V(D)J gene rearrangements in IgG repertoires. (E) The shared CDR3 sequences in IgM repertoires of HH, IHB and CHB. (F) The shared CDR3 sequences in IgG repertoires.


Then, the shared portions in unique V(D)J rearrangements and unique CDR3s between the libraries were calculated separately to find the factors contributed to the converging clones among the libraries. The majority of V(D)J rearranged patterns were commonly observed in the IgM repertoires of all the three libraries. The proportion of ALLshared was 65.3%, and the proportion of HH + IHBshared and HH + CHBshared was 11.05 and 9.47%, respectively, indicating that the difference was not significant (OR = 1.187, 95%CI: 1.121–1.256; Figure 2C). In contrast, only 0.2% of CDR3s were shared by the three libraries, and the proportion of CDR3s in HH + IHBshared was higher than that of HH + CHBshared (1.86% vs. 0.66%, p < 2.2E-16, OR = 4.325, 95%CI: 4.116–4.545; Figure 2D). In addition, the shared proportion of V(D)J rearranged patterns and CDR3 showed no significant difference between HH + IHBshared and HH + CHBshared in the IgG repertoires (V(D)J rearrangements: 12.05% vs.12.21%, p = 0.67, OR = 1.014, 95%CI: 0.952–1.079; CDR3s: 2.21% vs.1.92%, p < 2.2E-16, OR = 1.152, 95%CI: 1.090–1.219; Figures 2E,F). Taken together, there are more clones shared between the IgM repertories of HH and IHB library, and the extra shared clones could be due to the more same unique CDR3s shared between them.



The V(D)J Gene Usage

To find the preferentially utilized V(D)J genes in the repertoires, the usage of V(D)J genes were calculated (Supplementary Tables 1–6). In heavy chains repertoires, 7 IGHV gene families containing 52 IGHV genes were observed, of which IGHV1, IGHV3 and IGHV4 family were frequently used, together accounting for more than 90% in all libraries (Figure 3A). Moreover, IGHV4-59 and IGHV1-69 were the top two frequently used genes in IgM repertoires of all three libraries, together accounting for about 20% of the total (Figure 3B). In IgG repertoires, IGHV4-39 and IGHV4-59 were frequently used in HH, with a rate of 10.18 and 8.27%, respectively (Figure 3B). However, in IHB and CHB, IGHV4-59 was the most frequently used gene with a rate of 12.86 and 12.74%, respectively, of which the usage was much higher than IGHV4-39 (IHB: 4.27%, CHB: 5.79%). Besides, IGHV3-7 was also frequently used in IHB with a rate nearly 10%, but which was less used in HH and CHB (IHB vs. CHB vs. HH: 9.86% vs. 4.15% vs. 5.44%).
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FIGURE 3. (A) The usage of VDJ gene families in IgM and IgG repertoires of the HH, IHB and CHB library. The outsider arcs represent the VDJ gene families, and the histograms inside the circle represent the usage of each gene in the IgM repertoires of HH (DogerBlue), IHB (MistyRose), and CHB (Aquamarine) and in IgG repertoires of HH (cyan), IHB (Moccasin), and CHB (pink). (B) The top 5 preferred used IGHV gene subgroups in the IgM and IgG repertoires of the three libraries. The histograms inside the circle represent the usage of each gene subgroups. (C) The top 5 preferred used IGHD gene subgroups in the IgM and IgG repertoires of the three libraries. The histograms inside the circle represent the usage of each gene subgroups. (D) The top 5 preferred used IGHJ gene alleles in the IgM and IgG repertoires of the three libraries. The histograms inside the circle represent the usage of each gene alleles.


There are 21 IGHD genes belong to 7 gene families in the heavy chain repertoires, among which IGHD2, IGHD3 and IGHD6 family were frequently used (Figure 3A). In IgM repertoires, the preferred used IGHD genes were IGHD3-10 and IGHD3-22 in both HH and IHB, together accounting for more than 20% in these two libraries. However, the preferred used IGHD genes were IGHD2-2 and IGHD3-3 in CHB, with a rate of 11.47 and 10.69%, respectively (Figure 3C). In IgG repertoires, IGHD3-10, IGHD6-13, and IGHD3-22 were the top three frequently used genes in HH, and the top three were IGHD3-10, IGHD2-2, and IGHD3-22 in IHB and CHB. IGHD3-10 was the most frequently used gene in all three libraries (Figure 3C).

When calculating the usage of IGHJ genes, the information of gene alleles was included. There are 13 IGHJ alleles belong to 6 gene families. The most frequently used IGHJ family were IGHJ3 and IGHJ6 in all libraries (Figure 3A). The frequently used IGHJ alleles were IGHJ3∗02, IGHJ6∗02, IGHJ4∗02, and IGHJ6∗03 in the IgM repertoires of HH and IHB library, and IGHJ3∗02, IGHJ6∗03, IGHJ6∗02, and IGHJ2∗01 in CHB. IGHJ3∗02 was extremely biased used in all the three libraries, accounting for more than 30% of the total. Interestingly, IGHJ6∗02 and IGHJ6∗03 were almost equally frequently used in CHB (IGHJ6∗02 vs. IGHJ6∗03: 14.52% vs. 18.53%); but in HH and IHB library, the frequency of IGHJ6∗02 was about twice higher than that of IGHJ6∗03 (HH: 22.68% vs. 10.20%; IHB: 25.32% vs. 12.51%). Incidentally, these two alleles have two different amino acids in sequences according to the IMGT database. In IgG repertoires, the biased used IGHJ alleles were very similar among the three libraries that were IGHJ6∗02, IGHJ3∗02, IGHJ4∗02, and IGHJ6∗03 (Figure 3D).

Taken together, the preferred used IGHV genes were similar among the three libraries in IgM repertoires, but the biased used IGHD genes and IGHJ alleles were different in CHB compared with HH and IHB. Relatively, the biased used VDJ genes were similar between the IgG repertoires of IHB and CHB library.



Somatic Hypermutations in V Segments

The somatic hypermutations in V gene segments were analyzed by comparing the sequencing data with the germline genes from the IMGT database. A threshold value of ≥ 90% V gene identity was selected. In IgM repertoires, more than 90% sequences shared ≥ 90% identity with the germline V genes that was 94.2% in HH, 94.2% in IHB, and 93.1% in CHB. However, the proportion of sequences carrying germline-like V genes decreased significantly in the IgG repertoires, with a rate not more than 60% (59.7% in HH, 56.9% in IHB, and 57.5% in CHB). Then, the frequency of amino acid mutations in CDR1 and CDR2 regions were further calculated. In IgM repertoires, the proportion of sequences with amino acid changes in CDR1 and CDR2 regions demonstrated no significant difference among the three libraries (CDR1: 22.71% in HH, ac22.17% in IHB, and 25.95% in CHB; CDR2: 41.34% in HH, 41.65%in IHB, and 45.39% in CHB). In IgG repertoires, the proportion of sequences with mutations in CDR1 region also showed no significant difference among the three libraries (CDR1: 79.58% in HH, 83.37% in IHB, and 79.53% in CHB). Besides, the proportion of sequences with mutations in CDR2 regions was 82.91% in HH, 85.58% in IHB and 87.50% in CHB, which showed relatively higher difference only between CHB and HH (p < 2.2E-16, OR = 1.442, 95%CI: 1.413–1.471, Supplementary Table 7). Altogether, the somatic mutation level in the repertoires of HBV carriers did not show significant difference from that of the healthy adults, indicating the HBV infection might not induce significantly higher frequency of somatic mutations in antibody sequences.



The Characteristics of CDR3 Regions

The characteristics of the CDR3 regions were analyzed, including the length of distribution, the amino acid usage of CDR3s and the occurrence and average length of junctional modifications. In our datasets, the length distribution of CDR3 ranged from 3 to 41 amino acids in heavy chains repertoires (Supplementary Figures 1A,B). For IgM repertoires, the CDR3 mean length was rounded to 17 amino acids for all three libraries, whereas it was 16 amino acids for the IgG repertoires of all libraries, approximately 1 amino acid shorter than that of the IgM repertoires (Figure 4A and Table 3). Moreover, the usage of amino acids in the CDR3 regions were analyzed. In the heavy chain repertoires of the three libraries, tyrosine, alanine, glycine, and aspartic acid were frequently used and the usage demonstrated no significant difference between libraries (Supplementary Figures 1C,D).


TABLE 3. The CDR3 mean length in all repertoires.

[image: Table 3]

[image: image]

FIGURE 4. (A) The average length of CDR3s in IgM and IgG repertoires of the HH, IHB and CHB library. (B) The occurrence of P nucleotides additions at 5′-end of D genes (5DP) in the IgM and IgG repertoires of HH, IHB, and CHB library.


The junctional modifications are the main mechanisms contributing to the CDR3 diversity, including additions of the palindromic nucleotides (P) and the non-template randomized nucleotides (N), as well as the deletion of nucleotides caused by exonuclease trimming (T). The characteristics of these modifications, including the occurrences and the average length, were analyzed, and showed no significant difference (Supplementary Figures 1E,F and Supplementary Tables 8–11) except for the occurrence of P addition at the 5’-end of D genes (5DP) in the IgG repertoires of CHB, which was almost twice that of the other two libraries (4.23% in CHB, 2.37% in HH and 2.41% in IHB, OR≈1.80, Figure 4B).




DISCUSSION

In this study, the high-throughput sequencing method was adapted to analyze the IgM and IgG repertoires of chronic HBV-infected individuals and healthy adults. After the analyses, we found that most of the characteristics were similar in the IgM and IgG repertoires between healthy adults and HBV carriers. Nevertheless, the diversity of unique clones decreased and some clones expanded in the IgM repertoire of chronic HBV carriers when compared with that of healthy adults and the inactive HBV carriers. Besides, there were more clones shared between the IgM repertoires of healthy adults and inactive HBV carriers than chronic carriers. The preferred used IGHD and IGHJ genes were similar between the IgM repertoire of healthy adults and inactive HBV carriers, but quite different from those in the chronic HBV carriers.

Variable definitions of unique antibody clones have been provided by different studies, such as unique nucleotide or amino acid sequences, or unique CDRs (Boyd et al., 2009; Glanville et al., 2009; Arnaout et al., 2011; Prabakaran et al., 2012; Chang et al., 2016; D’Angelo et al., 2018; Hong et al., 2018; Soto et al., 2019). The unique clone was defined as the sequence with unique V(D)J gene rearrangement or the sequence with unique CDR3 sequence that was used to identify the unique clone from the sequencing data. We found the diversity of unique clones in the IgM repertoire of chronic HBV carriers were smaller compared with the other two libraries. The extent of the reduction in diversity increased when the sequence number increased to 100,000 but decreased as the sequence number increased continuously, suggesting the calculation of the clone diversity depended on the sample size closely in the sampling survey of human antibody repertoire. Since the number of included individuals, the initial input cells, the sequencing depth, and the process of data analysis were same in all groups, the difference in diversity was less likely to result from the sampling or analytical errors. Generally, there are three primary mechanisms contributing to the repertoire diversity that are the V(D)J gene rearrangements, the junctional modifications in CDR3 regions and the somatic hypermutation (Furukawa et al., 1999; Glanville et al., 2009). However, no significant difference was found in the mutation level and the junctional modifications among the three libraries, suggesting that the diversity reduction in the IgM repertoire of chronic HBV carriers could result from the clone expansion. Polyclonal expansion would increase the possibility of capturing sequences belonging to the same cluster of unique clones and reduce the types of the unique clones. Although the sampling size in our study was insufficient to detect all the expand clones, the expansion of some clusters of unique clones still could be observed in our study. On the other hand, the diversity of unique clones in IgG repertoires demonstrated no significant difference among the three libraries. Although the occurrence of 5DP in the repertoire of chronic HBV carriers was more than the other two libraries, the contribution of this modification to increase the clone diversity was small since the occurrence of 5DP itself was lower than other types of junctional modifications in CDR3 regions. Altogether, these results might indicate that the high level of HBV replication was likely to induce the expansion of some IgM clones that reduced the diversity of the unique clones in IgM repertoires.

It has been suggested that the presence of the shared clones among individuals did not occur by chance alone, although it accounted for a small part of antibody repertoires (Galson et al., 2016; Miho et al., 2019; Soto et al., 2019). It has been suggested the converging CDR3s might be derived from the convergent V(D)J gene recombination or the convergent selection by the same antigen (Venturi et al., 2008; Venturi et al., 2011; Pogorelyy et al., 2018; Fink, 2019). In our study, more shared CDR3s were found between the IgM repertoires of healthy adults and inactive HBV carriers. Meanwhile, the preferred used IGHV, IGHD, and IGHJ genes were found to be similar between the two libraries, indicating that the extra shared CDR3s might result from the similar selection of VDJ genes that were more prone to result in the same amino acid sequences. Conversely, the different biased usage of IGHD and IGHJ genes contributed to the deviation of clones in the IgM repertoire of chronic HBV carriers.

Somatic hyermutation is a critical mechanism to diversify the antibody clones and fulfills a central role in antibody affinity maturation (Di Noia and Neuberger, 2007; Hwang et al., 2015; Kitaura et al., 2017). In general, antibodies undergo iterative mutations and stepwise antigen-mediated selections to develop the antibodies with high antigen affinity (Di Noia and Neuberger, 2007; Victora and Nussenzweig, 2012; Hoehn et al., 2016). Thus, high level of mutations were commonly seen in the antibody repertoires after virus infection or vaccinations (Laserson et al., 2014; Tan et al., 2014; Wang et al., 2014; Cortina-Ceballos et al., 2015; Wendel et al., 2017), including the BCR repertoires after hepatitis B vaccinations (Galson et al., 2015; Galson et al., 2016). However, little change in the somatic mutation level was observed in antibody repertoires with some chronic virus infections, such as HIV-1, Epstein-Barr virus (Yin et al., 2013; Wang et al., 2014). Additionally, the frequency of mutations in the V segments also showed no significant difference between the three libraries in our study, suggesting that the HBV infection might not induce intensive antibody mutations in the phase of chronic infection.

In-depth analyses of the antibody repertoires in patients with infectious diseases could provide a better understanding of the interaction between human immune system and infectious pathogens. Our study showed that low serum HBV level might not induce significant changes in BCR repertoires, as the characteristics of IgM and IgG repertoires were similar to that of healthy adults. Importantly, significant changes were observed in IgM repertoires under the impact of high titer of HBV, indicating that the B cell repertoires could respond to the high titer of HBV although insufficient to eliminate the virus during the chronic infection phase.
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Orthobunyaviruses are a group of viruses with significant public and veterinary health importance. These viruses are mainly transmitted through mosquito-, midge-, and tick-vectors, and are endemic to various regions of the world. Ebinur Lake virus (EBIV), a newly identified member of Orthobunyavirus, was isolated from Culex mosquitoes in Northwest China. In the present study, we aimed to characterize the pathogenesis and host immune responses of EBIV in BALB/c mice, as an animal model. Herein, we determined that BALB/c mice are highly susceptible to EBIV infection. The infected mice exhibited evident clinical signs including weight loss, mild encephalitis, and death. High mortality of mice was observed even with inoculation of one plaque-forming unit (PFU) of EBIV, and the infected mice succumbed to death within 5–9 days. After EBIV challenge, rapid viremic dissemination was detected in the peripheral tissues and the central nervous system, with prominent histopathologic changes observed in liver, spleen, thymus, and brain. Blood constituents’ analysis of EBIV infected mice exhibited leukopenia, thrombocytopenia, and significantly elevated ALT, LDH-L, and CK. Further, EBIV infection induced obvious cytokines changes in serum, spleen, and brain in mice. Collectively, our data describe the first study that systematically examines the pathogenesis of EBIV and induced immune response in an immunocompetent standard mouse model, expanding our knowledge of this virus, which may pose a threat to One Health.

Keywords: Ebinur Lake virus, Orthobunyavirus, pathogenesis, immune response, BALB/c mouse


INTRODUCTION

Mosquitoes are known to act as reservoirs of extensive pathogens (Xia et al., 2018; Nyaruaba et al., 2019), several mosquito-borne viruses (arboviruses) causing human diseases remain the global public health concerns (Tandina et al., 2018). However, with the constant evolution and crossing species barrier, the emergence of novel zoonotic pathogens is one of the greatest challenges to global health security (Borland et al., 2020). Cooperation among human, animal, and environmental sciences to combat emerging public health threats has become an important issue under the One Health Initiative (Ryu et al., 2017). Therefore, these potential novel zoonotic pathogens still should not be neglected (Cunningham et al., 2017). Thus, it is critical to identify novel pathogens with zoonotic potential to reduce their risk of emergence using surveillance programs (Scarpino et al., 2017; Ramírez et al., 2018). Over the past decade, there have been key scientific advances in arbovirus surveillance and have sped up the discovery of these viruses (Shi et al., 2016; Halbach et al., 2017). Ebinur Lake virus (EBIV) was discovered and isolated from Culex modestus mosquitoes through a surveillance study done in the Ebinur Lake region in China, 2014, which was identified as a novel member of the genus Orthobunyavirus within the family Peribunyaviridae, Bunyamwera serogroup.

Orthobunyavirus is the largest and most diverse genus of bunyaviruses, comprising of more than 170 viruses divided into more than 20 serogroups based on serological relatedness of complement-fixing antibodies (mediated by N protein), hemagglutinating and neutralizing antibodies (mediated by glycoproteins; Shchetinin et al., 2015; Palya et al., 2019). The main hosts of these viruses include rodents, primates, birds, ungulates, and humans (Calisher, 1996), and some members have been reported to cause disease in these vertebrate hosts. Bunyamwera virus (BUNV) and Cache Valley virus (CVV) can cause severe symptoms in ruminants, such as spontaneous abortion and teratogenic effects (Rodrigues Hoffmann et al., 2013), which have caused a considerable economic loss in the livestock industry (Kim et al., 2011). Besides, BUNV was also proved to infect free ranging birds (Tauro et al., 2009). In humans, BUNV, Germiston virus (GERV), Ilesha virus (ILEV), Fort Sherman virus (FSV), and Guaroa virus (GROV) are known to cause disease with symptoms such as febrile illness (Schwartz and Allen, 1970; Aguilar et al., 2010; Pachler et al., 2013; Dutuze et al., 2018; de Oliveira Filho et al., 2020), and encephalitis caused by Tensaw virus (TENV; Calisher et al., 1988). Thus, Bunyamwera serogroup viruses are a cause for concern in public and veterinary health (Rogers et al., 2017; Dutuze et al., 2018). Some newly discovered members in this group have been reported with potential infection risk in humans and/or animals, but they are not yet well characterized (Sudeep et al., 2018). Therefore, except for the epidemiological studies, pathogenesis studies are critically needed to identify and understand disease threats to humans, livestock, and wildlife.

In experimental animal models, Orthobunyaviruses could cause neurological diseases that involve neuroinvasive disease and neurovirulent disease as seen in the members of California serogroup (CSG). This can be evaluated by several parameters such as the route of inoculation. Neuroinvasion represents virus spread to the central nervous system (CNS) following peripheral inoculation [intraperitoneally, (i.p.)], while neurovirulence describes the lethal infection following direct route of inoculation [intracranial, (i.c.) or intranasal, (i.n.)] with the virus. The majority of pathogenesis studies of the CSG viruses have focused on La Crosse virus (LACV). In LACV-infected mice, short viremia was observed and the viral antigen was not detected in peripheral tissues, but in neurons. GERV presumably circumvented the normal killing mechanisms of macrophages and replicated in these cells in mice (Olson et al., 1975). Since research is insufficient, more studies on Orthobunyaviruses need to be carried out to examine the differences in mechanistic pathogenesis (Evans and Peterson, 2019).

In our previous report, EBIV was found to replicate efficiently and form cytopathic effect (CPE) in different vertebrate cells. The preliminary data also demonstrated that EBIV is able to cause lethal disease and pathological changes in Kunming mice. In addition, the IgM, IgG, and neutralizing antibodies against EBIV have been detected in the residents. Therefore, the further understanding of the detailed pathogenic mechanism and the host immune response to the virus is important in the risk assessment of EBIV infection in animals or humans.

In this study, we fully characterized EBIV infection using a BALB/c mice model, and carried out all aspects of EBIV induced hematology, clinical chemistry, tissue tropism, and immunology changes in hosts for the first time, providing a better understanding of viral pathogenesis and host immune status against EBIV infection, and endorsing the One Health Initiative.



MATERIALS AND METHODS


Ethics Statement

Animal studies were approved by the Laboratory Animal Ethics Committee of Wuhan Institute of Virology, Chinese Academy of Sciences (Approval No. WIVA12201901). All animal procedures were performed in strict compliance with the guidelines of Guide for the Care and Use of Laboratory Animals (National Research Council, 2011).



Cell Line, Virus Stock, and Animal

Baby hamster kidney, BHK-21 cell line was used in this study. BHK-21 was maintained at 37°C in Dulbecco’s minimal essential medium (DMEM; 4.5 g/liter D-glucose) containing 10% fetal bovine serum (FBS) and 1% penicillin/streptomycin in 5% CO2. EBIV isolate Cu-XJ20 was first isolated from Culex modestus mosquitoes in Xinjiang, China (Xia et al., 2020). The EBIV virus stock was propagated in BHK-21 cells in DMEM containing 2% FBS and stored in aliquots at −80°C. Adult BALB/c mice (6–8-week-old) were provided by the Animal Centre of Wuhan Institute of Virology. The mice were maintained in the ABSL-2 facility with controlled temperature (22°C), humidity, and a 12-h light/dark cycle.



Plaque Assay

Virus titrations were performed using BHK-21 cells as previously described (Xia et al., 2020), and the results expressed as PFU ml−1.



Median Lethal Dose Challenge and Pathogenesis Experiments

For the median (50%) lethal dose (LD50) experiment, 10 groups of male and female BALB/c mice (n ≥ 10 per group) were infected intraperitoneally (i.p.) with EBIV at 105–10−4 PFU of 10-fold dilutions per animal in 200 μl serum-free DMEM. Control group/mock mice (n ≥ 5) were inoculated with 200 μl serum-free DMEM. These mice were then observed at least once a day, and behavioral and weight changes were monitored over 2 weeks. The experiment was repeated three times independently.

For pathogenesis experiments, only female mice were administered with 10 PFU EBIV in 200 μl serum-free DMEM through the i.p. route. Mock-infected mice received 200 μl serum-free DMEM. From day 1 to 5 post-infection, EBIV-infected mice (n = 5) and mock-infected mice (n = 3–5) were euthanized by isoflurane overdose. About 200 μl of blood was collected from the orbital sinus by a capillary tube daily for viremia assay. Whole blood was also collected from infected and mock-infected mice for biochemical analysis after removing their eyes. During necropsy, the organs were macroscopically observed, and afterward the tissues (liver, spleen, kidney, intestine, lung, brain, thymus, and Peyer’s patch) harvested were divided into three parts, one for determination of titers, the second one was stored in 15 ml centrifuge tubes containing 10% Paraformaldehyde for histopathological and immunohistochemical (IHC) assays, and the last one was sectioned and stored in 2.5% glutaraldehyde solution for ultrastructural analysis.



Quantification of Virus in Mice

To determine the viremia, blood samples were first kept at 4°C for 4 h, followed by centrifugation at 3,000 × g for 10 min to separate the serum before storage at −80°C until further use. Viremia titers were tittered by plaque assay on BHK-21 cells. For quantification of the virus in tissues, the tissues were first removed and weighed before being homogenized by a T grinder electric tissue grinder OSE-Y30 (TIANGEN, China) on ice using sterile pestles with serum-free DMEM. Supernatants were then collected and stored at −80°C. Finally, the viral titers were determined by plaque assay, and titers were expressed as PFU g−1.



Histopathology and Immunohistochemical Assay

For the histopathological analysis, tissues of EBIV-infected and mock-infected mice fixed with 10% paraformaldehyde were embedded in paraffin, cut, and stained with hematoxylin-eosin (HE), and examined under light microscopy. For the IHC assay, the antiserum against EBIV-NP recombination protein produced in BALB/c mice was diluted at 1:100, and the histological sections were cut to 4–5 μm for immunohistochemical assay as previously described (Sawatsky et al., 2014; Matos et al., 2019). The stained sections were evaluated for EBIV immunoreactivity by Image-Pro Plus 6.0 software (Media Cybernetics, Inc., Silver Spring, MD, United States), and the accumulated optical density (IOD) and the corresponding brown-yellow positive area were provided with three randomly selected fields of view (200×). Finally, each group was represented by the accumulated optical density IOD (SUM; Zhang et al., 2016; Liu et al., 2019). All the above were performed at Wuhan Biotechnology Corporation.



Ultrastructural Analysis

Ultrathin sections of tissues in EBIV-infected and mock-infected mice were consistent as previously described (Otto et al., 2017) using an FEI Tecnai G20 transmission electron microscope (FEI Company, United States) at 200 kV.



Hematology and Clinical Chemistry

For complete blood counts, 50 μl of whole blood was collected in an anticoagulant tube. HemaVet 950FS hematology analyzer equipped with software was used to measure the white blood cell (WBC) count, red blood cell (RBC) count, hemoglobin (Hb) concentration, hematocrit, and platelet count. For clinical chemistry, 200 μl of serum was analyzed by VetScan2 Chemistry Analyzer (Abaxis Inc., Sunnyvale, CA, United States), which provides a diagnostic panel, including albumin, total bilirubin, alanine aminotransferase, alkaline phosphatase, glucose, amylase, calcium, urea nitrogen, creatinine, lactate dehydrogenase, and creatine kinase.



Quantification of Cytokines

To determine cytokine levels in the serum and tissues of mice, 25 μl of serum or tissue homogenate (liver, spleen, and brain) was added to each well (triplicate wells) in the premixed assay panels using a Bio-Plex Pro™ Mouse Cytokine Grp I Panel 8-Plex kit (Bio-Rad) according to the manufacturer’s instructions, then interleukin IL-1β, IL-2, IL-4, IL-5, IL-10, interferon (IFN)-γ, and tumor necrosis factor (TNF)-α of samples were qualified and analyzed by the Bio-Plex 200 System (Bio-Rad) and the Bio-Plex Manager software (version 6.0).



Statistical Analysis

All statistical analyses were done using R v4.0.2, the comparisons are ensured by unpaired Student’s t-test and the LD50 is estimated by Probit regression model. Levels of statistical significance are given as either p < 0.05 or 0.01.




RESULTS


BALB/c Mice Succumbed to EBIV Infection Rapidly

BALB/c mice exhibited clinical signs of disease from 2 days post-infection (d.p.i), which typically manifested as piloerection, lethargy, and hunched posture (Figure 1A). The weight of EBIV-infected mice also began to decrease from 2 d.p.i until death with a mean weight loss of 19.85% (Figure 1C). Feces with blood and body tremble were observed at 4 d.p.i. From 5 d.p.i, the mice progressively became immobile, weak with labored breathing, and finally started to die, with the peak of mice’s death at 6 d.p.i. The survival curve showed more than 90% of BALB/c mice succumbed to death when administrated with an extremely low dose of 1 PFU EBIV, suggesting that BALB/c mice are highly permissive to EBIV infection. The LD50 was calculated as 0.046 PFU by logistic regression (Figure 1B) and 10 PFU was selected as the infectious dose of the following experiments in this study.
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FIGURE 1. Clinical illness and survival curve during Ebinur Lake virus (EBIV) infection in male and female BALB/c mice. (A) Behavioral changes. (B) Survival curve. Adult mice (n ≥ 10 per group) were challenged intraperitoneally (i.p) with dose from 10−4 to 105 plaque-forming unit (PFU). (C) Weight change over 6 days when challenged with dose of 10 PFU.




EBIV Disseminates From the Peripheral Tissue to the Central Nervous System

Viremia was detected in all five mice from 1 d.p.i, peaked at 2 d.p.i, and then continued to decrease (Figure 2A). We also found a high viral load in the lymphoid organs (spleen and thymus) isolated from most of the infected mice at 1 d.p.i, suggesting EBIV mainly disseminated in the blood and lymphoid organs at the early stage (Figures 2C,H). After 2 d.p.i, we detected increased viral particles in the kidney (Figure 2D), lung (Figure 2F), liver (Figure 2B), intestine (Figure 2E), and thymus (Figure 2H). The viral titers in these organs almost remained at the same level until 5 d.p.i. However, the viral load was slightly decreased in the spleen after reaching its peak at 2 d.p.i. In contrast to the spleen, the virus titer in the brain continued to rise over time (Figure 2G), demonstrating that EBIV can spread from the periphery to the central nervous system from 2 d.p.i.
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FIGURE 2. Viral load in different organs of EBIV infected female BALB/c mice inoculated by i.p with 10 PFU. Viral titer was measured and quantified in serum and organs from day 1 to 5 post-infection by plaque assay (n = 5). Viral titers for the Serum (A), Liver (B), Spleen (C), Kidney (D), Lung (E), Intestines (F), Brain (G), and Thymus (H) are shown.




EBIV Causes Prominent Histopathologic Changes in the Periphery of BALB/c Mice

The color of the liver from EBIV-infected mice was faded compared with the mock-infected group (Figure 3, black arrow). Additionally, the size of spleen (peripheral immune organ; Figure 3, white arrow) and thymus (central lymphoid organ; Figure 3C) from EBIV-infected mice became smaller, suggesting EBIV infection may cause damage to both central and peripheral immune systems. It was hard to observe food as severe congestion (Figure 3, red arrow) happened in the intestine of infected mice (Figure 3, green arrow), possibly caused by decreased appetite of the mice on 2 d.p.i (Figure 3, red arrow).
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FIGURE 3. Gross examination of organs in female BALB/c mice following EBIV infection. Representative pictures of organs in mock-infected mice (A)+(C-a) and EBIV-infected mice (B)+(C-b). Appearance of liver color of EBIV-infected mice lighter brown compared to that of mock-infected mice (black arrow). Spleen (white arrow) and thymus (a,b) of EBIV-infected mice achieved a significant reduction in size compared to those of mock-infected mice. The intestine was almost empty (green arrow), and accompanied by severe congestion (red arrow).




Histopathology and Immunohistochemical Staining Showed Tissue Damage Following EBIV Infection

At 5 d.p.i, viral antigen was detected in multiple tissues, including liver, intestine, brain, spleen, thymus, and Peyer’s patch by IHC staining. Within the liver of EBIV infected mice, viral antigen showed scattered granular staining (brown) in foci of occasional Kupffer cells (Figure 4, purple arrow). We also observed some disorganized hepatocytes (Figure 5, green arrow) and many hepatocytes of the liver parenchyma exhibited swelling and their cytoplasms loose (Figure 5, yellow arrow). For the intestine of EBIV infected mice, the necrotic mucosal had increased neutrophils (Figure 5, blue and brown arrows), in which viral antigen (Figure 4, green arrow) was detected. The structure of intestinal villi was partially damaged following EBIV infection (Figure 5, gray arrow), accompanied by the shedding of epithelial cells (Figure 5, red arrow). In the brain, we observed viral antigen in gliocytes (Figure 4, blue arrow). A large number of inflammatory cells, including neutrophils, monocytes, macrophages, and lymphocytes, infiltrated around the meningeal blood vessels, which may be associated with mild meningitis (Figure 5, purple arrow). Additionally, viral antigen was largely detected in neutrophils of lymphoid organs, which exhibited severe damage following EBIV infection (Figure 4, red, blue, and black arrows). Lymphocytes underwent necrosis accompanied by nuclear fragmentation in spleen (Figure 5, black arrow). We also observed the irregular structure of thymocytes, with lymphocytes degeneration and focal necrosis in the cortex of thymus for EBIV-infected group. The same histopathology changes were shown in the Peyer’s patch of EBIV infected group (Figure 5, light yellow arrow). Generally, EBIV could infect both the periphery and CNS, causing histopathology changes.
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FIGURE 4. Immunohistochemical (IHC) findings in female BALB/c mice following EBIV-infection at 5 days post-infection (d.p.i). Original magnification was 400× in tissues. Infected animals exhibited positive immunostaining (brown) for EBIV with increased significant IOD differences in the Liver, intestine, brain, spleen, thymus, and Peyer’s patch sections. Viral antigen can be found scattered in Kupffer cells of liver sections (purple arrow), gliocytes of brain sections (blue arrow), and neutrophils of the intestine (green arrow), spleen (red arrow), thymus (orange arrow), and Peyer’s patch (black arrow) sections. Significance was determined by comparing to the control. Error bars represent SD. The two-tailed p values are indicated as follows: **p ≤ 0.01.


[image: Figure 5]

FIGURE 5. Histopathologic examination in EBIV-infected female BALB/c mice by i.p route at 5 d.p.i. Original magnification was 200× or 400×. Liver: showed hepatocellular edema (yellow arrow) and disordered arrangement (green arrow). Intestine: showed damaged structure (gray arrow) and exfoliated epithelial cells (red arrow) in the intestinal villi, increased neutrophils (blue arrow), and cell necrosis (brown arrow) in the mucosal layer. Brain: showed inflammatory cells, including neutrophils, monocytes, macrophages, and lymphocytes, infiltrated around the meningeal blood vessels (purple arrow). Spleen: showed lymphocyte necrosis (nuclear fragmentation; black arrow). Thymus: showed focal necrosis of lymphocytes (dark gray arrow). Peyer’s patch: showed interstitial edema, loosely arranged cells, and lymphocyte necrosis (light yellow arrow).




EBIV Causes Lesions in Liver, Brain, and Spleen

We also observed the ultrastructural characteristic of tissues of EBIV-infected BALB/c mice at 5 d.p.i. Viral particles were located in Kupffer cells of the liver (Figure 6, purple arrow), which was consistent with the detection of viral pathogens in Kupffer cells, as mentioned previously (Figure 5, purple arrow). Lipid drops increased significantly in the liver (Figure 6, yellow arrow) of the infected group, resulting in hepatic steatosis. In CNS, viral particles were observed in the cerebral cortex of the brain (Figure 6, red arrow), which lead to the destruction of the endothelial wall and edema (Figure 6, blue arrow). Consistent with previous HE and IHC staining of the spleen, massive lymphocytes were necrotic (Figure 6, brown arrow), and virus particles could be observed in these damaged granulocytes (Figure 6, green arrow).
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FIGURE 6. Transmission electron microscopy analysis of tissues infected with 10 PFU of EBIV i.p at 5 d.p.i in female mice. Original magnification was 1700× or 7800×. Liver: lipid droplets in some hepatocytes increased (yellow arrow) and viral particles were found in the Kupffer cell of liver sinus. Brain: the capillary endothelial cells (BCECs) swelled (blue arrow) and viral particles were detected (red arrow). Spleen: lymphocytes were necrotic (brown arrow) and viral particles were seen in the granulocyte (green arrow).




EBIV Infection Causes Abnormal Blood Constituents in BALB/c Mice

To evaluate the hematological and clinical chemistry parameters, we analyzed the WBC. The proportion of lymphocytes decreased at 2 d.p.i, while the proportion of eosinophils increased at 4 d.p.i (Figure 7H). However, the total WBC counts in infected mice started to decrease from 1 d.p.i and then showed a significant drop at 2 d.p.i, accompanied by a mild recovery in the following days that could not reach the original level (Figures 7A,G). Further analysis showed that the counts of lymphocytes, neutrophils, and monocytes were consistent with the trend of overall lymphocytes (Figures 7B–D). Eosinophils continued to increase throughout the study, especially from 4 d.p.i (Figure 7E). We did not observe a noticeable change in basophil counts between the two groups (Figure 7F). Compared to the mock group, infected mice had decreased RBC counts (Figure 7I), especially platelet numbers, which decreased evidently (Figure 7L), which might be due to their migration to infection sites. Levels of Hb (Figure 7J), and hematocrit (Figure 7K) also decreased at 4 d.p.i but were partially restored at 5 d.p.i. To further understand the physiological status of EBIV infection in mice, we measured the clinical chemistry of serum. The ALT and LDH-L were significantly elevated, suggesting that the liver was damaged following EBIV infection. The level of CK increased significantly, which indicated a minor brain injury. Only GLU level decreased, which might be caused by mice decreased appetite (Supplementary Figure S1).
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FIGURE 7. Hematologic abnormalities induced by EBIV infection with 10 PFU in female mice. BALB/c mice were inoculated by i.p route (n = 5) and 10 mock-infected animals as control, Each symbol represents one animal. (A) Total White blood cells (WBCs). (B) Lymphocyte. (C) Neutrophil. (D) Monocyte. (E) Eosinophil. (F) Basophil. Composite graph showing average absolute counts (G) and average population proportions (H) of lymphocytes, neutrophils, monocytes, eosinophils, and basophils. (I) Total red blood cells (RBCs). (J) Hemoglobin (Hb). (K) Hematocrit. (L) Platelets.




EBIV Infection Induce Cytokines Change in Target Organs

As shown in Figure 8, the inflammatory related cytokines, TNFα and IL-4 levels were significantly decreased in the serum at the earlier stage of EBIV infection, but recovered to the normal level at 3 d.p.i. However, we found a rising trend for TNFα and IL-4 in both spleen and brain of infected mice, especially TNFα level in the spleen were increased markedly from 1 to 5 d.p.i. IL-10 production peaked in the spleen at 2 d.p.i then decreased, but still was significantly higher compared to the control. We also observed a markedly increased brain IL-10 at 3 and 5 d.p.i. These results indicated an inflammation change in the peripheral and CNS. Significantly, an increase in IL-1β levels was observed in spleen at 2 and 3 d.p.i, in liver at 2 d.p.i (Supplementary Figure S2). Surprisingly, no IL-1β levels were detected in the brain. The serum IL-2 exhibited an increasing trend at a later stage of infection, which was significantly high at 5 d.p.i. IL-2 levels in the spleen increased significantly at 1 and 4 d.p.i. IFNγ levels had a sharp decrease at 1 d.p.i in serum and were enhanced in brain at 1 and 3 d.p.i, suggesting EBIV infection altered IFNγ produced innate immune cells, especially NK cell function during the early infection. As a cytokine to mediate B cell differentiation, IL-5 level in the spleen was sharply reduced at the later stage of EBIV-infection, even undetectable on 5 d.p.i, indicating the damage of B cell function caused by EBIV. Interestingly, in the brain, IL-5 was significantly decreased at 1 d.p.i and returned to the similar level as control. There was no obvious difference for these cytokines in liver (Figure 8D) suggesting the complexity of host immune response.
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FIGURE 8. Cytokine abnormalities induced by EBIV infection in female mice. (A) IL-2, IL-4, IFN-γ, TNF-α, IL-10, and IL-5 levels were determined in serum (A) and in different tissues, spleen (B), brain (C), and liver (D) of mock and EBIV-infected mice. All cytokine concentrations in tissues were normalized to the mass of the respective homogenized tissue. Significance was determined by comparing to the control. Error bars represent SD. The two-tailed p values are indicated as follows: *p ≤ 0.05; **p ≤ 0.01.





DISCUSSION

The immunocompetent, 6–8-weeks-old BALB/c mice were used for EBIV infection by intraperitoneal inoculation in this study. This animal model was previously developed as an experimental host of Oropouche virus (OROV) that belongs to Simbu serogroup of Orthobunyavirus, with severe involvement of the central nervous system (Santos et al., 2012, 2014). Our results indicated that EBIV could cause acute disease in BALB/c mice. A large majority of infected animals developed disease on the 2 d.p.i, progressing to death within 9 days. However, this very rapid disease progression caused by EBIV is a rare case in Orthobunyavirus infection in the adult mice model. In general, weanling (3 weeks old or younger) mice are more susceptible to Orthobunyavirus infection, and adults (greater than 6 weeks) may be resistant (Bennett et al., 2011; Santos et al., 2012; Winkler et al., 2017; Zhang et al., 2017). What leads rapidly to disease and death in BALB/c mice? In experimentally infected mice, EBIV might induce encephalopathy with multiple organ damage. EBIV-infected mice developed significant hepatic damage on the 5 d.p.i, confirmed by histopathological studies and changes in the serum levels of ALT/LDH-L, resulting in hepatic disease (Camini et al., 2014). The mammalian peripheral lymphoid organ plays a central role in host defense (Golub et al., 2018). EBIV could replicate in most lymphoid tissues, including spleen, thymus, and Peyer’s patch, resulting in lymphocyte necrosis (Figures 4, 5), and atrophy of spleen and thymus were observed. This is unusual in Orthobunyavirus infection (Wernike et al., 2012). The IL-1β is a key mediator of the inflammatory response (Lopez-Castejon and Brough, 2011), which is essential for host immune response. The rising level of IL-1β in spleen and liver demonstrated the occurrence of inflammation in the periphery at the earlier stage of EBIV infection. Besides, IL-5 is initially defined as a key mediator of activated B cell differentiating to antibody-secreted B cells (Randall et al., 1993). Significant abolishment of IL-5 of the spleen at the later infection stage, suggests a possible antibody deficiency. So we performed the neutralization assay to detect neutralizing antibody in serum samples of mice from 1 to 5 d.p.i and found that even undiluted serum of all mice could only reduce plaques by 30% (data not shown). The infiltrating inflammatory cells to the CNS and increase of CK indicated brain damage, and the viral titer in the brain continued to increase following EBIV infection. Viruses may cross the blood-brain barrier (BBB) via several routes, including direct infection of BMECs, transcellular or paracellular viral trafficking across the endothelium (Verma et al., 2009; Daniels et al., 2014). We found obvious enhancement of TNF-α and IL-10 in both spleen and brain, indicating an inflammation status of BALB/c following EBIV infection. TNF-α is a key factor for viral crossing of the BBB (Miner and Diamond, 2016), and IL-10 was also proved to facilitate viral infection (Bai et al., 2009). TNF-α and IL-10 may play an important role in EBIV entering the brain (Den Heijer et al., 2010; Razakandrainibe et al., 2013). Thus, the released host factors might (cause by the damage to the periphery like spleen), increase the permeability of the BBB, and make it easier for a virus to invade the CNS either directly or by crossing the BMEC tight junctions (Daniels et al., 2014). These studies indicate that the innate immune response in adults is not sufficient for protection and that components of the adaptive immune response is necessary to prevent the virus from invading the CNS (Winkler et al., 2017).

The transmission of arboviruses to vertebrates through mosquito vectors is an intricate complex process, and establishing vector transmission by bite is the most relevant mode in mimicking arboviral disease infection (Secundino et al., 2017). In a previously conducted study by Pingen and team, they note that mosquito bites could significantly enhance infection with BUNV infection (Pingen et al., 2016). Although EBIV has been isolated from Culex modestus (Xia et al., 2020), the primary transmission vector of EBIV is still not clear. And we have not yet detected any EBIV RNA in the sampled Aedes flavipectus, Aedes Caspian, and Culex pipiens mosquitoes that formed part of our mosquito surveillance studies for the years 2014 and 2019 (data not shown). Notably though, in the same serogroup of Bunyamwera, experimental studies have shown that Ae. aegypti is a competent vector in transmission of BUNV, and despite the Ngari virus (NRIV) being isolated from many mosquito vectors, it is only Anopheles gambiae Giles that has proved to be competent vector for NRIV (Dutuze et al., 2018). Therefore, the long-term surveillance of mosquitoes and experimental infection EBIV in different mosquito species should be conducted to investigate the vector competence for EBIV, as well as its tropism in the positively identified competent mosquito vectors.

The reported hosts of Bunyamwera serogroup viruses are rodents, sheep, cattle, equine, avian species, primates, or humans (Dutuze et al., 2018). Being a not well-characterized virus, we do not know whether EBIV can cause disease to humans even though the seroprevalence clue of EBIV infection in humans has been reported (Xia et al., 2020). It is possible that other vertebrate species, such as small mammals or birds could be more susceptible to EBIV. In order to investigate the possible infection of EBIV in avian species, we conducted an experimental infection of EBIV in the embryonated chicken egg (ECE). Our obtained findings showed that EBIV can infect 6-days old ECE by yolk sac route of inoculation and cause 100% death at titers of 106 PFU/egg. Thus, these findings indicate that EBIV can infect the avian species (data not shown). Unfortunately, the detection of EBIV antibodies in wild animals or birds has not been done so far. Overall, the comprehensive study for these lesser-characterized Bunyaviruses is critical to our best preparation for future threats.
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Molecular methods, established in the 1980s, expanded and delivered tools for the detection of vestigial quantities of nucleic acids in biological samples. Nucleotide sequencing of these molecules reveals the identity of the organism it belongs to. However, the implications of such detection are often misinterpreted as pathogenic, even in the absence of corroborating clinical evidence. This is particularly significant in the field of virology where the concepts of commensalism, and other benign or neutral relationships, are still very new. In this manuscript, we review some fundamental microbiological concepts including commensalism, mutualism, pathogenicity, and infection, giving special emphasis to their application in virology, in order to clarify the difference between detection and infection. We also propose a system for the correct attribution of terminology in this context.
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INTRODUCTION

For centuries, the diagnosis of an infectious disease was solely based on clinical history and presentation. The first laboratorial technique used to visualise microbes was microscopy (Gest et al., 2004). By the 19th century, the relationship between disease and pathogens was established, triggering a cascade of microbiological lines of research during multiple epidemics such as smallpox, diphtheria, tuberculosis, cholera, among others. This was pioneered by Robert Koch, who formulated strict criteria to determine the cause-effect relationship between a microbe and a disease: (i) The microorganism must be found in diseased but not healthy individuals, (ii) the microorganism must be cultured from the diseased individual, (iii) the inoculation of a healthy individual with cultured microorganism must induce disease, and (iv) the microorganism re-isolated from the inoculated individual may match with the original. This clear set of rules has since become blurred with increasing understanding of the spectrum of relationships between an organism and its host, ranging from mutualism to parasitism.

The ambiguity regarding the microbe-host relationship has been further amplified following the massive explosion of alternative molecular detection methods, such as the polymerase chain reaction (PCR) (Mullis et al., 1992), which provided the scientific community with new revolutionary powerful tools to rapidly identify new organisms and genetic diseases. More recently, next generation sequencing (NGS) high throughput technology, which enables rapid sequencing of billions of DNA nucleotides, has enabled the study of microbiomes through the application of whole-genome sequencing (WGS) on microbial communities (metagenomics). The microbiome encompasses all the microorganisms living in or on any vertebrate animal, and can be sub-classified into the bacteriome, virome and mycobiome. The virome is composed of the collection of viruses that inhabit an organism (Lecuit and Eloit, 2013). In mammals, this includes viruses that infect the host, endogenous ancient virus-derived elements inserted in chromosomes, and viruses that infect members of the host’s microbiome, like the phages that replicate in bacteria (Virgin, 2014; Cadwell, 2015). Compared to bacteriomes, human and animal viromes are less well known. The study of viromes is hindered by several technical limitations, namely the lack of common markers for viruses, the huge heterogeneity of the virome components, the difficulties of working with small samples, the contamination of the samples by host DNA, the lack of adequate bioinformatic tools for analysis and the absence of robust, refined and updated databases (Zou et al., 2016).

Since then, methods such as DNA microarray and genome sequencing led to the detection of microbes whose pathogenic potential was unapparent (Young et al., 2015). Some unexpected viruses have been found in samples from both healthy and immunosuppressed patients without signs of overt disease (Sauvage et al., 2011; Kapusinszky et al., 2012). Others have even been found to have beneficial effects on human and animal health due to their ability to influence the structure and function of bacterial communities through prokaryotic viruses (Sandaa et al., 2018). The ability to detect a tremendous variety of viruses with unclear pathogenic potential (Table 1) has re-emphasised the importance of an accurate description of the symbiosis.


TABLE 1. Examples of commensal viruses.

[image: Table 1]Our perception of the role of viruses has shifted from solely sources of acute, persistent, or latent infections to commensal or even mutualistic organisms. The intricacy of virus-host relationships is reflected in the human genome composition, of which 5–8% is constituted by endogenous retroviruses (ERVs) (Nelson et al., 2004).

Today, molecular biology is an invaluable tool for diagnosis and research. However, the molecular detection of a potential pathogen in an animal or human can be easily misinterpreted. In the absence of corroborating clinical evidence, molecular detection often results in the assumption of an infection by default. This has become increasingly relevant in the field of virology, since the discovery of commensal and mutualistic viruses. The isolation and identification of a potential pathogen must be evaluated alongside the context of the microbial community to which it belongs to and the clinical evidence to suggest its interaction with the host.

In this manuscript, we review some fundamental microbiological concepts and explore how continuous discoveries in the field of microbiology demand some degree of re-framing of these concepts. We also discuss the strengths and weaknesses of several molecular diagnostic methods, exploring the differing implications of positive results. Finally, we propose a system for the correct attribution of terminology in this context.



THE SPECTRUM OF HOST-ORGANISM RELATIONSHIPS

The initial definitions underlying most of the concepts of microbiology were largely pathogen-centred. Later, the recognition that many microbial agents may interact with certain hosts without causing disease led to the establishment of new terminology to describe the distinct situations where this might happen. Social relationships between organisms can be very complex. The same organism can engage in different types of biological relationships with other organisms or hosts and follow co-evolutionary paths.

Below, we describe some of the most common symbiotic relationships between microorganisms and their hosts in which at least one of the partners involved in the interaction benefits from this close relationship.

Symbiotic relationships between animals and microorganisms are common and well-known, although terms like commensalism, mutualism and parasitism, referring to different types of symbiotic relationships are sometimes misunderstood. In virology, these terms are largely underused.


Commensalism

Commensalism describes the relationship between two organisms where one partner benefits whilst the other remains unaffected. Mutualism describes a relationship in which both partners take advantage (win-win relationship) and the term “parasitism” refers to the case where one partner takes advantage over the other (win-lose relationship). This is often applied when the invading organisms produce harm to the host – infection (Fierer et al., 2017).

One could argue that viruses are by nature intracellular parasites, given that they rely on the high-jacking of cellular processes to replicate. In fact, it was believed that the normal cellular function would be disturbed in this process, leading inevitably to emergence of disease (Griffiths, 1999). As such it is unsurprising that the term “commensal” was never used in the same way in virology (Mims et al., 1998). However, Griffiths (1999) proposed the concept of “commensal viruses,” suggesting they might remain within their host in a low replicative phase without therefore causing virus-induced cytolysis. For example, whilst an organism can be part of the natural and healthy microbiota without triggering any infectious disease, it can still pose the threat of pathogenicity. Threat as it can increase in number in the microbial community and lead to the onset of an infection. Because symbiotic relationships are dynamic and evolve over time, the imbalance of the bacterial diversity and load (dysbiosis) can become detrimental to the host (Zhang et al., 2015), and may promote opportunistic infections. Such is the case in the onset of pseudomembranous colitis following antibiotic therapeutic protocols, due to the overgrowth of the bacterial opportunistic pathogen Clostridium difficile in the human gut (David et al., 2019; Nogueira et al., 2019). Similarly, the overgrowth of the commensal yeast Candida albicans can result in oral thrush and oesophagitis (Deepa et al., 2014).



Mutualism

Microbiota that reside in the epithelial tissue that is exposed to the external environment in the respiratory, gastrointestinal and vaginal tracts as well as in the skin since birth are often called commensal (Tlaskalová-hogenová et al., 2004), suggesting that neither it, nor its host, benefit or suffer from its presence. However, extensive research on the effect of microbiota on human and animal health has highlighted the presence of many symbiotic relationships between microorganisms and the host, generally beneficial to the host, and therefore better described as a type of mutualistic relationship (Macpherson and Mccoy, 2014).

The bacteria composing the human gut microbiota supply vitamins, aid in digestion of carbohydrates, maintain the integrity of mucosal barrier, and prevent overgrowth and invasion of pathogenic bacteria (Zhang et al., 2015).

Microbiota imbalances have therefore been linked to many human diseases including inflammatory bowel diseases, cardiovascular disease, obesity, and type 2 diabetes (Malinen et al., 2005; Frank et al., 2007; Turnbaugh et al., 2009; Larsen et al., 2010; Gerritsen et al., 2011; Kerckhoffs et al., 2011).

Mutualistic relationships between viruses and their hosts have also been revealed. Some authors have suggested that highly prevalent viruses, such as herpesviruses, may actually play a protective role against bacterial infection by boosting innate immunity (Dickinson, 2018). Some mouse herpesviruses, highly similar to the human Epstein Barr virus (EBV) and cytomegalovirus (CMV), activate the innate immune response and protect mice against bacteria (Barton et al., 2007). The γ-herpesvirus 68 (γHV68), for example, was found to protect against infection by Listeria monocytogenes and Yersinia pestis by sustaining IFN-γ production and macrophage activation (Barton et al., 2007). The murine norovirus can replace many of the benefits provided by commensal bacteria in the intestine (Kernbauer et al., 2014), and chronically it can lead to low expression of Atg16L1, an autophagy gene with allelic variants that predisposes to Crohn’s disease. The surprising finding that gyroviruses encode a protein that is specifically cytotoxic to cancer cells, raises the possibility that some viral infections can be beneficial in controlling the development of tumour cells (Los et al., 2009), whilst others are directly causative of certain kinds of cancer, such as Burkitt’s lymphoma and cervical cancer.



PATHOGENICITY, VIRULENCE, AND INFECTION

A pathogen is a microorganism that can cause damage to its host. Pathogenicity results from the expression of virulent factors, proteins which are essential for the invasion and colonisation of the host, evasion of its immune system and nutrient uptake at its expense. Infection is the damage inflicted on the host during this process.

Casadevall and Pirofski (2000) highlighted that a coloniser organism can cause varying degrees of damage to its host, from none to substantial. The latter effect induces host responses that might be successful in eliminating the microbe or might be unsuccessful, consequently progressing to chronic infection. For those organisms that, once having colonised the host, induce no damage, its state is indistinguishable from “commensalism” (Casadevall and Pirofski, 1999).

SARS-CoV-2, is an example of a pathogen that induces a range of symptoms. Although a significant proportion of people infected with this virus do not display any symptoms (Yanes-Lane et al., 2020), detection of the virus in these individuals is always referred to as an infection, albeit asymptomatic, given the clear association between the pathogen and respiratory disease it is capable of causing. These asymptomatic infections differ from commensal colonisation due to the complete elimination of the offending organism by the immune system.

In 1999, Casadevall and Pirofski revised the term “pathogen” to mean a microbe capable of causing damage to its host, to highlight what they believed was the most relevant outcome of the host-pathogen interaction (Casadevall and Pirofski, 2000). Injury can result from either direct microbial action or the host immune response, or often both, can usually be identified through a combination of symptomatology, clinical examination and histology. However, damage being inflicted at a cellular level may escape detection by these methods. For example, high-risk human papillomavirus (HPV) types, responsible for the vast majority of cervical cancers, inactivate the essential tumour suppressor genes pRb and p53 in host cells in order to induce in them a perpetual replicative state, necessary for optimal viral replication (Buitrago-pérez et al., 2009). Silencing of tumour suppressor genes in cervical cells does not immediate cause overt injury that is clinically or histologically identifiable. In fact, pre-cancerous dysplastic changes, can take a number of years to develop (Burd and Burd, 2003; Castle and Fetterman, 2009). Nonetheless, lack of evidence of damage does not indicate the offending organism is not a pathogen, when there is substantial reliable historical scientific evidence to the contrary.

Organisms can be described in terms of virulence and pathogenicity, which have been defined in various ways throughout the years, but overall describe the features or characteristics that enable an organism to cause disease and the degree or speed at which a pathogen can cause disease, respectively. Some concepts were recently revised by Casadevall and Pirofski (1999). These authors critically reviewed the origin and historical definitions of terms namely infection, commensalism, colonisation, persistence, infection, and disease and updated them in order to recognise current knowledge.

According to Lwoff (1957), “infection” is the introduction of a foreign entity that is capable of multiplying to produce additional infectious entities into an organism, regardless of whether this results in a disease. This definition encompasses the concept of subclinical or unapparent infections, which cause no signs or symptoms (Mahy, 2009).

Arguably, there are pitfalls to all definitions. Prions, infective proteins that can cause often devastating disease, might not technically be classified as microorganisms, and yet their pathogenicity is undeniable. This is also the case with infectious nucleic acid and infectious viral particles, which contain partial or complete viral genome. Some microorganisms pertaining to the healthy microbiota, although beneficial to their hosts much of the time, have the potential to cause disease though opportunistic infection. We rely on our microbiome to perform many human physiological functions, such as vitamin synthesis. Should these organisms be thought of as pathogens, as per Casadevall and Pirofski (1999), because they have the potential to cause damage? This seems to overlook their potential for beneficial effects. We do not agree with their revised definition of “infection,” we would argue that “acquisition of a microbe by host” should preferably be defined instead as “colonisation” when the impact on the host is unknown. After this process of “acquisition,” the pathophysiological sequence, it is often possible to predict and dependent on the pathotype – a group of organisms with same pathogenicity on a host. Only with evidence of pathogenesis caused by the colonisation of this organism, in an acute, chronic or intermittent manner, can the process be labelled an “infection.” This distinction better reflects the implications of this microbiological process in clinical practice.



INEQUALITY OF DIAGNOSTIC TESTS: DETECTION VERSUS INFECTION

There is a growing range of widely available diagnostic methods capable of detecting an organism or potential pathogen.

Culture-based methods provide evidence of viable infectious pathogens in the sample by demonstrating the growth of organisms in vitro. This is not only applicable to the growth of bacteria in culture media, but also to the growth of viruses and intracellular bacteria in susceptible eukaryotic cell lines. Although the growth of bacteria can be observed with the naked eye or simple light microscopy, growth of intracellular bacteria and viruses can be confirmed through staining techniques or identification of specific virus-induced cytopathic effects. Electron microscopy (EM) can be used to identify both mature and immature forms of viral particles within a cell. The simultaneous presence of both forms indicates active viral replication. However, it has a much lower sensitivity than molecular methods and requires specialised technicians and equipment.

Antigen tests detect certain proteins of a specific organism through immunoassays. They are quick and achieve a high specificity by targetting proteins or specific epitopes that are singular to the pathogen being detected. However, antigen tests can have low sensitivities, and therefore a higher rate of false negative results, when compared to PCR. Rapid influenza diagnostic tests (RIDTs), for example, which detect influenza virus nucleoproteins, only achieve a sensitivity of around 50–80% (CDC, 2020b). COVID-19 lateral flow rapid antigen tests also vary in sensitivity from 79%, when performed by laboratory scientists, to 58%, when performed by self-trained members of the public (Mahase, 2020). Rapid antigen tests for pathogens like group A beta-haemolytic streptococci and Hepatitis B virus, on the other hand, have substantially higher sensitivities of 90% and above (Joslyn et al., 1995). The sensitivity of these tests is dependent on factors such as timing of sample collection, collection technique and viral load (Tanei et al., 2014).

Importantly, a viable virus is not required for detection of an antigen. In infections like COVID-19 where viral shedding continues beyond the resolution of infection, meaning there is the presence of virus particles but no actual viable virus, a positive antigen test cannot distinguish between active infection with transmission potential and resolved infection without transmission potential (Cevik et al., 2021). Antigen detection should, therefore, be interpreted as current or recent infection and should not infer infectiousness.

Antibodies are produced by the humoural immune system in response to the detection of an antigen and can arise from either natural infection or vaccination. A positive antibody test thus indicates that there has been, at some point, an exposure to the organism.

There are several ways to distinguish between active and past infection. Detection of IgM antibodies, which are produced as the first response to a new infection but are only short-term and start dropping a few weeks after infection, is likely to indicate a current or recent infection.

IgG antibodies, on the other hand, are produced later, in the course of the infection, and can remain in the bloodstream for months to years. Because the lag time between initial infection and antibody production, timing of this diagnostic test is crucial to avoid false negative results.

The detection of specific class of antibodies against non-structural viral proteins is indicative of active viral replication and is therefore also a useful tool to detect ongoing infection. Unlike non-structural protein, which are present in much larger amounts, the structural proteins are fewer and less immunogenic. Their antibodies are thus short-lived and consequently un-detectable soon after the resolution of infection.

They have also been used in Differentiate Infected from Vaccinated Animals (DIVA) tests, given vaccines (with the exception of live and attenuated vaccines) do not result in the production of antibodies against non-structural proteins. This is the case with Hepatitis B. Surface antibodies can be produced in response to both active infection and as a result of vaccination, whereas core (non-structural) antibodies are only produced following natural infection.

Molecular based detection methods have some unquestionable advantages compared to the methods mentioned above, including their greater sensitivity, specificity and ability to be automated. However, the component that is being detected, whether that be genomic components or messenger RNA is paramount to the interpretation of a positive result.

Other group of molecular diagnostic tests detect genetic material that is specific an organism. The detection of mature messenger RNA provides evidence of active infection, as it implies gene expression, contrary to positivity by standard PCR, where detection may also represent the presence of nucleic acids from non-viable and therefore non-infectious organisms. The detection of mRNA can, therefore, help distinguish between viral latency and active replication (Lecuit and Eloit, 2013).

Although highly sensitive and specific, PCR test results are not always clear-cut with other interpretation issues such as the clinical significance of weaker signals, which represent a low copy number of a particular pathogen (Louie et al., 2000).

In situ hybridisation (ISH) detects viral genome in tissues or cells, by localisation of specific unique or repeated DNA and RNA sequences using complementary labelled probes. ISH demonstrates specific nucleic acid sequences in their cellular environment. As such, it can provide information regarding the level and place of mRNA expression, demonstrating the presence of newly synthesised viral DNA or RNA within cells, hence confirming the pathogens viability.

Some examples of diverse interpretations of molecular results have been provided over the years in both the bacteriology and virology fields. In 2019 the Centre for Disease Control and Prevention (CDC) alerted to the fact that although rapid molecular assays including PCR and other alternative nucleic acid amplification methods can detect viral RNA in respiratory specimens with high sensitivity and specificity, this result does not necessarily indicate detection of a viable virus or on-going influenza viral replication (CDC, 2019). Similarly, the detection of cytomegalovirus DNA from a patient’s serum cannot distinguish between active disease or latent infection (Ljungman et al., 2017), which are distinct situations from a clinical standpoint. Therefore, the use of sensitive laboratory techniques to test for the presence of novel viruses must be supported by additional clinical evidence to convincingly indicate that the detected virus was the cause of the observed disease (Griffiths, 1999).

The nuances of molecular biology result interpretation is a significant topic of discussion in the context of the recent global outbreak of severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) (Suri et al., 2020). Multiple studies have described a positive RT-PCR result several days after recovery (Lan et al., 2020; Young et al., 2020). Other cases have reported positive RT-PCR results following several consecutive negative results. The clinical and infection-control implications of this are unclear. However, the general consensus is that viral RNA detection does not necessarily indicate the presence of active infection or transmissible viable viral particles (CDC, 2020a). In fact, RT-PCR detects RNA, not an infectious agent, limiting the ability to determine the infectiousness of patients or animals with a positive PCR (Bullard et al., 2020). It has been suggested that quantifying viral loads may help to clarify the likely clinical picture. One study correlated the success of viral isolates with viral loads, and found that samples containing <106 copies per ml never yielded an isolate. Thus it concluded that despite the detection of viral loads long after symptom resolution there would be little residual risk of infection (Wölfel et al., 2020). Given the general ambiguity around infective potential of recovered patients, future focus on detection of mRNA throughout the course of the disease, rather than RNA, might produce more elucidating results. This COVID-19 pandemic has highlighted the importance of correct interpretation of molecular biology test results given its potential to influence global guidance on appropriate time of patient discharge and isolation length.



CONCLUSION

Molecular biology, biotechnology, genomics, and bioinformatics were the basis for one of the most important revolutions in recent microbiology, providing a boom of different conceptual methods that quickly replaced most of the classic, time-consuming, and laborious laboratorial techniques used for the diagnosis of microbiological diseases. This revolution represented a change of focus from the agent itself to the simple identification of nucleic acids. However, contrary to the method of culture and isolation in cell lines, the detection of nucleic acid does not necessarily indicate the presence of viable organisms capable of replication and infection, given viral particles can persist even after resolution of infection. Other methods aimed at detecting messenger RNA or non-structural proteins on the other hand can reliably indicate an active infection.

Molecular biology is not only enabling the identification of new viruses but also the genotyping and viral load quantification of these organisms. However, virology has lagged in the exploration of the different types of virus-host relationships. For viruses, whose pathogenic virulence is recognised, the characterisation of virus-host relationships is simple. Nonetheless, a growing number of non-pathogenic viruses establish states of commensalism or mutualism with their hosts. At times, key features of these complex microbiological states and processes overlap, impairing recognition and classification. This issue is further exacerbated by the nature of most investigations, which are not longitudinal and therefore cannot capture such dynamics.

Thus, we emphasise the importance of combining physiopathological evidence to the molecular data when describing the novel presence of a microorganism in a host. Where this is not possible, we suggest the use of more conservative language which avoids charged terms such as “infection” and “pathogen.” To aid the appropriate use of what should be standardised terminology, we propose a rationale to characterise microbe-host relationships (Figure 1).


[image: image]

FIGURE 1. Schematic representation of scientific process to classification of virus-host interaction.
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Coxsackievirus (CV) A2 has emerged as an important etiological agent in the pathogen spectrum of hand, foot, and mouth disease (HFMD). The symptoms of CVA2 infections are generally mild, but worsen rapidly in some people, posing a serious threat to children’s health. However, compared with enterovirus 71 detected frequently in fatal cases, limited attention has been paid to CVA2 infections because of its benign clinical course. In the present study, we identified three CVA2 strains from HFMD infections and used the cell-adapted CVA2 strain HN202009 to inoculate 5-day-old BALB/c mice intramuscularly. These mice developed remarkably neurological symptoms such as ataxia, hind-limb paralysis, and death. Histopathological determination showed neuronophagia, pulmonary hemorrhage, myofiberlysis and viral myocarditis. Viral replication was detected in multiple organs and tissues, and CVA2 exhibited strong tropism to muscle tissue. The severity of illness was associated with abnormally high levels of inflammatory cytokines, including interleukin (IL)-6, IL-10, tumor necrosis factor α, and monocyte chemotactic protein 1, although the blockade of these proinflammatory cytokines had no obvious protection. We also tested whether an experimental formaldehyde-inactivated CVA2 vaccine could induce protective immune response in adult mice. The CVA2 antisera from the vaccinated mice were effective against CVA2 infection. Moreover, the inactivated CVA2 vaccine could successfully generate immune protection in neonatal mice. Our results indicated that the neonatal mouse model could be a useful tool to study CVA2 infection and to develop CVA2 vaccines.

Keywords: hand, foot, mouth disease, coxsackievirus A2, murine model, antiviral, vaccine


INTRODUCTION

Hand, foot, and mouth disease (HFMD) is a common infectious disease caused by human Enteroviruses (HEVs) belonging to the family Picornaviridae. The outbreak of HFMD in the Asia-Pacific region continuously poses a huge threat to infants and young children. HEVs are positive-stranded RNA virus consisting of four species of HEV-A, HEV-B, HEV-C, and HEV-D (Lefkowitz et al., 2018). HEV-A consists of coxsackieviruses (CV) A2-A8, A10, A12, A14, and A16 and enterovirus 71 (EV71) (Oberste et al., 2004). Among these HEVs, EV71, and CVA16 are the two main causative agents responsible for the severe and fatal HFMD (Chen et al., 2007; Mao et al., 2014; Xing et al., 2014). CVA2 caused recent sporadic occurrences and outbreaks of HFMD that have been frequently reported in Asia-Pacific regions, such as China (Hu et al., 2011), Hong Kong (Yip et al., 2013), Taiwan (Yen et al., 2017), Thailand (Chansaenroj et al., 2017), Japan (Ohara et al., 2016), and Korea (Baek et al., 2011). The continuous transmission and evolution of CVA2 have resulted in the genetic polymorphism, and the disease burden caused by CVA2 infections might be highly underestimated (Yang et al., 2018). CVA2 infections are general mild and self-limiting. However, the symptoms of infections in some patients rapidly worsen and become severe with neurological manifestations of encephalomyelitis, acute flaccid paralysis, and cardiorespiratory dysfunction (Bendig et al., 2001; Molet et al., 2016; Yen et al., 2017). CVA2 is a pathogen that is critically involved in herpangina (Chen et al., 2010). In comparison with EV71 frequently detected in fatal cases, the current body of knowledge on CVA2 is extremely limited. Due to the lack of effective antiviral agents, CVA2 infections with severe complications are mainly treated with symptomatic and supportive therapy. With the increase in the morbidity and mortality of CVA2 infection, the pathogenesis of this virus should be urgently studied, and therapeutic agents and vaccines need to be developed.

Animal models serve as an excellent tool for translational research and play a significant role in studying disease pathogenesis and development of vaccines or antiviral drugs. Nowadays, animal models of EV71, CVA16, CVA6, and CVA10 have been well established for the development of vaccines (Ong et al., 2010; Mao et al., 2012; Zhang et al., 2017a, b). However, a suitable animal model for CVA2 infection is still lacking. In the present study, we developed an animal model of CVA2 infection using 5-day-old BALB/c mice. Upon infection, these neonates exhibited neurological presentations, myocarditis, and pulmonary lesions similar to those observed in human patients. By employing this model, we investigated the relevance of increased inflammatory cytokines to the disease severity and the therapeutic effects of cytokine monoclonal antibodies (mAb). Furthermore, we evaluated the immune-protective effect of vaccination in mice with the candidate formaldehyde-inactivated CVA2 vaccine.



MATERIALS AND METHODS


Ethics Statements

The experimental animals were inbred, specific-pathogen-free BALB/c mice (certificate no. DW2019110074). All animal experiments were carried out strictly in accordance with the protocols approved by the Life Science Ethics Review Committee of Zhengzhou University (permission no: ZZUIRB2020-29).



Cells and Viruses

Human rhabdomoma (RD) cells and African green monkey kidney (Vero) cells (ATCC CCL-81) were cultured in DMEM (Gibco Company, New York, United States) supplemented with 10% fetal bovine serum (FBS, Gibco Company, New York, United States) and incubated at 37°C with 5% CO2. A total of 19 stool specimens were collected from children clinically diagnosed with HFMD in the First Affiliated Hospital of Xinxiang Medical College from January 2017 to December 2017. HFMD cases were clinically diagnosed according to the Ministry of Health Diagnostic Criteria1. Nineteen children who displayed vesicular rashes on the hands, feet, oral mucosa, or buttock in epidemic seasons were clinically diagnosed with HFMD. In this study, patients with severe complications, including neurological complications (e.g., encephalitis, meningitis, and brain stem encephalitis) and/or cardiorespiratory failure, were considered as having severe HFMD. Stool specimens were homogenized (20% weight/volume) in saline, centrifuged at 4,000 × g for 10 min at 4°C, and inoculated 100 μL of each clarified supernatant into RD cells. When cytopathic effect arose, RD cells were harvested for total nucleic acid extraction with a Qiagen Viral RNA extraction kit. The amplification and detection of nucleic acid were carried out using the RT-PCR instrument (SensoQuest). According to the Ministry of Health Diagnostic Criteria2, the primers used for viral RNA detection are shown in Supplementary Table 1. Viral genomes were sequenced by standard methods, and the CVA2 strain (We named it HN202009, accession number: MT992622) was used for subsequent animal study. The titers were determined by a median tissue culture infective dose (TCID50) assay in accordance with the method of Reed and Muench (Reed, 1938). All CVA2 stocks were subjected to three freeze-thaw cycles, clarified by centrifugation at 4,000 × g for 10 min at 4°C, filtered through a 0.22 μm micron filter, and stored at −80°C. The titer was quantified by the Reed–Muench method to be 2.45 × 107 TCID50/mL.



Mice

The BALB/c mice used in this study were obtained from Experimental Animal Center of Zhengzhou University, and all mice were housed in individually ventilated cages (IVC, Tecniplast) in a specific pathogen-free facility of the College of Public Health of Zhengzhou University on a 12 h light/dark cycle with ad libitum access to food and water.



Mouse Infection Experiments

To evaluate the pathogenicity of the CVA2 strain (HN202009) in a neonatal mouse model under different experimental conditions, we developed an animal model of infection based on dosage, inoculation route, and age. For the dose-dependent experiment, 5-day-old BALB/c mice were intramuscularly (i.m.) inoculated with 10-fold serially diluted CVA2 (102–107 TCID50 per mouse). To select a suitable inoculation route, we infected 5-day-old BALB/c mice via i.m., intraperitoneally (i.p.), and intracerebrally (i.c.) routes with 104 TCID50 of CVA2. To compare the susceptibility of mice with different ages to CVA2, we administered a dose (104 TCID50 per mouse) of CVA2 into the mice at different ages (3, 5, and 7 days) via i.m. route. The control mice were inoculated with an equal volume of culture supernatant of RD cells and kept in a separate cage from the infected mice. Each group included 10∼15 animals. The body weight, clinical signs, and survival rates of control or infected mice were recorded for 15 dpi (days post-infection). The grade of clinical disease was scored as follows: 0, healthy; 1, lethargy and inactivity; 2, ataxic; 3, lose weight; 4, hind limb paralysis; 5, dying or death. The control mice were healthy throughout the experiments. Median lethal dose (LD50) was calculated using the Reed and Muench method (Reed, 1938).



Histopathological and Immunohistochemical Analysis

The 5-day-old neonatal mice were i.m. inoculated with 104 TCID50 CVA2 strain HN202009. At 7 dpi, control and infected mice were euthanized. The brain, lung, skeletal muscle, spinal cord, and heart samples were obtained and fixed in 10% paraformaldehyde for 48 h. After fixation, paraffin-embedded organs and tissues were cut into 5 μm sections and stained with hematoxylin and eosin (H&E). The expression of CVA2 VP1 in the brain, lung, skeletal muscle, spinal cord, and heart samples of control and infected mice was detected by immunohistochemical (IHC) staining in accordance with a standard immunoperoxidase procedure as described previously (Zhang et al., 2017a). The Mouse CVA2 VP1 mAb used in this study was prepared in our own laboratory.



Quantitative Real-Time (RT) PCR

Total RNA was extracted from the organs and tissues of control and infected mice using TRIzol reagent (Invitrogen), and cDNA was generated by reverse transcription by using a kit (Yeasen) according to the manufacturer’s instructions. The expression of apoptotic genes of Vero cells such as caspase-8 and -9, and CVA2 VP1 of organs was measured by quantitative RT-PCR (Yeasen) using the instrument (Kubo Tech Co., Ltd.). The primers used for above experiments are listed in Supplementary Table 1. All results were normalized to β-actin expression levels (Liou et al., 2016). Relative expression of tested gene expression was calculated and normalized by the 2–ΔΔCt method.



Analysis of Tissue Lysates

The brain, lung, and skeletal muscle samples obtained from mice were weighed and quickly lyzed in a cold isolation buffer (Beyotime). The concentration of total protein was determined using a BCA protein assay kit (Biomed) according to the manufacturer’s instructions. The expression levels of IL-6, IL-10, IL-1β, TNF-α, and MCP-1 were measured using enzyme-linked immunosorbent assay (ELISA) kits (Biolegend), and the results were normalized by with the concentration of total proteins in each organ or tissue.



Western Blot Analysis

Total proteins from Vero cells were extracted using a protein extraction kit (CWbio Company Ltd.) according to the manufacturer’s instruction. For Western blot analysis, samples were resolved on SDS-PAGE and transferred into PVDF membranes. After incubation with primary antibodies, PVDF membranes were washed thrice and incubated with anti-goat secondary antibodies. Membranes were finally washed thrice and developed with an ECL enhanced Chemiluminescence Kit (Absin Bioscience, Inc.). The mouse CVA2 VP1 mAb used in this study was developed in our own laboratory.



Preparation of Formaldehyde-Inactivated CVA2 Whole-Virus Vaccine and Determination of Anti-CVA2 Antibody Titers

An inactivated CVA2 suspension with a formaldehyde concentration of 1:4,000 (vol/vol) was prepared by mixing 37% formaldehyde (GB/T685-1993) with CVA2 strain HN202009 (2.45 × 107 TCID50/mL). The viral suspension was then incubated at 37°C for 3 days (Martin et al., 2003). Viruses were confirmed to be totally inactivated after repeated RD cell culture and blind passage for up to 3 weeks. Five milliliters of the suspension were mixed with ImjectTM alum Adjuvant (Thermo) in equal volumes to produce an emulsion. Six-week-old adult female BALB/c mice were inoculated with 200 μL of inactivated CVA2 emulsion via the i.p. route. Blood samples of adult mice were collected 10 days after two immunizations with an interval of 2 weeks. The CVA2 antiserum was separated by centrifugation at 4,000 × g for 10 min at 4°C and stored at −80°C until analysis. The geometric mean titer (GMT) of the neutralizing antibody in the CVA2 antiserum was determined by in vitro micro-neutralization assays as described previously with slight modifications (Cai et al., 2013). Briefly, the CVA2 antiserum samples were serially diluted (1 to 1:10,000) by 10-folds using MEM containing 2% FBS. Exactly 50 μL of diluted antiserum was mixed with 102 TCID50 of CVA2 in 96-well plates and incubated at 37°C for 1 h. Then, 6 × 103 RD cells were added to each well of the 96-well plate and cultured at 37°C under 5% CO2. Three days later, the cells were inspected to determine the cytopathic effect (CPE). Neutralization titers were determined as the highest antiserum dilution that could fully protect cells from CPE.



Evaluation of the Therapeutic Effects of Monoclonal Antibodies Against Different Cytokines

To evaluate the therapeutic effects of mAbs against cytokines, we inoculated a lethal dose of CVA2 into 5-day-old mice (i.m.). After 12 h, these mice were injected i.p. with Ultra-LEAFTM purified neutralizing monoclonal anti-mouse IL-6, TNF-α, and MCP-1 IgG mAb (Biolegend) at 1.33 mg/kg (Khong et al., 2011), 50 mg/kg TNF-α (Scanga et al., 1999; Via et al., 2001), and 10 mg/kg MCP-1 (Morrison et al., 2003) per mouse. Suckling mice from the control group were injected with equivalent purified rat IgG1 (isotype control, Biolegend). All suckling mice were monitored daily upon infection for the occurrence of clinical symptoms and mortality up to day 15 post-infection as the experimental endpoint.



Effects of Passive Immunization and Maternal Antibody on 5-Day-Old Neonatal Mice

To study the protective effects of passive immunization, we administered CVA2 antiserum with 10-fold serial dilution (1–1:10,000) via i.p. injection into 5-day-old neonatal mice, while control mice were administrated with equal volumes of negative serum (NS) from female mice inoculated with control emulsion (without CVA2). Next day, a lethal dose of CVA2 was inoculated into the mice in both groups by the i.m. route. The clinical signs and survival rates were monitored and recorded daily until 15 dpi. To evaluate the immune-protective effects of maternal antibodies, intraperitoneally inoculated the 6-week-old mice with 200 μL of ImjectTM alum adjuvant-inactivated CVA2 emulsion, and the immune response was then strengthened by inoculation with another ImjectTM alum adjuvant-inactivated CVA2 emulsion 2 weeks later. After the first immunization, the female and male mice were mated immediately, and the dams were delivered 7∼10 days after the second immunization. Control 6-week-old maternal mice were intraperitoneally inoculated with equal volumes of emulsion (ImjectTM alum adjuvant- medium). A lethal dose of CVA2 was i.m. injected into the 5-day-old pups from immunized or control pregnant mice. The clinical signs and survival rates were monitored and recorded until 15 dpi.



Effects of Active Immunization on Neonatal Mice

Two groups (n = 7 per group) of newborn mice were inoculated with 50 μL of inactivated CVA2 whole-virus vaccine via i.p at day 1 and 3, separately. Five-day-old immunized mice (one of the two group) were exposed to a lethal dose of CVA2 (104 TCID50). The mice of another group were inoculated with medium. The unimmunized 5-day-old mice (n = 7) were inoculated with an equivalent lethal dose of CVA2. The clinical signs and survival rates were monitored and recorded until 15 dpi.



Statistical Analysis

Statistical analysis was performed with GraphPad Prism version 8.3 (GraphPad 8.3 Software, San Diego, CA, United States). The Mantel-Cox log rank test was used to compare the survival of different group mice. The results were expressed as the mean ± standard deviation (SD). Differences in the weight, mean clinical score, expression, or transcription levels of cytokines and viral loads were determined using unpaired student t-test or one-way analysis of variance (ANOVA). A P-value of < 0.05 after two-tailed t testing was regarded as significant.




RESULTS


Identification of CVA2 Strains in Clinical Isolates From HFMD Patients

A total of 19 patients diagnosed with HFMD were included in this study, and the clinical features are shown in Supplementary Table 2. Among them, 11 (57.89%) patients were severely diagnosed by clinicians. Eight (42.11%), three (15.79%), and five (26.32%) patients of these 19 patients were positive to enterovirus (EV) infection, EV71 IgM, and C-reactive protein (CRP), respectively, based on relevant clinical tests. Stool specimens from these patients were collected for further laboratory testing. The clarified supernatants of stool specimens were used to inoculate the RD cell line for four generations in blind passage. As shown in Supplementary Figure 1, after 48 hpi, all isolates from 19 specimens could induce CPE in RD cells. We used the primers of pan enteroviruses (PE), EV71, and CVA16 for nucleic acid test according to the Ministry of Health Diagnostic Criteria (Supplementary Table 1). Our results showed that strains #4, #6-#9 and #11∼#19 were PE positive (Figure 1Aa), strains #7, #8 and #11∼#14 were EV71 positive (Figure 1Ab), and strains #4, #6, #8, #9 and #15∼#18 were CVA16 positive (Figure 1Ac). Next, the RT-PCR products from above were sequenced. Notably, sequence alignment showed that the clinical isolates, which were EV71 positive (#7, #11, and #12), were actually CVA2 strains (Supplementary Table 3). We designed a new pair of primers based on the sequence of CVA2 VP1 genome (Supplementary Table 1) to confirm these findings. As shown in Figure 1B and Supplementary Table 3, these three strains were indeed CVA2 strains. Phylogenetic tree analysis based on the capsid protein P1 of CVA2, CVA4, CVA16, and EV71 strains identified worldwide also showed A2 type of these CV strains (Figure 1C). The nucleotide sequences of the VP1 genome in these three CVA2 strains were deposited in the GenBank database under accession number, MT847604, MT847605, and MT847606, respectively (We named them HN171201, HN170701, and HN171101, respectively.). In this study, we selected strain #11 (HN171101, accession number: MT847606) for subsequent animal experiments based on the results from the induced CPE in RD cells. The full-length genomic sequence of #11 strain was deposited in the GenBank database under accession number MT992622. The phylogenetic tree analysis of HN202009 together with the strains that have the highest homologous sequence in the NCBI database by using the neighbor-joining method in the MEGA-X software (Supplementary Figure 2). Subsequently, we performed recombination analysis of HN202009 strain (Figure 1D) and found that HN202009 exhibited the highest degree of similarity to CVA2 Fleetwood (AY421760.1) in the capsid region with approximately 80% nucleotide identity. However, the boot scanning graph showed a sound phylogenetic relationship in the non-capsid region between HN202009 and the other EVs, indicating possible recombination events. HN202009 was most closely related to AY421760.1 in the capsid genome, which was consistent with the Simplot analysis results. We detected CVA2 virus particles in infected Vero cells (Figure 1Ea), and the shape of inactivated CVA2 viruses was round or oval with a diameter of 26∼35 nm (Figures 1Eb,c). As shown in Figure 1F, the expression of VP1 was increased after CVA2 infection at the indicated doses and exhibited a marked dose-dependent manner. We also found that CVA2 infection could induce cell apoptosis with the increased levels of caspase-8 and caspase-9 mRNA (Figures 1G,H). Our results suggest the outbreak of CVA2 in Henan Province, China and a natural recombinant of CVA2 (HN202009) infection has a correlation with HFMD severity.
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FIGURE 1. Identification of CVA2 strains in clinical isolates from HFMD patients. (A) PCR analysis of 19 patient samples. a. samples 4, 6, 7, 8, 9, 11, 12, 13, 14, 15, 16, 17, 18, and 19 showed positive PE nucleic acid; b. Samples 7, 8, 11, 12, 13, and 14 were positive for EV71 nucleic acid; and c. Samples 4, 6, 8, 9, 15, 16, 17, and 18 were positive for CVA16 nucleic acid. (B) The PCR products (1,003 bp) of samples 7, 11, and 12. (C) A genetic evolutionary tree of samples 7, 11, and 12 VP1 (1,003 bp) by using the neighbor-joining method. (D) Recombination analysis of the full-length genome of HN202009 by using the Simplot. (E) Transmission electron micrograph of the infected Vero cells and inactivated CVA2 virions. a. Virus inclusion bodies in infected Vero cells; b and c. Spherical particles of the CVA2 virions with a diameter of 26∼35 nm. (F) The relative expression of VP1; and (G,H). The expression of caspase-8 and caspase-9 RNA in the infected cells with increased doses of CVA2. Positive control, PC; negative control, NC. *P < 0.05; **P < 0.01; ***P < 0.001.




Establishment of a Mouse Model of CVA2 Infection

To establish a mouse model for CVA2 infection, we inoculated 5-day-old neonatal mice via i.m. with 10-fold serially diluted CVA2 (102–107 TCID50 per mouse) and observed the development of clinical signs. Mice inoculated with CVA2 at doses of 107 and 106 TCID50 rapidly died within 5 days. When the infectious dose was reduced to 103 or 102 TCID50 per mouse, these mice showed neurological symptoms, such as ataxia and paralysis, or death at 4–5 dpi, and the ultimate survival rates were 42.86 and 61.54%, respectively. In comparison with the other infectious doses, the mice infected with the challenge dose of 104 TCID50 exhibited typically neurological symptoms at 2 dpi and all died at 9 dpi (Figure 2A). These results showed that CVA2-infected mice exhibited dose-dependent pathogenesis and mortality. The LD50 of CVA2 strain HN202009 was 3.63 × 102 TCID50. Hence, the titer of 104 TCID50/mouse was selected as the optimal inoculation dose (approximately 28 LD50). To determine the effect of inoculation route on CVA2 susceptibility, we infected 5-day-old BALB/c mice via i.p., i.c, or i.m. routes with a lethal dose of CVA2 (104 TCID50). Both mice inoculated via the i.c. and i.m. routes became sick at 1 dpi and resulted in 100% mortality. However, the i.c route was unsuitable for antiviral studies because of the rapid disease process and short survival time. Compared with i.c. and i.m. routes, mice inoculated with CVA2 via i.p. remained resistant to disease (Figure 2B). The i.m. route was finally selected as the standard route of CVA2 infection in the subsequent experiments. To determine the age susceptibility to CVA2 infection, we administered 104 TCID50 CVA2 to mice with different ages (3, 5, and 7 days) via the i.m. route. CVA2 infection resulted in a rapid disease onset and a short survival time in 3-day-old mice. Mice younger than 7 days were more susceptible to CVA2 infection, implying age dependency. The average clinical scores of the 5-day-old mice were more than 4 after 5 dpi, and all infected mice died between 3 and 8 dpi (Figure 2C). Therefore, the 5-day-old BALB/c mice were selected as animal models in the subsequent experiments. Control mice inoculated with culture supernatants of RD cells were healthy throughout the experiment. Clinical signs of weight loss, reduced mobility, and neurological signs, such as ataxia, and limb paralysis in CVA2-infected mice were shown in Figure 2D, and these neurological manifestations were similar to those with human infections.
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FIGURE 2. Establishment of the CVA2 infection mouse model. (A–C) Body weights, survival rates, and mean clinical scores of mice. Five-day-old BALB/c mice (n = 10∼15 per group) were i.m. inoculated with different doses of CVA2 (102∼107 TCID50/mouse, respectively). Control animals were administered culture medium instead of virus. The body weights (A-a,B-a,C-a), survival rates (A-b,B-b,C-b), and clinical scores (A-c,B-c,C-c) in each group of neonatal mice were measured. (D) Two representative pictures of clinical signs (weight loss, reduced mobility, ataxia, and single or double hind limb paralysis) induced by CVA2 in mice. a. 5 dpi and b. 7 dpi. **P < 0.01; ****P < 0.0001; ns, non-significant result.




Histopathological Determination in CVA2-Infected Mice

To identify the pathological features of CVA2-infected mice, we performed H&E staining (Figure 3) of major visceral organs or tissues at 7 dpi. We observed cellular damage (such as degeneration and neuronophagia) and inflammatory changes (such as gliosis and perivascular cuffing) in the brains and spinal cords of infected mice with clinical signs. We also observed severe pathological changes in lungs and skeletal muscles derived from CVA2-infected mice. The lungs presented inflammatory hyperemia, characterized with massive erythrocytes leakage, which was typical clinical manifestation of pulmonary hemorrhage in human infections. The skeletal muscles exhibited myofiberlysis, necrosis, and inflammatory cell infiltration. In addition, we observed viral myocarditis characterized with lymphocytic and mononuclear cell infiltration and myocardial rupture. In control mice, the relevant organs or tissues were almost unaffected.
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FIGURE 3. Histopathological changes in CVA2-infected mice. In the brain tissue and spinal cord, neurophagy and lymphocyte infiltration occurred. The lungs presented inflammatory hyperemia characterized with massive erythrocytes leakage. The skeletal muscles exhibited myofiberlysis, necrosis, and inflammatory cell infiltration. Severe viral myocarditis was observed, characterized with lymphocytic and mononuclear cell infiltration and myocardial rupture. In control mice, the upper organs or tissues were almost unaffected. All experiments were repeated for four times.




Viral Replication in CVA2-Infected Mice

IHC staining of major organs or tissues (Figure 4A) was performed at 7 dpi to determine the antigen distribution in CVA2-infected mice. Viral antigen (CVA2 VP1) was detected in the affected neurons in the brain and spinal cord samples, and alveolar cells in lungs, and muscle fiber cells in skeletal muscles, and cardiomyocytes in heart, derived from CVA2-infected mice. The control mice did not have any VP1 antigens in above organs or tissues as expected. Next, viral loads, which were expressed as CVA2 RNA level in multiple organs or tissues (Figure 4B), were determined at 3, 5, and 7 dpi by using quantitative RT-PCR. Viral loads in the brain, lung, heart, kidney, liver, skeletal muscle, and spleen samples from CVA2-infected mice reached the maximum at 7 dpi. Consistent with the severe pathological changes in the skeletal muscles, at the early stages of 3 dpi, viral replication with extremely high viral load was only detected in skeletal muscles. In addition, the lung, heart, kidney, liver, and spleen samples from CVA2-infected mice had comparably high viral loads at later time points. Collectively, viral replication was detected in multiple organs or tissues from CVA2-infected mice, and skeletal muscle might be the main replication site, thus supporting the pathological changes in corresponding tissues or organs.
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FIGURE 4. Viral distribution in the tissues and organs of CVA2-infected mice. Immunohistochemical staining and CVA2 viral loads of infected 5-day-old mice after intramuscular challenge with lethal doses of CVA2 or medium (mock control). (A) The viral antigen was diffusely distributed in all the isolated tissues; no antigen was detected in the control group. Magnification: 500×. All experiments were repeated for four times. (B) The viral loads of different organs (brain, lungs, heart, liver, spleens, kidney, and limb muscles) from mice infected with CVA2. Results are expressed as numbers of viral RNA copies normalized by β-actin from the same organ/tissue (n = 4 per group).




Expression of Inflammatory Cytokines in the Tissue Lysates of CVA2-Infected Mice

To examine the involvement of inflammatory reaction in the process of CVA2 infection, we analyzed the expression of inflammatory cytokines in tissue lysates at 3, 5, and 7 dpi by ELISA. As shown in Figure 5, the transcription levels of TNF-α, IL-6, IL-10, and MCP-1 in the tissue lysates of brains, lungs, and skeletal muscles derived from CVA2-infected mice were all significantly induced at 7 dpi (P < 0.05). They were induced at the early stage of infection and were increased rapidly. The protein expression level of IL-1β in the tissue lysates was below detection. It is possible that these pro-inflammatory cytokines, such as TNF-α, IL-6, and MCP-1, might play important roles in the pathogenesis of CVA2 infection.
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FIGURE 5. Expression of tissue grinding lysate proinflammatory cytokines in CVA2-infected mice. The expression levels of IL-6, IL-10, TNF-α, and MCP-1 in tissue grinding lysate (brain, lung, and muscle) of the 5-day-old neonatal mice via i.m. inoculated with lethal doses of HN202009 at 3, 5, and 7 dpi were determined using mouse ELISA detection kits (n = 4). *P < 0.05; **P < 0.01; ***P < 0.001.




Therapeutic Effect of Anti-cytokine mAbs for CVA2 Infection in vivo

To access the therapeutic roles of anti-cytokine mAb in vivo, we inoculated 5-day-old neonatal mice via i.m. with 104 TCID50 CVA2 and administered with isotype control, anti-TNF-α, anti-IL-6, and anti-MCP-1 mAbs via the i.p. route at 12 h post infection. As shown in Figures 6A,B, anti-IL-6 mAb and anti-MCP-1 mAb treatment seemed to improve the survival rate and delayed disease onset, but the differences had no statistical significance (P > 0.05). Additionally, anti-TNF-α mAb treatment showed no effect on the survival rate and the mean clinical scores of CVA2-infected mice. Therefore, the blockage of pro-inflammatory cytokines failed to stop disease progression induced by CVA2 infection.
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FIGURE 6. The therapeutic effect of mAb treatment in the CVA2 infection mouse model. Five groups (n = 7 per group) of 5-day-old mice were inoculated i.m. with 104 TCID50/mouse of CVA2. After 12 h, mice were injected i.p. with Ultra-LEAFTM purified neutralizing monoclonal anti-mouse IL-6 (1.33 mg/kg), TNF-α (50 mg/kg), and MCP-1 (10 mg/kg) IgG mAb. Suckling mice from the control group were injected with equivalent purified rat IgG1 (isotype control). The treated mice were observed daily for survival rates (A) and clinical scores (B) and there was no significant statistical difference compared with group CVA2 + Isotype control.




Effects of Passive Immunization and Maternal Antibody on 5-Day-Old Neonatal Mice

Next, we would like to study whether therapeutic antibodies could be used to control CVA2 infection. First, CVA2 antiserum was collected at 10 dpi after two immunizations of mice with inactivated CVA2 vaccine and used in a microneutralization assays. The GMT of CVA2 antibody (GMT = 1:1,000) was calculated by applying 10-fold serial dilutions of the CVA2 antiserum to RD cells. To evaluate the therapeutic effect of the CVA2 antiserum on the mice, we passively transferred 50 μL of the CVA2 antiserum at original and dilutions of 1:10, 1:100, 1:1,000, and 1:10,000 or the negative serum (NS) into suckling mice, followed by i.m. inoculation with 104 TCID50 CVA2. As shown in Figure 7A, mice received NS and diluted CVA2 antiserum started to present clinical signs of limb paralysis at 1 dpi and all died at 9 dpi. No protective effect was observed in mice with the administration of diluted CVA2 antiserum. By contrast, all mice administered with original CVA2 antiserum survived, and no neurological symptoms were observed, indicating that CVA2 antiserum could provide 100% protection to the infected neonatal mice.
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FIGURE 7. Effects of passive immunization and maternal antibody on 5-day-old neonatal mice. (A) Effects of passive immunization. (B) Effects of maternal antibody. The survival rates (A-a,B-a) and clinical scores (A-b,B-b) were monitored and recorded daily until 15 dpi (n = 10−15 per group). The Mantel-Cox log rank test was used to compare the survival of the pups in each antiserum group and that of the pups in the control group at 15 dpi. ****P < 0.0001.


To determine the effect of maternal antibody, we immunized 6-week-old female mice twice with the inactivated CVA2 or the control emulsion. After delivery, the 5-day-old newborn mice were i.m. inoculated with 104 TCID50 CVA2. The experimental group remained normal during the observation period with a 100% survival rate and showed no clinical signs of ataxia and limb paralysis, indicating that the maternal antibody could provide immuno-protection for pups. However, the clinical symptoms of the control group were severe, and all the mice died at 3∼8 dpi (Figure 7B). Together, passive immunization and maternal antibody provided good immune protection in newborn mice.



The Active Immunization With Inactivated CVA2 Whole-Virus Vaccine Protects Neonatal Mice Against Infection

To study whether active immunization could protect neonates, we inoculated newborn mice with 50 μL of inactivated CVA2 whole-virus vaccine via i.p at day 1 and 3, respectively and then exposed 5-day-old immunized mice to a lethal dose of CVA2 (104 TCID50). As shown in Figure 8A, after CVA2 infection, the survival rate of the mice in the active immunization group was 100%, while the mice without vaccination totally died at 9 dpi. The vaccinated mice only presented mild clinical symptoms with 1 or 2 clinical score within 6 days and then stayed normal (Figure 8B). By contrast, the unvaccinated mice showed clinical signs at 2 dpi, and all developed into severe or death at 4∼9 dpi. These data indicated that the inactivated CVA2 whole-virus vaccine could generate immune protection in neonatal mice.
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FIGURE 8. The active immunization with inactivated vaccine protects pups against viral challenge. The inoculated mice were monitored daily for survival rates (A) and clinical scores (B) for 15 days. The log-rank (Mantel-Cox) test was used to compare the survival curve between vaccine group and the negative control group. ****P < 0.0001.





DISCUSSION

Due to the wide application of EV71 inactivated vaccine in China, EV71 is no longer the leading cause of HFMD (Huang et al., 2018); however, frequent outbreaks of CVA2-related HFMD have been reported worldwide, and the emergence of fatal cases is closely watched. Considering the limited knowledge of this emerging virus, a sensitive and reproducible animal model of CVA2 infection is needed to study the pathogenesis of this virus and to develop therapeutic vaccines and antiviral drugs. To the best of our knowledge, an animal model of CVA2 infection has not been established. In the present study, we introduced a neonatal mouse model for CVA2 infection by i.m. inoculating 5-day-old BALB/c mice with a lethal dose of CVA2 strain (HN202009). The infected mice exhibited ataxia, limb paralysis, tachypnea, and even death, which were similar to the clinical signs of human infections. Moreover, the results of histopathological examination showed neuronal damage and gliosis in the central nervous system, pulmonary hemorrhage, myofiberlysis, and necrosis in skeletal muscle and leukocyte infiltration in myocardial tissue. The results of IHC staining and quantitative RT-PCR indicated CVA2 replication in multiple organs or tissues, and CVA2 exhibited strong tropism to the skeletal muscles. Furthermore, CVA2 infection induced expression of inflammatory cytokines in target organs or tissues; however, the blockade of pro-inflammatory cytokines had no clear therapeutic effects in mice after CVA2 infection. We also used this model to evaluate the protective effects of maternal antibodies, and passive and active immunization with an inactivated whole-virus vaccine, showing good immune protection in neonatal mice. Thus, our animal model can be employed for further development of antiviral drugs and vaccines, and the pathogenesis of CVA2.

The EV71 and CVA16 vaccines were developed with the help of several animal models (Ong et al., 2010; Dong et al., 2011; Yao et al., 2019; Yang et al., 2020). In the present study, we accidentally found that some EV71-positive patients with HFMD were actually infected with CVA2, suggesting that the specificity of laboratory general primers designed for EV71 test should be improved. CVA2 is an emerging pathogen of HFMD in the world, and we first reported the outbreak of CVA2 in Henan Province, China. Natural recombination is a frequent event in human enterovirus A evolution (Hu et al., 2011). Our data also showed that possible recombination occurred in the non-capsid region with other HEVs. The pairwise comparison of VP1 nucleotide sequences of the same serotypes revealed high intra-type variation of CVA2 isolates (84.6–99.3% nucleotide identity) (Park et al., 2012). Further research is needed to determine why EV71 general primers were able to amplify the VP1 of CVA2.

CVA2 can cause severe respiratory symptoms and different neurological manifestations in humans, such as encephalomyelitis and polio-like flaccid paralysis (Yip et al., 2013; Yen et al., 2017). Some severe infections were suddenly died without obvious warning (Yip et al., 2013; Molet et al., 2016). Clinical reports also indicated fatal myocarditis and pulmonary edema in CVA2 infections (Bendig et al., 2001). In the present study, a clinical CVA2 strain was employed to inoculate 5-day-old BALB/c mice by i.m., and the mice developed significant clinical signs, including weight loss, reduced mobility, ataxia, and limb paralysis, with significant pathology in the brain, spinal cord, heart, skeletal muscle, and lung samples of infected mice in the moribund state. Histological and viral examinations demonstrated viral replication in the brain, spinal cord, skeletal muscle, lung, and heart samples. These results are very similar to those from other animal models of EV71, CVA16, CVA6, and CVA10 (Liu et al., 2014; Wang and Yu, 2014; Zhang et al., 2017a, b), suggesting that the tissue damage induced by CVA2 is related to viral replication. Moreover, unlike the other animal models of HEVs, viral myocarditis and pulmonary congestion were observed in neonatal mice after CVA2 infection. Our findings highlighted the similarities in neurological complications and in myocardial and lung injury observed in humans and mice. Furthermore, the age-dependent susceptibility of neonatal mice to CVA2 infection reflects the human situation, where children younger than 5 years old are more susceptible for HEV infection (Solomon et al., 2010). Nonetheless, some differences remain between mice and humans. Enteroviruses are mainly transmitted via the fecal–oral route (Solomon et al., 2010). In comparison with human infections, mice were less susceptible to oral infection and did not display typical cutaneous lesions found in humans (Ooi et al., 2010; Fujii et al., 2013; Yang et al., 2016). Similar to other enterovirus infection models, skeletal muscle exhibited severe damage and had high viral titers of viruses, which were not observed in humans. Our results also indicated that skeletal muscle was the major site of viral replication during the early stage of CVA2 infection. Therefore, whether limb paralysis was caused primarily by skeletal muscle or CNS damage remains to be determined. Skeletal muscles are known to support persistent enterovirus infection and provide a viral source of entry into the CNS during poliovirus infection. In this study, mice with i.c. inoculation rapidly developed into limb paralysis, while the development of severe illness in mice with i.p. or i.m. inoculation was delayed. Hence, CVA2 could somehow spread to the brain via the spinal cord with the increase of virus propagation in the back muscle of mice, leading to disease manifestations such as flaccid paralysis.

A cytokine storm is an excessive immune response and a complication that significantly contributes to HFMD severity (Solomon et al., 2010). Extremely high levels of several cytokines and chemokines have been reported for patients with severe HFMD patients (Solomon et al., 2010). Likewise, the levels of inflammatory cytokines of IL-6, IL-10, TNF-α, and MCP-1 were significantly elevated in the tissue lysates of brain, lung, and skeletal muscle samples obtained from CVA2-infected mice. To explore the actual roles of the above-mentioned proinflammatory cytokines in the animal model, we administered anti-TNF-α, anti-IL-6, and anti-MCP-1 mAbs into neonatal mice that were inoculated with a lethal dose of CVA2. Although anti-IL-6 and anti-MCP-1 mAbs improved the survival rate and delayed the onset of clinical symptoms, no statistical significance was observed. Some researchers have proposed that sustained high levels of IL-6 alone can cause severe tissue damage (Mihara et al., 2012; Tanaka et al., 2014; Hunter and Jones, 2015). The administration of anti-IL-6 neutralizing antibodies after the onset of clinical symptoms successfully improved the survival rates and reduced the clinical scores of the EV71-infected mice (Khong et al., 2011). Except for IL-6, the two other pro-inflammatory cytokines (TNF-α and MCP-1) also play important roles in the occurrence and development of many diseases (Kalliolias and Ivashkiv, 2016; Udalova et al., 2016; Franca et al., 2017; Bianconi et al., 2018; Georgakis et al., 2019). Therefore, whether cytokine mAbs have any therapeutic effects on CVA2 needs further investigation.

Immunization is the most effective tool for the control of HFMD epidemics. Thus far, no effective treatment regimen has been developed for HFMD, and only i.v. immunoglobulin has been licensed as an anti-EV71 therapy; however, its efficacy has not been demonstrated (Wang et al., 2006). An important part for the development of a CVA2 vaccine is the verification of protective functions of anti-CVA2 serum in vivo similar to those of EV71 antiserum (Li et al., 2014; Zhu et al., 2014). In the current study, we i.p. inoculated neonatal mice with CVA2 antiserum to examine the protective efficacy of passive immunization. We found that the CVA2 antiserum could inhibit the CPE induced by CVA2 in vitro. Original antiserum showed 100% protection against a lethal viral challenge, indicating that neutralizing antibodies may play an essential role for in vivo protection but required a higher quantity to achieve protection. The specific CVA2 neutralizing antibody had a protective efficacy with a significant dose-response effect in neonatal mice. After delivery of immunized adult female mice, the 5-day-old newborn mice were i.m. inoculated with 104 TCID50 CVA2. The pups from immunized mothers remained normal during the observation period with a 100% survival rate and showed no clinical signs of ataxia and limb paralysis, indicating that the specific maternal antibody vertically transferred from mothers across the placenta to pups could provide excellent protection against CVA2 challenge. EV infection or immunization can induce generation of neutralizing antibodies, and the positive rate of neutralizing antibodies was high in babies or infants living in epidemic areas (Mao et al., 2010). Our results suggested that the candidate CVA2 vaccine induced sufficiently high levels of protective neutralizing antibodies in adult female mice and protected their pups from infection by vertical transmission (Fu et al., 2016). The EV71 vaccine can provide protection against EV71-associated HFMD or herpangina in infants and young children (Zhu et al., 2013, 2014). Although the immune system of neonatal mice is not fully developed, and a complete, fully functional immune response is hard to induce. Our results clearly indicated that the active immunization with inactivated CVA2 whole-virus vaccine could protect the neonatal mice against a lethal dose of CVA2. Inactivated vaccines could generate immune protection in 1-day-old neonatal mice despite the relatively low antibody titers in neonatal mice (Zhang et al., 2018). The phase III clinical trial indicated that the low antibody titer (1:16) can effectively prevent EVA71-associated HFMD or herpangina (Zhu et al., 2014), which may be associated with the high levels of B lymphocyte humoral immune responses stimulated by the secretion of IL-4 (Kohlmeier and Woodland, 2009; Zhang et al., 2018). The difference in neutralizing epitopes or cross-protective capacity with other EVs requires further investigation.

In summary, we have first developed a sensitive and reproducible model for CVA2 infection. By using this animal model, we determined the histopathology of CVA2 infection and studied the relationship between the abnormal expression of proinflammatory cytokines and disease severity. Importantly, passive immunization with CVA2 antiserum and maternal antibody provided good immune protection. Furthermore, active immunization with the inactivated CVA2 whole-virus vaccine could generate immune protection in neonatal mice. Taken together, this mouse model of CVA2 infection provides a reliable tool for the development of antiviral drugs or vaccines, which will be beneficial for the prevention and control of CVA2-associated HFMD.
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The outbreaks of enterovirus 71 (EV71)-associated hand, foot, and mouth disease (HFMD) have emerged as an emergency of global health due to its association with fatal encephalitis and subsequent neurogenic pulmonary edema; however, the molecular characteristics and pathological features underlying EV71-associated encephalitis and pulmonary edema remain largely unknown. In this study, we performed a proteomic analysis of fresh brain and lung tissues from EV71-infected mice at 7 days post infection. We detected a perturbed expression of 148 proteins in the brain and 78 proteins in the lung after EV71 expression. Further analysis showed that the dysregulated proteins in the brain are involved in a variety of fundamental biological pathways, including complement and coagulation cascades, innate and adaptive immune responses, platelet activation, and nitrogen metabolism, and those proteins in the lung participate in innate and adaptive immune responses, phagosome, arginine biosynthesis, and hypoxia-inducible factor 1 signaling pathway. Our results suggested that immune activation, complement and coagulation dysfunction, platelet activation, imbalance of nitrogen metabolism, and hypoxia could be involved in the pathogenesis of EV71, which explains the major clinical manifestation of hyperinflammatory status of severe HFMD cases. Our study provides further understanding of the molecular basis of EV71 pathogenesis.

Keywords: enterovirus 71, quantitative proteomics, central nervous system, pulmonary edema, complement and coagulation cascades


INTRODUCTION

Hand, foot, and mouth disease (HFMD) is a common childhood illness caused by human enteroviruses belonging to the Enterovirus genus in the Picornaviridae family, characterized by blister-like sores or rashes on the hands, feet, and mouth (Solomon et al., 2010). Among these enteroviruses, enterovirus 71 (EV71) is one of the major pathogenic agents of HFMD (Solomon et al., 2010). In 1969, EV71 was first isolated from the stool specimen of pediatric patients with central nervous system (CNS) disease in California (Schmidt et al., 1974). Since then, outbreaks or epidemics of EV71 have been frequently reported in a range of countries worldwide (Solomon et al., 2010). The outbreaks in recent years mainly occurred in the Asia-Pacific region, including China (Ho et al., 1999; Yang et al., 2017), Singapore (Ang et al., 2015), Malaysia (Chan et al., 2000), Vietnam (Van Tu et al., 2007), and Japan (Mizuta et al., 2005). Sporadic cases were also frequently reported from most European countries, such as France (Mirand et al., 2016), United Kingdom (Teo et al., 2019), Germany (Karrasch et al., 2016), and Italy (Neri et al., 2016), suggesting that EV71 becomes a global health threat. Most EV71 infections are generally mild and do not require special antiviral treatment, but some cases can develop into severe complications, such as aseptic meningitis, acute flaccid paralysis, and neurogenic pulmonary edema (Solomon et al., 2010). In severe cases, the disease is characterized by sudden deterioration, rapid progression, high mortality, and neurological sequelae (Solomon et al., 2010). Between 2008 and 2012, 2,457 fatal cases were reported in China alone (Xing et al., 2014). In 1997, 2000, and 2006, 41, eight, and six deaths caused by EV71 were reported in Malaysia, respectively (Chua and Kasri, 2011). From 1998 to 2010, about 250 patients died of EV71 infection in Taiwan, China (Wang et al., 2012a). As a matter of fact, EV71 has been considered as the most severe neurotropic virus in the post-polio era. Although EV71-inactivated vaccine has been approved by the China Food and Drug Administration (Mao et al., 2016), the incidence of HFMD remains high. To date, no effective antiviral treatment is available to treat severe infections except symptomatic therapies. Therefore, there is still a long way to go before reaching effective protection against HFMD severity.

Established evidence suggests that EV71 can invade the CNS system through a disrupted blood–brain barrier (BBB) or retrograde axonal spread, leading to CNS lesion (Solomon et al., 2010). During the EV71 epidemic in the Asia-Pacific region, a large number of infections with severe neurological disease were recorded (Ho et al., 1999; Mizuta et al., 2005; Van Tu et al., 2007; Chua and Kasri, 2011; Xing et al., 2014). Children younger than 5 years old possess the highest incidence of CNS disease (Chang et al., 2002). Evidence from imaging and histopathological analysis indicates that the neurological complications and neural disorders in EV71 infections may be associated with inflammation in the CNS region, including the cerebral cortex, the brain stem, and the spinal cord (Lum et al., 1998; Huang et al., 1999; Chen et al., 2001; Huang, 2001). The pathological features of CNS damage caused by EV71 are described as perivascular cuffs, variable edema, neuronophagia, and microglia nodules, which are extremely similar to those in encephalitis induced by other viruses (Solomon et al., 2010). Pulmonary edema and hemorrhage were other severe complications observed in EV71 infections, resulting in the highest mortality (Chang et al., 1999, 2002; Chan et al., 2000; Chen et al., 2001). Several autopsy reports on EV71 patients who died from pulmonary edema showed that inflammation was only observed in the CNS region, not detected in the lung and heart (Lum et al., 1998; Shieh et al., 2001; Chang et al., 2007). These lines of evidence suggest that EV71-induced pulmonary edema may be a neurogenic origin, a secondary effect of autonomic dysfunction due to infection within the brainstem. Although this acute lung injury was preceded by and closely related to the CNS damage, our knowledge on EV71 pathogenesis in the brain remains largely unknown.

Biomacromolecules (typically polypeptides/proteins) are the key participants in many cellular processes. Their composition, trafficking, and interactions underlie the dynamic processes of human life (Li et al., 2017). Diseases are often accompanied by the malfunction of proteins at multiple levels. Exploring how biological procedures are regulated at the protein level is of great importance to understand the molecular basis for viral pathogenesis (Aslam et al., 2017; Li et al., 2017). In the present study, we used mass spectrometry (MS)-based proteomics to identify proteins whose expression was affected by EV71 infection in mice. Our study will provide further understanding of EV71 pathogenesis.



MATERIALS AND METHODS


Ethics Statement

The experimental animals were inbred, specific-pathogen-free BALB/c mice. All animal experiments were approved by the Life Science Ethics Review Board of Zhengzhou University (permission no. ZZUIRB2020-29).



Mice

The BALB/c mice used in this study were obtained from the Experimental Animal Center of Zhengzhou University, and all mice were housed in a specific-pathogen-free facility of the College of Public Health of Zhengzhou University on a 12-h light/dark cycle, with ad libitum access to food and water.



Animal Infection Experiments

As described in our previous study (Jin et al., 2018a), 3-day-old BALB/c mice were inoculated intraperitoneally (i.p.) with 2 × 106 pfu EV71 (ZZ1350 strain, KY886010.1). The control mice were inoculated with an equal volume of the culture supernatant of human rhabdomyosarcoma (RD) cells and kept in a separate cage. Brains and lungs were removed from euthanized mice at 7 days post-infection (dpi) for quantitative proteomics (n = 4 for control-infected mice; n = 4 for EV71-infected mice), immunohistochemical (IHC) (n = 2 for control-infected mice; n = 2 for EV71-infected mice), and Western blotting analyses (n = 2 for control-infected mice; n = 2 for EV71-infected mice). The IHC and Western blotting data shown are representative of three separate experiments.



Tissue Protein Isolation

The tissue samples were fully homogenized with an electric tissue homogenizer on ice. After that, RIPA lysis buffer (1 ml/100 mg) containing 1% protease inhibitor cocktail was added to the samples. After lysis on ice for 1.5 h, the debris was removed by centrifugation at 12,000 g at 4°C for 10 min. Finally, the supernatant was collected, and the protein concentration was determined with a BCA kit (Thermo) according to the manufacturer’s instructions.



Enzymatic Digestion

For digestion, the protein extracts were reduced with 5 mM dithiothreitol (Sigma Aldrich, St. Louis, MO, United States) for 30 min at 56°C and alkylated with 11 mM iodoacetamide (Sigma Aldrich) for 15 min at room temperature in darkness. The urea concentration of the sample is diluted to less than 2 M. Finally, trypsin was added at 1:50 trypsin-to-protein mass ratio for the first digestion overnight and 1:100 trypsin-to-protein mass ratio for a second 4-h digestion.



TMT Labeling

After trypsin digestion, the peptides were desalted by Strata X C18 SPE column (Phenomenex) and vacuum-dried. The peptides were then reconstituted in 0.5 M TEAB and processed according to the manufacturer’s protocol for TMT kit. Briefly, one unit of TMT reagent was thawed and reconstituted in acetonitrile. The control-infected samples were labeled with 126, 127N, 127C, and 128N and the EV71-infected samples were labeled with 128C, 129N, 129C, and 130N. The peptide mixtures were then incubated for 2 h at room temperature and pooled, desalted, and dried by vacuum centrifugation.



HPLC Fractionation

The TMT-labeled peptides were fractionated by high-pH reverse-phase HPLC using Agilent 300Extend C18 column (5 μm particles, 4.6 mm ID, 250 mm length; Supelco, Bellefonte, PA, United States). Briefly, the peptides were first fractionated with a gradient of 8 to 32% acetonitrile (pH 9.0) over 60 min into 60 fractions. Then, the peptides were noncontiguously pooled into 18 fractions and dried by vacuum centrifugation.



LC–MS/MS Analysis

The dried samples were dissolved in 0.1% formic acid (solvent A) and directly loaded onto a homemade reversed-phase analytical column (15 cm length, 75 μm ID; Thermo). The gradient was comprised of an increase from 6 to 23% solvent B (0.1% formic acid in 98% acetonitrile) over 26 min, 23 to 35% in 8 min, climbing to 80% in 3 min, and then holding at 80% for the last 3 min, all at a constant flow rate of 400 nl/min on an EASY-nLC 1000 UPLC system (Thermo).

The peptides were subjected to nanospray ion source followed by tandem mass spectrometry (MS/MS) in Q ExactiveTM Plus (Thermo) coupled online to the UPLC. The electrospray voltage applied was set to 2.0 kV in positive-ion mode. The m/z scan range was 350 to 1,800 for full scan, and intact peptides were detected in the Orbitrap at a resolution of 70,000. Peptides were then selected for MS/MS using NCE setting as 28, and the fragments were detected in the Orbitrap with 17,500 resolution. A data-dependent procedure that alternated between one MS scan followed by 20 MS/MS scans, with 15.0-s dynamic exclusion. Automatic gain control was set at 5E4. Fixed first mass was set as 100 m/z.



Data Analysis

All raw files were processed using Maxquant search engine (v.1.5.2.8). Tandem mass spectra were searched against mouse database concatenated with reverse decoy database. Trypsin/P was specified as cleavage enzyme allowing up to two missing cleavages. The mass tolerance for precursor ions was set to 20 ppm in the first search and 5 ppm in the main search, and the mass tolerance for fragment ions was set to 0.02 Da. Carbamidomethyl on Cys was specified as fixed modification, and oxidation on Met was specified as variable modifications. The false discovery rate was adjusted to < 1% for all peptide-spectrum matches, and the minimum score for peptides was set to > 40.



Western Blotting

To validate the aforementioned data, equal amounts of brain and lung protein samples (20 μg) obtained from two mice per group were subjected to gel electrophoresis and transferred to 0.45-μm PVDF membrane (Millipore, United States). The membranes were blocked with 3% non-fat dry milk in TBST (10 mM Tris-HCl, 150 mM NaCl, 0.1% Tween 20, pH 7.6) for 2 h at room temperature. The membranes were incubated with primary antibodies overnight at 4°C. After washing with TBST, the membranes were incubated with the corresponding HRP conjugated secondary antibodies for 2 h at room temperature. After washing with TBST, the membranes were developed with enhanced chemiluminescence reagent. The intensities of bands in the Western blots were quantified by densitometry analysis using Image J software (NIH).



Immunohistochemical Analysis

At 7 dpi, control (n = 2) and infected mice (n = 2) were euthanized. The brain and lung samples were obtained and fixed in 10% paraformaldehyde for 48 h. After fixation, paraffin-embedded organs and tissues were cut into 5-μm sections and stained with hematoxylin and eosin (H&E). The expression of selected proteins in the organs was detected in accordance with a standard immunoperoxidase procedure as described previously (Dang et al., 2017).



Antibodies

The following primary antibodies were used in this study: STAT1 (Cell Signaling Technology Inc., #14994), β-actin (Abcam, Inc., #ab115777), TRIM25 (#abs143488), Cathepsin S (#abs137723), NR3C1 (#abs100327), CDKN1B (#abs100463), Arginase 1 (#abs127734), ISG15 (#abs113675), and NOX2 (cat. #abs124860), which were from Absin Bioscience.



Bioinformatics Analysis

Gene Ontology (GO) annotation proteome was derived from the UniProt-GOA database1. The proteins were classified by GO annotation into three categories: biological process, cellular compartment, and molecular function. For each category, a two-tailed Fisher’s exact test was employed to test the enrichment of the differentially expressed protein against all identified proteins. GO with a corrected p-value < 0.05 is considered significant. The Kyoto Encyclopedia of Genes and Genomes (KEGG) database was used to annotate the protein pathways by a two-tailed Fisher’s exact test to test the enrichment of the differentially expressed protein against all identified proteins. The pathway with a corrected p-value < 0.05 was considered significant. These pathways were classified into hierarchical categories according to the KEGG website. In this study, we used the WoLF PSORT program to predict the subcellular localization of identified proteins. All differentially expressed protein database accessions or sequences were searched against the STRING database2, version 10.5, for protein–protein interactions. STRING defines a metric called “confidence score” to define interaction confidence; we fetched all interactions that had a confidence score > 0.7 (high confidence). The interaction network form STRING was visualized in R package “networkD3”.



Statistical Analyses

An unpaired t-test, as implemented in the limma package in R software (V3.38.3), was performed for the analysis of differences in expression. A p-value less than 0.05 was considered statistically significant in this study. Then, the differentially expressed proteins were defined as those with p-value < 0.05 and a fold change of EV71/control > 1.2 (significantly upregulated) or < 1/1.2 (significantly downregulated). The volcano plot was used to illustrate changes in protein expressions between control and infected lung tissues, showing log2 fold change of EV71/control (X-axis) with log10 p-value (Y-axis). Two-dimensional scatter plot of principal component analysis (PCA) distribution of all samples using quantified proteins was performed by R software (V3.38.3). The heat map of differentially expressed proteins in the brain and lung was illustrated by GraphPad Prism (v. 8.3.0.538). The detailed statistics for each analysis was described in the corresponding sections.



RESULTS


Comprehensive Proteomics Characterization of EV71-Infected Brain and Lung Tissues

Our previous studies have shown that EV71 infection could cause brain and lung damage (Dang et al., 2017; Jin et al., 2017, 2018a). To investigate the pathological features of this damage, we dissected whole brain and lung tissues from control (n = 4) and EV71-infected mice (n = 4) at 7 dpi and then performed a proteomic analysis using quantitative mass spectrometry (Figure 1A). A total of 6,410 (with quantitative information from 5,520 proteins) and 6,521 proteins (with quantitative information from 5,497 proteins) were identified in brain and lung specimens from control and EV71-infected mice (Supplementary Tables 1, 2), respectively. The PCA analysis showed that the proteins identified in control and EV71-infected mice formed independent clusters (Figures 1B,C). A total of 148 and 78 proteins were identified to be differentially expressed (p < 0.05 and EV71/control > 1.2 or < 1/1.2) in EV71-infected brains (Supplementary Table 3) and lungs (Supplementary Table 4) as compared with the control, respectively. Among these differentially expressed proteins, 89 proteins were upregulated (>1.2-fold) and 59 proteins were downregulated (<1/1.2-fold) in the brain tissues, and 41 proteins were upregulated (>1.2-fold) and 37 proteins were downregulated (<1/1.2-fold) in the lung tissues in response to EV71 infection. Protein expression patterns were visualized using volcano plots (Figures 1D,F). An analysis of subcellular location showed significant changes in proteins that were associated with six different cellular organelles or structures (Figures 1E,G). Most of the differentially expressed proteins were localized in the cell nucleus and cytoplasm, which suggested that these proteins may be related to virus infection-induced gene transcription. Interestingly, among different subcellular localizations, the highest percentage of proteins were associated with the extracellular matrix, suggesting that EV71 infection might result in dysregulation of the extracellular microenvironment in the brain and lung. Taken together, these results suggested that the expression of a wide range of proteins was changed significantly both in the brain and lung after EV71 infection.


[image: image]

FIGURE 1. The quantitative proteomic profile of EV71-infected brain and lung tissues. (A) Study design of quantitative proteomic analysis for EV71-infected brain and lung tissues. (B,C) Principal component analysis of the proteome profile. Biological replicates were generated for each sample, represented by different color points in the figure. (D,F) Volcano plots of the −log10 p value vs. the log2 protein abundance comparisons between brains or lungs from controls and those infected with EV71. Proteins outside the significance threshold lines (p value < 0.05 and EV71/control > 1.2 or < 1/1.2) were colored in red (upregulated) or blue (downregulated). (E,G) Schematic of changes in the cell components of EV71-infected brain and lung tissues. Red and blue fonts represent up- and downregulated proteins detected in brain or lung tissues from EV71-infected mice compared to controls.




GO Enrichment Analysis Reveals Immune System Response and Platelet Activation

We performed GO enrichment analysis of these differentially expressed proteins to compare the host response in the brain and lung. Our results showed that protein alterations in these tissues differed in several main categories (Figure 2). Both the innate immune response, represented by cellular response to type I interferon (IFN), cellular response to IFN-β, response to IFN-β, positive regulation of innate immune response and Toll-like receptor signaling pathway, and the adaptive immune response, represented by cellular response to IFN-γ, response to IFN-γ, regulation of adaptive immune response, regulation of lymphocyte mediated immunity, positive regulation of adaptive immune response, major histocompatibility complex (MHC) class I protein complex, and TAP binding, were activated in the brain and lung sites. As shown in Figures 3A,B, these immune processes contained transcription factors (e.g., STAT1 and STAT2), regulators of innate signaling pathway (e.g., TRIM25, Fgb, Fga, Fgg, Lgals9, Cnpy3, Gbp2, Gbp4, Hpx, and Syk), antigen presentation and processing (e.g., H2-L, H2-K1, H2-D1, Cathepsin S, β2m, Tap2, FcγR, and Tgtp1), and many IFN-stimulated genes (ISGs; e.g., ISG15, ISG56, Irgp1, Irgm1, Psmb8, and Ifitm3). On the one hand, the activation of immune response, both in the brain and lung, could provide the mice with effective immune protection against EV71 infection; on the other hand, it might induce excessive cytokine production, which is consistent with “cytokine storm” in patients at severe and critical stages of HFMD (Duan et al., 2014; Teo et al., 2018).
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FIGURE 2. Gene Ontology (GO) enrichment bubble plot of differentially expressed proteins in the three categories. (A,C,E) GO enrichment analysis of differentially expressed proteins in the brain. (B,D,F) GO enrichment analysis of differentially expressed proteins in the lung.
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FIGURE 3. Visualization of changing proteins and their biological pathways. (A) Heat map of differentially expressed proteins in the brain (control: n = 4, EV71: n = 4) that are involved with key biological pathways. (B) Heat map of differentially expressed proteins in the lung (control: n = 4, EV71: n = 4) that are involved with key biological pathways.


There were also many differences in the differentially expressed proteins at these two sites. The plasminogen activation, platelet degranulation, fibrinolysis, and fibrinogen complex were only detected in EV71-infected brain tissues (Figures 2A,C), which contained Fgb, Fga, Fgg, Serpina 1c, Alb, Serpina 3k, Lgals3bp, Kininogen-1, Serpina 3n, Itih4, Syk, Serpinf2, and Flna (Figure 3A). The NADPH oxidase activity (e.g., NOX2 and p22phox) was significantly elevated in EV71-infected lungs (Figures 2D,F, 3B), which suggested that an imbalance of oxidation–reduction due to oxidative stress might be involved in lung damage.



KEGG Enrichment Analysis Reveals Complement and Coagulation Dysfunction, Immune Activation, an Imbalance of Nitrogen Metabolism, and Hypoxia

KEGG enrichment analysis was carried out to determine the principal functions of significantly dysregulated proteins. In the brain, significantly altered proteins by EV71 infection participated primarily in complement and coagulation cascades (Serpina1c, C1qb, Fga, C1qa, Kng1, Fgb, Serpinf2, FB, Serpinc1, C4b, and Fgg), infectious diseases (C1qb, FB, Fgg, C1qa, C4b, Tapbp, H2-K1, H2-D1, Srpk1, Srsf5, Syk, STAT1, STAT2, and ISG15), antigen processing and presentation (Tapbp, H2-K1, H2-D1, and Cathepsin S), nitrogen metabolism (Ca5b, Ca4, and Glul), cell adhesion molecules (Ptprc, H2-K1, H2-D1, Cldn3, and CD99), and platelet activation (Mylk2, Fgb, Syk, Fga, and Fgg) (Figures 4A,C and Supplementary Table 5). The complement (C) system constitutes an important barrier to infection of the human body but can also, when inappropriately activated, cause tissue damage (Stoermer and Morrison, 2011). The complement system is activated via multiple pathways, leading to the production of C3a, C5a, and C5b-C9 membrane attack complex (MAC) that are increasingly recognized as mediators of protection or pathology in a variety of viral infections (Stoermer and Morrison, 2011). Previous studies have provided the evidence that the JAK-STAT signaling pathway (STAT1, STAT2, and ISG15), NOD-like receptor (NLR) signaling pathway (Gbp2 and Gbp4), and RIG-I signaling pathway (TRIM25) are activated during EV71 infection (Jin et al., 2018b). These innate signaling pathways, in cooperation with ISG (ISG15, ISG56, Iigp1, and Irgm1) production, might provide antiviral effects against EV71 infection. Additionally, the JAK-STAT and NLR signaling pathways also mediate pro-inflammatory cytokine production (Jin et al., 2018b). Antigen processing and presentation refer to the processes that occur within a cell that result in fragmentation (proteolysis) of proteins, association of the fragments with MHC molecules, and expression of the peptide–MHC molecules at the cell surface (Cresswell, 2005). The result of these actions is the induction of a T cell response (Cresswell, 2005) and leukocyte adhesion to the site of infection (Pober et al., 2001), causing EV71-related brain damage. T cell-secreted IFN-γ could induce glia cells to produce inducible nitric oxide synthase (iNOS) (Mir et al., 2008). Nitrogen metabolism is related to the synthesis of iNOS, and it has been demonstrated that EV71 pathogenesis may involve iNOS and nitric oxide (NO) (Kao et al., 2004; Dang et al., 2017). As mentioned earlier, EV71-induced BBB disruption may be associated with coagulation dysfunction. Increased coagulation clots (Fgb, Fga, and Fgg) and platelet activation contribute to the formation of thrombin that may interact to increase brain endothelial permeability (Avril et al., 2019).
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FIGURE 4. Kyoto Encyclopedia of Genes and Genomes (KEGG) enrichment analysis of significantly dysregulated proteins. (A) KEGG enrichment analysis of significantly dysregulated proteins in the brain. (B) KEGG enrichment analysis of significantly dysregulated proteins in the lung. (C) A hypothetical systems view of the two organs’ responses to EV71 infection. In the brain or lung, the virus and its released RNA could induce an antiviral innate immune response. APCs bind antigens and internalize, process, and express them on their surface for recognition by certain lymphocytes such as CD4 T cells and CD8 T cells. In the brain, the virus infection induces complement activation which contributes to disease by attracting and activating inflammatory cells and by direct damage to endothelial cells through MAC. The endothelial dysfunction leads to the activation of coagulation cascade and platelet through KKS cascade. In the lung, the NADPH oxidase activity was significantly increased in response to EV71 infection, which might activate the HIF-1 signaling pathway, leading to a hypoxic condition. Red boxes, upregulated proteins/pathways; blue boxes, downregulated proteins/pathways.


In the lung, EV71 infection led to changes in the proteins involved in infectious diseases (H2-L, STAT1, PI3K, Tap2, CDKN1B, RIG-I, β2m, FcγR, NOX2, and p22phox), phagosome (H2-L, FcγR, NOX2, p22phox, Tap2, and Cathepsin S), antigen processing and presentation (H2-L, β2m, Tap2, and Cathepsin S), AGE-RAGE signaling pathway (STAT1, PI3K, NOX2, and CDKN1B), arginine biosynthesis (Arginase-1 and Otc), NLR signaling pathway (STAT1, NOX2, p22phox, and Gbp4), and HIF-1 signaling pathway (NOX2, PI3K, and CDKN1B) (Figures 4B,C and Supplementary Table 6). Similar to the brain, the JAK-STAT signaling pathway (STAT1), RIG-I signaling pathway (RIG-I), and NLR signaling pathway (Gbp4, NOX2, and p22phox) could also provide antiviral effects against EV71 infection through inducing ISGs (Parp9, Ifi35, Iigm1, Ifitm3, and Tgtp1). In addition, significantly upregulated proteins enriched in antigen processing and presentation suggested a T cell response. IFN-γ derived from T cells provides antiviral effects against virus infection as well as stimulates macrophages to produce iNOS and NO that possess pro-inflammatory effects (Sareila et al., 2006). Arginase-1 is an important component of nitrogen metabolism, regulating arginine availability during immune responses and nitric oxide synthase activity (Durante et al., 2007; Vanhoutte, 2008). Arginase-1 deficiency can facilitate inflammatory reaction and NO production (Wijnands et al., 2014). Arginase-1 biosynthesis was significantly reduced in response to EV71 infection in the lung site. The above-mentioned data indicated the presence of inflammation in the lung. It is well known that innate immunity depends on rapid recognition to eliminate invading pathogens. This entails sequestration of pathogenic invaders into phagosomes that promptly acquire microbicidal and degradative properties (Pauwels et al., 2017). The overlap of the dysregulated proteins involved in phagosomes and antigen processing and presentation suggested that the phagocytic cells might also act as antigen-presenting cells (APCs).



Validation of Proteomic Approach by Immunohistochemical Staining and Western Blotting

To validate our proteomic approach, we compared the expression levels of dysregulated proteins discovered by proteomics (TMT reporter ion intensities) by immunohistochemical staining (Figures 5A–D) or Western blotting (Figures 5E–G). The dysregulated proteins selected for validation were mainly based on the GO and KEGG enrichment pathways. As shown in Figures 5A,B,E,G, the changes of expression of NR3C1, STAT1, TRIM25, Cathepsin S, and ISG15 in the brain were consistent with the data from the proteomic analysis. The alterations of expression of CDKN1B, STAT1, Arginase-1, Cathepsin S, and NOX2 in the lung were also consistent. Therefore, the results by Western blotting or IHC analysis confirmed changes of protein expression identified by TMT quantification.
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FIGURE 5. Comparison of laboratory measurements and proteome. At 7 dpi, EV71-infected mice (n = 4) and controls (n = 4) were euthanized, and brain and lung tissues were taken out for immunohistochemical (IHC) staining (n = 2) and Western blotting (n = 2). (A) Immunohistochemical analyses of NR3C1, STAT1, TRIM25, Cathepsin S, and ISG15 in EV71-infected brain tissues and control brain tissues. Black arrows represent positively stained areas (brown). (B) Comparison of intensities of IHC staining and proteomic data (TMT reporter ion intensities) in the brain. (C) Immunohistochemical analyses of CDKN1B, STAT1, Arginase-1, Cathepsin S, and NOX2 in EV71-infected lung tissues and control lung tissues. (D) Comparison of intensities of IHC staining and proteomic data (TMT reporter ion intensities) in the lung. (E) Western blotting analyses of NR3C1, TRIM25, STAT1, and Cathepsin S in EV71-infected brain tissues and control brain tissues. (F) Western blotting analyses of CDKN1B, Cathepsin S, Arginase-1, and STAT1 in EV71-infected lung tissues and control lung tissues. (G) Comparison of intensities of immunoblots and proteomic data (TMT reporter ion intensities) in the brain and lung. All laboratory measurements were repeated at least three times. Data are displayed as log2 (EV71/control).




Protein–Protein Interaction Network Analysis Reveals a Greater Interference of Signal Molecules in the Brain

The network of PPI helps to understand the potential molecular mechanisms of brain and lung damage induced by EV71 infection. In this study, a PPI network was constructed with STRING. In Figure 6, among the 74 differential candidates from EV71-infected brain, STAT1, coagulation clots (Fga and Fgg), Alb, Kininogen-1, C4b, and Afp were identified as key driver proteins. In Figure 7, among 22 differential candidates in the lung, STAT1 was the only key driver protein. These data suggested that EV71 infection caused a greater interference of signal molecules in the brain, which is linked to the severe CNS damage in HFMD cases. Despite the elimination of polio in most countries, EV71 has been recognized as an emerging neurotropic virus, which leads to neurological complications with severe CNS damage (Huang et al., 1999; Solomon et al., 2010; Chua and Kasri, 2011; Xing et al., 2014; Yang et al., 2017). In human infections, CNS complications and its related pulmonary edema are considered as the main cause of death (Solomon et al., 2010; Xing et al., 2014; Yang et al., 2017). Notably, STAT1 was the key driver protein both in the brain and lung. It has been reported that STAT1 deficiency can enhance the susceptibility of scavenger receptor class B, member 2 (SCARB2) transgenic mice to EV71 (Liou et al., 2016), indicating that STAT1 plays an important role in EV71 pathogenesis. Our data together showed that dysregulated proteins interacted with each other and contributed to EV71-associated brain and lung damage.
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FIGURE 6. Protein–protein interaction analysis of dysregulated proteins in the brain. The size of the nodes corresponds to the number of interacting proteins, whereas the different colors represent the regulation type and magnitude of protein changes. Red color represents upregulation, and blue color represents downregulation. The full list of key driver proteins can be found in Supplementary Table 3.
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FIGURE 7. Protein–protein interaction analysis of dysregulated proteins in the lung. The size of the nodes corresponds to the number of interacting proteins, whereas the different colors represent the regulation type and magnitude of protein changes. Red color represents upregulation, and blue color represents downregulation. The full list of key driver proteins can be found in Supplementary Table 4.




DISCUSSION

In the past decades, studies on epidemiology and pathology provided descriptive information in terms of the clinical pathology of EV71-associated encephalitis and respiratory disorders (Lum et al., 1998; Solomon et al., 2010; Zhang et al., 2012; Tu et al., 2015). Moreover, various animal models were also used to explore the possible mechanisms of EV71 pathogenesis (Liou et al., 2016; Jin et al., 2018a). However, the landscape of EV71-induced molecular pathogenesis remains to be elucidated. CNS is the main target of EV71, and CNS damage can be found in patients with severe symptoms of EV71 infection (Ho et al., 1999; Huang et al., 1999; Solomon et al., 2010; Yang et al., 2017). Our results showed that more signaling proteins were affected in the brain rather than in the lung site. As known to all, both innate and adaptive immunity play a central role in our host defense against pathogens. We found that both the innate and adaptive immune systems were activated in the brain and lung from EV71-infected mice. The activated immune system provides protection against virus infection; however, it may also cause a “cytokine storm,” leading to increased inflammation and tissue damage (Duan et al., 2014; Teo et al., 2018). Notably, activation of the JAK-STAT, NLR, and RIG-I signaling pathways was observed both in the brain and lung. These critical signaling pathways provide potential targets for drug design. In addition, as EV71-infected brains and lungs shared the key driver protein, STAT1, more attention should be paid to STAT1, an important regulator during innate and adaptive immune responses.

Another important finding was the complement and coagulation dysfunction in EV71-infected brains. The brain is known as an immune-privileged organ that is uniquely placed in the body. Evolving knowledge suggests that the BBB and the complement system are two systems involved in brain defense and homeostasis (Alexander, 2018). The complement system is extremely important in the brain that is an immune-privileged section with restricted adaptive immunity, acting as a local surveillance system protecting the brain from virus infection and participates in tissue homeostasis and repair (Ricklin et al., 2016). The BBB, on the other hand, serves as a local barrier protecting the brain from circulating infected cells and toxins (Abbott et al., 2010). Although complement components are mainly generated in the liver and then transported into circulation, established evidence suggests that the constituent cells of the BBB, such as endothelial cells and astrocytes as well as neurons, can synthesize complement components (Rus and Niculescu, 2001). Complement activation products, C3a and C5a, cause the activation of constituent cells of the BBB and increase the infiltration of inflammatory cells into the brain, resulting in a second tissue damage and organ dysfunction (Alexander, 2018; Lee et al., 2019; Dalakas et al., 2020). The BBB disruption that can occur with complement dysregulation or be exacerbated by complement hyper-activation exposes the brain to circulating toxins. Similarly, inhibition of the complement activation can alleviate the pathology, leading to an improved outcome (Flierl et al., 2009; Alexander, 2018). As mentioned earlier, endothelial dysfunction induced by EV71 infection provides a possible mechanism for coagulation disorders in the brain (Wang et al., 2012b). Neonatal sepsis is frequently reported in HFMD patients (Ooi et al., 2010), and sepsis can induce excessive inflammatory cytokines, which, in turn, activate the coagulation cascades (Simmons and Pittet, 2015). Hypercoagulation can result in microvascular thrombosis as well as oxygen deficiency, leading to tissue damage (Leng et al., 2020). Complement and coagulation dysfunction was never reported in HFMD patients; thus, this finding provided a unique insight into the pathogenesis of EV71. Complement and coagulation pathways may pose potential targets for drug design to treat EV71 infection.

In addition to the proteins mentioned above, some key differentially expressed proteins may also contribute to EV71 pathogenesis. The degranulation of platelets releases pathogenic serotonin (5-HT) and pro-inflammatory mediators (Blockmans et al., 1995), leading to damage of the BBB. It has been reported that EV71 can directly infect endothelial cells (Wang et al., 2012b), suggesting that platelet activation within the brain site in the absence of trauma may be initiated by vascular injury (Broos et al., 2011). In addition, immune complexes can also induce platelet activation (Cloutier et al., 2018). Moreover, platelet activation has been linked to vascular leak induced by virus infection (Malavige and Ogg, 2017; Hottz et al., 2020). Plasminogen activation, fibrinolysis, and fibrinogen complex associate with the formation of thrombin, which has been reported in viral pathogenesis (Leng et al., 2020). Thrombin and fibrinogen are epidemiologically and mechanistically linked with diseases with an inflammatory component (Davalos and Akassoglou, 2012). It has been reported that antibody-dependent enhancement during EV71 infection is mediated in part by Fcγ receptors (FcγRs) in immune cells, suggesting that the blockage of FcγR in antigen-presenting cells may provide a strategy for the treatment of EV71 infections (Wang et al., 2010). The hypoxia-inducible factor 1 (HIF-1) signaling pathway plays an essential role in the maintenance of oxygen homeostasis (Semenza, 2007). In this study, we found that the HIF-1 signaling pathway was activated in the lung site, which may lead to a hypoxic condition. Previous studies suggest that the HIF-1 signaling pathway contributes to acute lung injury by viral infections (Mermis et al., 2011; Zhao et al., 2020). A hypoxic condition may associate with respiratory failure that was reported in critical HFMD patients and deaths with pulmonary edema (Chan et al., 2000; Kao et al., 2004). The renin–angiotensin system (RAS) plays a vital role in multiple infectious diseases through augmenting inflammatory reactions (Gao et al., 2020). Angiotensinogen (Agt), the substrate of the renin–angiotensin cascade, was significantly increased in EV71-infected brains. It is possible that RAS might participate in neuroinflammation by EV71. Nuclear receptor subfamily 3, group C, member 1 (NR3C1) is known as a glucocorticoid receptor (Juszczak and Stankiewicz, 2018), which was significantly downregulated in EV71-infected brains. NR3C1 regulates genes that control the development, metabolism, and immune response (Juszczak and Stankiewicz, 2018), but it is not clear whether the downregulation of NR3C1 is predominantly beneficial or detrimental during brain damage. One of the matrix metalloproteinases (MMPs), MMP1, was identified to be upregulated in EV71-infected brains, indicating that MMPs may contribute to BBB damage during EV71 infection (Leib et al., 2000).

In summary, we characterized the pathogenesis of EV71 at the molecular level using an animal model for the first time. Our results indicated that immune activation, complement and coagulation dysfunction, platelet activation, imbalance of nitrogen metabolism, and hypoxia could be involved in the pathogenesis of EV71, which explain the major clinical manifestation of hyperinflammatory status of severe HFMD cases. These findings provided insights into the pathogenic mechanisms of EV71 infection and further understanding of HFMD-associated encephalitis and respiratory disorders.
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Curative therapies for chronic hepatitis B virus (HBV) infection remain a distant goal, and the persistence of stable covalently closed circular DNA (cccDNA) during HBV replication is a key barrier that is hard to break through using the drugs currently approved for HBV treatment. Due to the accuracy, efficiency, and cost-effectiveness of genome editing, CRISPR/Cas technologies are being widely used for gene therapy and in antiviral strategies. Although CRISPR/Cas could possibly clear cccDNA, ensuring its safety is requirement for application. In our study, we analyzed the liver specificity of several promoters and constructed candidate promoters in the CRISPR/Staphylococcus aureus Cas9 (SaCas9) system combined with hepatotropic AAV8 (whereby AAV refers to adeno-associated virus) to verify the efficacy against HBV. The results revealed that the reconstructed CRISPR/SaCas9 system in which the original promoter replaced with a liver-specific promoter could still inhibit HBV replication both in vitro and in vivo. Three functional guide RNAs (gRNAs), T2, T3, and T6, which target the conserved regions of different HBV genotypes, demonstrated consistently better anti-HBV effects with different liver-specific promoters. Moreover, the three gRNAs inhibited the replication of HBV genotypes A, B, and C to varying degrees. Under the action of the EnhII-Pa1AT promoter and AAV8, the expression of SaCas9 was further decreased in other organs or tissues in comparison to liver. These results are helpful for clinical applications in liver by ensuring the effects of the CRISPR/Cas9 system remain restricted to liver and, thereby, reducing the probability of undesired and harmful effects through nonspecific targeting in other organs.
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INTRODUCTION

Hepatitis B virus (HBV) infection remains a major public health burden. One-third of people worldwide have been exposed to HBV, of which about 257 million are chronically infected according to a WHO report (Revill et al., 2019). Although effective preventive vaccines developed for HBV have been in use for decades, there is no effective treatment. Viral hepatitis is still one of the top 10 causes of death in the world today due to the large population of infected people, and HBV accounted for near half of viral hepatitis-related mortality (Stanaway et al., 2016).

At present, the approved HBV treatment drugs mainly include reverse transcriptase inhibitors and immune mediating factors. Among the reverse transcriptase inhibitors are nucleoside analogs (NUCs), including lamivudine, adefovir dipivoxil, telbivudine, entecavir, and tenofovir (Terrault et al., 2016; Liver, 2017). NUCs can effectively inhibit the reverse transcription of HBV by directly acting on HBV reverse transcriptase, reducing the virus to a level below the detection limit; however, due to the nuclear closure of NUCs, they are ineffective against covalently closed circular DNA (cccDNA; Zoulim et al., 2016).

After treatment ceases, HBV can continue to use cccDNA as a template to produce progeny viruses, and viremia recurs. Of concern is that long-term use may result in the development of drug-resistant mutation strains. Interferon (IFN), which is an immune-mediated factor, achieves antiviral effects by regulating innate and acquired immune responses, which could clear infected cells to achieve a functional cure for HBV infection. However, the rate of treatment success is low and often accompanied by side effects (Woo et al., 2017). Virus replication may return to normal levels at any time after drug withdrawal or drug resistance occurs (Zoulim and Locarnini, 2009; Deng and Tang, 2011). cccDNA serves as a template for the transcription of viral RNAs through employing the cellular transcription machinery (Rall et al., 1983; Shi and Zheng, 2020), which is resistant to common antiviral therapies. The key challenge is the persistence of cccDNA in infected hepatocytes. Therefore, specific treatments targeting cccDNA have become an important direction of the current research.

Given its ability to suppress viruses along with the current lack of an effective cure, the CRISPR/Cas9 system has been used as part of a potential therapeutic method in which conserved HBV DNA sequences are targeted to inhibit HBV replication (Abe et al., 2014; Lin et al., 2014; Dong et al., 2015). Although data acquired from experimental models look promising, challenges that are broadly associated with genetic editing therapies need to be met for the approach to be successful against chronic HBV infection. For future clinical applications, one of the most critical issues is safety. Since HBV is a hepatotropic virus, restricting the effects of the CRISPR/Cas9 system to liver is a promising strategy for improving safety.

Adeno-associated virus (AAV) emerged as an ideal delivery tool due to its high viral titer capability with the potential for transduction of all virus-infected cells within a patient. The targeted delivery of AAV to a certain tissue could be achieved by recombinant engineering of an AAV capsid protein with a tissue tropism for an intended infection site. The use of recombinant adeno-associated virus as gene carrier proved to be helpful in gene therapy, provided a safe and effective delivery approach and prompting a series of related studies (Scott et al., 2017; Wang et al., 2017; Liu et al., 2018). In addition, having an established record of safety and its lack of integration properties makes AAV appear to be an ideal candidate for the delivery of CRISPR/Cas9 (Balakrishnan and Jayandharan, 2014). Consequently, several groups have already demonstrated the feasibility of such an AAV delivery method in CRISPR/Cas9-based antiviral studies (Chen et al., 2018). Staphylococcus aureus (Sa) Cas9 is approximately 25% smaller than Streptococcus pyogenes (Sp) Cas9 (Kotterman and Schaffer, 2014; Ran et al., 2015); this small size makes it possible to deliver SaCas9 using AAV vectors. Among the various serotypes of AAV, AAV8 and AAV9 have commonly been used for delivery into liver, with high tissue tropism.

In addition, two kinds of liver-specific promoters have been studied, including promoters derived from both the HBV and its host. Previous studies have shown that regulatory elements of the HBV are strong and liver-specific in vitro and, therefore, might be useful in hepatic gene therapy (Sandig et al., 1996). In addition, the HBV core promoter linked to EnI and EnII (EII-EI-Pc) and X promoter linked to EnI and EnII (EI-EII-Px) could direct a constant and high-level gene expression in vivo (Zhao et al., 2010). Certain liver-specific promoters from hosts were characterized and applied to transcriptional targeting both in vitro and in vivo, including the mouse albumin (Alb) promoter (Gorski et al., 1986), human α-1 antitrypsin (hAAT) promoter (Hafenrichter et al., 1994a; Kramer et al., 2003), and phosphoenolpyruvate carboxykinase (PEPCK) gene promoter (McGrane et al., 1990; Valera et al., 1994). However, there is still a lack of reports on the effectiveness of AAV8-derived CRISPR/SaCas9 with a liver-specific promoter.

Here, in addition to the application of AAV8 for liver-specific delivery, we used liver-specific promoters to solely induce expression of the SaCas9 protein in hepatic cells. We verified the anti-HBV effects of CRISPR/SaCas9 expressed under liver-specific promoters. We found that T2, T3, and T6, targeting the conserved regions of different HBV genotypes, could inhibit HBV replication steadily and efficiently, in contrast to other tested gRNAs. We selected the promoters EnhII-PEPCK and EnhII-Pa1AT for expression of these three gRNA sequences and further verified their anti-HBV effects.

In this study, we provide evidence that the reconstructed CRISPR/SaCas9 system, whose cytomegalovirus (CMV) promoter was replaced with a liver-specific promoter, could still profoundly inhibit HBV replication both in vitro and in vivo. Both the use of liver-specific promoters and the choice of AAV8 virus delivery vector could improve hepatic specificity. In conclusion, the AAV8-derived CRISPR/SaCas9 system with liver-specific promoters demonstrated prominent anti-HBV effects and liver-specific expression of the transduced genes in mouse.



MATERIALS AND METHODS


Plasmids

The human codon-optimized SaCas9 and chimeric gRNA expression plasmid pX601 were obtained from Addgene (plasmid 61591). The reproduced rcccDNA system, including plasmid prcccDNA-shB2M (genotype D: GenBank accession no. V01460.1) and pCMV-KRAB-Cre, was a generous gift from Qiang Deng (Fudan University; Li et al., 2018a). pAAV/HBV1.2 (genotype A: GenBank accession no. AF305422.1) was a generous gift from Pei-jer Chen (National Taiwan University). The HBV replicons (genotype B: GenBank accession no. EU570069.1; genotype C: GenBank accession no. FJ899793.1) were generous gifts from Ying Zhu (Wuhan University). Several candidate promoters were inserted into the SacI and HindIII restriction sites of pGL3-Basic (Promega). Three promoters with linked luciferase fragments were inserted between the XhoI and BamHI restriction sites of pHAGE (Addgene). The pSV-β-gal and pRL-TK plasmids were obtained from Promega.



Cell Cultures and Transfection

The cells were maintained in Dulbecco’s modified Eagle’s medium (DMEM) supplemented with 10% fetal bovine serum (FBS) at 37°C and 5% CO2. All cells were transfected using Neofect (Neofect Biotech) according to the manufacturer’s instructions. The reconstructed pX601 plasmid/HBV-expressing plasmid/pSV-β-gal plasmid ratio was 8:1:1.



Animal Experiments

For analysis of the activity of three candidate promoters in different tissues, C57BL/6 mice (5 weeks old) were used and separated into three groups (five mice each). The concentrated lentivirus supernatants were injected into the tail vein of the mice. A week later, the mice were sacrificed, and the liver, lung, kidney, spleen, and heart were extracted and homogenized in 1 ml TRIzol reagent (Life Technologies), and total RNA was isolated following the manufacturer’s instructions.

For analysis of the in vivo inhibition of HBV by the liver-specific and HBV-targeting SaCas9 system, C57BL/6 mice (4 weeks old) were used and separated into four groups (five mice each). We injected 4 μg prcccDNA-shB2M and 4 μg pCMV-KRAB-Cre into the tail vein of mice within 8–10 s in a volume of saline equivalent to 10% of the mouse body weight. After 7 days, AAV8 containing EnhII-Pa1AT-T2, EnhII-Pa1AT-T6, EnhII-Pa1AT-Tmix (EnhII-Pa1AT-T2:EnhII-Pa1AT-T6=1:1), or AAV8 containing GFP were intravenously delivered into the mice via tail vein injection (200 μl, 2 × 1011 vg). Mice were sacrificed 7 days after two injections. Sera were taken for the analysis of HBsAg, HBeAg, and HBV DNA. For HBsAg and HBeAg detection, mice sera were diluted 10 times with DMEM. For HBV RNA analysis, a piece of liver tissue was homogenized for extracting total RNA. HBV core antigen expression in mice livers was analyzed using immunohistochemical staining as described previously (Liu et al., 2015).

All mice were housed in a pathogen-free mouse colony, and the animal experiments were performed according to the 1998 Guide for the Care and Use of Medical Laboratory Animals (Ministry of Health, China). The protocol was approved by the institutional animal care and use committee of Wuhan University (project license WDSKY0201802).



Dual-Luciferase Assay

The human hepatoma cell lines Huh7, HepG2, stable expression of sodium taurocholate co-transporting polypeptide in the HepG2-derived cells (NTCP), and the non-hepatocellular carcinoma cell lines HeLa and HEK293T were seeded in 24-well dishes and co-transfected with the promoter luciferase reporter plasmid (450 ng) and pRL-TK (50 ng). At 48 h post-transfection, the cells were lysed and subjected to luciferase activity assays using the Dual-Glo System (Promega).



Packaging of Virus Vectors

For delivering the reporter system into mice, we packaged lentiviruses through the triple-plasmid transfection method. HEK293T cells were co-transfected with the inserted promoter luciferase fragment plasmid pHAGE, envelope plasmid pMD2.G, and packaging plasmid psPAX. Then, the lentiviruses were harvested 48 h post-transfection, and we concentrated the lentivirus supernatants into a suitable volume (100 μl, over 1 × 108 copies/ml) for injection according to the precipitation method using PEG-8000 (Sigma).

HBV-specific AAV8 delivery vector construction, viral packaging, and titration were performed by Beijing SyngenTech Co. Ltd. (Beijing, China). The efficient HBV gRNA T2 and gRNA T6 were separately cloned into the reconstructed vector pX601-EnhII-Pa1AT-SaCas9. Verification and sequencing confirmation of the plasmids were conducted by SyngenTech.



Design and Cloning of the Liver-Specific and HBV-Targeting SaCas9 System

We designed seven functional gRNA sequences T1–T7, and with the exception of T4 and T7, the other gRNA sequences differed from similar publications (Liu et al., 2015; Li et al., 2018b). All sequences were derived from the conserved region of the HBV genome among different genotypes from A to H, which included the initiating 5'G and the downstream 3'PAM NGGRRT (GN20-NNGRRT). We separately replaced the original CMV promoter with four liver-specific promoters EnhI/X, PEPCK, EnhII-PEPCK, and EnhII-Pa1AT to drive cas9 expression in plasmid pX601.



Detection of HBsAg and HBeAg

At the indicated time points, cell culture supernatants or mice sera were collected to detect the levels of HBsAg and HBeAg using a commercial ELISA kit (Kehua Bioengineering). All values were normalized against β-galactosidase activities in the cell lysates as measured using the Beta-Glo System (Promega).



Quantitative RT-PCR

Hieff® qPCR SYBR Green Master Mix (Low Rox Plus) was used in quantitative PCR (qPCR). The primers used in this study are provided in Supplementary Table S1. For the quantification of HBV RNA, GFP RNA, and SaCas9 RNA, total RNA was reverse transcribed into cDNA using random primers (PrimeScript RT kit; Takara), and 2 μl of the cDNA was used for qPCR assay.



DNA and RNA Hybridization

The extraction and analysis of HBV DNA and RNA were performed as previously described (Hao et al., 2015; Liu et al., 2015). Probe preparation and subsequent DIG detection were conducted using the DIG Northern Starter Kit (Roche Diagnostics, Indianapolis, IN, United States) according to the manufacturer’s instruction. The DIG-labeled plus strand-specific RNA probe corresponding to nucleotides 156–1,061 of the HBV genome was used for HBV DNA and RNA detection. 28S and 18S rRNA were used as loading controls.



Statistical Analyses

All experiments were repeated at least three times. The results are presented as means ± SEM. The statistical significance differences were determined by using one-way ANOVA analysis with multiple comparison test and independent Student’s t-test. Statistical analyses were achieved using the Prism 8 software (GraphPad Software Inc., San Diego, CA, United States). A p < 0.05 was considered statistically significant.




RESULTS


Design and Cloning of Liver-Specific and HBV-Targeting SaCas9 System

To ensure that the gRNAs could target different HBV genotypes and reduce missing targets caused by viral genome mutations, we aligned the sequences of 22 representative HBV genotypes from the NCBI Viral Genomes Resource (Supplementary Figure S1). EnhI/X and PEPCK were selected to replace the CMV promoter in the gRNA/SaCas9-expressing vector pX601, as shown in Figure 1A. Based on the screening criteria mentioned in the Materials and Methods section, seven gRNAs targeting different regions of HBV genome were designed (Figure 1B; Table 1).
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FIGURE 1. Design of liver-specific and hepatitis B virus (HBV)-targeting CRISPR/SaCas9 system. (A) Design of the reconstructed guide RNA (gRNA)/SaCas9-expressing vector pX601-U6-HBVgRNA plasmids. NLS, nuclear localization signal; HA, HA-tag; SaCas9, human codon-optimized Staphylococcus aureus Cas9; bGHpA, bovine growth hormone poly(A) signal. (B) Schematic diagram of the gRNA-targeted sequences located in the HBV genome.




TABLE 1. Sequences of HBV-specific gRNAs.
[image: Table1]



In vitro Inhibition of HBV by the CRISPR/SaCas9 System Under Control of a Single Liver-Specific Promoter

To explore the anti-HBV effects of the reconstructed CRISPR/SaCas9 system with single liver-specific promoters, we selected promoters from both the virus and host to replace the CMV promoter. The vectors carrying T1–T7 or their mixture (Tmix, seven gRNAs mixed in equal amounts) were co-transfected into Huh7 cells with the HBV genotype D to reproduce the rcccDNA system (prcccDNA-shB2M and pCMV-KRAB-Cre at a 1:1 ratio) and pSV-β-gal (as internal control). Comparison with the TGFP (Target GFP gRNA) control group revealed that all gRNAs of two reconstructed CRISPR/SaCas9 systems reduced the average HBsAg and HBeAg levels in the supernatants by 25–85% (Figure 2A).
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FIGURE 2. Anti-HBV effects of the reconstructed CRISPR/SaCas9 system under the control of single liver-specific promoter in Huh7 cells. Huh7 cells were co-transfected with reconstructed gRNA/SaCas9 system plasmids and reproduce rcccDNA system plasmids. (A) At 48 h post-transfection, the relative levels of HBsAg and HBeAg were measured by ELISA. (B) At 96 h post-transfection, intracellular HBV replication intermediates and extracellular virion DNA were extracted and the expression levels were measured using quantitative PCR (qPCR). (C) The expression levels of HBV intracellular replication were measured by Southern blotting. (D) The expression levels of the HBV transcripts were measured by Northern blotting. In each of the transfections, the pSV-β-gal plasmid was included to normalize the transfection efficiencies. The results of the ELISA and qPCR were calculated from three independent experiments, and the data are presented as the mean ± SEM. *p < 0.05 and ***p < 0.001. Tmix, the mixture of T1–T7.


T2, T3, T6, and Tmix reduced the average HBsAg and HBeAg levels in the supernatant by more than one-half. Intracellular viral replication and extracellular offspring virion DNA were extracted and investigated using qPCR analysis. All gRNAs of the two reconstructed CRISPR/SaCas9 systems were found to dramatically suppress HBV replication (Figure 2B). Extracted DNA in the nucleus was detected by Southern blotting, and viral transcription was detected by Northern blotting. All gRNAs of the two reconstructed CRISPR/SaCas9 systems effectively reduced the amount of rcccDNA (similar to the natural cccDNA of HBV; Figure 2C), and the HBV RNA transcripts were stably reduced by T2, T3, and T6 (Figure 2D). These data suggest that the CRISPR/SaCas9 system containing a replacement liver-specific promoter still had evident in vitro inhibition of HBV, and T2, T3, and T6 were more effective than the other tested gRNAs.



Study of the Tissue Tropism Effects of Candidate Liver-Specific Promoters in vitro and in vivo

To screen for suitable liver-specific promoters, nine promoter fragments were inserted into pGL3-Basic (Figure 3A). EnhI/X (nt 950–1,375), EnhII/C (nt 1,415–1,815), preSI (nt 2,707–2,849), and preSII (nt 2,937–3,182) were from HBV (genotype D: GenBank accession no. V01460.1); PEPCK (540 bp) was from rat; and Pa1AT (305 bp) was derived from human. EnhancerII (EnhII, nt 1,621–1,775) was added at the 5' end of the host-derived promoter to increase the gene expression levels. CMV was used as a control promoter that can be widely and highly expressed in all cell types. To control the transfection efficiency, all the results in different cells were corrected for Renilla luciferase expression.

[image: Figure 3]

FIGURE 3. Activity of liver-specific promoters in vitro and in vivo. (A) Schematic of the reporter plasmids for studying specificity in vitro. Nine promoters were inserted into the pGL3-Basic plasmid. (B) Promoter activity in hepatoma and non-hepatocellular carcinoma cell lines. Hepatic (Huh7, HepG2, and NTCP) and non-hepatic (HeLa and HEK293T) cell lines were transiently transfected with reporter plasmids. (C) Schematic of the reporter plasmids for studying the specificity in vivo. Three luciferase linked promoters inserted into pHAGE plasmid for packaging lentivirus. (D) The mice were divided into three groups, and we injected the lentivirus-packaged luciferase reporter system. At 7 days post-injection, organ samples were harvested and luciferase mRNA was measured using RT-qPCR. The pRL-TK plasmid was included to normalize the transfection efficiencies, and Dual-Luciferase assay results were calculated from three independent experiments. The data are presented as the mean ± SEM. *p < 0.05, **p < 0.01, and ***p < 0.001, ns, no significant.


As negative controls, we used the human non-hepatocellular carcinoma cell lines HeLa and HEK293T. Of the four HBV promoters tested, EnhI/X was the strongest, yielding over 10% of CMV activity in NTCP; however, EnhII/C had the biggest difference in activity between hepatocellular carcinoma and non-hepatocellular carcinoma cell lines (Figure 3B). Overall, the expression of Pa1AT was higher than PEPCK, and the expression levels of both improved significantly after inclusion of EnhII. Among all the liver-specific promoters, EnhII-Pa1AT had the highest expression activity in hepatocellular carcinoma cell lines, showing the biggest difference expression between hepatoma and non-hepatocellular carcinoma cell lines.

To further test the in vivo specificity of the two liver-specific promoters derived from the host linked with a viral enhancer, we detected the expression of genes transduced using the lentiviral vector. Three promoters followed by luciferase were inserted into pHAGE (Figure 3C). RT-qPCR analysis was used to detect the luciferase mRNA driven by CMV and the other two chimeric promoters. Based on the expression levels in liver tissue, lower levels of expression were observed in heart, spleen, lung, and kidney with EnhII-Pa1AT compared to the CMV promoter (Figure 3D). However, the effect of EnhII-PEPCK was mediocre, even showing opposite liver specificity revealed by the results in spleen and lung. Taken together, these results demonstrate the higher activity and better specificity of the chimeric liver-specific promoter compared with the single liver-specific promoter. Especially, EnhII-Pa1AT demonstrated potential for further verification.



Inhibition of HBV in vitro by the CRISPR/SaCas9 System Under the Control of Chimeric Liver-Specific Promoters

To further explore the CRISPR/SaCas9 system reconstructed with chimeric liver-specific promoters, we replaced the CMV promoter of gRNA/SaCas9-expressing vector pX601 with EnhII-PEPCK and EnhII-Pa1AT (Figure 4A). For testing, we selected the three more-effective gRNAs (T2, T3, and T6) and their mixture (Tmix – the three gRNAs mixed in equal amounts) according to the previous results. Similar to the anti-HBV activity of the reconstructed CRISPR/SaCas9 system with the single liver-specific promoter, all parameters of the HBV lifecycle, including the HBsAg, HBeAg, HBV DNA, rcccDNA, and HBV RNA transcripts, were significantly repressed (Figures 4B–D).
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FIGURE 4. Anti-HBV effects of the CRISPR/SaCas9 system under the control of the chimeric liver-specific promoter in Huh7 cells. Huh7 cells were co-transfected with reconstructed gRNA/SaCas9 system plasmids and reproduce rcccDNA system plasmids. (A) Design of the reconstructed gRNA/SaCas9-expressing vector pX601-U6-HBVgRNA plasmids replaced with a chimeric liver-specific promoter. NLS, nuclear localization signal; HA, HA-tag; SaCas9, human codon-optimized S. aureus Cas9; bGHpA, bovine growth hormone poly(A) signal. (B) At 48 h post-transfection, HBsAg and HBeAg were measured using ELISA. The intracellular HBV replication intermediates and extracellular virion DNA were measured using qPCR at 96 h post-transfection. (C) At 48 h post-transfection, measurement of the HBV intracellular replication was through Southern blotting. (D) At 48 h post-transfection, measurement of the HBV RNA transcripts was by Northern blotting. (E) The genotype A, B, and C HBV replicons were co-transfected with the reconstructed gRNA/SaCas9 system plasmids. At 48 h post-transfection, the relative levels of HBeAg were measured using ELISA. In each of the transfections, the pSV-β-gal plasmid was included to normalize the transfection efficiencies. The results of ELISA and qPCR were calculated from three independent experiments and the data are presented as the mean ± SEM. *p < 0.05 and ***p < 0.001. Tmix, the mixture of T2, T3, and T6.


To explore whether the target sequences showed broad-spectrum anti-HBV activity, we next verified the effects of the three selected gRNAs or Tmix for each reconstructed CRISPR/SaCas9 system using different HBV genotypes. The corresponding plasmids were co-transfected into Huh7 cells with each individual gRNA or mixture. The relative levels of HBeAg in the culture supernatants were measured using ELISA. The reconstructed CRISPR/SaCas9 system with EnhII-PEPCK effectively inhibited the HBeAg expression of HBV with genotypes A and C, and EnhII-Pa1AT could inhibit the HBeAg expression of HBV with genotype C to varying degrees (Figure 4E). However, T6 with EnhII-Pa1AT revealed an effective rate of almost 50% for the inhibition of HBV with the genotypes A, B, and C. According to this study of tissue tropism effects and the verification of anti-HBV in vitro, EnhII-Pa1AT was the most effective chimeric liver-specific promoter.



Inhibition of HBV in vivo by the AAV8-Derived CRISPR/SaCas9 System With EnhII-Pa1AT Promoter

To verify the inhibition efficiency of the reconstructed CRISPR/SaCas9 system with the EnhII-Pa1AT promoter in vivo, we used the C57BL/6 mice where HBV replication persists for a long time after injection with the reproduce rcccDNA system. We injected the reproduced rcccDNA system 1 week in advance for production and maintenance of HBV in mice through hydrodynamic injection (HDI), and then injected them again with AAV8 containing EnhII-Pa1AT-T2, EnhII-Pa1AT-T6, or EnhII-Pa1AT-Tmix (EnhII-Pa1AT-T2:EnhII-Pa1AT-T6 = 1:1) or AAV8 containing GFP. After 14 days, we harvested serum and liver samples from the mice (Figure 5A).
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FIGURE 5. Anti-HBV effects of the CRISPR/SaCas9 system with the EnhII-Pa1AT promoter in vivo. (A) The mice were divided into four groups and subjected to hydrodynamic injection (HDI) with the reproduce rcccDNA system plasmids. At 7 days post-injection, we injected the adeno-associated virus (AAV)8-packaged CRISPR/SaCas9 system into the mice via the tail vein again. After two injections, blood samples were collected on day 0, and the mice were sacrificed on day 14. (B) The levels of HBsAg and HBeAg were measured using ELISA. (C) HBV DNA in the sera was measured using qPCR and HBV RNA in the liver was measured using RT-qPCR. (D) Immunohistochemical staining for HBcAg was performed in the liver. (E) Nine tissue samples were collected from twice injected mice as mentioned above, eGFP mRNA and SaCas9 RNA were measured using RT-qPCR. The results of the ELISA and qPCR were calculated from three independent experiments, and the data are presented as the mean ± SEM. *p < 0.05 and ***p < 0.001. Tmix, the mixture of AAV8-T2 and AAV8-T6.


To eliminate the issue of differences in observations being due to differences in virus expression levels between groups of mice, we collected the orbital venous plexus blood before the second injection for detection of the HBsAg and HBeAg levels in the mice. Compared with the AAV8-delivered GFP expression control, the serum HBsAg levels fell even more with the AAV8-delivered CRISPR/SaCas9 system treatment, and AAV8-T2 had significant effects in inhibiting HBeAg (Figure 5B). HBV DNA in the serum and HBV RNA in liver were remarkably reduced after the administration of T2, T6, or Tmix (Figure 5C). As shown in Figure 5D, the expression of the HBV core protein antigen (brown color labeled by red arrow) in the mouse liver was also significantly inhibited by the AAV8-delivered CRISPR/SaCas9 system.

In the case of the reconstructed CRISPR/SaCas9 system delivered by the AAV8 vector, we collected the organs and tissues in addition to the liver (heart, spleen, lung, kidney, eyeball, thigh muscle, brain, and intestine). We analyzed the RNA levels of GFP and SaCas9 transgenes, which were driven by different promoters but delivered by the same tissue-specific AAV8 vector, using RT-qPCR. The expression of the target gene was significantly decreased in non-liver organs (Figure 5E). Under the action of the EnhII-Pa1AT promoter, the expression of the SaCas9 was further decreased in organs and tissues other than liver. In comparing the differences in transgene expression driven by the same promoter between the lentiviral vector and AAV8 vector, AAV8 had clear liver tropism effects.




DISCUSSION

We first investigated the anti-HBV effects of reconstructed CRISPR/SaCas9 in which the original promoter (CMV) was replaced with liver-specific promoters (Figures 2, 4, 5). Although the activity of liver-specific promoters for expression of the downstream gene was significantly weaker compared with the original CMV promoter (Figure 3B), the reconstructed CRISPR/SaCas9 still had significant anti-HBV suppression efficacy (Figures 2, 4). The use of multiple gRNAs (Tmix) also demonstrated efficient inhibition of HBV. In fact, HBV polymerase lacks proofreading activity, i.e., does not have 3'-5' exonuclease activity. HBV is likely to mutate during reverse transcription, which increases its risk of escaping traditional antiviral drug treatment (Chan, 2011; Rajoriya et al., 2017). Therefore, more research is required on the use of multiple gRNAs to consider and discuss its potential ability to inhibit virus escape variants and the risks of off-target effects.

There have been numerous studies on liver-specific promoters. Daniel et al. quantitatively compared the in vivo levels of several liver-specific promoters, and their results indicated that hAAT had the strongest priming effect in reverse transcription vectors, which is of great significance for gene therapy (Hafenrichter et al., 1994b). As the effect of a single liver-specific promoter is much lower than that of the CMV promoter and enhancer, researchers often construct chimeric enhancers/promoters to regulate the transcription of a target gene.

Gabriela et al. linked the albumin enhancer (Ealb) and HBV enhancer (EII) to other promoters to construct different chimeric promoters (Kramer et al., 2003). Combining in vitro and in vivo data, studies have shown that Ealb-Pa1AT and EII-Pa1AT can continuously and efficiently induce gene expression in the liver and can be used as candidate promoters for gene therapy. Similar conclusions were obtained in our work, where EnhII-Pa1AT was observed to have the best efficiency and liver specificity at the cellular level among all the studied liver-specific promoters (Figure 3).

Compared to the CMV promoter, EnhII-Pa1AT had significantly reduced downstream gene expression in non-liver organs or tissues according to the results of the lentivirus and AAV vector transgene expression model. In addition, we found that the expression of downstream genes transduced by AAV vectors in non-liver organs was even less than the gene transduction by the lentivirus (Figures 3D, 5E). The replacement of liver-specific promoters or the use of hepatophilic AAV types can reduce the chance of cleavage in other organs or tissues, thereby reducing the possibility of pernicious targets as a whole.

Powerful models that can generate substantial cccDNA supercoils both in vitro and in vivo and with high efficiency and a long half-life are an important research requirement for HBV. Several recombinant cccDNA (rcccDNA) systems based on site-specific DNA recombination were developed (Guo et al., 2016; Li et al., 2016; Yan et al., 2017). These rcccDNAs were generated in large quantities and were heat stable and epigenetically organized as a mini-chromosome, with the unique attribute of establishing HBV persistence in immunocompetent mice. Such a system also represents a useful model for in vitro and in vivo evaluation of antiviral treatments against HBV cccDNA. We could easily determine the reduction of rcccDNA produced by the reproduced rcccDNA system through Southern blot in our study. In the mouse experiment, in contrast to operations in cell experiments and other hydrodynamically injected mice models, we injected a virus plasmid and CRISPR/SaCas9 1 week apart. This method without co-injection is more in line with a realistic virus treatment situation.

CRISPR variants have been continually identified and engineered for enhanced efficiency, decreased off-target editing, and reduced immunogenicity or size. These novel CRISPR variants, such as xCas9, Cas12a, and CasF, have great potential for gene therapy applications (Zetsche et al., 2016; Pausch et al., 2020; Zhang et al., 2020). Off-target detection still remains a key challenge, and this was also a limitation of this study. A variety of sequencing-based approaches are used to detect and quantify off-target effects caused by CRISPR (Manghwar et al., 2020). To comprehensively assess the risk of off-target effects, genome-wide sequencing is a popular choice (Klimke et al., 2019; Yu and Wu, 2019). Akcakaya et al. (2018) described verification of in vivo off-targets (VIVO), a highly sensitive strategy that can identify the genome-wide off-target effects of CRISPR/Cas nucleases in vivo. As the CRISPR system and methods for demonstrating off-target risks continue to be developed, its therapeutic potential will continue to increase.
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Salmonella enterica is a common source of food and water-borne infections, causing a wide range of clinical ailments in both human and animal hosts. Immunity to Salmonella involves an interplay between different immune responses, which are rapidly initiated to control bacterial burden. However, Salmonella has developed several strategies to evade and modulate the host immune responses. In this sense, the main knowledge about the pathogenicity of this bacterium has been obtained by the study of mouse models with non-typhoidal serovars. However, this knowledge is not representative of all the pathologies caused by non-typhoidal serovars in the human. Here we review the most important features of typhoidal and non-typhoidal serovars and the diseases they cause in the human host, describing the virulence mechanisms used by these pathogens that have been identified in different models of infection.
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INTRODUCTION

Salmonella enterica (S. enterica) is a Gram-negative, non-spore-forming, facultative, anaerobic bacterium that belongs to the Enterobacteriaceae family (Fàbrega and Vila, 2013). Over 2,500 serovars of S. enterica have been identified and most serovars infect a broad range of vertebrate animals. Only a few of them are host-specific, being divided into human-restricted typhoidal serovars such as the causative agent of typhoid fever (S. enterica serovar Typhi and Paratyphi), and non-typhoidal Salmonella (Wain et al., 2015). The non-typhoidal serovars (NTS), have been linked to infection of a variety of hosts, frequently zoonotic, causing acute and self-limiting gastroenteritis that can commonly cause foodborne illness in humans (Scallan et al., 2011). NTS constitutes a common health problem accounting for about 93.7 million cases per year and 155,000 deaths (Majowicz et al., 2010; Ao et al., 2015). Furthermore, these ailments are the second cause of diarrheal death in children younger than 5 years old, which has global public health relevance (Scallan et al., 2011; Lanata et al., 2013). Although infections by NTS are generally self-limited, immunocompromised patients can present extra-intestinal complications and develop chronic carrier states, which have been implicated in invasive non-typhoid Salmonella (iNTS) (Ao et al., 2015; Stanaway et al., 2019a). Salmonella enterica serovar Typhimurium (S. Typhimurium) and Salmonella enterica serovar Enteritidis (S. Enteritidis) are the two serovars commonly isolated of NTS and iNTS (Dekker et al., 2018; Mather et al., 2018; Williamson et al., 2018).

In this review we will focus on the pathogenesis of typhoidal and non-typhoidal serovars, the virulence factors used by them and the immune response generated, mainly in studies performed in human cell lines, comparing these responses with what occurs in typhoid fever caused by S. Typhi. In addition, as the extensive knowledge about one of the NTS, S. Typhimurium, is due to the studies performed in mouse models, we will discuss whether these effects have also been proven in studies in human models and also if these mechanisms are conserved in typhoidal serovars.



INVASIVE DISEASES CAUSED BY SALMONELLA SEROVARS


Typhoidal Salmonella Serovars

Few serovars of S. enterica are adapted to the human, which is the only reservoir for this infection. Enteric fever caused by S. Typhi and S. Paratyphi A, B, and C, is a systemic infection that can be severe and even life-threatening (Wain et al., 2015). The incubation period is 6–30 days, with gradually increasing fatigue and fever. If the symptoms are not treated, serious complications appear between 2 and 3 weeks of illness, as intestinal hemorrhage or perforation. In addition, between 10 and 15% of patients can develop severe disease, which has been associated in some studies with the age of the patient (Parry et al., 2014) and with the days of hospitalization (Cruz Espinoza et al., 2019). In 2017, 14.3 million cases were identified worldwide, with 135,000 deaths caused by enteric fever, which shows a decrease of 44.6 and 41%, respectively, as compared to 1990. The decrease in the number of cases was mainly due to the improvement in the sanitization, water supply, food handling, and an increased access to antibiotics treatment (Stanaway et al., 2019b). However, in children and lower-income countries from Asia, sub-Saharan Africa, and Oceania, the overall case-mortality rate with early and appropriate treatment is 0.95% (Stanaway et al., 2019b).

Salmonella Typhi is the leading causative agent of enteric fever. However, a switch of serovars has been observed in some places where typhoid fever is endemic, possibly due to the widespread use of the S. Typhi vaccine (Sudeepa Kumar et al., 2013). This has important implications for public health as the oral Ty21a vaccine strain and the parenteral Vi typhoid vaccine offers limited or no protection against S. Paratyphi A (Pakkanen et al., 2014; Wahid et al., 2015). Although both serovars can cause an indistinguishable disease with fever, nausea, and abdominal problems, the infection caused by S. Typhi generates more frequent abdominal pain and diarrhea (Maskey et al., 2006; Karkey et al., 2013). Furthermore, S. Typhi is associated with severe symptoms as compared to S. Paratyphi (Browne et al., 2020; Kheng et al., 2020), and also display extensive drug resistance to the majority of drugs available to treat typhoid fever (Klemm et al., 2018). It has also been described that both serovars differ on the route of transmission: S. Typhi is more related to poor water supply, and poor socioeconomic status, whereas S. Paratyphi is related to food consumption habits and migratory status (Karkey et al., 2013). The disease caused by both serovars is clinically indistinguishable, and its host adaptation may be the result of convergent evolution with recombination of at least a quarter of their genome (Didelot et al., 2007). Additionally, the appearance of several pseudogenes can be responsible for the differences observed between both serovars (Holt et al., 2009). Pseudogenes are genes that have lost their function by point mutation, insertion, deletions, misplaced stop codon, among others (Tutar, 2012). However, they have been retained in the genome because they regulate different process of the parent gene and, in some cases, allow the generation of new genes (Tutar, 2012).

Although typhoid fever is an important disease, especially in low-income countries, the availability of two vaccines and treatments and improved strategies to prevent the disease have lessen its spread. This is an important difference with NTS, which have little epidemiological follow-up and lack of vaccines to prevent these diseases, even when they can generate higher mortality than typhoid serovars.



Invasive Non-typhoidal Salmonellosis (iNTS)

Invasive non-typhoidal salmonellosis (iNTS) is an invasive disease caused mainly by S. Typhimurium and S. Enteritidis infection (Gordon et al., 2008, 2010; Ao et al., 2015; Uche et al., 2017), that usually shows no gastroenteritis symptoms but fever, hepatosplenomegaly, respiratory symptoms, and septicemia (Stuart and Pullen, 1946; Olsen et al., 2003). More than half of iNTS cases globally are produced in sub-Saharan Africa, and according to Ao et al., iNTS can cause 3.4 million cases and more than 600,000 deaths per year. Although there are some differences in the numbers as compared to those analyzed by Ao et al. (2015) and Stanaway et al. (2019a), both studies agreed that iNTS are more deadly than NTS, having 25 and 1–5% case risk mortality, respectively (Ao et al., 2015). However, depending on the patient, iNTS can reach up to 72% (Uche et al., 2017), despite antibiotic treatment (Mandomando et al., 2015). Even so, the mortality rate of invasive infection caused by NTS is higher than the infection caused by S. Typhi, being the occurrence of MDR also higher than the typhoidal serovar (Shahunja et al., 2015). In recent years in Africa, the invasive Sequence Type 313 (ST313) of S. Typhimurium has been more prevalent than ST19 (Mandomando et al., 2015), the commonly zoonotic worldwide agent of gastroenteritis. ST313 has also expanded worldwide and is now found in the United Kingdom (Ashton et al., 2017) and Brazil (Seribelli et al., 2020). Although the genome of ST313 and ST19 are 95% identical (Canals et al., 2019), ST313 had undergone genome degradation, as is observed in the host-adapted S. Typhi. ST313 that has suffered gene acquisition (new phage elements encoding antibiotic resistance genes), deletion and addition of pseudogenes, and appearance of single nucleotide polymorphisms (SNPs) affecting metabolic genes (Kingsley et al., 2009; Okoro et al., 2015), which suggest a further specialization to a narrow human niche as immunocompromised humans (Van Puyvelde et al., 2019). All of these genetic changes make ST313 evolutionarily distant from ST19 (Okoro et al., 2015). According to the genomic change, it seems that ST313 is not transmitted zoonotically or environmentally, but rather due to contact with another infected human. Therefore, the iNTS carriage, as described below, could be an important reservoir for human-human transmission (Kariuki et al., 2006).

All the genetic modifications detected in iNTS serovars could involve in a distinct interaction with the host: ST313 induces an intermediate response, is more invasive and inflammatory than S. Typhi, but less than S. Typhimurium ST19 (Carden et al., 2015; Ramachandran et al., 2015). Studies in human cell lines have attributed this phenotype to a lower expression of the Salmonella effector protein SopE2 and the flagellin fliC, which could result in less intestinal invasion and less inflammatory responses due to inflammasome activation, caspase-1-dependent macrophage death, IL-1β release, and neutrophil infiltration (Carden et al., 2015). Accordingly, ST313 can survive and replicate inside both human and murine macrophages at a higher rate, being more resistant to killing than ST19 (Ramachandran et al., 2015). Thus, ST313 has developed efficient strategies to evade the host immune response, which are distinct to those displayed by ST19 and S. Typhi.



Carriage State in Typhoid and iNTS

Between 2 and 5% of the typhoid fever patients cannot eliminate the bacteria and they serve as a reservoir of the bacteria and spread the infection (Levine et al., 1982). Even more, 25% of carriers are asymptomatic (Levine et al., 1982). In addition to the existence of the vaccines against S. Typhi, the asymptomatic carriage state in the gallbladder makes it challenging to eradicate the disease in endemic areas due to intermittent shedding and in consequence human-human transmission. Although there is not a gold standard methodology to diagnose chronic carriage, some diagnostic methods have been indeed developed to detect asymptomatic carriers. For instance, Näsström et al. (2018) identified five metabolites in the plasma of typhoid fever patients, allowing the distinction between the carriage and non-carriage patient, but not between the carriage state of S. Typhi and Paratyphi. This would be an excellent approximation to decrease the dissemination of the pathogen (Näsström et al., 2018). Tracing by a diagnostic method is even more critical because the infection and carriage state of S. Typhi have been correlated with carcinoma of the gallbladder (Nath et al., 1997).

In contrast, the carriage stage caused by S. Typhimurium infection is usually observed in immunocompromised patients, although this can also happen in immunocompetent patients. Carriers can excrete bacteria and are an essential factor in the transmission of S. Typhimurium, because the median duration of this excretion can be 4–5 weeks, with the most extended duration being 279 days after the infection (Octavia et al., 2015). In this sense, a study including patients from Israel shows that 2.2% of the infected patients presents long term infection that lasts for more than 30 days, whom can become human reservoirs for NTS transmission (Marzel et al., 2016). Of this 2.2% infected patient, a 93% were immunocompetent and 65% were symptomatic with relapsing diarrhea, suggesting a persistent manifestation, distinct from the known asymptomatic carriage of typhoidal Salmonella Moreover, S. Typhimurium can also cause an asymptomatic carriage state of NTS infection. This was assessed in three different studies which reported percentages of 7.7% (Sirinavin et al., 2004), 6.9% (Kariuki et al., 2006), and 2.4% (Im et al., 2016) of carriage without symptoms. In this sense, a study performed by Bakkeren et al. (2019) observed in mouse models that mucosa-associated persisters of S. Typhimurium can serve as a reservoir to relapsing diseases and spread a plasmid carrying antibiotic resistance that is of clinical importance. This implies that humans can also have an essential role in the epidemiology of community-acquired NTS and probably iNTS.



Genome Differences Between S. Typhi and S. Typhimurium

Salmonella Typhi and S. Typhimurium share among 80% of their genome (Tang et al., 2013). Nevertheless, these two serovars can cause different disease, host–pathogen interactions and immune responses, which can be attribute to approximately 600 and 480 unique genes, respectively (Parkhill et al., 2001). Indeed, only 6% of those common genes have 100% sequence identity (Tang et al., 2013). Additionally, S. Typhi has suffered loss of different gene functions and presents several pseudogenes (McClelland et al., 2001), consistent with the niche specialization, as in the case of the invasive Salmonella ST313.

A proteomic study has shown a very similar proteomic profile between these two serovars, revealing that from a total of 1,506 shared proteins, just seven of them were encoded by genes present on SPIs, and just a few proteins were expressed in a unique serovar (85 proteins were expressed in S. Typhimurium and 36 in S. Typhi) (Wang et al., 2014). Also, both serovars do not exhibit differentially expressed SPI-encoded proteins. In contrast, flagella and chemotaxis proteins are down regulated in S. Typhi, which can be due to its colonization niche: systemic in the case of S. Typhi and restricted to the gut in S. Typhimurium. Finally, this study shows that both strains have different metabolic capabilities in carbohydrates and amino acid usage, which can be implicated in the different pathology caused in humans (Wang et al., 2014). In this sense, there are around 88 specific typhoidal family proteins related to Vi polysaccharide capsule biosynthesis, export protein, and pilus assembly that are not present in S. Typhimurium (Zou et al., 2014). Consistent with this, the Vi polysaccharide capsule is essential to suppress the inflammatory process induced in the intestinal epithelium, decreasing IL-8 secretion and the influx of neutrophils, which allows the systemic dissemination (Raffatellu et al., 2005a).

The adhesiome of S. Typhimurium includes at least 12 chaperone-usher fimbriae, among other important adhesins and non-fimbrial adhesins, which are essential for long-term colonization in mice. However, they are not well characterized as these genes are not well expressed in laboratory conditions (Hansmeier et al., 2017). In the case of S. Typhi, 14 fimbrial gene clusters, including 12 chaperone/usher fimbria, have been identified. Type I fimbria is one of these chaperone/usher fimbriae and, as in S. Typhimurium, is also involved in adhesion and invasion of human epithelial cells and is related to phagocytosis by THP-1 cells. It is important to mention that the bacterial adhesion protein FimH has point mutations in S. Typhi that allow the specificity of this serovar for human cells (Dufresne et al., 2018). According to the above, another chaperone/usher fimbrial operon denominated stg, absent in other serovars, is expressed during infection of human macrophages and is also related to the specific adhesion to human cells (Forest et al., 2007). On the other hand, depending on the strain, S. Typhimurium present different plasmids, one of them is the virulence plasmid designated as pSLT, which under optimal condition is self-transmissible and it is related to the systemic phase of disease. However, this plasmid evolved and is maintained in the host cell by vertical rather than horizontal transmission and can suffer different changes under the influence of transposons, insertions and hybridation with other plasmids (Hiley et al., 2019). It was thought that genes within pSLT were absent in S. Typhi and that this serovar presented just the pR(ST98), a conjugative plasmid with MDR. However, it was described that an avirulent S. Typhimurium carrying pR(ST98) induced higher caspase-mediated apoptosis and bacterial survival in murine macrophages (Wu et al., 2010). This effect can be mediated by spvR, a transcriptional regulator of its own gene and the spvABCD operon (Krause et al., 1995), and spvB, which prevents the actin polymerization (Lesnick et al., 2001). These two genes are encoded by this chimeric plasmid, which exhibit 99% homology with the genes present in pSLT (Huang et al., 2005). In the case of ST313, Kingsley et al. identified at least four different plasmids, one of them, pSLT-BT, closely related to the pSLT. pSLT-Bt present a composite Tn21-like mobile element, in which are encoded all the determinants that confer multiple antibiotic resistance associated with the virulence and the invasion of this serotype, and this element would act as a platform to the acquisition of new virulence genes (Kingsley et al., 2009).

Several genes encoding important effector proteins present in S. Typhimurium are absent or are pseudogenes in S. Typhi. In the case of S. Typhi, the pseudogenization of functional genes is an active process, which has been related as the main driving force in evolution in the case of this serovar, as mentioned before (Baddam et al., 2014). It is believed that loss of gene function or gene deletion are related to the niche specialization and probably accounts for the differences observed in the pathology in S. Typhi. However, the exactly role of the pseudogene remains elusive (Baddam et al., 2014). In this sense, a study performed by Eswarappa et al. (2008) showed that SipD and SptP (effector proteins of SPI-1) and SseC, SseD, SseF, and SifA (effector proteins of SPI-2) evolved differentially between both serovars. It also described that the effector proteins sspH and steB of SPI-1 and SseL, SseK1/2 and3 of SPI-2 are missing in S. Typhi, whereas others as SopA, SopE2, SopD2 and SseJ are pseudogenes [reviewed in Sabbagh et al. (2010)]. One of the most important effector proteins is SptP, which is expressed by S. Typhimurium and is absent in S. Typhi. During infection with S. Typhimurium, SptP helps in reversing the cytoskeleton changes in order to prevent the activation of the immune response by an excessive activation of the effector SopE (Keestra et al., 2013) and its production affect the immune response mediated by mast cells (Choi et al., 2013). S. Typhimurium lacking SptP are less virulent and less invasive in HeLa cells. However, SptP is absent in S. Typhi and SopE is non-essential for the cellular invasion of this serovar (Johnson et al., 2017), suggesting that virulence of S. Typhi relies in different mechanism to cause cell invasion. Along the same lines, Hannemann and Galá (2017) described that a differential reprogramming in the transcriptional profile of intestinal epithelial cells occurs during the infection with typhoidal and non-typhoidal serovars, which is dependent of SPI-1 encoded TTSS and serovar-specific effector proteins secreted to the host cell. This study shows that both serovars of Salmonella activate different transcriptional profiles, which are related to the specific effector proteins secreted during invasion that results in a differential inflammatory response generated by the infection (Hannemann and Galá, 2017).

One important virulence factor only present in S. Typhi and absent in S. Typhimurium is the polysaccharide capsule known as Vi antigen, which interfere with the innate immune response avoiding, for example, the phagocytosis and oxidative burst (Kossack et al., 1981). This capsule is regulated by two separated loci, viaA and viaB; the stable expression of this capsule depends on viaB locus (Kolyva et al., 1992). A positive regulator of the viaB locus, TviA, is only present in S. Typhi and is absent in other serovars of Salmonella and mediates the evasion of inflammasome activation and pyroptosis in the human monocytic cell line THP-1 by decreasing flagellin expression (Winter et al., 2015). In addition, heterologous expression of TviA in S. Typhimurium also reduces inflammasome activation, indicating that this mechanism may be involved in S. Typhi survival in humans and typhoidal disease (TD) pathogenesis (Winter et al., 2015). Another important virulence factor of S. Typhi is the typhoid toxin, which is an AB toxin being the subunit CdtB responsible of the toxic activity. This toxin is specific of human cells as it binds to sialoglycans terminated in acetyl neuraminic acid but not those glycans present in other mammals (Song et al., 2013; Deng et al., 2014). This toxin is expressed when the bacterium is inside the SCV, is transported to the nucleus by vesicles inducing DNA damage and cell cycle arrest, which in turn induces cytoplasmic distention and nuclear enlargement (Lara-Tejero and Galán, 2002; Haghjoo and Galán, 2004). More differences between both strains are reviewed in Johnson et al. (2017).

Some functions related to virulence genes encoded on SPI are also responsible for the differences observed in clinical manifestations between both serovars. As mentioned above, S. Typhimurium can interfere with vacuole and lysosome colocalization and avoid the proper antigen presentation by dendritic cells (DC). In this sense, a comparative study between S. Typhi, S. Typhimurium, and S. Enteritidis shows that both S. Typhi and Enteritidis failed to avoid the antigen presentation in mouse DC, are unable to survive inside them, and in consequence activate the T cell response (Bueno et al., 2008). In contrast, only S. Typhi can replicate and survive inside human DC (Bueno et al., 2008). In this line, it has been shown that peritoneal murine macrophages clear more effectively S. Typhi than S. Typhimurium in in vivo experiments, which was not reproduced in vitro, implying that the serovar-specific macrophage killing depends on the interactions present in vivo or it is affected by paracrine soluble factors (Xu et al., 2009). Finally, Spanò and Galán (2012) shows that the expression of T3SS effector protein GtgE of S. Typhimurium in S. Typhi allows its survival and replication inside murine macrophages. All these studies have helped us to understand in a proper manner how the infective cycle of S. Typhi occurs; however, a suitable model is needed to study the host specificity of this serovar.



NON-TYPHOIDAL SALMONELLA SEROVARS

Salmonella Typhimurium is one of the most prevalent serovars of NTS worldwide (Reddy et al., 2010; Dekker et al., 2018; Mather et al., 2018; Williamson et al., 2018), causing salmonellosis through the consumption of contaminated food or water. The clinical manifestations include abdominal pain, diarrhea, nausea, vomiting, fever, and headaches, lasting less than 10 days, and are usually resolved with rehydration treatment with fluids and electrolytes. However, iNTS in immunocompromised patients, multi-drug resistance (MDR), and carrier stage (Marzel et al., 2016), are common complications of S. Typhimurium infection.


Virulence Factors of S. Typhimurium Involved in NTS

The clinical symptoms observed in NTS are generated due to several virulence factors present in the genome of S. Typhimurium, encoded in at least 23 Salmonella Pathogenicity Islands (SPIs) (Blondel et al., 2009; Desai et al., 2013; Hayward et al., 2013). Various serovars share only five of these SPIs, being the SPI-1 and SPI-2 the most important to the infective cycle. Both SPIs encode Type Three Secretion Systems (T3SS) that allow contact-dependent translocation of a set of effector proteins into the eukaryotic cytoplasm (Hansen-Wester and Hensel, 2001; Moest and Méresse, 2013; Pezoa et al., 2013). Both SPI present several effector proteins, and those that can be important to the course of the infection and have been evaluated in human cell lines will be described below (Table 1).


TABLE 1. Virulence factor of S. Typhimurium, their location and main function in human and murine models.
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SPI-1 Related Effector Proteins

SPI-1 facilitates the entry to non-phagocytes cells, as enterocytes (Raffatellu et al., 2005b). However, this is not the only function that this SPI presents [reviewed in Lou et al. (2019)]: (1) it is involved in attachment, invasion, and replication inside cells in murine models; (2) avoids apoptosis of intestinal epithelial cells (IECs) (Ruan et al., 2016; Zhang et al., 2018), and (3) suppresses the host immune response during intestinal inflammation (Hapfelmeier et al., 2005; Choi et al., 2013). SPI-1 mediates the binding to the host cell, allowing the secretion of effector proteins by the T3SS encoded by SPI-1 (T3SS-1) that induce, among other effects, the actin polymerization that leads to membrane ruffles observed in human and murine models (Zhou et al., 1999; Hallstrom and McCormick, 2016). Furthermore, the type I fimbriae also have an essential role in the attachment and invasion, mediating a reversible binding with the IECs, as shown in human intestinal cell lines. In this sense, S. Typhimurium employs an important non-SPI gene, yqiC, to suppress type-1 fimbriae over-expression, regulating flagella and motility, and also is involved in the regulation of SPI-1 and SPI-2 genes expression in human IECs (Wang et al., 2016).

Several studies have postulated Salmonella invasion protein A (SipA) as an important effector protein in both human and murine models of infection. In a neonate mouse model, it was reported that SPI-1 effector proteins such as SopE2 and SipA have a redundant role, but are necessary for the penetration and invasion of the epithelial barrier (Zhang et al., 2018). Also, the expression of SipA with SopE2/SopB is necessary for the generation of the replicative intraepithelial endosomal compartment, crucial for replication and expression of SPI-2 virulence genes in murine IECs (Zhang et al., 2018). Additionally, it has been described that S. Typhimurium can escape from the Salmonella containing vacuole (SCV), which is mediated mainly by genes encoded in SPI-1 (Knodler et al., 2014b), and replicate in the cytosol, a state called hyper-replicative (Knodler et al., 2014b). In this state, SipA is required for cytosolic replication and avoids the SCV degradation in HeLa cells by autophagy (a host mechanism present in IECs and multiple immune cells which will be discussed in detail in Section Crosstalk Between IECs and Innate Immune Cells During Salmonella Infection) (Chong et al., 2019). Knodler et al. (2014b) found the presence of cytosolic bacteria in different human epithelial cell lines and showed that at least half of the infected cells presented cytosolic bacteria at 7 h post-infection, which is in agreement with the SipA function. However, it is possible that autophagy can have a time-dependent function. Moreover, SipA can also favor Salmonella invasion in human IECs. S. Typhimurium modulates the distribution of tight junction proteins in a monolayer of T84 intestinal cells, with the concomitant possibility of disseminating and allowing the transmigration of neutrophils to the site of infection (Köhler et al., 2007). In this line, it was observed that SipA allows activation of the protein kinase C (PKC)-a, which is involved in the signal transduction pathway to induce the transepithelial migration of neutrophils (Silva et al., 2004). Furthermore, SipA together with SipC participate in the regulation of the exocytic pathway in human IECs and subsequently induces the accumulation of a host membrane protein, PERP, at the apical side of epithelial cells, allowing the formation of the membrane ruffles and the infection of the cell (Hallstrom and McCormick, 2016).

Another SPI-1 essential effector protein is SopB, which avoids the apoptosis of human epithelial cells due to the inhibition of the mitochondrial ROS production generated by the typical response to the infection (Ruan et al., 2016). SopB is also a regulatory protein of the SCV formation process, as can promote the fusion of SCV-IAM (infection-associated macropinosomes), and also can trigger its rupture due to the formation of membrane tubules called spacious vacuole-associated tubules (SVAT) in human IECs (Stévenin et al., 2019). Also, SopB exhibit a redundant role with the SPI-1 effector proteins SopE and SopE2, exacerbating intestinal inflammation. This is due to the production of inflammatory mediators and the stimulation of the Rho-family GTPases in human epithelial cells, which subsequently activates the mitogen-activated protein (MAP) kinase and NF-κβ signaling (Bruno et al., 2009). SptP is another important SPI-1 effector protein for NTS, which is a tyrosine phosphatase secreted into the cytosol of host cells. It has been described that in both mouse and human mast cells SptP dephosphorylates two proteins required for the degranulation and, in consequence, decrease the recruitment of neutrophils to the site of infection, preventing NTS bacterial clearance (Choi et al., 2013).

SpeG is another SPI-1 gene involved in the intracellular replication of NTS and has been tested in different human non-phagocytic cell lines with the same results (Fang et al., 2017). In HeLa cells, speG downregulates the expression of genes related to flagellar biosynthesis and fimbria expression, which affects considerably the motility of the bacteria (Fang et al., 2017). It has been seen that the addition of polyamides to the culture medium decreases the motility of the S. Typhimurium WT strain (Fang et al., 2017), indicating that speG exerts the regulation of polyamine metabolism genes to decrease its antimicrobial function (Fang et al., 2017). Therefore, speG can modulate both host and S. Typhimurium genes in order to favor bacterial survival.



SPI-2 Related Effector Proteins

The bacteria inside SCV express SPI-2 genes, which as SPI-1, present a variety of functions such as maintaining the SCV membrane, regulating intracellular SCV positioning, forming the membranous filament-like extensions that radiate outward from the SCV -termed Salmonella-induced filaments (SIFs)- and replication inside murine and THP-1 cells (Knuff-Janzen et al., 2020). All these functions are mediated by the TTSS-2 ability to translocate effector proteins across the SCV. It was believed that the formation of SIF was mediated exclusively by SifA; nevertheless, strains lacking this protein can also form this structure. It is probable that the interaction between SifA, SopD2, and SseJ, which are critical for the maturation of SCV, mediate the formation of SIF (Knuff-Janzen et al., 2020). Other important proteins of SPI-2 are SseF and SseG, which are located in the SCV membrane (Yu et al., 2016) that mediate the SCV-Golgi association with other host proteins such as the acyl-CoA binding domain containing 3 (ACBD3). These interactions, mainly with Rab1A, allow the intracellular replication inside human IECs by blocking the early steps of autophagosome formation (Yu et al., 2016; Feng et al., 2018).

SPI-2 effector proteins are also needed by Salmonella to survive and replicate inside the phagocytic cells. S. Typhimurium replication inside THP-1 monocytes depends on the action of multiple effectors proteins and further studies are necessary to elucidate the function of each specific protein (Knuff-Janzen et al., 2020). So far, it is known that in HeLa cells, SseK protein has an additive effect on the inhibition of TNF-α-dependent NF-κβ activation (Günster et al., 2017), avoiding the apoptosis of the cell. However, in murine RAW264.7 macrophages, this protein avoids the necroptotic death, suggesting that SseK effector protein has different host cell targets (Günster et al., 2017). It is important to mention that the apoptosis analyses have not been performed in human macrophages and thus further studies are required to confirm SseK regulation of apoptosis in humans.

The migration of DC and macrophages is important to generate a systemic disease. However, in mouse models, it has been seen that the SPI-2 effector protein Ssel inhibits this process, allowing the long-term infection and avoiding the proper clearance of systemic bacteria in a mouse model (McLaughlin et al., 2009). Interestingly, the invasive ST313 lost Ssel gene due to the genomic degradation, which allows the infection of migratory DC CD11b+ and the systemic dissemination (Carden et al., 2017). Nevertheless, another study shows that Ssel is not the only effector protein related to the inhibition of DC migration, but is unknown whether these proteins perform this process together or independently (Mclaughlin et al., 2014). In human cell lines, this particular function has not been evaluated. However, it was reported in HeLa cells that Ssel inhibits the recruitment of autophagy markers and, consequently, allows the replication inside the vacuole, effect that was also observed in RAW264.7 cells (Mesquita et al., 2012).

SPI-2 is also able to modulate antigen presentation on host cells, which was evaluated in mouse bone marrow-derived DC, where SifA, SspH2, SlrP, PipB2, and SopD2 were equally important at interfering with the fusion of processed peptides and the compartments that contain MHC-II complexes (Halici et al., 2008). In this line, SteD mediates the ubiquitination of MHC-II by allowing its fusion with vesicles containing the E3 ubiquitin ligase MARCH8 and, consequently, the degradation of the MHC-II (Bayer-Santos et al., 2016). Furthermore, SPI-2 and SpiC protein are critical for the evasion of antigen presentation by mediating the survival of S. Typhimurium in vacuoles that lack lysosomal markers that are not degraded, thus the bacterial proteins are not present in MHC context (Tobar et al., 2006). In the case of human cell lines, it was observed that in infected Mel JuSo cells, Human Leukocyte Antigen-DM (HLA-DM), an intracellular protein involved in the antigen presentation, was synthesized, assembled, transported to peptide-loading compartments, and loaded with peptide, in normal levels. However, HLA-DM accumulates in the intracellular compartment, possibly due to interference with normal trafficking caused by Salmonella infection. In line with the results in mouse models, this effect was also mediated by SifA (Mitchell et al., 2004). Thus, it is possible to conclude that SPI-2 effector proteins exhibit conserved functions across human and mouse IEC and phagocytic cells during infection.



Differences Between Mouse and Human Models to Study S. Typhimurium Infection

Mouse models are an indispensable tool to study the pathology of human disease and allow the identification of several factors that can be targeted for treatment or vaccines in humans. However, not all human infections are replicable in animals: in the case of S. Typhimurium infection, although it can infect a broad range of animals, it does not generate the same disease in all of them. As the main aim of this review is to explore new findings in human models of infections and compare them to the literature existing in mouse models, we will briefly describe some of the most commonly used mouse models of infection, including immunocompetent mice, antibiotic-treated mice and immunodeficient mice.

The models of Salmonella infection can be divided into the study of invasive disease or gastroenteritis. S. Typhimurium can infect mice causing systemic disease that mimics the acute phase of typhoid fever and can target the gut-associated lymphatic tissues to generate bacteremia. In this case, two mouse models have been used: C57BL/6 wild type (WT) strain, which presents a mutation in a gene involved in the intracellular killing of the bacteria known as NRAMP-1 encoded in human by the SLC11A1 gene allowing the development of systemic infection without intestinal inflammation (Vidal et al., 1995); and 129 × 1/svj strain that expresses a fully functional NRAMP-1 gene, which is used to study the long-term persistence observed in humans infected with S. Typhi (Monack et al., 2004). However, as mentioned above, S. Typhimurium can also persist in C57BL/6 mice infected with S. Typhimurium after antibiotic treatment (Schultz et al., 2018) as well as in humans (Marzel et al., 2016).

In humans, S. Typhimurium causes gastroenteritis in the majority of the infections, accompanied with intestinal inflammation, but in mice there is no sign of intestinal inflammation because of the natural resistance provided by the microbiota (Jacobson et al., 2018). In this context, the streptomycin pre-treated mouse model has been established to evaluate the colitis induced by S. Typhimurium infection (Barthel et al., 2003). Concomitant with the elimination of the microbiota, genes encoded in SPI-1 cause epithelial ulceration, edema, massive infiltration of polymorphous nuclear cells, among other features that resemble the enteric infection (Barthel et al., 2003). However, in this murine model, the intestinal inflammation is generated in cecum and colon, while in humans it is mainly produced in the small and large intestine. It is crucial to keep in mind that the immune system between humans and mice are quite similar. However, differences in some processes or specific immune cell activation exist between them, determining the different immune responses.

Although the infection with S. Typhimurium in mice has been utilized as a model to study typhoid-like disease, due to the characteristics and divergence between both S. Typhimurium and S. Typhi it is not considered an optimal model. In this sense, different strains of humanized mouse models have been used, which consist of immunodeficient mice that receive human hematopoietic stem cells (Song et al., 2010; Mathur et al., 2012). This model has been developed to study the infection caused by S. Typhi and its possible treatment (Song et al., 2010), and it has revealed significant differences in the pathogenesis of typhoid and NTS (Karlinsey et al., 2019).

There are other animal models to study the pathology caused by S. Typhimurium, but each of them has some limitations that do not allow a proper extrapolation of the results to humans. On the other hand, studies on human cells or human in vitro models are necessary to corroborate the data obtained in animal models, including immortalized cell lines such as HeLa cells as a model of human IECs. In addition, due to the limitations in the isolation of primary intestinal immune cells from human volunteers, most of the studies analyzing immune populations are focused in cell lines and primary cells obtained from human peripheral blood such as THP-1 cells, which are commonly used as a model of human monocytes. Of note, in vitro human models lack some intestinal ligands such as commensal microbiota-derived signals, which may play a protective role during S. Typhimurium infection, as described in mice (Rivera-Chávez et al., 2016; Jacobson et al., 2018). Thus, these limitations must be considered in order to interpret data from human studies analyzing Salmonella infection with different serovars.



Organoids

As mentioned before, the study of S. Typhimurium infection in humans is difficult due to the lack of suitable models. This problem appears especially when it is necessary to study the intestinal colonization occurring in human NTS. In this sense, organoids are a new experimental system developed to study the interaction and colonization of the intestine with enteric pathogens (Wilson et al., 2015). The use of intestinal organoids shows several advantages for the study of S. Typhimurium infection, as allows to evaluate the intestinal interaction and invasion process (Co et al., 2019), such as induction of a structural changes of the organoid, the disruption of the tight junctions and also the activation of the NF-κβ inflammatory pathway (Zhang et al., 2014). Also, the organoids display similar organizations (apical, basolateral sides, crypts-like and villus-like regions), epithelial cells interaction, and the differentiation processes observed in the intestine (Zhang et al., 2014; Wilson et al., 2015; Co et al., 2019). Several reports have evaluated the functionality of this system during S. Typhimurium infection, showing that the model is suitable. A recent study using both human and mouse enteroids has mapped the full cell cycle of S. Typhimurium, revealing that the invasion and colonization of the epithelial barrier and luminal compartment is boosted by TSS-1 and flagellar motility (Geiser et al., 2021). In this case, the use of enteroids has allowed the identification of each consecutive step leading to effective infection of the epithelial barrier and the contribution of particular virulence factors. Furthermore, Holly et al. showed that S. Typhimurium infection activated different inflammatory responses depending on whether the organoid was derived from humans or mice (Holly et al., 2020). In mice, caspase-1 is essential to restrict S. Typhimurium replication but is dispensable in humans, where it depends on caspase-4 (Holly et al., 2020). Moreover, a recent study has used human organoids to validate transcriptional changes observed in intestinal biopsies infected with S. Typhi. These human organoids exhibit altered cytoskeleton reorganization in response to S. Typhi, which exploits these changes to favor invasion and immune evasion (Nickerson et al., 2018). Thus, human organoids may be also useful for the study of typhoid serovars. Of note, organoid models have some considerations for their use. The spatial relationship between crypt and villi is not preserved; the concentration of antimicrobial peptides is unknown and the results can vary as the function of microbiota and immune cell interactions are not considered (Nickerson et al., 2018; Holly et al., 2020). As mentioned before, the results depend on their origin.

These models have been crucial in contributing to the understanding of how S. Typhimurium infects human IECs, including studies discussed in previous sections. However, we are still finding new genes and functions, implying that we still do not know entirely how S. Typhimurium generates the disease, what are the differences between the immune responses and the pathology that this serovar can cause. In this sense, it is crucial to understand the crosstalk between IECs and innate immune cells such as macrophages following Salmonella infection in human models (Table 2), which we will review below.


TABLE 2. Differences between immune response in human and mice derived cells infected with S. Typhimurium.
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IMMUNE RESPONSES AGAINST SALMONELLA INFECTION IN HUMAN MODELS


Crosstalk Between IECs and Innate Immune Cells During Salmonella Infection

One of the first responses against Salmonella is mediated by the IECs, which can recognize the cytosolic flagellin and the TTSS-1, inducing an inflammatory response that seeks to inhibit the replication of the bacteria inside the intestinal epithelium and promotes the secretion of cytokines, chemokines and the recruitment of different immune cells. Although an extensive literature has characterized S. Typhimurium infection in the mouse gut and the contribution of different immune cells, few studies have addressed these interactions using human cells and typhoid serovars. A recent study has revealed the differential response of human epithelial cells, macrophages, and neutrophils in response to different serovars of S. enterica. A human 3-D model consisting of epithelial cells, endothelial cells, fibroblasts, and lymphocytes exhibit differential cytokine patterns in response to S. Typhi, Paratyphi A, and Paratyphi B (Salerno-Goncalves et al., 2019). All serovars induce increased expression of IL-8, a chemokine mainly secreted by IECs that recruits neutrophils into infected tissues, whereas S. Paratyphi B, and S. Typhi induce CCL3 expression, secreted by immune cells. In addition, S. Paratyphi A induced higher levels of the pro-inflammatory cytokines IL-6 and TNF-α, whereas S. Paratyphi B induced higher levels of IL-1β in a macrophage-dependent manner. In line with this, macrophages are more susceptible to cell death in response to S. Paratyphi B, as they probably undergo inflammasome activation, which is accompanied by IL-1β secretion.

Interestingly, neutrophil migration in response to S. Paratyphi A and B is higher when macrophages are depleted of the 3-D model, suggesting that macrophages-derived molecules regulate neutrophil migration against these serovars (Salerno-Goncalves et al., 2019). In a similar 3-D model evaluating different strains of S. Typhi, including the WT strain Ty2 and the vaccine strain Ty21a, increased levels of IL-1β, IL-8, IL-6, and TNF-α were observed in the culture supernatants in response to both strains. In contrast, Ty21a induced higher levels of the pro-inflammatory cytokine IL-17 and the intestinal mucin Muc2 as compared to Ty2, suggesting that the vaccine strain may induce protective antimicrobial responses (Salerno-Gonçalves et al., 2018). Interestingly, although both strains induce similar cytokines, a PCR array shows that they generate distinctive antimicrobial gene profiles, reinforcing the idea that different strains and serovars of S. enterica induce differential immune responses.

Moreover, another 3-D model studying S. Typhimurium infection performed transcriptomic analysis of endothelial cells, monocytes, and NK cells, revealing that these cells express IL-8 but also exhibit differential responses to S. Typhimurium infection (Schulte et al., 2020). For example, in response to S. Typhimurium infection, endothelial cells express high levels of the chemokines IL-6, CXCL6 and CXCL3L1, monocytes exhibit high expression of the pro-inflammatory cytokines IL-1α and IL-1β, and NK cells express the molecules TNFSF4 and IL1-R2, which may regulate vascular immune responses. Although 3-D models are a simplified view of the complex interactions occurring in the gut during infection, they reveal the complex cross-talk between intestinal epithelial and immune cells during infection with different S. enterica serovars.

As discussed above, IECs are sources of chemokines such as IL-8 and also display antimicrobial responses against S. Typhimurium triggered by IL-22 in murine models, secreting different antimicrobial peptides (Figure 1A) (Pham et al., 2014). Indeed, human organoids derived from healthy human pluripotent stem cells infected with S. Typhimurium exhibit increased antimicrobial peptide calgranulin B (S100A9), which in turn promoted phagolysosomal fusion in response to IL-22 (Forbester et al., 2018). These protective responses are lost in organoids from patients with a genetic mutation in the IL-22 receptor (Forbester et al., 2018). Thus, IL-22 also regulates anti-S. Typhimurium responses in human IECs. The primary innate producers of IL-22 in murine models are type 3 innate lymphoid cells (ILC3), and several studies have addressed their relevance during early immune response against S. Typhimurium infection in mice. A recent study has confirmed that S. Typhimurium stimulates IL-1β and IL-23 production in human DC and subsequently induces IL-22 expression in human colonic NCR + ILC3 (Figure 1A) (Castleman et al., 2019). Therefore, the IL-22-induced antimicrobial pathway seems to be conserved in human intestinal cells, inducing protective responses against S. Typhimurium. However, it remains unclear whether this pathway is conserved in humans during infection with either S. Typhi, S. Paratyphi, or S. Enteritidis.
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FIGURE 1. Immune response in IECs. (A) Infected IEC respond to IL-22 secreted by NLR ILC3+ cells and other immune cells, which generate the production of Calgranulin B and other antimicrobial peptides. Infected IEC can also activate autophagy and inflammasome. (B) In the case of autophagy, SCV can colocalized with LC3 and p62 when the SCV is disrupted. However, SopF can block the interaction between ATGL16 and the SCV, inhibiting autophagia. (C) In the case of the activation of the inflammasome, LPS and TTSS-1 can activate NLRP3 inflammasome and the caspase 4 and secretion of IL-18.


Moreover, in vitro studies have shown that both human epithelial cells and immune cells induce programmed cell death and antimicrobial responses during S. Typhimurium infection. Thus, we will explore recent findings on these topics.



Programmed Cell Death as a Defense Mechanism Against Salmonella Infection


Autophagy in Epithelial Cells

Autophagy has been described as an important host response to eliminate S. Typhimurium from IEC in murine models (Figure 1B) (Benjamin et al., 2013). Once S. Typhimurium enters host cells, it is targeted by different host proteins including ubiquitins, LC3 and p62, which leads to autophagosome formation and subsequent cell death (Wang et al., 2018). Indeed, S. Typhimurium co-localizes with LC3 in HeLa cells, in a mechanism dependent on T3SS-1, suggesting that bacterial-induced vacuolar damage can trigger autophagy (Birmingham et al., 2006). This is consistent with a recent study, which describes that a V-ATPase, responsible for acidification in vacuoles, acts as a sensor of vacuolar damage caused by S. Typhimurium (Xu et al., 2019). Furthermore, the V-ATPase recruits the autophagy-related 16-like 1 (ATG16L1) protein, which is crucial for bacterial autophagy (also known as xenophagy). A knockdown of ATG16L1 in HeLa cells demonstrated that this protein is required for autophagy against S. Typhimurium (Rioux et al., 2007). In addition, genetic variants of ATG16L1 are linked to Crohn’s disease, and human IEC lines HeLa and Caco-2 expressing those variants exhibit impaired autophagy against S. Typhimurium (Kuballa et al., 2008). This is consistent with the evidence in murine models, which suggest that S. Typhimurium infection can increase susceptibility to IBD (Schultz et al., 2018).

Recent studies in the human cell line HTC116 have also revealed host and bacterial molecules involved in regulating autophagy in response to S. Typhimurium. Knockdown studies in this cell line have shown that the intracellular protein high mobility group box 1 (HMGB1) acts as an inductor of autophagy in epithelial cells by preventing STAT3 activation in infection assays with S. Typhimurium. Further experiments in murine models proved a protective role of HMGB1 in Salmonella infection (Zhang et al., 2019). Conversely, different Salmonella serotypes express effector molecules that can block autophagy. S. Enteritidis can suppress autophagy in HTC116 cells by reducing the expression of the regulator Beclin-1 in a mechanism dependent on the T3SS-1-effector molecule AvrA and induces less weak autophagic activity (Jiao and Sun, 2019). This mechanism was further demonstrated in vivo in murine infection. Although S. Typhimurium seems to induce robust autophagy, it can block it in a T3SS-1-dependent manner. Assays in HeLa cells revealed that the T3SS-1 effector SopF blocks S. Typhimurium-induced autophagy. In particular, SopF can ADP-ribosylate the V-ATPase, preventing its interaction with ATG16L1, blocking bacterial autophagy but not canonical autophagy (Figure 1B) (Xu et al., 2019). Therefore, manipulation of bacterial autophagy is an attractive mechanism for potential drug development against Salmonella infection.



Inflammasome Activation in IECs

Several reports in murine models have shown that IECs can also activate the inflammasome, which is a multi-protein complex critical for the clearance of S. Typhimurium and host defense (Bierschenk et al., 2017). Pathogen recognition promotes two ways of inflammasome activation: (1) the NLRC4 inflammasome and caspase-1 (Sellin et al., 2014; Rauch et al., 2017) (2) and the non-canonical pathway activation of NLRP3 inflammasome and caspase-4 and caspase-5 (the human orthologs of caspase-11) (Knodler et al., 2014a). Evidence in murine models indicates that the early recognition of S. Typhimurium infection (<36 h post-infection) (Broz, 2014) generates the activation of NAIP 1–6 proteins, NLRC4 inflammasome, and caspase-1, which restrict this replicative niche due to the expulsion of the infected IECs from the mucosa (Sellin et al., 2014). It has been shown that other inflammasomes, such as NLRP3 or NLRP6, are dispensable during S. Typhimurium infection in murine models, as well as the downstream cytokines of NLRC4 as IL-1α/β and IL-18 (Sellin et al., 2014). However, caspase-4 is required for the induction of IL-18 in response to S. Typhimurium infection, whereas caspase 1 contributes to the release of IL-1β (Knodler et al., 2014a), indicating that the non-canonical inflammasome also contributes to immunity against Salmonella (Figure 1C).

Indeed, the non-canonical pathway seems to be more relevant in human immunity against S. Typhimurium. Infection assays in polarized human colonic epithelial cells (C2Bbe1) have shown that the caspase-4 but not caspase-1 is required for inflammasome activation and subsequent secretion of IL-18 in an LPS-dependent manner (Knodler et al., 2014a). As mentioned before, the requirement of caspase-4 has been recently confirmed using human enteroid monolayers, whereas mouse organoids exhibit opposite results (Holly et al., 2020), which is consistent with previous data from murine models (Sellin et al., 2014). Thus, human IECs undergo caspase-4-dependent inflammasome activation during S. Typhimurium infection, although evidence of the signaling pathways regulating their activation in human IECs is still required.



Inflammasome Activation in Human Macrophages

Macrophages and other immune cells also undergo inflammasome activation (Figure 2), which is accompanied by the induction of a programmed cell death pathway known as pyroptosis. Evidence in murine macrophages and the human monocytic cell line THP-1 indicates that both inflammasomes are redundant against S. Typhimurium infection, both leading to pyroptosis (Broz et al., 2010; Man et al., 2014). Similar to IECs, both caspase-4 and caspase-5 also induce the NLRP3 inflammasome in macrophages by detecting LPS and S. Typhimurium in a TLR-4-dependent manner, as shown in caspase 4- and caspase 5- deficient THP-1 cells (Figure 2A) (Baker et al., 2015; Schmid-Burgk et al., 2015). In addition, a similar model of caspase-4 silencing in human monocyte-derived macrophages (HMDM) showed that caspase-4 was required for inflammasome activation in a T3SS-1-dependent manner (Casson et al., 2015). In contrast to the mouse canonical NLRC4 inflammasome, human macrophages express a single NAIP protein, which recognizes multiple S. Typhimurium ligands including flagellin and the T3SS-1 inner protein PrgJ but is evaded by the T3SS-2 protein SsaI (Figure 2B) (Kortmann et al., 2015; Valeria et al., 2017). This is in line with recent evidence indicating that S. Typhimurium SPI-2 is required to downregulate inflammasome responses in both THP-1 and HMDM, as cells are infected with a SPI-2-deficient strain exhibit enhanced NLPR3 and NLRC4 inflammasome responses (Bierschenk et al., 2019). Thus, T3SS-1 effector proteins induce the inflammasome, whereas T3SS-2 effector proteins can suppress it, allowing S. Typhimurium survival.
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FIGURE 2. Immune response against S. Typhimurium in human cells. (A) LPS dependent NLRP3 inflammasome induce the caspase 4/5 dependent pyroptosis. Further, the IFN-γ primed macrophages generate the same dependent pyroptosis process, but with the activation of GBP1. (B) In macrophages Ssal, an effector protein secreted by TTSS-2, can inhibit the activation of NLRC4 by the NAIP proteins. (C) IL-10 regulate the production of PGE2 and the production of IL-1β dependent of NLRC4 inflammasome. (D) NKT cells are able to recognize S. Typhimurium possible by TLR 10, which by a non-identify pathway lead the secretion of IFN-γ that activate monocytes. (E) It is still unknown how MAIT cells are activated. When are activated, they can recognize infected DC, IEC, and B cells and secrete granzyme. However, the S. Typhimurium inside SCV can avoid the load into MR-1 and in this sense avoid the recognition by MAIT cells as well.


IFN-γ is also an important signal regulating caspase-dependent response against S. Typhimurium in human macrophages. Humans challenged with S. Typhi exhibit increased production of types I and II interferons (Blohmke et al., 2016), including IFN-γ, which is also produced by different innate and adaptive sources in murine models during Salmonella infection (Thiemann et al., 2017). IFN-γ-primed macrophages undergo both caspase-1 and caspase-4-dependent pyroptosis in THP-1 cells and HMDM in response to S. Typhimurium (Fisch et al., 2019a). Different studies in mice have shown that interferon-inducible protein guanylate binding proteins (GBP) are important in activating inflammasome responses against S. Typhimurium, as mice deficient in the GBP cluster or GBP5 exhibit decreased caspase 11-dependent pyroptosis (Figure 2A) (Shenoy et al., 2012; Meunier et al., 2014; Pilla et al., 2014). In line with this evidence, recent work has shown that GBP1 acts as an LPS sensor, targeting S. Typhimurium just after SCV rupture in IFN-γ-primed human macrophages and mediating caspase-4 dependent pyroptosis (Fisch et al., 2019a; Santos et al., 2020). This mechanism has also been described in human organoids primed with IFN-γ, in which GBP1 can recruit GBP2, GBP3, and GBP4 in an LPS-dependent manner, controlling caspase-4 recruitment and activation of the non-canonical inflammasome (Kutsch et al., 2020; Santos et al., 2020; Wandel et al., 2020). In addition, caspase-1 regulates negatively GBP1 function in human macrophages, preventing caspase-4-dependent pyroptosis and regulating cell death in S. Typhimurium infection (Fisch et al., 2019b). Therefore, interferon-induced responses trigger S. Typhimurium sensing and initiation of caspase-dependent responses in human macrophages. In addition to programmed cell death mechanisms, human macrophages and other innate immune cells display important anti-microbial functions during Salmonella infection, which will be discussed in the section below.



Novel Anti-Salmonella Functions in Human Innate Cells


Proteomics in Infected Human Macrophages

Macrophages are the primary carriers of S. Typhimurium infection, and thus recent studies have explored how the bacteria impact the proteome of macrophages. A proteomic study in the murine macrophage cell line RAW264.7 has revealed new regulators of the non-canonical inflammasome. The lysosomal hydrolases cathepsins are enriched in the nuclei following S. Typhimurium infection in a SPI-2-dependent manner and subsequently promote caspase-11-mediated-pyroptosis in mice (Selkrig et al., 2020). In human macrophages, proteomic studies have revealed a new regulator of the canonical inflammasome. Increased levels of eicosanoids were detected using quantitative mass spectrometry in S. Typhimurium-infected THP-1 cells. In particular, prostaglandin 2 (PGE2) production activates caspase-1 and IL-1β production in infected macrophages and promotes their polarization toward a M1 phenotype (Sheppe et al., 2018). Of note, a recent study has shown that IL-10 regulates the production of PGE-2 in human macrophages differentiated from pluripotent stem cells lacking the IL-10 receptor. These macrophages exhibit defective S. Typhimurium killing, which was attributed to the increased production of PGE2 in response to S. Typhimurium in the absence of IL-10 signaling (Figure 2C) (Mukhopadhyay et al., 2020). Therefore, PGE2 plays an important yet complex role in regulating the inflammasome and anti-bacterial responses in macrophages.

Moreover, other proteomic studies have identified novel mechanisms in the macrophage response to S. Typhimurium infection. A genome-wide CRISPR approach in THP-1 cells identified 183 genes related to host defense, including genes related to actin dynamics, metabolic pathways, and calcium transport in response to S. Typhimurium infection (Yeung et al., 2019). In particular, this study identified NHL-repeat-containing protein 2a (NHLRC2) as a regulator of Salmonella phagocytosis and the actin cytoskeleton. Mutant THP-1 macrophages lacking NHLRC2 exhibit a hyper-inflammatory profile but display an abnormal morphology and are unable to phagocytose S. Typhimurium. Similarly, another study analyzed the extracellular proteome of THP-1 cells using mass spectrometry and described the secretion of exosomes from S. Typhimurium-infected macrophages (Hui et al., 2018). These exosomes from infected macrophages trigger the activation of naïve RAW264.7 macrophages, promoting the secretion of pro-inflammatory cytokines such as TNF-α, G-CSF, GM-CSF, and RANTES. Therefore, proteomic analyses of human macrophages have revealed novel antimicrobial molecules (Hui et al., 2018).



Single-Cell Sequencing in Innate Cells During S. Typhimurium Infection

Although multiple innate cells have been associated with protective effects against Salmonella infection in murine models, evidence exploring their relevance in humans is scarce. Recent transcriptomic analysis using single-cell sequencing technologies has described the dynamics and heterogeneous responses of innate cells during S. Typhimurium infection. Extensive literature has characterized how Salmonella infects and exploits intestinal DC function in murine models in order to disseminate systemically, but few studies have explored how Salmonella modulates human DCs. Aulicino et al. (2018) analyzed the differential responses of monocyte-derived DC in response to either the non-invasive strain LT2 and the invasive serotype ST313. Compared to LT2, ST313 exploits DC responses to avoid immune detection by reprogramming the transcriptome of infected and bystander DC. ST313-infected cells upregulate the anti-inflammatory molecules IL-10 and downregulate the activation markers CD83, CD86, and antigen presentation, suggesting that they develop a more suppressive phenotype. In addition, bystander DCs show hyper-inflammatory responses, which may recruit adaptive immune cells against uninfected cells and facilitate S. Typhimurium survival (Aulicino et al., 2018). Therefore, this study reveals the heterogeneity of human DC function in response to the invasive ST313 that could facilitate its dissemination and survival in human disease (Aulicino et al., 2018). Although there is evidence that S. Typhi can also manipulate human DC function (Bueno et al., 2008), more extensive transcriptomic analysis need to be performed in order to reveal serovar-specific mechanisms.

Furthermore, single-cell sequencing of PBMCs from humans challenged ex vivo with S. Typhimurium has revealed the dynamics of immune populations during infection. Monocytes exhibit different distinctive changes after infection, indicating bacteria internalization and changes in monocyte subsets, suggesting that some of them might undergo cell death whereas others resemble M1 macrophages. In addition, a particular cluster of NKT cells emerges from CD8+ T cells and exhibits distinctive changes in their gene signature following infection. In addition, individuals with a polymorphism in the TLR10 gene exhibit decreased activation of NKT cells and reduced IFN-γ mediated cell to cell signaling between NKT cells and monocytes against Salmonella, indicating that NKT-monocyte cross-talk is important during S. Typhimurium infection (Figure 2D) (Bossel Ben-Moshe et al., 2019).

NKT cells recognize unconventional non-peptide ligands (in this case, glycolipids) derived from some Gram-negative bacteria bound to CD1d molecules that, unlike MHC, are highly invariant (Dellabona et al., 1994; Cox et al., 2009). However, the activation can be mediated by three different mechanisms: direct TCR activation; independent TCR activation (which is mediated by APC and leads to cytokine secreted, as IL-12 or IL-18); or independent and dependent TCR activation (a combination of the previously mentioned mechanism) (Reilly et al., 2010; Holzapfel et al., 2014). Murine models of S. Typhimurium infection exhibit TCR-independent NKT activation, suggesting that cytokine signaling is sufficient to activate NKT cells to produce IFN-γ (Holzapfel et al., 2014). The evidence shown by Bossel Ben-Moshe et al. (2019) suggests that TLR-10 may be involved in human NKT activation during Salmonella infection, but further research is required to confirm this idea.



MAIT Cells Protective Responses Against Salmonella

In addition to NKT cells, S. Typhimurium encounters other innate-like T cells with innate and adaptive properties: the mucosal associated invariant T (MAIT) cells (Figure 2E). These cells are characterized by the expression of a semi-invariant TCR (Vα19-Jα33) (Tilloy et al., 1999) and are highly conserved between mouse and human. MAIT cells respond against metabolites products of the riboflavin pathway of Gram-negative and positive bacteria, which are presented by antigen-presenting cells in non-classical class I antigen-presenting molecules: MHC-like protein 1 (MR-1) (Treiner et al., 2003; Kjer-Nielsen et al., 2012). The immune response of MAIT cells generates the secretion mainly of IFN- and IL-17, both acting as antibacterial molecules that also recruit other immune cells and have cytotoxic effects against infected cells, secreting granzyme A and B (Le Bourhis et al., 2013).

Salmonella Typhimurium can activate human MAIT cells in vitro (Le Bourhis et al., 2013) and generate an immune response to infected-DCs and B cells (Gold et al., 2010; Kjer-Nielsen et al., 2012; Salerno-Goncalves et al., 2014). When MAIT cells are activated, they develop a cytotoxic function against infected cells. However, this recognition is impaired because the bacteria remain within SCV, preventing the antigen load into MR-1 (Le Bourhis et al., 2013). This effect is observed with S. Typhimurium WT and mutants of the SPI-1 or SPI-2, suggesting that intracellular S. Typhimurium prevents MAIT cell activation against infected epithelial cells (Le Bourhis et al., 2013). However, increasing evidence suggests that MAIT cell adaptive immune response may be important in the control of Salmonella infection. Although human volunteers challenged with S. Paratyphi A exhibit lower frequencies of circulating MAIT cells (Howson et al., 2018), an increased proportion of MAIT cells are activated, exhibiting clonal expansion and high avidity to the riboflavin metabolite ligands. This evidence suggests that MAIT cells may be related to the adaptive immune response against Salmonella, as the expanded clonotypes could be protective against re-infection. In fact, human volunteers challenged with a low dose of WT S. Typhi also exhibited increased frequency of activated CD8+ MAIT cells, which also exhibited increased expression of proliferation and intestinal-homing markers. Interestingly, volunteers with increased susceptibility to the infection displayed reduced frequency of circulating MAIT cells, associated with increased exhaustion and apoptosis (Salerno-Goncalves et al., 2017). In line with these findings, a murine pulmonary model of S. Typhimurium infection induces the activation of MAIT cells in an IL-23-dependent manner, enhancing ICOS expression and induces a TH17 phenotype in MAIT cells. In addition, in the same study, vaccination using IL-23 and the riboflavin ligand 6- d -ribitylaminouracil (5-OP-RU) activates MAIT cells and protect against Legionella infection in mice, suggesting that MAIT cells may provide protection against other pathogens such as Salmonella (Wang et al., 2019). Moreover, recent evidence indicates that the ST313 strains D23580 and D3771 are able to evade MAIT cell recognition in both healthy and immunocompromised individuals in a mechanism dependent on the overexpression of ribB. This enzyme is involved in the riboflavin pathway and leads to low intracellular levels of flavin mononucleotide, a ligand for MAIT cell activation. In contrast, other ST313 strains such as U2, U5, and D25248, the non-invasive strain S. Typhimurium 4/74, S. Typhi and S. Paratyphi induced potent MAIT cell activation (Preciado-Llanes et al., 2020). Together, this evidence supports an important role of MAIT cells in protection against different serovars of Salmonella, with the potential of generating adaptive responses protective against re-infection.



CONCLUSION

Salmonella enterica generates two types of diseases: non-typhoidal and typhoidal disease. However, in the case of NTS disease caused by S. Typhimurium, depending on the immune response of the patient, NTS can generate complications during the disease such as carriage and iNTS. In this sense, iNTS generate more deaths than typhoidal serovars, the invasive serotype ST313, which as in the case of S. Typhi, has been suffered a host adaptation to the human and especially to immunocompromised ones causing, for instance, less intestinal invasion and inflammation.

In line with this, most of the studies performed have addressed the response exhibited in mice during S. Typhimurium infection, but studies in human hosts have been limited to human cell lines to corroborate the discoveries made in animal models. Several Salmonella virulence genes perform similar functions in both models (human and mouse cells). However, some effector proteins such as Ssel or SseK seem to have different functions in human and mouse cells, but this difference is just related to the type of human cell lines utilized in the studies and requires in-depth investigation.

Similarly, the immune response generated by different serovars of S. enterica exhibit similar mechanisms in mouse and human models in order to control the infection. However, the contribution of the canonical and non-canonical pathways of inflammasome activation differ in mice and humans, thus there is still much work to do to understand the regulation of this pathway in human cell lines. Moreover, transcriptomic and proteomic analyses have revealed novel antimicrobial pathways in human macrophages, regulating the infection in these cells and also shown the complex immune responses displayed by other innate cells such as DC, NKT, and MAIT cells, with essential roles during the immune response against S. Typhimurium infection. However, the knowledge about mechanisms mediated by these immune cells in humans is still scarce and is necessary to perform more studies to understand how they respond against the infection, and what are the differences between human and mice that lead to different pathologies.

Finally, it is imperative to develop a proper model to study all the differences between several serovars of S. enterica and between mouse and human immune response against S. Typhimurium infection. Also, it is required a model that integrates the interaction with cells of the immune system, together with the human microbiota, resembling the interactions present in vivo with other types of intestinal cells or with soluble factors that can determine the pathology and the immune response. Currently new techniques have been tested and used, allowing the global characterization of the transcriptome and proteome during infection, which has improved our knowledge; however, we continue discovering new functions or interactions for previously known virulence proteins or finding new activation pathways during the infection, which implies that we still do not know entirely how typhoid and non-typhoid serovars generates the disease and all the factors involved, especially in human infection.
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Hepatitis B virus (HBV) infection is a global public health problem that plagues approximately 240 million people. Chronic hepatitis B (CHB) often leads to liver inflammation and aberrant repair which results in diseases ranging from liver fibrosis, cirrhosis, to hepatocellular carcinoma. Despite its narrow species tropism, researchers have established various in vivo models for HBV or its related viruses which have provided a wealth of knowledge on viral lifecycle, pathogenesis, and immunity. Here we briefly revisit over five decades of endeavor in animal model development for HBV and summarize their advantages and limitations. We also suggest directions for further improvements that are crucial for elucidation of the viral immune-evasion strategies and for development of novel therapeutics for a functional cure.
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INTRODUCTION

Over half a century has passed since a precipitin line in an immunodiffusion agar gel was formed between serum of a hemophilia patient receiving transfusion and serum of an Australian aborigine (Blumberg et al., 1965). This serendipitous event turned out to be the first revelation of a new etiology: Hepatitis B Virus (HBV) (Sutnick et al., 1969; Dane et al., 1970; Almeida et al., 1971). The active research surrounding this virus thereafter has yielded in-depth understanding of its natural history, immunobiology, and pathogenesis.

HBV belongs to the hepadnaviridae which is characterized by a small genome (3.2 kilobase) of partially double-stranded DNA. It enters the human hepatocytes via the interaction between viral envelope protein and human sodium taurocholate co-transporting polypeptide (NTCP) in a highly species-specific manner (Yan et al., 2012; He et al., 2015; Burwitz et al., 2017; Takeuchi et al., 2019; Chen et al., 2020). It then reproduces its genome by a transcription—reverse transcription process. The former is done under the genetic instruction of the covalently closed circular DNA (cccDNA) which is formed by repairing the incoming viral genome or recycling of the viral DNA produced in the cytoplasm. The cccDNA serves as the template for transcription of the pregenomic RNA and other mRNAs that encode at least seven proteins. The pregenomic RNA is not only the messenger for viral core and polymerase, but also the template for reverse transcription, which strictly requires polymerase assisted core particle formation. HBV is a hepatotropic virus with strict host and organ tropism.

Individuals chronically infected with HBV can develop a series of liver diseases, from liver fibrosis, cirrhosis to hepatocellular carcinoma. Although great progress has been made in the prevention and treatment of chronic hepatitis B (CHB), there are still over 240 million people infected with HBV and around 650,000 people die of this disease each year globally (World Health Organization [WHO], 2015). To further reduce these figures, besides broader coverage of HBV vaccination, novel approaches of therapy that are able to cure chronic infection are needed. The continuing development of animal models for HBV infection has been instrumental for our understanding of its lifecycle, development of antiviral agents, and testing of preventive measures. A series of models have been developed ever since the “Australian antigen” was discovered. Their utilities and shortcomings are reviewed (Table 1). Possible directions for further development to meet the needs of an HBV cure are also discussed.


TABLE 1. Basic features of animal models for major hepadnaviruses.

[image: Table 1]


CHIMPANZEE AND OTHER PRIMATES

Apart from human subjects, chimpanzees were almost the only model used in the early stages of HBV research (McAuliffe et al., 1980). In as early as 1969, two groups independently reported the appearance of Australian antigen and development of its antibody after inoculation of positive sera in chimpanzees (Hirschman et al., 1969; Lichter, 1969). This was followed by several other studies with more detailed longitudinal observations (Maynard et al., 1971, 1972; Barker et al., 1973). Chimpanzees were also the only feasible subjects for evaluation of the first generation vaccines which were purified from HBV positive sera and inactivated (McAuliffe et al., 1980). A major achievement of molecular virology in 1982 was also made possible by injecting cloned viral genome into chimpanzees thus establishing an acute viral hepatitis (Will et al., 1982). All these studies established the molecular etiology of HBV as the causative agent for hepatitis B.

The fact that chimpanzees have the genetic background and immune system that are closest to humans makes them the host of choice for studying the innate and adaptive immune response to HBV infection. One striking feature of HBV acute infection observed in chimpanzees is that the virus does not induce or repress host gene expression in the lag (week 0–2) and logarithmic expansion phase (week 4–6) which is in stark contrast to HCV infection (Wieland S. et al., 2004). The induction of interferon stimulated genes (ISGs) and other inflammatory genes are within the viral clearance phase (week 8–12) which is initiated by infiltration of T cells, B cell, macrophages, and NK cells, etc. Transient antibody-mediated depletion of CD8 + T cells during the logarithmic phase of viral replication caused prolonged viremia and liver damage (Thimme et al., 2003). Meanwhile, the essentiality of the priming of CD4 + T cells in the early phase of the infection was also discovered, as pre-depletion of these cells caused persistent infection with minimal immunopathology (Asabe et al., 2009) reminiscent of the immune tolerance state of CHB. Most interestingly, inoculation of chimpanzees with intermediate viral dose (104 to 107 genome copy) leads to viral clearance whereas high-dose (1010 genome copy) or low-dose (10 copy) leads to persistent infection, indicating that kinetics of viral spread in the early phase determines the fate of the disease (Asabe et al., 2009). In a self-limited infection, an early (week 8–12) non-cytolytic suppression of viremia and a late (week 14–20) cytolytic destruction of HBV positive hepatocytes were both documented by longitudinal observations in chimpanzees, suggestive of a two-phase dynamic process (Guidotti et al., 1999; Wieland S.F. et al., 2004).

The use of chimpanzees has also facilitated the development of novel therapeutics. GS-9620 is a potent, orally active TLR7 agonist in clinical development for treatment of CHB. Its short-term oral administration in HBV infected chimpanzees achieved long-term suppression of viral load by inducing ISGs and cytokines/chemokines (Lanford et al., 2013). Further transcriptomic and histological analyses revealed intrahepatic aggregates comprised of CD8 + T cells and B cells in the portal regions (Li L. et al., 2018). Therapeutic vaccination schemes (Pancholi et al., 2001) and anti-HBV monoclonal antibodies (Eren et al., 2000) were also evaluated in chimpanzees preclinically. Unfortunately, due to increasing concerns over animal ethics, experiments using chimpanzees have been highly restricted (Altevogt et al., 2012).

Apart from chimpanzees, macaques were also suggested to be susceptible to HBV. Inoculation of HBV replicative plasmid into macaques (Macaca Silvanus) caused viremia and pathological changes (Gheit et al., 2002). The same group later found Macaca fasicularis from Mauritius island had a high positive rate of HBV DNA although at low viral load (Dupinay et al., 2013). Genome sequencing revealed that it was a genotype D subtype ayw3 with a substitution at position 67 within preS1. Inoculation of virus-positive pooled serum into Macaca fasicularis caused an acute infection. However, another study failed to establish an infection using the virus harboring this variation and using the same species of macaque (Burwitz et al., 2017). Some other HBV-related viruses were also identified in New World monkeys. The woolly monkey hepatitis B virus (WMHBV) infects its natural host, Lagothrix lagotricha (woolly monkey) (Lanford et al., 1998). Spider monkeys and chimpanzees were also shown to be susceptible to WMHBV in experimental infections (Lanford et al., 1998, 2003). The capuchin monkey hepatitis B virus (CMHBV) was recently identified in Sapajus xanthosternos in Brazil (de Carvalho Dominguez Souza et al., 2018). The surface protein of these two viruses showed high antigenic relatedness as evidenced by cross-reactivity of polyclonal antibody against HBV surface antigen. Furthermore, Hepatitis D Virus pseudotyped with WMHBV and CMHBV surface proteins could infect human hepatocytes suggesting their highly similar cellular entry process. Indeed, molecular substitution assays on key residues on the NTCP polypeptide suggested that amino acid 158 is critical for virus entry (Takeuchi et al., 2019). This residue in New-World monkeys, which include capuchin monkey and woolly monkey, is identical to that of human and chimpanzee. However, these animals not readily available as experimental hosts due to economical and ethical reasons.



TREE SHREW

Tree shrews (Tupaia belangeri) are small mammals closely related to primates. The susceptibility of tree shrews to HBV infection was confirmed both in vivo and ex vivo (Walter et al., 1996; Yan et al., 1996) although a transient and low level of viremia was documented in newborns (Walter et al., 1996). A larger scale, longitudinal research on 46 tree shrews neonatally inoculated with HBV resulted in 6 chronic infections (Wang et al., 2012). Hepatic histopathological changes observed in chronically infected animals were similar to those observed in CHB (Ruan et al., 2013). Continued observation showed that hepatocellular carcinoma occurred in two of the six animals at the late stage of life (Yang et al., 2015). Thus, this model faithfully recapitulates many aspects of the HBV infection in humans. Another contribution made by this model is the study of the viral entry route. Fine mapping of the receptor binding site of PreS1 was made possible using primary hepatocytes isolated from Tupaia (Glebe et al., 2003; Glebe et al., 2005). More importantly, sodium taurocholate co-transporting polypeptide (NTCP) was identified as the functional receptor for HBV using primary culture of Tupaia hepatocytes (Yan et al., 2012).



THE WOODCHUCK AND DUCK MODELS

The Woodchuck Hepatitis Virus (WHV) (Summers et al., 1978) was first discovered in the late 1970s. It has significant similarities to HBV in its morphology, genome structure, and replication scheme. Its genome is frequently integrated into the host genome at the N-myc loci (Fourel et al., 1990) and is directly linked with the development of hepatocellular carcinoma (Gouillat et al., 1997). More detailed analysis on HBV showed that integration events are randomly distributed among chromosomes (Mason et al., 2016), the enriched loci found in human liver tumors such as TERT, MLL4, and CCNE1 are the result of clonal expansion (Sung et al., 2012; Zhao et al., 2016). Molecular virology studies revealed that various forms of linear viral DNA can be produced during WHV replication which serves as the substrate for chromosomal integration (Yang et al., 1996). These forms of viral DNA and its integration was also confirmed in CHB (Tu et al., 2021). Woodchuck has also been widely used for the evaluation of therapeutic solutions. The administration of nucleoside analogs on WHV infected animals inhibited viremia but did not inhibit its genetic reservoir (cccDNA) (Moraleda et al., 1997; Dandri et al., 2000). Woodchucks were also used as a testing ground for various combination therapies involving DNA vaccine, antigen-antibody immune complex, immune checkpoint modulators etc. (Roggendorf et al., 2007; Lu et al., 2008; Kosinska et al., 2012, 2013; Liu et al., 2014) with considerable success.

The duck hepatitis B virus (DHBV) (Mason et al., 1980) was first reported to be present in Pekin ducks in 1980 which bears significant resemblance to HBV in its genome, morphology, and replication. Because ducks are much more accessible than other hosts, DHBV was used as a model system for studying the replication scheme of hepadnaviruses. Indeed, Summers and Mason found that DHBV replicates its genome by reverse transcription of an RNA intermediate, i.e., the pregenomic RNA (Summers and Mason, 1982) thus pointing to its evolutionary kinship with retroviruses (Miller and Robinson, 1986). Moreover, ex vivo infection of primary duck hepatocytes revealed the existence of a nuclear cccDNA pool which is not maintained by semiconservative replication but by intracellular recycling of relaxed circular DNA (Tuttleman et al., 1986). The abundance of cccDNA is regulated by the expression level of viral surface protein which determines the relative rate of viral release and intracellular recycling of relaxed circular DNA (Summers et al., 1990). This phenomenon is also corroborated in HBV infection (Lentz and Loeb, 2011; Zhang et al., 2016). By biochemical purification, researchers identified the receptor for DHBV as a 180 kDa glycoprotein (Kuroki et al., 1994; Breiner et al., 1998; Urban et al., 1998), although the entry of HBV does not use human homologs of this protein.

The above-mentioned animal models can be naturally infected with members of hepadnaviruses. There are, however, quite several limitations that restrict further studies on HBV pathogenesis, immune response, and curative strategies. The Pekin duck is a powerful tool for DHBV molecular virology, but its immune system is evolutionarily distant from that of humans. The limited supply of woodchucks and the difficulty in their domestication restrict their larger-scale experimentation. The chimpanzees have been historically crucial for the development of prophylactic vaccine and for studying HBV immunobiology, but their high cost, genetic variations, and ethical regulations have prohibited their further use. Experimental mice have long been the model of choice in immunologic and pathological studies, but they are not susceptible to HBV or other hepadnaviruses. A large number of studies have been performed to establish mouse systems that can address specific aspects of HBV biology.



TRANSGENIC MICE

With the development of transgenic mice technology, researchers started to clone HBV sequences into the mouse germline in the 1980s. The resultant mouse strains can be used to study the pathophysiological effects of certain viral gene products. For example, transgenic expression of surface antigen does not cause obvious pathologies (Babinet et al., 1985; Chisari et al., 1985), but the enforced expression of the large surface protein inhibits the release of small surface protein (Chisari et al., 1986), increases proteinaceous cytoplasm containing acidophilic inclusions resembling ground-glass hepatocytes observed in human carriers of HBV, and later develop nodular hyperplasia (Chisari et al., 1987). The oncogenic role of HBx is established by studies on transgenic mice. Kim et al. developed a transgenic mouse line in which HBx was expressed under the control of its native promoter (Kim et al., 1991). Histopathology begins with multifocal preneoplastic lesions followed by benign adenomas and finally malignant carcinomas. They also found that male mice developed disease and died much earlier than females. A similar observation was made in an HBx transgenic mouse lineage with high level of protein expression (Koike et al., 1994). Apart from the reported findings, they suggested that the formation of full-blown carcinoma requires additional genetic events as only small populations of altered foci developed into neoplasia. Indeed, they observed increased DNA synthesis and aneuploid DNA content in a subset of hepatocytes. Although there were a few reports that did not find significant histological alteration in HBx transgenic mice (Lee et al., 1990), the majority of them supported its tumorigenic role (Tsuge et al., 2010; Quetier et al., 2015).

Thanks to the well-developed tools for immunologic studies, HBV transgenic mice were extensively used to elucidate the mechanism of immunopathogenesis and mechanism of virus-mediated tolerization. The knowledge on the functional role of HBeAg has been greatly expanded using e antigen transgenic mice. HBeAg is translated from a precore mRNA a few nucleotides upstream of the initiation codon of the core open reading frame and further processed by proteolytic cleavage. The primary amino acid sequence of HBeAg shows significant identity to that of HBcAg although HBeAg is structurally distinct and is expressed in non-particulate form and secreted into circulation. There are a large number of reports supporting the link between HBeAg and active manipulation of the anti-HBV immune response. For example, HBV G1896A mutation that causes the premature termination of the e antigen is associated with acute fulminant or severe hepatitis (Tong et al., 2013). Using HBeAg-expressing transgenic mice, Milich et al. (1990) found that these mice are immunologically tolerant to not only HBeAg but also HBcAg at the T-cell level. T cells exposed to HBeAg were non-responsive to HBcAg. In addition, after priming with core antigen, in vitro anti-HBc IgG production was greatly reduced in e antigen transgenic mice but IgM production was unaffected suggestive of a reduced Th-cell function. Moreover, non-transgenic mice exposed to HBeAg in utero by their transgenic mother showed reduced T cell response to HBcAg peptides which suggested that HBeAg can pass the placenta to induce fetal tolerance to HBcAg before and around birth. Thus, HBeAg plays a crucial role in restricting T cell response to HBcAg in the early phase of HBV infection and contributes to the establishment of chronic infection.

The transgenic mice expressing individual viral proteins are still limited by the lack of replicative parameters. The establishment of replication-competent HBV transgenic mice has provided a robust system for dissecting the innate and adaptive immune response within the context of persistent HBV infection (Guidotti et al., 1995). In this model, a high level of viral RNA and replicative intermediates are detected in the hepatocytes, and virus particles in serum are morphologically indistinguishable from those in natural infection. Although the host is immune tolerant to the virus, an acute immune response can be initiated by adoptive transfer of specific immune cells. Introduction of HBsAg-specific cytotoxic T lymphocytes (CTLs) in this transgenic mouse results in a transient spike of liver damage (Guidotti et al., 1996) whereby a small fraction of the hepatocytes are killed. Nevertheless, these CTLs clear all traces of HBV gene expression and replication via the antiviral activity of IFN-γ and TNF-α. Indeed, the potent suppression of viral replication is independent of the cytolytic activity as perforin knockout CTLs also abolish viral activity. Nevertheless, the initial cell lysis triggers focal inflammation response in which antigen-non-specific cells such as neutrophils, polymorphonuclear neutrophils, and platelets infiltrate into the hepatic sites (Sitia et al., 2002, 2004; Iannacone et al., 2005). The polymorphonuclear neutrophils are known to express matrix metalloproteinases which facilitate the recruitment of mononuclear cells into the liver and exacerbate liver inflammation (Sitia et al., 2004). In addition to studies on CTL-mediated adaptive immune response, innate immune responses can also be investigated. Kakimi et al. analyzed the antiviral effect of activated natural killer T (NKT) cells by injection of antibody to galactosylceramide (Kakimi et al., 2000). Similarly, the functional role of Interleukin-12 (IL-12) (Cavanaugh et al., 1997), IL-18 (Kimura et al., 2002), was also analyzed. This model is also suitable for evaluation of various antiviral therapies (Julander et al., 2002; Weber et al., 2002; Julander et al., 2003; Uprichard et al., 2005; Ebert et al., 2011; Buchmann et al., 2013).

It is also worth noting that although transgenic mice are thought to be completely tolerant to the transgene-encoded viral protein, spontaneous clearance of HBsAg due to the emergence of antibodies was reported (Fumagalli et al., 2020). Also, a therapeutic vaccination scheme combined with siRNA-mediated knockdown in HBV transgenic mice generated antibodies toward HBsAg (Michler et al., 2020). These results indicate that the transgene-specific B cells are not clonally deleted and may be activated in certain circumstances.



TRANSFECTED OR TRANSDUCED MICE

Although adoptive transfer experiments in HBV transgenic mice can inform the antiviral capability of various cell types, this information does not necessarily translate to a real infection as the cell type under question can be very scarce or functionally tolerized in vivo. Since mouse hepatocytes are not permissive to HBV even after the introduction of the human NTCP gene (He et al., 2015), methods that can introduce viral DNA without germline insertion are needed. The hydrodynamic injection method, which involves rapid, high-pressure tail vein injection of HBV constructs was developed. Yang et al. introduced an overlength replication-competent HBV genome into mice and observed antigen production, viral transcripts, and DNA synthesis within two weeks in wildtype and much longer in NOD/SCID mice (Yang et al., 2002). By optimization of the delivery construct, Huang et al. achieved over 6 months of antigenemia in 40% of the injected immunocompetent mice (Huang et al., 2006). Further studies demonstrated that mouse genetic background has a significant impact on the rate of clearance. BALB/c and NOD/ShiLtJ mice quickly cleared the virus while C3H/HeN mice are more tolerant to viral replication (Chou et al., 2015; Peng et al., 2015). An association with the gut microbiota and age-related viral clearance is proposed (Chou et al., 2015).

Mouse hepatocytes can also be transduced by recombinant viral vectors, e.g., adenovirus (Adv) or adeno-associated virus (AAV), to initiate HBV replication. Transduction by Adv-HBV usually results in a transient antigenemia (Sprinzl et al., 2001; von Freyend et al., 2011) although it can be prolonged by a lower dose inoculation (Huang et al., 2012). By contrast, the introduction of HBV genome via AAV results in an immunotolerant phenotype with long-term antigenemia and minimal liver inflammation and fibrosis (Yang et al., 2014). The strikingly different behavior of these two viral vector systems is thought to derive from the feature of the carriers, the former being an activator of innate immune response and the latter usually stealthy and silent (Greber and Flatt, 2019; Ertl, 2021).

A more recent development in this transient transfer method involves the formation of bona fide cccDNA within the nuclei which may better recapitulate the epigenetic state of the supercoiled episomal cccDNA in natural infection. To achieve this, different approaches were used. Yan et al. utilized a phage φC31 integrase-mediated intramolecular recombination technology to generate a recombinant cccDNA in Escherichia coli (Yan et al., 2017). The resulting DNA molecule is highly similar to the native cccDNA and can initiate viral replication and antigen expression within the mouse liver. Another approach used by Deng’s group utilized the Cre-loxP in vivo recombination system in which the vector backbone was excised by the co-introduced Cre recombinase. The remaining loxP site within the recombinant cccDNA (rcccDNA) is flanked by a pair of splice donor and acceptor sites. Thus, its transcript undergoes a post-transcriptional RNA splicing yielding an RNA pregenome identical to that of a wildtype virus (Qi et al., 2014). Hydrodynamic injection of this vector resulted in the formation of rcccDNA within the nuclei. The same group further improved this system by using a replication-defective adenoviral vector to transfer the rcccDNA into Alb-Cre transgenic mice which led to prominent HBV persistence for over 62 weeks (Li G. et al., 2018). We have also established an rcccDNA model based on the Cre-loxP recombination strategy by using a AAV8 vector that is hepatotropic and achieved long-term antigenemia and cccDNA persistence (Wu et al., 2020).



HUMANIZED CHIMERIC MICE

Although the HBV transgenic and transfected mice each partially recapitulate some features of CHB, neither of them supports the complete infection cycle of infection due to the lack of cellular receptor. Engraftment of susceptible human hepatocytes into mouse can overcome this barrier. The “trimera” mouse is the result of the earliest attempts in this direction. Using mice that lack mature T, B and NK cells, human liver fragments were transplanted under the kidney capsule. After injection of HBV positive sera, viral DNA and antigens were detected for about two months (Ilan et al., 1999; Eren et al., 2000). Although this model was used for evaluation of antiviral therapy and monoclonal antibodies against HBsAg, the short time window for infection and transient viremia offered limited operational capability. Another easy-to-use mouse model, in which the HBV replication-competent HepAD38 cells were subcutaneously engrafted into nude mice, may serve as a simple platform for antiviral evaluation (Feitelson et al., 2007; Schinazi et al., 2012). It was not until mouse strains that support expansion of human hepatocytes, that humanized chimeric mice became a robust infection model.

In the early 1990s, researchers found that mice with the liver specific expression of the urokinase-type plasminogen activator (Alb-uPA) resulted in elevated uPA concentration, hypofibrinogenemia and neonatal hemorrhaging (Sandgren et al., 1991). This feature was exploited to facilitate the repopulation of xenogenic hepatocytes in various genetic backgrounds of immune deficiency (Rhim et al., 1995; Petersen et al., 1998; Tateno et al., 2004). Dandri et al. established active HBV replication in uPA/RAG-2 mouse repopulated with human hepatocytes although the humanized efficiency is less than 15% (Dandri et al., 2001). Later development of uPA-SCID mice resulted in a more pronounced engraftment (Meuleman et al., 2005). Indeed, a high (1010 copies/ml) and long-lasting viral titre could be achieved (Tsuge et al., 2005). Now the uPA-SCID model has been widely utilized for evaluation of antivirals (Oehler et al., 2014; Mueller et al., 2018), engineered immune therapy (Koh et al., 2018), and mechanism of innate immune response against HBV (Lütgehetmann et al., 2011; Belloni et al., 2012).

A major drawback of the uPA-SCID model is that the uncontrolled expression of the uPA gene in very early life requires human hepatocytes xenograft soon after birth, which is difficult to manipulate and easily causes severe hemorrhage during operation (Meuleman and Leroux-Roels, 2008). The later development of the Fah (Fumaryl acetoacetate hydrolase) knockout mice largely resolved this issue. Fah is an enzyme that catalyze the last step of Tyrosine/Phenylalanine catabolism. The loss of Fah gene causes the accumulation of toxic metabolic intermediates in this pathway. Supplementation of 2-(2-nitro-4-fluoromethylbenzoyl)-1,3-cyclohexanedione (NTBC), an inhibitor that blocks the enzymatic conversion of upstream intermediate, to the drinking water prevents the liver toxicity (Grompe et al., 1995). This feature provides much more control over the extent of mouse liver damage and the timing of hepatocyte xenograft. Based on this, several humanized models were established (Azuma et al., 2007; Bissig et al., 2007), among which the Fah−/− mice with additional immune deficiency (Rag2−/− and IL-2rγ−/−), hence named FRG triple KO mice achieved the highest engraftment rate (90%) (Azuma et al., 2007). FRG KO mice have been successfully used to establish HBV and HCV infection (Bissig et al., 2010) and to evaluate the antiviral action of interferon-α subtypes (Chen et al., 2021).

A major limitation of the humanized mice described above is the lack of the adaptive immune system that can recognize the incoming HBV and make responses that contribute to viral clearance or immunopathology. To solve this, an A2/NGS-hu-HSC/Hep mice model was established (Bility et al., 2014). In this model, the human HLA-A2 allel was introduced into NOD/SCID/IL-2Rγ−/− background and transplanted with human CD34+ cells from fetal liver which serve as hematopoietic stem cells and liver progenitor cells for the reconstituted mice (Bility et al., 2014). Injection of anti-Fas agonistic antibody (Jo2) causes mouse hepatocyte damage and makes room for the introduced progenitor cells to settle in the liver. The human HLA-A2 transgene is thought to promote the HLA-restricted human T cell function. This model achieved around 25% repopulation of human hepatocytes and successful infection of HBV although with relatively low viral load (< 5 × 105 copies/ml). Importantly, HBV specific CD8+ T cell response was elicited, and significant liver inflammation and fibrosis was observed. Notably, the authors observed intrahepatic accumulation of M2-like macrophage which is associated with accelerated liver fibrosis in CHB patients. The authors did not report humoral immune response against HBV. In another study, researchers developed the HIS-HUHEP model, in which CD34+ fetal derived human hematopoietic stem cells (HIS), and adult human hepatocytes (HUHEP) were introduced into a BALB/c Rag2/IL2rγ KO NOD, sirpa, uPA transgenic mice (Dusseaux et al., 2017). The introduction of adult hepatocytes caused much higher HBV viral load and antigens. Inflammatory cell infiltration surrounding core antigen positive hepatocytes was observed although no sign of fibrosis was found. The infiltrating lymphocytes included NK cells, CD4+ and CD8+ T cells with activation/exhaustion markers such as PD-1 and CTLA-4. Importantly, antibodies to surface and core antigens were detected. As the access to fetal hematopoietic stem cells and primary hepatocytes became more limited, other sources of stem cells were explored. Yuan et al. used human bone mesenchymal stem cells to repopulate in FRG mice in BALB/c SCID background (Yuan et al., 2019). Depletion of mouse hepatocytes was achieved by anti-Fas agonistic antibody (Jo2) combined with withdrawal of NTBC. Elimination of murine immune cells was secured by the injection of busulfan. This resulted in high liver chimerism and well differentiated hepatocytes. Reconstitution of the human immune cells was also evident with major myeloid and lymphoid cells. Persistent HBV infection with high viral load and antigen titers was observed. A unique feature of this model is that a large number of lymphocytes and macrophages infiltrated the liver after HBV infection, which was accompanied by high level of cytokines and chemokines. This caused progressive liver fibrosis and cirrhosis although viral loads and antigens were not significantly suppressed. Evaluation of the total serum human IgG and IgM revealed significant elevation during infection whereas antibodies to HBV antigens reached a peak at about 12 weeks post infection and then declined. It is possible that viral infection triggered an inflammatory milieu that fostered a polyreactive humoral antibody response in addition to viral antigens. Nevertheless, this dual humanized model constitutes a robust and easy-to-implement system for HBV pathobiology.



FUTURE DIRECTIONS

With the help of in vivo models, remarkable achievements have been made in the inquiry into how HBV exploits the host molecular and cellular machineries to propagate, and in the development effective preventative and therapeutic measures to contain the spread and progression of this disease. The initial use of chimpanzees as the experimental host established the transmissibility of the “Australian antigen” and unraveled many key features of HBV induced immunologic responses. Studies using woodchuck and pekin duck infected with Hepadnaviridae family members elucidated the framework of viral life cycle and provided surrogate models for antiviral assessment. The endeavor to establish mouse models that can recapitulate different aspects of HBV-mediated disease has also yielded substantial progress.

With the even higher coverage of preventive vaccines and availability of antiviral therapies, the development of a therapeutic scheme that effectively reverses virus-mediated immunotolerance and establishes an immunodominance over HBV without triggering overt liver damage becomes the greatest challenge of our times. Such endeavor will require an immunocompetent small animal model that accommodates most steps of the viral lifecycle and is easy-to-manipulate genetically and immunologically. Obviously, none of the current models fully meet these requirements. The HBV transgenic mouse model is overly tolerant toward the virus while the hydrodynamic injection and Adenoviral transfer model are generally prone to resolution. The AAV model mostly generates a chronic infection reminiscent of a carrier state which seems to be a suitable system for evaluation of therapeutic vaccines. However, it remains to be shown that such an immunotolerant phenotype is characteristic of HBV itself but not of the vector. The dually humanized mice model is regarded as a promising direction. Various immunopathology of CHB, such as inflammation, liver fibrosis and cirrhosis have been recreated by the latest models. However, the engraftment of xenogenic liver and hematopoietic system causes mismatches in the HLA system between the xenograft and the host. Although graft-versus-host disease is not found in the reported systems (Dusseaux et al., 2017; Yuan et al., 2019), there are still concerns over whether the nature of immune recognition and reactions against the virus in such a system is in line with that of natural infection. This will directly affect their suitability in studying the immunologic determinants of viral tolerance and clearance. Indeed, disruptive innovations are required to remove these obstacles before mechanistic details of virus-mediated immunotolerance can be fully unveiled and therapies for a cure can be made.
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It is challenging to trace the complicated individual-based variations of HIV-specific immunocompetence shift during the successful antiretroviral therapy (ART) era. Using eight rhesus monkeys simulating a longitudinal stage-dependent cohort (baseline-SIV acute infection-SIV suppression by ART-ART withdrawal), baseline immunocompetence monitoring for 28 days (SIV-negative stage, SN) was compared with host immunocompetence undergoing 90-day ART treatment (SIV-suppressed stage, SS) to reveal the SIV-specific immunity shift aroused by undetectable individual viral replication. During acute SIV infection for 98 days (SIV-emerged stage, SE), immune activation was compared with re-immune activation post ART for 49-day follow-up (SIV-rebounded stage, SR) to reveal the SIV-specific immune activation variation aroused by detectable individual viral replication. Individual immunocompetence was measured by co-expression of CD4, CD8, CD38, HLA-DR, CCR7, CD45RA, and PD-1 on T cells and a cytokine panel. Compared with SN, mild immune activation/exhaustion was characterized by increased CD38+ HLA-DR– CD4+/CD8+ T-cell subsets and PD-1+ memory CD4+/CD8+ T-cell subsets with three elevated cytokines (MIP-1β, IL-8, and IL-10) significantly emerged in SS. Compared with SE, SR produced more exhaustion characterized by increased PD-1+ CD4+ TCM cells and decreased PD-1+ CD4+ TEM cells with four elevated pro-inflammatory cytokines (IFN-γ, IL-1β, IL-6, and TNF-α). By such individualized stage-dependent comparison, the sustainable immune activation was found from activation/exhaustion shifted into exhaustion during the longitudinal viral persistence. Further, validated SIV accelerates host immunosenescence continuously independent of viral replication.

Keywords: HIV/SIV, rhesus macaques, activation, exhaustion, stage-dependent comparison


INTRODUCTION

As one of the most significant public problems, human immunodeficiency virus type-1 (HIV-1) infection is now associated with long-term subclinical survival due to successful antiretroviral therapy (ART). Acute HIV infection activates CD8+ T cells to produce high level systematic inflammation against viral expansion (Douek, 2013; Paiardini and Müller-Trutwin, 2013). Simultaneously, such inflammatory cytokines accelerate CD4+ T-cell apoptosis and disturb the immunocompetence balance to progress to immunity deficiency. Despite that, successful ART could draw the host from acute HIV-specific CD8+ T-cell activation cascade into an undetectable antigenic presentation and very low response, the “invisible” latency sustainably arouses immunologic activation/exhaustion of memory T cells, the process of which is similar to normal aging (Appay et al., 2007; Pathai et al., 2014). Three attenuated mechanisms on antigen-specific immunity competence, including clonal deletion, functional unresponsiveness (exhaustion), and viral persistence with evaded recognition, were simultaneously studied on chronic ART-treated HIV patients (Goepfert et al., 2000; Goulder et al., 2000; Kostense et al., 2001, 2002). Among them, exhaustion remarkedly showed overexpressed checkpoint makers, particularly programmed death 1 (PD-1) (Brenchley et al., 2006). Elevated PD-1 expression on HIV-specific CD8+ T cells plays the role of exhaustion mediator of CD8+ T cells to reduce cytokine production and proliferation (Kaufmann and Walker, 2008). Interestingly, PD-1 upregulation linearly correlates with HIV-specific memory CD8+ T-cell exhaustion in the acute infection stage but not in long-term non-progressors (Zhang et al., 2007), indicating that chronic virus–host molecular interaction could be more complicated and subtle corresponding to viral persistence. Increasing proofs indicate that continuous high expression of immunoregulatory markers, including PD-1 and other checkpoint receptors, supports sustainable activation/exhaustion during chronic viral persistence (Day et al., 2006; Kaufmann and Walker, 2008).

However, in the context of immunocompetence imbalance, it has not been determined how exhausted T cells end to apoptosis or regain mild activation (Zhang et al., 2007; Youngblood et al., 2013; Hoffmann et al., 2016; Muenchhoff et al., 2019). These differentiation-independent activation/exhaustion/apoptosis are of high between-host heterogeneity (Zhang et al., 2007; Petrovas et al., 2009; Youngblood et al., 2013; Muenchhoff et al., 2019). Moreover, HIV-specific immune activation and CD8+ T cytotoxic response in HIV-undetectable status are different between ART-treated individuals and “primed” elite controllers (Sáez-Cirión and Sereti, 2021). As antigen presentation provides costimulatory signals to maintain CD8+ T-cell polyfunctionality to resist apoptosis, ART treatment reduces polyfunctionality due to decreased antigenic stimulation instead of stabilization on T-cell perturbation. These CD8+ T cells present a low cytotoxic response against HIV and high susceptibility to apoptosis, as apoptosis-resistant CD8+ T cells isolated from elite controllers are primed to control HIV replication (Lichterfeld et al., 2007; Streeck et al., 2009). Therefore, the individual-based host–virus interaction shift cannot be achieved by comparing ART-treated HIV carriers and HIV-controlled elite patients due to “primed” genetic variation. The best strategy to reveal such eventual immunocompetence shift from dominant immune activation into sustainable activation/exhaustion until exhaustion/senescence during HIV infection is to monitor the baseline immunity before individual infection. Moreover, longitudinal studies show the global shift from robustness into exhaustion due to attenuated antigen presentation binding costimulatory signals (van der Most et al., 2003). However, such chronic exhaustion does not equate to irreversible termination or deletion. Some exhausted CD8+ T cells could circulate long in the peripheral blood with compromised yet sustained polyfunctionality, highly similar to immunosenescent phenotypes (Cao et al., 2016; Martínez-Zamudio et al., 2021).

HIV latency-dependent persistence promotes similar T-cell phenotype shift to normal aging (Deeks, 2011) as chronic low-level inflammatory activation also termed as “inflamm-aging” (Monti et al., 2017). One of the attributive pathogens is cytomegalovirus (CMV), considered responsible for the T-cell immune activation and exhaustion by aging in the general population. Notably, subclinical HIV carriers are more susceptible to age-related cardiovascular disease, metabolic disorders, neurocognitive decline, and cancers due to T-cell immunosenescence (Hansson, 2005; Deeks et al., 2013; van den Dries et al., 2017). From this aspect, HIV persistence is regarded as accelerated immunosenescence (Appay et al., 2007; Molina-Pinelo et al., 2009; Dock and Effros, 2011; Pathai et al., 2014). A bundle of proofs indicates that old asymptomatic HIV carriers who have undergone successful long-term ART harbor heavier loads of aging-related diseases compared with their age-gender matches (Schouten et al., 2014; Appay and Sauce, 2017). Notably, CMV, regarded as the responsible antigen for “natural” immunity aging, does not aggravatedly compromise the CD8+ T-cell response as HIV does within the same host (Naeger et al., 2010). However, chronic CMV persistence contributes to more accumulation of immunosenescence and inflammation than HIV does within the same host (Booiman et al., 2017). Such CMV-HIV co-persistence further aggravates the complexity of chronic HIV immunity reconstitution. Within-individual comparison is required to find the optimal balance between antigen-dependent costimulatory signals and effective cytokine signals during an individualized scenario.

Using our individual-based comparison, we attempt to differentiate the overlapped process between T-cell exhaustion and activation and reveal the potentially optimal balance of activation/exhaustion/senescence along with the individual scenario. In the present study, we overtook baseline profiling to “replace” conventional elite controllers, which could adjust residual immunocompetence to achieve within-individual differences before and after ART. We attempt to reveal the immunocompetence shift from host–virus interaction. Also, we compared differences between acute infection and ART-ceased rebound to replenish the “additional” shift of the imbalance of immunity activation/exhaustion/senescence during SIV infection.



MATERIALS AND METHODS


Study Design

Eight 4--6-year-old, male and female pathogen-free (SPF) rhesus monkeys (Macaca mulatta) were housed and cared for following the Institutional Animal Care and Use Committee (IACUC) of the Institute of Laboratory Animal Science and the recommendations of the Weatherall report for the use of non-human primates in research1 at the Association for Assessment and Accreditation of Laboratory Animal Care (AAALAC)-accredited facility. Macaques were intravenously infected with 100 tissue culture infective doses (TCID50) of SIVmac239 as described (Chong et al., 2019). All animal procedures and experiments were performed following protocols approved by the IACUC of the Institute of Laboratory Animal Science, Chinese Academy of Medical Sciences (No. XJ19005). All animals were anesthetized with ketamine hydrochloride (10 mg/kg) before sample collection, and experiments were performed in a biosafety level 3 laboratory.

Antiretroviral therapy was initiated 98 days after infection and continued for 3 months. The ART regimen consisting of two reverse transcriptase inhibitors, 5 mg/ml tenofovir disoproxil fumarate (TDF) and 40 mg/ml emtricitabine (FTC), plus 2.5 mg/ml of the integrase inhibitor dolutegravir (DTG), was subcutaneously administered once daily at 1 ml/kg body weight (Whitney et al., 2018). The eight monkeys were followed up 49 days after discontinuation of ART. As part of the longitudinal observation, the effect of SIV RNA and total viral DNA on CD4 T-cell counts, immunocyte subsets, and cytokines was measured at the indicated time points (Figure 1).


[image: image]

FIGURE 1. Study design. Eight Chinese-origin rhesus macaques were intravenously (i.v.) inoculated with 100 median tissue culture infectious doses (TCID50) of SIVmac239. At 98 days post-infection (dpi), antiretroviral therapy (ART) (FTC/DTG/TDF) was administered for 3 months. ART was discontinued at 189 dpi with a 49-day follow-up. Peripheral blood was collected to measure viral RNA, CD4 T-cell counts, total viral DNA, immunocyte subsets, and cytokines at the indicated time points during the observation period.




Quantification of SIV RNA and Total SIV DNA

Viral RNA (vRNA) was isolated from plasma using a QIAamp viral RNA mini kit (Qiagen, Valencia, CA, United States). Total viral DNA (vDNA) was extracted from monkey peripheral blood mononuclear cells (PBMCs) using a QIAamp Blood DNA mini kit (Qiagen, Valencia, CA, United States) as previously reported (Chong et al., 2019). Viral RNA was subjected to quantitative real-time reverse transcription-PCR (qRT-PCR) on an ABI 9700 real-time PCR system (Applied Biosystems) using the following primers and probe: Gag91 forward primer: 5′–GCA GAG GAG GAA ATT ACC CAG TAC–3′; Gag91 reverse primer: 5′–CAA TTT TAC CCA GGC ATT TAA TGT T–3′; Probe: 5′-(FAM)-ACC TGC CAT TAA GCC CGA—(MGB)-3′. The copy numbers were estimated by comparison to a pGEM-SIV gag477 standard curve. The limits of detection were 100 copy equivalents of RNA or DNA per ml of plasma. Triplicate test reactions were performed for each sample.



Flow Cytometry

Aliquots (50 μl) of EDTA-treated whole blood were stained with monoclonal antibodies to CD3 PerCP (SP34-2, BD Biosciences, 552851), CD4 FITC (OKT-4, Biolegend, 317408), and CD8 PE (RPA-T8, BD Biosciences, 555367). CD4+ T-cell counts were determined with BD Trucount tubes according to the manufacturer’s instructions (BD Biosciences, San Diego, CA, United States). PBMCs were isolated using conventional Ficoll-Hypaque density gradient centrifugation (GE Healthcare, Uppsala, Sweden). Polychromatic flow cytometry was performed to quantitate activated CD4+ or CD8+ T lymphocytes (Figure 2) and CD4+ or CD8+ memory T lymphocyte subsets (Figure 3). Activated or memory T lymphocyte subsets (Table 1) from 1 × 106 PBMCs were stained with anti-CD3 BV605 (SP34-2, BD Biosciences, 562994), anti-CD4 BV711 (OKT-4, Biolegend, 317440), anti-CD8 PE (RPA-T8, BD Biosciences, 557086), anti-CCR7 BV421 (G043H7, Biolegend, 352208), anti-CD45RA APC (5H9, BD Biosciences, 561210), anti-CD38 FITC (AT-1, Stemcell, 60131FI), anti-HLA-DR BV510 (G46-6, BD Biosciences, 563083), and anti-PD-1 PerCP-cy5.5 (EH12.2H7, Biolegend, 329914) monoclonal antibodies. Cells were resuspended in 1% paraformaldehyde, subjected to flow cytometry within 24 h on a FACSAriaII (BD Biosciences, San Diego, CA, United States), and analyzed using FlowJo V10 software.
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FIGURE 2. Gating for activated T-cell populations by flow cytometry. (A) Gating for CD4+ T cells (red dot plot in the rectangle) and CD8+ T cells (gray dot plot in the rectangle). (B,C) Gating for activated CD4+ T-cell subsets (B) and activated CD8+ T-cell subsets (C) with CD38 and/or HLA-DR expression.
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FIGURE 3. Gating for memory T-cell subsets and PD-1+ cells in memory T-cell subsets by flow cytometry. (A,B) Gating for CD4+ memory T-cell subsets (A) and CD8+ memory T-cell subsets (B) with CCR7 and CD45RA expression (TCM, CD4+/CD8+ CCR7+CD45RA–, blue dot plot; TNaïve, CD4+/CD8+ CCR7+CD45RA+, orange dot plot; TEM, CD4+/CD8+ CCR7–CD45RA–, light green dot plot; TEMRA, CD4+/CD8+ CCR7–CD45RA+, dark green dot plot). (C,D) Gating for PD-1+ cells in CD4+ memory T-cell subsets (C) and PD-1+ cells in CD8+ memory T-cell subsets (D) (PD-1+ TCM, CD4+/CD8+ PD-1+CCR7+CD45RA–, blue zebra plot; PD-1+ TNaïve, CD4+/CD8+ PD-1+ CCR7+CD45RA+, orange zebra plot; PD-1+ TEM, CD4+/CD8+ PD-1+ CCR7–CD45RA–, light green zebra plot; PD-1+ TEMRA, CD4+/CD8+ PD-1+ CCR7–CD45RA+, dark green zebra plot).



TABLE 1. Polychromatic flow cytometry for staining of T lymphocyte subsets.

[image: Table 1]


Multiplex Analysis Using Luminex

Blood samples were centrifuged for 10 min at 600 × g, and serum was immediately aliquoted and stored at −80°C. The following 11 cytokines were measured with a Luminex kit following the manufacturer’s instructions: IL-1β, IL-2, IL-6, IL-8, IL-10, IFN-γ, MCP-1, MIP-1β, TNF-α (Merck Millipore, Billerica, MA, United States, PRCYTOMAG-40K-09C), TGF-β (Merck Millipore, Billerica, MA, United States, TGFBMAG-64K-01), and IP-10 (Carlsbad, CA, United States, EPX01A-40284-901). After thawing the samples on ice and sufficient mixing, 25 μl of supernatant was loaded into each well of a 96-well plate and mixed with 25 μl of assay buffer and 25 μl of magnetic beads. The plates were incubated with agitation overnight at 4°C. After washing, 25 μl of detection antibody was added to each well, and the plate was incubated for 1 h at room temperature (RT). Then, 25 μl of streptavidin-PE was added to each well and incubated for 30 min at RT. Next, 150 μl sheath fluid was added to each well after washing. Plates were read on a Luminex® 200 (Bio-Rad, Hercules, CA, United States), and the data were analyzed for median fluorescent intensity using a five-parameter logistic method for calculating analyte concentration.



Statistical Analysis

Comparisons between the two groups were determined using paired t-tests. Comparison of quantitative variables was assessed with Friedman’s test. The Spearman rank test was used to determine correlations. All data were analyzed using GraphPad Prism 9.0 software (GraphPad Software Inc., San Diego, CA, United States). Significance was set at ∗P < 0.05, ∗∗P < 0.01, and ∗∗∗P < 0.001.



RESULTS


Generation of the ART-Treated, SIVmac239-Infected Monkey Model

Eight rhesus monkeys were intravenously infected with 100 TCID50 SIVmac239. A 3-month ART regimen consisting of daily s.c. injections of TDF, DTG, and FTC was continued from 98 days post-infection (dpi), with a 49-day follow-up after stopping ART. During the observation periods, the levels of viral RNA and total viral DNA were measured, together with counts of CD4+ T cells and ratios of immunocyte subsets and quantification of cytokine levels (Figure 1). Data collection for the model was divided into four stages: baseline (pre-infection), infection, treatment, and withdrawal based on the variation of vRNA replication (Figure 4A). Regarding the virus, at the baseline stage, SIV was negative (SN, “baseline”); after acute and chronic SIV infection, SIV emerged (SE, “infection”) with a peak plasma SIV RNA level of 6.91 log10 copies/ml (range 5.75–7.58 log10 RNA copies/ml); during ART, the SIV replication was suppressed (SS, “treatment”) to undetectable levels (limits of detection, 2.00 log10 RNA copies/ml); after cessation of ART, the SIV RNA rebounded (SR, “withdrawal”) with the peak of plasma viral RNA ranging from 4.60 to 6.99 log10 RNA copies/ml. The longitudinal vDNA ranged from 3.20 to 3.90 log10 vDNA copies/ml after acute SIV infection. The vDNA in the SR phase was significantly lower than in the SE phase (SR vs. SE, P = 0.0009) (Figure 4B, right panel).
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FIGURE 4. Dynamics of viral RNA, viral DNA, CD4 T-cell counts, and CD4/CD8 ratio in ART-treated, SIVmac239-infected macaques. (A) Dynamics of viral RNA replication. The observation period was divided into four phases according to viral replication: SIV negative (SN), SIV emerged (SE), SIV suppressed (SS), and SIV rebounded (SR). The gray dotted lines indicate the changes in viral RNA in each monkey; the solid red line, the average of viral loads for all monkeys; the red shaded area, the SEM of viral loads for all monkeys. (B–D) Dynamics of total viral DNA, CD4 T-cell counts, and CD4/CD8 ratio during the observation period. Left panel, the changes in (B) total viral DNA, (C) CD4 T-cell counts, and (D) CD4/CD8 ratio during the four phases (gray dotted line, changes in each monkey; black solid line, the average of all monkeys; gray shaded areas, the SD of all monkeys; solid red line, the average viral loads of all monkeys). Right panel, comparisons among SN, SE, SS, and SR. The blue triangles in the left panel represent the time points in the right panel. (*P < 0.05, **P < 0.01, ***P < 0.001, paired t-test).


The CD4+ T-cell counts and CD4/CD8 ratios were compared to determine the status of immune reconstitution. CD4+ T-cell counts during ART (SS phase) were slightly increased, but differences were not significant (SS vs. SE, P = 0.4044; and SS vs. SR, P = 0.8061) (Figure 4C). CD4/CD8 ratios in the SS phase were significantly increased compared with those during SE (SS vs. SE, P = 0.0017) and in the SR phase (SS vs. SR, P = 0.0128), which returned to the normal level before infection (SS vs. SN, P = 0.4280) (Figure 4D).



Significant Increase in Activated or PD-1-Expressing T Cells With Elevated Levels of Inflammatory Cytokines in SS vs. SN

Ratios of CD38+ HLA-DR– CD4+ (P = 0.0027)/CD8+ (P = 0.0373) T-cell subsets in the SS phase were significantly higher than in SN before infection (Figures 5A,E). No significant difference was shown in CD38+ HLA-DR+, CD38– HLA-DR+, or CD38– HLA-DR– activated CD4+/CD8+ T-cell subsets between SS and SN phases (P > 0.05). For memory CD4+/CD8+ T-cell subsets, CD4+/CD8+ TCM, TNaive, TEMRA, or TEM during ART (SS) were not significantly different compared to those in SN (Figure 5B). There was a significant increase in PD-1-expressing T-cell subsets during SS including PD-1+/CD4+ TCM (P = 0.0018) and PD-1+/CD4+ TEM (P = 0.0165) (Figure 5C, left panel and Figure 5E) as well as PD-1+/CD8+ TCM (P = 0.0270) and PD-1+/CD8+ TEM (P = 0.0106) (Figure 5C, right panel and Figure 5E) compared to before infection. Serum profiles of anti- and pro-inflammatory cytokines and chemokines were compared between SS and SN (Figure 6). IL-10 (P = 0.0482), IL-8 (P = 0.0040), and MIP-1β (P = 0.0080) were significantly elevated in SS compared to SN phase (Figures 5D,E).
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FIGURE 5. Comparison of CD4+/CD8+ T-cell subsets and cytokines between SS and SN phases. (A) Comparison of activated CD4+ (left panel) and CD8+ (right panel) T-cell subsets from PBMC in SS vs. SN. (B) Comparison of CD4+ (left panel) and CD8+ (right panel) memory T-cell subsets from PBMC in SS vs. SN. The percentage of central memory CD4+/CD8+ T cells (CD4+/CD8+ TCM, CD3+ CD4+/CD8+ CCR7+ CD45RA–), naive CD4+/CD8+ T cells (CD4+/CD8+ TNaive, CD3+ CD4+/CD8+ CCR7+ CD45RA+), TEMRA cells (CD4+/CD8+ TEMRA, CD3+ CD4+/CD8+ CCR7– CD45RA+), and effective memory T cells (CD4+/CD8+ TEM, CD3+ CD4+/CD8+ CCR7– CD45RA–) were compared between SS and SN phases (paired t-test, P > 0.05). (C) Comparison of percentages of PD-1+ cells in memory T-cell subsets in SS vs. SN. Left panel, comparison of percentages of PD-1+ cells in CD4+ TCM, TNaive, TEMRA, and TEM cells; right panel, comparison of percentages of PD-1+ cells in CD8+ TCM, TNaive, TEMRA, and TEM cells. (D) Comparison of anti- and pro-inflammatory cytokines and chemokines between SS and SN phases. (E) Fold change of cytokines and T-cell subsets with significant differences (SS value/SN value; blue filled patterns represent increased values). Data are the mean ± SD from three independent experiments (∗P < 0.05, ∗∗P < 0.01, paired t-test, SS vs. SN).
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FIGURE 6. Comparison of cytokines between SS and SN and between SR and SE. Cytokines were detected in the serum of SIV-infected macaques at the indicated phase. Levels (pg/ml) of IFN-γ, IL-10, TGF-β1, IL-1β, IL-6, TNF-α, IL-2, IL-8, MIP-1β, MCP-1, and IP-10 were measured and assessed by paired t-test in SS vs. SN and SR vs. SE. Data shown are the mean ± SD from three independent experiments (∗P < 0.05, ∗∗P < 0.01).




Significant Shift in PD-1-Activated T Cells With Elevated Inflammatory Cytokines in Relation to SIV Replication in SR vs. SE

Comparing SR to SE, we found no significant difference in activated CD4+/CD8+ T-cell subsets with CD38 and/or HLA-DR expression (Figure 7A) as well as memory T-cell subsets with CCR7 and/or CD45RA expression (Figure 7B) (P > 0.05). The only significant changes were an increase in PD-1+ CD4+ TCM cells (p = 0.0110) and decrease in PD-1+ CD4+ TEM cells (P = 0.0466) in SR compared to SE (Figure 7C, left panel and Figure 7E). IFN-γ (P = 0.0234), IL-1β (P = 0.0169), IL-6 (P = 0.0164), and TNF-α (P = 0.0435) were significantly elevated in SR compared to SE (Figures 7D,E).
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FIGURE 7. Comparison of CD4+/CD8+ T-cell subsets and cytokines between SR and SE phases. (A) Comparison of activated CD4+ (left panel) and CD8+ (right panel) T-cell subsets from PBMC in SR vs. SE. (B) Comparison of CD4+ (left panel) and CD8+ (right panel) memory T-cell subsets from PBMCs in SR vs. SE. The percentage of central memory CD4+/CD8+ T cells (CD4+/CD8+ TCM, CD3+ CD4+/CD8+ CCR7+ CD45RA–), naive CD4+/CD8+ T cells (CD4+/CD8+ TNaive, CD3+ CD4+/CD8+ CCR7+ CD45RA+), TEMRA cells (CD4+/CD8+ TEMRA, CD3+ CD4+/CD8+ CCR7– CD45RA+), and effective memory T cells (CD4+/CD8+ TEM, CD3+ CD4+/CD8+ CCR7– CD45RA–) were compared between SR and SE phases (paired t-test, P > 0.05). (C) Comparison of percentages of PD-1+ cells in memory T-cell subsets in SR vs. SE. Left panel, comparison of percentages of PD-1+ cells in CD4+ TCM, TNaive, TEMRA, and TEM cells; right panel, comparison of percentages of PD-1+ cells in CD8+ TCM, TNaive, TEMRA, and TEM cells. (D) Comparison of anti- or pro-inflammatory cytokines and chemokines between SR and SE phases. (E) The fold change of cytokines and T-cell subsets with the significant differences (SR value/SE value; red-filled patterns are the increased values, and gray-filled patterns are the decreased values). Data are mean ± SD from three independent experiments (∗P < 0.05, paired t-test, SR vs. SE).




Systematic Comparison of the Level of Inflammation in ART-Treated SIVmac239-Infected Rhesus Macaques

Percentages of specific immune cells and cytokine levels in the four phases of “baseline-infection-treatment-withdrawal” were systematically compared in SN vs. SS and SE vs. SR (Figure 8A). The frequency of immunocyte types and cytokine expression levels were compared among the four stages (Figure 8B). Activated CD4+ T-cell subsets with high expression of CD38 or HLA-DR and memory CD4+/CD8+ T-cell subsets with high expression of PD-1 were consistently sustained from stage to stage.
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FIGURE 8. Systematic comparison of immune features in ART-treated, SIVmac239-infectecd macaques. (A) P values of immunocyte subsets and cytokines in SS vs. SN and SR vs. SE. (B) Expression pattern of immunocyte subsets and cytokines during SN, SE, SS, and SR stages. All data are standardized by z-score and analyzed by Friedman matched paired test (*P < 0.05; **P < 0.01; ***P < 0.001; ns, not significant).




DISCUSSION

Our comparison was based on longitudinal within-individual analyses of host–virus interaction on CD4+ T cells (supposed target) and CD8+ T cells (supposed effector). We systematically measured the subset of activation status in conjunction with their exhaustion status and cytokine profiling in non-human primate models. Our stage-dependent host–virus immunity comparison longitudinally tracked eight SIVmac239-infected rhesus macaques. We stratified the SIV persistent scenario by viral load representative of viral stimulation (acute) or persistence (chronic/latent) to obtain four individual-based stages. We compared SS to SN to reveal the host–virus interaction in the context of virus-undetectable host immunity status. Also, we compared SR to SE to reveal the host–virus interaction in the context of virus-detectable host immunity status. In each single stage, our findings were highly consistent with previous studies (Hunt et al., 2008; Molina-Pinelo et al., 2009; Robbins et al., 2009; Hunt, 2012; Vandergeeten et al., 2012; Wittkop et al., 2013; Osuji et al., 2018; Yero et al., 2019; Antar et al., 2020; Bordoni et al., 2020).

Comparing SS and SN, we found significantly elevated CD38+ activated CD4+/CD8+ T-cell subsets and PD-1+ memory CD4+/CD8+ T-cell subsets. T-cell activation by elevated CD38 and HLA-DR co-expression during HIV acute infection is commonly seen (Hua et al., 2014; Ndhlovu et al., 2015; Chen et al., 2017). It was worthy to note that CD38 expression indicated the activation against HIV and displays a tendency to exhaustion. HLA-DR was observed at the earlier phase of the acute infection and waned during the long-term SS stage. Therefore, the difference between SN and SS presented a CD38+HLA-DR– subset. Furthermore, overexpressed PD-1 was shown between two stages. It has been documented that high expression of PD-1 and CD38 on CD8+ T cells is correlated with viral replication and disease progression in long-term chronic cases, indicating exhaustion of activated T cells (Hoffmann et al., 2016). Also, memory CD4+ T cells are continuously exhausted with overexpression of PD-1 (Evans et al., 2018). Collectively, our between-stage (SS vs. SN) comparison validated a dynamic process of activation/exhaustion during chronic latency along individual scenarios. Notably, such activation/exhaustion might produce “paradoxical” cytokines. Our comparison revealed MIP-1β, IL-8, and IL-10 as the most prominent. As ART suppresses dominant cytokines cascade into low levels (Hansen et al., 2009; Casetti et al., 2017; Sereti et al., 2017; Bordoni et al., 2020), pro-inflammatory MIP-1β and IL-8 and anti-inflammatory factor IL-10 are secreted to exaggerate the imbalance of host immunity. Also, such imbalance of cytokine microenvironment is likely to promote CD8+ T cells’ susceptibility to senescence/apoptosis, forming a chronic vicious circle. Therefore, our stage-dependent comparison validated the “paradoxical” activation/exhaustion of HIV/SIV-specific memory/effector T cells, which responded to the latent and continuous HIV/SIV antigen representation.

Comparing SR and SE, we found increased PD-1+CD4+ TCM cells with decreased PD-1+CD4+ TEM cells and four remarkedly increased pro-inflammatory cytokines. These results suggested that the targeted CD4+ T cells were undergoing exhaustion and senescence. During HIV replication, CD4+ T cells were impaired, resulting in reduced immunity hemostasis. In previous studies, the majority of PD-1 is overexpressed on the memory CD8+ T cells in both SR and SE stages (Hansen et al., 2009), which could explain the low disparity between the two stages. Regarding the cytokines, non-specific and robust pro-inflammatory cytokines including TNF-α, IL-6, and IFN-γ (Regidor et al., 2011; Vandergeeten et al., 2012; Osuji et al., 2018) were significantly elevated. Such pro-inflammatory profiling indicated that the host immunity was hyperactive and imbalanced. It was paradoxical that such robust cytokines could not eliminate the rebounding virus, which was also attributed to the imbalanced cytokine shift. As the SR stage occurred after a long host–virus interaction undergone ART treatment, it meant that host global immunocompetence was eventually shifted from activation/exhaustion to exhaustion/senescence, reflected by our differential cytokine profiling between the two stages (SE vs. SR).

Our study had numerous limitations. First, the size of our non-primate monkeys was relatively small, leading to the low validity of the present findings. Secondly, we merely measured PD-1 among a bundle of checkpoint receptors, such as Tim-3 and Lag-3, to represent immune checkpoint receptors on CD4 and CD8+ T cells. Thirdly, the profound polyfunctionality of CD4+ and CD8+ T cells and cytokine profiles have not been comprehensively measured. Fourthly, the dynamic trajectory on CD4+ and CD8+ T-cell functionality and cytokine profiles was not individually tracked and explained by intra-individual and inter-individual variation due to the small size and low frequency of measurements. Fifthly, the co-expression was not joint analyzed as most combinations of multiple phenotypes were functionally undetermined.

In summary, our stage-dependent individual-traced comparison has presented an eventual shifting tendency from activation/exhaustion to exhaustion/senescence using eight rhesus macaques undergoing four stages. It was supposed that sustained expression of PD-1 attempted to check the point and maintain the balance, yet actually accelerated the immune activation and exhausted the immunity response. The dynamic imbalance and shift of host immunity during the chronic scenario could be individually seen using the present within-individual comparison. Overall, this stage-dependent longitudinal comparison further confirmed that SIV accelerates host immunosenescence continuously independent of viral replication, the findings of which may provide insights into identifying targets for novel intervention reducing persistent immunoactivation in ART-treated individuals.
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Rabies, a fatal disease in humans and other mammals, is caused by the rabies virus (RABV), and it poses a public health threat in many parts of the world. Once symptoms of rabies appear, the mortality is near 100%. There is currently no effective treatment for rabies. In our study, two human-derived RABV-neutralizing antibodies (RVNA), CR57 and CR4098, were cloned into adeno-associated virus (AAV) vectors, and recombinant AAVs expressing RVNA were evaluated for postexposure prophylaxis after intrathecal injection into RABV-infected rats. At 4days post-infection with a lethal dose of RABV, 60% of the rats that received an intrathecal injection of AAV-CR57 survived, while 100% of the rats inoculated with AAV-enhanced green fluorescent protein (EGFP) succumbed to rabies. Overall, these results demonstrate that AAV-encoding RVNA can be utilized as a potential human rabies postexposure prophylaxis.
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INTRODUCTION

Rabies is a fatal disease caused by the rabies virus (RABV), and it is estimated that rabies causes 59,000 deaths annually, mostly in developing countries (Jackson, 2003; Fooks et al., 2014). RABV is a neurotropic virus of the genus Lyssavirus in the family Rhabdoviridae, with a single-strand negative-sense RNA genome and five structural proteins (N, P, M, G, and L; Schnell et al., 2010). Rabies has a varied incubation time. Since its early symptoms are usually mild, rabies infection may not be recognized until it invades the central nervous system (CNS; Kelly and Strick, 2000). The replication of RABV may maintain at a low level in muscle cells (Charlton and Casey, 1981; Yamaoka et al., 2013) after infection by a bite from a rabid animal. It subsequently invades the peripheral nervous system (PNS) by retrograde axonal transport and replicates in the spinal cord’s motor neurons before entering the CNS (Katz et al., 2017).

Postexposure prophylaxis recommended by the World Health Organization (WHO) includes wound washing at the RABV exposure site, rabies immune globulin (RIG) administration, and rabies vaccine administration (World Health Organization, 2018). However, once the virus invades the CNS, rabies is nearly 100% fatal (Ugolini and Hemachudha, 2018).

Although facing a major challenge to cure patients from advanced rabies, researchers have made several attempts to treat symptomatic RABV (Smith et al., 2019). In 2004, a patient with rabies symptoms survived after applying a therapeutic approach called the Milwaukee protocol (Willoughby et al., 2005). Nevertheless, its effectiveness is controversial as no less than 31 failures have been reported using the same protocol (Zeiler and Jackson, 2016). Wang et al. (2011) investigate the direct injection of a recombinant RABV vaccine strain expressing GM-CSF (LBNSE-GMCSF) into the brains of mice 4–6days after they had been infected with a lethal dose of wild-type RABV. Studies by Chen et al. (2013) and Huang et al. (2015) demonstrated that in mice, intracranial injection of parainfluenza virus 5 (PIV5) expressing RABV glycoprotein elicited virus-neutralizing antibodies, enhanced the blood-brain barrier (BBB) permeability, and promoted the survivor ratio of mice infected with a lethal dose of RABV. A live RABV vaccine, on the other hand, is unlikely to be authorized for therapeutic use in human rabies patients. Most recently, de Melo et al. (2020) showed that a combination of RABV-neutralizing antibodies (RVNA) RVC20 and RVC58 could rescue symptomatic mice post RABV infection by concomitantly administration of RVNA in the CNS through intracerebroventricular infusion, sheding a light for an effective rabies therapy in humans.

Adeno-associated virus (AAV) has been used as a vector for gene therapy for many years (Flotte et al., 1993; Martinez-Navio et al., 2019). AAV could become the vector of choice for many gene therapy applications due to its simple structure, unique biology, and a lack of known disease associations (Naso et al., 2017; Rabinowitz et al., 2019). The number of clinical trials of AAV-based gene therapies initiated annually increased by more than four times from 2014 to 2017 (Kuzmin et al., 2021). Clinical data from more than 3,000 patients over more than 20years suggest that AAV-based gene therapy is safe and efficient. Recently, U.S. Food and Drug Administration approved two AAV-based therapies, namely Luxturna for a rare inherited retinal dystrophy and Zolgensma for spinal muscular atrophy (Kuzmin et al., 2021). The number of agents using AAV9 capsids for CNS delivery has increased since 2015, indicating the potential use of gene therapy for CNS diseases (Samaranch et al., 2019; Taghian et al., 2020).

In this study, we evaluate the efficiency of preexposure and postexposure prophylaxis of rabies with AAV expressing two RVNAs, CR57 and CR4098, in rodent models, both of which have presented a protective role during postexposure prophylaxis in a hamster model (Bakker et al., 2005; Marissen et al., 2005; Goudsmit et al., 2006). Our data show that delivery of AAV encoding RVNA CR57 can effectively reduce the mortality of RABV-infected rodents and may have applications for both preexposure and postexposure prophylaxis of rabies in future.



MATERIALS AND METHODS


Viruses, Cells, Antibodies, Plasmids, and Animals

CVS-B2c is a laboratory-adapted RABV strain derived from the CVS-24 virus by passaging in BHK-21 cells (Wang et al., 2005). DRV-Mexico, isolated from a dog in Mexico, is a wild-type RABV strain (Dietzschold et al., 2000). BSR cells (a clone of BHK-21 cells) were maintained in DMEM containing 10% fetal bovine serum (FBS). Human embryonic kidney 293T cells (HEK-293T) were cultured in RPMI 1640 medium (Mediatech, Herndon, VA, United States) containing 10% FBS. RABV P protein-specific monoclonal antibody was prepared in our laboratory, as previously described (Sui et al., 2020). Fluorescein isothiocyanate (FITC)-conjugated antibodies against the RABV-N protein were purchased from Fujirebio (Malvern, PA). RABV CVS-B2c genomic backbone plasmid and helper plasmids were prepared in our laboratory, as previously described (Tian et al., 2016). The pAAV-CMV-eGFP and helper plasmids were obtained from Dr. Gang Cao, Huazhong Agricultural University, China (Liu et al., 2020). In addition, 6-week-old female BALB/c mice and Sprague-Dawley rats were purchased from the Center for Disease Control of Hubei Province, Wuhan, China. All animal experiments were approved by the Scientific Ethics Committee of Huazhong Agricultural University (permit number HZAURA-2019-009). The animal experiments involving the infection with RABV were carried out in the animal facility with ABSL-2 level at Huazhong Agricultural University.



Construction of the Recombinant AAV Vectors

Three AAV9 plasmids were constructed, each containing a CMV promoter followed by a signal peptide and an anti-rabies immunoglobulin CR57 or CR4098 (Bakker et al., 2005; Goudsmit et al., 2006); EGFP replaced the immunoglobulin and served as a control. The resulting plasmids were referred to as AAV-CR57, AAV-CR4098, and AAV-EGFP. Recombinant AAVs were produced by transfection of HEK-293T cells with the selected AAV vector, helper1, and helper2 plasmids at a ratio of 1:1:1. Cells and culture supernatants were harvested at 36h post-transfection (hpt) and centrifuged for 5min at 1,000 g. The cell pellets were resuspended in RPMI 1640 and then subjected to four rounds of freeze/thaw in a dry ice bath and a 37°C water bath. The suspensions were centrifuged for 10min at 10,000 g to pellet the cell debris and then filtered through a 0.22-μm membrane. The AAV copy number was assessed by real-time PCR. Primers were designed based on the known sequence information. F: 5'-CGGCCTCAGTGAGCGA-3', R: 5'-GGAACCCCTAGTGATGGAGTT-3' (Meng et al., 2013).



Confirmation of mAb Expression in Cells by Western Blotting

Human embryonic kidney 293T cells were infected with AAVs at a multiplicity of infection (MOI) of 5 and incubated at 37°C for 4days. Then, the cell culture medium was collected and enriched by protein A/G agarose beads (Smart Lifesciences, SM1505) and eluted with elution buffer (Sui et al., 2020). Next, the supernatants were collected, and a 1×SDS loading buffer was added. Then, samples were separated on 12% SDS polyacrylamide gels (SDS-PAGE) and transferred to PVDF membranes (Bio-Rad). Subsequently, the membranes were blocked with TBST supplemented with 5% (w/v) nonfat dry milk for 3h and then incubated with horseradish peroxidase (HRP)-conjugated rabbit anti-human IgG (Boster, Wuhan, China, BA1070) for 1h at 37°C. Finally, the blots were developed by a BeyoECL Star kit (Beyotime, P0018A). Images were taken by an Amersham Imager 600 (GE Healthcare) imaging system.



Virus-Neutralizing Antibody Assay

Virus-neutralizing antibody titers were measured by using a fluorescent antibody virus neutralization (FAVN) assay as previously described (Luo et al., 2019). Briefly, quadruplicate samples of 3-fold serial dilutions of the test serum and the standard serum were prepared in 96-well microplates. The standard serum (2IU/ml) was obtained from Nancy Laboratory for Rabies and Wildlife in Malzéville, France. One hundred focus-forming units (FFU) of CVS-11 suspension were aliquoted into each well. The plates were incubated for 1h at 37°C, and then 2×104 BSR cells were added to each well. The microplates were then incubated for 72h at 34°C. The cells were then fixed for 30min with 80% ice-cold acetone and stained with FITC-conjugated antibodies against the RABV N protein. The fluorescence was assessed under an IX51 fluorescence microscope (Olympus, Tokyo, Japan). The VNA titers were recorded as international units per milliliter using the standard curve from the reference serum.



Mouse Immunization and Challenge Test

Six-week-old female BALB/c mice were randomly divided into three groups and immunized with 1012 vector genome AAVs via an intramuscular (i.m.) route. At the indicated time points post-immunization, serum was collected from the peripheral blood samples to quantify the VNA titers. The mice received a challenge infection with 30μl of 50×mouse 50% lethal doses (LD50) CVS-24 intracerebrally (i.c.) 24weeks after the primary immunization. Mice found to be moribund or lose more than 30% of their starting body weight were humanely euthanized.



Construction and Rescue of the Recombinant RABV Expressing teLuc

The recombinant RABV expressing teLuc (RABV-teLuc) was constructed based on the RABV CVS-B2c strain as described previously (Zhang et al., 2013). Briefly, the luciferase teLuc coding sequence flanked by BsiW I and Nhe I restriction sites was inserted between the coding sequences of RABV G and L proteins to generate the plasmid pcDNA3.1-rB2c-teLuc. Notably, teLuc with a synthetic CTZ analog is more sensitive in rodent models than traditional luciferase (Yeh et al., 2017). For virus rescue, this plasmid in combination with helper plasmids expressing the N, P, G, and L proteins was transfected into mouse neuroblastoma cells using Lipofectamine™ 2000 (Invitrogen). The rescued recombinant RABV-teLuc virus was confirmed by direct fluorescence antibody assay (DFA) under an Olympus IX51 fluorescence microscope.



Virus Titration

Viral titers were determined by DFA. Briefly, BSR cells were infected with 10-fold serial dilutions of the viruses in 96-well plates in quadruplicate. After incubation at 37°C for 48h, the cells were fixed with 80% acetone and then incubated with FITC-conjugated anti-RABV-N antibody for 1h at 37°C. Antigen-positive cells were visualized with an IX51 Olympus fluorescence microscope. Viral titers were calculated and are presented as the numbers of FFU/ml as previously described (Luo et al., 2019).



Measurement of teLuc Luciferase Activity

Twenty-four mice were randomly divided into eight groups, with three mice in each group. Seven groups of mice were i.m. inoculated with 6×104 FFU RABV-teLuc in the right hind limb, and one group of mice were i.m. injected with 100μl saline as a mock control. During the 3–9days post-infection (dpi), every one of the seven groups of infected mice was chosen every other day to collect their brains and spinal cords. The brains and spinal cords from the mock group were also collected at 9dpi and stored at −80°C. Brain and spinal cord samples from each mouse were separately placed in 2ml tubes containing 1ml DMEM to be homogenized at 4°C for 10min. Subsequently, the supernatants were individually collected and mixed with 0.01μmol diphenylterazine (DTZ; Med Chem Express) after centrifuging at 8,000g 4°C for 10min. The luciferase expressed by RABV-teLuc was detected using a GLOMAX 20/20 Luminometer (Promega). Supernatants from the infected cell cultures were mixed with 0.01μmol DTZ, and the luciferase activity was determined as described above.



Bioluminescence Imaging of Animals Infected With RABV-teLuc

Twelve 6-week-old female BALB/c mice were randomly divided into four groups, with three mice in each group. Three groups of mice were i.m. inoculated with 50×mouse LD50 of RABV-teLuc, and the mock group was i.m. inoculated with the same volume of DMEM. One of the three groups of infected mice was taken every other day for intrathecal injection with 0.3μmol DTZ per mouse 3–5dpi. In addition, the mock group was inoculated with 0.3μmol DTZ per mouse. Five minutes after injection with DTZ, the mice in each group were imaged by an IVIS Lumina III (PerkinElmer).

Eighteen 6-week-old female rats were randomly divided into six groups, with three rats in each group. Five groups of rats were i.m. inoculated with 50×rat LD50 of RABV-teLuc. One group of rats was i.m. injected with 100μl saline as a mock control. During 3–7dpi, each of the five groups of RABV-infected rats was taken every other day for intrathecal injection with 0.3μmol DTZ per rat. The mock group was also inoculated with 0.3μmol DTZ per rat. Five minutes after injection with DTZ, the rats in each group were imaged by an IVIS Lumina III.



Production and Purification of Rat RIG

Three rats were i.m. immunized with 107 FFU of RABV vaccine strain LBNSE-dOG in the right hind legs (Pei et al., 2019). Four weeks later, the rats were sacrificed, and their blood was collected. The blood samples were placed at 37°C for 1h and then at 4°C for 12h before centrifuging at 3,000g for 10min. The serum was diluted 10-fold with 20mmol/L Na3PO4 and filtered with a 0.45-μm-pore-size filter. The filtered serum was then loaded onto a column of protein A&G agarose beads (Smart Lifesciences, SM1505) and eluted with elution buffer. The antibodies were concentrated using a centrifugal filter with a protein concentration tube with Molecular Weight Cut Off 50kD (Millipore) and then suspended in natural saline to preserve the antibody. VNA titers were measured by FAVN.



AAV Administration in Animals

BALB/c mice (n=10/group) were i.m. inoculated with 50×mouse LD50 DRV-Mexico in the right hind limb. The mice were inoculated via i.c. with a dose of 40μl of 2.5×1010 vector genomes/μl (v.g./μl) of AAV-CR57 at 4, 5, and 6dpi, or intranasally (i.n.) with a dose of 20μl of 5×1010 v.g./μl of AAV-CR57 at 4dpi, or intravenously (i.v.) with a dose of 100μl of 1×1010 v.g./μl of AAV-CR57 at 4dpi. In addition, two groups of mice (n=10) were inoculated with AAV-CR4098 or AAV-EGFP at 4 dpi.

The SD rats (n=12/group) were i.m. inoculated with 50×rat LD50 DRV-Mexico in the right hind leg. At 4dpi, each group of rats received a single inoculation of 100μl of 4×1010 v.g./μl AAV-CR57, or 100μl of 4×1010 v.g./μl AAV-EGFP, or 100μl of 4×1010 v.g./μl AAV-CR57 plus 20IU/kg RIG or 100μl of 4×1010 v.g./μl AAV-EGFP plus 20IU/kg RIG. Briefly, after induction of anesthesia, the rat’s head was placed in a stereotactic frame and flexed in a prone position. The back of the neck was shaved, cleaned with 75% alcohol, and then injected with the indicated solutions into the cisterna magna as described previously (Samaranch et al., 2012).



Western Blotting

Brains were lysed in RIPA buffer (Beyotime, P0013D) mixed with 1× protease inhibitor cocktail (Roche). Brain lysates were separated on 12% SDS-PAGE gels and then transferred to PVDF membranes (Bio-Rad). The membranes were blocked with TBST supplemented with 5% (w/v) nonfat dry milk for 3h and then incubated with primary antibodies, including anti-RABV N protein (laboratory prepared, 1:5,000) or anti-GAPDH (ProteinTech, 60004-1-Ig, 1:5,000), overnight at 4°C. After rinsing, the membranes were incubated with HRP-conjugated goat anti-mouse IgG (Boster, Wuhan, China, BA1051) for 1h at 37°C and then developed by a BeyoECL Star kit (Beyotime, P0018A). Images were taken by an Amersham Imager 600 (GE Healthcare) imaging system.



Immunohistochemistry Analysis

Brain specimens were fixed in 4% paraformaldehyde for 48h at 4°C and then dehydrated in PBS supplemented with 30% sucrose for 48h at 4°C. The tissue sections were embedded in paraffin wax and mounted on slides, and the slides were heated to 60°C, deparaffinized, and rehydrated in xylene and graded ethanol, heated for antigen retrieval, and treated with an endogenous peroxidase blocking solution. The sections were then incubated with primary anti-RABV P antibody (laboratory prepared, 1:500) overnight at 4°C. Next, the sections were incubated with HRP-conjugated antirabbit secondary antibodies (BioPM, PMK-013-090, 1:200) for 30min, followed by two washes in PBS. After washing, the sections were incubated with diaminobenzidine (Servicebio, G1211) for color development and then photographed and analyzed using an XSP-C204 microscope (CIC).



Statistical Analysis

GraphPad Prism 8 (GraphPad Software, Inc., CA, United States) was used for data analysis. Unpaired two-tailed Student’s t-test was used to analyze the statistical significance. Kaplan-Meier survival curves were used to determine the statistical significance of the survivor ratio in the challenge test. Statistically significant differences are represented as *p<0.05, **p<0.01, ***p<0.001, and ****p<0.0001; ns means no significant difference.




RESULTS


Characterization of Recombinant AAVs Expressing Anti-RABV Antibodies

To determine whether AAV-expressing antibodies can be used for preexposure and postexposure prophylaxis of rabies, the encoding sequences of two well-known RABV-specific virus-neutralizing antibodies, CR57 and CR4098 (Bakker et al., 2005; Marissen et al., 2005), as well as EGFP (as a control), were cloned into the AAV9 vector. A schematic description of the construction of different recombinant AAVs (AAV-CR57, AAV-CR4098, and AAV-EGFP) is shown in Figure 1A. HEK-293T cells were infected with different AAVs at an MOI of 5, and VNA titers in the culture supernatants were monitored over 4dpi. At 3dpi, CR4098 and CR57 titers in the culture supernatants were equal to or greater than 0.5 international units/ml (IU/ml), which is the minimum protection level against RABV infection defined by the WHO (Figure 1B). The culture supernatants were collected and enriched at 4dpi. Expression of the heavy chain and light chain was detected by Western blotting with HRP-conjugated rabbit anti-human IgG (Boster, Wuhan, China, BA1070). As shown in Figure 1C, the mAb expression of AAV-CR57 was much higher than that of AAV-CR4098 in HEK-293T cells. Therefore, we further evaluated the VNA levels generated by the AAVs in vivo. The AAVs were inoculated intracerebrally (i.c.) into BALB/c mice; at each time point (3, 6, and 9 dpi), mice were humanely sacrificed (n=5/group), and the VNA levels in sera (Figure 1D) and brains (Figure 1E) were measured. The results showed that AAV-CR57 generated a protective level of VNA in mouse serum and brains post i.c. inoculation. However, mAb produced by AAV-CR4098 in the serum and the brain was almost undetectable.
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FIGURE 1. Construction and characterization of recombinant adeno-associated viruses (AAVs) expressing rabies virus-neutralizing antibodies (RVNA). (A) A schematic diagram describing the construction of the AAV-RVNA vector. The AAV expression vector contains a CMV enhancer/promoter, a signal peptide (SP), and an anti-rabies virus (RABV) monoclonal antibody (CR57 or CR4098) sequence. (B) One-step growth curves for AAVs on HEK-293T cells at a multiplicity of infection (MOI) of 5 are shown. (C) Western blotting analysis of RVNA expression in HEK-293T cells infected with AAVs. (D) Groups of 6-week-old female BALB/c mice (n=5) were i.c. inoculated with 1012 vector genome of AAVs. At the indicated time points post-inoculation, the serum (D) and brain (E) were collected, and the VNA titers in these samples were determined by using the fluorescent antibody virus neutralization (FAVN) test as described in the Materials and Methods.




Intramuscular Immunization With AAV-CR57 Results in Long-Lasting Antibody Production in Mice

Since AAV-CR57 and AAV-CR4098 can generate mAbs in vivo and in vitro, the effect of the AAVs on antibody production via i.m. inoculation was evaluated in a mouse model. Three groups of BALB/c mice (n=12/group) were immunized, i.m. with 1012 vector genomes of AAV-CR57, AAV-CR4098, or AAV-EGFP. At indicated time points post-immunization, blood samples were collected, and VNA titers were measured using the FAVN test. The mice immunized with AAV-CR57 maintained significantly higher VNA titers than the AAV-CR4098-immunized mice at all the time points up to 60weeks post-infection (wpi). The antibody levels in the mice reached a peak (92IU/ml) at 24 wpi (Figure 2A).
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FIGURE 2. Preexposure prophylaxis of rabies by using AAVs expressing RVNA. (A) RVNA levels in serum following the administration of AAV expressing CR57, CR4098, or EGFP. Groups of 6-week-old female BALB/c mice (n=10) were i.m. immunized with a 1012 vector genome of AAV. The serum was collected from the peripheral blood samples at the indicated time points post-immunization, and the VNA titers were quantified by the FAVN test. (B) At 24weeks post-primary inoculation, the mice (n=12) were i.c. challenged with 50×mouse LD50 CVS-24 and were then observed daily for 3weeks. The number of survivors in each group was recorded. ****p < 0.0001.


Furthermore, the protective effect of AAVs against virulent RABV challenge was evaluated. At 24 wpi, all of the mice (n=12) were i.c. challenged with 50×mouse LD50 of CVS-24 and then monitored for another 3weeks (Figure 2B). All of the mice in the AAV-EGFP group succumbed to rabies within 12days, while 100% of the mice immunized with AAV-CR57 were protected from the lethal challenge compared with only 66% of the AAV-CR4098 group. These results demonstrated that preexposure immunization with AAV-CR57 could result in sustained antibody production and provide long-term protection.



In vitro Characterization of RABV-teLuc and Trace the Migration Dynamic of RABV With RABV-teLuc in a Mouse Model

To track the migration dynamic of RABV in mice, a recombinant RABV encoding teLuc was constructed. As shown in Figure 3A, the coding sequence of teLuc was inserted into the genome of RABV CVS-B2c strain between the G and L genes, resulted in RABV-teLuc. The growth curves of RABV-teLuc in BSR cells demonstrated that RABV-teLuc replicated as efficiently as the parent virus CVS-B2c (Figure 3B) and that the expression of luciferase in RABV-teLuc-infected BSR cells (MOI of 0.001, 0.01, 0.1, and 1) at 24h post-infection (hpi) was dose-dependent (Figure 3C). Post i.m. infection with RABV-teLuc in the mouse hind legs, the migration dynamic in the mouse bodies was monitored by a bioluminescence imaging system (Figure 3D). The results showed that RABV-teLuc was detected as early as 3 dpi in the spinal cord of infected mice. From 3 to 5 dpi, RABV migrated from the spinal cords to the brain. At 5 dpi, RABV in one of the mice (n=3) was found to invade the brain. These data were consistent with other detection methods like RT-qPCR and RPA-CRISPR (Ren et al., 2021a) and provided the basis for choosing the appropriate time point to deliver AAV-CR57 into the RABV-infected mice.
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FIGURE 3. The migration dynamics of RABV in mice post i.m. inoculation with a recombinant RABV expressing teLuc. (A) Schematic diagram showing the construction of recombinant RABV expressing teLuc, termed RABV-teLuc. (B) Single-step growth curves of RABV-teLuc and the parent virus in BSR cells infected at an MOI of 0.01. (C) Expression of teLuc in BSR cells infected with the indicated dose of RABV-teLuc at 24h post-infection (hpi). (D) Early detection of RABV-teLuc infection in a mouse model. Twelve 6-week-old BALB/c mice were randomly divided into four groups, with three mice in each group. Three groups of mice were i.m. inoculated with 50×mouse LD50 RABV-teLuc, and the mock group was i.m. inoculated with the same volume of DMEM. During 3–5 dpi, one of the three groups of RABV-infected mice was taken every other day for intrathecal injection with 0.3μmol diphenylterazine (DTZ) per mouse. The mock group was inoculated with 0.3μmol DTZ per mouse. The mice in each group were imaged by an IVIS Lumina III 5min post-injection with DTZ.




Protection of AAV-CR57 by Different Administration Ways in a Mouse Model

To evaluate the therapeutic efficacy of AAV-CR57 in a rabies postexposure prophylaxis mouse model, mice were injected, i.m. with 50×mouse LD50 DRV-Mexico, and then treated with AAV-CR57, AAV-CR4098, or AAV-EGFP (via i.c., i.v., or i.n.) at 4 dpi (n=10). The results showed that intracerebral administration with AAV-CR57 at 4 dpi significantly improved the 3-week survival ratio of the infected mice (70%) over those treated with AAV-EGFP (0%; Figure 4A). In contrast, administration with AAV-CR57 by i.v. or i.n. route did not affect mouse survival (Figures 4B,C). However, inoculation with AAV-CR57 by i.c. at 5 and 6 dpi did not enhance the survival ratio of the infected mice over the negative control (Figure 4D). These data demonstrated that direct delivery of AAVs to the CNS no later than 4 dpi is necessary for a therapeutic effect in RABV-infected mice.
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FIGURE 4. Postexposure prophylaxis for rabies with AAV-expressing RVNA in a mouse model. Groups of 6-week-old female BALB/c mice (n=10) were i.m. injected with 50×mouse LD50 DRV. At 4 dpi, the mice was inoculated with 1012 vector genomes of different AAVs via i.c. (A), i.v. (B) or i.n. route (C). (D) Groups of 6-week-old female BALB/c mice (n=10) were i.m. injected with 50×mouse LD50 DRV and then i.c. inoculated with 1012 vector genomes AAV-CR57 at 4, 5, and 6days post-inoculation. The mock group was inoculated with the same volume of DMEM. Mice were monitored once daily for 3weeks. The number of survivors in each group was recorded. Kaplan-Meier survival curves were used to determine the statistical significance of the survivor ratio. **p < 0.01.


Moreover, mouse brains were collected for viral quantification and immunohistochemical (IHC) analysis at 12 dpi (n=3). IHC analysis showed no RABV-P-positive cells were observed in the cerebrum, cerebellum, or brainstem of the mice in the AAV-CR57 group. In contrast, significantly more RABV-P-positive cells were observed in the AAV-EGFP group (Figure 5A). The viral protein in the mouse brains was further determined by Western blotting. As shown in Figure 5B, no RABV N protein was detected in the brains of mice treated with AAV-CR57, while RABV N protein was observed in the brains of mice treated with AAV-EGFP. Collectively, these results indicated that AAV-CR57 could protect mice from RABV infection.
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FIGURE 5. Viral load in mouse brains post i.c. inoculation with AAVs expressing CR57 or EGFP. Groups of 6-week-old female BALB/c mice (n=10) were i.m. injected with 50×mouse LD50 DRV and i.c. inoculated with 1012 vector genome of AAVs at the 4 dpi. The mock group was inoculated with the same volume of DMEM at 4 dpi. At 12 dpi, the brains were collected, and half of the brain was fixed, paraffin-embedded, sectioned, and analyzed by immunohistochemistry by staining with antibodies against RABV-P (A). Scare bar, 50μm. The other half of the brain was analyzed for RABV-N levels by Western blotting (B).




Protection of AAV-CR57 by the Intrathecal Route in a Rat Model

According to the above results, the i.c. route was the most effective administration way of AAV-CR57 for rabies postexposure prophylaxis in the mouse model. However, it is not quite feasible to deliver AAV-CR57 to the rabies patient by i.c. route. Alternatively, the intrathecal administration is commonly used in rabies treatment for humans (Basgoz and Frosch, 1998; Appolinario and Jackson, 2015). However, it is not easy to do the intrathecal injection in mice due to its tiny body size, and the rat model was therefore chosen to simulate the rabies treatment in humans by intrathecal administration in our study. Similarly, to trace RABV spread in rats post i.m. infection, bioluminescence imaging was performed in RABV-teLuc-infected rats. As shown in Figure 6, RABV-teLuc was detected as early as 3 dpi in the spinal cord of infected rats (n=3), and the viruses almost reached the brains of infected rats (n=3) at 5 dpi and invaded into the brains of infected rats (n=3) at 6 and 7 dpi. Bioluminescence images of these rats indicated that 4 dpi could be an appropriate injection window for rabies treatment in a rat model.
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FIGURE 6. The migration dynamics of RABV post i.m. infection in a rat model. Eighteen 6-week-old Sprague-Dawley (SD) rats were randomly divided into six groups, with three rats in each group. Five groups of rats were i.m. inoculated with 50×rat LD50 RABV-teLuc, and the mock group was i.m. inoculated with the same volume of DMEM. During 3–7 dpi, one of the five groups of infected rats was taken every other day for intrathecal injection with 0.3μmol DTZ per rat. The mock group was inoculated with 0.3μmol DTZ per rat. Five minutes after injection with DTZ, the rats in each group were imaged by an IVIS Lumina III.


The RIG was widely used along with the rabies vaccine for rabies postexposure prophylaxis in humans, which provides rapid antibodies until the body can respond to the vaccines. Therefore, the strategy of delivering AAV-CR57 alone, AAV-CR57+rat RIG, AAV-EGFP+rat RIG, or AAV-EGFP alone to the CNS via intrathecal inoculation was assessed in a rat model, and the rat RIG was prepared and purified as described in the Materials and Methods section. Four groups of SD rats (12 rats/group) were inoculated, i.m. with 50×rat LD50 DRV-Mexico. At 4 dpi, they were treated with AAV-CR57, AAV-EGFP, AAV-CR57+RIG (20IU/kg), or AAV-EGFP+RIG (20IU/kg) and then monitored daily for 3weeks, and the flow chart of experimental design was as shown in Figure 7A. The survival rate was 60% in rats treated with AAV-CR57 and 50% in those treated with AAV-CR57+RIG. However, all rats treated with AAV-EGFP or AAV-EGFP+RIG succumbed to rabies by 18 dpi (Figure 7B). Moreover, the rabies symptoms (including weight loss, hind limb ataxia, hind limb paralysis, and paralysis) of the AAV-EGFP or AAV-EGFP+RIG inoculated rat appeared at 5 dpi and became exacerbated until death at 18 dpi, while five of the rats inoculated with AAV-CR57 or AAV-CR57+RIG displayed mild symptoms which occurred at 6 dpi and recovered from 9 to 13 dpi (Figure 7C). These data indicated that intrathecal inoculation with RIG alone had no obvious therapeutic effect in the RABV infected rats at 4 dpi, nor did it have any therapeutic benefit over AAV-CR57 administration alone.
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FIGURE 7. Postexposure prophylaxis with AAV-CR57 for DRV-infected rats. (A) Flow chart of the therapeutic experiment of AAV-CR57 in a rat model. Groups of 6-week-old female SD rats (n=10) were i.m. inoculated with 50×rat LD50 DRV and intrathecally immunized with 4×1012 vector genome of AAVs or together with 20IU/kg rabies immune globulin (RIG) at the indicated time points post-inoculation. The mock group was i.m. inoculated with the same volume of DMEM and intrathecally immunized with the same volume of DMEM at the indicated time points post-inoculation. Survival ratio (B) and clinical score (C) were monitored once daily for 3weeks (0: no apparent changes; 1: weight loss; 2: hind limb ataxia; 3: hind limb paralysis; and 4: paralysis). At 12 dpi, the brains were collected. Half of the brain was fixed, paraffin-embedded, sectioned, and analyzed by immunohistochemistry with antibodies against RABV-P (D). The other half of the brain was homogenized and analyzed by Western blotting (E). Detailed information about RIG was described in Production and Purification of Rat RIG section. **p < 0.01; ***p < 0.001.


Furthermore, the rat brains were collected for viral quantification and IHC analysis at 12 dpi (n=3). IHC analysis showed that no RABV-P-positive cells were observed in the cerebrum, cerebellum, or brainstem of rats in the AAV-CR57 group. In contrast, significantly more RABV-P-positive cells were observed in the AAV-EGFP group (Figure 7D). The viral protein in the rat brains was further determined by Western blotting, and no RABV N protein was detected in the brains of rats treated with AAV-CR57, while RABV N protein was detected in the brains of rats treated with AAV-EGFP (Figure 7E). Collectively, these results indicated that AAV-CR57 could increase the survivor ratio through intrathecal inoculation.




DISCUSSION

Several limitations still exist for the timely clearance of RABV in the CNS. Early detection of RABV using traditional methods remains difficult as the virus replicates relatively slowly before invading the brain. Delivery of VNAs to the CNS, due to the protection of the BBB, presents another obstacle for timely neutralization of RABV. This study investigated the efficacy of AAVs expressing anti-RABV antibodies for preexposure and postexposure prophylaxis of rabies in rodent models.

Mild clinical symptoms of rabies such as weight loss could begin to appear at 6 or 7 dpi in RABV-infected mice (Tian et al., 2017). However, RABV had already entered into the brain by that time (Tian et al., 2017), and the initiation of delivery of AAV-expressing RVNA may have been too late. Early diagnosis allows for the timely initiation of appropriate delivery and increases the chances of recovery. Bioluminescence imaging showed a positive viral signal in the brains of infected rats from 6 to 7 dpi, whereas the viral signal was observed in the spinal cords of infected rats at 4 dpi (Figure 6). Combining the current methods with advanced detection techniques, such as RPA-CRISPR (Ren et al., 2021a), could improve therapeutic efficiency.

As indicated by the imaging results, RABV was presented in the spinal cords of the infected rats by 4 dpi and had invaded the brain at 6 dpi (Figure 6). Thus, there is a short window (approximately 2days) during which time treatment can be initiated to interfere with RABV progression into the brain. According to our results, 70% survival rate was observed in RABV-infected mice that were intracerebrally inoculated with AAV-CR57 at 4 dpi. However, administration with AAV-CR57 at 5 and 6 dpi did not enhance the survival rate (Figure 4D) because it usually took 2–3days to express enough VNA to neutralize RABV after intrathecal delivery of AAV-CR57 (Figures 1D,E). In this situation, the expression of VNA in the mouse brain could not keep up with the speed of viral transmission, causing a reduction in the survival ratio. Thus, the delivery of AAV expressing VNA to the CNS no later than 4 dpi is necessary for a therapeutic effect in RABV-infected mice. Notably, AAV-CR57 did not affect survival by i.v. or i.n. administration (Figures 4B,C). Most likely, only a small proportion of AAV-CR57 could pass through the BBB post i.v. or i.n. administration due to the protection of BBB. Therefore, intracerebral inoculation is the best strategy for AAV-CR57 dilvery in a mouse model.

It is not practical to inoculate AAV-CR57 into a human via intracerebral route. Thus, we evaluate the therapeutic effect of AAV-CR57 in a rat model via intrathecal inoculation. To supply VNA during the incubation period after inoculation with AAV-CR57, we injected AAV-CR57 together with rat-derived RIG into the CSF via intrathecal inoculation. Notably, a dose of RIG at 20IU/kg body weight is typically recommended by the WHO for postexposure prophylaxis of rabies, and RIG is administered at the site of the bite(s) (World Health Organization, 2018). Unfortunately, our results suggested that there was no obvious difference between AAV-CR57 and AAV-CR57+RIG administration. According to a previous study, IgG was eliminated from the rat CSF by bulk flow at a half-life of approximately 47min and a clearance of approximately 29ml/day/kg. The eliminated IgG was transferred from the CSF into the blood circulation within 24h after ICV dosing (Noguchi et al., 2017). We speculate that the short half-life of RIG in CSF might impede its neutralization effect. Before the VNA expression of AAV-CR57, the virus in the spinal cord was not effectively neutralized because the RIG did not remain in the CSF long enough after a single-dose injection.

The gene sequences of two well-known RABV-specific neutralizing antibodies, CR57, and CR4098, were cloned into AAVs and tested in vitro and in vivo. These two antibodies have been well-studied in animal models and have shown potential as an alternative to RIG in postexposure prophylaxis of rabies (Franka et al., 2017). However, we found that 8weeks after i.m. administration of the 1012 vector genome, the VNA titer of AAV-CR4098-immunized mice was only 0.5IU/ml compared with 40IU/ml for the AAV-CR57-immunized mice (Figure 2A). Only AAV-CR57 generated a protective level of VNA in the serum and brain tissue after i.c. administration of the 1012 AAV vector into mouse brains (Figure 4A). It is not currently understood why AAV-CR4098 generates such low VNA titers compared with AAV-CR57. Newly developed mAbs such as RVC20 and RVC58 were found to have a higher potency than CR57 and CR4098 (De Benedictis et al., 2016; de Melo et al., 2020; Hellert et al., 2020). Combined utilization of these mAbs may improve the effectiveness of postexposure prophylaxis.

Due to the complicated structure of the CNS, timely clearance of the most neurotropic viruses in the CNS is still a major challenge. Researchers have attempted to develop antiviral drugs and antibodies, and even new materials against neurotropic viruses (Lofano et al., 2018; Ren et al., 2021b). However, some defects limit the efficacy of these agents, especially the obstruction of the BBB. This study demonstrated that AAV-CR57 is a practical strategy for preexposure and postexposure prophylaxis of rabies in the rodent model. Thus, this strategy can potentially be applicable for other infectious diseases caused by neurotropic pathogens.
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Among non-tuberculous mycobacteria, Mycobacterium kansasii is one of the most pathogenic, able to cause pulmonary disease indistinguishable from tuberculosis in immunocompetent susceptible adults. The lack of animal models that reproduce human-like lung disease, associated with the necrotic lung pathology, impairs studies of M. kansasii virulence and pathogenicity. In this study, we examined the ability of the C57BL/6 mice, intratracheally infected with highly virulent M. kansasii strains, to produce a chronic infection and necrotic lung pathology. As a first approach, we evaluated ten M. kansasii strains isolated from Brazilian patients with pulmonary disease and the reference strain M. kansasii ATCC 12478 for virulence-associated features in macrophages infected in vitro; five of these strains differing in virulence were selected for in vivo analysis. Highly virulent isolates induced progressive lung disease in mice, forming large encapsulated caseous granulomas in later stages (120–150 days post-infection), while the low-virulent strain was cleared from the lungs by day 40. Two strains demonstrated increased virulence, causing premature death in the infected animals. These data demonstrate that C57BL/6 mice are an excellent candidate to investigate the virulence of M. kansasii isolates. We observed considerable heterogeneity in the virulence profile of these strains, in which the presence of highly virulent strains allowed us to establish a clinically relevant animal model. Comparing public genomic data between Brazilian isolates and isolates from other geographic regions worldwide demonstrated that at least some of the highly pathogenic strains isolated in Brazil display remarkable genomic similarities with the ATCC strain 12478 isolated in the United States 70 years ago (less than 100 SNPs of difference), as well as with some recent European clinical isolates. These data suggest that few pathogenic clones have been widely spread within M. kansasii population around the world.
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INTRODUCTION

Mycobacterium kansasii is a slow-growing non-tuberculous mycobacterium (NTM) mainly found in aquatic environments that, differing from many other NTM, can cause human infections in both immunocompetent and immunocompromised individuals (Griffith et al., 2007). In susceptible immunocompetent individuals, the bacterium most frequently causes chronic pulmonary disease indistinguishable from tuberculosis (TB), resulting in the formation of cavities in more than 70% of cases, or, less frequently, in bronchiectasis or nodules; in contrast, in immunocompromised patients, the disseminated disease is most common (Seiscento et al., 2005; Matveychuk et al., 2012; Moon et al., 2015; Bakuła et al., 2018a; Goldenberg et al., 2020).

The prevalence of NTM pulmonary infections in humans have raised in recent decades, demonstrating a 2- to 8-fold increase in different geographic regions (Champa et al., 2020). The increase is thought to be associated with rapid growth of susceptible populations, driven by population aging, the HIV epidemic and increase in number of individuals with alterations of lung health, as a result of air pollution, smoking, an increase in prevalence of immune-modulating comorbidities like diabetes mellitus, immunosuppressive medication use, as well as sequelae of previous TB and other lung diseases, such as obstructive pulmonary disease (Falkinham, 1996). In the nearest future, susceptibility to M. kansasii and other NTM infections may increase due to the widespread emergence of post-COVID-19 syndrome associated with pulmonary sequelae (Nalbandian et al., 2021).

Among human pathogenic NTM species, M. kansasii is one of the most prevalent, only surpassed by Mycobacterium avium complex in most countries (Hoefsloot et al., 2013). However, in some geographic regions, such as Central Europe or Rio de Janeiro in Brazil, M. kansasii is the most common NTM isolate in patients with pulmonary disease, raising the questions about specific features of the local strains, population or transmission (de Mello et al., 2013).

Genetic studies of clinical and environmental M. kansasii isolates (McSwiggan and Collins, 1974; Steadham, 1980; Taillard et al., 2003) have demonstrated that M. kansasii is a heterogeneous species divided into six genetically distinct subtypes (I–VI) by genotyping (Bakuła et al., 2018b). Recent comparative genomic analyses revealed that these subtypes are more accurately represented as closely related subspecies: Mycobacterium kansasii (I), Mycobacterium persicum (II), Mycobacterium pseudokansasii (III), Mycobacterium ostraviense (IV), Mycobacterium innocens (V) and Mycobacterium attenuatum (VI); together with Mycobacterium gastri these species form the M. kansasii complex (Jagielski et al., 2020). The clinical isolates obtained from patients with pulmonary disease in distinct geographic regions of the globe are almost exclusively composed by subtype I strains (Alcaide et al., 1997; Taillard et al., 2003; Chimara et al., 2004), currently considered M. kansasii in the strict sense (Jagielski et al., 2020), suggesting that they are better adapted to the host and display higher virulence.

Research on virulence and pathogenicity of M. kansasii isolates is constrained by the lack of reliable animal models of M. kansasii infection reproducing chronic infection and human-like pathology. Evaluation of virulence-associated features commonly applied to pathogenic mycobacteria, such as the survival fitness and the cytotoxicity of mycobacteria in macrophage culture infected in vitro, was proposed for initial screening of virulence profile of Mycobacterium tuberculosis (Lasunskaia et al., 2010) and M. kansasii (Sohn et al., 2010). However, a complete range evaluation of host-pathogen interactions determining disease development needs an appropriate animal model of infection.

Mycobacterium kansasii is generally less virulent than M. tuberculosis, and therefore high doses of bacilli (106 or 107 bacilli/mouse) were used in previous studies for intravenous or subcutaneous injection into immunodeficient beige or athymic mice (Graybill and Bocanegra, 2001; Cynamon et al., 2003) or immunocompetent mice of different strains (C57BL/6, B6D2F1, and CD-1) to avoid rapid clearance of mycobacteria and induce a sustained infection (Collins et al., 1975; Hepper and Collins, 1984; Flory et al., 1992). More recently, lower doses (105 bacilli/mouse) of the M. kansasii ATCC 12478 strain or of clinical isolates were applied for infection via intranasal or aerosol routes in the C57BL/6 mice model; yet this model was only able to reproduce a non-replicative or low replicative infection (Wieland et al., 2006; Wang et al., 2015; Ghanem et al., 2020). However, none of the described models reproduced the features of chronically progressive infection and necrotic lung pathology (caseous granulomas or cavities), typical of M. kansasii disease in humans.

Considering the role of the virulence of M. tuberculosis isolates in the severity of experimental TB (Ribeiro et al., 2014), we anticipated that the M. kansasii clinical isolates, exhibiting a higher degree of virulence compared to the reference strain 12478, might induce more severe lung pathology and disease in C57BL/6 mice. To verify this hypothesis, we first tested the virulence–associated features of M. kansasii strains from our collection of genetically well-characterized clinical isolates (Machado et al., 2018), employing the model of macrophage infection in vitro, then selecting five strains with different degrees of predicted virulence (high, intermediate, and low) for studies in mice. Our results demonstrate that isolates exhibiting high or intermediate degrees of in vitro virulence, when intratracheally inoculated at a relatively low dose of 5.0 × 104 bacilli/mouse, could induce progressive lung disease, resulting in formation of large encapsulated caseous granulomas in 4–5 months post-infection; in contrast, the low-virulence strain was eliminated from the lungs in 40 days. Hence, resistant C57BL/6 mice infected with a low dose of virulent M. kansasii reliably reproduce the human-like lung disease typically caused by these bacteria.



MATERIALS AND METHODS


Bacterial Culture

In the present study, we analyzed eleven strains of M. kansasii: the reference strain ATCC 12478 and ten clinical isolates obtained from Brazilian patients with pulmonary disease (Machado et al., 2018). The diagnosis of pulmonary disease caused by NTM was performed generally following the Brazilian Ministry of Health guidelines and an official statement by the American Thoracic Society/Infectious Diseases Society of America (Griffith et al., 2007), based on respiratory symptoms, image findings (e.g., nodular or cavitary opacities on X-rays or multifocal bronchiectasis and multiple small nodules), and positive culture for NTM in sputum or BAL fluid specimens, or a positive tissue culture following lung biopsy. The bacteria were grown in Middlebrook 7H9 medium (BD Difco, MD) supplemented with 0.05% glycerol and 10% ADC (albumin-dextrose-catalase enrichment – BD BBL) at 37°C. After 5 days of cultivation, bacterial suspensions were treated in an ultrasonic bath at 42 kHz, vortexed, and kept for 10 min for sedimentation of eventual clumps. The optical densities (O.D.) of the resulted suspensions were measured by spectrophotometry at a wavelength of 600 nm, adjusted to an OD600 of 0.2; the corresponding bacterial concentrations were determined by serial dilution and plating of bacteria on Middlebrook 7H10 agar (Difco, Detroit, MI) plates, supplemented with 0.05% glycerol and 10% OADC (oleic acid–albumin-dextrose–catalase enrichment – BD, Sparks, MD).

All bacterial strains were grown on Middlebrook 7H10 agar with supplements for 3–4 weeks to determine colony morphotype. Colonies were examined with a stereomicroscope (×4 to ×20 magnification; model 569; American Optical Corp., Buffalo, NY) and an external light source. Images were captured with a Samsung Zoom Lens camera. The M. kansasii colonies displayed either rough or smooth polar morphology, as expected.



Macrophage Culture Infection

Murine macrophage-like cells RAW 264.7 (ATCC, VA, United States) were cultured in Dulbecco’s modified Eagle medium–nutrient mixture F-12 (DMEM-F12), complemented with 10% fetal bovine serum (FBS) and 50 μg/mL gentamicin (Gibco BRL, Grand Island, NY), at 37°C and 5% CO2.

Cells were resuspended in a complete DMEM-F12 medium supplemented with 2% FBS without antibiotics (5 × 105 cells/mL) and plated on 96-well plates (0.1 mL/well) for cell adherence and formation of a monolayer. After 24 h incubation at 37°C, cells were infected with each strain for three hours. Then, the extracellular non-phagocytosed bacteria were removed by washing with PBS. Subsequently, fresh aliquots of the medium were added to the infected cultures. The cells were incubated at 37°C for 3 or 4 days, and then examined for bacterial growth and macrophage death.



In vitro Quantification of Intracellular Mycobacterial Growth

Macrophage cultures were infected with each strain at a multiplicity of infection (MOI) of 1:1 (bacteria/macrophage). On the first and fourth day post-infection (p.i.), cells were lysed with 0.1% saponin solution and 20 min of incubation. The culture lysate was collected, treated in an ultrasonic bath and vortexed to break up any bacterial clumps, serially diluted in PBS, and submitted to the CFU (colony-forming unit) test. For this, 50 μL aliquots of each dilution were seeded on Middlebrook 7H10 agar. The plates were incubated for 3 weeks at 37°C and colonies were quantified. Bacterial counting was expressed in log10; intracellular growth was quantified, subtracting the average CFU obtained from macrophages on day 4 and day 1. Growth values of each isolate were calculated as a proportion of the reference strain M. kansasii ATCC 12478 growth value set as 1.0 for comparison (index A).



In vitro Evaluation of Cell Death Caused by Mycobacteria

Macrophage cultures were infected with each strain at a MOI of 10:1 and cultured for 3 days. Induction of necrotic cell death in infected cultures was evaluated, measuring the release of lactate dehydrogenase (LDH) enzyme into the culture supernatant, using the Labrax commercial Kit (GO, Brazil). Supernatants were collected on day 3 p.i. and assayed according to the manufacturer’s instructions. The O.D. was measured with a plate spectrophotometer at wavelength of 492 nm (Dinatech MR5000). Macrophage cultures treated with 1% (v/v) Triton X-100 (Sigma Aldrich) were used as a positive control for maximum LDH release. Spectrophotometric measurements were corrected, subtracting the value obtained with the culture medium alone from the untreated (non-infected), test (infected), and positive control samples. The percentage of cytotoxicity was calculated using the corrected O.D. values and following formula: Cytotoxicity (%) = (test – untreated)/(maximum LDH release control – untreated) × 100. Relative cytotoxicity of each isolate was calculated as a proportion of the reference strain M. kansasii ATCC 12478 cytotoxicity value set as 1.0 for comparison (index B). Relative virulence index was calculated for each isolate as an average of two values [(index A + index B)/2].



Mice Infection

Specific-pathogen-free C57BL/6 male mice, aged between 6 and 8 weeks, were acquired from the State University of North Fluminense (UENF) bioterium and transferred to an animal biosafety level 3 facility before infection. All experimental procedures were approved by the Institutional Animal Care and Use Committee (Permit number 350/2017). Mice were infected intratracheally (i.t.), as described previously (Ribeiro et al., 2014), with 5.0 × 104 CFU/mouse, as this dose previously was demonstrated to induce persistent M. kansasii lung infection in C57BL/6 mice (Wieland et al., 2006). The inoculum dose was confirmed by a CFU count of mouse lung tissue homogenates obtained 24 h p.i. Disease progression was monitored, weighing before the challenge and then every 7 days. Signs of illness or impairment, such as a reduced food intake, lack of mobility, alterations in hair coat and respiratory difficulty, were noted daily. A weight loss exceeding 25% of the initial body weight, combined with at least some of the clinical signs of disease, was an indication for applying euthanasia to minimize the suffering of the moribund animals according to humanitarian endpoint guidelines. Data collected from the moribund mice that underwent euthanasia or died spontaneously were used to calculate the survival proportion, using the Kaplan-Meier test.

Following the disease monitoring, animals infected with different M. kansasii strains (12 animals/group), were sacrificed and lungs were harvested at 28, 40, 60, 120, and 150 days after infection to evaluate mycobacterial growth and pathological alterations in the lungs.

The lung lobes were washed with sterile PBS and weighed. The lung relative mass was calculated as a fraction of the average lung weight of each experimental group and the average lung weight of uninfected controls. For bacterial counts, the left lung was homogenized, and serial dilutions of the homogenate were plated on complete Middlebrook 7H10 agar for the CFU test.



Lung Pathology

Right lungs were fixed in 10% buffered formaldehyde. The upper lobes of each animal were photographed, and subsequently, lungs were embedded in paraffin. For histopathological studies, serial 4- to 5-μm sections were stained with hematoxylin and eosin (H&E) to visualize tissue alterations, with the Ziehl-Neelsen method to detect the presence of acid-fast bacteria (AFB), and Masson’s trichrome staining method to visualize collagen fibers. Samples were examined with an Axioplan 2 microscope (Carl Zeiss, Germany), and images of lung sections of at least four mice per group were captured by Axiocam MCR-5 (Zeiss)-coupled device camera.

For morphometric analysis, images were obtained at a magnification of 10×, and the Image J program (NIH, Bethesda, MD) was used to assess the area of inflammation (non-aerated area). Color images were converted to a black and white scale to allow software identification of aerated areas, such as the alveoli (in black) and non-aerated areas, including inflamed and non-inflamed tissue (in white). The average percentage of white area (non-aerated tissue) for 10 lung sections of control uninfected mice, and each of the different infected groups, was determined. To quantify the percentage of the inflamed area (area of pneumonia) in the lungs of infected animals, the average percentage of the non-aerated tissue area of control mice was subtracted from the average percentage of the non-aerated areas in each infected group.



Virulence Factor Genes of Mycobacterium tuberculosis H37Rv and Homologous Counterparts in Mycobacterium kansasii ATCC 12478 and Clinical Isolates

Mycobacterium tuberculosis H37Rv genes (GenBank accession AL123456.3) with putative virulence activity were obtained from the literature (Chen et al., 2016; Mikheecheva et al., 2017). Functional category assignment of VFs follows the classification implemented in Mycobrowser (Kapopoulou et al., 2011). Orthology assessment analysis was performed with OMA standalone version 2.3.1 (Altenhoff et al., 2019), employing default parameters, to uncover VFs homologous genes shared between M. tuberculosis H37Rv and M. kansasii ATCC 12478. Variant calling analysis of M. kansasii clinical isolates genomes was performed with Snippy version 3.21, employing default parameters and M. kansasii ATCC 12478 (GenBank accession CP006835.1) as reference.



Statistical Analysis

Statistical analyzes were performed using the GraphPad Prism 4 software (GraphPad, United States); differences between the experimental groups were considered significant when p < 0.05 (5%). A one-way ANOVA test followed by Tukey’s multiple comparison test was applied to assess the effects of a single parameter when comparing multiple groups. Survival curves were analyzed with the log-rank test of the Kaplan-Meier method.




RESULTS


Colony Morphotype, Intracellular Growth and Macrophage Death Induction by Mycobacterium kansasii Isolates

Colony morphology of ten clinical isolates of M. kansasii was compared with that of the reference ATCC 12478 strain (Figure 1). Nine of the ten isolates exhibited rough circular colonies with a dry texture and undulated margins, as the reference M. kansasii strain 12478 (R strains), except isolate 6849 exhibiting smooth and moist colonies (S strain). The shape of the R strains resembled that of the M. tuberculosis strain H37Rv (Figure 1A); however, in contrast to the cream-colored colonies exhibited by M. tuberculosis, all M. kansasii isolates displayed photochromogenic capacity, producing yellow pigment under exposure to light (Figure 1B).
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FIGURE 1. Colony morphotype variants of Mycobacterium kansasii strains. Mycobacterial strains were grown on Middlebrook 7H10 agar for 21 days (M. kansasii) and 28 days (Mycobacterium tuberculosis), and the macrocolony images were captured. (A) M. kansasii clinical isolates (images are demonstrated for strains 8835, 4404, and 10953) exhibited a rough colony shape (R) similar to that of the reference M. kansasii strain 12478 or the M. tuberculosis strain H37Rv, with exception of the isolate 6849, which showed smooth morphotype (S). (B) All M. kansasii strains grown on the agar exhibited yellow colonies under exposure to light.


Since intracellular growth and macrophage death induction were previously associated with virulence in pathogenic mycobacteria (Lasunskaia et al., 2010; Sohn et al., 2010), we evaluated these features in M. kansasii clinical isolates. Relative values of growth and cytotoxicity of each isolate compared to the reference strain ATCC 12478 were calculated based on the data of mycobacterial intracellular growth and cytotoxicity in macrophages (Supplementary Figure 1). These data demonstrated that a proportion of isolates (4404, 8835, 8837, 8839, and 10953) presented higher capacity to grow and induce death in macrophages comparatively to the reference strain, while the remaining isolates displayed either similar (1580, 3657, 7287, and 7439) or lower (6849) capacities (Figure 2). The average of these two values [(index A + index B)/2] was calculated for each isolate and is presented in the Supplementary Table 1 as a relative virulence index. Strains exhibiting at least 2.5-fold higher or 2.5-fold lower relative virulence index than that of the reference strain were considered as high- or low-virulence strains, respectively. According to these in vitro data, only one strain (isolate 6849) was less virulent than the strain 12478, at least four isolates (8835, 8837, 8839, and 10953) exhibited increased virulence and remaining isolates, including the reference strain 12478, were moderately virulent (Supplementary Table 1).
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FIGURE 2. Evaluation of relative virulence of Mycobacterium kansasii strains as measured by in vitro macrophage infection. Mycobacterial ability to intracellular growth in macrophages and induction of macrophage death was evaluated to calculate relative virulence of each M. kansasii isolate compared with that of the reference virulent M. kansasii strain 12478. RAW264.7 macrophage-like cells were infected with the studied strains at a multiplicity of infection (MOI) of 1:1 and cultured for 4 days. Intracellular bacterial growth was evaluated by CFU test. The mean growth value of reference strain 12478 was established as 1.0 and relative growth rate of each clinical isolate was calculated proportionally. To evaluate macrophage death, the cells were infected at a MOI of 10:1, cultured for 3 days, and necrotic cell death was evaluated by quantification of lactate dehydrogenase (LDH) release (LDH test). Relative cytotoxicity of each isolate in relation to the cytotoxicity of reference strain 12478 (established as 1.0) was calculated proportionally.




Evaluation of Mycobacterium kansasii Virulence in the Model of C57BL/6 Mice Infection

Based on the results of in vitro testing, we selected five isolates for virulence tests in an animal model of mycobacterial infection: two intermediate virulent strains (pattern II strains ATCC 12478 and 4404), one low virulent strain (pattern III strain 6849) and two high virulent strains (pattern I strains 8835 and 10953). The infected animals were weighed weekly to verify the body weight change, and weight loss was used as an indicator of morbidity. Mice infected with the less virulent strain 6849 presented body weight gain starting at day 40 p.i., while animals in other infected groups either maintained the body weight values unaltered or exhibited significant weight loss (strain 8835), starting at day 28 (Figure 3A). The survival analyses demonstrated the premature death of mice in group 8835 at day 40 p.i., and 60% lethality in group 10953 at day 120 p.i., while in the remaining groups, animals survived until the end of the experiment (Figure 3B).
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FIGURE 3. Morbidity and mortality of mice after challenge with Mycobacterium kansasii strains. C57BL/6 mice were infected intratracheally with 5 × 104 bacilli of each strain and the disease progression was studied within a 150-day period. (A) Body weight loss was used as an indicator of morbidity. Data are presented as the percentage of initial body weight of each animal prior to infection. Values were reported as mean ± standard deviation, SD, and the differences were considered significant according to ***P < 0.001; **P < 0.01; and *P < 0.05. (B) Survival of the infected animals. The data were obtained in three independent experiments with 10 mice in each group. Kaplan-Meier curves and log rank test were used to evaluate statistical significance. Statistically significant differences between each group infected with the individual clinical isolate and the group infected with reference strain 12478 are presented by symbol ###P < 0.001. (C) Bacterial loads in the lungs were assessed by CFU assay. The data were obtained in three independent experiments with 12–15 mice in each group: 2–3 animals per point. Values were reported as mean ± SD. Mean values that were significantly different from the mean value of the group infected by reference strain 12478 are indicated by asterisks as follows: ***P < 0.001 and **P < 0.01. Significant differences between values obtained for each group at different time points are indicated by symbol ###P < 0.001.


The analysis of pulmonary bacterial loads demonstrated that all strains, including the less virulent strain 6848, could grow in the lungs up to day 28 p.i. (Figure 3C). The most virulent strain 8835 induced higher bacterial loads (log10 8.0) by the day 40 p.i., coinciding with deterioration of the animals in this group that reached a moribund state and were euthanized. In contrast, the pulmonary bacterial loads in other groups started to drop after day 28, demonstrating only a slight reduction in mice infected with strains 10953 and 12478, and more than a 2-log reduction in group 4404, at day 60, while in mice infected with low virulent strain 6849, bacteria were eliminated from lungs by the day 40 p.i. In groups comprising animals developing chronic infection, the bacterial loads in the lungs started to increase again achieving log10 8.0–9.0 level on day 150 p.i.

We monitored the gross pathology (Figure 4) and histological changes (Figures 5, 6) in the lungs for 150 days p.i. to evaluate M. kansasii-induced pathology progression. On day 28 p.i., uniformly distributed small white nodes were observed in the lungs of all infected animals, except mice infected with the highly virulent strain 8835, which exhibited a diffuse lobular consolidation instead (Figure 4A). In this group, animals exhibited signs of severe illness and were euthanized at day 40 p.i. Lung lesions in other groups either continued to expand and finally fused, forming large well-demarcated nodules at the later stages of infection, or continued without significant morphological changes (group 6849). On day 150 p.i., the pathological nodules in the lungs of some animals infected with strain 10953 presented ulcerated surface alterations, suggesting pleural effusion (Figure 4A).
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FIGURE 4. Macropathological changes in the lungs of mice infected with Mycobacterium kansasii strains. C57BL/6 mice were infected as indicated in the Figure 3 legend, and lungs were examined on day 0, 28, 40, 60, 120, and 150 p.i. (A) Representative images of the upper lobe of the right lung demonstrating the gross pathology in animals of each infected group, observed as numerous giant inflammatory lesions (white nodes of different size). (B) Relative lung mass in different infected groups was determined by the ratio of the mean lung weight of animals in each group to the mean lung weight of control (CTL) animals (1.0). ND, not demonstrated; X-premature animal death.
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FIGURE 5. Histopathological changes in the lungs of mice infected with low-virulence strain 6849 and high-virulence strain 8835. C57BL/6 mice were infected with strain 6849 (A,B) or strain 8835 (C–F), and lungs were examined on day 28 (A,C,E) and day 40 p. i. (B,D,F). Representative hematoxylin-and-eosin (H&E) -stained lung sections. Few small-size granulomas (A,B). Extensive pneumonia, leading to consolidation of lung tissue (C–F). Note accumulation of exudates in the respiratory bronchioles on day 28 p.i. (E), and blood coagulation in the vessels and diffuse necrotic cell death in the lung parenchima on day 40 p.i. (D,F). Bars, 1,000 μm (A–D), 200 μm (E,F).
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FIGURE 6. Histopathological changes in the lungs of mice infected with highly virulent Mycobacterium kansasii strain 10953. C57BL/6 mice were infected, and lung pathology was examined during a 150-day period, on day 0 (A), 28 (B), 40 (C), 60 (D–F), 120 (G–I) and 150 (J–L). Representative lung sections stained by H&E (A–E,G,H,J), Ziehl-Neelsen (F) or Masson’s Trichrome methods (I,K,L) are shown. Small granulomas seen on day 28 (B), increased by day 40 (C), and progressed to extensive granulomatous pneumonia by day 60 (D). Area of initial intragranulomatose necrosis, marked by black square in panel (D), is enlarged in panels (E,F), demonstrating large numbers of dying cells (E) and AFB (F). In panel (D), a liver section (l) eventually is localized by side of the lung section; white arrows indicate several granulomas in the liver. By day 120, necrotic lesions progressed to large caseous granulomas marked by black squares (G). The upper and the lower squares refer to areas of higher magnification in panel (H) (peripheral area composed by neutrophil-predominant cell infiltrates) and (I) (central area occupied by acellular caseum), respectively. Note a fibrotic capsule surrounding the necrotic lesion (I). By day 150 (J), necrosis leads to destruction of normal lung structure (symbol *) with easy dislocation of the amorphous necrotic material [lower black square enlarged in panel (L)] and its presence in occluded bronchial airways [black arrows in panel (J)]. The area marked by upper square in panel (J), enlarged in panel (K), demonstrates significant interstitial fibrosis of the lung. Bars, 1,000 μm (A–D,G,J), 100 μm (E,F,H,I,K).


Three different scenarios of histopathology development in the lungs were observed in animals of different infection groups. Pathological lung lesions in mice infected with the strain 8835 developed faster than in other groups and were characterized by extensive granulomatous inflammation, leading to lobular pneumonia at day 28 p.i., with almost complete consolidation of the lung tissue at day 40 (Figures 5C–F). In contrast, the low virulent strain 6849 induced a few small granulomas at day 28 p.i., while further development of these lung lesions was aborted (Figures 5A,B). The third scenario of the development of lung lesions, characterized by a permanent slow progression of the initial granulomas, was observed in animals infected with strains 12478, 4404, and 10953. Histopathological changes in the lungs of these animals are demonstrated for strain 10953, as representative for these three infected groups (Figure 6). In these animals, small initial granulomas increased gradually and, at day 60, various foci of intragranulomatous necrosis (Figures 6D–F), composed of dying macrophages, and numerous extracellular AFB, surrounded by a collar of lymphocytes, were observed. Further progression led to large circumvented caseous granulomas surrounded by a fibrous capsule, with large numbers of neutrophils in sub capsular regions and the central area occupied by acellular caseum (Figures 6G–I). On day 150 p.i. (Figure 6J–L), tissue necrosis led to the destruction of typical lung structure, with easy dislocation of the amorphous necrotic material (lower black square), occlusion of bronchial airways (black arrows in J), and pleural effusion. Significant interstitial fibrosis with many foamy cells contributed to the consolidation of the surrounding lung tissue. Expansion of lesions in animals infected with strains 12478 and 4404 was somewhat delayed compared with those infected with strain 10953. Development of the caseous granulomas in former groups was only found after 3 months of infection (150 days p.i.), coinciding with better survival of the animals.

Morphometric analysis of the area occupied by pneumonia demonstrated that the infection with most virulent M. kansasii strains (8835 and 10953) led to impairment of 90% of lung tissue at the final pre-lethal stage of infection, although the duration of the disease before death varied according to the virulence of the causing bacteria (Figure 7).
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FIGURE 7. Morphometric analysis of lung pathology in animals infected with Mycobacterium kansasii strains. For morphometric determination of the inflammatory area occupied in the lungs by cellular or liquid exudates (pneumonia area), images of ten lung sections of each group of animals were captured and analyzed using the Image J program. Statistically significant differences between each group infected with the individual clinical isolate and the respective group infected with reference strain 12478 are presented by asterisks as follows: ***P < 0.001 and **P < 0.01.




Virulence Factors and Genetic Variations

We found 299 orthologous counterparts of the 457 M. tuberculosis H37Rv virulence factor (VF) genes (Chen et al., 2016; Mikheecheva et al., 2017) encoded in M. kansasii ATCC 12478 genome (Supplementary Table 2).

As expected, since M. kansasii expresses less VF and is less virulent than M. tuberculosis, we observed that genes encoding VFs belonging to the functional category “virulence, detoxification, adaptation” had undergone a massive reduction in M. kansasii compared with M. tuberculosis H37Rv (Figure 8).
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FIGURE 8. Virulence factors shared between Mycobacterium kansasii ATCC 12478 and Mycobacterium tuberculosis H37Rv, according to their functional categories. The diagram shows the distribution of virulence factors encoded in each mycobacterial genome according to their assigned functional category, as defined in Mycobrowser classification (https://mycobrowser.epfl.ch/). Green dots represent M. tuberculosis H37Rv virulence factors, while blue dots account for homologous counterparts in M. kansasii ATCC 12478.


An interesting observation is that M. tuberculosis H37Rv genes Rv1969/mce3D, Rv1970/lprM, and Rv1971/mce3F (Mce protein family), as well as genes Rv1982A/vapB36 and Rv1982c/vapC36 (anti-toxin type 2 system), have two homologous copies encoded in M. kansasii ATCC 12478 genome in which one copy is inferred to be chromosomal (Mce protein family loci MKAN_23035, MKAN_23040, and MKAN_23045; anti-toxin type 2 system loci MKAN_23045, MKAN_05465 and MKAN_05470, respectively), while the second copy is predicted to be encoded in plasmid pMK12478 (loci MKAN_29245, MKAN_29250, and MKAN_29255; loci MKAN_29500 and MKAN_29505, respectively) (Supplementary Table 2).

To seek genetic variations in VF genes that could correlate with the broad virulence spectrum observed in M. kansasii, we performed a single nucleotide polymorphism (SNP) analysis, comparing the reference strain ATCC 12478 with the Brazilian strains (Supplementary Table 3). Identical SNPs in gene MKAN_07615, encoding for ESX secretion-associated protein EspG, were found in the strains 1580, 3657, 4404, 8835, 8837, and 8839, but not in the remaining strains. Additionally, we found missense mutations in genes encoding enzymes contributing to lipooligosaccharide (LOS) biosynthesis, such as MKAN_27485, encoding the polyketide synthase pks5 (strains 1580, 3657, 4404, 8835, 8837, and 8839), and MKAN_27535, encoding the acyltransferase papA4 (strains 1580, 3657, 8837, and 8839). In two other isolates (10742 and 10953), two non-synonymous mutations, one in locus MKAN_18440 (cmaA2 – Rv0503c ortholog – c.29C > A p.Thr10Lys), and another in locus MKAN_21605 (sigH – Rv3223c ortholog – c.258G > T p.Met86Ile), were found.




DISCUSSION

In the present study, we verified the hypothesis that infection of resistant mice with highly virulent M. kansasii isolates from patients with lung disease, instead of the reference M. kansasii strain, using a high dose of bacilli for intratracheal inoculation, may result in more severe lung disease than that usually seen in the murine models of M. kansasii infection. We evaluated available bacterial strains from our collection of M. kansasii clinical isolates for virulence-associated features in the macrophage infection model to select the strains with a high degree of virulence. Based on in vitro results, five strains exhibiting a distinct degree of in vitro virulence were infected in C57BL/6 mice. The results demonstrated that highly virulent M. kansasii isolates, as well as ATCC strain 12478, were able to cause productive and chronically progressive infection in mice, reproducing signs of necrotic pulmonary pathology seen in human immunocompetent patients, such as caseous encapsulated granulomas, occlusion of bronchial airways with necrotic masses, and interstitial fibrosis.

Remarkably, encapsulated necrotic granulomas observed in the lungs of M. kansasii-infected mice in this model have not been detected in any other model of M. kansasii infection or the C57BL/6 model of infection with M. tuberculosis. Solid granulomas in the lungs are a typical pathological manifestation of experimental TB in C57BL/6 mice caused by low-dose aerosol infection of M. tuberculosis; and small solid granulomas were detected in mice of this lineage following intranasal infection with a high dose of M. kansasii (Wieland et al., 2006). The use of highly virulent clinical isolates and intratracheal route for administering mycobacteria allowed increasing severity of TB in C57BL/6 mice, with extensive necrotizing TB pneumonia (Ribeiro et al., 2014; Almeida et al., 2017; Bomfim et al., 2021). Possibly, the use of intratracheal, trans-laryngeal, or intranasal routes to access the respiratory pathway in small rodents increases the severity of the induced disease since these techniques, in contrast to the aerosol inhalation, do not exclude administration of small clumps of bacteria that can increase the fitness of the inoculated bacteria, despite presenting the same number of colony-forming units in the inoculated and in the inhaled dose.

The virulence of M. kansasii strains was a determining factor of the disease severity in our model since the low virulent strain 6849 could not cause persistent infection. Accordingly, two strains exhibiting increased virulence (8835 and 10953) induced more rapid disease progression, leading to premature death in a proportion of the infected animals. The lethality rate was one criterion for discrimination of highly virulent M. kansasii strains and those with an intermediate level of virulence (Supplementary Table 1).

Overall, we observed a good correlation between M. kansasii virulence determined with in vitro and in vivo models. Previously, in vitro evaluation of survival fitness and cytotoxicity of mycobacteria in macrophage culture has been shown as a good predictor for virulence of M. tuberculosis isolates (Park et al., 2006; Lasunskaia et al., 2010). In the early stage of infection, both M. tuberculosis and the phylogenetically closely related M. kansasii use a type VII secretion system, encoded by ESX-1 genes, to secrete essential virulence factors, such as ESAT-6 and CFP-10. These proteins are involved in the phagosomal escape of mycobacteria and regulation of macrophage viability and activation (Houben et al., 2012; Wang et al., 2015; Jankute et al., 2017; Jagielski et al., 2020), contributing to the bacterial pathogenicity. However, in vivo, M. tuberculosis is generally more virulent and better adapted to the human host than M. kansasii. Few TB bacilli compared to a high dose of M. kansasii is therefore needed for induction of a persistent infection in humans. However, due to the ability of M. kansasii to grow on low levels of nutrients and form biofilms which promote their survival and dissemination in drinking water distribution systems, household plumbing and shower heads (Falkinham, 1996), the situations when individuals receive an unusually high dose of these bacteria with aerosol might be more common than expected. Exposure to a high dose of infection with highly virulent M. kansasii strain may increase the probability of the disease development in the infected susceptible individuals.

We observed that all highly virulent M. kansasii isolates exhibited the R-colony morphotype, whereas less virulent strain 6849 displayed the S-type smooth colonies. Although a small number of M. kansasii strains were studied in this work, including only one S-type isolate, our results complement previous observations establishing higher clinical importance of R-type NTM strains, which are more frequently involved in severe and persistent infections compared to the S-type. It was demonstrated that in contrast to the smooth type, R-type M. kansasii exhibit alterations in outer membrane lipids, reducing the expression of polar, hydrophilic lipooligosaccharides (LOS), therefore increasing the proportion of less polar glycolipids, such as PDIMs, LAM, TDM, and others, which were otherwise masked or coated by LOS (Nobre et al., 2014), leading to an increase of overall hydrophobicity, virulence and probability of bacterial transmission with aerosol (Belisle and Brennan, 1989; Jankute et al., 2017). It is noteworthy that the least virulent strain 6849 was isolated from the patient with lung disease that additionally presented two comorbidities, an infection with hepatitis C virus infection and chronic cardiovascular disease, known to alter the immune system function and leading to certain level of immunodeficiency (Wu et al., 2015). The lack of clinical data from other patients with M. kansasii infection is a limitation of this study because it did not allow us to correlate the strain virulence with the severity of disease.

Mutations in LOS biosynthesis genes have been associated with the transformation from S- to R-colony morphology in a variety of NTM (Van der Woude et al., 2012), including M. kansasii (Luo et al., 2021). In the Brazilian isolates, exhibiting R-morphotype, we detected missense mutaitions in at least two genes encoding the LOS biosynthesis enzymes, MKAN_27485, which encodes the polyketide synthase pks5 (strains 1580, 3657, 4404, 8835, 8837, and 8839), and MKAN_27535, encoding the acyltransferase papA4 (strains 1580, 3657, 8837, and 8839). It should be yet determined whether the observed gene alterations could render loss-of-function. Additionally, since LOS expression on the bacterial surface can be altered by various factors regulating LOS-genes transactivation, lipid synthesis, degree of glycosylation, and eventual transportation to the cell surface (Burguière et al., 2005), it is crucial to establish the cell wall lipid content and composition of virulence-associated proteins secreted during M. kansasii infection. How the temporal lipid and protein profiles determine the fate of infection remains to be clarified, and a more significant number of smooth variants need to be compared with the rough variants for this purpose.

We observed that VF genes belonging to the functional category “virulence, detoxification, adaptation” have undergone a massive reduction in M. kansasii when compared to M. tuberculosis H37Rv, including the significant decrease in the toxin–antitoxin’s subsystem genes previously reported by Wang et al. (2015). Additionally, in accordance with previous observations (Wang et al., 2015; Tagini et al., 2021), our analysis showed the presence of all key RD1 genes, including the ESAT-6 and CFP-10, coding for the essential components of the ESX-1 secretion system, and the loci encoding for the ESX-1 secretion-associated proteins, ESP. These genes were conserved in all genomes of the Brazilian M. kansasii isolates, although some of the isolates exhibited heterogeneity in copy number (data not shown) and numerous SNPs in these genes. However, we observed identical SNPs in gene MKAN_07615, encoding for ESX secretion-associated protein EspG, in several geographically distant isolates, such as Pernambuco (strains 8835, 8837, and 8839) and Rio de Janeiro (strains 1580, 3657, and 4404) (Machado et al., 2018). Besides the possible influence of presence, absence, or copy number of specific genes, the presence of SNPs can also interfere with virulence phenotype. Accordingly, as the Rv0503c and Rv3223c genes, encoding cmaA2 and sigH virulence factors, respectively, have a known impact on the virulence of M. tuberculosis, we can hypothesize that mutations observed in the respective orthologs MKAN_18440 (cmaA2) and MKAN_21605 (sigH) might have an impact on the virulence profile of the strain 10953, since only this isolate carry non-synonymous mutations in these loci. However, transfection experiments are needed to provide experimental evidence for the actual contribution of the proposed genetic elements for the virulence of M. kansasii.

Comparing the genome sequences of the M. kansasii isolates investigated in the present work (Machado et al., 2018), we demonstrated that the most virulent (8835) and the less virulent (6849) strains display a high level of genetic difference compared to the reference strain ATCC 12478 (more than 10,000 SNPs). On the other hand, three virulent strains isolated from patients in Rio de Janeiro are genetically highly similar to the strain 12478 (less than 100 SNP of difference), isolated 70 years ago in Kansas (United States). Previous genotyping studies of M. kansasii isolates, based on pulsed-field gel electrophoresis and multi-locus sequence typing (Ross et al., 1992; Alcaide et al., 1997), as well as recent phylogenomic analyses of more than two hundred genomes of a worldwide collection of M. kansasii isolates, including Brazilian isolates (Luo et al., 2021; our unpublished data, manuscript in preparation), revealed a close-relatedness between the strain ATCC 12478 and subtype I M. kansasii strains isolated from patients in European countries and Americas, suggesting both clonality of specific genotypes and wide geographic distribution of the most prevalent subtype found in humans. These data strongly suggest that a few clones sharing several pathogenic features have spread widely within the M. kansasii population, probably reflecting an evolvement of a new lung pathogen from an environmental waterborne organism. Further evolution of the local strains in each geographic region and widespread increase of susceptible aged population contribute to a further selection of more virulent variants, as has been observed in M. tuberculosis (Stucki et al., 2016).

In conclusion, we propose the infection of resistant C57BL/6 mice with M. kansasii as a reliable model reproducing human-like necrotic lung pathology, therefore suitable for investigating M. kansasii virulence and pathogenicity, as well as an anti-mycobacterial or adjunct drug testing. Additionally, a macrophage infection model in vitro may be used to predict the virulence of M. kansasii strains. Significant heterogeneity in virulence of Brazilian M. kansasii clinical isolates was demonstrated, with a high prevalence of strains displaying high or intermediate virulence. The genomic similarity of some strains isolated from patients in different geographic regions of the world, including Brazil, suggests that some pathogenic M. kansasii variants might be globally distributed.
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Supplementary Figure 1 | Virulence-associated properties of M. kansasii strains evaluated in the macrophage-based model of infection. RAW 264.7 macrophage-like cells were infected with different strains and incubated for 4 days. (A) The numbers of CFU recovered from macrophages infected at a MOI of 1:1 were quantified at days 1 and 4 p.i. The bacterial growth rate is presented as mean ± SD of increases in the log10 numbers of intracellular CFU measured in two separate experiments. (B) Induction of necrotic cell death in the cell cultures infected at a MOI of 10:1. LDH release from the dead cells was measured in the culture supernatants at day 3 p.i., and the percentage of cytotoxicity was calculated as described in “Materials and Methods” section. Asterisks indicate the isolates for which the values of growth or cytotoxicity differed significantly from the respective value of the reference ATCC 12478 strain; *P < 0.05; **P < 0.01; ***P < 0.001.

Supplementary Table 1 | Relative virulence of Mycobacterium kansasii clinical isolates in comparison with the reference ATCC strain 12478 evaluated in the in vitro model of infected macrophages and in the in vivo model of C57BL/6 mice infection.

Supplementary Table 2 | 457 Mycobacterium tuberculosis H37Rv virulence factors loci and their orthologs in Mycobacterium kansasii ATCC 12478 strain.

Supplementary Table 3 | Single nucleotide polymorphisms in virulence factors genes identified in 12 Mycobacterium kansasii strains compared to the reference strain Mycobacterium kansasii ATCC 12478.
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Animal models and cell culture in vitro are primarily used in virus and antiviral immune research. Whereas the limitation of these models to recapitulate the viral pathogenesis in humans has been made well aware, it is imperative to introduce more efficient systems to validate emerging viruses in both domestic and wild animals. Organoids ascribe to representative miniatures of organs (i.e., mini-organs), which are derived from three-dimensional culture of stem cells under respective differential conditions mimicking endogenous organogenetic niches. Organoids have broadened virological studies in the human context, particularly in recent uses for COVID19 research. This review examines the status and potential for cross-species applied organotypic culture in validating emerging animal, particularly zoonotic, viruses in domestic and wild animals.
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ORGANOIDS: THE CULTURABLE MINI-ORGANS IN HUMANS AND ANIMALS

Organoids, also known as “mini-organs,” are three-dimensional (3D) constructs; these constructs differentiate from stem cells to recapitulate the cellular architecture and functionality of native organs (Kaushik et al., 2018; Lehmann et al., 2019; Kim et al., 2020). Using both embryonic pluripotent stem cells (PSCs) and somatic adult stem cells (ASCs), organoids have been generated by culturing stem cells under conditions mimicking the in vivo developmental and differential cues of their respective tissues (Kaushik et al., 2018; Lehmann et al., 2019; Corrò et al., 2020; Kim et al., 2020). The cornerstone of organoid systems are stem cells, and relevant research signifies the origin of organoid systems. Further elucidation of biochemical (e.g., growth factors and other bioactive molecules) and physical cues (e.g., mechanic stimuli and topography applied from the extracellular matrix) serves as a “cow pony,” shaping organoid culture to regenerate multi-cellular tissue proxies of original tissues and organs (Yin et al., 2016; Moghaddam et al., 2019; Corrò et al., 2020; Fuchs and Blau, 2020; Hofer and Lutolf, 2021).


Comparative Advantages of Organoid Systems

As per the virus-host interactions, animal models and two-dimensional (2D) cell cultures represent major biological experimental systems in biomedical studies. Animal models directly replicate animal infections in nature, and most of these models holistically recapitulate human pathophysiology. However, they are limited by individual variations, inter-species biological differences, interference with other microorganisms (pathogenic or common flora), animal welfare and ethical concerns; obstacles in throughput and convenience for microimaging and analytic readouts are also present (Shanks et al., 2009; Mead and Karp, 2019; Corrò et al., 2020; Kim et al., 2020; Hofer and Lutolf, 2021). In contrast, 2D monocultures of cell lines offer a consistent and reproducible in vitro model supporting viral infections, and they are widely used in virus-cell interaction studies. However, cancerous cell lines are genetically instable and over-simplistic to recapitulate the complex inter-cell and cell-matrix interactions that are required to model viral pathogenesis and particularly antiviral reactions in tissues (Shanks et al., 2009; Mead and Karp, 2019; Corrò et al., 2020; Kim et al., 2020; Hofer and Lutolf, 2021). Different alternatives of cell culture systems including co-culture of cell lines or primary cells and cell aggregate cultures of targeted tissues have both shown improved features compared to monotype cell culture. However, they lose the relevance to tissue organization in vivo—and even cell integrity—due to 2D culture adaptation. In addition, tissue explant cultures—which require rushed handling after surgeries to transiently retain physiologic relevance of cell organization/interaction— undergo cell phenotypic loss and senescence in order to align with an adequate time-window for performing studies in virology and antiviral immunology (Shanks et al., 2009; Mead and Karp, 2019; Corrò et al., 2020; Schutgens and Clevers, 2020; Hofer and Lutolf, 2021). Hence, these model systems each exhibit a meaningful gap to recapitulate the cellular organization and physiology of original organs; this is especially true for studying virus-host interactions, which generally involve more than one cell type in the targeted tissues (Barrila et al., 2018; Ramani et al., 2018; Bar-Ephraim et al., 2020; Sridhar et al., 2020; Yuki et al., 2020). Upon thorough examination of recent advent and peer reviews in both humans and animals organoid research, it is clear that an urgent need has emerged to harness better biological systems; a balance between practicability and faithfulness is needed to assess the cross-species potential of viral pathogens in both humans and animals (Shanks et al., 2009; Barrila et al., 2018; Ramani et al., 2018; Montes-Olivas et al., 2019; Bar-Ephraim et al., 2020; Corrò et al., 2020; Sridhar et al., 2020; Yuki et al., 2020). The status and perspective of organoid systems has been particularly reviewed, demonstrating potency and comparative advantages in order to fulfill most needs for in vitro modeling of viral infections and pathogenesis in humans (Barrila et al., 2018; Ramani et al., 2018; Lehmann et al., 2019; Montes-Olivas et al., 2019; Bar-Ephraim et al., 2020; Kim et al., 2020; Sridhar et al., 2020; Yuki et al., 2020). Table 1 summarizes the pros and cons of 3D organoid cultures; they are compared with classical 2D cell cultures and animal models regarding their complexity, cost, controllability, and downstream biomedical applications (Shanks et al., 2009; Yin et al., 2016; Kaushik et al., 2018; Lehmann et al., 2019; Mead and Karp, 2019; Moghaddam et al., 2019; Corrò et al., 2020; Fuchs and Blau, 2020; Kim et al., 2020; Hofer and Lutolf, 2021). As each type of model generally possesses inherent peculiarities, increasing the scale entails higher system complexity and challenges for the success of controlled cultures; hence, a reduced accessibility emerges when analyzing approaches at molecular and cellular levels (Lehmann et al., 2019; Kim et al., 2020). Organoid models render a platform to coordinate moderate system complexity and reproducibility. It also simultaneously enables the probing of the structure and function of a given biological system. Even when compared with 3D cultures of tissue explants, organoid systems model better genetic stability and cell-cell/cell-matrix interactions; they also simultaneously permit for long-term cultures based on regeneration from stem cells and maintenance of biological cues (Yin et al., 2016; Ramani et al., 2018; Mead and Karp, 2019; Fuchs and Blau, 2020). Organoids bridge the gap between 2D cell culture and animal models by providing a culturable system; this allows manipulation of cell cultures while representing better mimicking of in vivo cellularity and physiology (Lehmann et al., 2019; Kim et al., 2020). As implicated in several pilot studies and eminent reviews, we emphasize that cross-species investigation of organoid cultures in domestic and wild animals, will significantly promote virology studies, particularly for efficiently validating the infection loop of epizootic and zoonotic viruses in different animal species, including humans (Barrila et al., 2018; Ramani et al., 2018; Lehmann et al., 2019; Montes-Olivas et al., 2019; Bar-Ephraim et al., 2020; Duque-Correa et al., 2020; Kim et al., 2020; Schutgens and Clevers, 2020; Sridhar et al., 2020; Yuki et al., 2020; Hofer and Lutolf, 2021; Kar et al., 2021; Pain, 2021).


TABLE 1. Comparison of 3D organoid culture with conventional cell cultures and animal models (Shanks et al., 2009; Yin et al., 2016; Kaushik et al., 2018; Lehmann et al., 2019; Mead and Karp, 2019; Moghaddam et al., 2019; Corrò et al., 2020; Duque-Correa et al., 2020; Fuchs and Blau, 2020; Kim et al., 2020; Hofer and Lutolf, 2021; Kar et al., 2021; Pain, 2021).
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The Status of Organoids and Application in Research of Animal Viruses

Multiple types of organoids have been cultured primarily from human and mouse stem cells, and this has revolutionized the research and clinical practice in human medicine; this is true in terms of applications in biobanking, drug screening, genotyping (i.e., cell typing) for precision medicine, and disease modeling involving pathogenic infections (Figure 1; Yin et al., 2016; Kaushik et al., 2018; Lehmann et al., 2019; Moghaddam et al., 2019; Corrò et al., 2020; Fuchs and Blau, 2020; Kim et al., 2020; Hofer and Lutolf, 2021). As demonstrated from a variety of pioneering studies, organoid technology can be adopted in most vertebrate species to retain its strength in modeling animal diseases; this is particularly true in the case of the microbe-host interaction in infectious cases (Barrila et al., 2018; Ramani et al., 2018; Montes-Olivas et al., 2019; Bar-Ephraim et al., 2020; Duque-Correa et al., 2020; Schutgens and Clevers, 2020; Sridhar et al., 2020; Yuki et al., 2020). In this regard, tissue/organ resources are readily available for establishing organoid culture, particularly in livestock animals; this also addresses the concerns of animal welfare, reducing the number of animals that may succumb to experimentally pathogenic infections and disease modeling (Kar et al., 2021; Pain, 2021). Organoid-relevant studies have been boosted among animals in the last 10 years (Derricott et al., 2019; Corrò et al., 2020; Seeger, 2020; Beaumont et al., 2021; Bourdon et al., 2021; Kar et al., 2021; Pain, 2021), with multiple studies using organoids to promote COVID-19 investigation (Clevers, 2020; Monteil et al., 2020; Yang et al., 2020; Han et al., 2021). Despite some types of organoid culture having been validated in multiple animals—particularly domestic species—there is an overall lack of robust procedures and dependent resources to generate animal organoids (Derricott et al., 2019; Seeger, 2020; Beaumont et al., 2021; Bourdon et al., 2021; Kar et al., 2021; Pain, 2021). These forms of organoid research in animals are advantageous, and they provide dual roles and benefits in promoting the wellbeing of animals and humans. Advantages include more reliable offal resources than medical biopsy samples, easier handling regarding organ size as compared to mice, and more physiological similarity in modeling human organs (Derricott et al., 2019; Lehmann et al., 2019; Kim et al., 2020; Seeger, 2020; Beaumont et al., 2021; Bourdon et al., 2021; Kar et al., 2021; Pain, 2021). It is also worth noting that the genetic stability retained by stem cells make organoid systems a promising tool for genetic rescue of endangered animal species.
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FIGURE 1. Schematic of mainstream organoid culture in humans and mice and their multifaceted potential in the promotion of domestic and wild animals studies. Organoids, also known as “mini-organs,” are three-dimensional (3D) constructs that differentiate from stem cells to recapitulate cellular architecture and functionality of native organs. Multiple types of organoids have been cultured primarily in humans and mice, and they have profoundly revolutionized the research and practice in human medicine. Some types of organoid culture have also been validated in livestock species. However, these cultures must be extended for promoting research and production in agricultural animals. Collectively, organoid research in domestic animals will provide dual roles and dual benefits in promoting the wellbeing of both the animals and humans with several advantages. These advantages include reliable offal resources, easier handling regarding organ size when compared to that of a mouse, and more physiological similarity in modeling human organs. Animal organoid studies will reveal unknown species-specific prospects in terms of organ development, stem cell biology, mechanistic regulation at gene and cellular levels, and particularly disease modeling and host-pathogen interaction for epizootic and zoonotic viral infections. Created with BioRender.com.


Nevertheless, animal organoid studies are also essential for modeling epizootic and zoonotic diseases that generally involve multiple cell types. Relevant studies can reveal unknown species-specific prospects regarding organ development, stem cell biology, host-microbe interaction, and mechanistic regulation at the gene and cellular levels (Figure 1; Montes-Olivas et al., 2019; Bar-Ephraim et al., 2020; Yuki et al., 2020). Table 2 summarizes the status of organoid research in animals with highlighted applications in studying viral diseases (Derricott et al., 2019; Seeger, 2020; Beaumont et al., 2021; Bourdon et al., 2021; Kar et al., 2021; Pain, 2021). Intestinal organoids have been replicated in major domestic animal species and horseshoe bats (Derricott et al., 2019; Seeger, 2020; Zhou et al., 2020; Beaumont et al., 2021). Some studies further utilized intestinal organoids to successfully model enteric viral infections in cats and pigs (Li et al., 2019a,b, 2020; Luo et al., 2020; Tekes et al., 2020; Yin et al., 2020). Organoids of multiple other organs have also been established. These include canine organoids from the skin (Wiener et al., 2018), prostate gland (Usui et al., 2017), urinary bladder (Elbadawy et al., 2019), kidney (Chen et al., 2019) and liver (Nantasanti et al., 2015), as well as porcine organoids from the esophagus submucosal gland (von Furstenberg et al., 2017), rectum (Adegbola et al., 2017), and testicle (Sakib et al., 2019; Vermeulen et al., 2019). It also includes those from the mammary gland, pancreatic duct, and endometrium in cattle (Martignani et al., 2018), sheep (Liu et al., 2020) and horse (Thompson et al., 2020), respectively. Notably, no respiratory or lung organoids have been reported in animals. However, they have been reported in humans. There are only a few studies of organoids in wild animals, which include two recent reports in the bat intestine and snake venom glands (Post et al., 2020; Zhou et al., 2020). There is an imperative need of respiratory/lung organoids to model respiratory viral infections in animals; for this reason, we expect an increase in studies pertaining to animal respiratory organoids from active research in COVID-19 and other zoonotic respiratory viruses (Miller et al., 2019; Sachs et al., 2019; Han et al., 2021).


TABLE 2. Organoid cultures validated in domestic and wild animal species (Bourdon et al., 2021; Kar et al., 2021; Pain, 2021).
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HISTORICAL BRIEF AND PROMISING APPLICATIONS OF ORGANOID CULTURES IN VIROLOGICAL STUDIES


Historical Brief of the Organoid System and Uses in Animal Virological Research

Figure 2 illustrates major historical stages in the development of organoid cultures. The status and perspective to apply these to modeling viral diseases in humans, domestic animals, and wild animals is also shown. Foundational work regarding the observation and elucidation of stem cells’ role in tissue, organ, and organism regenerations dates back to the early last century; Dr. Henry Wilson scientifically demonstrated that dissociated sponge cells could self-organize to regenerate an entire organism in vitro (Wilson, 1907; Corrò et al., 2020). Later, similar dissociation-reaggregation experiments were successfully performed using dissociated amphibian pronephros (Holtfreter, 1944) and chick embryos (Weiss and Taylor, 1960) to generate different types of organs; this implies a differential adhesion hypothesis for stem cell-derived self-regeneration (Steinberg, 1964). Pioneering studies centered on stem cell handling began with two groups in 1981, when PSCs were first isolated and established from mouse embryos (Evans, 1981; Martin, 1981). Human PSCs were first isolated and cultured from human blastocysts in 1998 (Thomson et al., 1998; Corrò et al., 2020). Both mouse- and human-induced PSCs (iPSCs) were subsequently obtained by reprogramming fibroblasts or somatic cells in the mid-2000s; this burgeoned the research in both stem cell biology and application for organoid systems in vitro (Takahashi and Yamanaka, 2006; Takahashi et al., 2007; Yu et al., 2007).
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FIGURE 2. Historical stages for the development of organoid cultures, as well as the status and perspective for application in viral diseases in humans and animals. Summaries are shown of organoid research and technological advent benchmark breakthroughs in order to facilitate cross-species modeling of epizootic and zoonotic viral infections post-prospective development. The involvement of human and animal species are diagrammed at the top along with the major temporal events summarized below. ASC, adult stem cells; COVID-19, novel coronavirus disease 2019; EGF, epidermal growth factor; Lgr5+, Leucine Rich Repeat Containing G Protein-Coupled Receptor 5; Noggin, NOG gene product; PSC, pluripotent stem cell; R-Spondin, Rspo1 gene product; Wnt, Wingless and Int- signaling pathway.


Following the discovery of stem cells in the 1980s, studies began to boom in harnessing stem cell culture and differentiation; this was done by simulating relevant microenvironment cues in vivo (Corrò et al., 2020). Using extracellular matrix (ECM) reconstructed from an Engelbreth-Holm-Swarm tumor (EHS), Li et al. (1987) were able to maintain mammary epithelia growth and induce the formation of 3D milk-secreting duct-lumen structures; these structures would have otherwise rapidly lost their ability to secrete milk protein in the monocellular culture. Similarly, the presence of ECM of EHS also helped alveolar type II epithelial cells to retain their cell morphology; it helped them maintain function as compared to cells cultured on plastic dishes (Shannon et al., 1987). This highlights the vital role of both cell-cell and cell-matrix interactions in maintaining cell/tissue function in vitro. Eiraku et al. (2008) recapitulated early corticogenesis in order to generate cerebral cortex tissue from both human and mouse ESCs; this was done using a 3D aggregation culture method. Around the same time, Sato et al. (2009) identified adult intestinal stem cells as leucine-rich repeat-containing G protein-coupled receptor 5 (Lgr5)-expressing cells at the bottoms of small-intestinal crypts; they further established intestinal organoids through cultured single crypts or sorted Lgr5(+) stem cells in Matrigel (Sato et al., 2009). This study established 3D organoid culture from ASC-containing tissues or a single ASC; and in the late 2000s and early 2010s, this bookmarked the flourish of organoid studies in humans and various animal species (Kaushik et al., 2018; Lehmann et al., 2019; Corrò et al., 2020; Kim et al., 2020). Generated using either tissues that containing ASCs/PSCs or stem cells themselves, organoid systems have been successfully established in different organ systems, including the mesendoderm-type (e.g., stomach, liver, pancreas, lung, and kidney) and the neuroectoderm-type (brain and retina) in mice and humans (Figure 2; Kaushik et al., 2018; Lehmann et al., 2019; Corrò et al., 2020; Kim et al., 2020). The most recent success includes establishing organoid culture simulating snake venom glands for venom peptide production (Post et al., 2020) and application of various organoid systems for disease modeling; this is emphasized to efficiently model infections by viruses, a group of cell-obligated infectious agents challenging the classical 2D cell cultures (Barrila et al., 2018; Ramani et al., 2018; Sachs et al., 2019; Bar-Ephraim et al., 2020; Schutgens and Clevers, 2020; Sridhar et al., 2020; Yuki et al., 2020).



Promising Applications of Organoid Cultures in Virological Studies

Animal models and cell cultures (including both primary cells and immortalized cell lines) are broadly used in most aspects of virological studies; this includes assays involving virus entry, titration, cytopathy, and rescue (Ramani et al., 2018; Schutgens and Clevers, 2020; Sridhar et al., 2020). However, these classical models present obvious limitations (Barrila et al., 2018; Ramani et al., 2018; Bar-Ephraim et al., 2020; Schutgens and Clevers, 2020; Sridhar et al., 2020; Yuki et al., 2020). These limitations are particularly related to physiological similarity and inter-cell interaction of natural hosts. Of the noted advantages, organoids have been used to extend virological studies in several aspects (Ramani et al., 2018; Schutgens and Clevers, 2020; Sridhar et al., 2020). First, organoids recapitulate viral infections more efficiently from naturally infected tissue samples in the laboratory. When compared to the general need for extensive screening and serial adaptation using cell cultures (especially cancerous cell lines from other species), organoids might support the replication of the wild-type virus when they originate from relevant organs where clinical isolates are surgically obtained (Ramani et al., 2018; Schutgens and Clevers, 2020; Sridhar et al., 2020). It has been shown that viruses from most infected human samples (e.g., nasopharyngeal swabs, blood, or feces) were more readily grown in organoids or airway epithelial cultures (Palmer et al., 2012; Tapparel et al., 2013; Bochkov et al., 2016; Sridhar et al., 2020). Animal viruses are often empirically cultured and studied using cell lines of primate or other species origins; and this is due to the unavailability or lack of support regarding cell cultures from the species of a viral natural host. For examples, swine arterivirus (Cafruny et al., 2006; Calvert et al., 2007) and coronaviruses were replicated and studied using cell lines from the monkey kidney (Hofmann and Wyler, 1988; Govorkova et al., 1996; Li et al., 2019ab, 2020; Luo et al., 2020; Yin et al., 2020) and MDCK, a canine kidney cell line used widely for studies of influenza virus from human and various animal resources (Takada et al., 2019). Given the species-tropism of viruses, extensive targeting is needed for adaption and mutation using animal models to replicate productive infections of human viruses; this kind of cross-species adaptation increases biosafety concerns (Simmonds et al., 2019; Takada et al., 2019; Dai et al., 2020; Kuchipudi et al., 2021). Nonetheless, viral tropism, receptor usage, and virus-cell interaction in these species-distinct cells or animal models may divert from genuine virus-host interaction in the natural host (Hofmann and Wyler, 1988; Govorkova et al., 1996; Simmonds et al., 2019; Takada et al., 2019; Dai et al., 2020; Kuchipudi et al., 2021).

Second, organoids enable the culture of viruses that are unculturable in cells. As with a number of virological study cases, it is futile to find suitable cell lines to replicate and rescue a wild-type virus that causes active infection in vivo (Leland and Ginocchio, 2007; Rabenau et al., 2007; Hodinka, 2013). Organoid systems constitute a convenient alternative for culturing these viruses under laboratory conditions (Ramani et al., 2018; Schutgens and Clevers, 2020; Sridhar et al., 2020). Despite extensive tests using available cell lines, viruses including human norovirus, human coronavirus HKU1, bocavirus, and rhinovirus C remain futile for productive replication; this is possibly due to certain viruses’ need for inter-cell or cell-matrix interaction for effective infection. Studies showed that human intestinal organoids supported norovirus and rotavirus infection; human airway epithelial cultures allowed culture and characterization of human coronaviruses HKU1 and NL63, human bocavirus, and human rhinovirus C, which implicated the potential of relevant respiratory organoids (Dijkman et al., 2009; Pyrc et al., 2010; Hao et al., 2012; Tapparel et al., 2013; Farsani et al., 2015). Therefore, multiple cell types differentiated in organoid systems provide updated culturable biological platforms, and these can be utilized for further virological characterization and rescuing of viruses from clinical isolates (Ramani et al., 2018; Schutgens and Clevers, 2020; Sridhar et al., 2020).

Third, organoid systems allow the determination of authentic virus-host interaction and recapitulation findings in vivo; this is still in its infancy in terms of virological application. Epithelia that line the skin, blood vessels (specified as endothelia), and internal tracts/glands of digestive and respiratory systems provide primary portals for virus infection initiation. In the body, epithelial cells are polarized as apical (oriented toward the lumen) and basolateral (oriented away from the lumen) sides with differential expression of various surface molecules; this can be exploited as entering receptors for viral infections (Bomsel and Alfsen, 2003; Compans and Herrler, 2005). Contrary to the loss or difference of surface molecules expressed in 2D-cultured cells and animal models of other species, organoids of relevant tissues reconstruct the cellular organization/polarization; this allows dissecting the polarized entry and an in vitro spread of viruses in the epithelial barrier (Bomsel and Alfsen, 2003; Compans and Herrler, 2005; Ramani et al., 2018; Schutgens and Clevers, 2020; Sridhar et al., 2020). The characterization of measles virus (MV) cellular receptors provides an eloquent example. This calls for increased use of “vivo” models—such as organoids—for characterizing the pathogenesis of wild-type viruses. Previous studies using vaccine- and laboratory-adapted MV strains and cell cultures resulted in the discovery of the MV cellular receptor as CD46. This was a cell-surface molecule widely expressed by nucleated cells. The discovery was based on in vitro findings induced by the thought that MV infection entered the apical side of respiratory epithelia (Dorig et al., 1993). Recent studies incorporating ex vivo and in vivo approaches determined nectin-4 as a genuine receptor of wild-type MV strains. Nectin-4 is restrictively expressed at the basolateral side of epithelial cells. This indicated that respiratory epithelial cells are infected later from the basolateral side post-epithelial damage. The virus is then released into the respiratory tract. This contrasted the previous proposal of MV initiating epithelial infection through its apical side (Ludlow et al., 2010; Laksono et al., 2020).

Organoid systems also potentially demonstrate clinical signs, as observed in viral infections of natural hosts. For instance, 5–14% of children born with Zika virus infections suffered severe neurological complications, including inducing microcephaly or abnormally small heads (Qian et al., 2017). Recently, this clinical observation was recapitulated using human-brain organoids derived from induced PSCs (iPSCs). It was shown that Zika virus infection reduced organoid size in mimicking the virus-caused microcephaly in vivo. Studies using human brain organoids also potentiated insight of neurotropism and pathogenesis of other neurotropic viruses; this including neonatal herpes simplex virus (HSV) and congenital-cytomegalovirus, causing broad neurological defects such as microcephaly (Wen et al., 2017; Brown et al., 2019; D’Aiuto et al., 2019; Depla et al., 2020; Sridhar et al., 2020). Studies using porcine enteroids—generated from different segments of the intestine—successfully recapitulated the segment- and cell-dependent tropism. Using porcine enteroids, the antiviral interferon (IFN) response as observed in vivo was demonstrated during infections with two porcine enteric coronaviruses, porcine epidemic diarrhea virus (PEDV) and transmissible gastroenteritis virus (TGEV) (Li et al., 2019a,b, 2020; Luo et al., 2020; Yin et al., 2020). In addition, the virus-organoid models can be readily applied to drug screening procedures, and this leads to effective therapeutic interventions for mitigating viral infection (Ramani et al., 2018; Depla et al., 2020; Schutgens and Clevers, 2020; Sridhar et al., 2020; Figure 1).

Fourth, organoids extend the capacity of a culture system to support replication of multiple viruses (including pathogens of other phyla) that have different cell tropisms. This allows for studying ecological interaction among co-infected agents and with the host systems. While these kinds of co-infection models better reflect the complexity of natural infections, they are increasingly necessary. An updated characterization is also need in regards to the microbiome’s contribution in shaping viral infections and antiviral immunity. For example, human enteroids showed susceptibility to infection with several enteroviruses, including echovirus 11 (E11), coxsackievirus B (CVB), and enterovirus 71 (EV71). However, they depended on different cell lineages—contained by the enteroids—to induce virus-specific antiviral and inflammatory responses. Enteroids therefore provide an ecological hub for characterization of virus-specific pathogenesis; this also includes antiviral responses with the presence of interacting microbes (Sridhar et al., 2020). The use of organoids to model viral co-infections promotes better understanding and therapeutic interventions for syndromes or disease complexes; these are centered by one to several etiological viruses commonly observed in the digestive, respiratory, and reproductive tracts (Kim et al., 2020; Min et al., 2020; Sridhar et al., 2020; Hofer and Lutolf, 2021).



ORGANOIDS PROVIDE A VALUABLE MODEL FOR CROSS-SPECIES VALIDATING EMERGING ANIMAL AND ZOONOTIC VIRUSES


Multi-Organ Types of Organoids Used in Studying COVID-19

Over a dozen types of organoids have been successfully established per human organs, including the brain, intestine, kidney, liver, lung, and pancreas (Kaushik et al., 2018; Lehmann et al., 2019; Corrò et al., 2020; Kim et al., 2020). Most of these human organoids were also applied in disease modeling; several of these were piloted to study diseases caused by viruses, including human rotavirus, coronaviruses HKU1 and VL63, bocavirus, rhinovirus C, measles virus, enteroviruses, and the Zika virus (Ramani et al., 2018; Schutgens and Clevers, 2020; Sridhar et al., 2020). The outbreak and ongoing pandemic of the new coronavirus 2019 disease (COVID-19) drove the wide application of organoids; this was done to recapitulate the disease and validate its virological insights of severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) (Clevers, 2020; Sridhar et al., 2020). The lung organoids—or organoid-like alveolar epithelia (HAE)—containing specified airway ciliated cells are productive in supporting SARS-CoV-2 replication, as clinically observed in vivo (Sridhar et al., 2020; Yang et al., 2020; Han et al., 2021). The respiratory organoids and the HAE model also demonstrated virus-caused epithelial damage and death processes underlying the plaque-like cytopathies observed in the lung of COVID-19 pneumonia (Milewska et al., 2020; Yang et al., 2020; Han et al., 2021). For therapeutic evaluation, Pizzorno et al. (2020) showed that remdesivir and remdesivir–diltiazem were effective against SARS-CoV-2 infection in both nasal and bronchial epithelia cultures (Pizzorno et al., 2020; Sridhar et al., 2020).

SARS-CoV-2 transmission among humans occurs principally through exposure to virus-containing respiratory fluids (Clevers, 2020; Han et al., 2021). It must be noted that effective transmission may occur through mucous membranes in the mouth, nose, or eyes. This can happen as a result of either passive deposition or active inhalation. This indicates that the epithelial lining of these body organs are generally susceptible to the virus. After initial infection in the airway epithelia, SARS-CoV-2 may spread systemically and cause dysfunction in multiple organs such as the gut, liver, kidney, testicle, and brain. Vasculitis or endothelitis ascribes inflammation of blood vessels or vascular cells (endothelia), which consist of a major systemic symptom underlying most organ-specific manifestations in COVID-19 patients. Therefore, COVID-19 was proposed to be a vascular disease, and this suggests that SARS-CoV-2 causes direct endothelial infection/injury while mediating multi-system dysfunction (Siddiqi et al., 2021). Penninger et al. established both capillary organoids and kidney organoids from human iPSCs, and they demonstrated that SARS-CoV-2 could directly infect endothelial cells therein (Monteil et al., 2020). These findings explain the systemic spread of the virus; it also explains renal dysfunction in patients with severe COVID-19 (Monteil et al., 2020; Siddiqi et al., 2021). The potential of SARS-CoV-2 to cause secondary infections in multiple organs was also demonstrated using organoid models. Several studies showed productive infection of SARS-CoV-2 in human enteroids or intestinal organoids; and demonstrated the sentinel role of Type III interferons (IFNs)—a group of epithelia-specific IFNs—in controlling the viral infection at an early phase (Lamers et al., 2020; Stanifer et al., 2020). Findings implicated direct gut infection and potential of fecal transmission of SARS-CoV-2, and rationalized the prolonging detection of SARS-CoV-2 in fecal samples during clinical screening of convalescent patients (Clevers, 2020; Sridhar et al., 2020; Wu et al., 2020).

Neurological manifestations occur in about 36.4% of COVID-19 patients. Relevant complications include loss of smell, headaches, ischemic stroke, muscle weakness, and encephalitis. Neuropathic pain has even been found as a post-COVID-19 symptom. These observations have promoted the use of brain organoids for assessing potential SARS-CoV-2 neuro-invasion. Two studies demonstrated that SARS-CoV-2 targeted neuron cells to cause direct infection of human brain organoids (Pellegrini et al., 2020; Ramani et al., 2020; Zhang et al., 2020). Using choroid plexus organoids, Pellegrini et al. (2020) demonstrated that SARS-CoV-2 was capable of causing brain infection through targeting the network of brain blood vessels; this explained the presence of the virus in the cerebrospinal fluid (CSF) and other parts of the brain. Therefore, studies using tissue-specific organoids of the human brain provide eloquent evidence regarding neurological complications of SARS-CoV-2 infections, as clinically observed in a portion of COVID-19 patients (Clevers, 2020; Pellegrini et al., 2020; Ramani et al., 2020; Sridhar et al., 2020; Zhang et al., 2020). Further studies increasing throughput using patient-originated organoids may critically address the broad diversity of COVID-19 manifestations as well as the association with various preexisting comorbidities in the patients (Clevers, 2020; Sridhar et al., 2020).



Organoids Provide a Valuable System for Cross-Species Virological Research

SARS-CoV-2 seems to have a zoonotic origin evolutionarily from relevant coronaviruses in horseshoe bats; however, there is no scientific consensus about certain intermediate host(s) to bridge SARS-CoV-2 transmission to human beings (Conceicao et al., 2020; Sang et al., 2020, 2021). Remarkably, several animal species—including dogs, cats, minks, ferrets, hamsters, lions, and tigers—of both domestic and wild groups have been shown to be infected by SARS-CoV-2 through a zooanthroponotic (or reverse-zoonotic) way (Conceicao et al., 2020; Sang et al., 2020, 2021). It is impractical to experimentally validate viral susceptibility in most relevant animals, especially in wild species; however, organoid cultures and epidemiological prediction can be integrated to handle this task, especially after essential optimization from the established human systems (Figure 3; Ramani et al., 2018; Schutgens and Clevers, 2020; Sridhar et al., 2020). In this regard, Zhou et al. (2020) established intestinal organoids from a China horseshoe bat species using the culture condition for the human counterpart. As expected, the bat intestinal organoids were readily infected by SARS-CoV-2, in contrast to abortive trials using cell cultures (Zhou et al., 2020).
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FIGURE 3. Organoid culture potentiates virological studies, providing a better system to enable recapitulating of the natural viral infections regarding productive culture (√) of previous unculturable viruses using cell lines (X) and mimicking in vivo clinical signs and cell interactions. The advantages of organoid cultures in virological studies have recently been demonstrated using multiple human viruses—particularly in COVID-19 studies—and have shaped prospective cross-species modeling of epizootic or zoonotic viral infections. COVID-19, new coronavirus disease 2019; Flu, influenza virus; HBOV, human bocavirus; HCoV, endemic human respiratory coronaviruses; HPIV, human parainfluenza virus; HuNoV, human norovirus; HRV, human rhinovirus; ImmC, immune cells; MV, measles virus; PEDV, porcine epidemic diarrhea virus; TGEV, porcine transmissible gastroenteritis coronavirus; RSV, respiratory syncytial virus; Zika, Zika virus.


Along with emerging virome studies, viruses of known and unknown families were profiled from animal fecal samples as well as other animal or environmental samples at the genome level (Cadwell, 2015; Ramani et al., 2018; Wang, 2020). Nonetheless, most of these viruses are incapable of replication using cell culture or even laboratory animal models (Cadwell, 2015; Wang, 2020). This bat and other animal organoid studies are promising indications that culture conditions for human organoids should generally be applicable for most mammalian—and even vertebrate—species (Table 2; Derricott et al., 2019; Seeger, 2020; Zhou et al., 2020; Beaumont et al., 2021; Bourdon et al., 2021; Kar et al., 2021; Pain, 2021). Cross-species development of comparable organoid cultures will provide an effective biological system for validating the zoonotic (and reverse zoonotic) potential of newly emerging viruses. This potentiates cross-species assessment of virus-susceptibility in both domestic and wild animals in order to prevent zooanthroponotic and re-emerging zoonotic cycles (Conceicao et al., 2020; Sang et al., 2020, 2021). Moreover, organoids generated from animal organs—aligned with their respective virome studies—will allow culturing of novel viruses that are difficult to culture in established cell lines (Cadwell, 2015; Ramani et al., 2018; Moghaddam et al., 2019; Wang, 2020).

Infection tests in animals provide direct evidence for cross-species and species-specific infectivity of emerging animal and zoonotic viruses. Limitations of animal models owe to individual diversity and concerns on animal welfare. However, organoid systems offer a great substitute to document cross-species and species-different infectivity of targeted viruses (Sridhar et al., 2020; Hofer and Lutolf, 2021). In this regard, studies using human organoids have proven to be efficient prospects for investigating the species-specific susceptibility of influenza viruses. Influenza viruses—particularly the type A subfamily (IAV)—infect a broad range of vertebrate species; they also present a paradigm for studying emerging viruses that possess both epizootic and zoonotic threats (Long et al., 2019; Hofer and Lutolf, 2021). Human airway organoids from iPSCs contained the major airway epithelial cells types including ciliated cells, goblet cells, club cells, and basal cells. When applied to the modeling of IAV infections, these airway organoids provided discernment of different infectivity of emerging flu viruses, particularly those of avian or human origin. As shown in one comparative study, human airway organoids behaved similarly to the ex vivo cultured bronchus explants; this regarded tissue/cell tropism, virus production, and cytokine response to either human or avian IAV strains (Long et al., 2019; Sridhar et al., 2020; Hofer and Lutolf, 2021). With the procedural development for successful cryopreservation, subculture, and imaging resolution, human organoids have the potential to examine zoonotic threats of influenza and other emerging viruses (Wiley et al., 2016; Tsai et al., 2018; Dekkers et al., 2019; Tysoe et al., 2019). An estimation of over 60% of known infectious diseases in humans are zoonotic in origin; prominent diseases have the organ tropism for the respiratory or digestive systems, and can even span multiple systems (Jones et al., 2008). Most organoid cultures validated in animals are of the intestinal type (Table 2). Urgent and increasing public concerns for studying emerging animal and zoonotic viruses should be considered; it is imperative to adapt human organoid technology and develop animal organoid systems for respiratory and other organ types (Yin et al., 2016; Kaushik et al., 2018; Lehmann et al., 2019; Miller et al., 2019; Corrò et al., 2020; Fuchs and Blau, 2020; Kim et al., 2020). However, further challenges for the application of organoids in virological studies await substantial species-specific optimization and cross-species standardization to harness organoid cultures in a high-throughput platform (Figure 3).



CHALLENGES AND FUTURE PERSPECTIVES FOR CROSS-SPECIES ORGANOIDS USE IN VIROLOGICAL STUDIES


Species-Specific Optimization and Characterization

Until recently, studies of stem cell biology and organoid systems have been performed primarily in humans and mice (Yin et al., 2016; Kaushik et al., 2018; Lehmann et al., 2019; Corrò et al., 2020; Fuchs and Blau, 2020; Kim et al., 2020). Despite practices for establishing intestinal and other organoids in most domestic and few wild animal species (Table 2), species-specific optimization of culture conditions is required for maintaining and differentiating organoids (Derricott et al., 2019; Seeger, 2020; Beaumont et al., 2021; Bourdon et al., 2021; Kar et al., 2021; Pain, 2021). Even for the generation of human or mouse intestinal organoids, empirically conditioned media are used to provide essential growth factors including Wnt3a, Noggin, and R-spondin; these factors foster the growth and differentiation of stem cells into organotypic structures (Yin et al., 2016; Kaushik et al., 2018; Lehmann et al., 2019; Moghaddam et al., 2019; Corrò et al., 2020; Fuchs and Blau, 2020; Kim et al., 2020; Hofer and Lutolf, 2021). This introduces uncertainties for reproducing some organoid cultures in different laboratories within the same species (Sridhar et al., 2020; Hofer and Lutolf, 2021). Most growth factors for organoid cultures can be specified using recombinant proteins from reliable commercial suppliers. However, a recent study using side-by-side comparison indicated that Wnt3a-conditioned media was more supportive for the long-term survival of human or mouse colon organoids (Wilson et al., 2021). In addition, the availability of relevant recombinant proteins is questionable for most animal species (Dawson et al., 2020). Hence, in organoid cultures of another species, the use of growth factors (and conditioned media) with a human- or mouse-origin requires a substantial optimization process; it may even work better at different dosages or regimens (Shanks et al., 2009; Yin et al., 2016; Kaushik et al., 2018; Lehmann et al., 2019; Mead and Karp, 2019; Moghaddam et al., 2019; Corrò et al., 2020; Dawson et al., 2020; Fuchs and Blau, 2020; Kim et al., 2020; Hofer and Lutolf, 2021).

After establishing an organoid culture, it is subjected to characterization— particularly for cell heterogeneity and lineage differentiation (gene expression)—in mimicking respective organ proxies in addition to dynamically monitoring the morphology and growth property of the organoid. This requires immunoreagents to determine various cell markers; these have been historically developed in humans and mice and are very limited for most animal species (Faldyna et al., 2007; Sopp et al., 2007; Dawson et al., 2020). If no cross-reactive immunoreagents can be identified from the available resources, it is necessary to target the development of these species-specific immunoreagents and growth factors; this provides the basis for the authentic characterization of animal organoids (Faldyna et al., 2007; Sopp et al., 2007; Dawson et al., 2020). Because of the ultimate goal—namely, usage in virological studies—intensive molecular and cellular characterization may be performed in parallel or secondary to virus infection tests; this can determine functional potential in virological research (Ramani et al., 2018; Schutgens and Clevers, 2020; Sridhar et al., 2020).



Cross-Species Comparability and Harmonization

Variation inherited from starting materials and conditioned media generated by different laboratories introduce challenges, particularly for cross-species standardizing of a given type of organoid culture, or even solely in humans (Kim et al., 2020; Sridhar et al., 2020; Hofer and Lutolf, 2021). Previous studies have shown that human intestinal organoids—derived in different medium formulations or using different starting tissues—had different levels of marker gene expression and cellular composition (Kim et al., 2020; Sridhar et al., 2020; Hofer and Lutolf, 2021). More applicable criteria and guidelines may be needed for cross-species organoid cultures to reduce variability; however, the supportive fact for a given virus infection in the organoids should be a major consideration, provided the major tissue proxy is recapitulated (Ramani et al., 2018; Schutgens and Clevers, 2020; Sridhar et al., 2020). In this context, a harmonized system for cross-species culture of organoids is proposed for modeling animal infectious diseases. Holthaus et al. (2021) generated intestinal organoids for four species—human, mouse, pig, and chicken—which are common hosts of Apicomplexa and other protozoa of zoonotic concern. This study unified the culture of intestinal organoids from different species into a comparable system for studying the protozoan infections. In addition, they provided straightforward guidelines and a simple medium formulation for cross-species generation of intestinal organoids from respective intestinal crypts. Using the organoid-derived monolayer culture in a Transwell system, they demonstrated the suitability of this system to support the protozoan infections as well as the potential to study parasite-host interactions for relevant intestinal protozoan co-infections (Holthaus et al., 2021). Currently, no virological studies have reported a form of comparison using cross-species organoids; however, it warrants relevant studies to determine cross-species susceptibility of emerging animal and zoonotic viruses (Ramani et al., 2018; Schutgens and Clevers, 2020; Sridhar et al., 2020; Holthaus et al., 2021).



Increasing Throughput

Adequate scale-up defines the maturity of organoid systems that target cross-species validation of viral infections and antiviral responses. Aside from essential species-specific optimization and inter-species comparison, increasing throughput of handling comprises a further challenge for efficient use of organoid technology, particularly in screening of virus susceptibility and therapeutic antivirals (Kim et al., 2020; Sridhar et al., 2020; Hofer and Lutolf, 2021). This must be arranged to master resource suppliers like American Tissue and Cell Culture (ATCC); it must also unify standards for quality control in regards to the complex nature of the organoid systems. In addition to the existing commercial settings and multiplex formats developed primarily for cell cultures, the invention and utilization of multiplex culture formats/scaffolds are needed for culturing and analyzing organoids. This kind of high-throughput adaptation will make organoid application compatible with extensive omics technology, facilitating studies on system virology that target the goal of one-health initiative (Kim et al., 2020; Sridhar et al., 2020; Hofer and Lutolf, 2021).



Inclusion of Immune and/or Microbiota Niches

Most organoids mainly recapitulate a single-organ system representing the epithelial capsule of specified functions (Yin et al., 2016; Kaushik et al., 2018; Lehmann et al., 2019; Moghaddam et al., 2019; Corrò et al., 2020; Fuchs and Blau, 2020; Kim et al., 2020; Hofer and Lutolf, 2021). For instance, gut organoids comprise the villus-bearing enterocytes, goblet cells, and enteroendocrine cells. Lung organoids contain ciliated cells, club cells, goblet cells, and basal cells. In general, organoids (with the exception of organoids for lymph nodes or tonsils) lack the mesenchymal or immune-cell niches that are integrated with their respective organs (Kim et al., 2020; Sridhar et al., 2020; Hofer and Lutolf, 2021). This prevents studying inter-system reactions that are commonly observed in antiviral responses involving interacting parts in vivo (Bar-Ephraim et al., 2020; Yuki et al., 2020). Tissue stromal cells and especially immune cells—such as macrophages for porcine arterivirus and bovine viral diarrhea virus—commonly serve as susceptible cells to define a virus tropism (Sang et al., 2015). Lack of these supportive cells in organoids may result in non-productive infection and virological modeling failure (Sang et al., 2015; Bar-Ephraim et al., 2020; Yuki et al., 2020). Both tissue stromal cells and immune cells function in secreting cytokines to shape the local microenvironment niche and potentiate antiviral immunity; this, in turn, affects the susceptible status of epithelial cells in the organoids (Sang et al., 2015; Bar-Ephraim et al., 2020; Yuki et al., 2020). This may provide a rationale for the inability to infect rabbit enteroids using a rabbit poxvirus (Kardia et al., 2021). Several approaches have been proposed to include stromal and immune cells in organoids. First, epithelial organoids may be co-cultured with tissue stromal cells, immune cells (including macrophages, dendritic cells, and T cells), or even the cell population from organoids of blood vessels or lymph nodes. Using this co-culture system, several studies have successfully demonstrated the interaction of epithelial cells and immune cells in antiviral reactions (Miranda et al., 2018; Holloway et al., 2019; Duzagac et al., 2021; Hofer and Lutolf, 2021). Unlike their ASC-derived counterparts, PSC-derived epithelial organoids may contain a mesenchymal layer, as shown in some human and mouse studies. Most animal organoids were ASC-derived due to the lack of specific PSCs and the comparative convenience of culture handling over the PSC-dependent protocol (Derricott et al., 2019; Seeger, 2020; Beaumont et al., 2021; Bourdon et al., 2021; Hofer and Lutolf, 2021; Kar et al., 2021; Pain, 2021). Second, the organ-on-a-chip system can be used to incorporate different organotypic functions. The organ-on-a-chip system is based on a reductionist engineering approach to culture major tissue cells; this uses a 3D microfluidic cell culture chip to capture key functions of an organ (Miranda et al., 2018; Holloway et al., 2019; Duzagac et al., 2021). Different types of organoids provide functional organ components in order to model the complexity of viral pathogenesis and antiviral immunity at a multi-system level. This multi-system organization of organoids may be suitable for investigating immunometabolic and immunoneurologic interaction underlying antiviral regulation (Bar-Ephraim et al., 2020; Yuki et al., 2020; Hofer and Lutolf, 2021). Third, multi-organ organoids—or organoids that include different physiological niches—can be developed through advanced organoid engineering technology (Min et al., 2020; Hofer and Lutolf, 2021).

The microbiota represents another functional niche coating both internal organ tracts and external skin; this plays a critical role in propelling pathogenic infections and training antiviral immunity (Rooks and Garrett, 2016; Li et al., 2019c). Due to the sterile condition of the stem cell and organoid cultures and the complexity of animal microbiota, it is not practical to include even most commensal microbes (including viruses that are numerously prominent there) during organotypic cultures. Recent studies have shown that immune education by microbiota can be rebuilt; this can be done by introducing only one to few representative microbes in the gut of germ-free mice. It was proposed that Escherichia coli, Helicobacter pylori, or rotavirus might be included to recapitulate the immune education role of microbiota in intestinal organoids (Min et al., 2020).



Other Technological Challenges of Current Organoid Systems and Potential Approaches to Improve Them for Virological Application

Despite its success and potential as demonstrated, both organoid technology and its application in disease modeling are still in infancy (Shanks et al., 2009; Yin et al., 2016; Kaushik et al., 2018; Ramani et al., 2018; Lehmann et al., 2019; Mead and Karp, 2019; Moghaddam et al., 2019; Corrò et al., 2020; Fuchs and Blau, 2020; Kim et al., 2020; Schutgens and Clevers, 2020; Sridhar et al., 2020; Hofer and Lutolf, 2021). Table 3 lists major technological limitations/challenges and relevant resolutions of current organoid systems in virological applications. In summary, one inherent limitation stems from the short lifespan of most organoids (especially those generated from various organ ASCs) and the consequential immaturity compared to the adult organs in vivo. Given the need for modeling virus infections at the adult and even senescent status, some physical or biochemical stimuli may be required to induce maturation of most organoids (Kim et al., 2020; Sridhar et al., 2020; Hofer and Lutolf, 2021). The newly developed protocol for cryopreservation then sub-passage of an established organoid may physically elongate the duration, particularly for using the “colonized” organoid and increasing reproducibility of relevant tests (Wiley et al., 2016; Tsai et al., 2018; Dekkers et al., 2019; Tysoe et al., 2019). Otherwise, virus adaption may be necessary for a provided organoid system in a relatively juvenile state. Secondly, most organoids may form encapsulated epithelial structures within the enclosed lumen and lumen-facing apical side. This causes a limited exchange of nutrients and waste removal from the lumen side. It requires special handling (such as injection or physical poration) to introduce viruses inside the lumen, as most epithelia-tropic viruses infect from the apical side (Sridhar et al., 2020; Hofer and Lutolf, 2021). An alternative is to culture organoid cells to form 2D cell layers in a Transwell system; this will be analogical to the classical 2D culture for efficient cell exposure to virus infection and facilitate downstream optical analyses—among others—based on cells (Wiley et al., 2016; Tsai et al., 2018; Dekkers et al., 2019; Tysoe et al., 2019). In addition, a recent study developed an apical-out intestinal organoid in pigs; this was used to successfully model the infection of porcine TGEV and study local interferon responses (Li et al., 2020). Finally, the recent application of engineering principles to organoid technology enables inter-system incorporation (such as vascular systems, immune cells, and microbiota niches); it also increases experimental robustness, which is applicable to promoting organoid uses for virus research (Miranda et al., 2018; Holloway et al., 2019; Sridhar et al., 2020; Duzagac et al., 2021; Hofer and Lutolf, 2021).


TABLE 3. Limitations of current organoid systems and potential solutions for virus research (Shanks et al., 2009; Lehmann et al., 2019; Kim et al., 2020; Hofer and Lutolf, 2021).
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CONCLUDING REMARKS

Organoid systems utilize the self-organizing properties of stem cells to model multi-cellular proxies of organ tissues. Possessing properties intermediate between conventional cell culture and animal models, organoids have gained enormous interest for modeling disease, personalized medicine, drug screening, and organ therapy in humans (Shanks et al., 2009; Yin et al., 2016; Kaushik et al., 2018; Ramani et al., 2018; Lehmann et al., 2019; Mead and Karp, 2019; Moghaddam et al., 2019; Corrò et al., 2020; Fuchs and Blau, 2020; Kim et al., 2020; Schutgens and Clevers, 2020; Hofer and Lutolf, 2021). There are limitations presented in cell culture and animal models to recapitulate viral pathogenesis and host antiviral responses; for this reason, organoid systems are attracting attention in emerging, authentically-validating animal and zoonotic viruses across animals and humans (Ramani et al., 2018; Schutgens and Clevers, 2020; Sridhar et al., 2020). Organoids have already broadened virological studies in the human context, particularly with recent use in COVID-19 research (Clevers, 2020; Sridhar et al., 2020). Despite considerable success in modeling viral infections, limitations and challenges remain in virological studies involving emerging animal and zoonotic viruses (Ramani et al., 2018; Clevers, 2020; Schutgens and Clevers, 2020; Sridhar et al., 2020). Further studies are needed to standardize culture protocols, apply engineering principles, and increase both the reproducibility and utility in virological research and therapies (Kim et al., 2020; Hofer and Lutolf, 2021; Holthaus et al., 2021).
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The emergence of severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) variants that escape vaccine-induced neutralizing antibodies has indicated the importance of T cell responses against this virus. In this study, we highlight the SARS-CoV-2 epitopes that induce potent T cell responses and discuss whether T cell responses alone are adequate to confer protection against SARS-CoV-2 and describe the administration of 20 peptides with an RNA adjuvant in mice. The peptides have been synthesized based on SARS-CoV-2 spike and nucleocapsid protein sequences. Our study demonstrates that immunization with these peptides significantly increases the proportion of effector memory T cell population and interferon-γ (IFN-γ)-, interleukin-4 (IL-4)-, tumor necrosis factor-α (TNF-α)-, and granzyme B-producing T cells. Of these 20 peptides, four induce the generation of IFN-γ-producing T cells, elicit CD8+ T cell (CTL) responses in a dose-dependent manner, and induce cytotoxic T lymphocytes that eliminate peptide-pulsed target cells in vivo. Although it is not statistically significant, these peptide vaccines reduce viral titers in infected hamsters and alleviate pulmonary pathology in SARS-CoV-2-infected human ACE2 transgenic mice. These findings may aid the design of effective SARS-CoV-2 peptide vaccines, while providing insights into the role of T cells in SARS-CoV-2 infection.

Keywords: SARS-CoV-2, peptides, T cell responses, vaccine, CTL


INTRODUCTION

The emergence of coronavirus disease 2019 (COVID-19) caused by severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2), which is genetically linked to SARS-CoV, is a threat to global public health and economy. Owing to the rapid, global spread of SARS-CoV-2, the World Health Organization declared the COVID-19 outbreak a pandemic on March 11, 2020 (Valencia, 2020). As of February 22, 2021, more than 111 million individuals have been infected with SARS-CoV-2, and 2.46 million have succumbed to the disease. Therefore, several global institutes and companies have increased vaccine development in response to the COVID-19 pandemic.

Severe acute respiratory syndrome coronavirus 2 consists of approximately 30,000 nucleotides and encodes four structural proteins, namely the spike (S) glycoprotein, small envelope (E) glycoprotein, membrane (M) glycoprotein, and nucleocapsid (N) protein (Huang et al., 2020; Mousavizadeh and Ghasemi, 2020). The S protein is composed of two subunits, S1 and S2; the S1 subunit binds to the receptors of target cells through its receptor-binding domain (RBD), while S2 mediates the fusion of the viral membrane through conformational changes (Huang et al., 2020). Since the S protein is responsible for binding to host cells, most of the current SARS-CoV-2 vaccine candidates are based on the full-length S protein, as well as the S1 subunit and RBD (Krammer, 2020; Yang et al., 2020).

N proteins are highly immunogenic and abundantly expressed in many coronaviruses (Dutta et al., 2020). DNA vaccines encoding the SARS-CoV N protein have been shown to induce strong N-specific humoral and cellular immune responses in C57BL/6 mice and significantly reduce viral titers after an antigenic challenge (Kim et al., 2004). Meanwhile, Buchholz et al. (2004) have reported that N protein immunization does not induce neutralizing antibody responses and fails to confer protection against infection in the SARS-CoV hamster model. Although the SARS-CoV N protein can trigger both humoral and T cell responses in humans, further studies are warranted to clarify their protective effects for vaccine development.

Effective vaccines primarily depend on the induction of high levels of neutralizing antibodies; however, T cells also play critical roles in virus elimination and protection from viral infection. Particularly, cytotoxic CD8+ T cells (CTLs) directly eliminate virus-infected cells by producing cytotoxic granules, such as perforin, granzyme B, and interferon-γ (IFN-γ). Additionally, CD4+ T cells are essential for generating effective cellular and humoral immune responses by producing sufficient cytokines and by activating co-stimulation signaling (Swain et al., 2012). Although most studies conducted on SARS-CoV-2 vaccine development have focused on the elicitation of the humoral response (Dong et al., 2020), recent data have emphasized the importance of generating T cell-mediated responses as well. For instance, Thevarajan et al. (2020) have demonstrated that the levels of activated T cells increase at the time of SARS-CoV-2 clearance (Thevarajan et al., 2020). T cell receptor clonality is also higher in patients with mild symptoms compared to those with severe COVID-19 (Bacher et al., 2020).

The emergence of SARS-CoV-2 variants such as B.1.1.7 and B.1.351 that have been shown to escape vaccine-induced neutralizing antibodies (Fontanet et al., 2021) has shifted the focus to T cell vaccines (Hellerstein, 2020; Ledford, 2021; Tarke et al., 2021). Previously, SARS-CoV-specific memory T cells were found to exhibit reaction with membrane proteins, and the N protein was shown to persist for up to 11years after infection in recovered patients, whereas SARS-specific antibodies showed waned response after a few years (Ng et al., 2016). These results suggest that the induction of antigen-specific T cell responses may be helpful for the development of successful vaccines. However, it remains unclear whether T cell responses alone can exert protective effects against SARS-CoV-2 infection.

Therefore, the primary goal of the current study is to identify the SARS-CoV-2 epitopes that induce T cell responses and to assess the protective effects of this response. To this end, 20 peptides derived from the most conserved regions of SARS-CoV-2S and N proteins were synthesized and formulated with RNA adjuvants to enhance T cell immunogenicity in vivo. Furthermore, hamster, as well as human angiotensin-converting enzyme 2 (hACE2) transgenic (Tg) mouse models, was utilized to determine whether T cell responses induced by immunization with the RNA adjuvant + peptide mixture conferred protection against SARS-CoV-2 infection.



MATERIALS AND METHODS


Mice and Hamsters

Six-week-old female C57BL/6 mice and golden Syrian hamsters were purchased from Samtako Biokorea (Osan, Republic of Korea) or Dae-Han Bio-Link (Chungbuk, Republic of Korea), while hACE2 mice (JAX Stock# 034860, B6. Cg-Tg(K18-ACE2)2 Prlmn/J/) were purchased from the Jackson Laboratory (ME, United States).

Animals were housed at the Catholic University of Korea under specific-pathogen-free conditions and a standard light cycle (12-h light/dark cycle). All animal experimental protocols were approved by the Institutional Animal Care and Use Committee of the Catholic University of Korea (approval number: CUK-IACUC-2020-015, BA-2008-301-071-01), whose animal facility is fully accredited by the Korean Association for Laboratory Animals (2018-027, August 24, 2018). All experimental procedures were conducted in accordance with the guidelines of the Institutional Animal Care and Use Committee of the Catholic University of Korea.



Immunization

C57BL/6 WT mice were immunized via intramuscular injection (40μl) in the upper thigh twice at 2-week interval with the 20 SARS-CoV-2 peptides (each 10μg, a total of 200μg of peptides), four peptides (ST5, ST7, NT5, and NT6; 20μg per peptide, total 80μg) with or without the CUK2 RNA adjuvant (40μg), or only the CUK2 RNA adjuvant (40μg).

Human angiotensin-converting enzyme 2 transgenic mice were intramuscularly injected in the upper thigh twice with either the CUK2 RNA adjuvant or two peptides (ST5 and ST7; 20μg per peptide, total 40μg) or the CUK2 RNA adjuvant and four peptides (ST5, ST7, NT5, and NT6; 20μg per peptide, total 80μg) at 2-week interval.

The golden Syrian hamsters were immunized three times at 2-week interval with the SARS-CoV-2 peptides (15μg each at total peptides of 300μg) and CUK2 RNA adjuvant (60μg).



SARS-CoV-2 Challenge

Human angiotensin-converting enzyme 2 transgenic mice were challenged with SARS-CoV-2 1week after the final immunization. Following the intraperitoneal administration of anesthesia using tiletamine+zolazepam (Zoletil 50; 30mg/kg)+xylazine (10mg/kg), each mouse was infected intranasally with 1.0×104 plaque-forming units per 50 μl of SARS-CoV-2, and the survival rates were determined. All challenged mice were maintained in BSL-3 facilities at the Korea mouse phenotyping center of Seoul National University. All mouse experimental procedures were conducted in accordance with the guidelines of the Institutional Animal Care and Use Committee of Seoul National University (approval number: BA-2008-301-071-01).

Golden Syrian hamsters were challenged with SARS-CoV-2 1week after the final immunization. Following intraperitoneal administration of anesthesia using tiletamine+zolazepam (Zoletil 50; 30mg/kg)+xylazine (10mg/kg), each hamster was infected intranasally with 5.0×105 plaque-forming units 50μl−1 of SARS-CoV-2. All challenged hamsters were maintained in BSL-3 facilities at the Korea Zoonosis Research Institute of Jeonbuk National University (JBNU). All hamster experimental procedures were conducted in accordance with the guidelines of the Institutional Animal Care and Use Committee of JBNU (approval number: JBNU2020-0155).



Virus Culture and Titration

Severe acute respiratory syndrome coronavirus 2 virus (NCCP 43326), obtained from the National Culture Collection for Pathogens (NCCP) of the National Institute of Health, was propagated in Vero E6 cells (CRL-1586; Korean Collection for Type Cultures) in DMEM (Life Technologies, Carlsbad, CA, United States) supplemented with penicillin–streptomycin and 10% fetal bovine serum (Life Technologies) as per previously described methods (Kim et al., 2020). After determining the cytopathic effect of SAR-CoV-2 on day 3, virus titers were measured by using the median tissue culture infectious dose TCID50 and plaque assays.



Prediction and Synthesis of T Cell Peptides (Epitopes) for SARS-CoV-2

The sequences of SARS-CoV-2 T cell epitope peptides were predicted by adopting in silico algorithms and methods described by previous studies on SARS-CoV. The SARS-CoV-2 strain Wuhan-Hu-1 (MN908947) was selected according to the information presented in various reviews and the NCBI databank. The surface glycoprotein (S; accession no. QHD43416.1) and nucleocapsid phosphoprotein (N; accession no. QHD43423.2) sequences were obtained from the NCBI GenBank database with the accession number in FASTA format. Coronavirus T cell epitopes were predicted by using the online epitope prediction server Immune Epitope Database (IEDB)1 and T cell epitope prediction tools NetMHCPan (PMID: 28978689). Epitopes selected from the prediction server had the lowest percentile rank and IC50 values according to the CONSENSUS method.

The peptide sequences used are as follows: S277–297(ASTEKSN), S1132–1161(KCYGVSPTKL), S1309–1341(NSNNLDSKVGG), S1342–1371(NYNYLYRLFR), S1411–1449(EIYQAGSTPCNGV), S1459–1503(NCYFPLQSYGFQPTN), S1603–1659(KNKCVNFNFNGLTGTGVLT), S1924–1968(VFQTRAGCLIGAEHV), S1969–2016(NNSYECDIPIGAGICA), N40–72(RITFGGPSDST), N148–192(ASWFTALTQHGKEDL), N247–300(QIGYYRRATRRIRGGDGK), N328–372(FYYLGTGPEAGLPYG), N385–444(GIIWVATEGALNTPKDHIGT), N652–681(ALALLLLDRL), N715–762(QQQQGQTVTKKSAAEA), N934–963(SAFFGMSRIG), N988–1032(WLTYTGAIKLDDKDP), N1048–1092(VILLNKHIDAYKTFP), and N1219–1242(LQQSMSSA).

All sequences were synthesized with a purity of 95% or more (Peptron, Daejeon, Republic of Korea). Each peptide was synthesized using a standard solid-phase peptide synthesis protocol. The Fmoc protecting group was removed by rocking in 20% piperidine in N, N-dimethylformamide (DMF) for 10min (twice), and coupling was performed using Fmoc amino acid (6eq), HOBT (6eq), HBTU (6eq), and DIPEA (12eq) in DMF for 2h. For each step, the resin was washed using DMF and methanol for two times each. When the desired sequence was complete, the crude peptide was cleaved from the resin using a mixture of TFA/EDT/Thioanisole/TIS/DW (90/2.5/2.5/2.5/2.5 Volume) for 2h. The solution was precipitated with cold ether, and pallets were obtained by centrifugation, collected, and then air-dried. The crude peptide was dissolved in deionized water (DW) and purified using reverse-phase high-performance liquid chromatography with a C18 reverse-phase column. Elution was performed with a water–acetonitrile linear gradient [10~75% (v/v) of acetonitrile] containing 0.1% (v/v) trifluoroacetic acid. The pure portion of the peptide was collected and lyophilized.



In vitro Transcription and Purification of RNA Adjuvant

A DNA platform was designed using the encephalomyocarditis virus intergenic region internal ribosome entry site 5' UTR and 3' UTR with 50 adenylates at the 3' end (Ko et al., 2019) and termed as CUK2. DNA templates were linearized using Not I. In vitro transcription was performed using the EZ T7 High Yield in vitro Transcription Kit (Enzynomics, Daejeon, Republic of Korea), as per the manufacturer’s instructions. The transcription reactions contained 3μg of template DNA cut using Not I, 5x transcription buffer, 10x MgCl2, DTT (10mM final), rNTP (5mM final), 20x enhancer solution, T7 RNA polymerase, and nuclease-free water. The mixtures were incubated for 2h at 37°C. To remove the DNA, RNase-free DNase I (Promega, Wisconsin, United States) was added to the mixtures at 1unit/ug of template DNA and incubated for 30min at 37°C. For RNA purification, RNA was precipitated by adding 7.5M LiCl solution 0.5 volume and incubated for 30min at 4°C. After centrifugation for 15min at 13,000g and 4°C, the supernatant was discarded, and 600μl of 70% ethanol was added and centrifuged for 15min at 13,000g and 4°C for washing. The supernatant was discarded, and the pellet was resuspended with RNase-free water after air drying. The purity and concentration of DNA and RNA were evaluated using a NanoDrop-2000 spectrophotometer (Thermo Fisher Scientific, MA, United States).



Viral Quantification

The viral RNA in the six lobes of the lungs was quantified using reverse transcription-quantitative PCR (RT-qPCR). Lung samples were homogenized using a Precellys Homogenizer (Bertin Instruments, Montigny-le-Bretonneux, France) in 10-fold (w/v) sterile phosphate-buffered saline (PBS; pH 7.4). Viral RNA was extracted from the supernatants of swab and tissue samples using a QIAamp Viral RNA Mini Kit (Qiagen, Germantown, MD, United States). Real-time one-step RT-PCR was performed using an Ezplex® SARS-CoV-2G Kit (SMLgenetree, South Korea) according to the manufacturer’s instructions. Viral RNA copy numbers from tissue samples were calculated using the standard control of the Accuplex™ SARS-CoV-2 Verification panel (Seracare, Milford, MA, United States).



Enzyme-Linked Immunospot Assay

Enzyme-linked immunospot (ELISPOT) was used to detect IFN-γ- and interleukin-4 (IL-4)-producing T cells according to the manufacturers’ instructions (Mabtech, Stockholm, Sweden; R&D Systems. Minneapolis, MN, United States). Polyvinylidene fluoride plates were activated by treatment with 70% ethanol per well for 2min. After washing the plate five times with PBS, coating antibody (15μg/ml) was added and the samples were incubated overnight at 4°C. After washing the plate five times with PBS, RPMI media containing 10% fetal bovine serum was added, and the samples were incubated for 30min. After removing the media, the splenocytes from immunized mice collected at the end of the experiments were added at 5×105 cells/well and stimulated with 5μg per well of peptide antigens for 48h at 37°C. The plates were then washed five times with PBS, and biotin-labelled anti-IFN-γ or IL-4 antibodies were added and incubated for 2h at 18 – 23°C. After washing, the plates were treated with diluted streptavidin-APL (1:1,000) and incubated for 1h at room temperature. After washing five times with PBS, stop solution (BCIP/NBT) was added and developed until distinct spots were observed. Reaction was terminated by washing in tap water. The plates were dried, and spots were counted using an ELISpot reader and analyzed using AID Elispot reader software 7.0 (AID GmbH, Strassberg, Germany).



Flow Cytometry

For surface staining, the splenocytes and isolated immune cells from draining lymph nodes were stained with the following antibodies for 30min at 4°C: Fixable Viability Dye eFluor™ 520 (eBioscience, San Diego, CA, United States), anti-CD4 (clone GK1.5; eBioscience), anti-CD8 (clone 53–6.7; Invitrogen), anti-CD44 (clone IM7; eBioscience; BD Pharmingen), anti-CD62L (clone MEL-14; eBioscience), and anti-CD103 (clone 2E7; eBioscience). Cells were then fixed in 4% paraformaldehyde and analyzed using the Cytek Aurora flow cytometer (Cytek Biosciences, Fremont, CA, United States).

For transcription factor Ki-67 staining, the surface-stained splenocytes and isolated immune cells from draining lymph nodes were permeabilized using the Foxp3/Transcription Factor Staining Buffer Set (eBioscience) and stained with Ki-67 (clone SolA15; eBioscience) for 30min at 18 – 25°C. Cells were then analyzed using the Cytek Aurora flow cytometer.

For intracellular cytokine staining, the isolated splenocytes were re-stimulated with 5 μg per well SARS-CoV-2 peptide mixture at 37°C. Brefeldin A (Golgi-Plug; BD Biosciences, Franklin Lakes, NJ, United States) was added after 4h, and after incubation for another 12h, splenocytes were treated with anti-CD16/CD32 (eBioscience) for 30min at 4°C and then stained with the following antibodies for 30min at 4°C: Fixable Viability Dye eFluor™ 520, anti-CD4 (clone GK1.5), and anti-CD8 (clone 53–6.7). The stained cells were permeabilized using the Cytofix/Cytoperm kit (eBioscience) and then stained with anti-IFN-γ (clone XMG1.2; eBioscience), anti-tumor necrosis factor-α (TNF-α; clone MP6-XT22; eBioscience), anti-granzyme B (QA16A02; BioLegend, San Diego, CA, United States), and anti-perforin (S16009A; BioLegend) antibodies. Cells were analyzed using the Cytek Aurora flow cytometer.



Cytokine Enzyme-Linked Immunosorbent Assay

To measure cytokine levels in splenocyte culture supernatants, mouse splenocytes were collected and isolated from immunized mice. Splenocytes were seeded at a density of 5×105 cells per well (96-well plate). To re-stimulate the splenocytes, 5μg per well of the SARS-CoV-2 peptide mixture was added to the culture medium for 4days, after which the medium was assessed using ELISA to determine the concentrations of IFN-γ, IL-2, IL-6, and TNF-α (Invitrogen; Thermo Fisher Scientific, Waltham, MA, United States), according to the manufacturer’s instructions. Further, the 96-well plates were coated with the capture antibodies of IFN-γ, IL-2, IL-6, and TNF-α and incubated overnight at 4°C. After incubation, the plates were washed three times with 0.05% Tween-20 in PBS and blocked with 1x diluent for 1h at room temperature. After washing the plates, 50μl of culture supernatants was added and incubated for 2h at room temperature. The plates were washed again, treated with the diluted detection antibodies of IFN-γ, IL-2, IL-6, and TNF-α, and incubated for 1h. After washing the plates, diluted avidin-HRP or streptavidin-HRP was added and the samples were incubated for 30min. After washing five times, 100μl of 1x TMB solution was added and incubated for 15min, and 2N H2SO4 was used to terminate the reaction. The optical density values were measured at 450nm using a GloMax Explorer Multimode Microplate Reader (Promega, WI, United States). Cytokine concentrations were calculated according to standard curves, and the obtained results are shown as IFN-γ, IL-2, IL-6, and TNF-α pg per ml of the supernatant.



In vivo CTL Assay

C57BL/6 mice were immunized with peptide mixture or each of the four peptides (ST5, ST7, NT5, and NT6) or S1 peptides (ST5+ST7) or N peptides (NT5+NT6) together with CUK2 RNA adjuvant, twice at a 2-week interval. Donor splenocytes from unimmunized mice were obtained, then subjected to washing steps, and divided into two groups based on cell populations. One group was pulsed with 10μg/ml SARS-CoV-2 peptide for 30min at 37°C, subjected to washing steps using PBS, and labeled with a high concentration (2.5μM) of carboxyfluorescein succinimidyl ester (CFSE). Another control group was labeled with a low concentration of CFSE (0.25μM). Cells (5×106) of each population were mixed with 200ml of PBS and intravenously injected into each peptide + CUK2 RNA adjuvant immunized mouse 7days after second immunization. Specific in vivo cytotoxicity was determined by collecting spleens from recipient mice 24h after injection to determine the number of cells in each target cell population via flow cytometry. The ratio between the percentage of unpulsed vs pulsed peptides (CFSElow/CFSEhigh) was quantitatively assessed for determining cytotoxicity. Further controls included naive- and PBS-immunized recipient mice. The percentage of specific lysis in control vs. immunized mice was calculated according to the following equation:

% Specific lysis=100−[100×(%CFSEhigh immunized mouse/%CFSElow immunized mouse)/(%CFSEhigh naive mouse/%CFSElow naive mouse)].



Histological Analysis

Sectioned liver tissue samples obtained from mice were submerged in 10% (v/v) neutral-buffered formalin, dehydrated, paraffin-embedded, and sectioned at a thickness of 3μm for conducting histological analysis. Representative histopathological images were obtained and evaluated using Aperio ImageScope (version 12.3; Leica Biosystems, Wetzlar, Germany). The severity of the histopathological changes was determined using a five-point scoring system as follows: 0, no abnormality detected; 1, minimal; 2, mild; 3, moderate; 4, moderately severe; and 5, severe, and distribution was recorded as focal, multifocal, and diffused. Recruitment of inflammatory cells to the liver (blood vessel or hepatic parenchymal region) and morphological alterations (sinusoidal dilatation, necrosis, and ballooning degeneration) of the tissue were assessed after the performance of hematoxylin and eosin staining and visualization under a light microscope.



Statistical Analysis

All values are expressed as mean±SD. One-way ANOVA was used to assess significant differences among treatment groups; if significant deviations from variance homogeneity were detected using the Levene test, then the nonparametric Kruskal–Wallis H test was performed. Student’s t test was used to assess significant differences between two groups; if significant deviations from variance homogeneity were detected using the Levene test, then the nonparametric Mann–Whitney U test was performed. Statistical analyses were conducted using SPSS for Windows (release 14.0K, IBM, Armonk, NY) or GraphPad Prism (GraphPad Software Inc., La Jolla, CA). Differences were considered significant at values of p ≤0.05.




RESULTS


In silico Prediction and Selection of SARS-CoV-2 Peptides

To develop the SARS-CoV-2 peptide vaccine, the T and B cell epitopes of SARS-CoV-2 peptides were predicted using in silico algorithms and the IEDB with the reference virus strain Wuhan-Hu-1 (MN908947) as described in Material and Methods. Briefly, 9 S peptide sequences with a conserved S1 region in SARS-CoV-1(AAP 41037.1) and 11 N peptide sequences with conserved region in N protein of SARS-CoV-1(AAP 41047.1) were selected (Figures 1A,B). We also analyzed the homology of each peptide to other coronaviruses and SARS-CoV-2 variants (α, β, γ, and δ). As shown in Figure 1C, 20 peptides showed the highest homology with SARS-CoV of S1 and N protein (36.4–100%), and most of these selected peptides also have homology with other seasonal coronaviruses but lesser extent compared to those of SARS-CoV (Figure 1C). Fifteen peptides except SB2, ST2, SBT1, ST3, and ST6 showed 100% homology to SARS-CoV-2 variants (α, β, γ, and δ; Figure 1D). Since we aimed to test the immunogenicity of these peptides in mice, 20 peptides predicted to bind H-2Kb, H-2Dd, H-2Db, H-2Kd [major histocompatibility complex (MHC) class I], and H-2IEd and H-2-IAb were selected. All peptides were synthesized as described in Material and Methods.
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FIGURE 1. Overview of the 20 peptides derived from severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) S and N proteins. (A) List of 20 peptide sequences. (B) Location of the 20 designed peptides in the S and N proteins. (C,D) Homology percentage of each peptide to other coronaviruses [SARS-CoV, OC43, NL63, HKU1, 229E, and SARS-CoV-2 variants (α, β, γ, and δ)].




Induction of T Cell Response After Immunization With the SARS-CoV-2-Derived 20-Peptide + RNA Adjuvant Mixture

Unlike Alum, as an adjuvant, RNA derived from the internal ribosome entry site in the 5' untranslated region of the encephalomyocarditis virus (designated CUK2) was used as it was previously determined that peptides or proteins formulated with this RNA adjuvant could induce antigen-specific T cell activation (Nam et al., 2020). To assess the induction of T cell immune responses in vivo, C57BL/6 mice were immunized intramuscularly with the 20-peptide mixture, with or without the CUK2 RNA adjuvant (Figures 2A,B). As indicated in Figures 2C,D, immunization peptides with CUK2 significantly increased the proportion of CD44hiCD62Llow effector memory CD4+ and CD8+ T cells (TEM cells) in the spleen and CD8+ TEM cells in the draining lymph nodes compared with the non-immunized group (G1). Although only peptides (G3) or CUK2 RNA adjuvant (G2) alone seemed to increase the proportion of effector memory type T cells in draining lymph nodes, the difference was not significant (Figure 2D). Moreover, the expression of Ki-67, a marker of recently proliferated cells, seems to be increased in CD8+ TEM cells from mice immunized with the CUK2 RNA adjuvant + peptide mixture without statistical significance (G4; Figure 2E).
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FIGURE 2. Analysis of T cell activation after immunization with the SARS-CoV-2 20-peptide mixture and CUK2 RNA adjuvant. (A) Overview of the experimental groups. (B) Immunization schedule of mice. C57BL/6 mice were immunized twice at 2-week intervals with the 20 SARS-CoV-2 peptides mixture + CUK2 RNA adjuvant and killed 1week after the final immunization. (C,D) The percentages of effector memory type of CD4+ and CD8+ T cells (CD62Llow CD44high) in the spleen and lymph nodes were analyzed using flow cytometry. (E) The Ki-67+ population in CD8+ effector memory T cells in the spleen was assessed using flow cytometry. (F) The numbers of 20 peptide-specific interferon-γ (IFN-γ)- and interleukin (IL)-4-producing cells in splenocytes were measured using enzyme-linked immunospot (ELISPOT; n=5 mice). (G) IFN-γ- and tumor necrosis factor-α (TNF-α)-producing CD8+ and CD4+ T cells in the spleen were examined using flow cytometry. (H) Granzyme B- and perforin-producing CD8+ T cells in the spleen were analyzed using flow cytometry. Data represent mean±SD. *p≤0.05; **p≤0.01; and ***p≤0.005.


To assess whether the RNA adjuvant+20-peptide mixture affected cytokine production of T cells and not T cell phenotype and subsets, the number of cytokine-producing cells was quantified by ELISPOT and flow cytometry. A marked increase in the number of IFN-γ- and IL-4-producing cells was observed in the spleen along with an increase in the percentage of IFN-γ- and TNF-α-producing CD4+ and CD8+ T cells in CUK2 RNA adjuvant + peptide mixture immunized mice (G4; Figures 2F,G). We observed similar increase in IFN-γ- and TNF-α-producing CD4+ and CD8+ T cells in CUK2 RNA adjuvant + peptide mixture immunized Balb/c mice (data not shown). Similarly, splenocyte culture supernatants from the RNA adjuvant+peptide mixture-immunized group (G4) showed significantly increased IFN-γ, TNF-α, IL-2, and IL-6 levels (Supplementary Figure S1). Only the peptide mixture or RNA adjuvant alone did not significantly increase IFN-γ or TNF-α levels. Although IL-6 production increased in the peptide-immunized group (G3), the extent of increase was higher in the RNA adjuvant + peptide mixture-immunized group (G4; Supplementary Figure S1). To further evaluate the cytotoxic activity of T cells, granzyme B production by CD8+ T cells was assessed and found to be significantly increased in the RNA adjuvant+peptide mixture-immunized group (G4; Figure 2H). Thus, the results indicate that the peptide mixture could induce T cell immune responses in vivo when combined with an RNA adjuvant.



Identification of Potent T Cell Epitopes of SARS-CoV-2 in Mice

Next, to identify the most potent T cell epitopes among the 20 peptides, splenocytes from immunized or unimmunized mice were stimulated with each peptide, and the number of IFN-γ-producing cells was determined by ELISTPOT (Figure 3). ST5 and ST7 peptides of the S1 subunit, as well as NT5 and NT6 peptides of the N protein, were found to strongly induce IFN-γ production (Figure 3). These selected ST5, ST7, NT5, and NT6 were almost identical to SARS-CoV and showed 100% homology to SARS-CoV-2 variants (α, β, γ, and δ; Figure 1D). Therefore, subsequent experiments were conducted with the four peptides ST5, ST7, NT5, and NT6.
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FIGURE 3. Analysis of IFN-γ-producing T cells after stimulation with each single peptide. C57BL/6 mice were immunized twice at 2-week intervals with the 20 SARS-CoV-2 peptides mixture+CUK2 RNA adjuvant (lower). The nil group included unimmunized C57BL/6 mice as a negative control (upper). Each peptide-specific IFN-γ-producing T cells in the spleen were quantified using ELISPOT. Data represent mean±SD. *p≤0.05; **p≤0.01; and ****p≤0.001.




ST5, ST7, NT5, and NT6 Peptides Induce CD8+ T Cell Responses

To determine the appropriate peptide dose of selected peptides, mice were immunized with 0.1, 1, 10, and 20μg of each peptide (ST5, ST7, NT5, and NT6) in the presence of the CUK2 RNA adjuvant (Figures 4A,B). A significant increase in the levels of Ki-67 expression in effector CD8+ T cells, but not CD4+ T cells, was observed only at a peptide concentration of 20μg (G5; Figures 4C,D). Notably, unlike the 20-peptide mixture, these four peptides did not induce CD4+ T cell responses (Figures 4D,F). Furthermore, although the CUK2 RNA adjuvant + four peptide mixture did not increase the number of IL-4-producing cells, it increased the percentage of IFN-γ- and TNF-α-producing CD8+ T cells in a dose-dependent manner (Figures 4E,G). Therefore, the results indicate that ST5, ST7, NT5, and NT6 are CD8+ T cell epitopes.
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FIGURE 4. Analysis of T cell activation after immunization with the four SARS-CoV-2 peptides and CUK2 RNA adjuvant. (A) Overview of the experimental groups. (B) Schedule of mice immunization. C57BL/6 mice were immunized twice at 2-week intervals with the four SARS-CoV-2 peptides mixture+ CUK2 RNA adjuvant and killed 1week after the final immunization. (C) Percentages of CD62Llow CD44high TEM cells in the splenic CD8+ T cells and Ki67-positive cells in CD8+CD62Llow CD44high TEM CD8+ T cells were analyzed using flow cytometry. (D) Percentages of CD62Llow CD44high TEM cells in the splenic CD4+ T cells and Ki67-positive cells in CD8+CD62Llow CD44high TEM CD4+ T cells were analyzed using flow cytometry. (E) The number of four peptide mixture-specific IFN-γ- and IL-4-producing cells was quantified using ELISPOT. (F) IFN-γ- and TNF-α-producing cells in CD4+ T cells in response to four peptide mixtures were examined using flow cytometry. (G) IFN-γ- and TNF-α-producing cells in CD8+ T cells in response to four peptide mixtures were examined using flow cytometry. Data represent mean±SD. *p≤0.05; **p≤0.01; ***p≤0.005; and ****p≤0.001.




ST5, ST7, NT5, and NT6 Induce in vivo CTL Responses

Considering the four selected peptides increased CD8+ T cell expression of perforin and granzyme B (Figure 4G), which play critical roles in the direct elimination of virus-infected or cancer cells, it was subsequently determined whether these peptides also induced CTL responses in vivo using CTL assay. Mice were immunized with each of selected peptides as shown in Figures 5A,B. Mice immunized with each of the four peptides (ST5, ST7, NT5, or NT6)+CUK2 RNA adjuvant showed peptide-specific lytic responses, with the percentage of specific lysis ranging from 30 to 40% (Figure 5C). Mice immunized with the 20-peptide mixture+CUK2 RNA adjuvant also showed peptide-specific lysis; however, the lysis occurred to a lesser extent than that observed in the single peptide-immunized groups (Supplementary Figures S2A–C). Moreover, immunization with two S peptides (ST5 and ST7)+CUK2 RNA adjuvant or the two N peptides (NT5 and NT6)+CUK2 RNA adjuvant induced an in vivo CTL response (Supplementary Figure S2D).
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FIGURE 5. Severe acute respiratory syndrome coronavirus 2 peptide-specific CTL responses in vivo. (A) Overview of the experimental groups. (B) Schedule of mice immunization. C57BL/6 mice were immunized twice at 2-week intervals with each SARS-CoV-2 peptides mixture+ CUK2 RNA adjuvant and killed 1week after the final immunization. Carboxyfluorescein succinimidyl ester (CFSE), a fluorescent cell staining dye, was used. (C) Quantification of specific lytic responses from flow cytometric analysis. Data represent mean±SD. *p≤0.05; **p≤0.01; and ***p≤0.005.




Evaluation of the Protective Effect of SARS-CoV-2 Peptides in vivo

Considering that the RNA adjuvant and peptide mixture induced T cell responses, it was determined whether peptide-induced T cell responses conferred protection against the SARS-CoV-2 challenge. Golden Syrian hamsters were immunized three times using 15μg each of the 20 peptides (total 300μg) and 60μg of the CUK2 RNA adjuvant at 2-week interval and subsequently challenged with SARS-CoV-2 1week after conduction of the last immunization (Figures 6A,B). Although not statistically significantly, the copy numbers of the RNA-dependent RNA polymerase (RdRp) and N protein decreased in the CUK2 RNA adjuvant+peptide mixture-immunized group compared with those in the control group at 4days post challenge (Figure 6C).
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FIGURE 6. Immunization with SARS-CoV-2 peptides partially reduced the viral titer in hamsters and conferred protection to hACE2 mice against SARS-CoV-2 infection. (A) Overview of the experimental groups. (B) Immunization and virus challenge schedule. (C) Real-time PCR of viral genomic RNA in the lungs. Data are presented as mean±SD. (D) Overview of the experimental groups. (E) Immunization and virus challenge schedule. (F) Survival rates of the hACE2 Tg mice after SARS-CoV-2 challenge. (G) Pathological scores of lungs 7days after challenge. (H) Representative histological images of hematoxylin and eosin-stained lung tissue sections. A, pulmonary artery; B, bronchus or bronchi; and V, pulmonary vein. Arrows indicate inflammatory cells (neutrophils and lymphocytes), arrowheads indicate hemorrhage, and the crosses indicate mucus. Data represent mean±SD.


Next, the protective effect of the selected peptides in a hACE2 Tg mouse model was assessed. hACE2 Tg mice were immunized twice with the CUK2 RNA adjuvant and two peptides (ST5 and ST7; 20μg per peptide, total 40μg) or four peptides (ST5, ST7, NT5, and NT6; 20μg per peptide, total 80μg) at 2-week interval and then challenged with SARS-CoV-2 1week after the conduction of the last immunization (Figures 6D,E). Both groups showed an improved survival rate (80%) 7days after the challenge compared with that of the control mice (40%; Figure 6F) but was not significant. Furthermore, the pathological scores (inflammation, edema, and capillary dilation) seem to be reduced in the RNA adjuvant+four peptide group compared with the control without statistical significance; particularly, in four out of five mice, a reduction in inflammatory lesions was observed, along with changes in the edematous response patterns around the respiratory tract compared with the control group (Figures 6G,H).



Binding Prediction of the SARS-CoV-2-Derived Peptides to Human Leukocyte Antigen

To determine whether these 20 selected peptides interacted with the MHC class I and induced CTL responses in humans, the binding affinity between human leukocyte antigen (HLA) class I and the 20 peptides, which would strongly contribute to the immunogenic effect of CTLs, was predicted using NetMHCPan (PMID: 28978689). Considering the binding affinity of peptides, peptides with low percentile rank (≤ 10) were selected as epitopes (data not shown). All four peptides were predicted to bind to several human HLA class I, such as HLA-A*02, A*024, A*11, C*03, and C*07, as indicated in Figure 7A, and NT6 is predicted bind to HLA-A*02-type donors with high affinity. Thus, we experimentally determined whether NT6 could induce CD8+ T cell responses in HLA-A*02-type donors. CD8+ T cells were co-cultured and subjected to expansion with autologous dendritic cells (DCs) pulsed with or without NT6. The level of IFN-γ produced by CD8+ T cells co-cultured with the NT6-pulsed DCs was five times greater than that produced by CD8+ T cells cultured without NT6 (Figure 7B). Thus, this result indicates that HLA-A*02-loaded NT6 could activate CD8+ T cells (Figure 7B).
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FIGURE 7. Binding prediction of the SARS-CoV-2-derived peptides to human HLA and in vitro CTL response in human PBMCs. (A) Human HLA predicted to bind to the selected four peptides. Red indicates HLA predicted to bind mainly to each peptide. (B) Detection of the NT6 peptide-specific CTL in human HLA-A*02-type T cells via in vitro induction using a peptide-specific CTL assay.




Safety Profile of the RNA Adjuvant + Peptide Mixture

To determine whether the CUK2 RNA adjuvant + peptide mixture was safe for usage, in vivo toxicity testing was performed (Supplementary Figures S3A,B). Mice were immunized twice with 200μg each of the 20 SARS-CoV-2 peptides (total 4mg), with or without the CUK2 RNA adjuvant, or CUK2 RNA adjuvant alone at 2-week intervals and killed 1week after the second immunization. Although alanine aminotransferase and aspartate aminotransferase serum levels slightly increased in the CUK2 RNA adjuvant + peptides and peptides alone groups, respectively, they remained within the normal ranges. All other toxicity indices, such as total bilirubin, creatinine, and albumin, did not significantly change and did not deviate from the normal ranges (Supplementary Figure S3C). Moreover, liver tissue samples obtained from immunized mice did not exhibit any noticeable morphological changes due to toxicity (Supplementary Figures S5D,E).




DISCUSSION

Traditionally, analyses using neutralizing antibodies have been regarded as the gold standard for evaluating vaccine efficacy (Kwong et al., 2011; Klasse, 2014). However, T cell response remains important. Owing to the emergence of SARS-CoV-2 variants that resist neutralizing antibodies elicited by prior infection or vaccination (Weisblum et al., 2020; Fontanet et al., 2021), there is an increasing interest in the development of vaccines that induce T cell responses. In addition to expanding and improving the effector function of immune cells, T cells also eliminate virus-infected cells (Pennock et al., 2013). In patients with COVID-19, an increased clonality of expanded CD8+ T cells was observed in patients with mild COVID-19 than in those with severe COVID-19 (Chen and John Wherry, 2020; Sekine et al., 2020). Furthermore, patients with severe COVID-19 exhibit not only lower numbers of cytotoxic CD8+ T cells but also a decreased capacity to produce IFN-γ and perforin (Mazzoni et al., 2020). These results suggest the association of T cells with the clearance of virus-infected cells. In contrast, it has been reported that immunization with a vaccine that selectively induces CD4+ T cell response results in increased occurrence of inflammation and mortality after chronic lymphocytic choriomeningitis virus infection (Penaloza-MacMaster et al., 2015). Additionally, CD8+ T cell-mediated immunopathology is observed in respiratory syncytial virus and influenza virus infection models (Schmidt et al., 2018). Therefore, establishment of a balance between immune protection and immune pathology by T cells is critical for the design of successful vaccines.

In this study, 20 peptides associated with the S and N proteins were selected that are highly conserved among SARS-CoV and SARS-CoV-2 and were evaluated for their T cell immunogenicity. To boost the low immunogenicity of peptides, CUK2 was used as an RNA adjuvant since we already have shown that it induces Th1 responses even in aged mice. Although T cell epitopes of SARS-CoV-2 have been predicted in several studies via in silico analysis (Dagur and Dhakar, 2020; Kiyotani et al., 2020; Wang et al., 2020), they have not been confirmed in vivo. In the present study, ST5, ST7, NT5, and NT6 peptides were found to induce T cell-mediated responses in vivo. Mice immunized with a mixture of these peptides and the CUK2 RNA adjuvant showed increased levels of IFN-γ-producing T cells and an increased frequency of proliferating TEM cells. Furthermore, the amino acid sequences of ST5, ST7, NT5, and NT6 peptides were determined to be potent epitopes for cytotoxic CD8+ T cells as mice immunized with these peptides and the CUK2 RNA adjuvant showed robust CTL responses in vivo. However, the in vivo efficacy of select peptides may differ in humans due to the inherent differences in the MHC molecules of humans and mice. Nevertheless, NT6 peptides were confirmed to be recognized by CD8+ T cells from HLA-A*02 donors (data not shown), thus warranting further peptide screening with human T cells for application in clinical trials.

Although hamsters and hACE2 Tg mice immunized with the RNA adjuvant + peptide mixture showed slight reduction in viral titers and in the infliction of virus-induced injury in the lungs after SARS-CoV-2 challenge, it was not statistically significant. This indicates that the induced T cell responses induced by peptides are beneficial for the clearance of SARS-CoV-2 but are not sufficient for completely eliminating the virus. Therefore, the use of other adjuvants or strategies that optimize peptide-induced immune responses may provide a more effective protection. Additionally, our results demonstrated that T cell responses induced by S and N peptides did not completely attenuate SARS-CoV-2-induced pathology, indicating that stimulation of neutralizing antibody production is a key requirement for obtaining complete protection from SARS-CoV-2 infection. Nevertheless, we identified the S and N protein-associated peptides of SARS-CoV-2 that were capable of inducing T cell responses in vivo and provided a proof of concept of the development of T cell peptide vaccines against SARS-CoV-2. Based on these results, a SARS-CoV-2 vaccine consisting of SARS-CoV-2-derived proteins and peptides, with an aim to maximize both humoral and T cell responses, is presently under development.



DATA AVAILABILITY STATEMENT

The original contributions presented in the study are included in the article/Supplementary Material, further inquiries can be directed to the corresponding author.



ETHICS STATEMENT

The animal study was reviewed and approved by Institutional Animal Care and Use Committee of the Catholic University of Korea.



AUTHOR CONTRIBUTIONS

J-HN conceived and supervised the research, designed the experiments, and edited the manuscript. Y-SL, S-HH, H-JP, H-YL, J-YH, SK, JP, K-SC, JS, S-IP, S-ML, K-AH, and J-WY performed data acquisition. S-HH, Y-SL, and H-JP provided assistance in drafting of the manuscript. All authors contributed to the article and approved the submitted version.



FUNDING

work was supported by the Research of Korea Centers for Disease Control and Prevention (grant number 2020-ER5303-00), the Ministry of Food and Drug Safety in 2020 (grant number 20172MFDS290), the Catholic University of Korea, Research Fund, 2021, the Korea Mouse Phenotyping Project (grant number 2020M3A9I2109027) of the National Research Foundation (NRF) funded by the Ministry of Science and ICT, and Bio & Medical Technology Development Program (grant number NRF-2021M3E5E3080558) of the National Research Foundation (NRF) funded by the Ministry of Science & ICT and partially supported by the Brain Korea 21 Plus Program.



SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fmicb.2021.732450/full#supplementary-material



FOOTNOTES

1https://www.iedb.org/



REFERENCES

 Bacher, P., Rosati, E., Esser, D., Martini, G. R., Saggau, C., Schiminsky, E., et al. (2020). Low-avidity CD4+ T cell responses to SARS-CoV-2 in unexposed individuals and humans with severe COVID-19. Immunity 53, 1258–1271.e1255. doi: 10.1016/j.immuni.2020.11.016 

 Buchholz, U. J., Bukreyev, A., Yang, L., Lamirande, E. W., Murphy, B. R., Subbarao, K., et al. (2004). Contributions of the structural proteins of severe acute respiratory syndrome coronavirus to protective immunity. Proc. Natl. Acad. Sci. U. S. A. 101:9804. doi: 10.1073/pnas.0403492101 

 Chen, Z., and John Wherry, E. (2020). T cell responses in patients with COVID-19. Nat. Rev. Immunol. 20, 529–536. doi: 10.1038/s41577-020-0402-6 

 Dagur, H., and Dhakar, S. (2020). Epitope-based vaccine design against novel coronavirus SARS-CoV-2 envelope protein. EJMO 4, 201–208. doi: 10.14744/ejmo.2020.01978

 Dong, Y., Dai, T., Wei, Y., Zhang, L., Zheng, M., and Zhou, F. (2020). A systematic review of SARS-CoV-2 vaccine candidates. Signal Transduct. Target. Ther. 5:237. doi: 10.1038/s41392-020-00352-y 

 Dutta, N. K., Mazumdar, K., and Gordy, J. T. (2020). The nucleocapsid protein of SARS-CoV-2: a target for vaccine development. J. Virol. 94, e00647–e00620. doi: 10.1128/JVI.00647-20 

 Fontanet, A., Autran, B., Lina, B., Kieny, M. P., Karim, S. S. A., and Sridhar, D. (2021). SARS-CoV-2 variants and ending the COVID-19 pandemic. Lancet 397, 952–954. doi: 10.1016/s0140-6736(21)00370-6 

 Hellerstein, M. (2020). What are the roles of antibodies versus a durable, high quality T-cell response in protective immunity against SARS-CoV-2? Vaccine X 6:100076. doi: 10.1016/j.jvacx.2020.100076 

 Huang, Y., Yang, C., Xu, X.-F., Xu, W., and Liu, S.-W. (2020). Structural and functional properties of SARS-CoV-2 spike protein: potential antivirus drug development for COVID-19. Acta Pharmacol. Sin. 41, 1141–1149. doi: 10.1038/s41401-020-0485-4 

 Kim, J.-M., Chung, Y.-S., Jo, H. J., Lee, N.-J., Kim, M. S., Woo, S. H., et al. (2020). Identification of coronavirus isolated from a patient in Korea with COVID-19. Osong. Public Health Res. Perspect. 11, 3–7. doi: 10.24171/j.phrp.2020.11.1.02 

 Kim, T. W., Lee, J. H., Hung, C.-F., Peng, S., Roden, R., Wang, M.-C., et al. (2004). Generation and characterization of DNA vaccines targeting the nucleocapsid protein of severe acute respiratory syndrome coronavirus. J. Virol. 78, 4638–4645. doi: 10.1128/JVI.78.9.4638-4645.2004 

 Kiyotani, K., Toyoshima, Y., Nemoto, K., and Nakamura, Y. (2020). Bioinformatic prediction of potential T cell epitopes for SARS-Cov-2. J. Hum. Genet. 65, 569–575. doi: 10.1038/s10038-020-0771-5 

 Klasse, P. J. (2014). Neutralization of virus infectivity by antibodies: old problems in new perspectives. Adv. Biol. 2014:157895. doi: 10.1155/2014/157895 

 Ko, H. L., Park, H.-J., Kim, J., Kim, H., Youn, H., and Nam, J.-H. (2019). Development of an RNA expression platform controlled by viral internal ribosome entry sites. J. Microbiol. Biotechnol. 29, 127–140. doi: 10.4014/jmb.1811.11019 

 Krammer, F. (2020). SARS-CoV-2 vaccines in development. Nature 586, 516–527. doi: 10.1038/s41586-020-2798-3 

 Kwong, P. D., Mascola, J. R., and Nabel, G. J. (2011). Rational design of vaccines to elicit broadly neutralizing antibodies to HIV-1. Cold Spring Harb. Perspect. Med. 1:a007278. doi: 10.1101/cshperspect.a007278 

 Ledford, H. (2021). How 'killer' T cells could boost COVID immunity in face of new variants. Nature 590, 374–375. doi: 10.1038/D41586-021-00367-7 

 Mazzoni, A., Salvati, L., Maggi, L., Capone, M., Vanni, A., Spinicci, M., et al. (2020). Impaired immune cell cytotoxicity in severe COVID-19 is IL-6 dependent. J. Clin. Invest. 130, 4694–4703. doi: 10.1172/JCI138554 

 Mousavizadeh, L., and Ghasemi, S. (2020). Genotype and phenotype of COVID-19: their roles in pathogenesis. J. Microbiol. Immunol. Infect. 54, 159–163. doi: 10.1016/j.jmii.2020.03.022 

 Nam, J. H., Hong, S. H., Lee, Y. S., and Park, H. J. (2020). Vaccine composition for preventing or treating SARS-CoV-2 disease. Korea patent application. Patent No: 10–2020-0155583.

 Ng, O. W., Chia, A., Tan, A. T., Jadi, R. S., Leong, H. N., Bertoletti, A., et al. (2016). Memory T cell responses targeting the SARS coronavirus persist up to 11 years post-infection. Vaccine 34, 2008–2014. doi: 10.1016/j.vaccine.2016.02.063 

 Penaloza-MacMaster, P., Barber, D. L., Wherry, E. J., Provine, N. M., Teigler, J. E., Parenteau, L., et al. (2015). Vaccine-elicited CD4 T cells induce immunopathology after chronic LCMV infection. Science 347, 278–282. doi: 10.1126/science.aaa2148 

 Pennock, N. D., White, J. T., Cross, E. W., Cheney, E. E., Tamburini, B. A., and Kedl, R. M. (2013). T cell responses: naive to memory and everything in between. Adv. Physiol. Educ. 37, 273–283. doi: 10.1152/advan.00066.2013 

 Schmidt, M. E., Knudson, C. J., Hartwig, S. M., Pewe, L. L., Meyerholz, D. K., Langlois, R. A., et al. (2018). Memory CD8 T cells mediate severe immunopathology following respiratory syncytial virus infection. PLoS Pathog. 14:e1006810. doi: 10.1371/journal.ppat.1006810 

 Sekine, T., Perez-Potti, A., Rivera-Ballesteros, O., Strålin, K., Gorin, J. B., Olsson, A., et al. (2020). Robust T cell immunity in convalescent individuals with asymptomatic or mild COVID-19. Cell 183, 158–168.e114. doi: 10.1016/j.cell.2020.08.017 

 Swain, S. L., McKinstry, K. K., and Strutt, T. M. (2012). Expanding roles for CD4+ T cells in immunity to viruses. Nat. Rev. Immunol. 12, 136–148. doi: 10.1038/nri3152 

 Tarke, A., Sidney, J., Kidd, C. K., Dan, J. M., Ramirez, S. I., Yu, E. D., et al. (2021). Comprehensive analysis of T cell immunodominance and immunoprevalence of SARS-CoV-2 epitopes in COVID-19 cases. Cell Rep. Med. 2:100204. doi: 10.1016/j.xcrm.2021.100204 

 Thevarajan, I., Nguyen, T. H. O., Koutsakos, M., Druce, J., Caly, L., van de Sandt, C. E., et al. (2020). Breadth of concomitant immune responses prior to patient recovery: a case report of non-severe COVID-19. Nat. Med. 26, 453–455. doi: 10.1038/s41591-020-0819-2 

 Valencia, D. N. (2020). Brief review on COVID-19: The 2020 pandemic caused by SARS-CoV-2. Cureus 12:e7386. doi: 10.7759/cureus.7386 

 Wang, D., Mai, J., Zhou, W., Yu, W., Zhan, Y., Wang, N., et al. (2020). Immunoinformatic analysis of T- and B-cell epitopes for SARS-CoV-2 vaccine design. Vaccine 8:355. doi: 10.3390/vaccines8030355 

 Weisblum, Y., Schmidt, F., Zhang, F., DaSilva, J., Poston, D., Lorenzi, J. C., et al. (2020). Escape from neutralizing antibodies by SARS-CoV-2 spike protein variants. eLife 9:e61312. doi: 10.7554/eLife.61312 

 Yang, J., Wang, W., Chen, Z., Lu, S., Yang, F., Bi, Z., et al. (2020). A vaccine targeting the RBD of the S protein of SARS-CoV-2 induces protective immunity. Nature 586, 572–577. doi: 10.1038/s41586-020-2599-8 


Conflict of Interest: 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.

Publisher’s Note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.

Copyright © 2021 Lee, Hong, Park, Lee, Hwang, Kim, Park, Choi, Seong, Park, Lee, Hwang, Yun and Nam. 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.










	 
	ORIGINAL RESEARCH
published: 14 October 2021
doi: 10.3389/fmicb.2021.738808





[image: image]

Sex Differences in Case Fatality Rate of Patients With Severe Fever With Thrombocytopenia Syndrome

Jing Zhao1†, Qing-Bin Lu2†, Hao Li1, Yang Yuan1, Ning Cui3, Chun Yuan3, Xiao-Ai Zhang1, Zhen-Dong Yang3, Shi-Man Ruan4, Lan-Zheng Liu4, Juan Du2, Li-Qun Fang1* and Wei Liu1,2,5*

1State Key Laboratory of Pathogen and Biosecurity, Beijing Institute of Microbiology and Epidemiology, Beijing, China

2Department of Laboratorial Science and Technology, School of Public Health, Peking University, Beijing, China

3The 990th Hospital of Joint Logistic Support Force of Chinese People’s Liberation Army, Xinyang, China

4Jinan Center for Disease Control and Prevention, Jinan, China

5Beijing Key Laboratory of Vector Borne and Natural Focus Infectious Diseases, Beijing, China

Edited by:
Xiaohui Zhou, Fudan University, China

Reviewed by:
Kun Liu, Fourth Military Medical University, China
Dong-Min Kim, Chosun University, South Korea
Kumiko Yoshimatsu, Hokkaido University, Japan
Sang Taek Heo, Jeju National University, South Korea

*Correspondence: Li-Qun Fang, fang_lq@163.com; Wei Liu, liuwei@bmi.ac.cn; lwbime@163.com

†These authors have contributed equally to this work

Specialty section: This article was submitted to Infectious Agents and Disease, a section of the journal Frontiers in Microbiology

Received: 09 July 2021
Accepted: 09 September 2021
Published: 14 October 2021

Citation: Zhao J, Lu Q-B, Li H, Yuan Y, Cui N, Yuan C, Zhang X-A, Yang Z-D, Ruan S-M, Liu L-Z, Du J, Fang L-Q and Liu W (2021) Sex Differences in Case Fatality Rate of Patients With Severe Fever With Thrombocytopenia Syndrome. Front. Microbiol. 12:738808. doi: 10.3389/fmicb.2021.738808

Background: Severe fever with thrombocytopenia syndrome (SFTS) is a tick-borne disease with high mortality. However, detailed analysis is lacking to explore the complex effect of sex with age or comorbidities.

Methods: A retrospective cohort study was performed among 2,938 SFTS patients entered during 2011–2020 in Xinyang, China. The case fatality rate (CFR) was estimated for their association with sex, age, and comorbidities by an interactive way. The difference of immune response between sex was explored in an age dependent way.

Results: An overall CFR of 15.3% (450/2,938) was obtained, which appeared to be higher in males than in females [17.7% vs. 13.6%, adjusted odds ratio (aOR) = 1.24; 95% CI, 1.00–1.53; P = 0.048] and increased dramatically with age (P < 0.001). The associations between sex and SFTS fatal outcome were age-dependent and varied according to the status of comorbidities. The mortality-related risk conferred by older age was more pronounced in males, with aOR (95% CI) to be 5.76 (3.75–8.84) vs. 5.30 (3.54–7.95) in female. Sex-stratified analysis disclosed significant associations between death and comorbidities among female patients (aOR = 1.87, 95% CI: 1.40–2.49; P < 0.001), while none among males. Among females, the significant associations between presence of comorbidity and fatal outcome differed among age groups, with aOR (95% CI) decreased from 2.28 (1.16–4.46) in ≤60 years, to 2.06 (1.34–3.18) in 60–70 years and further to 1.55 (0.97–2.47) in >70 years. Altogether 194 SFTS patients were randomly selected for the test of B cells, natural killer (NK) cells, CD4 cells percentages, and anti-SFTSV IgM antibody level, the results revealed that males >60 years had significantly decreased percentages of B cells, CD4 cells, lower anti-SFTSV IgM antibody titer, and increased level of NK cells than male aged ≤60 years, while none of these age specific differences was observed in the females. This finding underlies the more pronounced age specific difference in CFR among male than female.

Conclusions: Males had a significantly higher mortality of SFTS than did females, and more likely to be affected by aging for SFTS mortality. This difference can be explained by the effect from comorbidities and the host immunity. It is essential to take a sex- and age-based approach to SFTS treatment and management.

Keywords: SFTS, sex, age, comorbidity, immune response, fatal outcome


INTRODUCTION

Severe fever with thrombocytopenia syndrome (SFTS) is an emerging infectious disease, caused by a tick-borne virus, called severe fever with thrombocytopenia syndrome virus (SFTSV), currently also known as Dabie bandavirus, which is a novel phlebovirus in the family Phenuiviridae of the order Bunyavirales (Yu et al., 2011; Kuhn et al., 2020). The disease was identified first in China in 2010 and subsequently in South Korea and Japan in 2013 (Kim et al., 2013; Takahashi et al., 2014). So far, the number of SFTS cases has increased and the geographic distribution has expanded consistently, with the cumulative case numbers attaining 7,721 in China by 2018 (Miao et al., 2020), 1,089 in South Korea by 2019 (Korea Centers for Disease Control and Prevention, 2021)1, and 573 in Japan by December 2020 (Japanese National Institute of Infectious Diseases, 2021)2, according to the most recent updates. Although the clinical symptoms of SFTS were non-specific, severe complications were reported in critically ill SFTS patients (Yu et al., 2011; Liu et al., 2014), including neurological symptoms, bleeding, and hemophagocytic syndrome, which eventually lead to disseminated intravascular coagulation and multiple organ failures (Gai et al., 2012; Liu et al., 2014), with an estimated case fatality rate (CFR) of 10.5% in China (Miao et al., 2020).

Severe fever with thrombocytopenia syndrome does not impact everyone similarly, with age, sex, and viral load serving as related factors for disease progression and severe SFTS infection (Guo et al., 2016). Substantial evidence supported a greater risk of more severe outcomes in patients with older age (Gai et al., 2012; Zhang et al., 2012; He et al., 2020). In the largest case series study up to date, a higher risk was associated with older age, with an odds ratio (OR) of 1.82 for a 10-year increase (Li et al., 2018).

On the other hand, the association between male and adverse outcomes, including mortality, do not consistently exhibit, which differed across studies (Jung et al., 2019; Wang et al., 2020). More intriguingly, the risk factors that are known to change with sex and age are often interacted, which likely explain the sex differences observed for the mortality risk. Preexisting chronic comorbidity is also an attribute that should be considered, since a large part of SFTS patients were the elderly and frequently afflicted by various underlying conditions which conferred an increased risk of adverse outcomes following infection. Previous studies revealed that adverse outcomes of SFTS patients were associated with comorbidities (Deng et al., 2013; Xu et al., 2018; Zhang et al., 2019), which were specifically identified to be diabetes mellitus (DM), chronic virus hepatitis (CVH), and chronic obstructive pulmonary diseases (COPD) in one study (Zhang et al., 2019). Up to now, no studies in analyzing the risk of SFTS mortality have ever tried to disentangle the effect from age, sex, or comorbidity. Whether sex difference existed for sure or whether both sexes are similarly affected by comorbidities remained unclear.

Here, we examined sex differences in combination with age, comorbidities, and viral load, revealing their complicated interaction in influencing disease severity. We further explored host immunity that was featured by plasma cytokines, chemokines, blood-cell phenotyping, and SFTSV specific antibody in patients, with the aim to reveal the mechanism that underlie the sex preference.



MATERIALS AND METHODS


Study Design and Participants

The retrospective observational study was carried out in the 154 hospital of the Chinese People’s Liberation Army, Xinyang, Henan Province in China, a designated hospital for the sentinel surveillance and treatment for SFTS patients. According to the standard criteria released by China CDC (Huang et al., 2018), a laboratory-confirmed SFTS case was defined as meeting at least one of the following: (1) isolation of SFTSV in cell culture, (2) detection of SFTSV RNA by a molecular method, and (3) seroconversion or ≥4-fold increase of antibody titers between two serum samples collected over 2 weeks apart. Patients with incomplete medical records or laboratory test results or those reported obscure medical history were excluded from the study.



Data Collection

All patients recruited in the study received the treatment regimens. The demographic (age, sex, and comorbidities) and medication data were collected before treatment. The clinical signs and symptoms, together with laboratory results were recorded on hospital admission and during the treatment. These data were extracted by using a standardized format and entered into an EpiData database. The follow-up interview was performed by telephone to obtain their final outcomes (survival or dead) after discharge from hospital and to ensure that no outcome data was missing.



Definition of Age Groups and Comorbidities

In the description of baseline information (Table 1), age groups were classified by quantile. In the analyses of viral load and immunological indicators, age groups were divided by median value. For further association analyses, we made grouping on the patients in order to have comparable case numbers among three age groups (<60 years, 60–70 years, and >70 years), which also reflect the impact on the disease outcome. Eight kinds of self-reported comorbidities were classified according to the International Classification of Diseases-10 (ICD-10) and used for the current analysis, including DM, pulmonary tuberculosis (TB), COPD, CVH (HBV and HCV), cerebrovascular diseases (CVD), malignancy, chronic heart diseases (CHD, cardiac heart failure, and coronary heart disease), and hypertension. The corresponding ICD-10 codes were listed in Supplementary Table 1. All the comorbidities were diagnosed before the infectious episode of SFTS, which were acquired by interviewing patients when admission into the hospital.


TABLE 1. The risk of age, sex, delay from symptom onset to hospital admission and comorbidity for fatal outcome in SFTS patients.
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Laboratory Tests

The RNA was extracted from serum samples using QIAamp MinElute Virus Spin Kit (Qiagen, Germantown, MD, United States). The viral load was measured using real-time reverse transcriptase polymerase chain reaction (RT-PCR; Zeng et al., 2017) and expressed as copies/mL. Anti-SFTSV IgM antibodies were detected by using 96-well EIA/RIA Stripwell immunoplates (Corning Costar, NYC). Cytokines and chemokines were measured using Bio-plex Pro Human 27-plex cytokine panel (Bio-Rad Co., Hercules, CA, United States). Phenotypic analysis of peripheral blood mononuclear cells (PBMCs) was detected by multi-parametric flow cytometry. All samples were acquired from Cytoflex flow cytometer and analyzed on CyExpert (Beckman Coulter, Inc., Brea, CA, United States). All laboratory tests were performed according to the manufacturer’s instructions. The detailed protocols or methods were summarized in the Supplementary Material.



Statistical Analysis

Continuous variables with skewed distribution were summarized as median and interquartile range (IQR), normally distributed variables were expressed as mean and standard deviation (SD). Categorical variables were summarized as frequency and proportion. A non-parametric test, a χ2 test, or a Fisher’s exact test was used where appropriate to estimate the differences between groups. The Cochran–Armitage test was used for trend analysis in 2 × k contingency tables.

The association between analyzed variables and fatal outcome was assessed by using multivariate logistic regression model. Adjusted odds ratio (aOR) with 95% confidence intervals (95% CI) was estimated using maximum likelihood methods. The comparison of the inter-group difference of viral loads continuously evaluated over time was performed by generalized estimating equation (GEE). Overall survival was analyzed using Cox regression models, Kaplan–Meier curves, and log-rank tests. Synergy index (SI) that allows assessment of additive interactions was calculated using OR and a 95% CI not across 1 indicated significance. A two-sided P < 0.05 was considered statistically significant. All statistical analysis was performed using the R software (version 3.5.3, R Foundation for Statistical Computing, Vienna).



RESULTS


Baseline Information of the Patients

From 1 January 2011 to 31 December 2020, a total of 2,938 laboratory-confirmed SFTS patients were admitted to the hospital. The median (IQR) age was 63 (53–71) years old, and 1,724 (58.7%) were female (Table 1 and Supplementary Table 2). Among them, 1,022 (34.8%) had at least one comorbidity, 215 (7.3%) patients presented two comorbidities (hypertension-DM was most frequently observed in 39 patients), and 54 (1.8%) with ≥3 comorbidities (Table 1). Presence of comorbidities was comparable between sex and significantly higher in older patients (P = 0.189 and P < 0.001; Supplementary Table 2).



Age- and Sex-Specific CFR

An overall CFR of 15.3% (450/2,938) was obtained, which appeared to be higher in males than in females (17.7% vs. 13.6%, aOR: 1.24, 95% CI: 1.00–1.53; P = 0.048) and increased dramatically with age (trend analysis, P < 0.001; Table 1 and Figure 1).
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FIGURE 1. Dynamic profiles of CFRs for males and females across age stratifications in SFTS patients. P values were calculated by Chi-square tests. The blue line represents CFRs of males across age stratifications and the red line represents CFRs of females across age stratifications. The error bars indicate 95% CIs. The numbers of males and females across age stratifications were listed on the below. Four age stratifications were classified based on case number: ≤50, 50–60, 60–70, and >70 years. The P values colored with blue represent statistical difference among age groups in males. The P values colored with red represent statistical difference among age groups in females. The P values colored with black represent statistical difference based on age stratification for both male and female patients. As evident from the plot, CFRs rise with increasing age and males are more likely to be affected by aging.


Although the outcome was generally worse for males, the magnitude of this sex difference varied among age groups, with significance only observed for those >70 years old (aOR: 1.38, 95% CI: 1.00–1.91; P = 0.049; Table 2). On the other hand, although the risk of fatal outcome from older age was observed for both male and female, the magnitude of risk was more pronounced in males. Among females, the ORs for death outcome increased from 3.18 (2.14–4.73) in the 60–70 years old to 5.30 (3.54–7.95) in the >70 years old, while among males, the ORs was elevated from 2.72 (1.74–4.24) to 5.76 (3.75–8.84) with more dramatic extent. Accordingly, the highest CFR was observed among the male patients >70 years old (31.4%; Figure 1 and Table 2).


TABLE 2. The risk of CFR based on age, sex and comorbidity stratifications in SFTS patients.
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Association Between Comorbidities and Risk of Death

Fatal outcome was reported in 20.5% (209/1022) of the patients with comorbidities, significantly higher than those without comorbidities (12.6%, P < 0.001; Table 1). When analyzed separately, four types of comorbidities showed significantly associations with fatal outcome, with aOR (95% CI) estimated to be 2.27 (1.58–3.28) for DM, 1.88 (1.37–2.59) for CVH, 1.84 (1.33–2.56) for COPD, and 1.54 (1.14–2.08) for hypertension, respectively (Table 1). Among patients with comorbidities, the effect from age on increased risk of death was less obvious than among patients without comorbidities. For example, for patients with comorbidities, those of 60–70 years and >70 years were associated with increased risk of death than those aged < 60 years old with aORs (95% CIs) estimated as 2.61 (1.66–4.12) and 3.98 (2.51–6.32), while for patients without comorbidities, the aORs (95% CIs) were estimated as 3.11 (2.11–4.59) and 6.86 (4.69–10.02). Also for patients without comorbidities, males were significantly associated with fatal outcome compared to females (aOR: 1.55, 95% CI: 1.17–2.06; P = 0.002; Table 2). Survival analysis likewise demonstrated lower survival probability and shorter survival time in SFTS patients with DM or CVH (both P < 0.001; Supplementary Figure 1).



Age-Stratified Association Between Comorbidities and Death

Subgroup analysis revealed that the effect of comorbidity on death was reduced as age increased, i.e., the aOR (95% CI) was 2.07 (1.25–3.42) for patients ≤60 years, decreased to 1.70 (1.22–2.36) for patients aged 60–70 years, and 1.13 (0.81–1.56) for patients aged >70 years (Figure 2 and Supplementary Table 3). Specific comorbidities that were related to fatal outcome also differed among age groups. In patients ≤60 years, four comorbidities showed significantly associations with fatal outcome, with aOR (95% CI) estimated to be 5.68 (1.94–16.57) for CVD, 3.40 (1.47–7.85) for COPD, 2.51 (1.07–5.91) for DM, and 2.04 (1.01–4.13) for CVH, respectively. Among patients aged 60–70 years, DM, CHD, and CVH showed associations with fatal outcome; by contrast, none comorbidities were associated with fatal outcome for patients aged >70 years (Figure 2 and Supplementary Table 3). Resembling these results, survival analysis also displayed lower survival probability and shorter survival time for patients aged >70 years with DM, COPD, CVH, and hypertension, for patients aged 60–70 years with DM and CVH (Supplementary Figure 2). Both findings suggested more aggravating effect from comorbidity within older age group.
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FIGURE 2. Presence of comorbidity and risk for fatal outcome of SFTS patients stratified by sex or age (A) and further stratified by both sex and age (B). The numbers of deaths and CFRs of the SFTS patients with single comorbidity were shown to the left of column in panel (A). Multivariate logistic regression model was performed for association between comorbidity and fatality by adjusting age, sex, and delay between disease onset and hospital admission. Adjusted ORs (aORs) and 95% CIs were presented for each comorbidity. The dots are the aORs and the error bars are the 95% CIs. The red color represents P < 0.05 and the blue color represents P ≥ 0.05. The dotted line indicates an OR of 1. DM, diabetes mellitus; TB, Pulmonary tuberculosis; COPD, chronic obstructive pulmonary diseases; CVH, chronic viral hepatitis; CVD, cerebrovascular diseases; CHD, chronic heart diseases.


The aOR (95% CI) of multiple comorbidities on death also decreased from 3.31 (1.51–7.25) for patients aged ≤60 years to 1.60 (0.97–2.63) for 60–70 years and 0.82 (0.48–1.42) for those aged >70 years when compared with those without comorbidities (Supplementary Figure 3 and Supplementary Table 3).



Sex-Stratified Association Between Comorbidities and Fatal Outcome

Sex-stratified analysis disclosed significant associations between death and comorbidities for female patients (aOR: 1.87, 95% CI: 1.40–2.49; P < 0.001). When analyzed separately, increased risk of fatal outcome was observed for female patients presenting DM, CVH, CVD, or COPD, with aOR (95% CI) estimated as 3.26 (2.08–5.10), 2.21 (1.43–3.42), 2.21 (1.16–4.23), and 1.99 (1.19–3.31), respectively. In contrast, none of the comorbidities was associated with death among male patients (Figure 2 and Supplementary Table 4).

Increased number of comorbidities was related to an increased risk of death, but only among the female patients (aOR: 2.16, 95% CI: 1.42–3.29; P < 0.001), not for male patients (Supplementary Figure 3 and Supplementary Table 4).



Age- and Sex-Stratified Association Between Comorbidities and Fatal Outcome

When both age and sex were disseminated for analysis, the male–female discrepancy remained across each age group in a similar way as that observed for all age groups analyzed together. For example, for female patients, the significant associations between any comorbidity and fatal outcome were observed, however, with aOR (95% CI) decreased from 2.28 (1.16–4.46) in ≤60 years old to 2.06 (1.34–3.18) in 60–70 years old and further to 1.55 (0.97–2.47) in >70 years old. Specific comorbidity that was related to death differed from CVD, COPD, and DM among ≤60 years group; DM, CVH, and CHD among those aged 60–70 years old; and none of the comorbidities for patients aged >70 years. However, for male patients, none of the age group had seen a significant association between fatal outcome and comorbidities no matter if considered as a whole or separately (Figure 2 and Supplementary Tables 4, 5).

In addition, the interactions of age, sex, and comorbidity were evaluated. The SI (95% CI) across 1 indicated that no significant interaction effect on risk of fatal outcome between age and comorbidities in either males or females. The same findings were observed between sex and comorbidities in patients aged ≤60 years and 60–70 years (Supplementary Table 6).



Age- and Sex-Stratified Association Between Viral Load and Fatal Outcome

Previous studies, including our own study, had identified viral loads as a strong risk factor for fatal outcome of SFTS patients (Gai et al., 2012; Li et al., 2018). We further made age- and sex-specific analysis using viral load as the outcome. By performing GEE model on the serial evaluated viral loads, we observed the association between high viral load and death was stronger in male, with aOR (95%CI) estimated to be 2.15 (1.77–2.62) vs. 1.08 (1.07–1.10) in females. The association between high viral loads and death was decreased as age increased, for example, with ORs decreased from 2.62 (1.73–3.95) in ≤60 years old to 1.10 (1.09–1.12) in the >60 years old (Supplementary Table 7). We also aligned the dynamic pattern of viral load for their difference in sex and age, which showed a significantly high level of viral load in elder age among both females and males (both P < 0.001; Supplementary Figure 4), whereas no difference between females and males within each of the evaluate groups (P = 0.493 and P = 0.714; Supplementary Figure 4).



The Sex-Related Immune Responses That Underlie the Clinical Phenotype

All the above clinical data indicated that males were more likely to be affected by aging. To determine the mechanism underlying this phenotype, we made further analyses on the sex differences in levels of blood-cell phenotyping, SFTSV-specific antibodies, cytokines, or chemokines under situation of controlling age. Altogether, 194 survived SFTS patients were randomly selected for the test of blood-cell phenotyping and SFTSV-specific antibodies, with their demography highly comparable with the total recruited patients [median age: 62, IQR: 53–70 vs. 63 (53–71) years old; males: 41.8% vs. 41.3%]. A range of indicators, including B cells, natural killer (NK) cells, CD4 cells percentages, and anti-SFTSV IgM antibody level, were detected using the samples that were collected at the early stage of infection. The comparison between age groups was performed for males and females, respectively, which revealed that males >60 years old had significantly decreased percentages of B cells, CD4 cells, lower anti-SFTSV IgM antibody titer, and increased level of NK cells than those ≤60 years old (all P < 0.05), while none of these age specific differences was observed in the female (Figure 3 and Supplementary Table 8). The comparison between males and females was performed within two age groups, respectively, showing that the level of B cells, CD4 cells, and anti-SFTSV IgM antibody titer in males were lower than females in aged >60 years old, with significance observed for B cells (Figure 3 and Supplementary Table 9). Altogether, 48 survived SFTS patients (median age: 69, IQR: 62–75; 47.9% males) were measured for 24 cytokines and chemokines on samples that were collected at acute phase of infection. The comparison between two age groups revealed that males aged >70 years had significantly decreased levels of IL-6, IL-10, TNF-α, CCL2, CXCL10, MRP8, GM-CSF, and M-CSF than those aged ≤70 years, while for female patients, only G-CSF demonstrated a significantly higher level in the patients aged >70 years (Figure 3 and Supplementary Table 10). Compared to females, significantly lower levels of IL-6, IL-10, CXCL10, GM-CSF, and G-CSF were detected in males among patients aged >70 years (Figure 3 and Supplementary Table 11).
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FIGURE 3. Comparison of cellular immunity (A–C), humoral immunity (D), cytokines, and chemokines (E–M) between age groups stratified by sex. P values were calculated by Wilcoxon rank sum tests. The age groups were classified by median values. For panels (A–D), two age groups were divided by 60 years. For panels (E–M), two age groups were divided by 70 years. For each evaluation, the median value and the 25th to 75th quantiles were shown. Asterisk (*) means statistical significance of P < 0.05 between two age groups.




DISCUSSION

In previous studies, advanced age, male sex, high viral load, and underlying comorbidities have been proven to be independent risk factors for SFTS adverse outcome and high viral load usually observed in the elderly group (Gai et al., 2012; Zhang et al., 2012, 2019; Deng et al., 2013). In the current study, we further confirmed the complicated interaction among age, sex, viral load, and comorbidities in resulting SFTS adverse outcome. Although the probability of death remained higher in males across all age categories, the magnitude of male-to-female relative risk of death increased as getting old. On the other hand, the differential increased risk by age was more pronounced in males. These findings indicated more important role of aging than sex, and males were more likely to be affected by aging. In addition, viral load showed a lethal effect on SFTS patients according to either sex or age groups, suggesting that viral load was an important factor for predicting adverse outcome in all-age groups and both genders.

Further immunological investigation disclosed that male patients had produced lower plasma levels cytokines, along with poor T-cell and B-cell responses and weak humoral immune response among older group than the younger group, which is more prominent than the age effect from females. Accordingly, males are more likely to have a weaker immune response with aging. There is a well-established notion that older age was commonly considered as a proxy for frailty due to the association between increasing age and frailty (manifested as depressed immunity, increased infections and developed chronic diseases). We could postulate that the key differences in the baseline immune capabilities that differed in males and females of older age might underlie the heightened disease vulnerability owing to an increased age in male than in female.

As has been displayed in previous study, the underlying comorbidities had contributed to the increased fatality, with DM, CVH, and COPD exerting the highest effect (Zhang et al., 2019). By performing data dissemination analysis, we revealed that the effect from preexisting comorbidities was modified by sex and age, with greater effect seen from younger age and female gender. These inequities of underlying disease might be due to the small sample size of the subgroups of patients, for example, the very low case number with preexisting TB. It might also be related to the disproportionate effect on risk of death from both age and sex. It is logical to hypothesize that since male and the elderly are at an increased risk of adverse outcome than their counterpart, the effect from underlying comorbidities was diluted to some extent. In the same way, the death-related effect from age was weak in those with comorbidity, as the effect from aging was diluted by comorbidities. Moreover, the disparity between gender or among age groups that might determine the clinical outcome, such as access to health care, help-seeking behaviors, risk behaviors such as smoking and alcohol consumption, and receiving evidence-based treatment against the preexisting comorbidities, wherein all were potential modifiers for the effect on death (Mauvais-Jarvis et al., 2020). For example, patients with preexisting hypertension regularly take calcium channel blockers as anti-hypertensive medications, which demonstrated to be effective in reducing SFTSV replication and improving outcome (Li et al., 2019). The effect from these confounders is difficult to be separated from the mainstream effect from age and gender.

Sex and age are two of the most relevant factors often associated with health, disease severity, and even mortality (Mauvais-Jarvis et al., 2020). In this context, SFTS might deserve more attention to investigate these differences due to the observations of a higher level of complications and case fatality rates among males (Li et al., 2018). Past studies have suggested a more robust ability among females to control infectious agents (vom Steeg and Klein, 2016). The most recent example was from COVID-19. In one recent study focusing on the sex disparity of COVID-19 patients in immunopathogenic phenotypes exhibited by males and females, Takahashi et al. (2020) illustrated sex heterogeneity in the immune responses to SARS-CoV-2, which could provide novel insights into targetable factors that could mitigate disease. In this context of SFTS, we observed that males had higher NK cells, along with a reduced T-cell and B-cell percentages, as well as decreased levels of several cytokines and chemokines among older group than the younger age. On the other hand, females had shown a minor change of these indicators as age increased, since all of these immunological indicators produced in early stage were associated with disease recovery. For example, poor T-cell response was associated with worse disease outcome following SFTSV infection (Liu et al., 2017). As target for SFTSV infection, peripheral B-cell subsets tended to present a more serious dysregulation in fatal patients (Song et al., 2018). The proportion of NK cells was significantly increased in patients with acute phase and severe SFTS compared to convalescent cases and mild SFTS (Sun et al., 2014). Pronounced cytokine and chemokine levels of IL-6, TNF-α, CCL2, CXCL10, MRP8, GM-CSF, and M-CSF may enhance the inflammation and facilitate the clearance of SFTSV (Sun et al., 2012; Hu et al., 2018). IL-10, as an anti-inflammatory cytokine, can mediate control of excessive immune response and balance immunological reactions (O’Garra and Vieira, 2004). In addition, females may produce a higher level of IgM antibody titer at early SFTSV infection, in line with studies indicating higher levels of serum IgM antibody titer in females (Escobar et al., 1979; Gonzalez-Quintela et al., 2008). All these immunological features provided underlying mechanism to explain why females were less age fragile than males, thus lending to a greater part from comorbidities in influencing the outcome.

The study has several limitations. First, the hospital-based surveillance captured data only from SFTS symptomatic patients who sought medical care and the patients mainly came from Henan province, therefore, the conclusion might need further clarification among asymptomatic patients who failed to seek medical care. Second, the possible coinfection with other tick-borne pathogens was not evaluated, which may alter the CFR-related analysis. Third, data on immune response were not available from all recruited patients and healthy population, especially due to the insufficient number of samples from deceased patients, we were not able to analyze the associations between age, sex, and immunological status with mortality or compare with healthy groups. However, the patients selected for the test of blood-cell phenotyping and SFTSV-specific antibodies showed no disparity from all recruited patients, thus representing unbiased patients of the total. Moreover, the limited sample size hindered further stratified analysis to consider the effect from therapy regimens. Therefore, further study based on a larger sample size and after fully considering the therapy effect should be needed.

In conclusion, the sex difference in the risk of fatal outcome in SFTS patients indeed exist, which was modified in a complicated way by age and comorbidities. These associations with disease outcome might be attributed to the sex difference in the magnitude and efficacy of host immune responses induced by SFTSV infection. This knowledge might enable the public to make truly informed choices about their own disease risk and public policy responses that can be specifically targeted. For example, female patients with SFTS, although at a lower risk of mortality than males, might be at a higher increased risk of death due to underlying health conditions. With currently no proven vaccines or antiviral treatments, aggressive treatment strategies should be applied and the treatment of a broad range of comorbidities should be advocated in high-risk patients. Considering these sex differences in the immune response to SFTSV infection, it is essential to take a sex- and age-based approach to the overall treatment and management. Further elucidation of sex differences in the immune response to SFTSV infection that may play a role in determining the outcome has the potential to provide therapeutic insights and contribute to precision medical interventions in the future.
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Supplementary Figure 1 | Kaplan–Meier survival curves for specific comorbidity. P value was calculated using multiple Cox regression model, adjusting for age, sex, and delay from symptom onset to hospital admission. The numbers of patients without comorbidity and with specific comorbidity across days from symptom onset were listed on the below. The blue lines and numbers indicate non-comorbidity. The red lines and numbers indicate specific comorbidity.

Supplementary Figure 2 | Kaplan–Meier survival curves based on age stratification for specific comorbidity. P value was calculated using multiple Cox regression model, adjusting for sex and delay from symptom onset to hospital admission. The numbers of patients age ≤60 years, 60–70 years, and >70 years across days from symptom onset were listed on the below. The blue lines and numbers indicate age ≤60 years, the yellow lines and numbers indicate 60–70 years, and the red lines and numbers indicate >70 years.

Supplementary Figure 3 | Presence of multiple coexisting comorbidities and risk for fatal outcome of SFTS patients stratified by sex (A) or age (B). The numbers of deaths and CFRs of the SFTS patients with multiple coexisting comorbidities were shown to the left of column in panel (A). Multivariate logistic regression model was performed for association between comorbidity and fatality by adjusting age, sex, and delay from symptom onset to hospital admission. Adjusted ORs (aORs) and 95% CIs were presented for multiple coexisting comorbidities. The dots are the aORs and the error bars are the 95% CIs. The red color represents P < 0.05 and the blue color represents P ≥ 0.05. The dotted line indicates an OR of 1.

Supplementary Figure 4 | Kinetics of viral load stratified by sex and age in SFTS patients. P values were calculated by generalized estimating equation model. The adjusted variables were delay from symptom onset to hospital admission and with any one of comorbidity. Viral load was measured as log10 copies/mL. Age groups were classified by median value. The dots and the error bars denote medians and IQRs. P < 0.05 indicates statistically significant.
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The zoonotic disease leptospirosis is caused by pathogenic species of the genus Leptospira. With the advancement of studies in leptospirosis, several new species are being reported. It has always been a query, whether Leptospira species, serovars, and strains isolated from different geographical locations contribute to the difference in the disease presentations and severity. In an epidemiological surveillance study performed in Malaysia, we isolated seven novel intermediate and saprophytic species (Leptospira semungkisensis, Leptospira fletcheri, Leptospira langatensis, Leptospira selangorensis, Leptospira jelokensis, Leptospira perdikensis, Leptospira congkakensis) from environments and three pathogenic species from rodents (Leptospira borgpetersenii strain HP364, Leptospira weilii strain SC295, Leptospira interrogans strain HP358) trapped in human leptospirosis outbreak premises. To evaluate the pathogenic potential of these isolates, we performed an in vivo and in silico virulence analysis. Environmental isolates and strain HP364 did not induce any clinical manifestations in hamsters. Strain SC295 caused inactivity and weight loss with histopathological changes in kidneys, however, all hamsters survived until the end of the experiment. Strain HP358 showed a high virulent phenotype as all infected hamsters died or were moribund within 7 days postinfection. Lungs, liver, and kidneys showed pathological changes with hemorrhage as the main presentation. In silico analysis elucidated the genome size of strain HP358 to be larger than strains HP364 and SC295 and containing virulence genes reported in Leptospira species and a high number of specific putative virulence factors. In conclusion, L. interrogans strain HP358 was highly pathogenic with fatal outcome. The constituent of Leptospira genomes may determine the level of disease severity and that needs further investigations.

Keywords: Leptospira, virulence, in vivo, in silico, hamster, genome


INTRODUCTION

Leptospirosis is a zoonotic disease, with rodents being the main transmitting source. Humans get infected either by direct contact with the animals or indirectly from environments contaminated with animal urine. There are three classes of Leptospira: nonpathogenic, intermediate, and pathogenic. To date, there have been 66 Leptospira species (Masuzawa et al., 2018; Thibeaux et al., 2018; Vincent et al., 2019; Casanovas-Massana et al., 2020) and more than 300 serovars identified. The majority of the non-pathogens and intermediate species come from environments (soil and water), while the pathogens are excreted in the urine of reservoir animals (Levett, 2001; Putz and Nally, 2020). The pathogenic Leptospira species, serovars, and strains are known to cause leptospirosis and contribute to the broad spectrum of the disease presentations (Vinetz, 2001). The pathogenic potential of Leptospira species has been attributed to the presence of genes that encode the virulence phenotype (Fouts et al., 2016). There are unique genetic determinants that influence the pathogenic Leptospira to adhere, invade, disseminate, escape from host defense, and establish systemic infection. These genetic elements may be absent or less expressed in intermediate and nonpathogenic Leptospira. When compared to several other bacteria, pathogenic Leptospira species do not have any typical exotoxin-encoding genes (Ren et al., 2003; Nascimento et al., 2004). Similarly, the lipopolysaccharide in pathogenic Leptospira interrogans has been reported to have lower endotoxic activities than other bacteria (Isogai et al., 1986, 1989; Vinh et al., 1989; Bulach et al., 2000; Adler, 2015). Endostatin-like outer membrane proteins, such as LipL32/53, Lsa21/32/63, LenA, LigA, and LigB (Choy et al., 2007; Stevenson et al., 2007; Atzingen et al., 2008; Hauk et al., 2008; Oliveira et al., 2010; Vieira et al., 2010; Domingos et al., 2015), have been identified to participate in the adherence of pathogenic Leptospira to host cells by binding to fibronectin, laminin, and collagens of extracellular matrix, whereas collagenase (Kassegne et al., 2014), invA (Fraser and Brown, 2017), M16 type of metalloprotease/metallopeptidase (Ren et al., 2003), mammalian cell entry protein, and endoflagellum of pathogenic Leptospira have been reported to contribute to leptospiral invasiveness (Liao et al., 2009; Zhang et al., 2012). The hemolysins (sphingomyelinase-type hemolysins, sphH)—SphH pore-forming protein Sph1-3, HlpA, TlyA, and Loa22—are recognized as the strong inducer of interleukin 1β (IL-1β), IL-6, and tumor necrosis factor α production (Lee et al., 2002; Ristow et al., 2007; Wang et al., 2012; Hsu et al., 2021). The vWA proteins encoded by genes vwa-I and vwa-II have been shown to induce hemorrhage in L. interrogans (Fang et al., 2018). It is believed that there could be more virulent determinants that are yet to be discovered.

With the advancement in genomics, rise in leptospirosis cases, and studies from various geographical locations, more new species and serovars are being reported. It is vital to identify and characterize the circulating species and serovars in every country to understand the epidemiology and pathogenic potential to combat the illness. In an earlier study, we reported seven novel species classified as nonpathogenic isolated from soil and water samples from leptospirosis outbreak areas in Malaysia (Vincent et al., 2019). We also isolated a few pathogenic species such as L. interrogans, Leptospira kirschneri, Leptospira weilii, and Leptospira borgpetersenii from rodents captured in the same areas (Azhari et al., 2018). In a very recent study, we reported L. interrogans and L. kirschneri as the human-infecting Leptospira species in Malaysia (Philip et al., 2020). In the present study, we aimed to evaluate the in vivo virulence of the pathogenic (from rodents) and novel Leptospira species (from environments) in a hamster model and to perform a comparative genomics study to elucidate the virulence characteristics of Leptospira species and identify potential virulence factors.



MATERIALS AND METHODS


Animal Experiments and Ethics Approval

Experiments were conducted following the guidelines of the Code of Practice for the Care and Use of Animals for Scientific Purposes, Universiti Putra Malaysia. Male golden Syrian hamsters purchased from Monash Universiti Malaysia, Bandar Sunway, Selangor, aged between 4 and 6 weeks, were housed individually in cages with sterile sawdust bedding. The animals were fed with their routine food, watered in sterile bottles throughout the study, and were acclimatized for 7 days before infection. All animal procedures carried out in this study were reviewed and approved by the Institutional Animal Care and Use Committee (IACUC), Universiti Putra Malaysia with Animal Use Protocol (AUP) number UPM/IACUC/AUP-R044/2018.



Infection, Monitoring, and Euthanasia of Animals

Upon completion of 7 days of acclimatization, the hamsters were intraperitoneally (IP) injected with 2 × 108 (Matsui et al., 2011) of second passages of leptospires cultures from environmental and animal isolates (Table 1) in 500 μL Ellinghausen, McCullough, Johnson and Harris (EMJH) medium. Control animals were injected (IP) with 500 μL sterile EMJH medium. Four animals were infected with leptospires in each Leptospira species and control. Hamsters injected with environmental isolates were monitored for 14 days, whereas for pathogenic isolates up to 21 days. Those animals that were moribund during the course of study characterized by significant weight loss ≥ 10%, lethargy, gait difficulty, dyspnea, and prostration were anesthetized with 100 mg/kg ketamine and 5 mg/kg xylazine IP injection and euthanized by atlanto-occipital dislocation and dissected after cardiac puncture. All animals that survived until the end of the study were euthanized on days 14 (environmental) and 21 (animal isolates) postinfection (p.i.). Prior to euthanization, blood was collected by cardiac puncture for direct culture in the EMJH medium and for leptospiral DNA detection in the EDTA tube. Approximately 25 mg of lungs, liver, and kidneys were collected in absolute ethanol for leptospiral DNA detection. The remaining part of the organs was preserved in neutral-buffered formalin for histopathology observation.


TABLE 1. List of Leptospira species used in in vivo study.
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Detection of Leptospires in Blood and Organs

DNA from 200 μL of blood and 25 mg of organs was extracted using the DNeasy blood and Tissue kit (Qiagen, Germany) following the manufacturer’s instructions. Detection of lipL32 gene (Stoddard et al., 2009) was performed using the quantitative polymerase chain reaction (PCR) platform on Eppendorf MasterCycler® Realplex. Final reaction for the real-time PCR contained 12.5 μL Quantinova probe PCR kits (2 × concentration), 1 μL of 10 pmol of each primer, 0.5 μL of 10-pmol probe, 5 μL of RNase free water, and 5 μL of DNA extracted from blood or tissue samples in a final volume of 25 μL. The amplification protocol started with 8 min at 95°C, followed by 45 cycles of 95°C for 3 s and 58°C for 15 s, and finished with a cool cycle at 45°C for 90 s. Extracted DNA from a pure culture of L. interrogans strain HP358 and RNase free water were used as positive and negative controls.



Observation of Tissue Damages in the Infected Animals by Histopathology

For each organ, formalin-fixed paraffin-embedded tissue blocks were subjected to hematoxylin and eosin (H&E) stain. Formalin-fixed tissues were embedded in paraffin, cut into thin sections (∼4 mm), and stained with H&E by standard protocol. Tissue damages are recorded as per previously reported criteria (Marinho et al., 2009; Matsui et al., 2011; Villanueva et al., 2014).



Genome Sequencing, de novo Assembly, Phylogenetic Tree, and Annotation

The genomic DNA of L. borgpetersenii strain HP364, L. weilii strain SC295, and L. interrogans strain HP358 was extracted from pure cultures using DNeasy Blood and Tissue kits (Qiagen) according to the manufacturer’s instruction. The DNA library for whole-genome sequencing was prepared using the IGP-NGSP Illumina Library and subsequently sequenced through the Miseq instruments platform. The quality of raw reads of the sequenced genomes was checked using FastQC and preprocessed using BBMap version 38.43 tool (Bushnell et al., 2017). The adapters and reads with less than 50 bp were trimmed based on the phred quality score (below Q30) using BBduk.sh. To avoid bias using reference mapping, de novo genome assembly was performed for all the three species using SPAdes version 3.11.1 (Bankevich et al., 2012).

Single-nucleotide polymorphism (SNP)–based phylogenetic tree was performed for the three pathogenic Leptospira strains described previously (L. borgpetersenii strain HP364, L. weilii strain SC295, and L. interrogans strain HP358) and another 49 Leptospira strains (including the seven Leptospira species from environment isolates used in this study) (Supplementary File 1, Table 1). The whole-genome sequences of the 49 strains were extracted from NCBI GenBank. The core SNP was determined using the kSNP3 package (Gardner et al., 2015). All SNP matrices were aligned using CLUSTALW, and SNP-based phylogenetic tree was performed using the maximum likelihood method in MEGAX (Molecular Evolutionary Genetic Analysis) software (Kumar et al., 2018). The significance of the branching patterns was evaluated through bootstrap analysis of 1,000 replicates.

The generated contigs of L. borgpetersenii strain HP364, L. weilii strain SC295, and L. interrogans strain HP358 were annotated using Rapid Annotation using Subsystem Technology (RAST) server version 2.0 (Aziz et al., 2008). Gene and putative protein-coding sequences of L. borgpetersenii strain HP364, L. weilii strain SC295, and L. interrogans strain HP358 were predicted with the GeneMark program (Besemer et al., 2001).



Pan-Genome Analysis

A total of 30 genomes of Leptospira strains (Supplementary File 1, Table 2) were subjected to pan-genome analysis using Roary V3.11.2 (Page et al., 2015). The input files used were the GFF3 (General Feature Format version 3) format generated from annotated assembly (GeneMark) (L. borgpetersenii strain HP364, L. weilii strain SC295, L. interrogans strain HP358) and GenBank files obtained from the NCBI website (27 strains). For definition of core genes in all strains, the threshold of 99% was used, whereas for sequence comparison between strains, a user-defined percentage sequence identity (default 95%) was performed with BLASTP (Sitto and Battistuzzi, 2020). Using conserved gene neighborhood information, homologous groups containing paralogs were split into groups of true orthologs. The strains were clustered based on gene presence in the accessory genome, weighted by the total and shared genomes. A core-genome phylogenetic tree was constructed using the maximum likelihood method in MEGAX with a bootstrap analysis of 1,000 replicates. The list genes of the three pathogenic species (L. borgpetersenii strain HP364, L. weilii strain SC295, and L. interrogans strain HP358) were extracted from the pan-genome data for comparison of core and specific gene.



Virulence Factor Analysis

A list of known virulence factors in Leptospira species was generated from literature reviews (Murray, 2015; Gomes-Solecki et al., 2017; Picardeau, 2017). The amino acid sequences of these virulence factors were retrieved from UniProt database and were subjected to a BLAST search against the genome of Leptospira species used in the in vivo study and 29 representatives Leptospira genomes using local blast (tblastn) in BlastSation software in the following link.1 Additional five virulence factors with nucleotide sequences were retrieved from NCBI GenBank database and blasted against the genomes of Leptospira using homology blastn method (Altschul et al., 1990). Besides the known virulence factors in Leptospira genome, potential virulence factors from other bacterial species were also investigated in L. borgpetersenii strain HP364, L. weilii strain SC295, and L. interrogans HP358 through ortholog gene identification present in full datasets of virulence factor database (VFDB) (Chen et al., 2016) and Victors database2 (Sayers et al., 2019) with criteria of more than 70% alignment coverage (bit score) and 40% identity (Rost, 1999) using Blastation software.



RESULTS


Clinical Response to Infection

All hamsters infected with Leptospira isolates from environments survived, increased in body weight (Figure 1), and showed no clinical presentations until the animals were euthanized on day 14 (Table 2). Similar to the environment isolates, L. borgpetersenii strain HP364 isolated from rodents also did not show any clinical manifestations in hamsters, and all survived until they were euthanized (21st day). Although the hamsters infected with L. weilii strain SC295 survived until the end of the study, the animals showed mild weight loss and were less active between day 5 and 9 p.i. On the contrary, L. interrogans strain HP358 induced a fatal outcome in infected hamsters. The animals showed loss of appetite and presence of eyes suffusion, were less active, and had difficulty in breathing from day 5 p.i. onward. Two animals died on day 6 and one on day 7 p.i., whereas the remaining one animal was moribund, hence euthanized on day 7 (Figure 2: survival curve).


[image: image]

FIGURE 1. Weight of hamsters. Only hamsters infected with L. weilii strain SC295 and L. interrogans strain HP358 showed weight loss after infections. The dot line (day 8) represents the day in which the hamsters were infected with leptospires. Days 1–8 and 1–21 were the acclimatization and postinfection periods, respectively.



TABLE 2. Clinical manifestations and survival of hamsters infected with Leptospira isolates.
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FIGURE 2. Survival curve. Only L. interrogans strain HP358 caused fatality in infected animals.




Macroscopic and Microscopic Observation of Lungs, Liver, and Kidneys Infected With Leptospira Species

Macroscopically, the lungs, liver, and kidneys of hamsters infected with environmental isolates and L. borgpetersenii strain HP364 showed normal morphology. Animals infected with L. weilii strain SC295 presented normal lungs and liver, whereas the kidneys appeared shrunken. L. interrogans strain HP358 induced changes in the lungs, liver, and kidneys of the infected hamsters. The changes included hemorrhage in the lungs, congestion in the liver, and paleness of kidneys (Figure 3).


[image: image]

FIGURE 3. Gross and microscopic observation of organs in infected and control hamsters. H, hemorrhage; DA, dilated alveoli; HD, hepatic disarray; IC, infiltration on inflammatory cells; DBC, dilated Bowman capsule; DT, dilated tubule; DCT, disarrangement of cells in tubules; DT, dilated tubule; GC, glomerulus congestion. Magnification × 100, bar: 100 μm.


For microscopic analysis, organs (lungs, liver, and kidneys) from control and infected animals proceeded for H&E staining (Figure 3). Animals infected with L. borgpetersenii strain HP364 showed no pathological changes in lungs, liver, and kidneys. In L. weilii strain SC295–infected animals, lungs and liver appeared normal, but in kidneys, the tubules and Bowman capsule were dilated. All three organs in hamsters infected with L. interrogans strain HP358 showed severe damage. Lungs presented with congestion, hemorrhage, and mild dilation of alveoli, whereas in the liver, hepatic chord with ballooning of hepatocyte was observed. In kidneys, congestion and tubular hemorrhage, mild dilation of tubules, and derangement of epithelial cells were observed.



Recovery and Detection of Leptospires in Blood and Organs

Leptospires were not detected in hamsters infected with environmental isolates and L. borgpetersenii strain HP364 (Table 3). For L. weilii strain SC295, leptospires were recovered and detected in kidneys and none from blood or other organs. In L. interrogans strain–infected animals, Leptospira was recovered and detected in blood, lungs, liver, and kidneys. The leptospiral load was high in all organs in hamsters infected with L. interrogans strain HP358 (Table 4).


TABLE 3. Recovery and detection of leptospires in blood and organs.
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TABLE 4. The leptospiral load in organs infected with L. weilii strain SC295 and L. interrogans strain HP358.
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General Genomic Descriptions

The whole-genome size of L. borgpetersenii strain HP364, L. weilii strain SC295, and L. interrogans strain HP358 was determined to be 3,904,517; 4,111,826; and 4,808,724 bp with GC content (40.1, 40.2, and 35.0%) and predicted gene and protein-coding sequences (4,323; 4,691; and 4,733), respectively. The genetic variations based on SNP (Figure 4) confirm that L. borgpetersenii strain HP364, L. weilii strain SC295, and L. interrogans strain HP358 are pathogenic species and clustered among its respective species as established earlier (Azhari et al., 2018; Vincent et al., 2019). The low support value on the separation between the pathogenic and intermediate groups might be due to low samples size, and SNP is based on the genotype analysis. RAST categorized the functions of the coding sequences (CDSs) in strains HP364, SC295, and HP358 into 661 (16%), 648 (15%), and 661 (13%) subsystem coverage containing 946, 903, and 930 CDSs, respectively (Supplementary File 2). Most CDSs in strains HP364, SC295, and HP358 related to amino acids and derivatives (172/946, 161/903, 163/930), cofactors, vitamins, prosthetic groups, pigments (117/946, 99/903, 119/930), protein metabolism (121/946, 108/903, 100/930), motility and chemotaxis (72/946, 72/903, 73/930), and carbohydrates (76/946, 71/903, 64/930) (Figure 5).
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FIGURE 4. Whole-genome core single-nucleotide polymorphisms (core SNPs) phylogeny of Leptospira isolates based on the maximum likelihood method with 1,000 bootstrap replicates.
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FIGURE 5. RAST subsystem annotation in L. borgpetersenii strain HP364, L. weilii strain SC295, and L. interrogans strain HP358.


The range of pan-genome size for all the 30 Leptospira strains used in the pan-genome analysis is 3,352–4,658 (Supplementary File 3, Tables 1, 2). The phylogenetic tree showing the clustering of the strains is shown in Figure 6. The pan-genome analysis performed on three pathogenic Leptospira species presented genome sizes of 3,352; 3,581; and 3,868 for L. borgpetersenii strain HP364, L. weilii strain SC295, and L. interrogans strain HP358. From a total 9,144 genes, 346 were present in the core genome with 95% sequence identity among the species (Figure 7). A list of gene presence and absence from the pan-genome analysis in these three pathogenic species is shown in Supplementary File 3, Table 3.


[image: image]

FIGURE 6. The core-genome phylogenetic tree. The group colored red, blue, and green corresponding to pathogenic, intermediate, and non-pathogenic clades, respectively. Each major branch of tree was supported with very high bootstrap 1,000.
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FIGURE 7. Pan-genome overview. The Venn diagram presents the core genome and the number of genes specific for L. borgpetersenii strain HP364, L. weilii strain SC295, and L. interrogans strain HP358.




Presence of Known Virulence Factors

The basic genome characteristics of Leptospira species and strains used in known virulence analysis are summarized in Supplementary File 4. Among the 38 Leptospira-associated virulence factors, Loa22, FliN, ClpB, HtpG, LipL32, hemolysin B, and hemolysin C were found to be common among the pathogenic Leptospira species and strains with ≥ 90% identity (Supplementary File 5, Table 1). Two (leptospiral endostation-like protein D and thermolysin) and one (leptospiral endostation-like protein D) virulence factors in L. borgpetersenii strain HP364 and L. weilii strain SC295 were found to be less than 40% identity with the L. interrogans species and strains (Table 5). Gene Lsa21 was only detected among the L. interrogans strains. All virulence factors except for LigA-like protein and leptospiral endostatin-like protein F in L. interrogans strain HP358 revealed 97–100% similarity with the other L. interrogans strains. In intermediate and saprophytic Leptospira species, all virulence factors except hemolysin B have ≤ 80% identity and the alignment hit for vwa-I, vwa-II, Lsa21, and invA are not significant. Collagenase, putative lipoprotein (LB194), hypothetical protein (LA2786), LigA-like protein, LipL32, and sphingomyelinase C are not found in some of the intermediate and saprophytic species.


TABLE 5. The presence/absence and percentage of homology of the known virulence factors in each tested strain.
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Potential Putative Virulence Factors

From VFDB database, the genomes of L. borgpetersenii strain HP364, L. weilii strain SC295, and L. interrogans strain HP358 were shown to encode 109, 109, and 110 putative virulence factors, respectively (Supplementary File 5, Tables 2–4). Victors database analysis provided a higher number of predictive virulence factors, with 165, 166, and 161 in L. borgpetersenii strain HP364, L. weilii strain SC295, and L. interrogans strain HP358, respectively (Supplementary File 5, Tables 5–7). Among all the predicted virulence factors, 65 (VFDB) and 128 (Victors) are common in the three Leptospira species (Supplementary File 5, Tables 8–9). The predicted virulence factors in VFDB databases are involved in adherence, metabolic adaptation, endotoxin, invasion, motility, stress protein, immune evasion, antiphagocytosis, secretion system, enzyme, regulation, amino acid, and purine metabolism, colonization, biofilm formation, phase variation, intracellular survival and entry, immunomodulator, structural mimicry, serum resistance, and toxin. The common predictive virulence factors shared between L. borgpetersenii strain HP364 and L. weilii strain SC295 (VFDB: 20, Victors: 18) are higher than in L. borgpetersenii strain HP364/L. interrogans strain HP358 (VFDB and Victors: 8) and L. weilii strain SC295/L. interrogans strain HP358 (VFDB: 8, Victors: 10) (Supplementary File 5, Tables 10–12). Both VFDB and Victors databases revealed the highest number of specific putative virulence factors in L. interrogans strain HP358 genome (VFDB: 29, Victors: 15) (Supplementary File 5, Table 13). In addition to the aforementioned roles/functions, one specific putative virulence factor, sphingomyelinase C (SMase) in L. interrogans HP358, is involved in exoenzyme or membrane damaging. In L. borgpetersenii strain HP364 and L. weilii strain SC295, the numbers of specific putative virulence factors are 16, 16 (VFDB) and 11, 10 (Victors) (Supplementary File 5, Tables 14, 15), respectively. From the pan-genome analysis, a list of genes that were characterized as virulence factors in other bacterial species was identified in L. interrogans HP358 genome. These genes included Lon protease, E3 ubiquitin–protein ligase sspH1, colicin I receptor (cirA), and gluP endotoxin (Rhomboid protease GluP) (Supplementary File 3, Table 3).



DISCUSSION

The diversity of Leptospira species, serogroups, and serovars contributes to the wide variety of clinical presentations of leptospirosis. In this study, we investigated the in vivo (hamster model) virulence potential of Leptospira species isolated from the environments and rodents captured from the leptospirosis outbreak areas in Malaysia. None of the Leptospira species isolated from environments induced illness in hamsters, confirming the molecular characterization of these species as non-pathogens. The three pathogenic Leptospira species showed distinct virulence phenotype characteristics. Although L. borgpetersenii belongs to the pathogenic group of Leptospira, strain HP364 did not induce any clinical signs in hamsters. Reports from studies elsewhere elucidated mixed pathogenic potentials. L. borgpetersenii strain 2014TM FMNH228 isolated from bat (Triaenops menamena) in Madagascar did not induce any clinical signs in hamsters (Cordonin et al., 2019). Two strains of L. borgpetersenii serovar Hardjo, JB197 and 203 isolated from steers in the United States, were able to successfully infect hamsters but differed widely in clinical outcomes; the strain JB197 developed rapidly debilitating disease with a fatal outcome, whereas with the strain 203, although it established chronic renal infections, the hamsters remained asymptomatic (Miller et al., 1991; Zuerner et al., 2012). In other studies, L. borgpetersenii serovar Javanica strain K6 (isolated from rats in the Philippines) and Ballum strain 4E (isolated from Mus musculus in Brazil) induced clinical presentations typical of acute leptospirosis (Silva et al., 2010; Diniz et al., 2011; Villanueva et al., 2014). For hamsters infected with L. weilii strain SC295, animals developed mild symptoms, although damages in the kidney were observed. Similar findings were also reported from China, where L. weilii serovar Heyan (isolated from a patient) exhibited low virulence in guinea pig animal model (Xu et al., 2017).

L. interrogans strain HP358 induced severe illness in hamsters, causing fatality as early as day 6 p.i. This severe presentation was characterized as sudden death in some animals after the onset of clinical presentations. In previous studies performed in hamsters or guinea pig infected with different serovars/strains of L. interrogans, the strain 2013RR GLM983 isolated from Rattus rattus in Western Indian Ocean (Cordonin et al., 2019), serovar Manilae strain K64, Losbanos strain K37 and Ratnapura strain K5 isolated from rats in the Philippines (Villanueva et al., 2014), serovar Icterohaemorrhagiae strain Verdun (Reference Collection of the Institut Pasteur in Paris, France) (Matsui et al., 2011), serovar Icterohaemorrhagiae strain no 1143 (FIOCRUZ laboratory, Brazil) (Marinho et al., 2009), serovar Copenhageni strains RJ15958 and RJ1644 isolated from patients with severe pulmonary form of leptospirosis in Brazil (Nally et al., 2004), serovar Manilae strain UPMMC isolated from human patients with severe leptospirosis in the Philippines (Koizumi and Watanabe, 2003), and serotype Icterohaemorrhagiae strain NADL-H14 (van den Ingh and Hartman, 1986) developed acute leptospirosis and resulted in fatal outcomes. In general, hemorrhages associated with fatality were the main clinical presentations in the hosts infected with L. interrogans in most of the studies.

It was observed from this study that the presence of leptospires in organs contributes to the clinical consequences in host cells. As shown in Table 4, there were differences in the leptospiral colonization and number in animals infected with L. weilii strain SC295 and L. interrogans strain HP358. Leptospires were detected only in the kidney infected with L. weilii strain SC295, which was in accordance with the pathological changes observed in the kidney and none in the lungs and liver. In hamsters infected with L. interrogans strain HP358, leptospires were detected in all organs (lungs, liver, and kidneys), in accordance with the pathological changes in these organs. There were no leptospires detected in animals infected with L. borgpetersenii strain HP364, and thus, no pathological changes were observed in the lungs, liver, and kidneys. Hence, it can be concluded that besides the exacerbated cytokines responses (Cagliero et al., 2018; Senavirathna et al., 2020), the leptospiral dynamics also contribute to the clinical consequences in the host cells as reported in previous studies (Miyahara et al., 2014; Xu et al., 2020).

The differences in the virulence level among the species could be attributed to the wide variety of genes contained in the genome of each Leptospira isolates. The identification and characterization of virulence factors are important for understanding leptospiral pathogenesis, interaction with the host, and developing diagnostics, vaccines, and new drugs. Through RAST analysis, the genomes of the L. borgpetersenii strain HP364, L. weilii strain SC295, and L. interrogans strain HP358 were found to have approximately similar numbers of CDs and subsystems, which include amino acids and derivatives, cofactors, vitamins, prosthetic groups, pigments, protein metabolism, motility and chemotaxis, and carbohydrates. However, as subsystems coverage in RAST is only between 13 and 16% from the whole genomes and as revealed from the pan-genome analysis that these three species share only 346 core genes, there are many more genes that need to be explored and elucidated to understand the determinants of virulence characteristics. Indeed, from the known virulence factor analysis, the nucleotide sequence identity in the genome of L. interrogans strain HP358 differs from L. borgpetersenii strain HP364 and L. weilii strain SC295. Leptospiral endostation-like protein D and thermolysin, which are involved in adherence and invasion of Leptospira, showed less than 40% identity in L. borgpetersenii strain HP364 and L. weilii strain SC295. L. interrogans strain HP358 encodes the Lsa21 gene (absent in L. borgpetersenii strain HP364 and L. weilii strain SC295) and had been reported to induce strong production of proinflammatory cytokines via TLR2 and TLR4 signaling in mouse macrophage (Faisal et al., 2016), and this might also explain the high virulence capability of L. interrogans strain HP358. As expected, most of the known virulence factors showed less than 80% identity in the genomes of intermediate and saprophytic species. Overall, the absence or low similarity of virulence factors among the pathogenic Leptospira species may explain the difference in their capability to cause disease in infected hosts.

From the VFDB and Victors databases, approximately 109–110 and 161–166 genes in the genome of L. borgpetersenii strain HP364, L. weilii strain SC295, and L. interrogans strain HP358 were predicted to share orthologs with the virulence factors in other bacteria species. L. interrogans strain HP358 revealed a higher number of specific putative virulence factors compared to the other two Leptospira species. Besides VFDB and Victors analyses, the absence and presence of genes in pan-genome analysis also revealed that the genome of L. interrogans strain HP358 encodes several genes that are known to be virulence factors in other bacterial species such as Lon protease. The Lon mutants Salmonella, Campylobacter, and Pseudomonas aeruginosa showed less severe infection in various animal models (Takaya et al., 2003; Boddicker and Jones, 2004; Brazas et al., 2007; Cohn et al., 2007; Marr et al., 2007; Breidenstein et al., 2008). Another potential virulence factor is cirA, a gene that encodes the colicin I receptor. CirA mutant Salmonella enteritidis strain C50336 showed a sharp decrease in biofilm formation and impaired antibiotic resistance (Zhang et al., 2020). The genome of L. interrogans strain HP358 also contains sspH1 gene that encodes the E3 ubiquitin–protein ligase SspH1. This protein (also known as effector protein) has been reported to alter the host cell physiology and promote bacterial survival by interfering with the host’s ubiquitination pathway and target the host proteins for proteasomal degradation (Pisano et al., 2018). L. interrogans strain HP358 also encodes the gene gluP, which has been reported as an endotoxin in Helicobacter (Saeb et al., 2014). However, to understand the expression and function of these known virulence genes of other organisms in Leptospira, mutant studies, functional analysis, and expression studies are vital.

L. interrogans strain HP358 induced hemorrhage in hamster model, typical infection by most L. interrogans serovars/strain. Indeed, patients with severe leptospirosis reported in Malaysia had hemorrhagic manifestations. Leptospirosis with pulmonary hemorrhage was observed in patients and returned travelers from Malaysia (Wagenaar et al., 2004; Leung et al., 2011; Nor et al., 2016; Lim et al., 2018). Although the infecting Leptospira species or serovars were not known except for one case caused by serovar Lai: Langkawi (Wagenaar et al., 2004), it showed that the leptospires circulating in Malaysia have the capability to cause severe disease with hemorrhagic manifestations. The known virulence factors in the genome of L. interrogans strain HP358 also share a similar identity with the other two L. interrogans isolates in Malaysia (L. interrogans serovar Batavia strain LepIMR 22 and L. interrogans serovar Icterohaemorrhagiae strain 898). Therefore, it is imperative to perform a detailed study on L. interrogans strains isolated in Malaysia to understand the extent of damages to different organs and the inflammatory response to effectively understand the prognosis of the illness and efficient management.



CONCLUSION

In conclusion, Leptospira species plays an important role in determining the wide clinical presentation of leptospirosis. The new L. interrogans strain HP358 isolate showed a high level of virulence. This strain not only harbors the known virulence genes of Leptospira but also encodes genes known to be virulence factors in other bacteria. Further studies are recommended to confirm the role of these potential virulence factors in the virulence of this strain and in other Leptospira species.
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Coronavirus Disease 2019 (COVID-19) caused by severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) has become a pandemic since March 2020 and led to significant challenges to over 200 countries and regions all over the world. The establishment of highly pathogenic coronavirus animal model is beneficial for the study of vaccines and pathogenic mechanism of the virus. Laboratory mice, Syrian hamsters, Non-human primates and Ferrets have been used to establish animal models of emerging coronavirus infection. Different animal models can reproduce clinical infection symptoms at different levels. Appropriate animal models are of great significance for the pathogenesis of COVID-19 and the research progress related to vaccines. This review aims to introduce the current progress about experimental animal models for SARS-CoV-2, and collectively generalize critical aspects of disease manifestation in humans and increase their usefulness in research into COVID-19 pathogenesis and developing new preventions and treatments.
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INTRODUCTION

Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) is an enveloped positive-strand RNA virus, a member of the β-coronavirus genus, whose envelope spike protein binds to the cell-surface specific receptor angiotensin-converting enzyme 2 (ACE2) to initiate the infection (Zhou P. et al., 2020). SARS-CoV-2 is a recently emerged human pathogen and causes a highly contagious transmittable disease named Coronavirus Disease 2019 (COVID-19). Globally, 1 October 2021, there have been 233,503,524 confirmed infections of COVID-19, including 4,777,503 deaths, reported by the World Health Organization (WHO) (WHO, 2021). The main symptoms of patients are weakness, dry cough, fever, severe dyspnea, and even death (Fu et al., 2020). After the outbreak, researchers across the world rapidly reported a series of studies on SARS-CoV-2 and COVID-19, including the SARS-CoV-2 genome sequence (Harcourt et al., 2020; Zhu et al., 2020), the clinical symptoms of infected patients (Chen et al., 2020; Huang et al., 2020), the corresponding treatment strategies (Jin et al., 2020), and the development of vaccines (Gao et al., 2020; Wang et al., 2020). Nowadays, many clinical trials about vaccine effectiveness are under way around the world, supported by the development of animal infection models. Preclinical studies on different model organisms will not only help to understand the basic characteristics of SARS-CoV-2 virus and its pathogenesis, but also help to better understand and test the safety and effectiveness of therapeutic drugs and vaccines. This review summarized the characteristics of various animal models of SARS-CoV-2 since the outbreak, and analyzed the application scope of different experimental animals (Table 1), so as to provide certain theoretical references for optimizing and selecting animal models of COVID-19 in the future.


TABLE 1. Comparison of features of experimental animals susceptible to SARS-CoV-2.
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MICE MODELS

The laboratory mice are the most common animal used for models of infectious diseases due to their advantages of high adaptation to different environments, low cost, and physiological similarities with humans (Brehm et al., 2010; Walsh et al., 2017). Actually, C57BL/6 and BALB/c mice are not susceptible to SARS-CoV-2, since the main barrier of the infection of mouse (Mus musculus) cells with SARS-CoV-2 is the lack of appropriate receptors for viral entry. It’s known that SARS-CoV-2 utilizes the cellular surface receptor ACE2 to enter host cells, while mouse ACE2 can’t effectively bind the viral spike protein. Currently, several strategies have been developed to solve it.


Non-transgenic Mouse

At present, the main research progress on the mouse model of SARS-CoV-2 infection focuses on the following aspects: (a) Obtain mouse adapted SARS-CoV-2 strain through domestication; (b) Adenovirus (Ad5) or adeno-associated virus (AAV) mediated expression of human ACE2 (hACE2).

Through the adaptive screening of clinical isolates of SARS-CoV-2 by inoculating the virus into mouse specific tissues, the virus can adapt to its specific living environment, and mutate under specific selection pressure, and finally increase the infectivity, so as to achieve the purpose of more conducive to its effective replication. As previously reported, the mice model was induced by intranasal inoculation with clinical isolates of SARS-CoV-2, by continuous passage in the lungs of elderly mice, to get the adaption of SARS-CoV-2 in mice (Gu et al., 2020). Finally, the 6th generation of the mouse adapted strain (MASCP6) increased infectivity in the lungs of mice, resulting in interstitial pneumonia and inflammatory response in both young and elderly mice after intranasal inoculation. MASCP6 infection caused interstitial pneumonia at 3 days after inoculation, and the lung injury at 5 days after inoculation was milder than that at 3 days after inoculation, suggesting a process of self-recovery. The MASCP6 genome contains five mutations in comparison with its original strain, and these mutations resulted in the changes of four amino acid residues in the ORF1ab, S, and N proteins, respectively. The structural reconstruction showed that the substitution of N501Y in the receptor binding domain of S protein increased the binding affinity of S protein to ACE2 in mice. The A23063T mutation led to the substitution of N501Y amino acid in the receptor binding domain of S protein, and the proportion of A23063T mutation gradually increased after the first passage in the mouse lung homogenate. Therefore, the increased virulence of MASCP6 in mice may be due to the rapid occurrence of N501Y in the S protein receptor-binding domain. Additionally, whether three other mutations in addition to N501Y also modulate viral infection remains to be determined. It was worth noting that no visible clinical symptoms and weight loss was recorded throughout the experiment with a relative low dose of MASCP6 challenge. Therefore, it remains to confirm whether a higher dose of MASCP6 will aggravate the lung pathology.

Ad5 or AAV vectors have been widely used in a variety of animal models due to their advantages of wide host-range, fast proliferation rate and no insertion mutation. In the study of COVID-19, Ad5-hACE2-sensitized mice or AAV-hACE2-sensitized mice were used to investigate the pathogenic mechanism of SARS-CoV-2 because of their advantages of fast modeling time and avoiding the influence of traditional gene modification techniques. It had been reported that replication-defective adenoviruses encoding hACE2 were introduced into BALB/c mice via intranasal administration leading to receptor expression in lung tissues. Further experiments found that hACE2-transduced mice were productively infected with SARS-CoV-2, and high lung viral titers, lung pathology, and weight loss were observed (Hassan et al., 2020). Mice sensitized by AAV-hACE2 vector were also susceptible to SARS-CoV-2 infection, but virus replication appeared to be lower than that of mice sensitized by Ad5-hACE2. Notably, delivery of hACE2 by adenovirus transfection infected both normal and immunodeficient mice with SARS-CoV-2 (Sun J. et al., 2020). The virus replicated briefly in the lungs for only a few days, and the immune system could remove the virus in about 7 days. Ad5-hACE2-sensitized mice also contributed to the evaluation of SARS-CoV-2 specific therapy, for example, the transfer of plasma from patients recovering from infection or remdesivir (Sun J. et al., 2020). The results from Ad5-hACE2-sensitized mice indicated that either convalescent plasma from COVID-19 patients or remdesivir could protect mice from SARS-CoV-2 infection (Pruijssers et al., 2020). Above therapies alleviated weight loss, and significantly accelerated viral clearance and reduced inflammatory cell infiltration in lung tissues of mice (Grein et al., 2020). Although Ad5-transduced mice are of broad and immediate utility to explore COVID-19 pathogenesis and to assess novel therapies and vaccines, the model still has some limitations. First of all, Ad5-hACE2-transduced mice did not develop into severity after SARS-CoV-2 infection (Grein et al., 2020). Secondly, the mice also did not develop extrapulmonary manifestations of the disease. However, research into the pathogenesis, particularly of acute respiratory distress syndrome (ARDS), will require the development of infection models that include mild and severe illness.



Golden Syrian Hamster

The golden Syrian hamster had been reported in previous studies to be a widely used animal model that can support the replication of SARS-coronavirus (SARS-CoV) (Sims et al., 2005; Roberts et al., 2008). The SARS-CoV-2 isolates were also able to replicate effectively and caused severe pathological damage in the lungs of Syrian hamsters (Chan et al., 2020), similar to the radiographic features commonly reported in patients with COVID-19 pneumonia.

SARS-CoV-2 strains isolated from nasopharyngeal aspirates and swabs of confirmed COVID-19 patients were cultured in Vero E6 cells and inoculated intranasally in hamsters. It had been reported that conjunctivitis was observed in COVID-19 patients (Lu C.W. et al., 2020). As expected, in addition to viral infection by the nasal route, there was also infection by the intraocular route (Imai et al., 2020). After infection, hamsters showed rapid breathing, weight loss, alveolar damage, and extensive cell apoptosis (Takayama, 2020), which was similar to the development of mild to moderate disease in humans (Struyf et al., 2020). It was worth noting that previous study had shown that virus replication was higher in the upper respiratory tract (turbinate) than in the lower respiratory tract (lung) (Chan et al., 2020). In hamsters infected with SARS-CoV, the viral load in the turbinate was generally similar or lower than that in the lungs (Roberts et al., 2005). These lines of evidence suggest that SARS-CoV-2 infects the upper respiratory tract no less than the lower respiratory tract, which may explain why SARS-CoV-2 is more infectious. However, subsequent studies (Imai et al., 2020) observed that the virus replicated efficiently in the respiratory tracts of both young and older infected animals, with no difference in growth in the upper and lower respiratory tracts. This is worthy of further study. Compared with other mice, golden hamster was more sensitive to SARS-CoV-2, which was suitable for the study of COVID-19. Additionally, because the aerosol pathway can effectively transmit SARS-CoV-2 to immature hamsters (Imai et al., 2020), golden hamster is also of great significance to study the propagation kinetics of COVID-19. Taken together, this cheap and convenient hamster model is an important tool for studying the transmission, pathogenesis, treatment, and vaccine evaluation of SARS-CoV-2.



Transgenic Mice

As mentioned above, mice have been widely used in various studies due to their clear genetic background. However, numerous studies found that wild-type mice (C57BL/6 or BALB/c, etc.) were not susceptible to SARS-CoV-2, and mouse ACE2 (mACE2) could not bind to COVID-19 virus in its natural state (Bao et al., 2020; Dinnon et al., 2020). It was known that hACE2 was a functional receptor of SARS-CoV-2 (Zhou P. et al., 2020). Genetically modified hACE2 mice were demonstrated to be susceptible to SARS-CoV-2. Therefore, a variety of hACE2 mouse models were established on this basis to simulate and explore the pathogenesis and disease recovery after SARS-CoV-2 infection. According to different mouse construction strategies and methods, the current SARS-CoV-2 infected transgenic mouse models can be divided into the following two types: (a) Human host cell SARS virus binding receptors, such as ACE2, were introduced into mice; (b) The related genes were deleted by gene editing technique in mice.

At the earliest, researchers constructed the expression vector of hACE2 gene initiated by mouse ACE2 promoter, and then obtained the hACE2 transgenic mice by microscopic injection. SARS-CoV-2 strain was inoculated nasally into hACE2 transgenic mice to observe the response of viral infection. The results showed that SARS-CoV-2 did not infect wild-type mice, but was susceptible to infect hACE2 transgenic mice. After SARS-CoV-2 was inoculated into hACE2 transgenic mice, significant weight loss and interstitial pneumonia were observed in hACE2 mice, and macrophages were observed to cluster in the alveolar lumen, and a large number of macrophages and lymphocytes were infiltrated into the alveolar stroma (Bao et al., 2020). In addition, it was showed that first infected mice were resistant to high doses of SARS-CoV-2 once they were re-infected (Jiang et al., 2020). It was also reported that SARS-CoV-2 infection successfully induced pneumonia in hACE2 mice, and the pathological features in lung tissues were extremely similar to those of severe patients (Xu Z. et al., 2020).

With the rapid development of CRISPR/Cas9 genome editing technology in recent years, animal models suitable for the study of COVID-19 can be constructed simply by genetic modification of mice. CRISPR/Cas9 knock in technology was used to insert complete hACE2 cDNA into mACE2 gene, resulting in gene insertion inactivation. After that, mACE2 gene could not be expressed normally, while the inserted hACE2 gene was expressed under the regulation of the promoter of mACE2 gene. The hACE2 gene contained IRES site, and tdTomato gene was also inserted into the downstream of hACE2 gene to achieve co-expression, so as to improve mRNA stability and translation efficiency. Therefore, hACE2 transgenic mouse was successfully constructed by injecting Cas9 mRNA, sgRNA and targeted constructs into the fertilized eggs of mice. Compared with wild-type C57BL/6 mice, young and old hACE2 transgenic mice that were nasally infected with SARS-CoV-2 maintained high viral loads in the lungs, trachea, and brain (Sun S.H. et al., 2020). Although no deaths were observed, interstitial pneumonia and elevated cytokines were detected in transgenic mice infected with SARS-CoV-2 (Bao et al., 2020). In addition, the results also showed that intragastric injection of SARS-CoV-2 might also cause infection and lung damage in humanized ACE2 mice.

Taken together, the hACE2 transgenic mice were susceptible to SARS-CoV-2 to different degrees, and infected animals showed the clinical symptoms such as weight loss and lung disease observed in human infections.




NON-HUMAN PRIMATE

Non-human primates are genetically close to humans and possess similar anatomical structures (Colman, 2018). As such, it is often the gold standard for preclinical trials and the final step in the preclinical development of drugs and vaccines. In previous studies on respiratory viruses such as SARS-CoV and Middle East respiratory syndrome coronavirus (MERS-CoV), Non-human primates showed susceptibility. In the study of SARS-CoV-2, Non-human primates also showed susceptibility. Rhesus monkeys, crab monkeys and marmosets had been used as animal infection models of SARS-CoV-2 and simulated clinical symptoms of human infection, including fever, diarrhea and pneumonia, to a certain extent (Le Bras, 2020; Lu S. et al., 2020).


Rhesus Monkey

Rhesus monkeys could be infected with SARS-CoV-2 through intranasal, intratracheal, oral, and binocular inoculations (Rockx et al., 2020; Shan et al., 2020). The gastrointestinal tract had also been documented as an alternative route of SARS-CoV-2 infection in non-human primate models (Jiao et al., 2021). The infected rhesus monkeys developed fever, irregular breathing, loss of appetite, weight loss, pallor, and dehydration. High virus content was detected in nasal, pharyngeal and bronchoalveolar lavage fluid, and pulmonary Computed Tomography (CT) showed obvious osmotic characteristics (Shan et al., 2020). The lungs of most rhesus monkeys presented with pulmonary infiltration, edema, and alveolar congestion, and infected animals reflected the clinical symptoms and respiratory pathology of moderate COVID-19. Clinical symptoms of weight loss and frailties were found in both young and old rhesus monkeys. The viral load was the highest at 3 days after respiratory tract infection in young and old animals. However, viral replication in nasopharyngeal, anal and lung swabs was significantly higher in older rhesus monkeys than that in younger rhesus monkeys, and viral antigens were detected in alveolar epithelial cells and macrophages (Yu P. et al., 2020). Infected rhesus monkeys presented with typical interstitial pneumonia with thickened alveolar septum, inflammation, and edema. In particular, diffuse severe interstitial pneumonia was found in elderly rhesus monkeys, which was similar to the pathologic features of human lungs (Mohanty et al., 2020). It can be speculated that the severity of lung disease after SARS-CoV-2 infection may be related to the age of the animal, which is consistent with the age-related characteristics of SARS-CoV-2 infection in humans. It had been reported that old age was a risk factor for severe illness and death in human infections (Dudley and Lee, 2020; Yang et al., 2020; Zhang et al., 2020).

At present, it is unclear whether patients with confirmed COVID-19 will be reinfected after recovery. In addition to the study of primary infection, a rhesus macaque model of SARS-CoV-2 re-infection was also established to explore the risk of re-infection in recovered patients. Recovered rhesus monkeys were found to be less susceptible to re-infection when re-exposed to SARS-CoV-2 (Chandrashekar et al., 2020; Deng et al., 2020). During the early recovery phase of the initial SARS-CoV-2 infection, rhesus monkeys re-infected with the same SARS-CoV-2 virus strain showed no detectable viral clinical or histopathological findings. Compared with primary infection, the cellular immunity of re-infection showed a significant increase in antibody and immune response (Deng et al., 2020). It is speculated that SARS-CoV-2 elicits a rapid immune response in rhesus monkey after the first attack, thereby protecting the host from re-infection. Severe exposure to SARS-CoV-2 prevented re-infection in rhesus monkeys, which was confirmed in another study (Chandrashekar et al., 2020). But this situation should not be overexplained, as other studies had shown that the titers of neutralizing antibodies were so low as to be undetectable in previously infected patients. The immunological relevance of infection is still unclear, and more research is needed to demonstrate the durability of natural immunity. On this basis, rhesus monkey is helpful to evaluate the efficacy of candidate vaccines and to formulate treatment plans.

It was found that different virus strains and virus infection routes might affect lung diseases through the existing animal model of rhesus monkey, which provided some support for further study of the pathogenesis of the virus. However, rhesus monkey model reported to date have shown only mild to moderate clinical symptoms after SARS-CoV-2 infection, and no severe or even death has been observed (Cao et al., 2020). Therefore, further research is needed to establish and develop rhesus monkey model with severe clinical manifestations of COVID-19.



Cynomolgus Macaques and Callithrix Jacchus

The infection in cynomolgus macaques and Callithrix jacchus differs little from that in rhesus monkeys, where SARS-CoV-2 is usually inoculated into the nasal cavity, mouth or conjunctival (Finch et al., 2020; Rockx et al., 2020; Ishigaki et al., 2021). Cynomolgus macaques infected with SARS-CoV-2 showed significant increase in body temperature, loss of appetite, and weight loss. No cynomolgus macaques showed clinical scores that reached a humane endpoint, therefore, cynomolgus macaques showed mild clinical symptoms. Viral pneumonia and/or bronchopneumonia have been observed in cynomolgus monkeys infected with SARS-CoV-2. Chest radiographs showed ground glass in the lungs, especially in peripheral areas, and SARS-CoV-2 was detected mainly in the nose and mouth of cynomolgus macaques for 1 week (Ishigaki et al., 2021).

SARS-CoV-2 spread in the respiratory tissue of cynomolgus macaques and caused clinical symptoms, suggesting that the crab-eating macaque model may be useful in evaluating vaccination and treatment. In addition, some cynomolgus macaques’ virus excretion was similar to human asymptomatic infection, the virus existed in the upper respiratory tract for a long time, and the viral RNA peak was reached at the early stage of infection. Delayed shedding and low antibody response of the virus in this model might explain the prolonged shedding of the virus and re-infection in human patients (Shi D. et al., 2020). The marmosets infected with SARS-CoV-2 showed no significant increase in body temperature, and only a few showed a slight increase (about 0.5°C) (Rockx et al., 2020). There was slight lung injury when the pathological section of lung tissue was observed. No virus was detected in any tissues of either Jacchus (Lu S. et al., 2020).

Collectively, Rhesus macaques are most sensitive to SARS-CoV-2 infection, which is similar to human infections with virus tissue distribution, lung changes and changes in cytokine and antibody levels, followed by cynomolgus macaques. Callithrix jacchus is least sensitive to SARS-CoV-2 infection (Lu S. et al., 2020). In fact, Rhesus macaque models were more widely used in the evaluation of SARS-CoV-2 vaccines (van Doremalen et al., 2020; Yu J. et al., 2020).



African Green Monkey

African green monkey (AGM) is an ancient non-human primate species and the natural host of Simian immunodeficiency virus (Pandrea et al., 2006). In a series of studies on the physiological and pathological mechanisms of SARS-CoV-2 infection in young male AGM by aerosol or mucosal exposure, COVID-19 disease in young adult male AGM was found to be mild (Hartman et al., 2020), reflecting what often happens in healthy young adults infected with SARS-CoV-2 (Kim G.U. et al., 2020). Infection led to a low-grade fever in young AGMs, and respiratory symptoms were limited to a transient reduction in tidal volume. It was worth noting that all infected animals shed the virus from both respiratory and gastrointestinal tracts (Kim G.U. et al., 2020). Viral RNA was found throughout the respiratory and gastrointestinal systems, with higher levels found in gastrointestinal tissues (Kim G.U. et al., 2020). Young AGM infection model well simulated the status of mild/subclinical COVID-19 disease in humans and provided insight into live virus shedding (Hartman et al., 2020).

But except for mild clinical conditions, SARS-CoV-2 also caused a range of serious illnesses, from asymptomatic infections to life-threatening illnesses, especially in the elderly AGM. ARDS is a common and often fatal condition in COVID-19 patients. Previous studies found that non-human primates were susceptible to SARS-CoV-2 infection and progressed to mild-moderate disease, but none had been able to display severe disease or clinical rapid deterioration in patients with ARDS. Recently, two cases of ARDS in aged AGMs infected with SARS-CoV-2 have been reported (Blair et al., 2021). The pathological lesions and disease in these monkeys were similar to severe human infections. With the challenge of SARS-CoV-2 via two routes (aerosol and multi-routes) in AGM, older AGM developed into ARDS and a significant increase in circulating cytokines was detected. The increase of circulating cytokines was a common phenomenon in severe patients with COVID-19. Previous studies suggest that ARDS is often associated with an increase in circulating inflammatory cytokines, a condition known as cytokine storms (Mangalmurti and Hunter, 2020; Hu et al., 2021). In addition, the plasma level of interleukin (IL)-6, a predictive marker and putative treatment target in SARS-CoV-2 infections, was elevated in infected AGMs. This situation was also shown in another study (Woolsey et al., 2021). Additionally, infected AGM could prevent re-infection after being challenged again within 35 days of exposure (Woolsey et al., 2021). It is speculated that the AGM infection models can be used to analyze the host immune response and study the pathogenesis of COVID-19. From the above studies, we conclude that AGM has the ability to model SARS-CoV-2 infection and elderly AGM is helpful for modeling severe disease manifestations.




MAMMAL MODELS


Ferret

The anatomical proportions of the upper and lower respiratory tracts and the density of submucosal glands in the bronchial wall of ferrets are very similar to the condition of the human respiratory tract. Therefore, ferrets are often used as experimental animal models to study respiratory viruses. In previous studies on SARS-CoV, ferret infection models had been used to evaluate the effectiveness of potential therapeutic effects for SARS (Chu et al., 2008; See et al., 2008; Park et al., 2020), and ferret ACE2 had also been proven to contain key SARS-CoV-binding residues (Wan et al., 2020). Recently, ferret has been selected as the model for SARS-CoV-2 study (Kim Y.I. et al., 2020; Liu et al., 2020; Shi J. et al., 2020). SARS-CoV-2 strain was used to infect ferrets through the nasal route. The physical condition of the ferrets after infection was characterized by a slight increase in body temperature, but no other clinical symptoms, and no serious illness or death. Viral RNA was detected in all ferrets’ turbinate, soft palates and tonsils. SARS-CoV-2 was detected in the upper respiratory tract of all ferrets directly infected for the first time, indicating rapid SARS-CoV-2 infection, consistent with previous human case reports (Guan et al., 2020). Importantly, SARS-CoV-2 was found in nasopharyngeal swabs from all ferrets in direct contact with infected ferrets, as well as from ferrets in adjacent cages, suggesting airborne transmission (Kim Y.I. et al., 2020). Current studies suggest that ferret animal models are naturally susceptible to SARS-CoV-2 (Guan et al., 2020; Kim Y.I. et al., 2020). The infection caused mild clinical symptoms similar to human infections. However, there are still some limitations. This animal model has mild clinical symptoms, no weight loss or even death, and low pulmonary virus titers. It is difficult to study the clinical characteristics of severe and critical patients with COVID-19. Due to the high susceptibility of ferrets, this infection model provides a useful tool for studying the transmission of SARS-CoV-2.



Tree Shrew

Tree shrews, a class of mammals, had been shown to be close to primates in previous studies (Fan et al., 2013, 2019). Therefore, due to its unique characteristics, it is being developed as an emerging experimental animal that may replace primates in biomedical research. In fact, in previous studies, tree shrews had been used in animal models of several viral infections, including, influenza virus (Li et al., 2018), Zika virus (Zhang et al., 2019), etc. Therefore, numerous studies have used tree shrew as an animal infection model to test whether it is susceptible to SARS-CoV-2.

For tree shrew infection experiments, the SARS-CoV-2 strain was usually inoculated by oral, intranasal and intraocular routes (Xu L. et al., 2020; Zhao et al., 2020; Kayesh et al., 2021). After infection, viral RNA was detected in different organs and tissues (e. g. conjunctiva, kidney, bladder, small intestine, testis and ovary) of adult tree shrews, and the peak of viral RNA in lung tissues appeared at day 3 post-infection. Compared with adult tree shrews, viral RNA was only detected in a small number of lung lobes from elderly animals, and the peak of viral RNA appeared at day 7 post-infection. Above results suggest that older tree shrews seem to be less likely to be infected with SARS-CoV-2 than adult tree shrews. It is a sharp departure from previous reports that older people are more susceptible than young individuals (Zhou Z. et al., 2020). Therefore, this observation needs to be studied further. Taken together, above results indicate that tree shrews are sensitive to SARS-CoV-2 infection. However, another previous study observed that tree shrews inoculated with SARS-CoV-2 showed no clinical symptoms except increased body temperature, especially in female animals (Zhao et al., 2020). The histopathological examination of the young animals showed that lung abnormalities were the main changes, while other tissues displayed slight changes. Additionally, the virus exudation and replication levels were relatively low in tree shrews (6–12 months old), adult tree shrews (2–4 years old) and aged tree shrews (5–7 years old). According to the comparison of the two studies (Zhao et al., 2020; Kayesh et al., 2021), the different concentrations of injected virus and the different routes of infection led to above differences, which need further study to clarify. Notably, young tree shrews did not experience a significant increase in body temperature for 6 days after inoculation, but virus shedding was detected from the nose, throat, anus and serum. Therefore, tree shrews were asymptomatic after SARS-CoV-2 infection at young age, suggesting tree shrews might be an intermediate host of SARS-CoV-2 or asymptomatic carriers.



Cat and Dog

Previous studies showed that domestic cats were susceptible to the SARS-CoV and that they could effectively transmit the virus to previously uninfected animals (Martina et al., 2003). Based on the three-dimensional molecular structure prediction model of viral S protein and ACE2 protein complex, SARS-CoV-2 was predicted to identify ACE2 in other animals such as cats, whose ACE2 protein is similar to the key residues of the bound virus (Gaudreault et al., 2020; Wan et al., 2020). By intranasally inoculation, viral RNA was detected in the oracle bone, soft palate, tonsil, lung, and small intestine of domestic cats at day 3 post-infection, suggesting that SARS-CoV-2 can also replicated effectively in cats. Histopathology of cats at day 3 and 6 after infection revealed extensive lesions in the mucosal epithelium of the nose and trachea, and in the lungs. Like ferrets, infected cats showed no obvious clinical symptoms. Notably, SARS-CoV-2 infection was observed in non-inoculated cats in cages with infected cats, suggesting that cats are susceptible to contact transmission route (Halfmann et al., 2020). Fortunately, domestic cats infected with high doses of the virus in the laboratory can only transmit SARS-CoV-2 to other cats, but there is no evidence that domestic cats can infect humans.

Previous studies found that dogs were not susceptible to SARS-CoV-2. Viral titers were performed on oropharyngeal and rectal swabs from dogs and viral RNA was not detected in organs and tissues from infected dogs. In addition, infectious virus was also not detected in any swab taken from these dogs. These results suggest that dogs have a low susceptibility to SARS-CoV-2.



Asiatic Lions

In May 2021, the SARS-CoV-2 strain was found in an Asian lion in a zoo in India. In the early stage of infection, some wild lions showed signs of loss of appetite, runny nose and occasional cough. Two of the infected lions died of COVID-19. After sequence analysis and phylogenetic analysis, the researchers concluded that SARS-CoV-2 is a variant strain of B.1.617.2 (Delta) (Mishra et al., 2021). As the park manager strictly abided by the COVID-19 guidelines and did not introduce any new animals to the zoo during the widespread COVID-19 pandemic in India, it is reasonable to suspect that the main source of the lion’s infection with SARS-CoV-2 may be asymptomatic. Lions share a common habitat, shelter, foraging space and water source, providing opportunities for close contact. Two types of lions exhibited in different enclosures sharing the same moat were also infected. The genetically identical SARS-CoV-2 infections were found in these lions, suggesting that there may be indirect transmission. All in all, the confirmation of natural SARS-CoV-2 Delta variant infections in Asian lions in India proves the urgent need for SARS-CoV-2 surveillance in wild animal species. Since lions are rare animals, they are not suitable for experimental animal models, but the death cases of large mammals may be worthy of further exploration.




COMPARISON OF DIFFERENT ANIMAL MODELS

Generally, mice are more suitable for basic research on the pathogenic mechanism of SARS-CoV-2 infection. Compared with transgenic mice, adenovirus-transduced mice do not require transgene or gene knock-in technology, which can shorten the modeling time and avoid the influence of traditional gene modification technologies. The golden hamster possesses natural susceptibility, and does not require genetic modification and adenovirus transduction, which saves labor and costs. Mice adapting to the SARS-CoV-2 strain through domestication is more economical and applicable than the above several mouse models. Rhesus monkeys have an immune system similar to that of humans, so they will be useful for testing responses to vaccines or drugs. Cynomolgus macaques and Callithrix jacchus can be used to simulate asymptomatic. Old AGM can be used to study ARDS caused by SARS-CoV-2. Non-human primates are the closest to humans, and theoretically they are the most ideal experimental animal models. However, the source of non-human primates is limited, and the costs associated with experiments are extremely high, if necessary, species similar to non-human primates can be used to substitute. Tree shrews, a class of mammals, had been shown to be close to primates in previous studies. No clinical symptoms could be observed in tree shrews after SARS-CoV-2 infection, although the virus shedding was detected from the nose, throat, anus and serum, suggesting that tree shrews may be intermediate hosts or asymptomatic carriers of SARS-CoV-2. Whether tree shrews can replace non-human primates still needs further research. Ferrets and cat can be infected with SARS-CoV-2 with no obvious clinical symptoms, and they are not conventional model organisms, but they can fill the gap in SARS-CoV-2 infection of small mammals.



CONCLUSION AND PERSPECTIVES

Animal infection models have been rapidly mobilized in response to COVID-19 pandemic. Although the existing experimental animals can not completely replicate human disease features, they actually provide useful tools to address the need for greater understanding of COVID-19. The selection of appropriate experimental animal models depends not only on experimental subjects, but also on practical conditions and ethical issues (Table 2). Based on published studies, genetically modified mice or adenoviruses/CRISPR-edited mice, or WT mice infected with mouse-adapted strain will undoubtedly become the most widely used animal models due to their convenience and economy, and success in replicating lung inflammation, histopathology and pneumonia of human infections. Non-human primates are closer to humans and are well suitable to simulate human respiratory virus infections because of their similar respiratory anatomy and immune response to humans compared to other animal species, which can be used to test interventions prior to human treatment. Other wild animals may be useful for studying the route of virus transmission but pose substantial logistical issues. Translation of animal experimental results to humans will enable us to clarify SARS-CoV-2 pathogenesis and develop and test preventions and interventions to combat COVID-19. With regard to the future studies, there is an urgent need for standardizing the challenge-protection model to compare different vaccines, and establishing appropriate models for evaluating the vaccine-associated enhanced respiratory disease potential.


TABLE 2. The main advantages and disadvantages of different animal models of SARS-CoV-2.
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Mitochondria, which is essential for adequate innate immune response, energy metabolism and mitochondria reactive oxygen species (ROS) production, might be in the cross fire of Severe acute respiratory syndrome coronavirus-2 (SARS-CoV-2) and host cell defense. However, little is known about interactions between mitochondria and SARS-CoV-2. We performed fluorescent microscopy and found an enrichment of SARS-CoV-2 replication products double stranded RNA (dsRNA) within mitochondria. The entry process of dsRNA might be mediated by Tom20 as observed by reduced mitochondrial localization of SARS-CoV-2 dsRNA in Tom20 knockdown cells. Importantly, decreased mitochondrial localization of dsRNA, as well as mitochondrial membrane stabilizers mdivi-1 and cyclosporin A, inhibited viral load in cells. Next, we detected mitochondrial dysfunction caused by SARS-CoV-2 infection, including mitochondrial membrane depolarization, mitochondrial permeability transition pore opening and increased ROS release. In response to mitochondrial damage, we observed an increase in expression and mitochondrial accumulation of Pink1 and Parkin proteins, as well as Pink-1-mediated recruitment of P62 to mitochondria, suggesting initiated mitophagy for mitochondrial quality control and virus clearance. Nevertheless, we observed that mitophagy was inhibited and stayed in early stage with an unchanged Hsp60 expression post SARS-CoV-2 infection. This might be one of the anti-autophagy strategies of SARS-CoV-2 and we used co-immunoprecipitation to found that SARS-CoV-2 infection inhibited P62 and LC3 binding which plays a critical role in selective envelopment of substrates into autophagosomes. Our results suggest that mitochondria are closely involved in SARS-CoV-2 replication and mitochondrial homeostasis is disrupted by SARS-CoV-2 in the virus-cell confrontation.

HIGHLIGHTS


-An RNA-GPS study that compared hundreds of SARS-CoV-2 genomes to the human transcriptome predicts the SARS-CoV-2 RNA genome localization in the host mitochondrial matrix.

-However, little is known about the effect of SARS-CoV-2 on mitochondrial homeostasis.

-Here, we demonstrate that mitochondria are closely involved in SARS-CoV-2 replication and Tom20 plays a vital role in the entry of viral RNA into mitochondria.

-Moreover, our study gives insights into the confronting actions between SARS-CoV-2 and host cell defensive activities in mitochondria.

-We demonstrate that SARS-CoV-2 induces mitochondrial damage of mitochondrial membrane depolarization, mitochondrial permeability transition pore opening and increased ROS release.

-Concomitantly, mitophagy is initiated through Pink1/Parkin pathway by host cell for mitochondrial quality control.

-However, SARS-CoV-2 inhibits P62 and LC3 binding which plays a critical role in selective envelopment of mitochondria into autophagosomes.

-The present study increases our understanding of SARS-CoV-2-mitochondria interactions and assists the development of effective interventions targeting mitochondria.
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INTRODUCTION

Coronavirus Disease 2019 emerged in December 2019 and quickly escalated into a global pandemic with more than 124 million confirmed cases by the end of March 2021 [World Health Organization (WHO), 2020; Zhou et al., 2020, December 30]. The causative agent, Severe acute respiratory syndrome coronavirus-2 (SARS-CoV-2), is a positive sense, single strand RNA (+ RNA) virus and belongs to the genus of β coronavirus (Kim et al., 2020; Zhu et al., 2020).

+RNA viruses target on host intracellular membrane structures as sites for RNA synthesis, for example, mitochondria for Flock house virus, lysosome for Semliki forest virus and modified membrane structures from endoplasmic reticulum for Equine arteritis virus and Severe acute respiratory syndrome coronavirus (SARS-CoV) (Salonen et al., 2005; Knoops et al., 2008, 2012; Miller and Krijnse-Locker, 2008). In β coronavirus, including SARS-CoV and mouse hepatitis virus, double membrane vesicles (DMV) originated from ER is the most abundant components of viral replication organelles in host cell for viral RNA synthesis (Gosert et al., 2002; Knoops et al., 2008; Reggiori et al., 2010). Similarly, SARS-CoV-2 induces DMV formation and the replication of SARS-CoV-2 is believed to mainly rely on DMV structures (Wolff et al., 2020). However, little is known if mitochondria are associated with SARS-CoV-2 replication. An RNA-GPS study that compared hundreds of SARS-CoV-2 genomes to the human transcriptome predicts the SARS-CoV-2 RNA genome and sgRNAs to be enriched toward the host mitochondrial matrix and nucleolus (Wu et al., 2020).

Insight into how SARS-CoV-2 interacts with host cell defense machinery represents a significant research topic. Mitochondria, which is essential for adequate innate immune response, energy metabolism and mitochondria reactive oxygen species (ROS) production, might be in the cross fire of SARS-CoV-2 and host cell defense (Burtscher et al., 2020). For host cell defense, autophagy represents a powerful tool against virus in which the double membrane vesicles termed autophagosomes may deliver trapped viral cargos and damaged organelles to lysosome for viral clearance (Kuballa et al., 2012; Choi et al., 2018). In mitophagy, a specific form of autophagy, flawed mitochondria were selectively sequestered into autophagosomes and subsequently degraded in lysosomes for mitochondria quality control (Lemasters, 2005; Ashrafi and Schwarz, 2013). Faced with the ongoing evolutionary arms race, certain viruses, including polioviruses, foot-and-mouth disease virus, SARS-CoV and dengue virus, have adopted various strategies to interrupt, escape or manipulate multiple steps during autophagy and promote viral replication (Dales et al., 1965; Prentice et al., 2004; Miller et al., 2007; Choi et al., 2018; Shojaei et al., 2020). Until now, the interaction of SARS-CoV-2 with cellular autophagy machinery is only beginning to be understood and no studies in SARS-CoV-2-related mitophagy has been reported.

Here, we examined the subcellular localization of double-stranded RNA (dsRNA) intermediates of + RNA virus replication and observed a remarkable enrichment of dsRNA signals colocalization within mitochondria. Next, we detected mitochondrial lesion caused by SARS-CoV-2 infection and the accumulation of DMV structures among the damaged mitochondria, and found the antiviral replication activity of mitochondria membrane stabilizer which can improve mitochondria abnormity. Thus, we demonstrate that the mitochondria are closely involved in SARS-CoV-2 replication. Moreover, we reported a role of mitochondrial outer membrane protein Tom20 in the mitochondrial localization of SARS-CoV-2 RNA. We speculate that the mitochondrial damage caused by SARS-CoV-2 may subsequently activate the classic Pink1/Parkin pathway associated with mitophagy for clearance of and defense against virus. However, despite activated Pink1/Parkin pathway and mitochondrial P62 accumulation that marks damaged mitochondria as substrates of autophagosome, we observed that mitophagy was inhibited and stayed in early stage. This may be one of the anti-autophagy strategies of SARS-CoV-2 and we used co-immunoprecipitation to found that SARS-CoV-2 infection inhibited P62 and LC3 binding which plays a critical role in selective envelopment of substrates into autophagosomes. Our results give new understandings to confronting actions of SARS-CoV-2 and host cell defensive activities in mitochondria.



RESULTS


SARS-CoV-2 dsRNA Localizes in Mitochondria

dsRNA is the intermediate products of + RNA virus replication (Knoops et al., 2008, 2012). To find some clues for the role of mitochondria in SARS-CoV-2 replication, we immunofluorescently stained SARS-CoV-2-infected cells using antibodies specific for dsRNA and the mitochondrial markers, including the mitochondrial matrix protein HSP60 and the outer mitochondrial membrane protein Tom20 (Gupta and Knowlton, 2005). In both Vero E6 and Huh-7 cells, a merge of signals from Hsp60 and dsRNA were observed at 12 h post SARS-CoV-2 infection (Figures 1A,B). Similarly, colocalization of Tom20 and dsRNA was also apparent at 6 and 12 h post infection (Figures 1C,D). We next performed immunoelectron microscopy experiments using Vero E6 cells to further confirm the mitochondrial localization of SARS-CoV-2 dsRNA directly. In mitochondria, small numbers of gold particle of dsRNA signals were visualized at 12 h post infection (Figure 1E), suggesting dsRNA accumulation and possible virus replication in mitochondria.
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FIGURE 1. SARS-CoV-2 dsRNA localizes in mitochondria. (A,B) Vero E6 and Huh-7 cells were fixed and visualized by fluorescence microscopy using antibodies against Hsp60 (red) and dsRNA (green) at 3, 6, and 12 h post infection (h.p.i.). (C,D) Vero E6 and Huh-7 cells were infected with SARS-CoV-2 for 3, 6, and 12 h and visualized by fluorescence microscopy with antibodies recognizing Tom20 (red) and dsRNA (green). (E) Vero E6 cells were visualized by immunoelectron microscopy using antibodies against dsRNA at 12 h post infection. (F) Vero E6 cells were visualized by fluorescence microscopy using antibodies against Calnexin (red), Lamp2b (red) and dsRNA (green) at 12 h post SARS-CoV-2 infection. White scale bars = 5 μm; black scale bars = 500 nm.


Moreover, we evaluated the dsRNA localization in other primary subcellular organelles, including endoplasmic reticulum and lysosomes. No overlapping signals of dsRNA and the endoplasmic reticulum marker Calnexin, as well as dsRNA and the lysosome marker Lamp2b, were observed in Vero E6 cells at 12 h post SARS-CoV-2 infection (Figure 1F).



SARS-CoV-2 Induces Mitochondrial Dysfunction

To examine the effect of SARS-CoV-2 on mitochondrial function, we performed JC-1 staining to detect mitochondrial membrane potential (ΔΨm) on Vero E6 and Huh-7 cells. JC-1 dye aggregates in healthy mitochondria and fluoresces red. Upon the loss of ΔΨm, JC-1 can only exists as monomers and fluoresces green (Koppikar et al., 2010). In Vero E6 and Huh-7 cells, we found that SARS-CoV-2 disrupted the ΔΨm as observed by decrease in the intensity of red fluorescence, as well as increase in JC-1 monomers (green fluorescence) along with time (Figures 2A,B).
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FIGURE 2. SARS-CoV-2 induces mitochondrial dysfunction. (A,B) Vero E6 (A) and Huh-7 cells (B) were stained with JC-1 at 3, 6, and 12 h post infection and visualized by fluorescence microscopy showing mitochondrial membrane depolarization induced by SARS-CoV-2. (C) Vero E6 and Huh-7 cells were stained with TMRM at 3, 6, and 12 h post infection and visualized by fluorescence microscopy showing mitochondrial permeability transition pore (MPTP) opening induced by SARS-CoV-2. (D) Vero E6 and Huh-7 cells were stained with carboxy-H2DCFDA at 3, 6, and 12 h post infection and visualized by fluorescence microscopy showing reactive oxygen species (ROS) induced by SARS-CoV-2. (E) Flow cytometry analysis of ROS in Vero E6 cells infected with SARS-CoV-2 at 12 and 24 h. (F) Vero E6 cells were fixed and visualized by transmission electron microscopy at 24 h post SARS-CoV-2 infection. Black arrow points to mitochondria and black arrow head points to viral replication complexes. White scale bars = 5 μm; black scale bars = 1 μm. *p < 0.05, **p < 0.01.


Depolarization of ΔΨm will lead to the opening of mitochondrial permeability transition pore (MPTP) and the change of mitochondrial permeability. Next, we used TMRM dye to detect MPTP opening. TMRM dye is lipophilic and has strong red fluorescence in the inner membrane of mitochondria. Upon MPTP opening, the dye enters the cytoplasm resulting into decrease in red fluorescence (Javed et al., 2012; Boyman et al., 2019). In accordance with this, the red fluorescence of TMRM gradually decreased at 3, 6, and 12 h after SARS-CoV-2 infection in Vero E6 and Huh-7 cells, suggesting the MPTP opening and the release of mitochondrial contents into the cytoplasm (Figure 2C).

Mitochondrial respiratory chain and mitochondrial lipid peroxidation are two main sources of ROS production in animal cells. Excessive release of ROS leads to oxidative damage and abnormal energy metabolism (Zorov et al., 2014). We used carboxy-H2DCFDA probe which releases green fluorescence in response to esterase oxidation and can reflect ROS levels by fluorescence intensity (Wu and Yotnda, 2011). By fluorescence microscopy, we observed that the cells infected with SARS-CoV-2 exhibited a time dependent increase in green fluorescence compared to mock-infected cells (Figures 2D,E). This indicates increased ROS release caused by SARS-CoV-2 which might be associated with mitochondrial dysfunction.

Next, we visualized mitochondrial morphology by transmission electron microscopy and found mitochondrial swelling and vacuolization at 24 h in SARS-CoV-2-infected Vero E6 cells. In addition, we observed the virus replication complexes of DMV structures around mitochondria (Figure 2F). Taken together, all these results suggested that SARS-CoV-2 induced mitochondrial dysfunction, including the loss of ΔΨm, MPTP opening and increased ROS release.



Mitochondrial Depolarization and Mitochondrial Permeability Transition Pore Opening Promote SARS-CoV-2 Replication

To investigate the role of mitochondria in SARS-CoV-2 replication, we pretreated cells with mitochondrial membrane stabilizer prior to SARS-CoV-2 infection. Mdivi-1, an inhibitor of mitochondrial fission protein dynamin-related protein-1, can mitigate mitochondrial depolarization and improve the morphological abnormality of mitochondria. First, we analyzed the cytotoxic effects of the two inhibitors in Vero E6 and Huh-7 cells, and found that mdivi-1 (5 μM) and cyclosporin A (40 μM) did not affect cell viability (Figure 3A). In both Vero E6 and Huh-7 cells, mdivi-1 (5 μM) reduced SARS-CoV-2 gene copies at 24 and 48 h post infection. Similarly, cyclosporin A (40 μM), a cyclophilin D inhibitor known to restrain MPTP opening, also decreased SARS-CoV-2 viral load (Figures 3B,C). These results indicates that the loss of ΔΨm and MPTP opening are beneficial to SARS-CoV-2 replication.
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FIGURE 3. Mitochondrial depolarization and MPTP opening promote SARS-CoV-2 replication. (A) Mdivi-1 (5 μM) or cyclosporin A (40 μM) were pretreated 2 h before SARS-CoV-2 infection and crystal violet staining was performed at 48 h. Viral load in SARS-CoV-2-infected Vero E6 (B) and Huh-7 cells (C). Mdivi-1 (5 μM) or cyclosporin A (40 μM) were pre-treated 2 h prior to SARS-CoV-2 infection. Data were expressed as mean ± SEM from three independent experiments. *p < 0.05, **p < 0.01.




Tom20 Facilitates SARS-CoV-2 dsRNA Localization in Mitochondria

The mitochondrial outer membrane protein Tom20 is a subunit of Tom complexes and serves as the central entry gate for nuclear-encoded mitochondrial precursor proteins. Additionally, Tom20 is known to interact with the mitochondrial targeting sequence of many mRNA, and its deletion results in decreases in the localization of the mitochondrial targeting sequence-GFP reporter mRNA (Eliyahu et al., 2010; Lesnik et al., 2015). In Vero E6 cells post SARS-CoV-2 infection, the expression of Tom20 increased gradually along with time (Figure 4A). In order to explore whether Tom20 protein is involved in the mitochondrial entry process of SARS-CoV-2 dsRNA, we knocked down the expression of Tom20 protein by siRNA (Figure 4B). TMRM staining showed that Tom20 knockdown improved mitochondrial permeability at 6 and 12 h post SARS-CoV-2 infection (Figure 4C). This may be related to decreased mitochondrial localization of SARS-CoV-2 dsRNA in mitochondrial as observed by reduced overlapping signals from dsRNA and Hsp60 (Figure 4D), indicating a role of Tom20 in facilitating the mitochondrial entry of SARS-CoV-2 dsRNA. Importantly, this mitochondrial localization is associated to SARS-CoV-2 replication and Tom20 knockdown reduced viral load at 48 h post SARS-CoV-2 infection (Figure 4E). Then, after infection of the tom20-silenced cells with the SARS-CoV-2, it was found that the level of viral N protein (nucleocapsid protein) in the mitochondria was significantly reduced (Figure 4F), and the release of ROS was also significantly reduced (Figure 4G).
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FIGURE 4. Tom20 facilitates SARS-CoV-2 dsRNA localization in mitochondria. (A) Western blotting analysis showing Tom20 expression at 3, 6, 12, 24 and 48 h post SARS-CoV-2 infection in Vero E6 cells. (B) Western blotting analysis showing knockdown efficiency of Tom20 siRNA in Vero E6 cells. (C) Vero E6 cells transfected with control or Tom20 siRNA were stained with TMRM at 6 and 12 h post infection showing MPTP opening. (D) Vero E6 cells transfected with control or Tom20 siRNA were visualized by fluorescence microscopy using antibodies against Hsp60 (red) and dsRNA (green) at 12 h post SARS-CoV-2 infection. The amounts of dots with overlapping red and green fluorescence per cell were calculated from at least 30 cells from each group. White scale bars = 5 μm. (E) Viral load at 48 h in Vero E6 cells transfected with control or Tom20 siRNA. (F) Western blotting analysis showing N protein expression at 3, 6, 12, and 24 h post SARS-CoV-2 infection in Vero E6 cells transfected with control or Tom20 siRNA. (G) Vero E6 cells transfected with control or Tom20 siRNA were infected with SARS-CoV-2 to detect cellular reactive oxygen species at 12 and 24 h. Data were expressed as mean ± SEM from three independent experiments. *p < 0.05, **p < 0.01, #p < 0.05, ##p < 0.01.




Mitophagy Is Activated via Pink1/Parkin Pathway in SARS-CoV-2-Infected Cells

In defense against SARS-CoV-2, mitophagy represents a powerful tool in mitochondrial quality control and the clearance of viral dsRNA. To further investigate whether the mitochondrial damage induced by SARS-CoV-2 would subsequently initiate mitophagy, we examined the Pink1/Parkin pathway. Under healthy and steady state, Pink1, a mitochondrial serine/threonine kinase, can be rapidly degraded by ΔΨm-dependent proteolytic enzymes. When mitochondrial damage and depolarization occurs, Pink1 accumulates in the outer membrane of mitochondria and recruits Parkin protein (Ashrafi and Schwarz, 2013; Matsuda et al., 2013). Parkin is a cytoplasmic protein with E3 ubiquitin ligase activity. The polyubiquitination of mitochondrial substrate mediated by Parkin is considered to be an important step in inducing mitophagy (Geisler et al., 2010). In SARS-CoV-2-infected Vero E6 cells, the expression of Pink and Parkin increased gradually along with time (Figure 5A). Additionally, by immunofluorescence microscopy, we observed a significant increase in a merge of signals from Hsp60 and Pink1, as well as Hsp60 and Parkin, in SARS-CoV-2 infected Vero E6 cells at 12 h compared to mock-infected cells (Figures 5B,C). These results indicate the activation of Pink1/Parkin pathway and accumulation of Pink1 and Parkin protein in mitochondria by SARS-CoV-2 infection.
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FIGURE 5. Mitophagy is activated via Pink1/Parkin pathway in SARS-CoV-2-infected cells. (A) Western blotting analysis showing Pink1 and Parkin expression at 3, 6, 12, 24, 48, and 72 h post SARS-CoV-2 infection in Vero E6 cells. (B) Vero E6 cells were mock- or SARS-CoV-2-infected for 12 h and visualized by fluorescence microscopy with antibodies recognizing Hsp60 (red) and Pink1 (green). (C) Vero E6 cells were visualized by fluorescence microscopy using antibodies against Hsp60 (red) and Parkin (green) at 12 h post mock or SARS-CoV-2 infection. (D) Vero E6 cells were transfected with control or Pink1 siRNA and visualized by fluorescence microscopy using antibodies against Hsp60 (red) and Parkin (green) at 12 h post mock or SARS-CoV-2 infection. (E) Western blotting analysis showing knockdown efficiency of Tom20 siRNA in Vero E6 cells. The amounts of dots with overlapping red and green fluorescence per cell were calculated from at least 30 cells from each group. White scale bars = 5 μm. Data were expressed as mean ± SEM from three independent experiments. *p < 0.05, ***p < 0.001.


Parkin mediates polyubiquitination of mitochondrial substrates which can be recognized by the ubiquitin adaptor protein P62. The recruitment of p62 to mitochondria labeled damaged mitochondria as a selective autophagy substrate (Geisler et al., 2010). In Vero E6 cells, the accumulation of P62 to mitochondria by SARS-CoV-2 infection was confirmed as observed by a substantial increase in the overlapping signals from Hsp60 and P62 (Figure 5D). Next, to explore whether the mitochondrial recruitment of P62 is mediated by Pink1/Parkin pathway, we knocked down the expression of Pink1 protein by siRNA (Figure 5E). In SARS-CoV-2-infected cells, we found decreased mitochondrial localization of P62 by Pink1 knock down (Figure 5D). Taken together, these results suggest the activation of Pink1-Parkin-P62 pathway known for mitophagy in SASRS-CoV-2 infected cells.



SARS-CoV-2 Restrains Mitophagy via Inhibiting P62 and LC3 Binding

Although autophagy aims at clearance, in an ongoing arm race, viruses have evolved the potent strategy to escape and inhibit autophagy for their benefit (Choi et al., 2018; Mao et al., 2019). To further investigate whether SARS-CoV-2 interferes with host cell mitophagy, we examined Hsp60 expression to reflect mitochondrial number. In Vero E6 cells, the abundance of Hsp60 remains constant post SARS-CoV-2 infection, indicative of unimplemented mitochondrial clearance (Figure 6A).
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FIGURE 6. SARS-CoV-2 restrains mitophagy via inhibiting P62 and LC3 binding. (A) Western blotting analysis showing Hsp60 expression at 3, 6, 12, 24, and 48 h post SARS-CoV-2 infection in Vero E6 cells. (B) Vero E6 cells were visualized by fluorescence microscopy using antibodies against Hsp60 (red) and LC3 (green) or Lamp2b (green) at 12 h post SARS-CoV-2 infection. White scale bars = 50 μm. (C) Co-immunoprecipitation assays showing levels of LC3 precipitated by P62 in Vero E6 cells at 12 h post mock or SARS-CoV-2 infection.


In mitophagy, flawed mitochondria were selectively sequestered into autophagosomes and subsequently degraded in lysosomes for mitochondria quality control (Lemasters, 2005; Ashrafi and Schwarz, 2013). We next performed immunofluorescent staining using antibodies against Hsp60, LC3 and Lamp2b, to explore the different stages in SARS-CoV-2-induced mitophagy. No apparent overlapping signals of Hsp60 and the autophagosome marker LC3, as well as Hsp60 and Lamp2b, were observed in Vero E6 cells at 12 h post SARS-CoV-2 infection (Figure 6B). These results suggesting that the flawed mitochondria after SARS-CoV-2 infection were not encapsulated by autophagosomes, as well as subsequently transported into lysosomes.

Finally, in order to find out the way in which SARS-CoV-2 inhibits mitophagy, we detected the binding ability of p62 to LC3 protein by immunoprecipitation. P62 contains many functional domains, of which UBA domain can bind to ubiquitinated substrate, while LIR domain can bind to LC3 protein, which provides a link for autophagosomes to selectively encapsulate ubiquitinated substrates (Ashrafi and Schwarz, 2013). We found that the binding ability of p62 to LC3 protein in Vero E6 cells decreased at 12 h post SARS-CoV-2 infection (Figure 6C), suggesting that SARS-CoV-2 hindered the binding of p62 to LC3 protein, thus inhibiting the p62-labeled mitochondria to be encapsulated by autophagosomes.




DISCUSSION

In this article, we present a model that SARS-CoV-2 infection disrupts mitochondrial homeostasis for their benefits (Figure 7). As the intermedium products of viral replication, the existence of SARS-CoV-2 dsRNA in mitochondria might be the match that set off these abnormities (Figure 1). This subcellular localization of SARS-CoV-2 dsRNA is consistent with a previous RNA-GPS study predicting the SARS-CoV-2 RNA genome and sgRNAs to be enriched toward the host mitochondrial matrix and nucleolus (Wu et al., 2020). Nevertheless, we do not know whether the dsRNA originates in mitochondria from SARS-CoV-2 replication, or comes from outside the mitochondria, such as DMV known as the site where β coronavirus replicates. To elucidate this, further studies are needed to examine if viral replication enzymes or viral particles exist in mitochondria. Importantly, the mitochondrial membrane stabilizer mdivi-1 (5 μM) and cyclosporin A (40 μM) reduced viral load at 24 and 48 h post SARS-CoV-2 infection (Figure 3), indicating a close relationship between SARS-CoV-2 replication and mitochondrial homeostasis. In transportation of SARS-CoV-2 RNA into mitochondria, Tom20 may play a pivotal role. Knockdown of Tom20 decreases mitochondrial damage caused by SARS-CoV-2, mitochondrial localization of dsRNA, and viral replication (Figure 4). These results are in line with previous studies, showing the deletion of Tom20 significantly reduced the association of many mRNAs with the mitochondria (Eliyahu et al., 2010; Lesnik et al., 2015).
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FIGURE 7. Schematic representation showing SARS-CoV-2-induced disruption of mitochondrial homeostasis. Upon infection, SARS-CoV-2 releases single strand RNA known to replicate in DMV structures. Tom20 facilitates the entry process of viral RNA into mitochondria, resulting in mitochondrial dysfunction, including the loss of ΔΨm, MPTP opening and increased ROS release. Concomitantly, mitophagy is initiated through Pink1/Parkin pathway by host cell for mitochondrial quality control and virus clearance. However, SARS-CoV-2 hinders the binding of p62 to LC3 protein, thus inhibiting the p62-labeled mitochondria to be encapsulated by autophagosomes. Mitophagy stays in the early stage. This figure is created with BioRender.com.


In this context, mitochondrial dysfunction occurs. We observed the loss of ΔΨm, MPTP opening and increased ROS release along with time post SARS-CoV-2 infection (Figure 2). In response to mitochondrial damage, mitophagy was triggered by host cell through Pink1/Parkin pathway in order to maintain mitochondrial homeostasis and degrade viral RNA (Figure 5). However, SARS-CoV-2 hinders this process by inhibiting the binding of p62 to LC3 protein (Figure 6). Importantly, future studies are needed to elucidate the mechanisms by which SARS-CoV-2 restrains P62 and LC3 binding, and if a certain viral protein is responsible for this process.

In summary, the present study indicates an important role of Tom20 in the mitochondrial localization of SARS-CoV-2 RNA. Mitochondria might be closely associated with SARS-CoV-2 replication and in the cross fire of SARS-CoV-2 and host cell defense. SARS-CoV-2 causes mitochondrial dysfunction, and by inhibiting the binding of p62 and LC3, the virus blocks mitophagy that aims at mitochondrial quality control. This study will increase our understandings of the interaction between SARS-CoV-2 and the host cell, and assist the development of effective interventions targeting mitochondria.



MATERIALS AND METHODS


Cell Lines, Viruses and Chemicals

African green monkey kidney cell Vero E6 (ATCC, CRL-1586) and human hepatocarcinoma cell Huh-7 (JCRB, 0403) were maintained in Dulbecco’s modified Eagle medium (DMEM) containing 10% fetal bovine serum (FBS), supplemented with 50 U ml–1 of penicillin and 50 μg ml–1 of streptomycin.

The SARS-CoV-2 strain BetaCoV/Beijing/IME-BJ01/2020 was originally isolated by CFQ’s laboratory as described previously (Gordon et al., 2020; Shang et al., 2021a,b). SARS-CoV-2 stocks were propagated and titered on Vero E6 cells. All work with live virus was performed in ABSL-3 in Changchun Veterinary Research Institute. In our experiments, cells were infected with SARS-CoV-2 at a MOI of 0.008.

Mdivi-1 (HY-15886) and cyclosporin A (HY-B0579) were purchased from MedChemExpress (New Jersey, United States).



Antibodies

The rabbit or mouse antibodies against GAPDH (5174), Hsp60 (12165), Calnexin (2679) and LC3 (83506) were obtained from Cell Signaling Technology (Danvers, MA, United States). The rabbit antibody against LC3 (L8918) was obtained from Sigma-Aldrich. The rabbit antibody against Tom20 (ab186735) and Anti-SARS-CoV-2 nucleocapsid protein antibody (ab271180) were purchased from Abcam (Cambridge, United Kingdom). The rabbit or mouse antibodies against Pink1 (23274-1-AP), Parkin (66674-1-Ig), HSP60 (66041-1-Ig), Lamp2b (27823-1-AP or 66301-1-Ig) and P62 (66184-1-Ig) were obtained from Proteintech (Chicago, United States). The mouse anti-dsRNA (10010200) antibody was obtained from SCICONS (Szirák, Hungary). The Alexa Fluor® 647-conjugated anti-mouse secondary antibody (4410), Alexa Fluor® 488-conjugated anti-rabbit secondary antibody (4412) and horseradish peroxidase (HRP)–conjugated secondary antibodies (7074 or 7076) were purchased from Cell Signaling Technology. The FITC-conjugated anti-mouse secondary antibody (A0568) and Cy3-conjugated anti-rabbit antibody were purchased from Beyotime Biotechnology (Shanghai, China). The10-nm colloidal gold-conjugated secondary antibodies (G7777) was purchased from Sigma-Aldrich.



siRNA Transfection

The control siRNA (sc-37007), siRNA against Tom20 (sc-36691) and siRNA against Pink1 (sc-44598) were purchased from Santa Cruz Biotechnology (California, United States). Twenty-four hours after seeding, the Vero E6 cells were transfected with 50 nM of siRNA using Lipofectamine™ RNAiMAX reagent (Thermo Fisher Scientific, 13778150) and experiments were conducted 48 h post transfection.



Immunofluorescence Analysis

SARS-CoV-2-infected Vero E6 or Huh-7 cells were cultured for an indicated time on coverslips. Then, cells were fixed with 4% paraformaldehyde for 1 h and blocked with 0.3% Triton X-100 and 5% Bovine Serum Albumin (BSA) for 1 h. After washing for three times with PBS, specific primary antibodies were added and incubated overnight at 4°C. Cells were then washed and incubated with the anti-rabbit or anti-mouse fluorescent secondary antibodies for 1 h. Images were captured using a fluorescence microscope (Olympus BX43).



Immunoelectron Microscopy

SARS-CoV-2-infected Vero E6 cells were fixed with ice-cold 4% paraformaldehyde containing 0.5% glutaraldehyde for 4 h. The fixed cells were washed with PBS for three times and passed through the following procedures: agarose solidification, dehydrate, resin penetration, embedding and polymerization. The blocks were cut to 70–80 nm ultrathin sections and immunolabeled with anti-dsRNA antibodies on the nickel grids, followed by incubation with 10-nm colloidal gold-conjugated goat anti-mouse antibodies. Images were captured under a transmission electron microscope (TEM).



Analysis of Mitochondrial Function

Mitochondrial membrane potential (ΔΨm) was detected by JC-1 staining. Vero E6 and Huh-7 cells were seeded on coverslips at a density of 1 × 105 cells/well in 12-well plates. Mock- or SARS-CoV-2-infected Vero E6 and Huh-7 cells were cultured for an indicated time. At 3, 6, and 12 h post infection, cells were washed with PBS for three times. 10 μg/ml JC-1 fluorescent dye (Sigma Aldrich, T4069) was added and incubated for 15 min. Images were captured by fluorescence microscopy.

Mitochondria permeability transition pore (MPTP) opening was assessed by the tetramethylrhodamine methyl ester (TMRM) probe (Sigma Aldrich; T5428). At 3, 6, and 12 h post infection, Vero E6 and Huh-7 cells were washed with PBS for three times. 300 nM TMRM was added and incubated for 15 min. Images were captured by fluorescence microscopy.

Reactive Oxygen Species (ROS) release was detected by the carboxy-H2DCFDA probe (Invitrogen, I36007). At 3, 6, and 12 h post infection, Vero E6 and Huh-7 cells were washed with PBS for three times. 25 μM carboxy-H2DCFDA working solution were added and incubated for 30 min. Cells were then returned to pre-warmed growth medium and incubate at 37°C for another 1 h. Images were captured by fluorescence microscopy. After the above steps, flow cytometry can also be performed to observe the changes in ROS levels.



Crystal Violet Staining

Vero E6 cells were seed to a 6-well plate and cultured for 24 h. Then the SARS-CoV-2 infection was performed. After 48 h, the supernatant was discarded, and washed with PBS for three times. The crystal violet staining solution was added 600 μL to each well, and the cells were stained for 10 min at room temperature. Finally, the cells were washed with PBS for three times, and images were captured for analysis.



Transmission Electron Microscope

Vero E6 cells were mock-infected or SARS-CoV-2-infected for 24 h and then fixed with 2.5% glutaraldehyde. Areas containing cells were block mounted and sliced. Ultrathin sections were contrasted with uranyl acetate and lead hydroxide, and subsequently viewed under a TEM (Hitachi, HT7800).



Immunoblotting Analysis

Cells were seeded in 6-well plates and infected with SARS-CoV-2 after incubation for 24 h. At various time points as indicated, cells were collected, lysed and protein concentration was determined by BCA protein assay kit (Beyotime, P0010). After mixed with loading buffer and boiled for denaturing, equal amounts (30 μg) of proteins were electrophoresed, transferred into a membrane and then incubated overnight at 4°C with specific primary antibodies. After further incubation with HRP-conjugated secondary antibodies, the specific bands were visualized with the Pierce ECL Immunoblotting Substrate (Thermo Fisher Scientific, 32106) using the Amersham Imager 600 system. In siRNA gene silencing experiments, cells were collected without SARS-CoV-2 infection and subjected to the immunoblotting procedure described above.



Real-Time Quantitative PCR Analysis

Vero E6 cells were seeded in 12-well plates at a density of 2 × 105 cells/well. After SARS-CoV-2 infection, cells were incubated for an indicated time. Viral RNA in supernatant was isolated with the QIAamp Viral RNA Kit (Qiagen, 52906) following the manufacturer’s instructions. Virus copies were then detected by RT-qPCR methods with the HiScript II One Step RT-qPCR SYBR Green Kit (Vazyme Biotech, Nanjing, China) using an ABI 7500 real time PCR system (Applied Biosystems, CA, United States). The protocol for RT-qPCR was as follows: 50°C for 15 min, 95°C for 30 s, followed by 45 cycles at 95°C for 10 s and 63°C for 35 s. The specific primers used to detect the SARS-CoV-2 N gene were as follows: Forward: 5′-GGGGAACTTCTCCTGCTAGAAT-3′; Reverse: 5′-CAGACATTTTGCTCTCAAGCT-3′. The sequence of Taqman probe was as follows: 5′-FAM-TTGCTGCTGCTTGACAGATT-TAMRA-3′.



Co-immunoprecipitation Assays

Mock- or SARS-CoV-2-infected Vero E6 cells were cultured for 12 h. At least 2 × 107 cells were collected, lysed and protein concentration was determined by BCA protein assay kit (Beyotime, P0010). Some samples were denatured and subjected to immunoblotting procedure for input experiments. The rest of the samples were incubated with anti-P62 or IgG for 4 h at 4°C, followed by incubation with protein A-agarose for another 2 h at 4°C. The bound proteins were eluted with 1 × SDS loading buffer, denatured and analyzed by immunoblotting with anti-LC3 antibodies.



Statistical Analysis

Statistical significance was determined using GraphPad Prism, Version 8.0 (GraphPad Software, San Diego, CA, United States). Data were presented as mean ± SEM in all experiments and analyzed with t test. p < 0.05 was considered statistically significant.
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Salmonella type III secretion system (T3SS) effector SseK3 is a glycosyltransferase delivered directly into the host cells to modify host protein substrates, thus manipulating host cellular signal transduction. Here, we identify and characterize the Arg-GlcNAcylation activity of SseK3 inside bacterial cells. Combining Arg-GlcNAc protein immunoprecipitation and mass spectrometry, we found that 60 bacterial proteins were GlcNAcylated during Salmonella infection, especially the two-component signal transduction system regulatory protein PhoP. Moreover, the Arg-GlcNAcylation of PhoP by SseK3 was detected in vivo and in vitro, and four arginine residues, Arg65, Arg66, Arg118, and Arg215 were identified as the GlcNAcylation sites. Site-directed mutagenesis showed that the PhoP R215A change significantly reduced the DNA-binding ability and arginine to alanine change at all four sites (PhoP 4RA) completely eliminated the DNA-binding ability, suggesting that Arg215 is essential for the DNA-binding activity of PhoP and GlcNAcylation of PhoP affects this activity. Additionally, GlcNAcylation of PhoP negatively regulated the activity of PhoP and decreased the expression of its downstream genes. Overall, our work provides an example of the intra-bacterial activities of the T3SS effectors and increases our understanding of endogenous Arg-GlcNAcylation.
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INTRODUCTION

Salmonella, a Gram-negative bacterium, can cause a broad range of food-borne diseases, including gastroenteritis, enteric fever, and bacteremia in a large range of mammalian hosts (Bell et al., 2005). Salmonella enterica serovar Typhimurium (S. Typhimurium) encodes two specific type III secretion systems (T3SSs) within Salmonella pathogenicity islands 1 and 2 (SPI-1 and SPI-2) that display functions during infection (Hansen-Wester and Hensel, 2001). The effectors of the SPI-1 T3SS can cause a ruffle of the intestinal epithelial cell membrane to engulf the bacteria, which resembles the process of phagocytosis (Takaya et al., 2003). After Salmonella infecting the host cells, the bacterial cells remain within a modified phagosome called the Salmonella-containing vacuole (SCV), in which they will survive and replicate with nutrient limitations (Dandekar et al., 2014). However, S. Typhimurium has evolved a large amount of regulatory circuits that facilitate them to adapt to the nutrient-limited environment. One important regulatory system is the PhoQ/PhoP two-component signal transduction system, which is essential for Salmonella virulence (Groisman, 2001).

Arginine glycosylation is a newly identified post-translational modification. It is unusual because it glycosylates a poor nucleophile arginine (Li et al., 2013; Pearson et al., 2013). A conserved family of SPI-2 effectors named SseK in Salmonella and NleB in both Escherichia coli and Citrobacter rodentium have been reported. These effectors show novel arginine glycosyltransferase activity that modifies the target proteins by attaching N-acetyl glucosamine (GlcNAc) on specific arginine residues (Li et al., 2013; Pearson et al., 2013; Luo et al., 2015; Park et al., 2018; Ding et al., 2019; Araujo-Garrido et al., 2020; Pan et al., 2020). Crystal structure study reveals that NleB, SseK1, SseK3 belong to the GT-A family glycosyltransferase (Esposito et al., 2018; Park et al., 2018; Ding et al., 2019; Araujo-Garrido et al., 2020; Pan et al., 2020). Multiple host protein substrates for the NleB/SseK orthologs have been described. TRADD, FADD, RIPK1, HIF-1α, and GAPDH are reported to be the host targets for EPEC NleB (Gao et al., 2013; Li et al., 2013; El Qaidi et al., 2017; Gunster et al., 2017; Scott et al., 2017; Ding et al., 2019; Newson et al., 2019; Xue et al., 2020a; Garcia-Garcia et al., 2021). We and other groups have reported TRADD is a in vivo substrate of NleB and SseK1. Arg-GlcNAcylation on TRADD by NleB and SseK1 is crucial for bacterial pathogenesis (Newson et al., 2019; Xue et al., 2020a). SseK3 was also found to affect bacterial virulence by modifying signaling receptors TNFR1, TRAILR, and phylogenetically related Rab GTPases (Newson et al., 2019; Gan et al., 2020; Meng et al., 2020; Xue et al., 2020a). In addition to glycosylating host proteins, NleB, SseK1, and SseK3 could also glycosylate themselves (Park et al., 2018; Newson et al., 2019; Xue et al., 2020b; Garcia-Garcia et al., 2021). However, most of these researches have focused on proteins related to the host immune response.

Multiple other studies have highlighted the Arg-GlcNAcylation of bacterial proteins, and the functional of such glycosylation are still unclear (Scott et al., 2017; Newson et al., 2019). Two recent studies have revealed that intra-bacterial Arg-glycosylation contributes to bacterial survival (El Qaidi et al., 2020, 2021). Yet, there is little systematic research on Arg-GlcNAcylated proteins within S. Typhimurium. Therefore, in this study we used mass spectrometry to identify a series of intra-bacterial proteins with Arg-GlcNAcylation. The results showed that Salmonella SseK extensively glycosylated proteins during Salmonella infection. Particularly, SseK3 glycosylates the two-component regulatory system PhoP on Arg65, Arg66, Arg118, and Arg215. Mutation of Arg215 abolished the DNA-binding activity of PhoP, and GlcNAcylation of PhoP affected this activity. Besides, GlcNAcylation of PhoP affects the expression of its downstream-regulated genes. Therefore, SseK3 glycosylates a two-component regulatory system protein PhoP, thus inhibiting the activity of PhoP with a negative feedback regulation. These findings also provide new perspectives for understanding the post-translational modification of PhoP.



MATERIALS AND METHODS


Bacterial Strains and Plasmids Construction

Bacterial strains and plasmids used in this study were listed in Supplementary Table 1. Wild-type phoP, as well as its derivatives, were cloned into a modified pTrc99a vector (in which the C-terminal multiple cloning sites were replaced with 1x Flag sequence) and pET28a vector. For complementation in S. Typhimurium ΔsseK1/2/3, sseK1, sseK2, and sseK3, together with their upstream promoter regions, were inserted into the pET28a vector as described previously (Meng et al., 2020; Xue et al., 2020b). Furthermore, sseK3 was also inserted into the pGEX-6P-2 vector for protein expression in E. coli. All point mutations were generated by overlap PCR. All plasmids were verified by Sanger DNA sequencing.



Bacterial Growth Assays

The overnight bacterial culture of Salmonella was diluted by 1:20 in 50 mL LB medium or LPM medium with pH 5.8 as described previously (Coombes et al., 2004). Cultures were grown at 37°C, shaking at 220 rpm with the following antibiotics: kanamycin (50 μg/mL) (1758-9316, INALCO), ampicillin (100 μg/mL) (17589314, INALCO), streptomycin (50 μg/mL) (1758-9319, INALCO), and monitored by an automated plate reader.



Antibodies and Reagents

The anti-GlcNAc arginine antibody (ab195033, Abcam) was described previously (Pan et al., 2014). Antibodies for Flag M2 (F2426) and DnaK 8E2/2 (ab69617) were purchased from Sigma and Abcam, respectively. Unless otherwise mentioned, the cell culture products were purchased from Invitrogen, and all other reagents were Sigma-Aldrich products.



Cell Culture

293T cells obtained from the American Type Culture Collection (ATCC) were grown in Dulbecco’s Modified Eagle’s Medium (DMEM) (HyClone) supplemented with 10% fetal bovine serum (FBS), 2 mM L-glutamine, 100 U/mL penicillin, and 100 μg/mL streptomycin. For the infection experiment, the media does not contain any antibiotics. Cells were cultivated in a humidified atmosphere containing 5% CO2 at 37°C.



Infection Experiment and Isolation of Intracellular Bacteria

The method was performed as described previously (Meng et al., 2020; Xue et al., 2020b). Briefly, 293T cells were seeded to 10 cm dishes at a concentration of 5 × 106 cells per dish 1 day before infection. WT and mutant Salmonella strains were inoculated into 10 mL LB medium containing appropriate antibiotic and incubated overnight (∼12 h). The bacterial culture was then subcultured (1:33) in LB without antibiotics for another 3 h. Bacterial inoculates were diluted in serum-free and antibiotics-free DMEM, and infection was performed at a multiplicity of infection (MOI) of 20 at 37°C, 5% CO2 for 30 min. At the endpoint of infection, extracellular bacteria were removed by extensive washing with pre-warmed phosphate-buffered saline (PBS), and culture media was replaced with media containing 100 μg/mL gentamicin for a further 1.5 h. Culture media was finally replaced with media containing 20 μg/mL gentamicin for 12–14 h.

The isolation of intracellular bacteria was conducted according to the protocol of Liu et al. (2012). After the infection, cells were lysed in a buffer containing 0.5% Triton X-100, 20 mM Tris–HCl (pH 7.6) and 150 mM NaCl. The sample was first pelleted at 300 g for 5 min to remove host cell nuclei, and then the post-nuclear supernatant was centrifuged again at 3,000 g for 20 min. The resulting bacterial pellets were washed extensively with RIPA buffer to minimize host-protein contamination.



Recombinant Protein Expression

Protein expression was induced overnight in S. Typhimurium SL1344 strain at 22°C or in E. coli BL21 (DE3) at 16°C with 0.4 mM Isopropyl β -D-1-Thiogalactopyranoside (IPTG) after OD600 reached 0.8–1.0. The cells were collected by centrifugation at 4,000 g for 20 min and lysed by sonication. The lysates were centrifuged twice at 12,000 rpm at 4°C for 30 min to remove insoluble cell fragments. According to the corresponding methods, the supernatants of Flag tag proteins, 6x His tag proteins, and GST tag proteins were purified with Flag M2 beads, Ni-NTA agarose (GE Healthcare), and glutathione sepharose (GE Healthcare), respectively (Li et al., 2013). For GlcNAcylated-PhoP, His-PhoP was co-expressed with GST-SseK3 in E. coli BL21 (DE3) and purified with Ni-NTA agarose (GE Healthcare) as mentioned above. The protein concentration was examined by SDS-PAGE with BSA standards, followed by Coomassie Blue staining.



Immunoprecipitation

The immunoprecipitation assay of Flag M2 beads and Protein A/G plus Agarose beads (Santa Cruz, CA, United States) was performed according to the manufacturer’s instruction. Briefly, aliquots of 20 μL of Flag M2 beads were washed twice with 0.2 mL immunoprecipitation buffer (50 mM Tris–HCl, 150 mM NaCl, pH 7.6), then mixed with the remaining soluble protein fraction (∼10 mg/mL) and incubated at 4°C. After 4-h incubation, beads were washed three times with Buffer C (50 mM Tris–HCl, 150 mM NaCl, 0.5% Triton X-100, pH 7.6). Bound protein was eluted by 1x SDS sample buffer at 95°C for 20 min, followed by standard immunoblotting analysis. All the immunoprecipitation assays were performed more than three times, and representative results were shown in the figures.

For Arginine-GlcNAcylated proteins enrichment, bacteria were lysed by sonication in immunoprecipitation buffer, supplemented with a protease inhibitor mixture (Roche Molecular Biochemicals). The supernatants were mixed with anti-Arg-GlcNAc antibody beads and incubated at 4°C for 8 h. The beads were washed three times with Buffer C and the immunoprecipitates were eluted by SDS sample buffer at 95°C for 20 min. Input and eluted samples were electrophoresed by standard immunoblotting analysis.



Gene Expression Data Collection and Analysis

Strains information and RNA-seq expression data were collected from Gene Expression Omnibus (GEO) database1,2. Using fastp to trim reads to remove low-quality reads and adapter sequences, and using STAR (2.7.0c) to map to Salmonella reference genome (accession numbers: NC_016857.1 and NC_016810.1) (Dobin et al., 2013; Chen et al., 2018). FeatureCounts (v1.6) was used to calculate the reads numbers mapped to each gene (Yang et al., 2014). Transcripts per million (TPM) was used to draw a heat map.



Mass Spectrometry Analysis of Tryptic Peptide

To determine the exact Arg-GlcNAcylation site of Salmonella endogenous proteins, the immunoprecipitates were separated by SDS-PAGE and subjected to in-gel trypsin digestion. The final peptide samples were analyzed by the Q Exactive Plus mass spectrometer equipped with nanoflow reversed-phase liquid chromatography (EASY nLC 1200, Thermo Scientific). EASY nLC 1200 was fitted with a Thermo Scientific Acclaim PepMap nano-trap column (C18, 5 μm, 100 Å, 100 μm × 2 cm), a Thermo Scientific EASY-Spray column (PepMap RSLC, C18, 2 μm, 100 Å, 50 μm × 15 cm), and run at 300 nL/min with the following mobile phases (A: 0.1% formic acid; B: 80% acetonitrile/0.1% formic acid). The liquid chromatography separation was carried out with the following gradient: 0∼3% B for 4 min, 3∼28% B for 30 min, 28∼80% B for 2 min, 80% B for 4 min, 80∼100% B for 5 min. Eluted peptides were electro sprayed directly into the mass spectrometer for MS and MS/MS analysis in a data-dependent acquisition mode. One full MS scan (350–1500 m/z) was acquired, then immediately the 10 ions with the highest intensity were selected for MS/MS analysis by high-energy collisional dissociation (HCD) fragmentation. Dynamic exclusion was set with a repeat duration of 24 s and exclusion duration of 12 s. In-source collision-induced dissociation (CID) was set to 0 and normalized collision energy (NCE) was set to 27%.



Mass Spectrometry Data Analysis

Mass spectrometry proteomics raw data were collected from PRIDE (identifier PXD010769), integrated proteome resources (iProX) (identifier IPX0001304001), and our lab. Identification of proteins and Arg-glycosylated peptides was accomplished using Proteome Discoverer™ 2.2 with HT-Sequest. Searches were performed against Salmonella Typhimurium SL1344 (UniProt proteome id UP000008963) proteomes database with carbamidomethylation of cysteine set as a fixed modification and the variable modifications of oxidation of methionine, HexNAc (Arg-GlcNAc, Ser-GlcNAc, Thr-GlcNAc, Asn-GlcNAc), and acetylation of protein N-termini. The precursor mass tolerance was set to 10 ppm with a False Discovery Rate (FDR) of 1% for protein and peptide filter. KEGG and Gene Ontology (GO) enrichment analysis were annotated by KAAS3, and UniProt4 and plots were performed using clusterProfiler in R (Yu et al., 2012).



In vitro GlcNAcylation Assay

In vitro GlcNAcylation assay was performed as described previously (Meng et al., 2020). Forty microliters reaction mixtures, including 5 μg PhoP protein or its mutants, 1 μg GST-SseK3, 1 mM UDP-GlcNAc, 2 mM MnCl2, 20 mM HEPES pH 7.5, and 150 mM NaCl were incubated at 37°C for 2 h. Reactions were terminated by boiling at 95°C for 5 min in SDS-PAGE sample buffer, followed by 10% SDS-PAGE and subjected to western blot analysis.



Electrophoretic Mobility Shift Assay

The electrophoretic mobility shift assays (EMSAs) was performed as described previously (Su et al., 2021). Briefly, EMSAs were performed using the purified PhoP or its variants and DNA probe 6′FAM labeled phoP promoter. DNA probe was amplified from Salmonella Typhimurium SL1334 genomic. The probe (1 nM) was mixed with various amounts of proteins in 20 mL of EMSA binding buffer (25 mM Tris–HCl, 50 mM KCl, 5 mM MgCl2, 0.5 mM EDTA, and 10% glycerol, pH 8.0). After incubation at room temperature for 30 min, the samples were analyzed by 5% non-denaturing polyacrylamide gel electrophoresis at 4°C. The gels were photographed by using a gel imaging system (Fujifilm FLA7000). The assay was repeated at least three times, and a representative result was shown.



qRT-PCR

qRT-PCR was performed with the SYBR Green I RNA-to-CT2-step kit (Vazyme) according to the manufacturer’s instructions and a CFX96 Touch real-time PCR detection system (Bio-Rad). The gyrB mRNA or 16s rRNA was served as Salmonella reference transcripts. Fold changes in expression were determined using the 2–ΔΔCt method (Ye et al., 2011). Primer sequences are given in Supplementary Table 2, and their specificities have been confirmed using Primer-BLAST (NCBI).



Structure Homology Models

The server SWISS-MODEL was used to create structural homology models (Template PDB ID: 4s04). All structure files were evaluated by PROBITY5. All structure figures were prepared in PyMOL (Schrödinger, LLC) and Discovery Studio 2019.



Statistical Analysis

All the results are presented as mean ± SD from at least three independent experiments. Statistical analysis was performed using two-tailed Student’s t-test and indicated as follows: *P < 0.05, **P < 0.01, ***P < 0.001, n.s., not significant. The KEGG and GO enrichment analysis were employed by Hypergeometric statistical test, and the Benjamini and Hochberg FDR multiple testing correction.



In-Gel Trypsin Digestion

Samples were separated by SDS-PAGE, visualized with Coomassie G-250 or by ProteoSilverä PlusSilver Stain Kit (SIGMA, United States) according to protocol instructions. Bands were excised and destained in 50% acetonitrile (ACN) and 50 mM NH4HCO3 solution with shaking at room temperature. Destained samples were washed with the buffer containing 300 μL 100% ACN, and the buffer was removed after 10 min incubation, following by vacuum-drying for at least 10 min. Dehydrated samples were then incubated with the reducing buffer containing 300 μL DTT solution (10 mM DTT in 50 mM NH4HCO3) at 56°C. For 1-h incubation, the reducing buffer was removed and the reduced samples were washed with 100% ACN to remove residual DTT, following by vacuum-drying for at least 10 min. Reduced samples were subsequently alkylated with 60 mM Iodoacetamide (IAM) in 50 mM NH4HCO3 in the dark for 30 min at room temperature. Alkylated samples were hydrated with 100% ACN for 10 min incubation. Reduced and alkylated samples were then digested with enough trypsin for 16 h at 37°C. Trypsin was removed and the digested peptides were collected by extraction buffer (100% ACN, 0.1% FA). Peptides were desalted using C18 stage tips and dried by concentrator at 60°C and analyzed by a Q Exactive Plus mass spectrometer.




RESULTS


Activation of Salmonella SPI-2 Genes sseK1/2/3 in LPM Media Increased the Level of Bacterial Endogenous Arg-GlcNAcylation

Salmonella SPI-2 genes play a central role in bacterial replication and survival in macrophages. Acidic, low-phosphate, low-magnesium medium (LPM) can simulate the growth conditions of Salmonella in SCV (Kroger et al., 2013; Westermann et al., 2019). To evaluate the expression of Salmonella SPI-2 genes in LPM, we reanalyzed Salmonella transcriptomes in the Gene Expression Omnibus (GEO) public repository. We found that SPI-2 genes were indeed upregulated under LPM condition, indicating that low Mg2+ and acidic pH can activate SPI-2 genes including sseK1/2/3 gene family (Figure 1A and Supplementary Table 3). Furthermore, unlike SPI-2 genes spvB, spcC, and spcD, sseK1/2/3 were expressed in the early exponential phase and stationary phase of LB medium according to the RNA-seq results (Supplementary Table 3). Therefore, for further detecting the expression of sseK1/2/3 in Salmonella, the designated Salmonella SL1334 strain was grown in LB or LPM media to an OD600 of 2.0, and the total RNA was extracted and served as the template for qRT-PCR measurements. Comparing with culturing in LB medium, sseK1/2/3 gene expression were upregulated in LPM medium. Especially for sseK3, it was significantly activated in LPM medium with about 80-fold changes (Figure 1B). Subsequently, we analyzed the GlcNAcylation of the whole cell lysates by western blot. The results showed that activation of sseK1/2/3 increased the levels of Arg-GlcNAcylation and caused more endogenous Arg-GlcNAcylation of Salmonella (Figure 1C). Taken together, these results suggested that LPM media induced Salmonella SPI-2 genes expression, especially sseK1/2/3, thus increasing the levels of bacterial endogenous Arg-GlcNAcylation.
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FIGURE 1. A bunch of endogenous proteins within Salmonella could be arginine-GlcNAcylated in the LPM medium. (A) Heat map analysis of Salmonella transcriptomes under different culture conditions in the GEO database. (B) Detection of sseK1/2/3 in Salmonella lysates by qRT-PCR. The indicated Salmonella strains were grown in LB or LPM to an OD600 of 2.0 and total RNA was extracted and served as the template for qRT-PCR measurements. The stably expressed gyrB mRNA was used as an internal reference. Values are means (bars) ± standard deviations (SD) (error bars) from six biological replicate experiments. ***P < 0.001. (C) Western blot analysis of the Arg-GlcNAcylation level of the whole cell lysates. The wild type Salmonella strain SL1344 was grown in LB or in LPM medium to an OD600 of 2.0 (early stationary phase). Bacteria were harvested and samples were prepared, followed by standard immunoblotting analysis with the indicated antibodies. Data in (B,C) are from at least three independent experiments.




Mass Spectrometry Analysis Determined the Two-Component Regulatory System Protein PhoP Is a GlcNAcylated Protein During Salmonella Infection

To identify the bacterial endogenous arginine GlcNAcylated proteins in vivo, we used a modified protocol to isolate enough intracellular bacteria from 293T cells during the infection and perform Arg-GlcNAcylated proteins enrichment for further LC-MS/MS analysis (Liu et al., 2012; Figure 2A). Arg-GlcNAcylation was observed in all biological replicates of wild type Salmonella infection, whereas no Arg-GlcNAcylation was detected in negative control ΔsseK1/2/3 deletion mutant strain (Figure 2B). And our western blot result showed a strong Arg-GlcNAcylation in immunoprecipitation pellet from the intracellular bacteria (Figure 2B). In the combination analysis of S. Typhimurium SL1344 proteome database, more than 60 Arg-GlcNAcylated proteins had been identified (Supplementary Figure 1 and Supplementary Table 4). Then we performed GO and KEGG enrichment analysis to assign functional categories to the modified proteins, and found that about 30% of identified proteins are related to the two-component system pathway and signal transduction pathway, indicating that Arg-GlcNAcylation might play a significant role in bacterial signal transduction (Figure 2C and Supplementary Tables 5, 6). Interestingly, upon tandem MS (MS/MS) analysis of Newson’s study and our results, two peptides of two-component regulatory system protein PhoP protein had a mass shift of 203.079 Da (Newson et al., 2019). By MS/MS analysis, the modification sites were mapped to Arg118 and Arg215, respectively (Figures 2D,E). These findings suggested that PhoP was a GlcNAcylated protein.
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FIGURE 2. Mass spectrometry analysis determined the two-component regulatory system protein PhoP was a GlcNAcylated protein during Salmonella infection. (A) Schematic diagram of the preparation of bacterial proteins under simulated infection conditions, Arg-GlcNAcylated proteins enrichment, and computation analysis of Arg-GlcNAcylated peptides. The infected 293T cells were lysed by 0.5% Triton X-100 and intracellular bacteria were separated by gradient centrifugation. Bacterial proteins were obtained after sonication for subsequent enrichment of glycosylated modified proteins. Protein A/G beads were mixed with anti-Arg-GlcNAc antibody for 6–8 h, followed by incubating the bacterial protein for 8 h. All the proteins were eluted by SDS sample buffer, separated on SDS-PAGE, and digested with trypsin into peptides for further LC-MS/MS analysis. All the Tandem Mass Spectrometry raw data combined with public Salmonella proteomic database were analyzed by Proteome Discoverer and annotated via KEGG and Gene Ontology. This figure was created with biorender.com. (B) Anti-Arg-GlcNAc immunoprecipitations of the intracellular WT Salmonella lysate from the infected 293T cells. Bacterial proteins were subjected to anti-Arg-GlcNAc immunoprecipitation and immunoblotting with the corresponding antibodies. Anti-DnaK detection was used as a loading control. (C) KEGG analysis of Arg-GlcNAcylated proteins detected by mass spectrometry. The top 10 enrichment pathways are shown in the rainbow bubble chart. The Rich factor is the ratio of the number of Arg-GlcNAcylated protein annotated in this pathway term to all gene numbers annotated in this pathway term. The size of the circle represents the number of modified proteins and the color represents different P-values. (D,E) Mass spectrum of the PhoP Arg215 and Arg118 peptides. The fragmentation patterns of the generated ions were exhibited along the peptide sequence on top of the spectrum. Data in (B–E) are from at least three independent experiments.




SseK3 GlcNAcylated PhoP on Arg65/66/118/215

Considering that SseK1 and SseK3 are the arginine-specific glycosyltransferases, we tested whether SseK1 or SseK3 glycosylated PhoP or both. Thus, we electrotransformed the pTrc99a-PhoP vector containing the C-terminal Flag tag in the corresponding wild-type Salmonella or lacking each possible combination of SseK1, SseK2, and SseK3 to generate the indicated derivative strains. We affinity-purified Flag-tagged PhoP during Salmonella growth in the LPM medium. Immunoblotting showed that only strains expressed SseK3 could modify PhoP, while no GlcNAcylation was detected in the ΔsseK2/3 and ΔsseK1/2/3 mutants, suggesting that SseK3 catalyzed the GlcNAcylation of PhoP (Figure 3A). And in vitro GlcNAcylation assay demonstrated this result, which was consistent with previous finding (Newson et al., 2019; Figure 3B and Supplementary Figure 2A). However, the single mutation of Arg118 and Arg215 or double mutations of these two sites in PhoP cannot completely eliminate the modification of PhoP by SseK3, suggesting that SseK3-mediated GlcNAcylation of PhoP occurred on additional arginine residues (Figure 3C and Supplementary Figure 2B). To determine the GlcNAcylation sites, the recombinant PhoP protein on the background of Arg118/215Ala mutation was co-expressed with SseK3 in E. coli BL21 (DE3) strain. Purified proteins were analyzed on the mass spectrometer. The result indicated that Arg65 and Arg66 are the other two GlcNAcylation modification sites (Supplementary Figure 3). Then we replaced the arginine residues by alanine residues to generate PhoP (4RA) (PhoPR65/66/118/215A) and the GlcNAcylation activity was measured with an anti-Arg-GlcNAc antibody in the western blot assay. The results showed that the PhoP (4RA) mutants completely abolished the arginine-GlcNAcylation signal, indicating that the Arg65/66/118/215 in PhoP were the bona fide modification sites (Figure 3C). Multiple sequence alignment of PhoP in several bacteria, including S. enterica, E. coli, Shigella flexneri, C. rodentium, Yersinia pestis, and Pseudomonas aeruginosa, revealed that Arg65, Arg118, and Arg215 are all conserved (Supplementary Figure 4). The modification sites were then shown in structures (Figure 3D). Although the predicted structure shows that Arg118 was located within the dimerization region, PhoP Arg118Ala mutant protein displayed the same elution profile as the wild type PhoP protein in size exclusion chromatography, indicating that Arg118 might not be a key amino acid residue for dimerization (Figure 3E and Supplementary Figure 5). Arg215 was located in the DNA-binding motif, which might regulate the PhoP transcription activity (Figure 3F). Therefore, modification of these residues might influence PhoP structure and consequently, regulate the activity of PhoP.
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FIGURE 3. SseK3 modified the two-component regulatory system protein PhoP. (A) In vivo modification of PhoP. Indicated Salmonella strains were grown in the LPM media. Bacteria lysates were collected and were subjected to SDS-PAGE, followed by immunoblotting analyses as shown. (B) In vitro Arg-GlcNAcylation of PhoP by SseK3. PhoP and GST-SseK3 were purified from E. coli. (C) In vitro Arg-GlcNAcylation of PhoP and site-directed mutants by SseK3. (D–F) Simulation of the structure of Salmonella PhoP. The GlcNAcylation arginine residues are shown. The structure of Salmonella PhoP was built via SWISS-MODEL (template Protein Data Bank ID code 4s04) and refined in PyMOL. Data in (A–C) are from at least three independent experiments.




GlcNAcylation of PhoP Affected Its DNA-Binding Activity

PhoP-mediated transcription relies on its binding to PhoP boxes within the promoters of target genes (Lejona et al., 2003; Minagawa et al., 2003). Considering that PhoP can be modified by SseK3, we speculated that GlcNAcylation of PhoP may affect its DNA-binding activity. First, we determined the effects of the above-mentioned four amino acids on PhoP DNA-binding ability. The electrophoretic mobility shift assay (EMSA) was conducted by incubating these proteins with the phoP promoter. Results showed that PhoPR65A, PhoPR66A, and PhoPR118A had a similar DNA-binding activity with wild-type PhoP, while the PhoPR215A significantly reduced the DNA-binding ability. Meanwhile, the PhoP 4RA completely eliminate the DNA-binding ability, suggesting that Arg215 is essential for the DNA-binding activity of PhoP, which was consistent with the location (Figure 4A). Subsequently, we purified GlcNAcylated-PhoP in bacteria. First, we quantified the amount of glycosylation of the modified peptide, which showed Arg215 had the highest modification ratio whether the samples being digested by trypsin (52.1%) or by Glu-C/Lys-C (7.5%) (Supplementary Figures 6, 7). Then we applied it for DNA-binding assays. The results revealed that, comparing with non-GlcNAcylated-PhoP, the GlcNAcylated-PhoP weakened the DNA-binding activity, indicating that GlcNAcylation of PhoP might affect its activity by modifying Arg215 site (Figures 4B,C).
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FIGURE 4. PhoP GlcNAcylation affected its DNA-binding activity. (A) DNA binding ability of PhoP variants by EMSA. The indicated amounts of PhoP and its mutants were incubated with PhoP promoter, and then the samples were analyzed by EMSA. (B) DNA-binding ability of GlcNAcylated-PhoP. GlcNAcylated-PhoP was purified from His-PhoP co-expressed with pGEX-6P-2-SseK3 in E. coli BL21 (DE3). (C) Statistical analysis of (B). The percentage of bound DNA was calculated by comparing unbound DNA of 30, 60, 120, and 240 pMol with 0 pMol, respectively. *P < 0.05, **P < 0.01. Data in (A–C) are from at least three independent experiments.




GlcNAcylation of PhoP Decreased the Expression of Its Downstream Genes

So far, we have demonstrated the importance of Arg-GlcNAcylation in regulating the DNA-binding activity of PhoP, then we want to investigate whether the GlcNAcylation of PhoP is physiologically relevant. We quantified and detected the transcription level of phoQ/phoP and downstream-regulated genes, including pmrD, mgtC, and ssrB during the exponential phase. Four corresponding Salmonella strains and mutants were used. The wild-type strain (WT) and the complementary strain (pSseK3) can express SseK3. The complementary strain (pSseK3-DxD) is an enzymatic inactive mutant. While the ΔsseK1/2/3 deletion mutant strain does not express SseK3. The qRT-PCR results showed that the two-component regulatory system gene phoQ and phoP displayed no obvious difference among these four strains, indicating that GlcNAcylation in Salmonella does not promote the expression level of phoP at early stage of bacterial growth (Figure 5A). However, the downstream genes pmrD, mgtC, and ssrB were significantly decreased in the strains expressing SseK3 (WT and pSseK3) (Figure 5B). This result suggested that GlcNAcylation of PhoP decreased the expression of its downstream-regulated genes.
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FIGURE 5. GlcNAcylation of PhoP decreased the expression of its downstream genes. (A,B) Expression levels of phoP, phoQ, pmrD, ssrB, and mgtC in LPM medium. The indicated Salmonella strains were grown in the LB and LPM medium to an OD600 at 0.6. Total RNA was extracted and served as the template for qRT-PCR measurements. The stably expressed gyrB mRNA was used as an internal reference. Values are means (bars) ± standard deviations (SD) (error bars) from six biological replicate experiments. *P < 0.05, **P < 0.01, ***P < 0.001, ns, not statistically significant. (C) The working model of SseK3-mediated PhoP GlcNAcylation. The autophosphorylation of kinase sensor PhoQ leads to the phosphorylation of PhoP. PhoP then binds to its target gene promoters, stimulating gene transcription, including SPI-2 genes activator ssrB. Activated ssrB can relieve the transcriptional inhibition of H-NS and activate a series of SPI-2 genes, including Salmonella T3SS effector SseK3. SseK3 is a glycosyltransferase that catalyzes a GlcNAcylation modification of PhoP, thus reducing the binding ability of PhoP to DNA, thereby regulating the expression of SPI-2 genes.





DISCUSSION

SseK3 is an arginine glycosyltransferase that modifies several host proteins such as the signaling receptors TNFR1 and TRAILR to inhibit TNF-stimulated NF-κB signaling and cell death, as well as the small GTPases Rab1 to disrupt ER-to-Golgi trafficking (Newson et al., 2019; Meng et al., 2020; Xue et al., 2020b). One recent transcriptomic research reported that some SPI-2 genes could express during Salmonella growth in LB medium and displayed potential intra-bacterial activities, indicating that in addition to target host proteins, SPI-2 genes could also regulate bacteria themselves (Kroger et al., 2013; Westermann et al., 2019; El Qaidi et al., 2020, 2021). In this study, using the 293T cell infection model, we proved the endogenous Arg-GlcNAcylation activity of SseK3 in Salmonella and provided an example of the intra-bacterial activities of the T3SS effectors. Newson et al. (2019) previously noted that the Arg-GlcNAcylation of bacterial proteins was occurring during LB growth and infection of RAW264.7 cells, which further corroborated our results. Our data showed that SseK3 glycosylates two-component regulatory system PhoP on Arg65, Arg66, Arg118, and Arg215. Such GlcNAcylation affected PhoP DNA-binding activity and decreased the expression of downstream-regulated genes, with a negative feedback regulation.

Post-translational modifications play an important role in regulating enzyme activities and modulating many biological functions (Deribe et al., 2010; Sang et al., 2016; Ren et al., 2017; Wang et al., 2020). For PhoP-PhoQ, a prominent two-component regulatory system, its importance to bacterial virulence has been reported in almost all bacterial systems (Mitrophanov and Groisman, 2008). Phosphorylation of PhoP is one of the best characterized post-translational modifications, which promotes conformational modifications in its C-terminal DNA-binding domain, and activates phoP, thus controlling the expression of 9% Salmonella genes, including SPI-2 genes activator ssrB (Fass and Groisman, 2009; Colgan et al., 2016; Desai et al., 2016; Choi and Groisman, 2017). Activated ssrB can relieve the transcriptional inhibition of H-NS, thereby activating a series of SPI-2 genes including SseK3. In contrast, SseK3 can GlcNAcylate PhoP and reduce the binding ability of PhoP to DNA, thereby regulating the expression of SPI-2 genes (Figure 5C). Arg-GlcNAcylation of PhoP identified in Salmonella affected phoP DNA-binding activity and negatively regulate the expression of downstream genes, which provides a new type post-translational modification of PhoP and enhances our understanding of PhoP function. In addition to being modified by phosphorylation and Arg-GlcNAcylation, PhoP also processes other post-translational modifications, such as acetylation and methylation, which impairs the PhoP DNA-binding ability, thereby attenuating the virulence of S. Typhimurium (Ren et al., 2016, 2017, 2019; Su et al., 2021). Interestingly, we also observed the Arg-GlcNAcylation of OmpR (Supplementary Table 4). The effect of modified OmpR remains unknown and needs further investigation.

Our work raises one important question that remains to be solved about the glycosylation of PhoP in different pathogens. NleB and its orthologs were observed in EHEC, C. rodentium, S. Typhimurium, and S. Enteritidis (Jennings et al., 2017). It is intriguing whether EHEC, C. rodentium, and S. Enteritidis have a similar regulatory system with arginine glycosylation of PhoP.

In summary, in this study we used mass spectrometry to identify a series of intra-bacterial proteins with Arg-GlcNAcylation. Arg-GlcNAcylation of two-component regulatory systems PhoP on four arginine residues significantly decreases its DNA-binding ability and negatively regulates the expression of downstream-regulated genes, thus providing an example of the intra-bacterial activities of the T3SS effectors. Meanwhile, the exploration of the enzymatic activity of T3SS effectors within bacteria may become a booming research field.
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Objective: Wild animal pathogen surveillance will help to understand the next possible pandemic in advance. Rodents, which have close contact with humans, are generally regarded as a key factor for zoonotic disease control. Given the variation in rodent virus composition in diverse ecologies, we conducted a study on the viral infection of rodents of diverse species in different typical environments of Heilongjiang and Yunnan Provinces, located in northeastern and southwestern China, respectively.

Methods: Viral metagenomics sequencing and bioinformatic analysis were performed to determine the different distributions of rodent-borne viruses in typical environments of Heilongjiang and Yunnan Provinces, China. After viral culture and PCR confirmation, genomic and phylogenetic quantitative analysis was performed on the detected hantaviruses (HVs) and Beilong viruses (BeiVs).

Results: Nineteen rodents from three species and 35 rodents from five species of rodents were collected from Heilongjiang and Yunnan Provinces, respectively. Although the number and number of species of rodents trapped in the northeast were fewer than those in the southwest, viruses annotated from rodents in Heilongjiang were more diverse than those in Yunnan. Rodents carried 22 virus families in Heilongjiang and 13 families in Yunnan. Sequences assembled from Rattus norvegicus were annotated to the M, L, and S segments of HV, and all were clustered within the Seoul-type hantavirus (SEOV). There were 2 (R81Q, S698T) and 4 (K153R, M168I, I279S, and R1790K) amino acid site substitutions in M and L compared with the versions in the most homologous strains. Two BeiV isolates from Rattus norvegicus were closely related to BeiV from brown rats in Hong Kong, with high bootstrap values of >90% in the N segment and > 95% in the L segment. They were further clustered with Tailam virus, forming a distinct group in Paramyxoviridae.

Conclusion: The rodents from Heilongjiang and Yunnan located in northeast and southwest China, respectively, had different viral spectra, and only one-third (10/32) of virus families were detected in both areas. The predominant viruses were HV and BeiV in the Hantaviridae and Paramyxoviridae families, respectively. Rodent-borne viruses in the same species were similar in different geographic disparate areas owing to their similar close contact with human habitats and human activities. Additional attention should be given to the monitoring of neglected rodent-borne viruses, especially opportunistic viruses with currently low loads.

Keywords: rodents, viral metagenomics, hantavirus, Beilong virus, phylogenetics


INTRODUCTION

More than 70% of emerging infectious diseases originate in wild animals, posing serious hazards to public health and societal development around the world (Jones et al., 2008). Rodents are recognized reservoir hosts for many viruses, for example, hantaviruses (HVs). In China, the predominant hosts of HVs are wild Apodemus agrarius and domestic Rattus norvegicus (Wang et al., 2000; Huchon et al., 2002; Tsoleridis et al., 2016). Rodents have a diverse range of activities, a large number of species, and a high rate of reproduction. Their living space overlaps with human habitats, providing numerous opportunities for contact with humans. In addition, communication between house mice and field mice in suburban farmland can promote the spread of diseases from wildlife to humans. Rodents transmit diseases mainly through direct transmission and indirect transmission. Direct transmission includes rodent bites, exposure to rat secretions, and intake of food contaminated by rodents, and indirect transmission involves vectors such as ticks, fleas, and mites (Liu, 2018).

Metagenomics is a discipline that uses high-throughput sequencing technology to analyze microbial genetic composition from the genome perspective. Viral metagenomics can quickly and accurately identify known virus components and provide hints for unknown virus discovery. Viral metagenomics has been applied to animal, water, and fecal specimens and has facilitated the discovery of several new mammalian viruses, insect viruses, and plant viruses, including a new coronavirus (Appolinaire et al., 2009; Ng et al., 2009; Donaldson et al., 2010; Li et al., 2010). Metagenomics provides a favorable means for the early discovery and exploration of new or unknown pathogens and the pathogen composition in the environment or individuals.

We were interested in the viral spectrum of diverse rodent species in two border provinces with distinct ecologies and environments. Typical areas (Raohe County, Heilongjiang Province; Jinghong city and Ruili city, Yunnan Province) were investigated in this study using the viral metagenomics analysis approach. Heilongjiang Province and Yunnan Province are located in northeast and southwest China, respectively. Both are rich in natural resources but are significantly different in geographical climate and species composition. Heilongjiang Province has a cold temperate and temperate continental monsoon climate, with temperate conifer-broadleaved mixed forest as the main vegetation type. Yunnan Province is dominated by a subtropical plateau monsoon climate, with tropical rainforest and evergreen broad-leafed forest as the main vegetation types (Zhu et al., 2015). Moreover, climate, environment, and population exchange are suitable for rodent-borne disease transmission. This study aimed to determine the difference in rodent abundance and virus spectrum in these extremely diverse environments, which contributed to identifying the pathogen spillover and transmission mechanisms.



MATERIALS AND METHODS


Rodent Trapping

Rodents were trapped from Raohe County (N 46.79899, E 134.01986) in Heilongjiang Province and from Jinghong city (E 100.79977, N 22.01071) and Ruili city (N 24.01277, E 97.85183) in Yunnan Province from August to September 2019 (Figure 1). The sampling sites were human habitats and nearby farmland. According to morphological characteristic guidance (Zhou and Chu, 2019), skull size, odontoid process, skin color, body length, and tail length, rodent classifications were identified. Organs, including the brain, lung, liver, spleen, kidney, heart, intestine, and stomach, were extracted using sterile procedures, placed into cryotubes with viral preservation solution, and stored at −80°C. All animals were euthanized according to humanitarian principles.
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FIGURE 1. Rodent trapping sites in Northeast and Southwest China.




RNA Extraction

The collected rodent specimens (mixed brain, lung, liver, spleen, kidney, heart, intestine, and stomach specimens) were divided into 11 pools according to sampling sites and species. Rattus flavipectus from Yunnan was divided into four subgroups by sex, age, and sampling site (Table 1). Precooled sterile phosphate-buffered saline (PBS) was added at a ratio of 1:10 (w/v). Organs were vortexed, homogenized thoroughly using a homogenizer, and then centrifuged at 10,000 r/min and 4°C for 10 min (rotor: S4-104, Eppendorf 5810R). The supernatant was collected, and the precipitate was added to sterile PBS and vortexed until well mixed. Similar procedures were as follows: centrifugation at 6,000 r/min for 15 min, remixing, 4,000 r/min for 15 min, remixing, and 8,500 r/min for 10 min. The resultant supernatant was centrifuged at 4,5000 r/min in an ultracentrifuge (rotor: RPS65T Hitachi CP100MX) for 1.5 h. After the supernatant was discarded, the pellet was resuspended in sterile PBS, appropriate amounts of DNase I and RNase A were added, the sample was incubated in a water bath at 37°C for 2 h to degrade the cell-free nucleic acids, and then the sample was kept in a water bath at 75°C for 10 min to inactivate DNase I and RNase A.


TABLE 1. Groups of collected rodent specimens in Heilongjiang, Northeast China and Yunnan, Southwest China.

[image: Table 1]


Viral Metagenomic Sequencing

Genomic RNAs were quantified in a NanoDrop to detect the integrity of the genomes and ensure that there were minimal impurities and total RNA degradation (Desjardins and Conklin, 2010). The RNA specimens prepared with the RNA enrichment platform were fragmented to 200–300 bp and subjected to reverse transcription to obtain complementary DNA (cDNA). The ends of the obtained cDNA fragments were ligated to Illumina sequencing adaptors for fragment screening and purification using magnetic beads. The obtained target fragment library was enriched and purified with magnetic beads for library construction. The specimens were sent to Beijing Macro and Micro-test Bio-Tech Co., Ltd., for viral metagenomic sequencing using an Illumina NextSeq 500 sequencer.



Bioinformatic Analysis

The original image data were converted into sequence data through base-calling and stored in a FASTQ format (Cock et al., 2010; Yang et al., 2016). Illumina’s Casava 1.8 software was used for quality control and examination of the GC content distribution. The BWA software was used to remove host data (Li, 2013). The distribution of pathogen species in the sequencing data was determined by screening and species annotation through alignment with the GenBank database of pathogenic nucleic acids. The filtered reads were assembled into contigs and then scaffolds by SPAdes (v3.12.0) (Bankevich et al., 2012; Nurk et al., 2017). The Basic Local Alignment Search Tool (BLAST; version 2.5.0) software was used to align them with sequences in the nucleotide database of the National Center for Biotechnology Information (NCBI) (Altschul et al., 1997). Viral read values under 200 nucleotides were discarded from the subsequent diversity analyses to avoid potential contamination and reduce the possible overestimation of viral diversity. A heatmap was created using the R (3.6.3) package pheatmap, and a principal component analysis (PCA) scatterplot was created using the ggplot2 package. Intersection sizes were illustrated with the UpSetR package. Metagenomic sequencing raw data were deposited in NCBI BioProject under accession number “PRJNA777640.”



Viral Culture and Reverse Transcription–PCR Sequencing

Potent virus infection specimens were inoculated into 9-day-old specific pathogen-free (SPF) layer embryos for virus isolation. For cultured viruses, reverse transcription–PCR (RT-PCR) was conducted for validation. Total RNA was extracted using a TRIzol reagent (Invitrogen, Carlsbad, CA, United States) and dissolved in 50 μl of RNase-free H2O. Beilong virus (BeiV) screening was performed by PCR amplification of a 440-bp fragment of the large (L) gene (primers: LPW9739-F: 5′-GGAGGATTCCCTC ATAGR-GAA-3′ and LPW9741-R: 5′-CTCATATGTATTTACAT TTAAACCA-3′) and a 318-bp fragment of the nucleocapsid (N) gene (primers: LPW10723-F: 5′-TATATGGTTGAGATYCT NATHGA-3′ and LPW10408-R: 5′-CCATKGCRTAGCTCCAD AG-3′). RT-PCR was carried out with one cycle of 50°C for 30 min and 94°C for 3 min, followed by 40 cycles of 94°C for 30 s, 55°C for 30 s, and 72°C for 30 s. HV screening was performed by PCR amplification of a 445-bp fragment of the small (S) gene (primers: S-F: 5′- AAAAGTAGGTGITAYATCYTIACAA TGTGG-3′ and S-R: 5′- GTACAICCTGTRCCIACCCC-3′), a 411-bp fragment of the large (L) gene (primers: L-F: 5′-AATGT GTGGTTCACACATAAGGG-3′ and L-R: 5′-ACCTGTATAAG CACTCTCATCCTG -3′), and a 678-bp fragment of the segment M gene (primers: M-F: 5′-GATACTATGAGGCAGTCCACCC -3′ and M-R: 5′-TGGCTTGACAAACTTTGTAATGTGCC -3′). RT-PCR was carried out with one cycle of 50°C for 30 min and 94°C for 2 min, followed by 35 cycles of 94°C for 30 s, 58°C for 30 s, and 72°C for 30 s.



Phylogenetic Analysis

Hantavirus and Beilong viruses sequences obtained by PCR were deposited in GenBank (accession no. MW881018-881025) and compared with others via BLAST, and the sequences of the reference strains with the highest homology and the classical virus strains were selected for the alignment of nucleic acid sequences using ClustalW (Aiyar, 2000; Larkin et al., 2007). A phylogenetic tree was constructed by the maximum likelihood (ML) method using the Molecular Evolutionary Genetics Analysis (MEGA) 7.0 software, with 1,000 bootstrap replicates (Kumar et al., 2016).




RESULTS

A total of 19 rodents in three species (Microtus fortis, Rattus norvegicus, and Apodemus agrarius) were collected in Raohe, Heilongjiang Province, Northeast China, and 32 rodents were collected in five species (R. flavipectus, Bandicota indica, Rattus rattus sladeni Anderson, Rattus yunnanensis, and Eothenomys miletus) in Ruili and Jinghong, Yunnan Province, Southwest China.

After removal of the host data, a total of 760,015 reads were obtained from high-throughput sequencing, including 183,659 reads annotated to viruses (13,239 reads in Yunnan and 170,420 reads in Heilongjiang), 568,959 reads annotated to bacteria, and 7,397 reads annotated to fungi. The highest number of virus reads was annotated to Hantaviridae and Paramyxoviridae from R. norvegicus in Heilongjiang, indicating the possible infection of local mice. According to viral hosts, 183,472 (99.8982%) sequences were annotated to vertebrate viruses, 110 sequences (0.0598%) were annotated to plant viruses, and 8 sequences (0.0016%) were annotated to bacteriophages. Annotated virus reads covered 32 families and 62 genera. Sequences from rodents in Heilongjiang were annotated to a total of 22 virus families, with Hantaviridae, Paramyxoviridae, and Arenaviridae accounting for the top rankings. Sequences in Yunnan were annotated to a total of 13 virus families, ranking with Hepeviridae, Paramyxoviridae, and Picornaviridae (Figure 2A). Different virus families had preferred rodent hosts. R. norvegicus (RH2) had the highest abundance (10 virus families: Alphaflexiviridae, Anelloviridae, Baculoviridae, Caliciviridae, Circoviridae, Flaviviridae, Hantaviridae, Herpesviridae, Paramyxoviridae, and Siphoviridae). Similarly, Araneidae and Picobirnaviridae had their highest abundances in M. fortis (RH1) and A. agrarius (RH3), respectively. R. flavipectus (YN2, YN10, and YN11) was a suitable host for Astroviridae, Hepadnaviridae, Picornaviridae, Reoviridae, Leviviridae, and Potyviridae (Figure 2B).
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FIGURE 2. (A) Comparative abundance composition of virus reads annotated in rodent specimens in Heilongjiang, Northeast China, and Yunnan, Southwest China. Virus families with low reads are invisible in the bar. (B) Heatmap of the viruses annotated in rodents from Northeast and Southwest China.


We focused on the most abundant virus families in all rodent pools, Hantaviridae and Paramyxoviridae (confirmed as HV and BeiV species). Genome organization and mapping of de novo–assembled contigs were performed. HV was detected in the RH2 pool of mixed tissues (brain, lung, liver, spleen, kidney, heart, intestine, and stomach) of 5 R. norvegicus animals. The genome of HVs consists of 3 single-stranded, negative-sense RNA segments (L, M, and S) encoding RNA-dependent RNA polymerase, glycoprotein precursor, and nucleocapsid protein, respectively. Single contigs nearly covered the complete genome. Compared with the SEOV standard genome (NC_005236-NC_005238 for the three gene segments), the assembled sequences of HV-RH2-L were approximately 6,500 nt long with 95.83–95.86% nucleotide similarity. There were 4 amino acid site substitutions, K153R, M168I, I279S, and R1790K (marked in colored triangles). The sequences of HV-RH2-M were 3,608–3,662 nt long and consisted of an ORF of 3,402 nt that encoded a putative 1,134 amino acid (aa) glycoprotein precursor with 95.55–95.56% nucleotide similarity. There were 2 amino acid site substitutions, R81Q and S698T (marked in colored triangles). The HV-RH2-S contigs were 307 to 1,733 nt long, encoding the NP protein of 430 aa with 97.26–97.40% nucleotide similarity. The NP protein contained 4 conserved cysteines, and no differences with reference were observed in the amino acid sequence, suggesting low genetic variation in the HV population in Raohe, Heilongjiang (Figure 3).
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FIGURE 3. Hantavirus genome organization and mapping of de novo–assembled contigs. (A) Coordinates are based on the reference sequence number X14736.2. Open-reading frames are represented by cylinders. Genomic RNA is represented by a solid line. Colored triangles mark the amino acid site substitutions. For every sample categorized as infected, the longest contig is shown. Shorter, redundant contigs are not illustrated. Contig size, alignment size, and similarity (%) are indicated. (B) Genome coverage after reference-based assembly using Bowtie v2 for one representative sample. Sequence density is indicated on the left.


BeiV belongs to the family Paramyxoviridae, genus Jeilongvirus. It has an exceptionally large genome (>19 kb) and contains more than eight transcriptional units. BeiV was detected in 2 pools, RH2 and YN3, which contained mixed tissues of 5 Rattus norvegicus and 8 Rattus flavipectus animals, respectively. Except for a 318-bp contig encoding matrix protein from the YN3 sample with less than 90% nucleotide similarity, the other 17 assembled contigs ranged from 209 to 573 bp with 90.00–97.68% similarity to the reference genome (KX940964.1). With respect to the reference genome, these contigs lacked sense mutations. The coverage indicates the percentage of the genome area covered by an average of reads, while density refers to the number of reads covering the same sequence. Most BeiV contigs covered the area of RNA polymerase (Figure 4).
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FIGURE 4. (A) BeiV genome and polyprotein organization. Mature proteins are represented by cylinders. Coordinates are based on the reference (KX940964.1). Labels are as described in Figure 3. (B) Genome coverage after reference-based assembly using Bowtie v2 for one representative sample.


Ten families, including Alphaflexiviridae, Astroviridae, Hantaviridae, Herpesviridae, Luteoviridae, Papillomaviridae, Paramyxoviridae, Picornaviridae, Reoviridae, and Retroviridae, were annotated from rodent pools from both Heilongjiang and Yunnan. RH2 and RH3 in Heilongjiang had the same 5 virus families as those in Yunnan. YN2, YN3, YN10, and YN11 were from the same species but different sites, sex, and age, while they had 6 families in common (Supplementary Figure 1). In PCA, due to the high abundance of HV carried by R. norvegicus from Raohe County, the HV strains formed an independent branch. Most of the specimens from Yunnan clustered together and were slightly separated from the specimens from Heilongjiang. YN2, YN3, and YN10 were from R. flavipectus from Ruili County in Yunnan, and YN11 was from the same rodent species from Jinghong County in Yunnan, which is 700 km distant (Supplementary Figure 2).

Tissue-grinding fluid from potentially infected RH2 (including RH2-2/2-10/2-12/2-13/2-19) was inoculated into 9-day-old SPF layer embryos for virus isolation. There were four rodents with nine tissue samples (kidney, lung, and spleen) and one rodent with a kidney tissue sample confirmed by RT-PCR as having BeiV and HV infection. To explore the genotypes of the three HV sequences in this study, 14 HV types were selected to construct the ML phylogenetic tree. The ML phylogenetic tree showed that HV-RH2-L, HV-RH2-M, and HV-RH2-S clustered together in SEOV, with > 97% nucleotide similarity with strains isolated from R. norvegicus in Shandong, China. R. norvegicus was recognized as the major host of SEOV. The similarity between HV-RH2-L and KY639672 was 99.37%, the similarity between HV-RH2-M and JX853574 was 97.97%, and the similarity between HV-RH2-S and KY639575 was 99.21%. There were obvious differences between different HV types. The phylogenetic trees indicated that SEOV strains from Heilongjiang in 2019 clustered together with the strains collected from 2012 to 2015 in Shandong, which is the main epidemic area of HV in China (Figure 5).
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FIGURE 5. Maximum likelihood phylogenetic tree constructed based on the M, L, and S segments of Hantavirus. Seoul virus (SEOV), Hantaan virus (HTNV), Sin Nombre virus (SNV), Black Creek Canal virus (BBCV), Bayou virus (BAYV), Andes virus (ANDV), Tula virus (TULV), Prospect Hill virus (PHV), Puumala virus (PUUV), New York virus (NYV), Thailand virus (THAIV), Dobrava virus (DOBV), Andes virus (ANV), and Thottapalayam virus (TPMV).


A total of 4 BeiV sequences covering the N and L segments were acquired after PCR sequencing. BeiV belongs to the genus Jun Jeilongvirus (J-virus, JV). Phylogenetic analyses showed that two N gene (BeiV-RH2-10 and BeiV-RH2-12) sequences were clustered together, with 90.60 and 91.21% similarity to KX940961. Four L genes of BeiV sequences in Raohe, Northeast China, formed a distinct subgroup with MN598982 isolated from R. norvegicus in Hankou, Central China. They were clustered with high bootstrap support of > 95%. BeiV sequences from R. norvegicus in Northeast China were clustered together in a branch with those from R. norvegicus in Central and Southern China, suggesting that brown rats are natural reservoirs of BeiV. In addition, these viruses were further clustered with Tailam virus (TaiV), with high bootstrap support of >90%, forming a distinct group in Paramyxoviridae (Figure 6).
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FIGURE 6. Maximum likelihood phylogenetic tree constructed based on the N and L segments of Beilong virus. Beilong Jeilongvirus (Beilong virus, BeiV), Tailam Jeilongvirus (Tailam virus, TaiV), Lophuromys Jeilongvirus 1 (Mount Mabu Lophuromys virus 1, MMLV-1), Lophuromys Jeilongvirus 2 (Mount Mabu Lophuromys virus 2, MMLV-2), Mydes Jeilongvirus (Pohorje Myodes paramyxovirus 1, PMPV-1), and Jun Jeilongvirus (J-virus, JV).




DISCUSSION

Yunnan in Southwest China and Heilongjiang in Northeast China, which border other countries, are ecologically diverse and rich in animal resources. Yunnan has a subtropical plateau monsoon climate with tropical rainforest and evergreen broad-leafed forest, while Heilongjiang has a cold temperate and temperate continental monsoon climate with temperate conifer-broadleaved mixed forest. Rodents are common hosts for a variety of viruses, and their habitats have a high overlap with human habitats. The dominant rodent species in these two provinces are R. norvegicus and R. flavipectus. The highest number of viral genera and families were annotated from R. norvegicus in Heilongjiang Province. R. norvegicus is a dominant species and an important viral host in Raohe County (Wang et al., 2020). Rodents bring great challenges for the prevention and control of infectious diseases due to their activities (Mills, 2006; Bordes et al., 2015).

The rodents from Heilongjiang and Yunnan Provinces had different viral spectra, and only one-third (10/32) of virus families were detected. Sequences from rodents in Heilongjiang were annotated to a total of 22 virus families, with Hantaviridae, Paramyxoviridae, and Arenaviridae accounting for the top rankings. Sequences from Yunnan rodents were annotated to a total of 13 virus families, with Hepeviridae, Paramyxoviridae, and Picornaviridae accounting for the top rankings. Rodents from two border provinces located in Northeast and Southwest China had different viral spectra, and the virus spectra of the same R. flavipectus species were quite different between Ruili and Jinghong County, which are separated by a long distance, to some extent, which could be explained by rodent sex, age, and activity area. The overlapping virus spectrum between two border provinces located in Southwest China and Northeast China indicated that both the ecological environment and the living habitat contributed to the virus composition, which reflected the strong influence of human activities.

Even though the number and species of rodents trapped in Heilongjiang Province were less than those in Yunnan Province (19 vs. 32 in number, 3 vs. 5 in species), viruses annotated from rodents in Heilongjiang were more diverse than those in Yunnan (22 vs. 13 virus families). Most virus families detected in this study were from R. norvegicus and A. agrarius, which were the predominant hosts of Hantaan virus (HTN)-type and Seoul-type HVs (SEOVs) (Zeier et al., 2005). Both rodent species were abundant and widely distributed in North China. They had a wider range of predation and activity than the predominant species R. flavipectus in the southwest. Additionally, the limited number and the species of rodents analyzed could bias the results, which would be improved with a large-scale monitoring plan.

Hantaviridae strains were annotated in all three rodent species from Heilongjiang, and their abundance was higher than that in Yunnan. In addition, Hantaviridae was found in higher abundance in R. norvegicus than in M. fortis and A. agrarius. Phylogenetic trees constructed based on the M, L, and S segments indicated that the HV genotype carried by R. norvegicus was SEOV, which is consistent with the finding of previous studies showing that local R. norvegicus is a major host of the SEOV genotype (Xiao et al., 2013; Han et al., 2015). Envelope glycoproteins, including their neutralizing antigen sites, receptor-binding sites, fusion peptides, and hemagglutination sites, play an important role in the pathogenicity of the virus. A glycoprotein precursor is generated by the M fragment and then cleaved into two proteins, G1/G2, by the signal peptidase in the cell during translation. Even though there were 2 (R81Q and S698T) amino acid site substitutions found in the M segment, the pathogenicity was genetically stable. The phylogenetic trees indicated that SEOV strains from Heilongjiang in 2020 clustered together with the strains collected from 2012 to 2015 in Shandong, which is the main epidemic area of HV in China, suggesting that the SEOV genotype was dominant in the north and had an expanding trend.

The abundance of BeiV in the Paramyxoviridae family annotated in all specimens was second only to that of HV. This was the first study to detect BeiV in rodents in Heilongjiang Province (Chen et al., 2020). The similarity of the BeiV sequence in this study to the known BeiV sequences was lower than 95%, suggesting that it might be a new genotype. In addition, R. norvegicus might be a potential host of BeiV, which was widely distributed throughout Heilongjiang Province. In Yunnan, Southwest China, TaiV was detected in R. flavipectus and has a close genetic relationship with BeiV and belongs to Paramyxoviridae (Woo et al., 2011; Vanmechelen et al., 2018). TaiV was first found in Sikkim rats and currently cannot infect humans. However, there is a possibility that continuous evolution will yield pathogenic mutant strains.

Hepeviridae was annotated in all eight pools from Yunnan. Hepeviridae was most abundant in R. flavipectus, perhaps because R. flavipectus was common in Yunnan and more likely to have close contact with humans than other rodents. A study showed that the hepatitis E virus IgG-positive rate in R. flavipectus was 19.9% (34/171) in South China in 2012 (Wei et al., 2013). These results suggest that if preventive measures are not effectively implemented, transmission of hepatitis E between rodents and humans might occur.

A small number of plant viruses and insect viruses, including Discistroviridae, Baculoviridae, Virgaviridae, Betaflexiviridae, Partitiviridae, Luteoviridae, and Potyviridae, were also annotated probably because some rodent species feed on plants and insects or due to contamination in the natural environment during their activities. Even though viral diversity was adjusted with analytical methods, there was still inevitable bias due to the limitation of the rodent sampling size. A large-scale monitoring plan has been implemented to compensate for these shortcomings.



CONCLUSION

The rodents from two border provinces located in Northeast and Southwest China had different viral spectra. HV and BeiV were the predominant viruses in Heilongjiang, Northeast China, while hepatitis E virus was widely distributed in Yunnan, Southwest China. R. norvegicus, which was the preferred rodent host for 10 detected virus families, such as HV, had an abundant and wide distribution in Heilongjiang Province. It carried more species of viruses than the predominant species R. flavipectus in Yunnan Province. The overlapping virus spectrum between two border provinces located in Northeast and Southwest China indicated that both the ecological environment and the living habitat environment contributed to the virus composition, which reflected the strong influence of human activities.
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Supplementary Figure 1 | Intersection size of virus reads annotated in rodent specimens in Heilongjiang, Northeast China, and Yunnan, Southwest China. The line of different points indicates the existence of intersections, and number of specific intersections can be seen in the bar chart above. A single black dot indicates that the sample had data. The intersection size bar above is the unique numeric size of the virus family, and the parallel set size bar is the total numeric size of the virus family. Sequences from M. fortis (RH1), R. norvegicus (RH2), and A. agrarius (RH3) were annotated to 2, 20, and 10 virus families, respectively, in which 1, 13, and 6 families, respectively, were unique in their own group. In Yunnan, sequences from R. flavipectus (YN2), R. flavipectus (YN3), B. indica (YN4), R. rattus sladeni Anderson (YN5), R. yunnanensis (YN7), E. miletus (YN9), R. flavipectus (YN10), and R. flavipectus (YN11) were annotated to 7, 8, 3, 6, 7, 5, 6, and 9 families, respectively, in which 1, 1, 0, 1, 0, 0, 0, and 2 families, respectively, were unique in their own group.

Supplementary Figure 2 | Principal component analysis of rodents in Heilongjiang, Northeast China, and Yunnan, Southwest China. R. flavipectus (YN2), R. flavipectus (YN3), and R. rattus sladeni Anderson (YN5) in Yunnan were close to each other. B. indica (YN4), R. yunnanensis (YN7), E. miletus (YN9), and R. flavipectus (YN10) of Yunnan and M. fortis (RH1) and A. agrarius (RH3) of Raohe County clustered together.
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acccDINA formation can be achieved in certain designs such as using recombinant cccDNA techniques (refs. Qi et al., 2014; Yan et al., 2017).
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bAdenoviral vector mediated HBV replication mostly cause transient viremia although higher persistence rate can be achieved with lower inoculum (ref. Huang et al.,

2012).

CHBYV transgenic mice are usually tolerant to constitutively expressed viral antigens. However, some reports show the activity of virus specific T and B cell responses (refs.
Fumagalli et al., 2020; Michler et al., 2020).

9Depends on the type of dual humanized mice.

®HCC formation is observed in some transgenic lines.
THCC formation is observed in one report.
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Function

e Suppresses type-1 fimbriae over-expression, regulates flagella and
motility in human IECs.

e Regulates gene expression of SPI-1 and SPI-2.

o Allows the invasion in mouse and human IECs.

o Allows the hyper-replicative state in mouse and Hela cells.

o Induces the transepithelial migration of neutrophils.

o Allows the penetration and invasion of IECs in mouse model.

o Allows the expression of SPI-2 in murine IECs.

e Exacerbates the intestinal inflammation on human IECs.

e Important for intracellular replication and expression of SPI-2.

¢ Avoids the apoptosis of human epithelial cells.

e Involved in the SCV formation on human IECs.

o Exacerbates the intestinal inflammation on human IECs.

e Blocks S. Typhimurium-induced autophagy in He-La cells
Participates in the regulation of the exocytic pathway in human IECs.
Avoid immune response mediated by neutrophils in human and mouse

mast cells.

o Regulates the expression of motility-related genes in Hela cells.

e Involved in intracellular replication in human non-phagocytic cells.

o SIF formation.

e Modulates antigen presentation in mice.

o Affects the accumulation of HLA-DM in the intracellular in mice.

o SIF formation and maturation of SCV.

e Modulates antigen presentation in mice.

SIF formation and maturation of SCV.

Contributes to the intracellular replication and block the autophagosome
formation in human IECs.

Contributes to the intracellular replication and block the autophagosome
formation in human IECs.

o Avoids the apoptosis of the cells in Hela cells.

o Avoids the necroptotic dead in murine cells.

o Inhibits the migration of DC in mouse models.

e Inhibits the autophagy allowing the intracellular replication in Hela cells.

e Favors the ubiquitination of MHC-II in murine models.
o Favors the degradation of MHC-II in Mel JuSo cells.
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Human response

Induce the production of IL-18 and IL-23 in human
DC and the expression of IL-22 in NCR + ILC3.

HMGBH1 acts as inductor of autophagy in IEC.

S. Typhimurium has different effector proteins that
can block the process, as example, SopF.

The main pathway is the non-canonical where
caspase-1 is required for NLRP3 inflammasome
activation and IL-18 secretion

Caspase-4 and 5 induce NLRP3 and pyroptosis.
Human macrophages express only one type of
NAIP protein which recognizes multiple S.
Typhimurium ligands.

In IFN-y primed macrophages S. Typhimurium
infection activate caspase-1 and 4 leading
pyroptosis.

GBP1 sense LPS in IFN-y primed macrophages
and activate pyroptosis dependent of caspase 4

PGE2 activates caspase-1 and secretion of IL-1B,
favoring the macrophage M1 polarization.

IL-10 regulates PGE2 production and decrease the
antimicrobial ability of these cells.

Infected macrophages, secrete exosomes,
activating naive RAW264.7 and promoting the
secretion of proinflammatory cytokines.

It has been observed that infected human DCs
preset a suppressive phenotype due to the
upregulation of anti-inflammatory molecules as
IL-10.

It is suggested that NKT cell activation is due to the
action of TLR10.

The activation favors the cross-talk between NKT
cells and monocytes and the action of these cells
against S. Typhimurium.

In vitro activation of human MAIT cells generate the
recognition and immune response against infected
DCs and B cells.

However, the intracellular survival avoids MAIT cells
activation.

Mouse response

Production of IL-8 and different antimicrobial
response triggered by IL-22

HMGBH1 acts as inductor of autophagy in IEC.
S. Typhimurium has different effector proteins
that can block the process, as example AvrA
Two pathways:

(1) NLRC4 and Caspase-1 with the secretion of
IL-1a/p and IL-18.

(2) non-canonical NLRP3 and caspase-4 and 5.
Activation of NAIP 1-6 proteins, NLRC4
NLRC4 inflammasome activation leading
pyroptosis in murine macrophage.

GBP are important proteins in the activation of
inflammasome.

GBP1 sense LPS in IFN-y primed macrophages

After infection, SPI-2 effector proteins help in
the colocalization between nucleus and
hydrolases which promote caspase-11
mediated pyroptosis

The infection impairs the ability of DC to present
antigens through MHC-I/Il molecules to T-cells
and harming the adaptive immune response.
Reduce the capacity of differentiation and poor
antigen presentation.

Increase number of regulatory T cells.

TCR-independent activation of NKT cell induce
the secretion of IFN-y.

The activation of MAIT cells generates the
secretion of IFN-y and IL-17, the recruitment
other immune cells and the secretion of
granzyme A and B against infected cells.
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Name Sequence 5'-3' Location

T/(GRNAT)  caccGTCCAAGTTGTCCTGGTTATCG 354-374
TAGRNA2)  caccGGGCTTTCGGAAAATTCGTAT 623-643
TA(gRNA3)  (~)caccGACCTGGCCGTTGCCGGGCAA 1,153-1,173
T.gRNA4)  caccGTTTGTTTACGTCCCGTCGGCG 1,422-1,442
TiRNAS)  (~)caccGCGTTGACATTGCAGAGAGTCC 1,670-1,690
THgRNAG)  caccGCATGGAGATCGACCCTTATA 1,901-1,921
T/(gRNA7)  caccGTCGCAGAAGATCTCAATCTC 2,417-2,437
Tare caccGAGCTGGACGGCGACGTAM

The capital letters are guide ANA sequences, and the lower case letters are sticky ends
for cloning.





OPS/images/fmicb-12-647044/cross.jpg
3,

i





OPS/images/fmicb-12-647044/fmicb-12-647044-g001.jpg
Human Response

O
®) Calgranulin B /
Other S
IL-22 antimicrobial
@) peptides
B /

V-ATPase —

=~

=
SopF < ATGlua
: | Autoph
@ utophagy
LC3\ IJ v X =
%_. 062 i NLRP3
SCV Inflammasome






OPS/images/fmicb-12-702273/crossmark.jpg
©

2

i

|





OPS/images/fmicb-12-704449/fmicb-12-704449-g006.jpg
TGF-B1 in plasma (pg/ml)

IFN-y IL-10
80 * 1004
£ £
= 604 £ 804
g g
] -
g 404 g 80
2] L 1]
i £ :

- b4
= 2 = £ . ¢
> o 20 X
E o_nﬂé;;?i ...... :Ei!: ...... ’IIH! 3 :v
- - 0_,. .....

':c T T L) T u T T T
SN SE Ss SR SN SE SS SR
(0dpi)  (98dpi)  (182dpi) (224dpi) (0dpi)  (98dpi)  (182dpi) (224dpi)
IL-1B IL-6
61 * 80 5
z =
=3 £ o0 Xe
g 44 o 2
(1]
g S 4o
o 7
5 - w «©
2 2 3 20
£ A ° - - € ® )
«Q
3 o_”ror* ..... *—Q ..... o¥x| F X 1 3 0 undmee..... x000ivm... bl [:::]
¥ T T T -20 T T T T
SN SE SS SR SN SE Ss SR
(0dpi)  (98dpi)  (182dpi) (224dpi) (0dpi)  (98dpi)  (182dpi) (224dpi)
IL-2 IL-8
15+ 3000+ *%
E E
=] =] ] [] [
g v . 2 2000 9
: ! et 8 T |
2 ! Y 2 * :
= I 3 10001 & i via
£ 5 s 3 £ R 1 Yo
~ ® v .
J : jJi ‘ R =2 fg o...[;EEE:] .......... LN F
= I . =
3 i 3 T T T T T T T
SN SE ss SR SN SE SS SR
(0dpi)  (98dpi) (182dpi) (224dpi) (0dpi)  (98dpi)  (182dpi) (224dpi)
MCP-1 IP-10
4004 6+
= 3 g
3 =
) " £
£ 3004 2,
= e
£ . £ .
o 5
© 200 & a === . .
o ° a2 * .l. . v
£ X;T £ A 2 ° A
1004 i k%o A =}
% 4 !Et A v =t ;E (R LR L (O . ox
2 | o
o_.. ...............
T T T T T T T T
SN SE SS SR SN SE Ss SR
(0dpi)  (98dpi)  (182dpi) (224dpi) (0dpi)  (98dpi)  (182dpi) (224dpi)

TGF-g1
80000+
60000+
L ]
@
40000 n
i X
e a L
20000+
*
1} *
JLEL LI [
T T T T
SN SE Ss SR
(0dpi)  (98dpi)  (182dpi) (224dpi)
TNF-a
80+ *
£
> 604 n
.
©
£ 404
(]
K]
-3
2 204 | ! n, e
2 o st i [22] ] [X]
=
-20 T T T T
SN SE Ss SR
(0dpi)  (98dpi)  (182dpi) (224dpi)
MIP-18
1004 *x
£
5 80-
2
g 60
5 ° . L
©
T 401 *
£ T n
Q2 204 el g F ;Tﬁ L *|X + af
2 2 BEAREART
E o alx ) .
T T T T
SN SE SS SR
(0dpi)  (98dpi)  (182dpi) (224dpi)





OPS/images/fmicb-12-704449/fmicb-12-704449-g007.jpg
>

-
o
o

A o o
e 2 9

N
°
1

Activated CD4" T cells (%)

>

S‘R SE SR S‘E SIR

-
=3
o

3
=3

N
o

Activated CD8" T cells (%)

>

-3
o
1

a
s

E

SE SR SE SE SR SE S SR
CD38*HLA-DR* CD38*HLA-DR™ CD38°HLA-DR* CD38HLA-DR" CD38*HLA-DR* CD38*HLA-DR" CD38'HLA-DR* CD38'HLA-DR"
B ~ 10 . a ~ 10 n n
S : : = | ¢
£ 804 : : 2 80 i i
[ . . ) - . N
K] : i : 2 ; ; :
> 60 $ E s 5 60 : : - :
o : : : @ ¢ § &
3 40 : : : 3 0] § § :
b : : : : ihepd [2]:
*3 20 ; : *8 20 ; : E
6 z : e s é ==F z z
0 T T T T T 0- T T T T T T T
SE SR SE SR SE SR SE SR SE SR SE SR SE SR SE SR
CD4* Tey CD4* Tyaive ~ CD4* Teyra CD4* Tgy CD8* Tew CD8* Thave  CD8* Tenvga CD8* Tay
C _ =
2 2
g 100 : 2 :
3 : * 3 ]
o 80 * : 2 :
3 . 3 :
9 : 2 401 i
o 60 1 & © :
Q : p © f :
- ] : [ : 3
L : : L ] {Him
a : i a ¥ : [ea]
0 5] : : o : : @: L]
£ . : £ : E : :
< % :@ : - .q.'g = R
a 04— T T T T T T T & o
o SE SR SE SR SE SR SE SR o SE SR SE SR SE SR SE SR
PD-1*/Tem PD-1*/ Tnaive PD-1*/Tevra PD-1*/Tem PD-1*/Tem PD-1*/ Tnaive PD-1"/Tevra PD-1*/Tew
D 1%106 E SRISE<1 |Em@ SRISE>1 |
1x105 IFty
1x1044 IL-1p
E 1X10°%9 T IL-6
2 . . .
1%102 * TNF-a
.
% [ e s
o * o v
1x101 e M 3t o 2 v . PD-1%1CD4* Tey
Wl|* o * xv) $
1x10°+ o |2 -
FI v . PD-1*/CD4" Tgy
1%10- T T T T T T T T T
Lo = < b4 R * « - S 0.01 0.1 1 10 100
z 0 = w o = T o v
[y = z % % Y Fold Change (SR/SE)
L 1 L ]
Pro-

Chemokines





OPS/images/fmicb-12-704449/fmicb-12-704449-g008.jpg
Cytokines

Memory T-cell subsets Activated T-Cell Subsets

PD-1* memory
T-cell subsets

in

in

cp4*

cps*

SN vs SS SE vs SR
Anti- IL-10~ 00;182 0.6;519
flammatory TGF-B1- 0.5555 0.1079
— IFN-y- 0.0792
Pros IL-1g- 0.7489
flammatory IL-6- 0.1274
—TNF-a- 0.1924
— IL-2- 0.1058 0.2953
IL-8-PNONe[0ZI0  0.0924
Chemokine MIP-1B 0.6319
MCP-1- 0.2264 0.6876
— |P-10- 0.9256 0.0918
—CD4* CD38*HLA-DR*~ 0.0527 0.1908
cD4* cD38*HLA-DR L/ 0.3774
CcD4* CD38'HLA-DR*- 0.0514 0.2023
— CD4"CD38'HLA-DR- 0.1538 0.1657
— CD8* CD38*HLA-DR*- 0.1843 0.4502
CD8"CD38'HLA-DR - 0.0373 0.1130
CcD8*CD38 HLA-DR*- 0.1538 0.1031

cb4*

cps*

— CD8"CD38HLA-DR- 0.5451 0.0713

— — CD4"T¢y- 0.9525 0.7658

*;D, CD4" Tyave- 0.0671  0.3697
(3] CD4* Tgyra- 0.0602 0.1100
— CD4*Tgy- 0.3639 0.0604
—— CD8"Tcy- 0.4890 0.8601
‘8 CD8" Tyawe— 0.0778  0.5277
(3} CD8" Tgmra- 0.0590 0.1476

— —— CD8" Tgy- 0.5016  0.3730

—— PD-1"/CD4" Ty -TRoNo[0kk:]

PD-1*/CD4" Tyave~ 0.0698  0.1398
PD-1*/CD4* Tgyra- 0.0543  0.9051
— PD-1/CD4" Tey| 0.0165  0.0466
—— PD-1*/CD8" Tey- 0.0270 0.8040
PD-1*/CD8" Tyave~ 0.0723  0.3265
PD-1*/CD8" Tgyra- 0.0549  0.0620
b PD-1*/CD8" Tgy- 0.0106 0.2687

0.001<P<0.01 0.01<P<0.05 0.05<P<1

P<0.001

PD-1*
memory
T-cell subsets

Cytokines

Activated T-Cell Subsets

Memory T-cell subsets

_ Anti- IL-10-
inflammatory TGF-B1-

— IFN-y-

Pro- IL-18-
inflammatory IL-6-

— TNF-a-

— IL-2-

IL-8-

Chemokine MIP-1B-

SIV Negative SIV Emerged

i SIV Rebounded

(SN) (SE) ss) (SR)

MCP-1-
—|P-10

cb4*

CD4* CD38'HLA-DR" -
— CD4"' CD38'HLA-DR"

— CD8* CD38"HLA-DR" -
CcD8* CD38"HLA-DR -
CcD8* CD38'HLA-DR" -
— L—CD8*CD38'HLA-DR -

cps*

— —— CD4" Ty

cp4*

CD4* Tepra-
——  CD4" Ty
—  CD8" Tem-

cps*

— — PD-1*/CD4* Ty
PD-1*/CD4* Tyaive-
PD-1"/CD4* Teyra-
— PD-1"/CD4* Tgy-
— PD-1*/CD8" Tcy-
PD-1*/CD8" Tyaive-
PD-1*/CD8" Tgyra-

cp4*

cps*

— — PD-1*/CD8" Tgy

— —CD4" CD38*HLA-DR*-
CD4* CD38*HLA-DR

cp4* TNaive ™

cbg* TNaive .
CD8" Teyra

E— ——  CD8* Tgy-

- Z-Score

Friedman test
SN_SE_SS_SR
** P=0.0026
ns
*** P=0.0007
ns
* P=0.0181
* P=0.0309
ns
** P=0.0061
ns
ns
ns
** P=0.0097
P=0.0120
ns

*

ns
ns
ns
ns
ns

ns
ns
ns
ns
ns
ns
ns
ns
** P=0.0084
ns
ns
* P=0.0112
** P=0.0087
ns
ns
ns





OPS/images/fmicb-12-704449/fmicb-12-704449-t001.jpg
T lymphocyte subsets

Activated T cells

Naive T cells (Tnaive)

PD-17 TNaive

Central memory T cells (Tgwm)
PD-1+ Tom

Effector memory RAT T cells
(Temra)

Effective memory T cells (Tgwm)
PD-1* Tem

Biomarker

CD471/CD8* CD38" HLA-DR*
CD4*/CD8" CD38" HLA-DR~
CD4*/CD8" CD38~ HLA-DR™
CD4+/CD8* CD38~ HLA-DR~
CD3™ CD4*/CD8" CCR7+ CD45RA™
CD3* CD4*"/CD8" CCR7+ CD45RAT PD-17
CD3* CD4*+/CD8" CCR7* CD45RA™~
CD3" CD4*t/CD8" CCR7+ CD45RA™ PD-17
CD3™ CD4*/CD8" CCR7~ CD45RA™

CD3* CD4*"/CD8" CCR7~ CD45RA™ PD-17
CD3™ CD4*/CD8" CCR7~ CD45RA™
CD3* CD4*+/CD8"T CCR7~ CD45RA™ PD-1T





OPS/images/fmicb-12-704449/fmicb-12-704449-g002.jpg
SSC-A

7] -
g 8
1 =]
< 1
E3 Single Cells g <
% w
@ 96.0 W
8 s g
- -
] 3
o
4
T T T T T T T Ty Ty T LMl st Ty T
FSC-A FSC-A Comp-BV605-A :: CD3 Comp-BY605-4:: CD3
Subset Name| Freq. of Parent [T subsetname Freq. of Parent
C04+ 33.9 co8+ 298
M| single Cells 96.0 Single Cells 96.0
- CD38-HLA-DR+ CD38+HLA-DR+ - CD38-HLA-DR+ CD38+HLA-DR+
3100 10.8 34.00 20.7
-4 =
Q e
3 4 3 A
5 w3
< <
=) =)
2 2
g g
3 3
] £ 3
o c 4
4 CD38-HLA-DR- CD38+HLA-DR-
=16.7 58.5
T e T T

Lo RERRRSAE Ty

Comp-FITC-A :: CD38






OPS/images/fmicb-12-704449/fmicb-12-704449-g003.jpg
Comp-BV421-A:: CCR7

Comp-BV421-A :: CCR7

M TNaive
243 268
TEM TEMRA
1114 375

Comp-APC-A :: CD45RA

Subset Hame Freq. of Parent
TCM 243
TNaive 268
TEM 14
TEMRA 375
Q3: C0d+ 464

M TNaive
—3.85 7.86
TEM
1134
g, Ty Ty Ty T
Comp-APC-A :: CD45RA
[ Subset Hame Freq. of Parent
HiE 385
Thaive 736
TEM 134
TEMRA 7438
M| cos+ 424

SSC-A

SSC-A

SSC-A

SSC-A

Comp-PerCP-Cy5.-5.-,

PD-1in CD4+ TCM subset PD-1in CD4+ TNaive subset
4 < 1
@
]
T T Ty ™ "
Comp-PerCP-Cy5-5-A :: PD-1
E PD-1in CD4+ TEM subset < 1 FO:AInCDA- TEMRA subsst
o
@
]
B e | Ty Ty ™ T Ty Ty Ty ™ T
Comp-PerCP-Cy5-5-A :: PD-1 Comp-PerCP-Cy5-5-A :: PD-1
PD-1in CD8+ TCM subset PD-1in CD8+ TNaive subset
<« 7
%)
@
]
TR T Ty ™ TRy L BRI Bt B
Comp-PerCP-Cy5.5-A :: PD-1 Comp-PerCP-Cy5-5-A:: PD-1
| PD-1in CD8+ TEM subset 7 PD-1in CD8+ TEMRA subset
7.16
<« 7
o
@
]
Y Ty ™ =gy Ty Ty ™ T

Comp-PerCP-Cy5-5-;






OPS/images/fmicb-12-704449/fmicb-12-704449-g004.jpg
>

CD4 Counts

Lg VRNA in plasma (copies/mL)

109 gv Negative SIV Emerged SIV Suppressed SIV Rebounded ~ ~ H0101V
(SN) (SE) (SS) (SR) = Ho102v
8 -+ H0103V
-+ HO0104V
+- HO105V
6 -+~ HO106V
x- HO107V
+- H0108V
44
2_
0 T T T T | 1
-50 0 50 100 150 200 250
Days post infection (d)
57  sn SE ss SR "y 35
E3 <. =
3 s s 2 8
o > Q
o - o
s 5 8
o 6 6 T o
= 5 =
o 3 o
[ 5 o
£ 4 4 3 =
o
z » s 2
5 2 ' 2§ 8
o = o
- C -
o T T T T T ]
-50 0 50 100 150 200 250
Days post infection (d)
ns
E B —_—
3000 SN SE ss SR 10 = 3000 s
* % [—
" 2
. = 8 § L ns ns
2000 ; 5 2 2000
6 T E x
28 .
3 < x L]
4 =0 . . v
1000- § © 1000 i
l2 @ +| P |
3 @
2
o T T T T T 0 0-—r T v T
50 0 50 100 150 200 250 SN SESS SR
Days post infection (d) (-14dpi) (77dpi) (168dpi) (210dpi)
ns
_—
10 =
3+ 34 |
SN SE ss SR & e &
—t
. ) 3 8 % . L
. >
] " 6 '==_' 2 & vix v
o ] Q
3 ,: 8 Y -
o 8 |l = il *A
= 3
2 8 . .
3
: n
o T T T T T 0 01— T T T
50 0 50 100 150 200 250 SN SE ss SR
(-14dpi) (77dpi) (168dpi) (210dpi)

Days post infection (d)





OPS/images/fmicb-12-704449/fmicb-12-704449-g005.jpg
>

Activated CD4" T cells (%)

=
=3
=3

v

TIPS

T T T T
SN SS SN SS SN SS SN SS

CD38*HLA-DR* CD38'HLA-DR™ CD38°HLA-DR* CD38'HLA-DR"

Activated CD8" T cells (%)

-
o
=3

&

T
SN SS SN SS SN SS SN
CD38'HLA-DR* CD38'HLA-DR" CD38°HLA-DR* CD38HLA-DR"

+{ I

B .o »
X =
2 804 2 804 :
o o %
K] 8 5 :
5 60 5 604 = <
o o C :
T 404 T 404 : :
3 40 ¢ 40 : %:
= [ . .
: L : :
'+ 20 % 204 :E :
=} : [a] b :
o : éﬁ& -x- o % @: :
T T T y——r T T T == T T T T T T
SN SS SN SS SN SS SN Ss SN SS SN SS SN SS SN SS
CD4* Tey CD4* Thave  CD4* Tevga CD4* Tem CD8* Tew CD8" Tyave  CDS8* Teva CD8* Tem
cC . =
S S
100 - - 60
H : : H .
2 s0- : . 2
3 B -} . .
hud i i 2 404 : :
o 60 g ] : 3
2 : k4 : :
5 407 : : ‘o CR :
R I P Sl &
=] :
£ i . c
4 o : o] 5 0-*—%—’!—-: :
a T T T T T T T T a 7 T T T T
o SN SS SN SS SN SS SN SS o SN SS SN SS SN SS SN SS
PD-1*Tey  PD-1*/Thave  PD-1"Tewga  PD-1*/Tay PD-1*Tey  PD-1*/Tnave  PD-1*/Tewga  PD-1*/Tay
D E
1x108
IL-10-
1%1054
. IL-8
1%104 ol il MIP-18
_ U0 som CD4* CD38"HLA-DR
E 1x10% . * x %
S U v| xx o CD8* CD38*HLA-DR
2 1x1024 " Nle| 1 e g
3 . ox " ; o o . PD-1*/CD4* Tey
- & [+
1%101 P : am x| PD-1*/CD4"* Tgy -
% . . C Ml i b
1x1004 Rl 3 ; IdRaIE 1% PD-1*/CD8" Tey]
e m 3 x m PD-1*/CD8" Tgy
1%10°1 T T T T T T r r T T T T t T
b4 e 3 e @ ¥ % 2 e i e 001 01 1 10 100
i o i = = z = = g g [ Fold Change (SS/SN)
C [ 1 L 1
Anti- Pro- . Chemokines






OPS/images/fmicb-12-704449/fmicb-12-704449-g001.jpg
Cytokines v v v
Immunocyte subsets v v v v
Total viral DNA vV vV V VvV vV \ v v v v v
CD4 Counts vV v \4 v V V V V V V V: v
Viral RNA Y YV YY V V VYV V V VY VYV V V V V V: vV v
5 o S VY O W W T O T N § =
el 35 21 707 21 35 49 63 77 91 105 119 133 147 161 175 189 203 217 231 245

SIVmac239 cART (TFV/IFTCIDTG, s.c.)
i.v. 100TCIDsq 3 months, daily






OPS/images/fmicb-12-732450/fmicb-12-732450-g005.jpg
o1 @2 ST5 sT7 NT5 NT6
SARS-CoV-2 peptide mix & + 60 - 60 . 60 60 »
@ @ 1 @ —‘ @2
CUK2 RNA adjuvant B 2 2 2 . 2 o
Q40 L 40 L 40 L 40
3 3 . 3 g
& & g1 - &
220 L2 | o2 ©20
0Lz o 0 % 0
Nil Pept + Nil Pept+ Nil Pept + Nil Pept +

CUK2 CUK2 CUK2 CUK2






OPS/images/fmicb-12-732450/fmicb-12-732450-g004.jpg
By,

G1 G2 G3 G4 G5
Do D14 D21
4 peptide mix (g/mL) = 01 1 10 20 ﬁ—
CUK2 RNA adjuvant 3 + + ¥ +
[ CD8+ effector T cell D CD4+ effector T cell
s 64 825 . + 254 g6
& —_— 5 = 3 . . s -
2 b g 20 S204 ¢ H .
i . 3 2 & 2 2 34 £ » s
e - 815 M 154 K * 8 s
R T ! H e B 4
s T S104 * 104 &
£ 24 g ! i, g2
Y . P 6
8 508 ﬁ g 59 M
5 : 8 2
=0 g oo =0 o
Saline01 1 10 20 % Nil 01 1 10 20 Nil 01 1 10 20 = Nil 01 1 10 20
E ELISPOT CD4+ T call
000- 1000 06 06
o o] 2§ o] ] %
2 3 8 04
% 600-| 2 6004 gos 4
5 400 g 400 - 53
£ 200 £ 200 - = =
g ol 2 ol oolEIB [ o
= NO111020 NO111020 NO111020 NOT11020 NO111020 NO11 1020 NO111020 NO111020
stmulation: ~_on pepide ron peptde on peplide o peptde
G CD8+ T cell
3 508 a 5
& 3 H
& 2,1 .
52 S04 2
3 32 :
z1 Loz H .
£ g 514
£ 5 * P
La i # 00 A
NO111020 NO111020 NO111020 NO111020 NO111020 NO111020 NO111020 NOT11020
S peptide i peptide preee P promen peptide





OPS/images/fmicb-12-732450/fmicb-12-732450-g003.jpg
Nil

lejoL

xw N

X s

LN

OLIN

61N

8IN

LIN

9IN

SIN

PIN

€IN

2N

LIN

8

91s

s1s

€18

1188

zs

z8s

LS

[&:N]

uoN

peptides + CUK2

ey

-

rnx

1188

zs

zas

LS

L8s

uoN

10000 -

2000

)
g8 8 8
g 8 8
8 8 %
(51199 ,01x G / AuAoR)A-NI

o

g
5
E

10000

2 <
g8 8
g8 8
8 8
(s1180 01 x G / AuAnoe)A-t

4000
2000

z
L
stimulation:





OPS/images/fmicb-12-732450/fmicb-12-732450-g002.jpg
A B
Gl G2 G3 G4 @) &
Do D14 D21
20 peptide mix [
CUK2 RNA adjuvant PR é é
c Spleen D Lymph node E
+
& 524 %8 . % 10 .
2 2 5 9 a
<] 022 g o4 .
o5 5 - .%s R A N
E) £ 20 .. 2 2 . — g4 g
3 3 = 3, ] "3 e 2 8
3 18 . H :
2 ey o/ B AR M
B 316 L & 2 82
g g b g2 g2 y :
g rad [*] |2} 8 s
8 :
S 3 o : 8 i
=0 =12 =0 = go
NIl CURZPeptPopts NI GUK2PaptPopt~ NI CUKzPeptPapte NI GUKZPaptPopt- S NI CUKzPoptPapt-
c cukz UKz cukz cukz
F ELISPOT H CD8+ T cel
 s00 5 300 . 410 . 12
: H —— & Y
5600 S .o BO 848
3 25200 a 06 s
2 a0 - s H
3 = Eoa. 5
g g 100q g 2
B0 L. : 502 z
£ ol 2 ol £ 00l &
N C PPC NG PPC NC PPIC N C PPC NG P PG NG PP
stimuiation: _non peptide ran peptide non peplice nan peptide
G DB+ T cell CD4+ T el
15 . 08 0. L 034
8 - Bos 3 ;3 T
S 1o 2 S 02 Soz{
3 504 kS &
Z 05 [ H L0414
g Zo2 i £
= = : = =
00 < ol ool
N C PPiC NG PPC NC PPC NC PP N C PP N C PPiC
ST R ‘peptide preey ey o ey e peptide





OPS/images/fmicb-12-732450/fmicb-12-732450-g001.jpg
st N
sB1 ASTEKSN NTi N, RITFGGPSDST
ST1 S, KCYGVSPTKL NT2 N, . ASWFTALTQHGKEDL
SB2 S, NSNNLDSKVGG NT3 N, QIGYYRRATRRIRGGDGK
ST2 S, NYNYLYRLFR NT4 N, FYYLGTGPEAFLPYG
SBT1 S, EIYQAGSTPCNNGY NT5 Ny, GIWVATEGALNTPKDHIGT
ST3 S NCYFPLQSYGFQPTN NT6 Ny ALALLLLDRL
ST5 S KNKCYNFNFNGLTGTGVLT NT7 N, . QQQQGQTVTKKSAAEA
sTe S VFQTRAGCLIGAEHY NT8 Ny, SAFFGMSRIG
ST7 S NNSYECDIPIGAGICA NT9 Ny, WLTYTGAIKLDDKDP
NT10 Ny VILLNKHIDAYKTEP
NTH1 Ny, LQQSMSSA
B
581 ST1___SB2 SBTY ST5 ST6
s1
sT2 ST3 sT7
NT1_NT2 NT3 _ NTS NTENT7 NT8  NT10 _ NT11
N
NT4 NTO
[
Homology(%) s N
SB1_ST1 SB2 ST2 SBTI ST3 ST5 ST6 ST7 NTI NI2 NT3 NT4 NT5 NT6 NT7 NT8 NTO NT10 NTif
SARSCoV 857 909 364 70 154 60 947 933 875 909 933 944 933 905 100 100 100 933 100 75
ocas 286 273 182 10 154 133 316 267 32 222 40 278 733 333 50 286 50 40 333 25
NL63 286 - 182 222 154 133 316 133 57.1 10 133 294 60 40 40 143 30 286 167 167
HKUT 286 273 182 25 231 133 316 267 25 91 40 278 733 238 50 286 40 40 25 125
229E 0 - 182 111 231 20 316 20 429 20 133 294 533 35 40 25 30 286 167 O
D
Homology(%) s N
varient SB1_ST1 SB2 ST2 SBT1 ST3 ST5 ST6 ST7 NTi NI2 NT3 NT4 NI5 NT6 N7 NT8 NTO NT10 NTi1
Apha(B117) 100 100 908 0 923 933 100 100 100 100 100 100 100 100 100 100 100 100 100 100
Beta (B.1351) 100 100 100 100 100 933 100 100 100 100 100 100 100 100 100 100 100 100 100 100
Gamma(P1) 100 100 100 100 100 933 100 933 100 100 100 100 100 100 100 100 100 100 100 100
Delta (B.1.6162) 100 100 100 80 9823 100 100 100 100 100 100 100 100 100 100 100 100 100 100 100






OPS/images/fmicb-12-732450/crossmark.jpg
©

2

i

|





OPS/images/fmicb-12-725074/fmicb-12-725074-t003.jpg
Limitations

Limited week-scale lifespan

Maturation

Lack cell/system complexity

Inaccessibility

Limited reproducibility

Readout limitations

Organoid type

All, esp., ASC-derived

All, esp., PSC-derived

ASC-derived epithelial

types

Encapsulated organoids

Esp., ASC-derived

Aggregated organoid
capsules

Points for prospective solutions

Cryopreservation
Virus adaption
Organoid engineering

Maturation handling
Virus adaption
ASC-derived usage

Usage of PSC-derived to differentiate mesenchymal layer
Co-culture of cells/other organoids
Introduction of microbiota niche

Increasing nutrient circulation through methods such as shaking and pumping
Cryopreserving at thriving status

Introduction of virus via injections or other physical poration

Develop apical-out epithelial organoids

Adopt 2D Transwell culture for simple cell layer

Standardize resources for scaffolds and medium supplies

Standardize and simplify protocol

Use well-defined start materials for ASC-derived, and colonized PSC stocks
Subculture organoids from a cryopreserved organoid stocks

Imaging: (1) Use organoid microscopy or imager; (2) Adopt 2D Transwell culture; (3) Make organoids into
continual sections

Molecular monitoring: implement biosensors

Computational modeling simulation

Omics profiling: Connect to various OMICS platforms, especially updates based on single cell throughput
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Group/Species Source tissues Disease modeling? References

Domestic

Canis lupus familiaris (Dog)

Felis catus (Cat)

Gallus gallus (Chicken)

Sus scrofa (Pig)

Bos Taurus (Cattle)

Ovis aries (Sheep)

Equus caballus (Horse)

Oryctolagus cuniculus (Rabbit)
Wild

Rhinolophus sinicus (Horseshoe
bat)

Nine snake species

Dogfish shark

Skin (Keratinocyte)
Prostate gland
Urinary bladder
Kidney

Intestine

Liver

Intestine
Liver

Intestine

Esophagus submucosal gland
Intestine

Rectum

Testicular tissue

Intestine
mammary gland

Intestine
pancreatic duct

Intestine
endometrium

Intestine

Intestine

Snake venom glands
Rectal gland

N/A

Prostate cancer

Bladder cancer

N/A

N/A

Copper storage disease

Feline coronavirus (Tekes et al., 2020)
Hepatic lipidosis/steatosis

Protozoan (T. gondii) (Holthaus et al., 2021)

N/A
Lawsonia infection (Resende et al., 2020)

Enteric coronavirus (Li et al., 2019a,b, 2020; Luo

etal., 2020; Yin et al., 2020)

Protozoan (T. gondii) (Holthaus et al., 2021)
Crohn disease

NA

N/A

N/A
N/A
Copper toxicity
N/A
N/A

Rabbit calicivirus, but not productive

SARS-CoV2/COVID-19

N/A
N/A

Wiener et al., 2018

Usui et al., 2017

Elbadawy et al., 2019

Chen et al., 2019

Powell and Behnke, 2017; Chandra et al., 2019
Nantasanti et al., 2015

Powell and Behnke, 2017; Tekes et al., 2020
Kruitwagen et al., 2017; Haaker et al., 2020
Pierzchalska et al., 2017; Powell and Behnke,
2017; Panek et al., 2018; Pierzchalska et al.,
2018; Acharya et al., 2020; Holthaus et al.,
2021

von Furstenberg et al., 2017

Koltes and Gabler, 2016; van der Hee et al.,
2018; Li et al., 2019a,b, 2020; Liu et al., 2020;
Resende et al., 2020; Yin et al., 2020
Adegbola et al., 2017

Sakib et al., 2019; Vermeulen et al., 2019

Hamilton et al., 2018; Derricott et al., 2019;
Topfer et al., 2019
Martignani et al., 2018

Powell and Behnke, 2017
Liu et al., 2020

Powell and Behnke, 2017; Stewart et al., 2018
Thompson et al., 2020

Kardia et al., 2021

Zhou et al., 2020

Post et al., 2020
Schwarz et al., 2015
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Complexity

Cost

Manipulability and reproducibility
Genome stability and biobanking
Genome/gene editing

Physiologic recapitulation
Vascularization and system integration
Modeling organogenesis

Modeling development and diseases in
Animals
Modeling development and diseases in
humans

2D cell culture

Low

Low

More uniformly controlled
Genome instability

Yes

Limited

No

Poor

Poor, due to over-simplicity vs. animal
body system

Poor, due to over-simplicity and
species-specificity

3D organoid culture

Medium

Low to medium

Good, but may have more variability
Yes

Yes

Semiphysiologic

Partial

Effective in modeling intra-organ
cell-cell interaction and core
morphogenesis

Yes, at organ level

Partially, critical to model and study
shared diseases and zoonotic infections

Animal models

High

High

Limited due to individual variation
Yes at cellular level

Yes, only using embryonic stem cells
Physiologic

Yes

Yes, but often complicated by

organismal complex

Yes, genuine self if use same species

Yes, comparable holistic model






OPS/images/fmicb-12-732450/fmicb-12-732450-g006.jpg
% survival

c
<] G2
4x105 6x1054 o
SARS-CoV-2 peptide : B
. £ 3x108 =
CUK2 RNA adjuvant + £ LIy
a 4 H .
8 2x105 =4
J2aN B § L
= 2x10
& 1x108
Do D14 D28 D35 D39
] 3 ¥ : u
Nil Pept + Nil Pept+
CUK2 CUK2
E
Gl G2 Gs G4 @)
ST5+ST7 - . - + Do D14 D21 D28
NTS + NT6 S e g[ ﬂ E3
CUK2 RNA adjuvant = = + +
Virus challenge -+ o+ =+
[
Inflammation Edema Capillary diation
100+ 5
o .
80 g 4 .4 . 4
3 » .
o0 3 3 3 .
K
40 o Non challenged 2 2 2 # 2 .
—&~ Nil (Saline) £ .
20+ N pept+ CUK2 &« 1 % 1
o L= Spept+ Npept + cUK2 . .
0 1 2 3 4 5 6 7 NC. NIl N S+N NC. Ni N SN NC. Nil N S+N
Day post challenge

Non challenged

N pept + CUK2

S pept + N pept +CUK2
e T






OPS/images/cover.jpg
EMERGING AND IMPORTANT INFECTIOUS
DISEASES: THE CUTTING-EDGED STUDIES

ONANIMAL MODELS AND IMMUNOLOGY

10 Guo, Bo Zhong and Xiaohui Zhou
Microbiology

P frontiers Research Topics





OPS/images/fmicb-12-753328/fmicb-12-753328-t005.jpg
Protein/Gene HP364 SC295 HP SSw18 SSS9 SSwW17 SSwW15 SCS9 L5S1 HP2
358
HO 88 87 99 55 56 56 27 44 44 45
Loa22 92 93 98 69 70 66 67 53 55 52
FIiN 90 90 100 73 73 74 74 56 56 56
ClpB 90 91 99 77 77 77 76 43 43 42
FlaA2 90 88 100 73 74 73 74 57 58 58
Catalase 87 87 100 30 55 26 28 75 27 75
MCE 89 89 100 73 72 73 73 60 61 61
LipL71 85 87 100 63 62 62 59 38 37 37
Collagenase 85 76 99 39 31 28 34 38 34 32
HbpA 84 85 99 54 54 55 54 30 31 30
HtpG 92 93 99 72 73 74 74 64 65 65
Putative lipoprotein (LB194) 76 76 99 NF 36 31 28 34 34 NF
Hypothetical protein (LA2786) 48 48 98 4 35 NF 27 30 26 27
Hypothetical protein (LAO589) 61 61 99 36 47 34 26 24 39 26
LigA 53 54 87 4 41 42 30 NF 33 NF
LigB 64 65 97 47 47 48 39 37 35 25
LigC 87 89 99 63 63 63 29 24 45 24
LipL32 98 95 100 68 69 66 70 28 37 NF
OmpL1 85 86 100 47 47 48 51 46 45 45
LipL45 89 88 99 62 62 62 67 56 55 56
Ty A 81 83 99 52 53 54 52 47 47 47
Ty B 96 96 99 87 87 87 87 78 78 79
Ty C 94 94 100 72 73 72 73 57 58 57
sphH 54 55 99 27 38 32 27 33 40 26
sph2 58 68 99 40 30 29 42 50 32 50
Len A 65 63 98 34 31 29 37 36 30 30
Len B 53 52 100 28 33 28 NS 35 31 48
LenC 40 61 99 27 35 32 34 34 31 36
Len D 35 32 99 31 29 40 37 35 29 39
LenE 44 37 100 31 29 31 40 45 44 44
LenF 55 72 63 31 34 33 35 39 32 38
Thermolysin 30 62 100 44 44 30 23 26 33 25
Peroxidase 83 80 99 67 68 69 38 51 49 51
vwa-/ 85 80 99 NS NS NS NS NS NS NS
vwa-ll 80 80 99 NS NS NS NS NS NS NS
Lsa21 NS NS 99 NS NS NS NS NS NS NS
invA 82 82 99 NS NS NS 81 NS NS NS
lipL21 89 90 100 81 80 80 82 NS NS NS
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Leptospira Blood Lungs Liver Kidneys
species

L. weilii stra5in

SC295

St NA NA NA 1.326 x 10°
S2 NA NA NA 2.740 x 10°
S3 NA NA NA 1.159 x 103
S4 NA NA NA 1.67 x 102
Average NA NA NA 6.916 x 10%
L. interrogans

strain HP358

S1 (died at D6) NA 6.390 x 108 5.240 x 10%  7.450 x 107
S2 (died at D6) NA 4.290 x 10 1.330 x 108 2.750 x 107
S3 (died at D7) NA 1.988 x 10* 1270 x 106 9.620 x 108
S4 (euthanizedat  2.018 x 10  3.134 x 10* 6.585 x 10*  2.460 x 107
D7)

Average 2.018 x 10° 2.683 x 10° 1.646 x 108 3.405 x 107

Average values are indicated in bold.
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No. Species Culture PCR

Blood Kidneys Blood Lungs Liver Kidneys
1. Control 0/4 0/4 0/4 0/4 0/4 0/4
2. L. borgpetersenii strain HP364 0/4 0/4 0/4 0/4 0/4 0/4
3. L. weilii strain SC295 0/4 4/4 0/4 0/4 0/4 4/4
4. L. interrogans strain HP358 1/4* 4/4 1/4* 4/4 4/4 4/4
5: L. semungkisensis strain SSS9 0/4 0/4 0/4 0/4 0/4 0/4
6. L. fletcheri strain SSW15 0/4 0/4 0/4 0/4 0/4 0/4
7. L. congkakensis strain SCS9 0/4 0/4 0/4 0/4 0/4 0/4
8. L. jelokensis strain L5S1 0/4 0/4 0/4 0/4 0/4 0/4
8. L. perdikensis strain HP2 0/4 0/4 0/4 0/4 0/4 0/4
10. L. langatensis strain SSW18 0/4 0/4 0/4 0/4 0/4 0/4
11. L. selangorensis strain SSW17 0/4 0/4 0/4 0/4 0/4 0/4

*For blood samples, blood was not available for the dead animals (3/4).
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Species

L. borgpetersenii strain HP364
weilii strain SC295
interrogans strain HP358

-

semungkisensis strain SSS9
fletcheri strain SSW15
congkakensis strain SCS9
Jjelokensis strain L5S1
perdikensis strain HP2
langatensis strain SSW18

[

selangorensis strain SSW17

Source

Rodents
Rodents
Rodents

Environments (soil)
Environments (water)
Environments (soil)
Environments (soil)
Environments (water)
Environments (water)
Environments (water)

Clinical manifestation

No
Yes—inactive, weight loss

Yes—inactive, weight loss,
eyes suffusion, hunched
back, breathing problem

No
No
No
No
No
No
No

Survival

Yes (21 days)
Yes (21 days)

Two died on day 6, one on
day 7, and one moribund
animal died on day 7

Yes (14 days)
Yes (14 days)
Yes (14 days)
Yes (14 days)
Yes (14 days)
Yes (14 days)
Yes (14 days)
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Species

. borgpetersenii

. weilii

. interrogans

. semungkisensis
. fletcheri
congkakensis
Jjelokensis
perdikensis
langatensis

e e el

selangorensis

Strain

HP364
SC295
HP358
S§889
SSW15
SCS9
L6S1
HP2
SSw18
SSw17

Source

Rodents
Rodents
Rodents
Environments (soil)
Environments (water)
Environments (soil)
Environments (soil)
Environments (water)
Environments (water)
Environments (water)

References

Azhari et al., 2018
Azhari et al., 2018
Azhari et al., 2018
Vincent et al., 2019
Vincent et al., 2019
Vincent et al., 2019
Vincent et al., 2019
Vincent et al., 2019
Vincent et al., 2019
Vincent et al., 2019
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L. ryugenii YH101
L. ilyithenensis 201400974

100

100

100 “L. jelokensis L5S1

100 r L. bourretii 201800280
100 [ - L. mtsangambouensis 201601298
L. bandrabouensis 201601111
9 —L. montravelensis 201800269
L. perdikensis HP2
L. congkakensis SCS9
100 L. noumeaensis 201800287
99 - L. kanakyensis 201800292
L. ellinghausenii E18
L. kemamanensis 201702454
oz |[ L. bouyouniensis 201601297

L. semungkisensis SSS9

82

o L. selangorensis SSW17
100 FEL. andrefontaineae 201800301

100

100

L. sarikeiensis 201702466
L. langatensis SSW18

L. fletcheri SSW15

L. fluminis SCS5

| L. koniamboensis 2018008265
L. dzoumogneensis 201601113

L. gomenensis 201800299
L. dzianensis 201601115
L. putramalaysiae SSW20

L. tipperaryensis GWTS
L. weilii SC295

L. borgpetersenii HP364
L. interrogans HP358

P

0.10
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RAST subsystems annotation

Amino Acids and Derivatives
Cofactors, Vitamins, Prosthetic Groups, Pigments
Protein Metabolism

Motility and Chemotaxis
Carbohydrates

Respiration

DNA Metabolism

Stress Response

Nucleosides and Nucleotides

Fatty Acids, Lipids, and Isoprenoids
Regulation and Cell signaling

RNA Metabolism

Cell Wall and Capsule

Virulence, Disease and Defense

Miscellaneous

Phosphorus Metabolism

Membrane Transport

Nitrogen Metabolism

Sulfur Metabolism

Cell Division and Cell Cycle
Secondary Metabolism

Metabolism of Aromatic Compounds
Dormancy and Sporulation

Potassium metabolism

Phages, Prophages, Transposable elements, Plasmids
Iron acquisition and metabolism

Photosynthesis

0 20 40 60 80 100 120 140 160 180 200

B L. interrogans strain HP358 M L. weilii strain SC295 M L. borgpetersenii strain HP364
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L.weilii LT2116
L.borgpetersenii R6L
L.borgpetersenii R6
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Organs

A) L. borgpeterseniiHP364 |

B) L. weilii SC295

C) L. interrogans HP358

l

D) Control

Lungs

Liver

Kidneys
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Characteristics

Age stratification, n (%)
<60 years old
Female
Male
60-70 years old
Female
Male
>70 years old
Female
Male
Sex stratification, n (%)
Female
<60 years old
60-70 years old
>70 years old
Male
<60 years old
60-70 years old
>70 years old

Total (n = 2,938)

735 (61.7)
456 (38.3)

603 (59.6)
408 (40.4)

386 (52.4)
350 (47.6)

735 (42.6)
603 (35.0)
386 (22.4)

456 (37.6)
408 (33.6)
350 (28.8)

Comorbidity stratification, n (%)

Non-comorbidity
Female
Male
Any-comorbidity
Female
Male

1,141 (59.6)
775 (40.4)

583 (57.0)
439 (43.0)

Comorbidity stratification, n (%)

Non-comorbidity
<60 years old
60-70 years old
>70 years old

Any-comorbidity
<60 years old
60-70 years old
>70 years old

892 (46.6)
597 (31.2)
427 (22.3)

299 (29.3)
414 (40.5)
309 (30.2)

Survival (n = 2,488)

697 (94.8)
424 (93.0)

502 (83.3)
335 (82.1)

290 (75.1)
240 (68.6)

697 (94.8)
502 (83.3)
290 (75.1)

424 (93.0)
335 (82.1)
240 (68.6)

1,024 (89.7)
651 (84.0)

465 (79.8)
348 (79.3)

850 (95.3)
513 (85.9)
312 (73.1)

271 (90.6)
324 (78.3)
218 (70.6)

P values were calculated by multivariate logistic regression model.
*Adjusted for delay from symptom onset to hospital admission and with any one of comorbidity.
#Adjusted for age and delay from symptom onset to hospital admission.
T Adjusted for sex and delay from symptom onset to hospital admission.

Fatal (n = 450)

101 (16.7)
73(17.9)

96 (24.9)
110 (31.4)

38 (6.2)
101 (16.7)
96 (24.9)

32 (7.0)
73(17.9)
110 (31.4)

117 (10.3)
124 (16.0)

118 (20.2)
91 (20.7)

42 (4.7)
84 (14.1)
115 (26.9)

28 (9.4)
90 (21.7)
91 (29.4)

Adjusted OR (95%ClI)

Reference
1.38 (0.85-2.26)

Reference
1.07 (0.77-1.50)

Reference
1.38 (1.00-1.91)

Reference
3.18 (2.14-4.73)
5.30 (3.54-7.95)

Reference
2.72 (1.74-4.24)
5.76 (3.75-8.84)

Reference
1.565 (1.17-2.06)

Reference
0.94 (0.69-1.29)

Reference
3.11 (2.11-4.59)
6.86 (4.69-10.02)

Reference
2.61(1.66-4.12)
3.98 (2.51-6.32)

P value

0.196*

0.683*

0.049*

<0.001*
<0.001*

<0.001*
<0.001*

0.002#

0.700*

<0.001%
<0.001T

<0.001%
<0.001T
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Characteristics Total (N = 2,938) Survival (n = 2,488) Fatal (n = 450) Adjusted OR (95%Cl) P value

Age, years, n (%)

<50 542 (18.4) 527 (97.2) 15(2.8) Reference

50-60 649 (22.1) 594 (91.5) 55 (8.5) 2.91 (1.62-5.23) <0.001#
60-70 1,011 (34.4) 837 (82.8) 174 (17.2) 6.17 (3.59-10.63) <0.001*
>70 736 (25.1) 530 (72.0) 206 (28.0) 11.43 (6.65-19.66) <0.001#
Sex, male, n (%)

Female 1,724 (58.7) 1,489 (86.4) 235 (13.6) Reference

Male 1,214 (41.3) 999 (82.3) 215 (17.7) 1.24 (1.00-1.53) 0.048*
Delay from symptom onset to admission, days, n (%)

<5 1,745 (59.4) 1,633 (87.9) 212 (12.1) Reference

>5 1,193 (40.6) 955 (80.1) 238 (19.9) 1.56 (1.27-1.993) <0.001*
Single comorbidity, n (%)

Non-comorbidity 1,916 (65.2) 1,675 (87.4) 241 (12.6) Reference

Any-comorbidity 1,022 (34.8) 813 (79.5) 209 (20.5) 1.48 (1.20-1.83) <0.001*
DM 186 (6.3) 141 (75.8) 45 (24.2) 2.27 (1.58-3.28) <0.001*
B 26 (0.9) 20 (76.9) 6 (23.1) 1.86 (0.73-4.75) 0.196*
COPD 255 (8.7) 197 (77.3) 58 (22.7) 1.84 (1.33-2.56) <0.001*
CVH 286 (9.7) 226 (79.0) 60 (21.0) 1.88 (1.37-2.59) <0.001*
CVD 104 (3.5) 84 (80.8) 20 (19.2) 1.50 (0.90-2.50) 0.123*
Malignancy 21(0.7) 17 (81.0) 4 (19.0) 1.70 (0.56-5.18) 0.351*
CHD 101 (3.4) 82 (81.2) 19 (18.8) 1.61(0.96-2.72) 0.074*
Hypertension 371 (12.6) 305 (82.2) 66 (17.8) 1.54 (1.14-2.08) 0.005*
Multiple comorbidities, n (%)

Zero 1,916 (65.2) 1,675 (87.4) 241 (12.6) Reference

One 753 (25.6) 598 (79.4) 155 (20.6) 1.53 (1.22-1.993) <0.001*
Two 215 (7.3) 174 (80.9) 41 (19.1) 1.32 (0.91-1.93) 0.148*
Three or more 54 (1.8) 41 (75.9) 13 (24.1) 1.39 (0.72-2.70) 0.325*

OR, odds ratio; Cl, confidence interval.

P values were calculated by multivariate logistic regression model.

#For the age group, the adjusted variables were sex, delay from symptom onset to hospital admission and with any one of comorbidity. For the sex, the adjusted variables
were age, delay from symptom onset to hospital admission and with any one of comorbidity. For the delay group, the adjusted variables were age, sex and with any
one of comorbidity.

*Adjusted for age, sex and delay from symptom onset to hospital admission.
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Number Group Sampling site Species Number Collection date Remarks

1 RH1 Raohe, Heilongjiang Microtus fortis 9 22nd August

2 RH2 Raohe, Heilongjiang Rattus norvegicus 5 22nd August

3 RH3 Raohe, Heilongjiang Apodemus agrarius 5 22nd August

4 YN2 Ruili, Yunnan Rattus flavipectus 5 2 on 18th September and 3 on 25th September pups

5 YN3 Ruili, Yunnan Rattus flavipectus 8 4 on 18th September and 4 on 25th September female adults
6 YN4 Ruili, Yunnan Bandicota indica 1 18th September

7 YN5 Ruili, Yunnan Rattus rattus sladeni Anderson 5 25th September

8 YN7 Ruili, Yunnan Rattus yunnanensis 1 25th September

8 YN9 Ruili, Yunnan Eothenomys miletus 1 25th September

10 YN10 Ruili, Yunnan Rattus flavipectus 4 18th September male adults
11 YN11 Jinghong, Yunnan Rattus flavipectus 7 23rd September female adults
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Library Healthy human (HH) Individuals with HBV infection

Inactive HBV carriers (IHB) Chronic HBV carriers (CHB)
Repertoires IgM lgG IgM IgG IgM lgG
Total input cells 1.0 x 107 1.0 x 107 1.0 x 107
Raw segs* 14,179,342 10,560,609 13,755,568 14,615,173 13,670,308 13,486,586
Productive segs 7,743,758 6,273,616 7,597,821 8,661,966 7,901,357 7,958,448
Unique amino acid segs 4,527,647 2,799,063 4,439,906 3,526,681 4,412,407 3,479,419
Unigue clones 510,607 139,969 544,159 165,050 464,874 176,100

*seqs, sequences.
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Repertoires

HH
IHB
CHB

Cohen’s &?

IgM

16.9+3.9

17.1+£4.0

16.6 £ 3.9
HH vs. IHB 0.03
HH vs. CHB 0.09
IHB vs. CHB 0.12

19G

156.9+£3.9
1569+£3.8
16.0£3.8
0.004
0.03
0.03

aStudent’s t-test and Cohen’s d value was used to measure the standardized
difference between two means.
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Group Gender (F/M)2 Average Age? Five serological markers of HBV® HBV DNA load? (IU/mL)

HBsAg HBsAb HBeAg HBeAb HBcAb

Chronic HBV carriers 2/8 40.0 £ 101 + = + + + 8.62 x 10°
Inactive HBV carriers 2/8 443 £9.27 + — — + - <500°
Healthy adults 0/10 37.0 £ 9.55 - — — - - 0

aF, female; M, male. ®The average age had no significant difference in the three groups (Student’s t-test, p > 0.05). °Five serological markers of HBV were tested by
ELISA. 9HBV DNA load was tested by the real-time fluorescent quantitative PCR. ®The detection limit is 500 IU/mL.
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Family

Anelloviridae

Papillomaviridae
Polyomaviridae
Circoviridae

Picornaviridae

Anelloviridae

Evidence of colonisation

They are ubiquitous within the human species and have not
yet been causally linked to any disease (Hino and Miyata,
2007; De Villiers and Zur Hausen, 2009). These viruses have
been found in various organs, tissues and cell types (Tajiri

et al., 2001; Thom et al., 2003), including plasma where they
can cause persistent viraemia in 70% of worldwide
population (Hino and Miyata, 2007)

Three predominant families of viruses are found to colonise
the human skin. Similarly to the skin microbiome, the skin
human virome is composed of both resident and transient
viruses (Lecuit and Eloit, 2013). High seropositivity (90%) to
at least one human papilloma virus type has been reported in
the human skin (Antonsson, 2012). Merkel cell polyomavirus,
human polyomavirus 6, 7, and 9, are considered skin-tropic
polyomaviruses existing chronically in healthy individuals
(Feltkamp et al., 2013). Seropositivity of capsid protein VP1,
a major structural component of the polyomavirus, can be
detected in nearly 100% of the human population (Ott et al.,
2000). Cyclovirus and other Circoviridae members are found
in skin surface of both human and animals with cross-species
transmission appearing possible (Li et al., 2011)

In the gastrointestinal tract, persistent or intermittent
shedding of enteric viruses from healthy people is well
established Human enterovirus Witse et al., 2006 and
parechovirus Olijve et al., 2018 are excreted by a large
fraction of children under the age of five without any evidence
of association with disease (Witso et al., 2006; Olijve et al.,
2018). Additionally, human enterovirus type 3 and 4 have the
pig as reservoir Smith and Purdy, 2013

Kapusinszky et al. (2012) observed nearly constant shedding
of anelloviruses including torque teno viruses Torque teno
virus viraemia can be identified in nearly all individuals
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