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Severe fever with thrombocytopenia syndrome virus (SFTSV), an emerging bunyavirus, causes severe fever with thrombocytopenia syndrome (SFTS), with a high fatality rate of 20%–30%. At present, however, the pathogenesis of SFTSV remains largely unclear and no specific therapeutics or vaccines against its infection are currently available. Therefore, animal models that can faithfully recapitulate human disease are important to help understand and treat SFTSV infection. Here, we infected seven Chinese rhesus macaques (Macaca mulatta) with SFTSV. Virological and immunological changes were monitored over 28 days post-infection. Results showed that mild symptoms appeared in the macaques, including slight fever, thrombocytopenia, leukocytopenia, increased aspartate aminotransferase (AST) and creatine kinase (CK) in the blood. Viral replication was persistently detectable in lymphoid tissues and bone marrow even after viremia disappeared. Immunocyte detection showed that the number of T cells (mainly CD8+ T cells), B cells, natural killer (NK) cells, and monocytes decreased during infection. In detail, effector memory CD8+ T cells declined but showed increased activation, while both the number and activation of effector memory CD4+ T cells increased significantly. Furthermore, activated memory B cells decreased, while CD80+/CD86+ B cells and resting memory B cells (CD27+CD21+) increased significantly. Intermediate monocytes (CD14+CD16+) increased, while myeloid dendritic cells (mDCs) rather than plasmacytoid dendritic cells (pDCs) markedly declined during early infection. Cytokines, including interleukin-6 (IL-6), interferon-inducible protein-10 (IP-10), and macrophage inflammatory protein 1 (MCP-1), were substantially elevated in blood and were correlated with activated CD4+ T cells, B cells, CD16+CD56+ NK cells, CD14+CD16+ monocytes during infection. Thus, this study demonstrates that Chinese rhesus macaques infected with SFTSV resemble mild clinical symptoms of human SFTS and provides detailed virological and immunological parameters in macaques for understanding the pathogenesis of SFTSV infection.
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1 Introduction

Severe fever with thrombocytopenia syndrome (SFTS) is an emerging tick-borne infectious disease caused by a novel phlebovirus (SFTS virus (SFTSV)) (1). Clinical manifestations of SFTS include fever, thrombocytopenia, leukocytopenia, bleeding tendency, and gastrointestinal symptoms, with a high mortality rate of 20%–30% (2). SFTSV poses an imminent threat to public health and is listed as one of the most dangerous pathogens by the World Health Organization (WHO) (3). The clinical symptoms of SFTS are non-specific, but commonly include fever, anorexia, myalgia, weakness, nausea, gastrointestinal symptoms, and regional lymphadenopathy, with hematological abnormalities of thrombocytopenia and leukocytopenia also frequently observed in laboratory tests (4, 5). Various risk factors are associated with fatal outcomes in SFTS, including older age, male, respiratory failure, hemorrhagic manifestations, disseminated intravascular coagulation (DIC), multiple organ dysfunction, hemophagocytic lymphohistiocytosis (HLH), and central nervous system symptoms (6, 7). Cytokine storm is also considered to be the main pathological feature of fatal SFTS in patients (8).

Animal models that can be infected with SFTSV and recapitulate features of SFTS are necessary to assess viral and immunological dynamics during infection, as well as to understand disease pathogenesis and evaluate vaccines and therapeutics. To date, non-lethal and lethal animal models of SFTSV have been established in mice, hamsters, rats, ferrets, and cats (9–16). Briefly, mild symptoms or slight pathological changes appeared in SFTSV infected adult wildtype mice, adult hamsters, adult rats and young adult ferrets (9, 11, 13, 14). Severe clinical manifestations or mortality appeared in SFTSV infected newborn wildtype mice, immunocompromised mice, and humanized mice, as well as newborn rats, aged ferrets, and cats (11–16). However, these animals are distinct from humans in terms of phylogenetics, physiology, anatomy, and immunology. In contrast, non-human primates are immunologically and physiologically similar to humans and present significant advantages over rodents and other species in several infectious disease models, such as acquired immune deficiency syndrome (AIDS) (17), coronavirus disease 2019 (COVID-19) (18), and tuberculosis (19) et al. Notably, a previous report has showed that rhesus macaques (Macaca mulatta) infected with SFTSV could faithfully exhibit mild clinical symptoms of SFTS in viremia, hematological, and biochemical parameters and in humoral immune responses, thus providing a suitable non-lethal model for studying the pathogenesis of SFTSV infection and evaluating immune responses against SFTSV (10).

To date, no specific vaccine or antiviral drug has been approved for the prevention or treatment of SFTSV infection, partly because the infection-induced antiviral immune response has not been fully described. Hence, it is necessary to dynamically detect changes in immunocyte subsets and the release of inflammatory cytokines during infection in a suitable animal model. Thus, in the current study, we assessed unexplored aspects of innate and adaptive immune responses and cytokine release induced by SFTSV infection in rhesus macaques.




2 Materials and methods



2.1 Virus and animals

The SFTSV of subtype E-JS-2013-24 (Genbank: KY362358.1 for segment M, and KY362310.1 for segment L) was provided by Professor Zhiwei Wu (Nanjing University, Nanjing, China) and propagated in Vero E6 cells (20). Healthy adult Chinese rhesus macaques (Macaca mulatta) (11-14 years old, n = 7, males) were enrolled in this study. All experimental procedures were performed in accordance with the guidelines approved by the Ethics Committee of the Kunming Institute of Zoology (approval number: IACUC-PE-2021-08-001).




2.2 Animals infection and samples collection

Animals were anesthetized by Zoletil and then received an inner thigh multiple hypodermic injection of 5 × 107 TCID50 (50% tissue culture infection dose) of SFTSV in 1 mL of saline. Macaques were fed commercially prepared nonhuman primate food twice daily and monitored daily for abnormal appearance and behaviors. On days 0, 1, 2, 3, 4, 5, 6, 7, 9, 11, 14, 17, 21, 24 and 28 after inoculation, the animals were monitored for weights and temperatures. For blood sampling, 4 mL of venous blood was collected on days 0, 1, 2, 3, 4, 5, 6, 7, 9 and 11, and 8 mL of venous blood was collected on days 14, 17, 21, 24 and 28. Animal 1105155 was euthanized after 1 week of infection, 09431 was euthanized after 2 weeks of infection, 1103321 and 08067 were euthanized after 4 weeks of infection by overdose of pentobarbital sodium. Spleen, inguinal, axillary lymph node and bone marrow aspirates were obtained at the end points of experimental infections.




2.3 Virus detection in blood and tissues

Peripheral blood and bone marrow derived plasma virus RNA was extracted using the High Pure Viral RNA Kit (Roche, Germany) in accordance with the manufacturer’s protocols. Tissue RNA was extracted using RNAisoPlus Reagent (Takara, Japan) as previously described (21). For detection of SFTSV RNA, a THUNDERBIRD Probe One-Step qRT-PCR Kit (TOYOBO, Japan) was used in accordance with the manufacturer’s protocols. The primer set was as below: forward primer 5’-CAGTGCTACCCTGCAAAGAA-3’, reverse primer 5’-TGATGGCAAACATTAGCTTC-3’, and probe 5’-FAM-TCATCCTCCTTGGATATGCAGGCCT CA-BHQ1-3’.




2.4 Antibody titer detection

SFTSV glycoprotein (Gn) specific immunoglobulin M (IgM) and immunoglobulin G (IgG) antibodies were quantified by ELISA as described previously (22). Briefly, Gn (purchesed from Professor Zhiwei Wu) was coated onto ELISA plates at a concentration of 0.1 μg/mL at 4°C overnight. After washing 3 times, 100 μL blocking buffer with 5% albumin bovin V (A8020, Solarbio) in PBS was added to the plates and incubated at 37°C for 1 hour. After washing, 100 μL serially diluted control or experimental plasma was added and incubated at 37°C for 1 hour. Then the plates were washed and rabbit anti-monkey IgG-HRP (1:10,000 dilution, BS-0335R, Bioss) or rabbit anti-monkey IgM-HRP (1:10,000 dilution, BS-0336R, Bioss) was added respectively, and incubated at 37°C for another 2 hours. Subsequently, 3,3′,5,5′-tetramethylbenzidine (TMB, MilliporeSigma) substrate was added and incubated at 37°C for 15 minutes. Finally, 50 μL stop solution (C04-01003, Bioss) was added to stop the reaction and the OD values were measured at 450 nm using the 800TS (BioTec). The antibody titers of the plasma samples were determined as the last dilution present an OD value above 2-fold that of the average control values.




2.5 Immunofluorescence

Spleen and inguinal lymph node tissues fixed in 4% paraformaldehyde and immunofluorescence was performed as described previously (23). The antibodies used in this experiment included: Rabbit-anti-SFTSV HB29 (Abnova, USA), Goat Anti-Rabbit IgG H&L (Alexa Fluor® 647) (Abcam, UK). Experimental results were observed on a Leica DMI4000B Microsystem (Leica Microsystems, Wetzlar, Germany).




2.6 Coagulation, hematological and biochemical parameters

Counts of white blood cells (WBCs), red blood cells (RBCs), platelets and levels of platelet crit (PCT), mean platelet volume (MPV) in blood samples were stored in ethylene diaminetetra acetic acid and measured using BC-2800 automated haematology analyser (Mindray®, China). The plasma levels of AST, ALT, creatine kinase, albumin, and blood urea nitrogen and serum creatinine were measured using a Dimension EXL 200 Integrated Chemistry System (Siemens Healthcare Diagnostics, Delaware, USA). Coagulation blood samples were collected with tubes containing 3.2% sodium citrate solution (9:1, v/v) and analyzed the thrombotic indexes (PT, APTT, TT, and FIB) by RAC-2880 automated blood coagulation analyzer (Qayto, China).




2.7 Flow cytometric analysis

Flow cytometric analysis was performed according to standard flow cytometric procedures, as described previously (24). The absolute number of CD4+ T, CD8+ T, B, NK and monocytes were stained with: anti-CD3-APC-Cy7 (clone SP34-2); anti-CD4-PerCP-Cy5.5 (clone RPAT4); anti-CD8a-PE-Cy7 (clone RPAT8); anti-NKG2A-PE (clone REA110); anti-CD14-APC (clone M5E2) and anti-CD20-FITC (clone H1). Immunocytes phenotyping was characterized with following antibodies: T lymphocytes were stained with anti-CD3-APC-Cy7 (clone SP34-2); anti-CD4-PE-Cy7 (clone RPAT4); anti-CD95-PE-Cy5 (clone DX2); anti-CD28-APC (clone 15E8); anti-HLA-DR-FITC (clone G46-6). B lymphocytes were stained with anti-CD20-APC-Cy7(clone 2H7); anti-CD27-PerCP-Cy5.5 (clone M-T271); anti-CD21- APC (clone B-ly4); anti-IgD-PE-Cy7 (clone AT-1); anti-CD86-PE (clone FUN-1); anti-CD80-FITC (clone B7-1). NK cells were stained with anti-CD3-APC-Cy7 (clone SP34-2); anti-NKG2A-PE (clone REA110); anti-CD8-PE-Cy7 (clone RPAT8); anti-CD16-FITC (clone 3G8); anti-CD56-PerCP-Cy5.5 (clone B159); anti-HLA-DR-APC (clone G46-6). Macrophage and dendritic cells were stained with anti-CD3-APC-Cy7 (clone SP34-2); anti-CD20-APC-Cy7 (clone 2H7); anti-CD14-PerCP-Cy5.5 (clone M5E2); anti-HLA-DR-APC (clone G46-6); anti-CD11c-PE-Cy7 (clone B-ly5); anti-CD123-PE (clone 7G3); anti-CD16-FITC (clone 3G8). All samples were tested on the BD FACSVerse flow cytometer (BD, USA). Data analyzed by FlowJo7.6 software.




2.8 Cytokine assays

Cytokines in plasma including IL-6, IL-10, CXCL10 (IP-10), IL-1β, IL-12p40, IL-17A and MCP-1 were analyzed using a LEGENDplex™ Non-Human Primate (NHP) Inflammation Panel (BioLegend, USA) according to the manufacturer’s instructions as described previously (25).




2.9 Statistical analysis

Baseline and follow-up data were compared using the paired t-test or Wilcoxon matched-pairs test, according to the distribution of the variables analyzed by Kolmogorov test. Pearson’s rank test was used to determine correlations between cytokine and immunocyte subsets during SFTSV infection. All data analyses were performed using GraphPad Prism 8 (GraphPad Software, USA). P < 0.05 was considered statistical significance.





3 Results



3.1 Detection of plasm SFTSV specific antibody and viral load in peripheral blood and other tissues

To study the pathogenesis, clinical symptoms, and host immune response under SFTSV infection, seven male Chinese rhesus macaques were subcutaneously injected with SFTSV (5 × 107 TCID50). To examine viral replication and immune response in different tissues of infected macaques, one macaque was euthanized at 7 days post-infection (dpi), one macaque was euthanized at 14 dpi, two macaques were euthanized at 28 dpi, and three macaques were kept alive. Viral RNA copies were detected by real-time polymerase chain reaction (PCR) in peripheral plasma, spleen, inguinal lymph node, axillary lymph node, and bone marrow samples Peripheral blood samples were collected continuously, and tissue samples were obtained at each infection endpoint (Figure 1A). Compared with uninfected baseline (day 0), body temperature increased significantly in the infected macaques from day 2, peaked on day 4, and then decreased slightly but remained at a higher level than baseline to day 9 in the early acute infection. Thereafter, temperatures gradually declined to normal levels from days 11 to 28 (Figure 1B). These body temperature changes are similar with those observed in human patients (1), suggesting that the macaques were successfully infected with SFTSV. To confirm the infection in these macaques, plasma viral load and virus-specific antibody responses were detected. The plasma viral RNAs increased on day 1, peaked on day 4 (average of 1.5 × 106 copies/mL), sharply declined and waned from day 5, and became undetectable by day 9 (Figure 1C), mimicking the viremia observed in human patients (12, 26). Virus-specific IgMs appeared on day 3 at a relatively low level of 1:8, and rose to 1:64 from days 7 to 15, thereafter they were gradually decreased (Figure 1D). Virus-specific IgGs appeared on day 3 at 1: 16, and increased constantly during the observing time of infection, reaching a high level of 1: 2,048 on day 28 (Figure 1E). Interestingly, although virions were rapidly eliminated in the blood, moderate levels of SFTSV RNA (ranging from 19 to 296 copies/mL) were consistently detected in the axillary lymph nodes of all infected macaques over the 28 days of infection. Consistently, high levels of SFTSV RNA were detected in the inguinal lymph nodes of 1105155 (day 7), 1103321 (day 28), and 08067 (day 28), ranging from 0.25 to 1.23 × 105 copies/mL, and in the spleens of 1105155 (day 7), 09431 (day 14), and 1103321 (day 28), ranging from 0.5 to 6.4 × 104 copies/mL (Figure 1F). Immunofluorescence also confirmed the presence of the SFTSV-Gn protein in the spleens and inguinal lymph nodes of macaque 08067 (28 dpi) (Figure S1). These results suggest that lymphoid tissues are the main sites of viral replication and potential reservoirs of SFTSV, even after viral clearance from plasma, consistent with observations in several human autopsy reports (14, 27, 28). Importantly, we found that SFTSV could enter the bone marrow early on day 7 (viral load of 3.3 × 103 copies/mL) and virions were present from days 14 to 28 (1.5 and 9.4 × 103 copies/mL, respectively), implying that SFTSV is constantly replicating at this tissue site (Figure 1G). As platelets are formed and differentiated in bone marrow, SFTSV can lead to thrombocytopenia, an interesting finding for further studies. Our results demonstrated that SFTSV is rapidly eliminated from the plasma of SFTSV-infected rhesus macaques but persists for a prolonged period in lymphoid tissues and bone marrow.




Figure 1 | SFTSV detection in Chinese rhesus macaque plasma and tissue samples. (A) Outline of SFTSV challenge and tissue sampling. In total, 5 × 107 TCID50 SFTSV (E-JS-2013-24 strain) was intramuscularly injected into seven rhesus macaques. Multiple tissue and plasma samples were collected at indicated time points. Macaque 1105155 was euthanized 1 week after inoculation, 09431 was euthanized 2 weeks after inoculation, and 1103321 and 09431 were euthanized 4 weeks after inoculation. Continuous temperature (B) and SFTSV RNA copy detection in plasma (C). SFTSV-Gn specific IgG (D) and IgM (E) detection in plasma. SFTSV RNA copy detection in tissues (F) and bone marrow (G). Gray-shaded areas indicate duration of viremia. Baseline (day 0) and follow-up data were compared using the paired t-test or Wilcoxon matched-pairs test, according to the distribution of the variables analyzed by Kolmogorov test. *P < 0.05, **P < 0.01, ***P < 0.001.






3.2 Changes in hematological and biochemical parameters and coagulation function after SFTSV challenge

To determine whether SFTSV infection in macaques can mimic the clinical symptoms observed in humans, we measured hematological and biochemical parameters and coagulation function in the macaques before virus infection (day 0) and at 1, 4, 7, 9, 11, 14, 17, 21, 24, and 28 dpi. No severe symptoms or deaths were observed in the SFTSV-infected macaques. Hematological tests showed that average platelet count decreased sharply from days 1 to 4 and remained at a significantly low level thereafter, even at the end of observation on day 28 (448.2 ± 169.4), with levels about 25% lower than those at baseline (602.6 ± 176.3), as observed in human patients (7). Mean Platelet Volume (MPV) trended upward on day 4, and remained at a significantly high level thereafter, even at the end of observation on day 28. Plateletcrit (PCT) values also trended downward on day 1, with the lowest levels on day 4 (27% lower than baseline), but increased gradually thereafter and reached normal levels by day 11. These findings suggested that both morphological characteristics and numbers of individual platelets were impaired. Consistent with the decrease in platelets, white blood cell (WBC), lymphocyte, red blood cell (RBC), and granulocyte counts also decreased substantially on days 1 to 4. Furthermore, similar quantitative trends were observed, with a slight increase in WBCs, lymphocytes, and granulocytes at day 7 and higher levels than baseline at later check points (WBCs and granulocytes at day 14, lymphocytes at day 9), while RBCs increased from day 7 and reached normal levels at day 14 (Figure 2A). Thus, the numbers of major hemocytes are unanimously disordered by SFTSV during early acute infection.




Figure 2 | Kinetics of hematological, biochemical, and coagulation parameters in SFTSV-infected rhesus macaques. Hematological (A), biochemical (B) and coagulation parameters (C) were detected in SFTSV-infected rhesus macaques. RBC, red blood cell; WBC, white blood cell; PCT, platelet crit; ALT, alanine aminotransferase; AST, aspartate aminotransferase; PT, prothrombin time; TT, thrombin time; APTT, activated partial thromboplastin time; FIB, fibrinogen. Gray-shaded areas indicate duration of viremia. Baseline (day 0) and follow-up data were compared using the paired t-test or Wilcoxon matched-pairs test, according to the distribution of the variables analyzed by Kolmogorov test. *P < 0.05, **P < 0.01, ***P < 0.001.



We also monitored changes in peripheral blood biochemical parameters during infection. Aspartate aminotransferase (AST) and creatine kinase (CK) were significantly up-regulated on day 7 and decreased persistently thereafter, implying liver function injury from viral infection. Other biochemical parameters, such as alanine aminotransferase (ALT), albumin (ALB), blood urea nitrogen (BUN) and serum creatinine (CREA) did not change significantly during infection (Figure 2B).

Considering the sharp decrease in platelets and plateletcrit during early infection, we also measured the main parameters of coagulation function. Results showed that prothrombin time (PT) increased significantly from days 1 to 4, slightly decreased from days 7 and 9, and then increased thereafter. Thrombin time (TT) showed a prolonged upward trend up to day 28. Activated partial thromboplastin time (APTT) also increased from days 1 to 7 (Figure 2C). These findings are analogous to those observed in humans (26, 29), and confirmed that platelet function is substantially impaired with viral replication in peripheral blood. However, fibrinogen (FIB) levels exhibited no change during infection, implying that this protein is not involved in SFTSV pathogenicity (Figure 2C).

Our results revealed that SFTSV infection in rhesus macaques can cause mild symptoms of infection, analogous to those in humans, including decreased leukocyte counts, mild liver and kidney injury, and abnormal coagulation (26, 29).




3.3 SFTSV-induced changes in count reduction, subset alteration, and activation of T lymphocytes

To further investigate the host immune response during infection, we first detected changes in T lymphocyte number and subpopulation proportion in infected rhesus macaques. The gating strategies used to count CD4+ and CD8+ T lymphocytes and identify T lymphocyte activation and subpopulations are shown in Figures S2, 3A, respectively. Results indicated that the number of CD8+ T cells decreased significantly by about 50% at 4 dpi (253.74 ± 178.58, P = 0.0427) compared to uninfected baseline (day 0, 574.37 ± 241.20), then increased sharply (Figure 3B), while the number of CD4+ T cells showed nonsignificant changes during infection (Figure 3C). Correspondingly, the CD4+/CD8+ T cell ratio increased significantly at 4 dpi (2.60 ± 1.31, P = 0.0148) compared to baseline (day 0, 1.38 ± 0.49) (Figure 3D).




Figure 3 | SFTSV-induced count reduction, subset alteration, and activation of T lymphocytes. (A) Gating strategy of flow cytometry for identification of T lymphocyte subpopulations. Counts, subsets, and activation (HLA-DR+) of CD4+ (B) and CD8+ (C) T cells were measured by flow cytometry. (D) Ratio of CD4+/CD8+ T cells. Tcm (central memory T cells, CD3+CD95+CD28+), Tem (effect memory T cells, CD3+CD95+CD28-), naive T (CD3+CD95-CD28+). Gray-shaded areas indicate duration of viremia. Baseline (day 0) and follow-up data were compared using the paired t-test or Wilcoxon matched-pairs test, according to the distribution of the variables analyzed by Kolmogorov test. *P < 0.05, **P < 0.01, ***P < 0.001.



Considering the ratio of CD4-CD8- T cells to T cells was less than 5% and showed no significant changes during infection (Figure S3), and the limitation of our flow cytometry detection channels, we used the surface expression of CD3+CD4- to label CD8+ T cells. Detection of CD8+ T lymphocyte subsets revealed that the decrease in CD8+ T cells was mainly due to CD28-CD95+ effector memory CD8+ T cells (CD8+ Tem) and CD28+CD95- naive CD8+ T cells (CD8+ Tn). Notably, CD8+ Tem cells decreased by approximately 25% on day 4, while CD8+ Tn cells decreased by about 30% on day 1 from baseline but recovered rapidly by day 3. In contrast, CD28+CD95+ central memory CD8+ T cells (CD8+ Tcm) increased from baseline by approximately 50% from days 4 to 7 (Figure 3B). Considering the activation marker HLA-DR+, the percentage of HLA-DR+CD8+ T cells increased significantly from days 3 to 7, which may be due to the activation in CD8+ Tem cells, thus showing the same trend as CD8+ T cells. The percentage of HLA-DR+ in CD8+ Tcm and CD8+ Tn cells did not exhibit this pattern, instead increasing significantly on day 1 and decreasing thereafter (Figure 3B).

Interestingly, although the total number of CD4+ T lymphocytes showed limited variation during the viral infection process, subset detection showed that the percentage of CD28-CD95+ effector memory CD4+ T cells (CD4+ Tem) increased slightly, whereas CD28+CD95- naive CD4+ T cells (CD4+ Tn) decreased on day 1. These cells also showed the opposite recovery trends during infection. The percentage of CD28+CD95+ central memory CD4+ T cells (CD4+ Tcm) showed no significant change during infection (Figure 3C), implying that naive CD4+ T cells differentiated into effector CD4+ T cells. Consistent with the changes in number, CD4+ Tem cells were the most activated among the three CD4+ T cell subtypes, with significant increases on days 3 (7.70 ± 3.77, P = 0.0041), 4 (15.32 ± 11.31, P = 0.0209), and 7 (6.36 ± 3.86, P = 0.0111) compared to baseline (day 0, 1.77 ± 0.97), while HLA-DR+CD4+ Tcm cells only increased slightly and CD4+ naive T cells exhibited no change during infection (Figure 3C). The down-regulation of CD4+ Tem cell number and activation suggests that these cells may be involved in viral infection.

Overall, the above results indicate that SFTSV infection in macaques can reduce the number of T cells (mainly CD8+ T cells) and can lead to alteration and activation of T cell subsets.




3.4 SFTSV-induced changes in count reduction, subset alteration, and abnormal class-switching of B cells

We next measured the numbers and proportions of B lymphocytes. The gating strategies used to count and identify subpopulations of B lymphocytes are shown in Figures S2, 4A, respectively. Results showed that the number of B cells significantly decreased by about 50% compared to baseline from days 4 and 7, then recovered and continued to increase from day 9 (Figure 4B). The co-stimulatory activation markers CD80+ and CD86+ were also evaluated and both showed a peak at day 4 (Figure 4C), the timepoint accompanied by the lowest number of B cells (Figure 4B). As reported in human patients, we divided B cells into resting (CD21+CD27+), activated memory B cells (CD21−CD27+), switched memory B cells (CD27+IgD-), unswitched memory B cells (CD27+IgD+), naive memory B cells (CD27-IgD+), and double-negative B cells (CD27-IgD-) and assessed the changes of these subsets during infection (20). Results showed that resting memory B cells increased on day 3 and peaked on day 4 (32.64% ± 16.18%, P = 0.0089) compared to baseline (day 0, 5.39% ± 2.52%). Activated memory B cells decreased significantly on day 4 (16.36% ± 16.39%, P = 0.0156) compared to baseline (day 0, 37.43% ± 9.21%) (Figure 4D). While the proportions of switched memory B cells, unswitched memory B cells, naive memory B cells, and double-negative B cells exhibited no obvious changes during infection (Figure 4E). Previous studies have reported that B cells are likely targets of SFTSV infection in humans (30, 31). Our results suggest that the decrease in B cells may be due to the down-regulation of activated memory B cells. However, whether this depletion is related to viral infection needs further exploration.




Figure 4 | SFTSV-induced count reduction and activation, but abnormal class switching of B cells. (A) Gating strategy of flow cytometry for identification of B lymphocyte subpopulations. (B) B cell counting by flow cytometry. Percentage of CD27-CD21+ naive (C), CD27+CD21- activated (D), and CD80+/CD86+ naive B cells. (F) Percentage of CD27-IgD- double-negative, CD27-IgD+ naive, CD27+IgD- switched memory, and CD27+IgD+ unswitched memory B cells. Gray-shaded areas indicate duration of viremia. Baseline (day 0) and follow-up data were compared using the paired t-test or Wilcoxon matched-pairs test, according to the distribution of the variables analyzed by Kolmogorov test. *P < 0.05, **P < 0.01.



Collectively, these results indicate that SFTSV infection can induce a reduction in B cells and their activated subsets, but not B cell class switching dysfunction in the blood of rhesus macaques.




3.5 SFTSV-induced changes in frequency of monocyte, natural killer (NK) cell, and dendritic cell (DC) subsets

Next, we measured monocyte and DC numbers and subsets using the gating strategy shown in Figure 5A. Results showed that monocyte counts significantly decreased by about 50% on day 1 (414.29% ± 164.13%) and recovered on day 7 compared to baseline (871.43% ± 190.60%). Based on the CD14 and CD16 surface markers, monocytes can be divided into three subsets: i.e., classical (CD14+CD16−), non-classical (CD14-CD16+), and intermediate (CD14+CD16+) (32). Our results showed that the proportion of CD14+CD16+ monocytes was significantly up-regulated on day 1 (29.03% ± 6.29%) compared to uninfected baseline (9.11% ± 6.78%), but rapidly returned to baseline by day 3. No marked changes were observed in the CD14-CD16+ and CD14+CD16- monocytes (Figure 5B). These results imply that CD14+CD16+ monocytes are the main evoked subset in viral infection. Our results also showed that the proportion of myeloid dendritic cells (mDCs) decreased continuously during infection, with the lowest level detected on day 7 (14.98% ± 8.83%) compared to baseline (27.92% ± 16.20%). The proportion of plasmacytoid dendritic cells (pDCs) increased significantly during early acute infection on day 1 (1.6% ± 1.1%), but decreased rapidly to normal levels on days 3–4, compared to baseline (0.6% ± 0.3%) (Figure 5C). We also measured the number and subsets of NK cells using the gating strategy shown in Figure 5D. NK cell counts decreased significantly on day 1 (43.20% ± 33.47%), but recovered to baseline levels on day 7 (130.97% ± 128.67%). During infection, albeit non-significantly, the proportions of CD16+CD56+ NK cells on day 4, day 7 and day 9 were 2.4-, 1.5- and 1.2-fold higher than that on day 0, respectively. While no changes were observed in the CD16+CD56- and CD16-CD56+ subsets (Figure 5E).




Figure 5 | SFTSV challenge differentially impacted monocyte and DC subsets of PBMCs in rhesus macaque. (A) Gating strategy of flow cytometry for identification of monocytes and DCs. (B) Monocyte counting and percentage of CD14+CD16+, CD14+CD16-, and CD14-CD16+ subsets in CD3-CD20-HLA-DR+ cells. (C) Percentage of mDCs (CD3-CD20-HLA-DR+CD11c+CD123-) and pDCs (CD3-CD20-HLA-DR+CD11C-CD123-) in CD3-CD20-HLA-DR+ cells. (D) Gating strategy of flow cytometry for identification of NK cells. (E) NK counting and percentage of CD16+CD56-, CD14+CD56+, and CD16-CD56+ subsets in CD3-CD8+NKG2A+HLA-DR- cells. Gray-shaded areas indicate duration of viremia. Baseline (day 0) and follow-up data were compared using the paired t-test or Wilcoxon matched-pairs test, according to the distribution of the variables analyzed by Kolmogorov test. *P < 0.05, **P < 0.01.



These findings suggest that SFTSV infection reduces NK cells and monocytes but increases the proportion of CD14+CD16+ monocyte and CD16+CD56+ NK cell subsets, with distinct effects on pDCs and mDCs. The data of blood parameters, absolute counts of each leukocyte population and their specific subsets, together with their proportions, were summarized in Supplementary Table 1.




3.6 Abnormal cytokine profiles in infected rhesus macaques and correlation with immunocyte subsets

Cytokine storm induced by SFTSV infection is a major pathological feature of patients with SFTS (8, 33). Therefore, clarifying the cytokine profiles and possible cellular sources of inflammatory factors in rhesus macaques is crucial for understanding the disease process. Here, we measured proinflammatory cytokine levels using a LEGENDplex™ Non-Human Primate (NHP) Inflammation Panel. Compared to baseline, interleukin-6 (IL-6) increased 5-fold on day 4, interferon-inducible protein-10 (IP-10) increased 14-fold on day 1 and 20-fold on days 3 and 4, and macrophage inflammatory protein 1 (MCP-1) increased 2.0–2.5-fold on day 1 but returned to normal by day 6 (Figure 6A). Levels of interleukin-10 (IL-10), interleukin-1 beta (IL-1β), interleukin-12 p40 (IL-12p40), and interleukin-17A (IL-17A) showed no significant changes (Figure S4).




Figure 6 | Kinetics of proinflammatory cytokines and correlations between cytokines and immunocytes in SFTSV-infected rhesus macaques. (A) Changes in plasma proinflammatory cytokines during SFTSV infection in rhesus macaques detected by LEGENDplex™ NHP Inflammation Panel. Pearson correlations of IL-6 (B), IP-10 (C), and MCP-1 (D) with activated T lymphocyte, B cell and monocyte subsets. Gray-shaded areas indicate duration of viremia. Baseline (day 0) and follow-up data were compared using the paired t-test or Wilcoxon matched-pairs test, according to the distribution of the variables analyzed by Kolmogorov test. Pearson’s rank test was used to determine correlations between cytokine and,viral load, body temperature and immunocyte subsets during SFTSV infection.*P < 0.05, **P < 0.01, ***P < 0.001.



Correlation analyses were conducted to investigate possible relationships between the cytokines and viral loads, body temperature, or leukocytes’ population in the SFTSV-infected macaques. The results showed that positive correlations existed between viral load, body temperature and the levels of cytokines, including IL-6 (Figure 6B), MCP-1 (Figure 6C), and IP-10 (Figure 6D). IL-6 is produced immediately by multiple innate immune cells and many other cells and plays a major role in removal of infectious agents by promoting differentiation of activated B cells into Ig-producing cells and regulating the direction of specific differentiation of T cells (34). The following correlation analysis showed that IL-6 levels were correlated with HLA-DR+CD4+ Tem and Tcm cells, CD80+, CD86+, and CD27+CD21+ B cells, and CD16+CD56+ NK cells (Figure 6B). MCP-1 is mainly secreted by monocyte/macrophages and can regulate the migration and infiltration of monocytes, memory T lymphocytes, and natural killer (NK) cells (35). The results showed that MCP-1 levels were correlated with HLA-DR+CD4+ Tem and Tcm cells, HLA-DR+CD8+ Tem cells, CD80+, CD86+, and CD27+CD21+ B cells, and CD16+CD56+ NK cells (Figure 6C). IP-10 is widely produced by various cell types, including monocytes, T lymphocytes, natural killer (NK) cells, endothelial cells, and stromal cells, and it can suppress the functions of T cells and NK cells (36). The results showed that IP-10 levels were correlated with HLA-DR+CD4+ Tem and Tcm cells, CD80+, CD86+, and CD27+CD21+ B cells, and CD14+CD16+ monocytes (Figure 6D). Together, these results suggest that the SFTSV infection in macaques are capable of inducing higher levels of IL-6, IP-10 and MCP-1; meanwhile, activated T and B cells and increased CD16+CD56+ NK cells and CD14+CD16+ monocytes may play important roles in cytokine secretion or interaction with the increased cytokines.





4 Discussion

SFTSV is a novel human pathogen originally classified as a virus genus but later designated as Dabie bandavirus (genus Bandavirus; family Phenuiviridae) by the International Committee on Taxonomy of Viruses in 2020 (37). SFTSV is primarily transmitted to humans through tick bites but can also be transmitted from animals via direct contact with blood or mucus (38–41). The development of adequate SFTSV-infected animal models is important to understand the pathogenesis of this pathogen. Non-human primates are regarded as gold standard animal models for studying the pathogenesis of some human infectious diseases (42). A previous study reported that cynomolgus macaques are not susceptible to SFTSV, exhibiting no overt clinical signs, no detectable virus in the blood, and no histopathological changes (43). However, young rhesus macaques (4-5 years old) can be infected with SFTSV and develop mild SFTS symptoms (10). Here, we observed similar symptoms and physical signs, including mild fever, leukopenia, thrombocytopenia, increased levels of serum AST, CK, and CREA, and delayed PT, TT, and APTT, present in middle-aged rhesus macaques (11-14 years old), confirming that SFTSV infection in rhesus macaques is similar to mild SFTS in humans. Furthermore, although virions in peripheral blood were rapidly eliminated by 9 dpi, virions in the bone marrow, spleen, and lymph glands persisted in the infected macaques for at least 28 dpi.

Many clinical studies have been performed on lymphocyte subpopulations and activation in SFTSV-infected patients, especially between patients during the acute infection and convalescent phases or showing mild and severe symptoms (20, 44–50). However, the exact timepoint of infection in these studies is unclear, and changes in peripheral blood lymphocytes and cytokines are usually evaluated days after disease onset (45, 46, 48–50). In humans, the incubation period of SFTSV is 7–14 days (51), followed by the onset of fever or illness. Therefore, studies in humans provide incomplete data regarding the dynamic changes in lymphocytes or cytokines during SFTSV infection. As such, macaque models may provide valuable virological and immunological information on the early stages of infection. In our SFTSV-infected macaques, we found that infection modulated the relative frequencies of several immune cell subsets. Unlike the marked decrease in CD4+ T cell counts and limited change in CD8+ T cell counts in human patients (45, 47), we found that CD8+ T cells diminished significantly during infection. The differences in infection characteristics observed between macaques and humans may be caused by various factors, including inherent differences in genetic background, basis difference, analysis of different infection stages, and different virus strains, infection routes and exposure doses (10); as well as the extrinsic differences in checking points during infection. As to the activation changes of CD8+ T cells, HLA-DR is an MHC cell receptor highly present on APCs and also expression on activated T cells (52). It appears in the late-stage activation of T cells and can serve as a marker of activated T cells (53). HLA-DR+ T cells are thought of highly proliferative and short-lived (54) and HLA-DR+ Tregs subset is described to be more cytotoxic (55). Report revealed that HLA-DR+ T cells are elevated in SFTSV-infected patients (53). Similarly, we found that HLA-DR+CD8+ T cells (including CD8+ Tem, CD8+ Tcm, and CD8+ naive T cells) and CD4+ T cells (especially CD4+ Tem and CD4+ Tcm) were significantly increased in the macaques during infection.

Previous studies have found that B cells are permissive to SFTSV infection (31, 50, 56). However, the effects of SFTSV on B cells in human patients remains controversial (45, 47, 57). Our results showed that B cells decreased in the macaques during infection, while B cell activation markers CD80+ and CD86+ (58) increased significantly, consistent with T cell activation. Based on CD21 and CD27 surface expression, we categorized B cells into resting (CD21+CD27+) and activated memory B cells (CD21−CD27+) (59). Our results showed that SFTSV infection increased the proportion of resting memory B cells and decreased the proportion of activated memory B cells in macaques. We also divided B cells into four subsets based on CD27 and IgD staining, as reported previously (60), i.e., switched memory B cells (CD27+IgD-), unswitched memory B cells (CD27+IgD+), naive memory B cells (CD27-IgD+), and double-negative B cells (CD27-IgD-). However, no major changes were observed in these subsets, similar to that reported in non-lethal SFTS patients (20). It has been reported that SFTSV infection can lead to the disorder of B cell development and maturation in patients. Although the proportion of CD80+CD86+ B cells increased, class switching failure appeared in SFTSV infection patients (20). This may because the virus can directly infect B cells, especially activated B cells which are considered as target cells of virus infection. The infected B cells may hinder the development and maturation of B cells (50). In the present study, the proportion of CD80+ and CD86+ B cells increased in the macaques, consistent with that observed in humans; while activated memory B cells and the number of B cells decreased, the underlying mechanism necessitates further exploration.

NK cells kill infected cells by secreting perforin and granzyme and play an important role in antiviral responses (61). In the SFTSV-challenged macaques, the absolute number of NK cells decreased in the early stage of infection, consistent with reports in humans (57, 62). Furthermore, we found that circulating CD56+CD16+ NK cells, major producers of cytotoxic cytokines (63), increased during the acute phase of SFTSV infection in macaques, suggesting they may play a major role in viral clearance.

DC-specific intercellular adhesion molecule 3-grabbing nonintegrin (DC-SIGN)-expressing DCs and monocytes are reported to be permissive to SFTSV infection (64, 65). Here, we found that the absolute number of monocytes was reduced in macaques during the early stage of infection. Previous single-cell sequencing of blood samples from SFTSV patients revealed a phenotypic shift in monocyte populations from classical (CD14+CD16−) to intermediate (CD14+CD16+) following SFTSV infection (20). High levels of antigen presentation-related molecules and inflammatory cytokines expressed by intermediate monocytes play an important role in rapid defense against pathogens (66). Consistently, we found that the frequency of intermediate monocytes (CD14+CD16+) increased during infection. Furthermore, the proportion of mDCs decreased during infection, whereas pDCs increased significantly during acute early infection and then decreased rapidly on days 3-4. As SFTSV entry in certain cell lines depends on the cellular receptor DC-SIGN (64), which is expressed in CD11c+ mDCs, but not pDCs (67), we inferred that mDCs rather than pDCs may be the target cells of SFTSV. In addition, pDCs are a specialized DC population with great potential to produce large amounts of type I interferon (IFN-1) and are involved in the initiation of antiviral immune responses (68), and therefore may play an important role in rapid defense against SFTSV.

Cytokine storm is considered a major pathological feature in patients with fatal SFTS (8, 33, 69). Liu et al. found that IFN-α, IFN-γ, G-CSF, MIP-1α, IL-6, and IP-10 concentrations are significantly elevated in patients with severe SFTS compared to patients with mild SFTS (69). He et al. also found that serum levels of IL-6, IL-10, IP-10, and MCP-1 can reflect disease severity (33). Here, in the mild SFTSV-infected macaques, the levels of IL-6, MCP-1, and IP-10 were significantly increased during infection. Correlation analysis also indicated that higher numbers of the virus were capable of inducing higher levels of IL-6, IP-10 and MCP-1. Meanwhile, the change of immunocyte subsets, which may be the main source of increased cytokines, and play an important role in regulating the release of inflammatory cytokines.

As shown in Figure 7, our study demonstrated the dynamic changes of coagulation, hematology, biochemistry and immunocyte subsets during the early stage of SFTSV infection and explored the correlation between changes in immunocyte subsets and inflammatory cytokines. The immune response detected in this mild infection model is similar to that observed in humans. These findings should help to elucidate the complex pathogenesis of SFTSV infection.




Figure 7 | Changes of coagulation, hematology, biochemistry and leukocyte subsets in rhesus monkeys during the early stage of SFTSV infection. Specifically, the proportion of mDC decreased on days 4-9 and pDC increased on day 1. The number of NK cell decreased on days 1-3 and the proportion of CD16+ CD56+ NK increased on days 4-9. The number of monocytes decreased and the proportion of CD14+CD16+ monocytes increased on day 1. No significant change in the number of CD4+ T and the proportion of CD4 Tem, CD4 Tcm, but both the proportions of HLA-DR+ CD4 Tem and HLA-DR+ CD4 Tcm increased on days 3-7 and days 1-4, respectively. The number of CD8+ T decreased on day 4, and the proportion of CD8 Tem decreased on day 4. However, the proportion of CD8 Tcm increased on days 4-7. In addition, both the proportions of HLA-DR+ CD8 Tem and HLA-DR+ CD8 Tcm increased on day 1 and day 4, respectively. The number of B cells and the proportion of activated memory B cells decreased on days 4-7 and days 3, 4 respectively. The proportion of CD80+ and CD86+ B cells increased on days 3-7 and days 3, 4, respectively.







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 authors.





Ethics statement

The animal study was reviewed and approved by the Ethics Committee of the Kunming Institute of Zoology.





Author contributions

Y-TZ, and WP conceived and designed the experiments. Y-HL, W-WH, W-QH, X-HW, Y-LL, X-YH, and Z-JZ performed the experiments. Y-HL and W-WH performed data analyses. Y-HL, W-WH, WP, and Y-TZ wrote the manuscript. All authors contributed to the article and approved the submitted version.





Funding

This work was supported in part by grants from the National Key R & D Program of China (2021YFC2301700, 2018ZX10301406), Yunnan Key R & D Program (202103AQ100001, 202103AC100005), the Yunnan Major Science and Technique Programs (202102AA310055), the key program of Chinese Academy of Sciences (KJZD-SW-L11-02), and CAS “Light of West China”.




Acknowledgments

We would like to thank the Professor Zhiwei Wu (Nanjing University, Nanjing, China) for their assistance in providing SFTSV strain E-JS-2013-24 and SFTSV glycoprotein (Gn). We also thank all the participants who participated in this research.





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.





Supplementary material

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fimmu.2023.1143796/full#supplementary-material




References

1. Yu, XJ, Liang, MF, Zhang, SY, Liu, Y, Li, JD, Sun, YL, et al. Fever with thrombocytopenia associated with a novel bunyavirus in China. N Engl J Med (2011) 364:1523–32. doi: 10.1056/NEJMoa1010095

2. Yu, XJ. Risk factors for death in severe fever with thrombocytopenia syndrome. Lancet Infect Dis (2018) 18:1056–7. doi: 10.1016/s1473-3099(18)30312-8

3. Mendoza, CA, Ebihara, H, and Yamaoka, S. Immune modulation and immune-mediated pathogenesis of emerging tickborne banyangviruses. Vaccines (Basel) (2019) 7:125. doi: 10.3390/vaccines7040125

4. Zhang, X, Liu, Y, Zhao, L, Li, B, Yu, H, Wen, H, et al. An emerging hemorrhagic fever in China caused by a novel bunyavirus SFTSV. Sci China Life Sci (2013) 56:697–700. doi: 10.1007/s11427-013-4518-9

5. Liu, MM, Lei, XY, and Yu, XJ. Meta-analysis of the clinical and laboratory parameters of SFTS patients in China. Virol J (2016) 13:198. doi: 10.1186/s12985-016-0661-9

6. Liu, Y, Li, Q, Hu, W, Wu, J, Wang, Y, Mei, L, et al. Person-to-person transmission of severe fever with thrombocytopenia syndrome virus. Vector Borne Zoonotic Dis (2012) 12:156–60. doi: 10.1089/vbz.2011.0758

7. Zhang, YZ, Zhou, DJ, Qin, XC, Tian, JH, Xiong, Y, Wang, JB, et al. The ecology, genetic diversity, and phylogeny of huaiyangshan virus in China. J Virol (2012) 86:2864–8. doi: 10.1128/jvi.06192-11

8. Sun, Y, Jin, C, Zhan, F, Wang, X, Liang, M, Zhang, Q, et al. Host cytokine storm is associated with disease severity of severe fever with thrombocytopenia syndrome. J Infect Dis (2012) 206:1085–94. doi: 10.1093/infdis/jis452

9. Chen, XP, Cong, ML, Li, MH, Kang, YJ, Feng, YM, Plyusnin, A, et al. Infection and pathogenesis of huaiyangshan virus (a novel tick-borne bunyavirus) in laboratory rodents. J Gen Virol (2012) 93:1288–93. doi: 10.1099/vir.0.041053-0

10. Jin, C, Jiang, H, Liang, M, Han, Y, Gu, W, Zhang, F, et al. SFTS virus infection in nonhuman primates. J Infect Dis (2015) 211:915–25. doi: 10.1093/infdis/jiu564

11. Kwak, JE, Kim, YI, Park, SJ, Yu, MA, Kwon, HI, Eo, S, et al. Development of a SFTSV DNA vaccine that confers complete protection against lethal infection in ferrets. Nat Commun (2019) 10:3836. doi: 10.1038/s41467-019-11815-4

12. Liu, Y, Wu, B, Paessler, S, Walker, DH, Tesh, RB, and Yu, XJ. The pathogenesis of severe fever with thrombocytopenia syndrome virus infection in alpha/beta interferon knockout mice: insights into the pathologic mechanisms of a new viral hemorrhagic fever. J Virol (2014) 88:1781–6. doi: 10.1128/jvi.02277-13

13. Perez-Sautu, U, Gu, SH, Caviness, K, Song, DH, Kim, YJ, Paola, ND, et al. A model for the production of regulatory grade viral hemorrhagic fever exposure stocks: From field surveillance to advanced characterization of SFTSV. Viruses (2020) 12:958. doi: 10.3390/v12090958

14. Sun, J, Min, YQ, Li, Y, Sun, X, Deng, F, Wang, H, et al. Animal model of severe fever with thrombocytopenia syndrome virus infection. Front Microbiol (2021) 12:797189. doi: 10.3389/fmicb.2021.797189

15. Park, ES, Shimojima, M, Nagata, N, Ami, Y, Yoshikawa, T, Iwata-Yoshikawa, N, et al. Severe fever with thrombocytopenia syndrome phlebovirus causes lethal viral hemorrhagic fever in cats. Sci Rep (2019) 9:11990. doi: 10.1038/s41598-019-48317-8

16. Park, SJ, Kim, YI, Park, A, Kwon, HI, Kim, EH, Si, YJ, et al. Ferret animal model of severe fever with thrombocytopenia syndrome phlebovirus for human lethal infection and pathogenesis. Nat Microbiol (2019) 4:438–46. doi: 10.1038/s41564-018-0317-1

17. Moretti, S, Virtuoso, S, Sernicola, L, Farcomeni, S, Maggiorella, MT, and Borsetti, A. Advances in SIV/SHIV non-human primate models of NeuroAIDS. Pathogens (2021) 10:1018. doi: 10.3390/pathogens10081018

18. Kumar, S, Yadav, PK, Srinivasan, R, and Perumal, N. Selection of animal models for COVID-19 research. Virusdisease (2020) 31:453–8. doi: 10.1007/s13337-020-00637-4

19. Peña, JC, and Ho, WZ. Non-human primate models of tuberculosis. Microbiol Spectr (2016) 4:4. doi: 10.1128/microbiolspec.TBTB2-0007-2016

20. Song, P, Zheng, N, Liu, Y, Tian, C, Wu, X, Ma, X, et al. Deficient humoral responses and disrupted b-cell immunity are associated with fatal SFTSV infection. Nat Commun (2018) 9:3328. doi: 10.1038/s41467-018-05746-9

21. Wang, XH, Song, TZ, Zheng, HY, Li, YH, and Zheng, YT. Jejunal epithelial barrier disruption triggered by reactive oxygen species in early SIV infected rhesus macaques. Free Radic Biol Med (2021) 177:143–55. doi: 10.1016/j.freeradbiomed.2021.10.026

22. Wu, X, Li, Y, Huang, B, Ma, X, Zhu, L, Zheng, N, et al. A single-domain antibody inhibits SFTSV and mitigates virus-induced pathogenesis in vivo. JCI Insight (2020) 5:13. doi: 10.1172/jci.insight.136855

23. Zhang, MX, Song, TZ, Zheng, HY, Wang, XH, Lu, Y, Zhang, HD, et al. Superior intestinal integrity and limited microbial translocation are associated with lower immune activation in SIVmac239-infected northern pig-tailed macaques (Macaca leonina). Zool Res (2019) 40:522–31. doi: 10.24272/j.issn.2095-8137.2019.047

24. Zheng, HY, Zhang, MX, Chen, M, Jiang, J, Song, JH, Lian, XD, et al. Accelerated disease progression and robust innate host response in aged SIVmac239-infected Chinese rhesus macaques is associated with enhanced immunosenescence. Sci Rep (2017) 7:37. doi: 10.1038/s41598-017-00084-0

25. Song, TZ, Zheng, HY, Han, JB, Jin, L, Yang, X, Liu, FL, et al. Delayed severe cytokine storm and immune cell infiltration in SARS-CoV-2-infected aged Chinese rhesus macaques. Zool Res (2020) 41:503–16. doi: 10.24272/j.issn.2095-8137.2020.202

26. Gai, ZT, Zhang, Y, Liang, MF, Jin, C, Zhang, S, Zhu, CB, et al. Clinical progress and risk factors for death in severe fever with thrombocytopenia syndrome patients. J Infect Dis (2012) 206:1095–102. doi: 10.1093/infdis/jis472

27. Takahashi, T, Sano, K, Suzuki, T, Matsumura, T, Sakai, K, Tominaga, T, et al. Virus-infected peripheral blood plasmablasts in a patient with severe fever with thrombocytopenia syndrome. Int J Hematol (2021) 113:436–40. doi: 10.1007/s12185-020-03040-3

28. Nakano, A, Ogawa, H, Nakanishi, Y, Fujita, H, Mahara, F, Shiogama, K, et al. Hemophagocytic lymphohistiocytosis in a fatal case of severe fever with thrombocytopenia syndrome. Intern Med (2017) 56:1597–602. doi: 10.2169/internalmedicine.56.6904

29. Gong, L, Zhang, L, Wu, J, Lu, S, Lyu, Y, Zhu, M, et al. Clinical progress and risk factors for death from severe fever with thrombocytopenia syndrome: A multihospital retrospective investigation in anhui, China. Am J Trop Med Hyg (2021) 104:1425–31. doi: 10.4269/ajtmh.20-0270

30. Park, A, Park, SJ, Jung, KL, Kim, SM, Kim, EH, Kim, YI, et al. Molecular signatures of inflammatory profile and b-cell function in patients with severe fever with thrombocytopenia syndrome. mBio (2021) 12:e02583-20. doi: 10.1128/mBio.02583-20

31. Suzuki, T, Sato, Y, Sano, K, Arashiro, T, Katano, H, Nakajima, N, et al. Severe fever with thrombocytopenia syndrome virus targets b cells in lethal human infections. J Clin Invest (2020) 130:799–812. doi: 10.1172/jci129171

32. Guilliams, M, Mildner, A, and Yona, S. Developmental and functional heterogeneity of monocytes. Immunity (2018) 49:595–613. doi: 10.1016/j.immuni.2018.10.005

33. He, Z, Wang, B, Li, Y, Hu, K, Yi, Z, Ma, H, et al. Changes in peripheral blood cytokines in patients with severe fever with thrombocytopenia syndrome. J Med Virol (2021) 93:4704–13. doi: 10.1002/jmv.26877

34. Tanaka, T, Narazaki, M, and Kishimoto, T. Interleukin (IL-6) immunotherapy. Cold Spring Harb Perspect Biol (2018) 10:8. doi: 10.1101/cshperspect.a028456

35. Deshmane, SL, Kremlev, S, Amini, S, and Sawaya, BE. Monocyte chemoattractant protein-1 (MCP-1): An overview. J Interferon Cytokine Res (2009) 29:313–26. doi: 10.1089/jir.2008.0027

36. Lei, J, Yin, X, Shang, H, and Jiang, Y. IP-10 is highly involved in HIV infection. Cytokine (2019) 115:97–103. doi: 10.1016/j.cyto.2018.11.01

37. Han, XH, Ma, Y, Liu, HY, Li, D, Wang, Y, Jiang, FH, et al. Identification of severe fever with thrombocytopenia syndrome virus genotypes in patients and ticks in liaoning province, China. Parasit Vectors (2022) 15:120. doi: 10.1186/s13071-022-05237-3

38. Chen, H, Hu, K, Zou, J, and Xiao, J. A cluster of cases of human-to-human transmission caused by severe fever with thrombocytopenia syndrome bunyavirus. Int J Infect Dis (2013) 17:e206–208. doi: 10.1016/j.ijid.2012.11.006

39. Kirino, Y, Yamanaka, A, Ishijima, K, Tatemoto, K, Maeda, K, and Okabayashi, T. Retrospective study on the possibility of an SFTS outbreak associated with undiagnosed febrile illness in veterinary professionals and a family with sick dogs in 2003. J Infect Chemother (2022) 28:753–6. doi: 10.1016/j.jiac.2022.02.011

40. Seo, JW, Kim, D, Yun, N, and Kim, DM. Clinical update of severe fever with thrombocytopenia syndrome. Viruses (2021) 13:1213. doi: 10.3390/v13071213

41. Wang, JN, Li, TQ, Liu, QM, Wu, YY, Luo, MY, and Gong, ZY. Vectors, hosts, and the possible risk factors associated with severe fever with thrombocytopenia syndrome. Can J Infect Dis Med Microbiol (2021) 2021:8518189. doi: 10.1155/2021/8518189

42. Zhang, XL, Pang, W, Hu, XT, Li, JL, Yao, YG, and Zheng, YT. Experimental primates and non-human primate (NHP) models of human diseases in China: Current status and progress. Zool Res (2014) 35:447–64. doi: 10.13918/j.issn.2095-8137.2014.6.447

43. Matsuno, K, Orba, Y, Maede-White, K, Scott, D, Feldmann, F, Liang, M, et al. Animal models of emerging tick-borne phleboviruses: Determining target cells in a lethal model of SFTSV infection. Front Microbiol (2017) 8:104. doi: 10.3389/fmicb.2017.00104

44. Li, MM, Zhang, WJ, Liu, J, Li, MY, Zhang, YF, Xiong, Y, et al. Dynamic changes in the immunological characteristics of T lymphocytes in surviving patients with severe fever with thrombocytopenia syndrome (SFTS). Int J Infect Dis (2018) 70:72–80. doi: 10.1016/j.ijid.2018.03.010

45. Liu, J, Wang, L, Feng, Z, Geng, D, Sun, Y, and Yuan, G. Dynamic changes of laboratory parameters and peripheral blood lymphocyte subsets in severe fever with thrombocytopenia syndrome patients. Int J Infect Dis (2017) 58:45–51. doi: 10.1016/j.ijid.2017.02.017

46. Li, MM, Zhang, WJ, Weng, XF, Li, MY, Liu, J, Xiong, Y, et al. CD4 T cell loss and Th2 and Th17 bias are associated with the severity of severe fever with thrombocytopenia syndrome (SFTS). Clin Immunol (2018) 195:8–17. doi: 10.1016/j.clim.2018.07.009

47. Sun, L, Hu, Y, Niyonsaba, A, Tong, Q, Lu, L, Li, H, et al. Detection and evaluation of immunofunction of patients with severe fever with thrombocytopenia syndrome. Clin Exp Med (2014) 14:389–95. doi: 10.1007/s10238-013-0259-0

48. Tippalagama, R, Singhania, A, Dubelko, P, Lindestam Arlehamn, CS, Crinklaw, A, Pomaznoy, M, et al. HLA-DR marks recently divided antigen-specific effector CD4 T cells in active tuberculosis patients. J Immunol (2021) 207:523–33. doi: 10.4049/jimmunol.2100011

49. Massoud, R, Gagelmann, N, Fritzsche-Friedland, U, Zeck, G, Heidenreich, S, Wolschke, C, et al. Comparison of immune reconstitution between anti-t-lymphocyte globulin and posttransplant cyclophosphamide as acute graft-versus-host disease prophylaxis in allogeneic myeloablative peripheral blood stem cell transplantation. Haematologica (2022) 107:857–67. doi: 10.3324/haematol.2020.271445

50. Li, J, Han, Y, Xing, Y, Li, S, Kong, L, Zhang, Y, et al. Concurrent measurement of dynamic changes in viral load, serum enzymes, T cell subsets, and cytokines in patients with severe fever with thrombocytopenia syndrome. PloS One (2014) 9:e91679. doi: 10.1371/journal.pone.0091679

51. Ding, YP, Liang, MF, Ye, JB, Liu, QH, Xiong, CH, Long, B, et al. Prognostic value of clinical and immunological markers in acute phase of SFTS virus infection. Clin Microbiol Infect (2014) 20:O870–8. doi: 10.1111/1469-0691.12636

52. Li, H, Li, X, Lv, S, Peng, X, Cui, N, Yang, T, et al. Single-cell landscape of peripheral immune responses to fatal SFTS. Cell Rep (2021) 37:110039. doi: 10.1016/j.celrep.2021.110039

53. Liu, S, Chai, C, Wang, C, Amer, S, Lv, H, He, H, et al. Systematic review of severe fever with thrombocytopenia syndrome: virology, epidemiology, and clinical characteristics. Rev Med Virol (2014) 24:90–102. doi: 10.1002/rmv.1776

54. Horsburgh, BA, Lee, E, Hiener, B, Eden, JS, Schlub, TE, von Stockenstrom, S, et al. High levels of genetically-intact HIV in HLA-DR+ memory T-cells indicates their value for reservoir studies. AIDS (2020) 34:659–68. doi: 10.1097/QAD.0000000000002465

55. Canto-Gomes, J, Da Silva-Ferreira, S, Silva, CS, Boleixa, D, Martins da Silva, A, González-Suárez, I, et al. People with primary progressive multiple sclerosis have a lower number of central memory T cells and HLA-DR+ tregs. Cells (2023) 12(3):439. doi: 10.3390/cells12030439

56. Yamaoka, S, Weisend, C, and Ebihara, H. Identifying target cells for a tick-borne virus that causes fatal hemorrhagic fever. J Clin Invest (2020) 130:598–600. doi: 10.1172/jci134512

57. Lu, QB, Cui, N, Hu, JG, Chen, WW, Xu, W, Li, H, et al. Characterization of immunological responses in patients with severe fever with thrombocytopenia syndrome: a cohort study in China. Vaccine (2015) 33:1250–5. doi: 10.1016/j.vaccine.2015.01.051

58. Menezes, SM, Decanine, D, Brassat, D, Khouri, R, Schnitman, SV, Kruschewsky, R, et al. CD80+ and CD86+ b cells as biomarkers and possible therapeutic targets in HTLV-1 associated myelopathy/tropical spastic paraparesis and multiple sclerosis. J Neuroinflamm (2014) 11:18–8. doi: 10.1186/1742-2094-11-18

59. Amos, JD, Wilks, AB, Fouda, GG, Smith, SD, Colvin, L, Mahlokozera, T, et al. Lack of b cell dysfunction is associated with functional, gp120-dominant antibody responses in breast milk of simian immunodeficiency virus-infected African green monkeys. J Virol (2013) 87:11121–34. doi: 10.1128/JVI.01887-13

60. Stansky, E, Biancotto, A, Dagur, PK, Gangaputra, S, Chaigne-Delalande, B, Nussenblatt, RB, et al. B cell anomalies in autoimmune retinopathy (AIR). Invest Ophthalmol Vis Sci (2017) 58:3600–7. doi: 10.1167/iovs.17-21704

61. Björkström, NK, Strunz, B, and Ljunggren, HG. Natural killer cells in antiviral immunity. Nat Rev Immunol (2022) 22:112–23. doi: 10.1038/s41577-021-00558-3

62. Li, M, Xiong, Y, Li, M, Zhang, W, Liu, J, Zhang, Y, et al. Depletion but activation of CD56(dim)CD16(+) NK cells in acute infection with severe fever with thrombocytopenia syndrome virus. Virol Sin (2020) 35:588–98. doi: 10.1007/s12250-020-00224-3

63. Cooper, MA, Fehniger, TA, and Caligiuri, MA. The biology of human natural killer-cell subsets. Trends Immunol (2001) 22:633–40. doi: 10.1016/s1471-4906(01)02060-9

64. Hofmann, H, Li, X, Zhang, X, Liu, W, Kühl, A, Kaup, F, et al. Severe fever with thrombocytopenia virus glycoproteins are targeted by neutralizing antibodies and can use DC-SIGN as a receptor for pH-dependent entry into human and animal cell lines. J Virol (2013) 87:4384–94. doi: 10.1128/jvi.02628-12

65. Shimojima, M, Fukushi, S, Tani, H, Taniguchi, S, Fukuma, A, and Saijo, M. Combination effects of ribavirin and interferons on severe fever with thrombocytopenia syndrome virus infection. Virol J (2015) 12:181. doi: 10.1186/s12985015-0412-3

66. Wong, KL, Tai, JJ, Wong, WC, Han, H, Sem, X, Yeap, WH, et al. Gene expression profiling reveals the defining features of the classical, intermediate, and nonclassical human monocyte subsets. Blood (2011) 118:e16–31. doi: 10.1182/blood-2010-12-326355

67. van Kooyk, Y, and Geijtenbeek, TB. DC-SIGN: escape mechanism for pathogens. Nat Rev Immuno (2003) 3:697–709. doi: 10.1038/nri1182

68. Alculumbre, S, Raieli, S, Hoffmann, C, Chelbi, R, Danlos, FX, and Soumelis, V. Plasmacytoid pre-dendritic cells (pDC): from molecular pathways to function and disease association. Semin Cell Dev Biol (2019) 86:24–35. doi: 10.1016/j.semcdb.2018.02.014

69. Liu, MM, Lei, XY, Yu, H, Zhang, JZ, and Yu, XJ. Correlation of cytokine level with the severity of severe fever with thrombocytopenia syndrome. Virol J (2017) 14:6. doi: 10.1186/s12985-016-0677-1




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 © 2023 Li, Huang, He, He, Wang, Lin, Zhao, Zheng and Pang. 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.


OEBPS/Images/fimmu-14-1143796-g003.jpg
250K 250K
200K- 200K
< Singl 1 150K « 150K-
ingle cells < D3 T 1
ﬁ 99.3% PYREES 38.2% 3100k cpg*T  cDarT
L3 P\ sk | 325%  536%
0 50K 100K 150K 200K 250K 0 50K 100K 150K 200K 250K 0 10' 10° 10° 104 10° 10° 102 104 18 108
N
FSC-A SSC-H cD3 cD4
250K 100
2001 00| CD8*Tem CD8* Tem| CD4* Tem CD4* Tem
523%  23.8% MNI%  57.7%
< |15 HLA-DR*CD4 T
< HLA-DR*CD8 Tem < HLA-DR*CD8 T - 1.06%
B [100k: 229% S 00k 7.03% 2
L » o
50K 50K
D

100 10 10° 10¢ 105 10°

0' 102 105 10¢ 10° 10°

HLA-DR

CDA4"T cells/ CD8*T cells

6
- 1105325
- 1106325
250K .  306%0
200k 4 - 1103221
&|1ook] HLADRCDS e 1s0x{ HLA-DR*CD8 Tn 150k] HLA-DR*CD4 Tem 1s0k] HLA-DR*CD4 Tn HLA-DR* CD4 Tem E - osoer
g 10.4% by 0.147% < 3.53% < 0.168% < 0.859% 2 % 08431
& |10 3 | oo § 100K ﬁ 100K- § - 1105155
50K 50K 50K 50K Moen
o il e o L o
107100 100 100 10° 106 100 10 10° 100 10° 100 e e Py g Vi e e i 013 4037 9 1"11 |? 172124 28
. o > /s post infection
HLA-DR HLA-DR HLA-DR HLA-DR HLA-DR ’
+ D4"T cell DR
CD8* T cells HLA-DR*CDS T cells cl cells HLA-DR*CDA4 T cells
2000 4000 8
2 3000 2
o 1500 %, 2 $a 6
i - Yoo 5o
£ i3 i3
] Zo 8 5 e
T e H
8 s00 2 1000 22
9 o o 3=
01347 9111417212428 01347 9111417212428 01347 9111417212428 013407 9[1_1,101‘417212423
Days post infection Days post infection Days post infection ays post infection
Effector Memory CD8'T cells HLA-DR*CD8 Tem Effector Memory CD4°T cells HLA-DR*CD4 Tem
100 40
3 P 2
3 2 3 2 3
: H Be H 3 Be
8 e & 8 w &
=] ol a =
or = or g2
2R 33 83 38
a2 BE 8¢ 5
Cha = e = 10
= = %
0 b S-S " I i
01347 9111417212428 01347 9111417212428 01347 9111417212428 01347 9111417212428
Days post infection Days post infection Days post infection Days post infection
Central Memory CD8'T cells HLA-DR*CD8 Tcm Central Memory CD4"T cells HLA-DR"CD4 Tem
40 15 100 10
") * ")
2 2 2 8
8 2 3 2
5 2 3 Py B¢
23 w§ 23 xS 6
oFr Qe ok 33
2R 33 28 38
g0 IO Qo Ic
= 5 € Qe 5
5 = 5 ® 2
= =
0
01347 9111417212428 013 47 0111417212428 01347 9111417212428 01347 9111417212428
Days post infection Days post infection Days post infection Days post infection
Naive CD8"T cells HLA-DR"CDB8 naive T Naive CD4*T cells HLA-DR*CD4 naive T
60 10 15
@
H g% 8 % 2
g g4 S8, g4 B
ok - 8r ]
28 32 KR H
a o Ig4 a8 <
8 220 3] 2
$< 583 S 2 305
£ Re ?é £
o 0.0 $=¥
0 1.3 47 9111417212428 01347 9111417212428 013 47 9111417212428 013 4 7 9 111417 21 24 28

Days post infection

Days post infection

Days post infection

Days post infection





OEBPS/Text/toc.xhtml


  

    Table of Contents



    

		Cover



      		

        Longitudinal analysis of immunocyte responses and inflammatory cytokine profiles in SFTSV-infected rhesus macaques

      

        		

          1 Introduction

        



        		

          2 Materials and methods

        

          		

            2.1 Virus and animals

          



          		

            2.2 Animals infection and samples collection

          



          		

            2.3 Virus detection in blood and tissues

          



          		

            2.4 Antibody titer detection

          



          		

            2.5 Immunofluorescence

          



          		

            2.6 Coagulation, hematological and biochemical parameters

          



          		

            2.7 Flow cytometric analysis

          



          		

            2.8 Cytokine assays

          



          		

            2.9 Statistical analysis

          



        



        



        		

          3 Results

        

          		

            3.1 Detection of plasm SFTSV specific antibody and viral load in peripheral blood and other tissues

          



          		

            3.2 Changes in hematological and biochemical parameters and coagulation function after SFTSV challenge

          



          		

            3.3 SFTSV-induced changes in count reduction, subset alteration, and activation of T lymphocytes

          



          		

            3.4 SFTSV-induced changes in count reduction, subset alteration, and abnormal class-switching of B cells

          



          		

            3.5 SFTSV-induced changes in frequency of monocyte, natural killer (NK) cell, and dendritic cell (DC) subsets

          



          		

            3.6 Abnormal cytokine profiles in infected rhesus macaques and correlation with immunocyte subsets

          



        



        



        		

          4 Discussion

        



        		

          Data availability statement

        



        		

          Ethics statement

        



        		

          Author contributions

        



        		

          Funding

        



        		

          Acknowledgments

        



        		

          Conflict of interest

        



        		

          Supplementary material

        



        		

          References

        



      



      



    



  



OEBPS/Images/fimmu.2023.1143796_cover.jpg
& frontiers | Frontiers in Immunology

Longitudinal analysis of immunocyte
responses and inflammatory cytokine
profiles in SFTSV-infected rhesus
macaques





OEBPS/Images/fimmu-14-1143796-g005.jpg
single cells
98.3%

SSC-A
cD3

0 50K 100K 150K 200K 250K 50K 100K 150K 200K 250K
- - =
FsC-A SSC-H

10 102 10 104 f10°

A 50K 100K 150K 200K 250K
.

SSC-H
Non 1
i " - 250K
104 |classical 83?2‘ Nk| D16
25.38 1 D56 NK 200K
. wl 0.157% NKG2A*
g o < |1 0.859%
2l 4o i
© pDC gl ™ * cote 2
3.04% 100 D56* NK|
i 2.51%
10" 102 10" 107 10° 10* 10° 10" 107 10° 10¢ 10° byt
10" 102 10° 104 10° 107107 100 104 105 10° 101 102 100 404 105 108
cD123 ©D3 €D20 > >

CD56 NKG2A HLA-DR
Monocytes CD14" CD16" Monocytes NK cells CD16" CD56"NK
4000 80 3
R~ 5
£ iz
o o 8
3 3 5
2 g ; 3z £3
8 Eo 8 P4
2 °d £ 82
s 50 5 O'%
8 o= S 8
%0 8y
£
3 p= l:
0 1 4 7 9 111417 21 24 28 013 47 9111417212428 - 013 47 9111417212428
Days post infection Days post infection Days post infection Days post infection
CD14* CD16" Monocytes CD14° CD16" Monocytes CD16" CDS6* NK CD16"CD56" NK
60- 100 z Z 15
. G B g
2 Py E
£s % & 80 H 3 _;E §
340 3.8 ¥ s <%
&z g Zeoia £ £3
ER . 3 g2 82
©n0 © (=Y (=%
50 g 040 Qi 54
£ R e 83 8z
o7, °=, B o
01347 9111417212428 01347 9111417212428 01347 9111417212428 01347 9111417212428
Days post infection Days post infection Days post infection Days post infection

(¢}

mDC pDC

L = 1105325
Ry R 1106325
83 83 - 10040
8z R T - 1108221
a8 a8 - 08067
°8 °8
22 S 00431
X =8 - 1105155
og 8g -+ Mean

.
01347 9111417212428 013 47 9111417212428
Days post infection Days post infection





OEBPS/Images/crossmark.jpg
©

2

i

|





OEBPS/Images/fimmu-14-1143796-g001.jpg
i.h.
5x107 TCID, SFTSV

-6 01234567 9 11 14 17 21 24 28
1105325 o ————————————————————————————————
1106325 e ——————————
10040 I ——
Animals 1103221 I, cuthanize
08067 I cuthanize
09431 I cuthanize
1105155 I cuthanize
Peripheral blood @------ 00000000 0 0 -0 @ @ @ - ®

Bone marrow

TISSUE = - @i . °
Temperature (]
40 Plasma
107
- 1105325
108
< 1106325
S _108 - 10040
X
» E 104 - 1103221
£38 - 08067
> 2103
28 - 09431
w 102
a - 1105155
10° Mean
100
01234567 9111417212428 01234567 9111417212428
Days post infection Days post infection
E
SFTSV-Gn specific IgM titer SFTSV-Gn specific IgG titer
210 214
212
2 L 210
g &
32 3%
8 S 28
§ 2¢ & pa
22 2
T T T T T 29 T T T T
701 14 21 28 114 21 28
Days post infection Days post infection
G
Tissue viral load
106_
100 O 1105155 (Day 7.
10%4 (Day 7)
B3 09431 (Day 14)
g% 104 g _10° == 1103221 (Day 28)
9% z3Z =m 08067 (Day 28)
22 103 2 £
e ? 5 gmz
L8 102 238
8 & 100
1014
0.
100 ) 10 g
\Q'é\ q}\? d& 6‘7’60
X R RO ©
& « <





OEBPS/Images/fimmu-14-1143796-g004.jpg
250K

200K

150K: B cells

9
100K 3B8.9%

SSC-A

. Unswitched| 250K CD80* B cells
10+ Activated  Resting 10¢ memory CD86* B cells 200K 1.83%
B cells B cells ] 2.9%
107 61.4% 2.97% 10% 150K
N <
a § 3 | 100k
o g a
101 50K
10" 102 109 10¢ 105 108 101 102 105 10¢ 105 10°
>
cD21 IgD-Potinstre CD86 CD80
B C . .
B cells CD80" B cells CD86" B cells
20
1500 = -e- 1105325
° 2 45 < 1106325
4 ] 3 - 10040
2 1000 % @ - 1103221
2 5 § 10 - 08067
3 500 8 5 09431
2 = = - 1105155
Mean
T T o
0 1 3 4 7 9 111417212428 01 3 4 7 9 111417 212428 0 1 3 4 7 9 111417212428
Days post infection Days post infection Days post infection
D E
Activated memory B cells Resting memory B cells Switched memory B cells
80 60
2 2 @
3 8 s
m 60 o g
w“ b
= ol 5
8 40 & 3
o o £
& I a
Q 20 Q o
= . o
¥
o7 T T T T T T O
0 1 3 4 7 9 111417 2124 28 01 3 4 7 9 111417212428
Days post infection Days post infection Days post infection
Unswitched memory B cells Naive B cells Double-negative B cells
40 80 40
2 2 2
8 30 8 8
o o @
5 5 kS
520 =8 3
i i K
o N oN
a
8 10 8 5]
x® B R
0 T 0 T 0 T T

o
w-
ad

01347 9111417212428 7 9 111417 21 24 28 01347 9111417212428
Days post infection Days post infection Days post infection





OEBPS/Images/fimmu-14-1143796-g007.jpg
Peripheral blood

HLA-D Tem1
WBC o

Lymphocytes

Granulocytes

PLT

AST |
® o
o 1 [ HLA-DR'CD8Tem \

APTT

TT

PT

e IL-6

® MCP-1 ) [ ] .. \

CDgo*/ch86* Resting memory
*IP-10 1 :

Activated memory,
| -
L






OEBPS/Images/logo.jpg
, frontiers | Frontiers in Immunology





OEBPS/Images/fimmu-14-1143796-g006.jpg
L6

1P-10

- 1105325
- 1106325
!1500 - 10040
H - 1103221
000- =+ 08067
§ - 00431
500 - 1105155
-+ Mean
o > e
01 3 4 567 9 142128 0134567 9142128 0134567 9142128
Days post nfection Days post infection Days post infection
427 RP=04015 =y 407 R?=04167 107 R?=0.1863
P=00167 £ 2 0017 s
§ £
ge 8 i g
g e HC
LR AR = g 20 3
2 38 % 10 g 2
s z
—_— g o o
1 20 3 4 50 20 30 40 0 10 20 0 0
1L6 Level, pgimL 116 Level, pyimL L6 Level, po/mL.
307 Rt=06urs ) 807 Ri=02117 67 Ri=o01573
P <00001 s | P=oos _ | P=oo0es
g g 260 : g .
220 2 8 %4 ®
8 . . P .
8 M 2w 8
b g a8 o
8 10- & S 0 2
8 5] 5 20- 3
S
8
3 o
10 2 0 0 0 10 20 30 P
L6 Level, pg/mL. 1L6 Level, pgimL
Z 8] Ri=0am2 40 107 R?=0.1389
g P <00001 g, £ o] P00 3
: ; :,
& g ]
g % &
& 1L 3
5 2 z
g o
0 10 20 3 4 50 0 500 1000 1500 2000 0 500 1000 1500 2000 500 1000 1500 2000
1P-10, Level, pg/mL. 1P-10, Level, pg/mL. 1P-10, Level, pg/mL. 1P-10, Level, pg/mL.
207 R%=02045
P= 00013
= 4 = =607 R?=04119
g i " E £ | p=ooes
: : : : fol
F g 5 il .
8 8 8 e | "~
5 gop ’
S . L
0 500 1000 1500 2000 0 500 1000 1500 2000 8 : 5
1P-10, Level, pgimL. 1P-10, Level, pg/mL. 0 500 1000 1500 2000 O
1P-10, Level, pg/mL. 500 1000 1500 2000
1P-10, Level, pg/mL.
2 8] R=oswe - 107 R?=0.1349
§ | Peooor . g 8 of P70 !
§ § 5
H 3 3°
g 20
2 ¥ e
&
& 3w 3
H z z
g o
0 200 400 600 o 200 a0 600 0 200 400 600 o 200 400 600
MCP-1 Level, pgimL MCP-1 Level, pg/mL. MCP-1 Level, pg/mL MCP-1 Level, pg/mL
501 Ri=o691 307 R?=02280 . 207 Ri=04512 80 61 Ri=0.1357
£ P=0.0033 . P=0.0006 P=0.0063 £ . P= 00082
€ _ . £ & g .
E £ . . 2 60- -2
& 40 7w ] X4 .
3 . i, . %
8 s 5 . g
20 . 2l 210 o 0 2
g & 20- a
z § s}
o+ o
200 400 600 0 600 600 0 200 400

MCP-1 Level, pg/mL.

MCP-1 Level, pg/mL.

600





OEBPS/Images/fimmu-14-1143796-g002.jpg
Platelets MEY: FeT
9 06
1000 -e- 1105325
1106325
800
3 = 204 ~#-10040
8 600 g g =+ 1103221
“e 7 £ -+ 08067
2 400 8 go.z e 09431
8 T e -e- 1105155
200
-e- Mean
o v v — 5 ————— 0.0 —————
4 7 9 111417 21 24 28 4 7 9 111417 21 24 28 4 7 9 1114 17 21 24 28
Days post infection Days post infection Days post infection
WBCs Lymphocytes Granulocytes
30 10 25
8
3 E 3"
8 86 8 15
2 e e
§10 § 4 g 10
2 S 5
o T o 1 o — v
4 7 9 111417 21 24 28 47 9 111417 21 24 28 4 7 9 111417 21 24 28 7 9 111417 21 24 28
Days post infection Days post infection Days post infection Days post infection
B
AST ALT Creatine Kinase
80 150
60
3 3"
i g
50
20
0 T 0 — T T
4 7 9 11 14 17 21 24 28 4 7 9 1114 17 21 24 28 4 7 9 1114 17 21 24 28
Days post infection Days post infection Days post infection
Albumin Bicod Urea Nirogea Serum Creatinine
60 i 80
5 10 60
40
3 > E t
r - o > 40
2 o-o_3ze=z8T § s
=20
20
o — § [ T o § §
4 7 9 111417 21 24 28 4 ;a 2 ;:ir;:w" a2z 4 7 9 111417 21 24 28
Days post infection il o Days post infection
C
PT(s) TT(s) APTT (s) FIB (g/L)
20 22 50- 4
20
15 40 3
18 530 _
o o 2 3
= 10 = 16 = 2
£ E £ o
20
14 e
5 1
12 10
o 10 0 o

—
4 7 9 111417 21 24 28
Days post infection

—
4 7 9 111417 21 24 28
Days post infection

—
4 7 9 1114 17 21 24 28
Days post infection

—
4 7 9 111417 21 24 28
Days post infection





