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Infection caused by extracellular single-celled trypanosomes triggers a lethal chronic wasting disease in livestock and game animals. Through screening of 10 Trypanosoma evansi field isolates, exhibiting different levels of virulence in mice, the current study identifies an experimental disease model in which infection can last well over 100 days, mimicking the major features of chronic animal trypanosomosis. In this model, despite the well-controlled parasitemia, infection is hallmarked by severe trypanosomosis-associated pathology. An in-depth scRNA-seq analysis of the latter revealed the complexity of the spleen macrophage activation status, highlighting the crucial role of tissue resident macrophages (TRMs) in regulating splenic extramedullary erythropoiesis. These new data show that in the field of experimental trypanosomosis, macrophage activation profiles have so far been oversimplified into a bi-polar paradigm (M1 vs M2). Interestingly, TRMs exert a double-sided effect on erythroid cells. On one hand, these cells express an erythrophagocytosis associated signature. On another hand, TRMs show high levels of Vcam1 expression, known to support their interaction with hematopoietic stem and progenitor cells (HSPCs). During chronic infection, the latter exhibit upregulated expression of Klf1, E2f8, and Gfi1b genes, involved in erythroid differentiation and extramedullary erythropoiesis. This process gives rise to differentiation of stem cells to BFU-e/CFU-e, Pro E, and Baso E subpopulations. However, infection truncates progressing differentiation at the orthochromatic erythrocytes level, as demonstrated by scRNAseq and flow cytometry. As such, these cells are unable to pass to the reticulocyte stage, resulting in reduced number of mature circulating RBCs and the occurrence of chronic anemia. The physiological consequence of these events is the prolonged poor delivery of oxygen to various tissues, triggering lactic acid acidosis and the catabolic breakdown of muscle tissue, reminiscent of the wasting syndrome that is characteristic for the lethal stage of animal trypanosomosis.
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Introduction

The extracellular protozoan parasite Trypanosoma evansi (T. evansi), also referred to as Trypanosoma brucei evansi (T. b. evansi) (1), is the causative agent of the animal disease “Surra”, as well as rare cases of atypical human trypanosomosis (2–4). T. evansi is not relying on tsetse transmission only, but uses a wide range of insect vectors and even vampire bats (5). Hence, this parasite has been able to move out of Africa, and is present in South America, vast areas of Asia, and parts of Oceania (5, 6), and occasionally crops up in Europe as a result of uncontrolled import of infected animals (7). The host reservoir of T. evansi includes livestock animals such as cattle, horses, camels, pigs, goats, and water buffalos, as well as companion animals such as dogs, and game animals (8). The ability to colonize a diverse host range implies that T. evansi has the ability to very efficiently evade the mammalian immune system. It is generally accepted that the process of antigenic variation of the Variant Surface Glycoprotein (VSG) coat is a key factor here (9). In addition, recent data that was obtained by us at single-cell resolution, shows that T. evansi undermines the host immune system by (i) reducing early B cell linage lymphopoiesis in bone marrow, (ii) inducing low-functionality B cell differentiation while preventing naïve B cells replenishment of the periphery, and (iii) abrogating B cell memory induction. T. evansi also triggers early-stage IgG immunoglobulin isotype switching, allowing to escape from natural IgM antibody-mediated trypanocidal activity (10).

T. evansi parasites exhibit variable levels of virulence, depending on the host and geographical origin (8, 11, 12). In experimental models, trypanosomosis virulence patterns are typically described in terms of peak parasitemia height, anemia development or weight loss, tissue tropism and host survival time (12). In livestock animals, T. evansi often triggers a chronic wasting disease, for which the underlying immunological mechanisms have not been thoroughly investigated (5). Hence, having access to a collection of T. evansi isolates, exhibiting different levels of virulence, offers a unique approach to investigate the driving mechanisms of the detrimental wasting disease outcome of animal trypanosomosis (AT). Addressing this at the level of single-cell resolution offers new insights into the trypanosome-host biology that have not been revealed before.

So far, conventional immunological studies combined with bulk-RNA sequencing, have suggested that while antibody response are important for trypanosome parasitemia control (13), it is the balance of pro- and anti-inflammatory cytokines production, accompanied by activation and alteration of classical and alternatively activated macrophages populations, that determines the chronicity of AT infections (14–18). In general, the early stage of trypanosomosis is hallmarked by the induction of a Th1 T cell immune response and the presence of pro-inflammatory cytokines such as INFγ, TNFα, and IL-1β (19–21). These cytokines stimulate classically activated pro-inflammatory macrophages, so-called M1 macrophages. These in turn contribute to the control of parasitemia through TNF and Nitric Oxide production and/or phagocytosis (22–24). However, maintaining highly activated M1 cells can lead to infection-induced pathological features such as systemic immune response syndrome or severe anemia. In contrast, the chronic stage of infection in trypanotolerant animals, so far only described for T. congolense infections, is hallmarked by the presence of a Th2 immune environment, with anti-inflammatory cytokines such as IL-10, IL-4, and TGFβ (25). These cytokines, especially IL-10, induce the expression and activation of arginase in alternatively activated M2 macrophages. The switch from M1 to M2 cells has been suggested to be important for dampening prolonged infection-associated inflammation (26, 27). The crucial role of IL-10 in the regulation of trypanosomosis associated pathology has been well documented using IL-10-/- mice (26, 28). Over the last decade, various results obtained in experimental immunology models gave rise to the concept that alteration of the M1/M2 macrophage balance, and production of their related cytokines, governs the outcome of disease. However, recent studies suggest that the bipolar paradigm might not be fully applicable in vivo, where macrophages can be more heterogeneous (29, 30). This is especially true when taking into account the presence of tissue-resident macrophage populations. Hence, to grasp the importance of M1/M2 macrophage biology in chronic trypanosomosis, the T. evansi context offers a unique model system.

Chronic livestock AT is characterized by the occurrence of a wasting syndrome that drives the fatal outcome of infection, hallmarked by persistent severe anemia. The latter has been characterized as ‘anemia of chronic inflammation/disease’ (ACD), involving factors such as galectin-3, a driver of erythrophagocytosis, and the macrophage migration inhibitory factor MIF responsible for iron retention by the mononuclear phagocyte system (31, 32). MIF also promotes M1 macrophage polarization (18). TNF, originally identified as cachectin, as well as the macrophage activator IFNγ, have also been described as a key player in trypanosomosis-induced anemia (33, 34). As anemia results in tissue hypoxia, a compensatory stress-induced erythropoiesis can be triggered. When occurring in the spleen or even liver, this process is referred to as extramedullary erythropoiesis (35). At the level of the spleen, it is initiated by either the migration of bone marrow erythroid progenitors into spleen or by the expansion of splenic resident erythroid progenitors (36, 37). Subsequently, these progenitors pass through several differentiation stages, during which cells gain fully mature features of reticulocytes. This is achieved by the removal of their nucleus and other organelles, as well as gaining flexibility by membrane-cytoskeleton rearrangement in the final steps of red blood cell formation (38). Interestingly, the occurrence of spleen extramedullary erythropoiesis has been described in various experimental trypanosomosis models (32, 39). However, as infection-induced anemia is a key feature of trypanosomosis in general, this rescue mechanism is clearly not able to compensate for ongoing accelerated erythrophagocytosis. So far, no in-depth mechanisms have been described that can explain the failure of extramedullary erythropoiesis to compensate for infection-associated erythrophagocytosis. Hence, having access to a chronic experimental T. evansi model that mirrors the wasting disease pathology observed in livestock trypanosomosis, has now allowed us to (i) investigate the roles of antibodies and cytokines, (ii) address macrophage activation status at a single-cell level, and (iii) analyze the reticulocyte differentiation process during extramedullary erythropoiesis. Our results show that chronic T. evansi infection is characterized by the presence of high circulating antibody titers and low parasite numbers. At the same time, progressing splenic tissue pathology is hallmarked by the expansion of differentiating myeloid cell populations and erythroid progenitors. However, the final arrest of splenic erythrocytes differentiation at the level of the orthochromatic erythrocyte stage, is a major hurdle that prevents the maintenance of adequate circulating red blood cells. Consequently, chronic T. evansi trypanosomosis results in the development of severe systemic lactic acid acidosis, and a lethal wasting syndrome that is observed in all livestock trypanosome infections, characterized by severe muscular dystrophy.





Material and methods




Mice and ethics statement

7-9 weeks-old female C57Bl/6 mice were supplied by KOATECH (Gyeonggi-do, Korea), hosted in individually Ventilated Cages (IVC) and provided with cage enrichment. The Ghent University Global Campus Institutional Animal Care (GUGC IACUC) approved experimental animal protocols (IACUC 2019-003/016/023, 2020-004/012/016, 2021-019, and 2022-006).





Parasites

T. evansi Vietnam (STOCK2) (ITMAS 180697), T. evansi STIB816 (ITMAS 140799A), T. evansi Rotat 1.2 (ITMAS 020298), T. evansi Colombia (E9.C12) (ITMAS 150799), T. evansi E18 (ITMAS 140799B), T. evansi Merzouga 93 (ITMAS 150399C), T. evansi Zagoura III-25 (ITMAS 120399C), T. evansi KAZACHSTAN (ITMAS 060297), T. evansi KETRI 2479 (ITMAS 100883A), T. evansi 2840 (ITMAS 110297) were obtained from the Institute for Tropical Medicine, Antwerp, Belgium.





Parasites gDNA extraction and PCR for RoTat 1.2 gene detection

Total genomic DNA of parasite isolates was extracted from infected mouse blood at the level of approximately 2x107 parasites/mL, using a DNeasy Blood & Tissue Kit (Qiagen, Germany) according to the manufacturer’s instructions. The PCR was carried out as previously described (40), with the following changes: the amount of extracted genomic DNA used as starting material (250 ng instead of 3000 ng) and the addition of 10% DMSO to the reaction mixture.





Infection

Mice were infected by intraperitoneal (i.p) injection of with 200 parasites in 100 μL of Dulbecco’s Phosphate Buffered Saline (DPBS; Invitrogen, CA, USA). Parasitemia and red blood cell number were quantified in 2.5 µL blood, taken from the tail vein, using a hemocytometer and a light microscope, after the blood was diluted (1/200) in Dulbecco’s Phosphate Buffered Saline (DPBS; Invitrogen, CA, USA). Infections were followed till a point where mice were euthanized in accordance with the IACUC guidelines, taking into account overall infection-induced morbidity, locomotor activity, anemia and/or hyper-parasitemia, and weight loss. Overall body weight loss was determined post-mortem, after removal of spleen and liver in order to eliminate the effects of infection-induced hyper spleno-hepathomegaly.





Virulence classification

Infected mice were CO2 euthanized when they reached the human end point specified in ethical approval documents. The mean survival time (MST) of mice infected with the same T. evansi isolate was used to classify the parasites’ virulence. The Wilcoxon and Log-rank tests were used to classify results.





Cell isolation and flow cytometry analysis

Spleens and bone marrow cells from naïve and infected mice were isolated at day 7, 14, 28, 42 p.i. for T. evansi Merzouga 93. Time points were selected based on the survival time of infected mice and their first parasitemia peak occurrence. Single cell suspensions were prepared by homogenizing spleen in 6 mL of DMEM (Capricorn Scientific, Ebsdorfergrund, Germany) supplemented with 10% FBS (Atlas Biologicals, CO, USA) and 1% penicillin/streptomycin using gentleMACS Dissociator (Miltenyi Biotec, Bergisch Gladbach, Germany). Cells were spun down at 314 x G for 7 minutes at 4°C after being filtered through a 70 µm pore size cell strainer (SPL Life Sciences, Gyeongi-do, Korea). Prior to flow cytometry analysis, non-specific binding was blocked by incubating cells with anti-CD16/32 antibody (Biolegend CA, USA) (1:1000 dilution) at 4°C for 30 minutes in the dark. Afterwards, 105 cells per sample were incubated in the dark at 4°C for 30 minutes with a mixture of antibodies specific for distinct cells populations, followed by flow cytometry analysis with a BD AccuriTM C6 Plus flow cytometer (BD Biosciences, CA, USA). Anti-Ter119 PE and anti-CD71 FITC were purchased from Biolegend (CA, USA) and used at a 1/600 dilution. The total number of cells in each population was determined by multiplying the percentages of subsets within a series of marker negative or positive gates, with the total live cell number determined for each cell preparation in combination with microscopy live cell counts for every individual cell preparation.





Parasite isolation and VSG preparation

Heparinized blood was obtained from a T. evansi infected mouse when parasitemia reached approximately 5 x 107 parasites/ml (before the first parasitemia peak). Parasites were separated from red blood cells by ion-exchange DEAE-cellulose (DE52) column chromatography (Whatman, Maidstone, UK). Separated parasites were then collected in phosphate saline glucose buffer (44 mM NaCl, 57 mM Na2HPO4, 3 mM NaH2PO4, 55 mM glucose) before being washed twice with DPBS (Invitrogen, Carlsbad, CA) by centrifuging at 1500 x G for 7 minutes, followed by 30 minutes incubation on ice in 1mL Baltz buffer (0.125 M phosphate buffer pH 5.5 containing 1% Glucose) and 5 minutes incubation at 37°C. Soluble VSG (sVSG) present in the supernatant was collected after 10 minutes centrifugation of the sample at 15000 x g. The concentration of sVSG was then estimated using the Bradford protein assay kit (Bio-rad, CA, USA), before being frozen at -20°C (41).





Measurement of total and anti-VSG antibodies titers in plasma samples

Fifty μL sVSG/well was used to coat Half Area Clear Flat Bottom Polystyrene High Bind Microplate (Corning, NY, USA) at 4°C overnight, at a concentration of 4 μg/mL. Plasma was obtained from infected mice on the same day as the spleen. DPBS (Invitrogen, Carlsbad, CA) was used to generate a 1:2 serial dilution series of plasma samples, starting from 1:100 to 1:204800. IgM, IgG2b, IgG2c, and IgG3 antibody titers were measured using horseradish peroxidase-labeled anti-IgM, anti-IgG2b, anti-IgG2c, and anti-IgG3 antibodies (Southern Biotech, Alabama, USA). To access total plasma antibodies titers, 5 μg/mL of Goat Anti-Mouse Ig (Southern Biotech) was coated overnight in 96 wells Immuno maxi-binding plate (SPL Life Sciences, Gyeonggi-do, Korea) at 4°C. Plasma samples - the same as used for anti-VSG antibodies titers determination - were subsequently processed according to the same protocol outlined above.





Quantification of cytokines

ELISA MAX™ Deluxe Set Mouse INFɣ, TNFα and IL10 sets were used to assess the concentrations of INFɣ, TNFα and IL10 cytokines in plasma (Biolegend, CA, USA). In brief, plasma were taken from infected mice at various time points. In brief, plasma samples were collected from infected mice at different time points. Subsequently, different samples (non-diluted, 1:10 dilution, 1:100 dilution) were used to estimate concentrations of INFɣ, TNFα and IL10 following the manufacturers’ protocol.





Single cell RNA sequencing

Spleen single cell suspensions were isolated from mice infected with T. evansi Merzouga 93 at 3 different time points: Naïve, 14 dpi, and 42 dpi. To assess the effect of pooling samples on scRNA-seq data analysis, spleen cells suspension from a single mouse and pooled spleen cells suspension from 3 individual mice (1:1:1 ratio) were prepared at 42 dpi. This approach enabled to compare the reproducibility of the results obtained from single and pooled samples after scRNA-seq. Cell libraries were prepared using Chromium Single Cell 3’ Reagent User Kit (v3 chemistry) provided by 10X Genomics. Sequencing was conducted on a NovaSeq600 platform using TruSeq Illumina primers. Raw based call (BCL) files generated from sequencer were processed using Cellranger pipeline provided by 10X Genomics.





Single cell RNA sequencing analysis

BCL files were demultiplexed into sample specific FASTQ files using cellranger mkfastq. Using cellranger count command, sequenced reads were aligned to the 10X prebuilt mouse reference genome package (mm10) using STAR aligner. Subsequently, cell barcodes and Unique Molecular Identifiers were counted, filtered, and corrected to generate expression matrices for each sample, which were used for further data processing and analysis. Dataset of each sample were adjusted to remove ambient RNAs contamination using SoupX (42). Also, genes which are known for causing technical background noise, Gm42418 and AY036118 (43), were removed from expression matrices prior to Seurat (v4.0) processing and downstream analysis (44). Standard procedure for filtering low quality cells were applied for each sample separately. In brief, cells having less than 100 genes or more than 6000 genes, cells expressing mitochondrial genes counting for more than 10% of total genes detected were excluded from analysis. To evaluate the similarity between data generated from an individual mouse and pooled 3 mice, 42dpi single and 42dpi pool datasets were merged for dimensionally reduction and clustering analysis without applying batch effects removal methods. For combined total spleen cells dataset and subsequently, total macrophages dataset, all samples were merged, and batch effects were removed by Harmony package (45) to create a combined dataset for all samples. Harmony corrected embedding was used to perform normalization, dimensionally reduction, and clustering. Cell type annotation for Macrophages, Hematopoietic stem and progenitor cells, and Erythroid were carried out using gene markers collected from literature. Intercellular communication analysis was done for combined dataset of all spleen cells from all time points using Cellchat package (46) to predict the interaction between cell populations based on their ligands and receptors expression.

Clusters expressing Macrophages markers were subsetted and re-performed dimensionally reduction and clustering to generate a combined Macrophages dataset for all samples. Similarly, clusters expressing HSPC and Erythrocytes markers were subsetted for generating Erythrocytes lineage dataset. The sub-populations of these datasets were annotated using markers collected from the literature and SingleR package. To obtain differentially expressed genes among annotated sub-populations, the Wilcoxon rank sum test was performed with the FindMarkers function of Seurat. All p values were corrected for multiple comparisons using the Benjamin-Hochberg method. For gene set enrichment analysis, we used clusterProfiler package to perform pre-ranked gene set enrichment analysis on 50 hallmark gene sets of MSigDB collection (47). We used average log2 fold change detected from FindMarkers function as gene score to rank genes. Enrichment plots for specific pathways were obtained using the enrichplot package (48). Genes included in HALLMARK_INTERFERON_GAMMA_RESPONSE, HALLMARK_TNFA_SIGNALING_VIA_NFKB, HALLMARK_INFLAMMATORY_RESPONSE pathways of MSigBD hallmark gene sets collection were used to calculate Interferon gamma response, TNF alpha signaling, and Inflammatory response scores respectively. BBrowser3 (BioTuring Inc., San Diego California USA) was used to visualize the Seurat object for UMAP and gene expression.





Statistical analysis

Graphpad prism statistical software (GraphPad Software Inc. San Diego, CA) was used to perform Student’s t-test or one-way ANOVA tests as indicated in the result section. Data were presented as Mean + SD unless stated otherwise. Values of P ≤ 0.05 are considered statistically significant.






Result




Classification of 10 T. evansi isolates into a spectrum of virulent categories

T. evansi parasites used in this study originate from 8 different countries and distinct hosts, making up for 10 non-cloned field samples, including 9 Type A isolates that are most common around the world, and one East-African T. evansi type B isolate (Table 1; Figure S1). These isolates are categorized into 4 different virulence groups, based on mean survival time (MST) of mice, after challenge with the same infection dose (200 parasite/mouse): (i) hyper-virulent; MST shorter than 10 days, (ii) virulent; MST 11-30 days, (iii) Intermediate; MST 30-60 days, and (iv) chronic; MST more than 60 days. Mice infected with distinct isolates in the same group show non-significant differences in MST, while combined survival data of each group are significantly different from each other when tested by Log-rank and Wilcox tests (Table S1). Of the ten isolates tested, T. evansi Merzouga 93 infection exhibits the longest surviving period in mice, reaching a MST of 110 days, with occasional infections lasting for up to 8 months. From each category outlined above, 4 representative isolates were selected for further investigation, i.e. the Vietnam isolate, the STIB816 isolate, the E9.C12 (Colombia) isolate, and the Merzouga 93 isolate. Survival curves and parasitemia profiles (Figures 1A, B) show that the 4 isolates developed parasitemia profiles with varying numbers of peaks. In mice infected with hyper-virulent isolate, the parasitemia pattern results in only one single peak, reaching extreme levels of over 1x 109 parasites/ml. A similar overall pattern is seen in mice infected with the virulent STIB816 isolate, however here infection lasts over two weeks. Infections caused by intermediate E9.C12 isolate resulted in multiple high parasitemia peaks, without the occurrence of any visible infection-associated pathology, over a period of up to 5 weeks. For all three groups, mice were euthanized when hyper-parasitemia, coinciding with acute locomotor dysfunction, resulted in visible morbidity. The chronic Merzouga 93 isolate is characterized by several early-stage parasitemia waves, followed by a prolonged chronic infection with low well-controlled parasite numbers in the circulation (Figure 1B). In this case however, the infection caused a wasting syndrome, hallmarked by a significant decrease in body mass by day 42 post infection (Figure 1C, left panel). Comparing the muscle mass of both quadriceps and gastrocnemius muscles clearly shows the catabolic muscle breakdown observed during the chronic infection stage. Hence, pelvis and femur bones of infected mice (42 dpi) are more visible due to muscular atrophy, whereas they are neatly covered by muscle tissue in naïve mice (Figure 1C, right panels). It is important to mention that livestock animals suffering from AT usually do not succumb to high parasitemia, and hence mouse trypanosome models that are hallmark by uncontrolled parasitemia might not be the best to gain profound insights into the disease mechanism that drive AT. Hence, as T. evansi Merzouga 93 infections are characterized by a long survival period, accompanied by well-controlled parasitemia peaks, as well as a catabolic muscle disorder, resembling livestock AT pathology, this isolate was chosen for further investigation.


Table 1 | Information of 10 T. evansi isolates and their classification based on mean survival time of infected mice.






Figure 1 | Chronic infection by T. evansi Merzouga 93 is similar to infections in domestic animals. (A) Survival curve of 4 representative isolates: T. evansi Vietnam (hyper-virulent), T. evansi STIB816 (virulent), T. evansi E9.C12 (intermediate), and T. evansi Merzouga 93 (chronic). *p≤ 0.05, **p≤ 0.01 by Log-rank test. (B) Parasitemia profiles of 4 isolates during infection. Data are presented as mean + SD from 5 individual mice per group. The Y axis indicates the number of parasites, DL: detection limit (4x105 parasites/ml blood). (C) Left panel: Weight reduction in percentage of infected mice (42dpi) relative to naïve mice. Data is presented as mean + SD of mice’s body weight after subtracting the weight of spleen and liver. *p ≤ 0.05 by Student t-test vs naïve values. Right panels: Catabolic muscle breakdown observed during chronic infection of T. evansi Merzouga 93. The asterisk indicates the location of quadriceps muscle, the dashed bar indicates the location of the Pelvis bone.







An anti-inflammatory cytokine balance hallmarks chronic infection

Antibody-mediated parasite killing, driven by B cells activation, is considered to be the most efficient anti-T. evansi immune response (49). To investigate a potential correlation between antibody responses and disease susceptibility, total antibody and anti-VSG specific antibody titers were measured (Figure 2A). T. evansi Merzouga 93 infected mice first showed a significant induction of total-IgM and IgG2c levels, followed by increased IgG2b and IgG3 titers towards the end of infection. There was no consistent measurable induction of a total IgG1. With respect to anti-trypanosome specific responses, chronic infection was characterized by the induction of an early anti-VSG IgM response, accompanied by the production of anti-VSG IgGs from the second week onwards. This response was heavily biased towards IgG2c.




Figure 2 | Chronic T. evansi Merzouga 93 infection hallmarked by high antibody titers and anti-inflammatory cytokine response. (A) Total antibodies titers (line graphs) and anti-VSG antibodies titers (bar graphs). Results present log2 fold change of OD50 values (for total antibodies) or end-point titer (for anti-VSG antibodies) of infected mice vs naïve sample. For anti-VSG antibodies titers, only significant values when compared with naïve (p≤ 0.05) are presented. *p ≤ 0.05; **p ≤ 0.01, ***p ≤ 0.001 by Student t-test vs naïve values. (B) Concentration of TNFα, INFɣ, and IL-10 in blood plasma during infection. DL: detection limit. Data presents mean + SD from 3 individual mice from one representative among three independent experiments. (C) IL-10/TNFα and IL-10/INFɣ ratios, computed by dividing the average IL-10 concentration by the average TNF and INFγ concentrations at the same time point.



In parallel to antibody titer measurements, the dynamic balance between systemic secretion of TNFα, INFγ, and IL-10 was monitored (Figure 2B). While increased TNFα levels were present from the first week of infection onwards and peaked after 4 weeks, INFγ levels peaked relatively early at 7dpi, following the development of the first parasitemia wave. To counteract the potential damaging effects of the pro-inflammatory cytokine production, infected mice exhibited elevated plasma level of the anti-inflammatory cytokine IL-10. Ratios of IL-10 to TNFα and IL-10 to INFγ show a persistent anti-inflammatory cytokine environment during the chronic stage of infection (Figure 2C).





scRNA-seq analysis reveals a high heterogeneity of macrophage populations during early and late stages of chronic T. evansi infections

The abovementioned results are consistent with prior studies that have shown a correlation between the chronicity of disease, cytokine environment and macrophage polarization (15, 28, 50). To address this link in chronic T. evansi trypanosomosis, a scRNA-seq analysis was performed, capturing the transcriptome profile of macrophages during infection. Experimental samples included splenocytes from naive and T. evansi Merzouga 93 infected mice on day14 (acute phase) and day 42 (chronic phase). For the first two time points (non-infected and 14dpi), the sequencing libraries were generated using single individual mice. For the purpose of result validation, two independent libraries were constructed for the 42 dpi timepoint, using either spleen cells from a single mouse (single sample) or cells pooled from three individual mice in a 1:1:1 ratio (pool sample) (Figures S2A, B). Merged data from the 3 time points was used to generate a combined dataset, in which a total of 30,321 cells were submitted to unbiased graph-based clustering (Seurat), resulting in 32 distinct clusters (Figure S2C). Macrophage populations were manually identified among those clusters, based on canonical markers including Adgre1, C1qa, C1qb, and Fcgr1 (see supplementary gene table for explanatory gene list). Cluster 12 expressing transcription profiles of monocytes (Ly6c2, Itgam, Ccr2) and macrophages (Adgre1, C1qa, C1qb, C1qc), was included in this analysis as well (Figure S2D). Next, these populations were sub-clustered using Seurat, to re-perform dimensionally reduction, yielding 9 discrete sub-clusters (Figure S3A). Since clusters 0, 2, 6, and 8 are present in both homeostasis (naïve) and infection derived samples, and have low expression of Itgam (CD11b) but high level of genes known to be induced by heme exposure such as Hmox1 and Ftl1, those clusters were annotated as tissue-resident macrophages (TRM1 and TRM2) (Figures S3A, B). Clusters 1, 3, 4,5 are hardly present in the naïve dataset, but are highly induced upon infection, with two clusters (4 and 5) annotated as monocytes expressing high levels of monocyte-specific genes like Ly6c2, Plac8, and Itgam (CD11b) and low levels of macrophage-specific genes like Adgre1 (F4/80) or C1qc. The other two clusters (1 and 3) were annotated as monocytes-derived-macrophages (MDM) 1 and 2, respectively, since they express high levels of macrophages markers, while maintaining constant level of monocyte markers. Finally, a small cell population (cluster 7) was identified as Erythroblast Island macrophages (EBIM), since these cells express signature genes such as Hbb-bs, Alas2, and Gypa (Ter119) (51). Based on these annotations, infection-induced alterations in the size of each macrophage subpopulations was calculated in absolute cell numbers, showing their accumulation upon infection. During homeostasis, monocytes and monocyte-derived macrophages only account for 2.9% of total splenic macrophages, but these sub-populations rose exponentially during infection, accounting for 20.79% at 14dpi, and 66.8%/67.23% (pool/single) at the 42dpi chronic stage of infection (Figure 3A). The tissue resident macrophage subpopulation predominated in the naïve and 14 dpi samples, declining in size at the chronic 42 dpi time point. While EBIMs were virtually absent from the naïve population, their frequency increased to around 2.44% at 14dpi and 2.76%/3.58% 42dpi.




Figure 3 | scRNA-seq analysis reveals heterogeneity of Macrophages population during early and late stage of T. evansi infection. (A) Uniform Manifold Approximation Projection (UMAP) of Macrophages sub-populations and their portion across 3 time points (pie charts). MDM: Monocytes Derived Macrophages, EBIM: Erythroblast Island Macrophages, TRM: Tissue Resident Macrophages. (B) Log-normalized expression of classical markers for M1 (upper panel) and M2 (lower panel) macrophages on combined Macrophages from 3 time points. (C) Co-expression levels of Nos2/Arg1 genes on 42dpi single and 42dpi pool datasets derived Macrophages. (D) Interferon gamma response score (Top panel), TNF alpha signaling via NF-kB score (Middle panel), and Inflammation response score (Bottom panel) of Macrophages sub-populations during infection.



Next, an attempt was made to identify the subpopulation of M1 and M2 macrophages. Surprisingly, applying the most commonly used markers expression Nos2, Tnf, Cd86 for M1 and Arg1, Mrc1, Stat6 for M2, did not result in the identification of a distinct cluster (Figure 3B). In contrast, the two MDM1 and MDM2 subpopulations simultaneously express both the M1-specific gene marker Nos2, encoding iNOS, and the M2-specific gene marker Agr1, encoding Arginase, despite the fact that these enzymes have been described as M1 and M2 exclusion indicators, respectively (52). Additionally, the TRM1 subpopulation and part of the TRM2 simultaneously express genes coding for CD86, the co-stimulatory molecule on M1 macrophages and CD206 (Mrc1), a common marker to identify the M2 phenotype in both naïve and inflammatory conditions, even though cells should not be activated/polarized during homeostasis (Figure 3B, Figure S3C). An UMAP showing signature score as the mean expression of comprehensive classic gene markers for M1/M2 macrophages acquired from the literature showed mixed phenotype of M1 and M2 subpopulations in our dataset (supplementary gene table, Figure S3D). Even at the chronic stage of infection (42dpi), which is expected to have a M2 macrophages bias, cells from monocyte-derived macrophage subpopulation are Nos2/Arg1 double positive, indicating a mix phenotype that cannot be categorized along the M1/M2 paradigm lines (Figure 3C).

To characterize the macrophage sub-types in detail, result from DEG analysis were used to perform a gene set enrichment analysis for each clusters. MDM1 and MDM2 subpopulations express genes enriched for INFɣ responses, TNF signaling via NF-κB, and inflammatory responses, suggesting the immune stimulating function of these cells during infection (Figure 3D). While MDM1s have the highest signature score for pro-inflammatory processes, exhibiting an increased Nos2/Arg1 double positive cell characteristic at 42dpi, this signature is significantly reduced when compared to 14dpi (Figure 3D).





TRMs and EBIM contribute to regulation of infection-induced splenic extramedullary erythropoiesis

As TRMs dominate the total macrophages population in both non-infected and 14 dpi spleen samples (Figure 3A), and express lower level of inflammation related pathways (Figure 3D), the function of these subpopulations was investigated in more details via their transcriptional profiles. Differential expression analysis reveals that both TRM1 and TRM2 clusters exhibit high expression level of signature genes for the erythrophagocytic process, including the heme-inducible genes Spic and Hmox1 (Figure 4A). Moreover, the expression of the gene coding for the macrophage apoptosis inhibitor i.e. Cd5l, was found to be elevated in TRM1 and part of the TRM2 cluster. During infection, the TRM2 cluster strongly expresses the M1-associated Macrophage migration Inhibitory Factor gene Mif, and Galectin-3 gene Lgals3, that are actively involved in trypanosomosis associated anemia (53). TRM2s also maintain the high expression of Hmox1 and Fth1, coding for Ferritin (heavy chain 1) involved in iron storage (Figure 4B). These observations coincide with an infection-induced reduction in expression of the Slc40a1 gene (Figure 4B), encoding the iron-regulated transporter Ferroportin. Taken together, results indicate that TRM2s are involved in induction of infection-associated anemia with a high erythrophagocytic phenotype.




Figure 4 | Tissue resident macrophages show multi potential roles during chronic T. evansi infection. (A) UMAP showing macrophages sub-population (first panel) and log-normalized expression of genes expressed by Tissue resident macrophages (B) Changes in expression of genes related to iron retention during infection. (C) UMAP showing expression of Vcamp1 and Igf1 genes. (D) Average expression of gene markers used for HSPCs and Erythroid annotation. (E) UMAP projection of Macrophages, HSPCs, and Erythroid populations on combined total spleen cells dataset and their cell number alteration during infection. (F) Chord diagram of the inferred Itga4/Itgb1 – Vcam1 interaction among cell populations. (G) Log-normalized expression of genes involved in Hematopoiesis and Erythropoiesis on HSPCs and Erythroid populations.



Of note is that the TRMs and EBIM subpopulations are characterized by their high expression of Vcam1 (Figure 4C), encoding the vascular cell adhesion molecule (VCAM-1) used by red pulp resident macrophages to retain hematopoietic stem and progenitor cells (HSPCs) in the spleen. Here, VCAM-1 interacts with HSPCs via Integrin α4β1, a heterodimer integrin encoded by the Itga4 and Itgb1 genes. As a result, red pulp resident macrophages act as “usher cells” to anchor HSPCs in the spleen (54). This phenomenon is observed under inflammation condition as an “emergency hematopoiesis” mechanism. Interestingly, our combined spleen cells scRNA-seq dataset demonstrates HSPCs accumulation during infection, with the population being characterized by increased expression of the hematopoietic stem cell and progenitor cell transcription factor genes Kit, Gata1, and Tal1 (55)(Figures 4D, E). Intercellular communication analysis using the Cellchat package, which examines cell-cell contact based on ligands and receptors expression, also reveals a potential interaction between Itga4/Itgb1 on HSPCs and Vcam1 on resident macrophages (Figures 4E, F). As infection-induced HSPCs also exhibit elevated expression level of genes involved in erythroid differentiation, such as Klf1, E2f8, and Gfi1b (56–58)(Figure 4G), they are most likely involved in the process of infection-induced extramedullary erythropoiesis in the spleen. This finding corresponds to the size increase of the erythroid population during infection, annotated by the specific gene markers Gypa, Hbb-bt, and Tfrc (Figures 4D, E). Finally, it is worth mentioning that EBIM and TRM2 are increased for the gene encoding Insulin-like growth factor 1 (Igf1) (Figure 4C), which has been reported to be produced by macrophages to promote erythroid cells proliferation (59). Hence, combined evidences indicates that T. evansi-induced TRMs and EBIMs all play a central role in infection-induced extramedullary erythropoiesis.





Truncated extramedullary erythropoiesis at the level of orthochromatic erythrocyte contributes to the induction of severe anemia and a chronic wasting syndrome

According to the scRNA-seq analysis outlined above, tissue resident macrophages are involved in both infection-induced anemia and infection-associated extramedullary erythropoiesis. To fully understand the mechanisms underlying this pathological situation, the HSPCs and erythroid cells were re-subjected to a dimensional reduction and clustering analysis. This resulted in 7 distinct clusters, annotated according to known erythropoiesis differentiation stages. Details of these maturation stages (Figure 5A) show stem cells that have a high expression of the growth factor receptor, Kit, and the stem cell maintenance transcription factor Gata2. Next, the extramedullary erythropoiesis process is triggered by the presence of early and late erythroid precursor cells (BFU-e and CFU-e). These cells have increased expression of the transcription factors Klf1, Bcl11a, and Gata1, which are required for early steps of erythroid differentiation. The subsequent stages of erythropoiesis, which include pro-erythroblast (Pro E), basophilic erythroblast (Baso E), polychromatophilic erythroblast (Poly E), and orthochomatic erythroblast (Ortho E), are distinguished by gradually increased expression of erythroid maturation genes such as Sox6, Tfrc, Malat1, and Gypa. The latter is also identified by the expression of the erythroid highly specialized Xpo7 gene, hemoglobin coding genes Hbb-bs and Hba-a2. The ‘Ortho E’ fraction is the last step of erythropoiesis that can be captured by scRNA-seq in our dataset, as it represents the last pre-reticulocyte stage before the enucleation takes place (Figures 5B, C).




Figure 5 | Chronic T. evansi infection causes truncation of compensatory extramedullary erythropoiesis. (A) Erythropoiesis differentiation process. (B) UMAP showing erythrocytes lineage populations in spleen during infection. (C) Average expression of gene markers used for Erythrocytes sup-populations annotation. (D) Signature score of pathways related to erythropoiesis.



During terminal differentiation to reticulocytes, erythroblasts undergo multiple processes by which cells prepare for the process of enucleation and removal of other organelles, to obtain fully mature red blood cell features (Figure 5A). As demonstrated in Figure 5D, genes that related to these processes (supplementary gene table) were used to calculate “Chromatin condensation and histone release”, “Enucleation”, and “Autophagy” signature scores during chronic stage of T. evansi Merzouga 93 infection. Surprisingly, Pro E, Baso E, and Poly E, the three differentiation stages during which cells are expected to express a high level of genes associated to chromatin condensation and histone release, have a low to average signature score for this process, while none of the clusters had an enriched score for autophagy and enucleation (Figure 5D, first 3 panels). Similarly, a signature score was calculated using genes that were reported to have positive regulatory function on terminal erythropoiesis differentiation (Figure 5D, 4th panel). While those regulators have an enriched score in part of the stem cell, BFU-e/CFU-e, Pro E, and Baso E subpopulations, they do not appear to be expressed in the later stages of erythropoiesis, indicating that chronic stage of T. evansi infection is characterized by a truncated reticulocyte generation, as cells are unable to pass the orthochromatic E stage. Furthermore, instead of being positively stimulated to differentiate towards the Ortho E stage, cells in the Pro E, Baso E, and Poly E subpopulations show elevated proliferation scores (Figure 5D, last panel). As such, these events are shifting the balance of erythropoiesis toward early-stage proliferation rather than final-stage differentiation, blocking reticulocyte release and mature RBCs production.

To corroborate the observation of the infection-induced extramedullary erythropoiesis arrest at the cellular level, flow cytometry was used to quantify the number of erythroid cells in the spleen and bone marrow of infected mice (Figures 6A–D). During infection, extramedullary erythropoiesis was observed in the spleen, characterized by an increase in the number of cells at all differentiation stages. However, these numbers decreased in the bone marrow as the infection progressed. Baso E, Poly E, and Ortho E, three populations having a high proliferation score in the scRNA-seq analysis, make up the majority of cells that expanded in the spleen after infection, demonstrating an imbalance in favor of proliferation of these cells over differentiation into mature RBCs. As a consequence, accumulation of truncated erythropoiesis, the primary cause of splenomegaly (Figure 6E), was unable to compensate for the loss of erythrocytes pool in bone marrow, resulting in persistent anemia during infection (Figure 6F). Chronic anemia often results in hypoxia due to the inability to oxygenate all organs and tissues. The latter can be a major cause of lactic acidosis as a consequence of anaerobic glycolysis (60). As such, the blood lactate concentration of infected mice was determined. Remarkably, during the chronic stage of infection, lactate concentration increased exponentially, reaching 8 times its normal level (Figure 6C). These results indicate that during chronic T. evansi Merzouga 93 infections, extreme systemic lactic acidosis is coinciding with the catabolic muscle disorder (Figure 1C) that hallmarks the final lethal stage of the infection.




Figure 6 | Truncated extramedullary erythropoiesis failed to compensate for the loss of erythrocytes lineages pool in bone marrow, resulting in anemia followed by lactic acidosis. (A, B) Erythrocyte lineage cells in spleen and bone marrow by flow cytometry analysis at naïve and 42dpi. Results are a representative data of a triplicate repeat experiment with 3 mice. (C, D) Absolute number of erythrocyte linage in spleen and bone marrow during infection obtain by flow cytometry analysis. (E) Splenomegaly observed during infection. (F) Number of red blood cell during infection. Data presents mean + SD from 5 individual mice. (G) Blood lactate concentration of mice during infection. Data presents mean + SD from 3 individual mice. **p ≤ 0.01; ****p ≤ 0.0001 by Student t-test vs naive values.








Discussion

In domestic livestock animals, T. evansi infections are is known to cause severe anemia accompanied by a catabolic muscle wasting syndrome, despite parasitemia levels being well-controlled during the chronic stage of infection. In order to identify a suitable experimental study model that would reflect diseases outcomes observed in T. evansi AT, 10 infection mouse models were set up using non-cloned isolates from various geographic locations and hosts. Obtained results allowed to classify these isolates in four distinct groups with variable degrees of virulence. Rapidly progressing hyper-virulent and virulent infections both resulted in mice being unable to control high parasitemia, quickly reaching sever morbidity. A third intermediate phenotype group exhibited slightly prolonged infection of up to 5 weeks, but still suffered from excessive end-stage parasitemia. The fourth group, represented by T. evansi Merzouga 93, showed a long lasting well-controlled parasitemia profile. This infection induced a chronic wasting syndrome, characterized by profound anemia and a severe reduction in muscle mass. In the current study, these two phenomena were linked for the first time by the finding of extreme systemic lactic acidosis during chronic infection, making the Merzouga 93 model suitable to investigate the mechanisms of T. evansi associated lethal pathology.

T. evansi Merzouga 93 infected mice are able to maintain low numbers of parasites in the blood for well over 100 days, in the presence of anti-VSG antibodies. Previously we have shown that IgMs are crucial for T. evansi parasitemia control (49) and that AID-/- mice, which are unable to produce IgGs, are maintaining low blood parasite numbers during chronic infection (10). Besides antibodies, other immune components such as macrophages can directly be involved in trypanosome parasite control, through phagocytosis involving the CR3 receptor (61) or CRIg/VSIG4 (62). Macrophage activation also induces an inflammatory cytokine environment with high levels of TNF and NO, which impair both T. brucei and T. congolense parasite survival (22–24, 63). However, by using INFγ-/-, TNF-/-, and TNFR-/- mice, it has been shown that the latter does not occur in case of T. evansi (49). It is possible that other parasite density control mechanisms are involved here. While quorum sensing has so far only been described in detail to occur in T. brucei (64, 65), it is worth speculating that at least in some of the more chronic T. evansi infections, a similar mechanism could ensure prolonged host survival, even under conditions where B cell immune suppression takes place. In all trypanosomosis models published so far, the infection-associated excessive production of pro-inflammatory cytokines was shown to be counterbalanced by anti-inflammatory IL-10 response. This, in turn, prevents the death of the host by uncontrolled hyper-inflammation (28, 66). In line with this, our present study shows that maintaining high systemic IL-10 level coincides with prolonged survival time in chronically T. evansi infected mice.

Previous AT studies have frequently correlated the disease-induced cytokine environment to alterations in macrophage polarization, i.e. the occurrence of classically activated so-called M1 and alternative activated so-call M2 macrophages (16, 18). However, this bipolar paradigm, which was initially established using in vitro stimulated macrophages (67, 68), has often been based on bulk RNA sequencing representing ‘whole-organ’ cytokine expression levels. In the setting of trypanosomosis, the ratio between M1/M2 macrophages has been examined in the past using readouts such as levels of nitrite for nitric oxide synthase activity and arginase activity, respectively (27, 69). Alternatively, the expression of a limited number of genes, thought to be exclusive indicators of M1 or M2 macrophages, was used to assess organ level gene expression using reverse transcriptase quantitative PCR (RTqPCR) (14, 15, 28, 70, 71). To date, it has however become possible to assess the heterogeneity of macrophages in the tissue environment at a single-cell resolution, using the scRNA-seq approach. As a result, emerging evidence suggests that macrophage programming in vivo is multimodal, tissue and context- specific, and should no longer be restricted to a strict bipolar interpretation (29, 72). In line with this, our scRNA-seq dataset indicates that macrophage population composition in the spleen is complex, during homeostasis as well as during progressing T. evansi infections, but cannot be simply subdivided according to the M1/M2 dichotomy model. While our scRNA-seq data shows existence of two subpopulations of monocyte-derived macrophages (MDM1 and MDM2), there was no apparent segregation between M1 and M2 macrophages, neither using conventional genes nor a combined list of genes resulting from earlier research based on flow cytometry. Both infection-induced MDM1 and MDM2 populations have high signature scores for pro-inflammatory pathways such as an INFγ response, TNFα signaling via NF-kB, and general inflammatory responses. Interestingly, cells from these subpopulations co-express simultaneously the Nos2 and Arg1 genes, which have been extensively used as exclusion markers to distinguish M1 from M2 macrophages (52). The existence of macrophages co-expressing Nos2 and Arg1 genes, exerting immunosuppressive phenotype, has also been described in other parasite infections such as Trypanosoma cruzi or Giardia lamblia, as well as during bacterial Mycobacterium tuberculosis infection (73–75). Hence, although defining a new macrophage classification is not the primary goal of the work presented here, we recommend reconsidering the concept of attributing the bipolar macrophage paradigm as the cause of cytokine balance regulation, as this appears to be oversimplified at least in the context of trypanosomosis.

To date, it is well documented that mammalian tissues have their own TRMs, which are essential for maintaining homeostasis as well as exerting specific immunological functions (76, 77). Using T. brucei and T. congolense infection models, it has been reported that Kupffer cells, the TRMs of the liver, play an essential role in clearance of trypanosomes by CRIg-mediated parasites phagocytosis (62, 78). The current study found that during T. evansi trypanosomosis, TRMs of the spleen have an enhanced erythrophagocytosis signature, marked by high expression of genes encoding macrophage migration inhibitory factor (MIF) and Galectin-3. These molecules contribute to infection-induced anemia, as Gal-3 induce erythrophagocytosis, while MIF promotes the production of pro-inflammatory cytokines, including TNF (31, 32). Additionally, parasite infection enhanced the iron retention phenotype of splenic macrophages, as demonstrated here by the downregulation of Slc40a1 gene, encoding the cell surface iron exporter ferropotin, and the upregulation of Fth1 gene, coding for the major intracellular iron storage protein ferritin. In the context of infection, iron retention is a process that is often believed to help the host in inhibiting pathogen growth, by restricting their supply of nutrients. However, in the context of AT it is doubtful that this strategy would be efficient, as trypanosomes have multiple receptor-dependent and independent mechanism to scavenge iron (79). In contrast, AT-induced iron retention could be considered a very dangerous double-edged sword, because it inhibits erythropoiesis in the bone marrow, by lack of iron availability (80). Interestingly, while this occurs, infection-induced inflammation can actively promote compensatory extramedullary erythropoiesis (81). In the current study, the occurrence of the latter is supported by scRNA-seq analysis. During infection splenic TRMs highly express Hmox1 gene, coding for Heme oxygenase enzyme. As the breakdown of hemoglobin after RBC clearance releases heme, the expression of Hmox1 is increased, as well as the expression of the heme-dependent transcription factor SpiC. Hence, as T. evansi Merzouga 93 infection suppresses bone marrow erythropoiesis, the spleen gene regulation pattern signals for the activation of extramedullary erythropoiesis, in order to maintain erythroid homeostasis (82). In this context, our data show that TRMs along with EBIMs highly express Vcam1, an adhesion molecule retaining hematopoietic stem and progenitor cells, suggesting their involvement in extramedullary erythropoiesis. As the increase in EBIMs coincides with the expansion of HSPCs and the overall erythroid population in the spleen, HSPCs were further sub-clustered into distinct sub-populations using the scRNA-seq data set, in order to identify and characterize different cells undergoing erythrocyte differentiation. In our dataset, the orthochromatic erythrocyte stage is the last stage of differentiation that can be captured by transcriptomic analysis, as cells prepare for terminal differentiation into mature RBCs by removal of the nucleus via enucleation (38). These cells also remove their organelles through autophagy (83). Surprisingly, during the chronic stage of the T. evansi Merzouga 93 infection, the orthochromatic erythrocytes show no elevated signature scores for genes related to enucleation or autophagy. In addition, early-stage erythroid cells did not exhibit signs of chromatin condensation and histone release, which are required for the final-stage enucleation event (84). In contrast, erythroid progenitors show a transcriptomic bias towards proliferation. Hence, the current data demonstrates that abrogation of terminal differentiation of orthochromatic erythroblasts into enucleated reticulocytes, prevents the successful replenishment of mature RBCs. Subsequently, failure of generating RBCs through the spleen that could compensate for the loss of bone marrow derived-RBCs, results in persistent T. evansi Merzouga 93 induced anemia. It is worth noting that in AT, the induction of anemia is independent of the concentration of erythropoietin (EPO) (85–87).

Combined, our findings are particularly important in the context of trypanosomosis, because it allows to speculate on the true nature of the lethal infection-associated pathology of chronic T. evansi Merzouga 93 and AT, by linking the induction of anemia to the development of a catabolic muscle dystrophy wasting syndrome. Indeed, it is generally known that anemia impairs oxygen transport capacity which results in tissue hypoxia (88). In turn, hypoxia triggers the induction of EPO in kidney, which drives the expansion and differentiation of erythroid progenitors (89). In case of insufficient bone marrow erythropoiesis, hypoxia triggers extramedullary erythropoiesis to rapidly generate additional RBCs, compensating and maintaining erythrocytes homeostasis (90). However, T. evansi Merzouga 93 infection disrupts these homeostatic processes by the combination of (i) excessive erythrophagocytosis, (ii) inflammation-induced inhibition of bone marrow erythropoiesis, and (iii) arrested extramedullary erythropoiesis, due to truncation of orthochromatic erythrocytes differentiation. As chronic anemia can result in hypoxia due to the inability to oxygenate all organs and tissues, we measured the blood lactate concentration, the end product of anaerobic glycolysis. Results show that during the chronic stage of T. evansi Merzouga 93 infection, lactate concentration exponentially increased, reaching 8 times its normal level. Interestingly lactic acidosis has also been directly to iron deficiency (91) as well as to the metabolic activity of highly proliferating erythroid progenitors and immune cells (92–94). Important is that lactic acidosis itself has been linked to catabolic muscle degradation through several mechanisms, including (i) inhibition of the glycolytic flux in skeletal muscles, by blocking skeletal hexokinase and phosphofructokinase, leading to inhibition of the carbohydrate metabolism itself (95, 96), (ii) pain-induced reduced locomotor activity (97, 98), resulting in reduced food intake, (iii) the breakdown of amino acids through the glutamine/glutamate/α-ketoglutarate and aspartate/oxaloacetate shuttles that feeds proteins into the Krebs-cycle allowing NADH/ATP generation under starvation conditions, and (iv) the association with chronic kidney disease and kidney failure (99, 100). Combined, these factors aggravate each other as they drive a perpetuated cycle that can quickly deteriorate, and could explain the ‘multi-organ failure’ that is often quoted as the cause of death in livestock trypanosomosis (16, 32). Interestingly, while a single publication on a human trypanosomosis case did report the occurrence of lactic acidosis (101), to our knowledge there are no studies documenting blood acidosis measurements in the context of AT. Hence, the results presented in this work are unique, in that they show an extreme increase of blood lactate concentration toward the end of chronic T. evansi infection. As such, we suggest that monitoring blood lactate concentration in infected animals could serve as an indicator for severity of the disease. In the context of trypanosomosis, it is important to flag that the parasite itself can also produce L-lactate, identical to the lactate isoform produced by mammals (102, 103). However, our study shows that high level of blood lactate were present in infected mice, despite well-controlled parasitemia at the end of infection. This suggests that the host’s derived factors dominate this pathology. Interestingly, elevated concentration of lactate have been shown to be harmless to trypanosomes, and hence should not be considered a factor that contributes to the maintenance of low parasitemia levels during the chronic stage infection (104).

In conclusion, our study used multiple non-cloned field isolates of T. evansi to evaluate the immunopathology of chronic animal trypanosomosis. First, our results show that chronic T. evansi infection is characterized by a prolonged phase of well-controlled parasitemia, even under immune conditions where the host B cell compartment is severely affected (10). Secondly, our data confirms that increased anti-inflammatory IL-10 production coincides with prolonged survival of trypanosome infected mice. However, we suggest reconsidering the link between trypanosomosis-induced cytokine balances and the M1/M2 macrophage dichotomy. The latter seem to be over-simplified, without consideration of tissue resident macrophage function. Finally, our study links AT-induced catabolic muscle wasting and extreme lactic acidosis, with anemia that involves the abrogation of extramedullary erythropoiesis at the level of the orthochromatic erythrocyte differentiation.
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