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Toxoplasma gondii is a highly successful parasite capable of infecting all warm-blooded animals. The natural way of infection in intermediate hosts is the oral ingestion of parasite-contaminated water or food. In murine experimental models, oral infection (p.o.) of mice with T. gondii is applied to investigate mucosal and peripheral immune cell dynamics, whereas intraperitoneal infection (i.p.) is frequently used to study peripheral inflammation as well as immune cell – neuronal interaction in the central nervous system (CNS). However, the two infection routes have not yet been systematically compared along the course of infection. Here, C57BL/6 mice were infected p.o. or i.p. with a low dose of T. gondii cysts, and the acute and chronic stages of infection were compared. A more severe course of infection was detected following i.p. challenge, characterized by an increased weight loss and marked expression of proinflammatory cytokines particularly in the CNS during the chronic stage. The elevated proinflammatory cytokine expression in the ileum was more prominent after p.o. challenge that continued following the acute phase in both i.p. or p.o. infected mice. This resulted in sustained microbial dysbiosis, especially after p.o. challenge, highlighted by increased abundance of pathobionts from the phyla proteobacteria and a reduction of beneficial commensal species. Further, we revealed that in the CNS of i.p. infected mice CD4 and CD8 T cells displayed higher IFNγ production in the chronic stage. This corresponded with an increased expression of C1q and CD68 in the CNS and reduced expression of genes involved in neuronal signal transmission. Neuroinflammation-associated synaptic alterations, especially PSD-95, VGLUT, and EAAT2 expression, were more pronounced in the cortex upon i.p. infection highlighting the profound interplay between peripheral inflammation and CNS homeostasis.
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Introduction

Over a myriad of years, the apicomplexan parasite, Toxoplasma gondii, has evolved strategies to survive oral digestion and pervade the biological barriers of the body. This highly successful parasite infects roughly 30%-70% of the human population, depending on age and geographic location (1, 2). This has led to T. gondii becoming a well-accepted model of infection, to study different topics ranging from the type 1 (Th1) intracellular immune response, host-pathogen interaction, and irritable bowel syndrome (IBS) to chronic infection-induced neuroinflammation (3–11). These laboratory studies use either intraperitoneal (i.p.) or peroral (p.o.) injections, depending on the anatomical location that they primarily aim to investigate. Intraperitoneal infections bypass many of the initial obstacles inherent to the natural oral route. Studies that focus on mucosal immune responses or the influence of the microbiome typically use the oral injection route. Information directed at the difference between long-term effects of peritoneal versus oral invasion is rather limited.

Chronic T. gondii infection is associated with subtle alterations in the host´s immune and nervous system. Previous studies suggested that the persisting neuroinflammation might be responsible for these distinct changes in the host’s behavior (12–16). Seropositive individuals have been shown to exhibit subclinical symptoms as well as an increased risk for neuropsychiatric disorders such as epilepsy, seizures, or schizophrenia (17–24). Conclusively, a recent large-scale study provided compelling evidence for the association between latent T. gondii infection and schizophrenia in humans (1). Distinctly, the immune response to T. gondii and the neuropathological mechanisms of these disorders overlap by involving the same cell types and, at least in part, the same molecules (24–27). We have previously demonstrated that chronic T. gondii infection leads to a loss of structural complexity of axons and dendrites, primarily in the neocortex and hippocampus (14). Moreover, we have recently shown that the synaptic protein composition was altered, in particular, with a downregulation of components of glutamatergic signaling as a consequence of the inflammatory milieu induced by chronic infection (28, 29).

Previous studies have described differences between the infection types in the early detection and induction of adaptive immunity depending on the infection route (30, 31). Here we aimed to investigate the influence of the infection route on the gut microbiota, neuroinflammation, and subsequent neuronal signaling in the acute and chronic phases of the infection. We demonstrate that i.p. infected mice developed long-term dysbiosis and a more severe course of proinflammatory response as well as enhanced reduction of gene expression that are essentially involved in neural signal transmission.



Methods


Animals

Experiments were conducted using female, wild type (WT) C57BL/6J mice (8 weeks old; purchased from Janvier Laboratories, Cedex, France). Mice were kept under specific pathogen-free (SPF) conditions. Four to five mice were used for all experimental groups. Non-infected, non-treated mice were used as the control group. All data are representative of three independent experiments. All mice were group-housed in 12h day/night cycles at 22 °C with free access to food and water. Experiments were approved by local authorities according to German and European legislation.



Toxoplasma gondii Infection

T. gondii cysts of type II strain ME49 were harvested from the brains of female NMRI mice infected with T. gondii cysts 6-10 months earlier, as described previously (28). In short, isolated brains were mechanically homogenized in 1 ml sterile phosphate-buffered saline (PBS), and the number of cysts in the homogenate was determined using a light microscope. Mice were infected with two cysts intraperitoneal or via oral gavage.



Organ Collection

First, mice were deeply anesthetized by isoflurane inhalation (Baxter, Halle/Westfallen, Germany). Subsequently, mice were transcardially perfused with sterile ice-cold PBS. Single-cell suspension of mesenteric lymph nodes and spleen were generated by mechanically passing tissue through a 40 μm strainer in PBS complemented with 2% fetal calf serum (FCS). Samples stored in RNAlater (Qiagen, Stockach, Germany) were kept at 4°C overnight and then transferred to -20°C.



Cell Isolation

To isolate brain immune cells, brains were homogenized in a buffer containing 1 M HEPES (pH 7.3) and 45% glucose and then filtered through a 70 µm strainer. Leukocytes were separated via Percoll density gradient centrifugation (GE Healthcare, Pasching, Austria) as described previously (32). Living cells were counted using a Neubauer chamber and trypan blue staining.



Flow Cytometric Analysis

Single-cell suspensions were incubated with an anti-FcγIII/II receptor antibody (clone 93, eBioscience, Frankfurt, Germany) to block unspecific binding and Zombie NIR™ (BioLegend, Koblenz, Germany), a fixable viability dye. Thereafter, cells were stained with fluorochrome-conjugated antibodies against cell surface markers: CD45 (30-F11), CD11b (M1/70), Ly6C (HK1.4), MHCI (28-14-8), and MHCII (M5/114.15.2), all purchased from eBioscience; CD3 (17A2), CD4 (RM4-5), CD8α (53-6.7), and CD80 (16-10A1) all purchased from Biolegend; and Ly6G (1A8) purchased from BD Biosciences in FACS buffer (with 2% FBS, 0.1% NaN3) at 4°C for 30 min and then fixed in 4% paraformaldehyde (PFA, Affymetrix, Santa Clara, CA, USA) for 15 min. Matched FMO controls were used to assess the level of background fluorescence in the respective detection channel.

Expression of cytokines was evaluated by ex vivo restimulation with Toxoplasma lysate antigen (TLA). In short, 5x105 cells were resuspended in DMEM, supplemented with 10% FCS and 1% Pen/Strep, and stimulated with 200 µg/mL TLA for 6h at 37°C, 5% CO2. After 2h of stimulation, a combination of brefeldin A (10 µg/mL, BioLegend, Koblenz, Germany) and monensin (10 µg/mL, BioLegend, Koblenz, Germany) was added. Cells were stained for cell surface markers as described above. Stained cells were then fixed in 4% PFA for 15 min and washed twice with Permeabilization buffer eBioscience, Frankfurt, Germany). Cells were then stained against IFNγ for 45 min at 4°C, and resuspended in FACS buffer for acquisition. Matched isotype controls were used to assess the level of non-specific binding.

Flow cytometric analysis was performed on Attune NxT Flow Cytometer (Thermo Fisher) and analyzed with FlowJo (version 10, Flowjo LLC).



DNA and RNA Isolation

Samples stored in RNAlater® were homogenized in BashingBeads tubes (Qiagen, Stockach, Germany). AllPrep DNA/RNA Mini Kit (Qiagen, Stockach, Germany) was used to isolate DNA and the peqGOLD total RNA kit (Peqlab, Erlangen, Germany) was used to isolate total RNA from the homogenate following the manufacturer’s instructions.



Semiquantitative RT-qPCR

T. gondii burden was determined using the FastStart Essential DNA Green Master kit (Roche, Penzberg, Germany). T. gondii B1 gene was used as target (Tg. B1), and Mus musculus Asl gene (Mm. Asl) was used as a reference. Parasite stage was quantified using bradyzoite-specific Bag1 and tachyzoite-specific Sag1 as targets and Gapdh as reference gene (Power SYBR® Green RNA-to-CT™ 1-Step Kit, Thermo Fisher, Dreieich, Germany) for. All primers were purchased from TIBMolbiol, Berlin, Germany.

Relative gene expression was determined similar to previous descriptions (33, 34) using the TaqMan® RNA-to-CT™ 1-Step Kit (life technologies, Darmstadt, Germany). TaqMan® Gene Expression Assays (life technologies) were used for mRNA amplification of Ifng (Mm00801778_m1), Tnf (Mm00443258_m1), Il12a (Mm00434165_m1), Nos2 (Mm00440485_m1). Expression of Hprt (Mm01545399_m1) was chosen as reference and target/reference ratios were calculated with the LightCycler® 96 software version 1.1 (Roche, Penzberg, Germany). All results were further normalized to the mean of the wild type infected group.



Cytokine and Chemokine Assessment

Cytokine and chemokine profile was characterized using the LEGENDplex™ system (BioLegend, Koblenz, Germany). A more detailed protocol is published (35). Briefly, we used the Mouse Inflammation Panel (13-plex). Serum isolated from WT infected mice was incubated with fluorescence-encoded capture beads to cytokine and chemokine targets, including TNF, IL-1β, IL-6, and IFNγ. The fluorescent signal of analyte-specific bead regions was quantified using flow cytometry, and the concentrations of particular analytes were determined using provided data analysis software (BioLegend, LegendPlex™ software v8.0).



DNA Isolation From Intestinal Content for Microbiota Analysis

Content samples were collected from the terminal Ileum and stored at -20°C until DNA extraction. DNA was extracted using a phenol-chloroform-based method previously described (36). In brief, 500 µL of extraction buffer (200 mM Tris Roth, Dautphetal, Germany), pH 8.0), 200 µL of 20% SDS Applichem, Darmstadt, Germany), 500 µL of phenol:chloroform:isoamyl alcohol (PCI) (24:24:1) Roth, Dautphetal, Germany) were added per sample. Lysis of bacteria was performed by mechanical disruption using a Mini-BeadBeater-96 (BioSpec, Berlin, Germany) for two times 2 min. After centrifugation, aqueous phase was passed for another phenol:chloroform:isoamyl alcohol extraction before precipitation of DNA using 500 µL isopropanol (J. T. Baker, Radnor, Pennsylvania, USA) and 0.1 volume of 3 M sodium acetate (Applichem, Darmstadt, Germany). Samples were incubated at -20°C for at least several hours or overnight and centrifuged at 4°C at maximum speed for 20 min. Resulting DNA pellet was washed, dried using a speed vacuum, and resuspended in TE Buffer (Applichem) with 100 µg/ml RNase I (Applichem, Darmstadt, Germany). Crude DNA was column purified (BioBasic Inc., Braunschweig, Germany) to remove PCR inhibitors.



16S rRNA Gene Amplification and Sequencing

16S rRNA gene amplification of the V4 region (F515/R806) was performed according to an established protocol previously described (37). Briefly, DNA was normalized to 25 ng/µl and used for sequencing PCR with unique 12-base Golary barcodes incorporated via specific primers (obtained from Sigma, Steinheim am Albuch, Germany). PCR was performed using Q5 polymerase (New England Biolabs, Frankfurt/Main, Germany) in triplicates for each sample, using PCR conditions of initial denaturation for 30 s at 98°C, followed by 25 cycles (10 s at 98°C, 20 s at 55°C, and 20 s at 72°C). After pooling and normalization to 10 nM, PCR amplicons were sequenced on an Illumina MiSeq platform via 250 bp paired-end sequencing (PE250). Using Usearch8.1 software package (http://www.drive5.com/usearch/) the resulting reads were assembled, filtered, and clustered. Sequences were filtered for low quality reads and binned based on sample-specific barcodes using QIIME v1.8.0 (38). Merging was performed using -fastq_mergepairs – with fastq_maxdiffs 30. Quality filtering was conducted with fastq_filter (-fastq_maxee 1), using a minimum read length of 250 bp and a minimum number of reads per sample = 1000. Reads were clustered into 97% ID OTUs by open-reference OTU picking and representative sequences were determined by use of UPARSE algorithm (39). Abundance filtering (OTUs cluster >0.5%) and taxonomic classification were performed using the RDP Classifier executed at 80% bootstrap confidence cut off (40). Sequences without matching reference dataset were assembled as de novo using UCLUST. Phylogenetic relationships between OTUs were determined using FastTree to the PyNAST alignment (41). Resulting OTU absolute abundance table and mapping file were used for statistical analyses and data visualization in the R statistical programming environment package phyloseq (42).



Statistical Analysis

With the exception of microbiome data, all datasets were statistically analyzed using GraphPad Prism 7.02 (GraphPad software). We used either two-way or one-way ANOVA with uncorrected Fischer’s LSD tests or unpaired two-tailed Student’s t-tests. Owing to the small sample sizes, unequal variances were assumed in all t-tests. The significance level was set to *p < 0.05, **p<0.01, ***p<0.001 for all statistical comparisons, and two-tailed p-values are reported for all t-tests. Data are presented as mean ± SEM.

Statistical analyses of microbiome data were performed using R v3.6.1 and the packages phyloseq (42) and ggplot2 (43). For Mann-Whitney U tests, p values lower than 0.05 were considered as significant after multiple testing correction (Benjamini-Hochberg false discovery rate correction). The permutational multivariate ANOVA (ADONIS) were computed with 999 permutations. For ADONIS tests, an R2 > 0.1 (effect size, 10%) and p value < 0.05 were considered as significant.




Results


I.p. T. gondii Infected Mice Display a More Severe Course of Infection via Increased Weight Loss and Parasite Spread

The environments T. gondii encounters when entering the digestive tract versus the peritoneal cavity differ fundamentally. In order to determine if this difference in the barrier to entry affects the course of infection, we infected mice with a low-dose, two cyst (ME49) infection either orally (p.o. Tg) or intraperitoneally (i.p. Tg). All mice were weighed daily until 28 days post infection (d.p.i.) (Figure 1A). Compared to naïve animals, p.o. infected mice began to lose weight at 7 d.p.i. (dotted line with *), which remained significantly lower until the end of the experiment (28 d.p.i.). Mice infected i.p. began to lose weight a day later at 8 d.p.i., which also remained significantly lower until the end of the experiment. When comparing the weight change between the infection routes, we observed a higher gain of weight by p.o. infected animals starting at 14 d.p.i. that persisted until the end of the experiment (dotted line with #). The difference in weight recovery suggests an enhanced inflammatory response upon i.p. infection, which persists over time. In order to determine if the route of infection is affecting the parasites viability and overall associated immune response, we measured the parasite burden in the terminal ileum, spleen, lung, and brain of mice at 7, 14, and 28 d.p.i. These dates were chosen for two primary reasons. First, they were critical days in the weight change. Second, these time points coincide with the early, acute, and chronic phases of infection. As expected, we observed a significantly higher parasite burden in the ileum of p.o. infected mice, while the burden in spleen, lung, and brain were comparable (Figure 1B). Parasites were also detected in the ileum after i.p. challenge. By 14 d.p.i., the parasite was primarily found in lung and brain tissue as it penetrated the deeper tissues. In i.p. infected mice, there was a higher parasite burden in the lung and a significantly higher burden in the brain (Figure 1B). At 28 d.p.i., parasites were not detectable in the peripheral organs and were mainly found in the brain (Figure 1B). Similar to 14 d.p.i., there was a trend of higher parasite burden in the brains of i.p. infected mice.




Figure 1 | Increased weight loss, parasite spread, and immune response in i.p. T. gondii infected mice. Wild-type mice were infected orally (p.o. Tg) or intraperitoneally (i.p. Tg) with T. gondii (two cyst, ME49) and (A) weighed daily. Differences between non-infected (Non-Inf.) and T. gondii infected animals (indicated by *, significant from 7 days post-infection as well as p.o. and i.p. infected animals (indicated by #; significant from day 14 p.i.) were analyzed. (B) Parasite burden was analyzed in the ileum (gut), spleen, lung, and brain of p.o. and i.p. infected animals. (C) Levels if indicated cytokines were determined in sera f naïve mice (d0) and T. gondii infected animals (7, 14, and 28 d.p.i.) mice. (D) mRNA levels of indicated genes were determined in the brain. Data are presented as mean ± SEM. Differences between groups were analyzed by two-way ANOVA followed by Tukey’s multiple comparisons test (*p<0.05, ***p<0.001).



Next, we measured the blood cytokine levels of TNF, IL-1β, IL-12, and IFNγ. We observed that there was a significantly higher level of IL-12 and IFNγ at 7 d.p.i. upon i.p. infection and nominally, but non-significantly, higher expression of TNF and IL-1β (Figure 1C). As the course of infection progressed, the difference in cytokine between the infection routes disappeared. This further supports that the parasite induces inflammation more quickly upon i.p. infection. Given the normalization of the immune response starting around 14 d.p.i. implies that once the adaptive immune response is initiated, the systemic cytokine production reaches a level of saturation. As T. gondii infection progresses, most of the parasites are cleared from the periphery, persisting in muscle cells or within neurons in the CNS (44). To determine if the parasite burden is also associated with the progression of T. gondii infection-induced neuroinflammation, we assessed the whole brain cytokine gene expression at 7, 14, and 28 d.p.i. in the brain. At 7 and 14 d.p.i., there was no distinguishable difference between cytokine gene expressions (Figure 1D). However, as the chronic phase developed at 28 d.p.i. we observed a trend toward a higher TNF expression and a significant increase in IL-1β, IFNγ and iNOS expression (Figure 1D).



Long-Term Alterations in the Gut Microbiota Upon T. gondii Infection

Following oral T. gondii infection with a high dose of parasites, mice develop acute necrotizing inflammation in the terminal ileum characterized by strong secretion of pro-inflammatory cytokines IL-1β, TNF, and IFNγ (45, 46). However, around d9-10 p.i., intestinal inflammation begins to subside and parasite burden declines in peripheral organs (47), which aligns with our data. To determine how gut homeostasis is altered through the course of infection, we used qRT-PCR to determine the expression of parasite-related immune markers from terminal ileum of infected animals. When analyzing pro-inflammatory cytokine gene expression, we observed a significant increase in gene expression at d7 p.i. of IL-1β and IFNγ with no change of TNF or iNOS expression in p.o. infected mice when compared to i.p. infection (Figures 2A–D). This aligns with the observed difference of parasite burden at d7 p.i. Of note, there was a trend for a reduced iNOS expression at d14 and increased expression at d28 p.i. in p.o. infected mice compared to i.p. (Figure 2D). iNOS is able to control aberrant microbiota growth (48), and the trend of increased expression of iNOS may be a sign of disrupted microbiota in p.o. infected mice.




Figure 2 | Cytokine levels in the ileum in p.o. vs. i.p. infected mice on day 28 post-infection. Wild-type mice were infected orally (p.o. Tg) or intraperitoneally (i.p. Tg) with T. gondii (two cyst, ME49) and (A-D) relative mRNA levels of indicated genes were determined in the ileum. Data are normalized to the mean expression of the non-infected group and presented as mean ± SEM. A two-way ANOVA following Fisher’s LSD test was used for statistical analysis (**p<0.01, ***p < 0.001).



The effect of T. gondii infection on the populations of the ileal microbiome during the early phase of infection (d0-d8 p.i.) have been well described (30, 49–51). However, given that early T. gondii infection is associated with an acute inflammation in the ileum that disrupts the resident microbial communities, we investigated if this early gut disturbance leads to long lasting alterations of the ileal gut microbiota (49, 51). Therefore, we isolated the ileum contents of mice d28 p.i. and analyzed them via 16S rRNA amplicon sequencing. When assessing the alpha diversity, we found that p.o., and not i.p., T. gondii infected mice had a significant reduction in species diversity (Figure 3A). Non-metric multidimensional scaling (NMDS) ordination analysis of ileal microbiota composition revealed that the infection route had a significant effect as T. gondii infected mice clustered distinct from controls independent of the infection route (Figure 3B). To further assess the microbiota composition, we compared the relative abundances of bacteria at the level of phylum and family (Figure 3C). T. gondii-infected mice displayed a strong reduction in families of the phylum Bacteroidetes and a substantial increase in the Firmicutes phylum, greatly skewing the Bacteroidetes/Firmicutes ratio. Of note, a loss of several Firmicutes families was also observed in infected microbiomes that were replaced by members of the Lactobacillaceae family upon p.o. infection, while i.p. infection resulted in the expansion of the Erysipelotrichaceae and Lachnospiraceae families. Using the linear discriminant analysis (LDA) effect size (LEfSe) method, microbiome changes were further evaluated (Figures 3D, E; Supplementary Figure 1). In agreement to previous studies, we observed increases in the gram-negative, proteobacteria family Enterobacteriaceae (49, 51). In particular, we detected an increase of the genus Escherichia/Shigella (Supplementary Figures 1A–C), which is known to contain commensal species that aggravate intestinal inflammation (51). There were i.p. infection-specific changes to the microbiome with an increased abundance of the Proteobacteria Desulfovibrio and Firmicutes Turicibacter. Further family-level comparison of naïve and T. gondii-infected mice revealed a reduced abundance of many commensal species upon infection (Supplementary Figures 1D, E). Of note, there was a loss in the abundance of known beneficial, gram-positive families Clostridiaceae, Lachnospiraceae, Erysipelotrichaceae and Ruminococceae; as well as gram-negative Bacteriodetes families Muribaculaceae and Prevotellaceae (Supplementary Figures 1D, E). These changes highlight that T. gondii infection leads to a disruption of the microbial composition that persists into the chronic stage of infection. This microbial imbalance is highlighted by increases in the abundance of potentially proinflammatory proteobacteria species and a reduction of beneficial commensal species. If and how this microbial imbalance affects the later stages of infection and neuroinflammation remains to be investigated.




Figure 3 | Microbiota composition on day 28 post-infection i.p. vs. p.o. challenge. Small intestinal microbiota was analyzed using 16S rRNA gene sequencing after 28 days of oral and intraperitoneal T. gondii infection. Analyzed samples (n = 9/group and time point) had a minimum sequencing depth of 1000 reads and a mean sequencing depth of 24,946.4 reads. (A) Alpha diversity in control and orally infected mice was determined using Chao1 and Shannon index. P-values indicated represent a Mann-Whitney U test comparison between groups with ns, non-significant, **p<0.01. (B) Non-metric multidimensional scaling (NMDS) ordination analysis of small intestinal microbiota composition was performed using Bray–Curtis distances. Individual effect size of tested covariates is indicated. To calculate the variance explained by individual factors such as sample, experiment or group a permutational multivariate analysis of variance (ADONIS) was used. *p < 0.05. A significant effect was dedicated when p < 0.05 and R2 > 0.10 (equivalent to 10% of explained variance). (C) Relative abundance of the average microbiome composition was determined at the family level. Phylum and families are indicated. (D) Statistically significant differences on family levels in small intestinal microbiota composition between control and orally infected mice or (E) orally and i.p. infected mice. Data were analyzed using linear discriminant analysis (LDA) effect size (LEfSe) method (Kruskal–Wallis test with p < 0.05 and LDA scores > 3.0).





Peripheral Immune Response in p.o. and i.p. Infected Mice Over the Course of Toxoplasmosis

To characterize the immune response based on the infection route, we assessed how the frequency of circulating neutrophils, Ly6Chi monocytes, CD4+ and CD8+ T, immune cell populations crucial for parasite control, changed over the course of infection using flow cytometry (Figure 4A). Consistent with the serum cytokine levels, there was a significant increase of the Ly6G+ neutrophil populations on d14 p.i. in the blood of i.p. infected mice compared to p.o. (Figure 4B). There were no differences to Ly6Chi inflammatory monocytes in circulation as the infection progressed (Figure 4B). There was a skewing of the CD4/CD8 T cell response between the different infection routes. Orally infected mice displayed an increased CD4+ T cell population significantly at d14 p.i. and with a trend at d28 p.i. whereas i.p. infected mice exhibited a higher CD8+ T cell population at d28 p.i. (Figure 4B). These results support a more severe course of Toxoplasmosis upon i.p. infection.




Figure 4 | Early T cell response in spleens of mice at day 7 and 14 post-infection. Wild-type mice were infected orally (p.o. Tg) or intraperitoneally (i.p. Tg) with T. gondii (two cyst, ME49). Immune cells were isolated from the blood and spleens of naïve (Non-Inf.) and T. gondii infected animals and analyzed by flow cytometry. (A) Representative gating strategy for myeloid and lymphoid populations (orally infected, 14 d.p.i. spleen shown). Viable single cells were chosen for further characterization of CD11b+Ly6G+ Neutrophils, CD11b+Ly6G-Ly6Chi monocytes, CD11b-CD3+CD4+ and CD11b-CD3+CD8+ T cells. CD11c+ cells were further separated into monocyte-derived DCs (mDC), CD8+ DCs and plasmacytoid DCs (pDC). Frequency or absolute number of indicated cell types in the (B) blood and (C) spleen. (D) Heatmaps show relative surface expression of MHC II, CD86, and CD80 in spleen-derived cells at day 7 p.i. Quantification of IFNγ production by splenic CD4+ and CD8+ T cells in infected mice at (E, F) 7 and (G, H) 14 d.p.i. IFNγ expression levels were quantified by the MFI expression of the respective fluorochrome. Data are presented as means + SEM. Differences between groups were analyzed by one-way ANOVA followed by Tukey’s multiple comparisons test (*p<0.05, **p<0.01).



Since we observed a skewing of the T cell response, and a stronger Th1 associated immune response upon i.p. infection, we next investigated if there was a difference in the induction and activation of T cells. At 7 d.p.i., we observed comparable parasite numbers in the spleens of both infection routes, so we decided to assess splenic DC maturation as well as IFNγ production by CD4 and CD8 T cells via flow cytometry. We characterized three DC subpopulations. After gating for CD11c+ cells, we identified: CD11b+CD8- monocyte-derived DCs (mDCs), CD11b-CD8+ DCs (CD8+ DCs), and CD11b-CD8-B220+PDCA-1+ plasmacytoid DCs (pDCs) (Figure 4A). We observed a non-significant increase in the total number of each DC subpopulation in i.p. infected spleen (Figure 4C). To assess DC maturation, we measured the surface expression of MHC II, CD86, and CD80. The expression of MHC II, CD86, and CD80 was not differentiable between infection routes for mDCs and CD8+ DCs, whereas there was a higher expression on pDCs in i.p. infected mice (Figure 4D). pDCs, known to release high levels of Type-I interferons, are likely contributing to the exacerbation of disease course in i.p. mice. To determine the IFNγ T cell response, T cells were isolated from the spleens of mice and stimulated with toxoplasma lysate antigen (TLA), and their IFNγ production was measured via intracellular flow cytometric analysis. On d7 p.i., we detected a trend for increased CD8+IFNγ+ T cells in i.p. spleens with no detectable difference in the number CD4+IFNγ+ T cells (Figures 4E, F). When detecting the amount of IFNγ produced (via MFI expression), we found a trend for higher IFNγ production in CD4+IFNγ+ T cells and a significant increase in CD8+IFNγ+ T cells (Figures 4E, F). By d14 p.i., there continued to be significantly more CD4+IFNγ+ and a trend for more CD8+IFNγ+ T cells. However, when assessing the amount of IFNγ produced, there were no detectable differences for either cell type when compared between infection routes (Figures 4G, H). These results suggest that there is an earlier activation of effector T cells in i.p. infected animals, which indicates a faster parasite spread upon i.p. injection.



Enhanced IFNγ Production by T Cells in i.p. Infected Mice

T. gondii infection-induced neuroinflammation is characterized by an early activation of the resident glia and subsequent recruitment of circulating monocytes and effector T cells (49, 51).To determine whether the route of infection affects the development of the neuroinflammatory reponse, we compared the activation status of microglia and recruited Ly6Chi inflammatory monocytes as well as the IFNγ production by CD4 and CD8 T cells (Figure 5A). Microglia and monocyte activation was assessed via the surface expression on days 14 or 28 p.i. of MHC II, MHC I, CD80, F4/80 and CD68. For both microglia and ly6Chi monocytes, we did not observe any significant differences between p.o. or i.p. infected mice on days 7 or 14 p.i. via Flow cytometric analysis of signature activation markers (Figures 5B, C). To control of parasite replication and reactivation of toxoplasmosis, the combined role of effector CD4 and CD8 T cells is required. When looking at the initial recruitment and effector function of both T cells at d14 p.i., we observed no difference in the total number of recruited CD4+IFNγ+ and CD8+IFNγ+ T cells or their production of IFNγ (Figures 5D, E). As the infection progresses to d28 p.i., there is comparable total numbers of IFNγ+ CD4 and CD8 T cells between infection routes, whereas both CD4+IFNγ+ and CD8+IFNγ+ cells are producing significantly higher amounts of IFNγ upon i.p. infection compared to p.o. (Figures 5F, G). An increased IFNγ production aligns with the worsened disease course observed in i.p. infected animals. Whether this increased severity is due to an increased parasite number or a less effective immune control of the parasite is still to be determined. Together, these results highlight a stronger disease course of Toxoplasmosis with increased numbers of neutrophils, pDC activity, and effector T cell IFNγ production, all known to strongly influence the severity of diseases (52, 53).




Figure 5 | The development of neuroinflammation in p.o. vs. i.p. infected mice. Immune cells were isolated from the brains of naïve (Non-Inf.) mice and mice after 14 and 28 d.p.i. (A) Representative gating strategy for resident and recruited immune cell populations in the brain (orally infected, 14 d.p.i. brain shown). Following viability staining and the basic FSC/SSC gating, viable single cells were separated by their expression CD45 and CD11b. CD11b+CD45int microglia, CD11b+CD45hiLy6G-Ly6Chi inflammatory monocytes, CD11b-CD45+CD3+ -CD4+ and -CD8+ T cells were identified. (B, C) Heat map plots of the relative surface expression of MHC II, MHC I, CD80, F4/80, and CD68 in naïve, p.o. and i.p. infected mice at days 14 and 28 p.i. For (B) microglia and (C) Ly6Chi inflammatory monocytes, the median fluorescence intensities (MFI) of each marker were normalized to the overall mean for each respective marker. The quantification of splenic IFNγ production by CD4+ and CD8+ T cells in mice infected at (D, E) 7 and (F, G) 14 d.p.i. The absolute number of IFNγ+ T cells was calculated as a portion of the total living cells. IFNγ expression levels were quantified by the MFI expression of the respective fluorochrome. Positive expression was determined by a matched isotype control. Symbols represent individual animals; columns represent means and error bars represent + SEM. A one-way ANOVA followed by Tukey’s correction for multiple comparisons (**p<0.01).





Persisting Decrease in Cortical Synaptic Gene Expression in i.p. Infected Mice

We have previously demonstrated that T. gondii-induced neuroinflammation and its inflammatory milieu affect the synaptic protein composition (28, 29), and particularly glutamatergic neurotransmission (54) through chronic infection, we next set out to investigate if the altered inflammatory milieu, especially the enhanced IFNγ production, influenced the gene expression of synaptic markers between infected mice. We previously described and IFNγ-dependent alteration of synaptic composition, regardless of large increases in parasite burden (28). One distinct mechanism for alterations of synaptic compositions is synaptic pruning (55). To determine if there is an alteration in synaptic pruning activity between infection routes, we assessed the gene expression of key synaptic pruning markers C1qa and CD68, markers linked with ‘eat-me signals’ (56–58). When measuring gene expression at days 7, 14, and 28 p.i., we observed that there was no difference in the gene expression at d7 and 14 p.i. whereas there was significantly higher expression of both C1qa and CD68 in i.p. infected mice at d28 p.i. (Figure 6A). To determine if there is a brain region-specific difference between infection routes, we investigated the parasite burden and IFNγ expression in the whole brain, cortex, and hippocampus of mice at d28 p.i. Assessing parasite burden, we observed a non-significant increase in the parasite burden of whole brain, no change in the cortex, and a significantly higher parasite burden in the hippocampus of i.p. vs. p.o. infected mice (Figures 6B–D). IFNγ gene expression, was significantly higher in whole brain as well as in both cortex and hippocampus (Figures 6B–D). To assess changes in synaptic composition, we assessed expression of the pre-synaptic vesicle protein synaptophysin (Syp), the post-synaptic scaffolding protein PSD-95 encoded by the Dlg4 gene, the glutamate transporter EAAT2 encoded by the Slc1a2 gene, the vesicular glutamate transporter 1 (VGLUT1), and the α1 subunit of the GABA-A receptor (GABAAα1) encoded by the Gabra1. In whole brain, there was a significant reduction of all synapse-associated genes in both p.o. and i.p. infected mice compared to healthy controls and a trend toward a stronger reduction of the expression of VGLUT1 and EAAT2 upon i.p. compared to p.o. infection (Figure 6E). These results align with previous studies showing a similar influence of infection of synaptic gene expression (28, 29). The cortex similarly displayed a substantial reduction in gene expression for all markers upon infection with either p.o. or i.p. injections. However, when comparing p.o. vs. i.p. infection, there was a stronger reduction of gene expression for all genes upon i.p. infection (Figure 6F). In contrast, in the hippocampus, there were no detectable differences upon p.o. or i.p. infection in gene expression of Syn and VGLUT1 (Figure 6G). The gene expression of PSD-95, EAAT2, and GABAa1 was significantly reduced upon both p.o. and i.p. infection compared to uninfected controls, with no changes between the infection routes (Figure 6G). These results highlight that there is a more severe influence on the synaptic composition of the cortex upon i.p. infection, which aligns with the enhanced disease course observed in these animals.




Figure 6 | Increased IFNγ gene expression and reduction of synapse-associated gene expression in the cortex of i.p. infected mice. Mice were infected p.o. and i.p. with two cysts of T. gondii for 28 days. (A) Relative mRNA levels of synaptic pruning associated genes, C1qa and CD68. (B–D) Parasite burden (TgB1 expression) and IFNγ levels in the whole brain, cortex, and hippocampus of p.o. and i.p. infected animals. Expression of TgB1 gene normalized to the reference gene Mm. Asl. mRNA levels were normalized to the reference gene HPRT. Gene expression in naïve (Non-Inf.), p.o. (p.o. Tg) and i.p. infected (i.p. Tg) mice in the early chronic phase (28 d.p.i.) shown for synaptic genes in (E) whole brain, (F) cortex, and (G) hippocampus. Relative gene expression assessed by RT-qPCR analysis. Expression of target genes was normalized to the expression of the reference gene HPRT and subsequently normalized to the mean of naïve mice. Symbols represent individual animals; columns represent means and error bars represent + SEM. A two-way ANOVA followed by Tukey’s correction for multiple comparisons (*p<0.05, **p<0.01, ***p<0.001).






Discussion

When a pathogen is ingested, it is immediately subjected to a plethora of defenses: high acidity in the stomach, digestive enzymes in the duodenum, resident microbiota, as well as immune cells to name just a few. However, despite all these defenses, many pathogens are adapted to this environment and have developed mechanisms to survive (59–61). Although the natural way of infection with the common parasite T. gondii is the oral ingestion, experimental models apply both p.o. and i.p. challenges. The unique cell composition in the peritoneal cavity is responsible for a distinct immune response toward pathogens, which strongly differs from ileal immune mechanisms (62). Our data presented here highlight a more severe course of disease progression in i.p. infected mice, characterized by an increased weight loss, faster parasite spread, and a more pronounced inflammatory response starting in the acute throughout to the chronic stage of infection. This is associated with an increased loss of gene expression for key synaptic markers involved in glutamatergic signaling throughout the brain, especially in cortical tissue.

Previous studies reported that T. gondii infection often leads to weight loss due to anorexia and dehydration (63) as well as chronic cachexia (64). In our experiments, orally infected mice displayed an earlier weight loss but with a better recovery following resolution of the acute response compared to i.p. infected mice. Possibly due to differences in the barrier of entry between infection routes, or a faster exposure to migratory cells/circulation in i.p. infection, there is a more severe disease course upon i.p. infection. Upon oral infection, the parasites cross at the intestinal epithelium, where there could be direct competition from the local microbiome, the very acidic pH of the stomach and duodenum, the fluid dynamics involved in digestive propulsion, and the distinct immune response in the gut-assiciated lymphoid tissue. There is a significantly higher impedance to that initial spread, and an increased time delay for when parasites cross into the body itself. This is evidenced by observing a majority of the detected parasite burden being present in p.o. infected ileal tissue on d7 p.i.

Invasion of the intestinal epithelium leads to intense inflammation and a dramatic disruption of the normal microbial ecosystem that resides in the healthy gut. One characteristic change in the microbiome during infection is the overgrowth of Escherichia coli (E. coli) or related bacteria and loss of control of commensals which leads to the spread of gut bacteria to peripheral organs and subsequent sepsis (48). We observed an increase in the abundance of proteobacteria populations after T. gondii infection. The growth of proteobacteria such as E. coli and other proteobacteria species has been shown to aggravate inflammation in the gut as well as peripheral tissues by targeting intestinal epithelial cells in parasite infection, pancreatitis, and models of irritable bowel disease (45, 51, 65–67). Our results align with increased abundance of proteobacteria populations, especially that of the genus Escherichia-Shigella. However, the observed increase in abundance upon low-dose infection was much less pronounced compared to high-dose T. gondii infection studies (49, 51, 68). Hand et al., described that during a gastrointestinal infection, tolerance to commensals is lost and microbiota-specific T cells are activated and differentiate to inflammatory effector cells (47). Furthermore, these T cells are comparable in function and phenotype to pathogen-specific T cells. This is a likely explanation for the observed bias toward a higher CD4+ T cell response in p.o. infected mice. Further experiments are needed to determine if there is a population of non-T. gondii specific T cells persisting in i.p. infected mice. We detected infection route-specific changes, such as the growth of the delta-proteobacteria family Desulfovibrio. The difference in microbial change is likely due to a difference in the ongoing immune response once inflammation occurs in the intestine. In i.p. infection, this appears to be well after inflammation has begun to develop toward its Th1 response. Moreover, we previously described comparable results upon co-infection of T. gondii with the intestinal nematode H. polygryus (H. polygyrus), a strong Th2-inducing pathogen that is associated with immunosuppression (69). In co-infected mice, there is an activation Th1 CD4+ T cells that specifically respond to H. polygyrus antigen with a corresponding inability to generate Th2 CD4+ T cells. Similar to our results here, these co-infected mice with non-T.gondii-specific CD4 Th1 T cells correlated with an exacerbated disease outcome highlighted by worsened weight loss, an enhanced IFNγ T cell immune response in the brain, and associated brain pathology (28). Thus, understanding the mechanisms involved in regulating pathogen infection and the adjuvant effect of secondary or peripheral infections are of great importance.

Once parasites penetrate the BBB and enter the brain, they invade resident brain cells and transform into cysts. The tachyzoite-to-bradyzoite conversion, key for beginning the chronic phase of infection, is a stress-mediated response that corresponds to a slowing of growth of the parasite (70, 71). The onset of adaptive immunity and a parasite specific response is crucial to trigger the conversion to the bradyzoite form. Adaptive immunity relies heavily on antigen-presenting cells (APCs), through their activation of T cells in secondary lymphoid organs. When we assessed DC and effector T cell populations in the spleen, we found no difference in APC function of DCs, however there was increased activity of pDCs in i.p. infected mice. pDCs, known to release high levels of Type I interferons, are potentially contributing to the worsening disease course observed (72). Furthermore, we detected that T cells isolated from spleens on d7 and d14 p.i. increased IFNγ expression in CD4+ and CD8+ T cells of i.p. infected mice on d7 p.i. suggesting an earlier polarization to effector T cells. Further, by d14 p.i. there was no difference in IFNγ expression, implying that once T cells are activated, they do not differ in their Th1 function depending on infection route. The total number of both CD4+ and CD8+ effector T cells in the spleens at d14 p.i was increased. This further supports that in i.p. infected mice, the parasite begins disseminating faster, encounters the immune system earlier, and is quicker to initiate adaptive immunity. With an earlier adaptive Th1 immune response, one would expect better clearance of the parasite. However, we see enhanced pro-inflammatory cytokine expression in the brain as well as enhanced effector T cell activity via increased IFNγ expression. Thus, it is likely that the worsened course of toxoplasmosis in i.p. infected mice may be due to the increased spread during the initial injection of parasite. The immune system is being challenged in a greater area of effect and likely not as efficient in parasite clearance. This is partially supported by the observed differences in parasite burden, however, consequently, more organs should be investigated. Recently, in different model systems, comparable inflammatory pattern was reported (73, 74). L. interrogans infection induces a potent acute myeloid response that requires a robust adaptive T cell response to control its spread, but ultimately inflammation is not resolved and infection persists indefinitely.

T. gondii has an uncanny ability to persist in the CNS, being responsible for basal neuroinflammation. The T. gondii–CNS interaction associated with rodent behavioral changes, increased risk for schizophrenia in infected humans, and profound alterations glutamatergic neurotransmission and associated excitatory/inhibitory neural signaling (12, 29, 54, 75, 76). These changes have partially been reversed through Sulfadiazine and Pyrimethamine therapy (77). It has been shown that IFNγ mediates much of these associated CNS changes after infection, such as loss of GABA transporter localization, reduced expression of key synaptic components, and displacement of synapses by microglia (76). In agreement with these findings, we identified a loss of gene expression in key synaptic proteins upon T. gondii infection, regardless of the infection route. One proposed mechanism for synaptic loss is enhanced synaptic elimination by microglia. When assessing signature synaptic pruning markers, C1qa and CD68, we detected an increase in gene expression persistent through the course of infection. At d28 p.i., this expression was significantly higher in i.p. infected mice. However, we did not observe obvious differences in the activation status of microglia or recruited monocyte function between the infection routes. Future studies are necessary to find the cells directly involved in these synaptic changes. Of note, we did observe a trend of stronger loss of expression of VGLUT1 and EAAT2, proteins crucial to synaptic, upon i.p. infection. This effect was primarily observed in the cortex, whereas no differences between infection routes were found in the hippocampal region. For all cortical synaptic markers measured, we detected a stronger loss of gene expression in i.p. infected animals. A potential explanation for the reduced synaptic gene expression in the hippocampus, even upon p.o. infection, may be that the hippocampus is a site of neurogenesis, and that younger neurons, are a preferential host for T. gondii.

In this project, we compared the influence of p.o. vs. i.p. infection route on the course of T. gondii infection-induced inflammation and subsequent neuronal homeostasis. Summarized in Figure 7, we observed a more severe course of infection in i.p. challenged mice that was characterized by an increased weight loss, more rapid parasite spread, and a more pronounced inflammatory response starting in the acute through to chronic infection. The marked inflammatory response resulted in long-term microbial dysbiosis, particularly after p.o. challenge. Notably, i.p. infection was associated with a distinct persisting loss of gene expression for key synaptic markers involved in glutamatergic signaling in the cortical tissue. We conclude that the route of infection is substantially determining the course of T. gondii infection, especially altering neuronal homeostasis.




Figure 7 | Overview of the T. gondii infection disease course after p.o. and i.p. challenge. Both oral (p.o.) or intraperitoneal (i.p.) infection with the parasite T. gondii is followed by a robust peripheral immune response characterized by recruitment of myeloid cells, initiation of the Th1 immune response (IL-12 and IFNγ production) and activation of effector T cells. After dissemination, the parasites reach the brain where they differentiate into cysts, causing persistent chronic neuroinflammation. The observed inflammation is characterized by prolonged microglia activation, enhanced synaptic pruning activity and alterations to neural signaling via synaptic alterations. Upon i.p. challenge of mice a more severe disease course is established, with an increased weight loss, higher parasite burden and myeloid cell recruitment as well as a stronger IFNγ production by T cells. IFNγ, crucial to parasite control, is produced more by T cells after i.p. infection, which is associated with stronger alteration in synaptic marker expression especially in the cortex. T. gondii infection disrupts the intestinal microbiome upon infection. I.p. infection leads to strong shifts in the microbial composition but is less pronounced than the shifts observed upon p.o. infection. This is further exemplified by a loss in microbial diversity of p.o. challenged mice that persists well beyond parasite clearance from the intestines.





Data Availability Statement

The original contributions presented in the study are publicly available. This data can be found here: BioProject, PRJNA821028.



Ethics Statement

The animal study was reviewed and approved by Landesverwaltungsamt Halle, Sachsen-Anhalt, Germany.



Author Contributions

TF and AG conducted the experiments. TF analyzed data. LO analyzed microbiome data. TF, JS, TSc, BS, TSt, and IRD interpreted data. TF and IRD wrote the paper. IRD designed and supervised the study. All authors contributed to the article and approved the submitted version.



Funding

This work was supported by grants from the German Research Foundation to TS (DFG SPP1937, SCHU 2326/2-2), ID (DFG SPP1937, DU1112/5-1 and RTG 2413 SynAGE).



Acknowledgments

We thank Dr. Abidat Schneider and Petra Grüneberg for technical their support.



Supplementary Material

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fimmu.2022.920658/full#supplementary-material



References

1. Burgdorf, KS, Trabjerg, BB, Pedersen, MG, Nissen, J, Banasik, K, Pedersen, OB, et al. Large-Scale Study of Toxoplasma and Cytomegalovirus Shows an Association Between Infection and Serious Psychiatric Disorders. Brain Behav Immun (2019) 79:152–8. doi: 10.1016/j.bbi.2019.01.026

2. Montoya, J, and Liesenfeld, O. Toxoplasmosis. Lancet (2004) 363(9425):1965–76. doi: 10.1016/S0140-6736(04)16412-X

3. Barragan, A, and Sibley, LD. Transepithelial Migration of Toxoplasma Gondii Is Linked to Parasite Motility and Virulence. J Exp Med (2002) 195(12):1625–33. doi: 10.1084/jem.20020258

4. Biswas, A, Bruder, D, Wolf, SA, Jeron, A, Mack, M, Heimesaat, MM, et al. Ly6C High Monocytes Control Cerebral Toxoplasmosis. JI (2015) 194(7):3223–35. doi: 10.4049/jimmunol.1402037

5. Dunay, IR, DaMatta, RA, Fux, B, Presti, R, Greco, S, Colonna, M, et al. Gr1+ Inflammatory Monocytes Are Required for Mucosal Resistance to the Pathogen Toxoplasma Gondii. Immunity (2008) 29(2):306–17. doi: 10.1016/j.immuni.2008.05.019

6. Muñoz, M, Heimesaat, MM, Danker, K, Struck, D, Lohmann, U, Plickert, R, et al. Interleukin (IL)-23 Mediates Toxoplasma Gondii–Induced Immunopathology in the Gut via Matrixmetalloproteinase-2 and IL-22 But Independent of IL-17. J Exp Med (2009) 206(13):3047–59. doi: 10.1084/jem.20090900

7. Ueno, N, and Lodoen, MB. From the Blood to the Brain: Avenues of Eukaryotic Pathogen Dissemination to the Central Nervous System. Curr Opin Microbiol (2015) 26:53–9. doi: 10.1016/j.mib.2015.05.006

8. Konradt, C, Ueno, N, Christian, DA, Delong, JH, Pritchard, GH, Herz, J, et al. Endothelial Cells are a Replicative Niche for Entry of Toxoplasma Gondii to the Central Nervous System. Nat Microbiol (2016) 1(3):16001. doi: 10.1038/nmicrobiol.2016.1

9. Cabral, CM, Tuladhar, S, Dietrich, HK, Nguyen, E, MacDonald, WR, Trivedi, T, et al. Neurons are the Primary Target Cell for the Brain-Tropic Intracellular Parasite Toxoplasma Gondii. PLoS Pathog (2016) 12(2):e1005447. Denkers EY editor. doi: 10.1371/journal.ppat.1005447

10. Snyder, LM, and Denkers, EY. From Initiators to Effectors: Roadmap Through the Intestine During Encounter of Toxoplasma Gondii With the Mucosal Immune System. Front Cell Infect Microbiol (2021) 10:614701. doi: 10.3389/fcimb.2020.614701

11. Wilson, EH, and Hunter, CA. The Role of Astrocytes in the Immunopathogenesis of Toxoplasmic Encephalitis. Int J Parasitol (2004) 34(5):543–8. doi: 10.1016/j.ijpara.2003.12.010

12. Matta, SK, Rinkenberger, N, Dunay, IR, and Sibley, LD. Toxoplasma Gondii Infection and its Implications Within the Central Nervous System. Nat Rev Microbiol (2021) 19(7):467–80. doi: 10.1038/s41579-021-00518-7

13. Boillat, M, Hammoudi, PM, Dogga, SK, Pagès, S, Goubran, M, Rodriguez, I, et al. Neuroinflammation-Associated Aspecific Manipulation of Mouse Predator Fear by Toxoplasma Gondii. Cell Rep (2020) 30(2):320–34. doi: 10.1016/j.celrep.2019.12.019

14. Parlog, A, Schlüter, D, and Dunay, IR. Toxoplasma Gondii -Induced Neuronal Alterations. Parasite Immunol (2015) 37(3):159–70. doi: 10.1111/pim.12157

15. Blanchard, N, Dunay, IR, and Schlüter, D. Persistence of Toxoplasma Gondii in the Central Nervous System: A Fine-Tuned Balance Between the Parasite, the Brain and the Immune System. Parasite Immunol (2015) 37(3):150–8. doi: 10.1111/pim.12173

16. Hermes, G, Ajioka, JW, Kelly, KA, Mui, E, Roberts, F, Kasza, K, et al. Neurological and Behavioral Abnormalities, Ventricular Dilatation, Altered Cellular Functions, Inflammation, and Neuronal Injury in Brains of Mice Due to Common, Persistent, Parasitic Infection. J Neuroinflamm (2008) 5(1):48. doi: 10.1186/1742-2094-5-48

17. Stock, AK, Dajkic, D, Köhling, HL, von Heinegg, EH, Fiedler, M, and Beste, C. Humans With Latent Toxoplasmosis Display Altered Reward Modulation of Cognitive Control. Sci Rep (2017) 7(1):10170. doi: 10.1038/s41598-017-10926-6

18. Stock, AK, Heintschel von Heinegg, E, Köhling, HL, and Beste, C. Latent Toxoplasma Gondii Infection Leads to Improved Action Control. Brain Behav Immunity (2014) 37:103–8. doi: 10.1016/j.bbi.2013.11.004

19. Flegr, J. How and Why Toxoplasma Makes Us Crazy. Trends Parasitol (2013) 29(4):156–63. doi: 10.1016/j.pt.2013.01.007

20. Flegr, J. Influence of Latent Toxoplasma Infection on Human Personality, Physiology and Morphology: Pros and Cons of the Toxoplasma –Human Model in Studying the Manipulation Hypothesis. J Exp Biol (2013) 216(1):127–33. doi: 10.1242/jeb.073635

21. Bayani, M, Riahi, SM, Bazrafshan, N, Ray Gamble, H, and Rostami, A. Toxoplasma Gondii Infection and Risk of Parkinson and Alzheimer Diseases: A Systematic Review and Meta-Analysis on Observational Studies. Acta Tropica (2019) 196:165–71. doi: 10.1016/j.actatropica.2019.05.015

22. Alvarado-Esquivel, C, Méndez-Hernández, EM, Salas-Pacheco, JM, Ruano-Calderón, LÁ, Hernández-Tinoco, J, Arias-Carrión, O, et al. Toxoplasma Gondii Exposure and Parkinson’s Disease: A Case–Control Study. BMJ Open (2017) 7(2):e013019. doi: 10.1136/bmjopen-2016-013019

23. Ngoungou, EB, Bhalla, D, Nzoghe, A, Dardé, ML, and Preux, PM. Toxoplasmosis and Epilepsy — Systematic Review and Meta Analysis. PLoS Negl Trop Dis (2015) 9(2):e0003525. McLeod R, editor. doi: 10.1371/journal.pntd.0003525

24. Ngô, HM, Zhou, Y, Lorenzi, H, Wang, K, Kim, TK, Zhou, Y, et al. Toxoplasma Modulates Signature Pathways of Human Epilepsy, Neurodegeneration & Cancer. Sci Rep (2017) 7(1):11496. doi: 10.1038/s41598-017-10675-6

25. Laing, C, Blanchard, N, and McConkey, GA. Noradrenergic Signaling and Neuroinflammation Crosstalk Regulate Toxoplasma Gondii-Induced Behavioral Changes. Trends Immunol (2020) 41(12):1072–82. doi: 10.1016/j.it.2020.10.001

26. Li, Y, Severance, EG, Viscidi, RP, Yolken, RH, and Xiao, J. Persistent Toxoplasma Infection of the Brain Induced Neurodegeneration Associated With Activation of Complement and Microglia. Infect Immun (2019) 87(8):e00139–19. Adams JH, editor. doi: 10.1128/IAI.00139-19

27. Tedford, E, and McConkey, G. Neurophysiological Changes Induced by Chronic Toxoplasma Gondii Infection. Pathogens (2017) 6(2):19. doi: 10.3390/pathogens6020019

28. French, T, Düsedau, HP, Steffen, J, Biswas, A, Ahmed, N, Hartmann, S, et al. Neuronal Impairment Following Chronic Toxoplasma Gondii Infection is Aggravated by Intestinal Nematode Challenge in an IFN-γ-Dependent Manner. J Neuroinflamm (2019) 16(1):159. doi: 10.1186/s12974-019-1539-8

29. Lang, D, Schott, BH, van Ham, M, Morton, L, Kulikovskaja, L, Herrera-Molina, R, et al. Chronic Toxoplasma Infection is Associated With Distinct Alterations in the Synaptic Protein Composition. J Neuroinflamm (2018) 15(1):216. doi: 10.1186/s12974-018-1242-1

30. Benson, A, Pifer, R, Behrendt, CL, Hooper, LV, and Yarovinsky, F. Gut Commensal Bacteria Direct a Protective Immune Response Against Toxoplasma Gondii. Cell Host Microbe (2009) 6(2):187–96. doi: 10.1016/j.chom.2009.06.005

31. Benson, A, Murray, S, Divakar, P, Burnaevskiy, N, Pifer, R, Forman, J, et al. Microbial Infection-Induced Expansion of Effector T Cells Overcomes the Suppressive Effects of Regulatory T Cells via an IL-2 Deprivation Mechanism. JI (2012) 188(2):800–10. doi: 10.4049/jimmunol.1100769

32. Düsedau, HP, Kleveman, J, Figueiredo, CA, Biswas, A, Steffen, J, Kliche, S, et al. P75 NTR Regulates Brain Mononuclear Cell Function and Neuronal Structure in Toxoplasma Infection-Induced Neuroinflammation. Glia (2019) 67(1):193–211. doi: 10.1002/glia.23553

33. Möhle, L, Parlog, A, Pahnke, J, and Dunay, IR. Spinal Cord Pathology in Chronic Experimental Toxoplasma Gondii Infection. Eur J Microbiol Immunol (2014) 4(1):65–75. doi: 10.1556/EuJMI.4.2014.1.6

34. Bereswill, S, Kühl, AA, Alutis, M, Fischer, A, Möhle, L, Struck, D, et al. The Impact of Toll-Like-Receptor-9 on Intestinal Microbiota Composition and Extra-Intestinal Sequelae in Experimental Toxoplasma Gondii Induced Ileitis. Gut Pathog (2014) 6(1):19. doi: 10.1186/1757-4749-6-19

35. Lehmann, JS, Zhao, A, Sun, B, Jiang, W, and Ji, S. Multiplex Cytokine Profiling of Stimulated Mouse Splenocytes Using a Cytometric Bead-Based Immunoassay Platform. JoVE (2017) 129):56440. doi: 10.3791/56440

36. Turnbaugh, PJ, Hamady, M, Yatsunenko, T, Cantarel, BL, Duncan, A, Ley, RE, et al. A Core Gut Microbiome in Obese and Lean Twins. Nature (2009) 457(7228):480–4. doi: 10.1038/nature07540

37. Caporaso, JG, Lauber, CL, Walters, WA, Berg-Lyons, D, Lozupone, CA, Turnbaugh, PJ, et al. Global Patterns of 16S rRNA Diversity at a Depth of Millions of Sequences Per Sample. Proc Natl Acad Sci U S A (2011) 108(1):4516–22. doi: 10.1073/pnas.1000080107

38. Caporaso, JG, Kuczynski, J, Stombaugh, J, Bittinger, K, Bushman, FD, Costello, EK, et al. QIIME Allows Analysis of High-Throughput Community Sequencing Data. Nat Methods (2010) 7(5):335–6. doi: 10.1038/nmeth.f.303

39. Edgar, RC. Search and Clustering Orders of Magnitude Faster Than BLAST. Bioinformatics (2010) 26(19):2460–1. doi: 10.1093/bioinformatics/btq461

40. Wang, Q, Garrity, GM, Tiedje, JM, and Cole, JR. Naïve Bayesian Classifier for Rapid Assignment of rRNA Sequences Into the New Bacterial Taxonomy. Appl Environ Microbiol (2007) 73(16):5261–7. doi: 10.1128/AEM.00062-07

41. Price, MN, Dehal, PS, and Arkin, AP. FastTree 2 – Approximately Maximum-Likelihood Trees for Large Alignments. PLoS One (2010) 5(3):e9490. doi: 10.1371/journal.pone.0009490

42. McMurdie, PJ, and Holmes, S. Phyloseq: An R Package for Reproducible Interactive Analysis and Graphics of Microbiome Census Data. PLoS One (2013) 8(4):e61217. Watson M, editor. doi: 10.1371/journal.pone.0061217

43. Wickham, H. Getting Started With Qplot. New York, NY: Springer New York (2009) p. 9–26. Available at: http://link.springer.com.

44. Frickel, EM, and Hunter, CA. Lessons From Toxoplasma : Host Responses That Mediate Parasite Control and the Microbial Effectors That Subvert Them. J Exp Med (2021) 218(11):e20201314. doi: 10.1084/jem.20201314

45. Heimesaat, MM, Dunay, IR, and Bereswill, S. Comprehensive Kinetic Survey of Intestinal, Extra-Intestinal and Systemic Sequelae of Murine Ileitis Following Peroral Low-Dose Toxoplasma Gondii Infection. Front Cell Infect Microbiol (2019) 9:98. doi: 10.3389/fcimb.2019.00098

46. Liesenfeld, O. Oral Infection of C57BL/6 Mice With Toxoplasma Gondii: A New Model of Inflammatory Bowel Disease? J Infect Dis (2002) 185(s1):S96–101. doi: 10.1086/338006

47. Hand, TW, Dos Santos, LM, Bouladoux, N, Molloy, MJ, Pagán, AJ, Pepper, M, et al. Acute Gastrointestinal Infection Induces Long-Lived Microbiota-Specific T Cell Responses. Science (2012) 337(6101):1553–6. doi: 10.1126/science.1220961

48. Wang, S, El-Fahmawi, A, Christian, DA, Fang, Q, Radaelli, E, Chen, L, et al. Infection-Induced Intestinal Dysbiosis Is Mediated by Macrophage Activation and Nitrate Production (2022). Available at: https://journals.asm.org.

49. Raetz, M, Hwang, SH, CL, W, Kirkland, D, Benson, A, CR, S, et al. Parasite-Induced TH1 Cells and Intestinal Dysbiosis Cooperate in IFN-γ-Dependent Elimination of Paneth Cells. Nat Immunol (2013) 14(2):136–42. doi: 10.1038/ni.2508

50. Burger, E, Araujo, A, López-Yglesias, A, Rajala, MW, Geng, L, Levine, B, et al. Loss of Paneth Cell Autophagy Causes Acute Susceptibility to Toxoplasma Gondii-Mediated Inflammation. Cell Host Microbe (2018) 23(2):177–90.e4. doi: 10.1016/j.chom.2018.01.001

51. Heimesaat, MM, Bereswill, S, Fischer, A, Fuchs, D, Struck, D, Niebergall, J, et al. Gram-Negative Bacteria Aggravate Murine Small Intestinal Th1-Type Immunopathology Following Oral Infection With Toxoplasma Gondii. J Immunol (2006) 177(12):8785–95. doi: 10.4049/jimmunol.177.12.8785

52. Dunay, IR, Fuchs, A, and Sibley, LD. Inflammatory Monocytes But Not Neutrophils Are Necessary To Control Infection With Toxoplasma Gondii in Mice. Infect Immun (2010) 78(4):1564–70. doi: 10.1128/IAI.00472-09

53. Sturge, CR, and Yarovinsky, F. Complex Immune Cell Interplay in the Gamma Interferon Response During Toxoplasma Gondii Infection. Infect Immun (2014) 82(8):3090–7. Andrews-Polymenis HL, editor. doi: 10.1128/IAI.01722-14

54. Brooks, JM, Carrillo, GL, Su, J, Lindsay, DS, Fox, MA, and Blader, IJ. Toxoplasma Gondii Infections Alter GABAergic Synapses and Signaling in the Central Nervous System (2022). Available at: https://journals.asm.org.

55. Kettenmann, H, Kirchhoff, F, Verkhratsky, A, et al. Microglia: New Roles for the Synaptic Stripper. Neuron (2013) 77:(1):10–8. doi: 10.1016/j.neuron.2012.12.023

56. Morini, R, Bizzotto, M, Perrucci, F, Filipello, F, and Matteoli, M. Strategies and Tools for Studying Microglial-Mediated Synapse Elimination and Refinement. Front Immunol (2021) 12:640937. doi: 10.3389/fimmu.2021.640937

57. Hong, S, and Stevens, B. Microglia: Phagocytosing to Clear, Sculpt, and Eliminate. Dev Cell (2016) 38(2):126–8. doi: 10.1016/j.devcel.2016.07.006

58. Wu, Y, Dissing-Olesen, L, MacVicar, BA, and Stevens, B. Microglia: Dynamic Mediators of Synapse Development and Plasticity. Trends Immunol (2015) 36(10):605–13. doi: 10.1016/j.it.2015.08.008

59. Koseki, S, Mizuno, Y, and Sotome, I. Modeling of Pathogen Survival During Simulated Gastric Digestion. Appl Environ Microbiol (2011) 77(3):1021–32. doi: 10.1128/AEM.02139-10

60. Dubey, JP. Re-Examination of Resistance of Toxoplasma Gondii Tachyzoites and Bradyzoites to Pepsin and Trypsin Digestion. Parasitology (1998) 116(1):43–50. doi: 10.1017/S0031182097001935

61. Leung, JM, Graham, AL, and Knowles, SCL. Parasite-Microbiota Interactions With the Vertebrate Gut: Synthesis Through an Ecological Lens. Front Microbiol (2018) 9:843. doi: 10.3389/fmicb.2018.00843

62. Liu, M, Silva-Sanchez, A, Randall, TD, and Meza-Perez, S. Specialized Immune Responses in the Peritoneal Cavity and Omentum. J Leukoc Biol (2021) 109(4):717–29. doi: 10.1002/JLB.5MIR0720-271RR

63. Felgenhauer, JL, Brune, JE, Long, ME, Manicone, AM, Chang, MY, Brabb, TL, et al. Evaluation of Nutritional Gel Supplementation in C57BL/6J Mice Infected With Mouse-Adapted Influenza A/PR/8/34 Virus. Comp Med (2020) 70(6):471–86. doi: 10.30802/AALAS-CM-20-990138

64. Hatter, JA, Kouche, YM, Melchor, SJ, Ng, K, Bouley, DM, Boothroyd, JC, et al. Toxoplasma Gondii Infection Triggers Chronic Cachexia and Sustained Commensal Dysbiosis in Mice. PLoS One (2018) 13(10):e0204895. Hakimi MA, editor. doi: 10.1371/journal.pone.0204895

65. Zheng, J, Lou, L, Fan, J, Huang, C, Mei, Q, Wu, J, et al. Commensal Escherichia Coli Aggravates Acute Necrotizing Pancreatitis Through Targeting of Intestinal Epithelial Cells. Appl Environ Microbiol (2019) 85(12):e00059–19. Dudley EG, editor. doi: 10.1128/AEM.00059-19

66. Frank, DN, St. Amand, AL, Feldman, RA, Boedeker, EC, Harpaz, N, and Pace, NR. Molecular-Phylogenetic Characterization of Microbial Community Imbalances in Human Inflammatory Bowel Diseases. Proc Natl Acad Sci U S A (2007) 104(34):13780–5. doi: 10.1073/pnas.0706625104

67. Rolhion, N, and Darfeuille-Michaud, A. Adherent-Invasive Escherichia Coli in Inflammatory Bowel Disease. Inflammatory Bowel Dis (2007) 10):1277–83. doi: 10.1002/ibd.20176

68. Prandovszky, E, Li, Y, Sabunciyan, S, Steinfeldt, CB, Avalos, LN, Gressitt, KL, et al. Toxoplasma Gondii- Induced Long-Term Changes in the Upper Intestinal Microflora During the Chronic Stage of Infection. Scientifica (2018) 2018:1–11. doi: 10.1155/2018/2308619

69. Ahmed, N, French, T, Rausch, S, Kühl, A, Hemminger, K, Dunay, IR, et al. Toxoplasma Co-Infection Prevents Th2 Differentiation and Leads to a Helminth-Specific Th1 Response. Front Cell Infect Microbiol (2017) 7:341. doi: 10.3389/fcimb.2017.00341

70. Carvalho, FA, Koren, O, Goodrich, JK, Johansson, MEV, Nalbantoglu, I, Aitken, JD, et al. Transient Inability to Manage Proteobacteria Promotes Chronic Gut Inflammation in TLR5-Deficient Mice. Cell Host Microbe (2012) 12(2):139–52. doi: 10.1016/j.chom.2012.07.004

71. Skariah, S, McIntyre, MK, and Mordue, DG. Toxoplasma Gondii: Determinants of Tachyzoite to Bradyzoite Conversion. Parasitol Res (2010) 107(2):253–60. doi: 10.1007/s00436-010-1899-6

72. Chistiakov, DA, Orekhov, AN, Sobenin, IA, and Bobryshev, YV. Plasmacytoid Dendritic Cells: Development, Functions, and Role in Atherosclerotic Inflammation. Front Physiol (2014) 5:279/abstract. doi: 10.3389/fphys.2014.00279/abstract

73. Shetty, A, Kundu, S, and Gomes-Solecki, M. Inflammatory Signatures of Pathogenic and Non-Pathogenic Leptospira Infection in Susceptible C3H-HeJ Mice. Front Cell Infect Microbiol (2021) 11:677999. doi: 10.3389/fcimb.2021.677999

74. Kundu, S, Shetty, A, and Gomes-Solecki, M. Necroptosis Contributes to Persistent Inflammation During Acute Leptospirosis. Front Immunol (2022) 13:810834. doi: 10.3389/fimmu.2022.810834

75. David, CN, Frias, ES, Szu, JI, Vieira, PA, Hubbard, JA, Lovelace, J, et al. GLT-1-Dependent Disruption of CNS Glutamate Homeostasis and Neuronal Function by the Protozoan Parasite Toxoplasma Gondii. PLoS Pathog (2016) 12(6):e1005643. Pletnikov M, editor. doi: 10.1371/journal.ppat.1005643

76. Carrillo, GL, Ballard, VA, Glausen, T, Boone, Z, Teamer, J, Hinkson, CL, et al. Toxoplasma Infection Induces Microglia-Neuron Contact and the Loss of Perisomatic Inhibitory Synapses. Glia (2020) 68(10):1968–86. doi: 10.1002/glia.23816

77. Castaño, BL, Silva, AA, Hernandez-Velasco, LL, Pinheiro, APDS, Gibaldi, D, Mineo, JR, et al. Sulfadiazine Plus Pyrimethamine Therapy Reversed Multiple Behavioral and Neurocognitive Changes in Long-Term Chronic Toxoplasmosis by Reducing Brain Cyst Load and Inflammation-Related Alterations. Front Immunol (2022) 13:822567. doi: 10.3389/fimmu.2022.822567




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


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

Copyright © 2022 French, Steffen, Glas, Osbelt, Strowig, Schott, Schüler and Dunay. 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-13-920658-g006.jpg
L Non-ini. == p.o.I1g LJd 1p.1g

whole brain 28 d.p.i.
B C D
C1qa CD68 Whole Brain Cortex Hippocampus

0.3

ol
N

rel. mRNA exp.
IFNyI-k PRT
. TgBI/Mm.AAI-
IFNy/HPRT
TgB1/Mm.Asl
s
IIFNyIH PR.T

Whole Brain Hippocampus

] kkk kk *kk  kkk Kkkk b
* * * =

>
°
s

rel. mRNA oxp.
»
a

rel. mRNA exp.
rol. mRNA exp.

°

o
°
o«

0.0 0.0

0.0
Syn PSD-95 VGLUT1 EAAT2 GABAa1 Syn PSD-95 VGLUT1 EAAT2 GABAa1 Syn PSD-95 VGLUT1 EAAT2 GABAa1





OEBPS/Images/fimmu-13-920658-g003.jpg
Alpha diversity measure
S 3 3 S

Control _ip.inf __p.o.inf

EControl @ i.p.infection @ p.o. infection

-
(=]
o

-
o

o
o

Relative Abundance %
N
5l

o

ABFPV ABFPV ABFPV

D enriched in:
mm i.p. infection
=m p.o. infection

00 02 044R20.6 08 10

Residuals.
Sample

Experiment
Infection route
0.50

Infection route
@ Control

A ip.infection
W p.o. infection

-0.25

Actinobacteria Proteobacteria
.Coriobactefiaceae Desulfovibrionaceae
Bacteroidetes Enterobacteriaceae
Bacteroidaceae Verrucomicrobia
Muribaculaceae [0 Verrucomicrobiaceae
Prevotellaceae
Rikenellaceae
Firmicutes
Clostridiaceae 1
Enterococcaceae
Erysipelotrichaceae
Lachnospiraceae
Lactobacillaceae
Peptostreptococcaceae
Ruminococcaceae
Veillonellaceae

E enriched in:
== j.p. infection
=m p 0. infection

Phylum = Firmicutes

Family
@ 2 = Lactobacilaceae
@ d = Lachnospiraceae
@ e = Ruminococcaceae
@ h = Erysipelotrichaceae
Order
@ b = Lactobacillales
@ f= Clostridiales
@ i = Erysipelotrichales
Class
@ c=Bacili
@ g = Clostridia
@ j = Erysipelotrichia





OEBPS/Text/toc.xhtml


  

    Table of Contents



    

		Cover



      		

        Persisting Microbiota and Neuronal Imbalance Following T. gondii Infection Reliant on the Infection Route

      

        		

          Introduction

        



        		

          Methods

        

          		

            Animals

          



          		

            Toxoplasma gondii Infection

          



          		

            Organ Collection

          



          		

            Cell Isolation

          



          		

            Flow Cytometric Analysis

          



          		

            DNA and RNA Isolation

          



          		

            Semiquantitative RT-qPCR

          



          		

            Cytokine and Chemokine Assessment

          



          		

            DNA Isolation From Intestinal Content for Microbiota Analysis

          



          		

            16S rRNA Gene Amplification and Sequencing

          



          		

            Statistical Analysis

          



        



        



        		

          Results

        

          		

            I.p. T. gondii Infected Mice Display a More Severe Course of Infection via Increased Weight Loss and Parasite Spread

          



          		

            Long-Term Alterations in the Gut Microbiota Upon T. gondii Infection

          



          		

            Peripheral Immune Response in p.o. and i.p. Infected Mice Over the Course of Toxoplasmosis

          



          		

            Enhanced IFNγ Production by T Cells in i.p. Infected Mice

          



          		

            Persisting Decrease in Cortical Synaptic Gene Expression in i.p. Infected Mice

          



        



        



        		

          Discussion

        



        		

          Data Availability Statement

        



        		

          Ethics Statement

        



        		

          Author Contributions

        



        		

          Funding

        



        		

          Acknowledgments

        



        		

          Supplementary Material

        



        		

          References

        



      



      



    



  



OEBPS/Images/crossmark.jpg
©

2

i

|





OEBPS/Images/fimmu.2022.920658_cover.jpg
’ frontiers ‘ Frontiers in Immunology

Persisting Microbiota and
Neuronal Imbalance Following
T. gondii Infection Reliant on the
Infection Route





OEBPS/Images/fimmu-13-920658-g001.jpg
D

body weight [%]

TNF [pg/ml]

06

TNFIHPRT
2

»

0.0

parasite burden

7 d.p.i.
0057 % 0.10.
B

0.04 0.08

3 K
£ 003 g 006

£ £
@ 002 " 3 004

e 2
0.01 S 0.02
0.00

10 20 30 d.p.i. gut spleen lung brain
serum
TNF IL-18
60
T 4w 3
H 2
a ~
3 = 2
o
10 20 30dpi O 10 20 30 d.p.i.
brain
TNF IL-18 IFNy
0.8 0.20 1.5-
% o 0.6 0.15-
o8 E £ E 1.0
g 0.4- “!; 0.10: g
° 5 £ g
a = Z 05
8 02 0.05:
0.0- 0.00 0.0
7 14 28 dp.i

copa—A
gut spleen lui

IL-12

14 d.p.i.

TgB1/Mm.Asl

= po.Tg I ip.Tg

28 d.p.i.

IFNy [pg/mI]

ng brain

2000

1500

1000

500

-m- po.Tg = ip.Tg

IFNy

10 20

3 Non-Inf.
Em po.Tg

O ip.Tg

L e
gut spleen lung brain

30 d.p.i





OEBPS/Images/fimmu-13-920658-g005.jpg
gated on CD3+ cells

Ayme o CD4+ T cell
g 8
= AR (&)
5 5 Neutrophil 8
o a [
=g =
< Q <
fa) < fa
O et} - O
CD11b (APC) Ly6G (BV421) CD8 (AF700)
B Microglia c Ly6C" mono.
_14dpi__ 28dpi 14d.p.i__ 28dp.i.
1.0
MHC Il MHC Il
MHC | 0.5 MHC |
CD8o0 0 CD80
F4/80 05 F4/80
CD68 CD68
-1.0
ip. = - + ip. = + - +
po. - + - 4 - po. + - 4 -
14 d.p.i. Non-Inf. =@ Tgp.o. (3 Tgi.p.
D CD4+ T cells E CD8+ T cells
1x108 8x10¢
B% E 8x104 3% % Sxid
34 S 6x10¢ 34 5
i3 g " bt :
Py 5] > 9x104
5] £ axto0s 5] g 210
0 0
28 d.p.i.
CD4+ T cells G CD8+ T cells
3x108 2x10% 25%10% 2x10% *
-2 £} se108 4o 25107 g ser06 $
28 2x108 i °3 =
24 s 3 J1.5x108 § o
EZ 2 1x105 EZ 8 1x108
E 2 s 2
T 4 “% 1x10% s
£ 3 setor £3 2 eion
o E 5x10 (5] 5x104 E 5x10°






OEBPS/Images/fimmu-13-920658-g007.jpg
— T. gondii

p.o. ip.
& '\,, (@ —
Prolonged microbial imbalance More severe disease course

Peripheral immune response

T Neutrophils ﬁ Neutrophils
T CD4+ & CD8+ T Cells IFNy ﬁ CD4+ & CD8+ T Cells IFNy

@
T Th1 Cytokine expression @ ﬁ Th1 Cytokine expression
IFNy, IL-12 IFNy, IL-12
CNS immune response

/‘j Altered microglial activation

Altered Microglial activation

ﬁ CD4+ & CD8+ T Cells IFNy

Th1 Cytokine expression ﬁ Th1 Cytokine expression

IFNy, IL-1B, iINOS IFNy, IL-1B, iINOS

T CD4+ & CD8+ T Cells IFNy

ok

Intestinal Microbiota

T Dysbiosis

TT Dysbiosis

Synaptic alterations
T Synaptic Pruning ﬁ Synaptic Pruning

_//’ ) .
l Cortical Synaptic Genes — u Cortical Synaptic Genes
A





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





OEBPS/Images/fimmu-13-920658-g004.jpg
A

gated on CD11b-CD3+ cells

gated on CD11b+ cells

gated on CD11c+ cells

CD4+ T cell

CD8+ T cell
CD8 (AF700)

Ly6C (PerCp-Cy5.5)

CD4 (FITC)

Ly6G (BV421)

blood
B i hi
Neutrophils Ly6C" monocytes
40
230 2
8 8
2 2
EEl z
3 s
® ®
10
o 48
0 7 14 28 d.p.i.
spleen -7 d.p.i.
1.56x106 » 2x10%
@ o
[s) o
aQ &
E 81.5x105
S 1x108
5 s
E g 1x105
2 g
2 5x105 c
-
2 g 5x104
2 °
< 2
0 < 0
CD8+ DC
E F
2x105 2.5%104 1.5%106
T 4
521.5x10% i 250 52
=38 =y o8 1x108
8 c 8
2+ 51.5x104 24
2L a 2%
5z 1x105 2 s
2L 2 2
g% & 108 4% 5x105
<3 . > 23
G 5x10 £ sxioe o
0 |_ 0 J 0
CD4+ T cells
spleen - 14 d.p.i.
G H
6x106 * 4x104 3106
v E 4. w
52 S 3x10 )
58 = 58 2x108
ot ° ot
EZ 2 2x104 E>
2L 2 B
8% 5 4% 1x108
20 é‘ 1x104 20

g g

L CD4+ T cells —l

CD11b (FITC)
BD220 (BV510)

CD8 (AF700) PDCA-1 (APC)

= Non-Inf. ®® p.o.Tg 3 ip.Tg
CD4+ T cells CD8+ T cells
40, k% p=006
2% 2
3 g
> )
L 3
S S
= =
10
T &3
o L]
0 7 14 28 d.p.i. 0 b 4 14 28 d.p.i.
2.5%10%
"3
‘@: 2x104
;-]
g 15x10¢
€
2 qx10¢
2
3
o
2 B0 CD8+DCs
0
pDCs
p=0.08 1.5%x104 *
g pDCs
T 1x104
o .
2
g
&
3 5x10°
[
0
LCD8+TceIIsJ e
p.o. = 3 -
5x103 3 Non-Inf.
g a0 mm po.Tg
§ 3x10° .
g 3 ip.Tg
g 2x10°
o
€ 1x103

0

L CD8+ T cells H|





OEBPS/Images/fimmu-13-920658-g002.jpg
rel. mRNA exp.

3 Non-Inf.

IFNy

Il po. lg
D

Cd p. Ig

iNOS
p=0.07 p=0.054






