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Introduction

The host immune response determines the differential outcome of acute or chronic viral infections. The comprehensive comparison of lymphoid tissue immune cells at the single-cell level between acute and chronic viral infections is largely insufficient.





Methods

To explore the landscape of immune responses to acute and chronic viral infections, single-cell RNA sequencing(scRNA-seq), scTCR-seq and scBCR-seq were utilized to evaluate the longitudinal dynamics and heterogeneity of lymph node CD45+ immune cells in mouse models of acute (LCMV Armstrong) and chronic (LCMV clone 13) viral infections.





Results

In contrast with acute viral infection, chronic viral infection distinctly induced more robust NK cells and plasma cells at the early stage (Day 4 post-infection) and acute stage (Day 8 post-infection), respectively. Moreover, chronic viral infection exerted decreased but aberrantly activated plasmacytoid dendritic cells (pDCs) at the acute phase. Simultaneously, there were significantly increased IgA+ plasma cells (MALT B cells) but differential usage of B-cell receptors in chronic infection. In terms of T-cell responses, Gzma-high effector-like CD8+ T cells were significantly induced at the early stage in chronic infection, which showed temporally reversed gene expression throughout viral infection and the differential usage of the most dominant TCR clonotype. Chronic infection also induced more robust CD4+ T cell responses, including follicular helper T cells (Tfh) and regulatory T cells (Treg). In addition, chronic infection compromised the TCR diversity in both CD8+ and CD4+ T cells.





Discussion

In conclusion, gene expression and TCR/BCR immune repertoire profiling at the single-cell level in this study provide new insights into the dynamic and differential immune responses to acute and chronic viral infections.
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Introduction

The host immune response determines the outcome of viral infection. In contrast to acute viral infections, persistent infections last a long time when the immune system fails to clear the primary infection (1). Several viruses could establish chronic infections in hosts, such as human immunodeficiency virus type 1 (HIV-1), hepatitis B virus (HBV), and hepatitis C virus (HCV) in humans, and lymphocytic choriomeningitis virus (LCMV) in mice, respectively (1). The establishment of chronic infections results in continuous stimulation of both the innate and adaptive immune cells, which causes sustained alterations of the host immune system (2). The persistent stimulation by viruses exerts a detrimental burden on the immune system and leads to causative diseases in the host (1). Thus, it is essential to explore the systemic alterations of host immune response to chronic infection and restore the function of the immune system to fight against pathogens and causative diseases. Comparative analyses in various aspects of the host immune system have been performed to clarify the difference in immune responses between acute and chronic viral infections (2–6). However, systemic comparison in lymphoid tissue immune cells between acute and chronic viral infections is poorly understood.

The LCMV strains Armstrong (Arm) and clone 13 (Cl13) could induce acute and chronic infections in immunocompetent mice, respectively (1, 7, 8). Therefore, LCMV has been extensively used to explore immune responses against acute and persistent viral infections (9–11). Indeed, the LCMV infection mice model remains an active and productive platform for immunological studies (8, 12). Recently, single-cell RNA sequencing (scRNA-seq) has served as an effective method for identifying novel subpopulations of cells and revealing the differences of gene expression masked by bulk analysis in pooled cells, particularly for uncovering the heterogeneity of the immune system (13–18). Although studies have reported the dynamics and heterogeneity of individual immune cell subsets in acute or chronic infections as determined by scRNA-seq (19–22), the landscape of the entire lymphoid tissue immune cells has not yet been reported. Herein, utilizing scRNA-seq and flow cytometric analyses, we analyzed and compared the dynamics and heterogeneity of immune cells over time during acute and chronic infections on days 0, 4, 8 and 30 post-infection. Moreover, we revealed the difference in TCR and BCR usage during acute and chronic infections using scTCR-seq and scBCR-seq. This study provides new insights into the longitudinal maps of immune cells during acute and chronic viral infections and clarifies the transcriptional profiles and TCR/BCR repertoires of these cells at different times after infection.





Materials and methods




Mice and LCMV infection

The C57BL/6 mice, 6-8 wk old, were obtained from the Guangdong Medical Laboratory Animal Center (Guangdong, China) and housed under SPF conditions in the animal center of Shenzhen University. All mice were housed in a temperature-controlled room under a 12 h light/12 h dark cycle and pathogen-free conditions. All mouse experimental procedures were approved by the Animal Ethical and Welfare Committee of Shenzhen University (IACUC-202300026). The mice were injected intraperitoneally with 2×105 PFUs (plaque-forming units) LCMV Armstrong to induce acute infection and injected intravenously with 2×106 PFUs LCMV clone 13 to induce chronic infection, respectively.





Viral titer quantification

The LCMV viral loads were quantified by Real-time quantitative RT-PCR (qRT-PCR). Total RNA was extracted from livers and lymph nodes using the Trizol reagent (Invitrogen, 15596018CN) and cDNA was synthesized by reverse transcription (TakaRa, RR047A) according to the manufacturer’s instructions. To quantify the LCMV viral load in livers and lymph nodes, LCMV-glycoprotein (GP) was measured by qRT-PCR (SYBR Green PCR Master Mix, Applied Biosystems, A25742), and the serial dilution of plasmid with LCMV-GP was used for standard curves. Primers for LCMV-GP: forward 5′-CAGGGGTGGAGAATCCAGGT-3′; reverse 5′-ATTTCGCAACTGCTGTGTTCC-3′.





Lymph node dissociation and cell preparation

Single-cell suspensions were prepared as described (23) but with some modifications. Briefly, the fresh lymph nodes were washed using Hanks Balanced Salt Solution (HBSS) 3 times and digested using 2 ml sCelLiveTM Tissue Dissociation Solution (Singleron) by Singleron PythoN™ Automated Tissue Dissociation System (Singleron) for 15 mins at 37°C. The sample was then centrifuged for 5 minutes with 500 × g and suspended gently with PBS (HyClone). The cell suspension was stained with 7-AAD (BD Biosciences, 559925) and the 7-AAD- viable CD45+ cells were sorted using FACS Aria II cell sorting system (BD Biosciences). Finally, the sorted cells were stained with trypan blue (Sigma, USA), and cell vitality was evaluated through a microscope.





Library preparation and scRNA-seq

Single-cell suspensions (1×105cells/ml) with PBS were loaded into microfluidic devices using the Singleron Matrix® Single Cell Processing System (Singleron). Then, the scRNA-seq libraries were constructed referring to the protocol of the GEXSCOPE® Single Cell RNA Library Kits (Singleron) (24). Individual libraries were diluted to 4 nM and pooled for sequencing. Finally, pools were sequenced on Illumina Nova6000 using 150 bp paired-end reads. scRNA-seq quantifications and statistical analysis were performed as previously described (23).





Functional enrichment analysis of GO and KEGG

For GO and KEGG analysis, we utilized “enrichGO” and “enrichKEGG” functions from clusterProfiler (v4.10.0, R package) with org.Mm.eg.db (v3.18.0, R package), and we used “dotplot” function with 20 for “showCategory” parameter in enrichplot for the enrichment of Biological process (BP) (24, 25).





Gene set enrichment analysis

For gene set enrichment analysis (GSEA), we referred to previously published methods (26). Briefly, the sample and group information was added to the data, and then use the “slot” parameter as the data to obtain the gene expression matrix through the “GetAssayData” function in Seurat.





Flow cytometry analysis

Single-cell suspensions were incubated in FACS buffer containing Fc block reagent (BD Biosciences) and Ghost Dye violet 510 (1:100; Tonbo Biosciences), and then labeled with monoclonal antibody for 30 min at 4°C. The antibodies are diluted according to the manual unless otherwise indicated. Anti-CD8a (clone 53-6.7, BV605), anti-CD11b (clone M1/70, PE), anti-CD11c (clone N418, APC), anti-CD4 (clone RM4-5, BV605), anti-TCRβ (clone H57-597, PC7) and CD138(clone 281-2, PE) were purchased from Biolegend. Anti-NK1.1 (clone PK136, Percp), anti-CD19 (clone 1D3, APC), anti-Foxp3 (clone FJK-16s, PE), anti-CD25 (clone PC61.5, APC), anti-CD45(clone 30-F11, FITC/eFluor450), PD-1 (clone J43, APC), anti-B220 (clone RA3-6B2, APC-eFluor780), anti-SiglecH (clone eBio440c, BV421), anti-IFN-γ (clone XMG1.2, PE), anti-GzmA (clone GzA-3G8.5, PE) and anti-GzmB (clone QA16A02, BV421) were purchased from ThermoFisher Scientific. Anti-TIM-3 (clone RMT3-23) was purchased from Tonbo Bioscience. Anti-IgA (clone C10-3, FITC) was purchased from BD Biosciences.

To detect intracellular cytokine, the cells were stimulated by PMA (50 ng/ml, Sigma-Aldrich, P1585) and Ionomycin (1 μg/ml, Sigma-Aldrich, I0634) for 4h at 37°C with the protein transport inhibitor (Monensin: 1:1000, BD Biosciences, 554724 and Brefeldin A: 1:1000, BD Biosciences, 555029), and stained with Ghost Dye violet 510 before surface markers were stained. Then the cells were fixed and permeabilized using a BD Cytofix/Cytoperm kit (BD Pharmingen), and stained with specific intracellular cytokine antibodies. The flow cytometric data was acquired by Beckman Coulter CytoFlex S (Beckman Coulter, USA), and the data analysis was performed using FlowJo 10.8.1.





qRT-PCR analysis

Real-time quantitative RT-PCR (qRT-PCR) analysis was performed using QuantStudio 3 PCR machine (Thermo Fisher Scientific, USA). Total RNA was extracted from the cell using the Trizol reagent (Invitrogen, USA). RNA was subjected to cDNA synthesis with a reverse transcription kit under the manufacturer’s protocol. qRT-PCR was performed using SYBR Green PCR Master Mix (Applied Biosystems, USA), and amplification primer sequences are listed in Supplementary Table S1.





ELISA analysis

Serum LCMV-specific antibodies were measured by ELISA (27). Briefly, ELISA plates were coated with LCMV-infected BHK-21 cell lysate and blocked with blocking solution. Then 60µL serum from each mouse was diluted in 240 µL blocking solution (1:5), mixed and evenly distributed into three wells. Incubate for 90 min at room temperature. Then, wash plates three times with PBST. Dispense 100 µL goat anti-mouse IgA-HRP (ab97235, 1:10000 dilution) or goat anti-mouse IgG-HRP (ab6789, 1:100000 dilution) in blocking solution to each well. After that, incubate for 90 min at room temperature. After washing, 100µL TMB color-developing solution (Beyotime, P0210-100ml) was added. Incubate at room temperature for 8 minutes. Finally, 100µL TMB color-stop solution (Beyotime, P0215) was added to each well and read the optical density (O.D.) at 450 nm wavelength within 30 min immediately.





scTCR and scBCR sequencing using BD rhapsody

scTCR and scBCR sequencing were performed as previously described but with some alterations (28). Briefly, the single-cell suspensions were incubated with Ghost Dye™ Violet 510 for 15 min at room temperature, CD4+ T cells, CD8+ T cells and CD19+ B cells were sorted by FACS. Then, the cells were incubated with Fc block reagent (BD Pharmingen) and Sample Tag antibodies at room temperature for 20 min. The sorted three subsets from the same sample were sequentially labeled using BD Mouse Immune Single-Cell Multiplexing Kit conjugated to an Anti-Mouse CD45 antibody (Clone 30-F11) and BD AbSeq Ab-Oligos reagents according to the manufacturer’s protocol (BD Pharmingen).

The cDNA was prepared by performing random priming and extension (RPE) on BD Rhapsody Cell Capture Beads and then cDNA underwent targeted amplification using sample Tag PCR Primer, BD AbSeq Primer (11 cycles), TCR and BCR (15 cycles) via PCR. The products were purified using Agencourt AMPure XP Beads (Beckman Coulter). Final libraries sequenced by Illumina NovaSeq 6000 on a 150 bp paired-end run.





scTCR-seq and scBCR-seq analysis

scTCR-seq and scBCR-seq analysis were performed according to previously published methods with partial modifications (29). Briefly, the Cell Ranger VDJ pipeline was applied to assemble TCR or BCR sequences and then identify CDR3 and TCR or BCR genes. The TCR/BCR VDJ results were added to the meta.data of the Seurat object by using the AddMetaData function. The highest UMIs chain was retained if multiple α or β chains in a cell were detected (30). Cells with a pair of TCR α/β chains or BCR heavy/light chains that appeared in at least three cells were defined as expanded clonal cells.





Statistical analyses

Statistical analyses in this study were performed using GraphPad Prism 8.0(GraphPad Software, Inc., San Diego, CA). Data were analyzed using ordinary one-way analysis of variance (ANOVA) when comparing multiple groups or an unpaired Student’s t-test when comparing two groups as indicated. *P values < 0.05, **P values < 0.01, ***P values < 0.001.






Results




Single-cell analysis of dynamic changes in immune cells over the course of acute and chronic infections

To assess the dynamics of immune cells at different stages of acute and chronic infections, CD45+ immune cells from the lymph nodes of mice with acute LCMV Armstrong (Arm) infection or chronic LCMV clone 13 (Cl13) infection at 0 (Naive), 4, 8 and 30 days post-infection (dpi) were isolated by fluorescence-activated cell sorting (FACS) and subjected to scRNA-seq or TCR/BCR sequencing (Figure 1A). After excluding low-quality cells, potential doublets and dead cells, we obtained a total of 158034 cells from Day 0 (25,173 cells) across 2 biological replicates, Day 4 (20,628 (Arm) and 20,262 (Cl13) cells across two biological replicates, Day 8 (21,797 (Arm) and 24,932 (Cl13) cells across two biological replicates, and Day 30 (22,062 (Arm) and 23,180 (Cl13) cells across two biological replicates. Cluster analysis of these cells identified five distinct clusters with specific temporal progression characteristics when visualized on a uniform manifold approximation and projection (UMAP) plot (Figure 1B). Clusters corresponding to natural killer (NK) cells, plasma cells, myeloid cells, B lymphocytes and T lymphocytes were identified based on known markers (31–33). These markers included Ncr1, Klrb1c (NK1.1), and Klra7 for NK cells; Mzb1, Xbp1, and Ighg2c for plasma cells; Ifi205, Ms4a6c, and Lyz2 for myeloid cells; Cd19, Cd79a, and Ms4a1 for B lymphocytes; and Cd3g, Cd3g, and Trbc2 for T lymphocytes (Figure 1C).




Figure 1 | The dynamics of immune cells with scRNAseq. (A) Schematic of experimental design. (B) Uniform manifold approximation and projection (UMAP) visualization of the cell-type composition of the assayed samples by single cell transcriptome profiles. Distinct cell types are depicted with different colors. (C) Dot plot of marker genes for distinct cell types. Color scale indicates the mean of normalized expression of marker genes in each cell type, and dot size is proportional to the percentage of cells within each cell cluster expressing the marker genes. Cell cluster IDs on the left correspond to those in (B). (D) Proportion of each defined cell type across groups. Color scale and size scale are the same as those in (B). (E–H) Flow cytometry of NK1.1+ NK cells and CD19+ CD138+ plasma cells in lymph nodes of mice infected with virus for days 0, 4, 8 and 30. (F) Plots are gated on CD45+ cells. (E) The percentages of the NK1.1+ NK cells are shown in representative Dot Plot and (F) cumulative data on the frequency are summarized in bar graphs (n = 6 from 2 independent experiments). (G) Plots are gated on CD45+ cells. The percentages of the CD19+CD138+ plasma cells are shown in representative Dot Plot and (H) cumulative data on the frequency are summarized in bar graphs (n = 6 from 2 independent experiments). *, P < 0.05 (Student’s t-test).



Dynamic changes in all five immune cell subsets were described over the course of acute and chronic viral infections (Figures 1D, S1B). Notably, NK cells and B cells in both acutely and chronically infected mice were activated and expanded at the early stage (4 dpi), the peak time point for the proportions of NK and B cells during viral infection (Figures 1D, S1B). In contrast, myeloid cells and plasma cells were subsequently expanded at the acute effector stage (8 dpi) (Supplementary Figures S1B, D).

Among innate immune cells, NK cells exhibited a higher frequency during chronic infection (12.3%) than acute infection (6.6%) on 4 dpi. After, the proportion of NK cells decreased comparably in the two groups (Figures 1D, S1B). Flow cytometric analysis also validated the change in the proportion of NK cells during viral infection (Figures 1E, F, S1C). Furthermore, Gene Ontology (GO) enrichment analysis and gene set enrichment analysis (GSEA) showed that NK cells were functionally impaired in response to type I interferon or to chronic viral infection (Supplementary Figures S1G–I). In addition, the proportion of myeloid cells peaked at the acute effector stage (8 dpi), with a much higher frequency in acute infection (19.0%) than chronic infection (9.8%), and subsequently decreased (30 dpi) comparably in the two groups (Figures 1D, S1B).

Regarding adaptive immune cells, interestingly, the proportion of B cells peaked at the early stage (4 dpi) (Figure 1D) and then declined (8 dpi) during both acute infections (0 dpi, 13.7%; 4 dpi, 31.7%; 8 dpi, 14.7%, respectively) and chronic infections (0 dpi, 13.7%; 4 dpi, 33.1%; 8 dpi, 14.9%, respectively); this decrease was followed by a moderate rebound during chronic infection at the persistent infection stage (30 dpi,14.1% in acute infection and 24.4% in chronic infection) (Figures 1D, S1B, C, E). Subsequently, plasma cells differentially expanded at the acute effector stage (6.5%) (8 dpi) following the previous expansion of B cells, which also had a higher frequency during chronic infection (21.4%) (Figures 1D, G, H). Additionally, there was a slight decrease in the proportion of T lymphocytes during chronic infection, with the proportion of T cells decreasing soon after infection and rebounding on 30 dpi in both groups (Figures 1D, S1B, F).





Cluster analysis of myeloid cells showed a diminished number but aberrant activation of pDCs during chronic infection

To further understand the heterogeneity of myeloid cells, we conducted a detailed clustering analysis and identified 7 different subtypes (Figure 2A). Clusters corresponding to monocytes/macrophages, cDC2s, pDCs, activated DCs, cDC1s, proliferating DCs and neutrophils were identified based on previously published markers (Figure 2A) (31, 33). These included Lyz2, Ly6i, Fcgr3, and Ms4a6c for monocytes/macrophages; Itgax (CD11c) and Cd209a for cDC2s; Ccr9, Siglech, and Bst2 for pDCs; Cd63, Ccr7, and Fscn1 for activated DCs; Xcl1, Clec9a, and Batf3 for cDC1s; Mki67, Stmn1, and Top2a for proliferating DCs; and S100a8, S100a9, and Ngp for neutrophils (Figure 2B).




Figure 2 | Myeloid clusters analysis showed that pDC plays an important role in the formation of chronic infection. (A) UMAP plot of all myeloid cells from days 0 and 4, 8, and 30 (Figure 1B) were extracted, reclustered, and re-embedded in new UMAP coordinates. Cells are colored by myeloid subtype as shown in legend on right. (B) Dot plot of marker genes for distinct cell types. Color scale indicates the mean of normalized expression of marker genes in each cell type, and dot size is proportional to the percentage of cells within each cell cluster expressing the marker genes. Cell cluster IDs on the left correspond to those in (A). (C) Proportion of each defined cell subsets across groups. (D) Percentage of each identified pDC across groups during Arm (LCMV-Armstrong) and Cl13 (LCMV-Cl13) infections. (E, F) Flow cytometry of SiglecH+pDC cells in lymph nodes of mice infected with virus for 8 days. Plots are gated on CD45+CD11c+ cells. (E) The percentages of the SiglecH+pDC cells are shown in representative Dot Plot and (F) cumulative data on the frequency are summarized in bar graphs (n = 6 from 2 independent experiments). **, P < 0.01 (Student’s t-test). (J, H) GSEA showing enriched expression of genes in the pDCs derived from Cl13 infection and Arm infection group for 8 dpi, with the enriched genes displayed in a heatmap. NES, normalized ES; FDR, false discovery rate; p, normalized p value.



In contrast to DCs, neutrophils and monocytes/macrophages were preferentially expanded at the early stage during both acute and chronic infections, and their proportions peaked and then declined during acute infection (Supplemenatry Figure S2A). However, higher proportions of neutrophils and monocytes/macrophages were maintained during chronic infection until the persistent infection stage (30 dpi) (Figures 2C, S2A). Unlike those of neutrophils and monocytes/macrophages, the proportion of cDCs first decreased and then increased during both acute and chronic infection (Figures 2C, S2A). At the acute effector stage (8 dpi) (27.5%), the proportion of cDCs (cCD1 and cCD2) was lower during chronic infection (16.4%) (Figures 2C, S2A). Additionally, the proportion of activated DCs decreased consistently during the early stage of both acute and chronic infections, and this decrease was followed by different dynamic changes at the acute phase (8 dpi) and persistent stage (30 dpi) (Figures 2C, S2A).

Plasmacytoid dendritic cells (pDCs) exert an early and strong response to viral infection. The proportion of pDCs decreased significantly at the early stage during both acute and chronic infections (Figures 2C, D). Interestingly, the pDCs frequency in acute infection started to rebound at the acute phase (8 dpi) (0 dpi, 25.0%; 4 dpi, 9.8%; 8 dpi, 22.5%, respectively) to the baseline frequency before infection, but this phenomenon did not occur during chronic infection (0 dpi, 25.0%; 4 dpi, 7.3%; 8 dpi, 3.3%, respectively), despite the delayed rebound after the acute effector stage (8 dpi) (Figures 2C, D), which was also validated by flow cytometric analysis (Figures 2E, F). GO (Supplementary Figure S2B) and KEGG (Supplementary Figure S2C) enrichment analyses of differentially expressed genes (DEGs) indicated the differential immune responses of pDCs between acute and chronic viral infections. Furthermore, GSEA of the differentially expressed genes in pDCs (8 dpi) showed that pDCs during chronic infection exhibited significantly higher enrichment of cytokine activity (NES=2.19, FDR=0.012) and the Toll-like receptor signaling pathway (NES=1.2, FDR=0.01), exhibiting upregulation of Lefty1, Mif, Il18, Lta, Ccl3, Ccl4 and Ccl5 in the cytokine-mediated signaling pathway and upregulation of Tlr7, Tlr3, Myd88, Nfkbia, Jun and Irf7 in the TLR signaling pathway (Figures 2G, H). In addition, transcriptional profiling showed that pDCs expressed higher levels of Nkg7, Map3k8, Cd69, Ifitm3, Ifi44, Ifi207, Lgals3bp, Isg15, Gm30211, Ifi27l2a, Ccl5, Cd4, Ifit2, Cd8b1, Ifi209 and Ccl4 and lower levels of Mir6236, Cd7, Sell, Itgax and Cd180 during chronic infection (Supplementary Figures S2D-H).





B-cell analysis showed that chronic viral infection is more inclined to activate the mucosal immune response than acute viral infection

To better understand B lymphocyte heterogeneity during chronic and acute infections, we conducted further cluster analysis of B lymphocytes and determined 9 different subtypes (Figure 3A). Clusters corresponding to follicular B cells, Ighg2c-high plasma cells, GC B cells in the LZ, GC B cells in the DZ, MALT B, Ighv1-82-high plasma, Ighg2b-high plasma and Ighg3-high plasma cells were identified based on known markers (Figures 3A, B) (34). These included Ighd, Ly6d, and Cd79a for follicular B cells; Mzb1, Xbp1, and Ighg2c for Ighg2c-high plasma cells; Fas and Aicda for GC B cells in the LZ; Stmn1 for GC B cells in the DZ; Igha for MALT B cells; Ighv1-82 and Ighg2c for Ighv1-82-high plasma cells; Ighg2b for Ighg2b-high plasma cells; and Ighg3 for Ighg3-high plasma cells (Figure 3B).




Figure 3 | B cells analysis showed that chronic viral infection is more likely to activate mucosal immune response than acute viral infection. (A) UMAP plot of all B cells from days 0 and 4, 8, and 30 (Figure 1B) were extracted, reclustered, and re-embedded in new UMAP coordinates. Cells are colored by B cells subtype as shown in legend on right. (B) Dot plot of marker genes for distinct cell types. Color scale indicates the mean of normalized expression of marker genes in each cell type, and dot size is proportional to the percentage of cells within each cell cluster expressing the marker genes. Cell cluster IDs on the left correspond to those in (A). (C) Proportion of each defined cell type across groups. (D) Percentage of each identified cell subtype MALT B cells across groups during Arm (LCMV-Armstrong) and Cl13 (LCMV-Cl13) infections. (E) Flow cytometry of CD19+ IgA+ MALT B cells in lymph nodes of mice infected with virus for days 0, 4, 8 and 30. Plots are gated on CD45+CD19+ B cells. The percentages of the IgA + MALT B cells are shown in representative Dot Plot and (F) cumulative data on the frequency are summarized in bar graphs (n = 6 from 2 independent experiments). (G) The secretion of IgA is analyzed by ELISA. *, P < 0.05(Student’s t-test).



As mentioned above, the proportion of B cells peaked at the early stage (4 dpi) and then declined during both acute and chronic infections (Figure 1D). Subsequently, plasma cells expanded at the acute effector stage (8 dpi), especially during chronic infection (Figures 1D, H, S1B). In detail, follicular B cells significantly declined on day 8 of infection and rebounded to a proportion comparable to that before infection on 30 dpi both acute infections (0 dpi, 80.7%; 4 dpi, 94.3%; 8 dpi, 40.9%; 30 dpi, 81.5%, respectively) and chronic infections (0 dpi, 80.7%; 4 dpi, 93.5%; 8 dpi, 18.5%; 30 dpi, 77.1%, respectively) (Figures 3C, S3A). The proportions of GC B cells in the dark zone (DZ) and GC B cells in the light zone (LZ) were lowest on 4 dpi and then rebounded to the preinfection proportions (Figures 3B, S3A), with the proportion of GC B cells lower during chronic infection on 8 dpi (Figures 3B, S3A). Interestingly, the proportions of plasma cells, especially Ighg3-high and Ighg2c plasma cells, were significantly increased during chronic infection on 8 dpi (Figures 3B, S3A) but exhibited no significant difference on 4 and 30 dpi (Figures 3B, S3A).

Of note, on 8 dpi, IgA+ plasma cells (MALT B cells) in chronic infection (12.8%) were significantly higher than those in acute infection (2.4%) (Figures 3C, D), and this finding was also validated by a flow cytometric analysis (Figures 3E, F). Correspondingly, the level of secreted virus-specific IgA in serum was also higher during chronic infection than acute infection on 8 dpi (Figure 3G). Still, the differences at other time points were insignificant (Figure 3G). Surprisingly, regardless of the time since infection, the difference in the level of secreted virus-specific IgG in serum during chronic infection and acute infection was not obvious (Supplementary Figure S3B). This indicated that chronic viral infection is more likely to activate the mucosal immune response than acute viral infection. In addition, we also identified a minor population expressing both B and T cell lineage markers (Figure 3B), namely, T&B cells (35).





The clonal diversity of B cells revealed by scBCR-seq during acute and chronic infections

The diversity of antibody recognition is determined by V(D)J rearrangement and somatic hypermutation (SHM), and B-cell receptor (BCR) heavy chains with the rearrangement of the V, D and J genes showed greater diversity than BCR light chains (36). Herein, we first analyzed the usage of BCR heavy chain V genes among total B cells (8 dpi) during acute and chronic infections. The results showed that acute and chronic infections exhibited uniquely preferential usage of the V gene among the top 5 V genes, namely, IGHV1−64*01 (3.79%) in acute infection (Figure 4A) and IGHV1−81*01 (3.41%) in chronic infection (Figure 4B). Furthermore, we evaluated the usage of BCR heavy and light chain V genes (IGHV and IGKV, respectively) in plasma cells. Our data showed that there were high levels of IGHV1-82*01 and IGHV14-2*01 expression in plasma cells during acute infection but a high level of IGHV1-81*01 expression during chronic infection (Figure 4C). Moreover, there were high levels of light chain IGKV1−117*01 and IGKV14−111*01 expression in plasma cells during acute infection but high levels of IGKV13−84*01 and IGKV10−96*01:02 expression during chronic infection (Figure 4D). Among the heavy chain VJ pairs, the IGHV1-82*01_IGHJ2*01 pair (4.56%) had the highest percentage in the Arm group, but the IGHV1-82*01_IGHJ2*01 pair (2.97%) had the highest percentage in the Cl13 group (Figure 4E). Among the light chain VJ pairs, the IGKV1-117*01_IGKJ2*01 pair (3.42%) had the highest percentage in the Arm group, but the IGKV13-84*01_IGKJ5*01 pair (5.24%) had the highest percentage in the Cl13 group (Figure 4F). Among the heavy-light chain VJ pairing profiles, the most common VJ pairing profile in expanded clones was IGHV1-4*01_IGHJ3*01_IGKV1_117*01_IGKJ1*01 (1.61%), which was the most dominant clonotype in plasma cells during acute infection, but the most common VJ pairing profile during chronic infection was IGHV3-1*01_IGHJ3*01_IGKV5-48*01_IGKJ4*01 (1.04%) (Figure 4G).




Figure 4 | The clonal diversity of B cell revealed by scBCR-seq during acute and chronic infection. Pie chart showing the usage top 20 of BCR heavy chain V genes in plasma cells from the acute (A) and chronic (B) groups, respectively.Bar plot showing usage of top 20 BCR heavy (C) and light (D) V genes in plasma cells from the acute and chronic groups. Circos plots show the differential heavy (E) and light (F) VJ pairs in plasma cells from the acute and chronic groups. Blue links represent acute groups specific VJ pairs, and red links represent chronic groups specific VJ pairs. (G) Sankey diagram shows significant different frequency of heavy-light VJ pairs in plasma cells from the acute and chronic groups. Blue links represent acute groups specific pairs, and red links represent chronic groups specific pairs.







T-cell cluster analysis indicated that Gzma-high effector-like CD8+ T cells have different genetic features and clonal diversity during acute and chronic infections

Although the dynamics of T cell frequencies are similar between acute and chronic infections, the subpopulations within T lymphocytes could differ. To investigate T lymphocyte heterogeneity, we performed cluster analysis of T lymphocytes and identified 20 distinct subtypes (Figures 5A, B). Clusters corresponding to naive CD8+ T (C20), naive CD4+ T (C19), Ccl5-high effector-like CD8+ T(C18), Ifit3-high CD8+ T (C17), proliferating CD8+ T(C16), Ly6c2-high transition (C15), effector-like CD8+ T (C14), Tfh (C13), Ncl-high CD8+ T (C12), Treg (C11), Gzma-high effector-like CD8+ T (C10), Ccl5-high transition (C9), gamma delta T (C8), Ifng-high effector-like CD8+ T (C7), doublet (C6), exhausted-like CD8+ T (C5), Ighg2c+Cd3g+ T (C4), effector gamma delta T (C3), Xcl-high CD8+ T (C2) and Ifitm1-high effector-like CD8+ T cells (C1) were identified based on known markers (21, 37)(Figures 5A, B, S4A, B). Herein, CD8+ T cells included naive CD8+ T cells, marked by Cd3g, Cd8b1, Sell, and Il7r; Ccl5-high effector-like CD8+ T cells, marked by Ccl5; Ifit3-high CD8+ T cells, marked by Ifit3; proliferating CD8+ T cells, marked by Mki67; Ly6c2-high transition cells, marked by Ly6c2; effector-like CD8+ T cells, marked by Gzmb; Ncl-high CD8+ T cells, marked by Ncl; Gzma-high effector-like CD8+ T cells, marked by Gzma; Ccl5-high transition cells, marked by Ccl5 and Sell; gamma delta T cells, marked by Trdc, Tcrg−C2, and Tcrg−C4; Ifng-high effector-like CD8+ T cells, marked by Ifng; exhausted-like CD8+ T cells, marked by Pdcd1, Ccl3, and Ccl4; effector gamma delta T cells, marked by Tcrg-c1, Tmem176b, and Tmem176a; Xcl-high CD8+ T cells, marked by Xcl; and Ifitm1-high effector-like CD8+ T cells, marked by Ifitm1.




Figure 5 | The dynamics and heterogeneity of T cell clusters during acute and chronic virus infections. (A) UMAP plot of all T cells from days 0, 4, 8, and 30 during Arm (LCMV-Armstrong) and Cl13 (LCMV-Cl13) infections. (Figure 1B) were extracted, reclustered, and re-embedded in new UMAP coordinates. Cells are colored by T cells subtype as shown in legend on right. (B) Proportion of each defined cell type across groups. (C) Percentage of each identified cell subtype Gzma high effector-like CD8+ T across groups during Arm and Cl13 infections. (D) Flow cytometry of Gzma high effector-like CD8+ T cells in lymph nodes of mice infected with virus on the 4 and 8 days. (E) Percentage of each identified cell subtype Ifng high effector-like CD8+ T across groups during Arm and Cl13 infections. (F) Flow cytometry of Ifng high effector-like CD8+ T cells in lymph nodes of mice infected with virus on the 4 and 8 days. GSEA showing enriched expression of genes in the Gzma high effector-like CD8+ T derived from Cl13 infection and Arm infection group for 4 (G) and 8 dpi (H), with the enriched genes displayed in a heatmap. GSEA showing enriched expression of genes in the Gzma high effector-like CD8+ T derived from Cl13 infection and Arm infection group for 4 (G) and 8 dpi (H), with the enriched genes displayed in a heatmap. (I, J) GSEA showing enriched expression of genes in the Ifng high effector-like CD8+ T derived from Cl13 infection and Arm infection group for 8 dpi, with the enriched genes displayed in a heatmap. NES, normalized ES; FDR, false discovery rate; p, normalized p value.



Among the defined CD8+ T-cell subsets, Gzma-high effector-like CD8+ T cells expressed higher levels of Gzma, Lgals1, S100a6, Id2, Gzmk, Anxa2, Crip1, Klrg1 and Cd48 during both acute and chronic infection (Supplementary Figures S4C, D), in which they are commonly called short-lived effector cells (SLECs) (38), but higher levels of Havcr2 and Pdcd1 during chronic infection (Supplementary Figure S4D). Intriguingly, the production of Gzma-high effector-like CD8+ T cells was induced earlier and faster at early stage during chronic infection (Figures 5B, C). On 4 dpi, the proportion of Gzma-high effector-like CD8+ T cells in chronic infection (7.3%) was significantly higher than that in acute infection (1.6%) (Figures 5C, D), in which it peaked on 8 dpi (Figures 5C, D). Furthermore, transcriptional analysis showed that Gzma-high effector-like CD8+ T cells expressed high levels of the effector T-cell-associated genes Ccl5, Klrg1, Jak1, Lck, Cx3cr1, Id2, S100a10, Klrc1 and Slamf7 during acute infection but high levels of T-cell exhaustion-associated genes Ifi27i2a, Isg15, Lgals3bp, Bst2 and Pdcd1 during chronic infection (Supplementary Figure S4E). Interestingly, the gene expression profile related to responses to virus of Gzma-high effector CD8+ T cells was temporally reversed throughout viral infection, and the GO (Supplementary Figure S4F) and GSEA (Figure 5E) analyses showed that Gzma-high effector-like CD8+ T cells had significantly lower gene enrichment in response to viral infection on 4 dpi (Figure 5E) but higher enrichment on 8 dpi during chronic infection than during acute infection (Figures 5F, S4F).

In addition, Ifnghigh effector-like CD8+ T cells, which expressed higher levels of Ifng, Gzmb, AW112010, Hspa5, Fcer1g, Plac8, Cxcr6, Gapdh, Havcr2 and Prf1 (Supplementary Figures S4B, G), were greatly expanded on 8 dpi during both acute and chronic infections, although a slightly higher proportion was observed during chronic infection (Supplementary Figures S4H, I). GO biological process enrichment analysis and GSEA of differentially expressed genes in Ifnghigh effector-like CD8+ T cells also showed differential regulation between acute and chronic infections (Supplementary Figures S4J, K), manifested as significantly higher enrichment of the response to interferon-gamma (Figure 5G, H; Supplementary Figure S4L upper panel) and lower enrichment of the terms regulation of ATP, metabolic process and T-cell mediated cytotoxicity during chronic infection.

Chronic viral infection can induce functional exhaustion in CD8+ T cells. Given that exhausted-like CD8+ T cells and Ifng-high effector-like CD8+ T cells express high levels of genes associated with exhaustion markers, such as Pdcd1, Lag3 and Havcr2 (TIM3), we analyzed the transcriptional features of exhausted-like CD8+ T cells and Ifng-high effector-like CD8+ T cells during both acute and chronic infection (Supplementary Figure S4M). The results showed that Ifng-high effector-like CD8+ T cells expressed higher levels of Gzmb, Ly6e, Cxcr6, Id2, Ifngr1, Ccr2, Isg15 and Cd47 than exhausted-like CD8+ T cells, which expressed higher levels of Ccl4, Ccl3, Ccl5, Ifi27l2a, Nr4a2, Ifng, Tox and Bcl2a1b, Pdcd1, lag3 and havcr2 (Supplementary Figure S4M).





The clonal diversity of CD8+ T cells revealed by scTCR-seq during acute and chronic infections

Gene rearrangement at TCR α/β loci generates highly diverse complementarity‐determining regions (CDRs), where the third CDR (CDR3) is the most hypervariable, thus generating a functional and highly diverse TCR repertoire (39, 40). Herein, we used the Shannon entropy index to calculate the diversity of the TCR repertoire (39, 40), which is positively correlated with the diversity of the CDR3 clone. The entropy indices of CD8+ T cells under naive conditions, acute and chronic infection were 10.47, 10.04, and 8.59, respectively (Figure 6A), indicating the reduced diversity of CD8+ T cells during chronic infection. In addition, among the top 5 TCR heavy chain V genes, differential usage of V genes was observed during acute and chronic infection, with higher usage of TRBV19*01 (7.36%) for acute infection (Figure 6B) and higher usage of TRBV5 * 01 (9.14%) for chronic infection, respectively. (Figure 6C).




Figure 6 | The clonal diversity of CD8+ T cell revealed by scTCR-seq during acute and chronic infection. (A) Analysis of the clonal expended TCR β chain. Bar graphs showing the clonal diversity of CD8+ T cells from Arm and Cl13 (8 dpi), which was calculated using Shannon’s entropy. Pie chart showing the usage top 20 of TCR heavy chain V genes in CD8+ T cells from the Arm (B) and Cl13 (C) groups, respectively. (D) The bar plots showing usage of some V genes from Gzma high effector-like CD8+ T cells TCR β chain of Arm group (blue)and Cl13 group (red) (8 dpi) (Top20). (E) Circos plots show the differential TCR β VJ pairs in Gzma high effector-like CD8+ T cells from the Arm and Cl13 groups. Blue links represent acute groups specific VJ pairs, and red links represent chronic groups specific VJ pairs. (F) The bar plots showing usage of some V genes from Ifng high effector-like CD8+ T cells TCR β chain of Arm group (blue)and Cl13 group (red) (8 dpi) (Top20). (G) Circos plots show the differential TCR β VJ pairs in Ifng high effector-like CD8+ T cells from the Arm and Cl13 groups. Blue links represent acute groups specific VJ pairs, and red links represent chronic groups specific VJ pairs. (H) Sankey diagram shows significant different frequency of α-β VJ pairs in Gzma high effector-like CD8+ T cells (H) and Ifng high effector-like CD8+ T cells (I) from the Arm and Cl13 groups. Blue links represent Arm groups specific pairs, and red links represent Cl13 groups specific pairs.



The diversity of T-cell receptors is determined by the variable regions on the α chain and β chain, encoded by TRAV and TRBV, respectively. Herein, the expression of TRBV and TRAV genes in Gzma-high effector-like CD8+ T cells was analyzed, revealing a high proportion of TRBV15*01 and TRBV16*01 during acute infection but high proportions of TRBV13−2*01, TRBV3*01 and TRBV29*01 during chronic infection (Figure 6D). Among the β chain VJ pairs, the TRBV16*01_TRBJ2-3*01 pair (3.96%) had the highest percentage in the acute infection group, but the TRBV20*01_TRBJ2-5*01 pair (4.48%) had the highest percentage in the Cl13 group (Figure 6E). Our data also showed high levels of TRAV6D−7*04, TRAV14−1*01 and TRAV12D−2*02 expression in Gzma-high effector-like CD8+ T cells in the Arm group but high levels of TRAV13D−1*01, TRAV4D−3*03 and TRAV16*01 expression in the Cl13 group (Supplementary Figure S5A). Among the α chain VJ pairs, the TRAV14-1*01_TRAJ26*01 pair (3.02%) had the highest percentage in the Arm group, but the TRAV13D-1*0_TRAJ32*01 pair (3.68%) had the highest percentage in the Cl13 group (Supplementary Figure S5B). Among the α-β chain VJ pairing profiles, the most common V(D)J pairing profile in expanded clones was TRAV6D-7*04_TRAJ23*01_TRBV15*01_TRBJ2-1*01 (2.89%), which accounted for a very high proportion of the clonotypes of Gzma-high effector-like CD8+ T cells in the Arm group, whereas TRAV4D-3*03_TRAJ43*01_TRBV13-2*01_TRBJ2-7*01 (3.51%) was the most common V(D)J pairing profile in the Cl13 group (Figure 6H).

Additionally, we evaluated the expression of TRBV and TRAV genes in Ifng-high effector-like CD8+ T cells from the Arm and Cl13 groups on 8 dpi. Our data showed high levels of TRBV20*01, TRBV13-1*02 and TRBV15*01 expression in Ifng-high effector-like CD8+ T cells from the Arm group but high levels of TRBV13-2*01 and TRBV5*01 expression in the Cl13 group (Figure 6F). Among the β chain VJ pairs, the TRBV20*01_TRBJ1-6*01 pair (8.33%) had the highest percentage in Ifng-high effector-like CD8+ T cells in the Arm group, but the TRBV5*01_TRBJ1-5*01 pair (11.89%) had the highest percentage in the Cl13 group (Figure 6G). Our data also showed high levels of TRAV12D-2*02 and TRAV6-5*04 expression in Ifng-high effector-like CD8+ T cells from the Arm group but high levels of TRAV4D-1*01, TRAV16D/DV11*03 and TRAV5-4*01 expression in the Cl13 group (Supplementary Figure S5C). Among the α chain VJ pairs, the TRAV12D-2*02_TRAJ22*01 pair (8.73%) had the highest percentage in Arm group, but the TRAV14D-1*01_TRAJ32*01 pair (10.96%) had the highest percentage in the Cl13 group (Supplementary Figure S5D). Among the α-β chain VJ pairing profiles, the most common V(D)J pairing profile in expanded clones was found to be TRAV12D-2*02_TRAJ22*01_TRBV20*01_TRBJ1-6*01 (8.8%), which accounted for a very high proportion of the clonotypes of Ifng-high effector-like CD8+ T cells in Arm group. However, it was found to be TRAV14D-1*01_TRAJ32*01_TRBV5*01_TRBJ1-5*01 (10.9%) in Cl13 group (Figure 6I).





The clonal diversity of CD4+ T cells revealed by scTCR-seq during acute and chronic infections

Considering the failure to define well-recognized subpopulations of CD4+ T cells by scRNA-seq analysis (28), we simultaneously performed single-cell protein and RNA sequencing analyses, which integrated scRNA-seq analysis and application of AbSeq Antibody-Oligo Conjugates (see Methods). We identified 7 distinct subtypes (Figures 7A, B) based on their respective gene expression profiles. Clusters corresponding to naive CD4+ T, Tfh, Treg, transition, Itgae-high Treg, proliferating CD4+ T, Tfh, and Th1 cells were identified based on known markers (Figures 7A, C). These markers mainly included Sell, Il7r, and Ccr7 for naive CD4+ T cells; Cxcr5, Pdcd1, and Bcl6 for Tfh cells; Il2ra, and Foxp3 for Treg cells; Il2ra, Foxp3, Lag3, Ccr6, and Itgae for Itgae-high Treg cells; proliferating CD4+ T cells; and Ifng, Tbx21, Cxcr6, and Gzmb for Th1 cells (Figure 7C).Indeed, we found more conventional Treg cells, Itgae-high Treg cells and Tfh cells during chronic infection(Figure 7B.).




Figure 7 | The clonal diversity of CD4+ T cell revealed by scTCR-seq during acute and chronic infection. (A) UMAP plot of CD4+ T cells from days 0 and 8 during Arm (LCMV-Armstrong) and Cl13 (LCMV-Cl13) infections. Cells are colored by T cells subtype as shown in legend on right. (B) Proportion of each defined cell type across groups. (C) Dot plot of marker genes for distinct cell types. Color scale indicates the mean of normalized expression of marker genes in each cell type, and dot size is proportional to the percentage of cells within each cell cluster expressing the marker genes. Cell cluster IDs on the left correspond to those in (B). (D) Analysis of the clonal expended TCR β chain. Bar graphs showing the clonal diversity of CD4+ T cells from Arm and Cl13 (8 dpi), which was calculated using Shannon’s entropy. Pie chart showing the usage top 20 of TCR heavy chain V genes in CD4+ T cells from the Arm (E) and Cl13 (F) groups, respectively. (G) The bar plots showing usage of some V genes from Tfh cells TCR β chain of Arm group (blue)and Cl13 group (red) (8 dpi) (Top20). (H) Circos plots show the differential TCR β VJ pairs in Tfh cells from the Arm and Cl13 groups. Blue links represent acute groups specific VJ pairs, and red links represent chronic groups specific VJ pairs. (I) The bar plots showing usage of some V genes from Itgae high Treg cells TCR β chain of Arm group (blue)and Cl13 group (red) (8 dpi) (Top20). (J) Circos plots show the differential TCR β VJ pairs in Itgae high Treg cells from the Arm and Cl13 groups. Blue links represent acute groups specific VJ pairs, and red links represent chronic groups specific VJ pairs. (H) Sankey diagram shows significant different frequency of α-β VJ pairs in Tfh cells (K) and Itgae high Treg (L) from the Arm and Cl13 groups. Blue links represent Arm groups specific pairs, and red links represent Cl13 groups specific pairs.



Then, we quantified the diversity of CD4+ T-cell TCR repertoire using the Shannon entropy index. The higher the Shannon entropy index is, the more diverse the distribution of CDR3 clones. For CD4+ T cells, entropy index of the uninfected sample was 10.89, whereas index for Arm group was 10.78 and that for the Cl13 group was 9.28 (Figure 7D). These results showed the reduced diversity of CD4+ T cells during chronic infection. In addition, we analyzed the usage of top 5 TCR heavy chain V genes in CD4+ T cells from the acute and chronic infection groups and found that each group had one V gene that was different from the other group: TRBV5 * 01 (8.51%) in the acute infection group (Figure 7E) and TRBV16*01 (7.61%) in the chronic infection group (Figure 7F).

Tfh cells help host humoral immunity to control chronic viral infection by promoting the production of antibodies (41). Our data showed that the percentage of Tfh cells during chronic viral infection was significantly higher than that during acute viral infection (Figure 7B). Moreover, we evaluated the expression of TRBV and TRAV genes in Tfh cells from the Arm and Cl13 groups on day 8. Our data showed high levels of TRBV16*01, TRBV29*01 and TRBV26*01 expression in Cl13 compared with Arm group (Figure 7G). Our data also showed high levels of TRAV6−6*01 and TRAV14−2*01 expression in Tfh cells from the Arm group but high levels of TRAV14D−3/DV8*01, TRAV7−2*02 and TRAV14−2*02 expression in the Cl13 group (Supplementary Figure S5E). Among the β chain VJ pairs, the TRBV15*01_TRBJ1-1*01 pair (3.28%) had the highest percentage in the Arm group, but the TRBV29*01_TRBJ2-5*01 pair (5.13%) had the highest percentage in the Cl13 group (Figure 7H). Among the α chain VJ pairs, the TRAV6-6*01_TRAJ27*01 pair (2.19%) had the highest percentage in the Arm group, but the TRAV7-2*02_TRAJ34*02 pair (4.42%) had the highest percentage in the Cl13 group (Supplementary Figure S5F). Among the α-β chain VJ pairing profiles, the most common V(D)J pairing profile in expanded clones was found to be TRAV6-6*01_TRAJ27*01_TRBV13-3*01_TRBJ2-7*01 (1.95%), which accounted for a very high proportion of the clonotypes of Tfh cells in Arm, whereas in Cl13 group, it was found to be TRAV7-2*02_TRAJ34*02_TRBV29*01_TRBJ2-5*01 (4.56%) (Figure 7K).

CD103+ (encoded by Itgae) Treg cells are more potent inhibitors of T-cell proliferation than conventional Treg cells (42, 43). Moreover, our data showed that the percentage of Itgae-high Treg cells during chronic viral infection was significantly higher than that during acute viral infection (Figure 7B). Thus, we evaluated the expression of TRBV and TRAV genes in Itgae-high Treg cells from the Arm and Cl13 groups on Day 8. Our data showed that there were high levels of TRBV19*01, TRBV1*01 and TRBV2*01 expression in Arm compared to Cl13 group but high levels of TRBV5*01, TRBV13-3*01 and TRBV4*01 expression in Cl13 group (Figure 7I).

Our data also showed high levels of TRAV6−5*04, TRAV4D−4*<02no></no> and TRAV5D−4*01 expression in Itgae-high Treg cells from the Arm group but high levels of TRAV14−3*01, TRAV7−2*02, TRAV14−2*02 and TRAV6−3*01 expression in the Cl13 group (Supplementary Figure S5G). Among the β chain VJ pairs, TRBV12-2*01_TRBJ2-7*01 pair (3.31%) exhibited increased usage in Arm group compared with Cl13 group, but TRBV13-2*01_TRBJ2-1*01 pair (3.33%) had the highest percentage in the Cl13 group (Figure 7J). Among the α chain VJ pairs, the TRAV4D-4*03_TRAJ12*01 pair (2.27%) had the highest percentage in the Arm group, but the TRAV7-2*02_TRAJ23*01 pair (1.82%) had the highest percentage in the Cl13 group (Supplementary Figure S5H). Among the α-β chain VJ pairing profiles, the V(D)J pairing profile with the highest frequency in expanded clones was found to be TRAV6-5*04_TRAJ9*02_TRBV26*01_TRBJ2-1*01 (1.75%), which accounted for a very high proportion of the clonotypes of Itgae-high Treg cells in Arm group. However, it was found to be TRAV7-2*02_TRAJ23*01_TRBV4*01_TRBJ1-2*01 (1.47%) in the Cl13 group (Figure 7L).






Discussion

The comparative landscape of immune cells responding to acute and chronic viral infections remains largely unclear. In this study, to explore the dynamics and heterogeneity of immune cells in acute and chronic viral infections at different times, we analyzed CD45+ immune cells from mouse lymph nodes using high-throughput scRNA-seq, single-cell B-cell receptor sequencing (scBCR-seq) and single-cell T-cell receptor sequencing (scTCR-seq).

The host control of acute and chronic viral infections requires the activation of innate cells to initiate and maintain adaptive immune responses (44–46). In this study, NK cells exhibited a higher frequency during chronic infection than acute infection on 4 dpi. Afterward, the proportion of NK cells decreased comparably in the two groups. Furthermore, GO enrichment analysis and GSEA showed that NK cells were functionally impaired in response to type I interferon or chronic viral infection. Unlike NK cells, innate immune myeloid cells were subsequently expanded at the acute effector stage (8 dpi), and their proportion was lower during chronic infection.

Dendritic cells, including conventional DCs (cDCs) that act as antigen-presenting cells and plasmacytoid DCs (pDCs) that produce type I interferons, mediated innate and adaptive antiviral responses (47, 48). The dynamics of dendritic cells in acute and chronic viral infections remain unclear. In this study, compared with that in acute infection, pDCs significantly decreased at the acute effector stage (8 dpi) and exhibited significantly higher enrichment of cytokine activity in chronic infection. Toll-like receptor 7(TLR7) is an innate signaling receptor that is primarily expressed by pDCs (49). Previous research has shown that TLR7 signaling dictates the establishment of chronic LCMV Cl13 but does not affect the clearance of the acute LCMV Arm strain (47). Our results showed that pDCs in chronic infection exhibited significantly higher enrichment of Toll-like receptor signaling pathways. However, the functional change of pDCs in chronic viral infection remains to be investigated considering the unknown functional roles of DC in viral infection (50, 51).

The humoral immune response mediated by B cells plays a critical role in host defense against a variety of pathogens through secreting antibodies by plasma cells (52, 53). In this study, chronic infection elicited more robust germinal center B-cell responses and antibody production than acute infection, consistent with previous studies (11). Surprisingly, the proportion of MALT B cells in chronic infection was significantly higher than that in acute infection on 8 dpi.

The B cells undergo rapid clonal expansion and somatic hypermutation in germinal centers (GCs) (54). With the help of Tfh cells in the light zone of GCs, B cells differentiate into high-affinity antibody-secreting plasma cells and resultant memory B cells (55, 56). Consistent with previous studies (11), our study showed that chronic infection induces a more robust germinal center B-cell response and higher production of antibody-producing plasma cells than acute infection. Overall, the B-cell immune response was more intense in chronic infection; however, it failed to clear the viruses once persistent infection was established, which deserves further exploration. Of note, we also found plasma cells expressed different dominant BCRs in acute and chronic viral infections.

CD8+ T cells play essential roles in specific defense against viral infections (12, 57). The dynamics of CD8+ T cells in lymphoid tissues during acute and chronic LCMV infections remain unclear. In this study, we identified two CD8+ T cell subsets that remarkedly changed throughout LCMV infection: Gzma-high effector-like CD8+ T cells and Ifng-high effector-like CD8+ T cells. Unlike acute infection, Gzma-high effector-like CD8+ T cells were more highly induced in the early stage of chronic infection, indicating that they may be involved in the establishment of persistent infection. However, proportion of Ifng-high effector-like CD8+ T cells also increased with the time since infection, peaking on 8 dpi. Then, on 30 dpi, the proportions approached the baseline levels.

Unlike acute infection or vaccination, where antigen is cleared soon and naive CD8+ T cells differentiate into functional effector cells and subsequent memory cells, persistent antigen exposure leads to CD8+ T cell exhaustion (7, 58). In contrast to classical memory CD8+ T cells, exhausted-like CD8+ T cells are characterized by sustained expression of inhibitory receptors, such as programmed cell death protein 1 (PD-1), LAG-3, 2B4, CD160, and Havcr2 (TIM-3), and impaired effector functions (12) (59–61). In our study, Ifng-high effector-like CD8+ T cells also transcriptionally expressed Pdcd1, Havcr2 and Lag3. However, exhausted CD8+ T cells also transcriptionally expressed a high level of Ifng, where the implication needs to be further revealed. Of note, the dominant clonotypes of TCRs in both Gzma-high effector-like and Ifng-high effector-like CD8+ T cells were differentially induced in acute and chronic infections. In addition, consistent with the conclusion that TCR repertoire contracts over time in chronic infection (62), our data also showed narrower TCR diversity in chronic LCMV infection.

CD4+ T cells during chronic infection are heterogeneous and display developmental plasticity (18). Considering the failure to clearly define CD4+ T cell subpopulations by scRNA-seq analysis (28), we resequenced and analyzed CD4+ cells by integrating single-cell RNA-seq and single-cell antibody sequencing. Herein, we identified 7 distinct CD4+ T subtypes, including naive CD4+ T, Tfh, Treg, transition, Itgae-high Treg, proliferating CD4+ T, and Th1 cells. Multiple CD4+ T subtypes were induced higher in chronic viral infection, indicating overall activation of CD4+ T cells in chronic viral infection. Furthermore, the diversity of TCR usage was weakened in chronic viral infection from virus-specific CD4+ T cells (18).

Tfh cells provide essential support for humoral immunity by promoting the production of antibodies during viral infection (41). Chronic viral infection is associated with Th1 dysfunction and a skewed shift to Tfh differentiation (63). Consistently, the percentage of Tfh cells during chronic viral infection was significantly higher than that during acute viral infection, which was associated with robust B cell response. However, the protective roles of Tfh and B cells in chronic viral infection need further investigation. Intriguingly, the TCRs in Tfh cells were also differentially used between acute and chronic infection.

CD103 (Itgae)+ Treg cells exert more potent inhibitory functions than conventional Treg cells (42, 43). Moreover, our data showed that the percentage of Itgae-high Treg cells during chronic viral infection was significantly higher than that during acute viral infection. Again, acute and chronic LCMV infection induced different dominant TCRs in this population.

Although the comprehensive comparison of immune cells between acute and chronic viral infections was described, there still are some limitations in this study. Although the GO and GSEA data is partially supported by other methodologies, the validation of enrichment of specific genes of some immune subsets (such as Ifng high effector-like CD8+ T cells) is still needed. Regarding the immune responses to viral infection in humans, conclusions in this study based on animal models could only be referred to and need further validation in clinical practices. In addition, this study could not provide measures for clinically treating the acute viral infection or preventing the persistence of viruses, considering the complicated immune response to viral infection in humans and the strict requirements for clinical usage.

In conclusion, the longitudinal dynamics and heterogeneity of lymph node immune cells during acute and chronic viral infections were revealed by utilizing scRNA-seq, scTCR-seq, and scBCR-seq analysis. In brief, chronic viral infection induced faster and more robust NK cells, and exerted decreased but aberrantly activated pDCs at the acute phase. Simultaneously, there were significantly increased IgA+ plasma cells (MALT B cells) but differential usage of B-cell receptors in chronic infection. Regarding T-cell responses, Gzma-high effector-like CD8+ T cells were aberrantly activated and accompanied by temporally reversed gene expression profiles throughout viral infection. Chronic infection also induced more robust CD4+ T cell responses. In addition, chronic infection compromised TCR diversity in both CD8+ and CD4+ T cells but showed differential usage of most dominant TCR clonotype. Thus, this study provides new insights into longitudinal maps of immune cells during acute and chronic viral infections and clarifies transcriptional profiles and TCR/BCR repertoires of these cells after viral infection.





Data availability statement

The datasets presented in this study can be found in online repositories. The names of the repository/repositories and accession number(s) can be found below: PRJNA928568 and PRJNA922879 (SRA).





Ethics statement

The animal study was approved by The Animal Ethical and Welfare Committee of Shenzhen University (IACUC-202300026). The study was conducted in accordance with the local legislation and institutional requirements.





Author contributions

YJ: Investigation, Methodology, Writing – original draft, Formal Analysis, Visualization. YH: Methodology, Writing – review & editing, Formal Analysis, Visualization. BL: Methodology, Writing – review & editing. XZ: Methodology, Writing – review & editing. CS: Methodology, Writing – review & editing. YW: Methodology, Writing – review & editing. WH: Methodology, Writing – review & editing. YY: Methodology, Writing – review & editing. NC: Methodology, Writing – review & editing. YD: Methodology, Writing – review & editing. YO: Methodology, Writing – review & editing. YW: Methodology, Writing – review & editing. MZ: Methodology, Writing – review & editing. SX: Conceptualization, Supervision, Writing – review & editing, Funding acquisition.





Funding

The author(s) declare financial support was received for the research, authorship, and/or publication of this article. This work was supported by the National Natural Science Foundation of China (81971492, 92169103); Guangdong Provincial Key Laboratory of Regional Immunity and Diseases (2019B030301009); Shenzhen Science and Technology Program (KQTD20190929172538530); Shenzhen Fundamental Research Project (20220810153817001). Guangdong Basic and Applied Basic Research Foundation (2020A1515110742).





Conflict of interest

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





Supplementary material

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fimmu.2024.1341985/full#supplementary-material




References

1. Virgin, HW, Wherry, EJ, and Ahmed, R. Redefining chronic viral infection. Cell (2009) 138(1):30–50. doi: 10.1016/j.cell.2009.06.036

2. Zuniga, EI, Macal, M, Lewis, GM, and Harker, JA. Innate and adaptive immune regulation during chronic viral infections. Annu Rev Virol (2015) 2(1):573–97. doi: 10.1146/annurev-virology-100114-055226

3. Ford, BR, Vignali, PD, Rittenhouse, NL, Scharping, NE, Peralta, R, Lontos, K, et al. Tumor microenvironmental signals reshape chromatin landscapes to limit the functional potential of exhausted T cells. Sci Immunol (2022) 7(74):eabj9123. doi: 10.1126/sciimmunol.abj9123

4. Zander, R, Schauder, D, Xin, G, Nguyen, C, Wu, X, Zajac, A, et al. Cd4+ T cell help is required for the formation of a cytolytic cd8+ T cell subset that protects against chronic infection and cancer. Immunity (2019) 51(6):1028–42.e4. doi: 10.1016/j.immuni.2019.10.009

5. Shin, EC, Sung, PS, and Park, SH. Immune responses and immunopathology in acute and chronic viral hepatitis. Nat Rev Immunol (2016) 16(8):509–23. doi: 10.1038/nri.2016.69

6. Rex, V, Zargari, R, Stempel, M, Halle, S, and Brinkmann, MM. The innate and T-cell mediated immune response during acute and chronic gammaherpesvirus infection. Front Cell Infect Microbiol (2023) 13:1146381. doi: 10.3389/fcimb.2023.1146381

7. Daniel, B, Yost, KE, Hsiung, S, Sandor, K, Xia, Y, Qi, Y, et al. Divergent clonal differentiation trajectories of T cell exhaustion. Nat Immunol (2022) 23(11):1614–27. doi: 10.1038/s41590-022-01337-5

8. Zhou, X, Ramachandran, S, Mann, M, and Popkin, DL. Role of lymphocytic choriomeningitis virus (Lcmv) in understanding viral immunology: past, present and future. Viruses (2012) 4(11):2650–69. doi: 10.3390/v4112650

9. Jung, A, Kato, H, Kumagai, Y, Kumar, H, Kawai, T, Takeuchi, O, et al. Lymphocytoid choriomeningitis virus activates plasmacytoid dendritic cells and induces a cytotoxic T-cell response via myd88. J Virol (2008) 82(1):196–206. doi: 10.1128/JVI.01640-07

10. Cho, Y-B, Lee, I-G, Joo, Y-H, Hong, S-H, and Seo, Y-J. Tcr transgenic mice: A valuable tool for studying viral immunopathogenesis mechanisms. Int J Mol Sci (2020) 21(24):9690. doi: 10.3390/ijms21249690

11. Studstill, CJ, and Hahm, B. Chronic lcmv infection is fortified with versatile tactics to suppress host T cell immunity and establish viral persistence. Viruses (2021) 13(10):1951. doi: 10.3390/v13101951

12. Hashimoto, M, Kamphorst, AO, Im, SJ, Kissick, HT, Pillai, RN, Ramalingam, SS, et al. Cd8 T cell exhaustion in chronic infection and cancer: opportunities for interventions. Annu Rev Med (2018) 69:301–18. doi: 10.1146/annurev-med-012017-043208

13. Chen, H, Ye, F, and Guo, G. Revolutionizing immunology with single-cell rna sequencing. Cell Mol Immunol (2019) 16(3):242–9. doi: 10.1038/s41423-019-0214-4

14. Papalexi, E, and Satija, R. Single-cell rna sequencing to explore immune cell heterogeneity. Nat Rev Immunol (2018) 18(1):35–45. doi: 10.1038/nri.2017.76

15. Milner, JJ, Toma, C, He, Z, Kurd, NS, Nguyen, QP, McDonald, B, et al. Heterogenous populations of tissue-resident cd8(+) T cells are generated in response to infection and Malignancy. Immunity (2020) 52(5):808–24.e7. doi: 10.1016/j.immuni.2020.04.007

16. Chen, Y, Shen, J, Kasmani, MY, Topchyan, P, and Cui, W. Single-cell transcriptomics reveals core regulatory programs that determine the heterogeneity of circulating and tissue-resident memory cd8(+) T cells. Cells (2021) 10(8). doi: 10.3390/cells10082143

17. Giles, JR, Ngiow, SF, Manne, S, Baxter, AE, Khan, O, Wang, P, et al. Shared and distinct biological circuits in effector, memory and exhausted cd8(+) T cells revealed by temporal single-cell transcriptomics and epigenetics. Nat Immunol (2022) 23(11):1600–13. doi: 10.1038/s41590-022-01338-4

18. Zander, R, Khatun, A, Kasmani, MY, Chen, Y, and Cui, W. Delineating the transcriptional landscape and clonal diversity of virus-specific cd4(+) T cells during chronic viral infection. Elife (2022) 11. doi: 10.7554/eLife.80079

19. Khatun, A, Kasmani, MY, Zander, R, Schauder, DM, Snook, JP, Shen, J, et al. Single-cell lineage mapping of a diverse virus-specific naive cd4 T cell repertoire. J Exp Med (2021) 218(3). doi: 10.1084/jem.20200650

20. Yao, C, Sun, H-W, Lacey, NE, Ji, Y, Moseman, EA, Shih, H-Y, et al. Single-cell rna-seq reveals tox as a key regulator of cd8+ T cell persistence in chronic infection. Nat Immunol (2019) 20(7):890–901. doi: 10.1038/s41590-019-0403-4

21. Sandu, I, Cerletti, D, Oetiker, N, Borsa, M, Wagen, F, Spadafora, I, et al. Landscape of exhausted virus-specific cd8 T cells in chronic lcmv infection. Cell Rep (2020) 32(8):108078. doi: 10.1016/j.celrep.2020.108078

22. Milner, JJ, Toma, C, He, Z, Kurd, NS, Nguyen, QP, McDonald, B, et al. Functional delineation of tissue-resident cd8+ T cell heterogeneity during infection and cancer. bioRxiv (2020). doi: 10.1101/2020.03.05.979146

23. Liao, Y, Smyth, GK, and Shi, W. Featurecounts: an efficient general purpose program for assigning sequence reads to genomic features. Bioinformatics (2014) 30(7):923–30. doi: 10.1093/bioinformatics/btt656

24. Yu, G, Wang, L-G, Han, Y, and He, Q-Y. Clusterprofiler: an R package for comparing biological themes among gene clusters. Omics: J Integr Biol (2012) 16(5):284–7. doi: 10.1089/omi.2011.0118

25. Gentleman, RC, Carey, VJ, Bates, DM, Bolstad, B, Dettling, M, Dudoit, S, et al. Bioconductor: open software development for computational biology and bioinformatics. Genome Biol (2004) 5(10):1–16. doi: 10.1186/gb-2004-5-10-r80

26. Luo, L, Liang, W, Pang, J, Xu, G, Chen, Y, Guo, X, et al. Dynamics of tcr repertoire and T cell function in covid-19 convalescent individuals. Cell Discovery (2021) 7(1):89. doi: 10.1038/s41421-021-00321-x

27. Hao, Y, Li, Z, Wang, Y, Liu, X, and Ye, L. Analyzing mouse B cell responses specific to lcmv infection. Methods Mol Biol (2018) 1707:15–38. doi: 10.1007/978-1-4939-7474-0_2

28. Triana, S, Vonficht, D, Jopp-Saile, L, Raffel, S, Lutz, R, Leonce, D, et al. Single-cell proteo-genomic reference maps of the hematopoietic system enable the purification and massive profiling of precisely defined cell states. Nat Immunol (2021) 22(12):1577–89. doi: 10.1038/s41590-021-01059-0

29. Huang, J, Zhang, W, Zhao, Y, Li, J, Xie, M, Lu, Y, et al. Deciphering the intercellular communication network of peripartum decidua that orchestrates delivery. Front Cell Dev Biol (2021) 9:770621. doi: 10.3389/fcell.2021.770621

30. Wang, P, Luo, M, Zhou, W, Jin, X, Xu, Z, Yan, S, et al. Global characterization of peripheral B cells in parkinson’s disease by single-cell rna and bcr sequencing. Front Immunol (2022) 13:814239. doi: 10.3389/fimmu.2022.814239

31. Davidson, S, Efremova, M, Riedel, A, Mahata, B, Pramanik, J, Huuhtanen, J, et al. Single-cell rna sequencing reveals a dynamic stromal niche that supports tumor growth. Cell Rep (2020) 31(7):107628. doi: 10.1016/j.celrep.2020.107628

32. Zimmerman, KA, Bentley, MR, Lever, JM, Li, Z, Crossman, DK, Song, CJ, et al. Single-cell rna sequencing identifies candidate renal resident macrophage gene expression signatures across species. J Am Soc Nephrol (2019) 30(5):767–81. doi: 10.1681/ASN.2018090931

33. Kim, N, Kim, HK, Lee, K, Hong, Y, Cho, JH, Choi, JW, et al. Single-cell rna sequencing demonstrates the molecular and cellular reprogramming of metastatic lung adenocarcinoma. Nat Commun (2020) 11(1):1–15. doi: 10.1038/s41467-020-16164-1

34. Milpied, P, Cervera-Marzal, I, Mollichella, M-L, Tesson, B, Brisou, G, Traverse-Glehen, A, et al. Human germinal center transcriptional programs are de-synchronized in B cell lymphoma. Nat Immunol (2018) 19(9):1013–24. doi: 10.1038/s41590-018-0181-4

35. Ahmed, R, Omidian, Z, Giwa, A, Cornwell, B, Majety, N, Bell, DR, et al. A public bcr present in a unique dual-receptor-expressing lymphocyte from type 1 diabetes patients encodes a potent T cell autoantigen. Cell (2019) 177(6):1583–99.e16. doi: 10.1016/j.cell.2019.05.007

36. Rizzetto, S, Koppstein, DN, Samir, J, Singh, M, Reed, JH, Cai, CH, et al. B-cell receptor reconstruction from single-cell rna-seq with vdjpuzzle. Bioinformatics (2018) 34(16):2846–7. doi: 10.1093/bioinformatics/bty203

37. Li, H, van der Leun, AM, Yofe, I, Lubling, Y, Gelbard-Solodkin, D, van Akkooi, AC, et al. Dysfunctional cd8 T cells form a proliferative, dynamically regulated compartment within human melanoma. Cell (2019) 176(4):775–89.e18. doi: 10.1016/j.cell.2018.11.043

38. Chen, Y, Zander, RA, Wu, X, Schauder, DM, Kasmani, MY, Shen, J, et al. Batf regulates progenitor to cytolytic effector cd8+ T cell transition during chronic viral infection. Nat Immunol (2021) 22(8):996–1007. doi: 10.1038/s41590-021-00965-7

39. Krishna, C, Chowell, D, Gönen, M, Elhanati, Y, and Chan, TA. Genetic and environmental determinants of human tcr repertoire diversity. Immun Ageing (2020) 17(1):1–7. doi: 10.1186/s12979-020-00195-9

40. Liang, N, Chen, S, Yi, Y, Guan, Y-F, Xia, X, and Yi, X. Characteristics of T-cell receptor repertoire between lung cancer patients and healthy people. J Clin Oncology: Am Soc Clin Oncol (2019) 37(15_suppl):e20728. doi: 10.1200/JCO.2019.37.15_suppl.e20728

41. Greczmiel, U, Kräutler, NJ, Pedrioli, A, Bartsch, I, Agnellini, P, Bedenikovic, G, et al. Sustained T follicular helper cell response is essential for control of chronic viral infection. Sci Immunol (2017) 2(18):eaam8686. doi: 10.1126/sciimmunol.aam8686

42. Anz, D, Mueller, W, Golic, M, Kunz, WG, Rapp, M, Koelzer, VH, et al. Cd103 is a hallmark of tumor-infiltrating regulatory T cells. Int J Cancer (2011) 129(10):2417–26. doi: 10.1002/ijc.25902

43. Wang, X, Jaimes, M, Gu, H, Shults, K, Putta, S, Sharma, V, et al. Cell by cell immuno-and cancer marker profiling of non-small cell lung cancer tissue: checkpoint marker expression on cd103+, cd4+ T-cells predicts circulating tumor cells. Trans Oncol (2021) 14(1):100953. doi: 10.1016/j.tranon.2020.100953

44. Pallmer, K, Barnstorf, I, Baumann, NS, Borsa, M, and Oxenius, A. Nk cells negatively regulate cd8 T cells via natural cytotoxicity receptor (Ncr) 1 during lcmv infection. PloS Pathog (2019) 15(4):e1007725. doi: 10.1371/journal.ppat.1007725

45. Norris, BA, Uebelhoer, LS, Nakaya, HI, Price, AA, Grakoui, A, and Pulendran, B. Polyphasic innate immune responses to acute and chronic lcmv infection: innate immunity to acute & Chronic viral infection. Immunity (2013) 38(2):309–21. doi: 10.1016/j.immuni.2012.10.022

46. Lang, PA, Lang, KS, Xu, HC, Grusdat, M, Parish, IA, Recher, M, et al. Natural killer cell activation enhances immune pathology and promotes chronic infection by limiting cd8+ T-cell immunity. Proc Natl Acad Sci United States America (2012) 109(4):1210–5. doi: 10.1073/pnas.1118834109

47. Macal, M, Lewis, GM, Kunz, S, Flavell, R, Harker, JA, and Zúñiga, EI. Plasmacytoid Dendritic Cells Are Productively Infected and Activated through Tlr-7 Early after Arenavirus Infection. Cell Host Microbe (2012) 11(6):617–30. doi: 10.1016/j.chom.2012.04.017

48. Suprunenko, T, and Hofer, MJ. Complexities of type I interferon biology: lessons from lcmv. Viruses (2019) 11(2):172. doi: 10.3390/v11020172

49. Walsh, KB, Teijaro, JR, Zuniga, EI, Welch, MJ, Fremgen, DM, Blackburn, SD, et al. Toll-like receptor 7 is required for effective adaptive immune responses that prevent persistent virus infection. Cell Host Microbe (2012) 11(6):643–53. doi: 10.1016/j.chom.2012.04.016

50. Ng, CT, Sullivan, BM, and Oldstone, MB. The role of dendritic cells in viral persistence. Curr Opin Virol (2011) 1(3):160–6. doi: 10.1016/j.coviro.2011.05.006

51. Yoo, S, Jeong, YH, Choi, HH, Chae, S, Hwang, D, Shin, SJ, et al. Chronic lcmv infection regulates the effector T cell response by inducing the generation of less immunogenic dendritic cells. Exp Mol Med (2023) 55(5):999–1012. doi: 10.1038/s12276-023-00991-5

52. Neumeier, D, Pedrioli, A, Genovese, A, Sandu, I, Ehling, R, Hong, K-L, et al. Single-cell sequencing reveals clonally expanded plasma cells during chronic viral infection produce virus-specific and cross-reactive antibodies. BioRxiv (2021). doi: 10.1101/2021.01.29.428852

53. Bootz, A, Karbach, A, Spindler, J, Kropff, B, Reuter, N, Sticht, H, et al. Protective capacity of neutralizing and non-neutralizing antibodies against glycoprotein B of cytomegalovirus. PloS Pathog (2017) 13(8):e1006601. doi: 10.1371/journal.ppat.1006601

54. Hao, Y, Li, Z, Wang, Y, Liu, X, and Ye, L. Analyzing mouse B cell responses specific to lcmv infection. B Cell Receptor Signaling (2018) 1707:15–38. doi: 10.1007/978-1-4939-7474-0_2

55. Biram, A, Davidzohn, N, and Shulman, Z. T cell interactions with B cells during germinal center formation, a three-step model. Immunol Rev (2019) 288(1):37–48. doi: 10.1111/imr.12737

56. Akkaya, M, Kwak, K, and Pierce, SK. B cell memory: building two walls of protection against pathogens. Nat Rev Immunol (2020) 20(4):229–38. doi: 10.1038/s41577-019-0244-2

57. Pritykin, Y, van der Veeken, J, Pine, AR, Zhong, Y, Sahin, M, Mazutis, L, et al. A unified atlas of cd8 T cell dysfunctional states in cancer and infection. Mol Cell (2021) 81(11):2477–93.e10. doi: 10.1016/j.molcel.2021.03.045

58. Hashimoto, M, Kamphorst, AO, Im, SJ, Kissick, HT, Pillai, RN, Ramalingam, SS, et al. Cd8 T cell exhaustion in chronic infection and cancer: opportunities for interventions. Annu Rev Med (2018) 69:301–18. doi: 10.1146/annurev-med-012017-043208

59. Jiang, W, He, Y, He, W, Wu, G, Zhou, X, Sheng, Q, et al. Exhausted cd8+ T cells in the tumor immune microenvironment: new pathways to therapy. Front Immunol (2021) 11:622509. doi: 10.3389/fimmu.2020.622509

60. Kurachi, M. Cd8+ T cell exhaustion. Semin immunopathology (2019) 41(3):327–37. doi: 10.1007/s00281-019-00744-5

61. Sandu, I, Cerletti, D, Claassen, M, and Oxenius, A. Exhausted cd8+ T cells exhibit low and strongly inhibited tcr signaling during chronic lcmv infection. Nat Commun (2020) 11(1):1–11. doi: 10.1038/s41467-020-18256-4

62. Chang, YM, Wieland, A, Li, ZR, Im, SJ, McGuire, DJ, Kissick, HT, et al. T cell receptor diversity and lineage relationship between virus-specific cd8 T cell subsets during chronic lymphocytic choriomeningitis virus infection. J Virol (2020) 94(20):e00935-20. doi: 10.1128/JVI.00935-20

63. Vella, LA, Herati, RS, and Wherry, EJ. Cd4(+) T cell differentiation in chronic viral infections: the tfh perspective. Trends Mol Med (2017) 23(12):1072–87. doi: 10.1016/j.molmed.2017.10.001




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 © 2024 Jin, He, Liu, Zhang, Song, Wu, Hu, Yan, Chen, Ding, Ou, Wu, Zhang and Xing. 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-15-1341985-g001.jpg
i 2x105 PFU LCMV-Arm, i.p

2x108 PFU LCMV-CI13, iv
Day0 Day4 Day8 SCTCR-seq
scBCR-seq
)

QN
O
Facs 4 AL
CD45* cells

Plasma tells

|

Lymph nodes

UMAP_1

Sequencing  Bioinformatics Analysis

c D CI13
2z-score
NKcells{o @ o e 0 © NK cells
1 —~
Plasma cells [ X X ° ' 0 R ® Plasma cells
Myeloid cell R ) ) %' ® Myeloid cells
Bl . % expression - ® B lymphocytes
cells . ¥ * *25 [
50 £ T lymphocytes
T cells| °00 @7
TOR--OLOND Ow OB N
ST FRANYSON=O TO® O
2§SEREREIRR3RER T4 s o)
5= ¢ o=
E F
D4 0
Arm Ci13
8 *
" X
D06
g2
4.09 6.20 2 ﬁ
x4
go
<
4 e,
7] ES
».
0 ;
H 0 4 8 30 (Dpi)
G D8 »
Am cn3 g 10 ud Il Arm
] s g W ci13
w2
3.46 1 8.66 S 8 g
] ; o8
204
i 80
< 1 O
e i a2
[a) o
[ i S —— ey ey Q 0
CD138-PE m——————————— B 0 4 8 30 (Dpi)





OEBPS/Images/fimmu-15-1341985-g004.jpg
% of V gene in IGHV (%)

m

IGHV8-8*01 ‘\

IGHV1-81*01

B cells_Acute_Heavy_V gene clonotypes

W IGHV14-4*01 1.67 %
0 IGHV1-15*01 1.73 %
M IGHV5-17*01 1.75 %
IGHV1-53*01 1.78 %
IGHV1-18*01 2.09 %
0 IGHV1-72*01 2.22 %
GHV1-50*01 2.3 %
IGHV14-2*01 2.38 %
IGHV1-81*012.41 %
IGHV1-69*01 2.46 %
IGHV1-52"01 2.46 %
IGHV1-80"01 2.51 %
GHV1-55*01 2.56 %
W IGHV1-9*01 2.75 %
~ IGHV8-8"012.88 %
W IGHV3-6*012.88 %
IGHV9-3*01 3.14 %
IGHV1-64*01 3.79 %
IGHV1-82*01 4.6 %
IGHV1-26*01 5.07 %

Plasma cells

M Am
mc13

IGHV1-4*01

IGHV9-3*01
GHV14-4*01

1GHVA-76*0 1
IGHV1-64*01 [

IGHV8-8*01
IGHV14-2*01
IGHV1-80*01

1GHV1-26°01

GHV1-42*01

GHV1-55°0 1 [
[ ™
-

IGHV1-69*01 [

GHV8-12*01

GHV1-72*01
IGHV1-50*0

Plasma cells from Arm vs. Cl13

IGHJ2*01,, 212,
> ”v\€|GHJ4*o1

\JGHJ1'03

IGHV1 -26‘01\
\

\=
IGHV9-3*01 °% o ® s
GHIVO-=310 IGHV14-2*01

- IGHV1-82*01

o

% of V gene in IGKV (%)

A
N o

o o

o M o
o o o

B cells_Chronic_Heavy_V gene clonotypes

M IGHV8-12*01 1.93 %
B IGHV5-17*01 1.93 %
MIGHV1 —52:01 1.95 :A:
Sl
M IGHV1-76*01 2.07 %
M IGHV1-55%01 2.09 %
M IGHV14-2*01 2.16 %
B IGHV1-9*01 2.19 %

£ GV 1-79°01 242
i =72*012.42 %
W IGHV14-4*01 2.66 %
© IGHV1-80*01 2.89 %
i IGHV8—8:01 2.92 :A;

B
W IGHV3-6*01 3.15 %

W IGHV1-81*01 3.41 %
W IGHV1-82*01 4.29 %
W IGHV1-26*014.82 %

Plasma cells

W Am
W3

505555505000000000
o, 8= ~ - o P (=3 o 0 oMo
-~ 9 o N ™ -~ ® o |
TedY R é 10163
= 9 ~ ~ c>c o
£2%3 $s8 $6csceC
0z 9§ 55 0=00
Q
F
Plasma cells from Arm vs. CI13

IGKJ5*01

2 4 8
1GKJ2*01 L 1GKJ1*01

\~IGLJ1'01
IGLV1*01 |






OEBPS/Text/toc.xhtml


  

    Table of Contents



    

		Cover



      		

        Single-cell RNA sequencing reveals the dynamics and heterogeneity of lymph node immune cells during acute and chronic viral infections

      

        		

          Introduction

        



        		

          Methods

        



        		

          Results

        



        		

          Discussion

        



        		

          Introduction

        



        		

          Materials and methods

        

          		

            Mice and LCMV infection

          



          		

            Viral titer quantification

          



          		

            Lymph node dissociation and cell preparation

          



          		

            Library preparation and scRNA-seq

          



          		

            Functional enrichment analysis of GO and KEGG

          



          		

            Gene set enrichment analysis

          



          		

            Flow cytometry analysis

          



          		

            qRT-PCR analysis

          



          		

            ELISA analysis

          



          		

            scTCR and scBCR sequencing using BD rhapsody

          



          		

            scTCR-seq and scBCR-seq analysis

          



          		

            Statistical analyses

          



        



        



        		

          Results

        

          		

            Single-cell analysis of dynamic changes in immune cells over the course of acute and chronic infections

          



          		

            Cluster analysis of myeloid cells showed a diminished number but aberrant activation of pDCs during chronic infection

          



          		

            B-cell analysis showed that chronic viral infection is more inclined to activate the mucosal immune response than acute viral infection

          



          		

            The clonal diversity of B cells revealed by scBCR-seq during acute and chronic infections

          



          		

            T-cell cluster analysis indicated that Gzma-high effector-like CD8+ T cells have different genetic features and clonal diversity during acute and chronic infections

          



          		

            The clonal diversity of CD8+ T cells revealed by scTCR-seq during acute and chronic infections

          



          		

            The clonal diversity of CD4+ T cells revealed by scTCR-seq during acute and chronic infections

          



        



        



        		

          Discussion

        



        		

          Data availability statement

        



        		

          Ethics statement

        



        		

          Author contributions

        



        		

          Funding

        



        		

          Conflict of interest

        



        		

          Supplementary material

        



        		

          References

        



      



      



    



  



OEBPS/Images/crossmark.jpg
©

2

i

|





OEBPS/Images/fimmu-15-1341985-g006.jpg
Arm_total beta gene clonotypes

Il TRBV23*01 0.3 %

ClI13_total beta gene clonotypes

RBV13-1*01 0.46 %

& & Natig [ TRBV2'01 1.62% RBV31°01 0.56 %
I TRBV31%012.27 % I TRBV2°01 1.09 %
® Dg Am B TRBV14°01 317 % | TRBV26°01 1.93 %
z B TRBV17°01 337 % TRBV1501 2,39 %
g1 ApsCi3 I TRBV26°013552 % TRBV20*01 2,51 %
£ [ TRBV15°01 427 % TRBV4*01 2.8 %
o 10.04 B TRBV5014.54 % TRBV12-1°012.9 %
o TRBVA*01477 % TRBVA7°01 3.17 %
§ 10 TRBV20°01 5.06 % TRBV1°01 4.63 %
£ TRBV1°01 5.14 % TRBV12-2°01 5.56 %
g TRBV29°01 5.21 %  TRBV13-1%02 5.63 %
» TRBV12-1%015.21 % I TRBV14*01 6.02 %

RBV19*01 6.14 %
RBV29*01 6.6 %
RBV16*01 7.19 %
RBV13-3*01 8.55 %
RBV5*01 9.14 %
TRBV3*01 9.58 %
TRBV13-2*01 11.92 %

TRBV12-2*015.24 %
TRBV13-1*02 6.91 %
TRBV13-3*017.24 %
TRBV19*01 7.36 %
TRBV3*01 7.46 %
TRBV16*01 7.49 %
TRBV13-2*01 8.61 %

E

CD8*T cells

Gzma high effector-like CD8* T 7%
TQMJ TRBJ2-1*01
TRBJ1-1*0] 2~ - I~

125

>
10.0 MoDsAm

Wosci3
: TRBJ2-3*01
I. LL.LIJL-Tmmfml

{_TRBJ2-5*01

~
o

“TRBJ1-4*02

% of V gene in TRB!
o

25 }V
/TRBV16'01
e R 3 §
gL EPePRPPRRPRPRPERRPYR TRBV29*01
2P2822783Tra38cgesgy - TRBV19'01
S>o@m>>>0>pNeN>n>n>n > TRBV20*01 *~ P
Po>ERRRSPES>-RRERERERS TRBVIS01 7
EFagFEEEQErFragoErrERERFER TRBV3*01
: BTOEERE F

b
9}

TRBJ2-1*01

2 15
9 i

\g\TRBJ1-5*o1

'{_TRBJ2-5°01
{. TRBJ2-7*01

M D8 Arm

D8 ci3 TRBJ1-1*01

% of V gene in TRBV

16 Ifng high effector-like CD8* T
12
8 i il

) Ik v
| |9 TRBV133+01
55555598555885855858°¢8 TRBV12-2*0$°\\ TREV20°01
Y292 R223;s5223¥858 3588 ¢ e
e i@ 22 B3 e 823 S22z22%23 3 TRBV13-201 F5===<"" TRBV15*01
é»-égn-gén-ggéggggégg.- TRBV5*01 TRBV3*01
= [= [= [= =

Mos Am

Woscis

12D-2*01

8D-2*03





OEBPS/Images/fimmu-15-1341985-g007.jpg
A 2 100 c
Wc1Th 1090 e L4 ® © © z-score
Wi C2: Proliferating CD4* T c2l@ o @ - Q@P:-ccce-0¢ 2
e I C3: Itgae high Treg c3le ...“ JPS 1
s [ C4: Tansition cells ca ) oo
§ [/ C5: Treg : 60 Kl
g 50 : cs SERY BT XY N ,
[ C6: Thh % expression
g c6 o BCRRY Y ) P
2 I CT7: Naive CD4* T .25
%5 cr 000 o5
9T PALEREELELEs OF
SoXECSE3REIRBBR3=4
o ™ = ™ O0gL pLBE=--¢ g0
UMAP_1 meeep Naive Arm CI13 E
D E Arm_Beta gene clonotypes CI13_Beta gene ClOnOtgl’_l;:;VZyO‘l 076%
: i .
® Naive B Rovaso1 a0 TRBVIT'01 1119 "f:
z . |1080 1078 "DEAM =$§g¥}‘2v_011*31.419é@% TRBV2°012.50 %
1M o ] AD8CI13 WTRBV12-2011.72 % TRBV12-2°012.64 %
£ | TRBV29*01 2.38 % M TRBV12-1°012.81 %
° TRBV2°01 3.47 % JrRevzo 302 e
p : 9 _
s 10 TRBV20/01 4 36 % - I TRBV20*01 4.21 %
c i i K
5 TRBV26*01 4.47 % 4 TRBV15*01 4.59 %
2 TRBV13-1702 4.53 % / TRBV1%01 4.96 %
@ TRBV15*01 5.01 % y TRBV13-1*025.34 %
: TRBV16°01 5.47 % y TRBV26016.04 %
WTRBV1*016.62 % MTRBV5'01660%
e Rt
! . o
. BIRBVS01 867 %" TRBV31+01 7.88 %
CD4*T cells 5401 8.51 % 1
TRBV19°01 8.54 % TRBV3*017.93 %
TRBV3*01 9.2 % TRBV19*01 8.31 %
G TRRV13-2*01 10.4% TRBV13-2*01 8.42 %

TRBJ1:3701, TRBJ2-4*01

MpsAm TRBJ2- 7V & TREJ2-501
Moscit3 \
TRBJ1-1 ’Of/ \iTRBJ2-2‘01
hlil....... - oo
)

% of V gene in TRBV
I S
O O
B =

EDEDE-FEQEEEFFEDFRE TRBV31*01
| [ = = J
ltgae high Treg Mg am TRBY1-2:01

TRBU2-7'01 st =i TRBU1-4°02

< TRBJ2-2'01
\=TRBJ2 -1701
\.TRBJ2-5*01

TRBV13-1402 1\ “TRBV12-201

TRBV16*01

o
S

% of V gene in TRBV

N oo N3

[5)] o (5] o
Trev13-2+01

Jmi

TRBV5*01+

| \
TRBV19 01 n'r’/TRBvs 55

TrRev19'0! I Tr5v13
TrRev16+01 [
TrReva+o1

TRBV13-3*01

reva1o1 [ R
TrRBV12-201 [
TrReV1501 -
TRBV4*0 |

TRBV12-1*01

TrRBV14+01 [

TRBV23*0
TrRv13-101 |l

TRBV2+01
TrBV29+01 [l

TRBV13-1*02
TRBV20*01

TRBV26*01

TRBV13-2°01 * TRpvi501

Fo
-
E
K
&
>
3
o
&
o
@

-

Itgae high Treg






OEBPS/Images/fimmu-15-1341985-g002.jpg
Neutrophils| e ® ® . ® - ® z-score
Proliferating DC eee - - - . © e 2
1
cDC1 cee . (X ] 0
Activated DC . XY} =1
pDC LL AR % expression
cDC2 c - 00 X ) 0
25
Monocyte/macrophage T XXX ) ; ;g
QO ®© Nhl\g TN M X msﬁ:%%lﬁ UQ(BNh
STTINSEQENTSHOTOEHESHEEQO 52N @
SSSEESaERESEEGEALSTREEING
5o ] 3 & g <
c D
I Neutrophils
| Proliferating DC
M cDC1 pDC
< [ Activated DC 30 - Arm
S 1 pDC = CH13
& [ cDC2 =
% ~ Monocyte/macrophage ‘35 20
15} c
= g
g
210
0 ;
0 4 8 30 (Dpi)

GOMF_Cytokine activity
NES=2.19 FDR=0.012

AN R

Arm CI13

D8 Arm

30 (Dpi)
E D8 G
Arm Cl13
2
[
] €
F=
£
£ I
° o
2 £
? S
L - o
SiglecH.éV42‘] ——————
B 2
F = 1 D8CiH3
x20
*% c =
w25 —_ g
9 8 20 . 3000
a0
LT515 .
20 c 05
S % 7} |
»g10 E o4
=g £ 003
c S €5
= W op.2
o0
0 £ 0.1
0 4 8 30 (Dpi) € oo
€ o
14

D8 CI13

Metric
=0 AN

Ranked List

KEGG_TOLL like receptor signaling pathway

6000 9000

1200g\rm Cl13
Ccl4

NES=1.92 FDR=0.017

D8 Arm

3000

6000 9000 12000





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





OEBPS/Images/fimmu.2024.1341985_cover.jpg
& frontiers | Frontiers in Immunology

Single-cell RNA sequencing reveals the
dynamics and heterogeneity of lymph node
immune cells during acute and chronic viral

infections





OEBPS/Images/fimmu-15-1341985-g003.jpg
Ighg2c high plasma cells
4 ht T&Bcells| @ ® @ « « « @ e e zscore
Follegapacolle | ORRG Ighg3 high plasma cells [ ) o0 2
Ighv1-82 high plagma cells 1
9 gnp pe. Ighg2b high plasma cells [ ] o0 0
. 3 %’ Ighv1- 82 high plasma cells . N Y X ) 1
MALT B cells MALT B cells ®-00 % expressior
oo GC B cells in the DZ @ e o @® o - °25
Ighg2b hlgh*}‘plasrl(é,ce Is GC B cells in the LZ ; c 0 0@ ¢ 3?2
GC Bcells in the LZ g%é Ighg2c high plasma cells 'Y X ) @100
A . Ighg3 higilasma cells Follicular B cells eeooe
.. T&B cells
oy ST NN T QG O% .- ® 2 ® DD
> MWQQQNEN&QE'UNO‘O-E
the DZ 88@;5%:9%:?'5“%3“"%39
E) o 2
Arm Ci3 b
100 T T T T
1 1 788 cells
75 : : | Ighg3 high plasma cells 15 MALT.B.cslls
I : : -Igh92b high plasma cells --Arm
= | 1 M 1ghv1-82 high plasma cells __ =Cl13
£ 50 ! i MALT B cells 810
g ! : i M GC B cells in the DZ g
& i ] ! M eeBcellsin the LZ ] .
25 i ] | {7 1ghg2c high plasma cells 2
\ b i : Follicular B cells
1 1 1 1
0 1 1 ! ! 0 i
0 4 8 300 4 8 30 (Dpi) 0 i s 30 (Bpi)
E F
Arm Ci13
8
] 1 > - A
P [_Jelik]
s|J b E
3 3.81 6.33 @
5 4
2| ] 2
= 2
e ey ey ey e T — 0 i
0 4 8 30 (Dpi)
IgA-FITC

0.6 Serum IgA ® Arm

0D450






OEBPS/Images/fimmu-15-1341985-g005.jpg
100

~
o

Frequency (%)
o
o

25

eC1:

®C2:
®C3:
®C4:
©®C5:
®cC6:
OCT7:
®cCs:
“co:

1
1
1
1
! 1
4

®C10:
ecCc11:
®C12:
©C13: Tfh
®C14:
®C15:
@c16:
©cC17:
©C18:

Ifitm1 high effector-like CD8* T
Xcl high CD8* T

Effector gamma delta T
Ighg2c*Cd3g+ T
Exhausted-like CD8* T
Doublets

Ifng high effector-like CD8* T
Gamma delta T

Ccl5 high transition cells
Gzma high effector-like CD8* T
Treg

Ncl high CD8* T

Effector-like CD8* T

Ly6c2 high transition cells
Proliferating CD8* T

Ifit3 high CD8* T

Ccl5 high effector-like CD8* T

: SR
: Naive i

UMAP_1 0 8 30(Dpi)
G D D8

Gzma high effector-like Arm Ci13 Arm Ci13

cD8* T AR T 2 15
_10 =13 8 o 2
g8 5 2 am .
e - O
Sa ' < 8 5
o < £
02 £ N €
w N [4)

0 ™ ™ T ,0 r T x 0

0 4 8 30 (Dpi) CD8-BV605 D4 D8
F
E Bst2 I é 5
Eif2ak2 @
Eif2ak2 GO BP_Response to virus Iflt1 a I_?.5
GO BP_Response to virus it1 0.5 NES=2.32 FDR=0.028 ! -
NES=-2.36 FDR=0.000 04 Ifit2

QLTI WL L

Ranked List Running Enrichment

s 1.0
£ 05 pacins
205 D4 Arm
-1.0
2000 4000 6000
G
- GOBP_Response to type | interferon
S NES=2.33 FDR=0.003
g 0.6
=
u:J g 04
g o2
€ 00
{ =t
4
; u
2 10
2205/ D8NS
ggo.o
§ ~0.5 D8 Arm
2000 4000 6000

Ifit2
Ifit3
Irf7
1sg15

1sg20

Lgals9
Parp9
Pml

Rtp4
Zbp1

Arm CI13

1sg15
Samhd1
Zbp1
Irf7
Ifit1
Usp18
Sp100
Mx1
Ifitm3
Stat1
Adar
Oas3
Ifi27
Stat2

g

£

5,03 1fit3

5 50.2 Irf7
2701 1sg15

§ _8'(1) ‘ 1sg20

& ||| LR Lglsg
- Parp9
Z 10 P
35 0.5 psci13
£200

€305 D8 Arm
= 1000 2000 3000 4000 5000 6000 , (.4

H Diia n 5

Myc

- . Oct 4 I3
£ GOBP_ATP metabolic process Ndu¥517

g 00 NES=-2.37 FDR=0.000 i
$ Ndufb5
§5° NS
=Y SIc25a33
£-04 Ndufs5
- s
A TN AT T

B 1,

§ é (1).g D8 CI13

E é’_g:g D8 Arm

2000 4000 6000






