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Background: Resident phenotypic memory CD8+ T cells are crucial for immune defense against pathogens. However, little is known about the potential transitions and regulation mechanisms of their function after influenza virus infection and reinfection. In this study, we utilized integrated transcriptome data and in vivo experiments to investigate the key characteristics behind it.

Methods: Two single-cell RNA sequencing (scRNA-seq) datasets of lung CD8+ T cells and one RNA-seq dataset of lung tissue after infection or reinfection were included. After Seurat procedures classifying CD8+ T subsets, the scCODE algorithm was used to identify the differentially expressed genes for GSVA, GO, and KEGG pathway enrichment. Monocle 3 and CellChat were used to infer pseudotime cell trajectory and cell interactions. The ssGSEA method was used to estimate the relative proportions of immune cells. The findings were confirmed with a mouse model via flow cytometry and RT-PCR analysis.

Results: Our study refined the landscape of CD8+ T-cell subsets in the lung, showing that CD8+ Trm cells accumulated in the lung within 14 days after influenza infection. The classical CD8+ Trm cells co-expressed a high level of CD49a and even maintained 90 days after primary infection. The ratio of CD8+ Trm cells decreased 1 day after influenza reinfection, which may be parallel with their potential transition into effector types, as observed in trajectory inference analysis. KEGG analysis suggested that PD-L1 expression and PD-1 checkpoint pathway were upregulated in CD8+ Trm cells on day 14 after infection. GO and GSVA analyses revealed that PI3K-Akt-mTOR and type I interferon signaling pathways were enriched in CD8+ Tem and Trm cells after reinfection. Additionally, CCL signaling pathways were involved in cell interaction between CD8+ Trm cells and other cells, with Ccl4-Ccr5 and Ccl5-Ccr5 ligand/receptor pairs being important between CD8+ Trm and other memory subsets after infection and reinfection.

Conclusion: Our data suggest that resident memory CD8+ T cells with CD49a co-expression account for a large proportion after influenza infection, and they can be rapidly reactivated against reinfection. Function differences exist in CD8+ Trm and Tem cells after influenza infection and reinfection. Ccl5-Ccr5 ligand/receptor pair is important in cell interactions between CD8+ Trm and other subsets.
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1. Introduction

Influenza is still a major public health burden and continues to cause up to 5 million cases of severe illness and 650,000 deaths annually around the world (Paules et al., 2018; van de Wall et al., 2021). Persistent mutations of the influenza virus have posed a great challenge to vaccines that rely on the induction of strain-specific antibodies, which could provide little to no protection against mismatched viruses. T cells recognize internal and more conserved parts of the influenza virus that are far less prone to mutation (Yewdell et al., 1985; Belz et al., 2000). Therefore, more and more researchers are paying attention to T-cell immunity (Pizzolla and Wakim, 2019).

Protection of T-cell response mainly depends on immunological memory, which can respond more rapidly and effectively to pathogens if they are encountered again (Zheng and Wakim, 2022). Memory T cells can be broadly categorized into three main populations: central memory T cells (Tcm), effector memory T cells (Tem), and tissue-resident memory T cells (Trm) based on phenotype, localization, and function (Yuan et al., 2021). In contrast to the circulating subsets, Trm cells stably locate along the respiratory tract characterized by T-cell activation marker CD69 and integrins such as CD103 and/or CD49a (Topham and Reilly, 2018). CD8+ Trm cells are considered the first line of defense in peripheral tissues against pathogens (Yuan et al., 2021). CD8+ Trm cells can produce chemokines after local tissue activation and recruit non-antigen-specific T cells to exert natural effector functions (Schenkel et al., 2013; Ariotti et al., 2014). Recently, it has been illustrated that mice with CD103+ Trm cells in the lung exhibit more rapid viral titer decline and lighter weight loss following heterosubtypic infection (Wu et al., 2014; Schmidt and Varga, 2018).

Due to the crucial role of CD8+ T cells residing in the lung, especially Trm cells, in protecting against pathogen re-encounter, it is vital to investigate the dynamic changes and functional transformation of these cells during the memory phase after infection and the early stages of reinfection. Identifying key factors and potential roles of CD8+ Trm cells in these processes is of the utmost importance. It has been indicated that lung Trm cells show high baseline levels of mRNA encoding inflammatory signals, such as granzyme B, IFNγ, and TNF, during homeostasis, even without stimulation (Hombrink et al., 2016; Oja et al., 2018; Lange et al., 2022). Furthermore, CD8+ Trm cells can rapidly release abundant inflammatory cytokines and chemokines including IFNγ, TNFα, CCL-3, and CCL-4 and cytotoxic granules such as perforin and granzyme B upon reactivation (Schenkel et al., 2013; Ariotti et al., 2014; Hasan and Beura, 2022). However, the characteristics of CD8+ Trm cells described above are mainly related to effector phenotype cells, whether the cell state can be transformed in immune responses against reinfection has not been explicated. Additionally, the roles of the chemokines mentioned above in resident memory cells still need to be uncovered.

In this study, single-cell RNA sequencing (scRNA-seq) and bulk RNA sequencing (bulk RNA-seq) analysis were employed to present a comprehensive landscape and delicate details of the transcriptomic profiles. We applied scRNA-seq data of mice lungs to characterize the CD8+ cell subsets, especially CD8+ Trm cells, with gene expression characteristics, developmental trajectories, and cell communication post-influenza infection and reinfection. Meanwhile, we used publicly available bulk RNA-seq data to analyze immune cell infiltrations between first infection and reinfection. We further confirmed the findings with a mouse model via flow cytometry, enzyme-linked immunosorbent assay (ELISA), and RT-PCR analysis.



2. Materials and methods


2.1. Data collection and preprocessing

We obtained the datasets GSE183890, GSE186839, and GSE194058 from the Gene Expression Omnibus (GEO) database (http://www.ncbi.nlm.nih.gov/gds/). We converted the RNA-seq dataset to transcripts per kilobase million (TPM) for further analysis. The scRNA-seq data in GSE186839 consists of CD8+ T cells isolated via fluorescence-activated cell sorting (FACS) from mouse lung samples of day 0 (D0), day 7 (D7), and day 14 (D14) after influenza infection.

We also downloaded the annotation expression matrix of the GSE194058 dataset which was processed in published article (MacLean et al., 2022). This dataset included the expression profiling of CD45+ cells in the lungs at 42 days post-primary infection and 1 day after reinfection (referred to as resting and rechallenged in the analysis; shown in Supplementary Figures 1A, B). We also analyzed dataset GSE183890 for immune cell infiltrations, and processing details are shown in Supplementary methods.

All of these datasets were imported and processed using the R package Seurat. Details of the included datasets can be found in Supplementary Tables 1, 2.



2.2. scRNA-seq data processing

First, we applied quality control standards to remove low-quality cells from the Seurat object that included data in GSE186839. Processing details are shown in Supplementary methods. In addition, we created a Seurat object for CD8+ T cells in GSE194058 by extracting data from an h5ad file that contained annotated information (Supplementary Figures 1A, B).

All integrated data were normalized, scaled, and processed using principal component analysis (PCA). We further visualized the data and clustered it using the T-distribution stochastic neighbor embedding (t-SNE) and uniform manifold approximation and projection (UMAP) methods.

We identified subpopulations of CD8+ T cells by examining the expression of canonical markers, including Cd3d, Cd3e, Cd4, and Cd8a, to separate CD8+ T cells from other cell types. We next used Ccr7, Sell (CD62L), Il7r (CD127), Klrg1, and Cd44 to separate naive and effector T cells (Eff) from memory T cells. Furthermore, we combined Cxcr3, Itgae (CD103), Cd69, and Itga1 (CD49a) to divide memory T cells into classical Tcm, Tem, and Trm subsets; and Gzma, Gzmb, Lag3, Pdcd1, Mki67, and Stmn1 to portray details.



2.3. Detection of differentially expressed genes and pathway analysis

Differentially expressed gene (DEG) analysis was conducted using the R package scCODE (Zou et al., 2022) and selected with the thresholds of fold change (FC) > 0.7 and an adj. p-value of < 0.05. Furthermore, gene ontology (GO) categories and the Kyoto Encyclopedia of Genes and Genomes (KEGG) pathways were analyzed using the enrichGO and enrichKEGG functions in the R package ClusterProfiler (Yu et al., 2012), and a p-value of < 0.05 was considered statistically significant. Additionally, gene set variation analysis (GSVA) was performed to assess potential changes in pathway activity in each sample using the GSVA package based on gene collections hallmark (H) gene sets from the Molecular Signatures Database (MSigDB, https://www.gsea-msigdb.org/gsea/msigdb/index.jsp).



2.4. Analysis of infiltrating immune cells

The ssGSEA algorithm (Barbie et al., 2009) was performed to estimate the relative composition of different immune infiltrating cells based on mRNA expression data in immune gene sets, details shown in Supplementary methods. The gene sets used in this article were cited from Charoentong et al. (2017).



2.5. Trajectory analysis

To determine the trajectory of CD8+ T cells in scRNA-seq databases, we used Monocle 3 (Cao et al., 2019a). The data were processed, and a graph-based trajectory inference function was used to generate the trajectory tree. Cell clustering and annotation were performed using Seurat, as described earlier. Once the cells were ordered along the trajectory, genes were identified to describe function changes in pseudotime.



2.6. Cell–cell interaction analysis

To assess cell–cell interactions between CD8+ Trm cells and other cell populations, we utilized the recently developed CellChat (Jin et al., 2021) platform. Information flows for each signaling pathway, defined as the communication probabilities among all pairs of cell groups in the inferred network, were calculated and compared between conditions. In order to explore changes in specific signaling pathways underlying the global alterations, we analyzed and compared CD8+ Trm cell–cell communications with other subsets between different conditions.



2.7. Mice and reagents

Six to 8-week-old male wild-type C57BL/6J mice from Beijing Vital River Laboratory were used in all the experiments. All animal studies and procedures were approved by the Chinese Center for Disease Control and Prevention. Mice were anesthetized before intranasal (i.n.) inoculation with 1,500 plaque-forming units (PFU) of A/Puerto Rico/8/34 (PR8) for influenza primary challenge. For rechallenge, mice were reinfected with 107 PFU of PR8. Virus titers were determined as previously described (Wu et al., 2014).



2.8. Preparation of single-cell suspensions and flow cytometry

To obtain the single-cell suspension, we cut the lungs into small pieces and incubated them with collagenase (125 U/ml) and deoxyribonuclease (0.1 mg/ml) for 1 h at 37°C. Next, we enriched the samples by centrifugation in a 40/70% Percoll gradient to isolate lymphocytes. To assess Trm cells, lung samples were analyzed by flow cytometry. An intravascular (iv.) stain with anti-CD8b antibody was applied prior to euthanasia to distinguish CD8+ T cells in the tissue (iv. −) from those remaining in small capillary beds (iv. +).

After blocking unspecific binding with αCD16/32, the fluorophore-conjugated antibodies in this study included CD3, CD8a, CD44, CD62L, CD69, CD103, CD49a, PD-1, CCL5, and CCR5 from BioLegend or Tonbo. The samples were analyzed using a CytoFLEX LX (Beckman Coulter), and data analysis was conducted using FlowJo v10 software (TreeStar).



2.9. RNA extraction and RT-PCR analysis

RNA was extracted from the homogenized lung tissue, and 1 mg of purified RNA was then reversely transcribed into cDNA. The cDNA was then subjected to RT-PCR analysis using SYBR Green, with other processing procedures listed in the Supplementary methods. The results were normalized to the expression of glyceraldehyde-3-phosphate dehydrogenase (GAPDH). The relative mRNA expression level was quantified using the 2−ΔΔCt method. The relative levels of mice Ccr5, Ccl5, and Ccl4 were detected with reverse transcription primers, listed in Supplementary Table 3.



2.10. Chemokines detection

To determine the levels of Ccl4, Ccl5, and Ccr5 in the lung supernatants collected from the experiments described above, ELISA kits from Multi Sciences and ELK Biotechnology were used. The detection limits were 16 pg/ml for Ccl4 and Ccl5 and 0.16 ng/ml for Ccr5.



2.11. Statistical analysis

Unpaired two-tailed Student's t-tests were used to evaluate simple two-group comparisons. *P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001 represented significant statistical differences. Statistical analysis of data was performed using GraphPad Prism 8 (GraphPad Software Inc.).




3. Results


3.1. The immune landscape of CD8+ T cells during the memory phase after influenza infection

To investigate the dynamic characteristics of memory CD8+ cells in the recovery phase, with a particular focus on the tissue-resident memory CD8+ T subsets (CD8+ Trm), we analyzed scRNA-seq data from GSE186839, which included CD8+ T cells from day 0 (D0), day 7 (D7), and day 14 (D14) after influenza infection. Eight transcriptionally distinct clusters using known cell-type markers were identified and two subpopulations could not be identified as any canonical cell type according to a combination of different marker genes (Figures 1A, C). The proliferation effector CD8 T cells were characterized with Mki67 and Stmn1 expression. Naive CD8 T-Itgae expression cells were consistently marked by Sell, Ccr7, and Cd44, and enriched Itgae.
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FIGURE 1
 Single-cell transcriptomic analysis of CD8+ T cells after influenza infection. (A) UMAP map presents major CD8+ T-cell subsets in the left panel and the composition of major T-cell subsets of three conditions in the middle panel. The bar plot displays the proportion of cell types separated by conditions in the right panel. (B) Three main memory cell types (tissue-resident memory, effector memory, and central memory) are presented in separate graphs along with their respective proportion under different conditions. (C) The dot plot shows the expression distribution of canonical cell markers in CD8+ T-cell subsets after annotation in (A).


We then compared the proportion of each cell type across D0, D7, and D14 (Figure 1A). The proportion of infiltrating naive T cells (NT) decreased markedly at D7 and D14 compared to D0, while the proportion of effector cells (Eff) increased from 0.75% at D0 to 3.4% at D7. CD8+ Trm and Tem cells exhibited a substantial increase at D14 (Figure 1B).



3.2. The immune landscape of CD8+ T cells during the early phase post-influenza reinfection

To explore the difference in infiltrating immune cells, especially CD8+ T cells, during the early phase of first infection and post-influenza reinfection, we used the ssGSEA algorithm on the transcriptome data of lung samples collected 3 days post infection and reinfection (GSE183890). We found that activated CD8 T cells were differentially distributed in reinfection compared with primary infection (Figure 2A and Supplementary Figure 1E), which suggests that CD8+ T cells play a critical role during the early phase of reinfection.


[image: Figure 2]
FIGURE 2
 Single-cell transcriptomic analysis of CD8+ T cells after reinfection. (A) ssGSEA was performed to estimate the relative proportions of cell subpopulations in PR8_PR8challenge_3dpi and mock_PR8challenge_3dpi samples. (B) CD8+ T-cell clusters are colored by cell-type annotation in UMAP: the total corresponding cells (left panel) and the different conditions (rechallenged and resting in the right panel). (C) The dot plot shows the expression distribution of canonical cell markers in CD8+ T-cell subsets in (B). (D) Three main memory cell types (tissue-resident memory, effector memory, and CD49a expression memory) are presented in separate graphs along with their respective proportion under different conditions.


Using the annotated GSE194058 dataset, which included lung CD8+ T cells at 42 days after the first infection (resting) and 1 day after reinfection (rechallenge), we proceeded to characterize CD8+ T cells during reinfection, which were further classified into nine cell types (Figures 2B, C). In addition to the validated cell types, memory CD8 T-Itga1 expression cells were characterized by high Itga1 and low Itgae expression profiles. Natural killer CD8 T cells were marked by relatively high expression of Tyrobp and sparse expression of Cd8a (Figure 2C). With this dataset, we discovered that memory CD8 T-Itga1 cells and CD8+ Trm were important parts after infection, while the proportion of them decreased 1 day after the influenza rechallenge (Figure 2D). Both of them presented with high-level expression of CD49a (Itga1). Recent studies have indicated that CD8+ Trm cells expressing CD49a, CD103, and CD69 are the predominant memory cell populations in the lung (Kumar et al., 2017). The co-expression of CD49a on CD8+ Trm cells is a crucial characteristic of the resident phenotype T cells.



3.3. Functional differences and transformations of CD8+ Trm cells after first influenza infection and reinfection

We further explored the dynamic functional changes in CD8+ Trm cells after influenza infection and identified 600 differently expressed genes in CD8+ Trm cells between D14 and D7 based on the defined criteria. Top 10 upregulated genes in CD8+ Trm cells at D14 were Itgae, Cdh1, Csf1, Krt83, Rgcc, Ly6g5b, 2900026a02rik, Itsn1, Klf4, and Gm36723 (Supplementary Figure 1D). The upregulated DEGs were mainly enriched in the FoxO signaling pathway, apoptosis, PD-L1 expression, PD-1 checkpoint pathway, and adherens junction in KEGG (Figure 3A). Additionally, we performed GO enrichment analysis and found that response to the virus, interferon-gamma production, and regulation of innate immune were enriched and gradually upregulated in CD8+ Trm cells during the memory phase (Figure 3B).
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FIGURE 3
 Differential expression pattern and functional enrichment analysis. (A, B) Plots represent the enriched pathways of KEGG and GO analyses of significant DEGs in Trm between D14 and D7. (C) GO terms enriched in CD8+ Trm cell between resting and rechallenged. (D) Differences in pathway activities scored per cell by GSVA in the hallmark databases between CD8+ Trm and Tem cells in rechallenged.


While during the early stage of reinfection, the most significant enriched GO terms of 31 upregulated DEGs in CD8+ Trm cells were related to the response to the virus, type I interferon signaling pathway, and interferon-beta (Figure 3C), which suggests that CD8+ Trm cells play a critical role in fighting against influenza reinfection. We then investigated the functional differences between CD8+ Trm and Tem cells after reinfection. Our analysis showed that CD8+ Tem cells exhibited heightened activities related to protein secretion, apoptosis, PI3K-Akt-mTOR signaling, Mtorc1 signaling, p53 pathway, and DNA repair (Figure 3D).



3.4. Pseudotime trajectory inference analysis of CD8+ T-cell populations after first infection and reinfection

To further explore the continuum of class-switching states in CD8+ T-cell subsets during the memory phase after infection and the early stages of reinfection, we conducted the pseudotime ordering of single cells. When analyzing the memory of CD8+ T cells during the first infection, we reconstructed a trajectory with three branches starting from NT cells (Figure 4A). Naive type CD8+ T cells had their respective developmental trajectories to other cell types. Notably, CD8+ Trm cells were almost exclusively located at the branch ends and were closely positioned behind CD8+ Tem cells (Supplementary Figure 2A). This might suggest a potential development from CD8+ Tem to Trm cells during the memory phase.


[image: Figure 4]
FIGURE 4
 Single-cell trajectory analysis of memory CD8+ T clusters. (A) UMAPs show pseudotime reconstruction and developmental trajectory of CD8+ T cells of D0, D7, and D14 by Monocle 3. Cells are colored based on the cell types, clusters, predicted pseudotime, and conditions. (B) Pseudotime reconstruction and developmental trajectory of total CD8+ T cells under resting and rechallenge conditions were processed by Monocle 3. Cells are colored according to the cell types and predicted pseudotime.


During reinfection, two trajectory branches were constructed. The left trajectory primarily included cells before reinfection such as CD8+ Trm and memory CD8 T-Itga1 expression cells, while the right trajectory mainly consisted of cells after reinfection, including CD8+ Tcm, NT. Both branches converged to CD8+ Tem cells, which were predominantly observed after reinfection (Figure 4B). The trajectory indicated that memory CD8+ T-cell subsets expressing canonical Trm markers or relatively high CD49a after infection have the developmental potential to become effector phenotype cells after reinfection.



3.5. Cell–cell interactions among subtypes of CD8+ T cells in the steady-state post-influenza infection and early stage after reinfection

We utilized CellChat to predict cell–cell communications associated with CD8+ Trm cells. Signaling pathways, such as TNF and CCL, were found to be involved at D7 and D14 after influenza infection (Figure 5A). Further investigation of specific ligand–receptor interactions between CD8+ Trm cells and other cell types revealed the importance of Ccr5-related signaling (Supplementary Figure 2B). Upregulated signaling in D14 compared to D7 was also identified, with CD8+ Trm cells receiving upregulated signals via pathways such as Ccl5-Ccr5 from CD8+ Tem, Eff subsets, and Trm cells themselves. Additionally, CD8+ Trm cells were found to regulate Eff via Ccl5-Ccr5 (Figure 5B).
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FIGURE 5
 Analysis of cell–cell communication in memory CD8+ T cells. (A, C) All the significant signaling pathways are ranked based on their differences in overall information flow within the inferred networks between conditions. (B) Chord plots show the upregulated significant signaling pathways between Trm and other cell subsets in D14 compared to D7. (D) The plot shows the upregulated signaling pathways received by CD8+ Trm in rechallenged. (E) Plots show the relative contribution of CCL pathways (left) and communication probabilities mediated by CCL ligand–receptor pairs between CD8+ Trm and other subsets (right) in rechallenged.


Similar to the first infection, CCL signaling pathways were also revealed to be critically important in regulating CD8+ T cells during reinfection (Figure 5C). Ccl5-Ccr5 and Ccl4-Ccr5 were involved in the interaction between CD8+ Trm and other subsets during reinfection (Supplementary Figure 2C). Further analysis revealed that the Ccl5-Ccr5 signal was received by CD8+ Trm cells from Tem and memory CD8 T-Itga1 expression cells, and the Ccl4-Ccr5 signal was from memory CD8 T-Itga1 expression cells (Figure 5D).

We specifically extracted CCL pathways to visualize the correlations between CD8+ Trm and other subsets during reinfection (Figure 5E and Supplementary Figure 2D). Our analysis revealed that Ccl5-Ccr5 was relatively more important than Ccl4-Ccr5, and the communication probabilities were mainly within the memory CD8+ T-cell subsets. Notably, the communication probabilities of Ccl5-Ccr5 between CD8+ Trm and Tem, as well as between Trm and memory CD8 T-Itga1 expression cells, were more evident after reinfection.



3.6. Validation of observations related to influenza infection and reinfection in this study

To confirm the above findings in a mouse model of influenza virus infection, we infected C57BL/6J mice with PR8 intranasally (Figure 6A). Consistent with findings based on scRNA-seq analysis, via flow cytometry (Supplementary Figure 3A), we found that CD8+ Trm cells that expressed CD49a were a significant portion of both memory and total CD8+ T cells in the lung tissue (iv. CD8b−) after recovery from the infection. Memory CD8+ T cells that expressed high levels of CD49a, with sparse CD103 expression, were found to be an essential component of resident memory cells (Figure 6B). Moreover, the number and proportion of resident memory CD8+ T subsets were relatively higher at 14 days after infection (as shown in Figure 6B), but gradually declined during the memory phase. In addition, we observed that PD-1 expression increased in CD8+ Trm cells in the memory phase after infection (Supplementary Figure 3B).


[image: Figure 6]
FIGURE 6
 Validation of observations in this study relevant to influenza infection and reinfection. (A) Experimental design for validation. Mice were infected with 1,500 PFU PR8 virus i.n., and lung samples were analyzed at different time points (14, 30, 60, and 90 days post-infection). Mice were reinfected with 107 PFU PR8, and data were collected at 0, 1, 2, 3, and 5 days post-reinfection. (B) Representative flow cytometry plots show the percentage of CD103 and CD49a expression in CD44high CD62L− CD69+ CD8+ T cells at the indicated time points. Stacked analysis shows the percentage and number of CD103+ CD49+, CD103+ CD49−, CD103− CD49+, and CD103− CD49− CD44high CD62L− CD69+ CD8+ T-cell subsets. Data are presented as mean ± SEM (n = 5). (C) Line chart shows the percentage of CD103+ CD49+, CD103+ CD49−, and CD103− CD49+ CD44high CD62L− CD69+ CD8+ T-cell subsets and stacked map displays percentage of CD49+ CD69+, CD49− CD69+, and CD69− CD8+ T-cell subsets in CD44high CD62L− CD8+ T cells. Data are presented as mean ± SEM (n = 5). (D) Ccr5 and Ccl5 expression assessed at 0, 1, and 3 days post-reinfection in Trm (CD69+ CD103+), Tem (CD69+ CD103−) from lung (iv. CD8b−), and CD8+ T cell in circulation (iv. CD8b+). Data are presented as mean ± SEM of five PR8 mice in each group. 1° represents primary infection; 2° represents reinfection; dpi refers to day post-infection; GMFI represents geometric mean fluorescence intensity; i.n. means intranasally. Statistical significances were analyzed with unpaired two-tailed Student's t-test. *P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001.


Then, we rechallenged mice at 30-days post first infection to create a reinfection model with the PR8 virus (Figure 6A). We observed that the proportion of CD49a+ memory CD8+ T cells co-expressed with CD103 or CD69 had decreased at 1 day post-reinfection and rebounded quickly (Figure 6C). Meanwhile, the percentage of other subsets, such as CD103− CD49a+ or CD69+ CD49a+ memory CD8+ T cells, did not have obvious fluctuation after reinfection. This observation was parallel with the finding in the pseudotime trajectory that CD49a expressing resident memory CD8+ T cells may have the potential to develop into the effector phenotype.

In the following section, we will describe the CCL signaling pathways discussed in the cell–cell interactions analysis during reinfection. As expected, reinfection induced chemokines response in the lungs. The mRNA expression of Ccl5 in lung tissue increased greatly after 3 days post-reinfection (Supplementary Figure 3C). Correspondingly, Ccl5 levels in the lung remained stable after reinfection, while Ccr5 and Ccl4 levels increased rapidly (Supplementary Figure 3D). We further investigated the expression of Ccl5 and Ccr5 in CD8+ Trm and CD69+ CD103− cells, as well as in other subsets after reinfection. Our analysis revealed that Ccr5 expression remained high in CD8+ Trm cells after reinfection and was higher in CD8+ Trm cells than in other cells (Figure 6D). Moreover, Ccl5 expression in CD8+ Trm and CD69+ CD103− cells increased at 1 day post-reinfection, while it remained low in CD8+ T cells from circulation (Figure 6D). This accumulating evidence might indicate that the Ccr5-Ccl5 pair played an important role in responses against reinfection and that it is more highly expressed in CD8+ Trm cells than other subsets with elevated Ccl5 signal after reinfection.




4. Discussion

Resident phenotypic memory CD8+ T cells play a key role in the defense against pathogens re-encountered in the lung. However, little is known about the potential transitions and regulation mechanisms of their function after influenza virus infection and re-exposure. In this study, we performed integrated transcriptome data analysis and in vivo experiments. We found that resident memory CD8+ T cells accounted for an increased ratio of all CD8+ T cells in the lung at the early recovery stage after influenza infection (Figure 1A). However, we observed a decline in both the absolute number and proportion of these cells over time (Figure 6B). This finding is in line with previous research results, suggesting that airway and lung parenchymal CD8+ Trm exhibit a proapoptotic phenotype and have an exceptionally short half-life (12 days in mice; Pizzolla et al., 2017; Zheng and Wakim, 2022). Moreover, we observed that CD8+ Trm cells expressed higher levels of Itgae (CD103) and Cdh1 at D14 after infection compared to D7. CD103 and CDH1 are involved in regulating the cell–cell adhesions of epithelial cells. In addition, we noticed that the PD-1 expression pathway, which is crucial for the proliferation and maintenance of Trm cells (Li et al., 2019), was enriched in CD8+ Trm cells on day 14. One study also reveals that PD-1 expression by a population of lung Trm cells helps limit their inflammatory actions that might contribute to fibrosis (Wang et al., 2019).

We identified that CD8+ Trm cells with canonical markers CD69 and CD103 also expressed CD49a, which is consistent with previous research (Reilly et al., 2020). The expression of CD49a increased gradually at the early recovery stage after influenza infection (Supplementary Figure 1C) and remained at a high level over time (Figure 6B). CD49a facilitates the locomotion of virus-specific CD8+ T cells and may contribute to the local surveillance function of the Trm population (Reilly et al., 2020). Interestingly, a recent study revealed that CD103−-deficient CD8+ T cells in mouse skin after herpes simplex virus infection also displayed increased locomotion speed, suggesting that CD103 may restrain the cells' motility (Zaid et al., 2017). Furthermore, cells expressing both CD103 and CD49a showed the highest levels of effector responses, T-cell survival genes, spanning antiviral cytokines, chemokines, and cytolytic mediators compared with other memory T subsets after influenza infection (Reilly et al., 2021).

Our observation suggested a potential development from CD8+ Tem to Trm cells in the memory phase based on the pseudotime trajectory. It has been revealed that circulating memory CD8+ T cells can be recruited into the lung and converted into Trm phenotype without antigen recognition (Van Braeckel-Budimir and Harty, 2017). Airway T cells are mainly replenished by recruitment from the lung interstitium (Ely et al., 2006), and Trm cells in the interstitium receive continuous compensation from circulating Tem cells (Qian et al., 2020). However, several studies mentioned that the lung Trm compartment was not replaced by the circulating memory pool (Takamura et al., 2016; Van Braeckel-Budimir and Harty, 2017).

Meanwhile, we observed that resident memory CD8+ T subpopulations, including canonical Trm and subsets with high CD49a expression, were predominant during the memory phase and exhibited the potential to differentiate into effector types upon reinfection. The ratio of these resident phenotypic cells decreased after reinfection, which may parallel their potential transition into effector types. These results imply that lung resident memory T cells function as sentinels in the secondary immune response (Qian et al., 2020). During the first phase of the recall response, memory T cells residing in the tissue encounter the pathogen and initiate antiviral responses (Sallusto et al., 1999; Hikono et al., 2006). Additionally, we observed the upregulation of the type I interferon signaling pathway in CD8+ Trm cells after reinfection. Recent studies have demonstrated that the early response to type I interferons is necessary for the proper expansion and function of lung resident CD8+ memory T cells (Kohlmeier et al., 2010; Varese et al., 2022). Collectively, these findings suggest that the transition from a resident to an effector phenotype may be a critical aspect of CD8+ resident memory T cell defense against influenza infection, highlighting their importance as a first line of defense. However, further investigations are required to fully understand this phenomenon.

Furthermore, our results also showed that the PI3K-Akt-mTOR signaling pathway was enriched in CD8+ Tem cells after reinfection. Meanwhile, mTOR (mammalian target of rapamycin) reprograms metabolic changes in Trm cells (Jones and Pearce, 2017). Activated PI3K-Akt-mTOR pathway can improve T lymphocyte metabolism, nutrient uptake, and energy production, regulate cell cycle and apoptosis, and affect T lymphocyte activation and immune function (Liu et al., 2020). The differentiation into effector and memory CD8+ T cells is coordinated by the phosphoinositide 3-kinase (PI3K)/Akt pathway (Kim and Suresh, 2013). One study revealed that Akt activation regulated the differentiation of CD8+ T cells into effector and memory T cells, where sustained Akt activation led to the terminal differentiation of effector CD8+ T cells, whereas the inhibition of Akt in vivo increased the number of memory CD8+ T cells (Kim et al., 2012). Our findings suggest that CD8+ Trm cells have the developmental potential to convert to the effector phenotype after reinfection, and we speculate that the PI3K-Akt-mTOR pathway may promote the response of memory CD8+ T cells against reinfection.

The Ccl5-Ccr5 and Ccl4-Ccr5 ligand/receptor pairs were found to be important signaling pathways received by CD8+ Trm after reinfection in the present study. The study also revealed strengthened interactions of the Ccl5-Ccr5, Ccl4-Ccr5, and Ccl3-Ccr5 ligand/receptor pairs between CD8+ Trm and other memory subsets after influenza infection. One study suggested that the maintenance of CD4+ Trm cells within niches might require the chemokine Ccl5 from antigen-presenting or CD8+ T cells (Iijima and Iwasaki, 2014; Collins et al., 2016). Previous research showed that the rapid recruitment of memory CD8+ T cells to the lung airways were dependent on Ccr5 expression after secondary influenza challenge (Kohlmeier et al., 2008). A study of human lung samples showed that genes of CXCR3, CXCR6, and CCR5 have differential expression in lung Trm cells relative to that in blood-derived Tem cells (Hombrink et al., 2016). Our results also revealed that the expression of Ccr5 and Ccl5 in lung memory CD8+ T cells was higher than these cells in circulation (CD8b+) during reinfection. These data suggest the importance of Ccr5 interaction with related ligands in the maintenance and recruitment of resident memory CD8+ T cells after influenza infection and reinfection. However, the mechanisms are not fully understood.

Our study has several limitations that should be acknowledged. First, our findings are constrained by the restricted datasets and a limited number of CD8+ T cells analyzed. However, we believe that our study is still meaningful in providing a more comprehensive understanding of memory CD8+ T cells during influenza infection. In addition, it still needs more experimental data to further validate our findings in the present study. In addition, the utilization of classical gene markers derived from phenotypic research to elucidate CD8+ T cell subsets and functional states in the scRNA-seq data may have introduced certain biases. To address this, we selected markers carefully and referred to other studies that have employed scRNA-seq analysis (Szabo et al., 2019; Chen et al., 2021). We consider that some unidentified subsets might represent transitional stages of specific subsets and may help us to better understand the functions of CD8+ T cells. Finally, while immune infiltration analysis is mainly used in cancer studies, we used it to evaluate the proportion of immune cells in infectious diseases. Nevertheless, many studies have already employed this method in inflammatory diseases (Cao et al., 2019b; Kawada et al., 2021) and influenza samples (Lin et al., 2021; Sun et al., 2021).



5. Conclusion

Our data suggested that CD8+ Trm cells accumulated in the lung at the early recovery stage after influenza infection but declined quickly over time. Nearly half of these CD8+ Trm cells co-expressed CD49a. Resident memory CD8+ T cells could be reactivated rapidly against reinfection with the potential to differentiate into effector type upon reinfection. Functional differences existed in CD8+ Trm and Tem cells after influenza infection and reinfection. We also identified that Ccr5 with related ligand pairs was important in cell interaction between CD8+ Trm and other memory subsets after influenza infection. Additionally, the PI3K-Akt-mTOR and type I interferon signaling pathways were important for memory CD8+ T cells against reinfection. This study provides a comprehensive landscape for investigating the potential functional transition and regulating factors of resident memory CD8+ T after influenza infection and reinfection.
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