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The coronavirus disease 2019 (COVID-19) pandemic has caused many deaths worldwide. To date, the mechanism of viral immune escape remains unclear, which is a great obstacle to developing effective clinical treatment. RNA processing mechanisms, including alternative polyadenylation (APA) and alternative splicing (AS), are crucial in the regulation of most human genes in many types of infectious diseases. Because the role of APA and AS in response to severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) infection remains unknown, we performed de novo identification of dynamic APA sites using a public dataset of human peripheral blood mononuclear cell (PBMC) RNA-Seq data in COVID-19 patients. We found that genes with APA were enriched in innate immunity -related gene ontology categories such as neutrophil activation, regulation of the MAPK cascade and cytokine production, response to interferon-gamma and the innate immune response. We also reported genome-wide AS events and enriched viral transcription-related categories upon SARS-CoV-2 infection. Interestingly, we found that APA events may give better predictions than AS in COVID-19 patients, suggesting that APA could act as a potential therapeutic target and novel biomarker in those patients. Our study is the first to annotate genes with APA and AS in COVID-19 patients and highlights the roles of APA variation in SARS-CoV-2 infection.
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Introduction

SARS-CoV-2 causes the respiratory disease known as COVID-19. By the start of August 2021, there had been more than 200 million cases and at least 4,200,000 deaths caused by COVID-19 around the world.

mRNA-processing events, including APA and AS, play key roles in various diseases (1, 2). APA is a widespread mechanism of gene regulation that generates different 3’ ends of transcripts (3). APA leads to the production of distinct protein isoforms and repressing gene expression (4, 5). APA regulators control APA by binding to the APA site during mRNA processing (6). AS enables an mRNA to differentiate into isoforms that may have different biological functions (3). Therefore, APA and AS are involved in transcriptional gene regulation. Overall, the diversity of the transcriptome and proteome is enhanced by APA and AS, which are two important regulatory mechanisms for many biological processes. Indeed, through APA, a single gene can encode multiple different 3’ ends of transcripts. Polyadenylation affects numerous aspects of mRNA metabolism, including transcription termination by RNAP II, mRNA stability, and the efficiency of translation (7). APA upregulates target genes through miRNA repression escape (6). Shortening of the average 3′UTR length and widespread APA in response to virus infection have been reported (8). The expression level of genes with APA is altered and enriched in immune-related categories including interferon (8). Interferons have shown in vitro and in vivo antiviral effect against SARS-CoV-2, and they have been suggested as a potential treatment for COVID-19 patients (9, 10). Moreover, APA has an effect on viral replication and plays a crucial role in the antiviral innate immune response (8). The mechanisms of changes in APA are considered to be regulated in cis through genetic aberrations (11) and in trans by regulatory proteins in response to dynamic environmental changes (12). To date, there has been no research on whether APA plays an essential role in patients infected with SARS-CoV-2.

Similar to alternative polyadenylation, hundreds of host genes showed AS upon viral infection (13). For instance, infection of human cells with influenza A virus induced a broad program of alternative splicing of host genes (14). However, the in-depth molecular basis of infection and pathogenesis of SARS-CoV-2 in human cells has not been further explained. It has also been reported that SARS-CoV-2 disrupts mRNA splicing in vitro (1). There is an urgent need to determine whether these AS anomalies correlate with clinical features.

Based on the above information, we aimed to reveal overall dynamic changes in APA and AS in COVID-19 patients. DaPars (6) and rMATS (15) were used to directly detect APA and AS events from RNA-Seq data. Our findings will contribute to our understanding of the pathogenesis, potential molecular targets, and development of new APA-based therapeutic targets of COVID-19.



Materials and Methods


Data Extraction

The sequencing data used in this study were retrieved from two large-scale multiomic studies of COVID-19 (16, 17), in which 128 patients admitted to Albany Medical Center in Albany, NY were collected for moderate to severe respiratory issues presumably related to SARS-CoV-2 infection from April 6, 2020 to May 1, 2020. Patients who were positive (n = 102) and negative (n = 26) for the virus were assigned to the COVID-19 and non-COVID-19 groups, respectively. Due to missing sequencing data for 2 positive patients, a total of 126 cases were included in this study. RNA-Seq data of the COVID-19 cohort mentioned above were available at the SRA database SRP279280 (https://www.ncbi.nlm.nih.gov/sra/) (16). To validate our results, independent RNA-Seq data for PBMCs from the non-COVID-19 and COVID-19 groups were downloaded from the GSA database CRA002390 (https://bigd.big.ac.cn/gsa/) (17). The reads were mapped to the hg38 human genome using HISTA2 (v2.1.0) (18). We used StringTie (v1.3.4d) to calculate the TPMs (transcripts per million) of Ensembl annotated genes (19). Differential gene expression analyses were performed using DESeq2 according to the read counts of each gene determined by HTSeq (18). Genes with FDR (false discovery rate) ≤ 0.05 and mean CPM (Couts per Million) > 100 were determined to be differentially expressed genes, as we descripted previously (20) (Table S1).



Alternative Polyadenylation Analysis

We used APA to link genetic variation to variations in gene expression and disease risk. DaPars is a bioinformatic algorithm dedicated to de novo identification and quantification of dynamic APA events using standard RNA-Seq (6). In this study, we used DaPars (0.9.1) to infer, identify and quantify APA in RNA-Seq data for COVID-19 patients and non-COVID-19 cohorts. The APA with FDR ≤ 0.05 and Δ|PDUI|>0.1 were determined as the significantly different APA between COVID-19 and non-COVID-19 as described previously (21). The percentage of distal polyA site usage index (PDUI) was defined as follows:

	

S and L are the abundances of transcripts with proximal distal polyA sites in each sample. The following is a detailed description of the options used with DaPars. FDR_cutoff=0.05, PDUI_cutoff=0.1 (Table S2).



Differential Alternative Splicing Analysis

The main types of AS include exon skipping (SE), intron retention (IR), alternative 5’ splice site (A5SS), alternative 3’ splice site (A3SS) and mutually exclusive exon (MXE). In total, 126 samples, including 100 COVID-19 and 26 non-COVID-19 patient samples, were used for analysis. We used hisat2 (v2.1.0) for sequence alignment and rMATS for AS analysis (15). Using FDR ≤ 0.05 as the threshold, the AS analysis results were screened to obtain a matrix of differential AS genes and expression levels. We ran rMATS on bam as input data. The following is a description of the options used with rMATS: FDR ≤ 0.05, Read length = 51, and Thread=32 (Table S3). The data were visualized using the Integrative Genomics Viewer (IGV) tool (22).



GO Function Enrichment and KEGG Pathway Analyses

To describe potential different mechanisms between those with and without COVID-19, differential APA genes, AS genes, anddifferentially expressed genes screened in the previous step were used for GO function enrichment analysis and KEGG pathway enrichment analysis using The Database  for Annotation, Visualization and Integrated Discovery (DAVID, https://david.ncifcrf.gov/) and Metascape (https://metascape.org/gp/index.html#/main/step1) (23, 24). The Benjamini-Hochberg (BH) method was used to obtain the FDR value, and FDR ≤ 0.05 was taken as the threshold. Pathway/GO terms satisfying this condition were defined as those significantly enriched among differentially expressed genes. The top hits with the most significant enrichment (the lowest p-value) are shown in a histogram.



Principal Component Analysis

Principal component analysis (PCA) is used to transform original correlating variables into two uncorrelated principal components by linear transformation and to characterize the contribution rate by variance (also called the eigenvalue); we selected the first two principal components for analysis according to the contribution rate. After standardizing the input alternative splicing PSI (percent spliced in index) and PDUI values, the R packages factominer (V2.4) and factoextra (v1.0.7) were applied to reduce the PCA dimension of AS and APA genes, and the first and second principal components were extracted for two-dimensional visualization.



Analyses of the Relationship of APA With DEG

We performed cumulative distribution analysis of log2 fold changes in mRNA expression in R as we described previously (20). The empirical cumulative distribution functions of the log2-fold mRNA expression values were computed using the ecdf function, and the corresponding p‐value was included in the plot. miRNA-binding sites were predicted by TargetScanHuman (25), and Hypergeometric Optimization of Motif EnRichment (HOMER) software was used for motif enrichment analysis (26).




Results


Dynamic APA Events in COVID-19 Patients

First, we developed a computational framework to systematically analyze the dynamic changes in APA, gene expression and AS in two independent databases. The computational framework is illustrated in Figure 1. The detailed method is given in the Materials and Methods section.




Figure 1 | Schematic flow chart demonstrating the computational framework.



We performed de novo identification and quantification of dynamic APA events using existing RNA-Seq data for PBMCs from COVID-19 patients. Based on data for 100 COVID-19 patients and 26 non-COVID-19 subjects collected in GEO, we detected 145 sites that were significant dynamic APA events (FDR ≤ 0.05 and Δ|PDUI|>0.1) in COVID-19 (Figures 2A, B) (Table S2). We quantified the degree of difference of APA in COVID-19 as a change in the percentage of distal polyA site usage index (ΔPDUI), which could identify shortening (negative index) or lengthening (positive index) of 3′UTRs. As shown in Figures 2A, B, in COVID-19 samples, most dynamic APA events presented a shorter 3′UTR. The mean PDUI value was significantly lower in the COVID-19 group than in the non-COVID-19 group(Figure 2C). Additionally, COVID-19 patients with shorter 3′UTRs had a decreasing number of ventilator-free days compared with those with longer 3′UTRs. COVID-19 patients with shorter 3′UTRs also had higher intensive care unit (ICU) admission rates. We concluded that APA is related to the clinical characteristics of COVID-19. Furthermore, the canonical polyA signal AATAAA was successfully identified by HOMER motif enrichment analysis of dynamic APA sites (Figure S1A) (27), AATAAA was found to be the most predominant motifs in human APA events in pervious study (8). One example of a changed APA event in COVID-19 compared with non-COVID-19 is given for the IGSF6 gene (Immunoglobulin Superfamily Member 6) (Figure 2D), with a shorter 3′UTR predominating in COVID-19 samples compared with matched non-COVID-19 samples in GEO (16). Furthermore, we validated this result with another independent data in GSA (17) (Figure S1B). Collectively, these analyses revealed global changes in APA in COVID-19 patients.




Figure 2 | Differential APA analysis for COVID-19. (A) Volcano plot showing the log2FC of PDUI and the statistical significance of ΔPDUI between COVID-19 patients and non-COVID-19 patients. Red indicates upregulated APA sites; blue indicates downregulated APA sites. (B) A heat map showing the APA index of all the genes that displayed significant APA. (C) Average 3’UTR length of non-COVID-19 and COVID-19 patients. (D) Tracks for IGSF6 in 5 COVID-19 samples and 5 control samples randomly selected from 128 samples.





Functional Analysis of APA in COVID-19

According to previous studies, the type I interferon (IFN) response characterizes the local immune response phase due to SARS-CoV-2 attack (28). The IFN system caused by TNF-a and IFN-g mirrors the tissue damage and inflammation that occur in COVID-19 samples (29), and most GO and pathway enrichment analyses based on gene expression data have revealed that interferon terms are enriched in COVID-19 patients (17). We performed GO and pathway enrichment analyses to explore changes based on APA in response to SARS-CoV-2 infection and found that APA is associated with key biological processes and pathways of COVID-19 (Figure S2). Figure 3A shows significant enrichment of significantly different APA in biological processes associated with innate immune responses, such as neutrophil activation, regulation of the MAPK cascade and cytokine production, response to IFN-gamma and the innate immune response. In fact, viruses infecting vertebrate hosts must overcome the IFN-mediated antiviral response before replicating and propagating to new hosts (30). As shown in Figure 3B, the GSEA results showed that genes with APA were significantly enriched in response to IFN-gamma. Interestingly, this result is similar to previous GO results based on differentially expressed genes in COVID-19 (17). To further investigate the specific innate immune regulatory APA in COVID-19, we selected representative samples to track the IFN-related genes CD14, IL6 and IFNGR1(Figure S3). In addition, we performed KEGG pathway enrichment analysis using genes with significantly different APA (Figure 3C). This analysis indicated that genes expressing APA were significantly enriched in pathogenic Escherichia coli infection, endocytosis, phagosome human cytomegalovirus infection, Epstein-Barr virus infection and human T-cell leukemia virus 1 infection. We concluded that APA was involved in the IFN signaling pathway in the antiviral innate immune response of COVID-19 patients.




Figure 3 | Enrichment analyses of genes with significant APA changes. GO (A) and GSEA (B) enrichment analyses of genes with significant APA changes. (C) KEGG pathway enrichment analyses of genes with significant APA changes. The GO and pathway terms are displayed on the x-axis and are significantly enriched at −log10 (p value).





APA and DEGs in COVID-19

It is widely accepted that 3′UTR shortening through APA may upregulate target genes via miRNA repression escape (6). Because the results of immune-related pathway enrichment for APA were similar to the results of pathway enrichment for the differentially expressed genes, we speculated that APA affected the expression level of immune-related genes in COVID-19 patients. To address this possibility, we examined differentially (DEGs) and nondifferentially expressed genes to assess whether the APA sites were overrepresented in COVID-19 associated DEGs. As expected, almost 6% of significantly DEGs underwent APA, whereas only 1% of nondifferentially expressed genes underwent APA, indicating a significantly enriched occurrence of APA target sites among DEGs (p=2.8×10−33, two-tailed chi-square test; Figure 4A), suggesting that APA affects host gene expression level. Moreover, the fold change ratios of the genes with APA were significantly upregulated compared to genes without APA target sites in COVID-19 (p= 1.2×10−36, two-tailed Wilcoxon test; Figure 4B). We also observed that 77% of genes with shorter 3′UTRs in COVID-19 samples lost at least 1 predicted miRNA-binding site, indicating that APA might upregulate parental genes by escaping miRNA repression (Figure S4A).




Figure 4 | Relationship of APA and DEGs in COVID-19. (A) Barplot representing the percentages of the DEGs or nonsignificant genes enriched for significant APA sites. (B) Plot of the cumulative fraction of log2-fold change of gene expression ratios in COVID-19 patients comparing genes with significant APA sites versus those overlapping without significant APA sites. The p value of a two-tailed Wilcoxon test is indicated. (C) Tracks displaying the read coverage for the STAT1 gene in samples randomly selected from SRP279280. (D) Expression level of STAT1 in COVID-19 and non-COVID-19 patients in GEO. (E) Tracks displaying the read coverage of validation RNA-Seq data (CRA002390) for the STAT1 gene. (F) Expression level of STAT1 in COVID-19 and non-COVID-19 patients in GSA. *P < 0.05, ****P < 0.05*10^-4.



It has been reported that the STAT1/STAT3 axis is required for TNF-α- and IFN-γ-induced inflammatory cell death-PANoptosis in COVID-19 (29). Thus, we manually compared APA in multiple IFN-related genes, especially STAT1 in two independent datasets to verify our results (Figures 4C, E). We found a shorter 3′UTR for STAT1 and significantly higher gene expression levels in two independent datasets (Figures 4D, F). Since there were too many samples, we randomly selected five representative samples to show the trends. The findings are consistent with the theoretical hypothesis that 3′UTR shortening through APA may upregulate target genes through miRNA repression escape. Collectively, these analyses revealed that APA play an important role in the regulation of gene expression in COVID-19 patients.



Regulatory Factors of APA

The core polyadenylation trans factors include the activity of 3’ processing factors. The 3’ processing complex consists of over 20 core proteins (27), including cleavage and polyadenylation specificity factor (CPSF), cleavage factors (CFim and CFIIm), Two cytoplasmic poly(A)-binding proteins (PABPC1 and PABPC4), cleavage stimulatory factor or cleavage stimulation factor (CSTF), poly(A)-binding protein nuclear 1 (PABPNl), FIP1L1, PCF11 and SYMP. Previous studies have found that alteration in the expression of some 3’ processing factors caused significant changes in poly (A) site choice (31).

To investigate whether APA changes with the expression level of 3’ processing factors in COVID-19 patients, we analyzed changes in expression of 3’ processing factors in PBMCs from COVID-19 patients. Figures 5A, B show that the expression level of most 3’ processing factors was significantly higher in COVID-19 patients (P < 0.05), especially CPSF2, PAPOLG, FIP1L1, and PCF11. To validate our results, we analyzed RNA-Seq data from other independent COVID-19 datasets and observed the same results (Figure S4B), suggesting change of APA is associated with expression level of 3’processing factors in COVID-19 patients.




Figure 5 | Gene expression of APA regulators. (A) Heatmap of gene expression of regulators of APA. (B) Volcano plot of differentially expressed APA regulators. Significant regulators (p value ≤ 0.05) are highlighted in red.



In brief, we concluded that high expression level of 3’ processing factors might be one of the reasons underlying genome-wide APA when patients are infected with SARS-CoV-2. Our results were consistent with previous studies that 3′UTR shortening correlated positively with high expression of polyadenylation factors (32).



Performance Evaluation of APA and AS

To further determine the power of APA in COVID-19 patients, we compared APA with AS, and AS has been proven to play an important role in COVID-19. We performed alternative splicing analysis for COVID-19 patients by using rMARTs (33), a computational tool employed to detect differential AS events based on RNA-Seq data. We detected a total of 806 events in the COVID-19 sample, including 640 unique AS events, which are 292 SE events, 188 RI events, 47 A5SS events, 81 A3SS events, and 32 MXE events (Figure 6A). Moreover, the pathways enriched in AS were immune related (Figure 6B) (Table S3). Considering that SE was found to be the most prevalent AS event, we conducted principal component analysis (PCA) to construct APA and SE signatures as described previously (34).




Figure 6 | Performance of APA and SE analysis. (A) Bar plot showing the genes exhibiting AS during SARS-CoV-2 infection (at 5% FDR). (B) GO terms obtained from functional annotation analysis using R software. (C) Principal component analysis (PCA) of APA and SE (D). Each dot represents one sample. Red: COVID-19, Green: non-COVID-19. (E) Receiver operating curve (ROC) plot of the performance based on accuracy using PC1 for APA and SE.



We identified two significant components that explained 61% and 12% of the APA variation. They also explained 10.6% and 9.4% of the SE variation, respectively. The first PC (principal component) mainly separated COVID-19 patients from non-COVID-19 patients with regard to APA and SE (Figures 6C, D). Then, principal component 1 was selected to act as a signature score predicting COVID-19 status. To further explore the diagnostic potential of the above dynamic APA and SE, we performed receiver operating characteristic (ROC) curve analysis. As illustrated in Figure 6C, the area under the curve (AUC) for discriminating COVID-19 from non-COVID-19 was 0.83 for APA, suggesting its high diagnostic potential in COVID-19. Furthermore, the AUC for SE was 0.76 (Figure 6E), which indicated that APA provided greater accuracy than SE in COVID-19. Furthermore, we investigated the association between the clinical outcomes of COVID-19 patients and APA conditions. We found that the APA index was significantly changed in the different hospital free days groups (Figure S5A). However, there were not significantly differences in the APA index between different ventilator free day groups and male vs female COVID-19 patients (Figures S5B, C). Hence, we fill the knowledge gap of regarding the role of APA in the clinical outcomes of COVID-19 patients.




Discussion

In brief, we performed de novo identification of dynamic APA and AS using two independent datasets of PBMC RNA-Seq data from COVID-19 patients. We found that APA and gene expression of APA regulators in the hosts was perturbed in 100 COVID-19 patients. This study contributes to a better understanding of the activation and evasion of interferon responses by SARS-CoV-2, and this will be beneficial to the study of new treatment methods for COVID-19. Even though all of the in silico works were performed in two independent datasets, the limitations of our in silico work cannot be ignored. For instance, we could not demonstrate which APA regulator mainly regulates abnormal APA in COVID-19 patients. Wet experiments need to be conducted to demonstrate the detailed regulatory mechanism in future studies. At the same time, the effects of abnormal APA on phenotypes in human immune cell lines were also need to be conducted using wet experiments.

Transcriptome analysis of PBMCs can indicate numerous RNA mis-APA and mis-AS events, which may serve as disease-specific biomarkers (35). Although PBMCs are peripheral blood cells comprising T cells, B cells, NK cells, and monocytes, they are widely used to identify potential biomarkers for COVID-19 (36–38). For instance, RNA-Seq data for COVID-19 PBMCs indicated immune-related transcriptomic profiles (1). However, PBMCs contain many cell types, which is difficult to verify by wet experiments.

It was reported that antiviral pathways and interferon pathways play important roles in COVID-19 patients (38–41), but the exact mechanism remained unclear. Simultaneously, previous studies have found that APA and AS regulated multiple viral immune processes (7, 8, 13, 42–44). However, there is a lack of studies on whether APA affects SARS-CoV-2 infection. Innate lymphoid cells including neutrophils and macrophages secrete signaling factors that regulate innate and adaptive immune responses. Recent studies have reported that innate immunity may play a more central role in combating SARS-CoV-2 rather than adaptive immunity (45). Based on our results, APA may cause neutrophil activation by affecting the release of inflammatory factors from macrophages. APA may play a central role in innate immunity in COVID-19 patients. In addition, neutrophils can express costimulatory molecules and MHC-II after exposure to cytokines, such as IFN-γ (46). APA may also affect the release of antiviral factors such as interferon and exert antiviral effects. It has been reported that IFN-induced STAT1 phosphorylation remains intact in the presence of SARS-CoV-2 ORF6 (47) and that alteration of STAT1 increases susceptibility to virus infections because it is involved in various signaling pathways both upstream and downstream of IFN production. Interestingly, in COVID-19 patients, APA (and AS) genes were enriched in IFN related categories, especially pathogenic Escherichia coli infection, endocytosis, phagosome human cytomegalovirus infection, and Epstein-Barr virus infection signaling pathways.

We revealed that 3′UTR shortening through APA might play an essential role in COVID-19 and that APA upregulated target genes by facilitating miRNA repression escape in SARS-CoV-2 infection, which was consistent with previous report that 3′UTR shortening through APA might upregulate target genes by miRNA repression escape in other infectious diseases. Although previous studies showed that global 3′UTR shortening affects protein abundance (8), our study revealed that the impact of the 3′UTR on protein production may depend on the gene. However, APA of the genes confers different functions and needs further investigation. Most of the trans factors assessed were highly expressed in COVID-19 patients, in accordance with previous results that 3′UTR shortening was associated with highly expressed trans factors. For instance, the key poly-A trans-factor CSTF64 was significantly upregulated, leading to preferential 3′UTR shortening in tumors (6). The expression of 3′ processing factors was down-regulated when cells were infected by vesicular stomatitis virus, which might be one of the reasons underlying genome-wide APA when cells were infected with viruses (8). Meanwhile, we found that the expression level of 3′ processing factors was also altered in COVID-19 patients. Therefore, the question here is how SARS-CoV-2 disrupts APA and AS. According to the research conclusion that SARS-CoV-2 proteins could bind to transcription factor and splicing factors (1), we proposed the following hypothesis: SARS-CoV-2 proteins can bind to APA factors affecting the gene expression level of APA factors to regulate APA. Although SE has been reported to play a key role in SARS-CoV-2 infection (1), our PCA results of dynamic APA and SE showed that APA provided greater accuracy than SE (Figure 6C). This conclusion will contribute to a better understanding of mRNA-processing mechanisms in COVID-19 samples. Furthermore, APA may disrupt antigen presentation by MHC in infected cells, and interference with APA and AS might further aid SARS-CoV-2 in evading the host immune response. Our article contributes to the development of new APA-based therapeutic targets of COVID-19.
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Increasing cases related to the pathogenicity of Enterovirus D68 (EV-D68) have made it a growing worldwide public health concern, especially due to increased severe respiratory illness and acute flaccid myelitis (AFM) in children. There are currently no vaccines or medicines to prevent or treat EV-D68 infections. Herein, we performed genome-wide transcriptional profiling of EV-D68-infected human rhabdomyosarcoma (RD) cells to investigate host-pathogen interplay. RNA sequencing and subsequent experiments revealed that EV-D68 infection induced a profound transcriptional dysregulation of host genes, causing significantly elevated inflammatory responses and altered antiviral immune responses. In particular, triggering receptor expressed on myeloid cells 1 (TREM-1) is involved in highly activated TREM-1 signaling processes, acting as an important mediator in EV-D68 infection, and it is related to upregulation of interleukin 8 (IL-8), IL-6, IL-12p70, IL-1β, and tumor necrosis factor alpha (TNF-α). Further results demonstrated that NF-κB p65 was essential for EV-D68-induced TREM-1 upregulation. Moreover, inhibition of the TREM1 signaling pathway by the specific inhibitor LP17 dampened activation of the p38 mitogen-activated protein kinase (MAPK) signaling cascade, suggesting that TREM-1 mainly transmits activation signals to phosphorylate p38 MAPK. Interestingly, treatment with LP17 to inhibit TREM-1 inhibited viral replication and infection. These findings imply the pathogenic mechanisms of EV-D68 and provide critical insight into therapeutic intervention in enterovirus diseases.




Keywords: Enterovirus D68, transcriptome, TREM-1 signaling, proinflammatory response, NF-κB signaling



Introduction

Enterovirus D68 (EV-D68), an emerging pathogen in humans, is a member of the Picornaviridae family (1, 2), and causes a wide range of respiratory symptoms and a series of severe complications. In 2014, hundreds of children in 46 states of the USA and the District of Columbia came down with a respiratory illness caused by EV-D68, but there had been few reports of EV-D68 infection prior to this. Notably, previous studies has concluded that EV-D68 has become the predominant enterovirus type in hospitalized children with respiratory symptoms in Europe (3, 4) and Japan (5, 6). Although EV-D68 has the potential to become a serious public health threat to children, the vaccines or medicines to prevent or treat EV-D68 infections is still not available.

Multiple EV-D68 outbreak and pathogenicity reports highlight the need to understand the molecular mechanisms to develop countermeasures against virus infection. The innate immune system is critical to the host’s resistance to viral infection. When challenged by pathogens, host cell pattern recognition receptors (PRRs) can recognize viral components through the pathogen-associated molecular patterns of viruses or other pathogens, and subsequently trigger intracellular signaling cascades to activate proinflammatory responses, which can induce an antiviral state in infected host cells (7, 8). For evading and antagonizing the host innate immune response, viruses have evolved complex mechanisms (6). Previous studies have reported that enterovirus has several inhibition mechanisms to diminish production of type I interferon, resulting in reduced host antiviral responses (9–11). As a feature of their pathogenic mechanism, many viruses facilitate their replication by interacting with host factors. Our recent studies found that stress granule proteins interact with the 3’-untranslated region of EV-D68 to block viral replication (12). Furthermore, our results indicated that EV-D68 2Apro cleaves TRAF3, inhibits type I interferon responses, and subverts the innate immune responses (13).

The host-EV-D68 interplay signaling pathways are highly complex, in which the genome-wide transcriptional profiling (RNA-Seq) would increase understanding of the molecular mechanism. In this study, we applied RNA-seq to human muscle rhabdomyosarcoma (RD) cells infected with EV-D68 over multiple timepoints. The results showed that the highly activated TREM-1 was involved in inflammatory cytokines production during EV-D68 infection. And the activation of TREM-1 associated with NF-κB p65 was identified by siRNA treatments and a dual-luciferase assay. Finally, based on large-scale proteomic screen arrays, we demonstrated that TREM-1 mainly transmitted activation signals to phosphorylate p38 MAPK to influence inflammatory responses. These findings contribute to the understanding of pathogenic mechanisms of EV-D68, and help to develop novel therapeutic strategies in enterovirus diseases.



Materials and Methods


Cells and Virus

Rhabdomyosarcoma (RD), HEK293T, and Hela cells were cultured in Dulbecco’s modified Eagle’s medium (DMEM) supplemented with 10% fetal bovine serum and 1% penicillin-streptomycin (cat. no SV30010, Hyclone, Logan, UT, USA) at 37°C in 5% CO2 atmosphere. The EV-D68 Fermon strain (GenBank accession no. KU844179.1) was a gift from Xiaofang Yu (Johns Hopkins University, Baltimore, MD).



Reagents and Antibodies

TREM-1 (NM_018643) was cloned into the pcDNA3.1 vector to incorporate a 3x FLAG-tag on the C-terminus. The plasmid was confirmed by DNA sequencing analysis. Synthetic peptide LP17 (LQVTDSGLYRCVIYHPP, GUOTAI Bio, Beijing, China) was used to treat RD cells at a final concentration of 1 μg/ml or 1.5 μg/ml. The same dilution of dimethylsulfoxide (DMSO, cat. no D8418, Sigma-Aldrich, Saint Louis, USA) was used as a negative control. A Cell Counting Kit 8 (CCK8) was purchased from Solarbio (cat. no CK04, Beijing, China). Rabbit polyclonal anti-TREM-1 antibody was purchased from Abcam (cat. no ab104413, Abcam, Cambridge, MA). Rabbit polyclonal antibody recognizing NF-κB P65 (cat no. 10745-1-AP) and Flag-tag Polyclonal Antibody (cat no. 20543-1-AP) were purchased from Proteintech (ProteinTech Group, Chicago, IL, USA). β-Tubulin mouse monoclonal antibody was purchased from Sungene Biotech (cat no. KM9003T, Tianjin, China). Pyrrolidine dithiocarbamate (PDTC) was purchased from MCE (cat no. HY-18738, MedChemExpress, Monmouth Junction, NJ).



Tissue Culture Infective Dose 50 (TCID50) Assay

The median tissue culture infective dose (TCID50) assay was used to determine the multiplicity of infection (MOI) of the virus in RD cells. For cell infection, when RD cells grew to 80% in a 10 cm dish, EV-D68 was added at an MOI of 0.1. The cytopathic effect (CPE) caused by EV-D68 infection was observed by light microscopy at different hours post infection (hpi) using an Olympus CKX31 microscope (Olympus). Working stocks (1*106.25 PFU per ml) were stored at 80°C.



RNA-Seq Data Analysis

RD cells (~80% confluence) infected with or without EV-D68 Fermon for 6 h, 12 h, or 24 h were harvested and lysed using TRIzol solution. At least three replicates were included for each experimental group. Genome-wide RD cell differential gene expression profiling was performed using RNA-seq by Novogene Co. Ltd. (Tianjin, China). Sample sequencing libraries were generated using an NEBNext Ultra RNA Library Prep Kit for Illumina, and Sequenced by synthesis on a HiSeq 2500 instrument (Illumina, San Diego, CA, USA) according to the manufacturer’s instructions. To ensure the quality and reliability of data analysis, it was necessary to filter the original data, including removing reads with adapters and low-quality. HISAT2 software was used to map compare clean reads with the reference genome. Next, we obtained original read count of all genes in each sample, and calculated the corrected expression values Fragments Per Kilobase per Million (FPKM) based on sequencing depth and gene length. We analyzed the correlation between different groups using principal component analysis (PCA) and Pearson correlation analysis to determine the authenticity of the data.

The threshold values |log2 (Fold Change)| >1 & adjusted p-value (padj) <0.05 were used to identify differentially expressed genes (DEGs) relative to the mock group. Finally, we performed statistical and significance analyses on DEGs in different comparison groups. Cytoscape software v3.2.1 (cytoscape.org) was used to integrate target genes-transcriptional factors regulatory network, an open-source software package for visualizing complex networks and integrating these networks with any type of attribute data.



Total RNA Extraction and Real-Time PCR

Total RNA from cells was extracted using Qiazol (cat. no 79306, Qiagen) according to the manufacturer’s instructions, and concentrations were quantified with a Nanodrop 1000 spectrophotometer (Thermo Scientific). Total RNA was reverse-transcribed into cDNA with TransScript First-strand cDNA Synthesis SuperMix (Cat. no AT301, Transgene). Next, cDNA was subjected to Quantitative Real-time PCR (RT-PCR) to measure mRNA levels using a TransStart Top Green qPCR SuperMix Kit (Cat. no AQ131, Transgene) according to the manufacturer’s protocol. Relative mRNA expression levels were normalized against glyceraldehyde-3-phosphate dehydrogenase (GAPDH). Cycle threshold (Ct) values were determined for TREM1, IL-1β, IL-6, IL-8, IL-12 p70, TNF-α, TNF-κB p65, and GAPDH. The fold change relative to control samples for each gene was determined using the 2-ΔΔCt method. The primers for the above genes are listed in Supplementary Table 1.



Ingenuity Pathway Analysis (IPA)

IPA is a novel causal analysis approach based on a large-scale causal network derived from the Ingenuity Knowledge Base, including ‘Upstream Regulator Analysis’, ‘Mechanistic Networks’, ‘Causal Network Analysis’ and ‘Downstream Effects Analysis’ function modules (14–17). IPA can integrate published upstream regulators and downstream targets of specific molecules. IPA use Z-score as both a significance measure and a prediction of the activation state of the specific regulator. We performed core analysis and pathway generation based on mRNA fold changes from RNA-seq experiments using IPA software (Qiagen, Redwood City, CA).



Western Blotting

Cells were harvested and lysed with radioimmunoprecipitation assay (RIPA) lysis buffer. After heating at 99°C for 10 min to denature the protein, SDS-PAGE was performed to separate proteins, and a semidry transfer membrane was employed to transfer proteins onto a nitrocellulose membrane. The membrane was blocked with 5% skim milk for 1 h at 37°C, and incubated at 4°C for 12 h with primary antibody. The next day, the membrane was incubated with the corresponding secondary antibody at room temperature for 1 h, and finally scanned using a Fluorescence & Chemiluminescence Gel Imaging System (Peiqing, Shanghai, China). Protein bands were quantified using ImageJ software (version 1.53, National Institutes of Health, Bethesda, MD, USA).



Milliplex Analysis

Inflammatory cytokine levels of uninfected and infected RD cells were measured using a MILLIPLEX assay kit (Cat. no HCYTA-60K, Millipore, Sigma) and a MAGPIX Multiplexing System (Millipore, Sigma) following the manufacturer’s instructions. Data were analyzed using xPONENT4.2 and Milliplex Analyst 5.1 data analysis software (Millipore, Sigma).



Immunofluorescence and TUNEL Assay

The effect of PDTC on EV-D68-infected RD/Hela cells was investigated by immunofluorescence assay (IFA). Cells were incubated with 4% paraformaldehyde for 15 min and permeabilized with 0.5% Triton X-100 for 10 min. They were then washed in phosphate-buffered saline (PBS) and blocked with 1% bovine serum albumin for 20 min. Samples were then incubated with the corresponding primary antibody for 1 h at 37°C or overnight at 4°C, followed by secondary antibody at 37°C for 40 min. Finally, nuclei were stained with 4’,6-diamidino-2-phenylindole (DAPI) for 10 min, and immunofluorescence was observed under a confocal microscope.

Apoptosis was measured using the terminal deoxynucleotide transferase dUTP nick end labelling (TUNEL) assay with an APO-BrdU TUNEL Assay Kit (Molecular Probes, Eugene, OR, USA) through labelling of the 3’ end of fragmented DNA isolated from apoptotic cells. TUNEL assays were performed according to the manufacturer’s instructions. All slides were observed under a fluorescence microscope. Stained cells were examined under an Olympus confocal microscope (Olympus).



Dual-Luciferase Assays

The 2000 bp region before the TSS site was selected as the promoter region of TREM-1 and cloned into the pGL3-Basic vector to generate a firefly luciferase reporter plasmid Pro_TREM-1. Next, NF-κB p65 or pcDNA3.1 was cotransfected with Pro_TREM-1 or pGL3-Basic in HEK293T cells (24-well plate). All experimental groups were transfected with pRL-sv40. After 48 h, luciferase activity in cell lysates was determined by dual-luciferase reporter assay. Renilla luciferase activity was used as a control for firefly luciferase activity.



Phospho-Specific Protein Microarray Analysis

Phospho-array detection was performed in collaboration with Wayen Biotechnology (Shanghai, China). Proteins were extracted from RD cells, labeled with biotin, and hybridized to the Phosphorylation ProArray (Full Moon BioSystems, Sunnyvale, CA, USA) using an Antibody Array Kit (Full Moon BioSystems) to determine the specific signaling phospho-antibody profiles. Finally, we scanned the corresponding fluorescence intensity using a GenePix 4000B instrument (Axon Instruments, Houston, TX, USA) using GenePix Pro 6.0 software to acquire phosphorylation levels for specific proteins. In our study, Ratio ≥1.15 was the threshold for upregulation and Ratio ≤1/1.15 was the threshold for downregulation.



Small Interfering RNA Knockdown

The si-p65 sequence was obtained from previous research (18) and synthesized by Sangon Biotech (Shanghai, China). Cells (24-well plates, ~80% confluence) were transfected with si-p65 and nonspecific siRNA (100 nM) using Lipofectamine 2000 (cat. no 11668019, Invitrogen, Carlsbad, CA). The knockdown efficiency of si-p65 was examined by western blotting (WB) and RT-PCR.



Statistical Analysis

All data were from three independent experiments and were shown as the mean ± standard deviation (SD). The statistical significance of differences among mean values of multiple groups was analyzed by a one-way analysis of variance (ANOVA) using Statistical Package for the Social Sciences (SPSS) version 25 (Chicago, IL, USA). All data were visualized using GraphPad Prism (GraphPad Software, version 6.01, San Diego, CA, USA). *p <0.05, **p <0.01, ***p <0.001.




Results


Transcriptome Landscape Analysis Reveals Functional Regulation by Hosts in Response to EV-D68 Infection

We aimed to determine global gene expression profiles to investigate how EV-D68 shapes the host transcriptional response. The EV-D68-susceptible RD cell line was used as an infection model of EV-D68, in which EV-D68 is capable of normal replication and proliferation (19, 20). We collected infected cells at different time points (6 h, 12 h, and 24 h), hoping to observe the dynamic mutual regulation between EV-D68 and infected cells (multiplicity of infection [MOI] = 0.1). In the early stages of virus infection, the cytopathic effect (CPE) was relatively insignificant. At 12 h post-infection (hpi), RD cells began to shrink, and some were shed (Figure 1A). At 24 hpi, EV-D68 infection promoted extensive cell rounding and detachment of RD cells, consistent with the CPE caused by enterovirus infection (1, 19). Figure 1B RT-PCR result showed the replication of EV-D68 in RD cells. Next, total RNA from non-infected and EV-D68-infected RD cells (6, 12, and 24 hpi) was collected and analyzed using RNA sequencing (RNA-seq) to quantitate host gene expression. From an overall perspective, a clustering heatmap was drawn to show gene expression levels at the indicated timepoints upon EV-D68 infection (Figure 1C and Supplementary Data Sheet  1). Differential expression is shown as color depth, with high expression colored red and low expression colored blue, respectively. The threshold values |log2(Fold Change)| >1 & padj <0.05 were used to identify DEGs relative to the mock control group. We identified 6,616 DEGs, including 1,444, 3,277, and 4,615 at 6 hpi, 12 hpi, and 24 hpi, respectively. Detailed DEGs list of all comparison group can be found in Supplementary Data Sheet 2 (6 hpi vs. Mock), Supplementary Data Sheet 3 (12 hpi vs. Mock), Supplementary Data Sheet 4 (24 hpi vs. Mock). Differential expression analysis for three comparison groups, mock vs. 6 hpi, mock vs. 12 hpi, and mock vs. 24 hpi, identified 1,508, 1,863, and 1035 DEGs, including 598, 15,08, and 2,125 upregulated genes and 846, 1,769, and 2,490 downregulated genes, respectively (Figure 1D). We also classified overlapping or unique DEGs to illustrate the differences between different timepoints post-EV-D68 infection, as summarized by Venn diagrams (Figure 1E).




Figure 1 | Transcriptome landscape revealing host functional regulation in response to EV-D68 infection. (A) Detection of EV-D68-induced CPE. RD cells were infected with EV-D68 (MOI = 0.1), and were imaged via light microscopy at 6 h, 12h, and 24 h post-infection. (B) Replication of EV-D68 in RD cells. Cells in 24-well plates were infected with EV-D68 (MOI = 0.1) and collected at designated time points (6 hpi, 12 hpi, and 24 hpi). RT-PCR measurement of relative viral RNA levels. (C) Clustering heatmap showing differential gene expression between mock and EV-D68-infected groups. The ordinate is the normalized FPKM expression values of differential genes. Different colors show gene expression level differences, with high expression colored red and low expression colored blue. The closer the color distributions of the two samples, the more similar the expression patterns. (D) The number of DEGs at different infection time points. (E) Venn diagrams showing overlapping DEGs between different comparison groups. **p <0.01, ***p <0.001.



To comprehensively understand the gene function changes upon EV-D68 infection, Gene Ontology (GO) analysis was carried out on DEGs upregulated at 6 hpi, 12 hpi and 24 hpi, and annotations searched using the GO database. GO enrichment analysis identified related biological process (BP), cellular component (CC), and molecular function (MF) categories. Upregulated DEGs at 6 hpi were primarily associated with GO terms related to the cellular response to external stimulus, NF-κB signaling, negative regulation of kinase activity, and regulation of transcription regulatory region DNA binding (Supplementary Figure 1A). The majority of upregulated DEGs at 12 hpi were associated with biological processes including apoptotic signaling pathway, NF-κB signaling, response to endoplasmic reticulum stress, regulation of DNA binding transcription factor activity, cellular components (focal adhesion, cell-substrate junction, cytoskeleton, transcription factor complex), and molecular functions such as DNA binding activity, transcription activator, and corepressor activity (Supplementary Figure 1B). Most upregulated DEGs at 24 hpi were assigned to BP subcategories viral gene transcription and expression, and protein synthesis and processing, CC subcategories cytosolic ribosome and DNA packaging complex, and MF subcategories DNA binding activity, transcription activator and corepressor activity, similar to the GO enrichment results at 12 hpi (Supplementary Figure 1C).



Activated TREM-1 Signaling Is Involved in Inflammatory Responses During EV-D68 Infection

To gain insight into the underlying gene regulatory networks against EV-D68 infection, we performed activation analysis of DEGs based on the z-scores. First, three comparisons were made at indicated timepoints of EV-D68 infection, including transmembrane receptors, transcription factors, and cytokines (Figure 2A). We found that several immune-related genes, including TLR family members (TLR7, TLR4, TLR3), TNF family members, IL-1 family members, and IFN and some transcription factors (NF-κB, STAT3, JUNB) were significantly differentially regulated. Among these, transcription factor nuclear factor kappa B (NF-κB), the transmembrane receptor TREM-1, and the cytokine tumor necrosis factor alpha (TNF-α) showed increased activation from 6 to 24 hpi. Next, the three regulators and their target genes were used to reconstruct a gene regulatory network (GRN) in Figure 2B. The GRN results confirmed a positive feedback loop among the three genes, which is likely to cause significant activation of TREM-1 at 24 hpi. Furthermore, the dynamic GRN for the 24 hpi also demonstrated that activated TREM-1 promotes a severe inflammatory response in which highly activated upstream and downstream regulators are related to inflammation. Thus, the upstream regulators involved in viral infection are likely to utilize the TREM-1 signaling pathway to mediate inflammatory responses in EV-D68 infection.




Figure 2 | Activated TREM-1 signaling is involved in inflammatory responses during EV-D68 infection. (A) The top 30 upstream regulators identified based on z-score values, including transcription factors, transmembrane receptors and cytokines. Different colors represent the corresponding regulator Z-scores, with activated colored red and inhibited colored blue. (B) GRN at 24 hpi. Target genes of each regulator were used to perform a GRN analysis. Red or pink = upregulated, gray or white = does not meet cut-off criteria or not involved in the pathway. Solid arrows = direct interaction, dotted arrows = indirect interaction. (C) The top 30 enriched signal pathways identified based on activation z-scores at indicated timepoints. Different colors represent the corresponding signal pathway Z-scores, with activated colored red and inhibited colored blue. (D) The activation level of TREM-1 and downstream inflammatory cytokines at 24 hpi were determined by activation z-scores. TREM-1 pathway analysis by IPA. Red or pink = upregulated, green = downregulated), gray or white = does not meet cut-off criteria or not involved in the pathway. Solid arrows = direct interaction, dotted arrows = indirect interaction.



We subsequently performed pathway enrichment analysis to explore the possible mechanistic functional pathway during EV-D68 infection. The top 30 enriched pathways are listed according to activation z-score values in Figure 2C. Additionally, we found that diverse antiviral immune responses were activated, including PRRs that recognize viruses, HMGB1 signaling pathway, IL-8 signaling pathway, IL-6 signaling pathway, TNFR signaling, acute phase response signaling, and others (Figure 2C). Consistent with the results of upstream regulator analysis, NF-κB signaling, and TNFR signal pathway were activated at 6 hpi, and persisted until 24 hpi. Remarkably, TREM-1 signaling was most strongly activated at 24 hpi. Therefore, dynamic TREM-1 signaling was observed at 24 hpi (Figure 2D). TREM-1 directly interacts with DAP12 to trigger distinct downstream signal transduction pathways for proinflammatory responses (21). The expression of genes related to these pathways, such as TNF-α, IL-6 and IL-8, was altered during viral infection. This implies that the TREM-1 pathway may be involved in the inflammatory cytokine response at 24 hpi during EV-D68 infection. Of note, the molecular mechanisms related to the TREM-1 pathway have not been investigated previously in the context of proinflammatory responses during EV-D68 infection.



TREM1 and Its Downstream Cytokines Are Upregulated in Response to EV-D68 Infection

To further investigate whether EV-D68 infection influences TREM-1 expression and confirm the accuracy and reliability of the transcriptome data, we infected RD cells with EV-D68 and examined the changes in the RNA and protein levels of TREM-1. Our RT-PCR results showed that TREM-1 mRNA levels were significantly induced upon EV-D68 infection (Figure 3A). Consistently, western blotting (WB) and enzyme-linked immunosorbent assay (ELISA) showed that TREM-1 protein levels were elevated by EV-D68 (Figures 3B, C). Considering enterovirus caused human respiratory illness, we also evaluated TREM-1 upregulation induced by EV-D68 in human fetal lung diploid fibroblasts (2BS) and human lung carcinoma (A549) cells. RT-PCR results showed EV-D68 infection upregulated TREM-1 mRNA level in 2BS and A549 cells, which proved that is a common phenomenon (Supplementary Figure 2). These results suggest that EV-D68 infection upregulated TREM-1 production. Also, we performed ELISA experiments to characterize the change in levels of TREM-1 downstream cytokines, and the results proved that IL-6, IL-8, TNF-α, and others were indeed upregulated in response to viral infection (Figures 3D–H).




Figure 3 | Validation of RNA-seq data. (A-C) EV-D68 infection upregulates TREM-1 mRNA and protein abundance in RD cells. EV-D68-infected RD cells were collected at 24 hpi (MOI = 0.1), and TREM-1 mRNA levels were measured by RT-PCR (A). The GAPDH gene served as an internal control, and relative gene expression (fold change) levels of each gene were calculated using the comparative 2-ΔΔCT method. Values are mean ± standard deviation (SD). TREM-1 protein levels were measured by WB (B) and ELISA (C). (D-H) EV-D68 infection upregulates TREM-1 downstream inflammatory cytokine production. MILLIPLEX assays were used to measure the expression levels of cytokines TNF-α (D), IL-1β (E), IL-6 (F), IL-8 (G), and IL-12 p70 (H). *p <0.05, **p <0.01, ***p <0.001.





Inhibition of TREM-1 Abrogates EV-D68-Mediated Inflammatory Responses

Studies have proved that TREM-1 is a 30 kDa transmembrane immunoreceptor, extensively involved in innate immune and inflammatory responses (22, 23). Furthermore, activation of TREM-1 signaling amplifies proinflammatory responses induced by Toll-like receptors or NOD-like receptor ligands (21, 24). To investigate the molecular basis of TREM-1 regulation of downstream cytokines, we down-regulated endogenous TREM-1 activity using LP17 (25, 26), a molecule targeting TREM-1. We confirmed downregulation of TREM-1 by RT-PCR, WB and ELISA (Figures 4A–C). When investigating whether TREM-1 signaling modulates EV-D68-induced inflammatory responses, we found that EV-D68 stimulation of IL-6, IL-8, TNF-α, and IL-12 p70 was abrogated following down-regulation of TREM-1 (Figures 4D–G). Additionally, we overexpressed TREM-1 in HEK293T cells, and verified changes in protein abundance by WB (Figure 4H). Similarly, we observed that EV-D68 infection led to the upregulation of TREM-1 in HEK293T cells (Figure 4I, lane2). Notably, our RT-PCR results demonstrated that overexpression of TREM-1 increased IL-6, IL-8, and TNF-α at the mRNA level (Figures 4J–L, lane5), while this amplification effect could be eliminated by LP17 (Figures 4J–L, lane4). Collectively, our results suggest that TREM-1 is involved in regulating EV-D68-induced inflammatory responses.




Figure 4 | Inhibition of TREM-1 abrogates EV-D68-mediated inflammatory responses. (A−C) LP17-mediated down-regulation of TREM-1 in EV-D68-infected RD cells. EV-D68-infected RD cells were pretreated with the TREM-1 inhibitor LP17 for 2 h (1 μg/ml). After 24 h, cells were harvested for subsequent experiments. TREM-1 mRNA levels were measured by RT-PCR (A). The GAPDH gene served as an internal control. The protein levels were measured by WB and ELISA (B, C). (D−G) LP17 inhibits the expression of inflammatory cytokines downstream of TREM-1. RD cells in 6-well plates were infected with EVD68 (MOI = 0.1) ± LP17 (1 μg/ml). Cells were collected at 24 hpi for MILLIPLEX Multiplex Assay to quantitate changes in the levels of cytokines IL-6 (D), IL-8 (E), TNF-α (F), and IL-12 p70 (G). (H−L) TREM-1 over-expression upregulates inflammatory cytokine levels in virus-infected HEK293T cells. HEK293T cells were transfected with TREM-1_Flag or empty vector control (500 ng, 48-well plates) for 24 h. Cells were then infected with EV-D68 (MOI = 0.1) for 24 h, harvested for RNA extraction, and subjected to WB (H) and RT-PCR analysis of TREM-1 mRNA (I), IL-6 (J), IL-8 (K), TNF-α (L). The GAPDH gene served as an internal control, and the relative gene expression (fold change) levels of each gene were using with the comparative 2-ΔΔCT method. Values are means ± SD. *p <0.05, **p <0.01, ***p <0.001.





TREM-1 Inhibition Impacts EV-D68 Replication

Amrun et al. reported that severe EV-A71 infection leads to activation of the TREM-1 signaling pathway, and LP17-mediated TREM-1 inhibition does not affect the replication of EV-A71 (27). Herein, we investigated whether the LP17-mediated down-regulation of the TREM-1 signal pathway affects the replication of EV-D68. First, RD cells were infected with EV-D68 at an MOI of 0.1 after LP17 pretreatment for 2 h. Next, the abundance of viral RNA, the induction of viral protein, and the viral titer of EV-D68 in uninfected control, EV-D68-infected, and LP17 treatment groups were compared. Our RT-PCR results showed that the abundance of EV-D68 RNA in the LP17 treatment group was significantly lower than in the EV-D68-infected group (Figure 5A) in a dose-dependent manner. Similarly, WB analysis showed that LP17 significantly inhibited the production of the viral structural protein VP1 (Figure 5B, lanes 2 and 3). Furthermore, WB analysis showed that LP17 significantly inhibited the expression of VP1 at 12 hpi and 24 hpi, and the inhibition rate at 24 hpi was ~50%, consistent with the results in Figure 5B (Figure 5C). Furthermore, as expected, the LP17 treatment group had a markedly lower viral titer than the EV-D68 infected group, and the inhibitory effect was ~90% (Figure 5D). To further confirm the correlation between TREM-1 and EV-D68 replication, TREM-1 was overexpressed in HEK293T cells, which were then infected with EV-D68, and the abundance of EV-D68 viral RNA was measured. The results showed that the abundance of EV-D68 RNA was increased significantly following TREM-1 over-expression, and could be inhibited by LP17 (Figure 5E). Additionally, the results of Cell Counting Kit 8 (CCK8) and transferase dUTP nick end labeling (TUNEL) experiments showed that the LP17 treatment group displayed a lower rate of apoptosis and higher cell viability, compared with the EV-D68-infected group (Figures 5F, G). Taken together, these results suggested that TREM-1 potentially participates in and affects the replication of EV-D68 in host cells.




Figure 5 | TREM-1 inhibition impacts EV-D68 viral replication. (A, B) LP17 inhibits the replication of EV-D68 in a dose-dependent manner. LP17-pretreated RD cells (1 μg/ml or 1.5 μg/ml, 2 h) were exposed to EV-D68 for 24 h Cells were then harvested for RT-PCR analysis of relative EV-D68 RNA levels (A), WB analysis of viral structural protein VP1 (B), and TCID50 analysis of EV-D68 titers (D). (C) RD cells were pretreated with LP17 for 2 h (1 μg/ml), then exposed to EV-D68 for 12 h or 24 h Cells were harvested for WB analysis. Tubulin was used as the sample loading control, and VP1 expression levels were normalized and against β-tubulin by ImageJ. (E) TREM-1 over-expression upregulates EV-D68 RNA levels. HEK293T cells were transfected with TREM-1_Flag or empty vector control (500 ng, 48-well plates) for 24 h Cells were then infected with EV-D68 (MOI = 0.1) for 24 h, harvested for RNA extraction, and subjected to RT-PCR analysis of relative EV-D68 RNA levels. (F, G) Effect of LP17 on apoptosis and cell viability of EV-D68-infected cells. RD cells were infected with EV-D68 following pretreatment with the synthetic peptide LP17 (1.0 μg/ml) for 2 h, and apoptosis and cell viability were determined by TUNEL and CCK-8 assay, respectively. (F) Fluorescent signals from TUNEL (green) and DAPI (blue) assays. Bars = 100 μm. The merged image shows the co-localization of nuclei and apoptotic cells. *p <0.05, **p <0.01, ***p <0.001.





Induction of TREM-1 in Response to EV-D68 Infection Is Dependent on NF-κB p65

IPA analysis revealed that TREM-1 upstream regulators were significantly activated in response to EV-D68 infection, including SWI/SNF-related, matrix-associated, actin-dependent regulator of chromatin, subfamily a, member 4 (SMARCA4), FOS, SPI1, NF-κB p65, and RB transcriptional corepressor 1 (RB1) (Figure 6A). Zeng et al. reported that NF-κB p65 regulates the expression of TREM-1 in mouse-derived cells (28), but the promoter sequence similarity among different species is low based on Basic Local Alignment Search Tool (BLAST) searches. Therefore, we explored whether NF-κB p65 is involved in regulating the expression of TREM-1. We first confirmed that nuclear translocation of NF-κB p65 was induced by EV-D68 (Figure 6B, row 2). Activation of NF-κB was alleviated by pyrrolidine dithiocarbamate (PDTC), a selective NF-κB p65 inhibitor, resulting in a decrease in TREM-1 mRNA level (Figure 6C, lanes 3−4). To further define the regulation between TREM-1 and NF-κB p65, we silenced the p65 gene using a small interfering RNA (siRNA) approach (Figure 6D). NF-κB p65 knockdown cells were infected with EV-D68, and expression of the TREM-1 gene was measured. We observed that p65 silencing resulted in an approximately 50% decrease in TREM-1 mRNA levels (Figure 6E, lane 4). Next, we performed a dual-luciferase assay to determine whether NF-κB p65 could bind to the promoter region of the endogenous TREM-1 gene. Figure 6F shows that TREM-1 expression was regulated at a transcriptional level by NF-κB p65. Together, these results indicate that activation of NF-κB p65 is essential for expressing the TREM-1 gene in response to EV-D 68 infection.




Figure 6 | TREM-1 induction by EV-D68 is dependent on NF-κB p65. (A) Analysis of TREM-1 upstream regulators using IPA. (B, C) Hela cells were pre-incubated with PDTC (500 ng/ml, 48-well plates) for 2 h and EV-D68 was added (MOI = 0.1) for 24 h. A laser confocal microscope was used to observe p65 nuclear import and RT-PCR analysis was performed to measure TREM-1 mRNA abundance. The GAPDH gene served as an internal control. (D, E) HEK-293T cells were transfected with si-p65 (100 nM) for 24 h, and then infected with EV-D68 (MOI = 0.1). SDS-PAGE analysis was conducted to measure NF-κB p65 expression levels (D) and qPCR was performed to measure TREM-1 mRNA levels (E). The GAPDH gene served as an internal control. (F) NF-κB p65 or pcDNA3.1 was cotransfected with Pro_TREM-1 or pGL3-Basic in HEK293T cells (24-well plate). Empty vectors pGL3-Basic and pcDNA3.1 were used as controls, and all cells were transfected with pRL-SV40 as an intracellular reference. After 48 h, a dual-reporter detection system was used to measure luciferase expression levels of different groups. **p <0.01, ***p <0.001.





Activated TREM1 Signals Through the p38 MAPK Pathway

After ligand binding, activation of TREM1 signaling is mediated by homotypic interactions between the immunoreceptor tyrosine-based activation motifs (ITAM) between TREM1 and the adaptor DNAX-Activation Protein 12 (DAP12) (29). This interaction results in phosphorylation of DAP12, which facilitates the recruitment of Src family kinases to activate downstream signaling involving Janus kinase (JAK), signal transducers and activators of transcription 3/5 (STAT3/5), MAPK, and phosphatidylinositol 3 kinase/AKT (PI3K/AKT) (29–32). Next, we identified TREM-1 downstream targets by directly comparing the phosphorylation levels of the above candidate signals between groups (Figure 7A). Using large-scale proteomic screen antibody arrays, we discovered that EV-D68 significantly increased phosphorylation of p38 MAPK (phospho-Thr180/Tyr182), which implied that TREM-1 transmits activation signals to phosphorylate p38 MAPK (Figure 7B, lane 2 and Supplementary Table 2). The involvement of p38 MAPK was further confirmed through studies utilizing LP17. Phosphorylation levels of p38 MAPK (phospho-Thr180/Tyr182) were decreased ~0.76-fold in the LP17-treated group compared with the EV-D68 infection group (Figure 7B, lane 3). Figure 7C shows the phosphorylation modification and significant changes in p38 MAPK. This result indicates that EV-D68 infection activates TREM-1 and leads to phosphorylation of downstream p38 MAPK, which is potentially involved in the regulation of downstream cytokines (33). Taken together, our study demonstrated that EV-D68 infection stimulated NF-κB p65 nuclear import to activate TREM-1 transcription, and then TREM-1 transmitted activation signals to phosphorylate p38 MAPK to involve host inflammatory responses. Based on these results, we developed a schematic diagram of the activated TREM-1 signal pathway during EV-D68 infection (Figure 8).




Figure 7 | Activated TREM-1 signals through the p38 MAPK pathway. (A) Flow chart of Phosphorylation ProArray (CSP100_plus) detection. The experiment included six replicates (horizontal rows) of phospho-specific and total antibodies, which were assessed against different treatment groups. (B, C) The graph shows the levels of TREM-1 downstream p38 MAPK phosphorylation level for Mock, EV-D68, and EV-D68+LP17 groups. *p <0.05.






Figure 8 | Schematic diagram of the activated TREM-1 signal pathway during EV-D68 infection. Transcriptional activation of TREM-1 is induced by EV-D68, and TREM-1 then regulates the secretion of downstream cytokines including IL-6, IL-8, and TNF-α.






Discussion

In recent years, EV-D68 has advanced from a rarely detected respiratory virus to a widespread pathogen responsible for increasing rates of severe respiratory illness and AFM in children worldwide, making it a serious threat to public health. To date, no specific antiviral medicines or treatments have been approved for EV-D68 infection, partly due to the lack of in-depth understanding of the pathogenic mechanism of the virus. In the present study, we generated a transcriptomic landscape map of EV-D68-infected RD cells to reveal the molecular mechanisms responsible for viral infections. We applied IPA to construct a GRN, analyzed the activation of genes and their upstream regulatory factors, and further verified our hypotheses through in vitro experiments. In summary, we found that TREM-1, TNF, and NF-κB are the major regulators in the gene regulation network connecting proinflammatory responses. Thus, TREM-1 signaling pathway is an important mediator of inflammatory responses associated with EV-D68 infections.

Transcript profiling showed that EV-D68 infection significantly stimulated host immune responses, resulting in an activated antiviral state in infected cells. EV-D68 infection triggered activation of transmembrane receptors (TREM-1, TLR3/4/7, IL-1R), transcription factors (RELA, STAT3, JunB), and cytokines (TNF, IL, CCL5). IPA-based analysis showed that these factors interact through a GRN, and are involved in the host inflammatory response. Recently developed animal models of EV-D68 infection have provided limited information about the pathogenesis of EV-D68-induced airway disease. Nasal inoculation of cotton rats with a recently isolated EV-D68 strain (VANBT/1) significantly upregulated pulmonary cytokine mRNA levels (CCL2, CCL5, CXCL1, CXCL10, IL-6, IFN-β, and IFN-γ) and provided histological evidence of peribronchiolitis and alveolitis (34). Nasal infection of ferrets with the EV-D68 Fermon strain increased the abundance of lung proteins IL-1α, IL-8, and IL-12 p70 during early infection, and lung pathology was continuously exacerbated during the progression of infection, causing lung edema as well as lung injury at the middle and late stages of infection (35). These reports explored the abdominal inflammatory pathological response induced by EV-D68 infection, and suggest that inflammation is involved in pathophysiological processes caused by EV-D68 infection. Rajput et al. found that treatment with anti-IL-17 antibody reduced the expression of lung cytokines (TNF-α, IL-12b, and IL-17A) and chemokines (CCL2, CXCL1, CXCL2, and CXCL10), and attenuated EV-D68-induced airway responsiveness in neutrophilia (36). However, the specific mechanism needs to be further investigated.

Similar to PRRs, activation of TREM-1 signaling is initiated upon binding of the ligand to the receptor, which triggers the association and phosphorylation of the immunoreceptor tyrosine-based activation motif of the adaptor protein DAP12, resulting in the recruitment and activation of the non-receptor tyrosine kinase Syk (29). In turn, Syk activates downstream signaling molecules including PI3K, PLCγ, ERK1/2, and MAP kinases (37, 38).

Regarding the role of TREM-1 in the inflammatory response, it may be involved in the pathophysiology of the inflammatory cascade caused by EV-D68 infection, and the results of LP17 targeting of TREM-1 in the present work support this view. We used the selective inhibitor LP17 to down-regulate TREM-1, and downstream cytokine secretion was consequently decreased, and TREM-1 over-expression promoted the transcriptional activity of downstream cytokines. These results implicate TREM-1 in the regulation of the inflammatory response caused by EV-D68 infection.

Various viruses have been shown to increase the expression of TREM-1 mRNA and soluble TREM-1, including filoviruses (Marburg and Ebola) (39) and flaviviruses (human Dengue virus and West Nile Virus) (40, 41). However, it is not yet established whether activation of TREM-1 is pathogenic or protective in viral infections. Weber et al. recently showed that TREM-1 knockout protects against severe influenza infection, although viral clearance was unaltered in knockout animals (42). These findings imply that limiting inflammation by blocking TREM-1 in the setting of acute viral infection may contribute to its protective effect. However, our current study found that LP17 inhibited EV-D68 replication in RD cells, at both virus RNA and protein/particle levels. This phenomenon provides a molecular basis for TREM-1 as a combined target for antiviral therapy.

Overall, our study is the first to show that TREM-1 is induced by EV-D68. We found that TREM-1 was involved in inflammatory responses and regulated the secretion of downstream cytokines including IL-6, IL-8, TNF-α, and others. Additionally, NF-κB p65 was essential for EV-D68-induced TREM-1 up-regulation based on NF-κB p65 activation inhibitor and small interfering RNA (siRNA) treatments. A dual-luciferase assay demonstrated that NF-κB p65 binds to the promoter region of the endogenous TREM-1 gene and regulates TREM-1 expression at the transcriptional level. Furthermore, inhibition of the TREM1 signaling pathway with the specific inhibitor LP17 dampened activation of the p38 MAPK signaling cascade, which suggests that TREM-1 mainly transmits activation signals to phosphorylate p38 MAPK. Increasingly, studies are exploring the role of inflammatory responses in antiviral immunity. For example, Rao et al. applied a cell bait approach to deceive coronavirus, reduce inflammatory cytokine production, and eliminate lung damage caused by SARS-Cov-2 infection (43). However, a deeper conceptual understanding of the mechanisms associated with the pathogenic and protective functions of TREM-1 in antiviral immunity is essential to develop novel therapeutic strategies for controlling virus infection by modulating innate immune signaling.
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Supplementary Figure 1 | GO enrichment analysis of upregulated genes in mock vs. 6 hpi (A), mock vs. 12 hpi (B), and mock vs. 24 hpi [(C) groups]. The dot diameter represents the number of DEGs; color depth represents significance; the abscissa represents the ratio of the number of DEGs annotated to GO terms to total DEGs; the ordinate represents different GO terms.

Supplementary Figure 2 | EV-D68 infection upregulates TREM-1 mRNA abundance in A549 and 2BS cells. (A, B) EV-D68-infected A549 and 2BS cells were collected at 24 hpi (MOI = 0.05, 0.1, 0.5, 1), and TREM-1 mRNA levels were measured by RT-PCR. The GAPDH gene served as an internal control, and relative gene expression (fold change) levels of each gene were calculated using the comparative 2-ΔΔCT method. Values are means ± SD. *p <0.05, **p <0.01, ***p <0.001.

Supplementary Table 1 | Primer sequences used for RT-PCR.

Supplementary Table 2 | Phosphorylation levels of the candidate signals downstream of TREM-1.

Supplementary Data Sheet 1 | Gene expression levels of mock and EV-D68-infected RD cells at 6 hpi, 12 hpi, 24 hpi.

Supplementary Data Sheet 2 | DEGs list at 6 hpi.

Supplementary Data Sheet 3 | DEGs list at 12 hpi.

Supplementary Data Sheet 4 | DEGs list at 24 hpi.
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Streptococcus agalactiae, also known as group B streptococcus (GBS), can cause pneumonia, meningitis, and bacteremia, making it a pathogen that can increase the risk of death in newborns and immunodeficient individuals. Neutrophils are the first barrier to a host’s innate immune defense against these infections. Fpr2(Formyl peptide receptor 2) is an important chemotactic receptor of neutrophils, though its activation would cause pro- and anti-inflammatory effects. In this study, we found that mice without Fpr2 receptor were highly susceptible to GBS infections. These mice demonstrated decreased chemotaxis to neutrophils, decreased bactericidal ability of neutrophils, and high mortality. RNA-seq and Luminex assay indicated that Fpr2 activates key signal molecules downstream and produces chemokines CXCL1/2 to chemotaxis neutrophils. Like Fpr2-/-, CXCL1/2 or neutrophil depletion impairs host’s ability to defend against GBS infection. Altogether, these data indicate that Fpr2 contributes to a host’s ability to control GBS infection and that a lack of Fpr2 was associated with selective impairment during the production of chemokines CXCL1 and CXCL2 as well as neutrophil recruitment. Here, We clarified that Fpr2, as a chemotactic receptor, could not only directly chemotactic neutrophils, but also regulate the production of chemokines to control infection by chemotactic neutrophils.




Keywords: Streptococcus agalactiae, (GBS), formyl peptide receptor 2 (FPR2), CXCL1 = chemokine (CXC) ligand 1, chemokine (C-X-C motif) ligand 2, neutrophil (PMN)



Introduction

Streptococcus agalactiae (GBS), is an encapsulated Gram-positive bacterium that colonizes the human urogenital tract, often asymptomatically in healthy adults (1). GBS can cause severe infections, including pneumonia, sepsis, and meningitis, and is a major cause of infection-based mortality in neonatal infants and elderly or immunocompromised adults, such as liver cirrhosis, diabetes, and other malignancies (2, 3). Innate immunity plays an important role in a host’s resistance to these bacterial infections. Neutrophils and macrophages are important components of innate immunity: they engulf bacteria and produce ROS, antimicrobial peptides, and other substances that can kill bacteria. Neutrophils represent the first line of defense during infections and represent approximately 50% to 70% of the circulating human leukocytes (4). Early, rapid, and accurate chemotaxis of neutrophils to the infection site is important to fight off severe infections. The extravasation process is induced by different chemoattractants, which activate neutrophils via G-protein-coupled seven-transmembrane cell surface receptors(GPCR). Early autopsies of newborn patients with pneumonia caused by GBS infections demonstrated that a large number of bacteria were accumulated in the alveoli, though neutrophils could not effectively migrate to the alveoli and was primarily concentrated in capillaries. Neutrophils treatment with extracted type III GBS antigens can reduce the chemotaxis of platelet-activating factors (PAF), leukotriene B4 (LTB4), and fMLP (formylmethionyl leucyl phenylalanine) to neutrophils. The inhibitory effects on the fMLP chemotaxis does not act by reducing the binding of fMLP to the receptor (5), making it possible to terminate the downstream chemotactic reaction of Fprs, or reduce the chemotactic substances produced by Fprs and etc. Any of these reactions would affect the chemotaxis of neutrophils.

Fprs belong to the classical chemotactic GPCR subfamily, and they are expressed in a wide variety of cell types, including neutrophils and macrophages. In humans, there are three FPRs: FPR1, FPR2, and FPR3. Sequence comparison of receptors revealed a similarity of 70%. Mouse Fpr (mFpr) gene family consists of at least 8 members (6, 7), while the mFpr1/2 is the orthologue of human FPR1/2. The activation of FPR1 and FPR2 can cause a series of signal transduction events, resulting in myeloid cell migration, mediator release, enhanced phagocytosis, transcription of new genes, involvement in host responses to bacterial infection, tissue repair, and wound healing (7). Fpr1/2 is an important component of the innate immune response to defend against bacterial infections (8). Studies assessing Listeria monocytogenes, Staphylococcus aureus, and Escherichia coli, found that both Fpr1/2 activation and inflammation were needed for the host to control bacteria. However, for Streptococcus suis and Streptococcus pneumonia, Fpr1/2 activation aggravated inflammatory damage in the host.

The ligand of Fpr1 is primarily N-formyl peptides produced in nature by the degradation of either bacterial or host cell mitochondrial proteins, which directs neutrophils to the bacteria or damaged tissue and shows a pro-inflammatory response. However, Fpr2 interacts with a variety of structurally diverse pro-inflammatory and anti-inflammatory ligands, including biomolecules from pathogenic bacteria (such as L. monocytogenes fMIVIL and E. coli fMLF), mammalian hosts (such as SAA, LXA4) and some synthetic polypeptides (such as WKRMVM, MMK-1, etc). In a review of Fpr function in J Autoimmun from 2017, the author summarized the function of Fpr very well. Among them, the main role of Fprs in pathogenic infection is Fpr1/Fpr2 mediated neutrophil recruitment in bacterial infection, that is, in L. monocytogenes infection, Fpr1/2 directly chemoattract neutrophils through the receptor itself before CXCL1/2 is produced. In Tollip-deficient mice DSS-induced colitis and acute sepsis models, neutrophils expression Fpr2 is reduced, reducing neutrophils chemotaxis. The ability of Fpr2 to mediate pro-inflammatory and anti-inflammatory biological effects could be due to different receptor domains used by different agonists, leading to different signal transductions. Meanwhile, Cooray et al. found that Fpr2 transmitting both pro-and anti-inflammatory signals is related to whether it can be homodimerized after binding to the ligand (9).

Compared with Fpr1, Fpr2 displayed diverse ligands, different signal pathways in different cells, and complex functions after activation. Therefore, we established a bacteremia model of GBS infection to evaluate the effect of Fpr2 on host’s chemotaxis on neutrophils and neutrophils bactericidal functioning. For GBS infections, Fpr2 does not chemotactic neutrophils directly through the receptor itself, but through the activation of the receptor to produce chemokine CXCL1/2. The absence of Fpr2 damages many bactericidal function of neutrophils, decreasing the survival rate. In conclusion, Fpr2 is very important for the host to defend against GBS infection.



Materials and Methods


Bacterial Strains

The GBS strain BJCH_SA4 used here is a high virulent type III strain which is stored in our lab. The bacteria were grown overnight in Todd–Hewitt broth (THB) at 37°C containing 5% CO2, washed twice in nonpyrogenic PBS after centrifugation (PBS; 0.01 M phosphate, 0.15 M NaCl, pH 7.2), and resuspended to the desired concentration. Heat-killed bacteria (HK-GBS) was prepared according to the methods previously reported (10). In each experiment, the actual number of injected bacteria was determined by colony counts. In βH/C-blocking experiments, the inhibitor DPPC(dipalmitoyl phosphatidylcholine, sigma-adlrich, USA) was suspended in PBS by sonication and added to GBS for 10 min before being injected into the orbita vein.



Mice

Fpr2-/-(Fpr2 knockout [KO]) mice were constructed from Cyagen Biosciences (Guangzhou, China) according to methods previously reported (11). The control, wild-type (WT) C57BL/6 mice (6-8 weeks old), were purchased from Charles River (Beijing, China). The mice were maintained and bred under Specific pathogen-free(SPF) conditions in the animal facilities of the Academy of Military Medical Sciences.



Experimental Models of GBS Disease

Six-week-old mice were injected intraperitoneally (i.p.) or intravenously (i.v.) with the BJCH_SA4 GBS strain. For the two GBS-induced infected models, mice were injected i.p. with 108CFU/ml mid-logarithmic-phase GBS or mice were firstly anesthetized and then injected in the orbital vein with 108CFU/ml mid-logarithmic-phase GBS and monitored daily for survival. For receptor inhibition experiment, WT mice were treated with Boc-2 (600ng/kg) or vehicle for 1 h before GBS infection. Boc-2 peptide together with the lipidated peptidomimetic Lau-(Lys-βNSpe)6-NH2 ligand, were recently found to be selective inhibitors for Fpr2. For neutrophils depletion experiment, WT mice were pretreated i.p. with 100μg of rat monoclonal anti-mouse Ly6G antibodies or rat IgG2a isotype control (BD Pharmingen, USA) 24 h before i.v. inoculation with 2×108 CFU/ml of GBS. For Chemokine depletion experiment, the mice were injected i.p. 3h before the GBS challenge with 100 μg rat monoclonal antibodies (mAbs) specific for CXCL1, CXCL2, or IgG2a and IgG2b isotype controls (R&D, Minneapolis, MN, USA). For monocyte/macrophage depletion experiment, mice were pretreated i.p. with 200μg of clodronate liposome or control PBS liposomes (Yeasen Biotech Co. Ltd, China) 24 h before i.v. inoculation with 2×108 CFU/ml of GBS. After the infection, the peripheral blood was taken from the orbital vein into an EDTA anticoagulation tube for follow-up experiments. The organs were placed in preweighed sterile tubes containing PBS and homogenized in a gentle tissue disruptor.

Meanwhile, the HK-GBS was injected i.p. at a dose of 0.5 mg/mouse in 0.2 ml of PBS, while the peritoneal lavage fluid was collected at predetermined times to measure cell numbers via flow cytometry and cytokine concentrations using ELISA.



Cytokine Measurement and Luminex Assay

Concentrations of cytokine in the plasma and supernatants were detected by multiplexed Luminex xMAP assay (Cytokine & Chemokine 36-Plex Mouse ProcartaPlex™ Panel 1A, Thermo Scientific, USA) or ELISA according to the manufacturer’s instructions.



Flow Cytometry

After the mice were infected for 3 hours and 6 hours, the peripheral blood was taken into an EDTA anticoagulation tube. The red blood cell was lysed on ice for three minutes and centrifuged at 2300 rpm for 3 minutes, while the supernatant was removed to obtain the cells. The same method was used to obtain cells from the peritoneal lavage fluid. The absolute count of blood leukocytes in the blood and peritoneal lavage fluid samples were determined using a BD TruCount system (BD Biosciences, USA). The cells were stained with PE anti-mouse Ly6G, PerCP/Cyanine5.5 anti-mouse CD45, FITC-anti-mouse CD11b, Apc anti-mouse Ly6C, PE/cy7 anti-mouse CD19, and Apc anti-mouse CD3. Antibodies were purchased from Biolegend (San Diego, CA, USA). All of the above-stained cells were assayed using a BD FACSVerse flow cytometer and data were analyzed using FlowJo software.



RNA-Seq and Bioinformatic Analysis

After three hours of GBS infection, the WT and Fpr2 knockout mice were used to isolate neutrophils with the Tianjin Haoyang Neutrophil Kit. Once the purity exceeded 95%, trizol was added, and the samples were placed in liquid nitrogen and sent to the Beijing Novogene company, which conducted sequencing and analyzed the results. The reads of each gene were counted by feature counts, and the differentially expressed genes had adjusted p-values <0.01 and were differentially expressed by at least 2-fold. Quantitative PCR (qPCR) was also performed to verify the results of RNA-seq. The SYBR Green PCR method was used according to the instructions of the manufacturer of the PowerUp™ SYBR™ Green Master Mix (Thermo Scientific, USA), while the GAPDH gene was used as an internal control.



Multiplex Immunofluorescence (mIF) Analyses

Liver FFPE tissue of mice was used as an experimental sample. All tissues were cut into 4-μm thick sections. The slides were deparaffinized in xylene for 30 mins and rehydrated in absolute ethyl alcohol for 5 mins (twice), 95% ethyl alcohol for 5 mins, 75% ethyl alcohol for 2 mins. The slides were washed with distilled water three times. A microwave oven was used for heat-induced epitope retrieval; during epitope retrieval, the slides were immersed in boiling H2O2 buffer (PH9.0; Histova Biotechnology, China) for 15 mins. Primary antibodies were performed as follows: Ly6G (1:500, 87048s, Cell Signaling Technology, Danvers MA, USA), CXCL1 (1:500, ab269939, Abcam, USA). All primary antibodies were incubated for 1 h at 37°C. The slides were then incubated with Opal Polymer HRP Ms+Rb (2414515; PerkinElmer, Massachusetts, USA) for 10 min at 37°C. An Opal Seven-Color IHC Kit (NEL797B001KT; PerkinElmer, Massachusetts, USA) was used for visualization. After each cycle of staining, heat-induced epitope retrieval was performed to remove all antibodies, including primary antibodies and the Opal Polymer HRP Ms+Rb. The slides were counterstained with DAPI for 5 mins and enclosed in Antifade Mounting Medium (I0052; NobleRyder, Beijing, China). The slides were scanned by multi-spectral technology [Vectra 3.0(TM)/Polaris(TM)], and analyzed by Inform software.



Reagent Information

U73122(Catalog Number: HY-13419), PP1(Catalog Number: HY-13804), Wortmannin (Catalog Number: HY-10197) and Gallein(Catalog Number: HY-D0254) were purchased from MCE (USA). PLC specific inhibitor U73122 at 50μM, Src-specific inhibitor PP1 at 20μM,PI3K-specific inhibitor Wortmannin at 50μM, Gβγ-specific inhibitor Gallein at 20μM.



Histopathological and Scoring

Mice were infected and subsequently euthanized, after which the liver, lung and spleen tissues were recovered and fixed in 10% buffered formalin. These tissues were stained with hematoxylin and eosin and examined via OlympusBX53 microscopy. The histological assessment was scored as previously described (12).



MPO and Nets Measurement in Blood

Peripheral blood was taken from the orbital vein 3h after infection. Myeloperoxidase (MPO) protein level was determined using a MPO Assay Kit (Mlbio, Shanghai, China) according to the manufacturer’s instructions. We isolated neutrophils and adjusted the number of neutrophils in WT and Fpr2 group to be the same, then stimulated with GBS (MOI 10:1). Nets protein level was determined using a Nets Assay Kit (Mlbio, Shanghai, China) according to the manufacturer’s instructions.



Measurement of ROS Production

We isolated neutrophils and adjusted the number of neutrophils in WT and Fpr2 group to be the same, then stimulated with GBS(MOI 10:1), then DCFH-DA was performed for labeling and the cells were detected using the FITC channel in upstream mode. The kit was purchased from China Biyuntian Biological Company.



GBS Killing by Blood

Mouse peripheral blood was incubated with 2×106 CFU/ml GBS for 1h at 37°C. 500ul of saponing was added, after which the cells were lysed on ice for 5min. 100ul serial dilutions were prepared and spread on THB plate and incubated overnight at 37°C for the colony count.



Ethics Statement

This research was performed in compliance with the guidelines of laboratory animal care and was approved in China. All experimental procedures were approved by the Animal Ethics Committee of the Academy of Military Medical Sciences.



Statistical Analysis

All data were analyzed with GraphPad Prism (version 7.0, GraphPad Software, La Jolla, CA, USA). The differences between groups were calculated using an unpaired t-test and a log-rank test, respectively. Data are shown as means ± SD. Differences were considered statistically significant when P <0.05: *P < 0.05, **P < 0.01, and ***P < 0.001.




Result


Fpr2-/- Mice Are Highly Susceptible to GBS Infection

Fpr2 receptors can play a pro-inflammatory or anti-inflammatory role when it is activated. To examine the ability of Fpr2 to mediate host responses to GBS infection, live bacteria were injected i.v. and qPCR was detected in the peripheral blood. We found that Fpr2 expression levels were the highest (Supplementary Figure 1A). Then Fpr2 receptor was inhibited with Boc-2 and infected with GBS i.v. and we found that the mortality rate was higher than that of WT mice (Supplementary Figure 1B).

During the experiment, we have found in the preliminary experiments that when the mice are not infected with GBS, the organs of the Fpr2 knockout mice are not damaged, and the mice themselves do not have any defects or injuries. To further confirm the role of Fpr2 in GBS infections, we prepared Fpr2-/- mice and infected GBS by i.p. Our results demonstrated that the survival rate of mice in the Fpr2-/- group was less than 50% at 48h after infection, which was significantly lower than that in the WT group (P<0.05, Figure 1A). Meanwhile, we obtained bacterial titers from peritoneal lavage fluid and blood samples from a separate set of Fpr2-/- or WT mice. At 3h, 6h, and 24h, the number of bacteria in the peritoneal lavage fluid and blood in the Fpr2-/- group was significantly higher than that in WT mice (P<0.05, Figures 1B, C). These results demonstrated that the loss of an Fpr2 receptor decreased the host’s ability to control GBS infections.




Figure 1 | Mice lacking Fpr2 are highly susceptible to GBS infection. (A) Survival of WT or Fpr2-deficient mice after i.p. challenge with 2×108 CFU/ml of GBS; each included 10 animals per group. The survival rates of the two groups were compared using a log-rank test. (B, C) Numbers of bacterial in peripheral blood and peritoneal lavage fluid of WT or Fpr2-deficient mice at 3h, 6h, 24h after i.p. challenge with 2×108 CFU/ml of GBS. Each was conducted on a different animal over the course of two experiments, each of which included 6-8 animals per group. (D) Survival of WT or Fpr2-deficient mice after i.v. challenge with 2×108 CFU/ml of GBS, each of which involved 10 animals per group. The survival rates of the two groups were compared using a log-rank test. (E) Numbers of bacterial in peripheral blood of WT or Fpr2-deficient mice at 3h, 6h, 24h after i.v. challenge with 2×108 CFU/ml of GBS. Each was conducted on a different animal, with 6-8 animals per group. (F) Numbers of bacterial in brain, spleen, liver and kidney of WT or Fpr2-/- mice at 24h. (G) Hematoxylin and eosin staining of infected tissue sections at 24 h of infection. The horizontal line indicates 200 microns. (H) Clinical scoring was performed in accordance with a formerly developed scoring list for a bacterial mouse model. Data are shown as mean ± SD. *P < 0.05, **P < 0.01, ***P < 0.001, ns means non sense.



Furthermore, we used intravenous injections to observe the clearance of GBS in blood and the invasion of GBS into the organs. Our results demonstrated that 48 h after infection, the survival rate of mice in the Fpr2-/- group decreased significantly, to less than 50%. However, only one mouse in the WT group died at 24 h, while the other mice survived for more than seven days (Figure 1D). The results of the colony count indicated that GBS levels in the peripheral blood, spleen, liver, and kidney of Fpr2-/- mice were significantly higher than in WT mice after 24h (Figure 1E, F). However, we found no difference in the number of colonies between the two groups and no symptoms of meningitis in the brain tissue, which was repeated three times. This might be related to the short observation time.

There are several reports on liver damage caused by Fpr2 deletion (13–15). In this study, we analyzed pathological damage to the liver, spleen, and kidney. Our pathological analysis demonstrated that during GBS infections, Fpr2 loss damaged the spleen, and liver though damage to the liver was the most serious (Figure 1G). Briefly, the pathological analysis of liver showed pathological changes characteristic of severe tissue destruction, and large areas of piecemeal necrosis following GBS infection in Fpr2-/- mice. No obvious pathological alterations in liver were found following GBS infection in WT group. For kidney, there was no glomerular, interstitial or vascular injury in the WT group, but these pathology characteristics became readily observable in the Fpr2-/- group. Cellular proliferation and/or membrane thickness in glomeruli, and interstitial inflammatory cell infiltration were observed. For spleen, there was little difference between the two groups (Figure 1G). Fpr2-/- liver pathological injuries were determined using a semi-quantitative score (Table 2), and we found a significant difference in the pathological injury score for Fpr2-/- (P< 0.001, Figure 1H). These results are consistent with those of the colony counts.

Altogether, our results conclusively indicated that Fpr2-/- mice were more susceptible to GBS infections and could not control the invasion of GBS from the blood to the organs. This confirms that Fpr2 is an important receptor for hosts and is needed to resist GBS infections.



Impaired Neutrophil Recruitment in Fpr2-Deficient Mice During GBS Infections

We next sought to analyze the mechanisms underlying increased susceptibility to GBS infections in the absence of Fpr2. Because the Fpr2 receptor is chemotactic, we hypothesized that Fpr2-/- mice reduced inflammatory cell recruitment at GBS infection sites. As seen from the liver pathological sections of GBS infections, the number of inflammatory cells in the liver tissue of Fpr2-/- mice is significantly lower than in WT mice. To determine the type of reduced inflammatory cells, we firstly determined the number and types of cells present under basal conditions in the peripheral blood and found that they did not differ between Fpr2-/- mice and WT mice (data not shown). The mice were then infected i.v. with GBS, after which the peripheral blood was obtained at predetermined times. Compared to monocytes/macrophages, B cells, and T cells, the recruitment of neutrophils in Fpr2-/- mice significantly blunted in early stages 3 and 6 h after the infection (Figure 2A). We observed that damage to the liver is most serious after the GBS infection, indicating that neutrophils in the liver suffer similarly. Therefore, we used mIF to detect Ly6G+ cells in the liver and found a decrease in the number of neutrophils in the liver 3h after infection. Flow cytometry also demonstrated significant lower number of neutrophils in the liver of Fpr2-/- mice (Figure 2B).




Figure 2 | Impaired neutrophil recruitment in Fpr2-deficient mice during GBS-infection. (A) Cell counts in peripheral blood samples after i.v. challenge with GBS at 0h, 3h, and 6h; kinetics of recruitment of cells positive for CD11b, Ly6G(neutrophils), Ly6C(monocyte/macrophages), CD19 (B lymphocytes) and CD3 (T lymphocytes) in WT and Fpr2-defective mice. (B) Representative images of liver tissue sections labelled with mIHC(Left), neutrophil number analyzed by inform software (Right Up) and Flow cytometry (Right down). Three-color, multiplex immunofluorescent images of mice liver tissue sections displaying the spatial distribution of different immune lineages and markers. The technique labels three channels as follows: Ly6G (green), CXCL1(red)and DAPI (blue). (C) Survival and numbers of bacterial in blood of WT and Fpr2–/– mice pretreated with anti-Ly-6G antibody or the isotype control after i.v. challenge with 2×108 CFU/ml of GBS. Data are representative of three independent experiments (n = 5 mice in the per group) and are shown as mean ± SD. *P < 0.05, ns means non sense.



Data above suggested that the over-sensitivity to GBS infections seen in Fpr2-/-mice is related to its reduced ability to recruit neutrophils to the infection site. Our results for GBS infection showed that a 80-90% mortality rate in both that were treated with anti-Ly6G (assessed 96 hours after GBS infection). Under the same experimental conditions, the mortality rate of all control animals was only ~20% (Figure 2C). Thus, our data supporting that mice lacking neutrophils are unable to control the growth of GBS, and Fpr2-/- decreased host resistance to GBS infections, which is related to the impaired increase in neutrophils.



Low Neutrophils in Fpr2-/- Mice Was Unrelated to GBS Cytotoxicity

While we observed fewer neutrophils in Fpr2-knockout mice than in WT mice, it is unclear whether neutrophils levels are associated with low chemotaxis or the high number of living bacteria in Fpr2-/- mice. The cytotoxin βH/C is an important virulence factor produced by GBS and can form pores on the surface of eukaryotic cells and lyse neutrophils (16). Does neutrophils impairment increase in Fpr2-/- mice due to the high concentration of βH/C in the blood? To exclude this possibility, we used HK-GBS to avoid βH/C interference. The mice were injected with HK-GBS i.p. and 3h later, blood and the peritoneal lavage fluid were obtained to count the neutrophils number. Our results demonstrated that there was no significant difference in the chemotaxis of neutrophils in the blood, while neutrophils levels in Fpr2-/- mice are significantly less than that in the WT group in the peritoneal lavage fluid (Figures 3A, B).




Figure 3 | GBS has a slight impact on the number of neutrophils. The number of neutrophils in peripheral blood (A) and peritoneal lavage fluid (B) from WT and Fpr2-/- mice, sampled 3h after i.p. injection of heat-killed GBS (0.5 mg/mouse). (C) The blocking effects evaluation of three doses of DPPC on neutrophils (% of CD45+ cells) after GBS-infection in WT mice. (D) Blocked by DPPC, difference in the number of neutrophils (% of CD45+ cells) between WT and Fpr2-/- groups observed after injecting the GBS. Data are representative of three independent experiments with n = 5 mice per group. Data are shown as mean ± SD. *P < 0.05, **P < 0.01, ns means non sense.



Thermal inactivation can affect the virulence of bacteria, leading us to block GBS with the βH/C inhibitor DPPC (16), which could block the cytotoxicity of βH/C (Supplementary Figures 1E, F) and perform an intravenous injection to observe the difference in neutrophils. After confirming that 250µg/mouse DPPC can effectively block the cytotoxicity of βH/C (Figure 3C), 2×108 CFU/ml GBS was incubated with DPPC for 10 min and injected into mice i.v. Our results demonstrated that after eliminating βH/C interference, neutrophils levels were still reduced in the absence of Fpr2 (Figure 3D). The results of HK-GBS and DPPC blocking βH/C demonstrated that GBS slightly impacts neutrophils levels, but is not the primary reason.



Absence of the Fpr2 Receptor Affects CXCL1/2 Production

The GBS infection of Fpr2-/- mice will reduce the ability of neutrophils to recruit to the infected site, leading us to assess the factors that affect the chemotaxis of neutrophils. RNA-seq analysis was performed on neutrophils in Fpr2-/- and WT mice infected with GBS. Of 1033 significantly differentially expressed genes (DEGs) in Fpr2-/-, the transcripts of 239 (1.21%) genes were upregulated and the transcripts of 794 (4.01%) genes were downregulated (Figures 4A, B). Down-regulated gene ontology (GO) enrichment analysis demonstrated a significant defense response to other organisms and G-protein coupled receptor activity, as well as granulocyte migration/chemotaxis (Figures 4C, D). These were associated with the regulation of cell chemotaxis and the cytokine-mediated signaling pathway (Figure 4D). Additionally, KEGG pathway analysis demonstrated that the IL-17 signaling pathway, the PI3K-Akt signaling pathway, and the Cytokine-cytokine receptor interaction were all downregulated (Figure 4E). The data of RNA-seq indicates that the deletion of the Fpr2 receptor down-regulates many genes related to chemokine and chemokine receptors, which is related to hosting resistance to infection. The 17 infection- and acute-inflammation-related genes initially identified in our RNA-seq experiment were subsequently verified by qPCR (Figure 4F). Our results demonstrated that Fpr2 deletion significantly down-regulated the Saa3 expression, which is an important inflammation-related factor during the acute infection phase. Saa can induce several kinds of cytokines/chemokine (17). The classical chemokine CXCL1/2 of neutrophils and its receptor CXCR2 also decreased significantly in Fpr2-/- mice. Another gene closely related to the host control of GBS infection, Il1b (10), was also significantly down-regulated in Fpr2-/- mice. Other factors related to neutrophil chemotaxis and activation of host inflammation, including S100a8 (18), TREM1 (19), and the complement receptors C5ar1 (20, 21) and ITGAM (22), were significantly down-regulated in Fpr2-/- mice (Figure 4F). Table 1 provides a list of the primers used in the present study.




Figure 4 | RNA-seq analysis of Fpr2-modulated genes. (A) A volcano plot illustrating differentially regulated gene expression from RNA-seq analysis between WT and Fpr2-/-. Genes upregulated and downregulated are shown in red and green, respectively. Values are presented as the log2 of tag counts. (B) RNA-seq comparison revealed a total of 1033 genes expressed, of which 239 genes were upregulated and 794 genes were downregulated. (C) KEGG pathway analysis of downregulated targets in Fpr2-deficient transcriptome. (D, E) Gene ontology (GO) functional clustering of genes that were downregulated for biological processes. (F) qPCR validation analysis of the indicated genes regulated by Fpr2. Data are shown as mean ± SD. *P < 0.05, **P < 0.01, ***P < 0.001.




Table 1 | The primers used in this study were listed.




Table 2 | Clinical score parameters, assessed values.



Regarding genes related to chemotaxis and neutrophils activation, we detected the CXCL12/CXCR4 axis that mediates neutrophils homing and found a significant decrease in Fpr2-/- mice (Figure 4F). These RNA-seq results indicate that Fpr2 deletion could affect neutrophils chemotaxis by altering the expression of CXCL1/2 and other chemokines.

Neutrophil recruitment in the blood and at infection sites is orchestrated by chemotactic cytokines/chemokines, including GM-CSF, CXCL1/2, TNF-α, and IL-6. Therefore, we next sought to ascertain whether neutrophil chemokine levels decreased in the blood of Fpr2-deficient mice inoculated with live GBS. At early time points, Fpr2-/- mice showed a significant decrease in CXCL1, CXCL2, IL-1β, CCL2, GM-CSF, IL-6, and CCL3 levels at 1 hour and 3 hours after infection, and an increase in IL-22 and IL-23, but there is no change in TNF-α, as compared with WT mice (Figures 5A, B). To further confirm the effects of CXCL1/2 on the chemotactic neutrophils of Fpr2-/-, we injected HK-GBS i.p. and found that the amount of CXCL1/2 in the WT group was significantly higher than in the Fpr2-/- group. Compared with blood CXCL1/2, the content of CXCL1/2 in the abdominal cavity has significant difference between 3 and 6h (Figure 5C), which was consistent with changes in neutrophils content observed in the abdominal cavity.




Figure 5 | Kinetics of cytokine/chemokine production in peripheral blood after i.v. challenge with 2×108 CFU/ml GBS.(A, B) CXCL1, CXCL2, IL-1β, CCL2, GM-CSF, TNF-α, IL-6, CCL3, IL-23, and IL-22 protein levels from WT and Fpr2-/- mice were measured at 1h, 3h, and 6h. (C) CXCL1/2 concentration in peritoneal lavage fluid after HK-GBS injection. Data are representative of three independent experiments with n = 8 mice per group. Data are shown as mean ± SD. *P < 0.05, **P < 0.01. ns, means non sense.



The RNA-seq and luminex results of CXCL1/2 downregulation indicates that Fpr2 is needed for their production and CXCL1/2 play an important role in controlling GBS infections. Meanwhile Fpr2 absence caused an imbalance of neutrophils exudation from the bone marrow and homing.



Fpr2-PI3K-CXCL1/2 Affects the Chemotaxis of Neutrophils in GBS Infection

The lack of neutrophils is not affected by GBS cytotoxins; meanwhile, chemotaxis detection demonstrates that CXCL1/2 in GBS-infected Fpr2-/- mice slowed the increase of neutrophils. This indicates that, in Fpr2-/- mice, the amount of neutrophils has relationship with the chemokine CXCL1/2. To demonstrate the role of CXCL1 and CXCL2 in mice infected with GBS, 100μg of anti-CXCL1 and anti-CXCL2 antibodies were injected i.p. for three hours before the infection. Orbital intravenous injection of 2×108CFU/ml GBS demonstrated that pretreatment with anti-CXCL1/2 eliminated differences in the number of neutrophils in the blood between WT and Fpr2-/-mice (Figures 6A, B). Compared with CXCL1, blocking CXCL2, a high-affinity ligand of CXCR2, reduced the proportion of neutrophils in the blood (Figure 6B). These results demonstrate that for GBS infections, Fpr2 primarily controls neutrophils levels via CXCL1/2.




Figure 6 | Effects of CXCL1/2 depletion on anti-GBS defenses. (A, B) Neutrophils (% of CD45+ cells) in peripheral blood of WT and Fpr2-/- mice pretreated with anti-CXCL1 antibody or anti-CXCL2 antibody or the isotype control after i.v. challenge with 2×108 CFU/ml of GBS. (C) CXCL1 and CXCL2 levels in peripheral blood of WT mice pretreated with anti-Ly6G antibody or the isotype control after i.v. challenge with 2×108 CFU/ml of GBS. (D) Quantitative analysis of CXCL1 and CXCL2 expression after neutrophils were pretreated with the Gβγ-specific inhibitor Gallein(20μM), the PI3K-specific inhibitor Wortmannin(50μM), the Src-specific inhibitor PP1(20μM), and the PLC specific inhibitor U73122 (50μM) for 1 hour and treated with 2×106 CFU/ml GBS for 1hour (MOI=10:1). Data are representative of three independent experiments with n = 5 mice per group. Data are shown as mean ± SD. *P < 0.05, **P < 0.01, ns means non sense.



CXCL1/2 can be produced by many cells including neutrophils. To determine which cell produced CXCL1/2, Ly6G antibody and clodronate liposomes were used to block neutrophils and monocytes/macrophages respectively (Figure 2C, Supplementary Figure 1C). We then used 2×108CFU/ml GBS via orbital vein injection. Blood was then obtained for ELISA detection. Our results demonstrated that only blocking neutrophils inhibited CXCL1/2 expression which indicated that CXCL1/2 found in the blood during the early stages of GBS infection is primarily produced by neutrophils (Figure 6C, Supplementary Figure 1D).

The results of inhibitors showed that GBS may activate Gβγ in Fpr2 heterotrimer and PI3K pathway to produce CXCL1/2 (Figure 6D). The activation of Fpr2-PI3K, the release of CXCL1/2, and the subsequent chemotaxis of neutrophils all played an important role in host defense to GBS infections.



Deletion of the Fpr2 Receptor Affects the Bactericidal Function of Neutrophils

In addition to chemotaxis, Fprs also directly mediate neutrophil phagocytosis (23). Therefore, we examined what was capable of killing GBS, including the production of MPO, ROS, and NETs from WT and Fpr2-/- mice. The peripheral blood of mice was added to GBS in the mid-log phase to induce infection, and the results demonstrated that the killing ability of Fpr2-knockout mice was weakened (Figure 7A). We detected the expression levels of MPO in the peripheral blood, the results showed that neutrophils of Fpr2-/- mice produced less MPO. We next detected the expression levels of ROS, and NETs in the peripheral blood neutrophils of the mice three hours after infection. These results demonstrated that the expression levels of these two were significantly reduced in Fpr2-/- mice (Figures 7B–D) and that bactericidal functions in peripheral blood decreased in Fpr2 knockout mice. Therefore, the Fpr2 receptor not only affects chemotaxis but also affects other functions, including its ability to kill GBS infections.




Figure 7 | GBS killing, MPO, NETs and ROS production by peripheral blood. (A) GBS killing capacity of peripheral blood. Mouse peripheral blood were incubated with 2×106 GBS/ml for 1 h at 37℃. MPO assay (B) of peripheral blood and NETs (C) ROS (D) detection of neutrophils from WT and Fpr2-/- mice incubated with 2×106 CFU/ml of GBS. Data are representative of three independent experiments with n = 4 mice per group. Data are representative of three independent experiments with n = 4 mice per group. Data are shown as mean ± SD. *P < 0.05, **P < 0.01, ***P < 0.001.






Discussion

This study highlights the importance of Fpr2 in host defense against lethal GBS infections. Like previous studies on L. monocytogenes and E. coli, we found that loss of the Fpr2 receptor decreased the host’s chemotactic ability to neutrophils and a weakening of the bactericidal effects. The mechanism behind chemotaxis is not directly accomplished by Fpr2 chemotactic neutrophils; Fpr2/CXCL1/2 is involved in neutrophil accumulation to control GBS infection. However, the mouse Fpr2 is just a human analog; observations in mouse models should be interpreted with caution when applying these conclusions to humans.

Fpr2 is a chemotactic receptor, and its deletion will affect the innate immunity of the host. The effects of Fpr2-/- mice on host anti-infection has been studied in S. pneumoniae (24, 25), S. aureus (26, 27), S. suis (28), L. monocytogenes (13), and E. coli (6). All of these studies have found that loss of the Fpr2 receptor increases the bacterial load and mortality of the host, though the specific mechanism is different for different pathogens. In the meningitis model (caused by S. suis and S. pneumoniae infections) and pneumonia (caused by S. pneumoniae infections), Fpr2 deletion increased the infiltration of neutrophils in CNS and lung, however, the infiltrating neutrophils were in an “inflamed” but “incompetent” state, resulting in a higher fatality rate (24, 25, 28). For S. aureus, L. monocytogenes, and E. coli, Fpr2-/- mice did lead to reduced neutrophils infiltration, uncontrolled bacterial growth, and impaired neutrophils function at the infected site. This is likely due to a lack of inflammatory responses, leading to a decrease in the survival rate of mice (6, 13, 29). But in either case, lack of Fprs does damage neutrophils function. This study assessed GBS infections and found that regardless of whether the injection method was i.v. or i.p., Fpr2 activation was very important for neutrophils recruitment, host control of the GBS infection, and improvement of the survival rate.

Studies assessing L. monocytogenes and E. coli infections demonstrated that Fpr2 is a direct chemotactic neutrophils factor during early immune responses. However, for GBS, after excluding the effects of hemolysin βH/C, the host chemotactic effect on neutrophils is not through Fpr2 directly, but indirectly by activating Fpr2 to produce chemokine CXCL1/2. Neutrophils comes from bone marrow, and its migration into the blood is based on the regulation of G-CSF in bone marrow exudation-related CXCL1/2/CXCR2 and homing-related CXCL12/CXCR4 (30, 31). The results of RNA-seq and ELISA analyses demonstrated that Fpr2 deletion simultaneously down-regulated CXCL1/2 and its receptor CXCR2, and CXCL12, and its receptor CXCR4, but did not affect G-CSF expression.

While differences in neutrophils in the blood between WT and Fpr2-/-mice could not be due to different G-CSF expressions in the two mice groups, our results demonstrate that Fpr2 loss disturbed the balance between CXCL1/2/CXCR2 and CXCL12/CXCR4 and unbalancing the exudation and homing of neutrophils from bone marrow. However, this was not necessarily the reason for the difference in neutrophils between the two mice groups.

After detecting the inflammatory factors, we found that both IL-1β and CXCL1/2 decreased in Fpr2-/- mice. Previous studies by C. Biondo, have demonstrated that the loss of IL-1β or its receptors can reduce the production of CXCL1/2, thus reducing chemotaxis to neutrophils and affecting the host’s ability to control GBS infections (10, 32). As such, decreases in neutrophils caused by Fpr2 deletion are likely due to decreases in IL-1β expression, which affects CXCL1/2 production. There was no difference in the production level of TNF-α between the Fpr2-/- and WT groups in the first six hours after infection.

The cells that can produce CXCL1/2 include neutrophils, monocytes, and endothelium and etc. In this study, we found that the production of CXCL1/2 in the blood primarily came from neutrophils. Previous studies on GBS infections found that CXCL1/2 quickly increased due to GBS infections, which typically peak approximately 3-6 hours after infection (10, 32). However, the CXCL1/2 release as a result of L. monocytogenes and E. coli infections was much slower. CXCL1/2 in L. monocytogenes infection model was detected only at 4-8 hours, while CXCL1 peaked at 24 hours (13). For E. coli, the production of CXCL1 and CXCL2 was minimal at 3 h and reached peak at 8 h (6). These two bacteria chemotactic neutrophils directly through Fpr2, meaning late CXCL1/2 production does not affect the chemotaxis of early neutrophils. Moreover, PAMP, the end-target of neutrophils, exhibits faster and more accurate chemotaxis to neutrophils compared with CXCL1/2. This enhances the interaction of the pattern recognition receptor (PRR) with other PAMPs and enhances the antibacterial response of the host. However, for GBS infection, repeated experiments have demonstrated that if CXCL1/2 decreases, neutrophils recruitment will significantly decrease. Similarly, CXCL1 and CXCL2 quickly increased in the early stages of GBS infection, while a significant difference in these two factors in WT and Fpr2-/- can be detected at 1 hour and 3 hours for both i.v. and i.p. infection route, which is consistent with that of the neutrophils increase. The rapid release of CXCL1/2 is caused by GBS infections, which could be because mature human neutrophils contain small amounts of interleukin-8 (CXCL1/2 compartment) (33), which significantly increases upon proinflammatory activation.

When we previously studied the release of primary granule HBPs stimulated by S. aureus PSM, we found that the particle movement of neutrophils was related to the activation of PI3K and cytoskeleton rearrangement, which is a key signal molecule downstream of Fpr2 (34). IL-8 is present in resting peripheral blood neutrophils and is stored in an easily mobilized organelle (33). We found that the key signal molecules involved in CXCL1/2 release are also related to Gβγ-PI3K. Therefore, CXCL1/2 is likely to be initially released through the movement of particles.

Host neutrophils and macrophages play a principal role in innate immunity: the generation of reactive oxygen species and other antimicrobial substances within the phagolysosome. Studies assessing the control of the S. aureus infection by Fprs demonstrate that Fprs activation can enhance the ability of the host to kill bacteria via increased complement receptor and FCγR expression on the surface of the neutrophils (23). NETs, an extracellular extrusions of a dense, fibrous matrix comprised of DNA and antimicrobial proteins, is part of a host defense mechanism that sequesters pathogens and slows their invasive progression (35, 36), which is also one of the important methods to resist GBS infection. The absence of Fpr2 influences the ability of neutrophils to kill GBS, which is accompanied by a decrease in the production of ROS, NETs, and MPO release. This is consistent with the effect of Fprs deletion on S. pneumoniae and S. suis: although a large number of neutrophils gather at the infection site, many bacteria survive due to a reduction in their antibacterial properties. This results in an imbalance of the pro-inflammatory/anti-inflammatory response.

Fpr1 primarily recognizes peptides with the N-terminal formylated methionine, and Fpr2 has been shown to also recognize several non-formylated peptide ligands. The results on S. aureus PSM demonstrated that Fpr2 tends to recognize that peptides with longer binding lengths, amphiphilic structures, and α helix. Therefore, the Fpr2 ligands in GBS require further study.

From this study, we found that Fpr2 receptors affect host resistance to GBS infections in many ways, including neutrophils chemotaxis and bactericidal function. For chemotaxis, we proposed that Fpr2 does not directly chemotactic neutrophils, but releases CXCL1/2 chemotactic neutrophils via receptor activation. As for the function, we found that the absence of Fpr2 affected the bactericidal ability of neutrophils. Therefore, Fpr2 plays an important role in host resistance to GBS infections.
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Supplementary Figure 1 | (A) Quantitative analysis of mFPR1, mFPR2, mFPR3 in peripheral blood after i.v. challenge with 2×108 CFU/ml of GBS in WT mice. (B) Survival of WT mice i.v. challenge with 2×108 CFU/ml of GBS after treated with Boc-2 (600 ng/kg). (C) Evaluation of clodronate liposomes on monocyte/macrophage depletion. WT and Fpr2-/- mice were injected i.p. with 200mg/mouse of clodronate liposomes and its control respectively. 24h later the mice were infection via orbital vein with GBS and 3h after infection, blood was collected for analysis of monocyte number by flow cytometry. (D) Effect of monocyte/macrophage depletion on CXCL1/2 production. WT and Fpr2-/- mice were injected i.p. with 1mg/0.2 ml of clodronate liposomes and its control respectively. 24h later the mice were infection via orbital vein with GBS and 3h after infection, blood was collected and serum were isolated for analysis of the production of CXCL1/2 by ELISA. ns, not significant. (E, F) DPPC block effect evaluation on βH/C. Mouse whole blood and isolated neutrophils was used to test the DPPC on βH/C. Blood or isolated neutrophils from WT mouse were exposed to the GBS strains at MOI of 10:1 with or without DPPC (150, 250, 500μg/ml) for 1h. The mixture was centrifugated and the supernatant was collected for hemolysis(E) and LDH(F) determination by colorimetric assay.*P < 0.05, **P < 0.01, ***P < 0.001.
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ORF8 is a viral immunoglobulin-like (Ig-like) domain protein encoded by the severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) RNA genome. It tends to evolve rapidly and interfere with immune responses. However, the structural characteristics of various coronavirus ORF8 proteins and their subsequent effects on biological functions remain unclear. Herein, we determined the crystal structures of SARS-CoV-2 ORF8 (S84) (one of the epidemic isoforms) and the bat coronavirus RaTG13 ORF8 variant at 1.62 Å and 1.76 Å resolution, respectively. Comparison of these ORF8 proteins demonstrates that the 62-77 residues in Ig-like domain of coronavirus ORF8 adopt different conformations. Combined with mutagenesis assays, the residue Cys20 of ORF8 is responsible for forming the covalent disulfide-linked dimer in crystal packing and in vitro biochemical conditions. Furthermore, immune cell-binding assays indicate that various ORF8 (SARS-CoV-2 ORF8 (L84), ORF8 (S84), and RaTG13 ORF8) proteins have different interaction capabilities with human CD14+ monocytes in human peripheral blood. These results provide new insights into the specific characteristics of various coronavirus ORF8 and suggest that ORF8 variants may influence disease-related immune responses.
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Introduction

The coronavirus disease 2019 (COVID-19) pandemic caused by severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) has posed substantial global challenges to health and economic systems (https://covid19.who.int/). The rapid and persistent mutations of SARS-CoV-2 triggered a new phase of the pandemic outbreak (1–4). Although the accessory proteins of SARS-CoV-2 appear not necessary for virus replication, several mutations have potentially contributed to increasing the pathogenesis and transmissibility of the virus (5) (https://covariants.org/).

Immunoglobulin-like (Ig-like) domain proteins play crucial roles in mediating macromolecular interactions in the immune system (6–8). Viruses evolve Ig-like domain proteins to evade the host immune system, inhibiting the host immune response (9, 10). SARS-CoV-2 ORF8 is confirmed as an Ig-like fold containing accessory protein, which may be involved in a potential evolutionary arms race between virus and host (11, 12). The clinical effect of a 382-nucleotide deletion (Δ382) in SARS-CoV-2, an ORF8 deleted variant, appears to be a milder infection with the less systemic release of pro-inflammatory cytokines (13). ORF8 has been detected as a secreted protein and is highly immunogenic in COVID-19 patients (14, 15). A deep understanding of ORF8 may provide new clues into the pathogenesis of SARS-CoV-2. The predominant ORF8 natural variants include Leu84 and Ser84 (16). The S84 variant in the ORF8 protein is considered related to mild disease among the clinical outcomes (17).

The ORF8 protein is identified as a fast-evolving protein. It has only been found in lineage B betacoronaviruses, including SARS-CoV-2, SARS-CoV (severe acute respiratory syndrome coronavirus), and bat coronavirus RaTG13 (a closely related bat betacoronavirus of SARS-CoV-2) (11, 12, 16–18). ORF8 genes in SARS-CoV-2-related coronaviruses (SARS2r-CoVs) are constantly evolving in their natural reservoirs (12). RaTG13 ORF8 (UniProtKB: A0A6B9WE90) and SARS-CoV-2 ORF8 L84 (UniProtKB: P0DTC8) share 95% amino acid sequence identity. Whether and how these differences are involved in SARS2r-CoVs interacting with the host are not fully clarified.

Previous scRNA-seq data of peripheral blood mononuclear cell (PBMC) samples in COVID-19 patients indicated that monocytes and megakaryocytes are considered critical peripheral sources of cytokine storms (19). Monocytes are antigen-presenting cells that load antigens on MHC class I and II molecules and prime CD8+ and CD4+ T cells. Furthermore, monocytes have both pro-inflammatory and anti-inflammatory properties (20). The latest study demonstrates that ORF8 impairs the antigen presentation system by mediating the downregulation of MHC-I (21). However, the direct interaction of ORF8 with leukocytes remains unclear.

Here, we report the crystal structures of the ORF8 Ig-like domain from SARS-CoV-2 (ORF8 with the S84 variant) and RaTG13. These two ORF8 proteins share similar Ig-like fold conformations, characterized by forming a homodimer through a Cys20-Cys20 disulfide bond and producing an inserted area of 46-83 residues. The comparisons of the two SARS-CoV-2 variants (L84 and S84) and RaTG13 ORF8 structures, as well as the abilities of their interaction with human CD14+ monocytes, indicated that the ORF8 variants might affect the immune system by modulating the recognition of viral antigens with monocytes.



Materials and Methods


Expression Plasmids

The SARS-CoV-2 ORF8 (L84) (UniProt ID: P0DTC8) gene-encoding plasmid was a gift from Prof. Peihui Wang from Shandong University and Prof. Xi Huang from Sun Yat-sen University. The SARS-CoV-2 ORF8 (L84) cDNA (Residues 16 to 121) was cloned into a modified pRSFDuet-1 expression vector with N-terminal 6x histidines-SUMO tag. The SARS-CoV-2 ORF8 (S84) variant and RaTG13 ORF8 (UniProt ID: QHR63307) expression plasmid were generated by site-directed mutagenesis. The C20A, C20K, and the 71 IQYIDI 76 to 71 AAAAAA 76 mutants of ORF8 variants were produced by site-directed mutagenesis of their respective wild-type plasmids.



Protein Expression and Purification

The plasmids were transformed into E.coli BL21 (DE3) pLysS cells. The E.coli cultured in Luria-Bertani (LB) media containing kanamycin at 37°C and induced with 0.2 mM Isopropyl β-D-1-thiogalactopyranoside (IPTG) at an optical density of 0.4 - 0.8. After induction, cells grew additional 4 hours at 37°C and were centrifuged to collect.

Collected cells were resuspended with lysis buffer [50 mM Tris pH 7.5, 100 mM NaCl, 2 mM β-mercaptoethanol (β-ME), 1 mM phenylmethanesulfonylfluoride (PMSF)], then lysed by a cell disruptor (JNBIO), followed by sonicating on ice. The suspension was subjected to centrifugation at 39,190 × g for at least 30 minutes at 4°C. The recombinant ORF8 protein variants were expressed in inclusion bodies. Pour off the supernatant and wash the pellet three times with wash buffer (50 mM Tris pH 7.5, 100 mM NaCl, 1 mM β-ME) containing 1%Triton X-100 and the last time without Triton X-100. The inclusion bodies were denatured in unfolding buffer A [6 M guanidine hydrochloride (Gu-HCl), 100 mM Tris-HCl, pH 7.5-8.0, 500 mM NaCl, 10 mM imidazole, 10 mM β-Me] at room temperature (RT) with rocking for 3 hours or till the pellet completely dissolved. The denatured inclusion bodies were centrifuged to remove insoluble impurities (39,190×g, 30 mins, RT). The supernatant was filtered and applied to a Ni-NTA (first Ni-NTA) column equilibrated with unfolding buffer A. After being washed with unfolding buffer A, proteins were eluted with unfolding buffer A containing 300 mM imidazole.

Two methods were applied to refold the inclusion body of ORF8 proteins. The first refolding method is salt gradient dialysis for RaTG13 ORF8 protein crystallization. The Ni-NTA purified soluble ORF8 loaded to unfolding buffer A with Ulp1 protease. Transfer the mixture sample to a dialysis bag, against 400 mL unfolding buffer B (4 M Gu-HCl, 20 mM Tris-HCl, pH 7.5, 150 mM NaCl, 10mM β-Me) at least 2 hours under vigorously stirring. Set up the dialysis apparatus at 4°C as described previously (22) (Supplementary Figure 1). The apparatus was a manner that the pump continuously replaces buffer from the dialysis vessel with 2 L refolding buffer A (100 mM Tris pH 7.5, 1 M L-arginine, 2 mM EDTA, 5 mM reduced glutathione, 0.5 mM oxidized glutathione, 0.2 mM PMSF). The flow rate of the peristaltic pump was calibrated to 1.5 - 2 mL/min. After the gradient has finished, optional dialyze for at least 3 h against 400 ml fresh refolding buffer A. A followed dialysis with dialysis buffer (20 mM Tris pH 7.5, 150 mM NaCl, 2 mM β-Me) to completely remove L-arginine. Because of the aggregation of protein molecules during salt gradient dialysis, we generated the second refolding method, pulse dilution, for SARS-CoV-2 ORF8 (S84) crystallization and ORF8 variant SEC analysis. A second refolding method is an optimized approach based on a previous study (11). The first Ni-NTA purified solubilized ORF8 were diluted into a 50-fold excess of cold refolding buffer B (100 mM Tris pH 8.0, 500 mM L-arginine, 2 mM EDTA, 5 mM reduced glutathione, 0.5 mM oxidized glutathione, 0.2 mM PMSF) drop-by-drop with stirring of 2 hours, followed by overnight incubation at 4°C. The refolding solution was concentrated and incubated with Ulp1 protease digestion for 6x histidines-SUMO tag removal, dialyzed overnight at 4°C against dialysis buffer.

After dialysis, Ulp1 and the uncleavaged 6xhistines-SUMO-ORF8 fusion protein were removed using a second Ni-NTA column equilibrated with dialysis buffer. Untagged ORF8 was passed through the Ni-NTA column or eluted with additional 10 mM imidazole. The ORF8 was further purified and determined by SEC using a HiLoad 16/600 Superdex 75 pg column equilibrated with a suitable buffer. The purified ORF8 was stored in 20 mM HEPES pH 7.4, 150 NaCl at -80°C.



Crystallization, Data Collection and Structure Determination

ORF8 was crystallized by the hanging-drop vapor diffusion method at 16°C. SARS-CoV-2 ORF8 (S84) protein purified by pulse dilution refolding method contained in PBS solution with a protein concentration of 5.3 mg/ml, was mixed with an equal volume of reservoir solution [100 mM citric acid, pH 2.5, 30% (w/v) PEG6000, with a final pH 4.0]. In contrast, 5.7 mg/mL RaTG13 ORF8 protein purified by salt gradient dialysis refolding method contained in (20 mM Tris, pH 7.5, 150 mM NaCl, 1 mM DTT), was mixed with an equal volume of reservoir solution [160 mM Calcium chloride, 80 mM Sodium-HEPES pH 7.5, 23% (v/v) PEG400]. The crystals grew in drops after 3 days and were harvested at 7 to 10 days. The cryoprotectant solution contained 25% glycerol and half the concentration of the reservoir solution, respectively.

All data were collected at the Shanghai Synchrotron Radiation Facility (SSRF) BL19U1. Data integration, scaling and scale were analyzed with software HKL3000. The structures were determined by the molecular replacement method of Phenix using SARS-CoV-2 ORF8 structure (L84) (PDB ID code 7JTL) as the search mode. The model refinement was using Phenix and coot software. All structural figures were generated by PyMOL.



Immune Cell Binding Assays

Purified recombinant SARS-CoV-2 ORF8 (L84), SARS-CoV-2 ORF8 (S84), RaTG13 ORF8, SARS-CoV-2 ORF7a, and human serum albumin (HSA) protein were coupled with a green-fluorescent dye, Alexa Fluor 488 NHS Ester (AF488, Invitrogen). Human peripheral blood mononuclear cells (PBMCs) were isolated from the peripheral blood of healthy donors. PBMCs were incubated with protein-AF488 in the 6-well plate. 2 hours later, PBMCs were collected into centrifuge tubes and washed by PBS. After that, PBMCs were incubated with human FcRs blockers (422302, BioLegend) for 20 min on ice and stained with phycoerythrin (PE) anti-human CD14 antibody (63D3, BioLegend) for 30 min on ice. Then the binding efficiencies were determined by CytoFLEX (Beckman).




Results


Crystal Structure of SARS-CoV-2 ORF8 (S84)

The full-length SARS-CoV-2 ORF8 is composed of a signal peptide (residues 1-15) and an Ig-like domain (residues 16-121) (Figure 1A) (12). To explore the specific characteristics of the SARS-CoV-2 ORF8 (S84) variant, we purified the Ig-like domain (ranging from 16 to 121 residues) of ORF8 (S84) and solved the crystal structure at a resolution of 1.62 Å by molecular replacement with the search model (PDB ID code 7JTL). The electron density of residues 18-121 is visible. The final refinement statistics are shown in Table 1.




Figure 1 | The crystal structure of SARS-CoV-2 ORF8 (S84). (A) Overall domain architecture of SARS-CoV-2 ORF8 (S84), including full-length and N-terminal His-SUMO tag construction for protein expression. The numbers denote residue sites of the ORF8 protein. SP, Signal peptide; Ig, immunoglobulin domain; 6*His, 6-histidine; SUMO, small ubiquitin-related modifier. (B) Cartoon representation of SARS-CoV-2 ORF8 (S84) Ig-like domain in one asymmetric unit. Disulfide bonds are showed with the stick model. The β-strands are assigned with the alphabet from N-terminus to C-terminus. The β-hairpin (in black box) consisting of strands βI1 and βI2 is inserted between βC’ and βD. (C) Topological style illustration of structure SARS-CoV-2 ORF8 (S84) Ig-like domain. The dashed boxes represent β-hairpin, the small β-sheet (βB, βD, and βE) and the large β-sheet (βA, βC, βC’, βF, βG). Disulfide bonds are showed with yellow lines. (D) Details of the β-hairpin of SARS-CoV-2 ORF8 (S84), which contain residues from Cys61 to Pro70. Residue Cys61 and Pro70 are shown with the stick model. (E) Cartoon representation of the homodimer of SARS-CoV-2 ORF8 (S84) in two symmetric units, which formed by Cys20 - Cys20 intermolecular disulfide bond. Molecule A is colored with orange, and Molecule A’ with green. Disulfide bonds are presented in yellow with the stick model, including both intermolecular and intramolecular bonds.




Table 1 | Data collection and refinement statistics.



The Ig-like domain of SARS-CoV-2 ORF8 (S84) forms a “β-sandwich” that comprises two β-sheets and an additional β-hairpin (Figure 1B). The smaller sheet is composed of three antiparallel strands (βB, βD, and βE), while the larger sheet is formed by five twisted strands (βA, βC, βC’, βF, βG) with loops (Figures 1B, C). The protruding β-hairpin exists between strands βC’ and βD, consisting of strands βI1 and βI2 (Figure 1D). It is the specific acquisition of a long insertion (residues 46 to 83) between strands C and D that distinguishes the ORF8 protein from other coronavirus Ig-like fold proteins, such as SARS-CoV-2 ORF7a (PDB ID: 7CI3) (12, 23). Of note, intramolecular disulfide bonds, including Cys25-Cys90, Cys37-Cys102, and Cys61-Cys83, contributed to stabilizing the β-sheet structure into an irregular β-sandwich fold.

Interestingly, unlike the solved SARS-CoV-2 ORF8 (L84) structure (PDB: 7JTL), the SARS-CoV-2 ORF8 (S84) contains only one molecule in an asymmetric unit. The electron density of residue Cys20 suggests that a potential intermolecular disulfide bond exists between two adjacent symmetric units (Supplementary Figures 2A, B). Meanwhile, size-exclusion chromatography (SEC) analysis showed that ORF8 (S84) featured a dimeric form in the solution (Supplementary Figure 2C) (reducing and non-reducing SDS-PAGE, Supplementary Figure 2D). Accordingly, these results suggested that the SARS-CoV-2 ORF8 protein (S84) folded as a dimer (Figure 1E).



Structural Overview and Alignment of RaTG13 ORF8

The Ig-like domain (16–121) of bat coronavirus RaTG13 ORF8 and SARS-CoV-2 ORF8 (S84) (this study) share 98% amino acid sequence identity (Supplementary Figure 3). To determine the sequence-structure relationship, we next solved the crystal structure of the RaTG13 ORF8 Ig-like domain at 1.76 Å, in which the electron density of residues 18-121 can be clearly traced (Table 1). It is worth noting that there are two molecules in one asymmetric unit, which is different from SARS-CoV-2 ORF8 (S84). Protomers A and B form a dimer via an intermolecular covalent Cys20-Cys20 disulfide bond. Similar to SARS-CoV-2 ORF8, the RaTG13 ORF8 Ig-like domain folds into a “β-sandwich” containing two β-sheets (strands βB, βD, and βE compose the small sheet; strands βA, βC, βC’, βF, and βG compose the large sheet) and an insertion region (Figure 2A). However, the insertion region forms a dynamic loop in the RaTG13 ORF8 Ig-like domain, distinguished from the β-hairpin fold in SARS-CoV-2 ORF8 (S84).




Figure 2 | Comparison of RaTG13 ORF8 with SARS-CoV-2 ORF8 (S84). (A) Cartoon representation of the homodimer of RaTG13 ORF8 formed by Cys20 - Cys20 intermolecular disulfide bond. Protomer A is colored with cyan, and Protomer B is colored with blue. Disulfide bonds are presented in yellow with stick mode. The β-strands of protomer A are assigned with the alphabet from N-terminus to C-terminus. (B) Structural superimposition between RaTG13 ORF8 and SARS-CoV-2 ORF8 (S84). The diverse residues are shown with stick model and corresponded color. The structural differences of loops are shown in black boxes indicated with Roman numbers I to V. Box I, residues from 62 to 77; box II, residues from 39 to 40; box III, residues from 54 to 55; box IV, residues from 105 to 109; box V, residues from 92 to 93. (C–G) Details of structural differences from the superimposition of SARS-CoV-2 ORF8 (S84) molecule A and RaTG13 ORF8 protomer A. (H) Structural alignment between protomers A and B of RaTG13 ORF8. The residues 63 - 78 are highlighted in the dashed oval.



To obtain more detailed information on ORF8 variants, we superimpose the dimeric form of the SARS-CoV-2 ORF8 (S84) Ig-like domain structure with the RaTG13 ORF8 structure (Figure 2B). The root mean square deviation (RMSD) between these two structure coordinates is 0.861 Å over 208 superimposed Cα atoms (Figure 2B). Five dynamic regions were highlighted as Box I to V in superimposition between SARS- CoV-2 ORF8 molecule A and RaTG13 ORF8 protomer A (Figure 2B and Supplementary Figure 4A). Among them, the most different conformation change occurred in the residues 62-77 (Box I) of the insertion area between βC’-βD (Figure 2C). The residues from 62 to 77 in SARS-CoV-2 ORF8 (S84) assemble more tightly than their equivalent in RaTG13 ORF8, featuring a maximum 21.4 Å shift (Figure 2C). The electron density of residues 63-65 of RaTG13 ORF8 is unclear, indicating a dynamic region (Supplementary Figure 4B). The other differences are involved the conformational changes in the main chain, including the βB-βC loop 39 IH 40 (Box II) with 3.9 Å shift of residue Ile39 (Figure 2D and Supplementary Figure 4C), the βC-βC’ loop 54 SA 55 (Box III) with 2.5 Å shift of residue Ser54 (Figure 2E and Supplementary Figure 4D), and the βF-βG loop 105 YEDFL 109 (box IV) with 7.4 Å shift of residue Glu106 (Figure 2F and Supplementary Figure 4E). In addition, the βE-βF loop 92 EP 93 (box V) was shifting with 7.5 Å on the side chain of Glu92 (Figure 2G and Supplementary Figure 4F). Unlike SARS-CoV-2 ORF8 (S84), the residues 62-78 loop region of RaTG13 ORF8 is assembled different conformations between the protomer A and protomer B in one asymmetric unit (Figure 2H). In conclusion, the coronavirus ORF8 Ig-domain is formed by β-strands. The distinctive insertion region between strands βC and βD are dynamic, especially for the 62-78 residues.



ORF8 Variants Form Homodimers via Cys20-Cys20 Intermolecular Disulfide Bond

The dimeric forms of SARS-CoV-2 ORF8 variants, including the S84 and L84 isoforms, have been reported using prokaryotic or tobacco BY2 cell expression systems (11, 24, 25). The dimeric formation of ORF8 was found to be an evolutionary addition among SARS-CoV-2 and SARS2r-CoVs, distinguished from ORF7a and alpha-CoV Ig-like proteins (11, 12). A covalent disulfide bond is considered responsible for the ORF8 (L84) dimeric form, while it also may employ a noncovalent interface to contribute to other dimeric formation and higher-order assembly (11). However, the dynamic characteristics of the insertion region between strands βC’ and βD reveal that SARS-CoV-2 ORF8 (S84) form the dimer depending on the residue Cys20 rather than the other noncovalent interface. To identify this characteristic, we generated the symmetry mate of SARS-CoV-2 ORF8 (S84) (Figure 3A), ORF8 (L84) (Supplementary Figure 5A), and RaTG13 ORF8 (Figure 3B). The putative dimer surfaces (Pds) were highlighted with dash circles (Figures 3A, B). The Cys20-Cys20 interface was marked as Pds I, and the putative noncovalent interface was Pds II. In detail, the SARS-CoV-2 ORF8 (S84) dimer is linked by an intermolecular disulfide bond formed between the two Cys20 residues of molecule A and A’. (Figure 3C). Similar Cys20-Cys20 disulfide bond was found in SARS-CoV-2 ORF8 (L84) (PDB: 7JTL) (Supplementary Figure 5B) and RaTG13 ORF8 (this study) (Figure 3D). In contrast, residues 71-75 of protomer A form hydrophobic interactions with the corresponding residues of a symmetry-related copy of protomer B’ in PDB 7JTL in Pds II. The center of the interface forms a two-stranded parallel β-sheet (Supplementary Figures 5A, C). The 73YIDI76 motif was considered to stabilize the noncovalent dimer interface in the crystal (11). In ORF8(S84), however, the closest distance between the two 71 - 75 loops is 2.7 Å, which occurs at the side chain of the two Asp75 and may not help SARS-CoV-2 ORF8 (S84) to form a dimer with this interface (Figure 3E). Additionally, the RaTG13 ORF8 displayed a similar two-stranded parallel β-sheet in protomers A and B’, like SARS-CoV-2 ORF8 (L84) (Figure 3F).




Figure 3 | ORF8 forms a homodimer via Cys20-Cys20 intermolecular disulfide bond. (A, B) The symmetry mates of SARS-CoV-2 ORF8 (S84) (A) and RaTG13 ORF8 (B) are generated by PyMOL software, respectively. Putative dimer surfaces (Pds) are highlighted in dashed circles. PdsI, the C20-C20 covalent disulfide interface; PdsII, the putative noncovalent interface. (C, D) Stick representation of PdsI in SARS-CoV-2 ORF8 (S84) (C) and RaTG13 ORF8 (D) with 2Fo-Fc electron density map contoured at 1.2σ. Disulfide bonds are presented in yellow. (E, F) Stick representation of PdsII in SARS-CoV-2 ORF8 (S84) (E) and RaTG13 ORF8 (F). (G–I) SEC analysis of SARS-CoV-2 ORF8 (S84) (G), ORF8 (L84) (H), and RaTG13 ORF8 (I) mutants (HiLoad 16/600 Superdex 75 pg column). The elution profiles of ORF8 mutant variants are shown as full-lines and and the ORF8 wild-type variants are shown as dash lines (HiLoad 16/600 Superdex 75 pg column). mAU, milliabsorption units. Normalized A280 indicated that the mAU values has normalized with input protein concentrations.



To verify these observations, we performed mutagenesis analyses. The residue Cys20 was individually mutated to a charged lysine and small noncharged alanine in ORF8 variants, including SARS-CoV-2 ORF8 (S84), ORF8 (L84), and RaTG13 ORF8. In size-exclusion chromatography (SEC), all the C20K mutations of ORF8 variants became monomers (Figures 3G–I). Based on the crystal structure (PDB 7JTL), the complementary electrostatic potential of the interfaces and the intermolecular bonds closed surrounding Cys20 were also supposed to stabilize the covalent dimer (11). Of note, the small and noncharged mutation C20A have lower molecular weight shifts in the elution peak of the SEC chromatogram (Figures 3G–I). The transformation of charged lysine mutation indicated that Cys20 is the critical residue to form a dimer.

To go further clarification of the inter-chain disulfide bond by Cys20, we apply the reducing [supplemented with DL-dithiothreitol (DTT)] and non-reducing SDS-PAGE on the SARS-CoV-2 ORF8(S84), SARS-CoV-2 ORF8(S84) C20A mutant, SARS-CoV-2 ORF8(S84) C20K mutant (Supplementary Figure 5D). The SARS-CoV-2 ORF8(S84) form a stable dimer in the absence of the reducing reagent. By contrast, C20A and C20K mutants could not form a stable dimer in the absence of the reducing reagent. Thus, these data suggest that the SARS-CoV-2 ORF8(S84) form an inter-chain disulfide bond at Cys20. Similarly, the mutants of SARS-CoV-2 ORF8 (L84) and RaTG13 ORF8 display similar characteristics under non-reducing conditions (Supplementary Figures 5E, F).

We also mutated 71 IQYIDI 76 to 71 AAAAAA 76 in ORF8 variants [termed as (71–76)A]. The SEC analysis showed that the SARS-CoV-2 ORF8 (S84) (71–76) A mutant maintained the dimeric form (Figure 3G). The results were similar in the context of SARS-CoV-2 ORF8 (L84) (71–76) A and RaTG13 ORF8 (71–76) A protein (Figures 3H, I). Hence, our data suggested that residues 71 IQYIDI 76 may not contribute to the dimerization of ORF8 under non-reducing condition.



SARS-CoV-2 ORF8 Interacts With Human CD14+ Monocytes

SARS-CoV-2 ORF8 is an Ig-like domain protein and has immune-related functions in humans. SARS-CoV-2 ORF8 was characterized as a secreted protein detected in the cell culture supernatant and sera of COVID-19 patients (14). To figure out whether coronavirus ORF8 has the binding capability to immune cells, we perform the immune cell-binding assays. With peripheral blood mononuclear cell samples, we validated the abilities of SARS-CoV-2 ORF8 (S84) interacting with human CD3+ CD4+ T cells, CD3+ CD8+ T cells, CD14+ monocytes, and CD19+ B cells, respectively. We used human serum albumin (HSA) as a negative control, which cannot interact with these immune cells (23). Luckily, we found that SARS-CoV-2 ORF8 (S84) interacts with CD14+ monocytes with a significant difference compared to HSA, while weak signals were detected on CD3+ CD4+ T cells, CD3+ CD8+ T cells, CD19+ B cells (Figure 4A). Next, we assessed the abilities of SARS-CoV-2 ORF8 (S84), SARS-CoV-2 ORF8 (L84), and RaTG13 ORF8 to interact with human CD14+ monocytes. We had confirmed that SARS-CoV-2 ORF7a has the binding capability to human CD14+ monocytes in our previous work. Therefore, the SARS-CoV-2 ORF7a was used as a positive control in these assays (23). Intriguingly, ORF8 variants have different interaction efficiencies. SARS-CoV-2 ORF8 (L84) was the strongest, followed by SARS-CoV-2 ORF8 (S84), and RaTG13 ORF8 was the last (Figure 4B). These results suggest that ORF8 predominantly interacts with human CD14+ monocytes, and its variants display diverse potency in binding to immune cells. To further explore the characteristics of dimeric form ORF8, we analyzed the binding abilities of SARS-CoV-2 ORF8 (S84), C20A, C20K protein with these assays. As shown in Figure 4C, the dimeric SARS-CoV-2 ORF8 (S84) was the strongest binding partner to CD14+ monocytes, compared with the SARS-CoV-2 ORF8 (S84) mutants.




Figure 4 | Human PBMC binding assay of SARS-CoV-2 Ig-like domain protein. (A) Alexa Fluor 488-coupled SARS-CoV-2 ORF8 (S84) incubated with human PBMCs from healthy donors (n = 5), and the binding abilities to CD3+ CD4+ T cells, CD3+ CD8+ T cells, CD14+ monocytes and CD19+ B cells were analyzed via flow cytometry. Representative flow cytometry plots (left) and statistical analysis (n=5) (right) are present. (B) Alexa Fluor 488-coupled proteins incubated with human PBMCs from healthy donors (n = 4), and their binding abilities to CD14+ monocytes were analyzed via flow cytometry. Human serum albumin (HSA), SARS-CoV-2 ORF8 (L84), SARS-CoV-2 ORF8 (S84), Bat coronavirus RaTG13 ORF8, SARS-CoV-2 ORF7a are present. (C) Alexa Fluor 488-coupled proteins incubated with human PBMCs from healthy donors (n = 5), and their binding abilities to CD14+ monocytes were analyzed via flow cytometry. Human serum albumin (HSA), SARS-CoV-2 ORF8 (S84), and its C20A, C20K mutant protein are present. Data were analyzed using paired two-tailed Student’s t-tests, and the error bars show the means ± SEM ( **P < 0.01; ***P < 0.001; ****P < 0.0001; ns, nonsignificant).






Discussion

ORF8 was identified as one of the fast-evolving genomic regions in SARS-CoV-2 and related viruses. Herein, we report the 1.62 Å crystal structures of SARS-CoV-2 ORF8 (S84) and 1.76 Å crystal structures of bat coronavirus RaTG13 ORF8. The superimposition of SARS-CoV-2 ORF8 (S84) with RaTG13 ORF8 indicates a very similar β-stands formation. However, the insertion region is highly dynamic compared with equivalent residues between SARS-CoV-2 ORF8 (S84) and RaTG13 ORF8, especially 62 to 77 amino acids, which can adopt different conformations. In the crystal structures of SARS-CoV-2 ORF8 (S84) and RaTG13 ORF8, the conformation diversities of insertion region between stands βC’-βD may be due to crystal packing. However, the non-reducing SDS-PAGE results of mutants containing 71 AAAAAA 76 indicated that residues 71-76 are dispensable for dimerization under solvent conditions (Supplementary Figures 5D–F). From this aspect, the insertion region may not contribute to the overall structure stabilization but suggests the potential interaction to adapt different ligands. In addition, the variant positions (including residues 26, 65 and 84) may influence the neighborhood residues’ electron density and ultimately result in structural-functional differences. Residues 65 may influence the electron density surrounding it. For example, the electron density of Asp63 and Glu64 in RaTG13 protomer A are unclear (Supplementary Figure 4B). The electron density of Ala65 and Gly66 of SARS-CoV-2 ORF8 (L84) PDB:7JTL are missing (Supplementary Figure 6A). We applied the superimposition of diverse residues 26 on SARS-CoV-2 ORF8 (S84), SARS-CoV-2 ORF8 (L84), and RaTG13 ORF8 (Supplementary Figure 6B), and observed residues 26 are next to the Cys25-Cys90 disulfide bond. Similarly, residues 84 are next to the disulfide-forming Cys83. Meanwhile, the Cys61-Cys83 disulfide bond is flanked by the insertion area, which adopts the most different conformation change that occurred in residues 62–77 (Box I). Furthermore, an unusual cis conformation Pro85 was observed on the other side of residues 84 (Supplementary Figure 6C). Even though residues 26 and 84 are both exposed to solvent, the unusual variant positions (including residues 26, 65, and 84) may influence the neighborhood disulfide bonds and ultimately result in functional differences. In accordance with our result, the insertion region between stands βC’-βD has been shown as a dynamic region in another unpublished SARS-CoV-2 ORF8 (L84) structure (PDB: 7JX6). Recently study has reported that ORF8 (L84) and ORF8 (S84), using the tobacco BY-2 cell production system, showed different biochemical characteristics, as evaluated by NMR (25).

Complex immune responses are closely involved in the development of severe COVID-19, and disordered inflammation may be responsive to the sudden deterioration of COVID-19 patients (26). This inflammatory response is characterized by elevated blood concentration of pro-inflammatory cytokines, such as interleukin-6 (IL-6), granulocyte-macrophage colony-stimulating factor (GM-CSF), and tumor necrosis factor alpha (TNFα) (27, 28). Monocyte sensing of SARS-CoV-2 and the subsequent secretion of pro-inflammatory cytokines have been reported to be critical for this dysregulated inflammatory response (29). However, the exact mechanisms that mediate the initial interaction of the monocytes and SARS-CoV-2 remain ill-defined.

To further investigate the consequences of the viral proteins, potentially diverse protein functions were studied. We detected the abilities of ORF8 variants to interact with the multiple immune cells from healthy human PBMCs. Strong interactions were found between the ORF8 proteins with CD14+ monocytes. In contrast, weaker signals were detected on CD3+ CD4+ T cells (Supplementary Figure 7), CD3+ CD8+ T cells (Supplementary Figure 8), and CD19+ B cells (Supplementary Figure 9). In particular, SARS-CoV-2 ORF8 (S84), ORF8 (L84), and RaTG13 ORF8 differ in their direct interactions with CD14+ monocytes. Significantly, the hyperinflammatory subtype of monocytes express CD14 and CCL3, which broadly express more cell-type-specific cytokines, and this might be one of the major sources in PBMCs triggering the inflammatory cytokine storm in severe COVID-19 patients (19). Our previous study identified that SARS-CoV-2 ORF7a interacts with CD14+ monocytes, leading to a significant decrease in the antigen-presenting-related cell surface molecules HLA-DR/DP/DQ on CD14+ monocytes. SARS-CoV-2 ORF7a coincubation with monocytes triggered upregulation of the pro-inflammatory cytokines, including IL-6, IL-1β, IL-8, and TNF-α, which are the abundant cytokines detected in SARS-CoV-2 infection (28, 30, 31). We presume that ORF8 cooperates with ORF7a to affect the antigen-presenting ability of these monocytes and then regulates the immune response. ORF8 may be responsible for monocyte sensing of SARS-CoV-2 and the subsequent cytokine storm of COVID-19. The mild disease outcome related S84 variant of the ORF8 protein demonstrates weaker binding ability with CD14+ monocytes (Figure 4), indicating that the ORF8 variants may adjust different degrees of inflammation by modulating monocyte recognition of viral antigens. Moreover, we identified the Cys20 is the critical residue for the ORF8 dimeric form and immune cell binding. Residue Cys20 and its immediately surrounding residues are conserved in the most recent bat orthologues (RaTG13 and SL-CoVZC45) of SARS-CoV-2 ORF8. However, Cys20 is not conserved in ORF8 of SARS-CoV, and most of its related bat beta-coronavirus such as YNLF_31C and BtRf BetaCoV-HeB2013. Hence, the ORF8 covalent dimer was considered as an evolutionarily recent addition among human beta-coronaviruses unique to SARS-CoV-2 (11). SARS-CoV-2 ORF8 dimer-related positions may be potential antiviral agent-specific targets.

In general, the structures suggest that SARS-CoV-2 ORF8 (S84) and the closely related RaTG13 ORF8 employed patterns for the dimer and indicate that the function of the residue 26, 65, 84 variant sites to stabilize the tertiary structure may relate to the interaction with human CD14+ monocytes. Our data provide a new strategy for developing coronavirus access protein-based immune interventions.
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The severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) pandemic has lasted more than 2 years with over 260 million infections and 5 million deaths worldwide as of November 2021. To combat the virus, monoclonal antibodies blocking the virus binding to human receptor, the angiotensin converting enzyme 2 (ACE2), have been approved to treat the infected patients. Inactivated whole virus or the full-length virus spike encoding adenovirus or mRNA vaccines are being used to immunize the public. However, SARS-CoV-2 variants are emerging. These, to some extent, escape neutralization by the therapeutic antibodies and vaccine-induced immunity. Thus, breakthrough infections by SARS-CoV-2 variants have been reported in previously virus-infected or fully vaccinated individuals. The receptor binding domain (RBD) of the virus spike protein reacts with host ACE2, leading to the entry of the virus into the cell. It is also the major antigenic site of the virus, with more than 90% of broadly neutralizing antibodies from either infected patients or vaccinated individuals targeting the spike RBD. Therefore, mutations in the RBD region are effective ways for SARS-CoV-2 variants to gain infectivity and escape the immunity built up by the original vaccines or infections. In this review, we focus on the impact of RBD mutations in SARS-CoV-2 variants of concern (VOC) and variants of interest (VOI) on ACE2 binding affinity and escape of serum antibody neutralization. We also provide protein structure models to show how the VOC and VOI RBD mutations affect ACE2 binding and allow escape of the virus from the therapeutic antibody, bamlanivimab.
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Introduction

Since the first human positive case was reported at the end of 2019 (1), severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) has spread all over the world and become a global pandemic with more than 260 million infections and 5 million deaths as of the end of 2021 (WHO SARS-CoV-2 cases). To treat the newly infected persons, monoclonal antibodies (mAb) have been isolated from the B cells of SARS-CoV-2-infected patients and developed as drug candidates (2, 3). These mAb drugs, including bamlanivimab (4) and antibody cocktails such as casirivimab and imdevimab (5) showed promise in clinical trials in reducing viral loads during the early stage of infection. They have been granted emergency use authorization (EUA) by the US Food and Drug Administration (FDA) (6). All these EUA mAbs target the receptor binding domain (RBD) of the surface spike protein of SARS-CoV-2 and inhibit the ability of the virus to attach to host cellular receptor, angiotensin converting enzyme 2 (ACE2). Administration of the mAbs to the patients provides fast but temporary passive humoral immunity against the virus. Meanwhile, several types of SARS-CoV-2 vaccines, such as the traditional inactivated whole virus vaccines (7) and adenoviruses (8, 9) or mRNA vaccine encoding the viral spike (10, 11), have been developed and approved for use to immunize the uninfected people to help them build up long-term immunity against the virus. Although SARS-CoV-2 does not mutate as rapidly as other RNA viruses, its RNA-dependent RNA polymerase (RdRp) appears to be somewhat more error prone than the DNA polymerases in DNA viruses (12). Some of the mutations benefit the virus by increasing its infectivity. As a result, SARS-CoV-2 variants with such mutations replace the original virus and become the dominant strains. The spike protein D614G mutation is one such, that allowed this variant to replace the ancestral virus globally within 4 months from first appearance in February 2020 to dominance in the following June (13). Analysis showed that D614G mutation converted more spike RBD to a fusion-competent state, the so-called upper conformation (13).

Apart from the consequences of increased infectivity by variants created by the error rate of the RdRp, viral mutants may be selected by the preexisting immunity to the ancestral virus in previously infected individuals, or vaccinated individuals, or patients given protective mAbs (14, 15). This is unexpected in previously infected individuals since immunity against components of the virus other than its spike should be able to prevent variant escape from the preexisting immunity. However, more than 90% of the neutralizing antibodies in SARS-CoV-2 virus infected, convalescent patients target the spike RBD (16), and therefore spike variants may escape preexisting immunity in these individuals. The SARS-CoV-2 RBD is located between the N-terminal domain (NTD) of the S1 and S2 subunits of the spike protein and is composed of approximately 200 amino acids. It interacts with ACE2 by the receptor binding motif (RBM) which is formed by about 70 amino acids with 17 amino acids in direct contact with ACE2 (17).

Currently, WHO has five SARS-CoV-2 variants of concern (VOC), Alpha, Beta, Gamma, Delta, and Omicron, and two SARS-CoV-2 variants of interest (VOI), Lambda and Mu (WHO SARS-CoV-2 Variants). These variants affect the binding of the viral RBD to ACE2, and/or the infectivity of the virus, and/or neutralization of the virus by mAbs to different degrees while maintaining the overall structure of the spike (Table 1) (18–22). The three RBD mutations, for example, in the Beta, Gamma, or Mu variants do not change the overall structure of the RBD from the ancestral version (Figure 1A) (22) and a low root-mean-square deviation (RMSD) between the Beta variant RBD and the ancestral RBD of 0.62 indicates the three mutations have little effect on the overall backbone of RBD. However, they do affect the binding of at least one of the mAbs since its target on the RBD overlaps with a mutated amino acid (Figure 2A). Currently, the broadly neutralizing antibodies targeting the RBD region have been divided into four classes depending on where the antibodies bind (23). In general, because the existing mAb drugs and the vaccines were developed against the ancestral spike, they may be less effective against the current and future VOC and VOI, especially with the recent surge of the Delta and predicted surge of the newly discovered Omicron variant thus allowing breakthrough infections in previously infected and fully vaccinated persons (24).


Table 1 | SARS-CoV-2 VOC and VOI RBD mutations on ACE2 or bamlanivimab affinity.






Figure 1 | The effect of the mutations of RBDs on interactions with ACE2, for currently identified SARS-CoV-2 VOC and VOI (with the exception of the Omicron variant). (A) The amino acids which have been mutated in the RBD variants are shown on the ancestral RBD with ACE2 in light cyan. Key mutations that affect the affinity of the RBD for ACE2 affinity are shown in (B) N501Y mutation; (C) K417N mutation; (D) E484K mutation; and (E) L452R mutation. “+” means gain of interaction while “−” indicates loss of interaction. The protein structures we used for modeling are from PDB with the following ID. Ancestral RBD: 6M0J, Alpha variant RBD: 7EKG, Beta variant RBD: 7EKG, Delta Variant RBD: 7V8B.






Figure 2 | The effect of the mutations of RBDs on interactions with bamlanivimab for currently identified SARS-CoV-2 VOC and VOI (with the exception of the Omicron variant). (A) The amino acids which have been mutated in the variants are shown on the ancestral RBD overlaying with ACE2 and bamlanivimab. Key ancestral and variant mutations that affect bamlanivimab affinity are shown in the following: (B) for ancestral glutamic acid 484, (C) for E484K mutation, (D) for ancestral leucine 452, (E) for L452R, (F) for L452Q mutation, (G) for ancestral phenylalanine 490, and (H) for F490S mutation. Bam, bamlanivimab. We used 7KMG (PDB ID) for bamlanivimab and RBD modeling.



We have been closely monitoring the effects of mutations in the RBD region of VOC or VOI on ACE2 binding and antibody escape. We measured the affinity of human ACE2 to the ancestral and VOC or VOI RBDs using surface plasmon resonance (SPR) with biotinylated birA-tagged human ectodomain ACE2 immobilized on the Biacore streptavidin chip as ligand and RBD as analyte (18–20). Since ACE2 binds RBD with its amino terminal domain (17), the carboxyl terminal biotinylation of ACE2 does not interfere with its interaction with RBD. Biotin immobilization of ACE2 on the streptavidin chip maintains the coated ACE2 in the native form, and the analyte RBD in the solution is likewise fully native. With the same ACE2 chip, our method would accurately measure and compare the affinity between ACE2 and RBD of VOC and VOI. It is noteworthy that different binding affinity values of SARS-CoV-2 RBD to ACE2 have been reported by different groups in the world. Several factors may lead to this discrepancy. First of all, different groups may use different platforms to measure the affinity. Among different technologies, SPR-based affinity measurement remains the gold standard for the affinity measurement with real-time on and off rates. Secondly, ensuring the native form of ACE2 and RBD and keeping the ligand constant are the keys to determine the accurate affinity value and compare the effect of RBD mutations on ACE2 binding. Last, the affinity value also depends on what kinds of methods researchers use to determine the analyte concentration. It is important to use the same method for both ancestral and mutant RBD to draw the right conclusion. Meanwhile, since the RBD contains multiple B-cell epitopes, we used the well-characterized therapeutic mAb, bamlanivimab, as a model to elucidate how the RBD of VOC or VOI affect the mAb binding. Due to the relative high stability of immunoglobulin IgG protein, we coated the mAb directly on the CM5 chip with the amine coupling method as ligand and RBD as analyte (18). Again, the same bamlanivimab-coated chip provided accurate affinity measurement and comparison of antibody affinity to different RBD. In this review, we will dissect how the mutations in the RBD region of VOC or VOI affect ACE2 binding and escape the bamlanivimab response by solid experimentation measuring the binding affinity and also providing structure modeling. Our findings and that of others are described below.


Variants of Concern

The SARS-CoV-2 VOC is a variant with genetic changes that would increase its transmission or immune escape and threat the global health (WHO SARS-CoV-2 Variants). As of November 2021, there are five variants of concern of SARS-CoV-2. They are named Alpha, Beta, Gamma, Delta, and Omicron, each with different mutations within the RBD region. More knowledge is accumulating about the properties of the newly discovered Omicron variant. Knowledge about each variant is listed below.


Alpha Variant

First identified in the UK in September 2020, the Alpha variant became the dominant strain in the UK at the end of January 2021 (Wellcome Sanger Institute). As of December 10, 2021, the total reported number of infections by Alpha variant in the UK is 277,468 (U.K. Health Security Agency). Of interest for this review, the Alpha variant has an asparagine to tyrosine mutation at the 501 amino acid site in RBD region (N501Y). The original asparagine is a contact residue with ACE2, forming a hydrogen bond with tyrosine 41 (Y41) of ACE2. The N501Y mutation lost this hydrogen bond; however, it created a much stronger interaction via π-π stacking, formed between 501Y of spike and 41Y of ACE2, and also cation-π interaction between 501Y and lysine 353 of ACE2 (Figure 1B) (22). These newly formed interactions increased ACE2 binding affinity by 10-fold compared with the ancestral RBD, contributed by a 1.3-time faster association rate and a 7.7-time slower dissociation rate (18). This 10-fold increase of RBD/ACE2 binding affinity is the major factor making the Alpha variant more contagious than the ancestral strain. Also, the N501Y-mutated SARS-CoV-2 spike functioned in mice, largely due to the increase of binding affinity to mouse ACE2 (25).

Fortunately, neither asparagine nor tyrosine at amino acid 501 of the spike comprises part of the epitope of bamlanivimab, and therefore, the N501Y mutation does not affect engagement of this mAb (Table 1). The affinity of bamlanivimab for the ancestral or Y501-RBD is around 0.8 nM. The affinity of ACE2 for ancestral or Y501-RBD is at 5.8 and 0.57 nM, respectively (25). Thus, affinity of the Y501-RBD for ACE2 is higher than that of bamlanivimab and RBD, indicating that more mAb might be needed to treat Alpha variant versus ancestral virus-infected patients. (Note that these numbers do not take into account the avidity of the polyvalent virus versus the divalent antibody for their RBD targets). This is also true for convalescent or vaccine-induced serum antibody. Such antibody neutralized a pseudovirus expressing the Alpha variant spike 2.3 times less well than a similar virus expressing the ancestral spike (26). Ninety-five percent of the memory B cells induced by the mRNA vaccine against the ancestral RBD recognize Y501-RBD (27). Therefore, the decrease in antibody effectiveness against the Alpha variant is mainly due to the increase in the affinity of the Y501 spike for ACE2.



Beta Variant

The Beta variant was first identified in South Africa in May 2020 and became the dominant strain there (WHO SARS-CoV-2 Variants). There are three mutations in the RBD region, K417N, E484K, and N501Y. The effects of the N501Y mutation are discussed in the section on the Alpha variant above.

The SARS-CoV-2 spike 417 lysine is a contact residue with ACE2 (17). Its positively charge side chain forms a tight salt bridge (at 2.9 Å in distance) with the negatively charged side chain of aspartic acid 30 of ACE2 (19). The lysine mutation to asparagine, causes the loss of the original salt bridge interaction (Figure 1C), and therefore, the K417N mutation, if alone, decreases the ACE2 affinity by fivefold (19, 21).

Since neither lysine nor asparagine at spike 417 is part of the bamlanivimab epitope, the K417N mutation did not affect bamlanivimab binding. However, this mutation has been shown to affect the engagement of other antibodies, including etesevimab (28), an antibody that FDA approved for use in combination with bamlanivimab to treat COVID-19 patients.

The 484 glutamic acid in SARS-CoV-2 spike protein is not a contact residue with ACE2 (17). The ancestral negatively charged glutamic acid at this position forms a weak salt bridge (at 4.4 Å in distance) with positively charged lysine 31 of ACE2. The spike E484K mutation causes a loss of this weak salt bridge (Figure 1D). However, since this interaction was relatively weak due to the long distance, losing this interaction would probably have no obvious effect on the affinity of spike for ACE2 (19). The major effect of the E484K mutation is that it promotes virus escape from broadly neutralizing antibodies. E484, for example, forms three strong salt bridges with arginines on bamlanivimab (Figure 2B). When mutated to K484, the positively charged lysine would repel the positively charged arginines and thus fully abolish the binding of bamlanivimab (Figure 2C; Table 1) (19). Therefore, bamlanivimab fails to protect human patients or human ACE2 transgenic mice against infection by SARS-CoV-2 variants harboring the E484K spike mutation (14, 29). It was also found that the E484K mutation decreases binding by convalescent plasma polyclonal antibodies by more than 10-fold in certain human subjects (30).

When these three mutations exist together as in the Beta variant RBD, the combination of the effects of N501Y and K417N increases the affinity of the RBD for ACE2 by 2-fold compared with that of the ancestral RBD (Table 1). This is the partial reason why the Beta variant was the dominant strain in South Africa. Other reasons may stem from immune escape caused by the E484K and K417N mutations. Pseudovirus with the Beta variant spike decreased mRNA-vaccinated serum antibody neutralization by 7.6-fold (26). More than 20% of memory B cells against the ancestral RBD in the mRNA-immunized human subjects have decreased binding to the Beta variant RBD (27).



Gamma Variant

The Gamma variant was identified in Brazil in November 2020. The RBD of the Gamma variant is similar to that of the Beta variant, with the exception that K417 has been mutated to threonine instead of asparagine (WHO SARS-CoV-2 Variants). The K417T mutation alone decreased ACE2 affinity by 3-fold; however, this loss was accommodated by the accompanying E484K and N501Y mutations resulting in improved affinity for ACE2 of the Gamma variant RBD by 5-fold (Table 1) (21). Like the K417N mutation, K417T did not affect bamlanivimab binding. As expected, the positively charged side chain of lysine to polar threonine side chain mutation would also change the binding of antibodies targeting around this area. Pseudovirus with the Gamma variant spike decreased mRNA-vaccinated serum antibody neutralization by 2.9-fold (26).



Delta Variant

The Delta variant was first identified in India in October 2020 and then became the dominant strain all over the world (WHO SARS-CoV-2 Variants). In the UK, only 3 months, from April to June 2021, were needed for the Delta variant to replace the previously dominant Alpha variant (Wellcome Sanger Institute). In contrast to the Alpha variant, the total reported number of infections by Delta variant in the UK is 1,548,561 as of December 10, 2021 (UK Health Security Agency). The Delta strain is well known for its higher virus load and shorter incubation period in infected human subjects. It has been reported that the virus load of the Delta variant is 1,000 times higher than the ancestral strain (31). Among the mutations on the spike, the P681R mutation at the furin cleavage site, accounts for higher cleavage rate between S1 and S2 domain of spike, leading to easier entry of the virus into cells (32).

The Delta variant RBD contains L452R and T478K mutations and increased ACE2 affinity by 2-fold (Table 1) (20), which also plays a role in higher infectivity of the Delta variant. Reduced serum antibody neutralization of the Delta variants has also been reported (33), and pseudovirus with the Delta variant spike decreased mRNA-vaccinated serum neutralization by 2.9-fold (26).

Leucine 452 of the ancestral strain is not the contact residue with ACE2 (17). When mutated to arginine, the RBD affinity for ACE2 is increased 1.4-fold compared with the ancestral RBD (20). This may be because R452 can form a tighter electrostatic interaction with the negatively charged patch involving the glutamic acid and aspartic acid on the ACE2 surface (Figure 1E) (34). Meanwhile, the L452R mutation disrupts bamlanivimab binding since L452 is part of the epitope of bamlanivimab, forming a hydrophobic interaction with a leucine of bamlanivimab (Figure 2D). The positively charged arginine side chain would disrupt such interaction (Figure 2E), and as a result, L452R has 20-fold decreased affinity for bamlanivimab (Table 1) (20). L452R mutation has also been reported to escape the HLA-restricted T-cell immunity (34).

The spike threonine 478 is located on the edge of the receptor binding motif but does not directly contact ACE2 (17). The T478K mutation slightly increases ACE2 affinity due to a potential hydrogen bond formation between K478 and glutamine 24 of ACE2 (20). Although T478K does not affect bamlanivimab binding, this positively charged lysine mutation from threonine would change the binding of antibodies targeting this area.



Omicron Variant

The Omicron variant is the most recent variant named as a VOC by the WHO. It was first identified in South Africa on November 11, 2021 and subsequently declared as a VOC on November 26, 2021. The major reason for declaring it as VOC at such short notice is the fact that the Omicron variant spike protein has 32 mutations, 15 of which are in the RBD region (Table 1). Importantly, 11 of 15 RBD mutations are located in the RBM, and 7 of these 11 mutations are contact residues with ACE2 (Figures 3A, B). Because the Omicron variation includes the RBD N501Y mutation, the Omicron variant RBD should have increased affinity for ACE2 as the other N501Y variants, Alpha, Beta, Gamma, and Mu, do. The Omicron E484A mutation should greatly decrease bamlanivimab binding due to the loss of salt bridge interactions between glutamic acid and arginines from the mAb. As expected, a recent research showed that bamlanivimab lost neutralization against the Omicron variant pseudovirus (35). Moreover, mutations in the Omicron RBD region span all four classes of neutralization hot spots (Figure 3C, D). These mutations also abolish the binding of casirivimab and imdevimab and escape more than 85% mAbs from a cohort of 247 tested mAbs targeting the RBD region (35). Compared with the Delta variant, authentic Omicron SARS-CoV-2 virus has been reported to reduce the mRNA-vaccinated serum antibody neutralization by 11- to 37-fold, depending on the status of vaccination (36).




Figure 3 | Mutated sites in the RBD region of the SARS-CoV-2 Omicron variant. Fifteen amino acids which have been mutated in the Omicron variant RBD are shown on the RBD with top view (A) and side view (B). Cyan indicates the ACE2 footprint on the ancestral RBD. (C) Class 1 and class 3 neutralizing antibody binding spots on RBD are shown in green and purple, respectively. (D) Class 2 and class 4 neutralizing antibody binding spots on RBD are shown in black and red, respectively.






Variants of Interest

The SARS-CoV-2 variant of interest (VOI) is a variant with genetic changes that would increase its transmission or immune escape and causes community transmission (WHO SARS-CoV-2 Variants). As of November 2021, there are two variants of interest, Lambda and Mu.


Lambda Variant

The Lambda variant was first identified in December 2020 and is the dominant strain in Peru, South America (WHO SARS-CoV-2 Variants). This strain has two mutations in the RBD region, L452Q and F490S. The Lambda variant RBD has similar binding affinity to ACE2 as the ancestral RBD, but totally abolishes bamlanivimab binding (Table 1) (20). Pseudovirus with the Lambda spike decreased mRNA vaccinated serum neutralization by 2-fold (26).

As mentioned in the L452R mutation in the Delta variant, leucine 452 does not directly contact ACE2 (17). Unlike L452R, glutamine cannot form tighter electrostatic interactions with the negatively charged patch on ACE2, and therefore the L452Q mutation does not increase ACE2 affinity (20). L452Q mutation can also disrupt the hydrophobic interaction between the original RBD L452 and leucines from bamlanivimab (Figure 2F), although not as much as L452R. L452Q mutation decreased bamlanivimab affinity by 8-fold (20).

Phenylalanine 490 in the RBD region is also not a contact residue with ACE2 (17). The F490S mutation has no effect on ACE2 binding affinity at all. F490 is part of epitope for bamlanivimab, forming hydrophobic interactions with isoleucine from bamlanivimab (Figure 2G) (2). Mutation to polarized serine at this site would disrupt such interactions and therefore has been found to decrease the bamlanivimab affinity by 20-fold (Figure 2H). Together with L452Q mutation, F490S fully abolishes the bamlanivimab binding (20).



Mu Variant

Mu variant is the most recent variant of interest and the dominant strain in Colombia, South America (WHO SARS-CoV-2 Variants). Its RBD region has R346K, E484K, and N501Y mutations. The latter two mutations have also appeared in the Beta and Gamma variants. Since R346K is not in contact with ACE2 (17), this mutation should have no impact on ACE2 binding, while the change of the longer side chain and higher pKa of arginine to the shorter and lower pKa of lysine may affect immune escape. The Mu variant RBD increased ACE2 binding affinity by 9-fold, and E484K mutation can fully abolish bamlanivimab binding (Table 1). Pseudovirus harboring the Mu variant spike has been reported to decrease the antibody neutralization from mRNA-vaccinated serum by 10-fold, even higher than that of the Beta variant spike (26).





Discussion

The SARS-CoV pandemic in 2003 was relatively easily confined because, although the virus itself was much more lethal than SARS-CoV-2, it was also less easily transmissible. The current SARS-CoV-2 pandemic has been much more serious because it induces less mortality than its predecessor; it is much more infectious and thereby greatly increases the numbers of hospitalized or dead. Although both viruses use the same human receptor, the 7-fold higher affinity of SARS-CoV-2 RBD than that of SARS-CoV for ACE2 makes SARS-CoV-2 much more contagious (17). With hundreds of millions of infections, SARS-CoV-2 virus had solid ground to evolve and mutate resulting in the appearance of many variants, including those now identified as VOI or VOC. In this review, we focus on the effects of SARS-CoV-2 RBD mutations from VOC and VOI on ACE2 binding and antibody escape, using bamlanivimab as a model. We combined experimental affinity measurement with structural modeling to elucidate the consequences of each mutation for ligand binding and antibody escape.

As tools in combating virus infections, host antibodies are made against any foreign antigen including viruses. During virus infection or vaccination, the antigen-specific B cells go through affinity maturation and class switching (37). The antibodies are secreted to clear the virus. It may be operated by promoting uptake and destruction of the virus by macrophages and other phagocytic cells mediated via Fc receptors and/or complement fixation (38). Antibodies can also neutralize the virus directly by inhibiting the ability of the virus to bind its ligand and infect cells, in the case of SARS-CoV-2 this process involves, among others, binding of the spike protein RBD to host ACE2. The assays usually used to assess the activity of anti-SARS-CoV-2 involve direct measurement of antibody levels via ELISAs or measurement of virus neutralization by prevention of infection of target cells in vitro. Neither of these methods measure in toto, all the ways in which antibody might affect the virus, although they are probably pretty good measures of the relative efficiency of the antisera. Also to be considered here are the relative efficiencies of CD4 and CD8 T cells specific for the virus.

With these points in mind, the host immune response is certainly a source of selection pressure for the virus to mutate, and this can be done quite easily by the virus. It only took, for example, one amino acid switch to abolish the elite therapeutic antibody bamlanivimab in the case of E484K mutation (19). Luckily, the mutation rate of SARS-CoV-2 is relatively low due to its RdRp-independent proof-reading activity (12). Nevertheless, the fact that there are at least 330,000 new infections by the virus each day, worldwide (worldometers.info/coronavirus) means that it is fertile ground for mutants to appear, even given the fidelity of its RdRp. Still, it is expected that a portion of the memory B cells against the ancestral RBD could also react with the RBD variants (27), at least, so far, although this remains to be seen with respect to the new Omicron variant.
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In HIV infection, some closely associated human leukocyte antigen (HLA) alleles are correlated with distinct clinical outcomes although presenting the same HIV epitopes. The mechanism that underpins this observation is still unknown, but may be due to the essential features of HLA alleles or T cell receptors (TCR). In this study, we investigate how T18A TCR, which is beneficial for a long-term control of HIV in clinic, recognizes immunodominant Gag epitope TL9 (TPQDLTML180-188) from HIV in the context of the antigen presenting molecule HLA-B*81:01. We found that T18A TCR exhibits differential recognition for TL9 restricted by HLA-B*81:01. Furthermore, via structural and biophysical approaches, we observed that TL9 complexes with HLA-B*81:01 undergoes no conformational change after TCR engagement. Remarkably, the CDR3β in T18A complexes does not contact with TL9 at all but with intensive contacts to HLA-B*81:01. The binding kinetic data of T18A TCR revealed that this TCR can recognize TL9 epitope and several mutant versions, which might explain the correlation of T18A TCR with better clinic outcomes despite the relative high mutation rate of HIV. Collectively, we provided a portrait of how CD8+ T cells engage in HIV-mediated T cell response.
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Introduction

HIV replication can be suppressed efficiently to an undetectable level by antiretroviral therapy (ART), however, because of the persistence of latent viral reservoirs, it is difficult to thoroughly eradicate the virus by ART (1–6). The activation of latent HIV infected T cells in the presence of ART has been proposed to cure HIV infection, but failed (7). And the global T cell activation could be induced by some agents, which are generally too toxic to put into clinical use (8–10). Antigen-specific T cell immunity is a fundamental ‘law’ of immunology, that is, T cell responses are highly specific and are developmentally restricted to the recognition of self-HLA (11, 12) via the T cell receptor (TCR). Studies have shown that the immune control of HIV infections is associated with TCR clonotypes and CD8+ T cell clonotypes have the greater ability to cross-react with viral epitope variants (13, 14).

CD8+ T cells play a vital role in the anti-viral immunity (15, 16). The activation of CD8+ T cells depend on the recognition of short viral peptides presented by major histocompatibility complex (MHC) class-I (17, 18). The peptides presented by MHC class I molecules act as ligands interacted with TCR to initiate a cascade of activation events, ultimately activating adaptive immune response to kill pathogenic or pathogen-infected cells (19). There is an abundance of evidence to support that CD8+ T cells exert potent antiviral effects in HIV control. Mathematical modeling showed that CD8+ T cells contribute to the reduction of plasma virus in acute infection (20). Following acute HIV-1 infection, the presence of virus-specific CD8+ T cells showed the rapid reduction of acute plasma viremia (21). In vitro study showed that CD8+ T cells potently inhibit HIV replication (22). Genetic study showed that HLA class I alleles contributed to HIV control (23). The previous studies showed that the immunodominant p24 Gag epitopes TW10 (TSTLQEQIGW240–249), KK10 (KRWIILGLNK263–272) and TL9 (TPQDLNTML180–188) could be presented by HLA-B molecules to enhance the anti-viral activity of CD8+ T cells (13, 24–26). And multiple HLA-B alleles can present the TL9 epitope, but the frequency and pattern of TL9 epitope mutations are distinct, and have different effects on HIV-1 replication ability (27, 28). HLA-B*81:01 presented TL9 is associated with the more efficient viral control in HIV infections (27, 29), while HLA-B*42:01 presented TL9 is less protective (30, 31). Notably, their structural studies showed that TL9 presented by HLA-B*81:01 and HLA-B*42:01 exhibits the different conformations (32). Together, these studies showed that CD8+ T cells play a vital role in in HIV control, cure and prevention.

In this study, we investigated the mechanism of the high-affinity CD8+T cell response to immunodominant HIV-1 epitope Gag-TL9 by first reporting its TCR-pHLA ternary-complex structure. An unusual opening form of Vα (the β sheet usually formed by Jβ and Vβ are not formed) was used for recognizing HLA molecule. By comparing the p-HLA structures before and after binding to the TCR, we identify the structural basis for T18A TCR recognition of HLA-B*81:01/TL9 complex and discuss the role of the unique TCR recognition in immune control of HIV.



Materials and Methods


Peptides

The HIV Gag p24 TL9 peptide (TPQDLNTML180-188), the escape variant Q182S, Q182T, T186S, and Q182S/T186S TL9 peptide were synthesized at > 95% purity, were synthesized at GL Biochem corporation and confirmed by high-performance liquid chromatography.



TCR and HLA Protein Expression, Refolding and Purification

T18A TCR were bacterially expressed and refolded as previously described (33–35). For class I MHC, recombinant HLA-B*8101 and β2-microglobulin were expressed as inclusion bodies in Escherichia coli (36). HLA folding and assembly from inclusion bodies was performed according to standard procedures (37). In brief, the α- and β-chains of TCR, the heavy chain and β2m of HLA were expressed separately as inclusion bodies in a BL21 Escherichia coli strain. The inclusion bodies were washed three times and resuspended in 8M urea, then mixed into a cold refolding buffer. For TCR refolding, 1:1 ratio of α and β chains were diluted into 50 mM Tris (pH 8.3), 2 mM EDTA, 2.5 M urea, 0.5mM oxidized glutathione, and 5mM reduced glutathione. For pMHC refolding, 1:1 ratio of HLA-B*81:01 or B*42:01 heavy chain and β2m were mixed into 100mM Tris-HCL (pH 8.3), 2mM EDTA, 400mM L-arginine-HCl, 0.5mM oxidized glutathione, and 5mM reduced glutathione. Peptides were dissolved in DMSO and injected into the refolding buffer of five molar excess folds. TCR and pMHC complexes were incubated in refolding buffer for 74h and 48h at 4°C, respectively. TCR and pMHC proteins were dialyzed and further purified via anion exchange chromatography (HiTrap Q HP; Mono Q; GE Healthcare) and size-exclusion (Superdex 200; GE Healthcare) as described previously (38, 39). The purified protein was buffer-exchanged to 10 mM Tris-HCl, pH 8.0 and concentrated to 10 mg/ml for crystallization.



Crystallization and Diffraction Data Collection

Protein crystals of TCR-pMHC complexes were grown at 20°C using the sitting-drop vapor diffusion technique. The T18A in complexes with HLA B*81:01 and Gag TL9 peptide was crystallized in the presence of 0.2 M Potassium chloride, 0.05 M HEPES, 35% v/v Pentaerythritol propoxylate (5/4 PO/OH), pH 7.5. For cryoprotection, protein crystals were soaked in 20% glycerol/80% mother liquor for 15s and frozen into liquid nitrogen. Data were collected at the BL19U1 beamline from Shanghai Synchrotron Radiation Facility and process with the software package HKL2000. The structures were solved by molecular replacement method using PHENIX.phaser and refined by PHENIXrefine program. Manual refinement was running in Coot. The visualization of structures was performed in PyMol and the data was deposited in the Protein Data Bank with PDB ID 7DZN.



Surface Plasmon Resonance

The SPR assays were performed as described earlier (40–42). Briefly, the protein was buffer -exchanged into PBS and biotinylated for 1h at room temperature. The T18A TCR was fixed on the streptavidin-coated flow-cell surface of a SA sensor chip and the pMHC complexes were used as analyte. pMHC proteins was spanned by injection in concentration ranges of 0.5–250 μ M, and the equilibrium affinities were measured in 10mM HEPES, pH 7.4, 500mM NaCl, 1%BSA, and 0.02%TWEEN20 at 25°C on the Octet QKe system (ForteBio). The Kd was determined by the fitting of a single-ligand binding model.




Results


The Overview of Crystal Structure of T18A TCR/HLA-B*81:01/TL9 Complexes

The general aspect of T18A TCR interaction with HLA-B*81:01/TL9 was shown in Figure 1A and the statistics of the crystal was described (Supplementary Table 1). The T18A TCR accommodated peptide-HLA complexes in a similar traditional diagonal manner, with a total buried surface area (BSA) (43) of 1732.6 Å2 in HLA-B*81:01 background which fell within the range of known BSA (44). The contact footprint of the complementarity determining region (CDR) loops at the TCR-pHLA interface was shown in Figure 1B. In the TCR-pHLA complex, the CDR loops contributed to the interaction were not equal, CDR2β, CDR3α and CDR3β loops were the major contributors (34%, 30% and 21% BSA) to this interaction (Figure 1C). Hydrogen bonds and salt bridge (CDR3β-D100 with HLA-B*81:01-R153) were observed at the interface of the complexes (Supplementary Table 2). TL9 peptides contributed 16% to the BSA in the HLA-B*81:01 complex. In the interaction between T18A TCR and HIV-1 Gag-TL9 epitope presented by HLA-B*81:01, CDR2β (amino acid sequence: FNNNVP) and CDR3α (amino acid sequence: VRGLNNAGNML) were the dominant contributors, which were characterized by strong hydrogen bond interactions involving multiple asparagine. Interestingly, the CDR3α and CDR2β of T18A sat above the peptide in the complex and dominated the interaction between TCR and peptide (CDR3α 52%, CDR2β 39%) (Figure 1D). As shown in Figure 1E, Asn97 and Ala98 residues of CDR3α loop formed a hydrogen bond network with the peptide-4-Asp (P4D) of TL9 peptide, while Asn97 formed a hydrogen bond with the side chain of peptide-6-Asn (P6N). The Asn51 and Asn52 of CDR2β loop formed three hydrogen bonds with the side chain and backbone of P6N. The electron density maps of the TL9 in HLA-B*81:01 presentation upon TCR binding was shown (Figure 1F). In general, most of the known TCRs use CDR3α and CDR3β to accommodate the various epitopes. However, CDR3β in T18A complex was functionally different from that of any other TCRs. T18A adopt a docking angle of 43° across the antigen-binding groove in the complex, and few dramatic conformational changes of the TCR on the pHLA surface was found.




Figure 1 | The structure of T18A TCR/HLA-B*81:01/TL9 complex. (A) The T18A TCR (T18Aα in pale pink, T18Aβ in pale cyan) recognize TL9 epitope presented by HLA-B*81:01. (B) The footprint of T18A TCR on the surface of HLA-B*81:01-TL9 complex. (C P Pie charts show the contribution of TCR segments toward the pHLA complex. (D) Interactions of TCR towards peptide. (E) Detailed interactions of T18A TCR with Gag-TL9 epitope in the context of HLA-B*81:01. Blue dashes denote hydrogen bonds; peptide amino acids are indicated in single-letter abbreviations and TCR residues are labeled in three-letter abbreviations. The colors correspond to TCR segment showed in pie chat. (F) Refined maps (2Fo-Fc) of the peptide in HLA-B complexes. The HLA molecules are represented in cartoon, and the peptides are represented as stick.





The Detailed Aspects of T18A TCR Recognition of HLA-B*81:01/TL9 Complex

Next, we aimed to investigate the configuration change of TL9 peptide before and after TCR engagement. Firstly, the backbone of TL9 peptide from two complexes (HLA-B*81:01-TL9 and HLA-B*81:01-TL9-T18A) were overlapped. Secondly, the TL9 backbone of TCR free, remained the same conformation when compared to TCR bound. The side chains of the TL9 peptide were overlapped. HIV Gag-TL9 epitope exhibits the same conformation during the binding of T18A TCR (Figure 2A). CDR3α Loop spanned the antigen-binding cleft and contacted with peptide and HLA α2 helix. Asn96 of CDR3α and Asn32 of CDR1α interacted with E165 of HLA-B*81:01, respectively (Figure 2B). CDR3β loops were located above HLA α2 helix, and were far away from the peptide side chains with the distance about 9 Å. The CDR3β formed salt bridges between Asp100 and R153 of the HLA molecule, while Ile99 formed hydrogen bonds with R153 and A152 of HLA α2 helix (Figure 2C). CDR3β formed strong contact with HLA α2 helix, but unexpectedly not peptide.




Figure 2 | HLA-B*81:01/TL9 complex binds to T18A TCR with no conformational change. (A) the conformational change of HLA-B*81:01/TL9 complex after T18A TCR engagement. (B, C) the interactions between T18A TCR and HLA-B*81:01/TL9 complex. TPQDLNTML peptide presented by HLA-B*81:01 (PDB: 4U1I) in peptide-MHC complexes.





Unusual Role of TCR CDR3β: No Contact to the Peptide

Generally, in T cell receptors, CDR3 regions, which contact with varied antigen peptides, are highly diversified, while CDR1 and CDR2 loops, which mainly contact with less varied HLA molecules, are less diversified. In the docking of T18A TCR toward HLA-B*81:01, however, CDR3β formed no contacts to the peptide and focused on the α2 helix of HLA (Figure 3A). Specifically, CDR1α interacts with HLA and CDR3α interacts with peptide and HLA. CDR3β totally interacts with HLA and does not interact with peptide. In response to the situation, parts of the CDR2β engages in the interaction with the TL9 peptide for the compensation. The complete analysis of the contacts between T18A TCR and TL9/HLA-B*81:01 complex is shown in the Supplementary Table 3.




Figure 3 | The rare docking mode of T18A CDR3β on α2 helix of the HLA but not the peptide. The foot print of TCR CDR3β on p-MHC complexes are colored in yellow from 5 different recognition profiles. (A) The foot print of T18A TCR CDR3β on p-HLA complex. (B–E) CDR3β use in other 4 structures, C12C TCR (PDB: 4G8G), F24 TCR (PDB: 6CQL), KK50.4 TCR (PDB: 2ESV) and DM1 TCR (PDB: 3DXA). Peptide in each panel is shown in stick, CDR loops are shown in cartoon, and MHCs are shown in surface view.



To identify the role of CDR3β in other systems, we examined reported TCR-pHLA ternary structures from IEDB/3Dstructure database (38, 39, 45, 46) and PDB database (47). We checked more than 260 published mouse and human TCR structures, involving 129 different TCRs (Supplementary Table 4). In all of these, CDR3β interacts with peptide and MHC ligands, and most of them mainly focused on the peptide (Figures 3B–E). Next, we analyzed the detailed structure of CDR3β (Supplementary Figure 2A). In this case, CDR3β formed 2 hydrogen bonds and a salt bridge with HLA residues R153 and A152. Moreover, as CDR3β of T18A swam away from the HIV peptide, CDR2β replaced the normal role of CDR3β, CDR3α and CDR2β formed hydrogen bonds with the peptide (Supplementary Figure 2B). Then, we compared T18A CDR3β with those from other HIV recognition. As shown in Supplementary Figure 3, The bias location of T18A TCR towards HLA α2 helix was different with C12C TCR recognition. The unusual location CDR3β drives the TCR swam away from the axis of antigen-binding cleft and left the CDR2β to make moderate contacts with the C-terminal of peptide. CDR2β formed three hydrogen bonds and twelve Van der Waals interactions with the peptide. The detailed analysis of the contacts between CDR2β and peptide is shown in the Supplementary Table 3. Thus, the unique role of the CDR3β in the T18A TCR was not to contact the peptide but to form intensive interactions with the HLA α2 helix.



Broken of the Traditional Jα Connection to Vα in the T18A TCR

Another interesting finding was that the traditional Jα-Vα connection was broken in T18A TCR/HLA-B*81:01/TL9 ternary structure. The core of the traditional TCR Vα domain consists of two beta-sheets, typical in V domains of the immunoglobulin family (Figure 4B). Unlike common “closed” Vα cores, in T18A, the disruption of the β strand made the core of Vα domain more “open” (Figure 4A). The lower part of the Jα-Vα interaction was destroyed, and three hydrogen bonds were broken near the conserved FGXG motif, but still preserved the interaction with the upper part of the chain. Moreover, the hydrogen bond between G99-G94 and N100-R93 fixed the lower portion of the CDR3α loop which might compensate for the broken of three hydrogen bonds. Such interruptions had been observed in mouse T cell responses, such as the “closed” conformation of the Yae62 TCR’s Vα bound to MHC I and the “open” conformation when bound to MHC II. In all of the “open” structures, the upper interaction between Jα and Vα strands was intact, but they were separated at the second glycine of the FGXG motif in a similar pattern, although different TRAV sequences were used (Figure 4C).




Figure 4 | The uncommon “opened” T18A CDR3α alters the relative orientation of Vα to Vβ. (A) The “opened” conformation of the β sheet interactions between Vα and Jα of T18A when it is bound to B8101-pTL9. A stick representation of the protein backbone and the side chains of the FGXG conserved motif are shown. Backbone H-bonds, as well as H-bond with R93, are shown in green. (B) The “closed” conformation of Vα-Jα interactions of C12C TCR (PDB: 4G8G) and 1E6 TCR (PDB: 3UTS), representing traditional CDR3α conformation in most of TCR-pMHC profiles. (C) The disruption of Vα-Jα H bonds of YAe62 (PDB: 3C60) when it is bound to MHC II versus MHC I, indicating the alteration of CDR3α could expand the ability of the TCR to adapt Different MHC Ligands. (D) The Vα and Vβ domains of T18A and 1E6 TCR are overlaid by Vβ as similar TRBV gene is used. (E) A view looking down through the TCR is shown. Relative position of CDRα loops to CDRβ loops are changed due to “opened” or “closed” CDR3α. The relative distance and angle of movement is indicated.



The direct consequence of this conformational change was to enlarge the distance between Jα and Vα, which finally led to the perturbation of Vα domain including CDR1 and CDR2 loops, which swang away from Vβ domain (Figure 4D). We superimposed T18A (TRAV26-1/TRBV12-3) and 1E6 TCR (TRAV12-3/TRBV12-4) to compare the effect of “opened” or “closed” Jα-Vα interactions on the entire TCR configuration. When Vβ domains were overlapped, the breaking of the hydrogen bond between Jα and Vα mainly affected the relative position of Vα domain to Vβ, causing Vα CDR1 and CDR2 rings to rotate by 15-20° relative to Vβ (Figure 4E). The opening or closing of Jα-Vα strands above the CDR3 loop altered the relative positions of Vα and Vβ CDR1 and CDR2 loops for more than 7 Å -9 Å. Additional to the traditional close conformation, this open conformation in the Vα core might enhance the recognition capacity of the TCR for versatile antigens.



High-Affinity T18A TCR Bind to TL9 or TL9 Escape Variants Under HLA-B*81:01 Restriction

Functional analysis and biophysical methods were then used to explore whether escape mutations on the Gag TL9 epitope and HLA-B*81:01 presentation affect the affinity of T18A TCR. The binding capacity of T18A TCR to different p-HLA molecules were measured by in vitro surface plasmon resonance (SPR). The results showed that T18A could recognize the TL9 peptide presented by HLA-B*81:01 with a high affinity (Kd≈4.7μM), and could recognize some escape variants of TL9, such as 3s-TL9 and 7s-TL9 (Figure 5A).




Figure 5 | High-affinity T18A TCR bind to TL9 or TL9 escape variants under HLA-B*81:01 restriction. (A) SPR binding data for T18A TCR recognition of the wildtype (WT) and popular mutated TL9 presented by HLA-B*81:01. KD values range from 4.7 μM for the WT TL9 peptide to >250 μ M for the TPsDLNsML peptide. (B) HLA-associated variation of TL9-Gag in B8101-positve HIV infected patients. (C) Different escape modes in TL9 epitope are illustrated as Sequence Logo, demonstrating TL9 mutation in B8101 background is located at position 3 and 7.



The differences in CD8+ T cell-mediated immunity may also influence the evolution of the TL9 epitope itself. We collected the sequencing files of >3000 HIV-1 C-clade infected patients (30, 48–51) and dissected the HLA-driven differential selection pressure (Figure 5B and Supplementary Table 5). In the context of HLA-B*81:01, the TL9 epitope mutations were mainly located at position 3 or 7 of the peptide, and the most preferred mutations were 3s-TL9 and 7s-TL9 (Figures 5B, C), respectively. The affinity measurement showed that mutations on these two sites of TL9 peptide could significantly reduce the affinity of TCR to pHLA molecule. Structural evidence showed that these two sites in the T18A TCR system were oriented toward the antigen-binding cleft regardless of the HLA restriction, and position 3 worked as a secondary anchored residue (Figure 2B). It suggested that the decreased capability of T18A TCR to the mutant epitopes may be mainly due to the decreased binding affinity of HLA molecule to TL9 variants. The occurrence of different HLA-specific adaptation patterns at TL9 epitope and significant differences in the affinity of TCRs showed the qualitatively unique CTL responses induced by closely related HLA in anti-viral immunity.




Discussion

The MHC-restricted recognition of presented epitopes by TCRs is an essential process in the adaptive immunity against pathogens and surveillance of cancer cells. It also plays a central role in multiple immunological disorders, including allergy, autoimmune disease, and alloreactivity responses caused by organ transplantation. Although in most of the complexes TCR binds to peptide-MHC in a similar orientation, the chemical property and shapes of these interaction interface are variable and the biological response does not associate with the structural changes (minor changes might have dramatic influence on the response). The different structures representing various biological responses such as positive selection in thymus, anti-viral immune response and alloreaction still need to be reported.

The TL9 epitope was previously shown to be presented by two closely related HLA alleles B*81:01 and B*42*01 in markedly different conformations that flip several of the TCR accessible residues, and it was indicated that this difference in MHC-bound epitope conformation is responsible for the differential viral control found in B81- versus B42-positive patients (27, 29–32). In order to analyze why TL9 presented by HLA-B*81:01 and HLA-B*42:01 exhibited different effect in cellular immunity. We used T18A TCR to model and analyze if HLA-B*42:01 can recognize by T18A TCR. The results showed that there are some clashes in the modelling of T18A on HLA-B*42:01. Clashes on peptide involved the side chain of P4D and both backbone and side chain of P5L, which competed with Asn96 and Asn97 of CDR3α of TCR (Supplementary Figure 1). So, we speculated that HLA-B*42:01 may bind T18A with a weak affinity. It may be the reason of why HLA-B*42:01 is less effective in cellular immunity. However, the modeling only shows that the T18A TCR cannot bind on HLA-B*42:01/TL9 in the same way as HLA-B*81:01/TL9 did. At this moment we do not have experimental TCR-TL9-HLA-B*42:01 structure yet.

In this study, we firstly report the TCR recognition structure of HLA-B*81:01/TL9. Detail analysis and comparison revealed two interesting features of HLA-B*81:01/TL9 before and after T18A TCR engagement: 1) TL9 complexed with HLA-B*81:01 undergoes no conformational change after TCR engagement (Figure 2A); 2) CDR3β exhibits an interesting role that is different from that of other systems. CDR3β of T18A surprisingly focuses on recognizing the α2 helix of the HLA molecule intensively but not the peptide, which is distinct to most known TCR recognition patterns (Figure 2D and Figure 3). Subsequently the CDR2β is adopted to contact the peptide to compensate for the missing recognition of the CDR3β to the peptide, which suggested the compromised recognition for the peptide but the focused recognition for the HLA. HIV-1 sequence analysis showed that the mutation of TL9 epitope in the HLA-B*81:01 expressed individuals focused on the position 3 and 7 of the epitope (Supplementary Table 5). SFR assays confirmed that the T18A TCR can recognize the TL9 epitope and major position 3 or 7 mutated epitopes (Figure 5A). The structure of unique CDR loop patterns might explain this since T18A is more relying on HLA to supply contacts and might tolerate some different conformations of the mutated TL9 epitopes for keeping the immune surveillance. Accordingly, these findings highlight the importance of TCR structural determinants in depicting a protective clinical outcome. A molecular arm race between protective T cell response and HIV-1 mutation is suggested by these studies, the influence of host acquired immunity in genomic evolution of the HIV, therefore, might be underestimated.



Data Availability Statement

The atomic coordinates and structure details reported in this work have been deposited in the Protein Data Bank, www.pdb.org (PDB ID codes 7DZM).



Author Contributions

LY and YC contributed to the study design. JL wrote the original manuscript. YL conducted the protein expression, purification, and crystallization. DS did the SPR assays. JL and YL analyzed the final data and created the final figures. YL, JL, DS, YY, CP, and ZX contributed to data analysis. LY supervised the study and all authors contributed to revisions. All authors contributed to the article and approved the submitted version.



Funding

This work was supported by the National Natural Science Foundation of China (32171210 and 31870728), Central Leading Local Science and Technology Development Special Foundation (ZYYD2020000169), and the Science Foundation of Wuhan University (2042020kfxg02, 2042016kf0169).



Acknowledgments

We thank the staff of Shanghai Synchrotron Radiation Facility (beamline BL17U1 BL18U1 and BL19U1). We sincerely pay tribute to the people who have strived in the forefront of fighting against the HIV-1 pandemic and who studies this virus around the world.



Supplementary Material

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fimmu.2022.822210/full#supplementary-material



References

1. Siliciano, JD, Kajdas, J, Finzi, D, Quinn, TC, Chadwick, K, Margolick, JB, et al. Long-Term Follow-Up Studies Confirm the Stability of the Latent Reservoir for HIV-1 in Resting CD4+ T Cells. Nat Med (2003) 9(6):727–8. doi: 10.1038/nm880

2. Chun, TW, Stuyver, L, Mizell, SB, Ehler, LA, Mican, JA, Baseler, M, et al. Presence of an Inducible HIV-1 Latent Reservoir During Highly Active Antiretroviral Therapy. Proc Natl Acad Sci USA (1997) 94(24):13193–7. doi: 10.1073/pnas.94.24.13193

3. Colby, DJ, Trautmann, L, Pinyakorn, S, Leyre, L, Pagliuzza, A, Kroon, E, et al. Rapid HIV RNA Rebound After Antiretroviral Treatment Interruption in Persons Durably Suppressed in Fiebig I Acute HIV Infection. Nat Med (2018) 24: (7):923–6. doi: 10.1038/s41591-018-0026-6

4. Finzi, D, Blankson, J, Siliciano, JD, Margolick, JB, Chadwick, K, Pierson, T, et al. Latent Infection of CD4+ T Cells Provides a Mechanism for Lifelong Persistence of HIV-1, Even in Patients on Effective Combination Therapy. Nat Med (1999) 5(5):512–7. doi: 10.1038/8394

5. Finzi, D, Hermankova, M, Pierson, T, Carruth, LM, Buck, C, Chaisson, RE, et al. Identification of a Reservoir for HIV-1 in Patients on Highly Active Antiretroviral Therapy. Sci (New York NY) (1997) 278(5341):1295–300. doi: 10.1126/science.278.5341.1295

6. Wong, JK, Hezareh, M, Günthard, HF, Havlir, DV, Ignacio, CC, Spina, CA, et al. Recovery of Replication-Competent HIV Despite Prolonged Suppression of Plasma Viremia. Sci (New York NY) (1997) 278(5341):1291–5. doi: 10.1126/science.278.5341.1291

7. Margolis, DM. Confronting Proviral HIV Infection. Curr HIV/AIDS Rep (2007) 4(2):60–4. doi: 10.1007/s11904-007-0009-6

8. Laird, GM, Bullen, CK, Rosenbloom, DI, Martin, AR, Hill, AL, Durand, CM, et al. Ex Vivo Analysis Identifies Effective HIV-1 Latency-Reversing Drug Combinations. J Clin Invest (2015) 125(5):1901–12. doi: 10.1172/jci80142

9. Bullen, CK, Laird, GM, Durand, CM, Siliciano, JD, and Siliciano, RF. New Ex Vivo Approaches Distinguish Effective and Ineffective Single Agents for Reversing HIV-1 Latency In Vivo. Nat Med (2014) 20(4):425–9. doi: 10.1038/nm.3489

10. Prins, JM, Jurriaans, S, van Praag, RM, Blaak, H, van Rij, R, Schellekens, PT, et al. Immuno-Activation With Anti-CD3 and Recombinant Human IL-2 in HIV-1-Infected Patients on Potent Antiretroviral Therapy. AIDS (Lond Engl) (1999) 13(17):2405–10. doi: 10.1097/00002030-199912030-00012

11. Zinkernagel, RM, and Doherty, PC. Restriction of In Vitro T Cell-Mediated Cytotoxicity in Lymphocytic Choriomeningitis Within a Syngeneic or Semiallogeneic System. Nature (1974) 248(5450):701–2. doi: 10.1038/248701a0

12. Jameson, SC, Hogquist, KA, and Bevan, MJ. Positive Selection of Thymocytes. Annu Rev Immunol (1995) 13:93–126. doi: 10.1146/annurev.iy.13.040195.000521

13. Chen, H, Ndhlovu, ZM, Liu, D, Porter, LC, Fang, JW, Darko, S, et al. TCR Clonotypes Modulate the Protective Effect of HLA Class I Molecules in HIV-1 Infection. Nat Immunol (2012) 13(7):691–700. doi: 10.1038/ni.2342

14. Feinberg, MB, and Ahmed, R. Born This Way? Understanding the Immunological Basis of Effective HIV Control. Nat Immunol (2012) 13(7):632–4. doi: 10.1038/ni.2351

15. Schmidt, ME, and Varga, SM. The CD8 T Cell Response to Respiratory Virus Infections. Front Immunol (2018) 9:678. doi: 10.3389/fimmu.2018.00678

16. Collins, DR, Gaiha, GD, and Walker, BD. CD8(+) T Cells in HIV Control, Cure and Prevention. Nat Reviews Immunol (2020) 20: (8):471–82. doi: 10.1038/s41577-020-0274-9

17. Stinchcombe, JC, and Griffiths, GM. The Role of the Secretory Immunological Synapse in Killing by CD8+ CTL. Semin Immunol (2003) 15(6):301–5. doi: 10.1016/j.smim.2003.09.003

18. Pipkin, ME, and Lieberman, J. Delivering the Kiss of Death: Progress on Understanding How Perforin Works. Curr Opin Immunol (2007) 19(3):301–8. doi: 10.1016/j.coi.2007.04.011

19. Rudolph, MG, Stanfield, RL, and Wilson, IA. How TCRs Bind MHCs, Peptides, and Coreceptors. Annu Rev Immunol (2006) 24:419–66. doi: 10.1146/annurev.immunol.23.021704.115658

20. Goonetilleke, N, Liu, MK, Salazar-Gonzalez, JF, Ferrari, G, Giorgi, E, Ganusov, VV, et al. The First T Cell Response to Transmitted/Founder Virus Contributes to the Control of Acute Viremia in HIV-1 Infection. J Exp Med (2009) 206(6):1253–72. doi: 10.1084/jem.20090365

21. Borrow, P, Lewicki, H, Hahn, BH, Shaw, GM, and Oldstone, MB. Virus-Specific CD8+ Cytotoxic T-Lymphocyte Activity Associated With Control of Viremia in Primary Human Immunodeficiency Virus Type 1 Infection. J Virol (1994) 68(9):6103–10. doi: 10.1128/jvi.68.9.6103-6110.1994

22. Chen, H, Piechocka-Trocha, A, Miura, T, Brockman, MA, Julg, BD, Baker, BM, et al. Differential Neutralization of Human Immunodeficiency Virus (HIV) Replication in Autologous CD4 T Cells by HIV-Specific Cytotoxic T Lymphocytes. J Virol (2009) 83(7):3138–49. doi: 10.1128/jvi.02073-08

23. Pereyra, F, Jia, X, McLaren, PJ, Telenti, A, de Bakker, PI, Walker, BD, et al. The Major Genetic Determinants of HIV-1 Control Affect HLA Class I Peptide Presentation. Sci (New York NY) (2010) 330(6010):1551–7. doi: 10.1126/science.1195271

24. Iglesias, MC, Almeida, JR, Fastenackels, S, van Bockel, DJ, Hashimoto, M, Venturi, V, et al. Escape From Highly Effective Public CD8+ T-Cell Clonotypes by HIV. Blood (2011) 118(8):2138–49. doi: 10.1182/blood-2011-01-328781

25. Ladell, K, Hashimoto, M, Iglesias, MC, Wilmann, PG, McLaren, JE, Gras, S, et al. A Molecular Basis for the Control of Preimmune Escape Variants by HIV-Specific CD8+ T Cells. Immunity (2013) 38(3):425–36. doi: 10.1016/j.immuni.2012.11.021

26. Ogunshola, F, Anmole, G, Miller, RL, Goering, E, Nkosi, T, Muema, D, et al. Dual HLA B*42 and B*81-Reactive T Cell Receptors Recognize More Diverse HIV-1 Gag Escape Variants. Nat Comm (2018) 9: (1):5023. doi: 10.1038/s41467-018-07209-7

27. Ntale, RS, Chopera, DR, Ngandu, NK, Assis de Rosa, D, Zembe, L, Gamieldien, H, et al. Temporal Association of HLA-B*81:01- and HLA-B*39:10-Mediated HIV-1 P24 Sequence Evolution With Disease Progression. J Virol (2012) 86(22):12013–24. doi: 10.1128/jvi.00539-12

28. Frater, AJ, Brown, H, Oxenius, A, Günthard, HF, Hirschel, B, Robinson, N, et al. Effective T-Cell Responses Select Human Immunodeficiency Virus Mutants and Slow Disease Progression. J Virol (2007) 81(12):6742–51. doi: 10.1128/jvi.00022-07

29. Prentice, HA, Porter, TR, Price, MA, Cormier, E, He, D, Farmer, PK, et al. HLA-B*57 Versus HLA-B*81 in HIV-1 Infection: Slow and Steady Wins the Race? J Virol (2013) 87(7):4043–51. doi: 10.1128/jvi.03302-12

30. Kløverpris, HN, McGregor, R, McLaren, JE, Ladell, K, Harndahl, M, Stryhn, A, et al. CD8+ TCR Bias and Immunodominance in HIV-1 Infection. J Immunol (2015) 194: (11):5329–45. doi: 10.4049/jimmunol.1400854

31. Koofhethile, CK, Ndhlovu, ZM, Thobakgale-Tshabalala, C, Prado, JG, Ismail, N, Mncube, Z, et al. CD8+ T Cell Breadth and Ex Vivo Virus Inhibition Capacity Distinguish Between Viremic Controllers With and Without Protective HLA Class I Alleles. J Virol (2016) 90(15):6818–31. doi: 10.1128/jvi.00276-16

32. Kløverpris, HN, Cole, DK, Fuller, A, Carlson, J, Beck, K, Schauenburg, AJ, et al. A Molecular Switch in Immunodominant HIV-1-Specific CD8 T-Cell Epitopes Shapes Differential HLA-Restricted Escape. Retrovirology (2015) 12:20. doi: 10.1186/s12977-015-0149-5

33. Cole, DK, Rizkallah, PJ, Gao, F, Watson, NI, Boulter, JM, Bell, JI, et al. Crystal Structure of HLA-A*2402 Complexed With a Telomerase Peptide. Eur J Immunol (2006) 36(1):170–9. doi: 10.1002/eji.200535424

34. Cole, DK, Dunn, SM, Sami, M, Boulter, JM, Jakobsen, BK, and Sewell, AK. T Cell Receptor Engagement of Peptide-Major Histocompatibility Complex Class I Does Not Modify CD8 Binding. Mol Immunol (2008) 45(9):2700–9. doi: 10.1016/j.molimm.2007.12.009

35. Hellman, LM, Yin, L, Wang, Y, Blevins, SJ, Riley, TP, Belden, OS, et al. Differential Scanning Fluorimetry Based Assessments of the Thermal and Kinetic Stability of Peptide-MHC Complexes. J Immunol Methods (2016) 432:95–101. doi: 10.1016/j.jim.2016.02.016

36. Garboczi, DN, Hung, DT, and Wiley, DC. HLA-A2-Peptide Complexes: Refolding and Crystallization of Molecules Expressed in Escherichia Coli and Complexed With Single Antigenic Peptides. Proc Natl Acad Sci USA (1992) 89(8):3429–33. doi: 10.1073/pnas.89.8.3429

37. Pierce, BG, Hellman, LM, Hossain, M, Singh, NK, Vander Kooi, CW, Weng, Z, et al. Computational Design of the Affinity and Specificity of a Therapeutic T Cell Receptor. PloS Comput Biol (2014) 10(2):e1003478. doi: 10.1371/journal.pcbi.1003478

38. Kaas, Q, Ruiz, M, and Lefranc, MP. IMGT/3Dstructure-DB and IMGT/StructuralQuery, a Database and a Tool for Immunoglobulin, T Cell Receptor and MHC Structural Data. Nucleic Acids Res (2004) 32(Database issue):D208–10. doi: 10.1093/nar/gkh042

39. Lefranc, MP, Giudicelli, V, Ginestoux, C, Jabado-Michaloud, J, Folch, G, Bellahcene, F, et al. IMGT, the International ImMunoGeneTics Information System. Nucleic Acids Res (2009) 37(Database issue):D1006–12. doi: 10.1093/nar/gkn838

40. Piepenbrink, KH, Gloor, BE, Armstrong, KM, and Baker, BM. Methods for Quantifying T Cell Receptor Binding Affinities and Thermodynamics. Methods enzymology (2009) 466:359–81. doi: 10.1016/s0076-6879(09)66015-8

41. Blevins, SJ, and Baker, BM. Using Global Analysis to Extend the Accuracy and Precision of Binding Measurements With T Cell Receptors and Their Peptide/MHC Ligands. Front Mol Biosci (2017) 4:2. doi: 10.3389/fmolb.2017.00002

42. Riley, TP, Hellman, LM, Gee, MH, Mendoza, JL, Alonso, JA, Foley, KC, et al. T Cell Receptor Cross-Reactivity Expanded by Dramatic Peptide-MHC Adaptability. Annual Review Immunol (2018) 14: (10):934–42. doi: 10.1038/s41589-018-0130-4

43. Chothia, C, and Lesk, AM. Canonical Structures for the Hypervariable Regions of Immunoglobulins. J Mol Biol (1987) 196(4):901–17. doi: 10.1016/0022-2836(87)90412-8

44. Rossjohn, J, Gras, S, Miles, JJ, Turner, SJ, Godfrey, DI, and McCluskey, J. T Cell Antigen Receptor Recognition of Antigen-Presenting Molecules. Annu Rev Immunol (2015) 33:169–200. doi: 10.1146/annurev-immunol-032414-112334

45. Ehrenmann, F, Kaas, Q, and Lefranc, MP. IMGT/3Dstructure-DB and IMGT/DomainGapAlign: A Database and a Tool for Immunoglobulins or Antibodies, T Cell Receptors, MHC, IgSF and MhcSF. Nucleic Acids Res (2010) 38(Database issue):D301–7. doi: 10.1093/nar/gkp946

46. Ehrenmann, F, and Lefranc, MP. IMGT/3Dstructure-DB: Querying the IMGT Database for 3D Structures in Immunology and Immunoinformatics (IG or Antibodies, TR, MH, RPI, and FPIA). Cold Spring Harbor Protoc (2011) 2011(6):750–61. doi: 10.1101/pdb.prot5637

47. Burley, SK, Bhikadiya, C, Bi, C, Bittrich, S, Chen, L, Crichlow, GV, et al. RCSB Protein Data Bank: Powerful New Tools for Exploring 3D Structures of Biological Macromolecules for Basic and Applied Research and Education in Fundamental Biology, Biomedicine, Biotechnology, Bioengineering and Energy Sciences. Nucleic Acids Res (2021) 49(D1):D437–51. doi: 10.1093/nar/gkaa1038

48. Kløverpris, HN, Harndahl, M, Leslie, AJ, Carlson, JM, Ismail, N, van der Stok, M, et al. HIV Control Through a Single Nucleotide on the HLA-B Locus. J Virol (2012) 86(21):11493–500. doi: 10.1128/jvi.01020-12

49. Payne, R, Muenchhoff, M, Mann, J, Roberts, HE, Matthews, P, Adland, E, et al. Impact of HLA-Driven HIV Adaptation on Virulence in Populations of High HIV Seroprevalence. Proc Natl Acad Sci USA (2014) 111(50):E5393–400. doi: 10.1073/pnas.1413339111

50. Dorrell, L, Willcox, BE, Jones, EY, Gillespie, G, Njai, H, Sabally, S, et al. Cytotoxic T Lymphocytes Recognize Structurally Diverse, Clade-Specific and Cross-Reactive Peptides in Human Immunodeficiency Virus Type-1 Gag Through HLA-B53. Eur J Immunol (2001) 31(6):1747–56. doi: 10.1002/1521-4141(200106)31:6<1747::aid-immu1747>3.0.co;2-l

51. Currier, JR, Visawapoka, U, Tovanabutra, S, Mason, CJ, Birx, DL, McCutchan, FE, et al. CTL Epitope Distribution Patterns in the Gag and Nef Proteins of HIV-1 From Subtype A Infected Subjects in Kenya: Use of Multiple Peptide Sets Increases the Detectable Breadth of the CTL Response. BMC Immunol (2006) 7:8. doi: 10.1186/1471-2172-7-8




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


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

Copyright © 2022 Liu, Lei, San, Yang, Paek, Xia, Chen and Yin. 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.




REVIEW

published: 10 February 2022

doi: 10.3389/fimmu.2022.833017

[image: image2]


T Cell Recognition of Tumor Neoantigens and Insights Into T Cell Immunotherapy


Malcolm J. W. Sim and Peter D. Sun *


Laboratory of Immunogenetics, National Institute of Allergy and Infectious Diseases, National Institutes of Health (NIH), Rockville, MD, United States




Edited by: 

Pedro A. Reche, Complutense University of Madrid, Spain

Reviewed by: 

Cristina Maccalli, Sidra Medicine, Qatar

Gary Kohanbash, University of Pittsburgh, United States

*Correspondence: 

Peter D. Sun
 psun@nih.gov

Specialty section: 
 This article was submitted to Vaccines and Molecular Therapeutics, a section of the journal Frontiers in Immunology


Received: 10 December 2021

Accepted: 21 January 2022

Published: 10 February 2022

Citation:
Sim MJW and Sun PD (2022) T Cell Recognition of Tumor Neoantigens and Insights Into T Cell Immunotherapy. Front. Immunol. 13:833017. doi: 10.3389/fimmu.2022.833017



In cancer, non-synonymous DNA base changes alter protein sequence and produce neoantigens that are detected by the immune system. For immune detection, neoantigens must first be presented on class I or II human leukocyte antigens (HLA) followed by recognition by peptide-specific receptors, exemplified by the T-cell receptor (TCR). Detection of neoantigens represents a unique challenge to the immune system due to their high similarity with endogenous ‘self’ proteins. Here, we review insights into how TCRs detect neoantigens from structural studies and delineate two broad mechanistic categories: 1) recognition of mutated ‘self’ peptides and 2) recognition of novel ‘non-self’ peptides generated through anchor residue modifications. While mutated ‘self’ peptides differ only by a single amino acid from an existing ‘self’ epitope, mutations that form anchor residues generate an entirely new epitope, hitherto unknown to the immune system. We review recent structural studies that highlight these structurally distinct mechanisms and discuss how they may lead to differential anti-tumor immune responses. We discuss how T cells specific for neoantigens derived from anchor mutations can be of high affinity and provide insights to their use in adoptive T cell transfer-based immunotherapy.
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Introduction

Immunotherapy is revolutionizing the treatment of cancer and understanding how the immune system detects tumors will lead to improved and novel therapies (1, 2). Tumor transformation is associated with a multitude of cellular and genetic changes including somatic mutations that alter protein sequence (3–5). Unleashing T cells specific for these mutations is thought to be one mechanism for the therapeutic effect of checkpoint blockade immunotherapy (CBI) (6, 7), and maybe the ‘common pathway’ for many effective immunotherapies (8). Extensive tumor genome and exome sequencing studies have revealed the landscape of tumor mutations to be broad, however only a fraction of these appear immunogenic (9, 10). Generating tools that can identify immunogenic neoantigens from sequence will greatly facilitate the deployment of neoantigen based vaccines and other immunotherapies (11). However, the features that distinguish immunogenic and non-immunogenic mutations are poorly defined. Structural biology has been invaluable to understanding the immune system (12–14). By studying TCRs with demonstrated clinical efficacy, structure-based approaches can provide insight into biochemical and structural features associated with therapeutic success (15). Here, we review recent structural studies of how TCRs detect immunogenic neoantigens and discuss how some biochemical properties, such as antigenic binding affinity, may influence clinical outcome of adoptive T cell therapy.



Basics of T Cell Recognition and Antigen Presentation


Antigen Presentation

T cell recognition is a multi-step process that includes two steps where structural biology can provide unrivaled insight. The first is antigen presentation, where peptide antigens are presented on the cell surface on class I or class II human leukocyte antigens (HLA) (16). HLA-I is expressed on all nucleated cells, including tumors and is the ligand for TCRs expressed on CD8+ cytotoxic T cells. Humans carry three classical HLA-I genes, encoded by HLA-A, HLA-B and HLA-C that encode the HLA-I heavy chain, which forms the HLA-I molecule in complex with bound peptide and the invariant chain beta-2-microglobulin (β2M) (Figure 1A). HLA-I bound peptides are typically 8-11 amino acids long, due to a closed peptide binding groove that prevents longer peptides from extending at either termini. At homeostasis, HLA-I binds ‘self’ peptides, which are derived from the proteasomal degradation of old proteins (retirees) or the products of stalled ribosomal translation known as defective ribosomal products (DRiPs) (17, 18). These peptides are then funneled into the ER by the transporter associated with antigen presentation (TAP) (16, 18), where they are loaded onto HLA-I molecules in a competitive manner facilitated by chaperone proteins such as TAPASIN (19). In infections or cancer, pathogen derived sequences or neoantigens enter the HLA-I presentation pathway the same way as ‘self’ peptides in the form of ‘retirees’ and DRiPs (17, 18, 20).




Figure 1 | HLA-I, HLA-II and TCRs. (A) Structure of HLA I molecule. Contains HLA-I heavy chain, b2M and bound peptide. Peptide binding groove consists of a1 and a2 domains of HLA-I heavy chain (PDB entry 6ULI). (B) Structure of HLA-II molecule. Contains HLA-II alpha and beta chains and bound peptide. Peptide binding groove is shared by alpha and beta domains (PDB entry 1AQD). (C) Examples of peptide motifs for 9mer peptides eluted from two different HLA-I molecules, HLA-A*02:01 and HLA-C*08:02. Single letter amnio acid code is used. Size of letter indicates prominence of that residue. Anchor residues are defined by restricted amino acid usage, commonly at p2, p3 and p9. (D) Structure of ab TCR showing constant (C) and variable (V) regions and six CDR loops (PDB entry 6ULN).



The ligand for TCRs expressed by CD4+ helper T cells is HLA-II, which is expressed on professional antigen presenting cells (APC) such as dendritic cells, monocyte/macrophages and B cells. HLA-II consists of bound peptide and two chains alpha and beta encoded by different polymorphic genes (Figure 1B). HLA-II bound peptides are typically 15 amino acids in length, longer than HLA-I due to its open-ended peptide binding groove (PBG). There is some evidence that tumors can directly express HLA-II (21) but generally, recognition of HLA-II restricted neoantigens is thought to be through interactions with APCs (22). HLA-II binds peptides in a late endosomal compartment where it intercepts endocytosed proteins, which are degraded by endosomal proteases (16). Chaperones such as HLA-DM facilitate exchange for high affinity peptides (23). Neoantigens can enter this pathway via endocytosis of apoptotic or necrotic tumor cells bearing specific mutations.

The genes encoding classical HLA molecules are the most polymorphic across human populations, with over 10,000 HLA-A, -B, -C and 5,000 HLA-II protein variants (24, 25). The majority of this polymorphism is located within the PBG, a specialist structural fold that allows HLA proteins to bind peptides of correct sequence via non-covalent interactions. As peptide binding to HLA is highly competitive, only peptides that best satisfy the biochemical requirements of the particular PBG will escape quality control and be presented on the cell surface (19). The PBG is made of pockets (A-F) that exhibit localized preferences for specific biochemical characteristics, such as charge, size, hydrophobicity, polarity and combinations of all (26). The A-F pockets run from the peptide N to C termini, with the A and F pockets coordinating the conserved amide and carboxylic acid groups. For HLA-I binding, there are critical residues at p2 or p3 and the C-terminus (pΩ) positions, known as anchor residues. Amino acid substitutions at anchor residues substantially alter peptide binding and HLA stability. The fraction of the proteome bound by HLA molecules is known as the immunopeptidome (27), and these peptides can be eluted, and sequenced by mass spectrometry (28–31). Immunopeptidomes are highly diverse consisting of hundreds to thousands of different ‘self’ peptides for each HLA allotype. Allotype-specific peptide motifs are derived from immunopeptidomes of different HLA-I and HLA-II molecules and demonstrate peptide sequence restriction at anchor residues and variation at non-anchor residues (Figure 1C). Crystal structures of HLA-I and HLA-II molecules with specific peptides confirm these motifs by revealing the number of interactions between the PBG and peptide anchor side chains. It is possible to classify tumor mutations into three categories; (1) mutation occurs at a non-anchor residue of an existing ‘self’ peptide, (2) mutation occurs at anchor residue impacting antigen presentation, (3) mutation falls in a peptide sequence not presented by host HLA allotype. Herein we use nomenclature defined by Fritsch et al. (32); group 1 neoantigens exhibit similar HLA binding affinities between mutant and ‘wild type’ (WT) peptides and the mutation lies in a non-anchor residue in an existing ‘self’ peptide. Group 2 neoantigens exhibit significantly increased HLA binding affinity compared to WT peptides due to mutations that form novel anchor residues.



T Cell Recognition

Once presented by HLA-I and HLA-II molecules, neoantigen peptides can be detected by T cells via the alpha-beta T cell receptor (αβTCR). TCR α and β chains consist of constant (C) and variable (V) regions, where the membrane distal V regions engage peptide-bound HLA complexes (Figure 1D). From structural studies of TCR : HLA complexes, general rules have emerged (33, 34). The V regions contact peptide and HLA via three complementarity determining regions (CDR1-3) that form six flexible loops, generated through VDJ recombination (33, 34). Germline encoded CDR1 and CDR2 engage the HLA protein, while CDR3s interact with bound peptide. The TCR Vα is centered over the α2 helix of HLA-I (the β chain of HLA-II) while the TCR Vβ chain is centered over the α1 helix of HLA-I (the α chain of HLA-II). The TCR docks diagonally, with the Vα angled towards the peptide N-terminus and the Vβ angled towards the peptide C-terminus. Substitutions that disrupt key CDR interactions with peptide or HLA are sufficient to reduce or eliminate binding and prevent T cell activation (33–35). During T cell development in the thymus, Vα and Vβ chains are generated by recombining single V(D)J gene segments from a large repertoire of V, D and J segments (only V and J for α chain) (36, 37). Single gene segments recombine to form each chain allowing for considerable Vα and Vβ diversity, which when combined to form αβ pairs have a theoretical upper limit of over 1015 unique TCRs. V gene segments encode CDR1 and CDR2 sequences, while CDR3 is located at the V(D)J boundary and due to base editing is the most variable region. During T cell development the pre-selection TCR repertoire is pruned to eliminate TCRs with the potential for autoreactivity, while also selecting for useful TCRs with the ability to detect ‘self’ HLA. Before leaving the thymus, each TCR is selected for moderate affinity for ‘self’ peptide-bound HLA complexes (positive selection), while TCRs with too high affinity for ‘self’ peptide-bound HLA are deleted (negative selection) (37, 38). Consequently, many TCRs that recognize group 1 neoantigens may be eliminated due to their high similarity with WT ‘self’ peptides.




Two Ways to Detect Neoantigens

Insights from structural and functional studies have revealed that neoantigens can be recognized in two fundamentally different ways. Group 1 neoantigens are those where the mutation occurs in a non-anchor residue of an existing ‘self’ peptide (Figure 2). Group 2 neoantigens are where the mutation creates an anchor residue converting a previously non-HLA binding sequence into a novel non-self epitope (Figure 3). From the examples below, we review how there are multiple ways for TCRs to solve the problem of identifying single amino acid substitutions in pre-existing ‘self’ peptides (group 1) (39–41). Next we review our own work on the presentation and T cell recognition of two group 2 neoantigens derived from the same G12D mutation in the oncogene KRAS (15). To define neoantigens as group 1 or group 2, researchers often utilize prediction algorithms such as NetMHCPan to predict the HLA binding affinities of WT and mutant peptides (42). For group 1 neoantigens the predicted binding affinities will be similar, while for group 2 neoantigens the mutant peptide has considerably higher binding affinity than the WT sequence. For detailed studies of specific neoantigens, it is important to validate whether neoantigens fall into group 1 or 2 using in vitro assays such as peptide loading on TAP-deficient cells or in vitro refolding assays with recombinant proteins (15, 43). Table 1 lists the HLA restrictions, neoantigen sequences and TCR affinities for the TCRs we reviewed. A summary of differences between TCR recognition of group 1 and group 2 neoantigens is shown in Figure 4.




Figure 2 | Multiple strategies to detect mutated ‘self’ epitopes, group 1 neoantigens. (A) Docking of A6 TCR and 38-10 TCR on HLA-A2 displaying C-terminal shift of 38-10 TCR specific for p53 R175H (PDB entry 1AO7, 6VRN). (B–D) Dominant TCR contacts with p8 of HMTEVVRHC, p53 R175H neoantigen presented by HLA-A2 by 38-10 TCR (6VRN) (B), 12-6 TCR (6VRM) (C) and 1a2 TCR (6QVO) (D). (E) Peptide pre-organization confers structural dissimilarity. Peptide p8 in HHAT L75F neoantigen KQWLVWLFL pre-organizes p6W into optimal TCR binding confirmation to allow effective tumor detection (6UK2,6UK4). (F) Direct recognition of exposed mutation. Mutant p6I in GELIGILNAAKVPAD TPI neoantigen confers more TCR-E8 contacts that WT p6T (2IAM, 2IAN).






Figure 3 | TCR recognition of group 2 neoantigens, novel ‘non-self’ epitopes generated by the KRAS-G12D mutation. (A) KRAS-G12D neoantigens G12D-9mer (GADGVGKSA) and G12D-10mer (GADGVGKSAL) form a salt bridge mutant p3 Asp and HLA-C Arg 156 on α2 helix of HLA-C*08:02 (PDB entry 6ULI, 6ULK). (B-D) TCR recognition of G12D-9mer by TCR9a and TCR9d. (B) Shared CDR2β contacts with p7 Lys (6ULN). (C) Shared CDR3α contacts with p5 Val and Gln 155, Arg 156 of HLA-C*08:02 (6ULN). (D) Position 95 CDR3b contact with Arg 69 of HLA-C*08:02 modifies TCR9 binding strength (6ULN,6ULR). (E, F) TCR10 recognition of G12D-10mer. (E) TCR10 CDR3α and CDR3β contacts with G12D-10mer (6UON). (F) G12D-10mer conformation in TCR free and TCR10 bound forms (6ULK,6UON).




Table 1 | Neoantigen specific TCRs with crystal structures.






Figure 4 | Two distinct structural mechanisms for detection of neoantigens. (A) Distinct features of antigen presentation and TCR recognition of group 1 and group 2 neoantigens (B) Affinities of TCRs specific for tumor antigens, viruses, and group 1 and group 2 neoantigens. Data for viruses and tumor antigens are from Aleksic et al. (44).





Group 1 Neoantigens: Mutated ‘Self’ Epitopes


Recognition of a Shared Mutated p53-R175H Neoantigen by C-Terminal Shift

TP53 is the most mutated gene across all cancers, highlighting its critical role as a tumor suppressor (45). A significant number of TP53 mutations occur in the same ‘hotspot’ locations. Studies by the Rosenberg group at the National Cancer Institute (NCI) and others, have identified TCRs specific for the p53-R175H mutation, restricted by the common HLA-I allotype, HLA-A*02:01 (HLA-A2) (46–49). Approximately 5% of p53 mutations are R175H, and the high frequency of HLA-A2 across populations makes this ‘shared’ neoantigen an attractive therapeutic target (50). In a recent study by Wu et al, three p53-R175H specific TCRs were studied, 12-6, 38-10 and 1a2 (39). These TCRs displayed no binding to WT p53 peptide but a range of affinities (KD, 1 - 40 μM) for the p53-R175H peptide (HMTEVVRHC). As this mutation occurred at a non-HLA-A2 anchor position, the authors were able to solve structures of HLA-A2 with both WT and R175H p53 peptides. The peptide conformations in these HLA-A2 alone structures were identical, apart from the peptide position 8 (p8) side chain. The TCRs shared no Vα or Vβ genes and their CDR3 sequences had no obvious sequence homology, suggesting each TCR recognized the p53-R175H mutation in a different way. By solving x-ray crystal structures of all three TCR-A2-p53-175H complexes, Wu et al. were able to answer this question directly. These TCRs displayed a canonical diagonal docking orientation but were unusually shifted to peptide C-terminus, proximal to the mutation site (Figure 2A). Indeed, TCR 38-10 was the most C-terminal shifted TCR in the PDB database with a canonical orientation, with TCR 12-6 and 1a2 also high on the list (39). By shifting towards the C-terminus, these TCRs were able discriminate between WT and mutant p53 peptides as most TCR-peptide contacts with p7-Arg and p8-His, while most TCRs target the central residues p4-p6 (33). Each TCR had different footprints, but 12-6 and 1a2 were more similar and utilize their CDR3β to coordinate the R175H mutation, while 38-10 was dominated by its CDR3α. For TCR 38-10, CDR3α Tyr103 slides between p7R and p8H to contact the peptide backbone, while forming π−π stacking interactions with the imidazole ring of p8H and van-der Waals contacts with p7R (Figure 2B). For TCR 12-6, the p8H side chain is contacted by CDR3β Glu95 and Trp98, while CDR3β Gln99 contacts the peptide backbone (Figure 2C). For TCR 1a2, p7R is coordinated by CDR3β Asp100 and CDR1a Tyr32, while p8H is contacted by CDR3β Gln96 and Gln97 with further contacts from CDR3α Ser98 (Figure 2D). Further contacts with the HLA-A2 heavy chain and modest conformational changes were observed to fully accommodate TCR binding (39). This study highlights how three different TCRs utilize different contacts but the same broad strategy of C-terminal shift to coordinate the same mutation.



Structural Dissimilarity via Peptide Pre-Organization

In another recent study, a completely different structural solution to neoantigen recognition was observed (40). This study focused on an HLA-A*02:06 restricted TCR (302-TIL) specific for a L75F mutation in hedgehog acyltransferase (HHAT) identified from a patient with ovarian cancer (40). Similar to p53-R175H, the mutation was located at p8 of a 9mer antigen with the sequence KQWLVWLFL. However, unlike recognition of R175H, TCR recognition was not dependent on a C-terminal shift. In fact, the relatively conservative pL8F mutation, forces p6W into an optimal TCR binding conformation due to proximity with the larger p8F (Figure 2E). Crystal structures of 302-TIL TCR in complex with both WT and mutant peptide, revealed that the p6W adopted the same conformation in both complexes. However, 302-TIL TCR had a much higher affinity for mutant peptide at 9 μM compared to 200 μM with WT peptide and had an especially slower off rate with mutant peptide. The best interpretation of these data are that adopting the optimal p6W conformation is slow in the context of WT peptide, but p8F ‘pre-organizes’ p6W into an optimal TCR binding state, allowing rapid T cell activation and discrimination of tumors from healthy cells.



Direct Recognition of Exposed Mutation

To date, there is one structural study of an HLA-II restricted neoantigen specific TCR identified from a melanoma specific CD4+ TIL cell line TIL1558 (41). TCR-E8 was identified as HLA-DR1 restricted and specific for a Thr28Ile mutation in the enzyme triosephosphate isomerase (TPI), with the peptide GELIGILNAAKVPAD. TCR-E8 tetramers displayed binding only to mutant TPI-T28I peptide but not WT peptide by surface plasmon response (SPR), but the binding was too weak to determine a KD using TCR monomers. The pT6I substitution had no impact on peptide stability of HLA-DR1 and thus was likely recognized due to novel TCR contacts. Complex structures of TCR-E8 with HLA-DR1 bound to WT and mutant TPI peptides were solved. In the complex with WT peptide, p6Thr is buried and forms only one TCR contact. In contrast, the mutant p6Ile is exposed and protrudes from the HLA-DR1 surface forming three TCR contacts, providing a higher buried surface area and improving the shape complementarity between TCR and HLA-DR1 (Figure 2F).




Group 2 Neoantigens: Novel ‘Non-Self’ Epitopes Generated by Anchor Residue Mutations

The examples above involve direct comparisons between WT and mutant peptides as the mutations did not occur in anchor residues and had minimal effects on HLA stability. Group 2 neoantigens are peptides for which mutations create an anchor residue required for HLA binding and thus these epitopes acquired HLA presentation through mutation. In these cases, the WT peptides are generally not presented by HLA for exactly the opposite reason that they lack the right anchor residues for HLA binding. In theory, these epitopes appear as entirely ‘non-self’ and completely novel to the immune system analogous to pathogen derived peptides. They form specific interactions with their cognate TCRs and generate robust T cell response (15, 51).


KRAS-G12D Mutation Creates Two HLA-C*08:02 Restricted Neoantigens

Oncogenic mutations in the RAS family of small GTPases (K-, N-, H-RAS) are second only in frequency to those in TP53 (20, 52, 53). These mutations occur in ‘hotspots’ at positions 12, 13 and 61 of RAS protein and lead to constitutive RAS activation promoting tumor transformation (20, 54). The high frequency of these mutations makes them attractive targets for immunotherapy. In 2016, a seminal study demonstrated that adoptive transfer of expanded TILs specific for Gly 12 to Asp mutation in KRAS (KRAS-G12D) lead to tumor regression in a patient with metastatic colorectal cancer (51). Adoptive transfer of expanded TILs specific for KRAS-G12D led to complete regression of all but one metastatic lesion. The remaining lesion lost HLA-C*08:02 from its genome demonstrating that clinical efficacy in this case was most likely through HLA-C*08:02 presentation of KRAS-G12D neoantigens (51). Four HLA-C*08:02 restricted KRAS-G12D specific TCRs were identified from this study in addition to one more identified in a 2015 study (55). Of these five TCRs, four were KRAS-G12D 9mer specific (G12D-9mer; GADGVGKSA), while one was KRAS-G12D 10mer specific (G12D-10mer; GADGVGKSAL). The G12D-9mer specific TCRs are TCR9a, 9b, 9c & 9d, while TCR10 is the G12D-10mer specific TCR. For both neoantigens, the mutation occurred at Gly 12 of KRAS resulting in Aspartate at peptide position three. The G12D-10mer differs from G12D-9mer by having one additional Leu at the C-terminus, the next residue in the KRAS sequence.

By solving crystal structures of HLA-C*08:02 with G12D-9mer and G12D-10mer alone and in complex with cognate TCRs, we were able to directly assess the impact of G12D mutation on HLA-C binding and T cell recognition (15). Both G12D-9mer and G12D-10mer bind HLA-C*08:02 via a salt-bridge formed between p3 Aps and Arg156 of the α2 helix of HLA-C*08:02 (Figure 3A). This salt-bridge is a critical anchor interaction required for all HLA-C*08:02 binding peptides as evidenced by the fact that 97.6% of peptides eluted from HLA-C*08:02 had either Asp or Glu at p3 (28, 29). In contrast, the WT peptide with p3 Gly cannot form a salt-bridge with the HLA-C*08:02 and consequently only G12D KRAS peptides stabilized HLA-C*08:02 on cells or as recombinant protein (15). Thus, the G12D mutation generates a novel anchor interaction endowing mutant but not WT KRAS peptides to bind HLA-C*08:02 and be presented for immunosurveillance.

Class I HLA binding peptides contain a C-terminal anchor, the side chain of which is orientated to toward the interior of HLA peptide binding grove (F pocket) and is buried from solvent (26, 56). The C-terminal residue is typically large, hydrophobic or charged and interacts with a complementary hydrophobic or charged F pocket (26, 28, 56). The G12D-9mer contains an unusual C-terminal anchor (Ala), which does not fully occupy the F-pocket (15). Despite this, G12D-9mer bound HLA-C*08:02 with canonical conformation with p9 Ala positioned into the class I hydrophobic pocket (15). The most common C-terminal residue for HLA-C*08:02 bound peptides is Leu, however Ala is present in approximately 1% of peptides (57). Consistent with Ala being sufficient but not an optimal C-terminal anchor, substitution of G12D-9mer p9 Ala to Leu improved binding to HLA-C*08:02 and T cell recognition by TCR9a (15, 57). In the G12D-10mer, its canonical C-terminal anchor and the salt-bridge with p3 Asp, forced the G12D-10mer to bulge peaking at p7 Lys, adopting an entirely different conformation than G12D-9mer (15). This resulted in two HLA-C*08:02 bound G12D neoantigens, with distinct peptide conformations even though their sequences differed by only one amino acid.

TCR recognition of KRAS-G12D peptides contained the general features observed in many of TCR : HLA complexes (33). However, the unique aspects of KRAS-G12D specific TCRs provided insights to how tumor infiltrating T cells recognize tumors and the potential beneficial traits for selecting therapeutically effective TCRs (15). Consistent with their distinct peptide conformations, the G12D-9mer and G12D-10mer specific TCRs used different Vα and Vβ genes and shared no CDR sequences (15, 51). The four G12D-9mer specific TCRs (TCR9a, 9b, 9c and 9d) used the same Vα and Vβ genes, with almost identical CDR3α sequences despite the fact that TCR9d was identified from a different individual to the other three TCRs, suggesting TCR9 is a public TCR (51, 55, 58). The four G12D-9mer specific TCRs displayed a range of high affinities, from 16 nM (TCR9a) to 835nM (TCR9b) (15). TCR9 docks onto peptide:HLA-C as a rigid body without significant changes in peptide nor HLA-C conformation and most peptide contacts are made through CDR3α and CDR2β residues, conserved across TCR9a-d (Figures 3B, C). CDR3β is the only segment with significant sequence variation among TCR9a-d. Structures of TCR9a and TCR9d with HLA-C*08:02-G12D-9mer revealed the same contact with CDR3β position 95 and HLA-C Arg 69 on the α1 helix (15). The biochemical strength of the CDR3β-HLA-C interaction correlated with TCR9 affinity, with TCR9a Glu95 forming a salt-bridge and conferring the strongest binding. TCR9c and 9d formed h-bonds with HLA-C Arg 69 via Gln 95 and had intermediate affinities, while TCR9d could not contact HLA-C Arg 69 via Arg 95 in its CDR3β and consistently had the lowest affinity (15) (Table 1). Recognition of the G12D-10mer by TCR10 was dependent on CDR3α and CDR3β interactions with the central core of peptide (Figure 3D). Interestingly, TCR10 binding induced a conformational change in G12D-10mer peptide that is different from the peptide conformation presented by HLA-C*08:02 in the absence of the receptor (15).

G12D-9mer and G12D-10mer share VGK (p5-p7) exposed to TCR, however their discrete conformations resulted in distinct TCR contacts without any detectable conservation between the G12D-9mer and -10mer specific TCRs (15). For example, both TCR9 and TCR10 formed charge interactions with the peptide Lys at position 7, TCR9 used a Glu residue from CDR2β and TCR10 used an Asp residue from its CDR3β, respectively, to facilitate the charge contacts (15). TCR9a-c and TCR10 were identified in the same individual and the lack of conservation in V-gene and CDR3 sequences supports the conformational uniqueness of these neoantigens. Indeed, there is limited cross reactivity between the two classes of TCRs (15, 51). TCR10 is solely G12D-10mer restricted, exemplifying the conformational dependency of its interaction with G12D-10mer. TCR9a displayed weak recognition of G12D-10mer and structural modeling suggests TCR9a could interact with G12D-10mer in its TCR unbound conformation (15). However, it is also possible that G12D-10mer degrades during in vitro assays to confer weak recognition by TCR9, as we did not observe any TCR9 binding to G12D-10mer using recombinant protein (15). Together, our study demonstrated that the G12D-9mer and G12D-10mer are structurally distinct, prototypical group 2 neoantigens, which are recognized by their cognate TCRs via discrete mechanisms.




Do T Cell Responses Differ Between Mutated ‘Self’ Epitopes and Novel ‘Non-Self’ Epitopes?

Seminal studies indicated that clinical responses to check-point blockade were associated with mutational burden (6, 59). Further investigations have sought to identify classes of mutations that best associate with clinical success, with a focus on neoantigen quality not quantity (44, 60, 61). Multiple studies suggest that neoantigens derived from anchor mutations (group 2) are more likely to be immunogenic and higher loads of anchor mutation neoantigens are associated with better prognosis than merely high numbers of neoantigens (62–64). One explanation for this is that group 2 neoantigens engender better T cell immunity than group 1 neoantigens, however molecular mechanisms for this effect are unclear. Group 2 neoantigens are more dissimilar to ‘self’ peptides compared to group 1 and there is evidence that T cell responses to HIV are better to those peptides most dissimilar to ‘self’ peptides (65). Similarly, neoantigens generated from novel open reading frames derived from insertion-deletion mutations (indels) are highly immunogenic and clearly dissimilar for WT ‘self’ sequences (66). A potential mechanism is that group 2 neoantigen specific TCRs are of higher affinity, allowing stronger T cell responses. There are a limited number of biophysical studies describing the affinities of neoantigen specific TCRs making it difficult to draw broad conclusions. However, neoantigen specific TCRs have similar affinities to viral specific TCRs, all of which are much higher affinities than TCRs specific to those tumor antigens, which are ‘self’ peptides with dysregulated gene expressions in tumors (Figure 4B) (67). TCRs specific for group 2 neoantigens were higher affinity than those specific for group 1 (Table 1 and Figure 3B). One explanation for this trend is that high-affinity TCRs for group 1 neoantigens are likely deleted in the thymus owing to cross reactivity to ‘self’ antigens. In contrast, WT peptides from group 2 neoantigens are likely not to be presented in the thymus and therefore high-affinity TCRs can survive negative selection, exemplified by TCR9a with an affinity of 16 nM (15). It is important to stress however that data on neoantigens specific TCRs are limited and that the only group 2 neoantigen specific TCRs studied to date are HLA-C restricted, while the group 1 neoantigen specific TCRs are HLA-A restricted, which may impact their intrinsic affinities. Further studies of other neoantigen specific TCRs are needed to determine if this trend towards higher affinity in group 2 specific TCRs is maintained. It appears that intermediate affinity TCRs with low micromolar to high nanomolar affinities such as TCR10, 9b and 9c, are ideal for effective TCR therapy (68–70).



Insights Into Selecting TCRs for Immunotherapy

Adoptive T cell transfer-based immunotherapy is a promising new approach to eliminate metastatic cancers. It assumes that many tumor infiltrating T cells (TIL) recognize tumor antigens specifically, but their circulating numbers are low in patients, thus natural TILs are insufficient to eradicate tumor cells. These TILs, however, can be expanded in vitro to large numbers and reinfused into cancer patients. The challenge is to know the right type of T cells to choose to expand into therapeutic reagents. Currently, the choice of T cells for expansion remains largely a trial-and-error empirical approach. Similar unknowns apply to ‘off the shelf’ TCR based therapies that transduce T cells with tumor specific TCRs. In principle, there are three main criteria for the selection of anti-tumor T cells: affinity, antigenic breadth and persistence. In the case of treating a metastatic colorectal cancer with adoptive transfer of expanded TILs specific for KRAS (KRAS-G12D) neoantigen presented by HLA-C*08:02, the transferred CD8+ T cells consists of four clonotypes, bearing TCR9a, 9b, 9c and TCR10, at abundance of 49.5%, 6.9%, 0.04% and 19.1% of the total transferred T cells, respectively. The treatment resulted in regression of all metastases that retained HLA-C*08:02 expression (51). Intuitively, high affinity receptors are more desirable in effective tumor killing, however high affinity TCRs appear to have diminished antigen sensitivity in vitro and in vivo (68–72). Another major concern of high affinity engineered TCRs is the potential for cross-reactivity, which can be lethal (73). However, this is unlikely to be a problem for naturally occurring high affinity TCRs specific for group 2 neoantigens such as TCR9a. Indeed, our data suggest that TCR9a and TCR10 have similar antigen sensitives with TCR9a being slightly more sensitive than TCR10 (15, 51, 57). The problem with clinical use of TCR9a is that despite an abundant initial presence of the highest affinity receptor (50% of the infusion), TCR9a was undetectable in the periphery on day 40 of post-transfer (15, 51). In contrast, the other three TCRs engrafted, resulting in a near inverse correlation between TCR affinity and their in vivo persistence (15, 51). In particular, TCR10 had the lowest affinity (6 μM), made up 20% of the infusion and was maintained in the periphery at 10% of the repertoire 9 months post-transfer. The T cells with high affinity receptors disappeared faster in circulation during the adoptive transfer therapy (15), while lower affinity T cells persisted longer. Given the vast number of TCR9a+ cells transferred (≈7×1010) it seems highly unlikely that TCR9a+ cells disappeared by decay, while the three other TCRs engrafted (51). A more likely scenario is that higher affinity T cells engage more effectively to cognate antigen (G12D-9mer) on the tumor resulting in higher tendency of activation induced cell death (AICD) rather than proliferation (68). It is not clear if all four TCR clonotypes were necessary for effective therapy in this case. In particular, was tumor recognition by the high affinity TCR, necessary for tumor regression? It is possible that the infusion of multiple TCRs specific for different antigens with a blend of characteristics including high affinity and long-term persistence was essential for effective tumor clearance. In this model, due to a ‘cold’ immune environment pre-infusion, a high affinity receptor like TCR9a is required to initiate tumor clearance. Subsequently, the other TCRs with lower affinities can engage the tumor and maintain tumor clearance, while not suffering activation induced cell death like the T cells bearing high affinity receptors. Namely, it may be necessary to select oligoclonal T cells with varying tumor affinities to balance the need for effective tumor killing and persistence in circulation. An alternative interpretation is that TCR9a was not necessary for clinical efficacy, and the therapeutic effect was due to TCRs with lower affinities, namely TCR10 and TCR9b&c. Indeed, it appears that intermediate affinity TCRs with low micromolar to high nanomolar affinities such as TCR10, 9b and 9c, are ideal for effective TCR therapy (68–70). Further experiments will need to investigate the validity of this model, specifically whether infusions of multiple TCRs with different antigen specificities, affinities and capacities for in vivo persistence are all necessary for effective adoptive T cell therapy. It is worth noting that the literature on high affinity TCRs is somewhat confused, in part due to the use of affinity by some investigators in place of avidity and a lack of consistency regarding what is meant by ‘high affinity’ (74). As an example, this 2012 study concluded that high affinity TCRs exhibited improved cytotoxicity, survival and reduced expression of inhibitory receptors (74). However, the affinity of the TCRs were not defined, and merely compared two TCRs with differing avidity measured by tetramer staining in a previous study (75). Both studies use affinity, when avidity is appropriate as direct affinity measurements were not made, and it is not clear where the affinities of the two TCRs lie on a scale from high micromolar to low nanomolar. For our part, we consider low affinity TCRs to have a KD > 10 μM, intermediate, KD = 100 nM – 10 μM, high, KD = 1nM – 100 nM, and supraphysiological, KD < 1nM.

In addition to antigenic affinity, the persistent expansion of TCR10 during adoptive transfer therapy highlights a potential need to include T cells with broader breadth in neoantigen recognition. In this case, TCR10 recognizes the KRAS-G12D 10mer peptide in a conformation not cross-reactive to the other three TCRs. It showed that the same oncogenic mutation may produce different conformational neoantigens that require non-cross-reactive T cell responses. Namely, the most potent T cell clones against one neoantigen may not be effective against other conformational variants of the same mutation-derived neoantigens and thus risking tumor escape. When taking both neoantigen variation and anti-tumor affinity into consideration, we propose a potentially more effective rational approach to screen TIL for adoptive T cell transfer therapy. Once the antigenic forms of a tumor antigen are defined, a combined structural and biochemical approach can be applied to select favorable therapeutic T cell clones with broad antigen affinities and specificities against variant neoantigens, both mutational and conformational.



Conclusions

Previous studies classified neoantigens into at least two classes, those with mutations at anchor residues (group 2) and those with mutations in existing ‘self’ epitopes (group1) (32, 62–64). Recent structural studies have built on this work to provide unprecedented insight into how these structurally distinct classes of neoantigens are detected by T cells (15, 39–41). Recognition of neoantigens by T cells is an essential component of many successful immunotherapies (8). However, the biochemical and structural features of immunogenic neoantigens and effective therapeutic TCRs are still under investigation. While data are limited, there is evidence that TCRs specific for group 2 neoantigens can be of high affinity and this may explain in part why group 2 neoantigens are more immunogenic (62–64). The study of TCRs with demonstrated clinical efficacy revealed several traits associated with clinical success, such as a potential benefit of balancing between high affinity and high persistence. This multifaced requirement is best met with a rational approach in selecting TCRs with known biophysical characteristics for therapeutic use.
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Polymorphisms can affect MHC-I binding peptide length preferences, but the mechanism remains unclear. Using a random peptide library combined with LC-MS/MS and de novo sequencing (RPLD-MS) technique, we found that two swine MHC-I molecules with high sequence homology, SLA-1*04:01 and SLA-1*13:01, had significant differences in length preference of the binding peptides. Compared with SLA-1*04:01, SLA-1*13:01 binds fewer short peptides with 8-10 amino acids, but more long peptides. A dodecapeptide peptide (RW12) can bind to both SLA-1*04:01 and SLA-1*13:01, but their crystal structures indicate that the binding modes are significantly different: the entirety of RW12 is embedded in the peptide binding groove of SLA-1*04:01, but it obviously protrudes from the peptide binding groove of SLA-1*13:01. The structural comparative analysis showed that only five differential amino acids of SLA-1*13:01 and SLA-1*04:01 were involved in the binding of RW12, and they determine the different ways of long peptides binding, which makes SLA-1*04:01 more restrictive on long peptides than SLA-1*13:01, and thus binds fewer long peptides. In addition, we found that the N terminus of RW12 extends from the groove of SLA-1*13:01, which is similar to the case previously found in SLA-1*04:01. However, this unusual peptide binding does not affect their preferences of binding peptide length. Our study will be helpful to understand the effect of polymorphisms on the length distribution of MHC-I binding peptides, and to screen SLA-I-restricted epitopes of different lengths and to design effective epitope vaccines.
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Introduction

Highly polymorphic major histocompatibility complex class I (MHC-I) molecules present a variety of epitope peptides for specific TCR recognition, which is a key signal to start CTL (cytotoxic T lymphocyte) immunity (1). The MHC-I molecule presents the peptide through the closed peptide binding groove, and both ends of the peptide are anchored in the groove, so the length of the peptide is limited, generally 8-10 amino acids (2, 3). Long peptides (up to 15 peptides) can also be presented by MHC-I and cause a CTL response (4–6), but the ratio is relatively low. Long peptides often show a ‘bulge’ conformation, so both ends can be fixed in the peptide binding groove of MHC-I (7, 8). The conformational differences of peptides with different lengths will further affect the recognition of the TCR repertoire (6). However, some recent studies found that some long peptides can extend from the N- or C- end of the peptide binding groove, which reveals a new pattern of MHC-I presenting long peptides (9–13). However, compared with short peptides, the number of identified long peptides is much lower, which limits the in-depth study of the mechanism of MHC-I presenting long peptides. In the PDB library (https://www.rcsb.org/), the number of MHC-I complexes with short peptides is approximately 10 times that of long peptide complexes.

In recent years, the peptide length preference of MHC-I and its influence on the immune response have attracted increasing attention (5, 14, 15). The development of peptidomics provides powerful tools for accurately identifying the peptide binding characteristics of MHC-I, including peptide length preference (4, 13, 16–19). Mass spectrometry (MS) analysis of the human MHC-I (HLA-I) peptide ligand shows that some HLA-I alleles prefer to present longer peptides (5, 14, 15, 20). This indicates that the polymorphism of HLA-I can influence the length distribution of the presented peptides, but the mechanism behind it is still unclear.

Compared with humans and mice, there are fewer studies on the presentation of long peptides by MHC-I in other species. At present, only the complex structures of chicken and horse MHC-I and long peptides have been resolved (21, 22). However, due to the lack of high affinity monoclonal antibodies, cell lines and MHC-I haplotype experimental animals, the peptide length distributions of animal MHC-I revealed by cellular ligandome are relatively rare (9, 11, 22–27). Database-independent de novo peptide sequencing by MS can identify peptidomes without any database (28–30). We developed a new method in vitro to identify the peptide ligands of MHC-I through a random peptide library combined with LC-MS/MS and de novo sequencing (RPLD-MS) (17, 19). The random peptide library was refolded with MHC-I heavy chain and beta-2-microglobulin (β2-M) to form the peptide/MHC-I complex (pMHC-I). Then, pMHC-I was purified, and the bound peptides were eluted and sequenced by LC-MS/MS and de novo sequencing. Finally, the peptide-binding motif of MHC-I was determined. To date, the peptide binding properties of MHC-I molecules of five species, pig, bat, frog, lizard and shark, have been identified by RPLD-MS (17, 19, 31–33). This overcomes the limitations of laboratory animals, cell lines and antibodies, and lowers the threshold for the study of animal MHC-I.

Our studies on two highly homologous pig MHC-I (SLA-I) molecules, SLA-I*04:01 and SLA-1*13:01, showed that RPLD-MS can sensitively reflect the changes in peptide presentation caused by micropolymorphism. A key amino acid variation, Y99 in SLA-I*04:01 and F99 in SLA-1*13:01, makes SLA-1*04:01 present more nonapeptides than SLA-1*13:01. RPLD-MS can identify the length distribution of peptides presented by MHC-I in vitro, and it can focus on the influence of the polymorphism of MHC-I molecules, without considering the processes of peptide presentation in vivo (19). In addition, we also found a dodecapeptide RVEDVTNTAEYW (RW12 for short) which can bind to SLA-1*04:01. The complex structure (pSLA-1*04:01RW12) indicated that the first Arg of RW12 can extend from the N terminus of the peptide binding groove of SLA-1*04:01 (13). In this study, the length distributions of peptides presented by SLA-I*04:01 and SLA-1*13:01 were compared by RPLD-MS, and it was found that SLA-1*13:01 can bind more long peptides than SLA-1*04:01. Structural analysis revealed that SLA-1*04:01 and SLA-1*13:01 present RW12 in a markedly different manner, which is related to their different preferences for binding peptide lengths. This study will help us better understand how highly polymorphic MHC-I presents peptides of different lengths.



Materials and Methods


Synthesis of Random Peptide Library and Peptides

A random peptide repertoire was synthesized with a distribution of 19 amino acids other than cysteine at an equal molar ratio in every position, as previously reported (13, 29, 30). In brief, random peptide libraries of different lengths were synthesized separately according to this method and mixed in an equimolar ratio according to the average molecular mass before use.

Peptides with defined sequences used in this study, such as RVEDVTNTAEYW, were synthesized and purified to 99% by reverse-phase high performance liquid chromatography (HPLC) and mass spectrometry (SciLight Biotechnology).

All random peptide repertoires and peptides were stored in lyophilized aliquots at -80°C after synthesis and dissolved in dimethyl sulfoxide (DMSO) before use.



Protein Preparation and Assembly

The DNA fragments encoding extracellular domains of SLA-1*13:01 (GenBank accession No. AB847437.1) and sβ2-M (GenBank accession No. BAG32341) were cloned into pET-21a (+) vectors (Novagen) and expressed as inclusion bodies in E. coli BL21 (DE3). The mutants at positions 99 of SLA-1*13:01 were cloned by overlap PCR and expressed as inclusion bodies in E. coli BL21 (DE3). The recombinant proteins were purified as described previously and dissolved in 6 M Gua-HCl (34).

The proteins were refolded by stepwise dilution using buffer containing 100 mM Tris-HCl (pH 8.0), 2 mM EDTA, 400 mM L-Arg HCl, 5 mM GSH, and 0.5 mM GSSH, and treated at 277 K for 12 hours. Before renaturation, a random peptide library containing 5.12 mg octapeptide, 5.76 mg nonapeptide, 6.4 mg decapeptide, 7.04 mg undecapeptide, 7.68 mg dodecapeptide, 8.32 mg thirteen peptide, 8.96 mg tetradecepeptide and 9.6 mg pentadecapeptide, or 10 mg of fixed peptide was dissolved and added to 1 L of refolding solution. Then, the solutions dissolved SLA-1 and sβ2-M inclusion bodies were individually added to refolding buffer at a 1:1 molar ratio. The refolded complexes were concentrated and purified with a Superdex 200 16/60 column in Tris buffer (20 mM Tris [pH 8] and 50 mM NaCl), followed by Resource Q anion-exchange chromatography (GE Healthcare) in Tris buffers (Buffer A: 20 mM Tris [pH 8] and 5 mM NaCl; Buffer B: 20 mM Tris [pH 8] and 500 mM NaCl).



Isolation and Identification of High Affinity Peptides

The peptide-containing fraction in the complex was eluted according to a previous method (13, 19). In brief, the complex was treated with 10% acetic acid at 65°C for 15 minutes and the peptides were collected through a 3-kDa filter. Then, the peptide-containing fraction was desalted using a C18 tip and separated on the EasyNano LC 1000 system (San Jose, California, Thermo Fisher Scientific). Methods as follows: the peptide component was loaded into a trap column (5-μm pore size, 150-μm i.d. ×3-cm length, 100 Å) and separated by a custom C18 column (3-μm pore size, 75-μm i.d. 315-cm length, 100 Å), with a flow rate of 450 μL/minute. The 60-minute linear gradient was operated as follows: 3% B (0.1% formic acid in acetonitrile [v/v])/97% A (0.1% formic acid in H2O [v/v]) to 6% B in 8 min, 6% B to 22% B in 37 min, 22% B to 35% B in 8 min, 35% B to 100% B in 2 min, and 100% B for 5 min. The MS data were acquired by a Q Exactive HF (Bremen, Thermo Fisher Scientific) in data-dependent acquisition mode. The top 20 precursors by intensity in the mass range m/z 300 to 1800 were sequentially fragmented with higher-energy collisional dissociation and a normalized collision energy of 27. The dynamic exclusion time was 20 s. The automatic gain control for MS1 and MS2 was set to 3e6 and 1e, and the resolution for MS1 and MS2 was set to 120 and 30K.

Based on MS/MS information, peptides were resolved from each spectrum (FDR=1%) by de novo sequencing in Peaks Studio software. The parameters were set as follows: the enzyme was set to nonspecific, the variable modifications were adjusted oxidation (M)/deamidated (N,Q), the peptide mass tolerance was approximately ± 10 ppm, and the fragment mass tolerance was set to 0.02 Da. The identified peptides adjusted by the detection threshold (score ≥ 50) are listed in Table S1.

To determine the RXEDVTNTAEYW (X represents any of twenty amino acids) library, MaxQuant1.6 software was used to search peptides based on MS/MS information. Posttranslational modifications (PTMs) were set to false, and the MS/MS match tolerance was set to 20 ppm. No-specificity was selected in the digestion option. The protein FDR was set to 0.01.



Thermal Stabilities of the pSLA-1 Molecules

The circular dichroism (CD) spectra of the peptide-SLA-1 (pSLA-1) complexes were measured on a CD instrument (Chirascan; Applied Photophysic, Ltd.) using a Jasco J-810 spectrometer equipped with a water-circulating cell holder. As the temperature rose from 20°C to 80°C at a rate of 1°C/minute. A 1-mm optical path length cell was used for monitoring at 218 nm. The instrument used a thermistor to detect the temperature of the solution. Finally, the ratio of unfolded protein to the mean residue ellipticity (θ) was calculated. The unfolded score is shown as (θ - θN)/(θU - θN), where θN and θU are the mean residual ellipticity values in fully folded and fully unfolded states, respectively. The midpoint transition temperature (Tm) is calculated from the denaturation curve data in the Origin 9.1 program (OriginLab).



Crystallization and Data Collection

The refolded and purified protein complex was concentrated and performed using the sitting-drop and hanging-drop vapor diffusion method at 277 K and 291K. Complex crystals of SLA-1*13:01 with peptide RVEDVTNTAEYW (pSLA-1*13:01RW12) were obtained under PEG/Ion solution No.3 (0.2 M ammonium fluoride, 20% w/v polyethylene glycol 3,350). Prior to X-ray diffraction, the crystals were immersed in a stock solution containing 17% glycerol as a cryoprotectant, and then flash-cooled in a 100 K gaseous nitrogen stream. Then, the diffraction data of pSLA-1*13:01RW12 were collected and the R-AXIS IV++ imaging plate detector was used to resolve the resolution of 2.5 Å on Beamline BL19U1 (wavelength, 0.97892 Å) of the Shanghai Synchrotron Radiation Facility (Shanghai, China). The HKL-3000 software package (HKL Research) was used to index, integrate, scale and merge data (35). The crystallographic statistics for the complexes are listed in Table 1.


Table 1 | X-ray diffraction data processing and refinement statistics.





Structural Determination and Analysis

Using SLA-1*13:01 (Protein Data Bank code 6KWO) as a search model, the structure of the pSLA-1*13:01RW12 complex was determined by molecular replacement using the Phaser program (36). The model was rebuilt using COOT (37) and refined by REFMACS5 (38). Refinement rounds were implemented using the refinement program in the PHENIX package with isotropic atomic displacement parameter (ADP) refinement and bulk solvent modeling (39). Finally, the stereochemical quality of the final model was assessed using the PROCHECK program (40). Structural illustrations and electron density-related figures were drawn using PyMOL software. Multiple-sequence alignment was performed with Clustal Omega (http://www.ebi.ac.uk/Tools/msa/clustalo/). The accessible surface area (ASA) and buried surface area (BSA) were calculated with PDB in Europe Proteins, Interfaces, Structures and Assemblies (PDBePISA, http://www.ebi.ac.uk/msd-srv/prot_int/pistart.html), and the B factor was calculated with CCP4.




Results


SLA-1*13:01 Binds More Long Peptides In Vitro Than SLA-1*04:01

SLA-1*13:01 differs from SLA-1*04:01 by only eight residues, and they are all distributed on the peptide binding platform composed of α1 and α2 domains (Figures 1A, B). Our previous research showed that SLA-1*04:01 binds much more nonapeptides than SLA-1*13:01 (19). However, the in vitro refolding results of SLA-1*04:01 and SLA-1*13:01 with a mixed random peptide library of 7-15 amino acids showed that the peak of pSLA-1*13:01 is higher than the peak of pSLA-1*04:01, indicating SLA-1*13:01 can bind more random peptides of mixed length than SLA-1*04:01 (Figure 1C). RPLD-MS showed that compared with SLA-1*04:01 (13), SLA-1*13:01 could bind fewer short peptides of 8-10 amino acids, but more long peptides of 11-15 amino acids (Figure 1D and Table S1). It should be pointed out that among the peptides bound by SLA-1*13:01 and SLA-1*04:01, nonapeptide and decapeptide are the main peptides, which agrees with the consensus on the length distribution of MHC-I binding peptides. Compared with SLA-1*04:01, SLA-1*13:01 has a lower amount and proportion of binding nonapeptides (Figures 1D, E), which consists of the previous data (19).




Figure 1 | Analysis of the refolding of SLA-1*13:01 and SLA-1*04:01 bound peptide libraries and the determination of the eluted peptide length and quantity. (A) Structure-based sequence alignment of SLA-1*04:01 and SLA-1*13:01. (B) The structural location of the different residues between SLA-1*13:01 and SLA-1*04:01. (C) Gel filtration chromatograms of the in vitro refolding test of SLA-1*13:01 and SLA-1*04:01 with random peptides of mixed length. The black arrows point to the peak of the compound. (D, E) The length and quantity comparison between SLA-1*13:01 and SLA-1*04:01 eluted peptides.





Different Conformations of Dodecapeptide RW12 Bound by SLA-1*13:01 and SLA-1*04:01

Structural analysis of SLA-1*13:01 and SLA-1*04:01 complexed with long peptides is helpful to clarify their different preferences for peptide length. We have previously identified a dodecapeptide (RW12) that can bind to SLA-1*04:01 and solved the structure of their complex pSLA-1*04:01RW12 (13). Here, an in vitro refolding experiment showed that RW12 can also combine with SLA-1*13:01 to form the stable complex pSLA-1*13:01RW12 (Figure 2A). After purification and crystal screening of pSLA-1*13:01RW12, we successfully obtained the crystal and finally solved its structure at 2.5 Å, the same resolution of pSLA-1*04:01RW12 (Table 1). Structural analysis confirms that bound peptide conformation is not affected by crystal-crystal packing. The structural comparison between pSLA-1*04:01RW12 and pSLA-1*13:01RW12 showed that their overall structural similarity was high (RMSD = 0.9561), but the conformations of the presented RW12 peptide were obviously different (RMSD = 2.089) (Figure 2B).




Figure 2 | Structural determination of the pSLA-1*13:01RVEDVTNTAEYW complex. (A) Visual display of SLA-1*13:01 and SLA-1*04:01 in vitro refolding efficiency with the peptide RVEDVTNTAEYW by gel filtration chromatograms. The black arrows point to the peak of the compound. (B) The overall structural comparison between pSLA-1*13:01RW12 (cyan) and pSLA-1*04:01RW12 (orange) presented in cartoon form.



In the structures of pSLA-1*04:01RW12 and pSLA-1*13:01RW12, the electronic density maps of the RW12 peptide are clear and can be used for credible comparative analysis (Figure 3A). Our previous study showed that the binding mode of RW12 is different from the classical MHC-I peptide binding mode. The first residue Arg (P-1-R) at the N terminus of RW12 extends out of the peptide binding groove of SLA-1*04:01, the second residue Val (P1-V) is turned over and its side chain is accommodated by the A pocket (13). The same is true of the interaction between the N terminus of RW12 and SLA-1*13:01 (Figure 3B). Except for the N terminus, the conformations of the rest of RW12 are significantly different in SLA-1*13:01 and SLA-1*04:01. RW12 obviously protrudes from the peptide binding groove of SLA-1*13:01 but is deeply embedded in the groove of SLA-1*04:01 (Figure 3B), and the side chain orientation of each residue is also different (Figure 3C).




Figure 3 | Electron density and overall conformation of the structurally defined peptides. (A) Electron densities and overall conformations of the peptide RVEDVTNTAEYW from the solved pSLA-1*13:01RW12 and pSLA-1*04:01RW12 complexes. Simulated CNS annealing omit maps calculated for the peptides are shown in blue at a contour of 1.0. (B) The structural location of the peptide RVEDVTNTAEYW residues inserted into the pocket. (C) General side chain orientations and the different interfacing areas of peptides presented in a table, as viewed in profile from the peptide N-terminus toward the C-terminus. Black arrows indicate the directions in which the residues point: up is toward the TCR, down is toward the floor of the ABG, left is toward the α1 helix domain, and right is toward the α2 helix domain. Pockets accommodating each residue are listed under the corresponding anchors within the ABG. ASA, accessible surface area of each residue; BSA, buried surface area of the residues. (D) Comparison of the forces that mediate peptide stabilization between pSLA-1*13:01RW12 and pSLA-1*04:01RW12. The red sphere is the solvent molecule. (E) Thermal stabilities of pSLA-1*13:01RW12 and pSLA-1*04:01RW12 analyzed by the CD spectroscopy. The stabilities can be measured by the Tm value. The Tm values of the complexes are labeled.



The hydrogen bonds between RW12 and SLA-1*13:01 are significantly less than that between RW12 and SLA-1*04:01, including the hydrogen bonds mediated by water molecules, especially in the middle region of the peptide binding groove (Figure 3D and Table 2). Compared with pSLA-1*04:01RW12, the residues from P6 to P10 of RW12 in pSLA-1*13:01RW12 have higher B factors, which indicates that these residues protruding from the peptide binding groove are less constrained (Figure 3A). The results of circular dichroism showed that the thermal stability of pSLA-1*04:01RW12 is slightly higher than that of pSLA-1*13:01RW12, consisting with the numbers of hydrogen bonds with RW12, although both of them can keep stable and crystallize (Figure 3E).


Table 2 | The interactions between the peptide and the PBG of pSLA-1*13:01RW12.





Effects of Different Amino Acids in SLA-1*13:01 and SLA-1*04:01 on the RW12 Conformation

The conformational difference between RW12 presented by SLA-1*13:01 and SLA-1*04:01 is caused by the different amino acids between these two SLA-I alleles. Structural analysis showed that only five of the eight differential amino acids directly interact with RW12, and the variable residues at positions 57, 151 and 152 do not contact RW12. 62E, 66K and 69D in SLA-1*13:01 can form hydrogen bonds with P-1-R, P2-E and P5-T of RW12 (Figure 4A), and 70T and 99Y in SLA-1*04:01 can form hydrogen bonds with P3-D and P5-T of RW12 (Figure 4B).




Figure 4 | Contributions of variant amino acids between SLA-1*13:01 and SLA-1*04:01 to the conformation of peptide RVEDVTNTAEYW. (A) Analysis of the interaction between different amino acids and peptide in pSLA-1*13:01RW12. (B) Analysis of the interaction between variant amino acids and peptide in pSLA-1*04:01 RW12. (C, D) Comparison of the effect of amino acid differences between SLA-1*13:01 and SLA-1*04:01 on peptide conformation.



62E/R and 66K/N at the N terminus of the peptide binding groove did significantly alter the conformation of the P-1 to P2 residues of RW12 (Figures 4C, D). The conformational difference of RW12 starts from P3-D, the P3-D position in pSLA-1*13:01RW12 is relatively higher (Figure 4C), the positions of the subsequent residues are more elevated, and their side chain orientations are more variable (Figure 3C). These results indicated that the difference between SLA-1*04:01 and SLA-1*13:01 in presenting RW12 peptide may start from the interaction with P3-D and be consolidated later, while 69D/E, 70N/T and 99F/Y are just located in this region (Figures 4C, D).

Our previous study showed that 99Y/F is the key factor that leads to a significant difference between SLA-1*04:01 and SLA-1*13:01 when binding nonapeptides (19). 99Y in SLA-1*04:01 can form a hydrogen bond with the main chain of the P3 residue, but in SLA-1*13:01, 99F cannot form a similar hydrogen bond and leads to a decrease in its ability to bind nonapeptides. If the 99Y/F of SLA-1*04:01 and SLA-1*13:01 are replaced by mutations, the ability to bind nonapeptides between them will also be exchanged. Similar to the binding of nonapeptides, the main chain of P3-D of RW12 forms a hydrogen bond with 99Y of SLA-1*04:01, but not with 99F of SLA-1*13:01. The conformational difference of RW12 also starts from P3-D, 99Y of SLA-1*04:01 makes P3-D of RW12 tied to the bottom of the groove but 99F of SLA-1*13:01 cannot (Figure 4). To further analyze the role of 99Y/F, we compared the other solved structures of SLA-1*04:01, SLA-1*13:01 and its mutant SLA-1*13:01(F99Y). 99Y can form a conserved hydrogen bond with the P3 main chain in all structures (Figure 5A), so we believe that 99Y/F has an important influence on peptide binding, regardless of peptide length.




Figure 5 | Analysis of the effect of variant residues between SLA-1*13:01 and SLA-1*04:01 on MHC-I binding peptides. (A, B) Structural comparison between determined pSLA-1*13:01RW12 (cyan), pSLA-1*04:01RW12 (orange, PDB code 6LF8), pSLA-1*04:01MY9 (blue, PDB code 6KWK), pSLA-1*13:01(F99Y)NW9 (green, PDB code 6KWN) and pSLA-1*13:01EW9 (magenta, PDB code 6KWO). The dotted lines of different colors indicate the interaction between the peptides and the residues of the antigen binding groove in different structures. (C, D) Structural comparison between determined pSLA-1*13:01RW12 (cyan), pSLA-1*04:01RW12 (orange, PDB code 6LF8), pMamu*B17IW11 (purple, PDB code 3RWD) and pBF2*21:01GL11 (purple blue, PDB code 2YF1). The dotted lines of different colors indicate the interaction between the peptides and the residues of the antigen binding groove in different structures.



Although the other variant residues do not interact with peptides in the stable way (Figures 5A, B), but they also have their own unique role in influencing peptide conformation. 70T of SLA-1*04:01forms a hydrogen bond with the main chain of P5-T, further limiting the subsequent residues of RW12 in the peptide binding groove (Figures 4B–D). 69D of SLA-1*13:01 forms a hydrogen bond with P5-T, which fixes the middle of RW12 outside the peptide binding groove, jointly determine the conformation of RW12 protruding out of the SLA-I*13:01 groove (Figures 4A, C, D). Overall, RW12 presents a typical ‘bulge’ conformation in pSLA-1*13:01RW12, while it is embedded in the groove in pSLA-1*04:01RW12. The maximum position deviation between them can reach 6.0 Å (Figure 4C).

By comparing the structures of other resolved MHC-I and undecapeptide complexes, we also found that the 99th residue cannot independently determine the conformation of the peptide. For example, 99S of the chicken MHC-I molecule (BF2*2101) does not form hydrogen bonds with the P3 residue, similar to SLA-1*13:01 and RW12, but its 69S, 73N and 76N residues are bound to peptide, which limits the whole peptide in the groove, similar to SLA-1*04:01 and RW12. 99Y of the monkey MHC-I molecule (Mamu*B17) forms a hydrogen bond with the P3 residue, similar to SLA-1*04:01 and RW12, but there is no strong restriction on the peptide, similar to SLA-1*13:01 and RW12 (Figures 5C, D). Therefore, for SLA-1*04:01 and SLA-1*13:01, the difference of 99Y/F should be critical factor for the binding of peptide, but it needs to cooperate with other different amino acids to jointly determine the conformation of peptide.



The N-terminal Extended Peptide Presentation Mode Has No Obvious Effect on the Difference of Peptide Length Distribution Bound by SLA-1*13:01 and SLA-1*04:01

The N terminus of RW12 can extend out of the peptide binding groove of SLA-1*04:01 and SLA-1*13:01, while 62E and 66K in SLA-1*13:01 can form hydrogen bonds with P-1-R and P2-E (Figure 4A). This may result in SLA-1*13:01 having a stronger ability to present N-terminal extended peptides than SLA-1*04:01, thus affecting their preference for long peptides. Therefore, it is necessary to compare the capabilities of SLA-1*04:01 and SLA-1*13:01 in presenting N-terminal extended peptides.

At present, there are only four pMHC-I complexes with N-terminal extending peptides, pSLA-1*04:01RW12, pSLA-1*13:01RW12, pHLA-B*57:01TSTLQEQIGW (pHLA-B*57:01TW10) and pHLA-B*58:01TW10 (9, 12, 13). SLA-I and HLA-I have similar patterns of binding N-terminal extension peptide, but they also clearly show distinguishable species characteristics (Figure 6A). The change in the binding mode of the P1 residue of the peptide is the key to the extension of the peptide N terminus. Compared with other peptides in classical presentation mode, the P1 residues of RW12 and TW10 are reversed, and their side chains are inserted into the A pocket, which leads to the elevation of the Cα position of the P1 residue. Then, the main chain N atom and O atom of the P1 residue form hydrogen bonds with 63E on the α1 helix and 159Y on the α2 helix, respectively. The 63rd residue is polymorphic, and our previous mutation studies show that 63E is necessary for this binding pattern (13). The angle between P-1 and P1 residues in RW12 is obviously larger than that in TW10 (Figure 6B) because the species characteristic of 167S in SLA-I alleles makes the N terminus of the peptide binding groove of SLA-I open and is beneficial to the extension of the P-1 residue (13).




Figure 6 | The peptide N-terminal extension mode of the MHC-I family. (A) The consistent mode of the N-terminally extended peptide presented by MHC-I. Comparison of the forces between the A pocket and peptides in SLA-I and HLA-I. (B) Sequence alignment and structural comparison of residue at position 167 in SLA-I, HLA-I and Xela-UAA. The amino acids at position 167 are highlighted by a red pentacle. (C) The in vitro refolding efficiency of SLA-1*13:01 was measured with peptides with different numbers of arginines added to the N-terminus of RW12. The black arrow indicates the peak of the complex.



Although 62E and 66K in SLA-1*13:01 can form hydrogen bonds with P-1-R and P2-E, there is no strong interaction with the P1 residue (Figure 4A), nor does it change the RW12 N-terminal extension (Figure 6). By adding excess residues at the N terminus, we previously proved that SLA-I * 04:01 can allow the extension of up to three residues (13). SLA-1*13:01 could only tolerate the extension of 1-3 residues from the N terminus of RW12 (Figure 6C). Therefore, we believe that SLA-1*13:01 does not have a stronger binding ability for the N-terminal extended peptide than SLA-I*04:01, and the N-terminal extended peptide presentation mode has no obvious influence on the difference in peptide length preferences between SLA-1*13:01 and SLA-1*04:01.




Discussion

The length of the peptide can affect the recognition of MHC-I restricted epitopes by TCR, so the identification of T cell epitopes should consider the length of epitopes (6). Different HLA-I alleles have various preferences for the length of binding peptides (5). However, naturally presented peptides are not only influenced by MHC allele-specific binding preference, but also depend on many processes such as digestion and transportation of peptides in cells (41–45). Therefore, there are certain limitations in studying the peptide length preference of MHC-I alleles by MHC-I ligandomes in vivo, which further affects the prediction, screening and identification of long peptide epitopes.

RPLD-MS can determine the MHC-I random peptide ligandome in vitro and quickly identify MHC-I restricted peptide epitopes, which is especially suitable for studying unknown animal MHC-I molecules lacking research background and conditions (17, 19, 31–33). Our previous studies proved that RPLD-MS can sensitively reflect the different nonapeptide binding capabilities in vitro between SLA-1*04:01 and SLA-1*13:01 caused by a single residue variation (99Y/F) (19). In this study, we quantitatively mapped the length distribution of SLA-1*04:01 and SLA-1*13:01 ligand peptidomes with RPLD-MS. These results showed that RPLD-MS is suitable for studying the effect of polymorphisms on peptide length preferences of MHC-I alleles: first, it eliminates the interference of peptide processing on the peptide length distribution in vivo, and focuses on the binding preference of the MHC-I molecule itself; second, its sensitivity and accuracy are enough to reflect the influence of micropolymorphism on peptide length preference. Ultimately, of course, identified natural presented peptidomes will be required to determine whether the preference for peptide length by MHC-I itself is sufficiently pronounced.

Compared with SLA-1*04:01, why is SLA-1*13:01 weak in binding short peptides but strong in binding long peptides? This is due to the difference in amino acids between them, which leads to different binding ways of short and long peptides. For short peptides, regardless of SLA-1*04:01 or SLA-I*13:01, the whole peptide should be accommodated in the peptide binding groove to form enough affinity with limited length. The differential amino acids of SLA-1*04:01 and SLA-1*13:01 are not located in the pockets that restrict the side chains of peptides, so the short peptides that they can bind to have similar motifs. However, 99F leads to the lack of hydrogen bond between SLA-1*13:01 and the mainchain of P3 residue, which plays a key role in stabilizing peptide binding. Therefore, only short peptides that strongly bind to SLA-1*04:01 can bear the loss of affinity caused by 99F and stably bind to SLA-1*13:01. This caused the capability of SLA-1*13:01 to bind short peptides to be weaker than SLA-1*04:01 (19). For the binding of long peptides with more than 10 amino acids, these two SLA-I molecules are different. 99Y and 70T of SLA-1*04:01 are bound to the main chain of RW12, which limits RW12 in the peptide binding groove. This binding does not involve the sidechain of the peptide, indicating that SLA-1*04:01 should bind other long peptides in a similar way. The whole long peptide needs to be completely contained by its groove, so SLA-1*04:01 is restrictive for long peptides. However, 99F and 70N of SLA-1*13:01 have no restriction on long peptides, and long peptides can protrude out of the binding groove if they can bind stably. Therefore, SLA-1*13:01 reduces the restriction on long peptides and increases the types and quantities of long peptides that may be bound.

It is a cross-species phenomenon that both ends of the peptide extend from the peptide binding groove of MHC-I (9–13). At present, extension of the N terminus of peptides has been found in HLA-I (HLA-B*57:01, HLA-B*58:01) and SLA-I (SLA-1*04:01, SLA-1*13:01), and all the residues contained in the A pocket have turned over in a similar way. The species characteristic of S167 opens the N terminus of the SLA-I peptide binding groove, which is helpful for the N-terminal extension of the peptide. However, both SLA-1*04:01 and SLA-1*13:01 can only bear 1-3 redundant N-terminal residues, so this novel peptide binding mode does not affect their preferences for peptide length.

At present, the identification of MHC-I restricted CTL epitopes focuses on short peptides with 8-10 amino acids and relatively ignores long peptide epitopes. However, there is increasing evidence that long peptide epitopes also play an important role in the CTL response (4–6). Our study showed that long peptides accounted for a considerable proportion of the SLA-I restricted epitopes. First, SLA-I species-specific S167 facilitates N-terminal nested long peptide binding; Second, some alleles, such as SLA-1*13:01, bind to a higher proportion of long peptides. Therefore, long peptides should not be ignored in the identification of SLA-I limiting epitopes. Because the sequences of SLA-1*04:01 and SLA-1*13:01 are highly homologous, it is helpful to understand how the MHC-I polymorphism affects peptide length preference by analyzing their peptide length distribution and basis. Further exploration of the relationship between SLA-I polymorphism and the length of binding peptide will help us to screen SLA-I restricted T cell epitopes more comprehensively, avoid the omission of long peptide epitopes, and develop effective epitope vaccines.
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Immune checkpoint therapy (ICT) with a monoclonal antibody (MAb) against programmed cell death protein 1 (PD-1) is a powerful clinical treatment for tumors. Cemiplimab is a human IgG4 antibody approved in 2018 and is the first MAb proven to be effective for locally advanced basal cell carcinoma. Here, we report the crystal structure of cemiplimab bound to PD-1 and the effects of PD-1 N-glycosylation on the interactions with cemiplimab. The structure of the cemiplimab/PD-1 complex shows that cemiplimab mainly binds to PD-1 with its heavy chain, whereas the light chain serves as the predominant region to compete with the binding of PD-L1 to PD-1. The interaction network of cemiplimab to PD-1 resembles that of camrelizumab (another PD-1-binding MAb), and the N58 glycan on the BC loop of PD-1 may be involved in the interaction with cemiplimab. The binding affinity of cemiplimab with PD-1 was substantially decreased with N58-glycan-deficient PD-1, whereas the PD-1/PD-L1 blocking efficiency of cemiplimab was attenuated upon binding to the N58-glycosylation-deficient PD-1. These results indicate that both the binding and blocking efficacy of cemiplimab require the N58 glycosylation of PD-1. Taken together, these findings expand our understanding of the significance of PD-1 glycosylation in the interaction with cemiplimab.
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Introduction

Immune checkpoint therapy (ICT), also called immune checkpoint blockade (ICB), has been widely used in tumor immunotherapy since the approval of the CTLA-4-specific ipilimumab in 2011 (1–3). Encouragingly, the blocking of the programmed cell death protein-1 (PD-1)/PD-1 ligand 1 (PD-L1) pathway with monoclonal antibodies (MAbs) has dramatically improved the treatment prospects for multiple tumors (2, 4). PD-1 belongs to the immunoglobulin gene superfamily, which was identified in T cells upon programmed cell death (5). PD-1 is mainly expressed in immune cells, including activated dendritic cells, natural killer cells, T cells, and B cells (6). The ligand for PD-1, PD-L1, is upregulated in a broad range of tumor cells and mediates tumor immune escape through interaction with PD-1 (7). Inhibition of the PD-1/PD-L1 interaction with MAbs restores T-cell function to retain preexisting antitumor activity (4, 8). Currently, there are 10 clinically approved anti-PD-1 MAbs: nivolumab (Bristol-Myers Squibb, 2014), pembrolizumab (Merck Sharp & Dohme, 2014), cemiplimab (Sanofi and Regeneron, 2018), toripalimab (Junshi, 2018), sintilimab (Innovent, 2018), camrelizumab (HengRui, 2019), tislelizumab (BeiGene, 2019), dostarlimab (Tesaro, 2021), penpulimab (Chia Tai-Tianqing, 2021), and zimberelimab (Gloria Biosciences, Arcus Biosciences, and Taiho, 2021).

Glycosylation is a common protein post-translational modification, and it plays critical roles in multiple biological processes (9). For instance, N-glycosylation is important in the maintenance of the surface expression of PD-1 protein and the regulation of the interaction with PD-L1 (10). Our previous work demonstrates that the extracellular domain of PD-1 (PD-1-ECD) is extensively glycosylated, and N-glycosylation is found in all the four potential N-glycosylation sites (N49, N58, N74, and N116) (11, 12).

Structural evidence suggests the impact of N-glycans on PD-1 interaction with MAbs. Among the four N-glycosylation sites, structural evidence suggests that N58 in the BC loop of PD-1 is located near the interface between PD-1 and PD-L1, whereas glycosylation at N58 is not involved in the binding of PD-1 to PD-L1 (11, 13). The reported complex structures of PD-1 with nivolumab, pembrolizumab, tislelizumab, or toripalimab show that PD-1 glycosylation does not engage with these MAbs (11, 14–16). In contrast, PD-1 N-glycans are involved in the binding to some anti-PD1 antibodies (11, 17). We previously reported that PD-1 glycosylation at N58 promotes the interaction with camrelizumab, and the blocking efficacy of camrelizumab is dampened upon binding to N58 glycosylation-deficient PD-1 (17). Furthermore, the binding of other PD-1-specific MAbs (e.g., MW11-h317, mAb059c, and STM418) also involves the glycans at the N58 site (12, 18, 19). Structural evidence shows that these MAbs mainly engage with the conserved core region of the glycan chains at N58.

Cemiplimab (REGN2810, Libtayo®), co-developed by Sanofi and Regeneron, is a fully human IgG4 MAb specific to the PD-1 receptor (18). It was approved by the US Food and Drug Administration (FDA) for clinical treatment of metastatic cutaneous squamous cell carcinoma (CSCC) in 2018 (19, 20). Cemiplimab is the first MAb proven to be effective for locally advanced basal cell carcinoma, a tumor with no standard treatment regimen after first-line hedgehog inhibitor therapy (21). Here, we report the molecular basis of cemiplimab binding to PD-1 through the determination of the cemiplimab/PD-1 complex structure, and we investigated the roles of PD-1 N-glycosylation in the cemiplimab interaction. We found that both the binding and inhibition efficacies of cemiplimab to PD-1 were promoted by PD-1 N58 glycosylation. The findings observed in the present study expand our knowledge of the interaction mechanisms of glycosylation for antibodies to PD-1 in the context of tumor ICT.



Results


Overall Structure of Cemiplimab/PD-1 Complex

To investigate the binding mechanisms of cemiplimab to PD-1, the PD-1-ECD (PD-1-E. coli) protein and single-chain variable fragment (scFv) of cemiplimab were expressed in Escherichia coli cells as inclusion bodies and renatured by in vitro refolding (11, 17). The cemiplimab-scFv/PD-1 complex was prepared after in vitro co-refolding and used for crystal screening (Supplementary Figure 1). Diffractable crystals were obtained, and the structure of the cemiplimab-scFv/PD-1 complex was solved at a resolution of 3.4 Å, with Rwork and Rfree values of 0.245 and 0.285, respectively (Table 1). The overall structure reveals that PD-1-ECD and cemiplimab-scFv form a 1:1 complex, and the interaction of cemiplimab with PD-1 buries a total surface area of 1,614 Å. Cemiplimab binds to PD-1 with all three complementarity-determining regions (CDRs) from its heavy chain and the LCDR3 from the light chain variable domain (VL) (Figure 1A and Table 2). Specifically, there are multiple hydrogen bond interactions between residues from LCDR3 (S92) of cemiplimab and the FG loop of PD-1 (K131 and A132) and between residues from HCDR2 (S52, R56, D57, and Y59) of cemiplimab and the BC loop (E61 and S62) and FG loop (A129) of PD-1 (Figure 1B and Table 2; Supplementary Figure 2).


Table 1 | Crystallographic data collection and refinement statistics.






Figure 1 | The binding mechanism of cemiplimab to PD-1. (A) Overall structure of cemiplimab bound to PD-1. PD-1 colored in gray is shown as surface representation, while the heavy chain (VH) and light chain (VL) of cemiplimab-scFv are shown as cartoon colored in light blue and light pink. The CDR1, CDR2, and CDR3 loops of the heavy chain are colored in green (HCDR1), blue (HCDR2), and cyan (HCDR3), respectively. The CDR1, CDR2, and CDR3 loops of the light chain are colored in limon (LCDR1), orange (LCDR2), and red (LCDR3), respectively. The BC and FG loops are colored in green. (B) The detailed binding of cemiplimab to the FG and BC loops of PD-1. The residues taking part in forming hydrogen bonds are shown as sticks. The hydrogen bonds between residues are shown as a dashed line in black.




Table 2 | Residues contributed interaction between cemiplimab and PD-1.



Cemiplimab mainly binds to the BC and FG loops of PD-1 through its HCDR2, HCDR3, and LCDR3 loops (Figure 2A). Of note, the HCDR2 (G53 and G54) of cemiplimab is close to N58 of PD-1. The structure of PD-1 molecules with PD-L1, nivolumab, pembrolizumab, toripalimab, camrelizumab, and MW11-h317 were then superimposed with that from the cemiplimab/PD-1 complex to investigate the conformational changes upon binding to different MAbs (Figure 2B). Pembrolizumab predominantly binds to the C’D loop of PD-1, toripalimab mainly binds to the FG loop, and the binding of nivolumab is mainly located on the N-terminal loop of PD-1. In contrast, camrelizumab, MW11-h317, and cemiplimab mainly bind to the BC and FG loops, while camrelizumab and MW11-h317 contact the N58 glycan chains at the BC loop of PD-1. The FG loop exhibits substantial conformational variation when bound to different MAbs, while the BC loop shows limited conformational changes (Figure 2B). Of note, the FG loop of PD-1 in the cemiplimab/PD-1 complex exhibits a similar conformation to that in the PD-1/PD-L1 complex, while varied conformational changes were induced upon binding to the other MAbs (Figure 2C).




Figure 2 | The structure characterization of PD-1 upon binding to MAbs. (A) The key region of PD-1 binding to cemiplimab. The β-strands of PD-1 are represented as the capital characters C, C′, D, F, and G, respectively. The CC′, C′D, and FG loops of PD-1 are highlighted in the blue cartoon, and the key epitopes of PD-1 binding to cemiplimab are shown as orange sticks, respectively. (B) Superposition of PD-1 upon binding to the PD-L1 ligand or different MAbs, including the PD-1 extracted from the complex structures of PD-1/PD-L1 (blue) (PDB code: 4ZQK), PD-1/nivolumab (cyan) (PDB code: 5WT9), PD-1/pembrolizumab (gray) (PDB code: 5JXE), PD-1/toripalimab (green) (PDB code: 6JBT), PD-1/camrelizumab (yellow) (PDB code: 7CU5), PD-1/cemiplimab (magenta) and PD-1/MW11-h317 (light blue) (PDB code: 6JJP). FG loop and BC loop of PD-1 which contributed vital binding to the cemiplimab are shown as a dashed line in black. (C) Flexible conformations of the FG loop of PD-1 upon binding to PD-L1 or different MAbs.





PD-1/PD-L1 Blocking Mechanisms by Cemiplimab

The structure of the cemiplimab/PD-1 complex was next superimposed with that of the PD-1/PD-L1 complex (PDB: 4ZQK) to analyze the PD-1/PD-L1 inhibition mechanism of cemiplimab. The analysis revealed that the major domain of cemiplimab responsible for inducing stereospecific hindrance to the binding of PD-L1 is the VL domain (Figure 3A). Additionally, the binding area of cemiplimab on PD-1 substantially overlaps with that of PD-L1 (Figure 3B). Together with the superior binding affinity of cemiplimab over PD-L1 to PD-1, the binding of cemiplimab would abrogate PD-L1 binding to PD-1 and inhibit PD-L1-mediated signaling. Among the clinically approved MAbs, the binding area of cemiplimab is similar to that of toripalimab, camrelizumab, nivolumab, and MAbs engaging mainly with the FG loop of PD-1 (e.g., MW11-h317, mAb059c, and GY5), whereas it is distinct from that of pembrolizumab and tislelizumab (Figure 3C and Supplementary Figure S2). Taken together, our structural analyses indicate that cemiplimab blocks the PD-1/PD-L1 interaction mainly through its VL domain.




Figure 3 | Structural basis of the blockade binding of cemiplimab with PD-L1. (A) Comparison of cemiplimab/PD-1 with PD-L1 extracted from PD-1/PD-L1 complex structure (PDB code: 4ZQK). PD-L1 is shown as smudge cartoon, while PD-1 is shown as surface diagram in white. VH and VL of cemiplimab-scFv are shown as cartoons in light blue and light pink, respectively. (B) The competitive binding surfaces of cemiplimab with PD-L1 on PD-1. The residues bound to cemiplimab alone are colored in deep salmon, while the residues contact with PD-L1 alone are colored in smudge, and the residues contacted by both cemiplimab and PD-L1 are colored in blue. The epitope residues in PD-1 are pointed out in black characters. (C) The binding surface of PD-L1 and structurally known clinically approved MAbs on PD-1 is shown in different colors. The binding surface of PD-L1 and other MAbs, e.g., cemiplimab, camrelizumab, pembrolizumab, nivolumab, toripalimab, and tislelizumab are colored in orange, light pink, limon, purple, yellow, blue, and teal, respectively.





Structural Indications for N58 Glycosylation of PD-1 to Interact With Cemiplimab

To compare the binding mode of PD-1-targeting MAbs, the structure of the cemiplimab/PD-1 complex was then superimposed with the nivolumab/PD-1 and pembrolizumab/PD-1 complexes, with the structure of PD-1 fixed. These comparative analyses show that nivolumab and pembrolizumab adopt distinct binding orientations compared to cemiplimab, although the binding surface with nivolumab highly overlaps (Figure 4A). Comparative analysis with other N58 glycan-engaged MAbs revealed that the orientation of cemiplimab upon binding to PD-1 resembles that of camrelizumab and MW11-h317, while the binding of mAb059c is substantially biased toward the FG-loop (Figure 4B). Alignment of these MAbs’ sequences reveals that the heavy chains of the glycosylation-engaged MAbs camrelizumab, MW11-h317, and cemiplimab share similar HCDR2s compared to those from other glycosylation-independent MAbs, except for mAb059c that also contacts the N-glycan at N58 (Figure 4C). In the MW11-h317/PD-1 and camrelizumab/PD-1 complex structures, the N-acetylglucosamine (NAG) and mannose (MAN) form multiple hydrogen bond interactions with residues from HCDR1 (S31) and HCDR2 (G53 and G54) (Figures 4D, E). Although the E. coli-expressed PD-1-ECD proteins used in this study for crystal growing did not contain any glycan modification, the conserved conformation of the HCDR1 and HCDR2 of cemiplimab with that of camrelizumab indicates that the glycan chains of PD-1 N58 would form a similar interaction network through amino acids from HCDR1 and HCDR2 of cemiplimab (Figure 4F).




Figure 4 | Interaction between MAbs and N58 glycosylation on BC loop. (A) The comparison of the overall binding of cemiplimab, nivolumab, and pembrolizumab to PD-1. Superimposition of cemiplimab/PD-1 complex with that of pembrolizumab/PD-1 (PDB: 5JXE) and nivolumab/PD-1 (PDB: 5WT9). The cemiplimab, pembrolizumab, and nivolumab are shown as ribbon and colored in cyan, magenta, and orange, respectively. PD-1 extracted from camrelizumab/PD-1 (PDB code: 7CU5) complex is shown as surface representation colored in white. (B) Superimposition of cemiplimab/PD-1 complex with that of camrelizumab (PDB: 7CU5), MW11-h317 (PDB: 6JJP) and mAb059c (PDB: 6K0Y). The VH domains of the MAbs are shown as ribbons while the VL domains are not shown. PD-1, cemiplimab, camrelizumab, MW11-h317, and mAb059c are colored in gray, cyan, magenta, orange and blue, respectively. The CC′, C′D, and FG loops of PD-1, which participate in binding to Mabs are highlighted in blue. (C) Structure-based sequence alignment of cemiplimab and other anti-PD-1 MAbs. Coils above the sequences indicate α-helices, and the lines with arrowhead represent the β sheets. Residues highlighted in yellow are highly conserved. The sequence alignment was generated with ClustalX and ESPript. (D, E) The interaction of N-glycosylation N58 with MW11-h317 (D) or camrelizumab (E). The amino acid residues involved in hydrogen bond interaction and N58 glycans are shown as sticks, with amino acids in MW11-h317 colored in orange, camrelizumab colored in magenta, and the glycans in PD-1 colored in green. Hydrogen bonds are labeled by yellow dashed lines. (F) Comparison of cemiplimab/PD-1 complex with that of camrelizumab (PDB: 7CU5), and the amino acids in cemiplimab are colored in cyan and residues in camrelizumab are colored in magenta.





The N58 Glycan of PD-1 Promotes the Binding and Blocking Efficacy of Cemiplimab

Based on this structural information, we speculated that the N58 glycan of PD-1 potentially plays a role in binding to cemiplimab, although the N58 glycan chains were not observed with the PD-1-E. coli proteins used in the structural study. Therefore, we further evaluated the binding profiles of cemiplimab with wild type (WT) PD-1 protein (PD-1-WT) expressed in 293F cells, which enabled full glycosylation on proteins similarly to host cells using surface plasmon resonance (SPR). Additionally, N58A-mutated PD-1 protein (PD-1-N58A) expressed in 293F cells, which is specifically deficient in N58 glycosylation, was also investigated. The binding affinity (evaluated as KD) of cemiplimab to N58-mutated PD-1 protein substantially decreased to 106 nM, a 60-fold reduction compared to PD-1-WT (KD = 1.68 nM) (Figure 5A). Moreover, we analyzed the binding profiles of cemiplimab to PD-1-ECD proteins obtained from E. coli cells, which carried no post-translational modifications. The SPR analysis revealed a similar reduction in binding affinity to PD-1 protein from E. coli (KD = 691.38 nM) compared to that from 293F cells (KD = 1.68 nM) (Figure 5A and Supplementary Table S1). The binding of camrelizumab, which is promoted by glycosylation of PD-1 N58, was tested in parallel as a control (Figure 5B). The decreased binding affinities of camrelizumab with N58A-mutated PD-1 proteins from 293F cells (KD = 492.85 nM) was similar to that of cemiplimab, and the binding affinity of camrelizumab with non-glycosylated PD-1 proteins from E. coli (KD = 2.63 μM) is substantially decreased compared with glycosylated PD-1 (KD = 4.8 nM) like cemiplimab (Figure 5B). Based on these findings, we concluded that N-glycosylation at N58 promotes the binding of cemiplimab to PD-1.




Figure 5 | N-glycosylation of N58 remotes the binding to cemiplimab. (A) SPR assay characterization of the binding profiles of cemiplimab with PD-1-WT (left), PD-1-N58A (middle) proteins expressed in 293F cells, and PD-1-E. coli (right) expressed in E. coli cells. (B) SPR assay characterization of the binding of camrelizumab with PD-1-WT (left), PD-1-N58A (middle) expressed in 293F cells, and PD-1-E. coli (right) expressed in E. coli cells. The mean value of the KD was recorded after repeating each experiment three times.



To verify the roles of N58 glycosylation in PD-1/PD-L1 blocking by cemiplimab, a mechanism believed to be the key aspect for the restoration of antitumor efficacy for MAb-based ICT, we further tested the blocking efficiency of the full-length cemiplimab to N58 glycosylation-deficient PD-1. His-tagged PD-1-WT and PD-1-N58A recombinant proteins were prepared from 293F cells and were used to stain 293T cells transiently expressing PD-L1. The blocking of the PD-1/PD-L1 interaction was analyzed by staining the PD-L1-expressing 293T cells with a mixture of serial dilutions of the full-length cemiplimab or camrelizumab proteins pre-incubated with the same concentrations of WT or N58A-mutated PD-1-His proteins (2 μg/ml). As controls, mock-transfected 293T cells stained with PD-1-WT and PD-L1-transfected 293T cells stained with isotype antibody were enrolled as controls (Figure 6A). We found that the frequency of protein-staining-positive cells with PD-1-WT-His protein substantially decreased from 65.0% to 5.0% in the presence of 20 μg/ml cemiplimab, indicating the complete blockade of the PD-1/PD-L1 interaction (Figures 6B, C). However, the blocking efficacy of cemiplimab to PD-1-N58A mutant protein with PD-L1 was decreased compared to that of PD-1-WT. No substantial blocking efficacy was observed for cemiplimab with N58A mutant protein, even at the high concentration of 80 μg/ml (Figure 6B). The decreased blocking scenario of camrelizumab to N58A mutant PD-1 is similar to that of cemiplimab (Figures 6B, D). These results indicate that N58 glycosylation promotes both the binding and blocking of cemiplimab.




Figure 6 | Reduced blocking efficiency of cemiplimab to N58 glycosylation-deficient PD-1. (A) Untransfected 293T cells and transfected 293T cells incubated with isotype antibody as negative control. (B) The blocking of the binding of His-tagged PD-1-WT (blank) or PD-1-N58A (blue) proteins to PD-L1 expressing 293T cells is analyzed with varying concentrations (0, 2, 4, 10, 20, 40, and 80 μg/ml) of full-length cemiplimab (left) or camrelizumab (right). The PD-L1 expressing 293T cells staining with His-tagged PD-1-WT or PD-1-N58A are prepared as a positive control. (C, D) The frequencies of the His-tagged PD-1-WT or PD-1-N58A protein staining positive subpopulations in the absence (0 μg/ml) or presence (20 μg/ml) of cemiplimab (C) or camrelizumab (D). At the same concentration (20 μg/ml) of cemiplimab or camrelizumab, the frequency of His-tagged PD-1-WT or PD-1-N58A staining positive cells was calculated based on PD-L1-GFP-positive cells. The experiment was repeated twice in the results averaged.






Discussion

In this study, we report the interaction mechanisms between cemiplimab and PD-1. Overall, the binding of cemiplimab to PD-1 resembles that of camrelizumab, as we reported earlier (17). Structural analysis indicates that cemiplimab competes with the binding of PD-L1 to PD-1 with overlapping binding surface areas of PD-L1 resulting in steric hindrance. Cemiplimab mainly binds to the BC and FG loops of PD-1, whereas the FG loop of PD-1 contributes to multiple interactions with PD-L1 and therefore mediates the competitive interaction with cemiplimab or PD-L1 (22). Comparative structural analyses with other solved MAb/PD-1 complex structures suggest that the binding of cemiplimab resembles that of camrelizumab and may be promoted by the glycan chains at N58 on the BC loop. Subsequent analyses indicated that the deficiency of N58 glycosylation substantially decreases both the PD-1 binding affinity and blocking of cemiplimab, which is similar to that of camrelizumab.

The previously reported complex structures of clinically approved MAbs (e.g., nivolumab, pembrolizumab, camrelizumab, toripalimab, and tislelizumab) reveal that these MAbs predominantly bind to the surface or terminal loops of PD-1, whereas PD-L1 mainly binds to the surface on PD-1 constituted by β sheets. Comparative analysis revealed that the flexible surface or terminal loops of PD-1 exhibit distinct conformations upon binding to varied MAbs. The FG loop of PD-1 engages with PD-L1 (22, 23) and is a hot spot loop for PD-1 specific therapeutic MAbs, e.g., toripalimab, camrelizumab, GY-5, and GY-14 (15, 17, 24). Structural analysis revealed that the binding region of cemiplimab on PD-1 is similar to that of camrelizumab, which mainly binds to the BC loop, FG loop, and C′D loop.

Glycosylation is involved in fundamental biological processes and plays pivotal roles in tumor development and progression, immune modulation, and metastasis (25). PD-1 protein is not only upregulated in T cells to mediate immune suppression but is also expressed across a broad range of tumor cells to promote tumor suppression (26). Dysregulated protein glycosylation occurs in tumor cells and tumor-associated dysregulated glycosylation includes fucosylation, sialylation, N− and O−linked glycan branching, and O−glycan truncation (25, 27). Furthermore, abnormal glycosylation also occurs in the tumor microenvironment due to hypoxia, inflammatory events, and metabolism, and it plays a crucial functional role in tumor progression and metastasis. Therefore, the glycosylation of PD-1 may not only affect the immune regulatory roles of the MAbs targeting PD-1 in T cells but may also interfere with the tumor regulatory roles of the MAbs when binding to PD-1 in tumor cells. The PD-1-specific blocking MAbs camrelizumab, MW11-h317, mAb059c, and STM418 contact the N58 glycan when binding to PD-1 (10, 17, 28, 29). Although clinical evidence supports improved overall survival rates across multiple cancer types with camrelizumab, unexpected binding of camrelizumab to VEGFR2 has been reported and may correlate with the side effects of capillary hemangiomas usually observed in clinical studies with camrelizumab (30). Structural analysis reveals that camrelizumab binds to the core region of the N-glycan of PD-1, which is conserved in the N-glycosylation of some proteins. Therefore, the binding of these MAbs to the conserved N-glycan on PD-1 may reduce the binding specificity, although further systemic investigations should be performed to evaluate the binding specificities of the MAbs that engage with the N58 glycan. Both the binding affinities and PD-1/PD-L1 blocking efficiencies of cemiplimab to N58 glycan-deficient PD-1 were similar to that of camrelizumab, as revealed in the present study. Structural analysis and sequence alignment also indicate that cemiplimab binds to N58 glycan chains with conserved HCDR2 regions similar to camrelizumab and MW11-h317. However, clinical studies for cemiplimab do not report a high prevalence of capillary hemangiomas as observed for camrelizumab (58.6%) (31). This indicates that although the conserved N58 glycan promotes the binding of these two MAbs to PD-1 in a similar mode, the binding specificities of the MAbs may vary due to the variable regions responsible for the binding to residues in PD-1.

Taken together, we report the molecular basis of cemiplimab binding to PD-1. Cemiplimab mainly utilizes its heavy chain to bind to the binding “hotspot” for therapeutic MAbs targeting PD-1, i.e., the FG loop of PD-1. Cemiplimab binds to PD-1 in a similar mode to camrelizumab, and the N58 glycan on the BC loop of PD-1 was verified to promote both the binding and blocking of cemiplimab. All of these findings facilitate our understanding of the interaction between cemiplimab and PD-1 and will benefit the future design of agents targeting glycosylated PD-1.



Materials and Methods


Plasmid Construction and Protein Purification

For E. coli cell expression, the extracellular domain of PD-1 (UniProt: Q15116, residues L25-R147) and cemiplimab-scFv [designed as a format of VL-GGGGS (4)-VH] were cloned into Novagen’s prokaryotic expression vector pET-21a(+). The two plasmids above were transformed into E. coli strain BL21 (DE3) pLysS cells and overexpressed as inclusion bodies under IPTG (1 mM) induction, which were verified by sodium dodecyl sulfate–polyacrylamide gel electrophoresis (SDS-PAGE). The inclusion bodies were then dissolved by dissolution buffer [6 M Gua-HCl, 10% v/v glycerol, 50 mM Tris-HCl, 100 mM NaCl, 10 mM ethylenediaminetetraacetic acid (EDTA), pH 8.0] and co-refolded as previously described (32–34). Briefly, a solution of PD-1 and cemiplimab-scFv was mixed in 1:1 molar ratio, and then, 5 ml of the mixture (30 mg/ml) added drop by drop to 2.5 L refolding buffer (100 mM Tris–HCl, 400 mM L-Arg-HCl, 2 mM EDTA, 5 mM glutathione (GSH), and 0.5 mM oxidized glutathione (GSSG), pH 8.0]. After gently stirring for 8 h, the solution was concentrated and exchanged to protein buffer (20 mM Tris–HCl, 150 mM NaCl, pH 8.0). Subsequentially, the cemiplimab-scFv/PD-1 complex protein was purified via size exclusion using an AKTA Pure system with Superdex™ 200 Increase 10/300 GL column.

For mammalian cell expression, the extracellular domains of PD-1 (residues L25-R147) and PD-1 N58A residue substitution mutant gene (obtained by site-directed mutagenesis) were cloned into an expression vector pCAGGS with signal peptide at the N-terminal and six histidines at the C-terminal, named as PD-1-WT and PD-1-N58A, respectively. The full-length heavy- and light-chain genes of cemiplimab and camrelizumab were cloned into the pCAGGS vector individually with EcoRI and XhoI sites, named as cemiplimab-Fc and camrelizumab-Fc. Plasmids were transiently transfected into 293F cells and incubated at 37°C for 72 h. The culture was centrifuged, and supernatant was then collected and filtered with a 0.22-μm filter. The PD-1-WT or PD-1-N58A proteins were purified first by His-Trap HP column (GE Healthcare) followed by Superdex™ 200 10/300 GL (GE Healthcare). The proteins of full-length cemiplimab and camrelizumab were purified with protein A column (GE Healthcare) before loading on a Superdex™ 200 10/300 GL (GE Healthcare, Chicago, United States). The purified protein was stored in the protein buffer (20 mM Tris–HCl, 150 mM NaCl, pH8.0). The protein purity was assessed by SDS-PAGE, and proteins were stained with Coomassie brilliant blue (Supplementary Figure S4). The human PD-L1 gene (full length) was cloned into (Clontech’s, Beijing, China) pEGFP-N1 vector, which was named pEGFP-PD-L1.



Data Collection and Structure Determination

For crystal screening, 100 μl of crystallization solution is added to the reservoir of the crystallization chamber. One microliter of cemiplimab-scFv/PD-1 complex protein at a concentration of 5 mg/ml and 1 μl of the crystallization solution are pipetted onto the sitting drop post that is located at the center of beside chamber. Crystallization plates were sealed and placed at 4 or 18°C to perform a sitting drop vapor diffusion experiment. Crystals of cemiplimab-scFv/PD-1 complex were grown in 0.1 M sodium acetate, pH 5.0, 5% w/v γ-PGA (Na+ form, LM), and 20% w/v PEG 2000 MME. The diffraction data were collected at 100 K on the beamlines BL19U1 of the Shanghai Synchrotron Radiation Facility (SSRF). The collected intensities were processed and scaled using the HKL2000 software package (HKL Research). The structures were determined using molecular replacement with the program Phaser MR in CCP4 (35). The search model used in this complex was from Protein Data Bank (PDB) codes 5GGU and 6KTR with the most similar sequences. Model building was performed using COOT by hand (36). Structure refinement was done by using Phenix (37). Structure-related figures in this article were generated using PyMOL (http://www.pymol.org/). The buried surface between MAbs and PD-1 was calculated on the web server (https://www.molnac.unisa.it/BioTools/cocomaps/index.psp).



SPR Analysis

The SPR measurements between different forms of PD-1 and MAbs were performed on the BIAcore8000 system (GE Healthcare) with Sensor Chip CM5 (GE Healthcare) at room temperature. To measure the binding characteristics between PD-1 antibodies (cemiplimab or camrelizumab) and different forms of PD-1 proteins (PD-1-WT, PD-1-N58A, and PD-1-E. coli), cemiplimab-scFv and camrelizumab-scFv were individually immobilized on the CM5 chip to 695 and 569 response units, respectively. Then, serially diluted PD-1-WT samples and blank control, prepared as 0 , 6.26 , 12.5, 25, 50, and 100 nM, were flowed over Sensor Chip CM5. After regeneration, PD-1-N58A protein, expressed by 293F cells, was flowed over the CM5 sensor chip with various concentrations (50–800 nM, five gradients, twofold dilution). Similarly, different concentrations of PD-1-E. coli (0, 0.5, 1, 2, 4, and 8 μM) were flowed over the CM5 chip. The binding kinetics were all analyzed with the Biacore™ insight evaluation software (GE Healthcare) using a 1:1 Langmuir binding model.



FACS Analysis of PD-1/PD-L1 Blockade Assay

The pEGFP-PD-L1 plasmid was transfected into human embryonic kidney 293 cells (293T) with polyethyleneimine transfection reagent. After 24 h, cell density was adjusted to 1 × 107 cells/ml with phosphate-buffered saline (PBS). PD-1-WT or PD-1-N58A protein (2 ug/ml) was respectively preincubated with different concentrations (0, 2, 4, 10, 20, 40, and 80 μg/ml) of full-length cemiplimab or camrelizumab at room temperature for 30 min. Subsequently, the 293T cells expressing PD-L1 fused enhanced green fluorescent protein (EGFP) were incubated with these mixed samples for a further 30 min at room temperature. The 293T cells were washed three times with PBS and stained with secondary APC mouse anti-His antibody (Cat: 130-119-782; clone: GG11-8F3.5.1; Miltenyi Biotec, Beijing, China) for 30 min, then washed twice with PBS, and resuspended with 300 μl of PBS for flow cytometry (BD FACS Canto Flow Cytometer, Franklin Lakes, USA). The FACS files were analyzed by FlowJo 7.6.
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Human roseolovirus U20 and U21 are type I membrane glycoproteins that have been implicated in immune evasion by interfering with recognition of classical and non-classical MHC proteins. U20 and U21 are predicted to be type I glycoproteins with extracytosolic immunoglobulin-like domains, but detailed structural information is lacking. AlphaFold and RoseTTAfold are next generation machine-learning-based prediction engines that recently have revolutionized the field of computational three-dimensional protein structure prediction. Here, we review the structural biology of viral immunoevasins and the current status of computational structure prediction algorithms. We use these computational tools to generate structural models for U20 and U21 proteins, which are predicted to adopt MHC-Ia-like folds with closed MHC platforms and immunoglobulin-like domains. We evaluate these structural models and place them within current understanding of the structural basis for viral immune evasion of T cell and natural killer cell recognition.
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Introduction

The roseolovirus genus of the β-herpesvirus subfamily includes Human Herpesviruses 6A, 6B, and 7 (HHV-6A, HHV-6B, and HHV-7) (Figure 1). These viruses have extremely high prevalence and infect over 90% of the world’s population before the age of 6 (2–4). While all three viruses primarily target activated T cells, there are some key differences in the range of additional cell types in which each virus can be found, with HHV-6A having a broader cell tropism compared to HHV-6B and HHV-7. Primary infection with these viruses in infancy causes exanthem subitum, commonly known as roseola or sixth disease, with fever, rash, and occasionally febrile seizures (5). While primary infection rarely causes severe symptoms in immunocompetent individuals (6), like other herpesviruses the roseoloviruses establish lifelong latency with periodic reactivation. In immunocompromised individuals, roseoloviruses can cause severe complications, such as encephalitis and pneumonitis. Roseoloviruses are particularly problematic in solid organ transplant and hematopoietic stem cell transplant patients, where infection/reactivation can result in organ rejection and graft vs. host disease (4, 7, 8).




Figure 1 | Phylogenetic relationships of viruses and viral immunoevasins discussed in this work. The complete genomic DNA sequences from HHV-6A (strain U1102), HHV-6B (strain Z29), HHV-7 (strain JI), HCMV (strain HAN-SCT17), and MCMV (strain N1) and poxviruses Cowpox (strain Brighton Red) and Yaba-like Disease Virus (strain Amano) were retrieved from the VIPR database (Table 1) and aligned using the MEGA11 software package. MEGA was then used to generate a maximum likelihood phylogeny reconstruction (1). Scale bar represents the probability of a nucleotide substitution at a given site, calculated for select betaherpesviruses. Viral MHC-like proteins that contribute to evasion of host T cell and NK cell responses and are discussed in this work are indicated next to the virus labels.




Table 1 | Viral genomes referenced in this study.



Roseolovirus genomes are composed of linear, double stranded DNA that contains a unique (U) region flanked by a set of identical direct repeat regions (DR), which facilitate integration into the telomeric regions of chromosomes. For HHV-6A and -6B this can occur in the germ line, resulting in inherited chromosomally integrated HHV-6 in approximately 3% of the population (9, 10). The HHV-6A/B genomes are 160-170 kb while the HHV-7 genome is slightly smaller at 145-153 kb, although both contain between 100 and 120 ORFs. Overall, the amino acid identity between HHV-6A and HHV-6B is approximately 90% while the difference between HHV-7 and HV-6A/6B is closer to 50%. In order to facilitate lifelong latency, many of these genes encode products that allow the virus to modulate the host immune response. Much previous work with human and mouse cytomegaloviruses (HCMV and MCMV) and certain poxviruses including cowpox virus (CPVX) and Yaba-like disease virus (YLDV) has revealed some of the broad strategies that dsDNA viruses use for immune evasion. HCMV encodes as many to 40 gene products that can antagonize the immune system [reviewed in (11)] but many of the basic strategies are shared with other, similar viruses. Despite their dissimilarity at a genetic level, betaherpesviruses and poxviruses have evolved gene products that contain MHC-like and/or immunoglobulin-like domains that utilize similar strategies to attack the host immune response (Figure 1).

A common immune evasion strategy utilized by herpesviruses and some poxviruses is downregulation of classical MHC-Ia proteins to prevent presentation of viral antigens to CD8+ T cells. Since this activity can trigger NK cell “missing self” recognition, these same viruses often antagonize NK cell responses by interacting with activating and inhibitory NK receptors or their ligands, which in many cases are non-classical MHC-Ib stress-induced proteins. Viral homologues of nonclassical class I MHC molecules (vMHCs) play key roles in this process. Although these vMHCs have a diverse range of functions they all share the characteristic class I MHC fold [reviewed in (12–14)]. Roseoloviruses HHV-6A, HHV-6B, and HHV-7 all have been shown to downregulate host-derived cellular MHC-Ia (cMHC-Ia) (15, 16) and cellular MHC-Ib (cMHC-Ib) molecules (17–20) with the roseolovirus U21 glycoprotein responsible for this activity by intercepting cMHC-Ia in the ER and directing it to lysosomes for degradation (21, 22), and the U20 protein recently implicated in MHC-Ib downregulation (18). However, many questions remain surrounding the structures and molecular mechanisms of these two proteins. In this article, we evaluate structural models for roseolovirus U20 and U21 proteins produced by next-generation computational machine learning approaches AlphaFold (23) and RoseTTAFold (24). These models provide insight into possible roles of U20 and U21 in roseolovirus immune evasion as non-classical MHC-Ib proteins.



Viral Evasion of T Cell and NK Cell Recognition

The game of evolutionary cat and mouse between virus and host has established a complicated back and forth evolution of viral and host gene products. Cytotoxic CD8+ T cells recognize viral peptides presented by host cell classical MHC-I molecules (cMHC-Ia) and respond by killing the infected cell (Figure 2A). To combat this, viruses evolved the ability to redirect MHC-I from the ER or cell surface to proteasomes or lysosomes for degradation, preventing T cell recognition and killing (Figure 2B). However, NK cells have evolved mechanisms that allow detection of the absence or reduction of MHC-I on the cell surface. In this pathway, inhibitory NK receptors, such as those in the LIR/KIR family, engage cMHC-Ia to generate suppressive signals that block NK activation (Figure 2C). To circumvent this, some viruses express homologs of classical MHC-I (vMHC-Ia), that mimic cMHC-Ia by engaging inhibitory NK receptors (Figure 2C). Another host defense mechanism involves the surface expression of stress-induced ligands for activating NK receptors, such as those in the NKG2D family (Figure 2D). In general, ligands for these activating NK receptors are non-classical MHC-I proteins (cMHC-Ib), which do not present peptide or other antigens. Structurally cMHC-Ib proteins are similar to classical cMHC-Ia proteins, although without an antigen binding groove, and in many cases structural elements such as the small β2-microglobulin subunit or lower immunoglobulin-like domain are missing. To evade this mechanism, viruses have evolved mechanisms to bind these activating NK ligands in the ER or at the cell surface and sequester them and/or divert them to the lysosome or proteasome for degradation (Figure 2E). In many cases these mechanisms involve vMHC-Ib molecules. Other vMHC molecules inhibit activating NK receptors by alternative mechanisms. One mechanism involves secretion of a soluble vMHC-Ib protein that acts as a decoy, competitively inhibiting activating NK receptor signaling (Figure 2F). Another involves a cell-surface vMHC-Ib, that paradoxically binds an activating NK receptor apparently without triggering signaling, the molecular basis of which remains unelucidated (Figure 2G). Finally, many viruses have evolved decoy receptors or ligands that interfere with cytokine signaling; in one case this involves a vMHC-Ib molecule capable of binding and sequestering TNFα, attenuating host immune responses to viral infection (Figure 2H).




Figure 2 | Viral evasion of T cell and NK cell recognition. Viral MHC-based immune evasion pathways employed by betaherpesviruses and poxviruses are shown. MHC-Ia refers to classical polymorphic peptide-binding class I MHC molecules, MHC-Ib refers to non-classical non-polymorphic class I MHC homologs that do not present peptides. cMHC-Ia and cMHC-Ib refer to cellular (host) protein, vMHC-Ia and vMHC-Ib refer to viral homologs. Other mechanisms employed by betaherpesviruses and poxvirus to evade T cell and NK cell recognition involve interference with antigen processing, transcriptional regulation, and innate immune evasion, but those pathways are not known to involve vMHC-I molecules and are not included here. (A) cMHC-Ia present peptides to CD8+ T cells, triggering induction of cytolytic pathways upon T cell receptor (TCR binding). (B) vMHC-Ib block this pathway by redirecting cMHC-Ia to proteasomes or lysosomes for destruction. (C) Inhibitory natural killer cell receptors (NKR) can recognize the loss of surface cMHC-Ia as part of the “missing-self” recognition system. vMHC-Ia combat this by engaging inhibitory NKR. (D) NK cells sense cellular stress using activating NKR to recognize stress-induced cMHC-Ib proteins. (E) vMHC-Ib block this pathway by redirecting cMHC-Ib to proteasomes or lysosomes for destruction. (F) vMHC-Ib can block activating NKRs by either masking them on the surface or by secreting vMHC-Ib variants that can engage activating NKR and competitively block recognition of cMHC-1b stress ligands. Wavy lines indicate glycosylphosphatidylinositol (GPI) membrane anchors used by some ULBP proteins instead of transmembrane helices. (G) Paradoxically, vMHC-Ib can engage activating NKR for reasons that remain poorly understood. (H) Another vMHC-Ib binds the inflammatory cytokine TNFα, sequestering it from productive engagement with TNF-receptors.





Structural Aspects of Classical and Non-Classical MHC Immunoevasion

In some cases the structural basis for vMHC-I-based immunoevasion is well understood. Certain vMHC-I directly engage inhibitory NK receptors similarly to the normal host ligands. The human LIR-1A inhibitory NK receptor binds to the canonical host cMHC-Ia HLA-A2 underneath the MHC platform domain (Figure 3A PDB: 1P7Q) (25). UL18 is a classical class I MHC homolog expressed by HCMV that mimics cMHC-Ia by binding LIR-1 in the same manner (Figure 3B, PDB: 3D2U) (26). Similarly to cMHC-Ia, UL18 binds both peptides and soluble β-2-microglobulin (β2m), making it a vMHC-Ia, but it is the only viral MHC homolog known to do so (26). Despite its ability to bind inhibitory NK receptors, the precise role of UL18 remains mysterious, as it has been shown to inhibit LIR-1 positive NK cell activation while promoting activation of LIR-1 negative NK cells (27, 28).




Figure 3 | Structural aspects of classical and non-classical MHC immunoevasion. Crystal structures of cMHC-I (orange) and vMHC-I (green) in complex with cellular binding partners (Table 2). (A) cMHC-Ia protein HLA-A2 bound to inhibitory NKR LIR-1A (PDB: 1P7Q). (B) viral cMHC-Ia homolog UL18 from HCMV bound to inhibitory NKR LIR-1A (PDB: 3D2U). (C) cMHC-Ib ULBP3 bound to the activating NKR NKG2D (cyan) (PDB: 1KCG). (D) ULBP homolog CPXV018 from cowpox virus interacting with activating NKR NKG2D (cyan) (PDB: 4PDC). (E) m152, a vMHC-Ib protein bound to cMHC-Ib RAE-1γ, promoting retention and eventual degradation (PDB: 4G59). (F) vMHC-Ib UL16 from HCMV bound to cMHC-Ib MICB (PDB: 2WY3 and 1JE6). (G) Viral Ig-domain protein US2 from HCMV binding cMHC-Ia HLA-A2, targeting it for degradation (PDB: 1IM3). (H) Viral Ig-domain protein CPXV203 from cowpox virus binding cMHC-Ia HLA-A2, targeting it for degradation (PDB: 4HKJ). (I) cMHC-Ia protein H-2Kb bound to inhibitory NKR Ly49C (38CK). (J) cMHC-Ia protein H-2Dd bound to inhibitory NKR Ly49A (PDB: 1QO3). (K) vMHC-Ib m157 from HCMV interacting with activating NKR Ly49H (PDB: 4JO8). (L) vMHC-Ib 2L protein from YDL virus interacting with cytokine TNFα (PDB:3IT8).



Other frequent targets of viral immunoevasins are activating NK receptors such as NKG2D. NKG2D binds to a variety of host cMHC-Ib ligands upregulated in cases of cellular stress or damage, including human ULBP and MIC family members, and the mouse RAE-1 family of ULBP homologs. NKG2D engages these receptors by forming a dimer that associates with the top of the MHC fold as illustrated by the ULBP3-NKG2D (Figure 3C, PDB: 1KCG) (29). Cowpox virus has evolved an interesting evasion mechanism where the vMHC-Ib protein CPXV018 (OMCP) binds the activating NK receptor NKG2D in a configuration very similar to native cMHC-Ib ligands (Figure 3D, PDB: 4PDC). Because the viral version is soluble instead of membrane-bound, it acts as a competitive inhibitor, with a 14-fold higher affinity for mouse NKG2D as compared to one of its typical ligands, RAE-1ϵ. This marked increase in affinity was attributed to a single loop that reaches up into the NKG2D binding pocket (30).

Another, less direct means of inhibiting NKG2D and NK activating receptors is to downregulate the activating cMHC-Ib ligands in the host cell. The MCMV m152 glycoprotein is a vMHCI-b with several important immunoregulatory functions that has been shown to bind and downregulate multiple members of the NK activating RAE-1 family. It contains an MHC platform domain and immunoglobulin-like domain, but not β2-microglobulin or peptide, and binds its targets in a claw-like manner, reaching over the top of the NK ligand’s MHC domain (Figure 3E, PDB: 4G59) (31). When this occurs in the ER, the target cMHCI-b is retained and subsequently degraded. Recently, m152 has been shown also to reach the cell surface and mask its RAE-family binding partners from being recognized by NKG2D, as well as affect IRF signaling through STING (32, 33).

Other viral immunoevasins that lack MHC platform domains down-regulate cMHC-Ia and cMHC-Ib through interactions with their immunoglobulin-like domains. The HCMV protein UL16 resides primarily in the ER and cis-Golgi, and downregulates NK ligands MICB, ULBP1, and ULBP2 by binding and sequestering them within the secretory system (34, 35). UL16 is a single immunoglobulin-like domain protein that engages MICB by binding perpendicularly to the α1 and α2 helices of the MHC platform domain and but parallel to the sheets of the MHC domain underneath (Figure 3F, PDB: 2WY3 and 1JE6) (36, 37). As with m152, the result of this interaction is that NKG2D activating ligands are sequestered in the ER and degraded. US2 is another single immunoglobulin-like domain protein that binds to host classical class I MHC proteins as they are synthesized in the ER, inducing them to be degraded (38). US2 binds underneath cMHC-Ia platform to the C-terminus of the α2 helix and the α3 domain (Figure 3G, PDB: 1IM3). Interestingly this interaction is similar to that of the inhibitory NK receptor Ly49A binding to cMHC-Ia (Figure 3A). Cowpox virus CPXV203, with similar structure and function to US2, binds on the opposite side of the host MHC-I in a manner similar to that of LIR-1 and other NK receptors, making contact with the MHC platform and β2m (Figure 3H, PDB: 4HKJ) (39).

In some cases, the interplay of host response and viral evasion protein evolution can be complex. This is exemplified by the Ly49 family of murine NK receptors. The Ly49 receptors can be either activating or inhibitory, and use C-type lectin domains to interact with MHC-Ia molecules [reviewed in (40, 41)]. Structures of inhibitory Ly49C and Ly49A family members bound to their normal MHC ligands reveal significant diversity in binding modes (Figure 3I, PDB 38CK and Figure 3J 1QO3) (42, 43). No vMHC proteins have been identified that bind inhibitory NK receptors using these particular modes of interaction, but these structures could provide models for viral immunoevasins yet to be characterized. The m157 glycoprotein of MCMV engages inhibitory NK receptors such as Ly49I to prevent missing-self recognition (44). Although detailed structural information is not available, mutagenesis suggests a different binding mode than for other Ly49 family inhibitory NKR engaging their host cMHC-Ia ligands (43, 44). There is a high degree of m157 sequence variability across MCMV strains, and m157 exhibits varying effects depending on the combination of mouse and virus strains. In fact, m157 from the Smith strain of MCMV binds the inhibitory NK receptor Ly49I in 129/J mice, but in C57BL/6 mice, m157 binds the activating NK receptor Ly49H (45). Although only a small part of Ly49H was visualized in the m157 complex structure, binding would appear to involve the top of the MHC platform (Figure 3K, PDB: 4JO8) (46). This interaction contributes to NK activation and viral clearance, and it has been hypothesized that Ly49H has evolved to recognize m157 to thwart NK evasion by MCMV (46).

Finally, the Yaba-like Disease Virus 2L protein has an MHC-like fold that binds TNFα in a manner different from other viral TNFR mimics to achieve picomolar binding affinities that allow it to compete quite effectively with the host receptor (47) (Figure 3L, PDB: 3IT8).



U20 and U21 From HHV-6A, HHV-6B, HHV-7

The complex interplay between host and viral immunomodulators has been best characterized in MCMV and HCMV and is just now beginning to come into focus for the roseoloviruses. The first pieces of the puzzle fell into place when it was shown that U21 can downregulate non-classical cMHC-Ib stress-response proteins in addition to classical cMHC-Ia proteins. In HHV-7, U21 was shown to bind and downregulate the nonclassical MHCs HLA-E and HLA-G, as well as the NK activating ligands MICA and MICB (19, 20). Also, U21 expressed by HHV-6A is able to downregulate ULBP3 (18). In HHV-6B, the precise role of U21 has yet to be defined, but it is clear that the NK ligands ULBP1, ULBP3, and MICB are downregulated during infection (17). Very recently, HHV-6A U20 was shown to downregulate ULBP1 from the cell surface, decreasing NK activation in degranulation assays (18). In addition, U20 from HHV-6B has been shown to affect TNFR signaling, inhibiting PARP cleavage, caspase 3 and 8 activation, and IκBα and NF-κB transcriptional activity (48). Although roles for HHV-6 U20 and U21 in down-regulating cMHC-Ia and cMHC-Ib have been identified, several questions remain. For example, based on the high degree of sequence conservation (91.2%) between the amino acid sequences of U21 among HHV-6A and -6B (Figure 4), one would expect that U21 likely plays a similar role in both viruses. However, HHV-6A U21 seems to be more efficient at downregulating MHC-I as compared to HHV-6B U21 (22). Additionally, U21 from the various roseoloviruses exhibit the ability to bind variable targets from one virus to another despite a high degree of conservation (15, 19, 20). Finally, while it has been proposed that U21 might adopt an MHC-like fold (50), there is not yet structural evidence to support this and even less is known about the structure of U20. U21 redirects and sequesters its targets in the ER where they are eventually redirected to the lysosome (21). However, U20 accomplishes ULBP1 downregulation by an alternative, lysosome-independent mechanism that remains to be elucidated (18). To better understand how these roseolovirus immunoevasins fit into the picture of T cell and NK cell evasion presented above, we utilized advanced structure prediction tools to generate structural models and draw parallels to the better-characterized viral immunoevasins just discussed.




Figure 4 | Sequence homology of U20 and U22 from HHV-6A, HHV-6B, HHV-7. The amino acid sequences for U20 and U21 from HHV-6A, -6B, and -7 were retrieved from the Uniprot database (Table 3). They were then aligned using Clustal Omega (49). Top: Sequence identity matrix for U20 and U21 from HHV-6A, HHV-6B, and HHV-6. Bottom Left: Alignment of U20 sequences from HHV-6A (strain U1102), HHV-6B (Z29) and HHV-7 (JI). Amino acids are colored by type. Identities are indicated by an asterisk and similarities are indicated with a colon. Bottom Right: Alignment of U21 sequences from these same strains, colored and annotated as in B.




Table 2 | Classical and nonclassical MHC structures referenced in this study.




Table 3 | Roseolovirus protein sequences referenced in this study.





Evolution of HHV-6B U20 Structure Prediction

With no experimental characterization of U20 or U21 structures, computational tools can be used to gain insight into their structures and potential binding partners. We first review the evolution of computational structure prediction for these proteins, using U20 from HHV-6 as an example. The presence of immunoglobulin-like domains can be robustly predicted from sequence data alone, using the pattern of hydrophobic, hydrophilic, and turn-inducing amino acid residues along with a presence of the characteristic disulfide-bond linking the two component beta sheets (51). An immunoglobulin-like fold was predicted for HHV-6B U20 along with the initial genomic sequence (52). This prediction was further supported by analysis of predicted secondary structure elements, which also can be predicted from raw sequence data using JPRED or similar algorithms (53). The C-terminal half of the extracellular region shows the typical pattern of disulfide-linked 3-stranded and 4-stranded beta sheets (Figure 5B), as expected for membrane-proximal immunoglobulin-like domain and reported by Kofod-Olsen et al. (48). Interestingly, the N-terminal half of the extracellular region shows a pattern of predicted sequential beta strands followed by alpha-helical regions. This pattern is characteristic of the MHC-I fold, which is composed of an eight-stranded beta sheet topped by two alpha helices, sitting above an immunoglobulin C-type domain. This is illustrated for the classical MHC-Ia protein HLA-A2 (Figure 5A), represented as a ribbon diagram and colored for correspondence with the JPRED secondary structure diagram. The pattern of two sequential copies of a strand-strand-strand-strand-helix motif characteristic of the MHC platform fold was used in the original discovery of non-classical MHC-Ib proteins from MCMV as ligands for NK receptors (54). The computational structure prediction engine used in that work was 3D-PSSM, which matches predicted secondary structure patterns in the target sequence with similar patterns present in proteins with known three-dimensional structures. The use of protein-specific scoring matrices and hidden Markov models in 3D-PSSM was an early application of machine learning to protein structure prediction (55). In 2009 we used Phyre (56), a successor to 3D-PSSM, to extend that approach to HHV-6B U20, but an MHC platform domain was not identified, although the immunoglobulin domain was robustly detected. An improved version of Phyre, Phyre2, considers sequence-based predictions of disordered regions as well as secondary structures, and aligns homologous sequences prior to secondary structure prediction for more robust pattern detection (57). The Phyre2 prediction for HHV-6B U20 shows a four stranded beta sheet and alpha helix atop a canonical immunoglobulin-like domain (Figure 5C). A second beta sheet with associated alpha helix, N-terminal to the one just mentioned, is present but not assembled into the canonical fold (Figure 5C) and is predicted with much lower confidence. The PHYRE2 modeling quality score is shown as a tube model, with the magenta intensity and tube radius increasing with proportionally to confidence in structure prediction (Figure 5C bottom). We also predicted a three-dimensional structure for HHV-6B U20 using I-TASSER, a more recent structure prediction engine (Figure 5D). I-TASSER uses a threading alignment refinement procedure, which aligns target sequences onto known three-dimensional structure templates (“threading”), and then evaluates energetics and steric clashes for local regions of three-dimensional space. Low-energy local regions are clustered and assembled into domains, and the process is iterated (58, 59). Models are scored using the root mean square deviation (RMSD) of structures used in the clustering and a TM-score representing the differences between pairwise distances for all atoms in local region between models in the cluster, which provides an improved per-residue confidence score. The I-TASSER model for HHV-6B U20 shows both halves of an assembled canonical MHC-I like domain, with similar confidence throughout (Figure 5D). U21 has also been previously predicted to adopt an MHC-like fold based on a similar analysis using Phyre2 and I-TASSER, with similar results for the HHV-6A, HHV-6B, and HHV-7 orthologs of U20 and U21 (50).




Figure 5 | Evolution of U20 structure prediction. (A) Structure of HLA-A2, a classical MHC-Ia protein that adopts the canonical MHC fold. MHC α1 and α2 domains in the MHC platform and α3 immunoglobulin-like domain colored by secondary structure for comparison with panel B, with the MHC-associated non-polymorphic small subunit β2-microglobulin shown in green and bound peptide shown in yellow. (B) Secondary structure prediction from JPRED (48, 53), figure reproduced with permission from reference (48). (C–F), Three-dimensional structure predictions from (C), Phyre2, (D), I-TASSER, (E), AlphaFold, and (F), RoseTTAfold. Top panels show ribbon diagrams colored by linear protein sequence; bottom panels show tube diagrams colored by modeling confidence.



The protein structure prediction community was rocked in 2018 by the performance of AlphaFold (60), a machine learning algorithm from Google’s DeepMind project, which also produced the chess- and GO-playing AlphaZero and AlphaGo algorithms (61). Since 1994, protein modelers have participated in the biennial Critical Assessment of Protein Structure Prediction (CASP), a competition to predict recently determined but unreleased protein structures (62). Sustained progress has been made in each cycle (Phyre, Phyre2 and I-TASSER were prominent among the top scoring computational algorithms from CASP 8 in 2012 to CASP-12 in 2016). CASP-13 saw an unprecedented increase in prediction accuracy, with DeepMind’s AlphaFold demonstrating more than 20% increased accuracy of backbone prediction for the most challenging structure prediction category, proteins with marginal similarity to any known structure (63). In 2020 at CASP-14 an improved AlphaFold algorithm continued this trend, dramatically outperforming other strictly computational as well as human-assisted approaches, with precision in some cases approaching expected experimental error (23). AlphaFold employs parallel tracks of one-dimensional multiple sequence alignments, two-dimensional patterns of pairwise co-evolution of residues in homologous sequences, and three-dimensional structural representations that minimize distance between co-evolving pairs of residues, with machine-learning optimizations in each track and iterative propagation of information between tracks. A novel aspect is that the three-dimensional structure is modeled initially as an “atomic gas” of interacting residues without conventional protein structure constraints such as bond lengths and angles, torsions, electrostatics, and conformational constraints, which are applied only subsequently during conventional gradient-descent refinement and Amber force field after the end-to-end ab initio structure determination is completed. AlphaFold also introduced an improved confidence measure, the predicted local Cα distance difference test (pLDDT). Similar approaches were incorporated into RoseTTAfold, an effort by prominent academic protein structure groups to make a similar but somewhat simplified algorithm available to the larger community, on an open-source platform suitable for use on conventional computer hardware (24).

The AlphaFold prediction of HHV-6B U20 structure includes the components of the conventional MHC-I fold, but with the domains reoriented (Figure 5E). The MHC platform α1 and α2 domains are displaced from each other and from the immunoglobulin-like α3 lower domain, and the α1 helix is largely missing. Modeling confidence is higher for the immunoglobulin domain than for the platform domains, with the α2 confidence score low but still somewhat higher than for α1. Notably the platform domains are oriented “upside-down” relative to a conventional MHC-Ia structure, somewhat similarly to the arrangement in certain MHC-Ib proteins like MICA and MICB, but with an even more extreme displacement, and the α1 domain strand threading pattern is different (DABC versus ABCD). In contrast, RoseTTAfold predicts a more canonical MHC-like fold, with conventionally threaded and oriented α1 and α2 domains, which however still are considerably displaced from the α3 immunoglobulin-like domain (Figure 5F). Modeling confidence is similar for the α2 and α3 domains and only slightly lower for α1, although RoseTTAfold reports an RMSD-based score which is believed to be less accurate than and not directly comparable to pLDDT (64).



U20-U26 Gene Cluster

U20-U26 comprise a gene cluster specific to the Roseolovirus genus, sandwiched between clusters of genes shared within the betaherpesvirus subfamily or by the entire herpesvirus family (Figure 6A) (52, 65). Generally, these genes are dispensable for viral growth (66) and involved in immune evasion: in addition to U20 and U21 described above, U24 has been implicated in endocytic recycling and protein degradation (67–69) and U26 has been shown to inhibit the RLR/MAVS signaling pathway (70). U20, U21, U23, and U24 are single-pass type I membrane glycoproteins, U25 is a soluble tegument protein, and U26 is a polytopic 8-pass integral membrane protein. To help evaluate the specificity of MHC-like fold prediction for membrane glycoproteins, and to identify possible additional MHC-like or immunoglobulin-like proteins in this gene cluster, we examined AlphaFold structures for the entire HHV-6B U20-U26 gene cluster, after removal of any predicted signal sequence and C-terminal membrane sequences. HHV-6B U21 was predicted to have an N-terminal MHC-platform domain and a C-terminal immunoglobulin-like domain, similarly to HHV-6B U20 but with the domains oriented somewhat differently. This will be discussed in detail in the next section. None of the predicted structures for U22-U26 contain immunoglobulin-like or MHC-like domains, although beta sheets and helices are apparent, indicating substantial specificity in prediction of MHC-like folds (Figure 6B).




Figure 6 | Roseolovirus-specific U20-U26 gene cluster. (A) Schematic diagram of HHV-6B gene organization, modified from (52). The U20-U26 cluster of genes specific to roseolovirus is indicated in blue. (B) AlphaFold predictions for members of the HHV-6B U20-U26 gene cluster.





AlphaFold and RoseTTAfold Structural Models for U20 and U21

We used AlphaFold and RoseTTAfold to predict three-dimensional structures for U20 and U21 from each of the three human roseoloviruses HHV-6A, HHV-6B, and HHV-7. DeepMind and the European Bioinformatics Institute are developing an extensive, openly accessible database intended to eventually include AlphaFold predictions for most or all annotated genomes, but at the current time viral sequences are not included (71). We used AlphaFold2 Advanced CoLab, a Google-based computational environment, and Robetta, a distributed computing project hosted by the Baker laboratory at University of Washington, HHMI, and Rosetta@home, to provide access to RoseTTAfold (72). The HHV-6A and HHV-6B versions of U20 and U21 have high sequence homology (91% and 90% respectively (Figure 6), likely indicating very similar three-dimensional structures. We predicted structures for each separately because in some cases they have been shown to have different functional effects and binding specificities, as noted above, and as a test of the sensitivity of the folding algorithms to sequence variation. Predicted structures are shown as ribbon diagrams colored according to the linear sequence from N-terminus (blue) to C-terminus (red), and in earlier figures. Confidence scores along the sequences are shown in tube diagrams in the lower portion of each panel (magenta). For the pLDDT score provided by AlphaFold (Figures 7A–F), values of 90-100 indicate regions modeled with high accuracy including side-chain conformations, 70-80 indicated regions of less confidence for which the backbone is expected to be modeled well, and 50-60 indicate values of low confidence. Values below 50 indicate regions of possible disorder, for which there is no confidence in the structural prediction (76). RoseTTAfold provides a conventional RMSD score to characterize the Cα variation among predicted versions of the same structural regions; we converted this to a linear score running from 15Å (no confidence) to 0Å (high confidence) (Figures 7G–L). Both AlphaFold and RoseTTAfold provide a set of models that represent the structure prediction. In Figure 7 we show the top scoring model for each prediction run, but in each case, we examined the top five models for structural consistency. In general, the top five scoring models were similar, with differences restricted to the low-confidence and likely unfolded regions at the proteins’ extreme N- and C-termini, and to differences between the relative orientation of the MHC-like and immunoglobulin-like domains. In a few cases, for the lower-scoring models, pairs of strands were separated from the main beta sheets, but as these were not consistently observed in multiple models we did not consider them further.




Figure 7 | AlphaFold and RoseTTAfold structures for U20 and U21. AlphaFold structure predictions for U20 from HHV-6A (A), HHV-6B (B), and HHV-7 (C), and for U21 from HHV-6A (D), HHV-6B (E), and HHV-7 (F). RoseTTAfold structure predictions for U20 from HHV-6A (G), HHV-6B (H), and HHV-7 (I), and for U21 from HHV-6A (J), HHV-6B (K), and HHV-7 (L). The same sequences used in the alignments were processed through SignalP to identify signal sequences and TMHMM to identify transmembrane domains (73, 74). The sequences were then truncated to reflect the extracellular portion of the protein before use for structure prediction. For Phyre2, sequences were submitted for analysis via the Phyre2 server utilizing the “Intensive” modeling mode (57). For I-TASSER, we provided a protein sequence and specified no constraints or template exclusions (59). For AlphaFold we used the AlphaFold2 Advanced Script hosted by Google Colab (23). We used the default settings, specifically utilizing de novo generation of multisequence alignments with mmseqs2. We generated 5 models for each prediction with 1 ensemble, 3 recycles, a tolerance of 0, and 1 random seed. For RoseTTAfold we used the Robetta server and predicted on a single sequence using the “RoseTTAFold” method with no additional constraints (24). Both AlphaFold2 and RoseTTAFold generate several structural models from each modeling run. Figures were generated using the top-scoring model. For AlphaFold and RoseTTAfold, the top five scoring models from each run were examine for consistency with the model presented. Scale bars representing the confidence intervals are shown on a linear scale, RMSD for Phye2 and RoseTTA, TM-score for ITASSER, and pLDDT for AlphaFold. (A-L) Predicted structural models and previously determined crystal structures were visualized and figures were prepared using the Pymol molecular graphics program (75). Ribbon and tube diagrams colored as in Figure 5. Asterisks indicate features highlighted in text.



Each of the U20 and U21 proteins was predicted to adopt an MHC-Ib-like fold, with an immunoglobulin-like domain close to the C-terminus, and a characteristic MHC platform domain consisting of two α-helices atop an eight-stranded beta-sheet platform (Figures 7A–L). In all cases the immunoglobulin-like domains were predicted with higher confidence, and the MHC platform domains with lower confidence, generally with α-helical regions predicted with higher confidence than the beta sheet, and at least some of the β-strands with low or minimal confidence. There were several alterations in the MHC platform conformations relative to canonical structures, as occasionally observed for other MHC-Ib proteins. In the AlphaFold predictions of HHV-6A U20 (Figure 7A) and HHV-6B U20 (Figure 7B), the MHC platforms were the most distorted relative to a canonical MHC fold, with the α1 and α2 components of the MHC platform separated from each other for HHV-6A U20 and the α1 helical domain unfolded for HHV-6B U20. The RoseTTAfold predictions for these proteins (Figures 7G, H) had more standard MHC platform domains, although with some α1 strands missing for HHV-6B U20. All but one of the predicted structures for the U20 and U21 proteins had α-helices closely together and aligned to form closed “binding sites,” as generally found in MHC1b proteins that do not present peptides or other ligands. The one exception was the RoseTTAfold structure for HHV-7 U20 (Figure 7I), for which the helices were separated at the end of the site where peptides conventionally bind in MHC-Ia proteins, and in fact the extreme N-terminal 15 residues formed a helix that docked in this region (asterisk in Figure 7I). However, a comparable structure was not seen in the AlphaFold version. For three of the predictions, RoseTTAfold HHV-6A U20 (Figure 7G), AlphaFold HHV-7 U20 (Figure 7C) and AlphaFold HHV-7 U21 (Figure 7F), some of the β-strands were missing from the α1-domain platform that usually comprises a 4-stranded beta sheet, and for one of predictions, AlphaFold HHV-6B U21 (Figure 7E), the immunoglobulin domain had nine instead of the canonical 7 β-strands.

In general, the relative orientation of the MHC platform and immunoglobulin-like domain varies widely between different proteins that adopt the MHC-like fold, ranging from almost perpendicular for classical MHC-Ia proteins (such as H-2Kb in Figure 3A) to almost co-linear for some MHC-Ib proteins such as MICB (Figure 3E). We examined the angle between the MHC platform beta sheet and the immunoglobulin-like domain in each of our predicted U20 and U21 models and observed a range of interdomain orientations (Figure 7). The most extreme was for the AlphaFold U20 structures from both HHV-6A and HHV-6B (Figures 7A, B), for which the MHC platforms were flipped upside-down relative to the canonical MHC-Ia orientation. The RoseTTAfold structures for these proteins were somewhat more conventional, with the MHC platforms oriented roughly perpendicular to the immunoglobulin-like domain, but with the platforms swung out to the side with an extended linker between the domains and essentially no interdomain contacts (Figures 7G, H). These features might be indicative of substantial interdomain flexibility for U20 from HHV-6A and -6B. For U20 from HHV-7 (Figures 7C, I), the domains were roughly perpendicular, with a small area of contact between the top of immunoglobulin-like domain and loops between the strands in the MHC platform, apparent in both AlphaFold (Figure 7C) and RoseTTAfold (Figure 7I) models. The U21 models in general had more acute angles between MHC platform and immunoglobulin domain that for U20, in most cases with extensive contacts between the domains (Figures 7D–F, J–L). Each of the U21 models has a kinked C-terminal extension in the α2-domain α-helix, which orients the C-terminal end of the helix down towards the immunoglobulin-like domain. This same feature is also seen for the MCMV protein m152 (Figure 3G) as well as m153, m144, and m157 (31). For both AlphaFold and RoseTTAfold models of HHV-6A U21 (Figures 7D, J), the immunoglobulin-like domain is tucked underneath the MHC platform, with additional contacts from the extended N-terminal tails (asterisks in Figures 7D, J). However, the AlphaFold model (Figure 7D) has the immunoglobulin domain to the side of the MHC platform, still making extensive interdomain contacts, rather than underneath, as for the RoseTTAfold model (Figure 7J). For HHV-6B U21, both AlphaFold (Figure 7E) and RoseTTAfold (Figure 7K) models are quite similar to the corresponding models for HHV-6A U21 (Figures 7D, J). Finally, both models for HHV-7 U21 orient the immunoglobulin domain so that its edge makes extensive contacts with the underside of the MHC platform (Figures 7F, G).

Despite these variations from canonical structures, we considered the predictions of an MHC-Ib-like fold for each of the U20 and U21 proteins to be robust for two reasons. First, proteins with MHC-like folds generally contain two disulfide bonds, one between a cysteine residue in the α2-domain α-helix and another cysteine residue in a β-strand near the center of the MHC platform beta sheet as well as a canonical inter-sheet disulfide bond in the center of the immunoglobulin-like domain. The U20 extracellular domains have four (HHV-6A and -6B) or five (HHV-7) cysteines. In all the predicted U20 structures the cysteines are in position and modeled to form the expected disulfide bonds in the MHC platform and the immunoglobulin domain. The U21 extracellular domains contain more cysteine residues, six for HHV-6A, nine for HHV-6B, and 10 for HHV-7. In all the predicted U21 structures, the expected disulfide bonds in the MHC platform and immunoglobulin-like domains are formed, with an additional disulfide bond in the immunoglobulin domain in all U21 structures, and up to two additional disulfide bonds in the MHC platform for HHV-6B and HHV-7 U21. The expected disulfide bonding pattern is not known to the folding algorithms, and so formation of the typical MHC-fold disulfides represents an independent confirmation of the MHC-Ib-like fold. Second, U20 extracellular domains have a large number of potential N-linked glycosylation sites: nine for HHV-6A and HHV-6B at identical positions, and seven for HHV-7. For HHV-6B U20 we have verified that each of the sites is modified in recombinant soluble protein expressed in HEK-293 GnTI cells (GW and LJS, unpublished results). For each of the predicted U20 structures, the N-linked Asn residues are on the surface of the protein. U21 proteins have fewer N-linked glycosylation sites: one for HHV-6A, two for HHV-6B, and four for HHV-7 (77). For each of the predicted U21 structures, these glycosylation sites also are located on the protein surface. Surface accessibility of each of the asparagine residues involved in N-linked glycan formation provides some additional confidence in the overall model conformations.

We examined the predicted structures for compatibility with previously identified NK immunoevasin mechanisms involving MHC-Ia and MHC-Ib proteins for which structural information is available. U20 from HHV-6A recently has been reported to down-regulate the stress-induced MHC-platform-only MHC-Ib protein ULBP-1 (18). We investigated whether the predicted U20 structures and structural mechanisms from previous work would be consistent with this activity. The structure of ULBP-1 is not known, but ULBP-3 and ULBP-6 structures are highly similar to each other (29, 78) and to mouse RAE-1γ (31), a member of the murine RAE-1 family, which is orthologous to the human ULBP family. Previous structural work has shown that the m152 protein from MCMV binds to RAE-1γ, in a pincer-like mechanism that uses both the underside of its MHC platform and the edge of the its immunoglobulin domain to surrounding the top of the RAE-1γ MHC platform (31), as shown in Figure 3E. The structural models for U20 from HHV-6A, HHV-6B, and HHV-7 are all consistent with this mechanism, with no apparent steric interference for ULBP-1 underneath the platform for any of the models, and with immunoglobulin-like domains oriented appropriately for contacting ULBP-1 in the RoseTTAfold models. For MCMV m152, the interaction with RAE-1 results in down-regulation of RAE-1 surface expression, primarily via retention within the early secretory pathway (79). A similar interaction between U20 and ULBP-1 could explain the U20-mediated ULBP-1 down-regulation activity recently reported for HHV-6A. We note that this interaction would also be consistent with an MHC1b surface masking mechanism as recently proposed for m152 (32). Thus, the m152-RAE1-γ interaction potentially provides a model for U20 down-regulation of ULBP-1.

U21 from HHV-7 has been reported to down-regulate both nonclassical (MICA, MICB, HLA-E, and HLA-G) (18–20) and classical MHC-Ia proteins (15). We investigated whether the predicted U21 structures and previous structural characterization of other viral immunoevasins would be consistent with this activity. For MICA and MICB, the m152-RAE-1γ model just described for U20 would be consistent with the U21 structural predictions, although interactions with both the MHC platform and immunoglobulin-like domains would require some domain reorientation. Because classical MHC-Ia proteins have immunoglobulin-like domains and β2-microglobulin domains in addition the MHC platform, the m152-RAE-1γ model is not directly applicable to modeling classical MHC-Ia down-regulation, but could be relevant if the MHC-Ia protein adopted a supine conformation on the membrane (80). It is also possible that U21 uses distinct mechanisms to interact with MHC-Ia and MHC-Ib proteins. We considered whether previously reported structures of Ig-only viral immunoevasins US2 and CPXV203 (Figures 3G, H) could provide a model for the observed U21-mediated MHC-Ia down-regulation. The structural models for HHV-7 U21 would be consistent with the US2 mechanism without substantial steric interference, but for the CPXV203 mechanism the U21 MHC platform domains would interfere with the immunoglobulin-like domain docking on the MHC-Ia target. Finally, U20 from HHV-6B has been reported to interfere with TNFα signaling (48). The MHC-Ib protein 2L from poxvirus YDV provides a potential model for this activity (47, 81). The regions of the U20 structural models corresponding to those from YDL 2L that bind TNFα (Figure 3J) are surface exposed and potentially available for cytokine interaction, but we did not consider the predicted structures to be sufficiently accurate for docking or other structural modeling to evaluate this possibility in detail.



Discussion

No experimental three-dimensional structure is available for any roseolovirus U20 or U21 protein. Cellular studies have revealed functional roles for these proteins in evasion of NK responses by interference with surface expression of classical MHC-Ia and non-classical MHC-Ib proteins. Structural information on these proteins would help to define mechanisms for the interference, suggest potential binding partners, and contribute to understanding the basis for observed differences in activities for the HHV-6A, HHV-6B and HHV-7 orthologs of U20 and U21. Previous sequence analysis had suggested the presence of immunoglobulin-like domains and in some cases MHC-like domains for some of these proteins. We used the next-generation structure prediction algorithms encoded in the machine-learning programs AlphaFold and RoseTTAfold to predict three-dimensional structures for the extracellular domains of the U20 and U21 glycoproteins from HHV-6A, HHV-6B, and HHV-7. All proteins were predicted to adopt MHC-like folds characteristic of non-classical MHC-Ib proteins. Structural models for U20 from all three viruses had MHC platform domains displaced from the immunoglobulin-like domains, with missing or altered structural elements relative to canonical structures, particularly in case of the α1 domains. Structural models for U21 from all three viruses had MHC platform domains closely opposed to the immunoglobulin-like domains. The U21 MHC platform domains had conventionally oriented α-helices atop an eight-stranded β sheet, in each case with a kinked and extended α-2 domain α-helix as previously observed in structures of m152, m153, and m157 from MCMV (31, 44, 82). We present the U20 and U21 models as guides for hypothesis generation about potential mechanisms of viral interference in MHC-Ia and MHC-Ib pathways, and to help understand observed differences between the HHV-6A, HHV-6B, and HHV-7 variants. We look forward to comparison of the models presented with here with experimentally-determined structures when they become available. It has been noted that while in some cases the accuracy of AlphaFold-derived models appears to surpass that of experimental methods (23), this may not be the case for new protein folds, where high-resolution experimentally-determined structures of close structural homologs are not available (83). In these cases, the expected accuracy is much lower, and has been estimated to correspond roughly to a very low resolution (~4Å) structure determined by X-ray crystallography (83).

For the U20 structural models, the interdomain orientation appeared to less well-defined than for U21, and in some models parts of the MHC platform were missing, disordered, or displaced. This could reflect bona fide aspects of U20 structure or conformational lability, but it is also possible that the U20 MHC platform and/or interdomain interaction might be stabilized by a binding partner. In conventional class Ia MHC proteins, peptide binding stabilizes the MHC platform and interdomain orientation, with synergistic stabilization by β2-microglobulin (84, 85). However, we do not expect that U20 or U21 require β2-microglobulin or peptide to complete folding, as recombinant proteins that do not contain peptide or β2-microglobulin retain full biding activity, at least for HHV-6B U20 binding to ULBP-1 (GW and LJS, unpublished results) and HHV-7 U21 binding to the MHC-Ia molecule HLA-A2 (50). It is also possible that oligomer formation could stabilize U20 and U21 folding, and in solution both recombinant HHV-6B U20 and HHV-7 U21 form dimers (GW and LJS, unpublished results) or tetramers (50), respectively. To evaluate the possibility that dimer formation might stabilize U20 folding, we used AlphaFold-multimer (86) to predict structures for the HHV-6B U20 dimer. However, the resultant structural models did not reveal more well-ordered interactions within the MHC platform or between domains. Finally, U20 is heavily glycosylated, with the nine N-linked glycans representing ~35-40% of the apparent molecular weight of the extracellular portion as assessed by SDS-PAGE (CS and AWH, unpublished results). For some glycoproteins, N-linked glycans are required for proper protein folding (87–89), but the influence of these bound glycans is not included in the AlphaFold and RoseTTAfold algorithms (90). However, fully deglycosylated recombinant HHV-6B U20 exhibits no tendency to aggregate, with a thermal denaturation at ~60-62°C (GW and LJS, unpublished observations), similar to recombinant cMHC-I proteins (91), and we do not expect that the U20 glycans are required for adoption or stabilization of the folded structure.

One consistent feature of the prediction efforts reported here is that the structural models produced by RoseTTAfold are more compact than those produced by AlphaFold. RoseTTAfold models had fewer unstructured regions, fewer broken helices and sheets, fewer displaced secondary structure elements, and more interdomain contacts than did the corresponding AlphaFold models. The lack of more complete correspondence between the algorithms is puzzling. RoseTTAfold was designed as a simplified version of AlphaFold suitable for use with limited computational power, and generally thought to be slightly less accurate (24, 92). Both AlphaFold and RoseTTAfold rely on aligned sets of evolutionarily related sequence variants for co-variation analysis, but U20 and U21 do not have easily-identified orthologs outside of the roseolovirus family and even there sequence coverage is thin. It is possible that AlphaFold is more reliant than RoseTTAfold on these alignments and unable to fold portions of the structures because of the limited sequence coverage, or that the full DeepMind prediction engine would fold these regions more completely than the slightly limited Google CoLab implementation that we used. However, is also possible that these regions are in fact more structurally labile, and that RoseTTAfold is overzealous in packing and overoptimistic in its confidence calculations. It will be interesting to compare the predicted structural models presented here with experimental models for U20 and U21 to evaluate these possibilities.

There are several limitations to our study. Structural modeling approaches based on machine learning multi-track algorithms are very new, and confidence estimates derived from predictions of newly determined crystal structures and from cross-validation of PDB entries might overestimate the prediction accuracy, especially for proteins with novel folds, folds not well-represented in the database, or containing unstructured regions. We did not consider chaperones or binding partners that might be necessary to complete folding, nor attempt to model immunoevasion mechanisms for which there is no current structural model. Finally, we focused on U20 and U21 because these proteins have been implicated in immunoevasion mechanisms that in other viruses involve MHC-Ia proteins, but there might be additional non-classical MHC or other proteins expressed by roseoloviruses required to understand the full picture of roseolovirus MHC-Ia immunoevasion.

In conclusion, we evaluated structures for the extracellular domains of the U20 and U21 immunoevasin proteins from human roseoloviruses HHV-6A, HHV-6B and HHV-7, produced by recently described state-of-the-art machine-learning prediction engines. The expected relatively low accuracy of the structural models limited detailed interpretation, and we considered only backbone conformations. Despite this restriction, each of the proteins was confidently predicted to adopt an MHC-like fold with a closed MHC platform domain above a canonical immunoglobulin-like domain. Predicted conformational differences between U20 and U21 included missing or unstructured elements in the MHC platform α1 domain for the U20 proteins, and more substantial interaction between MHC platform and immunoglobulin domains for the U21 proteins.
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The COVID-19 pandemic caused by SARS-CoV-2 infection has placed health systems under excessive pressure and especially elderly people with cancer. Glioblastoma multiforme (GBM) is a malignant brain tumor with an increasing incidence in elderly individuals, and thereby GBM patients are a vulnerable population during the COVID-19 outbreak. Accumulating studies have implied that SARS-CoV-2 might invade the brain directly via coronavirus receptors. However, little is known about SARS-CoV-2 infection in the clinical development of GBM. Here, we explored the oncogenic roles of six coronavirus receptors (ACE2, DPP4, ANPEP, AXL, TMPRSS2, and ENPEP) in GBM using bioinformatics and experimental approaches. We found that ANPEP and ENPEP were significantly increased at both the mRNA and protein levels in GBM compared with normal brain tissue. Kaplan–Meier survival curves and Cox regression analysis demonstrated that high expressions of ANPEP and ENPEP are associated with poor prognosis and survival. Moreover, all receptors are positively correlated with the immune infiltration levels of monocyte. Furthermore, we identified 245 genes between COVID-19 and coronavirus receptors–correlated genes in GBM and performed a thorough analysis of their protein–protein interaction network, functional signaling pathway and molecular process. Our work explores for the first time the association of coronavirus receptors with GBM and suggests ANPEP and ENPEP as potential therapeutic targets of GBM irrespective of COVID-19.
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Introduction

COVID-19 caused by human severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) is the most serious pneumonia today and thereby is threatening global public health and the economy (1, 2). As of 11 November 2021, 251,584,730 COVID-19 cases and 5,075,809 deaths have been identified in 188 countries and regions (https://coronavirus.jhu.edu/map.html).

COVID-19 with the primary symptoms such as fever, dry cough, diarrhea, and headache, has substantial morbidity and mortality worldwide (3). Although the lung is the major organ of infection, current studies indicate that SARS-CoV-2 might invade the central nervous system (CNS) region directly, resulting in neurological symptoms, such as dizziness, the loss or disruption of smell, taste, muscular coordination, autonomic respiratory control, lethargy, depression and anxiety (4–9). A case series of 214 hospitalized COVID-19 patients showed that 78 patients (38.4%) and more common (45.5%) in patients with severe infection had neurologic manifestations, namely, acute cerebrovascular events and impaired consciousness (5). The autopsy results of COVID-19 patients exhibited hyperemic and edematous brain tissue and the detection of SARS-CoV-2 RNA in cerebrospinal fluid specimens (10). Furthermore, a population-level observation study reported that elderly and cancer patients had increased susceptibility to virus infection (11). A national analysis of COVID-19 demonstrated that 20% of COVID-19 deaths had active cancer (12). A meta-analysis of 15 studies with 3,019 COVID-19-infected cancer patients showed that the overall fatality rate was 22.4% (13). Glioblastoma multiforme (GBM) is identified as a fast-growing and aggressive brain tumor with an increased incidence in the elderly population (14). Therefore, GBM can be considered as the most vulnerable disease during the COVID-19 pandemic (15). In particular, one cohort of 41 diffuse glioma patients infected by SARS-CoV-2 in France showed that 16 patients (39%) died after a median delay of 13 days, which is higher than the general and noncancer population, although the researcher declared that the mortality rate was overestimated and should be taken with caution due to multiple limitations (16).

Traditionally, effective viral entry is the first line of SARS-CoV-2 infection and determines the range of infected organs. It has been well established that the entry of coronaviruses into target tissues requires: 1) the binding of the spike (S) protein of coronaviruses to cellular receptors, which facilitates virus attachment to the cell surface; and 2) the priming of S protein by cellular proteases, which undertakes S protein cleavage to fuse cell membranes (17–19). Accumulating studies have provided bodies of evidence that the following coronavirus receptors play important roles in coronavirus cell entry: angiotensin-converting enzyme 2 (ACE2) (20–24), a type I transmembrane protein, is characterized as a key determinant cellular receptor for SARS-CoV-2 (20–25); TMPRSS2 is identified as a type II transmembrane serine protease and employed for S protein priming of SARS-CoV-2 (26–29); dipeptidyl-peptidase 4 (DPP4), also known as CD26, is a transmembrane glycoprotein and functions as a receptor for the Middle East Respiratory Syndrome coronavirus (MERS-CoV), which is phylogenetically correlated with SARS-CoV-2 (30, 31). Recent studies have demonstrated that the S1 domain of COVID-19 S protein potentially interacts with DPP4 when the virus enter cells of the respiratory tract (32–36); Alanyl aminopeptidase (ANPEP), also named as CD13, is a receptor for human coronavirus-229E (37). A correlation between ANPEP and ACE2 implies that ANPEP is relevant in SARS-CoV-2 cell entry (38, 39); Tyrosine-protein kinase receptor UFO (AXL) specifically interacts with the S protein of SARS-CoV-2 according to tandem affinity purification (TAP)–mass spectrometry analysis, and its overexpression in HEK293T cells promotes viral entry (40); Glutamyl Aminopeptidase (ENPEP), a type II integral membrane protein, is identified as a candidate co-receptor for SARS-CoV-2 based on the co-expression with ACE2, although its involvement in virus infection is not firmly supported (38, 41). To date, higher ACE2 expression in GBM than in GBM-adjacent tissue has been detected in glioma tissues removed from one COVID-19 patient (42). The association of ACE2 and other coronavirus receptors with the pathogenicity of GBM still needs to be explored to better understand how SARS-CoV-2 infection affects the clinical characteristics of GBM patients. In this study, we investigated the expression profiles of six coronavirus receptors in normal brain and GBM tissues by bioinformatics and experimental approaches. We also conducted a correlation analysis between coronavirus expression and prognosis and immune filtration using various web services. Furthermore, to explore the potential molecular mechanism of coronavirus receptors in GBM and COVID-19, the protein–protein interaction network, functional signaling pathway and molecular process regulated by common genes between COVID-19 and coronavirus receptor-correlated genes in GBM were analyzed.



Material and Methods


Gene Expression Analysis

The mRNA expression profiles of ACE2 (NP_001358344.1), DPP4 (NP_001926.2), ANPEP (NP_001368853.1), AXL (NP_068713.2), TMPRSS2 (NP_001128571.1), and ENPEP (NP_001968.3) in human and mouse brain were accessed by the Human Protein Atlas database (https://www.proteinatlas.org/). The gene expression values in the glioblastoma cell lines LN018, LN215, LN229, LN319 and BS149 from GDS4468 were downloaded from the Gene Expression Omnibus (GEO) profile (https://www.ncbi.nlm.nih.gov/geoprofiles). The normalized RNA-Seq data in transcripts per million (TPM) of gene expression from The Cancer Genome Atlas (TCGA) datasets based on the clinical features (gender, age, race) of GBM were obtained from an interactive web resource, UALCAN (http://ualcan.path.uab.edu/analysis-prot.html) (normal, n = 5; tumor, n = 156).



Protein Expression Analysis

The clinical tissue chip of GBM (HBraG090PG01) was purchased from Outdo Biotech Co., Ltd. (Shanghai, China) (normal brain, n = 3; GBM, n = 25). Immunohistochemistry (IHC) was conducted as follows: the sections were dewaxed in xylene, rehydrated in grade alcohol, and then incubated with 5% bovine serum albumin to block nonspecific antigen binding. Afterwards, sections were probed overnight at 4°C with primary antibodies (Abcam, Cambridge, USA) against ACE2 (ab108252, 1:6,400), TMPRSS2 (ab92323; 1:4,000), DPP4 (ab215711; 1:400), AXL (ab219651; 1:500), ANPEP (ab108310; 1:1,600), and ENPEP (ab155991; 1:100) and then incubated with a secondary antibody against rabbit IgG (ZSGB-BIO, Beijing, China) for 120 min at 37°C. The sections were stained with diaminobenzidine and counterstained with hematoxylin. The score of IHC-based protein expression was calculated by Aipathwell (Servicebio) according to the intensity of cytoplasmic staining (no staining = 0; weak staining = 1, moderate staining = 2 and strong staining = 3), and H-Score (H-SCORE = ∑(I × i) = percentage of weak intensity area × 1) + (percentage of moderate intensity area × 2) + (percentage of strong intensity area × 3). In addition, representative immunohistochemistry images of the cerebral cortex of normal brain were extracted from the Human Protein Atlas database.



Survival Analysis

Kaplan–Meier survival curves and Cox regression analysis were conducted using R language to assess the correlation of receptor expression and clinical outcomes. Patients were divided into high expression and low expression groups based on the median receptor expression levels. The log rank test was used to calculate the significance of survival differences caused by receptors expression. Univariate and multivariate Cox analyses were used to assess the expression of receptors and clinical characteristics of GBM patients using the CGGA (Chinese Glioma Genome Atlas) (http://www.cgga.org.cn/).



Immune Infiltrate and Subtype Analysis

The functional heatmap table of the association between coronavirus receptors and the infiltration level of monocyte, dendritic cells (DCs), natural killer (NK) cells and eosinophil in GBM (n = 153) was investigated by the “Immune-Gene” module of the Tumor Immune Estimation Resource (TIMER2.0) (http://timer.cistrome.org/) platform, which comprised immune infiltrate data from TCGA patients. The red indicates a significant positive association, the blue indicates a significant negative association, and the gray presents a non-significant result.



Gene Enrichment Analysis in GBM

The top 100 receptor-correlated targeting genes were extracted from the “similar gene detection” module of Gene Expression Profiling Interactive Analysis (GEPIA2, http://gepia2.cancer-pku.cn/#index) using GBM tumors from the TCGA dataset and normal brain samples from the Genotype-Tissue Expression Project (GTEx) dataset. An intersection analysis was performed by E Venn (http://www.ehbio.com/test/venn) to compare the top 100 similar genes among each coronavirus receptors. The KEGG (Kyoto Encyclopedia of Genes and Genomes) enrichment pathways and GO (Gene Ontology) analyses were conducted as follows: the top 100 similar genes of each receptor were uploaded to the Database for Annotation, Visualization and Integrated Discovery (DAVID; https://david.ncifcrf.gov/) with the settings of the selected identifier (“OFFICAL_GENE_SYMBOL”), species (“Homo sapiens”) and functional annotation chart. The enriched pathways with P-values <0.05 were finally visualized with bubble chart and network chart by the R language package.



Co-Expression Analysis of Genes in GBM and COVID-19

The COVID-19 genes were retrieved from the Comparative Toxicogenomics Database (CTD) (https://ctdbase.org/) (The downloaded file is CTD_D000086382_genes_20210411080946) (43). To compare the common genes between COVID-19 and receptor-related genes in GBM, an intersection analysis of COVID-19 genes and top 100 similar genes from each receptor in GBM was conducted by Jvenn, an interactive Venn diagram viewer (https://bioinfogp.cnb.csic.es/tools/venny/index.html). The direct interacting proteins among common genes and six receptors were further determined through the Search Tool with the multiple proteins by Names/Identifiers from the STRING server (https://cn.string-db.org/) and First Neighbors of Selected Nodes from Cytoscape software. The combined score was calculated from STRING with the selected parameters of homolog and experimentally determined interaction. Furthermore, the hierarchical clustering analysis was conducted on both row variables (direct interacting proteins) and column variables (coronavirus receptors) by the library pheatmap function in the R package. In addition, KEGG enrichment pathways and GO functional and molecular processes of common genes were analyzed as described in Gene Enrichment Analysis in GBM. The model for the regulation of ANPEP and ENPEP in GBM against coronavirus infections was drawn by BioRender (https://biorender.com/).



Protein–Protein Docking

The crystallized structure files of the SARS-CoV-2 receptor binding domain (RBD) of S1 subunit of the S protein (isolated from 6M0J), ENPEP (4KX7), and ANPEP (4FYQ) were downloaded from the RCSB Protein Data Bank (PDB) (https://www.rcsb.org/). The possible binding configurations between ligands (SARS-CoV-2 RBD) and the receptor candidates (ANPEP and ENPEP) were searched by the ZDOCK server (https://zdock.umassmed.edu/), a rigid molecular docking approach. The best cluster (Top1 prediction) was selected and then analyzed as follows: the binding free energy (kcal mol−1) and a dissociation constant (Kd) were processed using the tools of the PRODIGY web server (https://bianca.science.uu.nl/prodigy). The buried surface area (BSA) (Å2) was shown with the sum of contacting surface values for each protein in the complex using the PDBePISA program (https://www.ebi.ac.uk/msd-srv/prot_int/pistart.html). The graphical images were generated by PyMOL software.




Results


Summary of SARS-CoV-2 in the Central Nervous System (CNS) and Cancer

COVID-19 patients have been frequently reported to show neurologic manifestations, namely, headache, dizziness, depression, lethargy, impaired sense of smell and taste, and loss of muscular coordination and autonomic respiratory control (4–9, 44, 45) (Table 1). Accumulating evidence from autopsy tissues of COVID-19 patients has revealed that SARS-CoV-2 RNA is detected in brain tissue, cortical neurons, neural and capillary endothelial cells in frontal lobe tissue, olfactory nerve, gyrus rectus and brainstem (46–49). Human brain organoids also exhibit the neuroinvasive capability of SARS-CoV-2 (50, 51). However, how SARS-CoV-2 directly infects the central nervous system (CNS) is still unclear.


Table 1 | SARS-CoV-2 infection in the central nervous system and cancer.



It has been well established that SARS-CoV-2 binds to host cells through its S protein to ACE2 (20–25), and subsequently the arginine and lysine residues of ACE2 are cleaved by TMPRSS2, which is an important step for S protein priming before viral cell entry (26–29). In addition to ACE2 and TMPRSS2, several other molecules have also been suggested to participate in SARS-CoV-2 cell entry, such as DPP4, ANPEP, AXL, and ENPEP (30–41). ACE2 is detected in the CNS, namely, substantia nigra and brain ventricles, piriform cortex, neurons and some nonneuronal cells (astrocytes and oligodendrocytes from the middle temporal gyrus and posterior cingulate cortex) (52–54). TMPRSS2 is observed in oligodendrocyte precursor cells, astrocytes and microglial cells of the neurovascular units (53, 54). DPP4 and ANPEP are distributed in astrocytes and microglial cells of neurovascular units (Table 1) (54).

COVID-19 patients with lung cancer, gastrointestinal cancer, breast cancer, hematologic cancer, or metastatic cancer have experienced a higher death rate, ICU admission, and at least one severe or critical symptom (e.g., chest distress) (55, 56). Meanwhile, an increase in virus-associated lymphopenia, prolonged viral shedding and higher viral loads has also been observed in cancer patients (57, 58). Nevertheless, compared with normal tissue, the downregulation of ACE2 has been identified in hepatocellular carcinoma (59), non-small cell lung cancer (NSCLC) (60), breast tumors (61), pancreatic ductal adenocarcinoma (62), and gallbladder cancer (63), while the upregulation of ACE2 and TMPRSS2 has been identified in colorectal tumors (64) and lung cancer (65). TMPRSS2 is decreased in head and neck cancer (66). To date, immunohistochemical staining of glioma tissues surgically removed from one COVID-19 patient showed that ACE2 expression is higher in GBM than in GBM-adjacent tissue (42), but little is known about whether other coronavirus receptors are expressed in GBM (Table 1). To understand the pathogenesis and development of SARS-CoV-2 in GBM, we subsequently carried out bioinformatics analysis using various web programs to identify oncogenic features of ACE2, DPP4, ANPEP, AXL, TMPRSS2 and ENPEP in GBM.



Expression Patterns of Coronavirus Receptors in Normal Brain Tissue/Regions

We first analyzed the expression pattern of coronavirus receptors mRNA in different regions of the brain in humans using Human Protein Atlas (HPA) datasets, namely, cerebral cortex, olfactory region, hippocampal formation, amygdala, basal ganglia, thalamus, hypothalamus, midbrain, pons and medulla, and cerebellum. As shown in Figure 1A, human ACE2 was negligibly expressed in all detected regions. Human DPP4 is detected in the cerebral cortex, with little distribution in other regions. Human ANPEP is distributed in some regions, namely, the cerebral cortex, olfactory region, amygdala, midbrain, pons, medulla and cerebellum. Human AXL was highly expressed in all detected regions, whereas human TMPRSS2 was negligibly expressed in the tested regions. Human ENPEP is exhibited in many regions, namely, the cerebral cortex, hippocampal formation, basal ganglia, and pons and medulla.




Figure 1 | Expression profile of coronavirus receptors in different regions of the brain. (A) Human brain datasets. Heatmap of the expression profiles of ACE2, DPP4, ANPEP, AXL, TMPRSS2, and ENPEP extracted from the consensus human brain datasets of the Human Protein Atlas (n = 441) (B) Representative image of immunohistochemistry images of coronavirus receptors in the cerebral cortex of human brain (source: The Human Protein Atlas; https://www.proteinatlas.org/humanproteome/brain) (n = 2).



Furthermore, immunohistochemistry analysis of these coronavirus receptors expression in the cerebral cortex was extracted from the HPA database as follows: ACE2 and TMPRSS2 protein are negligible in the cerebral cortex; DPP4 occurs in glial cells and neuronal cells; ANPEP is observed in endothelial cells; AXL and ENPEP are present in endothelial cells and neuronal cells (Figure 1B).



Expression Profiles of Coronavirus Receptors in GBM

We further analyzed the expression of coronavirus receptors in GBM to dissect their oncogenic role. RNA expression data available on public database were extracted from cell lines, normal and tumor samples. Firstly, GEO profile GDS4468 shows the expression profiles of receptors in following glioblastoma cell lines (LN018, LN215, LN229, LN319 and BS149): human ACE2, AXL, and TMPRSS2 are widely expressed in these five cell lines; meanwhile, human DPP4, ANPEP, and ENPEP are highly distributed in BS149, followed by LN018, LN215, LN229, and LN319 (Figure 2A). Secondly, we analyzed the expression of coronavirus receptor genes in the GBM dataset using the UALCAN program. ACE2, DPP4, ANPEP, and ENPEP were significantly upregulated in GBM patient samples, while AXL and TMPRSS2 were comparable between normal and GBM samples (Figure 2B). To validate these observations, we performed an immunohistochemical analysis to identify the expression of coronavirus receptor proteins in pathological GBM tissue chips. As shown in Figure 2C, ANPEP and ENPEP protein were markedly increased in GBM patients compared with normal people. Possibly due to the small sample size, no significant differences in ACE2, DPP4, AXL, and TMPRSS2 protein were observed between normal and tumor patients.




Figure 2 | Expression pattern of coronavirus receptors in glioblastoma multiforme (GBM). (A) CoV receptor mRNA in glioblastoma cell lines LN018, LN215, LN229, LN319, and BS149 (recurrent glioblastoma) from GDS4468. (B) Coronavirus receptor mRNA between normal (n = 5) and GBM (n = 156) tissues extracted from the TCGA database by the UALCAN program. (C) Representative images of immunohistochemistry images of receptors in normal (n = 3) and GBM (n = 27) tissue chips. (D) Histologic scores. Mean +SEM. Significance comparison is to normal people. Scale bar = 50 μm. *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001, NS: no significance P > 0.05.



Thirdly, we dissected the relationship between the expression of coronavirus receptors and clinical characteristics (Figure S1). For age, the levels of ACE2 and DPP4 are increased in patients under 60 years old. The levels of ANPEP and ENPEP were significantly different among patients of different ages and peaked at 60–80 years old. Nevertheless, the levels of AXL and TMPRSS2 were not significantly different in patients of various ages. For gender, the expression levels of all six receptors were not significantly different between male and female. For race, the levels of ACE2, DPP4, TMPRSS2, and ENPEP were comparable among the three races. Nevertheless, the level of AXL was higher in Asians than in Caucasian, while ANPEP was lower in Asian than in Caucasian.



Survival Analysis of Coronavirus Receptors in GBM

To evaluate whether coronavirus receptors expression levels are associated with tumor prognosis in GBM, Kaplan–Meier survival curves were generated with TCGA and CGGA data. As shown in Figure 3A, high levels of ANPEP and AXL were significantly linked to poor prognosis for TCGA samples, whereas the correlations of high levels of ANPEP and ENPEP with poor prognosis were identified in CGGA cases (Figure S2A). In addition, univariate and multivariate analyses were conducted to evaluate the impact of each coronavirus receptors expression and other clinicopathological factors using the Cox proportional hazard regression model on survival. As shown in Figure 3B, the univariate analysis showed that ANPEP (Hazard ratio: 1.447; P <0.001), DPP4 (Hazard ratio: 1.399; P <0.001), and ENPEP (Hazard ratio: 1.399; P <0.001) were negative predictors of survival. Furthermore, multivariate analyses of receptor expression and other clinicopathological variables showed as follows: ENPEP (Hazard ratio:1.243; P <0.001), PRS type (Hazard ratio: 1.974; P <0.001), grade (Hazard ratio:2.688; P <0.001) and age (Hazard ratio: 1.227; P = 0.043) were negative predictors of survival; DPP4 (Hazard ratio: 0.883; P = 0.043), chemo (Hazard ratio: 0.660; P <0.001), IDH_mutation (Hazard ratio: 0.567; P <0.001), and 1p19q_codeletion (Hazard ratio: 0.387; P <0.001) were positive predictors of survival (Figure S2B). Overall, the Kaplan–Meier survival curves indicate that high expression of ANPEP, AXL and ENPEP is correlated with poor prognosis, and the further multivariate analysis demonstrates that high expression of ENPEP can be a negative predictor of survival.




Figure 3 | Prognosis and survival analysis of coronavirus receptors in GBM. (A) Kaplan–Meier survival curves in the TCGA database. Red indicates high expression, and blue indicates low expression (n = 168). (B) Forest plot for the univariate Cox proportional hazard regression model in the CGGA database (n = 216).





Association of Coronavirus Receptors With Immune Infiltration in GBM

Tumor-infiltrating immune cells are independent predictors of the prominent components of the tumor microenvironment and are closely linked to the initiation, progression or metastasis of cancer (67). We therefore next investigated the relationship between coronavirus receptors and immune infiltration levels across different immune subtypes in GBM. According to the key survival-related immune cells for GBM shown in a gene expression-based study from TCGA datasets, monocytes, DCs, NK cells and eosinophils were selected (68). As shown in Figures 4A–D, ACE2 expression was found to be positively correlated with monocyte immune infiltration. DPP4 showed a positive Spearman’s correlation with monocytes, DCs and NK cells in some algorithms, but a negative correlation with eosinophils. The ANPEP expression level was positively correlated with monocytes, DCs and resting NK cells, but negatively correlated with some algorithms of monocytes, activated DCs and NK cells. AXL expression levels were positively correlated with infiltrating levels of monocytes, DCs and NK cells. TMPRSS2 was significantly positively correlated with monocytes, but negatively correlated with DCs and NK cells. Compared with the negative correlation of ENPEP expression levels with in some algorithms of monocytes and DCs, a significant positive association with monocytes, DCs and NK cells was observed. These findings strongly indicated that coronavirus receptors play a vital role in immune infiltration in GBM.




Figure 4 | The functional heatmap table of the correlation between coronavirus receptor expressions and immune infiltration levels of different cell types in GBM by TIMER2.0. (A) Monocyte. (B) DCs. (C) NK cell. (D) Eosinophil. n = 153. GBM, glioblastoma.





Enrichment Analysis of Coronavirus Receptor-Related Genes in GBM

To further investigate the molecular mechanism of the coronavirus receptors in GBM tumorigenesis, we obtained the top 100 genes correlated with coronavirus receptors utilizing the combination of GBM tumors from the TCGA dataset and normal brain samples from the GTEx dataset. An intersection analysis among coronavirus receptors revealed the following: 1 common gene between ACE2 group and AXL group (ZFP36L1); 9 common genes between DPP4 and TMPRSS2; 12 common genes between DPP4 and AXL; 16 common genes between DPP4 and ANPEP; 3 common genes between ANPEP and TMPRSS2 (Figure 5A).

Furthermore, we combined the top 100 related genes from each coronavirus receptor to conduct KEGG and GO enrichment analyses. The enrichment of KEGG pathways revealed that those genes were highly associated with the following pathways during GBM tumor pathogenesis: the PI3K−Akt signaling pathway, focal adhesion, protein digestion and absorption, cytokine–cytokine receptor interaction, proteoglycans in cancer, etc. (Figure 5B). The cnetplot displays the relationship of coronavirus receptor-correlated genes in GBM with functional signaling pathways (Figure 5C). Furthermore, the GO enrichment analysis of biological process (BP), cellular component (CC) and molecular function (MF) revealed that those coronavirus receptor-correlated genes in GBM are associated with membrane receptor function-related gene terms, namely, signal transduction, integral component of membrane and receptor binding (Figure 5D).




Figure 5 | Coronavirus receptor-related gene enrichment analysis in GBM. (A) An intersection analysis of the top 100 receptor-correlated genes with GBM among different receptor groups according to the E Venn diagram. (B) Bubble chart for KEGG enrichment pathway analysis based on total receptor-related genes. (C) The cnetplot of all genes in the yellow module that depicts the linkages of genes and the most important signaling pathways. (D) Functional and molecular processes related to coronavirus receptor-related genes in GBM.





Employment of Coronavirus Receptor-Related Genes in GBM and COVID-19

To address the potential relationship between COVID-19 and coronavirus receptor-associated genes in GBM, an intersection analysis was applied using a Venn diagram. As shown in Figure 6A, 245 common genes were found between COVID-19 and coronavirus receptor-correlated genes in GBM. To further dissect the depth of the disease and predict phenotypic–genotypic associations, the direct interacting proteins with coronavirus receptors were identified through STING and Cytoscape software, resulting in 30 genes shown in Figure 6B. Coronavirus receptors can interact with each other, such as the binding of ACE2 to TMPRSS2, DPP4, ANPEP or ENPEP; the binding of DPP4 to TMPRSS2, ANPEP or ENPEP; and the binding of ANPEP to ENPEP. AXL can bind to many genes but not coronavirus receptors. FN1 gene can be recognized by four coronavirus receptors, namely, ACE2, DPP4, ANPEP, and AXL. The KEGG pathway enrichment analysis showed that 245 common genes were highly associated with proteoglycans in cancer, the PI3K−Akt signaling pathway, pathways in cancer, focal adhesion, and cytokine–cytokine receptor interactions (Figure 6C). Moreover, the GO enrichment analysis showed that 245 common genes were involved in signal transduction-related gene terms, namely, protein binding, integral component of membrane and signal transduction (Figure 6D).




Figure 6 | Enrichment analysis of COVID-19-related genes and coronavirus receptor-related genes in GBM. (A) An intersection analysis between 7,230 COVID-19 genes downloaded from the Comparative Toxicogenomics Database (CTD) and the top 100 related genes of each receptor in GBM. A total of 245 common genes were identified between COVID-19 and coronavirus receptor-correlated genes in GBM. (B) Hierarchical clustering analyses of the direct interaction proteins across 245 common genes with coronavirus receptors. The color key represents the combined score calculated by the selected parameters of the homolog and experimentally determined interaction of the STRING program. Red, yellow and blue refer to high, medium and low combined scores, respectively. (C) Bubble chart for KEGG enrichment pathway analyses of common genes. (D) Bubble chart for GO functional and molecular processes of common genes.






Discussion


How Does the Virus Enter the Brain?

SARS-CoV-2 infections had neurologic manifestations in 38.4% of patients and 45.5% of severe patients in a case analysis, usually along with headache, dizziness, impaired consciousness, and smell and taste disorders (5, 44, 45). Remarkably, SARS-CoV-2 RNA has been detected in many different brain tissues, namely, cortical neurons, frontal lobe tissue, the olfactory nerve and brainstem (46–49), and cerebrospinal fluid specimens (10). However, how the virus affects the brain is still obscure. Accumulating studies have provided the following hypotheses to explain these viral invasions in the brain: (1) through the olfactory route (69, 70), (2) through retrograde routing from the vagal nerve to the medullary cardiorespiratory center in the brainstem (49), and (3) through hematogenous routing from the blood–brain barrier (BBB) and blood–cerebrospinal fluid barrier (BCSFB) (71). Therefore, tight junctions between adjacent endothelial cells form the basic structure of the BBB, which plays a critical role in limiting virus paracellular trafficking and is therefore thought to be the major route for coronavirus entry into the CNS (71).

Interestingly, ACE2 and TMPRSS2, the two widely accepted receptors in SARS-CoV-2 cell entry, have been reported to be relatively low in endothelial cells of the human brain in two studies (52, 72), which is consistent with the results shown in Figure 1. Nevertheless, the coronavirus receptors ANEPE, AXL, and ENPEP were detected in the olfactory region and endothelial cells of human brain (Figures 1B and 2C), indicating that SARS-CoV-2 cell entry in human brain might require these three receptors rather than rely on ACE2 and TMPRSS2.



The Association of Elevated ANPEP and ENPEP Levels With GBM Progression

A majority of studies focus on the immunosuppressive effect of anti-cancer therapies, which results in the increased susceptibility of cancer patients to COVID-19. However, an increasing number of papers have provided evidence that virus can directly interact with tumors, such as the upregulation of the coronavirus receptor ACE2 (73–76), increased SARS-CoV-2-associated lymphopenia, prolonged viral shedding and higher viral loads (57, 58). Therefore, the mechanisms for the increased susceptibility and severity of cancer to SARS-CoV-2 remain unclear.

Immunohistochemical staining of the GBM tissue chip showed that the protein levels of ANPEP and ENPEP were significantly increased in GBM (Figure 2C), although the mRNA levels of ACE2, DPP4, ANPEP, and ENPEP were upregulated in GBM according to the UALCAN server (Figure 2B). In fact, the BS149 cell line generated from recurrent glioblastoma is more malignant than the other four glioblastoma cell lines (LN018, LN215, LN229, and LN319) and has higher mRNA levels of DPP4, ANPEP, and ENPEP (Figure 2A), further corroborating the potential oncogenic roles of ANPEP and ENPEP in GBM. Moreover, the levels of ANPEP and ENPEP were significantly upregulated with increasing age and peaked at 60–80 years old (Figure S1A), which agrees with the peak incidence of GBM between 70 and 79 years old (77). Kaplan–Meier survival curves and the Cox regression analysis demonstrated that high expression of ANPEP and ENPEP was associated with poor prognosis and that ENPEP was a negative predictor of survival. Furthermore, the direct interacting proteins with ANPEP and ENPEP were FN1, CALR, PDGFRB, CD68, CD63, NRP1, SDC1, and SERPINA1, all of which are involved in the progression of GBM (Figure 6B) (78–85). All of these findings suggest that increasing ANPEP and ENPEP levels are associated with GBM progression.



The Potential Interactions of SARS-CoV-2 With ANPEP or ENPEP by ZDOCK

The protein and protein interaction network showed that ANPEP, ACE2, DPP4, and ENPEP can form a protein complex (Figure 6B), indicating that ANPEP and ENPEP might be directly involved in brain-SARS-CoV-2 communication, similar to ACE2, although no data have firmly supported ANPEP and ENPEP as receptors for SARS-CoV-2. To predict the potential molecular interactions of SARS-CoV-2 with ANPEP or ENPEP, we conducted docking simulations through ZDOCK Server, a rigid body computational docking program. The Top1 prediction was selected for the following analysis (Supplementary Figure 3). The complex of SARS-CoV-2 RBD with ENPEP has a △G value of −16.7 kcal mol−1, Kd value of 5.20E−13 and buried interface area of 2,544 Å2, which are higher than those observed in the complex with ANPEP. These values indicate that ENPEP might have a higher affinity to RBD than ANPEP. However, the rigid body assumption by these computational docking programs will clearly introduce limitations on accuracy and reliability (86). In particular, there are a limited number of known homologous protein–protein interactions of ENPEP or ANPEP with other viral spike proteins. Therefore, further experiments are needed to verify whether ANPEP or ENPEP can truly bind to SARS-CoV-2 RBD.

Furthermore, as immune responses are critical to SARS-CoV-2 infection, immunological aspects mediated by ANPEP and ENPEP cannot be overlooked. Our analysis revealed that ANPEP and ENPEP expression is highly associated with the immune infiltration of macrophages, monocytes, DCs and NK cells (Figure 4), suggesting that ANPEP and ENPEP can play an important role in cellular immunity by regulating the immune infiltrate during GBM-affected by SARS-CoV-2. In fact, increased ANPEP expression is a hallmark of inflammation in neurodegenerative disease, and impaired ANPEP activity has been investigated as a target for anti-inflammatory therapy (87, 88).

Overall, the expression pattern and survival analysis of six receptors in GBM demonstrated that the upregulation of ANPEP and ENPEP is associated with poor survival of GBM. The distribution of ANPEP and ENPEP in endothelial cells of the blood–brain barrier provides the place for SARS-CoV-2 cell entry into the brain, and the potential binding of ANPEP or ENPEP to RBD by protein–protein docking offers tools for SARS-CoV-2 infection, which in turn contributes to the increased susceptibility of GBM to SARS-CoV-2 (Figure 2C and Supplementary Figure 3). Therefore, the overlap of poor survival, increased risk of GBM to SARS-CoV-2, and high immune infiltration might result in the severity of patients with GBM infected by SARS-CoV-2. The possible conclusion is supported by 39% mortality of GBM-SARS-CoV-2 in one cohort in France (Figure 7) (16). This study uncovers the relationship between COVID-19 and GBM. We explored the association of coronavirus receptors with GBM and identified ANPEP and ENPEP as potential biomarkers and therapies for COVID-19 and GBM.




Figure 7 | Model for the regulation of ANPEP and ENPEP in GBM against coronavirus infections. Previous studies describe ACE2 and TMPRSS2 as the receptor or co-receptor for SARS-CoV and SARS-CoV-2; AXL for SARS-CoV-2; DPP4 for MERS-CoV; ANPEP for human coronavirus-229E; and DPP4, ENPEP and AENPEP as the candidate receptor for SARS-CoV-2. ANPEP and ENPEP are distributed in endothelial cells of the blood–brain barrier, through which coronaviruses enter the CNS. Protein-protein docking analysis of ANPEP or ENPEP to RBD of SARS-CoV-2 combined with the upregulations of ANPEP and ENPEP in GBM may cause the increase of susceptibility of GBM to SARS-CoV-2. The high levels of ANPEP and ENPEP in GBM is associated with poor survival and high immune infiltration. The overlap of increased risk of GBM to SARS-CoV-2, poor survival, and high immune infiltration may result in the severity of patients with GBM infected by SARS-CoV-2.
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Supplementary Figure 1 | Expression pattern of coronavirus receptors in different subgroups of GBM patients according to the UALCAN program. Box plot showing the relative expression of receptors by (A) Age: 21-40 years old (n=12), 41-60 years old (n=67), 61-80 years old (n=69), and 81-100 years old (n=7); b Gender: male (n=101) and female (n=54); and (C) RACE: Caucasian (n=139), African-American (n=10), and Asian (n=5). GBM, glioblastoma. *, P<0.05; **, P<0.01; ***, P<0.001.

Supplementary Figure 2 | Kaplan–Meier survival curves in CGGA datasets and multivariate Cox analysis. (A) Kaplan–Meier survival curves. Red indicates high expression, and blue indicates low expression. (B) Forest plot for multivariate Cox analysis between coronavirus receptor expression and some clinicopathological variables in the CGGA database (n=216).

Supplementary Figure 3 | Docking of SARS-CoV-2 RBD (isolated from 6M0J) against ANPEP (4FYQ) and ENPEP (4KX7) by the ZDOCK algorithm. (A) Binding free energy (kcal-mol-1), binding affinity Kd and buried interface area of Top 1 prediction of ANPEP and ENPEP in complex with SARS-CoV-2 RBD. (B) Docking model of the SARS-CoV-2 RBD with ENPEP. The binding sites of RBD surface are indicated by hot pink, and the binding sites of ENPEP surface are indicated by green (left). Hydrogen bonds at the interface of amino acids from two proteins are represented by green lines (right).
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Immune recognition by T lymphocytes and natural killer (NK) cells is in large part dependent on the identification of cell surface MHC molecules bearing peptides generated from either endogenous (MHC I) or exogenous (MHC II) dependent pathways. This review focuses on MHC I molecules that coordinately fold to bind self or foreign peptides for such surface display. Peptide loading occurs in an antigen presentation pathway that includes either the multimolecular peptide loading complex (PLC) or a single chain chaperone/catalyst, TAP binding protein, related, TAPBPR, that mimics a key component of the PLC, tapasin. Recent structural and dynamic studies of TAPBPR reveal details of its function and reflect on mechanisms common to tapasin. Regions of structural conservation among species suggest that TAPBPR and tapasin have evolved to satisfy functional complexities demanded by the enormous polymorphism of MHC I molecules. Recent studies suggest that these two chaperone/catalysts exploit structural flexibility and dynamics to stabilize MHC molecules and facilitate peptide loading.
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Introduction

Classical experiments indicate that proteins arrive at their stable three-dimensional conformation at their lowest Gibbs free energy, achieved as a result of their primary amino acid sequence and their interactions with solvent (1, 2). Nevertheless, the potential timescale of searching the myriad possible conformations of a protein as noted by Levinthal (3, 4) raised a conundrum solved only partially by the recognition of the contribution of protein nucleation regions and folding landscapes (5, 6) to the descent along an energy funnel to achieve a final stable structure (7). More recently, the so-called “protein folding problem” has been redefined in terms of the practical utility of predicting a protein’s three-dimensional structure from its primary amino acid sequence. This computational boundary is now being overcome by the concurrence of large and ever increasing structural and sequence databases with innovative artificial intelligence approaches by DeepMind and its implementation of AlphaFold2 (8). However, by contrast to the apparent success of structure prediction of individual proteins in recent years, our understanding of the rules that govern protein interactions remain rudimentary. To paraphrase Donne (9), no protein is an island. During the course of its lifetime, from biogenesis on the ribosome to destruction by the proteasome, a single protein molecule must interact with a multitude of partners. These include chaperones that aid its folding and prevent aggregation, enzymes that add post-translational modifications, transport proteins that escort it to its destinations, the substrate on which it performs its biological function, and the ubiquitinylating enzymes that target it for destruction. The evolutionarily conserved, and crucially important, antigen presentation pathway in vertebrates provides a valuable model system in which to investigate these various events in the life of a protein

Reflected in the pathways that have evolved to permit coassembly of antigenic peptides with their glycoprotein antigen presenting elements, the antigen presentation pathways that govern the biosynthesis, folding, assembly, peptide loading, peptide exchange, and cell surface expression of peptide/protein complexes are crucial to the immune response to tumors, viruses, and a variety of cellular pathogens (10–12). These pathways are based on the major histocompatibility complex (MHC) encoded class I (MHC I) and class II (MHC II) proteins, and their associated molecules. In this speculative review, we will focus on the classical MHC I molecules, HLA-A, -B, and -C in the human and H2-K, -D, and -L in the mouse, obligate cell surface intrinsic membrane proteins, that serve as recognition elements for T cell receptors (TCR) expressed on CD8+ T lymphocytes as well as ligands for various receptors on natural killer (NK) cells and other hematopoietic effector cells.



MHC Molecules, Not All Are the Same

The most remarkable characteristic of classical MHC I molecules is that they are highly polymorphic. That is, the number of allelomorphic variants in the human population, encoded at the three major genetic loci, HLA-A, -B, and -C, is enormous, catalogued by the IMGT database to be greater than 22,000 at current count (13). These are cell surface expressed type I membrane glycoproteins that are complexed with an essentially monomorphic light chain,  β2-microglobulin (β2m). In addition, each MHC I molecule of a given cell binds a multitude of peptides derived from an endogenous MHC I pathway, thus generating a large repertoire of surface molecules available for interaction with immune cell receptors. The puzzles of course, are how do all these distinct MHC I molecules fold, how does each one form a stable ternary complex bound to each of thousands of potential peptides, and how does the biological system select for the most thermodynamically stable peptide/MHC I complexes for display at the cell surface.



The Peptide Loading Complex – A Molecular Machine for MHC I Assembly and Peptide Loading

Several decades of experimentation have identified the peptide loading complex (PLC), a multimolecular dynamic machine that sequentially stabilizes the MHC I heavy chain to fold with its light chain β2m, then to access and bind antigenic peptides delivered to the lumen of the endoplasmic reticulum, to exchange and evaluate peptides to identify the best binders, to pass quality control, to access the cis Golgi, and to proceed from there to the cell surface (10–12). Major insights included the identification of the roles of the chaperone/lectins calnexin and calreticulin that monitor the sequential glycosylation of the MHC I heavy chain. Further studies recognized the importance of the transporter associated with antigen processing (TAP) 1 and 2, an ATP-dependent heterodimer that delivers peptides from the proteasome-generated cytoplasmic pool to the ER, and the crucial function of tapasin, an ER protein that bridges TAP to the nascently folding/peptide binding MHC I/β2m complex, and an oxidoreductase, ERp57. Additional steps in the quality control of peptide-loaded MHC I include glycan-dependent interactions (14, 15). These steps of the classical peptide loading pathway are illustrated in Figure 1.




Figure 1 | Pathways of MHC-I peptide loading. (A) Classic MHC-I peptide loading pathway is illustrated. Components of the pathway [i.e. the peptide loading complex (PLC)] include the chaperones calnexin, calreticulin (CRT), ERp57, tapasin, and the TAP1/2 peptide transporter. Peptides are indicated. Additional quality control through the UGT pathway is described in the text. (B) Peptide exchange with the chaperone TAPBPR are indicated. Lower affinity peptides are replaced by higher affinity peptides while the MHC I molecules are stabilized by either tapasin or TAPBPR. When high affinity peptide is bound, the MHC I complex dissociates from the chaperone and proceeds to the cell surface. [This figure is a modification of one published elsewhere (16)].



Visualization of structural aspects of tapasin function was first achieved in a classical paper by Dong, Wearsch and colleagues (17), which reported the X-ray crystallographic structure of human tapasin bound to ERp57. This work, complemented by mutational analysis of MHC I molecules and study of MHC I polymorphic variants, provided several molecular models for how tapasin interacts with MHC I, revealing how it might stabilize partially folded MHC I and encourage peptide exchange (18–22).

In the absence of detailed structural information on the nature of the tapasin/MHC I association, a cryo-electron microscopic approach was taken by Blees et al, who established a three-dimensional view, albeit at modest resolution (7.2 Å for the full complex, 5.8 Å for the editing module). This established the relationships between the components of the PLC: β2m, MHC I heavy chain, TAP, tapasin, ERp57, and calreticulin, and confirmed the stoichiometry previously established by pull-down experiments (23, 24) (Figure 2). Thus, the full PLC was visualized as containing one TAP1/2 heterodimer, with each chain flanked by an MHC I/β2m/ERp57/calreticulin complex (see Figure 2). Visualization of peptide was difficult at this resolution.




Figure 2 | Cryo-EM maps of the complete protein loading complex reveal spatial organization of its components. (A) 5.8 Å cryo-EM map of the PLC editing module (EMD-3906) with superposed X-ray -derived models (PDB-6ENY) as described by (23). (B) PLC rotated approximately 30° to center the β2m/MHC H chain module. (C) 7.2 Å cryo-EM map of the pseudosymmetrical PLC module, with the left side editing module colored and the right side one illustrating by map surface alone. Map and models with generated with ChimeraX. MHC H chain is grey, β2m is pink, calreticulin is green, tapasin is pale blue, and ERp57 is tan.





TAPBPR a Surrogate PLC, Reveals Further Details of CHAPERONE/CATALYST Function

As the complete map of the human genome became available, several groups identified genetic regions paralagous to the extended major histocompatibility complex (25, 26) and Teng et al. identified a gene encoding a tapasin-like molecule (27). Studies of the encoded protein languished until Boyle et al. (28) demonstrated an interaction between TAPBPR and MHC I, independent of other components of the PLC. Further studies not only confirmed the potential for MHC I association, but also established both chaperone and catalytic activities of TAPBPR that mimicked tapasin. Although the precise biological necessity for TAPBPR remains unclear (29), some novel functions, including control of trafficking to the UDP-glucose:glycoprotein glucosyltransferase quality control pathway have been observed (30). Additionally, TAPBPR interactions with MHC I are quantitatively dependent on the glycosylation status of the MHC I molecule (31, 32). In addition, TAPBPR distinguishes different MHC molecules based on their polymorphism (33, 34). Recently, exploitation of the catalytic peptide exchange functions of TAPBPR have given rise to new technologies facilitating the production of recombinant MHC I molecules (35–37).

Structural studies of TAPBPR have offered insight not only into its own function, but also to that of the tapasin homolog (38–40). Initial low resolution small angle X-ray scattering analysis (34) comparing recombinant tapasin with TAPBPR revealed their structural similarity as predicted by their shared amino acid sequences (41, 42).

These results with TAPBPR suggested that higher resolution structure determination of TAPBPR might offer further insight into the mechanism by which TAPBPR, and by inference tapasin, function in their dual roles as chaperones and catalysts. Two reports of X-ray structures of MHC I/TAPBPR complexes were reported at the same time—one of a complex of the mouse MHC I molecule H2-Db complexed with human TAPBPR (39), and another of the mouse H2-Dd with human TAPBPR (38). The models derived in both laboratories are remarkably similar (rmsd for the superposition of the TAPBPR/MHC I/β2m complexes was 1.158 Å for 3385 atoms). The H2-Db complex was generated with H2-Db emptied of a labile peptide by photolysis, and the H2-Dd complex was generated with a covalently-linked truncated peptide. Nevertheless, in both structures, no peptide was visualized. (For the covalent peptide/H2-Dd complex, it is presumed that this is due to structural heterogeneity or mobility of the peptide moiety.) The two structures were in remarkable agreement, with the exception that a peptide loop representing residues K22-D35 of TAPBPR was modeled for the H2-Db complex, while in the absence of reliable electron density in this region, no model was built for the H2-Dd/TAPBPR complex (38). Critical assessment of whether there is solid evidence for such a loop has been presented elsewhere (43, 44). It is also relevant to consider the alignment of a selection of TAPBPR sequences from several species as compared with those of tapasin (Figure 3). Notably, the K22 -D35 loop is significantly longer in all TAPBPR molecules as compared with tapasin (labelled here, TAPBP) molecules.




Figure 3 | Structure based amino acid sequence alignment of TAPBPR and tapasin (TAPBP) sequences from several different species. Sequences were aligned with ClustalW in MacVector 18.0 and further illustrated with ESPript on the ENDscript server (57). Top and bottom sequences and secondary structure elements are taken from TAPBPR (5WER) and tapasin (TAPBP) (3F8U) respectively. Sequences of TAPBPR_or (orangutan-Pongo abellii-Q5R8H1), TAPBPR_mo (mouse-Mus musculus-Q8VD31), TAPBPR_ra (rat-Rattus novegicus-D4A6L1), and TAPBPR_ze (zebrafish-Danio rerio-X1WBD6), as well as TAPBP_gr (gorilla-Chlorocebus aethiops-Q6PZD2), TAPBP_do (dog-Canis lupus familiaris-Q5TJE4), TAPBP_ch (chicken-Gallus gallus-Q9R233), and TAPBP_ze (zebrafish-Danio rerio-Q1LUU3) are provided.



Indeed, several experimental lines of indirect evidence suggest a competitive role for this loop in protecting the peptide binding groove of the MHC during the process of binding and folding. These include mutational analyses of the loop in TAPBPR (47, 48) and structural studies of truncated peptides complexed with MHC molecules (49). However, more recent nuclear magnetic resonance studies suggest that the TAPBPR loop functions dynamically, forming a lid that modulates the access of peptides to the peptide binding groove (50–52). Other interactions of TAPBPR with the exterior aspects of the peptide binding domains of the MHC I α1 and α2 domains as well as the interaction of the membrane proximal IgC-like domain of TAPBPR with the membrane proximal α3/β2m unit of the MHC I molecule are evidence of a global disruption of the peptide binding groove (16, 38, 43).

These experimental findings on TAPBPR are complemented by molecular dynamics simulations of tapasin (44), MHC I molecules (53–55), and of a model of the entire PLC (56). These studies indicate that the chaperone/catalysts exhibit considerable flexibility to accommodate the structural plasticity of a wide range of peptide/MHC I complexes. As function is embodied in structure, amino acid sequence relationships over evolutionary time may be expected to reveal regions of tapasin or nTAPBPR that are conserved because of conserved function. In Figure 4 we display the surface of X-ray structures of tapasin (Figure 4A) and TAPBPR (Figure 4B) colored according to their evolutionary variability as calculated with Consurf (45, 46). Although considerable variability may be noted, high degrees of conservation are observed in the region of the amino terminal domain of tapasin/TAPBPR that contacts MHC I (Figure 4C), as well as in the membrane proximal IgC domain of these molecules.




Figure 4 | Surface representations of tapasin (A), TAPBPR (B), and MHC/TAPBPR complex (C) reveal regions of conservation and variability. PDB models of tapasin (3F8U) and TAPBPR (5WER) were submitted to the Consurf server (45, 46) to assess the evolutionary conservation of the amino acids of the indicated molecules. Color scheme for the degree of variability is shown.





Structure Predictions Across Species

The recent success of the application of AlphaFold2 to protein structure prediction (8, 58, 59) compels us to exploit this powerful approach to explore likely three-dimensional structures of several additional tapasin and TAPBPR molecules. In Figure 5, we display the experimentally determined models of human TAPBPR (Figure 5A) and human tapasin (Figure 5G) as compared with computationally derived models for h-TAPBPR (Figure 5B) and h-tapasin (Figure 5H) along with examples from other species (TAPBPR - 5C Pongo abelli (Sumatran orangutan); 5D Rattus novegicus; 5E Mus musculus; and 5F Danio rerio). Tapasin comparisons are shown as – 5I Chlorcebus aethiops (green monkey); 5J Rattus novegicus; 5K Mus musculus; and 5L Danio rerio. The overall structures as expected are remarkably similar, revealing the overall N terminal and IgV domain (from the N terminus to TAPBPR residue 278) and the distinctive C terminal IgC domain (TAPBPR residue 279 to C terminus). Structural distinctions are evident in the amino acid sequence alignment of Figure 3. The K22-D35 loop of TAPBPR (as compared to the homologous D12-L18 loop of tapasin) not observed well in the TAPBPR electron density map, is modeled by AlphaFold2 as highlighted by the red dashed oval in Figures 5A–F. Residues T106-K111, another region of poor electron density in h-TAPBPR, is modeled as α-helix by AlphaFold2 (Figures 5B–F).




Figure 5 | Structures predicted by AlphaFold2 preserve features of experimentally derived structures. The AlphaFold2 Protein Structure Database (https://alphafold.ebi.ac.uk) was queried for TAPBPL (alternate designation for TAPBPR) or TAPBP (for tapasin) and the resulting structural models were superposed on experimentally determined structures for TAPBPR (5WER chain C) (A) and tapasin (3F8U chain B) (G) as indicated. (B) represents the predicted human TAPBPR. (C) Pongo abelii (Sumatran orangutan). (D) Rattus norvegicus. (E) Mus musculus. (F) Danio rerio. Panels (G–L) represent tapasin (TAPBP) structure (3F8U chain B) (G), and models of human (H), Chlorocebus aethiops (I), Rattus novegicus (J), Mus musculus (K), and Danio rerio (L). As described in the text, loops that were not modeled based on X-ray data but were modeled by AlphaFold2 are indicated by dashed ovals.



The Alphafold2 analysis of several tapasin structures reveals modeling for tapasin residues L26-R37 (aligned with L38 to R59 of TAPBPR, Figure 4), which was not built into the original tapasin structure (3F8U) because of poor density. AlphaFold2 also recognizes a conserved α-helix (A83 to T91), unique to tapasin, distinct from the corresponding short loop (Q105-T108) of TAPBPR a region poorly defined in TAPBPR. The conserved loop E72-G101 of tapasin is longer than E98-A114 of TAPBPR (see comparison in Figure 6).




Figure 6 | Differences of AlphaFold2 modeled loops of tapasin and TAPBPR suggest distinct details of MHC interactions. (A) Loops of tapasin (E12-L18, magenta), (E72-G101), and (Q189-193, pale green) are shown next to (B) corresponding loops of TAPBPR (D23-D35, red), (E102-A118, yellow), and (Q209-R213). Superposition the two models is shown in (C).





Viewing the Future

The importance of understanding the mechanistic details of peptide loading of MHC I molecules, not only with respect to the obvious applied utility of appreciating the cellular evolution of immunevasion in tumorigenesis (60–62), but also with respect to appreciating the interplay between basic aspects of the protein folding problem, peptide loading, and structure prediction cannot be overemphasized. In this brief review we highlight how structural information—derived both experimentally and computationally—complements our understanding of fundamental aspects of immune function. With improved experimental methods [crystallographic, electron microscopic (both cryogenic and tomographic)], expansion of available sequence and structural databases, and remarkable advances in artificial intelligence and computational approaches, we may anticipate not only a host of solutions to vexing, long-standing questions, but may even look forward to deeper and more exciting questions that result from this enlightenment.
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The continuous spread of severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) around the world has raised unprecedented challenges to the human society. Antibodies and nanobodies possessing neutralization activity represent promising drug candidates. In this study, we report the identification and characterization of a potent SARS-CoV-2 neutralizing nanobody that targets the viral spike receptor-binding domain (S-RBD). The nanobody, termed as Nb-007, engages SARS-CoV-2 S-RBD with the two-digit picomolar binding affinity and shows outstanding virus entry-inhibition activity. The complex structure of Nb-007 bound to SARS-CoV-2 S-RBD reveals an epitope that is partially overlapping with the binding site for the human receptor of angiotensin-converting enzyme 2 (ACE2). The nanobody therefore exerts neutralization by competing with ACE2 for S-RBD binding, which is further ascertained by our in-vitro biochemical analyses. Finally, we also show that Nb-007 reserves promising, though compromised, neutralization activity against the currently-circulating Delta variant and that fusion of the nanobody with Fc dramatically increases its entry-inhibition capacity. Taken together, these data have paved the way of developing Nb-007 as a drug-reserve for potential treatment of SARS-CoV-2 related diseases.
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Introduction

The pandemic of coronavirus disease 2019 (COVID-19) caused by severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) is still surging globally, posing great challenges to public health, economic activity and social order (1–3). As of 19th November 2021, this highly contagious virus has caused more than 255 million infections and claimed over 5.1 million lives (https://covid19.who.int). Through the concerted efforts worldwide, several preventive vaccines have been approved for emergency use in many countries (4, 5). The administration of vaccines indeed largely alleviates the global pressure of SARS-CoV-2 spread and infection. However, with the circulation of several SARS-CoV-2 variants, especially the emergence of the Delta variant (B.1.617.2 lineage) which shows higher transmissibility among individuals (6, 7) and some resistance to immunity elicited by vaccines (8, 9), it is now not rare cases that the breakthrough infections in the fully vaccinated are observed (10, 11). It is therefore still of essential need to develop effective therapeutics to help curb the current pandemic (12).

Entry is the initial step of infection which plays a key role in the viral life cycle (13). Similar to other coronaviruses, SARS-CoV-2 utilizes its surface-located trimeric spike (S) protein to recognize the host cell receptor/(s) and further trigger membrane fusion, subsequently establishing infection (14, 15). Previous studies have shown that the receptor recognition process is mainly mediated by the binding of spike receptor-binding domain (S-RBD) to the peptidase domain of human angiotensin-converting enzyme 2 (ACE2) (16, 17). Therefore, blocking the interaction between S-RBD and ACE2 represents a promising approach for developing therapeutic or prophylactic reagents [e.g., neutralizing monoclonal antibodies (18), recombinant ACE2 protein (19), RBD-based vaccine (20), etc.] against COVID-19.

VHH antibodies, or nanobodies, are the antigen binding fragment of heavy-chain-only antibodies derived from camelids and cartilaginous fish (21). Compared to traditional human or murine immunoglobulin G (IgG) antibodies, nanobodies generally have several unique advantages, e.g., smaller size (~15 kDa), higher thermostability and solubility, better tissue-penetration property and simple way of expression in bacteria, etc. (22). In addition, nanobodies could be easily engineered into multimeric forms to increase the functional efficacy or half-life (commonly would be transformed into bivalent Fc fusion protein)  (23). Several nanobody-derived therapeutic agents for human diseases involving inflammation, lung diseases, oncology and infectious diseases are under clinical investigation (24). Of note, the caplacizumab, a nanobody-based drug, has already been approved for thrombotic thrombocytopenic purpura therapy in Europe and USA (24). Moreover, nanobodies which can be administered by nebulized inhalation have become a promising drug candidate against respiratory viral infections including respiratory syncytial virus, influenza virus, SARS-CoV-2, etc (25–27). Currently, nanobodies targeting S-RBD of the original strain of SARS-CoV-2 have been reported by some research groups (28–31). But, with the widespread circulation of SARS-CoV-2 Delta variant, the neutralizing efficacy and potency of these nanobodies against the Delta variant need to be further evaluated. In addition, new nanobodies that can inhibit SARS-CoV-2 infection, which could act as an important drug reserve against the novel coronavirus, need to be further identified and characterized.

In this study, we reported the identification of 10 nanobodies with unique sequences from one alpaca immunized with the SARS-CoV-2 S-RBD. One of the nanobodies, Nb-007, showed high-affinity of two-digit picomolar binding to S-RBD and potent neutralizing efficacy against pseudotyped SARS-CoV-2 virus. Structural and functional studies revealed that Nb-007 could directly abolish ACE2 engagement by targeting an epitope on S-RBD that are closed to and partly overlapping with the ACE2 binding site. In addition, we also showed that Nb-007 retained S-RBD binding and neutralizing activity towards the Delta variant of SARS-CoV-2, and that its neutralizing efficacy could be significantly improved by bivalency via Fc-fusion.



Materials and Methods


Alpaca Immunization and Phage Display Screen

The SARS-CoV-2 S-RBD specific nanobody repertoire was obtained from CHENGDU NB BIOLAB CO., LTD via immunizing an alpaca with recombinant SARS-CoV-2 S-RBD protein. In brief, alpaca was immunized subcutaneously with 0.5 mg S-RBD protein in the presence of CFA at day 0, and then, boost immunized with 0.25 mg S-RBD protein in the presence of IFA on day 21 and 42. On day 7 after the final boost shot, ~50 ml blood from the animal was collected for the isolation of peripheral blood mononuclear cells (PBMCs). The RNA was purified from the mononuclear cells using RNAiso Plus (Takara) and was reverse-transcribed into cDNA using the PrimeScript™ II 1st Strand cDNA Synthesis Kit (Takara). The VHH genes were PCR amplified and then constructed into pComb3XSS vector. The ligated vectors were electroporated into TG1 competent cells to prepare the phage libraries. After two rounds of selection, individual phage clones were rescued and tested for the initial binding to S-RBD.



Gene Cloning, Expression and Protein Purification

10 nanobodies (named as Nb-001 to Nb-010) were randomly selected from the unique-sequence nanobody repertoire. For recombinant nanobody preparations, the individual coding fragments with a sequence for a C-terminal 6×His tag (the residual His tag on nanobody is retained in all the subsequent experiments) were cloned into pNCMO2 vector and further introduced into Brevibacillus choshinensis SP3 cells for protein expression as previously reported (32). Subsequently, nanobody proteins were purified from cell culture supernatants by Ni-TED NUPharose FF beads (NUPTEC) before injection onto a Superdex™ 75 10/300 GL column (GE Healthcare) in 10 mM HEPES-NaOH (pH 7.5), 150 mM NaCl buffer.

We also prepared several mutant Nb-007 proteins (Nb-007/I26D, Nb-007/I26S, Nb-007/S27D, Nb-007/R97D and Nb-007/R97E) and the protein of a previously well-characterized S-RBD targeting nanobody Nb20 (28) in this study. The individual coding fragments with a sequence for the C-terminal 6×His tag were cloned into the pET-21a vector and subsequently transformed into Escherichia coli BL21 (DE3). The protein expression was conducted with the addition of 400 μM isopropyl-β-D-thiogalactoside (IPTG) followed by induction at 18°C (for Nb-007 mutants) or 37°C (for Nb20) overnight. For Nb-007 mutants, cells were harvested, lysed by sonication in re-suspension buffer composed of 10 mM HEPES-NaOH (pH 7.5) and 300 mM NaCl, and clarifed via centrifugation at 16 000 rpm for 40 minutes. Proteins were then purified by Ni-TED NUPharose FF beads before injection onto a Superdex™ 75 10/300 GL column in 10 mM HEPES-NaOH (pH 7.5), 150 mM NaCl buffer. For Nb20, the nanobody was expressed as inclusion body, which was extracted and refolded as previously described (33). In brief, aliquots of inclusion body were diluted dropwise into a stirring refolding buffer [100 mM Tris-HCl (pH 8.0), 400 mM L-Arg HCl, 2 mM EDTA, 5 mM reduced glutathione, 0.5 mM oxidized glutathione] and incubated overnight. Subsequently, the refolded protein was concentrated using a 5-kDa cutoff membrane with an Amicon Stirred Cell concentrator (Merck Millipore) and then exchanged into a buffer consisting of 10 mM HEPES-NaOH (pH 7.5), 150 mM NaCl. The protein was then further purified by gel filtration with a Superdex™ 75 10/300 GL column.

SARS-CoV-2 original strain S-RBD (residues 320-537 in spike protein, GenBank accession number: MN908947.3), Beta variant (B.1.351 lineage) S-RBD (residues 320-545 in spike protein and bearing K417N, E484K and N501Y mutations), Delta variant (B.1.617.2 lineage) S-RBD (residues 320-537 and harboring L452R and T478K mutations) and human ACE2 peptidase domain (PD) (residues 19-615, GenBank accession number: BAB40370.1) proteins used for further experiments were expressed in Spodoptera frugiperda Sf9 cells using the Bac-to-Bac baculovirus expression system (Invitrogen). The coding sequences for S-RBD which were fused in a tandem manner with an N-terminal GP67 signal peptide, a Trx tag, a 6×His tag and an Enterokinase (EK) cleavage cite were inserted into pFastBac1 vector to facilitate protein secretion, folding, purification and tag removal. The coding gene of ACE2 was inserted into pFastBac1 vector with an N-terminal GP67 signal peptide to facilitate protein secretion and a C-terminal 6×His tag for protein purification. Transfection, virus amplification and recombinant protein production were conducted with Sf9 cells. Cell culture supernatants were collected at 72 hours after infection and injected into a 5-ml His-Trap excel column (GE Healthcare) for initial purification. Subsequently, S-RBD proteins were treated by EK protease (a gift from the laboratory of Li Yang, Sichuan University) overnight at 18°C to remove Trx and His tags, and further purified on a Superdex 200 Increase 10/300 GL column (GE Healthcare) with buffer containing 10 mM HEPES-NaOH (pH 7.5) and 150 mM NaCl. For ACE2, the protein purified from His-Trap was loaded on a Source 15Q column (GE Healthcare) for ion-exchange chromatography and then injected into a Superdex 200 Increase 10/300 GL column with the final buffer consisting of 10 mM HEPES-NaOH (pH 7.5) and 150 mM NaCl.

The plasmids for Fc-fused Nb-007 and Fc-fused ACE2 were individually constructed by inserting the coding sequences into pCAGGS vector with an IL2 signal peptide at N terminus and a human IgG1 Fc fragment at C terminus. Then, the recombinant plasmids were transiently transfected into 293T cells using Lipo8000 (Beyotime). After 3 days post-transfection, the fusion proteins were purified from filtered cell culture supernatants via affinity chromatography using HiTrap rProtein A FF column (GE Healthcare).



ELISA Assay

The 96-well microtiter plates (Corning) were coated with SARS-CoV-2 original strain S-RBD (200 ng per well) in 0.05 M carbonate-bicarbonate coating buffer (pH 9.6) overnight at 4℃. The wells were then blocked for 1 hour at room temperature with PBST containing 5% non-fat powdered milk (Sangon Biotech). For the binding between S-RBD and nanobodies, the indicated proteins (ACE2, Nb-001 to Nb-010) at single concentration (2 μg/ml, 100 μl per well) or 3-fold serially-diluted concentrations were added to the plates and incubated for 1.5 hours, followed by the addition of HRP-conjugated anti-His antibody (Proteintech) and incubation for another 1 hour. For the competitive binding experiment, Fc-fused ACE2 protein (1 μg/ml, 100 μl per well) were incubated in each well for 1.5 hours at room temperature. Then, 3-fold serially-diluted concentrations of Nb-007 or GST were added and incubated for 1.5 hours, followed by the addition of goat anti-human IgG-HRP (Merck Millipore) for another 1 hour. In each step, the plates were fully washed with PBST. Subsequently, TMB solution (Beyotime) was added to react with the HRP conjugates in dark at room temperature for about 3 minutes and the reaction was stopped with 2 M HCl. The emission OD450 was monitored using a microplate reader (BioTek).



Pseudovirus Neutralization Assay

Pseudotyped SARS-CoV-2 virus [original strain, Beta variant (B.1.351 lineage) and Delta variant (B.1.617.2 lineage)] were purchased from Genomeditech (#GM-0220PV07, #GM-0220PV32, and #GM-0220PV45, respectively). The neutralization assays were performed as previously describe (19), with the HEK-293T cells that could stably express human ACE2 (HEK293T-ACE2). For pseudovirus infection, HEK293T-ACE2 cells were seeded into 96-well cell-culture plates (Corning) with 1×104 cells/well and cultured at 37°C. Three-fold serially-diluted monovalent Nb-007, Nb20 or Fc-fused Nb-007 proteins were incubated with pseudovirus particles at 37°C for 60 minutes followed by adding into HEK293T-ACE2 cells. Then, the protein/pseudovirus mixtures were replaced with fresh medium after 24 hours post-infection and the cells were further cultured for another 48 hours. Luciferase activity was determined via the One-Lumi™ II Firefly Luciferase Assay Kit following the manufacturer’s instructions (Beyotime). The half maximal inhibitory concentration (IC50) values were calculated using GraphPad Prism 6.



Syncytium Formation Assay and the Fusion Inhibition by Nb-007

The syncytium-formation inhibition activities of nanobodies (Nb-001 to Nb-010) were assessed by S-mediated cell-cell fusion assay. In brief, HEK-293T cells were co-transfected with SARS-CoV-2 original strain S and EGFP expression plasmids (HEK293T-S/EGFP cells) using Lipo8000. After 40 hours post-transfection, the HEK293T-S/EGFP cells were seeded into 96-well cell-culture plates with 2×104 cells/well followed by incubation with indicated proteins (ACE2 or nanobodies) at 37°C for 1 hour. Then, the HEK293T-ACE2 cells were plated into the plates with 4×104 cells/well followed by co-culturing at 37°C for another 3 hours. The final concentration of proteins were used at 1 μM or 10 μM (for initial screenings) or with 3-fold serially dilutions starting from 11.45 μM (for quantitative determination). Finally, the formation of syncytia were visualized by fluorescence microscope (Olympus). The GFP areas were quantified on ImageJ and the IC50 values were calculated using GraphPad Prism 6.



Surface Plasmon Resonance (SPR) Assay

All the SPR experiments were carried out with the BIAcore 8K system (GE Healthcare). For affinity determination, S-RBDs (original strain, Beta variant and Delta variant) were individually immobilized onto the CM5 sensor chip (GE Healthcare) using the Amine Coupling Kit (GE Healthcare). Gradient concentrations of analyte [Nb-007, Nb-007 mutant (Nb-007/I26D, Nb-007/I26S, Nb-007/S27D, Nb-007/R97D or Nb-007/R97E), Nb-007-Fc or ACE2] were flowed over S-RBD in the running buffer containing 10 mM HEPES-NaOH (pH 7.5), 150 mM NaCl and 0.05% Tween-20 at a rate of 30 μl/min. After each cycle, the chip was re-generated using pH 1.5 glycine. The obtained kinetic data were further analyzed with the Biacore Insight Evaluation Software (GE Healthcare) for dissociation constant (KD) calculations, using the 1:1 (Langmuir) binding model for the slow-on/slow-off data and the steady-state affinity model for the fast-on/fast-off data, respectively. For the competitive binding experiments, SARS-CoV-2 original strain S-RBD was firstly immobilized onto CM5 sensor chip as described above. Then, the nanobody [1 μM for Nb-005 (as a non-ACE2 competing control) or 0.5 μM for Nb-007] or running buffer was individually flowed over the chip at a rate of 30 μl/min for 150 s followed by the immediate injection of ACE2 protein (at the concentration of 0.5 μM) at the same rate for another 150 s.



Crystallization

To prepare the Nb-007/S-RBD complex for crystallization assay, SARS-CoV-2 original strain S-RBD was incubated with Nb-007 at a molar ratio of 1:1.3 at 4°C for 2 hours. Then, the mixture was subjected to the gel filtration chromatography using a Superdex 200 Increase 10/300 GL column in 20 mM Tris-HCl (pH 8.0), 150 mM NaCl buffer to further purify the complex. Fractions containing the complex were pooled and concentrated to 10 mg/ml for crystallization screenings. The initial crystallization screenings were conducted using the commercial crystallization kits (Hampton Research and Molecular Dimensions) by the vapour-diffusion sitting-drop method. In brief, 1 μl Nb-007/S-RBD complex was mixed with 1 μl reservoir solution, and the subsequent mixture was then equilibrated against 70 μl reservoir solution at 18°C. The diffractable crystals for the complex were grown in the condition consisting of 0.2 M NaCl (pH 6.9) and 20% w/v PEG 3350.



Data Collection and Structure Determination

For data collection, the crystals were briefly soaked in reservoir solution supplemented with 20% (v/v) glycerol and then flash-cooled in liquid nitrogen. X-ray diffraction data were collected at Shanghai Synchrotron Radiation Facility (SSRF) beamline BL18U1 and processed with HKL3000 (34) for indexing, integration, and scaling. The structure of Nb-007/S-RBD complex was determined by molecular replacement with the Phaser program (35) from the CCP4 suite (36), using the previously reported SARS-CoV-2 RBD structure (PDB code: 6YZ5) (30) and nanobody structure (PDB code: 6B20) (37) as the search model. The atomic model was further completed with Coot (38) and refined with phenix.refine in Phenix (39). The final data processing and structure refinement statistics are summarized in Supplementary Table 1. All structural figures were generated using PyMOL (https://pymol.org/).




Results


Identification of a Neutralizing Nanobody Targeting SARS-CoV-2 S-RBD

In order to produce the SARS-CoV-2 S-RBD-specific nanobodies, we immunized an alpaca with recombinant RBD protein and constructed a phage display VHH library followed by two consecutive rounds of bio-panning using ELISA-based screen. Then, we selected 10 nanobodies (named as Nb-001 to Nb-010) randomly from unique-sequence nanobody repertoire (Figure 1A; Supplementary Figure 1), and prepared them to high-purity from brevibacillus cells for further functional verification (Figure 1B; Supplementary Figure 2).




Figure 1 | Identification and functional characterization of Nb-007 as a neutralizing nanobody with high binding affinity towards SARS-CoV-2 S-RBD. (A) The amino-acid sequence of Nb-007. The three complementarity-determining regions (CDRs) are labelled with dashed boxes. (B) Characterization of the solution behavior of Nb-007 by gel filtration chromatography. The inset figure shows the SDS-PAGE analyses of the pooled samples. (C) Inhibition of the SARS-CoV-2 S-protein-mediated syncytium-formation in the presence of Nb-007 or ACE2 at the indicated concentrations. Mock: cell-cell fusion induced by mixing HEK293T-ACE2 and HEK293T-S/EGFP cells without the addition of either the nanobody or ACE2. EGFP: only 293T-S/EGFP cells. The representative syncytia are marked with white arrows. Scale bar equals 100 µm. (D) The multi-concentration ELISA-binding profile between SARS-CoV-2 S-RBD and the indicated proteins (Nb-007, ACE2 and GST). The OD450 emissions are plotted as curves. Each error bar represents the mean ± SD from three independent experiences. (E) Interaction between Nb-007 and SARS-CoV-2 S-RBD detected via SPR. The recorded binding profiles and calculated kinetic parameters are shown.



The specific binding of the prepared nanobodies to SARS-CoV-2 S-RBD was first verified by a single-concentration ELISA-binding assay. As expected, most of obtained nanobodies, except Nb-009, could interact with S-RBD (Supplementary Figure 3). Subsequently, we performed the S-mediated cell-cell fusion assay for the initial screening of nanobodies with potential neutralizing activities. Because the ectodomain protein of ACE2 could function as a decoy by competing for S-RBD binding with the cell surface ACE2 receptor (19, 40), we therefore selected the recombinant ACE2 protein as a positive control in the assay. As shown in Figure 1C, the S-mediated syncytium formation was observed to be largely inhibited in the presence of 10 μM ACE2 but only marginally affected by 1 μM ACE2. In contrast, Nb-007 was shown to completely block the formation of syncytium at 1 μM concentration, demonstrating that the nanobody possessed more superior inhibitory activity than recombinant ACE2. However, no obvious inhibition of the syncytium formation was observed in other groups even at the 10-μM nanobody concentration (Supplementary Figure 4), indicating that these nanobodies target some non-neutralizing epitopes on S-RBD.

Subsequently, the binding characteristics between Nb-007 and S-RBD was further characterized via the multi-concentration ELISA and the surface plasmon resonance (SPR) assays. The ELISA result revealed that, comparing to ACE2, Nb-007 could recognize and engage S-RBD with much better efficiency (Figure 1D). The real-time SPR data further showed that the equilibrium dissociation constant (KD) between Nb-007 and S-RBD was 67.4 pM (Figure 1E). This value represents an affinity that is much higher (about three orders of magnitude) than that between ACE2 and S-RBD (Supplementary Figure 5). Collectively, these results indicate that Nb-007 is a potent neutralizer for SARS-CoV-2.



Potent Neutralizing Efficacy of Nb-007 Against SARS-CoV-2

Inspired by the high binding affinity between Nb-007 and SARS-CoV-2 S-RBD, we further quantitatively investigated the functional inhibitory activity of Nb-007 by the cell-cell fusion and pseudovirus-entry assays. As expected, both the S-mediated fusion and the S-facilitated entry could be effectively inhibited by the nanobody. The half maximal inhibitory concentration (IC50) was determined to be 126 nM in our cell-cell fusion inhibition assay and 37.6 nM in the pseudovirus infection-inhibition assay (Figure 2), demonstrating that Nb-007 is indeed a neutralizing nanobody against SARS-CoV-2.




Figure 2 | Quantitative analysis of the inhibitory activity of Nb-007. (A) Inhibition of the SARS-CoV-2 S-protein-mediated cell-cell fusion with 3-fold serial dilutions of Nb-007 at the indicated concentrations. Error bar stands for the mean ± SD from triplicate experiments. (B) Inhibition of the SARS-CoV-2 pseudovirus entry with 3-fold gradient dilutions of Nb-007 at the indicated concentrations. Error bar shows the mean ± SD of triplicate.



It is notable that the IC50 value evaluated via the pseudovirus neutralization assay might vary due to the differences in the experimental-conditions and/or the materials used (e.g., the time for infection, the type or dosage of pseudovirus, the type, number or state of the targeted cell, etc.). For instance, the “neutralizing potency” reported by different groups for the same decoy ACE2-Fc as a neutralizer against SARS-CoV-2 pseudovirus indeed varied a lot (41, 42). We therefore prepared a previously-reported highly-potent nanobody named Nb20 (also an S-RBD targeting nanobody) (28) and determined its neutralizing activity via our pseudovirus-entry-inhibition assay. Unexpectedly, the final IC50 for Nb20 was calculated to be 3.08 nM (Supplementary Figure 6), which was about 30-fold lower than that reported in the previous publication (an IC50 of about 0.102 nM) (28). The results highlighted that Nb-007, with an affinity of 67.4 pM to S-RBD and an IC50 of 37.6 nM determined via our pseudovirus system, indeed showed high neutralization potency.



Complex Structure of Nb-007 Bound to SARS-CoV-2 S-RBD

In order to learn the interactive binding mode between Nb-007 and S-RBD in detail, we determined the crystal structure of Nb-007/S-RBD complex at 2.0-Å resolution. The structure was solved by molecular replacement, and the final model was refined to Rwork = 0.199 and Rfree = 0.223, respectively (Supplementary Table 1). The complex structure contains one Nb-007 nanobody bound to a single S-RBD molecule in the asymmetric unit (Figure 3A). The electron densities for amino acids ranging from L2 to S112 in the Nb-007 chain and residues spanning N334 to P527 in the S-RBD molecule could be clearly traced. The previously reported N-linked glycans at the N343 residue of S-RBD is nonetheless density-untraceable in our final model.




Figure 3 | The complex structure of Nb-007 bound to SARS-CoV-2 S-RBD. (A) A cartoon representation of the complex structure. Nb-007 is colored in lemon and S-RBD in cyan. The CDR1, CDR2 and CDR3 of Nb-007 are indicated with arrows and highlighted in magenta, gray and orange, respectively. The external subdomain and core subdomain of S-RBD, are roughly divided by a dashed line. (B) The multiple van der Waals (vdw) and hydrophobic interactions between Nb-007 and S-RBD. The left panel, amino acid interactions between CDR1 and CDR3 of Nb-007 and S-RBD. The right panel, amino acid interactions between framework region and CDR2 of Nb-007 and S-RBD. Those residues providing ≥2 contacts are shown (the distance cutoff is 4.5 Å). (C) Hydrophilic interactions (hydrogen bonds and salt bridges) between Nb-007 and S-RBD (the distance cutoff is 3.1 Å).



In the solved structure, S-RBD represents as two-structural-entity assemblies, which are composed of a conserved core subdomain and a canonical external subdomain. The Nb-007 nanobody utilizes its three CDRs to interact with S-RBD, obliquely inserting the CDR loops into the large concave depression in the external subdomain of S-RBD (Figure 3A). The paratope on Nb-007 is composed of 14 amino acids, forming multiple van der Waals (vdw) and hydrophobic contacts with S-RBD. These numerous engagements involve residues of Nb-007: I26-S27 and S29-P32 in CDR1, K49 in the nanobody framework-region, G51-G54 in CDR2, and W96-M98 in CDR3, interacting with amino acids of S-RBD: Y351 in the core subdomain and G446-G447, Y449-N450, L452, T470, E484, F490, L492-G496 and Q498 in the external subdomain (Figure 3B). In addition, a total of eight strong hydrophilic interactions (hydrogen bonds and salt bridges), which are mediated by Nb-007-S27 with S-RBD-E484, S29 with Q493, S30 with S494, I52 with Q498, G53 with Y449, and R97 with E484, respectively, were observed to further stabilize the nanobody/S-RBD engagement (Figure 3C). Taken together, these intimate inter-molecule contacts upon complex formation well explain the superior S-RBD binding capacity of Nb-007 observed in our in-vitro binding assays.



Molecular Basis of SARS-CoV-2 Neutralization by Nb-007

Based on the binding interface and the footprint position of known antibodies on SARS-CoV-2 S-RBD, the antigenic sites of S-RBD could be clustered into five regions, which were previously termed as RBS-A, RBS-B, RBS-C, CR3022 site and S309 site, respectively (43, 44) (Figure 4A; Supplementary Figure 7). Facilitated by the solved structure, we further compared the binding site of Nb-007 on S-RBD with these identified epitopes (exemplified by the interface of a representative antibody from each group on S-RBD). We found that the epitope of S-RBD that Nb-007 binds to mostly matched the RBS-C interface and should therefore be assigned to this group (Figure 4A). Meanwhile, in parallel comparison between Nb-007 and reported representative antibodies (including CB6, CV07-250, CV07-270, P2B-2F6, CR3022, S309 and A23-58.1) or nanobodies (including Ty1, Nb20, Nb12, Nb30, VHHE, Re5D06 and Re9F06) revealed that, for both the recognized epitopes on S-RBD and the bound angle of the antibody/nanobody, Nb-007 resembled and mostly mimicked the CV07-270 and P2B-2F6 antibodies as well as the Ty1 nanobody (Supplementary Figure 8).




Figure 4 | Molecular basis for Nb-007 neutralization. (A) The previously identified RBS-C epitope [Based on CV07-270 antibody (PDB code: 6XKP)] is colored by slate and mapped onto our Nb-007/S-RBD complex. The relative orientation of RBD is the same as in Supplementary Figure 7. Nb-007 is shown in cartoon representation and colored as in Figure 3. (B) The footprints of Nb-007 (left panel, highlighted in yellow) and ACE2 (right panel, highlighted in magenta) on S-RBD. The involved residues are marked and the overlapping amino acids are highlighted. (C) Superimposition of the complex structures of Nb-007/S-RBD and ACE2/S-RBD. Steric clashes between Nb-007 and ACE2 are highlighted. (D) Competitive binding assays by ELISA. SARS-CoV-2 S-RBD was coated on 96-well plates, recombinant Fc-fused ACE2 was first added, followed by serial dilutions of Nb-007. Error bar stands for the mean ± SD. Experiments were performed in triplicate. (E) SPR kinetics of competitive binding of Nb-007 and ACE2 to SARS-CoV-2 S-RBD. S-RBD was immobilized onto a sensor chip. The indicated nanobodies (Nb-007 and Nb-005) and ACE2 were successively injected. The real-time binding profiles are recorded. Clearly shown is that Nb-007 but not Nb-005 interferes with ACE2 binding. (F) Alignment of the Nb-007/S-RBD structure (shown in cartoon) onto a previously solved cryo-EM structure of the SARS-CoV-2 S-trimer (shown in surface, PDB code: 6VYB). The up- and down-conformation of the S-RBD are highlighted.



According to previous studies, the footprints of antibodies in the RBS-C group on S-RBD are normally partially-overlapping with the ACE2 binding site, thereby exerting neutralization by competing against the RBD/ACE2 engagement (43, 44). In addition, antibodies CV07-270, P2B-2F6 and nanobody Ty1 all possess an overlapped binding interface with that of ACE2 and subsequently compete against receptor binding for neutralization (18, 31, 45). These observations remind us of a potential competition between Nb-007 and ACE2 for S-RBD binding to neutralize virus infection. We therefore mapped the binding sites of Nb-007 and ACE2 on S-RBD for comparison. Of the 15-residue footprint for Nb-007 and the 19-amino-acid footprint for ACE2, the interfaces covering residues G446, Y449, F490, Q493, G496, and Q498 are overlapping (Figure 4B). In addition, superimposition of the two complex structures between Nb-007/S-RBD and ACE2/S-RBD clearly showed that steric hindrance would occur between Nb-007 and ACE2 (Figure 4C). These structural analyses indicate that the Nb-007 nanobody should exert its neutralizing activity by competing with ACE2. Consistent with structural observations, our competitive binding assays, including ELISA and SPR both verified that Nb-007 could efficiently block the ACE2/S-RBD interaction (Figures 4D, E). Noted that RBD on the spike trimer has two states, including an ACE2 inaccessible, down conformation and an ACE2 accessible, up conformation, we further aligned our Nb-007/S-RBD structure to a previously reported cryo-electron microscopy structure of SARS-CoV-2 S-trimer (PDB code: 6VYB) (46), in which one RBD was in the up state and the other two were in the down state (Figure 4F). The structural superimposition revealed that, unlike ACE2, Nb-007 could bind S-RBD of both up and down conformations without obvious steric hindrance with other spike protomers. In summary, our structural and functional data clearly showed that Nb-007 could directly compete with ACE2 for spike/S-RBD engagement.



Neutralizing Ability of Nb-007 Against Circulating SARS-CoV-2 Variants

Currently, several natural SARS-CoV-2 variants carrying the S-RBD mutations have emerged along with the persistent spread of the virus. Among the multiple circulating variants, Beta (B.1.351 lineage) and Delta (B.1.617.2 lineage) variants are of particular concern because of their increased ability of immune escape and the enhanced infectivity (7, 47). In S-RBD, the Beta variant bears K417N/E484K/N501Y mutations and the Delta variant harbors L452R/T478K mutations (Figure 5A). It would be of particular interest to investigate whether Nb-007 still reserves binding capacity to the mutant S-RBDs. The binding affinities of Nb-007 engaging S-RBD of the Beta and Delta variants were subsequently determined by SPR. Although Nb-007 could engage both S-RBD mutants, the binding capacity was indeed affected because of the mutations. The KD values were calculated to be 1.75 μM for the Beta variant S-RBD and 109 nM for the Delta variant S-RBD, respectively (Figure 5B). Echoing the decreased binding affinities, Nb-007 neutralized the pseudotyped variant viruses with reduced efficacy, showing an IC50 of 8.13 μM for the Beta variant and 1.07 μM for the Delta variant, respectively (Figure 5C).




Figure 5 | Binding capacity and neutralizing activity of Nb-007 against SARS-CoV-2 variants. (A) Schematic view of the SARS-CoV-2 variants highlighting the mutations identified in S-RBD. Left panel: Beta variant. Right panel: Delta variant. (B) Affinity analysis of the binding of Nb-007 to the indicated SARS-CoV-2 variant S-RBD using SPR. The real-time binding kinetics are shown. (C) Inhibition of the pseudovirus entry by Nb-007 at the indicated concentrations for the SARS-CoV-2 variants. Each error bar represents the mean ± SD of triplicate. (D) An overview of the steric positions for those mutations identified in the SARS-CoV-2 variants relative to the bound nanobody. The three mutations in the Beta variant and two mutations in the Delta variant are shown as sticks and colored magenta and orange, respectively. Residues E484 and L452 are highlighted and their amino acid interaction details with the bound nanobody are further presented in (E, F), respectively. (E) The interactions between S-RBD E484 and Nb-007 S27 and R97. (F) The interactions between S-RBD L452 and Nb-007 F31, W96, and M98.



In light of the reduced neutralizing efficacy of Nb-007 against these two circulating variants, we subsequently mapped the five S-RBD mutations (three in the Beta variant and two in the Delta variant) onto our Nb-007/S-RBD complex structure, aiming to delineate the basis for the decreased binding (Figure 5D). It was found that residues K417, T478, and N501 were sterically far away from Nb-007. The mutations of K417N and N501Y in the Beta variant and T478K in the Delta variant should therefore not interfere with the nanobody binding to S-RBD. In contrast, amino acids L452 and E484 both located in close proximity to Nb-007. For the Beta variant (Figure 5E), the E484K mutation would probably interrupt the hydrogen bond initially formed between S-RBD E484 and Nb-007 S27. In addition, substitution of the negatively-charged E484 residue with a positively-charged arginine amino acid could lead to charge repulsion towards residue R97 of Nb-007, further compromising the nanobody/S-RBD interactions. For the Delta variant (Figure 5F), replacement of the apolar leucine residue with a charged arginine amino acid would likely disrupt the hydrophobic interactions initially observed between L452 of S-RBD and F31, W96, and M98 of Nb-007. Moreover, the bulky side-chain of arginine might also generate some steric hindrance with the bound nanobody, thus further decreasing the binding affinity.

Noted that Nb-007 retained relatively good binding capacity (though compromised) towards Delta S-RBD but showed significantly lower binding affinity when engaging Beta S-RBD, we further targeted the S-RBD binding interface of the nanobody and designed several single-point mutants, aiming to improve its interaction with S-RBD of the Beta variant. To this end, we have successfully prepared the single-point-mutation-version of the nanobody proteins, including Nb-007/I26D, Nb-007/I26S, Nb-007/S27D, Nb-007/R97D and Nb-007/R97E. In comparison to wild-type Nb-007, however, none of the nanobody mutants showed obvious affinity-enhancement towards Beta variant S-RBD. Nevertheless, a slight improvement was observed for Nb-007/I26S (Supplementary Figure 9).



Efficacy Improvement via Bivalency With Fc

We finally resorted to Nb-007 multimerization to improve its binding capability for S-RBD, especially those from the Beta and Delta variants. The conventional approach for increasing the nanobody binding to an antigen was to fuse the monovalent nanobody protein to the Fc domain of human IgG, thus transforming the protein into the homo-dimeric form for bivalent binding (30, 31). We therefore further fused Nb-007 with IgG1 Fc and subsequently prepared the Fc-fusion protein (Nb-007-Fc), aiming to enhance the binding affinity and neutralizing efficacy of the nanobody (Figure 6A). As expected, the real-time SPR data showed a remarkable enhancement in in-vitro binding affinity between the bivalent version of Nb-007 and the Beta or Delta variant S-RBD, with the KD values being calculated to be 44.4 nM and 0.929 nM, respectively (Supplementary Figures 10A, B). Consistently, Nb-007-Fc exhibited significantly increased virus neutralizing activity towards SARS-CoV-2 of the original strain, the Beta and Delta variants. Using the pseudotyped viruses, the IC50 values of Nb-007-Fc were calculated to be 1.64 nM against the original SARS-CoV-2 strain, 405 nM against the Beta variant and 42.6 nM against the Delta variant (Figure 6B; Supplementary Figure 10C). These values represent about 23-fold (for original strain), 20-fold (for Beta variant) and 25-fold (for Delta variant) increase in the neutralizing activity, respectively.




Figure 6 | Improvement of the neutralizing activity of Nb-007 by fusion with Fc. (A) Diagram (left panel) showing the bivalency of Nb-007 by fusion with the Fc domain of human IgG1. The SDS-PAGE analysis of the purified Nb-007-Fc protein is shown in the right panel. (B) Neutralization of SARS-CoV-2 pseudovirus by Nb-007-Fc. Left panel: Nb-007-Fc against the pseudovirus of the original SARS-CoV-2 strain. Right panel: Nb-007-Fc against pseudovirus of the Delta variant. Each error bar shows the mean ± SD. Experiments were performed in triplicate.






Discussion

In face of the severe social and economic threat posed by the continuous COVID-19 pandemic, great efforts have been taken among scientific community to reveal the life cycle and pathogenesis of SARS-CoV-2 (48). Owing to the intensified structural and functional studies, the underlying mechanisms of SARS-CoV-2 entry, replication and assembly have been well-elucidated (16, 46, 49–54), based on which several vaccines, monoclonal antibodies, and small-molecule drugs have been quickly developed to clinical use (55–57). The constant emergence of SARS-CoV-2 variants, however, has raised new challenges to the currently approved SARS-CoV-2 drugs, especially to the antibody-based treatment (immune escape, resistance, etc). One way to tackle the problem is to identify a large number of candidate drugs of different forms with the therapeutic potential to develop anti-SARS-CoV-2 drug reserves. Nanobody could serve as an important part of the arsenals to fight against the novel coronavirus. Nanobody possesses several superior features (e.g., low immunogenicity, simple humanization property, low-cost and scalable production ability, etc.) (58), making this unique single-chain antibody form a good option for the clinical treatment of COVID-19. In the current study, we report the identification and characterization of a potent neutralizing nanobody, Nb-007, that targets SARS-CoV-2 S-RBD. The nanobody possesses high RBD-binding affinity, interferes with the S engagement of ACE2, and exhibits potent neutralizing activity. In addition, Nb-007 also shows apparent virus entry-inhibition activity against the currently circulating SARS-CoV-2 Delta variant. Via fusion with Fc, we are also able to dramatically improve the binding of Nb-007 to S-RBD of the SARS-CoV-2 Beta variant. We therefore believe that the Nb-007 nanobody identified in this study represents a promising drug candidate for COVID-19 treatment.

Although Nb-007 and its Fc-fusion protein could bind Beta S-RBD and neutralize virus infection against the Beta variant, the capacity is indeed largely affected when compared to those for the prototype and the Delta-variant viruses. Our structural analyses reveal that the E484K mutation could probably disrupt the hydrogen bond interaction initially formed between E484 in S-RBD and S27 in Nb-007 and further cause charge-repulsion between the substituted K484 in S-RBD and R97 in the nanobody. Nevertheless, single mutations of I26D, S27D, R97D or R97E in Nb-007 could not improve the binding of the nanobody to Beta S-RBD, reminding us that introduction of an acidic side-chain at these positions cannot restore the salt-bridge interactions with Beta K484. The substitution of I26 with a serine, however, is observed to slightly benefit the interaction. These mutagenesis data may indicate that back-mutations with small-side-chain residues at positions 26, 27 and 97 of Nb-007, either alone or in combination, might create extra space to accommodate the large K484 amino acid of Beta S-RBD and thereby improve the binding. It’s worth noting that, besides the Beta variant, some other circulating SARS-CoV-2 variants [e.g., Gamma variant (P.1 lineage), Eta variant (B.1.525 lineage), Iota (B.1.526 lineage), Mu (B.1.621 lineage), etc.] also carry the E484K mutation on S-RBD. In such circumstances, the neutralization capacity of Nb-007 towards these variant viruses should also be compromised. Though the global circulation of these variants is limited in comparison to the Delta variant, their potential threat should never be ignored. Furthermore, we also notice that the newly-emergent Omicron variant (B.1.1.529 lineage) contains an E484A mutation on S-RBD. Unlike its substitution by a lysine residue in Beta which results in the introduction of a large basic side-chain at this position and therefore leads to potential steric hindrance and charge repulsion, however, A484 in Omicron is of small side-chain and does not possess any positive charge. In this case, we tend to believe that the adverse impact of E484A mutation in Omicron would not be as significant as that of E484K substitution in Beta. Nevertheless, we find that Omicron also contains Q493R, Q498R mutations, which are also located within the Nb-007 binding interface. A combination of these mutations would, in our opinion, also compromised Nb-007 efficacy against Omicron. Further modification and/or back-mutation work on Nb-007 to make the nanobody better tolerate the mutations (especially at position E484) in S-RBD should be explored in the future.

As a common strategy towards potential clinical applications, proteinaceous macromolecule drugs are usually modified by fusion with human IgG Fc (19, 31). In most cases, such process not only increases the stability and serum half-life of a protein but also improves the efficacy because of the Fc-mediated dimerization and thereby of active-site bivalency. Accordingly, we indeed find that fusion of Nb-007 with human IgG1 Fc could dramatically increase its virus entry-inhibition activity towards SARS-CoV-2 of the original strain and Delta variant. In addition, the bivalent modification of Nb-007 also transforms the nanobody into a much better S-RBD binder and SARS-CoV-2 neutralizer against the Beta variant. As a matter of fact, several previous studies have already shown that the protein-multivalency strategy could transform SARS-CoV-2 nanobodies into ultra-potent neutralizers (28, 29). Since multiple epitopes (RBS-A, RBS-B, RBS-C, CR3022 site and S309 site) have now been characterized on S-RBD (43, 44), the combined use of Nb-007 with other non-overlapping-epitope nanobodies (especially those targeting the conserved regions on S-RBD) to form nanobody cocktails or to constitute a bi-specific or multi-specific antibody should not only enhance neutralizing efficacy but also increase the mutational barrier to the virus, which might be explored in the future.

In summary, we have reported the identification and characterization of a potent SARS-CoV-2 neutralizing nanobody targeting S-RBD, which we believe could serve as an anti-viral drug reserve for potential treatment of COVID-19.



Data Availability Statement

The structure of this study can be found in the Protein Data Bank with 7W1S access code.



Author Contributions

GL conceived the idea and supervised the whole project. JY, HS, and SL conducted the majority of the experiments. SL collected the datasets and solved the structure. ZC and FY facilitated pseudovirus neutralization assay. XL and LG supported syncytium-formation inhibition assay. LW, AW, XZ, and YD assisted with the protein preparation and cell maintenance. XBL and BC performed the alpaca immunization and the bio-panning experiments. GL, SL, and JY wrote the manuscript. BH, YC, HD, JL, and QZ provided the reagents and participated in experimental design as well as manuscript editing and discussion. All authors contributed to the article and approved the submitted version.



Funding

This work was supported by the National Key Research and Development Program of China (Grant no. 2021YFC2301402), the National Natural Science Foundation of China (Grant no. 82041042), the special research fund on COVID-19 of West China Hospital, Sichuan University (Grant no. HX-2019-nCoV-004), and the 1.3.5 project for disciplines of excellence, West China Hospital, Sichuan University (Grant no. ZYYC20008).



Acknowledgments

We thank the staffs from BL18U1 beamline of National Facility for Protein Science in Shanghai (NFPS) at Shanghai Synchrotron Radiation Facility, for assistance during data collection. We thank the staffs of BIAcore 8K instrument at State Key Laboratory of Biotherapy of Sichuan University for assistance during the affinity determination. We appreciate Dr. Li Yang (Sichuan University) for gifting us Enterokinase protein.



Supplementary Material

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fimmu.2022.820336/full#supplementary-material



References

1. Zhu, N, Zhang, D, Wang, W, Li, X, Yang, B, Song, J, et al. A Novel Coronavirus From Patients With Pneumonia in China, 2019. N Engl J Med (2020) 382(8):727–33. doi: 10.1056/NEJMoa2001017

2. Zhu, Y, Li, J, and Pang, Z. Recent Insights for the Emerging Covid-19: Drug Discovery, Therapeutic Options and Vaccine Development. Asian J Pharm Sci (2021) 16(1):4–23. doi: 10.1016/j.ajps.2020.06.001

3. Zhou, H, Wang, C, Rao, J, Chen, L, Ma, T, Liu, D, et al. The Impact of Sample Processing on the Rapid Antigen Detection Test for Sars-Cov-2: Virus Inactivation, Vtm Selection, and Sample Preservation. Biosaf Health (2021) 3(5):238–43. doi: 10.1016/j.bsheal.2021.09.001

4. Mostaghimi, D, Valdez, CN, Larson, HT, Kalinich, CC, and Iwasaki, A. Prevention of Host-to-Host Transmission by Sars-Cov-2 Vaccines. Lancet Infect Dis (2022) 22(2):e52–e8. doi: 10.1016/S1473-3099(21)00472-2

5. Dong, Y, Dai, T, Wang, B, Zhang, L, Zeng, LH, Huang, J, et al. The Way of Sars-Cov-2 Vaccine Development: Success and Challenges. Signal Transduct Target Ther (2021) 6(1):387. doi: 10.1038/s41392-021-00796-w

6. Mikszewski, A, Stabile, L, Buonanno, G, and Morawska, L. Increased Close Proximity Airborne Transmission of the Sars-Cov-2 Delta Variant. Sci Total Environ (2021) 816:151499. doi: 10.1016/j.scitotenv.2021.151499

7. Zhang, J, Xiao, T, Cai, Y, Lavine, CL, Peng, H, Zhu, H, et al. Membrane Fusion and Immune Evasion by the Spike Protein of Sars-Cov-2 Delta Variant. Science (2021) 374(6573):1353–60. doi: 10.1126/science.abl9463

8. Mlcochova, P, Kemp, SA, Dhar, MS, Papa, G, Meng, B, Ferreira, I, et al. Sars-Cov-2 B.1.617.2 Delta Variant Replication and Immune Evasion. Nature (2021) 599(7883):114–9. doi: 10.1038/s41586-021-03944-y

9. Planas, D, Veyer, D, Baidaliuk, A, Staropoli, I, Guivel-Benhassine, F, Rajah, MM, et al. Reduced Sensitivity of Sars-Cov-2 Variant Delta to Antibody Neutralization. Nature (2021) 596(7871):276–80. doi: 10.1038/s41586-021-03777-9

10. Brown, CM, Vostok, J, Johnson, H, Burns, M, Gharpure, R, Sami, S, et al. Outbreak of Sars-Cov-2 Infections, Including Covid-19 Vaccine Breakthrough Infections, Associated With Large Public Gatherings - Barnstable County, Massachusetts, July 2021. MMWR Morb Mortal Wkly Rep (2021) 70(31):1059–62. doi: 10.15585/mmwr.mm7031e2

11. Farinholt, T, Doddapaneni, H, Qin, X, Menon, V, Meng, Q, Metcalf, G, et al. Transmission Event of Sars-Cov-2 Delta Variant Reveals Multiple Vaccine Breakthrough Infections. BMC Med (2021) 19(1):255. doi: 10.1186/s12916-021-02103-4

12. Deb, P, Molla, MMA, and Saif-Ur-Rahman, KM. An Update to Monoclonal Antibody as Therapeutic Option Against Covid-19. Biosaf Health (2021) 3(2):87–91. doi: 10.1016/j.bsheal.2021.02.001

13. Wu, Y, Peng, Z, Yan, Y, Hu, J, Wang, Y, Wang, X, et al. Current Knowledge of Covid-19: Advances, Challenges and Future Perspectives. Biosaf Health (2021) 3(4):202–9. doi: 10.1016/j.bsheal.2021.06.001

14. Yao, H, Song, Y, Chen, Y, Wu, N, Xu, J, Sun, C, et al. Molecular Architecture of the Sars-Cov-2 Virus. Cell (2020) 183(3):730–8.e13. doi: 10.1016/j.cell.2020.09.018

15. Sofi, MS, Hamid, A, and Bhat, SU. Sars-Cov-2: A Critical Review of Its History, Pathogenesis, Transmission, Diagnosis and Treatment. Biosaf Health (2020) 2(4):217–25. doi: 10.1016/j.bsheal.2020.11.002

16. Wang, Q, Zhang, Y, Wu, L, Niu, S, Song, C, Zhang, Z, et al. Structural and Functional Basis of Sars-Cov-2 Entry by Using Human Ace2. Cell (2020) 181(4):894–904.e9. doi: 10.1016/j.cell.2020.03.045

17. Li, RT, and Qin, CF. Expression Pattern and Function of Sars-Cov-2 Receptor Ace2. Biosaf Health (2021) 3(6):312–8. doi: 10.1016/j.bsheal.2021.08.003

18. Ju, B, Zhang, Q, Ge, J, Wang, R, Sun, J, Ge, X, et al. Human Neutralizing Antibodies Elicited by Sars-Cov-2 Infection. Nature (2020) 584(7819):115–9. doi: 10.1038/s41586-020-2380-z

19. Ye, F, Lin, X, Chen, Z, Yang, F, Lin, S, Yang, J, et al. S19w, T27w, and N330y Mutations in Ace2 Enhance Sars-Cov-2 S-Rbd Binding Toward Both Wild-Type and Antibody-Resistant Viruses and Its Molecular Basis. Signal Transduct Target Ther (2021) 6(1):343. doi: 10.1038/s41392-021-00756-4

20. Yang, J, Wang, W, Chen, Z, Lu, S, Yang, F, Bi, Z, et al. A Vaccine Targeting the Rbd of the S Protein of Sars-Cov-2 Induces Protective Immunity. Nature (2020) 586(7830):572–7. doi: 10.1038/s41586-020-2599-8

21. Tu, Z, Huang, X, Fu, J, Hu, N, Zheng, W, Li, Y, et al. Landscape of Variable Domain of Heavy-Chain-Only Antibody Repertoire From Alpaca. Immunology (2020) 161(1):53–65. doi: 10.1111/imm.13224

22. Bannas, P, Hambach, J, and Koch-Nolte, F. Nanobodies and Nanobody-Based Human Heavy Chain Antibodies as Antitumor Therapeutics. Front Immunol (2017) 8:1603. doi: 10.3389/fimmu.2017.01603

23. Lu, Q, Zhang, Z, Li, H, Zhong, K, Zhao, Q, Wang, Z, et al. Development of Multivalent Nanobodies Blocking Sars-Cov-2 Infection by Targeting Rbd of Spike Protein. J Nanobiotechnol (2021) 19(1):33. doi: 10.1186/s12951-021-00768-w

24. Jovcevska, I, and Muyldermans, S. The Therapeutic Potential of Nanobodies. BioDrugs (2020) 34(1):11–26. doi: 10.1007/s40259-019-00392-z

25. Vanlandschoot, P, Stortelers, C, Beirnaert, E, Ibanez, LI, Schepens, B, Depla, E, et al. Nanobodies(R): New Ammunition to Battle Viruses. Antiviral Res (2011) 92(3):389–407. doi: 10.1016/j.antiviral.2011.09.002

26. Nambulli, S, Xiang, Y, Tilston-Lunel, NL, Rennick, LJ, Sang, Z, Klimstra, WB, et al. Inhalable Nanobody (Pin-21) Prevents and Treats Sars-Cov-2 Infections in Syrian Hamsters at Ultra-Low Doses. Sci Adv (2021) 7(22):eabh0319. doi: 10.1126/sciadv.abh0319

27. Detalle, L, Stohr, T, Palomo, C, Piedra, PA, Gilbert, BE, Mas, V, et al. Generation and Characterization of Alx-0171, a Potent Novel Therapeutic Nanobody for the Treatment of Respiratory Syncytial Virus Infection. Antimicrob Agents Chemother (2016) 60(1):6–13. doi: 10.1128/AAC.01802-15

28. Xiang, Y, Nambulli, S, Xiao, Z, Liu, H, Sang, Z, Duprex, WP, et al. Versatile and Multivalent Nanobodies Efficiently Neutralize Sars-Cov-2. Science (2020) 370(6523):1479–84. doi: 10.1126/science.abe4747

29. Schoof, M, Faust, B, Saunders, RA, Sangwan, S, Rezelj, V, Hoppe, N, et al. An Ultrapotent Synthetic Nanobody Neutralizes Sars-Cov-2 by Stabilizing Inactive Spike. Science (2020) 370(6523):1473–9. doi: 10.1126/science.abe3255

30. Huo, J, Le Bas, A, Ruza, RR, Duyvesteyn, HME, Mikolajek, H, Malinauskas, T, et al. Neutralizing Nanobodies Bind Sars-Cov-2 Spike Rbd and Block Interaction With Ace2. Nat Struct Mol Biol (2020) 27(9):846–54. doi: 10.1038/s41594-020-0469-6

31. Hanke, L, Vidakovics Perez, L, Sheward, DJ, Das, H, Schulte, T, Moliner-Morro, A, et al. An Alpaca Nanobody Neutralizes Sars-Cov-2 by Blocking Receptor Interaction. Nat Commun (2020) 11(1):4420. doi: 10.1038/s41467-020-18174-5

32. Li, Z, Su, L, Duan, X, Wu, D, and Wu, J. Efficient Expression of Maltohexaose-Forming Alpha-Amylase From Bacillus Stearothermophilus in Brevibacillus Choshinensis Sp3 and Its Use in Maltose Production. BioMed Res Int (2017) 2017:5479762. doi: 10.1155/2017/5479762

33. Yang, F, Lin, S, Ye, F, Yang, J, Qi, J, Chen, Z, et al. Structural Analysis of Rabies Virus Glycoprotein Reveals Ph-Dependent Conformational Changes and Interactions With a Neutralizing Antibody. Cell Host Microbe (2020) 27(3):441–53.e7. doi: 10.1016/j.chom.2019.12.012

34. Minor, W, Cymborowski, M, Otwinowski, Z, and Chruszcz, M. Hkl-3000: The Integration of Data Reduction and Structure Solution–From Diffraction Images to an Initial Model in Minutes. Acta Crystallogr D Biol Crystallogr (2006) 62(Pt 8):859–66. doi: 10.1107/S0907444906019949

35. Read, RJ. Pushing the Boundaries of Molecular Replacement With Maximum Likelihood. Acta Crystallogr D Biol Crystallogr (2001) 57(Pt 10):1373–82. doi: 10.1107/s0907444901012471

36. Collaborative Computational Project N. The Ccp4 Suite: Programs for Protein Crystallography. Acta Crystallogr D Biol Crystallogr (1994) 50(Pt 5):760–3. doi: 10.1107/S0907444994003112

37. Gulati, S, Jin, H, Masuho, I, Orban, T, Cai, Y, Pardon, E, et al. Targeting G Protein-Coupled Receptor Signaling at the G Protein Level With a Selective Nanobody Inhibitor. Nat Commun (2018) 9(1):1996. doi: 10.1038/s41467-018-04432-0

38. Emsley, P, and Cowtan, K. Coot: Model-Building Tools for Molecular Graphics. Acta Crystallogr D Biol Crystallogr (2004) 60(Pt 12 Pt 1)::2126–32. doi: 10.1107/S0907444904019158

39. Adams, PD, Afonine, PV, Bunkoczi, G, Chen, VB, Davis, IW, Echols, N, et al. Phenix: A Comprehensive Python-Based System for Macromolecular Structure Solution. Acta Crystallogr D Biol Crystallogr (2010) 66(Pt 2):213–21. doi: 10.1107/S0907444909052925

40. Yang, R, Huang, B, A, R, Li, W, Wang, W, Deng, Y, et al. Development and Effectiveness of Pseudotyped Sars-Cov-2 System as Determined by Neutralizing Efficiency and Entry Inhibition Test In Vitro. Biosaf Health (2020) 2(4):226–31. doi: 10.1016/j.bsheal.2020.08.004

41. Lei, C, Qian, K, Li, T, Zhang, S, Fu, W, Ding, M, et al. Neutralization of Sars-Cov-2 Spike Pseudotyped Virus by Recombinant Ace2-Ig. Nat Commun (2020) 11(1):2070. doi: 10.1038/s41467-020-16048-4

42. Zhang, Z, Zeng, E, Zhang, L, Wang, W, Jin, Y, Sun, J, et al. Potent Prophylactic and Therapeutic Efficacy of Recombinant Human Ace2-Fc Against Sars-Cov-2 Infection In Vivo. Cell Discov (2021) 7(1):65. doi: 10.1038/s41421-021-00302-0

43. Yuan, M, Liu, H, Wu, NC, and Wilson, IA. Recognition of the Sars-Cov-2 Receptor Binding Domain by Neutralizing Antibodies. Biochem Biophys Res Commun (2021) 538:192–203. doi: 10.1016/j.bbrc.2020.10.012

44. Niu, L, Wittrock, KN, Clabaugh, GC, Srivastava, V, and Cho, MW. A Structural Landscape of Neutralizing Antibodies Against Sars-Cov-2 Receptor Binding Domain. Front Immunol (2021) 12:647934. doi: 10.3389/fimmu.2021.647934

45. Kreye, J, Reincke, SM, Kornau, HC, Sanchez-Sendin, E, Corman, VM, Liu, H, et al. A Therapeutic Non-Self-Reactive Sars-Cov-2 Antibody Protects From Lung Pathology in a Covid-19 Hamster Model. Cell (2020) 183(4):1058–69 e19. doi: 10.1016/j.cell.2020.09.049

46. Walls, AC, Park, YJ, Tortorici, MA, Wall, A, McGuire, AT, and Veesler, D. Structure, Function, and Antigenicity of the Sars-Cov-2 Spike Glycoprotein. Cell (2020) 181(2):281–92.e6. doi: 10.1016/j.cell.2020.02.058

47. Wang, P, Nair, MS, Liu, L, Iketani, S, Luo, Y, Guo, Y, et al. Antibody Resistance of Sars-Cov-2 Variants B.1.351 and B.1.1.7. Nature (2021) 593(7857):130–5. doi: 10.1038/s41586-021-03398-2

48. Liu, WJ, and Wu, G. Convincing the Confidence to Conquer Covid-19: From Epidemiological Intervention to Laboratory Investigation. Biosaf Health (2020) 2(4):185–6. doi: 10.1016/j.bsheal.2020.11.005

49. Jin, Z, Du, X, Xu, Y, Deng, Y, Liu, M, Zhao, Y, et al. Structure of M(Pro) From Sars-Cov-2 and Discovery of Its Inhibitors. Nature (2020) 582(7811):289–93. doi: 10.1038/s41586-020-2223-y

50. Wang, Q, Wu, J, Wang, H, Gao, Y, Liu, Q, Mu, A, et al. Structural Basis for Rna Replication by the Sars-Cov-2 Polymerase. Cell (2020) 182(2):417–28.e13. doi: 10.1016/j.cell.2020.05.034

51. Thoms, M, Buschauer, R, Ameismeier, M, Koepke, L, Denk, T, Hirschenberger, M, et al. Structural Basis for Translational Shutdown and Immune Evasion by the Nsp1 Protein of Sars-Cov-2. Science (2020) 369(6508):1249–55. doi: 10.1126/science.abc8665

52. Newman, JA, Douangamath, A, Yadzani, S, Yosaatmadja, Y, Aimon, A, Brandao-Neto, J, et al. Structure, Mechanism and Crystallographic Fragment Screening of the Sars-Cov-2 Nsp13 Helicase. Nat Commun (2021) 12(1):4848. doi: 10.1038/s41467-021-25166-6

53. Lin, S, Chen, H, Ye, F, Chen, Z, Yang, F, Zheng, Y, et al. Crystal Structure of Sars-Cov-2 Nsp10/Nsp16 2’-O-Methylase and Its Implication on Antiviral Drug Design. Signal Transduct Target Ther (2020) 5(1):131. doi: 10.1038/s41392-020-00241-4

54. Lin, S, Chen, H, Chen, Z, Yang, F, Ye, F, Zheng, Y, et al. Crystal Structure of Sars-Cov-2 Nsp10 Bound to Nsp14-Exon Domain Reveals an Exoribonuclease With Both Structural and Functional Integrity. Nucleic Acids Res (2021) 49(9):5382–92. doi: 10.1093/nar/gkab320

55. Yang, H, and Rao, Z. Structural Biology of Sars-Cov-2 and Implications for Therapeutic Development. Nat Rev Microbiol (2021) 19(11):685–700. doi: 10.1038/s41579-021-00630-8

56. Muhammed, Y, Yusuf Nadabo, A, Pius, M, Sani, B, Usman, J, Anka Garba, N, et al. Sars-Cov-2 Spike Protein and Rna Dependent Rna Polymerase as Targets for Drug and Vaccine Development: A Review. Biosaf Health (2021) 3(5):249–63. doi: 10.1016/j.bsheal.2021.07.003

57. Taylor, PC, Adams, AC, Hufford, MM, de la Torre, I, Winthrop, K, and Gottlieb, RL. Neutralizing Monoclonal Antibodies for Treatment of Covid-19. Nat Rev Immunol (2021) 21(6):382–93. doi: 10.1038/s41577-021-00542-x

58. Muyldermans, S. Nanobodies: Natural Single-Domain Antibodies. Annu Rev Biochem (2013) 82:775–97. doi: 10.1146/annurev-biochem-063011-092449




Conflict of Interest: Authors XBL and BC are employed by CHENGDU NB BIOLAB CO., LTD. The remaining authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.


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

Copyright © 2022 Yang, Lin, Sun, Chen, Yang, Lin, Guo, Wang, Wen, Zhang, Dai, He, Cao, Dong, Liu, Chen, Li, Zhao and Lu. 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.




REVIEW

published: 19 July 2022

doi: 10.3389/fimmu.2022.808607

[image: image2]


Activation of STING Based on Its Structural Features


Behzad Hussain 1†, Yufeng Xie 2†, Uzma Jabeen 3, Defen Lu 4, Bo Yang 5,6, Changxin Wu 1 and Guijun Shang 5,6*


1 The Key Laboratory of Medical Molecular Cell Biology of Shanxi Province, The Institutes of Biomedical Sciences, Shanxi University, Taiyuan, China, 2 Department of Basic Medical Sciences, School of Medicine, Tsinghua University, Beijing, China, 3 Institute of Microbiology, University of Veterinary and Animal Sciences, Lahore, Pakistan, 4 CAS Key Laboratory of Pathogenic Microbiology and Immunology, Institute of Microbiology, Chinese Academy of Sciences, Beijing, China, 5 Shanxi Provincial Key Laboratory of Protein Structure Determination, Shanxi Academy of Advanced Research and Innovation, Taiyuan, China, 6 Shanxi Provincial Key Laboratory for Major Infectious Disease Response, Shanxi Academy of Advanced Research and Innovation, Taiyuan, China




Edited by: 

Qihui Wang, Institute of Microbiology, Chinese Academy of Sciences (CAS), China

Reviewed by: 

Toshiyuki Shimizu, The University of Tokyo, Japan

Pu Gao, Institute of Biophysics, Chinese Academy of Sciences (CAS), China

*Correspondence: 

Guijun Shang
 guijun_shang@saari.org.cn













†These authors have contributed equally to this work


Specialty section: 
 This article was submitted to Vaccines and Molecular Therapeutics, a section of the journal Frontiers in Immunology


Received: 03 November 2021

Accepted: 20 June 2022

Published: 19 July 2022

Citation:
Hussain B, Xie Y, Jabeen U, Lu D, Yang B, Wu C and Shang G (2022) Activation of STING Based on Its Structural Features. Front. Immunol. 13:808607. doi: 10.3389/fimmu.2022.808607



The cGAS-cGAMP-STING pathway is an important innate immune signaling cascade responsible for the sensing of abnormal cytosolic double-stranded DNA (dsDNA), which is a hallmark of infection or cancers. Recently, tremendous progress has been made in the understanding of the STING activation mechanism from various aspects. In this review, the molecular mechanism of activation of STING protein based on its structural features is briefly discussed. The underlying molecular mechanism of STING activation will enable us to develop novel therapeutics to treat STING-associated diseases and understand how STING has evolved to eliminate infection and maintain immune homeostasis in innate immunity.
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Introduction

Exogenous dsDNA in the cytosol, such as viral infection, is a danger signal sensed by the innate immune system and triggers immune responses (1). Stimulator of interferon genes (STING), an endoplasmic reticulum adaptor protein (also known as ERIS, MPYS, MITA, and TMEM173), links the cytosolic detection of dsDNA to the type I interferon (IFN) signaling and elicits a rigorous innate antiviral immune response (2–6). In this pathway, cytosolic DNA but not RNA induces cyclic GMP-AMP synthase (cGAS) to synthesize metazoan second messenger 2′3′- cyclic GMP-AMP (2′3′-cGAMP) with ATP and GTP as substrate (7–10). STING, observed as an obligate homodimer, binds to 2′3′-cGAMP or other cyclic di-nucleotides (CDNs) produced by bacteria and undergoes a series of conformational changes (11–25). Activated STING then traffics to Golgi, where it recruits and activates TANK Binding Kinase 1 (TBK1) and transcription factor IRF3. Activated IRF3 dimerizes and enters the nucleus, promoting, the expression of type I interferon as well as activating the nuclear factor κ-light chain enhancer of activated B cells (NF-κB) pathway (2–5, 26–28) (Figure 1). However, if STING is activated in an uncontrolled manner, it will cause autoimmune diseases such as Aicardi–Goutieres syndrome (AGS) (29) and STING-associated vasculopathy with onset in infancy (SAVI) (30). In recent years, STING activation, in combination with immune checkpoint blockade (ICD), was also found to be essential for the success of tumor immunotherapy (31). Considering the importance of STING in anti-infection, autoimmune diseases, and anti-tumor therapy, it is necessary to figure out the STING working mechanism from a structural insight at the atomic level. Here, we summarized the recent studies of apo and ligand-bound STING structures, oligomerization of STING, as well as the disease-linked STING mutations from a structural viewpoint.




Figure 1 | STING signaling pathway. After binding with the cGAMP (which is produced after the cGAS enzyme senses the double-stranded DNA), STING protein is activated followed by the activation of TBK1, which then phosphorylates transcription factor IRF3, which is then translocated into the nucleus of the cell leading to induction of interferon genes and ultimately anti-viral and anti-cancer immunity.





The Architecture of Apo Sting

STING is an endoplasmic reticulum membrane protein (3) that contains an N-terminal transmembrane domain (TMD) with four transmembrane helices (residues 1–138) (14), a cytosolic ligand-binding domain (LBD, residues 139–336), and a C-terminal tail (CTT, residues 337–379) (residue number is based on human STING) (Figure 2A). Before the determination of the STING structure, the domain boundary of STING was unclear, and the topology of STING was controversial. It was thought that there were five putative TM helices in the TMD by bioinformatics prediction (2, 32), which raises the question of the cellular position of the LBD domain (in ER lumen or cytosol). The subsequent structural studies of the LBD domain show that the fifth helix takes part in the formation of the dimer interface (Figure 2B), which clarified the composition of the TMD domain with four helices and the cytosolic location of the LBD domain. The cytosolic face of the LBD was further confirmed by an immuno-electron microscopy (EM) study of STING-GFP vesicle (33). The crystal structure of the apo STING LBD domain solved by several groups generated numerous 3D information to understand its related biochemical properties (11, 13, 16–19, 21, 34). The crystal structure of the LBD of human STING shows that the LBD forms a constitutive dimer, which is consistent with the result measured by dynamic light scattering (DLS) (34). The overall architecture of the LBD shows a butterfly-like structure with each protomer as its wing and a crevice formed between the two protomers (Figure 3A). The protomers adopt an α+β fold consisting of a five-stranded sheet in the center and four helices in periphery. The first long kinked helix (LBDα1) mediates the dimer interface formation, and residues in this helix are highly conserved. Interestingly, there is a dimerization motif GXXXS (X denotes any residue) at the interface (Figure 2B), which is usually found in the transmembrane helix mediating their lateral associations and signal transduction (35). Apparently, the dimerization motif plays a vital role in guiding the folding of STING protein, as demonstrated by the mutagenesis study (11) and the transduction of the signal to the TMD domain (14). The loop region between LBDβ2 and LBDβ3 is invisible in the human apo STING structure, whereas it is ordered and adopts various conformations in mouse, sea anemone, rat, and fly STING LBD (Figure 3A). Besides the LBDβ2–β3 loop region, the distances between the tips of the two protomers vary among these species, which raises the concern of crystal packing artifact of apo STING LBD. The CTT conformation in all solved structures has never been determined, although several studies claim that the CTT could bind to the other part of the LBD, playing a role in STING autoinhibition (13, 23, 36). In contrast to the in-depth structural studies of STING LBD, the knowledge about TMD is scarce owing to the challenging property of the full-length protein. With the development of cryo-EM in recent years, the full-length structures of human and chicken STING were solved at near-atomic resolution, providing this field a panoramic view of the STING molecule (14) (Figure 3A). Through structural comparison, LBDs of full-length human and chicken STING are almost the same as the crystal structure of the LBDs from human and rat. Like the LBD, the TMD also dimerizes, resulting in a domain-swapped dimer of full-length STING. As for the TMD, the TM2 and TM4 are located at the center, while the TM1 and TM3 are at the periphery of the helical bundle. There are some extra structural features observed in the full-length structure. One prominent characteristic is the formation of two amphibian helices between the LBD and TMD. These two helices, known as the connector helix, adopt right-handed coiled-coil conformation, and the connector loop linking the connector helix and the LBD crosses over each other (Figure 3A). Another feature is the interaction between the N-terminal segment from one protomer and the LBD from the other protomer. Two conserved hydrophobic residues (L6 and I10) within the N-terminus plug into the hydrophobic pocket outside the LBD, and R14 engages E69 and E149 from TM2 and the connector helix, respectively (Figure 3A). Mutagenesis studies demonstrated that these residues play a crucial role in STING folding (14, 16).




Figure 2 | Domain organization of STING protein. (A) Schematic representation of human STING domain architecture. Blue bar: N-terminal domain; green bar: ligand binding domain (LBD); orange bar: C-terminal tail (CTT). DM, dimerization motif. PM, phosphorylation motif. TBM, TBK1 binding motif. (B) Sequence alignment of the region of LBDα1 from various species. The number is based on human STING. GXXXS motif is labeled as cyan bar.






Figure 3 | Structures of LBD domain and full-length STING in apo and ligand-bound forms. (A) Structures of apo and antagonist bound LBD and apo full-length STING shown in cartoon. The secondary structures referred to in the text were labeled. The residues and compounds are shown as sticks. Gray rectangles represent TM domain. The black dashed square shows the magnified view of interactions between LBD and the N-terminal segment. The yellow dashed square shows the magnified view of LBD bound with antagonist C18. The connectors cross over each other. PDB IDs: 4F5W (human STING LBD), 4KC0 (mouse STING LBD), 6MXE (human STING LBD-C18), and 6NT5 (full-length human STING). (B) Structures of agonist bound LBD and full-length STING shown in cartoon. The binding of cGAMP induced the closed conformation and the 180° rotation of the LBD domain relative to the TM domain. The orange dashed square shows the magnified view of c-di-GMP (CDG) bound to STING LBD. The purple dashed square shows the magnified view of diABZI bound to LBD. The red dashed square shows the magnified view of cGAMP bound to LBD. The connectors are parallel to each other. The secondary structures referred to in the text were labeled. The residues and compounds were shown as stick. Gray rectangles represent the TM domain. PDB IDs: 4F5Y (human STING LBD-CDG), 6DXL (human STING LBD-diABZI), 4KSY (human STING LBD-cGAMP), and 6NT7 (full-length chicken STING–cGAMP).





Ligand Recognition and Signal Transduction

It has long been a mystery before discovering the endogenous ligand of STING. In 2011, cyclic di-GMP (c-di-GMP), the second messenger in Gram-negative bacteria, was identified as a pathogen-associated molecular pattern (PAMP) to directly bind to and activate mouse STING (32). After that, the studies on how STING recognizes cyclic di-nucleotide (CDN) were performed rigorously. Five groups reported the c-di-GMP/human STING-LBD complex (11, 13, 17, 18, 34). All of the studies show that the c-di-GMP is located at the dimer interface (Figure 3B). Four of them show that the c-di-GMP binding does not induce any conformational changes (11, 13, 17, 34) and the recognition of c-di-GMP is largely mediated by the π–π stack between the purine ring and Tyr167 in LBDα1 and solvent-mediated hydrogen bonds (34) (Figure 3B). The weak interactions between human STING and c-di-GMP are consistent with the function studies, demonstrating that the c-di-GMP is not a good stimulator of human STING (17, 23). In 2013, with the discovery of the cGAS enzyme, its product 2′3′-cGAMP was identified as STING’s endogenous ligand with a much higher binding affinity (Kd ~nM) than that of the c-di-GMP (Kd ~μM) (7–9, 12, 15, 37). The subsequent structural studies of the 2′3′-cGAMP/STING complex provide more information about the STING activation (12, 15). Compared with c-di-GMP, 2′3′-cGAMP induces huge conformational changes, and the conformation of STING in complex with 2′3′-cGAMP is largely different from that of the apo STING (Figure 3B). First, the two protomers in the complex undergo inward rotations relative to the twofold axis, creating a deeper crevice between the two protomers. Second, LBDβ2–β3 loops from two protomers move close to each other, forming a lid of a four-stranded antiparallel β sheet, which is disordered in the apo state. Therefore, the 2′3′-cGAMP-bound STING is in the closed state because of the lid formation of two protomers, while apo STING in the absence of this lid is in an open conformation. These 2′3′-cGAMP-induced conformational changes were observed not only in human STING, but also in mouse, rat, sea anemone, pig, and fly (12, 21, 24, 38), which is in big contrast to the species specificity observed in c-di-GMP binding. Besides the stacking interaction occurring between the purine and the Tyr167, other strong and extensive interactions can be observed in the 2′3′-cGAMP-STING complex (Figure 3B), such as the charge–charge interactions between the R238 and phosphate group in 2′3′-cGAMP, and its important role in binding was confirmed by the mutagenesis study (15).

After the determination of the 2′3′-cGAMP/full-length chicken STING structure, we can gain more structural information regarding STING activation. 2′3′-cGAMP not only induces the formation of lid but also promotes the 180° clockwise rotation of the LBD relative to the TMD (14). The two crossed connector loops in the apo structure were converted to a parallel configuration in the 2′3′-cGAMP-bound structure (Figure 3B). Although the huge conformational rearrangements were observed in the LBD and the connector, there were no significant changes occurring at the TMD part (14).

As the endogenous STING ligand, 2′3′-cGAMP is structurally distinct from the bacterial cyclic dinucleotide (CDN) since it contains an unusual 2′-5′ phosphodiester bond linking adenosine and guanosine besides a common 3′-5′ phosphodiester bond linking adenosine and guanosine [Gp(2′-5′)Ap(3′-5′)] (8, 9, 15). One of the long-lasting questions in STING ligand recognition is why STING, a constitutive homodimer, prefers asymmetric ligand 2′3′-cGAMP over symmetric ligand such as 3′3′-CDN. Since STING engages CDN in an almost same closed conformation and the two protomers also adopt the same conformation and the 2′3′-cGAMP in these structures exhibit alternative conformations with two purines switching position, it is hard to interpret this from the structural study of STING from several species, such as human. To answer this question, Shi et al. found that 2′3′-cGAMP, not other isomers such as 3′2′-cGAMP and 2′2′-cGAMP, tends to adopt an organized ligand-free conformation that pays less entropy to engage STING and leads to the highest binding affinity of 2′3′-cGAMP. Based on this idea, locking c-di-GMP in rigid ligand-free conformation via introducing a transannular macrocyclic linker between the two purines transformed the c-di-GMP into a pan-genotypic STING agonist (39). One intriguing study on how porcine STING discriminates various CDNs shows that the STING protein itself adopts an asymmetric ligand-binding pocket to bind CDN (24). The two protomers of STING adopt different conformations with a partially open lid region and the shift of the LBDα2–LBDα3 helical bundle in one protomer compared with the other one, which has never been observed in other STING–ligand complex structures (Figure 4A). The shape complementary and extensive interactions between porcine STING and 2′3′-cGAMP make it the most potent ligand. At the same time, the symmetric conformation of the other 3′3′-CDN engages the asymmetric binding pocket in STING with bad contacts disfavoring their binding. Of note, the TP motif adopting a different conformation in the two protomers plays an important structural role in the recognition of ribose with 2′-5′ and 3′-5′ linkages (24) (Figure 4A). The asymmetric ligand-binding recognition could also be found in the 3′2′-cGAMP-bound fly STING structure in which the conformation of the LBDα2–LBDα3 helical bundle in each protomer resembles the porcine STING–2′3′-cGAMP complex. In addition, it seems that the residue N159 in fly LBD could interact with the free 3′ hydroxyl group in ribose, rendering fly STING to prefer 3′2′-cGAMP to 2′3′-cGAMP (38) (Figure 4B). Therefore, both the ligand and the protein itself contribute to the STING ligand discrimination.




Figure 4 | Structural basis of ligand recognition and discrimination by STING. (A) Porcine STING LBD engages 2′3′-cGAMP (PDB ID: 6A06) with a partially open conformation (left panel). 2′3′-cGAMP adopts a fixed conformation in contrast to an alternative conformation that exists in other 2′3′-cGAMP-complexes. Superimposition of protomer A and protomer B (middle panel). The TP motif in two protomers, the key ligand recognition and discrimination element, adopts different conformations. The arrow denotes the tilt of the LBDα2–α3 helical bundle in protomer A relative to it in protomer B, 2Fo-Fc electron-density map for 2′3′-cGAMP (blue mesh) is shown and contoured at 2 σ (right panel). (B) Fly STING LBD-2′3′-cGAMP complex (PDB ID: 7MWZ) in a closed conformation (left panel). 2′3′-cGAMP adopts a fixed conformation in the complex structure. Superimposition of protomer A and protomer B (middle panel). The TP motif in two protomers adopts different conformations. The arrow denotes the tilt of the LBDα2–α3 helical bundle in protomer A relative to it in protomer B. The ligand discrimination residue N was shown. 2Fo-Fc electron-density map for 3′2′-cGAMP (blue mesh) and residue N is shown and contoured at 2 σ (right panel). Black dashed line shows the hydrogen bond.



The molecular mechanism of activated STING transducing signal to downstream TBK1 and IRF3 perplexes this field for an extended period. The biochemical study suggests that the STING could be phosphorylated by TBK1 at the conserved pLxIS motif (p, x, and S denote hydrophilic residue, any residue, and phosphorylation site, respectively) followed by recruitment of IRF3 using this as a docking site, and then IRF3 was also phosphorylated at the similar pLxIS motif in itself (40). The phosphorylated pLxIS motif in IRF3 could compete with the docking site and finally leads to the dimerization of IRF3. The structural study of STING-CTT and the IRF3 complex shows that the hydrophobic residues L and I could insert into the shallow pocket in the CTD of IRF3, and phosphorylated residue S engages positively charged residues on the surface of IRF3 (41). However, how activated STING recruits and activates TBK1 was largely unknown before three independent studies of the STING oligomer formation and the binding between TBK1 and STING (14, 23, 42, 43). The native-PAGE result clearly shows ladder-like band formation upon the cGAMP treatment, confirming the assembly of STING triggered by the ligand in the cells (42, 44–46). Intriguingly, the crystal packing analysis shows linear side-by-side assembly of the LBD in an open-ended fashion, which was observed in the crystal lattice of ligand-bound STING (Figure 5A) but not found in ligand-free STING, suggesting that this type of STING oligomerization may have physiological relevance and underlie the native gel result (14, 23). Furthermore, the c-di-GMP-bound bacterial STING could form filaments with a side-by-side packing mode indicating the ligand-induced oligomerization of STING is an evolutionarily conserved event (47, 48). In fact, the accompanying cryo-EM study of the chicken STING–cGAMP tetramer structure demonstrated that the STING/cGAMP complex assembles in a side-by-side manner in solution, which is the same as the pattern observed in a crystal lattice, although there are subtle differences. For instance, no direct contact was observed in the chicken STING tetramer interface between the two adjacent dimers either in the LBD domain or in the TM domain (Figure 5B). In contrast, backbone interactions between two neighboring LBDα2–α3 loops were seen in the human LBD/cGAMP crystal lattice (14). A recent structural study of the human STING/cGAMP/compound C53 ternary complex shows that both the LBD and TM domain contribute to the oligomer formation (49) (Figure 6). In this structure, the adjacent LBD interactions involving backbone interaction occur at the LBDα2–α3 loop consisting of residues Q273, Y274, and S275, which is consistent with the crystal structure observation (Figure 6B). The TM domain interaction implicates the TM1, TM2, and TM4 from one STING dimer and TM3 from the neighboring STING dimer (Figure 6C). Compound C53 is captured at the hydrophobic pocket formed by two TM2 and two TM4 and covered by the lid formed by a single TM3–TM4 loop. The residues involved in this pocket are L49, H50, Y106, V113, P115, and M120 (Figure 6C). Intriguingly, the TM domain interaction transforms the linear assembly into a slightly bent conformation in contrast to the straight assembly observed in the crystal lattice and chicken STING tetramer (Figure 6A). However, since the compound C53 binding pocket is located at the TM domain, it cannot exclude the effect of C53 on the TM domain interaction, and it remains unclear whether cGAMP or C53 themselves could induce the formation of this bent conformation. Superimposing the apo LBD into the cGAMP-bound tetrameric structure, the clashes could be seen in the LBDα2–α3 loop region, suggesting that the LBDα2–α3 loop functioned as an inhibitory element and conformational changes induced by the cGAMP release its inhibition (14).




Figure 5 | Structural basis of STING signal transduction. (A) Crystal packing analysis shows that the ligand-bound LBD forms a linear array of STING dimer in a side-by-side manner in the crystal lattice. PDB ID: 4KSY. Gray square represents the TM domain. (B) Structural model of TBK1 binds to and phosphorylates STING CTT. Full-length chicken STING–cGAMP adopts a linear assembly with open ends. The cryo-EM density of the TBK1-CTT complex is shown. TBK1 binds to STING CTT (black dashed line) in a head-to-head manner and phosphorylates CTT from the adjacent STING dimer (CTT: green line). The zoomed-in view of the detailed interaction between TBK1 and CTT is shown (right panel). PDB ID: 6NT8 and 6NT9 for chicken STING–cGAMP tetramer and human TBK1-chicken STING CTT, respectively.






Figure 6 | Structural basis of human STING oligomer induced by cGAMP and compound C53 which binds to a novel cryptic pocket in the TM domain (PDB ID: 7SII). (A) Cryo-EM density of the human STING/cGAMP/C53 oligomer shows a bent conformation. (B) Cartoon representation of the STING tetramer bound with cGAMP and C53 (left panel). The magnified black dashed square shows the interaction between two adjacent LBD domains (middle panel). The magnified orange dashed square shows the interaction network in the connector region. The residues referred to in the text were labeled. Black dashed line shows the hydrogen bond. (C) The oligomer interactions were observed in the TM domain (right panel). The detailed interaction between C53 and the STING TM domain (middle panel). The cryo-EM density for C53 contoured at 3 σ is shown in blue mesh. The black dashed line shows the hydrogen bond. (D) The localization of C88 and C91 in the oligomer structure. C88 is buried in the structure and C91 is located at TM3 and involved in the formation of the oligomer interface. C53 is shown in both sphere and stick modes.



Because the downstream kinase TBK1 adopts a constitutive dimer with their active sites facing away from each other, which needs another TBK1 dimer for its trans activation, the necessity of oligomerization of STING for signal transduction seems reasonable. In order to figure out how the STING and TBK1 complex assemble, two structural studies of the STING–TBK1 complex show that STING binds to TBK1 in a head-to-head manner with a 2:2 ratio (Figure 5B). A conserved sequence of (D or E)xPxPLR(S or T)D (x denotes any amino acid) (known as TBK1-binding motif: TBM) within the STING CTT sticks into a shallow pocket formed between the SDD from one TBK1 protomer and the KD from the other TBK1 protomer (42, 43) (Figure 5B). The important role played by TBM was confirmed by the mutagenesis studies. Interestingly, the TBM immediately follows the phosphorylation site (pLxIS) with only a two-residue distance and the pLxIS motif in TBK1-bound CTT is located far away from the two catalytic centers of the TBK1 dimer, which indicates that the TBK1 could not phosphorylate the CTT once it was bound but could phosphorylate the CTT from the neighboring STING dimer. Therefore, STING oligomerization provides a solution for TBK1 trans-autophosphorylation, TBK1 binding, and STING phosphorylation. Nevertheless, how the IRF3 docks in the STING/TBK1 complex remains obscure and the future direction could be the determination of the supercomplex of STING/TBK1/IRF3.



STING Activation and Inhibition via Various Mechanisms

How STING is activated by its ligands is the key question in this field. As described above, apo STING adopts an open conformation. At the same time, the endogenous ligand cGAMP induces STING, adopting a closed conformation with the lid formation to bury the ligand in the dimer interface. As for the full-length STING, the formation of closed conformation also couples the rotation of the LBD domain and the formation of a parallel array of STING dimer (14). One study found that the compound diABZI (symmetry-linked amidobenzimidazoles) could activate STING and, unexpectedly, keep STING LBD in an open conformation in both crystal and solution (50) (Figure 3B). The structural comparison shows that the diABZI-bound structure is the same as the apo STING and the four c-di-GMP-bound STING structures determined in 2012 (Figure 3B), which suggests that both the open and the closed conformation represent the active conformation. In addition, due to the lack of full-length diABZI-bound STING structure, it is not sure whether diABZI could induce the conformational changes observed in the structure of cGAMP-bound full-length STING. As mentioned above, the STING agonist compound C53 engages STING at a cryptic pocket in its TM domain. The finding of a novel agonist binding pocket in the TM domain further suggests that the STING could utilize various mechanisms for its activation. The key point to understand the activation mechanism may exist in the knowledge of how STING was inhibited. Several studies proposed that the CTT is the inhibitory element that can bind to the LBD domain and prevents STING activation, while the ligand binding could release the CTT from LBD sequestration and breaks its autoinhibition (13, 23, 36). However, the structural basis for STING autoinhibition involving CTT remains unclear and needs further investigation.

Since the aberrant activation of STING could lead to the autoimmune diseases such as SAVI and AGS, the inhibition of STING by small molecules has been developed rigorously for therapeutic purposes. The inhibition mechanism of STING by these compounds and their corresponding structural basis is diverse. The LBD with open-to-closed conformation changes induced by the ligand binding prompted people to design a compound to keep its open conformation so that it could compete with cGAMP binding, and thus suppress the activation of STING. For example, compound C18 could bind to a dimer crevice and stick STING in an open conformation (51) (Figure 3A). However, C18 is a relatively weak antagonist (IC50 = 11 μM), inhibiting the production of IFNβ stimulated by cGAMP. Another antagonist, Astin C, a cyclopeptide separated from the medical plant, could bind to the LBD with a higher affinity (Kd = 53 nM) and thus inhibits the IRF3 binding and subsequent cytokine release (52). The IC50s of Astin C inhibiting IFNβ production are within the range of about 3–8 μM for different cell lines used. Virtual screening of the LBD CDN-binding pocket also found that the STING antagonist SN-011 presumably located underneath the LBDβ2–β3 loop could compete with cGAMP binding, preventing the activation of a STING-related immune response (53). The Kd value measured by surface plasmon resonance (SPR) is about 4 nM and the IC50 calculated is 76 nM, which is comparable to that of the cysteine modification drug H-151 (46). However, the detailed structural basis of Astin C affecting IRF3 engagement and the SN-011-bound structure remains unclear and could be the direction for the future studies. In other aspects, the prevention of STING oligomerization is another way to inactivate STING. C91/C88 modification drugs such as H-151 could abolish STING polymer formation, which is a promising drug candidate to treat STING-mediated autoimmune diseases (46).

Besides the STING activity regulation mentioned above, the post-translational modifications (PTMs) of STING have been demonstrated to regulate the STING signaling, among which modification of C88/C91 in human STING is of importance in either enhancing or inhibiting the STING activity (54–56). The palmitoylation of C88/C91 in the human STING was thought to be required for STING activation at the Golgi apparatus (54). In contrast, nitro-alkylations and carbonylation could inhibit the palmitoylation, resulting in the abolition of IFNβ signaling (55, 56). Previous full-length human STING structure analysis indicates that C91 may be the functional palmitoylation site because it is exposed, while C88 is buried in the protein core and may be inaccessible to the modification (14). According to the human STING/cGAMP/C53 oligomer structure (49), C91 is located at the beginning of the TM3, and it takes part in the formation of the polymer interface (Figure 6D). Given that the active STING polymer is formed at the ER before it travels to the Golgi apparatus (23), the chance of palmitoylation is low for those C91 residues in the polymer interfaces since they are inaccessible to the Golgi-localized palmitoyl acyltransferase enzymes (e.g., ZDHHC3) (54). However, as for the C91 localized at the ends of the polymer, they are exposed, and their palmitoylation modification may occur. Therefore, the active STING polymer can only be partially palmitoylated in a much lower percentage. The C88/C91 modification by endogenously formed nitro-fatty acids or compound H-151 could block the STING signaling by preventing STING polymerization on the ER and subsequently travel to Golgi stimulated by the cGAMP. Reactive oxygen species (ROS) were also found to modify cysteine residues in the cytosolic domain, such as C148 (human STING), which could be oxidized to negative regulation of the STING activation (57, 58). A previous study proposed that the C148 residue in the human STING can cross-link the active STING dimer into a long polymer through the formation of inter-dimer disulfide bonds, which is required for the activation of the human STING (23). The oxidized C148 was thought to be unable to form a STING polymer mediated by dimer cross-linking. Through structural analysis of the human STING/cGAMP/C53 polymer, C148 was buried in the hydrophobic core in amphipathic connector helices consisting of residues such as L139, I144, and V147, and it particularly packs against F153 (Figure 6B), thus playing a role in stabilizing the active conformation. The modification of C148 suppressing signaling is likely due to its destabilizing effects on the STING polymer.



STING Structure and Its Related Autoimmune Disease

STING mutations could activate downstream signaling in a ligand-independent manner. The hyperactive STING variants were reported in 2011 by Burdette et al. (32) and in 2015 by Tang et al. (59). At the same time, hyperactive STING variants were also found in the patients. For instance, STING-associated vasculopathy with onset in infancy (SAVI) is an autoinflammatory disease driven by gain-of-function mutations in STING, first reported in 2014 (60). In the following several years, many SAVI cases were reported, and the associated mutants are located in multiple sites of the STING protein (61, 62). These mutants could be divided into at least four clusters according to their locations in the STING protein structure (Figure 7). The first cluster is localized at the N-terminal domain (NTD) such as H72N variants (60). The second cluster is localized at the dimer interface including V147L/M, F153V, N154S, V155M, and G158A (30, 63–68). The third cluster is located at the helical bundle of LBDα2–α3 and the long LBDβ1–β2 loop outside of the dimer interface including C206Y/G, G207E, R281Q/W, and R284G/S (63, 69–72). The fourth cluster is located at the ligand-binding pocket such as G166E (73). Moreover, SAVI variants that combined two mutations were also found such as S102P/F279L, V155E/L170Q, and L189V/S280R (67, 74, 75). Based on the solved full-length human STING and active STING polymer, the cause of these gain-of-function mutations could be partially explained. For the H72N variant, the substitution of H by N may disrupt the interaction between the N-terminus and the linker of TM2–TM3, leading to the rotation of LBD and activation of STING. Mutations in cluster 2 located in the dimer interface and the substitutions could promote the rotation of LBD breaking the STING inhibition. As for the G166E variant located at the ligand-binding pocket, it could mimic the phosphate group in the cGAMP and interact with R238, resulting in the formation of closed conformation of STING. However, it is challenging to explain mutations in cluster 3 using the present structural model because all these mutations are surface-exposed, and there are no significant changes after ligand binding. Therefore, this site may bind the inhibitory partner or be autoinhibited (70). Ergun et al. proposed that the CTT could bind R281, and their interaction could be impaired by cGAMP binding, supporting the notion of STING autoinhibition by CTT (23). Nevertheless, besides R281, other gain-of-function mutations in this site should be tested to further confirm this viewpoint. In another aspect, STIM1 and TMEM203 were considered as the interaction partners for STING ER residence and they might be bound to this site for STING inhibition (76, 77).




Figure 7 | Mapping SAVI mutations in the human STING structure (PDB ID: 6NT5). The SAVI mutations have been located on STING protein and divided into four clusters (1–4). Cluster 1 (black ball) is located at the N-terminal domain and includes the H72N variants. Cluster 2 (red ball) is localized at the dimer interface and shows the V147L/M, F153V, N154S, V155M, and G158A mutations. Cluster 3 (blue ball) is localized at the helical bundle of LBDα2–α3 and the long LBDβ1–β2 loop outside of the dimer interface and includes the C206Y/G, G207E, R281Q/W, and R284G/S mutations. Cluster 4 (purple ball) is located at the ligand-binding pocket and includes the G166E variant. Other than these clusters, there also exist combinations of two mutations; for example, S102P/F279L, V155E/L170Q, and L189V/S280R as shown by brown, green, and light brown balls, respectively.





Conclusion and Future Perspectives

In the past 10 years, the structural study of STING has made huge progress in unveiling the working mechanism of the STING molecule. We now know that STING operates as an obligate domain-swapped dimer. The apo STING adopts an open conformation, and the ligand-binding pocket is located at the crevice formed by the two LBD domains. The structural studies of the STING–CDN complex also show how STING recognizes and differentiates various CDN ligands. The cGAMP binding induces the formation of closed conformation with lid formation covering the ligand in the deep pocket and, at the same time, couples the clockwise 180° rotation of the LBD domain and parallel packing of the array of STING dimer. In addition, the human STING could form a slight bent oligomer in the presence of cGAMP and C53, which might be fit for the anterograde transportation of the STING vesicle. The discovery of a novel agonist binding pocket in the TM domain indicates the existence of diversified activation mechanisms of STING. The head-to-head binding mode of STING and the TBK1 complex reveals that the STING employs a conserved TBM within CTT to plug into the shallow pocket localized between SDD and KD of TBK1. The binding prevents TBK1 from phosphorylating STING in cis due to the geometry restraint, while it could only phosphorylate CTT from the adjacent STING dimer, representing a unique trans activation mechanism of STING. The full-length structural studies of apo and ligand-bound STING gave a certain explanation for understanding STING-related autoimmune diseases such as SAVI. Moreover, the structural basis of STING could also provide insights into how STING PTM regulates its activation and inhibition.

However, our current knowledge of STING structure and function is still limited. We still do not know how STING, TBK1, and IRF3 assemble into a mega-complex. It is intriguing to know how to reconcile the two controversial activation mechanisms of STING concerning the closed and open conformations induced by cGAMP and diABZI, respectively. We also do not know how STING travels from ER to the Golgi apparatus through COP II transportation machinery. It is interesting to investigate how STING achieves its ER residence via interacting with a binding partner such as STIM1 (76). Most importantly, we do not know why STING activation requires 180° rotation of the LBD. The causes of STING-related autoimmune diseases such as SAVI and COPA remain largely elusive (78–81). The structural basis of STING autoinhibition by its CTT should also be considered in future studies. In addition, the structural basis of how the viral protein hijacks the STING for invasion needs further investigation (82, 83). Taken together, much more efforts should be spent to further unravel the working mechanism underlying the cGAS-STING pathway, which is useful for us to develop new therapies to fight infections, autoimmune diseases, and cancers.
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The functions of a wide variety of molecules with structures similar to the classical class I and class II molecules encoded by the major histocompatibility complex (MHC) have been studied by biochemical and structural studies over decades, with many aspects for humans and mice now enshrined in textbooks as dogma. However, there is much variation of the MHC and MHC molecules among the other jawed vertebrates, understood in the most detail for the domestic chicken. Among the many unexpected features in chickens is the co-evolution between polymorphic TAP and tapasin genes with a dominantly-expressed class I gene based on a different genomic arrangement compared to typical mammals. Another important discovery was the hierarchy of class I alleles for a suite of properties including size of peptide repertoire, stability and cell surface expression level, which is also found in humans although not as extreme, and which led to the concept of generalists and specialists in response to infectious pathogens. Structural studies of chicken class I molecules have provided molecular explanations for the differences in peptide binding compared to typical mammals. These unexpected phenomena include the stringent binding with three anchor residues and acidic residues at the peptide C-terminus for fastidious alleles, and the remodelling binding sites, relaxed binding of anchor residues in broad hydrophobic pockets and extension at the peptide C-terminus for promiscuous alleles. The first few studies for chicken class II molecules have already uncovered unanticipated structural features, including an allele that binds peptides by a decamer core. It seems likely that the understanding of how MHC molecules bind and present peptides to lymphocytes will broaden considerably with further unexpected discoveries through biochemical and structural studies for chickens and other non-mammalian vertebrates.
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Introduction

The major histocompatibility complex (MHC) is a genomic region originally discovered as the primary genetic locus responsible for graft rejection, but now is known to encode the highly polymorphic classical class I and class II molecules that present antigenic peptides to play crucial roles in innate and adaptive immune responses (1). Over three decades of research into human and mouse MHC molecules have provided very clear models of how MHC molecules acquire, bind and present peptides to thymus-derived (T) lymphocytes and natural killer (NK) cells (2, 3). Much less is known about the MHC systems in other species, ranging from mammals outside of primates and rodents to cartilaginous fish (4). A variety of studies have examined the structures of class I molecules in rabbit (5), horse (6), cow (7), swine (8–11), bats (12, 13), brushtail opossum (a marsupial mammal) (14), duck (a bird) (15), the frog Xenopus (16), grass carp (a bony ray-finned fish, or teleost) (17) and nurse shark (a cartilaginous fish) (18), which have shown some interesting differences compared to humans and mice. In parallel, studies into genomic organisation, and antigen processing and peptide loading have revealed great variation as well (4, 19).

Most of what is known about the MHC and MHC systems outside of placental mammals comes from research into the domestic chicken, Gallus gallus domesticus (4, 20, 21). This effort has benefited from nearly 150 years of research in the service of animal husbandry and later the global poultry industry, as well as lines of investigation like vaccination, virology, embryology and development. In comparison to typical mammals, the chicken MHC is small, simple and arranged differently, so much so that an overall different strategy of using MHC molecules was perceived, one of strong genetic associations commonly found for infectious disease. On the other hand, the simplicity of the chicken MHC has also allowed a clear appreciation of at least one fundamental property of classical class I molecules that is in common with humans, that of a hierarchy of peptide repertoires, which led to the hypothesis of generalists and specialists. Even less well understood is the focus of chicken class II molecules on a few genes from a pathogen with over 100 genes, Marek’s disease virus (MDV).

This review focuses on structural studies of classical chicken MHC molecules, and on the crucial functional and biochemical results that underpin them. However, it should be pointed out that there have also been studies of so-called non-classical MHC molecules in chickens, with structures of two CD1 molecules and a YF molecule, all of which appear to bind hydrophobic non-peptide antigens (22–24), presumably lipids.



Big differences in the MHC of chickens and typical mammals

The first unexpected observation in chickens was the strong genetic associations of the B blood group with resistance and susceptibility to the lethal tumours caused by the oncogenic herpesvirus, MDV (25). These associations were eventually shown to be due to the so-called BF-BL region (26), which was found to determine the polymorphic class I (BF) and class II (BL) molecules (27). Cloning and sequencing eventually identified the BF-BL region as the chicken MHC (28, 29), defined as the primary locus for rapid allograft rejection, graft-versus-host reaction, mixed lymphocyte reaction and presentation of antigens to T lymphocytes.

In addition, some genomic DNA clones with class I and class II B genes were eventually shown to come from the so-called Rfp-Y region, which is genetically unlinked to the B locus but on the same chromosome (30). A region of repeats was found to separate the B and Y loci (31, 32). It has been forcefully argued that both regions should be called the MHC, MHC-B and MHC-Y (33, 34). However, the MHC genes from the Y locus are non-classical, with the class I YF molecule being highly polymorphic but not able to bind peptides and the class II YLB genes being non-polymorphic (35, 36). Thus, the Y region might be considered part of the extended MHC, in the same way as the HFE gene in humans and the Q, TL and M regions of mice. Reports ascribe a variety of immunological phenomena to the Y region (37–39), but the graft rejection times are moderate (40, 41), much like collections of minor transplantation antigens in mice.

Many features of the chicken MHC differ markedly from typical mammals (Figure 1), including the strong genetic associations with infectious disease mentioned above, the class III region on the outside of the class I and class II regions, the polymorphic TAP genes in between the two class I genes, a polymorphic tapasin (also called TAP binding protein, or TAPBP) gene nearby, the lack of an obvious tapasin binding site in TAP1, a polymorphic NK receptor/monomorphic ligand gene pair and a very low level of recombination across the region (20, 29). The discovery that only one of the two classical class I genes is well-expressed led to a unifying hypothesis (20, 42–44): that co-evolution between polymorphic peptide-loading genes and the closely-linked BF2 gene led to a single dominantly-expressed class I gene whose peptide motif determined immune response. In contrast, the enormous human MHC was considered to have nearly monomorphic antigen processing and peptide loading genes that acted as average best-fits for a distantly-located multigene family of classical class I genes, which together led to the lower genetic associations of the MHC with infectious diseases. The first peptide motifs in chickens, indeed outside of mammals, were the basis for these concepts and will be described next.




Figure 1 | The chicken MHC (BF-BL region) is simpler and smaller than the human MHC (HLA), with co-evolution of polymorphic TAP1, TAP2 and tapasin genes with the BF2 gene leading to a single dominantly-expressed class I gene. Coloured boxes are genes with names above; thin vertical lines indicate region boundaries with names above or below; representation is roughly to scale, with a bar indicating approximately 100 kB. Gene expression indicated by thickness of arrows pointing up, co-evolution between TAP and BF2 genes shown by a curved arrow. Genes from the class I system, red; the class II system, blue; the class III or NK genes, green; solid colours indicate classical genes while striped colours indicate genes involved in peptide loading. Figure from reference (22).





Peptide-binding motifs, peptide-translocation specificities and structures for fastidious chicken class I alleles

Key to the first understanding of how the chicken MHC works were the knowledge of genetic associations for infectious diseases, the existence of relatively-inbred experimental chicken lines based on MHC serological typing, the relatively large size of chickens for isolation of cells and molecules, and the existence of monoclonal antibodies to chicken MHC molecules. Some or all of these factors have been missing from studies for most vertebrates outside of humans and mice; thus far, none of the structures mentioned for species outside of mammals and chickens are with natural ligands identified from MHC molecules on the surface of cells.

The monoclonal antibodies enabled isolation of class I molecules from blood (particularly erythrocytes), spleen and eventually virally-transformed chicken cell lines. Despite the clear evidence of two classical class I genes, only one unambiguous peptide motif was found for each of the B4, B12, B15 and B19 haplotypes (42). This finding prompted a closer look, which showed that the BF2 genes are far better expressed than the BF1 molecules at the level of RNA, protein and peptide motif (43, 45). Most of the chicken self-peptides (and motifs) are octamers, but are reminiscent of peptides from certain mammalian class I molecules (42, 43). The peptide motif from B12 was somewhat like mouse Kb and Db molecules (simple hydrophobic anchors at peptide position 5 and 8), from B15 was somewhat like human HLA-B27 (basic residues at position 1, arginine at position 2 and tyrosine at position 8 or 9), and from B19 was also somewhat like human HLA-B27 (some basic residues at position 1, arginine at position 2 and a variety of hydrophobic amino acids at position 8). In contrast, B4 was entirely different from any class I molecule previously described, with acidic residues at peptide positions 2 and 5, and almost completely glutamic acid at position 8. Wire models of class I molecules were entirely consistent, with BF2 residues at potential contact positions with appropriate chemical properties to bind peptides with these motifs (43).

More recently, structures of these molecules based on X-ray crystallography have become available (four for BF2*04:01, two for BF2*12:01, 4 for BF2*15:01) (46–49). These structures have confirmed all the inferences based on the motifs and the wire models, but with additional insights (Figure 2). For example, peptide position 2 for B12 is clearly an anchor residue embedded in the peptide-binding groove, but would not have been identified as an anchor residue based on the peptide motif, which fits with the notion of a “promiscuous pocket”. With this understanding, all chicken class I molecules for which there are structures suggest the presence of three anchor residues as defined by the side chains pointing down into the peptide-binding groove. As another example of a new insight, structures of BF2*04:01 and BF2*15:01 with CD8αα molecules showed two modes of interaction (49), one as found in mammals, but the other with a slightly different set of interactions, for reasons that are not yet clear.




Figure 2 | Three anchor positions are found for peptides bound to fastidious chicken class I molecules, which may have both fastidious and promiscuous pockets, and also illustrate C-terminal peptide extensions similar to peptides bound to class II molecules. Shown are peptides in sticks depiction and peptide-binding groove as surfaces with α1 helix and β-sheet in cartoon depiction (left panels) and with some key interactions between peptide and class I molecule (right panels). PyMol was used to determine the anchor residues (underlined in figure), the electrostatics for the class I surface (with electronegativity as red and electropositivity as blue), the presence of H-bonds and salt bridges between key class I residues and peptide side chains (as dotted purple lines), and some of the key class I residues within 4 Å of anchor residues. In addition, R83 is shown for each structure to show how it can allow C-terminal peptide extension. (A) BF2*04:01 with peptide IDWFDGKE (PDB 6LHG) has a largely basic groove, with pockets for anchor residues formed by Y7, R9, T24, Y43, Q62, I65, N69 and F97 for D2; R9, N69, I72, I73 and R111 for D5; and N76, I79, R80, R83, W95, T140 and W144 for E8. (B) BF2*12:01 with peptide LPACVLEV (PDB 5YMW) has a largely hydrophobic groove, with pockets for anchor residues formed by Y7, Y43, Q62, I65, Y97 and Y156 for P2; Q9, N69, I72, W95 and Y111 for V5; and N76, R83, M113 and K143 for V8; peptide position 2 is promiscuous despite being an anchor residue. (C) BF2*12:01 with peptide AVKGVGTMV (PDB 5YMV) as in panel B (but with the pocket around M8 being bounded by N76, I79, L80, W95, M113, F120, T140 and W144); R83 allows extension of peptide residue V9 out of the groove. (D) BF2*15:01 with peptide RREVHTYY (PDB 6IRL) has a largely acidic groove, with pockets for anchor residues formed by Y7, D24, T34, H35, E62, T65, S66 and Y97 for R2; I72, L95, Y97, S111 and Y149 for H5; and D73, T79, R83, V93, D113, T140, K143 and W144 for Y8; peptide position 1 points up out of the groove but is nearly always a basic residue interacting with E62, while position 5 is promiscuous despite being an anchor residue. Figure based on references (48–51).



Based on the two allelic lineages of TAP2 that co-evolve with class I alleles in rats (50, 51), chicken TAP and tapasin genes were examined and found to have enormous allelic polymorphism and moderate sequence diversity (44, 52). Peptide-translocation studies showed that the specificities were consonant with the BF2 peptide-binding specificities (44), and for two haplotypes, it was found that a narrower range of peptides was pumped compared to the range of peptides that could be refolded with BF2 molecules produced by bacterial expression (46, 53). The TAPs from B4 cells allowed the unprecedented translocation of peptides ending in an acid residue (44); chickens lack inducible proteasome components that in mammals favour peptides ending with hydrophobic or basic residues (54). Inspection of the protein sequences suggested obvious contact sites within the TAP1 and TAP2 alleles that might interact appropriately with peptides, suggesting the location of the peptide-binding sites (44, 55). However, comparison of the peptide-translocation specificities for cells with B12, B15 and B19 (which is a recombinant of B12 and B15) shows that variation within the TAP2 nucleotide-binding domain can affect peptide-translocation specificities. Sadly, the mutagenesis of chicken sequences for confirming these assignments, as well as understanding the single interaction of chicken TAP and tapasin, have never been finished, so there remains much to do in this area.

In a sense, the class I molecules in humans and mice take whatever peptides that they can bind from the wide variety provided by their TAPs, while these chicken class I molecules take what peptides they can get (56). In humans and mice, there are only a few TAP and tapasin alleles, only a few residues that vary, and no obvious functional differences. By contrast, the chicken TAP and tapasin alleles have moderate sequence diversity and are typically unique to each chicken MHC haplotype (44, 52, 57). The correlation of stringent peptide-translocation and peptide-binding specificities for TAP and class I alleles for these MHC haplotypes contrasts with monomorphic and wide peptide-translocation specificity of the nearly monomorphic TAPs and the multigene families of classical class I molecules in humans and mice. Indeed, the peptide-binding specificities of the chicken class I molecules from these haplotypes are generally more stringent than human class I alleles, leading to the label “fastidious”. A similar situation is expected for the alleles of the highly polymorphic tapasin, although there is functional evidence for only two haplotypes (57) and the obvious mutagenesis experiments are not finished.



Peptide-binding motifs, peptide-translocation specificities and structures for promiscuous chicken class I alleles

A simple model for function of the chicken MHC arose from these first experiments: polymorphic TAP (and tapasin) genes co-evolve with only one of the two class I genes, so that a single dominantly-expressed class I molecule determines the cytotoxic T cell response, determining resistance or susceptibility which reads out as strong genetic associations (20, 42). In support of this view, the number of pathogen peptides predicted by peptide motifs for the B4, B12 and B15 BF2 alleles correlate well with the susceptibility to tumours induced by Rous sarcoma virus (RSV), and vaccination by the major binding peptide led to strong reduction of such tumours in B12 chickens (42, 43, 58). Similarly, a molecular-defined vaccine for infectious bursal disease virus (IBDV) showed the same correlation, with the numbers of peptides predicted and bound in vitro assembly assays correlating with response (59). However, the haplotypes with fastidious alleles like those in B4, B12, B15 and B19 generally are considered to confer susceptibility rather than resistance to the lethal tumours induced by MDV (25), historically one of the most important infectious pathogens.

Decades of experiments had identified B21 and B2 as the haplotypes that confer resistance to Marek’s disease, and some authorities summarised the historic literature to show a hierarchy of haplotypes, ranging from the most resistant B21 and B2 to the most susceptible B19 (25). Many experiments to determine the peptide motif for the class I molecules from B21 chickens found far fewer peptides and no simple peptide motif compared to the fastidious class I molecules (60). Moreover, flow cytometry of erythrocytes with the monoclonal antibodies to chicken class I and β2-microglobulin showed a hierarchy from low-expressing B21 to high-expressing B4, B15, B12 and B19, with the same rank order described for MDV resistance (42, 61). The existence of a cell-surface expression polymorphism among BF2 alleles, unprecedented for MHC molecules at the time, led to many experiments to test the hypothesis that NK cells were involved. This hypothesis seemed appropriate given the presence of an NK receptor gene (BNK) in the chicken MHC (29). However, eventually this family of NKR-P1 receptors in humans and mice was found to recognise lectin-like ligands encoded by neighbouring genes, which suggested the neighbouring lectin-like gene Blec (or other Blec-like genes in the BG region) as potential ligands for BNK (62–64).

The realisation that the expression level polymorphism was only part of a suite of properties for BF2 alleles came initially from biochemical experiments on the road to express the proteins for X-ray crystallography (60). The self-peptides identified for class I molecules from B21 cells had no positions with obviously similar residues, which led to the idea that several class I molecules with different motifs were responsible. However, expression of the BF2*21:01 heavy chain in bacteria followed by refolding with β2-microglobulin and different peptides in vitro showed conclusively that the same class I molecule could bind peptides with significantly different sequences.

The mystery of such promiscuous binding was resolved by the X-ray crystal structures (six for BF2*21:01, two for BF2*02:01 and one for BF2*14:01) (60, 61), revealing unprecedented properties for class I molecules. BF2*21:01 binds peptides with three anchor residues (P2, Pc-2 and Pc) but remodels the peptide-binding site to accommodate a wide variety of co-varying amino acids at P2 and Pc-2, based on four amino acid positions in the BF2 sequence (Figure 3). One small amino acid from each of the α-helices (serines at positions 70 and 99, using HLA-A2 numbering) together lead to a wide bowl in which an arginine at position 9 and an aspartic acid at position 24 pointing up from the underlying β-sheet have considerable conformational flexibility. Charge transfer between Arg9 and Asp24 allow interactions between acidic residues in the peptide and class I molecule, with the peptide positions P2 and Pc-2 co-varying to accommodate the changes. A comparison between the original two self-peptides illustrates this idea. For the 11mer peptide GHAEEYGAETL, the basic His at P2 interacts with the acidic Asp24, while the acidic Glu at Pc-2 interacts with Arg9. In contrast, for REVDEQLLSV, Glu at P2 directly interacts with the Asp24 that is interacting with Arg9; the movement of Arg9 creates a hydrophobic pocket for interaction with Leu at Pc-2. A detailed analysis of the peptides bound in vitro by refolding peptide libraries and those found on the surface of cells by immunopeptidomics reveals that at least 50% of possible combinations of P2 and Pc-2 can be found in the data. However, there are only a few combinations that are found at high frequencies.




Figure 3 | At least three different mechanisms allow a wide repertoire of peptides bound to promiscuous chicken class I molecules, including hydrophobic pockets (B2 and B14), remodelling binding site (B21) and C-terminal peptide extension (shown for B12 in Figure 2). Shown are peptides in sticks depiction and peptide-binding groove as surfaces with α1 helix and β-sheet in cartoon depiction (left panels) and with some key interactions between peptide and class I molecule (right panels). PyMol was used to determine the anchor residues (underlined in figure), electrostatics for the class I surface (with electronegativity as red and electropositivity as blue), the presence of H-bonds and salt bridges between key class I residues and peptide side chains (as dotted purple lines), and some of the key class I residues within 4 Å of anchor residues. In addition, R83 is shown for each structure to showcase C-terminal peptide extensions for some molecules. (A) BF2*02:01 with peptide YPYLGPNTL (PDB 4CVX) has two parts to the groove, the left being acidic and the right basic, with pockets for anchor residues formed by Y7, Y43, Q62, I65, Y97 and Y156 for P2; and N76, I79, L80, R83, M113, T140, K143 and W144 for L9; class I residues D24 and R9 do not interact with peptide side chains due to the relatively narrow groove, and peptide position 5 cannot be an anchor residue since G5 has no side chain (while another structure 4D0D has A5 in this position which does point down into the groove). (B) BF2*21:01 with peptide REVDEQLLSV (PDB 3BEW) has a groove with the left being acidic and the right basic, with pockets for anchor residues formed by Y7, R9, D24, E62, V66 and Y156 for E2; S69, I72, N73, N76, W95 and H111 for L8; and N76, L80, R83, T140 and K143 for V10; small class I residues G68, S69, S97 and G152 form a bowl to allow D24 and R9 to interact with anchor residue E2 by charge transfer. (C) BF2*21:01 with peptide GHAEEYGAETL (PDB 3BEV) as in panel B, but pockets for anchor residues including in addition M34, R61 and I65 but not R9 for H2; R9 and H111 for E9; and I79, V93, W95, F120 and V121 but no K143 for L11. (D) BF2*14:01 with peptide SWFRKPMTR (PDB 4CW1) has an acidic groove, with pockets for anchor residues formed by Y7, T24, V34, V43, Q62, I65, V66 and Y97 for W2; N69, I72, L95 and W144 for K5; and D73, D76, R83, V93, D113, T140 and W144 for R9; peptide position 5 is promiscuous despite being an anchor residue. Figure based on references (62, 63).



There is a second mechanism by which chicken class I molecules can have a wide peptide repertoire (61). The low expressing allele BF2*02:01 binds a wide variety of hydrophobic side chains from P2 and Pc in broad shallow pockets (Figure 3). In fact, binding two anchor residues with hydrophobic side chains is much like the human HLA-A2 molecules, but each subtype of HLA-A2 has a slightly different narrow P2-binding pocket that precisely fits a small subset of hydrophobic side chains (65–68). However, it seems likely that position 5 of the peptide is also a (very promiscuous) anchor residue, which has not been obvious in the two existing structures which have Gly and Ala at position 5. While BF2*02:01 has Arg9 and Asp24 just like BF2*21:01, these residues do not contact the anchor residues of the peptide because the groove is narrow, due to residues on the α-helices with large side chains in positions where BF2*21:01 has small residues. Another example of this mechanism for promiscuity is BF2*14:01 (Figure 3), which has a broad but deep pocket which accommodates larger hydrophobic residues at P2, again with an extremely promiscuous pocket for peptide position 5, along with an unprecedented cluster of acidic residues that bind one or more basic amino acids at the end of the peptide.

A third mechanism for promiscuous binding is illustrated by BF2*12:01 (47) (Figure 2), which is actually a fastidious molecule binding octamer peptides with stringent binding requirements at P5 and Pc (as well as having a promiscuous binding pocket for P2). However, this was the first reported chicken class I structure that showed a peptide extending out of the groove at the C-terminal end (although one was found for BF2*14:01 but not published). The key structural feature allowing this C-terminal overhang was noticed early on in chickens (and actually all non-mammalian vertebrates) (69, 70): an arginine at position 84 (HLA-A2 numbering) instead of the nearly invariant tyrosine found in nearly all classical and some non-classical class I molecules in mammals. Tyr84 is the residue that interacts with the C-terminal carboxyl group of the peptide and blocks off the C-terminal end of the groove in mammalian class I structures, but the equivalent position in mammalian class II molecules is in fact an arginine that facilitates the peptide leaving the groove. There are some reports of peptides hanging out of the groove for human class I molecules, but in these cases there are significant shifts in the conformation of the groove and a ten-fold loss in affinity (71–75), unlike in BF2*12:01. Peptides extending out of the groove are rare for the alleles from the so-called standard haplotypes derived from egg-layer chickens, but are found frequently for many alleles newly described for commercial meat-type (broiler) chickens. The crucial point is that such overhanging flanking residues in mammalian class II molecules can be recognised by T lymphocytes (76–78), with the inference that such overhangs for chicken class I molecules lead to a wider T cell response. However, there are no structures reported to illustrate the range of C-terminal overhangs in alleles from meat-type chickens, nor is there any evidence that these overhangs are recognised by chicken T cells, so these questions remain for future investigation.

The inverse correlation of peptide repertoire and cell surface expression level is part of a suite of properties, including resistance to Marek’s disease, TAP translocation specificity and thermostability (Figure 4), possibly indicating tapasin-dependence (56). Pulse-chase experiments show that amounts of promiscuous and fastidious class I heavy chains are roughly the same inside the cell, but that the movements of the class I molecules to cell surface differ, which is consistent with differences of TAP and tapasin alleles in the peptide-loading complex (53). The co-evolution between TAP and class I genes is supported by the peptide-translocation specificity of B21 cells, which is much wider than TAPs from haplotypes with fastidious BF2 molecules and indeed wider than the peptide-binding specificity of BF2*21:01 as assessed by refolding in vitro (53). The promiscuous class I molecules are less thermostable (53), correlating with the ease of refolding in vitro, which in humans is correlated with tapasin-independence (20, 61, 79).




Figure 4 | The hierarchies of class I alleles in humans and chickens have many similarities (pathogen resistance, peptide repertoire, cell surface expression and thermal stability), but they differ in some aspects (peptide translocation specificity is monomorphic in humans but polymorphic in chickens) and there is still much work to do to confirm the model (such as the role of tapasin in chickens). †, the ability of promiscuous human alleles to provide general protection against a variety of pathogens has not been rigorously tested; ††, the range of peptide repertoire is much broader in chickens than in humans; †††, tapasin dependence in chickens in not well understood; ††††, translocation specificity of human TAPs is monomorphic and much wider than the most promiscuous TAP alleles in chickens. HLA-B*57:01, B*27:05, B*07:02 and B*35:01 are human class I alleles, whereas B2, B4, B6, B12, B14, B15, B19 and B21 are chicken MHC haplotypes, each of which has a dominantly-expressed class I molecule (BF2). Figure based on references (22, 58).



A final point is that BF1 molecules are expressed by most chicken MHC haplotypes, although at low levels (43, 45). Sequence studies from over 200 chicken haplotypes show that many BF1 alleles have very similar sequences in the peptide-binding groove, with a His9 and Asp24 reminiscent of BF2*21:01. Given the wide range of peptide-translocation specificities among chicken MHC haplotypes, it is likely that most BF1 alleles are promiscuous so that they can find peptides no matter what (19). However, this point again remains to be shown. For completeness, the latest functional data suggests that the BF2 molecule is the major ligand for cytotoxic T lymphocytes, while the BF1 may be primarily a ligand for NK cells, and indeed has a sequence motif on the α1 helix like that found for one of the two subtypes of HLA-C in humans (80–82).



Generalists and specialists: A concept that grew from peptide motifs and structures of chicken class I molecules

The existence of a hierarchy of BF2 alleles for a suite of properties prompted an examination of disease resistance in the literature for chicken MHC haplotypes as well as human class I alleles. In almost all of the published studies, chickens with a promiscuous class I molecule were found to be more disease resistant than chickens with a fastidious haplotype, including Marek’s disease, Rous sarcoma, infectious bronchitis and influenza (20). Even for a study comparing fastidious haplotypes for resistance to Rous sarcoma, the one with a motif that predicted the most peptides was the most resistant (43). A particularly impressive example sequenced the BF2 genes from dead and live indigenous chickens after a field outbreak of influenza in Thailand (83), with reanalysis showing that almost all of those with a promiscuous BF2 allele (B2 and B21) survived as homozygotes or heterozygotes, while most of those with only fastidious haplotypes died (20, 21). Since the haplotypes with promiscuous BF2 molecules were generally protective against a variety of economically-important pathogens, they were considered to act as generalists.

Only a few articles were found in the literature that compared disease associations in humans to some measure of peptide repertoire (20, 61). One examined four HLA-B alleles, comparing the number of self-peptides predicted to bind with the speed of progression from human immunodeficiency virus (HIV) infection to frank acquired immunodeficiency syndrome (AIDS), finding an inverse correlation between speed of progression and size of peptide repertoire (84). Said in another way, the elite controllers HLA-B57:01 and HLA-B27:05 are fastidious while the faster progressors HLA-B*07:02 and HLA-B*35:01 are promiscuous. Another study compared 27 HLA-A and HLA-B alleles for number of Dengue virus peptides predicted to bind as well as predicted affinity, finding that these measures were inversely correlated (85). HLA-B57:01, HLA-B*07:02 and HLA-B*35:01 were among those alleles tested and showed the same rank order as the previous study. Finally, a paper examining tapasin-dependence of 50 HLA-B alleles again had the same rank order for the four alleles (86), with the more tapasin-dependent and more stable alleles turning out to be the fastidious alleles (20, 56, 61).

As a result of these data compiled from the literature, flow cytometry was performed on lymphocytes and monocytes of suitable HLA-B homozygous individuals using three independent monoclonal antibodies, finding that expression level varied and was inversely correlated with peptide repertoire just as in chickens, but was directly correlated with tapasin-dependence and resistance to AIDS (61). For these two elite controller alleles, it was known that their fastidious peptide motifs focused on special HIV peptides that could be changed to avoid the immune response, but at the price of much lowered virus replication (87, 88). Given that these elite controller alleles bound special peptides for resistance, they could be considered as specialists to protect from particular pathogens.

Taken together, these data led to the hypothesis of generalist and specialist alleles (20, 61), in which a few promiscuous generalists would protect a population from a range of common pathogens, but a new or particularly nasty pathogen might be best resisted using a fastidious specialist. Further searching revealed a study in which a chicken haplotype with an allele now known to be fastidious protected from one but not another strain of RSV, while another haplotype with an allele now known to be somewhat promiscuous did the reverse (21, 89). Another study examined 96 HLA-A, B and C alleles for tapasin-dependence, showing large differences and finding that HIV progression to AIDS was slowest for tapasin-independent HLA-B alleles, as long as elite controllers were removed from the analysis (79).

Thus, for the comparisons available, the hierarchies of class I alleles in both humans and chickens have generalists and specialists at either end (Figure 4), suggesting that the correlations and the importance of peptide repertoire in disease resistance are fundamental properties of class I molecules. However, it appears that the hierarchy is wider in chickens. The most promiscuous chicken class I molecule is far more promiscuous than the most promiscuous human class I molecule, while most of the fastidious chicken class I molecules have three positions in which only one or a few amino acids are tolerated as opposed to the two anchors usually described for human motifs (43, 61). A computational paper extends some of the ideas about generalists by predicting peptides bound to human class II molecules, but the authors suggest that the number of different pathogens in an environment is the driving force for MHC alleles with promiscuous binding (90).



A new frontier: The peptide motifs and structures of chicken class II molecules

In comparison to class I molecules, there are few reports describing classical class II molecules of chickens, and nothing for any other vertebrate species outside of mammals. Some differences in cell surface expression level and in DM-dependence of chicken class II molecules have been found, but the most progress has been made by biochemistry and structural studies (91, 92).

A structure of the dominantly-expressed class II molecule from the B19 haplotype, BL2*19:01, was determined (93) bound to a self-peptide identified by another group (94, 95) (Figure 5). As expected from sequence comparisons, most of the structure was similar to the many structures determined for mammals. A few small sequence differences with mammals that affect structural features were highlighted, including a four amino acid insertion in the α-chain that lengthens the contact between the first β-strands of the α1 and β1 domains. In addition, the amino acids in certain positions preclude a salt-bond between the α-helices and do not support a hydrogen bond network with DM found in mammals. In contrast, peptide-binding was largely conserved with mammals, including many of the residues that form hydrogen-bonds with the nonamer peptide core in a polyproline helix conformation. The residues that mediate interaction with CD4 in mammals were highly conserved, but it was pointed out that the chicken CD4 sequence has a deletion compared to mammals, so the actual mode of binding may differ.




Figure 5 | Peptides bound to chicken class II molecules. Side views of the structures (with the β1 helix removed) of (A) BL2*02:01 with peptide QIESLSLNGVPNIFLSTKA (PDB 6T3Y) and (B) BL2*19:01 with peptide PGDSDIIRSMPEQTSEK (PDB 6KVM). Peptide displayed with side chains (sticks in PyMol), class I molecules as ribbons (cartoon in PyMol), and with surface of the peptide binding groove to show pockets (with transparency). (C) Top down view of the superimposed structures, with the main chain of the peptide and the α-helices as cartoon except for the side chains of the key residues at position 78, showing that F78 of BL2*19:01 allows only the typical nonamer core, while smaller S78 of BL2*02:01 enforces a crinkle in the peptide (colours of position 78 and peptide match). Figure based on reference (98).



A second structure of a dominantly-expressed class II molecule was reported for the B2 haplotype, BL2*02:01, in complex with an MDV peptide determined by immunopeptidomics of infected bursal B cells (96) (Figure 5). The key finding was that a decamer peptide core was found, unprecedented in all the many class II structures to date. The reason for the longer core bound to the groove was a crinkle in the peptide at peptide position P4, due entirely to a polymorphic position in a β-strand of the β1 domain, which is Ser in BL2*21:01 but large residues in nearly all class II molecules, including Phe in BL2*19:01. The fact that the two structures are from MHC haplotypes that confer resistance versus susceptibility leads to the question whether the length of the core could be another feature involved in response to this iconic pathogen. In fact, immunopeptidomics revealed that only four of the more than 100 genes of MDV were responsible for the vast majority of the peptides presented by the infected bursal B cells, unlike the reports for other herpesviruses infecting mammalian cells. Similar results found for three other chicken MHC haplotypes (B15, B19 and B21) may suggest an underlying mechanism for presenting peptides from just a few genes.



Conclusions

From the first structure of a human class I molecule by Bjorkman, Wiley and their colleagues (97), X-ray crystallography and now cryo-electron microscopy have played a crucial role in understanding how mammalian MHC molecules present peptides to lymphocytes (98–106). However, there is much evidence to show significant differences among vertebrates in the structure, function and evolution of MHC molecules and the molecular pathways that support them (19). Thus far, the most detailed picture is for chicken class I molecules, but studies of chicken class II molecules and of MHC molecules throughout the jawed vertebrates have begun. However, there is no information yet about the interaction of the MHC molecules of chicken (or any other non-mammalian vertebrate) with TAP and tapasin in the peptide-loading complex, TAPBPR and TAPBPL, DM, CD4, T cell receptors or NK cell receptors. Together with careful studies at the levels of biochemistry, cell biology, cellular immunology, animal disease and population genetics, such structural studies will allow the evolution of the MHC and the adaptive immune system to be much better understood.
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Certain CD8 T cell responses are particularly effective at controlling infection, as exemplified by elite control of HIV in individuals harboring HLA-B57. To understand the structural features that contribute to CD8 T cell elite control, we focused on a strongly protective CD8 T cell response directed against a parasite-derived peptide (HF10) presented by an atypical MHC-I molecule, H-2Ld. This response exhibits a focused TCR repertoire dominated by Vβ2, and a representative TCR (TG6) in complex with Ld-HF10 reveals an unusual structure in which both MHC and TCR contribute extensively to peptide specificity, along with a parallel footprint of TCR on its pMHC ligand. The parallel footprint is a common feature of Vβ2-containing TCRs and correlates with an unusual Vα-Vβ interface, CDR loop conformations, and Vβ2-specific germline contacts with peptides. Vβ2 and Ld may represent “specialist” components for antigen recognition that allows for particularly strong and focused T cell responses.
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Introduction

A key strategy for adaptive immune recognition in mammals is to generate enormous diversity by somatic rearrangements of antigen receptor genes during T and B cell development. While B cells can realize the full potential of this diversity, allowing them to recognize virtually any molecular structure, T cell recognition is highly constrained by the requirement for the presentation of antigenic peptides by Major Histocompatibility Complex (MHC) proteins, and the need for the T cell antigen receptor (TCR) to recognize both the antigenic peptide and polymorphic self-MHC proteins. How T cells achieve both broad coverage and high specificity, given the constraints imposed by MHC restriction, is a central question in T cell biology.

Part of the answer to this question may come from the binding orientation of the TCR on its peptide MHC (pMHC) ligand (1). In the vast majority of known TCR-pMHC structures, the TCR docks in an approximately diagonal orientation (2–4), such that the highly variable complementarity determining (CDR) 3 loops, which are encoded by somatic rearrangement joints, are positioned primarily over the peptide, the most variable part of the pMHC ligand. In contrast, CDRs 1 and 2, which are germline-encoded within individual variable (V) gene segments, primarily contact the MHC α-helices that make up the sides of the peptide-binding groove with the TCR α chain positioned over the top of the MHCI α2 helix or MHCII β chain near the amino-terminal end of the peptide, and the TCR β chain over the MHCI α1 helix or MHCII α chain carboxy-terminal region of the peptide (2, 4–8). There is evidence that tyrosine residues within the TCR CDR1 and 2 loops help to impose this characteristic docking angle (9), although this remains controversial, and random selection models have also been proposed (2, 4, 5). Due to the large number of allelic forms of MHC, the impact of CDR3, and the flexible geometry of TCR-pMHC interactions, identifying conserved germline contacts is not straightforward, and requires comparing the same V segment TCRs complexed with multiple pMHC structures. Indeed, most of our current understanding of conserved germline contacts comes from mouse Vβ8 containing TCRs, and related Vβs in humans, which contain tyrosine residues within their CDR1 and 2s, and are the most represented TCR-pMHC structures in the Protein Data Bank (4, 9, 10). It remains unclear whether TCRs that use divergent Vβs segments have a similar docking orientation and germline contacts with pMHC.

In addition to the TCR docking orientation, the peptide binding characteristics of MHC also contribute to the broadness and specificity of antigen recognition. Peptides generally bind in an extended conformation within a deep groove of MHC, and the ability to bind to distinct allelic forms of MHC is largely determined by two or three peptide “anchor” residues. This arrangement ensures that peptide binding is sufficiently broad that a handful of MHC molecules in an individual can present peptides from virtually any pathogen, with the fine specificity for peptide determined largely by the TCR. On the other hand, there are indications that certain MHC-I molecules have more restricted peptide binding, and may contribute to strong CD8 T cell responses to particular pathogens (11). For example, the ability of certain individuals to control HIV infection without anti-retroviral therapy, termed “elite control”, is associated with HLA-B alleles (e.g., B27 and B57) with limited ability to bind peptides (12, 13). Restricted peptide binding by mouse H2-Ld is correlated with resistance to CD8 T cell exhaustion during chronic infection (14), and is controlled by amino acid polymorphisms that also correlate strongly with HIV control (12, 15). The paradoxical association between restricted peptide binding and elite control may be due to the combination of weak binding to self-peptides coupled with strong binding to particular antigenic peptides (13, 14). However, precisely why certain MHC-I molecules favor the development of particularly potent CD8 T cell responses remain a mystery.

The potent T cell response to the intracellular protozoan parasite, Toxoplasma gondii in resistant (H2d) mouse strains is dominated by CD8 T cells specific for a single peptide, HF10, (derived from the parasite protein GRA6) presented by Ld (16). The Ld-HF10 specific T cell response exhibits a number of similarities to CD8 T cell responses in HIV elite controller patients, including the lack of T cell exhaustion in the face of persistent infection and continuous production of armed effector T cells via a proliferative intermediate T cell population (17–19). This unusually potent T response may serve as a model for understanding CD8 T cell responses that underlie strong resistance to viral infection in certain individuals.

Here we show that the Ld-HF10-specific T cell response displays a focused TCR repertoire dominated by Vβ2. Crystallographic studies of a representative TCR (TG6) in complex with Ld-HF10 reveal an unusual parallel footprint on the pMHC complex, a feature that is also observed in other Vβ2 containing TCRs, and which promotes germline-encoded TCR contacts with bound peptide. In addition, the HF10 peptide binds tightly and with high complementary to Ld, in a conformation that optimizes peptide side chain interactions with both the MHC and TCR. Thus, this example of T cell elite control uses a strategy in which both TCR and MHC contribute substantially to peptide specificity and expands the prevailing view of T cell germline recognition. We discuss these results in terms of a model in which both Vβ2 and MHC-I Ld represent “specialist” recognition components that sacrifice broad coverage in order to provide unusually strong and focused responses to particular pathogens (20).



Materials and Methods


Animals

B6 (C57BL/6) and B6.C (B6.C-H2d/bByJ) were obtained from The Jackson Laboratory (Bar Harbor, ME, USA). In order to monitor multiple T. gondii epitopes, F1 mice (B6xB6.C) expressing both the H-2b and H-2d MHC class I molecules were used for all experiments. For in vitro T cell activation assays, we used mice expressing a rearranged TCR transgene derived from a CD8 T cell clone specific for the HF10 peptide (HPGSVNEFDF: corresponding to the C-terminus of the parasite protein Gra6) presented by mouse MHC class I molecule Ld (called TG6). The generation of TG6 mice was previously described (17). Six- to 10-week-old mice were used in all experiments. All mice were bred in the UC Berkeley animal facility and were used within the approval of the Animal Care and Use Committee of the University of California.



Infection

Mice were orally fed 70-80 cysts or injected intraperitoneally (i.p.) with 1x105 live tachyzoites from the type II Prugniaud-tomato-OVA strain (Pru) (21). This parasite strain harbors immunogenic T cell epitopes derived from the parasite proteins, GRA6 (HF10 peptide) (16), GRA4 (22), and ROP5 (23), and is engineered to express a red fluorescent protein (RFP).



Flow Cytometry

All antibodies were from eBioscience (San Diego, CA, USA), Biolegend (San Diego, CA, USA), or Tonbo (San Diego, CA, USA). All tetramers were obtained from the NIH tetramer facility (Atlanta, GA, USA). The tetramers were made by conjugating the biotin-labeled monomers with PE-labeled streptavidin (Prozyme, Hayward, CA, USA) according to protocols from the NIH tetramer facility. All flow cytometry data were acquired by BD LSR Fortessa analyzers (BD Biosciences) and were analyzed with FlowJo software (Tree Star, Ashland, OR, USA). Fluorescent AccuCheck counting beads (Invitrogen) were used to calculate the total numbers of live lymphocytes.



Single Cell TCR Sequencing

Mice were infected i.p. with the Pru strain of T. gondii. Spleens were harvested at 3 weeks post infection and Ld-HF10 tetramer positive CD8 T cells were single-cell sorted into 96-well plates. TCRα and TCRβ sequences were obtained by reverse transcription and nested PCRs as described (24).



MHC I stabilization Assay

RMA-S.Ld cells were obtained from N. Shastri (UC Berkeley). This assay was performed as previously described (25). In brief, RMA-S.Ld cells were incubated at 37°C, 5% CO2 for 8 h to saturate the culture medium with CO2, and then at room temperature overnight. The next day, cells were washed with PBS and plated at 3×105 cells/well in a 96-W plate. Peptides of interest were added to the cells in serial dilutions. The plate was incubated for 1 h at RT and 3 h at 37°C. Cells were stained with the 30-5-7 antibody (specific for conformed, peptide-bound Ld) and a goat anti-mouse IgG phycoerythrin (PE)-conjugated secondary antibody and analyzed by flow cytometry.



Analysis of T Cell Activation

For analysis of the potency of HF10 peptide variants on TG6 T cell activation, RBC lysed splenocytes from TG6 TCR transgenic mice containing 105 TG6 T cells were cultured in triplicate wells at 37°C in 5% CO2. HF10 peptide variants were added to the cells in serial dilutions. Samples were harvested 48 h later, stained for surface CD8, Ld-HF10 tetramer, CD25, and CD44, and then analyzed by flow cytometry.



Vβ Usage of T. gondii Epitope-Specific CD8 T Cells

F1 (H2bxd) mice were infected with Pru strain T. gondii parasites. Three weeks post infection, RBC lysed splenocytes were stained for surface CD8, peptide-MHC tetramer, CD44, and individual Vβs, and then analyzed by flow cytometry.



Immunization With Peptide-Loaded Dendritic Cells

Bone marrow-derived dendritic cells from male mice were incubated with 1μM of peptide for 3 hours at 37°C. Cells were washed and 5x106 peptide-loaded dendritic cells were injected subcutaneously into naive F1 (H2bxd) female mice. Mice were sacrificed 7 days post immunization. Peptide sequences: HF10: HPGSVNEFDF; ROP5: YAVANYFFL; GRA4: SPMNGGYYM.



Protein Expression and Purification

We used two systems to generate Ld-HF10. For biophysical and crystallographic studies of pMHC, we produced soluble Ld-HF10 by baculovirus-infected insect cell expression (26). The DNA encoding Ld (α1-α3) and HF10 (or alanine substituted variants) fused via a linker to β2m were cloned into pbac plasmid under polyhedrin and p10 promoters to produce secreted soluble Ld-HF10 from Hi5 insect cells. In this construct, Ld Tyr 84 and Gly at peptide p12 position from the linker that attaches β2m to pHF10 were mutated to cysteines to form a disulfide bond (27). Secreted Ld-HF10 in insect cell medium was captured with immunoaffinity chromatography and further purified by GE Healthcare FPLC Superdex 200 10/300 GL size exclusion column. For the crystallography of the TCR/peptide/MHC ternary complex, we produced the wild type Ld variable region (α1-α2). Ld (α1-α2) was expressed in E. coli BL21 as an inclusion body, solubilized in 8M urea, and refolded with synthetic HF10 peptide (HPGSVNEFDF, ordered from Peptide 2.0 Inc.) (28, 29). Refolded Ld-HF10 was further purified with a HiLoad Superdex 200 26/600 size chromatography column.

TG6 α and β TCR chains were also produced by both baculovirus insect cell and bacterial expression systems. Acid-base leucine zipper stabilized, soluble TG6 molecules were produced in baculovirus-infected Hi5 insect cells and enzymatically biotinylated for SPR study. For the structural study, Vα and Vβ TG6 sequences were fused to the pET30 vector with human Cα chain as previously described (10). The TG6 α and β TCR vectors were transformed separately into E.coli BL21. TG6 α and β proteins inclusion bodies were solubilized, mixed, and refolded by dialysis. The refolded TCR was further purified with a HiLoad Superdex 200 26/600 size chromatography column, followed by a Mono Q ion exchange chromatography.



Surface Plasmon Resonance Measurements

Approximately 2000 RU of biotinylated TG6 TCR was captured in the flow cells of a BIAcore streptavidin (SA) BIAsensor chip. Various concentrations of insect cell-produced Ld-HF10 and its mutated variant peptides were injected into the sensor chip and the association and dissociation kinetics were recorded and then corrected for the fluid phase SPR signal using the data from the biotinylated mouse BDC2.5 TCR. Kinetics was analyzed with BIAcore BIAEval 4 software. Different SPR fitting models showed that the two-state reaction (conformational change) gave the best fit and better chi2 as shown in Supplementary Figure S8. We have repeated The BIAcore experiments of TG6 TCR and WT Ld-HF10 twice, and the affinity calculation and curve fitting were very similar.



Protein Crystallization

All crystals for data collection were produced by the hanging-drop vapor-diffusion method. Crystals of Ld-HF10 were obtained at room temperature at a concentration of 7 mg/ml. The crystallization condition was 25% PEG 3350, 0.1M citrate pH5.5. TG6 TCR alone was crystallized at a concentration of 10 mg/ml at 4°C in 20% w/v PEG10K, 0.1M Sodium citrate tribasic dihydrate pH5.5 and 1M Lithium sulfate monohydrate. For the TG6/Ld-HF10 complex crystallization, refolded Ld-HF10 protein and TG6 TCR were mixed at a 1:1 molar ratio at a final concentration of 10 mg/ml in 11% w/v PEG 8K, 0.1 M MES 6.0, 0.24 M Ammonium sulfate.



Data Collection, Data Processing, and Structural Analysis

All diffraction data sets were collected at synchrotron beamline ID-24C at the Advanced Photon Source, Argonne National Laboratory using the Pilatus detector. Initial models were solved by molecular replacement. Data collection and refinement statistics are shown in Supplementary Table S2. The X-ray diffraction data were collected under liquid-nitrogen cryo conditions at 100°K. The protein crystals were flashed-cooled in liquid nitrogen after a short soak in a cryo-protection solution consisting of the crystallization solution with 25% glycerol added. The data were indexed, integrated, scaled, and merged using the HKL2000 program (30), the structures were solved by molecular replacement method using Phaser (31) software and further refined by refmac5 (32), and rebuilding of the structure was performed by Coot (33). NCONT in CCP4 was used to analyze the atom-to-atom contacts between the TCRs and pMHC (34). Buried surface area (BSA) (Å2) is calculated with the PISA program from the CCP4 package (35). Graphical representations of structures were constructed with PyMol (Schrodinger, LLC). The atomic coordinates and structure factors have been deposited in the Research Collaboratory for Structural Bioinformatics Protein Data Bank, https://www.rcsb.org (PDB ID codes are shown in Supplementary Table S2)



TRangle Determination and Comparison

TRangle values of the TCR structures in the PDB were obtained from STCRDab on April 26, 2019. New structures presented in this manuscript are annotated using the same pipeline as all structures in STCRdab. The TRangle was calculated using the protocol described in previous studies (36, 37). In brief, the algorithm uses a defined set of the most structurally conserved positions in both the Vα and Vβ domains. It then fits reference frames through interface positions and computes the deviation from the pivot axis, C. The length of C is the dc distance. BA describes a torsion angle between the Vα and Vβ domains. BC1 and AC1 are angles that describe the tilt, while BC2 and AC2 capture the twist, between the two domains (Figure 4C).



Docking Angle Calculation

The conventional method to characterize the docking angle of a TCR to pMHC, as described before (8, 38), fails to model the importance of the CDR loops in TCR-pMHC interactions. Furthermore, the conventional method does not allow for independent scrutinization of the TCR alpha (TRA) and beta (TRB) chains. To account for these shortcomings, we have developed an extension of the conventional docking angle to further characterize TCR-pMHC interaction geometry.

To model the TRA chain, the coordinates for the atoms within the CDR1/2a loops were selected and fit with linear regression. This line along with the center of mass for the CDR3 variable and joining regions of the TRA chain were used to define the equation of a plane where the TRA chain sits in space. The directionality of the TRA plane was defined as that the normal vector of the TRA plane faces the TRB chain. The TRB chain was modeled in the same manner as TRA, using the CDRb loops and center of mass of the TRB variable, diversity, and joining regions. For the TRB chain, directionality is defined so that the normal vector of the TRB plane faces the TRA chain. The TCR was modeled as a whole using a plane consisting of a linear regression through all atoms of all CDR loops and the center of mass of the variable region of the TCR. The direction of the TCR plane was defined by the direction of the normal vector, where the cross-product is taken from the CDRa’s to the CDRb’s.

The binding groove was modeled as a line using a linear regression of the coordinates of the alpha carbon atoms in the MHC helices that form the binding groove. The helix residues of the binding groove were defined by an alignment of IMGT MHC reference sequences to the structure. A1 helix residues for class I structures selected for the regression correspond to residues 50-85 of the IMGT nomenclature (38); for class II structures, residues 50-84 were selected. A2 helix residues correspond to residues 50-90. B1 helix residues correspond to residues 50-85. The directionality of the binding groove is defined by N-terminus to C-terminus.

The angle between the normal vector of a plane and a line is defined as follows:

	

where θ is the angle between the normal vector of the plane (m) and the line (n)

The angle between a plane and a line is the complement of the angle between the normal vector of the plane and the line. Therefore, when we let the angle between a plane and a line be represented by φ:

	

	

	

	

	

The conventional docking angle and incident angle, as described by Rudolph, Stanfield, and Wilson (8), were obtained from the TCR3d database (https://tcr3d.ibbr.umd.edu/) for murine Vβ2 (PDB IDs: 1FO0, 1KJ2, 1NAM, 2OL3, 6X31, and 6DFS) and murine Vβ8 containing TCRs (PDB IDs: 4N5E, 3RDT, 3C6L, 3C5Z, 3RGV, and 6DFW). Additionally, the newly modeled TRA docking angle, TRB docking angle, and TCR docking angle were calculated as described for the sets of murine Vβ2 and Vβ8 containing TCRs with publicly available structures in PDB. To test for differences in angles between the Vβ2 and Vβ8 TCRs, Mann-Whitney U tests were performed with Bonferroni multiple testing corrections.




Result


The Ld-HF10 Specific T Cell Response Is Characterized by Early Activation, Strong Expansion, and a Focused TCR Repertoire

T. gondii infection of genetically resistant (H-2d) mice elicits a potent CD8 T cell response directed against a single parasite-derived peptide, associated with the continuous production of armed effector T cells during chronic infection (16, 17). To examine the priming of this T cell response in more detail, we performed pMHC tetramer staining of splenic T cells during the 2 weeks following i.p. infection of F1(B6xB6.C) mice. Consistent with previous results, T cells specific for the GRA6 derived 10mer peptide HF10 presented by MHC-I Ld expanded >104 fold, compared to a <100x expansion by the subdominant responses (Figure 1A). The strong expansion of Ld-HF10 specific T cells corresponds to a greater upregulation of activation and effector markers at day 5 post infection compared to subdominant T cell responses (Figure 1B). A similar expansion and immunodominance hierarchy of T. gondii epitopes was observed following oral infection (Supplementary Figure S1).




Figure 1 | Characteristics of the Ld-HF10 specific T cell response. (A) T. gondii-specific CD8 T cells were quantified by pMHC tetramer staining and flow cytometry of splenocytes at different time points after intraperitoneal infection of F1 (B6xB6.C) mice. Fold change between naive and expanded T cells was calculated using the average number of tetramer+ cells in each population in naive mice (GRA6 = 74.4, ROP5: 654.9, GRA4: 1330). (B) Flow cytometric analysis of size (FSC or forward scatter) or expression of activation and effector markers (CD71, KLRG1, and CD25) on gated tetramer+ splenic CD8 T cells at day 5 post infection. (C) Mice were immunized with bone marrow-derived dendritic cells loaded with the indicated peptides. Expanded tetramer+ CD8 T cells were quantified by tetramer staining of splenocytes 7 days post immunization (open circles). Numbers of tetramer+ CD8 T cells in the spleen were quantified by tetramer enrichment of naïve mice and were used to calculate the fold expansion of each antigen-specific T cell population (closed circles). Statistical significance of differences in fold change between the three groups was calculated using Mann-Whitney tests. GRA6 vs. GRA4: p < 0.0001, GRA6 vs. ROP5: p < 0.0001, GRA4 vs. ROP5: p=0.0002. Statistical significance between tetramer+ T cell populations was calculated by two-way ANOVA. The interaction p-values are as follows: GRA6 vs. GRA4: p < 0.0001, GRA6 vs. ROP5: p < 0.0001, GRA4 vs. ROP5: p=0.99. (D) The frequency of Vβ2 usage amongst Ld-HF10 specific splenic CD8 T cells tetramer enriched from naïve mice or found in T. gondii-infected mice was determined by flow cytometry. Each dot represents an individual mouse and the dashed line indicates the frequency of Vβ2 amongst total splenic CD8 T cells (5.40%). (E, F) Ld-HF10 tetramer+ CD8 T cells were sorted from mice 3 weeks post infection and TCRα and TCRβ genes from individual T cells were sequenced as described (39). Clonal diversity in Ld-HF10 specific CD8 T cells was analyzed using the TCRdist algorithm (40). (E) Top-scoring CDR3β motif. Results of a CDR3 motif discovery algorithm are shown using a TCR logo that summarizes V and J usage, CDR3 amino acid enrichment, and inferred rearrangement structures. The bottom panel shows the motif enriched by calculating against a background dataset of non-epitope specific TCR sequences. (F) Principal components analysis (PCA) projection of the TCRdist landscape colored by Vα (left panel) and Vβ (right panel) gene usage. The groups of TCRs that correspond to the top scoring CDR3β motif are indicated with a dashed circle, and the TG6 TCR is indicated with an arrow.



Previous studies have shown that the secretion pattern of the antigenic precursor protein and the C-terminal location of the HF10 epitope contribute to, but do not fully account for, the strong Ld-HF10 response (23, 25). To determine the impact of TCR-pMHC interactions, we examined T cell responses following immunization of naïve mice with peptide-loaded dendritic cells (DC) (Figure 1C). T cells specific for Ld-HF10 expanded 4000x upon peptide-DC immunization, whereas T cells specific for the other epitopes showed substantially lower expansion (Figure 1C). These data indicate that the interactions between TCR, peptide, and MHC, as well as parasite biology and antigen presentation, contribute to the potency of the Ld-HF10 T cell response.

We previously demonstrated that Ld-HF10 specific T cells from infected mice show preferential usage of Vβ2 (16). This preference for Vβ2 is also observed upon immunization of mice with DC loaded with the HF10 peptide, whereas T cell responses to other peptides displayed a Vβ profile that closely matched that of bulk CD8 T cells (data not shown, and Supplementary Figure S1). Ld-HF10 specific T cells from naïve mice also showed a Vβ2 frequency significantly above that of bulk CD8 T cells (Figure 1D) suggesting that a preference for Vβ2 is already evident after thymic selection and increases after T cell priming with the HF10 antigenic peptide.

To further investigate the TCR repertoire of the Ld-HF10 response, we sequenced paired TCR α and β genes from 80 individual T cells from two different chronically infected mice, yielding 32 unique paired α/β TCR sequences. We analyzed the unique sequences using the TCRdist algorithm (40). The majority of T cells used the TRBV1 segment (which encodes Vβ2) together with TRBJ2-1 and displayed a strong selection for a GRG motif in the TCRβ CDR3 (Figure 1E). We also noted a preference for TCRβ CDR3 length of 13 amino acids, a trend that was particularly prominent for Vβ2 containing T cells (Supplementary Figure S1). Finally, principal component analysis based on TCR distances showed a predominant cluster of similar TCRs which included the previously identified TG6 TCR (Figure 1F) (17). Indeed, the TG6 TCRβ coding sequence from the original Ld-HF10 specific T cell hybridoma was found independently in the two additional mice examined, each time paired with a closely related TCRα. Likewise, the TCRα gene of the TG6 TCR was found independently in one additional mouse, paired with a closely related TCRβ gene (Supplementary Table S1). These data indicate that the response to Ld-HF10 displays a highly focused TCR repertoire dominated by Vβ2. Moreover, TG6 is a Vβ2-containing TCR that provides a good representative of this response.



Unusual Peptide Conformation and Non-Anchor Contacts Characterize HF10 Binding to Ld

Previous studies revealed unusual features of Ld, including a constrained peptide binding site and the requirement for non-anchor residues for optimal peptide binding (15, 41, 42). To characterize the binding of the HF10 peptide to Ld, we expressed recombinant soluble Ld molecules containing a covalently linked HF10 peptide and solved the crystal structure at 1.8 Å resolution. As described for other Ld-bound peptides, HF10 does not lie flat but instead bends within the peptide-binding groove to accommodate an obstruction formed by aromatic stacking interactions between elite-control associated residues including 97W in Ld (Figure 2A, Movie S1) (13, 15). However, while previously described Ld-bound peptides (all 9mers) have a bend at either p5 or p6 of the peptide (3, 15, 28, 42), HF10 displays pronounced bends at both p5 and p7 (Figure 2B, Supplementary Figure S2). Thus, the extra length of the HF10 peptide is accommodated by small bends in the peptide and a close fit with MHC, without the pronounced bulge outside of the MHC that is often observed with longer than optimal peptides.




Figure 2 | Features of the antigenic HF10 peptide bound to H2-Ld. Soluble H2-Ld containing a covalently linked HF10 antigen peptide was crystallized and the structure was solved at 1.8 Å (Experimental Procedures and Supplementary Table S2). (A) The electrostatic surface charge of the Ld molecule (with bound HF10 peptide) is shown colored by the relative charge of the surface atoms (red - negative and blue - positive). A stick representation of the HF10 peptide is colored as: carbon, green; oxygen, red; nitrogen blue. The location of W97 was indicated by an arrow. (B) Conformation of the bound HF10 peptide (green with blue side chains) in comparison to other Ld-bound peptides. Peptides with a bend at p5 (HF10 and 2OI9 in pink) are on the left, and peptides with a bend at p6 (p7 for HF10) (HF10 and 3TJH in white) are on the right. See Movie S1. Additional Ld-bound peptides are shown in Supplementary Figure S2. (C) H2-Ld binding to HF10 peptide alanine substitution variants. Flow cytometry surface expression (MFI) of Ld on TAP-deficient RMA-S.Ld cells incubated with increasing concentrations of the indicated HF10 or peptide variants. Data are representative of three independent assays.



In line with the published structures of Ld, p2P and p10F of HF10 are buried in the B and F pockets, respectively, and serve as anchor residues. The side chain of p6D interacts with the base of the groove, occupying the C pocket. In addition to these buried contacts, residues 4, 5, 7, 8, and 9 project to the sides of the groove (Figure 2B), with p5V and p9D making extensive contacts with the Ld α1 helix, and p4S and p8F contacting the Ld α2 helix. Because these peptide side chains project to the sides of the groove, portions of the residues are exposed to solvent, providing potential TCR contacts. Only a single amino acid side chain, that of p7E, is facing away from H2-Ld, and fully available to engage a TCR (Movie S1). The portion of the single-chain peptide-MHC corresponding to linker sequences was either disordered or located outside of the Ld peptide-binding groove, away from the canonical TCR–pMHC interaction surface as observed before (27).

To confirm the interactions between HF10 and Ld, we performed alanine scan mutagenesis of the peptide (Figure 2C). We measured binding based on the ability of peptides to stabilize surface Ld expression on the TAP-deficient RMA-S cell line (25). As expected, alanine substitution of the two anchor positions, p2P or p10F, abolished peptide binding, as did substitution at position 8. In addition, substitution at positions 1, 5, 6, 9 substantially reduced binding. These data are consistent with the 3D crystal structure and confirm the close complementarity between peptide and MHC molecules, including non-anchor residue contacts.



An Unusual TCR Footprint and a Dominant Peptide Contact Characterize TG6 TCR Interaction With the Ld-HF10 Complex

To investigate the structural features underlying the potent T cell response to Ld-HF10, we solved the crystal structure of the TG6 TCR bound to the Ld-HF10 complex. We prepared soluble TG6 TCR by expressing and refolding the extracellular domains as described (10). We used a refolded version of Ld-HF10 consisting of the α1 and α2 domains with five mutations to improve its stability, and with the original tryptophan at position 97 to preserve HF10 peptide binding (3) (data not shown). We co-crystallized the refolded Ld-HF10 and TG6 at a 1:1 ratio and solved the complex structure at a resolution of 2.5Å. The electron densities of HF10 peptide are well-defined, and the structures of covalent and the non-covalent Ld-HF10 complexes are almost identical (Supplementary Figure S9).

In the majority of reported TCR-pMHC structures, the TCR has a characteristic diagonal docking orientation, in which CDR3 of the TCR α and β chains are positioned over the peptide, CDR1 and 2 of TCRβ are positioned over the MHC α1 helix, and CDR1 and 2 of TCRα are positioned over the α2 helix of MHC-I (or the β1 helix of MHC-II) (1, 4, 43). In contrast to this consensus, TG6 displays an unusual footprint, in which all the TCRβ CDR loops shift toward the Ld α2 helix. As a result, there are 121 TCR contacts to Ld α1, but only 23 contacts to Ld α2 (Table 1, Figure 3A). The buried surface between TG6 and Ld-HF10 is 1131.8 Å2; relatively small compared to the known TCR-pMHC-I complexes (1).


Table 1 | Contacts between TG6 TCR and Ld–pHF10.






Figure 3 | Features of TG6 TCR bound to Ld-HF10 complex. (A) TCR footprint on the solvent-accessible surfaces of the Ld-HF10 complexes (Ld α1, cyan; Ld α2, magenta; peptide, white). The TCR CDR loops are colored as TCR footprint. Areas of TCR contact with pMHC (≤ 4.5Å) are colored as: CDR1α, red; CDR2α, blue; CDR3α, yellow; CDR1β, gray; CDR2β, orange; CDR3β green. (B-E), Interactions between TG6 CDRs and Ld-HF10. HF10 residues are shown in white carbon stick; residues on TG6 are shown in pale yellow carbon stick; residues of Ld are shown in magenta (α1) and cyan (α2) carbon stick; H-bonds and salt bridges are indicated by green lines. (B) Extensive contacts between TCR CDR3β and p7E of the HF10 peptide. (C) Residues of both TCR CDR3α and Ld contact HF10 p5V. (D) Hydrophobic stacking of TCR CDR3β and Ld with HF10 p8F. (E) Both TG6 CDR2β and CDR3β form a salt bridge to p9D. Ld also provides contacts. See Movie S2.



The TCR interaction with the HF10 peptide is centered around TCRβ chain CDR3 contacts with p7E: the only peptide side chain that points away from the MHC molecule (Figure 2). This interaction involves a complex hydrogen bond network with the CDR3 backbone (Figure 3B). The close wrapping of the CDR3 loop around p7E is consistent with the conserved length of 13 amino acids, and two strongly selected glycine residues in the consensus TCRβ CDR3 determined by TCR sequencing (Figure 1E, Supplementary Figure S1, Supplementary Movie S2). Additional TCR contacts are formed with peptide residues that project toward the sides of the MHC groove and are sandwiched between the Ld α1 and α2 helices and the TCR residues (Figures 3C–E). These include p5V: which forms hydrogen bond interactions with TG6 CDRα3 via its main chain N and O atoms, as well as van der Waals contacts with its aliphatic side chain (Figure 3C), p8F: which makes van der Waals contacts with CDR3β (Figure 3D), and p9D: which is contacted by 96R of CDR3β and 50R from CDR2β (Figure 3E, Movie S2). Interestingly, 96R is a prominent part of the enriched motif (GRG) in CDR3 of TCRβ (Figure 1D), implying that Ld-HF10 specific TCRs are highly selected to preserve this interaction.

Measurements of TCR binding to pMHC by surface plasmon resonance are in good agreement with the ternary complex structure. The affinity for the wild-type peptide is at the high end of the range reported for TCRs (0.4 µM) (Supplementary Figure S3) (44). In addition, alanine substitution of p6N, p7E, p8D, and p10F all greatly reduce both TCR binding and T cell activation (Supplementary Figure S3). Thus, the C-terminal peptide residues (p6-10) are all crucial for TCR recognition, with p7E contributing exclusively to TCR contacts, and the remaining residues affecting both MHC and TCR interactions (Figure 2C, Supplementary Figure S3).

The overlay of the Ld-HF10 structure before and after engagement of the TG6 TCR shows that, while most of the Ld-HF10 surface changes little upon TCR binding, there is a shift in the side-chain rotamers of Ld 155Y and 62R. The side chain of 155Y rotates to point toward the HF10 peptide in the binding groove (Supplementary Figure S3), allowing the 99Y from TG6 Vβ CDR3 to contact the Ld α2 domain via hydrogen bond and van der Waals interactions (Table 1). On the other hand, Ld 62R rotates toward the TCR Vα CDR1, allowing the 27S from TG6 to form a hydrogen bond with the Ld α2 domain. The large rotamer changes from the Ld 155Y and 62R upon TCR binding is consistent with the two-state binding observed in SPR of Ld-HF10 binding to TG6 (Supplementary Figure S3), indicating an initial low affinity binding step, followed by a conformational change leading to a more stable complex. Similar second-order kinetics are also observed in HF10 peptide variants (Supplementary Table S3).



Vβ2-Specific Germline Contacts Correlate With a Parallel Footprint on pMHC

To understand the basis of the unusual Vβ2 footprint of the TG6 TCR on Ld-HF10, we compared the structure of TG6 TCR to Yae62 TCR (PDB: 3RGV), a Vβ8-containing TCR that binds to Kb/pWM with a classic docking orientation and footprint (10). TG6 and Yae62 TCRs use the same Vα4 segments, facilitating a comparison of the impact of the different germline-encoded Vβ segments. As expected, the 29Y of TG6 Vα4 shared the conserved germline contacts with MHCs (Supplementary Figure S6). We noted a shift in the positions of the TCRβ CDR loops of TG6 relative to Yae62, leading to the re-positioning of the loops away from the MHC α1 helix, and toward the peptide and MHC α2 helix (Figure 4A). To explore the basis for the shift in CDR loops, we superimposed the TG6 and Yae62 structures (Figure 4B, Movie S3). We noted a clear difference in the conformation of the TCRβ CDR1 and 2 loops, with kinks in the Vβ2 CDR1 and 2 loops due to proline residues at positions 30 and 52. While CDRs are normally flexible to accommodate the antigens, residues 30P and 52P of Vβ2 likely limit the flexibility of CDR loops due to the confined phi angle of proline (45) and contribute to the re-positioning of the loops toward the peptide and MHC α2 helix. Similar CDR1 and 2 conformations are observed in three other Vβ2 containing TCR from six different structures (Supplementary Figure S4). Consistent with conformational constraints imposed by proline residues, the average root mean square deviation (RMSD) of the Vβ2 CDR1 and are only 0.421 and 0.277, respectively, compared to a RMSD of around 1 for the CDR1/2 loops of Vβ8 (46).




Figure 4 | Structural differences between Vβ2 and Vβ8 containing TCRs lead to an altered footprint for pMHC binding. (A) A comparison of the positions of CDR loops from TG6 and YAe62 TCRs over their pMHC ligands. CDR loops from TG6 are shown in blue and Yae62 are in orange. (B) Ribbon diagrams of TG6 TCR (Vβ2) and YAe62 TCR (Vβ8) overlaid with their TCRα chains aligned (both Vα4 encoded by TRAV6). Note that there is a shift in the juxtaposition of TCRα and TCRβ domains that contributes to the shift in the position in the CDR loops of TCRα relative to TCRβ. In addition, proline residues in the CDR1 and CDR2 loops of Vβ2 lead to a further shift in the CDR1 and 2 loops away from the α1 helix of MHC and toward the peptide and α 2 helix of MHC-I (or β1 helix of MHC-II) See Movie S3. (C) TRangle parameters dc distance and BC1 angle for the TG6 TCR (indicated by arrow) compared to non-redundant TCR structures in the PDB. Vβ2 TCRs are shown in blue and Vβ8 TCRs are in orange. Right panel shows TRangle parameters used to define the Vα Vβ interface geometry superimposed over a ribbon diagram of TCR.



Another striking difference between TG6 and Yae62 TCRs is the shift in the position of the Vβ domain relative to Vα (Figure 4B). To quantify the difference in the Vα-Vβ domain interface, we used a method called TRangle, which defines variations in the geometry of Vα-Vβ interface based on one distance and five angle measurements (36). Interestingly, TG6, as well as the other Vβ2 containing TCRs in the Protein Data Bank (https://www.rcsb.org/), have an unusually low DC1 distance, and an unusually high BC1 angle compared to other published mouse TCR structures, most of which use Vβ8 (Figure 4C). Moreover, these parameters do not show any obvious correlation with the TCRα usage of these same TCRs (Supplementary Figure S4). Thus, both an altered Vα-Vβ interface and the conformation of the CDR1 and 2 loops contribute to the shift in the TG6 footprint toward the MHC α2 helix.

Given the striking difference between the CDR1/2 loop conformations and Vα-Vβ interface in Vβ2- compared to Vβ8-containing TCRs, we considered that the unusual footprint of TG6 on pMHC might be a common feature with other Vβ2-containing TCRs. Superimposing the TCR footprint of three additional Vβ2 TCRs from five different structures onto pMHC revealed a similar shift in the TCRβ contacts toward the peptide and MHC α2 helix compared to Vβ8 TCRs (Figure 5). Typically, TCR docking angles on pMHC are calculated using the positions of conserved V domain cysteines to determine the TCRαβ axis. Since this approach would not capture changes in the Vβ2 footprint due to the unusual CDR2 and 3 conformations, we defined a new parameter that we call the “footprint angle”. First, we selected the CDR residues involved in binding pMHC (using a contact radius of 4.5 angstroms, Table 1). We then defined a TCR vector between the two mass centers of the Vα and Vβ CDR contact regions and calculated the angle between the TCR vector and the peptide vector (defined by the position of the α carbons from residues p1H and p10F). The TCR vectors of all Vβ2 TCRs were relatively parallel to their peptide vectors (footprint angle 14.5 - 27.7 degrees), compared to relatively diagonal TCR vectors for a set of Vβ8 containing TCRs (footprint angle 37 - 53 degrees) (Figure 5). Thus, the shift in the TCRβ footprint toward a parallel binding orientation on pMHC appears to be a conserved feature of Vβ2 containing TCRs.




Figure 5 | Footprint for binding of Vβ2 and Vβ8 containing TCRs to pMHC. The TCR footprints for four different Vβ2 TCR/pMHC complexes (A) and six different Vβ8 TCR/pMHC complexes (B) are shown, along with footprint angles, calculated based on a vector for the peptide (grey line) and a vector for the TCR-pMHC contact regions (black line) as described in the text. The center of the TCRα and TCRβ footprints are indicated by dots. Structures are: TG6 TCR binding to Ld-HF10 (PDB: 6X31); BM3.3 TCR binding to Kb-pBM1 (PDB: 1FO0); KB5-C20 TCR binding to Kb-pKB1 (PDB: 1JK2); TCR I29 binding to IAg7-insulin B:9-23 (PDB: 5JZ4); TCR Yae62 binding to Kb-pWM (PDB: 3RGV);TCR 42F3 to Ld-pCPA12 (PDB: 4N5E); TCR 2w20 to IAb-3k (PDB: 3C6L); TCR Yae62 to IAb-3k (PDB: 3C60); TCR ANI2.3 to DR52c-pHIR (PDB: 4H1L); TCR D10 to IAk-pCA (PDB: 1D9K). (C) Summary of all calculated Vβ2 and Vβ8 TCR footprint angles. Statistical significance was determined by a t-test (***p < 0.001).



In addition to the footprint angle measurement, we also defined a new set of docking parameters that allows us to separately measure and quantify the impact of germline encoded CDR1/2 and the TCRα and β chains on the angle of TCR docking on pMHC (Supplemental Figure S5 and Methods). In agreement with our footprint angle calculation, the conventional docking angle (TCR3d_DA) as well as the germline orientation of the TCR and TRB chain to the binding groove (TRB_germ, TCR_germ) were determined to be different between Vβ2 and Vβ8 bearing TCRs. Based solely on the conventional docking angle, this parameter would suggest that Vβ2 takes on a less steep angle to the pMHC surface than Vβ8. Interestingly, a different story is revealed when TRB is examined in isolation to better characterize its orientation. Vβ2 demonstrates a steeper angle to the pMHC surface than Vβ8; this difference can be attributed specifically to the orientation of germline components, CDR1b and CDR2b. This information also suggests that differences in TCR orientation are largely influenced by the TRB germline angles, as neither component of the TRA chain angles is different between the two groups of TCRs. Parameters determined to be statistically insignificant were the conventional incident angle (TCR3d_IA), the angle between the TRA chain and the binding groove (TRA), the germline orientation of the TRA chain to the binding groove (TRA_germ), the angle between the TRB chain and the binding groove (TRB), and the angle between the TCR and the binding groove (TCR) (Supplementary Figure S5).

It has been proposed that the footprint of TCR on pMHC is influenced by germline-encoded contacts, which may differ between particular Vβ segments (4). We compared the interactions of CDR1 and 2 with pMHC in TG6, and three other unique Vβ2 containing TCRs (Figure 6). In all four structures, germline-encoded residue 28Q from the Vβ2 CDR1 contacts the α2 helix of MHC-I or the equivalent β1 helix of MHC-II (Figure 6A, Table 1). In addition, 50R from the Vβ2 CDR2 contacts both the α1 helix and the peptide in each of the structures. Interestingly, while the aliphatic portion of 50R contacts α76V of MHC-I or α67A of MHC-II, the amino group forms a salt bridge with an acidic residue of the bound peptide in three out of four of the structures (Figure 6B, Table 1). The previously described Vα germline contact between tyrosine at position 29 with the α2 helix of MHC-I is preserved in TG6 (Supplementary Figure S6), consistent with the similar TCRα footprint for Vβ2- and Vβ8- containing TCRs on pMHC (Figure 4A). Thus, Vβ2 specific germline contacts are associated with a shift in the TCRβ footprint that leads to a parallel footprint angle and conserved germline contacts with peptide.




Figure 6 | Conserved germline contacts of Vβ2 with pMHC. All Vβ2 TCR/pMHC structures are superposed and presented in the same view. Atoms are shown in CPK coloring. Vβ2 residues (28Q and 50R) are shown as pale yellow sticks. (A) The position of Vβ2 28Q from Vβ2 containing TCRs is shown interacting with the MHC α2 helices (or β1 helix from MHC-II) shown in magenta ribbon diagram. (B) The position of Vβ2 50R with pMHC contact from the same structures as in (A). MHC α1 helices are shown in cyan ribbon diagram, peptides are shown in white cartoon, and the residues that interact with TCR are shown as white sticks. Protein Data Bank identifiers are: Ld-HF10 (PDB: 6X31); BM3.3 TCR with Kb-pBM1 (PDB: 1FO0); KB5 TCR with Kb-Pkb1 (PDB: 1JK2); I29 with IAg7-insulin B:9-23 (PDB: 5JZ4).






Discussion

It has been proposed that conserved germline contacts between TCR CDR1/2 residues and MHC help to impose the characteristic diagonal footprint of TCR on pMHC, although this remains controversial (2, 4, 5, 47). While investigating the structural basis of a potent CD8 T cell response to the parasite antigen HF10, we noted that the Ld-HF10 specific TCR TG6, as well as other Vβ2-containing TCRs, adopt a parallel footprint on pMHC due to an unusual Vα-Vβ domain interface and TCRβ CDR1 and 2 loop conformations. This parallel footprint corresponds to a distinct set of conserved Vβ2-specific germline contacts, including one between CDR2 and the peptide. Thus, Vβ2 represents “the exception that proves the rule” and solidifies the concept that conserved germline-encoded contacts help to define the binding orientation of a TCR on its pMHC ligand.

Why has it taken more than a decade since the discovery of MHC-centric germline-encoded interactions (9, 10) to uncover the peptide-centric germline-encoded interaction pattern reported here? Identifying conserved TCR germline contacts requires comparing multiple structures involving different MHC molecules. Thus far, examples of conserved germline-encoded pMHC contacts come from analyses of Vβ8-containing TCRs and structurally related Vβs in humans (Vβ13, 6, 7, 8 encoded by TRBV6, 7, 4, and 12 subfamilies respectively) (4, 9, 10). Vβ8 is expressed on ~50% of T cells in mice and represents >70% of published TCR-pMHC structures. This is in spite of the fact that Vβ8 is encoded by only three gene segments (TRBV13.1, 2, 3), out of more than 30 functional TCRβ gene segments in the mouse genome (Supplementary Figure S4). With the addition of the TG6/HF10/Ld structure, crystal structures of four Vβ2 containing TCR bound to pMHC have now been determined (48–52), making Vβ2 the next most well-represented Vβ segment amongst non-redundant mouse TCR-pMHC structure in the Protein Data Bank (https://www.rcsb.org/). Only by comparing all four unique Vβ2 containing TCR-pMHC structures, using different Vα chains (TRAV6D-7, 16, 14-1, 10) and interacting with different MHC molecules (Ld, Kb, I-Ag7), was it possible to identify the conserved features of germline-encoded pMHC interactions. While we were unable to identify an obvious counterpart to mouse Vβ2 amongst human TCR structures (data not shown), it seems likely that additional Vβ-specific pMHC docking patterns will emerge once more pMHC ligated structures using divergent Vβ family members are determined. It is also important to note that the germline-encoded view of TCR recognition of pMHC invokes generally similar, but not identical, contacts between TCR CDR1/2 and MHC (7, 10, 53). As a result, the Vβ8 TCR may also occasionally adopt an unorthodox angle on its pMHC ligand, such as the parallel docking angle of Vβ8.2 TCR 2C on H-2Ld (3). Interestingly, this TCR was nonstimulatory, suggesting that there are docking geometry limits for Vβ8.2 TCRs {Adams, 2011 #72}. In spite of individual variations, the docking angles for Vβ8 in the structure database are generally diagonal (Figure 5, Supplemental Figure S5).

For the Vβ8-specific interaction pattern, the most prominent germline contacts involve tyrosine residues (e.g., Vβ8 Tyr 48, Vα4 Tyr 29, and Vα3 Tyr 29/50), which form extensive van der Waals contacts with the MHC α helices that make up the sides of the peptide-binding groove (7, 9, 10). Tyrosine residues are also highly represented in antibody CDRs and it has been suggested that the hydrophobicity and geometric flexibility of these contacts provides for relatively broad specificity, allowing for interactions with many allelic forms of MHC (4, 54–56). In contrast, an arginine residue in CDR2 of Vβ2 forms a prominent germline contact with an acidic residue in the bound peptide in three out of four of the existing structures. Thus, the positioning CDR1 and 2 over the peptide due to the unusual Vα-Vβ domain interface and CDR1/2 loop conformations, together with conserved germline-encoded ionic interactions with peptides, result in a greater contribution to the fine specificity of antigen recognition by Vβ2 compared to Vβ8. It is tempting to speculate that Vβ8 and Vβ2 containing TCRs may fill different niches in the immune repertoire, with Vβ8 representing “generalists”, with relatively broad specificity, and Vβ2 representing “specialists”, optimized for binding particular pMHC complexes (Supplementary Figure S7). While TCR Vβ generalists would provide adequate responses and reliable coverage for many different pathogens, Vβ specialists could allow for “jackpot” responses that provide strong protection for particular pathogens. This is in line with the motif-driven, focused repertoire of Ld-HF10 specific T cells reported here.

The notion of generalist versus specialist may also be applicable to the MHC-I molecule Ld, which presents the HF10 peptide (Supplementary Figure S7). In contrast to the broad peptide binding exhibited by most MHC-I molecules, Ld forms highly specific interactions with the antigenic HF10 peptide with bends in the peptide stabilized by multiple non-anchor residue contacts. Moreover, six of the side chains are contacted by both the MHC and TCR, such that the specificity for peptide is shared between the MHC and the TCR. The highly specific binding between HF10 and Ld is consistent with earlier studies indicating that Ld has a constrained peptide binding site, binds poorly to self-peptides, and requires particular antigenic peptides to stabilize its cell surface expression (15, 41, 42). Interestingly, human HLA-B alleles associated with elite control of HIV share polymorphisms with Ld that contribute to constrained peptide binding (12, 15) and are also predicted to bind poorly to self-peptides (13). Moreover, a recent study showed that human MHC-1 alleles, particularly HLA-B alleles, vary substantially in the proportion of pathogen-derived peptides that they can bind, and that this appears to correlate with pathogen specialization (18). Thus Ld, as well as certain human MHC alleles associated with HIV control, may represent specialist MHC molecules which sacrifice broad coverage for the potential to generate highly protective T cell responses to particular pathogens (20).

The ability of MHC molecules to bind broadly to self-peptides has potential implications for how germline-encoded TCR-MHC reactivity is utilized in the mature TCR repertoire. It has been proposed that unfavorable interactions between CDR3 and self-peptides may counteract germline-encoded reactivity to MHC in order to avoid negative selection (4, 10). In support of this idea, a TCR that was selected by a single peptide MHC complex, and therefore not subject to negative selection by diverse self-peptides, displayed exaggerated germline reactivity for MHC, leading to a high degree of cross-reactivity (10). TCRs that are selected in the thymus by specialist MHC molecules may largely avoid the impact of negative selection due to the lack of binding of self-peptides (13). This may set the stage for jackpot T cell responses since TCRs that recognize rare peptides that are able to bind to and stabilize the specialist MHC can take full advantage of both germline reactivity and peptide specificity to generate high-affinity responses. This strategy may be particularly potent for Vβ2- containing TCRs, since specialist MHC molecules would be less likely to present self-peptides with acidic residues near the C-terminus, and thus would avoid strong self-reactivity leading to negative selection of thymocytes bearing these TCRs. Thus, while specialization in MHC and TCR may independently contribute to pathogen control, they may also synergize to generate particularly robust responses.

Previous efforts to understand T cell antigen recognition have largely focused on the most prevalent “generalist” strategies, which provide broad and adequate coverage for most infections. In contrast, the current study highlights alternative “specialist” strategies for generating rare, but highly effective responses. Less commonly used Vβ gene segments and MHC alleles may provide a reservoir of recognition components that have the potential to provide highly focused and effective responses, and which could confer a selective advantage when populations are faced with particularly challenging pathogens. A better understanding of the recognition strategies used by specialist MHC alleles and Vβ segments should aid in the rational design of TCRs and improve our ability to target T cell responses in individual patients.
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Supplementary Figure 5 | Docking angles of Vβ2 and Vβ8 containing TCRs to pMHC. TCR3d_DA = Conventional docking angle; TCR3d_IA = Conventional incident angle (obtained from the TCR3d database: https://tcr3d.ibbr.umd.edu/); TRA = Angle formed from the TRA plane modeled by the TRA VJ center of mass and regression of CDR1-3a; TRA_germ = Angle formed from the TRA plane modeled by the TRA VJ center of mass and regression of only CDR1a and CDR2a; TRB = Angle formed from the TRB plane modeled by the TRB VDJ center of mass and regression of CDR1-3b; TRB_germ = Angle formed from the TRB plane modeled by the TRB VDJ center of mass and regression of only CDR1b and CDR2b; TCR = Angle formed from the TCR plane modeled by the TCR V(D)J center of mass and regression of CDR1-3a and CDR1-3b; TCR_germ = Angle formed from the TCR plane modeled by the TCR V(D)J center of mass and regression of only CDR1a, CDR2a, CDR1b, and CDR2b. Vβ2 (PDB IDs: 1FO0, 1KJ2, 1NAM, 2OL3, 6DFS, 6X31) are represented in orange and Vβ8 (PDB IDs: 3C5Z, 3C6L, 3RDT, 3RGV, 4N5E, 6DFW) TCRs are represented in cyan. Interaction angles between with pMHC between the Vb2 and Vb8 TCRs were compared, and significance was determined using Mann-Whitney U tests with Bonferroni multiple testing corrections. * denotes an adjusted p-value < 0.05 and ns denotes not significant.
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COVID-19 in the central nervous system (CNS)

Headache, dizziness, loss or disruption of the sense of smell (anosmia/dysosmia),
taste (ageusia/dysgeusia), loss of muscular coordination (ataxia), loss of autonomic
respiratory control, lethargy, depression

and anxiety (4-9, 44, 45)

SARS-CoV2 is detected in brain tissue (46), cortical neurons (47), neural and capillary
endothelial cells in frontal lobe tissue (48), the olfactory nerve, the gyrus rectus and the
brainstem in autopsy tissue obtained from COVID-19 patients (49). The neuroinvasive
capability of SARS-CoV-2 is also determined in human brain organoids (50, 51).
ACE2 is expressed in the substantia nigra and brain ventricles, the piriform cortex,
neurons and some nonneuron cells (astrocytes and oligodendrocytes from the middle
temporal gyrus and posterior cingulate cortex) (52-54); TMPRSS2 is present in
oligodendrocyte precursor cells, astrocytes and microglial cells of the neurovascular
units (53, 54). DPP4 and ANPEP are distributed in astrocytes and microglial cells of
neurovascular units (54).

COVID-19 with cancer

Higher prevalence of chest distress, higher death rate, higher rates
of ICU admission, higher rates of having at least one severe or
critical symptom in COVID-19 patients with lung cancer,
gastrointestinal cancer, breast cancer, hematologic cancer, or
metastatic cancer (55, 56); Increased virus-associated
lymphopenia in cancer patients (57).

Prolonged viral shedding and higher viral loads in cancer patients
(57, 58).

ACE2 is downregulated in hepatocellular carcinoma (59), non-small
cell lung cancer (NSCLC) (60), breast tumors (61), pancreatic
ductal adenocarcinoma (62), and gallbladder cancer (63); ACE2
and TMPRSS2 are both upregulated in colorectal tumor (64) and
lung cancer (65). TMPRSS2 is downregulated in head and neck
cancer (66).
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pSLA-1*13:01gw12

Data collection
Space group
Unit cell parameters (/“\)

Resolution range (A)
Total reflections
Unique reflections
Rmerge (%)

Avg I/a(l)
Completeness (%)
Redundancy
Refinement
Resolution (&)
No.reflections
Riactor (%)°

R tree (%)

R M S.Deviations
Bonds (A)

Angles (°)
Average B factor

Ramachandran plot quality

Most favored region (%)
Allowed region (%)
Disallowed region (%)

P12,1
95.17, 44.24, 199.63
90.00, 90.03, 90.00
99.81-2.16 (2.28-2.16)
482,111
87,860
17.6 (32.6)
6.0(3.7)
97.1
5.5 (5.1)

30.00-2.50
55,584
24.67
28.52

0.007
1.254
44.530

94.02
5.98
0.00

“Values in parentheses are for the highest-resolution shell.

°Rmerge = Snaiifhkl) — (Ithk))V/EmiZi I{hk), where I{hki) is the observed intensity and

(Ihki))is the average intensity from multiple measurements.

°R=Znil| Fobs | - k | Fealc | |Znu| Fobs|, where Ryee is calculated for a randomly chosen 5%
of reflections and Rwork is calculated for the remaining 95% of reflections used for

structure refinement.
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TCR

12-6
38-10
1A2
302TIL
E8

G4
TCR9a
TCR9b
TCR9c
TCR9d
TCR10

HLA

A02:01
A
A0
A"02:06
DR1
DR1
C*08:02
C*08:02
C*08:02
C'08:02
C*08:02

Peptide sequence

WT

HMTEWRRC
HMTEVWRRC
HMTEWRRC
KQWLVWLLL
GELIGTLNAAKVPAD
GELIGTLNAAKVPAD
GAGGVGKSA
GAGGVGKSA
GAGGVGKSA
GAGGVGKSA
GAGGVGKSAL

Mut

HMTEVVRHC
HMTEVVRHC
HMTEVVRHC
KQWLVWLEL
GELIGILNAAKVPAD
GELIGILNAAKVPAD
GADGVGKSA
GADGVGKSA
GADGVGKSA
GADGVGKSA
GADGVGKSAL

Protein

p53
p53
p53
Hedgehog acyltransferase
Triosephosphate isomerase
Triosephosphate isomerase
KRAS
KRAS
KRAS
KRAS
KRAS

Mutation position

175
175
175
75
28
28
12
12
12
12
12

TCR affinity (KD)
WT Mut
uD 1.4 uM
up 39.9 uM
uD 16.2 uM
200 uM 9uM
ND ND
ND ND
NA 16 nM
NA 835 nM
NA 90 nM
NA 125 nM
NA 6uM

WT, wild type; MUT, mutant; UD, Undetectable; ND, Not determined; NA, Not applicable.

“*' is part of nomenclature for HLA alleles. Bold & underline indicate site of mutation.
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Primer sequences (5’ to 3’)

mFpri-F TCCTGATTGCCCTCATTGC
mFpri-R CCCAGACTGGATGCAGAACA
mFpr2-F TTTACACCACAGGAACCGAAGA
mFpr2-R TAATTTTTTCAGTCCTGCAGCTAACC
mFpr3-F ATGGGCCAGGACTTTCAAGA
mFpr3-R GGCTCTCTGCAGACGAGAAGA
Saa3-F GGGACATGGAGCAGAGACTCA
Saa3-R ACTCCGGCCCCACTCATT
Egri-F GAACCCCTTTTCAGCCTAGTCA
Egri-R AGGATGAAGAGGTCGGAGGATT
Gpr84-F CCACGCGTATGGCTCCAT
Gpr84-R ATGGAACCGGCGGAAACT
$100a8-F GGAGTTCCTTGCGATGGTGAT
S$100a8-R TCTGCTACTCCTTGTGGCTGTCT
ltgam-F CGTCTGCGCGAAGGAGATAT
ltgam-R CGGCCAGGGCTCTAAAGC
C5ar1-F GAGTGGCCTGGGTCTTAGCA
C5ar1-R TGCCTCCCGGTACACGAA
Mgl2-F AGGTGGAGGCGAGGACTGT
Mgl2-R GGCAGACATCGTCATTCCAA
CXCL3-F GCGCTGTCAGTGCCTGAAC
CXCL3-R CAAGCTCTGGATGGTCTCAAAA
Msr1-F TGGAGGAGAGAATCGAAAGCA
Msri-R GGAAGCGTTCCGTGTCTATAAGG
Plcd3-F AGCCAAGCAGCACGAACTG
Plcd3-R AGGCGACAACAGATACATCATGA
Xcri-F TCAGGACTTTGTTTCGCACAA
Xcri-R CTACCACGACGGTGAAGATGAG
CXCR2-F CCCTCTTTAAGGCCCACATG
CXCR2-R AAGGACGACAGCGAAGATGAC
CXCR4-F TCGGCAATGGATTGGTGAT
CXCR4-R CCGTCATGCTCCTTAGCTTCTT
CXCL1-F TCCCCAAGTAACGGAGAAAGAA
CXCL1-R AGCCAGCGTTCACCAGACA
CXCL2-F TGGGCTGCTGTCCCTCAA
CXCL2-R CCCGGGTGCTGTTTGTTTT
CXCL12-F GCCTCCAAACGCATGCTT
CXCL12-R ATTGGTCCGTCAGGCTACAGA
IL-1B -F CCATGGCACATTCTGTTCAAA
IL-1B -R GCCCATCAGAGGCAAGGA
GAPDH-F CATGGCCTTCCGTGTTCCTA

GAPDH-R GCGGCACGTCAGATCCA
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Clinical score Value

0 Normal

1 Mild

2 Moderate
3 Severe

This table is based on the summary of National Institutes for Food and Drug Control.

0, normal,  within the normal range; 1, mild, usually the lesions are easy to identify, but the
degree is relatively light; 2, moderate, the lesions are obvious, and there is a significant
tendency to aggravate; 3. severe, the lesions are severe, all tissues are cumulatively lifted,
occupying organs the vast majority.
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Variant Variants Mutations in RBD region ACE?2 affinity change Bamlanivimab affinity change
category (nomenclature) versus ancestral RBD versus ancestral RBD
Variant of Alpha N501Y 10-fold increase No change
concern Beta K417N E484K N501Y 2-fold increase E484K abolishes mAb binding
(VOC) Gamma K417T E484K N50O1Y 5-fold increase E484K abolishes mAb binding
Delta L452R T478K 2-fold increase L452R decreases mAb by 20-
fold
Omicron G339D S371L S373P S375F Potential increase due to N501Y mutation and/or  E484A abolishes mAb binding
K417N N440K G446S S477N T478K E484A other ACE2 contact residue mutations
Q493K G496S Q498R N501Y Y505H
Variant of Lambda L452Q F490S No change L452Q decreases mAb by 8-
interest (VOI) fold
F490S decreases mAb by 20-
fold
Mu R346K E484K N501Y 9-fold increase E484K abolishes mAb binding
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