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SARS-CoV-2 vaccination has been recommended for liver transplant (LT) recipients. However, our understanding of inactivated vaccine stimulation of the immune system in regulating humoral and cellular immunity among LT recipients is inadequate. Forty-six LT recipients who received two-dose inactivated vaccines according to the national vaccination schedule were enrolled. The clinical characteristics, antibody responses, single-cell peripheral immune profiling, and plasma cytokine/chemokine/growth factor levels were recorded. Sixteen (34.78%) LT recipients with positive neutralizing antibody (nAb) were present in the Type 1 group. Fourteen and 16 LT recipients with undetected nAb were present in the Type 2 and Type 3 groups, respectively. Time from transplant and lymphocyte count were different among the three groups. The levels of anti-RBD and anti-S1S2 decreased with decreasing neutralizing inhibition rates. Compared to the Type 2 and Type 3 groups, the Type 1 group had an enhanced innate immune response. The proportions of B, DNT, and CD3+CD19+ cells were increased in the Type 1 group, whereas monocytes and CD4+ T cells were decreased. High CD19, high CD8+CD45RA+ cells, and low effector memory CD4+/naïve CD4+ cells of the T-cell populations were present in the Type 1 group. The Type 1 group had higher concentrations of plasma CXCL10, MIP-1 beta, and TNF-alpha. No severe adverse events were reported in all LT recipients. We identified the immune responses induced by inactivated vaccines among LT recipients and provided insights into the identification of immunotypes associated with the responders.
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Introduction

Solid organ transplant (SOT) recipients are at a high risk of SARS-CoV-2 infection and its severe outcomes (1, 2). Liver transplant (LT) recipients or other immunocompromised patients are a highly vulnerable patient population, requiring SARS-CoV-2 vaccination, as recommended by some societies (3, 4). Due to immunosuppressive treatment effects, lower immune response and fewer detectable SARS-CoV-2 antibodies to the SARS-CoV-2 mRNA vaccine among SOT recipients than among the immunocompetent population have been documented (5–12). Some studies have reported lower immunological and poor antibody response to mRNA-based vaccines among LT recipients (11, 13). Inactivated vaccines have proven to be strongly immunogenic and highly efficient in preventing severe coronavirus disease (COVID-19) in immunocompetent individuals (14–16). However, knowledge of inactivated vaccine-induced humoral and cellular responses in SOT recipients, especially LT recipients, remains poorly understood.

Vaccines may prevent infection and its unfavorable effects by inducing robust virus neutralizing antibody (nAb) responses, which are crucial for shaping both humoral and cellular protective immunity during the early response to vaccination (17, 18). In addition to nAb, T cells are critically necessary for clearing viral infections and effective vaccination to maintain extensive and lasting antiviral immunity (19, 20). Our previous study confirmed that T-cell immune response changed during disease progression in patients with COVID-19 (21). Cytokines and chemokines play a key role in the development and maintenance of immunity in response to infection and vaccination. Early cytokine and chemokine signatures may be used to monitor effective vaccination; they have been proposed as guides for optimizing the efficacy of mRNA vaccination strategies (22).

Knowledge of the two-dose inactivated SARS-CoV-2 vaccine-induced immune response in LT recipients remains poor, especially the comprehensive difference in humoral and cellular responses between responders and non-responders. Defining the nature of immune response after SARS-CoV-2 vaccination could help identify biomarkers for predicting the effective application of vaccines in LT recipients. In this study, we used the systems vaccinology approach to comprehensively profile the innate and adaptive immune responses of LT recipients who were vaccinated with the two-dose inactivated SARS-CoV-2 vaccine. Additionally, we evaluated the clinical characteristics, antibody responses, single-cell peripheral immune profiling, and plasma cytokine/chemokine/growth factor levels among LT recipients with SARS-CoV-2 inactivated vaccination.



Patients and methods


Patient population and study design

This study was an observational study conducted among LT recipients who had received two scheduled doses of the inactivated vaccines (CoronaVac or BBIBP-CorV) within 8 weeks, according to the national vaccination protocol. The participants were recruited from an online survey. Three healthy donors without vaccination (HD) and four healthy donors vaccinated with the inactivated vaccine (HDV) were recruited as the no vaccination healthy controls and vaccination healthy controls, respectively. Blood samples from LT recipients and HDVs were obtained within 4–8 weeks after administration of the second dose of the vaccine for CyTOF and cytokine detection. The exclusion criteria included age <18 years and history of COVID-19 diagnosis. All the clinical data of LT recipients within 4 weeks before the first dose of the vaccine were retrospectively reviewed. Figure 1A shows the study flow diagram for the study. This study was approved by the Ethics Committee of Beijing YouAn Hospital ([2021]083), and all participants provided written informed consent.




Figure 1 | Schematic workflow and SARS-CoV-2 neutralizing antibody detection after vaccination. (A) Schematic description of LT recipient groups and blood sample experiments. (B) Neutralizing antibody detection in plasma of LT recipients after two-dose inactivated vaccination. Cutoff value equal to 20% signal inhibition. Neutralizing percent inhibition (NPI) of sample ≥20% indicated the presence of Anti-SARS-CoV-2 neutralizing antibodies, whereas NPI < 20% indicated the absence of neutralizing antibodies. (C) Correlation between the duration from LT to first dose of vaccination and NPI. p-Values (two-sided) and r values are based on Spearman’s rank test. LT, liver transplant. *p < 0.05, **p < 0.01.





Anti-SARS-CoV-2 neutralizing antibody detection

Anti-SARS-CoV-2 neutralizing antibody levels were determined by competitive enzyme-linked immunosorbent assay (ELISA) using the Anti-SARS-CoV-2 Neutralizing Antibody Titer Serologic Assay Kit (ACROBiosystems, Newark, DE, USA), according to the manufacturer’s instructions. Briefly, the microplate in the kit was pre-coated with human ACE2 protein. Plasma samples, positive control, and negative control were added to the wells, followed by the addition of HRP-SARS-CoV-2 Spike RBD. After incubation, the wells were washed, and the substrate solution was added to the wells. The reaction was terminated by the addition of a stop solution, and the intensity of absorbance was measured at 450 nm/630 nm. The neutralizing antibodies in the samples competed with ACE2 for HRP-SARS-CoV-2 Spike RBD binding. The intensity of the assay signal decreased proportionally with the concentration of Anti-SARS-CoV-2 neutralizing antibodies. The cutoff value was set at 20% of signal inhibition. A neutralizing percent inhibition (NPI) of sample ≥20% indicated that Anti-SARS-CoV-2 neutralizing antibodies were present, whereas NPI <20% indicated the absence of neutralizing antibodies.



Detection of antibody titer against SARS-CoV-2

The titers of antibodies against structural proteins, RBD and S1S2, were determined using the indirect ELISA kit (Sino Biological, Beijing, China) according to the manufacturer’s instructions, as previously described (23). Each value obtained was an average of three independent biological replicates.



Cytokine/chemokine/growth factor detection with Luminex kits

Plasma cytokine/chemokine/growth factor concentrations were measured by the Luminex bead-based MILLIPLEX assay using MILLIPLEX® Human Cytokine/Chemokine/Growth Factor Panel A (Millipore, Billerica, MA, USA) with a FlexMAP3D (Luminex) platform. Cytokine production data were analyzed using the xPONENT software, following the manufacturer’s instructions (24). The panel simultaneously analyzed 48 multiple cytokine, chemokine, and growth factor biomarkers, including sCD40L, EGF, eotaxin, FGF-2, Flt-3, ligand, fractalkine, G-CSF, GM-CSF, GRO-alpha, IFN-alpha2, IFN-gamma, IL-1 alpha, IL-1beta, IL-1RA, IL-2, IL-3, IL-4, IL-5, IL-6, IL-7, IL-8, IL-9, IL-10, IL-12 (p40), IL-12 (p70), IL-13, IL-15, IL-17A, IL-17E/IL-25, IL-17F, IL-18, IL-22, IL-27, IP-10, MCP-1, MCP-3, M-CSF, MDC, MIG, MIP-1 alpha, MIP-1 beta PDGF-AA, PDGF-AB/BB, RANTES, TGF-alpha, TNF-alpha, TNF-beta, and VEGF-A.



Mass cytometry

Peripheral blood mononuclear cells (PBMCs) of participants were incubated with 1 μM of cisplatin (198-Pt, Fluidigm, South San Francisco, CA, USA) for 2 min for viability evaluation by mass cytometry. Cells were then fixed for 15 min at room temperature with Fix I (Fluidigm) buffer and washed three times with Cell Staining Buffer (CSB) for further analysis. A palladium isotope barcoding kit was applied to minimize inter-sample staining variation. Briefly, each sample was counted and diluted to 1 × 106 cells/ml before being labeled with a unique combination of three palladium isotopes. Thereafter, 20 samples from different groups were mixed. The purified antibodies, as shown in Supplementary Table 1, were conjugated with the Multi-Metal MaxPar Kit (Fluidigm). All metal-conjugated antibodies were titrated for optimal concentration before use. The mixed cells were stained with surface markers, such as CD3, CD4, and CD8, for 30 min. They were then permeabilized with ice-cold methanol (80%) for 15 min. After three washes with CSB, cells were incubated with the remaining antibodies. After three washes with CSB followed by staining with Intercalator-Ir (Fluidigm) at 4°C overnight, the samples were washed three times with ultrapure water. Thereafter, the cells were resuspended in ultrapure water containing 10% of EQ Four Element Calibration Beads (Fluidigm). Lastly, the data were obtained from the Helios mass cytometer (Fluidigm).



Mass cytometry data analysis

All.fcs files were uploaded into Cytobank. Data cleaning was performed, as described previously. The population of single living cells was exported as.fcs files for further analysis (25). Files were loaded into R (http://www.rstudio.com), and the arcsinh transform was performed to signal intensities of all channels. PhenoGraph analysis was performed, as previously described (26).



Statistical analysis

All statistical analyses were performed using the SPSS software package (version 23.0; SPSS Inc., USA). Comparisons of differences among groups were performed using the Kruskal–Wallis test followed by multiple comparisons with pairwise, chi-square, or Fisher’s exact test. Statistical significance was set at p < 0.05 for two-sided tests. Correlation analyses were performed using Spearman’s rank test.




Results


Patient characteristics

Forty-six LT recipients were recruited from 11 hospitals. They had received inactivated vaccines (CoronaVac or BBIBP-CorV) according to the national vaccination schedule. The baseline characteristics of the cohort are shown in Table 1. The most common etiology of liver disease was hepatitis B virus-related liver disease (36, 78.3%), followed by alcoholic liver disease (four, 8.7%), primary biliary cirrhosis (three, 6.5%), and Wilson’s disease (three, 6.5%). A proportion of 58.7% (27/46) of patients received two kinds of immunosuppressants, and 39.1% (18/46) of them received a single regimen. One participant received the triple-drug regimen, which comprised a calcineurin inhibitor, glucocorticoid, and antimetabolite. The median time from LT to the first vaccination was 7.7 years (range, 1.3–21.3 years).


Table 1 | Characteristics of LT recipients.





Difference in neutralizing inhibition rate among liver transplant recipients

To examine the ability of plasma antibodies to interfere with ACE2–RBD interaction, a competitive SARS-CoV-2 serology assay was performed. In this assay, plasma antibodies were added to ELISA plates precoated with the SARS-CoV-2 RBD protein, followed by the addition of the human ACE2 protein. A specific neutralizing antibody against SARS-CoV-2 RBD was used as a reference. After the second dose, 16 (34.78%) participants had a positive neutralizing antibody reaction (Figure 1B). No neutralizing antibodies were detected in 30 (65.22%) patients. In those with positive neutralization post-second dose, the median level of percent inhibition was 26.25% (21.25%–77.02%). Thereafter, these LT recipients were divided into three groups according to the NPI findings. They included the detectable Anti-SARS-CoV-2 neutralizing antibody group (Type 1, 16 patients, NPI ≥ 20%) and undetectable neutralizing antibody groups (Type 2, 14 patients, 20% > NPI > 0%; Type 3, 16 patients, NPI ≤ 0%). As shown in Figure 1B, the NPI of Type 1 was higher than that of Type 2 (p = 0.032), Type 3 (p < 0.001), and HD (p = 0.006). The following analyses were performed based on these groups. The clinical and laboratory data of LT recipients with detectable neutralizing antibodies and NPI were compared (Table 2). Patients with detectable neutralizing antibodies in the negative group were more frequently treated with mycophenolate mofetil/mycophenolic acid (MMF/MPA) than those in the positive group (20/10 vs 5/11, p = 0.022). Duration from LT to first dose of vaccination (p = 0.013) and lymphocyte count (p = 0.015) showed a significant difference among the Type 1, Type 2, and Type 3 groups, which indicated longer post-transplant time (p = 0.015) and higher lymphocyte count (p = 0.014) in Type 1 than Type 3. Duration from LT to first dose of vaccination was correlated with NPI (Figure 1C; Spearman’s r = 0.334, p = 0.023), while no significant correlation between lymphocyte count and NPI was found (Spearman’s r = 0.281, p = 0.068). No significant difference in sex, body mass index, etiology of liver disease, source of vaccine, estimated glomerular filtration rate (eGFR), and comorbidities were noted in neutralizing antibody response.


Table 2 | | Comparison of recipients in neutralizing antibody and neutralizing percent inhibition.





Enhanced response of antibodies against SARS-CoV-2 structural proteins in patients with higher neutralizing inhibition rate

Furthermore, we investigated the response of antibodies against RBD and S1S2 among the Type 1, Type 2, and Type 3 groups. The anti-RBD and anti-S1S2 levels gradually decreased with decreasing neutralizing inhibition rates among groups. The anti-RBD antibody levels were higher in the Type 1 group than in the Type 2 group (p = 0.018), Type 3 group (p < 0.001), and HD (p = 0.002) (Figure 2A). Additionally, the anti-RBD level was higher in the Type 2 group than in the Type 3 group (p = 0.042). Higher anti-S1S2 titers were detected in the Type 1 group than in the Type 3 group (p = 0.030) and HD (p = 0.015), although no differences were present between Type 1 and Type 2 (P = 1.000) or Type 2 and Type 3 (p = 0.059). The potential correlation between anti-RBD/anti-S1S2 levels and NPI was evaluated. NPI had a high correlation with anti-RBD level (Figure 2B; Spearman’s r = 0.818, p < 0.001). Additionally, NPI was correlated with anti-S1S2 level (Figure 2C; Spearman’s r = 0.511, p < 0.001), and the anti-RBD level was positively correlated with anti-S1S2 level (Figure 2D; Spearman’s r = 0.696, p < 0.001).




Figure 2 | Comparison of antibody responses between different groups. (A) Comparison of anti-RBD and anti-S1S2 antibody responses among the Type 1, Type 2, and Type 3 groups. Correlation between anti-RBD and anti-S1S2 levels. (B) NPI and anti-RBD levels. (C) NPI and anti-S1S2 levels. (D) p-Values (two-sided) and r values are based on Spearman’s rank test. NPI, neutralizing percent inhibition. *p < 0.05, **p < 0.01.





Induction of innate immune responses

To reveal differences in cell-type compositions after vaccination among groups, we calculated the relative percentages of cell types in PBMCs of 32 LT recipients (Type 1, 7 patients; Type 2, 13 patients; Type 3, 12 patients) using CyTOF data. After surface markers were combined by unsupervised clustering, CD45+ PBMCs were divided into eight major cell types (Figures 3A–C), including C1_B cells (CD19+), C2_CD8+T cells (CD8+ CD3+), C4_dendritic cells (DCs, HLA-DR+), C5_natural killer cells (NK, CD56+), C7_Monocytes (CD14+HLA-DR+CD16−), C8_CD4+T cells (CD4+ CD3+), C6_CD3+CD19+ (B-T) cells, and C3_double negative T cells (DNT). The frequencies of B, DNT, and CD3+CD19+ cells were higher in the Type 1 group than in the Type 2, Type 3, and HD groups. However, they were decreased in monocytes and CD4+ T cells in the Type 1 group (Figure 3B). The frequencies of these eight cell types were not different between the Type 1 group and HDVs. Additionally, CXCR3 was highly expressed in CD8 T, DNT, DC, NK, and monocytes in the Type 1 group, and the expression level of its ligand, CXCL10, was elevated among all eight clusters in the Type 1 group (Figure 3D). IFN-γ expression level was higher in CD8 T cells of the Type 1 group than in those of the Type 3 or HD group (Figure 3E). Compared to the Type 2, Type 3, and HD groups, the Type 1 group had enhanced levels of phosphorylated (p)STAT1 and pSTAT3 in multiple cell types (Figure 3F). These data suggest that a heightened innate immune response was induced after secondary immunization in LT recipients in the Type 1 group, compared to those in the Type 2 and Type 3 groups.




Figure 3 | Innate immune responses induced by inactivated vaccination among LT recipients. (A) CyTOF-identified cell clusters from PBMCs visualized by t-distributed stochastic neighbor embedding (t-SNE). (B) Percentage of each cluster among five groups. Boxes represent interquartile ranges (IQRs). Each dot represents an individual group: Type 1 (red), Type 2 (blue), Type 3 (green), HDV (purple), or HD (orange). (C) viSNE projections of expression of the indicated proteins. (D) The expression level of CXCL10 and CXCR3 in eight cell clusters. Line at median of groups. (E) IFN-γ expression levels measured and compared among five groups in CD8+ cells. (F) Heatmap of expression arcsih ratio of pSTAT3 and pSTAT1 levels. Significance was determined using Kruskal–Wallis test, followed by multiple pairwise comparisons. Statistical significance was set at a two-sided p-value <0.05 and adjusted p < 0.05. *p < 0.05. LT, liver transplant; PBMCs, peripheral blood mononuclear cells; HDV, healthy donors vaccinated with the inactivated vaccine; HD, healthy donors without vaccination.





Identifying circulating T-cell responses with vaccine effectiveness in liver transplant recipients

Thereafter, we investigated the immune features of T lymphocytes (CD3+ cells), with respect to activation and differentiation, and identified the CD3+ CD19+ subsets of circulating T cells after two doses of the inactivated vaccine in LT recipients. Eleven T-cell populations were clustered (Figures 4A–D); they included CD161+ T cell (C1, CD3+ CD161+), effector memory CD4+ (C2, CD4+CD45RO+CCR7−), naïve CD8+ (C3, CD8+CD45RA+CCR7+), naïve CD4+ (C4, CD4+CD45RA+CCR7+), effector CD8+ 1 (C5, CD8+CD45RA+CCR7−CD19low), DNT (C6), effector CD8+ 2 (C7, CD8+CD45RA+CCR7−CD19high), central memory CD4+ (C8, CD4+CD45RO+CCR7+), effector CD8+ 3 (C9, CD8+CD45RA+CCR7−CD127high), central memory CD8+ (C10, CD8+CD45RO+CCR7+), and effector CD8+ 4 (C11, CD8+CD45RA+CCR7−CD127low) cells. Among the T-cell populations, the CD19high CD8+CD45RA+ cell population increased, whereas the effector memory CD4+ and naïve CD4+ cells decreased in the Type 1 group, compared to the Type 2, Type 3, and HD groups (Figure 4B). Cluster 7, CD19high CD8+CD45RA+ cells, increased and was characterized by high CD45RA, CD8, and CD19 expression; moderate CD16, HLA-DR, and CD127 expression; and low CD4 expression (Figure 4C). Furthermore, the frequencies of C8_central memory CD4+, C9_effector CD8+, and C11_effector CD8+ cells were higher in the Type 1 group than in the HD group (Figure 4B). Notably, the three vaccination-specific cell subsets had co-expression of CD19 and CD127. Although the frequency of naïve CD8+ cells was not different among the five groups, it was decreased in the Type 1 and HDV groups (Figure 4B). Thereafter, IFN-γ and perforin were expressed among the four kinds of effector CD8+ in the different groups. IFN-γ expression levels in C5_effector CD8+, C7_effector CD8+, and C11_effector CD8+ cells were higher in the Type 1 group than in the Type 3 group. However, no difference in C9_effector CD8+ cells was present between the Type 1 and Type 2/Type 3 groups (Figure 4E). The Type 1 group had an increased perforin expression level than the Type 3 group in only the C5_effector CD8+ and C11_effector CD8+ subsets (Figure 4F).




Figure 4 | T-cell activation in subsets of LT recipients is associated with vaccination responder. (A) CyTOF-identified cell clusters from CD3+ cells visualized by t-SNE. (B) Percentage of each cluster among five groups. Boxes represent interquartile ranges (IQRs). Each dot represents an individual groups: Type 1 (red), Type 2 (blue), Type 3 (green), HDV (purple), or HD (orange). (C) Heatmap showing expression patterns of various markers, stratified by FlowSOM clusters. Heat scale calculated as column z-score of mean fluorescence intensity (MFI). (D) viSNE projections of expression of the indicated proteins. IFN-γ (E) and perforin (F) expression levels measured and compared in four kinds of effector CD8+ cells among five groups. Significance was determined using Kruskal–Wallis test, followed by multiple pairwise comparisons. Statistical significance was set at a two-sided p-value <0.05 and adjusted p < 0.05. *p < 0.05. Percentages represent proportion of each identified cluster of all analyzed cells. LT, liver transplant; t-SNE, t-distributed stochastic neighbor embedding; HDV, healthy donors vaccinated with the inactivated vaccine; HD, healthy donors without vaccination.





Cytokine/chemokine/growth factor profile induced by the two-dose inactivated vaccine in liver transplant recipients

To further investigate the cytokine signature induced by the two-dose inactivated vaccine, we measured plasma cytokines in 32 vaccinated individuals. Of the 48 cytokines detected, CXCL10 (p = 0.021), MIP-1 beta (p = 0.009), and TNF-alpha (p = 0.034) were significantly different among the Type 1, Type 2, and Type 3 groups (Figure 5A). Although CXCL10 level was higher in the Type 1 group than in the Type 2 group (p = 0.040), Type 3 group (p = 0.031), and HD group (p = 0.009), MIP-1 beta (p = 0.013) and TNF-alpha (p = 0.032) levels were only higher in the Type 1 group than in the Type 3 group (Figure 5B). Additionally, CXCL10 levels were higher in the Type 1 group than in the HD group (Figure 5B). The potential correlations between CXCL10 levels of all cases and the corresponding expression levels of eight immune cells were analyzed using Spearman’s rank order correlation test (Figures 5C, D). We found that CXCL10 level was positively correlated with CXCL10 expression in CD3+ CD19+ cells (Spearman’s r = 0.365, p = 0.023) and CD4+ T cells (Spearman’s r = 0.391, p = 0.014). No significant correlation was observed between CXCL10 levels and CXCL10 expression in the rest of the B cells (Spearman’s r = 0.310, p = 0.055), CD8+ T cells (Spearman’s r = 0.307, p = 0.057), DCs (Spearman’s r = 0.202, p = 0.218), NK (Spearman’s r = 0.267, p = 0.101), monocytes (Spearman’s r = 0.272, p = 0.094), and DNT cells (Spearman’s r = 0.288, p = 0.076).




Figure 5 | Plasma cytokine/chemokine/growth factor levels after two-dose vaccination in LT recipients. (A) Heatmaps representing the 48 cytokine/chemokine/growth factor levels among the Type 1, Type 2, Type 3, HDV, and HD groups. (B) Higher concentrations of plasma CXCL10, MIP-1 beta, and TNF-alpha in Type 1. Correlation between plasma CXCL10 level and CD3+ CD19+ CXCL10 expression (C) and CD4+ CXCL10 levels (D). p-Values (two-sided) and r values are based on Spearman’s rank test. LT, liver transplant; HDV, healthy donors vaccinated with the inactivated vaccine; HD, healthy donors without vaccination. *p < 0.05.





Vaccine safety

Safety analysis was completed for all participants who completed the vaccine diary after receiving both vaccine doses (Supplementary Table 2). Overall, the vaccines were well-tolerated. Local events with associated pain and swelling at the injection site were most commonly reported. Systemic events included fatigue, myalgia, and headache. No episodes of organ rejection were recorded 6 weeks after the second vaccine dose.




Discussion

Due to the life-long immunosuppression and high prevalence of comorbidities, LT recipients are at a high risk of SARS-CoV-2 infection (1, 3). Few studies have evaluated LT recipients for antibody responses to mRNA vaccines (11, 13). The mechanism of cellular response after vaccination in LT recipients remains unclear. In this study, LT recipients who had been vaccinated with inactivated vaccines (CoronaVac or BBIBP-CorV) were divided into three groups according to the nAb detection results. Thereafter, we comprehensively compared the innate and adaptive immune responses among the different groups. Our study provides important insight into how LT recipients respond to the COVID-19 vaccine. ().

In our study, as expected, LT recipients had lower immunogenicity toward SARS-CoV-2 inactivated vaccines, similar to the reported response to mRNA vaccines (11). Risk factors for negative serology among solid organ transplant recipients include MMF treatment (as described in this study), high-dose steroid use, triple therapy immunosuppression, old age, and reduced eGFR (10, 11, 27). The predominantly used immunosuppressive anti-metabolite, MMF/MPA, impairs both seroconversion rate and IgG and RBD-IgG titers in organ transplant recipients 2 months after SARS-CoV-2 mRNA vaccination (10, 12, 28). A recent meta-analysis showed that MPA/MMF weakened antibody response to the SARS-CoV-2 vaccine in adult solid organ transplant recipients (29). MMF/MPA may delay humoral response with significant antibody decline in kidney transplant recipients after SARS-CoV-2 mRNA vaccination (30). However, the NPI-related factors in this study included duration between the time of LT and the first dose of vaccination and lymphocyte count prior to vaccination. Overall, the vaccines were well-tolerated, and no major adverse events or graft rejections were recorded after vaccination.

LT recipients mount a poor antibody response to mRNA SARS-CoV-2 vaccines. IgG antibody titer and neutralizing antibodies were present in 61% and 47.5% of LT recipients, respectively, as reported in two studies (11, 13). In this study, 34.78% of LT recipients developed positive neutralizing antibodies after receiving the two-dose inactivated vaccines, which was consistent with findings from previous reports. Among the three types of LT recipients grouped by nAb results, the Type 1 (nAb+) group had higher anti-RBD and anti-S1S2 titers than the Type 2 (nAb−) and Type 3 (nAb−) groups. According to previous reports, a strong correlation exists between levels of RBD-binding antibodies and SARS-CoV-2 nAbs in patients with SARS-CoV-2 (31, 32). Similarly, this study confirmed a strong correlation between NPI and anti-RBD/anti-S1S2 levels in LT recipients. These results suggest that proportional LT recipients could promote robust humoral responses through two-dose inactivated vaccines.

One of the major concerns in transplant patients is the difference in cellular immunity between responders and non-responders. Therefore, the immune response characteristics related to vaccine efficacy in LT recipients should be elucidated. We investigated the peripheral single-cell immune spectrum after vaccination in LT recipients using high-parameter CyTOF analysis to evaluate the phenotypes of their peripheral immune cells. Notably, similar immune cell frequencies were observed in the Type 1 and HDV groups. The proportions of B cells, DNT cells, and CD3+CD19+ cells were higher in the Type 1 group than in the Type 2, Type 3, and HD groups. Circulating B cells increase in numbers after vaccination against SARS-CoV-2, implying that B cells rapidly proliferate and expand in a good immune response (33). Additionally, the percentages of DNT cells were found to be significantly increased in patients with COVID-19 (34). Although increased to a certain degree in Type 2 and Type 3 groups, interestingly, CD3+CD19+ cells characterized by high CD45, CD3, and CD19 expression levels were mainly found in vaccinated individuals in the Type 1 and HDV groups relative to the HD group. The CD3+CD19+ cells were present in peripheral blood samples from patients with HIV/mycobacterium tuberculosis infection and patients with cancer, reflecting the adaptive immune landscape (35, 36). Combining findings from our study and other studies, although all the studies showed that CD3+CD19+ cells were present commonly in the peripheral blood of healthy donors, the percentage of CD3+CD19+ cells in patients with cancer/vaccination population was significantly higher than that of CD3+CD19+ cells in healthy donors. It is a special subset of immune cells that probably plays a complex role in an intermediate state. We noticed that monocyte and CD4+ T-cell proportions were significantly decreased in the Type 1 and HD groups. CD4+ T-cell response was quicker than CD8+ T-cell response after two doses of the vaccine. CD8 T cells mostly produced IFN-γ, which were detected in CD8 T cells of the Type 1 group, compared to the Type 3 and HD groups. IFN-γ activates the Janus kinase (JAK)-signal transducer and activator of transcription (STAT) signaling pathway, resulting in the upregulation of STAT1 transcriptional targets (37). In this study, pSTAT1 and pSTAT3 expression levels were higher in the Type 1 group than in the Type 2, Type 3, and HD groups. These results suggest that LT recipients in the Type 1 group had a heightened innate immune response after secondary immunization, compared to LT recipients in the Type 2 and Type 3 groups.

More specifically, we used high-dimensional flow cytometry to perform immune profiling of T-cell populations. Several key findings included the high CD19, high CD8+CD45RA+ cell, and low effector memory CD4+ and naïve CD4+ cells in the Type 1 group. Additionally, central memory CD4+ cells and a fraction of effector CD8+ cells were specifically increased in vaccinated populations, with co-expression of CD19 and CD127. CD127 expression, as a feature of memory in T cells, promotes the survival and maintenance of long-lived memory T cells; CD127 is expressed on effector CD8+ T cells (38, 39). The elevated IFN-γ and cytotoxic molecules perforin expression level of effector CD8+ T cells in the Type 1 group, determined in our study, indicated the immune response induced by vaccination among LT recipients.

Cytokine modulation could be a marker of successful vaccination resulting in efficient antibody development (22). Our analysis of the peripheral levels of cytokines, chemokines, and inflammation markers suggested that CXCL10, MIP-1 beta, and TNF-alpha were associated with the effective immune response to the two-dose inactivated SARS-CoV-2 vaccine in LT recipients. Surprisingly, the expression level of CXCL10 was elevated among all eight immune cell clusters in the Type 1 group. Among them, the CXCL10 level was positively correlated with CXCL10 expression in CD19+CD3+ cells and CD4+ T cells. Correspondingly, plasma CXCL10 levels were used to monitor effective vaccination and guide the efficacy of mRNA vaccination strategies (22). The chemokine, CXCL10, is often released in the context of inflammation by many immune cells and promotes the chemotaxis of CXCR3+ cells, which are mainly activated T and B lymphocytes (40, 41). As previously reported, TNF-alpha was induced after the second mRNA vaccination, which could play a role with CXCL10 in the rapid recruitment and stimulation of effector immune cells (22). MIP-1 alpha and MIP-1 beta preferentially attract CD8+ and CD4+ T cells, respectively, and MIP-1 beta is chemotactic for monocytes, T cells, and NK cells (42, 43). Identification of a robust signature of cytokine induction leading to effective vaccination would be important for LT recipients to prevent the risk of SARS-CoV-2 infection as possible.

This study had some limitations. We focused on the immune status after two-dose vaccination among LT recipients, while excluding antibody levels after the first dose of inactivated SARS-CoV-2 vaccines and dynamic changes data on the immune response. LT recipients who did not vaccinate with SARS-CoV-2 are prone to keep a social distance more. We did not recruit such volunteers for this study. The majority of solid organ transplant recipients had a poor response to the COVID-19 vaccines. The non-responders could reflect the basic immune status of LT recipients to some extent. Robust induction of B-cell and T-cell responses by the third dose of inactivated SARS-CoV-2 vaccine was confirmed in a non-randomized trial among healthcare workers (44). In the future, a longitudinal study with a large cohort is needed to address the sustainability of memory cells stimulated by inactivated vaccines and profile the humoral and cellular responses to the third dose among LT recipients. The small sample size of the healthy controls with or without vaccination limited the robustness of the vaccination evaluation between the different populations, although this was not the main objective of this study. The characteristics and functions of B cell-like T cells and CD3+CD19+ cells were unknown in the development and progression of SARS-CoV-2 vaccination. In further studies, this will be addressed. Despite that, our study demonstrated the varied immune response status among LT recipients after two doses of vaccination, especially in LT recipients with positive neutralizing antibodies (Type 1). More importantly, the signature of antibody response, peripheral immune subsets, plasma cytokine, and chemokine related to effective vaccination were obtained in LT recipients. For LT recipients with negative neutralizing antibodies (Type 2 and Type 3), mild cellular response characteristics were found in some patients, which were crucial for the introduction of an additional (third) dose of the homologous vaccine in the next stage.



Data availability statement

The original contributions presented in the study are included in the article/Supplementary Material. Further inquiries can be directed to the corresponding authors.



Ethics statement

The studies involving human participants were reviewed and approved by The Ethics Committee of Beijing YouAn Hospital. The patients/participants provided their written informed consent to participate in this study.



Author contributions

GL, YO, and BD are responsible for the conception and design. BD, GZ, and JZ collected the data and samples. YO and GZ are responsible for the antibody titer and neutralizing antibody detection. YO and WW designed and performed the CyTOF experiments and corresponding analyses. JY detected the cytokine/chemokine/growth factors. YO and BD analyzed and integrated the results and drafted and wrote the manuscript. GL, ML, and DC assisted in modifying the manuscript. All authors are responsible for the review and revision of the manuscript. All authors contributed to the article and approved the submitted version.



Funding

This work was supported by Beijing Natural Science Foundation (M21006; L202024), Beijing Hospitals Authority Youth Programme (QML20201701), the Key medical professional development plan of Beijing Hospital Authority (ZYLX202124), Reform and Development-Basic and Clinical Cooperation Project (Y-2021YS-2), and the Beijing Municipal Institute of Public Medical Research Development and Reform Pilot Project (JING YI YAN 2021-10).



Acknowledgments

We would like to thank all subjects who participated in this study.



Conflict of interest

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



Supplementary material

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fimmu.2022.954177/full#supplementary-material



References

1. Kates, OS, Haydel, BM, Florman, SS, Rana, MM, Chaudhry, ZS, Ramesh, MS, et al. Coronavirus disease 2019 in solid organ transplant: A multicenter cohort study. Clin Infect Dis (2021) 73:e4090–9. doi: 10.1093/cid/ciaa1097

2. Pereira, MR, Mohan, S, Cohen, DJ, Husain, SA, Dube, GK, Ratner, LE, et al. COVID-19 in solid organ transplant recipients: Initial report from the US epicenter. Am J Transplant (2020) 20:1800–8. doi: 10.1111/ajt.15941

3. Cornberg, M, Buti, M, Eberhardt, CS, Grossi, PA, and Shouval, D. EASL position paper on the use of COVID-19 vaccines in patients with chronic liver diseases, hepatobiliary cancer and liver transplant recipients. J Hepatol (2021) 74:944–51. doi: 10.1016/j.jhep.2021.01.032

4. Fix, OK, Blumberg, EA, Chang, KM, Chu, J, Chung, RT, Goacher, EK, et al. American Association for the study of liver diseases expert panel consensus statement: Vaccines to prevent coronavirus disease 2019 infection in patients with liver disease. Hepatology (2021) 74:1049–64. doi: 10.1002/hep.31751

5. Stock, PG, Henrich, TJ, Segev, DL, and Werbel, WA. Interpreting and addressing suboptimal immune responses after COVID-19 vaccination in solid-organ transplant recipients. J Clin Invest (2021) 131:e151178. doi: 10.1172/JCI151178

6. Schmidt, T, Klemis, V, Schub, D, Schneitler, S, Reichert, MC, Wilkens, H, et al. Cellular immunity predominates over humoral immunity after homologous and heterologous mRNA and vector-based COVID-19 vaccine regimens in solid organ transplant recipients. Am J Transplant (2021) 21:3990–4002. doi: 10.1111/ajt.16818

7. Boyarsky, BJ, Barbur, I, Chiang, TP, Ou, MT, Greenberg, RS, Teles, AT, et al. SARS-CoV-2 messenger RNA vaccine immunogenicity in solid organ transplant recipients with prior COVID-19. Transplantation (2021) 105:e270–1. doi: 10.1097/TP.0000000000003900

8. Hall, VG, Ferreira, VH, Ierullo, M, Ku, T, Marinelli, T, Majchrzak-Kita, B, et al. Humoral and cellular immune response and safety of two-dose SARS-CoV-2 mRNA-1273 vaccine in solid organ transplant recipients. Am J Transplant (2021) 21:3980–9. doi: 10.1111/ajt.16766

9. Holden, IK, Bistrup, C, Nilsson, AC, Hansen, JF, Abazi, R, Davidsen, JR, et al. Immunogenicity of SARS-CoV-2 mRNA vaccine in solid organ transplant recipients. J Intern Med (2021) 290:1264–7. doi: 10.1111/joim.13361

10. Boyarsky, BJ, Werbel, WA, Avery, RK, Tobian, A, Massie, AB, Segev, DL, et al. Antibody response to 2-dose SARS-CoV-2 mRNA vaccine series in solid organ transplant recipients. JAMA (2021) 325:2204–6. doi: 10.1001/jama.2021.7489

11. Rabinowich, L, Grupper, A, Baruch, R, Ben-Yehoyada, M, Halperin, T, Turner, D, et al. Low immunogenicity to SARS-CoV-2 vaccination among liver transplant recipients. J Hepatol (2021) 75:435–8. doi: 10.1016/j.jhep.2021.04.020

12. Grupper, A, Rabinowich, L, Schwartz, D, Schwartz, IF, Ben-Yehoyada, M, Shashar, M, et al. Reduced humoral response to mRNA SARS-CoV-2 BNT162b2 vaccine in kidney transplant recipients without prior exposure to the virus. Am J Transplant (2021) 21:2719–26. doi: 10.1111/ajt.16615

13. Thuluvath, PJ, Robarts, P, and Chauhan, M. Analysis of antibody responses after COVID-19 vaccination in liver transplant recipients and those with chronic liver diseases. J Hepatol (2021) 75:1434–9. doi: 10.1016/j.jhep.2021.08.008

14. Wu, Z, Hu, Y, Xu, M, Chen, Z, Yang, W, Jiang, Z, et al. Safety, tolerability, and immunogenicity of an inactivated SARS-CoV-2 vaccine (CoronaVac) in healthy adults aged 60 years and older: A randomised, double-blind, placebo-controlled, phase 1/2 clinical trial. Lancet Infect Dis (2021) 21:803–12. doi: 10.1016/S1473-3099(20)30987-7

15. Xia, S, Zhang, Y, Wang, Y, Wang, H, Yang, Y, Gao, GF, et al. Safety and immunogenicity of an inactivated SARS-CoV-2 vaccine, BBIBP-CorV: A randomised, double-blind, placebo-controlled, phase 1/2 trial. Lancet Infect Dis (2021) 21:39–51. doi: 10.1016/S1473-3099(20)30831-8

16. Han, B, Song, Y, Li, C, Yang, W, Ma, Q, Jiang, Z, et al. Safety, tolerability, and immunogenicity of an inactivated SARS-CoV-2 vaccine (CoronaVac) in healthy children and adolescents: A double-blind, randomised, controlled, phase 1/2 clinical trial. Lancet Infect Dis (2021) 21:1645–53. doi: 10.1016/S1473-3099(21)00319-4

17. Speiser, DE, and Bachmann, MF. COVID-19: Mechanisms of vaccination and immunity. Vaccines (Basel) (2020) 8:404. doi: 10.3390/vaccines8030404

18. Jain, S, Batra, H, Yadav, P, and Chand, S. COVID-19 vaccines currently under preclinical and clinical studies, and associated antiviral immune response. Vaccines (Basel) (2020) 8:649. doi: 10.3390/vaccines8040649

19. Sauer, K, and Harris, T. An effective COVID-19 vaccine needs to engage t cells. Front Immunol (2020) 11:581807. doi: 10.3389/fimmu.2020.581807

20. Noh, JY, Jeong, HW, Kim, JH, and Shin, EC. T Cell-oriented strategies for controlling the COVID-19 pandemic. Nat Rev Immunol (2021) 21:687–8. doi: 10.1038/s41577-021-00625-9

21. Ouyang, Y, Yin, J, Wang, W, Shi, H, Shi, Y, Xu, B, et al. Downregulated gene expression spectrum and immune responses changed during the disease progression in patients with COVID-19. Clin Infect Dis (2020) 71:2052–60. doi: 10.1093/cid/ciaa462

22. Bergamaschi, C, Terpos, E, Rosati, M, Angel, M, Bear, J, Stellas, D, et al. Systemic IL-15, IFN-gamma, and IP-10/CXCL10 signature associated with effective immune response to SARS-CoV-2 in BNT162b2 mRNA vaccine recipients. Cell Rep (2021) 36:109504. doi: 10.1016/j.celrep.2021.109504

23. Feng, X, Yin, J, Zhang, J, Hu, Y, Ouyang, Y, Qiao, S, et al. Longitudinal profiling of antibody response in patients with COVID-19 in a tertiary care hospital in beijing, china. Front Immunol (2021) 12:614436. doi: 10.3389/fimmu.2021.614436

24. Faresjo, M. A useful guide for analysis of immune markers by fluorochrome (Luminex) technique. Methods Mol Biol (2014) 1172:87–96. doi: 10.1007/978-1-4939-0928-5_7

25. van Unen, V, Hollt, T, Pezzotti, N, Li, N, Reinders, M, Eisemann, E, et al. Visual analysis of mass cytometry data by hierarchical stochastic neighbour embedding reveals rare cell types. Nat Commun (2017) 8:1740. doi: 10.1038/s41467-017-01689-9

26. Levine, JH, Simonds, EF, Bendall, SC, Davis, KL, Amir, E, Tadmor, MD, et al. Data-driven phenotypic dissection of AML reveals progenitor-like cells that correlate with prognosis. Cell (2015) 162:184–97. doi: 10.1016/j.cell.2015.05.047

27. Muller, L, Andree, M, Moskorz, W, Drexler, I, Walotka, L, Grothmann, R, et al. Age-dependent immune response to the Biontech/Pfizer BNT162b2 coronavirus disease 2019 vaccination. Clin Infect Dis (2021) 73:2065–72. doi: 10.1093/cid/ciab381

28. Stumpf, J, Siepmann, T, Lindner, T, Karger, C, Schwobel, J, Anders, L, et al. Humoral and cellular immunity to SARS-CoV-2 vaccination in renal transplant versus dialysis patients: A prospective, multicenter observational study using mRNA-1273 or BNT162b2 mRNA vaccine. Lancet Reg Health Eur (2021) 9:100178. doi: 10.1016/j.lanepe.2021.100178

29. Zong, K, Peng, D, Yang, H, Huang, Z, Luo, Y, Wang, Y, et al. Risk factors for weak antibody response of SARS-CoV-2 vaccine in adult solid organ transplant recipients: A systemic review and meta-analysis. Front Immunol (2022) 13:888385. doi: 10.3389/fimmu.2022.888385

30. Stumpf, J, Siepmann, T, Schwöbel, J, Glombig, G, Paliege, A, Steglich, A, et al. MMF/MPA is the main mediator of a delayed humoral response with reduced antibody decline in kidney transplant recipients after SARS-CoV-2 mRNA vaccination. Front Med (2022) 9:928542. doi: 10.3389/fmed.2022.928542

31. Premkumar, L, Segovia-Chumbez, B, Jadi, R, Martinez, DR, Raut, R, Markmann, A, et al. The receptor binding domain of the viral spike protein is an immunodominant and highly specific target of antibodies in SARS-CoV-2 patients. Sci Immunol (2020) 5:eabc8413. doi: 10.1126/sciimmunol.abc8413

32. Ni, L, Ye, F, Cheng, ML, Feng, Y, Deng, YQ, Zhao, H, et al. Detection of SARS-CoV-2-Specific humoral and cellular immunity in COVID-19 convalescent individuals. Immunity (2020) 52:971–7. doi: 10.1016/j.immuni.2020.04.023

33. Roltgen, K, and Boyd, SD. Antibody and b cell responses to SARS-CoV-2 infection and vaccination. Cell Host Microbe (2021) 29:1063–75. doi: 10.1016/j.chom.2021.06.009

34. Eksioglu-Demiralp, E, Alan, S, Sili, U, Bakan, D, Ocak, I, Yurekli, R, et al. Peripheral innate and adaptive immune cells during COVID-19: Functional neutrophils, pro-inflammatory monocytes, and half-dead lymphocytes. Cytometry B Clin Cytom (2021) 102:153–67. doi: 10.1002/cyto.b.22042

35. Li, Q, Wang, J, Zhang, M, Tang, Y, and Lu, H. Discovery of CD3(+) CD19(+) cells, a novel lymphocyte subset with a potential role in human immunodeficiency virus-mycobacterium tuberculosis coinfection, using mass cytometry. Clin Transl Med (2021) 11:e681. doi: 10.1002/ctm2.681

36. Liu, Y, Ye, S, Guo, X, Li, W, Xia, Y, Wen, X, et al. Discovery and characteristics of b cell-like T cells: A potential novel tumor immune marker? Immunol Lett (2020) 220:44–50. doi: 10.1016/j.imlet.2020.01.007

37. Ivashkiv, LB. IFNgamma: Signalling, epigenetics and roles in immunity, metabolism, disease and cancer immunotherapy. Nat Rev Immunol (2018) 18:545–58. doi: 10.1038/s41577-018-0029-z

38. Martin, MD, and Badovinac, VP. Defining memory CD8 t cell. Front Immunol (2018) 9:2692. doi: 10.3389/fimmu.2018.02692

39. McKinstry, KK, Strutt, TM, Bautista, B, Zhang, W, Kuang, Y, Cooper, AM, et al. Effector CD4 T-cell transition to memory requires late cognate interactions that induce autocrine IL-2. Nat Commun (2014) 5:5377. doi: 10.1038/ncomms6377

40. Griffith, JW, Sokol, CL, and Luster, AD. Chemokines and chemokine receptors: Positioning cells for host defense and immunity. Annu Rev Immunol (2014) 32:659–702. doi: 10.1146/annurev-immunol-032713-120145

41. Liu, M, Guo, S, Hibbert, JM, Jain, V, Singh, N, Wilson, NO, et al. CXCL10/IP-10 in infectious diseases pathogenesis and potential therapeutic implications. Cytokine Growth Factor Rev (2011) 22:121–30. doi: 10.1016/j.cytogfr.2011.06.001

42. Menten, P, Wuyts, A, and Van Damme, J. Macrophage inflammatory protein-1. Cytokine Growth Factor Rev (2002) 13:455–81. doi: 10.1016/s1359-6101(02)00045-x

43. Driscoll, KE. Macrophage inflammatory proteins: Biology and role in pulmonary inflammation. Exp Lung Res (1994) 20:473–90. doi: 10.3109/01902149409031733

44. Liu, Y, Zeng, Q, Deng, C, Li, M, Li, L, Liu, D, et al. Robust induction of b cell and T cell responses by a third dose of inactivated SARS-CoV-2 vaccine. Cell Discov (2022) 8:10. doi: 10.1038/s41421-022-00373-7



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 Duan, Zhang, Wang, Yin, Liu, Zhang, Chen, Ouyang and Li. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.


OEBPS/Images/fimmu-13-954177-g001.jpg
_iver transplant recipients

100

80

60

40

inhibition (%)

20

Neutralizing percent

Type1 Type2 Type3

¥ ae2

>
>
00 ;D)

Type 1

i

it

I ¢ S .
Tm (LT recipients N=32)

) weere0
B NE . Jres
i
|
Neutralizing Antibody Detection Tm
(N=46)
Type 3
it
it
*k C

HDV
Liver transplant recipients

2
£
=
€
@
o
2
@
-9
o
£
N
g
.
5
@
=2

L

6 @

Clinical characteristics and Vaccine safety
(LT recipients N=46)

The levels of anti-RBD and anti-S1S2
(LT recipients N=46)

CyTOF

Luminex
(LT recipients N=32)

ar

100

80

60

40

20

0 5 10 15 20 25
Duration from LT to first dose of vaccination (years)





OEBPS/Images/fimmu-13-954177-g003.jpg
e

B

D

C1_B cells

C3_double negative T cells

C5_natural killer cells

C7_Monocytes

C2_CD8+T cells

égga_‘

Typet Typez Typed HOV WO

e T e
C4_dendritic cells

e

[

:E;Eij .éi'

T e T AV o
C6_CD3+CD19+ cells

[—

8 ﬁ B

Tipel Typez Typed HOV.
C8_CD4+T cells

o

=l

J—

Qé%'

il

[—

Tyvet Typez  Typed

©8_CD4 T
C7_Monocytes
C6.B_T:
C5_NK:

ca_pc:
C3_DNT-
c2_co8T

c1.B:

WV o et Typez Typed

%’M‘
= —

%w
=/

WOV O

03 Typet
3 Type2
03 Type 3
= HOV
= HD

C8_CD4T:

©7_Monocytes:

€8 BT

C5_NK:

ca_pc:

C3_DNT-

C2.C8 T:

c1_8:

2 3 4
CXCL10 Expression Level

==/
;%'"
=== |
1l
=

4 5
CCXCR3 Expression Level

Tyl Tyeez Twed WOV HD

CD8# IFN-y
Expression Arcsih Ratio
°
°
3
&

Tipel Typez Typed  HOV

o

tsne_2

tsne_2

cD19

cD4

tsne_1

cps

[

Type1 Type2 Type3

HDV

HD

=
=
=
=
[}

isne_1

Type 1
Type 2
Type 3
HDV
HD

Expression Arcsih Ratio

0050307243

tsne_2

BT PSTATI
CO8'T_PSTAT1
Monogytes PSTATY
B_PSTATT

tsne_1





OEBPS/Text/toc.xhtml


  

    Table of Contents



    

		Cover



      		

        Immunogenicity profiling and distinct immune response in liver transplant recipients vaccinated with SARS-CoV-2 inactivated vaccines

      

        		

          Introduction

        



        		

          Patients and methods

        

          		

            Patient population and study design

          



          		

            Anti-SARS-CoV-2 neutralizing antibody detection

          



          		

            Detection of antibody titer against SARS-CoV-2

          



          		

            Cytokine/chemokine/growth factor detection with Luminex kits

          



          		

            Mass cytometry

          



          		

            Mass cytometry data analysis

          



          		

            Statistical analysis

          



        



        



        		

          Results

        

          		

            Patient characteristics

          



          		

            Difference in neutralizing inhibition rate among liver transplant recipients

          



          		

            Enhanced response of antibodies against SARS-CoV-2 structural proteins in patients with higher neutralizing inhibition rate

          



          		

            Induction of innate immune responses

          



          		

            Identifying circulating T-cell responses with vaccine effectiveness in liver transplant recipients

          



          		

            Cytokine/chemokine/growth factor profile induced by the two-dose inactivated vaccine in liver transplant recipients

          



          		

            Vaccine safety

          



        



        



        		

          Discussion

        



        		

          Data availability statement

        



        		

          Ethics statement

        



        		

          Author contributions

        



        		

          Funding

        



        		

          Acknowledgments

        



        		

          Conflict of interest

        



        		

          Supplementary material

        



        		

          References

        



      



      



    



  



OEBPS/Images/fimmu-13-954177-g004.jpg
co1g

s . l:
o o
B . clovenTes G2_effectormemory CD4+  C3_naive CDB+ Ca_naive CD4+
E | | i cotzr cos
‘ s
| . i 3 s .
i ioLd aiR e ] AL . J ,
i Q é .$‘ ’ ' e ‘ ) ’ 1
FRTE Qoo = i
rel T LHT L al P8 A |
j 1 | L | o o
T Th e Y o e et e v o Tt T T [
C5_effector CD8+ 1 C6_DNT C7_effector CD8+ 2 C8_central memory CD4+ CD45RA CD45RO
| .
i . 7| ; 2 % | 3
- & I o 3 5
j $ é é E E ﬁ - I g g _ '
- | - D el o o
- - B 1 - . | Co) a1
[ [RpEn T s v 0 e e
9 _effector CDB+ 3 C10_central memory CDB+  C11_effector CDB+ 4
‘ ‘ |
J ik E IFN-y Arcsih Ratio
& I
i - 00 0023035080
v N B0 00RO 06000 TTTT 000
a o
. A WOV
. Typed
— - Type2
T T e o 0 e T2 e Tpez
c1_cotete T
-« C57effector CDBY(CDE+CD45RAL CCRT.CO10Iew)
* C7aMfector COB+(CDB+COBRAYCCRY.CDIONON)
C COZeffector CD8+(CD8+CO4GRAYCCRT. CD127high)
+ C1T_effector COBHCD8+COARASCCRT-COT27 Iom)

-

Perforin Arcsin Ratio

.






OEBPS/Images/crossmark.jpg
©

2

i

|





OEBPS/Images/table2.jpg
Variables

Age (years)
Gender
BMI

Duration from LT to first dose of vaccination
(years)

Interval between two doses (days)
CoronaVac/BBIBP-CorV
Calcineurin inhibitors or not
Tacrolimus daily dose (mg/day)
MMF/MPA or not

HGB (g/L)

White blood cell count (x10°/L)
Neutrophil count (x10°/L)
Lymphocyte count (x10°/L)
Platelet count (x10°/L)

eGFR, ml/min/1.73 m*

Diabetes or not

Neutralizing antibody

Negative(n =  Positive(n =
30) 16)
56.75 +9.25 55.38 + 10.25
27:3 15:1
2384 £ 2.55 2327 241
7.7 (1.3-21.3) 10.9 (3.0-20.3)
23 (15-46) 5 (21-33)
20/10 13/3
24/6 12/4
1.0 (0.5-6.0) 1.0 (0.1-2.0)
20/10 5/11
147.6 £ 10.7 1489 + 13.7

6.06 (3.48-11.09)
3.62 (248-9.14)
1.45 (0.64-4.51)
177 (115-288)
91.04 £ 14.89
10/20

5.93 (3.70-9.70)

3.23 (2.09-7.03)

1.92 (0.79-3.62)

177 (109-341)

97.93 + 15.14
2/14

P.
Value

0.648
0.667
0.467
0.406

0.065
0.295
0.695
0.363
0.022*
0.889
0.872
0.878
0.516
0310
0.089
0.125

Neutralizing percent inhibition

Type I(n= Type2(n= Type3(n=
16) 14) 16)
55.3 + 102 580 £93 557 + 94
15:1 13:1 142
2327 + 241 2446 243 23.30 £ 2.60

10.9 (3-20.3)" 134 (36-213) 43 (1.3-19.3)"

25 (21-33) 23 (21-46) 24 (15-39)
13/3 717 13/3
12/4 11/3 13/3

1.0 (0.1-2.0) 1.0 (0.5-2.5) 1.0 (0.5-6.0)
5/11 9/5 11/5

148.0 + 13.5 147.0 + 8.7 148.0 £ 12.0

5.98 (3.70-9.70)
3.17 (2.09-7.03)
2.02 (0.79-3.62)"
177 (109-341)
99.13 £ 15.30
1/5 5/9

633 (3.48-10.66)
349 (2.39-6.05)
227 (0.64-4.09)
175 (115-288)
96.20 + 14.77

5.68 (3.75-11.09)
3.76 (2.28-9.14)
1.23 (0.96-4.51)"
181 (119-248)
87.17 + 1421
5/11

BMI, body mass index; LT, liver transplant; MMF, mycophenolate mofetil; MPA, mycophenolic acid; HGB, hemoglobin; eGFR, estimated glomerular filtration rate.

“p < 0.05.

“There are significant differences between the two groups using Kruskal-Wallis test followed by multiple comparisons with pairwise.

p-
Value

0.731
0.797
0.343
0.013*

0.175
0.096
0912
0.583
0.069
0.965
0.546
0.986
0.015%
0.589
0.120
0.696





OEBPS/Images/fimmu-13-954177-g002.jpg
ODys50nm value

2.0

15

1.0

0.5

Anti-S1S2 OD450nm Value

*%

* v
*
°» v *
° % .
S
Lad ° A
¥ - A

2.0

1.5

Anti-RBD Anti-S1S2

r=0.511
P<0.001

0 20 40 60 80
Neutralizing percent inhibition (%)

100

Type 1
Type 2
Type 3
HDV
HD

Anti-RBD ODys50nm value

O

Anti-S152 ODys0nm value

2.0

1.5

1.0

0.5

0.0

2.0

0.0

r=0.818
P<0.001

.
[
8 o
0

Neutralizing percent inhibition (%)

20 40 60 80 100

r=0.696
P <0.001

0.5 1.0 1.5
Anti-RBD OD, 5,1, value

2.0





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





OEBPS/Images/fimmu-13-954177-g005.jpg
I stzg = Type

00 1.0434783 17922078 3 Type 2

T O T 4 T O 0 0 09 0 00 €0 0 00 00 09 €0 00 T T 1010 10 256 3 Type 3
HOV

128 HD

1

2 @

pgimL
I

Eotaxin »
MCP-1 C

MG
IL17EAL-25
ILATF
TGF-alpha
IL-1alpha
IL-12(p40)
W-CSF
IL15
IFN-alpha2

r=0.365
4.5 P=0.023

MIP-1alpha
G-CSF

L5

L3
IL-12(p70)
ILATA
Fractakine
IL-1beta
L2

IL-22
IFN-gamma 0 200 400 600
ITLNj-alpha Plasma CXCL10 (pg/mL)

IL-13

MCP-3

TNF-beta D
GRO-alpha r=0391
L7 =
MIP-1 beta 4.0 Proon
EGF
L8

CD3+CD19+ CXCL10 expression

sCD40L

PDGF-AA
PDGF-AB/BEB
FGF-2
FLT-3L

-8

MDC

RANTES
IL-1RA

CD4+T CXCL10 expression

0 200 400 600





OEBPS/Images/fimmu.2022.954177_cover.jpg
’ frontiers ‘ Frontiers in Immunology

Immunogenicity profiling and
distinct immune response in
liver transplant recipients
vaccinated with SARS-CoV-2
inactivated vaccines





OEBPS/Images/table1.jpg
Variables

Age (years)

Gender (male versus female)
BMI, median (mean + SD)
Etiology of liver disease pre-LTx
Hepatitis B virus-related liver disease
Decompensated cirrhosis
Acute-on-chronic liver failure
Hepatocellular carcinoma
Alcoholic liver diseases
Decompensated cirrhosis
Hepatocellular carcinoma
Primary biliary cirrhosis
Wilson’s disease

Complicated with HCV
Immunosuppression
Calcineurin inhibitors
Tacrolimus

Cyclosporine

Sirolimus

MMF/MPA

Prednisone

Comorbidities

Diabetes

Hypertension

Chronic myelocytic leukemia
HGB (g/L)

White blood cell count (x10°/L)
Neutrophil count (x10°/L)
Lymphocyte count (x10°/L)
Platelet count (x10°/L)

eGFR, ml/min/1.73 m?

Duration from LT to first dose of vaccination (years)

Interval between two doses (days)

Type of inactivated vaccine (CoronaVac: BBIBP-CorV)

All (n = 46)

58 (28-71)
42:4
236 £2.5

36 (78.3%)
18

5

13

4 (8.7%)

3

1

3 (6.5%)

3 (6.5%)

1

38 (82.6%)
36
2

2 (26.1%)
25 (54.3%)
2 (4.3%)

12 (26.1%)

5 (32.6%)

1

1480 + 11.6
5.99 (3.48-11.09)
344 (2.09-9.14)
1.69 (0.64-4.51)
177 (109-341)
9333 + 1515
7.7 (13-21.3)
24 (15-46)
33:13

LT, liver transplant; BMI, body mass index; HCV, hepatitis C virus; MMF,
mycophenolate mofetil; MPA, mycophenolic acid; HGB, hemoglobin; eGFR, estimated

slomerular filtration rate.





