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Background

Human cytomegalovirus (HCMV) infection is common and often severe in lung transplant recipients (LTRs), and it is a risk factor associated with chronic lung allograft dysfunction (CLAD). The complex interplay between HCMV and allograft rejection is still unclear. Currently, no treatment is available to reverse CLAD after diagnosis, and the identification of reliable biomarkers that can predict the early development of CLAD is needed. This study investigated the HCMV immunity in LTRs who will develop CLAD.





Methods

This study quantified and phenotyped conventional (HLA-A2pp65) and HLA-E-restricted (HLA-EUL40) anti-HCMV CD8+ T (CD8 T) cell responses induced by infection in LTRs developing CLAD or maintaining a stable allograft. The homeostasis of immune subsets (B, CD4T, CD8 T, NK, and γδT cells) post-primary infection associated with CLAD was also investigated.





Results

At M18 post-transplantation, HLA-EUL40 CD8 T responses were less frequently found in HCMV+ LTRs (21.7%) developing CLAD (CLAD) than in LTRs (55%) keeping a functional graft (STABLE). In contrast, HLA-A2pp65 CD8 T was equally detected in 45% of STABLE and 47.8% of CLAD LTRs. The frequency of HLA-EUL40 and HLA-A2pp65 CD8 T among blood CD8 T cells shows lower median values in CLAD LTRs. Immunophenotype reveals an altered expression profile for HLA-EUL40 CD8 T in CLAD patients with a decreased expression for CD56 and the acquisition of PD-1. In STABLE LTRs, HCMV primary infection causes a decrease in B cells and inflation of CD8 T, CD57+/NKG2C+ NK, and δ2−γδT cells. In CLAD LTRs, the regulation of B, total CD8 T, and δ2+γδT cells is maintained, but total NK, CD57+/NKG2C+ NK, and δ2−γδT subsets are markedly reduced, while CD57 is overexpressed across T lymphocytes.





Conclusions

CLAD is associated with significant changes in anti-HCMV immune cell responses. Our findings propose that the presence of dysfunctional HCMV-specific HLA-E-restricted CD8 T cells together with post-infection changes in the immune cell distribution affecting NK and γδT cells defines an early immune signature for CLAD in HCMV+ LTRs. Such a signature may be of interest for the monitoring of LTRs and may allow an early stratification of LTRs at risk of CLAD.
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Introduction

Lung transplantation (LTx) has still a poor long-term outcome, with a current median post-transplant survival of 6.5 years (1). Lung transplant recipients (LTRs) have 1-, 5-, and 10-year unadjusted survival rates of 80%, 54%, and 32%, respectively (2). Chronic lung allograft dysfunction (CLAD) is the major cause of failure, accounting for >40% of deaths beyond the first year post-LTx. In most cases, CLAD has an obstructive phenotype known as bronchiolitis obliterans syndrome (BOS) (3, 4). CLAD qualifies the clinical manifestations of a range of pathologic processes in the airway and parenchymal compartments of the lung allograft that lead to a significant and persistent drop in lung function after LTx (5, 6). Allogeneic immune responses and infections are the major triggers of CLAD and allograft failure. Human cytomegalovirus (HCMV) causes the most common infection in LTRs and is an important cause of morbidity and mortality (7, 8). The efficient control of HCMV infection involves both innate and adaptive immune responses (9) and the coordinated action of CD4+ T and CD8+ αβT (CD8 T), γδT, B, and natural killer (NK) cells (10–13). Consequently, HCMV infection introduces substantial and persistent changes in the homeostasis of immune cells in hosts such as the expansion of the differentiated CD8 T and γδT compartments and the generation of memory-like NK cells expressing NKG2C and CD57 (12, 14–17). Although the mechanisms by which HCMV contributes to CLAD are still unclear, recent findings suggest that the antiviral NK and γδT may play a role (11, 13, 18). In addition to conventional HLA-Ia-restricted CD8 αβT cells directed against a large panel of HCMV peptides (19), HLA-E-restricted CD8 αβT recognizing a limited set of peptides from the viral UL40 protein (HLA-EUL40 CD8 T) has also emerged as frequent and robust CD8 T-cell responses in healthy hosts and transplant recipients (20–24). Nevertheless, how HLA-EUL40 CD8 T could contribute to HCMV control and whether they could trigger allograft rejection are still unclear.

In this study, we investigated the frequency and phenotype of long-lasting HCMV-specific HLA-EUL40 CD8 T-cell responses in comparison with the immunodominant pp65-specific HLA-A2-restricted CD8 T cells (HLA-A2pp65 CD8T) 18 months post-LTx in a cohort of 63 HCMV+ LTRs developing CLAD and in matched control LTRs keeping a stable allograft function within 3-5 years post-transplantation. In addition, specific and global HCMV immune cell responses after an HCMV primary infection were further investigated in a longitudinal analysis of blood samples harvested post-infection from LTRs developing a CLAD or keeping a stable allograft. Overall, we identified significant changes in both the frequency and the phenotype of immune responses after HCMV infection which are associated with CLAD.





Material and methods




Ethics

The patients’ blood samples and clinical data were collected from the Cohort of Lung Transplantation (COLT) after approval by the institutional ethics board (Comité de Protection des Personnes Ouest 1-Tours, agreement number: 2009-A00036-51). The trial was conducted in accordance with the Declaration of Helsinki. Written informed consent was obtained for all materials from each patient. Patient material was donated voluntarily in accordance with the Declaration of Istanbul.





Patients and samples

This retrospective study used banked prospectively isolated samples of peripheral blood mononuclear cells (PBMCs) from patients who underwent lung transplantation between 2012 and 2017 and were included in the multicenter longitudinal Cohort of Lung Transplantation (COLT, agreement number: NCT00980967) monitoring patients during 5 years following LTx in order to detect the predictive factors of CLAD. Our study included two groups of LTRs. Group 1 included 63 HCMV seropositive (HCMV+, R+) before LTx consisting of 31 patients developing a CLAD (referred to as CLAD) and 32 matched control patients without CLAD during the follow-up period of 3 to 5 years (referred to as STABLE). For group 1, a single PBMC sample collected after LTx (around M18 post-LTx) was studied. LTRs were already HCMV seropositive before lung transplantation (R+). In this group, only 17 out of the 63 LTRs had an HCMV reactivation episode post-LTx (10/32 STABLES and 7/31 CLAD). Reactivation occurred at 3 to 10 months post-LTx in this group. Thus, the time of virus reactivation was 8 to 15 months before the time of blood collection, and no sample was collected at or close to acute infection. For LTRs with CLAD, samples were analyzed 417 days (mean value from 31 samples) before the CLAD diagnosis. Time from LTx and CLAD diagnosis to sampling for all patients in group 1 are indicated in Figure S1. For the longitudinal study, group 2 included 57 PBMC samples from 17 patients with or without CLAD collected before (1 sample/LTR) and after (1-4 samples/LTR) a primary HCMV infection post-transplantation. Sampling according to the time of infection for patients in group 2 is shown in Figure S2. A flowchart of the study is provided in Figure 1, and the characteristics of the LTRs, groups, and samples are reported in Table 1.




Figure 1 | Flowchart representing the design of the study and showing the two groups of lung transplant recipients (LTRs) (group 1 and group 2) included and the samples used for the investigations.




Table 1 | Characteristics of the patients and samples.







HLA-EUL40 and HLA-A2pp65 tetramer complexes

Peptides from the HCMV UL40 protein (AA15-23: VMAPRTLIL, VMAPRTLLL) and the UL83 (pp65) protein (AA495-503: NLVPMVATV) were synthesized (purity > 95%) and purchased from GeneCust (Boynes, France). The UL40 peptide sequence from two of the most common variants of the HCMV UL40 protein was selected. The HLApeptide monomers HLA-E*01:01UL40 and HLA-A*02:01pp65 were designed and produced by the recombinant protein core facilities (P2R, SFR Bonamy, Nantes Université, France) and tetramerized using APC-streptavidin (BD Biosciences, Le Pont de Claix, France) as we previously reported (23).





Spectral flow cytometry for the detection and quantification of HCMV-specific CD8 T cells, immunophenotyping, and immune subset analyses

Two 13- to 15-color multipanels were designed for a 5-laser spectral flow cytometer (Cytek Aurora™, Cytek Biosciences, Fremont, CA, USA). PBMCs were thawed before immunostaining in RPMI-1640 medium (Gibco, Amarillo, TX, USA) and serially incubated with tetramers and panels of mAbs. Importantly, PBMCs were preincubated with blocking CD94 mAb to avoid non-specific binding of HLA-E tetramers to CD94/NKG2 receptors as we previously described (23–25). A detailed immunostaining protocol and the list of mAbs and reagents used are presented in the Supplementary Material and Table S1. The fluorescence intensities were measured using the SpectroFlo™ software version 2.2.0 (Cytek Biosciences). The frequency and phenotype of tetramer-positive (tet+) CD8 T cells and NK cell subpopulations were determined using FlowJo™ Software v10 (BD Biosciences) based on manual gating strategies as previously reported (25) and as shown in Figure S3. Immunophenotypes and comparison of immune profiles in samples were also studied using automated optimized parameters for T-distributed stochastic neighbor embedding (opt-SNE), a modified version of t-SNE that enables high-quality embeddings without having to empirically tune algorithm parameters (26), which was done to visualize and to quantify the immunoclusters using the OMIQ software from Dotmatics (www.omiq.ai, www.dotmatics.com).





Statistical analysis

Data are expressed as means ± SD or represented in box plots or percentages. On each box plot, the central mark indicates the median, the bottom and top edges of the box indicate the interquartile range (IQR), and the whiskers represent the maximum and minimum data points. Appropriate statistical analyses were performed using GraphPad Prism 8.0 Software (GraphPad, San Diego, CA, USA). For the comparison of groups, the Fisher’s exact test, chi-square test, Mann–Whitney U test, ANOVA, or two-sided paired t-test was used as appropriate. A p-value <0.05 was considered to represent a statistically significant difference.






Results




The development of CLAD is associated with reduced HCMV-specific HLA-E-restricted CD8 T-cell responses

We first investigated the presence of HCMV-specific CD8 T-cell responses in 63 LTRs consisting of 32 LTRs with a stable allograft and 31 LTRs developing CLAD (group 1, Table 1). A single blood sample per recipient, harvested and prospectively banked around M18 post-transplantation, was used to concomitantly detect and quantify immunodominant (HLA-A2pp65) and HLA-E-restricted (HLA-EUL40) CD8 αβT cells in HCMV+ LTRs. Blood samples were collected 593 days (mean values) after transplantation for STABLE (range 506-757 days) and for CLAD (range 459-779 days) LTRs, respectively, as illustrated in Supplementary Figure S1. For CLAD LTRs, samples were harvested on average 417 days before the diagnosis of CLAD. HCMV-specific CD8 T cells were detected using HLA-A2pp65 and HLA-EUL40 tetramers and a set of mAbs and quantified after a selective tet+ CD8 T-cell gating as depicted in Supplementary Figure S3. Overall, HCMV-specific CD8 T responses were present in 70% of STABLE LTRs but only in 56.5% of CLAD LTRs (Figure 2A). Focusing on the specificity of the CD8 T responses, we found that 55% of STABLE had at least one and 40% had at least two HLA-EUL40 CD8 T responses, while 26.5% of CLAD LTRs had at least one and 17.4% had at least two HLA-EUL40 responses. These discrepancies were not observed for the HLA-A2pp65 responses detected equally for 45% of STABLE and 47.8% of CLAD recipients. The concomitant presence of both types of CD8 T cells (HLA-A2pp65 and HLA-EUL40) was found in 30% of STABLE versus 17.4% of CLAD LTRs. The pattern of pp65 and UL40 peptide recognition for LTRs with T-cell responses in both groups is depicted in Figure 2B. The frequency of tet+ CD8 T cells, expressed as percentages of total circulating blood CD8 T (Figure 2C), varies largely from 0.1% to 18.5% among LTRs and reveals no significant difference between the STABLE and CLAD groups but a trend toward lower median values in CLAD compared with STABLE for both types of responses (HLA-A2pp65 and HLA-EUL40). Thus, in LTRs developing CLAD, there is a possible trend toward a decrease in HCMV-specific CD8 T-cell responses post-infection including a selective decrease in HLA-E-restricted CD8 T-cell responses. However, more evidence is required to establish it definitively.




Figure 2 | Detection and frequency of HLA-A2pp65 and HLA-E/UL40 human cytomegalovirus (HCMV)-specific CD8 T cells in chronic lung allograft dysfunction (CLAD) versus STABLE LTRs. (A) Pie charts indicating the percentages of HCMV+ LTRs with HCMV-specific CD8 T cells detected at M18 post-transplantation. A single PBMC sample per STABLE (in blue, n = 32) and CLAD (in red, n = 31) LTRs was used for the concomitant detection of HLA-A2pp65 and HLA-EUL40 CD8 T cells. For the detection of HLA-EUL40 CD8 T cells, two HLA-E tetramers loaded with two different peptides (VMAPRTLLL and VMAPRTLIL) corresponding to the most frequent UL40 variants were used in parallel experiments. The percentages of hosts with at least one type of CD8 T-cell response (A2pp65 or EUL40, left panel) and at least one or two EUL40 CD8 T-cell responses (central panel) with only an A2pp65 response or with both A2pp65 and EUL40 CD8 T-cell responses (right panel) are shown. (B) Schematic representation illustrating the patterns of peptide specificities for the anti-HCMV CD8 T cells detected in the STABLE and CLAD HCMV+ hosts. In both groups (STABLE and CLAD), 17 out of the 35 LTRs were found to possess at least one HCMV-specific CD8 T response (black dots). LTRs with no CD8 T responses detected are not represented. (C) Frequency distribution of HCMV-specific CD8 T cells among the total blood CD8 T cells in STABLE and CLAD LTRs. Scatter plots reporting on the frequency of EUL40 and A2pp65 CD8 T cells in blood samples from LTRs with at least one CD8 T response (STABLE, n = 17 LTRs and CLAD, n = 17 LTRs). Data are expressed as the percentages of total blood CD8 T cells for each LTR. Medians and IQRs are shown and median values are indicated above the histograms. Each dot corresponds to a single CD8 T-cell subset. Statistical analysis was performed using the Mann–Whitney U test.







HLA-E-restricted HCMV-specific CD8 T-cell responses display an altered phenotype in LTRs developing CLAD

The T-cell phenotype was investigated to compare the two types of responses (HLA-EUL40 and HLA-A2pp65) in the two groups of LTRs (STABLE and CLAD). Figure 3A reports on the expression of CD56, CD57, PD-1, 2B4, KLRG1, and CX3CR1 using manual gating as illustrated in Figure S3. In STABLE LTRs, our data establish CD56, CD57, PD-1, and 2B4 as markers that discriminate HLA-EUL40 from HLA-A2pp65 T cells with HLA-EUL40 displaying a CD56+CD57high2B4highPD-1low phenotype distinct from HLA-A2pp65 CD8 T cells displaying a CD56−2B4+CD57+PD-1+ phenotype. These results are consistent with the immunophenotype that we reported previously for these CD8 T subsets in HCMV+ kidney transplant recipients and healthy hosts (23, 24). Comparison of HLA-EUL40 CD8 T in STABLE versus CLAD LTRs further reveals a loss of distinctive traits in CLAD LTRs including a decrease in CD56 expression and a trend to a gain in PD-1 expression. In contrast, no changes were found for the HLA-A2pp65 CD8 T subsets. KLRG1 and CX3CR1 were equally expressed by the two CD8 T responses in both groups (STABLE and CLAD). Other characteristics for HLA-EUL40 CD8 T were found in the present study such as being terminally differentiated effector memory CD8 T cells (TEMRA) expressing lower levels of CD8α and higher levels of CD45RA compared with HLA-A2pp65 (Figure 3B). These hallmarks were preserved in STABLE and CLAD groups except for CD45RA. To further investigate the phenotype changes associated with CLAD, unsupervised clustering of flow cytometry data was performed on the tetramer-positive (tet+) TEMRA populations from nine LTRs in each group (Figure 4). Clustering analysis based on the phenotypic markers CD56, CD57, KLRG1, 2B4, PD-1, and CX3CR1 identified nine clusters of expression that partially segregate HLA-A2pp65 from HLA-EUL40 tet+ CD8 T cells (Figures 4A, B). Clusters of cell marker expression defined for HLA-A2pp65 were similar in CLAD and STABLE patients. In contrast, clusters defined for HLA-EUL40 were different in CLAD and STABLE patients. In CLAD LTRs, HLA-EUL40 displays a predominance of clusters typical of HLA-A2pp65 and a loss of clusters specific to HLA-EUL40. The expression of the CD8, CD45RA, CD56, CD57, 2B4, and PD-1 markers in the different clusters for the HLA-A2pp65 and HLA-EUL40 responses and for the STABLE and CLAD LTRs is shown (Figure S4). Together, the phenotype analyses associate CLAD with changes in the phenotype of memory HLA-EUL40 CD8 T cells, most probably modifying their functions.




Figure 3 | Immunophenotype of HLA-EUL40 and HLA-A2pp65 memory CD8 T cells in CLAD versus STABLE LTRs. Immunostaining was performed after a preliminary step of CD94 blocking and by using a panel of mAbs for 11 cell surface markers and HLA tetramer complexes. After fluorescence acquisition, HLA tet+ CD8 T populations were selected as CD3+CD8+TCRγδ– tetramer+ T cells and gated as indicated in Figure S2 to determine the expression of various markers. Analyses are shown in box plots with median and interquartile values. Each dot corresponds to a single, independent tet+ CD8 T-cell response including A2pp65 tet+ responses from STABLE (n = 5) and CLAD (n = 8) LTRs and EUL40 from STABLE (n = 14) and CLAD (n = 7) LTRs. (A) Expression of CD56, PD-1, CD57, 2B4, KLRG1, and CX3CR1 on EUL40 and A2pp65 CD8 T cells from STABLE and CLAD LTRs. Results are expressed as percentages of expressing cells among the total tet+ CD8 T cells. (B) Differentiation stage and expression of TCR co-receptors (CD3, CD8, CD45RA). Percentages of terminally differentiated CD8 T (TEMRA CD45RA+/CCR7−) cells among the total tet+ CD8 T populations. Comparative expression levels for CD3, CD8, and CD45RA on EUL40 and A2pp65 CD8 T cells from STABLE and CLAD LTRs. Data shown are the mean of fluorescence intensity (MFI). (A, B) Statistical analysis was performed using the Mann–Whitney U test; p-values: * for p < 0.05, ** for p < 0.01, *** for p < 0.005, and **** for p < 0.001.






Figure 4 | Distinctive signature of CLAD on the immunophenotype of memory EUL40 CD8 T cells. Spectral flow cytometry data were analyzed using a gating strategy depicted in Supplementary Figure S2 to identify tet+ CD8 T cells. Next, tet+ CD8 T cells were subgated to select CD3+TCRγδ−CD8+tet+ TEMRA (CD45RA+CCR7−) before clustering analysis. (A) 2D opt-SNE visualization of spectral cytometry data showing immunophenotypic patterns in pooled tet+ CD8 TEMRA populations (n = 18, consisting of nine EUL40 T subsets and nine A2pp65 T subsets). Nine clusters were identified based on the expression of CD57, CD56, CX3CR1, KLRG1, 2B4, and PD-1 as indicated. (B) 2D opt-SNE visualization of immunophenotypic patterns in A2pp65 versus EUL40 tet+ CD8 TEMRA populations (n = 9 for EUL40 T subsets and n = 9 for A2pp65 T subsets). (C) 2D opt-SNE visualization of immunophenotypic patterns in A2pp65 and EUL40 tet+ CD8 TEMRA populations from CLAD versus STABLE LTRs (n = 9 for EUL40 T subsets and n = 9 for A2pp65 T subsets).







Changes in HCMV immunity post-infection are associated with the development of CLAD

Next, the global HCMV immune imprint after a primary infection in LTR was deciphered in a group of STABLE and CLAD recipients (group 2, Table 1). A panel of mAbs and HLA/peptide tetramers was designed for spectral flow cytometry to identify and quantify, in a single immunoassay, the different lymphocyte subsets including CD3−CD19+ B cells, CD3+CD4+ T, CD3+CD8 αβT (including tet+ HLA-A2pp65 and HLA-EUL40 CD8 T), CD3+γδT (including δ2− and δ2+γT cells), NKG2C+, and/or CD57+CD3−CD56dim and CD3−CD56bright NK cell subsets as we reported previously (25). Unsupervised clustering of cellular markers was used to define cell subsets based on their phenotype (Figure S5), and then the frequency of each cell subset was calculated in different conditions. First, immune cell distribution before and after HCMV infection for PBMCs in all samples (embedding STABLE and CLAD LTRs) (Figures 5A, B) indicates that the overall imprint of HCMV infection was a significant decrease in the frequency of B cells (~2-fold of the baseline before infection, p = 0.0124) and an increase in the frequency of CD8 T (~2-fold of the baseline before infection, p = 0.0024) and δ2−γδT (~5-fold of the baseline before infection, p < 0.0001) cells. The analysis of immune subset distribution after HCMV infection was repeated after the segregation of the samples between STABLE and CLAD LTRs (Figures 5C, D). In comparison to STABLE, the PBMCs from the CLAD LTRs display decreased frequency in NK cells (~2-fold of the baseline of STABLE, p = 0.0304) and in the δ2+γT (~4-fold of the baseline of STABLE, p = 0.0114) subset. Another hallmark of HCMV infection is an elevated frequency in subpopulations of NK expressing NKG2C and/or CD57 in both effector CD56dim and cytokine-producing CD56bright NK subsets (Figure 6A). A significant increase was observed in STABLE but not in CLAD LTRs and, thus, may account for the overall decrease in NK cell frequency in CLAD patients. Clustering further revealed an elevated CD57 expression level on NK but also on T cells in LTRs developing CLAD (Figure 6B). Finally, the pattern of immune cell post-infection was analyzed in the samples from STABLE LTRs with (n = 11 samples) and without (n = 17 samples) detected HLA-EUL40 CD8 T cells (Figure 7). The presence of HLA-EUL40 CD8 T cells in the blood is associated with significant overexpansion of CD8 T cells (~1.5-fold increase, p = 0.0041) and a trend toward more δ2−γT cells (~2.5-fold increase, p = 0.0659). Overall, these results support the idea that, in HCMV+ LTRs, changes in the HCMV imprinting post-infection could be an early trigger and/or a signature of CLAD.




Figure 5 | Signature of HCMV infection and signature of CLAD on the distribution of immune subsets in LTRs. (A) Visualization (opt-SNE) of the relative abundance of the seven main lymphocyte populations on samples from LTRs (STABLE and CLAD samples embedded) harvested before (n = 17) and after (n = 40) HCMV infection (left panel). Lymphocyte populations including B, NK, CD4−CD8− T, CD4+ T, CD8+ αβT, δ2−γδT, and δ2+γδT cells were identified using manual assignation based on phenotype markers (Figure S5). (B) Frequencies (% total) of the seven main lymphocyte populations identified (right panel). (C) Visualization (opt-SNE) of the relative abundance of the seven main lymphocyte populations in samples harvested after HCMV infection from either the STABLE (n = 28 samples from 13 LTRs) or CLAD (n = 12 samples from 5 LTRs) LTRs (left panel). (D) Frequencies (% total) of the seven main lymphocyte populations identified in CLAD versus STABLE LTRs (right panel). (A, B) Results are shown in whisker plots with median and interquartile values, and each point corresponds to an individual LTR. The groups were compared using the Mann–Whitney U test; p-values are indicated.






Figure 6 | Relative distribution of adaptive/memory NK cell subsets and CD57 level post-HCMV infection in CLAD versus STABLE LTRs. (A) Spectral flow cytometry data were analyzed to identify NK cell subsets using manual gating. The two main populations of CD3−CD16+CD56dim and CD3−CD16+CD56bright NK cells were first segregated and further investigated for the expression and co-expression of the CD57 and NKG2C markers. This analysis included samples harvested before (open labels) and after (closed labels) HCMV infection for all LTRs (n = 17 samples before and n = 40 samples after the infection, black labels), STABLE LTRs (n = 13 samples before and n = 28 samples after the infection, blue labels), and CLAD LTRs (n = 4 samples before and n = 12 samples after the infection, red labels). Results are shown as box blots with median and interquartile values; each point represents a single sample. The groups were compared using the Mann–Whitney U test; p-values: * for p < 0.05, ** for p < 0.01, *** for p < 0.005, and **** for p < 0.001. (B) Visualization (opt-SNE) of the relative abundance of the seven main lymphocyte populations on samples and overall CD57 expression level from all LTRs (STABLE and CLAD samples embedded) harvested before (n = 17) and after (n = 40) HCMV infection (left panel) and (right panel) in samples harvested after HCMV infection from either the STABLE (n = 28 samples from 13 LTRs) or CLAD (n = 12 samples from 5 LTRs) LTRs (left panel). Lymphocyte populations including B, NK, CD4−CD8− T, CD4+ T, CD8+ αβT, δ2−γδT, and δ2+γδT cells were identified using manual assignation based on phenotype markers (Figure S5).






Figure 7 | Impact of EUL40 CD8 T cells on the distribution of immune subsets post-infection in STABLE LTRs. (A) Visualization (opt-SNE) of the relative abundance of the seven main lymphocyte populations on samples with (n = 11) or without (n = 17) EUL40 CD8 T detected from STABLE LTRs harvested after HCMV infection. Lymphocyte populations including B, NK, CD4−CD8− T, CD4+ T, CD8+ αβT, δ2−γδT, and δ2+γδT cells were identified using manual assignation based on phenotype markers. (B) Frequencies (% total) of the seven main lymphocyte populations identified in samples harvested after HCMV infection from STABLE LTRs with or without EUL40 CD8 T detected. Results are shown in whisker plots with median and interquartile values, and each point corresponds to an individual sample. The groups were compared using the Mann–Whitney U test; p-values are indicated.








Discussion

Currently, no treatment is available to reverse CLAD after diagnosis. Early identification of CLAD would allow targeted strategies to prevent the progression of injury before irreversible allograft damage occurs. HCMV infection is a risk factor associated with the occurrence of CLAD (27, 28), but the complex interplay between HCMV and allograft rejection is still unclear. The present study investigated HCMV immunity, including both global changes in immune cell homeostasis and peptide-specific CD8 T-cell responses, in LTRs who had an HCMV infection and who will develop CLAD.

Here, we found that the immune signature of a primary HCMV infection in LTRs is associated with a significant increase in total circulating CD8 T, δ2negγδT cell frequency and the emergence of pp65- and UL40-specific CD8 T cells and adaptive NKG2C+CD57+ NK cells consistent with previous studies (13, 14, 29–31). Our findings report that these changes are paralleled by a decrease in CD19+ B-cell rate. A decrease in B cells post-infection was reported in only a few other studies showing that HCMV infection impairs subsequent humoral responses against vaccines due to reduced switched B cells (32) and promotes the expansion of transitional (CD38hiCD10+) while decreasing memory (CD38low/negCD10−IgD−CD27+) B cells (33). Whether a decrease in total CD19+ B cells in HCMV+ LTR correlates with quantitative changes in the various B-cell subsets remains to be explored.

When focusing on LTRs who will develop a CLAD, the global HCMV imprint highlighted by the expansion of CD8 T, δ2negγδT cells and the depletion of B cells is conserved. However, the immune profile in CLAD LTRs diverges from the one in STABLE LTRs by displaying reduced percentages in the total circulating NK and adaptive/memory CD57+/NKG2C+ NK subsets and in δ2posγδT cells. A trend toward more CD4T cells was also observed in CLAD compared with STABLE LTRs (p = 0.0803). While NK expansion correlates with efficient control of HCMV infection (34), recent studies indicated that the antiviral NK cell response to HCMV may play a role in CLAD (35, 36). In parallel to HLA-EUL40 CD8 T, adaptive memory NKG2C+ NK cells proliferate in response to HCMV infection via the presentation of virally encoded UL40 peptides on HLA-E molecules. It has been reported that defects in blood NK cells in CLAD may be due to the sequestration of these cells in lung allografts (11). NK cells may mediate opposite and still debated effects on lung transplant outcomes (37). A likely mechanism to account for the NK cell-mediated alloreactivity is based on the “missing self,” whereby NK cells can recognize and specifically kill cells that have downregulated, such as infected cells, or mismatched MHC class Ia molecules such as allograft vascular cells (38). NK cells may also contribute to transplant rejection by promoting allograft injury through direct cell lysis by ADCC (39). Moreover, NK cells might also promote graft tolerance through the elimination of the graft’s antigen-presenting cells subsequently reducing alloreactive CD4+ T cells (40). It can be observed that our study cohort was not large enough for patient stratification according to parameters related to either infection, CLAD phenotype, previous rejection episode, or immune status. This needs to be addressed in future studies.

The presence of HLA-EUL40 CD8 T cells in the blood of LTRs has been previously shown to correlate with CLAD but was examined in only a few LTRs (22). Our study indicates that the occurrence of CLAD in HCMV+ recipients is associated with a lower frequency in UL40-specific HLA-E-restricted CD8 T among LTRs as well as with the loss of their distinctive phenotype. Whether the drop in circulating HLA-EUL40 CD8 T cells could be due to their presence in the graft cannot be excluded, but this was not investigated in the present study. Moreover, we cannot exclude that HCMV-specific CD8 T cells representing less than 0.1% of the total CD8 T pool (our threshold of detection) were also present in this cohort but were not detected in our experiments. We cannot exclude the possibility that CD8 T cells targeting other UL40 variants were also present in this cohort but were not detected using our protocol. Consistent with our previous studies on HCMV+ kidney transplant recipients (23, 24), here, we show that HLA-E-restricted CD8 T cells display a distinctive phenotype featured by the expression of CD57, CD56, and CD45RA and a low level of CD8 and PD-1 in HCMV+ lung transplanted hosts. Nevertheless, our results reveal that the phenotype of HLA-EUL40 CD8 T may also be modulated as highlighted in our study by the partial loss of CD56 expression and gain of PD-1 in CLAD LTRs which bring HLA-EUL40 CD8 T phenotypically closer to HLA-A2pp65 CD8 T. The potential impact of a previous rejection episode or virus reactivation on the cell phenotype was not investigated here. We have no data supporting this hypothesis, and no statistical analysis was possible due to the small size of the cohort. Furthermore, our previous studies investigating the phenotype of HLA-EUL40 CD8 T cells in various groups of hosts (HCMV seropositive healthy individuals and kidney transplant recipients) following primary infection or reactivation post-transplantation (23, 24, 41) indicated that the phenotype and, in particular, PD-1 and CD56 levels were stable.

While the causes and the consequences of these changes still remain to be studied, this is, to our knowledge, the first evidence for the plasticity of the HLA-EUL40 CD8 T phenotype. During acute antigen exposure, it has been shown that antigen-specific CD8 T cells that survive to the memory stage acquire a methylated PD-1 promoter, whereas during the persistent antigen exposure of a chronic infection such as HCMV antigens, the antigen-specific CD8 T cells retain a demethylated PD-1 locus allowing the expression of PD-1 (42). Distinct expression for PD-1 on HLA-EUL40 compared with HLA-A2pp65 CD8 T may suggest that such epigenetic regulation occurs in HLA-A2pp65 but not in HLA-EUL40 CD8 T cells except in conditions promoting CLAD in LTRs. It can thus be speculated that, in developing CLAD, HLA-E-restricted CD8 T cells acquire the phenotype and most probably the functions of HLA-A2-restricted CD8 T cells. The acquisition of the inhibitory receptor PD-1 provides a way to negatively regulate HLA-EUL40 CD8 T-cell function and could also be indicative of T-cell exhaustion or senescence (43). In addition, the loss of CD56 is another hallmark of HLA-EUL40 CD8 T cells in developing CLAD which may reflect a decline in their cytotoxic capacity since CD56 is associated with potent cytolytic functions in NK and T cells (44, 45). Thus, a compromised profile of HLA-EUL40 CD8 T cells may be the consequence of an immune and inflammatory environment associated with CLAD development. Functionally, the compromised phenotype for HLA-EUL40 CD8 T and the reduced adaptive NK cell rate may also cause a less effective control of HCMV infection promoting graft injury and CLAD. HMCV-infected, HLA-E-expressing cells including HCMV targets such as hematopoietic and endothelial cells (46) may thus escape from effector memory T and NK cell-mediated lysis. In STABLE LTRs, the detection of HLA-EUL40 CD8 T is associated with a significantly higher expansion of total CD8 T and δ2−γδT cells, thus most probably reflecting an efficient and protective HCMV immunity.

The management of lung recipients identified as having a risk of developing CLAD could allow personalized healthcare to improve quality of life. For such risk stratification, reliable biomarkers that can predict the early development of CLAD are needed. In this setting, our findings further propose that the detection of dysfunctional EUL40 CD8 T together with changes in the global immune cell distribution affecting NK and γδT cells defines an early immune signature for CLAD in HCMV+ LTRs. Such a signature may be of interest for the monitoring of LTRs and may allow an early stratification of LTRs at risk of CLAD.





Data availability statement

The raw data supporting the conclusions of this article will be made available by the authors, without undue reservation.





Ethics statement

The studies involving human participants were reviewed and approved by Comité de Protection des Personnes Ouest 1-Tours, France, agreement number: 2009-A00036-51. The patients/participants provided their written informed consent to participate in this study.





Author contributions

Concept and design: AmR, LD and BC. Acquisition, analysis, orinterpretation of data: AmR, BC, SH, LD, AF, CB-B and AT. Draftingof the manuscript: AmR and BC. Statistical analysis: AmR, SH and BC.Administrative, technical, funding, or material support: CB-B, AT,AF, MR-G, AnR, XD, JL, RK, J-FM, JM, LF, AL and VB. All authorscontributed to the article and approved the submitted version.





Funding

This work was supported by grants from Vaincre La Mucoviscidose, l’Association Grégory Lemarchal (France, grant number RF20190502487) and l’Institut de Recherche en Santé Respiratoire des Pays de La Loire (IRSRPL, France, grant number LSC 10280) and by the ANR grant «Kidney Transplantation Diagnostics Innovation» (KTD Innov, grant number 17-RHUS-0010). The funders had no role in study design, data collection and analysis, decision to publish, or preparation of the manuscript. The authors thank the Centre de ressources biologiques for biobanking (CRB, BB-0033-00040, CHU Nantes, Nantes Université, F-44000 Nantes, France) and the recombinant protein core facilities (P2R, Nantes Université, SFR François Bonamy, F44000 Nantes, France) for HLA monomer production.





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.2023.1143875/full#supplementary-material



Abbreviations

CLAD, chronic allograft dysfunction; HCMV, human cytomegalovirus; LTx, lung transplantation; LTRs, lung transplant recipients; Tx, transplantation; BOS, bronchiolitis obliterans syndrome; RAS, restrictive allograft syndrome.




References

1. Chambers, DC, Cherikh, WS, Goldfarb, SB, Hayes, D Jr., Kucheryavaya, AY, Toll, AE, et al. The international thoracic organ transplant registry of the international society for heart and lung transplantation: thirty-fifth adult lung and heart-lung transplant report-2018; focus theme: multiorgan transplantation. J Heart Lung Transplant (2018) 37(10):1169–83. doi: 10.1016/j.healun.2018.07.020

2. Chambers, DC, Yusen, RD, Cherikh, WS, Goldfarb, SB, Kucheryavaya, AY, Khusch, K, et al. The registry of the international society for heart and lung transplantation: thirty-fourth adult lung and heart-lung transplantation report-2017; focus theme: allograft ischemic time. J Heart Lung Transplant (2017) 36(10):1047–59. doi: 10.1016/j.healun.2017.07.016

3. Verleden, SE, Vasilescu, DM, Willems, S, Ruttens, D, Vos, R, Vandermeulen, E, et al. The site and nature of airway obstruction after lung transplantation. Am J Respir Crit Care Med (2014) 189(3):292–300. doi: 10.1164/rccm.201310-1894OC

4. Kulkarni, HS, Cherikh, WS, Chambers, DC, Garcia, VC, Hachem, RR, Kreisel, D, et al. Bronchiolitis obliterans syndrome-free survival after lung transplantation: an international society for heart and lung transplantation thoracic transplant registry analysis. J Heart Lung Transplant (2019) 38(1):5–16. doi: 10.1016/j.healun.2018.09.016

5. Royer, PJ, Olivera-Botello, G, Koutsokera, A, Aubert, JD, Bernasconi, E, Tissot, A, et al. Chronic lung allograft dysfunction: a systematic review of mechanisms. Transplantation (2016) 100(9):1803–14. doi: 10.1097/TP.0000000000001215

6. Verleden, GM, Glanville, AR, Lease, ED, Fisher, AJ, Calabrese, F, Corris, PA, et al. Chronic lung allograft dysfunction: definition, diagnostic criteria, and approaches to treatment-a consensus report from the pulmonary council of the ISHLT. J Heart Lung Transplant (2019) 38(5):493–503. doi: 10.1016/j.healun.2019.03.009

7. Zamora, MR. Cytomegalovirus and lung transplantation. Am J Transplant (2004) 4(8):1219–26. doi: 10.1111/j.1600-6143.2004.00505.x

8. Razonable, RR, and Humar, A. Cytomegalovirus in solid organ transplant recipients-guidelines of the American society of transplantation infectious diseases community of practice. Clin Transplant (2019) 33(9):e13512. doi: 10.1111/ctr.13512

9. Forte, E, Zhang, Z, Thorp, EB, and Hummel, M. Cytomegalovirus latency and reactivation: an intricate interplay with the host immune response. Front Cell Infect Microbiol (2020) 10:130. doi: 10.3389/fcimb.2020.00130

10. Couzi, L, Pitard, V, Moreau, JF, Merville, P, and Dechanet-Merville, J. Direct and indirect effects of cytomegalovirus-induced gammadelta T cells after kidney transplantation. Front Immunol (2015) 6:3. doi: 10.3389/fimmu.2015.00003

11. Harpur, CM, Stankovic, S, Kanagarajah, A, Widjaja, JML, Levvey, BJ, Cristiano, Y, et al. Enrichment of cytomegalovirus-induced NKG2C+ natural killer cells in the lung allograft. Transplantation (2019) 103(8):1689–99. doi: 10.1097/TP.0000000000002545

12. van den Berg, SPH, Pardieck, IN, Lanfermeijer, J, Sauce, D, Klenerman, P, van Baarle, D, et al. The hallmarks of CMV-specific CD8 T-cell differentiation. Med Microbiol Immunol (2019) 208(3-4):365–73. doi: 10.1007/s00430-019-00608-7

13. Stankovic, S, Davey, MS, Shaw, EM, von Borstel, A, Cristiano, Y, Levvey, BJ, et al. Cytomegalovirus replication is associated with enrichment of distinct gammadelta T cell subsets following lung transplantation: a novel therapeutic approach? J Heart Lung Transplant (2020) 39(11):1300–12. doi: 10.1016/j.healun.2020.08.014

14. Dechanet, J, Merville, P, Berge, F, Bone-Mane, G, Taupin, JL, Michel, P, et al. Major expansion of gammadelta T lymphocytes following cytomegalovirus infection in kidney allograft recipients. J Infect Dis (1999) 179(1):1–8. doi: 10.1086/314568

15. Foley, B, Cooley, S, Verneris, MR, Pitt, M, Curtsinger, J, Luo, X, et al. Cytomegalovirus reactivation after allogeneic transplantation promotes a lasting increase in educated NKG2C+ natural killer cells with potent function. Blood (2012) 119(11):2665–74. doi: 10.1182/blood-2011-10-386995

16. Griffiths, P, Baraniak, I, and Reeves, M. The pathogenesis of human cytomegalovirus. J Pathol (2015) 235(2):288–97. doi: 10.1002/path.4437

17. Khairallah, C, Dechanet-Merville, J, and Capone, M. Gammadelta T cell-mediated immunity to cytomegalovirus infection. Front Immunol (2017) 8:105. doi: 10.3389/fimmu.2017.00105

18. Bayard, C, Lepetitcorps, H, Roux, A, Larsen, M, Fastenackels, S, Salle, V, et al. Coordinated expansion of both memory T cells and NK cells in response to CMV infection in humans. Eur J Immunol (2016) 46(5):1168–79. doi: 10.1002/eji.201546179

19. Sylwester, A, Nambiar, KZ, Caserta, S, Klenerman, P, Picker, LJ, and Kern, F. A new perspective of the structural complexity of HCMV-specific T-cell responses. Mech Ageing Dev (2016) 158:14–22. doi: 10.1016/j.mad.2016.03.002

20. Pietra, G, Romagnani, C, Falco, M, Vitale, M, Castriconi, R, Pende, D, et al. The analysis of the natural killer-like activity of human cytolytic T lymphocytes revealed HLA-e as a novel target for TCR alpha/beta-mediated recognition. Eur J Immunol (2001) 31(12):3687–93. doi: 10.1002/1521-4141(200112)31:12<3687::AID-IMMU3687>3.0.CO;2-C

21. Romagnani, C, Pietra, G, Falco, M, Millo, E, Mazzarino, P, Biassoni, R, et al. Identification of HLA-e-specific alloreactive T lymphocytes: a cell subset that undergoes preferential expansion in mixed lymphocyte culture and displays a broad cytolytic activity against allogeneic cells. Proc Natl Acad Sci USA (2002) 99(17):11328–33. doi: 10.1073/pnas.172369799

22. Sullivan, LC, Westall, GP, Widjaja, JM, Mifsud, NA, Nguyen, TH, Meehan, AC, et al. The presence of HLA-E-Restricted, CMV-specific CD8+ T cells in the blood of lung transplant recipients correlates with chronic allograft rejection. PLoS One (2015) 10(8):e0135972. doi: 10.1371/journal.pone.0135972

23. Jouand, N, Bressollette-Bodin, C, Gerard, N, Giral, M, Guerif, P, Rodallec, A, et al. HCMV triggers frequent and persistent UL40-specific unconventional HLA-e-restricted CD8 T-cell responses with potential autologous and allogeneic peptide recognition. PLoS Pathog (2018) 14(4):e1007041. doi: 10.1371/journal.ppat.1007041

24. Rousseliere, A, Gerard, N, Delbos, L, Guerif, P, Giral, M, Bressollette-Bodin, C, et al. Distinctive phenotype for HLA-e- versus HLA-A2-restricted memory CD8 alphabetaT cells in the course of HCMV infection discloses features shared with NKG2C(+)CD57(+)NK and delta2(-)gammadeltaT cell subsets. Front Immunol (2022) 13:1063690. doi: 10.3389/fimmu.2022.1063690

25. Rousseliere, A, Delbos, L, Bressollette, C, Berthaume, M, and Charreau, B. Mapping and characterization of HCMV-specific unconventional HLA-E-Restricted CD8 T cell populations and associated NK and T cell responses using HLA/Peptide tetramers and spectral flow cytometry. Int J Mol Sci (2021) 23(1). doi: 10.3390/ijms23010263

26. Belkina, AC, Ciccolella, CO, Anno, R, Halpert, R, Spidlen, J, and Snyder-Cappione, JE. Automated optimized parameters for T-distributed stochastic neighbor embedding improve visualization and analysis of large datasets. Nat Commun (2019) 10(1):5415. doi: 10.1038/s41467-019-13055-y

27. Paraskeva, M, Bailey, M, Levvey, BJ, Griffiths, AP, Kotsimbos, TC, Williams, TP, et al. Cytomegalovirus replication within the lung allograft is associated with bronchiolitis obliterans syndrome. Am J Transplant (2011) 11(10):2190–6. doi: 10.1111/j.1600-6143.2011.03663.x

28. Stern, M, Hirsch, H, Cusini, A, van Delden, C, Manuel, O, Meylan, P, et al. Cytomegalovirus serology and replication remain associated with solid organ graft rejection and graft loss in the era of prophylactic treatment. Transplantation (2014) 98(9):1013–8. doi: 10.1097/TP.0000000000000160

29. Wherry, EJ, Ha, SJ, Kaech, SM, Haining, WN, Sarkar, S, Kalia, V, et al. Molecular signature of CD8+ T cell exhaustion during chronic viral infection. Immunity (2007) 27(4):670–84. doi: 10.1016/j.immuni.2007.09.006

30. Couzi, L, Pitard, V, Netzer, S, Garrigue, I, Lafon, ME, Moreau, JF, et al. Common features of gammadelta T cells and CD8(+) alphabeta T cells responding to human cytomegalovirus infection in kidney transplant recipients. J Infect Dis (2009) 200(9):1415–24. doi: 10.1086/644509

31. Lopez-Botet, M, Muntasell, A, and Vilches, C. The CD94/NKG2C+ NK-cell subset on the edge of innate and adaptive immunity to human cytomegalovirus infection. Semin Immunol (2014) 26(2):145–51. doi: 10.1016/j.smim.2014.03.002

32. Frasca, D, Diaz, A, Romero, M, Landin, AM, and Blomberg, BB. Cytomegalovirus (CMV) seropositivity decreases b cell responses to the influenza vaccine. Vaccine (2015) 33(12):1433–9. doi: 10.1016/j.vaccine.2015.01.071

33. Zabalza, A, Vera, A, Alari-Pahissa, E, Munteis, E, Moreira, A, Yelamos, J, et al. Impact of cytomegalovirus infection on b cell differentiation and cytokine production in multiple sclerosis. J Neuroinflammation (2020) 17(1):161. doi: 10.1186/s12974-020-01840-2

34. Foley, B, Cooley, S, Verneris, MR, Curtsinger, J, Luo, X, Waller, EK, et al. Human cytomegalovirus (CMV)-induced memory-like NKG2C(+) NK cells are transplantable and expand in vivo in response to recipient CMV antigen. J Immunol (2012) 189(10):5082–8. doi: 10.4049/jimmunol.1201964

35. Calabrese, DR, Chong, T, Wang, A, Singer, JP, Gottschall, M, Hays, SR, et al. NKG2C natural killer cells in bronchoalveolar lavage are associated with cytomegalovirus viremia and poor outcomes in lung allograft recipients. Transplantation (2019) 103(3):493–501. doi: 10.1097/TP.0000000000002450

36. Vietzen, H, Hartenberger, S, Jaksch, P, and Puchhammer-Stockl, E. Association between chronic lung allograft dysfunction and human cytomegalovirus UL40 peptide variants in lung-transplant recipients. J Heart Lung Transplant (2021) 40(9):900–4. doi: 10.1016/j.healun.2021.05.011

37. Calabrese, DR, Lanier, LL, and Greenland, JR. Natural killer cells in lung transplantation. Thorax (2019) 74(4):397–404. doi: 10.1136/thoraxjnl-2018-212345

38. Koenig, A, Chen, CC, Marcais, A, Barba, T, Mathias, V, Sicard, A, et al. Missing self triggers NK cell-mediated chronic vascular rejection of solid organ transplants. Nat Commun (2019) 10(1):5350. doi: 10.1038/s41467-019-13113-5

39. Charreau, B. Cellular and molecular crosstalk of graft endothelial cells during AMR: effector functions and mechanisms. Transplantation (2021) 105(11):e156–e67. doi: 10.1097/TP.0000000000003741

40. Noval Rivas, M, Hazzan, M, Weatherly, K, Gaudray, F, Salmon, I, and Braun, MY. NK cell regulation of CD4 T cell-mediated graft-versus-host disease. J Immunol (2010) 184(12):6790–8. doi: 10.4049/jimmunol.0902598

41. Rousselière, A, and Charreau, B. Persistent CD8 T cell marks caused by the HCMV infection in seropositive adults: prevalence of HLA-E-Reactive CD8 T cells. Cells (2023) 12(6):889. doi: 10.3390/cells12060889

42. Youngblood, B, Oestreich, KJ, Ha, SJ, Duraiswamy, J, Akondy, RS, West, EE, et al. Chronic virus infection enforces demethylation of the locus that encodes PD-1 in antigen-specific CD8(+) T cells. Immunity (2011) 35(3):400–12. doi: 10.1016/j.immuni.2011.06.015

43. McLane, LM, Abdel-Hakeem, MS, and Wherry, EJ. CD8 T cell exhaustion during chronic viral infection and cancer. Annu Rev Immunol (2019) 37:457–95. doi: 10.1146/annurev-immunol-041015-055318

44. Van Acker, HH, Capsomidis, A, Smits, EL, and Van Tendeloo, VF. CD56 in the immune system: more than a marker for cytotoxicity? Front Immunol (2017) 8:892. doi: 10.12688/f1000research.10474.1

45. Gunesch, JT, Dixon, AL, Ebrahim, TA, Berrien-Elliott, MM, Tatineni, S, Kumar, T, et al. CD56 regulates human NK cell cytotoxicity through Pyk2. Elife (2020) 9:57346. doi: 10.7554/eLife.57346

46. Coupel, S, Moreau, A, Hamidou, M, Horejsi, V, Soulillou, JP, and Charreau, B. Expression and release of soluble HLA-e is an immunoregulatory feature of endothelial cell activation. Blood (2007) 109(7):2806–14. doi: 10.1182/blood-2006-06-030213




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 © 2023 Rousselière, Delbos, Foureau, Reynaud-Gaubert, Roux, Demant, Le Pavec, Kessler, Mornex, Messika, Falque, Le Borgne, Boussaud, Tissot, Hombourger, Bressollette-Bodin and Charreau. 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-14-1143875-g003.jpg
CD8+ Tet+ TEMRA (%)

R
100 $
: Ll
= - =% :
) £ < Y {
] » o % ‘ H
g ; 3 ol
: g g ol
§ (3] 8 = 5
+ + * ol © :
b3 x5 B )
& 5 £
a8 g g
o 10.
0. 0 - - 0. :
‘A2pp6S EULL0 AZpp6S EULED A2ppeS EUL40 AZppes EUL40 A2pp65 EULA) AZpp65 EULA0
STABLE CLAD STABLE CLAD STABLE ClAp !
|W1@ - % - 100 100
~ 90 : <) 2 90 <
£y : 2w 2 s
@ ] 3 3
3 O 70 ° 10
o - 4
= 604 () 2 60
8 s § 50 8 50 n
o + +
* 40 B 3w
k] b *
b ) L
ﬁ 20{ € § 2
10{ : 2 : S0 i
T o T ° [ R L —
A2pp6S EUL40 AZpp6SEUL4OD A2ppeS EUL40 A2ppésS EUL40 A2pp65 EULA0 AZpp65 EUL40
STABLE CLAD STABLE CLAD STABLE CLAD
H 160000 1000007
10000{
i - L 1000
: T =
: & i = o000
B E 0000
o 8 o
s i 2 )
H e g 30000
H o 8 mao-g
: o
10{ : 100004
°

: o ——— e o C
STABLE CLADSTABLE CLAD STABLE CLADSTABLE CLAD STABLE CLADSTABLE CLAD STABLE CLADSTABLE CLAD
—— — T T ——
A2ppb5 EUL40 A2ppb5 EUL40 A2ppb5 EUL40 A2ppsS5 EUL40





OEBPS/Images/fimmu-14-1143875-g005.jpg
AllLTRs CD4 T cells

HCMYV infection

) 128
=
£
before after g
£
3
3
s
ES

% of total lymphocytes (log2)
>

before after

before after

NK cells 9237 cells

g “ : a
ks G e,

s 4 5 = % o4

» o
§ 32
s 1.
= Bce.lls . m NK cells E .

CD4°CD8T cells + 3
o . m52'y8Tcells & 4
CD4+T cells =m&2ysTcells 2 2

B CD8+ Tcells before after

% oftotal lymphocytes (log2)
'oftotal lymphocytes (log2)

before after &

CDAT cells
128, &

o
o
=
2
2
2

Post-HCMV infection

STABLE

% oftotal lymphocytes (log2)

0.0825
O
¢ o
6"9\, 0\)9 £ o
NK cells 82457 N“So
128 :

% of total lymphocytes (log2)
~n®
% oftotal lymphocytes (log2)
3 8

1458

t-SNE-2
g

t-SNE-2

t-SNE-1

% oftotal lymphocytes (log2)
o
% oftotal lymphocytes (log2)

% oftotal lymphocytes (log2)

%,
%
Q
%
N
)
3

&°

% of total lymphocytes (log2)

CD8 T cells
0.0024

,,p“" 0\}°

324457 cells
00114

L

=
2]






OEBPS/Images/fimmu-14-1143875-g006.jpg
dim
NKG2C+ CD56'™ NK CD57+ CD56%'™ NK CD57+ NKG2C+ CD56%'™ NK

NKG2C+ CD56%'™NK (%)

CD57+ CD56°'® NK (%)
CD57+ NKG2C+
CD569'"NK (%)

al STABLE CLAD al  STABLE CLAD al  STABLE CLAD
NKG2C+ CD56""" NK CD57+ CDEE™IM NK CD57+ NKG2C+ CD56"#" NK
ey 30
"E g a o
z X -
& £ % 6%
5 =
[ o
a © A nZe
o [ Z5
o S 10 G
S AA ° sl @
§ 5 % 83
2 8

fd F&&$
STL T &
all STABLE CLAD al STABLE CLAD al  STABLE CLAD
B
subsets CD57 Post- subsets CD57 subsets CD57 level

g Y infection - o (MF1)
Before ;?‘g. w. 2 - B cells
L5607 IR ; STABLES 7/ y 0 @Y "W (D4CDBT cells
infection 'g’ R ‘:_ (X o j 10°

5
LA > ‘BB wwcosteens 9
Poird g (o —
N CD8" T cells <
0,03 A . NK cells g 104
Post- CLAD & & ~ [ 52'y5T cells .
infection CE el '?’ . 52Y5T cells
7 R B L






OEBPS/Text/toc.xhtml


  

    Table of Contents



    

		Cover



      		

        Changes in HCMV immune cell frequency and phenotype are associated with chronic lung allograft dysfunction

      

        		

          Background

        



        		

          Methods

        



        		

          Results

        



        		

          Conclusions

        



        		

          Introduction

        



        		

          Material and methods

        

          		

            Ethics

          



          		

            Patients and samples

          



          		

            HLA-EUL40 and HLA-A2pp65 tetramer complexes

          



          		

            Spectral flow cytometry for the detection and quantification of HCMV-specific CD8 T cells, immunophenotyping, and immune subset analyses

          



          		

            Statistical analysis

          



        



        



        		

          Results

        

          		

            The development of CLAD is associated with reduced HCMV-specific HLA-E-restricted CD8 T-cell responses

          



          		

            HLA-E-restricted HCMV-specific CD8 T-cell responses display an altered phenotype in LTRs developing CLAD

          



          		

            Changes in HCMV immunity post-infection are associated with the development of CLAD

          



        



        



        		

          Discussion

        



        		

          Data availability statement

        



        		

          Ethics statement

        



        		

          Author contributions

        



        		

          Funding

        



        		

          Conflict of interest

        



        		

          Supplementary material

        



        		

          Abbreviations

        



        		

          References

        



      



      



    



  



OEBPS/Images/fimmu-14-1143875-g001.jpg
HCI
e
A& CLAD

Stable
transplantion D0 blood samples LTx (n=32)
™ (h=s3)y

(n=31)

Analysis: frequence and phenotype of long lasting HCMV-specific CD8 T cells ‘
(HLA-EUL40 and HLA-A2pp65 CD8 T cells)

HCMV
HCMV- HCMV- primary
(Grow2) @ L) e
— CLAD
A% (n=13)
(n=18) 1
> Stable LT
Lung . DO
:Er;splarmon * blood sa!ples* (5)

(n=58)*

Analysis of HCMV immune imprint post-infection (B cells, total NK cells and CD57+/
NKG2C+ NK subsets, 62-y6 and 62+y8 T cells, CD4 T cells, HLA-EUL40 CD8 T and HLA-
A2pp65 CD8 T cells )






OEBPS/Images/crossmark.jpg
©

2

i

|





OEBPS/Images/fimmu.2023.1143875_cover.jpg
& frontiers | Frontiers in Immunology

Changes in HCMV immune cell frequency
and phenotype are associated with chronic
lung allograft dysfunction





OEBPS/Images/fimmu-14-1143875-g002.jpg
Detection STABLE _ CLAD STABLE CLAD
in LTRs >1 HLA-EUL40 HLA-A2pp65
STABLE @ @ @

2 2 HLA-EUL40 HLA-A2pp65 + HLA-EUL40

Anti-HCMV CD8 T cell
responses

«\ \\’\‘ q~\‘ .g\\\
Q
LTRs QQ « 4\““ LTRs QQ *“ & c
ao0e HLA-EUL40  HLA-A2pp65
c2 @ O 32 p=0.5792 p=0.4434
N N NS 1.9 07 | 15 09
s @ 3 * |
cs ! ;
@ !
c6 > ® °o "
o '
b4 : 7
' o]
é 2 o | Q
O E o
3 1 :
S . %:
g 054{ o °
- X 025 :
c14 . @ ) e o0 00 (o]
g:( ) O . 04284 b o oo
e % )
0.0625
a70O O @ STABLE CLAD STABLE CLAD

() Noresponse () Not determined





OEBPS/Images/fimmu-14-1143875-g007.jpg
% of total lymphocytes (log2)

% of total lymphocytes (log2)

No HLA-EUL40 CD8T With HLA-EUL40 CD8T
(n=17)

t-SNE-2

128
64
32
16

NK cells

0.5548

r

% of total ymphocytes (log2)

% of total ymphocytes (log2)

t-SNE-2

(n=11)

CDAT cells
0.3714
64 V_]
32
|
8
4
2
- +
52-3T cells
0.0659

4

% of total lymphocytes (log2)

64
32
16
8

4

2

1
0.5

o -

mE Bcells
CD4 CD8T cells
B3 CD4+T cells
B CD8+ T cells
8 NK cells
m §27y8T cells
m 827y8T cells
CD8T cells
0.0041
< 128
(=]
k=) I .
« 64
o
g 2 %
=
[=%
E 1
s
2 8
S
R 4
- +*
52+/3T cells
0.1755
16
8
4
2 -
1
0.5
0.25
0.125
0.0625
0.03125





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





OEBPS/Images/fimmu-14-1143875-g004.jpg
Immunophenotypes

A All tet* CDST cells B HLA-E 40 CD8*T HLA-A2,cs CD8*T
(n=18 responses) . (n=9 responses) . (n=9 responses)

Clusters of expression:

CDS6- KLRGllow 284+ PD1- CDS7+/- CXICR1

[ COS6- KLRG1+#- 284 PO1- COSTiaw CXICRT-
[] CO%- KLRG+/- 284 PD1- CDST- CXICR1

[l COS6- KLRG1+ 234+ PD1- CDST+ CXICR1

Il cosesm KLRG1+/- 284+ PD1- COST- CXICRY

il OS5 KLRG14/- 284+ PD1- CDS7+ CXICR tlow
[l cosssm KLRG1+- 2844 PD1- COSTHh CXICRTlow
[(T]cosesm KRG+ 284+ PD1- CDSTHgh CXICR1-
[l cossow KLRG1s 28+ PD1- COSTIow CXICR1

mro>»-Wwn






OEBPS/Images/table1.jpg
Group 1

STABLE CLAD STABLE p-value
Group 2

Lung Tx recipients, n 32 31 13 5
Age [years; median (min-max)] 50 (19-65) 55 (15-64) 28 (18-61) 34 (21-51) 0.0887" 0.7560"
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