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Introduction

The effect of platinum-based chemotherapy (Chem.) and second- or multiple- line immune checkpoint PD-1 blocking therapy by Nivolumab or Pembrolizumab (ICI) was assayed in the peripheral blood of non-small cell lung cancer (NSCLC) patients.





Methods

Flow cytometry was used to detect NSCLC-related antigen binding IgG antibodies. The Luminex MagPix multiplex bead-based cytokine/chemokine detecting system was used to quantitatively measure 17 soluble markers in the plasma samples. Single-cell mass cytometry was applied for the immunophenotyping of peripheral leukocytes.





Results

The incubation of patient derived plasma with human NSCLC tumor cell lines, such as A549, H1975, and H1650, detected NSCLC-specific antibodies reaching a maximum of up to 32% reactive IgG-positive NSCLC cells. The following markers were detected in significantly higher concentration in the plasma of Chem. group versus healthy non-smoker and smoker controls: BTLA, CD27, CD28, CD40, CD80, CD86, GITRL, ICOS, LAG-3, PD-1, PD-L1, and TLR-2. The following markers were detected in significantly higher concentration in the plasma of ICI group versus healthy non-smoker and smoker controls: CD27, CD28, CD40, GITRL, LAG-3, PD-1, PD-L1, and TLR-2. We showed the induction of CD69 and IL-2R on CD4+ CD25+ T-cells upon chemotherapy; the exhaustion of one CD8+ T-cell population was detected by the loss of CD127 and a decrease in CD27. CD19+CD20+, CD79B+, or activated B-cell subtypes showed CD69 increase and downregulation of BTLA, CD27, and IL-2R in NSCLC patients following chemotherapy or ICI.





Discussion

Peripheral immunophenotype caused by chemotherapy or PD-1 blocking was shown in the context of advanced NSCLC.
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1 Introduction

Lung cancer, the most common cancer type causes approximately 13% of all cancer deaths worldwide (1). Lung cancer is a heterogeneous disease classified by histology into two major types: small-cell lung carcinoma (22%) and non-small-cell lung carcinoma (NSCLC), which is further classified into adenocarcinoma (40%), squamous cell carcinoma (30%), and large cell carcinoma (8%) (2). The overall 5-year survival rate is approximately 15% for non-small cell lung cancer and approximately 6% for small-cell lung carcinoma (3, 4). Tobacco smoking has been described to be responsible for 87% of all lung- cancer-related deaths in the USA (5). Although both types are affected differently by tobacco smoking, it has been proven that tobacco smoke is the main preliminary environmental causative factor for lung cancer (2). The main therapeutic options are surgery, radiation therapy, chemotherapy, targeted therapy of the driver mutations of cancer cells, or immunotherapies. A combination of these therapies can be also used following recent guidelines and local recommendations. Platinum-based chemotherapeutics, such as cisplatin, carboplatin, and oxaliplatin, are gold standard chemotherapy treatment options for lung adenocarcinoma without targetable mutation (6, 7). In the advent of immunotherapy, the application of ICIs has dramatically changed patient overall survival (OS) of well-responders; first, PD-1 blocking Nivolumab and Pembrolizumab were applied as second-line treatment options showing superior objective response rate (ORR) and OS compared to docetaxel in NSCLC (8–10). Unfortunately, the tumor progression often outperforms initial response, or resistance to ICI also may develop (11). Several immune mechanisms may counteract with the success of ICI therapy, such as T-cell exhaustion, decreased antigen presentation, altered metabolism, or downregulation of co-stimulatory molecules (12). Although PD-L1 expression is a strong indication, we still lack prognostic markers that could increase patient benefit to PD- 1-targeting ICI therapy (13).

We focus here on the peripheral immune compartment in smoker lung adenocarcinoma patients receiving cisplatin/carboplatin chemotherapy or second- or multiple-line PD-1- targeting immunotherapy. It has been widely known that most of the malignancies bear tumor antigens; carcinogenic compounds of tobacco smoke per se generates mutations in the lung, making tissues more immunogenic. However, continuous tobacco smoking triggers a myriad of immune reactions; the activation state and polarization of both myeloid and lymphoid cells are affected in smoker lung cancer patients, making the immune infiltrate irresponsive, the so- called tolerogenic toward arising malignant cells (14). The emergence of myeloid-derived suppressor cells, M2 macrophages, and regulatory T-cells and production of transforming growth factor-β, IL-10, or PD-L1 may sustain the tumor- prone microenvironment (15–17). The deeper insight into the heterogeneity of inflammatory cells in the blood could help to understand the mechanisms responsible for the switch from a tumor suppressor to a tumor promoter immunophenotype. The knowledge of multi-cellular phenotypes and molecular mechanisms responsible behind chronic inflammation and tolerance toward malignancy in lung cancer could reveal novel therapeutic targets. The immune system, due to its high plasticity, can represent different polarization states. Upon activation, innate hematopoietic cells infiltrate the respiratory tract, generating pulmonary inflammation via TLR4/MyD88 and IL-1R1/MyD88 signaling- dependent mechanisms (18–20). Among others, we have previously reviewed how tobacco smoking may pave the way for chronic obstructive pulmonary disease (COPD) frequently leading to lung cancer (3, 21). Our interest turned toward the immunophenotyping of peripheral mononuclear cells (PBMCs) comparing smoker NSCLC cases who underwent first- line chemotherapy with cases receiving second/multiple line PD-1- blocking therapy. Our goal was to understand better the obstacles to boost antitumor immunity or overcome tumor- induced tolerance. We aimed to identify leukocyte subsets that are capable of suppressing tumor development; moreover, we aimed to identify leukocyte subsets that are immunosuppressive and unable to mount an effective anti-tumor immune response in lung cancer patients.




2 Materials and methods



2.1 Cell culturing

Cell culturing was performed as described previously by our group (22). Briefly, the human non-small cell lung cancer (NSCLC) cells, namely, adenocarcinoma cell lines A549, H1975, and H1650, were purchased from the American Type Culture Collection. The H1975 and H1650 cells were maintained in Dulbecco's Modified Eagle Medium (DMEM) or A549 cells in DMEM/F12 (DMEM, PAN-Biotech GMBH, Aidenbach, Germany; DMEM/F12 Nut mix, Gibco, Thermo Fisher Scientific, Waltham, MA, USA) containing 4.5 g/L glucose, 10% fetal bovine serum (FBS) (Gibco), 2 mM GlutaMAX (Gibco, Waltham, MA, USA), 100 U/ml penicillin, and 100 g/ml streptomycin antibiotics (penicillin G sodium salt and streptomycin sulfate salt, Sigma-Aldrich, St. Louis, MO, USA). The cells were cultured in a standard tissue culture Petri dish, 10 mm in diameter (Corning Life Sciences, Corning, NY, USA) at maximum 80% confluence in a standard atmosphere of 95% air and 5% CO2.




2.2 Study design

Subjects were recruited from the following groups: (1) non-smoker healthy control (without known disease and without regular medication, n=12), (2) smoker lung NSCLC patients receiving first-line chemotherapy (Chem., n=10, only one case was non-smoker), and (3) smoker lung adenocarcinoma receiving second- or multiple- line immunotherapy, where first- line chemotherapy was already terminated before starting the immunotherapy (ICI, n=10). Plasma samples of healthy smoker controls (n=9) were available for multiplex quantitative analysis of soluble markers using the Luminex MagPix system. These healthy smoker controls were recruited with minimum 5 years smoking history with minimum of 10 cigarettes per day without the awareness of chronic illness and without regular medication. The experimental procedures are cross-sectional with the collection and the analysis of 20 ml venous peripheral blood at one time point. However, the follow-up of the patients provided progression- free survival (PFS) and OS data (Table 1). The immunotherapy significantly improved the OS (Supplementary Figure S1). Patients were included with histologically or cytologically confirmed NSCLC (primarily squamous cell or adenocarcinoma) and patients with stage IV or selected stage IIIB disease by the International Staging System (lung cancer). Stage IIIB patients had to have a positive pleural effusion or multiple ipsilateral lung nodules (potentially inoperable disease). Inclusion criteria were bidimensional measurable or assessable disease, PS (performance status) of 0 or 1. Previous surgery and radiotherapy were allowed. One group of patients received first-line platinum-based chemotherapy treatment (Chem.), and the other group received second- or multiple-line immunotherapy after failed chemotherapy (ICI) (in accordance with the Hungarian financing protocol). The samples for the Chem. group were isolated following a minimum of four cycles of platinum-based chemotherapy. The samples for the ICI group were isolated when initial chemotherapy was already terminated, and the following ICI therapy was applied for at least 3 months.


Table 1 | Demographic and clinical characteristics of the enrolled patients.



Patient’s clinical data are summarized in Supplementary Table S1.




2.3 Ethical statement

The subjects gave their informed consent for inclusion before participating in the study. The study was conducted in accordance with the Declaration of Helsinki, and the protocol (“Immunophenotyping in COPD and lung cancer”) was approved by the Ethics Committee of the National Public Health Center, Hungary under the 33815-7/2018/EÜIG Project identification code and by the Ethics Committee of the University of Szeged under the 163/2018-SZTE Project identification code.




2.4 PBMC isolation

After the collection of 20 ml of blood into an EDTA vacutainer (Becton Dickinson, Franklin-Lakes, USA), PBMCs were purified by Leucosep tubes (Greiner Bio-One, Kremsmünster, Austria) according to the manufacturer’s instructions. Plasma samples were harvested, aliquoted, and stored at −80°C. If the pellet was light red, 2 mL ACK Lysing Buffer (ACK: 0.15 M NH4Cl, 10 mM KHCO3, 0.1 mM Na2EDTA, pH 7.3; Merck, Darmstadt, Germany) was applied at room temperature (RT) for 2 min. Samples were washed twice with 10 ml phosphate-buffered saline (PBS) (Merck), and subsequently, cell count and viability check were performed with Trypan Blue (Merck) exclusion. Cryopreservation of PBMCs was carried out in stocks of 4 × 106 cells of 1 ml FBS (Capricorn Scientific, Ebsdorfergrund, Germany) supplemented with 1:10 dimethyl sulfoxide (DMSO) (Merk) [v/v] in cryotubes (Greiner Bio-One) in liquid nitrogen (Messer, Bad Soden, Germany).




2.5 Tumor- cell- specific antibody binding assay

The supernatant of A549, H1975, or H1650 cells grown in 80% confluence in 10 mm diameter Petri dish was removed, and cells were washed with 5 ml PBS and detached by 2 ml Accutase (Thermo Fisher Scientific), centrifuged at 350g, 5 min, washed by 5 ml PBS, centrifuged at 350g, 5 min, and resuspended in 1ml IFB (Immune Fluorescence Buffer: PBS with 2% FCS). Cells were counted using a Bürker chamber and Trypan Blue, and 2 × 105 viable cells were pipetted into a 1. 5-ml tube (Eppendorf) in 50 µl IFB. Plasma samples were diluted 1:1 in IFB, 25µl + 25 µl, and added to the cells, incubated in 100 µl final volume (4× dilution of the plasma) at 4°C for 60 min. Samples were washed with 1 ml IFB, centrifuged 350g, 5 min. Secondary antibody anti-human Alexa488 (Cat. num. 409322, clone HP6017, BioLegend) detecting IgG antibodies (IgA and IgM is not detected) was added in 1:25 dilution in IFB for 30 min at 4°C. Cells were resuspended in 300 µl IFB; 10 µg/ml propidium iodide was added right before the acquisition by FACS Calibur (Becton Dickinson) to gate out dead cells. A schematic cartoon of the assay is illustrated in Supplementary Figure S2. Manual gating was used in CellQuest (Beckton Dickinson) analyzing PI-negative but anti-human-Alexa488- positive cells (Supplementary Figure S3).




2.6 Measurement of plasma proteins

The measurement of plasma proteins was performed as described previously by our group with minor modifications (23, 24). Briefly, after the withdrawal of 20 ml blood into an EDTA vacutainer (Becton Dickinson), human peripheral blood mononuclear cells and plasma samples were purified by Leucosep tubes (Greiner Bio- One). Plasma fractions were stored at −80°C in aliquots before running the assay. Luminex xMAP (MAGPIX®) technology was used to determine the protein concentrations of 17 distinct soluble mediators (BTLA, CD28, CD80, CD27, CD40, CD86, CTLA-4, GITR, GTRL, HVEM, ICOS, LAG-3, PD-1, PD-L1, PD-L2, TIM-3, and TLR-2) performing the Human Immuno-Oncology Checkpoint Protein Panel 1— Immuno-Oncology Multiplex Assay (Cat. num. HCKP1-11, Merck) according to the instructions of the manufacturer. Briefly, all samples were thawed and diluted with sterile PBS to 1:1 and were tested in a blind fashion and in duplicate. A total of 25 μl volume of each sample, standard, and universal assay buffer was added to a 96-well plate (provided with the kit) containing 50 μl of capture antibody-coated, fluorescent-coded beads. Biotinylated detection antibody mixture and streptavidin- PE were added to the plate after the appropriate incubation period. After the last washing step, 120 μl reading buffer was added to the wells, and the plate was incubated for an additional 5 min and read on the Luminex MAGPIX® instrument. Luminex xPonent 4.2 software was used for data acquisition. Five-PL regression curves were generated to plot the standard curves for all analytes by the Analyst 5.1 (Merck) software, calculating with bead median fluorescence intensity values. The scatter plots of the individual values are demonstrated in Supplementary Figure S4. The panel of the investigated 17 plasma proteins and the range of the detection (in pg/ml from the lower limit to the upper limit) are available in Supplementary Table S2. Data were pooled from two independent measurements and plotted in GraphPad Prism v8 (Dotmatics, Boston, USA).




2.7 Cell preparation for CyTOF (cytometry by time-of-flight)

Cells were processed for CyTOF as described previously by our group (25). Briefly, cryotubes were thawed in a 37°C water bath, and cells were transferred into 14 ml of 37°C warm RPMI 10% FBS (Capricorn Scientific) and centrifugated at 350g for 6 min at RT. PBMCs were washed again with 10 ml RPMI 10% FBS, and cells were counted and viability determined with Trypan Blue exclusion. PBMCs, 2.5 × 106 cells/sample, were plated on a 96-well repellent plate (Greiner Bio-One) separately in 200 µl RPMI 10% FBS. After 2 h, cells were stimulated with 10 ng/ml phorbol myristate acetate (PMA), 1 µg/ml ionomycin, and 5 µg/ml Brefeldin A for 16 h in an incubator with 5% CO2 at 37°C. Next, cells were collected and washed twice with Maxpar Cell Staining Buffer (MCSB; Fluidigm, South San Francisco, USA).




2.8 Antibody staining

The antibody staining of cells for CyTOF was performed as described previously by our group with minor modifications (26, 27). Before harvesting, cells were incubated with 100 mM EDTA for 15 min RT. Briefly, viability was determined by cisplatin (5 µM 195Pt, Fluidigm) staining for 3 min on ice in 500 µl PBS. The sample was diluted by 3 ml Maxpar Cell Staining Buffer (MCSB, Fluidigm) and centrifuged at 350 g for 5 min. Cells were resuspended in 50 µl MCSB supplemented with 1:20 v/v TrueStain FcX™ FC receptor blocking solution (Biolegend, San Diego, USA) and incubated at RT for 10 min. Without a washing step, samples were barcoded by adding 50 µl of different metal-tagged (A-89Y, B-112CD, C-113CD, D-114CD, and E-116CD) CD45 antibodies (clone: 30-F11; Fluidigm) at a final concentration of 1:100 v/v per antibody and incubated at 4°C for 30 min. The codes of the barcoding were the following: 1. AB, 2. AC, 3. AD, 4. AE, 5. DC, 6.BD, 7. BE, 8. CD, 9. CE, and 10. DE. Following the barcoding, 10 samples were pooled for the subsequent antibody staining. First, cells were stained with cell surface antibodies from our Immune Checkpoint Panel designed in-house and bought antibodies from Fluidigm and incubated at 4°C for 30 min, washed twice with 2 ml MCSB. The list of the antibodies used for the study is in Table 2. Fixation was performed with 1 ml Maxpar Fix I buffer (5×) diluted in PBS, incubated at RT for 30 min, and washed twice with 2 ml Maxpar PermS Buffer, centrifugated at 800g, 5 min. Cells were stained with the intracellular markers (TNF-α, IL-6, IL-2, granzyme B, and perforin) and incubated at RT for 30 min. Cells were washed twice with MCSB and fixed with 1 ml Pierce™ formaldehyde (Thermo Fisher Scientific) solution diluted in PBS to 1.6% and incubated at RT for 10 min. Stained and fixed cells were centrifuged at 800 g at RT for 6 min and resuspended in 800 µl Fix & Perm solution (Fluidigm) supplemented with 1:1,000 v/v 191Ir-193Ir DNA intercalator (Fluidigm) for overnight incubation.


Table 2 | The list of the antibodies used for the mass cytometry.






2.9 CyTOF data acquisition and data preprocessing

The acquisition of the samples for CyTOF was executed as described previously by our group with minor modifications (25, 27). Briefly, samples were washed twice with MCSB and once with PBS prior filtered through a 30-μm Celltrics (Sysmex, Bornbarch, Germany) gravity filter, and the cell concentration was adjusted to 7×105/ml in Maxpar Cell Acquisition Solution (Fluidigm). Finally, EQ four- element calibration beads (Fluidigm) were added at a 1:10 ratio (v/v) and acquired on a properly tuned Helios mass cytometer (CyTOF, Fluidigm). We collected 1 × 106 events per barcoded sample. The generated flow cytometry standard (FCS) files were randomized and normalized with the default setting of the internal FCS-processing unit of the CyTOF Software (Fluidgm, version:7.0.8493). The analysis was carried out in Cytobank (Beckman Coulter) by manual gating. The gating hierarchy is shown in Supplementary Figure S5. The raw median values were exported from Cytobank and archinh transformed in MS Excel.




2.10 Statistical analysis

Data were analyzed with GraphPad Prism 8.0.1. Normality of distributions was tested with D’Agostino and Pearson test with an 0.05 alpha value. We used non-parametric Kruskal–Wallis test for the four group comparisons with non-normal distribution. Dunn’s test was used for multiple comparisons. The log-rank test was used for OS data. Differences are considered significant at *p < 0.05, **p < 0.01, and ***p < 0.001.





3 Results



3.1 Platinum-based chemotherapy and second- or multiple-line PD-1 blockade of well-responders increased humoral immunity in NSCLC patients

Among others, we have previously shown the immunomodulatory effects of platinum-based chemotherapeutics, such as cisplatin or carboplatin used in the current study (25, 29, 30). Here, we developed a flow- cytometry-based assay to measure the increase in NSCLC-related cell surface epitope binding IgG antibodies in cancer patients. The incubation of patient-derived plasma with human NSCLC tumor cell lines, such as A549, H1975, and H1650, were used to detect NSCLC -specific antibodies. The percentage of reactive A549 cells in control samples were between min–max of 0.4% –2.2% (mean, 1; SD, 0.4; SEM, 0.1) compared to the chemotherapy- treated group reaching a maximum of 8.9% of cells (min–max, 1.1% –8.9%; mean, 3.1; SD, 2.6; SEM, 0.8; *p<0.05). The ICI treatment led to the production of A549 binding antibodies between min–max of 0.3%–12.8% (mean, 3; SD, 4; SEM, 1.2) (Figure 1A). The percentage of reactive H1975 cells in control samples were between min–max of 0.2%–4% (mean, 1; SD, 1.1; SEM, 0.3) versus chemotherapy- treated group reaching maximum 5.8% (min–max, 0.7%–5.8%; SD, 1.6; SEM, 0.5; *p<0.05). The ICI treatment led to the production of H1975 binding antibodies between min–max of 0%–32.2% (mean, 6.1; SD, 9.7; SEM, 3) (Figure 1B). The percentage of reactive H1650 cells in control samples were between min–max of 0.1%–2.5% (mean, 0.9; SD, 0.7; SEM, 0.2) versus chemotherapy- treated group reaching a maximum of 8.1% (min–max, 2.1%–8.1%; SD, 1.8; SEM, 0.5; *p<0.05). The ICI treatment led to the production of H1650 binding antibodies between min–max of 0.1%–6.2% (mean, 2.7; SD, 2.3; SEM, 0.7) (Figure 1C).




Figure 1 | Platinum-based chemotherapy and PD-1 blockade increased the production of tumor cell surface-specific IgG antibodies in well-responder NSCLC patients. The scatter plots demonstrate the effect of platinum-based chemotherapy (Chem., n=10) or second- line immunotherapy (ICI, n=10) to the level of IgG antibodies in the plasma of patients with reactivity of (A) A549, (B) H1975, or (C) H1650 NSCLC cell line cell surface epitopes. Age- and gender-matched healthy controls were recruited without known illness (Control, n=12). The experimental details can be found in the Materials and Methods. Briefly, flow cytometry was used to detect human NSCLC cell- line-specific cell surface binding IgG antibodies. *p < 0.05.






3.2 The pattern of immune-oncology mediators in the plasma of platinum-based chemotherapy and second- or multiple-line PD-1 blockade- treated patients

The multiplex Luminex MagPix technology was used to measure the concentration of 17 soluble immune checkpoint modulators in the plasma samples of platinum-based chemotherapy (cisplatin or carboplatin; Chem.) or second- or multiple-line PD-1 blockade immune checkpoint inhibitor (Nivolumab or Pembrolizumab; ICI)- treated patients versus non-smoker healthy controls (Contols) or versus smoker healthy controls, respectively. The list of the proteins measured in the plasma of the human subjects enrolled in the study including full name, alternative name, gene ID, Uniprot ID, and the range of the detection is summarized in Supplementary Table S2. The individual concentrations of the cytokine/chemokines/immune checkpoint modulators are demonstrated in scatter plots in Supplementary Figure S4. The following markers were detected in significantly higher concentration in the plasma of Chem. group versus healthy non-smoker and smoker controls: BTLA, CD27, CD28, CD40, CD80, CD86, GITRL, ICOS, LAG-3, PD-1, PD-L1, and TLR-2. The following markers were detected in significantly higher concentration in the plasma of ICI group versus healthy non-smoker and smoker controls: CD27, CD28, CD40, GITRL, LAG-3, PD-1, PD-L1, and TLR-2 (Table 3; Supplementary Figure S4). There was no marker showing significantly different concentrations between the non-smoker controls and smoker controls. The CD80 and ICOS were increased in the Chem. group but not in the ICI group in relation with the controls.


Table 3 | The summary of the soluble immune checkpoint modulator plasma concentrations in healthy non-smoker controls (Controls, n=10), in healthy smoker controls (n=9), in Chem. (n=10) or in the ICI (n=10) groups (Cont., n=10).






3.3 The effect of first-line platinum-based chemotherapy or multiple-line PD-1 blockade on the peripheral immunophenotype detected by single cell mass cytometry

Single- cell mass cytometry (CyTOF) was used for the immunophenotyping of patient-derived peripheral leukocytes. The expression of CD69 increased upon platinum-based chemotherapy 27.19% ± 6.81% versus 16.24% ± 4.47% (mean ± SD) of CD4+CD25+ T-cells. A slight increase in the percentage of IL-2R positivity was also observed upon chemotherapy (56.09% ± 6.58% vs. 48.42 ± 9.69%) (Figure 2A). Exhaustion of CD8+ T-cells was also measured by the decrease in the expression of costimulatory CD27 on the IL-7Rα chain (CD127 −) negative subpopulation in the average of the ICI patients compared to controls (23.9 ± 6.66 vs. 44.55 ± 26.09) (Figure 2B). Three B-cell populations were gated, the CD19+CD20+ B-cells, CD79B+ B-cells, and activated B-cells (CD19+CD25+/CD69+). The CD69bright and IL-2Rbright positive cells were gated on B-cell variants. The CD69 is a type II C-type lectin involved in the migration of lymphocytes highly expressed upon activation in both T- and B-cells (31, 32). The CD69 bright cells increased in all gated B-cell subtypes upon chemotherapy and ICI compared to that in healthy controls (Figures 2C–E). The BTLA-negative regulator of activation was suppressed upon chemotherapy and ICI in CD19+CD20+ B-cells (Supplementary Figure S6) and CD79B+ B-cells, and only ICI led to the significant decrease in BTLA on activated B-cells (10.06 ± 7.72 vs. 22.72 ± 10.34 in controls) (Figures 2C–E). Representative viSNE plots show the downregulation of cell surface BTLA on Chem.- or ICI- treated samples on CD19+CD20+ B-cells (Supplementary Figure S6). The positive regulators of activation, both CD27 and IL-2Rbright populations, were significantly reduced upon chemotherapy or ICI in the average of the study cohorts on the surface of all investigated B-cell subtypes (Figures 2C–E).




Figure 2 | Expression profile of immune regulatory molecules on T- or B-cell subsets following platinum-based chemotherapy or PD-1 blockade. The PBMCs were purified from the peripheral blood of platinum-based chemotherapy (Chem.) or second- or multiple-line PD-1 blockade immunotherapy (ICI) patients and assayed for single- cell mass cytometry as described in Materials and Methods. The panel of the antibodies used for CyTOF is listed in Table 2. Manual gating was performed in Cytobank, and it is shown in Supplementary Figure S5. The T-cell (A, B) or B-cell subsets (C–E), positive for the expression of cell surface immune regulatory molecules CD40, CD69, CD138, CD86, Gal-3, PD-L1, CD28, BTLA, CD27, IL-2R, and CD127, are shown as the percentages of parental population. *p < 0.05, **p < 0.01, ***p < 0.001.



Following the frequencies of T- or B-cell subsets, marker expression intensities (arcsinh-transformed medians) were investigated. The negative regulator of immune activation BTLA was significantly decreased in CD3-CD19+ and CD19+CD20+ conventional B-cells, and in IgM+ B-cells, CD79B+, and in IgA+ B-cells (Figure 3A). In parallel, the CD69 involved in lymphocyte activation and migration was increased in CD3-CD19+ and CD19+CD20+ conventional B-cells, IgM+ B-cells, and in the B-cell receptor component CD79B+ B-cells (Figure 3B). However, for markers important for activation or extravasation, the IL-2R (CD25) was decreased in the cell surface of IgA+ B-cells and activated B-cells (Figure 3C), and similarly, the CD29 (beta 1 integrin) was also decreased in activated B-cells (Figure 3D).




Figure 3 | The expression intensity of BTLA, CD69, IL-2R, and CD29 on different B-cell subsets. The PBMCs were purified from the peripheral blood of platinum-based chemotherapy (Chem.) or multiple-line PD-1 blockade immunotherapy (ICI) patients and assayed for single- cell mass cytometry as described in Materials and Methods. The panel of the antibodies used for CyTOF is listed in Table 2. Manual gating was performed in Cytobank, and it is shown in Supplementary Figure S5. The median metal intensities for (A) BTLA, (B) CD69, (C) IL-2R, and (D) CD29 are proportional with marker densities on the surface of the analyzed B-cell subsets (A–D). *p < 0.05, **p < 0.01.



The CD4+ helper T-cells may support both the humoral and cellular arms of the immune defense against the malignant cells. The second- line anti-PD-1 blocking ICI therapy increased the TNF-α in CD4+ T-cells and in costimulatory OX40+/CD4+ or CD25+/CD4+ T-cell populations (Figure 4A). The IL-2R density also increased upon multiple-line ICI treatment on CD4+ T-cells or on CD4+/OX40+ T-cells (Figure 4B). The platinum-based chemotherapy increased CD69 expression on CD4+/CD25+ T-cells (Figure 4C).




Figure 4 | The expression intensities of TNF-α, IL-2R, and CD69 on different CD4+ T-cell subsets. The PBMCs were purified from the peripheral blood of platinum-based chemotherapy (Chem.) or multiple-line PD-1 blockade immunotherapy (ICI) patients and assayed for single- cell mass cytometry as described in Materials and Methods. The panel of the antibodies used for CyTOF is listed in Table 2. Manual gating was performed in Cytobank, and it is shown in Supplementary Figure S5. The median metal intensities for (A) TNF-α, (B) IL-2R, and (C) CD69 are proportional with marker expression intensities of the analyzed CD4+ T-cell subsets (A–C). *p < 0.05.







4 Discussion

The manifestation of most type of solid tumors occurs following the escape from immunosurveillance (33). A clinical study with 931 patients recruited between 2013 and 2020 identified a significant correlation between smoking shistory and higher tumor mutational burden in non-small cell lung cancer, lung adenocarcinoma (34). Additionally, in the case of lung cancer, the tobacco- smoking-generated airway inflammation further skews the polarization of immune cells to a tumor promoter phenotype (3, 21, 35). Previously, we have shown the immunomodulatory effect of cisplatin in triple negative murine breast cancer model reducing the emergence of splenic CD44+, IL-17A+ myeloid suppressor cells (25). Here, we focused on smoker human NSCLC, adenocarcinoma patients receiving platinum-based chemotherapy, or multiple-line PD-1 blocking immunotherapy. In our cross-sectional study, cisplatin or carboplatin were used as first-line platinum-based chemotherapeutics (Chem. group), or Nivolumab and Pembrolizumab were used for PD-1 blocking second- or multiple-line immunotherapy (ICI group) enrolled between November 2018 and June 2019. The OS of the ICI- treated patients was significantly improved (Supplementary Figure S1). We have developed a flow-cytometry-based assay to measure the humoral immunity against NSCLC-derived antigens. The human NSCLC cell lines (A549, H1975, and H1650) were incubated with NSCLC-patient-derived plasma and assayed for IgG antibodies bound on the surface of the NSCLC cell lines bearing putative NSCLC-related cell surface antigens. It has to be emphasized that using three different human cell lines instead of the corresponding patient- matched self-reactive tumor biopsy specimens to detect tumor reactive IgG level is a limitation of our study, but the access to patient-matched lung cancer fresh biopsy was not available. However, using the A549, H1975, and H1650 recipient cells, we were able to show a significant increase in NSCLC- reactive IgG antibodies in plasma upon chemotherapy and a tendentious increase upon multiple-line ICI therapy reaching up to 32% positivity of H1975 cells in one well-responder case. Further analysis of NSCLC tumor cell line reactive plasma samples of well- responder cases may help to identify IgG sequences for the development of therapeutic antibodies, but this work is beyond the capacities of our laboratory. Another important component of patient-derived plasma samples, soluble immune checkpoint mediators were quantitatively measured using the multiplex Luminex MagPix system. The lung cancer patients recruited for our cross-sectional study were in advanced stage receiving chemotherapy or second-line ICI following failed chemotherapy. Authors may suppose that this was the reason why the Chem. and ICI groups were not differentiated in terms of the plasma concentrations of the 17 soluble markers. However, the following markers were detected in significantly higher concentration of the plasma of Chem. group versus healthy non-smoker and smoker controls: BTLA, CD27, CD28, CD40, CD80, CD86, GITRL, ICOS, LAG-3, PD-1, PD-L1, and TLR-2. The following markers were detected in significantly higher concentration in the plasma of ICI group versus healthy non-smoker and smoker controls: CD27, CD28, CD40, GITRL, LAG-3, PD-1, PD-L1, and TLR-2. The increased concentration of CD80 and ICOS was present only in the Chem. group differentiating from the ICI group in relation with the controls. There was no marker showing significantly different concentration between the non-smoker controls and smoker controls. The functional categories of these soluble mediators represent immune checkpoint inhibitors such as BTLA, LAG-3, PD-1. PD-L1, and PD-L2; decoy TLR2 inhibiting innate activation upon danger signals; or costimulatory molecules such as CD27, CD28, CD40, CD80, CD86, GITRL, and ICOS (36–39). This mixed phenotype of the elevated inhibitory and costimulatory molecules may be associated with cancer-driven inflammation and may counteract with the success of ICI therapy. Next, we aimed to deeply analyze the immunophenotype of the peripheral immune system, comparing the PBMCs in Chem. group with multiple-line ICI- treated NSCLC patients using the state-of-the-art single cell mass cytometry (CyTOF). A mixed immunophenotype was detected, both the immunostimulatory effect of platinum-based chemotherapeutics and the exhaustion of CD4+ or CD8+ T-cells were shown. The BTLA was identified as a negative regulator of humoral immune activation inhibiting the IL-6 pathway (40, 41). Our CyTOF experiments showed downregulation of BTLA on conventional, CD19+; CD19+/CD20+ B-cells, IgM+; IgA+, or CD79B+ B-cells following the PD-1 blocking therapy. The increased expression of TNF-α or IL-2R in CD4+; CD4+/OX40+ T-cells showed the immunoactivation. However, one obstacle of cancer immunotherapy is the exhaustion of T-cells, which was shown by the decrease in CD27 and CD127 on CD8+ T-cells upon ICI therapy in our current study. Moreover, the IL-2R and CD29 were decreased on IgA+ or activated B-cells. The role of CD69 is controversial because it is a type II transmembrane glycoprotein with a C-type lectin domain that is a marker of early lymphocyte activation (42). However, deficiency in CD69 in animal models or targeting CD69 showed an attenuated tumor growth and improved anti-tumor immunity (43, 44). Therefore, CD69 is becoming a factor regulating anti-tumor immunity through T-cell exhaustion (45). In line with this, a study conducted on the Cancer Treatment Response gene signature DataBase revealed CD69 expression as a prognostic factor for responding to PD-1 blocking therapy (46). In our experiments, CD69 was upregulated in the percentages of CD4+CD25+ helper T-cells, conventional CD19+CD20+ B-cells, and in the frequency of CD79B+ B-cells, or activated B-Cells (CD19+, CD69bright IL-2Rbright). Analyzing the median expression intensities, the cell surface density of CD69 was also increased on B-cell subsets: on CD3-CD19+ and CD19+CD20+ conventional B-cells, IgM+ B-cells, and on the B-cell receptor component CD79B+ B-cells. B-cell activation may result in the production of tumor- specific antibodies, and B-cells can present antigens to CD4 or CD8 T-cells facilitating cellular immunity also (47). Higher CD69 expression on CD19+ B-cells was reported with longer survival in colorectal cancer (48).Understanding the complexity of the polarization of T- or B-cell subsets, myeloid cell types in response to ICI therapy is the focus of the current research. In agreement with our study, others reported also the “Janus” scenario regarding the anti-tumor immune response following ICI therapy. Sorin et al. published the spatial single- cell immunophenotyping of the tumor microenvironment of 27 NSCLC patients following ICI and found that CXCL13 expression on CD4+ T-cells was associated with good prognosis (49). Rahim et al. showed in head and neck squamous cell carcinoma that exhausted CD8+ T-cells reduced in frequency following ICI but localized nearer to DCs in the lymph nodes (50). Luo et al. identified CD103+ CD39+ T-cells in colorectal cancer patients with an exhausted but cytotoxic phenotype as a good prognosis in response to ICI therapy (51). Lavoie et al. showed that PD1 − CD4+ T cells had higher TNFα and higher CCR4 expression, while their PD1+ CD4+ T cells had higher interferon-γ and lower CCR4 expression in non-responder cases to ICI in urothelial and renal cell carcinoma (52). Xiao et al. analyzed 26 melanoma patients who underwent PD-1 blocking therapy and showed the abundance of CD27+ and TIM-3+ T-cells in the tumor microenvironment of well- responders. Sidiropoulos et al. analyzed the T-cell polarization states in pancreatic ductal adenocarcinoma, melanoma, and hepatocellular carcinoma upon immunotherapies and established single-cell trajectory inference and non-negative matrix factorization methods to CyTOF data to trace the dynamics of T- cell states (53). Their state-of-the art method is demonstrated to monitor patient-specific T-cell states including naive, memory, and effector T- cell phenotypes during immunotherapy.

Taken together, we could show the humoral immune activation in the Chem. group, since the anti-tumor IgG antibodies were significantly increased following chemotherapy (Figure 1). In line with this, CD69 and CD79 were also upregulated after chemotherapy on the cell surface of B-cells (Figure 2). The ICI therapy enhanced the effect of chemotherapy in the increase in IL-2R on CD4+CD25+ T-cells and increased the decline of CD27 on CD8+CD127 − T-cells (Figure 2). The ICI therapy potentiated the effect of chemotherapy in the decline of BTLA on B-cell subsets and in the increase in CD69 on B-cell subsets (Figure 3). Looking at Figure 4, it is also turned out that chemotherapy induced TNF-α in CD4+ T-cells, in CD4+OX40+ T-cells, and in CD4+CD25+ T-cells and that TNF-α induction was further increased by second-line ICI therapy. However, only ICI provided statistically significant TNF-a induction.

Finally, limitations of our study should be mentioned: (1) cell lines were used as a model system expressing putative NSCLC -related antigens, (2) second- or multiple-line application of PD-1 blockade therapy, (3) cross-sectional study without longitudinal follow-up of the soluble mediators or cell surface markers, (4) relatively small number of subjects in the study cohorts, and (5) the complex immunophenotyping of smoker but non-tumorous cases would be relevant, but in those cases, the appearance and disappearance of previous tumors could not be ruled out. Therefore, the authors suggest that the analysis of smoking on the immunophenotype without the manifestation of solid tumors should be a proposed future study. However, we could show the appearance of NSCLC tumor cell line reactive IgG antibodies in the plasma of the patients. The concentration of 17 soluble mediators, immune checkpoint regulators, were measured in advanced NSCLC patients. Moreover, single- cell mass cytometry showed a Janus-faced immunophenotype with the emergence of immune activation in line with T-cell exhaustion. Further research is warranted about the complex immunophenotype on first-line PD-1 blockade with prospective follow-up in comparison with platinum-based chemotherapy.





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 humans were approved by Ethics Committee of the National Public Health Center, Hungary under the 33815-7/2018/EÜIG Project identification code and by the Ethics Committee of the University of Szeged under the 163/2018-SZTE Project identification code. The studies were conducted in accordance with the local legislation and institutional requirements. The participants provided their written informed consent to participate in this study.





Author contributions

GL, LP, and GS conceived the project. GS and KS was involved in the experimental design. PN, NG, JB, LT, and JF performed the experiments. NG, PN, and GS analyzed the data. GS drafted the manuscript. All authors contributed to the article and approved the submitted version.





Funding

This research was funded by the 2020‐1.1.6‐JÖVŐ−2021‐00003 and 142877 FK22, KFI_16-1-2017-0105 grant from the National Research, Development, and Innovation Office (NKFI), Hungary. This work was supported by the János Bolyai Research Scholarship of the Hungarian Academy of Sciences BO/00582/22/8 (GS) and by the by the ÚNKP-23-5 -SZTE-694 New National Excellence Program of the Ministry for Innovation and Technology (GS). This manuscript was supported by the KDP-2021 Program of the Ministry for Innovation and Technology from the source of the National Research, Development and Innovation Fund for NG (C1764415).





Conflict of interest

LP is the CEO of Avidin Ltd. and GS an employee of CS-Smartlab-Devices Ltd.

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





Supplementary material

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fimmu.2023.1243233/full#supplementary-material




References

1. Mouronte-Roibas, C, Leiro-Fernandez, V, Fernandez-Villar, A, Botana-Rial, M, Ramos-Hernandez, C, and Ruano-Ravina, A. COPD. emphysema and the onset of lung cancer. A systematic review. Cancer Lett (2016) 382(2):240–4. doi: 10.1016/j.canlet.2016.09.002

2. Kenfield, SA, Wei, EK, Stampfer, MJ, Rosner, BA, and Colditz, GA. Comparison of aspects of smoking among the four histological types of lung cancer. Tob Control (2008) 17(3):198–204. doi: 10.1136/tc.2007.022582

3. Szalontai, K, Gemes, N, Furak, J, Varga, T, Neuperger, P, Balog, JA, et al. Chronic obstructive pulmonary disease: epidemiology, biomarkers, and paving the way to lung cancer. J Clin Med (2021) 10(13):2889. doi: 10.3390/jcm10132889

4. Gomes, M, Teixeira, AL, Coelho, A, Araujo, A, and Medeiros, R. The role of inflammation in lung cancer. Adv Exp Med Biol (2014) 816:1–23. doi: 10.1007/978-3-0348-0837-8_1

5. Peters, EN, Warren, GW, Sloan, JA, and Marshall, JR. Tobacco assessment in completed lung cancer treatment trials. Cancer (2016) 122(21):3260–2. doi: 10.1002/cncr.30223

6. Bodor, JN, Kasireddy, V, and Borghaei, H. First-line therapies for metastatic lung adenocarcinoma without a driver mutation. J Oncol Pract (2018) 14(9):529–35. doi: 10.1200/JOP.18.00250

7. Lee, SH. Chemotherapy for lung cancer in the era of personalized medicine. Tuberc Respir Dis (Seoul) (2019) 82(3):179–89. doi: 10.4046/trd.2018.0068

8. Borghaei, H, Paz-Ares, L, Horn, L, Spigel, DR, Steins, M, Ready, NE, et al. Nivolumab versus docetaxel in advanced nonsquamous non-small-cell lung cancer. N Engl J Med (2015) 373(17):1627–39. doi: 10.1056/NEJMoa1507643

9. Brahmer, J, Reckamp, KL, Baas, P, Crino, L, Eberhardt, WE, Poddubskaya, E, et al. Nivolumab versus docetaxel in advanced squamous-cell non-small-cell lung cancer. N Engl J Med (2015) 373(2):123–35. doi: 10.1056/NEJMoa1504627

10. Herbst, RS, Baas, P, Kim, DW, Felip, E, Perez-Gracia, JL, Han, JY, et al. Pembrolizumab versus docetaxel for previously treated, PD-L1-positive, advanced non-small-cell lung cancer (KEYNOTE-010): a randomised controlled trial. Lancet (2016) 387(10027):1540–50. doi: 10.1016/S0140-6736(15)01281-7

11. Mamdani, H, Matosevic, S, Khalid, AB, Durm, G, and Jalal, SI. Immunotherapy in lung cancer: current landscape and future directions. Front Immunol (2022) 13:823618. doi: 10.3389/fimmu.2022.823618

12. Fares, CM, Van Allen, EM, Drake, CG, Allison, JP, and Hu-Lieskovan, S. Mechanisms of resistance to immune checkpoint blockade: why does checkpoint inhibitor immunotherapy not work for all patients? Am Soc Clin Oncol Educ Book (2019) 39:147–64. doi: 10.1200/EDBK_240837

13. Lahiri, A, Maji, A, Potdar, PD, Singh, N, Parikh, P, Bisht, B, et al. Lung cancer immunotherapy: progress, pitfalls, and promises. Mol Cancer (2023) 22(1):40. doi: 10.1186/s12943-023-01740-y

14. Domagala-Kulawik, J. The role of the immune system in non-small cell lung carcinoma and potential for therapeutic intervention. Transl Lung Cancer Res (2015) 4(2):177–90. doi: 10.3978/j.issn.2218-6751.2015.01.11

15. Strauss, L, Sangaletti, S, Consonni, FM, Szebeni, G, Morlacchi, S, Totaro, MG, et al. RORC1 regulates tumor-promoting “Emergency” Granulo-monocytopoiesis. Cancer Cell (2015) 28(2):253–69. doi: 10.1016/j.ccell.2015.07.006

16. Szebeni, GJ, Vizler, C, Nagy, LI, Kitajka, K, and Puskas, LG. Pro-tumoral inflammatory myeloid cells as emerging therapeutic targets. Int J Mol Sci (2016) 17(11):1958. doi: 10.3390/ijms17111958

17. Szebeni, GJ, Vizler, C, Kitajka, K, and Puskas, LG. Inflammation and cancer: extra- and intracellular determinants of tumor-associated macrophages as tumor promoters. Mediat Inflamm (2017) 2017:9294018. doi: 10.1155/2017/9294018

18. Doz, E, Noulin, N, Boichot, E, Guenon, I, Fick, L, Le Bert, M, et al. Cigarette smoke-induced pulmonary inflammation is TLR4/MyD88 and IL-1R1/MyD88 signaling dependent. J Immunol (2008) 180(2):1169–78. doi: 10.4049/jimmunol.180.2.1169

19. Kearley, J, Silver, JS, Sanden, C, Liu, Z, Berlin, AA, White, N, et al. Cigarette smoke silences innate lymphoid cell function and facilitates an exacerbated type I interleukin-33-dependent response to infection. Immunity (2015) 42(3):566–79. doi: 10.1016/j.immuni.2015.02.011

20. Botelho, FM, Gaschler, GJ, Kianpour, S, Zavitz, CC, Trimble, NJ, Nikota, JK, et al. Innate immune processes are sufficient for driving cigarette smoke-induced inflammation in mice. Am J Respir Cell Mol Biol (2010) 42(4):394–403. doi: 10.1165/rcmb.2008-0301OC

21. Taucher, E, Mykoliuk, I, Lindenmann, J, and Smolle-Juettner, FM. Implications of the immune landscape in COPD and lung cancer: smoking versus other causes. Front Immunol (2022) 13:846605. doi: 10.3389/fimmu.2022.846605

22. Neuperger, P, Balog, JA, Tiszlavicz, L, Furak, J, Gemes, N, Kotogany, E, et al. Analysis of the single-cell heterogeneity of adenocarcinoma cell lines and the investigation of intratumor heterogeneity reveals the expression of transmembrane protein 45A (TMEM45A) in lung adenocarcinoma cancer patients. Cancers (Basel) (2021) 14(1):144. doi: 10.3390/cancers14010144

23. Balog, JA, Kemeny, A, Puskas, LG, Burcsar, S, Balog, A, and Szebeni, GJ. Investigation of newly diagnosed drug-naive patients with systemic autoimmune diseases revealed the cleaved peptide tyrosine tyrosine (PYY 3-36) as a specific plasma biomarker of rheumatoid arthritis. Mediat Inflamm (2021) 2021:5523582. doi: 10.1155/2021/5523582

24. Toth, ME, Dukay, B, Peter, M, Balogh, G, Szucs, G, Zvara, A, et al. Male and female animals respond differently to high-fat diet and regular exercise training in a mouse model of hyperlipidemia. Int J Mol Sci (2021) 22(8):4198. doi: 10.3390/ijms22084198

25. Balog, JA, Hackler, L Jr., Kovacs, AK, Neuperger, P, Alfoldi, R, Nagy, LI, et al. Single cell mass cytometry revealed the immunomodulatory effect of cisplatin via downregulation of splenic CD44+, IL-17A+ MDSCs and promotion of circulating IFN-gamma+ Myeloid cells in the 4T1 metastatic breast cancer model. Int J Mol Sci (2019) 21(1):170. doi: 10.3390/ijms21010170

26. Alfoldi, R, Balog, JA, Farago, N, Halmai, M, Kotogany, E, Neuperger, P, et al. Single Cell Mass Cytometry of Non-Small Cell Lung Cancer Cells Reveals Complexity of In vivo And Three-Dimensional Models over the Petri-dish. Cells (2019) 8(9):1093. doi: 10.3390/cells8091093

27. Balog, JA, Honti, V, Kurucz, E, Kari, B, Puskas, LG, Ando, I, et al. Immunoprofiling of drosophila hemocytes by single-cell mass cytometry. Genomics Proteomics Bioinf (2021) 19(2):243–52. doi: 10.1016/j.gpb.2020.06.022

28. Kovacs-Solyom, F, Blasko, A, Fajka-Boja, R, Katona, RL, Vegh, L, Novak, J, et al. Mechanism of tumor cell-induced T-cell apoptosis mediated by galectin-1. Immunol Lett (2010) 127(2):108–18. doi: 10.1016/j.imlet.2009.10.003

29. Hato, SV, Khong, A, de Vries, IJ, and Lesterhuis, WJ. Molecular pathways: the immunogenic effects of platinum-based chemotherapeutics. Clin Cancer Res (2014) 20(11):2831–7. doi: 10.1158/1078-0432.CCR-13-3141

30. Rebe, C, Demontoux, L, Pilot, T, and Ghiringhelli, F. Platinum derivatives effects on anticancer immune response. Biomolecules (2019) 10(1):13. doi: 10.3390/biom10010013

31. Zimmermann, M, Rose, N, Lindner, JM, Kim, H, Goncalves, AR, Callegari, I, et al. Antigen extraction and B cell activation enable identification of rare membrane antigen specific human B cells. Front Immunol (2019) 10:829. doi: 10.3389/fimmu.2019.00829

32. Vazquez, BN, Laguna, T, Carabana, J, Krangel, MS, and Lauzurica, P. CD69 gene is differentially regulated in T and B cells by evolutionarily conserved promoter-distal elements. J Immunol (2009) 183(10):6513–21. doi: 10.4049/jimmunol.0900839

33. Starzer, AM, Preusser, M, and Berghoff, AS. Immune escape mechanisms and therapeutic approaches in cancer: the cancer-immunity cycle. Ther Adv Med Oncol (2022) 14:17588359221096219. doi: 10.1177/17588359221096219

34. Wang, X, Ricciuti, B, Nguyen, T, Li, X, Rabin, MS, Awad, MM, et al. Association between smoking history and tumor mutation burden in advanced non-small cell lung cancer. Cancer Res (2021) 81(9):2566–73. doi: 10.1158/0008-5472.CAN-20-3991

35. Liang, F, Wang, GZ, Wang, Y, Yang, YN, Wen, ZS, Chen, DN, et al. Tobacco carcinogen induces tryptophan metabolism and immune suppression via induction of indoleamine 2,3-dioxygenase 1. Signal Transduct Target Ther (2022) 7(1):311. doi: 10.1038/s41392-022-01127-3

36. Ning, Z, Liu, K, and Xiong, H. Roles of BTLA in immunity and immune disorders. Front Immunol (2021) 12:654960. doi: 10.3389/fimmu.2021.654960

37. Nandi, D, Pathak, S, Verma, T, Singh, M, Chattopadhyay, A, Thakur, S, et al. T cell costimulation, checkpoint inhibitors and anti-tumor therapy. J Biosci (2020) 45:50. doi: 10.1007/s12038-020-0020-2

38. Nocentini, G, and Riccardi, C. GITR: a modulator of immune response and inflammation. Adv Exp Med Biol (2009) 647:156–73. doi: 10.1007/978-0-387-89520-8_11

39. Henrick, BM, Yao, XD, Taha, AY, German, JB, and Rosenthal, KL. Insights into soluble toll-like receptor 2 as a downregulator of virally induced inflammation. Front Immunol (2016) 7:291. doi: 10.3389/fimmu.2016.00291

40. Chen, YL, Lin, HW, Chien, CL, Lai, YL, Sun, WZ, Chen, CA, et al. BTLA blockade enhances Cancer therapy by inhibiting IL-6/IL-10-induced CD19(high) B lymphocytes. J Immunother Cancer (2019) 7(1):313. doi: 10.1186/s40425-019-0744-4

41. Stienne, C, Virgen-Slane, R, Elmen, L, Veny, M, Huang, S, Nguyen, J, et al. Btla signaling in conventional and regulatory lymphocytes coordinately tempers humoral immunity in the intestinal mucosa. Cell Rep (2022) 38(12):110553. doi: 10.1016/j.celrep.2022.110553

42. Kimura, MY, Hayashizaki, K, Tokoyoda, K, Takamura, S, Motohashi, S, and Nakayama, T. Crucial role for CD69 in allergic inflammatory responses: CD69-Myl9 system in the pathogenesis of airway inflammation. Immunol Rev (2017) 278(1):87–100. doi: 10.1111/imr.12559

43. Esplugues, E, Sancho, D, Vega-Ramos, J, Martinez, C, Syrbe, U, Hamann, A, et al. Enhanced antitumor immunity in mice deficient in CD69. J Exp Med (2003) 197(9):1093–106. doi: 10.1084/jem.20021337

44. Wei, SM, Pan, HL, Wang, L, Yin, GL, Zhong, K, Zhou, Y, et al. Combination therapy with dendritic cell-based vaccine and anti-CD69 antibody enhances antitumor efficacy in renal cell carcinoma-bearing mice. Turk J Med Sci (2017) 47(2):658–67. doi: 10.3906/sag-1601-198

45. Mita, Y, Kimura, MY, Hayashizaki, K, Koyama-Nasu, R, Ito, T, Motohashi, S, et al. Crucial role of CD69 in anti-tumor immunity through regulating the exhaustion of tumor-infiltrating T cells. Int Immunol (2018) 30(12):559–67. doi: 10.1093/intimm/dxy050

46. Hu, ZW, Sun, W, Wen, YH, Ma, RQ, Chen, L, Chen, WQ, et al. CD69 and SBK1 as potential predictors of responses to PD-1/PD-L1 blockade cancer immunotherapy in lung cancer and melanoma. Front Immunol (2022) 13:952059. doi: 10.3389/fimmu.2022.952059

47. Patel, AJ, Richter, A, Drayson, MT, and Middleton, GW. The role of B lymphocytes in the immuno-biology of non-small-cell lung cancer. Cancer Immunol Immunother (2020) 69(3):325–42. doi: 10.1007/s00262-019-02461-2

48. Xu, Y, Wei, Z, Feng, M, Zhu, D, Mei, S, Wu, Z, et al. Tumor-infiltrated activated B cells suppress liver metastasis of colorectal cancers. Cell Rep (2022) 40(9):111295. doi: 10.1016/j.celrep.2022.111295

49. Sorin, M, Karimi, E, Rezanejad, M, Yu, MW, Desharnais, L, McDowell, SAC, et al. Single-cell spatial landscape of immunotherapy response reveals mechanisms of CXCL13 enhanced antitumor immunity. J Immunother Cancer (2023) 11(2):e005545. doi: 10.1136/jitc-2022-005545

50. Rahim, MK, Okholm, TLH, Jones, KB, McCarthy, EE, Liu, CC, Yee, JL, et al. Dynamic CD8(+) T cell responses to cancer immunotherapy in human regional lymph nodes are disrupted in metastatic lymph nodes. Cell (2023) 186(6):1127–43 e18. doi: 10.1016/j.cell.2023.02.021

51. Luo, Y, Zong, Y, Hua, H, Gong, M, Peng, Q, Li, C, et al. Immune-infiltrating signature-based classification reveals CD103(+)CD39(+) T cells associate with colorectal cancer prognosis and response to immunotherapy. Front Immunol (2022) 13:1011590. doi: 10.3389/fimmu.2022.1011590

52. Lavoie, JM, Baichoo, P, Chavez, E, Nappi, L, Khalaf, D, Kollmannsberger, CK, et al. Comprehensive immune profiling of patients with advanced urothelial or renal cell carcinoma receiving immune checkpoint blockade. Front Oncol (2022) 12:973402. doi: 10.3389/fonc.2022.973402

53. Sidiropoulos, DN, Stein-O’Brien, GL, Danilova, L, Gross, NE, Charmsaz, S, Xavier, S, et al. Integrated T cell cytometry metrics for immune-monitoring applications in immunotherapy clinical trials. JCI Insight (2022) 7(19):e160398. doi: 10.1172/jci.insight.160398




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 Neuperger, Szalontai, Gémes, Balog, Tiszlavicz, Furák, Lázár, Puskás and Szebeni. 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.2023.1243233_cover.jpg
& frontiers | Frontiers in Immunology

Single-cell mass cytometric analysis of
peripheral immunity and multiplex plasma
marker profiling of non-small cell lung
cancer patients receiving PD-1 targeting
immune checkpoint inhibitors in comparison
with platinum-based chemotherapy





OEBPS/Text/toc.xhtml


  

    Table of Contents



    

		Cover



      		

        Single-cell mass cytometric analysis of peripheral immunity and multiplex plasma marker profiling of non-small cell lung cancer patients receiving PD-1 targeting immune checkpoint inhibitors in comparison with platinum-based chemotherapy

      

        		

          Introduction

        



        		

          Methods

        



        		

          Results

        



        		

          Discussion

        



        		

          1 Introduction

        



        		

          2 Materials and methods

        

          		

            2.1 Cell culturing

          



          		

            2.2 Study design

          



          		

            2.3 Ethical statement

          



          		

            2.4 PBMC isolation

          



          		

            2.5 Tumor- cell- specific antibody binding assay

          



          		

            2.6 Measurement of plasma proteins

          



          		

            2.7 Cell preparation for CyTOF (cytometry by time-of-flight)

          



          		

            2.8 Antibody staining

          



          		

            2.9 CyTOF data acquisition and data preprocessing

          



          		

            2.10 Statistical analysis

          



        



        



        		

          3 Results

        

          		

            3.1 Platinum-based chemotherapy and second- or multiple-line PD-1 blockade of well-responders increased humoral immunity in NSCLC patients

          



          		

            3.2 The pattern of immune-oncology mediators in the plasma of platinum-based chemotherapy and second- or multiple-line PD-1 blockade- treated patients

          



          		

            3.3 The effect of first-line platinum-based chemotherapy or multiple-line PD-1 blockade on the peripheral immunophenotype detected by single cell mass cytometry

          



        



        



        		

          4 Discussion

        



        		

          Data availability statement

        



        		

          Ethics statement

        



        		

          Author contributions

        



        		

          Funding

        



        		

          Conflict of interest

        



        		

          Supplementary material

        



        		

          References

        



      



      



    



  



OEBPS/Images/fimmu-14-1243233-g002.jpg
CD8+CD127-T cells

CD4+CD25+ T cells

e £ E
I ElE
§&¢g oo e
& <
wvx L %
* ——l * N
Q >
5 %
s O
o 2 e
% @ &
3 3 a,
p3 o0 2
x
m.Oo‘ w \V,O
Ze, ~ a Y
o w Y
9
K &
(%) %00
&
7 0,
. % % axoo
2 * )
(%) <)
% %
Orv =3 =3 =3 =] =] ] otv
8 8 8 8 & ° g€ 8 &8 § &
(s1192 aapisod jo %) (s1192 annisod jo %)
uojissaldxa saxiey uolssaidxa saxeN
[a]
g S S
2§ £5 _ g3 _
868 ooe oo
t_u_n — ¥
* _”.x C — i H* C
*
* [—— ]
¥ * _H* C 3
< o
a o
-]
g g
2 ®
a = 2
° g
* * ﬁ
il:c Her
s 9 9 @ o o
8§ 8 3 ¥ ] ° g 8 8 % R® g 8 8 ¥ ®
S99 aARisod Jo ¢ (s1192 aanisod jo %) (s1192 @Anisod Jo %)
(S isod so %) o . w uojssaidxa Jaxiel

uoissaidxa JaxJep uoissaldxa Jaylep





OEBPS/Images/crossmark.jpg
©

2

i

|





OEBPS/Images/table2.jpg
Marker Clone Metal tag ol
Gal-1 2C1/6 Hipy Monostori’s lab (28)
CD40 5C3 2Nd Fluidigm
CD5 SK1 "Nd Fluidigm
CD69 FN50 MNd Fluidigm
CD138 DL-101 MoNd Fluidigm
CDllc 39 16Nd Fluidigm
CD20 2H7 Sm Fluidigm
IgA Polyclonal M8Nd Fluidigm
CD86 1T2.2 1%°Nd Fluidigm

HLA-DR G46-6 'Eu Fluidigm
TNE-o. Mab11 *2Sm Fluidigm

Mac-2/Gal-3 M3/38 **Eu Fluidigm
CD3 UCHT1 1>4Sm Fluidigm
CD279 (PD-1) EH122H7 %5Gd Fluidigm
1L-6 MQ2-13AS 1%6Gd Fluidigm
CD134 (OX40) ACT35 1%8Gd Fluidigm
CD274 (PD-L1) 29E.2A3 T Fluidigm
CD28 CD282 '9Gd Fluidigm
CD80 (B7-1) 2D10.4 elpy Fluidigm
CD79B CB3-1 12py Fluidigm
CD272 (BTLA) NIH26 18py Fluidigm
CD19 HIB19 1 Ho Fluidigm
L2 MQl-17H12 166y Fluidigm
CD27 L-128 167gy Fluidigm
CD8a SK1 169y Fluidigm
CD25 (IL-2R) 2A3 1 i Fluidigm
CD152 (CTLA-4) 14D3 170y Fluidigm

Granzyme B GB11 7y Fluidigm
IgM MHM-88 72Yb Fluidigm
CD4 SK3 7y Fluidigm
Perforin B-D48 7Ly Fluidigm
CD127 A019D5 7syh Fluidigm
CD16 3G8 209B; Fluidigm
CD45 HI30 2y Fluidigm
CD45 HI30 '2cd Fluidigm
CD45 HI30 '2cd Fluidigm
CD45 HI30 H4cd Fluidigm

CD45 HI30 ecd Fluidigm
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Marker

BTLA

CD27

CD28

CD40

CD80/B7-1

CD86/B7-2

CTLA-4

GITR

GITRL

HVEM

1COos

PD-L1

PD-L2

TIM-3

TLR-2

Cohort

Cont.
Smoker control
Chem.

ICI
Cont.
Smoker control
Chem.

ICI
Cont.
Smoker control
Chem.
1CI
Cont.
Smoker control
Chem.

ICI
Cont.
Smoker control
Chem.

ICI
Cont.
Smoker control
Chem.

(o
Cont.
Smoker control
Chem.

ICI
Cont.
Smoker control
Chem.

ICI
Cont.
Smoker control
Chem.
1CI
Cont.
Smoker control
Chem.

ICI
Cont.
Smoker control
Chem.

ICI
Cont.
Smoker control
Chem.

ICI
Cont.
Smoker control
Chem.

ICI
Cont.
Smoker control
Chem.

ICI
Cont.
Smoker control
Chem.

ICI
Cont.
Smoker control
Chem.

ICI
Cont.
Smoker control
Chem.

ICI

Mean (pg/ml)

2,644
2622
7,168
6,283
6634
562.8
1,416
1,307
6,308
6224
17,623
17,726
3227
260.1
6333
6156
456.1
4166
1,063
955.7
1,440
1,110
4,920
4412
168
1673
4693
4257
366.4
405.1
1,363
1,370
1,798
1,582
3,790
3,859
538.3
3747
981.4
9237
2911
2913
7,712
6,564
35,046
30,775
84,508
88,290
1,318
1,158
3,766
4763
3221
3239
986.5
9553
4,934
3,753
5,588
5,407
9743
645
1,526
1512
2,754
2407
8,641

7,750

2,773
1,384
3,467
1,999
417
3153
4289
404.5
6,304
3,957
9,540
7,738
143.2
1118
155.7
146.5
457.3
228.4
455.8
286.6
1,944
695.8
3,020
2,159
206.2
99.0
243.9
163.5
508.9
2743
799.4
712.4
1,439
807.3
1,411
1,061
193.7
181.6
3755
348
3,449
1,834
3,989
2,126
36,480
18,096
33,650
21,631
1,489
681.9
1,906
1,383
398.8
197
481.2
351
571.1
672.7
867
896.8
3324
183.9
454.6
556
3,170
1,630
4,289

3,145

Cl (95%)
0
660.2 4628
1,559 -3,686
4,688 -9,649
4,853 -7,713
365.1 -961.7
320.5 -805.2
1,109 -1,723
1,018 1,597
1,799 -10,818
3,182 -9,265
10,798 24,447
12,190 -23,261
220.3 -425.2
174.2 -346.1
522 -744.6
510.8 -720.4
129 -783.2
241 -592.1
737.1 -1,389
750.7 -1,161
49.44 -2,831
574.7 -1,644
2,760 -7,080
2,868 -5,957
20.46 -315.5
91.21 -243.7
294.9 -643.8
308.8 -542.6
237 -7304
194.3 -616.0
791.4 -1,935
859.9 -1,879
768.9 -2,828
961.2 -2,202
2,781 -4,800 ‘
3,100 -4,617 ‘
399.7 -676.8 ‘
235.1 -514.4
712.8 -1,250
674.7 -1,173
444.3 -5,378
1,503 -4,323
4,858 -10,566
5,043 -8,084
8,950 -61,142

16,866 ~44,685

60,437 ~108,580

72,816 -103,763

252.5-2,383
633.6 -1,682
2,403 -5,130
3,773 -5,752
36.78 -607.4
172.5 -475.3
642.3 -1,331
704.2 -1,206
4,525 -5,342
3,236 -4,270
4,967 -6,208
4,766 -6,049
736.5 -1,212
503.7 -786.4
1,201 -1,852
1,114 -1,910
486.1 -5,022
1,154 -3,660
5,573 - 11,710

5,500 -10,000

The arithmetic means (Mean), standard deviation (SD), and the standard error of the mean (SEM) of the plasma marker concentrations were calculated. The multiple comparisons of the
concentrations of each marker were carried out by the Kruskal-Wallis test. Significant differences are labeled in Supplementary Figure S4. The 95% confidence intervals (CI, 95%) were calculated

for each marker in all groups, separately.
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Subjects

Control

Smoker
Control

Chem.

ICI

Age
(years)
Median
+ SD

60.5 £ 7.6

54+73

673 +5.6

65.1 £ 5.0

Female

50%

66%

40%

50%

Lung cancer histology

none

none

50% adenocarcinoma 50% squamous
cell c.

60% adenocarcinoma, 30% squamous
cell, c. 10% adenocarcinoma +
squamous cell c.

Therapy

See details in
Supplementary
Table S1

none

none

Cisplatin, or Carboplatin,
or combined with
Pemetrexed, or
Gemgcitabine

Second-line Nivolumab or
Pembrolizumab, min. 6
cycles

Progression- free sur-
vival to initial therapy
(month)

Median + SD

Not relevant

Not relevant

11+134

11259

Overall
survival
(month)
Median +
SD

Not relevant

Not relevant

14 +£205
months

59.5 £45.8
months





