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Abstract

:

Melanoma is a carcinoma known to evade the host immune defenses via the downregulation of the immune response. One of the molecules involved in this mechanism is programmed cell death ligand 1 (PD-L1), which interacts with its receptor, programmed cell death protein 1 (PD-1), expressed on T cells, leading to a reduction in cytokine release and cytotoxic activity, as well as a halt in T-cell proliferation. The approved therapeutic monoclonal antibodies, such as pembrolizumab, target the PD-1/PD-L1 interaction and are revolutionizing cancer treatments. We developed an assay that provides a quantitative readout of PD-1/PD-L1 interactive states between cell membranes of human immune cells (peripheral blood mononuclear cells, PBMCs) and PD-L1-expressing samples. For this purpose, cell membrane microarrays (CMMAs) were developed from membranes isolated from a HT144 cell line and melanoma samples, and PD-L1 expression was quantified using immunofluorescence (IF). CMMAs were incubated with cell membranes of PBMCs expressing PD-1, and the interaction with PD-L1 was quantified by time-resolved Förster resonance energy transfer, in the presence and absence of pembrolizumab as a blocking drug. The developed assay was able to quantify the PD-1/PD-L1 interaction, and this engagement was disrupted in the presence of the blocking antibody. This demonstrates the potential of the method to analyze monoclonal antibody drugs, as well as the functional states of immune checkpoint regulators. Furthermore, our findings provide evidence to support the future implementation of this methodology for both drug discovery and immune system monitoring in cancer, transplantation, and inflammatory and autoimmune diseases.
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1. Introduction


Protein–protein interactions are important signaling events in pathologies such as autoimmune disease, inflammation, transplant rejection, and cancer. Melanoma, non-small-cell lung carcinoma (NSCLC), and clear-cell renal cell carcinoma (ccRCC) are amongst a subset of carcinomas known to evade the host immune defenses via the manipulation of the immune system, leading to the downregulation of the immune response against the tumor. Key players in developing this adaptive immune resistance are programmed death receptor 1 (PD-1) and its complementary ligand, programmed death ligand 1 (PD-L1). PD-1 is a single-pass type I membrane protein with 288 residues, which is expressed on T cells, B cells, and NK cells, among others; its expression is upregulated on exhausted T cells. PD-L1 is also a single-pass type I membrane protein with 290 residues, which is overexpressed in different types of cancer, including melanoma, lung, and kidney, in an inflammation-dependent manner. The interaction of PD-1 with its ligand results in reduced cytokine release and cytotoxic activity and halted T-cell proliferation [1,2,3,4,5].



Immunotherapy targeted against PD-1/PD-L1 has revolutionized cancer treatments, and anti-PD-1 therapies (nivolumab/pembrolizumab) have improved clinical outcomes in many cancers, such as advanced melanoma. However, approximately 60–70% of patients do not respond, possibly due to intrinsic resistance or the absence of T cells in the tumor; these patients would not experience benefit from anti-PD-1 blockade [6]. Response rates to immune checkpoint inhibitor (ICI) treatment for many tumors fall within 20% to 40%. Thus, the primary resistance or nonresponse to ICIs clearly remains a critical issue [5].



Tumor cell PD-L1 expression levels are currently the most commonly used biomarker in cancer. A high expression of PD-L1 in tumor cells is usually associated with a more aggressive tumor phenotype and supports its role in immune escape; however, in some cancers, such as malignant melanoma and ccRCC, this paradigm has not proven to be as relevant as in other neoplasia, such as lung cancer. Indeed, tumor PD-L1 expression alone is considered to be a poor predictive marker of efficacy outcomes in this population and, alone, cannot be used for patient selection [7,8,9]. This could be due to intrinsic resistance or the absence of T cells in the tumor [6,10].



The ability to investigate proteins and their interactions in cells and tissues can offer profound insights into the function of cellular processes and the alterations of normal processes in disease. A novel antibody-based assay to quantify the PD-1/PD-L1 interaction in cell cultures and malignant tissue samples was developed and tested. It is an imaging assay that provides a quantitative readout of protein–protein interaction between cells at a 10 nm distance. iFRET (immune-FRET) employs a two-site, cell–cell amplified Förster resonance energy transfer (FRET) method, detected by fluorescence lifetime imaging microscopy (FRET/FLIM), enabling stringent patient stratification to immunotherapy [11].



CMMA can be used to support membrane protein studies [12], since the integrity of the cell membrane and the conservation of the lipid environment remain stable, allowing a physiological analysis of receptor functional states [13]. It should be noted that CMMA has already been successfully used in several studies to measure the expression and functional activity of membrane proteins [13,14,15]. In addition, this miniaturized high-throughput tool allows the use of scarce samples to generate hundreds of microarrays that can be employed to perform consecutive analyses. Thus, this technology enables the simultaneous determination of the expression and interaction of PD-1/PD-L1 in different types of samples, using a single assay and the small amount of sample available. The PD-1/PD-L1 interaction was quantified using CMMA derived from cell lines and tumor samples were incubated with PBMC membranes in the presence and absence of pembrolizumab as a blocking drug. The different levels of interaction were determined on the basis of FRET efficiency values.



PD-1/PD-L1 interaction was used as a molecular model for protein–protein interaction assessment in CMMA co-incubated with PBMC membranes. Our findings illustrate a novel strategy for quantifying protein–protein interactions in model membranes without the need for living cells. The obtained results revealed that the PD-1/PD-L1 interaction can be detected using the assay developed based on iFRET, PBMC membranes, and CMMA from cell lines and melanoma samples. Thus, the method opens a new approach to quantifying protein–protein interactions, using this model membrane system for monitoring patient immune response. This assay could, a priori, be used to stratify patients in any immune-dysregulated pathology, such as cancer, autoimmune diseases, inflammation, and transplant rejection.




2. Materials and Methods


2.1. Antibodies and Reagents


Monoclonal antibodies, mouse anti-hPD-1 (ab52587), and rabbit anti-hPD-L1 (ab205921) were purchased from Abcam (Cambridge, UK). Pierce endogenous peroxidase suppressor (35,000), an Alexa Fluor Tyramide SuperBoost Kit (B40925), and Prolong Glass antifade mount (P36984) were obtained from Thermo Fisher Scientific (Waltham, MA, USA). AffiniPure F(ab′)2 fragment donkey anti-mouse IgG and peroxidase-conjugated AffiniPure F(ab′)2 fragment donkey anti-rabbit IgG were purchased from Jackson Immuno Research Laboratories (Baltimore, PA, USA). ATTO 488 NHS ester was purchased from Merck and was conjugated to the AffiniPure F(ab′)2 IgG, as described [15].




2.2. Tissue Samples and Reagents


The samples used for CMMA construction were the HT144 cell line, human melanoma samples, and rat brain cortex tissue. The samples were obtained, respectively, from AMSBIO (Abingdon, UK) and the University of the Basque Country (UPV/EHU, Leioa, Spain); PBMCs used for the study of PD-1/PD-L1 interaction were also acquired from AMSBIO (Abingdon, UK). When obtained, all samples were treated as described below for membrane extraction.




2.3. Cell Membrane Microarray


The microarrays were composed of a collection of cell membrane homogenates isolated from a biopsy of human melanoma samples, HT144 human cells, and rat cerebral cortex tissue. Membrane homogenates were obtained following established protocols [16,17]. Briefly, samples were homogenized using a Teflon-glass grinder (Heidolph RZR 2020) or a disperser (Ultra-Turrax T10 basic, IKA) in 20 volumes of homogenized buffer (1 mM EGTA, 3 mM MgCl2, and 50 mM Tris-HCl, pH 7.4) supplemented with 250 mM sucrose. The crude homogenate was subjected to a 1500× g centrifugation (AllegraTM X 22R centrifuge, Beckman Coulter) for 5 min at 4 °C, and the resultant supernatant was centrifuged at 18,000× g (Microfuge 22R centrifuge, Beckman Coulter) for 15 min (4 °C). The pellet was washed in 20 volumes of homogenized buffer and re-centrifuged under the same conditions, once at 1500× g and then the supernatant at 18,000× g. The tubes were finally decanted, and the pellets containing the membrane homogenates were frozen at −80 °C, except for one aliquot, which was used to determine the protein concentration. The protein concentration was measured using the Bradford method [13,18] and adjusted to 10 mg/mL for microarray printing.



The membrane homogenates of each sample were resuspended in buffer and printed (7 nL/spot) onto glass slides using a noncontact microarrayer (Nanoplotter NP 2.1) with a piezoelectric tip. Before the printing step, the slides were activated with an acid treatment to make the surface hydrophobic, and washed, dried, and stored at 20 °C (EP2048534A4). Three replicates of the three samples (rat cortex, HT144, and melanoma) were printed in each CMMA. Two CMMAs were printed on each slide, in order to adapt the microarray format to the conventional tools used in low density tissue microarray experiments. The printing was carried out under controlled humidity (60%) at 4 °C, and CMMAs were stored at −20 °C until usage. A total of 80 microarrays were printed for the optimization of the PD-1/PD-L1 interaction assay, as well as for the quality control analyses. For this purpose, lipidomic analysis, functional coupling assays of two GPCRs (cannabinoid CB1 and histamine H4 receptors), and immunodetection of histamine H4 receptors were performed using consecutive microarrays for PD-1/PD-L1 interaction (Appendix A).




2.4. Time-Resolved Immune-Amplified Förster Resonance Energy Transfer (iFRET) Detected by Fluorescence Lifetime Imaging Microscopy (FLIM)


iFRET relies on a two-site labeling assay, in which two primary monoclonal antibodies are used to detect the receptor (PD-1) and ligand (PD-L1). These antibodies are then stained with Fab fragments conjugated to the donor chromophore: ATTO488 for PD-1, and horseradish peroxidase (HRP) for PD-L1. Tyramide signal amplification is then used to label HRP with the acceptor chromophore ALEXA594. The conjugation of the chromophores to Fab fragments, which bind to the two primary antibodies, allows the critical FRET distance of 10 nm or less to be maintained and provides the appropriate tool for measuring protein–protein interactions.



A Nikon Eclipse Ti widefield light microscope with multiple-frequency-domain FLIM (Lambert Instruments) was used to carry out all acquisitions. The excited-state lifetime of the donor fluorophore (ATTO488) was measured in the absence and presence of the acceptor fluorophore, termed the donor only (τD) and donor/acceptor (τDA), respectively. Excitation sources included both a 40 MHz modulated 473 nm diode laser and a mercury (Hg) source with a TRITC filter for ATTO488 and ALX594 fluorophores, respectively. The 473 nm laser provided both donor intensity and lifetime (τ measurements, while Hg readouts simply provide acceptor intensities). The experiments were performed using a 63× Nikon Apo TIRF objective with a numerical aperture (NA) of 1.49. The acquisition parameters were an exposure time of 250 ms and a peak power of 32 mW for the 473 nm laser, while, for the Hg source, the exposure time was 10 ms.



Using a semiautomated, high-throughput mfFLIM platform from FASTBASE Solutions S.L. (Derio, Spain), each region of interest in the CMMA was mapped according to its XY-coordinates on the slide, thus generating a mapping file [19,20]. Phase lifetimes, average intensities, and lifetime images were calculated automatically. A decrease in donor lifetime (τD) in the presence of the acceptor chromophore (τDA) is indicative of resonance energy transfer. FRET efficiency (Ef %) values were calculated using the following equation, where τD and τDA are the lifetimes of the donor in the absence and presence of the acceptor, respectively:


  E f  ( % )  =  [  1 −  (    τ D A   τ D    )   ]  × 100 .  



(1)








2.5. FRET-FLIM Assay for PD-1/PD-L1 Interaction in Cell Membrane Microarrays


CMMAs with human PD-L1-embedded membranes were performed using cell membranes isolated from a melanoma biopsy, HT144 cell line, and, as a negative control, rat cortex. CMMAs were incubated overnight at 37 °C in a humidified chamber with cell membranes isolated from human PBMCs in the presence and absence of 25 μg/mL of pembrolizumab (anti-PD-1 blocking antibody) to inhibit PD-1/PD-L1 interactions. The membranes of the PBMCs were isolated following the protocol previously detailed in the Cell Membrane Microarray section.



The unbound membranes were removed, and CMMAs were washed twice for 5 min with phosphate-buffered saline (PBS). They were fixed with 4% paraformaldehyde (PFA) for 12 min. The PFA was then removed, and the CMMAs were washed thrice for 5 min with PBS. CMMAs were then incubated with endogenous peroxidase suppressor from Thermo Fischer (35,000, Waltham, MA, USA), for 30 min at room temperature (RT), to quench the endogenous peroxidases. Then, they were washed with PBS and subsequently incubated with 1% (10 mg/mL) bovine serum albumin (BSA) for 1 h at RT. Therefore, slides were washed thrice in PBS. Two consecutive CMMAs were labeled, one with the donor antibodies and the other with both donor and acceptor antibodies.



Primary antibody staining was carried out by adding mouse anti-PD-1 (1:100 in BSA) to the donor only (D) slide. Meanwhile, the donor acceptor (D/A) slide was labeled with both mouse anti-PD-1 (1:100 in BSA) and rabbit anti-PD-L1 (1:500 in BSA). The CMMAs were incubated overnight at 4 °C with the antibodies. Then, they were washed twice with PBS containing 0.02% Tween-20 (PBST). Secondary Fab fragments were added; the D slides were labeled with anti-mouse FabATTO488 (1:20), and the D/A slides were labeled with FabATTO488 (1:20) and anti-rabbit FabHRP (1:200). The CMMAs were incubated for 2 h at RT, and then washed twice with PBST and once with PBS.



Tyramide signal amplification (TSA) was performed on the D/A slides at RT in the dark, via the addition of Alexa594-conjugated tyramide diluted in reaction buffer (1:100) in the presence of H2O2. The reaction was stopped after 20 min using the reaction stop buffer, and the CMMAs were washed thrice with PBS. All CMMAs were then mounted using a Prolong Glass anti-fade mount and allowed to cure overnight at RT, protected from light.




2.6. Data Normalization


The protein content of the membrane homogenates was measured using the Coomassie brilliant blue protein-binding method [17], with bovine serum albumin as a standard. After printing membrane homogenates on the slides, the protein concentration was recalculated using the Bradford method adapted to CMMAs. Briefly, CMMAs were dried for 15 min and incubated in 50 mM Tris-HCl buffer (pH 7.4) for 15 min. CMMAs were subsequently incubated in Coomassie brilliant blue solution for 60 min at RT, washed in 50 mM Tris-HCl buffer for 15 min (2×), and dried at RT. Slides images were acquired using a scanner (Epson Perfection V750 Pro) and quantified using the software ImageScanner (IMG Pharma, Derio, Spain). Data were processed with GraphPad Prism 5.00 (GraphPad Software, San Diego, CA, USA).




2.7. Data Analysis


CMMA fluorescent signals were acquired using a ChemiDoc Imaging System (BioRad, Universal Hood 3) with Green EPI laser illumination and a 610/620 nm filter, followed by quantification using the software ImageScanner (IMG Pharma, Derio, Spain). Data were processed with GraphPad Prism 8.00 (GraphPad Software, San Diego, CA, USA).



Statistical analysis was conducted and box-and-whisker plots were generated using Origin Pro8. Statistical differences were calculated between conditions using a Mann–Whitney U test (values indicated on the box-and-whisker plots). The Mann–Whitney U test is a nonparametric test and, thus, does not assume a normal distribution of results. The box-and-whisker plots present the 25–75% (box) and the 1–99% (whiskers) ranges. Statistical differences are indicated with p-values ≤ 0.05.





3. Results


In order to study the PD-1/PD-L1 interactions between PD-1 expressed in PBMCs and PD-L1 in HT114 cells and melanoma samples, CMMAs were developed, and the PD-L1 expression was quantified by IF. PD-1/PD-L1 interactions were then assessed by incubating CMMAs with PBMC membranes in the absence and presence of a saturating concentration of the blocking antibody, pembrolizumab, using iFRET and the developed protocol (Figure 1).



3.1. PD-L1 Is Expressed in Melanoma and HT144 Cell Membranes


Human PD-L1 expression was assessed in the samples immobilized in the CMMAs, using an anti-hPD-L1 IgG labeled with a fluorescent secondary antibody, and the signal intensity was quantified. A high specific binding for anti-PD-L1 was observed in HT144 cells and melanoma samples, whereas it did not exceed nonspecific binding in rat cerebral cortex tissue (Figure 2).



HT144, melanoma, and rat cortex had mean fluorescence intensities of 39,123 ± 17,541 a.u., 39,020 ± 9513 a.u., and 9398 ± 5052 a.u., respectively. Once the PD-L1 expression was quantified in the target samples (Figure 2), the interaction of this ligand with its receptor, PD-1, in human PBMCs was quantified using iFRET.




3.2. PD-1/PD-L1 Specific Interaction Is Quantified in CMMAs Incubated with PBMC Membranes Using iFRET


CMMAs were originally designed for immunolabeling assays without co-incubation with other cell membranes. Thus, CMMA protocols were adapted for the iFRET assay in order to quantify PD-1/PD-L1 interactions in the presence and absence of a saturating concentration of the blocking antibody, pembrolizumab. PD-1/PD-L1 interactions were assessed in HT144 melanoma cells, melanoma patient samples, and rat brain cortex membranes as a negative control, following the incubation of these CMMAs with cell membranes isolated from PBMCs.



Figure 3A shows the PD-1/PD-L1 interaction in CMMAs from the HT144 melanoma cell line incubated with PBMC membranes in the presence and absence of pembrolizumab. The FLIM images consist of pseudo-color lifetime maps, where blue indicates a higher lifetime (3.2 ns) and red indicates a lower lifetime (1.4 ns). The grayscale intensity maps demonstrate the expression of PD-1 (donor) and PD-L1 (acceptor). In the absence of pembrolizumab, the lifetime decreased from 2.34 ± 0.12 ns to 2.00 ± 0.13 ns, resulting in a FRET efficiency of 14.53% (Figure 3A, upper panel). However, in the presence of 25 μg/mL pembrolizumab, no reduction in donor lifetime in the presence of the acceptor was observed, yielding a FRET efficiency of 0% (Figure 3A, bottom panel). The same experiment was carried out using melanoma tissue membrane microarrays incubated with PBMC membranes in the presence and absence of pembrolizumab (Figure 3B). Here, in the absence of the blocking drug, donor lifetime decreased from 2.57 ± 0.08 ns to 2.30 ± 0.16 ns, resulting in a FRET efficiency of 10.51% (Figure 3B, upper panel). Contrastingly, in CMMAs treated with pembrolizumab, no change in the donor lifetime in the presence of the acceptor occurred, resulting in a FRET efficiency of 0% (Figure 3B, bottom panel). No interactions occurred when CMMAs were not incubated with PBMCs; therefore, FRET signals in all the conditions tested were 0%. These results indicate that the decreases in donor lifetimes, reflected by the high FRET efficiency values, were due to the specific interactions of PD-1 expressed in PBMCs and PD-L1 present in CMMAs. In both cases (Figure 3A,B), intensity maps confirmed the presence of the donor, PD-1, and acceptor, PD-L1. These findings suggest that PD-1/PD-L1 interactions can be quantified by the assay developed using iFRET. Notably, when the blocking drug, pembrolizumab, is present, this receptor/ligand interaction is disrupted, and FRET does not occur.



Three replicates per sample type were analyzed in the presence and absence of pembrolizumab, and the mean FRET efficiency for each sample type was calculated. Box-and-whisker plots were created for all CMMA cores assessed, and the FRET efficiencies obtained were significantly higher in the absence of pembrolizumab with mean values of 10.05% ± 1.19% and 3.74% ± 1.33% for HT144 and melanoma samples, respectively (Figure 4A,B). In the presence of pembrolizumab, PD-1/PD-L1 interactions were abolished, and, therefore, all FRET efficiencies were 0% in both sample types. Mann–Whitney U analysis was performed to determine statistical differences between pembrolizumab-treated and untreated CMMAs (statistical differences are indicated with p-values ≤ 0.05). FRET efficiency values were significantly higher in the absence of blocking antibody for HT144 (*** p = 1.03 × 10−5) and melanoma (** p = 0.007) compared to CMMAs treated with 25 μg/mL of the blocking drug. The rat cerebral cortex CMMA was used as a negative control; therefore, no significant differences were detected between the treated and untreated samples, with mean FRET efficiencies of 0.60% ± 0.42% and 0.92% ± 0.28% in the absence and presence of pembrolizumab, respectively (Figure 4C). These results demonstrate that the iFRET assay, using a CMMA model system incubated with PBMCs, is able to quantify the PD-1/PD-L1 interactions at distances of 1–10 nm. The ranges of FRET efficiency values obtained here are similar to previous results using cell cultures and melanoma patient samples [11].





4. Discussion


We developed CMMAs using membranes isolated from the human melanoma cell line, HT144, as well as from a human biopsy of primary melanoma, together with membrane preparations from rat cerebral cortex tissue. This microarray technology maintains the function of receptors, enzymes, and other proteins, providing a powerful tool for the screening of drugs and antibodies. To this end, several assays, including radioligand binding studies, enzymatic analyses, and immunoassays, have been performed using CMMAs [13,14,15] (Appendix A); however, to date, none have been used to study membrane–membrane interactions using proteins expressed in membranes in close proximity.



HT144 is a malignant human melanoma cell line that displays an aneuploid fibroblastic morphology and grows in adherent tissue culture [20]. These cells present an elevated expression of PD-L1 [21] (Figure 2), due to their cancerous origin [22]. Furthermore, the human melanoma samples presented high levels of PD-L1 (Figure 2). This is a well-known characteristic of this subset of skin cancer [23], which is associated with worsened tumor prognosis, reduced immune response, and neoplastic progression [24]. As a non-expressing non-human PD-L1 sample, rat brain cortex was used. These negative control samples did not present a significant fluorescent signal (Figure 2), in line with the specificity of the anti PD-L1 mAb for the human PD-L1 protein.



The results obtained suggest that the PD-1/PD-L1 interactions can be detected by iFRET using model membrane systems such as CMMAs, and that these interactions are abolished in the presence of the anti-PD-1 blocking drug, pembrolizumab (Figure 3 and Figure 4). These findings highlight the specificity and sensitivity of the developed assay using iFRET and agree with previous reports using the iFRET methodology [12]. These findings assessed PD-1/PD-L1 interaction states in single-cell assays using ccRCC, primary malignant melanoma, and metastatic NSCLC biopsies, wherein PD-1/PD-L1 interaction levels have predictive power with respect to patient response to anti-PD-1 blocking drugs [11]. Another antibody-based fluorescent technique used to determine protein–protein interaction is the duolink proximity ligation assay (PLA) from Merck, based on the method developed by Soderberg et al. [25]. PLA, as opposed to iFRET (d < 10 nm), detects distances of tens of nm [26]; however, a previous study comparing PLA with iFRET for assessing PD-1/PD-L1 interaction provided evidence that PLA did not perform as well as iFRET in identifying the PD-1/PD-L1 interaction [11].



Furthermore, the binding assays between the receptor, PD-1, and the ligand, PD-L1, expressed in PBMCs and melanoma cells, respectively, demonstrated for the first time that CMMAs can be used to evaluate immune recognition pathways. These membranes thaw and acclimatize faster than conventional techniques with living cells, with a consequent reduction in time and labor. Microarray technology allows the production of homogeneous CMMAs with a reduced amount of sample, providing a stable measure of adaptive immune resistance that can be monitored through time.



CMMAs present some advantages when compared to other methods of detecting PD-1/PD-L1 interactions, due to their characteristics as a high-throughput, miniaturized, and parallelizable analysis tool. First of all, the amount of sample used is minimal, allowing the user to spare valuable tissue biopsies. Thus, the CMMA provides a precision tool for the production of large batches of microarrays from smaller sample quantities than required by a conventional assay. This technology allows optimizing the study of scarce samples, such as the human melanoma used in this work. Furthermore, different types of assays can be conducted, in order to assess the CMMA functionality as a quality guarantee (Appendix A). Mass spectrometric analysis of the lipid profile of each sample printed on the microarray can be acquired to study the lipid environment (Appendix A, Figure A1). The G-protein-coupled receptor functionality can be assayed using [35S]GTPγS, in addition to its expression using immunochemistry techniques (Appendix A, Figure A3). The potential of developing different studies with CMMAs makes them a powerful tool for drug mechanism studies, drug and biomarker discovery [27], toxicity studies [28], and different high-throughput omics analyses [29], among others. Methods such as coimmunoprecipitation can be used to determine protein–protein interactions, and the abovementioned analysis can be developed using classic biomolecular techniques, such as high-performance liquid chromatography to study lipidic profiles, or Western blot for biomarker discovery. Multi-well plate assays or dot-blot analysis also represent alternative methods; however, as with the other techniques listed, a higher amount of sample is required and no miniaturization of the process is possible, while additional membrane analysis cannot be carried out (Appendix A).



This is the first assay developed to quantify membrane–membrane interactions using proteins expressed in membranes that are immobilized in a microarray format. Moreover, the study of other protein–protein interactions can be of great interest for immune monitoring, such as cytotoxic T-lymphocyte antigen-4 (CTLA-4) and CD80/86 for immune suppression, or HLA Class I/CD8+ T cells and HLA Class II/CD4+ T cells for immune activation. Thus, this technology opens a new field for monitoring the immune system in transplant rejection, as well as inflammatory, or autoimmune diseases.




5. Conclusions


The results, using PD-1/PD-L1 as an example of ligand–receptor binding, demonstrated the application of iFRET and cell membrane microarrays for detecting membrane–membrane interactions, using cell membranes instead of living cells. This proof of concept was validated using the specific monoclonal antibody pembrolizumab, which induced the inhibition of PD-1/PD-L1 engagement between human PBMCs and melanoma membranes from the HT144 cell line or from a patient biopsy. These data show the potential of the developed assay to quantify other receptor–ligand interactions in the 1–10 nm range. The novelty and reproducibility of this approach, coupled with its lower time and labor requirements, will allow this assay to be applied to other fields, such as autoimmune disease, cancer, inflammation, and transplant rejection. This would consequently enable precise and periodic immune monitoring, thereby providing information to clinicians, which may result in personalized patient therapies.
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Appendix A


In order to assess the potential and robustness of using CMMAs, some examples of different assays developed are shown using consecutive CMMAs, as a comparison to those used for the PD-1/PD-L1 interaction studies. Bradford staining was used to confirm correct protein immobilization; additionally, mass spectrometric analysis of the lipid profile of each sample was acquired to ensure that the lipid environment remained correct (Figure A1). MALDI-MS spectra of rat cortex (Cx) tissue had a similar peak profile to the 10 replicas of rat cortex tissue used as reference (Cx_Ref), confirming the integrity of the lipidic environment of the immobilized membrane. Furthermore, histamine receptor type 4 expression was determined in the samples included in the microarray using a specific anti-HR4 antibody with cross-reactivity between species, followed by an analysis of the functional coupling to G-proteins evoked by histamine receptors. Similar results were observed for the expression and functionality of the receptors (Figure A2). Moreover, the functional coupling triggered by histamine receptors was antagonized by haloperidol, confirming the specificity of the response, as well as the functionality of these membrane G-protein-coupled receptors. The HT144 sample featured a nonsignificant stimulation of the receptors when using histamine compared with basal levels, which was inhibited by haloperidol. The same was observed in rat cortex tissue and melanoma samples, with a significant stimulation in both cases when using histamine (p-value (***) < 0.001 for rat cortex tissue and p-value (*) < 0.05 for melanoma sample, using two-way ANOVA with Bonferroni correction). This stimulation was blocked in all samples when adding haloperidol as an antagonist (Figure A3). Lastly, the functional coupling triggered by WIN55212-2 and antagonized by AM251 was assayed using [35S]GTPγS to confirm the functionality of CB1 cannabinoid receptors. In this assay, only rat cortex tissue showed a significant (p-value (*) < 0.05, using two-way ANOVA with Bonferroni correction) stimulation when using WIN55212-1 as a full agonist. This stimulation was antagonized by the specific CB1 receptor antagonist AM251 (Figure A4).
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Figure A1. MALDI-MS average spectra of two replicas of rat cortex tissue (Cx), HT144 cells, and melanoma samples (Mel) fixated on a CMMA. The topmost image shows the average spectrum of 10 replicas of rat cortex tissue (Cx_Ref) measured using a different microarray. The Bradford signal of both replicas is included for each sample. The MALDI-MS imaging was carried out as described in [17,30], while the Bradford staining was carried out as described in [13,18]. 






Figure A1. MALDI-MS average spectra of two replicas of rat cortex tissue (Cx), HT144 cells, and melanoma samples (Mel) fixated on a CMMA. The topmost image shows the average spectrum of 10 replicas of rat cortex tissue (Cx_Ref) measured using a different microarray. The Bradford signal of both replicas is included for each sample. The MALDI-MS imaging was carried out as described in [17,30], while the Bradford staining was carried out as described in [13,18].
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Figure A2. Human H4R receptor presence (orange) and functionality (gray) of two replicas of rat cortex tissue (Cx), HT144 cells, and melanoma samples (Mel) fixated on a CMMA. The presence of the receptor was determined using immunochemistry techniques, by incubating CMMA with rabbit IgG anti-human H4R 1:500 and labeling with a horseradish peroxidase-conjugated antibody against rabbit IgG. H4R functionality was assayed using [35S]GTPγS binding protocols, as previously described in [13,31,32]. 
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Figure A3. Effect of 1 mM histamine on the [35S]GTPγS binding (blue) determined in membranes isolated from rat brain cortex tissue (CX rat), HT144 cells (HT144), and a melanoma biopsy (Mel) using CMMA. This effect was antagonized by 100 µM haloperidol (red). The assay was carried out as described in [32]. Two-way ANOVA with Bonferroni correction was applied as statistical test (p-value (***) < 0.001 and p-value (*) < 0.05). 
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Figure A4. Effect of 10 µM WIN55212-2 (green) on the [35S]GTPγS binding (blue) determined in membranes isolated from rat brain cortex tissue (CX rat), HT144 cells (HT144), and a melanoma biopsy (Mel) using CMMA. This effect was antagonized by 1 µM AM251 (purple). The assay was carried out as described in [12]. Two-way ANOVA with Bonferroni correction was applied as statistical test (p-value (*) < 0.05). 
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Figure 1. Two types of assays were performed. On the left, quantification of PD-L1 protein expression by IF. On the right, two types of FRET assay were performed for the quantification of PD-1/PD-L1 in the absence (upper) and presence (bottom) of a saturating concentration of the blocking antibody, pembrolizumab. Only one CMMA is represented as an example; each slide had two CMMAs printed. Created with BioRender.com. 
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Figure 2. PD-L1 expression in melanoma and HT144 cell membranes. (A) Fluorescent signal intensity of Alexa Fluor 594 fluorophore conjugated with anti-PD-L1 antibody detected in melanoma samples and HT144 cells versus rat cerebral cortex tissue. (B) Box-and-whisker plot of quantified fluorescent intensity of the three samples: HT144 (black diamonds), human melanoma (black and white diamonds), and rat brain cortex (white diamonds); ** p < 0.01. 
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Figure 3. iFRET detects and quantifies the PD-1/PD-L1 interaction in CMMAs incubated with human PBMC membranes in the presence and absence of pembrolizumab. FLIM images of the CMMAs from HT144 cells (A) and melanoma samples (B) incubated with PBMC membranes in the presence (bottom) and absence (upper) of pembrolizumab. The grayscale intensity maps indicate the expression of PD-1 (donor, ATTO488) and PD-L1 (acceptor, ALEXA594). The pseudo-color lifetime maps indicate the lifetime of the donor (τ), in the presence and absence of the acceptor, wherein blue indicates a higher lifetime and red indicates a lower lifetime. 
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Figure 4. Pembrolizumab inhibits the PD-1/PD-L1 interaction in melanoma and HT144 cell membranes incubated with human PBMCs. Box-and-whisker plot showing the distribution of FRET efficiencies in three types of membrane samples: HT144 cells (A), melanoma samples (B), and rat cerebral cortex tissue as a negative control (C), in the presence and absence of the anti-PD-1 blocking antibody, pembrolizumab. These plots show all FRET efficiencies (interaction states) observed in each sample type with mean FRET efficiencies ± SEM indicated in parentheses. Mann–Whitney U analysis was performed to determine statistical differences between pembrolizumab-treated and untreated CMMAs (statistical differences are indicated with p-values ≤ 0.05). FRET efficiency values were significantly higher in the absence of blocking antibody for HT144 (*** p = 1.03 × 10−5) and melanoma (** p = 0.007) compared to CMMAs treated with 25 μg/mL of the blocking drug. 
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