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ABSTRACT:

The Programmed Cell Death Protein 1/Programmed Cell Death Protein Ligand 1 (PD-1/PD-L1) axis is one of the most widely
recognized targets for cancer immunotherapy. Importantly, PD-L1 conformational changes can hinder target binding when
living cells are used. Antibody affinity, equilibrium binding, association and dissociation rates, and other affinity related
constants are fundamental to ensure target saturation. PD-L1 changes in conformation are explored here, with potential impact
on PD-L1 function and mutation. We present detailed flow cytometry procedures to analyze PD-L1 reactivity in Myeloid-Derived
Suppressor Cells (MDSCs). This approach can also be used to study the contribution of protein conformational changes in living
cells.

Basic Protocol 1: Sample preparation for PD-L1* Myeloid-Derived Suppressor Cells detection by flow cytometry
Basic Protocol 2: Protocol preparation, sample acquisition and gating strategy for flow cytometric screening of PD-L1* Myeloid-

Derived Suppressor Cells in lung cancer patients
Support Protocol 1: Bioinformatic tools for the analysis of flow cytometric data
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INTRODUCTION:

PD-L1 expression levels in tumor and immune cells are used as a predictor of response to immunotherapy in several tumor
types (Patel & Kurzrock, 2015). PD-L1 assessment is currently performed by immunohistochemistry (IHC) assays and is
associated with increased efficacy of immune-checkpoint inhibitors used in therapy (Paver et al., 2021; Scheel & Schéfer, 2018).
Nevertheless, PD-L1 protein expression appears to be heterogeneous (Yue et al., 2018) and can be associated with
contradictory clinical outcomes (Borghaei et al., 2020; Brahmer et al., 2015; Ding et al., 2022; McLaughlin et al., 2016). The PD-
L1 molecule has been described to have conformational flexibility of 38° within the V and C domains of free and complexed PD-
L1, in specific flexible regions such as C"D loop and BC loop as well as Met115, which is postulated to occur for a better
interaction to PD-1 (Ahmed & Barakat, 2017; Lin et al., 2008). Moreover, the PD-1 molecule is also reported to have structural
flexibility in the CC’ loop of the apo-protein for the open and closed conformations, consisting in a 90° twist and 5 A
displacement of Ca carbons (Zak et al., 2015).

Many other molecules have been described to present conformational changes in their structure, such as the human serum
transferrin (Campos-Escamilla et al., 2021) or G protein-coupled receptors (Duan et al., 2021; Latorraca et al., 2017). This
conformation dynamics can affect the binding of antibodies, as illustrated in the following examples. The ATP-dependent efflux
pump P-glycoprotein (P-gp) is known to present conformational changes associated to different stages of transport-associated
ATP hydrolysis, promoting drug movement along the translocation pathway. Interestingly, the anti-P-gp UIC2 antibody shows
differential reactivity to P-gp depending on their distinct conformations (Mechetner et al., 1997; Vahedi et al., 2018).
Furthermore, Tino et colleagues described prostate-specific membrane antigen (PSMA)-specific antibodies that bind exclusively
to particular protein conformational epitopes (Tino et al., 2000). Regarding glypican-3 (GPC3), the HN3 antibody binds to a
unique conformational epitope of this GPC3 protein, inhibiting cell growth in several hepatocellular carcinoma cell models
(Feng et al., 2013). Additionally, antigen glycosylation is another aspect to consider in relation to antibody reactivity, since
carbohydrates may mask some peptide epitopes and therefore reduce the antibody binding efficiency (Sotillo et al., 2014).

A well-known strategy for the study of conformational dynamics is the Forster resonance energy transfer (FRET) phenomena.
The use of confocal microscopy to assess FRET is widespread because of their subcellular resolution, time-course
measurements and morphology-based cell discrimination. On the other hand, flow cytometric analysis of FRET offers a rapid
determination of the fluoresce intensity distribution in a population, and notably in spectral flow cytometry, the unmixing of
spectral fingerprints permits real-time precise and sensitive discrimination between cells with distinct FRET levels (Henderson
et al., 2022; Szabé et al., 2022). Unfortunately, in this situation the currently available monoclonal antibodies cannot detect the
PD-L1 epitope of MDSC, and only upon stimulation can the antibodies access to the epitope. Nevertheless, if new monoclonal
antibodies are able to target the PD-L1 epitope of MDSC on a basal condition, the conformational change may then be studied
with FRET.

The use of tumor biopsies is in general an important limitation for research studies, based on the small size of the tissue
obtained. Interestingly, though, the study of peripheral blood also gives an indication of clinical status and resistance to
immunotherapy. In fact, Myeloid-Derived Suppressor Cells (MDSCs) are associated with poor prognosis in patients with solid
tumors, as in the case of Non-Small Cell Lung Cancer (NSCLC) (Koh et al., 2020; Yamauchi et al., 2018; Zhang et al., 2016), and
are crucial in controlling and maintaining the tumor microenvironment (Marvel & Gabrilovich, 2015). Indeed, another strategy
to assess PD-L1 consists of a less-invasive method of monitoring the circulating MDSCs from peripheral blood, based on their
immunophenotype CD11b*CD33*HLA-DR'%/- (Gabrilovich & Nagaraj, 2009; Hoechst et al., 2008) using flow cytometry. In this
chapter, the authors fully describe a flow cytometric protocol for PD-L1 screening in circulating MDSCs. This method follows
minimal sample perturbation strategies (Petriz et al., 2018; Rico, Salvia, et al., 2021), avoiding lysing and centrifugations steps
and using viable permeant DNA-fluorescent stains to discriminate leukocytes from non-nucleated cells and background. A key
step of this protocol is that cells are stimulated in the presence of Phorbol 12-Myristate 13-Acetate (PMA), which results in a
dramatic increase of PD-L1 reactivity.

The performance of this flow cytometric protocol enables the assessment of PD-L1 expression in circulating MDSCs, which can
be associated with the disease state and used as a predictor of immune checkpoint inhibitor therapy success. For global
analysis, the authors take advantage of bioinformatic algorithms such as t-SNE, UMAP and FlowSOM to display the data
according to potential similarities from cluster analysis. This minimally invasive method represents a rapid assessment of PD-L1,
which seeks to preserve the native structure of the molecule. The presented methodology can be used as a complementary
adjunct to current immunohistochemistry assays.

Basic protocol 1 indicates in detail how to prepare peripheral blood samples for immunophenotyping on these immune cells
following a minimal sample perturbation protocol. Inmunophenotyping of MDSCs and PD-L1 is performed after a stimulatory
assay described in this protocol. Basic Protocol 2 describes flow cytometry procedures (flow cytometer setup, instrument and



sample acquisition settings, and gating strategy) for the identification of PD-L1 in MDSCs. Finally, Support Protocol 2 describes
the analysis of the obtained data by using software tools for dimensionality reduction.

BASIC PROTOCOL 1:

Sample preparation for PD-L1+ Myeloid-Derived Suppressor Cells detection by flow cytometry

This protocol describes the preparation of peripheral blood samples for flow cytometry screening of PD-L1 in MDSCs. Peripheral
blood samples were obtained from healthy donors and lung cancer patients receiving immunotherapy with immune checkpoint
inhibitors a-PD-1 or a-PD-L1. The protocol design allows the identification of the leukocyte compartment in peripheral whole
blood and the analysis of MDSCs based on their immunophenotyping. It follows a minimal sample perturbation methodology to
avoid potential changes in PD-L1 conformation. Incubation with PMA will trigger the unfolding of PD-L1, resulting in an
increased reactivity against the antibody specially used to target this molecule. DMSO, the solvent used for PMA preparation, is
used as a negative control, and will not trigger any conformational change and is used as a negative control.

Materials:

Freshly drawn EDTA-anticoagulated peripheral whole blood obtained from lung cancer patients

Anhydrous dimethyl sulfoxide (DMSO; Invitrogen™, cat. no. D12345)

Phorbol 12-myristate 13-acetate (PMA; Sigma—Aldrich®, cat. no. P8139-1MG) 1 mg/ml in DMSO (see recipe in
Reagents and Solutions)

Hanks’ Balanced Salt Solution (calcium- and magnesium-free, without phenol red) with Bovine Serum Albumin and
Sodium Azide (HBA; see recipe in Reagents and Solutions)

Turk solution (see recipe in Reagents and Solutions), optional

Vybrant™ DyeCycle™ Violet Stain 5 mM in DMSO (DCV; Invitrogen™, cat. no. A14353)

Fetal Bovine Serum (FBS; Biowest, cat. no. S18B-500)

7-Aminoactinomycin D (7-AAD; Invitrogen™, cat. no. A1310) 1 mg/ml (see recipe in Reagents and Solutions)
PD-L1-PE (Invitrogen™, MIH1, RRID: AB_11042286)

CD11b-APC (Life Technologies™, VIM12, RRID: AB_2536483)

HLA-DR-FITC (Life Technologies™, TU36, RRID: AB_10374000)

CD33-PE-Cy7 (Invitrogen™, WM-53, RRID: AB_1907380)

Water bath, set at 37 °C

Hemocytometer, or other cell counting devices
Micro-centrifuge

EDTA-anticoagulated blood collection tubes
Eppendorf tubes

Protocol steps with step annotations:
Sample preparation
1. Seta circulating bath in a light-protected area at exactly 37 °C.
2.  Remove PMA and DMSO from storage and allow them to thaw.
3.  Collect freshly drawn whole blood from lung cancer patients in a 3 ml EDTA-anticoagulated tubes.
Process the collected blood as soon as possible, ideally in less than 4 hours after extraction.
4. Prepare two Eppendorf tubes labeled as DMSO and PMA respectively.
5. Count nucleated cells accurately. Resuspend whole blood in 1 ml HBA to a final concentration of 0.5-1 x 10® nucleated

cells/ml in each tube by reverse pipetting technique.

Cells can be counted using either a hematology analyzer or a hemocytometer (Neubauer chamber). For cell counting
on a hemocytometer, lyse erythrocytes with Tiirk solution (see recipe), adding 900 ul of this solution to 100 ul of whole



blood. Incubate diluted sample for 5 min, and place 20 ul of the diluted cells on a hemocytometer. Count nucleated
cells at low magnification, preferably using phase-contrast microscopy.

DNA staining and blockading

6. Add 2 pl of DCV 5 mM to a final concentration of 10 pM.
7. Add 10 ul FBS.

8. Homogenize.

9.

Incubate 10 minutes at exactly 37 °C in a water-dedicated bath protected from light.
PMA stimulation

10. Add 1 ul DMSO to one Eppendorf and 1 pl PMA to the other.

11. Homogenize.

12. Incubate 5 min at 37 °C protected from light.

13. After incubation, centrifuge both Eppendorf tubes (short spin of about 10 seconds).
14. Remove 900 pl of the supernatant and reserve it.

Antibody staining
15. Add 2.5 pl PD-L1-PE, 2.5 pl HLA-DR-FITC, 2.5 pl CD11b-APC, and 5 pl CD33-PE-Cy7 into both Eppendorf tubes.
Cover the samples with aluminum foil to minimize the time of light exposure.

16. Homogenize.
17. Incubate 20 min at room temperature protected from light.

Place the tubes horizontally to facilitate the antibody staining.
Necrotic cells staining

18. Add into both tubes the 900 pl of each reserved supernatant.
19. Add 2 pl 7-AAD 1 mg/ml to a final concentration of 1.5 nM.
20. Resuspend gently and incubate 5 min at room temperature in the dark.

BASIC PROTOCOL 2

Protocol preparation, sample acquisition and gating strategy for flow cytometric screening of
PD-L1+ Myeloid-Derived Suppressor Cells in peripheral blood

Flow cytometric screening of PD-L1 in MDSCs using whole blood provides a new complementary approach to current
immunohistochemistry assays. Using this assay, the authors analyze PD-L1 expression as the percentage of MDSCs in nucleated
cells, by quantifying the mean fluorescence intensity, and by estimating the fold-change status of this molecule when
comparing with the unstimulated and stimulated specimens.

The protocol design should help to identify MDSCs based on CD11b*CD33*HLA-DRI°W/- reactivity. Monocytic/mononuclear
MDSCs (M-MDSCs) are characterized by the expression of CD14, and granulocytic/polymorphonuclear MDSCs (PMN-MDSCs) by
the expression of CD15 (Gabrilovich & Nagaraj, 2009). CD14 and CD15 monoclonal antibodies are not used in this protocol as
the authors alternatively identify these populations by discriminating CD33*/CD11b" for M-MDSCs and by CD33"/CD11b* for
PMN-MDSCs. Using this strategy, the authors simplify the protocol to minimize fluorescence spillover issues. The gating strategy
identifies nucleated cells based on fluorescent viable DNA stains, and MDSCs based on previously described
immunophenotyping to finally study PD-L1 expression in this subpopulation.

Materials:



Cells to be analyzed (see Support Protocol 1)

Flow cytometer equipped with lasers and filters allowing the excitation and detection of all used fluorochromes and
absolute cell counting. The authors of this chapter use the Invitrogen™ Attune™ NxT Flow Cytometer.
For blue excitation:
Flow cytometer equipped with blue laser operating at ~488 nm
Filter combinations consisting of 488/10 band-pass (forward scatter, FSC), 530/30 band-pass (green emission),
and 695/40 band-pass (red emission)
For violet excitation:
Flow cytometer equipped with violet laser operating at ~405 nm
Filter combinations consisting of 405/10 band-pass (side scatter, SSC) and 440/40 band-pass (blue emission)
For yellow/green excitation:
Flow cytometer equipped with yellow/green laser operating at ~561 nm
Filter combinations consisting of 585/16 band-pass (orange emission) and 780/60 band-pass (infra-red
emission)
For red excitation:
Flow cytometer equipped with red laser operating at ~640 nm
Filter combinations consisting of 670/14 band-pass (red emission)

NOTE: For the acquisition of whole blood samples, collecting the side-scatter parameter with violet laser emission
is recommended because the height parameter is more accurate for violet SSC than for blue SSC. For more
information, please check (Petriz et al., 2018). However, if the cytometer configuration does not allow obtaining
violet SSC, default SSC signal can alternatively be used.

Protocol steps with step annotations:
Flow cytometer setup

1. Start up the flow cytometer and allow it to warm up.

Check that all the fluids have been refilled.

3. Carry out the performance validation of the flow cytometer with the required fluorescent beads according to the
manufacturer’s instructions.

4. When available, configure the appropriate filter array to collect the violet side-scatter signal.

N

Protocol preparation

5. Create a density/dot plot displaying SSC-H on a linear scale versus DCV-H on a logarithmic scale and gate all live DNA-
positive cells, excluding erythrocytes and debris. Set the threshold on DCV-H to eliminate electronically DCV-negative
events (Figure 1A).

As DCV is a cell permeable DNA stain, negative DCV events correspond to non-nucleated cells (platelets, erythrocytes)
and debris. A DCV threshold reduces the number of events electronically captured and consequently allowing a better
acquisition display.

6. Create a dual density/dot plot displaying SSC-H on a linear scale vs 7-AAD-H on a logarithmic scale to exclude necrotic
cells.

7. Create a dual density/dot plot displaying DCV-H vs DCV-A on a logarithmic scale for doublets and aggregates
discrimination.

8. Create a dual density/dot plot displaying FSC-H vs SSC-H, both on a linear scale to visualize the leukocytes.

9. Create a dual density/dot plot displaying SSC-H vs each fluorochrome to adjust the autofluorescence (Figure 1B).

10. Create dual density/dot plot displaying all fluorochrome combinations on a logarithmic scale for color compensation
verification (Figure 1C). The labeling panel is shown in Table 1.

Sample acquisition

11. Run the sample and adjust SSC and DCV parameters with the SSC-H vs DCV-H density/dot plot. Set the threshold
empirically on DCV-H to capture nucleated cells and exclude erythrocytes and debris.



12. Adjust FSC-H on a FSC-H vs SSC-H density/dot plot.
13. Adjust voltages for the 7-AAD signal on a SSC-H vs 7-AAD-H density/dot plot. Adjust CD33-PE-Cy7, CD11b-APC, HLA-
DR-FITC and PD-L1-PE voltages in the same way.

When performing the protocol, prepare a negative control to detect autofluorescence and a Fluorescent Minus One
(FMO) control for each of the four markers. Compensate overlapping fluorochrome spectra. Spillover values calculated
for this protocol are shown in supplementary table 1.

14. Acquire the sample at a flow rate of 25 ul/min and collect at least 50,000 DCV-positive gated cells using the gating
strategy detailed below.

For each prepared sample, first analyze the tube prepared with DMSO (negative control) and then the stimulated cells with
PMA. If more than one sample is prepared, rinse or run blank sample to avoid sample contamination.

Gating strategy

15. On a SSC-H vs DCV-H dual plot, draw a region for DCV-positive events (R1; nucleated cells), and set the R1 gate on a
SSC-H vs 7-AAD-H dual plot (Figure 2).

16. Draw a second region for 7-ADD- cells (R2; non-necrotic cells) on a SSC-H vs 7-AAD-H dual plot, and set a the R2 gate
on a DCV-H versus DCV-A dual plot.

17. Draw a third region (R3) for single cells on a DCV-H versus DCV-A dual plot and set the R3 gate on a FSC-H versus SSC-
H dual plot.

18. Draw a fourth region (R4) on a FSC-H versus SSC-H dual plot for leukocytes and set the R4 gate on a CD33-H versus
CD11b-H dual plot.

19. Draw a fifth region (R5) on a CD33-H versus CD11b-H dual plot for CD33*CD11b* cells selection and set a gate (R5) on
a FSC-H versus HLA-DR-H dual plot.

20. Draw a sixth region (R6) on a FSC-H versus HLA-DR-H dual plot for MDSCs selection and set the R6 gate on a FSC-H
versus PD-L1-H dual plot.

21. Draw a seventh region (R7) on a FSC-H versus PD-L1-H dual plot for PD-L1* MDSCs selection and set the R7 gate on a
CD33-H versus CD11b-H dual plot.

22. On the CD33-H versus CD11b-H dual plot displaying events in R7, delimitate the M-MDSCs with a region (R8) based on
the CD33M"CD11b* expression pattern. Draw another region (R9) for the CD11b"CD33* PMN-MDSCs.

SUPPORT PROTOCOL 1:

Bioinformatic tools for the analysis of flow cytometric data

Flow cytometric data obtained can be further condensed and reduced into two dimensions, enabling a simplified display of
high-dimensional and complex results. There are several bioinformatic approaches that can be performed on this data: t-SNE
(T-distributed Stochastic Neighbor Embedding), UMAP (Uniform Manifold Approximation and Projection), and FlowSOM (Flow
Self-Organizing Map). t-SNE and UMAP are based on a random algorithm that reduces all the variables into a 2-dimension plot
(Becht et al., 2019; Mcinnes et al., 2020; Van Der Maaten & Hinton, 2008). The FlowSOM algorithm groups together cells that
share expression of the selected variables, therefore defining and sorting populations (Van Gassen et al., 2015). The data must
be processed into a unique concatenated file where subgroups can be defined by selection. These three approaches are all
performed by selecting the variables corresponding to the height pulse of the MDSC lineage markers. This support protocol
describes how to analyze flow cytometry data by using these tools.

Materials:

Flow Cytometry Standard (FCS) files obtained from sample acquisition (see Basic Protocol 2).
FlowJo™ v10.8 analysis software.
FlowJo Plugins

- tSNE plugin (included in FlowlJo analysis software)
- UMAP plugin version 4.0.4 (downloaded from FlowJo Exchange plugins)
- FlowSOM plugin version 3.0.18 (downloaded from FlowlJo Exchange plugins)



Protocol steps with step annotations:

N

Analyze the FCS files in the analysis software with the gating strategy mentioned in Basic Protocol 1.
Classify the samples according to stimulation condition and sample label number.

Following these recommendations, it will be possible to select DMSO and PMA as a group. Classification can easily be
done by adding the keyword “stimulation” to each FCS file.

Identify and select the myeloid-derived suppressor cell population from all samples and concatenate them.

If the bioinformatic tool selected does not support a large number of events, reduce the number of cells considered
from each sample in the process of concatenating. Otherwise, if downsampling is performed over the concatenated
file, the event reduction will not be performed equitably in all samples.

Plot SamplelD from the concatenated file to display the samples included and identify the different groups (in this
case, “stimulation” group)

Run tSNE and UMAP on the concatenated file selecting the lineage marker channels corresponding to the height pulse
(PD-L1-H, HLA-DR-H, CD33-H and CD11b-H) (Figure 3). Perform these approaches in the whole file in order to include
all the information. Afterwards, a single subgroup can be selected and isolated for visualization.

Run FlowSOM on the concatenated file selecting the lineage marker channels corresponding to the height pulse (PD-
L1-H, HLA-DR-H, CD33-H and CD11b-H) (Figure 4).

Selecting “scale” is recommended to normalize and better visualize the expression of lineage markers.

Run other FlowSOMs for unstimulated and stimulated conditions by selecting the previously generated FlowSOM in
the “apply on map” option.

As FlowSOM is based in random distribution, if analyzing further subgroups, it is best to select the “apply on map”
feature to preserve the structure and distribution of all the data and eventually obtain comparable maps.

Backgate the populations listed in the background legend (metaclusters) to characterize each population’s
phenotype.

REAGENTS AND SOLUTIONS:

HBA

Hanks’ balanced salt solution, calcium- and magnesium-free, without phenol red (Capricorn Scientific GmbH, cat. no.
HBSS-2A).

1% Bovine Serum Albumin (Sigma-Aldrich®, cat. no. A7906)

0.1% NaNs; Sodium Azide extra pure (Sigma-Aldrich®, cat. no. 71290)

Store up to 6 months at 4 °C.

PMA 1 mg/ml

Phorbol 12-myristate 13-acetate (PMA) (Sigma-Aldrich®, cat. no. P8139-1MG)
Anhydrous dimethyl sulfoxide (DMSO, Invitrogen™, cat. no. D12345)
Add 1 ml DMSO to one vial containing 1 mg PMA to prepare 1 mg/ml solution.

Once prepared, the solution should be stored up to 6 months at 4 °C. For longer storage, maintain stock solutions at -
20 °C.

Tiirk solution



- 0.01% (v/v) Giemsa stain
- 3% (v/v) acetic acid
- 10 mM HEPES 99.9% purity (Merk, cat. no. H3375-25G)

Store up to a month at room temperature.
7-AAD 1 mg/ml

- 7-Aminoactinomycin D (7-AAD, Invitrogen™, cat. no. A1310)
- Anhydrous dimethyl sulfoxide (DMSO, Invitrogen™, cat. no. D12345)
Add 1 ml DMSO to one vial containing 1 mg 7-AAD to prepare 1 mg/ml solution.

Once prepared, the solution can be stored up to 6 months at 4 °C.

COMMENTARY:

Background Information:

Immunotherapy has been gaining relevance among cancer therapy strategies over the last years and its action is proving
beneficial for the treatment of many other diseases. In the case of solid tumors, such as non-small-cell lung cancer (NSCLC),
cancer immunotherapy has become a promising strategy since modulating the immune system leads toward a long-term
survival outcome, with a more targeted strategy and a lower toxicity profile (Mamdani et al., 2022; Passiglia et al., 2016). The
most commonly targeted immune checkpoint is the Programmed Cell Death Protein 1/Programmed Cell Death Protein Ligand 1
(PD-1/PD-L1), which constitutes a prominent and valuable target. The PD-1 receptor is mainly expressed in activated T
lymphocytes while its ligand, PD-L1, is expressed in antigen-presenting cells, Myeloid-Derived Suppressor Cells (MDSCs), some
non-hematopoietic cells, and tumoral cells. This inhibitory checkpoint naturally prevents exacerbated autoimmune responses
by inducing T cell downregulation and apoptosis. Interestingly, it is also used by the tumor microenvironment as a tumor
immune escape mechanism (Freeman et al., 2000; Yamazaki et al., 2002; Youn et al., 2008). Concerning NSCLC, tumoral PD-L1
expression is a determinant for immunotherapy election, allowing the identification of those patients who are supposed to
benefit from the anti-PD-1/PD-L1 therapy and their classification into the different treatment lines (Lantuéjoul et al., 2020).

Qualitative immunohistochemical assays using monoclonal mouse anti-PD-L1 are currently approved commercial assays
available to assess PD-L1 levels in cancer patients. PD-L1 protein expression in NSCLC is determined by using Tumor Proportion
Score (TPS), which is the percentage of viable tumor cells that exhibit partial or complete membrane staining at any intensity
(Ettinger et al., 2021). There are currently four approved commercial assays available to assess PD-L1 levels in NSCLC patients
(Paver et al., 2021). Each assay is drug-specific and has a specific threshold for positivity: (1) The Ventana SP142 Assay, which is
intended for atezolizumab treatment; (2) the Ventana SP263 assay, which is intended for patients treated with pembrolizumab
or durvalumab; (3) the Dako 22C3 assay, for pembrolizumab only; and (4) the Dako 28-8 assay, for nivolumab-treated patients.
PD-L1 determination can also be performed using primary antibodies such as E1L3N or QR1, as a complementary procedure to
diagnosis. Several studies reveal high concordance using SP263, 22C3 and 28-8 when assessing PD-L1 expression in tumor cells
(Adam et al., 2018; Hirsch et al., 2017; Ratcliffe et al., 2017; Scheel et al., 2016; Skov & Skov, 2017), whereas SP142 assay
reveals PD-L1 lower expression (Adam et al., 2018; Hirsch et al., 2017; llie et al., 2016; Rimm et al., 2017; Scheel et al., 2016).
Comparisons with noncommercial IHC assays reveal high variability in the concordance of the PD-L1 expression results, that can
lead to misclassifications (Adam et al., 2018; Cogswell et al., 2017; Scheel et al., 2018; Smith et al., 2016). Moreover, the study
of PD-L1 by immunohistochemistry (IHC) in immune cells is limited to tumor-infiltrating cells, and it also exhibits high variability
for the assessment of PD-L1 levels (Rehman et al., 2017; Rimm et al., 2017). This discordance could be explained by
uncontrolled pre-analytical variables, or sample bias due to PD-L1 expression heterogeneity (Kolb et al., 2023). Additionally, to
avoid misclassifications, PD-L1 assessment by IHC requires specific training or specialized pathologists to maintain consistency
and quality of interpretation, as well as a laboratory validation of the assay and continuous quality monitoring (Fernandez et al.,
2023).

The existing differences in PD-L1 IHC assays raise questions about their comparability and diagnostic use and their difficult
harmonization, reproducibility and standardization. Generally, a higher PD-L1 expression correlates with a better
immunotherapy response (Woodford et al., 2022), although this association remains unclear. A nivolumab study shows that the
efficacy of the drug was independent of the PD-L1 expression (Brahmer et al., 2015) and another study states that NSCLC



patients with PD-L1-negative tumors have a better outcome with pembrolizumab plus chemotherapy in comparison with
chemotherapy alone (Borghaei et al., 2020). Other studies state that patients with PD-L1 positive tumors (TPS = 50%) had
significant higher responses to immunotherapy drugs compared to PD-L1 negative tumors (Passiglia et al., 2016; Reck et al.,
2016). Some authors propose that this inconsistency may be explained by the lack of unique guidelines and a reference model
to assess PD-L1 expression. Firstly, different cut-off values are set to consider PD-L1 positivity among studies (TPS 2 1 to 50%).
Secondly, regarding technical questions, four PD-L1 immunohistochemistry assays are registered with the FDA, employing four
different antibodies and two immunohistochemistry platforms with their own scoring systems. Thirdly, the heterogeneity of
PD-L1 expression in the tissue along with the tiny size of biopsies lead to PD-L1 under- or overestimation (Kolb et al., 2023). All
those variables contribute to a different outcome for PD-L1 expression among studies (Ancevski Hunter et al., 2018; Xu et al.,
2017). Finally, the dynamic changes in PD-L1 expression may also contribute to impair the quality of the results obtained (Yue et
al., 2018).

Although anti-PD-1/PD-L1 immunotherapy has clearly improved the clinical outcome in solid tumors, the overall survival is still
low. Currently, mostly 15 to 25% of patients with advanced NSCLC that undergo immunotherapy demonstrate an objective
response rate from this therapeutic approach (Akinboro et al., 2022; Brahmer et al., 2015; Garon et al., 2015; Gettinger et al.,
2019; Paz-Ares et al., 2022). Indeed, a better understanding and characterization of this immune checkpoint inhibitor and the
immune system is mandatory. In this work, the authors have described a flow cytometric protocol to assess the PD-L1 levels in
Myeloid-Derived Suppressor Cells. PD-L1 is detected with a stimulatory assay by means of a minimal sample perturbation
protocol, aimed at the preservation of the sample in its native state. Using this minimally invasive approach, this protocol is a
good alternative for PD-L1 screening in peripheral blood. In fact, this protocol may be complementary used for the assessment
of PD-L1 TPS for diagnostic purposes in cancer.

Critical Parameters:

Peripheral blood samples should be processed immediately after drawing, ideally within the first 4 hours. If the samples cannot
be analyzed immediately, then they should be stored at room temperature, preferably in gentle agitation to preserve sample
integrity as much as possible.

Unlysed whole-blood samples contain a large ratio of erythrocytes relative to leukocytes (700:1 approximately) that greatly
impacts light scatter data, and these erythrocytes must be omitted from the acquisition. Setting a fluorescent threshold and
using DNA viable stains (i.e., DCV, Hoechst 33342, SYTO13, and others), it is possible to electronically discard non-nucleated
events (erythrocytes and platelets) and debris on the flow cytometer. Importantly, when performing experiments involving
unlysed whole blood, the height parameter (H) should be used, providing scatter and fluorescent signals for the different
leukocyte populations. When using area (A), erythrocytes contribute more to the light scatter, which results in high coincidence
with leukocytes. Using the violet side scatter will result in even better resolution of the target populations.

For an accurate leukocyte scatter, the event rate should be established depending on the flow cytometer used. For best-quality
data, plan for event rates below the Poisson 10% coincident rate of an instrument, at which 90% of cells can be classified as
singlets.

PD-L1 detection can be negatively influenced by some factors. Firstly, different anti-PD-L1 antibody clones can result in
differential reactivity based on different epitope specificity and affinity. Secondly, sample manipulation may also affect the
reactivity and the identification of the target cells. The use of some fixative agents, such as paraformaldehyde, can result in
differential reactivity against the antibody used. Moreover, when culturing adherent cells, cell detachment using enzymatic
digestion may also have an important effect in the identification of target cells, and enzyme-free alternative methods are
recommended.

Troubleshooting:

Tables 2, 3 and 4 list problems that may arise when following this protocol as well as their causes and potential solutions.
Understanding Results:

PD-L1 molecule can be detected by flow cytometry in circulating myeloid-derived suppressor cells following Basic Protocol 1.

This protocol uses minimal perturbation of the peripheral whole blood sample, avoiding any lysis or washing steps and
preserving cell function and structure (Petriz et al., 2018; Rico, Salvia, et al., 2021).



PD-L1 detection is an important step for diagnosis and treatment eligibility in many oncologic diseases. For example, in non-
small-cell lung cancer, pembrolizumab monotherapy requires 250% PD-L1-stained tumor cells in first-line treatment and 21% in
second-line treatment (Reck et al., 2016). Currently, a small number of NSCLC patients meet the criteria to undergo anti-PD-
1/PD-L1 immunotherapy, and it is crucial to identify all potential patients who would benefit from these immune checkpoint
inhibitors (Califano et al., 2018). In the clinic, the only approved methodology to quantify this biomarker is
immunohistochemistry (IHC) of fixed biopsies, which reports PD-L1 levels in the tumor. The main problem consists in the
variability of PD-L1 IHC results, as there are four different IHC assays which may have different thresholds and scoring scheme
(Ancevski Hunter et al., 2018; Xu et al., 2017).

Interestingly, Basic Protocol 1 and 2 defines a complementary and non-invasive analysis that helps to capture the overall status
of the patient's immune system by analyzing PD-L1 expression in circulating MDSCs. In fact, it has been described that MDSCs
correlate with a worse outcome in NSCLC (Barrera et al., 2018; Bronte et al., 2022; Yamauchi et al., 2018). Therefore, detection
of circulating PD-L1+ MDSCs may stand as a putative and complementary biomarker test.

After following all steps of Basic Protocol 2, the authors obtained a complete panel (Figure 1) used to discriminate the leukocyte
compartment from background and necrotic cells, and to finally identify MDSCs based on CD11b*CD33*HLA-DR!*Y/- staining. In
addition, this panel allows the characterization of the two subtypes of MDSCs based on their differential expression of myeloid
surface markers, being CD11b*/CD33" MDSCs monocytic and CD11b"/CD33* MDSCs polymorphonuclear, without the need to
add further fluorophores such as CD14 or CD15. In order to obtain accurate results, samples should be prepared as specified in
Basic Protocol Protocol 1, using a minimal sample perturbation method in combination with a stimulatory assay.

Importantly, the PD-L1 ligand remains elusive to the targeting of the a-PD-L1 antibody in MDSCs. In this case, phorbol ester
(PMA) stimulation is successfully used to unmask the ligand. Therefore, in the absence of stimulation, PD-L1 is not detected in
peripheral blood MDSCs obtained from NSCLC patients (Figure 2A). However, PD-L1 reactivity dramatically increases after PMA
stimulation (Figure 2B), making the identification of the PD-L1+ MDSC population feasible (Rico, Aguilar Hernandez, et al.,
2021). One of the artifacts that can occur when performing the protocol is that stimulation with PMA can result in an increased
autofluorescence, and further gating readjustment may be needed. The authors have analyzed peripheral blood specimens
obtained from NSCLC patients after PMA stimulation and without any stimulation (DMSQ) and hypothesize that upon
stimulation with PMA, PD-L1 molecule suffers conformational changes that allow the targeting of the epitopic site. The authors
have performed additional experiments involving intracellular staining of PD-L1 in order to rule out the possibility of PD-L1
translocation from the cytoplasm to the cell membrane (data not shown).

The mechanism of action and immunosuppressive activity of MDSCs are influenced by their subtype and localization. MDSCs
present soluble antigens through MHC class | and induce T cells unresponsiveness by reactive oxygen species (ROS) in an
antigen-dependent manner. On the flip side, in the tumor microenvironment (TME), MDSCs become more suppressive and
mediate antigen-nonspecific immunosuppression of T cells by nitric oxide (NO) production and arginase activity. In secondary
lymphoid organs the main subset are PMN-MDSCs, which participate in tumor-specific T cell tolerance. In the TME, M-MDSCs
are more prominent than PMN-MDSCs and rapidly differentiate into tumor-associated macrophages (Corzo et al., 2010;
Gabrilovich & Nagaraj, 2009; Kumar et al., 2016; Movahedi et al., 2008). In NSCLC patients, it has been reported that the highest
levels of M-MDSC are found in peripheral blood, in relation to tumor tissue or lymph nodes (Pogoda et al., 2016), even though
the main population in peripheral blood corresponds to PMN-MDSCs (Kumar et al., 2016). The circulating M-MDSC subset is
significantly increased compared to healthy donors (Heuvers et al., 2013; Huang et al., 2013; Yamauchi et al., 2018) and is
associated with poor overall survival (Bronte et al., 2022; Zahran et al., 2021). Regarding polymorphonuclear MDSCs, there is a
higher percentage in peripheral blood of NSCLC patients compared to healthy donors, along with higher levels of arginase 1
(Barrera et al., 2018; Heuvers et al., 2013; Tian et al., 2021).

Bioinformatics algorithms have emerged as remarkable tools for comprehensive analysis and representation of flow cytometry
data, enabling simplified visualization of complex, high-dimensional results. The tSNE and UMAP algorithms reduce data to two-
dimensional space and cluster events based on similarity to reveal local data structure and identify distinct cell populations
(Becht et al., 2019; Mcinnes et al., 2020; Van Der Maaten & Hinton, 2008).

Figure 3 shows an example for selecting the H-pulse on the lineage markers. In addition, FlowSOM allows us to find cell subsets
and classifications that may not be apparent at first glance (Van Gassen et al., 2015) (Figure 4). In fact, these approaches allow
different visualizations of the data and to quickly see changes in populations or in their particular expression. For example, tSNE
and UMAP can graphically describe populations based on particular markers, while FlowSOM can develop a specific profile for
each condition/group and predict an individual classification.

This protocol allows a rapid and non-invasive assessment of PD-L1-expressing MDSCs from peripheral blood in cancer patients.
The methodology preserves the native function of the PD-L1 molecule and allows its accurate identification in MDSCs, with PD-



L1 being a potential biomarker to help predict response to treatment. Since MDSCs are associated with worse survival, the
accurate identification and targeting of these cells is critical to assess the patient's status in relation to their cancer. Thus, this
flow cytometry protocol may serve as a complementary test to IHC assays to report PD-L1 expression and the immune status of
the patient.

Time Considerations:
The time needed to perform each of the protocol steps should be as follows:

o  Basic Protocol 1:
o  Sample preparation: 45 minBasic Protocol 2:
o  Flow cytometer setup: 15 min
o  Protocol preparation: 10 min
o  Sample acquisition: 5 min
o  Gating strategy: 10 min
o  Support Protocol 1:
o  Bioinformatic analysis: 1-2 hours
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Figure 1. Flow cytometry panel for PD-L1* MDSCs immunophenotyping. A) To visualize leukocytes, dual density plots are
shown for the discrimination of non-nucleated cells, necrotic cells, doublets or aggregates. B) Dual density plots displaying each
fluorochrome versus the violet scatter (V-SSC) are used to adjust the autofluorescence. C) Dual density plots combining all
fluorochrome combinations for color compensation. FSC and V-SSC are set in linear scale, whereas fluorescence parameters are

set in logarithmic scale.
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Figure 2. Flow cytometric acquisition strategy for MDSCs characterization and PD-L1 expression assessment. Representative
peripheral blood sample analysis from a patient with NSCLC. First, the nucleated cells were selected with the DCV stain
expression in R1, excluding erythrocytes, platelets, and debris. Then, the necrotic cells 7AAD+ were excluded from gate R2, and
doublets and aggregates from R3 in a DNA-A vs DNA-H dual plot. Myeloid-derived suppressor cells were selected as CD33*
CD11b* (R4) and HLA-DR'®"/- (R5). PD-L1* cells were selected in R6 and further subdivided in monocytic MDSCs (M-MDSCs) and
polymorphonuclear MDSCs (PMN-MDSCs). A non-stimulated sample (DMSO) is shown on A and a stimulated sample (PMA) is

shown on B. Samples were acquired using Attune™ NxT Flow Cytometer (Thermo Fisher) and analyzed in FlowJo™.
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Figure 3. Representative t-SNE and UMAP analysis of MDSCs from non-small-cell lung cancer patients (n=20). t-SNE and
UMAP analysis was performed on the myeloid-derived suppressor cell population, combining the following markers: CD33,
CD11b, HLA-DR and PD-L1, and using the height (H) parameter. A) Global analysis of both stimulated and unstimulated MDSCs;

B) PD-L1-expressing MDSCs; C) Unstimulated MDSCs, showing no PD-L1 reactivity; D) PMA stimulated MDSCs, showing PD-L1
reactivity.
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Figure 4. Representative FlowSOM analysis performed in a cohort of non-small-cell lung cancer patients (n=20). A global
analysis was performed on the myeloid-derived suppressor cell population using the following markers: CD33, CD11b, HLA-DR

and PD-L1. Plots from unstimulated and stimulated conditions were generated applying the global map structure, therefore
maintaining the same disposition.



TABLES:

Table 1. Attune™ NxT Flow Cytometer configuration and labeling panel

Parameter Laser Detector | Pulse parameter LP Filter DLP Filter BP Filter Scale
FSC 488 nm FSC Height Blank 555 nm 488/10 nm Linear
Blue SSC 488 nm SSC Height Blank 555 nm 488/10 nm Linear
Violet SSC 405 nm VL1 Height Blank 495 nm 405/10 nm Linear
DCV 405 nm VL2 Height and Area 413 nm 495 nm 440/50 nm Logarithmic
HLA-DR- . . .
FITC 488 nm BL1 Height 496 nm 555 nm 530/30 nm Logarithmic
7-AAD 488 nm BL3 Height 496 nm 650 nm 695/70 nm Logarithmic
PD-L1-PE 561 nm YL1 Height 569 nm 600 nm 620/15 nm Logarithmic
CD33-PE- . 780/60 Logarith
561 nm YL4 Height 569 nm 740 nm .
Cy7 nm mic
. 670/14 Logarith
CD11b-APC | 638 nm RL1 Height 646 nm 690 nm .
nm mic

Table 2. Troubleshooting Guide for Basic Protocol 1: Sample preparation for PD-L1+ Myeloid-Derived Suppressor Cells detection

by flow cytometry.
Problem Possible Cause Solution
. Cover the samples with aluminum foil to
Fluorophore photobleachin - .
uorop P ching avoid light degradation
Stain the samples with a new antibody
Low signal Tandem dye degradation vial. Minimize light exposure and

temperature variations of the vial

Antibody concentration is too low

Optimize antibody concentration with a
titration curve

Samples were not properly stimulated

Stimulate with PMA in a 37 °C water-
dedicated bath for 5 min

PD-L1 is not detected

Antibody has different epitope reactivity
and different affinity

Find suitable anti-PD-L1 (RUO or IVD)

Sample manipulation: Lysing or
trypsinization

Do not lyse the sample, follow minimal
sample perturbation protocol

Do not trypsinize adherent cells, use
enzyme-free methods, such as scraping.

Positive population is
not well separated
from negative
population

Unbound antibodies were not properly
washed

Perform an additional wash step




Sample degradation

Use freshly collected blood samples to
avoid sample degradation

High background

Threshold is set on FSC or SSC

Set the threshold on the DNA-
fluorescent probe to discriminate
erythrocytes, platelets, and debris

Selective cell loss

Lysing and washing steps reduce cell
numbers, especially neutrophiles

Avoid the use of lysing solutions by
discriminating leukocytes with DNA-
fluorescent probes

Table 3. Troubleshooting Guide for Basic Protocol 2: Protocol preparation, sample acquisition and gating strategy for flow

cytometric screening of PD-L1* Myeloid-Derived Suppressor Cells in Lung Cancer patients.

Problem

Possible Cause

Solution

No fluorescent signal
from nucleated cells is
detected

The laser and PMT settings are not
compatible with fluorochrome /
PMT voltage is too low for the
fluorescent specific channel

Ensure that proper instrument settings
are loaded prior to acquisition

Use suitable positive and negative
controls to optimize settings for every
fluorochrome

Increase or alternatively decrease
fluorescence triggered throughput

Choose an appropriate threshold or
thresholds to leave background out
while selecting target cells

Verify dye concentration, staining time,
temperature and cell counting

Background is too high

Dilute the sample to reduce background

Scattered light is not
adequate to discriminate
leukocytes

Sample rate is too high

Scatter degradation increases with
event rate. Decrease sample rate or
alternatively dilute the sample

Pulse parameter use

Height (H) data is generally more
accurate than area (A) data, owing to
contributions in area from background
coincidence

Violet-SSCis in logarithmic scale

By default, VL1 is set in logarithmic
scale. Change the scale into linear for
scatter collection

High coincidence and low
resolution

Running at a high flow rate can
increase coincidence and lower
resolution

Acoustic-assisted hydrodynamic
focusing provided a more precise cell
alignment, even at high flow rate.
However, non-acoustic assisted
hydrodynamic focusing cannot preserve
the precision at a high flow rate when
using whole blood samples. Whole
blood samples should be run at
medium/low flow rate




Table 4. Troubleshooting Guide for Support Protocol 2: Bioinformatic tools for the analysis of flow cytometric data.

Problem

Possible Cause

Solution

tSNE, UMAP or
FlowSOM cannot run

The acquisition matrix differs
among the flow cytometry files

Assign a suitable compensation matrix to
normalize the compensation of all the files

FCS files are modified or
damaged

Export new FCS files

tSNE/UMAP analyses
get blocked

The files contain too much
information, and the algorithm
cannot support the analysis

Downsize the number of events of each
sample

Concatenate the population of interest
instead of the global events

Populations are not
equally represented

The downsize is not performed
properly because it is posteriorly
applied on the concatenated file

In the concatenating wizard, assign a proper
low number of events in order to
concatenate the same number of events
from every file

FlowSOM is tightly
over-connected

(Also applicable for
UMAP and tSNE,
though it is not that
evident)

The self-organizing map is
saturated with irrelevant
information

Exclude markers and variables that do not
add value to your analysis, such as FSC, SSC,
and viability or necrotic markers

Select one parameter pulse instead of the
three of them (Area, Width and Height).
Height is recommended because it is usually
more accurate

Supplementary table 1. Spillover values of unstimulated and PMA-stimulated samples.

DMSO BL1: HLA- BL3: 7- YL4: CD33- YL1: PD-L1- RL1: VLL: DCV
DR-FITC AAD PE-Cy7 PE CD11b-APC
BL1: HLA-DR-FITC 0 0 0 0
BL3: 7-AAD 0 0 0 0
YL4: CD33-PE-Cy7 0 0 2.5 0 0
YL1: PD-L1-PE 0 0 0 0
RL1: CD11b-APC 0 0 0
VL1: DCV 0 0 0
PMA BL1: HLA- BL3: 7- YL4: CD33- YL1: PD-L1- RL1: VLL: DOV
DR-FITC AAD PE-Cy7 PE CD11b-APC
BL1: HLA-DR-FITC 0 0 0 0
BL3: 7-AAD 0 0 0 0
YL4: CD33-PE-Cy7 0 0 0 0
YL1: PD-L1-PE 0 16 0 0
RL1: CD11b-APC 0 2 0
VL1: DCV 0 0 0




