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SUMMARY

The central role of target antigen density on chimeric antigen receptor T cell po-
tency highlights the need for accurate measurement of antigen levels on clinical
tumor samples. Here, we present a protocol for quantifying antigen density for
six cell-surface antigens on neuroblastoma cells metastatic to bone marrow.
We describe steps for patient sample acquisition, flow cytometry panel develop-
ment, instrument setup, and compensation and detail procedures for running
clinical samples and data analysis.
For complete details on the use and execution of this protocol, please refer to
Heitzeneder et al. (2022).1

BEFORE YOU BEGIN

Accurate measurement of quantitative CAR T cell target antigen density on clinical specimens is a

critical correlative tool for CAR T cell potency, which is highly dependent on this metric.2 Insufficient

reactivity against low-antigen density tumor cells has emerged as a crucial resistance mechanism, as

evidenced in patients with refractory or recurrent acute B-cell lymphoblastic leukemia (B-ALL) post

CD22 CAR T cell immune pressure.3

Note: We previously used quantitative measurements of CD19, CD20 and CD22 on lymph

node fine-needle aspirate specimens of patients enrolled in clinical trials of CAR T therapies

targeting CD19 (axicabtagene ciloleucel), and a novel bi-specific CD19/CD22 CAR T cell

construct pre- and post-treatment to correlate patient responses.4 This work credentialed

the measurement of CD19 molecules/cell on large B cell lymphoma (LBCL) clinical specimens

as a critical tool to predict future disease progression associated with lower antigen levels post

axi-cel treatment and allowed to define an antigen threshold associated with relapse. Most

novel CAR T cell constructs are not tailored to detect antigen density thresholds present in

clinical samples, which is a plausible cause for failure when tested in clinical trials. Hence,

we harnessed the quantitative assessment of target antigen levels on clinical specimens to

inform the rational design of novel CAR T cell receptors targeting Glypican-2 (GPC2).1
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Figure 1. Multicolor antigen density quantification panel using pre-calibrated beads alongside monoclonal

antibodies of known fluorophore-to-protein ratios

(A) Entire 9-color antibody panel containing six antibodies specific for neuroblastoma cell surface markers used for

antigen density quantitation and three additional colors for gating purposes.

(B) Fluorescent calibration beads contain several populations with known fluorophore molecules/bead and allow

conversion of MFI into antigen density for antibody-fluorophore conjugates with known F:P ratio used at saturating

concentrations.

(C) Plate set up for titration of antibodies used in the panel to assess saturating concentrations using the negative

control cell line CHO-K1 and two neuroblastoma specimens (the cell line SMS-SAN and the patient-derived
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This protocol describes reagents and the specific steps for cell-surface antigen density quantifica-

tion of six neuroblastoma markers including GPC2 on viable tumor cells metastatic to the bone

marrow of patients. These antigens were chosen based on their potential or ongoing efforts as tar-

gets for novel CAR T cell therapy development.5 The protocol uses multi-color flow cytometry with

well-defined antibody-fluorophore conjugate reagents and fluorescence quantitation beads for

each of the six quantitation channels. The 9-color antibody panel is strategically designed to 1) iden-

tify the tumor cell population as the viable cell fraction negative for both the hematopoietic lineage

marker CD45 and neuroblastoma-mimicking bone marrow stromal cells based on CD13 expression

and 2) quantify antigen density (molecules per cell) of the six cell-surface tumor markers GPC2,

B7-H3, GD2, ALK, L1CAM and NCAM to assess their potential as CAR T cell targets (Figure 1A).

Note:Measurement of antigen density on cells by flow cytometry is based on using saturating

antibody to bind antigens, using antibody-fluorophore conjugates with known ratio of anti-

body to fluorophore (fluorophore-to-protein or F:P ratio), and carefully measuring the fluores-

cence intensity of each cell with a calibrated flow cytometer. Consequently, for every cell the

fluorescence intensity can be related back to the number of antibodies bound per cell, and

hence, because antibodies are saturating, to the number of antigens per cell. Calibration of

the flow cytometer fluorescence scale is typically performed using microbeads with known

numbers of fluorophore molecules to create a linear relationship between the fluorescence

of a given flow cytometer and number of fluorescent molecules (Figure 1B). This approach

has been used for single-color measurement of PE-labeled reagents for many years6–10 with

calibration microbeads such as BD Quantibrite beads6 and more recently extended to

multi-color measurements in the same sample with additional fluorescence quantitation

beads.4

Here, we use BD Quantibrite beads in PE and custom quantitation beads in the fluorophores APC,

PE-Cy7, BV421, BV510, and BV605, together with monoclonal antibodies labeled with matching flu-

orophores with defined F:P ratios, to perform the antigen density measurements. The protocol de-

tails the development and use of appropriate flow cytometry panels, specimen handling and sample

preparation, and data acquisition and analysis and is applicable to other antigens and tumor types

infiltrating the bone marrow if appropriate monoclonal antibodies with defined F:P ratios can be

identified. The protocol can be extended to other specimen types with modified sample preparation

if the population of interest can be definitively identified by flow cytometry.

Individuals performing these experiments must have received safety training (BSL2+) on the proper

handling and disposal of human biological materials.

Institutional permissions

Patient tumor samples analyzed in this protocol were collected according to the guidelines of Stan-

ford University Institutional Review Board approved protocols.

Obtaining patient samples

Timing: 3–6 months prior to experiment with patient specimens (depending on sample

availability)

1. To obtain appropriate clinical samples for antigen density quantification, work with the respective

Institutional Review Board (IRB) to receive bone-marrow samples containing viable tumor cells

with intact cell-surface membranes under IRB-approved protocols.

Figure 1. Continued

neuroblastoma cells ST16-4045). Serial dilutions range from no antibody to 0.1, 1, 5, 10, 20 and 30 mg/mL in a total of

100 mL FACS buffer containing fixable viability dye. Example plate setup for three antibodies (GPC2-PE, GD2-BV510,

ALK-APC) is shown. A second plate with the same setup was run for B7H3-PE-Cy7, L1CAM-BV421, NCAM-BV605).
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Note: We used tumor-infiltrated bone marrow samples obtained at the time of routine bone

marrow aspiration from neuroblastoma patients, that were Ficoll-purified within 1–6 hours of

specimen procurement.

a. Perform purification using Ficoll-Paque PLUS density gradient media according to manufacturer’s

instructions.

b. After the final centrifugation step, resuspend samples in FBS and viably freeze after adding 2X

cryomedia, consisting of 80% FBS and 20% DMSO. To ensure optimal cell preservation, trans-

fer cryovials to a ‒80�C freezer in Nalgene Mr. Frosty containers, in which the recommended

controlled cooling rate of 1�C/min is achieved. Move to liquid nitrogen storage within 24 h and

keep there until use.

Note: If feasible, samples can also be run fresh but were not extensively tested in our study.

For further details about patient characteristics, please refer to Heitzeneder et al.1

Flow cytometry panel development for antigen density quantitation

Timing: 3–6 months prior to experiment

Note: If changes to the antibody panel described in this protocol are being made, antibody

clones and fluorophore combinations should be selected carefully for optimum performance

under saturating conditions. Unlike conventional flow cytometry where antibody titrations can

be chosen to maximize stain index, saturating concentrations are critical for antigen density

quantification. Further important considerations are the sensitivity of the flow cytometry in-

strument in different fluorescent channels, spillover between channels, available antibody

clones, apparent brightness of available fluorophores, compensation controls, and the ex-

pected range of antigen density of the markers.

2. Develop the flow cytometry panel under careful considerations to ensure an adequate signal-to-

noise stain index for defined populations.

a. Characterize the Flow Cytometer to-be-used with the quantitation beads to determine its

sensitivity in each channel for quantitation.

b. Chose monoclonal antibody clones for antigens of interest and prioritize reagents such that

the lowest expressed antigens are detected in the most sensitive fluorescent channels. Place

highly expressed antigens in fluorescent channels with minimal spillover to those used for an-

tigens expressed at low levels.

c. The final panel might be limited by available antibody conjugates. Test the panel comprehen-

sively on representative preclinical samples, before moving to precious clinical samples.

The quantitative flow cytometry panel developed for this assay is illustrated in Figure 1. Specific

items related to optimization are detailed below.

Quantitative antibody panel setup with known fluorophore-to-protein ratios

Timing: Any time prior to the day of the experiment. 8 h

3. Determine the fluorophore-to-protein (F:P) ratios for all monoclonal antibodies used in the quan-

titation panel.

a. Obtain F:P ratios on request from the manufacturer when possible. For antibodies used in this

protocol, BioLegend provided manufacturer-determined information on F:P ratios for NCAM-

BV605, B7-H3-PE-Cy7 and GD2-BV510.
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b. Conjugate an unlabeled antibody to-be-used in the panel with PE using the Abcam PE conju-

gation kit Lightning-Link (or use a custom PE conjugation service from a reagent vendor). This

kit results in an expected F:P ratio of 1:1 according to manufacturer’s instructions. In this pro-

tocol, the custom-made GPC2 antibody was conjugated to PE using this approach.

c. The 1:1 ratio does not generally apply to conjugation with other fluorophores. Estimate the

F:P ratio for antibodies with unknown F:P ratios by comparison to the PE version (1:1 F:P) of

the same clone at same titration with quantitation beads to determine number of antibodies

bound per cell (ABC).

Note: For instance, in this protocol, the ALK antibody was conjugated to both APC and PE us-

ing Abcam Conjugation Lightning-Link kits and the F:P ratio for the ALK-APC clone was calcu-

lated from comparison of cells stained with this antibody and the PE-conjugated version of the

same clone (F:P = 1:1) at the same concentration using BD Quantibrite PE and APC quantita-

tion bead measurements on a BD LSRFortessa X-20 flow cytometer. A similar approach was

taken for L1CAM-BV421, for which a commercially available PE-conjugated version of the

same clone with F:P of 1:1 was used. Table 1 shows calculations of the F:P ratios for the

ALK-APC and L1CAM-BV421 antibody conjugates in the present study.

Note: If the above approach is not feasible to determine F:P ratio, a conventional spectros-

copy approach11 can be applied. For determination of ABC values using other fluorophores

such as FITC, Rhodamine, Alexa Fluor dyes (with small molecular weights), the approach em-

ployed by Wang et al.8,12,13 should be carefully followed.

Antibody titrations

Timing: Any time prior to the day of the experiment. 4 h

Prior to sample analysis, the optimal concentration of each antibody used in the panel needs to be

determined. Antibodies used for antigen density quantitation should be used at the minimal satu-

rating concentration; other antibodies can be titrated to maximize stain index. Cells used for the

titrations should be carefully chosen from patient specimens, healthy donors, or a suitable model

system that expresses the markers of interest. Neuroblastoma patient specimens are difficult to

obtain in sufficient quantity for research studies, and availability of viably frozen samples is limited.

Hence, in this protocol, we used CHO-K1 cells as negative controls, which do not specifically bind

any of our antibodies of interest. As positive control specimens, we used the neuroblastoma cell

line SMS-SAN known to express all antigens in this panel based on prior experiments and a pa-

tient-derived neuroblastoma cell line isolated from a patient’s bone marrow (ST16-BM4045), which

we have generated. Cells were stained at increasing antibody concentrations and analyzed on a BD

Table 1. Example determination of F:P ratios for ALK-APC and L1CAM-BV421 antibody conjugates

MFI values

Labeled antibody BV421 PE APC Fluorophore molecules/cell F:P ratio Antigen molecules/cell

ALK-APC 595 4325 3.34b 1296

ALK-PE 269 1296 1:1a 1296

L1CAM-BV421 864 8041 2.21b 3632

L1CAM-PE 788 3632 1:1a 3632

Determination of fluorophore-to-protein ratios of a given monoclonal antibody (ALK-APC and L1CAM-BV421) by staining

neuroblastoma cells with these mABs and the same clone labeled in PE with 1:1 F:P ratios, respectively. Quantibrite-PE

and quantitation beads in APC or BV421 allow calculation of F:P from fluorophoremolecules/cell with equivalent antigenmol-

ecules/cell.
aKnown F:P ratio.
bCalculated F:P ratio as detailed in Table 3 and according manuscript section.
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LSRFortessa X-20 flow cytometer in plate-mode (alternatively titration can be performed in tube

mode). FACS buffer is prepared as outlined in the materials and equipment section and stored at

4�C for up to one month. Viability dye is used to ensure only live cells are analyzed.

4. Determine the optimal concentration of each conjugated monoclonal antibody utilized in the

quantification panel to ensure usage at minimal saturating conditions.

a. Prepare antibody staining mixes.

i. Vortex and spin down antibodies and viability dye and place on ice protected from light.

ii. Prepare fixable viability dye staining mix by diluting 1:1000 in FACS buffer.

iii. Prepare serial dilutions of all antibodies to obtain concentrations ranging from 0.1 mg/mL

to 30 mg/mL in a total of 100 mL fixable viability dye staining mix (Figure 1C).

b. Prepare cultured positive and negative control cell lines.

i. Harvest cells and wash once with PBS, pellet by centrifugation at a temperature of 18�C–
22�C for 5 min at 335 3 g, resuspend in FACS buffer and count using an automated cell

counter. For cells that form spheres, such as our patient-derived neuroblastoma cell line

ST16-BM4045, we performed non-enzymatic incubation with Cellstripper (Corning) for

1 min to bring cells into a single cell suspension prior to the PBS wash step.

ii. Bring cells to a concentration of 1.5 3 106 cells per mL and aliquot 200 mL (equals 0.3 3

106) into each well of a round-bottom 96-well plate using a multi-channel pipette.

iii. Centrifuge the plate at 3353 g for 5 min and discard supernatant (referred to hereafter as

‘‘centrifugation step’’), and wash cells twice with 200 mL of FACS buffer using amulti-chan-

nel pipette.

c. Stain cells and acquire data.

i. Add 100 mL of antibody mix to cells as directed on the plate map, mix well by pipetting up

and down, and stain for 30 min on ice in the dark.

ii. After the incubation, perform centrifugation step and wash cells twice with 200 mL of

FACS buffer.

iii. Resuspend cells in 100 mL of FACS buffer and run samples on flow cytometer in plate

mode. Ensure that the positive population is within the range of detection of the

instrument.

iv. For antibodies used in antigen density quantitation, analyze results to determine satu-

rating concentrations of each antibody in positive control specimens in the absence of

significant background staining in negative control cell lines for the use in the experiment.

For other antibodies, optimize stain index. See Table 2 for the final panel used.

CRITICAL: Antibody conjugates are light and temperature sensitive and must be stored in

the dark to preserve their stability.

CRITICAL: Ensure that the reagents of the proposed panel are compatible with the config-

uration of the instrument used. See Table 2 for configuration of the BD LSRFortessa X-20

flow cytometer used for acquiring this panel.

Test antibody panel on spike-in control bone marrow samples

Timing: 1–2 weeks prior to running patient samples. 8 h

Prior to running patient samples, the sample preparation, staining panel, instrument setup, compen-

sation scheme, and gating strategy to distinctively detect the tumor cell population must be tested

on samples less precious than clinical tumor specimens.

Note: Given the expected rare tumor cell infiltration in some bone marrow patient samples,

control samples must be supplied using alternative specimens. To mimic such samples, we

use tumor-uninvolved bone marrow samples derived from patients with B-cell acute
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lymphoblastic leukemia at remission time points with and without spike-in of ST16-BM4045

neuroblastoma to test the entire panel and for florescence minus one control samples

(FMO: tube containing the entire panel, except one target antibody, to understand fluores-

cent spreading and spillover). ST16-4045 was also used as single-stain controls for compen-

sation of biologically relevant signal for high-expressing antigens alongside compensation

beads for low/moderate expressing antigens. In addition, we tested the panel on neuroblas-

toma cell lines with known antigen density of GPC2 ranging from low to high (SMS-SAN, NB-

SD, NGP-GPC2) as positive and CHO-K1 as a negative control specimen. An example of the

controls, compensation, and sample preparation is provided in Figure 2, and the completed

panel run on the ST16-BM4045 spiked into healthy bone marrow is shown in Figure 3.

5. Carefully test the full antibody panel using the concentrations determined in step 4 on control

samples.

a. Harvest and prepare cultured positive and negative control cell lines as outlined in Step 4b

above and aliquot into FACS tubes.

b. Prepare spike-in control bone marrow samples.

i. Thaw three replicates of tumor uninvolved bone marrow, assess cell count, and add into

three FACS tubes.

ii. Spike-in 2% and 25% patient-derived neuroblastoma tumor cells and leave the third tube

without spike-in.

c. Prepare initial antibody staining mix.

i. Collect all antibodies needed for the panel (Table 2), vortex and centrifuge each vial and

place on ice.

ii. Prepare staining mix for all samples using viability dye and all antibodies listed in Table 2

but only one of the three BV antibodies.

Note: Because this staining panel uses multiple BD Horizon Brilliant Violet (BV) conjugated an-

tibodies, a BD Horizon Brilliant Stain Buffer must be used to avoid staining artifacts by

Table 2. Antibody panel used for quantification of neuroblastoma cell surface antigens in patient bone marrow samples

Laser Filter Fluorophore Antibody Clone Isotype Purpose LOT mAB conc.
Use per
testd

Staining
conc.

F:P
assessment

F:P
ratio

Red
640 nM

780/60 eFluor 780 fixable
viability
dye

Gate out
dead cells

0.1 mL N/A N/A N/A

Red
640 nM

670/30 APC ALKb ALK-48 Mouse
IgG2a

Tumor marker custom 1 mg/mL 0.2 mL 0.2 mg/mL determined
with PE-clonea

3.34

Violet
405 nM

525/50 BV510 GD2 14g2a Mouse
IgG2a, k

Tumor marker B280958 0.1 mg/mL 5 mL 0.5 mg/mL provided by
BioLegend

3.1

Violet
405 nM

610/20 BV605 NCAM
(CD56)

5.1H11 Mouse
IgG1, k

Tumor marker B280386 0.1 mg/mL 1 mL 0.1 mg/mL provided by
BioLegend

3.4

Violet
405 nM

450/50 BV421 L1CAM
(CD171)

5G3 Mouse
IgG2a

Tumor marker 9241038 0.4 mg/mL 0.5 mL 0.2 mg/mL determined
with PE-clonec

2.21

Blue
488 nM

780/60 PE-Cy7 B7H3 MIH42 Mouse
IgG1, k

Tumor marker B293754 0.4 mg/mL 2.5 mL 1 mg/mL provided by
BioLegend

0.92

Blue
488 nM

575/26 PE GPC2a D3 Human
IgG1

Tumor marker custom 1 mg/mL 0.5 mL 0.5 mg/mL 1:1

Blue
488 nM

710/50 PerCP-
Cy5.5

CD45 HI30 Mouse
IgG2b,k

Gate out
hematopoietic
cells

0.025 mg/mL 4 mL 0.1 mg/mL N/A N/A

UV
355 nM

740/35 BUV737 CD13 L138 Mouse
IgG1, k

Gate out bone
marrow stroma
cells

0.2 mg/mL 2.5 mL 0.5 mg/mL N/A N/A

aPE-conjugated using Abcam PE Conjugation kit Lightning-Link.
bAPC-conjugated using Abcam APC Conjugation kit Lightning-Link.
cPE-conjugated clone from BD Biosciences (Cat# 564193, LOT: 0133728).
dsaturating antibody per titration results, volume to add for 100 mL total staining volume.
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fluorescent dye interactions. All BV antibodies are added separately, only one BV antibody is

added to the initial staining mix, the other two are added separately thereafter.

d. Stain all single-cell controls, negative and FMO controls, and sample tubes (neuroblastoma

cell lines and spike-in bone marrow samples) with the respective panel (see Figure 2A).

i. Perform centrifugation step and wash cells twice with 2 mL of FACS buffer.

ii. After the secondwash, resuspend thepellet in a total volumeof 30 mL FACSbuffer containing

5mLFcBlockper13106cells and incubatesamples for10minata temperatureof18�C–22�C.
The Fc Block is necessary to prevent nonspecific staining by Fc receptor expressing cells.

CRITICAL: Do NOT wash after this step!

iii. Once the 10-min Fc Block incubation period is complete, add 50 mL of BD Horizon Bril-

liant Stain Buffer (BD Biosciences, San Jose, CA, USA).

iv. Add the antibody mix that contains all the antibodies (without the two remaining BV an-

tibodies) and mix well by pipetting up and down.

Figure 2. Experimental setup with all control and sample tubes used

(A) Patient-derived neuroblastoma cell line ST16-4045 was used for single-stain compensation controls, as were

UltraComp eBeads PLUS. A control bone marrow sample from a B-ALL patient during remission (with or without spike-

in of ST16-4045) was stained with the entire 9-color antibody panel, as were CHO cells (a negative control) and

neuroblastoma cell lines (used as benchmark controls for antigen density). Experimental samples were stained with

the full antibody panel.

(B) The staining procedure involves pre-incubating samples with Fc Block. It is important to use Brilliant Stain Buffer

and to add the additional BV antibodies separately, to avoid the antibodies binding to each other instead of the cells.
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v. Separately add each of the two remaining BV antibodies to the tubes and mix well by

pipetting up and down.

vi. Incubate the samples for 30 min on ice in the dark.

vii. After the incubation, perform centrifugation step and wash cells twice with 2 mL of FACS

buffer.

viii. Resuspend cells in 300 mL FACS buffer and pass through FACS tube strainer cap.

ix. Place cells on ice in the dark until ready to run samples.

Figure 3. Gating strategy using tumor-negative control bone marrow samples with and without neuroblastoma

tumor cell spike-in

(A) control bone marrow sample from a B-ALL patient during remission was used to test the entire 9-color antibody

panel either without or with 2% or 25% spike-in of patient-derived neuroblastoma cells ST16-4045. The gating strategy

used (A, from left to right) was established to capture the cell population without debris via FSC-A/SSC-A, singlets via

FSC-A/FSC-H, and viable cells using fixable viability dye. Subsequently, in (B) no-spike-in controls as well as (C) 2%

spike-in and (D) 25% spike-in, hematopoietic cells and bone-marrow stromal cells were excluded using the markers

CD45 and CD13. The tumor cell population is double-positive for the neuroblastoma tumor marker NCAM and GD2.
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Prepare quantitation beads

Timing: 10 min

6. Prepare BD quantification beads for the assay.

a. Remove one tube of BDQuantibrite PE beads and one tube of BD CustomQuantitation Beads

per color (PE, PE-Cy7, APC, BV605, BV510, and BV421) from the foil pouch packaging just

prior to use. Each tube contains a dried pellet of beads comprising 4–6 levels of intensities.

b. Resuspend beads in 300 mL of FACS buffer, vortex for a few seconds and place on ice in the

dark until ready to run.

Note: Permissible buffer systems for reconstitution of the beads should have a pH around

neutrality (pH 7.0–7.5), and FACS buffer as prepared in this protocol is commonly used.

The use of any ionic, non-ionic detergents or surfactants of any kind is prohibited for reconsti-

tution of the dried quantitation beads and may result in failure of beads performance.

CRITICAL: Molecules/bead population are LOT-specific and information as indicated on

the package is critical for analysis. Take note of the LOT used for each run.

Set up the flow cytometer including compensation and run control samples and quantitation

beads

Timing: 2 h

The purpose of this step is to set up ensure optimal instrument performance, select the acquisition

settings on the flow cytometer, run compensation, set up the gating strategy for the experiment and

run all control samples and quantitation beads.

7. Set up the Flow Cytometer to be used and test for optimal performance.

a. Turn on the instrument and allow the lasers to warm up.

b. Follow standard lab operating procedures for startup, cleaning, and instrument quality control

with bead standards such as CS&T or 8-peak rainbow beads to ensure optimal performance.

8. Set up the PMT voltages and acquisition settings on the flow cytometer.

a. Open a new experiment and select the channels for visualizing the antibody panel used in the

experiment and select FSC and SSC height and area as parameters.

b. Choose optimal values for FSC and SSC to visualize the cell populations.

c. Optimize voltages for optimal signal-to-noise ratio within the cell assay for which the quanti-

tation of the surfacemarkers is themain goal. Test-run single-color compensation controls and

Quantitation Beads to make sure negative populations are visible above noise and positive

populations are on-scale within linear range.

d. Optimized results can be saved as ‘‘application settings’’ for the flow cytometry assay.

9. Set up compensation and gating strategy.

a. At set voltages, run compensation tubes, and calculate compensation.

b. Set up the gating strategy (Figure 3) and run the fully stained control samples on the

instrument.

Note: In this protocol, we use single stains of ST16-4045 for the high-expressing antigens

NCAM and GD2 to reflect their biologically relevant signal and compensation beads for all

other antibodies in the panel to define compensation. We used UltraComp eBeads PLUS to

enable binding of the GPC2 antibody, which contains a human Fc domain. Once the setup

and compensation are adjusted, the quantitation beads need to be run (see below) under

the same instrument setup and compensation optimized for the assay.
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10. Run Quantitation Beads.

a. Quantitation beads must be acquired at the same instrument and compensation settings es-

tablished for the experiment.

b. Vortex the resuspended quantitation bead tube for a few seconds prior to acquisition. Iden-

tify the bead population by FSC-A vs. SSC-A and set a gate around the singlet bead

population.

c. Run Quantitation Beads and collect 10,000 events in the bead population gate. The singlet

bead population is analyzed using a histogram plot of fluorophore intensity.

KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Human CD13-BUV737 (clone L138, 1:40) BD Biosciences Cat# 749265

Human CD45-PerCp-Cy5.5 (clone HI30, 1:25) Thermo Fisher Scientific Cat# 45-0459-42

Human GPC2 (clone D3, PE labeled, 1:200) Dr. Dimiter S. Dimitrov
(University of Pittsburgh)

N/A

Human GD2-BV510 (clone 14g2a, 1:20) BioLegend Cat# 357316

Human NCAM-BV605 (clone 5.1H11, 1:100) BioLegend Cat# 362538

Human L1CAM-BV421 (clone 5G3, 1:200) BD Biosciences Cat# 565732

Human L1CAM-PE (clone 5G3, 1:200) BD Biosciences Cat# 564193

Human ALK (clone 48, APC labeled, 1:500) Mark Vigny N/A

Human B7-H3-PE-Cy7 (clone MIH42, 1:40) BioLegend Cat# 351008

Biological samples

Human neuroblastoma-infiltrated
bone marrow samples

Stanford Pediatrics Bass Center
Tissue Bank (IRB: #45458 and #56619)

N/A

Human bone marrow samples from
B-ALL patients (uninvolved tumor-free at remission)

Stanford Pediatrics Bass Center
Tissue Bank (IRB: #45458 and #56619)

N/A

Chemicals, peptides, and recombinant proteins

Abcam PE Conjugation Kit Lightning-Link Abcam Cat# ab102918

Abcam APC Conjugation Kit Lightning-Link Abcam Cat# ab201807

BD Quantibrite PE beads BD Biosciences Cat# 340495

BD custom quantitation beads in APC BD Biosciences Custom 626425

BD custom quantitation beads in PE-Cy7 BD Biosciences Custom 625639

BD custom quantitation beads in BV421 BD Biosciences Custom 625508

BD custom quantitation beads in BV510 BD Biosciences Custom 625594

BD custom quantitation beads in BV605 BD Biosciences Custom 625638

UltraComp eBeads Plus compensation beads Thermo Fisher Scientific Cat# 01-3333-41

Experimental models: Human cell lines and PDX

CHO-K1 (female) ATCC RRID:CVCL_0213

NGP (male) Dr. John Maris (CHOP) RRID:CVCL_2141

NGP-NPC2 (male) Dr. John Maris (CHOP) N/A

SMS-SAN (female) Dr. John Maris (CHOP) RRID:CVCL_7136

NBSD (female) Dr. John Maris (CHOP) RRID:CVCL_LF68

ST16-BM4045 (male, diagnostic) This manuscript N/A

Software and algorithms

FlowJo v10.7.1 BD Biosciences https://www.flowjo.com/solutions/
flowjo/downloads

GraphPad Prism v8.4 GraphPad Software, Inc. https://www.graphpad.com/updates

BioRender BioRender https://www.biorender.com

Other

LSRFortessa X-20 4 lasers (405 nM violet,
488 nM blue, 640 nM red, and 355 nM UV)

BD Biosciences N/A

Fixable viability dye eFluor 780 Thermo Fisher Scientific (eBioscience) Cat# 65-0865-14

Brilliant stain buffer BD Biosciences Cat# 566349

(Continued on next page)
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MATERIALS AND EQUIPMENT

Flow cytometer

The flow cytometer used in this protocol was the BD LSRFortessa X-20 equipped with 4 lasers

(405 nm Violet, 488 nm Blue, 640 nm Red and 355 nm UV) and 19 fluorescent detectors. The instru-

ment configuration used in this protocol as well as detailed information on antibodies used for each

channel are shown in Table 2.

FACS buffer

Prepare FACS buffer according to the (Stanford) recipe below and store up to one month in the

fridge at 4�C.

STEP-BY-STEP METHOD DETAILS

This section defines the activities on the day of actual experiments with patient specimens, assuming

the assay is fully developed as outlined in the sections above.

Prepare and run control samples, compensation, and quantitation bead tubes for proper

instrument setup

Timing: 4 h

In order to keep the processing time for clinical samples to a minimum (from thawing to data acqui-

sition) in this step, the instrument setup including compensation and acquisition for all control sam-

ples is performed prior to thawing any patient samples.

1. Prepare all sample tubes required for this step.

a. Stain all positive and negative control cell lines and spike-in controls samples according to steps

outlined in section ‘test antibody panel on spike-in control bone marrow samples’ above.

b. Prepare compensation tubes containing compensation beads or ST16-BM4045 cells as out-

lined in the same section above.

Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

Human BD Fc Block BD Biosciences Cat# 564219

Corning Cellstripper dissociation reagent Corning Cat# MT25056CI

Ficoll-Paque PLUS density gradient media Cytiva Cat# 17144002

Gibco DPBS, no calcium, no magnesium Thermo Fisher Scientific Cat# 14190144

Invitrogen EDTA (0.5 M), pH 8.0, RNase-free Thermo Fisher Scientific Cat# AM9260G

Fetal bovine serum, qualified, heat inactivated Thermo Fisher Scientific Cat# 16140071

Corning Falcon round-bottom polystyrene
test tubes with cell strainer snap cap

Fisher Scientific Cat# 08-771-23

Nalgene Mr. Frosty freezing container Thermo Fisher Scientific Cat# 5100-0001

Corning Costar 96-well, cell culture
treated, U-shaped-bottom microplate

Fisher Scientific Cat# 07-200-95

Corning Falcon 15 mL conical centrifuge tubes Fisher Scientific Cat# 14-959-49D

RPMI 1640 medium, no glutamine Thermo Fisher Scientific Cat# 21870092

FACS buffer

Component Final concentration Amount

1X PBS 488 mL

FBS 2% 10 mL

0.5 M EDTA 0.4% 2 mL

Total N/A 500 mL
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c. Prepare BD quantitation beads for the assay as outlined in the ‘prepare quantitation beads’

2. Set up flow cytometer and run compensation control samples as well as quantitation beads as

outlined in section ‘set up the flow cytometer including compensation and run control samples

and quantitation beads’

Thaw patient samples and stain with antibody panel

Timing: 45–60 min

This step serves to thaw, process, stain, and wash the patient samples with the entire antibody panel.

CRITICAL: Because viability of patient samples decreases rapidly after thawing, we recom-

mend staining and running all control samples including flow cytometer setup and compen-

sation prior to thawing the patient samples.

3. Thaw the bone marrow samples and bring into single-cell suspensions.

a. Get the samples from the liquid nitrogen and place on dry ice.

b. Place samples in the 37�C water bath and thaw quickly.

c. Transfer each sample to a 15 mL conical tube and resuspend in 10 mL of 4�C cold RPMI com-

plete media.

d. Perform centrifugation step.

e. Resuspend cell pellets in 1 mL of Cellstripper a non-enzymatic dissociation reagent to break

up tumor cell spheres and incubate samples for 2 min.

f. Add 2 mL of FACS buffer, perform centrifugation step, and wash cells twice.

4. Stain patient samples with the entire antibody panel.

a. Follow the staining procedure specified above under ‘Stain control cell lines and compensa-

tion tubes’.

b. Pass cells through FACS tube strainer caps before running.

Note: The bone marrow patient samples used for this assay contained a total of 1‒5 3 106

frozen cells and viability can be quite low (�20%) due to Ficoll-processing before freezing

and decreases post thaw. The tumor infiltration based on the pathology report in our samples

ranged between 1% and 80%. We generally stain the entire sample with our antibody panel,

yet if cells are viable and abundant and the expected tumor burden is high, we recommend

aliquoting 1 3 106 cells for staining.

Run patient samples on the flow cytometer and analyze data

Timing: 1 h

In this step data acquisition and analysis of antigen density quantification of the patient samples are

described.

5. Run patient samples and acquire data.

a. Confirm that gates capture the cell populationwithout debris (FSC-A vs. SSC-A) and include single

cells rather than doublets (FSC-A vs. FSC-H) and capture viable cells (SSC-A vs. eF780) only.

i. Exclude CD45+ hematopoietic cells and CD13+ neuroblastoma-mimicking bone marrow

stromal cells by gating on the CD45/CD13 double-negative population.

ii. Identify the tumor cell population by further sub-gating on NCAM+ and GD2+ (Figure 3).

b. Run the entire tube of each sample as opposed to collecting a certain number of events to

ensure all tumors cells present in the sample are captured.

6. Export data and perform data analysis including quantitation.
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a. Export the data and open FCS files in FlowJo software (BD Biosciences). Gate on the tumor cell

population as outlined previously and shown in Figure 3.

b. In each Quantitation Bead Tube, gate on the singlet population of the beads by FSC-A vs.

SSC-A and create a fluorophore histogram plot. In the histogram, create a separate gate for

each of the bead populations present in the sample.

c. Using the ‘Table Editor’ function in FlowJo software, export the geometric mean values of the

fluorescent intensity of each antigen and the respective quantitation bead populations.

d. For manual data analysis, use an Excel spreadsheet.

i. enter the exported MFI values of each quantitation bead population in an X-axis column

and the lot-specific number of fluorophoremolecules provided in the Technical Data Sheet

(TDS) in a Y-axis column.

ii. Plot a linear regression of MFI (X-axis) vs. Fluorophore Molecules (Y-axis) using the linear

equation ‘Y = aX + c’ where Y equals the number of fluorophore molecules and X equals

MFI value (Figure 4).

iii. To determine the number of fluorophores for an unknown cell population, substitute the

cell population MFI value in the equation and solve for the number of fluorophore mole-

cules and divide the resulting value by the F:P ratio (Table 3). Given that antibody concen-

trations are saturating, the assumption is made that antibodies bound per cell provide a

reasonable estimate of antigens per cell.

Note: For example, in the case of ALK-APC, if the MFI value of the patient’s tumor cell pop-

ulation is 4057, and using the equation generated for APC fluorescence quantitation, the for-

mula is ‘Y = 6.2572 3 (4057) – 3063.1’, resulting in 22322 molecules of APC bound per cell for

the cell population of the interest. To arrive at antibodies bound per cell, this value must be

divided by the F:P ratio (which is 3.34 for ALK-APC), resulting in 22322 molecules of APC

divided by 3.34 APC per antibody equals 6683 antibodies bound per cell (Table 3; Figure 4).

EXPECTED OUTCOMES

This protocol developed at Stanford University and described here allows the quantification of an-

tigen densities of immunotherapy-relevant cell-surface antigens on neuroblastoma cells metastatic

to the bone marrow. The protocol was used to analyze patient samples at Stanford and also at a

collaborating institution (Children’s Cancer Research Institute Vienna, Austria), using the same pos-

itive and negative reference cell lines to confirm reproducible performance. Figure 4 shows repre-

sentative flow cytometry histograms of a patient sample analyzed according to this protocol. An

example conversion of the fluorescent signal into antigen density quantification for the 6 putative

targetable markers of interest is shown in Table 3.

QUANTIFICATION AND STATISTICAL ANALYSIS

The resulting antigen quantification data (molecules/cell) for each cell-surface target on bone-

marrow infiltrating neuroblastoma cells can uncover biological differences between groups. If those

are of unequal sample size as in the main study using this protocol,1 where clinical specimens were

compared to cell lines and patient-derived xenograft samples, those should be compared using a

Welch’s t test for statistical analysis with considering a P < 0.05 as statistically significant.

LIMITATIONS

Antigen density assessment as outlined here represents a best estimate, based on measuring the

number of antibodies bound per cell (ABC) at saturating concentrations. Some key factors for accu-

rate assessment are the following: using antibodies at saturating concentrations and the assumption

that saturating antibodies reflect the underlying number of antigens; the measurement of F:P ratio

by the vendor or empirically in the lab; the condition of the sample at the time of analysis and

whether it is representative of the original cells prior to specimen acquisition due to sample
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processing and storage methods; an appropriate flow cytometry panel design as well as the quality

of the instrument and compensation setup.

Each fluorescence channel used for antigen density measurement has a limit of detection that trans-

lates to the lowest number of antigens that can be detected. Measurement must be made in the

linear range and the linear regression (Figure 4) intercepts either on X- or Y-axis, indicating the limit

of flow cytometer detection either on the X-axis (MFI value) or on Y-axis (number of fluorophore mol-

ecules). Depending on the complexity of the flow cytometry panel, additional minor losses in limit of

detection may occur due to spillover and compensation issues. An upper limit might occur if antigen

density is locally greater than themaximumdensity of antibodies able to bind (e.g., given steric, size,

Figure 4. Conversion of mean fluorescent intensity of quantitation bead populations into molecules per cell

Representative Histograms of Quantitation Beads of each fluorophore (first panel from the left), mean fluorescent

intensity of each bead population and pre-defined LOT-specific fluorescent molecules/bead for each population

(second panel) to set up the equation (third panel) for converting mean fluorescent intensity of each antibody signal

into molecules of fluorophore/cell. Representative histograms of each antigen of a patient neuroblastoma-infiltrated

bone marrow sample gated according to Figure 3 (fourth panel) used for example calculation adjusted for F:P ratios in

Table 3.
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and other factors). If the ratio of antibody to antigen is expected to be other than 1:1 for a particular

case (e.g., for antigens that possess more than one binding site per molecule), a correction may be

considered. Regardless, this semiquantitative relationship is expected to be proportional, represen-

tative of the functional epitopes accessible, and as such informative. Access to clinical specimens

can be especially challenging and care should be taken to use the highest quality clinical specimens

available and, if possible, to characterize the effect of specimen storage time or processing on an-

tigen expression. Despite these limitations and considerations, this protocol provides significant

value over simply reporting MFI because it allows a consistent approach to quantitation irrespective

of instrument, setup or laboratory-specific factors. This protocol is for research purposes only, not for

use in diagnostic procedures.

TROUBLESHOOTING

Problem 1

Patient-derived samples may have unpredictably high or low cell-surface expression levels of the an-

tigens in question, resulting in off-scale signal and/or non-optimum performance when using pre-

designed reagent panels, antibody titrations, and compensation schemes. For instance, in our

experiment many of the patient samples expressed GD2 and NCAM at much higher levels than

signal emanating from compensation with bead-bound GD2 and NCAM antibodies. This might

lead to complications when samples are run on the flow cytometer (Steps 1–4 (step-by-step method

details): prepare and run control samples, compensation, and quantitation bead tubes for proper

instrument setup).

Potential solution

To avoid complications and any time delays once precious patient samples are processed and

stained, it is critical to establish instrument setup and compensation in advance using the best avail-

able controls. We recommend comparing compensation beads to a biologically relevant positive

control sample stained simultaneously and carefully choosing the superior sample for compensation

setup, which reflects the anticipated biological signal. We stained both NB ST16-BM4045 and

compensation beads in our protocol and found that the MFI of certain antibodies, such as GD2

and NCAM on NB ST16-BM4045, was much higher than the MFI of the compensation beads (Fig-

ure 5). UsingNB ST16-BM4045 cells for single-color stains to set up the instrument allowed us proper

voltage adjustment and compensation prior to the experiment using patient sample.

Problem 2

Non-tumor cell populations may be present in patient samples in large numbers, and these popu-

lations will be specific to the tissue location from which a given sample was taken. The experimental

antibody staining panel must be optimized and adjusted accordingly to gate out non-tumor popu-

lations expected to be present. Ideally, markers to positively select the tumor cell population should

be included if antigens that identify tumor cells in a distinct and homogenous manner can be iden-

tified. (Step 2 (before you begin): flow cytometry panel development for antigen density

quantitation).

Table 3. Example determination of antigen molecules per cell from MFI and F:P ratio

Fluorophore Antigen MFI sample F:P ratio Mol./Cell

PE GPC2 4776 1 6041

PE-Cy7 B7H3 2290 0.92 4831

BV510 GD2 28258 3.1 683694

APC ALK 4057 3.34 6683

BV605 NCAM 7526 3.4 19684

BV421 L1CAM 9112 2.21 22924

Representative data of one patient sample according to the equations shown in Figure 4.
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Potential solution

For bone marrow-derived neuroblastoma patient samples, we gate out stromal cells and hemato-

poietic stem cells using CD13 and CD45, and positively gate on the tumor cell population using

NCAM and GD2. Sufficient sample must be obtained and analyzed to account for potential scarcity

of tumor cells.

Problem 3

This assay depends on accurate known fluorophore-to-protein ratios of eachmonoclonal antibody in

the panel, to accurately convert the number of fluorophore molecules bound per cell into antibodies

bound per cell. Commercially available antibodies that work well in the panel might not have infor-

mation on F:P ratios available from the manufacturer and unconjugated custom antibodies might be

utilized for novel antigens of interest. In our protocol, determining the F:P ratio of the commercially

available L1CAM-BV421 mAB and a custom-made unconjugated ALK mAB, which we conjugated to

APC, were necessary (Step 2 (before you begin): flow cytometry panel development for antigen den-

sity quantitation).

Potential solution

To estimate the F:P for an unknown conjugate, we compared the staining to the PE version of the

same clone at the same titrated concentration. The PE-conjugated mABs possess 1:1 F:P ratios

and by running quantitation beads in both colors alongside a biological sample individually stained

in both colors (Figure 6) allows determination of the number of antibodies bound per cell (ABC). See

Figure 5. Comparison of single-color stains for compensation setup on NB PDX cells compared to compensation

beads

Both UltraComp eBeads PLUS as well as the neuroblastoma PDX cells ST16-4045, which closely resemble the

biological signal on patient tumor specimens, were stained simultaneously with the same concentration of (A) GPC2-

PE (B) B7H3-PE-Cy7 (C) GD2-BV510 (D) ALK-APC (E) NCAM-BV605 or (F) L1CAM-BV421 mABs used in the

quantification panel.

ll
OPEN ACCESS

STAR Protocols 4, 102709, December 15, 2023 17

Protocol



Table 1 as an example for calculations of the F:P ratios for the ALK-APC and L1CAM-BV421 antibody

conjugates used in our study.

RESOURCE AVAILABILITY

Lead contact

Requests for further information and resources should be directed to the lead contacts, Sabine Heit-

zeneder (sabineh@stanford.edu) and Scott J. Bornheimer (scott_bornheimer@bd.com).

Materials availability

This study did not generate new unique reagents. Most materials and reagents used in this study are

commercially available. The human GPC2 and ALK antibody are custom reagents developed by col-

laborators (see key resources table). Inquiries for BD CustomQuantitation Beads should be directed

to BD Biosciences Custom Orders (bdb_custom_orders@bd.com).

Data and code availability

This assay did not generate new code and the data are published in Heitzeneder et al.1
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Figure 6. Determination of fluorophore-to-protein ratios using a PE-conjugated version of the respective antibody

clone

Neuroblastoma cells (SMS-SAN) stained with (A) the ALK-48 mAB conjugated either to APC or PE and (B) the L1CAM

mAB clone 5G3 conjugated to either BV421 or PE. The PE-versions of the antibodies possess a 1:1 Fluorophore-to-

Protein ratio and allow determination of the respective ratio of the other clone by running Quantitation Beads in both

colors according to Table 1.
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