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Abstract

Exposure of the endoplasmic reticulum chaperone calreticulin (CALR) on the surface of
stressed and dying cells is paramount for their effective engulfment by professional
antigen-presenting cells such as dendritic cells (DCs). Importantly, this is required
(but not sufficient) for DCs to initiate an adaptive immune response that culminates
with an effector phase as well as with the establishment of immunological memory.
Conversely, the early exposure of phosphatidylserine (PS) on the outer layer of the
plasma membrane is generally associated with the rapid engulfment of stressed and
dying cells by tolerogenic macrophages. Supporting the clinical relevance of the
CALR exposure pathway, the spontaneous or therapy-driven translocation of CALR to
the surface ofmalignant cells, as well as intracellular biomarkers thereof, have been asso-
ciated with improved disease outcome in patients affected by a variety of neoplasms,
with the notable exception of multiple myeloma (MM). Here, we describe an optimized
protocol for the flow cytometry-assisted quantification of surface-exposed CALR and PS
on CD38+ plasma cells from the bone marrow of patients with MM. With some varia-
tions, we expect this method to be straightforwardly adaptable to the detection of CALR
and PS on the surface of cancer cells isolated from patients with neoplasms other
than MM.

1. Introduction

Most often, mammalian cells die in an immunologically silent or even

tolerogenic manner, especially (1) when cell death is part of a purely physio-

logical program of development or adult tissue homeostasis (Fuchs & Steller,

2015), and (2) when cell death is unrelated to bacterial or viral infection

(Kroemer et al., 2022). From an organismal perspective, this is particularly

important to avoid unwarranted autoreactive/autoimmune conditions that

may otherwise emerge from physiological tissue turnover or from patholog-

ical conditions that cause cell death in the absence of infection (e.g., ischemia,

trauma) (Kroemer et al., 2022). In line with this notion, several mechanisms

are in place to ensure that infection-unrelated cell death in mammals, which

most often is precipitated by the apoptotic machinery (Czabotar & Garcia-

Saez, 2023; Diepstraten et al., 2022; Vitale et al., 2023), goes unnoticed by

the immune system. For instance, apoptotic caspases such as caspase 3

(CASP3) proficiently shut down inflammatory reactions as potentially elicited

by mitochondrial outer membrane permeabilization (MOMP) and the

consequent release of interferogenic mitochondrial DNA (mtDNA) in

the cytosol (Giampazolias et al., 2017; Han et al., 2020; Ning et al., 2019;

Rodriguez-Ruiz et al., 2019; Rongvaux et al., 2014; White et al., 2014;

Yamazaki et al., 2020). Moreover CASP3 effectively stimulates the secretion
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of immunosuppressive molecules such as prostaglandin E2 (PGE2) (B€ottcher
et al., 2018; Huang et al., 2011; Zelenay et al., 2015), as well as the exposure of

phosphatidylserine (PS) on the outer leaflet of the plasma membrane, which

elicits the rapid and immunologically silent clearance of dying cells by

macrophages (Boada-Romero et al., 2020; Doran et al., 2020; Fadok et al.,

1992; Mehrotra & Ravichandran, 2022; Rothlin et al., 2021). Reflecting

the critical importance of an efficient and immunologically silent removal

of dying cells and their corpses by macrophages, Jmjd6�/� mice (which lack

the receptor for surface-exposed PS) die at birth owing to the accumulation of

dead cells in the brain and lung (Fadok et al., 2000; Li et al., 2003).

In pathological settings, the death of mammalian cells can also promote

inflammation potentially coupled with adaptive immune reactions (Galluzzi

et al., 2023). Most often, cell death drives inflammation in the absence of

adaptive immunity when (1) cell death is not caused by infectious agents,

and (2) the amount of dying cells, which release a number of adjuvant-like

molecules cumulatively known as damage-associated molecular patterns

(DAMPs) overwhelms the phagocytic capacity of macrophages (Galluzzi

et al., 2020a). Conversely, adaptive immune responses culminating with

a cytotoxic T lymphocyte (CTL)-mediated effector phase and the estab-

lishment of immunological memory can be initiated by dying cells when

(1) they express endogenous antigenic determinants that are not covered

by central tolerance (antigenicity), (2) cell death is associated with the spa-

tiotemporally coordinated release of key DAMPs and cytokines that recruit

and license professional antigen-presenting cells (APCs) such as dendritic

cells (DCs) (adjuvanticity), and (3) the microenvironment of dying cells

allows for the recruitment of DC precursors, their activation and their

migration to secondary or tertiary lymphoid organs for antigen presentation

to CD4+ and CD8+ T cells (microenvironmental permissiveness) (Galluzzi

et al., 2020a; Gong et al., 2020; Kroemer et al., 2022; Krysko et al., 2012;

Matzinger, 2002;Mellman et al., 2023). Interestingly, such an immunogenic

form of cell death is not only driven by pathogens, but also by a variety of

chemical and physical stimuli, provided that the antigenicity criteria is met

( Jhunjhunwala et al., 2021; Lang et al., 2022; Stern et al., 2024). These

include (but not limited to): specific chemotherapeutics (Galluzzi et al.,

2020b; Sprooten et al., 2023), radiation therapy (Cytlak et al., 2022;

McLaughlin et al., 2020; Rodriguez-Ruiz et al., 2020), oncolytic agents

(Harrington et al., 2019; Kepp et al., 2020; Palanivelu et al., 2022;

Shalhout et al., 2023), photodynamic therapy (Adkins et al., 2014; Garg

et al., 2016), and extracorporeal photopheresis (Tatsuno et al., 2019;
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Ventura et al., 2018). Interestingly, while apoptotic caspases have been

shown to limit the immunogenicity of cell death by a number of mecha-

nisms, both apoptotic and non-apoptotic instances of immunogenic cell

death (ICD) have been reported (Casares et al., 2005; Efimova et al.,

2020; Hadian & Stockwell, 2023; Lei et al., 2022; Yatim et al., 2015;

Yuan & Ofengeim, 2023).

Calreticulin (CALR) is an endoplasmic reticulum (ER) chaperone that

exerts prominent roles in protein folding, Ca2+ homeostasis and MHC

Class I antigen presentation (Fucikova et al., 2021). Importantly, stressed

and dying cells can expose CALR on their surface (Obeid et al., 2007),

where it delivers potent pro-phagocytic signals to a variety of myeloid cells

(including DC precursors) that express low-density lipoprotein receptor-

related protein 1 (LRP1, also known as CD91) and possibly other scavenger

receptors (Gardai et al., 2005; Ogden et al., 2001; Pawaria & Binder, 2011;

Vandivier et al., 2002). Mechanistically, the ICD-associated CALR expo-

sure is elicited in the context of the so-called “integrated stress response”

(ISR), which is demarcated by the inactivating phoeukaryotic translation

initiation factor 2 subunit alpha (EIF2S1, best known as eIF2α) (Bezu

et al., 2018a, 2018b; Panaretakis et al., 2009).

Supporting the clinical relevance of this pathways in oncological settings,

the level of surface-exposed CALR (as well as the degree of eIF2α phos-

phorylation) has been associated with improved clinical outcome in several

cohorts of patients with cancer (Fucikova et al., 2015). Specifically, the

spontaneous or therapy-driven exposure of CALR on the cancer cell surface

has been linked with superior disease outcome in cohorts of patients with

non-small cell lung carcinoma (NSCLC) (Fucikova et al., 2016a), acute

myeloid leukemia (AML) (Fucikova et al., 2016b; Truxova et al., 2020;

Wemeau et al., 2010), neuroblastoma (Hsu et al., 2005), colorectal carci-

noma (Peng et al., 2010), as well as endometrial and ovarian cancer

(Kasikova et al., 2019; Xu et al., 2018). That said, elevated levels of

surface-exposed CALR have also been associated with poor clinical out-

come in patients with multiple myeloma (MM) (Serrano Del Valle

et al., 2022).

Here, we provide a simple cytofluorometric protocol to quantify

CALR and PS exposure on the membrane of CD38+ plasma cells isolated

the bone marrow (BM) of patients with MM. With some variations, this

method should be straightforwardly adaptable to the assessment of

surface-exposed CALR and PS on malignant cells from patients with a vari-

ety of tumors.
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2. Materials

2.1 Common disposables (see Note 1)
• Acrodisc® Syringe Filters for Prefiltration, 0.22μM (Cytiva, #17194361)

• Falcon™ 5mLRound-Bottom Polypropylene Test TubesWithout Cap

(Fisher Scientific, #10519901)

• Nunc™ 15mLConical Sterile PolypropyleneCentrifuge Tubes (Thermo

Scientific™, #339650)

• Nunc™ 50mLConical Sterile PolypropyleneCentrifuge Tubes (Thermo

Scientific™, #339652)

2.2 Cells and reagents (see Note 1)
• 7-Actinomycin D (7-AAD) Viability Staining Solution (Biolegend,

#420403)

• Annexin V-DY-634 PI Apoptosis Staining/Detection Kit (abcam,

#ab214484) (see Note 2)

• BD Pharmingen™ APC Mouse Anti-Human CD38 (HIT2) (BD

Pharmingen™, #560980)

• BD Pharmingen™ FITC Mouse Anti-Human CD38 (HIT2) (BD

Pharmingen™, #560982)

• Bone marrow (BM) samples from patients with MM or other plasma

cell malignancies (see Notes 3–4)
• Calreticulin monoclonal antibody (FMC 75), DyLight™ 488 (Enzo

Life Sciences, #ADI-SPA-601-488-F)

• Fetal bovine serum (FBS), Sigma-Aldrich, #F7524)

• Gibco™ RPMI 1640 Medium, GlutaMAX™ Supplement (Gibco,

#12027599)

• Histopaque®-1077 (Sigma-Aldrich, #10771)

• Mouse IgG1 Isotype Control (MOPC-21), DyLight™ 488 (Invitrogen,

#MA1–191-D488)

• PBS—Phosphate-Buffered Saline (10�) pH 7.4, RNase-free (Thermo

Scientific™, #AM9624) (see Note 5)

• Trypan Blue solution (Sigma-Aldrich, #T8154)

2.3 Equipment (see Note 1)
• Benchtop cell counter, such as Countess II automated cell counter

(Invitrogen) (see Note 6)
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• Benchtop centrifuge, such as Allegra® X-15R Centrifuge (Beckman

Coulter)

• Class II vertical laminar air flow cabinet, such as Bio II Advance Plus

(Telstar)

• Flow cytometer equipped with lasers for acquisition of fluorescence

from FITC and DyLight™ 488 (488nm, 610/20nm filter), 7-AAD

(488nm, 690/50 filter) and DY-634 (640nm, 710/50nm filter), such

as BD FACSCalibur™ (BD Biosciences)

• Humidified cell culture incubator, such as Heraeus Heracell 150i

(Thermo Scientific™) (see Note 7)

2.4 Software (see Note 1)
• FlowJo™ v. 7.6.1 (FlowJo LLC)

• Prism v. 10.0.1 (GraphPad)

3. Methods

3.1 Culture and isolation of mononuclear cells from
human BM samples

3.1.1 Medium preparation
1. Heat FBS at 56 °C for 30min in a water bath, and centrifuge at

560� g for 15min (see Note 8).

2. Filter supernatant with a sterile 0.22μm syringe filter and collect in a

sterile 50mL conical tube.

3. Generate complete bone marrow mononuclear cell (BMMC) medium

by complementing RPMI 1640 Medium, GlutaMAX™ Supplement

with 10% (v:v) heat-inactivated FBS.

3.1.2 BMMC isolation
1. Add 3–4mL Histopaque®-1077 (according to the volume of BM

sample) (see Note 9) to sterile 15mL conical tubes.

2. Dilute BM samples 1:2 (v:v) with RPMI 1640 Medium, GlutaMAX™

Supplement (without heat-inactivated FBS) or PBS.

3. Gently layer BM samples onto Histopaque®-1077 by ensuring than

phases remain separated (see Notes 10,11).

4. Centrifuge at 500� g for 20min while deactivating the rotor brake

(see Note 12).

5. Remove the upper plasma layer with a P1000 micropipette or a sterile

Pasteur pipette (see Note 13).
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6. Collect BMMCs (which are located at the interphase between the

plasma and Histopaque®-1077 phase) with a P1000 micropipette and

transfer them into a sterile 15mL conical tube containing 10mL

RPMI 1640 Medium, GlutaMAX™ Supplement.

7. Thoroughly wash BMMCs twice with RPMI 1640 Medium,

GlutaMAX™ Supplement to eliminate traces of Histopaque®-1077

by centrifuging at 335� g for 5min and discarding the supernatant at

each washing cycle.

8. Resuspend BMMCs in 10mL BMMC complete medium.

9. Determine BMMC density by mixing 30μL Trypan Blue solution and

30μL BMMC suspension and counting with the Countess II automated

cell counter (see Note 6).

3.2 Surface-expose CALR quantification
1. Transfer 5�105 primary BMMCs to 5mLRound-BottomPolypropylene

Test Tubes (see Note 14), and centrifuge at 335� g 5 for 5min.

2. Resuspend BMMCs in 100μL PBS complemented with 5% FBS plus

2μL Calreticulin monoclonal antibody (FMC 75), DyLight™ 488 or

Mouse IgG1 Isotype Control (MOPC-21), DyLight™ 488, 8μL APC

Mouse Anti-Human CD38 (HIT2), and 1μL 7-AAD Viability Staining

Solution.

3. Incubate at 4 °C for 30min in the darkness (see Note 15).

4. Centrifuge BMMCs at 335� g for 5min and resuspend them in

200–300μL PBS for acquisition of fluorescent signals by flow cytometry.

3.3 Acquisition and gating
1. Flow cytometry is performed on an instrument equipped with 488 and

635nm lasers. For data acquisition, the following channels are used:

SSC-H, FSC-H, FL1-H (488nm laser, 530/30 filter), FL3-H (488nm

laser, 650LP filter) and FL4-H (635nm laser, 661/16 filter).

2. Set laser voltage (gain) and compensation unstained cells and cells stained

with each fluorochrome separately.

3. If possible, acquire >10.000 CD38+ events per sample, ideally at a flow

rate<500 events/s (see Note 16).

4. For gating (Fig. 1), proceed as follows:

a. Gate CD38+ cells on a SSC-H vs. CD38-APC (FL4-H) dot plot

window (see Note 17).

b. Gate viable CD38+/7-AAD� plasma cells on a CD38-APC (FL4-H)

vs. 7-AAD (FL3-H) dot plot (see Notes 18,19).
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c. Based on the CD38+/7-AAD� dot plot, create a histogram for

DyLight™ 488 (FL1-H). Set the gate for surface-expose CALR pos-

itivity based on the fluorescent signal of Mouse IgG1 Isotype

Control (MOPC-21), DyLight™ (<1% positivity) (see Note 20).

3.4 Surface-exposed PS quantification
1. Transfer 5�105 primary BMMCs to 5mLRound-Bottom Polypropylene

Test Tubes (see Note 14), and centrifuge at 335� g 5 for 5min.

2. Immediately resuspend BMMCs in 100μL in Annexin Binding Buffer

(ABB) as provided in the Annexin V-DY-634 PI Apoptosis Staining/

Detection Kit (see Note 21).

Fig. 1 Analysis of CALR exposure on live CD38+ plasma cells from the human bone mar-
row. Bone marrow mononuclear cells (BMMCs) isolated from patient-derived bone
marrow samples as detailed in Section 3.1 were stained with fluorescent antibodies
specific for calreticulin (CALR), or isotype controls, and CD38 in the presence of 7-AAD
as a vital dye, as detailed in Section 3.2, followed by signal acquisition on flow cytometry
and gating as detailed in Section 3.3. Representative dot plots and histograms from a
sample with low surface-exposed CALR (Ecto-CALRlow) and an Ecto-CALRhigh sample
are reported. Percentages indicate the number of events within specific gates.
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3. Add 4μL FITC Mouse Anti-Human CD38 (HIT2), 0.5μL Annexin

V-DY-634 (1mg/mL) and 1μL 7-AAD Viability Staining Solution to

each sample (see Note 22).

4. Incubate at RT for 15–20min.

5. Dilute samples with 200–300μL ABB for acquisition of fluorescent

signals by flow cytometry.

3.5 Acquisition and gating
1. Flow cytometry is performed on an instrument equipped with 488 and

635nm lasers. For data acquisition, the following channels are used: SSC,

FSC, FL1-H (488nm laser, 530/30 filter), FL3-H (488nm laser, 650LP

filter), and FL4-H (635nm laser, 661/16 filter).

2. For gating (Fig. 2), proceeds as follow:

a. Gate CD38+ cells on a SSC-H vs. CD38-FITC (FL1-H) dot plot

(see Note 17).

b. Gate viable CD38+/7-AAD� plasma cells on a CD38-APC (FL4-H)

vs. 7-AAD (FL3-H) dot plot (see Note 18,19).

c. Based on the CD38+/7-AAD� dot plot, create a histogram for

DY-634 (FL4-H). Set the gate for surface-expose PS positivity based

in the closed proximity of the major peak (see Note 23).

4. Notes

1. Virtually equivalent disposable, reagents, instruments and software can

be purchased from multiple other providers at a similar cost.

Fig. 2 Analysis of PS exposure on live CD38+ plasma cells from the human bone mar-
row. Bone marrow mononuclear cells (BMMCs) isolated from patient-derived bone
marrow samples as detailed in Section 3.1 were stained with fluorescent antibodies
specific for CD38 plus fluorescent Annexin V (AnnV) in the presence of 7-AAD as a vital
dye, as detailed in Section 3.4, followed by signal acquisition on flow cytometry and
gating as detailed in Section 3.5. Representative dot plots and histograms from one
sample are reported. Percentages indicate the numbers of event within specific gates.
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2. As an alternative, Annexin V can be produced, purified and conjugated

with DY-634 as detailed in Ref. Logue et al. (2009).

3. BM samples can be obtained by hematology hospital services or

biobanks. Importantly, all studies handling human samples must be

conducted according to the guidelines established by the Declaration

of Helsinki (Hurst, 2014; Millum et al., 2013; Parsa-Parsi et al., 2013;

World Medical, 2013). Additionally, written informed consent must

be obtained from all subjects involved in the study.

4. 100U/mL IL-6 (PeproTech, #200-06) must be added to the BMMC

complete medium to carry out experiments determining the exposure

of CALR or PS on the surface of CD38+ plasma cells as driven by

experimental interventions (during which plasma cells remain in

culture). However, IL-6 is dispensable for direct ex vivo studies (when

culture is not required).

5. PBS can also be prepared according to the following recipe: 137mM

NaCl, 10mM Na2HPO4, and 1.8mM KH2PO4, pH: 7.4.

6. Cell counting can also be performed on a common hemocytometer

such as Neubauer or a Burker chamber.

7. The incubator is needed to quantify the exposure of CALR or PS on

the surface of CD38+ plasma cells as driven by experimental inter-

ventions, but not for direct ex vivo determinations (see also Note 4).

8. This is important to inactivate the complement system normally con-

tained in FBS, which may otherwise lyse BMMCs (as well as other

hematopoietic cells) (Ayuk et al., 2005; Celis & Celis, 1983; Zand

et al., 2006).

9. Volume is normally limited (2–5mL) as the clinical procedure to obtain

samples is very invasive and samples are primary used for diagnostic

procedures.

10. In the case that phases mix with each other, the experiment is

compromised.

11. Electronic pipet-aids should be placed in drop-wise mode to minimize

the chances of mixing phases.

12. Deactivating the brake is important to prevent separated phases to mix

owing to an excessively harsh deceleration.

13. This is optional but recommended. Considerable care should be

employed to avoid interfering with the BMMC layer.

14. Staining can also be performed in 1.5mLmicrocentrifuge tubes but sam-

ple should next be transferred to 5mL Round-Bottom Polypropylene

Test Tubes for flow cytometry.
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15. Protecting samples for direct light minimizes fluorochrome photo-

bleaching, which may otherwise negatively impact on signal acquisition.

16. A reduced flow rate ensures sharper signal detection.

17. The percentage of CD38+ plasma cells may be useful for additional

analyses and/or experiment planning. A more accurate assessment of

CD38+ plasma cell abundance can be obtained directly staining

100μL of the BMMC suspension with 8 μL APC or 4 μL FITC

Mouse Anti-Human CD38 (HIT2) followed by flow cytometry.

Only samples containing >0.1% CD38+ plasma cells are suitable for

additional experiments.

18. 7-AAD negativity is particularly important to ensure that surface-

exposed (rather than total) CALR or PS is selectively detected.

19. Viability canalsobeconveniently assessedwithpropidiumiodide (Miltenyi

Biotec, #130-093-233), TO-PRO-3 (Invitrogen, #10710194) or DAPI

(Thermo Scientific, #10116287), upon ensuring no spectral overlap with

the antibody in use.

20. Mean Fluorescence Intensity (MFI) can also be employed to quantify

CALR exposure upon normalization toMFI in the same sample stained

with isotype control antibodies.

21. This is important as the binding between PS and Annexin V is Ca2+-

dependent (Blackwood & Ernst, 1990; Lemmon, 2008; Schlaepfer

et al., 1987). If recombinant Annexin V is produced and conjugated

with DY-634 in the laboratory, an adequate ABB can be obtained as

per the following recipe: 10mM HEPES/NaOH, 140mM NaCl

and 2.5mM CaCl2 in PBS, pH: 7.4.

22. While these volumes refer to a single sample, the staining solution

should be prepared collectively for all samples included in the experi-

ments (including 10% surplus) to homogenize staining conditions.

23. MFI is generally not employed to quantify PS exposure.

5. Concluding remarks

Stressed and dying cells expose a number of molecules on their surface,

and this is paramount for the organism to properly react to cell death in

support of systemic homeostasis (Freeman & Grinstein, 2021; Galluzzi

et al., 2018; Poon & Ravichandran, 2024). In this context, CALR and

PS mediate diametrically opposed functions, the former promoting phago-

cytosis by APC precursors, which potentially culminates with adaptive

immune responses, the latter promoting efferocytosis by macrophages,
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which generally results in suppressed inflammation and immunity

(Boada-Romero et al., 2020; Mehrotra & Ravichandran, 2022; Rothlin

et al., 2021). Thus, assessing the propensity of malignant cells to spontane-

ously expose CALR or PS on their surface may not only provide insights

into the overall degree of stress these cells are experiencing in vivo, but also

convey prognostic and/or predictive information, as previously demon-

strated in a number of patient cohorts (Fucikova et al., 2015). Along similar

lines, testing the propensity of malignant cells to expose CALR or PS on

their surface upon therapy (be it in vivo or ex vivo) may provide valuable

information for the design of novel therapeutic strategies building on the

induction of ICD (Bezu et al., 2015; Calvillo-Rodrı́guez et al., 2023;

Ghiringhelli & R�eb�e, 2024; Mishchenko et al., 2024; Pan et al., 2024;

Vacchelli et al., 2012).

The protocol detailed herein provides a simple method to specifically

quantify CALR and PS levels on the surface of viable CD38+ plasma cells

by flow cytometry, which (with some variations reflecting tissue of origin

and species) should be simply adaptable to other malignant cells from

humans and rodents. To obtain an increasingly precise characterization of

intratumoral heterogeneity in MMwith respect to CALR and PS exposure,

we ultimately aim at introducing key immunophenotypic MM markers in

this analysis, notably, CD19, syndecan 1 (SDC1, best known as CD138),

protein tyrosine phosphatase receptor type C (PTPRC, best known as

CD45), neural cell adhesion molecule 1 (NCAM1, best known as CD56)

and KIT proto-oncogene, receptor tyrosine kinase (KIT, also known as

CD117 (Kumar et al., 2010; San Miguel et al., 2002). Despite these and

other possible ameliorations, the flow cytometry-assisted quantification of

CALR and PS on CD38+ plasma cells stands out as a convenient tool to

investigate spontaneous or therapy-driven immunogenic stress responses

in BM samples from patients with MM.
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