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Abstract  

Over recent decades it has become increasingly apparent that malignant cells, including chronic 

lymphocytic leukemia (CLL) cells, do not exist in isolation. Rather they coalesce with numerous 

“normal” cells of the body and, in the case of CLL, inhabit key immunological niches within 

secondary lymphoid organs (SLO), where a plethora of stromal and immune cells mediate their 

growth and survival. With the advent and approval of targeted immune therapies such as monoclonal 

antibodies (mAb), which elicit their efficacy by engaging immune-mediated effector mechanisms, it is 

important to develop accurate methods to measure their activities. Here we describe a series of 

reliable assays capable of measuring important antibody-mediated effector functions: antibody 

dependent cellular phagocytosis (ADCP), antibody dependent cellular cytotoxicity (ADCC), and 

complement dependent cytotoxicity (CDC) that measure these immune activities. 
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1 Introduction 

Immunotherapeutic approaches have revolutionised the treatment of haematological malignancies [1]. 

These new therapeutic agents are predominantly monoclonal antibodies (mAb) and engage the 

immune system to unleash powerful immune-mediated effector mechanisms, resulting in the 

destruction of the malignant cell. Classically, this has been achieved by direct opsonisation of the 

malignant cell. In the case of CLL and related B-cell cancers, the CD20 pan-B cell marker was 

targeted, resulting in the rise of therapeutics such as rituximab (RTX) [2-4]. These “direct-targeting” 

therapeutics engage both complement- and cell-mediated effector mechanisms, resulting in cellular 

destruction [5]. Despite this advance, RTX is rarely curative and merely functions to delay disease 

progression. In recent years, resistance mechanisms that limit the efficacy of RTX, and other direct-

targeting mAbs, have become apparent [6-8]. These observations have resulted in a renewed effort to 

develop novel approaches to solve this problem. Such approaches include generation of more active 

glyco-engineered direct-targeting mAbs, such as obinutuzumab, co-administration of additional mAbs 

(e.g. anti-FcγRIIB) that overcome specific resistance mechanisms, and the identification and 

development of mAb to novel targets [9-13]. In order to assess the impact of these approaches, assays 

are required to examine the relative efficacy of each of these mAb-mediated effector mechanisms. 

Here we describe a series of robust, reproducible assays that are capable of assessing antibody-

dependent phagocytosis (ADCP), antibody-dependent cellular cytotoxicity (ADCC) and complement-

dependent cytoxicity (CDC).  

2 Materials 

1.! Anonymised leukocyte blood cone or whole blood from a healthy volunteer [Note 1] 

2.! Heparin Sodium 1000 IU/ml 

3.! Complete RPMI: RPMI, 10% heat inactivated foetal calf serum (FCS), 2 mM glutamine, 1 mM 

pyruvate, 45 units/ml penicillin, 45 µg/ml streptomycin 

4.! Serum free RPMI: RPMI, 2 mM glutamine, 1 mM pyruvate, 45 units/ml penicillin, 45 µg/ml 

streptomycin 



5.! 1% HS RPMI: RPMI, 1% Human Serum, 2 mM glutamine, 1 mM pyruvate, 45 units/ml 

penicillin, 45 µg/ml streptomycin 

6.! Phosphate buffered saline (PBS), 2mM ethylenediaminetetraacetic acid (EDTA) 

7.! PBS (2mM EDTA, 10% FCS) 

8.! Density gradient medium (Lymphoprep) 

9.! PBS, 1% bovine serum albumin (BSA), 0.1% NaN3)  

10.! Carboxyfluorescein succinimidyl ester (CFSE) 5 mM in DMSO 

11.! Macrophage colony stimulating factor (M-CSF) 

12.! APC labelled anti-human CD16 

13.! Murine macrophage medium: RPMI, 10% FCS, 2 mM glutamine, 1 mM pyruvate, 45 units/ml 

penicillin, 45 µg/ml streptomycin, 50 µM β-mercaptoethanol, 20% L929 culture supernatant 

14.! Calcein Acetoxymethyl (Calcein AM) 

15.! Triton-X100 (TX-100) 

16.! CLL cells. Taken from ethically approved tissue bank. Fresh cells may also be used 

3 Methods 

3.1  Human monocyte derived macrophage phagocytosis 

This assay relies on the ability of macrophages to engulf opsonised (antibody coated) target cells 

(CLL cells in this case). Target cells are first labelled with the fluorescent dye CFSE and then 

opsonised with the antibody of interest before co-culture with macrophages. Macrophages are 

subsequently labelled with a specific marker (anti-CD16 APC) and phagocytic macrophages are 

quantitated as CD16+CFSE+ events (Figure 1).  

3.1.1  Purification of human peripheral blood mononuclear cells (PBMC) 

1.! Decant blood into 50 ml tube and top up with PBS (2mM EDTA, 10% FCS).  

2.! Overlay 12.5 ml room temperature (RT) density gradient medium (Lymphoprep) [Note 2] with 

25 ml blood, and centrifuge at 800xg for 20 minutes at RT with the brake off.  



3.!  Remove interphase layer, containing peripheral blood mononuclear cells (PBMCs) into a 50 ml 

tube and wash by re-suspending the PBMCs in 50 ml PBS (2mM EDTA), followed by 

centrifugation at 300xg for 5 minutes at 4°C. Repeat wash step an additional 3 times.  

3.1.2  Adherent Cell Selection 

1.! Re-suspend pellet to 1x107 cells/ml in 1% HS RPMI and pipette 2 ml of cells per well in a 6 well 

plate and incubate for 2 hours at 37°C, 5% CO2 to allow cells to adhere.  

2.! Gently agitate the plate and assess cellular adhesion by light microscopy [Note 3]. Remove non-

adherent cells by gently swirling the media around the well using a disposable plastic pipette and 

remove medium. Wash wells by adding 2-3 ml PBS per well followed by agitation and removal 

of added PBS. Repeat as necessary, checking cells under microscope for effective removal of 

non-adherent cells. Add 2 ml complete RPMI per well and incubate overnight at 37°C, 5% CO2 

(Day 0).  

3.1.3  Macrophage Differentiation 

1.! Add 100 ng/ml M-CSF on day 1. [Note 4] 

2.! Remove 850 µl medium from each well and replenish with 1 ml complete RPMI (+100ng/ml M-

CSF) on day 3 and 5. 

3.! After 1 week remove media and wash wells with PBS. To harvest, add 2 ml/well ice cold PBS 

and incubate on ice for 15 minutes. 

4.! Dislodge adherent cells by using a cell scraper and collect in a centrifuge tube. Wash cells in 

PBS by centrifugation at 300xg for 5 minutes. Re-suspend in complete RPMI and adjust cell 

concentration to 5x105 cells/ml. Plate macrophages in a 96 well plate at 1x105 cells/well [Note 

5].  Incubate for 4 hours at 37°C, 5% CO2. ADCP assays should be concluded within 4-6 hours 

following plating. 

3.1.4  Target Cell Preparation 

1.! Take CLL PBMCs (defrost if required) and re-suspend at 2x107 cells/ml in serum free RPMI. 

[Note 6] 



2.! Dilute stock CFSE to a working concentration (0.5 mM) in PBS. Rapidly mix 10 µl CFSE 

working stock with 1 ml of target cell suspension [Note 7] and incubate for 10 minutes in the 

dark at RT.  

3.! Add equal volume of FCS and incubate for 1 minute to quench labelling. Wash labelled cells by 

adding excess complete RPMI followed by centrifugation at 300xg for 5 minutes at RT. Perform 

2 further washes in complete RPMI.  

4.! Re-suspend labelled cells at 2.5x106 cells/ml in complete RPMI. Divide target cells into 

experimental conditions (i.e. no mAb, isotype control mAb, and mAb of interest). Add 

opsonising antibody (at appropriate concentration) to relevant wells and incubate for 30 minutes 

at 4°C in the dark. Rituximab is an effective positive control in this assay. 

5.! Following opsonisation, wash cells in complete RPMI by centrifugation at 300xg for 5 minutes. 

Re-suspend opsonised cells at 2.5x106 cells/ml in complete RPMI. 

3.1.5  ADCP Assay 

1.! Remove media from macrophages.  

2.! Add 100 µl opsonised target cells (giving a 5:1 target: effector ratio) to the macrophages and 

incubate at 37°C, 5% CO2 for 1 hour [Note 5]. 

3.! Add 10 µg/ml anti-human CD16 APC antibody and incubate for 15 minutes in the dark at RT.  

4.! Remove media and wash wells by adding and subsequently discarding 200 µl RT PBS (1% BSA, 

0.1% NaN3) [Note 8] Add 200 µl ice cold PBS and incubate on ice for at least 10 minutes. 

5.! Dislodge cells from well by scraping with pipette tip and place into flow cytometry tube as 

quickly as possible (maximum assay time is 4-6 hours). Analyse cells by flow cytometry, 

collecting at least 2000 CD16+ cells per tube. Assess CD16+ cells for CFSE positivity (See 

Figure 1 for example) 

3.1.6  Murine Bone Marrow Derived Macrophages Differentiation 

Alternatively, this assay can be conducted using murine bone marrow derived macrophages as 

effectors.  



1.! Sacrifice mouse. Dissect mouse hind legs (femur/tibia).  

2.! Remove all tissue from the bones being careful not to crush the bone in order to reduce 

contamination from other cells.  

3.! Cut off each end of bone and using a 0.5 x 16 mm needle and 10 ml syringe containing media, 

flush bone marrow into a 50 ml tube. 

4.! Pass bone marrow suspension through 100 µm cell strainer into a petri dish, homogenise with the 

stopper from a sterile 2 ml syringe and wash through a cell strainer into a 50 ml tube using a 

disposable plastic pipette to obtain a single cell suspension. 

5.! Wash cell suspension by centrifugation at 300xg for 5 minutes and discard supernatant. 

6.! Re-suspend final cell pellet in 5 ml murine macrophage media and perform cell count [Note 9]. 

7.! Re-suspend at 1x106 cells/ml Plate 5 ml/well in 6-well plates and culture at 37oC, 5% CO2 for 7-

10 days before use.  

8.! Feed every 2-3 days by removing all the media from the wells and replenishing with 5 ml fresh 

murine macrophage media [Note 9]. 

3.2  Antibody-dependent cellular cytotoxicity (ADCC) assay 

This assay relies on the ability of NK cells to kill and lyse opsonised target cells (CLL cells in this 

case). Target cells are first labelled with the fluorescent dye calcein-AM, washed and then opsonised 

with the antibody of interest before co-culture with PBMCs (including NK cells). Cell-lysis is 

detected by the presence of fluorescent calcein released into the media (Figure 2).  

1.! Purify PBMCs from whole blood or anonymised blood cone by density gradient centrifugation 

as outlined in section 3.1. 

2.! Re-suspend PBMC pellet at 4x107 cells/ml in complete RPMI and incubate at 37°C, 5% CO2 

until commencement of the assay.  

3.! Obtain CLL PBMC sample (defrost if necessary [Note 6] and re-suspend at 1x107 cells/ml in 

complete RPMI. Add calcein AM to the cells so that a final concentration of 10 µg/ml is 

reached (Note 7). Incubate at 37°C, 5% CO2 for 30 minutes with periodic agitation.  



4.! Wash cells by addition of excess PBS (2mM EDTA, 10% FCS) followed by centrifugation at 

400xg for 5 minutes at RT. Perform an additional 2 washes. Re-suspend cell pellet at 1.6x106 

cells/ml in complete RPMI and plate 0.8x105 cells (50 µl) per well in 96 well round-bottom 

plates. 

5.! Divide target cells into experimental conditions (i.e. no mAb, isotype control mAb, and mAb of 

interest) and add opsonising antibody to the relevant wells at the required concentration (for 

example a range from 10µg/ml in five-fold dilutions) in 50 µl to target cells and incubate for 30 

minutes at 4°C. Rituximab is an effective positive control in this assay. 

6.! Add 100 µl of PBMCs (at 4x107/ml) to give a 50:1 effector: target ratio and briefly pulse-spin 

the centrifuge plate at 400xg for 10 seconds to bring cells into contact. Incubate at 37°C, 5% 

CO2 for 4 hours. To record the maximum possible calcein release, add 100 µl of 4% Triton-

X100 (diluted in complete RPMI) to calcein labelled (but non-opsonised) target cells.  

7.! Centrifuge plate at 400xg for 5 minutes at RT to pellet cells. Transfer 85 µl of supernatant per 

well to a white 96-well flat-bottom plate and read calcein release on a fluorescent plate reader. 

Calcein is excited at 485 nm and is detected at 530 nm.  

8.! The fluorescence units taken from the plate reader are converted into the percentage of 

maximum lysis use the following equation: 

% Maximal Lysis = ((Sample – No mAb) / (TX-100 – No mAb))*100 

3.3  Complement-dependent cytotoxicity (CDC) assay 

This assay relies on the ability of complement to lyse opsonised target cells (CLL cells in this case). 

Cells are opsonised with the antibody of interest before addition of serum (containing complement). 

Cell-lysis is assessed by the ability of a viability dye (PI) to enter the cell and detected by flow 

cytometry (Figure 3).  

3.3.1   Human Serum collection 

CDC assays require the use of human serum which can either be freshly obtained or stored for short 

periods of time at -80°C in glassware. Commercially available serum has, in our hands, a reduced 



capacity to evoke complement-mediated killing and, therefore, is not recommended. Collect a 40 ml 

blood sample from a healthy volunteer into an appropriate glass tube, stir with a wooden stick, and 

allow to clot for 30-60 minutes at RT. Centrifuge at 900xg at 4°C for 20 minutes. Remove serum, 

being careful not to disturb the pellet. If not using immediately, aliquot serum into appropriate glass 

tubes (1-2 ml capacity) for single assay use and store at -80°C. Prior to use, thaw rapidly in a 37°C 

water bath and do not re-freeze. 

3.3.2  CDC Assay 

Isolate CLL PBMC target cells by density gradient centrifugation, as outlined in section 3.1  

1.! Re-suspend target cells at 1x106 cells/ml in complete RPMI. Plate cells in a 96-well plate (100 µl 

per well). 

2.! Opsonise cells by addition of experimental mAbs (i.e. no treatment, isotype control mAb, mAb 

of interest) at required concentration (a serial dilution from 10 µg/ml is recommended) in a 

sufficient volume of complete RPMI to give a final reaction volume of 200 µl. CAMPATH-1H 

(alemtuzumab) is an effective positive control in this assay. Incubate at RT for 15 minutes.  

3.! Thaw human serum aliquot and dilute 1:1 (vol/vol) in serum free RPMI. Add to each well to give 

a final concentration of 10-30% human serum (see [Note 10] for serum concentrations). Incubate 

at 37°C, 5% CO2 for 30 minutes. After the incubation keep plate on ice to prevent further 

complement activity from occurring.  

4.! Harvest cells by pipetting and transfer to flow cytometry tube. Add 50 µl of 10µg/ml propidium 

iodide (PI) (dissolved in PBS) to each tube immediately prior to acquisition on the flow 

cytometer.  

5.! As illustrated in Figure 3a, gate out serum contaminants and debris events that are low in the 

FSC/SSC axis and then measure the percentage of cell death by the proportion of cells which are 

PI+. 

  



4 Notes 

1.! Leukocyte cones are a waste product of platelet donation containing cellular constituents of 

blood and plasma, and are available from blood transfusion centres 

2.! When overlaying cells onto density gradient medium, tilt the tube and utilise a pipette controller 

set at the lowest setting to minimise disturbance of the interface.  

3.! Non-adherent cells accumulate at the centre of the plate following 2 hours incubation. Dislodge 

the non-adherent cells by gently tapping/agitating the plate.  

4.! M-CSF allows differentiation of monocytes into macrophages 

5.! The aim is to have 5x104 effector cells (macrophages) co-cultured with 2.5x105 target cells 

(CLL) to achieve a ratio of 1:5 effector: target cell ratio. We routinely lose macrophages during 

subsequent washing steps. In order to account for the loss during washing steps, plate twice the 

number of macrophages (i.e. 1x105 per well) at this stage.  

6.! Pre-warm serum free RPMI media in an incubator at 370C. Add 1-2 ml of warm media to frozen 

cell stock, gently pipette a few times and place the cells into a 30 ml centrifuge tube and top up 

with serum free RPMI. Centrifuge at 300xg for 5 minutes. Discard supernatant. 

7.! Do not add CFSE or calcein-AM directly to the cell suspension. Pipette it onto the wall of the 

tube and swirl the cell suspension to mix with the dye. Gently rotate the tube a few times.  

8.! Do not wash the whole plate at the first instance. Wash a few wells first and observe under the 

microscope to ensure the washing is not too harsh or gentle. 

9.! Murine macrophage media containing 20% L929 conditioned medium and 50 µM β-

mercaptoethanol should be freshly prepared. L929 cells secrete M-CSF, and bone marrow 

monocyte/macrophage progenitors grown in the presence of L929-conditioned medium 

differentiate into a homogenous population of mature macrophages. Conditioned media is 

removed from L929, filtered through a 0.2 µm filter, and stored at -20°C prior to use.  

10.! Each cell type has different levels of resistance towards non-specific complement lysis, therefore 

we recommend testing a titration of serum concentrations to refine the assay dependent upon the 



target cell being used. We find that a final concentration of serum between 10-30% is suitable for 

most lymphoma cell-lines and primary CLL samples.  
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Figures & Figure Legends 

 

Figure 1: ADCP Assay A) Schema of antibody dependent cellular phagocytosis (ADCP) assay as 

described in section 3.1. B) Dot plots from flow cytometric analysis of macrophages co-cultured with 

CFSE labelled target CLL cells that were opsonised with an irrelevant antibody or the anti-CD20 

antibody Rituximab. Numbers indicate percentage of phagocytic macrophages. 

 



 

Figure 2: ADCC Assay A) Schema of ADCC as described in section 3.2. B) (Left) example raw 

fluorescence data of OCI-Ly1 cells treated with an isotype control mAb (Herceptin) or Rituximab 

(RTX). Mean and SD of triplicates plotted. Numbers denote mAb concentration expressed in µg/ml 

B) (Right) Transformation of raw data from left panel as percentage of maximal lysis (determined by 

the Triton-X100 treated cells) using the equation described in section 3.2 



 

Figure 3: CDC Assay. A) Example flow cytometry dot plots for Raji cells treated with the isotype 

control mAb cetuximab or the anti-CD52 mAb CAMPATH-1H (alemtuzumab). B) Example data 

comparing percentage of PI+ cells for (left) primary CLL cells treated with isotype control mAb 

cetuximab or Campath-1H and (right) Raji cells treated with isotype control mAb cetuximab (CTX), 

rituximab (RTX), or obinutuzumab (OBZ) at 10 µg/ml. 


