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Abstract
CD20 monoclonal antibodies (CD20 mAb) induce
cellular cytotoxicity, which is traditionally measured by
antibody-dependent cellular cytotoxicity (ADCC) assays.
However, data suggest that antibody-dependent cellular
phagocytosis (ADCP) is the primary cytotoxic mechanism.
We directly compared in vitro ADCP versus ADCC using
primary human cells. After establishing the primacy of
ADCP, we examined next-generation CD20 mAbs, including clinically relevant drug combinations for their effects on
ADCP. ADCP and ADCC induction by rituximab, ofatumumab, obinutuzumab, or ocaratuzumab was measured
using treatment-na€ve chronic lymphocytic leukemia (CLL)
target cells and either human monocyte-derived macrophages (for ADCP) or natural killer (NK) cells (for ADCC).
Speciﬁc effects on ADCP were evaluated for clinically relevant drug combinations using BTK inhibitors (ibrutinib
and acalabrutinib), PI3Kd inhibitors (idelalisib, ACP-319,
and umbralisib), and the BCL2 inhibitor venetoclax. ADCP

Introduction
Unconjugated CD20 monoclonal antibodies (CD20 mAb)
have an important role in the treatment of B-cell malignancies
and autoimmune diseases (1, 2). However, the mechanisms
of CD20 mAb-induced B-cell cytotoxicity are not fully understood. Type I CD20 mAbs (e.g., rituximab, ofatumumab, and
ocaratuzumab) have minimal direct cytotoxicity for primary
malignant B cells (3–5). The direct cytotoxic effects of the type
II CD20 mAbs are controversial, with conﬂicting reports of
direct cytotoxicity (6) and absence of signiﬁcant cytotoxicity
in primary B cells (7, 8). In contrast, CD20 mAbs can be
effective at activating innate immune cytotoxic mechanisms,
including complement-dependent cytotoxicity (CDC), antibodydependent cellular phagocytosis (ADCP), and antibodydependent cellular cytotoxicity (ADCC). A detailed understanding and comparison of these cellular cytotoxic mechanisms
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(0.5–3 targets/macrophage) was >10-fold more cytotoxic
than ADCC (0.04–0.1 targets/NK cell). ADCC did not
correlate with ADCP. Next-generation mAbs ocaratuzumab
and ofatumumab induced ADCP at 10-fold lower concentrations than rituximab. Ofatumumab, selected for
enhanced complement activation, signiﬁcantly increased
ADCP in the presence of complement. CD20 mAb-induced
ADCP was not inhibited by venetoclax and was less inhibited by acalabrutinib versus ibrutinib and umbralisib versus
idelalisib. Overall, ADCP was a better measure of clinically
relevant mAb-induced cellular cytotoxicity, and nextgeneration mAbs could activate ADCP at signiﬁcantly lower
concentrations, suggesting the need to test a wide range of
dose sizes and intervals to establish optimal therapeutic
regimens. Complement activation by mAbs can contribute
to ADCP, and venetoclax, acalabrutinib, and umbralisib are
preferred candidates for multidrug therapeutic regimens.
Cancer Immunol Res; 6(10); 1150–60. 2018 AACR.

induced by CD20 mAbs is essential for designing combination
therapies to achieve optimal patient outcomes.
The relative contribution of CD20 mAb-mediated ADCC and
ADCP to therapeutic efﬁcacy is not well deﬁned. Cellular cytotoxicity of the prototypic CD20 mAb, rituximab, was initially
evaluated by ADCC assays using unsorted human peripheral
blood mononuclear effectors cells and target cells from CD20expressing lymphoma lines. Rituximab induced lysis of 50% of
target cells (9). Subsequent studies showed that natural killer
(NK) cells are the primary peripheral blood effector cells performing ADCC, whereas monocytes and neutrophils have minimal
cytotoxic activity (10, 11). In contrast, in vivo murine studies of
CD20 mAb-mediated clearance of circulating B cells show a major
role for ADCP by ﬁxed hepatic macrophages (Kupffer cells), with
minimal NK cell–mediated cytotoxicity (12–17). These data
suggest that clearance of opsonized B cells could be similar to
that of autoantibody opsonized blood cells, which are efﬁciently
cleared by ADCP in the liver and spleen in human autoimmune
hemolytic anemia and immune thrombocytopenia (18, 19). The
primary role of ADCP in the clearance of opsonized target cells
from the circulation is further supported by published data
showing that human monocyte-derived macrophages (hMDM)
are capable of executing rapid phagocytosis of multiple mAbligated chronic lymphocytic leukemia (CLL) cells (8). Nextgeneration CD20 mAb development has focused on optimizing
ADCC (20–22). Deﬁning the relative contribution of ADCC and
ADCP as mediators of CD20-mediated cytotoxicity is needed so
that the most relevant preclinical drug data can be generated and
used for clinical trial design.
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B-Lymphocyte
Figure 1.
ADCP. Illustration: ADCP of B
lymphocytes by human monocytederived macrophages (hMDMs, ﬁxed
macrophage) occurs via sequential
steps. CD20 monoclonal antibody
(CD20 mAb) opsonizing the Blymphocyte membrane can bind the
hMDM Fc gamma receptor (FcgR) to
form an immune synapse.
Complement activating mAbs can
generate complement C3 activation
fragments (iC3b) that ligate hMDM
membrane complement receptor 3
(CR3) to form a complement
synapse. Synapse formation can result
in B-lymphocyte engulfment to form
an intracellular phagosome.
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Limited data exist on the parameters that mediate phagocytosis
of mAb-ligated B cells by human macrophages. ADCP initiated by
a CD20 mAb requires multiple sequential steps (detailed
in Fig. 1). The prototype chimeric CD20 mAb rituximab has a
murine Fab and human wild-type IgG1k constant regions (23).
Next-generation CD20 mAbs were selected (e.g., ofatumumab;
refs. 24, 25) or bioengineered (e.g., ocaratuzumab; refs. 21, 22) to
increase binding efﬁcacy to CD20 (Table 1). Fc regions were
manipulated to increase FcR afﬁnity by defucosylation (e.g.,
obinutuzumab; ref. 20) or amino acid engineering (e.g., ocaratuzumab; refs. 21, 22). We selected these mAbs for detailed
investigations because rituximab, ofatumumab, and obinutuzumab are FDA approved, and ocaratuzumab has been evaluated
in several clinical trials.
CD20 mAbs with wild-type Fc (rituximab and ofatumumab)
activate complement and mediate CDC, whereas Fc-modiﬁed
obinutuzumab and ocaratuzumab have minimal complement
activating activity (20, 21). Complement activation by rituximab
or ofatumumab results in covalent binding of C3 fragments (C3b,
iC3b, and C3dg) to target cell membranes (5, 26). iC3b is the
natural ligand of macrophage complement receptor 3 (CR3; aka
integrin aMb2, CD11b/CD18; ref. 27). The iC3b–CR3 synapse
signiﬁcantly increases macrophage phagocytosis of opsonized
bacteria (27). In contrast, limited data are available on the role
of complement activation on inducing ADCP (28).

Targeted small-molecule inhibitors, including ibrutinib, idelalisib, and venetoclax, have improved treatment options for
patients with CLL but are not curative. Combinations of targeted
therapy and CD20 mAb therapy have been shown to be tolerable
and effective in clinical trials (29–31). However, studies suggest
that the Bruton tyrosine kinase (BTK) inhibitor ibrutinib and the
phosphoinositide-3-kinase delta (PI3Kd) inhibitor idelalisib
decrease ADCP (32–34). In contrast, data from semiquantitative
assays show that the more speciﬁc BTK inhibitor acalabrutinib
has less inhibitory activity on ADCP than ibrutinib (35). These
ﬁndings suggest that off-target effects of ibrutinib, including
inhibition of non-BTK members of the Tec protein tyrosine
kinase (TEC) family molecules, could inhibit hMDM-mediated
ADCP (36). An improved understanding of the effects of
targeted small-molecule drugs on macrophage phagocytosis is
required for designing combination therapy regimens, including
CD20 mAb.
We assessed CD20 mAb-mediated cellular cytotoxicity of primary CLL cells by autologous or allogeneic (healthy donor)
effector cells to test the following hypotheses: (i) ADCP is the
primary mechanism of cellular cytotoxicity by CD20 mAb and
cannot be predicted by ADCC; (ii) higher binding afﬁnity for
CD20 (e.g., ocaratuzumab) results in higher ADCP at lower mAb
concentrations; (iii) mAb activation of complement can increase
ADCP; and (iv) novel small-molecule–targeted BCR pathway

Table 1. Comparison of CD20 mAb construction, binding characteristics, and ability to activate complement
Construction
CD20-binding efﬁciency (kD)
Rituximab
Chimeric (murine Fab) WT human IgG1Fc
þ (5–8) Faster off rate t1/2 ¼ 0.7 h
Ofatumumab
Fully human WT IgG1 Fc
þþ (3–6) Slow off rate t1/2 ¼ 4 h
Obinutuzumab
Humanized Fab Defucosylated IgG1 Fc
þ (4)
Ocaratuzumab

Mutant humanized Fab Mutant human IgG1Fc

þþ (0.097) Slow off rate

FcgR afﬁnity (kD)
þ (660)
þ (NA)
þþ (55)
þþ (NA)

Complement activation
þ
þþ



Abbreviations: Fab, variable region; Fc, fragment crystallizable; FcR, Kd data for FcRIII; Kd, dissociation constant in nmol/L; NA, not available; t1/2, half-life;
WT, wild-type.
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inhibitors cause less inhibition of CD20 mAb-mediated ADCP
than the available BCR pathway inhibitors ibrutinib or idelalisib.
Our data support validation of these hypotheses. These preclinical
data can be used for the design of future clinical trials that test
combination therapies and for the development of regimens that
can improve patient outcome.

Materials and Methods
Patient and volunteer donor samples
This study was conducted at the Wilmot Cancer Institute of the
University of Rochester with approval of the Institutional
Research Subjects Review Board according to the ethical guidelines of the Declaration of Helsinki. All specimens were used with
written informed consent. Patient blood samples were collected
from 41 treatment-na€ve patients with CLL diagnosed using
standard criteria (37) and 17 healthy blood donors.
Patient-derived monocytes and CLL isolation
Autologous monocytes were isolated by positive selection from
CLL patient peripheral blood as previously described with minor
modiﬁcation (8). In brief, peripheral blood mononuclear cells
(PBMC) were isolated from 20 to 30 mL of fresh EDTA anticoagulated whole blood by density gradient centrifugation (FicollPaque PLUS, GE Healthcare). Monocytes were then selected using
0.5 mL of CD14-positive selection beads (BD Biosciences) in a
selection buffer composed of 2 mmol/L ethylenediaminetetraacetic acid (EDTA; J.T. Baker Inc.), 2% heat-inactivated fetal bovine
serum (HI-FBS; Sigma-Aldrich) in Dulbecco's phosphatebuffered saline (DPBS; Corning cellgro). Monocytes were collected with "The Big Easy" EasySep magnet (Stemcell Technologies)
into 14 mL Falcon tubes (Corning) using the EasySep (Stemcell
Technologies) positive selection procedure. Puriﬁed monocytes
(median, 87%; range, 77–98) were used to establish cultures
within 2 hours of specimen collection.
The CD14-negative PBMC fraction underwent negative selection to a CLL cell purity of 80% using 0.2 mL of Human B-cell
Enrichment beads without CD43 depletion beads (Stemcell
Technologies) and the EasySep negative selection procedure in
selection buffer. CLL cells were stored within 4 hours of process
initiation in CryoStor CS5 (Biolife Solutions) and frozen in a
Cryo-1 Freezing container (Nalgene) overnight at 80 C and
then stored long term in liquid nitrogen. Stored CLL cells had a
median purity of 91% (range, 74%–99%), determined by ﬂowcytometric measurement of the cells coexpressing CD19 (clone
SJ25C1; BioLegend) and CD5 (clone UCHT2; BD Biosciences) as
previously described (8). CLL cell viability (median, 90%; range,
80%–98%) after thawing and prior to use was measured by trypan
blue (Amresco) staining as previously described (8).
Healthy donor-derived monocyte and NK cell isolation
Healthy donor blood cells were collected from 17 freshly
discarded whole blood leukoreduction ﬁlters (Sepacell RS-2000;
Fenwal Inc.) after being used to process volunteer donor whole
blood (American Red Cross). Monocytes and NK cells were
collected using a modiﬁcation of previously described techniques
(38, 39). In brief, the ﬁlter was gently ﬂushed through the outﬂow
tube with a total of 50 mL of selection buffer in 10 mL aliquots
with a dwell time of 5 minutes each. The ﬁltrate was then layered
onto Ficoll-Paque PLUS (GE Healthcare) to concentrate the
mononuclear cells. Monocytes (mean purity 95%) were then
isolated by positive selection as described for the patient-derived
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monocytes and then either used immediately to generate macrophages or cryopreserved in Cryostor CS5. NK cells (mean purity
51%) were isolated from the remaining cells by negative selection
with Human NK Cell Enrichment beads (BD Biosciences) supplemented with EasySep positive selection for CD3 (Stemcell
Technologies) to remove additional T cells by the same method
as used for selection of autologous CLL cells. NK cells were then
immediately frozen in CryoStor CS5.
CD20 monoclonal antibodies
Rituximab and obinutuzumab (Genentech), ofatumumab
(Novartis), and alemtuzumab (Sanoﬁ Genzyme) were obtained
from the University of Rochester Medical Center pharmacy.
Ocaratuzumab was generously provided by Mentrik Biotech.
ADCP assay
ADCP was assayed using our previously published method (8).
In brief, 3  105 peripheral blood monocytes were cultured per
well of a 96-well plate (Costar) and matured into hMDMs in
RPMI-1640 (Corning Cellgro) supplemented with L-glutamine,
penicillin, and streptomycin (Gibco, Life Technologies), 10%
FBS, and M-CSF (10 ng/mL; PeproTech) over 5 to 6 days, with
a 50% volume medium change at day 3. The culture was then
continued for an additional 2 days with M-CSF (10 ng/mL) and
IL10 (10 ng/mL; PeproTech). On the day of the experiment, CLL
cells were thawed, washed 2 times to remove freezing medium,
and stained with PKH26 (Sigma-Aldrich) as per manufacturer
instructions. The stained CLL cells were incubated for a minimum
of 1 hour at 37 C with 5% CO2 prior to testing. The effector
hMDMs were then cocultured with puriﬁed CLL cell targets at an
effector to target ratio of 1:5 for 3 hours in 10% C5-deﬁcient serum
(Complement Technology), to allow for deposition of C3 activation fragments but not the formation of lytic membrane attack
complexes, and CD20 mAb (10 mg/mL). We previously found that
these parameters optimized the assay for comparison of the ADCP
achieved by different CD20 mAbs (8).
At the completion of the coculture, all the cells from each well
were mechanically harvested for analysis in DPBS with 20%
puriﬁed mouse IgG (Lampire Biological Laboratories) to minimize the adherence of target cells to hMDMs. Harvested cells were
analyzed by ﬂow cytometry with Cyto-Cal Count Control beads
(Thermo Fisher) using an LSR II (BD Biosciences) ﬂow cytometer
to determine the absolute number of surviving viable CLL cells as
previously described (8). In brief, after vigorously removing cells
from well with pipette tip, cells were centrifuged to pellet and
resuspended in 100 mL of 2% FBS-DPBS containing mouse
antihuman antibodies to CD11b (clone ICRF44; BD Biosciences)
and CD19 (clone HIB19; BioLegend) for 30 minutes. Cells were
stained for viability with 1 nmol/L TO-PRO-3, washed with 2%
FBS-DPBS, and resuspended in 2%FBS-DPBS. The absolute number of nonphagocytized B cells (B-cell count) was determined
from the viable portion of the CD11b–PKH26þ cells in the CLL
gate of the scatter plot (8). The increase in the mean number of
CLL cells phagocytized due to mAb-induced ADCP was determined by subtracting the value achieved for no-mAb controls for
each mAb experiment, to correct for nonspeciﬁc cell loss and
mAb-independent phagocytosis.
The ability of each mAb to induce ADCP was evaluated by
calculating the percentage of ADCP as previously described (8). In
brief, the absolute number of nonphagocytized target B cells
(B-cell count) was determined from the CD11b–PKH26þ cells in
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the CLL gate of the scatter plot. For comparison of mAb efﬁcacy,
the percentage of ADCP for each experiment was calculated as
100  (1  experimental B-cell count with mAb/control B-cell
count without mAb). We have previously shown that there was no
signiﬁcant direct cytotoxic effects of any of the mAbs tested in the
ADCP assays (8).
The role of complement activation in ADCP was determined by
comparing ADCP in cultures using either C5-depleted serum or
heat-inactivated C5-depleted serum. To ensure that heat inactivation prevented covalent binding of C3b to target cell membranes, we measured cell-bound C3-derived complement
fragments using the FITC-labeled anti-C3b/iC3b 7C12 (ref. 40;
kindly provided by Dr. Ronald P. Taylor) as previously
described (41). For all of these experiments, CLL cells from 6
specimens were incubated with antibody and either active or heatinactivated C5b-depleted serum for 1 hour in the presence of
puriﬁed mouse IgG (2 mg/mL) to minimize nonspeciﬁc binding.
C3b/iC3b binding was measured by ﬂow cytometry and calculated as the geometric mean FITC ﬂuorescence intensity of the
viable CLL cell (CD19þCD5þ) gate.
ADCC assay
Multiparametric ﬂow cytometry–based ADCC assays, previously shown to reliably measure NK cell–mediated cytotoxicity and
to be more sensitive than 51chromium release assays (42), were
used in this study. NK cell–enriched mononuclear cells were
cryopreserved for a week between isolation and the assays to
compare ADCC with ADCP to allow for maturation of hMDMs.
NK cells were thawed, cultured overnight in RPMI-1640 supplemented with 10% FBS, penicillin, streptomycin, and L-glutamine
(Gibco, Life Technologies) and checked for viability by trypan
blue exclusion prior to use. The mean viability of these NK cells
was 76% (range, 60%–81%), and the absolute viable NK cell
count was used to establish a 5:1 NK:CLL cell ratio in the ADCC
assays. Our preparatory experiments showed no signiﬁcant differences in results of ADCC assays using fresh versus thawed NK
cells. NK cells (2.5  105 in 100 mL) were equilibrated at 37 C with
95% humidity and 5% CO2 for 1 hour. CLL cells (5 
105 cells/mL) were simultaneously incubated in an upright 25-mL
ﬂask (CELLSTAR Greiner Bio-One) in AIM-V medium (Gibco, Life
Technologies). Assays were initiated by adding 100 mL of the CLL
cell suspension (5  104 cells) to the NK cell suspension to achieve
an effector (NK cell) to target (CLL cell) ratio of 5:1. This ratio was
selected because it achieved maximum ADCC in our preliminary
studies. The test mAb (rituximab, ofatumumab, ocaratuzumab, or
obinutuzumab) was immediately added in 50 mL of AIM-V to a
ﬁnal concentration of 10 mg/mL. The coculture was then incubated for 3 hours, after which the absolute number of remaining
viable CLL cells was counted by ﬂow cytometry using annexin
V–FITC (BD Pharmingen), anti-CD19–PerCP (clone SJ25C1;
BioLegend), anti-CD56–BUV395 (clone NCAM16.2; BD Biosciences), TO-PRO-3 (Life Technologies), and Cyto-Cal Count
Control beads to examine 2.5  104 events. Cells in the CLL gate
(CD19þCD56–) were considered viable if they were negative for
expression of annexin V and did not stain with TO-PRO-3. The
percentage of ADCC was calculated as 100  (1 – experimental
viable B-cell count/no-mAb control viable B-cell count). The
cytotoxic capacity of NK cells (ADCC) and hMDMs (ADCP) was
determined by dividing the absolute number of CLL cells undergoing mAb-induced apoptosis or phagocytosis by the number of
effector cells.

www.aacrjournals.org

Combination assays
Combination therapy assays were conducted to assess the
effects on ADCP by hMDMs exposed to additional therapeutic
agents used in the management of patients with CLL at clinically
achievable and effective concentrations: ibrutinib (used at
ﬁnal concentration of 1 mmol/L), idelalisib (1 mmol/L), venetoclax (5 nmol/L; Selleckchem), bendamustine hydrochloride
(10 mmol/L; Tocris Bioscience), dexamethasone (1 mmol/L), and
2-ﬂuoroadenine 9-B-D-arabinofuranoside (F-ara-A, active metabolite of ﬂudarabine; Sigma-Aldrich; 3 mmol/L), acalabrutinib
(1 mmol/L), and ACP-319 (1 mmol/L) generously provided by
Acerta Pharma, and umbralisib (TGR-1202; 1 mmol/L) generously
provided by TG Therapeutics. hMDMs were preincubated with the
drug of interest for 1 hour prior to initiation of the standard
3-hour ADCP assay at the same concentration as for the ADCP
assay in the RPMI-1640 medium. All drugs were diluted with
DMSO at 1,000-fold higher than the ﬁnal assay test concentration.
Upon completion of the 1-hour preincubation with the drugs, all
ADCP assays were performed exactly as described above. Equivalent amounts of DMSO were added to controls. For these assays,
each antibody–drug combination was compared with the noantibody control with the same drug tested, and the percentage of
ADCP was calculated as described for the ADCP assays.
Statistical methods
Linear mixed models were used to assess the relationship
between ADCP and ADCC, while adjusting for mAb with a
categorical ﬁxed effect and accounting for correlations between
data coming from the same subject with a subject-speciﬁc random
intercept term. Spearman rank correlations were used to assess the
relationship between ADCP and ADCC within each mAb individually. The effect of drug concentration on ADCP was modeled
using mixed ANOVA with drug concentration and mAb treated as
categorical ﬁxed effects. The effect of various therapeutic agents on
ADCP was similarly modeled via a categorical ﬁxed effect. EC50 for
each mAb was found by ﬁtting nonlinear Hill equations, with the
conﬁdence intervals estimated by the empirical bootstrap method. Paired t tests were used to assess the change in ADCP under
varying experimental conditions, including autologous versus
allogeneic hMDMs and active versus heat-inactivated C5-depleted
serum. Hypothesis tests were conducted at the 0.05 level of
signiﬁcance. Due to the exploratory nature of the analyses, we
did not correct for multiple comparisons. Future studies will be
done to verify promising results. SAS version 9.4 (SAS Institute,
Inc.) was used for all analyses.

Results
ADCP is the high-capacity immune cellular cytotoxicity
mechanism
To evaluate the relative efﬁcacy of ADCC and ADCP, we
conducted a series of parallel experiments, each of which used
peripheral blood-derived NK and hMDM effector cells from one
healthy blood donor sample and target CLL cells from one patient
sample (Fig. 2). Each paired comparison used data derived from
experiments done on the same day. For these 11 experiments, we
used effector cells from 7 healthy human donors and CLL target
cells from 9 patients. Healthy donor effector cells were used
because CLL patient blood samples did not yield adequate numbers of NK cells for the planned ADCC assays. All experiments
were done with a ﬁnal mAb concentration of 10 mg/mL. ADCP of
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Figure 2.
Comparison of ADCC and ADCP. A,
Healthy human blood-derived NK
cells (5:1) and hMDMs (1:5) from 7
donor specimens were used to test
mAb-induced ADCC and ADCP of CLL
target cells from 9 patients in 11
independent paired experiments.
The four CD20 mAbs rituximab (RTX),
ofatumumab (OFA), ocaratuzumab
(OCA), and obinutuzumab (OBI) and
the CD52 mAb alemtuzumab (ALM)
were all used at a ﬁnal concentration
of 10 mg/mL. The data shown are
from 11 comparisons for OFA and ALM,
10 for OBI and OCA, and 6 for RTX.
Means and 95% conﬁdence intervals
are shown. B, Dot plots of ADCC
versus ADCP for each mAb were
analyzed using Spearman rank
correlations (r) with corresponding
P value. P < 0.05 indicates statistical
signiﬁcance.
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CLL target cells mediated by autologous hMDMs (n ¼ 16) was
compared with ADCP of the same CLL targets cells by hMDMs
from healthy donors. No signiﬁcant difference in ADCP was
observed via a linear mixed model adjusted for antibody,
and accounting for data coming from the same subject (P ¼
0.35). The average ADCP mediated by autologous versus healthy
donor hMDMs by antibody was 46.1% versus 50.5% for
obinutuzumab, 39.0% versus 42.4% for ocaratuzumab, 33.0%
versus 38.9% for ofatumumab, and 31.6% versus 26% for rituximab, respectively.
NK cell ADCC (effector to target ratio of 5:1) killed 20% to
40% of the CD20 mAb-ligated CLL cell targets, translating to a
cytotoxic capacity of 0.04 to 0.1 CLL cells killed per NK cell
(Fig. 2A). By comparison, ADCP by hMDMs (effector to target
ratio of 1:5) resulted in engulfment of 10% to 60% of CD20
mAb-ligated CLL cell targets, translating to a cytotoxic capacity of
0.5 to 3 phagocytized CLL cells per hMDM (Fig. 2A). Thus,
CD20 mAb-mediated cytotoxicity of CLL cells per effector cell
was >10-fold greater for ADCP compared with ADCC (paired onesided t tests by antibody: rituximab P ¼ 0.019, ofatumumab P <
0.0001, ocaratuzumab P ¼ 0.0002, obinutuzumab P < 0.0001,
alemtuzumab P < 0.0001). We emphasize that the effector/target
ratios were 25-fold higher for the NK cell-mediated ADCC
reaction, and it is, thus, evident that macrophage-mediated ADCP
is the more effective killing process.
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mAb induction of ADCC does not predict ADCP
We then analyzed our data to determine if the commonly
accepted standard of mAb-induced ADCC (9, 20, 43) was a valid
surrogate measurement for mAb-induced ADCP. To make these
results more generalizable, we included the well established and
clinically available prototypic humanized CD52 mAb alemtuzumab. Alemtuzumab (wild-type human IgG1k) induced substantial ADCP (Fig. 2A; ref. 8) and is known to be effective at clearing
CLL cells from the peripheral blood in vivo (44). Adjusting for
antibody, no signiﬁcant association between ADCP and ADCC
was found (P ¼ 0.51; Fig. 2A). Spearman rank correlations within
the mAb for each of the 5 tested mAbs corroborated this lack of
association (all P > 0.14; Fig. 2B). These data show that for any
given tested mAb, the ability to induce ADCC does not predict
ability to induce ADCP.
ADCP and mAb concentrations
To determine the mAb concentrations required to initiate and
achieve maximum ADCP, we studied rituximab, ofatumumab,
ocaratuzumab, and obinutuzumab at 0.01 to 10 mg/mL (Fig. 3).
All mAb comparisons were performed in parallel on the same day
using the same pair of autologous patient-derived hMDMs and
target CLL cells derived from one patient sample. At the lowest
tested mAb concentration, ocaratuzumab (P < 0.0001) and
ofatumumab (P ¼ 0.0028) induced signiﬁcant ADCP compared
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Figure 3.
CD20-binding efﬁciency and FcR
afﬁnity affect ADCP. ADCP was
measured using mAb concentrations of
0.01 to 10 mg/mL and an hMDM:CLL of
1:5 in 31 independent experiments,
each using a different CLL patientderived blood sample. Data shown are
mean  SEM for each concentration,
with a range of 11 to 19 data points for
each concentration. ADCP was
modeled using mixed ANOVA, with
drug concentration and mAb as
categorical ﬁxed effects. Asterisks:
signiﬁcant differences (P < 0.05).
A, Comparison of mAbs with wild-type
(WT) Fc [rituximab (RTX) vs.
ofatumumab (OFA), n ¼ 14].
B, Comparison of the Fc-modiﬁed
mAbs [obinutuzumab (OBI) vs.
ocaratuzumab (OCA), n ¼ 25].
C, Comparison of higher CD20-binding
efﬁciency and FcR-afﬁnity OCA vs.
lower CD20-binding efﬁciency and
WT Fc RTX (n ¼ 17).
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with the no-mAb controls. In contrast, appreciably higher concentrations were required to induce ADCP with obinutuzumab
(0.05 mg/mL, P < 0.0001) and rituximab (0.1 mg/mL, P ¼ 0.0004).
Ocaratuzumab had the lowest estimated EC50 [0.0080 mg/mL;
95% conﬁdence interval (CI), 0.0035–0.0113], followed by ofatumumab (0.0459 mg/mL; 95% CI, 0.0216–0.0613), obinutuzumab (0.0493 mg/mL; 95% CI, 0.0326–0.0642), and rituximab
(0.3151 mg/mL; 95% CI, 0.1952–0.4139). Conﬁdence intervals
demonstrated that the EC50 of ocaratuzumab was signiﬁcantly
lower than the EC50 for all the other mAbs tested and that the EC50
of rituximab was signiﬁcantly higher than the EC50 of all the other
mAbs (P < 0.05). No signiﬁcant difference between the EC50 of
obinutuzumab and ofatumumab was found.
We then compared the ADCP at lower mAb concentrations
with that achieved at 10 mg/mL (Fig. 3). Ocaratuzumaband rituximab-induced ADCP were signiﬁcantly lower at 0.01 to
1 mg/mL, and obinutuzumab- and ofatumumab-induced ADCP
were signiﬁcantly lower at all concentrations <10 mg/mL. These
data suggested that maximum ADCP was achieved for
ocaratuzumab and rituximab at mAb concentrations between 1
and 5 mg/mL but was not achieved for obinutuzumab and
ofatumumab at 5 mg/mL.
To further investigate the role of CD20 mAb ligand binding on
ADCP, we compared high versus low CD20 binding efﬁciency of
mAbs segregated by wild-type versus bioengineered Fc (Fig. 3).
Comparing mAbs with wild-type Fc, the higher CD20-binding
efﬁciency of ofatumumab induced signiﬁcantly more ADCP than
rituximab at mAb concentrations up to 0.5 mg/mL (Fig. 3A). These

www.aacrjournals.org

data strongly suggest an important role for CD20 binding efﬁcacy
in mediating CD20 mAb-induced ADCP. Comparison of the
Fc-modiﬁed mAbs showed that the higher CD20-binding efﬁciency of ocaratuzumab induced signiﬁcantly more ADCP than
obinutuzumab at mAb concentrations up to 0.1 mg/mL, and
obinutuzumab induced signiﬁcantly more ADCP than ocaratuzumab at 10 mg/mL (Fig. 3B). These data support the role of
CD20-binding efﬁciency for inducing ADCP.
CD20 mAb afﬁnity for FcR is expected to inﬂuence synapse
formation and, hence, ADCP. The CD20 mAbs studied have
different CD20 binding afﬁnities, limiting our ability to directly
examine the role of FcR afﬁnity. As an exploratory step, we directly
compared ADCP induced by the Type I mAbs with the highest
(ocaratuzumab) and lowest (rituximab) CD20 and FcR afﬁnity.
As shown in Fig. 3C, ocaratuzumab induced signiﬁcantly higher
ADCP than rituximab at all mAb concentrations tested. The
differences between this comparison and that between ofatumumab and rituximab (Fig. 3A) suggest that increased FcR afﬁnity
could increase ADCP.
Complement activation can increase ADCP
Fragments of complement protein C3 (C3b/iC3/C3dg) covalently bind to mAb-opsonized target cell membranes and can
ligate complement receptor 3 (CR3) on macrophages to form a
complement synapse (Fig. 1). We compared ADCP in experiments
using multiple pairs of single healthy donor sample-derived
hMDMs and mAb-opsonized single patient CLL cells. The cells
were then cultured with either active C5-deﬁcient serum, which
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Complement activation can increase ADCP. A, Covalent binding of C3b/iC3b to CLL cell membranes was measured in 6 CLL cell specimens in 2 independent
experiments. C3b/iC3b binding induced by obinutuzumab (OBI), ocaratuzumab (OCA), ofatumumab (OFA), and rituximab (RTX) was measured in the
presence of either C5-depleted human serum (active C5b-) or heat-inactivated C5-depleted human serum (HI C5b-) using the C3b/iC3b mAb 7C12 and
represented as mean þ SEM. Data were compared using paired t tests, with P < 0.05 indicating statistical signiﬁcance ( , P < 0.05;   , P ¼ 0.0329). B, ADCP of CLL
(n ¼ 11) cells by healthy donor hMDM (n ¼ 6) was compared for each mAb (10 mg/mL) in assays using 10% active C5b- or HI C5b- serum (mean þ SEM; n ¼ 13,
except OCA n ¼ 12). Paired t tests were used to compare ADCP, with  , P < 0.05 indicating statistical signiﬁcance.

generates C3, or heat-inactivated C5-deﬁcient serum, which does
not. As shown in Fig. 4A, rituximab, ofatumumab, obinutuzumab, and ocaratuzumab signiﬁcantly increased C3b/iC3b binding to CLL cells in active compared with heat-inactivated
C5-deﬁcient serum as measured by DMFI (P < 0.05). Ofatumumab and rituximab were signiﬁcantly more effective at generating
CLL cell membrane-bound iC3b fragments than the Fcengineered mAbs obinutuzumab and ocaratuzumab (P <
0.05). As expected (24, 26), ofatumumab generated signiﬁcantly
higher iC3b than rituximab (P ¼ 0.03). Heat inactivation of
C5-deﬁcient serum signiﬁcantly decreased ADCP induced by
ofatumumab (P ¼ 0.0013; Fig. 4B). These data demonstrate that
effective complement activation by ofatumumab results in substantial iC3b fragment opsonization of target cells, likely leading
to formation of complement synapses that enhance ADCP. The
lower ADCP mediated by ofatumumab in heat-inactivated serum
may be due to the fact that ofatumumab binds closer to the cell
membrane, which tends to decrease phagocytosis compared with
phagocytosis mediated by an mAb that binds further away from
the cell membrane (45). Thus, opsonization with complement
fragments (most effectively mediated by ofatumumab) leads to a
signiﬁcant increase in phagocytosis for this mAb.
Modulation of ADCP by targeted small-molecule inhibitors
We tested multiple drugs that have previously been combined
with CD20 mAb treatment regimens for B-cell malignancies
(29–31) to determine their effect on in vitro ADCP. These experiments used 16 pairs of autologous CLL patient-derived hMDMs
and target cells from the same sample. To test hMDM toxicity,
we added each drug to hMDM cultures for 4 hours and then
measured hMDM counts and viability 24 hours later by ﬂow
cytometry using annexin V and TO-PRO-3. Paired t tests found
no signiﬁcant reduction in macrophage viability in the presence
of any tested drug compared with DMSO control (all P > 0.14).
The average macrophage viability in the presence of inhibitors was
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80.7% for ibrutinib, 79.1% for acalabrutinib, 78.9% for idelalisib,
79.3% for ACP-319, and 77.5% for umbralisib compared with
79.5% macrophage viability for the no-inhibitor DMSO control.
Venetoclax (5 nmol/L), dexamethasone (1 mmol/L), bendamustine (10 mmol/L), and F-ara-A (3 mmol/L) did not signiﬁcantly alter ADCP induced by rituximab, ofatumumab, obinutuzumab, or ocaratuzumab. In contrast, inhibitors targeting BTK
and PI3Kd (all used at a concentration of 1 mmol/L) decreased
mAb-induced ADCP (Fig. 5). Ibrutinib (P ¼ 0.0116) and ACP-319
(P ¼ 0.0035) signiﬁcantly decreased rituximab-induced ADCP
(Fig. 5A). Rituximab-induced ADCP was suppressed signiﬁcantly
more by ibrutinib compared with acalabrutinib (P ¼ 0.0307),
and ibrutinib (P ¼ 0.0270), idelalisib (P ¼ 0.0044), and ACP-319
(P ¼ 0.0347) signiﬁcantly decreased ofatumumab-induced ADCP
(Fig. 5B). Ibrutinib (P ¼ 0.0004), idelalisib (P < 0.0001), ACP-319
(P < 0.0001), and umbralisib (P ¼ 0.0018) signiﬁcantly
decreased ocaratuzumab-induced ADCP (Fig. 5C), and ocaratuzumab-induced ADCP was suppressed signiﬁcantly more by
idelalisib than umbralisib (P ¼ 0.0259). All tested drugs
signiﬁcantly decreased obinutuzumab-induced ADCP (ibrutinib
P < 0.0001, acalabrutinib P ¼ 0.0175, idelalisib P < 0.0001,
ACP-319 P < 0.0001, umbralisib P ¼ 0.0028; Fig. 5D). Obinutuzumab-induced ADCP was suppressed signiﬁcantly more by
ibrutinib compared with acalabrutinib (P < 0.0001) and by
idelalisib (P ¼ 0.0450) and ACP-319 (P ¼ 0.0186) compared
with umbralisib.
In summary, ibrutinib and ACP-319 signiﬁcantly decreased
ADCP induced by all mAbs tested. Acalabrutinib signiﬁcantly
inhibited ADCP induced by obinutuzumab, but this effect was
signiﬁcantly less than that of ibrutinib. Idelalisib signiﬁcantly
inhibited ADCP induced by obinutuzumab, ocaratuzumab, and
ofatumumab. Umbralisib signiﬁcantly inhibited ADCP induced
by obinutuzumab and ocaratuzumab, but this effect was
signiﬁcantly less than idelalisib. These results suggest that the
BTK-speciﬁc inhibitor acalabrutinib and the novel PI3Kd
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Figure 5.
Modulation of ADCP by drugs
targeting the B-cell receptor signaling
pathway. The effects of targeted
small-molecule inhibitors of the B-cell
receptor signaling pathway on ADCP
were tested in 16 independent
experiments using 16 pairs of CLL
patient–derived hMDMs and CLL cells
(mean þ SEM). Autologous hMDMs
were preincubated for 1 hour with
either control (DMSO), ibrutinib (IBR),
acalabrutinib (ACALA), idelalisib
(IDL), ACP-319, or umbralisib (all at
concentration of 1 mmol/L) before
testing for mAb-induced (all used at a
concentration of 10 mg/mL) ADCP.
ADCP was modeled using mixed
ANOVA, with inhibitors and mAbs
as categorical ﬁxed effects. P < 0.05
indicates statistical signiﬁcance.
A, Rituximab (RTX)-induced ADCP
(IBR,  , P ¼ 0.0116; IBR-ACALA,

, P ¼ 0.0307; ACP-319,

, P ¼ 0.0035). B, Ofatumumab
(OFA)-induced ADCP (IBR,

, P ¼ 0.0270; IDL,   , P ¼ 0.0044;
ACP-319,  , P ¼ 0.0347). C,
Ocaratuzumab (OCA)-induced
ADCP (IBR,  , P ¼ 0.0004; IDL,

, P < 0.0001; IDL-umbralisib,

, P ¼ 0.0259; ACP-319,    , P < 0.0001;
umbralisib,   , P ¼ 0.0018). D,
Obinutuzumab (OBI)-induced ADCP
(IBR,    , P < 0.0001; IBR-ACALA,

, P < 0.0001; ACALA,  , P ¼ 0.0175;
IDL,    , P < 0.0001; IDL-umbralisib,  ,
P ¼ 0.0450; ACP-319,    , P < 0.0001;
ACP-319-umbralisib,  , P ¼ 0.0186;
umbralisib,   , P ¼ 0.0028).

venetoclax caused no signiﬁcant inhibition. Our preclinical data
provide a rationale for the design of novel approaches for the
treatment of CLL and other B-cell malignancies using kinetically
optimized mAb administration in combination with smallmolecule targeted drugs selected to minimize inhibition of ADCP.
The primary in vivo mechanism of cellular cytotoxicity of
circulating CD20 mAb-opsonized cells in mice is ADCP by ﬁxed
macrophages in the liver (13–15, 17). However, limited data on
human in vivo CD20 mAb-mediated cellular cytotoxicity of circulating or tissue resident B cells are available. Human NK cells
(7  1010) are largely restricted to the circulation with limited
malignant tissue inﬁltration (46, 47). In contrast, 2  1011 ﬁxed
macrophages are distributed widely throughout the body, including the sinusoids of the liver and spleen (46), meaning far more
effector cell macrophages than NK effector cells are present, and
the killing efﬁcacy per cell favors macrophages. We and others
have previously shown that hMDMs efﬁciently mediate ADCP of
CD20 mAb-opsonized B cells (8, 16). This study showed that the
average ADCC per NK cell is less than 10% of the ADCP mediated
per hMDM. Based on these quantitative considerations, we,
therefore, propose that ADCP is likely to be the major cytotoxic
mechanism for CD20 mAbs in humans.
ADCC assays have been previously used as a surrogate measure
of the cellular cytotoxicity of CD20 mAbs (20, 23, 43). Our data
showed that NK cell ADCC did not predict ADCP capacity, a
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conclusion compatible with published data stating that the
distance of mAb binding epitopes from the cell membrane
differentially affects the ability to activate ADCC (more proximal)
or ADCP (more distal; ref. 45). Given the predominant role of
ADCP in mediating mAb cytotoxicity and the lack of proportionality between ADCC and ADCP, we propose that quantitative
ADCP assays should be used to evaluate mAb-mediated cellular
cytotoxicity.
Having conﬁrmed the critical role of ADCP in mediating mAb
cytotoxicity, we proceeded to investigate the effects of the properties that were selected or engineered into next-generation CD20
mAbs to improve ADCC. Limited published quantitative data
exist on the consequences of modulation of CD20 and FcR afﬁnity
for CD20 mAb ADCP. We showed that the high CD20 binding
efﬁciency of next-generation mAbs ofatumumab and ocaratuzumab induced ADCP at a concentration of <0.01 mg/mL. The lower
CD20 binding efﬁciency mAbs had threshold ADCP induction
concentrations that were >5-fold higher for obinutuzumab
(0.05 mg/mL) and >10-fold higher for rituximab (0.1 mg/mL).
Conventional doses of either intravenously or subcutaneously
administered rituximab are designed to achieve serum trough
concentrations >10 mg/mL (48), which exceeds the threshold
in vitro concentration by 100-fold. These data suggest that
conventionally used mAb doses are larger than required for ADCP
in patients with circulating malignant B cells. However, additional
studies will be required to determine the threshold concentrations
for ADCP in malignant lymphoid tissue.
The cytotoxicity of conventional chemotherapy drugs increases
with higher drug concentrations until all sensitive target cells are
killed. In contrast, the cytotoxicity of mAb-induced ADCP can be
limited by macrophage phagocytic capacity (8). This study
showed that for mAb concentration increments above the threshold for induction of ADCP, progressively smaller increases in
cytotoxicity were seen for each dose increase, with no signiﬁcant
increase in ADCP for ocaratuzumab and rituximab between 5 and
10 mg/mL. These data suggest that CD20 mAb-induced ADCP is a
ﬁnite-capacity cytotoxic mechanism and that increasing mAb
concentrations above the level required to achieve maximum
efﬁcacy will not improve clinical outcome for patients.
Covalent binding of complement C3 activation fragments to
target cell membranes provides an additional target cell binding
site for phagocytic macrophages via CR3. Limited data on the role
of the complement iC3b–CR3 phagocytic synapse in next-generation aCD20 mAb-mediated ADCP are available. Ofatumumab, a
potent activator of complement, generated the highest level of
CLL cell-bound C3 activation fragments, and heat inactivation of
serum signiﬁcantly decreased ofatumumab-mediated ADCP. In
contrast, rituximab complement activation was not sufﬁcient to
signiﬁcantly increase ADCP. These ﬁndings suggest that high
complement activation can be an important mediator of mAbinduced ADCP. In contrast, the Fc engineering used to generate
ocaratuzumab and obinutuzumab prevents these mAbs from
generating complement phagocytic synapses.
CLL and other indolent B-cell malignancies remain incurable
with conventional therapies. Improvements in treatment outcomes will require rational combinations of targeted therapies.
Studies of drug combinations suggest that small-molecule inhibitors of BTK and PI3Kd, used in regimens designed to continuously block target enzymatic activity, could decrease cellular
cytotoxicity mediated by CD20 mAbs (32–34). We now report a
comprehensive study of the effects on hMDM ADCP of drugs that

1158 Cancer Immunol Res; 6(10) October 2018

have been combined with CD20 mAbs in the treatment of CLL.
Preincubation of hMDMs with therapeutic concentrations of
dexamethasone, alkylating agents, purine analogues, and the
BCL2 inhibitor venetoclax did not signiﬁcantly alter CD20
mAb-mediated ADCP. In contrast, we conﬁrmed in a quantitative
assay that the ﬁrst-generation inhibitors of BTK (ibrutinib) and
PI3Kd (idelalisib) signiﬁcantly inhibited ADCP. The BTK-speciﬁc
inhibitor acalabrutinib did not signiﬁcantly decrease ADCPmediated by ocaratuzumab, ofatumumab, or rituximab and
caused signiﬁcantly less inhibition of obinutuzumab-induced
ADCP than ibrutinib. This ﬁnding suggests that ibrutinib's offtarget activities (e.g., inhibition of non-BTK TEC family molecules
or other kinases) could have an important role in mediating
ADCP, as previously reported using nonquantitative ADCP assays
(35). The next-generation PI3Kd inhibitor umbralisib did not
signiﬁcantly inhibit ADCP induced by ofatumumab or rituximab
and caused signiﬁcantly less inhibition of ADCP induced by
obinutuzumab and ocaratuzumab than idelalisib. The reason for
this difference is not known, and limited data exist on the relative
PI3Kd selectivity of umbralisib and idelalisib, with at least one
published study showing no signiﬁcant difference (49). The same
study shows that umbralisib has additional activities, including
inhibition of Casein Kinase-1e (49) that could modulate the effect
of this drug on hMDM-mediated ADCP. These data are important
for both understanding the molecular pathways controlling
ADCP and for designing future trials of combination therapy to
improve therapeutic outcomes.
This study used assays that do not necessarily inform on in vivo
human activity. The translational value of our data could also be
limited by the sparse knowledge of the tissue levels of CD20 mAb
achieved in patients with B-cell malignancies and the ADCP
capacity of tumor-associated macrophages in lymphomatous
tissue. Our studies on drugs tested in combination therapy used
only limited durations of exposure to hMDMs, and these drugs
could be more toxic to tissue macrophages in vivo. However, the
drugs tested all have relatively short half-lives in vivo, so the model
used was reasonable. We also only tested FDA-approved and laterstage development drugs that could be available for use in clinical
trials and did not endeavor to examine new drugs to optimize
ADCP in this study or test a range of concentrations of modifying
drugs. These analyses are planned as future research goals.
In conclusion, our study showed that quantitative ADCP
should be the standard assay for evaluation of the cellular cytotoxicity of CD20 mAbs. Modiﬁcation of variable and Fc regions in
next-generation CD20 mAbs can increase FcR-mediated ADCP,
while decreasing complement-mediated ADCP. ADCP is activated by CD20 mAbs at considerably lower concentrations than
achieved by standard doses, suggesting that mAb regimen modiﬁcations, including a higher frequency/lower dose approach,
should be further explored to increase efﬁcacy and convenience
and decrease toxicity and cost (50–53). Targeted small-molecule
inhibitors used to treat B-cell malignancies have different mAbspeciﬁc effects on CD20-induced ADCP. Less ADCP inhibition
was seen using more speciﬁc BTK and novel PI3Kd inhibitors, and
no signiﬁcant inhibition was seen with the BCL2 inhibitor venetoclax. These data could be useful in understanding the control
and capacity of physiologic, pathologic, and therapeutic ADCP
and for designing more effective and less toxic treatments for
B-cell malignancies. Our preclinical data have been used to design
a trial for initial treatment of progressive CLL using standard
dose acalabrutinib and high-frequency/low-dose subcutaneous
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rituximab (50 mg twice a week for 6 months) that could be
opened by the end of 2018.
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