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ABSTRACT

Background

CD20 monoclonal antibodies are widely used in clinical practice. Antibody-dependent cellular
cytotoxicity, complement-dependent cytotoxicity and direct cell death have been suggested to
be important effector functions for CD20 antibodies. However, their specific contributions to
the in vivo mechanism of action of CD20 immunotherapy have not been well defined.

Design and Methods

Here we studied the in vivo mechanism of action of type I (rituximab and ofatumumab) and
type II (HuMab-11B8) CD20 antibodies in a peritoneal, syngeneic, mouse model with EL4-
CD20 cells using low and high tumor burden.

Results

Interestingly, we observed striking differences in the i vivo mechanism of action of CD20 anti-
bodies dependent on tumor load. In conditions of low tumor burden, complement was suffi-
cient for tumor killing both for type I and type I CD20 antibodies. In contrast, in conditions of
high tumor burden, activating FcyR (specifically FcyRIII), active complement and complement
receptor 3 were all essential for tumor killing. Our data suggest that complement-enhanced
antibody-dependent cellular cytotoxicity may critically affect tumor killing by CD20 antibodies
in vivo. The type 11 CD20 antibody 11B8, which is a poor inducer of complement activation,
was ineffective against high tumor burden.

Conclusions

Tumor burden affects the iz vivo mechanism of action of CD20 antibodies. Low tumor load can
be eliminated by complement alone, whereas elimination of high tumor load requires multiple
effector mechanisms.
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Introduction

CD20 monoclonal antibodies are widely used to treat
follicular or low-grade non-Hodgkin’s lymphoma and
chronic lymphocytic leukemia as well as various autoim-
mune conditions, such as theumatoid arthritis."” Based on
in vitro characterization, two types of CD20 monoclonal
antibodies are recognized: type I are able to relocate
CD20 molecules into lipid microdomains and efficiently
activate complement, whereas type II promote strong
homotypic adhesion and induce apoptosis. Both types of
CD20 monoclonal antibodies can mediate antibody-
dependent cellular cytotoxicity (ADCC).* The success of
rituximab has stimulated the development of second-gen-
eration (human) and third-generation (Fc-engineered)
CD20 monoclonal antibodies to further improve thera-
peutic performance. Ofatumumab is a novel human type
[ IgG1 CD20 monoclonal antibody, which binds to a dis-
tinct membrane proximal epitope encompassing both the
small and large loops on the CD20 molecule.**
Ofatumumab activates complement more efficiently than
rituximab, most likely because of its distinct binding char-
acteristics.” Ofatumumab was recently approved for the
treatment of fludarabine- and alemtuzumab-refractory
chronic lymphocytic leukemia in the USA by the Food
and Drug Administration and in Europe by the European
Medicines Agency.”* A typical example of type II CD20
monoclonal antibodies is B1, a murine monoclonal anti-
body that is currently used in the clinic in a radio-labeled
form (tositumomab), and that may also be very effective
in a non-conjugated form, at least in in vivo mouse tumor
models.”

CD20 monoclonal antibodies can engage multiple
effector mechanisms 7 vivo for the elimination of tumor
cells; however, their relative importance and contribution
to the in vivo mechanism of action is still not fully under-
stood.® Target binding of CD20 monoclonal antibodies
can result in direct cytotoxicity.""" In vitro studies suggest-
ed that this effect can be enhanced by secondary cross-
linking,"” but we have recently shown that this mecha-
nisms is unlikely to contribute to the in vivo mode of
action of CD20 monoclonal antibodies.”® A large body of
evidence based on both clinical and preclinical studies
supports a role for ADCC through interaction of ritux-
imab-opsonized CD20-positive cells with FcyR-express-
ing effector cells,"”" in particular, monocytes and
macrophages.””" The role of complement in rituximab
immunotherapy is still under discussion. Whereas several
in vitro and in vivo studies as well as observations in the
clinic support its contribution,”** other studies have
found no role for complement” or have even shown
detrimental effects in an in vitro ADCC assay.”

The efficacy of rituximab is influenced by a number of
factors in patients, such as genetic variability in FcR,"”
level of CD20 expression,” intensity of CD20 internaliza-
tion,” and human anti-chimeric antibody (HACA) titers.
Tumor burden might also influence the efficacy of ritux-
imab therapy by reducing available monoclonal antibod-
ies in the circulation. In line with this, it was found in
both mice and patients that rituximab serum concentra-
tions are inversely correlated with tumor burden.*®
However, it is not known whether tumor burden also
affects the in vivo mechanism of action of CD20 mono-
clonal antibodies. A better understanding of their in vivo
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mechanism of action will aid further optimization of the
use of CD20 monoclonal antibodies in immunotherapeu-
tic regimens and improve therapeutic success.

To investigate the impact of tumor burden on CD20
monoclonal antibody effector mechanisms we used a
syngeneic, short term, iz vivo tumor model. We compared
two type I and one type II CD20 monoclonal antibodies
using mouse EL4 tumor cells stably transduced with
human CD20 (EL4-CD20). We studied tumor killing in
the model under low and high tumor burden conditions
and assessed the contribution of different effector func-
tions of the CD20 monoclonal antibodies to their i vivo
mechanism of action.

Design and Methods

Mice

C57Bl/6 mice were purchased from Janvier (Le Genest Saint
Isle, France) or were bred in our facilities. Mac-1/CD11b-
deficient mice (CR3”) on the C57Bl/6 background were kindly
provided by Dr T.N. Mayadas (Harvard Medical School, Boston,
MA, USA). FeyRI, FcyRIIB”, FeyRIIT™, and FcRy” mice were bred
and maintained at the SPF facility in the Central Animal
Laboratory of Utrecht University. NOTAM mice express normal
surface levels of FcyR but these are incapable of signaling due to
mutations in the ITAM motif in the signal transducing FcRy-
chain.”® All experiments were approved by the local animal eth-
ical committee.

Cell culture

Mouse EL4 lymphoma cells stably transduced with human
CD20 (EL4-CD20) were described previously.”” Bone marrow-
derived macrophages were cultured in the presence of 5 ng/mL
GM-CSF (Cell Sciences) and culture medium was refreshed on
days 2 and 5 as earlier described.®’ Adherent cells were used as
bone marrow-derived macrophages on day 7-8. Macrophages
from C57Bl/6 and CR3" mice for in vitro serum-enhanced ADCC
experiments were cultured for 7-8 days in the presence of 40
ng/mL M-CSF (Peprotech).

Antibodies and flow cytometry

Ofatumumab (hulgG1, GlaxoSmithKline/Genmab), rituximab
(chimeric IgG1, Roche) and 11B8 (HuMab-11B8, hulgG1,
Genmab) were used as CD20 monoclonal antibodies. Bound
CD20 monoclonal antibody was detected by FITC-labeled
F(ab’)2 fragments of goat anti-human IgG antibody (Protos
Immunoresearch). Expression of FcyRI was determined using
anti-mouse CD64 (clone X54-5/7.1.1, mlgG1, Pharmingen).
Expression of FcyRIII was determined by blocking the cells with
a FeyRIIB-specific monoclonal antibody followed by staining
with anti-FeyRIV/IID (clone 2.4G2, ratlgG2b, Pharmingen).
Antibodies against FcyRIV (clone 9E9, hamster IgG1) and FcyRIIB
(clone K9.361, Ly17.2-specific) were kind gifts from Drs. Falk
Nimmerjahn and Sjef Verbeek, respectively. FcyR expression was
measured on F4/80" (clone A3-1, ratlgG2b, Serotec)/ CD11b*
cells (clone M1/70, ratlgG2b, Pharmingen) in peritoneal lavage
after blocking with 5% mouse serum.

Induction of annexin-V positivity and homotypic
aggregation

EL4-CD20 cells were incubated for 30 min at 37°C with
increasing concentrations of ofatumumab. Cross-linking was
induced by 5 ug/mL F(ab’): fragments of rabbit anti-human IgG
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antibody for 24 h. After 24 h the cells were stained with annex-
in-V RPE (Pharmingen) according to the manufacturer’s protocol.
For the induction of homotypic aggregation EL4-CD20 cells
were incubated with 1 ug/mL ofatumumab or 11B8 for 24 h.
Images were obtained using an EVOS light microscope.

Complement deposition

EL4-CD20 cells were incubated for 30 min at room tempera-
ture with increasing concentrations of CD20 monoclonal anto-
body. Unbound CD20 monoclonal antobody was washed away
and pooled C57Bl/6 serum (n=3) was added at a concentration
of 0.5%, and incubated for 45 min at 37°C. Complement depo-
sition was measured using anti-mouse C3b/iC3b/C3c (clone
3/26, rat IgG2a, Hycult Biotech) followed by secondary poly-
clonal goat anti-rat Ig RPE (Pharmingen). Although we took all
the precautions to conserve full complement activity as suggest-
ed by Lachmann,” we were not able to measure CDC by either
type I or II CD20 monoclonal antobody in vitro using the EL4-
CD20 cells and fresh mouse serum.

Macrophage killing assay

Bone marrow-derived macrophages were plated together
with 10,000 CFSE-labeled CD20 monoclonal antobody-
opsonized EL4-CD20 cells at different effector-to-target (E:T)
ratios. After overnight incubation, cells were trypsinized and
the numbers of CFSE positive cells were determined relative to
the constant amount of beads (Molecular Probes, Invitrogen).
For complement-enhanced killing, CD20 monoclonal antobody-
opsonized CFSE-labeled EL4-CD20 cells were incubated with
5% mouse serum, heat-inactivated (56°C for 30 min) mouse
serum or serum from cobra venom factor (CVF)-treated mice for
45 min at 37°C prior to adding bone marrow-derived
macrophages. The number of tumor cells in wells without anti-
body was set at 100%. Relative killing was calculated as the
decrease in the number of tumor cells in the presence of CD20
monoclonal antobody relative to conditions without antibody.

EL4-CD20 lymphoma model

Mice were injected intraperitoneally with 5x10° or 5x10°
CFSE-labeled EL4-CD20 lymphoma cells as low and high tumor
burden, respectively, and 16 h later were given rituximab, ofatu-
mumab, 11B8 or 100 uL phosphate-buffered saline intraperi-
toneally. The peritoneal cavity was washed with phosphate-
buffered saline containing 5 mM EDTA 24 h after antibody injec-
tion and the total number of tumor cells was determined using
TruCount tubes (BD Biosciences). Tumor cells remained in the
peritoneal cavity, as we did not find tumor cells in the circulation
or in the spleen and bone marrow at the time of lavage (data not
shown).

Complement depletion

Complement (C3/C5) was depleted by injecting 2 times 10 U
CVFE (Naja naja kaouthia, Quidel) intraperitoneally 1 day prior to
injection of tumor cells. Serum from CVF-treated mice was not
able to induce deposition of complement fragments C3b, iC3b
and C3c in vitro when incubated with ofatumumab-opsonized
EL4-CD20 cells. In addition, serum from CVEF-treated mice was
found to be negative in an overall mouse serum hemolytic com-
plement activity assay® indicating that complement was fully
inactivated (data not shown).

Statistics

Parametric data are represented as mean + SEM and have been
analyzed for significance using Student’s unpaired t-test.
Multiple groups in the in vivo experiments were compared by
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analysis of variance and further evaluated using Bonferroni’s
multiple comparison test using Graph Pad 4.0 software. A P
value of 0.05 or less is considered statistically significant.

Results

Effector mechanisms of CD20 monoclonal antibody
in vitro with EL4-CD20 target cells

For our in vivo studies, we wished to employ syngeneic
mouse EL4 lymphoma cells that homogeneously express
human CD20.” Because, it is not known whether EL4-
CD20 cells are sensitive to killing by the different CD20
monoclonal antibody effector mechanisms, we first vali-
dated EL4-CD20 cells in vitro using the type I CD20 mon-
oclonal antibodies rituximab and ofatumumab and the
type II CD20 monoclonal antibody 11B8.*

In accordance with previous studies employing B-cell
lines and primary lymphomas, type I CD20 monoclonal
antibodies exhibited approximately two-fold higher bind-
ing to EL4-CD20 cells than type II CD20 monoclonal anti-
bodies (Online Supplementary Figure S1A).>* Cross-linking
of bound CD20 monoclonal antibody induces direct cell
death in lymphoma cell lines.” In line with this, cross-link-
ing of CD20 monoclonal antibody on EL4-CD20 cells
with anti-human IgG antibody induced annexin-V stain-
ing (Online Supplementary Figure S1B and data not shown). In
the absence of cross-linking antibody, only 11B8 was able
to induce homotypic aggregation of EL4-CD20 cells
(Online Supplementary Figure S1C and data not shown,).

Ofatumumab and rituximab binding induced deposition
of complement fragments on EL4-CD20 cells, whereas
11B8 did so, and only modestly at high CD20 monoclonal
antibody concentrations (Online Supplementary Figure
S1D). Ofatumumab and rituximab were more efficient
than 11B8 in an in vitro killing assay using bone marrow-
derived macrophages (Online Supplementary Figure S1E),
confirming published data derived from using human
effector cells and primary lymphoma cell lines.!
Ofatumumab mediated significantly better tumor killing
than rituximab at lower CD20 monoclonal antibody con-
centrations (0.01 ug/mL) (Online Supplementary Figure S1E)
(**P<0.01; ANOVA).

Taken together, these in vitro results show that EL4-
CD20 cells can be used as target cells to study CD20 mon-
oclonal antibody mechanisms i1 vivo. Indeed, the effector
mechanisms that CD20 monoclonal antibodies employ to
kill EL4-CD20 cells are in agreement with earlier data
using B cell lines and primary lymphomas.

Differential involvement of FcyR under low
and high tumor burden conditions

To study the effect of tumor burden on the CD20 mon-
oclonal antibody effector mechanisms in vivo, we used a
peritoneal, syngeneic, tumor model as described earlier.”®
EL4-CD20 cells were injected intraperitoneally followed
by injection of CD20 monoclonal antibody at the same
location 16 h later. The number of tumor cells was deter-
mined 24 h after injection of antibody. We injected 5x10°
and 5x10° EL4-CD20 cells to establish low and high tumor
burden conditions, respectively. Five-hundred thousand
EL4-CD20 cells was the minimal number of cells we could
inject for reliable analysis at the end of the experiment at
which, on average, we recovered 3.9x10° cells in mice
treated with phosphate-buffered saline or control anti-
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body; this we considered the low tumor burden condition.
Treatment with 10 ug ofatumumab or rituximab effective-
ly reduced the number of tumor cells, whereas the effect
of 11B8 was less prominent (Figure 1A and Ounline
Supplementary Table S1). Tumor killing was also observed
with 1 ug ofatumumab but not with 0.1 ug (Online
Supplementary Figure S2A). We did not observe killing of
EL4-CD20 cells by nonspecific human IgG1l (Online
Supplementary Figure S2A) or killing of CD20 negative EL4
cells (data not shown).

Five million EL4-CD20 cells was the largest number of
cells we could inject and still observe a treatment effect. At
the end of the experiment, from the mice treated with
phosphate-buffered saline, we recovered on average
17.76x10° EL4-CD20 cells indicating that at least part of
the cells had divided in vivo; this we considered the high
tumor burden condition. Injection of 100 ug ofatumumab
or rituximab significantly reduced the amount of recov-
ered tumor cells (Figure 1 B-C and Online Supplementary
Table S1). Significant tumor killing was observed in wild-
type mice by ofatumumab and rituximab using 10 ug and
3 ug monoclonal antibody but not at 1 ug (Online
Supplementary Figure S2B,C). Type II CD20 monoclonal
antibody 11B8 was not effective in tumor killing at any of
the concentrations tested (Figure 1C and Online
Supplementary Figure S2D). Injection of 10 and 100 ug
CD20 monoclonal antibody in the model under low and
the high tumor burden conditions, respectively, resulted in
saturating concentrations as detected by the inability to
stain free CD20 on recovered tumor cells (data not shown).

ADCC via FeyR is an important effector mechanism of
CD20 monoclonal antibodies;"” we, therefore, first
assessed the role of FcyR. To this end we used FcRy” mice
that lack all activating FcyR and NOTAM mice that
express normal surface levels of signaling-deficient FcyR in
our model with low and high tumor burden.” The efficacy
of CD20 monoclonal antibodies against low tumor burden
was not affected in FcRy” mice (Figure 1D) or in NOTAM
mice (Figure 1E). In contrast, under high tumor burden,
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Figure 1. Differential requirement for FcyR
for tumor killing by CD20 monoclonal anti-
bodies in the low and high tumor burden
models. EL4-CD20 intraperitoneal (i.p.)
model: mice were injected i.p. with CFSE-
labeled EL4-CD20 cells and 16 h later
were given CD20 monoclonal antibodies
(mADb) or phosphate buffered saline (PBS).
After 24 h the number of tumor cells in the
peritoneal wash was determined by
TrueCount tubes (4-5 mice/group;
**%P<0.001, **P<0.01; ANOVA). (A) Low
tumor burden model: wild-type (WT) mice
were injected with 5x10° EL4-CD20 cells

high/FcRy™ and 10 ug ofatumumab (OFA), rituximab

I

(RTX), 11B8 or PBS. (B) and (C) High tumor
burden model: WT mice were injected with
5x10° EL4-CD20 cells and 100 ug CD20
mAb or PBS alone. FcRy” (D) and NOTAM
(E) mice were injected with 5x10° EL4-
CD20 cells and 10 ug CD20 mAb or PBS
alone. (F) FcRy” mice were injected with
5x10° EL4-CD20 cells and 100 ug CD20
mAb or PBS alone.
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Figure 2. Complement is essential for tumor killing by CD20 mono-
clonal antibody (mAb) at both low and high tumor burden. EL4-CD20
intraperitoneal (i.p.) model: mice were injected i.p. with CFSE-labeled
EL4-CD20 cells and 16 h later were given CD20 mAb or phosphate
buffered saline (PBS). After 24 h the number of tumor cells in a peri-
toneal wash was determined using TrueCount tubes. Complement
was depleted with cobra venom factor (CVF) 1 day prior to the injec-
tion of tumor cells (3-5 mice/group). CVF-treated wild-type (WT) (A),
FcRy” (B) or NOTAM mice (C) were injected with 5x10° EL4-CD20 cells
and 10 ug OFA, RTX, 11B8 or PBS alone. (D) CVF-treated WT mice
were injected with 5x10° CFSE-labeled EL4-CD20 cells and 100 ug
ofatumumab (OFA), rituximab (RTX), 11B8 or PBS.

CD20 monoclonal antibody therapy by rituximab or ofa-
tumumab was fully abrogated in FcRy” mice (Figure 1F)
and in NOTAM mice.” This indicates that FcyR are essen-
tially required for tumor killing under the high but not
under the low tumor burden conditions in our model.
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Complement is required for killing of tumor cells
by CD20 monoclonal antibodies at both low and high
tumor burden

Complement activation may constitute an important
effector mechanism of CD20 monoclonal antibodies.?***

Cells in the peritoneum

CD19/B220 PBS
CD11b OFA

low tumor burden

high tumor burden

CD11b PBS
EL4-CD20 OFA
EL4-CD20 PBS

# cells / 25000 beads

Figure 3. Distribution of cell populations in the peritoneal cavity fol-
lowing tumor challenge and treatment. The relative numbers of
tumor cells and different effector cell populations in the peritoneum
at the end of experiments carried out with low and high tumor bur-
den as determined by flow cytometry using fixed amount of beads.
The effector cell populations and markers used for identification
were as follows: NK cells (NK1.1), CD8* T cells (CD8a), CD4* T cells
(CD4), B cells (CD19/B220), macrophages (CD11b).
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We, therefore, depleted complement using CVF prior to
the injection of tumor cells. CVF treatment abrogated
CD20 monoclonal antibody therapy in WT mice under
low tumor burden conditions in wild type, FcRy” and
NOTAM mice (Figures 2 A-C). Interestingly, CD20 mono-
clonal antibodies also required complement under the
high tumor burden condition as depletion of complement
also fully abrogated therapy (Figure 2D).

Taken together these results show that complement is
sufficient for the elimination of tumor cells by both type I
and type II CD20 monoclonal antibodies at low tumor
burden. In contrast, both FcyR and complement seem to
be necessary for tumor killing in the high tumor burden
model.

Dominant role for FcyRIIl on macrophages at high
tumor burden

Monocytes and macrophages, rather than neutrophils
and NK cells, have been shown to be important effector
cells in CD20 monoclonal antibody therapy in mice.”? In
line with this, the majority of effector cells in the peri-
toneal cavity were found to be F4/80°*CD11b* FcyR-
expressing mononuclear cells (Figure 3). We found negligi-
ble numbers of NK cells (defined as NK1.1*) and no poly-
morphonuclear cells in the peritoneal cavity even after 6 or
12 h following CD20 monoclonal antibody injection
(Figure 3 and data not shown).

We observed efficient tumor killing in vitro by
macrophages (Online Supplementary Figure S1E), but bone
marrow polymorphonuclear cells or pegylated granulo-
cyte colony stimulating factor-stimulated peripheral blood
polymorphonuclear cells were unable to kill opsonized
EL4-CD20 cells (data not shown). These data strongly sug-
gest that in our model with high tumor burden the cells
involved in the elimination of EL4-CD20 cells are
macrophages, which is in accordance with earlier find-
ingsol7,21,35‘36

Consistent with literature data, peritoneal F4/80°
macrophages expressed all four FcyR in mice: the activat-

C high/FeyRIIT™ Figure 4. Dominant role for
20 FcyRIll in tumor killing at high
tumor burden. (A) In Vvitro
154 macrophage killing with wild-type
® (WT) and FcRy” macrophages
S 104 using 1 ug/mL ofatumumab
=) (OFA). Data are representative of
x 5 two independent experiments
1 (**P<0.01; Student’s t-test). EL4-
CD20 intraperitoneal model:
0 , mice were injected i.p. with CFSE-
S & o labeled EL4-CD20 cells and 16 h
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al antibody (mAb) or phosphate
buffered saline (PBS). After 24 h
the number of tumor cells in the
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<
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peritoneal wash was determined
using TrueCount tubes (3-10
mice/group; ***P<0.001,
**P<0.01; ANOVA). FcyRIl” (B),
FeyRIII- (C), or FcyRIIB7 (D) mice
were injected with 5x10° EL4-
CD20 cells and with 100 ug OFA,
rituximab (RTX), 11B8 or PBS. (E)
WT and FcyRIIB” mice were
injected with 5x10° EL4-CD20

\& cells and with a suboptimal

amount (10 and 1 ug) of OFA.
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ing FcyRI, FeyRIIl and FeyRIV and the inhibitory FcyRIIB
(Online Supplementary Figure S3A).Y However, FcyRIII
expression is higher and FcyRIIB expression is somewhat
lower on macrophages under high tumor burden condi-
tions compared to low tumor burden conditions (Online
Supplementary Figure S3A). This may reflect complement
activation caused by the tumor cells without antibody:. It
is known that complement fragment Cba can tip the bal-
ance of activating and inhibiting FcyR on macrophages
towards the activating FcyR.* In agreement with the in vivo
results, in vitro tumor killing by FcRy” macrophages, lack-
ing expression of all activating FcyR, was significantly
impaired compared to killing by WT macrophages (Figure
4A). The increased tumor killing by FcRy” macrophages
compared to PBS conditions is most likely mediated by
non-specific receptors in an antibody-independent man-
ner. Next, we assessed which individual FcyR is involved
in the tumor killing iz vivo. Interestingly, in contrast to our
previous findings in a lung melanoma model, we observed
normal tumor therapy in FcyRI” mice (Figure 4B).* In con-
trast, tumor killing was fully abrogated in FcyRIII" mice
(Figure 4C), indicating a dominant role for FcyRIII in this
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model. Clynes et al. have shown that monoclonal anti-
body therapy is more efficient in mice deficient for the
inhibitory FcyRIIB." However, we did not observe
increased tumor killing in FcyRIIB” mice (Figure 4D), even
when suboptimal CD20 monoclonal antibody concentra-
tions (10 and 1 ug) were used (Figure 4E).

Taken together, we identified a dominant role for mouse
FeyRIII on macrophages in tumor killing in high tumor
burden conditions.

Crucial role for complement-enhanced
antibody-dependent cellular cytotoxicity
via CR3 at high tumor burden

We have identified a co-dominant role for FcyR and
complement in our model in high tumor burden condi-
tions (Figures 1F and 2D). Of importance, we observed
deposition of complement fragments (C3b, iC3b, C3c¢) on
EL4-CD20 cells recovered from the peritoneal cavity from
animals with high tumor burden, not only at 24 h (Figure
5A) but also after 6 and 12 h (data not shown) after CD20
monoclonal antibody injection. Deposited complement
fragments can serve as ligands for complement receptors,
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Figure 5. Deposited complement fragments enhance macrophage-mediated tumor killing via CR3. (A) Deposition of complement fragments
C3b, iC3b and C3c on the tumor cells in vivo. EL4-CD20 intraperitoneal model: mice were injected i.p. with CFSE-labeled EL4-CD20 cells and
16 h later were given CD20 monoclonal antibody (mAb) or phosphate-buffered saline (PBS). After 24 h the number of tumor cells in the peri-
toneal wash was determined using TrueCount tubes (3-7 mice / group, ***P<0.001, **P<0.01, *P<0.05; ANOVA). (B) CR3” mice were injected
with 5x10° EL4-CD20 cells (low tumor burden) and 10 ug CD20 mAb. (C) CR3” mice were injected with 5x10° CFSE-labeled EL4-CD20 cells
(high tumor burden) and 100 ug ofatumumab (OFA), rituximab (RTX), 11B8 or PBS alone. (D) In vitro macrophage killing. CFSE-labeled EL4-
CD20 cells opsonized in 1 ug/mL OFA, RTX and 11B8 were incubated for 24 h with bone marrow derived macrophages (BMDM) at different
E:T ratios. Prior to adding BMDM, the CD20 mAb-opsonized CFSE-labeled EL4-CD20 cells were incubated with 5% wild-type (WT) mouse serum
at 37°C. The number of CFSE-labeled EL4-CD20 cells was determined by using known amount of beads. The condition without CD20 mAb
was used to set the 0% level; the condition without tumor cells was used to set the 100% level and killing is expressed as percentage decrease
in cell numbers compared to control. (E) As in panel (D), in vitro macrophage killing with WT macrophages at E:T = 5:1 and 1 ug/mL RTX
using heat-inactivated serum. (F) As in panel (D), in vitro macrophage killing with WT and CR3” macrophages at E:T = 3:1 and 1 ug/mL RTX).
Data are representative of at least two experiments (***P<0.001, **P<0.01; Student’s t-test).
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CR3 and CR4, leading to complement-enhanced ADCC.
To investigate the role of such interactions in our model
we tested CR3” mice. Tumor killing at low tumor burden
in CR3” mice was similar to that in WT mice (Figure 5B).
Strikingly, tumor killing was completely abrogated in CR3
" mice with high tumor burden (Figure 5C). The number
of F4/80° macrophages in the peritoneal cavity in CR3"
mice was comparable to that in WT mice (Online
Supplementary Figure S3B). Furthermore, addition of com-
plement active serum in an i vitro macrophage killing
assay significantly enhanced killing efficacy by both type
[ and type II CD20 monoclonal antibodies at suboptimal,
(1:1) effector-to-target (E:T) ratios but not at E:T ratios of
10:1 or 1:10 (Figure 5D). The serum-enhancing effect was
not observed when heat-inactivated serum or when CR3-
deficient macrophages were used (Figure 5 E and F).

Summarizing, tumor killing by CD20 monoclonal anti-
bodies both i vivo and in vitro can, therefore, be enhanced
by recognition of deposited complement fragments on
tumor cells by complement receptors expressed on
macrophage effector cells.

Discussion

Here we investigated the effect of tumor burden on the
in vivo mechanism of action of CD20 monoclonal anti-
bodies in a short-term intraperitoneal syngeneic model.
In contrast to systemic, disseminated lymphoma models,
the peritoneal model offers the possibility of determining
the local number of effector and tumor cells during mon-
oclonal antibodies therapy and to study the effect of dif-
ferent CD20 monoclonal antibodies concentrations in a
controlled manner. We opted for injection of 5x10° and
5x10° cells as low and high tumor burden, respectively.
CD20 monoclonal antibody therapy reduced low tumor
burden by approximately 95%, whereas an approxi-
mately 70% reduction was seen at high tumor burden.
Although in absolute numbers a lower number of effec-
tor cells was recruited in the low tumor burden condi-
tion, compared to the high tumor burden, the in vivo
effector-to-target cell ratios were estimated to be 7:1 and
1:1 for low and high tumor burdens, respectively (Figure
3). Importantly, i vitro macrophage killing was efficient
at 7:1 but not at 1:1 effector-to-target ratios.

Complement and ADCC have been suggested to play
a role in the in vivo mechanism of action of CD20 mono-
clonal antibodies, however, their relative importance is
not well understood.> We found a prominent role for
complement, which is in line with earlier observations
using EL4-CD20 cells in an intravenous model.”** In our
model we used the peritoneal cavity as the tumor loca-
tion. With respect to availability of complement proteins
it has been reported that all complement components are
present in the peritoneum® and that active complement
deposition can be induced using normal peritoneal
fluid.** Tumor reductions observed in the EL4-CD20
model with low tumor burden model could be explained
by efficient CDC alone.

FcyR have been implicated in CD20 monoclonal anti-
body therapy in both mouse models and in patients.'*'**
Our results with the high tumor burden conditions con-
firm a role for FcyR, specifically FcyRIII. Unexpectedly,
we did not find an inhibitory role for FcyRIIB. This may
be explained by the skewed FcyR expression pattern

under high tumor burden conditions. Although human
IgG1 interacts well with both mouse FcyRIII and FcyRII
(Overdijk et al. manuscript in preparation), the use of
human antibodies is likely to change the relative impor-
tance of the FcyR used by mouse macrophages.

Interestingly, we found a role for CR3 at high tumor
burden suggesting that under conditions of suboptimal
effector-to-target ratios, complement-enhanced ADCC
may substantially contribute to the anti-tumor mecha-
nism of CD20 monoclonal antibodies. The importance of
CRS3 has been previously shown with solid tumor mod-
els.” Most likely, CR3 a enhances ADCC via stabilizing
cytotoxic synapses as shown previously.®* Synergy
between FcR and complement in tumor killing may also
occur at limiting antibody concentration or low antigen
density as shown by antibody therapy of EL4 cells.*

It has been reported that CD20 monoclonal antobody
therapy may temporarily exhaust the complement sys-
tem*“* Certain anatomical locations, such as non-malig-
nant peritoneal fluid (ascites) contain insufficient comple-
ment for the lysis of target cells. However, at these loca-
tions, activation of C3 and deposition of C3 fragments still
occur resulting in “complement-marked” tumor cells.”
Indeed, deposited complement fragments can be detected
on circulating tumor cells during rituximab therapy in ani-
mal models and patients.” Tumor cells often upregulate
complement regulatory proteins, mainly CD59, to evade
direct complement-mediated lysis. CD59 blocks MAC
assembly but tumor cells will be opsonized by comple-
ment fragments and therefore could be eliminated by
CR3-dependent complement-enhanced ADCC.

We have identified macrophages as the most impor-
tant effector cells, which is in line with earlier results.”*!
Using an endogenous B-cell depletion model, it has been
shown that different effector mechanisms are important
in the depletion of distinct B-cell compartments.
Circulatory B cells were found to be depleted by FcyR-
expressing resident macrophages in the spleen and liver,
whereas B cells or tumor cells with reduced circulatory
capacity exhibited a greater dependence on complement-
dependent mechanisms.” These results can partially be
explained by different E:T ratios in the different com-
partments. Our model with non-circulating tumor cells
confirms the crucial role of complement in the depletion
of both tumor cells at low and high tumor burden.

Type I CD20 monoclonal antibodies showed superior
anti-tumor effects compared to type II CD20 monoclonal
antibodies in our model both at low and high tumor bur-
den, which is most likely due to their better complement-
activating properties. Ofatumumab is reported to activate
complement more efficiently than rituximab.® We found
ofatumumab to be superior to rituximab in in vitro ADCC
by mouse macrophages. Interestingly, killing of cells
under low tumor burden conditions with 11B8 was also
dependent on complement activation. This is in line with
recent findings that complement activation also affects
type II CD20 monoclonal antibody tositumumab.® It
should be noted, however, that EL4 cells, unlike most
human tumor cells, are negative for the complement reg-
ulatory protein CD59 and, therefore, may show increased
sensitivity to complement-mediated killing.* This may
result in overestimation of the role of complement; never-
theless complement alone was clearly insufficient for
killing under the high tumor burden conditions. Type II
CD20 monoclonal antibodies are capable of inducing



direct cell death' and may give better anti-tumor effects,
in certain models, than type I CD20 monoclonal antibod-
ies.” The short time-scale of our model did not allow full
assessment of therapeutic activity of 11B8.

In patients, it is currently not possible to accurately
measure the mass of disseminated lymphomas and local
during rituximab therapy.
Nevertheless it is conceivable that local tumor burden rel-
ative to local effector-to-target ratios vary and therefore

effector-to-target ratios

lymphoma with low tumor burden.
We have shown that a 10-fold difference in local tumor
burden impacts the in vivo mechanism of action of CD20

monoclonal antibodies. Low tumor burden can be elimi-

different forms of B-cell malignancies may be eliminated

by different effector mechanisms. For instance, rituximab

appears to work predominantly via ADCC in both follic-

ular lymphoma and chronic lymphocytic leukemia.
Differences in tumor burden or in local effector-to-target
ratios may explain some of these observations. It is possi-
ble that the mechanism of action of CD20 monoclonal
antobodies differ in initial treatment of advanced stage fol-
licular non-Hodgkin’s lymphoma from low grade follicular
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