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The use of monoclonal antibodies (mAbs) as therapeutic tools has increased dramatically in the last decade
and is now one of the mainstream strategies to treat cancer. Nonetheless, it is still not completely understood
how mAbs mediate tumor cell elimination or the effector cells that are involved. Using intravital micros-
copy, we found that antibody-dependent phagocytosis (ADPh) by macrophages is a prominent mechanism
for removal of tumor cells from the circulation in a murine tumor cell opsonization model. Tumor cells were
rapidly recognized and arrested by liver macrophages (Kupffer cells). In the absence of mAbs, Kupffer cells
sampled tumor cells; however, this sampling was not sufficient for elimination. By contrast, antitumor mAb
treatment resulted in rapid phagocytosis of tumor cells by Kupffer cells that was dependent on the high-af-
finity IgG-binding Fc receptor (FcyRI) and the low-affinity IgG-binding Fc receptor (FcyRIV). Uptake and
intracellular degradation were independent of reactive oxygen or nitrogen species production. Importantly,
ADPh prevented the development of liver metastases. Tumor cell capture and therapeutic efficacy were lost
after Kupffer cell depletion. Our data indicate that macrophages play a prominent role in mAb-mediated
eradication of tumor cells. These findings may help to optimize mAb therapeutic strategies for patients with

cancer by helping us to aim to enhance macrophage recruitment and activity.

Introduction

Therapeutic monoclonal antibodies (mAbs), which can be
designed to specifically interact with tumor-associated anti-
gens, represent a promising novel category of drugs for targeting
malignancies in addition to chemotherapy or radiotherapy (1, 2).
The anti-CD20 mAb rituximab was one of the first drugs that
was approved for clinical use to treat B cell malignancies (3). Its
unprecedented success prompted the development of a multitude
of new antitumor mAbs, such as the anti-HER-2 mADb trastu-
zumab to treat breast carcinoma and the anti-EGFR mAbs cetuxi-
mab and panicumumab to treat head and neck cancer and metas-
tasized colorectal carcinoma. The therapeutic mode of action
of mAbs is, however, still incompletely understood and heavily
debated, in spite of an overwhelming number of in vitro, in vivo,
and patient studies (1-5).

Several direct and indirect mechanisms of mAb therapy have
been proposed. Direct mechanisms include the induction of apop-
tosis, inhibition of proliferation, or sensitization of tumor cells
for chemotherapy and likely play an important role in clinical suc-
cesses of mADb therapy (1-5). For instance, mutations in EGFR sig-
naling pathways in colorectal cancer seriously interfere with ther-
apeutic success of anti-EGFR mAbs (6). Furthermore, most mAbs
thatare currently used in the clinic are of the IgG1 subclass, which
activates the complement cascade through the classical pathway,
leading to complement-dependent lysis (CDC). The role of CDC
in patients is not yet completely clear. However, it was shown that
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polymorphisms in the C1QA gene correlated with therapeutic effi-
cacy of rituximab in patients with follicular lymphoma (7). The
Fc region of IgG additionally interacts with IgG Fc receptors (Fcy
receptors) that are expressed on immune effector cells. Fcy recep-
tor-mediated mechanisms proved essential for therapeutic efficacy
in vivo, since mAb immunotherapy was ineffective in mice lack-
ing one or more of the activating Fcy receptors FcyRI, FcyRIII, or
FcyRIV (8-11). When mice were deficient for the inhibitory recep-
tor FeyRIL, antitumor mAb therapy was, by contrast, more effec-
tive in preventing tumor development (9). Additionally, strong
correlations between success of mAb therapy in patients and Fc
receptor polymorphisms that affect affinity for IgG (FcyRIla-
131H/R and FcyRIIIa-158V/F) have been demonstrated (12-14).
This supports that Fcy receptor-mediated effector functions are
essential for therapeutic efficacy of mAb therapy in patients with
cancer. Several Fcy receptor-expressing immune cells have been
proposed to execute cytotoxicity during mAb therapy. In gen-
eral, NK cells are considered as main effector cells, which induce
apoptosis in target cells during a process that is referred to as anti-
body-dependent cellular cytotoxicity (ADCC) (15). Additionally,
macrophages have cytotoxic capacity, which can involve diverse
mechanisms, including ADCC, release of reactive oxygen species
and reactive nitrogen species (ROS and RNS), and antibody-de-
pendent phagocytosis (ADPh) (16, 17). Recently, it was demon-
strated that neutrophils were required for therapeutic efficacy of
mAbs in a subcutaneous tumor model in mice (18).
Notwithstanding the initial success of treating hematological
malignancies with mAbs, therapeutic accomplishments in target-
ing solid tumors remain somewhat disappointing. This is partly
explained by the lack of efficacy when direct effects of mAbs are
inhibited. For instance, the anti-HER-2 mADb trastuzumab is
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Figure 1

Opsonization with specific mAbs results in rapid phagocytosis
of tumor cells by macrophages. (A) Intravital microscopy images
in time series (minutes) of B16F10 cells (red) and Kupffer cells
(blue) in livers of mice that were treated with either vehicle or TA99
mAbs. Arrowheads indicate contact sites between Kupffer cells
and tumor cells. Asterisks indicate uptake of small tumor cell parti-
cles. Scale bar: 25 um. (B) Percentage of B16F10 tumor cells that
interact with Kupffer cells. (C) Percentage phagocytosis of B16F10
tumor cells by Kupffer cells. (D) Percentage of B16F10 tumor cells
that interact with Kupffer cells in wild-type mice or FeyRI/IV--mice.
(E) Percentage phagocytosis of B16F10 tumor cells by Kupffer
cells in wild-type mice or FeyRI/IV-- mice. (F and G) In vitro live-
cell microscopy of DiO-labeled (green) macrophages and Dil-la-
beled (red) B16F10 cells in the presence of (F) isotype or (G)
TA99. Scale bar: 10 um. Time points are indicated (minutes). The
asterisk in F indicates tumor cell division. (H) In vitro microscopy
images after 24 hours. Scale bar: 50 um. Data are representative
of at least 3 independent experiments.
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only effective when HER-2 is overexpressed, which is the case in
approximately 20% to 25% of patients with breast cancer, whereas
anti-EGFR mAD therapy is only effective when tumors express
wild-type KRAS (6). Direct mechanisms of mAbs are fully depen-
dent on the biology of the target antigen and, as such, are diffi-
cult to influence. Fcy receptor-mediated functions are, however,
mechanisms that can be improved upon. Understanding the
precise mode of action(s) of mADb therapy will contribute to opti-
mization of mADb therapeutical strategies to improve efficacy in
these patients.

We previously identified a potential novel mAb-based therapeu-
tic strategy for patients undergoing resection of primary colorec-
tal cancer (11, 19). We demonstrated that surgery paradoxically
enhances the risk of liver metastases development by promoting
adherence of circulating tumor cells (20, 21). Importantly, presur-
gical mAD therapy prevented liver metastases outgrowth in ani-
mals, which was depended on the presence of FcyRI and FcyRIV
(11, 19). This supported the involvement of liver macrophages
(Kupffer cells), because both receptors are expressed by the mye-
loid mononuclear network in mice. Furthermore, approximately
80% of tumor cells were in contact with Kupffer cells in the
absence of tumor-specific mAb, which was increased to approxi-
mately 90% after mAb treatment (19). Surprisingly, this modest
difference completely prevented liver metastases development. To
study the exact mechanisms of mAb therapy, we therefore used in
vitro live-cell imaging and intravital microscopy of the livers of
mice to visualize the mode of action in more detail.

Results

Phagocytosis of tumor cells by macrophages is dependent on opsonization
with specific mAbs and presence of FeyRI and FeyRIV. The B16F10 cell
line is the only syngeneic murine solid tumor cell line for which a
specific mAb is available (TA99; anti-gp75), and it has previously
been used as model system to study antibody therapy of cancer (8,
11). C57BL/6 mice were inoculated with B16F10 cells and treated
with either vehicle or TA99 mAb. Intravital imaging in the livers of
vehicle-treated mice showed that Kupffer cells were able to inter-
act with and sample small parts of tumor cells, which, however,
did not result in elimination of tumor cells (Figure 1A and Sup-
plemental Videos 1 and 2; supplemental material available online
with this article; doi:10.1172/JCI66776DS1). In contrast, tumor
cells were rapidly recognized and phagocytosed by Kupffer cells in
the livers of TA99-treated mice (Figure 1A and Supplemental Vid-
eos 1 and 2). Thus, although no difference was observed between
tumor cell numbers that were in contact with Kupffer cells after
vehicle or TA99 mAbD therapy (Figure 1B), the number of tumor
cells that had been phagocytosed was significantly increased after
TA99 treatment (Figure 1C). To exclude the possibility of non-
specific phagocytosis due to injection of mAbs, experiments were
repeated with an isotype control mAb (murine IgG2a against rat
colon cancer cells). Similar results were observed compared to
injection of vehicle alone, as Kupffer cells of isotype-treated mice
were in contact with tumor cells but unable to phagocytose whole
tumor cells (Supplemental Video 3).

We previously demonstrated that prevention of liver metastases
outgrowth after antibody treatment was dependent on the expres-
sion of FcyRI and FcyRIV (11). To investigate whether ADPh by
Kupffer cells was dependent on these receptors, we next repeated
intravital experiments with FcyRI-deficient mice. Additionally, the
anti-FcyRIV blocking antibody 9E9 was injected to block inter-
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action of the therapeutic mAb TA99 with FcRIV (these mice are
referred to as FeyRI/IV~/~ mice). Kupffer cells of FcyRI/IV~/~ mice
were still able to scan and sample tumor cells, comparable to
Kupffer cells in livers of wild-type mice (Figure 1D). No difference
in the percentage of tumor cells in contact with Kupffer cells was
observed after either isotype or TA99 mAb treatment. However,
the capacity of Kupffer cells to phagocytose TA99-opsonized
tumor cells was lost in FeyRI/IV~/~ mice (Figure 1E). Thus, ADPh
by Kupffer cells required functional FcyRI and FeyIV expression.

Prolonged macrophage-tumor cell contact in the presence of
an isotype control mAb was observed in vitro live-cell experiments
as well, comparable to that in intravital microscopy experiments.
However, macrophages were unable to prevent tumor cell growth
(Figure 1F and Supplemental Video 4). Addition of TA99 mAbs
resulted in rapid phagocytosis and elimination of tumor cells
(Figure 1, G and H, and Supplemental Video 4). Uptake of tumor
cells was associated with phagosome-lysosome fusion, which led
to rapid acidification, but slow degradation of tumor cells in vitro
(Figure 2, A and B, and Supplemental Video S). This was also
observed in intravital studies. When livers of mice were studied
24 hours after injection of B16F10 cells, tumor cells had been
degraded into smaller particles in livers of animals that had been
treated with TA99, but tumor material was still present (Figure
2, C-E, and Supplemental Video 6). Some small tumor particles
were observed in Kupffer cells of vehicle- or isotype-treated mice,
but most tumor cells were present in larger clusters, indicative of
tumor cell outgrowth (Figure 2, D and E; Supplemental Video 6;
and data not shown).

ROS or RNS are not required for ADPh. Uptake of mAb-opsonized
tumor cells led to production of ROS by Kupffer cells in vivo
(Figure 3A). When mice were treated with the ROS scavenger,
edaravone (EDA), and the NO synthase inhibitor, No-monometh-
yl-L-arginine (L-NMMA), ROS production was absent, but ADPh
was unaffected (Figure 3B). No differences in interactions of tumor
cells with Kupffer cells were observed when mice were treated with
TA99 mAb alone or when they also received treatment with EDA,
L-NMMA, or a combination of EDA and L-NMMA (Figure 3C).
Similarly, treatment with EDA, L-NMMA, or a combination of
EDA and L-NMMA did not reduce phagocytosis of tumor cells by
Kupffer cells after TA99 mAD therapy (Figure 3D). In vitro experi-
ments confirmed that EDA was effective in inhibition of ROS pro-
duction by macrophages (Figure 3E). However, neither the level,
nor the kinetics of ADPh were altered when ROS was inhibited, as
phagocytosis of TA99-opsonized tumor cells by macrophages after
1 or 4 hours of coincubation was unaffected by EDA treatment
(Figure 3F). Minimal phagocytosis was observed in the presence of
an isotype control (data not shown). Similar results were observed
with live-cell microscopy experiments. No differences in uptake of
TA99-opsonized B16F10gp75 cells, acidification of lysosomes, or
degradation were observed when ROS production by macrophages
was blocked by incubation with EDA (Figure 3, G-J).

Kupffer cells are the main effector cells in antibody-mediated prevention
of tumor outgrowth in the liver. To investigate whether other non-
Kupffer cell-dependent killing also was occurring, we depleted
Kupffer cells with clodronate liposomes (22) prior to injection of
tumor cells and mAb. Treatment with TA99 was ineffective when
Kupffer cells had been depleted, as large tumor cell clusters were
observed 24 hours after tumor cell injection in both vehicle- and
TA99 mAb-treated mice (Figure 4A). Additionally, there was no
difference in size of tumor cell particles between vehicle- or TA99-
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Figure 2

Rapid phagocytosis of mAb-op-
sonized tumor cells by mac-
rophages is followed by slow
degradation. (A and B) Phago-
cytosis of DiB-labeled (blue)
B16F10gp75 cells by (A)
LysolD-labeled (red) or (B)
Dil-labeled (red) macrophages
in the presence of TA99 mAb.
Asterisks in A indicate the
phagolysosome (red dye inten-
sifies at lower pH). Arrowheads
in B indicate degraded tumor
cell particles within macro-
phages. Time points are indi-
cated (minutes). The top rows
show overlay of bright field and
fluorescence, and the bottom
rows show fluorescence only.
Scale bar: 10 um. (C) Kupffer
cells (blue) and B16F10 cells
(red) observed in vivo by intra-
vital microscopy 24 hours after
injection of tumor cells in livers
of vehicle- or TA99-treated mice.
Scale bar: 25 um. Arrowheads
indicate tumor cell particles
within Kupffer cells. Asterisks
indicate whole tumor cells. (D)
Size of tumor cell particles in
livers of vehicle- or TA99-treated
mice. (E) 3D reconstruction of
Kupffer cells (blue) and B16F10
cells (red) in vehicle- or TA99-
treated mice. Colors are artifi-
cial. Scale bar: 50 um. Data are
representative of 3 independent
experiments.
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treated mice (Figure 4B). Moreover, whereas treatment with TA99
almost completely prevented outgrowth of liver metastases after
3 weeks in control mice, no therapeutic protection was observed
in Kupffer cell-depleted mice (Figure 4C). Thus, these results sug-
gest that Kupffer cells are essential in the arresting and killing of
tumor cells in the liver after mAb therapy and that direct killing
by antibody-induced apoptosis or CDC are less likely mechanisms
of action. We therefore investigated the distribution of tumor
cells after TA99 mAD therapy in control and Kupffer cell-depleted
mice. Whereas no tumor cells were found in blood of control mice
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after TA99 mAD therapy, the number of circulating tumor cells
was increased in Kupffer cell-depleted mice (Figure SA). Further-
more, increased numbers of tumor cells were found in spleens and
lungs of Kupffer cell-depleted mice (Figure 5, B and C), support-
ing that Kupffer cells play a prominent role in arresting circulating
tumor cells after mAD therapy.

The anti-EGFR mAb induces ADPh and prevents micrometastasis for-
mation. The B16F10 cell line is an excellent model system to study
mADb therapy in a syngeneic model, as it will not trigger immune
responses against foreign (human) antigens. However, to investi-
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Figure 3

ROS or RNS are not required for ADPh. (A and B) Formation of
ROS after ADPh of opsonized tumor cells by Kupffer cells in liv-
ers of mice treated with (A) TA99 or (B) TA99, EDA, and L-NMMA.
Scale bar: 25 um. (C) Percentage of tumor cells interacting with
Kupffer cells and (D) percentage phagocytosis of tumor cells by
Kupffer cells in the livers of mice that were treated with TA99, TA99
and EDA, TA99 and L-NMMA, or TA99, EDA, and L-NMMA. (E) ROS
production by macrophages after stimulation with 50 ug/ml peptido-
glycan with and without EDA. Gates in the top right corners indicate
ROS-producing macrophages. (F) Macrophages were incubated
for 1 or 4 hours with B16F10-DiB cells and TA99 in the absence
or presence of EDA. Macrophages were stained with F4/80-PE.
Yellow circles denote double-positive cells (indicative of phagocy-
tosis); red circles denote F4/80-PE*+ macrophages; and blue circles
denote nonphagocytosed B16F10-DiB cells. Numbers indicate per-
centage of total cells. (G—J) Phagocytosis of DiB-labeled (blue)
B16F10gp75 cells by (G and H) LysolD-labeled (red) or (I and J)
Dil-labeled (red) macrophages in the presence of (G and I) TA99 or
(H and J) TA99 and EDA. Asterisks in G and H indicate the phagoly-
sosome. Time points are indicated (minutes). The top rows show
overlay of bright field and fluorescence, and the bottom rows show
fluorescence only. Scale bar: 10 um.
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Figure 4

Kupffer cells are the main effector cells in mAb-mediated elimination of tumor cells. (A) B16F10 cells (red) 24 hours after treatment with either
vehicle or TA99 in livers of Kupffer cell-depleted mice visualized by intravital microcopy. Scale bar: 50 um. (B) Size of tumor cell particles 24 hours
after vehicle or TA99 treatment in Kupffer cell-depleted mice. (C) Liver metastases development after 3 weeks in control or Kupffer cell-depleted

mice that were treated with isotype control or TA99 antibody. Data are representative of 3 independent experiments. KC, Kupffer cell.

gate a more clinically relevant situation, we next transfected the
murine colon carcinoma cell line C26 with human EGFR (C26-
hEGFR cells) and determined whether the anti-EGFR mAb cetuxi-
mab — which is used clinically to treat metastatic colon carcinoma
(23) — could prevent liver metastases development. Similar to the
B16F10 model, we observed increased phagocytosis of anti-EGFR
mAb-opsonized C26-hEGFR cells, compared with vehicle-treated
tumor cells (Figure 6, A and B). In contrast to cells that were non-
opsonized (vehicle-treated), tumor cells that were coated with anti-
EGFR mAb were recognized and taken up by Kupffer cells (Figure
6C). However, anti-EGFR mAb-opsonized tumor cells grew rap-
idly in Kupffer cell-depleted mice (Figure 6D). Importantly, 4 and

5 days after injection of tumor cells, we observed more and larger
micrometastases in the livers of control mice that received vehi-
cle treatment or Kupffer cell-depleted mice after anti-EGFR mAb
treatment, compared with livers of wild-type mice after anti-EGFR
mADb treatment (Figure 6, E-H). Thus, similar to results with
TA99, these data indicate that Kupffer cells are the major effector
immune cell type in tumor-specific antibody-mediated prevention
of tumor development by eliminating circulating tumor cells.

To investigate whether anti-EGFR mAbs could eradicate estab-
lished liver metastases, tumor-bearing mice were treated with
either vehicle or anti-EGFR mAb. However, tumor burden was
similar in both groups (Supplemental Figure 1), suggesting that
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mAb therapy and quantification of tumor
cells in blood from control and Kupffer cell—
depleted mice. SSC, side scatter. (B and
C) Representative images from (B) lungs
and (C) spleens of control and Kupffer cell-
depleted mice and quantification of num-
bers of tumor cells per field of view (fov).
Arrowheads indicate red tumor cells. Blue,
cell nuclei; red, B16F10; green, F4/80*
macrophages. (Note that alveolar macro-
phages express very low levels of F4/80;
ref. 48.) Scale bar: 50 um.
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Anti-EGFR mAbs reduce outgrowth of C26-hEGFR liver metastases. (A—D) Kupffer cell-dependent phagocytosis of tumor cells in sinusoids of the
liver 1 day after inoculation. Representative images of livers (A) in mice receiving vehicle or (B and D) anti-EGFR mAb-opsonized C26-hEGFR
cells and (D) in Kupffer cell-depleted mice. (C) Number of phagocytosed tumor cells per field of view in livers of mice that received vehicle or anti-
EGFR mAb-opsonized C26-hEGFR cells. (E-H) Reduced formation of micrometastases and outgrowth in the livers of mice is Kupffer cell depen-
dent. (E and F) Representative images from livers of (E) control or (F) Kupffer cell-depleted mice, which received anti-hEGFR mAb—opsonized
C26-hEGFR cells, 4 days after injection of tumor cells. (G and H) Area and number of micrometastases in livers of control or Kupffer cell-depleted
mice, which were either injected with vehicle or anti-EGFR mAb—coated tumor cells. Arrowheads indicate uptake of tumor cells by Kupffer cells.
Blue, F4/80+ Kupffer cells; red, C26-hEGFR-Dil; green, CD31. Scale bar: 50 mm. **P < 0.01, ***P < 0.001 vehicle vs. anti-EGFR mAbs.

anti-EGFR mAD is ineffective in eliminating existing liver metas-
tases. This may have been due to the inability of anti-EGFR mAb
to recruit Kupffer cells, which were stationary (data not shown).
Additionally, live-cell imaging experiments demonstrated that
C26-hEGEFR cells were phagocytosed by macrophages in the pres-
ence of anti-EGFR mADb (but not in the presence of an isotype con-
trol; data not shown). Similar to results with B16F10gp75 cells,
we observed neither differences in uptake of C26-hEGFR in the
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presence of anti-EGFR mAbs nor in acidification of lysosomes and
degradation when ROS production by macrophages was blocked
by incubation with EDA (data not shown). Moreover, experiments
were repeated with a human epithelial carcinoma cell line (A431
cells). Phagocytosis of A431 tumor cells was increased substan-
tially by incubation with macrophages and anti-EGFR mAb. No
major differences in uptake of anti-EGFR mAb-opsonized A431
cells or acidification of lysosomes were observed when ROS pro-
Volume 124
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duction by macrophages was blocked by incubation with EDA in
live-cell experiments (Figure 7, A and B). However, degradation
seemed to be somewhat less efficient. We therefore used Image-
Stream technology to quantify uptake and breakdown of tumor
cells in the presence of EDA, as multiple images of single cells in
flow can be acquired with this novel flow cytometry technique.
No difference was observed in the number of macrophages that
had phagocytosed anti-EGFR mAb-opsonized A431 cells in the
presence or absence of EDA after 4 hours (Figure 7C). This sup-
ports that ROS are not necessary for ADPh. Phagocytosed tumor
cells within macrophages were smaller compared with nonphago-
cytosed tumor cells, which is indicative of breakdown (Figure 7,
D-F). A small, albeit not significantly different, increase in size of
tumor cells was observed in macrophages that had been treated
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Figure 7

Anti-EGFR mAbs induce ADPh of human epithelial
carcinoma A431 cells by macrophages. (A and B)
Phagocytosis of DiB-labeled (blue) B16F10gp75 cells
by LysolD-labeled (red) macrophages in the pres-
ence of (A) anti-EGFR mAbs or (B) anti-EGFR mAbs
and EDA. Asterisks indicate the phagolysosome. The
top rows show overlay of bright field and fluores-
cence, and the bottom rows show fluorescence only.
Scale bar: 20 um. (C) Percentage of macrophages
that have phagocytosed A431 cells in the presence
of an isotype or anti-EGFR mAb with or without EDA.
MF, macrophage; TC, tumor cell. (D) Quantification
of tumor cell size. (E and F) Representative images
of anti-EGFR mAb—opsonized A431 tumor cells that
have been phagocytosed and degraded by (E) con-
trol macrophages or (F) EDA-treated macrophages.
Scale bar: 14 um.

with EDA, compared with untreated macrophages,
which suggests that ROS may play a minor role in
degradation of intracellular tumor cells.

Discussion

To date, modes of action of mAbs have been pro-
posed based on in vitro results or experiments with
mice that were either deficient for specific compo-
nents of the immune system or in which immune
components or cells had been depleted (8-11, 19,
24, 25). With the use of intravital microscopy, we
now demonstrate for the first time directly that
mAb therapy induces phagocytosis of circulating
tumor cells by macrophages. This was dependent
on FcyRI and FeyRIV, which is in accordance with
earlier studies in which we demonstrated that
FcyRI and FcyRIV were necessary for the prevention
of liver metastases after mAb therapy (11).

This is of particular importance for patients
undergoing resection of primary colorectal cancer
(CRC). Approximately 1.2 million patients world-
wide are diagnosed with CRC annually, and approx-
imately 600,000 patients die from this disease each
year (26). Surgical removal of the primary tumor is
the preferred therapy, as it is the only treatment that
can provide long-term disease-free survival. Unfor-
tunately, development of liver metastases is a fre-
quent complication and accompanied by high mor-
bidity and mortality (27). Many patients develop liver metastases
after resection of colon carcinoma, despite lack of evidence of met-
astatic disease at the time of resection of the primary tumor, which
indicates that surgery could either inadvertently release malignant
cells into blood or induce circulating malignant cells to adhere in
the liver. Disseminated tumor cells can be detected in the blood of
the majority of patients at the time of surgery (28). Furthermore, a
recent meta-analysis unequivocally demonstrated that the presence
of circulating tumor cells at the time of surgery correlates with poor
prognosis of patients with CRC (29). Paradoxically, resection of the
tumor contributes to the risk of metastases development, as it cre-
ates permissive circumstances for tumor cells to adhere in the liver
(20,21). Kupfter cells reside in the liver sinusoids and clear the portal
blood circulation of bacteria, old blood cells, or foreign substances.
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As such, they are the first line of defense against tumor cells entering
the liver (30). We now show that Kupffer cells were not very effec-
tive in arrest of circulating tumor cells in the absence of mAbs, even
though they were able to sample small particles of tumor cells. Still,
these results explained why colocalization between Kupffer cells
and tumor cells was observed in previous immunohistochemistry
experiments (19). By contrast, after mAb therapy, they efficiently
phagocytosed intact tumor cells, which prevented liver metasta-
ses development. Thus, patients who are at risk of developing liver
metastases, such as patients undergoing resection of CRC, may
greatly benefit from preoperative mAb adjuvant therapy.
Additionally, macrophages may play a major role in successes
of mAb therapy in patients with hematological malignancies.
It was demonstrated that patients with an FcyRIIIa-158V allo-
type had better clinical responses after ritcuximab therapy, com-
pared with patients with the FcyRIIIa-158F allotype (31). This
effect was mainly attributed to FeyRIII-expressing NK cells (15).
However, because human macrophages express FcyRIII (32),
we hypothesize that the difference in therapeutic efficacy of
mAbs may be partly attributed to phagocytosis by macrophages
in addition to NK cell-mediated ADCC, particularly because
macrophages proved extremely efficient in phagocytosing
malignant B cells in the presence of anti-CD20 mADb (data not
shown). Furthermore, macrophage depletion abrogated thera-
peutic efficacy of anti-CD20 mAD in a murine lymphoma model
(25, 33). Similarly, SCID mice that had been engrafted with a
Hodgkin-derived cell line and were treated with either anti-
CD30 or anti-CD40 mAbs had worse survival if macrophages
had been depleted. Removal of NK cells or neutrophils did not
significantly influence therapeutic efficacy (34, 35). These latter
results also support the view that direct killing by antibody-in-
duced apoptosis or CDC are less likely mechanisms of action.
Interestingly, clinical responses to rituximab therapy have also
been correlated with polymorphisms in human FcyRIIa (14).
Since macrophages, but not NK cells, express FcyRII, a role for
macrophages as effector cells in B cell ymphoma depletion after
anti-CD20 mAb treatment of patients is strongly supported.
Itis less clear whether macrophages also contribute to tumor cell
killing in solid malignancies. In our experiments, mAb therapy was
ineffective when given after the establishment of micrometastases
in the liver. Intravital microscopy demonstrated that Kupffer cells
were stationary and not recruited, arguing against an important
role for Kupffer cells in mAb therapy of existing liver metasta-
ses. Moreover, it was shown that Kupffer cells can suppress T cell
effector function. For instance, Kupffer cells in hepatocellular
carcinoma had higher expression of the B7-H1 molecule, which
suppressed CD8* T cell function through interaction with pro-
grammed death-1 on CD8" T cells (36, 37). Additionally, galactin-9
expression on Kupffer cells induced T cell senescence via Tim-3
signaling in hepatitis B virus-associated hepatocellular carcinoma
(38). mAb therapy likely will not overcome Kupffer cell-associated
immune escape in existing tumors, and this is supported by the fact
that anti-EGFR mAbs are only indicated for the treatment of met-
astatic colorectal cancers that express wild-type KRAS, as this ther-
apy is ineffective when tumors harbor a KRAS mutation (6). This
suggests that, in established tumors, direct effects of anti-EGFR
mAbs are more prominent than Fcy receptor-mediated effector
mechanisms. However, since we are proposing to prevent the for-
mation of metastasis during surgery by delivery of antibody prior
to metastasis formation, this may be a valuable clinical approach.
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Interestingly, tumor-associated macrophages that were isolated
from mouse breast carcinomas expressed Fcy receptors and were
capable of phagocytosing breast carcinoma cells in the presence of
anti-CD142 mAbs (39). Furthermore, depletion of macrophages
reduced the success of anti-CD142 mAD therapy to prevent breast
carcinoma outgrowth and metastasis in mice, suggesting that
macrophages may play an important role in therapeutic efficacy
of mAD therapy in breast cancer. It was demonstrated that macro-
phages in most malignancies, including ovarian cancer and breast
carcinoma, have an alternatively activated M2 phenotype and are
considered protumorigenic, as they secrete growth and angiogenic
factors as well as immunosuppressive factors (40). Nonetheless,
anti-CD142 mAb therapy was able to repolarize macrophages into
potent cytotoxic effector cells in breast carcinoma (39).

The mechanism(s) of macrophage-induced killing of tumor
cells has not yet been completely elucidated. Recently, it was sug-
gested that macrophages mainly eliminate tumor cells via ADCC,
as synapse formation between tumor cells and macrophages was
observed in peritoneal lavages of mAb-treated mice (24). As uptake
of tumor cells by macrophages requires close interactions, synapse
formation is likely involved. However, we now show that the main
mechanism by which Kupffer cells eliminate tumor cells in vivo is
through ADPh. Furthermore, both murine bone marrow-derived
and human monocyte-derived macrophages killed a wide variety
of mouse and human tumor cells with different target antigens
on colon carcinoma (EGFR), vulvar carcinoma (EGFR), or B cell
lymphoma (CD20) via ADPh, as shown in live-cell imaging exper-
iments (data not shown). Additionally, production of cytotoxic
ROS and RNS has been proposed as a major killing mechanism by
macrophages (41). In this study, ADPh was independent of ROS
and RNS production. Moreover, ROS inhibition neither inter-
fered with acidification of phagolysosomes, nor interfered with
intracellular breakdown of tumor cells. Thus, intracellular diges-
tion in lysosomes was the main mechanism of tumor cell killing.

Taken together, Kupffer cells were essential in eliminating circu-
lating tumor cells after mAb immunotherapy. These findings may
contribute significantly to the design of optimized mAb therapeuti-
cal strategies of many patients with cancer by helping us to promote
recruitment of macrophages as effector cells. Macrophages may espe-
cially play a prominent role in mAb-mediated eradication of tumor
cells in patients with hematological malignancies. Moreover, we pro-
pose that patients undergoing resection for primary CRC may greatly
benefit from preoperative mAb immunotherapy, as this will lead to
elimination of remaining circulating tumor cells by Kupffer cells and
may prevent the development of postsurgical liver metastases.

Methods

Animal models

Wild-type C57BL/6 and Balb/c mice were purchased from Charles River.
FcyRI-deficient mice (42) were provided by T.W. Du Clos (University of
New Mexico, Albuquerque, New Mexico, USA) and S.J. Verbeek (Leiden
University Medical Center, Leiden, The Netherlands). All mice had access
to food and water ad libitcum and were housed in specific pathogen-free,
double-barrier units at the University of Calgary or VU University Medical

Center. Animals were used between 8 and 12 weeks of age.

Cell culture
Cell lines. The mouse melanoma cell line B16F10 (ATCC), expressing
gp75, was cultured as described previously (11). As the gp75 protein is
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mostly expressed intracellularly due to an intracellular retention motive
(NQPLLTD) (43), B16F10 cells were transfected with gp75 lacking this
motive for in vitro experiments. A HindIII/EcoRI fragment containing
the coding sequence of mGP75 (accession no. NM_031202), but with
only the first 10 membrane-proximal amino acids of the C terminus
(RSRSTKNEAN), was used, as this lacks the retention signal (43). This
fragment was subcloned into pcDNA3.1 and transfected using Lipofect-
amine LTX according to the manufacturers’ instructions (Invitrogen).
After selection with 200 ug/ml Zeocin (Sigma-Aldrich) for 7 days, cells
staining positive for membrane gp75 were sorted using mouse IgG2a
TA99 mAD (produced as described previously in ref. 11) and goat anti-
mouse IgG-FITC (Sanquin).

Mouse C26 colon carcinoma cells (ATCC) were grown to subconfluency
in 6-well plates and transfected with 1 ug human EGFR construct (hREGFR
in USE/amp/neo vector, Upstate Technology) using the Fugene-6 trans-
fection system (Roche Applied Science), according to the manufacturer’s
instructions. Positive cells were selected 48 hours after transfection by
incubating cells with 3.5 ug/ml G418 in DMEM medium supplemented
with 10% heat-inactivated FCS, penicillin (100 U/ml), streptomycin
(100 ug/ml), and L-glutamine (200 uM; referred to below as complete
DMEM). The human vulvar carcinoma cell line A431 (ATCC) was cultured
under standard conditions in complete DMEM.

For in vivo or in vitro experiments, single cell suspensions (5 x 10 cells
per ml) were prepared by enzymatic detachment using trypsin-EDTA
solution (Invitrogen). Viability was assessed by trypan blue exclusion
and always exceeded 95%. Cell suspensions were fluorescently labeled
by incubating cells in complete DMEM containing 50 ug/ml Dil or DiB
(Sigma-Aldrich) according to the manufacturer’s instructions.

Murine bone marrow macrophages. Bone marrow from wild-type C57BL/6
or Balb/c mice was harvested from freshly isolated femurs, tibiae, and
humeri. After removal of connective tissues and muscles, bone marrow was
flushed and single cell suspensions were made by passing bone marrow
through a sterile 70-um filter (BD Falcon). Macrophages were differen-
tiated by incubating bone marrow cells for 7 days with complete DMEM,
supplemented with 15% L929-conditioned medium (containing M-CSF).
Macrophages were harvested after 15-minute incubation with trypsin-
EDTA and subsequent scraping using a cell scraper. For live-cell imaging,
macrophages were seeded in 8-well ibiTreat u-Slides (2 x 10° cells per well;
ibidi). For in vitro phagocytosis experiments, macrophages were seeded in
6-well culture plates.

In vivo experiments

Intravital microscopy of the liver. Wild-type or FcyRI-deficient mice were
injected i.p. with vehicle (PBS), isotype control (MG-4), or 200 ug TA99.
After 24 hours mice were anesthetized by i.p. injection of a mixture of 10
mg/kg xylazine and 200 mg/kg ketamine hydrochloride (Bimeda-MTC).
Body temperature was maintained at 37°C using an infrared heat lamp.
The right vena jugularis was cannulated for i.v. administration of anti-
bodies and additional anesthetic as required. Alexa Fluor 647-labeled
F4/80 (eBioscience) antibody was injected i.v. to stain Kupffer cells. A
small incision was made in the left flank to reveal the spleen. 2 x 10°
Dil-labeled B16F10 cells were injected intrasplenically at a constant rate
to allow flow of tumor cells toward the liver. After 1 minute, splenec-
tomy was performed. Additionally, FcyRI-deficient mice were injected
with the FcyRIV blocking antibody 9E9 (44) (a gift of F. Nimmerjahn,
University of Erlangen-Nuremberg, Erlangen, Germany) 1 hour prior
to tumor cell injections. Alternatively, mice were treated by i.p. injec-
tion of 150 mg/kg ROS scavenger EDA (20, 45) and/or 10 mg/kg NO
synthesis inhibitor L-NMMA (46) 1 hour and/or 30 minutes prior to
tumor cell injection. For visualization of ROS production, animals were

The Journal of Clinical Investigation

http://www.jci.org

research article

injected with 10 ug CM-H2DCFDA (Molecular Probes) prior to injection
of tumor cells. The livers of mice were prepared for in vivo microscopic
observation as previously described (47).

Alternatively, Kupffer cells were depleted by injection of clodronate
liposomes 1 day before injection of tumor cells (19, 22). Dil-labeled C26-
hEGFR cells (106 cells per ml) were incubated with 1:100 diluted Cetuxi-
mab (anti-hEGFR mAb; Merck Serono) or vehicle for 30 minutes on ice,
after which cells were extensively washed. 2 x 105 cells were injected into
the spleens of control or Kupffer cell-depleted mice, and splenectomy was
performed. Livers of animals were investigated at 0, 1, 4, and 5 days after
injection of tumor cells. The livers were visualized by i.v. injection of Alexa
Fluor 647-labeled CD31 antibody (BD Bioscience) to stain blood vessels.
Kupffer cells were stained by injection of Alexa Fluor 750-labeled F4/80
(eBioscience) antibody. Twenty representative images were taken from the
liver of each mouse for quantitative analysis.

Distribution of tumor cells after Kupffer cell depletion was investigated
in control or Kupffer cell-depleted mice by performing midline laparot-
omy under anesthesia, and Dil-labeled B16F10gp75 cells (2.5 x 106 cells)
were injected in a mesenteric vein. Animals were sacrificed 45 minutes after
injection of tumor cells by cardiac puncture. Tissue samples from hearts,
lungs, spleens, and kidneys were frozen for microscopic analyses. The
number of Dil-labeled B16F10-gp75 cells in blood was measured by flow
cytometry with Cyan ADP High Performance Research Flow Cytometer
(Beckman Coulter Inc.)

Liver metastases development. The effect of TA99 treatment on tumor
development in control and Kupffer cell-depleted mice was studied by
depletion of Kupffer cells with clodronate liposomes as described previ-
ously (22). All animals were injected i.p. on days 0, 2, and 4 with 200 ug
TA99 or MG-4 as an irrelevant isotype control mAb in PBS. Tumor cells
were injected intrasplenically, and splenectomy was performed (11). After
3 weeks, mice were sacrificed, and the number of liver metastases in each
mouse was scored.

To investigate the therapeutic effect of anti-EGFR mAbs in existing liver
metastases, mice were injected with C26-hEGFR cells at day 0. After day
5, mice received i.p. injections of 200 ug anti-hEGFR mAb every 48 hours.
At day 10 mice were injected i.v. with FITC-albumin for visualization of
liver tissue. High fluorescence indicates healthy liver tissue, as visualized
by FITC-albumin, whereas dark areas with abnormal tissue structure are
indicative of tumor, because of poor perfusion and penetration of FITC-al-
bumin into tumor tissue. Livers were visualized, and 20 stitched field pic-
tures were taken for quantification.

Fluorescence microscopy

Cryostat tissue sections were fixed for 10 minutes in acetone and air dried.
After blocking with 10% normal goat serum, sections were incubated with
1:100 rat anti-mouse F4/80 mAbs for 1 hour at room temperature. After
washing, visualization was achieved by incubating the sections with 1:300
goat anti-rat Alexa Fluor 488 (Molecular Probes) for 30 minutes at room
temperature. Cell nuclei were stained with Hoechst (Molecular Probes).
Sections were washed, mounted, and examined with a LeicaDM6000 fluo-

rescence microscope (Leica Microsystems).

In vitro cytotoxicity assays

Live-cellimaging. Macrophages were labeled fluorescently with DiO, Dil, or Lyso-
ID Red (Enzo Life Sciences). Dil- or DiB-labeled B16F10-gp75, C26-hEGFR, or
A431 cells were added in an E/T ratio of 15:1 with TA99 mAbs, anti-EGFR mAbs,
or MG-4 (isotype) antibodies. Real-time phagocytosis assays were performed
with an Olympus CellR live-imaging station (type IX81, UPLFLN 40x0O/1.3
lens). Images were taken every 5 minutes with an Olympus ColorView II
camera for 3 to 6 hours, followed by a 15-minute interval for 18 to 21 hours.
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Flow cytometry and AMNIS. Tumor cells were fluorescently labeled
with DiB and added to macrophage cultures in presence or absence of
tumor-specific mAbs. Cocultures were incubated at 37°C for 1 or 4 hours.
To investigate the effect of ROS scavenging on phagocytosis of tumor cells,
macrophages were incubated with 1 uM EDA for 1 hour before addition
of tumor cells in a culture stove. To confirm that EDA inhibited ROS pro-
duction by macrophages, cells were incubated with 50 g/ml peptidoglycan
from S. aureus (InvivoGen) for 1 hour. After harvesting of cells, PE-labeled
F4/80 antibody (Molecular Probes) or 10 uM CM-H2DCFDA (Molecu-
lar Probes) was added for detection of macrophages or intracellular ROS
levels, respectively. After an incubation of 30 minutes on ice, cells were
washed extensively. Measurements were performed by using Cyan ADP
High Performance Research Flow Cytometer (Beckman Coulter Inc.) or

ImageStreamX (Amnis Corporation) flow cytometers.

Quantifications

Invivo. Contact between Kupffer cells and tumor cells was defined as inter-
action between these two cells types, whereas phagocytosis of tumor cells
by Kupffer cells in the livers was determined as colocalization of complete
tumor cells within Kupffer cells. Distribution of tumor cells into organs
was quantified by counting the number of tumor cells per image (5 ran-
dom images per organ per mouse). Differences between treatments were
quantified in at least 6 independent experiments with AnalySIS software
(SoftImagingSystem GmbH). The number of micrometastases was deter-
mined by counting, whereas the total area was determined by measuring
red area in images (indicating the presence of Dil-labeled tumor cells). Met-
astatic burden was calculated by dividing area of metastases (mm?) by area
of liver from which the images were taken (mm?).

In vitro phagocytosis of DiB-labeled tumor cells by macrophages (stained
with F480-PE) and intracellular degradation was evaluated with imaging flow
cytometry (ImageStreamX). The ImageStream ISX from AMNIS is an instru-
ment that combines flow cytometry and microscopy in one platform. Briefly,
bright-field and fluorescence images were acquired for a minimum of 5,000
cells per sample. Using the IDEAS analysis software (AMNIS), a compensa-
tion matrix was generated and applied to the acquired images. Single cells
were selected with a bivariate plot for the area and aspect ratio features of the

bright-field images. Single cells with a bright-field gradient RMS value of 55
or higher were considered to be in focus. Macrophage/tumor cell complexes
were selected from single/focused cells as the double-positive population
within a bivariate plot for the PE intensity and DiB intensity. Macrophages
were scored as positive for tumor cell uptake if the internalization value of the
DiB was 4 or higher within the PE morphology mask. Tumor cell degradation
was determined by applying — to macrophages with tumor cell uptake — the
spot count feature on DiB objects with a threshold mask of 90.

Statistics

For comparisons between 2 groups, 2-tailed Student’s ¢ test was used. For
comparisons among more than 2 groups, 2-way ANOVA was used. Statistical
significance was accepted at P < 0.05. Results are presented as mean + SEM.

Study approval

Animal experimental protocols were approved by the Animal Care Com-
mittee of the University of Calgary and the Canadian Council on the Use
of Laboratory Animals in Calgary, Canada, or the Committee for Animal
Research of the VU University Medical Center in Amsterdam in accordance

with all institutional and national guidelines.
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