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CANCER

Promoting antibody-dependent cellular phagocytosis
for effective macrophage-based cancer immunotherapy

Xu Cao't, Jing Chen't, Bolei Li't, Jessica Dang', Wencan Zhang?,
Xiancai Zhong?, Chongkai Wang?, Mustafa Raoof®, Zuoming Sun?, Jianhua Yu

Marwan G. Fakih?, Mingye Feng'*

Macrophages are essential in eliciting antibody-dependent cellular phagocytosis (ADCP) of cancer cells. However,
a satisfactory anticancer efficacy of ADCP is contingent on early antibody administration, and resistance develops
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along with cancer progression. Here, we investigate the mechanisms underlying ADCP and demonstrate an effective
combinatorial strategy to potentiate its efficacy. We identified paclitaxel as a universal adjuvant that efficiently
potentiated ADCP by a variety of anticancer antibodies in multiple cancers. Rather than eliciting cytotoxicity on
cancer cells, paclitaxel polarized macrophages toward a state with enhanced phagocytic ability. Paclitaxel-treated
macrophages down-regulated cell surface CSF1R whose expression was negatively correlated with patient survival
in multiple malignancies. The suppression of CSF1R in macrophages enhanced ADCP of cancer cells, suggesting a
role of CSF1R in regulating macrophage phagocytic ability. Together, these findings define a potent strategy for
using conventional anticancer drugs to stimulate macrophage phagocytosis and promote the therapeutic efficacy

of clinical anticancer antibodies.

INTRODUCTION
Advances in cancer genetics have led to the discovery of specific
cancer-addicted genes and sprung cancer therapy from conventional
chemotherapeutics into molecular-targeted medicine. Central among
these is the development of cancer-specific antibodies and their wide
application in a broad spectrum of malignancies. The introduction of
rituximab, an anti-CD20 monoclonal antibody approved by the U.S. Food
and Drug Administration (FDA) for non-Hodgkin’s lymphoma (NHL) in
1997 (1), marked the beginning of the “targeted therapy era” of human
cancer. The inclusion of rituximab into the established CHOP (cyclo-
phosphamide, vincristine, doxorubicin, and prednisone) regimen has
reduced the overall NHL mortality and improved the long-term prog-
nosis of NHL patients (2). In addition to rituximab, targeting human
HER2 receptor with trastuzumab has also revolutionized the treatment
for a subtype of breast cancer expressing HER2 protein (3). Likewise,
cetuximab has been widely used for the treatment of human epi-
dermal growth factor receptor (EGFR)-positive colorectal cancer (4)
and squamous cell carcinoma of the head and neck (SCCHN) (5).
Anticancer antibodies function by binding to the surface anti-
gens on cancer cells, which may lead to two layers of effects. First,
antibodies achieve tumor killing by acting as agonists or antagonists
for cellular signaling. Antibodies can block the intrinsic growth/
survival signaling or promote cell death signaling in cancer cells,
exemplified by trastuzumab-mediated suppression of HER2 recep-
tor signaling and cetuximab-mediated inhibition of EGFR signaling
(6, 7). In addition, antibodies can be used to target the tumor-infiltrating
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immune cells or stromal cells and vascular cells in the tumor micro-
environment (TME) by blocking immunosuppressive signals or
checkpoints to evoke an anticancer immune response or inhibiting
angiogenesis and the tumor-favorable microenvironment, exempli-
fied by T cell immune checkpoint inhibitors ipilimumab and pem-
brolizumab for blocking cytotoxic lymphocyte antigen-4 (CTLA4) and
programmed cell death protein 1 (PD1) and bevacizumab for blocking
VEGER (vascular endothelial growth factor receptor) (8-12). Second, in
addition to antigen recognition, the Fc region of an antibody interacts
with the complement system to induce complement-dependent cyto-
toxicity, or with the Fc receptors on natural killer (NK) cells or macro-
phages to induce antibody-dependent cellular cytotoxicity (ADCC)
or antibody-dependent cellular phagocytosis (ADCP) (13). Despite
this, it remains unclear to what extent does the underlying immune
activity account for the clinical efficacy of the individual anticancer
antibody. Nevertheless, activating the immune components is an at-
tractive approach to augment the anticancer activities of these anti-
bodies while sparing normal tissues due to the restricted expression
of antigens on tumor tissues.

Among the immune cellularity in TME, tumor-associated
macrophages (TAMs) are the most abundant immune cells in nearly
all types of malignancies (14-16). The induction of macrophage-
mediated ADCP has demonstrated clinical efficacy and appears to
be a major mechanism for the anticancer effects of many therapeutic
antibodies. The binding of the Fc region of antibodies to Fcy receptors
(FcyRs) on macrophages triggers ADCP through the phosphorylation
of the immunoreceptor tyrosine-based activation motif (ITAM) of
FcyRs, which activates downstream signaling through Rac-GEFs
(guanine nucleotide exchange factors) to induce phagocytosis.
FcyRIIB is the only FcyR with an immunoreceptor tyrosine-based
inhibition motif (ITIM), whose phosphorylation transduces a nega-
tive signaling cascade to inhibit phagocytosis (17, 18). Trastuzumab
and rituximab have been shown to rely on the activation of FcyRs
for efficient tumor killing in breast cancer and lymphoma preclinical
models, while their anticancer efficacy was enhanced in mice
deficient in FcyRIIB (19). ADCP was also shown to be a driving
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mechanism for the anticancer activity of daratumumab, an anti-
CD38 therapeutic antibody, in lymphoma and multiple myeloma
(20). In addition, ADCP contributed to the cytotoxicity of human
monoclonal antibodies targeting CD20 in chronic lymphocytic
leukemia (21). Thus, harnessing macrophage-mediated ADCP demon-
strates considerable promise as an emerging novel and effective im-
munotherapeutic strategy for the battle against cancer.

The clinical observation of a positive correlation between rituximab
efficacy and TAM abundance in NHL patient biopsies suggests a
critical role of TAMs in mediating the efficacy of monoclonal anti-
bodies (22). However, the efficacy is normally limited at the site of
bulky diseases, which represent a late stage of tumor progression
(23, 24), indicating a likely phagocytic defect of TAMs along with
tumorigenesis. In addition, therapeutic antibodies need to reach a
local threshold to effectively induce ADCP, which often cannot be
achieved through most of the current antibody administration
routes (13, 25-28). Therefore, for therapeutic antibodies to achieve
the desired efficacy, the combinatorial agents may be required to
restore (or enhance) macrophage phagocytic ability or lower the
threshold for ADCP activation. A high dose of the alkylating drug
cyclophosphamide combined with alemtuzumab, an anti-CD52
monoclonal antibody for human lymphoma, has recently been found
to achieve the clearance of lymphoma cells by promoting phagocy-
tosis via TAMs (29). In addition, the stimulation of TAMs with
CpG oligodeoxynucleotide, a Toll-like receptor (TLR9) agonist,
rewired the metabolic programs of macrophages to counteract
anti-phagocytic signals and enabled phagocytosis of pancreatic ductal
adenocarcinoma cells (30). These findings suggest that agents
promoting the phagocytic ability of macrophages may overcome
the barriers limiting tumor cell phagocytosis by TAMs and serve as
a rational combination for monoclonal therapeutic antibodies.

In the present work, we demonstrated essential roles of macro-
phage phagocytosis in mediating the anticancer activity of mono-
clonal antibodies including rituximab, trastuzumab, and cetuximab.
Through a novel long-term phagocytosis-based high-throughput
screening (HTS) platform, we identified and validated paclitaxel as
a therapeutic agent to universally enhance the efficacy of monoclonal
anticancer antibodies in vitro and in vivo, mainly by stimulating
macrophage phagocytosis instead of eliciting cell toxicity. Mechanis-
tically, paclitaxel promoted FcyR-dependent phagocytosis signaling
pathways in macrophages. In addition, paclitaxel remodeled the
expression of surface membrane proteins on macrophages, including
a down-regulation of CSFIR. Our data suggested that the suppression
of cell surface CSF1R on macrophages enhanced ADCP toward
cancer cells, indicating an unprecedented role of CSFIR in regulat-
ing macrophage phagocytosis.

RESULTS

Macrophage-based HTS identifies paclitaxel

as a universal ADCP-potentiating agent for multiple
therapeutic antibodies

While the involvement of therapeutic antibodies in inducing ADCP
for cancer cell elimination has been investigated in individual
cancer models in previous studies (20, 21, 31-35), whether ADCP
functions as a generally applicable mechanism for multiple cancers
has not been well established. In most tumors, TAMs are derived from
circulating monocytes that originated from bone marrow progeni-
tor cells (15, 16, 36). Therefore, we used a bone marrow-derived
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macrophage (BMDM) model to evaluate the efficacy of ADCP in
multiple cancer cell models.

We showed that treating EGFR-expressing SCCHN cell line
SCC9 and colorectal cancer cell lines SW480 and DLD1 with
various concentrations of cetuximab inhibited the growth of SCC9
cells in a dose-dependent manner but had no such inhibitory effects
on the growth of SW480 and DLD1 cells (fig. S1A), which bear
functional KRAS mutations (Gly'*Val in SW480 and Gly"*Asp in
DLD1), consistent with the notion that KRAS mutations confer
resistance to EGFR signaling blockade (37). In addition, cetuximab
treatment demonstrated minimal effect on inducing apoptosis
(fig. S1B). We then tested the effects of trastuzumab or rituximab
on HER2-expressing breast cancer line SKBR3 or CD20-expressing
NHL cell line Raji, respectively. Trastuzumab partially inhibited the
growth of SKBR3 cells, while rituximab exhibited no inhibition on
the growth of Raji cells (fig. S1C). These data suggested that the
direct cytotoxicity toward cancer cells in inhibiting their growth or
viability was not consistent for therapeutic antibodies. In contrast,
in the presence of BMDMs, cetuximab demonstrated strong anti-
cancer effects regardless of the KRAS mutation status of the cells
(fig. SIA). We showed that cetuximab induces strong phagocytosis
of cancer cells by macrophages (fig. S1D). The expression of EGFR
was also found to correlate with clinical response to cetuximab
(fig. S1E). Similarly, the anticancer effectiveness of trastuzumab or
rituximab was markedly enhanced upon the inclusion of macro-
phages (fig. S1C) through the induction of phagocytosis of cancer
cells (fig. S1, F and G). To further establish the role of macrophages,
we derived human primary macrophages from peripheral blood
monocytes and performed phagocytosis assays with various antibodies
and human cancer cell lines. All the abovementioned therapeutic
antibodies were able to significantly induce phagocytosis of corre-
sponding human cancer cells by human macrophages (Fig. 1A).

Next, we tested the anticancer efficacy of ADCP in mice engrafted
with SW480 cells. We showed that cetuximab largely inhibited
tumor development when administered at the same day when SW480
cells were transplanted to the mice intraperitoneally (Fig. 1B and
fig. S2A), despite SW480 cells being highly resistant to cetuximab-
induced apoptosis or inhibition of cell proliferation (fig. S1, A and
B). The therapeutic effect was nearly abolished in mice when
their peritoneal macrophages were depleted via administration of
clodronate liposome (fig. S2, A to D), indicating a key role of
macrophages in the anticancer effects of cetuximab in vivo.

Our results suggested that modulation of macrophage phagocy-
tosis could be a promising strategy to enhance the anticancer efficacy
of therapeutic antibodies and to overcome cancer cells’ resistance to
treatment. Therefore, we reasoned that the strategies to promote
macrophage-mediated ADCP may overcome the barriers limiting
the efficacy of therapeutic antibodies for cancer treatment. To
address this, we set up a long-term phagocytosis assay to evaluate
the efficacy of ADCP by quantifying cancer cells that survive ADCP
when cocultured with BMDMs (Fig. 1C). A panel of 147 FDA-
approved anticancer small molecules that have demonstrated clinical
safety were screened in the long-term phagocytosis assay, with
DLDI as the target cells in the presence of cetuximab (table S1 and
Fig. 1, C to E). We observed that the vast majority of the chemothera-
pies demonstrated subtle effects on cancer cell phagocytosis (around
line y = 1); in contrast, kinase inhibitors showed a strong tendency
to suppress the effect of cetuximab (below line y = 1) in inducing
ADCP. We identified paclitaxel, imiquimod, and cabazitaxel as
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Fig. 1. Macrophage-based HTS identifies paclitaxel as a universal ADCP-potentiating agent for multiple therapeutic antibodies. (A) Evaluation of anticancer
antibody-induced phagocytosis of various human cancer cells with human peripheral blood monocyte-derived macrophages by microscopy. Representative figures of
three independent experiments. (B) Growth of tumors developed by SW480 cells in RAG2™yc™’~ mice. Mice were intraperitoneally (ip) injected with SW480 cells and
treated with vehicle (Ctrl) or cetuximab. The mice were treated with control liposomes or clodronate liposomes, and tumor growth was measured by bioluminescence.
n=4;*P<0.05 [one-way analysis of variance (ANOVA)]. ns, not significant. (C) Experimental schematic showing the design of the high-throughput screen. (D) Phagocytosis-based
high-throughput screens of 147 FDA-approved anticancer small-molecule compounds. DLD1 cells were subjected to luminescence-based phagocytosis assay in the
presence of cetuximab. Spots represent individual compounds. Phagocytosis was normalized to dimethyl sulfoxide (DMSO) control. Y = 1 indicated phagocytosis induced
by compounds equaled to that by DMSO control. (E) Correlation of the change of phagocytosis rates between the two replicates. Spots represent individual compounds.
(F) Paclitaxel (2.5 uM) enhanced the potency of cetuximab-mediated phagocytosis of DLD1 cells, measured by a luminescence-based phagocytosis assay. Experi-
ments were performed in duplicate for each concentration. (G) Cetuximab-mediated phagocytosis of SW480 cells was enhanced by various concentrations of paclitaxel, measured
by a luminescence-based phagocytosis assay. n = 3; *P < 0.05 and **P < 0.01 (one-way ANOVA). (H) Paclitaxel enhanced rituximab-mediated phagocytosis of Raji cells and
trastuzumab-mediated phagocytosis of SKBR3 cells by human peripheral blood monocyte-derived macrophages, measured by a luminescence-based phagocytosis as-
say.n=3;*P<0.05, **P<0.01, and ***P < 0.001 (one-way ANOVA).

agents significantly potentiating cetuximab-induced ADCP by mac-  showed that paclitaxel at the tested concentration only had minimal

rophages (Fig. 1D). The effects of these three top hits were further
examined in a dose-dependent manner. We showed that, among
this three, paclitaxel is most potent in promoting ADCP (fig. S3A);
thus, we decided to further pursue the efficacy and therapeutic
potential of using paclitaxel as an adjuvant to antibody-mediated
cancer immunotherapy using ADCP. We showed that paclitaxel was
sufficient to not only enhance the potency of cetuximab-mediated
ADCP but also increase the extent of DLDI clearance to twofold
(Fig. 1F). In addition, paclitaxel increased the effect of cetuximab-
mediated ADCP on SW480 cells by nearly threefold (Fig. 1G).
Motivated by these findings, we asked whether paclitaxel could
exhibit similar effects with other therapeutic antibodies. Our data
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effects on Raji cell growth, but combining it with rituximab led to
potent effects on eliminating Raji cells compared to rituximab alone
(fig. S3B). Blockade of FcyRs diminished the effects of paclitaxel on
rituximab-induced phagocytosis, confirming the role of paclitaxel in
enhancing ADCP (fig. S3C). In addition, we showed that rituximab-
and trastuzumab-mediated cancer cell clearance by human peripheral
blood monocyte-derived macrophages was significantly enhanced
when combined with paclitaxel (Fig. 1H). The expression of the target
receptors on cancer cells—EGFR, CD20, or HER2—was not affected
by paclitaxel treatment (fig. S3D). Together, we identified a role of
paclitaxel in substantially enhancing the ADCP of a variety of cancer
cells mediated by several commonly used therapeutic antibodies.
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Paclitaxel combined with anticancer antibody elicits strong
anticancer activity in vivo

The combinatorial effect of paclitaxel and anticancer antibodies was
further examined in the in vivo xenotransplantation models. In our
study, we used RAG2™"yc”~ and NSG mice, which lack T, B, and
NK cells but retain functional macrophages (38), making them
excellent models for studying macrophage-dependent immunity
against human cancer cells. The human NHL cell line Raji transduced
with green fluorescent protein (GFP)-luciferase was subcutaneously
engrafted into the RAG2™"yc™'~ mice. Twenty-one days after tumor
implantation, a minimal amount of paclitaxel (50 pg/kg) was
administered locally through intratumoral injection and rituximab
(7.5 mg/kg) was given intravenously twice every week (Fig. 2A). We
found that either agent slowed the progression of tumors, whereas
the combination almost completely eliminated the tumors in most
mice (Fig. 2B and fig. S4, A and B), indicating a strong synergism
between the drugs.

Next, we validated the efficacy of the combinatory treatment in
two additional preclinical models. In these models, clinical-grade
nanoparticle albumin-bound (nab) paclitaxel, which was indicated
by clinical evidence as being better tolerated than solvent (Cremophor
EL)-based paclitaxel (39, 40), was used for intravenous treatment.

In the first model, Raji cells were intravenously injected into
RAG2"yc”™ mice. At day 10 after engraftment, when lymphoma
cells were clearly disseminated into the bone marrow compartment,
the mice were treated with nab-paclitaxel (50 mg/kg) followed by one
dose of rituximab every week (day 11 for the first dose of rituximab)

for a total of 4 weeks (Fig. 2C). We showed that the combination
nearly entirely controlled the disease progression in the period of
treatment (Fig. 2D). As a direct comparison, rituximab alone pro-
duced minimal efficacy in this model (Fig. 2D), likely due to the late
start of treatment, which mimicked the impact of tumor burden on
rituximab efficacy in human patients with late-stage cancer (23, 24).
As a result, the combination significantly prolonged the survival of
mice (Fig. 2E). The combination did not lead to body weight loss
during the treatment period (Fig. 2F), indicating that the mice
tolerated this dose regimen well.

In a second model of aggressive peritoneal colorectal cancer
disease, SW480 cells expressing GFP-luciferase were intraperitoneally
injected into the NSG mice. Nab-paclitaxel was used at 50 mg/kg,
and this clinically relevant dose of paclitaxel was able to effectively
promote antibody efficacy while being well tolerated. We showed
that the combination of nab-paclitaxel and cetuximab significantly
reduced the tumor burden (Fig. 2G and fig. S4C), highlighting the
synergism between these two agents.

Paclitaxel enhances anticancer antibody efficacy by
stimulating the phagocytic ability of macrophages

We next sought to understand the mechanisms underlying the
strong synergism between paclitaxel and therapeutic antibodies.
We reasoned that paclitaxel may act on either cancer cells or mac-
rophages to stimulate the efficacy of antibodies. To investigate this,
we pretreated either macrophages or DLD1 cells with paclitaxel and
examined them in phagocytosis assays with nontreated DLD1 or
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Fig. 2. Paclitaxel combined with anticancer antibody elicits strong anticancer activity in vivo. (A) Schematic showing the treatment strategy of the subcutaneous
Raji models. PTX, paclitaxel. (B) Growth of tumors derived by Raji cells in RAG2 ™ yc ™~ mice. Mice subcutaneously engrafted with Raji cells were treated with phosphate-buffered
saline (PBS), rituximab, paclitaxel, or a combination of rituximab and paclitaxel. Tumor growth was measured by bioluminescence imaging. n=12; ***P < 0.001 (log-linear
regression analysis). (C) Schematic showing the treatment strategy of the systemic Raji model. (D) Growth of tumors derived by Raji cells through intravenous injection
into RAG2 ™"y~ mice. Tumor signals were determined by bioluminescence imaging. n =5 to 7; *P < 0.05 and **P < 0.01 (one-way ANOVA). (E) Survival analysis of animals
in (D). n=5to 7; **P <0.01 [log-rank (Mantel-Cox) test]. (F) Body weight analysis of animals in (D). n=5 to 7. (G) Growth of tumors derived by SW480 cells in NSG mice.
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was measured by bioluminescence imaging. n=7to 9; *P < 0.05, **P < 0.01, and ***P < 0.001 (one-way ANOVA).
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macrophages, respectively, in the presence of cetuximab (Fig. 3A).
We showed that paclitaxel-treated DLD1 cells displayed a similar
tendency to phagocytosis compared to their untreated counterparts
(Fig. 3B). In contrast, paclitaxel-treated macrophages strongly
potentiated the effect of cetuximab (Fig. 3B), indicating that paclitaxel
directly stimulated the phagocytic ability of macrophages. This was
further supported by the flow cytometry-based assay examining the
percentages of macrophages phagocytosing cancer cells. We showed
that paclitaxel pretreatment of macrophages largely boosted cetuximab-
induced phagocytosis of DLD1 or SW480 cells, and phagocytosis of
Raji cells by rituximab (Fig. 3, C to E). In an additional experiment, we
examined phagocytosis with microscopic visualization, which revealed
much higher numbers of macrophages in paclitaxel-pretreated group
phagocytosing cancer cells as compared to vehicle-treated macrophages
in the presence of anticancer antibodies (Fig. 3F and fig. S5A).

The role of paclitaxel in boosting ADCP of cancer cells was
further examined in in vivo and ex vivo animal models. First, an
adoptive transfer of macrophages was performed in RAG2 7y /"
mice subcutaneously engrafted with Raji cells. The mice received
either vehicle-treated or paclitaxel-treated macrophages through
intratumoral injection. Rituximab was intravenously administered
to both groups of mice immediately after the adoptive transfer of
macrophages (Fig. 3G). We showed that paclitaxel-treated macro-
phages exhibited a much stronger effect on delaying tumor progression
in the presence of rituximab than the vehicle-treated counterparts
(Fig. 3G). Next, we performed an ex vivo phagocytosis assay with
femur macrophages. Mice were given vehicle or nab-paclitaxel
treatment, after which femur bone marrow cells were obtained and
subjected to phagocytosis assays with Raji cells. We found that femur
macrophages (CD45%F4/80%) from nab-paclitaxel-treated mice
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Fig. 3. Paclitaxel enhances anticancer antibody efficacy by stimulating the phagocytic ability of macrophages. (A) Schematic showing the experimental design to
determine whether paclitaxel acted on cancer cells or macrophages (M®) to enhance anticancer antibody-mediated phagocytosis. (B) Paclitaxel-pretreated macrophages,
but not DLD1 cells, exhibited enhanced phagocytosis in the presence of cetuximab, measured by a luminescence-based phagocytosis assay. n = 4; ***P < 0.001 (one-way
ANOVA). An in vitro flow cytometry-based phagocytosis assay with DLD1 cells (C), SW480 cells (D), or Raji cells (E) as target cells. BMDM:s pretreated with DMSO or paclitaxel
were used for the assay. Phagocytosis assay was performed in the presence of cetuximab (DLD1 and SW480 cells) or rituximab (Raji cells). Phagocytosis was normalized
to the maximal response in the experiments. Each group was compared with the control group (0 uM paclitaxel). n =5 to 6; *P < 0.05, **P < 0.01, and ***P < 0.001 (one-way
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cancer cells. (G) Adoptive transfer of paclitaxel-treated macrophages enhanced the efficacy of rituximab. RAG2™~yc™’~ mice subcutaneously engrafted with Raiji cells
received intratumoral injections of DMSO-treated (Ctrl) or paclitaxel-treated macrophages. Rituximab was given through intravenous injection. n =7; *P < 0.05 (t test).
(H) Femur macrophages from nab-paclitaxel-treated mice demonstrated higher phagocytic ability toward Raji cells in the presence of rituximab. BM, bone marrow.
n=4;***P<0.001 (t test).
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demonstrated a significant increase in the ability of phagocytosing
Raji cells in the presence of rituximab, as compared to the vehicle-
treated counterparts (Fig. 3H and fig. S5B). Last, we examined the
ADCP of cancer cells by TAMs. RAG2™"yc ™'~ mice were engrafted
with SW480 cells expressing GFP-luciferase subcutaneously and
treated with control vehicle, cetuximab, nab-paclitaxel, or a combi-
nation of cetuximab and nab-paclitaxel. The tumors were collected
and subjected to fluorescence-activated cell sorting (FACS) analysis.
We showed that TAMs from mice treated with a combination of
cetuximab and nab-paclitaxel demonstrated significantly enhanced
phagocytosis against cancer cells (fig. S5, C and D). Together, our
data from a set of in vitro and in vivo models provided compelling
evidence that paclitaxel enhanced anticancer antibody efficacy by
stimulating the phagocytic ability of macrophages.

Paclitaxel stimulates macrophage polarization toward

the state with an enhanced phagocytic ability

Next, we sought to explore the functional phenotypes of macro-
phages. We showed that paclitaxel treatment induced M1 differen-
tiation as reflected by the up-regulation of major histocompatibility
complex II (MHCII) and down-regulation of CD206 in BMDM:s
(Fig. 4A). We then performed RNA sequencing on vehicle- or
paclitaxel-treated BMDMs (Fig. 4B). Up-regulation of a group of
M1 macrophage-associated markers indicated an M1-like polariza-
tion of macrophages by paclitaxel (Fig. 4C). This is consistent with
our findings that macrophages polarized toward an M1-like pheno-
type had stronger ADCP ability against cancer cells, as compared to
MO macrophages, while M2-polarized macrophages demonstrated
compromised phagocytosis ability toward cancer cells (Fig. 4D and
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Fig. 4. Paclitaxel stimulates macrophage polarization toward the state with an enhanced phagocytic ability. (A) Representative FACS plots showing the expression
of MHCII (top) and CD206 (bottom) on BMDMs stimulated with paclitaxel or DMSO (control). Representative FACS plots of three independent experiments. (B) Volcano
plot showing differentially expressed genes in DMSO-treated and paclitaxel-treated BMDMs. Genes with a P value of <0.05 and a fold change of >2 were considered
significantly up-regulated or down-regulated. BMDMs were generated from three individual BALB/c mice for triplicated samples. (C) Heatmap of gene expression profile
by RNA sequencing showing the up-regulation of M1-like gene signature. n = 3. (D) An in vitro flow cytometry-based phagocytosis assay with polarized BMDMs showing
impaired phagocytic ability of M2-like macrophages and increased phagocytic ability of M1-like macrophages. n=5; *P <0.05, **P <0.01, and ***P <0.001 (one-way
ANOVA). (E) KEGG (Kyoto Encyclopedia of Genes and Genomes) enrichment analysis showing the up-regulation of FcyR-mediated phagocytic pathway upon paclitaxel
treatment (left). A heatmap of gene expression profile by RNA sequencing showing the up-regulation of phagocytosis-related gene signature in paclitaxel-treated
BMDM s (right). n = 3. (F) Activation of nuclear factor kB (NF-kB) signaling pathway, as measured by an NF-«xB reporter system. RAW264.7 macrophages were stimulated
with various concentrations of paclitaxel or lipopolysaccharide (LPS) (1 ng/ml) (positive control). Unstimulated RAW264.7 cells acted as a negative control. Each group was
compared with the control group (0 uM paclitaxel). n=3 to 4; *P < 0.05, **P < 0.01, and ***P < 0.001 (one-way ANOVA). (G) Measurement of cytokine and chemokine
secretion profile of BMDMs treated with DMSO (control) or paclitaxel by a Luminex assay. Experiments were performed in duplicate. (H) In vitro flow cytometry-based
phagocytosis assay with Raji or SW480 cells as target cells. BMDMs were pretreated with various concentrations of paclitaxel in the absence or presence of TPCA1 or
antibodies. Phagocytosis was normalized to the maximal response in the experiments. n =4; **P < 0.01 and ***P < 0.001 (one-way ANOVA).
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fig. S6, A to C). Consistently, gene set enrichment analysis (GSEA)
revealed that paclitaxel treatment induced a pro-phagocytic transcrip-
tional response in BMDMs, with a significant enrichment of genes
involved in the FcyR-mediated phagocytosis pathways (Fig. 4E).

Using RAW264.7 cells, a macrophage cell line that was engineered to
report nuclear factor kB (NF-kB) activity, we showed a significant activa-
tion of NF-«B pathway upon paclitaxel treatment (Fig. 4F), along with the
production of NF-xB pathway-controlled proinflammatory cytokines
and chemokines such as IL-1p (interleukin-1p), IL-6, monocyte chemo-
attractant protein-1 (MCP1), and TNFa (tumor necrosis factor o)
(Fig. 4G). Analysis of the BMDM model demonstrated enhanced phos-
phorylation of NF-kB (p65) and IxBa (inhibitor of NF-xBa) (fig. S7A)
upon paclitaxel treatment. In addition, nuclear translocation of NF-xB
was induced in BMDMs treated with paclitaxel, as demonstrated by
examining the nuclear and cytosolic fractions of macrophages (fig. S7B)
and microscopic visualization of NF-«xB subcellular localization in mac-
rophages (fig. S7C). Consistently, paclitaxel-mediated up-regulation
of NF-«B activity (fig. S7D) and enhanced phagocytic ability of macro-
phages (Fig. 4H) were largely attenuated by TPCA1, a specific inhibitor
of NF-«kB pathway, indicating that the activation of NF-«xB pathway is
critical for paclitaxel-induced polarization of macrophages.

CSF1R down-regulation contributes to the enhanced
phagocytic ability of macrophages by paclitaxel

Cell surface receptors play key roles in regulating immune cell func-
tion by binding to their ligands and transducing cellular signaling
(41, 42). We decided to investigate whether and how macrophage
surface proteins may involve in paclitaxel-induced enhancement in
the phagocytic ability of macrophages. We examined the effects of
paclitaxel treatment on the expression of nine surface proteins in-
cluding well-known macrophage surface markers and phagocytosis
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checkpoint proteins (Fig. 5A and fig. S8) (43). Our results revealed
an up-regulation of CD86 and TLR2 upon paclitaxel treatment,
consistent with the M1 differentiation induced by paclitaxel. We
also observed a slight up-regulation of PD1 on macrophages, the
deletion of which was previously shown to induce the phagocytosis of
PDLI" cancer cells (44). Among the surface markers, when macro-
phages were treated with paclitaxel, F4/80 was up-regulated, while
CSFIR expression was significantly down-regulated (Fig. 5, A and B,
and fig. S8). CSF1R is important for the development and differen-
tiation of macrophages and has emerged as an important therapeu-
tic target in recent years (45, 46). Consistent with several previous
studies (47, 48), our analysis with public databases suggested that
lower expression of CSF1R in tumors can serve as a predictor of the
beneficial outcome of patients in a broad spectrum of malignancies
(fig. S9), suggesting a possible antitumor role of TAMs with low
CSFI1R expression.

This inspired us to examine a possible link of causality between
CSF1R down-regulation and paclitaxel-stimulated enhancement of
macrophage phagocytosis. BMDMs were treated with small interfering
RNA (siRNA) to knock down CSFIR expression and then used for
phagocytosis assays with therapeutic antibodies. We showed that
CSFI1R knockdown led to an enhancement of phagocytosis of DLD1
cells or Raji cells to a level similar to that induced by knocking down
the phagocytosis checkpoint Sirpa in the presence of cetuximab or
rituximab (Fig. 5C and fig. S10, A to C). To further evaluate the role
of CSF1R in mediating ADCP, we performed an ex vivo experiment
in which we knocked down CSFIR with CRISPR-mediated gene
editing by transducing single-guide RNAs (sgRNAs) targeting
CSFIR in BMDMs from CRISPR-Cas9 knockin mouse model
[Gt(ROSA)26Sorem!H(CAG-cas*, EGEPIRsky) (g Consistently, CSFIR
knockdown in macrophages exhibited a much stronger effect on
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Fig. 5. CSF1R down-regulation contributes to the enhanced phagocytic ability of macrophages by paclitaxel. (A) Surface expression of nine macrophage surface
markers and phagocytosis checkpoint proteins upon paclitaxel stimulation. (B) Paclitaxel at various concentrations and M1 macrophage polarization inducer LPS
down-regulated macrophage cell surface CSF1R. Representative FACS plots of three independent experiments. (C) Knockdown of CSF1R with small interfering RNA
(siRNA) enhanced the phagocytic ability of BMDMs toward DLD1 cells in the presence of cetuximab. n=3;*P < 0.05 and **P < 0.01 (one-way ANOVA). (D) CSF1R knockdown
by CRISPR technology in primary BMDMs from Cas9 knockin mice transduced with a single-guide RNA (sgRNA) targeting CSF1R. (E) CSF1R knockdown increased the
phagocytic ability of BMDMs toward Raji cells (in the presence of rituximab) and DLD1 cells (in the presence of cetuximab). BMDMs from Cas9 knockin mice were transduced
with nontargeting sgRNA (control), Sirpa. sgRNA (positive control), or CSF1R sgRNA. n=4to 5; *P < 0.05, **P < 0.01, and ***P < 0.001 (one-way ANOVA).
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enhancing ADCP compared to the nontargeting control (Fig. 5, D and E).
These data suggested an unprecedented role of CSFIR in regulating
macrophage phagocytosis. CSFIR expression inversely correlated
with the response of cetuximab response in colorectal cancer pa-
tients (fig. S10D). We found that treatment of macrophages with an
anti-CSFIR antibody or inhibitors targeting the tyrosine kinase
domain of CSF1R (50, 51), or suppression of CSF1 in DLD1 cells,
showed no effect on ADCP of cancer cells (fig. S10, E to I), suggest-
ing that CSF1R may play an inhibitory role independently of the
CSF1-CSF1R signaling axis and does not rely on its intracellular
tyrosine kinase activity.

Paclitaxel potentiates the efficacy of cetuximab ina
patient-derived xenograft model of colorectal cancer
Patient-derived xenograft (PDX) models are considered as valuable
preclinical models evaluating cancer treatment approaches; thus,
we sought to further investigate the therapeutic potential of the
combinatorial regimen with PDX models of colorectal cancer. We
used a PDX model with KRAS mutant while expressing human
EGEFR (fig. S11A). Upon engraftment, the mice were treated with
either nab-paclitaxel, cetuximab, or a combination of the two, and
tumor growth was monitored regularly. Our results showed that
cetuximab alone slowed cancer progression of this PDX (Fig. 6A),
whereas combination with nab-paclitaxel largely enhanced the effect
of cetuximab in suppressing the growth of PDX tumors without
affecting the body weight of the treated mice (Fig. 6, A and B, and
fig. S11B). Thus, nab-paclitaxel also showed a synergistic effect with
monoclonal antibody cetuximab on inhibiting the development of
colorectal cancer PDX tumors.

>
w

Next, the PDX tumors from the control group and nab-paclitaxel
group were collected and a single-cell suspension was prepared for
the analysis of TAMs. Paclitaxel treatment led to an enrichment of
TAM:s in the tumor mass (Fig. 6C). Consistently, an up-regulation
of MHCII and inducible nitric oxide synthase (INOS) and a down-
regulation of CD206 expression, as well as increased phosphoryla-
tion of IkBa, were observed in TAMs from nab-paclitaxel-treated
mice, indicating an increase of M1 polarization (Fig. 6D and fig.
S11, Cto E).

Together, we propose a model (Fig. 6E) to summarize our findings
on stimulating macrophage ADCP to enhance the efficacy of thera-
peutic antibodies for the treatment of malignant diseases. Specifically,
inefficient ADCP by TAMs, especially those in bulky diseases such
as solid tumors, may therefore limit the therapeutic efficacy of mono-
clonal antibodies. Paclitaxel stimulates TAM-mediated phagocytosis
by inducing M1 polarization in an NF-kB pathway—dependent manner
and substantially boosts antibody efficacy. Reduction of CSFIR from
macrophage cell surface also contributes to the enhanced phagocytosis
of cancer cells induced by monoclonal antibodies.

DISCUSSION

The unique feature of anticancer monoclonal antibodies in their
specificity and ability to elicit immune response makes these “magic
bullets” indispensable in the arsenal fighting against human cancers.
Here, we demonstrated macrophage phagocytosis as a key mecha-
nism underlying the anticancer effect of therapeutic antibodies.
The process is amendable by chemotherapeutic drugs such as
paclitaxel, providing a potential combinatorial strategy to enhance
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Fig. 6. Nab-paclitaxel potentiates the efficacy of cetuximab in a PDX model of colorectal cancer. (A) Growth of tumors developed by PDX colorectal cancer cells in
RAG2™7yc™~ mice. Mice subcutaneously engrafted with PDX tumors were treated with control vehicle, cetuximab, nab-paclitaxel, or a combination of cetuximab and
nab-paclitaxel. Tumor growth was monitored by regular measurement of tumor sizes. n=6; *P < 0.05 and ***P < 0.001 (one-way ANOVA). (B) Representative tumor images
on day 36 after engraftment. (C) Proportion of F4/80" TAMs in CD45" immune cells, in tumors developed by PDX colorectal cancer in RAG2™yc™'~ mice. Mice were treated
with vehicle or nab-paclitaxel. n = 4; ***P < 0.001 (t test). (D) Representative FACS plots and mean fluorescent intensity (MFI) of MHCIl expression on TAMs from RAG2 ™ yc ™~
mice engrafted with the PDX colorectal cancer cells. Mice were treated with vehicle or nab-paclitaxel. n=4; **P < 0.01 (t test). (E) Schematic showing that paclitaxel
enhances macrophage-mediated phagocytosis of cancer cells in the presence of therapeutic antibodies.
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the clinical benefit and/or overcome clinical resistance of anticancer
antibodies.

Despite the reported role of TAMs in mediating anticancer
activity of monoclonal antibodies for hemopoietic malignancies
(21, 22, 52), whether this stands in solid tumors remains unclear.
For example, previous clinical studies showed that bypassing EGFR
signaling with KRAS mutation in colorectal cancer patients led
to notable resistance to cetuximab treatment (37, 53). This KRAS
mutation-induced resistance to cetuximab was recaptured with
multiple colorectal cancer cell lines in our study; however, the
inclusion of macrophages renders these tumor cells responsive to
cetuximab treatment and the effectiveness is well reflected by the
surface abundance of EGFR. Consistent with our analysis, several
clinical studies also indicate the correlation of EGFR surface level
with the efficacy of cetuximab in colorectal cancer and SCCHN
patients regardless of their KRAS status (54, 55). These indicated a
process of ADCP, which was confirmed by our phagocytosis assays
with both mouse and human primary macrophages. Moreover, we
found a complete loss of efficacy when rituximab is administered at
relatively late stages of NHL disease, while early administration of
cetuximab induced notable macrophage-dependent clearance of
KRAS mutant SW480 cells. These results reinforced the notion that
tumor progression may program TAMs toward a phenotype with
an impaired phagocytic ability (56). Therefore, we propose several
possible explanations for the limited ADCP reported in solid tumors:
(i) Antibodies may not be able to sufficiently infiltrate into solid
tumors (57), and therefore, a threshold to initiate ADCP may not be
achieved in some patients; (ii) the targeted antigen level on solid
tumors is normally lower than those on hemopoietic tumors (58),
and as a result, there may be an intrinsic limitation on the extent of
ADCP in these tumors; and (iii) the more established TME in solid
tumors when starting antibody treatment may consist of TAMs
with more severely impaired phagocytic ability.

Our demonstration of macrophage phagocytosis as a key mech-
anism in eliciting the anticancer effect of monoclonal antibodies
suggested that these cells may be a feasible target to augment the
antibodies’ response and overcome their resistance. In light of a
shortage of proper screening platforms for identifying phagocytosis
modulators, we established an extremely versatile coculturing system
able to accurately quantify long-term phagocytosis rate by measuring
the luminescence signals from remaining surviving cancer cells.
While we screened the currently FDA-approved anticancer small
molecules aiming to identify candidates readily translatable to clinical
benefits, this platform is also applicable to experiments screening any
other chemical or genetic modulators for macrophage phagocytosis
of living cancer cells. The screen enabled us to identify several
promising small molecules potentially augmenting antibody effec-
tiveness in the presence of macrophages. Among them, imiquimod,
a TLRY agonist, is actively under clinical investigation combined
with pembrolizumab in treating patients with stage IIIB-IV melanoma
(NCT03276832) and locally advanced unresectable or cutaneous
metastatic breast cancer (NCT03982004). Cabazitaxel was recently
found to be able to enhance CD47 blocking antibody efficacy in
triple-negative breast cancer by enhancing macrophage phagocytosis
(59). These together suggest the excellent reliability and applicability
of our novel phagocytosis screen platform. In contrast, numerous
kinase inhibitors, particularly those bearing inhibitory activity on
Src, Btk, and Akt, were found to inhibit the efficacy of cetuximab.
Because we used KRAS mutated cancer cells for the screen, this
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effect is likely not due to their effect on cetuximab-mediated inhibi-
tion of EGFR signaling, but rather due to the inhibition of macro-
phage phagocytosis given their roles in mediating macrophage
function (60, 61). This observation also reinforced the concern raised
by Sharma and Allison (62) regarding the potential counteracting
effect of certain kinase inhibitory drugs to immunotherapies when
combining these agents in clinical use.

The immunomodulatory effects of paclitaxel have been supported by
the fact that it is so far the only chemotherapeutic drug approved to be
combined with atezolizumab for triple-negative breast cancer (TNBC), a
type of tumor-bearing highly immunosuppressive TME (63). Paclitaxel
emerged as a top hit in our screen and elicited synergistic antitumor
effects when combined with therapeutic antibodies. Several layers of
experiments were performed to demonstrate its stimulatory effect on
macrophages: (i) Pretreated macrophages elicited much stronger anti-
cancer activity in the presence of anticancer antibodies in phagocytosis
and adoptive transfer assays; (ii) with mice only bearing functional
macrophages, a nontoxic level of paclitaxel was sufficient to augment the
efficacy of rituximab; and (iii) with the same type of mice, paclitaxel treat-
ment was also able to resensitize the response to rituximab, which had
otherwise completely lost its anticancer activity. Previous studies demon-
strate that macrophages are highly tolerant to paclitaxel toxicity (64),
which excludes the possibility that the clinical dose of paclitaxel harms
TAMs and therefore limits the efficacy of therapeutic antibodies. Con-
sistently, our study with a clinically relevant dose of paclitaxel nearly en-
tirely controlled the tumor progression when combined with rituximab,
and substantially slowed the growth of human colorectal cancer PDX
when combined with cetuximab.

In agreement with a recent finding (64), paclitaxel induced an
M1 phenotype of macrophages. The conversion to M1 macrophages
largely enhanced antibody-induced phagocytosis, a phenomenon
distinct from efferocytosis of apoptotic cancer cells, which largely
relies on M2 macrophages (65). Because of our observation that
macrophages were the main target cells of paclitaxel in terms of
stimulating phagocytosis, we focused on identifying the signaling
pathways in macrophages responsible for this effect. We uncovered
that this occurred via an NF-kB-dependent manner. That is, the
blockade of the NF-xB pathway not only abolished the M1 TAM
polarization but also inhibited their phagocytic capability, indicat-
ing that activating NF-kB signaling may be a strategy to potentiate
macrophage response to monoclonal antibodies. NF-kB activation
is believed to transmit survival signals in cancer cells, and therefore,
its sustaining activation may lead to resistance to anticancer drugs
(66). This again reinforces how the inhibition of cancer cell survival
signaling may cause distinct outcomes in immune cells and may
potentially jeopardize the efficacy of immunotherapy when doing
combination therapies in clinical.

TAM abundance within the TME has been repeatedly demon-
strated to be correlated with a poor patient prognosis across different
malignancies (67, 68). Because of this, methods of targeting TAMs
have been pioneered, such as the blockade of CSF1R in an effort to
deplete TAMs (45). Unfortunately, none of these agents has shown
acceptable clinical efficacy in human patients as a monotherapy.
Emerging evidence in recent years has highlighted the important role
of surface proteins in regulating immune cell functions, exemplified
by Sirpa on macrophages (69), CTLA4 on T cells (70), etc. This led
us to examine whether paclitaxel could exert its effect by regulating
the abundance of macrophage surface proteins. Most of the proteins
we examined remained unaltered upon paclitaxel treatment, but we
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noticed an up-regulation of MHCII on paclitaxel-treated macrophages.
This not only indicates an M1 polarization state but also implies a
possibly enhanced capacity for antigen presentation upon paclitaxel
treatment, which warrants further investigation in immunocompetent
settings. In contrast, paclitaxel stimulation led to a significant re-
duction of CSF1R in macrophages. In addition to its critical roles in
TAM recruitment, polarization, and survival (7I), CSFIR has been
reported to be involved in phagocytosis in previous studies. An induc-
tion of cancer cell phagocytosis was achieved by dual-inhibitor-
loaded nanoparticles to simultaneously block the “don’t eat me”
signal CD47 and target the CSF1-CSF1R pathway for repolarizing
TAMs. In addition, the inhibitor PLX5622 that targeted the tyrosine
kinase activity of CSF1R in macrophages inhibited IL-1p expression
and suppressed phagocytosis of Escherichia coli bioparticles (72, 73).
Therefore, we attempted to investigate whether the down-regulation
of CSF1R may affect macrophage phagocytosis by knocking down
CSFIR from mature macrophages with siRNA or CRISPR-Cas9
technology. Unexpectedly, a knockdown of CSF1R with both methods
significantly enhanced antibody-mediated phagocytosis of cancer
cells. In agreement, numerous clinical studies have found that lower
expression of CSFIR in tumor tissues correlates with not only the
efficacy of therapeutic antibodies such as cetuximab but also the
reduced overall mortality in different malignancies (47, 48, 74).
Ongoing clinical trials are evaluating the effects of blocking the
CSF1-CSFIR interaction and/or targeting the tyrosine kinase activity
of CSFIR for TAM depletion or polarization for cancer treatment
(45). Our results suggested a potential CSF1-independent role of
CSF1R in regulating ADCP, and we showed that blockade of its
intracellular tyrosine kinase domain showed minimal effects on
ADCP of cancer cells. In addition, it is likely that CSF1R down-
regulation may induce a proinflammatory response in macrophages,
as suggested by the observation of enhanced proinflammatory IFNy
(interferon-v) signaling in breast cancer patients with a low CSF1R
expression (75). Together, further clarification of the underlying
mechanisms of CSFIR in negatively regulating ADCP and the
development of strategies to reduce CSFIR expression on macro-
phages may serve as a novel macrophage-targeting approach to
treat cancer.

In conclusion, our work demonstrates an essential role of
macrophages in mediating the efficacy of therapeutic antibodies
and provides a rational strategy of combining paclitaxel and anti-
body drugs for the therapy of malignant diseases. In addition, our
study identifies a role of CSFIR in regulating macrophage phago-
cytosis. Further examination of the regulatory effect of CSF1R will
not only shed light on the understanding of macrophage physiology
but also facilitate the development of novel cancer therapies.

MATERIALS AND METHODS

Mice

BALB/c, NOD.Cg-Prkdcscid I12rgtm1Wijl/Sz] (NSG), Gt(ROSA)
26Sor(em1.1(CAG-cas9*,-EGFP)Rsky)/B6(C)], and RAGZ_/_'yc_/_
BALB/c mice were bred in the Animal Resources Center at City of
Hope Comprehensive Cancer Center. BALB/c, NSG, and Cas9
mice were purchased from The Jackson Laboratory. RAG2™ yc ™~
BALB/c mouse strain was a gift from I. L. Weissman at Stanford
University. All the procedures were approved by the Administrative
Panel on Laboratory Animal Care at City of Hope Comprehensive
Cancer Center.

Cao etal., Sci. Adv. 8, eabl9171 (2022) 18 March 2022

Cell culture

SW480 and RAW264.7 cells were cultured in Dulbecco’s modified
Eagle medium (DMEM) (Gibco) supplemented with 10% fetal
bovine serum (FBS) (Gibco) and 1% penicillin/streptomycin. DLDI,
Raji, and SKBR3 cells were cultured in RPMI 1640 (Gibco) supple-
mented with 10% FBS (Gibco) and 1% penicillin/streptomycin.
SCC9 cells were cultured in a 1:1 mixture of DMEM (Gibco) and
Ham’s F12 medium containing sodium bicarbonate (1.2 g/liter),
2.5 mM r-glutamine, 15 mM Hepes, and 0.5 mM sodium pyruvate
supplemented with hydrocortisone (400 ng/ml), 10% FBS (Gibco),
and 1% penicillin/streptomycin. All cell lines were purchased from
the American Type Culture Collection and maintained at 37°Cin a
5% CO, atmosphere. Large quantities of low-passage (below 3) cells
were cryopreserved, and cells with passage numbers below 20
were used in this study. Mycoplasma examination was routinely
performed every 2 months.

Analysis of clinical dataset

CSF1R gene expression data in the form of log,(fpkm-uq + 1) from
primary tumors of BLCA TCGA Bladder Urothelial Carcinoma
dataset, COAD TCGA Colon adenocarcinoma dataset, LUSC TCGA
Lung squamous cell carcinoma dataset, STAD TCGA Stomach
adenocarcinoma dataset, and THYM TCGA Thymoma dataset were
acquired from UCSC Xena (https://xenabrowser.net/) and associated
with patient survival. For analyzing the correlation of EGFR expres-
sion and patient response to cetuximab treatment, GSE65021 was
used to retrieve the expression of EGFR and patient response data.
For analyzing the correlation of CSFIR expression and patient
response to cetuximab treatment, GSE5851 was used to retrieve the
expression of CsfIR and patient response data. The data were
plotted with GraphPad Prism (version 6), and statistical significance
was assessed within the software.

Generation of primary macrophages

To generate mouse BMDMs, bone marrow cells were harvested
from the femur and tibia of 6- to 12-week-old BALB/c mice as pre-
viously described (76). After the red blood cells were lysed by Am-
monium Chloride Potassium (ACK) buffer for 2 min, the bone marrow
cells were filtered through a 70-um strainer, washed twice with DMEM
supplemented with 10% FBS, and cultured at 37°C in Iscove’s modi-
fied Dulbecco’s medium (IMDM) supplemented with 10% FBS and
murine macrophage colony-stimulating factor (MCSF) (10 ng/ml)
for 6 to 8 days to differentiate into macrophages.

To generate human peripheral blood monocyte-derived macro-
phages, human peripheral blood was obtained from the blood
center at City of Hope Helford Clinical Research Hospital. CD14"
monocytes were enriched by magnetic-activated cell sorting with
CD14 MicroBeads (Miltenyi Biotec) and subsequently cultured at
37°C in IMDM with 10% human serum (Omega Scientific) for 6 to
8 days to differentiate into macrophages.

Phagocytosis assay

Phagocytosis rate was evaluated with mouse BMDMs or human
peripheral blood monocyte-derived macrophages. Target cancer cells
were either GFP-expressing or labeled with CellTrace-Green. For
CellTrace-Green labeling, cells were incubated with 200 nM CellTrace-
Green in phosphate-buffered saline (PBS) at 37°C for 20 min and
washed twice with DMEM supplemented with 10% FBS. Macro-
phages were harvested using TrypLE and scrappers, cocultured
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with target cancer cells in the presence of antibodies or immuno-
globulin G (IgG) control (BioLegend), and incubated for 2 hours at
37°C. Before flow cytometry analysis, F4/80 antibody (BioLegend)
conjugated with phycoerythrin (PE)-Cy7 was used to label macro-
phages. Phagocytosis was quantified as the percentage of macro-
phages that phagocytosed cancer cells during the incubation, namely,
the ratio of GFP'PE-Cy7" or CellTrace-Green"PE-Cy7" cells to
PE-Cy7" cells. For phagocytosis assays with Cas9 knockin mouse
BMDMs, we quantified the phagocytosis mediated by RFP* macro-
phages by flow cytometry. Red fluorescent protein (RFP) expression
indicated the transduction of macrophages with sgRNAs. Phagocytosis
was quantified as the ratio of GFP"RFP" or CellTrace-Green ' RFP*
cells to RFP" cells. The phagocytosis index was normalized to the
maximal response in every experiment.

For long-term phagocytosis assays, target cancer cells expressing
a GFP-luciferase fusion protein and BMDMs or human peripheral
blood monocyte-derived macrophages were cocultured in a 96-well
cell culture plate. Cancer cells were cocultured with macrophages
for phagocytosis, and the samples of cancer cells alone (without
macrophages) were used as controls. For NHL Raji cells, rituximab
was used. For colorectal cancer DLD1 and SW480 cells, cetuximab
was used. For breast cancer SKBR3 cells, trastuzumab was used.
Surviving cancer cells were quantified by reading the luminescence
signals with a luminometer (Cytation 3 imaging reader, BioTek).
The long-term phagocytosis rate was determined by normalizing
the luminescence of surviving cancer cells in the sample group
(coculture with macrophages) to that of the control group (cancer cells
only). The phagocytosis index was normalized to the maximal response
in every experiment. A long-term phagocytosis assay was used to test
whether paclitaxel acted on cancer cells or macrophages for pro-
moting the efficacy of antibodies (experiments in Fig. 3, A and B).
Specifically, either BMDMs or DLD1 cells were pretreated with
paclitaxel for 24 hours. After thoroughly washing with PBS three
times, the cells were seeded in 96-well plates and subjected to
phagocytosis assays with nontreated DLD1 cells or BMDM:s in the
presence of cetuximab. After 24 hours of coculturing, the surviving
DLD1 cells were quantified by the luminescence signals.

For microscopy-based phagocytosis assays, BMDMs or human
peripheral blood monocyte-derived macrophages treated with
control vehicle or paclitaxel were stained with CellTrace-Green for
20 min. Target cancer cells were stained with pHrodo Red at a final
concentration of 120 ng/ml for 30 min. After two times of PBS
washes, target cancer cells were cocultured with macrophages for
2 hours with or without antibodies.

High-throughput screening assay

The FDA-approved oncology drug set including 147 currently
approved anticancer small molecules was obtained from the Division
of Cancer Treatment and Diagnosis at the National Cancer Institute
(NCI). For the high-throughput screen, individual anticancer small-
molecule compounds (10 uM) were incubated with 0.03 x 10° DLD1
cells expressing GFP-luciferase and 0.06 x 10° macrophages in the
presence or absence of cetuximab in 96-well plates for 24 hours.
Thereafter, luciferin was added into the plates and the luminescence
signal was measured with Cytation 3. Wells containing DLD1 cells
only in the presence of drugs were used as a control for calculating
phagocytosis rate (phagocytosis rate = 0%). The normalized phago-
cytosis index was calculated as the ratio of phagocytosis rates of
drug treatment to that of dimethyl sulfoxide (DMSO) control.
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NF-xB reporter assay

A luminescence-based NF-«kB reporter was generated on the basis
of a GFP-based NF-«B reporter [a gift from S. Carpenter at the
University of California, Santa Cruz (77)], as described in our pre-
vious study (59). Briefly, a RAW264.7 NF-kB reporter cell line was
generated by infecting RAW264.7 cells with lentiviruses containing
the luminescence-based NF-kB reporter in the presence of polybrene
(8 pg/ml) for 48 hours.

Following overnight incubation, RAW264.7 NF-«B reporter lines
were stimulated with lipopolysaccharide (LPS) (1 ng/ml) or paclitaxel
(5, 2.5, 1.25, and 0.625 uM) for 8 hours. Unstimulated cells were used
as a negative control. Luciferin was added to the cells, and luminescence
signals were measured using a luminometer (Cytation3 imaging reader,
BioTek). NF-kB activation was normalized to the negative control.

Mouse models

For the subcutaneous human NHL model, Raji cells expressing
an enhanced GFP (eGFP)-luciferase protein were resuspended in
RPMI with 25% Corning Matrigel Matrix (v/v) and injected into the
back of RAG2™yc¢™/™ mice. After the tumors were established, the
mice were regrouped on the basis of the luminescence signals and
treated with control vehicle, rituximab, paclitaxel, or a combination
of rituximab and paclitaxel as indicated in the figure legend. For the
systemic human NHL model, Raji cells expressin}g an eGFP-luciferase
protein were slowly injected into RAG2™"yc™~ mice through the
tail vein (3 x 10° cells per mouse). Clinical-grade nab-paclitaxel
obtained from City of Hope Helford Research Hospital was used for
the in vivo study, which is better tolerated than solvent (Cremophor
EL)-based paclitaxel (39, 40). After 10 days, the animals were treated
with vehicle (control) and/or rituximab as described in the figures
and figure legends. Bioluminescence imaging was performed to
monitor the tumor progression. Animal weights were recorded
regularly, and end points of the mice were determined according to
the Institutional Animal Care and Use Committee protocol approved
by the Administrative Panel on Laboratory Animal Care at City of
Hope Comprehensive Cancer Center.

For the mouse peritoneal colorectal cancer model, 2 x 10> SW480
cells expressing an eGFP-luciferase protein were injected into the
peritoneal cavity of NSG mice. Five days later, the mice were
regrouped on the basis of the bioluminescence signals and treated
with control vehicle, cetuximab, nab-paclitaxel, or a combination of
cetuximab and nab-paclitaxel intravenously. Tumor progression
was monitored by bioluminescence imaging.

The colorectal PDX model was obtained from the Small Animal
Studies Core at City of Hope Comprehensive Cancer Center [the patient
had left-sided colorectal cancer, KRAS G12V and PIK3CA (G1049R)
mutated, Microsatellite Stable]. After reviving on RAG2™ yc ™/~
mice through subcutaneous transplantation, the cells were stained
to be positive for human EGFR expression and transplanted to
RAG2 "y mice with 2 mm by 2 mm pieces. Two weeks after the
transplantation, the mice were treated with control vehicle, cetuximab,
nab-paclitaxel, or a combination of cetuximab and nab-paclitaxel
intravenously. Tumor size and animal weight were measured regularly.

For evaluating phagocytosis of cancer cells by TAMs, SW480
cells expressing an eGFP-luciferase protein were injected into
RAG2"yc™™ mice subcutaneously. Fourteen days after engraftment,
the mice were treated with control vehicle, cetuximab, nab-paclitaxel,
or a combination of cetuximab and nab-paclitaxel intravenously.
The tumors were collected, digested to single-cell suspension, and
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subjected to FACS analysis. TAMs were gated as CD45"F4/80"Sytox
blue™. Phagocytosis was quantified as the percentage of macro-
phages that phagocytosed cancer cells.

In vivo macrophage depletion

Clodronate liposomes and control liposomes (PBS) were purchased
from Liposoma (The Netherlands). Macrophages were depleted in
mice with the following treatment schedule: 200 pl of either clodronate
or liposomal control was injected intravenously via the retro-orbital
sinus 24 hours before treatment of the mice with intraperitoneal injec-
tion with SW480 (2 x 10°) and/or cetuximab antibody. Three days
after tumor injection, 100 pl of either clodronate or liposomal control
was injected (intraperitoneally) to maintain the depletion of macro-
phages. Bioluminescence images were captured with Lago X (Spectral
Instruments Imaging), and signals were analyzed with the Aura Image
software. Mice were then sacrificed on day 7, and peritoneal fluid
was collected for macrophage analysis by flow cytometry.

Flow cytometry analysis

Anti-mouse F4/80 (clone BMS, BioLegend), anti-mouse/human CD11b
(clone M1/70, BioLegend), anti-mouse MHCII (clone M5/114.15.2,
BioLegend), anti-mouse iNOS (clone W16030C, BioLegend), anti-
mouse CD206 (clone C068C2, BioLegend), and anti-mouse CSF1R
(clone AFS98, BioLegend) were used for FACS analyses. The anti-
bodies were PE-, PE-Cy7-, allophycocyanin (APC)-, APC Cy7-, or
Alexa Fluor 700-conjugated, or fluorophore-conjugated secondary
antibodies were used. Sytox blue or Zombie Violet was used to
exclude dead cells. Flow cytometry was performed using the BD
LSRFortessa cell analyzers.

TAM analysis

RAG27yc™"” mice were engrafted with the PDX colorectal tumor
and treated with vehicle or nab-paclitaxel. A single-cell suspension
was obtained after digesting the minced tumor tissue with Liberase
TM enzymes (Thermo Fisher Scientific) and deoxyribonuclease I
(Thermo Fisher Scientific) at 37°C for 1 hour. After the red blood
cells were lysed with ACK lysis buffer, the single cells were filtered
through a 70-um cell strainer, treated with FcR blockers (Miltenyi)
before being stained with the indicated antibodies, and subjected to
flow cytometry analysis. TAMs were gated as CD45F4/80*Zombie
Violet™. The expression of MHCIIL, iNOS, and CD206 was examined
by flow cytometry analysis. For phospho-IxBa staining, the tumor
cells were fixed with 4% paraformaldehyde (PFA) for 15 min.
Thereafter, the cells were permeabilized with a permeabilization
buffer (BioLegend) according to the manufacturer’s instructions.
The cells were then stained with anti-phospho-IkBa antibody and
analyzed with flow cytometry.

BMDM polarization

BMDMs (1.6 x 10°) were seeded in each well of a six-well petri dish
plate and stimulated for 48 hours to induce M0 macrophages
(IMDM with 10% FBS), M1-like macrophages [LPS (50 ng/ml) and
IFNy (10 ng/ml)], M2a-like macrophages [IL-4 (10 ng/ml)], and
M2c-like macrophages [IL-10 (50 ng/ml) and TGFp (transforming
growth factor-f) (5 ng/ml)].

Cell fractionation
BMDMs (5 x 10°) were seeded on a 10-cm petri dish plate for
24 hours and then treated with paclitaxel (5 uM) for 0, 30, 60, or

Cao etal., Sci. Adv. 8, eabl9171 (2022) 18 March 2022

120 min. Subsequently, BMDMs were collected by trypsinization
and washed with cold PBS. Cytoplasmic and nuclear protein
fractions were isolated using nuclear and cytoplasmic extraction
reagents (Abcam). Equal amounts of proteins were immunoblotted
for NF-kB p65. The membranes with nuclear and cytoplasmic cell
extracts were also probed for histone 3 or B-tubulin, respectively, to
verify the purity of the fractions.

NF-xB nuclear translocation

BMDMs were plated on sterile 18-mm glass coverslips for 24 hours
to allow cell attachment and then treated with DMSO or paclitaxel
(5 uM) for 60 min. The cells were fixed with 4% PFA solution for
15 min at room temperature. After washing with PBS, the cells were
permeabilized and blocked with PBS containing 0.1% Triton X-100
and 2% bovine serum albumin for 60 min. The coverslips were then
incubated with 1:100 anti-NF-xB p65 in a humidified chamber
overnight at 4°C. The coverslips were washed with PBS (3 x 10 min)
at room temperature and incubated with Alexa Fluor 488 goat
anti-rabbit IgG for 60 min at room temperature. The coverslips
were washed with PBS (3 x 10 min) and mounted with antifade
mounting medium with 4’,6-diamidino-2-phenylindole (VectaShield).
Images were collected using a Leica DMI 4000B microscope. All
images were processed with ImageJ (National Institutes of Health,
Bethesda).

Western blotting

Protein extracts either from cell fractionation or radioimmuno-
precipitation assay buffer-lysed cells were quantified by bicinchoninic
acid assay (BCA) protein assay. Protein samples were diluted in load-
ing buffer [62.5 mM tris-HCI (pH 6.8), 10% glycerol, 2% SDS, 0.01%
bromophenol blue, and 100 mM dithiothreitol] and subjected to SDS-
polyacrylamide gel electrophoresis. For immunoblotting, anti-IxBa,
phospho-IxBo, p65, phospho-p65 (Ser’*®), histone 3 (Cell Signaling
Technology), B-tubulin (Sigma- Aldrich), or CSF1 (BioLegend) primary
antibodies and horseradish peroxidase-conjugated anti-rabbit IgG or
anti-mouse IgG secondary antibodies were used.

Gene knockdown by siRNAs in primary macrophages

The siGENOME SMARTpool and DharmaFECT 4 (Dharmacon)
were used to knock down genes from BMDMs on a 96-well plate
based on the manufacturer’s instruction. Briefly, nontargeting con-
trol siRNA or siRNA of target genes was mixed with the transfec-
tion reagent DharmaFECT 4. After incubation for 30 min at room
temperature, BMDMs were added and the cells were then cultured
for another 48 hours followed by evaluating the gene knockdown
efficiency by flow cytometry or long-term phagocytosis assay as
described in the figure legend.

CRISPR-Cas9-mediated gene editing

The CRISPR-Cas9 system was used to suppress gene expression
in primary macrolfha es from the CRISPR-Cas9 knockin mice
[Gt(ROSA)26Sor™ 11 (CAG-cas9 - EGFPIRsky) 49 ywhich expressed Cas9
proteins. Specifically, control sgRNA (AGUCCGGUCGAAAUCUGU-
AU), sgRNA targeting mouse CSF1IR (CGGAUAAUGAACCCUCGCCA),
or sgRNA targeting mouse Sirpo. (UUUGCUCGUAGUCCUGCUGA)
(78) was cloned into the vector pLKO5.sgRNA.EFS.tRFP for sgRNA
delivery without Cas9. The vector pLKO5.sgRNA EFS.tRFP was a
gift from B. Ebert (Addgene, plasmid #57823) (79). The viruses
were concentrated as previously reported (80). Bone marrow cells
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were collected on day 1 and cultured in the presence of murine
MCSF (10 ng/ml). On day 2, the concentrated lentivirus delivering
control gRNA or gRNA targeting mouse CSF1R or Sirpo was added
into the bone marrow cells together with polybrene (8 pg/ml). On
day 4, the culture medium was replaced with fresh IMDM with 10%
FBS containing MCSF (10 ng/ml). Thereafter, the cells were cultured
for another 3 days and then used for experiments.

RNA sequencing

After 7 days of differentiation, BMDMs were treated with DMSO
(control) or 10 uM paclitaxel for 24 hours, and total RNA was then
extracted with an RNA extraction kit (Qiagen) and used for library
preparation. Samples generated from three individual mice were
submitted to Novogene for RNA sequencing as triplicates, which
were performed on the Illumina NovaSeq 6000 platform. The clean
reads were aligned to the reference genome mm10 using STAR
2.5.3a for generating mapped reads. Subsequently, the number of
mapped clean reads was counted and normalized into fragments
per kilobase of transcript per million reads (FPKM). FPKM values
of 16,978 genes obtained from RNA sequencing were used as the
original raw data and analyzed by the GSA algorithm. The differen-
tially expressed genes (fold change > 2 and P < 0.05) were presented
as a volcano plot. In this dataset, 381 genes were up-regulated and
178 genes were down-regulated after paclitaxel treatment.

Cytokine array

BMDM cells (5 x 10°) were evenly plated into each well of a 24-well
plate and treated with DMSO or paclitaxel (5 uM). After 24 hours,
the medium was collected followed by removing cell debris through
centrifugation and freezing at —80°C immediately. The cytokines/
chemokines were measured with the Millipore MILLIPLEX Mouse
Cytokine/Chemokine Kit by Eve Technologies.

Statistical analysis and graphing software

All data were statistically analyzed and graphed using Microsoft
Excel or GraphPad Prism V.6 or V.8. Kaplan-Meier method and
log-rank test were used to evaluate the overall survival between
groups. The significant differences between groups were calculated
via unpaired f test, analysis of variance (ANOVA), or log-linear
regression analysis. The quantitative data in the study were presented
as means * SD. P values of less than 0.05 were considered statistically
significant differences.

SUPPLEMENTARY MATERIALS

Supplementary material for this article is available at https://science.org/doi/10.1126/
sciadv.abl9171

View/request a protocol for this paper from Bio-protocol.
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