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Abstract
The monocyte network is important for therapeutic efficacy of antibody therapies against cancer. One mechanism which 
monocytes/macrophages use to kill cancer cells is phagocytosis. Using trastuzumab and human breast cancer cell lines as 
a model, we used flow cytometry to evaluate the importance of avidity, antigen density, Fcγ receptor (FcγR) expression, 
and FcγR polymorphisms in human monocyte phagocytosis. By increasing avidity for the tumor through the addition of 
pertuzumab to trastuzumab, there was a two-to-threefold increase in phagocytosis potency against the HCC1419 cell line 
compared to antibodies alone, while NK cell-mediated antibody-dependent cellular cytotoxicity (ADCC) failed to increase 
tumor cell death. Consistent with increasing the avidity through multiple antibodies, antigen density significantly enhanced 
phagocytosis with breast cancer cell lines that were HER2 gene-amplified compared to non-amplified tumor cells. Confirma-
tion that high antigen density enhanced phagocytosis was obtained when HER2 was overexpressed in HER2 non-amplified 
cell lines. In contrast, NK cell ADCC failed to distinguish differences in tumor cell death when comparing gene-amplified 
and non-amplified breast cancer cell lines. The level of phagocytosis was influenced by FcγRIIa and FcγRIIIa expression. 
Most monocytes are FcγRIIIa−, and the induction of the receptor significantly enhances antibody-dependent phagocytosis. 
Although both receptors are involved, when blocked FcγRIIIa had a greater influence on phagocytosis. Furthermore, the 
polymorphism FcγRIIIa 158V significantly enhanced phagocytosis; whereas FcγRIIa 131H polymorphism appeared to 
improve phagocytosis but was not statistically significant. Targeting of monocytes for enhanced phagocytosis may improve 
the effectiveness of therapeutic antibodies to improve clinical outcomes.
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Abbreviations
ADCC	� Antibody-dependent cellular cytotoxicity
AF	� Alexa fluor
CFSE	� Carboxyfluorescein succinimidyl ester
EpCAM	� Epithelial cell adhesion molecule

ErbB-2	� Erb-b2 receptor tyrosine kinase 2
F	� Phenylalanine
FcγRs	� Fcγ receptors
H	� Histidine
HER2	� Human epidermal growth factor receptor 2
PBMC	� Peripheral blood mononuclear cell
R	� Arginine
V	� Valene

Introduction

Antibody-dependent cellular cytotoxicity (ADCC) is a key 
effector mechanism for tumor-targeting antibodies [1]. NK 
cell-mediated ADCC has shown that antigen density, affin-
ity for antigen, affinity for Fc, and FcγR density influence 
NK cell-mediated ADCC [2–6], but the relevance of NK 
cell-mediated ADCC in vivo has been questioned [7, 8]. 
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Scheuer et al. demonstrated that the addition of pertu-
zumab to trastuzumab had no effect on NK cell-mediated 
ADCC compared to trastuzumab alone, in vitro [9]. In a 
mouse model, the combination of pertuzumab and trastu-
zumab significantly reduced tumor growth compared to the 
individual antibodies [9]. Furthermore, the combination 
of pertuzumab, trastuzumab, and docetaxel in the clinic 
significantly improved overall survival in metastatic breast 
cancer compared to trastuzumab and docetaxel [10, 11]. In 
a syngeneic tumor model, NK cells and CD8 T cells were 
deemed necessary for antibody-mediated tumor rejection 
that targeted rat erb-b2 receptor tyrosine kinase 2 (ErbB-2) 
[12]. Surprisingly, mice deficient in perforin were equally 
capable of tumor rejection using anti-ErbB-2, which indi-
cated that lymphocyte cytotoxicity was not necessary [12] 
and suggests other mechanisms of action for NK cells with 
antibody therapies.

Multiple studies implicate the monocyte network as 
effector cells for antibody therapeutics. Specific Fcγ recep-
tors (FcγR) or common γ-chain knockout mice support 
NK cells and the monocyte network in antibody-mediated 
effector function against tumors [13, 14]. Depletion of the 
inhibitory receptor FcγRII, which is not expressed on NK 
cells, enhanced tumor rejection in mice and suggests a role 
of monocytes [13]. Clodronate depletion of monocytes 
was found to inhibit B-cell depletion and antibody-medi-
ated tumor rejection in multiple tumor models, implying 
that monocytes are involved in antibody-mediated cellu-
lar depletion or tumor rejection, respectively [14, 15]. In 
the clinic, objective response rates and progression-free 
survival with trastuzumab were significantly correlated 
with the FcγRIIIa 158 V/V polymorphism, and endpoints 
approached significance with the FcγRIIa H/H polymor-
phism [16]. In a separate study, the FcγRIIa H/H genotype 
improved the pathological response rate in trastuzumab-
based neoadjuvant chemotherapy and objective response 
rate in the metastatic setting [17]. The finding that FcγRIIa 
polymorphism H/H has efficacy against tumors suggests a 
role for monocytes in antibody-mediated tumor rejection. 
In vivo data from FcγR knockout mice, clodronate deple-
tion, and polymorphisms from human studies suggest a 
role of monocytes in antibody therapies that target cancer.

Although monocytes/macrophages have been shown 
to phagocytose antibody-opsonized tumor cells [15, 18, 
19], the impact of antibody combinations, antigen den-
sity, FcγR expression, and genotype have not been evalu-
ated. To analyze these features, monocyte phagocyto-
sis was compared to NK cells ADCC in a breast cancer 
model using tumor-targeting antibodies, trastuzumab and 
pertuzumab. In addition, FcγR expression on monocyte 
and genotypes was analyzed to determine their impact on 
phagocytosis.

Materials and methods

Cell lines and cell culture

Breast cancer cell lines MCF-7 (3/27/12), T47D (12/8/11), 
HCC1500 (5/29/14), HCC1428 (5/29/14), HCC1419 
(5/29/14), HCC1954 (5/29/14), BT474 (7/29/14), and 
SKBR3 (12/20/10) were obtained from ATCC (American 
Type Culture Collection, Manassas, VA). The dates of 
STR profiling showing authentication of the cell lines were 
last done for HCC 1954 (12/2/15), HCC 1419 and MCF-7 
(9/24/15), and all other cell lines (9/15/15). MCF-7, T47D, 
and BT474 were cultured in DMEM supplemented with 
10% FBS, 100 U/ml penicillin, and 100 µg/ml streptomycin. 
HCC1419, HCC1428, HCC1500, and HCC1594 were cul-
tured in RPMI 1640 medium supplemented with 10% FBS, 
100 U/ml penicillin, and 100 µg/ml streptomycin. SKBR3 
was cultured in RPMI 1640 medium supplemented with 
10% FBS, 1% pyruvate, 100 U/ml penicillin, and 100 µg/ml 
streptomycin. Human peripheral blood mononuclear cells 
(PBMC) were purchased from HemaCare BioResearch 
Products (Van Nuys, CA). PBMC were thawed and cultured 
overnight in RPMI 1640 medium supplemented with 10% 
FBS, 100 U/ml penicillin, and 100 µg/ml streptomycin in 
T75 TPP or Corning® ultra-low attachment surface tissue 
culture flasks.

Gene modification of MCF‑7 with human epidermal 
growth factor receptor 2 (HER2)

The MCF-7 cell line was modified with pcDNA3.1 
(V79020), purchased from Thermo Fisher Scientific 
(Waltham, MA), or pcDNA3 HER2 WT, which was a gift 
from Mien-Chie Hung (Addgene plasmid # 16257) [20]. 
Vectors were transfected with Lipofectamine 3000 reagent 
using 2.5 µg DNA-to-3.75 µl Lipofectamine 3000 reagent, 
according to the manufacturer’s instructions. Individual 
clones of MCF-7 HER2 were obtained by selection with 
700 µg/ml G418 and limiting dilution. HER2 expression was 
confirmed by flow cytometry.

Antibodies

Anti-CD56 PE-Cy5 (Clone B159, 5/100  µl, Cat. No. 
555517), anti-CD3 Alexa Fluor (AF) 700 (Clone UCTH1, 
3/100 µl, Cat. No. 557943), anti-CD14 PE-CF594 (Clone 
MφP9, 0.5/100 µl, Cat. No. 562335), anti-CD16 Brilliant 
Violet 510 (Clone 3G8, 2/100 µl, Cat. No. 563830), anti-
CD16 FITC (Clone 3G8, 6.4/100 µl, Cat. No. 555406), 
CD32 FITC (Clone FL18.26, 2 µl/100, Cat. No. 555448), 
and anti-epithelial cell adhesion molecule (EpCAM) PE 
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(Clone EBA-1, 1.5/100 µl) were purchased from BD Bio-
sciences (San Jose, CA). Anti-CD107a eFluor660 (Clone 
eBioH4A3, 1/200  µl, Cat. No. 50-1079-42), and anti-
CD107b eFluor660 (Clone eBioH4B4, 1/200 µl, Cat. No. 
50-1078-42) were bought from eBioscience (San Diego, 
CA). Anti-HER2 Alexa Fluor 647 (Clone 24D2, 0.05/100 µl, 
Cat. No. 324412) and anti-CD14 AF647 (Clone HCD14, 
10 µg/ml) was bought from BioLegend (San Diego, CA). 
Trastuzumab and pertuzumab were obtained from our insti-
tution’s pharmacy.

Phagocytosis, degranulation, and tumor cell death

To evaluate phagocytosis, degranulation, and tumor 
cell death, flow cytometry was performed as previously 
described with minor modifications [21]. In addition to anti-
CD56, CD3, and CD14, EpCAM was added to the staining 
protocol. EpCAM was used to evaluate internalization of 
tumor cells by monocytes. Phagocytosis was determined 
by the number of double positive CD14 + CFSE + cells 
divided by the total number of CD14 + cells multiplied by 
100. Background phagocytosis levels were subtracted to 
obtain the antibody-dependent phagocytosis. Calculations 
for degranulation and tumor cell death were previously 
described [21]. Enrichment of monocytes and NK cell was 
performed by negative selection using EasySep™ Human 
Monocyte Enrichment Kit without CD16 Depletion and 
EasySep Human NK cell Enrichment Kit, respectively, 
according to the manufacturer’s instructions (Stemcell Tech-
nologies, Vancouver, Canada). The net mean and standard 
deviation of triplicate samples were plotted.

Quantum™ Simply Cellular® anti-Mouse for mouse 
monoclonal antibodies was used to quantify FcγRIIa and 
FcγRIIIa according to the manufacturer’s instructions.

Microscopy

Phagocytosis was performed as described above with a mod-
ification of using only anti-CD14 AF647 to detect mono-
cytes. After antibody staining, 100 µl was added to cytospin 
chambers in which slides were prepared using a Cytotech 
centrifuge. Cells were then dried, fixed with 4% paraform-
aldehyde, and stained with DAPI. Cells were washed twice 
with PBS, coverslips were added, and cells were evaluated 
for phagocytosis using an inverted microscope (1 × 83, 
Olympus Corporation, Tokyo, Japan).

FcγRIIa and FcγRIIIa blocking

Phagocytosis was performed as described with minor modi-
fications. Trastuzumab was added at 200 ng/ml and FcγR 
blocking reagents were added individually or combined at 
10 µg/ml each. The FcγR blocking reagents, anti-FcγRII 

(Clone 7.3), and anti-FcγRIIIa (Clone 3G8) were purchased 
from Ancell Corporation (Bayport, MN).

Statistics/plots

Statistics and plots were generated using Prism 6 (GraphPad 
Software, La Jolla, CA). Plots were generated showing the 
mean ± standard error of the mean and the regression line. 
To determine significance, two-way ANOVA with Sidak’s 
multiple comparisons test, T tests, and one-way ANOVA 
with Tukey’s multiple comparison’s test were used.

Results

Simultaneous evaluation of monocyte 
phagocytosis, NK cell degranulation, and tumor cell 
death

To evaluate antibody-dependent phagocytosis, NK cell 
degranulation, and tumor cell death, PBMC were combined 
with CFSE-labeled HCC1419 and a half-log titration series 
of trastuzumab. After 4 h, cells were stained and evaluated 
for phagocytosis, NK cell degranulation, and tumor cell 
death by flow cytometry. Flow cytometry density plots of 
control and 1000 ng/ml are shown (Fig. 1a). Single cells 
were gated and phagocytosis was evaluated from the CD14 
versus CFSE plot (Fig. 1a). Phagocytosis was determined 
by the number of CD14+ cells that incorporated CFSE from 
tumor cells relative to the total number of CD14+ cells. The 
quadrant gate that defined phagocytosis was determined 
by PBMC that were not co-cultured with CFSE-labeled 
tumor cells (Supplemental Fig. 1). The number in parenthe-
sis shows the percentage of monocytes that have taken up 
tumor cells. To ensure that tumors were internalized, gates 
for CD14+/CFSE−, CD14+/CFSE+, and CD14−/CFSE+ 
were generated and evaluated for EpCAM, a second-tumor 
antigen on HCC1419 (Fig. 1b). The CD14−/CFSE+ tumor 
cell gate stains brightly with anti-EpCAM. In contrast, 
CD14+/CFSE− and CD14+/CFSE+ gates stained dim with 
anti-EpCAM, suggesting that the CFSE-labeled tumor 
cells had been internalized by CD14+ monocytes. NK cell 
degranulation was evaluated from the CD56+/CD3− popu-
lation. This population is found among the double-negative 
(CD14−/CFSE−) population shown in the CD14 versus 
CFSE plot and evaluated for CD56 and CD3 expression 
(Fig.  1a). NK cell (CD56+CD3−) degranulation was 
determined by the percentage of NK cells that expressed 
CD107a&b relative to the total NK cell population. The 
number in parenthesis shows the percentage of NK cells 
that have degranulated. Tumor cell death was evaluated from 
CFSE-labeled tumor cells. In the CD14 versus CFSE plot, 
CFSE-gated tumor cells were evaluated for DAPI. Tumor 
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cell death is the percentage of tumor cells labeled DAPI+/
CFSE+ relative to the total number of tumor cells. The num-
ber in parenthesis shows the percentage of tumor cell death.

To ensure that CFSE-labeled tumors were not just bind-
ing monocytes, we compared them with NK cells labeled 

with CFSE (Supplemental Fig. 2). CFSE was found to be 
associated with 52% of monocyte compared to 2% of NK 
cells, suggesting that monocytes were actively targeting 
tumor cells. To confirm that monocytes could independently 
perform phagocytosis, enriched monocytes (Supplemental 
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Fig. 3) were found to phagocytose tumor cells consistent 
with what was observed with PBMC (Supplemental Fig. 4). 
However, when purified NK cells were added back into the 
enriched monocyte population, there was an increase in 
phagocytosis (Supplemental Fig. 4c). To verify that NK 
cells were associated with degranulation and tumor cell 
death, isolated NK cells were co-cultured with HCC1419 
and trastuzumab and evaluated for phagocytosis, degranula-
tion, and tumor cell death. NK cell degranulation (Supple-
mental Fig. 5) and tumor cell death (Supplemental Fig. 6) 
were found with co-cultures enriched with NK cells. In con-
trast, there was significantly less cell death associated with 
enriched monocytes (Supplemental Fig. 5). Interestingly, 
when the enriched monocyte population was evaluated for 
NK cell degranulation, residual NK cells had insignificant 
degranulation between control and trastuzumab treatments 
(Supplemental Fig. 7). However, tumor cell death was sig-
nificant within the co-culture which may suggest that mono-
cytes modestly contribute to cellular cytotoxicity within the 
4 h assay (Supplemental Fig. 7).

Fluorescent microscopy was used to confirm phagocy-
tosis. Arrows indicate tumors undergoing phagocytosis 
(Fig. 1c). Analysis of the CD14 stain shows membranes 
extending from an adjacent monocyte to surround indi-
vidual tumor cells (Fig. 1c). Monocyte phagocytosis on 
the left is more complete than on the right, as the mem-
brane almost completely surrounds the tumor cell com-
pared to 50% of the tumor cell observed on the right. In the 
merged image, the CD14 stain overlaps the CFSE-labeled 
tumors which suggests phagocytosis involved the engulf-
ment of whole tumor cells (Fig. 1c). A third tumor cell is 

also observed in the image and appears to be surrounded by 
lymphocytes, perhaps NK cells. There is no CD14 staining 
associated with this tumor cell, indicating the staining is 
specific for monocytes and that monocytes need to be in 
the proximity of tumors for phagocytosis. Quantitatively, 
trastuzumab (48.9%) was significantly (P < 0.02) greater 
than isotype control (21.0%) when evaluating phagocytosis 
by microscopy.

To show that antibody-opsonized tumors are required for 
effector function, trastuzumab was compared to isotype con-
trols in the assay. As the antibody concentration increased, 
from 0.3 to 1000 ng/ml, there is an increase in phagocytosis, 
NK cell degranulation, and tumor cell death in trastuzumab 
treated co-cultures and not in isotype controls. The increase 
in trastuzumab concentration shows that phagocytosis, NK 
cell degranulation, and tumor cell death are trastuzumab-
dependent and can be simultaneously evaluated from the 
same sample (Fig. 1d).

Increased avidity enhances monocyte phagocytosis 
but not NK cell‑mediated ADCC

To determine if an increase in avidity may enhance phagocy-
tosis, a second HER2 antibody, pertuzumab, was combined 
with trastuzumab and compared to the individual antibod-
ies and isotype control. Consistent with the observation of 
Scheuer et al., the combination of pertuzumab and trastu-
zumab showed no difference in tumor cell death when com-
pared to pertuzumab or trastuzumab (Fig. 2a). In contrast, 
there was an increase in phagocytosis when the combina-
tion of antibodies was compared to the individual antibod-
ies alone when targeting the HER2 gene-amplified cell line 
HCC1419 (Fig. 2b). The combination of pertuzumab and 
trastuzumab has a two-to-threefold increase in potency over 
the individual antibodies alone. Similar phagocytosis results 
were observed when pertuzumab and trastuzumab were 
used to target the HER2 gene-amplified cell lines BT-474 
and SKBR3. In contrast, HER2 non-gene-amplified tumors 
failed to increase phagocytosis when the combination of per-
tuzumab and trastuzumab was compared to the individual 
antibodies (Supplemental Fig. 8). However, when low HER2 
levels were evaluated for degranulation and tumor cell death, 
avidity may have influenced NK cell activity (Supplemental 
Fig. 9).

To determine if an increase in avidity could explain the 
enhancement in phagocytosis, pertuzumab and trastuzumab 
were used to stain HCC1419 breast tumor cells. The combi-
nation of antibodies enhanced the mean fluorescence inten-
sity, indicating an increase in antibody binding to HER2 
(Fig. 2c). Enhanced antibody binding to HER2 may facili-
tate increased FcγR interactions that heighten the avidity. To 
determine if FcγR are more available on monocytes than on 
NK cells, quantitative flow cytometry was used to evaluate 

Fig. 1   Simultaneous evaluation of antibody-dependent phagocyto-
sis, NK cell degranulation, and tumor cell death. A 10:1 PBMC-to-
tumor ratio was used to evaluate antibody-mediated effector function 
over a 4 h period. a See the “Results” section of this manuscript for 
a description of the gating strategy. Flow cytometry dot plots show 
control and 1000  ng/ml of trastuzumab. Values of phagocytosis, 
degranulation, and tumor cell death are in parenthesis. b To confirm 
phagocytosis, a second-tumor antigen EpCAM was used to deter-
mine if the monocytes internalized the tumor or not. Tumor cells 
(Q4) and monocyte (Q1 and Q2) were gated from the CD14 versus 
CFSE plot. Tumor cells are the red histogram, monocytes that have 
phagocytized tumors are the green histogram, and monocytes without 
tumor cells are the blue histograms. c Microscopy showing monocyte 
phagocytosis of tumor cells. Nuclei are stained with DAPI (Blue), 
HCC1419 (Green), and CD14 monocytes (Pink). Trastuzumab was 
used at 100 ng/ml and the images are from a trastuzumab co-culture 
of PBMC and HCC1419. d Titration curves of degranulation, tumor 
cell death, and phagocytosis comparing trastuzumab with isotype 
control. Background levels of phagocytosis, degranulation, and tumor 
cell death are subtracted from experimental values. All samples were 
performed in triplicate; means ± SEM and regression line are plotted 
on the graph. Two-way ANOVA with Sidak’s multiple comparisons 
test was used to determine significance. The asterisk represents sig-
nificance between trastuzumab and isotype control. Results are repre-
sentative of three independent experiments

◂
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FcγRII and FcγRIIIa. FcγRIIIa expression was similar on 
the two cell types, while FcγRII was expressed uniquely on 
monocytes (Fig. 2d). The overall number of FcγR was higher 
on monocytes, providing a means to increase the avidity 
of antibody Fc bound to tumor cells. The data show that 
increasing avidity with the addition of a second antibody 
leads to enhanced monocyte phagocytosis.

Monocyte phagocytosis requires higher antigen 
density than NK cell‑mediated ADCC

To compare the activation requirements between mono-
cytes and NK cells, titrations of trastuzumab were added 
to PBMC and CFSE-labeled tumor cells to evaluate phago-
cytosis, NK cell degranulation, and tumor cell death. 
Trastuzumab-targeted SKBR3, an HER2 gene-amplified 

cell line, had an increase in monocyte phagocytosis and 
NK cell degranulation compared to T47D, a HER2 non-
gene-amplified cell line (Fig. 3a). However, tumor cell 
death between the two cell lines was the same (Fig. 3a). 
To determine if other cell lines were consistent with these 
results, several HER2 gene-amplified (SKBR3, HCC1419, 
BT474, and HCC1954) and non-amplified (T47D, MCF-7, 
HCC1428, and HCC1500) breast cancer cell lines were 
evaluated for phagocytosis, NK cell degranulation, and 
tumor cell death at a trastuzumab concentration of 316 ng/
ml (Fig. 3b). In most samples, that concentration maxi-
mized the efficacy of phagocytosis, NK cell degranulation, 
and tumor cell death in HER2 gene-amplified and non-
amplified tumor cell lines. Each cell line was tested a mini-
mum of two times. In HER2 non-amplified tumor cells, the 

Fig. 2   Combination of trastuzumab and pertuzumab enhanced mono-
cyte phagocytosis by increasing avidity. A half-log titration series 
evaluating trastuzumab, pertuzumab, trastuzumab + pertuzumab, 
and isotype control were used to evaluate (a) tumor cell death and 
(b) phagocytosis. c Staining of HCC1419 with pertuzumab and tras-
tuzumab which was detected with a secondary goat anti-human PE 

antibody. All samples were performed in triplicate; means ± SEM 
and regression line are plotted on the graph. Two-way ANOVA with 
Sidak’s multiple comparisons test was used to determine significance. 
Asterisk represents significance between trastuzumab and pertu-
zumab compared to trastuzumab or pertuzumab. d Quantitative flow 
cytometry was used to measure FcγRII and FcγRIIIa expression
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mean phagocytosis of the four cell lines was 5.3 ± 1.6%, 
whereas the mean of the gene-amplified cell lines was 
16.7 ± 3.3%. There is approximately a threefold increase 
in phagocytosis in HER2 gene-amplified compared to 
non-amplified cell lines. NK cell degranulation in non-
amplified and gene-amplified tumor cells was found to be 
18.8 ± 1.2 and 35.1 ± 3.0%, respectively. Monocyte phago-
cytosis (P < 0.03) and NK cell degranulation (P < 0.01) 
were significantly greater in HER2 gene-amplified tumor 
cells. However, there was no difference (P > 0.8) in tumor 
cell death between HER2 non-amplified cells and gene-
amplified cells at 16.7 ± 5.4 and 17.8 ± 3.9%, respectively. 
These data indicate that monocyte phagocytosis and NK 
cell degranulation improve as the antigen density increases 
on tumor cells. However, the percentage of tumor cell 
death mediated by NK cells between HER2 non-amplified 
and gene-amplified tumor cells is the same, a finding that 
suggests NK cell degranulation does not correlate with 
tumor cell death. The data also suggest that monocyte 

phagocytosis requires higher antigen density than NK cells 
for activation.

Phagocytosis is antigen density‑dependent

It is possible that regulatory elements on cells may influence 
phagocytosis; therefore, to determine whether higher antigen 
density contributes to increased phagocytosis MCF-7 was 
modified to overexpress HER2 as a means to eliminate regu-
latory factors that may be expressed on various cell lines. 
An approximate tenfold increase in HER2 protein expression 
was obtained in HER2-transfected MCF-7 compared to vec-
tor control cells (Fig. 4a). When evaluated for phagocyto-
sis activity, MCF-7 cells with increased HER2 expression 
were significantly (P < 0.001) more susceptible to monocyte 
phagocytosis (Fig. 4b). Overexpression of HER2 in MCF-7 
enhanced NK cell degranulation (P < 0.001), but there were 
marginal changes if any in tumor cell death (P > 0.3) (Sup-
plemental Fig. 10). The overexpressed HER2 on MCF-7 
and gene-amplified breast cancer cells confirm that higher 

Fig. 3   Monocyte phagocytosis is increased with HER2 gene-ampli-
fied targets. Antibody-dependent phagocytosis, degranulation, and 
tumor cell death were evaluated on HER2-amplified and -non-ampli-
fied tumor cell lines. a Titration curves of antibody-dependent phago-
cytosis, degranulation, and tumor cell death from SKBR3 (HER2 
amplified) and T47D (HER2 non-amplified) tumor cell lines. All 
samples were performed in triplicate; means ± SEM and regression 
line are plotted on the graph. Two-way ANOVA with Sidak’s mul-
tiple comparisons test was used to determine significance. Asterisk 

represents significance between SKBR3 and T47D. b Comparison 
between antibody-dependent phagocytosis, degranulation, and tumor 
cell death of breast cancer cell lines that are amplified and non-ampli-
fied for HER2. Each point on the graph represents a different cell line 
and is the mean of a minimum of two experiments at the trastuzumab 
concentration of 316 ng/ml. Two tailed t tests were used to obtain P 
values for phagocytosis (P < 0.03), NK cell degranulation (P < 0.01), 
and tumor cell death (P > 0.8)
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antigen density improves monocyte antibody-dependent 
phagocytosis.

Monocyte activation and FcγR are important 
in phagocytosis

Monocytes have multiple types of FcγR on the cell surface that 
is involved in antibody-dependent phagocytosis. To determine 
if there is a preferential use of FcγRIIa or FcγRIIIa in phago-
cytosis, the addition of anti-FcγRIIIa was added to the staining 
procedure to separate FcγRIIIa+ from FcγRIIIa− monocytes. 

However, the FcγRIIIa staining failed to define clear differ-
ences between FcγRIIIa+ and FcγRIIIa− monocytes when 
evaluating phagocytosis (data not shown). It was observed that 
FcγRIIIa+ was expressed on 5–10% of freshly thawed mono-
cytes. After being cultured overnight in tissue culture-treated 
flasks > 65% of monocytes expressed FcγRIIIa (Fig. 5a). 
In contrast, when a non-adherent plate was used FcγRIIIa+ 
was not upregulated on monocytes (Fig. 5a). When mono-
cytes from adherent and non-adherent plates were compared 
for phagocytosis, the monocytes from the adherent flask had 
enhanced phagocytic activity compared to the non-adherent 
flask (Fig. 5b). This showed that FcγRIIIa enhanced the anti-
body-dependent response beyond that of FcγRIIa. Given that 
the monocytes in the assay upregulated FcγRIIIa, blocking 
Fab fragments were employed to determine if there was a pref-
erence for FcγRIIa or FcγRIIIa in mediating phagocytosis. 
FcγRIIa and FcγRIIIa were blocked by Fab molecules, show-
ing that monocytes use both receptor types in phagocytosis 
(Fig. 5c). Blockade of FcγRIIIa inhibited phagocytosis to a 
greater extent than FcγRIIa, suggesting that FcγRIIIa may 
have a slightly greater role in the process. These data lend 
credence to a hypothesis that monocytes may require an acti-
vation event to enhance antibody-dependent phagocytosis and 
that the increase in activity is associated with an increase in 
FcγRIIIa.

Influence of genotype on FcγRIIIa and FcγRIIa

The valine (V) at position 158 of FcγRIIIa has a higher affin-
ity for IgG1 than phenylalanine (F), while the histidine (H) 
at position 131 of FcγRIIa has a slightly higher affinity for 
IgG1 than the arginine (R) [19]. To determine if the polymor-
phism of FcγRIIIa at position 158 and FcγRIIa at position 
131 influences phagocytosis, multiple PBMC were genotyped 
and evaluated for phagocytosis. The distribution of FcγRIIIa 
at position 158 was VV = 0.10, VF = 0.35, and FF = 0.55, 
and distribution of FcγRIIa at position 131 was HH = 0.32, 
HR = 0.39, and RR = 0.29. Phagocytosis was significantly 
greater with FcγRIIIa VV and VF (P < 0.01) when compared 
to the FF phenotype (Fig. 6a). No difference in phagocytosis 
was observed in FcγRIIa HH (P > 0.10), HR, or RR genotypes 
(Fig. 6b). Having at least one V at position 158 in FcγRIIIa 
enhanced phagocytosis, and the homozygous HH at position 
131 of FcγRIIa trended toward increased phagocytic activity. 
FcγRIIIa VV and VF genotypes were found to enhance tumor 
cell death, whereas FcγRIIa genotype had no effect (Supple-
mental Fig. 11).

- 1 0 1 2 3 4

0

10

20

30

40

Log [Antibody], ng/ml

Ph
ag

oc
yt

os
is

 (%
) 

MCF7-HER2

MCF7-Vector
B

-102-101 102 103 104 105
0

4

8

12

16
C
ou

nt
s

HER2

A

P<0.001

*

*
* * *

Fig. 4   Antigen density is important for phagocytosis. The MCF-7 
breast cancer cell line was transfected with pcDNA HER2, and indi-
vidual clones were selected by serial dilution. a Characterization of 
the protein expression by flow cytometry. Filled histogram is pcDNA 
HER2, bold line is empty vector, and normal line is unstained con-
trol. b Phagocytosis was performed as previously described in Fig. 1. 
Phagocytosis was performed in triplicate; means ± SEM and regres-
sion line are plotted on the graph. Two-way ANOVA with Sidak’s 
multiple comparisons test was used to determine significance. Aster-
isk represents significance between MCF7-HER2 and MCF7-Vector
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Discussion

Monocytes/macrophages have been shown to be important 
mediators of antibody-mediated effector functions in vivo 
[13–15]. The depletion of monocytes in animals when treat-
ing tumors with antibodies eliminated the therapeutic effi-
cacy of the antibody [14, 15]. Not surprisingly, we found that 
monocytes respond differently than NK cells to opsonized 
tumor cells. While monocytes increased their potency with 
a combination of trastuzumab and pertuzumab compared 
to the individual antibodies, NK cell-mediated ADCC was 
not influenced by a second antibody targeting an alternative 
epitope on the same protein. Second, the increase in anti-
gen density significantly enhanced monocyte and NK cell 
function, but failed to increase tumor cell death in HER2 
gene-amplified cell lines. Phagocytosis was enhanced by an 
activation event that increased expression of FcγRIIIa. If the 
increase in FcγRIIIa was the high-affinity (V158) polymor-
phism, the receptor could enhance phagocytosis compared 

Fig. 5   FcγRIIa and FcγRIIIa involved with phagocytosis of tumors. 
a Expression of FcγRIIa and FcγRIIIa from thawed PBMC and those 
cultured overnight on adherent and non-adherent tissue culture flasks. 
b Phagocytosis was evaluated as described in Fig.  1. Comparison 
of phagocytosis from PBMC cultured in adherent and non-adher-
ent tissue culture flasks. All samples were performed in triplicate; 
means ± SEM and regression line are plotted on the graph. Two-way 
ANOVA with Sidak’s multiple comparisons test was used to deter-
mine the significance. Asterisk represents significance between 
adherent and non-adherent. Results are representative of two inde-
pendent experiments. c Phagocytosis was evaluated as described 
in Fig.  1 with a single concentration of trastuzumab (200  ng/ml). 
FcγRIIa and FcγRIIIa Fab were used at a concentration of 10 µg/ml. 
All samples were performed in triplicate; means ± SEM are plotted on 
the graph. One-way ANOVA with Tukey’s multiple comparisons test 
was used to determine significance. Asterisk represents significance 
between untreated and isotype controls and blocking antibodies. 
†Represents significance between blocking of FcγRIIa and FcγRIIIa 
or FcγRIIa + FcγRIIIa. Results are representative of two independent 
experiments

Fig. 6   FcγRIIIa 158V enhances monocyte phagocytosis. PBMC 
from multiple donors were evaluated for phagocytosis as described 
in Fig.  1. Genotypes were obtained for FcγRIIIa at position 158 
(V/F) and FcγRIIa position 131(H/R). PBMC were then separated 
into groups based on genotype for FcγRIIIa (a) and FcγRIIa (b). 
Each symbol is representative of one individual’s PBMC. One-way 
ANOVA with Tukey’s multiple comparisons test was used to deter-
mine significance. Asterisk represents significance between VV or 
VF and FF
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to the low-affinity polymorphism. These findings indicate 
that monocyte function is enhanced by FcγR expression, and 
the genotype, antigen density, and avidity associated with 
multiple antibodies binding to the tumor target.

In preclinical and clinical treatments of breast cancer, the 
combination of pertuzumab and trastuzumab has improved 
tumor rejection and overall survival [1, 9]. This may be due 
to the blockade of signal transduction and prevention of cel-
lular growth [22, 23] or potentially to monocyte effector 
function. We observed enhanced monocyte phagocytosis 
potency when cells were treated with the combination of 
pertuzumab and trastuzumab as compared to the individual 
antibodies alone. The recent report that trastuzumab requires 
the monocyte/macrophage network to reject tumors in mice 
[15] supports monocyte function and potentially phagocy-
tosis as a mechanism of tumor rejection. Given that pertu-
zumab and trastuzumab bind to different epitopes on HER2 
[24, 25], a working hypothesis could be that the combina-
tion of antibodies enhances the avidity of tumors by increas-
ing the number of Fc regions available for recognition by 
enhanced numbers of FcγRs found on monocytes.

In contrast, the addition of pertuzumab to trastuzumab 
had no effect on NK cell-mediated killing of tumors, con-
sistent with the findings of Scheuer et al. [9]. Although we 
saw an increase in NK cell degranulation associated with 
HER2 density, the degree of tumor cell death was insignifi-
cant between gene-amplified and non-amplified breast tumor 
cells. In multiple studies, NK cells at fixed effector-to-target 
ratios have shown breast cancer cell death is independent of 
antigen density [26–28]. This is in contrast to other stud-
ies that show that NK cell-mediated ADCC is associated 
with increased antigen density [4, 5]. Collins et al. noted 
if the effector-to-target ratio was increased, ADCC of 
high-density tumor cells is also increased, suggesting that 
the number of NK cells could be limiting [26]. However, 
tamoxifen-induced HER2 levels increased NK cell degranu-
lation and tumor cell death in HER2 non-amplified cell lines 
[21], indicating that similar ratios of NK cells respond to 
greater antigen density. One explanation is NK cells have a 
threshold of activation when engaging antibody-opsonized 
tumors. Tumors that have low antigen density may start 
to initiate NK cell degranulation and tumor cell death. As 
the density of the target receptor increases, a threshold 
for FcγR signaling is reached, inducing tumor cell death. 
Additional signaling may not be required to enhance tumor 
cell death. Support for this was observed when pertuzumab 
and trastuzumab were found to enhance NK cell activity on 
tumor cells with low HER2 expression. As antigen density 
increases the differential effect of combining antibodies also 
disappears until monocyte function requires it. Alternatively, 
intrinsic factor(s) in tumor cells may limit the effects of NK 
cell-mediated ADCC. X-linked inhibitor of apoptosis pro-
tein (XIAP), a caspase binding protein has been shown to 

decrease ADCC [29]. Intrinsic regulators such as XIAP may 
provide tumors a method to mitigate the cytotoxic effector 
function of immune cells.

Antigen density has proven to be of great importance for 
the treatment of patients with HER2 gene-amplified tumors 
with trastuzumab. Trastuzumab increased time to progres-
sion and overall survival among patients that had HER2 
gene-amplification as determined by fluorescence in situ 
hybridization (FISH), while for patients’ tumors that were 
FISH-negative trastuzumab had no effect, and the treatment 
was comparable to chemotherapy alone [30]. In our experi-
ence, monocyte phagocytosis was significantly more effi-
cient at higher antigen density. The increased requirement 
of antigen density for monocytes that we observed may be 
attributed to FcγRIIb expression. NK cells do not express 
the receptor [13] and appear to be more easily activated by 
low levels of antigen expression on tumor cells than mono-
cytes. Clynes et al. demonstrated that mice deficient of the 
inhibitory receptor FcγRIIb have a greater capacity to reject 
tumors when treated with antibodies [13]. However, when 
blocking antibodies were used to inhibit FcγRIIb engage-
ment in vitro, there was no difference in the level of human 
macrophage phagocytosis in controls versus those blocked 
with FcγRIIb [19]. This may suggest that the mouse inhibi-
tory FcγR is functionally different than human inhibitory 
FcγR. In contrast, the depletion of activating FcγRs in 
mouse models [13] and in vitro blocking of FcγRII(a) and/
or FcγRIIIa by our own and other studies [15, 19] show the 
importance of the low-affinity activating receptors in tumor 
rejection and phagocytosis, respectively.

Only a small percentage of monocytes in the blood 
express FcγRIIIa and all express FcγRIIa. We observed 
that overnight culture resulted in increased expression of 
FcγRIIIa that resulted in improved phagocytosis. The tumor 
microenvironment modifies monocyte/macrophage function. 
On one extreme, inflammatory macrophages (M1) promote 
tumor rejection; on the other, macrophages (M2) assist in 
tumor growth, invasion, and metastasis [31]. The ability to 
modify monocyte function to increase tumor rejection will 
be of great importance. It is well known that interferon-γ 
(IFN-γ) is a potent activator of M1 macrophages that 
improves the cells’ oxidative burst and phagocytosis [15]. 
Treatment of THP-1 cells with IFN-γ elevated FcγRIIIa 
that resulted in improved phagocytosis [15]. Interestingly, 
heightened expression of FcγRIIIa comes with enhanced 
affinity for IgG1 [19] which is strengthened further with 
the V158 genotype. It is possible that IFN-γ is critical for 
monocyte activation in controlling tumor growth and devel-
opment. In syngeneic mouse models of ErbB-2 antibody 
therapy, perforin and tumor necrosis factor-α were found to 
be dispensable, but type 1 interferons and IFN-γ were impor-
tant in tumor rejection [12]. By contrast, M2 macrophages 
have been observed to enhance and inhibit phagocytosis in 
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breast cancer and leukemic targets, respectively [31, 32]. 
Additional studies will be required to better understand how 
the tumor microenvironment influences macrophage polari-
zation and function.

Monocytes/macrophages are among the highest number 
of leukocytes found in human tumors [33]. Therapeutic 
antibodies can trigger monocyte effector functions such as 
phagocytosis [15, 18], trogocytosis [34], and release of cyto-
toxic oxygen and nitrogen free-radicals [35]. These effector 
mechanisms may lead to tumor destruction and/or T-cell 
activation that can potentiate the immune response against 
the tumor [36]. Indeed, in patients treated with trastuzumab, 
remissions were found to be associated with an increase in 
lymphocytes and leukocytes [37]. In breast cancer, less than 
50% of macrophages express FcγRIIIa [33], which we found 
to enhance phagocytosis. A better understanding on how 
to facilitate the expression of FcγRIIIa and activation of 
monocytes/macrophage effector mechanisms may provide 
improved methods to treat cancer.
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