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Evolutionarily conserved resistance to phagocytosis  
observed in melanoma cells is insensitive to upregulation  
of pro-phagocytic signals and to CD47 blockade
Katie L. Andersona,b,c,d,e, Kristin M. Snyderb,c, Daisuke Itob,c,d,e,  
Debra C. Linsf, Lauren J. Millsb,g,h, Kipp Weiskopfj,k,l, Nan G. Ringj,k,l,  
Aaron M. Ringj,k,l, Yoji Shimizud,e,f, Matthew F. Mescherd,e,f,  
Irving L. Weissmanj,k,l and Jaime F. Modianob,c,d,e,f,i           

Therapeutic activation of macrophage phagocytosis 
has the ability to restrain tumour growth through 
phagocytic clearance of tumour cells and activation of 
the adaptive immune response. Our objective for this 
study was to evaluate the effects of modulating pro- and 
anti-phagocytic pathways in malignant melanoma. In 
order to identify evolutionarily conserved mechanisms 
of resistance that may be important for melanoma 
cell survival, we utilized a multi-species approach and 
examined the phagocytosis of human, mouse, and dog 
melanoma cells. We observed that melanoma cells from 
all three species displayed unexpected resistance to 
phagocytosis that could not be fully mitigated by blockade 
of the ‘don’t eat me’ signal CD47 or by chemotherapeutic 
enhancement of known ‘eat me’ signals. Additionally, 
CD47 blockade failed to promote anti-melanoma immune 
responses or tumour regression in vivo. This melanoma 
resistance to phagocytosis was not mediated by soluble 
factors, and it was unaffected by siRNA-mediated 
knockdown of 47 prospective ‘don’t eat me’ signals or by 
CRISPR-Cas-mediated CD47 knockout. Unexpectedly, 
CD47 knockout also did not enhance phagocytosis of 
lymphoma cells, but it eliminated the pro-phagocytic effect 
of CD47 blockade, suggesting that the pro-phagocytic 
effects of CD47 blockade are due in part to Fc receptor 
engagement. From this study, we conclude that melanoma 

cells possess an evolutionarily conserved resistance 
to macrophage phagocytosis. Further investigation will 
be needed to overcome the mechanisms that mediate 
melanoma cell resistance to innate immunity. Melanoma 
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Introduction
Classically activated macrophages have the potential to 
mediate robust anti-tumour immunity through phago-
cytic clearance of tumour cells and antigen presentation 
to the adaptive immune system [1]. This macrophage 
function relies on a balance of pro-phagocytic ( ‘eat me’) 
and anti-phagocytic (‘don’t eat me’) signals expressed on 
the surface of target cells [2].

Pro-phagocytic signals, such as phosphatidylserine and 
calreticulin, are expressed on the surface of cells under-
going immunogenic cell death and can be induced by 
treatment with anthracycline chemotherapy drugs, such 
as doxorubicin [2,3].

The anti-phagocytic signal CD47 is expressed on 
a wide variety of cancers [4–6] and acts as an innate 
immune checkpoint in the tumour microenvironment 
[7]. CD47 binds to the SIRPα receptor on macrophages 
and initiates a signalling cascade within the macrophage 
to inhibit phagocytosis [4–6]. Therapies that block the 
interaction of CD47 and SIRPα have been shown to 
stimulate tumour cell phagocytosis in vitro and induce 
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anti-tumour immune responses in vivo [4,5,8,9], and 
CD47 blockade is being tested in clinical trials [10].

Phagocytosis stimulated by CD47 blockade results in 
antigen presentation and activation of the adaptive 
immune response [8,9]. Thus, therapies to enhance 
phagocytosis may synergize with existing immunothera-
pies that seek to reactivate the adaptive immune system. 
Many of these immunotherapies have been pioneered 
for the treatment of malignant melanoma. Melanoma 
is the most lethal form of skin cancer due to its aggres-
sive nature and propensity for metastasis [11]. The use 
of immunotherapy has revolutionized the treatment 
of melanoma and led to durable remissions in a num-
ber of patients. However, the fact that more than 40% 
of patients with malignant melanoma do not respond to 
immune checkpoint blockade using combination anti-
CTLA-4 and anti-PD-1 therapy underscores the need to 
develop additional therapeutics for the treatment of this 
disease [12,13]. Macrophage-activating therapies have 
the potential to promote durable responses in the subset 
of patients that display resistance to current treatments.

Malignant melanoma occurs in a number of other spe-
cies, including mice and dogs, which can serve as transla-
tional models for the human disease [14–17]. In addition 
to providing a framework for preclinical testing, study-
ing melanoma cells from multiple species facilitates the 
identification of evolutionarily conserved mechanisms of 
immunoevasion that are likely to be important for tumour 
cell survival [16]. Therefore, we utilized a multi-species 
approach to evaluate the response of human, mouse and 
canine melanoma cells to modulation of phagocytic sig-
nals. We demonstrate that melanoma cells from all three 
species display a conserved mechanism of resistance to 
phagocytosis that cannot be overcome by modulation 
of known pro- and anti-phagocytic signals and may be 
related to changes in antibody-mediated effects.

Materials and methods
Additional methods can be found in Supplemental digi-
tal content 1, http://links.lww.com/MR/A158.

Cell lines and culture
Melanoma cell lines (human M14 and M14-GFP: Dr. David 
Cheresh, University of California San Diego, USA; mouse 
B16-OVA: Dr. Ross Kedl, University of Colorado Denver, 
USA [18]; canine TLM1, CMGD2, and CMGD5: obtained 
as described [19]), mammary cancer cell lines (human 
MCF7: American Type Culture Collection (ATCC), mouse 
4T1: Dr. Kaylee Schwertfeger, University of Minnesota, 
USA; canine CMT12: Dr. Curtis Bird, Auburn University, 
USA; feline K12: Dr. Bill Hardy, Rockefeller University, 
USA [20]), osteosarcoma cell lines (human SAOS2: ATCC; 
mouse K12: National Cancer Institute, Bethesda, MD, 
USA; canine OSCA-40, OSCA-78: obtained as described 
[21]) were cultured in Dulbecco’s Modified Eagle Medium 

with 10% foetal bovine serum and 100  μg/ml Primocin. 
Note: Both the feline mammary cancer and mouse oste-
osarcoma cell lines were originally named K12. Here, the 
feline cell line is referred to as K12 and the mouse line as 
K12 murine osteosarcoma. CLBL1 canine lymphoma cells 
(from Dr. Barbara Rütgen, University of Vienna, Austria 
[22]), A20 mouse lymphoma cells (ATCC), and Raji human 
lymphoma cells (ATCC) were cultured as described. All 
cell lines used tested mycoplasma negative by PCR and 
were authenticated using single tandem repeat profiling 
through DDC Medical or Idexx Bioresearch.

Therapeutic agents
The high-affinity SIRPα protein CV1-hIgG4 [23] and 
the anti-CD47 mAb Hu5F9-G4 [24] were produced as 
described. The corresponding isotype control, huIgG4, 
mouse anti-CD47 antibody (clone MIAP301), its cor-
responding isotype control, mIgG2a, and anti-CD271 
(clone ME20.4) were obtained from eBioscience  (San 
Diego, California, USA).

Detection of CD47 expression and blocking of the 
CD47/SIRPα axis
Binding of AlexaFluor488 Hu5F9-G4, BV786 mouse 
anti-human CD47 (Clone B6H12; BD Biosciences, San 
Jose, California, USA), or PE anti-mouse CD47 (Clone 
MIAP301; Biolegend, San Diego, California, USA) was 
assessed using an LSRII flow cytometer, and geomet-
ric mean fluorescence intensity was determined using 
FlowJo. To analyse the blocking ability of CV1-hIgG4, 
1  ×  106 cells were incubated with varying concentra-
tions of CV1-hIgG4 for 15 minutes on ice. Cells were 
subsequently labelled using AlexaFluor488 Hu5F9-G4. 
Analysis was performed as described above, and data 
were fit to sigmoidal dose-response curves using Prism 6.

Macrophage phagocytosis assays
We used mouse J774 cells, non-obese diabetic, severe 
combined immunodeficient, common gamma chain 
knockout  mouse (NOD-SCID-Gamma, or  NSG) mac-
rophages, and human macrophages for our experiments. 
J774 macrophages were activated 24 hours before phago-
cytosis assays using 100 ng/ml recombinant mIFNγ (eBi-
oscience). Cancer cells were either GFP+ or labelled with 
carboxyfluorescein succinimidyl ester (CFSE) (Thermo 
Fisher Scientific, Waltham, Massachusetts, USA) and 
were incubated with 10 μg/ml of CD47 blocking reagents, 
isotype controls, or tumour-targeting antibodies for 30 
minutes. Macrophages were then co-cultured in non-ad-
herent plates with cancer cells at a 1:1 (J774) or 1:2 (NSG, 
human macrophages) ratio. Phagocytosis was analysed by 
flow cytometry after 2 hours. Mouse macrophages were 
identified with PE/Cy7- or allophycocyanin (APC)-anti-
mouse F4/80 (Biolegend), and human macrophages were 
identified with APC-anti-human CD206 (Biolegend). 
Phagocytosis was quantified as the percentage of F4/80+ 
or CD206+ cells that engulfed CFSE+/GFP+ tumour 
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cells per total F4/80+ or CD206+ population. For solu-
ble factor assays, Raji cells and J774 macrophages were 
suspended in supernatant harvested from cultured M14 
melanoma cells titrated with new IMDM medium for the 
duration of the assay.

Harvest of OT-I and OT-II T cells
OT-I.PL mice and OT-II.PL mice were provided by the 
Mescher laboratory and Dr. Marc Jenkins (University 
of Minnesota). OT-I and OT-II T cells were harvested 
as described [25]. OT-I/PL LN cells were enriched for 
CD8+CD44low cells by negative selection using MACS 
magnetic cell separation (Miltenyi Biotec,  Bergisch 
Gladbach, Germany) and were 95% CD8+ and 0.5% 
CD44high post-separation [25]. OT-II T cells were puri-
fied in a similar fashion, selecting for CD4+CD44low cells 
to 80% purity.

In vivo T cell activation
Syngeneic CD45.2 C57BL/6 mice were injected subcuta-
neously (SC) with 2 × 105 B16-OVA cells (Supplemental 
digital content 2, http://links.lww.com/MR/A159). Mice 
received intraperitoneal (IP) injections of MIAP301 or 
control mouse IgG2a (200 μg) on days 9 and 11. On day 
13, OT-I and OT-II T cells were harvested and purified 
as described and labelled with CellTrace Violet (CTV; 
Thermo Fisher). As negative controls, one non-tumour 
bearing mouse received OT-I and OT-II cells, and one 
tumour-bearing mouse did not receive OT-I or OT-II 
cells. As a positive control, one tumour-bearing mouse 
received OT-I and OT-II cells along with 50 μg OVA

257–264
 

peptide and 50 μg OVA
323–339

 peptide. Three days follow-
ing adoptive transfer, the tumour-draining lymph node, 
non-draining (contralateral) lymph node, and tumour 
were harvested and homogenized into single cell suspen-
sions. Cells were labelled with antibodies against CD8, 
CD4, CD69, CD44, Thy1.1, and CD45.1 (Biolegend). T 
cell activation and percent division was assessed by CTV 
dilution using an LSRII flow cytometer.

Tumour control assay
Syngeneic CD45.2 C57BL/6 recipient mice were injected 
SC with 2 × 105 B16-OVA cells. Mice received IP injec-
tions of MIAP301 or control IgG2a (200 μg) on days 13, 15, 
and 17. On day 17, OT-I and OT-II T cells were harvested, 
purified, and labelled with CTV as described. Control 
mice were treated as described in the T cell activation 
assay. Tumour growth was measured daily until tumours 
reached maximum size, as established by the Institutional 
Animal Care and Use Committee  of the University of 
Minnesota, which was approximately 3 weeks.

Chemotherapeutic treatment
B16-OVA cells were treated with 0.03  μM doxorubicin 
for 24 hours. Cells were harvested and stained with 
propidium iodide and APC Annexin V (Biolegend). 

Membrane phosphatidylserine exposure was evaluated 
by flow cytometry and is represented by the %Annexin 
V+PI- cells. Alternatively, cells were labelled with an 
Alexa Fluor 647 anti-mouse calreticulin antibody (clone 
ERP3924; Abcam, Cambridge, England) and incubated 
on ice for 30 minutes before analysis.

Brefeldin A treatment
M14-GFP or Raji cells labelled with CFSE were incu-
bated with 5.0  μg/ml Brefeldin A (BFA) solution for 2 
hours before placement in phagocytosis assays. 5.0 μg/ml 
BFA solution was added to the assay medium.

Statistical analysis
Phagocytosis assays were analysed by Mann–Whitney 
U test (comparing the experimental condition to the no 
antibody control) or by 1-way analysis of variance. T cell 
activation and tumour growth were analysed by Mann–
Whitney U test (comparing the experimental condition 
to the no antibody or tumour only controls). Statistical 
analysis was performed using Prism (GraphPad).

Results
Mouse melanoma cells display resistance to 
phagocytosis that is not fully mitigated by CD47 
blockade
We began to evaluate the role of CD47 in melanoma cell 
phagocytosis by measuring CD47 expression on mouse 
B16 melanoma cells. Mouse A20 lymphoma cells, which 
are sensitive to CD47 blockade [6,8], were used as a 
positive control. We confirmed the surface expression of 
CD47 in both cell types (Fig. 1a). To assess the ability 
of a SIRPα-Fc fusion protein, CV1-hIgG4 [23], to block 
CD47, we incubated B16 and A20 cells with increas-
ing concentrations of unlabelled CV1-hIgG4, followed 
by staining with a fluorescently-conjugated anti-CD47 
antibody (MIAP301). CV1-hIgG4 blocked interactions 
between MIAP301 and mouse CD47 on the surface of 
both cell types (Fig.  1b, Supplemental digital content 
3A, http://links.lww.com/MR/A160). To evaluate the abil-
ity of CD47 blockade to enhance phagocytosis of mouse 
melanoma cells in vitro, we incubated CFSE-labelled 
B16 cells with activated mouse J774 macrophages in the 
presence or absence of CV1-hIgG4. A20 cells (positive 
control) displayed a high basal level of phagocytosis 
(41.6  ±  9%), which was increased upon CD47 block-
ade (60.3 ± 7.5%; Fig. 1c and d). In contrast, B16 cells 
were poorly phagocytosed (4.6  ±  1.2%; Fig.  1c and d). 
Treatment with CV1-hIgG4 lead to a modest increase in 
melanoma cell phagocytosis (10.6 ± 3.9%); however, the 
overall level of melanoma cell phagocytosis remained 
low compared to lymphoma cells (Fig.  1c and d). We 
observed similar results using primary mouse bone mar-
row-derived macrophages, indicating that the defect in 
phagocytosis was not macrophage-dependent (data not 
shown).
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T cell activation following CD47 blockade does not 
enhance rejection of B16-OVA melanoma tumours
Phagocytosis in response to CD47 blockade elicits an 
anti-tumour adaptive immune response in the synge-
neic A20 model [8,9]. To assess antigen-specific T cell 
responses against melanoma in vivo, mice engrafted 
with B16-OVA tumours received two injections of PBS, 
anti-CD47 antibody (MIAP301), or isotype control anti-
body (Supplemental digital content 2, http://links.lww.
com/MR/A159). Transgenic OVA-specific CD8+ (OT-I) 
and CD4+ (OT-II) T cells labelled with CTV were adop-
tively transferred into mice 2 days later and harvested for 
analysis after an additional 3 days [26,27]. MIAP301 lead 
to an increase in the average percent division of OT-I 
cells (41.7 ± 10.2%) in the tumour-draining lymph node 
(DLN) as compared to the isotype control (24.5 ± 4.4%) 
(Fig.  2a). OT-I cells harvested from the non-draining 
(contralateral) lymph node (NDLN) showed no change, 
indicating that a tumour-specific response had occurred 

(Fig. 2b). There was no difference in cell division of OT-II 
T cells in the DLN and the NDLN (data not shown).

To determine if this observed increase in antigen-spe-
cific CD8+ T cell activation could mediate tumour rejec-
tion, mice bearing B16-OVA tumours were treated with 
three injections of MIAP301 or isotype control, and both 
OT-I cells and OT-II cells were adoptively transferred 
following antibody treatment. As expected, transferring 
higher numbers of OT-I and OT-II cells provided greater 
tumour control (Fig. 2c and d). However, we observed no 
difference in tumour growth between the isotype con-
trol- and MIAP301-treated animals over the course of 3 
weeks (Fig. 2c and d).

Melanoma cell resistance to phagocytosis is 
evolutionarily conserved
To evaluate whether melanoma cell resistance to 
phagocytosis was unique to mouse cells, we examined 

Fig. 1

Mouse melanoma displays resistance to phagocytosis that is not mitigated by CD47 blockade. (a) CD47 expression: labelling of mouse mela-
noma (B16-OVA) and lymphoma (A20) cells with the anti-CD47 mAb MIAP301 (PE) as compared to an isotype control was detected by flow 
cytometry. (b) Efficacy of CD47 blockade: cells were incubated with CV1-G4 at the indicated concentrations for 15 minutes, followed by labelling 
with MIAP301 (PE) to detect unoccupied CD47 binding sites. (c) Phagocytosis assay: CFSE-labelled tumour cells were incubated with J774 
macrophages in the presence of control IgG4 or CV1-G4. Phagocytosis was quantified as the percent of F4/80+ J774 cells that engulfed CFSE+ 
tumour cells per total F4/80+ population. Flow cytometry plots represent the mean percent phagocytosis. (d) Quantification of phagocytosis 
assays: The data are a summary of six experiments (B16-OVA) or three experiments (A20) repeated in triplicate (mean ± SEM).
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the sensitivity of human and canine melanoma cells 
to phagocytosis. We confirmed that human (M14) and 
canine (TLM1) melanoma cell lines expressed CD47 at 
levels comparable to human (Raji) and canine (CLBL1) 
lymphoma cells (Fig.  3a). In a competition assay, 
CV1-hIgG4 efficiently blocked interactions between 
anti-CD47 antibodies and CD47 expressed on human 
and canine melanoma cells (Supplemental digital con-
tent 3B and 3C, http://links.lww.com/MR/A160). Raji and 
CLBL1 lymphoma cells demonstrated a sensitivity 
to phagocytosis (31.6  ±  2.9% and 50.3  ±  6.5%, respec-
tively) that was enhanced by the addition of CV1-hIgG4 
(55.6 ± 3.3% and 80.0 ± 2.3%, respectively, Fig. 3b–d). 
While we observed small increases in M14 and TLM1 
melanoma cell phagocytosis in response to CD47 block-
ade, the overall percent phagocytosis of these cells 

(3.7 ± 1.0% and 12.4 ± 2.0%, respectively) remained low 
as compared to lymphoma cells (Fig.  3b–d). Similarly, 
low levels of phagocytosis were observed using two addi-
tional canine melanoma cell lines, CMGD2 and CMGD5 
(Fig.  3D), and two additional human melanoma cell 
lines, SKMEL3 and SKMEL28 (Supplemental digital 
content 4, http://links.lww.com/MR/A161).

To compare the phagocytosis of other solid tumour cells 
to melanoma cells, we performed assays using human, 
canine, feline, and mouse breast/mammary cancer cells 
and osteosarcoma cells. Breast/mammary cancer and 
osteosarcoma cells displayed lower basal levels of phago-
cytosis (10.5 ± 1.0% and 15.6 ± 1.3%, respectively) than 
lymphoma cells, but remained more sensitive to phagocy-
tosis than melanoma cells (Supplemental digital content 

Fig. 2

T cell activation following CD47 blockade does not enhance rejection of B16-OVA melanoma tumours. (a and b) B16-OVA tumour-bearing 
mice received injections of PBS (no antibody), IgG2a isotype control, or anti-CD47 mAb (MIAP301) on days 10 and 12 (200 μg IP/injection or 
equivalent volume of PBS). 1 × 106 OT-I T cells were purified, labelled with CellTrace Violet (CTV), and injected IV on day 14. Negative control: 
OT-I and OT-II T cells were injected into a non-tumour bearing mouse. Positive control: OT-I and OT-II T cells were injected into a tumour bearing 
mouse with SIINFEKL and OVA

323-339
 peptides. On day 17, the tumour-draining lymph node (DLN) and the contralateral, non-draining lymph node 

(NDLN) were harvested, and cells were analysed by flow cytometry. Gating of OT-I cells was performed using congenic markers and percent 
division was determined by CTV dye dilution. Each symbol represents a different mouse; assay was performed three times with three mice per 
experimental group and 1–2 mice per control group. (a) Division of OT-I cells in the DLN. (b) Division of OT-I cells in the NDLN. (c and d) B16-
OVA tumour-bearing mice received IP injections of either IgG2a or MIAP301 on days 13, 15, and 17 (200 μg IP/injection). On day 17, OT-I and 
OT-II T cells were purified, labelled with CellTrace Violet (CTV), and injected intravenously. Groups received either 1.0 × 106 or 5.0 × 106 of each 
OT-I and OT-II cells. Tumour growth was measured with callipers, and volume was calculated as length × width2 × 0.52. (c) Graph represents a 
spider plot of tumour growth in individual mice. (d) Bar graph (mean ± SEM) representing tumour burden at the experimental endpoint (day 24 or 
maximum tumour volume). IP, intraperitoneal.
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Fig. 3

Melanoma cell resistance to phagocytosis is conserved among different species. (a) CD47 expression: labelling of human melanoma (M14) and 
lymphoma (Raji) cells and canine melanoma (TLM1) and lymphoma (CLBL1) cells with the anti-CD47 mAb 5F9 (Alexa 488) as compared to an 
isotype control was detected by flow cytometry. (b) Phagocytosis of human tumour cells: CFSE-labelled tumour cells were incubated with J774 
macrophages in the presence of control IgG4 or CV1-G4. Phagocytosis was quantified as the percent of F4/80+ J774 cells that engulfed CFSE+ 
tumour cells per total F4/80+ population. Flow cytometry plots represent the mean percent phagocytosis. (c) Phagocytosis of canine tumour cells 
as described in (b). (d) Quantification of phagocytosis assays: The data are a summary of three experiments (CLBL1, TLM1, CMGD2, CMGD5), 
12 experiments (M14), or 16 experiments (Raji) repeated in triplicate (mean ± SEM). (e) Summary of phagocytosis assays for all species tested.
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5A and 5B, http://links.lww.com/MR/A162). In contrast to 
melanoma cells, both cell types exhibited a substantial 
increase in phagocytosis (31.2  ±  2.6% and 25.8  ±  2.1%, 
respectively) in response to CD47 blockade (Fig. 3e).

Modulation of pro-phagocytic signals fails to enhance 
phagocytosis
To test the effects of pro-phagocytic signal expression 
on phagocytosis, we exposed B16 melanoma cells to 
doxorubicin (0.03  μM) for 24 hours and demonstrated 
induction of the pro-phagocytic signals calreticulin and 

phosphatidylserine (PS) (Fig. 4a and b). We then placed 
doxorubicin-treated B16 cells in a phagocytosis assay in 
the presence or absence of CV1-hIgG4. We observed 
no difference in phagocytosis following doxorubicin 
treatment alone or in combination with CD47 blockade 
(Fig. 4c).

Combining a tumour cell-specific mAb with CD47 block-
ade has been shown to enhance phagocytosis by provid-
ing a pro-phagocytic stimulus through the Fc receptor 
[23,28]. Thus, we incubated M14 cells with an antibody 

Fig. 4

Modulation of pro-phagocytic signals fails to enhance phagocytosis. B16-OVA cells were treated with the indicated doses of doxorubicin for 
24 hours. (a) Phosphatidylserine (PS) exposure following doxorubicin treatment: display of membrane PS was evaluated by flow cytometry and is 
represented by the %Annexin V+Propidium Iodide- cells. (b) Calreticulin (CRT) exposure following doxorubicin treatment: cells were labelled with 
an anti-mouse CRT antibody (Alexa Fluor 647) and analysed by flow cytometry. (c) Phagocytosis assay: GFP+ B16-OVA tumour cells were treated 
for 24 hours with 0.03 μM doxorubicin chemotherapy or PBS. Treated cells were incubated with J774 macrophages in the presence of control 
IgG4 or CV1-G4. Phagocytosis was quantified as the percent of F4/80+ J774 cells that engulfed CFSE+ tumour cells per total F4/80+ population. 
Summary of three experiments performed in triplicate (mean ± SEM). (d) M14-GFP tumour cells were incubated with J774 macrophages in the 
presence of control IgG4, CV1-G4, anti-CD271, or a combination of antibodies. Phagocytosis was quantified as described in (a). Two experi-
ments were performed in triplicate (mean ± SEM).
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targeting the melanoma antigen CD271 and incubated 
SKMEL3 and SKMEL28 cells with an antibody targeting 
the melanoma antigens GD2/3 [29]. Combination ther-
apy failed to enhance phagocytosis of M14 cells (Fig. 4d) 
or SKMEL3 cells (Supplemental digital content 4A and 
4B, http://links.lww.com/MR/A161). CD47 blockade did not 
promote phagocytosis of SKMEL28 cells, although com-
bination CD47 blockade with an anti-GD2/3 opsonizing 
antibody showed modest enhancement of phagocyto-
sis using NSG macrophage effectors (1.04  ±  0.06% (no 

antibody), 1.97 ± 0.05% (CV1), and 22.5 ± 0.76% (CV1 + 
anti-GD2/3). Curiously, this enhancement was not appar-
ent using human macrophage effectors (Supplemental 
digital content 4A and 4B, http://links.lww.com/MR/A161).

Secretion of soluble ‘don’t eat me’ signals is 
not responsible for melanoma cell resistance to 
phagocytosis
To test if melanoma cell resistance to phagocytosis 
was mediated by secreted anti-phagocytic factors, we 

Fig. 5

Secretion of soluble ‘don’t eat me’ signals is not responsible for melanoma resistance to phagocytosis. (a) Effects of melanoma supernatant on 
lymphoma cell phagocytosis: CFSE-labelled human lymphoma (Raji) cells were incubated with J774 macrophages in the presence of control IgG4 
or CV1-G4 while suspended in supernatant harvested from cultured M14 melanoma cells titrated with new medium. Phagocytosis was quantified 
as the percent of F4/80+ J774 cells that engulfed CFSE+ tumour cells per total F4/80+ population. The data show one representative experiment 
of three experiments repeated in triplicate done with comparable results (mean ± SEM). (b) Effect of Brefeldin A (BFA) treatment on phagocytosis: 
M14-GFP or CFSE+ Raji cells were pre-treated with 5.0 μg/ml BFA for 2 hours before co-culture with J774 macrophages in the presence of con-
trol IgG4 or CV1-G4. Phagocytosis was analysed by flow cytometry as in Fig. 4a. Summary of two experiments repeated in triplicate (mean ± SEM).
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incubated Raji cells in varying concentrations of M14 cell 
supernatant. We observed no defect in lymphoma cell 
phagocytosis or interference with CD47 blockade due 
to the melanoma cell supernatant (Fig. 5a). In addition, 
when placed in a phagocytosis assay containing both Raji 
and M14 cells, macrophages preferentially phagocytosed 
lymphoma cells (data not shown).

To address the possibility that melanoma cells secreted 
a locally acting or short-lived anti-phagocytic factor, we 
treated M14 cells with a secretory inhibitor, BFA. BFA did 
not prevent phagocytosis of Raji cells (Fig. 5b), although 
in these experiments, Raji cell phagocytosis was close 
to the limit of detection, so the enhancement of phago-
cytosis with CD47 blockade was modest. Nonetheless, 
melanoma cell phagocytosis was not enhanced by BFA 
(Fig. 5b).

Melanoma resistance to phagocytosis cannot be 
overcome by knockdown of membrane-bound proteins 
with the potential to deliver ‘don’t eat me’ signals
To investigate the role of membrane-bound ‘don’t eat 
me’ signals in melanoma cell phagocytosis, we uti-
lized data from The Cancer Genome Atlas to identify 
unique, highly expressed genes encoding melanoma 
membrane proteins (Supplemental digital content 
6, http://links.lww.com/MR/A163). We also performed 
a literature search for immunomodulatory melanoma 
cell-surface proteins and for proteins that contribute to 
melanoma growth and metastasis. With this informa-
tion, we developed a siRNA panel targeting 48 mem-
brane-bound proteins (Supplemental digital content 
7A, http://links.lww.com/MR/A164).

We optimized transfection of M14-GFP cells using 
a reporter siRNA (Supplemental digital content 8A, 
http://links.lww.com/MR/A165) and verified that trans-
fection of a CD47-targeting siRNA reduced CD47 
expression by 40–60% (Supplemental digital content 
8B, http://links.lww.com/MR/A165). Seven additional 
genes were selected at random to evaluate the effect 
of siRNAs by quantitative real-time PCR. The results 
showed a 75–90% reduction in mRNA expression fol-
lowing siRNA knockdown (Supplemental digital con-
tent 8C, http://links.lww.com/MR/A165).

M14-GFP melanoma cells were transfected with ran-
domly generated pools of four siRNAs (Supplemental 
digital content 7B, http://links.lww.com/MR/A164) or 
non-targeting control siRNA. Forty-eight hours later, we 
evaluated phagocytosis with or without CD47 blockade. 
We tested the pools of siRNAs in seven groups, each with 
its own set of controls. Phagocytosis of Raji lymphoma 
cells was a positive control. Poor macrophage viability 
(98% cell death) interfered with our ability to quantify 
phagocytosis in the second group, so these data were 
excluded from our analysis. Five of 54 pools slightly 

increased melanoma cell phagocytosis (Supplemental dig-
ital content 7C, http://links.lww.com/MR/A164). However, 
upon replication of these conditions, the siRNA pools did 
not enhance melanoma cell phagocytosis (Supplemental 
digital content 8D, http://links.lww.com/MR/A165).

CD47 knockout fails to enhance phagocytosis of 
melanoma or lymphoma cells
While siRNA mediated knockdown reduced CD47 
expression by 40–60%, it was possible that the remain-
ing CD47 protein was capable of inhibiting phagocyto-
sis. Therefore, we utilized the CRISPR/Cas9 system to 
knockout CD47 gene expression in Raji and M14 cells. 
Cells that went through the same experimental proce-
dure but retained CD47 expression were used as controls 
(Fig. 6a and b). M14 cells remained resistant to phago-
cytosis despite a lack of CD47 expression: the knockout 
line was phagocytosed at a rate of 10.3  ±  1.5%, while 
the control line was phagocytosed at a rate of 7.9 ± 0.4% 
(Fig. 6c).

Curiously, phagocytosis of CD47 knockout Raji lymphoma 
cells was similar to the untreated control cells (30.6 ± 3.3% 
and 37.7 ± 5.4%, respectively) (Fig. 6c). As expected, the 
knockout cells lost responsiveness to CD47 blockade 
(Fig.  6c) and restoration of CD47 expression re-estab-
lished sensitivity to CD47 blockade (Supplemental digi-
tal content 9A and 9B, http://links.lww.com/MR/A166).

Both CD47 blockade and the addition of anti-CD20 
as an opsonizing antibody enhanced phagocytosis of 
control Raji cells (from 21.3  ±  1.6% to 40.3  ±  0.4% 
and 33.8  ±  0.3%; Supplemental digital content 9C,  
http://links.lww.com/MR/A166). Although CD47 knockout 
Raji cells did not respond to CD47 blockade, incubation 
with anti-CD20 did increase phagocytosis of these cells 
(from 16.8 ± 0.4% to 31.2 ± 0.1%; Supplemental digital 
content 9C, http://links.lww.com/MR/A166).

Proteomics analysis does not reveal differences in cell 
signalling following CD47 antibody blockade
To test whether inward signalling induced by anti-CD47 
might be needed to sensitize the cells for phagocytosis, 
we completed proteomics analysis in untreated Raji and 
M14 parental cells, CD47 knockout cells, and CRISPR 
control cells, or in cells treated with isotype control, or 
CD47 blocking antibody (5F9-G4) for two hours. The cell 
signalling proteomes of CD47 knockout cells and paren-
tal cells were virtually indistinguishable (Supplemental 
digital content 10, http://links.lww.com/MR/A167).

Discussion
Modulation of pro- and anti-phagocytic signals can result 
in tumour cell death through macrophage phagocytosis 
and subsequent antigen presentation to the adaptive 
immune system (reviewed in Ref. 10). Here, we demon-
strate that melanoma cells display an evolutionarily 
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conserved mechanism of resistance to phagocytosis that 
cannot be overcome by modulation of known pro- and 
anti-phagocytic signals and may be related to changes in 
antibody-mediated effects, such as interactions with the 
macrophage Fc receptor.

Previous studies have produced contradictory results 
regarding the efficacy of CD47 blockade in the treatment 
of melanoma. In agreement with our study, Sockolosky 
et  al. [30] examined the effects of CD47 blockade in 
B16 mouse melanoma and demonstrated no increase in 

phagocytosis and no inhibition of tumour growth follow-
ing treatment with a CD47 nanobody. Barkal et al. [31] 
also found no difference in the growth of CD47 knock-
out B16-F10 tumours compared to wild-type. However, 
Ngo et al. [29] demonstrated an increase in melanoma cell 
phagocytosis in vitro as well as a decrease in the growth 
and metastasis of primary human melanoma xenografts 
following CD47 blockade. Our work provides a system-
atic evaluation of melanoma cell phagocytosis by exam-
ining the effects of CD47 blockade on melanoma cells 
derived from human, mouse, and dog cells. Similar to the 

Fig. 6

CD47 gene knockout fails to enhance phagocytosis. Human lymphoma (Raji) and melanoma (M14) cells were transfected with CRISPR/Cas9 and 
a sgRNA plasmid targeting CD47. Clonal expansion and gene sequencing were performed to identify CD47 knockout clones as well as CRISPR 
control clones which still expressed CD47. Labelling of Raji lymphoma (a) and M14 melanoma (b) cells with an anti-CD47 mAb (BV786) was 
detected by flow cytometry. (c) CFSE-labelled tumour cells were incubated with J774 macrophages in the presence of no antibody, control IgG4, 
or CV1-G4. Phagocytosis was quantified as the percent of F4/80+ J774 cells that engulfed CFSE+ tumour cells per total F4/80+ population. 
Summary of two experiments repeated in triplicate (mean ± SEM).
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study by Ngo, we observed a small increase in melanoma 
cell phagocytosis in vitro. However, our work revealed 
that the overall levels of melanoma cell phagocytosis 
remained very low compared to the phagocytosis of lym-
phoma, breast/mammary gland cancer, and osteosarcoma 
cells. CD47 expression was found to be variable among 
the cell lines tested, suggesting that the difference in 
engulfment between melanoma and other cancer cells is 
not attributable to the magnitude of CD47 expression.

CD47 blockade led to a slight increase in antigen-specific 
CD8+ T cell activation in vivo, but this was not therapeu-
tically relevant, as CD47 blockade failed to mediate B16 
melanoma tumour regression. The differing results from 
our work and Sockolosky’s [30] with Ngo’s [29] could 
be explained by the features of the model systems: Ngo 
used primary human melanoma xenografts in immu-
nodeficient mice, whereas we used a syngeneic mouse 
melanoma. In xenografts, only tumour cells expressing 
human CD47 will bind human CD47-targeting reagents, 
potentially achieving higher concentrations of antibody 
in the tumour than in syngeneic models where both 
malignant and normal cells can bind CD47, creating an 
“antigen sink” [24,30].

Enhancement of pro-phagocytic signals through treat-
ment with chemotherapy or tumour-specific antibodies 
can also increase tumour cell phagocytosis [3,6,29]. We 
demonstrated that low-dose doxorubicin chemotherapy 
upregulated expression of the pro-phagocytic signals cal-
reticulin and phosphatidylserine, but failed to increase 
phagocytosis of melanoma cells. In addition, the combi-
nation of a tumour-specific antibody with CD47 block-
ade failed to meaningfully enhance the phagocytosis of 
three human melanoma cell lines, although SKMEL28 
cells were sensitive to phagocytosis with an opsonizing 
antibody. These results reflect the heterogeneity of mel-
anoma cells, and suggest that antibody blockade might 
only benefit a small subset of melanoma patients.

We demonstrated that melanoma resistance to phagocy-
tosis was not mediated by a soluble or membrane-bound 
‘don’t eat me’ signal, although it remains possible that 
one or more ‘don’t eat me signals’ not included in our 
panel could mediate resistance. Genome editing experi-
ments confirmed that loss of CD47 created only modest 
increases in melanoma phagocytosis. Surprisingly, elimi-
nation of CD47 did not enhance the phagocytosis of lym-
phoma cells, although phagocytosis of these cells was still 
enhanced by other opsonizing antibodies as well as by res-
toration of CD47 expression. This suggests that, despite 
the creation of CD47 blocking reagents on a human IgG4 
platform [32], binding of macrophage Fc receptors still 
contributed to phagocytosis in this system. These anti-
bodies may provide a ‘bridge’ between macrophages and 
tumour cells, triggering contacts that promote phagocy-
tosis [33]. Proteomics analysis did not reveal any changes 
in inward signalling capable of sensitizing lymphoma 

cells to phagocytosis following CD47 blockade, although 
it remains possible that antibody binding induced more 
rapid changes that returned to baseline before analysis.

In summary, our data demonstrate that melanoma cells 
display an evolutionarily conserved resistance to phago-
cytosis that cannot be overcome by modulation of known 
pro- and anti-phagocytic signals. How melanoma cells 
evade antibody-mediated phagocytosis remains unclear, 
although our data show that CD47 blocking antibodies 
effectively bind to and block CD47 on the surface of 
melanoma cells and that resistance is not mediated by 
melanoma secreted factors, by the inability to upregulate 
‘eat-me’ signals, or by the expression of a large array of 
‘don’t eat me’ signals.

Evasion of phagocytosis may be an important compo-
nent of the resistance to immunotherapy seen in many 
melanoma patients. Thus, advancing our understanding 
of how melanoma cells avoid elimination by the innate 
immune system could lead to the development of new 
therapeutic strategies. The use of comparative animal 
models has the potential to inform our understanding of 
conserved mechanisms of resistance that are important 
for melanoma cell survival and to assist in the preclinical 
development of efficacious therapies for advanced mel-
anoma. Further investigation will be needed to identify 
the mechanisms that mediate the resistance of melanoma 
cells to phagocytosis.
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