
Chemotherapy…what’s	not	to	like?	
	
Chemotherapeu,cs	kill	rapidly	dividing/growing	cells	by	
damaging	DNA	and	blocking	DNA	replica,on.	The	first	
purposeful	chemotherapies	were	used	to	treat	childhood	
leukemias	in	the	1950/60s	
	
Rapidy	growing	cells	are:	
	
1.   Cancer	cells	

2.  Hair	follicles	

3.  Cells	lining	the	intes,nes/colon	

4.  Cells	of	the	immune	response,	i.e.	T	cells…ooops.			
											You	need	these	cells	to	fight	the	cancer!		



He	was	correct,	but	didn’t	know	what	he	and	the	immune	response		
to	cancer	were	up	against!						Cancers	can	acquire	many	means	to		
escape	the	immune	response.	



Burnet’s	experiment	showed	that	the	(mouse’s)	immune	system	could	respond	to	
cancer	cells	and	protect	from	a	later	challenge	by	the	same	cancer	but	not	a	
different	cancer.	



THE	JOB	OF	THE	IMMUNE	SYSTEM	IS	TO	RECOGNIZE	“FOREIGN”	
CELLS	AND	ELIMINATE	THEM.	
	
1.  An,gen	presen,ng	cells	–	Macrophages	and	Dendri,c	Cells	recognize	foreign	cells,	

eat	them	up,	chew	them	up	and	“present”	their	an,gens	to	T	lymphocytes	(T	cells).	
							N	B:		They	must	NOT	eat	“self”	cells	or	deadly	autoimmune	responses	can	occur.	
	
2.			There	are	several	types	of	“self”	tags	called	“don’t	eat	me”	signals	that	prevent	cells					

	of	self	being	eaten	up.		Cancers	have	co-opted	one	of	these,	CD47	to	cloak		
	themselves	in	“selfness”	and	avoid	immune	surveillance	by	APCs	

	
3.  There	are	billions	of	T	cells	circula,ng	in	the	body	each	with	a	different	receptor	to	

recognize	an,gens	(pieces	of	foreign	cells/proteins)	presented	to	them.		When	the	
piece	of	an,gen	recognizes	the	receptor	on	a	T	cell,	that	T	cell	rapidly	divides	
resul,ng	in	a	large	number	of	iden,cal	T	cells	that	match	the	an,gen.	

4.  The	ac,vated	T	cells	can	either	s,mulate	B	cells	to	make	an,bodies	vs	the	an,gen	
OR…T	cells	can	develop	into	cytotoxic	T	cells	that	can	aiack	and	kill	the	foreign	cell	
that	contains	the	original	foreign	an,genic	protein.	The	more	mutated	and	different	
from	self	cells	the	cancer	is,	the	more	likely	the	immune	system	can	aiack	it.	

5.  EVERY	STEP	is	a	balance	of	posi@ve	vs	nega@ve	signals	to	control	the	response!	
	
	

	
	
	
	
	
	
		





WHAT	IS	CANCER	IMMUNOTHERAPY?	
…	a	way	to	make	cancer	cells	visible	to	the	immune	system	

NOT	JUST	ONE	WAY/THING…ONE	SIZE	DOES	NOT	FIT	ALL...	
																											WHICH	APPROACH	FITS	WHICH	CANCER?		WHICH	PATIENTS?	
	
1.   Cancer	vaccines		

	A.		At	first	were	just	killed	cancer	cells	of	the	same	type	as	the	pa,ent’s	cancer		
															but	derived	from	cultured	cancer	cells	from	other	pa,ents’	tumors.	
	

	B.		Then	the	pa,ent’s	own	cancer		cells	or	cell/protein	extracts	used	to	innoculate		
							the	pa,ent	along	with	adjuvants	to	s,mulate	the	immune	system.		

	
	C.		Sequencing	of	the	pa,ents	cancer	cell	transcriptome(s)	provides	a	list	of	
							“neo-an,gens”,	i.e.	proteins	that	are	different	from	those	of	the	pa,ent’s		

															normal	cells,	which	are	then	chemically	synthesized,	combined	with	an,gen		
							presen,ng	cells	(DCs)	and	injected	w	adjuvants.	

	
	D.	Not	surpisingly,	the	cancers	that	are	best	controlled	by	any	immunotherapy	are	
						cancers	that	are	the	most	highly	mutated..i.e.	Different	from	self	cells.	

	
	
	
	
	
	
	
	
	
	
	



How	to	make	a	personalized	cancer	vaccine	



WHAT	IS	CANCER	IMMUNOTHERAPY?	

NOT	JUST	ONE	THING…ONE	SIZE	DOES	NOT	FIT	ALL...WHICH	TYPE	FITS	WHICH	CANCER?	
	
2.	Oncoly@c	viruses	–	display	selec,vity	for	infec,ng	cancer	vs	normal	cells.	

Several	viruses	have	been	shown	to	have	efficacy	vs	tumors	in	mice	and	other	animals		
and	a	few	have	had	success	in	human	trials	with	a	very	good	safety	profile.	
			
					
	
	
	
	
	
	
	
	



Many	viruses	have	been	studied	as	poten@al	an@-cancer	agents	
	
1912-	Tumor	regression	in	cancer	pa,ents	following	rabies	vaccina,on	
	
	
•  Vaccinia	virus 	 	 	solid	tumors,	HCC	

•  Influenza	virus 	 	 	EAC,	human	cancers	

•  Measles	virus 	 	 	glioma,	ovarian	cancer,	myeloma,	solid	tumors	

•  Parvovirus 	 	 	 	glioma	

•  Mumps	virus 	 	 	various	cancers	(Japan)	

•  Herpes	simplex	virus 	 	solid	tumors	

•  Newcastle	disease	virus 	solid	and	hematologic	tumors	

	

	

					
						1965	–	MD	Anderson	ini,ates	virotherapy	of	cancer	program.	
	 9	



N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

Zamarin and Palese Page 36

Table 3

Summary of clinical trials with NDV-based cellular vaccines and oncolysates

Vaccine
preparation

Type of cancer Type of study and
patient number (n)

Clinical outcome Ref.

NDV 73T
oncolysate

Stage II and III melanoma Phase II, n=83,
historical controls

Improved OS* [129–131,134,142,148]

NDV Italien
oncolysate

Stage III melanoma Phase II, n=24,
historical controls

No benefit [149]

NDV 73T
oncolysate

Advanced renal cell
carcinoma

Phase II, n=208,
historical controls

Improved PFS* [137]

NDV Ulster
Whole-cell

Colorectal cancer with
liver metastases

Phase III, n=51
Phase II, n=23

Improved PFS, improved OS
for colon cancer subgroup

[133,135,147]

NDV Ulster
Whole-cell

Resectable colorectal
cancer

Phase II, n=57,
historical controls

Improved OS [139]

NDV La Sota
Whole-cell

Resectable colorectal
cancer

Phase III, n=567 Improved OS [144]

NDV Ulster
Whole-cell

Metastatic renal cell
carcinoma

Phase II, n=40,
historical controls

Improved OS [138]

NDV Ulster
Whole-cell

Advanced ovarian
cancer

Phase II, n=82,
historical controls

Improved PFS [156]

NDV Ulster
Whole-cell

Glioblastoma Phase II, n=23,
concurrent controls

Improved PFS and OS [146]

NDV Ulster
Whole-cell

Advanced head and
neck

Phase II, n=18,
historical controls

Improved OS [157]

NDV Ulster
Whole-cell

Stage III melanoma Phase II/III, n=29 No benefit [145]

*OS: overall survival,

*PFS: progression-free survival
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Summary
Newcastle Disease Virus (NDV) is an avian paramyxovirus, which has been demonstrated to 
possess significant oncolytic activity against mammalian cancers. This review summarizes the 
research leading to the elucidation of the mechanisms of NDV-mediated oncolysis as well as the 
development of novel oncolytic agents through the use of genetic engineering. Clinical trials 
utilizing NDV strains and NDV-based autologous tumor cell vaccines will expand our knowledge 
of these novel anti-cancer strategies and will ultimately result in the successful use of the virus in 
the clinical setting.
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Introduction
“The most striking sign of leukemia, the excess of leukocytes, disappears, and sometimes 
the spleen and lymph glands return to their normal size. Yet that the change is not wholly 
favorable appears from the fact that no case has really recovered… Considering the 
hopelessness of the ordinary treatment of leukemia, it seems that carefully planned 
experiments, either with bacterial products or organ extracts, might show a more safe and 
permanent result” [1].

The idea of using bacteria and viruses for treatment of human malignancies initially 
stemmed from observations since the mid-1800’s of tumor regressions that were associated 
with natural infections[1]. Development of cell and virus culture techniques in the early 
1950’s led to intensive exploration of virus therapy in small animal tumor models and 
eventually in humans[2]. Due to significant virulence associated with the use of some of the 
human pathogens, animal viruses were explored as an alternative, with Newcastle Disease 
Virus (NDV) becoming a promising oncolytic agent [3–13]. This review will summarize the 

*Corresponding author: Tel: 1-646-888-2325, Fax: 1-646-422-0470, zamarind@mskcc.org. 

NIH Public Access
Author Manuscript
Future Microbiol. Author manuscript; available in PMC 2014 November 24.

Published in final edited form as:
Future Microbiol. 2012 March ; 7(3): 347–367. doi:10.2217/fmb.12.4.

NIH-PA Author M
anuscript

NIH-PA Author M
anuscript

NIH-PA Author M
anuscript

Oncolytic Newcastle Disease Virus for cancer therapy: old 
challenges and new directions

Dmitriy Zamarin1,* and Peter Palese2

1Department of Medicine, Memorial Sloan-Kettering Cancer Center, 1275 York Avenue, New 
York, NY 10065, USA
2Department of Microbiology, Mount Sinai School of Medicine, One Gustave L. Levy Place, New 
York, NY 10029, USA

Summary
Newcastle Disease Virus (NDV) is an avian paramyxovirus, which has been demonstrated to 
possess significant oncolytic activity against mammalian cancers. This review summarizes the 
research leading to the elucidation of the mechanisms of NDV-mediated oncolysis as well as the 
development of novel oncolytic agents through the use of genetic engineering. Clinical trials 
utilizing NDV strains and NDV-based autologous tumor cell vaccines will expand our knowledge 
of these novel anti-cancer strategies and will ultimately result in the successful use of the virus in 
the clinical setting.

Keywords
NDV; oncolytic; immunotherapy; apoptosis; interferon; cancer

Introduction
“The most striking sign of leukemia, the excess of leukocytes, disappears, and sometimes 
the spleen and lymph glands return to their normal size. Yet that the change is not wholly 
favorable appears from the fact that no case has really recovered… Considering the 
hopelessness of the ordinary treatment of leukemia, it seems that carefully planned 
experiments, either with bacterial products or organ extracts, might show a more safe and 
permanent result” [1].

The idea of using bacteria and viruses for treatment of human malignancies initially 
stemmed from observations since the mid-1800’s of tumor regressions that were associated 
with natural infections[1]. Development of cell and virus culture techniques in the early 
1950’s led to intensive exploration of virus therapy in small animal tumor models and 
eventually in humans[2]. Due to significant virulence associated with the use of some of the 
human pathogens, animal viruses were explored as an alternative, with Newcastle Disease 
Virus (NDV) becoming a promising oncolytic agent [3–13]. This review will summarize the 

*Corresponding author: Tel: 1-646-888-2325, Fax: 1-646-422-0470, zamarind@mskcc.org. 

NIH Public Access
Author Manuscript
Future Microbiol. Author manuscript; available in PMC 2014 November 24.

Published in final edited form as:
Future Microbiol. 2012 March ; 7(3): 347–367. doi:10.2217/fmb.12.4.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

10	



WHAT	IS	CANCER	IMMUNOTHERAPY?	

NOT	JUST	ONE	THING…ONE	SIZE	DOES	NOT	FIT	ALL...WHICH	TYPE	FITS	WHICH	CANCER?	
	
3.	Chimeric	an@gen	receptor	T	cells	
	
FIRST	need	to	idenpy	a	protein/an,gen	on	the	surface	of	the	cancer	cell	that	is	ideally		
NOT	found	on	normal	cells.	
	
THEN,	develop	a	monoclonal	an,body	specific	for	that	an,gen.	
	
THEN,	graq	the	extracellular	“recogni,on	domain”	of	the	an,body	onto	the	intracellular	
modules	that	ac,vate	T	cells	when	the	an,gen	binds	to	the	external	domain	thus	crea,ng	
the	CAR,	or	Chimeric	An,gen	Receptor.	
	
THEN	harvest	the	pa,ents	own	T	cells,	transfect	them	in	culture	with	the	DNA	construct	
encoding	the	new	CAR,	express	the	construct	in	vitro,	test	for	func,onality	the	give	the	
modified	T	cells	expressing	the	new	CAR	back	to	the	pa,ent...	
	
THEN....	
	
	
	
	
	
	
	
	
	
	
	



CAR	T	cell	Immunotherapy	steps	



WHAT	IS	CANCER	IMMUNOTHERAPY?	

NOT	JUST	ONE	THING…ONE	SIZE	DOES	NOT	FIT	ALL...WHICH	TYPE	FITS	WHICH	CANCER?	
	
4.	“Checkpoint”	inhibitors	–	Abs	that	block	the	tumor’s	inhibi@on	of	immune	system	
	
It	has	taken	50	years	to	understand	the	normal	self-regula,on	of	the	immune	response	
and	20	years	to	figure	out	how	cancers	have	taken	advantage	of	these	mechanisms	to		
evade	the	immne	system.	
	
When	the	immune	system	gears	up	to	fight	off	an	infec,ous	pathogen	or	aiack	a	foreign		
cell	somewhere	in	the	body,	e.g.	a	transplanted	organ	or	a	cancer	cell	with	muta,ons	that	
mark	it	as	“foreign”,			as	the	immune	response	ramps	up	it	also	begins	to	produce		
feed-back	inhibitors	of	that	response	to	avoid	a	dangerous	“over	reac,on”.	
	
Cancers	have	co-opted	these	natural	inhibitors	of	several	steps	in	the	immune	response		
to	protect	themselves	from	immune	aiack.		
	
These	inhibitors	are	called	“check	points”	in	the	immune	response	and		
the	an,bodies	that	block	them	are	referred	to	as	“check	point	inhibitors”.	
	
	
	
	
	
	
	
	
	
	



its ligandprogrammed cell death ligand 1 (PD-L1),
expressed on the surface of cells within a tumor.
PD-1 bears its name from its initial description
as a receptor inducing cell death of an activated
T cell hybridoma (15). However, further work dem-
onstrated that it is instead an immune checkpoint,
with its inhibitory function mediated by the tyro-
sine phosphatase SHP-2, which dephosphorylates
signaling molecules downstream of the TCR (16).
PD-1 has two ligands, PD-L1 (also known as CD274
or B7-H1), which is broadly expressed by many so-
matic cells mainly upon exposure to proinflamma-
tory cytokines (16), and PD-L2 (also known as CD273
or B7-DC), which has more restricted expression
in antigen-presenting cells (16). Inflammation-
induced PD-L1 expression in the tumor micro-
environment results in PD-1–mediated T cell
exhaustion, inhibiting the antitumor cytotoxic
T cell response (16–18) (Figs. 1 and 3).
Antitumor T cells repeatedly recognize cog-

nate tumor antigen as the cancer advances from

primary tometastatic lesions over time. Trigger-
ing of the TCR results in the production of pro-
inflammatory cytokines, including interferon-g
(IFN-g), which is the strongest stimulator of
reactive PD-L1 expression (16, 19). Chronic ex-
posure of T cells to cognate antigen results in
reactive PD-L1 expression by target cells, and
continuous PD-1 signaling in T cells induces an
epigenetic program of T cell exhaustion (20, 21).
Several other interactions in the PD-1 pathway
have a less clear functional meaning. PD-L1 has
been shown to bind the costimulatory molecule
CD80 (B71) expressed on T cells, delivering an
inhibitory signal (16). Repulsive guidance mole-
cule b (RGMb) binds to PD-L2, but not PD-L1, and
seems to be relevant for pulmonary tolerance (16).
PD-1 is therefore a negative regulator of pre-

existing immune responses, which becomes rele-
vant to cancer because its blockade results in
preferential stimulationof antitumorT cells (Fig. 3).
The restricted effect of PD-1 is highlighted by the

limited phenotype of PD-1–deficient mice com-
pared to that of CTLA-4–deficient mice, as the
former aremostly devoid of autoimmune diseases
unless these are induced by other means (16).
Consequently, PD-1–pathway blockade has a more
specific effect on antitumorT cells, perhaps because
of their chronically stimulated state, resulting in
increased therapeutic activity and more limited
toxicity compared to CTLA-4 blockade (22, 23).

Clinical effects of PD-1– and
PD-L1–blockade therapies

The underlying biology and durable response
rates in patients with multiple types of cancer
indicate that therapeutic blockade of the PD-1
pathway is arguably one of the most important
advances in the history of cancer treatment.
There are currently five anti–PD-1 or anti–PD-
L1 antibodies approved by the FDA in 11 cancer
indications (Table 1 and Fig. 2). The first evi-
dence of the antitumor activity of PD-1 blockade

was with the fully humanmonoclonal antibody
nivolumab (previously known as MDX-1106/
BMS936558). Nivolumab was first administered
to a patient in October 2006 in a phase 1 single-
infusion dose-escalation trial and represents
the first instance of PD-1 blockade in humans
(Fig. 2). Among the 16 initial patients who re-
ceived nivolumab every 2 weeks, six (37.5%) had
objective tumor responses, including patients
with melanoma, renal cell carcinoma, and non–
small cell lung cancer (NSCLC) (24). The no-
table early evidence of antitumor activity in this
phase 1 trial was accompanied by limited tox-
icity, although the rare development of pneu-
monitis was an indicator of occasional serious
toxicities (24, 25). The presentation of the phase
1 data with nivolumab triggered rapid acceler-
ation of clinical trial plans with this and other
anti–PD-1 and anti–PD-L1 antibodies (Fig. 2).
The anti–PD-1 antibody pembrolizumab en-
tered clinical testing in April 2011. With the

encouraging clinical data from nivolumab,
pembrolizumab’s clinical development focused
on patients with metastatic melanoma and
NSCLC, resulting in the largest phase 1 trial ever
conducted in oncology, eventually enrolling
1235 patients (26, 27).
The first FDA approvals of PD-1–blocking anti-

bodies were through accelerated and break-
through filing pathways, with pembrolizumab
and nivolumab approved for the treatment of
patients with refractory melanoma in 2014
and, in 2015, for patients with advanced NSCLC
(Fig. 2). The first anti–PD-L1 antibody approved
was atezolizumab for urothelial cancers in 2016,
followed by avelumab for Merkel cell carcinoma in
2017 (Fig. 2). This class of agents was the first to
be granted FDA approval on the basis of a genetic
characteristic as opposed to the site of origin of the
cancer, with the approval of pembrolizumab and
nivolumab for the treatment of microsatellite-
unstable cancers of any origin in 2017 (28). This

rapid drug development and
broad range of approvals are
based on a series of charac-
teristics of the clinical activity
ofPD-1pathway–blockinganti-
bodies and are outlined below.
Antitumor activity of PD-

1–pathway blockade has been
observed in a subset of pa-
tients within a broad range
of cancers, particularly in
carcinogen-induced cancers
or cancers driven by viral
infections (Table 1). The high-
est antitumor activities of
single-agent PD-1–blockade
therapy are inHodgkin’s lym-
phoma, inwhich there is con-
stitutive expression of PD-L1
throughacommonamplifica-
tion of the PD-L1–encoding
locus together with PD-L2
and Janus kinase 2 (JAK2)
(termed PDJ amplicon)
(29); the virally induced

Merkel cell carcinoma of the skin (30); micro-
satellite-instability cancers with high mutational
load frommismatch-repair deficiency, leading to
a high frequency of insertions and/or deletions
(indels) (28); and desmoplastic melanoma, a
rare subtype of melanoma that has a very high
mutational load arising from chronic ultraviolet
light–induced point mutations (31). In these
cases, response rates are now 50 to 90%. A
second group of cancers with relatively high
response rates are carcinogen-induced cancers,
such as the more common variants of melanoma
arising from intermittently exposed skin, where
upfront response rates are presently in the range
of 35 to 40%, and a series of cancers associated
with the carcinogenic effects of cigarette smok-
ing, such as NSCLC and head and neck, gastro-
esophageal, and bladder and urothelial cancers,
with response rates in the range of 15 to 25%
(26, 32–34). The other two approvals of single-
agent anti–PD-1 therapies are in hepatocellular

Ribas et al., Science 359, 1350–1355 (2018) 23 March 2018 2 of 6

Fig. 1. Blockade of CTLA-4 and of PD-1 and PD-L1 to induce antitumor responses. (Left) CTLA-4 is a negative regulator of
costimulation that is required for initial activation of an antitumor T cell in a lymph node upon recognition of its specific
tumor antigen, which is presented by an antigen-presenting cell. The activation of CTLA-4 can be blocked with anti–CTLA-4
antibodies. (Right) Once the Tcells are activated, they circulate throughout the body to find their cognate antigen presented
by cancer cells. Upon recognition, the triggering of the TCR leads to the expression of the negative regulatory receptor
PD-1, and the production of IFN-g results in the reactive expression of PD-L1, turning off the antitumor T cell responses.
This negative interaction can be blocked by anti–PD-1 or anti–PD-L1 antibodies.
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Peptide vaccines
MAGE-A3 vaccine in lung cancer
MAGE-A3 is a cancer testis-antigen11 that is expressed 
at significant levels only in the testes, where it remains 
inaccessible to T cells because MHC molecules are not 
expressed there. Endogenous immune tolerance to 
MAGE-A3 is generally absent. In lung cancer (and several 
other tumour types), MAGE-A3 expression increases 
with tumour stage; overall the antigen is expressed 
in approximately 35% of lung tumours.32 To target 
MAGE-A3 with a vaccine, a series of adjuvants were 
developed by GlaxoSmithKline.33 The initial adjuvant 
system, AS02, was an oil–water emulsion that included 
peptide and two stimulatory molecules. The first of these, 
monophosphoryl lipid A (MPL),34 activates DCs through 
Toll-like receptor 4 (TLR4). The second component of 
AS02, QS21, enhances protein antigen uptake by DCs. In 
a phase II study of the MAGE-A3 vaccine, 182 patients 
with surgically resected, MAGE-A3-positive NSCLC 
tumours (stages IB and II) were random ly assigned 
(2:1) to receive MAGE-A3 vaccine (n = 122) or placebo 
(n = 60).35 In this trial, patients did not receive adjuvant 
chemotherapy, according to the standard of care at that 
time. The primary end point of the trial, disease-free 
interval, was not significantly different between the two 
groups (HR 0.74, 95% CI 0.44–1.2, P = 0.107). In general, 
the vaccine was well tolerated with only three treatment-
related adverse events. A tumour gene- expression 
profile was investigated, and revealed a 43% relative risk 
reduction for recurrence in the vaccine treated group 

in patients with a favourable gene- signature profile 
(HR 0.57, 95% CI 0.25–1.34, P = 0.99).36 These data 
supported the design and initiation of a large phase III 
trial, MAGRIT (Table 1).37 On the basis of data from a 
random ized phase II study in melanoma, the immuno-
logical adjuvant for this trial was changed; instead 
of AS02, the adjuvant used in the phase III study also 
included CpG 7909, a synthetic 24-mer oligonucleo-
tide designed to target selectively an additional Toll-like 
receptor, TLR9. The primary end point was disease-free 
survival, and 2,270 patients with completely resected 
tumours expressing MAGE-A3 were randomly assigned 
to receive either vaccine or placebo. Enrollment is now 
completed. In keeping with current clinical practice, 
patients were permitted to receive adjuvant chemo-
therapy before trial randomization. Notably, this trial is 
the largest ever interventional study in NSCLC, reflecting 
an increased i nterest in immunotherapy for lung cancer.

Multi-targeted peptide vaccine in RCC
In contrast to optimizing adjuvant with a single antigen, 
the leading vaccine approach in kidney cancer focuses 
on targeting multiple carefully selected antigens with a 
less complex adjuvant. To select relevant antigens, kidney 
tumours from a series of 32 patients who expressed the 
common Class I MHC molecule HLA-A*02 were iso-
lated, and the cell surface peptides residing in Class I 
MHC molecules were eluted and subjected to mass 
spectrometry analysis.38 This approach identified a set 
of nine tumour-associated peptides (TUMAPs), which 
were incorporated into a vaccine using granulocyte-
macrophage colony stimulating factor (GM-CSF) as 
an adjuvant. GM-CSF is a strong inducer of DC migra-
tion, but perhaps less robust than several of the Toll-like 
receptor agonists in terms of inducing DC activation. 
Phase I and phase II data on this agent were recently 
reported in a single publication.38 The phase I study 
enrolled a total of 28 patients with advanced renal 
cell carcinoma (RCC); patients were required to be 
HLA-A*02 positive. These patients received up to eight 
IMA901 multi-peptide vaccinations, each preceded by 
GM-CSF as an adjuvant. The vaccine was well tolerated, 
with no grade 3 or 4 adverse events noted. At a 3-month 
f ollow- up point, a single patient (out of the 28) showed 
a partial response, 16 patients had disease progression 
and 11 patients had stable disease. Immune responses 
to the targeted peptides were detected in several of the 
treated patients. To improve clinical activity, investigators 
made use of well-established data that showed that low 
doses of cyclophosphamide have vaccine- potentiating 
immune effects,39 which are at least partially medi-
ated by the depletion of regulatory T cells (TREG) that 
turn off an immune response.40,41 The phase II study of 
IMA901 was a randomized trial, in which 68 HLA-A*02 
positive patients with RCC were randomly assigned to 
receive either IMA901, or IMA901 preceded by a single 
immuno modulatory dose of intravenous cyclophos-
phamide (300 mg/m2). As noted previously,42 objective 
tumour regressions were relatively rare, with a single 
partial response among 64 patients confirmed on central 

Tumour-specific
T cell

T-cell
receptor

Antigen

MHC

PD-1

PD-L1

anti-PD-1

anti-CTLA-4

CTLA-4

CD28

B7

Tumour cell or
antigen-presenting cell

Figure 2 | Immune checkpoint blockade. This approach to immunotherapy is 
exemplified by antibodies directed against CTLA-4 (ipilimumab, tremilimumab), 
which block the immunosupression mediated by the interaction between B7 family 
members (on antigen-presenting cells) and CTLA-4 (on CD8+ and CD4+ T cells). 
A second major checkpoint, mediated by the interaction between PD-1 on T cells 
and its ligand PD-L1 on either antigen-presenting cells or tumour cells, has been 
the subject of several recent clinical trials, and has shown evidence of efficacy in 
both non-small-cell lung cancer and renal cell carcinoma.
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An,-CD47	Promotes	Phagocytosis	of	Tumors	
mAb	blocks	the	“don’t	eat	me”	signal	sent	by	CD47	
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CD47	blockade	promotes	uptake	of	tumor	cells	by	macrophages	
and	dendri>c	cells	which	present	an>gens	to	s>mulate	an	an>-
tumor	T	cell	response	
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cancer cells from every primary and xenograft patient tumor
sample evaluated (Fig. 1A; for representative analyses, see Fig.
S1A). CD47 was also highly expressed on tumor samples when
analyzed by immunofluorescence (Fig. S1B). As previously repor-
ted, CD47 was also detected on dissociated normal (noncancer)
cells (Fig. 1A) (13–15). To evaluate the relative expression level of
CD47 by tumor cells, we performed quantitative flow cytometry on
dissociated cells from separate tumor or matched adjacent normal
(nontumor) tissue specimens diagnosed by pathologists at Stanford
University. On average, tumor cells expressed ∼3.3-fold more
CD47 than corresponding normal cells (Fig. 1B).

CD47 mRNA Expression Levels Predict Survival. We previously
demonstrated that increased CD47mRNA expression levels were
correlated with poor clinical outcomes in patients with acute
myeloid leukemia and non-Hodgkin’s lymphoma (16, 17). To
determine if CD47 mRNA expression levels were also a prog-
nostic factor in human solid tumors, we analyzed gene-expression
data from several previously described cohorts of patients with
ovarian cancers, gliomas, and glioblastomas (Table S1) (18–25).
In a univariate analysis, stratification of patients into “CD47 high”
and “CD47 low” groups based on an optimum threshold revealed
that high CD47 mRNA expression levels were associated with a
decreased probability of progression-free (Fig. 2 A and B) and
overall (Fig. 2 C–F) survival. These results suggest that CD47
expression levels may be a clinically relevant prognostic factor in
some solid tumors.

Anti-CD47 Antibodies Enable Phagocytosis. We previously demon-
strated that blockade of CD47-mediated SIRPα signaling using
targeted monoclonal antibodies (mAbs) induced the phagocy-
tosis of leukemia, lymphoma, and bladder cancer cells by human
and mouse macrophages (5, 16, 17, 26). We expanded our eval-
uation of human solid tumors and tested the ability of purified
blocking (clones B6H12.2 and Bric126) and nonblocking (clone
2D3) anti-CD47 mAbs to induce the phagocytosis of cells from
dissociated patient ovarian, breast, and colon tumors, patient-
derived glioblastoma neurospheres, and colon cancer cell lines.
In contrast to cells treated with isotype-matched mouse IgG,
anti-HLA, or nonblocking anti-CD47 (2D3) control mAbs, solid
tumor cells treated with the blocking anti-human CD47 (hCD47)
mAbs B6H12.2 and Bric126 were efficiently phagocytosed by
human and mouse macrophages (Fig. 3 B and C; see Fig. 3A for
representative images and Movies S1 and S2 for videos dem-
onstrating phagocytosis of human tumor cells following anti-
hCD47 mAb treatment). To ensure anti-hCD47 therapy can also
effectively target and eliminate cancer stem cells (CSCs), FACS-
purified colorectal CSCs (lineage−ESA+CD44+) were isolated
from freshly dissociated xenograft tumors (27). Blocking anti-
hCD47 mAbs induced the phagocytosis of purified colorectal
CSCs by both human and mouse macrophages (Fig. 3D). These
results suggest that CD47 is a legitimate therapy target, and that
blocking anti-hCD47 mAbs may be effective therapeutic agents
to inhibit solid tumor growth by enabling macrophages to elim-
inate both CSCs and their differentiated progeny.
Tumor-associated macrophages (TAMs) often aid tumor

growth and may be functionally impaired and potentially in-
effective at phagocytosis of tumor cells (28–30). To determine if

TAMs retain the ability to phagocytose tumor cells upon anti-
hCD47 mAb treatment, we isolated TAMs (F4/80+) and human
tumor cells (GFP+) by FACS from single-cell suspensions pre-
pared from large (>1 cm3) subcutaneous xenograft tumors
established in NOD/SCID/γ (NSG) mice. These tumors were
established with patient breast, bladder, or liver cancer cells pre-
viously transduced with a GFP encoding lentivirus. Purified tumor
cells and TAMs were mixed in the presence of control IgG1 or
anti-hCD47 mAbs and phagocytosis was evaluated by flow
cytometry detection of GFP+ TAMs. Blockade of CD47 increased
TAM phagocytosis of human tumor cells (Fig. 3E; see Fig. S2 for
representative analyses), demonstrating that TAMs can be con-
verted into antitumor effectors by anti-hCD47 antibody therapy.

Anti-CD47 Antibodies Inhibit Tumor Growth. We hypothesized that
anti-CD47 mAbs would enable the phagocytosis of xenotrans-
planted solid tumor cells, resulting in an inhibition or elimination
of the developing tumor. Tumor cells from dissociated patient
xenograft tumors (see Table S2 for tumor specimen details) were
injected into immunodeficient NSG mice (see Table S3 for full
experimental details). NSGmice lack B, T, andNK cells, but retain
macrophages with phagocytic potential (Fig. 3). Unfortunately, the
nonblocking 2D3 clone anti-hCD47 hybridoma is unavailable and
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Fig. 1. CD47 is highly expressed on patient solid tumors. (A)
Percentage of patient tumor (●) or normal (○) cells that ex-
press CD47, as evaluated by flow cytometry, relative to an
isotype-matched control. Each symbol represents a different
tissue sample. (B) Tumor cells express more CD47 than
matched adjacent normal cells, as evaluated by quantitative
flow cytometry. Levels of CD47 expression were quantified on
live, CD45−, CD31−, and ESA+ cells. Analysis of the kidney
samples was performed on live CD45−, CD31− cells. See also
Fig. S1. GBM, glioblastoma multiforme; HCC, hepatocellular
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appeared (2 wk), mice were treated with a fully humanized anti-
CD47 mAb (clone B6H12) or human IgG by intraperitoneal
injections three times per week (full details of treatment protocol
are in Table S2). At the conclusion of the experiment, animals
were killed and tumor presence was confirmed by H&E staining
and Vimentin IHC. We found that treatment with anti-CD47
mAbs dramatically inhibited tumor growth of both LMS04 and
LMS05 xenotransplanted tumors, with LMS05 showing a greater
than fivefold decrease in average tumor mass (t test, P = 0.0001)
and LMS04 showing a greater than 30-fold decrease in average
tumor mass (t test, P = 0.0188) (Fig. 4 A–D).

Histological analysis of LMS04- and LMS05-engrafted mice
was performed to evaluate the presence of distant metastases. In
LMS05-engrafted mice, lungs, livers, kidneys, spleens, hearts,
and brains showed no evidence of metastatic disease, as evalu-
ated by H&E staining and Vimentin IHC. In contrast, metastases
developed in the in the lungs of LMS04-engrafted mice. In the
IgG control-treated mice, a total of 409 lung metastases were
observed in the five mice, whereas only six metastatic growths
were observed in the lungs of the five mice receiving anti-CD47
mAbs, representing a nearly 70-fold decrease in the metastatic
potential of LMS04 xenotransplanted tumors upon anti-CD47
mAb treatment (t test, P = 0.03) (Fig. 4E). Notably, the six
pulmonary metastases observed in the anti-CD47 mAb-treated
mice were all single-cell growths, whereas IgG-control–treated
mice showed significant numbers of well-established multicell
metastatic clusters (Fig. 4 F and G).

Development of a Metastatic Model of LMS.Distant metastases and
tumor recurrences after primary tumor resections are the prin-
cipal factors underlying mortality in LMS patients and represent
significant challenges to the clinical management of these tumors
(2, 3). We therefore sought to recapitulate the progression of
the human disease by developing a metastatic xenotransplan-
tation model of LMS. One hundred thousand LMS04 cells were
engrafted subcutaneously on the backs of 14 NSG mice and in-
dividual animals were killed each week to check for the presence
of lung metastases (Fig. 5A). At early time points, mice showed
no evidence of lung metastases, indicating that the metastatic
growths observed at later time points in the IgG-treated LMS04-
engrafted mice were not resulting from the initial tumor injection
procedure, but rather were originating from the primary tumors
(Fig. 5B). Six weeks after subcutaneous injection of tumor cells
on the back, LMS04 tumor cells started to appear as single cells
in the lungs, as determined by H&E staining and Vimentin IHC.
At this time the primary tumors in the remaining eight mice were
resected and individual mice were killed each week to assess the
progression of the metastatic lung growths. Postresection, the
number and size of metastases in the lungs increased over time
(Fig. 5B) and mice also developed secondary axillary lymph-node
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Fig. 3. Real-time monitoring of LMS cell phagocytosis by macrophages. RFP-
positive mouse macrophages (red) and fluorescently labeled LMS05 cells
(green) were cocultured in the presence of anti-CD47 (A) or IgG (B) anti-
bodies and were imaged using video microscopy. (Movies S1, S2, and S3).
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anti-CD47 monoclonal antibodies inhibits primary tumor growth,
thereby suggesting that anti-CD47 therapy may be an effective
means of treating primary LMS tumors. We noted that in one of
the xenotransplanted cell lines (LMS04) pulmonary metastases
resulted, which decreased in size and number upon treatment with
anti-CD47 mAbs. Although the primary effect of anti-CD47 is
likely to be via the TAMs, other hematolymphoid cells express
SIRPα, and in this article we have not analyzed whether multiple
effectors could be involved. Furthermore, although T-cells have

also been shown to potentially mediate TAM polarization, this
mechanism was not investigated in the present work, as the NSG
mice used for our in vivo experiments lack functional T-cells (5).
In most human LMS cases, the initial tumor can be surgically

resected and radiation therapy is often an effective approach for
inhibiting the recurrence of the primary tumor. Although the
primary tumor growth can often be controlled, a significant
fraction of LMS tumor lethality is because of metastatic disease
(1–3). Here, we developed a xenotransplantation model of
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Human	Leiomyosarcomas	express	high	levels	of	CD47	
and	growth	of	these	tumors	in	mice	is	inhibited	by		
humanized	B6H12	(an@-human	CD47	mAb)	
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