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Conventional chemotherapeutics may induce immunogenic cancer cell death or stimulate immune effectors via so-called
off-target effects. The study by Besch et al. in this issue of the JCI now demonstrates that agents designed to stimulate
the innate immune system by activating intracellular pattern recognition receptors can kill cancer cells in a direct, cell-
autonomous fashion (see the related article beginning on page 2399). The authors show that ligation of viral RNA
sensors, such as RIG-I or MDA-5, by viral RNA mimetics triggers mitochondrial apoptosis in human melanoma cells in an
IFN-independent fashion. The data suggest that tumor cell killing and immunostimulation may synergize for optimal
anticancer immunochemotherapy.
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Conventional	chemotherapeutics	may	induce	immunogenic	cancer	cell	death	
or	stimulate	immune	effectors	via	so-called	off-target	effects.	The	study	by	
Besch	et	al.	in	this	issue	of	the	JCI	now	demonstrates	that	agents	designed	to	
stimulate	the	innate	immune	system	by	activating	intracellular	pattern	recog-
nition	receptors	can	kill	cancer	cells	in	a	direct,	cell-autonomous	fashion	(see	
the	related	article	beginning	on	page	2399).	The	authors	show	that	ligation	of	
viral	RNA	sensors,	such	as	RIG-I	or	MDA-5,	by	viral	RNA	mimetics	triggers	
mitochondrial	apoptosis	in	human	melanoma	cells	in	an	IFN-independent	
fashion.	The	data	suggest	that	tumor	cell	killing	and	immunostimulation	
may	synergize	for	optimal	anticancer	immunochemotherapy.

Adjuvants are natural or synthetic com-
pounds  that  stimulate  the  immune 
response, mostly by interacting with recep-
tors  of  the  innate  immune  system  (i.e., 
pattern recognition receptors [PRRs]) that 
have evolved to recognize viral or bacterial 

structures known as pathogen-associated 
molecular patterns (PAMPs) (1). One of the 
hallmarks of cancer is the avoidance or sup-
pression of antitumor immune responses 
(2),  and  the  introduction  of  adjuvants 
into tumors, alone or in combination with 
cytotoxic agents, has been attempted  in 
an effort to stimulate anticancer immune 
responses. Local  instillation of bacterial 
extracts  (e.g., Bacillus Calmette-Guérin) 
is  now  the  standard  therapy  for  nonin-
vasive bladder cancer (3), and superficial 
basal cell carcinoma is usually eradicated 
by topical application of a synthetic PRR 
activator, imiquimod (which activates the 
PRR known as TLR7) (4). Innate effectors 
of the immune system (such as DCs) are 
activated by PAMPs to stimulate NK and 

CTL responses.  In addition,  tumor cells 
that are exposed to PAMPs can produce 
chemokines and cytokines (such as type I  
IFNs),  which  attract  immune  effectors 
into  the  tumor  bed  (1).  Most  immuno-
adjuvants have been generated to stimu-
late surface-exposed or  lysosomal TLRs, 
which constitute  the  first class of PRRs 
to  be  discovered.  However,  recent  stud-
ies have been evaluating the possibility of 
targeting cytosolic PRRs that detect the 
presence of viral genomes in infected cells 
(1,  5).  Endogenous  RNA  present  in  the 
cytoplasm is  largely single stranded and 
lacks 5′-triphosphate RNA (pppRNA) moi-
eties because the RNA transcribed from 
nuclear host DNA is processed to remove 
them (for instance by 5′ capping and splic-
ing) before the RNA is exported from the 
nucleus. In contrast, viral RNA stimulates 
specific  cytosolic  receptors  by  virtue  of 
the presence of 5′-triphosphate residues 
(which interact with the cytoplasmic PRR 
retinoic acid–inducible gene I [RIG-I]) or 
that of double-stranded structures (which 
are mostly recognized by a RIG-I homolog, 
melanoma differentiation–associated anti-
gen 5 [MDA-5]) (1, 5). Upon recognition 
of viral RNA mimetics such as synthetic 
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pppRNA or polyinosinic-polycytidylic acid 
[poly(I:C),  an  artificial  double-stranded 
RNA], RIG-I or MDA-5, respectively, bind 
to  the  adapter  protein  IFN-β  promoter 
stimulator 1 (IPS-1, also known as CARDIF,  
MAVS, or VISA), which is tethered to the 
outer  mitochondrial  membrane.  This 
interaction then triggers a complex signal 
transduction cascade culminating in the 
activation of transcription factors (in par-
ticular, NF-κB and IFN regulatory factor 3 
[IRF-3]) and the production of cytokines 
including class I IFNs (1, 5) (Figure 1).

Adjuvants with direct  
cytotoxic effects
In this issue of the JCI, Besch et al. (6) report 
that introduction of viral RNA mimetics 
into  human  melanoma  cells  can  stimu-
late a novel signal transduction pathway 
that triggers activation of the mitochon-
drial pathway of apoptosis, culminating in 
melanoma cell death. Exposure of human 
melanoma cell  lines  to  liposome-encap-
sulated  pppRNA  or  poly(I:C),  ensuring 

intracellular delivery of the RIG-I or MDA-5  
ligands,  caused  both  IFN-α  production 
and cell death in an IPS-1–dependent fash-
ion (Figure 1). However, the mere recruit-
ment of RIG-I or MDA-5 to mitochondria 
is not sufficient to induce apoptosis. For 
this, RIG-I or MDA-5 must activate  the 
expression of the BH3-only protein Noxa, 
which  then  causes  mitochondrial  cyto-
chrome c release and consequent activation 
of the apoptotic peptidase–activating fac-
tor 1– (Apaf-1–) and caspase-9–dependent 
apoptotic pathway (Figure 1). The exact 
mechanisms that lead to the activation of 
a proapoptotic  transcriptional program 
remains elusive, apart from the fact that it 
is independent of the tumor protein p53 
(6). Of note, although a panel of nontrans-
formed cells overexpress Noxa in response 
to RIG-I or MDA-5 ligation, they do not 
succumb to apoptosis (6, 7), presumably 
because the antiapoptotic protein Bcl-xL, 
a close homolog of Bcl-2, prevents mito-
chondrial permeabilization (6). Thus, RIG-I  
and MDA-5 ligands exhibit a vague tumor 

specificity that requires further mechanis-
tic and toxicological exploration.

Importantly, Besch et al. (6) show that 
poly(I:C) encapsulated into liposomes can 
reduce the growth of pulmonary melano-
ma metastases in vivo, in xenografted mice. 
Since this effect is observed in immunode-
ficient NOD/SCID mice (which lack both 
NK and T cells), it is likewise mediated by 
direct effects on the tumor cells. Although 
indirect effects mediated by IFN cannot be 
ruled out as participating in the anticancer 
effects of poly(I:C) in vivo, IFN does not 
contribute to RIG-I/MDA-5–induced kill-
ing in vitro. Thus, knockdown of the type I  
IFN receptor or blockade of IFN produc-
tion (by depletion of IRF-3) failed to reduce 
apoptosis induction by RNA mimetics (6).

Ligation of one particular TLR, TLR3, 
has  been  shown  to  induce  apoptosis  of 
mammary carcinoma cells (8) and mela-
noma cells  (9), establishing a precedent 
with respect to how the activation of PRRs 
can induce apoptosis in tumor cells. How-
ever,  poly(I:C),  which  can  interact  with 
another TLR, TLR7 (which is present on 
lysosomes), as well as with RNA-activated 
protein kinase (PKR), was shown by Besch 
et al. (6) to kill melanoma cells solely by its 
action on MDA-5, not TLR7 or PKR. This 
contrasts with the fact that intracellular 
delivery of poly(I:C) requires PKR for opti-
mal killing of HeLa cells (10), pointing to 
possible heterogeneities in the response of 
tumors to viral RNA mimetics. Of note, 
in specific circumstances, the ligation of 
PRRs (such as TLR4 on human head and 
neck squamous cell carcinoma cells) may 
have tumor-promoting effects (11), mean-
ing that each PAMP should be subjected 
to a careful case-by-case analysis. From the 
virologist’s point of view, it is not surpris-
ing that the ligation of PRRs by PAMPs 
causes apoptosis. Indeed, one of the phy-
logenetically ancient “immune responses” 
against viral infection is programmed cell 
death  of  individual  virus-infected  cells, 
which  thus  limits  viral  replication  and 
spread (12). However, from an oncologist’s 
point of view, it is surprising that activa-
tion of a PRR can trigger a tumor-specific, 
cell-intrinsic  lethal  signal  transduction 
pathway. Thus, the discovery reported by 
Besch  et  al.  (6)  should  stimulate  active 
research  on  other  synthetic  PAMPs  for 
their potential to activate tumor cell death 
programs.  Small  molecules  such  as  the 
synthetic retinoid CD437 may stimulate 
RIG-I–dependent apoptosis in melanoma 
cells as well, yet do not require liposome 

Figure 1
Lethal signaling induced by intracellular delivery of viral RNA mimetics. pppRNA activates RIG-I,  
while poly(I:C) activates MDA-5 and may also interact with PKR and TLR7. RIG-I and MDA-5 
then interact with IFN-β promoter stimulator 1 (IPS-1) on the surface of mitochondria. As shown 
by Besch et al. in their study in this issue of the JCI (6), IPS-1 is required for both the induction 
of IFN-α production (via the activation of the transcription factor IRF-3) and the transactivation 
of the genes coding for several BH-only proteins (Noxa, Puma). Among these, Noxa is activated 
in a p53-independent fashion and required for the subsequent mitochondrial outer membrane 
permeabilization (MOMP); the release of cytochrome c (cyt c) from the mitochondrial inter-
membrane space; and the activation of the apoptosome (a molecular complex composed of 
cytochrome c, apoptotic peptidase–activating factor 1 [Apaf-1], and caspase-9), resulting in 
apoptosis. Note that IRF-3 is not required for cell death induction by RIG-I and MDA-5 ligands, 
indicating that the signal transduction cascades resulting in IFN-α production and apoptosis 
induction bifurcate downstream of IPS-1. Dotted lines indicate hypothetical pathways.
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encapsulation  for  intracellular  deliv-
ery  (13), opening an avenue  toward  the 
development of viral RNA mimetics with 
improved pharmacokinetics.

The concept of 
immunochemotherapy
Besch et al. (6) found that an artificial PAMP 
can directly kill cancer cells and hence act 
like  a  classical  chemotherapeutic  agent. 
Working with mouse melanomas or colon 
carcinomas implanted in immunocompe-
tent mice, the same group recently reported 
that  ligation of RIG-I  (with an oligonu-
cleotide  that  contains  a  5′-triphosphate 
moiety  and  that  has  been  encapsulated  
into  polyethyleneimine  liposomes)  can 
stimulate the DC-dependent production of 
IFN-α and induce an IFN-α–dependent and 
NK-mediated anticancer effect (14). In light 
of the data presented in this issue of the JCI 
(6), it is tempting to speculate that ligation 
of MDA-5 would also stimulate a therapeu-
tically useful antitumor immune response. 
When  the  RIG-I–stimulating  5′-triphos-
phate moiety was introduced into an oli-
gonucleotide that mediates RNA interfer-
ence of Bcl-2 (a key protein in the cell death 
pathway due to its ability to maintain the 
integrity of mitochondrial membranes), the 
therapeutic effect was greatly improved, and 
the combination of RIG-I ligation and Bcl-2  
targeting turned out to be more efficient 
than either of the two strategies alone (14). 
In other words, simultaneous targeting of 
tumor cells for apoptotic destruction (che-
motherapy) and activation of the immune 
system (immunotherapy) may be advan-
tageously combined into immunochemo-
therapy (15) (Figure 2A). Supporting this 
contention in clinical terms, retrospective 

analyses of patients treated with a mono-
therapy of polyadenylic-polyuridylic acid 
[poly(A:U)], a TLR3 ligand, highlighted that 
only TLR3-expressing (as opposed to TLR3-
negative) breast cancers responded to this 
treatment (16).

Other types of immunochemotherapy
Conventional  chemotherapeutic  agents 
may have indirect effects on the immune 
system  that  improve  their  therapeutic 
efficacy.  For  example,  anthracyclines 
can stimulate tumor cells to expose and 
secrete danger-associated molecular pat-
terns (DAMPs), which like PAMPs act as 
endogenous  immunoadjuvants  to  elicit 
anticancer immune responses (17). Promi-
nent DAMPs are the preapoptotic exposure 
of calreticulin on cancer cells (which acts 
as an engulfment signal for DCs) (17) and 
the apoptotic release of HMGB1 (which 
acts on TLR4 present on DCs to stimulate 
optimal presentation of tumor antigens) 
(18). In breast cancer patients treated with 
anthracyclines, a loss-of-function allele of 
TLR4  indeed  has  a  negative  impact  and 
accelerates disease progression (18). Thus, 
some cytotoxic agents may de facto elicit an 
immunochemotherapeutic effect by virtue 
of their capacity to stimulate immunogenic 
cell death (12, 15) (Figure 2B).

Yet another example is provided by ima-
tinib  mesylate  (Glivec,  Gleevec),  which 
targets the oncogenic tyrosine kinases Bcr/
Abl, c-Kit, and PDGF-Ra and which is used 
for the standard therapy of Philadelphia 
chromosome–positive chronic lymphoid 
leukemia (which depends on Bcr/Abl) and 
gastrointestinal sarcoma (which depends 
on  either  c-Kit  or  PDGF-Ra).  Imatinib 
mesylate also activates NK cells, presum-

ably through an  indirect action on DCs 
(which express c-Kit), and both DCs and 
NK  cells  are  indispensable  for  imatinib 
mesylate–mediated anticancer effects  in 
suitable mouse models  (19).  In patients 
with gastrointestinal sarcoma, the efficacy 
of therapeutic responses clearly correlates 
with the  induction of IFN-γ production 
by NK cells (20). Thus, even targeted anti-
cancer agents may stimulate the antitu-
mor immune response by off-target effects 
on innate immune effectors (Figure 2C), 
thereby initiating an immunochemothera-
peutic effect.

The  complex  pathogenesis  of  malig-
nancy, which juxtaposes cancer cell–intrin-
sic aberrations with profound effects on 
the  host  stroma,  including  innate  and 
acquired  immune  effectors,  demands  a 
multi-pronged therapeutic strategy that 
targets tumor cells and improves or rees-
tablishes antitumor  immune responses. 
The  aforementioned  examples  demon-
strate that single agents (such as ligands 
of RIG-I and MDA-5, as well as anthracy-
clines and imatinib mesylate) can possess 
both  direct  and  indirect  immune-medi-
ated anticancer effects. Thus, single agents 
with multi-pronged modes of action are 
establishing the utility and feasibility of 
immunochemotherapy. We anticipate that 
future immunochemotherapies will involve 
rational combinations of agents that tar-
get cancer cell–intrinsic pathways, on one 
hand, and elements of the immunologic 
pharmacopeia, including adjuvants, on the 
other hand.
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Figure 2
Three mechanisms of immunochemotherapy mediated by single agents. (A) An agent may simultaneously induce tumor cell apoptosis and act 
as a PAMP, thus activating immunostimulatory PRRs. This is the case for RIG-I and MDA-5 ligands, which, in addition to activating the innate 
immune system, can kill cancer cells, resulting in a combined immunochemotherapeutic effect. (B) An agent may induce tumor cell death in such 
a way that dying cells release danger-associated molecular patterns (DAMPs), thereby indirectly activating PRRs in innate immune effectors. 
For example, anthracyclines induce the exposure and release of several DAMPs on dying tumor cells (17, 18). (C) Alternatively, an anticancer 
agent may directly kill tumor cells and mediate an immunostimulatory off-target effect on immune cells. For example, imatinib mesylate kills tumor 
cells that are addicted to constitutively activated tyrosine kinases (such as Bcr/Abl in chronic myeloid leukemia and mutated c-Kit or PDGF-Ra 
in gastrointestinal sarcoma) at the same time that it activates innate immune effectors through an effect on c-Kit in DCs (19).
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Reduced levels of neurotransmitter-degrading 
enzyme PRCP promote obesity

Richard D. Palmiter

Howard Hughes Medical Institute and Departments of Biochemistry and Genome Sciences, University of Washington, Seattle, Washington, USA.

The	level	of	neurotransmitters	present	in	the	synaptic	cleft	is	a	function	of	
the	delicate	balance	among	neurotransmitter	synthesis,	recycling,	and	deg-
radation.	While	much	is	known	about	the	processes	controlling	neurotrans-
mitter	synthesis	and	release,	the	enzymes	that	degrade	peptide	neurotrans-
mitters	are	poorly	understood.	A	new	study	in	this	issue	of	the	JCI	reveals	the	
important	role	of	neuropeptide	degradation	in	regulating	obesity	(see	the	
related	article	beginning	on	page	2291).	Wallingford	et	al.	provide	evidence	
that,	in	mice,	the	enzyme	prolylcarboxypeptidase	(PRCP)	degrades	α-mela-
nocyte–stimulating	hormone	(α-MSH)	to	an	inactive	form	that	is	unable	to	
inhibit	food	intake.	Their	studies	indicate	that	PRCP	expression	promotes	
obesity,	while	inhibitors	of	the	enzyme	counteract	obesity.

Neurons  in  the  arcuate  region  of  the 
hypothalamus that make the polypeptide 
hormone  precursor  proopiomelanocor-
tin (POMC) are very important for body 
weight regulation, as revealed by the dra-
matic development of obesity after selective 

inactivation of the neuronal Pomc gene in 
mice (1) and the presence of POMC muta-
tions  in  humans  with  severe  early-onset 
obesity (2). POMC is proteolytically pro-
cessed  into  a  number  of  physiologically 
important peptides, including endorphins, 
adrenocorticotropic  hormone  (ACTH), 
and α-melanocyte–stimulating hormone 
(α-MSH). The loss of α-MSH production 
by POMC-deficient neurons  is primarily 
responsible for the resultant obesity (3). The  
13-amino-acid peptide α-MSH (referred to 
as α-MSH1–13) acts on the postsynaptic mel-
anocortin 4 receptor (MC4R) in many brain 

regions to suppress appetite and stimulate 
metabolism (Figure 1). Failure of α-MSH1–13  
signaling due to mutations in the MC4R 
gene represents the most common form of 
genetically inherited human obesity (4).

The activity of POMC neurons and the 
synthesis  of  POMC  are  stimulated  by 
hormones such as leptin and insulin and 
inhibited  by  fasting  (5–7).  Signaling  by 
POMC neurons is kept in check by neigh-
boring neurons that make neuropeptide Y  
(NPY),  agouti-related  protein  (AgRP), 
and GABA (Figure 1). The hormones and 
neurotransmitters that regulate these two 
populations  of  hypothalamic  neurons 
have been studied extensively during the 
last  15  years  (5–7).  Whereas  the  events 
that  lead  up  to  activation  of  MC4R  by  
α-MSH1–13 are well known, virtually noth-
ing is known about how α-MSH1–13 activity 
is terminated. The extent of MC4R activa-
tion, and hence the extent of appetite loss, 
will be determined by the rate of α-MSH1–13 
release from POMC neurons and the rate 
at which it is degraded or otherwise cleared 
from the synaptic space. A seminal paper 
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