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Author’s View

Completely restoring the potential of 
the immune system to identify and selec-
tively destroy cancer cells requires the 
disruption of a multilayered self-defense 
system established by the latter.1 Targeting 
molecules that shield malignant cells from 
immunosurveillance has shown promise 
in clinical trials, and renewed the inter-
est of the scientific and medical commu-
nity in cancer immunotherapy.1 Signal 
transducer and activator of transcription 
3 (STAT3) is an oncogenic transcription 
factor commonly activated in tumors of 
various origin, including hematologic 
malignancies.2 In addition, STAT3 oper-
ates in multiple immune cells that infil-
trate neoplastic lesions, constituting a 
central mediator of tumor-induced immu-
nosuppression.2 Since STAT3 is activated 
both in malignant and tumor-associated 
immune cells, it is a unique target for 
therapeutic interventions. However, the 
pharmacological inhibition of STAT3 is 
challenging, calling for alternative target-
ing strategies. We have recently developed 
a novel approach for the cell-specific deliv-
ery of small-interfering RNAs (siRNAs) 
based on their targeting to intracellular 
Toll-like receptor 9 (TLR9) via TLR9 

agonists, notably CpG oligodeoxynucleo-
tides (CpG-ODNs) (Fig. 1).3 Target cells 
quickly internalize CpG-ODN-coupled 
siRNAs into endosomes, where such con-
jugates undergo cleavage. In contrast to 
other siRNA delivery methods, which are 
associated with limited endosomal release, 
in our system TLR9 promotes the trans-
port of uncoupled siRNAs to the RNA 
interference (RNAi) machinery of the 
endoplasmic reticulum (Fig.  1).4 Thus, 
bi-functional CpG-ODN-coupled Stat3-
targeting siRNAs (hereafter referred to 
as CpG-Stat3 siRNAs) operate as TLR9 
agonists (“push”) while inhibiting STAT3 
signaling (“release”), focusing immu-
nostimulatory effects within the same 
target cell. We demonstrated that CpG-
Stat3 siRNAs targeting tumor-associated 
myeloid cells, such as dendritic cells (DCs) 
and macrophages, significantly amplify 
the effects of TLR9 agonists employed 
as standalone interventions, hence restor-
ing antitumor immune responses in mice. 
In hematological malignancies, such as 
acute myeloid leukemia (AML), B-cell 
lymphoma (BCL) or multiple myeloma 
(MM), TLR9 expression and STAT3 
activation often involve both cancer cells 

and non-malignant immune cells.5,6 Based 
on these findings, we recently set out to 
explore the effects of systemic STAT3 
blocking coupled to TLR9 activation in 
both such TLR9+ cell compartments, 
using syngeneic murine models of dissem-
inated AML, including a genetic model 
that recapitulates a common cytogenetic 
abnormality of human AML, inv(16).7

Our studies demonstrate that STAT3 
negatively regulates antigen presentation 
not only by normal DCs but also by malig-
nant leukemic cells. The systemic adminis-
tration of our CpG-Stat3 siRNA alleviated 
the immunosuppressive effects of persis-
tent STAT3 signaling in both these cell 
compartments. The concomitant inhibi-
tion of STAT3 and activation of TLR9 
increased the expression of MHC class II 
and co-stimulatory molecules on the sur-
face of both DCs and AML cells. This said, 
experiments involving the administration 
of CpG-Stat3 siRNAs to TLR9-deficient 
mice demonstrated that improving the 
immunogenicity of AML cells is sufficient 
to induce potent antitumor responses. Of 
note, the antineoplastic activity of CpG-
Stat3 siRNAs was completely abrogated 
in immunodeficient mice, indicating that 
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Proper immunostimulation (“push”) and immune checkpoint blockade (“release”) are both critical for the efficacy of 
anticancer immunotherapy. We have recently shown that activating Toll-like receptor 9 (TLR9) while specifically blocking 
signal transducer and activator of transcription 3 (STAT3) in leukemic cells enhances their immunogenicity, allowing for 
CD8+ T cell-mediated tumor eradication. These findings underscore the therapeutic potential of such a “Push & Release” 
strategy against hematological malignancies.
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such therapeutic effects are primarily 
mediated by the immune system. In line 
with this notion, CpG-Stat3 siRNAs were 
shown to increase the circulating levels of 
interferon γ (IFNγ) and interleukin (IL)-
12, 2 critical mediators of T

H
1 immune 

responses, while limiting the abundance 
of T

H
2 cytokines, such as IL-4 and IL-6. 

Antibody-mediated neutralization experi-
ments and tumor-associated antigen 
recall assays confirmed the critical role of 
CD8+ T cells in the antitumor activity of 
CpG-Stat3 siRNAs. The targeted block-
ing of STAT3 coupled to the activation of 
TLR9 resulted in systemic cancer-specific 
immune responses that led to tumor eradi-
cation in multiple organs and prolonged 
the survival of the majority of disease mice.

Enduring AML remission requires 
the elimination of quiescent but self-
renewable leukemia-initiating cells.8 In 
serial transplantation experiments, we 
demonstrated that the repeated systemic 
administration of CpG-Stat3 siRNAs 
significantly reduces the engraftment 

and leukemia-initiating potential of 
AML cells. In general, these findings 
imply that immune responses induced 
by specifically blocking STAT3 and 
stimulating TLR9 in leukemia cells 
may have a broad effect against various 
AML cell subpopulations. Presumably, 
this reflect the ubiquitous expression of 
TLR9 in AML cells, irrespective of their 
cytogenetic subtype and hierarchy.6 In 
addition, accumulating evidence demon-
strates that TLR9 levels are upregulated 
in response to cellular or microenviron-
mental stress, even in cell populations 
that fail to express TLR9 in baseline 
conditions.6,9 Our preliminary studies 
confirmed that TLR9 is expressed by all 
cell compartments of primary human 
AML, including leukemic progenitors 
and stem cells, which are all sensitive 
to CpG-STAT3 siRNAs (Kortylewski, 
unpublished data). Other types of hema-
tological cancers that express TLR9 
and exhibit constitute STAT3 activa-
tion could potentially respond to this 

strategy.6 In fact, it has recently 
been demonstrated that STAT3 
inhibition increases the immuno-
genicity of mouse BCL cells, result-
ing in limited T-cell tolerance.10 
Our own results support the role 
of STAT3 as a regulator of immune 
checkpoints in BCL and underscore 
the feasibility of concomitantly 
blocking STAT3 and stimulating 
TLR9 for the immunotherapy of 
this hematological malignancy. We 
observed that the administration of 
CpG-Stat3 siRNAs combined with 
radiotherapy induces the regres-
sion of BCLs in immunocompetent 
mice, but only moderately inhibits 
lymphoma growth in immunode-
ficient animals.6 Finally, human 
TLR9+ multiple myelomas are 
known for their elevated levels of 
constitute STAT3 activity, and were 
previously validated as a target for 
the CpG-siRNA strategy.6 Whether 
inhibiting STAT3 while activating 
TLR9 enhances the immunogenic-
ity of myeloma cells besides limiting 
their viability is still unknown. The 
availability of FDA-approved CpG 
ODNs and pharmacological JAK 
inhibitors provides an opportunity 

for combinatorial systemic treatments. 
However, the lack of specificity of both 
reagents for TLR9+ immune cells may 
limit the overall efficacy of this approach 
and result in off-target effects, which 
constitutes a concern especially for JAK 
inhibitors. Our proof-of-principle study 
indicates that even with a limited uptake 
of CpG-Stat3 siRNAs by leukemic cells 
(~15–50% of total AML cells, depending 
on location), this strategy cancer gener-
ate enduring systemic antitumor immu-
nity. Nevertheless, the use of CpG-Stat3 
siRNAs with an improved serum half-life 
can further enhance their efficacy and 
allow for a reduced administration fre-
quency (Zhang and Kortylewski, unpub-
lished data).

Overall, our results highlight the 
unique role of STAT3 as a regulator of 
immune checkpoints, while suggesting 
that its effects on the survival of leukemia 
cells may functionally overlap with those 
of other signal transducers. Additional 
efforts are needed to understand the 

Figure  1. A “Push&Release” strategy for increasing the immunogenicity of acute myeloid leukemia 
cells. CpG oligodeoxynucleotides (CpG-ODN)-coupled signal transducer and activator of transcription 3 
(STAT3)-targeting small-interfering RNAs (CpG-Stat3 siRNAs) are internalized by scavenger receptors and 
bind to Toll-like receptor 9 (TLR9) within endosomes. Therein, siRNAs are cleaved off from the conjugate 
by dicer 1, ribonuclease type III (DICER1). TLR9 facilitates the release and transport of STAT3-targeting 
siRNAs to argonaute RISC catalytic component 2 (AGO2) in the endoplasmic reticulum (ER), thereby ini-
tiating RNA interference (RNAi) and limiting STAT3 activity. The inhibition of STAT3 augments the immu-
nostimulatory effects of TLR9 signaling, shifting the balance toward the production of pro-inflammatory 
cytokines and chemokines. At the same time, blocking STAT3 and stimulating TLR9 enhances the presen-
tation of leukemia-specific antigens. Altogether, these effects generate systemic leukemia-specific CD8+ 
T cell-mediated immune responses and result in disease regression.
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molecular mechanisms that are activated 
in leukemic cells as a result of the inhibi-
tion of STAT3 coupled to the activation 
of TLR9. The negative impact of STAT3 
on antigen presentation and TLR signal-
ing2 is well-established but there is much 
to learn about the pool of tumor-specific 

antigenic epitopes that are exposed as 
a result of STAT3 inhibition. Whether 
CpG-Stat3 siRNAs can expand the range 
of tumor-associated antigens presented on 
the surface of leukemic cells also remains 
to be explored. Such an effect could have 
important implications for designing new 

tumor-specific immunotherapies against 
leukemia and possibly other hematologic 
malignancies.�
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