o
8
S
&
0
8
a8
E
e
8
@
o
=
S
B
2
=3
3
3
3
<]
=
g
o
g
=
8
I
@
o
S
o
8
B
8
k1
8
S
=
H
8
a

Check for
updates

My journey from tyrosine phosphorylation inhibitors to
targeted immune therapy as strategies to

combat cancer

Alexander Levitzki®' and Shoshana Klein®

2Unit of Cellular Signaling, Department of Biological Chemistry, Silberman Life Sciences Institute, The Hebrew University of Jerusalem, 91904

Jerusalem, Israel

This contribution is part of the special series of Inaugural Articles by members of the National Academy of Sciences elected in 2017.

Contributed by Alexander Levitzki, February 6, 2019 (sent for review September 24, 2018; reviewed by Joseph Schlessinger and Nahum Sonenberg)

Since the 1980s there has been a drive toward personalized
targeted therapy for cancer. “Targeted cancer therapy” originally
focused on inhibiting essential tumor survival factors, primarily
protein tyrosine kinases. The complexity and rapid mutability of
tumors, however, enable them to develop resistance to tyrosine
kinase inhibitors (TKIs), even when these are multitargeted or ap-
plied in combination. This has led to the development of targeted
cancer immunotherapy, to enhance immune surveillance against
the tumor. In this paper, we provide a personal view of the devel-
opment of targeted therapy, from TKIs to targeted immunotherapy.

targeted therapy | tyrosine kinase | immunotherapy | cancer | tyrphostin

Until the 1980s the fight against cancer focused mainly on
surgery, chemotherapy, and radiotherapy. The discovery of
oncoproteins and their central roles in the initiation, propagation,
and metastasis of cancer moved the fields of clinical and basic
cancer research in new directions. The identification of pp60Src as
a protein tyrosine kinase (PTK) (1, 2) and the identification of
many other PTKs as key cancer-driving proteins (3) propelled the
field toward a molecular understanding of oncogenesis. This in turn
led to the development of “targeted therapies,” which inhibit the
key molecules involved in tumor initiation and progression (Fig. 1).

The idea of treating cancer by targeting proteins that play pivotal
roles in the disease was actually validated decades before PTKs
took center stage. As early as 1941, it was shown that metastatic
prostate cancer could be treated by androgen deprivation, by means
of castration or estrogen injection (4). Androgen deprivation
therapy remains a mainstay of prostate cancer treatment to this day.
Tamoxifen, a partial agonist of the estrogen receptor, was in-
troduced in the 1970s for the treatment of advanced breast cancer
(5). Tamoxifen, as well as the newer aromatase inhibitors, is rou-
tinely used today to treat hormone-positive breast cancer and to
prevent breast cancer in women at high risk of developing new or
recurrent disease. Hormone-targeted agents such as tamoxifen,
with their focused action and consequent diminished toxicity, pro-
vided the proof of principle for targeted cancer therapy.

Tyrosine Phosphorylation Inhibitors

The emergence of PTKs as essential elements in the initiation,
progression, and metastasis of cancer drew us into the field of
cancer therapy. My (A.L.) earlier experience in combining chemistry
with biology in the study of signal transduction (6, 7) convinced
me that it was possible to synthesize specific inhibitors of tyrosine
kinases. Many in the scientific community thought this goal was
unattainable—the NIH denied my grant proposal—on the
grounds that the extensive homology between the ATP-binding
domains of tyrosine kinases precluded selectivity. Despite the
skeptics, my laboratory pioneered the systematic synthesis of
tyrosine phosphorylation inhibitors, or “tyrphostins,” commonly
known as tyrosine kinase inhibitors (TKISs).

WWww.pnas.org/cgi/doi/10,1073/pnas. 1816012116

In the early 1980s the only enzymatically active PTKs that had
been purified were the insulin receptor kinase (InsR) and the epi-
dermal growth factor receptor kinase (EGFR). Using these receptor
kinases, we established a platform to generate and test for inhibitors
of their tyrosine kinase activities. Most importantly, we looked for
inhibitors that could discriminate between InsR and EGFR. At that
time, we did not attempt to target the more ubiquitous serine/thre-
onine kinases. These are four times more abundant than PTKs and
are involved in numerous biochemical pathways, so we worried that
serine/threonine kinase inhibitors would have serious side effects.
PTKSs are less abundant than serine/threonine kinases and more
focused on signal transduction. Their aberrant activity in various
cancers had already been documented when we entered the field.

In 1983, my graduate student, Pnina Yaish, in collaboration with
my colleague Chaim Gilon, embarked on a project to design and
synthesize inhibitors of the InsR and EGFR kinases. Shortly
thereafter Aviv Gazit joined the laboratory as a postdoctoral fellow,
later becoming a research associate. Patterning our compounds
around a variety of aromatic nuclei (8-10), we developed a series of
tyrphostins that could discriminate between the InsR and EGFR
kinases. We had compounds with differences of orders of magni-
tude in their affinities for the two receptors, and a plausible
structure—activity relationship (11). As we had anticipated, the
EGFR kinase inhibitors also inhibited the EGF-dependent pro-
liferation of EGFR-overexpressing tumor cells (8, 11).

Our discoveries heralded a new approach to the treatment of
cancer: the inhibition of oncogenic PTKs. Moving ahead on a
broad front, within a few years we were able to synthesize Ber-Abl
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This paper discusses the successes and failures of tyrosine kinase
inhibitors in treating cancer, and why we believe targeted im-
munotherapy may provide more durable remissions. Tyrosine
kinases are central to tumor development and progression. Since
we originally demonstrated specific inhibition of tyrosine kinases,
with minimal toxicity, a large number of tyrosine kinase inhibi-
tors—both small molecules and antibodies—have entered the
clinic. Nonetheless, tumors are heterogeneous and highly muta-
ble, and they eventually bypass tyrosine kinase inhibition. The
immune system has the ability to seek and destroy tumor cells.
Tumors avoid detection by the immune system, so the goal is to
reinstate immune surveillance against the tumor.
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Fig. 1. The growing arsenal of anticancer therapeutics. Effective control of cancer requires appropriate combinations. Inmunotherapy has the potential to

hunt out distant metastases and provide long-term solutions.

inhibitors, and to show that these killed K562 chronic myelogenous
leukemia (CML) cells (12, 13). In parallel we generated highly
selective inhibitors of platelet-derived growth factor receptor
(PDGFR) (14, 15), vascular endothelial growth factor receptor
(VEGFR) (16), Janus kinase 2 (JAK-2) (17), and insulin-like
growth factor 1 receptor (IGF1R) (18, 19). The stage was set for
the clinical development of these and similar PTK inhibitor mol-
ecules (reviewed in ref. 20).

Brian Druker and Nick Lydon of Novartis took up the chal-
lenge of developing Ber-Abl inhibitors as cancer drugs (21, 22).
The result was imatinib (Gleevec), the first TKI to be approved
for the clinic. Gleevec dramatically changed the fate of patients
diagnosed with CML at the early, chronic stage. Chronic CML
cells are initially dependent for their survival on Ber-Abl kinase,
generated by a reciprocal translocation between the BCR and
ABLI genes [t(9;22)]. By inhibiting the activity of Bcr-Abl,
Gleevec destroys early CML cells. Chronic CML used to come
with a grim prognosis. Today, Gleevec allows patients who are
diagnosed early enough to live for many years.

At the later, acute stage of CML, additional “drivers” come into
play, and Gleevec is effective for much shorter periods (23). CML at
the late phase is like the majority of tumors, which are driven by a
multitude of aberrant signaling pathways rather than depending on
a single oncogene. Thus, alternate survival pathways quickly bypass
a single targeted drug. In this sense, the success of Gleevec in curing
early-stage CML is an “outlier.” However, it provided the impetus
for the development of many other targeted kinase inhibitors, which
lie at the core of cancer therapy today.

11580 | www.phas.org/cgi/doi/10.1073/pnas. 1816012116

Combination Therapies

The success of Gleevec in the treatment of early CML led us and
others to hope (rather naively) that our pioneering work on
EGFR and Bcr-Abl kinase inhibitors, would set the foundation
for the cure of other cancers (24, 25). The first sobering expe-
rience was the failure of two potent EGFR kinase inhibitors,
gefitinib (Iressa) and erlotinib (Tarceva), in clinical trials for the
treatment of lung cancer. EGFR had been considered a prime
target for cancer therapy, as it is overexpressed in a wide variety
of tumor types, including lung cancer. However, only about 10%
of lung cancer patients responded to Iressa or Tarceva, and in
most of those the response was short-lived. Later it became
apparent that the tumors that were affected by these inhibitors
had specific activating mutations in the EGFR, which caused
them to be “addicted” to the mutated receptor (26). In the ab-
sence of these mutations, tumor survival does not appear to
depend on EGFR activity and is refractory to EGFR inhibition,
even in cases where the EGFR is highly overexpressed on
the tumor.

In those patients whose tumors initially respond to EGFR
inhibition, the disease almost always recurs. Tumors mutate
rapidly, so initial drug responsiveness is followed by the ap-
pearance and outgrowth of resistant tumor cells. Sometimes,
resistance mutations preexist in a subset of cells of the tumor
before therapy, and the therapy serves to select for the resistant
cancer cells. Treating cancer with tyrphostins has come to re-
semble chasing a runaway cart, as second- and third-generation
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compounds are developed to contend with the emergent muta-
tions. Thus, the Ber-Abl inhibitor imatinib gave rise to nilotinib,
a more selective and more potent derivative that also inhibits
some of the kinase point mutants, and these have been joined by
the structurally unrelated compounds dasatinib and bosutinib
(27). Similarly, the first-generation EGFR inhibitors, gefitinib
and erlotinib, were followed by the second-generation afatinib
and dacomitinib, and the third-generation osimertinib. Patients
who initially respond to gefitinib eventually develop resistance
mutations that can be combated by osimertinib as a second line
of care, but it is only a matter of time until the tumor becomes
resistant to osimertinib as well (28, 29).

At first we strove to develop extremely selective inhibitors,
believing that these would have minimal side effects. Nonethe-
less, since tumors are usually heterogeneous and have multiple
drivers (early CML is the exception, rather than the rule), we
believed it might be necessary to inhibit multiple pathways. We
therefore anticipated that these drugs would be most potent in
combinations (25). The current attempt of the cancer community
is to combine targeted agents with one another, or with cytotoxic
drugs. These combinations frequently prolong disease-free survival,
but they rarely improve overall survival or provide a long-term cure
(30, 31). One cannot compare cancer to AIDS or infectious diseases,
in which combinations have long-lasting effects. The networks that
drive cancer are extremely complex and elaborate. Furthermore, can-
cer networks evolve continuously, and even more so during treatment.
Another compounding issue is that the network of the primary
tumor is often very different from that of the metastatic lesions,
even though single-cell analyses indicate metastases can evolve
from subclones within the primary tumor (32-34). Thus, this type
of combinatorial therapy is unlikely to provide a complete cure.

Multitargeted Tyrphostins

Nevertheless, some of the most successful TKIs have been
“multitargeted” drugs, which hit more than one driver (35). In-
deed, Gleevec inhibits not only Bcr-Abl but also both the
PDGFR and KIT kinases and is therefore approved for the
treatment not only of CML but also of gastrointestinal tumors
that depend on these receptors (36).

It is not easy to screen for multiple targets, and it is very dif-
ficult to optimize multiple targeting by a single drug. The finding
that a compound homes to a number of targets is usually ser-
endipitous. In recent years, our own laboratory’s quest for im-
proved IGFIR inhibitors led to the development of the NT
family of tyrphostins, including NT157 and NT219. While these
strongly inhibit the IGF1R/insulin receptor substrate 1/2 (IRS1/
2) pathway (37), it turned out that they also induce the de-
phosphorylation of tyrosine residue 705 of signal transducer and
activator of transcription (STAT3) (38). The NT family hits yet
other targets, as we found with our colleague Roger Daly (39).
Both IRS1/2 and STAT3 act as tumor drivers and at the same
time affect the tumor microenvironment (TME).

The transcription factor STAT3 is a prime target for cancer
therapy. STATS3 directly stimulates tumor growth and survival, as
well as promoting a TME that is conducive to tumor growth and
survival. Activation of STAT3 within the tumor induces the
formation of cytokines and chemokines, which activate STAT3
in immune cells. STAT3 represses cytotoxic T cells, natural killer
(NK) cells, and neutrophils and inhibits dendritic cell matura-
tion, leading to suppression of the antitumor immune response
(40, 41). It is therefore not surprising that inhibitors of STAT3
and its upstream activators have been pursued for over two de-
cades. Our finding that NT157 inactivates STAT3 by dephos-
phorylating PY(705) provided the impetus for us to search for
small molecular compounds that dephosphorylate PY(705)STAT3
in whole-cell assays. In addition to trying to unravel the mechanism
of STAT3 dephosphorylation by NT157, we aim to find additional
small molecules that inhibit STAT3 by dephosphorylation.

Levitzki and Klein

Until NT157, all STAT3 inhibitors targeted either the di-
merization of phosphorylated STAT3 or the binding of the ac-
tivated STAT3 dimer to DNA. None of these inhibitors achieved
clinical approval, mainly because of toxicity issues (42). NT157,
unlike other STAT3 inhibitors, had very low toxicity in pre-
clinical studies. Indeed, our experience has been that tyrphostins
tend not to be very toxic. Michael Karin’s group tested NT157 on
the spontaneous development of colon cancer in CPC-APC
mice, which lack the APC tumor suppressor. NT157 reduced
tumor burden and led to the production of multiple cytokines
and chemokines by the TME. NT157 decreased the migratory
activity of cancer cells in vitro and in vivo (37, 43). Hence,
NT157, which inhibits the signaling of both the IGF1R/IRS and
STAT3 pathways, affects both the tumor and its microenviron-
ment and is effective against a broad range of cancer cell types.
These findings establish a new paradigm, namely, that one
should seek multitargeted inhibitors or nontoxic combinations of
drugs that affect both the tumor and its TME.

Targeting the Immune System to Tumors

The realization that cancer is an ever-evolving moving target has
led to attempts to harness the immune system against the dis-
ease. It has long been recognized that the immune system has the
potential to hunt and destroy cancer cells (44-46). The first ef-
forts to harness the immune system to combat cancer involved
designer antibodies targeted against antigens that are overexpressed
on cancer cells. Rituximab (Rituxan), the first monoclonal antibody
to be approved by the Food and Drug Administration, targets
CD20 and is used in the treatment of B cell leukemias and lym-
phomas. This was followed by trastuzumab (Herceptin), which
blocks the activation and signaling of HER-2, an EGFR family
member that is frequently overexpressed in breast and other can-
cers. These antibodies are most effective when they not only block
their targets but also induce Fc-mediated antibody-dependent cy-
totoxicity (47). These successful antibodies paved the way for many
more antibodies to enter the clinic, for cancer and other indications.
Examples include cetuximab (Erbitux), which targets the EGFR,
and is approved for colorectal and head and neck cancers, and
bevacizumab (Avastin), which targets VEGF to inhibit angiogene-
sis. In addition to its use as an anticancer drug, mostly for colon
cancer, bevacizumab prevents retinal damage caused by age-related
macular degeneration.

Antibodies can also be used to deliver therapies to specific
sites. Antibody—drug conjugates (ADCs) have been developed to
target cytotoxic drugs to tumors, minimizing side effects. The
first ADC to be approved was gemtuzumab ozogamicin, for
acute mylogenous leukemia. Trastuzumab emtansine (T-DM1),
for the treatment of HER-2—positive metastatic breast cancer, is
the only ADC currently approved for a solid tumor. Many other
ADC:s are in clinical trials (48, 49).

In parallel with the development of therapeutic monoclonal
antibodies, efforts are underway to enhance T cell-mediated
effects. In one approach currently in clinical trials, dendritic cells
are loaded ex vivo with tumor antigens, to induce T cells to re-
spond to tumors carrying these antigens (50-52). In another
approach, known as adoptive T cell therapy, tumor-infiltrating
lymphocytes are removed and expanded ex vivo and returned to
the patient. Recent success has highlighted CAR-T cells, which
are engineered ex vivo to express a chimeric antigen receptor
and are then infused back into the patient (53). CAR-T cells
designed to target CD19 can lead to complete remission (54,
55) and were recently approved for the treatment of pre-B cell
acute lymphoblastic leukemia (ALL) and diffuse large B cell
lymphoma. Much effort is now being directed to expanding the
use of CAR-T cells to other cancers, including solid tumors, and
to developing universal, off-the-shelf versions (56-58).

Another approach to improving T cell-mediated anticancer
immunity is to remove immune checkpoints. Several antibodies
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that target immune checkpoints have been approved, including
anti-CTLA-4 (ipilimumab), anti-programmed cell death-1 (PD-1)
(nivolumab and pembrolizumab), and anti-programmed cell death
ligand-1 (PD-L1) (atezolizumab and durvalumab), and they are
now the standard of care for certain cancer types, including met-
astatic melanoma, non-small-cell lung cancer, renal cancer, and
Hodgkin’s lymphoma. Some patients are intrinsically resistant to
this type of therapy, whereas others respond to the therapy after a
delay. Moreover, there have been several reports of patients whose
tumors actually progressed more rapidly after treatment with
checkpoint inhibitors (59, 60), and it has been suggested that PD-1
can act as a tumor suppressor in some contexts (61).

Like other cancer therapies, a positive initial response to current
immunotherapies is sometimes followed by the development of
resistance. The mechanisms of innate and acquired resistance to
immune checkpoint inhibition are under intense study (62-64).
Tumors sporting a large repertoire of neoantigens, such as colon
cancers with defective mismatch repair and microsatellite instability,
are both more immunogenic and more responsive to checkpoint
blockade than tumors with few tumor-specific antigens (65-67).
Accordingly, loss of tumor antigens dampens the antitumor immune
attack. In a study of ALL patients who initially responded well to
CAR-T cells directed against CD19 and later relapsed, a majority
had lost the CD19 marker on their B ALL cells, rendering them
resistant to the therapy (68). The take-home message from this
study is that one should target more than a single antigen.

Like antigen loss, impaired antigen processing due to lack of
MHC components also minimizes the response to immuno-
therapy (69-71). Further, defects in T cell maturation and/or
tumor infiltration can lead to resistance. For example, loss of
phosphatase and tensin homolog (PTEN) has long been known
to activate the PI3K/Akt pathway, leading to enhanced tumor
proliferation and resistance to apoptosis. In mice, PTEN loss
also leads to reduced T cell infiltration into the tumor, so the
tumor becomes refractory to anti-PD-1 therapy (72). These
mechanisms of resistance were highlighted in a recently reported
case study: A sarcoma patient who responded well to anti-PD-1
therapy had a single resistant metastasis (fortunately, resect-
able). The resistant tumor had lost PTEN and also had reduced
expression of two T cell reactive tumor neoantigens (73). Studies
of this nature provide clues as to useful combinations between
kinase inhibitors (e.g., PI3K and Akt) and checkpoint blockade.

The TME, including the immune cells in the neighborhood,
also plays a role in the response to immunotherapy. Alternative
checkpoints can stymie a particular checkpoint therapy. For ex-
ample, TIM-3 is an inhibitory receptor, expressed on CD4+ T
helper cells and CD8+ cytotoxic T cells (74). The combination of
anti-TIM-3 and anti-PD-1 was effective in preclinical models
(75-77). Moreover, two lung cancer patients who relapsed fol-
lowing anti-PD-1 treatment had increased TIM-3 on their T cells
(78), suggesting that their tumors escaped the PD-1 blockade by
increasing the strength of the TIM-3 checkpoint. In an intriguing
preclinical study, tumor-associated macrophages were seen to
capture anti-PD-1 antibodies from the surface of the T cells to
which they had attached. This effect was abrogated by blocking
the Fcy receptors, suggesting a possible avenue for improving the
response to anti-PD-1 (79).

Although most patients eventually relapse after immunother-
apy, a subset of patients experience long-term complete remission
(80). In these patients, an immunological memory prevents regrowth
of the tumor. In light of this success, many more checkpoint inhib-
itors are in the pipeline. In attempts to understand which patients
are most likely to respond in a positive fashion, and what features
lead to long-term remission, several studies have defined molecular
signatures associated with resistance to checkpoint blockade (81-83).
These studies will help in developing strategies to maximize the
response.

11582 | www.phas.org/cgi/doi/10.1073/pnas. 1816012116

An exciting development is the emerging utilization of cancer-
homing oncolytic viruses (84). These viruses induce the lysis of
cancer cells, leading to the release of numerous cancer antigens,
stimulating an anticancer immune response. T-VEC (talimogene
laherparepvec) was approved in 2015 for treating advanced
melanoma. In a recently reported phase I-1I clinical trial, 20% of
glioblastoma patients who received a recombinant oncolytic
poliovirus were alive after 3 y, which is much longer than the
usual prognosis (84). If these results are maintained in phase III
trials, they will offer hope for patients with this deadly tumor.

In addition to these strategies, one should not forget the good old
cytokines, IL-2 and IFN-o, which still occupy a safe place in the
anticancer pharmacopeia, especially in combination with other
therapies. IFN-o is used in the treatment of hairy-cell leukemia,
AlDS-related Kaposi’s sarcoma, follicular lymphoma, CML, and
malignant melanoma (85-88). IL-2 is used in the treatment of
malignant melanoma and renal cell carcinoma (89, 90). Combining
checkpoint immunotherapies with pharmaceutical agents is being
investigated intensively. Immunostimulatory drugs such as colony
stimulating factor 1 receptor inhibitors and Toll-like receptor (TLR)
agonists have been particularly effective in this setting (91-95).

Targeting Polyinosinic/Polycytidylic Acid to Tumors
Recognizing the promise of immune therapy, we moved the focus of
our laboratory toward targeted immunotherapy. Our first foray into
immune therapy involved the cytokine-activated JAK/STAT path-
way. Long ago, we showed with Chaim Roifman that ALL was
characterized by JAK-2 activation and was inhibited by the tyr-
phostin AG-490 (17). Together with Richard Jove, we then dem-
onstrated that AG-490 was synergistic with IL-12 immunotherapy in
STAT3-dependent murine myeloma (96). Although IL-12 was more
or less abandoned as a therapeutic strategy, owing to toxicity, there
has recently been a reawakening of interest, and several groups are
working on targeting its delivery, to minimize toxicity (97, 98).
Over the past decade and a half, we have developed strategies
to target polyinosinic/polycytidylic acid (polyIC), a form of syn-
thetic long-chain dsRNA, to tumors. PolyIC has long been
known to be potent against tumors, but systemic delivery causes
unacceptable toxicity. We have constructed both chemical and
protein-based vectors that bind and carry polyIC to cancer cells
that overexpress a membrane-bound receptor, such as the EGFR
(Fig. 2) (99, 100). PolyIC mimics viral dsRNA to provoke a
profound antiviral attack. The major receptors for dsSRNA include
dsRNA-dependent protein kinase (PKR), TLR3, melanoma
differentiation-associated protein 5 (MDAS), and retinoic acid-
inducibe gene I (RIG-I) (101); their activation induces the se-
cretion of type I IFNs, leading to expression of IFN-stimulated
genes, immune modulation, and apoptosis (Fig. 3) (102-105).

=

dsRNA binding § Linker 4

Fig. 2. Vectors that carry PolylC, a synthetic dsRNA. The vectors we
designed are built from three parts: (i) A polylC binding moiety, such as
polyethyleneimine (PEI). PEI also functions as a “proton sponge,” causing the
endosome to swell and burst, releasing the dsRNA into the cytoplasm, where
it interacts with its molecular targets. (ii) A linker, such as PEG. (iii) A homing
ligand or antibody, which guides the vector to the appropriate cells. The
ligand is aimed at a receptor that is overexpressed on the cancer cell.
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Fig. 3. Possible mechanisms of action of targeted polyIC. Targeted polylC is internalized upon activation of the targeted receptor, which is overexpressed on
the tumor cells. The double-stranded polyIC is expected to activate TLR3, which is mainly found in endosomes. TLR3, via its adaptor Toll/IL-1 receptor domain-
containing adaptor inducing IFN-B (TRIF), induces the phosphorylation of IFN Regulating Factor 3 (IRF3) and its translocation into the nucleus, as well as the
phosphorylation of IKK and nuclear translocation of NFkB. IRF3 and NF-kB activate transcription of IFN-o, IFN-, and proinflammatory cytokines such as TNF-a.
Furthermore, upon endosomal release, polylC can activate the cytoplasmic dsRNA receptors, PKR, MDA-5, and RIG-1. PKR and TLR3 also activate the MAPK
pathway, resulting in activation of AP-1 and apoptosis. PKR directly phosphorylates elF2-o, arresting protein synthesis. IFN production leads to further

feedback activation of the “antiviral”
immune recruitment by multiple pathways.

The targeted polylC strategy is different in concept from the
tyrphostins we developed earlier: tyrphostins inhibit the kinase
activity of the receptor, and we have learned that kinase in-
hibition is only effective when the cancer is strongly addicted to
the kinase (as in the case of chronic CML). Our new strategy
utilizes the receptor kinase as a Trojan horse, to deliver polyIC
into the cancer cell. Upon binding, the vector-bound receptor is
internalized, together with its polyIlC cargo. Internalization of
dsRNA induces the tumor to self-destruct by apoptosis, while
activating immune modulatory pathways, leading to cytokine and
chemokine induction. In addition to type I IFNs, we have detected
RANTES, IP-10, GRO-a, IL-2, TNF-a, and IFN-y (99, 106, 107).
These molecules generate a “bystander effect” against the tu-
mor: They are cytotoxic against tumor cells that do not them-
selves overexpress the receptor, boost tumor immunogenicity by
increasing the expression of MHC-1 and tumor-specific antigens,
and attract immune cells such as T cells and NK cells, which
mount an attack against the tumor (100, 106, 108) (Fig. 4).

The targeted polyIC approach is valid for any cancer that is
characterized by receptor overexpression in at least some of its
cells. A vector homing to EGFR-overexpressing tumors was

Levitzki and Klein

response. Thus, polylC induces the production of type I IFNs and inflammatory cytokines, leading to apoptosis and

effective in clearing disseminated EGFR-overexpressing tumors
from tumor-bearing mice (100). Only the cancerous cells are
affected: Nontumor cells cannot internalize large amounts of
polyIC, because they have far lower levels of EGFR, and they are
far less sensitive to stress caused by the secreted cytokines (109).

By changing the “homing head” of our vectors, we have targeted
HER-2-overexpressing breast cancer and prostate-specific mem-
brane antigen (PSMA)-overexpressing prostate cancer xenografts
(106-108). The involvement of multiple pathways in the response to
targeted polylC, the induction of a direct apoptotic effect that leads
to rapid cell death, and the recruitment of the innate and adaptive
immune systems to attack heterogeneous tumors and hunt out even
distant metastases have combined to produce very impressive pre-
clinical results (100, 106, 107). We believe that this strategy will be a
worthwhile addition to the anticancer arsenal.

The Future of Cancer Therapy

Decades ago, an “abscopal effect,” whereby radiation of a tumor
at one site leads to regression of a tumor at another site, was
recognized (110). Similarly, chemotherapy and targeted cytotoxic
therapies can also induce antitumor immunity (111). Combining
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Fig. 4. The advantages of the targeted polylC approach to tumor therapy.

ablation therapy of tumors with immunotherapy enhances the
immunostimulating response and has synergistic effects for cu-
rative metastatic cancer treatment. Current efforts are aimed at
finding the most effective combinations of chemotherapy, radi-
ation, targeted therapy, and immunotherapy (112-117).

Our targeted polyIC strategy couples local cytotoxicity with acti-
vation of immune surveillance. We are also examining combinations
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of targeted polylC with other forms of cancer treatment. If
we have learned one thing over the years, it is that cancer
growth and metastasis will only be controlled by a multifaceted
approach.
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