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Abstract

Immune checkpoint blockers revolutionized cancer therapy. Yet, they met only modest
success when treating tumors where regulatory T cells recruited at the tumor periphery
overwhelmingly suppress the adaptive immune response. To achieve lasting cure, we pro-
pose immuno-tuning combinations with purposely engineered targeted agents that block
indirect tumor-induced immunosuppression without adversely impacting the adaptive re-
sponse.
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Statement of purpose: This technical report is a contribution to the Open Drug Design
Project whose goal is to foster transparent, rational design and testing of therapeutic agents to
improve global health.

1 Immuno-tuning Technology: Addressing Indirect Tu-

mor Strategies for Immunosuppression

Cancer cells can compromise the immune system in at least two alternative ways, as shown
in Figure 1 [1-3]. They recruit negative signals deterring the activation of antigen-triggered T
cell response via tumor-produced ligands such as PDL-1 [1]. They may also cause immuno-
suppression in an indirect manner through the recruitment of regulatory T cells (Tregs) in
the tumor periphery via production of the stem-cell factor (SCF) [2,3]. The direct tumor-
induced impairment of the adaptive immune response has been successfully achieved in some
cancers, such as metastatic melanoma, by exploiting antibodies that block receptor recognition
of PDL-1 [1] or other checkpoint ligands. However, most cancers also deploy the indirect strat-
egy of immunosuppression, rendering checkpoint blockers inefficient. We address this problem
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here by curtailing the indirect tumor-induced blockade of the immune system in checkpoint
immunotherapy. We propose to do so in the context of an immuno-tuning technology, by suit-
able combinations of immunotherapy and targeted therapy tailored to rescue the former as an
efficacious cancer treatment.

2 Shortcomings of Monotherapy

Targeted anticancer therapy is often not curative, since resistance frequently arises [4]. To
mitigate this, combinations with immunotherapy are being evaluated [5]. However, as argued
here, the efficacy of such combinations may be compromised if the kinase inhibitors (KIs) have
secondary, off-target effects on the immune system [6], as shown in Figure 1.

Figure 1: Immuno-tuning drug paradigm. Direct (PDL-1 mediated) and indirect (SCF-
mediated) tumor-induced immunosuppression and respective interdictions through checkpoint
blocker and targeted therapy. The immuno-tuning targeted therapy effectively sensitizes the
tumor to checkpoint immunotherapy provided it impairs the SCF-mediated recruitment of reg-
ulatory T cells (Tregs) while avoiding inhibiting LCK. The latter is an off-target kinase whose
inhibition in effector T cells (Teff) causes direct impairment of the adaptive immune response.
Blue/red colors denote respectively beneficial/detrimental activities vis-à-vis cancer combat.

By contrast, immunotherapies based on the inhibition of a T cell negative signal or “check-
point” have shown unprecedented success as monotherapy, gaining FDA approval for the treat-
ment of metastatic melanoma, advanced metastatic non-small-cell lung cancer (NSCLC) and
advanced renal-cell carcinoma [1]. Yet, they have met only modest success against most other
cancer types [2]. In such contexts, checkpoint antibody inhibitors of cytotoxic T lymphocyte-
associated protein 4 (CTLA-4) or programmed death receptor 1 (PD-1) have not elicited a
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vigorous immune response [2]. This is mainly due to immunosuppressive sources present at
high concentration in the tumor microenvironment. Thus, regulatory T cells (Tregs) and
their inducers, myeloid-derived suppressive cells (MDSCs), typically overwhelm effector T cells
(Teff) in the tumor periphery. Both Tregs and MDSCs are recruited and amplified by the
tumor-secreting stem-cell factor (SCF-1) promoting immune tolerance [3,7]. Hence, targeted
therapies based on blocking the c-KIT kinase, the signal transducer of the SCF receptor, are
expected to impair tumor-induced immunosuppression [6,7], thereby sensitizing the tumor cells
to checkpoint blockers.

3 Combination Therapies to Overcome Shortcomings in

Checkpoint Immunotherapy

Given our understanding of tumor-induced immunosuppression, researchers are evaluating com-
bination therapies involving c-KIT KIs to lower the Tregs:Teff concentration ratio in the tumor
microenvironment [5-7]. The goal is to enhance the efficacy of the checkpoint blockade while
increasing the contribution of the immune system to the anti-tumor impact of targeted ther-
apy. We argue that available KIs that have succeeded as monotherapy are typically unsuited
for such combinations. A successful combination requires that the anti-c-KIT KI also generates
the antigenic activity that recruits the T cell response. In cancers reliant on a constitutively
deregulated c-Kit, such as the gastrointestinal stromal tumor (GIST), a relatively specific c-Kit
inhibitor may succeed [7,8] provided it does not compromise the adaptive immune response
through off-target activity [6]. We will focus on avoiding this off-target activity. However, in
most cancers refractory to checkpoint immunotherapy, such as ovarian cancer [9], the clinically
relevant target is usually not c-KIT (c-KIT inhibitors such as imatinib are in fact ineffective)
but other kinases, such as JNK [10]. So we will be interested in ligands that are inhibitors
of c-KIT as well as having some other anti-cancer target. Thus a superior control of drug
specificity [11,12] is required as three constraints must be fulfilled by the immuno-tuning KIs
to rescue the inoperative checkpoint blocker in combination treatments:

• Retain anti-c-KIT activity

• Retain affinity for the anti-cancer target, thereby inducing tumor-cell apoptosis

• Avoid direct blockade of signaling that triggers recruitment of the adaptive immune re-
sponse (cf. Fig.1)

Accordingly, we propose structural remodeling of KIs to promote the kind of synergistic activity
that foils tumor-induced immunosuppression.

4 Study Case in Immuno-Tuning Technology

To flesh out the combination strategy, molecular design [11] geared at fulfilling the three con-
straints mentioned must be deployed. Here we focus on two cancer types, GIST and ovarian,
both essentially refractory to checkpoint blockers, differing fundamentally in that anti-c-KIT
activity induces tumor-cell apoptosis in one case (GIST, [8,12]) and not in the other (ovarian
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cancer, [10]). We first consider immuno-synergies involving imatinib, an effective KI to treat
GIST [12]. The efficacy of the targeted agent is traced to its activity on the c-KIT and PDGFRA
kinases, both susceptible to become constitutively active through mutation. Although imatinib
improves median survival, it is not curative due to target resistance. Combinations of imatinib
with checkpoint blockers are being evaluated to improve clinical outcome under the assumption
that imatinib will reduce tumor-induced immunosuppression through inhibition of c-KIT, pre-
cisely the same target associated with its antitumor activity. Expression array analysis of GIST
tumors in animal models identified how imatinib affected tumor-infiltrating CD8+ T cells and
Tregs. Differences in expression patterns caused by imatinib revealed that c-KIT promotes
tumor cell expression of the immunosuppressive enzyme indoleamine 2,3-dioxygenase (Ido) [8],
which, in turn, promotes conversion, stabilization and activation of Tregs. Thus, prima facie,
imatinib would be suitable to synergize with immunotherapy.

However, it is doubtful that imatinib will ultimately succeed in combination therapies. Ima-
tinib is almost as powerful an inhibitor of the lymphocyte-specific kinase LCK as it is of c-KIT
(drug-target dissociation constant KD=13 and 40nM, respectively)1. As shown in Figure 1, the
anti-LCK off-target activity compromises the efficacy of combination therapies because LCK is
a major signal transducer of the antigen-triggered adaptive response of T cells2 [6,11]. In other
words, the anti-LCK activity of imatinib makes it directly immunosuppressive, overwriting its
blockade of tumor-induced immunosuppression, as shown in Figure 1.

A structural remodeling of imatinib to increase c-KIT affinity while removing affinity for
LCK is possible [11,12]. This remodeling is guided by local epistructural differences arising
as on-target and off-target kinases are structurally aligned and differences in their aqueous
interfaces are accounted for [11]. The main differences that guide drug remodeling are not in
the structure itself, since proteins with common ancestry usually partake the same fold [12,13],
but arise from the structures packing defects. A packing defect is a region where the structure
is vulnerable to water attack. Such defects are named dehydrons and consist of water-exposed
backbone hydrogen bonds in the protein structure [12, 13] (cf. Fig. 2). Specifically, the dehydron
C673-G676 in c-KIT becomes solvent-shielded bond M319-G322 in LCK and induced-upon-
association bond M111-N114 in the ovarian cancer target JNK (Fig. 2, [11,12]). Thus, a single
methylation of imatinib at the position indicated in Fig. 2, yielding compound WBZ 4, turns
imatinib into a selective dehydron-stabilizer of c-KIT with superior affinity (KD=10.4nM)1 [12].
In turn, WBZ 4 has no significant affinity towards LCK due to the high thermodynamic cost of
excluding water from the periphery of well-wrapped M319-G322 bond [11,12], while possessing
nanomolar affinity towards JNK, a key clinical target for ovarian cancer [10].

Compound WBZ 4 is thus engineered to block tumor-induced immunosuppression more
efficiently than imatinib through enhanced c-KIT inhibition. Furthermore, the WBZ 4-induced
peripheral Tregs modulation is free from overwriting immunosuppressive effects associated with
LCK inhibition.

These advantages of WBZ 4 invite clinical evaluation in combination with checkpoint block-
ers for treatment of GIST or metastatic c-KIT-dependent melanoma, in lieu of similar combi-

1Harvard Medical School — Library of Integrated Network-based Cellular Signatures (HMS-LINCS) Kinome
Scan Data/Last Update: September 15, 2016. url: http://lincs.hms.harvard.edu/kinomescan/

2Signaling network for activation and downregulation of antigen-triggered T-cell activation. Ky-
oto Encyclopedia of Genes and Genomes, T-cell receptor signaling pathway – Homo sapiens. url:

http://www.genome.jp/kegg-bin/show pathway?hsadd04660
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Figure 2: Epistructural analysis of structurally aligned c-KIT/JNK (main panel) and c-
KIT/LCK (inset). Epistructural differences in the nucleotide-binding loop (NBL) region are
indicated schematically in the upper panel and guide imatinib redesign.

nations with imatinib currently under evaluation (ClinicalTrials.gov Identifier NCT02812693).
Furthermore, the combined anti-JNK and anti-c-KIT activity of WBZ 4 makes it suitable for
synergistic combinations to treat ovarian cancer [10]. In this context, clinical efficacy makes it
mandatory to reduce the Tregs:Teff ratio at the tumor periphery, a goal achievable through
c-KIT inhibition [11], while the concurrent antigenic activity is enabled through JNK inhibition
[10].

We think of this modification of imatinib as tuning the ligand slightly to avoid interaction
with LCK. Given the structural similarity of c-KIT and LCK, this requires a delicate touch.
Fortunately, in this case the tuning actually improves the affinity for c-KIT. Thus we call
this immuno-tuning, and the development of WBZ 4 is the epitome of the immuno-tuning
technology heralded in this work.
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5 Rescuing Immune Checkpoint Blockers Through De-

ployment of the Immuno-Tuning Technology

As just shown, epistructural comparison of on-target and off-target kinases is essential to re-
design KIs with inherent anti-c-Kit activity with the intent of building immuno-synergies. An-
other promising scaffold to achieve such goals is dasatinib, a KI with superior nanomolar activity
against major clinical targets like BCR-ABL, c-KIT and PDGFR and the entire Src-family ki-
nases, including c-SRC and LCK1. Ongoing clinical trials evaluate dasatinib for the treatment
of solid tumors, including GIST (ClinicalTrials.gov Identifier NCT02776878) and ovarian can-
cer (ClinicalTrials.gov Identifier NCT02059265). However, a combination of dasatinib with
checkpoint immunotherapy to achieve definite cure has not been attempted, and may prove
extremely challenging because dasatinib is one of the most powerful LCK inhibitors known
(KD=0.2nM)1.

Therefore, the level of direct immunosuppression is extreme [14]. Yet, dasatinib is a more
powerful c-KIT inhibitor than imatinib, hence its potential to block indirect tumor-induced
immunosuppression is probably greater. These properties make it imperative to re-engineer
dasatinib to make it immuno-synergistic. This goal may be achieved by exploiting the same
type of epistructural design previously described for imatinib, in order to tell apart LCK from
its on-target homolog c-SRC, while retaining the anti-c-KIT activity.

Among the most powerful c-KIT inhibitors developed to-date, the ones requiring epistruc-
tural redesign along the lines described (immuno-tuning) to dial out LCK affinity1 in immuno-
synergistic contexts are: AST-487, cediranib, dasatinib, foretinib, fostamatinib, imatinib, ma-
sitinib, nilotinib, nintedanib, PD-173955, and tamatinib. On the other hand, ligands that
require no immuno-tuning include: axitinib, barasertib, dovitinib, JNJ-28312141, Ki20227, lin-
ifanib, motesanib, pazopanib, quizartinib, sorafenib, sunitinib, SU14813, tandutinib, vatalanib
and WBZ 4.

We highlight only one pathway for tumor-induced immunosuppression through Tregs re-
cruitment. There are alternative pathways for Tregs recruitment in the tumor microenviron-
ment (TME) which depend on the receptor repertoire of the Tregs. For example, VEGF,
TGFB, and IL-10 can also promote peripherally induced Tregs differentiation while the tumor
production of CCL22 promotes the recruitment and retention of Tregs in the TME [15]. The
blockade of these recruiting pathways offers alternative therapeutic opportunities based on ki-
nase inhibitors. For example, a two-pronged blockade of tumor-induced immunosuppression
may be achieved by kinase inhibitors that have a dual anti-c-KIT, anti-VEGFR nanomolar
activity, such as axitinib, brivanib, cediranib, foretinib, linifanib, nintedanib, pazopanib, so-
rafenib, sunitinib, SU-14813, and tamatinib.

6 Concluding Remarks

For most cancers, targeted therapy is not curative while checkpoint immunotherapy is not fully
operative. Combinations of both treatments may succeed in sensitizing the tumor to checkpoint
immunotherapy provided tumor-induced immunosuppression is significantly reduced without
introducing adverse competing effects while sufficient antigenic activity is generated. Most
available therapeutic agents like KIs cannot fulfill these constraints, and structural remodeling
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is required steered by a drug-selectivity filter. Thus, the paradigm of immuno-tuning drugs is
expected to emerge in targeted therapy. Immuno-tuning drugs block indirect tumor-induced
immunosuppression and do not directly interfere with the antigen-triggered adaptive response.
The combination of checkpoint immunotherapies with immuno-tuning targeted agents invite
evaluation in clinical contexts that feature overwhelming immunosuppression in the tumor
microenvironment.

The scheme in Fig. 1 is necessarily a simplification, and should be viewed only as a pro-
totype. Alternate ways of recruiting immuno-modulating cells are possible and would require
therapeutic interferences of the corresponding pathways along similar lines as those presented
here.
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