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Abstract

While important strides have been made in cancer therapy by targeting certain oncogenes, KRAS,
the most common among them, remains refractory to this approach. In recent years, a deeper
understanding of the critical importance of inflammation in promoting KRAS-driven oncogenesis
has emerged, and applies across the different contexts of lung, pancreatic, and colorectal
tumorigenesis. Here we review why these tissue types are particularly prone to developing KRAS
mutations, and how inflammation conspires with KRAS signaling to fuel carcinogenesis. We
discuss multiple lines of evidence that have established NF-xB, STAT3, and certain cytokines as
key transducers of these signals, and data to suggest that targeting these pathways has significant
clinical potential. Furthermore, recent work has begun to uncover how inflammatory signaling
interacts with other KRAS regulated survival pathways such as autophagy and MAPK signaling,
and that co-targeting these multiple nodes may be required to achieve real benefit. In addition, the
impact of KRAS associated inflammatory signaling on the greater tumor microenvironment has
also become apparent, and taking advantage of this inflammation by incorporating approaches that
harness T cell anti-tumor responses represents another promising therapeutic strategy. Finally, we
highlight the likelihood that the genomic complexity of KRAS mutant tumors will ultimately
require tailored application of these therapeutic approaches, and that targeting inflammation early
in the course of tumor development could have the greatest impact on eradicating this deadly
disease.
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1. Introduction

The RAS family of oncogenes was one of the first to be identified as mutated in human
cancer. But despite extensive investigation of the signaling networks that RAS activates to
promote cellular transformation, effective therapy has yet to be discovered either against
RAS itself or its multitude of downstream targets. Since mutations in KRAS are frequently
observed in three of the leading causes of cancer deaths: lung adenocarcinoma (LUAC),
pancreatic ductal adenocarcinoma (PDAC), and colorectal carcinoma (CRC), the ability to
target KRAS effectively would almost certainly reduce the morbidity and mortality from
these common cancers [1].

KRAS-driven carcinogenesis is tightly linked with tumor promoting inflammation, which is
increasingly recognized as target for therapeutic development. Activating mutations in
KRAS endow epithelial cells with the capacity to survive and expand in this setting, often
fueled by the same cytokines that are attempting to recruit inflammatory cells and fend them
off [2]. Indeed, the most common tumors in which KRAS mutations are observed arise from
the epithelial linings of organs — lung, pancreas, and colon - that sustain both mutational and
inflammatory insults over the course of time (Figure 1). In addition, KRAS-driven cancers
are not uniform diseases. Tissue specificity shapes the microenvironment in which the
cancer develops, co-mutation of different tumor suppressor genes can modify how
inflammatory signals downstream of KRAS are elaborated, and a variety of other factors
such can influence the unique immune cell ecosystem that each cancer is associated with.
Thus, therapies that target tumor promoting inflammation downstream of KRAS will likely
need to be tailored further based on certain genomic or immunologic contexts.

In this review we will focus specifically on the recent data that supports a critical role of
inflammation in oncogenic KRAS mediated tumor development and maintenance, and how
targeting inflammatory signaling pathways will likely be a necessary component of effective
KRAS targeted therapy. First we will review the evidence for inflammatory signaling in
promoting KRAS-associated lung, pancreatic, and colorectal carcinogenesis. Next, we
discuss how cell intrinsic factors such as levels of basal autophagy may influence the relative
engagement of immune signaling pathways, and how differences in the tumor immune
microenvironment could influence immune targeted therapy. Finally, we end with a
discussion of therapeutic considerations, and how developing combinations which
incorporate drugs that counteract this tumor promoting inflammation may ultimately help to
make KRAS-driven cancers a manageable disease.

2. Inflammation and KRAS-driven Lung Adenocarcinoma

Oncogenic mutations in KRAS are observed in approximately 1/3 of cases of LUAC and are
strongly associated with smoking [3]. The effect of tobacco associated mutagens and chronic
inflammation in fueling KRAS-driven lung cancer has been well documented in mouse
models. For example, exposure to the tobacco carcinogen 3-methylcholanthrene (MCA),
particularly when followed by induction of chronic inflammation with the non-carcinogenic
pneumotoxin butylated hydroxytoluene (BHT), triggers a high frequency of murine lung
cancers with Kras codon 12 mutations that mimic the spectrum observed in human LUAC
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[4]. More recent whole exome sequencing from mouse lung tumors arising from treatment
with methyl-nitrosourea (MNU) also revealed common mutations in Kras codon 12,
differing from other models that involve direct genetic activation of a Kras®12D allele, in that
the former is dominated by high mutational load while the latter are associated with
aneuploidy [5]. This study further examined mutational profiles following urethane
treatment, another chemical carcinogen utilized in mouse lung cancer models that induces
inflammation and NF-xB activation [6]. In contrast to MNU, urethane caused frequent
KrasQ81L and KrasQ6IR mutations, and a different mutational spectrum in general. Together,
these studies highlight the fact that different mutagenic insults, coupled with inflammation,
can promote distinct but common paths towards oncogenic KRAS activation in LUAC.

Genetically engineered mouse models (GEMMs) of Kras-driven lung cancer have been
instrumental in defining specific signaling components, including NF-xB, STAT3, and
secreted cytokines, that fuel oncogenesis. Although they typically lack the high mutational
load and more faithful evolution of carcinogen induced lung tumors, these models have
nonetheless helped to define oncogenic KRAS biology /n7 vivo and its collaboration with
commonly mutated tumor suppressors. These models have also enabled testing of genetic
requirements and novel therapeutics, given the relatively short latency of lung tumor
development. Multiple studies have defined an important role for NF-xB signaling the
aggressive lox-stop-lox (LSL) Kras®12D;p53Flox/Flox (Kp) mouse model of lung cancer.
Expression of the IxB super repressor gene inhibited tumorigenesis in this model [7], as did
genetic deletion of the p65 subunit or chemical inhibition of IxB kinase (IKK) activity [8,
9]. In contrast, studies of STAT3 signaling have suggested a more complex role for this key
downstream mediator of cytokines in KRAS-driven tumorigenesis. Lung epithelial specific
knockout of Stat3 paradoxically increased inflammation and Kras-driven tumorigenesis
following urethane treatment, and cooperated with oncogenic Kras in tumor initiation, but
was required in both instances for sustained tumor growth [10]. Another study further
demonstrated that Stat3 disruption enhanced lung tumorigenesis downstream of oncogenic
Kras, though showed mechanistically that this resulted from dysregulated NF-xB signaling
[11]. Specific deletion of IL6 in mouse lung epithelia has yielded similar paradoxical results.
In two separate studies, IL6 deletion combined with Kras®12P mutation promoted lung
tumorigenesis but impaired tumor growth [12, 13], although the effect on tumor growth
required intact p53 [12]. However, a more defined role for IL6 in promoting lung cancer
pathogenesis was recently demonstrated in the LSL-Kras®12D;Lkb1Flox/Flox (K| ) model
[14], an equally if not more aggressive model compared to KP mice [15]. In this setting,
Lkb1 inactivation shifted the immune microenvironment towards the accumulation of
neutrophils, which exhibited T cell suppressive activity through the release of multiple
cytokines including IL-6. In this model tumor growth was inhibited by treatment with a
neutralizing IL-6 antibody [14]. Together, these studies demonstrate a key role for these
inflammatory signals in fueling KRAS-driven lung cancer, but highlight feedback
compensation between STAT3 and NF-xB signaling and tumor suppressor background as
important issues to consider.
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2. KRAS signaling and Inflammation in Pancreatic Ductal Carcinogenesis

PDAC is associated with the highest frequency of KRAS mutations of any tumor type [16].
Similar to LUAC, inflammation plays a key role in its pathogenesis, as lifetime risk of
developing PDAC in patients with familial pancreatitis syndromes approaches 69-fold that
of the general population [17]. The most common causes of hereditary pancreatitis involve
germline mutations in PRSS1, encoding trypsinogen, or SPINKZ1, a serine protease inhibitor
that limits trypsin activity, suggesting that chronic exposure of the pancreas to its own
damaging projects may be a major etiologic factor in pancreatic carcinogenesis [18]. In
contrast to KRASC12C transversion mutations, which are associated with smoking and
commonly found in LUAC, PDAC is commonly associated with KRASG12D or KRASC12V,
revealing mutational predilection or selection for these particular amino acid changes [19].

Similar to LUAC, mouse models of pancreatitis and PDAC have helped define the specific
role of inflammation in KRAS-driven dysplasia. A commonly employed model utilizes
transient administration of supraphysiologic doses of the cholecystokinin analog cerulein,
which hyperstimulates the pancreas and results in acute pancreatitis. Whereas pancreatitis
resolves in a KRASWT background, activation of a doxycycline inducible KRASCG12D gllele
(iIKRAS™ model) triggers prolonged inflammation that induces acinar to ductal metaplasia
(ADM) after one week, followed by pancreatic intra-epithelial neoplasia (PanIN) formation
and eventual PDAC [20]. This tissue pathology requires the persistent expression of mutant
KRAS, since withdrawal of doxycycline could revert histologies back to normal. Cerulein-
induced pancreatitis promotes RAS activation, which becomes fixed in the presence of an
oncogenic KRAS allele [21]. Inhibition of NF-xB activity by deletion of IKK-B suppressed
RAS-GTP, inflammation, and dysplasia, whereas transgenic over-expression of IKK-f
collaborated with KRASC12D to fuel this circuit. Similarly, deletion of 1L-6 in the iIKRAS”
model markedly interfered with prolonged pancreatic inflammation and dysplasia following
cerulein treatment, downregulating both pSTAT3 and pERK levels [22]. Multiple other
studies have shown a role for IKK signaling in promoting oncogenic KRAS induced
inflammatory signaling and pancreatic carcinogenesis in mice [23, 24], as well as IL-6/
STAT3 signaling [25-27]. Together, these data firmly demonstrate that oncogenic KRAS
mutation cooperates with NF-xB, STAT3, and cytokine signaling in the pancreatic
microenvironment to sustain a pathologic circuit that promotes the evolution of PDAC.

4. Colitis and KRAS-driven Colorectal Cancer

While inflammation also plays a key role in colorectal carcinogenesis, the colon has several
unique features compared with the lung and pancreas, which shape how cancer develops in
this setting. First, cells that arise deep in the intestinal crypt proliferate and migrate towards
the surface as they differentiate, eventually sloughing off into the lumen. This high cell
turnover rate differs from lung and pancreas, and helps serve to prevent the accumulation of
deleterious mutations, as cells that sustain mutational insults are continuously shed. In this
context, mutations in APC and dysregulation of WNT-B-catenin signaling enables fixation of
cells and formation of polyps, which then become the nidus for further accumulation of
mutations that fuel CRC [28]. The other key distinguishing feature of the colon, as compared
with other tissues, is the presence of a microbiome. While the specific role of intestinal
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microbiota in promoting CRC continues to be elucidated [29], direct exposure to bacterial
and other organisms, and the cellular adaptations that enable this commensal relationship,
clearly shapes its development.

Thus, in contrast to other tumor types, activation of p-catenin is the primary initiating event
fueled by dysregulated inflammation. For example, IL-10 deficient mice, which develop
colitis and spontaneous colorectal tumors, exhibit nuclear p-catenin through engagement of
multiple inflammatory signaling pathways involving NF-xB and cytokine signal
transduction [30]. Similarly, mesalamine, a commonly used anti-inflammatory agent for
ulcerative colitis, inhibits dysplasia in 1L-10 knockout mice with suppressed p-catenin
signaling [31]. Recent whole exome sequencing studies of CRC from patients with
underlying chronic inflammatory bowel disease are consistent with this idea—while fewer
APC and KRAS mutations were identified in these tumors as compared with sporadic CRC,
alternative mechanisms to activate WNT and RAS pathway signaling were identified [32].

Another classic animal model of colon carcinogenesis involves treatment of mice or rats
with azoxymethane (AOM), which induces colon cancer along the typical adenoma-
carcinoma sequence observed in common human sporadic tumors. In this model, KRAS
mutations are frequently identified, and in a proportion similar to human CRC [33], as are
both APC and p-catenin mutations [34, 35]. Perhaps the strongest evidence that
inflammation fuels both p-catenin and KRAS-driven carcinogenesis in this context comes
from the fact that co-administration of the inflammatory agent dextran sodium sulphate
(DSS), markedly shortens the latency of tumor formation in this model [36]. Thus, in the
context of an appropriate mutagenic insult that provides a direct source for genomic
alterations in APC/B-catenin and KRAS, inflammation accelerates the adenoma-carcinoma
sequence and drives tumorigenesis, similar to LUAC and PDAC. In this model, important
roles for NF-xB and JAK/STAT pathway activation have also been implicated as key signals
that support KRAS-associated tumorigenesis. Genetic deletion of IKK-B in enterocytes
decreased tumor incidence, but was associated with increased DSS induced inflammation
[37]. In contrast, myeloid-specific deletion of IKK-B suppressed inflammation and inhibited
the expression of multiple cytokines including IL-6, also impairing tumorigenesis. These
findings confirm the role of both tumor cell autonomous and non-cell autonomous NF-xB
signaling in fueling oncogenesis in this model. In another study, intestinal epithelial cell
specific deletion of suppressor of cytokine signaling-3 (SOCS3), a negative regulator of
JAK-STAT signaling, enhanced AOM/DSS induced tumorigenesis, also associated with
dysregulation of IL-6 and NF-xB activation [38]. Interestingly, TLR4-deficient mice
(germline deletion) are also protected from AOM/DSS induced colorectal tumorigenesis
[39]. These findings suggest a unique role of the intestinal microbiota, a rich source for TLR
ligands, in promoting this inflammatory state that supports colon tumorigenesis.

5. Modulation of KRAS-driven inflammation and tumorigenesis by

autophagy

Macroautophagy (herein referred to as autophagy), which degrades large macromolecular
complexes and removes damaged organelles such as dysfunctional mitochondria, is a tumor
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suppressive process, yet also can promote oncogenesis in established KRAS dependent
cancers [40]. Multiple studies have shown that the metabolic consequences of autophagy
inhibition in aggressive KRAS-driven malignancies due to the accumulation of damaged
mitochondria, in addition to elevated levels of reactive oxygen species (ROS), limits the
ability of these tumors to survive and expand [41]. But disruption of autophagy also
promotes incipient KRAS dysplasia, even in aggressive PDAC models where established
tumors respond to autophagy inhibition [42]. Although the basis for this phenomenon has
remained enigmatic, recent studies have shown that autophagy inhibition restrains tumor
promoting inflammation downstream of oncogenic KRAS. For example, levels of key
autophagy adaptor proteins such as p62 (encoded by SQSTMJ) are increased when
autophagy is inhibited [43] and p62 promotes Ras driven NF-xB activation [44]. Multiple
additional studies have also implicated mitochondrial quality control in limiting
inflammation; in particular, release of mitochondrial DNA (mtDNA) activates the
cytoplasmic double stranded DNA sensing protein STING, which fuels activation of
canonical and non-canonical 1xB kinases, especially TBK1 [45]. Thus, the accumulation of
damaged mitochondria in response to defective autophagy could also enhance this
inflammatory response, and indeed TBK1 may play a key role in this feedback downstream
of KRAS [46, 47]. Following exposure to poly-IC, which favors IRF3 activation, autophagy
deficiency induced TBK1 signaling to produce IFN-, tipping the balance towards cell death
[46]. In contrast, priming cells with IL-1p, which activates NF-xB, increased TBK1
regulated pro-survival chemokines and cytokines including CCL5 and IL-6, promoting both
T cell and pro-tumorigenic neutrophil infiltration /77 vivo and fostering Kras®12P-induced
dysplasia [47] (Figure 2). These results further correlate with the IL-6 mediated tumor
promotion observed in murine KL lung cancer [14] which lack autophagy [48]. Notably,
ATG5 deficiency in the KP lung cancer model also enhanced tumorigenesis, in this case by
promoting the influx of FOXP3+ regulatory T cells as a means of impairing anti-tumor
immunosurveillance [49].

Autophagy deficiency has also been strongly linked to the development of inflammatory
bowel disease, as risk alleles in NOD2and ATG16L1 have linked functionally to autophagy
of bacterial peptidoglycans [50]. Impairment of autophagy by colonic epithelial cell deletion
of ATG7 [51] or disruption of the NLRP6 inflammasome [52] disrupts mucus secretion and
maintenance of the normal gut flora, resulting in colitis. Though as mentioned above, KRAS
mutations themselves are less common in CRC resulting from inflammatory bowel disease,
these findings nonetheless highlight the fact that autophagy plays a key role in regulating the
unique microenvironment of the colon that also shapes sporadic CRC development.

6. Role of the tumor immune microenvironment

Given the extraordinary complexity of the immune microenvironment, and the fact that
multiple variables beyond KRAS signaling alone can influence the specific fate of an
individual tumor, it remains a challenge to generalize the impact of oncogenic KRAS
signaling on infiltrating immune cells. Several principles have emerged, however, in addition
to autophagy, which can modify how KRAS-driven tumors interact with the immune
microenvironment, including the type of mutated tumor suppressor, mutational load, local
immune compartments, and the influence of KRAS antigen presentation itself.
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In LUAC, several additional recent studies examining gene expression patterns of human
KRAS mutated tumors have highlighted key differences between cancers with TP53 or
STK11/LKB1 co-mutation. In one study, unsupervised clustering of RNA-Sequencing data
from the Cancer Genome Atlas (TCGA\) [53] revealed segregation into three major subtypes,
which coincided with TP53 mutation (KP), STK11/LKB1 mutation (KL), or lack thereof
[54]. Gene-set enrichment analysis (GSEA) of the KP cluster highlighted upregulation of
anti-tumor immunity and immune tolerance, including increased levels of PD-L1, PD1, and
CTLA4 as compared with the KL subtype, and consistent with the preferential 1L-6
activation in the KL mouse model [14]. In another study, gene expression profiling was
performed on 442 LUAC samples, and the impact of TP53 and STK11/LKB1 co-mutations
with KRAS was determined on features of tumor proliferative response and immune
surveillance [55]. In this dataset, STK11/LKB1 co-mutation was associated with activation
of an NF-xB signature previously linked to intra-tumoral T cell enrichment [56]. Though
relative expression of PD-L1 or IL-6 as immune suppressive mechanisms were not examined
in this study, these data further confirm that TP53 or STK11/LKBL. status alters how KRAS
interacts with the tumor immune microenvironment.

Another confounder high mutational burden frequently associated with smoking and KRAS
mutation status in LUAC. Elevated mutational load has been correlated with response to
PD1 immune checkpoint activation in lung cancer [57], and neoantigen clonal diversity may
be the predominant influence that regulates immune checkpoint activation in these tumors
[58]. While TP53 inactivation enables cells to tolerate genotoxic stress and accumulate these
mutational loads, multiple other factors influence mutational burden, such as alterations in
repair pathway genes and smoking exposure. Indeed, levels of PD-L1 expression by
immunohistochemistry were significantly correlated with smoking status in KRAS-mutant
lung cancer and highest among current smokers, as compared with former or never smokers
[59]. Conversely, KRAS mutant PDAC and CRC have been more refractory to anti-PD1/
PDL1 therapies, except when mutational load is increased by microsatellite instability (MSI)
status in CRC, for example [60].

Accessory immune compartments have also been implicated KRAS-driven tumorigenesis,
especially in the presence of strong tumor antigens. Using a KP mouse model in which Cre
mediated Kras activation and 77p53 inactivation is coupled with the expression of ovalbumin
antigens, a recent study demonstrated the critical importance of Tregs and tertiary lymphoid
structures (TLS) in enabling tumor immune evasion [61]. Deletion of Tregs by Foxp3
regulated expression of the diphtheria toxin receptor resulted in potent T cell infiltration and
destruction of KP tumors. Rather than localizing within KP tumors themselves, Tregs
accumulated in perivascular immune patches that exhibited features of tumor associated
TLS, also observed in human cancers. These sites were responsible for immune cell
proliferation and activation in response to Treg depletion, and importantly immune
responses were also observed in KP mice even without ovalbumin antigen exposure. Similar
immune destruction has also been identified in the pancreatic

KrasG12D/* - Trp53R172H/* pix1-Cre (KPC) mouse PDAC model following Listeria vaccine
exposure and depletion of Tregs [62]. In this model Treg depletion also localized to
pancreatic lymph nodes; however, response was limited to early stage PanINs and not late
stage PanINs, suggesting a predominant role during tumor initiation. Extratumoral Ly6C'oW
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F4/80* macrophages have also been implicated as immunosuppressive in the KPC model
[63]. Depletion of these cell resulted in the specific influx of CD8+ T cells and regression of
established tumors following combined treatment with gemcitabine and a CD40 agonist.

Finally, oncogenic KRAS itself is a tumor specific neoantigen. Recent proof of principle
studies in mice showed that HLA-A*11:01 can present KRAS mutant variant peptides
including G12V and G12D and be recognized by specific T cell receptors (TCRs) [64].
Adoptive transfer of these T cells into NOD scid gamma (NSG) mice bearing a KRAS
G12D mutated PDAC line resulted in tumor growth impairment. Next generation sequencing
and high-throughput immunologic screening of human GI cancers also identified neoantigen
specific tumor infiltrating lymphocytes, including an HLA-C*08:02 restricted TCR from
CD8+ T cells targeting KRASC12D that could potentially be harnessed for personalized
immunotherapy [65]. Further study of how commonly KRAS restricted T cells are found
across LUAC, PDAC, and CRC patients, is an important area of future research, both to
identify the factors that determine whether they have undergone immunoediting during
tumor development, and to determine how they might potentially be deployed as tumor
specific immunotherapy.

7. Therapeutic targeting of KRAS-associated immune pathways

Given the integral role of inflammation in promoting KRAS-driven tumorigenesis across a
variety of different tumor types, targeting immune signaling pathways will almost certainly
represent an integral component of achieving disease control (Figure 3). One attractive
strategy is to target the NF-xB and JAK-STAT pathways, given their prominent roles in
tumor development and the reported preclinical efficacy of inhibiting these pathways across
multiple KRAS mouse tumor models. Although selective NF-xB inhibitors have yet to enter
the clinic, multiple JAK kinase inhibitors have been developed based on the common
activating JAK2V617F mutation in myeloproliferative neoplasms [66]. Ruxolitinib, a potent
and selective inhibitor of JAK1/JAK2 kinases, has been FDA approved for this indication,
and is currently being tested in clinical trials across a variety of different solid tumors,
including LUAC, PDAC, and CRC. One study in metastatic refractory PDAC, combining
ruxolitinib with the chemotherapeutic agent capecitabine, showed a trend towards
improvement in progression free and overall survival, with significant improvement in a
subgroup of patients with elevated levels of C-reactive protein (CRP) as a marker of
systemic inflammation [67], although these results await further confirmation in larger
randomized controlled studies. Momelotinib (previously known as CYT387), is another
JAK1/2 inhibitor that is currently undergoing a randomized phase 3 trial with ruxolitinib in
myelofibrosis, based on promising efficacy in phase 2 studies that not only demonstrated
reduction in splenomegaly and constitutional symptoms, but also showed improvement in
transfusion dependence [68]. In contrast to ruxolitinib, momelotinib is a multitargeted kinase
that also inhibits both JAK1/2 and the IKK-related kinases TBK1 and IKKe, which results
not only in inhibition of JAK/STAT signaling downstream of IFN-y and IL-6, but also TBK1/
IKKe signaling downstream of LPS and IL-1 [69]. This broad suppression of STAT, NF-xB,
and IRF3 transcription results in a potent anti-cytokine effect, and preclinical efficacy in
murine Kras lung cancer models. Similar results in preventing PanIN formation in the
iKRAS* pancreatic model were also recently reported with momelotinib, which was further

Semin Cell Dev Biol. Author manuscript; available in PMC 2017 October 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Kitajima et al.

Page 9

shown to inhibit autophagy as well as feedback cytokine activation [47]. Together, these data
suggest particular benefit of inhibiting both JAK/STAT and TBK1/IKKe activity in
suppressing KRAS induced dysplasia, and are consistent with the findings that inhibiting
only STATS3, for example, can result in feedback NF-xB activation [11]. While treatment
with momelotinib itself represents one strategy to achieve multitargeted pathway inhibition,
combination of potent and selective JAK and TBK1/IKKe inhibitors may be a more
appealing strategy, to avoid alternate off-target effects.

Downstream MAPK pathway inhibition has also emerged as a critical factor in targeting
KRAS-driven cancers, and is the backbone of multiple clinical trials [70]. Important cross-
talk also exists between 1L-6 and the MEK/ERK signaling cascade [22]. Indeed, multiple
studies have also shown that pharmacologic or genetic TBK1 inhibition results in feedback
ERK activation, suggesting that JAK/TBK1/IKKe inhibition may not be sufficient on its
own to fully impair tumor growth, and may require concomitant MEK inhibition [69, 71].
Conversely, observations across multiple KRAS-driven lung and colorectal cell lines have
revealed that treatment with the MEK inhibitor selumetinib results in feedback activation of
IL-6 and STAT3, as a mechanism of adaptive resistance [72]. Consistent with these findings,
combination of momelotinib with the MEK inhibitor selumetinib was required to prevent
this feedback and fully suppress both pathways, which was effective in potently inhibiting
IL-6 production and limiting tumorigenesis in the aggressive KP model [69]. Further
evidence for developing targeted therapeutic strategies that ablate IL-6 in combination with
MAPK signaling comes from the iIKRAS* model. Whereas deletion of IL-6 alone disrupted
the inflammatory microenvironment and limited PanIN progression [22], similar to
treatment with momelotinib [47], inhibition of MEK alone using the kinase inhibitor
PD325901was able to suppress PanIN growth, but did not prevent pancreatitis [73].
Together, these findings suggest more broadly that therapeutic strategies designed to target
NF-xB and JAK-STAT signaling will be more efficacious in combination with MEK
inhibitors. As discussed above, immune checkpoint blockade with anti-PD1/PD-L1
antibodies is another emerging therapeutic strategy for KRAS-driven cancers. Multiple
attempts to increase the response rate of these agents in lung and other malignancies are
underway, both through increasing the mutational load (i.e. tumor radiation exposure) and
by combination with therapies that modulate the immune microenvironment and T cell
priming. In addition to producing IL-6 feedback activation, MEK inhibitor treatment of
tumors in syngeneic mouse models also was shown to increase the percentage of CD8* T
cell infiltration in tumors, including T-bet" populations, which is induced following naive T
cell priming and is required for effector cytokine production [74]. While MEK inhibition
(MEK:i) was actually found to limit naive T cell priming and expansion, it impaired the TCR
triggered death of chronically stimulated CD8* T cells, and synergized with anti-PD-L1 to
enhance anti-tumor efficacy /n vivoin the CT26 CRC tumor model. Another study showed
similar efficacy of combining trametinib with anti-PD1 in this syngeneic model,
accompanied by the accumulation of tumor infiltrating CD8* T cells [75]. These results have
spurred several clinical trials combining a variety of different MEK inhibitors with anti-PD1
or anti-PD-L1 inhibitors across different tumor types, including KRAS mutant LUAC,
PDAC, and CRC. However, multiple issues remain such as the continuous versus pulse
dosing of MEK:i given the potential negative effects on T cell activation, and the fact that
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neoantigen specific T cells need to be present in the first place for them to be primed by
MEK:i. Regardless, the results from these trials and the particular efficacy in KRAS-driven
cancers are eagerly awaited.

Finally, although initial clinical trials of these novel experimental drug combinations are
being pursued in advanced treatment refractory patients, it is likely that targeting
inflammatory signaling pathways will be even more effective during tumor development.
Perhaps the strongest clinical evidence for this approach comes from the wealth of data
showing that COX2 inhibition with aspirin or other non-steroidal anti-inflammatory agents
can prevent colorectal cancer development [76]. Although the risk/benefit ratio of these
particular agents remains controversial, and their potency limited, these findings suggest that
disrupting tumor promoting inflammation with newer therapies, alone or in combination,
will be particularly effective during KRAS-driven cancer formation.

8. Conclusions

In summary, although much remains to be learned, our understanding of how inflammation
contributes to KRAS-driven oncogenesis has improved immensely over the past several
years. At the same time, drugs that target the signal transduction pathways that propagate
these signals have entered the clinic. Understanding how to combine these therapies safely
and achieve effective target inhibition in patients will hopefully result in meaningful clinical
responses for patients suffering with advanced KRAS-driven malignancies. In addition,
defining which patients might benefit from suppressing tumor promoting inflammation,
versus harnessing its activity with immune checkpoint blockade, will be of major
importance, and informed by analysis of the features beyond KRAS mutation that correlate
with response. Finally, as effective regimens are identified and targeted to the appropriate
patients, moving this therapy earlier in the course of disease is likely to have a greater
impact, and bring us closer to the goal of finally controlling these refractory cancers.
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Figure 1. Cooperation of KRAS mutation and inflammatory signaling in lung, pancreatic and

colorectal tumorigenesis

Exogenous factors such as tobacco carcinogens or pollutants in the lung, enzymatic

inflammation or cerulein in the pancreas, and microbiota or AOM/DSS (Azoxymethane/
dextran sodium sulphate) in the colon trigger oncogenic KRAS mutation, NF-xB/STAT3,

and inflammatory cytokine production, which promote tumorig
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Figure 2. Interrelationship of autophagy and inflammation
Oncogenic KRAS activates both autophagy and inflammation during tumorigenesis. While

autophagy counterbalances cellular stress, it also acts as a negative feedback mechanism to
suppress KRAS-induced inflammation.
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Figure 3. Schematic of therapeutic strategies targeting KRAS associated inflammation
Shown are approaches to inhibit JAK/STAT, NF-xB, MAPK, and immune checkpoint

signaling pathways, which are being evaluated as alone or as combination therapies. Also
shown are potential factors that could influence susceptibility to protumorigenic cytokine
inhibition (e.g. STK11/LKBL1 inactivation) or immune checkpoint blockade (e.g. TP53
inactivation).
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