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Abstract

Introduction: Drug resistance is the main barrier to achieving cancer cures with medical therapy.
Cancer drug resistance occurs, in part, due to adaptation of the tumor and microenvironment

to therapeutic stress at a proteomic level. Reverse-phase protein arrays (RPPA) are well-suited

to proteomic analysis of drug resistance due to high sample throughput, sensitive detection of
phosphoproteins, and validation for a large number of critical cellular pathways.

Areas covered: This review summarizes contributions of RPPA to understanding and combating
drug resistance. In particular, contributions of RPPA to understanding resistance to PARP
inhibitors, BRAF inhibitors, immune checkpoint inhibitors, and breast cancer investigational
therapies are discussed. Articles reviewed were identified by MEDLINE, Scopus, and Cochrane
search for keywords “proteomics,” “reverse-phase protein array,” “drug resistance,” “PARP
inhibitor,” “BRAF inhibitor,” “immune checkpoint inhibitor,” and “I-SPY” spanning October 1
1960 — October 1 2021.

Expert opinion: Precision oncology has thus far failed to convert the armament of targeted
therapies into durable responses for most patients, highlighting that genetic sequencing alone is
insufficient to guide therapy selection and overcome drug resistance. Combined genomic and
proteomic analyses paired with creative drug combinations and dosing strategies hold promise for
maturing precision oncology into an era of improved patient outcomes.
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1.0 Introduction

Drug resistance is the primary barrier to successful medical treatment of cancer in the
modern era [1]. Over the past ten years, the United States Food and Drug Administration
(FDA) has approved an average of twelve new oncology drugs each year, accounting for

a quarter of all new drug approvals. With the exception of a few outstanding examples,
however, these drugs do not cure patients of cancer, and unfortunately rarely extend survival
by more than a year. Analyses of all new cancer drugs approved between 2002 and 2014
have found that these drugs increase overall survival on average between 2.1 and 3.4
months [2,3]. Despite initial response to anti-cancer drugs in many patients, the onset of
drug resistance is nearly universal and often rapid, limiting the ability of both existing and
newly-approved drugs to prolong length of life or improve quality of life for patients with
cancer. While immune checkpoint blockade has resulted in prolonged overall survival in a
subset of patients, less than half of patients across all diseases respond, and in many cases,
the responses are of relatively short duration.

Anti-cancer drug resistance can be broadly characterized as innate, acquired, or adaptive.
Innate, or primary, resistance to therapy exists before a tumor is exposed to a drug and can
be due to mechanisms intrinsic to tumor cells and extrinsic contributions from the tumor
environment [4]. Patients with high innate resistance to cancer therapy are “non-responders
to that therapy and ideally would be identified prior to treatment and either not receive

a particular treatment, or receive that treatment only in combination with a sensitizing
therapy. With acquired resistance, small, pre-existing subclonal populations are selected for
and expand during and after drug treatment, leading to a stable state of drug resistance
[5,6]. In some cases, mutations—such as estrogen receptor mutations in breast cancers
treated with hormone manipulation—do not pre-exist, but rather are acquired while the
patient is on therapy [7-10]. In contrast to patients with high innate resistance, patients
with acquired resistance often have initial tumor response followed by tumor progression.
Adaptive resistance is characterized by rapid signaling network alterations in response to
therapeutic stress. Adaptive responses allow cells to withstand therapeutic stress until that
stress has passed or compensatory genetic alterations accrue, and are increasingly being
appreciated as stable and heritable independent of genetic mutation [11-13].

Importantly, for most patients, the interplay between multiple resistance mechanisms
contributes to overall clinical response to a given therapy [14]. Rapid adaptive responses
may allow cell populations, which are expected to be genetically sensitive to a treatment,
time to accumulate heritable resistance-conferring mutations [15,16]. Conversely, cell
populations expected to be genetically resistant to a treatment may revert to a sensitive
phenotype under non-genetic influences. While acquired resistance is increasingly well-
described by genetic analyses due to improving sequencing sensitivity and advances in
single-cell technology, adaptive resistance is primarily mediated by the levels, locations,
and functions of proteins. DNA and RNA analyses poorly predict protein abundance and
activity, and as such genetic analyses have been less informative into adaptive mechanisms
of resistance to cancer drugs [17]. Thus, proteomic analyses are a critical companion to
genetic analyses in describing the landscape of tumor evasion of treatment.
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Here, we describe unique contributions of proteomic studies to our understanding of
mechanisms of resistance, candidate combination therapies, and when available, the clinical
outcomes of these strategies. We focus specifically on contributions of reverse-phase

protein arrays (RPPA), and four therapeutic areas of particular interest which have been
studied extensively at the protein level: poly (ADP-ribose) polymerase (PARP) inhibitors
(PARPI), BRAF inhibitors (BRAFi), immune checkpoint inhibitors (ICI), and investigational
therapies in early breast cancer adaptive trials. It is important to note that while this

review focuses on the unique contributions of RPPA, other proteomic techniques — namely
mass spectrometry, Nanostring digital spatial profiling, and single cell spatial proteomics
including co-detection by indexing (CODEX), multiplex immunohistochemistry (mIHC),
and cyclic immunofluorescence (Cyc-IF) — are poised to provide new insights (see section 7,
“Frontiers in antibody-based proteomics for drug resistance”) [18-28]. Finally, we speculate
on the challenges that drug resistance has posed to the clinical successes of targeted
therapies and the opportunities that exist for applying creative drug combination and dosing
strategies to realize the promise of “precision oncology.”

2.0 Methods

A database search including MEDLINE (PubMed), Scopus, and Cochrane (Wiley) was
performed using combinations of the keywords “proteomics,” “reverse-phase protein array,”
“drug resistance,” “PARP inhibitor,” “BRAF inhibitor,” “immune checkpoint inhibitor,” and
“I-SPY™ to identify articles for review. The search period spanned publication dates October
1 1960 — October 1 2021. Articles not available in English or without available English
translation were excluded.

3.0 RPPA: A high-throughput antibody-based proteomic technology

RPPA is a high-throughput antibody-based proteomic technology that has enabled the semi-
quantitative measurement of expression and post-translational modification of up to 500
proteins in parallel across a large number of samples. Using the RPPA approach, protein-
containing samples are arrayed in serial dilution on nitrocellulose-coated glass slides.
Example test specimens suitable for RPPA include serum, plasma, and lysate from cultured
cells, fine need aspirates, fresh tissue, frozen tissue, formalin-fixed paraffin-embedded
tissue, or laser capture microdissected specimens [29]. A variety of printers, including
contact pin printers and non-contact microarrayers, are available for the production of
sample microarrays [30]. Each glass slide can be printed with thousands of sample dots
representing serial dilutions from hundreds of distinct protein samples. Printed protein
microarrays are then incubated with validated high-affinity primary antibodies, spot signals
are amplified with labeled secondary antibodies, spot intensities are quantified using a
high-quality image acquisition device, and protein levels are determined using curve

fitting software [31-38]. Because each printed array is probed with a single primary
antibody, multiple identical arrays are typically printed and probed with a diversity of
antibodies, which is enabled by the small amount of sample needed for each array

[39]. Since its original implementation with protein lysates procured by laser capture
microdissection, RPPA has been validated for a variety of protein substrates extracted
through various methods; can be used with fluorescent, colorimetric, or chemiluminescent
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signal amplification strategies; has been demonstrated with novel array substrata for

various specific applications, including functionalized glass and hydrogels; and has evolved
to incorporate refined spot analysis algorithms that improve data reliability [40-46].

Primary antibodies against more than 500 targets have been validated for RPPA to date,
encompassing proteins critical to intracellular and extracellular signaling pathways including
apoptosis, metabolism, cell cycle progression, replication stress, DNA damage repair,
autophagy, invasion, and immune function. Notably, 20% of these antibodies are specific

for protein post-translational modifications, and predominant among these post-translational
modifications is protein phosphorylation [47].

3.1 Advantages and disadvantages of RPPA in comparison to other proteomic methods

RPPA offers distinct advantages and disadvantages as compared to other proteomic methods,
including other antibody-based technologies and mass spectrometry. In comparison to low-
throughput antibody-based methods such as Western blot, enzyme-linked immunosorbent
assays, and immunohistochemistry (IHC), RPPA is resource and time efficient, requiring
only picograms to fentograms of protein and allowing parallel preparation and interrogation
of tens to thousands of protein samples with hundreds of antibody probes [36]. RPPA has
demonstrated proficiency at characterizing proteins that appear at low abundance, which is
particularly of benefit to the study of regulatory post-translational modifications of proteins
that are present at low levels [36]. As compared to low-throughput methods, RPPA has been
demonstrated to offer extremely high intra- and inter-array reproducibility, with inter-array
variation shown at less than 15% [36]. Current standard practice for validation of antibodies
used in RPPA involves demonstrating the specificity, selectivity, and reproducibility of the
antibody by comparison to Western blot results, RNA levels generated by transcriptional
profiling, and mass spectrometry protein levels in validation samples. Antibody quality can
vary between antibody batches, necessitating time- and cost-intensive revalidation. Quality
control processes with standard samples run in each experiment can identify antibodies

that did not perform well in a single experiment, as well as where antibody quality has
decreased in different batches. The need to thoroughly validate, and at times re-validate,
RPPA antibodies represents a key intrinsic limitation of the technology [46].

In comparison to forward-phase protein arrays and bead-based arrays — which utilize printed
arrays of antibodies or antibody-coated beads, respectively, probed with a single protein-
containing sample — RPPA includes many samples on the same slide in serial dilution,
which allows more direct comparison between samples and higher throughput of many
protein samples. On the converse, because each array is probed with a single antibody,
RPPA is relatively lower throughput with regard to different antibodies than forward-phase
protein arrays [48]. The optimal choice of reverse- versus forward-phase array depends on
the number and abundance of protein samples under investigation as well as the particular
antibodies of interest to a given study.

As compared to mass spectrometry, RPPA is limited in its proteome coverage, and

high quality antibody availability remains the major bottleneck to expansion of proteome
coverage [33]. Mass spectrometry has the ability to unambiguously identify proteins
including mutants, splice variants, and post-translational modified forms. Mass spectrometry
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is better able to assess the full proteome (albeit current approaches do not cover the full
proteome but only a subset of proteins, with particular limitations with regard to modified
proteins and splice variants), while RPPA interrogates a limited and highly selected portion
of the proteome for which high quality antibodies have been validated [49]. Nevertheless,
the antibodies currently used for RPPA have been specifically chosen to cover pathways of
high biological and clinical significance. Previous observations regarding the convergence
of oncogenic changes on a limited number of biological pathways suggest that the critical
pathways interrogated by RPPA would be expected to explain a significant proportion of
tumor response and resistance to therapy [24,50]. Furthermore, the ability to sensitively
and reliably characterize key sites of protein phosphorylation is central to RPPA’s unique
usefulness in interrogating signal network activity and in fact, RPPA has been demonstrated
to be more sensitive than quantitative mass spectrometry in detecting a subset of regulatory
phosphosites in tumor samples when directly compared [51]. The targeted approach offered
by RPPA facilitates ease of data interpretation in comparison to the relatively greater
quantity of data produced by mass spectrometry, which requires more extensive filtering
for interpretability. On the contrary, the untargeted approach offers by mass spectrometry
allows identification of unexpected proteins and pathways, which is a major advantage of
mass spectrometry for new discovery. Because of the limited scope of RPPA with regards
to available antibodies, RPPA may be more affected by pre-test hypotheses, while mass
spectrometry may be seen as a better hypothesis-generating approach.

With regard to sample procurement, because RPPA analyzes protein contained in a single
lysate prepared from a sample, cell-type heterogeneity within biopsy specimens poses a
limitation as most biopsies contain a mix of tumor, stromal, immune, and normal organ
cells, and the ratio of each can vary widely between biopsies. To overcome this limitation,
an RPPA tumor content signature has been developed to help assess the proportion of tumor
cells within each sample. Laser-aided microdissection of cell populations of interest can also
be applied to overcome this limitation, although this comes with associated challenges with
protein quantification and potential for tissue damage [52-54]. Warm and cold ischemia and
tissue trauma during sample collection remain challenges to the analysis of clinical samples
with all proteomic approaches; nevertheless, the low sample volume required and ability to
capture sufficient tissue through microdissection is a major advantage of RPPA, increasing
its usefulness to the clinical setting [50,55].

4.0 PARPI resistance

PARP proteins are nuclear enzymes that play a key role in DNA damage response. PARP
detects and binds single-strand and double-strand DNA breaks and becomes activated upon
DNA binding. PARP subsequently promotes repair of DNA lesions by recruitment and post-
translational modification of repair machinery with poly(ADP-ribose) chains (PARylation)
[56]. PARP also stabilizes replication forks during base excision repair [57]. PARP activity
relies on cleavage of NAD+ as a source of ADP-ribose — a feature that has been exploited
for the development of PARPI, the majority of which contain nicotinamide pharmacophores
[58]. Monotherapy with PARPI has proven clinically useful in homologous recombination
deficient (HRD) tumors, where a synthetic lethal combination of tumor cell genetic defects
in DNA repair and PARP inhibition creates a therapeutic window; furthermore, activity in
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tumors without HRD has led to approval of PARPI in maintenance therapy of all ovarian
cancers [59,60]. PARPI both induce accumulation of single-strand breaks by inhibiting
PARP activity and additionally have been shown to induce toxic double-strand breaks by
trapping PARP on DNA [61].

As of now, four PARPI — olaparib, rucaparib, niraparib, and talazoparib — have been
approved by the FDA. PARPI have been approved as first-line treatment for BRCA-mutant
HER2-negative advanced or metastatic breast cancer, second-line treatment for HRD
metastatic castration-resistant prostate cancer, and third-line treatment for BRCA-mutant
advanced ovarian cancer. PARPI have additionally been approved as maintenance therapy
for ovarian cancer independent of HRD status and for BRCA-mutant metastatic pancreatic
cancer. Unfortunately, tumor response to PARPI is almost always transient, with median
progression-free survival (PFS) in the clinical trials leading to these approvals ranging
from 5 to 56 months [60,62—-69]. Advances in sequencing at the single-cell and circulating
cell-free DNA level have provided a new degree of detail about acquired resistance
mechanisms in preclinical models and in patients [70-72], but genetic analyses have been
less informative into adaptive resistance mechanisms to PARPi. RPPA has provided critical
insight into adaptive PARPI resistance mechanisms, including activation of DNA damage
checkpoints and activation of pro-survival pathways, leading to multiple completed and
ongoing clinical trials (Table 1) [73-77].

4.1 DNA damage checkpoint activation in PARPI resistance

Cell cycle control checkpoints regulate progression through the eukaryotic cell cycle

and allow DNA defects to be repaired before they are propagated to daughter cells.

The S phase checkpoint slows replication, allowing time for nucleotide biosynthesis and
replication fork stabilization, and the G2/M checkpoint allows time for repair of DNA
double strand breaks. RPPA data from cancer cell lines demonstrate PARPI increases
expression or phosphorylation of proteins involved in both the S and G2/M checkpoints, an
adaptive resistance mechanism that could be targeted with combination therapy [74,75,78].
In particular, the well-described ATR/CHK1/WEEL1 kinase cascade is active at both
checkpoints and regulates cyclin-dependent cell cycle progression. Thus inhibitors of the
ATR/CHKZ1/WEE1 kinase cascade promote mitotic entry despite unresolved DNA damage.
RPPA data have demonstrated opposite effects of PARPi and WEEL inhibitors (WEELi) on
mitotic gatekeepers including cdc2pY15 and FOXM1. Whereas PARPI increased cdc2pY15
and FOXML1 and induced G2/M arrest, WEE1i downregulated cdc2pY 15, decreased
FOXM1 and abrogated G2/M arrest. Addition of WEELi to PARPI correspondingly
bypassed G2/M arrest and induced mitotic catastrophe [75]. Concurrent therapy with PARPI
and WEELi is synergistic but poorly tolerated in mice, resulting in weight loss and anemia
requiring cessation of therapy. Toxicity in human trials has limited dose and schedule and
applicability. RPPA in animal model systems has demonstrated that proteomic response

to PARPI persists over seven days post-treatment /n vitro and in vivo, which suggested
sequential therapy of the inhibitors may retain efficacy while limiting toxicity. Indeed,
sequential treatment was less toxic to normal cells /n vitro and retained efficacy in ovarian
cancer patient-derived xenograft (PDX) models without substantial toxicity [75]. As a result
of these preclinical studies, the Phase 1 Sequential Trial of Agents Against DNA Repair
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(STAR) trial (NCT04197713) is now investigating the safety and tolerability of olaparib
and the WEELi adavosertib administered on a sequential schedule (5 days olaparib, 2 days
off, 5 days adavosertib, 2 days off) in patients with HRD-deficient solid tumors. STAR
has completed the dose expansion phase and is proceeding to an extended trial in PARPI-
resistant ovarian cancer.

4.2 Pro-survival pathway signaling in PARPI resistance

Another adaptive resistance mechanism to PARPI identified by RPPA involves activation

of pro-survival signaling pathways. PARPI has been demonstrated to activate the RAS/RAF/
MAPK pathway, including an increase in pMEK, pMAPK, pPKC, pYB1, pBAD, and pS6,
and decrease in FOXO3a, P27, and BIM, overall disfavoring apoptosis. Inverse changes
were observed after treatment with a MEK inhibitor (MEKIi), and combination PARPI plus
MEKIi demonstrated synergy in a subset of ovarian and other cancer cell lines, particularly
in those with activating KRAS mutations. Cell lines cultured to acquire resistance to PARPi
that have increased RAS/MAPK signaling, and in one case acquisition of an activating
KRAS mutation, were re-sensitized to PARPI by the addition of MEKi [74]. These findings
have informed the opening of the SOLAR trial (NCT03162627) to evaluate the combination
of olaparib and the MEKi selumetinib in solid tumors with PARPI resistance and RAS
pathway alterations.

A second pro-survival pathway activated by PARPI highlighted by RPPA is the PI3K/AKT/
mTOR pathway [73]. In both BRCAI mutant and BRCA-proficient preclinical breast
cancer models, dual PARPIi/PI3K inhibition has been found to be synergistic [79,80].
Notably, in contrast to the BRCA-mutant or otherwise HRD setting, intrinsic or acquired
homologous recombination proficiency generally imparts PARPI resistance. PI3K inhibition
has been shown to downregulate BRCA1/2 and RAD51, thus inducing HRD in an otherwise
homologous-recombination proficient background and imparting PARPI sensitivity [79,80].
Strikingly, while prior trials of olaparib monotherapy in patients with BRCA-wildtype
platinum-resistant ovarian cancer have shown an overall response rate (ORR) around 5%, a
recent Phase 1b trial including 26 platinum-resistant or refractory ovarian cancer patients
treated with combination olaparib and the PI3K inhibitor (P13Ki) alpelisib showed an

ORR of 33% in patients with BRCA-wildtype platinum-resistant ovarian cancer [81]. A
second recent Phase 1b trial assessing combination olaparib and the AKT inhibitor (AKTi)
capivasertib in 38 patients with breast, endometrial, or ovarian cancer also showed response
to combination therapy independent of both BRCA status and platinum resistance, including
a 44% ORR in patients with endometrial cancer [82]. These results have led to more
extensive multicenter trials to evaluate efficacy in greater depth.

As demonstrated in these cases, the application of RPPA in preclinical cancer models

to define adaptive resistance mechanisms to PARPI has subsequently both been validated
in and informed clinical studies. Other potential strategies to overcome PARPI resistance
investigated with RPPA in the pre-clinical setting include combination therapy with BRD4
inhibitors in the homologous recombination proficient setting [76], dacarbazine in uveal
melanoma [83], radiation therapy in hepatocellular carcinoma [84], and cisplatin and
etoposide or irinotecan in small cell lung cancer [85].
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4.3. PARPi window of opportunity trials

Proteomic studies have shed light on PARPI resistance mechanisms directly in the clinical
setting in ovarian cancer window of opportunity trials [86]. In window trials, treatment-naive
patients are consented to receive an investigative drug in the period between their diagnosis
and initiation of standard treatment. This allows new agents to be investigated directly in
human patients whose tumor biology has not been altered by previous rounds of treatment.
While the duration of therapy (typically a few days to a few weeks) is generally too short

to confer therapeutic benefit, comparison of pre- and post-treatment biopsies can provide
invaluable information about drug pharmacodynamics and early mechanisms of resistance
that can inform subsequent new treatment strategies and trial design [87].

Among patients with ovarian cancer, laparoscopic staging of patients with presumed
advanced-stage disease, in order to assess likelihood of tumor resection to no gross residual
disease, is becoming increasingly common [88]. A standardized score from 0 to 14 is
assigned based on laparoscopic findings, and patients with a score of less than 8 are
generally recommended for primary debulking surgery, often at a later date, while patients
with a score of 8 or more are recommended for neoadjuvant chemotherapy [89]. The
ability to collect biopsy samples during laparoscopic staging creates an opportunity to
collect pre-treatment samples from patients with ovarian cancer without excess morbidity
from an additional procedure. Furthermore, the time (often a few days to weeks) between
laparoscopic staging and primary surgery or initiation of neoadjuvant chemotherapy is

a natural period for a window trial to be conducted. Thus both the ability to collect pre-
treatment biopsies and the standard delay between diagnosis and treatment make advanced-
stage ovarian cancer a ready setting for window trials.

One such window of opportunity trial has been conducted assessing adaptive responses

to PARPi monotherapy in patients with advanced-stage ovarian cancer [86]. In this trial,
three patients were treated with 7 to 14 days of talazoparib and pre- and post-treatment
biopsies were characterized by DNA sequencing and RPPA. Unsupervised clustering of
RPPA data from each biopsy showed a tendency towards clustering by treatment status.
When post-treatment samples from each patient were normalized against each patient’s
own pre-treatment samples, post-treatment samples largely clustered by patient, suggesting
patient-specific adaptive protein responses to PARPI that were consistent across biopsies
taken from different anatomic locations. The response in patient 1 was characterized by
increases in BCL-2, FAK, and proteins associated with the G2/M checkpoint, immune, and
PI3K pathways. Data from patient 2 demonstrated an overlapping response, with increase
in FAK and the G2/M and immune pathways but not PI3K. The response in patient 3 was
markedly different than that in patient 1 or 2, with RAS/RAK/MAPK and immune pathway
activation as well as increase in p16, phospho-S6 and FAK. Using model systems, it was
then demonstrated that the degree of G2/M checkpoint activation by PARPi monotherapy
predicted the synergy of combination PARPI plus an ATR inhibitor, suggesting that RPPA
pathways analysis of patient samples could be used to predict which patients would benefit
from treatment with multiple specific targeted agents. Importantly, this small trial provided
evidence that adaptive resistance mechanisms in patients recapitulate mechanisms observed
in cells lines, are conserved across lesions from the same patient, are heterogenous between
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patients, and most importantly, are targetable with combination therapies [86]. We are
currently performing similar window of opportunity trials with WEELi in ovarian cancer
(NCT02659241) and PARPi and MEK:i in pancreatic cancer (NCT04005690) with the goal
of identifying adaptive responses that could be targeted in subsequent trials (Table 2).

5.0 BRAFi resistance

The highly conserved RAS/RAF/MEK/ERK pathway (also called the MAPK pathway)
transduces extracellular growth signals into intracellular responses including proliferation
and resistance to apoptosis. RAF serine/threonine protein kinases (ARAF, BRAF, and
CRAF) are key signaling kinases that rely on activation by RAS to, in turn, phosphorylate
and activate MEK. Approximately half of cutaneous melanomas, and 6-8% of all solid
tumors, harbor BRAF mutations, most frequently the BRAF(V600E) gain-of-function
mutation which confers constitutive BRAF kinase activity [90-92].

Between 1975 and 2010, only one new drug, a synthetic form of interleukin-2, was
approved as monotherapy for metastatic melanoma. The year 2011 ushered a decade

of dramatic increase in FDA approvals for metastatic melanoma in two drug classes:
kinase inhibitors targeting RAF and MEK, and immunotherapy [93]. Two large phase 3
trials of single-agent BRAFi in BRAF(V600E) mutant melanoma demonstrated an ORR
of 48-50%, an impressive improvement from the standard therapy dacarbazine, which

had an ORR of 5-6% in the control arm of these trials [94,95]. As of now, three

BRAFi (vemurafenib, dabrafenib, and encorafenib) are approved as single-agent therapy for
BRAF(V600) unresectable or metastatic melanoma, or as combination therapy with MEKi
for BRAF(V600) metastatic melanoma, non-small cell lung carcinoma, and anaplastic
thyroid cancer [96-98]. While the ORR to BRAFi in BRAF(V600E) mutant tumors has
been remarkable, median PFS for patients on BRAFi monotherapy is on the order of 5
months due to rapid development of resistance [94,95]. Understanding and overcoming
resistance to BRAFi is thus a major area of interest for improving patient outcomes in
metastatic melanoma and other BRAF(V600) mutant cancers.

Investigation into BRAFi resistance has suggested both MAPK-dependent and MAPK-
independent mechanisms. RPPA has proved a useful tool to characterize both of these
mechanisms, given its unique ability to interrogate changes in protein levels and particularly
in phosphorylation patterns. RPPA has been applied to human melanoma cell lines that have
developed BRAFi resistance through prolonged culture in BRAFi-containing media and to
xenograft melanoma models derived from these cells [99,100]; PDX and mouse melanoma
models with BRAFi resistance developed through continuous treatment with BRAFi chow
[101]; PDX models derived from patients who had progressed on BRAFi [102,103]; and
biopsies from patients pre-treatment, on-treatment, and resistant to treatment with BRAFi
[99,101]. RPPA analyses of these samples have identified distinct reproducible patterns of
resistance including MAPK hyperactivation, PI3K pathway activation, and p21-activated
kinase-mediated resistance, which are detailed below along with candidate strategies to
overcome these mechanisms of resistance. Where relevant, clinical outcomes of these
strategies are reviewed (Table 1). Other identified protein-mediated resistance mechanisms
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not specifically discussed include histone methyltransferases [100], extracellular matrix
remodeling collegenases [104], and topoisomerase 1 [105].

5.1 MAPK hyperactivation in BRAFi resistance

In one study, RPPA was applied to characterize a cross-species set of pre-treatment, post-
treatment, and BRAFi-resistant biopsies from both human patients and mice [101]. On-
treatment samples from both species showed downregulated proliferation and upregulated
apoptosis. Drug resistant samples separated into three stable cross-species clusters, two

of which featured MAPK pathway reactivation and the third of which did not. Of the

two MAPK-reactivated clusters, one cluster featured pMEK and pERK levels restored to
levels similar to pretreatment samples, while the other cluster featured pMEK and pERK
levels increased above pretreatment levels. It has been demonstrated that in BRAFi-resistant
melanomas with supraphysiologic MAPK signaling, the fitness advantage of MAPK
pathway hyperactivation as a response to BRAFi becomes a fitness disadvantage when the
pathway-dampening pressure of BRAFi is removed, as unchecked MAPK hyperactivation
leads to cell cycle arrest and apoptosis [106-108]. Consistent with these observations, an
intermittent BRAFi dosing schedule has been shown to delay tumor progression in PDX
melanoma models [106]. In a case report of a single patient with concurrent BRAF(V600K)
melanoma and NRAS(G12R) chronic myelomonocytic leukemia, vemurafenib treatment
induced melanoma shrinkage but promoted leukemia proliferation (due to paradoxical
MAPK activation by BRAFi in the setting of activated RAS, a known phenomenon [109]),
such that the patient required an intermittent dosing schedule to optimize outcomes for

his comorbid malignancies [110,111]. After 49 weeks of intermittent dosing with single
agent vemurafenib, the patient achieved a near complete melanoma response [111]. Despite
this encouraging case, a recent phase 2 trial of continuous versus intermittent (3-week-off, 5-
week-on) combined BRAFi plus MEKi in BRAF(V600) melanoma failed to show a benefit
of intermittent dosing, instead demonstrating significantly increased PFS in patients treated
with continuous as compared to intermittent dosing (9 vs 5.5 months), with comparable
toxicity and overall survival [112]. Additional studies may be required to assess whether
there exists a subset of patients for whom intermittent dosing is a beneficial strategy and if
this subset can be discerned a priori.

5.2 PI3K pathway activation in BRAFi resistance

RPPA analysis of 12 PDX from BRAFi-progressed melanoma patients found MAPK
reactivation in 9/12 PDXs despite ongoing exposure to BRAFi [102]. An increase in AKT
phosphorylation was seen in all three PDX that did not feature MAPK reactivation as well
as three of the nine PDX with MAPK reactivation, suggesting PI3K pathway activation as a
compensatory resistance mechanism. A selected PDX with increased AKT phosphorylation
was expanded to a cohort of mice treated with either MAPK pathway inhibitors (MAPKi)
with encorafenib plus the MEKIi binimetinib or with the ERK inhibitor VX-11e; the

P13Ki buparlisib; or combination MAPKI/PI3Ki. Combination MAPKI/PI3Ki resulted in
significantly decreased tumor growth as compared to MAPK:i alone [102]. The phase 2
LOGIC?2 trial evaluating the benefit of adding a third agent to encorafenib/binimetinib at the
time of progression included buparlisib as a third agent, as well as the CDK4/6 inhibitor
(CDKA4/6i) LEEO011 and the c-Met inhibitor (c-METi) INC280. Assignment to a third agent
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was based on genetic tumor evaluation. Ultimately, 2 patients received triple therapy with
the addition of PI3Ki, 25 patients with the addition of CDK4/6i, and 3 patients with the
addition of c-METi. Disappointingly, ORR with the addition of a third agent was low in

all groups at 0%, 5.3%, and 0% respectively [113]. A phase 1b study of continuous-dosed
binimetinib plus buparlisib in advanced solid tumor patients with RAS/RAF alterations
found a 12% partial response rate in advanced ovarian cancer patients; however, dosing

was significantly limited by toxicity [114]. While combination MAPKI/PI3Ki may still be a
promising strategy to overcome MAPK:i resistance, more work is needed to define optimal
dosing and patient selection. Alternatively, the mTORC1 inhibitor rapamycin and the
combination PI3Ki/mTOR inhibitor BEZ235 have been applied in BRAFI/MEKi resistant
cells with resultant down-regulation in cell cycle and anti-apoptotic proteins and induction
of cell death, suggesting a new strategy to restore sensitivity to BRAFi [115]. This approach
was subsequently proven safe and well-tolerated in a phase 1 trial of twenty patients with
advanced cancer (NCT01596140) [116].

5.3 p2l-activated kinases (PAKs) in BRAFi resistance

A third RPPA study of BRAFi resistance in melanoma found distinct mechanisms of
resistance to BRAFi versus to combination BRAFiI/MEKIi, both mediated by p21-activated
kinases (PAKs) [99]. In BRAFi-resistant cells, PAKs directly phosphorylated CRAF and
MEK to reactivate MAPK signaling, which was reversible by the PAK inhibitor (PAKi)
PF-3758309. In combination therapy-resistant cells, PAKi did not effect ERK activation, but
did inhibit ERK downstream targets and mTOR pathway activity. PAK activation in these
cells promoted JNK activity and decreased expression of pro-apoptotic proteins. Broadly,
these findings suggest different therapeutic strategies may be necessary to overcome drug
resistance to BRAFi monotherapy and to BRAFiI/MEKIi combination therapy.

6.0 ICl resistance

The last decade has seen a revolution in cancer therapy through the approval of ICIs.

The first ICI, approved in 2011, was ipilimumab, a monoclonal antibody that binds and
blocks CTLA4 on cytotoxic T lymphocytes (CTLs). CTLA4 is upregulated on CTLs in
early activation, binds CD80 and CD86 on antigen-presenting cells, and induces CTL cell
cycle arrest, thereby limiting sustained T cell activation despite presentation of an antigenic
stimulus. Ipilimumab amplifies T-cell mediated antitumor responses and has been approved
as monotherapy in melanoma [117]. A second class of ICIs target the checkpoint regulator
PD-1, expressed on multiple immune cell lineages including a high proportion of tumor
infiltrating lymphocytes, or its ligand PD-L1, expressed on peripheral tissues. The PD-1/
PD-L1 interaction dampens T cell activation through immune cell tyrosine phosphatase
activation [118]. Three monoclonal antibodies targeting PD-1 (nivolumab, pembrolizumab,
and cemiplimb) and three monoclonal antibodies targeting PD-L1 (avelumab, durvalumab,
and atezolizumab) have now been approved across 19 cancer types [119,120]. Impressively,
as of 2018, an estimated 44% of US cancer patients were eligible for treatment with

an ICI [121]. However, both innate and acquired resistance are major challenges to the
clinical success of ICls. Among US cancer patients, only 12.5% are estimated to respond
to ICIs [121]. Furthermore, while some durable responses have been demonstrated among
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responders, including 20% of melanoma patients showing continued response to ipilimumab
at 5-10 years and 33% demonstrating response to pembrolizumab at 3 years, the majority

of patients who initially respond develop resistance [122]. In addition, ICIs can mediate
significant short and long-term toxicity including patient death, resulting in the need to
identify patients likely to demonstrate toxicity and patients likely to demonstrate efficacy to
warrant the potential toxicity [123,124].

6.1 ARID1A in ICl resistance

Studies have demonstrated that mismatch repair (MMR)-deficient tumors face increased
neoantigen loads and are rendered susceptible to ICls [125,126]. The MMR protein

MSH2 was identified in a proteomic screen designed to identify binding partners of the
chromatin remodeling complex SWI/SNF subunit ARID1A, which features common loss of
function mutations in cancer [127]. This study subsequently found that ARID1A loss, as
demonstrated at a protein level by RPPA, led to MMR deficiency, increased neoantigen load,
and ICI sensitivity, thus highlighting a new potential predictor of clinical ICI response. A
follow-up study aimed at identifying rational combination therapy to potentiate the effect

of ICI in the ARID1A-deficienct setting analyzed RPPA data for proteins with differential
expression in ARID1A-proficient and -deficient tumors and found increased expression of
the DNA damage checkpoint kinase Chk2 in ARID1A-deficient tumors [128]. Paired with
previous observation that ATR/Chk1 signaling is dampened in AR/D1A-mutant tumors,

the authors hypothesized that ARID1A-deficient tumors rely on ATM/Chk2 to respond to
DNA damage [129]. Correspondingly, they found inhibition of ATM/Chk2 axis in ARID1A-
mutant tumors led to buildup of cytosolic DNA, STING DNA-sensing pathway activation,
and increased immune response [128]. Consistent with this, they observed that tumors with
loss of both ARIDA1 and ATM had increased numbers of tumor infiltrating lymphocytes
(TILs), and that tumors with comutations of AR/D1A and ATM or ARID1A and CHKZ had
an overall more favorable prognosis than those with AR/D1A mutations alone. Co-treatment
of ovarian tumor-bearing mice with ICI and an ATM inhibitor led to significantly decreased
tumor burden and increased survival specifically in mice bearing ARID1A-deficient tumors,
suggesting a new strategy for combination therapy in the ARID1A-deficient clinical setting.

6.2 Exosomal PD-L1 in ICI resistance

A novel mechanism of tumor resistance to ICI involving PD-L1 positive exosomes,
described below, was identified in an RPPA analysis of exosomes shed from melanoma cells
[130]. The sensitivity of RPPA combined with the low input allowed identification of high
levels of PD-L1 in exosomes from metastatic melanoma cells lines, which was confirmed

in exosomes collected from melanoma PDX models and human melanoma patients. PD-L1
positive exosomes inhibited CD8 T cells, decreased TILs, and promoted tumor growth.
Furthermore, analysis of fold change in exosomal PD-L1 pre- and post-treatment with

ICI stratified responders from non-responders, with responders showing greater increase in
exosomal PD-L1 at 3—-6 weeks after initial treatment than non-responders, perhaps reflecting
T cell reinvigoration with ICI in responders. This study suggested exosomal analysis as a
potential clinical predictor of response to ICI which, attractively, could be developed as a
blood-based biomarker without the need for tumor biopsy.
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7.0 RPPA in adaptive clinical trials: I-SPY2

Only one-third of phase Il clinical trials in oncology resulted in drug approvals in 2000—
2015, despite the immense resource-intensiveness of these trials [131]. As a response

to the spiraling costs and low success rates of oncology clinical trials, adaptive trial
designs have been developed in an effort to increase the informativeness of clinical trials
[132]. Adaptive trials are defined as those which allow pre-specified modifications to trial
protocols on the basis of accrued data [133]. An exemplary adaptive trial, I-SPY2 TRIAL
(Investigation of Serial Studies to Predict Your Therapeutic Response with Imaging and
Molecular Analysis 2, NCT01042379) is a multicenter phase 2 trial assessing a diversity
of drugs from different pharmaceutical companies in the neoadjuvant setting in patients
with high risk stage Il or Il breast cancer [134-136]. I1-SPY2 compares the efficacy of

the novel agents in combination with standard chemotherapy to the efficacy of standard
chemotherapy alone using pathologic complete response (pCR) at the time of surgery as
primary endpoint [136]. Randomization probabilities are weighted on the accrued results
for a given therapy and biomarker subtype, with better-performing therapies in a particular
subtype given a greater probability of randomization to promote faster data accumulation
for promising therapies [132]. A drug regimen “graduates” from the phase 2 trial to a
phase 3 if and when its predicted probability of success in a randomized phase 3 trial of
300 patients who carry that regimen’s corresponding biomarker signature is greater than or
equal to 85% [133]. Biomarkers assessed in I-SPY 2 include established biomarkers (those
that are used clinically or are FDA-approved and were used to generate the 10 biomarker
signatures from which drugs could graduate), qualifying biomarkers (those with promising
predictive capability but not yet FDA approved), and exploratory biomarkers (those with
compelling preliminary data included for discovery) [136]. RPPA-based measurements have
been extensively evaluated as qualifying biomarkers in 1-SPY2 [137-143].

7.1 Established biomarkers versus RPPA analysis of HER2 status in I-SPY1 and I-SPY2

Interestingly, in the I-SPY1 precursor trial to I-SPY2, RPPA was compared to established
biomarkers for HER2 status (IHC and fluoresce in situ hybridization, FISH) and was found
to extend sensitivity in detection of patients who may benefit from HER2-targeted therapy
[144]. Laser-capture microdissected samples from patient core and surgical biopsies were
analyzed by RPPA alongside standard IHC and FISH. While RPPA-based measurement

of HER2 protein was highly concordant with IHC and FISH measurements, surprisingly,
RPPA additionally revealed a subset of HER2™ tumors that displayed similar levels of
phospho-HER2 and activated downstream signaling proteins (SHC, FAK, and STAT5) as
HER2* tumors, apparently coincident with EGFR and HER3 activation, thus suggesting

a subset of patients who might benefit from HER2-targeted therapies but would be
excluded from treatment on the basis of IHC or FISH [144]. In I-SPY2, pre-treatment
HER2 levels and HER?2 signaling activation was strongly predictive of response to HER2-
targeted combination therapies (ado-trastuzumab emtansine plus pertuzumab, and paclitaxel,
trastuzumab and pertuzumab) within HER2* tumors [141].
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7.2 Biomarkers of investigational drug response in I-SPY2

Within I-SPY2, RPPA has also provided insight into patient subsets who might benefit
from the addition of an AKTi [138,139] or the pan-erythroblastic oncogene B (ERBB)
inhibitor neratinib [140] to overcome resistance to standard chemotherapy (doxorubicin and
cyclophosphamide) in the neoadjuvant setting. Not specifically discussed here, RPPA has
been additionally applied in analysis of response to veliparib plus carboplatin [142] and the
type I insulin-like growth factor receptor (IGF-1R) inhibitor ganitubmab [143].

As described in previous sections, the PI3K/AKT/mTOR pathway is an area of strong
therapeutic interest given its pro-survival role in mediating resistance to standard
chemotherapy. The AKTi MK2206 graduated in I-SPY2 in the HER2+, HR-, and HR-/
HER2+ signatures but not in the triple-negative (TN) signature. Notably, AKT-mTOR-HER
pathway phospho-protein signatures, as determined by RPPA, were more predictive of
AKTi response than AKT-mTOR-HER gene expression signatures or total protein levels
[138]. RPPA analysis of pretreatment laser-capture microdissected specimen showed that
AKTi response was predicted by higher levels of AKT substrate phospho-proteins including
phospho-mTOR and phospho-TSC2 in the HER2+ background, but conversely by lower
levels of AKT substrate phospho-proteins in the TN background [138].

In the case of neratinib in I-SPY2, while all 12 highly-selected HER pathway DNA
biomarkers were either low prevalence or nonpredictive of neratinib response and only one
of 10 HER pathway gene expression biomarkers (STMNI) was associated with neratinib
response, six of 18 RPPA markers (three EGFR phosphosites, total HER2, phospho-HER?2
and phospho-SHC) were associated with neratinib response [140]. Furthermore, EGFR
Y1173 phosphorylation remained a significant independent predictor of response after
adjustment for HR/HER2 status [140]. The pCR rate in the phospho-EGFR/phosph-HER2-
high TN background was an impressive 82% with the addition of neratinib, compared to
36% in the control arm — a noteworthy advance for a patient population with historically few
targeted therapeutic options [140].

8. Frontiers in antibody-based proteomics for drug resistance: spatial-
oriented single cell proteomics

The therapeutic settings described above exemplify the contributions of RPPA to
understanding adaptive drug resistance. A new wave of advances in understanding adaptive
resistance is expected to be ushered by novel spatial-oriented single cell proteomic
technologies such as imaging mass cytometry (IMC), multiplexed ion beam imaging (MIBI),
tissue-based Cyc-1F, mIHC, multiplex immunofluorescence (mlF), and CODEX. Spatial
mass spectrometry techniques like IMC and MIBI previously have been applied to describe
the spatial distribution of cell surface metabolites and lipids, and increasingly are being
applied to spatial proteomics [26,27]. With Cyc-IF, traditional low-plex fluorescence IHC
is iteratively preformed, quenched, and repeated on a single sample. Images are then
assembled into a composite high-dimensional image representing the spatial distribution

of up to 60 proteins in a single tissue [28]. CODEX also uses iterative antibody binding

but employs DNA barcodes and fluorescent dNTP analogs to visualize binding events
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[25]. As with RPPA, these technologies offer the ability to analyze protein abundance

and post-translational modifications with high sensitivity, with the added benefit of single
cell sensitivity and retention of spatial information. The relative locations of tumor cells,
immune cells, and the surrounding tumor microenvironment is preserved, and proteomic
observations can be correlated with these spatial relationships. Cyc-IF in particular has been
demonstrated as a feasible platform to analyze pre- and on-treatment biopsies from a series
of patients undergoing olaparib monotherapy for metastatic TN breast cancer [145,146]

and has been applied to predict response to combination niraparib and pembrolizumab

in ovarian cancer in samples from a phase 1/2 trial [147]. mIHC has been applied to
formalin-fixed paraffin-embedded head and neck squamous cell carcinomas and pancreatic
ductal adenocarcinomas to characterize the relationship between immune context, disease
progression and therapy response [148,149]. mIF has been applied alongside RPPA in

the 1-SPY2 platform described above with the conclusion that MHC-I1 expression on at
least 5% of tumor cells is predictive of ICI benefit when added to standard neoadjuvant
chemotherapy in HER2-negative breast cancer [137]. The use of spatial-oriented proteomics
along with genomic studies and traditional bulk proteomics is expected to further expand
our understanding of adaptive resistance and our ability to predict effective combination
therapies to overcome drug resistance in patients.

9. Conclusion

RPPA is a powerful tool uniquely suited to investigate signaling network states in tumor
cells. Rapid, protein-mediated signaling network alterations allow tumor cells to withstand
therapeutic stress and contribute to drug resistance in the short-term, allowing continued

cell division and emergence of stable resistant tumor populations in the long-term. Previous
studies have shown that tumor cell adaptations converge on a limited number of critical
pathways. These pathways (1) are within the scope of interrogation by RPPA and (2)

can often be targeted using existing or in-development drugs. RPPA has proven useful in
identifying which pathways mediate adaptive responses to drugs including PARPi, BRAFi,
and ICI and is informing which combination therapies could interdict these adaptive
responses. Some of these observations have been translated to the clinical setting with
impressive success — such as the combination of olaparib and alpelisib in patients with
platinum-resistant ovarian cancer, and olaparib and capivasertib in patients with breast,
ovarian, or endometrial cancer — while other strategies have found limited success due

to toxicity or poor response, underscoring that more work is needed to define optimal

dosing strategies and patient selection. The year 2020 saw the highest number of new

cancer drug approvals ever in the US, with 18 new drugs reaching the market. As the
pharmacologic toolkit to combat cancer expands, the landscape of drug resistance grows, but
the possibilities for combination therapies and novel dosing strategies grow as well. RPPA,
as well as newer spatial-oriented proteomic methods, will continue to be critical contributors
to our ability to make use of available drugs to extinguish drug resistance.

10. Expert Opinion

In the past, precision oncology has been fueled by the prospect that identification of a driver
mutation in a patient’s cancer would guide paring that patient with a molecular targeted
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therapy specially matched to their mutation, and that attacking each tumor’s particular
Achilles’ heel would provide a durable response, if not a cure. The early success of imatinib,
a BCR-ABL tyrosine kinase inhibitor specifically paired to the constitutive activation of
BCR-ABL in chronic myeloid leukemia which saw 98% complete response in its inaugural
phase 1 trial [150], spurred hope for this notion of precision oncology. With a handful of
additional exceptional examples, imatinib has been an outlier, and most targeted therapies,
even when prescribed on the basis of a matched molecular marker, are not cures and indeed
durable responses are rare. A meta-analysis of 346 phase 1 oncology trials has found that
biomarker-based patient selection is associated with improved response rate (30.6% vs
4.9% of patients not selected on the basis of a biomarker) and improved PFS (5.7 vs 2.95
months); but these humble figures, and in particular the short PFS as a result of emergence
of resistance—even with biomarker-based selection—underscore how much is left to be
achieved in precision oncology [151].

The studies highlighted in this review show that (1) drug resistance responses have both
genetic and non-genetic, protein-level components, (2) resistance responses are diverse
across different patients, and encouragingly, (3) preliminary data suggest responses may be
relatively consistent within tumor biopsies collected from diverse anatomic sites within the
same patient and (4) targetable with available drugs [86]. The degree to which observations
(3) and (4) hold true across a diversity of tumor types has not yet been fully described

and represents a potential major limitation on the ability to achieve complete responses to
medical therapy in patients with metastatic disease. Further, intratumoral heterogeneity of
adaptive responses has not been adequately characterized at the single cell level and could
limit the utility of targeting adaptive responses. Nevertheless, the remarkable responses in
some of the combination trials mentioned above targeting adaptive responses suggests that
intratumoral heterogeneity of adaptive responses may not be a rate-limiting hurdle.

Despite the challenges of tumor heterogeneity and complex resistance mechanisms, an
immense opportunity to help patients live longer and with high quality of life lies within
the enormous landscape of drug combinations — encompassing drug sequencing, dosing,
and timing — that has yet to be explored. The efficacy of combined PARPi and WEEL1i

in ovarian cancer PDX models, for example, is an encouraging example of a proteomics-
informed approach to eliminating the DNA damage checkpoint as a means by which tumor
cells can withstand PARPI. The clinical outlook of this strategy is promising for patients
with both HRD and homologous recombination competent tumors, with results of the
STAR trial forthcoming. Where clinical translation of anti-resistance strategies has been
less successful, dose toxicities and poor efficacy have been major pitfalls. The sequential
dose strategy in the STAR trial, previously shown to retain efficacy and ameliorate toxicity
in PDX models, holds promise that creative dosing strategies can be applied to overcome
dose-limiting toxicities for a number of combination therapies, as the territory of possible
dosing schedules is vast. With respect to poor efficacy, a number of exceptional patient
responders to particular drugs or drug combinations — such as the described patient with
near-complete melanoma response after 49 weeks of intermittent dosing with single-agent
vemurafenib — give hope that increasingly nuanced pre-treatment analysis of patient tumors
will provide ever-better guidance for patient selection for therapy.
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While the disappointments of precision oncology have suggested that DNA sequencing of

a set of target genes, often from a single biopsy, is not sufficient to turn the armament of
targeted therapies into durable responses, we are hopeful that advances in our understanding
of the complexity of drug resistance at the proteomic level and particularly how these

evolve under therapeutic pressure will improve these efforts. Importantly, the unique insights
provided by antibody-based proteomics described herein highlight that proteomic data are

a critical addition to DNA and RNA-based studies in understanding resistance mechanisms
in patients. As noted above, the emergence of single cell spatially resolved proteomics and
their applications to understanding adaptive resistance, intratumoral heterogeneity and the
interaction of the diverse cells in the tumor ecosystem has the potential to open a new

era in precision oncology. It will be critical to deploy single cell proteomic approaches

to fully understand the effects of therapy on the individual cells in the tumor and the

tumor ecosystem as they evolve under therapeutic pressure. The convergence of oncogenic
alterations and adaptive responses into a limited number of critical pathways, many of which
are already druggable, suggests that though the dimensionality of the problem is high, it is
finite. Continued work with combined genomic and proteomic approaches is expected to
help mature precision oncology from a promise into a reality.
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Abbreviations

RPPA Reverse-phase protein array

FDA Food and Drug Administration
PARP Poly (ADP-ribose) polymerase
PARPI PARP inhibitors

BRAFi BRAF inhibitors

ICI Immune checkpoint inhibitors

IHC immunohistochemistry

HRD homologous recombination deficient
PES progression-free survival
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WEELi WEEL inhibitors

PDX patient-derived xenograft
AKTi AKT inhibitors

MEKIi MEK inhibitors

ORR overall response rate

MAPKI MAPK pathway inhibitors
PI3Ki PI3K inhibitors

CDKA4/6i CDK4/6 inhibitors

c-METi c-MET inhibitors

PAK p21-activated kinase

PAKi PAK inhibitors

CTL cytotoxic T lymphocyte
MMR mismatch repair

TIL tumor infiltrating lymphocyte
pCR pathologic complete response
FISH fluoresce in situ hybridization
TN triple-negative

IMC imaging mass cytometry
MIBI multiplexed ion beam imaging
Cyc-IF cyclic immunofluorescence
mIHC multiplex immunohistochemistry
mlF multiplex immunofluorescence
CODEX co-detection by indexing
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Article Highlights

Reverse-phase protein arrays (RPPA) have enabled the high-throughput
measurement of expression and post-translational modification of up to 500
proteins of high biological and clinical significance in low-volume samples
including serum, plasma, and lysates from cultured cells, fine need aspirates,
fresh tissue, frozen tissue, formalin-fixed paraffin-embedded tissue, and laser
capture microdissected specimens.

RPPA has been applied in the pre-clinical setting to generate hypotheses
regarding mechanisms of drug resistance and strategies to overcome drug
resistance that have subsequently been validated in clinical trials. Notable
examples include combination PARP inhibition and PI3K pathway inhibition
to impart sensitivity to PARP inhibitors in the BRCA-wildtype setting, and
combination BRAF inhibition and mTOR pathway inhibition to restore
sensitivity to BRAF inhibitors in heavily-pretreated patients with BRAF
mutant tumors. Newer areas of RPPA investigation include resistance to
targeted breast cancer therapies and immune checkpoint inhibitors, with
clinical trials designed to overcome drug resistance in these settings both
underway and expected soon.

RPPA has been applied directly in the clinical setting to identify potential
biomarkers in completed and ongoing window of opportunity clinical trials
and adaptive clinical trials. In this setting RPPA is used to analyze pre-

and on-treatment patient biopsy specimens to characterize the molecular
underpinnings of differential patient response to treatment.

Genomic analyses alone have thus far been limited in their ability to describe
and predict patient responses to targeted therapy. Genomic analyses have
been demonstrated to poorly characterize intracellular protein levels and
activities, making proteomics a critical companion to genomics in the goal
to understand and devise new strategies to overcome cancer drug resistance.
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Example mechanisms of anticancer drug resistance and strategies to overcome resistance that have been
proposed based on data generated by RPPA and translated to the clinical setting

Mechanism of resistance

pathway

mTOR pathway inhibition

Phase 1 trial NCT01596140
investigating combination
vemurafenib and everolimus in
heavily-pretreated patients with
BRAFmutant solid tumors

Drug identified in RPPA Therapeutic strategy to
class analysis overcome resistance Clinical study Clinical study outcome
PARPI
Phase 2 trial EFFORT Completed: ORR of 23%
- : (NCT03579316), investigating and CBR of 63% with
ggggi'rgﬁéocvtéﬁiﬂ%né W';QS adavosertib monotherapy and adavosertib monotherapy;
) PARPi-induced G2/M a};ir)est combination therapy with olaparib ORR of 29% and CBR
Increased expression and and adavosertib in PARPi-resistant of 89% with combination
phosphorylation of S and ovarian cancer olaparib and adavosertib
PARPI G2/M checkpoint proteins, - -
allowing time for repair of ~ Sequential treatment with
DNA double strand breaks ~ PARPi and WEELi to bypass ~ Phase 1 trial STAR (NCT04197713)
PARPi-induced G2/M arrest investigating sequentially-dosed Ongoing: Has completed
and decrease toxicity olaparib and adavosertib in patients does escalation phase
of PARPi and WEEL1i with HRD-deficient solid tumors
combination therapy
Phase 1-2 trial SOLAR
—— . Combination therapy with (NCT03162627) evaluating
PARPI Qjcrs\il\?;:og':;tge/_\'&ﬁlepK PARPi and MEKi to combination olaparib and Ongoing: Nearing
athwa overcome MAPK pathway selumetinib in solid tumors with completion
P y activation PARRPI resistance and RAS pathway
alterations
Phase 1 trial NCT01623349 Completed: ORR of
investigating combination olaparib ola oarib and aloelisib
and alpelisib in recurrent TN breast in ;Jatients withpBRC‘A—
gggg:{ and high grade serous ovarian wildtype platinum-resistant
ovarian cancer
Activation of the Combination therapy with
PARPI pro-survival PI3K/AKT PARPI and PI3K/AKT/ Completed: ORR of 44%
pathway mTOR pathway inhibition Phase 1b trial OCTOPUS for combination olaparib
(NCT02208375) investigating z?cgtﬁgzagzzﬂgégegardless
combination olaparib and latinum resistance. in
capivasertib in breast, endometrial, P dometrial ' d
and ovarian cancer endometrial cancer, an
19% across all enrolled
cancer types
BRAFi
Intermittent dosing of . .
combination BRAEi and Phase 2 trial S1320 (NCT02196181)  Completed: Poorer
MEKi to periodically remove evaluating continuous versus progression-free survival
BRAFi Compensatory MAPK MAPK z?thwa dan): enin intermittent dosing of combination with intermittent dosing
pathway hyperactivation and all oev un ch%e/cked F,JVI AP?( dabrafenib and trametinib in as compared to continuous
hvneractivation to induce metastatic and unresectable BRA~ dosing (5.5 versus 9.0
aggptosi S mutant melanoma months)
Phase 2 trial LOGIC2
(NCT02159066) evaluating benefit . .
of addition of buparlisib Completed: ORR 0% with
to combination encorafenib/ P
Activation of Combination therapy with binimetinib at time of progression
BRAFi the PIBK/AKT/mTOR BRAFi and PIBK/AKT/

Completed: ORR 22%
across all enrolled patients
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Window of opportunity clinical trials utilizing RPPA to identify adaptive responses in on-treatment patient

samples
Investigational

Clinical trial agent(s) Phase Status Conclusions
Patients treated with PARPI
monotherapy display individual-

POSITION: Talazoparib in Determining specific adaptive responses, with

Genetic Effects on Disease Response in Early Phase limited interlesional heterogeneity

Patients With Advanced Ovarian, Fallopian Talazoparib 1 Y Completed  within each patient. PARPI increased

Tube, or Primary Peritoneal Cancer RAS/MAPK signaling, PI3K signaling,

(NCT02316834) and activation of S phase and G2/M
checkpoint, leading to PARPi trials
described in Table 1.

Adavosertib Before Surgery in Treating

Patients With Advanced High Grade Ovarian, . Early Phase . :

Fallopian Tube, or Primary Peritoneal Cancer Adavosertib 1 Recruiting  Ongoing

(NCT02659241)

Targeted PARP or MEK/ERK Inhibition .

in Patients With Pancreatic Cancer g;mggnaigd Early Phase Recruiting  Ongoing

(NCT04005690)
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