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Introduction

Abstract: Precision medicine approaches in oncology are reliant on the accurate genomic characterization
of tumors. While tissue remains the mainstay specimen for molecular testing, tumor biopsies are riddled
with challenges and limitations due to their invasive and site-specific nature. Tumor inaccessibility and
intratumoral heterogeneity, in particular, represent significant obstacles to the identification of actionable
genetic alterations and hence effective mono- and combination therapy strategies. Proof-of-concept studies
indicate that circulating tumor DNA (ctDNA) released from multiple tumor regions and anatomical locations
is more reflective of intra- and intertumoral heterogeneity. Non-invasive liquid biopsy approaches that allow
for the analysis of ctDNA are thus being increasingly implemented in routine patient care for the detection
and monitoring of cancer-associated mutations. Indeed, the use of plasma testing to screen for epidermal
growth factor receptor (EGFR) T790M mutant positive non-small cell lung cancer (NSCLC) patients
eligible for treatment with third-generation EGFR inhibitors was recently approved by the U.S. Food and
Drug Administration and is incorporated into the most recent version of the National Comprehensive
Cancer Center guidelines as an alternative to tissue biopsy. Urine represents another liquid biopsy specimen
that is distinguished by its ease of collection, option for home collection, and lack of temporal and volumetric
collection restrictions. Importantly, there is an accumulating body of evidence supporting the clinical validity
of urinary EGFR mutant testing for the identification and stratification of patients likely to benefit from
EGFR-directed therapies and as a means to assess patient response, the presence of residual disease, and

emergence of resistant tumor cell populations.
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The identification of activating and tyrosine kinase inhibitor
(TKI)-sensitizing epidermal growth factor receptor
(EGFR) mutations just over a decade ago transformed the
clinical management of patients with non-small cell lung
cancer (NSCLC) (1,2). The presence of EGFR L858R
and exon 19 deletion mutants, among others, is observed
in approximately a third of patients with NSCLC and is
associated with a profound response to first-generation
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EGFR inhibitors such as erlotinib, gefitinib, and afatinib
(3,4). For instance, erlotinib was approved for the first-
line treatment of advanced NSCLC patients harboring
EGFR activating mutations based on results from a
randomized, multicenter, open-label trial (n=174) indicating
a progression-free survival (PFS) benefit of 10.4 versus
5.2 months and an objective response rate (ORR) of 65%
versus 16% with erlotinib compared to platinum-based
doublet chemotherapy (5,6). As such, current clinical
practice guidelines recommend the upfront testing for
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EGFR and other actionable oncogenic gene alterations, such
as ALK and ROS]I rearrangements and BRAF mutations, in
patients with NSCLC presenting with adenocarcinomas.

These clinical responses, however, are inevitably short-
lived with acquired resistance to this class of inhibitors
developing within 10-16 months of treatment initiation
(6-9). While several mechanisms of resistance have been
described, emergence of the EGFR T790M gatekeeper
mutation is attributed to resistance in over half of these
cases (10-12). To circumvent drug resistance in the latter
patient population, third-generation, mutant-selective
inhibitors have been developed to target EGFR activating
and T790M resistance mutations (13-17). The clinical
activity of third-generation inhibitors in patients with
EGFR 'T790M resistance mutation-positive tumors has
proven to be robust across several trials with ORRs and PFS
times in the order of those reported for first-generation
inhibitors in patients exhibiting activating EGFR mutations.
In a randomized, international, open-label phase III trial of
osimertinib in patients with EGFR T790M-positive tumors
who had progressed on first-line EGFR-TKI therapy
(n=419), a median PFS of 10.1 months and ORR of 71%
were achieved (versus 4.4 months and 31% in the control
arm, respectively) (18). These encouraging results were
underscored by the approval of osimertinib in the treatment
of EGFR T790M-positive patients that are refractory to
other EGFR-TKIs.

In this era of precision medicine, the ability to detect and
monitor actionable activating and resistance mutations with
high sensitivity and specificity is thus central in improving
patient outcomes. Tumor tissue genotyping is the current
standard-of-care practice but is associated with many
limitations including tumor inaccessibility, intratumoral
and intertumoral heterogeneity, and biopsy-related adverse
events (19-22). These challenges and risks are further
pronounced in patients with NSCLC who have developed
TKI resistance and require a second biopsy. Approximately
25% of patients are ineligible for repeat biopsy due to
the presence of metastatic disease or compromised health
status (19). Of those eligible for re-biopsy up to 20%
are uninformative due to insufficient genetic material or
absence of tumor component in samples. The non-invasive
genotyping of circulating tumor DNA (ctDNA) in plasma,
and more recently urine, has emerged as a viable alternative
that avoids many of the pitfalls of tissue biopsies (23,24).
Here, we discuss the clinical utility of urine testing for the
detection and longitudinal monitoring of oncogenic driver
and resistance EGFR mutations in NSCLC.
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Urine as a specimen type

The presence of cell-free DNA (cfDNA) in the bloodstream
has been recognized for many years. Genetic material is
released into circulation via several mechanisms including
cell apoptosis, necrosis, and exocytosis (i.e., active
secretion) (25). Various physiological and clinical
conditions, ranging from exercise to trauma or infection,
are known to result in increased ¢cfDNA concentrations (23).
One of the most widely adopted applications of ¢fDNA
analysis is for noninvasive prenatal testing of fetal cfDNA
in maternal plasma (26-28). The discoveries that cancer
patients have elevated levels of cfDNA in general and
more importantly that tumor-specific TP53 or KRAS
ctDNA mutations could be detected in blood, and other
bodily fluids such as urine, marked the beginning of the
use of liquid biopsies in the detection and monitoring of
cancer biomarkers (29-31). A particularly valuable feature
of ctDNA analysis is its potential to more thoroughly
characterize the genetic landscape of a tumor since it,
by definition, entails the simultaneous sampling from
multiple primary and metastatic disease sites. Monitoring
ctDNA dynamics can thus, in principal, capture tumor
heterogeneity and evolution during the course of disease
progression or in response to therapy. Urine is a completely
non-invasive specimen type amenable to home collection
unlike blood which entails a medical procedure requiring
clinical and logistical coordination. Moreover, urine testing
allows for serial sample collection for monitoring purposes
and is not limited by a patient’s performance status or other
physical restrictions (e.g., maximum allowable blood draw
volumes).

Two fractions of urinary ¢fDNA have been described:
high molecular weight nucleic acids originating from
urinary tract and endothelial cells and low molecular
weight [50-250 base pairs (bp)] circulating DNA fragments
excreted into urine following glomerular filtration by the
kidneys (32-35). Unlike plasma cfDNA which is thought to
be protected from degradation by nucleoprotein complexes
or extracellular vesicles, transrenal cfDNA undergoes
additional cleavage by urine nucleases resulting in even
shorter fragments in the range of 50-100 bp (36). The
highly-fragmented nature of urinary ctDNA along with
its low abundance (<0.01%) in a pool of wild-type cfDNA
presents a major technical challenge in the extraction and
detection of mutant alleles. The sensitive and quantitative
detection of EGFR, BRAF, and KRAS mutations in urine has
been achieved using a short-footprint mutation enrichment
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polymerase chain reaction (PCR) coupled with next-
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170 T790M-positive cases
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174 matched tissue, plasma and urine specimens % T790M positive
Tissue A Urine Positive by any one specimen type 97.7
(therascreen) (Trovera) Positive by plasma and urine combined 94.8
AWA Negative/invalid by all three specimens 2.3
Positive by tissue 83.3
v Positive by plasma 81.6
Positive by urine 79.9

Plasma (Trovera)

Figure 1 EGFR T790M detection rate in matched tissue, plasma, and urine from a subset of 174 patients enrolled in the TIGER-X trial. (A)
Venn diagram of 170 samples where at least one specimen type had a positive test result; (B) percentage of EGFR T790M-positive patients

identified by various sample types. EGFR, epidermal growth factor receptor. Adapted from: Wakelee 2017, J Thorac Oncol.

Progression on EGFR-TKI (1% or 2™ generation)

l T790M+ — Initiate treatment with 3" generation EGFR-TKI

Urine and plasma assay for EGFR activating
and T790M mutations

T790M- — Tissue biopsy ——

T790M+ —»3" generation EGFR-TKI
FDA-approved
T790M assay

T790M- —>»Chemotherapy or SOC

Figure 2 Proposed patient management paradigm upon progression on first- or second-generation EGFR-TKIs. EGFR, epidermal growth

factor receptor; TKI, tyrosine kinase inhibitor.

utilized to detect the EGFR T790M mutation [34% (95%
CI, 30-39%), 32% (95% CI, 27-37%), and 37% (95% CI,
29-44%), respectively] (45).

A recently published case study documented the clinical
course of a patient with an EGFR L858R mutation positive
tumor who progressed on erlotinib subsequent to two
uninformative repeat tissue biopsies (46). Nine months post
radiological progression and two failed therapeutic regimens
(chemotherapy and afatinib), urine ctDNA analysis
identified the presence of EGFR T790M and the patient
was started on osimertinib which led to a symptomatic
and imaging response. This example once again illustrates
the utility of independent specimen types in identifying
actionable mutations and effective therapies.

Multiple groups have reported that response rates to the
third-generation EGFR-TKIs, osimertinib and rociletinib,
are equivalent regardless of the specimen type used to
identify EGFR T790M status (47,48). In a retrospective
analysis of 216 patients enrolled in the phase I AURA
trial of osimertinib, patients positive for EGFR T790M by
plasma testing (ORR, 63%; PFS 9.7 months) had similar
outcomes as those positive by tissue testing (ORR, 92%,
PFS, 9.7 months) (48). The investigators subsequently
proposed a patient management paradigm where plasma
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genotyping serves as the reflex test upon progression on
first-generation EGFR-TKIs to circumvent the challenges
associated with repeat tissue biopsies. Since a risk of false-
negative results exists, a negative ctDNA result should
prompt tissue genotyping, when available, to increase
confidence in the mutational status. Recent data on the
validity of urine testing endorses its inclusion in the above-
mentioned model, whereby urine- and plasma-based testing
precede tissue biopsies (Figure 2). Wakelee ez al. presented
that combined urine and plasma testing identified more
EGFR 'T790M-positive cases (95%) compared to tissue
biopsy alone (83%) (Figure 1) (44). Moreover, combined
urine and plasma testing allowed for the sensitive detection
of EGFR T790M in the intrathoracic (M1a/MO0) disease
setting (91% detection rate versus 96% in patients with
distal metastases) further supporting an upfront liquid
biopsy-based mutation screening strategy. One can envision
the implementation of a similar schema in the identification
of cancer-associated mutations in patients newly-diagnosed
with NSCLC as a means to more comprehensively
genetically profile the tumor.

In addition to potentially unveiling the presence of
mutations missed in other specimen types, liquid biopsy-
based tumor DNA analysis has a rapid result turnaround
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time of 1-2 weeks (49,50). This is markedly different
from the 3-6 weeks typically required from the time a
tissue biopsy is ordered by the treating physician to the
reporting of results (51,52). A recent pharmacoeconomic
analysis of the total cost of care of a urine- versus tissue-
testing strategy for EGFR T790M detection revealed a
savings of $1,243-1,680 per patient due to avoidance of
biopsy procedures and associated complications as well
as tissue-based molecular testing in 56% of patients (53).
The authors further reported that urine testing resulted in
prolonged PFS and OS compared with tissue testing due
to a 7% increase in EGFR T790M detection and timely
initiation of treatment with a third-generation EGFR-
TKI. Hence, urine and/or blood genotyping can expedite
the identification of actionable mutations and treatment
initiation while avoiding invasive tissue biopsies and their
associated costs.

Longitudinal monitoring of response to targeted
therapies

Liquid biopsies offer the significant advantage of
enabling the monitoring of dynamic changes in tumor
cell populations over time (54-59). More specifically, the
longitudinal assessment of EGFR mutant allele burden
represents a non-invasive and cost-effective mechanism
to evaluate patient response to EGFR-TKIs compared
to repeat tissue biopsies or imaging. Several proof-of-
concept studies show a clear correlation between urinary
EGFR mutant levels and response to EGFR-TKIs, whereby
a near-complete and sustained decline from baseline of
ctDNA levels is associated with radiographic response
(37,42). A case series in which urinary EGFR mutational
burden was assessed during the course of treatment with
first-line and approved or experimental third-generation
EGFR-TKIs clearly depicted the utility of urine testing in
the detection of response and resistance (60). A reduction
in EGFR mutant allele burden was observed four weeks
after initiation of EGFR-TKI therapy and subsequently
corroborated by evidence of radiological improvement
in three of the described cases. Conversely, an increase
in urinary EGFR L858R levels and the emergence of the
T790M mutation, respectively, preceded the definitive
confirmation of progressive disease in two patients treated
with erlotinib who had several inconclusive imaging results.
While both EGFR activating and T790M mutant ctDNA
load often track in response to therapies, monitoring the
original oncogenic driver mutation in conjunction with
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the resistance, or other founder, mutations provides a
means to more comprehensively characterize the tumor
cell populations affected by a given therapy. For instance,
ctDNA originating from non-T790M resistant (e.g., MET
amplified) cells in a heterogeneous tumor population
harboring EGFR activating mutations may persist in
response to a third-generation EGFR-TKI while T790M
levels decrease as expected. Such a scenario could be
indicative of incomplete response due to the outgrowth of
tumor cells exploiting alternative bypass signaling pathways.

A recent evaluation of the day-to-day kinetics of urinary
EGFR mutant load also unveiled the potential clinical utility
of urine testing as an early indicator of response to targeted
therapies (42). Daily monitoring of EGFR mutations in
urine of patients with NSCLC receiving EGFR-TKIs
revealed a pattern of intermittent spikes throughout the first
week of treatment. These surges in levels post-treatment are
likely reflective of tumor cell apoptosis and the concomitant
release of mutant ctDNA. As observed with the long-
term monitoring of urine EGFR mutant levels, an overall
decrease in mutant allele fractions from baseline to day 7
preceded radiographic response as assessed at 6-12 weeks.
These data argue that urinary EGFR mutant allele fraction
can essentially serve as real-time biomarker of response and
should be further assessed in larger patient cohorts.

Future directions and conclusions

While the utility of urine EGFR mutant detection
and monitoring requires further clinical evaluation in
prospective studies allowing for clinical intervention
based on ctDNA analysis results, the above-discussed
findings imply several other clinical applications for urine
genotyping. A clear extension would be in the context of
early disease detection. Early detection and diagnosis has
been shown to improve overall patient survival in several
cancer types. To date, the clinical utility of urine-based
testing for the identification of EGFR mutations has been
exclusively studied in patients with advanced NSCLC.
It has been demonstrated across several tumor types that
the amount of ctDNA in plasma is a function of disease
stage with detection rates dropping from 82% to less
than 50% for patients with stage IV versus stage I disease,
respectively (61). It is hypothesized that the amount of
ctDNA is a function of overall tumor burden, localization,
and access to vascularization. To this end it has been
proposed that specimens most proximal to the anatomical
location of the tumor may have the highest ctDNA content
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(urine for genitourinary cancer, bronchial brushings for
lung cancer, cerebrospinal fluid for brain cancer, etc.) (23).
As such future studies should be focused on comparing the
ability of urine testing to detect ctDNA in not only early
stage NSCLC but in other indications as well.

The detection of minimal residual disease (MRD) or
disease recurrence following surgical resection is another
area where urine ctDNA analysis holds great promise.
The detection of enduring ctDNA may identify patients at
high-risk of recurrence and could warrant more aggressive
adjuvant therapies (62,63). On the other hand, the absence
of ctDNA may be a favorable prognostic factor used to
spare patients from drug-related toxicities and improve their
quality of life. The post-operative reappearance of urine
ctDNA could also serve as an indicator of clinical relapse
which would enable earlier therapeutic intervention prior to
symptomatic or imaging recurrence. While monitoring for
known mutations identified upon tissue biopsy following
initial surgical resection may be sufficient to monitor MRD,
a full characterization via liquid biopsy specimens may once
again provide a more complete representation of genetically
variable tumor cell populations. Additionally, liquid biopsies
provide an avenue for monitoring tumor cell evolution
during disease progression or in response to therapy (55,64).
For this purpose, targeted gene panels may need to be
developed that cover a broader range of cancer-associated
mutations while maintaining the high sensitivity required
for detection of low abundance gene mutations in urine and
other specimen types alike.

In conclusion, urine-based liquid biopsies have
demonstrated high concordance with tissue EGFR mutation
test results and in some cases captured mutations missed
by tumor biopsy. In stark opposition to tissue biopsies,
urine can be collected with ease, does not require medical
procedures or supervision, and is not hindered by a patient’s
health status or physical limitations to sample collection.
Given that clinical responses to third-generation EGFR-
"TKIs appear to be independent of the biopsy specimen-type
used to identify the EGFR T790M mutation, we propose a
framework whereby urine and plasma testing is performed
immediately upon progression on a first-generation
inhibitor. A positive result would not only avoid a delay
in onset of treatment due to the quick turnaround time
relative to tissue biopsies but would spare patients from
invasive tissue biopsies and eliminate procedure-related
risks (Figure 2). Future studies should be geared at the
prospective evaluation of this patient stratification paradigm
in larger cohorts to formally demonstrate the equivalence,
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and perhaps superiority, of liquid biopsy-based genotyping

over tissue testing.
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