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Abstract: Liquid biopsies based on extracellular vesicle (EV) protein profiles represent a
promising tool for treatment monitoring of tumors, including non-small-cell lung cancers
(NSCLC). In this study, we present the development of an electrokinetic sensor for multiplexed
surface protein profiling of EVs and analysis of clinical samples. The method detects the
difference in the streaming current obtained as a result of EV binding to the inner surface of a
functionalized microcapillary, thereby estimating the expression level of a surface marker.

Using multiple microchannels functionalized with different antibodies in a parallel fluidic
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connection, we first demonstrate the capacity for simultaneous detection of multiple surface
markers in small EVs (sEVs) from NSCLC cells. To investigate the prospects of liquid biopsies
based on EVs, we then apply the method to profile sEVs isolated from the pleural effusion (PE)
fluids of three NSCLC adenocarcinoma patients with different genomic alterations (ALK-
fusion, KRAS and EGFR) and applied treatments (chemotherapy, EGFR or ALK tyrosine
kinase inhibitors). These vesicles were targeted against CD9 tetraspanin, as well as EGFR and
PD-L1, two markers of interest in NSCLC. The electrokinetic signals showed detection of these
markers on sEVs yet highlighting distinct interpatient differences, e.g., increased EGFR levels
in sEVs from a patient with EGFR mutation as compared to an ALK-mutant one. The sensors
also detected differences in PD-L1 expressions, in line with those measured by complementary
methods. The analysis of SEVs from a patient prior and post crizotinib treatment also revealed
a significant increase in the expression of some markers, e.g. EGFR and PD-L1. The obtained
results hold promise for the application of the method for tumor treatment monitoring based

on sEVs from liquid biopsies.

Keywords: electrokinetic sensor, multiplexing, extracellular vesicles, non-small-cell lung

cancer, liquid biopsy, treatment monitoring

1. Introduction: Despite decades of research and development, cancer remains a major
challenge for the global healthcare, killing millions of people every year (Sung et al., 2021).
While the understanding of tumour biology as well as the methods of clinical interventions
have seen major improvements, particularly regarding targeted therapy approaches, the
progress on diagnostic technologies has been relatively slow and inefficient. This has also been

due to the reliance on tissue biopsy as a source of tumour material (Vaidyanathan et al., 2019).
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For a long time, tumor tissue biopsies have been the gold standard of cancer diagnostics and
subtyping, yet they have limitations in treatment monitoring as they only provide a restricted
information of the patient tumor burden, in addition to being invasive and not easily accessible
in several cases (Vaidyanathan et al., 2019). Therefore, there has been an exponentially
increasing interest in non-invasive sampling of body fluids, known as liquid biopsy (De
Mattos-Arruda and Siravegna, 2021; Rolfo et al., 2018; Santarpia et al., 2018). This is because
such sampling approaches offer a less invasive way for treatment monitoring. Furthermore,
liquid biopsies also give access to a plethora of ultrasensitive biosensing technologies, which
have improved diagnostic approaches to many pathological conditions, including cancer

(Vaidyanathan et al., 2019).

The prospect of EVs as a source of tumor biomarkers in liquid biopsies has been highlighted
in a large number of research articles (Li et al., 2021; Santarpia et al., 2018; Xu et al., 2018).
Lung cancer (LC), one of the tumor malignancies which causes most cancer related deaths
(Sung et al., 2021) and where re-biopsy is challenging, has obviously been a subject of interest
for the EV-based diagnosis (Hoshino et al., 2020; Pasini and Ulivi, 2020; Sandfeld-Paulsen et
al., 2016; Wan et al., 2018; Zhong et al., 2020). In particular, non-small-cell lung cancer
(NSCLC), the major subtype of LC accounting for ~80% of all LC (Planchard et al., 2018) and
which has a 5 year survival rate of only ~ 20% (according to Cancer.org), has drawn particular
interest, both from the perspective of early stage detection as well as monitoring of therapy
(Pasini and Ulivi, 2020). Diagnostic biomarkers for NSCLC have been identified in both EV-
protein profiles (An et al., 2019) and RNA content (Tao et al., 2020), thereby opening scope
for developing biosensing methodologies targeting either of the two biomarker types. While
different biosensing techniques, e.g., lateral flow aptamer assay (Yu et al., 2020), surface
plasmon resonance imaging (SPRi) array (Fan et al., 2020) and streaming current based sensor

(Cavallaro et al., 2019), have recently demonstrated the capacity of surface protein profiling of
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NSCLC cell derived EVs, the scope for clinical sample analysis has been mainly performed by
traditional proteomic-analyses and sequencing-based methods (Hoshino et al., 2020; Hydbring
et al., 2018; Krug et al., 2018; Sandfeld-Paulsen et al., 2016). A major challenge in analyzing
EVs isolated from liquid biopsies of patients is the heterogeneity of the vesicles and the
complex matrix of plasma, which also contains proteins that might get co-isolated with EVs
(Ferguson and Weissleder, 2020). This means that, for such clinical applications, a biosensing
method needs to have the capacity to measure multiple markers with a high specificity and
reproducibility.

During the past years, the detection method employing the electrokinetic principles of
streaming current/potential has been applied by various research groups to detect a variety of
biomarkers (Dev et al., 2016; Koch et al., 1999; Martins et al., 2011). The method allows label-
free detection of target molecules/bioparticles within a microfluidic channel by exploiting
hydrodynamic and electrostatic interactions at the solid-liquid interface (Adamczyk et al.,
2010). Moreover, the technique has a simple design and good sensitivity. In a previous study,
we demonstrated the capability of this method for detection and profiling of EVs from cell lines
(Cavallaro et al., 2019). In particular, the technique was able to discriminate changes in
epidermal growth factor receptor (EGFR) expression in EVs isolated from a NSCLC cell line,
with a sensitivity of 10% of the parental cell expression (Cavallaro et al., 2019). Since EGFR
is often targeted in NSCLC using multiple tyrosine kinase inhibitors (TKIs) against it (Guo et
al., 2020; Konig et al., 2021; Suda et al., 2017), the method holds a substantial promise for
further validation in clinical samples. However, for such analysis, the development of a
multiplexed assay is essential to simultaneously assess the changes in multiple EV surface
markers among different patients and/or treatment stages. To the best of our knowledge, such

capacity has not been demonstrated using the sensing method.
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In this article, we first validated the possibility to use a multiplexed electrokinetic platform
based on streaming current (Is) for the detection of EVs. For the purpose, we used vesicles
isolated from the cell culture media of NSCLC cells and characterized the platform for the
simultaneous measurements of four microcapillary sensors. Following validation, we applied
the multiplexed platform for detection and profiling of EVs isolated from malignant pleural
effusion (PE) fluids of three NSCLC patients with different genomic mutations and during
different stages of their treatment courses. PE refers to the accumulation of fluid in the space
between the lungs and the chest walls in both malignant and non-malignant conditions (Baburaj
et al., 2020; Stiller et al., 2021). With respect to advanced LC patients, PE fluid accumulation
is seen in about 10-15% of all cases with a predomination of adenocarcinomas due to their
growth pattern in the lung (Baburaj et al., 2020). As malignant PE fluid is enriched in tumor
cells, might also contain tumor cell derived EVs and can be collected in a minimally invasive
way, it represents a suitable source for liquid biopsies based on EVs. For the analysis, we
targeted CD9 tetraspanin and two biomarkers of interest in NSCLC, namely EGFR and PD-
L1, expressed on the EV surfaces. The results demonstrated successful detection of EVs from
PE samples, highlighting interpatient differences in the expression of the analyzed markers.
Finally, aiming to examine the possibility to use the multiplexed electrokinetic platform for
treatment monitoring, we analyzed the EVs from an ALK-positive NSCLC patient at two time
points during the treatment course. Particularly, we compared the expression levels of CD9,
EGFR, PD-L1 and HER2 on EVs from PEs collected prior and post Crizotinib treatment. The
data suggested increased levels of some of the analyzed markers, e.g., EGFR and PD-L1, while

showing stable expressions of other ones, e.g., CD9.

2. Materials and Methods
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2.1. Reagents.

High purity deionized water (DIW) with a resistivity of 18 MQ-cm was used throughout all the
experiments. Phosphate-buffered saline (PBS, P4417) in tablets was purchased from Sigma-
Aldrich. Cetuximab antibody (Erbitux infusion solution, 5 mg/mL) was used to target EGFR
and was purchased from Merck Serono. Anti-CD9 (MEM-61), anti-CD63 (mab5048), anti-
HER2 (HRB2/258), anti-IGFIR (1H7), anti-PD-L1 (MAB1561) and isotype control
(MABO002) antibodies were purchased from Bio-Techne. If not stated otherwise, all the other

chemicals were purchased from Sigma-Aldrich Sweden AB.

2.2. SEV collection and isolation. The EVs investigated in this study were collected from
different sources and isolated in order to obtain small EVs (sEVs, ~30-300 nm). The sEVs used
to characterize the multiplexed platform were collected from the cell culture media of a NSCLC
cell line H1975 (ATCC® CRL-5908™, LGC Standards, Teddington Middlesex, United
Kingdom) with mutations in EGFR (exon 20, T790M and exon 21, L858R)(Pao et al., 2005).
The sEVs from NSCLC patients were isolated from malignant PE fluids and named as PE002,
PE009 and PEO11. The patient tumours contained genomic alterations in EML4-ALK variant 3
(a/b) (PE002), KRAS exon 2, codon 12/13 (PE009), and EGFR exon 21, L858R (PEO011),
respectively. These samples were collected at Karolinska University Hospital, Stockholm,
Sweden. The study was approved by the Ethics Review Authority in Sweden
(https://etikprovningsmyndigheten.se), region Stockholm (EPN No. Dnr. 2016/2585-32/1,
approval date 8" of March 2017), with patient informed consent to study participation. The
study was also approved with respect to tumor material into biobank and transfer for analyses
at Uppsala University by Material Transfer Agreement. Both the NSCLC cell line and
malignant PE fluid EV samples were isolated by size exclusion chromatography (SEC) using
qEVoriginal Columns (Izon Science, Oxford, United Kingdom). In particular, the isolation of

the sEVs from the cell culture media of NSCLC cells followed the protocol reported in our
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earlier studies (Cavallaro et al., 2019, 2021). For the PE fluid sEVs, we followed the procedure

described in another earlier work (Stiller et al., 2021).

2.3. SEV characterization. The sEVs from cell culture media of NSCLC cells were
characterized by nanoparticle tracking analysis (NTA) for their size and particle count
estimations. As presented in Figure S1, the vesicles showed the expected size profile. In our
earlier study, the same sEVs were further characterized by scanning electron microscopy
(SEM), showing the expected vesicle sizes and morphologies (Cavallaro et al., 2021). Western
Blot (WB) analysis was performed to verify the presence of sEV markers, e.g., CD9, EGFR
and TSG101, and the absence of cellular contamination by calnexin, as previously described
(Cavallaro et al., 2019). The expression of PD-L1, HER2 and IGF-1R in sEVs was examined
by proximity extension assay (PEA) due to the higher sensitivity of the method as compared to
WB. The analysis was performed on the multiplex Immune Oncology and Oncology II® panel
(Olink Proteomics AB, Uppsala, Sweden) carried out on the Clinical Biomarker Facility,
Science for Life Laboratory, Uppsala University, Uppsala, Sweden. The PEA assay consists of
antibody pairs against protein biomarkers linked to different tumor or immune signaling
processes (https://www.olink.com/products) and also harbor internal positive and negative
controls of the assay. For analyses, sSEVs were lysed in 5x RIPA buffer to a final concentration
of 1x RIPA (50mM Tris-HCI pH 7.4, 150mM NacCl, 1% Triton-X100, ImM EDTA, 0.1% SDS)
from which 1uL was applied in the assay. Data processing was carried out on the Olink Wizard
for GenEx software with the normalized protein expression (NPX) values used in subsequent
analyses. The fold levels relative to each marker’s limit of detection (LOD) value are given for
the samples. The protein characterization results by WB and PEA are presented in Figure S1.
The size profiles and concentrations of the EVs from the human PE fluids were also
characterized by NTA. For their biomarker characterization, WB (for EGFR, CD9, no

calnexin) and proximity extension assay (PEA, for PD-L1) were used. The results of the
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analyses are reported in an earlier study ((Stiller et al., 2021), NTA profiles and WB) and in
Supplementary Information (Figure S2). The details on NTA and WB analyses are provided in

our earlier studies (Cavallaro et al., 2021; Stiller et al., 2021).

2.4. Multiplexed electrokinetic platform.

Figure 1 shows a schematic of the measurement process, from the sEV isolation and
characterization to the electrokinetic detection and profiling. Following isolation and
characterization, electrokinetic experiments were performed in a platform consisting of a
commercial pumping system (Elveflow, OB1), a flow sensor (Elveflow, MFS3), a fluidic
system including the sensors, and a measurement unit (Keithley source meter and PC). The
fluidic system comprised microfluidic tubing to transport the buffer/analytes from the sample
vials to the sensors, a multiport connector for multiple sensor connections, silica microcapillary
sensors and hollow Pt electrodes at the inlet and outlet of the microcapillaries. The
electrokinetic measurements were performed in silica microcapillaries having inner diameters
of 25 um and lengths of ~4.7 cm. A common Pt electrode was used for all sensors and
connected at their inlet (before multiport connector), while separate Pt electrodes were
connected to the different outlets. For each microcapillary, the current between the Pt electrode
at the inlet and the one at the outlet was measured. A schematic of the platform is presented in

Figure 1.
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Figure 1. Schematic of the steps performed during the study. EVs from either cell culture
media of NSCLC cells or malignant PE fluids of NSCLC patients were first isolated by SEC.
The isolated vesicles were then analyzed by NTA for their size and concentration estimations,
and by WB and PEA for their protein content characterization. The EV detection and profiling
was performed by an electrokinetic platform consisting of 3 or 4 microcapillary sensors
functionalized with different capture probes and connected simultaneously. The signals for the
different targeted proteins were reported as changes in the zeta potential between second and
initial baselines and compared among different samples. This figure was realized using
BioRender.com.

The microcapillary sensors were functionalized following our previously reported protocol
(Cavallaro et al., 2019). Briefly, after cleaning, (3- aminopropyl)triethoxysilane (APTES)
activation and glutaraldehyde (GA), the antibodies targeting the different EV surface proteins
were immobilized to the inner microcapillary surfaces for 2 h, at a concentration of 50 pg/mL
in 1x PBS. Tris-Ethanolamine (30 min) and casein (120 min) were then used to deactivate the
surfaces, thus reducing non-specific binding (NSB) of the vesicles (Cavallaro et al., 2019). The

control capillaries were functionalized by following all the same steps, but immobilizing
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isotype control antibodies at the same concentration (50 pg/mL in 1x PBS), and were used to
test the EV NSB. Prior to measurements, all microfluidic tubing were also treated with casein

for 120 min to minimize NSB of the vesicles.

For detection, we analyzed the Is induced by a pressure driven flow of a 0.1x PBS buffer and
measured the current changes upon EV binding to the functionalized microcapillary surfaces,
as reported in our previous study (Cavallaro et al., 2019). In brief, for each channel we
measured the Is for a continuous periodic (30 s pulse duration) rectangular pulse of 1.5 bar
pulse height (1.5 bar and 3.0 bar applied pressures), which was used to drive the PBS solution
through the microcapillaries. The current difference (Als) for the applied pressures was
recorded by the source meter and converted in apparent zeta potential ({*), according to the

equation:

*_AIS n L

" APeg, A

Where Als/AP is the change in Is with pressure, 1 the viscosity, €go the permittivity, and L/A
the length and cross-section of the capillaries, respectively. The collected data were analyzed
by a custom-designed MATLAB software. All experiments were performed at room
temperature with 0.1x PBS at pH 7.4, following an end-point detection approach, as described
earlier (Cavallaro et al., 2019). Specifically, two baselines were recorded, one prior to and one
post EV incubation in the microcapillaries, and the signals were calculated as the difference in

the (* between these two baselines (AC*).

3. Results

3.1 Multiplexed platform validation with EVs from NSCLC H1975 cells.
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To setup and characterize the multiplexed electrokinetic platform, we first tested the effects of
multichannel connection on the measurement parameters. In particular, we compared the noise
in current measurements and the changes in the baseline values upon connection of 1 to 4
simultaneous microcapillary sensors. We selected a maximum of 4 parallel channels for the
proof of principle study, as this could be easily setup by using commercially available manifold
connectors. Figure 2A shows the noise in the Al;, calculated as the standard deviation of a
blank, for microcapillaries in different channel configurations. For easier comparison with the
following data reported in the study, we also included the corresponding noise levels in *
(Figure 2A, inset bar plots). For the noise analysis, we considered microcapillaries
functionalized with the different capture probes reported in Materials and Methods. As visible
in Figure 2A, the current noise in the two-channel configuration remained the same as the
single-channel measurement (~0.1 pA), while showing a 1.5- and a 2-fold increase in presence
of 3 and 4 simultaneous channels, respectively. To test the presence of cross-interference
between the different channels, we further measured the changes of the initial baseline values
(C* prior to EV incubation) upon connection of 2, 3 and 4 simultaneous capillaries, with respect
to their corresponding single-channel baselines. Figure 2B shows these results for a CD9-
antibody functionalized sensor and a control one. As a reference, we set the corresponding

initial single-channel baselines as {*=0 mV and reported the changes in absolute (* values.
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Figure 2. Multiplexed electrokinetic platform characterization and validation with sEVs from
conditioned cell culture media of NSCLC H1975 cells. (A) Noise levels in the Al (left y-axis)
and corresponding (* (right y-axis) for single- to four-channel configuration measurements,
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calculated for 5 different microcapillaries. (B) * changes in the initial baselines (in absolute
values) when measuring two to four simultaneous channels as compared to the corresponding
single-channel measurements. An EGFR-functionalized and a second control capillary were
connected as 3" and 4" channels (not shown in the plot). Measurements performed in duplicate.
(C) Sensor responses for the different capture probes CD9, CD63, EGFR, HER2 and IGF-1R
measured by the multiplexed platform. sEVs incubated in the microcapillary sensors at a
concentration of 3.5 x 10° particles/mL. Measurements performed in duplicate. The dashed line
depicts the MDS of the platform in its four-channel configuration measurement (~0.5 mV).

As presented, both sensors showed negligible baseline variations, in the order of the minimum
detectable signals (MDSs, defined as three-times the noise levels, as defined above) of the
corresponding numbers of channels. This suggested the absence of cross-interference,
indicating that each capillary sensor could be measured independently of the others. However,
we noticed a slightly unequal distribution of the buffer among the different microcapillaries
when connecting 4 channels simultaneously (~13% variation in net flow/min). The flow was
instead distributed more uniformly (< 7% variation) when connecting 2 or 3 channels in

parallel.

Following initial characterization, we tested our four-channel multiplexed platform with sEVs
isolated from conditioned cell culture media of a NSCLC cell line H1975. For the analysis, we
targeted the ubiquitous EV tetraspanins CD9 and CD63, and some biomarkers of interest in
NSCLC therapy, e.g., EGFR, HER2 and IGF-1R. These tumor cell surface receptors are known
to be oncogenic drivers of NSCLC, with EGFR also being a precision medicine target and
HER2 and IGF-1R both reported to be bypass drivers in EGFR-TKI refractoriness (Konig et
al., 2021; Lai-Kwon et al., 2021). As presented in Figure 2C, all the functionalized sensors
showed a positive response as compared to control capillaries (with isotype control antibodies),
except for HER2. We could not detect this protein using the selected antibody and sEV

concentration (3.5 x 10° particles/mL). For comparison, we also analyzed the same surface
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markers using WB and PEA. The results are reported in Figure S1 and confirmed the

expression of these proteins on sEVs from NSCLC H1975 cells.

3.2. Detection of sEVs from malignant PE fluids of NSCLC patients.

Following characterization and validation with sEVs from NSCLC cells, we tested whether our
multiplexed electrokinetic platform could detect EVs from patient samples and discriminate in
their biomarker expression levels. Figure 3A summarizes details on the tumor types, stages at

diagnosis and treatment courses at sample collection for the analyzed patients.

A
Patient Tumor histology = Genomic alteration Tumor stage at diagnosis Treatment at PE fluid collection
PE002 Adeno EML4-ALK variant 3 (a/b) T2aNOM1a ALK-TKI Crizotinib, responsive
PEO002-2 Adeno EML4-ALK variant 3 (a/b) T2aNOM1a ALK-TKI Crizotinib, refractory
PE009 Adeno KRAS exon 2, codon 12/13  T4N3M1b Carboplatin/Navelbine, stable disease
PEO11 Adeno EGFR exon 21, L858R T4N2M1a EGFR-TKI Erlotinib, responsive
B C
141 EEGFR | EEGFR
[ICD9 [ICDh9
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Figure 3. Multiplexed electrokinetic platform application to sEVs from malignant PE fluids of
NSCLC patients. (A) Table summarizing the molecular and clinical data of the malignant PE
fluids, including tumor histology, genomic alteration, tumor stage at diagnosis according to
TNM 8th edition, treatment at time of PE collection and clinical response of the patients. (B)
Bar plot showing the sensor responses when targeting the sEVs from PE002, PE0O09 and PEO11
against CD9, EGFR and PD-L1. Measurements performed in triplicate, incubating the sEVs at
a concentration of 3.5 x 10° particles/mL. Controls (capillaries with isotype control antibodies)
subtracted from each bar plot and sample. (C) Bar plots showing the sensor responses for the
sEVs from PE002-2 sample targeted against the same markers as in (B). HER2 also analyzed.
Measurements performed in duplicate. The dashed lines depict the MDS of the platform in its
three-channel configuration measurement (~0.4 mV).


https://doi.org/10.1101/2021.04.08.438994
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2021.04.08.438994; this version posted April 9, 2021. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is
made available under aCC-BY-NC-ND 4.0 International license.

In details, we analyzed the sEVs isolated from the PE fluid samples of three malignant
adenocarcinoma NSCLC patients with different genomic alterations, namely EML4-ALK
variant 3 (a/b) (PE002), KRAS exon 2, codon 12/13 (PE009), and EGFR exon 21, L858R
(PEOI11), respectively. PE002 was on ALK-TKI crizotinib when PE sampling was obtained
and responded to this treatment line. PEOO9 was on standard chemotherapy at the time of
sampling with stable disease. PEO11 was given EGFR-TKI erlotinib with a clinical response.
As compared to cell line derived EVs, samples isolated from human body fluids might also
contain impurities/biomolecules that may interfere with the detection method, therefore
causing higher NSB. For electrokinetic detection, we investigated the transmembrane proteins
CD9, EGFR and PD-L1 and compared their levels in the sEVs isolated from the three PE
samples. We included PD-L1 in the analysis as it has been demonstrated that the tumor
expression of this marker may impede on the immune system to attack the tumor, thereby
offering a way to monitor therapy (Abdel Karim and Kelly, 2019; D. H. Kim et al., 2019). It
has also been suggested that PD-L1 is expressed in EVs (Wang et al., 2021) and that Tyrosine
Kinase Inhibitors (TKIs) against mutated EGFR may influence PD-L1 expression as well as
the immune landscape in NSCLC (Kang et al., 2021; Liu et al., 2021). Moreover, for this
investigation, we used the platform in a three-channel configuration, in order to reduce the
inhomogeneous flow distribution among the capillaries that was detected when connecting 4
channels simultaneously. For comparison, we analyzed the same SEV batches for CD9, EGFR
and PD-L1 using WB and PEA. These results are presented in an earlier work (Stiller et al.,
2021) and in Figure S2. The bar plots in Figure 3B show the sensor responses (upon control
subtractions) for the three patients and surface proteins analyzed. Control measurements
(capillaries with isotype control antibodies) showed lower responses (Figure S3) than the
respective signals. However, in some cases, increased NSB were detected (~5.5-fold for PE009

and ~4.8-fold for PEO11) as compared to the controls obtained with sEVs from cell lines (~0.4
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mV, Figure 2C). As presented in Figure 3B, the electrokinetic data revealed positive detection
of both CD9 and EGFR for all patients, but with a differential expression among the samples.
In particular, EGFR was found to be more abundant in PEO11 and PE0O09 (~8 mV and ~6.5
mV) as compared to PE002 (~4.4 mV). CD9 instead, seemed to be more abundant in PE009
(~12.5 mV) as compared to PEO11 (~8.7 mV) and PE002 (~5.2 mV). The same trends were
confirmed by WB profiling, which showed a higher expression level of both these markers on
sEVs from PEO11 and PEO09 as compared to PE002 (Figure S2 and (Stiller et al., 2021)). With
respect to PD-L1, a higher electrokinetic response was evident in PE009 (~4.6 mV) as
compared to PEO11 (~3.8 mV), while the signal was just above the MDS for the sEVs from
PE002 (~0.7 mV, Figure 3B). The expression of this marker was also analyzed on the same
sEV batches using PEA analytics (Figure S2). As seen, PEA results also revealed similar

differences in PD-L1 expression levels among the analyzed samples.

3.3. Effect of treatment on sEV surface markers.

Finally, to examine the potentials of the electrokinetic method for treatment monitoring, we
further analyzed the sEVs from the PE002 patient collected after 1-year on ALK-TKI crizotinib
treatment, when the patient was clinically refractory. We refer to this sample as PE002-2
(Figure 3A). Apart from compensatory mutations in the ALK kinase domain bypass signalling
(Gristina et al., 2020), it is reported that ALK-TKI resistance also includes alterations in EGFR,
IGF-1R and HER2 (Choi et al., 2017; Dagogo-Jack et al., 2017; Gristina et al., 2020; Minari et
al., 2020). For this reason, we also included HER2 in addition to the previously studied markers
CD9, EGFR and PD-L1 for profiling of sEVs from PE002-2. When HER2 was analyzed on
the SEVs from the initial PE002 sample, the sensor did not show any response (data not shown).

Figure 3C presents the sensor responses for the markers analyzed on sEVs from PE(002-2
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patient. With respect to CD9, similar average values (~5 mV) were observed in sEVs from
PE002-2 as compared to those detected at initial sample collection (PE002). On the contrary,
EGFR and PD-L1 levels on sEVs significantly increased after crizotinib, showing a ~4.5-fold
and a ~21-fold increase, respectively in PE002-2, as compared to their levels in SEVs from
PE002. Finally, HER2 could be detected in PE002-2, despite showing a weak response (~2

mV).

4. Discussion

A key benefit of liquid biopsies is the ability to follow cancer patients during their treatments,
thereby guiding the clinician with effective therapy choices such as precision cancer medicine
agents or immune checkpoint inhibitors (ICI). This is important also in NSCLC, where EGFR-
TKI, ALK-TKI or PD-1/PD-L1 immune therapy have changed the treatment landscape,
however responses of patients are often heterogenous (Abdel Karim and Kelly, 2019; Gristina
et al., 2020; Lazzari et al., 2020). In clinical settings, circulating/cell-free DNA is partially used
as a biomarker (BM) for evaluating treatment response when tumor biopsy is not feasible
(Rolfo et al., 2018). However, DNA does not give information on alterations in tumor
signalling taking place on mRNA or protein levels. In these cases, EVs from tumor cells per
se as well as from immune cells within the tumor may offer a superior source of BMs. In this
study, we present an electrokinetic biosensor that is capable of monitoring several sEV and
tumor cell surface markers in sEVs isolated from PE fluids of NSCLC patients. However, to
be used in clinical applications, a biosensor needs to have the capacity to measure multiple
markers simultaneously from a low sample volume with a high specificity and reproducibility.
The data on the platform characterization and with sEVs isolated from cell culture media of
NSCLC cells (Figure 2) demonstrate that our electrokinetic sensor based on streaming current
is suitable for multiplexed analysis of EV surface proteins. As shown in Figures 2A and 2B,

the measurements parameters do not change significantly upon multiplexed connection of 4
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microcapillary sensors. In particular, Figure 2A indicates that, despite a ~2-fold increase when
connecting more than 2 channels, the current noise still remains low (<0.3 pA) for three and
four-channel configurations, as compared to the detected signals (>25-30 pA, data not shown).
Such increased noise levels might come from the electrical measurement and/or from the
fluidic part, due to flow splitting at the multiport connector and distribution among the different
channels. Small variations in the {* baselines, as those reported in Figure 2B, might also be
caused by small changes in the flow of one channel upon connection of the others. However,
all such {* changes (Figure 2B) are in the order of the MDSs of the corresponding number of
channels (Figure 2A) and therefore can be neglected. Overall, these data suggest that the
measurement outcomes do not change whether a marker is measured alone or in combination
with others in parallel. Here, we would also like to emphasize that we tested a maximum of 4
channels only due to the difficulties to connect more of them in parallel in the current platform.
This is not a limitation of the electrokinetic method and therefore in principle such
measurements can be performed with a higher number of channels. Figures 2C demonstrates
the successful application of the multiplexed electrokinetic platform for analysis of SEV surface
markers. The results also suggest that the signals can be enhanced by optimizing the capture
probes, as also reported in our previous study (Sahu et al., 2020). In particular, CD9, EGFR
and CD63 proteins showed higher responses as compared to our previous article (Cavallaro et
al., 2019). A possible explanation is the fact that we used a different set of capture probes,
which had a more positive charge as compared to the previous ones and the EVs, therefore
leading to enhanced signals (see Figure S4 and Supplementary information). The low signals
obtained for HER2 can be explained by a very low surface expression level of the marker in
these sEVs (as compared to other sEVs and/or tumor receptors) and/or by a low affinity of the
capture probe used. On the other end, the results with SEVs from NSCLC cells suggested the

presence of slight differences in the flow profiles (Aflow for the applied pressures of 1.5 and 3
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bar) among the different channels when connecting 4 capillaries simultaneously. This effect
might be caused by differences in the fluidic microcapillary resistances and/or flaws in the
multiport connector that distributes the flow among the channels. Therefore, for the present
investigation, we decided to measure the EVs from the malignant PE fluids of patients with the

platform in its three-channel configuration.

Furthermore, the measurements were performed with SEVs at a concentration of 3.5 x 10°
particles/mL and required ~25 pL of sample per microcapillary sensor. This corresponded to a
total sample volume of ~100 pL for a four-channel configuration platform, and therefore a total
of 3.5 x 108 EVs. For the PE samples used in the present study, we isolated EVs from 0.3-5 ml
of filtered PE fluid. The number of EVs per ml of PE fluid was ~1 x 10'°, meaning that only
<30-40 pL of liquids is necessary to perform such a multiplexed measurement with the

proposed electrokinetic platform.

The results on the clinical samples (Figure 3) demonstrate the possibility to use the platform
for detection and treatment monitoring of SEVs collected from PE fluids of advanced NSCLC
patients. A challenge arising when analyzing patient samples can be the presence of proteins
and/or analytes that might get co-isolated with EVs and interact with the biosensor, thereby
causing high NSB. However, our data suggest that, despite an increase as compared to cell line
derived vesicles, the sensor responses for control measurements on EVs from patient liquid
biopsies were still significantly lower than those detected for the different EV markers. Since,
the PE samples were collected from patients with different genomic drivers of their tumors,
e.g., EGFR, ALK and KRAS, whom also have been given different treatment regimens
including EGFR- and ALK-TKIs (Figure 3A), we expected different expression levels of the
analyzed markers and therefore different responses of the multiplexed electrokinetic sensors.
The results confirmed the expectations. For example, the sEVs from PEO11, which were

obtained from a patient with EGFR-mutant NSCLC, showed a stronger EGFR signal as
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compared to the sEVs from PE002, which were instead collected from a patient with an ALK-
driven tumor. We detected intermediate levels of EGFR on the sEVs from PE009, whose
patient had instead a KRAS mutation. With respect to CD9, PE002 also showed the lowest
levels among the analyzed PE fluids. The analyses of EGFR and CD9 by WB ((Stiller et al.,
2021) and Figure S2) confirmed the same trends, demonstrating that our electrokinetic data is

in line with the results obtained by standard techniques.

In our study we also analyzed PD-L1, an important ICI target in NSCLC, which also have been
found and have a function in SEVs from NSCLC patient liquid biopsies (D. H. Kim et al.,
2019). While the electrokinetic sensors detected a clear signal from PD-L1 on sEVs from
PEO11 and PEO09, the vesicles from PE002 showed instead very weak levels. When PD-L1
expression was evaluated with PEA analytics, there was a clear difference in expression among
PE002, PE009 and PEO11 sEVs, confirming the sensor responses (Figure S2). These results
suggest different PD-L1 levels on sEVs from malignant PE fluid samples that can also be
captured by our electrokinetic sensors. Moreover, it has been shown that EGFR-TKI refractory
NSCLC cells have a higher PD-L1 expression level (D. H. Kim et al., 2019) and such PD-L1
expressing SEVs were also reported to be functionally active. It was also recently demonstrated
that PD-L1 expression in EGFR-mutated NSCLC is a bad prognostic factor (Kang et al., 2021).
With respect to these results, it would hence in the future be interesting to analyze PD-L1

expression in SEVs by our sensor prior and post EGFR-TKI treatment of NSCLC patients.

Finally, the analysis of PE002-2 revealed that both EGFR and PD-L1 sensors gave a higher
signal at the time point of ALK-TKI crizotinib refractoriness than early upon treatment
induction (PE002), suggesting that crizotinib treatment might cause increased expressions of
both these receptors in sEVs. HER2 also showed a higher response than those detected in
PE002, yet the increase was less prominent (~2-fold). Such increased EGFR or HER2

expression/functional dependency has been reported in literature for ALK-TKI refractory
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NSCLC cells and patients (Dagogo-Jack et al., 2017; Gristina et al., 2020; Minari et al., 2020).
Albeit ICI treatment of EGFR- or ALK-driven NSCLC has been reported to be lower than in
NSCLC in general (Gainor et al., 2016), it has been shown that PD-L1 expression is increased
in ALK-TKI in vitro NSCLC models (S. J. Kim et al., 2019). The electrokinetic sensors also
detected significantly increased levels of PD-L1 on the sEVs from the ALK-TKI refractory
patient PE002-2. However, further analyses of SEVs from a larger cohort of patients, in general,
and ALK-TKI treated patients, in particular, are needed to make general conclusions on

possible cancer resistance mechanisms based on EV measurements.

5. Conclusions

In conclusion, in this study we first demonstrated the possibility to use the electrokinetic
method to perform multiplexed detection and profiling of sEV surface proteins. The results on
the platform characterization (Figure 2) indicated that the measurement parameters remain
stable upon multiplexing, despite some unequal flow distributions when connecting 4 channels
simultaneously. However, we believe that this limitation will be solved in the future, when
bringing the platform on a chip, as the channel design and dimensions can be precisely
optimized and controlled, in order to measure more than four EV surface proteins
simultaneously. The results on the vesicles isolated from the PE fluids of different NSCLC
patients (Figure 3) demonstrated the capability of the electrokinetic sensor based on streaming
current to profile several tumor cell surface markers on EVs from clinical samples. Although
we cannot state any clear conclusion on the relation between the analyzed proteins and the
possible cancer resistance mechanics, due to the limited number of PE samples analyzed, the
data indicated interpatient differences. Moreover, the electrokinetic results were shown to be

in line with the results obtained by standard techniques, such as WB and PEA. This gives hope
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that in the future, following application to a larger sample cohort, the platform can be

potentially used for monitoring the patient responses during the cancer treatment courses.

In the future, we plan to bring the platform on a chip, in order to reduce its size and further
enhance its multiplexing capability. In this way, we will be able to scan a larger cohort of
patients and markers in a faster way, thereby trying to find their relations with
resistance/responsive mechanisms. We are also working on the functionalization strategy in
order to enhance the charge difference between the EVs and the sensor surfaces, therefore
increasing the signals and improving the LODs. Finally, we will explore the possibility to use
the electrokinetic method for sandwich detection, to analyze multiple surface markers
simultaneously in the same microcapillary and improve EV detection in complex samples, e.g.,

plasma.

Author contributions

SC: conceptualization, data curation, formal analysis, investigation, validation, visualization,

writing — original draft, writing — review and editing

PH: data curation, formal analysis, resources, writing — review and editing

SSS: data curation, formal analysis, software, writing — review and editing

LB: data curation

VK: data curation, writing — review and editing

SE: resources, investigation, project administration

RL: resources, funding acquisition, project administration

JL: funding acquisition, project administration, writing — review and editing


https://doi.org/10.1101/2021.04.08.438994
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2021.04.08.438994; this version posted April 9, 2021. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is
made available under aCC-BY-NC-ND 4.0 International license.

KV: resources, funding acquisition, writing — original draft, writing — review and editing

AD: method development and conceptualization, supervision and funding acquisition, project

administration and writing — original draft, writing — review and editing

Declaration of competing interest

The authors declare no competing interests.

Acknowledgements

This study was supported by grants from the Erling Persson Family Foundation, Stockholm
Cancer Society (#171123, #191293, #201202,) the Swedish Cancer Society (CAN 2015/401;
CAN 2018/597), Stockholm County Council (#20160287, #20180404) and funds of Karolinska
University Hospital FOUU (#75032.). For the tumor related part, the support and help from
MSc Vasiliki Arapi, Dr Caroline Kamali, Dr Luigi De Petris, Dr Metka Novak and Dr Per

Hydbring is acknowledged.

Supplementary data

A supplementary file including characterization data and additional measurements in provided

as a .pdf file.

References

Abdel Karim, N., Kelly, K., 2019. Role of Targeted Therapy and Immune Checkpoint

Blockers in Advanced Non-Small Cell Lung Cancer: A Review. Oncologist 24, 1270—


https://doi.org/10.1101/2021.04.08.438994
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2021.04.08.438994; this version posted April 9, 2021. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is
made available under aCC-BY-NC-ND 4.0 International license.

1284. https://doi.org/10.1634/theoncologist.2018-0112

Adamczyk, Z., Sadlej, K., Wajnryb, E., Nattich, M., Ekiel-Jezewska, M.L., Btawzdziewicz,
J., 2010. Streaming potential studies of colloid, polyelectrolyte and protein deposition.

Adv. Colloid Interface Sci. 153, 1-29. https://doi.org/10.1016/j.cis.2009.09.004

An, T., Qin, S., Sun, D., Huang, Y., Hu, Y., Li, S., Zhang, H., Li, B., Situ, B., Lie, L., Wu,
Y., Zheng, L., 2019. Unique Protein Profiles of Extracellular Vesicles as Diagnostic
Biomarkers for Early and Advanced Non-Small Cell Lung Cancer. Proteomics 19.

https://doi.org/10.1002/pmic.201800160

Baburaj, G., Damerla, R.R., Udupa, K.S., Parida, P., Munisamy, M., Kolesar, J., Rao, M.,
2020. Liquid biopsy approaches for pleural effusion in lung cancer patients. Mol. Biol.

Rep. 47, 8179-8187. https://doi.org/10.1007/s11033-020-05869-7

Cavallaro, S., Haag, P., Viktorsson, K., Krozer, A., Fogel, K., Lewensohn, R., Linnros, J.,
Dev, A., 2021. Comparison and optimization of nanoscale extracellular vesicle imaging
by scanning electron microscopy for accurate size-based profiling and morphological

analysis. Nanoscale Adv. https://doi.org/10.1039/d0na00948b

Cavallaro, S., Horak, J., Haag, P., Gupta, D., Stiller, C., Sahu, S.S., Gorgens, A., Gatty, HK.,
Viktorsson, K., E1 Andaloussi, S., Lewensohn, R., Karlstrom, A.E., Linnros, J., Dev, A.,
2019. Label-Free Surface Protein Profiling of Extracellular Vesicles by an Electrokinetic

Sensor. ACS Sensors 4, 1399-1408. https://doi.org/10.1021/acssensors.9b00418

Choi, S.H., Kim, D.H., Choi, Y.J., Kim, S.Y., Lee, J.E., Sung, K.J., Kim, W.S., Choi, C.M.,
Rho, J.K., Lee, J.C., 2017. Multiple receptor tyrosine kinase activation related to ALK
inhibitor resistance in lung cancer cells with ALK rearrangement. Oncotarget 8, 58771—

58780. https://doi.org/10.18632/oncotarget. 17680


https://doi.org/10.1101/2021.04.08.438994
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2021.04.08.438994; this version posted April 9, 2021. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is
made available under aCC-BY-NC-ND 4.0 International license.

Dagogo-Jack, 1., Fabrizio, D., Lennerz, J., Schrock, A.B., Young, L., Mino-Kenudson, M.,
Digumarthy, S.R., Heist, R.S., Ali, S.M., Miller, V.A., Shaw, A.T., 2017. Circulating
Tumor DNA Identifies EGFR Coamplification as a Mechanism of Resistance to
Crizotinib in a Patient with Advanced MET-Amplified Lung Adenocarcinoma. J.

Thorac. Oncol. 12, e155—e157. https://doi.org/10.1016/.jtho.2017.04.023

De Mattos-Arruda, L., Siravegna, G., 2021. How to use liquid biopsies to treat patients with

cancer. ESMO Open 6, 100060. https://doi.org/10.1016/j.esmoop.2021.100060

Dev, A., Horak, J., Kaiser, A., Yuan, X., Perols, A., Bjork, P., Karlstrom, A.E., Kleimann, P.,
Linnros, J., 2016. Electrokinetic effect for molecular recognition: A label-free approach
for real-time biosensing. Biosens. Bioelectron. 82, 55-63.

https://doi.org/10.1016/].b10s.2016.03.060

Fan, Y., Duan, X., Zhao, M., Wei, X., Wu, J., Chen, W., Liu, P., Cheng, W., Cheng, Q.,
Ding, S., 2020. High-sensitive and multiplex biosensing assay of NSCLC-derived
exosomes via different recognition sites based on SPRi array. Biosens. Bioelectron. 154,

112066. https://doi.org/10.1016/j.bi0s.2020.112066

Ferguson, S., Weissleder, R., 2020. Modeling EV Kinetics for Use in Early Cancer Detection.

Adv. Biosyst. 4, 1-11. https://doi.org/10.1002/adbi.201900305

Gainor, J.F., Shaw, A.T., Sequist, L. V., Fu, X., Azzoli, C.G., Piotrowska, Z., Huynh, T.G.,
Zhao, L., Fulton, L., Schultz, K.R., Howe, E., Farago, A.F., Sullivan, R.J., Stone, J.R.,
Digumarthy, S., Moran, T., Hata, A.N., Yagi, Y., Yeap, B.Y., Engelman, J.A., Mino-
Kenudson, M., 2016. EGFR mutations and ALK rearrangements are associated with low
response rates to PD-1 pathway blockade in non-small cell lung cancer: A retrospective
analysis. Clin. Cancer Res. 22, 4585-4593. https://doi.org/10.1158/1078-0432.CCR-15-

3101


https://doi.org/10.1101/2021.04.08.438994
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2021.04.08.438994; this version posted April 9, 2021. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is
made available under aCC-BY-NC-ND 4.0 International license.

Gristina, V., Mantia, M. La, Iacono, F., Galvano, A., Russo, A., Bazan, V., 2020. The
emerging therapeutic landscape of alk inhibitors in non-small cell lung cancer.

Pharmaceuticals 13, 1-23. https://doi.org/10.3390/ph13120474

Guo, Y., Song, J., Wang, Y., Huang, L., Sun, L., Zhao, J., Zhang, S., Jing, W., Ma, J., Han,
C., 2020. Concurrent Genetic Alterations and Other Biomarkers Predict Treatment
Efficacy of EGFR-TKIs in EGFR-Mutant Non-Small Cell Lung Cancer: A Review.

Front. Oncol. 10. https://doi.org/10.3389/fonc.2020.610923

Hoshino, A., Kim, H.S., Bojmar, L., Gyan, K.E., Cioffi, M., Hernandez, J., Zambirinis, C.P.,
Rodrigues, G., Molina, H., Heissel, S., Mark, M.T., Steiner, L., Benito-Martin, A.,
Lucotti, S., Di Giannatale, A., Offer, K., Nakajima, M., Williams, C., Nogués, L.,
Pelissier Vatter, F.A., Hashimoto, A., Davies, A.E., Freitas, D., Kenific, C.M., Ararso,
Y., Buehring, W., Lauritzen, P., Ogitani, Y., Sugiura, K., Takahashi, N., AleCkovi¢, M.,
Bailey, K.A., Jolissant, J.S., Wang, H., Harris, A., Schaeffer, L.M., Garcia-Santos, G.,
Posner, Z., Balachandran, V.P., Khakoo, Y., Raju, G.P., Scherz, A., Sagi, 1., Scherz-
Shouval, R., Yarden, Y., Oren, M., Malladi, M., Petriccione, M., De Braganca, K.C.,
Dongzelli, M., Fischer, C., Vitolano, S., Wright, G.P., Ganshaw, L., Marrano, M.,
Ahmed, A., DeStefano, J., Danzer, E., Roehrl, M.H.A., Lacayo, N.J., Vincent, T.C.,
Weiser, M.R., Brady, M.S., Meyers, P.A., Wexler, L.H., Ambati, S.R., Chou, A.J.,
Slotkin, E.K., Modak, S., Roberts, S.S., Basu, E.M., Diolaiti, D., Krantz, B.A., Cardoso,
F., Simpson, A.L., Berger, M., Rudin, C.M., Simeone, D.M., Jain, M., Ghajar, C.M.,
Batra, S.K., Stanger, B.Z., Bui, J., Brown, K.A., Rajasekhar, V.K., Healey, J.H., de
Sousa, M., Kramer, K., Sheth, S., Baisch, J., Pascual, V., Heaton, T.E., La Quaglia,
M.P., Pisapia, D.J., Schwartz, R., Zhang, H., Liu, Y., Shukla, A., Blavier, L., DeClerck,
Y.A., LaBarge, M., Bissell, M.J., Caffrey, T.C., Grandgenett, P.M., Hollingsworth,

M.A., Bromberg, J., Costa-Silva, B., Peinado, H., Kang, Y., Garcia, B.A., O’Reilly,


https://doi.org/10.1101/2021.04.08.438994
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2021.04.08.438994; this version posted April 9, 2021. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is
made available under aCC-BY-NC-ND 4.0 International license.

E.M., Kelsen, D., Trippett, T.M., Jones, D.R., Matei, [.R., Jarnagin, W.R., Lyden, D.,
2020. Extracellular Vesicle and Particle Biomarkers Define Multiple Human Cancers.

Cell 182, 1044-1061.e18. https://doi.org/10.1016/j.cell.2020.07.009

Hydbring, P., De Petris, L., Zhang, Y., Brandén, E., Koyi, H., Novak, M., Kanter, L., Ha4g,
P., Hurley, J., Tadigotla, V., Zhu, B., Skog, J., Viktorsson, K., Ekman, S., Lewensohn,
R., 2018. Exosomal RNA-profiling of pleural effusions identifies adenocarcinoma
patients through elevated miR-200 and LCN2 expression. Lung Cancer 124, 45-52.

https://doi.org/10.1016/j.lungcan.2018.07.018

Kang, M., Park, C., Kim, S.H., Yoon, S.W., Suh, K.J., Kim, Y.J., Ock, C., Kim, M., Keam,
B., Kim, T.M., Kim, D., Heo, D.S., Lee, J.S., 2021. Programmed death-ligand 1
expression level as a predictor of EGFR tyrosine kinase inhibitor efficacy in lung

adenocarcinoma 1, 699—711. https://doi.org/10.21037/tlcr-20-893

Kim, D.H., Kim, H.R., Choi, Y.J., Kim, S.Y., Lee, J.E., Sung, K.J., Sung, Y.H., Pack, C.G.,
Jung, M. kyo, Han, B., Kim, K., Kim, W.S., Nam, S.J., Choi, C.M., Yun, M., Lee, J.C.,
Rho, J.K., 2019. Exosomal PD-L1 promotes tumor growth through immune escape in
non-small cell lung cancer. Exp. Mol. Med. 51. https://doi.org/10.1038/s12276-019-

0295-2

Kim, S.J., Kim, S., Kim, D.W., Kim, M., Keam, B., Kim, T.M., Lee, Y., Koh, J., Jeon, Y.K.,
Heo, D.S., 2019. Alterations in PD-L1 expression associated with acquisition of
resistance to ALK inhibitors in ALK-rearranged lung cancer. Cancer Res. Treat. 51,

1231-1240. https://doi.org/10.4143/crt.2018.486

Koch, S., Woias, P., Meixner, L.K., Drost, S., Wolf, H., 1999. Protein detection with a novel

ISFET-based zeta potential analyzer. Biosens. Bioelectron. 14, 413—421.

Konig, D., Prince, S.S., Rothschild, S.I., 2021. Targeted Therapy in Advanced and Metastatic


https://doi.org/10.1101/2021.04.08.438994
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2021.04.08.438994; this version posted April 9, 2021. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is
made available under aCC-BY-NC-ND 4.0 International license.

Non-Small Cell Lung Cancer. An Update on Treatment of the Most Important
Actionable Oncogenic Driver Alterations. Cancers (Basel). 13, 804.

https://doi.org/10.3390/cancers13040804

Krug, A.K., Enderle, D., Karlovich, C., Priewasser, T., Bentink, S., Spiel, A., Brinkmann, K.,
Emenegger, J., Grimm, D.G., Castellanos-Rizaldos, E., Goldman, J.W., Sequist, L. V.,
Soria, J.C., Camidge, D.R., Gadgeel, S.M., Wakelee, H.A., Raponi, M., Noerholm, M.,
Skog, J., 2018. Improved EGFR mutation detection using combined exosomal RNA and
circulating tumor DNA in NSCLC patient plasma. Ann. Oncol. 29, 700-706.

https://doi.org/10.1093/annonc/mdx765

Lai-Kwon, J., Tiu, C., Pal, A., Khurana, S., Minchom, A., 2021. Moving beyond epidermal
growth factor receptor resistance in metastatic non-small cell lung cancer - a drug
development perspective. Crit. Rev. Oncol. Hematol. 159, 103225.

https://doi.org/10.1016/j.critrevonc.2021.103225

Lazzari, C., Gregorc, V., Karachaliou, N., Rosell, R., Santarpia, M., 2020. Mechanisms of
resistance to osimertinib. J. Thorac. Dis. 12, 2851-2858.

https://doi.org/10.21037/jtd.2019.08.30

Li, MY, Liu, L.Z., Dong, M., 2021. Progress on pivotal role and application of exosome in
lung cancer carcinogenesis, diagnosis, therapy and prognosis. Mol. Cancer 20, 1-22.

https://doi.org/10.1186/s12943-021-01312-y

Liu, J., Itchins, M., Nagrial, A., Cooper, W.A., De Silva, M., Barnet, M., Varikatt, W.,
Sivasubramaniam, V., Davis, A., Gill, A.J., Blinman, P., Lee, K., Hui, R., Gao, B.,
Pavlakis, N., Clarke, S., Lee, J., Boyer, M., Kao, S., 2021. Relationship between PD-L1
expression and outcome in EGFR-mutant lung cancer patients treated with EGFR

tyrosine kinase inhibitors. Lung Cancer 155, 28-33.


https://doi.org/10.1101/2021.04.08.438994
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2021.04.08.438994; this version posted April 9, 2021. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is
made available under aCC-BY-NC-ND 4.0 International license.

https://doi.org/10.1016/j.lungcan.2021.03.004

Martins, D.C., Chu, V., Prazeres, D.M.F., Conde, J.P., 2011. Electrical detection of DNA
immobilization and hybridization by streaming current measurements in microchannels.

Appl. Phys. Lett. 183702 (1-3). https://doi.org/10.1063/1.3658457

Minari, R., Gnetti, L., Lagrasta, C.A., Squadrilli, A., Bordi, P., Azzoni, C., Bottarelli, L.,
Cosenza, A., Ferri, L., Caruso, G., Silini, E.M., Tiseo, M., 2020. Emergence of a HER2-
amplified clone during disease progression in an ALK-rearranged NSCLC patient
treated with ALK-inhibitors: A case report. Transl. Lung Cancer Res. 9, 787-792.

https://doi.org/10.21037/tlcr.2020.04.03

Pao, W., Miller, V.A., Politi, K.A., Riely, G.J., Somwar, R., Zakowski, M.F., Kris, M.G.,
Varmus, H., 2005. Acquired resistance of lung adenocarcinomas to gefitinib or erlotinib
1s associated with a second mutation in the EGFR kinase domain. PLoS Med. 2, 0225—

0235. https://doi.org/10.1371/journal.pmed.0020073

Pasini, L., Ulivi, P., 2020. Extracellular vesicles in non-small-cell lung cancer: Functional
role and involvement in resistance to targeted treatment and immunotherapy. Cancers

(Basel). 12. https://doi.org/10.3390/cancers12010040

Planchard, D., Popat, S., Kerr, K., Novello, S., Smit, E.F., Faivre-Finn, C., Mok, T.S., Reck,
M., Van Schil, P.E., Hellmann, M.D., Peters, S., 2018. Metastatic non-small cell lung
cancer: ESMO Clinical Practice Guidelines for diagnosis, treatment and follow-up. Ann.

Oncol. 29, iv192-iv237. https://doi.org/10.1093/annonc/mdy275

Rolfo, C., Mack, P.C., Scagliotti, G. V., Baas, P., Barlesi, F., Bivona, T.G., Herbst, R.S.,
Mok, T.S., Peled, N., Pirker, R., Raez, L.E., Reck, M., Riess, J.W., Sequist, L. V.,
Shepherd, F.A., Sholl, L.M., Tan, D.S.W., Wakelee, H.A., Wistuba, L.I., Wynes, M.W.,

Carbone, D.P., Hirsch, F.R., Gandara, D.R., 2018. Liquid Biopsy for Advanced Non-


https://doi.org/10.1101/2021.04.08.438994
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2021.04.08.438994; this version posted April 9, 2021. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is
made available under aCC-BY-NC-ND 4.0 International license.

Small Cell Lung Cancer (NSCLC): A Statement Paper from the IASLC. J. Thorac.

Oncol. 13, 1248-1268. https://doi.org/10.1016/j.jtho.2018.05.030

Sahu, S.S., Stiller, C., Cavallaro, S., Karlstrém, A.E., Linnros, J., Dev, A., 2020. Influence of
molecular size and zeta potential in electrokinetic biosensing. Biosens. Bioelectron. 152.

https://doi.org/10.1016/j.bi0s.2020.112005

Sandfeld-Paulsen, B., Aggerholm-Pedersen, N., Bek, R., Jakobsen, K.R., Meldgaard, P.,
Folkersen, B.H., Rasmussen, T.R., Varming, K., Jorgensen, M.M., Sorensen, B.S., 2016.
Exosomal proteins as prognostic biomarkers in non-small cell lung cancer. Mol. Oncol.

10, 1595. https://doi.org/10.1016/j.molonc.2016.10.003

Santarpia, M., Liguori, A., D’Aveni, A., Karachaliou, N., Gonzalez-Cao, M., Daffina, M.G.,
Lazzari, C., Altavilla, G., Rosell, R., 2018. Liquid biopsy for lung cancer early

detection. J. Thorac. Dis. 10, S882—S897. https://doi.org/10.21037/jtd.2018.03.81

Stiller, C., Viktorsson, K., Gomero, E.P., Haag, P., Arapi, V., Kaminskyy, V.O., Kamali, C.,
De Petris, L., Ekman, S., Lewensohn, R., Karlstrom, A.E., 2021. Detection of tumor-
associated membrane receptors on extracellular vesicles from non-small cell lung cancer

patients via immuno-pcr. Cancers (Basel). 13, 1-21.

https://doi.org/10.3390/cancers13040922

Suda, K., Rivard, C.J., Mitsudomi, T., Hirsch, F.R., 2017. Overcoming resistance to EGFR
tyrosine kinase inhibitors in lung cancer, focusing on non-T790M mechanisms. Expert

Rev. Anticancer Ther. 17, 779-786. https://doi.org/10.1080/14737140.2017.1355243

Sung, H., Ferlay, J., Siegel, R.L., Laversanne, M., Soerjomataram, I., Jemal, A., Bray, F.,
2021. Global cancer statistics 2020: GLOBOCAN estimates of incidence and mortality
worldwide for 36 cancers in 185 countries. CA. Cancer J. Clin. 0, 1-41.

https://doi.org/10.3322/caac.21660


https://doi.org/10.1101/2021.04.08.438994
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2021.04.08.438994; this version posted April 9, 2021. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is
made available under aCC-BY-NC-ND 4.0 International license.

Tao, Y., Tang, Y., Yang, Z., Wu, F., Wang, L., Yang, L., Lei, L., Jing, Y., Jiang, X., Jin, H.,
Bai, Y., Zhang, L., 2020. Exploration of serum exosomal LncRNA TBILA and AGAP2-
AS1 as promising biomarkers for diagnosis of non-small cell lung cancer. Int. J. Biol.

Sci. 16, 471-482. https://doi.org/10.7150/ijbs.39123

Vaidyanathan, R., Soon, R.H., Zhang, P., Jiang, K., Lim, C.T., 2019. Cancer diagnosis: from
tumor to liquid biopsy and beyond. Lab Chip 19, 11-34.

https://doi.org/10.1039/c81c00684a

Wan, Y., Liu, B., Lei, H., Zhang, B., Wang, Y., Huang, H., Chen, S., Feng, Y., Zhu, L., Gu,
Y., Zhang, Q., Ma, H., Zheng, S.Y ., 2018. Nanoscale extracellular vesicle-derived DNA
is superior to circulating cell-free DNA for mutation detection in early-stage non-small-

cell lung cancer. Ann. Oncol. 29, 2379-2383. https://doi.org/10.1093/annonc/mdy458

Wang, J., Zeng, H., Zhang, H., Han, Y., 2021. The role of exosomal PD-L1 in tumor
immunotherapy. Transl. Oncol. 14, 101047.

https://doi.org/10.1016/j.tranon.2021.101047

Xu, R., Rai, A., Chen, M., Suwakulsiri, W., Greening, D.W., Simpson, R.J., 2018.
Extracellular vesicles in cancer — implications for future improvements in cancer care.

Nat. Rev. Clin. Oncol. 15, 617—638. https://doi.org/10.1038/s41571-018-0036-9

Yu, Q., Zhao, Q., Wang, S., Zhao, S., Zhang, S., Yin, Y., Dong, Y., 2020. Development of a
lateral flow aptamer assay strip for facile identification of theranostic exosomes isolated

from human lung carcinoma cells. Anal. Biochem. 594, 113591.

https://doi.org/10.1016/j.ab.2020.113591

Zhong, Y., Ding, X., Bian, Y., Wang, J., Zhou, W., Wang, X., Li, P., Shen, Y., Wang, J.J., Li,
J., Zhang, C., Wang, C., 2020. Discovery and validation of extracellular vesicle-

associated miRNAs as noninvasive detection biomarkers for early-stage non-small-cell


https://doi.org/10.1101/2021.04.08.438994
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2021.04.08.438994; this version posted April 9, 2021. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is
made available under aCC-BY-NC-ND 4.0 International license.

lung cancer. Mol. Oncol. 1-14. https://doi.org/10.1002/1878-0261.12889


https://doi.org/10.1101/2021.04.08.438994
http://creativecommons.org/licenses/by-nc-nd/4.0/

