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MicroRNAs (miRNAs), mRNA, and proteins in/on extracellular vesicles (EVs) represent potential cancer biomarkers.
Concurrent detection of multiple biomarkers at a single-EV level would greatly improve prognosis and/or diagnosis
and understanding of EV phenotypes, biogenesis, and functions. Here, we introduced a High-throughput Nano-bio
Chip Integrated System for Liquid Biopsy (HNCIB) system for simultaneous detection of proteins and mRNA/miRNA
in a single EV. Validated through systematic control experiments, HNCIB showed high reliability, sensitivity, and
specificity. In a panel of 34 patients with lung adenocarcinoma (LUAD) and 35 healthy donors, HNCIB detected an
up-regulated expression of programmed death-ligand 1 mRNA and protein and miR-21 in EVs derived from pa-
tients with LUAD compared to those from healthy donors. HNCIB has low sample requirement (~90 pl), fast assay
time (~6 hours), and high throughput (up to 384 samples per assay) and would have great potential in the study

of EVs and their clinical applications.

INTRODUCTION
Extracellular vesicles (EVs) are generic particles typically <1000 nm
in size and naturally released from the cell that are delimited by a
lipid bilayer. EVs include endosomal-derived exosomes (30 to 150 nm)
and plasma membrane-derived microvesicles (1). EVs contain
proteins and nucleic acids including double-stranded DNA, mRNAs,
and noncoding RNAs such as microRNAs (miRNAs) and long non-
coding RNAs. EVs represent their originating cells and are the car-
riers for cellular communication (2). Emerging evidence has shown
that EV's are highly associated with the initiation, development, and
metastasis of tumors, making EVs potential cancer biomarkers.
Lung cancer is one of the most important causes of cancer-related
death, with lung adenocarcinoma (LUAD) being the most common
subtype (3). The 5-year survival rate of patients with LUAD is low
because of late diagnosis; thus, it is critical to identify and discover
novel diagnostic biomarkers for early lung cancer detection (3). As
a liquid biopsy, EVs have multiple advantages, for example, abun-
dance in biofluids and protecting the proteins and nucleic acids in
EVs from degradation by their lipid bilayer membrane (2). However,
it is still challenging to quantitate the proteins and nucleic acids
contained in EVs due to their small size (ranging from 50 to 1000 nm)
(4). Flow cytometry (FCM), Western blotting, and enzyme-linked
immunosorbent assay are the standard methods for measuring the
proteins, whereas reverse transcription quantitative polymerase
chain reaction (RT-qPCR) for measuring the mRNA of EVs. How-
ever, these traditional techniques require a large amount of sample
(normally >500 pl) to isolate enough EVs for analysis. In addition,
most of these techniques are “bulk assays” and the obtained results
are the average of the overall molecular contents from all EVs. They
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are incapable of providing information on the molecular content of
individual EVs and heterogeneity within the EV population. Fur-
thermore, the sensitivity of the methods is low and could not detect
the expression of protein or mRNA at a single-EV level (5), which is
critical to identify the contents in EV subtypes. Several recent stud-
ies showed that it was possible to detect miRNA (6) or multiplexed
proteins at a single-EV level (7). Using a microarray-based chip,
digital counting of individual exosomes was reported using a novel
single-particle interferometric reflectance imaging sensor (8). Nev-
ertheless, concurrent analyses of nucleic acids and proteins have not
been reported.

Immunotherapy is a very promising therapy for lung cancer;
however, cancer cells can express membrane proteins such as pro-
grammed death-ligand 1 (PD-L1) to escape the immune attack by
inactivating immune cells such as CD8" T cells (9), which could be
reversed by anti—-PD-L1 antibodies that inhibit PD-L1 on cancer cells
(10). However, recent studies demonstrated that exosomal PD-L1 re-
leased by cancer cells could promote tumor progression by remotely
blocking PD-1 on the CD8" T cells (11, 12). Thus, it is critical to
monitor the expression levels of exosomal PD-L1 during treatment
with immunotherapy.

In this study, we report on simultaneous detection of proteins
and mRNA/miRNA at a single-vesicle level using a newly developed
High-throughput Nano-bio Chip Integrated System for Liquid Biopsy
(HNCIB) system. The system uses a high-throughput nano-biochip
for high-efficiency, targeted EV capture and total internal reflective
fluorescence microscopy (TIRFM) for rapid and high-resolution
detection. A deep learning algorithm was developed to automate
the analysis to acquire semiquantitative to quantitative information
on the distribution of mRNA/miRNA and membrane proteins, as
well as the colocation of multiple proteins and their ratios. The tech-
nology allows for rapid single-EV analysis (total assay time of ~6 hours)
and requires very small sample quantity (~90 ul plasma). To our
knowledge, this is the first technology that enables simultaneous
detection and analysis of multiple types of biomolecules (e.g., nuclei
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acids and proteins) from both the surface and lumen of the EVs as
biomarkers. Using lung cancer as a case study, we demonstrated the
capability of the HNCIB system for the simultaneous detection of
PD-L1 protein and mRNA/miRNA expression of EVs derived from
patients with LUAD and healthy donors. The HNCIB system could
be used to reliably evaluate the miRNA, mRNA, and protein expression
in EVs from clinical samples.

In principle, the technology has the potential to become a novel
platform for multiplexed, simultaneous detection of disease-specific
EV surface proteins and internal molecular cargo. This would allow
for greater detection accuracy and provide more comprehensive in-
formation on EVs phenotypes and disease state and further improve
the sensitivity, specificity, and accuracy for disease prognosis, diag-
nosis, and monitoring of patient treatment progress.

RESULTS

In previous studies, we have demonstrated the feasibility of measur-
ing miRNA or mRNA in EVs (13, 14). In this study, we developed
an HNCIB system and show that the system is capable of highly ef-
ficient capture of EVs and simultaneous detection of proteins and
RNA in a single EV. The design of our system is illustrated in Fig. 1.
Using the HNCIB system, we first captured the nano-biochip EVs
and detected RNA with molecular beacons (MBs), and antibodies
were then applied to visualize the protein (Fig. 1A). High-throughput
high-sensitivity detection and analysis can be realized, with a total
assay time of around 6 hours. Four biomarkers can be analyzed con-
currently per sample (~90 pl), and up to 384 samples can be analyzed
in one assay run.

Proof-of-principle validation of single-EV analysis by

HNCIB system

We first demonstrated the effectiveness of the system for EV cap-
ture. EVs were isolated from human plasma, and their morphology
was characterized using a transmission electron microscope (TEM).
The EM images demonstrated that the EVs from human plasma had
a typical round shape with a diameter of roughly 100 nm (Fig. 1B),
which is consistent with previous studies (1). Furthermore, particle
size analysis by dynamic light scattering (DLS) showed that the sizes of
the EVs from human plasma were distributed around 101.8 + 41.0 nm,
and zeta potential measurements revealed that EVs were negatively
charged, with a potential value of ~3.25 mV (Fig. 1C). Consistent
with the TEM observation, these results further confirmed that the
EVs isolated using the current isolation protocol are dominantly
exosomes. The isolated EVs were analyzed using the HNCIB sys-
tem. A representative bright-field TIRFM image (Fig. 1D) showed
individual EV's (bright spots in the image) with a high number den-
sity. This indicates that the HNCIB system has a high efficiency to
capture the EVs. Using our HNCIB system, we were also able to de-
tect CD9 and CD63, two well-known EV markers, on EVs isolated
from human plasma by staining EVs with CD9 and CD63 antibodies,
respectively (Fig. 1, E and F). Each single green fluorescent spot rep-
resents EVs containing CD9 membrane protein (Fig. 1E) or EVs
containing CD63 membrane protein (Fig. 1F). On the other hand,
very low fluorescence signals were detected from albumin (ALB)
or apolipoprotein B (APOB), two non-EV markers, on EVs isolated
from human plasma by staining EV's with ALB or APOB antibodies,
respectively (Fig. 1, G and H). Together, these results confirmed the
successful and highly efficient capture of EVs by the HBNIC sys-
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tem and the capability of high-resolution imaging at a single-EV
level.

Validation of specificity, sensitivity, and detection of protein
colocation in EVs by HNCIB system

To verify that our HNCIB system could reliably and unequivocally
detect specific protein expression on EVs, several control experiments,
both positive and negative, were conducted. We first evaluated
the protein expression of EV marker CD63 on EVs isolated from
human plasma. There were no detectable fluorescence signals in
phosphate-buffered saline (PBS) only (no EVs and no antibodies) or
EV only (no antibodies) samples, thus ruling out the possible auto-
fluorescence from background or from EVs, respectively (Fig. 2A).

To evaluate the specificity of the HNCIB system, we then applied
an isotype control, a nonspecific immunoglobulin G, and CD63 anti-
bodies to the EVs and found that very weak fluorescence signals
on EVs stained with the isotype control antibody were observed,
whereas EVs stained with CD63 antibody showed very high and sub-
stantially stronger fluorescence signals (nine times that of the EV
isotype; Fig. 2A), suggesting that the HNCIB system could specifi-
cally detect the CD63 membrane protein on EVs. Similar to CD63
staining, for PD-L1 detection, there were no detectable fluorescence
signals in PBS-only or EV-only samples, relatively low signals on EV's
stained with isotype control antibody, whereas high fluorescence
signals from EVs stained with PD-L1 antibody were observed (seven
times that of the EV isotype; Fig. 2B). For the two non-EV markers
ALB and APOB detection, there were no detectable fluorescence
signals in PBS-only or EV-only samples and relatively low signals
on EVs stained with ALB or APOB antibody, whereas high fluores-
cence signals from EVs stained with CD9 or CD63 antibody were
observed (at least 10 times that of the EV stained with ALB or APOB;
fig. S1, A and B, and table S1).

We next evaluated the sensitivity of the HNCIB system by mea-
suring the signals from CD63-GFP (green fluorescent protein)-
expressed EV's with a series of dilution. The EVs (from the supernatant
of A549 cells that were overexpressed with CD63-GFP) had a par-
ticle size of around 205.3 + 69.6 nm and a zeta potential of ~13.0 mV
(Fig. 2C). We found that the fluorescent intensity was proportional
to concentration of CD63-GFP-expressed EVs when diluted 10, 100,
or 1000 times (Fig. 2D). Signals can be detected even at a 1:1000 di-
lution ratio, demonstrating that the HNCIB system is highly sensi-
tive and is capable of detecting the changes of CD63-GFP-expressed
EVs. In a similar trend, the fluorescent intensity was also propor-
tional to the EV concentration in PD-L1-mCherry-expressed EVs
(Fig. 2E), further confirming the system’s capabilities.

Next, to further confirm that PD-L1 is expressed on CD63-positive
EVs, we performed CD63 and PD-L1 double immunofluorescence
staining on A549 cells and found that CD63 and PD-L1 were both
distributed as single spots in cytoplasm [fig. S2, A (confocal image)
and B (TIRFM image)]. In some instances, CD63 and PD-L1 colo-
cated at the same locations, as illustrated by white cycles in the
merged images (the rightmost image in fig. S2B). To ascertain whether
CD63 and PD-L1 coexist on single EVs and whether the HNCIB
system is capable of concurrent detection of multiple proteins in a
single EV, we then stained EVs with both CD63 and PD-L1 anti-
bodies and analyzed them by HNCIB (EVs were from both cell
supernatant and human plasma). In both cases, colocation of CD63 and
PD-L1 on the same EV particle was observed in a portion of the EV
population, visualized as the spots of yellow color (blend of orange
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Fig. 1. Design of HNCIB system. (A) lllustration of the HNCIB system for simultaneous detection of PD-LT membrane protein and mRNA in a single EV. Photo credit:
Ming Wang, Hangzhou Dixiang Co. Ltd., Hangzhou, China. (B) Electron micrograph showing the EVs isolated from human plasma. (C) Particle size and zeta potential
measurement of the EVs isolated from human plasma by nanoparticle tracking analysis technique. d.nm, diameter (nm). (D) Bright-field TIRFM images showing the
EVs isolated from human plasma. (E) EV marker CD9 and CD63 (F) membrane protein measured by the HNCIB system. (G) Non-EV markers ALB and APOB (H) protein
measured by the HNCIB system.

and green) and orange color (blend of red and green), respectively, —Thereafter, the Sobel edge detection operator (also called the Sobel-
in the merged images (Fig. 3, A and B). We further quantitatively =~ Feldman operator or Sobel filter) (16, 17), which has been widely
analyzed the CD63 and PD-L1-colocated EVs. The fluorescence used in image processing and computer vision such as edge detec-
images for both proteins were first converted to gray ones separately, tion of medical images (18), volume detection (19), and image min-
after which background noise reduction algorithm (15) was applied.  ing (20), was implemented in the EV edge detection, by which edges
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Fig. 2. Verification of PD-L1 protein expression on EVs. (A) Fluorescence signals of PBS only (no EVs and no antibodies), EV only (EVs without staining with any anti-
bodies), EV isotype (EVs stained with isotype control antibody), and EV CD63 antibodies (Abs) (EVs stained with CD63 antibody). (B) Fluorescence signals of PBS only, EV
only, EV isotype, and EV PD-L1 Abs (EVs stained with PD-L1 antibody). (C) Particle size and zeta potential measurement of the EVs isolated from A549 cells overexpressed
with CD63-GFP by nanoparticle tracking analysis technique. d.nm, diameter (nm). (D) EVs isolated from human A549 cells overexpressed with CD63-GFP or PD-L1-mCherry
(E) and diluted to different concentrations. 1:1, initial concentration; 1:10, 10-fold dilution; 1:100, 100-fold dilution; 1:1000, 1000-fold dilution.

were determined at those points where the gradient of the image is
maximum. This results in well-resolved EV particles with clear bound-
aries. After the determination of the EV areas, the fluorescence in-
tensity in and out of the areas can be calculated, and the overlapped
areas can also be determined on the basis of the comparison of the
two images. The overlapped areas of the two images (one for CD63
and the other for PD-L1) were determined to be the EVs for which
both proteins were colocated. The processed binary images reveal-
ing the colocation of both proteins are shown in Fig. 3 (A and B)
(rightmost images). By applying the algorithm to the CD63-only
image and the colocated image, the fraction of the EV subpopulation
that expresses both proteins in the entire EV population can be cal-
culated. Figure 3C shows the results.
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Simultaneous detection of PD-L1 mRNA and protein
expressed on EVs in vitro

To validate that our technique could detect the changes of PD-L1
mRNA and protein expressed on EVs in vitro, we then overexpressed
PD-L1 in A549 cells and measured the expression of PD-L1 mRNA
and protein for EVs isolated from PD-L1-overexpressed or vector-
overexpressed A549 cells. RT-qPCR and Western blotting analysis
confirmed that the mRNA and protein expression levels of PD-L1-
A549 cells were substantially higher than those of vector-A549 cells
(Fig. 4, A and B). HNCIB system was then used to analyze the PD-
L1 mRNA in EVs and protein on EVs, and Fig. 4 (C and D) shows
the results. EVs from PD-L1-A549 cells showed a significantly in-
creased expression of PD-L1 mRNA and protein in comparison with
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Fig. 3. Double immunofluorescence staining of CD63 and PD-L1 membrane protein. (A) EVs isolated from 1000 pl of cell supernatant of human A549 cells over-
expressed with CD63-GFP and PD-L1-mCherry. The dots in the colocalized only image represent EVs expressing both CD63 and PD-L1 protein. (B) EVs isolated from 90 pl
of human plasma are stained with CD63-AF488 and PD-L1-AF647 antibodies. The dots in the colocalized only image represent EVs expressing both CD63 and PD-L1
protein. (C) Ratio of CD63- and PD-L1-positive EVs to CD63-positive EVs isolated from human A549 cells overexpressed with CD63-GFP and PD-L1-mCherry or isolated

from plasma of 20 patients with LUAD.

vector-A549 cells. This agrees well with the RT-qPCR and Western
blotting analysis and confirms the HBNIC system’s capability for si-
multaneous detection of lumen RNA and surface membrane proteins.

Clinical application
Last, we demonstrated the HNCIB system’s detection ability of EVs
in plasma from patients with lung cancer. A panel of 34 patients
with LUAD and 35 healthy donors was recruited for the study. The
demographic characteristic of patients with LUAD and healthy donors
are demonstrated in table S2, and there is no significant difference
in age, gender, and smoking status between the two groups.
Previous studies have demonstrated that exosomal miR-21 was a
miRNA biomarker widely reported for many types of cancers in-
cluding lung cancer (21); we therefore first used it as the benchmark
to verify the detection of EV cargo contents and their changes using
the HNCIB system. We found that, consistent with previous studies
(21), the expression levels of EV miR-21 derived from patients with
LUAD (9.93 x 10° + 4.87 x 10°) were significantly higher than those
from healthy donors (6.83 x 10° + 1.92 x 109 (Fig. 5, A and B). It
should be noted that the result represents the true difference between
the groups and is not the result of the lower EV abundance in the
healthy groups than the LUAD groups. First, HNCIB used a nano-
biochip to capture the EVs through electrostatic interaction to realize
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high-efficiency capture. The EV density of the chip surface is depen-
dent on the density of the EV-targeting groups on the nano-biochip
surface, which are similar across all experiments because of the use
of the same nano-biochip. It is not influenced by the disparity in the
amount of EV in the samples. As a result, EVs with similar density
were immobilized on the surface of the nano-biochip despite the
difference of abundance in the sample. It should also be noted that
high efficiency of EV capture, as realized in the HNCIB, is critically
important for capturing EV's from healthy donors who have low EV
abundance. The nano-biochip in HNCIB can achieve an average
particle density of ~10°%/mm?, an order of magnitude higher than
that achieved by other technologies. Such high-density capture en-
sures the similar surface density of EVs in both groups. Second, the
measurements were performed using TIRFM, which collects signals
only from a sample in the near vicinity of the nano-biochip surface
(~100 nm), one of the main reasons that TIRFM can achieve a high
signal-to-background ratio. As a result, the measured signals were
from the surface-immobilized EV's, which had similar density in both
healthy and LUAD groups.

Last, we demonstrate the ability of the HNCIB system to detect
the changes of both PD-L1 mRNA and PD-L1 protein of EVs in
plasma from patients with lung cancer. We found that the PD-L1
mRNA expression levels of EVs derived from patients with LUAD
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Fig. 4. Measurement of EV mRNA and protein expression in vitro. (A) RT-
qPCR and (B) Western blotting analysis of PD-L1 expression of vector and PD-L1-
overexpressed A549 cells. (C) HNCIB analysis of PD-L1 mRNA and protein expression
of EVs isolated from supernatant of A549 cells overexpressing vector and PD-L1
(D). **P < 0.01 versus vector control.

(1.84 x 107 + 5.95 x 10°%) were significantly higher than those from
healthy donors (1.41 x 107 + 6.46 x 10°) (Fig. 5, C and D). In a similar
trend, we found that the PD-L1 protein expression levels of EVs de-
rived from patients with LUAD (4.81 x 10° + 4.93 x 10°) were signifi-
cantly higher than those from healthy donors (0.84 x 10° + 0.66 x 10°)
(Fig. 5, Eand F).

It is noteworthy that although statistically significant differences
exist between the healthy donor group and LUAD patient group for
all three biomarkers, the PD-L1 protein had a more appreciable
separation between the two groups. Overlap between the groups was
observed for the PD-L1 mRNA and was more pronounced for miR-21.
It is plausible that the specificity of different biomarkers varies for
the same diseases, and single biomarker may not always be sufficient
for proper diagnosis/prognosis. Simultaneous detection of multiple
biomarkers, enabled by HNCIB, thus would greatly facilitate im-
proving diagnosis/prognosis accuracy.

Despite being bulk measurements, FCM and RT-qPCR remain
standard methods to measure the overall protein and mRNA ex-
pression on EVs (22, 23). We thus applied FCM and RT-qPCR to
determine the overall EV PD-L1 protein and mRNA expression and
compared the results with those from single-EV measurement by
HNCIB. We first used CD63 exosome capture beads to isolated EV's
in plasma from healthy donors and patients with LUAD and then
stained EVs with CD63-AF488 and PD-L1-AF647 fluorescent anti-
bodies and analyzed the signals using two-color FCM. We found that
there was no CD63 and PD-L1 protein expression in the control
group (PBS only, without EV), ruling out the false-positive fluores-
cence signals from the background (Fig. 6A). The CD63 protein ex-
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pression on EVs in plasma from healthy donors was lower compared
to that in plasma from patients with LUAD (Fig. 6B). In a similar
trend, the PD-L1 protein expression on EVs in plasma from healthy
donors (2.41 + 1.74%) was significantly lower compared to that in
plasma from patients with LUAD (26.95 + 20.04%) (Fig. 6, A, C,
and D). In addition, RT-qPCR analysis showed that the PD-L1 mRNA
expression on EVs in plasma from healthy donors (0.86 + 0.49) was
significantly lower compared to that in plasma from patients with
LUAD (2.49 + 1.92) (Fig. 6E). The PD-L1 protein and mRNA re-
sults, obtained separately by bulk assays FCM and RT-qPCR, agree
very well with those obtained simultaneously from single-EV mea-
surements by the HNCIB system (Fig. 5, C to F).

DISCUSSION

Liquid biopsy monitors tumor development through noninvasive
sampling, making it much more attractive than traditional tissue
biopsy, which requires patients to undergo surgery or bronchial bi-
opsy to obtain tissue. Abundant in cellular components of the cells
of origin, e.g., nucleic acids (mRNAs and miRNAs) and proteins,
EVs are excellent sources of biomarkers for diseases. They emerge
as one of the most promising liquid biopsies, and a number of stud-
ies have demonstrated that EVs could reflect tumor initiation and
development.

Because of their small size (<1000 nm) and complicated genesis,
it is still very challenging to extract sufficient clinical information
from EVs using current methods. Traditional methods for protein
and mRNA measurement such as Western blotting and RT-qPCR
suffer from the requirement of a large amount of samples and the
accurate reflection of information from all the EVs examined. Thus,
there is still a lack of technique to reliably measure the expression of
a specific protein and nucleic acid at a single-EV level.

In this study, we introduced an integrated HNCIB system and
demonstrated their capability for single-EV capture and visualiza-
tion and simultaneous detection of both surface and cargo compo-
nents within the EVs. Currently, there is no established standard for
single-EV measurement, and such unique capability would be of
great value to the general field of EV study. The system uses a high-
throughput nano-biochip for EV capture, TIRFM for fast and high-
resolution detection, and deep learning algorithm for automated data
processing and improved accuracy of the results. We first demon-
strated the system’s capability for individual EV detection, which
was verified by comparing the characteristics of the captured EVs
with those from standard methods such as TEM, DLS, and zeta po-
tential measurement. The high-resolution detection was facilitated
by the excellent signal-to-noise ratio that the system achieved. For
example, the signal-to-noise ratio can be as high as ~60 when using
either PBS or EV as negative controls (table S1). We then evaluated
the specificity of the HNCIB system by comparing the fluorescent
signals from EVs stained with CD63 (or PD-L1) antibodies with those
from isotype control antibodies. The ratio, which can be considered
a quantitative index for specificity, was as high as 9 (table S1), indi-
cating excellent specificity. Next, we evaluated the sensitivity of the
HNCIB system by using EVs from a series of solution of increasing
dilution from supernatants of CD63-GFP- or PD-L1-mCherry-
overexpressed A549 cells. We found that the fluorescent intensity was
proportional to concentration of CD63-GFP- or PD-L1-mCherry-
expressed EVs, and the system was capable of single-EV detection
at very low concentration. We next demonstrated the system’s utility
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Fig. 5. Measurement of miRNA, mRNA, and protein expression of EVs isolated from human plasma. Samples were from 35 healthy donors and 34 patients with
LUAD. (A and B) Representative images and statistical analysis of EV miR-21. (C and D) Representative images and statistical analysis of EV PD-L1 mRNA. (E and F) Rep-
resentative images and statistical analysis of EV PD-L1 membrane protein. Note that in (F), P=1 X 107%; it is shown as P < 0.001 because only three decimal digits were

shown.

in concurrent detection of both CD63 and PD-L1 proteins and their
colocation on single EVs and the quantification of the subpopula-
tion with such colocation characteristic. Next, we demonstrated the
HNCIB’s utility in detection of both cargo and surface constituents
in/on single EVs simultaneously, by successfully detecting both
PD-L1 mRNA and protein in/on EVs derived from PD-L1-overexpressed
A549 cells and by using EV's from vector-overexpressed A549 cells
as control.

To evaluate its clinical applicability and effectiveness, we next ap-
plied the HNCIB to analyze PD-L1 mRNA and protein in/on single
EVs isolated from clinical samples. Increase in both PD-L1 mRNA
and protein was observed in patients with LUAD in comparison to
those from healthy donors. The results from the HNCIB system were
in excellent agreement with those from FCM and RT-qPCR, the cur-
rent standard methods for measuring the protein and mRNA ex-
pression on EVs (22, 23), respectively. It is also worthy to note that
while FCM and RT-qPCR each require at least 200 ul of human plasma
sample to separately measure protein or mRNA expression, HNCIB
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analysis only needs ~90 ul of human plasma samples to complete
the measurements of both proteins and mRNA.

EVs are present in all types of body fluids and contain both mem-
brane and luminal constituents that represent the cells that they
originate from, including proteins (membrane, cytosolic, nuclear,
extracellular matrix, etc.), metabolites, and nucleic acids (DNA, mRNA,
and noncoding RNA species such as miRNAs). EVs may come from
different sources and are inherently heterogeneous in size, content,
and functions. Current standard methods and most EV liquid biopsy
development, to date, are bulk assays, and the results are character-
istics of the ensemble of the heterogeneous EV populations. Analysis
at a single-EV level would provide much wealthier information such
as potential biomarker expression heterogeneity and EV subpopu-
lation. It is particularly powerful to help identify disease-derived EVs
in which the biomarkers may be up-/down-regulated from healthy
cell-derived EVs in which the biomarkers are also present at nor-
mal levels. This would be of tremendous value for the early detec-
tion of diseases.

70f 13



SCIENCE ADVANCES | RESEARCH ARTICLE

A PBS
I +/+:017%

CD63-AF488

Healthy donor
+/+ : 4.05%

LUAD
+/+:55.61%

1=y I3

198.62% +/-:0.21%
T T A
PD-L1—-AF647

m

CIPBS
[[] Healthy donor
[ LUAD

Count
(CD63-beads-EV)
Count

CD63-AF488

PD-L1—-AF647

P =0.009

'
=]

n
o
mRNA expression
»

Relative EV PD-L1
protein expression (%)
Relative EV PD-L1

0 [1
&

N N >
«z@q’ b"“o‘ \9 QS? §°«»°‘ \9

Fig. 6. Simultaneous detection of EV CD63 and PD-L1 membrane protein by FCM and detection of EV PD-L1 mRNA by RT-qPCR. (A) Double staining with
CD63-AF488 and PD-L1-AF647 fluorescent antibodies of EVs in plasma from healthy donors and patients with LUAD. (B) EVs in plasma samples were captured with CD63
exosome capture beads and incubated with CD63-AF488 antibody, and FCM was used to detect the expression of EV membrane protein CD63. (C) EVs in plasma samples
were captured with CD63 exosome capture beads and incubated with PD-L1-AF647 antibody, and FCM was used to detect EV membrane protein PD-L1 expression.
(D) Statistic analysis of the differential membrane protein expression of PD-L1* EVs in plasma from three healthy donors and six patients with LUAD. (E) Statistic analysis
of the differential mRNA expression of PD-L1 in EVs from plasma of six healthy donors and six patients with LUAD.

EV analysis as liquid biopsy can be substantially more informa-
tive and valuable by simultaneous detection of multiple EV constit-
uents as biomarkers, e.g., mRNAs, miRNAs, proteins, and other
metabolites. These constituents may reflect distinct and different
aspects of disease-generating/relating EVs and thus would lead to
greatly improved sensitivity, specificity, and accuracy for EV-based
diagnosis, particularly at the early state of diseases when the lower
quantity of the biomarkers may prevent correct diagnosis by a sin-
gle biomarker. Multicomponent analyses at a single-EV level would
also facilitate the detection of specific EV subpopulations and phe-
notypes and understanding of their biogenesis and functions in both
healthy and disease cells and tissues.

To date, there are only limited studies on single-EV analysis.
Daaboul and colleagues (8) reported the detection and counting of
individual EVs based on interferometric imaging of EVs immune-
captured on a substrate. Multiplexed protein profiling and pheno-
typing were reported using difference in the expression of surface
protein markers CD9, CD63, and CD81. Detection of the EV cargo
contents was not reported. He et al. (6) reported the detection of a
single cargo constituent (miR-21). Profiling of multiple proteins in
asingle EV was reported recently using repeated antibody staining-
imaging-washing cycles in a microfluidic device (7).

Compared to these studies, the HNCIB technology for single-EV
analysis presented in this study allows for simultaneous analysis of
multiple cargo and surface biomarkers, e.g., proteins, RNAs, and their
combination, thus greatly improving the usefulness of single-EV
analysis. The technology also can achieve excellent signal-to-noise
ratio, high sensitivity, and specificity (table S1) and is capable of EV
subpopulation identification by protein colocation. The highly re-
solved images also would allow for accurate counting of EVs. Results
consistent with conventional, standard analysis can be achieved much
more rapidly using a substantially less amount of clinical sample
(~90 ul). High-throughput analyses can be achieved, and the tech-
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nology is particularly amenable for clinical adoption because the
chip can be made to the same multiwell plate form commonly used
in standard bioassays.

HNCIB realize these technology advantages through effective
EV capture mechanism, high-resolution visualization technique, and
deep learning algorithm-based data analysis. The chip surface is co-
valently functionalized with a densely packed molecular brush layer.
The molecular brush enables subsequent immobilization of lipoplex
nanoparticles in high density. The covalently linked high-density
surface layers also serve as a cushion to avoid disruption and/or dis-
integration of the nanoparticles when attached to a hard, solid sub-
strate (24) and to improve the particle integrity. Via electrostatic
interaction, the negatively charged EV particles are captured by the
positively charged lipoplex nanoparticles in a more selective and
target manner. Together, these enable the high-efficiency capture
and enrichment of the EV nanoparticles. As an example, in Fig. 1F,
the average particle density is ~1.6 x 10°/mm? by image analysis,
about an order of magnitude higher than that captured by simple
coating of antibodies targeting the tetraspanin proteins such as
CD9, CD63, and CD81, the prevalent method for immunocapture
of EVs (8).

For single-EV analysis, while surface proteins can be detected di-
rectly by immunoblotting, detection of EV RNAs and other cargos
require access to the EV lumen while preserving its overall structure
integrity. Previous studies used lysis to achieve accessibility (6, 7),
and the probes were delivered from solution. Such an approach may
pose several challenges. As a lysing agent was used to partially disrupt/
dissolve the EV membrane to generate pores, the possibility of
removing potential surface biomarkers of interest cannot be always
avoided. In addition, the process is highly sensitive to the type of EV
particles being lysed, the type and concentration of the lysing agent,
and the lysing conditions used (time, temperature, type of buffer
used, etc.) (25). The pore generation thus is inherently prone to large
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variation. The probe was delivered in solution by diffusion through
the lysed nanosized pores. The diffusion-controlled process may be
time consuming for large-sized probes such as antibodies. The ap-
propriate balance between acceptable diffusion time and surface
membrane integrity may be difficult to maintain, and consistency
across all experimental runs may be a concern. During solution de-
livery, the probes were also akin to be adsorbed onto the EV surface
by a nonspecific interaction. This would lead to a large variation in
the probe delivered between experiments and reduced repeatability,
blurred EV boundaries, and reduced image quality. Leakage of cargo
content through the lysed pores may also be a possibility, particu-
larly in sequential staining-washing-imaging-washing cycles for mul-
tiplex profiling. Such leakage not only leads to reduced signals but
also contributes to increased background and decreased signal-to-
noise ratio. Although these challenges may be overcome by elaborate
experiment techniques (6, 7), a more robust approach to deliver probe
molecules to the interior of the EVs for cargo content detection is
highly desired for improved repeatability and ease of operation.

HNCIB technology achieves access to the lumen by fusion of the
lipid bilayer membranes (26) of the lipoplex and EV particles. This
leads to the formation of single fused particles, accompanied by
combination and redistribution of their respective membrane con-
stituents and mixing of the cargo content (27, 28). This enables the
detection of the cargo content, e.g., EV RNA by MBs and, in principle,
also proteins by antibodies. The fused particle retains the surface
biomarkers of interest from the EV for subsequent detection by im-
munoblotting. Such an approach avoids the use of lysis and poten-
tial damage to the membrane structures, as well as the potential leakage
of cargo content during probe delivery. As the probes are compart-
mentalized in the lipoplex nanoparticles and delivered by fusion,
nonspecific adsorption is anticipated to be minimal and reduced
interference from the sample environment is expected. These would
result in improved image quality and result accuracy.

HNCIB analysis also makes effective use of TIRFM (29, 30) to
achieve single-EV imaging. TIRFM uses the evanescent electromag-
netic field induced on the sample side when the incident beam goes
through total internal reflection at the glass-sample interface. This
takes place when the incident angle exceeds a critical angle, 6. =
sin"!(n1/n,), where n; and n;, are the refractive indices of the sample

and the glass coverslip, respectively; n; = 1.333 and n, = 1.523. The
1

g n% sin®0 — nf
A is the wavelength of the incident light and 6 is the incident angle.
In the current study, the incident angle was 65°, and resulting eva-
nescent field depth (for all incident lights used) is ~100 nm, same
order of the size of a single EV. This results in low background and
enhanced signal-to-noise ratio and substantially improves image
quality because only the molecules within the evanescent field were
excited to emit fluorescent signals.

The HNCIB system also includes an efficient algorithm for auto-
mated processing and analysis of a vast number of images. Using the
experimentally acquired images as the training set, we developed,
trained, and improved a deep learning-based image screening mod-
ule to achieve intelligent screening of the acquired fluorescence im-
ages. Additional modules were developed for effective differentiation
of EV particle fluorescence spots from those of contaminant origin
and/or noise. These facilitate the improved signal quality. It is un-
derstood that the ideal approach to improve the signal-to-noise ratio
is through the optimization of assays or platform, as such improvement

depth of the evanescent field is calculated by d = ZT: , where
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is achieved on a biological level. Several improvements were con-
ducted in the study to improve the HNCIB signal-to-noise ratio on
the biological level, e.g., optimization of the nano-biochip’s EV cap-
ture capability, improving washing efficiency to remove impurity,
enhancing the specificity of the MB, and fine tuning of the working
condition of the fluorescent antibody.

Meanwhile, image analysis is also a critical part of any assay in-
volving images with convoluted features. HNCIB applied a deep learn-
ing algorithm that we developed to achieve more truthful analysis
and better signal-to-noise ratio than existing methods reported in
the literature. Such algorithm transfers the data/image analyses from
a rules-based algorithm to a training system, resulting in greatly more
objective decision-making. The methodology provides a framework
for designing and implementing deep neural networks with algo-
rithms and pretrained models. This resulted in vastly improved signal
quality comparing to existing methods that only use single-threshold
background removal. Convolutional neural networks (ConvNets,
CNNs) were used to perform classification on image. CNNs take
advantage of local spatial coherence in the images, which allow them
to have higher efficiency. This process, taking the form of convolu-
tions, makes them especially well suited to analyze relevant informa-
tion at a low computational cost. The algorithms can realize automatic
and high-throughput image screening, optimal thresholding and
fluorescent object-background separation for substantially improved
signal-to-noise ratio, and quantitation of the detected target markers.
These advantages are particularly important in improving diagnos-
tic accuracy for clinical adoption. It should also be noted that the
effectiveness of the deep learning algorithm affects the size of the
training set. Because of resource limitation, current image category
contains only 1 million images (1000 samples with 1000 images for
each sample). In the future, more images will be included in the
training set to achieve more comprehensive validation and further
improve the fidelity of analysis.

Despite the great progress in EV-based liquid biopsy, many is-
sues are still yet to be resolved before miRNAs, mRNA, and proteins
in/on EVs become a reliable cancer biomarker. For example, what is
the difference between EVs derived from healthy donors and from
patients with lung cancer? Are there any changes at different tumor
stages? Are there any specific markers for EV's originated from nor-
mal lung tissue or lung cancer tissue? Methodologies and techniques
that enable the characterization of EVs at a single-EV level would
greatly facilitate answering these questions. In this regard, the ad-
vantages and unique capabilities of the HNCIB may facilitate the
advancement of EV liquid biopsy to address these issues. For example,
immunohistochemical detection of PD-L1 expression in tumor tis-
sue samples is currently the standard diagnostic test for immuno-
therapy for advanced cancer including non-small cell lung cancer
(NSCLC). However, PD-L1 expression in cancer cells are dynamic,
and it is impossible to obtain lung tissue to examine the PD-L1 ex-
pression multiple times (31); thus, it is very challenging to monitor
the change in PD-L1 expression during the period of immuno-
therapy treatment. Therefore, liquid biopsy could provide an alter-
native to the PD-L1 immunohistochemistry. Furthermore, exosomal
PD-L1 released by cancer cells remotely blocks PD-1 on the CD8"
T cells to help cancer cells escape immune attack (11, 12, 32). Thus,
it is fundamental to monitor the expression levels of exosomal
PD-L1 during the immunotherapy. Our technique could detect the
changes of PD-L1 mRNA and protein in EVs from healthy donors
and patients with LUAD. Although we used the PD-L1 mRNA and
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protein in EVs from lung cancer as a case study, by applying different
antibodies or mRNA/miRNA probes, we could measure any miRNA,
mRNA, and protein of EVs from patients with various cancer types.

Additional vital information may be gained from HNCIB analy-
sis that is currently not available from other techniques. In this study,
we quantitated the fraction of CD63" and PD-L1" EV subpopulation
in the entire EV population from both cell supernatant and from
human plasma and found that about 27% EV's were both CD63" and
PD-L1" in the EV population from cell supernatant and about 47%
from human plasma (Fig. 3), suggesting that the HNCIB system is
powerful in detecting the difference in the fraction of CD63" and
PD-L1" EV between the two groups. Such capability may have broad
implications. For example, clinically, it is still very difficult to deter-
mine which subpopulation of patients with NSCLC could benefit
from immunotherapy treatments. Although the KEYNOTE-024 study
showed that patients with NSCLC with PD-L1 expression of more
than 50% of tumor cells in the lung tissue could respond to immune
checkpoint inhibitors (33), a subpopulation of patients with NSCLC
with PD-L1 negative could be also beneficial from the treatment,
suggesting that other biomarkers are needed to predict the efficacy
of immunotherapy treatments (31). The HNCIB system not only
could monitor the EV PD-L1 during immunotherapy treatment but
also provides the opportunity to identify the subpopulation of patients
who could benefit from PD-L1 antibodies on the basis of the frac-
tion of EV PD-L1 and/or other EV biomarkers including miRNA,
mRNA, and proteins.

In conclusion, we report a newly developed HNCIB system that
is capable of capture and simultaneous detection of EV proteins and
mRNA from a single EV. The system showed excellent signal-to-
noise ratio, sensitivity, and specificity in detecting both surface and
cargo biomarkers of EVs. The system is capable of high-throughput
analysis, and the accuracy was improved by implementing machine
learning in image processing. The HNCIB system contributes to the
advancement of the field of liquid biopsy and has potential clinical
applications to enhance cancer care. Although only demonstrated
in the clinical use for patients with LUAD, it is anticipated that the
system can be applied across the spectrum of cancer care, including
early cancer detection, delivering precision therapy, evaluating re-
sponse to treatment, and early detection of disease recurrence.

MATERIALS AND METHODS

Study populations

A total of 35 healthy donors and 34 patients with LUAD were en-
rolled in the study at the Department of Pulmonary Medicine,
Zhongshan Hospital, Fudan University. Patients with LUAD were
only chosen because PD-L1 was the targeted detection marker for
the study, and previous studies (34, 35) showed that PD-L1 expression
does not correlate with outcomes in patients with lung squamous
cell carcinoma but does correlate with outcomes in patients with
LUAD; we then randomly selected patients with LUAD. The inclu-
sion criteria for this study included the following: (i) aged above
18 years; (ii) male or female; (iil) male smoker (=400 cigarettes/year),
female smoker, or nonsmoker; and (iv) healthy donor with matched
age, gender, and smoking history, or patients without cancer other
than LUAD confirmed by pathology or histology. The exclusion cri-
teria included the following: (i) the absence of histopathological di-
agnosis and (ii) patients with lung squamous cell carcinoma. All study
participants provided informed consent, and the study protocol was
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approved by the institutional ethics committee (approval numbers
B2016-154R and B2012-069). Plasma samples were collected in ac-
cordance with the relevant guidelines.

Sample collection

A venous blood sample (4000 pl) was collected from patients with
LUAD and healthy donors using an EDTA-coated plastic whole-
blood tube (BD Biosciences, Franklin Lakes, NJ, USA). The sample
was centrifuged at room temperature at 820g for 10 min to separate
the plasma, and then the plasma was centrifuged at 4°C at 16,000g
for 10 min. The plasma was aliquoted and frozen at 4°C for 2 hours
and —20°C for 30 min and stored at —80°C for later use. The demo-
graphic characteristics of patients with LUAD and healthy donors
are listed in table S2.

Isolation and accumulation of EVs from plasma of

human blood

The human plasma was first thawed and vortexed. A volume of 90 ul
of sample was thawed, and the vortexed supernatant was placed in
a new 1.5-ml Eppendorf (EP) tube and centrifuged at room tem-
perature at 2000g for 10 min to remove residual cells and cell frag-
ments. The supernatant was transferred into a new EP tube and
centrifuged at 4°C at 10,000g for 20 min to remove large vesicles.
The supernatant was transferred into a new EP tube, and 30 pl of 1x
PBS was added and vortexed. Then, 3 pl of proteinase K (1245680100;
Sigma-Aldrich, St. Louis., MO, USA) was added and vortexed again.
The sample was then incubated at 37°C for 10 min. Following incu-
bation, 18 ul of Exosome Precipitation Agent (from plasma; 4484450;
Thermo Fisher Scientific, Waltham, MA, USA) was added and vor-
texed. The sample was then incubated at 4°C for 30 min. The incu-
bated sample was filtered with a 0.8-pum filter into a new EP tube and
centrifuged at 4°C at 10,000¢ for 5 min. The supernatant was care-
fully removed and discarded. PBS (1x) was then added to resuspend
the EV precipitates for later use.

Cell culture

Human LUAD cell line A549 was purchased from the American Type
Culture Collection (ATCC; Manassas, VA, USA). A549 was cultured
as a monolayer at 37°C in a humidified atmosphere of 5% CO, and
in RPMI 1640 medium (Thermo Fisher Scientific) supplemented with
10% heat-inactivated fetal bovine serum and penicillin/streptomycin
(100 U/ml).

Isolation and accumulation of EV from supernatant from cell
culture media

The supernatant was first thawed and vortexed. Such supernatant
(1000 pl) was placed in a new 2.0-ml EP tube and centrifuged at
room temperature at 2000g for 30 min to remove residual cells and
cell fragments. The supernatant was transferred into a new EP tube,
and 500 ul of 1x PBS was added and vortexed. Then, 50 pl of pro-
teinase K (1245680100, Sigma-Aldrich) was added and vortexed
again. The sample was then incubated at 37°C for 20 min. Following
incubation, 300 pl of Exosome Precipitation Agent (from cell culture
media; 4478359, Thermo Fisher Scientific) was added and vortexed.
The sample was then incubated at 4°C overnight. The incubated
sample was then filtered with a 0.8-pm filter into a new EP tube and
centrifuged at 4°C at 10,000g for 1 hour. The supernatant was care-
fully removed and discarded. PBS (1x) was then added to resuspend
the EV precipitates for later use.
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Transmission electron microscope

EM was performed to characterize the EVs. The EV pellet was first
fixed with 4% paraformaldehyde and then incubated with 1% glu-
taraldehyde. After 5 min, the uranyl acetate staining was performed,
and the sample was imaged with a TEM (Hitachi H7500 TEM, Japan).

EV particle size and zeta potential measurement
Measurement of the EV particle size and zeta potential was con-
ducted on a Malvern Zetasizer Nano ZS90 (Malvern Instruments,
Worcestershire, UK). The isolated EV was resuspended in 1x PBS
for the measurement.

HNCIB system

Figure 1A illustrates the overall HNCIB system principles. The HNCIB
system consists of the following subsystems: (i) a scalable and high-
throughput nano-biochip with immobilized lipoplex nanoparticles
for EV capture and enrichment, (ii) an imaging system using TIRFM
to realize high-resolution imaging on a single EV with multiple an-
alytes, and (iii) a deep learning algorithm for rapid and automated
image analysis at a single-EV level. Details of the system were dis-
cussed in detail elsewhere (15, 36, 37). The basic principles of the
HNCIB system is briefly described below. Additional details can be
found in the Supplementary Materials.

Nano-biochip for EV capture

HNCIB captures and detects the target biomolecules, e.g., RNAs
and membrane proteins using a nano-biochip (36), which was pre-
viously used for detection of mMRNA/miRNA (14). The glass-based
nano-biochip was fabricated using a cleanroom-free process (36, 37)
and can be prepared from a glass coverslip and multiwell plates
(e.g., 6,24, 96, or 384) commonly used in cell culture and bioassays.
A series of agents were linked onto the glass substrate. Subsequent-
ly, cationic lipoplex nanoparticles, which were used for EV capture,
were immobilized onto the substrate.

RNA and protein detection

RNAs were detected using MBs. The MBs typically have a hairpin-
like structure consisting of a stem and loop region. A fluorescent
dye and quencher are located at either end of the stem (38). In the
absence of the target nucleotide sequence, such structure is thermo-
dynamically stable and there is no fluorescent signal as the dye and
quencher are in close proximity. When targets are present with match-
ing sequence with of the MBs, hybridization takes place, leading to
the separation of the fluorescent dye and quencher and the genera-
tion of fluorescent signals (38). In this study, two MBs were used for
the detection of PD-L1 mRNA transcript and the miRNA miR-21
with the following sequences: 5'-6FAM-CGTTCAGCAAATGC-
CAGTAGGTCACATTTGCTGA-BHQI-3’ (for PD-L1 mRNA) and
5'-6FAM-TCAACATCAGTCTGATAAGCTATTATCAGACTGA-
BHQ1-3’ (for miR-21 miRNA) (Sangon Biotech, Shanghai, China).
Both MBs were labeled with FAM as the fluorophore and BHQ as
the quencher. The MBs were encapsulated in the cationic lipoplex
nanoparticles that were tethered on the biochip, as described in the
above section. The detection assay started with the addition of sus-
pension of isolated EV's in PBS to the chip followed by incubation.
During incubation, the negatively charged EV's were attracted via elec-
trostatic force and fused with the cationic nanoparticles, allowing for
the mixing of the cargo content of both particles and the hybrid-
ization of MB with the targeted RNAs. The EV surface membrane
proteins were detected using immunostaining (see the “Staining of EV-
positive and EV-negative markers and EV-associated protein” section).
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TIRFM for single-EV detection

Biomarker detection and imaging were conducted via “through-
the-objective” type of TIRFM using a Nikon Eclipse Ti-E inverted
microscope system equipped with four laser beams for simultane-
ous multichannel image acquisitions. Images were acquired using
Nikon NIS-Elements AR software.

Image processing and data analysis

A custom-developed, big-data-based image analysis algorithm was
applied for imaging processing and data analysis (15). The deep
learning algorithm enabled rapid and automatic image screening and
selection of valid images, background reduction, and calculation of
fluorescent intensity from valid images (15). The selection of valid
images is based on a deep learning model. A CNN, trained using a
minimum of 1000 categorized images in a 512 x 512 size operated
as a filter to classify the input images into two categories: normal
and abnormal. Images with unexpected size or intensity of fluores-
cence were categorized as abnormal and rejected and were analyzed
further. Background noise reduction was realized using the steepest
descent method and applied to normal images. The value of each
processed image was determined according to the fluorescence in-
tensity of the image after the threshold was determined by the back-
ground noise reduction algorithm.

Immunofluorescence staining for the membrane protein

of cells

To stain CD63 or PD-L1 membrane protein, A549 cells were fixed
with 4% paraformaldehyde and stained with CD63-AF488 (NBP2-
42225AF488; Novus Biologicals, Littleton, CO, USA) or PD-L1-AF647
(ab209960; Abcam, Cambridge, MA, USA) fluorescent antibodies,
respectively (table S3). Before imaging, 4,6-diamidino-2-phenylindole
was applied to visualize cell nuclei. After staining, the samples
were imaged with a total internal reflective fluorescence microscope
(Nikon, Japan) and a confocal microscope (Nikon, Japan).

Staining of EV-positive and EV-negative markers

and EV-associated protein

The following procedure was used to stain the CD9, CD63, and
PD-L1 membrane protein and ALB and APOB protein in EVs. EVs
were captured and immobilized onto the nano-biochip, as discussed
earlier. The membrane proteins may be detected independently
or together with RNA detection. In the latter case, RNA detection
was carried out first. Samples were then washed thoroughly, after
which CD9-AF488 (NB500-327AF488, Novus Biologicals), CD63-
AF488 (NBP2-42225AF488, Novus Biologicals), or isotype control
(IC002G; R&D Systems, Minneapolis, MN, USA), PD-L1-AF647
(ab209960, Abcam), primary PD-L1 (NBP1-76769, Novus Biologicals),
or isotype control (NBP2-24891, Novus Biologicals), and second-
ary Alexa Fluor 568 (A-11011, Thermo Fisher Scientific), ALB-
AF488 (IC1455G, Novus Biologicals), and APOB-FITC (ab27637,
Abcam) antibodies were applied followed by incubation. Incuba-
tion took place at 37°C for both primary and secondary antibodies,
and the incubation time was 60 min for the former and 30 min for
the latter.

FCM detection of CD63 and PD-L1 onEVs

CD63 exosome capture beads (ab239686, Abcam) were used to isolate
EVs according to the manufacturer’s instruction. Briefly, 200 pl of
plasma from healthy donors or patients with LUAD was centrifuged
at 500g at room temperature for 10 min to remove residual cells. The
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supernatant was transferred to a new EP tube and centrifuged at 2000g
at room temperature for 10 min to remove cell fragments. The super-
natant was then transferred into a new EP tube and centrifuged at
room temperature at 14,000¢ for 30 min to remove large vesicles. Last,
the supernatant was transferred into a new EP tube and diluted with
same volume of 1x PBS. Then, a volume of 200 pl of diluted plasma was
aspirated into a new EP tube, and 100 pl of CD63 exosome capture beads
was added and vortexed again. The sample was incubated overnight at
room temperature in the dark. Following incubation, CD63-AF488
(NBP2-42225AF488, Novus Biologicals) and PD-L1-AF647 (ab209960,
Abcam) fluorescent antibodies were added to the mixture at a volume
ratio of 1:100 and incubated at 4°C for 2 hours in the dark. Stained EV's
were sorted with a Navios cytometer (Beckman Coulter, CA, USA).

Lentivirus construction and infection

Lentiviral vector overexpressing human CD63 (CD63-GFP) (GenBank,
NM_001267698.1), overexpressing human PD-L1 (GenBank, NM_
014143.3), or empty vector was purchased from GeneCopoeia
(Guangzhou, China). Lentiviral vector overexpressing human
PD-L1-mCherry (GenBank, NM_014143.3) or empty vector was pur-
chased from OBiO Technology (Shanghai, China). Lentiviral particles
were produced in human embryonic kidney-293T cells (ATCC).
A549 cells grown to 50 to 70% confluence in six-well plates were
then infected at multiplicity of infection with lentiviral particles and
suspended in polybrene (4 pg/ml).

Reverse transcription quantitative polymerase

chain reaction

For A549 cells, total RNA was extracted using TRIzol (Thermo Fisher
Scientific) and reverse-transcribed into complementary DNA (cDNA)
using a reverse transcriptase (Toyobo, Osaka, Japan). Subsequently,
20 ng of cDNA was used as a qQPCR template to quantify PD-L1 with
5'-ACGCCCCATACAACAAAATC-3" and 5-GGTCACTGCTTGTC-
CAGATG-3’ and B-actin with 5'-CTGGCACCCAGCACAATG-3’
and 5'-CCGATCCACACGGAGTA CTTG-3'. Targets were ampli-
fied over 40 cycles at 95°C for 15 s, 60°C for 15 s, and 72°C for 45 s.
Gene expression was normalized to B-actin according to the cycle
threshold (27**“T) method.

For EVs, total RNA was extracted using TRIzol and reverse-
transcribed into the cDNA using a cDNA synthesis kit (K1622,
Thermo Fisher Scientific). After the cDNA product was diluted five
times, 2.5 ml of cDNA was prepared for each preamplification reac-
tion using the KAPA Hyper Prep Kit (KAPA Biosystems, Shanghai,
China). The preamplification conditions were as follows: 95°C for
3 min; 20 cycles of 95°C for 15 s, 60°C for 15 s, 72°C for 15 s, and,
last, 72°C for 1 min. After diluted 10 times, the preamplification
product were amplified over 40 cycles at 95°C for 2 min, 95°C for
5's, and 60°C for 10 s. Gene expression was normalized to U6 with
5'-CTCGCTTCGGCAGCACA-3"and 5'-AACGCTTCACGAATTTG-
CGT-3’ according to the cycle threshold (272*“T) method.

Western blotting

Total protein was extracted in radioimmunoprecipitation buffer
(Beyotime Institute of Biotechnology, Shanghai, China), separated
on polyacrylamide gels, transferred to polyvinylidene difluoride,
and probed overnight at 4°C with antibodies against PD-L1 (Novus
Biologicals) and actin (Cell Signaling Technology, Danvers, MA, USA).
Membranes were then labeled at room temperature for 1 hour with
goat anti-rabbit or anti-mouse immunoglobulin G conjugated to
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horseradish peroxidase, visualized by enhanced chemiluminescence
(Pierce, Rockford, IL, USA), and analyzed in Quantity One version
4.6 (Bio-Rad, Hercules, CA, USA).

Statistical analysis

Data are analyzed using GraphPad Prism 6 and reported as means + SD
of at least three independent experiments with three replicates. The
normality test was performed for each group of the data. Differences
between two groups were evaluated by Mann-Whitney test. Differ-
ences were considered statistically significant at P < 0.05.

SUPPLEMENTARY MATERIALS
Supplementary material for this article is available at http://advances.sciencemag.org/cgi/
content/full/6/47/eabc1204/DC1

View/request a protocol for this paper from Bio-protocol.
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