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Abstract

Cancer immunotherapy has made recent breakthrough, including immune checkpoint blockade 

(ICB) that inhibits immunosuppressive checkpoints such as programmed cell death protein 1 

(PD-1) and programmed death-ligand 1 (PD-L1). However, most cancer patients do not durably 

respond to ICB. To predict ICB responses for patient stratification, conventional immunostaining 

has been used to analyze the PD-L1 expression level on biopsied tumor tissues but has limitations 

of invasiveness and tumor heterogeneity. Recently, PD-L1 levels on tumor cell exosomes showed 

the potential to predict ICB response. Here, we developed a non-invasive, sensitive, and fast assay, 

termed as exosome-hybridization chain reaction (ExoHCR), to analyze tumor cell exosomal PD-

L1 levels. First, using αCD63-conjugated magnetic beads, we isolated exosomes from B16F10 

melanoma and CT26 colorectal cancer cells that were immunostimulated to generate PD-L1-

positive exosomes. Exosomes were then incubated with a conjugate of PD-L1 antibody with an 

HCR trigger DNA (T), in which one αPD-L1-T conjugate carried multiple copies of T. Next, a 

pair of metastable fluorophore-labeled hairpin DNA (H1 and H2) were added, allowing T on αPD-

L1-T to initiate HCR in situ on bead-conjugated exosome surfaces. By flow cytometric analysis of 

the resulting beads, relative to αPD-L1-fluorophore conjugates, ExoHCR amplified the 
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fluorescence signal intensities for exosome detection by 3–7 times in B16F10 cells and CT26 

cells. Moreover, we validated the biostability of ExoHCR in culture medium supplemented with 

50% FBS. These results suggest the potential of ExoHCR for non-invasive, sensitive, and fast PD-

L1 exosomal profiling in patient stratification of cancer immunotherapy.
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INTRODUCTION

Cancer immunotherapy has made significant progress over the past decade (Dougan and 

Dranoff 2009; Khalil et al. 2016). ICB has been one of the most successful approaches to 

cancer immunotherapy thus far. ICB agents have been developed for a variety of immune 

checkpoints such as PD-1, PD-L1, and cytotoxic T-lymphocyte-associated protein 4 

(CTLA-4) (Ribas and Wolchok 2018). However, overall, only a small subset of cancer 

patients can respond to current ICB agents (Farkona et al. 2016). This challenge is 

aggravated by the fact that the therapeutic responses of cancer patients to ICB cannot be 

determined until weeks later, by when the non-responding patients may have missed the best 

opportunities for other treatment. These challenges call for rapid and sensitive prognostics 

that predict the therapeutic responses of patients to ICB in patient stratification. PD-L1 

expression levels can aid the prediction of the cancer therapeutic efficacy of multiple 

immune checkpoint inhibitors such as αPD-1 and αPD-L1 (Chen et al. 2018; Poggio et al. 
2019). In a current clinical setting, PD-L1 levels are determined by immunohistochemistry 

(IHC)-based assays using tumor tissues. However, IHC-based assays have drawbacks such 

as invasiveness, and poor sensitivity (Shia 2008). To address these challenges, fast, sensitive, 

and noninvasive prognostics that profile PD-L1 expression levels would be highly desired to 

predict ICB therapeutic responses.

Recent reports showed that the PD-L1 expression levels on tumor exosomes are correlated to 

the PD-L1 levels on the corresponding tumor cells. More importantly, the tumor exosome 

PD-L1 levels are correlated with the responsiveness of tumors to the corresponding ICB 

(Haderk et al. 2017). Exosomes are cell-derived nanovesicles with a size of 30–120 nm 

which are present in many bodily fluids, including blood, urine, saliva, amniotic fluid, breast 

milk, hydrothoracic fluid, and ascitic fluid, as well as in culture medium of most cell types 

under both physiological and pathological conditions, especially tumor cells (Théry et al. 
2002). The involvement of exosomes in immunity suggests that they have enormous 

potential for human pathology as reservoirs of diagnostic and prognostic biomarkers (De 

Toro et al. 2015). Derived from cells, exosomes may represent their parental cells in non-

invasive monitoring of various biological processes, including immunooncological pathways 

(Xu et al. 2018). Besides, compared to tumor biopsies, exosomes, which can be accessed by 

traditional minimally invasive liquid biopsy, can accurately reflect tumor status in real time 

and bypass the limitations of tumor heterogeneity and sampling bias (Azmi et al. 2013). 

Taken together, PD-L1 levels of exosomes hold great potential to be a prognostic biomarker 

for ICB-related patient stratification (Song et al. 2019).
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HCR is an enzyme-free DNA reaction which has been employed for isothermal signal 

amplification in bio-analysis (Dirks and Pierce 2004; Zhu et al. 2013a, b; Choi et al. 2014). 

Briefly, upon initiation by a trigger DNA, HCR self-assembles trigger-DNA-tethered long 

double-stranded DNA (dsDNA) chains from short hairpin monomers via a cascade of DNA 

hybridization (Dirks and Pierce 2004). Signal amplification based on HCR is enzyme-free, 

isothermal, and rapid, in contrast to complex thermocycling used by enzyme-catalyzed 

polymerase chain reaction (PCR). As such, HCR has been extensively studied for 

application in bioanalysis, point-of-care diagnosis and prognosis, as well as biotechnology 

(Wu et al. 2015; Huang et al. 2011; Xuan and Hsing 2014; Ren et al. 2011).

Here, we developed a non-invasive, isothermal, sensitive, and fast assay, termed as exosome-

hybridization chain reaction (ExoHCR) for PD-L1 level profiling on tumor cell exosomes, 

with the long-term goal of ICB-related therapeutic response prediction and patient 

stratification (Fig. 1). Specifically, multiple copies of trigger DNA (T) were linked with one 

αPD-L1. The resulting αPD-L1-T was incubated with tumor cell exosomes that were 

harvested using magnetic beads from immune-stimulated tumor cells. After washing off 

unbound αPD-L1-T, dye-labeled H1 and H2 were added, resulting in the initiation of HCR 

and the formation of long dsDNA on αPD-L1, which was bound with exosomes. As a result, 

ExoHCR significantly amplified the fluorescence signal intensities on exosomes in only 1.5 

h. These results indicate the potential of ExoHCR as a non-invasive, isothermal, sensitive, 

and fast assay for PD-L1 level profiling on tumor cell exosomes, in order for ICB-related 

therapeutic response prediction and patient stratification.

RESULTS AND DISCUSSION

Generation and isolation of tumor cell-derived exosomes with surface PD-L1

We chose B16F10 mouse melanoma cells and CT26 mouse colorectal cancer cells as 

models, the corresponding tumors of which are poorly immunogenic and have an overall 

poor therapeutic response to ICIs (Chen et al. 2018; Lai et al. 2016). Prognostics that reveal 

the levels of immune checkpoints (e.g., PD-L1) would be highly valuable for patient 

stratification in personalized treatment. The steady-state PD-L1 expression level is low. 

Therefore, to generate exosomes that have high PDL1 expression levels as models for this 

study, B16F10 cells and CT26 cells were treated with recombinant mouse IFN-γ for 

immunostimulation that can eventually upregulate PD-L1 expression. After IFN-γ treatment 

for 48 h, the PD-L1 expression levels in these cells were quantified using qPCR. As shown 

in Fig. 2A, when cells were treated with 100 μg/mL of recombinant mouse IFN-γ, the PD-

L1 expression levels increased by 5.60 ± 0.29 folds in B16F10 cells and 34.85 ± 3.36 folds 

in CT26 cells.

Technologies that isolate exosomes from biological fluids would be highly valuable for 

biological research and medical applications, including proteomic profiling (e.g., PD-L1) on 

exosomes. Ultracentrifugation has been commonly used for exosome isolation, which is 

however tedious and time-consuming, and requires advanced equipment and expertise 

(Théry et al. 2006). Precipitation-based methods, which use reagents such as polyethylene 

glycols (PEGs) followed by low-speed centrifugation, have also been used for exosome 

isolation (Weng et al. 2016). However, both ultracentrifugation- and precipitation- based 
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methods can cause the fusion of the particles with contaminants such as proteins, thereby 

changing the biophysical properties of the exosomes and the sensitivity of exosome 

proteomic analysis (van der Pol et al. 2012; Rood et al. 2010; Linares et al. 2015). In this 

study, we implemented a fast affinity-based method for magnetic isolation of exosomes, 

using magnetic beads that were coupled with αCD63 antibody, using biotinylated αCD63 

and streptavidin-coated magnetic beads. CD63 is a common marker protein of exosomes 

from a variety of tumor cells, including B16F10 cells and CT26 cells (Chen et al. 2016, 

2018; Logozzi et al. 2009). This method allows recovery of intact exosomes from cell 

culture media for high throughput applications.

The PD-L1 expression on exosome surfaces was validated by the binding of PD-L1 with 

αPD-L1. Specifically, using mouse AlexaFluo647-labeled αPD-L1 by flow cytometry (Fig. 

2B, C), we verified the binding ability of αPD-L1 with recombinant PD-L1 coupled on 

sepharose microbeads (supplementary Fig. S1), PD-L1 on the surface of IFN-γ-treated 

B16F10 cells and CT26 cells (Fig. 2B), and PD-L1 on the surfaces of exosomes derived 

from IFN-γ-treated cells (Fig. 2C), respectively.

Design and characterization of HCR

The PD-L1 level on tumor cell-derived exosomes is positively correlated to the therapeutic 

response of ICB, which provides the basis for PD-L1 profiling in patient stratification via 

minimally invasive liquid biopsy. To overcome the generally low PD-L1 expression level on 

small exosomes relative to cells, we attempted to amplify the fluorescence signal intensity 

during PD-L1 profiling via in situ HCR. After PD-L1 expression was validated on 

exosomes, we then harnessed αPD-L1 as a ligand for signal amplification in PD-L1-specific 

ExoHCR. Specifically, we again used αCD63-coupled magnetic beads to isolate exosomes 

for in-situ HCR on PD-L1-positive exosome surfaces (Fig. 1). HCR was designed to 

assemble long repetitive DNA polymers from three DNA strands: a DNA initiator (T) and 

two hairpin monomers (H1 and H2) (Choi et al. 2014). In the absence of T, metastable H1 

and H2 monomers remain to be monomers. In the presence of T or αPD-L1-T, T initiates a 

cascade of hybridization between H1 and H2 via base-pairing as characterized with the 

following steps in each cycle: (1) T (corresponding to DNA segments ab in Fig. 1) 

hybridized with the single-stranded toehold (DNA segment a′ of H1 and then with DNA 

segment b′), which results in the upfolding of H1 hairpin structure to expose the other half 

of H1 (DNA segments bc′); (2) similarly, exposed bc′ hybridized with DNA segments b′c 
in H2 and opened up the DNA fragment ab in H2; and (3) fragment ab in H2 has the 

identical sequence as DNA T and initiate another cycle of H1/H2 hybridization as in Step 

(1). As a result, a long dsDNA structure was generated on one T initiator with multiple 

copies of H1 and H2 via a chain reaction of alternating H1 and H2 polymerization. When 

H1 and H2 were labeled with a fluorophore, HCR provides a platform for in situ signal 

amplification. As shown in agarose gel electrophoresis, HCR was verified by the generation 

of long DNA strands using a molar ratio of T:H1:H2 at 1:10:10, using 5× SSCT buffer (5× 

SSC with 0.1% Tween 20) for 1.5 h at room temperature (Fig. 3). In order to conduct PD-

L1-specific HCR by using αPD-L1, we synthesized αPD-L1-DNA conjugates in which one 

copy of αPD-L1 can be conjugated with multiple copies of T as HCR initiator. Note that the 

presence of multiple DNA T conjugated with one copy of αPD-L1 would enable multiple 
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long dsDNA HCR products on one αPD-L1, which provides an additional mechanism of 

signal amplification in PD-L1 detection.

PD-L1-specific ExoHCR for sensitive PD-L1 detection on tumor cell exosomes

ExoHCR not only ensures the specificity via the αPD-L1 antibody but also increases the 

sensitivity of detection using HCR. To estimate the fluorescence signal gain per HCR 

product, we compared the fluorescence signal produced by AlexaFluo647-labeled αPD-L1 

to the signal produced using αPD-L1-based ExoHCR. Specifically, for B16F10-derived 

exosomes, the mean fluorescence intensity (MFI) of AlexaFluo647-labeled αPD-L1 

increased by only 2.7-fold relative to the background (unstained exosomes), while the MFI 

of ExoHCR increased by 6.9-fold (Fig. 4A, B), resulting in a 5.0-fold enhancement of the 

signal-to-noise ratios. For CT26-derived exosomes, the MFI of AlexaFluo647-labeled αPD-

L1 increased by 3.3-fold, while the MFI of ExoHCR increased by 5.3-fold relative to the 

background (Fig. 4C, D), representing a 17.1-fold enhancement of the signal-to-noise ratios. 

Immunohistochemistry (IHC) has been used for PD-L1 expression profiling on tumor 

tissues. However, IHC-based PD-L1 profiling requires to use tissue samples that are often 

invasively collected, and can have limited inaccuracy due to vast tumor heterogeneity 

including intercellular heterogeneity of PD-L1 expression in tumor tissues (Pinato et al. 
2016; Liu et al. 2017). By contrast, ExoHCR uses blood samples that are collected by 

minimally invasive liquid biopsy, and the use of systemic blood rules out potential 

inaccuracy caused by tumor heterogeneity. These features enable ExoHCR with great 

potential for PD-L1 profiling.

Furthermore, to evaluate the biostability of ExoHCR for future application using blood 

samples, we studied ExoHCR for PD-L1 detection in a blood-mimicking buffer 

supplemented with 50% FBS. As shown in Fig. 5A and B, for B16F10-derived exosomes, 

the signal-to-noise ratio of αPD-L1-based ExoHCR resulted in about 5.4-fold enhancement 

relative to AlexaFluo647-labeled αPD-L1. For CT26-derived exosomes (Fig. 5C, D), the 

signal-to-noise ratio of αPD-L1-based ExoHCR showed about 9.9-fold enhancement 

relative to AlexaFluo647-labeled αPD-L1.

CONCLUSIONS

Prognostics that predict the cancer immunotherapeutic responses to ICB would be highly 

valuable for patient stratification and for optimal treatment design. The expression levels of 

immune checkpoints, such as PD-L1, are associated or even correlated with the 

corresponding ICIs, making these immune checkpoints promising prognostic biomarkers. 

Current standard-of-care practice of immune checkpoint profiling largely rely on IHC, 

which is intrinsic invasive and limited by complications such as tumor heterogeneity. To 

address these challenges, herein, we developed ExoHCR as a platform to interrogate 

immune checkpoint levels using systemic blood samples that can be collected by minimally 

invasive liquid biopsy. We demonstrated this principle using PD-L1 as a model. Recent 

studies have demonstrated that PD-L1 expression levels on tumor cell-derived exosomes are 

positively correlated with the therapeutic responses of anti-PD-L1 ICIs. Based on this, we 

induced PD-L1 expression on the exosomes of two poorly immunogenic tumor models, 
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B16F10 melanoma and CT26 colorectal cancer, the ICB therapeutic responses are typically 

poor and are correlated with tumor PD-L1 expression levels. ExoHCR has several notable 

features: (1) ExoHCR uses blood samples that can be collected from patients with minimal 

invasiveness; (2) ExoHCR can bypass any inaccuracy caused by tumor heterogeneity by 

using tumor-derived exosomes from systemic blood; (3) ExoHCR uses two mechanisms for 

signal amplifications in sensitive target detection: multiple copies of HCR products were 

synthesized on one antibody, and multiple copies of H1/H2 monomers are tethered onto 

each HCR initiator (T); (4) the entire procedure of ExoHCR is simple, fast (a total of ~2 h), 

enzyme-free, and isothermal; (5) the immune-checkpoint-binding ligand (i.e., αPD-L1 in 

this study as a model) grants the specificity of PD-L1 detection; (6) this platform of 

ExoHCR can be widely applicable, because it can be readily adapted for the exosomal 

profiling of human immune checkpoints or other surface immune checkpoints by simply 

changing the antibody. Taken together, we envision that ExoHCR can be a non-invasive, 

simple, fast, sensitive, and broadly applicable prognostic platform for the profiling of 

exosomal biomarkers, including immune checkpoints for the prediction of ICB therapeutic 

responses in patient stratification.

MATERIALS AND METHODS

Materials and apparatus

Recombinant mouse IFN-γ was purchased from Pepro-Tech. Alexa Fluor 647 C2-maleimide 

was purchased from Invitrogen. Alexa Fluor 647 C2-maleimide was dissolved in dimethyl 

sulfoxide (DMSO) at a concentration of 6.7 mmol/L. Mouse αPD-L1 antibody was 

purchased from Bio X Cell. Sulfo-EMCS was purchased from bioWORLD. The streptavidin 

magnetic beads (PureProteome) were purchased from Millipore. Biotinylated mouse αCD63 

antibody was purchased from Novus Biologicals. RNase-free DNase I was purchased from 

Lucigen Corporation. UltraPure 20× SSC buffer was purchased from Invitrogen. Tween 20 

was purchased from Fisher Scientific. NAP-5 and PD-10 columns were purchased from GE 

Healthcare. Biotinylated mouse PD-L1 protein was purchased from ACROBiosystems.

Cell culture

B16F10 mouse melanoma cells and CT26 mouse colorectal cancer cells were purchased 

from ATCC. B16F10 cells were cultured in Dulbecco’s Modified Eagle’s Medium (DMEM) 

(Sigma) supplemented with 10% (v/v) fetal bovine serum (FBS) (Corning), 100 U/mL 

penicillin, and 100 μg/mL streptomycin. CT26 cells were cultured in RPMI-1640 medium 

(Sigma) supplemented with 10% (v/v) FBS, 100 U/mL penicillin, and 100 μg/mL 

streptomycin. For immunostimulation with IFN-γ, cells were incubated with 100 ng/mL of 

recombinant mouse IFN-γ for 48 h (Chen et al. 2018).

Quantitative PCR (qPCR)

Total RNA was isolated from B16F10 and CT26 cells using TRIzol Reagent (Invitrogen), 

and reverse transcribed into first-strand complementary DNA (cDNA) with random primer 

with RevertAid First-Strand cDNA Synthesis Kit (ThermoFisher Scientific). The samples 

were then analyzed by qPCR using the Power SYBR Green PCR master mix (Thermo Fisher 

Scientific) in an Applied Biosystems QuantStudio 3 Real-Time PCR system. All qPCR 
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amplifications were carried out in 20 μL volume in triplicate. qPCR was performed by the 

ΔΔCT method (Livak and Schmittgen 2001). GAPDH was used as a reference. All primers 

were ordered from Integrated DNA Technologies (IDT) (see sequences in supplementary 

Table S1).

Preparation of αPD-L1-AlexaFluor647 conjugate

After being degassed for 10 min, αPD-L1 was incubated with Alexa Fluor 647 C2-

maleimide (Invitrogen) in PBS (pH 7.4) overnight at 4°C in the dark, and stirred by a 

magnetic stirring bar. The unreacted Alexa Fluor 647 C2-maleimide was removed by 

Diol200 gel filtration column chromatography (Kawabata et al. 2005). αPD-L1-

AlexaFluor647 was collected and stored at 4 °C for future use.

αPD-L1 binding assays

αPD-L1 binding with cells—Cells were pretreated with IFN-γ (100 ng/mL) in the 

culture medium for 48 h before use (Chen et al. 2018). Cells were collected and washed with 

Dulbecco’s Phosphate Buffered Saline (DPBS). αPD-L1-AlexaFluor647 (5 μg/mL) was 

then added to 200 μL cell suspension with a density of 5 × 106 cells/mL and incubated with 

gentle agitation on ice for 30 min in the dark. Then, cells were washed with DPBS for three 

times, collected after centrifugation at 1000 r/min for 3 min, and resuspended in 600 μL of 

DPBS. Finally, the cells were assayed by a Canto II flow cytometer (BD Bioscience, CA). 

Ten thousand cells were acquired and analyzed with FlowJo software.

αPD-L1 binding with cell-derived exosomes—First, 15 μL biotinylated mouse 

αCD63 antibody was mixed with streptavidin-coated magnetic beads and incubated with 

gentle agitation for 30 min at room temperature. The resulting αCD63-conjugated beads 

were then collected using a magnet and washed three times. For immunostimulation to 

enhance PD-L1 expression, B16F10 or CT26 cells were treated with IFN-γ (100 ng/mL) for 

48 h. Cell culture medium was then harvested and incubated with αCD63-conjugated beads, 

followed by incubation with gentle agitation for 30 min at room temperature. The αCD63-

bead-bound exosomes were harvested using a magnet again and washed three times. Then, 

the αPD-L1-AlexaFluor647 (5 μg/mL) was added to the above αCD63-bead-bound 

exosomes, followed by incubation with gentle agitation for 30 min at room temperature in 

the dark. Finally, exosomes were washed by magnetic collection, resuspended, and assayed 

by flow cytometry on a Canto II flow cytometer (BD Bioscience, CA). Ten thousand beads 

were acquired and analyzed with FlowJo software.

αPD-L1 binding with mouse PD-L1 protein—Firstly, biotinylated mouse PD-L1 

protein was mixed with 100 μL streptavidin-coated sepharose beads and incubated with 

gentle agitation for 30 min at room temperature. The resulting beads were subsequently 

harvested by centrifugation and washed for three times. Next, the αPD-L1-AlexaFluor647 (5 

μg/mL) was added to PD-L1-coated sepharose beads and incubated with gentle agitation for 

30 min at room temperature in the dark. Then, beads were washed, collected, resuspended, 

and assayed by flow cytometry on a Canto II flow cytometer (BD Bioscience, CA). Ten 

thousand beads were acquired and analyzed with FlowJo software.
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DNA design for HCR

The trigger DNA strand (T) is 36 nucleotide (nt) long, and HCR hairpins (H1 and H2) are 72 

nt long (12-nt toehold, 24-bp stem, 12-nt loop) (see sequences in supplementary Table S2) 

(Choi et al. 2014). To ensure that H1 and H2 form hairpin monomers, the hairpin DNA 

strands were snap-cooled in 5× SSC buffer before use (heat at 95 °C for 90 s, cool to room 

temperature for 30 min).

HCR and agarose gel electrophoresis

H1 and H2 were snap-cooled separately at 3 μmol/L in 5× SSC buffer. T was diluted to 0.3 

μmol/L in DNase-free ultrapure water. HCR was performed in 5× SSC with 0.1% Tween 20 

at room temperature for 1.5 h (Choi et al. 2014). HCR was verified by agarose gel 

electrophoresis, in which each lane was prepared by mixing 20 μL 5× SSC, 3 μL 10× SSC 

with 1% Tween 20, 1 μL ultrapure water, 2 μL the trigger and 2 μL of each hairpin. In the 

absence of T, 2 μL ultrapure water as a substitution was added to make the total reaction 

volume to 30 μL. The samples were supplemented with DNA gel loading dye (6×) and 

loaded into a native 2% agarose gel containing final concentration of 0.5 μg/mL of ethidium 

bromide (EB). Gel electrophoresis was run in 1× TAE buffer at 120 V for 40 min at room 

temperature, before imaging in a BioRad Gel Doc imager.

Synthesis of mouse αPD-L1-DNA conjugate

Amine-functionalized trigger DNA (T) (1 μmol/L) was mixed with Sulfo-EMCS (50 

μmol/L) in PBS (pH 7.4) at room temperature for 2 h. Next, the resulting solution was 

desalted using NAP-5 Desalting Column (GE Healthcare) to purify maleimide-activated 

DNA T (Griepenburg et al. 2013). Then, 20 μL αPD-L1 was added to maleimide-activated 

DNA T. After incubation for 1 h at room temperature, mouse αPD-L1-DNA was purified 

using a PD-10 column (GE Healthcare) (Enomoto et al. 2008).

In situ ExoHCR on exosomes exosomal PD-L1 profiling by flow cytometry

From culture medium of B16F10 and CT26 cells that had been treated with 100 ng/mL of 

recombinant mouse IFN-γ for 48 h, exosomes were harvested from B16F10 and CT26 cell 

culture medium (300 μL) using αCD63-conjugated magnetic beads (5 μL) as described 

above. The resulting exosomes were then mixed and incubated with mouse αPD-L1-T 

conjugate (5 μg/mL) at room temperature for 30 min. Exosome solution was washed using a 

magnet to remove excessive antibody-DNA conjugates. Next, H1 and H2 (3 μmol/L) were 

added to the resulting exosome solution, followed by incubation in 5× SSC with 0.1% 

Tween 20 at room temperature for 1.5 h in the dark. Finally, exosomes were washed, 

collected, resuspended, and assayed by flow cytometry on a Canto II flow cytometer (BD 

Bioscience, CA). Ten thousand beads were acquired and analyzed using FlowJo software. 

The signal-to-background ratio was designated to estimate the fluorescence signal gain. 

αPD-L1-AlexaFluor647 was used as a control. Moreover, to investigate the biostability of 

ExoHCR, we repeated the above study by spiking exosomes in cell culture medium 

supplemented with 50% FBS in order to mimic exosomes harvested from blood samples.
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Statistical analysis

Data were expressed as means ± standard deviation (SD). The statistical analyses of 

differences between two groups were analyzed using Student’s t-test. The analyses were 

performed with SPSS version 20.0, and statistical significance was accepted at least at the 

1% level.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.

Acknowledgement

We thank Drs. da Rocha, Hawkridge, McClay, and McRae for facility sharing. L. Hu was supported with the China 
Scholarship Council scholarship. G. Zhu acknowledges partial support from the Center for Pharmaceutical 
Engineering and Sciences-VCU School of Pharmacy, NIH KL2 Scholarship and Endowment Fund from VCU C. 
Kenneth and Dianne Wright Center for Clinical and Translational Research (UL1TR002649 and KL2TR002648), 
American Cancer Society Institutional Research Grants (IRG-18–159-43), and VCU Presidential Research Quest 
Fund. Microscopy was performed at the VCU Microscopy Facility, supported in part by funding from NIH-NINDS 
Center (5 P30 NS047463) and, in part, by funding from the NIH-NCI Cancer Center (P30 CA016059). Flow 
cytometry was performed at the VCU Massey Cancer Center Flow Cytometry Shared Resource, which is supported, 
in part, with funding from NIH-NCI Cancer Center (P30 CA016059).

References

Azmi AS, Bao B, Sarkar FH (2013) Exosomes in cancer development, metastasis, and drug resistance: 
a comprehensive review. Cancer Metastasis Rev 32:623–642 [PubMed: 23709120] 

Chen G, Huang AC, Zhang W, Zhang G, Wu M, Xu W, Yu Z, Yang J, Wang B, Sun H, Xia H, Man Q, 
Zhong W, Antelo LF, Wu B, Xiong X, Liu X, Guan L, Li T, Liu S, Yang R, Lu Y, Dong L, 
McGettigan S, Somasundaram R, Radhakrishnan R, Mills G, Lu Y, Kim J, Chen YH, Dong H, Zhao 
Y, Karakousis GC, Mitchell TC, Schuchter LM, Herlyn M, Wherry EJ, Xu X, Guo W (2018) 
Exosomal PD-L1 contributes to immunosuppression and is associated with anti-PD-1 response. 
Nature 560(7718):382–386 [PubMed: 30089911] 

Chen Z, Yang L, Cui Y, Zhou Y, Yin X, Guo J, Zhang G, Wang T, He QY (2016) Cytoskeleton-centric 
protein transportation by exosomes transforms tumor-favorable macrophages. Oncotarget 7:67387–
67402 [PubMed: 27602764] 

Choi HMT, Beck VA, Pierce NA (2014) Next-generation in situ hybridization chain reaction: higher 
gain, lower cost, greater durability. ACS Nano 8(5):4284–4294 [PubMed: 24712299] 

De Toro J, Herschlik L, Waldner C, Mongini C (2015) Emerging roles of exosomes in normal and 
pathological conditions: new insights for diagnosis and therapeutic applications. Front Immunol 
6:203. 10.3389/fimmu.2015.00203 [PubMed: 25999947] 

Dirks RM, Pierce NA (2004) Triggered amplification by hybridization chain reaction. Proc Natl Acad 
Sci USA 101(43):15275–15278 [PubMed: 15492210] 

Dougan M, Dranoff G (2009) Immune therapy for cancer. Annu Rev Immunol 27:83–117 [PubMed: 
19007331] 

Enomoto K, Uwabe KI, Naito S, Onoda J, Yamauchi A, Numata Y, Takemoto H (2008) A double 
epitope tag for quantification of recombinant protein using fluorescence resonance energy transfer. 
Anal Biochem 380(2):249–256 [PubMed: 18570884] 

Farkona S, Diamandis EP, Blasutig IM (2016) Cancer immunotherapy: the beginning of the end of 
cancer? BMC Med 14:73. 10.1186/s12916-016-0623-5 [PubMed: 27151159] 

Griepenburg JC, Ruble BK, Dmochowski IJ (2013) Caged oligonucleotides for bidirectional 
photomodulation of let-7 miRNA in zebrafish embryos. Bioorg Med Chem 21(20):6198–6204 
[PubMed: 23721917] 

Haderk F, Schulz R, Iskar M, Cid LL, Worst T, Willmund KV, Schulz A, Warnken U, Seiler J, Benner 
A, Nessling M, Zenz T, Göbel M, Dürig J, Diederichs S, Paggetti J, Moussay E, Stilgenbauer S, 

Hu et al. Page 9

Biophys Rep. Author manuscript; available in PMC 2021 July 29.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Zapatka M, Lichter P, Seiffert M (2017) Tumor-derived exosomes modulate PD-L1 expression in 
monocytes. Sci Immunol 2(13):eaah5509.10.1126/sciimmunol.aah5509 [PubMed: 28754746] 

Huang J, Wu Y, Chen Y, Zhu Z, Yang X, Yang CJ, Wang K, Tan W (2011) Pyrene-excimer probes 
based on the hybridization chain reaction for the detection of nucleic acids in complex biological 
fluids. Angew Chem Int Ed 50(2):401–404

Kawabata T, Watanabe M, Nakamura K, Satomura S (2005) Liquid-phase binding assay of α-
fetoprotein using DNA-coupled antibody and capillary chip electrophoresis. Anal Chem 
77(17):5579–5582 [PubMed: 16131068] 

Khalil DN, Smith EL, Brentjens RJ, Wolchok JD (2016) The future of cancer treatment: 
immunomodulation, CARs and combination immunotherapy. Nat Rev Clin Oncol 13:273–290 
[PubMed: 26977780] 

Lai WY, Huang BT, Wang JW, Lin PY, Yang PC (2016) A novel PD-L1-targeting antagonistic DNA 
aptamer with antitumor effects. Mol Ther Nucleic Acids 5:e397. 10.1038/mtna.2016.102

Linares R, Tan S, Gounou C, Arraud N, Brisson AR (2015) High-speed centrifugation induces 
aggregation of extracellular vesicles. J Extracell Vesicles 4(1):29509. 10.3402/jev.v4.29509 
[PubMed: 26700615] 

Livak KJ, Schmittgen TD (2001) Analysis of relative gene expression data using real-time quantitative 
PCR and the 2−ΔΔCT method. Methods 25:402–408 [PubMed: 11846609] 

Liu D, Wang S, Bindeman W (2017) Clinical applications of PD-L1 bioassays for cancer 
immunotherapy. J Hematol Oncol 10:110. 10.1186/s13045-017-0479-y [PubMed: 28514966] 

Logozzi M, De Milito A, Lugini L, Borghi M, Calabrò L, Spada M, Perdicchio M, Marino ML, 
Federici C, Iessi E, Brambilla D, Venturi G, Lozupone F, Santinami M, Huber V, Maio M, 
Rivoltini L, Fais S (2009) High levels of exosomes expressing CD63 and caveolin-1 in plasma of 
melanoma patients. PLoS One 4(4):e5219. 10.1371/journal.pone.0005219 [PubMed: 19381331] 

Pinato DJ, Shiner RJ, White SDT, Black JRM, Trivedi P, Stebbing J, Sharma R, Mauri FA (2016) 
Intra-tumoral heterogeneity in the expression of programmed-death (PD) ligands in isogeneic 
primary and metastatic lung cancer: implications for immunotherapy. OncoImmunology 
5:e1213934. 10.1080/2162402X.2016.1213934 [PubMed: 27757309] 

Poggio M, Hu T, Pai CC, Chu B, Belair CD, Chang A, Montabana E, Lang UE, Fu Q, Fong L, 
Blelloch R (2019) Suppression of exosomal PD-L1 induces systemic anti-tumor immunity and 
memory. Cell 177(2):414–427 [PubMed: 30951669] 

Ren J, Wang J, Han L, Wang E, Wang J (2011) Kinetically grafting G-quadruplexes onto DNA 
nanostructures for structure and function encoding via a DNA machine. Chem Commun 
47:10563–10565

Ribas A, Wolchok JD (2018) Cancer immunotherapy using checkpoint blockade. Science 
359(6382):1350–1355 [PubMed: 29567705] 

Rood IM, Deegens JKJ, Merchant ML, Tamboer WPM, Wilkey DW, Wetzels JFM, Klein JB (2010) 
Comparison of three methods for isolation of urinary microvesicles to identify biomarkers of 
nephrotic syndrome. Kidney Int 78(8):810–816 [PubMed: 20686450] 

Shia J (2008) Immunohistochemistry versus microsatellite instability testing for screening colorectal 
cancer patients at risk for hereditary nonpolyposis colorectal cancer syndrome. J Mol Diagn 
10(4):293–300 [PubMed: 18556767] 

Song Y, Wu L, Yang C (2019) Exosomal PD-L1: an effective liquid biopsy target to predict 
immunotherapy response. Natl Sci Rev 6(6):1103–1104

Théry C, Amigorena S, Raposo G, Clayton A (2006) Isolation and characterization of exosomes from 
cell culture supernatants and biological fluids. Curr Protoc Cell Biol 3(3):22. 
10.1002/0471143030.cb0322s30 [PubMed: 18228490] 

Théry C, Zitvogel L, Amigorena S (2002) Exosomes: composition, biogenesis and function. Nat Rev 
Immunol 2(8):569–579 [PubMed: 12154376] 

van der Pol E, Boing AN, Harrison P, Sturk A, Nieuwland R (2012) Classification, functions, and 
clinical relevance of extracellular vesicles. Pharmacol Rev 64(3):676–705 [PubMed: 22722893] 

Weng Y, Sui Z, Shan Y, Hu Y, Chen Y, Zhang L, Zhang Y (2016) Effective isolation of exosomes with 
polyethylene glycol from cell culture supernatant for in-depth proteome profiling. Analyst 
141(15):4640–4646 [PubMed: 27229443] 

Hu et al. Page 10

Biophys Rep. Author manuscript; available in PMC 2021 July 29.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Wu Z, Liu GQ, Yang XL, Jiang JH (2015) Electrostatic nucleic acid nanoassembly enables 
hybridization chain reaction in living cells for ultrasensitive mRNA imaging. J Am Chem Soc 
137(21):6829–6836 [PubMed: 25969953] 

Xuan F, Hsing IM (2014) Triggering hairpin-free chain-branching growth of fluorescent DNA 
dendrimers for nonlinear hybridization chain reaction. J Am Chem Soc 136(28):9810–9813 
[PubMed: 24969438] 

Xu R, Rai A, Chen M, Suwakulsiri W, Greening DW, Simpson RJ (2018) Extracellular vesicles in 
cancer—implications for future improvements in cancer care. Nat Rev Clin Oncol 15(10):617–638 
[PubMed: 29795272] 

Zhu G, Zhang S, Song E, Zheng J, Hu R, Fang X, Tan W (2013a) Building fluorescent DNA 
nanodevices on target living cell surfaces. Angew Chem Int Ed 52(21):5490–5496

Zhu G, Zheng J, Song E, Donovan M, Zhang K, Liu C, Tan W (2013b) Self-assembled, aptamer-
tethered DNA nanotrains for targeted transport of molecular drugs in cancer theranostics. Proc 
Natl Acad Sci USA 110(20):7998–8003 [PubMed: 23630258] 

Hu et al. Page 11

Biophys Rep. Author manuscript; available in PMC 2021 July 29.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fig. 1. 
Schematic illustration of ExoHCR to profile PD-L1 levels on tumor cell exosomes for 

potential application in the predication of responsiveness to cancer immunotherapy
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Fig. 2. 
Generation of PD-L1-positive exosomes by immunostimulation of B16F10 melanoma cells 

and CT26 colorectal cancer cells. A qPCR results of the relative PD-L1 mRNA levels in 

whole cells. Immunostimulation treatment: 100 ng/mL mouse IFN-γ for 48 h. Data 

represent mean ± SD of three independent experiments. B, C Flow cytometry results verified 

the upregulated PD-L1 expression on the surface of immunostimulated B16F10 and CT26 

cells (B) and on the corresponding exosomes (C). Samples were stained with αPD-L1-

AlexaFluor647
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Fig. 3. 
An agarose gel electrophoresis image verified the production of long DNA structures by 

HCR. Reaction condition: 5× SSCT buffer (5× SSC with 0.1% Tween 20) at room 

temperature for 1.5 h. Lane 1: H1; Lane 2: H2; Lane 3: T, H1, H2; M: Marker
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Fig. 4. 
Flow cytometry results of exosomes which showed that ExoHCR enabled fluorescence 

signal amplification for PD-L1 profiling on cancer cell-derived exosomes. Compared with 

AlexaFluo647-labeled αPD-L1 (A, C), dye-labeled ExoHCR (B, D) significantly amplified 

the fluorescence intensities of exosomes derived from immunostimulated B16F10 cells (A, 

B) and CT26 cells (C, D). Values are the mean fluorescence intensities (MFIs). MFIs and 

signal-to-background (S/N) ratios of exosomes were detected by αPD-L1 and ExoHCR 

from B16F10 cells and CT26 cells
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Fig. 5. 
Flow cytometry results of exosomes which showed that ExoHCR enabled fluorescence 

signal amplification for PD-L1 profiling on exosomes from B16F10 cells (B) and CT26 cells 

(D) supernatant with 50% FBS. AlexaFluo647-labeled αPD-L1 was used as a control for 

PD-L1 analysis on B16F10-derived exosomes (A) and CT26-derived exosomes (C). Values 

are the MFIs
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