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PLI-PCR Assay Schematic 

Demonstration of assay functionality

Figure 1. Schematic of assay workflow of the proximity ligation immuno-PCR (PLI-PCR) assay to detect EVPs displaying four colocalized surface biomarkers. (A) EVPs are

enriched from a sample matrix using size-exclusion chromatography (SEC). (B) Affinity reagents targeting cancer-associated biomarkers are conjugated to magnetic beads

(capture reagent) and oligonucleotides (detection probes). (C) EVPs are captured using antibody-functionalized magnetic beads targeting a cancer-associated surface

biomarker. Captured EVPs are incubated with three complementary detection probes which target three additional cancer-associated surface biomarkers. The detection

probes can hybridize and ligate when bound to the same EVP, resulting in a ssDNA template detectable via qPCR.

Table 2. Assay discrimination performance across lung cancer histologies and stage at 90% and 75% specificities.

Assay Signal Distribution across Clinical Samples• Early detection of lung cancer (LC) remains a major unmet clinical need, as most patients are
diagnosed at advanced stages when treatment options are limited and survival is poor.

• The current standard of care, computed tomography lung screening (CTLS), is limited by low
uptake, highlighting the need for a more accessible and scalable approach.

• Low-dose computed tomography (LDCT) demonstrated approximately 81% sensitivity at 92%
specificity with Lung-RADS interpretation when aggregated across all three screening rounds in
the National Lung Screening Trial (NLST), as reported by Pinsky et al. 2015.

• Circulating extracellular vesicles and particles (EVPs) provide a minimally invasive source of
tumor-derived biomarkers that reflect the molecular and phenotypic states of the tumor.

• We developed an EVP-based proximity-ligation immuno-PCR (PLI-PCR) liquid biopsy assay
designed to achieve:

 High sensitivity through detection of EVPs that are released in abundance by tumor cells

 High specificity by measuring multiple cancer-associated biomarkers colocalized on the
same EVP surface
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RESULTS SUMMARY
• Our PLI-PCR assay detects EVPs displaying up to four colocalized cancer-associated

biomarkers. Assay signal correlates with cell gene expression, cell protein/carbohydrate
expression, and EVP protein/carbohydrate expression.

• EVP biomarker colocalization was confirmed using super-resolution microscopy.

• Prototype assay was developed targeting lung cancer-associated EVPs and evaluated in clinical
samples collected by Lahey Clinic. Represented LC histologies included lung adenocarcinoma
(LUAD), small cell lung cancer (SCLC), and lung squamous cell carcinoma (LUSC).

• Clinical performance at 90% specificity:

• Arm 1: High-risk individuals eligible for screening based on smoking history (USPSTF
2021)

• 75 controls (Lung-RADS 1-2) and 25 pre-diagnostic lung cancer cases detected by
LDCT screening

• 45.0% sensitivity for all stage LUAD

• 38.9% sensitivity for early-stage (Stage I/II) LUAD

• 60.0% sensitivity for all stage SCLC

• Arm 2: Average-risk individuals without a history of tobacco use

• 74 controls and 27 cases (16/27 incidental findings)

• 50.0% sensitivity for all-stage LUAD

• 31.2% sensitivity for Stage I/II LUAD

• Tumors as small as 0.8 cm in diameter were detected

• No observed correlation between assay signal and tobacco use in Arm 1 controls (R = 0.022, p
= 0.85); similar signal distributions among controls in both study arms

• We developed an EVP-based liquid biopsy which captures tumor-derived surface biomarker
interactions, enabling specific detection of lung cancer including early-stage disease.

• The EVP-based LC test enables specific detection of lung cancer in both high-risk and average-
risk patient populations.

• Assay signal was not correlated with tobacco use among cancer-free individuals, suggesting that
LC-associated EVP populations are not elevated simply due to tobacco exposure.

• The LC test demonstrates clinically meaningful sensitivity at high specificity, addressing a key
limitation of blood-based approaches and supporting its potential use as an alternative for
imaging-based screening in select settings.

• These findings support further evaluation of the LC test in larger, prospective studies.

Cell Culture & EVP Production
All cells were cultured under standard conditions. EVPs were generated in EVP-depleted media,
collected after 72 h, cleared by centrifugation/filtration, and stored at −80 °C. Conditioned media
were concentrated using 100 kDa MWCO centrifugal filters.
Plasma Samples
All clinical samples were from Lahey Hospital & Medical Center and were collected under IRB
approval with informed consent. De-identified EDTA plasma samples were stored at −80 °C.
EVP Purification & Characterization
EVPs were purified from 0.5 mL plasma or conditioned media using size-exclusion chromatography
(SEC). Cell line EVP concentration was measured by nanoflow cytometry.
Antibody Selection & Reagent Preparation
Commercial monoclonal antibodies were screened in cell line–derived EVPs and optimized.
Antibody-functionalized magnetic beads (capture) and DNA-conjugated antibodies (detection) were
prepared as described previously1.
Single-EVP Colocalization Assay (Proximity Ligation Immuno-PCR)
EVPs were captured on antibody-functionalized beads and interrogated with DNA-labeled detection
antibodies. A proximity ligation reaction generated amplifiable DNA templates, quantified by qPCR
(LightCycler® PRO). Signal reflected colocalized biomarker expression on single EVPs.
Biomarker Profiling by Flow Cytometry (Cells)
Live cells were stained with PE-conjugated antibodies. Data were acquired on CytoFLEX S,
analyzed in FlowJo. Background-subtracted MFI for each biomarker depicts biomarker expression.
Biomarker Profiling in EVPs (nanoFlow Cytometry)
EVPs were protein-labeled, stained with PE-conjugated antibodies, and analyzed per MIFlowCyt-
EV guidelines on CytoFLEX S configured for small-particle detection. Calibration, gating, and size
assignment enabled quantification of protein-positive and biomarker-positive EVP subpopulations.
Super-Resolution Microscopy
Single-EVP biomarker colocalization was evaluated by dSTORM (ONI Nanoimager) using
fluorophore-labeled antibodies. Colocalization of biomarkers on sTn-capture EVPs were identified
by density-based clustering of CEACAM5, CEACAM6, and MUC1 localizations. Sf9 insect cells
served as a background.
Model Development and Performance Evaluation
The assay panel was composed of six unique biomarker combinations. This resulted in six features
(i.e., Ct values) per clinical sample which were combined into a single risk score using a trained
classifier. The classifier was previously developed on an independent data set and locked before
evaluation in this study. The specificity cutoffs were adjusted based on controls within this study.
Performance at multiple specificities were evaluated.
Clinical Evaluation
We conducted a blinded case–control study using EDTA plasma samples from individuals enrolled
in a routine LC screening program (Arm 1) and from those enrolled in a lung cancer study in those
who never smoked (Arm 2). EVPs were analyzed using a PLI-PCR assay with a pre-specified
biomarker panel and classifier. The classifier was trained on an independent sample set and locked
prior to the study. Separate specificity cutoffs were established for each study arm at 90% and 75%
to mirror approximate LDCT specificities with and without Lung-RADS, respectively.
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Figure 8. Assay signal distribution across all cases (separated by stage) and non-cancer controls in (A) Arm 1 and (C) Arm 2 cohorts. ROC curves

summarizing discrimination performance for all cases by stage – stage I/II LUAD (magenta), all-stage LUAD (blue) and all cases (teal) versus all non-cancer

controls in (B) Arm 1 and (D) Arm 2 cohorts. The red vertical dotted lines on the ROC curves pertain to the 90%, 80% and 75% specificities
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Table 1. Demographic information of clinical samples included in this study. *Mean and

Median were not determined for these samples due to small number; NA: Not Applicable

Arm 2 (Average-risk)Arm 1 (High-risk)

LUSCLUAD

Non-
Cancer 
ControlsSCLCLUAD

Non-
Cancer 
Controls

1267452075N

NANANANANA37Lung-RADS 1

NANANANANA38Lung-RADS 2

-14-316NAStage I

-1--2NAStage II

-4-11NAStage III

17---NAStage IV

----1NAUnknown

---1-NALimited

Smoking history

00052075Yes

12674000No

Age, years

*ND6867687164Median

*ND6864707163Mean

--8---< 50

-310--2550 - 59

-1325383760 – 69

1625291370 – 79

-46-3-80 - 89

*ND2.3NA1.51.8NAMedian tumor size (cm)

Biomarker Colocalization by Super-Resolution Microscopy 

Figure 4. Characterization of NCI-H2126 EVPs by super-resolution microscopy using sTn-targeted

capture and CEACAM5/CEACAM6/MUC1-targeted detection. Representative images of (A) double-

positive (B) triple-positive, (C) and quadruple-positive EVPs. (D) Abundances of

double/triple/quadruple-positive EVP subpopulations.
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Biomarker Expression Impacts Assay Signal

Figure 2. Application of assay design to lung adenocarcinoma EVP detection using the

biomarker combination CEACAM5/CEACAM6/MUC1/sTn. Comparison of assay signal

strength across a panel of cancer cell line EVPs. Heat maps represent single biomarker

expression levels measured by EVP flow cytometry (top), cell flow cytometry (middle),

and gene expression (bottom). ST6GALNAC1 used as a surrogate for sTn expression.

Assay Performance

Figure 3. Assay signal from NCI-H2126 EVPs (●) and Buffer (○) for biomarker

combinations targeting CD63-positive (purple) and CD81-positive (magenta) EVPs.

Heat map indicates the detection probes added to each reaction mixture.

Demonstration of Assay Functionality

D

Screening Rounds Prior to Cancer Dx

Lung Cancer Cases are Pre-Diagnostic

Figure 5. Days between blood draw and clinical diagnosis for all cases in Arm 1 of this study.
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Figure 6. Number of screening rounds prior to lung cancer diagnosis

for all cases in Arm 1 of this study.
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Similar Signal Distribution across Controls

Figure 7. Assay signal distributions between healthy controls in Arms 1 (high-

risk, magenta) and 2 (average-risk, teal) of this study
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Performance at 75% SpecificityPerformance at 90% Specificity

nSensitivity (95% CI)nSensitivity (95% CI)

11/1861.1% (38.9%, 83.3%)7/1838.9% (16.7%, 61.1%)Stage I / II LUAD

Arm 1

13/2065.0% (45.0%, 85.0%)9/2045.0% (25.0%, 70.0%)All Stage LUAD 

16/2564.0% (44.0%, 80.0%)12/2548.0% (28.0%, 68.0%)All Cases 

3/560.0% (20.0%, 100.0%)3/560.0% (20.0%, 100%)SCLC 

6/1637.5% (12.5%, 62.5%)5/1631.2% (12.5%, 56.2%)Stage I / II LUAD

Arm 2 16/2661.5% (42.3%, 80.8%)13/2650.0% (30.8%, 69.2%)All Stage LUAD 

17/2763.0% (44.4%, 81.5%)14/2751.9% (33.3%, 70.4%)All Cases 
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Background:

Early detection of lung cancer (LC) remains a critical unmet need, as most patients are diagnosed at advanced stages when treatment is less effective. 
The current standard of care for detection, computed tomography lung screening (CTLS), is constrained by limited uptake, emphasizing the need for a 
more universally accessible approach. Circulating extracellular vesicles and particles (EVPs) offer a minimally invasive source of tumor-derived biomarkers 
reflective of underlying tumor biology. We developed an EVP-based liquid biopsy assay for LC detection that aims to achieve high sensitivity through 
detection of vesicles and particles released abundantly by tumor cells and high specificity by assessing multiple cancer-associated biomarkers colocalized 
on the same EVP surface.

Methods:

The LC Test, consisting of a predefined biomarker panel and classifier was locked following a training study. A blinded case–control study was conducted 
using plasma samples from individuals enrolled in a routine LC screening program and from those enrolled in a lung cancer study in those who never 
smoked. The study included two arms: 1) High-risk participants with a history of tobacco use without evidence of lung cancer (n = 75; 37 Lung-RADS 1, 38 
Lung-RADS 2) and participants with lung adenocarcinoma (LUAD) (n = 20; median tumor diameter 1.8 cm), and small-cell carcinoma (SCLC; n=5), and 2) 
participants who never smoked without evidence of lung cancer (n = 74) and with LUAD (n = 26; median tumor diameter 2.3 cm), and squamous cell 
carcinoma (LUSC; n= 1). The design enabled evaluation of assay performance for the detection of LCs arising in high and average risk individuals, with 
strong representation of early-stage disease (71% Stage I/II).

Results:

Using a pre-specified locked classifier with specificity set to 90%, the LC Test achieved an overall sensitivity of 47.8% for LUAD and 35.3% for Stage I/II 
disease in high-risk participants. For SCLC, overall sensitivity was 60%. Among those who never smoked, the assay demonstrated 50% overall sensitivity 
and 31.3% sensitivity for Stage I/II LUAD. The biomarker panel test score correlated with predicted tumor size at blood draw (R = 0.60; p = 0.0048). The 
smallest detected tumor measured 0.8 cm in diameter. 

Conclusions:

The LC Test enables sensitive and specific detection of early-stage LC in both high-risk individuals undergoing screening and those who never smoked, 
with incidentally or clinically detected disease. Assay performance approaches that of CTLS, supporting its potential as a minimally invasive complement 
or, in select settings, as an alternative for imaging-based screening. These findings warrant further evaluation of the LC Test in larger clinical studies.


