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ABSTRACT Improved biomarkers are needed for early cancer detection, risk stratification, 
treatment selection, and monitoring treatment response. Although proteins can 

be useful blood-based biomarkers, many have limited sensitivity or specificity for these applications. 
Long INterspersed Element-1 (LINE-1) open reading frame 1 protein (ORF1p) is a transposable element 
protein overexpressed in carcinomas and high-risk precursors during carcinogenesis with negligible 
expression in normal tissues, suggesting ORF1p could be a highly specific cancer biomarker. To explore 
ORF1p as a blood-based biomarker, we engineered ultrasensitive digital immunoassays that detect 
mid-attomolar (10−17 mol/L) ORF1p concentrations in plasma across multiple cancers with high speci-
ficity. Plasma ORF1p shows promise for early detection of ovarian cancer, improves diagnostic per-
formance in a multianalyte panel, provides early therapeutic response monitoring in gastroesophageal 
cancers, and is prognostic for overall survival in gastroesophageal and colorectal cancers. Together, 
these observations nominate ORF1p as a multicancer biomarker with potential utility for disease 
detection and monitoring.

SIGNIFICANCE: The LINE-1 ORF1p transposon protein is pervasively expressed in many cancers and 
is a highly specific biomarker of multiple common, lethal carcinomas and their high-risk precursors in 
tissue and blood. Ultrasensitive ORF1p assays from as little as 25 μL plasma are novel, rapid, cost-
effective tools in cancer detection and monitoring.

See related commentary by Doucet and Cristofari, p. 2502.
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INTRODUCTION
There is a significant clinical need for noninvasive methods 

to detect, risk stratify, and monitor cancers over time. Many 
malignancies are diagnosed at late stages when the disease is 
widespread, contributing significantly to cancer morbidity and 
mortality (1). In contrast, there is a likely window in early-stage  

disease when patients are typically asymptomatic, in which treat-
ments can be much more effective. Biomarkers are also needed 
to assess the likelihood of progression in patients with precursor 
lesions, to provide prognostic information, and to predict and 
monitor responses or resistance to treatment (2). Considerable 
advances have been made toward detecting circulating tumor 
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DNA, circulating tumor cells, microRNAs, and extracellular 
vesicles as noninvasive cancer biomarkers (3). However, achiev-
ing high sensitivities and specificities, particularly in affordable, 
scalable, clinical-grade screening assays for early cancer detec-
tion, remains a major challenge. The plasma proteome provides 
a rich reservoir of potential biomarkers (4), which may be used 
individually or in combination for multicancer early detection 
(MCED) assays (5). However, most readily detectable proteins, 
including CA125 and HE4 (6), FDA-cleared markers for the 
differential diagnosis of pelvic masses, are not sufficiently sen-
sitive at the required high specificity (7) for cancer screening 
and/or are expressed in normal tissues and therefore lack the 
requisite specificity.

We have previously shown that expression of Long INter-
spersed Element-1 (L1, LINE-1)–encoded open reading 
frame 1 protein (ORF1p) is a hallmark of many cancers (8), 
particularly p53-deficient epithelial cancers. These encom-
pass many of the most commonly occurring and lethal 
human cancers, including esophageal, colorectal, lung, 
breast, prostate, ovarian, uterine, pancreatic, and head and 
neck cancers. L1 is the only active protein-coding trans-
poson in humans. We each inherit, dispersed throughout 
our genomes, a complement of active L1 loci encoding two 
proteins: ORF1p, the highly expressed RNA binding protein 
(8), and ORF2p, an endonuclease and reverse transcriptase 
with limited expression (9) that generates L1 insertions in 
cancer genomes (10–13). L1 expression is repressed in nor-
mal somatic tissues, resulting in either very low or undetect-
able levels of L1 protein (9, 14). Epigenetic dysregulation 
of L1 and L1 ORF1p overexpression begins early in car-
cinogenesis, and histologic precursors of ovarian, esopha-
geal, colorectal, and pancreatic cancers studied all express 
ORF1p at varying levels (8, 15). ORF1p is thus a promising 
cancer biomarker.

Although elevated expression of ORF1p is readily detected 
by immunostaining in tumor tissue, ORF1p is found in plasma 
at low concentrations, well below detection limits of conven-
tional clinical laboratory methods. We, therefore, applied the 
much more sensitive Single-Molecule Arrays (Simoa), a digital 
bead-based ELISA technology, and in preliminary studies 
detected ORF1p in plasma at femtomolar levels in subsets of 
patients with advanced breast (33%, n = 6; ref. 16) and colorec-
tal (90%, n = 32; ref. 17) cancers, respectively. Here, we assess 
the landscape of ORF1p plasma levels across multiple cancers, 
iteratively develop highly sensitive assays for potential applica-
tions in early or minimal residual disease detection, and pro-
vide evidence that plasma ORF1p may be an early indicator of  
therapeutic response.

RESULTS
Because our preliminary survey of plasma ORF1p levels 

by Simoa in patients with advanced-stage colorectal can-
cer indicated detectable ORF1p levels in 90% of cases (17), 
higher than the proportion of colorectal cancers we previ-
ously reported to express ORF1p by IHC (50%, n = 18; ref. 8), 
we first sought to benchmark ORF1p in tissues. Using a 
reoptimized protocol (8), we stained 211 colorectal can-
cers [178 sequential cases included on a tissue microarray 
(TMA) as well as an additional 33 with matched plasma] and 

found 91% of colorectal cancer cases were immunoreactive 
for ORF1p (Fig.  1A). This result is consistent with genetic 
studies demonstrating somatic L1 retrotransposition in most 
colorectal cancers (18), including activity in precancerous 
lesions antedating APC tumor suppressor loss (19–21). Sim-
ilarly, genetic evidence shows esophageal adenocarcinoma 
(EAC) has high L1 activity (12), and L1 insertions occur in 
the highly prevalent Barrett esophagus (BE) precursor early 
in carcinogenesis (22, 23). We therefore assembled a cross-
sectional cohort of 72 BE cases with consensus diagnosis 
reached by three expert gastrointestinal pathologists from 
two institutions. L1 RNA and ORF1p expression were per-
vasive in dysplastic BE and present in 100% of 51 esophageal 
carcinomas (Fig.  1B and C); all five BE cases indefinite for 
dysplasia and positive for ORF1p and/or L1 RNA devel-
oped high-grade dysplasia on subsequent biopsies. Overall, 
this picture is similar to high-grade serous ovarian cancers 
(HGSOC), where ORF1p is expressed in 90% of cases and 90% 
of fallopian tube precursor lesions (serous tubal intraepithe-
lial carcinomas, STIC; refs. 8, 15, 24). The cumulative ORF1p 
staining data to date across carcinomas are summarized in 
Fig.  1D. Taken together, ORF1p tissue expression is highly 
prevalent in gastrointestinal and gynecologic carcinomas and 
high-risk precursor lesions.

We next sought to extend our tissue findings and explore 
plasma ORF1p. We optimized our previously reported ORF1p 
Simoa assay and assessed the landscape of ORF1p levels 
in pretreatment plasma from patients with advanced can-
cers. This “first-generation” assay uses a recombinant, single-
domain camelid nanobody (Nb5) as the capture reagent and a 
monoclonal antibody (Ab6) as the detector reagent and has a 
limit of detection of 0.056 pg/mL (∼470 aM trimeric ORF1p), 
corresponding to 1.9 fM in plasma after correcting for sample 
dilution (Fig. 2A; Supplementary Table S1). With this assay, 
we surveyed multiple cancer types and  >400 “healthy” con-
trol individuals, who were without known cancer at the time 
blood was donated to the biobank. Plasma ORF1p appears 
to be a highly specific cancer biomarker, with undetectable 
levels in ∼99% of controls (ages 20–90; Fig. 2B; Supplemen-
tary Fig. S1A–S1C). Of the five control patients with detect-
able ORF1p, the one with the highest ORF1p was found six 
months later to have advanced prostate cancer and 19 months 
later a cutaneous T-cell lymphoma; limited clinical informa-
tion is available for the other four positive “healthy” individu-
als. With a cutoff set at 98% specificity in “healthy” controls, 
the highest proportions of ORF1p+ cases were observed in 
colorectal (58%, n = 101) and ovarian cancers (71%, n = 145). 
Although most of these patients had advanced-stage disease, 
plasma ORF1p remained detectable in several early-stage 
patients in the cohort, including in those with ovarian and 
lung cancers and in 5 of 18 with intraductal papillary muci-
nous neoplasms in the pancreas (IPMN; Supplementary Figs. 
S2–S4). Notably, four of eight stage I ovarian cancers in the 
cohort were positive (Supplementary Fig. S2), suggesting that 
plasma ORF1p may be an indicator of early-stage disease. As 
L1 expression is also dysregulated in autoimmune disease 
and autoantibodies against ORF1p are prevalent in patients 
with systemic lupus erythematosus (SLE), we measured 
plasma ORF1p in 30 SLE patients and observed no detect-
able levels (Supplementary Fig. S5; ref. 25). Detectable ORF1p 
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was seen in 1 of 30 patients with chronic liver disease; the one 
positive patient was subsequently diagnosed with hepatocel-
lular carcinoma (Supplementary Fig. S5). Size exclusion chro-
matography analysis of patient plasma further showed that 
the majority of ORF1p resides outside extracellular vesicles 
(Supplementary Fig.  S6A and S6B). Genomics analysis was 
available for a subset of patients in the lung cancer patient 
cohort (n =  32); interestingly, detectable plasma ORF1p was 
associated with more genomic amplifications, higher tumor 
mutational burden (P = 0.02 and 0.007, respectively, Wilcoxon 
test; Supplementary Fig.  S7A), and tended to have more 
TP53 mutations and fewer KRAS mutations (Supplementary 
Fig. S7B). ORF1p did not correlate with PSA levels in prostate 
cancer patients (Supplementary Fig. S8). Together, these find-
ings support the hypothesis that tumor-derived ORF1p can be 
found in the peripheral blood of cancer patients and may act 
as a cancer-specific biomarker.

Given the gap between proportions of ORF1p+ cancers by 
tumor IHC (∼90% for colorectal cancer and HGSOC) versus 
by blood testing (∼60%–70%), we evaluated the possibility of 
increasing plasma assay sensitivity by decreasing the assay’s 
lower limit of detection. To this end, we developed a panel of 
ORF1p affinity reagents, including new recombinant rabbit 
monoclonal antibodies (RabMAb) and engineered camelid 

nanobodies raised against recombinant human ORF1p. 
Because ORF1p is homotrimeric, we engineered multimeric 
nanobody reagents with the goal of enhancing binding affin-
ity via increased avidity. These parallel development efforts 
ultimately yielded both improved nanobody and rabbit 
monoclonal antibody reagents with at least low-picomolar 
equilibrium dissociation constants (KD; Supplementary Figs. 
S9–S14; Supplementary Tables S2–S4). Monoclonal antibod-
ies were further validated by western blotting (Supplementary 
Fig.  S15). Iterative screening of these reagents with Simoa 
using recombinant antigen and select patient plasma sam-
ples yielded three best-performing capture::detection pairs, 
termed “second-generation,” which use rabbit monoclonal 
antibodies 34H7 and 62H12 as capture reagents and either 
Ab6 or homodimeric form of Nb5 (Nb5-5LL) as detector 
(Fig. 3A–C; Supplementary Figs. S16–S19). Adding detergent 
further improved performance by limiting bead aggregation 
and improving bead loading into microwells. These second-
generation assays achieve detection limits of 0.016 to 0.029 
pg/mL (130–240 aM trimeric ORF1p), and the four different 
reagents have predominantly nonoverlapping epitopes in bin-
ning experiments (34H7 and 62H12 partially overlap; Fig. 3A 
and B; Supplementary Tables  S1, S5, and S6). Somewhat 
unexpectedly, analytical sensitivity of the assay (for detecting 

Figure 1. ORF1p expression is early and pervasive in carcinomas. A, ORF1p  
immunostaining in a cohort of 211 colorectal cancers (CRC). B, Representa-
tive BE case: lesional cells overexpress p53, the L1 RNA, and ORF1p. H&E, 
hematoxylin and eosin; ISH, in situ hybridization. C, L1 RNA and ORF1p over-
expression across a cohort of 72 consensus BE cases and 51 carcinomas. 
GD, grade dysplasia. D, Summary overview of current data on ORF1p tissue 
expression in carcinomas (by IHC); early data are from Rodić et al. (8), large 
cohort colon and gastroesophageal and small cohorts (n < 30) are from this 
study, and large cohort ovarian and uterine are from Pisanic et al. (15) and 
Xia et al. (24). Large and small cohort ovarian data both showed >90% 
expression of ORF1p.
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recombinant ORF1p in buffer) did not perfectly correspond 
to clinical sensitivity (for detecting ORF1p in cancer patient 
plasma). Although the second-generation assays demon-
strated less than an order-of-magnitude improvement in ana-
lytical sensitivity over the first-generation assay, they showed 
considerable improvement in circulating ORF1p detectability 
over background in buffer in remeasured samples across a 
large cohort of healthy and cancer patients (Fig. 3B; Supple-
mentary Fig. S20A and S20B). This difference may be due to 
differing accessibilities of circulating ORF1p epitopes or to 
different nonspecific binding patterns in plasma.

Undetectable or extremely low ORF1p levels in healthy 
individuals could readily be discriminated from measured 
ORF1p levels in ovarian cancer patients, resulting in a strong 

discriminatory ability with single-marker models (area under 
the receiver-operating characteristic curve, AUCs of 0.93 to 
0.948, sensitivity of 41% to 81% at 98% specificity; Fig. 3D top 
panel; Supplementary Table S7). This large cohort included 
pretreatment plasma samples from a subcohort of ovar-
ian cancer patients (mostly high-grade serous ovarian carci-
noma, “Penn cohort”) with age-matched controls (n = 51–53 
women; Fig.  3C); again, second-generation assays showed 
higher sensitivities while maintaining high specificities, nota-
bly achieving detection of five out of six stage I/II patients 
at  >98% specificity. Furthermore, multivariate models com-
bining ORF1p (34H7::Nb5-5LL assay) with ovarian cancer 
biomarkers CA125 and HE4 yielded improved diagnostic 
performance over these existing markers (CA125 and HE4 
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Figure 2. Highly specific detection of 
carcinomas with the first-generation ORF1p 
Simoa assay. A, Schematic of single-molecule 
protein detection by Simoa; a first-generation 
assay is shown. Antibody/nanobody-coated 
magnetic beads, present in excess rela-
tive to target, capture single target ORF1p 
molecules; in the first-generation assay, 
beads are conjugated with α-ORF1p capture 
nanobody 5 (Nb5). Enzyme-labeled α-ORF1p 
detection reagent (here, an antibody, Ab6) is 
added, forming an “immunosandwich,” beads 
are loaded into microwells that each can hold 
at most one bead, and ORF1p molecules are 
then digitally detected using a fluorogenic 
substrate by counting “on” wells. Illustration: 
Jennifer E. Fairman, CMI, FAMI. © 2023 Johns 
Hopkins University, AAM. B, First-generation 
ORF1p Simoa detects plasma ORF1p with 
high specificity across major carcinomas. Pie 
charts indicate the percentage of samples 
with detectable levels; dashed red line, limit 
of detection. **, This patient was thought to be 
“healthy” at the time of blood donation but was 
six months later found to have prostate cancer 
and 19 months later found to have lymphoma. 
(Illustration: Jennifer E. Fairman, CMI, FAMI, 
© 2023 JHU AAM Department of Art as 
Applied to Medicine, The Johns Hopkins Uni-
versity School of Medicine).
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alone, AUC = 0.94, 59% sensitivity at 98% specificity; ORF1p, 
CA125, and HE4, AUC = 0.98, 91% sensitivity at 98% specific-
ity; Fig. 3D bottom panel, Supplementary Fig. S21; Supple-
mentary Table S8). Although it is not clear whether the low 
ORF1p levels detected in several healthy individuals are due 
to nonspecific binding, true background levels of ORF1p, or 
an unappreciated premalignant state, several positive healthy 

controls were positive by only one of the three second-gen-
eration assays (n  =  4 positive by only 62H12::Nb5-5LL and 
n  =  75 positive by only 62H12:Ab6), suggesting nonspecific 
binding in at least some of these cases and the potential to 
improve specificity by combining data from multiple assays. 
Our results indicate that by developing improved affinity rea-
gents, we achieved improved clinical sensitivity in detecting 
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Figure 3. Improved detection of ORF1p with 
second-generation (Gen.) assays. A, Schematic of 
affinity reagents used. 34H7 and 62H2 are custom 
mAbs; Nb5-5LL is an engineered homodimeric 
nanobody. B, 34H7::Nb5-5LL second-generation 
assay measurements across a multicancer cohort. 
GE, gastroesophageal. C, Ovarian cancer patients 
with age- and gender-matched controls in first- and 
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those in 3b; red dots, stage I disease; orange dots, 
stage II disease. D, ROC curves with single-marker 
ORF1p across all healthy and ovarian cancer patients 
(top, n = 128–132 cancer, 447–455 healthy), and 
multivariate models for ovarian (bottom, n = 51–53 
cancer, 50 healthy).
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circulating ORF1p in cancer patients, with 83% sensitivity 
at >98% specificity toward early detection of ovarian cancer.

Receptor subtypes were available for the breast cancer 
cohort, which includes 30 patients each with metastatic and 
localized disease (Supplementary Fig. S22A and S22B). Across 
all assays, triple negative tended to have higher positivity rates, 
but the most sensitive second-generation assay (62H12::Ab6) 
detected 96% of triple-negative cases and 91% of the remaining 
cases (Supplementary Fig. S22) with 93% sensitivity for both 
localized and metastatic disease. Overall, metastatic disease 
was detected more commonly than localized disease (43% 
vs. 6.7% for first-generation assay, 67%–93% vs. 23%–93% for 
second-generation assays, depending on the assay), and all 
three second-generation assays had higher sensitivity than the 
first-generation assay (Supplementary Fig. S22).

To further validate our results, we developed a targeted 
proteomics approach to measure ORF1p following affinity 
capture, with two distinct peptides measured versus inter-
nal isotopically labeled control peptides (Fig. 4A). With this 
assay, we applied much larger volumes of plasma (3–6 mL, 
120–240-fold more than the 25 μL used in Simoa assays) 
from a cohort of 10 patients, including 2 gastroesopha-
geal (GE) cancer patients and one healthy control with very 
high ORF1p (230–1,230 pg/mL), two healthy controls with 
high ORF1p, (3–5 pg/mL), and 5 healthy controls with low 
ORF1p (undetectable: 0.2 pg/mL). The results (Fig.  4A and 
B; Supplementary Fig.  S23A–S23D) show a strong correla-
tion with Simoa, providing further confidence in our results 
(r = 0.97–0.99, P < 0.0001, t test).

Building on the improvements made through nanobody 
engineering in our second-generation assays, we developed 
an expanded set of homodimeric, heterodimeric, and hetero-
trimeric anti-ORF1p nanobodies and screened them in com-
bination with 34H7 and 62H12 capture antibodies, resulting 
in “third-generation” assays (Supplementary Figs. S11, S14, 

S24, and S25). We noticed that reagents containing Nb2 
performed very well in Surface Plasmon Resonance (SPR) 
but poorly in Simoa detection, and we hypothesized this 
was because Nb2 contains a lysine in the complementarity-
determining region (CDR), which would be biotinylated in 
the procedure, reducing affinity. We therefore engineered the 
new reagents to be C-terminally biotinylated on cysteine resi-
dues and varied linker sequences. Five of these assays, which 
utilize Nb2- and Nb9-containing constructs, outperform our 
second-generation assays in a cohort of 25 GE cancer patients 
with ORF1p measurements that were mostly undetectable 
previously, while maintaining high specificity versus healthy 
individuals (Fig. 5A; Supplementary Fig. S25).

To leverage more sensitive assays for ORF1p detection, we 
next tested ORF1p affinity reagents from one of the second-
generation Simoa assays on our recently developed Molecular 
On-bead Signal Amplification for Individual Counting plat-
form (MOSAIC; Fig. 5B). MOSAIC develops localized on-bead 
signal from single captured molecules, in contrast to the 
microwell array format in Simoa, and improves analytical sen-
sitivity by an order of magnitude over Simoa via increasing the 
number of beads counted (26). Furthermore, as the developed 
Simoa assays used only 25 μL plasma, we hypothesized that 
using larger plasma volumes would enhance ORF1p detect-
ability by increasing the number of analyte molecules present. 
By using a 20-fold higher sample volume (500 μL plasma) and 
the MOSAIC platform, we achieved 10-fold higher analytical 
sensitivity, with a limit of detection of 0.002 pg/mL ORF1p (17 
aM trimer; Supplementary Fig. S26). Indeed, in a pilot cohort 
of GE cancer and healthy patients, ORF1p levels in 9 of 10 
previously undetectable cancer patients were readily discrimi-
nated from healthy individuals (Fig. 5C). Thus, in addition to 
improved affinity reagents, using larger sample volumes and 
more analytically sensitive technologies can further enhance 
both sensitivity and discrimination of circulating ORF1p levels 
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Figure 4. Targeted proteomics measurements of plasma ORF1p from large sample volumes. A, ORF1p measured from two gastric cancer patients 
using two quantotypic peptides (LSFISEGEIK and NLEECIR, red traces) with internal isotopically labeled standards (blue traces); a high-ORF1p cancer 
patient [1,231 pg/mL by Simoa, 3.5 mL plasma used for immunoprecipitation (IP)] and high-ORF1p healthy patient (3.0 pg/mL by Simoa, 5 mL plasma 
used for IP) are shown with 900 amol standard injected. B, Correlation between measured ORF1p by Simoa and targeted proteomics assays; r = 0.97 
(Simoa vs. LSFISEGEIK) and r = 0.99 (Simoa vs. NLEECIR, t test), P < 0.0001 for both.
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Figure 5. Improved detection of ORF1p with third-generation Simoa assays and with MOSAIC assays. A, Comparison of second- and third-generation 
Simoa assays (25 μL) in 25 mostly undetectable GE cancer and healthy control patients. B, Schematic of MOSAIC assays. Captured single-molecule 
“immunosandwiches” are formed analogously to Simoa assays. DNA-conjugated streptavidin enables rolling circle amplification to be carried out, gener-
ating a strong local fluorescent signal on the bead surface, and then “on” and “off” beads are quantified by flow cytometry, allowing efficient sampling of 
larger numbers of capture beads. This results in improved sensitivity and multiplexing capabilities. Illustration: Jennifer E. Fairman, CMI, FAMI. © 2023 
Johns Hopkins University, AAM. C, 37H7::Nb5-5LL MOSAIC and Simoa assays in 10 previously undetectable GE cancer and healthy control patients. Red 
dashed lines indicate the analytical limit of detection for recombinant ORF1p in the buffer. Blue dashed line in C indicates plasma-specific background in 
large-volume MOSAIC assays, which is used to determine positivity in the pie charts.
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between healthy controls and patients with cancer. The relative 
contributions of increased volume and the improved assay 
platform to the increased sensitivity remain to be explored; the 
assay background seen in patient plasma (blue dashed line) but 
not in buffer (analytical limit of detection, red dashed line) will 
also require further optimization.

To test whether ORF1p might be useful for monitoring 
therapeutic response, 19 patients with GE cancer were iden-
tified who had both detectable plasma ORF1p at diagnosis 
as well as subsequent samples available collected during or 
after treatment (average 80 days after initiation of therapy; 
range, 26–179 days). Primary tumors were all adenocarci-
noma and located in the esophagus (n  =  7), GE junction 
(n =  7), and stomach (n =  5). All patients received systemic 
therapy. A smaller fraction of patients also received radiation 
and/or surgery (Supplementary Table S9). Clinical response 
(responders and nonresponders) was determined by a review 
of restaging CT and PET-CT imaging by clinicians blinded 
to the assay results. Over an average of 465 days (range, 
98–1,098), 12 patients died, 6 were alive at the last follow-up 
(all responders), and 1 was lost to follow-up. Nonrespond-
ers had higher pretreatment plasma ORF1p (Fig.  6A, left, 
P = 0.02). All 6 patients with detectable ORF1p at follow-up 
sampling, as defined by positivity over background in two of 
three assays, were also nonresponders by imaging (Fig.  6A, 
right, P < 0.0001, Fisher Exact test) and had reduced survival 
(P = 0.001 log-rank test for overall survival). In contrast, in 
all 13 responders, circulating ORF1p dropped to undetect-
able levels at follow-up sampling. Plasma ORF1p in four 
responders and two nonresponders was measured at an early 
time point of 26 to 33 days. The timing of sampling was not 
different between groups (average 93 days for nonrespond-
ers, 74 for responders, P = 0.5). Pretherapy blood was drawn 
on an average of 20 days after diagnosis (range, -8–48; aver-
age 22 for nonresponders and 19 for Responders, P  =  0.6). 
Representative PET and PET-CT images are shown (Fig. 6B), 
both images are taken approximately two months after ini-
tiation of therapy, a month after the plasma ORF1p result. 
Thus, reduction in circulating ORF1p paralleled treatment 
response and survival, while persistent circulating ORF1p 
corresponded to patients with refractory disease, indicating 
the predictive potential of this marker.

Because these results indicated that pretreatment plasma 
ORF1p levels might be prognostic, we evaluated the prognos-
tic value of second-generation ORF1p Simoa assays in our 
cohorts of GE, colorectal cancer, and ovarian cancer patients. 
We stratified the patients based on either the median ORF1p 
value or ORF1p detectability (methods) and found that higher 
pretherapy plasma ORF1p was significantly associated with 
poor survival in GE and colorectal cancer (Fig. 6C; Supplemen-
tary Fig. S27, P = 0.0017 and 0.011, log-rank test, respectively) 
but not in ovarian cancer (Supplementary Fig. S27). ORF1p 
remained significantly prognostic in multivariate analysis in 
GE and colorectal cancer (Methods; Supplementary Figs. S28 
and S29; Supplementary Tables S10 and S11).

DISCUSSION
Taken together, our data reveal for the first time that 

circulating ORF1p is a multicancer protein biomarker with 

potential utility across clinical paradigms, including early 
detection, risk stratification, prognostication, and treatment 
response. These assays are enabled by ultrasensitive single-
molecule detection technologies and high-quality affinity 
reagents, which are both required due to the attomolar-to-
femtomolar circulating levels of ORF1p in cancer patients. 
Iterative improvements including optimized affinity reagents, 
buffer, and assay design yield highly sensitive and specific 
assays. A 20-fold volume scale-up to 500 μL appears prom-
ising for improving sensitivity without obviously compro-
mising specificity, and this volume remains much smaller 
than a typical 5 to 10 mL blood draw and could be scaled 
further without limiting clinical applicability, although it 
remains unclear how much of this improvement was due to 
the increased volume or the MOSAIC platform itself; future 
studies are needed to address the relative contributions to 
sensitivity by sample volume and platform. The data strongly 
suggest that these assays are measuring bona fide tumor-
derived circulating ORF1p for the following reasons: (i) four 
developed assays with predominantly nonoverlapping high-
affinity reagents all measure similar levels across hundreds of 
samples; (ii) levels appear specific to cancer patients, whose 
tumors overexpress ORF1p; (iii) they correlate strongly with 
measurements made by targeted proteomics; and (iv) plasma 
levels pretreatment and on/posttreatment correlated with 
therapeutic response. Nonetheless, the low levels of circulat-
ing ORF1p make orthogonal confirmation in larger cohorts 
by any other method challenging, as even the most sensitive 
mass spectrometry assays have limits of detection orders of 
magnitude higher.

The results expand our understanding that L1 expres-
sion is early and pervasive across carcinomas from multiple 
organs and high-risk precursor lesions, including dysplastic 
BE, which is challenging to diagnose and manage. Circulat-
ing ORF1p shows promise in early detection applications 
and may be more useful as part of a multianalyte detec-
tion test combined with, for example, cfDNA methylation, 
longitudinal CA125 in ovarian cancer, or CEA in colorec-
tal cancer (3, 5, 27). We demonstrate that ORF1p is an 
early indicator of chemotherapeutic response in gastric and 
esophageal cancers at time points as short as 26 days, where 
other parameters are often ambiguous, opening possibilities 
for monitoring minimal residual disease or relapse. Shorter 
time intervals will be needed to understand whether ORF1p 
can monitor tumor lysis. Importantly, ORF1p appears to 
provide a level of specificity for cancers not achieved by 
other protein biomarkers, likely due to the unique biology 
of the retrotransposon, with repression of L1 in normal 
somatic tissue (9, 13, 14). ORF1p is therefore attractive as a 
putative binary cancer biomarker, in which a positive signal 
is highly specific for disease, with diagnostic utility both in 
tissue and plasma.

The assays are cost-effective (<$3 in consumables), rapid 
(<2 hours), simple to perform, scalable, and have clinical-
grade coefficients of variation (<15%). Flow cytometers for 
MOSAIC are common in clinical reference laboratories, and 
the assay could be modified for DNA-based readout by qPCR 
or sequencing. Limitations of the current work include the 
relatively small numbers of early-stage samples, a small and 
heterogeneous GE therapeutic cohort, and relatively small, 
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heterogeneous, and mostly late-stage cohorts in survival 
analysis. Larger cohorts will be needed for further valida-
tion. The results are limited thus far to carcinomas; hemato-
logic, mesenchymal, skin, and central nervous system cancers 

have not yet been studied. Further optimizations to both 
assay design and reagents will likely be possible, and larger 
cohorts are needed to further validate and develop third-
generation Simoa assays and improved MOSAIC assays, 
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including automation of MOSAIC for scalability. Finally, it 
is unclear how ORF1p, which is normally cytosolic, enters 
the blood and what clinicopathologic factors might affect 
these levels. Although senescent and germ cells in humans 
and mice are known to produce ORF1p (28–30), they may 
release ORF1p differently than tumor cells or may not release 
appreciable ORF1p at all. Arguing against significant release 
from senescent or germ cells, there was no correlation of 
plasma ORF1p with age or sex in either healthy or cancer 
patient samples. Future work will also be needed to under-
stand whether there is a normal baseline level of circulat-
ing ORF1p, as implied by the trace amounts seen when 
ORF1p was measured from much larger volumes of plasma 
using targeted mass spectrometry, and what factors affect  
this level.

METHODS
Materials

All affinity reagents used in this work are listed in Supplementary 
Table S2. Conjugation reagents, paramagnetic beads, and assay buff-
ers were obtained from Quanterix Corporation. DNA oligos used in 
the MOSAIC assay were obtained from Integrated DNA Technolo-
gies. Antibodies used in final Simoa and MOSAIC assays (monoclo-
nals Ab6, Ab54, 62H12, and 34H7) were additionally validated by 
western blotting (Supplementary Fig. S15).

Preparation of Capture and Detector Reagents
All capture antibodies and nanobodies were obtained in or dia-

lyzed into phosphate-buffered saline (PBS). For the first-generation 
Simoa assay, 7 × 108 carboxylated paramagnetic 2.7-μm beads (Home-
brew Singleplex Beads, Quanterix Corp.) were first washed three 
times with 400 μL Bead Wash Buffer (Quanterix Corp.) and two times 
with 400 μL cold Bead Conjugation Buffer (Quanterix Corp.) before 
being resuspended in 390 μL cold Bead Conjugation Buffer. A 1-mg 
vial of 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide hydrochlo-
ride (EDC; Thermo Fisher Scientific) was then dissolved to 10 mg/mL 
in cold Bead Conjugation Buffer, and 10 μL was added to the beads. 
The beads were shaken for 30 minutes at 4°C to activate the carboxyl 
groups on the beads, which were then washed once with 400 μL cold 
Bead Conjugation Buffer and resuspended in the capture nanobody 
solution (10 μg nanobody total), diluted in Bead Conjugation Buffer 
to a final volume of 400 μL. The beads were shaken for two hours at 
4°C, washed twice with 400 μL Bead Wash Buffer, and resuspended 
in 400 μL Bead Blocking Buffer (Quanterix Corp.) before shaking at 
room temperature for 30 minutes to block the beads. After one wash 
each with 400 μL Bead Wash Buffer and Bead Diluent (Quanterix 
Corp.), the beads were resuspended in Bead Diluent and stored at 
4°C. Beads were counted with a Beckman Counter Z Series Particle 
Counter before using in assays. For second-generation Simoa assays, 
the following bead coupling conditions were used: 4.2 × 108 starting 
beads, 300 μL wash volumes, 6 μL EDC, and 40 μg antibody.

For biotinylation of detector antibodies or nanobodies, a 1-mg 
vial of Sulfo-NHS-LC-LC-biotin was freshly dissolved in 150 μL 
water and added at 80-fold molar excess to a 1 mg/mL solution of 
antibody or nanobody. The reaction mixture was incubated for 30 
minutes at room temperature and subsequently purified with an 
Amicon Ultra-0.5 mL centrifugal filter (50K and 10K cutoffs for 
antibody and dimeric nanobody, respectively). Five centrifugation 
cycles of 14,000 ×g for five minutes were performed, with the addition 
of 450 μL PBS each cycle. The purified biotinylated detector reagent 
was recovered by inverting the filter into a new tube and centrifuging 
at 1,000 ×g for two minutes. Concentration was quantified using a 
NanoDrop spectrophotometer.

Recombinant ORF1p Protein Production
ORF1p was prepared as described (25); briefly, codon-optimized 

human ORF1p corresponding to L1RP (L1 insertion in X-linked 
retinitis pigmentosa locus, GenBank AF148856.1) with N-terminal 
His6-TEV was expressed in E. coli, purified by Ni-NTA affinity, eluted, 
tag cleaved in the presence of RNaseA, and polished by size exclu-
sion in a buffer containing 50 mmol/L HEPES pH 7.8, 500 mmol/L 
NaCl, 10 mmol/L MgCl2, and 0.5 mmol/L tris(2-carboxyethyl) phos-
phine (TCEP), resulting in monodisperse trimeric ORF1p bearing an 
N-terminal glycine scar.

Nanobody Generation and Screening
Nanobodies were generated essentially as described (31, 32) using 

mass spectrometry/lymphocyte cDNA sequencing to identify anti-
gen-specific nanobody candidates. Briefly, a llama was immunized 
with monodisperse ORF1p, and serum and bone marrow were iso-
lated. The heavy chain-only IgG fraction (VHH) was isolated from 
serum and bound to a column of immobilized ORF1p. Bound pro-
tein was eluted in SDS and sequenced by mass spectrometry, utilizing 
a library derived from sequencing VHH fragments PCR-amplified 
from bone marrow–derived plasma cells. Candidate sequences were 
cloned into an E. coli expression vector with C-terminal His6 tag and 
expressed in 50 mL cultures in E. coli Arctic Express RP (Agilent) with 
0.2 mmol/L IPTG induction at 12°C overnight. Periplasmic extract 
was generated as follows: pellets were resuspended in 10 mL per L 
culture Tris EDTA and sucrose (TES) buffer (200 mmol/L Tris-HCl, 
pH 8.0, 0.5 mmol/L EDTA, and 500 mmol/L sucrose), 20 mL/L 
hypotonic lysis buffer added (TES buffer diluted 1:4 with ddH2O), 
supplemented with 1 mmol/L PMSF, 3 μg/mL Pepstatin A, incubated 
45 minutes at 4°C, and centrifuged at 25,000 × g for 30 minutes. The 
supernatant (periplasmic extract) was bound to ORF1p-conjugated 
Sepharose, washed 3 times, eluted with SDS at 70°C for 10 minutes, 
and periplasmic extract and elution were analyzed by SDS-PAGE to 
assay expression and yield. ORF1p-binding candidates were purified 
as below and analyzed by ELISA (Supplementary Fig. S7).

Nanobody and Multimeric Nanobody Purification
C-terminally His6-tagged nanobody constructs were expressed and 

purified essentially as described (31). Briefly, protein was expressed 
in E. coli Arctic Express RP (Agilent) with 0.2 mmol/L IPTG induc-
tion at 12°C overnight. Periplasmic extract (generated as above) was 
supplemented with 5 mmol/L MgCl2, 500 mmol/L NaCl, and 20 
mmol/L imidazole, purified by Ni-NTA chromatography, dialyzed 
into 150 mmol/L NaCl, 10 mmol/L HEPES, pH 7.4, and concen-
trated to 1 to 3 mg/mL by ultrafiltration. “5xCys tail” constructs were 
purified with the addition of 5 mmol/L TCEP-HCl in resuspension, 
wash, elution, and dialysis buffers.

SPR Assays
Binding kinetics (ka, kd, and KD) of antibody and nanobody con-

structs for ORF1p were obtained on a Biacore 8K instrument (Cytiva). 
Recombinant ORF1p was immobilized on a Series S CM5 sensor chip 
at 1.5 μg/mL using EDC/NHS coupling chemistry according to the 
manufacturer’s guidelines. Nanobodies and antibodies were pre-
pared as analytes and run in buffer containing 20 mmol/L HEPES 
pH 7.4, 150 mmol/L NaCl, and 0.05% Tween-20. Analytes were 
injected at 30 μL/minute in single-cycle kinetics experiments at con-
centrations of 0.1, 0.3, 1, 3.3, and 10 nmol/L, with association times 
of 120 to 180 seconds, and a dissociation time of 1,200 to 7,200 
seconds, depending on observed off-rate. Residual-bound protein 
was removed between experiments using 10 mmol/L glycine-HCl pH 
3.0. Data were analyzed using Biacore software, fitting a Langmuir 
1:1 binding model to sensorgrams to calculate kinetic parameters.

For epitope binning, pairs of antibodies were sequentially flowed 
over immobilized ORF1p using Biacore tandem dual injections 
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according to the manufacturer’s guidelines. Antibodies were injected 
at concentrations of 200 nmol/L with a flow rate of 10 μL/minute. 
Contact time for the first antibody was 120 seconds, followed by 
150 seconds for the second antibody, then a 30-second dissociation. 
Response signal for the second antibody was measured in a 10-second 
window at the beginning of dissociation. The chip was regenerated 
between experiments with glycine pH 3.0 as above. Data were ana-
lyzed using the Biacore software epitope binning module.

ORF1p Simoa Assays
Simoa assays were performed on an HD-X Analyzer (Quanterix 

Corp.), with all assay reagents and consumables loaded onto the 
instrument according to the manufacturer’s instructions. 250,000 
capture beads and 250,000 helper (nonconjugated) beads were used 
in each Simoa assay. A three-step assay configuration was used for 
the first- and second-generation assays, consisting of a 15-minute 
target capture step (incubation of capture beads with 100 μL sam-
ple), 5-minute incubation with detector reagent (0.3 μg/mL for both 
first- and second-generation assays), and 5-minute incubation with 
streptavidin-b-galactosidase (150 pmol/L for first-generation assay; 
300 pmol/L for second-generation assays). The beads were washed 
with System Wash Buffer 1 (Quanterix Corp.) after each assay step. 
Upon the final wash cycle, the beads were loaded together with the 
fluorogenic enzyme substrate resorufin b-D-galactopyranoside into 
a 216,000-microwell array, which was subsequently sealed with oil. 
Automated imaging and counting of “on” and “off” wells and calcu-
lation of average enzyme per bead were performed by the instrument. 
Calibration curves were fit using a 4PL fit with a 1/y2 weighting fac-
tor, and the limit of detection (LoD) was determined as three stand-
ard deviations above the blank.

All plasma and serum samples were diluted 4-fold in Homebrew 
Sample Diluent (Quanterix Corp.) with 1x Halt Protease Inhibitor 
Cocktail (Thermo Fisher), with an additional 1% Triton X 100 added 
in the second-generation assays. All recombinant ORF1p calibrators 
were run in triplicates, with four replicates for the blank calibrator, 
and all plasma and serum samples were run in duplicates. The aver-
age LoD across all sample runs was determined for each assay and 
depicted in each figure.

Healthy individual plasma and serum samples were obtained 
from the Mass General Brigham Biobank, with additional samples 
from the Penn Ovarian Cancer Research Center and Tomas Mustelin 
(University of Washington). Additional breakdown of patients within 
each cancer type, by demographic and clinicopathologic variables, 
where available, is included in Supplementary Figs. S2, S3, S7, S8, 
and S22, and Supplementary Table S12.

ORF1p Large-Volume MOSAIC Assays
MOSAIC assays were performed as previously described, using 

2 mL microcentrifuge tubes for the initial capture step. For each 
sample, 500 μL plasma was diluted 4-fold in Homebrew Sample 
Diluent with protease inhibitor and 1% Triton X 100 to a total vol-
ume of 2 mL. Briefly, 100,000 capture beads were incubated with 
a sample and mixed for 2 hours at room temperature, followed 
by magnetic separation and resuspended in 250 μL System Wash 
Buffer 1 before transferring to a 96-well plate. The beads were then 
washed with System Wash Buffer 1 using a Biotek 405 TS Micro-
plate Washer before adding 100 μL nanobody detector reagent 
(0.3 μg/mL, diluted in Homebrew Sample Diluent) and shaking the 
plate for 10 minutes at room temperature. After washing with the 
microplate washer, the beads were incubated with 100 μL strepta-
vidin-DNA (100 pmol/L, diluted in Homebrew Sample Diluent 
with 5 mmol/L EDTA and 0.02 mg/mL heparin) with shaking for 
10 minutes at room temperature, followed by another washing 
step. The beads were transferred to a new 96-well plate, manually 
washed with 180 μL System Wash Buffer 1, and resuspended in 

50 μL reaction mixture for rolling circle amplification (RCA). The 
RCA reaction mixture consisted of 0.33 U/μL phi29 polymerase, 
1 nmol/L ATTO647N-labeled DNA probe, 0.5 mmol/L deoxyri-
bonucleotide mix, 0.2 mg/mL bovine serum albumin, and 0.1% 
Tween-20 in 50 mmol/L Tris-HCl (pH 7.5), 10 mmol/L (NH4)2SO4, 
and 10 mmol/L MgCl2. The beads were shaken at 37°C for one 
hour, followed by the addition of 160 μL PBS with 5 mmol/L 
EDTA and 0.1% Tween-20. After washing the beads once with 
200 μL of the same buffer, the beads were resuspended in 140 μL 
buffer with 0.2% BSA. All samples were analyzed using a NovoCyte 
flow cytometer (Agilent) equipped with three lasers. Analysis of 
average molecule per bead values was performed as previously 
described using FlowJo software (BD Biosciences) and Python. 
All code used for MOSAIC data analysis can be downloaded as 
part of the waltlabtools.mosaic Python module, which is available 
at https://github.com/tylerdougan/waltlabtools.

Targeted Proteomics Analysis of 
Immunoprecipitated ORF1p

Protein levels of the LINE-1 ORF1p (UniProt ID: Q9UN81) were 
determined with targeted proteomics using isotopically labeled 
standard peptides (AQUA QuantProHeavy peptides with 13C15N-
labeled C-terminal lysine or arginine; Thermo Fisher) for accurate 
quantification. Assays were developed for two quantotypic peptides 
of ORF1p, namely, LSFISEGEIK and cysteine-alkylated NLEECITR 
(the approach is similar to the assay development described previ-
ously for other proteins (33)). Briefly, 3–6 mL patient plasma was 
diluted with an equal volume of 2× dilution buffer (PBS containing 
2% Triton X-100, 10 mmol/L EDTA, and 1 Pierce protease inhibitor 
tablet per 25 mL (2×  concentration, Thermo) for a final concentra-
tion of 1% Triton X-100, 5 mmol/L EDTA, and 1× protease inhibitor 
and bound to 7 million 62H12-conjugated magnetic beads for 1 hour 
at room temperature. Beads were washed 3 times with 5× PBS con-
taining 0.1% tween 20 and 1× protease inhibitor, then once with the 
same buffer lacking tween 20, and eluted in 50 μL buffer containing 
2% SDS and 50 mmol/L Tris pH 8.5 by heating for 5 minutes at 95°C 
with agitation. Separated eluates were subjected to in-gel digestion 
using trypsin (150 ng sequencing grade modified trypsin V5111; Pro-
mega) after reduction with 10 mmol/L dithiothreitol and alkylation 
with 55 mmol/L iodoacetamide proteins, prior to LC-MS analyses of 
the target peptides (33).

Classification Models
Classification models were trained for all healthy and all ovar-

ian cancer patients measured by the second-generation assays; and 
the subset of 51 ovarian cancer and 50 age-matched healthy female 
patients, obtained from Ronny Drapkin (University of Pennsylvania). 
Each data set contained no missing values, and the measurements in 
the data sets were log-transformed and normalized beforehand for 
classification analysis of healthy and ovarian cancer subjects. Logistic 
regression was used for the univariate classifier and the k-nearest 
neighbors and light gradient-boosting machine (LightGBM), which 
had the best performances among the classifiers, were used for 
the multivariate classifier, and implemented in Python 3.7.15 with 
scikit-learn version 1.0.2 package. Each classifier was given a weight 
optimization between classes to deal with data imbalance between 
healthy and cancer subjects, as well as hyperparameter tuning using 
grid search.

The performance of each biomarker in differentiating ovarian 
cancer subjects from healthy subjects was evaluated with 5-fold cross-
validation by calculating accuracy, precision, recall, f1-value, sensitiv-
ity, specificity, and area under the receiver-operating characteristic 
(ROC) curve (AUC). A stratified 5-fold cross-validation strategy ran-
domly splits the positive and negative samples into five equally sized 
subsets. One positive subset and one negative subset were selected as 
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the test data set each time, and the other samples were used to train 
a classification model.

In the multivariate analysis, the variance inflation factor (VIF) for 
the biomarkers was calculated, and any biomarkers with extremely 
high correlation with VIF greater than 10 were excluded from the 
classification model in advance.

BE Cases
A cohort of 75 esophageal biopsies with BE and varying degrees 

of dysplasia were assembled. Negative cases were screened to have no 
prior history of dysplasia. The mean age of the cohort was 67 years 
with a male predominance (M:F ratio  =  3.7:1). All samples were 
reanalyzed for histologic features of dysplasia by three experienced 
gastrointestinal pathologists (LRZ, VD, and OHY) who were blinded 
to the original diagnosis. A consensus was reached for 72 cases, and 
the consensus diagnosis was used as the gold standard. There was 
moderate agreement between pathologists (kappa 0.43–0.51).

Colon Cancer Tissue Microarray
A total of 178 sequential colorectal cancers resected by a single 

surgeon from 2011 to 2013 were assembled on a 3-mm core tissue 
microarray. All cases were independently scored by two pathologists. 
The mean age of the cohort was 65 years with 49.8% males. The mean 
follow-up was 25 months. At resection, 23% were stage I, 33% were 
stage II, 44% were stage III, and 1% were stage IV.

Ovarian Cancer Samples
Age-matched ovarian cancer (n = 53) and healthy control (n = 50) 

patient plasma samples were from the University of Pennsylvania 
Ovarian Cancer Research Center, OCRC Tumor BioTrust Collection, 
Research Resource Identifier (RRID): SCR_02287.

GE Cancer Treatment Cohort
Nineteen patients received systemic therapy, three of which also 

underwent surgical resection. Patients were treated with concurrent 
chemotherapy (carboplatin/taxol) and radiation (N = 3), fluorouracil/ 
leucovorin/oxaliplatin/docetaxel (FLOT, N  =  2), fluorouracil/leuco-
vorin/irinotecan/oxaliplatin (FOLFIRINOX, N  =  2), fluorouracil/
leucovorin/oxaliplatin (FOLFOX, N  =  9), FOLFOX  +  trastuzumab 
(N = 1), pembrolizumab (N = 1), or FOLFOX and then chemoradia-
tion (1). The mean age of the cohort was 76 years. All patients were 
male (100%). Fifty-eight percent had locally advanced disease (stage 
II–III) and 42% had advanced disease (stage IV) at the time of initial 
diagnosis. Sixty-eight percent (N  =  13) were deemed responders to 
therapy while 32% (N = 6) were deemed nonresponders to standard 
therapy on review of restaging imaging (CT and/or PET-CT) by inves-
tigators blinded to the assay results. Note that the on/posttreatment 
blood draw measured by Simoa often preceded these imaging studies.

Patient Consent
All plasma samples were obtained with informed written consent 

under IRB-approved protocols at Mass General Brigham (MGB), 
the University of Pennsylvania, and the University of Washington. 
All experiments with patient samples were conducted under IRB 
approval and in accordance with ethical guidelines in the Belmont 
Report. Tissue samples were obtained with consent, or, where appro-
priate, with waiver of consent under MGB-approved protocols.

Histochemistry. ORF1p IHC was performed essentially as des-
cribed using anti-ORF1 4H1 (Millipore; 8) diluted 1:3,000 and reopti-
mized on a Leica Bond system (17). Cases were scored by three 
experienced gastrointestinal pathologists (MST, VD, and OHY) at two 
institutions. LINE-1 in situ hybridization was performed as described 
using RNAscope catalog 565098 (Advanced Cell Diagnostics) on a 

Leica Bond system (17). The probe is complementary to the 5′  end 
of L1RP (L1 insertion in X-linked retinitis pigmentosa locus). Cases 
were scored by three experienced gastrointestinal pathologists (MST, 
VD, and OHY).

Survival Analysis. Kaplan–Meier (KM) curves (34) were com-
puted to study the association between overall survival and plasma 
ORF1p concentration in ovarian cancer, colorectal cancer, and 
esophageal cancer. To investigate the association with survival, we 
classified ORF1p concentrations in two different ways. First, by clas-
sifying each of the three assays as positive if the signal was above 
the LoD- in at least two out of three assays (majority vote method). 
Second, we evaluated whether ORF1p concentration measured by 
the most sensitive assay (62H12::Ab6) alone was associated with 
survival, classifying patients as ORF1p High and Low based on the 
cohort-specific median. The time variable was defined as days after 
diagnosis (GE and colorectal cancer) or treatment start (ovarian). Liv-
ing patients were censored at the date of the last assessment. Because 
age at diagnosis was significantly associated with poor prognosis in 
colorectal cancer and male sex was significantly associated with a 
poor prognosis in GE cancer, we applied a Cox proportional hazards 
regression model (35); ORF1p was found to be independently prog-
nostic (Supplementary Tables  S10 and S11). Survival objects and 
KM curves were computed using the survival, ggpubr, and survminer 
packages in R. All tests were performed using R version 4.3.1 (The R 
Project for Statistical Computing, https://www.R-project.org/). The 
proportional hazard assumption was tested by plotting the Schoe-
nfeld residuals and applying the Grambsch–Therneau test using the 
ggcoxdiagnostics function in R. The effect of influential observations 
was assessed by plotting the Deviance residuals using the ggcoxdiag-
nostics function in R. Original data for survival are provided in the 
“Supplementary Original Survival Data” file

Data Availability
Data were generated by the authors and included in the article 

and its supplementary data files. Survival and related assay data are 
provided in a supplementary file.
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