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Abstract 1 

Improved biomarkers are needed for early cancer detection, risk stratification, treatment 2 

selection, and monitoring treatment response. While proteins can be useful blood-based 3 

biomarkers, many have limited sensitivity or specificity for these applications. Long INterspersed 4 

Element-1 (LINE-1) open reading frame 1 protein (ORF1p) is a transposable element protein 5 

overexpressed in carcinomas and high-risk precursors during carcinogenesis with negligible 6 

expression in normal tissues, suggesting ORF1p could be a highly specific cancer biomarker. 7 

To explore ORF1p as a blood-based biomarker, we engineered ultrasensitive digital 8 

immunoassays that detect mid-attomolar (10-17 M) ORF1p concentrations in plasma across 9 

multiple cancers with high specificity. Plasma ORF1p shows promise for early detection of 10 

ovarian cancer, improves diagnostic performance in a multi-analyte panel, provides early 11 

therapeutic response monitoring in gastroesophageal cancers, and is prognostic for overall 12 

survival in gastroesophageal and colorectal cancers. Together, these observations nominate 13 

ORF1p as a multi-cancer biomarker with potential utility for disease detection and monitoring. 14 

 15 

Statement of Significance (50 word) 16 

The LINE-1 ORF1p transposon protein is pervasively expressed in many cancers and is a 17 

highly specific biomarker of multiple common, lethal carcinomas and their high-risk precursors in 18 
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tissue and blood. Ultrasensitive ORF1p assays from as little as 25 µL plasma are novel, rapid, 19 

cost-effective tools in cancer detection and monitoring. 20 

 21 

Introduction 22 

There is significant clinical need for non-invasive methods to detect, risk stratify, and monitor 23 

cancers over time. Many malignancies are diagnosed at late stages when disease is 24 

widespread, contributing significantly to cancer morbidity and mortality(1). In contrast, there is a 25 

likely window in early-stage disease when patients are typically asymptomatic, in which 26 

treatments can be much more effective. Biomarkers are also needed to assess likelihood of 27 

progression in patients with precursor lesions, to provide prognostic information, and to predict 28 

and monitor responses or resistance to treatment(2). Considerable advances have been made 29 

towards detecting circulating tumor DNA, circulating tumor cells, microRNAs, and extracellular 30 

vesicles as non-invasive cancer biomarkers(3). However, achieving high sensitivities and 31 

specificities, particularly in affordable, scalable, clinical grade screening assays for early cancer 32 

detection, remains a major challenge. The plasma proteome provides a rich reservoir of 33 

potential biomarkers(4), which may be used individually or in combination for Multi-Cancer Early 34 

Detection (MCED) assays(5). However, most readily detectable proteins, including CA125 and 35 

HE4(6), FDA-cleared markers for the differential diagnosis of pelvic masses,  are not sufficiently 36 

sensitive at the required high specificity(7) for cancer screening and/or are expressed in normal 37 

tissues and therefore lack the requisite specificity. 38 

 39 

We have previously shown that expression of long interspersed element-1 (L1, LINE-1)-40 

encoded open reading frame 1 protein (ORF1p) is a hallmark of many cancers(8), particularly 41 

p53-deficient epithelial cancers. These encompass many of the most commonly occurring and 42 

lethal human cancers, including esophageal, colorectal, lung, breast, prostate, ovarian, uterine, 43 

pancreatic, and head and neck cancers. L1 is the only active protein-coding transposon in 44 
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humans. We each inherit, dispersed throughout our genomes, a complement of active L1 loci 45 

encoding two proteins: ORF1p, the highly expressed RNA binding protein(8), and ORF2p, an 46 

endonuclease and reverse transcriptase with limited expression(9) that generates L1 insertions 47 

in cancer genomes(10-13). L1 expression is repressed in normal somatic tissues, resulting in 48 

either very low or undetectable levels of L1 RNA and protein that appear to originate from 49 

epithelium(9,14). Epigenetic dysregulation of L1 and L1 ORF1p overexpression begins early in 50 

carcinogenesis, and histologic precursors of ovarian, esophageal, colorectal, and pancreatic 51 

cancers studied all express ORF1p at varying levels(8,15). ORF1p is thus a promising highly 52 

specific cancer biomarker.  53 

 54 

Although elevated expression of ORF1p is readily detected by immunostaining in tumor tissue, 55 

ORF1p is found in plasma at low concentrations, well below detection limits of conventional 56 

clinical laboratory methods. We therefore applied the much more sensitive Single Molecule 57 

Arrays (Simoa), a digital bead-based ELISA technology, and in preliminary studies detected 58 

ORF1p in plasma at femtomolar levels in subsets of patients with advanced breast (33%, 59 

n=6)(16) and colorectal (90%, n=32)(17) cancers, respectively. Here, we assess the landscape 60 

of ORF1p plasma levels across multiple cancers, iteratively develop highly sensitive assays for 61 

potential applications in early or minimal residual disease detection, and provide evidence that 62 

plasma ORF1p may be an early indicator of therapeutic response.  63 

 64 

Results 65 

Because our preliminary survey of plasma ORF1p levels by Simoa in patients with advanced 66 

stage colorectal cancer (CRC) indicated detectable ORF1p levels in 90% of cases(17), higher 67 

than the proportion of CRCs we previously reported to express ORF1p by 68 

immunohistochemistry (50%, n=18)(8), we first sought to benchmark ORF1p in tissues. Using a 69 

re-optimized protocol(8), we stained 211 CRCs [178 sequential cases included on a tissue 70 
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microarray (TMA) as well as an additional 33 with matched plasma] and found 91% of CRC 71 

cases were immunoreactive for ORF1p (Fig. 1a). This result is consistent with genetic studies 72 

demonstrating somatic L1 retrotransposition in most CRCs(18), including activity in 73 

precancerous lesions antedating APC tumor suppressor loss(19-21). Similarly, genetic evidence 74 

shows esophageal adenocarcinoma (EAC) has high L1 activity(12), and L1 insertions occur in 75 

the highly prevalent Barrett’s esophagus (BE) precursor early in carcinogenesis(22,23). We 76 

therefore assembled a cross-sectional cohort of 72 BE cases with consensus diagnosis reached 77 

by three expert gastrointestinal pathologists from two institutions. L1 RNA and ORF1p 78 

expression were pervasive in dysplastic BE and present in 100% of 51 esophageal carcinomas 79 

(Fig. 1b,c); all five BE cases indefinite for dysplasia and positive for ORF1p and/or L1 RNA 80 

developed high grade dysplasia on subsequent biopsies. Overall, this picture is similar to high 81 

grade serous ovarian cancers (HGSOC), where ORF1p is expressed in 90% of cases and 90% 82 

of fallopian tube precursor lesions (serous tubal intraepithelial carcinomas, STICs)(8,15,24). The 83 

cumulative ORF1p staining data to date across carcinomas are summarized in Fig. 1d. Taken 84 

together, ORF1p tissue expression is highly prevalent in gastrointestinal and gynecologic 85 

carcinomas and high-risk precursor lesions. 86 

 87 

We next sought to extend our tissue findings and explore plasma ORF1p. We optimized our 88 

previously reported ORF1p Simoa assay and assessed the landscape of ORF1p levels in 89 

pretreatment plasma from patients with advanced cancers. This “first-generation” assay uses a 90 

recombinant, single-domain camelid nanobody (Nb5) as the capture reagent and a monoclonal 91 

antibody (Ab6) as the detector reagent and has a limit of detection of 0.056 pg/mL (~470 aM 92 

trimeric ORF1p), corresponding to 1.9 fM in plasma after correcting for sample dilution (Fig. 2a, 93 

Supplementary Table S1). With this assay, we surveyed multiple cancer types and >400 94 

‘healthy’ control individuals, who were without known cancer at the time blood was donated to 95 

the biobank. Plasma ORF1p appears to be a highly specific cancer biomarker, with 96 

D
ow

nloaded from
 http://aacrjournals.org/cancerdiscovery/article-pdf/doi/10.1158/2159-8290.C

D
-23-0313/3364105/cd-23-0313.pdf by R

ockefeller U
niversity user on 13 Septem

ber 2023



 5

undetectable levels in ~99% of controls (ages 20-90, Fig. 2b, Supplementary Fig. S1A-C). Of 97 

the five control patients with detectable ORF1p, the one with the highest ORF1p was found six 98 

months later to have advanced prostate cancer and 19 months later a cutaneous T cell 99 

lymphoma; limited clinical information is available for the other four positive ‘healthy’ individuals. 100 

With a cutoff set at 98% specificity in healthy controls, the highest proportions of ORF1p(+) 101 

cases were observed in colorectal (58%, n=101) and ovarian cancers (71%, n=145). While most 102 

of these patients had advanced-stage disease, plasma ORF1p remained detectable in several 103 

early-stage patients in the cohort, including in those with ovarian and lung cancers and in 5/18 104 

with intraductal papillary mucinous neoplasms in the pancreas (IPMN, Supplementary Fig. S2-105 

S4). Notably, four of eight stage I ovarian cancers in the cohort were positive (Supplementary 106 

Fig. S2), suggesting that plasma ORF1p may be an indicator of early-stage disease. As L1 107 

expression is also dysregulated in autoimmune disease and autoantibodies against ORF1p are 108 

prevalent in patients with systemic lupus erythematosus (SLE), we measured plasma ORF1p in 109 

30 SLE patients and observed no detectable levels (Supplementary Fig. S5)(25). Detectable 110 

ORF1p was seen in 1 of 30 patients with chronic liver disease; the one positive patient was 111 

subsequently diagnosed with hepatocellular carcinoma (Supplementary Fig. S5). Size 112 

exclusion chromatography analysis of patient plasma further showed that the majority of ORF1p 113 

resides outside extracellular vesicles (Supplementary Fig. S6A-B). Genomics analysis was 114 

available for a subset of patients in the lung cancer patient cohort (n=32); interestingly, 115 

detectable plasma ORF1p was associated with more genomic amplifications, higher tumor 116 

mutational burden (p=0.02 and 0.007, respectively, Wilcoxon test, Supplementary Fig. S7A), 117 

and tended to have more TP53 mutations and fewer KRAS mutations (Supplementary Fig. 118 

S7B). ORF1p did not correlate with PSA levels in prostate cancer patients (Supplementary 119 

Fig. S8). Together, these findings support the hypothesis that tumor-derived ORF1p can be 120 

found in the peripheral blood of cancer patients and may act as a cancer-specific biomarker.  121 

 122 
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Given the gap between proportions of ORF1p(+) cancers by tumor immunohistochemistry 123 

(~90% for CRC and HGSOC) versus by blood testing (~60-70%), we evaluated the possibility of 124 

increasing plasma assay sensitivity by decreasing the assay’s lower limit of detection. To this 125 

end, we developed a panel of ORF1p affinity reagents, including new recombinant rabbit 126 

monoclonal antibodies (RabMAbs) and engineered camelid nanobodies raised against 127 

recombinant human ORF1p. Because ORF1p is homotrimeric, we engineered multimeric 128 

nanobody reagents with the goal of enhancing binding affinity via increased avidity. These 129 

parallel development efforts ultimately yielded both improved nanobody and rabbit monoclonal 130 

antibody reagents with at least low-picomolar equilibrium dissociation constants (KD) 131 

(Supplementary Fig. S9-S14, Supplementary Tables S2-S4). Monoclonal antibodies were 132 

further validated by western blotting (Supplementary Fig. S15). Iterative screening of these 133 

reagents with Simoa using recombinant antigen and select patient plasma samples yielded 134 

three best-performing capture::detection pairs, termed “second-generation,” which use rabbit 135 

monoclonal antibodies 34H7 and 62H12 as capture reagents and either Ab6 or homodimeric 136 

form of Nb5 (Nb5-5LL) as detector (Fig. 3a-c, Supplementary Figs. S16-S19). Adding 137 

detergent further improved performance by limiting bead aggregation and improving bead 138 

loading into microwells. These second-generation assays achieve detection limits of 0.016-139 

0.029 pg/mL (130-240 aM trimeric ORF1p), and the four different reagents have predominantly 140 

non-overlapping epitopes in binning experiments (34H7 and 62H12 partially overlap, Fig. 3a-b, 141 

Supplementary Tables S1, S5-S6). Somewhat unexpectedly, analytical sensitivity of the assay 142 

(for detecting recombinant ORF1p in buffer) did not perfectly correspond to clinical sensitivity 143 

(for detecting ORF1p in cancer patient plasma). While the second-generation assays 144 

demonstrated less than an order-of-magnitude improvement in analytical sensitivity over the 145 

first-generation assay, they showed considerable improvement in circulating ORF1p 146 

detectability over background in buffer in re-measured samples across a large cohort of healthy 147 

and cancer patients (Fig 3b, Supplementary Fig. S20A-B). This difference may be due to 148 
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differing accessibilities of circulating ORF1p epitopes or to different nonspecific binding patterns 149 

in plasma.  150 

 151 

Undetectable or extremely low ORF1p levels in healthy individuals could readily be 152 

discriminated from measured ORF1p levels in ovarian cancer patients, resulting in a strong 153 

discriminatory ability with single-marker models (area under the receiver operating characteristic 154 

curve, AUCs of 0.93 to 0.948, sensitivity of 41% to 81% at 98% specificity, Fig. 3d top panel, 155 

Supplementary Table S7). This large cohort included pre-treatment plasma samples from a 156 

sub-cohort of ovarian cancer patients (mostly high-grade serous ovarian carcinoma, “Penn 157 

cohort”) with age-matched controls (n=51-53 women, Fig 3c); again, second-generation assays 158 

showed higher sensitivities while maintaining high specificities, notably achieving detection of 159 

five out of six Stage I/II patients at >98% specificity. Furthermore, multivariate models 160 

combining ORF1p (34H7::Nb5-5LL assay) with ovarian cancer biomarkers CA125 and HE4 161 

yielded improved diagnostic performance over these existing markers (CA125 and HE4 alone, 162 

AUC = 0.94, 59% sensitivity at 98% specificity; ORF1p, CA125, and HE4, AUC = 0.98, 91% 163 

sensitivity at 98% specificity; Fig 3d bottom panel, Supplementary Fig. S21; Supplementary 164 

Table S8). While it is not clear whether the low ORF1p levels detected in several healthy 165 

individuals is due to nonspecific binding, true background levels of ORF1p, or an unappreciated 166 

pre-malignant state, several positive healthy controls were positive by only one of the three 167 

second-generation assays (n=4 positive by only 62H12::Nb5-5LL and n=75 positive by only 168 

62H12:Ab6), suggesting nonspecific binding in at least some of these cases and the potential to 169 

improve specificity by combining data from multiple assays. Our results indicate that by 170 

developing improved affinity reagents, we achieved improved clinical sensitivity in detecting 171 

circulating ORF1p in cancer patients, with 83% sensitivity at >98% specificity towards early 172 

detection of ovarian cancer.  173 

 174 
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 8

Receptor subtypes were available for the breast cancer cohort, which includes 30 patients each 175 

with metastatic and localized disease (Supplementary Fig. S22A-B). Across all assays, triple 176 

negative tended to have higher positivity rates, but the most sensitive 2nd generation assay 177 

(62H12::Ab6) detected 96% of triple negative cases and 91% of the remaining cases 178 

(Supplementary Fig. S22) with 93% sensitivity for both localized and metastatic disease. 179 

Overall, metastatic disease was detected more commonly than localized disease (43% vs 6.7% 180 

for 1st generation assay, 67-93% vs. 23-93% for 2nd generation assays, depending on the 181 

assay), and all three 2nd generation assays had higher sensitivity than the 1st generation assay 182 

(Supplementary Fig. S22). 183 

 184 

To further validate our results, we developed a targeted proteomics approach to measure 185 

ORF1p following affinity capture, with two distinct peptides measured vs. internal isotopically 186 

labeled control peptides (Fig. 4a). With this assay, we applied much larger volumes of plasma 187 

(3-6 ml, 120-240 fold more than the 25 µL used in Simoa assays) from a cohort of 10 patients, 188 

including 2 gastroesophageal (GE) cancer patients and one healthy control with very high 189 

ORF1p (230-1230 pg/ml), two healthy controls with high ORF1p, (3-5 pg/ml), and 5 healthy 190 

controls with low ORF1p (undetectable – 0.2 pg/ml). The results (Fig. 4a-b, Supplementary 191 

Fig. S23A-D) show strong correlation with Simoa, providing further confidence in our results 192 

(r=0.97-0.99, p<0.0001, t test). 193 

 194 

Building on the improvements made through nanobody engineering in our second-generation 195 

assays, we developed an expanded set of homodimeric, heterodimeric, and heterotrimeric anti-196 

ORF1p nanobodies and screened them in combination with 34H7 and 62H12 capture 197 

antibodies, resulting in “third-generation” assays (Supplementary Figs. S11, S14, S24-25). We 198 

noticed that reagents containing Nb2 performed very well in SPR but poorly in Simoa detection, 199 

and we hypothesized this was because Nb2 contains a lysine in the CDR, which would be 200 
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biotinylated in the procedure, reducing affinity. We therefore engineered the new reagents to be 201 

C-terminally biotinylated on cysteine residues and varied linker sequence. Five of these assays, 202 

which utilize Nb2- and Nb9- containing constructs, outperform our second-generation assays in 203 

a cohort of 25 GE cancer patients with ORF1p measurements that were mostly undetectable 204 

previously, while maintaining high specificity versus healthy individuals (Fig. 5a, 205 

Supplementary  Fig. S25). 206 

 207 

To leverage more sensitive assays for ORF1p detection, we next tested ORF1p affinity reagents 208 

from one of the second-generation Simoa assays on our recently developed Molecular On-bead 209 

Signal Amplification for Individual Counting platform (MOSAIC, Fig. 5b). MOSAIC develops 210 

localized on-bead signal from single captured molecules, in contrast to the microwell array 211 

format in Simoa, and improves analytical sensitivity by an order of magnitude over Simoa via 212 

increasing the number of beads counted(26). Furthermore, as the developed Simoa assays 213 

used only 25 µL plasma, we hypothesized that using larger plasma volumes would enhance 214 

ORF1p detectability by increasing the number of analyte molecules present. By using a 20-fold 215 

higher sample volume (500 µL plasma) and the MOSAIC platform, we achieved ten-fold higher 216 

analytical sensitivity, with a limit of detection of 0.002 pg/ml ORF1p (17 aM trimer, 217 

Supplementary Fig. S26). Indeed, in a pilot cohort of gastroesophageal cancer and healthy 218 

patients, ORF1p levels in nine of ten previously undetectable cancer patients were readily 219 

discriminated from healthy individuals (Fig. 5c). Thus, in addition to improved affinity reagents, 220 

using larger sample volumes and more analytically sensitive technologies can further enhance 221 

both sensitivity and discrimination of circulating ORF1p levels between healthy controls and 222 

patients with cancer. The relative contributions of increased volume and the improved assay 223 

platform to the increased sensitivity remain to be explored; assay background seen in patient 224 

plasma (blue dashed line) but not in buffer (analytical limit of detection, red dashed line) will also 225 

require further optimization.  226 

D
ow

nloaded from
 http://aacrjournals.org/cancerdiscovery/article-pdf/doi/10.1158/2159-8290.C

D
-23-0313/3364105/cd-23-0313.pdf by R

ockefeller U
niversity user on 13 Septem

ber 2023



 10

 227 

To test whether ORF1p might be useful for monitoring therapeutic response, 19 patients with 228 

gastroesophageal cancer were identified who had both detectable plasma ORF1p at diagnosis 229 

as well as subsequent samples available collected during or after treatment (average 80 days 230 

after initiation of therapy, range 26-179 days). Primary tumors were all adenocarcinoma and 231 

located in the esophagus (n=7), gastroesophageal junction (n=7) and stomach (n=5). All 232 

patients received systemic therapy. A smaller fraction of patients also received radiation and/or 233 

surgery (Supplementary Table S9). Clinical response (‘Responders’ and ‘Non-Responders’) 234 

was determined by review of re-staging CT and PET-CT imaging by clinicians blinded to the 235 

assay results. Over an average of 465 days (range 98-1098), 12 patients died, six were alive at 236 

last follow-up (all ‘Responders’), and one was lost to follow-up. Non-Responders had higher pre-237 

treatment plasma ORF1p (Fig. 6a, left panel, p=0.02). All 6 patients with detectable ORF1p at 238 

follow-up sampling, as defined by positivity over background in two of three assays, were also 239 

Non-Responders by imaging (Fig. 6a, right panel, p<0.0001, Fisher’s Exact test) and had 240 

reduced survival (p = 0.001 log-rank test for overall survival). In contrast, in all 13 Responders, 241 

circulating ORF1p dropped to undetectable levels at follow-up sampling. Plasma ORF1p in four 242 

Responders and two Non-Responders was measured at an early timepoint of 26-33 days. The 243 

timing of sampling was not different between groups (average 93 days for Non-Responders, 74 244 

for Responders, p=0.5). Pre-therapy blood was drawn on an average of 20 days after diagnosis 245 

(range -8-48, average 22 for Non-Responders and 19 for Responders, p=0.6). Representative 246 

PET and PET-CT images are shown (Fig. 6b), both images are taken approximately two 247 

months after initiation of therapy, a month after the plasma ORF1p result. Thus, reduction in 248 

circulating ORF1p paralleled treatment response and survival, while persistent circulating 249 

ORF1p corresponded to patients with refractory disease, indicating the predictive potential of 250 

this marker. 251 

 252 
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Because these results indicated that pre-treatment plasma ORF1p levels might be prognostic, 253 

we evaluated the prognostic value of 2nd generation ORF1p Simoa assays in our cohorts of GE, 254 

CRC, and ovarian cancer patients. We stratified the patients based on either the median ORF1p 255 

value or ORF1p detectability (methods) and found that higher pre-therapy plasma ORF1p was 256 

significantly associated with poor survival in GE and CRC (Fig. 6c and Supplementary Fig. 257 

S27, p=0.0017 and 0.011, log rank test, respectively) but not in ovarian cancer (Supplementary 258 

Fig. S27). ORF1p remained significantly prognostic in multivariate analysis in GE and CRC 259 

(methods, Supplementary Figs. S28-29, Supplementary Tables S10-S11, Supplementary ). 260 

 261 

Discussion 262 

Taken together, our data reveal for the first time that circulating ORF1p is a multi-cancer protein 263 

biomarker with potential utility across clinical paradigms, including early detection, risk 264 

stratification, prognostication, and treatment response. These assays are enabled by 265 

ultrasensitive single-molecule detection technologies and high-quality affinity reagents, which 266 

are both required due to the attomolar-to-femtomolar circulating levels of ORF1p in cancer 267 

patients. Iterative improvements including optimized affinity reagents, buffer, and assay design 268 

yield highly sensitive and specific assays. A 20-fold volume scale-up to 500 µL appears 269 

promising for improving sensitivity without obviously compromising specificity, and this volume 270 

remains much smaller than a typical 5-10 mL blood draw and could be scaled further without 271 

limiting clinical applicability, although it remains unclear how much of this improvement was due 272 

to the increased volume or the MOSAIC platform itself; future studies are needed to address the 273 

relative contributions to sensitivity by sample volume and platform. The data strongly suggest 274 

that these assays are measuring bona fide tumor-derived circulating ORF1p for the following 275 

reasons: (1) four developed assays with predominantly non-overlapping high affinity reagents all 276 

measure similar levels across hundreds of samples; (2) levels appear specific to cancer 277 

patients, whose tumors overexpress ORF1p; (3) they correlate strongly with measurements 278 
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made by targeted proteomics, and (4), plasma levels pre- and on/post treatment correlated with 279 

therapeutic response. Nonetheless, the low levels of circulating ORF1p makes orthogonal 280 

confirmation in larger cohorts by any other method challenging, as even the most sensitive 281 

mass spectrometry assays have limits of detection orders of magnitude higher.  282 

 283 

The results expand our understanding that L1 expression is early and pervasive across 284 

carcinomas from multiple organs and high-risk precursor lesions, including dysplastic Barrett’s 285 

esophagus, which is challenging to diagnose and manage. Circulating ORF1p shows promise in 286 

early detection applications such as in ovarian cancer and may be more useful as part of a 287 

multi-analyte detection test combined with, for example, cfDNA methylation, longitudinal CA125 288 

in ovarian cancer, or CEA in colorectal cancer(3,5,27). We demonstrate that ORF1p is an early 289 

indicator of chemotherapeutic response in gastric and esophageal cancers at timepoints as 290 

short as 26 days, where other parameters are often ambiguous, opening possibilities for 291 

monitoring minimal residual disease or relapse. Shorter time intervals will be needed to 292 

understand whether ORF1p can monitor tumor lysis. Importantly, ORF1p appears to provide a 293 

level of specificity for cancers not achieved by other protein biomarkers, likely due to the unique 294 

biology of the retrotransposon, with repression of L1 in normal somatic tissue(9,13,14). ORF1p 295 

is therefore attractive as a putative “binary” cancer biomarker, in which a positive signal is highly 296 

specific for disease, with diagnostic utility both in tissue and plasma. 297 

 298 

The assays are cost-effective (<$3 in consumables), rapid (<two hours), simple to perform, 299 

scalable, and have clinical-grade coefficients of variation (<15%). Flow cytometers for MOSAIC 300 

are common in clinical reference laboratories, and the assay could be modified for DNA-based 301 

readout by qPCR or sequencing. Limitations of the current work include the relatively small 302 

numbers of early-stage samples, a small and heterogeneous gastroesophageal therapeutic 303 

cohort, and relatively small, heterogeneous, and mostly late-stage cohorts in survival analysis. 304 
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Larger cohorts will be needed for further validation. The results are limited thus far to 305 

carcinomas; hematologic, mesenchymal, skin, and central nervous system cancers have not yet 306 

been studied. Further optimizations to both assay design and reagents will likely be possible, 307 

and larger cohorts are needed to further validate and develop third generation Simoa assays 308 

and improved MOSAIC assays, including automation of MOSAIC for scalability. Finally, it is 309 

unclear how ORF1p, which is normally cytosolic, enters the blood and what clinicopathologic 310 

factors might affect these levels. While senescent and germ cells in humans and mice are 311 

known to produce ORF1p (28-30), they may release ORF1p differently than tumor cells or may 312 

not release appreciable ORF1p at all. Arguing against significant release from senescent or 313 

germ cells, there was no correlation of plasma ORF1p with age or sex in either healthy or 314 

cancer patient samples. Future work will also be needed to understand whether there is a 315 

normal baseline level of circulating ORF1p, as implied by the trace amounts seen when ORF1p 316 

was measured from much larger volumes of plasma using targeted mass spectrometry, and 317 

what factors affect this level.  318 

 319 

Materials and Methods 320 

Materials. All affinity reagents used in this work are listed in the Supplementary Information 321 

(Supplementary Table S2). Conjugation reagents, paramagnetic beads, and assay buffers 322 

were obtained from Quanterix Corporation. DNA oligos used in the MOSAIC assay were 323 

obtained from Integrated DNA Technologies. Antibodies used in final Simoa and MOSAIC 324 

assays (monoclonals Ab6, Ab54, 62H12, 34H7) were additionally validated by western blotting 325 

(Supplementary Fig. S15). 326 

Preparation of capture and detector reagents. All capture antibodies and nanobodies were 327 

obtained in or dialyzed into phosphate buffered saline (PBS). For the first-generation Simoa 328 
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assay, 7×108 carboxylated paramagnetic 2.7-𝜇m beads (Homebrew Singleplex Beads, 329 

Quanterix Corp.) were first washed three times with 400 𝜇L Bead Wash Buffer (Quanterix Corp.) 330 

and two times with 400 𝜇L cold Bead Conjugation Buffer (Quanterix Corp.) before being 331 

resuspended in 390 𝜇L cold Bead Conjugation Buffer. A 1 mg vial of 1-ethyl-3-(3-332 

dimethylaminopropyl) carbodiimide hydrochloride (EDC) (Thermo Fisher Scientific) was then 333 

dissolved to 10 mg/mL in cold Bead Conjugation Buffer, and 10 𝜇L was added to the beads. The 334 

beads were shaken for 30 minutes at 4°C to activate the carboxyl groups on the beads, which 335 

were then washed once with 400 𝜇L cold Bead Conjugation Buffer and resuspended in the 336 

capture nanobody solution (10 𝜇g nanobody total), diluted in Bead Conjugation Buffer to a final 337 

volume of 400 𝜇L. The beads were shaken for two hours at 4°C, washed twice with 400 𝜇L 338 

Bead Wash Buffer, and resuspended in 400 𝜇L Bead Blocking Buffer (Quanterix Corp.) before 339 

shaking at room temperature for 30 minutes to block the beads. After one wash each with 400 340 𝜇L Bead Wash Buffer and Bead Diluent (Quanterix Corp.), the beads were resuspended in 341 

Bead Diluent and stored at 4°C. Beads were counted with a Beckman Counter Z Series Particle 342 

Counter before using in assays. For second-generation Simoa assays, the following bead 343 

coupling conditions were used: 4.2×108 starting beads, 300 𝜇L wash volumes, 6 𝜇L EDC, and 344 

40 𝜇g antibody. 345 

For biotinylation of detector antibodies or nanobodies, a 1 mg vial of Sulfo-NHS-LC-LC-biotin 346 

was freshly dissolved in 150 𝜇L water and added at 80-fold molar excess to a 1 mg/mL solution 347 

of antibody or nanobody. The reaction mixture was incubated at 30 minutes at room 348 

temperature and subsequently purified with an Amicon Ultra-0.5 mL centrifugal filter (50K and 349 

10K cutoffs for antibody and dimeric nanobody, respectively). Five centrifugation cycles of 350 

14,000xg for five minutes were performed, with addition of 450 𝜇L PBS each cycle. The purified 351 

biotinylated detector reagent was recovered by inverting the filter into a new tube and 352 
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centrifuging at 1000xg for two minutes. Concentration was quantified using a NanoDrop 353 

spectrophotometer. 354 

Recombinant ORF1p protein production. ORF1p was prepared as described(25); briefly, 355 

codon optimized human ORF1p corresponding to L1RP (L1 insertion in X-linked retinitis 356 

pigmentosa locus, GenBank AF148856.1) with N-terminal His6-TEV was expressed in E. Coli, 357 

purified by Ni-NTA affinity, eluted, tag cleaved in the presence of RNaseA, and polished by size 358 

exclusion in a buffer containing 50 mM HEPES pH 7.8, 500 mM NaCl, 10 mM MgCl2, and 0.5 359 

mM tris(2-carboxyethyl) phosphine (TCEP), resulting in monodisperse trimeric ORF1p bearing 360 

an N-terminal glycine scar. 361 

Nanobody generation and screening. Nanobodies were generated essentially as 362 

decribed(31,32) using mass spectrometry/lymphocyte cDNA sequencing to identify antigen-363 

specific nanobody candidates. Briefly, a llama was immunized with monodisperse ORF1p, and 364 

serum and bone marrow were isolated. The heavy chain only IgG fraction (VHH) was isolated 365 

from serum and bound to a column of immobilized ORF1p. Bound protein was eluted in SDS 366 

and sequenced by mass spectrometry, utilizing a library derived from sequencing VHH 367 

fragments PCR-amplified from bone marrow-derived plasma cells. Candidate sequences were 368 

cloned into an E. coli expression vector with C-terminal His6 tag and expressed in 50 ml 369 

cultures in E. coli Arctic Express RP (Agilent) with 0.2 mM IPTG induction at 12°C overnight. 370 

Periplasmic extract was generated as follows: pellets were resuspended in 10 ml per L culture 371 

TES buffer (200 mM Tris-HCl, pH 8.0, 0.5 mM EDTA, and 500 mM sucrose), 20 ml/L hypotonic 372 

lysis buffer added (TES buffer diluted 1:4 with ddH2O), supplemented with 1 mM PMSF, 3 µg / 373 

ml Pepstatin A, incubated 45 min at 4°C, and centrifuged at 25,000 x g for 30 min. The 374 

supernatant (periplasmic extract) was bound to ORF1p-conjugated Sepharose, washed 3 times, 375 

eluted with SDS at 70°C for 10 min, and periplasmic extract and elution were analyzed by SDS-376 
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PAGE to assay expression and yield. ORF1p-binding candidates were purified as below and 377 

analyzed by ELISA (Supplementary Fig. S7).  378 

Nanobody and multimeric nanobody purification. C-terminally His6-tagged nanobody 379 

constructs were expressed and purified essentially as described(31). Briefly, protein was 380 

expressed in E. coli Arctic Express RP (Agilent) with 0.2 mM IPTG induction at 12°C overnight. 381 

Periplasmic extract (generated as above) was supplemented with 5 mM MgCl2, 500 mM NaCl, 382 

and 20 mM imidazole, purified by Ni-NTA chromatography, dialyzed into 150 mM NaCl, 10 mM 383 

HEPES, pH 7.4, and concentrated to 1-3 mg/ml by ultrafiltration. “5xCys tail” constructs were 384 

purified with the addition of 5 mM TCEP-HCl in resuspension, wash, elution, and dialysis 385 

buffers. 386 

Surface plasmon resonance (SPR) assays. Binding kinetics (ka, kd, and KD) of antibody and 387 

nanobody constructs for ORF1p were obtained on a Biacore 8K instrument (Cytiva). 388 

Recombinant ORF1p was immobilized on a Series S CM5 sensor chip at 1.5 µg/ml using 389 

EDC/NHS coupling chemistry according to the manufacturer’s guidelines. Nanobodies and 390 

antibodies were prepared as analytes and run in buffer containing 20 mM HEPES pH 7.4, 150 391 

mM NaCl, and 0.05% Tween-20. Analytes were injected at 30 µl/min in single-cycle kinetics 392 

experiments at concentrations of 0.1, 0.3, 1, 3.3, and 10 nM, with association times of 120-180 393 

sec, and a dissociation time of 1200-7200 sec, depending on observed off-rate. Residual bound 394 

protein was removed between experiments using 10 mM glycine-HCl pH 3.0. Data were 395 

analyzed using Biacore software, fitting a Langmuir 1:1 binding model to sensorgrams to 396 

calculate kinetic parameters. 397 

For epitope binning, pairs of antibodies were sequentially flowed over immobilized ORF1p using 398 

Biacore tandem dual injections according to the manufacturer’s guidelines. Antibodies were 399 

injected at concentrations of 200 nM with a flow rate of 10 µl/min. Contact time for the first 400 
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antibody was 120 sec, followed by 150 sec for the second antibody, then a 30 sec dissociation. 401 

Response signal for the second antibody was measured in a 10 sec window at the beginning of 402 

dissociation. The chip was regenerated between experiments with glycine pH 3.0 as above. 403 

Data were analyzed using the Biacore software epitope binning module.  404 

ORF1p Simoa assays. Simoa assays were performed on an HD-X Analyzer (Quanterix Corp.), 405 

with all assay reagents and consumables loaded onto the instrument according to the 406 

manufacturer’s instructions. 250,000 capture beads and 250,000 helper (non-conjugated) beads 407 

were used in each Simoa assay. A three-step assay configuration was used for the first- and 408 

second-generation assays, consisting of a 15-minute target capture step (incubation of capture 409 

beads with 100 𝜇L sample), 5-minute incubation with detector reagent (0.3 𝜇g/mL for both first- 410 

and second-generation assays), and 5-minute incubation with streptavidin-𝛽-galactosidase (150 411 

pM for first-generation assay; 300 pM for second-generation assays). The beads were washed 412 

with System Wash Buffer 1 (Quanterix Corp.) after each assay step. Upon the final wash cycle, 413 

the beads were loaded together with the fluorogenic enzyme substrate resorufin 𝛽-D-414 

galactopyranoside into a 216,000-microwell array, which was subsequently sealed with oil. 415 

Automated imaging and counting of “on” and “off” wells and calculation of average enzyme per 416 

bead (AEB) were performed by the instrument. Calibration curves were fit using a 4PL fit with a 417 

1/y2 weighting factor, and the limit of detection (LOD) was determined as three standard 418 

deviations above the blank.  419 

All plasma and serum samples were diluted four-fold in Homebrew Sample Diluent (Quanterix 420 

Corp.) with 1x Halt Protease Inhibitor Cocktail (ThermoFisher), with an additional 1% Triton-X 421 

100 added in the second-generation assays. All recombinant ORF1p calibrators were run in 422 

triplicates, with four replicates for the blank calibrator, and all plasma and serum samples were 423 

run in duplicates. The average LOD across all sample runs was determined for each assay and 424 

depicted in each figure.  425 
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Healthy individual plasma and serum samples were obtained from the Mass General Brigham 426 

Biobank, with additional samples from the Penn Ovarian Cancer Research Center and Tomas 427 

Mustelin (University of Washington). Additional breakdown of patients within each cancer type, 428 

by demographic and clinicopathological variables, where available, is included in 429 

Supplementary Figs. S2,S3, S7, S8, and S22 , and Supplementary Table S12. 430 

ORF1p large-volume MOSAIC assays. MOSAIC assays were performed as previously 431 

described, using 2 ml microcentrifuge tubes for the initial capture step. For each sample, 500 𝜇L 432 

plasma was diluted four-fold in Homebrew Sample Diluent with protease inhibitor and 1% Triton-433 

X 100 to a total volume of 2 mL. Briefly, 100,000 capture beads were incubated with sample and 434 

mixed for two hours at room temperature, followed by magnetic separation and resuspended in 435 

250 𝜇L System Wash Buffer 1 before transferring to a 96-well plate. The beads were then 436 

washed with System Wash Buffer 1 using a Biotek 405 TS Microplate Washer before adding 437 

100 𝜇L nanobody detector reagent (0.3 𝜇g/mL, diluted in Homebrew Sample Diluent) and 438 

shaking the plate for 10 minutes at room temperature. After washing with the microplate washer, 439 

the beads were incubated with 100 𝜇L streptavidin-DNA (100 pM, diluted in Homebrew Sample 440 

Diluent with 5 mM EDTA and 0.02 mg/mL heparin) with shaking for 10 minutes at room 441 

temperature, followed by another washing step. The beads were transferred to a new 96-well 442 

plate, manually washed with 180 𝜇L System Wash Buffer 1, and resuspended in 50 𝜇L reaction 443 

mixture for rolling circle amplification (RCA). The RCA reaction mixture consisted of 0.33 U/uL 444 

phi29 polymerase, 1 nM ATTO647N-labeled DNA probe, 0.5 mM deoxyribonucleotide mix, 0.2 445 

mg/mL bovine serum albumin, and 0.1% Tween-20 in 50 mM Tris-HCl (pH 7.5), 10 mM 446 

(NH4)2SO4, and 10 mM MgCl2. The beads were shaken at 37°C for one hour, followed by addition 447 

of 160 𝜇L PBS with 5 mM EDTA and 0.1% Tween-20. After washing the beads once with 200 448 𝜇L of the same buffer, the beads were resuspended in 140 𝜇L buffer with 0.2% BSA. All 449 

samples were analyzed using a NovoCyte flow cytometer (Agilent) equipped with three lasers. 450 
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Analysis of average molecule per bead (AMB) values was performed as previously described 451 

using FlowJo software (BD Biosciences) and Python. All code used for MOSAIC data analysis 452 

can be downloaded as part of the waltlabtools.mosaic Python module, which is available at 453 

https://github.com/tylerdougan/waltlabtools. 454 

Targeted proteomics analysis of immunoprecipitated ORF1p. Protein levels the LINE-1 455 

ORF1p (UniProt ID: Q9UN81) were determined with targeted proteomics using isotopically-456 

labeled standard peptides (AQUA QuantProHeavy peptides with 13C15N-labeled C-terminal 457 

lysine or arginine, Thermo Fisher) for accurate quantification. Assays were developed for two 458 

quantotypic peptides of ORF1p, namely LSFISEGEIK and cysteine-alkylated NLEECITR (the 459 

approach is similar to the assay development described previously for other proteins(33)). 460 

Briefly, 3-6 mL patient plasma was diluted with an equal volume of 2x dilution buffer (PBS 461 

containing 2% Triton X-100, 10 mM EDTA, and 1 Pierce protease inhibitor tablet per 25 ml (2x 462 

concentration, Thermo) for a final concentration of 1% Triton X-100, 5 mM EDTA, and 1x 463 

protease inhibitor and bound to 7 million 62H12-conjugated magnetic beads for 1 hour at room 464 

temperature. Beads were washed 3 times with 5x PBS containing 0.1% tween 20 and 1x 465 

protease inhibitor, then once with the same buffer lacking tween 20, and eluted in 50 µl buffer 466 

containing 2% SDS and 50 mM Tris pH 8.5 by heating for 5 minutes at 95°C with agitation. 467 

Separated eluates were subjected to in-gel digestion using trypsin (150 ng sequencing grade 468 

modified trypsin V5111; Promega) after reduction with 10 mmol/L dithiothreitol and alkylation 469 

with 55 mmol/L iodoacetamide proteins, prior to LC-MS analyses of the target peptides(33).   470 

Classification models. Classification models were trained for (1) all healthy and all ovarian 471 

cancer patients measured by the second-generation assays; and (2) the subset of 51 ovarian 472 

cancer and 50 age-matched healthy female patients, obtained from Ronny Drapkin (University 473 

of Pennsylvania). Each dataset contained no missing values, and the measurements in the 474 

datasets were log-transformed and normalized beforehand for classification analysis of healthy 475 
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and ovarian cancer subjects. Logistic regression was used for the univariate classifier and the k-476 

nearest neighbors (KNN) and light gradient-boosting machine (LightGBM), which had the best 477 

performances among the classifiers, were used for the multivariate classifier, and implemented 478 

in Python 3.7.15 with scikit-learn version 1.0.2 package. Each classifier was given a weight 479 

optimization between classes to deal with data imbalance between healthy and cancer subjects, 480 

as well as hyperparameter tuning using grid search. 481 

The performance of each biomarker in differentiating ovarian cancer subjects from healthy 482 

subjects was evaluated with fivefold cross validation by calculating accuracy, precision, recall, 483 

f1-value, sensitivity, specificity, and area under the receiver-operating characteristic (ROC) 484 

curve (AUC). A stratified five-fold cross-validation strategy randomly splits the positive and 485 

negative samples into five equally sized subsets. One positive subset and one negative subset 486 

were selected as the test dataset each time, and the other samples were used to train a 487 

classification model. 488 

In the multivariate analysis, the Variance Inflation Factor (VIF) for the biomarkers was 489 

calculated, and any biomarkers with extremely high correlation with VIF greater than 10 were 490 

excluded from the classification model in advance. 491 

Barrett’s esophagus cases. A cohort of 75 esophageal biopsies with BE and varying degrees 492 

of dysplasia were assembled. Negative cases were screened to have no prior history of 493 

dysplasia. The mean age of the cohort was 67 years with a male predominance (M:F ratio = 494 

3.7:1). All samples were re-analyzed for histological features of dysplasia by three experienced 495 

gastrointestinal pathologists (LRZ, VD, OHY) who were blinded to the original diagnosis. A 496 

consensus was reached for 72 cases and the consensus diagnosis was used as the gold 497 

standard. There was moderate agreement between pathologists (kappa 0.43-0.51).  498 

Colon cancer tissue microarray. 178 sequential CRCs resected by a single surgeon from 499 

2011-2013 were assembled on a 3 mm core tissue microarray. All cases were independently 500 
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scored by two pathologists. The mean age of the cohort was 65 years with 49.8% males. Mean 501 

follow-up was 25 months. At resection, 23% were stage I, 33% were stage II, 44% were stage 502 

III, and 1% were stage IV. 503 

Ovarian Cancer Samples. Age-matched ovarian cancer (n=53) and healthy control (n=50) 504 

patient plasma samples were from University of Pennsylvania Ovarian Cancer Research 505 

Center, OCRC Tumor BioTrust Collection, Research Resource Identifier (RRID): SCR_02287. 506 

Gastroesophageal cancer treatment cohort. Nineteen patients received systemic therapy, 3 507 

of which also underwent surgical resection. Patients were treated with concurrent chemotherapy 508 

(carboplatin/taxol) and radiation (N=3), fluorouracil/ leucovorin/ oxaliplatin/ docetaxel (FLOT, 509 

N=2), fluorouracil/ leucovorin/ irinotecan/ oxaliplatin (FOLFIRINOX, N=2), fluorouracil/ 510 

leucovorin/ oxaliplatin (FOLFOX, N=9), FOLFOX + trastuzumab (N=1), pembrolizumab (N=1) or 511 

FOLFOX then chemoradiation (1). The mean age of the cohort was 76 years. All patients were 512 

male (100%). Fifty-eight percent had locally advanced disease (stage II-III) and 42% had 513 

advanced disease (stage IV) at the time of initial diagnosis. Sixty-eight percent (N=13) were 514 

deemed Responders to therapy while 32% (N=6) were deemed Non-Responders to standard 515 

therapy on review of re-staging imaging (CT and/or PET-CT) by investigators blinded to the 516 

assay results. Note that the on/post-treatment blood draw measured by Simoa often preceded 517 

these imaging studies. 518 

Patient Consent. All plasma samples were obtained with informed written consent under IRB 519 

approved protocols at Mass General Brigham (MGB), University of Pennsylvania, and University 520 

of Washington. All experiments with patient samples were conducted under IRB approval and in 521 

accordance with ethical guidelines in the Belmont Report. Tissue samples were obtained with 522 

consent, or, where appropriate, with waiver of consent under MGB approved protocols. 523 

 524 

Histochemistry: ORF1p immunohistochemistry was performed essentially as described 525 

using anti-ORF1 4H1 (Millipore)(34) diluted 1:3000 and re-optimized on a Leica Bond 526 
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system(17). Cases were scored by three experienced gastrointestinal pathologists (MST, VD, 527 

OHY) at two institutions. LINE-1 in situ hybridization was performed as described using 528 

RNAscope catalog 565098 (Advanced Cell Diagnostics) on a Leica Bond system(17). The 529 

probe is complementary to the 5’ end of L1RP (L1 insertion in X-linked retinitis pigmentosa 530 

locus). Cases were scored by three experienced gastrointestinal pathologists (MST, VD, OHY). 531 

Survival Analysis: Kaplan-Meier (KM) curves(35) were computed to study the association 532 

between overall survival and plasma ORF1p concentration in ovarian cancer, colorectal cancer 533 

and esophageal cancer. To investigate the association with survival, we classified ORF1p 534 

concentrations in two different ways. First, by classifying each of the three assays as positive if 535 

the signal was above the limit of detection (LoD)- in at least two out of three assays (majority 536 

vote method). Second, we evaluated whether ORF1p concentration measured by the most 537 

sensitive assay (62H12::Ab6) alone was associated with survival, classifying patients as ORF1p 538 

High and Low based on the cohort-specific median. The time variable was defined as days after 539 

diagnosis (GE and CRC) or treatment start (ovarian). Living patients were censored at the date 540 

of last assessment. Because age at diagnosis was significantly associated with poor prognosis 541 

in CRC and male sex was significantly associated with a poor prognosis in GE cancer, we 542 

applied a Cox proportional hazards regression model(36); ORF1p was found to be 543 

independently prognostic (Supplementary Tables S10-S11). Survival objects and KM curves 544 

were computed using the survival, ggpubr and survminer packages in R. All tests were 545 

performed using R version 4.3.1 (The R Project for Statistical Computing, https://www.R-546 

project.org/). The proportional hazard assumption was tested by plotting the Schoenfeld 547 

residuals and applying the Grambsch-Therneau test using the ggcoxdiagnostics function in R. 548 

The effect of influential observations was assessed by plotting the Deviance residuals using the 549 

ggcoxdiagnostics function in R. Original data for survival are provided in a file “Supplementary 550 

Original Survival Data".  551 

 552 
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Data Availability. Data were generated by the authors and included in the article and its 553 
supplementary data files. Survival and related assay data are provided in a supplementary file. 554 
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 705 

Figure Legends  706 

Figure 1. ORF1p expression is early and pervasive in carcinomas. a, ORF1p immunostaining in 707 

a cohort of 211 colorectal cancers. b, Representative BE case: lesional cells overexpress p53, 708 

the L1 RNA, and ORF1p. c, L1 RNA and ORF1p overexpression across a cohort of 72 709 

consensus BE cases and 51 carcinomas. d, Summary overview of current data on ORF1p 710 

tissue expression in carcinomas (by IHC); early data are from Rodić et al. (8), large cohort colon 711 

and gastroesophageal and small cohorts (n<30) are from this study, large cohort ovarian and 712 

uterine are from Pisanic et al. (15) and Zhouchunyang et al. (24).  713 

 714 

Figure 2. Highly Specific Detection of Carcinomas with the First-Generation ORF1p Simoa 715 

Assay. a, Schematic of single-molecule protein detection by Simoa; a first-generation assay is 716 

shown. Antibody/nanobody-coated magnetic beads, present in excess relative to target, capture 717 

single target ORF1p molecules; in the first-generation assay, beads are conjugated with α-718 

ORF1p capture nanobody 5 (Nb5). Enzyme-labeled α-ORF1p detection reagent (here, an 719 

antibody, Ab6) is added, forming an “immunosandwich”, beads are loaded into microwells that 720 

each can hold at most one bead, and ORF1p molecules are then digitally detected using a 721 

fluorogenic substrate by counting “on” wells. b, First-generation ORF1p Simoa detects plasma 722 

ORF1p with high specificity across major carcinomas. Pie charts indicate percentage of 723 

samples with detectable levels; dashed red line, LOD. **, this patient was thought to be ‘healthy’ 724 

at the time of blood donation but was six months later found to have prostate cancer and 19 725 

months later found to have lymphoma. 726 

 727 

Figure 3. Improved detection of ORF1p with second-generation assays. a, Schematic of affinity 728 

reagents used. 34H7 and 62H2 are custom mAbs; Nb5-5LL is an engineered homodimeric 729 
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nanobody. b, 34H7::Nb5-5LL second-generation assay measurements across a multi-cancer 730 

cohort. c, Ovarian cancer patients with age- and gender-matched controls in first- and second-731 

generation assays; patients are a subset of those in 3b; red dots: stage I disease, orange dots: 732 

stage II disease. d, ROC curves with single marker ORF1p across all healthy and ovarian 733 

cancer patients (top, n=128-132 cancer, 447-455 healthy), and multivariate models for ovarian 734 

(bottom, n=51-53 cancer, 50 healthy).  735 

 736 

Figure 4. Targeted proteomics measurements of plasma ORF1p from large sample volumes. a, 737 

ORF1p measured from two  gastric cancer patients using two quantotypic peptides 738 

(LSFISEGEIK and NLEECIR, red traces) with internal isotopically labeled standards (blue 739 

traces) ; a high-ORF1p cancer patient (1231 pg/ml by Simoa, 3.5 ml plasma used for 740 

immunoprecipitation (IP)) and high-ORF1p healthy patient (3.0 pg/ml by Simoa, 5 ml plasma 741 

used for IP) are shown with 900 amol standard injected. b, Correlation between measured 742 

ORF1p by Simoa and targeted proteomics assays; r=0.97 (Simoa vs LSFISEGEIK) and r=0.99 743 

(Simoa vs NLEECIR, t test), p<0.0001 for both.  744 

 745 

Figure 5. Improved detection of ORF1p with third-generation Simoa assays and with MOSAIC 746 

assays. a, Comparison of 2nd and 3rd generation Simoa assays (25 µL) in 25 mostly 747 

undetectable gastroesophageal (GE) cancer and healthy control patients. b, Schematic of 748 

MOSAIC assays. Captured single molecule “immunosandwiches” are formed analogously to 749 

Simoa assays. DNA-conjugated streptavidin enables rolling circle amplification to be carried out, 750 

generating a strong local fluorescent signal on the bead surface, and then “on” and “off” beads 751 

are quantified by flow cytometry, allowing efficient sampling of larger numbers of capture beads. 752 

This results in improved sensitivity and multiplexing capabilities. c, 37H7::Nb5-5LL MOSAIC and 753 

Simoa assays in 10 previously-undetectable GE cancer and healthy control patients. Red 754 

dashed lines indicate analytical limit of detection (LoD) for recombinant ORF1p in buffer. Blue 755 
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dashed line in panel c indicates plasma-specific background in large volume MOSAIC assays, 756 

which is used to determine positivity in the pie-charts. 757 

 758 

Figure 6.ORF1p is an early predictor of response in 19 gastroesophageal (GE) patients 759 

undergoing chemo/chemoradiotherapy and is prognostic in GE and colorectal cancers (CRC). 760 

Responders and Non-Responders were characterized retrospectively by medical oncologists 761 

blinded to the assays results by post-therapy, pre-surgery imaging. a, Plasma ORF1p as 762 

measured by all three second-generation Simoa assays before and during/post treatment; left 763 

panel: Non-Responders have higher pre-treatment ORF1p than Responders (p=0.02, t-test); 764 

right panel: ORF1p pre- and on/post therapy classifies Responders and Non-Responders; 765 

p<0.0001, Fisher’s exact test. b, Representative CT and PET-CT from patients in the cohort. 766 

The representative Non-Responder has the second-highest plasma ORF1p pre-treatment (25.8 767 

pg/ml), which increased to 43.0 pg/ml at day 28 of FOLFOX therapy (47  days after diagnosis), 768 

concomitant with increased sizes and number of hepatic metastases seen on CT at day 61. The 769 

representative Responder has the fourth-highest plasma ORF1p value in the cohort of 770 

Responders (0.83 pg/ml), which decreased to undetectable at day 26 of CROSS therapy (48 771 

days after diagnosis); the displayed PET-CT is 59 days after initiation of therapy, 31 days after 772 

the second ORF1p measurement. c, Kaplan-Meier survival analysis of patients categorized as 773 

plasma ORF1p-high and ORF1p-low based on the median plasma ORF1p assay value shows 774 

significantly longer survival for ORF1p-low patients with GE (stages III-IV, p=0.0017, log rank 775 

test) and CRC (all stage IV, p=0.011, log rank test). Shaded regions represent 95% confidence 776 

intervals. 777 
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