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Abstract

Circulating tumor DNA (ctDNA) molecular residual disease (MRD) following curative-intent 

treatment strongly predicts recurrence in multiple tumor types, but whether further treatment can 
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improve outcomes in patients with MRD remains unclear. We applied CAPP-Seq ctDNA analysis 

to 218 samples from 65 patients receiving chemoradiation therapy (CRT) for locally advanced 

NSCLC, including 28 patients receiving consolidation immune checkpoint inhibition (CICI). 

Patients with undetectable ctDNA after CRT had excellent outcomes whether or not they received 

CICI. Among such patients, one died from CICI-related pneumonitis, highlighting the potential 

utility of only treating patients with MRD. In contrast, patients with MRD after CRT who received 

CICI had significantly better outcomes than patients who did not receive CICI. Furthermore, the 

ctDNA response pattern early during CICI identified patients responding to consolidation therapy. 

Our results suggest that CICI improves outcomes for NSCLC patients with MRD and that ctDNA 

analysis may facilitate personalization of consolidation therapy.

Introduction

Lung cancer is the leading cause of cancer deaths worldwide1. Patients with unresectable 

locoregionally advanced non-small cell lung cancer (NSCLC) are primarily managed with 

definitive chemoradiation (CRT)2, but long-term survival is poor and most patients develop 

progressive disease3. Consolidation immune checkpoint inhibition (CICI) following CRT 

was recently shown to improve progression-free and overall survival in patients with 

NSCLC4. However, a significant fraction of such patients are cured by CRT alone5, and 

tumors recur in the majority of patients despite CICI therapy4, suggesting opportunities for 

further personalization of treatment. Furthermore, since gross disease is either cleared by 

CRT or difficult to distinguish from normal tissue changes induced by radiation therapy, 

tracking response to CICI is usually not possible using current standard-of-care radiologic 

studies.

Tumors release circulating tumor DNA (ctDNA) into peripheral blood that can be detected 

and quantified in liquid biopsies to monitor treatment responses6. Detection of circulating 

tumor DNA molecular residual disease (MRD) following curative-intent treatment predicts 

the development of progressive disease across multiple tumor types7–11, and we previously 

showed that detection of MRD following CRT predicts the development of progressive 

disease in NSCLC with high sensitivity and specificity12. However, it remains unclear if 

CICI can improve outcomes in these patients, especially because CICI may only be able to 

improve outcomes in patients with residual disease levels too low to be detected by ctDNA 

analysis. Accordingly, we performed a retrospective study examining whether ctDNA could 

serve as a biomarker both to identify NSCLC patients treated with CRT who might benefit 

from CICI and to track treatment responses.

Results

Patient characteristics and pre-treatment ctDNA detection

Using Cancer Personalized Profiling by deep Sequencing (CAPP-Seq), we analyzed 218 

blood and tissue samples that had been prospectively collected for the purpose of ctDNA 

analysis from two cohorts of patients with localized NSCLC treated with definitive CRT 

with or without CICI (Fig. 1a). The first cohort of 37 patients received CRT without CICI 

as part of the therapeutic care standard prior to regulatory approval of durvalumab (No CICI 
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cohort), with 17 patients having been previously reported in a prior study12. Plasma samples 

were collected pretreatment and within 4 months of completing all first line therapy for 

localized NSCLC (post-CRT). The second cohort consisted of 28 patients receiving CRT 

followed by CICI (CICI cohort). Plasma samples were collected pretreatment, a median 

of 1 week after completing CRT prior to starting CICI (pre-CICI), and a median of 11 

weeks into CICI therapy (early on-CICI). The majority of patients in the CICI cohort 

received commercial durvalumab (79%) and the remainder received atezolizumab as part 

of the DETERRED trial (NCT02525757). All patients had unresectable stage IIB-IIIB 

NSCLC with most having locally advanced disease. The median radiation dose was 66 

Gy delivered in 30 fractions, and carboplatin/paclitaxel was the most common concurrent 

chemotherapy regimen in both cohorts. Median follow-up was 19 months from the start 

of CRT. Baseline patient characteristics were not significantly different between the two 

cohorts (Supplementary Table S1).

In order to enable tumor-informed ctDNA MRD detection which increases sensitivity 

compared to tumor-naive cfDNA analysis, tumor genotyping was performed before first 

line therapy, with 11 patients profiled using tumor tissue and the remaining 54 patients 

genotyped using pretreatment plasma (Fig. 1b). We observed the expected frequency of 

mutations in canonical lung cancer driver genes in both cohorts13,14, including in genes 

such as TP53, KEAP1, KRAS, EGFR, STK11, MET, PIK3CA, CDKN2A, and PTEN 
(Supplementary Table S2-5). The median tumor mutational burden was 6.2 non-synonymous 

mutations per Mb as inferred from CAPP-Seq12. Pretreatment ctDNA was detected in 

78% of patients in the No CICI cohort with a median concentration of 25.1 haploid 

genome equivalents per ml (hGE/ml) and 75% of patients in the CICI cohort with a 

median concentration of 21.6 hGE/ml (P=0.86 for percent detected and P=0.99 for median 

concentration). Thirteen patients (20%) were excluded from the ctDNA monitoring analysis 

because tumor tissue was not available and no variants were detected in the pretreatment 

plasma sample using tumor-naïve calling. The pre-CICI sample for LUP464 was excluded 

from analysis due to insufficient cell-free DNA input for sequencing. A median of 8 

variants were monitored in patients with tumor genotyping performed on tumor tissue, and 

a median of 4 variants were monitored in patients with tumor genotyping performed from 

pre-treatment plasma.

Monitoring ctDNA in patients with NSCLC treated with CRT with or without CICI

We first sought to validate our previous observation that MRD after CRT alone can 

predict the development of progressive disease12. Excluding the 17 patients analyzed in 

our previous study, 12 patients in the No CICI cohort had variants called from tumor tissue 

or pre-treatment plasma. Of these previously uncharacterized patients, ctDNA was detected 

in 6 patients at the post-CRT sample (50%, Extended Data 1a). Freedom from progression 

(FFP) 24 months after starting CRT was 0% in patients with detectable ctDNA as compared 

with 100% in patients with undetectable ctDNA (P=0.0006, Extended Data 1b). These 

results validate our prior observation that MRD is highly prognostic for risk of progressive 

disease after CRT12.
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Next, we performed serial ctDNA monitoring in the CICI cohort before and early during 

CICI (Fig. 2a). Among the 8 patients who progressed, ctDNA was detected prior to or at 

the time of disease progression in all patients (100%), with mean lead time of 4.1 months 

between ctDNA detection and radiographic progression. Detection of ctDNA pre-CICI or 

early on-CICI was a strong predictor of risk of disease progression (Fig. 2b). Six of the 

7 patients (86%) with ctDNA detected in the early on-CICI sample developed progressive 

disease compared with 2 of the 15 patients (13%) with ctDNA not detected. In patients with 

detectable ctDNA in the early on-CICI sample, we observed 0% FFP at 12 months after 

starting CRT as compared with 87.5% in patients with undetectable ctDNA (P<0.0001, HR 

84.4, 95% CI 12.3–579.9, Fig. 2c). These results demonstrate that detectable ctDNA after 

starting CICI is highly prognostic.

Undetectable ctDNA after CRT

We next sought to determine if ctDNA detection after CRT could identify patients who 

are most likely to benefit from CICI. The majority of patients in our CICI cohort had 

undetectable ctDNA after CRT (n=13; 59%). Outcomes of these patients were excellent, 

with a one-year FFP of 80%. Among the patients in this group, two clinical vignettes are 

instructive (LUP838 and LUP893, Fig. 3a,b). Most patients had courses similar to LUP838, 

who had detectable ctDNA prior to CRT for stage IIIA lung squamous cell carcinoma (Fig. 

3a). Specifically, 1.5 months after completing CRT and before starting CICI, ctDNA was 

undetectable. At the early on-CICI time point 1.5 months into consolidation immunotherapy 

and at last follow-up 15 months after starting CRT, ctDNA remained undetectable and there 

was no evidence of disease.

In stark contrast, the experience of a second patient in this group (LUP893) highlights how 

the personalization of CICI based on MRD could have clinical utility. LUP893 received 

CRT with carboplatin and paclitaxel and 66 Gy in 30 fractions to the right upper lobe 

for stage IIIB lung squamous cell carcinoma, and ctDNA became undetectable (Fig. 3b). 

Shortly after starting CICI, he developed worsening cough and shortness of breath and 

died of respiratory failure despite aggressive management. Autopsy showed an acute and 

organizing pneumonia in the bilateral lungs outside of the irradiated region consistent with 

drug-induced pneumonitis most likely from immunotherapy15. There was no evidence of 

residual carcinoma.

To explore if the potential toxicity associated with CICI might be avoidable in patients such 

as LUP893, we compared outcomes of patients with undetectable ctDNA after CRT who 

received CICI (n=13) to patients with negative ctDNA after CRT but did who not receive 

CICI (n=12). Strikingly, FFP between these two groups was statistically indistinguishable 

(P=0.23, Fig. 3c). While our analysis was not powered to detect small differences in 

outcome, these results suggest that patients with negative ctDNA after CRT may not derive a 

large benefit from CICI.

Detectable ctDNA after CRT and ctDNA dynamics during CICI

In contrast to patients with undetectable ctDNA after CRT, patients with detectable ctDNA 

after CRT in the CICI cohort (n=9, 41%) had significantly better FFP than patients with 
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detectable ctDNA after CRT in the No CICI cohort (n=17, P=0.04, Fig. 4a). To determine 

if ctDNA kinetics during CICI could further clarify which patients benefit from CICI, 

we compared ctDNA concentrations at the pre-CICI and early on-CICI blood draws. In 

patients with ctDNA detected at either of these time points, we observed two ctDNA 

response patterns (Fig. 4b,c): 1. Rising ctDNA concentrations early during CICI treatment 

(“Increasing”, 50%); 2. Decreasing ctDNA concentrations early during CICI treatment 

(“Decreasing”, 50%).

Rising ctDNA levels during CICI portended poor outcomes. All such patients with 

increasing ctDNA developed progressive disease within 4.5 months of starting CICI, 

indicating a lack of response to immunotherapy. In one such patient (LUP840), ctDNA 

concentration decreased but remained detectable after undergoing CRT with 72 Gy in 30 

fractions for Stage IIIB lung squamous cell carcinoma (Fig. 4d). Only 1.5 months into 

CICI, the ctDNA concentration rose 13-fold and a chest CT 3 weeks later demonstrated 

pleural metastases. As a group, patients with an “Increasing” ctDNA pattern during CICI 

had statistically indistinguishable outcomes from patients with detectable ctDNA after 

CRT but who did not receive CICI (P=0.47, Fig. 4e). These results suggest that rising 

ctDNA concentrations early during CICI identify patients who have primary resistance to 

immunotherapy.

Lastly, outcomes in patients with decreasing ctDNA during CICI were excellent, with a 

1-year FFP of 100%. Strikingly, FFP of patients with a “Decreasing” ctDNA response 

pattern was significantly longer than patients with detectable ctDNA after CRT who did not 

receive CICI (P=0.003, Fig. 5a). Furthermore, none of the CICI patients developed distant 

progression compared to 94% of patients with detectable ctDNA after CRT who did not 

receive CICI (P=0.005, Fig. 5b,c). Similarly, patients with a “Decreasing” ctDNA response 

pattern had significantly better FFP (P=0.007) and freedom from distant progression 

(P=0.02) than patients with an “Increasing” ctDNA response pattern (Extended Data 2). 

Pretreatment TMB level was not associated with likelihood of ctDNA detection after CRT or 

the ctDNA response pattern to CICI (Extended Data 3).

Two patients with a “Decreasing” ctDNA response pattern and the longest follow-up both 

had prolonged disease-free intervals. LUP803 had ctDNA detected post-CRT with 66 Gy 

in 24 fractions to a small left upper lobe stage IIIA lung adenocarcinoma, suggesting 

persistent disease (Fig. 5d). Two months into CICI, ctDNA was no longer detectable. 

Follow-up imaging demonstrated post-radiation changes with no evidence of progressive 

disease 11 months after starting CRT. In another case, LUP787 underwent CRT with 66 

Gy in 30 fractions to a large right upper lobe Stage IIIA lung adenocarcinoma and had a 

significant drop in ctDNA after treatment (Fig. 5e). Three months into CICI with two cycles 

of concurrent carboplatin and paclitaxel, ctDNA became undetectable before rising again 

three months later. The patient developed a late isolated local recurrence 22 months after 

starting CRT. These results suggest that ctDNA monitoring after CRT and early during CICI 

could identify the subset of patients most likely to benefit from CICI.
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Discussion

Multiple studies across a variety of solid tumor types have demonstrated an extremely high 

risk of recurrence in patients with detectable MRD after definitive local therapy7–12. In this 

context, a limited number of published cases have suggested that adjuvant chemotherapy 

can lower ctDNA levels after definitive therapy9,11,16,17. However, an open question in 

the field has been whether further systemic therapy can not only decrease MRD in a 

subset of patients but more importantly improve ultimate clinical outcomes. To the best of 

our knowledge, our results provide the first evidence that systemic therapy (in this case 

immunotherapy) can potentially improve the clinical outcomes of patients with detectable 

MRD. Furthermore, our findings suggest that ctDNA analysis could potentially guide the 

decision to administer CICI after CRT and distinguish responders and non-responders early 

during CICI.

In our study, patients with ctDNA detected after chemoradiotherapy who received CICI had 

superior FFP when compared to patients with ctDNA detected post-CRT who did not receive 

consolidation immunotherapy. ctDNA kinetics early during CICI further clarified which 

patients benefited from consolidation therapy, with patients whose ctDNA concentration 

decreased during CICI having superior outcomes compared to patients with a rising ctDNA 

concentration. Additional studies will be necessary to determine if ctDNA analysis can 

determine the optimal duration of immunotherapy in patients responding to treatment. 

Patients with a rising ctDNA concentration early on-CICI progressed at a similar rate to 

patients with ctDNA detected after CRT alone, suggesting that ctDNA analysis early during 

CICI can rapidly identify non-responders that might benefit from escalation of treatment or 

changing systemic therapy. In our study, the early on-CICI sample was collected a median 

of 11 weeks into immunotherapy, but it is possible that responders could be identified even 

earlier during CICI. For example, in patients with metastatic lung cancer, ctDNA changes 

within 8 weeks after starting anti-PD1 or anti-PD-L1 therapy are strongly associated with 

treatment response18–20.

Patients in whom ctDNA was no longer detected post-CRT had low rates of progression 

irrespective of whether or not they were treated with CICI. It should be noted that our 

study was not powered to detect a small benefit from CICI in these patients, and a much 

larger study would be necessary to definitively demonstrate non-inferiority for withholding 

consolidation immunotherapy in patients without MRD. However, our results suggest that 

personalization of CICI based on the presence of MRD after CRT or change in ctDNA 

concentrations during CICI could be a powerful approach for rational therapy selection 

that balances predicted risk versus benefit as well as costs associated with consolidation 

immunotherapy. While there is a high threshold for withholding a therapy associated with a 

survival benefit in a large randomized trial4, rare but severe toxicities can be seen in patients 

treated with immunotherapy21. Indeed, one patient in our cohort who had negative ctDNA 

after CRT but died from drug-induced pneumonitis is an example of this. Still, withholding 

CICI in patients with negative ctDNA after CRT would risk harming patients with false 

negative MRD measurements who would miss an opportunity to potentially benefit from 

CICI. That said, we observed that only 8.3% of patients in our No CICI cohort with 

undetectable MRD after CRT developed progressive disease. Based on the 10.7% overall 
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survival benefit at 24 months for CICI on the PACIFIC trial, which led to FDA approval of 

this treatment strategy4, this suggests that 112 ctDNA MRD-negative patients would need to 

be treated with CICI for a single such patient to benefit.

Randomized studies will be required to definitively test the clinical utility of personalizing 

CICI using ctDNA MRD analysis before this approach could routinely be applied to 

patients. However, even in light of the large number of ctDNA MRD-negative patients 

needed to treat suggested by our results, such studies may be challenging to run given 

potential concerns about withholding CICI in patients with false negative ctDNA MRD 

results. One potential approach to address this concern would be to perform serial ctDNA 

testing in patients with undetectable ctDNA after CRT and to initiate CICI if ctDNA 

becomes detectable at a later time point. The fact that ctDNA was detected in all patients 

prior to or at the time of relapse in our study and that previous studies11,12,16,17,22 have 

shown that repeat ctDNA surveillance can improve sensitivity for predicting disease relapse 

support such an approach.

In order to maximize sensitivity for MRD detection, we restricted analysis to patients in 

whom tumor tissue was available or somatic mutations could be identified in pre-treatment 

plasma using tumor-naïve genotyping. As a result, 20% of patients were excluded from 

the monitoring analysis. Additionally, one pre-CICI sample was excluded from analysis 

due to cell-free DNA input less than the minimum requirement of 10 ng. Because the 

limit of detection of CAPP-Seq is dependent on the number of reporters monitored, and 

more variants were identified from tumor tissue than pretreatment plasma, the sensitivity of 

CAPP-Seq was higher in patients with available tumor tissue. Of note, there was a similar 

percentage of patients with tumor tissue available in both cohorts (16% in the No CICI 

cohort and 18% in the CICI cohort).

Additional biomarkers are needed for predicting which patients with detectable MRD will 

benefit from CICI. An exploratory post-hoc analysis of the PACIFIC trial suggested that 

PD-L1 expression may be associated with response to CICI4. Unfortunately, PD-L1 staining 

was not routinely performed for patients in our cohort. Separately, tumor mutation burden 

has been associated with response to immune checkpoint inhibitors in some metastatic lung 

cancer studies23. However, this has not been demonstrated in the consolidation setting, and 

we did not observe an association of TMB with response to CICI in our patients. Given the 

small proportion of patients who have MRD and responded to CICI, larger studies will be 

necessary to identify robust predictive factors.

Limitations of our study include the modest samples size and limited follow up time, which 

were due to CICI only being FDA approved ~1.5 years ago. Additionally, although plasma 

samples were collected prospectively for ctDNA profiling, our analyses were retrospective, 

and patients were not randomly assigned to treatment cohorts. As a result, unmeasured 

confounding factors could potentially have impacted clinical outcomes. Furthermore, 

chemotherapy, radiotherapy, and immunotherapy regimens were not standardized across 

patients, and while unlikely, small differences in treatment could potentially have affected 

patient outcomes. Finally, it is important to note that the high sensitivity afforded by 

our tumor-informed ctDNA MRD detection approach differentiates it from most ctDNA 
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detection methods currently available clinically. Our results should therefore not be 

automatically extrapolated to other techniques for ctDNA detection.

Taken together, our results demonstrate that CICI appears to improve outcomes in a subset 

of patients with MRD following CRT for locoregionally advanced NSCLC. Patients without 

MRD after CRT appear to have excellent outcomes irrespective of CICI treatment, and 

rising ctDNA during CICI appears to strongly predict risk of future disease progression. 

Importantly, prospective trials will be required to test whether personalization of CICI based 

on MRD has clinical utility before such an approach could be routinely applied to patients.

Methods

Study design and patients

This study was approved by the Stanford Institutional Review Board under protocol 33868. 

The samples analyzed in this study were prospectively collected for ctDNA analysis as 

part of two studies focused on molecular analysis of lung cancers and other tumors 

(NCT00349830 and MDACC LAB09–0983) and a Phase II trial assessing the safety and 

feasibility of adding PD-L1 blockade to chemoradiation for NSCLC (NCT02525757). 

Consecutive patients from these protocols were included in the current study if they had 

American Joint Committee on Cancer 7th edition stage IIB-IIIB NSCLC and were treated 

with curative-intent concurrent chemoradiation. Patients from part II of NCT02525757 who 

received concurrent immunotherapy during chemoradiation were excluded.

Power considerations

We hypothesized that patients with ctDNA detected after chemoradiation whose ctDNA 

decreased during consolidation immunotherapy would have improved FFP defined by 

RECIST 1.1 criteria from the start of chemoradiation therapy compared to patients with 

ctDNA detected after chemoradiation who did not receive CICI. The study statistical 

plan used the assumption that patients with detectable ctDNA after CRT who did not 

receive CICI would have a median FFP of 4 months12, assumed a hazard ratio of 0.2 

for patients with ctDNA detected after chemoradiation whose ctDNA decreased during 

consolidation immunotherapy, and expected a median follow up of 24 months. Furthermore, 

we expected 66% of patients to have detectable ctDNA after chemoradiation5 and 25% 

of patients treated with consolidation immunotherapy to display decreased ctDNA during 

immunotherapy based on the progression-free survival results of the PACIFIC trial4. Based 

on these assumptions, a total of 16 patients per group would achieve a power of 80% to 

detect a difference between the patients with ctDNA responses during CICI and patients 

with ctDNA detected after chemoradiation who did not receive CICI at an alpha of 0.0524. 

We aimed for at least 20 patients per group to account for an 80% probability of detecting 

ctDNA in pretreatment plasmas by tumor-naïve genotyping of cfDNA12.

As a secondary aim, we sought to validate our previous finding that detection of ctDNA 

following curative-intent therapy for lung cancer is associated with inferior FFP defined by 

RECIST 1.1 criteria from the start of chemoradiation therapy compared to patients with 

ctDNA not detected. Expecting a median FFP of 4 months in patients with ctDNA detected 
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after chemoradiation therapy and a hazard ratio of 43.4 based on our previous data12, 9 

patients with a median follow up of 24 months would be required to achieve a power of 80% 

to detect a difference between the two groups at an alpha of 0.05 if 66% of patients have 

ctDNA detected after chemoradiation. We aimed for 11 patients in our validation cohort 

treated with chemoradiation therapy alone to account for an 80% probability of detecting 

ctDNA by tumor-naïve genotyping12.

Clinical procedures and blood collection

Patients underwent pretreatment imaging with chest computed tomography (CT), whole 

body positron emission tomography (PET)-CT, and brain MRI. All patients received 

radiation therapy with concurrent chemotherapy. When administered, consolidation 

immunotherapy was started a median of 4 weeks after completion of chemoradiation 

with a planned duration of 12 months. Patients treated on NCT02525757 (n=6) received 

concurrent carboplatin and paclitaxel for 2 cycles during consolidation immunotherapy with 

atezolizumab. All other patients (n=22) treated with consolidation immunotherapy received 

durvalumab. Plasma prior to all treatment was collected from all patients. Genotyping was 

performed using tumor tissue when available or otherwise pretreatment plasma. Matched 

leukocytes were used in both cases to identify germline SNPs and to also eliminate clonal 

hematopoiesis somatic variants. For the 37 patients treated with chemoradiation therapy 

alone, a second blood sample was collected within 4 months of completing radiation and 

chemotherapy. Seventeen of the patients treated with chemoradiation therapy alone were 

reported in a previous study and were analyzed as previously described12. For the 28 patients 

who received consolidation immunotherapy, a second blood sample was collected a median 

of 1 week after completing chemoradiation therapy and prior to the start of consolidation 

immunotherapy, and a third blood sample was collected at least 2 weeks after the initiation 

of consolidation immunotherapy at a median of 11 weeks into treatment. LUP893 died 

prior to the collection of a blood sample during consolidation immunotherapy. Additional 

follow-up samples were analyzed for a subset of patients. All samples were collected with 

informed consent in accordance with the Declaration of Helsinki.

ctDNA library preparation and sequencing

Tumor, plasma, and leukocyte samples were analyzed by CAPP-Seq as previously described 

with minor modifications12,25,26. Briefly, venous blood collected in K2EDTA or CellSave 

tubes was centrifuged and plasma was stored at −80°C. The remaining plasma-depleted 

whole blood was also stored at −80°C for germline DNA isolation from leukocytes. 

Formalin-fixed, paraffin embedded (FFPE) tumor sections were available for a subset of 

patients for isolation of tumor DNA. Genomic DNA from tumor and leukocytes was 

fragmented prior to library preparation using a Covaris S2 sonicator. Cell-free DNA 

(cfDNA) was extracted from plasma using the QiaAmp Circulating Nucleic Acid Kit 

(Qiagen) according to the manufacturer’s instructions. A maximum of 55 ng of cfDNA 

(median of 32 ng) was input into sequencing library preparation using the KAPA LTP 

Library Prep Kit (Kapa Biosystems), with minor modifications to the manufacturer’s 

instructions. Samples with less than 10 ng of cfDNA available for library prep were 

excluded from the analysis. Hybridization-based enrichment of target sequences from 

multiplexed samples was performed using a custom designed selector pool of biotinylated 
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oligonucleotides (Roche NimbleGen) prior to sequencing using 2 × 150 bp paired-end reads 

with eight-base indexing on an Illumina HiSeq 4000.

Analysis of sequencing data and somatic genotyping

Sequencing data were processed using a custom bioinformatics pipeline, and EGFR exon 

19 deletions and single nucleotide variants were called as previously described25,26. Tumor­

naïve variant calling in pretreatment plasma was performed using an approach that achieved 

95% specificity in an independent cohort of 26 control cfDNA samples. Briefly, we removed 

single nucleotide polymorphisms identified in germline samples from any patient in the 

cohort, variants lying in repeat, intronic, intergenic, or pseudogene regions, variants without 

duplex-support, low depth positions (less than or equal to 50% of the median sample 

depth), variants with a population allele frequency of greater than or equal to 0.001 in the 

gnomAD database (Broad Institute), and variants present in greater than 5% of a cohort 150 

germline samples run using the same selector. To enrich for tumor-derived mutations, we 

also required variants to have greater than 2 deduped reads in short DNA fragments less 

than 150 bp or 220–300 bp in length27. Variants with allele frequencies above the selector­

wide background in the matched germline sample were considered to be due to clonal 

hematopoiesis and were removed. Finally, truncal mutations were enriched by removing 

variants with an allele fraction less than one-fifth the allele fraction of the most prevalent 

variant. Variants called from tumor tissue were filtered using a similar strategy except with 

a minimum allele frequency threshold of 5% and no fragment size requirement or filtering 

for truncal mutations. Patients without tumor tissue available for genotyping were excluded 

from the monitoring analysis if no variants were called in the pretreatment plasma sample.

Monitoring for ctDNA MRD

To query the presence of ctDNA at each time point a previously-described Monte Carlo­

based ctDNA detection index was used to monitor for somatic single nucleotide variants 

identified pretreatment25. The ctDNA detection index threshold for each patient was set 

to achieve ≥90% specificity in 54 held-out control cfDNA samples analyzed using the 

same selector. ctDNA was classified as detected if the detection index was less than the 

detection threshold for a given time point. The ctDNA allele fraction for each sample 

was calculated by averaging the allele fractions of all variants used for monitoring, and 

the ctDNA concentration was calculated by multiplying the mean allele fraction by the 

plasma cfDNA concentration measured by Qubit (Thermo Fisher Scientific). Each haploid 

genomic equivalent was assumed to have a mass of 3.3 pg. Patient ctDNA dynamics 

were classified as having “Increasing” or “Decreasing” patterns if the pre-CICI and early 

on-CICI ctDNA measurements changed at least 2 fold or were statistically distinguishable 

(i.e., non-overlapping confidence intervals) when comparing mean ctDNA concentrations 

and associated 95% confidence intervals from negative binomial estimates. Inferred tumor 

mutational burden from CAPP-Seq was calculated as described previously12.

Statistics and reproducibility

Our primary aim was to test the hypothesis that patients with ctDNA detected after 

chemoradiation therapy whose ctDNA concentration decreased during consolidation 

immunotherapy had improved FFP compared to patients with ctDNA detected after 
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chemoradiation therapy who did not receive consolidation immunotherapy. FFP was defined 

as the time from the start of chemoradiation to the date of any progression defined 

radiographically by RECIST 1.1 criteria. Freedom from distant progression was defined 

as the time from the start of chemoradiation to the date of progression at a new lesion 

outside the radiation field defined radiographically by RECIST 1.1 criteria. FFP and 

freedom from distant progression were calculated using the Kaplan-Meier method censoring 

patients without progression at the time of last imaging follow up. LUP814 developed a 

biopsy-proven local recurrence and underwent repeat irradiation prior to meeting RECIST 

1.1 criteria for progression, so local progression was scored at the time of biopsy. Statistical 

significance for Kaplan-Meier analyses was determined using the two-sided log-rank test, 

and hazard ratios were calculated using the Mantel-Haenszel approach. Two-tailed Mann­

Whitney tests were used to compare distributions, and two-sided Fisher’s exact tests were 

used to compare proportions. Statistical significance was assumed at P<0.05. Statistical 

analyses were performed using Prism 8 (GraphPad Software) or R version 3.5.1 through the 

RStudio environment. All experiments were performed once, and the experiments were not 

randomized. Outcome and cohort allocation were not considered during sequencing library 

preparation and bioinformatic analysis. Further information on research design is available 

in the Nature Research Reporting Summary linked to this article.

Data availability

Sequencing results supporting the findings are available on request from the lead 

corresponding author (M.Diehn). Supporting variant level data for all figures are available in 

Supplementary Tables 2-5. Source data for Fig. 2, 3, 4, and 5, and Extended Data 1, 2, and 3 

have been provided as Source Data files. Computer code used for the analysis was described 

previously26 and is available at http://cappseq.stanford.edu.

Extended Data

Extended Data Fig. 1: Validation of predictive value of ctDNA MRD after chemoradiation 
therapy (CRT) alone.
a, Event chart showing timing of therapy, progression based on RECIST 1.1 evaluation of 

imaging, and results of ctDNA testing for each patient. b, Kaplan-Meier analysis of freedom 
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from progression stratified by ctDNA detection within 4 months of completing CRT (n=6 

not detected, n=6 detected). P values were calculated using a two-sided log-rank test.

Extended Data Fig. 2: ctDNA dynamics during consolidation immune checkpoint inhibition 
(CICI) after chemoradiation therapy (CRT) predicts disease progression.
Kaplan-Meier analysis of (a) freedom from progression and (b) freedom from distant 

progression in patients with ctDNA decreasing early on-CICI (n=5) and ctDNA increasing 

early on-CICI (n=5). P values were calculated using two-sided log-rank tests.

Extended Data Fig. 3: Pretreatment tumor mutational burden is not significantly correlated with 
response to chemoradiation or consolidation immune checkpoint inhibition (CICI).
Pretreatment tumor mutational burden in non-synonymous mutations per megabase 

extrapolated from CAPP-Seq in (a) patients with ctDNA detected (n=26) and not detected 

(n=25) after chemoradiation therapy and (b) patients with ctDNA increasing early on-CICI 

(n=5) and decreasing early on-CICI (n=5). P values were calculated using two-sided Mann­

Whitney tests. Bars represent medians.
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Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1: Study schema and pretreatment genotypes for patients with locoregionally advanced 
non-small cell lung cancer treated with chemoradiation and consolidation immunotherapy.
a, Schematic of treatment, genotyping, and ctDNA monitoring for the two patient cohorts. 

Tumor genotyping was performed using tumor tissue if available or pretreatment plasma in 

combination with peripheral blood leukocytes. Plasma samples were collected for ctDNA 

quantification pretreatment and within 4 months of completing all planned radiation and 

chemotherapy (post-CRT) in patients treated without consolidation immune checkpoint 

inhibition (No CICI cohort). In patients who received consolidation immune checkpoint 

inhibition (CICI cohort), plasma samples were collected pretreatment, a median of 1 week 

after completing chemoradiation before starting consolidation immune checkpoint inhibition 

(Pre-CICI), and a median of 11 weeks into consolidation immune checkpoint inhibition 

(Early On-CICI). b, Plot of patient characteristics and tumor variants for patients in both 

cohorts with variants identified from tumor tissue or pretreatment plasma. Each column 

represents pretreatment information for a single patient. The top heat maps depict key 

patient characteristics. The middle bar graph displays tumor mutational burden (TMB) 

extrapolated from the mutation rate measured by CAPP-Seq. The bottom heat maps show 

mutations in candidate driver genes along with total number of single nucleotide variants 

detected.
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Fig. 2: ctDNA changes during therapy are associated with outcomes in NSCLC patients treated 
with chemoradiation therapy (CRT) and consolidation immune checkpoint inhibition (CICI).
a, Event chart showing timing of therapy, progression based on RECIST 1.1 evaluation of 

imaging, and results of ctDNA testing for each patient in the CICI cohort. b, Proportion 

of patients with ctDNA detected or not detected pretreatment, pre-CICI, and early on-CICI 

in the CICI cohort who developed progressive disease during follow-up. The number of 

patients in each group is displayed on the graph. P values were calculated using two-sided 

Fisher’s exact tests. c, Kaplan-Meier analysis of freedom from progression in the CICI 

cohort stratified by ctDNA detection in the early on-CICI sample (n=15 not detected, n=7 

detected). P value was calculated using a two-sided log-rank test.
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Fig. 3: Patients with ctDNA not detected after chemoradiation therapy (CRT) may not benefit 
from consolidation immune checkpoint inhibition (CICI).
a, Example of longitudinal CT imaging with sum of target lesion longest diameters 

measured according to RESIST 1.1 (RECIST SLD, right y-axis) and ctDNA concentrations 

(left y-axis) for a patient in the CICI cohort with ctDNA not detected after CRT. ctDNA 

remained not detected early on-CICI and at last follow-up with no evidence of disease. 

Tumors are outlined in blue on the CT images. A total of 10 patients in the CICI cohort 

had similar ctDNA testing and clinical outcomes. b, Example of longitudinal CT imaging 

and ctDNA concentrations for the one patient in the CICI cohort with ctDNA not detected 

after CRT who developed grade 5 pneumonitis during CICI. Pneumonitis is outlined in 

orange on the CT image. c, Kaplan-Meier analysis of freedom from progression in patients 

with ctDNA not detected pre-CICI treated with CICI (n=13) and patients with ctDNA not 

detected post-CRT treated without CICI (n=12). P value was calculated using a two-sided 

log-rank test.
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Fig. 4: ctDNA dynamics predict benefit from consolidation immune checkpoint inhibition (CICI) 
after chemoradiation therapy (CRT).
a, Kaplan-Meier analysis of freedom from progression in patients with ctDNA detected 

pre-CICI treated with CICI (n=9) and patients with ctDNA detected post-CRT treated 

without CICI (n=17). P value was calculated using a two-sided log-rank test. b, ctDNA 

concentrations for the two ctDNA patterns observed in patients from the CICI cohort 

with ctDNA detected in the pre-CICI or early on-CICI samples. “Increasing”: ctDNA 

concentration increases early on-CICI. “Decreasing”: ctDNA concentration decreases early 

on-CICI. Only patients with evaluable pre-CICI and early on-CICI samples are included. 

Patients with disease progression in the follow-up period are denoted with a solid line, 

and patients without disease progression are denoted with a dashed line. c, Percentage 

of patients and median freedom from progression (mFFP) for each ctDNA pattern. d, 

Example of longitudinal CT imaging and ctDNA concentrations for a patient with the 

ctDNA “Increasing” pattern. ctDNA was detected pre-CICI and increased during CICI in a 

patient who developed pleural metastases, suggesting ctDNA can identify a lack of response 

to CICI. A total of 4 patients in the CICI cohort had similar ctDNA testing and clinical 

outcomes. e, Kaplan-Meier analysis of freedom from progression in patients with the ctDNA 

“Increasing” pattern during CICI (n=5) and patients with ctDNA detected post-CRT treated 

without CICI (n=17). P value was calculated using a two-sided log-rank test.
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Fig. 5: Decreasing ctDNA concentration during consolidation immune checkpoint inhibition 
(CICI) identifies MRD-positive patients with improved outcomes.
a-b, Kaplan-Meier analysis of (a) freedom from progression and (b) freedom from 

distant progression in patients with ctDNA detected after chemoradiation therapy with the 

ctDNA “Decreasing” pattern during CICI (n=5) and patients with ctDNA detected after 

chemoradiation therapy not treated with CICI (n=17). P values were calculated using a 

two-sided log-rank test. c, Proportion of patients with ctDNA detected after chemoradiation 

therapy not treated with CICI or patients with the ctDNA “Decreasing” pattern during CICI 

who developed any disease progression and distant progression. The number of patients in 

each group is displayed on the graph. P values were calculated using two-sided Fisher’s 

exact tests. d-e, Longitudinal CT imaging, sum of target lesion longest diameters measured 

by RESIST 1.1 (RECIST SLD, right y-axis), and ctDNA concentrations (left y-axis) for two 

patients with the ctDNA “Decreasing” pattern during CICI. A total of 5 patients in the CICI 

cohort had similar ctDNA testing with 1 of 5 patients developing disease progression. d, 

ctDNA was detected following CRT and converted to not detected during CICI in a patient 

with no evidence of disease progression at last follow-up. e, ctDNA was detected following 

CRT and temporarily became not detected during CICI with two cycles of concurrent 

carboplatin and paclitaxel (CT) before increasing 14 months prior to progression in a patient 

with an isolated local failure 22 months after starting CRT. Tumors are outlined in blue on 

the CT images.
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