Received: 17 April 2022

Accepted: 26 May 2022

DOI: 10.1111/1759-7714.14540

ORIGINAL ARTICLE

WILEY

The clinical utility of cfRNA for disease detection and surveillance:
A proof of concept study in non-small cell lung cancer

Martin Metzenmacher"
Alexander Schramm® |
Till Ploenes® |

Smiths S. Lueong™'*'!

| Balazs Hegediis® |
Peter A. Horn” |

Clemens Aigner’ |

Jan Forster™ |
Christoph A. Klein®® | Nicola Bielefeld*'*""

Jens T. Siveke'®'" | Martin Schuler** |

'Department of Medical Oncology, West German Cancer Center, University Hospital Essen, Essen, Germany

Division of Thoracic Oncology, West German Cancer Center, University Medicine Essen Ruhrlandklinik, University Duisburg-Essen, Essen, Germany

3Department of Thoracic Surgery, West German Cancer Center, University Medicine Essen Ruhrlandklinik, University Duisburg-Essen, Essen, Germany

4German Cancer Consortium (DKTK), Partner site University Hospital Essen, Essen, Germany

*Chair for Genome Informatics, Department of Human Genetics, University Hospital Essen, University Duisburg-Essen, Essen, Germany

®Laboratory for Molecular Oncology, Department of Medical Oncology, West German Cancer Center, University Hospital Essen, University of Duisburg-Essen, Essen, Germany

“Institute for Transfusion Medicine, University Hospital Essen, Essen, Germany

8Experimental Medicine and Therapy Research, University of Regensburg, Regensburg, Germany

“Fraunhofer-Institute for Toxicology and Experimental Medicine, Division of Personalized Tumor Therapy, Regensburg, Germany

10Bridge Institute of Experimental Tumor Therapy, West German Cancer Center and Division of Solid Tumor Translational Oncology, German Cancer Consortium (DKTK),
University Hospital Essen, University Duisburg-Essen, Essen, Germany

"Djvision of Solid Tumor Translational Oncology, German Cancer Consortium (DKTK, partner site Essen) and German Cancer Research Center, DKFZ, Heidelberg, Germany

Correspondence

Smiths S. Lueong, Bridge Institute for
Experimental Cancer Therapy, West German
Cancer Center, University Hospital Essen,
Hufelandstr. 55, 45147 Essen, Germany.

Email: smiths-sengkwawoh.lueong@uk-essen.de

Funding information

Deutsche Forschungsgemeinschaft (DFG, German
Research Foundation), Grant/Award Numbers:

SI 1549/3-1, RO 3577/7-1 (KFO 337); European
Transcan-2 project CEVIR

Abstract

Background: CT scans are used in routine clinical practice for the diagnosis and
treatment surveillance of non-small cell lung cancer (NSCLC). However, more sensi-
tive methods are desirable. Liquid biopsy analyses of RNA and DNA can offer more
sensitive diagnostic approaches. Cell-free RNA (cfRNA) has been described in several
malignancies, but its clinical utility has not previously been explored.

Methods: We evaluated the clinical utility of cfRNA for early detection and surveil-
lance of tumor disease in a proof-of-concept study. Using real-time-droplet digital
polymerase chain reaction we characterized a candidate transcript (MORF4L2) in
plasma samples from 41 advanced stage, 38 early stage NSCLC and 39 healthy
samples. We compared its diagnostic performance with tumor markers and evaluated
its utility for disease monitoring.

Results: MORF4L2 cfRNA was more abundant in patients than in healthy donors
(p < 0.0001). Using the Youden index approach (cutoft value of 537 copies/ml was
established) with a sensitivity of 0.73 (95% CI: 0.61-0.82) and a specificity of 0.87
(95% CI: 0.73-0.96). Positive and negative predictive values of 0.92 (95% CI: 0.83—
0.95) and 0.59 (95% CI: 0.47-0.83) were achieved. Combination of cfRNA and
Cyfra21-1 improved its predictive value from 89.5% to 94.7%. Low baseline MORF4L2
levels were associated with better overall survival (HR:0.25, 95% CI: 0.09-0.7,
p = 0.009) and progression-free survival for patients treated with tyrosine kinase
inhibitors (p = 0.011) and chemotherapy (p = 0.019). MORF4L2 profile between base-
line and follow-up mirrored radiological response and tumor dynamics better than
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INTRODUCTION

Lung cancer, predominantly non-small cell lung cancer
(NSCLQ), is a major cause of cancer-related deaths world-
wide, contributing about 14% of all newly diagnosed can-
cers."”” During the past decade, therapeutic advances have
improved patient survival. However, the 5-year survival rate
is still unacceptably poor. Late stage at diagnosis, given the
very few, mostly not specific early symptoms, is a main rea-
son for the observed poor prognosis of long-term survival.>*

Curative surgery, a therapeutic option offered to early stage
cases, improves the 5-year survival rates to 70%-90%.>° Early
and locally advanced stage cases may also receive multimodal
treatment modalities comprising systemic treatment, radio-
therapy and surgery.”” Metastatic cases are often not eligible
for therapy in curative intent and therefore receive mostly pal-
liative systemic therapies.”” For these patients, platinum-based
chemotherapy with PD-(L)I checkpoint-inhibition is the
appropriate standard of care for the majority of cases.””
Molecular targeted therapy with tyrosine kinase inhibitors pro-
longs progression-free survival and is offered to patients with
actionable genetic alteration in the EGFR-, BRAF-, ALK- and
ROSI-genes.*’ Although the different treatment modalities sig-
nificantly improved patient outcome, resistance-mediated dis-
ease progression is almost inevitable. Tools for early detection
of biological disease progression and monitoring of treatment
response would be of high clinical value. In routine clinical
practice, robust and reliable predictive and prognostic markers
are rarely available. Treatment monitoring currently mostly
relies on radiological imaging. Exposure to ionizing radiation
and side effects due to contrast medium can limit the use of
these techniques. In effect, radiological imaging can only detect
visible increases in tumor mass so that biological disease pro-
gression and early onset of treatment failure will be diagnosed
only after successful adaptation and growth of the tumor in
the course of the current treatment. However, to prevent expo-
sure to ineffective and potentially toxic therapies, disease pro-
gression needs to be detected in a timely manner.” Molecular
tools, which allow early detection of treatment response and
biological disease progression, while providing prognostic
insights are highly needed.

Circulating tumor-derived analytes such as circulating
tumor DNA and RNA (ctDNA/cfRNA) analysis can enable for
repeated observation of disease dynamics'®'" and we recently
reported the utility of cell-free RNA (cfRNA) for the detection
of tumor diseases."” cfRNA has previously been reported in
malignant melanoma,'” nasopharyngeal carcinoma,'* breast
cancer,"” colorectal cancer,'®"® follicular lymphoma'® and

tumor markers. cfRNA transcripts allowed monitoring tumor dynamics in patients
without tumor-reported genetic alterations.

Conclusion: Our data support clinical utility of cfRNA for detection and surveillance
of NSCLC. Further studies with larger cohorts are required.

cfRNA, ddPCR, liquid biopsy, NGS, NSCLC

hepatocellular carcinoma.”® cfRNA has also been reported to
allow for determination of gestational age, outperforming con-
ventional markers.”' The predictive and prognostic value of
cfRNA has until date remained elusive. To address this ques-
tion in a follow-up of our previous study, we have analyzed
close to 120 cfRNA samples from early and late stage NSCLC
and healthy controls to evaluate the predictive and prognostic
value of selected cfRNA transcripts in NSCLC.

METHODS
Patient cohorts

Patients included in this study were histologically-confirmed
lung cancer patients who were prospectively recruited at the
outpatient unit of the Department of Medical Oncology at
the West German Cancer Center, University Hospital Essen,
Essen Germany (stage IV) or at the Department of Thoracic
Surgery at the Ruhrlandklinik, West German Cancer Center,
University Medicine Essen, Essen Germany (stage I-III).
Healthy blood samples were randomly recruited from trans-
fusion blood donors at the Department of Transfusion Med-
icines at the University Hospital in Essen, Essen Germany.
Age of the blood donors was between 18 and 60 years. The
local institutional review boards approved the study
(17-7740-BO, 14-6056-BO, 14-5961-BO and 17-7729-BO).
All participants provided written informed consent.

Blood sampling and radiological assessments

A volume of 7.5 ml of blood was drawn in 7.5 ml EDTA blood
tubes (ref no. 01.1605.001, Sarstedt) between 0-2 weeks before
the start of systemic treatment or before surgery. Serial blood
collection and CT-based response evaluation was organized
every eight weeks following two treatment cycles for patients
receiving systemic therapy. Plasma was prepared by a three-
step centrifugation at 4°C and tumor response was evaluated
by CT-scans according to RECIST 1.1. The duration between
tumor sampling and blood sampling was less than 10 days.

Plasma cfRNA isolation

Cell-free RNA was isolated using the plasma/serum RNA
purification mini kit (cat. 55 000, Norgen Biotek) following
the manufacturer’s instructions with slight modifications.
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Briefly, on column residual DNA digestion was performed
on all isolated cfDNA samples as recommended by the man-
ufacturer. Similarly, the lysis buffer was supplemented with
B-mercaptoethanol and binding time was increased to
10 min; meanwhile an elution incubation time of 10 was
equally used. Sample concentrations were measured with a
fluorimeter and samples were stored at —80°C until
analyzed. cfRNA was characterized by using the high sensi-
tivity RNA screen tape kit for tape Station (Agilent, cat
no. 5067-5579).

Transcript quantification by RT-ddPCR

We previously reported on the utility of cfRNA for disease
detection in solid tumors.'* Based on our data (cfRNA-seq)
and analysis of publicly available the cancer genome atlas
and gene expression omnibus (GEO) data sets from NSCLC
tumors tissues, we identified the most relevant of the differ-
entially abundant protein-coding transcripts for further vali-
dation. To this end, all differentially abundant cfRNA
transcripts (in both plasma and tumor tissues) were first
subjected to feature selection using the Boruta package in
R. The most important transcripts were then classified
according to their expression levels in NSCLC tumor tissue.
We selected the most abundant protein-coding cfRNA tran-
script, MORF4L2 for further investigation. Circulating levels
of MORF4L2 transcripts were measured by means of RT-
ddPCR using the 1-Step RT-ddPCR Advanced Kit for Pro-
bes (Bio-Rad). All reactions were performed in 20 pl dupli-
cate reaction using 2 pl of cfRNA from each sample. The
QX100 ddPCR system was used for ddPCR experiments.
The average raw MORF4L2 cfRNA transcript concentration
(copies/20 pl reaction) obtained from duplicate reactions,
was used to determine the absolute transcript concentration
expressed in copies per ml of plasma.

Immunohistochemistry

Immunostaining was performed on 5 pM sections of FFPE
tissues using the Dako horse reddish peroxidase one-step
polymer (ref no. ZUC053-100, Zytochem Plus). Sections
were dewaxed and epitope retrieval was performed in low
pH citrate buffer. After blocking, slides were incubated with
primary antibodies at 4°C overnight. The slides were then
washed and incubated with secondary antibody, then devel-
oped using the DAB + chromogen system (Dako). Slides
were counterstained with hematoxylin, dehydrated and
mounted. Slides were scanned and digitalized with a Zeiss
Axio Scanner Z.1 (Carl Zeiss AG).

Statistical analysis

A Mann-Whitney test was used to compare the mean of
two groups. Statistical significance was set to a p-value

<0.05. The diagnostic performance of the marker was evalu-
ated with the ROCR package.”” The cutoff threshold between
healthy donors and cancer patients for the MORF4L2 cfRNA
transcript was determined using the Youden index as
implemented in the R package OptimalCutPoints and
based on the MORF4L2 transcript abundance in healthy
blood donors. The threshold values were <2.1 ng/mL for
CYFRA21-1 and for CEA <2.6 ng/mL according to the used
standardized tests from Roche-Cobas and Siemens respec-
tively. The Kaplan-Meier method was used to compare sur-
vival differences between groups of patients. Data analysis
was performed in the R version 3.6-environment and
Graphpad Prism version 7.0 (GraphPad Software, Inc.).
Multi- and univariate survival analyses were done using the
survival and survminer packages.

RESULTS
Samples and analysis

Plasma samples analyzed in this study were collect either
from late stage NSCLC patients (stage IV), early stage
NSCLC (stage I-III) or healthy transfusion blood donors
(control). Samples from the stage IV patients were collected
before initiation of systemic treatment (baseline, T0) and
subsequently during each assessment of response to therapy.
Samples from the stage I-III patients were collected before
surgical resection; meanwhile healthy blood samples were
collected from transfusion blood donors. The control cohort
consisted of 39 healthy transfusion blood donors, meanwhile
the stage I-III cohort was composed of 38 preoperative
plasma samples. In the stage IV cohort, 41 pretreatment
samples were analyzed, while 28 serial samples from
13 patients were monitored during treatment. Tumor sur-
face area measurements were performed on CT-imaging
data. The patient characteristics are reported in Table 1.

Feature selection and characterization

We first identified the most relevant differentially abundant
cfRNA transcript from our previous data. There were eight
protein-coding cfRNA transcript differentially abundant in
patient plasma and tumor tissue. The expression of all
protein-coding cfRNA transcripts was assessed in tumor tis-
sue (Figure la) and in plasma samples from stage IV
patients (Figure 1b). We then used the Boruta feature selec-
tion algorithm to identify the most important cfRNA tran-
script. Of the eight transcripts, five (CI2orf54, GLRA3,
MTFRI, TAFIA and MORF4L2) were selected as the most
important transcripts (Figure 1c). The expression of all eight
transcripts in tumor tissue was then assessed. Of all these
transcripts, MORF4L2 transcript showed the highest expres-
sion, with all samples showing more than log2 cpm of >10
(Figure 1d). We reasoned that high tumor expression might
offer the chance of detecting disease-relevant transcripts in
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TABLE 1 Baseline characteristics of patients

Metastatic/advanced Stage NSCLC (n = 41)

Local Stage NSCLC (n = 38)

Age mean (range) 67 (40-85)
Sex:
Female (%) 22 (53.7
Male (%) 19 (46.3)
ECOG
0 (%) 22 (53.7)
1 (%) 16 (39.0)
Unknown 3(7.3)
Smoking status
Active smoker (%) 5(12.2)
Former smoker (%) 26 (63.4)
Never smoker (%) 9 (22.0)
Unknown (%) 1(24)
Stage (IASLC eighth edition)
IA1-B (%) 0(0)
Ia-b (%) 0(0)
ITa—c (%) 0(0)
Iva-b (%) 41 (100)
Histology
Adenocarcinoma (%) 30 (73.2)
Squamous cell carcinoma (%) 5(12.2)
Adenosquamous carcinoma (%) 3(7.4)
Large cell carcinoma Neuroendocrine (%) 0 (0)
Large cell carcinoma (%) 1(2.4)
Not otherwise specified (%) 2 (4.8)
Mutational status *
EGFR-mutated total (%) 7 (17.0)
EGEFR exon 19-deletion 6 (12.2)
EGEFR exon 21 L858R- mutation (%) 2 (4.8)
ALK-translocation (%) 2 (4.8)
ROS1-translocation (%) 1(24)
BRAF V600E-mutation (%) 1(2.4)
KRAS (total) 7 (17.1)
KRAS G12C 4(9.8)
TP53 12 (29.3)
RET-translocation (%) 1(24)
PIK3CA 1(24)
PD-L1 high expression ** (>50% TPS) (%) 9 (22.0)

67 (50-88)

18 (47.4)
20 (52.6)

38 (100.0)
0 (0.0)
0 (0.0)

13 (34.2)

19 (50.0)
5(13.2)
1(2.6)

20 (52.6)

12 (31.6)
6 (15.8)
0 (0.0)

19 (50.0)
14 (36.8)
0(0.0)
1(2.6)
4(10.5)
0 (0.0)

ND

Note: *Tumors can harbor more than one mutation and can additionally show a PD-L1 expression. **Tumors can harbor a mutation beside the high PD-L1 expression.
Abbreviations: ECOG, Eastern Cooperative Oncology Group performance index; ND, Not done. At the time of patient recruitment, international guidelines did not recommend
that a molecular analyses in patients with localized stage NSCLC, treated with surgery in curative intent should be performed. NSCLC, non-small cell lung cancer. PD-L1,
programmed death ligand 1. TPS, tumor proportion score. Percent of viable tumor cells with a positive PD-L1 membrane staining in immunohistochemistry.

circulation and, for this reason, we further analyzed the
MOFR4L2 gene. Using RT-ddPCR, we measured the plasma
abundance of the MORF4L2 transcript in plasma from the
patient and control cohorts. As shown in Figure le,
MORF4L2 cfRNA transcript was significantly abundant in
all patients, irrespective of disease stage than in controls. In

tumor tissue, similar patterns were observed for two
independent cohorts (TCGA and GSE 81089, Supplemen-
tary Figure la & 1b). We then wondered if the abundance
of MORF4L2 transcript in circulation was associated
with smoking or age. We then categorized our stage IV
cohort into never smokers (0 packs/year), light smokers
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(<30 packs/year) and heavy smokers (>30 packs/year). As
shown in Supplementary Figure lc, there was a higher but
not significant difference in MORF4L2 load in the different
smoker groups, which was probably due to the low numbers.
No obvious difference was observed for different age groups
(Supplementary Figure 1c). Comparing MORF4L2 cfRNA
abundance in the stage IV and stage I-III group, no obvious
significant  difference was observed (Supplementary
Figure le). To establish the tumor relevance of this gene, we
performed immunohistochemistry staining on NSCLC and
nontumor section and observed a higher number of cells

stained in tumor
(Figure 1f).

samples compared to normal tissue

Determination of diagnostic cutoff

Following the identification of the MORF4L2 cfRNA tran-
script, further proof of concept validation of the clinical util-
ity of cfRNA was done. Therefore two algorithms, the
Youden index and SpEqualSE as implemented in the R
package “OptimalCutpoints”, were used to determine the
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Stage I-lll
Youden idex SpEqualSe
Parameter Estimate 95% CI (lower-upper) Estimate 95% CI (lower-upper)
cutoff 550 (copies/ml) - 456.25 (copies/ml) -
Sensitivity 0.69 0.53 - 0.82 0.71 0.56 - 0.84
Specificity 0.87 0.73-0.96 0.72 0.56 - 0.85
Positive predictive value 0.86 0.71-0.92 0.74 0.58 - 0.86
Negative predictive value 0.701 0.56 - 0.89 0.68 0.52 - 0.83
Stage IV
cutoff 750 (copies/ml) - 493.75 (copies/ml) -
Sensitivity 0.72 0.55 - 0.85 0.82 0.66 - 0.92
Specificity 0.95 0.83 - 0.99 0.82 0.66 - 0.92
Positive predictive value 0.93 0.78 - 0.97 0.82 0.66 - 0.92
Negative predictive value 0.77 0.62 - 0.97 0.82 0.66 - 0.92
All samples

cutoff 537.5 (copies/ml) - 468.75 (copies/ml) -
Sensitivity 0.73 0.61-0.82 0.76 0.66 - 0.85
Specificity 0.87 0.73 - 0.96 0.77 0.61 - 0.89
Positive predictive value 0.92 0.83 - 0.95 0.88 0.77 - 0.93
Negative predictive value 0.59 0.47 -0.83 0.60 0.47 -0.78

Stage I-lll (Youden idex)

Stage IV (Youden idex)

1.0;
0.8
>0.6] >0.6
= =
20.4 204
(7] w
0.2 0.2
0.0l AUC =0.78 (0.68 - 0.89) 0.0l- AUC =0.89 (0.82- 0.97)
00 02 04 06 08 10 00 02 04 06 08 10
1 - Specificity 1 - Specificity
cfRNA positive cfRNA negative Total
CEA positive 23 (60.5%) 7 (18.4%) 30 (78.9%)
CEA negative 3 (7.9%) 5(13.2%) 8 (21.1%)
Total 26 (68.5%) 12 (31.5%) 38 (100%)
cfRNA positive cfRNA negative
Cyfra21-1 positive 24 (63.2%) 10 (26.2%) 34 (89.5%)
Cyfra21-1 negative 2 (5.3%) 2 (5.3%) 4 (10.5%)
Total 26 (68.5%) 12 (31.5%) 38 (100%)

Cyfra-MORF4L2 positive

Cyfra-MORF4L2 Negative|

CEA-MORFA4L2 Positive 28 (73.6%) 2 (5.3%) 30 (78.9%)
CEA-MORFA4L2 Negative 8 (21.1%) 0 (0%) 8 (21.1%)
Total 36 (94.7%) 2 (5.3%) 38 (100%)

FIGURE 2 The MORF4L2 cfRNA transcript has diagnostic value. (a) Table showing the diagnostic parameters of the cfRNA transcript in NSCLC
patients. The Youden index and SpEqualSe algorithm as implemented in the R package OptimalCutPoints were used. Patients were analyzed independently
(stage I-III, n = 38 and stage IV, n = 41) and as a pool of all patients against a control cohort of n = 39. (b) Receiver-operator characteristic curve for stage
I-II (left panel) and stage IV (right panel) based on diagnostic values obtained from the Youden index. (c) Cross tabulation comparison of the diagnostic
efficacy of MORF4L2 cfRNA transcript with the tumor markers CEA and Cyfra21-1. Markers were analyzed independently and in combination
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diagnostic cutoff values, the sensitivity, specificity as well as
the positive and negative predictive values in early and
advanced stage NSCLC patients. The diagnostic efficacy of
the MORF4L2 cfRNA transcript was analyzed independently
and in combination with the established tumor markers
CEA and Cyfra21-1. Although the diagnostic cut-off deter-
mined by the Youden index was higher than the value
reported by the SpEqualSe algorithm, the diagnostic param-
eters were closely similar (Figure 2a). We then determined
the receiver operator characteristics (ROC) and the area
under the ROC curve (AUC). In advanced stage NSCLC
patients, the AUC of 0.89, 95%CI (0.82-0.97) was achieved,
while an AUC of 0.78, 95% CI (0.68-0.89) was achieved for

the early stage (stage I-III) cases (Figure 2b). Using tumor
marker data (CEA and Cyfra21-1), available for 38 stage IV
patients, a cross tabulation was made to compare the diag-
nostic efficacy of cfRNA with established tumor markers. As
shown in Figure 2c, 60.5% and 63.2% of patients had values
above the cut-off for the combination CEA/MORF4L2
cfRNA and Cyfra21-1/MORF4L2 cfRNA, respectively. An
additional 7.9% of patients had positive cfRNA values but
negative CEA values. Furthermore, 18.4% of patients with
negative cfRNA values were positive for CEA, and both
markers classified 31.5% of patients as negative. With
regards to Cyfra21-1, 26.2% of patients with negative cfRNA
values were positive for Cyfra21-1, while 5.3% of Cyfra21-1

a b c
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FIGURE 3 Comparative analysis of MORF4L2 cfRNA transcript and tumor markers for response patterns. (a—c) A line plot showing the profile of the

tumor marker Cyfra21-1, the profile of MORF4L2 cfRNA transcript and the profile of the tumor marker CEA, respectively in patients with radiological stable
disease. (d-f) A line plot showing the profile of the tumor marker Cyfra21-1, the profile of MORF4L2 cfRNA transcript and the profile of the tumor marker

CEA, respectively in patients with radiological partial response
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FIGURE 4 Comparative analysis of MORF4L2 cfRNA transcript profiles and tumor surface area. A line plot showing the MORF4L2 cfRNA transcript
profile and the corresponding tumor surface area measurement between the baseline and first reassessment time point for patients with a significant decrease
between both time points (a) and for patients with a stable or increased MORF4L2 cfRNA transcript profile between both time points (b). (c) A line and bar
plot showing the tumor dynamics and MORF4L2 cfRNA transcript profile, respectively, for a nonresponding patient with two lesions (c) and for a

responding patient with two lesions (d)

negative patients had positive cfRNA values. Both markers
showed negative values for 5.3% of patients. We then
checked if a combination of cfRNA with either of the tumor
markers would improve classification. We observed that a
combination of cfRNA with Cyfra21-1 increased the per-
centage of positive patients from 89.5% in Cyfra2l-1 alone
to 94.7% in the combination. On the other hand, combining
CEA and cfRNA did not improve the diagnostic acuracy of
CEA, which remained at 78.9%. Taken together, these obser-
vations suggest, that c¢fRNA combination with Cyfra21-1
can increase the diagnostic performance.

Comparative performance of cfRNA and tumor
markers for treatment surveillance

We next evaluated the performance of our candidate cfRNA
transcript for treatment surveillance as compared with the
established tumor markers and by using CT-reported
response evaluated by the RECIST criteria. The Cyfra21-1

levels of patients with stable disease (SD) were unstable
between baseline and follow-up (first reassessment), with
three-quarters of cases decreasing and one quarter of cases
increasing (Figure 3a). However, the MORF4L2 cfRNA pro-
files for these patients remained stable between both time
points and for all patients (Figure 3b). CEA levels for
patients with SD were relatively stable compared with the
corresponding Cyfra21-1 profiles (Figure 3c). For patients
with a partial remission to treatment, Cyfra2l-1 levels
decreased in all patients and most patients showed tumor
marker values below the threshold value (Figure 3d). In the
same patients, MORF4L2 cfRNA levels decreased in most
patients, but not below the threshold value, while two
patients showed increasing profiles (Figure 3e). These two
patients subsequently progressed shortly after the analyzed
time point. CEA levels for patients with partial remission
were in most cases, stable between the baseline and follow-
up time points (Figure 3f). Taken together, these observa-
tions suggest, that the MORF4L2 cfRNA profile reflects the
tumor dynamics as reported by RECIST in a comparable
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and in some case better manner as established tumor
markers.

MORF414 cfRNA profile reflects CT- tumor
dynamics

Following the observation that the MORF4L2 cfRNA tran-
script can recapitulate tumor marker profiles, we compared
CT-reported tumor dynamics during treatment with
MORF4L2 transcript profiles. To this end, we measured the
surface area of the tumor at baseline (T0) and at first
reassessment with radiological imaging (T1). From the same
patients, we quantified the MORF4L2 cfRNA transcript and
categorized patients into two groups. On the one hand, were
patients with a significant drop in MORF4L2 cfRNA mean-
while patients with a stable or increased MORF4L2 cfRNA
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profile were in the second group. When the change in per-
centage of the transcript between both time points was less
than 10%, the profile was considered stable. Based on this
criteria, we observed, that patients with a decrease in cfRNA
transcript also showed a decrease of the tumor surface area
between both time points (Figure 4a). Patients with a stable
or increased MORF4L2 cfRNA transcript profile showed
mixed tumor surface area profiles, with most of them
remaining stable or increasing (Figure 4b). We then decided
to investigate the behavior of the MORF4L2 cfRNA profiles
in patients with multiple lesions. Therefore, we analyzed two
patients each with two lesions. In patient no. 1, with a lung
and liver lesion, the lung lesion surface area remained stable,
while the liver lesion increased about two-fold. We equally
observed about twofold increase of the MORF4L2 cfRNA
profile in this patient (Figure 4c). In patient #2 with a lung
and abdominal lesion, both lesions decreased, with the lung

TKI inhibitors
©
2
2
o}
(]
c
[0}
o
(O]
o

-| log-rank p = 0.011
0 T T T 1
0 5 10 15 20
PFS (months)

d

o)
2 500 log-rank p = 0.0027
0 10 20 30 40 50 60
Time (months)
AHazard ratio
tRNA H\'/gg 21) Reference
KPY 20 {0"5o-4.9) =
MORF4L2 %—k[gg 13) Reference
9% 28y UB0-0m - 0.009™
Gender Fﬁ@aglg) Reference
W I=e19) 20.216-3.6) 0.64

NN N R

Assessment of the prognostic value of MORF4L2 cfRNA. A Kaplan-Meier progression-free survival curve for patients receiving cytostatic
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monotherapy (b). A boxplot showing the comparison in the progression-free survival time between patients with a decrease in MORF4L2 cfRNA transcript
between baseline and first reassessment and patients with a stable or increased MORF4L2 cfRNA transcript between the baseline and first reassessment time
points (c). Kaplan-Meier overall survival curve for all stage IV patients based on the plasma abundance of MORF4L2 cfRNA transcript (upper panel) and a
forest plot showing multivariate analysis of the association between MORF4L2 cfRNA transcript and overall survival (lower panel) (d)
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lesion decreasing to an undetectable size, while the abdomi-
nal lesion decreased almost fourfold. We also observed
about 3.5-fold decrease in the MORF4L2 cfRNA transcript
profile for this patient (Figure 4d). These two patients were
selected because patient no.l1 had a tissue-reported KRAS
mutation, which could not be detected in plasma, mean-
while patient no. 2 had no tissue-reported actionable muta-
tion. These patients would otherwise not have been eligible
for ctDNA-based monitoring approaches in clinical routine.

MORF4L2 cfRNA transcript predicts patient
outcome

cfRNA from 41 stage IV NSCLC patients were analyzed by
RT-ddPCR. Patients were treated either with tyrosine kinase
inhibitors (TKI), immune checkpoint inhibitors (CPI) and
cytostatic monotherapy plus CPI. The groups of patients
who received TKI or cytostatic therapy were larger than the
others and we dichotomized these two groups at the median
expression of MORF4L2 in all samples. High baseline
expression of MORF4L2 was associated with shorter
progression-free survival for patients receiving cytostatic
therapy + CPI and TKIs (Figure 5a & b respectively). We
then checked if decrease in MORF4L2 cfRNA transcript
between TO and T1 was associated with better progression-
free survival (PFS). In effect, patients with decreased tran-
script levels between both time points demonstrated a longer
PES than patients with a stable or increased transcript pat-
tern (Figure 5¢). In the next step the overall survival of all
41 stage IV patients was computed relative to the baseline
MORF4L2 transcript levels. As shown in Figure 5d (upper
panel), high plasma levels of MORF4L2 transcript were asso-
ciated with poor overall survival. It was also analyzed if
other factors, such as gender or the amount of cfRNA, could
affect the predictive value of this cfRNA transcript. Low
levels of MORF4L2 cfRNA transcript were associated with
better overall survival (OS) (HR: 0.25, 95% CI: 0.09-0.7, p-
value = 0.009) (Figure 5d, lower panel). The total amount of
cfRNA as well as patients gender showed no significant
effect regarding OS.

DISCUSSION

We investigated the clinical utility of cfRNA for early detec-
tion and monitoring disease dynamics in non-small cell lung
cancer. Patient samples were collected during routine clini-
cal visits to simulate a real-life situation. All blood samples
were processed within 2 h of blood draw or stored at 4°C
for less than 4 h. Previous studies have shown that unlike
serum, plasma storage at 4°C for up to 24 h does not affect
cfRNA quality.”® Total cfRNA yield per ml of plasma varied
between 1.7-31 ng. Despite stability challenges, others and
us have shown that cfRNA is a potential source of clinically-
relevant information in cancer as well as in nonmalignant
diseases.'>**** For this proof-of-concept study, we selected

a previously identified cfRNA transcript, MORF4L2, which
was found to be strongly abundant in patient plasma com-
pared with healthy transfusion blood donors. The focus on
the MORF4L2 transcript was motivated by its high tumor
expression levels and strong association with disease pheno-
type. Interestingly, this transcript has been reported to be
involved in treatment relapse in NSCLC.*®

The plasma abundance of this transcript was measured
by means of RT-ddPCR in plasma samples from NSCLC
patients and healthy transfusion blood donors. We then
used the Youden index and the SpEqualSe algorithms to
determine a diagnostic cutoff value. The sensitivity as well
as specificity were very good (>0.7) and the positive and
negative predictive values were good and modest, respec-
tively (>0.9 and 0.5, respectively). Combining MORF4L2
cfRNA with the tumor marker Cyfra21-1, did improve its
diagnostic performance. Higher plasma levels of MORF4L2
cfRNA transcript, before start of treatment, were associated
with poor overall and progression-free survival for patients
who received TKIs and cytostatic therapy+/— CPI. In effect,
high levels of a tumor-associated transcript in plasma maybe
reflective of high cellular turnover and tumor growth.”” Fur-
thermore, MORF4L2 has been associated with enhanced
tumor initiation in vivo, following treatment.”® Higher
cfRNA levels of this transcript may indeed be suggesting dis-
ease progression or new metastatic manifestations that are
below the CT detection limits.

Decrease in MORF4L2 cfRNA transcript concentration
between baseline and first reassessment was associated with
decrease in tumor surface area while stable or increased
cfRNA profile was associated with a mixture of radiological
responses. We further investigated the influence of total
cfRNA yield and found no correlation between MORF4L2
cfRNA transcript abundance and total sample cfRNA vyield.
These findings are in line with our previous observation,
where cfRNA transcripts from epithelial sources distin-
guishes patients and healthy blood donors and support the
tumor cell origin of this transcript. Using cfRNA transcript
abundance, we could also monitor the disease profile of
patients with no measurable genetic alteration, as well as
patients with tumor-reported genetic alterations which how-
ever could not be found in the corresponding plasma sam-
ple. The cfRNA transcript profile of MORF4L2 mirrored
tumor dynamics, derived from CT-scans, in a comparable
or better manner as tumor markers.

It is therefore very likely that cfRNA can be used to
complement other approaches to monitor patient’s tumor
dynamics independent of mutational status and despite
tumor heterogeneity. Our study is limited by the lack of
mechanistic information relating to the stabilization of
cfRNA in blood and the limited number of patients ana-
lyzed in this proof-of-concept study. Until such gaps are
filled, we believe that timely and proper sample handling
can allow for cfRNA preservation. Taken together our data
support clinical utility of ¢fRNA both for disease detection,
but most importantly for response prediction and patient
prognosis.
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In conclusion, here we provided evidence that the
cfRNA transcript MORF4L2 is useful for diagnostic and
prognostic purposes as well as for monitoring response to
therapy. Further investigation with larger sample cohorts
are needed to establish the diagnostic strength of such
markers and their utility for monitoring in clinical routine
as a possible supplement or substitute for radiological
monitoring of anticancer therapy.
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