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While long-term survival rates for early-stage lung cancer are high, most cases are diagnosed in later stages that can negatively
impact survival rates. We aim to design a simple, single biomarker blood test for early-stage lung cancer that is robust to preclini-
cal variables and can be readily implemented in the clinic. Whole blood was collected in PAXgene tubes from a training set of 29
patients, and a validation set of 260 patients, of which samples from 58 patients were prospectively collected in a clinical trial
specifically for our study. After RNA was extracted, the expressions of FPR1 and a reference gene were quantified by an automated
one-step Tagman RT-PCR assay. Elevated levels of FPR1 mRNA in whole blood predicted lung cancer status with a sensitivity of
55% and a specificity of 87% on all validation specimens. The prospectively collected specimens had a significantly higher 68%
sensitivity and 89% specificity. Results from patients with benign nodules were similar to healthy volunteers. No meaningful cor-
relation was present between our test results and any clinical characteristic other than lung cancer diagnosis. FPR1 mRNA levels
in whole blood can predict the presence of lung cancer. Using this as a reflex test for positive lung cancer screening computed
tomography scans has the potential to increase the positive predictive value. This marker can be easily measured in an auto-
mated process utilizing off-the-shelf equipment and reagents. Further work is justified to explain the source of this biomarker.
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Abbreviations: ACTB: B-actin; c¢fDNA: cell-free DNA; CTC: circulating tumor cells; FPR1: formyl peptide receptor 1; HNRNPAIL: het-
erogeneous nuclear ribonucleoprotein Al; NLST: National Lung Screening Trial; NSCLC: non-small cell lung cancer; SCLC: small cell
lung cancer

Additional Supporting Information may be found in the online version of this article.
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What’s new?

Whole blood FPR1 mRNA expression

There have been several lung cancer screening trials evaluating the potential benefit of imaging for improving survival out-
comes in lung cancer patients. While low-dose computed tomography (CT) screening reduces mortality, it yields a 96.4%
false-positive rate. A potential strategy to improve screening may be the identification of additional tools that improve identifi-
cation of false positives. Using prospectively collected whole blood samples, here the authors show that elevated FPR1 mRNA
expression has a 68% sensitivity and 89% specificity. This single biomarker blood test, which can be readily implemented in
the clinic, may increase the positive predictive value of detecting lung cancer.

In absolute numbers, lung cancer has a highest number of
cancer-related deaths in the United States. While the majority
of individuals developing lung cancer are current or former
smokers, a growing proportion of patients that never smoked
are diagnosed with lung cancer.' Diagnosis in general por-
tends a poor prognosis due to the prevalence of detection at
later stages of disease, when curative approaches are less
likely. When detected earlier, the survival rates can be
improved. Thus, there have been several lung cancer screen-
ing trials evaluating the benefit of imaging to improve sur-
vival outcomes by increasing the proportion of patients
diagnosed with lung cancer at an earlier stage of disease, to
allow for a curative approach. Most recently, the National
Lung Screening Trial (NLST) found a 96.4% false-positive
rate in the low-dose computed tomography (CT) group and
false-positive rate 94.5% in the chest radiography group.
Despite the high false-positive rate, low-dose CT screening
reduced mortality by 20%.> Some key concerns about gener-
alized application of screening CT is adherence to the param-
eters/metrics for nodule evaluation applied in the NLST, cost,
and dealing with false positives. A potential strategy to
improve screening may be the identification of additional
tools that improve assignment of false positives.

Formyl peptide receptor 1 (FPR1) is a pattern recognition
receptor with critical roles in innate immune response, wound
repair and angiogenesis.” FPR1 expression is increased in lung
epithelial cells in response to TNF-a, LPS, scratch injury, mito-
chondrial antigens and is involved in lung wound closure.*
FPRI is significantly and recurrently mutated in small cell lung
cancer (SCLC),” and expression is decreased in lung cancer
compared to peritumoral tissues.® FPR1 knockout mice have
decreased migration of neutrophils and macrophages after cig-
arette smoke exposure and demonstrate different expression of
inflammatory genes.” The role of FPR1 appears to be highly
context dependent. Silencing of FPR1 enhances the ability of
gastric cancer cells to form tumors, suggesting it can act as a
tumor suppressor in that tissue type.® Conversely, high expres-
sion of FPR1 is significantly associated with tumor progression
in gastric cancer’ and gliomas. '

Recently, several strategies have been developed to per-
form noninvasive “liquid biopsies,” which are of particular
utility for lung cancer patients.'' These methods capture
DNA from circulating tumor cells (CTC)," exosomes or cell-
free DNA (cfDNA) present in the plasma.'>'*

The FPRI mRNA marker was originally designed to
detect neutrophil contamination in experiments designed to
detect circulating DNA in plasma samples. It was believed
that using the ratio of this marker to a reference gene on
total nucleic acid isolates would allow elimination of mis-
handled samples. Surprisingly, it was found that this marker
was more highly expressed on specimens from patients with
non-small cell lung cancer (NSCLC) compared to individuals
without cancer. Additional work revealed that this signal was
present in whole blood at levels substantially higher than
plasma alone and is likely of cellular origin. PAXgene RNA
tubes provide an easy method to collect and transport whole
blood for mRNA analysis, and the signal was also found with
this strategy.'” In our study, we explored FPR1 as a possible
single biomarker blood test for detection of lung cancer.

Material and Methods

Study population

Samples were collected both retrospectively and prospectively
under IRB-approved protocols from multiple sites to mini-
mize the risk of handling procedures at a single site unknow-
ingly impacting results. A training set consisted of blood
specimens from 17 NSCLC patients and 12 healthy volun-
teers (HV). Patients were considered nonsmokers if they
reported no smoking history, and patients were considered
smokers if they reported >20 pack-years of smoking. Pack-
years is defined as number of cigarette packs per day smoked
multiplied by the number of years of smoking. For example,
smoking 1 pack of cigarettes per day for 20 years or 2 packs
of cigarettes per day for 10 years (or any multiple that yields
20) would be 20 pack-years of smoking.

Lung cancer blood specimens were only included if the
patient carried a diagnosis of either NSCLC or SCLC. Speci-
mens from individuals with other cancer types were excluded.
The minimal clinical dataset for inclusion in the retrospec-
tively collected specimens (n = 289) was pack-years smoking
history, age and cancer diagnosis. Prospectively collected
samples required that patients (n = 58) were surgically opera-
ble, >50 years old with >20 pack-years of smoking history.
Sample identity was blinded from the technicians handling
the samples.

Benign samples were defined as coming from patients
with a suspicious nodule identified on CT scan and con-
firmed to be cancer free by the contributing institution’s
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standard of care workup. From a total of 18 benign cases, 7
were determined to be cancer free by futile thoracotomy, 3
by biopsy, 4 by bronchoalveolar lavage and 4 by unspecified
means.

Sample collection and transport

All samples were handled as routine clinical specimens and
without special handling. For retrospective cases, 2.5 ml of
peripheral venous blood was collected in a PAXgene RNA
(PreAnalytiX, Hombrechtikon, Switzerland) by the institu-
tion’s standard method of phlebotomy and then frozen at
—80°C within 2.5 hr. The criteria limiting exposure to room
temperature to 2.5 hr was added after examining data; all
other criteria were established before the study began. Pro-
spective samples were collected in a PAXgene tube via veni-
puncture or a new IV line, placed in a shipping container
including a wet ice pack, shipped overnight and then frozen
on nitrogen vapor (-190°C) immediately upon receipt.

Measurement of mRNA

RNA was extracted with the Qiasymphony PAXgene blood
RNA kit (Qiagen, Hilden, Germany). Levels of mRNA were
quantified via quantitative PCR using a one-step, closed-tube
QuantiFast Probe RT-PCR Plus Kit (Qiagen). This closed-
tube assay removes genomic DNA, creates cDNA and then
conducts quantitative PCR. The primers and probes used are
shown in Supporting Information Table SI, and synthetic
standards shown in Supporting Information Table S2. All
reactions were conducted in quadruplicate on a single run,
and regression was used to determine fitted concentration in
terms of unit (U) as defined for each standard. The ratio of
fitted FPRI/heterogeneous nuclear ribonucleoprotein Al
(HNRNPA1) or total level of FPRI alone was examined. We
examined expression data from many tissue and cancer types
and determined that HNRNPA1 has the lowest overall vari-
ability in expression. This in silico experiment was conducted
prior to building the test. High level of B-actin (ACTB) was
used as an exclusionary criterion. We found that high levels
of ACTB tended to predict incorrect results in rare cases,
though a biologic mechanism for this was not ascertained.
Assignment of samples to processing batches was random-
ized, and process batches contained samples from multiple
cohorts. All handling was conducted in a CLIA/CAP accred-
ited BSL2 laboratory.

Statistical analysis

A single decision variable, the FPRI/HNRNPAL1 ratio, was
used. A single threshold can readily be created, and ROC
curves were used to explore the effects of different threshold
decisions. Potential differences between numerical values
were assessed by t-test, and differences between count data
was evaluated by Fisher’s exact test. Bonferroni correction for
multiple testing was applied. When cohorts appeared to be
distributed differently, a Kolmogorov-Smirnov test was used
to test this hypothesis. Linear regression and logistic
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regression were used in an attempt to predict results from
clinical data without access to cancer status or results of the
FPRI1 test.

Results

Training set

The training set consisted of 17 NSCLC specimens and
12 HV. The validation set was divided into 11 cohorts based
on diagnosis and smoking history (Table 1). Details of cancer
staging for the both sets are displayed in Supporting Infor-
mation Tables S3 and S4. We selected at threshold of 62 for
the FPRI/HNRNPAL1 ratio, as this was the lowest whole
number value with 100% specificity. Since we did not observe
any training samples with an outlier ACTB value, a cutoff of
50 U was set. This represented twice the highest value
observed.

Summary statistics for the study population are shown in
Table 1. Patients occasionally chose not to volunteer data for
a given field, but all data were available for most patients.
Information on whether the individual was a smoker or non-
smoker and the number of pack-years was mandatory. The
set of normal specimens used within the training set was not
screened by the same standard for age and smoking history.

Validation set

The validation set was extracted and analyzed by qPCR after
the rules were finalized in the training set. Figure 1 shows
the distribution of the FPR1I/HNRNPAI1 ratio for each
cohort. In all cases, the distribution is skewed upward in the
malignant cases. A total of two cases (0.78%) were excluded
based on our predefined ACTB exclusionary criteria. One
was a nonsmoker HV and the other was a smoker with
NSCLC. Both would have been incorrectly classified without
this metric. There was no apparent difference in the FPR1
ratio related to cancer stage.

The nonsmoker squamous cell lung carcinoma appears to
be distributed differently from the other cancers, but there
are only four cases in this cohort. While smoker benign cases
appear to be skewed slightly higher than nonsmoker benign
cases, there was no significant difference identified by the
Kolmogorov-Smirnov test (p = 0.91).

The ROC curves obtained from the training set are shown
in Supporting Information Figure SI, and ROC curves for
the entire validation set and prospective samples only are
shown in Figure 2. Using the predefined threshold for FPR1/
HNRNPALI ratio, the ROC curves for the validation set
appear to be reasonable with a sensitivity of 55% and a spe-
cificity of 87%. When only the specimens from the prospec-
tive clinical trial were classified, a 68% sensitivity and 89%
specificity were observed. The increase in sensitivity was sta-
tistically significant by Fisher’s exact test (p = 0.018).

We conducted an analysis to determine the effect of time
between collection and refrigeration/freezing. When we
examined retrospective samples, we found that samples
stored at room temperature for longer than the specified
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Table 1. Clinical characteristics for all samples

Current
Male smoker COPD Stage |

Cohort N Age (%) (%) PY (%) (%) Site 1 Site 2  Site 3* Site 4*

Training set
Lung cancer (all types) 17 65+7 47 71 42+18 ISD 59 17
Healthy volunteer 12 635 42 10 30+3 ISD - 12

Validation set
Smoker adenocarcinoma 69 669 42 68 51+24 32 35 57 5 7
Nonsmoker adenocarcinoma 17 689 35 = = 12 41 15 2
Smoker squamous cell carcinoma 15 669 67 64 51*+23 47 31 9 6
Nonsmoker squamous cell carcinoma 4 739 75 = = 0 25 2 2
Smoker NSCLC NOS 7 65+9 100 50 51*+24 33 29 4 3
Smoker SCLC 17 649 44 62 53*+22 38 53 13 4
Nonsmoker SCLC 1 55 100 - - 0 0 1
Smoker benign 13 68+9 38 ISD 47 £23 38 = 3 10
Nonsmoker benign 5 747 60 - - 0 - 5
Smoker volunteer 94 649 52 32 45+22 29 = 43 26 21 4
Nonsmoker volunteer 18 628 50 - - 0 - 13 4 1
All validation samples 257 65*9 50 38 = 28 35 155 45 49 8

Summary statistics of clinical attributes for each cohort used within the study. Sites 1 and 2 were collected samples retrospectively, while sites 3
and 4 (indicated by *) collected samples prospectively for our study. Summary statistics were based on the patients with a given field available. If
less than half of patients had a given field available, insufficient data (ISD) was recorded.

Abbreviations: N, number; PY, pack-years of smoking; COPD, chronic obstructive pulmonary disease; NSCLC, non-small cell lung cancer; NOS, not
otherwise specified; SCLC, small cell lung cancer.
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Figure 1. FPR1 ratio boxplots. Boxplots of FPR1 ratio obtained from each cohort (left) and each tumor stage (right). The dotted line repre-
sents the cutoff for calling a positive determined in the training set. Abbreviations: Adeno, adenocarcinoma; Hv, healthy volunteers; NSCLC,
non-small cell lung cancer.
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2.5 hr tended to obtain a negative cancer classification result correlated to other clinical attributes that also correlate to can-
regardless of cancer status. Prospective samples were refriger-  cer status. The factors most likely to correlate to cancer status
ated without delay, which may explain the higher sensitivity. =~ were determined to be age and smoking pack-years. Neither

Multiple strategies were taken to ensure the FPR1 was an  statistical tests or review of scatterplots showed any relationship
independent measure of cancer status and not simply a measure  between either of these factors and the FPR1 ratio.
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Figure 2. ROC plots. ROC plots for all validation samples (left) and prospective samples only (right). The arrow indicates the position on the
ROC curve represented by the predetermined threshold of 62.

Table 2. Statistical tests for relationships between clinical attributes and FPR1 ratio

FPR1/ Correct
HNRNPA1 classification
Attribute ratio p-value p-value
Stage | vs. other stages 0.14 0.61
NSCLC vs. SCLC 0.64 0.44
HV vs. benign 0.47 1.00
Current vs. former smoker 0.75 0.55
Smoker vs. nonsmoker 0.70 0.90
COPD vs. non-COPD 0.17 1.00
Male vs. female 0.0021" 0.23

FPR1 ratios were compared by t-test, and the outcome of the test (positive or negative) was compared by Fisher's exact test.

*Remains statistically significant after Bonferroni correction.

Abbreviations: NSCLC, non-small cell lung cancer; SCLC, small cell lung cancer; HV, healthy volunteer; COPD, chronic obstructive pulmonary disease.

There was no significant correlation between FPRI ratio
and lung cancer stage, major lung cancer histology, cancer-
free status (HV vs. benign) or current smoking status (Table
2). Gender did have a significant impact on FPR1I/HNRNPA1
ratio but did not affect the overall classification accuracy
(positive vs. negative). The bar graphs in Figure 3 reveal that
men with lung cancer tend to have a FPRI/HNRNPA1 ratio
skewed to higher values, but this does not affect the overall
sensitivity of the test (p = 0.11 by Fisher’s exact test).

To assure that no combination of clinical variables could
account for the FPRI ratio, we created a linear regression
model using age, pack-years smoking, COPD and gender
(Fig. 4). This model could not predict FPRI1 and yielded a
Pearson’s r* of 0.0369. A similar attempt was used to predict
cancer status using logistic regression. The 95% confidence
interval for AUC straddled 0.5, indicating that a model built
from clinical attributes had no predictive value.

Discussion
Early detection of lung cancer can substantially improve clin-
ical outcomes.

The ratio of FPRI/HNRNPAI1 can predict whether a
patient has lung cancer based on 2.5 ml of blood. The
accuracy was not affected by clinical attributes, and no dif-
ference in sensitivity was found between early-stage and
advanced lung cancer. Other groups have explored the util-
ity of blood and nonblood-based biomarkers for lung cancer
screening. A representative list include using gene expres-
sion of peripheral blood mononuclear cells,'® serum pro-
teins,'  microRNAs,'® methylation,*
exhaled volatile organic compounds®' and urine protein bio-
markers.”> Unlike other blood-based lung cancer detection
methods, the FPRI ratio has been demonstrated to detect
both NSCLC and SCLC.

The FPR1/HNRNPAI ratio showed high specificity but
low sensitivity. These characteristics make it useful in screen-
ing indeterminate nodules found during CT scans. These
nodules are typically not biopsied immediately and are
observed in follow-up CT scans. A false negative would not
change clinical decision making, and the low false-positive
risk may justify conducting a biopsy expeditiously rather
than waiting. Patients with indeterminate nodules 4-10 mm
in size would be ideal candidates for this test, because the

immunoassay,'’
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logistic regression (right) were unsuccessful when clinical attributes of age, pack-years of smoking history, COPD status and gender were
used as predictors. This indicates that neither the FPR1 ratio nor its predictive power is related to these clinical attributes.

nodules are large enough to biopsy, but are small enough
they are not typically biopsied soon after discovery. Clinical
benefit would be realized if a potential lung cancer were
detected before advancing to a later stage.

Clinical diagnostics are different from research studies.
Complicated preanalytical handling procedures are common
in research studies, often involving multiple steps of pipet-
ting, centrifugation and shipping at cryogenic temperatures.
The FPR1 test requires a simple blood draw followed by
shipping with an ice pack. Reduced handling steps simplify
handling in the clinic and decrease influence of preanalyti-
cal variables. Scalability is also a critical concern in the
conversion of a research assay into a clinical one. The
FPR1 assay is fully automated on the QiaSymphony SP/AS
robot, minimizing analytical variables and increasing
scalability.

A single variable classifier is preferable to a multiple vari-
able classifier as there is less risk for over fitting the training
data.” Tt is easy to create a model that fits random variance
rather than underlying predictors of a condition when many
variables are used, but using a single variable classifier sub-
stantially reduces this risk. The use of multiple source sites,
prospective collection and the training/validation set strategy
we used further reduces this risk.

Prospective collected samples performed better than
archived retrospectively collected samples. This was driven by
increased sensitivity, while specificity remained the same.
One may initially suggest that this is driven by the fact that
the prospective trial only included smokers, but our analysis
found no significant correlation between smoking history and
FPRI levels or accuracy. The better performance of prospec-
tive samples is likely due to the additional controls around
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the collection methodology. While many of the retrospective
samples were stored at room temperature for 2 hr or more,
the prospective ones were immediately either placed at +4°C
or placed in a shipping container with an ice pack. Review of
samples stored at room temperature for longer periods of
time than our study allowed revealed they tended to obtain
results similar to cancer-free specimens. A study that
involved deliberately exposing healthy volunteers’ blood to
various time periods at room temperature did not detect any
change in the FPRI1 ratio over time. It is known that some
mRNAs are not fully preserved by PAXgene tubes.** It is
possible that the source of the cancer-specific marker is
degraded or experienced expression changes during long
periods at room temperature. It was noted that when the
ROC curves for all specimens and prospective specimens
were compared, the “bend” near the selected cutoff appears
similar in both. The difference could be readily explained by
assuming that approximately 25% of the retrospectively col-
lected samples from lung cancer patients were distributed
similar to samples from patients without cancer due to the
previously described stability effects. For higher specificity,
one could use a higher threshold with a minor decrease in
specificity. In contrast, there does not appear to be much
ability to increase sensitivity without severely impacting
specificity.

FPRI1 is known to be involved in immune responses, as
well as, wound healing in the lungs.’ Further research is
needed to determine whether these functions are related to
the increased FPR1 mRNA levels found in blood. Immuno-
therapies are becoming more important in the treatment of
cancers.”” The possible relationship between circulating FPR1
and immune response can be investigated as a possible
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predictor of immune therapy response. Future studies may
also include collection of blood spots rather than using an
entire PAXgene tube.

Conclusion

FPR1 is a blood-based marker potentially useful for the
early detection of lung cancer. FPR1 has accuracy compara-
ble to the best publications to date but is unique because
it is a single marker as opposed to a panel. The described
method uses a Taqman-style PCR assay and is suitable for
clinical testing. Our study is also unique in aspects of sam-
ple collection, which can easily be done in the current
medical infrastructure. For the entire validation set, we
observed 55% sensitivity for both SCLC and NSCLC with
87% specificity. In prospectively collected whole blood sam-
ples, the sensitivity and specificity improved to 68% and
89%, respectively. Additional work is justified to explore
the use of the FPR1 marker to evaluate patients with inde-
terminate lung nodules, particularly those between 4 and
10 mm.
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