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Clinical biomarker studies are often hindered by the scarcity or suboptimal quality of biological specimens.
EdgeSeq, a transcriptomics analysis platform, combines quantitative nuclease protection assay technol-
ogy with next-generation sequencing, using small amounts of starting material and delivering repro-
ducible gene expression profiles from challenging material, such as formalin-fixed, paraffin-embedded
(FFPE) tissue. To evaluate EdgeSeq for analysis of archives of stained FFPE tissue, EdgeSeq was performed
on unstained, hematoxylin and eosin (H&E)estained, and immunohistochemistry-stained slides from
patients with small-cell and nonesmall-cell lung cancer. Pairwise comparisons of gene expression profiles
from stained and unstained slides showed higher Pearson correlation coefficients with H&E staining (0.86
to 0.97) than with immunohistochemistry staining (0.21 to 0.56). A 25-gene interferon-g signature score
from unstained slides showed a Pearson correlation coefficient of 0.92 with H&E-stained slides and a
significant Spearman correlation (PZ 0.0025) with immune scores. To test gene expression profiling in
small samples, FFPE sample equivalents were examined from 5.0 to 0.08 mm2 of a section (5 mm thick);
sample equivalents �0.31 mm2 showed alignment rates >69% and pairwise Pearson correlation co-
efficients �0.87. EdgeSeq can, thus, be used to profile small and H&E-stained FFPE tumor specimens to
obtain biomarker data from limited tissue in oncology clinical trials and enable research into tumor
microenvironment and immune cell engagement with tumors at the locoregional level. (J Mol Diagn 2019,
21: 796e807; https://doi.org/10.1016/j.jmoldx.2019.04.011)
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Genomic profiling of patient samples by next-generation
sequencing is extremely valuable, revolutionizing our
knowledge of the molecular basis of cancer and allowing the
identification of patients who may benefit from personalized
therapy.1 In particular, genomic profiling is currently being
used to stratify populations of patients with cancer of the
lung and bronchus, the leading cause of death by cancer in
the United States.2 Histopathologic or molecular subtyping
of lung cancers guides clinicians in the selection of appro-
priate treatments because there are now several therapies
with varying efficacy on different histologic subtypes.3,4

Assessment of molecular biomarkers also has the potential
to predict the responses of patients with lung cancer to
specific therapies.5e9
stigative Pathology and the Association for M
Tissue availability can be a major limiting factor in the
study of cancer therapy. In patients with lung cancer, for
example, tissue acquisition can be difficult, because 70% of
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Gene Expression Profiling Using EdgeSeq
lung cancers are unresectable.4 Discomfort and risk of
complications lead to an unwillingness from patients and
physicians to obtain multiple biopsies.10,11 Furthermore,
many patients are diagnosed in the advanced or metastatic
stages of the disease. Surgical procedures are avoided in
these patients, and there is a requirement to obtain biological
samples using the least invasive method possible.12 Lung
cancer samples are, therefore, commonly obtained from core
needle, small transbronchial or small endobronchial
biopsies, or cytologic samples.3,4,12

Several established biomarkers can predict increased
response to targeted therapies in patients with lung cancer,
including oncogenic rearrangements in anaplastic lym-
phoma kinase (ALK )13 and point mutations in epidermal
growth factor receptor (EGFR).14,15 Expression of pro-
grammed death ligand 1 (PD-L1) protein can be associated
with greater efficacy of antieprogrammed death-1 (PD-1) or
antiePD-L1 immunotherapy in nonesmall-cell lung cancer
(NSCLC),16e18 but may not be predictive for all lung cancer
subtypes or immunotherapies.19

Recent studies have supported the diagnosis of lung cancer
subtypes from molecular signatures in mRNA or genomic
DNA.20e23 Low expression or absence of ERCC1 has been
linked to longer overall survival in patients with locally
advanced NSCLC who received neoadjuvant cisplatin-based
chemotherapy.24,25 In addition to PD-L1 expression, inter-
feron-g (IFN-g) mRNA levels may predict increased survival
in patients with NSCLC treated with antiePD-L1 therapy.26

New biomarkers are being discovered and developed at a
rapid rate. Tissue-based screening for established and newly
developed biomarkers has led to competition for patient
tissue samples, leaving limited samples for research.27 In
lung cancer trials, there are typically multiple biomarker
assays, such as immunohistochemistry (IHC), gene expres-
sion profiling, and analysis of tumor mutational burden, to
compete for those limited cancer tissue samples.28 There is,
therefore, an unmet need for reliable biomarker assays using
limited cancer tissues or those of suboptimal quality. The
scarcity of biological specimens, the suboptimal quality of
collected material, and the need for use of a broad spectrum
of testing modalities make clinical diagnostic and biomarker
studies challenging.4,29,30 These studies would benefit from
using archives of formalin-fixed, paraffin-embedded (FFPE)
samples, accelerating the generation of reliable biomarker
data. In addition, these samples may not need renewed
patient consent for use.31,32 Previous studies have shown
that archived FFPE NSCLC samples are reliable for
assessment of biomarkers, such as PD-L1 expression.33,34

The EdgeSeq system (HTG Molecular Diagnostics, Inc.,
Tucson, AZ), a novel genomics analysis platform, combines
quantitative nuclease protection assay technology35 with
next-generation sequencing. Libraries are generated using
samples such as FFPE tissues, negating the requirement for
nucleic acid extraction and potentially mitigating the chal-
lenges of sample acquisition. This method can, therefore,
reduce sample input requirements, as libraries typically
The Journal of Molecular Diagnostics - jmd.amjpathol.org
generated from 5 to 10 mm2 of sections (5 mm thick) can
deliver high-quality gene expression profiling data.

EdgeSeq has been used previously to classify FFPE lung
cancer samples on the basis of mRNA and miRNA signa-
tures,20,36 andmay provide an opportunity to tap into archives
where tissue samples are small or of suboptimal quality. In
this study, the potential of EdgeSeq to exploit archives of
tissue that had been previously used for pathologic diagnostic
methods, such as hematoxylin and eosin (H&E) staining or
IHC, was tested. The use of this technology for gene
expression profiling of smaller lung cancer samples by
exploring the lower limit of FFPE sample requirement for this
assay was also validated.

Materials and Methods

Tissue Samples

Anonymized FFPE tissue blocks from patients with NSCLC
(n Z 45) were obtained from the Oregon Health & Science
University Knight Cancer Institute (Portland, OR) or TriStar
Technology Group LLC (Rockville, MD). Small-cell lung
cancer (SCLC) samples (n Z 4) were purchased from
Conversant Biologics, Inc. (Huntsville, AL) or Proteogenex
(Inglewood, CA). FFPE muscle tissue was obtained from
Proteogenex. RNA samples from fresh-frozen colorectal
adenocarcinoma samples (n Z 9) and matched FFPE blocks
(n Z 9) were obtained from Asterand Bioscience (Detroit,
MI). Patient and sample characteristics can be found in
Supplemental Tables S1, S2, S3, S4, and S5. Serial sections
(5 mm thick) were used for H&E and PD-L1 IHC staining
along with unstained slides. IHC included deparaffinization,
antigen retrieval, peroxidase blocking, antiePD-L1 label-
ing, and visualization using the PD-L1 IHC 28-8 pharmDx
assay (Dako, an Agilent Technologies, Inc., company, Santa
Clara, CA; catalog number SK005).37,38 Serial sections
were also used for sample size titration experiments.

EdgeSeq Analysis

The EdgeSeq assay (HTG Molecular Diagnostics, Inc.) is
designed to ensure fast and reliable transcriptomic analysis
with optimized hands-on time and a turnaround time of as
little as 36 hours. The workflow included extraction-free
sample processing and quantitative nuclease protection assay
using the EdgeSeq processor (HTG Molecular Diagnostics,
Inc.), sequencing the resultant library, and data processing,
including parsing, quality control, and normalization.

Sample Preparation
H&E- or IHC-stained sections were submerged in xylene
for approximately 2 days at room temperature to remove the
coverslip. The area of FFPE tissue was measured for sub-
sequent input normalization and prepared using the Sample
Prep Kit (HTG Molecular Diagnostics, Inc.). Tissues were
scraped into a microfuge tube and lysed with lysis buffer
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(HTG Molecular Diagnostics, Inc.; 28 mL per 12.5-mm2

tissue). Tissue lysates were incubated for 10 minutes at
95�C. Proteinase K was added to a final concentration of
1 mg/mL, and samples were incubated for 2 hours at 50�C.
Each sample (28 mL) was added to a well of a 96-well plate.

For the comparison of RNA from fresh-frozen and FFPE
tissue, DNA and RNA were coextracted from FFPE colo-
rectal adenocarcinoma slides by Reniguard Life Sciences
(Exton, PA) using an AllPrep DNA/RNA FFPE kit (Qiagen,
Germantown, MD; catalog number 80234).

Library Generation and Sequencing
The nuclease protection stepwas performed using the EdgeSeq
processor. The EdgeSeq Oncology Biomarker Panel (OBP)
assay (HTGMolecular Diagnostics, Inc.; catalog number 916-
002-008) contained 2560 gene-specific nuclease protection
probes, flanked by sequences to enable barcoding. The OBP
probe set allowed analysis of tumor gene expression in 24 key
oncology groups and pathways, including cell cycle, DNA
repair, angiogenesis, and immuno-oncology, as well as
signaling pathways, such as epidermal growth factor (EGF)/
platelet-derived growth factor, EGFR/human epidermal
growth factor receptor 2 (HER2), Janus kinase/signal trans-
ducer and activator of transcription (JAK/STAT), hedgehog
(HH), mitogen-activated protein kinase (MAPK), and wing-
less int-1 (WNT).39 This panel also included key drug targets,
such as EGFR, mitogen-activated protein kinase kinase
(MEK), mesenchymal-epithelial transition factor (MET),
programmed death-1 (PD-1), PD-L1, andmammalian target of
rapamycin (MTOR) (full list available from HTG Molecular
Diagnostics, Inc.).
Figure 1 EdgeSeq Oncology Biomarker Panel analysis on unstained, hemato
formalin-fixed, paraffin-embedded nonesmall-cell lung cancer (samples 1 to 3) and
comparisons of gene expression data from six different unstained tissue samples
coefficients. Blue lines are from analysis by linear regression. CPM, counts per m
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Nuclease protection probes were added to the lysed
samples, and probe/target RNA heteroduplexes were
formed. S1 nuclease was then added to degrade non-
hybridized probes and nontargeted RNA, followed by heat
inactivation (85�C, 20 minutes, pH 9). Samples were then
individually barcoded using a 16-cycle PCR to add adapters
and molecular barcodes. Barcoded samples were individu-
ally purified using Agencourt AMPure XP beads (Beckman
Coulter, Indianapolis, IN; catalog number A63880) and
quantitated using a KAPA Library Quantification kit (Kapa
Biosciences, Wilmington, MA; catalog number KK4873).
The pooled library was sequenced on an Illumina MiSeq
using 50 cycles of a V3 150-cycle kit (Illumina, San Diego,
CA; catalog number MS-102-3001) with two index reads.
PhiX (Illumina; catalog number FC-110-3001) was spiked
into the library at 5% as an Illumina sequencing control.

Cleanup Optimization by SPRI
Agencourt AMPure XP is a solid-phase reversible immo-
bilization (SPRI) paramagnetic bead technology used for
library purification that specifically binds double-stranded
DNA. The length of fragments that SPRI binds can be
controlled by varying the bead amount that is added to the
reaction. To optimize the bead/DNA ratio, a crude lysate
from 5 mm2 of a section (5 mm thick) of FFPE SCLC tissue
was diluted twofold in lysis buffer to achieve input equiv-
alents of 5, 2.5, 1.25, and 0.625 mm2, and duplicate wells
were run on the EdgeSeq processor. The same molecular
barcode was used for all samples during the PCR step. Five
PCRs were performed for each group. These were pooled
after PCR, split into four subgroups, and purified using
xylin and eosin (H&E)estained, and immunohistochemistry (IHC)-stained
small-cell lung cancer (samples 4 to 6) sections. Scatterplots show pairwise
with H&E- or IHC-stained sections. Numbers in red are Pearson correlation
illion.
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Figure 2 Expression of programmed death ligand 1
(PD-L1), programmed death ligand 2 (PD-L2), and
programmed death-1 (PD-1) in libraries derived from six
different unstained, hematoxylin and eosin (H&E)estained,
and immunohistochemistry (IHC)-stained formalin-fixed,
paraffin-embedded (FFPE) nonesmall-cell lung cancer
samples. CPM, counts per million.

Gene Expression Profiling Using EdgeSeq
AMPure XP (Beckman Coulter; catalog number A63880)
and SPRIselect (Beckman Coulter; catalog number B23318)
beads at four different bead/DNA volume ratios of 2.5, 2.0,
1.5, and 1.0. The purified libraries were analyzed by Kapa
and Agilent Bioanalyzer with a High Sensitivity DNA Kit
(Agilent Technologies, Inc.; catalog number 5067-4626).

EdgeSeq Sample Input Testing
A twofold serial dilution curve was performed on FFPE
SCLC crude lysate in lysis buffer to the input equivalents
from 5 to 0.08 mm2 of a section (5 mm thick). Each sample
was individually barcoded and purified by the SPRIselect
beads with a bead/DNA ratio of 1.5.

EdgeSeq OBP Assay Data Analysis
Demultiplexed FASTQ files from the Illumina MiSeq were
parsed by the EdgeSeq parser (HTG Molecular Diagnostics,
Inc.) and aligned to the probe FASTQ files to collate the data.
For each sample, the parser reported counts on 2568 probes
(2559 unique genes plus 4 positive and 5 negative control
probes). A statistical process quality control step filtered out
those samples that failed on the basis of the negative control
samples. In the analyses reported herein, 6 unstained, H&E-
stained, and IHC-stained triplets, 42 unstained and H&E-
stained pairs, and 7 SCLC dilutions were separately
The Journal of Molecular Diagnostics - jmd.amjpathol.org
normalized. R software version 3.3.1 (R Foundation for Sta-
tistical Computing, Vienna, Austria; https://cran.r-project.
org/bin/windows/base/old/3.3.1, last accessed January 24,
2019) was used for the normalization and analysis. The
trimmed mean of M-values method implemented in the
edgeR package was used for normalization, and the
normalized counts were transformed to the log2 counts per
million (CPM) scale.40 Normalized gene expression values
can be found in Supplemental Tables S6, S7, and S8. The R
packages ggplot2 version 2.2.141 and GGally version 1.4.0 (R
Foundation for Statistical Computing, https://cran.r-project.
org/web/packages/GGally/GGally.pdf, last accessed January
24, 2019) were used to generate the scatter plots. A Pearson
sample correlation was used as the measure of similarity, and
linear regression as well as LOESS smoothing were used to
assess the trends in the data.

Immune Scoring of NSCLC H&E Slides

Standard FFPE sections from 42 NSCLC specimens
(including adenocarcinoma and squamous cell carcinoma)
were stained with H&E, coverslipped, and digitally scanned
at 40� objective with an Aperio digital scanner (Leica
Biosystems, Wetzlar, Germany). Digital images were eval-
uated using a high-resolution Dell monitor using the Aperio
799
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ImageScope (Leica Biosystems) digital slide viewer. The
degree of immune cell infiltration within the tumor region
was evaluated by a pathologist (S.P.K.) visually scanning
the whole slide image and identifying the immune cell
population (lymphocytes, macrophages, dendritic cells,
plasma cells, neutrophils, and eosinophils) within tumors on
the digitally scanned H&E-stained section. A score of 0 to 3
was assigned manually by a pathologist (S.P.K.) to record
the percentage of infiltrating immune cells within the tumor
region (0 indicates no immune cells present; 1, <1% of cells
present; 2, 1% to 5% of cells present; and 3, >5% of cells
present). Immune scoring assessments can be found in
Supplemental Table S9.
IFN-g Gene Expression Signature Scoring

The 25-gene list for the IFN-g signature was obtained from
Sharma et al.42 Two gene expression matrices of size
25 � 42 containing normalized log2 CPM values for un-
stained and H&E-stained samples were prepared first. For
each of the matrices, the log2 CPM values were transformed
to their corresponding z-scores by standardizing each gene
to a mean of 0 and an SD of 1. Next, for each of the
samples, the z-scores were averaged across 25 genes, which
resulted in an IFN-g signature score for each unstained and
H&E-stained sample. Unstained versus H&E-stained scores
were plotted, and R2 was computed by linear regression.
The 42 samples were then reordered on the basis of their
unstained IFN-g signature score, and the z-score heat maps
were prepared using a heat map function from the Non-
negative Matrix Factorization R package.43 Finally, the
box plots of IFN-g signature score versus the pathologist-
derived immune score, stratified by the unstained versus
H&E-stained sample type, were plotted using the ggplot2 R
package.41 A Spearman rank-sum correlation test was used
Figure 3 EdgeSeq Oncology Biomarker Panel analysis on 42 pairs of unsta
embedded nonesmall-cell lung cancer samples. Numbers in red are Pearson co
relationship between stained and unstained samples; blue lines, LOESS curves. C
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to assess the strength of association between the IFN-g
score and the immune score.

Results

EdgeSeq Analysis on Unstained, H&E-Stained, and
IHC-Stained FFPE Slides

EdgeSeq OBP analysis was performed on matched un-
stained, H&E-stained, and IHC-stained slides derived from
three different NSCLC and three different SCLC FFPE
samples. Pairwise comparisons of gene expression profiles
were made between unstained and stained (H&E or IHC)
sections across the entire panel of 2560 genes (Figure 1).
Pearson correlation coefficients ranging from 0.86 to 0.97
were observed between unstained and H&E-stained sec-
tions. Sequence reads from IHC-stained slides were slightly
attenuated, but met the minimum requirements for further
analysis and showed little evidence of strand, sequence, or
gene length bias. Comparisons between unstained and IHC-
stained sections showed Pearson correlation coefficients of
0.21 to 0.56, with increased correlations observed among
moderately and highly expressed genes, compared with
genes with low expression. Exploratory work performed in
parallel with colorectal cancer samples compared the results
of EdgeSeq analysis on matched fresh-frozen and FFPE
tissue. Pearson correlation coefficients (0.79 to 0.90) be-
tween fresh-frozen and FFPE tissue were similar to those
seen with unstained and H&E-stained sample comparisons
(Supplemental Figure S1).
In a more focused gene-wise comparison, expression

levels of the NSCLC biomarker genes PD-L1 (CD274),
programmed death ligand 2 (PD-L2; PDCD1LG2), and the
immunotherapy target programmed death-1 (PD-1; PDCD1)
were compared for the three types of sections. Expression
patterns for these genes were similar between the unstained
ined and hematoxylin and eosin (H&E)estained formalin-fixed, paraffin-
rrelation coefficients. Red lines show the ideal linear behavior for a 1:1
PM, counts per million.
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FFPE and matched H&E slides across all six samples, but
different in matched IHC slides (Figure 2). For programmed
death ligand 2 gene expression, for example, the maximum
difference (log2 CPM) between unstained and H&E-stained
samples was 1.5, whereas it was 9.6 between unstained and
IHC-stained samples.

After the pilot study comparing six tumor samples, the
comparison between unstained and H&E-stained sections
was extended to a further set of 42 FFPE NSCLC samples.
Pairwise comparison of unstained and H&E-stained samples
confirmed high correlation in gene expression data
(Figure 3). Of the 48 comparisons made between unstained
and H&E-stained sections (Figures 1 and 3), 90% (43 of 48
pairs) showed Pearson correlation coefficients �0.85.

IFN-g Signature Analysis Using EdgeSeq Gene
Expression on Unstained and H&E-Stained FFPE Slides
and Their Correlation with Immune Score

The reproducibility of targeted gene expression data was
tested by comparing expression levels in the 25-gene IFN-g
Figure 4 A: Heat maps of normalized gene expression for unstained versus h
genes; samples are ordered on the basis of the interferon-g (IFN-g) score. B: Un
behavior for a 1:1 relationship between stained and unstained samples; red line, l
samples with immune score of 1 (left panel), 2 (middle panel), or 3 (right pan

The Journal of Molecular Diagnostics - jmd.amjpathol.org
signature that was previously shown to be associated with
response to immunotherapy.42 Correlations between un-
stained and H&E-stained samples in CXCL9 and CXCL10
expression were 0.88 and 0.85, respectively, across the 42
NSCLC samples. Genes with expression levels below or
close to the limit of detection showed weaker correlations
(Supplemental Figure S2).

Heat maps of these 25 genes were generated from the
normalized gene expression profiles of 42 paired unstained
and H&E-stained FFPE NSCLC samples (Figure 4A).
Samples were segregated into high, medium, or low IFN-g
score tertiles, on the basis of the average z-score for
expression across 25 genes. The 14 unstained samples with
high IFN-g scores were also scored as high in the matched
H&E-stained samples. Of the 14 samples, 9 were concor-
dant for IFN-g scores in both the medium and low groups.

Numerical IFN-g signature scores were assigned to each
of the unstained and H&E-stained samples. Pairwise
comparisons of scores from the unstained and H&E-
stained samples showed a Pearson correlation coefficient
of 0.92 (Figure 4B), suggesting that H&E-stained IFN-g
ematoxylin and eosin (H&E)estained slides; there are 42 samples and 25
stained versus H&E-stained IFN-g score. Black line shows the ideal linear
inear regression analysis for this data set. C: Representative H&E images for
el). Scale bars Z 200 mm (C).
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Table 1 Distribution of IFN-g Score versus a Pathologist-Derived
Immune Score

Immune
score

Median IFN-g score (lower to upper quartile)

Unstained H&E stained

1 �0.27 (�0.07 to �0.49) �0.24 (0.02 to �0.34)
2 �0.10 (0.58 to �0.29) �0.08 (0.56 to �0.45)
3 0.80 (1.17e0.68) 0.77 (0.91e0.62)
Correlation
estimate
(P value)

0.4847 (0.0011) 0.4552 (0.0025)

The median (lower quartile to upper quartile), correlation estimate, and P
value from Spearman correlation test of association between IFN-g score
and immune score are shown. Additional information on immune scoring is
available in Supplemental Table S9.
H&E, hematoxylin and eosin; IFN-g, interferon-g.
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signature scores can be used as a proxy for the unstained
IFN-g gene signature score in assessing gene signatures
from tumor samples. The 42 H&E-stained FFPE NSCLC
samples were then subjected to histologic evaluation by a
pathologist (S.P.K.) to derive immune scores of 1, 2, or 3
for each sample (<1%, 1% to 5%, or >5% infiltrating
immune cells, respectively) (Figure 4C). The Spearman
correlation test showed a statistically significant
Figure 5 A: EdgeSeq library adapter dimer contamination detection. Agilent
adapter (approximately 70 bp) dimers from the amplification procedure. Purple and
to calibrate the trace. B: Bioanalyzer electrophoresis runs showing removal of a
2.5 mm2 (blue boxed area) formalin-fixed, paraffin-embedded (FFPE) small-cell
lization (SPRI) bead/DNA ratios of 2.5, 2.0, 1.5, and 1.0. Green boxed area in
equivalents. Purple and green bands correspond to 10,380- and 35-bp standards
following production from FFPE sample inputs from 5.0 to 0.625 mm2 and SPRI cle
SPRI cleanup procedure from a library produced from 5.0 mm2 FFPE SCLC sample
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correlation (P Z 0.0025) between the immune scores and
IFN-g signature scores in the H&E-stained samples
(Table 1), similar to the P values observed (P Z 0.0011)
for comparisons between the immune scores on the H&E-
stained samples and the IFN-g signature scores generated
from unstained samples. Thus, our IFN-g signature anal-
ysis suggests that gene expression analysis from H&E-
stained sections can be used in place of that from unstained
samples to identify and assess potential correlations with
complex phenotypes, such as immune infiltrates.
EdgeSeq Analysis on Smaller FFPE Tissue Input

After library preparation and cleanup, the yield of DNA
produced from FFPE samples was analyzed by the Agilent
Bioanalyzer. Species containing quantitative nuclease pro-
tection assay probe sequences flanked by adapter primers
are approximately 187 bp. However, libraries can be
contaminated with adapter dimers, producing a peak of
DNA at approximately 70 bp, corresponding to adapter di-
mers with no intervening quantitative nuclease protection
assay probe (Figure 5A), resulting in low aligned read
counts. The SPRI cleanup procedure was optimized on
DNA produced from a twofold serial dilution from 5.0 to
Bioanalyzer trace shows the yield of library (approximately 187 bp) and
green bands correspond to 10,380- and 35-bp standards, respectively, used
dapter dimers from a library produced from 5.0 mm2 (red boxed area) or
lung cancer (SCLC) sample equivalent with solid-phase reversible immobi-
dicates the effect of sample dilution from 5.0 to 0.625 mm2 FFPE sample
, respectively. C: Quantification of library yield by Kapa quantitative PCR,
anup with bead/DNA ratios of 1.0:1 to 2.5:1. D: Further optimization of the
using bead/DNA ratios of 1.8, 1.5, and 1.3. FU, fluorescence unit.
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Figure 6 Testing the effect of decreasing sample input from 5.0 to 0.08 mm2 tissue equivalents on next-generation sequencing (NGS) of libraries derived
from formalin-fixed, paraffin-embedded (FFPE) small-cell lung cancer. A: Aligned rates of NGS data. B: Pairwise comparisons of gene expression data. Lower-
left section shows scatterplots of the pairwise comparisons. Black lines are from linear regression analysis. Histograms in white denote the density of gene
expression for each sample input. Upper-right section shows Pearson correlation coefficients in red. CPM, counts per million.

Gene Expression Profiling Using EdgeSeq
0.625 mm2 FFPE SCLC sample equivalents, by adding
SPRI beads in a bead/DNA ratio of 2.5:1, 2.0:1, 1.5:1, or
1.0:1 for each dilution. Adapter dimer removal was optimal
at bead/DNA ratios of 1.5:1 and 1.0:1. However, using a
bead/DNA ratio of 1.0:1 resulted in library loss (Figure 5B).
Analysis of the products showed that decreasing sample
input led to decreased library yield, as shown by a change in
CT from 16 to 19 (a low CT corresponds to a high library
concentration) (Figure 5C). Although similar CT values
were obtained at bead/DNA ratios of 2.5:1, 2.0:1, and 1.5:1,
a ratio of 1.0:1 resulted in approximately a twofold to
fourfold loss in library yield (Figure 5C). Thus, a bead/DNA
ratio of 1.5:1 was observed to be optimal for library yield
and elimination of adapter dimers.

Adapter removal by SPRI was further tested at bead/DNA
ratios of 1.8:1 and 1.3:1. Figure 5D shows that a bead/DNA
ratio of 1.8:1 resulted in poor removal of adapter dimers,
and a bead/DNA ratio of 1.3:1 resulted in loss of library
yield. A bead/DNA ratio of 1.5:1 was found to be optimal in
reducing adapter dimer contamination while the library
concentration remained unchanged.

The effect of decreasing sample input size on next-
generation sequencing data quality was initially tested on
libraries generated from FFPE muscle tissue ranging from
20 to 1 mm2 in size. EdgeSeq analysis was possible on
FFPE samples from 1 to 20 mm2 with Pearson correlation
coefficients ranging from 0.89 to 0.99 (Supplemental
Figure S3). To examine the effect of decreasing sample
input size even further, libraries generated from diluted
The Journal of Molecular Diagnostics - jmd.amjpathol.org
SCLC samples equivalent to 5.0, 2.5, 1.25, 0.625, 0.31, and
0.08 mm2 were sequenced. Next-generation sequencing data
showed a good alignment rate (>69%) from 5.0 to
0.31 mm2 FFPE sample equivalents, whereas libraries
generated from 0.15 to 0.08 mm2 showed alignment rates of
<40% (Figure 6A). Pairwise comparison of gene expression
levels showed a Pearson correlation coefficient >0.85 in
samples equivalent to 5.0 to 0.31 mm2, but lower correla-
tions in sample input less than the equivalent of 0.31 mm2

(Figure 6B).
Discussion

Tissue accessibility remains a limiting factor in biomarker
analysis across many clinical trials.27 In early immuno-
oncology trials of patients with lung or head and neck
cancer, FFPE samples from core needle biopsies were the
predominant type of clinical specimen available. Remaining
clinical samples are extremely valuable for multiple
biomarker screens to study the tumor and its microenvi-
ronment, including IHC, gene expression, and assays for
genomic signatures such as tumor mutational burden.4,44e47

After multiple assays are performed, a single H&E-stained
slide may be the only remaining sample from the patient.

Formalin fixation with paraffin embedding is the most
common method of tissue preparation used in the clinic
because it preserves tissue morphology and aids histopath-
ologic subtyping.48 There are now vast banks of FFPE
803
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samples in worldwide tissue banks and pathology labora-
tories.49 However, gene expression profiling from FFPE
tissue is challenging because the fixation process can lead to
RNA modification and/or degradation, which can inhibit
downstream processes, such as RNA extraction, PCR,
sequencing, or microarray analysis.48,50,51

Technologies that overcome the challenges associated
with molecular subtyping of FFPE samples enable the
exploitation of limited and archived tissue. The EdgeSeq
system has been previously used to identify molecular sig-
natures to aid subtype stratification of FFPE samples from
several different tumors, including urothelial carcinoma,42,52

small-cell bladder cancer,53 NSCLC,20,36,54 colorectal can-
cer,55 and diffuse large B-cell lymphoma.56 It is likely that
this technology could be applied to biopsies from other
types of tumors. EdgeSeq has also been used to generate
data for biomarkers associated with response to immuno-
therapy and other drug treatments.42,52,57

In this study, we have demonstrated the feasibility of
using EdgeSeq to generate reliable gene expression data
from limited FFPE NSCLC and SCLC samples, even after
staining with H&E. This introduces the possibility that
EdgeSeq can be used for gene expression profiling of
archival H&E-stained tissue, enabling investigators to fill a
critical gap in the generation of biomarker data caused by
limited supply of unstained samples. Our results show that
EdgeSeq analysis delivers comparable data from fresh-
frozen, unstained FFPE, or H&E-stained tumor samples.
In contrast, a limitation to EdgeSeq technology is that it is
not feasible for samples that have been used for IHC. A
likely explanation for this is that steps in the IHC procedure,
such as antigen retrieval, which can involve the slide being
heated at boiling or subboiling temperatures in differing
unmasking solutions, or hydrogen peroxide treatment to
block endogenous peroxidase activity, can cause further
deterioration of already fragmented RNA to a degree no
longer suitable for EdgeSeq analysis.

Our analysis suggests that gene expression profiles from
H&E-stained slides can be used as a meaningful proxy for
profiles from unstained slides to assess gene expression
signatures that may predict complex phenotypes, such as
immune cell infiltration. For unstained versus H&E-stained
comparisons, a Pearson correlation of �0.85 was observed
in 43 of the 48 samples (90%) across the whole OBP, and a
correlation R2 value of 0.92 was observed for the probes
used to calculate the IFN-g score. Two of the samples in our
analysis produced notably poor correlations across the OBP.
Furthermore, some probes in the IFN-g set showed
consistently weaker correlations between unstained and
H&E-stained sections at the patient level. It is possible that
biological factors, such as tumor heterogeneity or cellu-
larity, plus preanalytic factors, such as sample processing
and/or storage, could contribute to variability in results.51,58

It would be useful to build a statistical predictor of this
correlation so that an additional quality control step could be
applied to remove the weakly correlating samples or probe
804
sets. Strong correlations were observed in those probes
showing >8 log2 CPM. If necessary, data quality could be
enhanced by applying a rigorous filter at this threshold on
the basis of optimal lower limit of quantification.
Sequencing data quality was improved by minimizing

adapter dimer contamination from the library. Quality control
methods, such as the Bioanalyzer analysis, are important to
identify the level of adapter dimer contamination before
sequencing. The experiments described herein confirm that a
bead/DNA ratio for SPRI of 1.5:1 is optimal for minimizing
adapter dimer contamination in libraries produced from FFPE
samples across a wide input range, while having minimal
effects on library yield. The calculation of FFPE tissue area is
semiquantitative and affected by factors such as tissue type,
cell type and density, tumor content and uniformity, necrosis,
and/or the degree of nucleic acid degradation. Also, pre-
analytical handling processes, such as scraping to transfer the
tissue into the tube, can be challenging. The development of
more-sensitive methods is needed for accurate quantification
and control of preanalytical variables.
Gene expression profiling is routinely performed on tumor

samples using other analysis methods, such as microarrays or
multiplexed quantitative PCR. However, because these
methods involve RNA extraction, substantially more starting
material is often required (up to 10 mg of tissue or multiple
sections).49,59e61 It has been shown herein that the EdgeSeq
platform (HTG Molecular Diagnostics, Inc.) can generate
reliable expression data from as little as 1 mm2 FFPE tissue
and crude FFPE tissue lysates equivalent to surface areas as
low as 0.31 mm2 of a section (5 mm thick). This is approxi-
mately half the size of a small tissue microarray core,62 and
hundreds or even thousands of times smaller than that used for
analysis by alternative methods.49,59e61 Thus, the require-
ment for tissue with an equivalent surface area of at least
0.31 mm2 does not represent a significant limitation of this
method. However, smaller samplesmay be prone to increased
variation, resulting from tissue or tumor heterogeneity.63

Together, these data show that scarce, small, and previ-
ously H&E-stained material could be used for gene expres-
sion analysis and finer regional follow-up of histopathologic
features. Similarly, a single FFPE section could be macro-
dissected into different regions of interest (eg, normal versus
tumor tissue, specific immune cell infiltrated regions, or
tumor-stroma interface regions), followed by further gene
expression analysis by EdgeSeq. The small sample input
requirement for EdgeSeq analysis alsomeans that thismethod
could be conducted on tissue microarray sections and thus
allow rapid gene expression analysis on hundreds to thou-
sands of tumor specimens represented on tissue microarrays.
In summary, the EdgeSeq system can be considered as

the platform of choice for the quick, reliable, and quanti-
tative analysis of biological specimens of limited quantity or
suboptimal quality. This technology enables research into
gene expression patterns, tumor microenvironment, mech-
anisms of response and resistance, and immune cell
engagement with tumors at the locoregional level.
jmd.amjpathol.org - The Journal of Molecular Diagnostics
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