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Abstract: Malignant pleural mesothelioma is a highly aggressive tumor primarily caused by asbestos exposure and associated
with poor clinical outcomes. The availability of a robust non-invasive test for the screening of asbestos-exposed subjects is therefore
an important unmet clinical need. It is widely recognized that the immune system can play a fundamental role in the control of tumor
growth within an organism. Simultaneously, the presence of cancer cells can activate different immune cells to undergo various
phenotypic and functional changes. Buffy coat—a novel circulating microenvironment of leukocytes and platelets—may thus
reflect critical immuno-oncologic activity, pathways, and molecular programs. We hypothesized the immunotranscriptome of
circulating buffy coat could accurately distinguish malignant pleural mesothelioma from high-risk asbestos exposure. Buffy coat
RNA was extracted from 84 patients having resection: 40 patients with malignant pleural mesothelioma and 44 patients with
asbestos exposure. Gene expression profiling was performed using a Pan Cancer Immune Panel for 770 immune genes and
cytokines, and significantly different genes between cohorts were selected to develop diagnostic models. Using 1000 loops of cross
validation, a 37 gene signature separated malignant pleural mesothelioma from asbestos exposure with a mean validation AUCS of
0.925. Our buffy coat immunotranscriptomic signature is at least comparable to the most commonly used blood-based diagnostic
biomarker for MPM, serum mesothelin-related peptide. In addition, immunophenotyping and pathway analysis of differentially
expressed genes characterized MPM buffy coat as a relatively tumorigenic and immunosuppressive state. Several of the most
differentially expressed genes encode proteins implicated in cancer development (e.g., CD63, CD44, ISG15, CD59, IL1R2, and
TAPBP) and may hold clinical value as therapeutic targets. Larger studies on externally validated cohorts are needed to refine the
signature for clinical relevance and develop a more robust diagnostic panel.
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In an appropriate clinical setting, tumor biomarkers can
play a meaningful role in diagnosis and screening for the early
detection of cancer. Biomarkers can also provide a detailed
picture of the natural history of the disease, a more
comprehensive sense of tumor burden, clues about clonal
evolution, or susceptibility to treatments [5]. Over the past few
decades, an ever-increasing list of new biomarkers, including
messenger RNA, DNA, microRNA, and antibody targets,
have been investigated for mesothelioma.

It is widely recognized that the immune system can play a
fundamental role in the control of tumor growth within an
organism [6]. Simultaneously, the presence of cancer cells can
activate different immune cells to undergo various phenotypic
and functional changes. Blood acts as a dynamic solvent of

1. Introduction

Malignant pleural mesothelioma (MPM) is an aggressive
neoplasm originating from the mesothelial cells lining the
pleura and is causally associated with previous asbestos
exposure [1]. Malignant pleural mesothelioma has a median
latency time of 40—50 years between first exposure to asbestos
and its diagnosis. The overwhelming majority of patients
present with advanced disease and die within 2 years [2].
Current imaging and biopsy standards for detecting MPM are
costly, invasive, and/or lack specificity [3, 4]. The availability
of a robust non-invasive test for the screening of
asbestos-exposed subjects is therefore an important unmet
clinical need.
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immune activity and may thus reflect critical
immuno-oncologic activity, pathways, and molecular
programs [7]. Numerous biomarker studies have attempted to
detect the presence of cancer by profiling gene expression in
either whole blood [8-10] or peripheral blood mononuclear
cells (PBMCs) [11-13]. PBMC:s largely consist of lymphocytes
and macrophages, and while they play a significant role in the
immune system, they remain a subset of all circulating immune
cells and do not include other cell types such as eosinophils and
neutrophils. Considering the number of immune related
pathways influenced by granulocytes [14, 15] and platelets [16,
17], we elected to explore a more global representation of the
circulating microenvironment by studying the buffy coat (BC).
Buffy coat is a heterogeneous mix of all circulating leukocytes,
as well as platelets. Buffy coat is easily accessible but
relatively unexplored regarding surrogate diagnosis of
mesothelioma. Using the NanoString digital PCR platform we
hypothesized that the immunotranscriptome of circulating
buffy coat could accurately distinguish MPM from high-risk
asbestos exposure (AEx).

2. Methods
2.1. Patient Cohorts and Buffy Coat Archiving

Forty patients with histologically proven MPM and 44
AEx members of the New York Pipe Fitters Union were
consented to an NYU Langone Health IRB approved
Protocol (8896) for archiving of plasma, buffy coats, and
peripheral blood mononuclear cells. BC were processed
within 4 hours using the NCI/NIH Early Detection Research
Network Standard Operating Procedures and were frozen in
sterile 250ul nunc vials and stored at -80°C.

2.2. RNA Extraction

BC samples were extracted using Quick-RNA Kits (ZYMO
Research). RNA quantity and quality were assessed by
Nanodrop OneC (Thermo Fisher Scientific). A total of 300 ng
of RNA was used for Nanostring assay.

2.2.1. NanoString Assay

NanoString nCounter is a multiplex nucleic acid
hybridization technology that enables reliable and
reproducible assessment of the expression of up to 800 genes
or 228 gene fusions in 12 samples in a single assay. The
nCounter platform consists of a Prep Station and Digital
Analyzer. The technology is based on fluorescent molecular
reporter barcodes and Dbiotin-labeled capture probes
representing the target genes for the assay. The nCounter XT
CodeSet Gene Expression assay (NanoString Technologies,
Seattle, WA) PanCancer Immune Profiling Panel V1.1 was
selected for the quantitative assessment of expression of 730
immune genes from the buffy coats [18]. In addition to 730
genes, there were 40 housekeeping genes.

2.2.2. Quality Control and Normalization of Gene
Expression Values
The generated raw data as RCC files were quality
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controlled through the NanoString nSolver QC process. The
gene expression counts were normalized to the internal
housekeeping genes after the background subtraction to
correct any differences in the nucleic acid quality and input,
and the physiological conditions across the runs. Samples
that had large normalization factors or low normalization
quality were excluded. Raw counts below 25 were
considered background level, while those below 100 are
semi-quantitative, and samples with a large portion of genes
below 100 counts need to be excluded from analysis.
Housekeeping genes were selected by the geNorm algorithm
[20]. The geometric mean of the Housekeeping genes which
exhibited a low percent coefficient of variation (< 70%) was
used as a normalization factor for each sample.

2.2.3. Cell Type Immunophenotyping

Cell type profiling scores were generated for immune cell
types using expression levels of cell-type specific mRNAs as
described in the literature [19]. The genes used for immune cell
scoring comprise a subset of high confidence markers validated
by co-expression patterns via a large survey of samples from
The Cancer Genome Atlas (N=9986), and confirmed by
nCounter and protein analysis. The cell type score itself is
calculated as the mean of the log2 expression levels for all the
probes included in the final calculation for that specific cell type.
The scores for the cohorts are dependent on probe specific
counting and capturing efficiencies and therefore were
interpreted as relative cell abundance values compared to the
same cell type within the other cohort, i.e AEx vs MPM. The
scores are not used as measures for the abundance of a cell type
relative to other cell types within a given sample.

2.2.4. Pathway Scoring

The most significantly different genes (unadjusted p value
<0.05) were chosen for canonical pathway analysis (Ingenuity
Pathway Analysis, Qiagen, Redwood City, Ca. USA).

2.2.5. Statistics: Diagnostic Modeling

A machine learning algorithm developed by the
NanoString DX group based on FElastic Net was used to
define models for predicting adenocarcinoma or benign
nodule. Cross-validation was used to select the strength of
each penalty, and 1000 loops of cross validation were run for
each round of training to estimate the AUC. Multiple rounds
of training were performed to optimize signature
performance with the input as the log2 transformed
normalized expression data, curated to exclude noise. The
output of the optimization was the linear predictor score =
oypi where y =gene expression level and f=weight.

2.2.6. Comparison with Soluble Mesothelin Related Peptide
(SMRP)

SMRP is the most commonly used available serum
biomarker for MPM diagnosis. Available sera from the
patients had serum mesothelin measurement (R&D,
Minneapolis, MN) determined. Our laboratory has measured
both serum mesothelin and SMRP measurements in the same
patients and converted the ng/ml levels seen in the
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mesothelin ELISA to nM levels of SMRP.

3. Results

3.1. Patient Demographics

Buffy coat from 40 MPMs and 44 AEx originally had
quality control and normalization to housekeeping genes. Of
these, 5 MPMs and 8 AEx were found to be of low quality.
Demographics are seen in Table 1.

Table 1. Cohort Demographics.

AE MPM
Age 66+1 65+2
Gender 36 M 20M;15F
Pack-Years 23+3  10+2
Asbestos Exposure (years) 40+1 24 yes; 11 no
Stage Stage I,11; Stage I1,11; Stage II1,13
. Epithelial, 29; Biphasic, 4;
ALl Sarcomatoid, 2
Surgery None, 1; PD, 32; EPP, 2
Chemotherapy None, 4; Yes, 31

Abbreviations: PD, pleurectomy decortication; EPP, extrapleural
pneumonectomy

As seen in Table 1, all steamfitters had asbestos exposure
(range 22-48 years), and 69% of the MPMs had a history of
exposure. The majority of females did not recount a history of
fiber exposure. MPMs were equally divided by stage, and the

majority had adjuvant chemotherapy.
3.2. Differential Gene Expression

Table 2. Differential Gene Expression: AEx Expression/MPM Expression.

Gene Linear fold 95% Confidence = Unadjusted FDR
change Intervals p-value

IF127 0.176 0.0923+0.334 0.00000132  0.00616
ILIR2 0.367 0.245+0.548 0.00000638  0.0112
FUT7 0.461 0.336+0.631 0.000008 0.0112
MEF2C 1.38 1.21+1.57 0.0000114 0.0112
TGFBI1 0.591 0.475+0.735 0.000012 0.0112
CD63 0.558 0.433+0.719 0.0000266 0.0178
CD59 0.639 0.526+0.777 0.0000271 0.0178
ISG15 0.405 0.272+0.603 0.0000324 0.0178
CD44 0.558 0.431+0.722 0.0000344 0.0178
TAPBP 0.531 0.398+0.709 0.0000562 0.0245
HLA-DRB3 0.507 0.372+0.692 0.0000578 0.0245
SH2D1B 1.52 1.24+1.85 0.000104 0.0403
CDID 1.32 1.16+1.52 0.000127 0.0421
HLA-DPAl 1.68 1.31+2.15 0.000127 0.0421
CD244 1.84 1.37+2.48 0.000156 0.0486

There were 155 differentially expressed genes between the
AEx BC and MPM BC with unadjusted p-values <0.05. As
seen in Table 1, 15 of these met an FDR of 0.05 or less. This is
also depicted in the volcano plot in Figure 1.
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Figure 1. Volcano plot depicting logl0 (p-value) and log 2 fold change.

Colored data points and horizontal lines indicate various statistical thresholds. Genes

with p-value <0.01 are named. Genes with fold change >1.5 have enlarged color dots.
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3.3. Cell Type Immunophenotyping

Figure 2 illustrates the immune phenotypes in the BCs
comparing AEx vs MPMs. Overall, there is a generalized
immunosuppressive environment present in the MPMs, with a
relative decrease in cytotoxic cells and CD4+ helper T cells,
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along with decreases in dendritic cells, and mature natural
killer cells. Moreover, relative to the AEx, the MPM BC have
an increase in exhausted CD8+ T cells, as well as an increase
in neutrophils.
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Figure 2. Differences in BC cell type composition between MPM and AEx BC. See text for details.

These data are supported by individual gene comparisons seen
in Figure 3. PD-L2 gene expression is seen in the BC of MPMs
as well as elevated levels of T-Regs as inferred from FOXP3

expression. TGFB expression, which maintains immune
tolerance through lymphocyte proliferation, differentiation, and
survival was also significantly elevated in the MPM BC.
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Figure 3. Further examples of immune suppressive BC environment with elevations of PD-L2, TGFp, and Tregs.

3.4. Pathway Analyses

Figure 4 details the canonical pathways which are associated
with gene expression buffy coat differences between MPM and
AEx. These pathways reinforce the development of an
immunosuppressive environment which evolves in the
circulating microenvironment in MPM patients. Specifically,
improper immune responses against self-antigens with B cell

differentiation and loss of tolerance is combined with defects in
the differentiation of T-cells. Moreover, exhaustion of CD8+ T
cells results in production of IL-2, loss of proliferative and
cytolytic activity and deficiencies in the TNFa, IFNy
chemokines, and degranulation, eventually leading to death due
to overstimulation. Furthermore, lack of dendritic cell
maturation results in failure of co-stimulatory molecule
upregulation and MHC Class I and II molecules with resulting
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failures in antigen presentation. The loss of dendritic maturation
also downregulates cytokine production and ability to cross
present exogenous antigen to cytotoxic T lymphocytes. Finally,

aberrant STAT3 signaling promotes initiation and progression
of cancers by either inhibiting apoptosis or inducing cell
proliferation, angiogenesis, invasion, and metastasis.

W posiive 2-score rcore = 0 Wl negative rscore

0 1.2
Systemic Lupus Erythematosus In B Cell Signaling Pathway
Heuroinflammation Signaling Pathwary

Th2 Pathway

Thi and Th2 Activation Pathway

T Cell Exhaustion Signaling Pathway

STAT3 Pathway

Thi Pathway

Dendritic Cell Matur ation

no activity pattern avalable

345 6 7 8 9 0N RBMUSKY®BEHAR

“hog(B-H prvalue)

Figure 4. Canonical pathway differences between MPM and AEx BCs.

3.5. Diagnostic Signature Training

A finalized gene signature revealed an AUC of 0.99 in the training set of 36 AEx and 35 MPM, and was composed of 37 genes.
The gene set, along with their signature weights are seen in Figure 5. Heat map representation of the signature is depicted in

Figure 6.
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Figure 5. Diagnostic signature development: (a) 37 gene signature with their weights used for signature as described in Section 2.2.5. (b) Interactive bar plots
detailing the difference in MPM and AEx by signature scores. (c) Validation loops revealed a mean cross validation of 0.925, CI = 0.81-0.98.
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Figure 6. Heat map for discrimination of MPM and AEx BCs using the 37 gene signature.

3.6. Comparison of BC Immunotranscriptomic Signature
with SMRP

Serum was available on 70/71 individuals from whom the
BC immunosignature was constructed. The ROC for
estimated SMRP levels comparing the 35 MPM sera to 35
AEXx is seen in Figure 7, with an AUC of 0.74.
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Figure 7. SMRP ROC comparing AEx to MPM.

4. Discussion

To the best of our knowledge, our experimental approach
differs from the bulk of previous diagnostic mesothelioma
biomarker attempts in three significant aspects: (1) The use of
a blood-based biosignature. We believe such circulating
microenvironment can provide a comprehensive snapshot of
mesothelioma immuno-oncology. Buffy coat is processed as
the complete fraction of “white cells” from whole blood after
centrifugation and represents a heterogeneous mix of
circulating leukocytes and platelets. PBMCs are a more
homogeneous cellular concentrate of circulating lymphocytes
and macrophage, devoid of granulocytes and platelets, and
therefore may not reflect the true landscape of immune,
inflammatory, and thrombotic processes involved in

tumorigenesis. (2) The NanoString platform was our profiling
technology of choice. NanoString offers digital PCR with
profiling of over 730 known immune related genes through
the PanCancer Immune Assay, including those for cytokines
and chemokines. Data for analysis are ready in as little as 48
hours from hybridization, and 12 samples can be processed
simultaneously. Unlike traditional RNAseq, Nanostring does
not require high quality RNA samples or amplification. The
sacrifice is doing such an assay is that immunophenotyping of
immune cells relies on published algorithms instead of direct
identification of a specific immune cell type, i.e., Flow
Cytometry (FACS). FACS studies are a common investigative
method in the field of immuno-oncology and the development
of immunotherapeutics. FACS analyses can phenotype cells
with up to 27 parameters; however, it does not provide a
global view of all possible proteins/genes involved in the
circulating microenvironment. For proof of principle, we felt
Nanostring immunoprofiling was adequate. (3) Comparing
MPM against a high-risk cohort with prolonged exposure to
asbestos. Gene expression profiles found in the majority of
MPM biomarker literature are regularly generated from
comparisons between MPM and healthy pleural tissue, lung
cancer, or in several instances, from MPM alone. We believe
the use of high-risk patients is a meaningful step towards
clinical utility.

Our data is consistent with the known immunosuppressive
oncology of mesothelioma [21], which we believe further
supports the validity of our novel approach. Relative to
asbestos exposure, we observe the BC transcriptome in MPM
is characterized by a tumorigenic and immunosuppressive
state that is evident not only in the analysis of differentially
expressed genes but through analysis of altered canonical
pathways. Differentially —expressed genes relatively
upregulated in mesothelioma included genes involved in
signal transduction (CD63 [22]), cell adhesion and invasion
(CD44 [23], FUT7 [24]), protein metabolism (ISG15 [25]
immune suppression and escape (TGFp [26], CD59 [27]), and
inflammation (IL1R2 [28], IF127 [29]). In contrast, the BC
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transcriptome in asbestos exposure is characterized by a
relatively tumor suppressive and immunosupportive state.
Differentially expressed genes relatively upregulated in AEx
included genes involved in humoral response (MEF2C [30])
and cytotoxic activity (SH2D1B/EAT-2 [31], CDID [32],
CD244 [33]). Immunophenotyping of all differentially
expressed genes in MPM BC demonstrated a relative decrease
in cytotoxic cells and CD4+ helper T cells, along with
decreases in dendritic cells, and mature natural killer cells.
Moreover, relative to the AEx, the MPM BC had an increase
in exhausted CD8+ T cells, as well as an increase in
neutrophils. Lastly, gene set analysis of our 37 gene signature
model found significant differences in pathways related T cell
activation, differentiation, proliferation, and exhaustion, as
well as antigen presenting cell maturation and presentation.
Several of the genes highly expressed in MPM BC relative
to AEx (Table 2) encode proteins implicated in cancer
development and may be of clinical interest in future studies,
particularly as therapeutic targets. CD63 is a membrane
surface marker classically found on exosomes [34]. The
oncogenic role of exosomes includes their ability to increase
the number of immunosuppressive cells, such as regulatory T
cells or inhibitory myeloid cells, or decrease the number of
cytotoxic T cells, natural killer cells and antigen presenting
cells [34-36]. Exosomes derived from MPM tumor cells
contain oncogenic cargo proteins associated with
angiogenesis, cell migration, metastasis, as well as the ability
to regulate the tumor microenvironment [37]. The expression
of CD44, a multifunctional surface receptor, is associated with
the presence of neoplastic mesothelioma cells [38] and has
demonstrated the ability to differentiate MPM from other
malignancies [39, 40]. The interaction of CD44 with its ligand,
hyaluronan has demonstrated an important role in modulating
cell proliferation and invasiveness in MPM [23, 41]. In
addition, CD44 is a putative marker of cancer stem cells and
may be able to identify chemoresistant subpopulations. ISG15
is a ubiquitin-like protein understood to interfere with protein
degradation [25]. Although its precise role in tumorigenesis is
still unclear, dysregulation of ISG15 has been implicated in
numerous oncogenic and immunomodulatory processes [42].
Various chemotherapeutic agents have been shown to increase
ISG15, and ISG15 expression has been shown to be associated
with tumor response to chemotherapy and radiotherapy [43,
441, as well as the survival of patients with various cancers [45,
46]. Upregulation of CD59, a cell membrane glycoprotein,
was reported in a prior mesothelioma transcriptome study [47].
CD59 is potent inhibitor of the complement attack complex
action and protects malignant cells from C-mediated lysis [27].
CD59 exerts a downmodulatory effect on T lymphocytes and
influences  cytokine  production in the immune
microenvironment [48-50]. Increased expression of CD59 is
associated with worse clinical outcomes in several cancers [51,
52]. Blockade of CD59 has been shown to enhance T cell
response [48] and therapeutic effect [53, 54]. Overexpression
of IL1R2, a decoy receptor of exogenous IL-1, has been
observed in numerous cancers [55-57]. The gene signature of
activated tumor Tregs, which included IL1R2, correlated with

poor prognosis in lung adenocarcinoma [58]. Breast cancer
patients with high IL1R2 expression in tissue have a poorer
overall survival and relapse-free survival. Blockade IL1R2
blockade suppressed breast tumorigenesis and progression
[59]. TAPBP (or Tapasin) is a transmembrane glycoprotein
that mediates optimal peptide loading on MHC class 1
molecules and thus promotes tumor antigen presentation and
recognition by T cells [60]. Defects in TAPBP expression are
associated with tumor progression. In contrast, upregulation
of TAPBP has been associated increased tumor
immunogenicity following pharmacological intervention and
has been implicated in drug response [61, 62]. Overexpression
of TAPBP in our MPM cohort may have been influenced by
history of chemotherapy.

We have shown that it is feasible to use a BC transcriptomic
signature to differentiate asbestos exposed individuals from
those with MPM, and that this 37 gene signature is at least
comparable to the most commonly used blood-based
diagnostic biomarker for MPM, i.e., SMRP. Moreover, the
differences between the BCs describe an immunosuppressive
conversion in the blood microenvironment as well as one that
promotes tumor growth and invasion. There are, however,
obvious limitations which mandate further work regarding our
findings. Internal validations are not nearly as definitive as
validation of molecular signatures with other cohorts. Buffy
coat is not the most common analyte used for these analyses,
which makes cross referencing our results with the literature
challenging. The description and cataloging of all the genes
which of significance in these analyses is beyond the limits of
this presentation; however, beyond validating molecular
signature, further exploration of how these genes influence
recurrence or differ between benign and malignant lesions
needs to be investigated in mechanistic experiments. As stated
earlier, despite the multitude of genes surveyed in these
investigations we cannot definitively characterize the
individual immune phenotypes as specifically as fluorescence
sorting could. Therefore, any interpretation of which
pathways are reflected by the interaction of these genes
depends on the “state of the art” in the literature at the time of
the analysis. Finally, the gene expression profile of patient’s
pretreatment (surgical or chemo) may differ posttreatment [63,
64]. Given that our models were trained and tested on a
mixture of both pre- and post-treatment, applicability to
largely pretreatment populations in early screening and
diagnostic contexts may vary.

5. Conclusions

We conclude that the buffy coat represents a novel
circulating microenvironment to explore for screening and
early  diagnosis of  mesothelioma. Buffy Coat
immunotranscriptomics accurately differentiated between
MPM and high-risk asbestos exposure with a 37 gene
signature. The diagnostic accuracy of our buffy coat
immunotranscriptomic signature is at least comparable to the
most commonly used blood-based diagnostic biomarker for
MPM, serum mesothelin-related peptide. In addition,
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immunophenotyping and pathway analysis of 155
differentially expressed genes characterized MPM buffy coat
as a relatively tumorigenic and immunosuppressive state.
Several of the most differentially expressed genes encode
proteins implicated in cancer development (e.g., CD63, CD44,
ISG15, CD59, IL1R2, and TAPBP) and may hold clinical
value as therapeutic targets. Larger, externally validated
studies are needed to refine the signature for clinical relevance
and develop a more robust diagnostic panel.
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