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ARTICLE INFO ABSTRACT

Recent FDA approvals of immunotherapy for NSCLC provide patients new treatment options, and these ap-
provals also highlight the importance of the immune response in cancer treatment. While immunotherapy
CD8 provides patients a new treatment option, the therapy is effective in less than half of the treated patients. To
PD-L1 attain greater insight into the tumor-immune microenvironment, NSCLC tumors were analyzed by IHC and RNA-
EIDS%}JC seq. IHC was used to identify NSCLC tumors that contain low, moderate, or high levels of CD8 + positive cells as
a manifestation of an active anti-tumor immune response. Gene expression analysis identified an emergent gene
signature that is associated with high and moderate levels of CD8 in NSCLC. In addition, the NSCLC tumors also
express a unique combination of genes that may indicate complex anti-tumor immune responses (INFG-related
genes, STATs, CXCL9, 0X40, PD-L1, PD-L2, IDO1, and CD47). Several NSCLC tumors also express the immune
checkpoint PD-L1 and at least one additional immune inhibitory molecule (IDO1, PD-L2, or others), which may
explain the lack of a therapeutic response to treatments that disrupt only one immune checkpoint pathway.
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1. Introduction

Lung cancer is one of the most common cancers worldwide. With
over 1.8 million new cases of diagnosed each year, lung cancer accounts
for > 1.6 million deaths a year (Dela Cruz et al., 2011; ACS, 2018).
Approximately 85% of all lung cancers are classified as non-small cell
lung cancer (NSCLC). The 5-year survival rate of advanced NSCLC
cancer is < 20%, but recent advances in targeted therapy and im-
munotherapy have improved survival rates in subsets of NSCLC patients
(Ettinger et al., 2017; J et al., 2017).

Recent advances in NSCLC immunotherapy are due to the use of
immune checkpoint inhibitors, which target the immune inhibitory
proteins programmed cell death protein 1 (PD-1) or programmed cell
death protein ligand-1 (PD-L1). The FDA recently approved the PD-1
antibodies Pembrolizumab (Keytruda) and Nivolumab (Opdivo), and
the PD-L1 antibody Atezolizumab (Tecentriq) for the treatment of
NSCLC (Hematology, 2017). Although the PD-1 and PD-L1 antibodies
provide an objective response in subsets of patients, only 15-30% of
patients respond to individual immune checkpoint inhibitors and re-
sponders may ultimately develop therapeutic resistance (Malhotra
et al., 2017; Somasundaram and Burns, 2017). While immunotherapy is
effective in a subset of patients, other patients may experience

treatment-related adverse events (Baxi et al., 2018), and a small per-
centage of patients may experience accelerated disease following
treatment with an immune checkpoint inhibitor (Alomari et al., 2016;
Champiat et al., 2017).

PD-L1 expression, as determined by immunohistochemistry, corre-
lates with response to immune checkpoint inhibitors (Ramalingam
et al.,, 2016). However, the use of PD-L1 as a standalone predictive
biomarker is complicated by the observation that PD-L1 negative tu-
mors may also respond to immune checkpoint inhibitors (Dang et al.,
2016; Gettinger et al., 2016; Kang et al., 2017). Recent evidence in-
dicates that tumor mutational burden (TMB) testing and Microsatellite
instability (MSI) testing has predictive value in the identification of
patients that may respond to immune checkpoint inhibitors (Kowanetz
et al., n.d.; Chang et al., 2017). While current biomarker testing stra-
tegies provide selection criteria for the identification of patients that
may respond to immune checkpoint therapies, additional biomarker
research will improve patient stratification, minimize adverse events,
and provide insight into biologic pathways that underlie a therapeutic
response.

To attain a greater understating of immune signaling in NSCLC,
RNA-seq and Immunohistochemistry (IHC) were used to profile the
tumor-immune environment. The RNA and protein analysis provides
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Fig. 1. NSCLC classified by the amount of CD8 + Positive cells. (A) CD8 IHC was used to characterize NSCLC tissues: low (Left panel), moderate (Center panel), or
high (Right panel) levels of CD8 + cells (20 X ; scoring parameters are provided in Supplementary Table S1). (B) Summary of CD8 IHC in each NSCLC tissue. H: High,
M: Moderate, and L: Low level of CD8 + cells. Pathologist IHC scoring parameters are provided in Supplementary Table S1. “Area of CD8 + Regions (mm?)” refers to
the total slide area of CD8 + regions (mm?) as determined by microscope based image analysis.

insight into the immune microenvironment within each NSCLC tumor.
The expression analysis also revealed that NSCLC tumors express un-
ique combinations of genes related to the amount of CD8 + cells, im-
mune activation, and immune inhibition, which may ultimately influ-
ence immune escape and response to immune checkpoint therapy.

2. Materials and methods
2.1. Immunohistochemistry

Formalin-fixed paraffin-embedded 5pm sections were stained for
CD3, CD8, CD163 FoxP3, PD1, PDL1, PDL2, phospho-STAT3, and IDO1
by immunohistochemistry. Antigen retrieval was performed on the
Leica BondRx Autostainer utilizing Leica Epitope Retrieval solution 1
(Citrate) for IDO1, or Leica Epitope Retrieval Solution 2 (EDTA) for
CD3, CD8, CD163, FoxP3, PD1, PDL1, PDL2, and phospho-STAT3.
Staining was carried out on the Leica BondRx Autostainer. The sections
were stained with a primary antibody to CD3 (Leica), CD8 (Leica) and
CD163 (Leica) at a pre-dilute concentration for 15 min; phospho-Stat3
(Cell Signaling) at a 1: 100 dilution for 30 min; FoxP3 (Abcam), PD1
(Cell Signaling), PDL1 (Cell Signaling) and PDL2 (Cell Signaling) at a 1:
200 dilution for 30 min; and IDO1 (Cell Signaling). The Leica Bond
Polymer Refine Detection System was utilized to complete the staining.
Hematoxylin was used as the counterstain. The slides were scored and
reviewed by two pathologists. The pathology scoring parameters are
provided in Supplementary Table S1, and the Pathology scoring sum-
mary is provided in Supplementary Table S2. CD8 IHC Image analysis
was performed with an Aeperio Scanscope XT using spectrum software
(Algorithm: Positive Pixel Count v9) as previously described (Hamm
et al., 2016).

2.2. NSCLC tissue and next-generation sequencing FFPE RNA

NSCLC tissue was obtained from Indivumed as tissue in FFPE blocks.

All NSCLC FFPE tissues were histologically subtyped as adenocarci-
noma of the lung, subtyping was performed by tissue morphology. Total
RNA was isolated from FFPE samples with an Agencourt FormaPure Kit
(protocol 000385v005) according to the manufacturer's protocol. RNA
quantity was measured using a Nanodrop 8000, and the RNA quality
was measured with the Agilent RNA 6000 Nano Kit. Approximately
400 ng of total RNA was used as input material for each RNA-seq assay.
Each assay requires a minimum RNA quality of a DV200 > 50%
(measurement of RNA integrity). All NSCLC tissue, discussed in this
manuscript, had a DV200 score that was > 50%. Library construction
and preliminary bioinformatics analyses was performed according to
manufacturer's protocol (Qiagen: QIAseq Custom Targeted RNA Panel).
Sequencing reactions were carried out on an Illumina MiSeq according
to manufacturer's protocol (Illumina).

Briefly, the custom immune panel measures the expression of ap-
proximately 500 immune-related genes. NGS library metrics are pre-
sented in Supplementary Table S3, and the raw data is presented in
Supplementary Table S3. Each RNA-seq library was normalized to
1 x 10° molecular tags (Table S4). The RNA panel also contains control
probes to measure any potential genomic DNA contamination. None of
the FFPE samples contained detectible levels of genomic DNA. RNA-seq
data was analyzed for differential expression using a Student's t-test
(p < .05; “CD8 Low tissues vs CD8 Moderate Tissues” and “CD8 Low
tissues vs CD8 High Tissues”). The p-values were calculated based on a
Student's t-test of the normalized gene expression values for each gene
in a given comparison (ex. “CD8 Low tissues vs CD8 Moderate Tissues”
or “CD8 Low tissues vs CD8 High Tissues”).

2.3. Heat maps, hierarchical clustering, and pathway mapping

Heat maps were created with normalized RNA-seq data using
Morpheus Software (Broad Institute; https://software.broadinstitute.
org/morpheus/). Each Heat Map uses a relative color scheme for each
row (A relative color scheme uses the minimum and maximum values in
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each row to convert values to colors). Where noted, hierarchical clus-
- ‘é.’o anIrnRogNe Y tering was used to sort the tissue (columns) and genes (rows) as de-
G S S aNN®NSAN N scribed in heat maps. Hierarchical clustering (one minus the Pearson
correlation) was performed using Morpheus Software (Broad Institute;
s B broadinstitute.org/morpheus/). Pathway mapping was performed using
g E Gene set enrichment analysis (GSEA) Broad Institute: http://software.
go% = 8 - ° broadinstitute.org/gsea/ (Subramanian et al., 2005).
CER2| nEabB8o8 088
<mO = OANOM®PDOHLANMNDN—
) 3. Results
% %Eﬂg%ﬁgéHQgE 3.1. CD8+ levels in NSCLC
a Tumor infiltrating lymphocytes (TILs) are a component of tumor the
i, Y a 2 microenvironment in NSCLC (Trojan et al., 2004). The TIL levels,
z TE22S0AB8R subtype, and activation status may influence clinical outcome (Fridman
o‘?}. et al., 2012), and CD8 cell infiltrate density provides information on
&, 6T o« .o disease prognosis and responsiveness to immunotherapy (Galon et al.,
Z Ce3RIBIAFTID 2013). Therefore, IHC was used to classify the amount of CD8 + T-cells
g in the NSCLC tissues. The amount of CD8+ T-cells varied among
§ o - NSCLCs, and NSCLCs were classified as having low, moderate, or high
° g' 583 [°§ § 8 E o & E e levels of CD8+ T-cells (Fig. 1). Of the 22 NSCLC tissues, 9 tissues
2| = contained low levels of CD8+ T-cells, 7 tissues contained moderate
3 § ~ o o levels of CD8 + T-cells, and 6 tissues contained high levels of CD8 + T-
g ) 5 88¢ § X § o83 cells. CD8+ T-cells presented as single cell spreads or as aggregates.
z - CD8+ T-cells aggregate were observed more frequently in the tissues
'-E) N with moderate and high levels of CD8+ T-cells (Fig. 1B). Additional,
2| o » % w82 § + 2~ pathology was confirmed using microscope based image analysis
] 4 N~ O A M= ma o .
. (Fig. 1B).
c B 3.2. Immune gene expression in NSCLC
o
g3
2% 3 - © . . L
g ax® S 40 0 CD8 cell levels in the NSCLC tissue may be related to the signaling
< &0 FLEERARoBBT . . .
pathways that regulate the immune response in each tissue. Therefore,
& a targeted RNA-seq panel was used to profile the expression of genes
f, 2 o b that may regulate immune cells in NSCLC. The targeted RNA-seq panel
z RERERIFaART consisted of 500 immune related genes. The RNA-seq analysis was
& performed on 22 NSCLC tissues. The RNA-seq library metrics and the
= 8 .. X complete RNA-seq (raw data and normalized) expression values are
Z L2288 ~%3¢2 located in Supplementary Table S3 and S4.
= The RNA-seq data was separated into one of three groups based on
§ ~ - the level of CD8 + cells in the specific tissue and classified as containing
2 = E 5 E ® @ § ,aEy low, moderate, or high levels of CD8+ cells (determined by IHC;
& - Fig. 1). The RNA-seq data revealed gene expression changes between
< a © ~ the NSCLC tissues with low, moderate, or high levels of CD8+ cells.
\; <£' 3 5 ) § Q E Y Fifty-six genes are significantly differentially expressed between CD8
8 B low NSCLC tissues and CD8 moderate NSCLC tissues (Table 1). In ad-
% g dition, 58 genes are significantly differentially expressed between CD8-
iy i 02:32342 ©3Ba low NSCLC tissues and CD8-high NSCLC tissues (Table 2).
E = eaamaan ey Hierarchical clustering of the differentially expressed genes reveals
X ;‘ that NSCLC samples cluster into two overall groups (Fig. 2). CD8-high
z o ° § oo @ g oo o tissues cluster into one group and CD8-low tissues cluster in another
g & MOART OO 00T group (Fig. 2). However, CD8-moderate samples cluster among CD8-
2 & high samples (4 CD8-moderate tissues, see Fig. 2) and CD8-low tissues
5 & ® ™ (3 CD8-moderate tissues, see Fig. 2). Despite the limited number of
g ) mBaTTm®m wmo . . . .
0 N CON=mFT A0 N NSCLC samples, the clustering reveals a putative gene expression sig-
=] . . ope .
-fg‘ gl = nature that may correlate with tissues that are classified as CD8-high
2 ol a 2 . 9 and CD8-low. The clustering analysis also reveals that certain CD8-
9 :
U § 2 LRIBBL]  FTT3B moderate tissues (classified by CD8 IHC) possess immune gene ex-
g | = pression signatures that share a resemblance to expression the profiles
< ' . . . i
g 3 ] o ~ of CD8-low tissues or CD8-high tissues. Although classified as CD8-
=) © : i .
§ Zl8|¢g nfoq3ynd . 9 moderate (classified by IHC), the heterogeneity of the CD8-moderate
§ Z = tissues may reflect an immune landscape that lies in-between the CD8-
S| E < 2 Low and CD8 high tissues, which highlights the importance of com-
| = o s . . L1s . ..
| @ 35 _9¥ax g 8 bining CD8 IHC with gene expression profiling to attain greater insight
2| 518 CEENEEEEEEY: into pathways that contribute to the immune response in NSCLC.
] 4 &) o e B SV VR R VR SR S . . .
= Subsequent, pathway analysis revealed that the differentially
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Pathway Analysis of Differentially Expressed Genes (CD8 Low vs CD8 Moderate Tissue) (Normalized Data).
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CD70
CLECA4E
CCL5
CXCL13
CCR7
CXCR5
POUZ2F2
CD3D
CD3E
CXCL9
cD2
CTLA4
CCRS5
CD3G
CXCR3
CXCRE
IL2RB
FGL2
cD4
ICOS
PTPRC
CD5
JAKS
IL21R
EOMES
CcD7
CDsBE
GFI1
IL12RE1
CD8A
FASLG
GZMA
LCK
TNFSF8
LGALS3
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Fig. 2. Hierarchical Clustering of genes differentially
expressed between NSCLC tissues characterized by
Low, Moderate (Table 1), and High (Table 2) levels
of CD8+ cells. To be included in this heat map, each
gene must be listed in both Table 1 (CD8 low vs CD8
moderate) and Table 2 (CD8 Low vs CD8 high
tissue). Hierarchical clustering reveals that CD8 low
samples tend to cluster closely together, whereas
CD8 high samples tend to cluster closely together.
Notice the emergence of a potential gene signature
associated with CD8+ levels in NSCLC tissues. On
the vertical axis, note that tissue names are following
by a “_n_” which indicates that normalized data was
used for the heat map. The tissue name also includes
either an H, M, or L (H: High, M: Moderate, and L:
Low), which indicates the level of CD8 cells as de-
termined in Fig. 1.

Pathway Analysis of Differentially Expressed Genes (CD8 Low vs CD8 Moderate Tissue)

Gene Set Name [# Genes (K)] Description # Genes in Overlap (k) p-value FDR g-value
ALLOGRAFT_REJECTION Genes up-regulated during transplant rejection. 26 4.43 e—47 1.06 e—44
INFLAMMATORY_RESPONSE Genes defining inflammatory response. 14 2.72e-21 3.25e-19
IL2_STAT5_SIGNALING Genes up-regulated by STATS5 in response to IL2 stimulation. 9 297 e—12 1.77 e—10
INTERFERON_GAMMA _RESPONSE Genes up-regulated in response to IFNG. 9 297 e—-12 1.77 e—=10
IL6_JAK_STAT3_SIGNALING Genes up-regulated by IL6 via STAT3. 4 4.08 e-6 1.62e—4
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Table 4
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Pathway Analysis of Differentially Expressed Genes (CD8 Low vs CD8 High Tissue) (Normalized Data).

Pathway Analysis of Differentially Expressed Genes (CD8 Low vs CD8 High Tissue)

Gene Set Name [# Genes (K)] Description # Genes in Overlap (k) p-value FDR g-value
ALLOGRAFT_REJECTION Genes up-regulated during transplant rejection. 30 3.89 e—56 9.29 e—54
INFLAMMATORY_RESPONSE Genes defining inflammatory response. 14 4.72 e-21 5.64e—-19
IL2 STAT5_SIGNALING Genes up-regulated by STAT5 in response to IL2 stimulation. 10 8.45e—-14 5.05e—12
INTERFERON_GAMMA _RESPONSE Genes up-regulated in response to IFNG. 10 8.45e—14 5.05e—12
Genes up-regulated by IL6 via STAT3. 6 1.44e-9 6.91 e—-8
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expressed genes function in immune relevant pathways such as
“Allograft Rejection” and “Interferon Gamma Response” (Tables 3 and
4). It is noteworthy that the CD8-high and CD8-moderate tissues ex-
press similar gene expression pathways. However, the CD8 -high tissues
have a greater representation in each pathway (See Supplementary
Table S6 and S7 for the specific list of genes that contribute to each
pathway map).

Not surprisingly, the CD8-high and CD8-moderate tissues express
elevated levels of T cell-related genes (ex. CD8A, GZMA, GZMH, etc.)
and chemokines (ex. CXCL9 (MIG), CXCL10, etc.), which may be a
component of active immune response in the NSCLC tissues (Tables 1
and 2) (Oelkrug and Ramage, 2014). Although CD8+ tissues express
genes that may be relevant to an active immune environment, it is
noteworthy that the same tissues also express inhibitory molecules that
may disrupt the anti-tumor immune response. For example, CTLA4,

Fig. 3. Heat map of genes associated with immune
activation (RNA-seq Data). For visualization, Heat
Map uses a relative color scheme for each row. The
relative color scheme uses the minimum and max-
imum values in each row to convert expression va-
lues to colors. Figure contains a subset of genes that
were identified from the literature as having a pu-
tative role in immune cell activation. The normalized
expression values were clustered using hierarchical

clustering (one minus the Pearson correlation). The
normalized expression values are listed in
Supplementary Table S8. On the vertical axis, note
) that tissue names are following by a “_n_” which in-
- . dicates that normalized data was used for the heat
IFNGR2 map. The tissue name also includes either an H, M, or
ﬂ:gi L (H: High, M: Moderate, and L: Low), which in-
éT ATE dicates the level of CD8 cells as determined in Fig. 1.
IFIT1
IFIT2
IFIT3
IFNGR1
IL16
STAT4
STATSA
STATZ2
S0CS5
STAT3

TNFSF4 (0OX40LG)
TNFRSF12 (GITR)
CXCL9 (MIG)
IFNG

STAT1

TNFRSF9 (4-1BE)
CXCL10

S0Cs1

TNFRSF4 (0X40)
S0Cs3

CCL2

PDCD1 (PD-1), and TBX21 (T-bet) are expressed at higher levels in the
CD8 high tissue than CD8 low tissues (Table 2).

3.3. Expression of genes that regulate immune activation and immune
suppression

Although the putative CD8 gene signature data provide insight into
the genes that are associated the presence of CD8 (CD8 low, moderate,
and high) tissues, NSCLCs are known as heterogeneous tumors (Chen
et al., 2014). Therefore, the RNA-seq data was used to specifically ex-
amine immune-related genes in each NSCLC tissue (immune activation
genes: Fig. 3; and immune inhibition genes: Fig. 4) (De Simone et al.,
2016; Pardoll, 2012; Benci et al., 2016). The RNA-seq analysis revealed
heterogeneity with respect to genes that play a role in the activation or
the inhibition of an anti-tumor immune response (Figs. 3 and 4) (De
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Simone et al., 2016; Pardoll, 2012; Benci et al., 2016). Several tissues
express immune activation-related genes (ex. STAT pathway and che-
mokines; Fig. 3), whereas several tissues also express immune in-
hibitory molecules (Fig. 4).

For example, tissues NS_320, NS_326, and NS_333 express multiple
genes related to both immune activation signaling and immune in-
hibitory signaling (Figs. 3 and 4), and these samples are also char-
acterized by high levels of CD8 cells (Fig. 1B). Alternatively, tissue
NS_351 expresses low levels of immune activation signaling and im-
mune inhibitory signaling (Figs. 3 and 4; NS_351), which correlates
with the IHC observation that tissue NS_351 contains a low level of CD8
cells.

Additionally tissues NS_343 and NS_350 both express genes asso-
ciated with immune activation (Fig. 3). However, tissue NS_343 ex-
presses the inhibitory molecules PD-L1, PD-L2 (PDCD1LG2), and IDO1
(Fig. 4). Whereas NS_350 expresses high levels of CD274 (PD-L1), IDO1,
MIF, CD276 (B7-H3), and LGALS3 (Galectin-3) (Fig. 4) (Kouo et al.,
2015).

The expression of the immune checkpoint molecule PD-L1 varies
among NSCLC tissues, with highest levels of PD-L1 detected in samples
NS_350, NS_343, NS_325, and NS_326. The expression of IDO1 (a gene
that may promote immune tolerance to tumor antigens (Munn and
Mellor, 2007)) also varied among tumor tissues. Tissues NS_317 and
NS_334 expressed the highest levels of IDO1, whereas tissues NS_336
and NS_351 express low levels of IDO1. Additionally, CD47, an in-
hibitor of macrophage phagocytosis (Liu et al., 2017), is expressed at
lower levels throughout most tissues, but CD47 expression is elevated in
NS_1341 and NS_334. LAG3, a negative regulator of T cell activation is
expressed at the highest levels in NS_320, _NS_ 322, and NS_317
(Workman et al., 2004; Workman and Vignali, 2003). The T-cell ex-
haustion markers T-bet (TBX21) and EOMES are also expressed in
several tissues, albeit at low levels. The expression of T-bet and EOMES
may indicate the presence of exhausted T-cells, which may have limited
ability to respond to an immune checkpoint inhibitor (Wherry and

Experimental and Molecular Pathology 109 (2019) 1-15

Fig. 4. Heat map of genes associated with immune
inhibition (RNA-seq Data). For visualization, Heat
Map uses a relative color scheme for each row. The
relative color scheme uses the minimum and max-
imum values in each row to convert expression va-
lues to colors. Figure contains a subset of genes that
were selected from the literature as having a putative
role in inhibiting the immune response. The nor-
malized expression values were clustered using
hierarchical clustering (one minus the Pearson cor-
relation). The normalized expression values are

listed in Supplementary Table S9. On the vertical
id axis, note that tissue names are following by a “_n_”
CD80 (CTLA4 ligand) which indicates that normalized data was used for
ETLA (HVEM receptor)  the heat map. The tissue name also includes either an
CTLA4 H, M, or L (H: High, M: Moderate, and L: Low),
EOMES which indicates the level of CD8 cells as determined
CD&6 (CTLA4 Ligand) in Fig. 1.
HAVCR2 (TIM3)
LAG3
PDCD1 (PD1)
TBX21 (T-bet)
TNFRSF14 (HVEM)
IDO1
PDCD1LG2 (PDL2)
CD47

VTCN1 (B7-H4)
CD274 (PDL1)

MIF

CD276 (B7-H3)
LGALS3 (Galectin-3)

Kurachi, 2015).

Finally, while the NSCLC RNA-seq data reveals some heterogeneity
among immune activation and immune inhibitory genes, it is note-
worthy that the hierarchical clustering reveals subsets of NSCLC that
express similar combinations of genes (Figs. 3 and 4). For example,
tissues NS_317, NS_1342, and NS_322 cluster together in heat maps
(Figs. 3 and 4) and these tissues simultaneously express genes that
function in immune activation and immune inhibition.

3.4. IHC confirms the simultaneous expression of multiple immune
inhibitory proteins

The RNA-seq data provides insight into the genes and pathways that
are expressed in NSCLC, but it is also important to determine if the
immune pathways are also active on the protein level. In addition to the
CDS8 analysis (Fig. 1), IHC was used to measure the expression of the
following immune-related genes: CD3, CD163, pSTAT3 (phosphory-
lated STAT3), FOXOP3, PD1, PD-L1 (CD274), PDL2 (PDCD1), and
IDO1. The summary of the IHC data is presented in Supplementary
Table S2, and the scoring parameters are listed in Table S1. Of the genes
with both RNA-seq data and IHC data, all NSCLC samples with protein
expression by IHC were also shown to express the corresponding RNA
(Supplementary Table S2). Genes with moderate to high expression by
RNA-seq correlated with the protein levels identified by IHC (CD8, PD-
L1, PD-L2, and IDO1). PD-1 and FOXP3 were also detected by both
RNA-seq and IHC, but direct correlation with protein expression should
be carefully considered as these genes are expressed at relatively low
levels in the RNA-seq data. In the RNA-seq data, PD-1 and Foxp3 genes
are expressed at < 100 transcript counts in a given tissue.

Overall, the level of protein expression varies by tissue and IHC
target, however, the most abundantly expressed genes, assessed by
RNA-seq, are also expressed at high levels in the IHC analysis. PD-L1
RNA is expressed at highest levels in tissues NS_343 and NS_350, and
the THC confirms that both tissues express high levels of PD-L1 in the

10
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NS_343

Fig. 5. Tissue sections from NS_343 were stained for H&E (Panel A), IDO1 (Panel B), PD-L1 (Panel C) and PD-L2 (Panel D) (20 X magnification). Notice the positive

staining of the dendritic cells and lymphocytes for IDO1. Note the positivity of the tumor (2+, focal 3+ ) and the surrounding lymphocytes positive for PD-L1 (PD-L2
50% of tumor at a 2+ positivity). (20 X magnification). Complete Pathology scoring summary is provided in Supplementary Table S2.

NSCLC tumor (Fig. 4 and Supplementary Table S2). While tissues
NS_343 and NS_350 express high levels of PD-L1, it is noteworthy that
NS_343 contains a high level of CD8 cells whereas NS_350 contains low
levels of CD8 cells. Despite similar PD-L1 levels in NS_343 and NS_350,
the tissues are characterized by different patterns of immune-related
gene expression (Figs. 2, 3 and 4).

The IHC also provides biologically relevant information regarding
protein localization and distribution. For example, the transcription
factor STAT3 was detected in the RNA-seq analysis, but the IHC analysis
reveals that phosphorylated-STAT3 (pSTAT3) is expressed in both
tumor cells and stromal cells (Supplementary Table S2). In this current
IHC analysis, pSTAT3 levels do not directly correlate with the level of
CD8 cells, and pSTAT3 levels vary between tissues. However, STAT3
signaling may influence tumorigenesis and the immune response (Yu
et al., 2007), and therefore pSTAT3 expression data my provide insight
into the nature of the anti-tumor immune response in the tumor and
stroma of a given NSCLC tissue.

The variable expression of CD8 (T-cell marker) and CD163 (mac-
rophage marker) reveals the diverse nature of the immune response in
NSCLC tissues (Supplementary Table S2). The diversity of the immune
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D: PD-L2

response is also revealed by the observation that many of the NSCLC
tissues express more than one immune inhibitory protein. For example,
tissue NS_343 expresses both PD-L1 and PD-L2 (Fig. 5). Several NSCLC
tissues also express the immune inhibitory proteins PD-L1 and IDOL1.
Tissues NS_317, NS_1342, and NS_334 express moderate (or high) levels
of PDL1 and IDO1 in tumor cells (Fig. 6 and Supplementary Table S2).
Interestingly, tumors NS_317 and NS_1342 are also characterized by the
presence of high levels of stromal CD8+ lymphocytes, but no CD8 +
lymphocytes are detected within the tumor area.

IDO1 is present in 10 tissues that also express moderate or high
levels of PD-L1, and the distribution of IDO1 and PD-L1 varies within
each NSCLC tissue (Supplementary Table S2). For example, PD-L1 is
detected in the tumor and stroma of tissue NS_334, whereas IDO1 is
solely expressed in the tumor (Fig. 6). Alternatively, PD-L1 is expressed
in the tumor and surrounding stroma of tissue NS_1331, but IDO1 ex-
pression is limited to the surrounding stroma (Fig. 7). The variable
expression of IDO1 and PD-L1 indicates that these that immune in-
hibitory proteins are expressed at unique levels within the tumor and
stroma of NLSCC tissues.
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NS_334

C:1DO1

D: PD-L1

Fig. 6. Tissue sections from NS_334 were stained for H&E (Panel A), CD-8 (Few; Panel B), ID0O1 (Panel C) and PD-L1 (Panel D). Notice the positive staining of IDO1
tumor cells (3 +), positive PD-L1 staining in the tumor (1-2 +) and positive staining in the lymphocytes (2+). Complete Pathology scoring summary is provided in

Supplementary Table S2.

4. Discussion

TILs are a component of the tumor microenvironment in NSCLC
(Trojan et al., 2004). The TIL levels, subtype, and activation status may
influence the clinical outcome (Fridman et al., 2012). In the NSCLC
analysis, a T-cell marker, CD8, was used to identify T-cell levels in
NSCLC tumors: low (n =9; 40%), moderate (n = 7; 32%), or high
(n = 6; 27%) (Fig. 1). CD8+ cell aggregates were more frequently
observed in tumors with moderate or high CD8 levels. The CD8 ag-
gregates may be one precursor component of tertiary lymphoid struc-
tures, which can play a role in shaping a beneficial immune response in
lung cancer patients (Goc et al., 2014). In addition, the extent of CD8
infiltration may represent various states of an active anti-tumor im-
mune response. An active tumor-immune microenvironment is im-
portant for survival and may have prognostic value (Galon et al., 2007).
Moreover, an immunologically active tumor microenvironment was
predictive of response to immunotherapy (Wang et al., 2002).

The RNA-seq profiling revealed significant gene expression changes
among the tumors characterized by low, moderate, and high levels of
CD8+ cells. The RNA-seq data revealed a putative gene signature that
is associated with the levels of CD8 lymphocytes (Fig. 2). This putative
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CD8 gene signature contains both immune inhibitory genes and im-
mune stimulatory genes that function in pathways related to Interferon-
Gamma/STAT signaling (Tables 3 and 4). Interferon gamma may con-
tribute to immune cell infiltration, which is an essential component of
the anti-tumor immune response. Interferon/STAT signaling may also
contribute to PD-L1-mediated immune suppression, PD-L1-independent
immune suppression, and a multigenic resistance to an immune
checkpoint blockade (Benci et al., 2016).

In addition to the putative CD8 gene signature, a subsequent ana-
lysis of the RNA-seq data aimed to characterize the expression of ad-
ditional genes that may promote or inhibit an effective anti-tumor
immune response in individual NSCLC tissues (Figs. 3 and 4). The
NSCLC tumors possess unique combinations of genes that are associated
with immune activation or immune inhibition, and the expression of
immune activation or immune inhibition genes may be clinically re-
levant as a T-cell inflamed gene expression profile (which includes PD-
L1, IDO1, STAT1, CXCL9) is associated with an improved objective
response rate to anti-PD1 therapies (Ott et al., 2019).

NSCLC tissue NS_350 (CD8-low) expresses low levels of genes that
function in immune activation (Fig. 3), but expresses high levels of the
following immune inhibition-related genes: CD274 (PD-L1), IDO1, MIF,
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Fig. 7. Tissue sections from NS_1331 were stained for H&E (Panel A), CD8 (Moderate: Panel B), IDO1 (Panel C) and PD-L1 (Panel D) (20 X magnification). Notice the
positive staining of the tumor and lymphocytes surrounding the tumor for PD-L1 (3+ in the tumor). In addition, the lymphocytes are positive for IDO1. Complete

Pathology scoring summary is provided in Supplementary Table S2.

CD276 (B7-H3), and LGALS3 (Galectin-3) (Fig. 4). In the current study,
PD-L1 is expressed the highest level in tissue NS_350. PD-L1 is also
expressed at high levels in NS_343, but NS_343 and NS_350 have dif-
ferent CD8 levels (NS_343: CD8 high, NS_350: CD8 low) and different
gene expression profiles (Figs. 2, 3 and 4). Taken together, tissues
NS_350 and NS_343 reveal that, despite high levels of PD-L1, tumor
tissues may have noticeably different immune profiles. In tissue
NS_350, the low levels of CD8 + cells may be due to the low expression
of genes that function in immune activation (Fig. 3), which may be
further disrupted by the expression of multiple genes that promote in-
hibitory immune signaling pathways (Fig. 4). The lack of an effective
anti-tumor response may contribute to primary immunotherapy re-
sistance (Sharma et al., 2017). Despite PD-L1 expression, a tissue may
not possess enough TILs to mount a sufficient anti-tumor response
following treatment targeting a single immune inhibitory checkpoint
(Antonia et al., 2016). Although NS_350 expresses high levels of PD-L1,
the ability to mount a clinically significant anti-tumor response may be
influenced by the low level of CD8 cells in the tissue. In a clinical set-
ting, approximately 45% PD-L1 expressing NCSLCs responded to an
immune checkpoint inhibitor antibody, but the remaining PD-L1 ex-
pressing patients did not respond (Reck et al., 2016). The lack of a
response, in PD-L1 expressing tumors, may also be due to the expression
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of additional inhibitory immune proteins (Koyama et al., 2016). A re-
cent retrospective analysis confirmed that PD-L1 was not sufficient to
predict responsiveness to PD-1/PD-L1 NSCLC immunotherapy, how-
ever, the inclusion of cytokine and immunosuppressive gene expression
data (including IDO1) allowed for a more accurate prediction of NSCLC
immunotherapy responders and non-responders (Brogden et al., 2018).

The CD8-high tissues NS_320, NS_326, and NS_333 co-express genes
that may function in immune activation and immune inhibition.
Immune-related activation genes include multiple STAT family mem-
bers, TNFRSF4 (0X40), TNFRSF9 (4-1BB), TNFSF4 (OX40LG), CXCL9
(MIG), and INFG-related genes (Fig. 3 and Table S8). Tissues NS_320,
NS_326, and NS_333 also express several genes that may contribute to
immune inhibitory signals, such as CD276 (B7-H3), CD274 (PD-L1),
IDO1, BTLA, HAVCR2 (TIM3), CD47, and genes in the CTLA4 pathway
(Fig. 4 and Table S8). Taken together, the immune activation signaling
may contribute to the high levels of CD8 cells, but the inhibitory im-
mune signaling may disrupt an effective anti-tumor immune response.
For example, the expression of the co-inhibitory molecule TIM3
(HAVCR?2) is correlated with shorter survival in lung adenocarcinoma,
and a TIM3 blockade promoted NK cell-mediated cytotoxicity (Xu et al.,
2015). Tissue NS_320 also expresses the highest levels of the immune
inhibitory molecule LAG3, and overall survival was previously shown
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to be significantly less in lung adenocarcinoma patients with TILs that
express LAG3 (He et al.,, 2017). Taken together, the expression of
multiple immune inhibitory molecules is relevant in NSCLC as the co-
expression of multiple immune inhibitory signals may contribute to
immunotherapy resistance (Sharma et al., 2017; Koyama et al., 2016;
Jenkins et al., 2018). It is noteworthy that 10 NSCLCs tumors co-express
multiple immune inhibitory proteins (PD-L1 and IDO1; Figs. 6, 7, and
Supplementary Table S2).

Overall, the RNA-seq data reveals that NSCLC tissues express a
putative gene signature that is associated with CD8 cell density (low,
moderate, and high CD8 levels), which may be indicative of an active
anti-tumor immune response. A CD8 gene signature may have biolo-
gical significance as CD8 cell infiltrate density provides information on
disease prognosis and responsiveness to immunotherapy (Galon et al.,
2013). In addition, the NSCLC putative CD8 gene signature contains
genes that function in the INF-gamma and STAT pathways (Tables 3
and 4). The identification of INF-gamma and STAT pathway members is
particularly relevant in NSCLC as INF-gamma signaling may promote
an effective anti-tumor response, whereas continuous INF-gamma sig-
naling may lead to a Jak/Stat-mediated immune escape (Benci et al.,
2016; Garcia-Diaz et al., 2017; Karanikas et al., 2007).

The RNA-seq and IHC data reveal that individual NSCLC tissues may
express multiple immune inhibitory molecules (Figs. 4, 5, 6, 7, and
Supplementary Table S_2). The expression of multiple immune check-
point inhibitors may explain why NSCLC tumors are initially resistant
or acquire resistance to single-agent immune checkpoint therapy. IDO1
and PD-1 combination-based treatment strategies are under investiga-
tion in NSCLC (Mellemgaard et al., 2017), and this immunotherapy
combination has shown promising response rates in other cancers
(Fuerst, 2018; Luke et al., 2017).

Immunotherapy is also being tested in combination with treatments
that target specific oncogenes within NSCLC tumors. Tyrosine kinase
inhibitors (TKIs) are known to disrupt oncogenic signaling, but recent
evidence suggests that TKIs may also influence the immune response
(Chen et al., 2015). For example, EGFR mutations are associated with
elevated levels of PD-L1 and TKI treatment may downregulate PD-L1
(Chen et al., 2015; Lin et al., 2015). Although the combination of an
immune checkpoint therapy and TKIs may provide a clinical benefit,
the combination may also be associated with treatment-related adverse
events (Ahn et al., 2017). Improvements in molecular diagnostics may
allow for the selection of patients that will benefit from therapeutic
strategies that combine more than one immunotherapy treatment, or
therapeutic strategies that combine targeted therapy with im-
munotherapy.

Recent testing strategies, including tumor mutational burden
(TMB), microsatellite instability (MSI), PD-L1 IHC, and gene expression
assays, may have value in predicting responsiveness to immune
checkpoint therapy (Ott et al., 2019; Voong et al., 2017; Ribas et al.,
2015). However, TMB, MSI, PD-L1, and gene expression assays may
provide more value when they are synergistically applied to individual
tumors. Preliminary evidence suggests that a composite biomarker,
consisting of PD-L1 THC and INF-gamma mRNA testing, is associated
with response to immune checkpoint therapy in NSCLC (Voong et al.,
2017; Higgs et al., 2016). Although our data provides insight into po-
tential NSCLC biomarkers, our study is limited to the small sample size
and lack of clinical outcome data. Therefore, our results need to be
examined within the context of a larger NSCLC cohort with clinical
outcomes. A larger cohort may yield more definitive conclusions re-
garding the use of the current data for the selection of standalone or
composite biomarkers for NSCLC immunotherapies.

Appendix A. Supplementary data

Supplementary data to this article can be found online at https://
doi.org/10.1016/j.yexmp.2019.04.004.
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