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Ke.ywo.rds' Summary To demonstrate the usefulness of complementary next-generation sequencing (NGS) and immu-
Epithelial-mesenchymal . . . . .
. nohistochemistry (IHC) counting, we analyzed 196 patients with non—small cell lung cancer who underwent
transition; . . . . .
. . surgical resection and adjuvant chemotherapy. Formalin-fixed, paraffin-embedded samples of adenocarci-
Immunohistochemistry; . . . .
. . noma (ADC), squamous cell carcinoma, and large cell carcinoma were used to prepare tissue microarrays
Next-generation sequencing; . . . .
0 and were examined by protein H-score IHC image analysis and NGS for oncogenes and proto-oncogenes
SCOTE: and genes of tumor suppressors, immune checkpoints, epithelial-mesenchymal transition factors, tyrosine
Adenocarcinoma;

kinase receptors, and vascular endothelial growth factors. In patients with brain metastases, primary tumors
expressed lower PIK3CA protein levels. Overexpression of pS3 and a higher PD-L1 protein H-score were
detected in patients who underwent surgical treatment followed by chemotherapy as compared with those
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who underwent only surgical treatment The absence of brain metastases was associated with wild-type se-
quences of genes EGFR, CD267, CTLA-4, and ZEB1. The combination of protein overexpression according
to IHC and mutation according to NGS was rare (ie, represented by a very low percentage of concordant
cases), except for p53 and vascular endothelial growth factor. Our data suggest that protein levels detected
by IHC may be a useful complementary tool when mutations are not detected by NGS and also support the
idea to expand this approach beyond ADC to include squamous cell carcinoma and even large cell carci-
noma, particularly for patients with unusual clinical characteristics. Conversely, well-pronounced immuno-
genotypic features seemed to predict the clinical outcome after univariate and multivariate analyses. Patients
with a solid ADC subtype and mutated genes EGFR, CTLA4, PDCDI1LG?2, or ZEBI complemented with
PD-L1 or p53 protein lower expression that only underwent surgical treatment who develop brain metasta-
ses may have the worst prognosis.

© 2018 Elsevier Inc. All rights reserved.

1. Introduction

Before the 2004 World Health Organization classification,
there were no therapeutic implications of distinguishing histo-
logic subtypes such as adenocarcinoma (ADC), squamous cell
carcinoma (SqCC), and large cell carcinoma (LCC). There-
fore, tumors other than small cell carcinoma were simply
lumped together by some pathologists as non—small cell lung
carcinomas (NSCLCs), disregarding more specific histologic
subtyping. Since then, a surgical intervention has remained
the gold standard of treatment for approximately 30% of these
patients who presented with resectable stage I, I1, or III disease
[1], whereas surgical treatment sufficiently early for carcinoma
combined with adjuvant chemotherapy in specific cases might
improve the long-term outcome [2]. However, almost half of
all patients with a diagnosis of NSCLC present with distant
metastases [2], and one-third of this patient group will also
have brain metastases [2]. Therefore, it is important to analyze
predictive factors of survival in patients who received chemo-
therapy for NSCLC with local and or distant metastases.

The discovery of activating mutations in EGFR represents
the primary and greatest stage for molecularly guided preci-
sion therapy of lung cancer [3]. EGFR mutations are fre-
quently observed in females, nonsmokers, and patients with
ADC but are rare in patients with SqCC [4]. LCC shares many
features with solid ADC [5]; 40% of LCC and solid ADC
cases harbor mutations in KRAS; EGFR and ALK alterations
are rare in this tumor type [5]. So far, all clinical efforts to tar-
get KRAS have been unsatisfactory (KRAS mutation is also
the most frequent driver mutation and is present in 25% of
ADCs [6]). BRAF mutations have been identified in 2% of
patients with NSCLC, half of whom have the BRAF V600E
mutation [7]. Additional molecular targets of clinical interest
include ERBB2 amplification [8] and inactivation of tumor
suppressor genes (eg, 7P53 [p53] and phosphatase and tensin
homolog [PTEN]) [9]. Immunotherapies targeting pro-
grammed cell death 1 (PD-1) and/or PD-1 ligand 1 (PD-L1)
may also become important therapeutic modalities in this pa-
tient group [10].

In 2017, Reck and Rabe [11] proposed an algorithm for
precision diagnosis and treatment of NSCLC, including the
morphologic classification of NSCLC based on histopatho-
logic (hematoxylin and eosin) evaluation, molecular analysis
for the key treatable oncogenic alterations (EGFR and BRAF
V600E mutations and ALK translocations), and additional
molecular analyses for selected patients. They also included
the assessment of PD-L1 expression by means of immunohis-
tochemical staining. Moreover, chemotherapy remains the
first-line treatment for patients with wild-type results of molec-
ular tests [11] (see Supplementary Table S1).

More recently, large-scale molecular profiling of patients
with an advanced stage of NSCLC by next-generation
sequencing (NGS), led by the Lung Cancer Mutation Consor-
tium, identified multiple cancer driver mutations as potential
therapeutic targets [12]. Thus, proper testing methods for
treatable oncogenic changes have been used in the routine
diagnostic evaluation of patients with an advanced stage of
NSCLC [13]. However, the investment necessary to implement
this technology is noteworthy. In contrast, immunohistochemis-
try (IHC) for analysis of protein expression is relatively inexpen-
sive and already an established component of the surgical
pathologist’s diagnostic armamentarium. Indeed, protein levels
detected by IHC can reflect aberrant pathway activation or
inactivation and generate functional information on genetic alter-
ations underlying these aberrations [ 14]. It is therefore a powerful
tool complementary to genomic analyses, particularly for those
that uncover alterations of unclear significance for tumorigenesis;
this procedure is one of the major tasks for interpreting NGS data.

To demonstrate the usefulness of complementary NGS and
IHC automated counting, in our cohort, we included only pa-
tients without a history of molecularly targeted therapy but
who had received chemotherapy for brain metastases. There-
fore, we combined NGS technology—based amplicon se-
quencing with an THC quantitative panel to maximize the
chance of assignment of the enrolled patients to potentially
beneficial targeted therapies. We also aimed to determine
whether our immunogenotyping approach is useful for the pre-
diction of brain metastases and treatment outcomes.
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2. Materials and methods
2.1. Patients

Tumor specimens were obtained from archived formalin-
fixed, paraffin-embedded histologic sections from 196 patients
with NSCLC at the Clinicas Hospital of University of Sao
Paulo Medical School, Heart Institute, and Sao Paulo Cancer
Institute who underwent surgical resection from January 1,
1995, to December 31, 2014, and received adjuvant chemo-
therapy. The patients’ demographic data and clinical charac-
teristics were retrieved from medical records; they included
age, sex, smoking history, tumor size, tumor stage (according
to the International Association for the Study of Lung Cancer
classification system) [15], and follow-up information for
overall survival (OS) rates. Internal ethics committees of the
participating institutions approved the study protocol and
waived the requirement for informed consent because of the
retrospective nature of the study.

2.2. Histopathologic analysis and immunophenotypic
classification

Patients’ formalin-fixed, paraffin-embedded blocks and
archived tissue samples within our Institutional Biobank
were studied. Cases were reviewed by expert lung pathologists

(E.R.P.and V. L. C.) and thus classified and immunopheno-
typed according to the 2015 World Health Organization
classification of lung tumors [16] into 3 subtypes: ADC
(n = 95), SqCC (n = 84), and LCC (n = 17). Tissue sections
of poorly differentiated tumors were immunophenotyped by
means of TTF1, napsin A, p63, CK5/6, and CK7. In particular,
ADC samples were stratified according to the most representa-
tive morphologic patterns into lepidic, acinar, papillary, and
solid; SqCC into keratinizing and nonkeratinizing; and LCC
into tumors with null and unclear immunohistochemical
features when positive for CK7 cytokeratin and negative or
unclear immunoprofiles and negative for mucin [16].

2.3. Genomic analysis

Genomic DNA was extracted from flash-frozen lung
cancer tissue (n = 70) when available in the same patient
group (ADCs, 33; SqCCs, 24; LCCs, 13) at the Department
of Pathology and Legal Medicine, Ribeirdo Preto School of
Medicine, University of Sdo Paulo, Ribeirdo Preto Facility.
Extraction was performed using the QIAamp DNA Mini
Kit (Qiagen, Valencia, CA). The quantity and quality of
DNA samples were evaluated on a Qubit fluorometer
(Life Technologies, Santa Clara, California) and Bioanalyzer
(Agilent, Santa Clara, California). Library preparation with the
TruSeq Custom Amplicon v1.5 protocol was performed before
sequencing on the MiSeq platform (Illumina, San Diego, CA).

Table 1  Clinical characteristics of patients with non—small cell carcinomas
Characteristic Category ADC (n = 95) SqCC (n = 84) LCC (n = 17)
Acinar Papillary Lepidic  Solid Keratinizing  Nonkeratinizing Null Unclear
m=38) @m=13) @=15 @m=29) (@m=>51) (n=33) m=10) m=7)
Age (y) Median 61 65 56 65 69 67 75 70
Sex, n (%) Female 14 (15) 7(7) 1L (1)  15(15)  21(25) 18 (21) 6 (35) 4 (23)
Male 24 (25) 6 (6) 44 14 (15) 30 (36) 15 (18) 4 (23) 3(17)
Tobacco history *, n (%) No 5(13) 2 (15) 4 (26) 4 (14) 1(2) 0 (0) 0 (0) 0 (0)
Yes 21 (55) 7 (54) 7(46) 1345 25(49) 10 (30) 2 (20) 2 (29)
Tumor size (cm) Median 4.5 3.8 3.7 4.5 43 3.8 4.5 4.0
Tumor status °, n (%) Tl 15 (16) 2(2) 7(7) 5(5) 14 (16) 14 (16) 1 (6) 2 (12)
T2 15 (16) 909 7(7) 16 (17)  30(35) 12 (14) 9 (53) 5(29)
T3 8(8) 1 (1) 1(1) 6 (6) 5(6) 7 (8) 0 (0) 0 (0)
T4 0 (0) 1 (1) 0 (0) 2(2) 2(2) 0 (0) 0(0) 0 (0)
Nodal status ®, n (%) NO 30 (31) 10(10) 14(15) 26(27) 4149 26 (31) 5(29) 5(29)
N1 8 (8) 303) 1(1) 3(23) 10(12) 7 () 5(29) 2 (12)
IASLC stage®, n (%) I 28 (29) 8 (8) 7(7) 8 (8) 32 (38) 22 (26) 6 (35) 4 (23)
II 6 (6) 303 44 16 (19) 14 (16) 9 (11) 3(17) 2 (12)
A 44 2(2) 44 5 (6) 5(6) 2(2) 1 (6) 1 (6)
Metastases, n (%) Brain 1(1) 2(2) 2(2) 2(2) 1(1) 0(0) 1 (6) 0 (0)
Treatment, n (%) S 38 (40) 13 (13) 15(16) 29 (30) 51 (61) 33 (39) 10 (59) 7 (41)
S+C 33 1(1) 2(2) 303) 5(6) 5(6) 1 (6) 0 (0)
OS (mo) Median 29 49 46 23 10 5 40 41

Abbreviations: S, surgery, S + Q, surgery + chemotherapy.

# Tobacco history unknown: 32 ADCs (12 acinar, 4 papillary, 4 lepidic, 12 solid), 48 SqCCs (25 keratinizing, 23 nonkeratinizing), 8 LCCs (5 null; 3 unclear).

® Per International Association for the Study of Lung Cancer criteria [15].
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Fig. 1  Protein immunohistochemical staining of NSCLC samples. A-C and E, ADC with positive membranous EGFR, ALK, Her2, or KRAS
staining. D, LCC with positive cytoplasmic and membranous BRAF staining. F, Positive membranous and cytoplasmic PTEN staining in SqCC.
G, Positive nuclear p53 staining in LCC. A-G, Original magnification x200.

Sequencing data analysis MiSeq Reporter software (version
2.5.1.3; Tllumina) was used to obtain the quality score. We
evaluated 24 genes, 102 targets, and 263 amplicons by direct
sequencing and verified them by DNA sequencing analysis
(Supplementary Table S2). The genes examined were grouped
according to their function into oncogenes (P/K3CA and

RAB25), proto-oncogenes (BRAF and KRAS), tumor suppres-
sors (PTEN and p53), immune checkpoints (CD276, CTLA-
4, PD-L1, PD-L2, LAGE, and VTCNI), epithelial-mesenchy-
mal transition (EMT) factors, ErbB family members, and
vascular endothelial growth factors (VEGFs). For detection
of ALK fusions, primers were designed to amplify all known
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Table 2  Correlation between histologic types and H-score for protein level in NSCLC (n = 196)
Protein ADC, mean (median) SqCC, Mean (median) LCC, Mean (median) P?
Acinar Papillary Lepidic Solid Keratinizing  Nonkeratinizing  Null Unclear
(n = 38) (n=13) (n=15) (n = 29) (n=51) (n = 33) (n = 10) n=7)
PD-L1 (%) 23 (0.63) 6 (0.75) 3(3) 148 (4)° 15 (2) 15 (2) 8.5(0.83) 8.5(0.83) .04
ALK-1 (H-score) 2 (0.7) 1.4 (0.2) 18 (12)° 6 (5) 15 (9) 12 (7) 2 (0.6) 0 (0) .04
BRAF (H-score) 67 (61) 33 (23) 95 (82)b 75 (65) 63 (60) 59 (57) 61 (45) 58 (42) .03
EGFR (H-score) 20 (14) 18 (14) 18 (12) 6(05° 15 (9) 12 (8) 25 (15) 23 (14) .05
ERBB2 9H-score) 20 (14) 18 (14) 18 (14) 605 15 (9) 10 (7) 25 (15) 20 (13) .05
KRAS (H-score) 67 (68) 34 (28) 32 (31) 63 (72) 60 (50) 55 (49) 56 (56) 50 (49) .10
PTEN (H-score) 39 (31) 33 (23) 52 (45) 57 (58)¢ 45 (31) 40 (30) 50 (57) 45 (50) 12
P53 (H-score) 163 (48) 30 (24)d 188 (60) 116 (54) 134 (47) 130 (40) 485 (88) 450 (70) .01
VEGFA (H-score) 77 (71) 85 (88) 62 (74) 88 (85) 70 (70) 63 (65) 88 (74) 81 (70) 93
RAB25 (H-score) 60 (64) 51 (49) 65 (63) 55 (52) 56 (60) 52 (59) 71 (76) 69 (70) .49
PIK3CA 38 (74) 102 (104) 77 (83) 138 (145) 96 (94) 90 (90) 57 (53) 48 (47) 51

NOTE. IHC protein staining was scored using a membrane algorithm (PD-L1, EGFR, ALK, ERBB-2, PTEN, PIK3CA) and a cytoplasmic algorithm (PD-L1,
BRAF. KRAS, VEGF, RABS, PIK3CA). Staining intensity, scored as 0 (no staining), 1+ (weak staining), 2+ (moderate staining), or 3+ (strong staining), was
multiplied by the percentage of positive cells (0%-100%) for each intensity for a final H-score of 0 to 300. Because PTEN and P53 expression should be either
diffusely lost or aberrantly diffusely, either result was qualified as abnormal/”positive” and would be expected to correlate with a mutant event. The average of the

number of positive nuclei was expressed as density of cells per millimeter squared. Overexpression was defined as density above or equal median cells per

millimeter squared.
* Kruskal-Wallis test (P < .05).

® Lepidic ADC significantly increased PD-L1 (P < .05), ALK-1 (P < .05), and BRAF (P < .05) median H-score compared with acinar, papillary and solid.
¢ Predominant solid ADC significantly increased lower H-score for EGFR (P = .05) and ERBB2 (P = .05), but higher PTEN H-score (P = .05).
4 Papillary ADC significant lower P53 H-score compared with acinar, lepidic, and solid subtypes (P < .05).

fusion variants by means of cDNA. All the mutations were
verified by analysis of an independent polymerase chain reac-
tion amplicon. For each tissue sample available, the percentage
of tumor tissue was assessed beforehand by histologic exami-
nation, and the presence of at least 30% of malignant cells was
considered adequate for analysis.

2.4, Statistical analysis

The x? test or Fisher exact test was conducted to examine
differences in the categorical variables, and the Wilcoxon rank
sum test and Kruskal-Wallis test were carried out to detect dif-
ferences in continuous variables between the patient groups.
The OS distributions for the patients were estimated using
the Kaplan-Meier method. OS was defined as the interval from
surgery to death or last contact. A log-rank test was performed
to determine a difference in survival between the groups. Re-
gression analysis of the OS data was performed using the
Cox proportional hazards model. The statistical software
IBM SPSS (version 22; Armonk, NY) and S-Plus (version
8.04; TIBCO, Palo Alto, CA) were used to perform the com-
putations for all the analyses. Differences were considered sta-
tistically significant at P < .05.

3. Results

Demographic data and clinical characteristics of the
patients are shown in Table 1.

3.1. Immunostained protein levels and clinical features

Fig. 1 illustrates representative images of immunostained
protein expression.

Table 2 presents the correlation between histologic types
and H-scores of protein levels in NSCLC. Protein staining
was positive (H-score more than the median value) for PD-
L1 in 27% of the samples; ALK, 5%; BRAF, in 5%; EGFR,
20%, ERBB-2, 6%; KRAS, 5%; PTEN, 49%; p53, 48%;
VEGF, 90%; and RAB25, 66% of the samples.

TMA tumor sections were obtained from 95 ADCs
(38 acinar, 13 papillary, 15 lepidic, and 29 solid tumors), 84
SqCCs (51 keratinizing and 33 nonkeratinizing tumors), and
17 LCCs (10 null and 7 unclear tumor histosubtypes). PD-
L1 protein H-score was higher in solid ADCs as compared
with acinar, papillary, and lepidic ADCs (P < .05). Increased
ALK-1 (P < .05) and BRAF (P < .05) protein positive H-
scores were more strongly associated with the lepidic tumor
histosubtype as compared with acinar, papillary, and solid
ADCs (P < .05). In contrast, lower pS3 H-scores were more
strongly associated with papillary ADCs than with acinar, le-
pidic, or solid ADCs (P < .05). EGFR and ERBB2 protein
H-scores were lower in predominantly solid ADCs as compared
with the other tumor histosubtypes (P < .05 and P < .05,
respectively). No statistically significant association was de-
tected between all the protein H-scores analyzed and acinar
ADC:s. Likewise, no significant correlations were detected be-
tween ADC histosubtypes and KRAS, VEGFA, RAB2S5, and
PIK3CA protein H-scores. A similar protein H-score median
was found for keratinizing and nonkeratinizing SqCCs, as
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Table 3  Genes mutations found in 70 primary NSCLC according to histotypes

ADC (n = 33), n (%) SqCC (n = 24), n (%) LCC (n = 13), P?

n (%)

Acinar Papillary Lepidic Solid Keratinizing Nonkeratinizing Null Unclear
AXL 12 (36) 5(15) 4 (12) 12 (36) 18 (75)° 6 (25) 8 (61) 5(29) .05
BRAF 2 (6) 2 (6) 0 (0) 0 (0) 0 (0) 0 (0) 0(0) 0 (0) .76
CD276 309 2 (6) 1(3) 5(21) 2 (8) 1(4) 3310 0 (0) A5
CD44 14 (42) 5(15) 2 (6) 10 (30) 20 (83)° 4 (16) 6 (46) 5(38) .05
CDH1 13 0 (0) 0 (0) 0 (0) 0 (0) 0(0) 0 (0) 0 (0) 72
CTLA-4 13 309 0 (0) 2 (6) 3(12) 3(12) 1(7) 1(7) 25
EGFR 309 0 (0) 13 6(18)° 4 (16) 3(12) 2 (15) 2 (15) .05
ERBB2 2 (6) 0 (0) 0 (0) 0 (0) 14 1(4) 15 0 (0) 74
KRAS 8 (24)¢ 2 (6) 0 (0) 5(15) 6 (25) 3(12) 3(23) 5(38) .03
LAG3 13) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) .83
MAP2KI 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 1(7) 0 (0) .70
MMP-2 0 (0) 13 0 (0) 0 (0) 1(4) 1(4) 0 (0) 0 (0) A7
MUCI 0(0) 0 (0) 0 (0) 13 0 (0) 0 (0) 0 (0) 0(0) .79
NRAS 0 (0) 0 (0) 0 (0) 13) 0 (0) 0 (0) 0 (0) 0(0) .76
PDCDILG2 12 (36) 4 (12) 2 (6) 13 (40) 18 (75)° 4 (16) 6 (46) 5(38) .04
PIK3CA 2 (6) 0 (0) 2 (6) 2 (6) 10 (41)° 8(33) 4@31) 4 (31) .05
RAB25 1(3) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0(0) 0 (0) .76
SNAIL-1 1(3) 0 (0) 0 (0) 2 (6) 3(12) 0 (0) 1(7) 0 (0) 91
SNAIL-2 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 1(7) 0 (0) 72
TGF-BI 0 (0) 0 (0) 0 (0) 0 (0) 14 0(0) 0(0) 0 (0) .89
p33 309 0 (0) 0 (0) 8 (24)° 4 (16) 4 (16) 0 (0) 0 (0) .001
VEGFA 2 (6) 0 (0) 13 0 (0) 0 (0) 0 (0) 1(7) 0 (0) .03
VIM 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0(0) 1(7) 0 (0) .87
ZEBI 309 0 (0) 0 (0) 14 (12)° 0(0) 0(0) 0 (0) 0 (0) .05
ZEB2 13) 0 (0) 0 (0) 13 0 (0) 0(0) 0 (0) 0 (0) .55

# Kruskal-Wallis test (P < .05).

° AXL, CD44, ERBB2, PDCDILG2, and PIK3CA mutation significantly higher in keratinizing SqCC compared with ADC and LCC pattemns.
¢ EGFR, p53, and ZEB2 mutation significantly higher in solid ADC than in other subtypes.

9 KRAS mutation in acinar ADC significantly higher than other subtypes.

was the case for LCC histosubtypes. When the 3 histotypes and
their subtypes were compared, only LCC showed significant
overexpression of pS3 (according to the protein H-score) in
the tumor (P = .05), thereby yielding a higher H-score median
value. No other statistically significant associations were found be-
tween the remaining proteins analyzed and histologic subtypes.
In lung cancer specimens, different IHC protein H-scores
correlated with the clinical stage, T (TNM tumor) staging, N
(TNM nodal) staging, and brain metastases. Specimens from
patients with clinical stage III of the disease showed overex-
pression of the p53 protein (median H-score of 37.12) as com-
pared with patients at clinical stage I (median H-score of
15.80) or II (median H-score of 24.64; P = .01). Specimens
from patients with clinical stage I harbored overexpression of
the BRAF protein (median H-score of 8.64) in comparison
with specimens from the patients at clinical stage II (median
H-score value of 6.13) or III (median H-score value of 5.17;
P = .03). Patients at a T1 or T2 (TNM tumor) stage revealed
overexpression of the BRAF protein in the tumor (median
H-score of 7.81) when compared with specimens from the pa-
tients at a T3 or T4 (TNM tumor) stage (median H-score of
5.53; P =.02). In patients with brain metastases, primary

tumors manifested lower expression of the PIK3CA protein
(median H-score of 40) than did tumors without brain metasta-
ses (median H-score value of 60; P = .04). Regarding the
treatment, patients treated only with a surgical intervention
had lower expression of the p53 and PD-L1 proteins in the tu-
mor (median H-score values of 23.74 and 1.20, respectively)
than did the patients treated with surgical resection followed
by chemotherapy (median H-score values of 0.79 and 10.7, re-
spectively; P = .03).

We also assessed differences in IHC protein levels accord-
ing to tumor staging, histotypes, and their histosubtypes (Sup-
plementary Figs. S2 and S3). Patients with solid ADC at
clinical stage III showed overexpression of the p53 protein in
the tumor (median H-score of 40.87) when compared with pa-
tients at clinical stage I (median H-score of 8.24) or II (median
H-score 0f 20.81; P = .01). In contrast, patients with SqCC of
N2 (TNM nodal) status showed overexpression of the ERBB-
2 protein in the tumor (median H-score of 0.49) when
compared with patients with N1 (TNM nodal) status (median
H-score of 0.32; P = .02). In addition, SqCC specimens from
patients with the N2 status harbored overexpression of p53
(median H-score of 48.16 cells/'mm?) when compared
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Table 4 Comparison of protein overexpression and gene mutation
Genes Proteins overexpression (H-score more than the median value), case no. (%)

PD-L1 ALK BRAF CD44 EGFR ERBB2 KRAS PTEN P53 VEGF RAB25
AXL 29(51)*  33(46) 34(49)  30(44) 34(47) 34(49) 27(43) 29(48) 32(48) 2(4) 4 (6)
BRAF 1 (1.8) 2 (2) 2 (4.5)° 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0)
CD276 6 (11) 12 (17) 9 (13) 10(15) 10(14) 10(14) 8 (13) 5() 5(7) 23(32) 2337
CD44 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0)
CDHI 2(2) 0 (0) 1(1) 0 (0) 0 (0) 1(1) 1(1) 1(1) 1(1) 36 (51) 30 (43)
CTLA4 2036)°  17(31) 25 (36) 0(0) 24(33) 22(32) 25(0) 20(32) 21(31) 29(41) 0(0)
EGFR 10(14)  14(20) 13(19)  11(16) 10(14)  7(10)  9(15) 9(15)  7(10) 26(37) 22(35)
ERBB2 12 3(4) 2(3) 2(3) 4 (5) 1(1)° 1(1) 2 (3) 34 33 (44) 2339
KRAS 9(16) 15Q21) 12(17) 8(12) 13(18) 10(14)  8(13)® 10(17) 8(12) 23(32) 30(47)
LAGE3 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0)
MAP2K 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0)
MMP2 2 (4) 23) 12) 1(1) 23) 1 (1) 1(2) 1(2) 1(1) 3549 30(48)
MUCI 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0)
NRAS 0 (0) 1(1) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0)
PDCDILG?2 2 (4)° 2 (4) 2 (3) 34 34) 4 (6) 2(3) 4 (6) 2(3) 0 (0) 0 (0)
PIK3CA 3(7) 4(7) 5(09) 4 (6) 4(7) 2(4) 4(8) 4 (4) 8(11) 24(42) 19(37)
RAB25 12 1(1) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0)
SNAII 0 (0) 0(00) 32(47) 29(42) 4(5 4(6) 29(47) 24(40) 28(91) 34(48) 29 (47)
TGFBI 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0)
p33 32 (43)" 11 (15) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 30 (46) 0 (0) 0 (0)
VEGFA 27 (49)* 26 (46) 23 (48) 31 (45) 32(28) 32(46) 30(48) 28 (47) 34(57) 33(46) 30 (48)
VIM 27 (49)° 26 (48) 33(48)  33(45) 3(4) 34(49) 29(47)  28(46) 32(48) 35(49) 29 (47)
VICNI 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0)
ZEBI 24 1(1) 2 (3) 1(1) 0 (0) 34(49) 30 (48) 28 (48) 33(49) 36(57) 30(48)

 High concordance between gene mutation and PD-L1 protein expression.

b 3 g g
Low concordance between gene mutation and protein expression.

with SqCC specimens from patients with N1 status (median H-
score of 21.78; P = .04). Low expression of the PTEN protein
was detected in SqCC specimens from patients with N2 status
(median H-score of 16.42) as compared with patients with N1
status (median H-score of 41.67; P = .01). Furthermore, pa-
tients having SqCC with T3 or T4 (TNM tumor) status showed
a higher H-score in the tumor on proteins ERBB2 (median,
0.47) and p53 (median, 64.31) than did the patients with T1 or
T2 status (ERBB2: median, 0.36; p53: median, 0.25; P = .01;
Supplementary Fig. S2). Moreover, tumor specimens from
patients with solid ADC and LCC at clinical stage I yielded
a high BRAF protein H-score (median, 10.75) in IHC analysis
when compared with patients at clinical stage Il (median,
53.82) and stage III (median, 55.53; P =.01; Fig. 2,
Supplementary Fig. S3). Of note, patients with LCC at T1 or
T2 stage got a higher ERBB2 protein H-score (median, 0.81)
than did patients at the T3 or T4 stage (median, 0.40; P = .03).
No other correlations were observed between the protein
levels and clinical features for NSCLC histotypes or SQqCC
and LCC histosubtypes.

3.2. Gene profiles and clinical features

Fig. 3 presents the NGS sequence variation among the an-
alyzed cancer-related genes. Of the 70 NSCLC cases

examined, at least 1 mutation was found in 13 (18%) cases,
whereas 25 (34.7%) cases showed tyrosine kinase receptor
mutations, 12 (16.6%) revealed proto-oncogene mutations,
11 showed tumor suppressor mutations (26%), 1 involved im-
mune checkpoint mutations (1.4%), 22 showed EMT-related
(30.5%) mutations, and 1 case involved VEGFA mutations
(1.4%).

Table 3 shows the genetic status of the patients stratified by
histologic types and subtypes. The numbers of tumors with
AXL or CD44 mutation were significantly higher for keratiniz-
ing SqCC relative to other histotypes and their subtypes (P =
.05). Equally significant was the higher number of cases with
EGFR, p53, or ZEBI mutation in solid ADC than in other
types and their subtypes (P = .05, P = .001, and P = .05, re-
spectively). In addition, the number of patients with KRAS mu-
tation was significantly higher for acinar ADC compared with
other histotypes and their subtypes (P = .03). Keratinizing
SqCC also harbored a PDCDILG?2 or PIK3CA mutation more
frequently than did ADC and LCC subtypes (P = .04 and
P = .05, respectively). ERBB2 mutation was found in 6% of
acinar ADC cases, 8% of SqCC cases, and 5% of null LCCs,
but these differences did not reach statistical significance. No
other statistically significant correlations were found between
the remaining analyzed genes and histotypes. Patients with N
(TNM nodal) status showed the absence of EGFR, KRAS, and
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Table 5 Descriptive prognostic factors in a Cox proportional hazards model

Univariate * Multivariate
HR (95% CI) X2 P HR (95% CI) X2 P¢
Age (y)
>65 Reference
<65 0.99 (0.97-1.01) 0.45 49
Sex
Male Reference
Female 2.19 (1.37-3.50) 11.53 .001
Tobacco history
No Reference
Yes 2.55 (1.07-6.05) 5.63 .01
Tumor size (cm)
<4.5 Reference
>4.5 1.22 (0.92-1.60) 1.90 .16
Lymph node metastases
NO Reference
N1 1.39 (1.05-1.83) 5.09 .02 1.72 (0.33-2.55) 43
Brain metastases
No Reference
Yes 1.34 (0.11-2.02) 4.06 .04 1.45 (0.11-2.30) .04
Stage
I Reference
A 1.45 (1.10-1.89) 7.06 .008
Histotypes
SqCC Reference
ADC 2.51 (1.11-5.67) 22.19 .001
Acinar Reference
Papillary
Lepidic
Solid 1.32 (0.99-2.01) 3.99 .04 1.33 (0.29-6.13) .05
Surgery Reference
Surgery + chemotherapy 0.30 (0.26-4.68) 1.19 .05 1.30 (0.36-4.68) .05
Genes profile
Wild-type Reference
AXL 1.38 (0.83-2.27) 1.53 21 2.35(0.16-4.33) .03
CD276 1.03 (0.75-1.42) 0.04 .83
CD44 0.89 (0.66-1.20) 0.57 44
CHI 0.21 (0.01-4.48) 4.41 .03 1.54 (0.34-4.78) .04
CTLA4 1.35 (0.89-2.04) 2.13 .04 1.22 (0.78-2.18) .04
EGFR 1.12 (0.60-2.09) 2.33 .05 1.45 (0.34-2.89) .04
ERBB-2 1.78 (0.24-2.53) 2.18 .05
KRAS 0.96 (0.44-2.10) 0.41 44
MMP-2 0.95 (0.46-1.97) 0.01 .89 4.34 (0.80-3.37) .03
PDCLILG2 1.28 (0.91-1.80) 2.04 .05 5.57 (0.37-7.10) .03
PIK3CA 1.57 (0.20-1.63) 425 .03 2.32 (0.32-4.78) .04
pS3 1.13 (0.38-3.34) 0.05 .82
SNAIL-1 0.95 (0.19-1,99) 0.09 75
VEGF 0.86 (0.31-2.35) 0.06 .93
VIM 1.04 (0.36-3.04) 0.07 71 4.32 (0.45-6.69) .04
ZEB-1 1.57 (0.23-2.41) 2.30 .05
Proteins H-score
<Median
>Median Reference
PD-L1 1.99 (0.99-1.00) 2.14 .05 2.37 (1.20-3.84) .05
ALK-1 1.07 (0.65-1.74) 0.07 .78
BRAF 1.09 (0.70-1.70) 0.16 .68

(continued on next page)
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Table 5 (continued)
Univariate * Multivariate ®
HR (95% CI) x> P HR (95% CI) x> P¢
EGFR 1.26 (0.81-1.94) 1.11 .29
ERBB2 1.04 (0.68-1.60) 0.04 .84
KRAS 0.95 (0.60-1.48) 0.05 .81
PTEN 0.91 (0.58-1.45) 0.13 1
P53 1.01 (0.99-1.00) 8.50 .07 1.02 (0.99-1.06) .05
PIK3CA 1.39 (0.88-2.18) 2.05 15
VEGFA 1.00 (0.65-1.53) 0.00 .99
RAB25 0.84 (0.53-1.32) 0.55 45

NOTE. Sex (male, 0; female, 1), smoking status (0, history negative for smoking; 1, history positive for smoking), lymph node and brain metastases (0, negative;
1, positive), and histotypes (acinar, 1; papillary, 2; lepidic, 3; solid, 4; SqCC, 5; LCC, 6). Continuous variables: age, staging, PD-L1 expression, and protein

expression.
Abbreviations: CI, confidence interval; HR, hazard ratio.
# Univariate analysis is carried out without any adjustment.

® In addition to clinically relevant variables, multivariate analysis is carried out on statistically significant parameters obtained from the univariate model.

¢ Statistical results with P < 0.05.

PIK3CA mutations in the tumor as well as the absence of ALK
and ERBB?2 aberrations. The absence of brain metastases was
associated with wild-type sequences of EGFR (P = .05),
CD267 (P = .04), CTLA-4 (P = .05), and ZEBI (P = .03).

3.3. A comparison of protein expression using IHC
and gene profiles from NGS

Table 4 presents the possible correlations between protein
overexpression (H-score more than the median value) and
gene profiles. In general, the combination of the detection of
protein overexpression by IHC and mutation by NGS by
means of the minimal panel (PD-L1, BRAF, EGFR, ERBB2,
and KRAS) was rare (ie, represented by a very low percentage
of concordant cases), except for p53 and VEGF. In addition,
no mutations were found in the following genes: LAGE3,
MAP2K, MUCI, NRAS, SNAILI, TGFBI, and VTCNI, these
findings may support the utility of IHC analysis for eventual
clinical trials and combined therapeutic protocols.

PD-L1 overexpression was associated with overexpression
of other proteins such as EGFR, BRAF, ERBB2, and KRAS
as well as mutated genes (AXL, CTLA4, PDCDILG2, p53,
VEGFA, and VIM) among other aberrations (see Table 4).
With regard to EMT genes, a more expanded panel is neces-
sary to test the combination of expression analysis of other
proteins and NGS.

3.4. Correlations of a protein level, gene profile, and
clinical outcome

Female patients, smokers, and patients with lymph node
metastases, brain metastases, stage IIIA, or ADC were at a
high risk of death as compared with male patients, non-
smokers, and patients without lymph node metastases, brain
metastases, stages I and II, or SqCC. Mutant oncogene driver
EGFR significantly increased the risk of death among our

patients (P = .05). The risk of death was likewise significantly
higher among patients having mutant immune checkpoint
genes (CTLA4 and PDCDILG2) or EMT genes (CHI and
ZEBI) in the tumor as compared with those with their wild-
type counterparts (P = .03 and P =.04; P=.05 and P =
.03, respectively). In addition, tumors with the overexpression
of the PD-L1 and p53 proteins were associated with a signifi-
cantly higher risk of death (P = .05 and P = .007, respec-
tively). Conversely, well-pronounced immunogenotypic
features seemed to strongly predict the clinical outcome in
the univariate analysis and multivariate analysis. Specifically,
patients with solid ADC harboring EGFR, CTLA4,
PDCDILG2, or ZEBI, complemented with the lower expres-
sion of the PD-L1 or p53 proteins, treated only with surgical
resection, who developed brain metastases, were likely to have
the worst prognosis (Table 5). The Kaplan-Meier curve re-
vealed longer OS among patients who received surgical treat-
ment followed by patients who received chemotherapy and
patients without brain metastases, with high PD-L1 expres-
sion, or low p53 expression (Fig. 4).

4. Discussion

In the present work, we demonstrated the usefulness of
complementary NGS and IHC counting by analyzing a con-
secutive cohort of 196 patients with NSCLC who underwent
surgical resection followed by chemotherapy for brain metas-
tases but without a history of molecularly targeted therapy.
The results uncovered an association with NSCLC histotypes
and their subtypes, TNM staging, treatment, and outcome.
Specifically, we found that patients with solid ADC, if immu-
nogenotyped even at an early stage of the disease, may benefit
from adjuvant chemotherapy and eventual molecularly tar-
geted therapy, thus avoiding a relapse due to brain metastases
and poor outcomes.
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Recently, NGS allowed us to comprehensively profile tu-
mor gene status. However, so far, studies have failed to pro-
vide a comprehensive understanding of the profiles of gene
alterations uncovered by NGS and changes in biomarkers re-
vealed by quantitative IHC in lung cancer; these data could
complement the potential molecularly targeted therapy. Thus,
in this study, we validated IHC quantification of proteins using
a membrane algorithm and cytoplasmic algorithm in a way
previously reported by other authors [17,18]. This approach
reveals that the use of quantitative IHC as a complementary
tool of genetic analysis shows promise. Of note, we demon-
strated that the combination of the detection of protein
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overexpression by IHC and mutation by NGS was rare (ie, rep-
resented by a very low percentage of concordant cases), except
for p53 and VEGF. In addition, no mutations were found in the
EMT genes (LAGE3, MAP2K, MUCI, NRAS, SNAILI,
TGFBI, and VTCNI); these data may support IHC detection
for eventual clinical trials and combined therapeutic protocols.
Our observations discussed below also support the idea that it
may be useful to expand the NGS and IHC H-score testing be-
yond ADC to include SqCC and even LCC, particularly for
patients with unusual clinical characteristics such as rapid
course of progression, younger age, and no history of tobacco
smoking.
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Fig.4 Kaplan-Meier curves showing that patients with NSCLC and p53 positive staining of 50 cells/mm? of greater had significantly lower OS
compared with those with p53 of less than 50 cells/mm? in univariate analysis (E/N = 25/63 versus 64/10). This prognostic association was also
observed in SqQCCs (E/N = 13/9 versus 22/2) and ADCs (E/N = 9/39 versus 38/5). E indicates event (death); N, total number.
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As previously reported by Huynh et al [18], we found that
the PD-L1 protein H-score is higher in a solid ADC subtype
compared with acinar, papillary, and lepidic ADCs. Clearly,
personalized therapy, including oncological immunotherapy
targeting the PD-1-PD-L1 driver pathway and histotypes,
has emerged as a promising therapeutic approach to NSCLC
[10]. However, the role of these approaches in the treatment
of NSCLC has not yet been clarified. In specific subgroups, al-
though patient tumor gene status selection remains important,
other factors may also influence PD-L1 expression. For exam-
ple, PD-L1 expression in malignant cells can be regulated by
oncogenic signaling pathways (eg, PTEN loss) with conse-
quent PI3KCA activation [19], thus stimulating cancer cell
proliferation. Furthermore, the expression of PD-L1 in lung
cancer tissues is heterogeneous because of EMT [20] and
ErbB family receptors [8]. In fact, we found that PD-L1 over-
expression was also associated with overexpression of other
proteins such as EGFR, BRAF, ERBB2, and KRAS, as well
as mutated genes (AXL, CTLA4, PDCDILG2, p53, VEGFA,
and VIM), which may influence a therapeutic response to
anti—PD-L1 as recently demonstrated by Kim et al [20] and
Catacchio et al [21]. We also found that when CTLA4 is not
mutated but overexpressed, as detected by IHC, this finding
—when associated with PD-L.1—may be important for cancer
immunotherapy [21]. Similarly, the VEGF status may yield in-
formation on whether patients will respond to bevacizumab
combined with atezolizumab and platin-based chemotherapy;
this approach was recently proposed as a first-line treatment
of metastatic nonsquamous cell NSCLC by Socinski et al [22].

ALK-1 and BRAF proteins are usually expressed by cribri-
form and solid ADCs, respectively [16], contradicting the re-
sults of our study, which revealed that both protein H-scores
are most prominent in the lepidic subtype, probably indicating
greater accuracy of quantitative IHC for detection of abnormal
protein expression. In addition, using an antibody to mutant
EGFR, we detected a positive EGFR protein H-score, which
was higher than the median score (60%) in 27% of the sam-
ples. Positive EGFR protein levels have been identified in
20% to 89% of NSCLC cases, and this large variation may
be due to the use of manual cell counting [14]. Thus, our find-
ings are in agreement with the results of many other publica-
tions, which have strongly advised against total EGFR
staining for selection of patients for EGFR tyrosine kinase in-
hibitor (TKI) therapy [23]. As expected, we identified high
EGEFR protein H-scores more frequently in solid ADCs and
then in the other histologic types; this finding contradicts the
results of studies describing higher frequency of EGFR ex-
pression in SqQCC compared with lung ADC [24]. Human epi-
dermal growth factor receptor 2 (HER2 or ErbB2) and its
protein ERBB2 can be overexpressed, amplified, and/or mu-
tated in malignant tumors and is a candidate for therapeutic tar-
geting. However, molecular and protein associations with a
clinical impact of these alterations on lung cancer are contro-
versial [25]. We found that the ERBB2 protein H-score was
the highest in solid ADCs compared with other subtypes,
again reinforcing the accuracy of the IHC H-score compared

with manual cell counting. Comparing the 3 histotypes and
their subtypes, we found that only p53 was significantly over-
expressed by both subtypes of LCC, thereby yielding a higher
H-score median. We uncovered overexpression of the pS3 pro-
tein in both subtypes of LCC.

In this study, a minimal molecular panel was used [11],
along with an expanded molecular panel proposed recently
by College of American Pathologists/American Society of
Clinical Oncology/International Association for the Study of
Lung Cancer (2018). In addition, considering that mutated
cancer cells activate immune checkpoints, the mutations of
EMT-related and VEGF genes, which are involved in inva-
sion, metastases, and resistance to conventional antineoplastic
therapies, were also examined by NGS. We found that the
number of tumors with EMT gene mutation related to a tyro-
sine kinase receptor (AXL), immune checkpoints (CD44 and
PDCDILG2), or driver oncogene (PIK3CA) was higher
among keratinizing SqCCs. Notably, increased expression of
AXL was found by Zhang et al [26] in patients with acquired
resistance to EGFR TKI, who identified this EMT gene as a
promising therapeutic target whose inhibition may prevent or
overcome acquired resistance to EGFR TKI in EGFR-mutant
lung cancer patients. Furthermore, high membranous CD44
expression was also identified in lesions (with a mesenchymal
phenotype) obtained from lung cancer patients who developed
acquired resistance to gefitinib or afatinib [27]. Moreover, up-
regulation of immunosuppressive gene PDCDILG2 and a
transcript involved in angiogenesis (VEGFA) and in cell pro-
liferation may prevent the induction of immune-response—re-
lated genes after treatment with [FN-vy [28]. Mutation in the
PIK3CA gene is reported to be frequent in lung SqCC and
may confer a survival advantage for the patients. Recently, 7
SqCCs with unusual clinical features were subjected to NGS
showing a total of 17 genomic alterations, involving PIK3CA
in 4 cases, suggesting that this first-line testing is a more com-
prehensive and effective strategy to design eventual targeted
therapy for the patients [29]. In agreement with other reports
[29-31], we found that the most commonly mutated genes in
solid ADCs were p53 and EGFR, whereas KRAS mutation
was more frequent in acinar ADC. In addition to these treat-
ment sensitivity mutations in solid ADC, our study revealed
targetable mutations in EMT gene ZEBI. Epigenetic regula-
tion of the miR-200—ZEB axis is responsible for EMT induc-
tion by TGF-p1 in PC9 cells as reported by Zhang et al [32],
who demonstrated that decitabine inhibits EMT in NSCLC
PC9 cells through its epigenetic therapeutic activity. In agree-
ment with Grob et al [8], ERBB2 mutation was found in 6% of
acinar ADCs, 8% of SqCCs, and 5% of null LCCs, thus priori-
tizing investigation of HER2-targeting therapy in these tumors.

To validate the usefulness of protein H-scores and gene sta-
tus in NSCLC specimens, the results were analyzed for possi-
ble correlation with staging status, treatment, and outcome. As
expected, overexpression of the p53 protein was significantly
associated with stage III ADC [33]. In agreement with the re-
sults in the study by Kobyakov and colleagues [34], we ob-
served overexpression of the ERBB2 protein in SqCC at
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stage T3 or T4 as compared with a T1 or T2 stage tumor.
Moreover, in LCC, we observed overexpression of the
ERBB?2 protein in N1 and T1 tumors. In fact, some reports
have described an association between ERBB2 protein expres-
sion with ADC and LCC histologic types, indicating similari-
ties between these tumors in terms of advanced and metastatic
disease, nodal involvement, and tumor differentiation [35,36].
In SqCC, overexpression of p53 and PTEN proteins was de-
tected in N2 and T3-T4 tumors. Some studies have also re-
vealed that PTEN and p53 tumor suppressor protein levels
are more commonly observed in high-grade and advanced-
stage SqCC than in ADC cases [37]. Of note, overexpression
of p53 and PD-L1 proteins was found in patients treated only
with surgical resection as compared with surgery followed by
chemotherapy. In addition, tumors with brain metastases ex-
press lower levels of the PIK3CA protein than do tumors with-
out brain metastases. Patients at the N, stage showed the
absence of EGFR, KRAS, and PIK3CA mutations and the ab-
sence of ALK and ERBB?2 aberrations. The absence of brain
metastases was also associated with the wild-type sequences
of EGFR, CD267, CTLA-4, and ZEBI.

Our study has limitations. To demonstrate the usefulness of
IHC level automated counting, our study should have included
patients treated with molecularly targeted therapy. However,
at our institution, the medication for EGFR-mutated cancers
began to be released in 2012, and the test was not performed
before that; consequently, we did not have the medication re-
leased by the government. Crizotinib, a first-generation anti-
ALK fusion agent currently in clinical practice for more than
5 years, was approved in Brazil only in February 2016; the
new generation of anti-ALK agents is not yet available in this
country. Because the cases involved surgical treatment, at an
initial stage, few patients relapsed, and among them, there
were SqQCC and LCC patients; most ADC patients were not
tested, and the tested ones showed wild-type results and there-
fore did not receive the medication. Approximately 20% of our
patients received adjuvant chemotherapy. Despite this sce-
nario on molecular diagnosis for patients within the public
health care system, the same does not happen with treatment.
Brazil is well known for delaying the approval of new thera-
peutic options. The last-generation chemotherapeutic agents
are available, but targeted therapies are limited.

Besides these limitations, we demonstrated that a combina-
tion of NGS and IHC analysis of tumor samples is a feasible
method for identification of targetable genomic alterations in
patients with NSCLC. In addition, for randomized controlled
trials of targeted therapies in the future, identification of
specific molecular aberrations was found to be associated
with poor survival support a lack of survival-prolonging
modalities.

Supplementary data

Supplementary data to this article can be found online at
https://doi.org/10.1016/j.humpath.2018.08.026.
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