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Abstract

Rationale: Ground-glass opacity (GGO)-associated lung cancers are
common and radiologically distinct clinical entities known to have an
indolent clinical course and superior survival, implying a unique
underlying biology. However, themolecular and immune characteristics
of GGO-associated lung nodules have not been systemically studied.

Objectives: To provide mechanistic insights for the treatment of
these radiologically distinct clinical entities.

Methods: We initiated a prospective cohort study to collect and
characterize pulmonary nodules with GGO components (nonsolid
and part-solid nodules) or without GGO components, as precisely
quantified by using three-dimensional image reconstruction to
delineate the molecular and immune features associated with GGO.
Multiomics assessment conducted by using targeted gene panel
sequencing, RNA sequencing, TCR (T-cell receptor) sequencing, and
circulating tumor DNA detection was performed.

Measurements and Main Results: GGO-associated lung
cancers exhibited a lower tumor mutation burden than solid

nodules. Transcriptomic analysis revealed a less active immune
environment in GGO components and immune pathways, decreased
expression of immune activation markers, and less infiltration of
most immune-cell subsets, which was confirmed by using multiplex
immunofluorescence. Furthermore, T-cell repertoire sequencing
revealed lower T-cell expansion in GGO-associated lung cancers.
HLA loss of heterozygosity was significantly less common in lung
adenocarcinomas with GGO components than in those without.
Circulating tumor DNA analysis suggested that the release of tumor
DNA to the peripheral blood was correlated with the tumor size of
non-GGO components.

Conclusions: Compared with lung cancers presenting with solid
lung nodules, GGO-associated lung cancers are characterized by a
less active metabolism and a less active immune
microenvironment, which may be the mechanisms underlying
their indolent clinical course.

Clinical trial registered with www.clinicaltrials.gov (NCT 03320044).
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With the increasing implementation of
low-dose computed tomography
(CT)-guided lung cancer screening and
the use of high-resolution diagnostic CT
scans, there has been a drastic increase
in the detection of pulmonary nodules
(1). The radiological texture of
pulmonary nodules can be solid (solid
nodules [SNs]), partly solid (part-solid
nodules [PSNs]) with a mixture of solid
and ground-glass opacity (GGO)
components, or nonsolid (nonsolid
nodules [NSNs]) with pure GGO (2).

Studies have shown that GGO-
associated lung cancers are relatively
indolent, with nearly 100% 5-year overall
survival after resection being shown,
suggesting that GGO-associated lung cancers
may have a biology that is distinct from that
of SN lung cancers (3). Recent studies have
revealed the molecular features of early-stage
lung cancers (4–7). However, little is known

about the molecular and immune features of
these radiologically distinct GGO-associated
lung nodules (8–10). Current treatment
strategies are solely based on clinical features
without an understanding of the biology
underlying these unique entities.
Management of GGO-associated lung
nodules varies greatly, with clinicians having
to rely on their individual experience of
pulmonary GGO and often encountering
cases that are inconsistent with available
guidelines (11). Interestingly, clinical
management is muchmore aggressive in
East Asian countries than inWestern
countries (12–14).

We initiated a prospective study
(clinicaltrials.gov identifier NCT 03320044)
and collected and analyzed blood and tissue
specimens from patients presenting with
pulmonary nodules (with or without GGO
components as based on three-dimensional
[3D] image reconstruction) suspicious for
lung cancers to delineate the molecular and
immune features of tumors with GGO
components versus tumors without GGO
components. Some of the results of this
study have been previously reported in the
form of abstracts (15, 16).

Methods

Study Design and Participants
Patients presenting with solidary pulmonary
nodules who were suspected of having
resectable lung cancers were enrolled
prospectively. Eligible patients were.18
years of age and had no distant metastasis on
preoperative scans (clinical stages I–IIIA)
and no personal history of malignancy 5
years before surgery. Patients who 1)
received neoadjuvant therapy, 2) had
multiple primary lung cancers, 3) had R1 or
R2 resection, or 4) had no blood samples
were excluded. Written informed consent
was obtained from each patient, and the
study was approved by the Peking University
People’s Hospital Medical Ethics Committee
(2017PHB105-01) in accordance with the
Declaration of Helsinki and was registered
with clinicaltrials.gov (NCT 03320044).

3D Radiologic Evaluation
All patients underwent high-resolution CT
scans to ensure accurate volumetric analysis.

The total tumor volume and GGO
components of each lesion were determined
by using 3D reconstructions and were
automatically obtained by using the CT lung
analysis workstation Lung VCAR (GE
Healthcare) (Figure 1). For cases in which
segmentation and nodules were visually
mismatched, the margins of the whole nodule
and solid component were manually adjusted.

Targeted Next-Generation Sequencing
Please see the online supplement for
specimen collection, processing, and DNA/
RNA extraction. Both cell-free DNA (cfDNA)
from blood and genomic DNA from tissues
were subjected to next-generation sequencing
of 1,021 frequently mutated cancer genes and
exons 2–3 of HLA genes (see Table E1 in the
online supplement).

RNA Sequencing and Gene
Expression Profiling
DESeq2 software (17) was used for gene
differential expression analysis between
tumors with GGO components and tumors
without GGO components. Significantly
differentially expressed genes were identified
by using thresholds of a twofold change and
a false discovery rate less than 0.05.
Enrichment analysis of gene function and
pathways was conducted by using gene set
enrichment analysis with Benjamini-
Hochberg correction for multiple hypothesis
testing (Q, 0.05) (18). The “GOplot” R
package (R Foundation for Statistical
Computing) was employed to visualize gene
ontology analysis.

Tumor-Infiltrating Lymphocyte
Subpopulation Analysis
Single-sample gene set enrichment analysis
(19) was used to calculate the enrichment
scores of immune-cell types in the tumor
microenvironment. Gene signatures of 28
immune-cell types associated with innate
and adaptive immunity were derived as
previously described (20). Tumors were
further subclassified into different immune
groups by using the Euclidean distance and
“ward.D” clustering.

Multiplexed Immunofluorescence and
Image Analysis
Tissue multiplex immunofluorescence
staining was performed by using the Opal

At a Glance Commentary

Scientific Knowledge on the
Subject: Ground-glass opacity (GGO)-
associated lung cancers are common
and radiologically distinct clinical
entities known to have an indolent
clinical course and superior survival,
implying an underlying unique biology.
However, the molecular characteristics
of GGO-associated lung nodules have
not been systemically studied.

What This Study Adds to the Field:
Multiomics analysis revealed GGO-
associated lung cancers with a lower
mutational burden, a less active
immune environment, and less
circulating tumor DNA shedding,
highlighting the intrinsic biological
features that GGO represents early
during lung adenocarcinoma
carcinogenesis, when cancer cells and
the antitumor immune response may
be at an equilibrium. This study
provides mechanistic insights for the
diagnosis and treatment of these
radiologically distinct clinical entities.

This article has a related editorial.

This article has an online supplement, which is accessible from this issue’s table of contents at www.atsjournals.org.
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Polaris five-color immunohistochemistry
staining kit (Akoya Biosciences). Image
Analysis was performed by using inForm 2.4.8
image analysis software (Akoya Biosciences).

High-Throughput Sequencing of
T-Cell Receptor b Genes
TCR (T-cell receptor) sequencing was
conducted as previously described (see the
online supplement). Shannon entropy was
calculated for the clonal abundance of all
productive TCR sequences. Normalized
Shannon entropy was determined by
dividing the Shannon entropy by the natural
logarithm of the number of unique
productive TCR sequences as a surrogate for
TCR diversity (21). Clonality is defined as
“12 normalized entropy,” with values
ranging from 0 to 1. TheMorisita overlap
index, which takes into account the specific
T-cell rearrangements and their respective
frequencies, was used to measure the
similarity and overlap of TCR repertoires
between different specimens (22).

HLA Typing and Loss of
Heterozygosity
The HLA type was determined by using the
OptiType algorithm (23). Polymorphisms in
exons 2 and 3 of class I genes (HLA-A, HLA-
B, HLA-C) were considered for HLA typing.
HLA loss of heterozygosity (LOH) was
assessed by using the LOHHLA
computational tool (24).

Statistical Analysis
Comparisons of proportions and variables
between different groups were performed by
using theWilcoxon rank sum test. Fisher
exact or a chi-square tests were used to
compare categorical variables. Spearman
correlation was used to analyze the
correlation between univariates. All statistical
analyses were performed in the R statistical
environment (version 3.3.4).

Additional details are provided in the
online supplement.

Results

Low-Grade Lung Adenocarcinomas
Were Enriched for GGO
From June 2017 to July 2018, 101 patients
presenting with solitary pulmonary nodules
suspicious for lung cancers who underwent
surgical resection with curative intent were
subjected to multiomics analyses (Figures 1
and E1). The final histologic results included

lung adenocarcinoma (LUAD) (n=82),
squamous-cell carcinoma (SCC) (n=4),
small-cell lung carcinoma (SCLC) (n=1),
and nonmalignant entities (n=14; Tables 1
and E2). Of the 101 patients, 31 patients had
GGO components (NSN/PSN components)
on preoperative CT scans, including 1
patient with primary alveolar epithelial
hyperplasia, 11 patients with low-grade
LUADs (n=4 for lepidic-predominant
invasive adenocarcinoma and n=7 for
minimally invasive adenocarcinoma), and 19
with intermediate/high-grade LUADs. All
four SCCs and one SCLC presented as pure
SNs. Compared with intermediate/high-
grade LUADs, low-grade LUADs were
significantly enriched for tumors with GGO
components (100% of low-grade LUADs vs.
26.7% of intermediate/high-grade LUADs;
P=1.33 1025, chi-square test).

GGO Was Associated with a Lower
Tumor Mutation Burden
DNA from resected pulmonary nodules and
DNA from paired peripheral blood
mononuclear cells (PBMCs) (as the germline
DNA control) were subjected to next-
generation sequencing of 1,021 cancer-
associated and HLA genes (Table E1). No
mutations were identified in any of the
nonmalignant pulmonary nodules, and at
least one nonsilent mutation or structural
variant was detected in every tumor
specimen (Table E3). In the 82 LUADs, the
predominant histologic type in our cohort,
the median tumor mutation burden (TMB),
defined as the number of nonsynonymous
single-nucleotide variants and indels per
megabase, was 4 mutations (Mut)/Mb, which
was slightly lower than that of The Cancer
Genome Atlas LUAD cohort (median TMB,
4.52 Mut/Mb; P=0.027). The TMB was
significantly higher in intermediate/high-
grade LUADs than in low-grade LUADs
(Figures 2A and 2B and Table E4), which is
consistent with previous reports (6). In
addition, the TMB was significantly higher in
LUADs presenting as SNs than in those with
GGO components (6.71 Mut/Mb for SNs vs.
3.08 Mut/Mb for PSNs and 1.85 Mut/Mb for
NSNs; Figure 2C). This remained true when
only the 67 stage I LUADs were analyzed
(4.41 Mut/Mb for SNs vs. 3.10 Mut/Mb for
PSNs and 1.86 Mut/Mb for NSNs; Figure
E2A). Furthermore, the TMB was negatively
associated with the proportion of GGO
components (Figure E2B).

We next investigated whether certain
cancer genemutations were associated with

GGOs. Among 82 LUADs, EGFR (63.4%),
TP53 (34.1%),KRAS (15.9%), and PIK3CA
(11%) were among the topmutated cancer
genes. GGOwas not significantly associated
withmutations of any cancer genes. However,
the incidence ofKRASmutations appeared to
progressively increase as the GGO component
decreased (Figures 2D and E2C). PIK3CA
mutations and EML4–ALK fusions were also
exclusively detected in SNs (Figures 2D and
E2C). Pathway analysis of these mutations
demonstrated that the RAS pathway was the
most frequently altered pathway in tumors
with GGO components, followed by the TP53
pathway, which is consistent with a previous
report (Figure E2D) (10).

GGO Was Associated with a Less
Active Metabolism and Less Immune
Infiltration
Fifty-one LUADs (37 SNs and 14 NSNs/
PSNs) with sufficient remaining tissue were
subjected to RNA sequencing (RNA-Seq). A
total of 682 significantly differently expressed
genes between SNs and NSNs/PSNs (Table
E5) were identified. Pathway analysis
revealed 10 significantly upregulated
pathways in SNs, 9 of which were related to
metabolism (Figure E3A), indicating a more
active overall metabolism in LUADs
presenting as SNs. The only
non–metabolism-related pathway was the
cytokine2cytokine receptor interaction
pathway (false discovery rate, 0.02; Figures
E3A and E3B). Similarly, enrichment
analysis of gene ontology also demonstrated
metabolism- and immune-associated
processes being upregulated in SNs
(Figure E3C).

Unsupervised clustering based on
immune infiltration was used to classify the
51 LUADs into two clusters (Figure 3A).
Tumors from the immune-high group
demonstrated upregulation of genes
associated with immune activation, including
granzyme, perforin, CD8, and cytolytic
activity (CYT), among others (25). Of note,
the 14 NSNs/PSNs were enriched in the
immune-low group (10 of 22 immune-low
tumors vs. 4 of 29 immune-high tumors;
P=0.025, Fisher exact test). Compared with
SNs, NSNs/PSNs had significantly less
expression of genes involved in immune
activation (e.g., CD8A, IFN-g, CYT, etc.) and
immunomodulation, including several critical
chemokines known to promote the
recruitment of immune cells (CXCL5,
CXCL6, CXCL8, CCL20, CXCL13, CXCL1,
CXCL9) (26) (Figures 3B, 3C, and E3D).
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Figure 1. Research strategy. (A) Description of sample collection and multiomics analysis. (B) Example axial CT images, 3D vascular
reconstruction, and volumetric measurement for one nonsolid nodule (NSN) and one part-solid nodule (PSN) (50%). The ground-glass opacity
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Moreover, the expression of some of these
critical immune genes was negatively
correlated with the proportion of GGOs
(Figure E4A).We next inferred the major
immune-cell subtypes fromRNA-Seq data
and observed an overall lower degree of
immune infiltration in NSNs/PSNs than in
SNs (Figures 3D and E4B). In results similar
to those for gene expression, the infiltration of
certain immune cells such as activated CD41

T cells, activated CD81 T cells, and regulatory
T cells was negatively associated with the
proportion of GGO components (Figure
E4C). Interestingly, unlike all other immune-
cell types, eosinophils, which are known to
play important roles in T-helper cell type 2
(Th2) recruitment related to allergic reactions
and inflammatory responses (27),
demonstrated a higher degree of infiltration
in NSNs/PSNs than in SNs (Figure 3D).
Similarly,DAPK2 and CSF3R, two genes
involved in granulocytic maturation, were
upregulated in the GGO-associated LUADs,
whereas IFN-g and TNF-a, two cytokines
associated with Th1, were lower in GGO-
associated LUADs. These results imply a shift
in the Th1/Th2 balance toward Th2
dominance in GGO-associated LUADs (28),
which has been credited for cancer immune
tolerance. Furthermore, multiplex
immunofluorescence staining using T-cell
markers in a subset of LUADs (5 NSNs/PSNs
and 6 SNs) confirmed lower amounts of
CD41, CD81, and regulatory T-cell (Treg)
infiltration in NSNs/PSNs, which is consistent
with RNA-Seq deconvolution (Figures 3E,
E4D, and E4E). Taken together, these results
are suggestive of an overall less active immune
landscape in GGO-associated LUADs as
compared with their SN-associated
counterparts.

GGO Was Associated with Distinct
T-Cell Repertoire Metrics
TCR repertoire reflects the breadth and
strength of the T-cell response (22, 29),
which plays a central role in antitumor
immune responses across different cancer
types, including lung cancer (30). TCR
sequencing was performed on 84 tumors and
81 PBMC specimens from 87 patients with
cancer as well as on 14 tissue specimens and

12 PBMC specimens from 14 patients with
nonmalignant nodules who had sufficient
remaining DNA. The median number of
unique TCR clonotypes per patient was 1,456
for tissue and 6,840 for PBMCs. TCR
diversity (Shannon entropy), the proportion
of top 10 T-cell clones, and T-cell clonality
were not statistically different between
nonmalignant nodules and LUADs (Figures
E5A and E5B). Interestingly, when GGO
components were considered, TCR clonality
and the proportion of top 10 TCR clones
were significantly lower in NSNs/PSNs than
in SNs, which is consistent with lower T-cell
expansion (Figure 4A and Table E4).

TCR parameters from PBMCs were not
different across clinical parameters (Figures
4B, E5C, and E5D). However, compared
with PBMCs from 94 age- and sex-matched
healthy Chinese individuals, PBMCs from
patients with pulmonary nodules had higher
clonality and lower diversity, indicating
antigen-specific T-cell expansion in these
patients (Figures E5E and E5F). As expected,
the TCR similarity as assessed by using the
Morisita index of overlap between tissues
and PBMCs from the same patients
exceeded that across different patients
between tissues, between PBMCs, and
between PBMCs and tissues (Figures E5G
and E5H). Importantly, compared with
patients with LUADs presenting with SNs,
patients who had NSN/PSN-associated
LUADs shared more T-cell clones between
PBMCs and paired tumor tissues
(P= 0.036; Figures 4C, E5I, and E5J).
Furthermore, we applied the TRUST4
algorithm (31) to RNA-Seq data from the
51 tumors to infer the TCR repertoire
attributes for validation purposes. As
shown in Figure E5K, the clonality
estimated by using the TRUST4 algorithm
was also higher in SNs than in NSNs/
PSNs, although it did not reach statistical
significance, which is consistent with TCR-
sequencing data, supporting more potent
T-cell expansion in SN-associated LUADs.

GGO Was Associated with a Lower
Incidence of HLA LOH
We next explored whether the presence of
GGOwas associated with HLA heterozygous

states or LOH, which has been reported to
impact antigen presentation, immune escape,
and the response to immunotherapy (24, 32).
Overall, HLA LOHwas identified in 31.0%
(27 of 87) of lung cancers, which is consistent
with previous reports (24), but was identified
in none of the nonmalignant pulmonary
nodules. The incidence of lost alleles was
similar between different HLA genes (Figure
4D). Of note, HLA LOHwas significantly
more common in LUADs presenting with
SNs than in those presenting with NSNs/
PSNs (40.4% [21 of 52] vs. 16.7% [5 of 30];
P=0.029, chi-square test) (Figures 4E and
4F). The HLA homozygous ratio was not
different in malignant versus nonmalignant
nodules (17 of 82 vs. 2 of 14; P=0.73, chi-
square test) or in LUADs with GGO
components (NSNs/PSNs) versus LUADs
without GGO components (10 of 52 vs. 7 of
30; P=0.87, chi-square test) (Figure 4E).

Release of Tumor DNA to Peripheral
Blood May Be Associated with
GGO Status
To assess whether tumor DNA shedding to
blood is impacted by GGO status, cfDNAwas
subjected to ultra-deep sequencing of the
same 1,021 cancer genes to an average depth
of 25,9843 (Figure 5A). The concentration of
cfDNA fromNSNs/PSNs was 12.90 ng/ml,
which was similar to the concentration
among nonmalignant nodules (10.46 ng/ml;
P=0.45), but was significantly lower than
that among SNs (14.89 ng/ml; P=0.048)
(Figure 5B). In LUADs, the cfDNA
concentration was higher in later-stage
disease, although the difference was not
statistically significant (P=0.69, Kruskal-
Wallis test) (Figure E6A).

By using a tumor-informed strategy
(identical mutations in paired tumor DNA),
mutations were detected in cfDNA from 35
of 85 patients with lung cancer, including 27
of 55 (49%) patients with SNs and 8 of 30
(27%) patients with NSNs/PSNs (P=0.076,
chi-square test) (Figure 5C). Mutations were
identified in cfDNA from all four patients
with SCC and from one patient with SCLC
but were identified in 30 of 80 (38%) patients
with LUAD (P=0.01, chi-square test) (Figure
5D and Table E6), which is consistent with

Figure 1. (Continued). components are equal to the NS divided by the TV. In B, the histologic features of nodules, including (a) an NSN of
minimally invasive adenocarcinoma, (b) a PSN of minimally invasive adenocarcinoma, and (c) an SN of invasive adenocarcinoma, are shown
Scale bars, 100 mm. 3D= three-dimensional; CT=computed tomography; NS=volume size of NSN; pts. = patients; S= volume size of solid
component; SN=solid nodule; TCR = T-cell receptor; TV= total volume of lesion.
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previous studies (33). Furthermore, the
detection rate of circulating tumor DNA,
defined as cfDNA with positive mutations
identical to those in paired tumor tissues, was
positively correlated with the solid tumor
volume (P=0.011), but was not positively
correlated with the total tumor volume
incorporating GGO components, further
supporting that GGO was associated with less
tumor DNA shedding (Figures 5E, E6B, and
E6C). Among seven patients with LUAD and
NSNs, mutations were detected in only one
patient with a pulmonary vein running
through the lesion (Figure E6D), highlighting
the impact of vascularization on tumor DNA
shedding.

Discussion

The GGO component has been speculated to
represent early development of lung cancers
(34), and the molecular features associated
with GGOmay reflect the molecular events
associated with early lung carcinogenesis.
The initiation and progression of cancers
result from the accumulation of mutations
offering survival and growth advantages (5),
in line with our findings that GGO
components are associated with a lower
TMB. These results are consistent with
findings from our previous studies regarding
the progressive increase of the TMB with the
progression from precancers to invasive

LUADs (6). In addition, RNA-Seq data
revealed upregulation of several metabolic
pathways in SN-associated LUADs
compared with GGO-associated LUADs,
indicating increasing metabolic activities
together with cancer progression, which is
consistent with the slow growth of GGO-
associated lung cancers (35) and the known
fact that quickly growing tumors tend to
have a more active metabolism (36).

In addition to accumulating molecular
alterations, cancer evolution is constantly
shaped by the dynamic interaction between
cancer cells and host factors, particularly
immune surveillance (37), which has become
an intense research focus (9, 38–42).
However, immune profiling results are often
inconsistent between studies, reflecting the
profound heterogeneity of LUADs.
Furthermore, these studies were either not
focused on GGO-associated LUADs or were
limited by a small sample size; therefore, our
understanding of the immune features
associated with GGO remains rudimentary.
In the current study, we applied multiomics
analyses to a relatively large cohort of lung
nodules with a focus on GGO. Our results
revealed a generalized less active immune
microenvironment in GGO-associated
LUADs compared with SN-associated
LUADs, including less expression of
immune-related genes, downregulation of
immune pathways, less infiltration of
immune cells, and a less expanded TCR
repertoire.

We integrated the genomic and
immune features in Figure 6 to provide a
global view of this cohort of LUADs with or
without GGO components. The parallel
trends in genomic and immune features after
the incremental changes of GGO
components are consistent with the concept
of cancer immunoediting composed of three
phases: elimination, equilibrium, and escape
(43). During elimination, tumor cells are
actively cleared by both innate and acquired
immune responses. After elimination comes
the second phase, equilibrium, when the
antigenicity of tumor cells is weakened and
tumors are not readily recognized and
cleared by the immune system. However,
tumor cells are constantly under pressure
from the immune system and therefore
cannot grow excessively. The generalized
lower inflammation/immune contexture and
lower incidence of HLA LOH in GGO-
associated LUADs are in line with the notion
that the cancer cells and antitumor immune
response may be in the equilibrium phase of

Table 1. Clinical Characteristics

Characteristic Total (N=101)

Age at diagnosis, yr, mean (range) 60 (25 to 85)
Sex
Female 52
Male 49

Stage (version 8 TNM criteria)
Nonmalignant 14
Stage I 69
Stage II 10
Stage III 7
Stage IV 1

Histologic type
Nonmalignant 14
SCC 4
SCLC 1
LUAD 82

Pathologic subtype
MIA 7
LPA 4
APA 45
PPA 6
SPA 4
IMA 15
PEAC 1

Smoking
Yes 24
No 77

GGO status
NSN 7
PSN 24
SN 70

Tumor size, cm
<1 5
1–2 52
2–3 28
3–4 10
.4 6

Definition of abbreviations: APA=acinar-predominant invasive adenocarcinoma;
GGO=ground-glass opacity; IMA= invasive mucinous adenocarcinoma; LPA= lepidic-
predominant invasive adenocarcinoma; LUAD= lung adenocarcinoma; MIA=minimally invasive
adenocarcinoma; NSN=nonsolid nodule; PEAC=pulmonary enteric adenocarcinoma;
PPA=papillary-predominant invasive adenocarcinoma; PSN=part-solid nodule; SCC= lung
squamous-cell carcinoma; SCLC=small-cell lung carcinoma; SN=solid nodule; SPA=solid-
predominant adenocarcinoma.
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immunoediting. During the equilibrium
phase, cancers may acquire a small number
of somatic mutations, and tumor cells
continue to evolve under a constant but less
active immune pressure; this balance may

remain for years, mirroring the indolent
clinical course of GGO-associated LUADs.
Cancer cells continue accumulating
molecular alterations (e.g., progressively
increase the TMB) until the acquisition of

certain molecular changes that empower the
cancer cells to evade the immune response
(e.g., HLA LOH), at which point the
equilibrium is broken and invasive cancer
development is promoted.

A 100
80
60
40
20

0

EGFR
TP53
KRAS
PIK3CA
RBM10
LRP1B
SETD2
CTNNB1
ERBB2
MED12
ARID1A
EML4-ALK
EP300
AR
ARID1B
ATP12A
ATRX
BCOR
CDH1
EPHA5
ERBB4
GRIN2A
KDM6A
MCL1
MLL
POT1
RNF43
SMAD4
TGFBR1

Mutation B
Missense
Nonsense
Frame Shift
Splicing
In Frame Indel
CNV
SV
Others

Pathological Subtype
MIA
LPA
Invasive

GGO Status
NSN
PSN
SN

Age Group
<45
45~55
55~65
65~75
>75 C

Sex
M F

Stage
I
II
III

Smoking
NO YES

100

10

1

100

10

Low-grade Inter/High-grade

0.0045

0.0016

0.031

Pathological Subtype

Percentage (%) GGO Status
Age Group
Sex
Stage
Smoking
Tumor Size Group

Tumor Size Group
≤1
1_2
2_3
3_4
>4

1

NSN PSN SN

D
EGFR TP53 KRAS PIK3CA ALK

80

60

Patient number

Detected alteration

40

20

0

0.6

0.4

0.2

0.0

With greater than 0.75 proportion
of GGO components

With greater than 0.5 proportion
of GGO components

With greater than 0.25 proportion
of GGO components

With greater than or equal to 0
proportion of GGO components

Percentage of the mutated genes

0.0025

60 50 40 30 20 10

P
er

ce
nt

ag
e

P
at

ie
nt

 N
um

be
r

M
ut

at
io

n 
B

ur
de

n

T
um

or
 M

ut
at

io
n 

B
ur

de
n 

(/
M

b)
T

um
or

 M
ut

at
io

n 
B

ur
de

n 
(/

M
b)

Figure 2. Genomic landscape of lung adenocarcinoma with or without ground-glass opacity (GGO) components. (A) Top mutated cancer
genes in at least three patients. Clinical features are listed at the bottom of the figure, and the number of mutated genes in each patient is
shown at the top of the figure as red bars. The prevalence of mutated cancer genes in this cohort is represented as blue bars to the left of the
figure. Patient PTHOG0047 with the highest tumor mutation burden in this cohort is detailed in the online supplement. (B) The association of the
tumor mutation burden with low-grade (n=11, 2.2761.19 Mut/Mb) versus intermediate or high-grade histology (n=71, 5.746 13.29 Mut/Mb) or
(C) GGO status (NSN: n=7, 1.856 1.06 Mut/Mb; PSN: n=23, 3.086 1.27 Mut/Mb; SN: n=52, 6.716 15.44 Mut/Mb). N represents the sample
size in each group, and the mean6SD is also shown in brackets. (D) The incidence of commonly mutated cancer genes in lung
adenocarcinomas with different proportions of GGO components (grouped as quartiles). For box plots within violin plots, each box indicates the
first quartile (Q1) and third quartile (Q3), and the black horizontal line represents the median; the upper whisker is the min[max(x),
Q31 1.53 IQR], and the lower whisker is the max[min(x), Q121.53 IQR], where x represents the data, Q3 is the 75th percentile, Q1 is the
25th percentile, and IQR=Q32Q1. The widths of the violin plots indicate the kernel density of the data. CNV=copy number variation;
IQR= interquartile range; LPA= lepidic-predominant invasive adenocarcinoma; max=maximum; MIA=minimally invasive adenocarcinoma; min
= minimum; Mut=mutations; NSN=nonsolid nodule; PSN=part-solid nodule; SN=solid nodule; SV=structural variation.
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Figure 3. The association of the immune contexture derived from RNA sequencing with different ground-glass opacity (GGO) statuses in lung
adenocarcinomas. (A) Heatmap of normalized enrichment scores for infiltration of 28 immune cells. The upper panel represents the expression
of cytolytic activity, PRF1, GZMA, CD8, and IFNG. Patients’ features, including smoking, stage, GGO status (red, solid nodule [SN] with no
GGO; blue, nonsolid nodule [NSN]1part-solid nodule [PSN]), and the GGO-component percentage (indicated as color scales), are listed. (B)
Expression of immune markers as determined by using RNA-sequencing data (14 NSN/PSN cases vs. 37 SN cases). The expression levels
were 3.4360.73 versus 4.186 0.76 log2 (transcripts per million [TPM]11) for CD8A, 0.5960.44 versus 1.316 0.97 log2 (TPM1 1) for IFNG,
and 4.236 0.58 versus 4.8060.72 log2 (TPM11) for cytolytic activity. (C) Volcano plot of differentially expressed genes comparing SNs with
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Immune checkpoint blockade (ICB)
strategies that target T cells by using anti–PD-
1/PD-L1 have revolutionized the therapeutic
landscape in cancers (44). The use of ICB is
also being tested in early-stage lung cancers,
including GGO-associated LUADs

(clinicaltrials.gov identifier NCT 04047186)
and even precancers (clinicaltrials.gov
identifier NCT 03634241). As data from
metastatic cancer have suggested that cancers’
high TMB and active immune infiltration
may be associated with a superior benefit

being gained from the use of ICB (45), a
relatively lower TMB and degree of immune
infiltration in GGO-associated LUADs in the
current study may raise concerns for these
trials. A recent study reported a response rate
of only 8.1% in synchronous GGO-associated

Figure 3. (Continued). 0.206 0.85 versus 0.306 0.09 for activated CD4 T cells, 0.466 0.06 versus 0.516 0.06 for activated CD8 T cells,
0.4060.06 versus 0.4560.09 for regulatory T cells, and 0.0160.06 versus 20.0360.07 for eosinophils. (E) Representative images from
patients with NSNs and SNs for CD31 T cells (magenta), CD41 T cells (green), CD81 T cells (red), FoxP31 regulatory T cells (cyan), and DAPI
(blue), as determined by using multiplex immunofluorescence staining. Scale bars, 100 mm. FDR= false discovery rate; MDSC=myeloid-derived
suppressor cell.
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lung nodules in a cohort of patients with lung
cancer receiving anti–PD-1/PD-L1 therapy
(42). However, the pathologic nature of these
lung nodules was not known, and the benefit
from ICB in patients with GGO-associated,
early-stage LUADs or precancers has yet to
be determined.

Another point worth discussing is the
impact of GGO components on the mutation
detection sensitivity of liquid biopsy. Liquid
biopsy has been widely adapted in the
diagnosis, prognosis, and disease monitoring
of lung cancers (46, 47). Several studies have
demonstrated that the sensitivity of cfDNA
analysis depends on the tumor volume (33,

48), but little attention has been paid to the
impact of the GGO component. Our results
suggest that the proportion of GGO
components is also a phenotype associated
with detection sensitivity.

One limitation of our study is that the
majority of patients were never smokers,
which is different from many other previous
studies in the Western population. On the
other hand, a large proportion of never-
smokers was also reported in studies on
early-stage lung cancers presenting as GGO-
predominant nodules in an East Asian
population (10, 49), which may reflect the
ethnic and etiologic difference in East Asian

patients with lung cancer. As shown in
Figures E6E–E6G, we assessed the potential
impact of smoking on our findings and
observed similar trends regardless of smoking
status, although we were not able to reach
statistical significance, as we were likely
limited by the small sample size of the
smoking group. Nevertheless, studies on
other ethnic groups and smokers are
warranted before these intriguing findings are
generalized. In addition, tumor evolutionary
heterogeneity should be taken into
consideration. Some GGO-associated lung
nodules gradually grow, whereas some
remain unchanged for years, and a
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considerable proportion of LUADs do not
appear to have a GGO phase on the basis of
data from the National Lung Cancer
Screening Trial (50). Further studies on large
cohorts of lung cancers with or without GGO
components that use long-term, longitudinal
CT scans may be able to identify different
subgroups to determine whether radiologic
changes over time reflect the dynamic
changes of the immune microenvironment.
More comprehensive profiling approaches,
such as spatial transcriptomic single-cell
sequencing technologies, which could
leverage gene expression profiles while
retaining information about the spatial tissue,
are needed to reveal the cellular ecosystem
and its precise proportions of activated and
exhausted immune-cell types and to elucidate

the interaction between early changes in the
immune microenvironment and tumor cells
in GGO-associated lung cancers.

In summary, we initiated a prospective
study to collect and characterize pulmonary
nodules with or without GGO components,
which were precisely quantified by using 3D
image reconstruction to delineate
immunogenomic features associated with
GGO. To the best of our knowledge, this is
the first prospective study to focus on the
GGO components of pulmonary nodules by
using a multiomics approach. The use of
precise 3D volumetric analysis increased the
accuracy of GGO-component quantification
compared with the traditionally adopted two-
dimensional tumor measurement
(consolidation tumor ratio). Intrinsic

biological features may have contributed to
the indolent clinical course of GGO-
associated lung cancers, supporting the
hypothesis that GGOmay represent early
carcinogenesis of a subset of LUADs when
cancer cells and the antitumor immune
response are at an equilibrium and providing
mechanistic insights into the diagnosis and
treatment of these radiologically distinct
clinical entities.�
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