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ABSTRACT

The evolution of immune profile from primary tumors to distant and local metastases in non-small cell
lung cancer (NSCLC), as well as the impact of the immune background of primary tumors on metastatic
potential, remains unclear. To address this, we performed whole-exome sequencing and immunohisto-
chemistry for 73 paired primary and metastatic tumor samples from 41 NSCLC patients, and analyzed the
change of immune profile from primary tumors to metastases and involved genetic factors. We found that
distant metastases tended to have a decreased CD8+ T cell level along with an increased chromosomal
instability (CIN) compared with primary tumors, which was partially ascribed to acquired DNA damage
repair (DDR) deficiency. Distant metastases were characterized by immunosuppression (low CD8+ T cell
level) and immune evasion (high PD-L1 level) whereas local metastases (pleura) were immune-competent
with high CD8+ T cell, low CD4+ T cell and low PD-L1 level. Primary tumors with high levels of CD4+ T cells
were associated with distant metastases rather than local metastases. Analysis of TCGA data and a single-
cell RNA-sequencing dataset revealed a decreasing trend of major immune cells, such as CD8+ T cells, and
an increasing trend of CD4 T helper cells (Th2 and Th1) in primary tumors with metastases from local to
distant sites. Our study indicates that there are differences in the immune evolution between distant and
local metastases, and that acquired DDR deficiency contributes to the immunosuppression in distant
metastases of NSCLC. Moreover, the immune background of primary tumors may affect their metastatic
potential.
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Introduction . . .
has proven to be immunosuppressive, whether the immune

Although the treatment of non-small cell lung cancer (NSCLC)
has been revolutionized by the use of tyrosine kinase inhibitor
(TKI) and immune treatments"? metastatic NSCLC remains
largely incurable, and causes the majority of deaths’. A better
understanding of drivers of metastasis is therefore needed to
improve survival outcomes.

Recent studies have begun to shed some light on factors
driving the metastatic potential in NSCLC. Metastatic spread
requires a permissive immune microenvironment, facilitated
by recruitment of immunosuppressive immune cells, such as
CD4+ regulatory T cells, and suppression or exhaustion of
tumor eliminating immune cells such as CD8+ cytotoxic
T cells®. In NSCLC, a lot of studies have shown immunosup-
pression at sites of metastasis. One study found low CD8+
T cell density and low CD8+ to CD4+ T cell ratio in metastasis
to various sites’, confirmed in another recent study®. One study
focusing on brain metastasis also found sparse T cell density in
the metastasis of NSCLC patients”. While NSCLC metastasis

status of the primary tumor affects the metastatic potential of
NSCLC remains an open question. Early murine models have
shown recruitment of immunosuppressive cells to site of pri-
mary tumor encourages tumor cell dissemination and increase
metastatic potential®, whether a similar phenomenon occurs in
NSCLC is of great interest. Greater metastatic potential is
needed for metastatic cells to survive in circulation and colo-
nize distant sites, as oppose to nearby locale®. Whether the
primary tumor immune status influences metastatic potential
to disseminate to distant versus local sites is unknown.
Theoretically, there are two ways by which metastases can
attain the immunosuppressive nature: metastatic cells could
have derived this immunosuppressive capability from the pri-
mary tumor, where the primary tumor cells could already have
the ability to create an immunosuppressive environment, and
metastatic cells merely inherit this ability. Or, immunosuppres-
sive capability could have been acquired during the metastatic
dissemination process. For the latter scenario, a high level of
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genomic instability could be responsible, as shown in a recent
study where metastases have significantly higher genomic
instability compared to primary®. Particularly, recent studies
have discovered that high chromosomal instability (CIN) is
associated with low level of CD8+ T cells’, and CIN can drive
metastasis through deregulated cGAS - STING (cyclic GMP-
AMP synthase - stimulator of interferon genes) pathway by
interfering the innate immune response in tumors'®'".
Considering the key role of DNA damage repair (DDR)
mechanism in the maintenance of CIN, it is of great interest
to understand how aberrant DDR mechanism promote
NSCLC metastasis by affecting CIN and further impacting
the immunophenotype of metastasis'>">.

In this study, we recruited a cohort of 41 NSCLC patients
and sequenced 73 samples. By using whole-exome sequencing
and immunohistochemistry, we aim to examine the variations
in immune status and key genetic characteristics among the
primary tumors, local, and distant metastases of NSCLC, to
identify the factors that contribute to these differences, speci-
fically those that trigger immunosuppression in metastases,
with a focus on DDR and associated CIN, and to investigate
the impact of the immune profile of primary tumors on their
metastatic destinations (local or distant), so as to understand
how the immune profiles evolve from primary tumors to both
local and distant metastases in NSCLC.

Materials and methods
Patient cohort and sample collection

Primary tumor (PT) and metastatic tumor (MT) samples from
a total of 41 patients with metastatic NSCLC were collected for
this study. Patients were treated at the Guangdong Provincial
People’s Hospital from 2010 to 2019. PT samples were treat-
ment naive and MT samples did not receive any systemic
treatment. Follow-up ended at August 11, 2021. The median
follow-up time was 28 months (IQR: 18.6-39.0 months). The
study was approved by the ethics committee of the institute,
and all included patients signed informed consent forms. All
formalin-fixed, paraffin-embedded specimens were subjected
to whole-exome sequencing (WES) and immunohistochemis-
try of CD4, CD8 and PD-L1. After filtering by tumor purity
(20.2), total QScore of DNA damage (=35) evaluated by Picard
tool (http://broadinstitute.github.io/picard/) and contamina-
tion (<0.05), there were 73 samples were included in the study.

External datasets

We used the TCGA data to validate our results and further
explore which exact immune cell subsets are involved in lung
cancer metastasis. The enrichment score data of 64 immune
and stromal cell types in the TCGA lung adenocarcinoma
primary tumors were pre-calculated by xCell'* and down-
loaded from the xCell website (https://xcell.ucsf.edu/). A total
of 402 patients with clear pathological TNM stage information
were included in the analysis. According to patient’s pN and
pM information, we divided the patients into 4 groups: NO-MO0
group (no metastasis, pPN=NO and pM=MO0, n = 216), N1 group
(pM=MO0, pN=N1, n =90), N2-N3 group (pM=MO, pN=N2 or

N3, n=71), and M group (intrathoracic or distant metastasis,
pM=M1, Mla, M1b or Mlc, n =25). Such grouping basically
reflects the process of metastasis from local to distance or from
near to far sites.

We also used a single-cell RNA-sequencing dataset to inves-
tigate which T cell subset is associated with metastatic potential
of lung cancer cells at single-cell level'”. The original data
include 12,346 T cells and 12,415 genes from 14 treatment-
naive non-small-cell lung cancer patients. The processed raw
count dataset was downloaded from GEO (https://www.ncbi.
nlm.nih.gov/geo/) with accession code of “GSE99254”. The raw
counts were then log-normalized by Seurat package'®. Among
12,346 T cells (including T cells from peripheral blood, adja-
cent normal tissue and tumor tissue), we selected 5,616 tumor
tissue infiltration T cells for subsequent analysis. The 5,616
T cells included 3,547 cells from stage I patients, 1,567 cells
from stage III patients and 502 cells from stage IV patients. We
annotated the cells using a reference based method.
Specifically, ProjecTILs package'” was used to project new
scRNA-seq data into a reference without altering its structure.
The reference atlas contains 9 tumor-infiltrating T cell subsets.
After annotation, we calculated the proportions of various
T cell subsets in stage I, III and IV cells.

DNA extraction, library construction, and whole exome
sequencing

DNA from tissue samples and blood samples were extracted
using a DNeasy Blood & Tissue Kit (Qiagen). All DNA samples
were quantified by Qubit 3.0 using the dsDNA HS Assay Kit
(Life Technologies). Sequencing libraries were prepared using
the KAPA Hyper Prep Kit (KAPA Biosystems). Target enrich-
ment was performed using the xGen Exome Research Panel
and Hybridization and Wash Reagents Kit (Integrated DNA
Technology, USA). Libraries were subjected to PCR amplifica-
tion with KAPA HiFi HotStart ReadyMix (KAPA Biosystems).
Sequencing was performed on Illumina HiSeq4000 platform
using PE150 sequencing chemistry (Illumina, USA) to a mean
coverage depth of 150x for tissue samples, and 60x for
matched normal control blood samples.

Somatic mutation detection

FASTQ file quality control was performed using
Trimmomatic'®, where N bases and low quality (score <20)
bases were removed. Pair-end reads were aligned to the human
reference genome (hgl9) using Burrows-Wheeler Aligner
(BWA) with default parameters'’, followed by PCR deduplica-
tion with Picard V2.9.4 (Broad Institute, MA, USA). Local
realignment around indels and base quality score recalibration
was performed with the Genome Analysis Toolkit (GATK
3.4.0)%°. Somatic single-nucleotide variants (SNVs) were iden-
tified using MuTect2'. Final list of mutations was annotated
using vcf2maf (https://github.com/mskcc/vef2maf). The
resulting mutation list was filtered through an internally col-
lected list of recurrent sequencing errors on the same sequen-
cing platform, summarized from the sequencing results of 500
normal samples. Mutations occurring within repeat masked
regions were also removed. Somatic mutation calls were
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further filtered using the following criteria: (i) minimum 4
reads supporting the variant; (ii) 25% variant allele frequency
(VAF); (iii) not present in public databases (Exome Variant
Server, 1,000 genomes project and Exome Aggregation
Consortium) at population frequency >1%.

Copy number alteration analysis

FACETS* was used to estimate tumor purity, segment-level
somatic copy number alterations (SCNAs) and ploidy. Gene-
level SCNAs were determined and assigned a 5-grade scale
according to the purity-adjusted total copy number and ploidy
of the segment where the gene is located. The 5-grade scale was
shown in Supplementary Table S4. We used CNApp online tool*®
to calculate focal SCNA score (FCS) and broad SCNA score
(BCS) of each sample. We defined focal SCNAs were SCNAs
that covered less than 60% of a chromosomal arm; otherwise,
broad SCNAs. The weight of each broad or focal SCNA event was
also assigned on the basis of the above 5-grade scale.

Mutational signature analysis

De novo single base substitution (SBS-96) signature extraction
and decomposition of extracted signatures to known COSMIC
signatures (http://cancer.sanger.ac.uk/cosmic/signatures) were
performed with SigProfiler tools (https://github.com/
AlexandrovLab/SigProfilerExtractor) based on nonnegative
matrix factorization (NMF) algorithm®*. We extracted muta-
tion signatures from mutations in the primary tumors repre-
senting baseline mutation processes, and also extracted
mutation signatures from non-lymph node metastasis-
specific mutations (mutations only existed in the pleural,
brain, bone, and adrenal gland metastases) and lymph node
metastasis-specific mutations (mutations only existed in the
lymph node metastases), which represent acquired mutation
processes during metastasis.

Cancer gene and DNA damage repair (DDR) gene
annotation

Cancer genes were annotated with the OncoKB Database
(https://www.oncokb.org/). Only genes whose function is defi-
nite, that is, labeled as “Oncogene” or “Tumor Suppressor
Gene”, were included. For DDR genes, genes belonging to the
7 KEGG pathways involved in DNA damage repair including
“P53_SIGNALING_PATHWAY”, “FANCONI_ANEMIA_
PATHWAY?, “HOMOLOGOUS_RECOMBINATION?,
“MISMATCH_REPAIR”, “BASE_EXCISION_REPAIR”,
“NON_HOMOLOGOUS_END_JOINING” and “NUCLE
OTIDE_EXCISION_REPAIR?, at the same time, belonging to
cancer genes, were included in the analysis (Supplementary
Table S3).

dNdscv analysis

We assessed whether mutations in DDR pathway under-
went positive selection during distant metastasis via
dNdScv tool*>. dNdScv estimates the ratio of non-
synonymous to synonymous mutations based on
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a Poisson regression algorithm. To compare the selection
of DDR pathway mutations in primary tumors and non-
lymph node metastases, we only included 22 paired pri-
mary and non-lymph node metastatic samples to ensure
the sample size of primary and metastatic group was same
(2 paired samples lacked DDR cancer gene mutations in
both primary and metastatic samples, and were not
included). For pathway-level analysis, input was mutations
of genes belonging to a pathway, and the global dN/dS
estimation represents the selection of the pathway as
a whole in the cohort.

Cancer cell fraction (CCF) estimation

Pyclone (v0.13.0)*® was used to estimate CCF of each
mutation. Only non-synonymous mutations were included.
Tumor purity, minor copy number, major copy number
estimated by FACETS, as well as reference read count
and alternate read count were input to Pyclone to estimate
mutation CCF and its standard deviation. Clonal mutations
were mutations whose upper bound of 95% confidence
interval of CCF 21.

Immunohistochemistry (IHC)

Formalin-fixed, paraffin-embedded tissue blocks were sec-
tioned at 4 um and mounted on glass slides, and then
immune-stained for PD-L1 (22C3 clone, DAKO,
Carpinteria, CA, USA), CD8 (C8/144B clone, Gene Tech
Co. Ltd., Shanghai, China) and CD4 (EP204 clone, Gene
Tech Co. Ltd., Shanghai, China). PD-L1 expression level
was measured with tumor proportion score (TPS), which is
the proportion of total viable tumor cells showing partial or
complete membrane PD-L1 staining. TPS positive if TPS
>1%, otherwise negative. The levels of CD8+ or CD4+
T cells were measured as the proportion of CD8+ T cells
or CD4+ T cells among nucleated cells in the stromal
compartment of each slide. CD4 or CD8 positive was
defined as positive if CD4+ or CD8+ T cell proportion
>5%, otherwise negative.

Statistical analysis

Non-parametric Wilcoxon’s rank-sum test was used to assess
difference of numerical features between two groups. For
comparison among multiple groups, Kruskal-Wallis method
was used to test overall statistical significance and pairwise
Wilcoxon’s test was used for post hoc analyses. Jonckheere’s
trend test was used to test increasing or decreasing trend of
numerical features in multiple ordered groups (one-sided
test). Comparisons of proportion between groups were
done using the Fisher’s exact test. For survival analyses,
Kaplan-Meier curves were compared using the log-rank
test. A two-sided P value of less than 0.05 was considered
significant for all tests unless indicated otherwise. For multi-
ple tests, P values were adjusted using the Benjamini—
Hochberg method. All statistical analyses were performed
with R packages (v.3.5.3).
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Results

Clinicopathological characteristics and genomic
landscape

The present study included 41 patients with metastatic NSCLC.
The majority had adenocarcinoma (36, 87.8%). The median
age was 56 years old (range 34-81). Among 41 patients, 31
(75.6%) were synchronous metastases, and 10 (24.4%) were
metachronous metastases. For synchronous metastasis, pro-
gression-free survival (PFS) was the interval between the initial
diagnosis and the first progression. For metachronous metas-
tasis, PFS was the interval between the surgery of primary
tumor and the detection of the first metastasis. Detailed patient
information was shown in Supplementary Table S1.

A total of 73 samples with both sequencing data and IHC
data were included in this study. The 73 samples contained 29
primary tumors, 9 lymph node metastases, 9 pleura metastases
(PL), 9 brain metastases (BR), 10 bone metastases (BN), and 7
adrenal gland metastases (AD). We defined PL metastases as
local metastases, and BR, BN, and AD metastases as distant
metastases. There were 31 primary-metastasis pairs including 7
primary-lymph node pairs and 24 primary-non-lymph node
pairs. Cohort information was shown in Supplementary Fig.S1.
Considering that tumor purity may affect mutation and CNV
calling, we compared tumor purity in primary tumors and
various metastatic organs, no significant difference in tumor
purity was observed (Supplementary Fig.S2). Detailed sample
information was shown in Supplementary Table S2.

As expected, TP53 and EGFR were the most frequently
mutated genes, and the majority were clonal mutations, fol-
lowed by KMT2A, KMT2D and KMT2C (Supplementary Fig.
S3A). We found multiple genes involved in DNA damage
repair were more likely to be mutated in PL/distant metastases
compared with primary tumors, including ATR (0% vs. 14.3%,
P=0.06), FANCA (3.4% vs. 14.3%, P=0.21), BRCA1 (3.4% vs.
11.4%, P=0.37), BRCA2 (6.9% vs. 14.3%, P = 0.44) or any one
of the above 4 genes (13.8% vs. 42.9%, P=0.01)
(Supplementary Fig.S3B), suggesting DNA damage repair defi-
ciency may play a role in NSCLC metastasis.

Aberrant DNA damage repair pathway was associated
with metastasis

In view of the above finding, we first used dNdScv method to
investigate whether mutations in DDR pathway underwent
positive selection in metastases. We combined metastases of
PL, BR, BN and AD to form the non-lymph node metastasis
group. We found dN/dS ratios of all types of mutations in DDR
pathway genes increased in the non-lymph node metastases
compared with primary tumors although not significant due to
sample size (overlap of 95% confidence interval of dN/dS
ratio). In addition, the dN/dS ratios of all loss-of-function
mutations (truncation, splicing, and nonsense) and overall
mutations were significantly greater than 1 in the metastases
and not significant in primary tumors given same sample size
(Figure 1A). Consistent with this finding, we found SBS3,
a mutation signature associated with homologous recombina-
tion repair (HRR) deficiency, was uniquely seen in non-lymph
node metastasis-specific mutations (dark green) but absent

from primary tumor mutations (Figure 1B), suggesting DDR
deficiency may be an important factor driving NSCLC
metastasis.

Further analysis found that CCF of mutations in the DDR
pathway increased more in the metastases with SBS3 signature
than those without SBS3 signature (Figure 1C). For specific
DDR pathways, the difference of CCF increase was significant
in the Fanconi anemia pathway (P =0.007) and showed trend
toward significance in HRR pathway (P =0.18) (Figure 1D).
BRCAI, BRCA2, FANCA and ATR gene, which showed a trend
of being enriched in metastases, are members of the Fanconi
anemia pathway (Supplementary Table S3). As expected, SBS3
signature was closely related to genomic instability, where
polyploid metastases had significantly greater proportion of
SBS3 signature (Figure 1E). SBS3-positive metastases also had
significantly higher BCS (broad somatic copy number altera-
tion score) and higher tumor mutational burden (TMB) com-
pared to SBS3-negative metastases (Figure 1F,G). Additionally,
the SBS3 positive rates tended to be higher in the distant
metastases (BR/BN/AD) than PL metastases although not sig-
nificant (P=0.1) (Figure 1H).

Immunosuppression was found in distant metastases
along with increased chromosomal instability

We then compared CD8, CD4 and TPS in primary tumors,
lymph node metastases, local (pleural) and distant metastases.
Although due to limited sample size, the overall difference in
CD8+ T cell level among the 4 groups did not achieve statistical
significant (P =0.06, Figure 2A), it could be observed that
distant metastases tended to have the lowest CD8+ T cell
level (Figure 2A). Different from CD8, CD4+ T cell level
appeared to be the lowest in the local metastases, particularly
when in comparison with distant metastases (P=0.011)
(Figure 2B). Similarly, pleural metastases also tended to have
a lower TPS than distant metastases (P =0.038) (Figure 2C),
despite that the overall and “BH” adjusted p-values were
greater than 0.05 because of a small sample size in individual
groups. In summary, distant metastases rather than local
metastases were characterized by immunosuppression (low
CD8+ T cell) and immune evasion (high TPS level)?” while
local metastases were characterized by low level of both CD4+
T cell and TPS. We also analyzed the correlation between the
levels of CD8, CD4 and TPS. When considering all samples,
there was no significant correlation observed between the three
markers (Supplementary Fig.S4A-S4C). However, in distant
metastases, there appeared to be a weak positive correlation
between CD8 and TPS (Supplementary Fig.S4D-S4F). For
instance, CD8-positive distant metastases tended to have
a higher TPS level (P=0.1, Supplementary Fig.S4E) or
a higher TPS-positive rate (P=0.05, Supplementary Fig.S4F)
than CD8-negative distant metastases.

CIN has been shown to induce metastasis'®. Reports also
show CIN is associated with the decrease of CD8+ T cell level®.
Our results showed CIN increased in the distant metastases
instead of local metastases. Polyploidy rate in the distant
metastases was significantly higher compared with primary
tumors (P =0.03, Figure 2D). FCS and BCS, particularly BCS,
were also higher in the distant metastases (P =0.093 and P=
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Figure 1. Association between DNA repair pathway, mutation signature SBS3 and chromosomal instability in primary and metastatic NSCLC tumors. (A) dN/dS analysis
of the mutations of cancer-related genes in the DDR pathway in the primary tumors and non-lymph node metastases by dN/dScv method. To ensure same sample size,
only paired samples were included (n = 22 pairs, 2 paired samples lacked DDR cancer gene mutations in both primary and metastatic samples, and were not included).
Bar represents 95% confidence interval of dN/dS and * represents dN/dS is significantly greater than 1 (P < 0.05). (B) mutations were classified into three groups: primary
(29 samples), lymph node metastasis specific (7 samples) and non-lymph node metastasis specific (24 samples, including PL, BR, BN and AD), for metastases, only paired
samples were included. COSMIC mutation signatures were extracted from each group by the SigProfiler tools. The relative contributions of the signatures in the three
groups were plotted. (C) changes of the CCF of the mutations of cancer-related DDR genes in the paired non-lymph node metastases stratified by SBS3 status (negative
=11, positive =11, two samples without cancer-related DDR gene mutations were not included), each dot represents a mutation. (D) changes of the CCF of the
mutations in different KEGG DDR associated pathways in the paired non-lymph node metastases stratified by SBS3 status. (E) the relative contribution of SBS3 signature
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of SBS3 status in the distant metastases (BR, BN and AD) and PL metastases. AD: adrenal gland; ADC, adenocarcinoma; BCS: broad copy number alteration score; BER:
base excision repair; BN: bone; BR: brain; CCF: cancer cell fraction; DDR: DNA damage repair; HR: homologous recombination; LSCC, lung squamous cells carcinoma;
MMR: mismatch repair; NER: nucleotide excision repair; NHEJ: non-homologous end joining; PL: pleural; TMB: tumor mutation burden.

0.0037 for FCS and BCS, Figure 2E,F). On the contrary, CIN in  Association between DDR deficiency, genomic instability
the lymph node metastases and PL metastases did not show and immunosuppression

significant difference compared to the primary tumors
(Figure 2D-F). Paired primary-metastasis comparison further
supported the increase of CIN in the distant metastases
(Figure 2G,H).

We found CD8+ T cell level was lower in polyploid samples
than diploid samples (Figure 3A). In addition, on the basis of
polyploidy, FCS seemed to be associated with CD8+ T cell level
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primary tumors (n = 29), lymph node metastases (LN, n =9), PL metastases (n = 9) and distant metastases including BR (brain, n =9), BN (bone, n = 10) and AD (adrenal
gland, n = 7). The numbers on the top of the bars represent p-values of pairwise Wilcoxon tests. * represents p-value <0.05. For A-C, all “Benjamini-Hochberg” adjusted
p-values >0.05. (D) distribution of polyploidy in primary, lymph node metastasis, PL and distant metastases. (E-F) comparison of FCS and BCS among primary tumors,
lymph node metastases (LN), PL metastases and distant metastases. The numbers on the top of the bars represent p-values of pairwise Wilcoxon tests. * represents
p-value <0.05; ** represents both p-value and “Benjamini-Hochberg” adjusted p-value <0.05. (G-H) paired comparison of FCS and BCS between the primary tumors and
distant metastases (n =15 pairs). BCS: broad copy number alteration score; FCS: focal copy number alteration score; TPS: tumor proportion score.

more significantly than BCS (Figure 3B,C). Dynamic analysis
showed a negative correlation between CD8 change and FCS
change in the 31 paired primary-metastasis samples
(Spearman’s p=—0.47, P=0.008) (Figure 3D). Despite lacking
statistical significance, it appeared that the relative contribu-
tion of SBS3 signature in the PL/distant metastases showed
a contrasting trend in relation to CD8 and CD4 status.
Specifically, CD8-negative metastases exhibited a tendency
toward a higher SBS3 contribution compared to CD8-positive
metastases (Figure 3E), while CD4-negative metastases dis-
played a tendency toward a lower SBS3 contribution compared
to CD4-positive metastases (Figure 3F). As a result, SBS3 con-
tribution showed a positive correlation with CD4-to-CD8 ratio
(Figure 3G) and a negative correlation with the change of CD8
+ T cell level (Figure 3H). By tracking the CD8 status change

from the primary tumors to their paired PL and distant metas-
tases stratified by SBS3 status (Figure 3I), it was found that
among 13 SBS3-negative metastases (cyan bands in the plot),
only 3 (23%, 3/13) changed from CDS8 positive to negative.
Among 11 SBS3-positive metastases (pink bands in the plot), 5
(45.5%, 5/11) changed from CD8 positive to negative. We also
noticed that although 4 SBS3-positive metastases still main-
tained CD8 positivity, their median SBS3 contribution was
0.27, which was lower than 0.68 of another 5 SBS3-positive
metastases where CD8 status changed from positive to nega-
tive. In addition, although high TMB is also a sign of genomic
instability, it was not significantly correlated with CD8+ T cell
level. In multivariable linear regression analysis incorporating
ploidy status, FCS, TMB, tumor location and histology, only
polyploidy maintained its significance with CD8+ T cell level
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Figure 3. Immunosuppression in the distant metastases along with increased chromosomal instability induced by acquired DDR deficiency. (A) association of CD8+
T cell with ploidy status in primary tumors (n = 29), PL and distant metastases (n = 35), and lymph node metastases (n = 9). (B) FCS levels in primary tumors (n = 29), PL
and distant metastases (n = 35), and lymph node metastases (n = 9) stratified by CD8 status. (C) BCS levels in primary tumors (n = 29), PL and distant metastases (n = 35),
and lymph node metastases (n = 9) stratified by CD8 status. (D) correlation between CD8 change and FCS change in all paired primary-metastatic tumors (n = 31 pairs).
(E) relative contributions of SBS3 signature in the 24 paired non-lymph node metastases (including PL and distant metastases) stratified by CD8 status. (F) relative
contributions of SBS3 signature in the 24 paired non-lymph node metastases stratified by CD4 status. (G) correlation between SBS contribution and CD4-to-CD8 ratio in
the 21 paired non-lymph node metastases (3 samples with 0 of CD8 level were not included). (H) correlation between CD8+ T cell level change and SBS3 contribution in
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SBS3 positive, and the number (0.72) in the positive SBS3 case group indicates the relative contribution of SBS3 signature in the SBS3 positive group. If a group contains
multiple SBS3 positive cases, the number represents the median value of SBS3 relative contribution.

(P =0.03); while TMB was not significant (P = 0.68), suggesting
the effect of DDR deficiency on immune status is mainly
mediated by CIN involving aneuploidy.

A case is provided in Figure 4. In this patient, the CD8+
T cell was 30% in primary tumor and decreased to 1% in bone
metastasis (Figure 4A). Mutation signature analysis showed
that bone metastasis-specific mutations contained SBS3 signa-
ture (Figure 4B). CIN increased remarkably from primary
tumor to bone metastasis as revealed by FACETS
(Figure 4C), and clonal evolution analysis identified a clone
containing ATR and CCNE1 mutations that underwent expan-
sion in bone metastasis (Figure 4D). Both ATR and CCNEI are

the members of DDR and participate in the maintenance of
chromosomal stability (Suplementary Table S3).

Immune background of primary tumor determines local
versus distant metastasis

We have shown distant metastases tended to have lower CD8+
T cell, higher CD4+ T cell and higher TPS levels compared to
local metastases (Figure 2A-C). There are two possible
mechanisms to explain such a difference. One is dynamic
change from primary tumors to metastases. For example,
CD8+ T cell may decrease from primary tumor to distant
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metastasis, whereas it remains unchanged in local metastases
(PL). An alternative mechanism is that the immune profile of
primary tumor determines or affects metastatic destinations.
For example, if primary tumors with a high CD8+ T cell level
are prevented from spreading to distant organs, while per-
mitted to spread to local PL. This process can also result in
the higher CD8+ T cell level in PL, even though CD8 did not
dynamically change during metastasis. To explore these two
possible mechanisms, we tracked the change of CD8, CD4 and
TPS status from primary tumors to PL or distant metastases
separately (Figure 5A-C). For CD8, the overall concordance
was 50% (12/24), and 50% had status conversion in which
66.6% (8/12) underwent positive-to-negative conversion.
Among the 8 positive-to-negative cases, 6 took place in distant
metastases and 2 took place in PL. The lower SBS3-positive rate
(i.e. DDR deficiency rate) in PL (Figure 1H) may explain the
fewer positive-to-negative conversions in PL. Secondly, we
analyzed whether CD8 status of primary tumors affects meta-
static site. Among CD8-negative primary tumors, 14.3%
metastasized to PL and 85.7% to distant metastases; and
among CD8-positive primary tumors, 47% metastasized to
PL and 53% to distant metastases [P =0.19, Fisher exact test
was used to compare the difference of metastatic destinations
(PL vs. distant) between CD8-negative primary tumors and
CD8-positive primary tumors] (Figure 5A). Although not sig-
nificant, there is a trend toward CD8-negative primary tumors
being inclined to spread to distant organs. For CD4, majority
(87.5%) were concordant, only 12.5% underwent conversion
during metastasis, suggesting the second mechanism may play
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a major role (Figure 5B). In contrary to CDS8, it was observed
that CD4-positive primary tumors tended to metastasize to
distant organs (12/15, 80%) whereas in CD4-negative primary
tumors, 33.3% (3/9) underwent distant metastasis (P =0.036).
Similar phenomenon was seen in TPS although not significant
(P=0.19) where TPS-positive primary tumors tended to
metastasize to distant organs (Figure 5C).

We then divided 29 primary tumors into PL group and
distant group according to their paired metastatic sites
(Figure 5D). All patients in the PL group were stage Mla,
that is, cancer was confined to the thoracic cavity?®. Results
showed the CD8+ T cell level in the primary tumors with PL
metastases and distant metastases were not significantly differ-
ent (Figure 5E) which was probably due to the small sample
size; however, the CD4+ T cell level in the primary tumors with
distant metastases was significantly higher than that in the
primary tumors with PL metastases (P =0.00048, Figure 5F),
and TPS level also showed a similar trend as CD4 (P =0.059,
Figure 5G). Same results were obtained using dichotomized
CDS8, CD4 and TPS status (Supplementary Fig.S5A-S5C).

A key role of Th2/Th1 CD4+ T cell subsets in determining
metastatic potential: validation by TCGA data and a single
cell RNA-sequencing dataset

As described in the “Method” section, we downloaded the
enrichment score data of 64 immune and stromal cell types
in the TCGA lung adenocarcinoma primary tumors, which
were pre-calculated by xCell'*, and divided 402 primary

C
Primary Metastatic site Primary Metastatic site Primary Metastatic site
~ TEEas% ]
2 5 PL
” 6 (85.7%) PL % 6(66.7%) PL _ |8 60%) 9(37.5%)
% @
g 9 (7.5%) 2 R p——— 9 (37.5%) T
- 3 §’ 3(33.3%) A
Q @ S 2
o 8(47%) Metatatic CD8 status < 35 Metatatic TPS status
2 Negatve 5 |2 20%) | Meta’:ahc‘ CD4 status @ 8 (50%) Negative
£ - Positive 2 eaative a Positive
£ £ § @ Posiive =
= r = 7 Distant E L g Distant
15 (62.5%) a g : Distant E o [l 15 (62.5%)
£ |1280%) sant E &
o 5% 3 15 (62.5%) £ L
[ 2 |7e75%)
3
&
P=0.19 Concordance: 12 (50%) [ 21 (87,59 P=0.19 Concordance: 17 (71%)
Conversion: 12 (50%) 0.036 gg:sz;g;’:ﬁ% @ z(g%f %) Conversion: 7 (29%)
Negative to positive: 4 Nogative to posiie: 2 Negative to positive: 4
Positive to negative: 8 Postive to ragative: 1 Positive to negative: 3
d e ) f ) g
Wilcoxon, P=0.36 Wilcoxon, P=0.00048 Wilcoxon, P=0.059
Primary Histology 30
Histology ADC
Organ I3 < 30
Lscc S s 60 —
Metastatic site e < =
mEEE mEEE B Wooisaus o o0 o, = g
| 1] BEN N B _NNSNNER cDsstatus D =g [y} gg
| | | 0 HEN | TPS status i~ &2 540 g5 2 . . '
BBl cD4level R of n Sz 2 Histology
- 2 . g
HUEEE §n _ HEEE N W CD8 level o Sg s € gE - ADC
HEN N BNN BENESN EERRERENREE TPS level g0 ' £2 5 S0 . Lscc
i - Metastatic site 3. S £ + Others
CD8, CD4, TPS status [l] Positive [] Negative P g £ 5
L % |
CD8, CD4, TPS level I m L A . ,
0% 20% 40% 60% 80% 100% 0 ol 0 . % 0 ————
Distant PL

Distant PL Distant PL

Figure 5. Association of immune status of primary tumors and metastatic sites. (A)-(C) change of CD8 status (A), CD4 status (B) and TPS status (C) from primary tumors to
paired PL and distant metastases (n = 24 pairs). The color of bands represents status of CD8, CD4 or TPS in the metastases. For example, in (A), a cyan-color band starting
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score.
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tumors into 4 groups based on metastatic situation.
Unfortunately, there were only two cases with M1a stage, i.e.,
intrathoracic metastasis such as PL metastasis; we could not
directly compare PL metastasis with distant metastasis as we
did in our cohort. However, we were still able to investigate the
association of the immune background of primary tumors with
metastatic sites based on the stepwise metastasis of lymph node
and distant metastasis. Differential analysis showed that Th1
and Th2, two subsets of CD4+ T cells, were significantly
enriched in the metastatic group (M, N2-N3, and N1) com-
pared with NO-MO group (g = 0.03, log,FC =0.20 for Thl; g=
0.04, log,FC =0.39 for Th2); on the contrary, CD8+ T cells
were significantly enriched in the non-metastatic group (NO-
MO) (g=0.016, log,FC=-0.54) (Supplementary Fig.S6). The
enrichment of majorities of CD8 T+ «cell subsets
(Supplementary Fig.S7A) and CD4 T+ cell subsets except Thl
and Th2 (Supplementary Fig.S7B) showed a decreasing trend
from NO-MO to M group. In contrast, two CD4+ T cell subsets,
Th1 and Th2, showed an increasing trend, which was consis-
tent with our previous finding that primary tumors with local
metastases (PL) had a higher CD4+ T cell level than those with
distant metastases. Additionally, although both Thl and Th2
had the same change direction, their change rate may be
different. As a result, the ratio of Th2 to Thl increased sig-
nificantly from NO-MO to M group (Supplementary Fig.S7C),
suggesting a Th1 to Th2 shift may be associated with metastatic
potential of lung adenocarcinoma. Other tumor infiltration
immune cells (TIICs), such as B cells (Supplementary Fig.
S7D) and DC cells (Supplementary Fig.S7E) also showed
a decreasing trend from NO-MO group to M group; macro-
phage cells were not significantly changed (Supplementary Fig.
S7F); whereas epithelial cells, representing tumor cells, showed
an increasing trend (Supplementary Fig.S7G). In single-cell
analysis, although due to lack of Th2 annotation in the refer-
ence atlas, the change of the proportion of Th2 subset could not
be tracked, we could still see the proportion of Thl cells
accounting for lung cancer tissue T cell population increased
from stage I to stage IV (Supplementary Fig.S8A-S8B). On the
contrary, the proportion of CD8+ T cell subsets decreased,
particularly in stage IV, which further supported our previous
results.

Immune landscape of primary and its dynamic change
toward metastasis affects survival

We next assessed whether immune status of primary tumors
would affect patient’s progression. We only included primary
tumors with synchronous metastases (n = 22) (Supplementary
Fig.S1), which had a unique PFS definition. Patients with CD8-
positive primary tumor exhibited a better PFS than those with
CD8-negative primary tumor (P =0.099) (Supplementary Fig.
S9A). Among 22 cases, 5 cases had CD8 positive-to-negative
conversion. Despite CD8-positive cases in general having
a better PFS than CD8-negative cases, the 5 cases with positive-
to-negative conversion tended to have a worse PFS and no
better than CD8-negative cases (P=0.70) (Supplementary
Fig.S9B). On the contrary, patients with CD4-negative primary
tumors were associated with a better PFS (P=0.044)
(Supplementary Fig.S9C). When combining CD8 and CD4

status, we found that CD8-positive/CD4-negative cases had
the best PFS (Supplementary Fig.S9D). TPS status was not
associated with PFS significantly (Supplementary Fig.SOE). As
expected, polyploid primary tumors, which tended to have
a lower CD8+ T cell (Figure 3A) was associated with a worse
PES (p =0.049) (Supplementary Fig.S9F). In fact, multivariate
Cox analysis on the basis of the TCGA data set also showed the
enrichment of Th2 subset and CD8+ T cell in primary tumor
was associated with patient’s prognosis. The high enrichment
of Th2 in primary tumor predicted a worse overall survival;
while the high enrichment of CD8+ T cell predicted a better
overall survival after being adjusted by age, sex, and patholo-
gical stage (Supplementary Fig.S10).

Discussion

In this study, we investigated possible immune evolutionary
pathways for local (pleural) and distant metastases. Our find-
ings aligned with earlier research, showing that distant metas-
tases exhibit greater chromosomal instability (CIN)*>*° and
immunosuppression as indicated by reduced infiltration of
CD8+ T cells®” compared with the primary tumors.
Additionally, we identified a negative association between
CIN and CD8+ T cell level, which has also been reported in
previous studies™'. Our study revealed that acquired DDR
deficiency is probably a key factor to drive the immunosup-
pression conversion in the distant metastases. One possible
explanation is that acquired DDR deficiency exacerbated
CIN, which in turn triggers immunosuppression through the
cGAS-STING pathway'®'?"*2, While our study did not delve
into the precise molecular mechanisms of this pathway, it did
provide compelling clinical evidence that acquired DDR plays
a crucial role in the immune evolution of distant metastases. As
such, targeting DDR machinery may be a promising strategy
for inhibiting metastasis.

In contrast to distant metastases, local metastases exhibit
genomic and immune profiles that are similar to those of the
primary tumors. Therefore, we propose that local metastases
follow a different immune evolutionary pathway, whereby they
inherit the immune and genomic characteristics of the primary
tumors. A noteworthy discovery is that local metastases had
significantly lower level of CD4+ T cells compared to distant
metastases. This cannot be explained by the dynamic change of
CD4+ T cells in the metastases (such as decreasing in local
metastases or increasing in distant metastases) since the CD4+
T cell status generally remained constant between the metas-
tases and primary tumors. Our research indicated that primary
tumors with elevated CD4+ T cell levels were more likely to
metastasize distantly rather than locally. We postulate that the
immune competence of the primary tumors may hinder distant
metastasis, while immunosuppressed primary tumors may
have a greater potential to spread to distant organs. For exam-
ple, pleural metastasis via visceral pleural invasion®® may
require less demanding for immune conditions compared
with distant metastasis.

Using both the TCGA dataset and a single-cell RNA-seq
dataset, we discovered that CD4+ T helper cells, specifically Th1
and Th2 cells, may play a pivotal role in determining the meta-
static potential of primary tumors. The TCGA data revealed an



increasing trend in the abundance of Thl and Th2 cells with
increasing metastatic distance (from proximal lymph nodes to
distal lymph nodes to distant organs) Additionally, the ratio of
Th2 to Th1 also significantly increased with metastatic distance.
A recent study”* showed Th2 subset, which has a potential to
promote tumor growth by secreting immunosuppressive
cytokines™, was dominated in both lung cancer tissue and peri-
tumoral lymph nodes. Previous studies also observed Th2 skew-
ing in bladder cancer®, kidney cancer”, breast, and lung cancer®.
An animal study has found that Th2 cells promote lung metastasis
of breast cancer in a CD8-independent way”**. Based on the
evidence, we suppose that Thl and Th2, particularly Th2 in
primary tumors may determine their metastatic potential, which
needs further study to verify since other CD4+ T cell subsets, such
as Th9, Th17 and Treg are also found to promote metastasis*"*2.
In a similar manner to CD4+ T cells, tumors with high levels
of PD-L1 were found to be linked to distant metastases.
Experiments have shown that PD-L1 promotes the migration
and invasion of gastric cancer cells**** and lung cancer cells®,
and its upregulation occurs early on in precancerous tissues of
lung squamous cell carcinoma®®. Numerous studies have
demonstrated that PD-L1 is significantly associated with
advanced tumor stages, as well as lymph node and distant
metastases in various types of cancers®” including NSCLC*®.
Based on these findings, we propose two types of immune
evolutionary modes for distant and local metastases
(Supplementary Fig.S11). Some primary tumors exhibit immu-
nosuppression, which is distinguished by low levels of TIICs
(such as CD8+ T cells), elevated levels of CD4+ T cells (speci-
fically Thl and Th2 subsets) and high PD-L1. On the other
hand, there may be primary tumors with immunocompetence,
which is identified by high levels of TIICs, low CD4+ T cells,
and low PD-L1. Tumors with immunosuppression have the
potential to overcome the immune barrier and metastasize to
distant organs. During metastasis, immunosuppression may
develop which is driven by acquired DDR deficiency.
Conversely, tumors with immunocompetence tend to metas-
tasize locally and typically maintain the immune and genomic
profiles of the primary tumor. In conclusion, our study demon-
strates a potential mechanism that distant metastases acquire
immunosuppression through DDR deficiency and reveal the
important role of certain CD4 T cell subpopulations such as
Th2 and Thl in the process of metastasis, so that providing
new targets for assessment of metastatic potential of primary
tumors as well as intervention of metastasis in lung cancer.
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