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ABSTRACT

Background The liver is a frequent site of metastases
and liver metastases (LM) correlate with diminished
immunotherapy efficacy in non-small cell lung cancer
(NSCLC). This study aimed to analyze whether tumor
response to immunotherapy differs between pulmonary
lesions (PL) and LM in NSCLC and to explore potential
mechanisms through multiomics analysis.

Methods This observational longitudinal clinical cohort
study included patients with NSCLC with LM receiving
immunotherapy was conducted to evaluate organ-specific
tumor response of PL and LM. We collected paired PL and
LM tumor samples to analyze the organ-specific difference
using whole-exome sequencing, RNA sequencing, and
multiplex immunohistochemistry.

Results A total of 52 patients with NSCLC with LM

were enrolled to evaluate the organ-specific response of
immunotherapy. The objective response rate (21.1% vs
32.7%) and disease control rate of LM were lower than

that of PL (67.3% vs 86.5%). One-third of patients showed
mixed response, among whom 88.2% (15/17) presented
with LM increasing, but PL decreasing, while the others

had the opposite pattern (p=0.002). In another independent
cohort, 27 pairs of matched PL and LM tumor samples

from the same individuals, including six simultaneously
collected pairs, were included in the translational part.
Genomic landscapes profiling revealed similar somatic
mutations, tumor mutational burden, and neoantigen number
between PL and LM. Bulk-RNA sequencing showed immune
activation-related genes including CD8A, LCK, and /ICOS
were downregulated in LM. The antigen processing and
presentation, natural killer (NK) cell-mediated cytotoxicity
and T-cell receptor signaling pathway were enriched in

PL compared with LM. Multiplex immunohistochemistry
detected significantly lower fractions of CD8" cells (p=0.036)
and CD56"™ cells (p=0.016) in LM compared with PL.
Single-cell RNA sequencing also characterized lower effector
CD8" T cells activation and NK cells cytotoxicity in LM.
Conclusions Compared with PL, LM presents an inferior
organ-specific tumor response to immunotherapy. PL and

LM showed limited heterogeneity in the genomic landscape,
while the LM tumor microenvironment displayed lower levels
of immune activation and infiltration than PL, which might
contribute to developing precise immunotherapy strategies for
patients with NSCLC with LM.

" Yi-Long Wu

' Qing Zhou ©

WHAT IS ALREADY KNOWN ON THIS TOPIC

= Previous studies reported organ-specificity in the
tumor microenvironment (TME) at different ana-
tomical sites. However, the comparison of the TME
between strictly paired pulmonary lesions (PL) and
liver metastases (LM) in primary non-small-cell lung
cancer (NSCLC) has not been explored due to the
low accessibility of paired samples.

WHAT THIS STUDY ADDS

= We concluded that LM presents an inferior organ-
specific tumor response to immunotherapy com-
pared with PL. This is the first study that used
strictly paired NSCLC samples to explore organ-
specific TME between PL and LM, from which we
demonstrated that LM TME generally exhibits lower
levels of immune infiltration and immune activation.

HOW THIS STUDY MIGHT AFFECT RESEARCH,
PRACTICE OR POLICY

= These findings provide insights into the mechanisms
underlying the organ-specific tumor response to im-
munotherapy and information for the development
of precise immunotherapy strategies for patients
with NSCLC with LM.

BACKGROUND

Significant progress has been made in
systemic therapy for advanced non-small
cell lung cancer (NSCLC) in recent years.
Several phase III trials have demonstrated
the significant survival benefits of immu-
notherapy targeting immune checkpoints,
including programmed death-1 (PD-1)/
programmed death-ligand 1 (PD-L1) inter-
action, in patients with advanced NSCLC.'
The liver, which is richly supplied with portal
venous and arterial blood supply, is one of the
most frequent sites of tumor metastasis. It is
also considered an immune-tolerant organ,
characterized by T-cell anergy and immuno-
suppressive signals.” Recent studies identified

BM)

Deng J-Y, et al. J Immunother Cancer 2023;11:007218. doi:10.1136/jitc-2023-007218 1


http://bmjopen.bmj.com/
http://orcid.org/0000-0002-3474-2809
http://orcid.org/0000-0002-3611-0258
http://orcid.org/0000-0002-0478-176X
http://dx.doi.org/10.1136/jitc-2023-007218
http://dx.doi.org/10.1136/jitc-2023-007218
http://crossmark.crossref.org/dialog/?doi=10.1136/jitc-2023-007218&domain=pdf&date_stamp=2023-07-18

that liver metastases (LM) could cultivate an immune
desert, which may be associated with inferior response
to immunotherapy, as well as shorter overall survival
(OS) and progression-free survival (PFS) in patients
with advanced solid tumors.” * Noteworthily, a previous
study revealed that LM could actively induce CD8" T cells
to undergo apoptosis following their interaction with
macrophages, concluding that LM co-opt host peripheral
tolerance mechanisms to cause acquired immunotherapy
resistance through CD8' T-cell deletion.”

Immune checkpoint inhibitors (ICIs) induce anti-
tumor effects by reactivating exhausted T cells and thus
restoring systemic antitumor immunity, in which the
tumor microenvironment (TME) plays a vital role. The
dominant forces that influence the rate or pattern of
tumor growth include the host’s innate and adaptive
immune response, tumor-cell-intrinsic properties, and the
anatomical organ in which the tumor resides.” Heteroge-
neous TME of various organs, called organ-specific TME,
may potentially influence tumor growth and responses to
anticancer treatment.”® The success of ICIs against both
primary and metastatic aerodigestive malignancies may
be a prime example of the importance of the site of the
TME.? Recently several studies reported this phenomenon
where patients with metastatic urothelial carcinoma or
hepatocellular carcinoma experienced mixed responses
in different metastasis sites while receiving ICIs. This
phenomenon in which tumors in one organ enlarge while
those in another organ ameliorate or remain stable was
called the organ-specific mixed response. These support
that tumors in the liver, whether primary or metastatic, are
more likely to resist immunotherapy as the liver is viewed
as an immune-tolerant organ.’ '’ These differences have
generally been attributed to the genetic heterogeneity of
the tumor cell itself, as well as organ-specific features of
the TME. However, previous studies about organ-specific
TME have always used animal models or non-strictly
paired NSCLC tumor samples, which could not exclude
interpatient heterogeneity.11 12

Our prior studies found that metastases in different
anatomical locations may be associated with different
clinical outcomes and local tumor responses to ICIs in
NSCLC."” Herein, we designed this study, which was
based on strictly paired tumor samples from the same
individuals, to further analyze whether tumor response
to ICIs differs between pulmonary lesions (PL) and LM
in NSCLC and to explore potential cellular and molec-
ular mechanisms underlying this clinical phenomenon by
multiomics analysis.

METHODS

Clinical cohort design and participants

This observational longitudinal cohort study included
patients with consecutive advanced NSCLC with LM
receiving immunotherapy who were treated at Guang-
dong Provincial People’s Hospital between May 2017
and April 2021. The participants were enrolled from a

prospectively managed database that collected informa-
tion on their clinical characteristics, treatment, and clin-
ical outcomes. The inclusion criteria were the following:
(1) age =18 years; (2) diagnosis of NSCLC with LM; (3)
receiving at least one course of ICIs; and (4) with at least
one evaluable target lesions in both liver and lung at
baseline and undergoing imaging for tumor response
assessments every two to three courses of the treatment
until the discontinuation of ICIs treatment. Patients with
incomplete or missing data were excluded from the final
analysis. The study investigators played no role in the
design or implementation of the treatment protocols.
The study was conducted in accordance with the Declara-
tion of Helsinki (as revised in 2013).

An independent oncologist conducted organ-specific
tumor response evaluation of clinical imaging in tumors
located at the lung and liver, respectively. The organ-
specific response criteria, according to the response eval-
uation criteria in solid tumors (RECIST) V.1.1 criteria,
were applied. All lung lesions and liver metastatic lesions
that met the RECIST V.1.1 criteria were included in the
analysis. The organ-specific tumor response, including
complete responses (CR; complete disappearance),
partial response (PR; 230% reduction, taking as refer-
ence the baseline sum of diameters), progressive diseases
(PD; 220% increase, taking as reference the smallest sum
of diameters), or stable diseases (SD; neither CR, PR,
nor PD), were determined for the lung and liver systems,
respectively. Organ-specific response rate (OSRR) was
defined as the percentage of patients who had CR or PR
as the best response of the target lesions in each organ.
Organ-specific disease control rate (OSDCR) was defined
as the ratio of the number of patients reaching CR, PR, or
SD as the best organ-specific tumor response to the total
number of patients. PFS and OS were calculated from the
time of therapy initiation.

Paired tumor samples collection

Strictly paired PL. and LM tumor samples were obtained
from the biospecimen bank of the Guangdong Lung
Cancer Institute. All samples were collected within 30
min after resection and dissected into a 0.5 cm® block.
Samples were freshly frozen in liquid nitrogen, stored at
—-80°C, and/or paraffin-embedded after decalcification
and stored at room temperature. H&E-stained sections
were assessed by a pathologist to confirm NSCLC content.
Specimens that did not meet minimal tissue requirements
for assessment were excluded. A total of 52 archived frozen
or formalin-fixed, paraffin-embedded (FFPE) tissues from
26 patients were used. Another pair of PL and LM fresh
tumor samples from Pa27 were prospectively collected.
According to the timing of sampling, paired samples were
divided into four groups: (1) PL-LM: PL samples were
collected at radical operation, while LM samples were
collected at the time of first postoperative recurrence;
(2) PL=LM: PL and LM samples were simultaneously
collected; (3) PL>LM: PL samples were collected ante-
rior to LM; and (4) PL<LM: PL samples were collected
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posterior to LM. Informed patient consent was obtained
through the biospecimen bank of the Guangdong Lung
Cancer Institute for specimen use.

Whole-exome sequencing

Fresh frozen tissues from tumor samples were used for
genomic DNA extraction with QIAamp DNA FFPE Tissue
Kit (QIAGEN) following the manufacturer’s instruc-
tions. White blood cell DNA was sequenced together with
tumor DNA samples to identify germline mutations. The
DNA quality was assessed by NanoDrop 2000 (Thermo
Fisher Scientific) and the quantity was measured by
dsDNA HS Assay Kit (Life Technologies) on Qubit V.2.0.
Extracted tumor genomic DNA was fragmented into
300~350 bp using the Covaris M220 instrument (Covaris).
Sequencing libraries were prepared with KAPA Hyper-
Prep kit (KAPA Biosystems) with optimized protocols.
DNA libraries from different samples were marked with
unique indices during library preparation and up to 2 pg
of different libraries were pooled together for targeted
enrichment. The enriched libraries were sequenced on
HiSeq 4000 NGS platforms (Illumina) to coverage depths
of 200x. Trimmomatic was used for FASTQ file quality
control. GATK V.3.4.0 was applied to detect germline
mutations from blood control samples. VarScan V.2 was
employed for detection of somatic mutations. Anno-
tation was performed using ANNOVAR using the hgl9
reference genome. TMB was defined as the total single
nucleotide variant (SNV) counts in coding regions'* and
neoantigen was analyzed by NeoPredPipe (Neoantigen
Prediction Pipeline)."”

Bulk-RNA sequencing and analysis

Total RNA was extracted from samples using the RNeasy
FFPE kit (QIAGEN). Ribosomal RNA was depleted using
RNase H followed by library preparation using the KAPA
Stranded RNA-seq Kit with RiboErase (HMR) (KAPA
Biosystems). Library concentration was determined by
the KAPA Library Quantification Kit (KAPA Biosystems),
and library quality was accessed by the Agilent High Sensi-
tivity DNA kit on a Bioanalyzer 2100 (Agilent Technol-
ogies). The library was then sequenced on an Illumina
HiSeq NGS platform (Illumina). The CIBERSORT'
algorithm was employed to quantify the proportions and
distributions of tumor-infiltrating immune cells based on
the RNA-sequencing data. Gene set enrichment analysis
(GSEA) was performed using GSEA software (V.4.1.0) 1

Multiplex immunohistochemistry

Multiplex immunohistochemistry (mIHC) staining and
multispectral imaging were obtained to identify the
immune cell distribution in the TME using PANO 7-plex
IHC kit (Panovue, Beijing, China). Staining for CD56
(CST3576, CST, Massachusetts, USA), CD68 (CST76437,
CST, Massachusetts, USA), HLA-DR (ab92511, Abcam,
Massachusetts, USA), CD8A (CST70306, CST, Massa-
chusetts, USA) and panCK (CST4545S, CST, Massachu-
setts, USA) was performed sequencing using primary

antibodies. Different primary antibodies were sequen-
tially applied, followed by horseradish peroxidase-
conjugated secondary antibody incubation and tyramide
signal amplification. The slides were microwave heat-
treated after each tyramide signal amplification (TSA)
operation. Nuclei were stained with 4—6"-diamidino-2-
phenylindole (DAPI, Sigma-Aldrich) after all the human
antigens had been labeled. These markers were used to
simultaneously detect T cells (CD8A), natural killer (NK)
cells (CD56), macrophages (CD68/human leukocyte
antigen-DR (HLA-DR)), and tumor cells (pan cytokeratin
(panCK)). All tumor samples were divided into the tumor
parenchyma area (tumor cell-enriched region) and the
tumor stroma area according to the expression of panCK
and DAPI. To obtain multispectral images, the stained
slides were scanned using the Mantra System (Perkin-
Elmer, Waltham, Massachusetts, USA), which captures
the fluorescent spectra at 20 nm wavelength intervals
from 420 to 720 nm with identical exposure time; the
scans were combined to build a single stack image.
Images of unstained and single-stained sections were used
to extract the spectrum of autofluorescence of tissues and
each fluorescein, respectively. The extracted images were
further used to establish a spectral library required for
multispectral unmixing by inForm image analysis soft-
ware (PerkinElmer, Waltham, Massachusetts, USA). We
obtained reconstructed images of sections with the auto-
fluorescence removed by using this spectral library.

Single-cell RNA sequencing and analysis

Paired PL and LM fresh tumor samples were collected
from a patient with LM-NSCLC for single-cell RNA
sequencing (scRNA-seq). The technological details of
single-cell dissociation, scRNA-seq, and analysis were
shown in online supplemental materials.

Statistical analysis

Statistical analyses were performed using the Statis-
tical Package for Social Science (SPSS) software (V.23)
and GraphPad Prism software (V.8). The Kaplan-Meier
method was used to analyze the survival probability,
and the log-rank test was used to calculate the signifi-
cant differences. The Cox proportional hazard model
was applied for the univariate and multivariate anal-
yses to calculate the HRs and 95% CIs. The differential
tumor response rate between different organ systems or
groups was compared using the %* test. Continuous vari-
ables were assessed for normality first. A student’s paired
t-test was used to analyze the difference between the two
groups for normally distributed data, and the Wilcoxon
matched-pairs signed-rank test was used for non-normally
distributed data. Two-sided p values<0.05 were consid-
ered statistically significant.
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Table 1 Patient characteristics (clinical cohort)
Characteristic No. of patients (n=52)
Median age, years (range) 60 (25-77)
Sex, n (%)

Male 34 (65.4)

Female 18 (34.6)
ECOG PS, n (%)

0-1 50 (96.1)

23 2(3.9)
Smoking history, n (%)

Current/former 26 (50.0)

Never 26 (50.0)
Pathology, n (%)

Non-squamous 35 (67.3)

Squamous 17 (32.7)
EGFR/ALK mutated

Wild-type 42 (80.8)

Mutated 10 (19.2
Treatment line, n (%)

First 23 (44.2)

Second 14 (26.9)

Greater than or equal to third 15 (28.9)
Treatment strategy, n (%)

Monotherapy 27 (561.9)

Combination 25 (48.1)
PD-L1, n (%)

Positive 31 (59.6)
Negative 9(17.3)
Unknown 12 (23.1)

ALK, anaplastic lymphoma kinase; ECOG PS, Eastern Cooperative
Oncology Group performance status; EGFR, epidermal growth
factor receptor; PD-L1, programmed death-ligand 1.

RESULTS

Response to immunotherapy differs between PL and LM in
patients with advanced NSCLC

A total of 52 patients with advanced NSCLC with LM
who met the criteria of the clinical cohort were enrolled
to evaluate organ-specific tumor response to immuno-
therapy between PL and LM. Baseline characteristics are
summarized in table 1. The median age of patients was 60
(25 to 77), and two-thirds were men. Among them, 67.3%
(85/52) were diagnosed with non-squamous NSCLC,
and 71.1% of patients (37/52) were treated with ICI as a
firstline or second-line treatment strategy. There were 27
patients (51.9%) who received ICIs monotherapy, while
the others received ICIs-combination therapy.

All of them had evaluable target lesions in both the
liver and lung at baseline, and subsequent imaging assess-
ments were conducted to evaluate organ-specific tumor
responses. Figure 1A presents the best percentage change

in tumor burden relative to that at baseline in PL and
LM, respectively. Among these patients, the OSRR and
OSDCR of LM were lower than that of PL. (OSRR: 21.1%
vs 32.7%, p=0.185; OSDCR: 67.3% vs 86.5%, p=0.020)
(figure 1B). Given the influence of ICIs treatment strate-
gies on efficacy in patients with NSCLC, we investigated
the differences in the organ-specific tumor response
made by different treatment strategies. It seems that the
OSRR and OSDCR of LM were numerically lower than
that of PL in both the monotherapy group (OSRR: 18.6%
vs 29.6%; OSDCR: 59.3% vs 81.5%) and the ICIs-based
combination therapy group (OSRR:24.0% vs 36.0%;
OSDCR: 76.0% vs 92.0%) (online supplemental figure
S1A).

Noteworthily, of the total 52 patients, 17 showed mixed
response, among which 88.2% (15/17) presented with
LM increasing, while the others had the opposite pattern
(p=0.002), as shown in figure 1C,D. Univariate and multi-
variate analyses identified that response pattern is an
important feature that was correlated with PFS in addi-
tion to the other clinicopathologic variables including
performance status, treatment line, and treatment strat-
egies that were correlated with treatment efficacy (online
supplemental table S1). In addition, we observed that the
presence of mixed response was associated with shorter
PFS (median PFS: 2.8 months) compared with those
who had disease reduction in both PLL and LM (median
PFS: 8.9 months, p<0.001) (figure 1E). As for OS, we
found that mixed responses presented with inferior OS
compared with both reduction groups (median PFS: 9.4
vs 15.1 months, p=0.029). Univariate and multivariate
analyses also identified response patterns as an important
feature correlated with OS (online supplemental figure
S1B and table S2).

Genomic landscapes profiling by WES revealed limited
heterogeneity between paired PL and LM

As the responses to immunotherapy differ significantly
between PL and LM, we aimed to explore potential
cellular and molecular mechanisms underlying the organ-
specific response. Therefore, we performed the following
translational part by multiomics analysis to obtain
genomic, transcriptomic, and immune marker profiles of
the 27 pairs of matched PL and LM tumor samples from
another independent cohort (online supplemental table
S3) following the workflow shown in figure 2A.

To explore the mutational heterogeneity, whole-exome
sequencing (WES) was performed to identify somatic
mutations in six pairs of tumor samples (including three
PL-LM and three PL=LM to ensure the paired samples are
in the same systemic treatment status as far as possible).
We first compared the consistency of somatic mutations
between PL and LM. The consistency of genetic varia-
tion detecting by WES was 47.5%, among which SNV
was 41.1% and copy number variation (CNV) was 52.8%
(figure 2B). Although the CNV loss burden was slightly
higher in LM than in PL, there was no significant differ-
ence between these two groups (figure 2C).
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Regarding the tumor mutational burden (TMB), the
mean value of TMB of all the lesions was 6.1 mutations/
Mb, ranging from 1.4 to 11.0 mutations/Mb in PL and
from 3.4 to 12.5 mutations/Mb in LM (figure 2D). No
significant difference was found in TMB, and the number
of neoantigens predicted by SNV and indel(-type) vari-
ants between PL and LM (figure 2E).

We further analyzed the heterogeneity of mutational
genes, finding no significantly different gene mutations
between PL and LM. The most common gene muta-
tions occurred in FLG2 (100% in PL and 83.3% in LM),
MUCI17 (100% in PL and 83.3% in LM), and KLFIS8
(100% in PL and 66.7% in LM), which showed a high
degree of agreement between the two groups. Compar-
ison of PL and LM in variant classification and SNV class
revealed high consistency in both groups. Either in PL or
LM, the most common variant classification was missense

mutation, and the SNV class was C>T (figure 2F, online
supplemental figure S2).

Pro-immune signaling pathways were enriched in PL than LM
by bulk-transcriptome sequencing

To evaluate transcriptional heterogeneity between PL
and LM, we performed RNA-sequencing in 12 matched
tumor samples collected simultaneously from six patients
with NSCLC. We first compared the gene expression
profiles, identifying 571 differentially expressed genes
(DEGs), comprizing 469 genes upregulated in LM and
102 in PL (figure 3A), which was indicative of transcrip-
tional intertumoral heterogeneity in NSCLC within indi-
vidual tumors. By further analyzing all downregulated
and upregulated DEGs from each group, we found that
genes overexpressed in LM were mainly related to meta-
bolic enzymes, which was consistent with the normal
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immunohistochemistry; LM, liver metastases; LUAD, lung adenocarcinoma; LUSC, lung squamous carcinoma; mIHC, multiplex
IHC; muts/Mb, mutations per megabase; NSCLC, non-small cell lung cancer; PL, pulmonary lesions; SNV, single nucleotide
variant; TMB, tumor mutational burden; WES, whole-exome sequencing.
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Figure 3 LM shows an immunosuppressive tumor microenvironment. (A) A volcano plot of differentially expressed genes
between PL and LM with four immune-related genes downregulated in LM marked in a frame. (B) Gene set enrichment analysis
between PL and LM among three immunotherapy efficacy-related pathways: the antigen processing and presentation, NK cell-
mediated cytotoxicity, and T-cell receptor signaling pathway. (C) Gene Ontology analysis of differentially enriched biological
processes upregulated (red) or downregulated (blue) in LM. (D) The comparison of 22 immune cells proportion estimated by the

CIBERSORT approach between the PL and LM groups. Note:

*, p<0.05. DC, dendritic cell; KEGG, Kyoto encyclopedia of genes

and genomes; LM, liver metastases; NK, natural killer; PL, pulmonary lesions.

physiological function of the liver. In contrast, some
immune-related genes, including CD8A, LCK, and ICOS,
which were relevant to the activation of T cells, were
downregulated in LM.

Several gene signatures that could influence the effi-
cacy of immunotherapy were examined. Three gene
signatures positively associated with immunotherapy
efficacy including the antigen processing and presenta-
tion, NK cell-mediated cytotoxicity, and T-cell receptor
signaling pathway were slightly enriched in PL, but not
LM (figure 3B). Gene ontology analysis of differentially
enriched biological processes also showed LM was signifi-
cantly involved in the metabolic and catabolic processes
of various substances. In contrast, PL was signifi-
cantly involved in immune cell activation and immune
response process compared with LM (figure 3C),
which could partially explain the different responses to
immunotherapy.

Next, we used the CIBERSORT approach to prelim-
inarily explore the patterns of immune cell infiltration.
We found that of the 22 immune cell subtypes involved
in the CIBERSORT approach, only CDS8'T cells infil-
tration significantly differed between these two groups
(figure 3D). Using gene expression data to estimate the
abundances of member cell types in a mixed cell popula-
tion, we found that more CDS8'T cells were infiltered in
PL rather than LM (p=0.022). Moreover, an interesting
trend was observed where the infiltration of activated
memory CD4'T cell was higher in the PL group than
in LM (p=0.082), while the infiltration of the resting
memory CD4'T cell was reversed (p=0.059).

Lower fractions of T cells and NK cells were infiltrated in LM
than in PL by mIHC

To further confirm the patterns of immune cell infiltra-
tion and explore the spatial distribution of the immune
microenvironment between the PL and LM at the protein
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Figure 4 Lower fractions of CD8" cell and CD56%™ cell infiltrated in LM. (A) The positive rate of CD8* cells, CD56%™ cells,
CD56""9"* cells, CD68*HLA-DR* cells, and CD68"HLA-DR™ cells in the total tumor area, tumor parenchyma area and tumor
stroma area in the PL and LM groups. (B) The relative infiltration proportion of CD8* cells, CD56%™ cells, CD56°""* cells,
CD68"HLA-DR" cells, and CD68"HLA-DR™ cells in the tumor parenchyma area and tumor stroma area in the PL and LM groups.
(C) The changes of CD8" cells, CD56%™" cells, CD56""9"* cells, CD68*HLA-DR* cells, and CD68*HLA-DR™ cells infiltration

from PL to LM in the total population (24 pairs) and group A (8 pairs). (D) The changes of CD8" cells and CD56%™ cells in each
patient of group A. Note: *, p<0.05. HLA-DR, human leukocyte antigen-DR; LM, liver metastases; PL, pulmonary lesions.

level, the mIHC was conducted in 24 pairs of tumor
samples. As it was reported that systemic anticancer ther-
apies have a dramatic impact on TME, we included four
PT-LM and four PT=LM in a subgroup analysis, named
group A, to exclude the influence of systemic treatment
as much as possible. Herein, five morphology markers
including panCK, CD8A, CD56, CD68, and HLA-DR
were used to identify panCK' tumor cells, CD8" T cells,
CD56%4m* cytotoxic NK cells, CD56Mishe immunoregula-
tory NK cells, CD68'HLA-DR" macrophages (Ml-like),
and CD68"HLA-DR™ macrophages (M2-like).
Comparison of the infiltration of immune cells between
the parenchyma and stroma area revealed higher intra-
tumor heterogeneity of immune cell distribution in LM
than in PL, and such heterogeneity was more obvious
in group A. By analyzing the relative proportion sepa-
rately, we found the infiltration trend of CD8', CD56",
and CD68" cells were similar in the parenchyma area and
stroma area in the PL group, while CD56" cells occupied

most of the LM-tumor parenchyma area and CD68" cells
of LM-tumor stroma area (figure 4A,B).

Next, we analyzed the differences between PL and LM.
It was found that, in the total population (n=24 pairs),
PL and LM share similar patterns of the relative distribu-
tion of immune cells in whether parenchymal or stroma
area, for example, CD68"HLA-DR™ macrophages occupy
most of the stroma area in both the PL and LM group
(table 2). In group A (n=8 pairs), a more homogeneous
group, higher heterogeneity was observed between these
groups (figure 4A). Itillustrated that the effect of systemic
treatment on the TME is substantial, which may mask the
actual differences between the PL and LM groups. Simi-
larly, when we compared the density and positive rate
of these immune markers between these two groups in
the total population, only CD56" cells were significantly
higher in the PL group compared with the LM group. No
significant difference was found in CD8", CD68 ' HLA-DR',
and CD68'HLA-DR" cells (table 2). Subgroup analysis
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Table 2 Comparison of the expression of multiple immune markers between PL and LM (total population)

Tumor parenchyma area

Tumor stroma area

P value (PL P value (PL
Mean+SD Median vs LM) Mean+SD Median vs LM)
Density (n/mm?)

PL CD8*cells 681.34+828.23 341.68 433.05+429.61 253.65
CD68*HLA-DR* cells  403.26+469.81 201.96 658.91+606.64 555.37
CD68*HLA-DR cells  386.03+358.41 273.96 709.60+598.28 578.89
CD56%™ cells 547.57+814.22 203.35 590.16+659.92 436.07
CD56°"9"* cells 52.50+83.86 16.90 68.20+122.43 23.62

LM CD8* cells 542.00+951.44 189.14 0.560 743.57+1232.91 155.91 0.232
CD68'HLA-DR* cells  592.58+1323.09  131.91 0.548 1848.68+4357.52  38.54 0.202
CD68'HLA-DR cells  661.64+1298.65  201.01 0.317 938.04+1183.50 131.49 0.437
CD56%™ cells 2985.76+8153.60 132.96 0.587 149.27+447.29 64.84 0.002
CD56"M9M cells 621.74+2039.52  1.15 0.543 79.55+321.03 1.73 0.067
Positive rate (%)

PL CD8*cells 10.83+14.10 4.78 9.24+9.31 5.35
CD68'HLA-DR* cells  5.97+7.68 2.77 13.03+12.24 11.29
CD68'HLA-DR cells  5.34+5.02 4.03 13.02+7.82 14.23
CD56%™ cells 6.64+7.67 3.91 12.02+12.82 7.96
CD56°"9"* cells 0.69:+0.94 0.32 1.23+1.76 0.58

LM  CD8* cells 8.43+12.77 2.64 0.689 8.01+8.26 5.53 0.440
CD68'HLA-DR* cells ~ 3.32+3.72 1.81 0.424 12.68+15.97 4.39 0.934
CD68'HLA-DR cells  5.15+5.51 3.02 0.888 14.55+14.91 10.96 0.667
CD569™ cells 10.78+17.32 2.25 0.710 2.5415.27 0.72 <0.001
CD5619M cells 1.99+6.10 0.02 0.484 0.45+1.23 0.01 0.003

HLA-DR, human leukocyte antigen-DR; LM, liver metastases; PL, pulmonary lesions.

of group A showed significantly lower fractions of CD8"
cell and CD56%™ cell in LM, which was consistent with
our findings extrapolated from the bulk-transcriptome
sequencing data (figure 4C,D, online supplemental
figure S3,54).

To examine the correlation between immune cell infil-
tration and response to immunotherapy, we analyzed
the treatment history of patients in the translational
part. Seven patients received immunotherapy with
recorded imaging efficacy evaluation, among whom three
showed mixed responses to immunotherapy. All these
three patients presented with PL reduction while LM
increasing, and exhibited lower infiltration of CD8" cells
in LM compared with PL (online supplemental table S4).

Higher infiltration of effector CD8* T cells and cytotoxicity of
NK cells in PL by scRNA-seq

Then we performed scRNA-seq in paired PL and LM
tumor samples from an adult patient with NSCLC. Fresh
tumor samples were both collected at progression to third
epidermal growth factor receptor-tyrosine kinase inhib-
itor (EGFR)-TKI (online supplemental figure SbA). As we
found that the LM TME displays lower levels of T and
NK cell activation and infiltration than PL from bulk-RNA

sequencing and mIHC, the comparison of gene expres-
sion in T/NK cells at the single-cell level focused on
further validating these previous findings.

A total 0f 22,374 cells were identified, among which 5092
were annotated as T/NK cells according to the expres-
sion of canonical markers (CD3D, CD2, TRAC, TRBC2).
Reclustering of NK/T cells revealed eight clusters, which
were designated as Cl-effector CD8 T cells (CD8Teff),
C2-mucosal associated invariant CD8 T cells (CDSMAIT),
C3-effector memory CD8 T cells (CD8Tem), C4-NK cells,
Cb-Helper CD4 T cells (HelperT), C6-Regulatory CD4
T cells (Treg), C7ISG T cells (IFN-associated-T, highly
expressed interferon-stimulated genes), and C8-MKI67
T cells (proliferatingT, highly expressed cell-cycle
genes) (figure 5A,B). Consistent with the previous find-
ings, the proportions of Treg and CD8Tem were higher
in LM, while CD8Teff and HelperT were higher in PL
(figure 5C,D).

NK cell-mediated cytotoxicity and T-cell receptor
signaling pathway were also enriched in PL compared
with LM when NK cells and T cells were isolated for anal-
ysis at the single-cell level (figure 5E), after which T-cell
activation and cytotoxicity scores were evaluated for each
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Figure 5 The scRNA-seq profiling of T/NK cells in paired PL and LM. (A) Uniform manifold approximation and projection
(UMAP) plot of T/NK cells profiled in the present study colored by subcluster. (B) Feature plots showing the normalized
expression of canonical marker genes in each subcluster of T/NK cells. (C) Proportions of T/NK cell subtypes in PL and LM,
respectively. (D) UMAP plot of the representative gene for CD8Teff, HelperT, Treg, and CD8Tem. (E) GSEA between PL and

LM among the T-cell receptor signaling pathway and NK cell-mediated cytotoxicity in isolated T and NK cells. (F) UMAP

plot showing the T-cell activation and cytotoxicity scores in PL and LM. (G) Column chart showing the T-cell activation and
cytotoxicity scores in each subcluster of T/NK cells. (H) Bubble diagram depicting the significant chemokines and (1) ligand-
receptor interactions in PL and LM. GSEA, gene set enrichment analysis; LM, liver metastases; NK, natural killer; PL, pulmonary
lesions; scRNA-seq, single-cell RNA sequencing.
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T/NK cluster. All eight clusters exhibited higher acti-
vation scores in PL than in LM, among which CD8Teff
and IFN-associated-T showed the highest score. NK cells,
HelperT, IFN-associated-T, and proliferatingT possessed
higher cytotoxicity scores in PL than in LM. Noteworthily,
NK cells had substantially higher cytotoxicity scores than
the other clusters (figure 5F,G).

Understanding the molecular interactions is important
to comprehend the mechanisms of distinct T/NK cells
distribution. We then performed the cell-cell connections
in PL and LM, respectively, finding that PL has higher
levels of Teff-recruiting chemokines (CCL23, CCL13,
CCL18, and CCL3), while LM could recruit more Treg
through CCL18_CCRS8 and SPP1_CCRS (figure 5H)."
Besides, T/NK cells in LM could be regulated through
specific ligand-receptor pairs: such as CLEC2D_ KLRB1
and SIGLEC10_CDb52, which were both associated with
the inhibition of T/NK cells proliferation and activa-
tion.'"” On the other hand, the PDCDI1 and CD274 pair,
which was the target of PD-1/L1 inhibitors, was detected
among the interactions of CD8Teff with macrophages in
PL instead of LM (figure 5I). It was suspected that the
activity of CD8Teff in LM-TME could not be restored after
the usage of PD-1/L1 inhibitors. Besides, we found that
programmed cell death pathways in T cells, including
apoptosis, ferroptosis, and necroptosis, were all enriched
in LM instead of PL (online supplemental figure S5).

Overall, our results collectively illustrated a more
suppressive TME in LM compared with PL: lower levels
of activation and infiltration of CD8'T and NK cells, and
diminution of their cytotoxic capacity.

DISCUSSION

It is the first study using strictly paired tumor samples
to explore organ-specific response and TME between
PL and LM from patients with NSCLC, which revealed
organ-specific differences in the clinical tumor response
to ICIs and its protentional mechanism across genomic,
transcriptomic, and multiple immune markers protein
levels. We demonstrated limited heterogeneity in the
genomic landscape between paired PL and LM tumors;
however, the LM TME displayed lower immune activa-
tion and infiltration levels than PL. The more suppres-
sive TME profiling by multiomics analysis might explain
the inferior organ-specific response of immunotherapy in
LM.

Previous clinical studies on NSCLC showed that the
presence of baseline LM was associated with diminished
efficacy of immunotherapy.® *! Our study included a clin-
ical cohort to evaluate organ-specific tumor responses,
finding that the responses to ICIs differed significantly
between PL and LM. An inferior response to ICIs in
LM and a favorable tumor response in PL was observed.
Consistent with our findings, some studies reported that
tumor responses to ICIs varied significantly depending
on the organ in which the tumor was located, which is
not unique to NSCLC."”*' In a subgroup analysis from

KEYNOTE-001, individual lesions from 37 patients with
melanoma were analyzed, showing that lung lesions had
the highest rate of CR (42.3%), followed by peritoneal
(37.3%) and liver (24.4%) metastatic lesions.” Moreover,
we found that such a mixed organ-specific response to
ICIs was significantly correlated with negative survival
benefits.

Mixed response is not rare in patients with NSCLC
treated with TKIs or chemotherapy. It was reported that
the incidence of a mixed response to EGFR-TKI and
chemotherapy was 21.5% (53/246), which mainly orig-
inated from genetic heterogeneity.”” The present study
found genomic landscapes profiling by WES revealing
limited heterogeneity between paired PL and LM tumors.
High consistency in SNV, CNV, TMB, mutational genes,
and variant classification was also detected. Accordingly,
we concluded that genetic heterogeneity could not
explain the different organ-specific responses of immu-
notherapy between paired PL and LM.

TME plays an important role in ICIs inducing anti-
tumor effects. Heterogeneous TME of various organs
may potentially influence tumor growth and responses
to anticancer treatment.” Our findings further clarify
the tissue specificity of TME in NSCLC with LM.
Various cancer models found differences in the tumor
and TME were also metastatic organ dependent.'! #*™
It was reported that tumors from renal, colon, or
prostate cell lines in orthotopic locations responded
to immunotherapy much less than the same tumor
type subcutaneously located despite the injection of
genetically-matched cancer cells. Besides, orthotopic
tumors had a microenvironment related to immuno-
suppression compared with subcutaneous tumors. It
was emphasized that the site of disease determines the
tumor response to immunotherapy by cross-implanting
renal tumor cells harvested from one site into another.*
All these findings indicate that the tissue surrounding
the tumor, varying with the anatomical site, has a major
impact on the TME.

Further investigations are needed to identify distinc-
tive tissue-specific signatures important in regulating the
TME, as these could potentially inform future therapeutic
strategies against hepatic-metastatic NSCLC. However,
studying these organ-specific differences has been chal-
lenging, for collecting matched tumor samples from
different metastatic sites of the same individual is inher-
ently tricky. Since there is rarely ever a need for simul-
taneous multisite biopsy for clinical decision-making in
NSCLC. Previous studies about organ-specific TME have
always used animal models or non-strictly paired NSCLC
tumor samples.'’ ¥ Comparative analysis of paired tumor
samples from the same patients could be more indicative
of the organ-specific TME differences after excluding
individual heterogeneity. Herein, we detected 27 pairs of
strictly paired PL. and LM tumor samples, including six
simultaneously collected pairs, from the same individuals
to identify the organ-specific TME signatures of PL and
LM in NSCLC.
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Because of its inhibitory immunomodulation prop-
erties, the liver is viewed as a unique organ constantly
exposed to various foreign antigens released from the
gastrointestinal tract.?” * Previous studies on LM TME
were mostly in colorectal cancer since patients with
colorectal cancer with LM still have the opportunity for
radical surgical resection against the primary lesion and
LM. However, data about NSCLC-LM is lacking, especially
those comparing LM and PL. In the present study, we
suggested a higher threshold of immune suppression to
overcome in LM for antitumor immunotherapy, including
lower levels of activation and infiltration of CD8'T cells as
well as NK cells and diminution of their cytotoxic capacity
in the overall comparison of TME in paired PL and LM.
When examining the correlation between immune cell
infiltration and response to immunotherapy, we also
found that those with mixed response infiltrated a lower
fraction of CD8" cells in LM than in PL. It was suspected
that CD8" T cells might have an important role in the
inferior organ-specific response of LM. Adoptive T or
NK cell therapy might be a potentially effective approach
to improve the infiltration and activity of T cells and NK
cells in the LM. A combination of ICIs and adoptive T/
NK cell therapies are currently being investigated in clin-
ical trials (NCT03645928, NCT03215810, NCT05395052,
NCT03941262), and some of them had preliminarily
reported encouraging results.* %’

In addition, CD274 and PDCDI1_CD274 interaction
expressions were significantly lower in LM compared
with PL. It is possible that PD-1/L1 blockade as a single
agent might not exert a satisfactory local antitumor effect
in LM, and a combination of anti-PD1 therapy with strat-
egies to improve the TME might be a better solution.
Growing evidence has revealed that angiogenic mole-
cules, particularly vascular endothelial growth factor, have
an important role in immunosuppression in the TME
via various mechanisms.” Several studies reported that
anti-angiogenic therapy could increase the infiltration
of cytotoxic T lymphocytes and enhance the expression
of PD-L1.** A randomized trial comparing the efficacy
of PD-LI inhibitors with or without anti-angiogenesis
drugs targeting patients with NSCLC with LM is currently
recruiting (NCT04563338).

However, the present study has some limitations. Given
the nature of a single-center observational clinical cohort
study, our results must be interpreted cautiously. In addi-
tion, the PL and LM samples we chose in this study were
strictly paired samples from the same individuals, which
resulted in a limited sample size (n=27 pairs, including 6
simultaneously collected pairs). Still, comparative analysis
of strictly paired tumor samples could be more indicative
of the organ-specific TME differences after excluding
individual heterogeneity. Even limited, it is the first study
using a relatively large sample size to explore organ-
specific TME between PL and LM by analyzing paired
tumor samples from patients with NSCLC. Multiomic
approaches, including WES, RNA-sequencing, and mIHC
were used to extract as much information about TME as

possible from limited samples; however, more studies are
needed to confirm our results further.

In summary, our study demonstrated the organ-specific
tumor response to ICIs and delineated tissue specificity of
TME in pulmonary and liver-metastatic NSCLC. A more
immunosuppressive tumor ecosystem of LM in NSCLC
was uncovered, which provides insights into the mecha-
nisms underlying the inferior organ-specific response of
immunotherapy and information for the development
of precise immunotherapy strategies for patients with
NSCLC with LM.
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