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Integrated omics characterization reveals 
reduced cancer indicators and elevated 
inflammatory factors after thermal ablation 
in non‑small cell lung cancer patients
Xinglu Zhang1†, Shuai Shao1†, Nan Song2, Baolu Yang1, Fengjiao Liu1, Zhaohui Tong1,2*, Feng Wang1* and 
Jieqiong Li2* 

Abstract 

Background  Thermal ablation is a minimally invasive treatment for non-small cell lung cancer (NSCLC). Aside 
from causing an immediate direct tumour cell injury, the effects of thermal ablation on the internal microenvironment 
are unknown. This study aimed to investigate the effects of thermal ablation on the plasma internal environment 
in patients with NSCLC.

Methods  128 plasma samples were collected from 48 NSCLC (pre [LC] and after thermal ablation [LC-T]) patients 
and 32 healthy controls (HCs). Olink proteomics and metabolomics were utilized to construct an integrated landscape 
of the cancer-related immune and inflammatory responses after ablation.

Results  Compared with HCs, LC patients exhibited 58 differentially expressed proteins (DEPs) and 479 differentially 
expressed metabolites (DEMs), which might participate in tumour progression and metastasis. Moreover, 75 DEPs 
were identified among the HC, LC, and LC-T groups. Forty-eight highly expressed DEPs (eg, programmed death-
ligand 1 [PD-L1]) in the LC group were found to be downregulated after thermal ablation. These DEPs had significant 
impacts on pathways such as angiogenesis, immune checkpoint blockade, and pro-tumour chemotaxis. Metabo-
lites involved in tumour cell survival were associated with these proteins at the expression and functional levels. 
In contrast, 19 elevated proteins (eg, interleukin [IL]-6) were identified after thermal ablation. These proteins were 
mainly associated with inflammatory response pathways (NF-κB signalling and tumour necrosis factor signalling) 
and immune cell activation.

Conclusions  Thermal ablation-induced changes in the host plasma microenvironment contribute to anti-tumour 
immunity in NSCLC, offering new insights into tumour ablation combined with immunotherapy.
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Introduction
Lung cancer (LC) is the second most prevalent cancer 
worldwide and the leading cause of cancer-related deaths, 
according to GLOBOCAN 2020 estimates of cancer inci-
dence and mortality [1]. Histologically, non-small cell 
lung cancer (NSCLC) is the most common pathological 
type of LC, comprising approximately 85% of cases [2]. 
Despite considerable advances in anti-tumour drugs and 
immunotherapy in recent years, the 5-year survival rate 
is low (25·4%) [3]. Surgical resection is generally recom-
mended for patients with early-stage NSCLC. However, 
more than 15% of patients with stage I or II NSCLC and 
30% of patients aged > 75 years are considered ineligible 
for curative surgery [4].

Thermal ablation, which encompasses techniques such 
as radiofrequency ablation, microwave ablation, and cry-
otherapy, is a minimally invasive therapeutic approach. 
Of these, the first two techniques rely on focal tissue 
heating to denature proteins and dissolve lipids in tumour 
cells. In contrast, cryoablation involves the application 
of low temperatures to the targeted tissue, resulting in 
necrosis of the tumour cells. Thermal ablation has been 
used in the treatment of various tumours [5–7]. Because 
it can preserve maximal pulmonary function, thermal 
ablation is considered a safe and effective modality for 
controlling unresectable lung tumours, with the potential 
for high patient survival [8–10]. However, thermal abla-
tion can cause a peripheral immune response by inducing 
an inflammatory response and tumour-associated anti-
gen release. The various outcomes of thermal ablation 
depend on diverse factors including interactions between 
tumour damage and micromolecules, as well as the bal-
ance between beneficial and detrimental host immune 
responses. Yang et  al. showed that thermal ablation 
could slightly inhibit cellular immunity, thereby affect-
ing anti-tumour immunity [11]. Recently, there has been 
increasing interest in performing thermal ablation with 
immunotherapy to enhance anti-tumour effects [12–14]. 
The effect of thermal ablation on the internal microenvi-
ronment may be directly associated with patient progno-
sis. Thus far, changes in the host microenvironment after 
thermal ablation are not fully understood.

Blood is an ecological information bank that com-
prises complicated and highly coordinated interactions 
among diverse molecules, including proteins and metab-
olites. Multi-omics analysis of molecular interactions in 
blood has helped to elucidate internal conditions after 

treatment. He et al. conducted metabolomics at distinct 
time points to determine whether metabolic alterations 
are corrected by curative surgery [15]. Wu et al. utilised 
a multi-omics approach to investigate the effects of local 
cryoablation on the distal tumour microenvironment, 
providing a theoretical basis for cryoablation in combi-
nation with other immunotherapy regimens [16]. Dong 
et al. performed liquid chromatography–mass spectrom-
etry (LC–MS)-based metabolomic analysis of serum 
samples, combined with 16S rRNA analysis using the 
Illumina MiSeq platform, to explore the safety and feasi-
bility of nsPEF application in porcine livers [17]. Notably, 
plasma small molecules can reflect changes in the host 
after surgical intervention, providing important data to 
guide treatment planning. To our knowledge, most data 
concerning thermal ablation-induced immune responses 
have been derived from studies of mouse peripheral 
blood samples. Comprehensive analyses of human 
plasma samples are needed for the translation of thermal 
ablation to NSCLC treatment.

Here, we performed plasma proteomics and metabo-
lomics analyses of NSCLC patients before and after 
thermal ablation during the perioperative period; we 
examined whether proteomic and metabolic alterations 
were corrected by curative surgery. Additionally, we 
sought to identify molecular indicators of better thera-
peutic responses to thermal ablation. The findings may 
provide useful insights for the development of novel 
combination therapies.

Methods
Patients and procedures
From February 2023 to January 2024, 136 patients with 
pulmonary ground-glass nodules were admitted to Bei-
jing Chaoyang Hospital; among these patients, 48 indi-
viduals were recruited for this study (Chinese Clinical 
Trial Registry, ID: ChiCTR2300076517). Patient inclu-
sion criteria were pathological and imaging evidence 
of NSCLC; multicentric primary NSCLC, or the pres-
ence of comorbidities ineligible for surgery; refusal to 
undergo surgery or other local treatment (eg, stereotactic 
body radiotherapy); and never received any anti-tumour 
chemotherapeutic agents or immunotherapy. Thirty-two 
healthy controls (HCs) were recruited from volunteers 
who underwent medical examinations at Beijing Chaoy-
ang Hospital during the study period. All patients in this 

https://www.chictr.org.cn/index.html


Page 3 of 18Zhang et al. Respiratory Research          (2024) 25:309 	

study provided written informed consent before thermal 
ablation.

Microwave ablation was performed in our operating 
room by two pulmonologists with 4 and 5 years of expe-
rience. Electromagnetic navigation bronchoscopy (ENB) 
guidance was used when the chest computed tomogra-
phy (CT) image showed a clear small airway through or 
near the nodule or closer to the central area. Otherwise, 
percutaneous CT guidance was used when the chest CT 
image showed nodules near the peripheral 1/3 zone of 
the lung, or when there was no small airway through or 
near the tumour. Considering nodule location and dis-
tance from small airways, 36 patients underwent CT-
guided percutaneous microwave ablation, and 12 patients 
underwent ENB-guided microwave ablation therapy.

During CT-guided percutaneous microwave ablation, 
the patient was positioned according to the pre-deter-
mined puncture path, and a positioning fence was placed. 
A standard chest CT scan was performed to determine 
the puncture plane. The puncture site was determined 
using the fence grid. When the tumour location had been 
determined, the corresponding area of the body surface 
was prepared and sterilised. The patient was adminis-
tered local anaesthesia via pleural surface injection of 
2% lidocaine. When the needle reached the lesion, abla-
tion was performed for 6–9 min at a power of 40–60 W, 
depending on lesion size. The microwave system used a 
2450 MHz generator and a 1·1 cm straight antenna. Upon 
completion of ablation, a CT scan of the whole chest was 
performed to detect any postoperative complications, 
such as pneumothorax or bleeding. The target ablation 
margin was at least 5 mm of normal tissue surrounding 
each nodule.

Before ENB-guided microwave ablation, a virtual bron-
chial image was created using a preoperative thin-slice 
CT reconstruction of the patient’s chest. Nodules on the 
CT image were regarded as targets, and airways were 
identified by labelling on the corresponding virtual bron-
chial tree images. All procedures were performed using a 
single-lumen endotracheal tube or laryngeal mask airway 
involving a flexible bronchoscope (BF-UC260FW, Olym-
pus). Patients were placed under general anaesthesia and 
an anaesthesiologist was present throughout the ablation 
procedure. A bronchial navigation system (Archimedes 
System, Broncus Medical, Inc., San Jose, CA, USA) was 
utilised to accurately locate the pulmonary lesion. When 
the peripheral catheter had reached the lesion site, a 
flexible microwave antenna (MTC-3CA-II6/Φ1·8  mm; 
Vison-China Medical Devices R&D Center), which was 
water-cooled and coupled to a microwave platform, was 
inserted into the tumour through the peripheral cath-
eter. Based on our experience, treatments were generally 
performed using 40–60  W power for 5–10  min. When 

necessary, repeat ablation was performed using a differ-
ent route to ensure better tumour coverage. Upon com-
pletion of ablation, a CT scan of the entire chest was 
performed to determine extent of ablation and detect any 
postoperative complications. Oxygen administration and 
electrocardiogram monitoring were performed through-
out the procedure.

Blood samples collection and processing
To isolate plasma, peripheral venous blood samples 
(2  mL/ethylenediaminetetraacetic acid [EDTA] tube) 
were collected from each patient at two time points. The 
first baseline sample (LC) was collected before ablation, 
and a second sample (LC-T) was collected 24 h after abla-
tion. All blood samples were centrifuged at 2000 × g for 
20 min at 4 ℃. Plasma was then separated, flash-frozen 
in liquid nitrogen, and stored at −80 ℃ until multi-omics 
analysis. Additionally, plasma samples from 32 HCs were 
processed and stored in the same manner.

Olink proteomics analysis
The Olink® Target 96 immuno-oncology proteomics plat-
form (Olink® Bioscience, Sweden) was used to analyse 
EDTA plasma samples. This platform can simultaneously 
assess 92 specific immuno-oncology-related proteins 
using 1 µL of each sample (Supplementary Table 1). The 
platform uses a proximity extension assay methodology 
combined with next-generation sequencing output to 
accurately quantify the amounts of 92 proteins in each 
sample. The primary outputs were Cq values (quantifica-
tion cycle number) corresponding to each protein. These 
Cq values were normalised and presented in the form of 
normalised protein expression (NPX) units on a logarith-
mic scale. Higher NPX values correspond to higher pro-
tein expression. The entire experimental procedure was 
monitored by four internal controls, including two incu-
bation/immunisation controls (non-human antigen and 
antibody pair), an extension control (IgG antibody and 
matching probes), and a detection control (a complete 
double-stranded amplicon). Additionally, eight external 
controls were utilised to ensure quality control (QC) and 
to normalise the data. The external controls comprised 
two sample controls (to estimate precision between 
batches), three negative controls (to detect background 
signals), and three inter-plate controls (to normalise 
data). The quality of each sample was assessed by calcu-
lating the standard deviations of the detection and incu-
bation/immunisation controls. The NPX values of the 
incubation/immunisation controls and detection con-
trols for each sample were within a range of ± 0·3 NPX 
from the median of the run. Samples with deviations > 0·3 
NPX did not meet the QC criteria.
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Metabolomic analysis
Samples were removed from −80 ℃ storage and defrosted 
at room temperature. For each sample, 100 µL were 
placed in a 1·5-mL Eppendorf tube containing 400 μL of 
a chilled solution comprising methanol and acetonitrile 
(1:1 volume ratio). The mixtures were agitated using a 
vortex mixer for 1 min. Subsequently, samples were sub-
jected to ultrasonic extraction in an ice water bath for 
10 min. Finally, the samples were stored at −20 °C for 60 
min. The resulting extracts were centrifuged at 13,000 
rpm for 10 min at 4 °C. The supernatants (100 µL each) 
were lyophilised in glass vials using a centrifugal dryer. 
Next, each sample was supplemented with 200  μL of 
water and methanol (4:1 volume ratio). The samples were 
vortexed for 30 s, subjected to ultrasonic extraction for 3 
min in an ice water bath, and then stored at −20 °C for 2 
h. Subsequently, the samples were centrifuged at 13,000 
rpm for 10 min at 4 °C. The supernatant in each tube was 
extracted using a crystal syringe, passed through a 0·22-
μm microfilter, and transferred to a vial. Processed sam-
ples were stored at −80 °C until LC–MS analysis. Pooled 
QC samples were prepared by combining small volumes 
of all experimental samples.

High-performance liquid chromatography (ACQUITY 
UPLC I-Class plus) was performed in this study. Target 
chemicals were separated by liquid chromatography on 
a chromatographic column (ACQUITY UPLC HSS T3; 
100 mm × 2·1 mm, particle size: 1·8 µm). Under full-loop 
injection mode, a 5-µL injected sample volume was used 
for each run. The mobile phase had a flow rate of 0·35 
mL per minute. Gradient elution was conducted using 
mobile phase A (water containing 0·1% formic acid) 
and mobile phase B (acetonitrile containing 0·1% formic 
acid). Mass spectrometry experiments were performed 
with the Thermo-Q-Exactive instrument. Measurements 
were collected in both positive and negative V-geom-
etry modes. The spray voltages were set to 3800 V and 
-3000 V, respectively. Other parameters were established 
as follows: capillary temperature, 320℃; sheath gas flow 
rate, 35 Arb; aux gas flow rate, 8 Arb; full MS resolution, 
70,000; MS/MS resolution, 17500; and collision energy, 
10/20/40.

Statistical analysis of multi‑omics data
Raw LC–MS data were analysed using Progenesis QI 
v3·0 software (Nonlinear Dynamics, Newcastle, UK) for 
peak detection, baseline filtration, retention time cor-
rection, and peak alignment and normalisation. Pro-
teins and metabolites were compared between the two 
groups using two-tailed Student’s t-tests, and P-values 
were adjusted by Benjamini–Hochberg correction (adjust 
P < 0·05). Statistical significance in multigroup analy-
ses was calculated by one-way analysis of variance and 

Tukey’s honestly significant difference test. Fold change 
(FC) values were calculated to compare each pair of 
groups. Compounds exhibiting FC values > 1·5 or < 0·67 
(P < 0·05) were considered significantly different between 
the two groups. Compound identification relied on accu-
rate determination of the mass-to-charge ratio (M/z), 
studies of secondary fragments, and assessments of iso-
topic distribution; these qualitative analyses were per-
formed on the Human Metabolome Database (HMDB), 
Lipidmaps (V2·3), and Metlin databases.

Differentially expressed proteins (DEPs) and differen-
tially expressed metabolites (DEMs) were depicted using 
volcano plots and heatmaps. Partial least squares-discri-
minant analysis (PLS-DA) of omics data was conducted 
on the BioDeep Platform (https://​www.​biode​ep.​cn). 
Multi Experiment Viewer software (MeV, version 4·7·4) 
was used to display heatmaps. Signalling pathway analy-
sis was conducted with the Kyoto Encyclopedia of Genes 
and Genome (KEGG) database (https://​www.​kegg.​jp/​
kegg/). Volcano plots were established using a combina-
tion of FC and t-tests.

Results
Baseline characteristics
We first compared baseline data between LC patients 
and HCs. In total, 80 individuals (48 LC patients and 
32 HCs) were included in this study. Olink proteom-
ics and untargeted metabolomics were performed to 
establish a comprehensive molecular landscape of the 
LC patients (Fig.  1). The patient characteristics are dis-
played in Table  1. There were no statistically significant 
differences between LC patients and HCs in terms of 
age, sex, smoking history, and comorbidities (P > 0·05). 
Among LC patients, the mean tumour size was 11·7 ± 4·5 
mm and most tumours (93.7%) were adenocarcinomas. 
Tumour staging was determined to be at an early stage 
in all patients, including those with adenocarcinoma 
in situ and stage T1. Approximately 75% of the patients 
were treated with CT-guided percutaneous microwave 
ablation, whereas 25% of the patients were treated with 
ENB-guided microwave ablation; these treatments were 
dependent on the locations of lung nodules.

Omics profiling of LC patients
Elevated cancer‑related proteins in LC patients
Using the Olink immuno-oncology proteomics plat-
form, we detected 92 pre-specified proteins in plasma 
samples from LC patients and HCs (Supplementary 
Table  2·1). A boxplot of Olink proteomics data (Fig-
ure S1a) was generated to confirm validity. PLS-DA 
revealed a clear distinction between LC patients and 
HCs (Fig.  2a). The comparison revealed 58 DEPs 
between the LC and HC groups. As shown in Fig.  2b, 

https://www.biodeep.cn
https://www.kegg.jp/kegg/
https://www.kegg.jp/kegg/
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Fig. 1  Study overview. Eighty individuals including 48 lung cancer patients and 32 HCs were recruited. Plasma samples were collected from each 
participant for Olink proteomics and metabolomics to identify lung cancer-related DEPs and DEMs

Table 1  Summary of participant demographics and tumour characteristics at baseline

SD Standard deviation, PCI Percutaneous coronary intervention, CT Computed tomography, ENB Electromagnetic navigation bronchoscope

Variable Lung cancers (n = 48) Healthy controls (n = 32) P value

Age(yr)

 Mean ± SD 65.5 ± 7.6 65.6 ± 8.1 0.921

  ≥ 65 32(66.7%) 20(62.5%) 0.702

  < 65 16(33.3%) 12(37.5%)

Gender

 Male 19(39.6%) 15(46.9%) 0.518

 Female 29(60.4%) 17(53.1%)

Smoking history

 Yes 22(45.8%) 13(40.6%) 0.645

 No 26(54.2%) 19(59.4%)

Comorbidities

 Hypertension 19(39.6%) 9(28.1%) 0.853

 Diabetes Mellitus 10(20.8%) 6(18.8%)

 Coronary heart disease or PCI 8(16.7%) 3(9.4%)

 Tumor size(mm) 11.7 ± 4.5 – /

Histology

 Adenocarcinoma 45(93.7%) – /

 Squamous cell carcinoma 3(6.3%) – /

Stage

 TisN0M0 2(4.2%) – /

 T1aN0M0 18(37.5%) – /

 T1bN0M0 25(52.1%) – /

 T1cN0M0 3(6.2%) – /

Ablation pathway

 CT-guided percutaneous microwave ablation 36(75.0%) – /

 ENB-guided microwave ablation 12(25.0%) – /

 Total ablation time (min) 8.0 ± 1.2 – /
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Fig. 2  Altered cancer-related proteins in LC patients. a PLS-DA score plots of differentially expressed proteins (DEPs) in HC and LC groups. b 
Heatmap of DEPs between HC and LC groups (FC > 1·5 or < 0·67, adjust P < 0·05). c Volcano plot showing the top 10 upregulated and downregulated 
proteins with the greatest differences between HC and LC groups. d GO analysis of DEPs between HC and LC groups. e KEGG analysis of DEPs 
between HC and LC groups. Top pathways are shown in this figure
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most DEPs (55/58, 94·8%) exhibited greater expres-
sion in the LC group than in the HC group. The top 
10 upregulated proteins with the greatest differences 
were CXCL-1, IL-7, IL-8, MMP7, CD4, CD5, DCN, 
CXCL5, PD-L2, and CX3CL1 (Fig.  2c). GO analysis 
and KEGG pathway enrichment analysis were per-
formed with a focus on these DEPs. The GO analysis 
(Fig. 2d) demonstrated enrichment in processes related 
to cell chemotaxis and signal transduction, whereas 
KEGG enrichment analysis (Fig.  2e) indicated that 
tumour-related signalling pathways were upregulated. 
Furthermore, the GO analysis and KEGG enrichment 
analysis showed that natural killer cell-mediated cyto-
toxicity was downregulated, which could promote 
tumour immune escape and metastasis [18]. Collec-
tively, these results indicated that the elevated plasma 
proteins are mainly involved in intercellular chemotaxis 
and signal transduction, with important implications in 
tumour progression and metastasis.

Disturbed metabolism in LC
In parallel, we conducted a metabolomics analysis and 
identified a total of 3459 metabolites. A boxplot of 
metabolomics data (Figure S1b) was generated to con-
firm validity. PLS-DA (Fig. 3a) was performed to com-
pare metabolite expression between LC and HC groups. 
Overall, 479 DEMs were identified between HC and 
LC groups based on FC values > 1·5 or < 0·67 (P < 0·05) 
(Fig.  3b). Of these 479 DEMs, 229 were upregulated 
and 250 were downregulated in LC patients compared 
with HCs (Fig.  3c, Supplementary Table  2·2). Intrigu-
ingly, we found that the up- and downregulated DEMs 
exhibited distinct hierarchical clustering between the 
two groups (Fig.  3b). DEMs related to amino acids, 
azoles, fatty acyls, glycerolipids, and glycerophospho-
lipids were all substantially decreased in LC patients 
compared with HCs. Conversely, DEMs related to pre-
nol lipids, purines, pyrimidines, sphingolipids, steroids, 
and steroid derivatives were considerably increased in 
LC patients compared with HCs. Moreover, we found 
that the upregulated DEMs were enriched in tumour-
associated metabolic pathways such as primary bile 
acid biosynthesis [19], arginine and proline metabolism 
[20, 21], purine metabolism [22], and folate biosyn-
thesis [23], consistent with previous studies. In con-
trast, the linoleic acid metabolism pathway, reportedly 
associated with anti-tumour effects [24], was signifi-
cantly suppressed because DEMs in this pathway were 
decreased in LC patients compared with HCs (Fig. 3d). 
Overall, our findings of metabolic dysfunction in LC 
patients are consistent with the results of previous 
plasma metabolomics studies.

Significant changes in plasma proteins and metabolites 
among LC patients after thermal ablation
Thermal ablation is a minimally invasive therapeutic 
technique that utilises focal tissue heating for tumour 
treatment. To assess the effectiveness and safety of this 
procedure, we collected plasma from patients before 
(LC) and 24 h after (LC-T) thermal ablation to explore 
its effects via proteomics and metabolomics (Fig. 4a). The 
row data of patients and controls were shown in Table S3.

As shown in Fig.  4b, there was a clear distinction 
between LC patients and HCs; there was also a signifi-
cant difference between LC and LC-T groups. In total, 75 
DEPs were identified among the three groups (Fig.  4c). 
There were 43 DEPs (31 decreased and 12 increased) 
between the LC and LC-T groups (Supplementary 
Table 2·1). Our results implied that most altered proteins 
tended to slightly return to healthy levels after thermal 
ablation.

As an assessment of the overall associations between 
biochemical parameters and outcomes, we utilised 
redundancy analysis to clarify how explanatory variables 
influenced differences among the three groups. As shown 
in Fig.  4d, redundancy analysis revealed a clear corre-
lation of the LC group with higher levels of cell migra-
tion-related proteins (ANGPT1, TIE2, EGF, CXCL5, 
CCL17, ADA) and cell adhesion-related proteins (CD5, 
LAG3, TNFRSF21). Three expression patterns including 
an inverted “V” cluster (cluster 1), an increasing clus-
ter (cluster 2), and a decreasing cluster (cluster 3) were 
observed across the different groups (Fig.  4e). Taken 
together, these findings suggested that thermal ablation 
could repair damage to the microenvironment, highlight-
ing possible therapeutic roles for such proteins.

Metabolomic changes induced by thermal ablation
We also explored whether thermal ablation affected 
plasma metabolism. To determine the metabolomic 
effects of thermal ablation, we utilised untargeted metab-
olomics for analysis of DEMs in the plasma of LC patients 
before and after treatment (Supplementary Table  2·2). 
PLS-DA (Figure S2a) and a Venn diagram (Figure S2b) 
highlighted DEMs identified in each pairwise compari-
son. These DEMs were then depicted in heatmap format 
to show the effects of thermal ablation on LC patients. 
Next, we examined expression patterns (Figure S3a) and 
conducted KEGG analysis (Figure S3b) to facilitate fur-
ther correlation studies.

Reduced cancer indicators and related tumour activity 
pathways after thermal ablation
Multiple studies have revealed that tumour patients 
display substantial differences in tumour-associated 
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signalling pathways after thermal ablation [25]; how-
ever, the mechanisms underlying these differences, 
especially in human samples, remain unclear. It is also 
unclear how metabolites, key factors in the regulation 
of such pathways and production of required compo-
nents, are involved in these processes. To address these 

uncertainties, we analysed DEPs from inverted “V” 
cluster (cluster 1).

As shown in Fig. 5a, 48 DEPs with high expression in 
the LC group showed a decreasing trend in plasma col-
lected at 24 h after thermal ablation. For example, we 
observed that the levels of CXCL11 and CXCL5, with 

Fig. 3  Altered cancer-specific metabolites in LC patients. a PLS-DA score plots of differentially expressed metabolites (DEMs) in HC and LC groups. 
b Heatmap of DEMs between HC and LC groups (FC > 1·5 or < 0·67, adjust P < 0·05). c Volcano plot showing 229 upregulated DEMs and 250 
downregulated DEMs in LC patients compared with HCs. d KEGG enrichment analysis of DEMs between HC and LC groups
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Fig. 4  Landscapes of differentially expressed proteins (DEPs) among HC, LC, and LC-T groups. a Study overview. Plasma samples were collected 
from lung cancer patients at 24 h after thermal ablation, then subjected to Olink proteomic and metabolomic analyses to construct an integrated 
network. b PLS-DA score plots of DEPs in HC, LC, and LC-T groups. c Venn diagram showing the number of DEPs in each group. d Redundancy 
analysis plot showing explanatory variables that contributed to differences among the three groups. e Hierarchical clustering illustrating three 
DEP patterns across the three groups. Each line in the figure represents a protein, and the orange line represents the mean expression level of all 
proteins
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Fig. 5  Reduced cancer indicators and related pathways after thermal ablation. a Heatmap of 48 decreased DEPs after ablation among the three 
groups. The two columns show the fold change (FC) values of DEPs in each cohort. b GO analysis and KEGG enrichment analysis of decreased DEPs 
after ablation. c Spearman correlation analysis of DEPs and DEMs (R > 0·5 and P < 0·05). d Interactions between DEPs and DEMs
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roles in fibroblast-directed carcinoma invasion [26], 
were substantially lower in the LC-T group than in the 
LC group. Our results implied that some metastatic fac-
tors were significantly reduced after surgery. Moreo-
ver, CXCL9, CXCL5, CXCL13, CXCL11, CXCL1, and 
CX3CL1, which have been associated with cell adhesion 
and cell migration [27], demonstrated an inverted “V” 
trend after treatment. Similar expression patterns were 
observed among proteins associated with angiogenesis 
(CX3CL1, CXCL13, ANGPT1, FGF2, EGF, CD40, and 
NOS3) and immune checkpoint blockade (PD-L1, EGF, 
CD4, and PDCD1) (Figure S4).

Intriguingly, based on P-values < 0·05, analysis of DEPs 
in cluster 1 revealed that treatment significantly altered 
CXCR chemokine receptor binding, as well as cell migra-
tion and adhesion pathways (Fig.  5b). KEGG enrich-
ment analysis (Fig.  5b) showed that decreased DEPs in 
the LC-T group were involved in cytokine-mediated 
signalling (P = 1·246 × 10−33), chemokine signalling 
(P = 8·329 × 10−14), IL-17 signalling (P = 1·259 × 10−5), 
PD-L1 expression and PD-1 checkpoint signalling in can-
cer (P = 1·018 × 10−3), HIF-1 signalling (P = 1·867 × 10−3) 
and PI3K-Akt signalling (P = 2·751 × 10−4).

Metabolic rewiring and epigenetic remodelling, which 
are closely linked and exhibit mutual regulation, are 
well-known hallmarks of cancer [28]. To clarify the roles 
of metabolites in these recovery processes, we analysed 
correlations between proteins and metabolites. We used 
Spearman correlation coefficients to identify significant 
correlations of DEPs and DEMs (R > 0·5 and P < 0·05; 
Fig.  5c). CXCL1, a key factor in chemotaxis, was nega-
tively correlated with 3-acetoxy-eicosanoic acid and 
(12z)-10-hydroxyoctadecenoylcarnitine; it was posi-
tively correlated with ethyl butylacetylaminopropionate, 
Ile Ile (Fig.  5c). Moreover, downregulated chemokines 
(CXCL9, CXCL11, CXCL5, CXCL1, and CXCL13) after 
treatment were closely associated with 5-oxo-6,8,11,14-
eicosatetraenoic acid (5-Oxo-ETE), which may inhibit 
tumour cell survival [29]. Proteins associated with cell 
migration according to GO analysis (ADA, IL-4, NOS3, 
and EGF) formed a network that was correlated with 
various DEMs (Fig.  5d). The correlations of these DEPs 
and DEMs are shown in Figure S5a. Collectively, these 
results indicate that correlations emerged between pro-
teomics and metabolomics after thermal ablation, along 
with decreases in tumour angiogenesis, metastasis and 
adhesion.

Increased inflammatory factors and immune response 
proteins after thermal ablation
Furthermore, we identified 19 upregulated DEPs in 
LC patients after thermal ablation (Fig.  6a). Many 
of these proteins (IL-6, IL-8, IL-10, IL-15, CCL19, 

CCL20, CCL23, PTN, and HGF) were associated with 
inflammatory responses (Fig.  6a and Figure S6). IL-6 
reportedly can induce pro-inflammatory and anti-
inflammatory responses in tumour tissue. We observed 
a gradual increase in IL-6 expression among LC 
patients after thermal ablation, implying that surgery 
can partially stimulate local and systemic inflammatory 
responses. Consistent with this speculation, GO and 
KEGG analyses indicated that these DEPs were mainly 
enriched in proteins related to inflammatory response 
pathways (NF-κB signalling and tumour necrosis factor 
signalling) and immune cell activation (eg, T lympho-
cytes) (Fig. 6b).

In parallel, we conducted Spearman correlation anal-
ysis based on the mean normalised quantities of pro-
teins and metabolites. Correlations with R > 0·5 and 
P < 0·05 are depicted in Fig. 6c. Among them, IL-6 had 
the most extensive interactions with DEMs. IL-6 is con-
sidered a critical lynchpin between inflammation and 
cancer [30]. In this study, the expression level of IL-6 
was positively correlated with the expression levels of 
oxotremorine, 5’-methylthioadenosine, fusaric acid, 
nebracetam, and lidocaine. Moreover, we constructed 
a gene-metabolite interaction network that enabled the 
exploration and visualisation of interactions between 
functionally related metabolites and genes. This net-
work revealed that IL-6 also interacted with fatty acids 
(15-deoxy-delta-12,14-Pgj2, palmitic acid, and eicosa-
pentaenoic acid) and steroid-related metabolites (cor-
ticosterone, cortisone, and cortisol) (Fig.  6d). Other 
correlations between DEPs and DEMs are depicted in 
Figure S5b. Taken together, these results suggest that 
thermal ablation leads to upregulation of the inflamma-
tory response and activation of immune cells, such as T 
lymphocytes. The continuous increase in IL-6 expres-
sion might be detrimental, and further research should 
be conducted to reduce the adverse effects of thermal 
ablation.

Surgery regulates the systemic status of LC patients
As mentioned above, inflammation-related and tumour-
related proteins were elevated in LC patients compared 
with HCs. After thermal ablation, most proteins (CXCL9, 
CXCL5, CXCL13, CXCL11, CXCL1, CX3CL1, ANGPT1, 
FGF2, EGF, CD40, NOS3, and PD-L1) tended to return to 
normal expression levels. However, some inflammation-
related proteins (IL-6, IL-15, CCL23, and HGF) tended to 
continuously increase after thermal ablation. Collectively, 
the results indicate that thermal ablation of NSCLC 
induces an enhanced inflammatory response, accompa-
nied by reductions of tumour-associated proteins and 
metabolic pathways in plasma (Fig. 7).
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Fig. 6  Increased inflammatory factors and immune response proteins after thermal ablation. a Heatmap of 19 elevated DEPs after ablation 
among the three groups. b GO analysis and KEGG enrichment analysis of elevated DEPs after ablation. c Spearman correlation analysis of DEPs 
and DEMs among the HC, LC, and LC-T groups (R > 0·5 and P < 0·05). d Interactions between DEPs and DEMs
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Short‑term efficacy and follow‑up of thermal ablation 
for NSCLC
In this study, all 48 patients successfully located pulmo-
nary nodules and completed the ablation of the target 
zone. There were no deaths related to the procedure. 
Some patients experienced complications, includ-
ing 16(33.3%) cases of pneumothorax, 7(14.6%) cases 
of pleural effusion, and 2(4.2%) cases of haemoptysis. 
Patients with pneumothorax were managed with chest 
drainage. None of the patients with pleural effusion 
required tube drainage, and it could be absorbed on its 
own. Two patients developed bloody sputum after abla-
tion, and no hemoptysis occurred. The diameter of the 
lesions observed by chest CT scan on days 1, 30, and 

Fig. 7  Thermal ablation regulates the systemic status of LC patients. Changes in the internal microenvironment induced by thermal ablation 
of lung cancer. Thermal ablation activates the systemic inflammatory response while decreasing the expression levels of pro-tumour protein 
pathways and metabolic pathways such as angiogenesis, immune checkpoint blockade, and pro-tumour chemotaxis

Table 2  Short-term efficacy and follow-up of thermal ablation 
for NSCLC

 Variables NSCLC(n = 48)

Postoperative complications

 Pneumothorax 16(33.3%)

 Pleural effusion 7(14.6%)

 Bloody sputum 2(4.2%)

Technical success rate 48(100%)

CT imaging findings of the lesion

 24 h Postoperative 26.1 ± 8.9

 1 month Postoperative 18.0 ± 7.0

 3 months Postoperative 11.8 ± 5.9
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Fig. 8  Chest CT images of ENB-guided microwave ablation for non-small cell lung cancer, including images taken before, after, 
and during follow-up. a Chest CT imaging demonstrated the presence of a ground glass nodule in the middle lobe of the right lung, 
with an approximate size of 9 mm × 11 mm. b Chest CT image conducted 24 h after ENB-guided microwave ablation. c A follow-up chest 
CT scan was conducted one month after thermal ablation, demonstrating a reduction in the size of the ablated focal scar. d–e The sustained 
reduction of the ablated zone on follow-up chest CT at 3 months and 6 months post-thermal ablation, respectively. f The pathological diagnosis 
of adenocarcinoma in situ prior to thermal ablation

Fig. 9  Chest CT images of CT-guided percutaneous microwave ablation for non-small cell lung cancer, including images taken before, after, 
and during follow-up. a Chest CT imaging revealed the presence of a ground glass nodule in the upper lobe of the right lung, with an approximate 
size of 10 mm × 12 mm. b Chest CT image obtained 24 h after percutaneous microwave ablation. c A follow-up chest CT scan was conducted one 
month after thermal ablation, demonstrating a reduction in the size of the ablated focal scar. d–e The sustained reduction of the ablated zone 
on follow-up chest CT at 3 months and 6 months post-thermal ablation, respectively. f The pathological diagnosis of adenocarcinoma
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90 after ablation were 26.1 ± 8.9 mm, 18.0 ± 7.0 mm, 
and 11.8 ± 5.9 mm, respectively (Table 2). Figures 8 and 
9 illustrated typical thermal ablation cases of ENB-
guided and CT-guided percutaneous microwave abla-
tion, respectively. Due to the limited follow-up period, 
no statistical analysis of progression-free survival or 
overall survival was conducted in this group of cases.  

Discussion
Thermal ablation, a minimally invasive treatment for 
NSCLC, spares the lung parenchyma and preserves 
maximum pulmonary function. This treatment has been 
endorsed by multiple professional societies [31–33]. The 
heat generated during thermal ablation causes tumour 
cell necrosis, destroying the tumour. Current indications 
for lung thermal ablation therapy include multifocal pri-
mary NSCLC, pulmonary metastases, and pain palliation 
of chest wall tumours [34]. Thus far, most evaluations 
of the safety and efficacy of thermal ablation in NSCLC 
have focused on clinical trials; the underlying thermal 
ablation-induced changes in the host microenvironment 
are unknown. To address this lack of information, we uti-
lised Olink proteomics and metabolomics to investigate 
thermal ablation-induced changes in plasma proteins and 
metabolites. To our knowledge, this is the first study to 
combine proteomic and metabolomic data from NSCLC 
patients undergoing thermal ablation.

We observed significant differences in plasma proteins 
and metabolism between LC patients and HCs. Next, we 
conducted integrated proteomic and metabolomic analy-
ses of plasma samples from NSCLC patients before and 
after thermal ablation, as well as HCs. These analyses 
showed that the expression levels of pro-tumour pro-
teins and metabolic pathways (eg, angiogenesis, immune 
checkpoint blockade, and pro-tumour chemotaxis) were 
downregulated. Angiogenesis is a complex and tightly 
regulated process that promotes tumour growth, inva-
sion, and metastasis in LC and other malignancies. 
Multiple angiogenic factors and receptors are involved 
in this process; many of them function in a synergis-
tic manner. For example, angiopoietin 1 (ANGPT1) is a 
secreted factor that regulates angiogenesis via binding 
to the endothelial cell-specific receptor tyrosine kinase 
TIE2, which promotes blood vessel maturation and sta-
bilisation [35]. Additionally, an animal study showed that 
simultaneous overexpression of platelet-derived growth 
factor subunit B (PDGF-BB) and FGF2 in murine fibro-
sarcoma led to the formation of high-density primi-
tive vascular plexuses. PDGF-BB and FGF2 mutually 
enhance endothelial and mural cell responses, leading 
to disorganised neovascularisation and metastasis [36]. 
In the present study, we found that the expression lev-
els of these interacting angiogenic factors (ANGPT1, 

TIE2 and EGF2) were decreased at 24 h after ablation. 
Similar expression trends have been observed for other 
angiogenic molecules, including EGF [37] and NOS3 
[38]. Therefore, thermal ablation may exert a protective 
function by inhibiting neovascularisation, suppressing 
tumour metastasis.

Despite substantial progress regarding immune check-
point blockade therapy for tumours in recent years, 
some challenges remain, such as the immunosuppres-
sive tumour microenvironment and the lack of known 
tumour-associated antigens [25]. A clinical study of 
advanced hepatocellular carcinoma demonstrated that 
thermal ablation increased the objective response rate 
with tolerable toxicity and achieved better median sur-
vival during anti-PD-1 therapy [39]. Additionally, a 
previous animal study showed that ablation and PD-1 
blockade therapy had synergistic anti-tumour effects 
[40]. The present study showed that the PD-L1 expres-
sion and PD-1 checkpoint pathways were downregulated 
in NSCLC patients at 24 h after thermal ablation. PD-1 
is regarded as a co-inhibitory receptor that suppresses 
T-cell activation. Consistent with previous reports, when 
PD-L1 expression and PD-1 checkpoint pathways were 
downregulated, T-cell activation was enhanced at 24 h 
after thermal ablation (Fig. 6B). Additionally, CD28 and 
EGF, which play key roles in the response to anti-PD-L1/
PD-1 therapy [41, 42], exhibited decreased expression 
levels after thermal ablation. Metabolic pathways asso-
ciated with pro-tumour phenotypes and poor prognosis 
during immune checkpoint blockade therapy, such as 
primary bile acid biosynthesis [43] and purine metabo-
lism [22], showed the same tendency for decreased 
expression levels after ablation (Figure S3B, Cluster 4). 
Taken together, these data collectively indicate that ther-
mal ablation in NSCLC functions in a synergistic manner 
with immune checkpoint blockade therapy, contributing 
to anti-tumour immunity.

Because chemokine receptors are expressed on vari-
ous cells in the tumour microenvironment, chemokines 
affect diverse processes such as immune cell recruit-
ment, angiogenesis, tumour cell survival, proliferation, 
and metastasis [44]. Chemokine systems contribute to 
cell adhesion and cell migration. In the present study, 
many chemokines (eg, CXCL1, 5, 9, 11, and 13 [45]; 
CCL3/4 [45]; and CX3CL1 [46]) with potential pro-
tumour effects were decreased after thermal ablation; 
CXCL1, 5, 9, 11, and 13 interacted with the metabolite 
5-Oxo-ETE (Fig.  5D). 5-Oxo-ETE is formed from the 
product of 5-lipoxygenase, 5-hydroxyeicosatetraenoic 
acid (5-HETE), by 5-hydroxyeicosanoid dehydrogenase; 
it is a chemoattractant for neutrophils, monocytes, and 
basophils, and it promotes tumour cell proliferation [47]. 
Notably, the metabolite 5-Oxo-ETE was decreased after 
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thermal ablation. The above evidence suggests that ther-
mal ablation can downregulate proteins and metabolites 
with pro-tumourigenic chemotactic properties, thus 
exerting some anti-tumour effects at the molecular level. 
More rigorous and extensive validation of these mole-
cules is needed in future studies.

In the present study, proteomic and metabolomic 
analyses showed that several plasma cytokines and 
metabolites involved in inflammatory responses were 
increased after ablation. A previous study revealed 
that IL-6 and IL-10 were elevated in plasma after ther-
mal ablation; these trends were maintained for up to 
5 weeks after the procedure [48], suggesting that the 
thermal ablation-induced inflammatory response per-
sists for several weeks. 5’-Methylthioadenosine is a 
natural sulphur-containing nucleoside that affects 
multiple physiological responses, such as the inflam-
matory pathway, and regulates the activation of NF-κB 
[49]. In the present study, the level of 5’-methylthio-
adenosine was substantially increased after ablation; 
it was correlated with the levels of pro-inflammatory 
factors IL-6 and placental growth factor. Multiple fatty 
acids (15-deoxy-delta-12,14-Pgj2, palmitic acid, and 
eicosapentaenoic acid) and steroid-related metabolites 
(corticosterone, cortisone, and cortisol) implicated 
in inflammatory responses also interacted with IL-6 
(Fig.  6D). These findings suggest that pro-inflamma-
tory proteins and metabolites interact after thermal 
ablation, leading to an enhanced systemic inflamma-
tory response.

This study had some limitations. Based on a previ-
ous study [50], we assumed that the time point with the 
greatest change in plasma protein profile occurred 24 h 
after tumour ablation. Therefore, we collected plasma 
samples from patients before and 24 h after thermal 
ablation, with the goal of analysing the systemic effects 
of this procedure. In the future, more samples from 
various time points may be needed to fully explore the 
molecular dynamics after thermal ablation, including 
epithelial mesenchymal transition [51] and combina-
tion with other immunotherapy [52]. Patients in the 
present study will continue to attend follow-up; Addi-
tionally, we only collected plasma for proteomic and 
metabolomic analyses. We did not collect other biolog-
ical samples (eg, lung tumour tissue or bronchoalveolar 
lavage fluid before and after thermal ablation) because 
necrosis after complete ablation hindered the acquisi-
tion of valid tumour tissue, and we did not routinely 
perform bronchoalveolar lavage after thermal ablation 
to reduce the risk of postoperative infection.

Currently, the main indications for thermal abla-
tion include advanced tumours, multiple tumour foci, 

and the presence of comorbidities that are not suitable 
for surgery. Considering the thermal ablation-induced 
alterations in the immune microenvironment of 
NSCLC observed in the present study, large-scale mul-
ticentre clinical trials and follow-up investigations of 
postoperative survival are needed to provide additional 
high-level evidence to support the recommendation of 
thermal ablation for the treatment of early-stage LC.

Conclusions
This study comprised a systematic proteomic and 
metabolomic investigation of plasma samples from 
NSCLC patients before and after thermal ablation, 
as well as HCs. Thermal ablation induces a systemic 
inflammatory response while decreasing the expression 
levels of pro-tumour protein pathways and metabolic 
pathways such as angiogenesis, immune checkpoint 
blockade, and pro-tumour chemotaxis. Our results sug-
gest that thermal ablation-induced changes in the host 
plasma microenvironment contribute to anti-tumour 
immunity in NSCLC, offering new insights regarding 
tumour ablation combined with immunotherapy.
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