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Background: Immunotherapy drugs, immune checkpoint inhibitors (ICIs), have been approved for first- and second-line treatment of
non-small cell lung cancer (NSCLC), but only a portion of patients respond to ICIs. It is crucial to screen the beneficiaries of
immunotherapy through biomarkers accurately.

Methods: Several datasets were used to explore the predictive value for immunotherapy and immune relevance of guanylate binding
protein 5 (GBPS) in NSCLC, including the GSE126044 dataset, The Cancer Genome Atlas (TCGA) dataset, Clinical Proteomic Tumor
Analysis Consortium (CPTAC) dataset, the Kaplan—Meier plotter dataset, the HLuA150CS02 cohort, and the HLugS120CS01 cohort.
Results: GBPS5 was upregulated in tumor tissues but associated with a good prognosis in NSCLC. Moreover, our findings demon-
strated that GBP5 was strongly correlated with the expression of many immune-related genes, TIIC levels, and PD-L1 expression
based on RNA-seq data onto online databases and validation of the NSCLC tissue microarray using IHC staining. Moreover, pan-
cancer analysis has shown that GBP5 was a factor in identifying immuno-hot tumors, except for a few tumor types.

Conclusion: In summary, our current research suggests that GBP5 expression is a potential biomarker for predicting the outcome of
NSCLC patients treated with ICIs. More research with large-scale samples is needed to determine their value as biomarkers of ICIs
benefit.
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Introduction
Immunotherapy for malignancies depends on the autoimmune system, which kills tumor cells and tissues by reactivating
the body’s immune system. At present, immune checkpoint inhibitors (ICIs) represented by PD-1/PD-L1 antibodies have
represented historic breakthroughs in the clinical immunotherapy treatment of non-small cell lung cancer (NSCLC).
Immunotherapy does not have a good therapeutic effect on all NSCLC patients. Patients with different molecular,
histological, or genetic characteristics have different responses to immunotherapy.’ In addition, the increased activity of
the body’s immune system due to immunotherapy may also cause more terrible immune-related adverse reactions.’
Programmed cell death 1 ligand 1 (PD-L1) expression,’ tumor mutational burden (TMB),* and microsatellite instability
(MSI),” as classic biomarkers, are not yet perfect in precisely predicting treatment effects. For example, in some large-
scale clinical trials of NSCLC patients receiving immunotherapy, there was no correlation between PD-L1 expression
levels with clinical treatment outcomes.® Therefore, under the current background of precision medicine, it is the priority
to eagerly search for biomarkers by comprehensive means, screen the benefit population of immunotherapy and monitor
the therapeutic efficacy and prognosis.

Interferon-gamma (IFN-y) obtains a lymphokine with antiviral biological activity and broad immunomodulatory
effects. As a superfamily of GTPase proteins induced by IFN-y activation of the JAK-STAT signaling pathway, it serves
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various biological functions. It is famous for its protective immunity against pathogens.”® Previous studies found
guanylate binding protein 5 (GBP5) was highly expressed in gastric adenocarcinoma and colon cancer.'®'! In glioblas-
toma cells, GBP5 overexpression can promote the proliferation, migration, and invasion of glioblastoma (GBM) cells
in vitro, contributing to the growth and invasion of GBM in vivo.'? Currently, immunotherapy is mainly used in clinical
treatment for NSCLC patients with negative mutations in sensitive driver genes and high PD-L1 expression. Still, not all
patients have a better therapeutic response to immunotherapy, so using PD-L1 expression as a predictive marker for
NSCLC efficacy is not comprehensive.'> Meanwhile, Shenoy’s study found that GBP5 is associated with pyroptosis,
a vital body immune response, and is crucial in tumors."* In addition, GBP5 has been shown to enhance tumor
immunogenicity and potentially be a target for immunotherapy of malignant tumors.'> However, the relevance of
GBPS5 as a predictive biomarker of efficacy with antitumor immunotherapy in NSCLC remains unclear.

The predictive effect of GBPS in NSCLC patients undergoing immunotherapy was examined in this study. According
to our findings, patients with NSCLC who have high GBPS5 expression have a better prognosis. We discovered GBP5
expression was upregulated in NSCLC tissues compared to the para-cancer while positively related to PD-L1 expression
using immunohistochemistry (IHC) analysis. GBP5 expression was immune-linked in NSCLC and most malignancies,
according to the analysis of data from a cohort of NSCLC patients who received immunotherapy and The Cancer
Genome Atlas (TCGA) data. These findings point to the potential predictive utility of GBPS5 in determining the course of
immunotherapy treatment for NSCLC patients.

Methods and Materials

Expression Analysis of GBP5 in NSCLC

After downloading the transcriptomic data as Fragments per kilobase per million (FPKM) of NSCLC from the TCGA
database, we performed to explore the difference of GBPS5 between tumor and para-cancer tissues. The Clinical
Proteomic Tumor Analysis Consortium (CTPAC) dataset was used to analyze the expression of GBPS5 protein in lung
adenocarcinoma (LUAD) in normal and primary tumors.

Kaplan—Meier Plotter to Analyze the Prognosis Online
Log in to the Kaplan—Meier plotter website (http://kmplot.com/analysis/), choose the “mRNA-gene chip-lung cancer”

subset for analysis, input the protein gene name GBPS, select the corresponding probe 238581 at, separate the gene
expression into high and low expression groups according to their median levels, select “OS” and “PPS” for survival data
type, and set all other variables by default system, then draw the Kaplan—Meier plot with p<0.05 indicating statistical
significance.

Public Datasets, Data Processing, Characterization of Tumor Immune

Microenvironment
A public dataset consisting of clinical and RNA-seq data from NSCLC patients undergoing immunotherapy was
downloaded from the Gene Expression Omnibus (GEO) databases by following the links (http://www.ncbi.nlm.nih.

gov/geo/), namely the GSE126044 dataset.The tumor immune microenvironment (TIME) characteristics contained
immunomodulators, tumor purity, infiltration levels of tumor-infiltrating immune cells (TIICs), and the expression of
inhibitory immune checkpoint molecules.'®'” First, we analyzed the relevance of immunomodulators to GBP5 in the
TIME of NSCLC, comprising chemokines, major histocompatibility complex (MHC) molecules, receptors, immunoin-
hibitors, and immunostimulators. We also assessed the level of TIICs in NSCLC with two different methods: TIMER'®
and EPIC' algorithms. In addition, the relevance of GBPS5 to the level of immune checkpoint expression was assessed.

For pan-cancer analysis, we also evaluated the correlation between GBP5 and immunomodulators, TIICs, TMB,
tumor purity, and neoantigen mutations using Sangerbox online tool.”” The clinical annotation of the pan-cancer and
NSCLC gene expression profiles was obtained from the UCSC (https://xenabrowser.net/datapages/). The abbreviations

for TCGA cancer types are shown in Table S1.
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Correlation Between GBP5 and Immunotherapeutic Response

Based on data from existing studies, the Calculation of immunophenoscore (IPS) values can be implemented to
determine the immunogenicity of tumors and predict the response of many types of tumors to ICIs therapy.”' The
Cancer Immunome Atlas (TCIA) (http://tcia.at/home/) offers a download of the IPS values for NSCLC patients. In
addition, based on 18 T cell inflammatory genes screened in previous studies, the T cell inflamed score was calculated by

taking a weighted sum of the internal standardized values of the expression of these genes.”> We assessed the role of
GBPS5 in predicting response to anti-tumor immunotherapy by analyzing the correlation of GBP5 with the elements
described above.

Clinical Samples

The NSCLC tissue and para-tumor tissue microarray (TMA) (Cat. HLuA150CS02, Cat. HLugS120CS01) were pur-
chased from Outdo BioTech (Shanghai, China). A total of 118 NSCLC tissue and para-tumor samples were included in
this study. The baseline characteristics could be found in Table S2. Detailed Clinicopathological features were obtained
from Outdo BioTech.

Immunohistochemistry Staining and Semi-Quantitative Scoring

IHC staining included experimental procedures, including tissue dewaxing, antigen repair, inactivated enzyme, blocking,
primary and secondary antibody incubation, color development and counterstaining, dehydration, plate sealing, and
scanning. We stained the tissue microarrays used in this study by the IHC process described above. Sections were
retrieved via EDTA. The primary antibodies used were anti-GBP5 (1:1000 dilution, Cat. 13220-1-AP, ProteinTech) and
anti-PD-L1 (Ready-to-use, Cat.GT2280, GeneTech). Staining was observed with DAB and hematoxylin counterstain, and
stained sections were acquired with the Aperio Digital Pathology Slide Scanners. Stained sections were analyzed semi-
quantitatively by two pathologists, respectively, using immunoreactivity score (IRS)* evaluation based on GBP5 and
PD-L1 staining results. The percentage of positively stained cells was scored as 0—4: 0 (<5%), 1 (6-25%), 2 (26-50%), 3
(51-75%), and 4 (>75%). The staining intensity was scored as 0-3: 0 (negative), 1 (weak), 2 (moderate), and 3 (strong).
The IRS equals the percentages of positive cells multiplied by staining intensity.

Statistical Analysis

Statistical analysis and plotting with SPSS 27.0, R language 4.2.1, and GraphPad Prism 9.0 were performed. Statistical
differences between the two groups were analyzed with parametric Student’s #-tests or non-parametric Mann—Whitney
tests, and categorical variables were assessed with chi-square tests. Survival analysis was performed by Log rank test.
The Pearson test was used to evaluate the correlation between two variables. All statistical tests were two-sided, and
P value < 0.05 was considered statistically significant.

Results

Expression and Prognostic Value of GBP5 in NSCLC

We used TCGA data to examine the mRNA levels of GBP5 in NSCLC tumor and para-cancer tissues. The findings
demonstrated that GBP5 was upregulated in the tumor tissues (P=0.003) (Figure 1A). Meanwhile, analysis using the
CTPAC dataset revealed that GBPS protein was differentially expressed in the normal and primary tumor of LUAD
(P=0.002) and was highly expressed in the primary tumor (Figure 1B). We carried out IHC staining and analysis of
NSCLC TMA cohort to confirm the findings. According to the results, NSCLC tumor tissues had significantly higher
levels of GBP5 expression than para-cancer tissues (P<0.001) (Figure 1C and D). Next, we estimated the predictive value
of GBP5 on the prognosis of NSCLC with the help of the Kaplan—Meier plotter online tool. We discovered that patients
with upregulated GBP5 expression had better overall survival (OS) (P=0.013, HR=0.81) (Figure 1E) and post-
progression survival (PPS) (P=0.016, HR=0.59) (Figure 1F) than those with low expression, suggesting a better
prognosis for NSCLC patients. These data suggested GBP5 as a potential prognosis biomarker for NSCLC.
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Figure | GBP5 expression and survival prognosis in NSCLC. (A) GBP5 mRNA expressions in NSCLC from TCGA. (B) GBP5 protein expressions in LUAD from CTPAC.
(C) Representative images revealing GBP5 expression in tumor and para-cancer tissues in NSCLC. Magnification, 200x. (D) Immunohistochemistry of GBP5 in NSCLC and
para-cancer tissues. (E and F) NSCLC patients with high GBP5 expression had better OS and PPS in NSCLC versus those with low GBP5 expression.
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GBPS5 is Associated with Tumor Immune Microenvironment in NSCLC

Given the potential predictive value of GBP5 in NSCLC for prognosis, we have wused the
TCGA database to investigate whether the prognostic role of GBP5 in NSCLC is related to tumor immune-related
properties. First, we used the TCGA database to discover that GBP5 positively correlated with most immunomodulators.
There was a noticeable upregulation of many chemokines, receptors, MHC molecules, immunostimulators, and immu-
noinhibitors in the high-GBPS5 group (Figure 2A). Chemokines and receptors in the tumor immune microenvironment
can recruit effector TIICs, so it is hypothesized that GBP5 expression showed a positive correlation with increased TIICs
in the tumor microenvironment (TME). As follows, we evaluated using two independent algorithms, TIMER and EPIC
algorithms. We found that GBPS was positively associated with TIICs abundance in NSCLC (Figure 2C). Also, GBPS5
was found to be negatively associated with tumor purity (Figure 2B). Furthermore, GBP5 was found to be favorably
associated with the expression level of immune checkpoint molecules (Figure 2D). All these results showed GBPS was
significantly related to anti-tumor immunity.

GBP5 Predicts the Response to Immunotherapy in NSCLC

Based on the findings of the currently published articles and the above results, GBP5 protein expression was significantly
correlated with immunity. We investigated GBP5 predictive value for NSCLC patients receiving immunotherapy in
further detail. IPS can be used to predict how tumor patients will respond to immunotherapy. The median of GBPS5
protein expression was used to classify them into high and low-expression groups. Our analysis showed that patients in
the GBPS5 high expression group had markedly higher IPS (Figure 3A). T cell inflamed score presents a profile composed
of IFN-y-related mRNAs that predict anti-PD-1 treatment efficacy. Our results show that GBPS5 had a positive correlation
with the T cell inflamed score (Figure 3B).

An NSCLC TMA cohort was included in this analysis to confirm the above results further. This cohort comprises 118
TMA samples with clinicopathological features representative of NSCLC that were used for analysis. Table 1 shows no
statistical significance between samples with distinct GBPS expression levels and age, Pathological type, TNM stage,
T stage, N stage, M stage, and Differentiation, except for gender. TMA THC results showed that GBPS5 protein expression
was notably upregulated in NSCLC tissues (Figure 1C and D). Furthermore, the NSCLC cohort was divided into low-
and high-expression groups according to the median level of GBP5 IRS score (IRS<7 vs IRS>8). We found that PD-L1
expression was higher in the GBP5 high expression group (P<0.001) (Figure 3C and D). Moreover, GBP5 was a positive
association with PD-L1 expression in the NSCLC cohort (R=0.454, P<0.001) (Figure 3E). Combining the above findings,
GBP5 can be used in combination with other immune microenvironment molecules for the immunophenotyping of
NSCLC. The GBP5 high expression can identify inflamed TME and immuno-hot tumors.

We obtained the GSE126044 dataset from the GEO database to analyze the predictive value of GBPS on the efficacy
of immunotherapy. The expression of GBP5 was enhanced with the responder compared to the non-responder (P=0.004)
(Figure 4A). Using the GSE126044 cohort, we analyzed the prediction of both GBP5 and PD-L1 on immunotherapeutic
outcomes. It was shown that GBPS5 had a higher predictive effect (AUC=0.945) than PD-L1 (AUC=0.727) (Figure 4B).
In addition, we analyzed the correlations between GBP5 and the respective immunomodulators, which are the main
components of TIME. The results demonstrated a positive correlation between GBP5 and most immunomodulators
(Figure 4C). Combined with these results, GBP5 may be a potential biomarker for predicting the efficacy of immu-
notherapy in NSCLC.

GBP5 Correlates with Tumor Immune Microenvironment Across Cancer Types

Based on the TCGA dataset of NSCLC and GSE126044, the results of our analysis suggest that most immunomodulators
in NSCLC are positively correlated with the expression of GBPS5. To investigate the immune relevance of GBP5 in other
tumors, we used the Sangerbox version 3.0 website single gene pan-cancer tools to examine the correlation of GBP5 with
factors related to the TIME, such as chemokines, receptors, MHC, immunoinhibitors, and immunostimulators. The
expression of GBP5 showed a positive correlation with the levels of these immunomodulatory molecules in various
malignancies. (Figure 5A). Then, for many cancer types, GBPS5 was linked negatively with tumor purity (Figure 5B) and
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Figure 2 GBP5 predicts a tumor immune microenvironment in NSCLC. (A) Correlation of different expression levels of GBP5 with immunomodulators in NSCLC. (B)
Correlation between GBP5 expression and tumor purity in NSCLC. (C) TIMER and EPIC algorithms were used to calculate the correlation between GBP5 expression and
the level of TIICs. The color and values represent the Pearson correlation coefficient. (D) Correlation of different expression levels of GBP5 with inhibitory and stimulatory
immune checkpoints in NSCLC.
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Table |1 The Relationship Between GBP5 Expression in NSCLC Patients

Characteristics N GBP5 P value
High Low

Gender 0.011

Male 85 53 32

Female 33 12 21

Age (years) 0.097

<70 97 50 47

=270 21 15 6

Pathological type 0.086

Squamous cell carcinoma 53 24 29

Adenocarcinoma 60 39 21

Others 5 2 3

Clinical stage 0.820

Stage | 44 23 21

Stage 2 30 18 12

Stage 3 39 22 17

Stage 4 5 2 3

Differentiation 0.675

Medium 71 38 33

Poor 47 27 20

Tumor infiltration 0.613

TI-T2 75 40 35

T3-T4 43 25 18

Lymph node metastasis 0.981

Yes 55 30 25

No 6l 34 27

Unknown 2 | I

Metastases 0.488

Yes 5 2 3

No 113 63 50

positively with TIIC levels (Figure 5C). Additionally, the relationship between TMB (Figure 5D) and neoantigen burden
(Figure S1) and GBP5 varied depending on the kind of malignancy. In conclusion, except for a few tumor types, GBP5
positively correlates with the tumor immune microenvironment and identifies the immunological phenotype of tumor
tissues.

Discussion

NSCLC is one of the malignancies with the most significant morbidity and mortality rates. About 70% of NSCLC is
diagnosed at an advanced stage, with a 5-year survival rate of about 23%.>* In the era of precision therapy, the emergence
of targeted drugs targeting sensitive driver mutations and immunotherapy drugs represented by immune checkpoint
inhibitors has opened a new era for the treatment of NSCLC and significantly prolonged the survival of patients. For
NSCLC patients without driver mutation, chooses single-agent immunotherapy, immune combination chemotherapy, and
dual immunotherapy according to immune checkpoint expression and organism condition. Currently, several immu-
notherapeutic agents are expected to be more widely used in the clinic, among which anti-CTLA-4 and anti-PD-1, and
anti-PD-L1 therapy are the most prominent ones. Ipilimumab, which targets CTLA-4, has shown good efficacy in
combination with radiotherapy or chemotherapy regimens.”>° Pembrolizumab, which targets PD-1, has shown sig-
nificant improvement in the patient prognosis when used as monotherapy.”’” Sugemalimab, which targets PD-L1, has
shown good efficacy in consolidation therapy for patients with advanced NSCLC.?® However, there are still some
patients who do not respond to immunotherapy. With the advancement of research, it is gradually recognized that the
heterogeneity and dynamic changes of TIME have an essential impact on immunotherapy response.
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Figure 4 GBP5 predicts the immunotherapeutic response of immunotherapy. (A) Expression levels of GBP5 in the GSE26044 cohort from patients with different responses.
(B) Comparison of GBP5 and PD-LI| predictive values for immunotherapy in the GSE26044 cohort. (C) Correlation between GBP5 expression and immunomodulatory
molecules.

The TME is a dynamic system composed mainly of immune cells, stromal cells, tumor cells, and complex cytokines
and chemokines. Immune and stromal cells are the two major non-tumor components of the TME and are thought to play
an essential role in diagnosing and prognosis of tumors.?’ Based on the distribution of immune cells in the TME, tumor
tissues can be classified into three immune phenotypes: inflamed, excluded, and desert phenotypes.3° Due to the
predominance of immuno-suppressive TME and lack of immune cell infiltration in the microenvironment, the latter
two phenotypes are called “cold” tumors, which are mostly ineffective for immunotherapy. Immune-inflamed tumors,
also known as “hot” tumors, are featured by high T-cell infiltration, enhanced IFN-y signaling, PD-L1 expression, and
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Figure 5 Across cancer types of analysis of immunological correlations of GBP5. (A) Correlations between GBP5 and immunomodulators across cancer types. The color

indicates the correlation coefficient. The asterisks indicate P values: *P<0.05. (B) Correlation between GBP5 and tumor purity across cancer types. (C) Correlations

between GBP5 and TIICs estimated by TIMER and EPIC algorithms across cancer types. The color indicates the correlation coefficient. The asterisks indicate P values:

*P<0.05; **P<0.01; ***P<0.001; ****P<0.0001. (D) Correlation between GBP5 expression and TMB levels across cancer types.

high TMB, and tumors with inflammatory phenotypic features are more sensitive to immunotherapy.>' Therefore,

exploring immune-related factors in the TME and identifying potential biomarkers associated with TIME features is

vital for screening beneficiaries of immunotherapy in clinical practice.
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PD-L1 is a prevalent clinical predictor of treatment for NSCLC ICIs due to its strong efficacy as an immunotherapy
biomarker.>*> However, clinical data results show limitations if PD-L1 alone is used as an indicator to screen patients
suitable for ICIs treatment. Previous studies suggested that IFN-y significantly enhances PD-L1 expression, while PD-L1
is upregulated in immune “hot” tumors and significantly correlates with the characteristics of TIME.>* GBPS3,
a downstream gene of IFN-y induced expression, correlates well with PD-L1 expression.

GBPS5 belongs to the family of IFN-y-inducible large GTPases and is responsible for many cellular functions, and it
has been found to promote the activation of NLRP3-dependent inflammatory responses.'* GBP5 activates the Src/ERK 1/
2 MAPK pathway to induce matrix metalloproteinase 3 (MMP3) expression, which plays a crucial role in the malignant
biological behavior of GBM tumor cells.'” The expression of many genes in colon cancers is associated with anti-tumor
immunity, including GBP1, GBP4, GBP5, NKG7, APOL3, IDO1, CCL5, and CXCL9." Activation of the TNF-o/NF-kB
signaling axis in lung cancer promotes EMT progression and PD-L1 expression, and upregulation of GBPS5 in triple-
negative breast cancers (TNBCs) may be associated with activation of the TNF-o/NF-kB signaling pathway. Therefore,
we hypothesized that the upregulation of GBPS5 may predict the effect of immune checkpoint blockade in treating
TNBC.***’ Previous studies have shown GBP5 is associated with a good prognosis for basal-like breast tumors with high
programmed cell death protein 1 (PD-1) and PD-L1 expression and is associated with immune infiltration.*® In addition,
the IFN-y score consisting of seven IFN-y inducible genes in glioma, namely GBPS, ICAM1, CAMK2D, IRF1, SOCS3,
CD44, and CCL2, could be used as an adjuvant prognostic indicator for screening patients suitable for ICIs.** However,
further studies in NSCLC are still lacking.

Based on RNA-Seq data onto online datasets and validation of the NSCLC TMA of IHC, GBP5 was highly
expressed in NSCLC cells compared with para-cancer tissue, and high GBP5 expression had better OS and PPS
than those with low expression. Our results show that GBPS positively correlates with most immune-related genes,
TIIC levers, and PD-L1 expression. This suggests the immune system is more active in tumors with upregulated
GBPS5 expression, which may be considered immunologically “hot” tumors. We then further analyzed the predic-
tion of GBP5 for immunotherapy efficacy in NSCLC undergoing immunotherapy and showed that GBPS was
positively correlated with most immunomodulators. Its predictive value was significantly higher than that of PD-
L1.

In summary, this study revealed that GBP5 immunological significance and predictive value for immunotherapy
response in NSCLC datasets revealed GBP5 to be a potential biomarker that makes it easier to predict the effectiveness
of immunotherapy in NSCLC. However, this study lacked clinical tissue microarray of NSCLC patients before and after
immunotherapy. Only a series of analyses of GBP5 expression and immune correlation characteristics and prognostic
value were performed using public data from the internet. Therefore, subsequent clinical tissue microarrays need to be
collected to verify the potential value of GBP5 for NSCLC patients receiving immunotherapy. Meanwhile, the number of
cases in the immunotherapy cohort included in the current study is limited. Further validation in patients receiving
immunotherapy with ICIs on a large scale is needed.
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