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INTRODUCTION

The development of immune checkpoint inhibitor (ICI)
interaction has transformed the therapeutic landscape
of patients with advanced non-small cell lung cancer
(NSCLC)." Immunotherapy, particularly ICIs, has shown
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Abstract

Background: Immunotherapy has revolutionized cancer treatment. Recent studies
have suggested that the efficacy of immunotherapy can be further enhanced by the
influence of gut microbiota. In this study, we aimed to investigate the impact of bacte-
ria on the effectiveness of cancer immunotherapy by combining analysis of clinical
samples with validation in animal models.

Methods: In order to characterize the diversity and composition of microbiota and its
relationship with response to immune checkpoint inhibitors (ICIs), 16S ribosomal
RNA (rRNA) and GC-MS sequencing was performed on 71 stool samples from
patients with advanced non-small cell lung cancer (NSCLC) prior to treatment with
immune checkpoint blockade (ICB). Furthermore, fecal microbiota transplantation
(FMT) was performed from different patients into mice and a subcutaneous tumor
model established using the Lewis lung cancer cell line to evaluate the therapeutic
effect of PD-1 on mice with varying gut microbiota.

Results: The results demonstrated a significant association between elevated gut
microbiota diversity and response to treatment with ICIs, p < 0.05. Faecalibacterium
was markedly increased in the gut microbiota of responders (R), accompanied by
increased short-chain fatty acid (SCFA) levels, especially butanoic acid, acetic acid and
hexanoic acid, p < 0.05. Additionally, FMT from R and nonresponders (NR) could
promote an anticancer effect and reduce the expression of Ki-67 cells in tumors in
mice, p < 0.05. Moreover, R and NR FMT did not alter PD-L1 expression in the tumor
tissues of mice, p > 0.05. The diversity of gut microbiota consistently correlated with
an optimistic prognosis in NSCLC patients with immunotherapy, which could be
functionally mediated by SCFAs.

Conclusion: The findings of the present study indicated that the diversity of gut
microbiota and SCFAs is related to the efficacy of immunotherapy. FMT can effec-
tively delay tumor progression, and enhance the effect of immunotherapy, thus pro-
viding evidence for improving the efficacy of immunotherapy in NSCLC patients.

KEYWORDS
biomarker, fecal microbiota transfer (FMT), gut microbiota, immunotherapy, non-small cell lung cancer
(NSCLC)

significant efficacy and a low incidence of overall toxic and
side effects, making it a promising treatment option for
advanced NSCLC.* Although a durable benefit indicates the
acquisition of long-term immunological memory, some
patients who have an initial response to ICIs and then have
a relapse and develop acquired resistance have clinical and
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biological immunotherapy failure.” Primary and acquired
drug resistance pose significant challenges in improving the
prognosis of patients with advanced or metastatic NSCLC.®
The tumor microenvironment (TME) plays a crucial role in
the immune response to ICIs.”” The gut microbiota has
been shown to reprogram the TME, and the gut microbiome
and its metabolites can influence the response to antitumor
treatment.'® Furthermore, the gut microbiota has been asso-
ciated with the effects and complications of cancer therapy
due to its immunoregulatory properties.'' "> The microbiota
can affect tissue metabolism, the differentiation and function
of immune cells in the TME, and promote or inhibit cancer
development. The composition and abundance of the bacte-
rial flora at the epithelial barrier surface can simultaneously
affect inflammation, immune response, and the homeostasis
of epithelial and stromal cells.'"*'> Studies have confirmed
the close relationship between gut microbiota and the
response of tumor patients to immunotherapy, making it a
potential indicator for predicting the efficacy of tumor
irnmunotherapy.16 The differentiation of T helper 17 (Th17)
cells is dependent on colonization with distinct commensal
bacteria, possibly through cytokines such as IL-6, IL-21, and
IL-23." Intestinal flora can also synergize with various che-
motherapy drugs to induce oxidative stress damage in tumor
cells and regulate the immune response of immune cells."®
Recent studies have shown that gut microbiota can not only
directly interact with tumor cells, but also exert an indirect
tumor-suppressing or cancer-promoting effect by producing
metabolites. Metabolites such as lipopolysaccharide, bile
acids, hydrogen sulfide, and short-chain fatty acids (SCFAs)
can promote or inhibit tumor progression through various
molecular mechanisms.'” SCFAs and their receptors have
been found to affect various immune cells, including regula-
tory T cells, dendritic cells, and macrophages, thereby
activating host antitumor immune responses. Probiotic sup-
plementation has been shown to increase the abundance of
butyric acid-producing bacteria in the gut, and increased cir-
culating butyric acid can upregulate the expression of che-
mokine (CC motif) ligand 20 in pulmonary endothelial
cells, recruiting helper T cells 17 to the lungs and inhibiting
the occurrence of lung metastasis in melanoma.*

Fecal microbiota transplantation (FMT) has emerged as
a potential strategy to improve immunotherapy for tumor
patients by restoring a healthy gut microbiota, and it has
become a focus of both basic and clinical research.”’ FMT
has the ability to reverse immune tolerance during tumor
treatment. Baruch et al. demonstrated that patients with
immune-resistant metastatic melanoma who received FMT
from complete responders combined with programmed
death-1 (PD-1) inhibitors treatment showed beneficial out-
comes.”” A complex relationship between the gut microbiota
and the efficacy of tumor immunotherapy has been estab-
lished, although the underlying mechanisms are not fully
understood.” In this study, we aimed to investigate the role
of fecal microbiota in immunotherapy for patients with
advanced NSCLC. We examined the fecal microbiota of
patients with different responses to immunotherapy and

collected stool samples at different time points during the
course of treatment. Additionally, metabolomic analysis was
conducted to study the changes in fecal metabolites. Fur-
thermore, we utilized animal models to study the impact of
FMT on immunotherapy. Overall, this study aimed to pro-
vide insights into the role of fecal microbiota in immuno-
therapy for advanced NSCLC patients and explore the
potential of fecal transplantation as a therapeutic strategy to
enhance the efficacy of immunotherapy.

METHODS
Patient cohort and clinical characteristics

This study enrolled a total of 41 patients diagnosed with stage
[IB-IV NSCLC who received treatment with platinum-based
chemotherapy and ICIs between November 2021 and August
2023. Among them, 31 patients received first-line treatment
and 10 patients received second-line treatment. In addition,
three patients accepted PD-1 inhibitors plus bevacizumab
and chemotherapy, all of whom have harbored epidermal
growth factor receptor (EGFR), and six patients had Kirsten
rat sarcoma viral oncogene homolog (KRAS) gene mutations
within the tumors, and the rest of patients had no genetic
mutations. Based on the absolute number of white blood cells
(leukocytes, lymphocytes, neutrophils, and monocytes), deter-
mined by routine blood testing, the vast majority of patients
presented an adequate immune status to receive immuno-
therapy. Evaluation of ICI treatment efficacy was done
according to Response Evaluation Criteria in Solid Tumors
version 1.1 (RECIST 1.1) by two independent radiologists at
the Affiliated Hospital of Qingdao University according to
the results of imaging and blood indexes of patients after
receiving four cycles of immunotherapy. The patients were
divided into two groups: responders (R, n = 21) and nonre-
sponders (NR, n = 20), based on the objective response in
target lesions. Responders (R) were defined as patients who
experienced complete response (CR) and partial response
(PR), while nonresponders (NR) were defined as patients
who experienced stable disease (SD) and progressive disease
(PD).** Stool samples were collected from 41 patients at base-
line before ICIs. Additionally, stool samples were collected
from 30 patients at baseline and after 3 months of immuno-
therapy. This study was conducted in accordance with the
Declaration of Helsinki for research involving human sub-
jects. All samples were obtained with informed consent at the
Affiliated Hospital of Qingdao University, and the study was
approved by the institutional review board in accordance with
the Declaration of Helsinki (QYFY WZLL 27468).

Stool sample collection
In this study, a total of 41 patients with NSCLC were

instructed to self-sample their stool following detailed
printed instructions. Each patient was provided with stool
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sample containers to collect their samples. The patients were
instructed to bring their collected stool samples to the labo-
ratory within 2 h after collection. Upon arrival at the labora-
tory, the samples were immediately stored at —80°C until
further processing.

DNA extraction and 16S rRNA gene sequencing

According to the E.ZZN.A. soil DNA kit (Omega Bio-tek)
instructions, the total DNA of the microbial community was
extracted. The quality of the extracted DNA was detected by
1% agarose gel electrophoresis. DNA concentration and
purity were measured by NanoDrop2000 (Thermo Fisher
Scientific). To amplify the V3-V4 region of the 16S rRNA
gene, the primers 338F (5-ACTCCTACGGGAGGCAG
CAG-3') and 806R (5-GGACTACHVGGGTWTCTAAT-3)
were used in the polymerase chain reaction (PCR). The
PCR products of the same sample were compared. The for-
mal PCR test was performed using TransGen AP221-02,
TransStart Fastpfu DNA polymerase and 20 pL reaction
system: 5 x FastPfu buffer (4 pL), 2.5 mM dNTPs (2 pL),
forward primer, (0.8 pL), reverse primer (0.8 pL), FastPfu
polymerase (0.4 pL), BSA (0.2 puL), template DNA (10 ng)
and DdH,0 supplement to 20 pL. The following PCR con-
ditions were used: initial denaturation at 95°C for 3 min,
25 cycles of denaturation (95°C for 30 s), annealing (55°C
for 30 s) and extension (72°C for 30 s), and final extension
at 72°C for 10 min. The PCR products were purified with
AMPure XP Beads (Beckman Coulter). The purified products
were recovered from a 2% agarose gel using the AxyPrep
DNAGel extraction kit (Axygen Biosciences). The recovered
products were detected and determined by the Quantus fluo-
rometer (Promega) quantity. The NEXTFLEX Rapid DNA-
Seq Kit (Bioo Scientifi) was used for library construction.
Using Miseq (Illumina Inc.), the PE300 (paired-end 300 bp)
platform was used for sequencing. The original sequencing
data underwent quality control using the Fastp software, and
the paired-end reads were merged using the Flash software.
The Uparse software was used for operational taxonomic unit
(OTU) clustering of the sequences and removal of chimeras,
with a 97% similarity threshold. The Silva 16S rRNA database
(version 138) was used for taxonomic annotation of the OTU
representative sequences, and the RDP classifier was used
with a confidence threshold of 0.7 to obtain species-level tax-
onomic annotation results.

Short-chain fatty acid analysis (SCFA)

In this study, 50 mg of solid sample was accurately weighed
into a 2 mL grinding tube and 500 pL methanol water solu-
tion (CH;0H: H,O, v: v = 4:1) added. The samples were
further fixed using this solution. The gas chromatography-
mass spectrometry (GC-MS) analysis was performed using
an Agilent 8890B gas chromatography coupled with an Agi-
lent 5977B mass selective detector (Majorbio Bio-Pharm
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Technology Co. Ltd). The instrument was equipped with an
inert electron impact (EI) ionization source with an ionization
voltage of 70 eV (Agilent). A DB-5MS (40 m x 0.25 mm X
0.25 pm) capillary column was used for sample separation,
with 99.999% helium as the carrier gas at a constant flow rate
of 1 mL/min. The temperature program for the GC column
was set to hold at 60°C for 30 s and then increase to 310°C at
a rate of 8°C/min, with a total run time of 6 min. The injec-
tion volume of the samples was 1 pL, introduced in splitting
mode (15:1), with an inlet temperature of 260°C. For mass
spectrometry, the ion source temperature was set to 230°C,
and the quadrupole temperature was set to 150°C. The scan-
ning mode used was full scan mode, with a mass scanning
range of m/z 50-500. The raw data obtained from the mass
spectrometer detection of GC/MS was preprocessed using
the MassHunter workstation quantitative analysis software
(version 10.0.707.0). The software generated a three-dimensional
data matrix in CSV format. Metabolite identification was
performed by searching databases, including public data-
bases such as NIST (version 2017), Fiehn (version 2013),
and MS-DIAL (version 2021).

Cell culture

Lewis lung carcinoma (LLC) cells were obtained from Procell Life
Science & Technology Co. Ltd. The LLC cell line was authenti-
cated using DNA fingerprint analysis and were negative for
mycoplasma contamination. Cells were cultured in Dulbecco’s
modified Eagle’s medium (DMEM) medium (Gibco, Thermo
Fisher Scientific) containing 10% (v/v) fetal bovine serum (FBS)
(Gibco, Thermo Fisher Scientific) and 1% penicillin-
streptomycin at 37°C in a humidified atmosphere of 5% CO,.

Mice

Specific pathogen-free (SPF) C57Bl/6 mice were purchased
from Shandong Academy of Medical Sciences Laboratories.
The mice was age and sex matched and housed in indepen-
dently vented cages at the animal facility of the Affiliated
Hospital of Qingdao University Laboratories. All experi-
ments involving the mice were conducted when they were
6 weeks old. The mouse were reared in groups according to
SPF conditions and provided with sterilized diet and water.
The animal experiments reported in this study were
approved by the Animal Care and Ethics Committee of
Qingdao University (AHQU-MAL20230331).

A total of 36 mice from different litters were equally
divided into six groups: blank group (treated with phosphate
buffered saline [PBS]), PD-1 monoclonal antibody (mAb)
(200 pg/mouse, clone: RMP1-14, Bio X Cell), antibiotic (ATB)
plus PD-1 group, PD-1 plus R group FMT, PD-1 plus NR
group FMT and PBS plus ATB. The sample size for the experi-
ment was determined by the requirements of both metage-
nomic and metabolomic analyses. The resource equation
method was also used to verify the sample size. According to
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the formula of this method, the E-value (Evalue) is calculated
as the total number of animals minus the total number of
groups. In this case, the Evalue is (6 x 6)-6 = 30, which is
more than 20 (the limitation of E-value).”> To deplete the gut
microbiota, the mice were treated with a broad-spectrum anti-
biotic cocktail (ABX) in their drinking water for one week. The
ABX cocktail consisted of ampicillin (1 g/L), neomycin (1 g/L),
and metronidazole (0.5 g/L).*° Mice in the R and NR groups
were treated with antibiotics followed by 7-day fecal transplan-
tation followed by LLC inoculation. The administration of bac-
teria continued throughout the experimental period. Donor
feces were dissolved in PBS and centrifuged several times to
separate the precipitate and supernatant, where the supernatant
was further filtered through a 0.22 pm sterile nylon filter. The
recipient mice from the FMT + PD-1 group received superna-
tants by one-to-one gavage. Approximately 5 x 10° LLC cells
were subcutaneously inoculated into the right dorsal flanks of
mice. Tumor size was measured three times a week until the
end point, and the tumor volume was calculated as length x
width® x 0.5. After tumor inoculation, the tumor-bearing mice
were intraperitoneally injected with anti-PD-1 monoclonal
antibody (mAb; clone RMP1-14, BioXCell) in PBS on specific
days. The mice in the blank group and PBS plus ABT group
were injected with PBS. The mice were sacrificed on day
23, and the tumors were surgically separated, weighed, and
preserved for further examinations (Figure 4a). Fecal samples
were collected from mice in different groups before tumor
inoculation and at the time of sacrifice. The extraction of
mouse stool RNA and DNA and qPCR analysis were per-
formed for further analysis.

Statistical analysis

Statistical analyses were performed using SPSS 24.0 software
(IBM Corp.), Microsoft Office Excel 2007 (Microsoft Inc.) or
R software version 4.0.3 (R Foundation for Statistical Com-
puting). Chi-squared test and nonparametric tests (Mann-
Whitney U or Kruskal-Wallis) were applied to evaluate
associations between patient clinicopathological characteris-
tics and microbiota composition. Permutational multivariate
analysis of variance (PERMANOVA) was used to compare
compositional differences between groups. Linear discrimi-
nant analysis (LDA) effect size (LEfSe) was performed to
study the differential abundance analysis of gut microbiota
composition. Hazard ratios and 95% confidence intervals
were calculated using the Cox regression model. All results
tested were two-tailed and were considered statistically signif-
icant if the p-value was less than 0.05.

RESULTS

Baseline gut microbiota diversity is associated
with favorable responses to immunotherapy

In order to investigate the role of the gut microbiota as a
biomarker for immunotherapy, we conducted a study

involving 41 advanced NSCLC patients starting treatment
with ICIs (Figure la). The detailed clinical information
for patients is provided in Table 1. The median age in this
cohort was 65. According to response, the patients with
CR and PR were classified as the responder group (R),
accounting for 21 patients (51.2%), and the patients with
SD and PD were classified as the nonresponder group
(NR), accounting for 20 patients (48.8%). A total of
31 patients received first-line immunotherapy and
10 patients received second-line immunotherapy. Corre-
lation analysis revealed that age, gender, smoking status,
body mass index, stage, histology, bone metastasis, PD-L1
expression and treatment lines were clinical factors not
associated with response to immune checkpoint blockade
(ICB) in this cohort. We performed 16S rRNA gene
sequencing on stool samples from these patients and
obtained a total of 4098536 sequence reads and
1 694 221 698 base reads. The differences in alpha diver-
sity indexes between the R group and the NR group were
explored through intergroup difference tests shown in
Figure 1b-e, such as Ace, Chao, Coverage and Sobs diver-
sity. Among them, the levels of Ace, Chao and Sobs indi-
ces represent the microbial diversity, while Coverage
index represents the authenticity of microbial samples.
We found that the alpha diversity and richness of intesti-
nal microbes were higher in the R group compared to the
NR group (p < 0.05). We also compared the diversity of
gut microbiomes between the two groups and a significant
difference in p-diversity was observed (p < 0.05). Taxo-
nomic analysis revealed that the richness of Bacteroidetes
and Actinobacteriota was higher in the R group than that
in the NR group (Figure 1g).

At the genus level, we also observed differences in spe-
cies composition between the two groups (Figure 1lh).
Five bacterial genera including Faecalibacterium (p =
0.000969), Ruminococcus (p = 0.04891), Ruminococcus
(p =0.01019), Lachnospiraceae_NK4A136_group (p =
0.03034), [Eubacterium]_siraeum_group (p = 0.04603)
and unclassified_c__Clostridia (p = 0.0008736) were sig-
nificantly enriched in R group patients compared to the
NR group (Figure 1i). Using linear discriminant analysis
of effect size (LEfSe), we also observed that Faecalibacter-
ium was enriched in the R group (Figure 1j). The results
of LEfSe further demonstrated that Faecalibacterium
(LDA = 4.466) were higher in the feces of R group com-
pared to the NR group (Figure 1k). We also analyzed the
correlation between the abundances of Faecalibacterium
and the clinical characteristics of NSCLC patients. Based on
the analysis of Faecalibacterium with significant differences
between the R and NR groups, we developed a prognostic
prediction model for NSCLC based on gut microbiota profile.
The analysis of Faecalibacterium showed an area under the
curve (AUC) of 0.8 (95% CI: 0.66-0.94) in the receiver oper-
ating characteristic (ROC) curve (Figure 11). These findings
suggested that the high diversity of gut microbiota and
abundance of Faecalibacterium may play an important role in
the efficacy of immunotherapy in patients with advanced
NSCLC.
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FIGURE 1 Marker gene sequence 16S rRNA profiling of the gut microbiome in patients with non-small cell lung cancer (NSCLC). (a) Patient enrolment,

treatment and response details. A total of 71 human samples (41 patients with NSCLC) were enrolled. The 41 patients with NSCLC (stage IIIB-IV) were divided
into responders (R) (CR + PR, n = 21) and nonresponders (NR) (SD + PD, n = 20). Among 30 patients, samples were collected simultaneously at baseline and
after treatment. (b-e) Box-and-whisker plot illustrating the a-diversity. The figures show the significant differences between the two selected groups of samples,
with the group name on the abscissa and the index range for each group on the ordinate. The differences in Ace, Chao, Coverage, and Sobs diversity indexes
between the R group and the NR groups are shown. Ace, Chao and Sobs estimate microbial diversity in the sample. Coverage reflects the real situatuin of
microorganisms in the sample. (f) Principal coordinates analysis (PCoA). The -diversity of gut microbiomes in NR (# = 20) and R (n = 21) patients with
NSCLC. (g, h) Trends of microbes and their relative abundance in different groups. Bar plots show the microbial communities of all samples. (g) At phylum,

(h) At genus. (i, j, k) Cladogram generated from linear discriminant analysis effect size (LEfSe) and the linear discriminant analysis (LDA) score. A plot of LDA
scores from the LEfSe method illustrating the differential abundance of the indicated taxa in the gut microbiomes of NR and R. The results of linear discriminant
analysis effect size (LEfSe) further confirmed that both Faecalibacterium (LDA = 4.466), Roseburia (LDA = 4.068) and Ruminococcus (LDA = 3.899) were
higher in the feces of R patients compared to NR patients. (1) Based on the analysis of Faecalibacterium with significant differences between the R and NR
groups, the OUT data set of Faecalibacterium was established to find the microbial biomarker of the R and NR groups, after which we constructed the receiver
operating characteristic (ROC) curve. Operational taxonomic units (OTU) is a method used in microbial ecology to group sequences from a sample into
taxonomic units based on their similarity. The area under the curve (AUC) was 0.8 (95% CI: 0.66-0.94). *p < 0.05; **p < 0.01; ***p < 0.001.
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FIGURE 1 (Continued)

Effect of immunotherapy on gut microbiota
composition

To further investigate the changes in the gut microbiota
after immunotherapy, we analyzed the sequencing data of
fecal samples. We sequenced the 16S rRNA gene in fecal
samples obtained from 30 patients with advanced NSCLC
before and after. ICI treatment to observe the effect of
immunotherapy on the gut microbiota. Samples prior to
immunotherapy were defined as "B". Samples following
immunotherapy were defined as "A". We analyzed the
changes in the level of the microbiota diversity index after
immunotherapy. The Ace, Chao and Sobs indexes were used
to assess the diversity of gut microbes. We observed an
increase in the diversity of gut microbes after immunother-
apy, as indicated by these diversity indexes (p < 0.05)
(Figure 2a-d). At the phylum level, Firmicutes, Bacteroidetes,
Proteobacteria, Actinobacteria, and Verrucomicrobia were
found to be the major bacterial communities in the fecal
samples (Figure 2e). However, at the phylum level, there
was no significant difference in species composition before
and after immunotherapy. After that, we performed group
differences analysis at the genus level. Faecalibacterium
(p = 0.02813) showed significant differences at the genus
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level (Figure 2f,g). Faecalibacterium increased after immu-
notherapy (p < 0.05).

Intestinal flora plays an antitumor role
through SCFA

Based on the above studies, we found that Faecalibacterium
were the dominant genus for immunotherapy. Faecalibacter-
ium is one of the main bacterial groups that produce butyric
acid.”” Next, we further explored the influence by which
metabolites of gut microbiota contribute to immunotherapy.
We targeted SCFAs in the feces of 30 patients after immu-
notherapy using GC-MS. The metabolite butyric acid in the
gut of the R group was significantly higher than that of
the NR group, p < 0.05 (Figure 3a). We also analyzed the
differences of other SCFAs between the two groups. The
contents of acetic acid, butanoic acid, isovaleric acid and iso-
butyric acid were significantly higher in the R group com-
pared to the NR group (Figure 3b, p < 0.05). We further
analyzed the correlation between different SCFAs. Positive
correlations between propanoic acid and acetic acid, buta-
noic acid and acetic acid, and isovaleric acid and butanoic
acid, were found (Figure 3¢, p < 0.05). When comparing the
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TABLE 1 Baseline clinicopathological characteristics of patients and their association with ICB treatment response.

Patient characteristics Total (n = 41) R NR p-value

Age
<65 21 (51.2%) 13 (61.9%) 12 (38.1%) 0.395
>65 20 (48.8%) 18 (40%) 12 (60%)

Gender
Male 33 (80.5%) 15 (71.4%) 18 (90.0%) 0.238
Female 8 (19.5%) 6 (28.6%) 2 (10.0%)

Smoking status
Smoker 16 (42.9%) 9 (38.1%) 7 (35.0%) 0.606
Nonsmoker 25 (57.1%) 12 (61.9%) 13 (65.0%)

Body mass index
High (225) 21 (34.1%) 10 (47.6%) 11 (55.0%) 0.636
Low (<25) 20 (65.9%) 11 (52.4%) 9 (45.0%)

Stage
III 14 (34.1%) 7 (33.3%) 7 (35.0%) 0.910
v 27 (65.9%) 14 (66.7%) 13 (65.0%)

Histology
Adenocarcinoma 22 (53.7%) 10 (47.6%) 12 (60.0%)
Squamous carcinoma 18 (43.9%) 10 (47.6%) 8 (40.0%) 0.510
Sarcomatoid carcinoma 1(2.4%) 1 (4.8%) 0 (0)

PD-L1
Nonspecified 2 (4.9%) 2 (9.5%) 0 (0) 0.288
Negative (TPS < 1%) 17 (41.5%) 7 (33.3%) 10 (50.0%)
Positive (1% < PD-L1 < 49%) 15 (36.6%) 7 (33.3%) 8 (40.0%)
Positive (PD-L1 > 50%) 7 (17.1%) 5 (23.8%) 2 (10.0%)

Bone metastasis
Yes 6 (14.6%) 2 (9.5%) 4 (20.0%) 0.410
No 35 (85.4%) 19 (90.5%) 16 (80.0%)

Treatment lines
1 31 (75.6%) 14 (66.7%) 17 (85.0%) 0.177
2 10 (24.4%) 7 (33.3%) 3 (15.0%)

Abbreviations: ICB, immune checkpoint blockade; NR, nonresponders; PD-1, programmed death-1; R, responders.

two groups, the content of SCFA was generally lower in the
NR group, especially in butanoic, acetic and hexanoic acid
(Figure 3d, p < 0.05). We calculated the AUC values for each
SCFA and constructed ROC curves to assess their predictive
value for the prognosis of patients with advanced NSCLC.
The results showed that except for isohexanoic acid, the
other seven SCFAs had good predictive value for the prog-
nosis of patients with advanced NSCLC (Figure 3e). In the
correlation analysis between gut microbiota and SCFAs,
Faecalibacterium was positively correlated with butyrate
(Figure 3f).

FMT delays the progression of LLC mice

To investigate the influence of gut microbiota on the tumor
growth, we established a subcutaneous tumor model of

C57BL mice and PD-1 was administered via intraperitoneal
injection. We then administered antibiotic (ATB) com-
pounds to deplete gut microbiota for one week. Stools from
NR and R group patients were orally gavaged into LLC
recipient mice. A total of 36 mice were divided into six
groups with six mice in each group. The mice in each group
were gavaged with the fecal supernatant of six NSCLC
patients to perform FMT (Figure 4a).

After antibiotic treatment, the diversity indicators and
OTUs of gut microbiota were significantly decreased. Fecal
transplantation restored the diversity of the gut microbiota
caused by antibiotics (Figure 4b,c). The diversity of gut
microbiota in mice treated with FMT combined with PD-1
monoclonal antibody was significantly increased, p < 0.05.
Then, we evaluated the effect of FMT on the tumor burden
in LLC mice. The result showed that, to a certain extent, the
gut microbiota from LLC mice, especially in the R FMT
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FIGURE 2 Differences in the composition of the gut microbiome before and after immunotherapy. Samples prior to immunotherapy were defined as
“B.” Samples following immunotherapy were defined as “A.” (a-d) Ace, Chao, coverage and Sobs index score of the gut microbiota in patients stratified
according to time point of treatment, by the Mann-Whitney U rank sum test. (e, f) At the phylum and genus level, the species composition of the gut
microbiota differed between the 30 patients before and after treatment. (g, h) There were significant differences in the genus level of Faecalibacterium

(p = 0.02813) and Klebsiella (p = 0.02655) before and after treatment. Faecalibacterium increased after immunotherapy, while Klebsiella decreased after

treatment.*p < 0.05.

group, delayed the tumor progression (Figure 4d). The study
findings showed that the lower the intestinal diversity of
mice, the faster the tumor progression. Immunotherapy can
delay the tumor progression, and FMT further enhances the
effect of immunotherapy. The number of Ki-67 tumor cells
were reduced in the NR FMT and R FMT groups, p < 0.05
(Figure 4e). FMT also led to a reduction in PD-L1 expres-
sion compared with blank (PBS) group, although the differ-
ence was not significant, p > 0.05 (Figure 4f).

We sequenced the 16S rRNA of the colon contents and
found that the composition of the gut microbiota differed
among the six groups of mice. The functional prediction of
the gut microbiota in mice showed similar results to those
observed in human samples (Figure 4g). Moreover, the
results demonstrated that the diversity of the gut microbiota
was significantly reduced in mice that received antibiotics,

which disrupted the gut microbiota and accelerated tumor
development. Antibiotics also attenuated the therapeutic
effect of PD-1 inhibitors. After analyzing the mice following
changes in the gut microbiota, we found that the diversity of
the gut microbiota in mice receiving FMT from R patients
was improved compared to baseline. However, the results
were not significantly different when compared with the
FMT in the NR group, p > 0.05 (Figure 4h). At the genus
level, we observed differences in species composition
between each group, although not in the same way as
observed in clinical samples (Figure 4i). Muribaculaceae and
Ligilactobacillus were significantly enriched in the R FMT
group compared to the NR FMT group. Escherichia-Shigella,
Parabacteroides, Lachnospiraceae_NK4A136_group, Helico-
bacter and Blautia were significantly enriched in the NR
FMT group. Overall, our findings suggest that diversity of
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gut microbiota can influence the response to PD-1 inhibitor
treatment. FMT from patients can improve the diversity of
the gut microbiota and delay tumor progression in animal
models.

DISCUSSION

NSCLC is a type of lung cancer that is characterized by its
aggressive nature and high mortality rate.”**’ The occur-
rence and progression of NSCLC are often associated with
immune evasion, which is related to immune suppression.
Although immunotherapy has achieved promising results in
the treatment of patients with advanced NSCLC, it is only
effective in a subset of tumor types, and the incidence of
immune-related complications is also high due to individual
variations.”™>' The challenges of immunotherapy for
NSCLC are numerous and complex. One of the primary
challenges is the heterogeneity of NSCLC, which means that
different patients may respond differently to immunother-
apy. This heterogeneity can be attributed to various factors
such as tumor genotype, immune status, and tumor micro-
environment. Another challenge is the development of resis-
tance to immunotherapy. While immunotherapy has shown
promising results in some NSCLC patients, many patients
eventually develop resistance to the treatment, which can
lead to tumor recurrence. Understanding the mechanisms of
resistance and finding ways to overcome it are crucial for
improving the long-term outcomes of immunotherapy.”
Advancements in genomics and metabolomics technology
have shed light on the role of gut microbiota and their
metabolites in tumor occurrence, development, and treat-
ment.” It is now increasingly recognized that the microbiota
can influence tumor immunotherapy by modulating the
host immune system and TME.***® Microbiota-derived
metabolites can directly or indirectly regulate host immunity
and metabolism, and play a crucial role in tumor initiation
and progression.”®

Sivan et al. demonstrated that bifidobacterium species
can inhibit tumor growth by activating dendritic cells (DCs),
which in turn enhances effector function of tumor-specific

CD8 + T cells. However, the specific mechanism by which
bifidobacterium activates DCs to improve the antitumor
effect of CD8 + cells require further investigation.”’ In a
study by Routy et al., which included data from patients
with advanced NSCLC, renal and urothelial cancer, it was
found that patients who received antibiotics before or imme-
diately after immunotherapy had shorter progression-free
and overall survival with PD-1 inhibitor immunotherapy.
Shotgun sequencing of the gut microbiota revealed that
responders to PD-1 inhibitor immunotherapy were enriched
in Akkermansia, suggesting that Akkermansia may enhance
the response to PD-1 inhibitor immunotherapy. However,
the underlying mechanism by which Akkermansia enhances
PD-1 inhibitor immunotherapy remains unknown.”” In
addition to the composition of gut microbiota, microbes’
metabolites may also play a key role.”® SCFAs are major
metabolites produced by intestinal microbial fermentation
of dietary fiber. SCFAs can directly activate G protein
coupled receptor (GPCR) and inhibit histone deacetylases
(HDACs).”>* SCFAs can also regulate tumor immunity by
modulating the differentiation and function of various
immune cells, increasing the sensitivity of tumor cells to
apoptosis, reducing hypoxia-inducible factors (HIFs), and
enhancing the immunogenicity of tumor cells to improve
the efficacy of chemotherapy and immunotherapy.””*'

In this study, we conducted a prospective investigation
of the gut microbiota profiles in 41 patients with advanced
NSCLC starting ICI therapy using 16S rRNA sequencing.
Our findings indicate that patients who exhibited better clin-
ical responses had higher diversity and a distinct gut micro-
biome composition compared to NR. The alpha diversity
index, represented by Ace, Chao, Coverage, and Sobs
indexes, was significantly higher in the R group, indicating a
greater number of species in the gut microbiota. Ace, Chao
and Sobs estimate microbial diversity in the sample. Cover-
age reflects the real situatuin of microorganisms in the sam-
ple. This observation was consistent with the differential
composition of the gut microbiome between R and NR
patients. Beta diversity analysis through PCoA also revealed
distinct clusters based on clinical responses to ICB treat-
ment. These results suggest that regardless of genetic

FIGURE 3

Targeted short-chain fatty acids (SCFAs) in the feces of 30 patients after immunotherapy were detected by gas chromatography-mass

spectrometry. (a) The metabolite butyric acid in the gut of responders (R) was significantly higher than that of nonresponders (NR). (b) The contents of

acetic acid, butanoic acid, isovaleric acid and isobutyric acid in the R group were significantly higher than those in the NR group. According to the analysis of
variance, the difference of SCFAS in different groups was calculated, and the post hoc multiple comparisons were made. For the same index, if the letters of
the two groups were the same, it meant that there was no significant difference in the content of the index in the two groups. If the letters of the two groups
were different, it meant that there was a significant difference in the content of the index in the two groups. (c) The correlation between SCFAs. Circles
represent the correlation between two substances, larger circles indicate higher correlation, blue represents negative correlation, red represents positive
correlation, and X represents no significance at the test level. (d) Compared with group R, the content of SCFAs in group NR was generally lower. (¢) The
results showed that except for the receiver operating characteristic (ROC) of isohexanoic acid, the ROC models of the other seven SCFAs had good predictive
value for the prognosis of advanced NSCLC. The x-axis is 1-specificity, and the coordinate axis is 0-1. The y-axis is sensitivity, and the coordinate axis is 0-1.
The point marked on the curve is the best critical value (the value in parentheses is the specificity and sensitivity corresponding to the point). (f) In the
correlation analysis between gut microbiota and SCFAs, Faecalibacterium was positively correlated with butyrate, acetic acid and valeric acid. Escherichia-
Shigella, Prevotella_9, and Phascolarctobacterium was positively correlated with hexanoic acid. Roseburia and Enterobacter was positively correlated with
propanoic acid. Statistical analysis was performed by one-way analysis of variance (ANOVA) (a), Mann-Whitney (b, d) or Spearman’s correlation (c, f) tests.
Data are expressed as mean + SEM. *0.01 < p < 0.05, ¥*0.001 < p < 0.01, ***p < 0.001.
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FIGURE 4 Transcriptomic and metabolomic analysis of syngeneic tumor models treated with responders (R) and nonresponders (NR).

(a) Experimental protocol. (b, ¢) Characteristics of intestinal flora of the phosphate buffered saline (PBS) + antibiotic (ATB), PBS, PD-1, PD-1 + ATB, PD-1
-+ NR FMT, and PD-1 + responders fecal microbiota transplantation (R-FMT) groups, there was a significant difference between the groups in the level of
diversity ace index, p < 0.05. (d) Growth curves of subcutaneous tumors in C57BL mice. (e) Characteristics of intestinal flora at the level of alpha diversity ace
index of the PBS + ATB, PBS, PD-1, PD-1 4+ ATB, PD-1 + NR, and PD-1 + R groups at the baseline of treatment. (f, g) Representative
immunohistochemical (IHC) analysis. Compared with six groups, the R-FMT group comprised significantly decreased numbers of Ki-67 positive cells,

p < 0.05. Compared with the PD-1 + ATB group and PD-1 group, the R-FMT group comprised partly decreased numbers of PD-L1 positive cells, p < 0.05.
(h) The bar plot visually shows the changes of different species in six groups. Characteristics of intestinal flora at the level of alpha diversity ace index of the
PBS + ATB, PBS, PD-1, PD-1 + ATB, PD-1 + NR FMT, and PD-1 + R FMT groups after different treatments. (i) Analysis of species differences between
the six groups at the genus level. Significant differences were evaluated using the Kruskal-Wallis rank sum test (b, h, i), ordinary one-way analysis of variance
(ANOVA) (d, f, g) test. Data are expressed as mean + SEM. *p < 0.05, ¥*0.001 < p < 0.01, ***p < 0.001. PD-1, programmed death-1.

background and geographic location, the diversity of the gut
microbiota may be a common factor associated with a favor-
able response to ICB treatment. In addition to diversity, the

composition of the gut microbiota was also related to favorable
responses to ICI treatment. Bacteroides was the most frequent
genus observed in our cohort of patients with advanced
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FIGURE 4 (Continued)

NSCLC, which is consistent with previous studies demonstrat-
ing an abundance of Bacteroides in the human gut micro-
biota.*” Further analysis revealed differences in the gut
microbiota composition between R and NR. Faecalibacterium,
Ruminococcus, Lachnospiraceae_NK4A136_group, [Eubacte-
rium]_siraeum_group, and unclassified_c__Clostridia were
enriched in the R group. LEfSe further confirmed a higher
abundance of Faecalibacterium in the feces of the R group
compared to the NR group. To further investigate the changes
in the gut microbiota after immunotherapy, we analyzed the
sequencing data of fecal samples. A higher alpha diversity
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index represented by Ace, Chao and Sobs indexes after immu-
notherapy was found. Interestingly, we found that Blautia and
E. Shigella decreased after immunotherapy, but the difference
was not significant. Studies have shown that Blautia levels are
significantly higher in patients with lung cancer relative to
healthy people. The results showed that Blautia was the promi-
nent gene level biomarkers for the early-stage NSCLC group.*’
Studies have found harmful effects of cancer cachexia on
patients with advanced NSCLC treated with ICIs. The intesti-
nal microbiota profile shows that E. Shigella is highly associated
with cachexia in patients at the genus level.** This also suggests
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that E. Shigella may be associated with a poor prognosis of
immunotherapy in patients with NSCLC.* However, more
research data may be needed to confirm the specific mecha-
nism of action of the unique gut microbiota in lung cancer
immunotherapy. Further analysis revealed differences in gut
microbiota composition between the prior to immunotherapy
(B) and the following immunotherapy (A). Our results show
that Faecalibacterium increased after immunotherapy. A previ-
ous clinical investigation found that Faecalibacterium were
positively associated with the efficacy of PD-1 and CTLA-4
blockade.*® This is also consistent with the report that patients
are more sensitive to ICI treatment.

A large number of studies have shown that most SCFAs
in the human body, including butyrate, are derived from the
metabolism of intestinal bacteria. Faecalibacterium is known
to have anti-inflammatory properties, improve metabolic
disorders, and is a major producer of butyrate in the gut.*’
In this study, the results showed that R patients had a signif-
icantly higher fecal butyric acid content than NR patients.
In comparing the two groups, the content of SCFAs was
generally lower in the NR group. It has previously been
reported that NSCLC R patients exhibited higher levels of
serum acetic acid, propionic acid, and butyric acid than NR
patients.*® The correlation between gut microbiota and
SCFAs was analyzed, and it was found that faecalibacterium
was positively correlated with butyrate. In recent studies,
Clostridium butyricum MIYAIRI has been reported to have
an optimistic association with ICI efficacy in NSCLC.*
Although the results showed a positive association between
butyric acid and immunotherapy response, a significant dif-
ference in Clostridium butyricum prevalence between
responders and nonresponders was not found. One possibility
lies in the number limitation in this study. Overall, this study
highlights the association between gut microbiota composi-
tion, diversity, and the response to ICI therapy in patients
with advanced NSCLC. The enrichment of specific bacterial
taxa and SCFAs, particularly Faecalibacterium and butyrate,
in responders suggests their potential role in enhancing the
efficacy of ICB therapy. It is not out of expectation that sys-
temic antitumor immune responses are diverse in patients
with different gut microbiome composition.

Given these findings, we investigated whether combining
ICIs with FMT could reverse the nonresponse state. Further
research is needed to explore the therapeutic potential of
combining ICB with FMT to modulate the gut microbiota
and improve treatment outcomes in nonresponsive patients.
In this study, we performed FMT by transferring stools from
three R patients and three NR patients to C57BL mice with
LLC tumors. We were excited to find that the mice gavaged
with fecal supernatant from NSCLC patients showed resto-
ration of gut microbiota diversity after antibiotic treatment.
However, diversity was also not different in mice with FMT
from the R and NR groups. We considered that only a por-
tion of the patient-derived gut microbiota colonized the gut
of mice. We observed that the mice treated with antibiotics
had a poor response to PD-1 treatment, and FMT from the
effective group enhanced the antitumor effect of PD-1.

Additionally, the diversity of the gut microbiota was signifi-
cantly reduced in mice that received antibiotics, which
disrupted the gut microbiota and accelerated tumor devel-
opment. Antibiotics also attenuated the therapeutic effect of
PD-1 inhibitors. This finding indicated that the disordered
microbiota affected the progression of the disease. Analysis
of tumor tissues showed that FMT effectively reduced Ki-67
expression, but had no significant effect on PD-L1 expres-
sion, which may contribute to the ability of FMT to slow
tumor growth. However, in this study, after administration
of FMT, LLC mice showed no significant difference in pro-
gression of the disease between R FMT and NR FMT, which
indicated that the antitumor effect of R FMT was limited.
We sequenced the 16S rRNA of the colon contents and
found differences in the composition of the gut microbiota
among the six groups of mice, with similar functional pre-
dictions as observed in human samples. The results of this
study indicated that FMT could effectively enrich the diver-
sity of gut microbiota in mice. However, there was no statis-
tically significant difference in antitumor effect among R
and NR FMT. This finding suggests that while FMT could
indeed modulate the gut microbiota, its antitumor effect
may not be solely determined by the diversity of gut micro-
biota. Other factors, such as the specific composition of the
microbiota, the interaction between microbiota and the
immune system, and the genetic background of the host
may also play important roles in determining the antitumor
effect of FMT. Nevertheless, our findings do not rule out the
potential of FMT in immunotherapy. Future studies are
needed to further explore the mechanisms underlying the
anti-tumor effect of FMT and identify the optimal condi-
tions for its application in immunotherapy.

However, there were several limitations to our study.
First, we used a mouse model of LLC with the technical lim-
itations of direct cellular implantation, which may not per-
fectly replicate the anatomy of lung cancer. Nonetheless, we
believe that our study convincingly demonstrates the influ-
ence of the gut microbiota on lung cancer and immune
checkpoint blockade. Second, tumor growth is influenced by
various complex factors, and immunity is just one aspect.
The individual differences in the composition of the gut
microbiota between animal models and humans should be
considered, and the microbial spectrum of the gut micro-
biota in different individuals explored further, which is cru-
cial for developing personalized strategies for optimizing the
gut microbiota in precision medicine. Lastly, a small sample
size may not be representative of the broader population,
limiting the generalizability of the study findings. The
research is currently limited to horizontal clinical studies,
and more clinical samples are needed for clinical studies. It
is believed that there are many undiscovered potential con-
nections between the complex gut microbiota and the
immune system waiting to be explored.

In conclusion, research has demonstrated that the gut
microbiota and its metabolites play a role in the develop-
ment of various malignancies and can also impact the clini-
cal outcomes of tumor immunotherapy. Gut microbiota
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diversity and SCFAs are significantly related to the response
to NSCLC immunotherapy. The higher the gut diversity and
SCFAs the better the effect of immunotherapy. Faecalibac-
terium shows a correlation with immunotherapy efficacy.
Further exploration of the relationship between gut micro-
biota metabolites and the immune system could provide
new avenues for the treatment of advanced NSCLC patients.
Additionally, investigating whether interventions targeting
the gut microbiota, such as antibiotics, probiotics, and fecal
microbiota transplantation (FMT), can influence the cancer-
promoting or cancer-suppressing effects of metabolites is an
important area for future research.
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