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ARTICLE INFO ABSTRACT

Keywords: Lung cancer ranks among the primary contributors to cancer-related fatalities on a global scale.
Qingfei mixture Multiple research investigations have demonstrated that there exists a dysbiosis within the in-
Metabonomics

testinal bacteria and short-chain fatty acids (SCFAs) is linked with immune responses in lung
cancer. Qingfei mixture (QFM) has been widely used in treating lung cancer, yet the active in-
gredients and roles of the QFM on immune responses by targeting gut microbiota remain to be
elucidated. The chemical constituents of QFM were qualitatively examined by UPLC/Q-TOF-MS.
Additionally, we evaluated the therapeutic impact of the organic substance QFM on lung cancer,
aiming to elucidate its mechanisms for improving the tumor-immune microenvironment. Herein,
we constructed a Lewis lung carcinoma (LLC)-bearing mice model with QFM treatment to observe
tumor growth and immune cell changes. Then, the feces were collected and a combinatory study
using metagenomes, non-targeted metabonomics, and targeted metabonomics of SCFAs was
performed. In vitro experiments have been conducted to estimate the roles of acetate and sodium
propionate in CD8" T cells. Furthermore, we treated tumor-bearing mice with QFM, QFM +
MHY1485 (an mTOR activator), and QFM + an antibiotic mixture (ABX) to explore the potential
therapeutic benefit of regulation of the tumor microenvironment. A total of 96 compounds were
obtained from QFM by UPLC/Q-TOF-MS. Besides, the findings demonstrated that QFM exhibited
significant efficacy against lung cancer, manifesting in reduced tumor growth and improved
immune responses. In investigating its mechanisms, we integrated gut microbiota sequencing and
fecal metabolomics, revealing that QFM effectively restored disruptions in gut microbiota and
SCFAs in mice with lung cancer. QFM, acetate, or sodium propionate contributed to the up-
regulation of IFN-y, Gzms-B, perforin, IL-17, IL-6, IL-12, TNF-a expressions and decreased
HDAC and IL-10 levels in vitro and in vivo. Moreover, MHY1485 and ABX weakened the effects of
QFM on immunomodulation. Collectively, these results suggest that QFM may facilitate immune
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responses in the LLC-bearing mice via regulating the gut microbiota-derived SCFAs at least
partially through targeting the mTOR signaling pathway.

1. Introduction

One of the most prevalent malignant tumors is lung cancer, which accounts for roughly 11 % of all malignant tumors and
approximately 18 % of tumor-related fatalities [1]. In 2023, approximately 103,000 out of the 127,070 lung cancer deaths were
directly attributed to cigarette smoking, while an additional 3,560 fatalities were linked to second-hand smoke exposure [2].
Approximately 80 % of instances of lung cancer manifest as non-small cell lung cancer (NSCLC), and due to delayed development of
clinical symptoms and insufficient screening techniques, many NSCLC patients receive a diagnosis at an advanced stage [3]. It is
challenging to treat NSCLC, and despite the combination of surgery, immunotherapy, chemotherapy, and radiotherapy improving the
prognosis for NSCLC, many patients still pass away from the disease due to the recurrence and metastasis [4]. Thus, it is essential to
actively investigate the mechanisms and novel therapies of NSCLC.

A significant paradigm change has occurred in lung cancer treatment over the past ten years. Many efficient targeted treatments
and immunotherapy have been created as a result of our growing biological understanding of lung cancer. In the realm of NSCLC
treatment, the advent of specific antibodies targeting the CTLA4 receptor, PD-L1, and PD-1 has led to unprecedentedly extended
survival rates for a portion of these patients [5]. Nonetheless, the majority of individuals continue to experience illness progression
while receiving treatment or after stopping the medication. A multi-drug combination therapy that targets T cell activation,
co-stimulatory signal activation, tumor microenvironment (TME) modification, and immunological co-inhibitory signal blocking is
currently being closely studied [5-7]. Among them, unbalance in the TME, one of the most obvious characteristics of malignancies is
inundated with tumor cells, numerous stromal cells consisting of fibroblasts, epithelial cells, and adipocytes, as well as immune cells
[8,9]. Additionally, the majority of antitumor cells of the immune system in the TME, known as CD8* T cells. However, the abundance
of immunosuppressive cells or substances within the tumor microenvironment hinders the capability of CD8" T cells to execute their
function [10]. A study by Tu et al. found that the combination of Anti-PD-L1 and anti-CD73 contributes to tumor-infiltrating CD8" T
cells response in EGFR-mutated NSCLC [11]. As is well documented, immunosuppressive regulatory T cells (Tregs), PD-1, and CTLA4
levels were upregulated which ultimately caused the CD8" T cells exhaustion in TME [12,13]. Therefore, clarifying the regulatory
mechanisms and determining the elements that can boost CD8" T cells in the TME of NSCLC are crucial.

The intestinal flora is made up of millions of intestinal microorganisms, the majority of which are bacteria of all kinds, followed by
viruses and certain eukaryotes, with a vital function in maintaining host health [14]. According to studies, there is a connection
between gut microbiota and lung cancer. Intestinal flora affects lung cancer’s development, invasion, and metastasis as well as the
curative effects of chemotherapy and immunotherapy [15,16]. As a result, lung cancer prevention and therapy strategies should
consider targeting intestinal flora. Furthermore, SCFAs are the primary metabolites produced by particular intestinal flora, including
Bacteroides, Roseburia, Bifidobacterium, Fecalibacterium, and Enterobacteria, following fermentation of dietary fiber and resistant starch
[17]. Additionally, it has been demonstrated that the SCFAs produced by the gut microbiota, which are pivotal in preserving cellular
homeostasis given that they have an impact on the activity of histone deacetylases (HDACs), which in turn affects cell adhesion,
immune cell migration, cytokine secretion, and programmed death of cells [17,18]. Consequently, it may be worthwhile to think about
changing the microbiota’s structural composition to affect SCFA concentrations in the digestive tract for the purpose of treating or
preventing cancer.

Traditional Chinese medicine (TCM), as one of the most important techniques of preventing and treating malignant tumors, aids in
the elimination of evil by controlling intestinal flora, enhancing probiotics, reducing dangerous bacteria, and then maintaining flora
homeostasis [19,20]. Qingfei mixture (QFM), a hospital preparation based on an experienced recipe for treating medium and late-stage
lung cancer, was established by Zhejiang Cancer Hospital (Zhejiang, China). This medicinal mixture is made up of Bulb of Thunberg
Fritillary (“Zhe Bei Mu” in Chinese), Stephania tetrandra radix (“Fang Ji” in Chinese), Hedyotis diffusa Herba (“Bai Hua She She Cao”
in Chinese), Solanum nigrum L (“Long Kui” in Chinese), Paridis Rhizoma (“Chong Lou” in Chinese), Scutellariae Barbatae Herba (“Ban
Zhi Lian” in Chinese), Imperatae Rhizoma (“Bai Mao Gen” in Chinese), Agrimoniae Herba (“Xian He Cao” in Chinese), Prunellae Spica
(“Xia Ku Cao” in Chinese), and Scolopendra (“Wu Gong” in Chinese). Modern clinical studies have shown that QFM possesses the
ability to improve immunologic function in NSCLC patients by increasing CD3" and CD4" T lymphocyte subsets, as well as IgG, IgA,
and IgM levels [21,22]. Besides, a large number of contemporary academics have become interested in the makeup of natural med-
icines and their many active constituents in recent years. However, the active ingredients and biological mechanisms of QFM on
intestinal microbiome and SCFAs in the management of NSCLC remain unknown and deserve additional research.

In this paper, we employed UPLC/Q-TOF-MS technology to examine the constituents of QFM. Primarily, the present investigation
sought to elaborate the functions of QFM in managing NSCLC. Furthermore, we investigated whether SCFAs or QFM administration
could trigger CD8" T cell responses at least partially through the intestinal flora. Our results indicated that QFM could inhibit tumor
growth, restore the intestinal flora, and ameliorate SCFA levels in Lewis lung carcinoma (LLC)-bearing mice. Acetate and propionate or
QFM also trigger CD8™ T cell responses in vitro and in vivo, respectively. In conclusion, QFM may alleviate CD8" T cell exhaustion for
enhancing immune function through intestinal flora-associated SCFAs in NSCLC.
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2. Materials and methods
2.1. Cell culture

Mouse Lewis lung carcinoma-luciferase (LLC-Luc) was purchased from the Cell Resource Center of the Shanghai Academy of
Sciences (Shanghai, China). The LLC-Luc cell line was cultured in DMEM (Thermo Fisher Scientific, USA) supplemented with 10 % FBS
(Gibco, USA) in an incubator containing 5 % COa.

2.2. Preparation of QFM and component analysis of QFM extracts

QFM consists of Fritillaria thunbergii Miq (12g), Stephania tetrandra S.Moore (16g), Scleromitrion diffusum (Willd.) R.J.Wang (16g),
Solanum nigrum L., 1753 (16g), Paris yunnanensis Franch (30.2g), Scutellaria barbata D.Don (30.2g), Imperata cylindrica (L.) Raeusch
(30.2g), Agrimonia pilosa Ledeb (15g), Prunella vulgaris Linn (30 g), and Gekko japonicas Dumeril et Bibron (9 g). In short, all medicinal
ingredients were immersed in 6000 mL of distilled water for 30 min and boiled twice for 2 h each. The yield of the aqueous extract was
2.66 g/mL. Following extraction, QFM was stored at 4 °C until further utilization. The aqueous extracts of QFM were identified with a
UPLC/Q-TOF-MS system (Waters, UK), and the equipment’s conditions were set as Li et al. had suggested [23].

2.3. Imaging with bioluminescence in vivo

Eighteen specific pathogen-free (SPF) male C57BL/6 mice (5-6 weeks of age) weighing 19 g + 2 g, were obtained from SLAC
(Shanghai, China). The mice were maintained in an SPF barrier environment of the Zhejiang Eyoung Biomedical Research and
Development laboratory animal research center (SYXK(Zhe)2021-0033, Zhejiang, China). All mice were randomly assigned to three
groups (n = 6): control, model, and QFM groups. Applying the dose conversion formula for human-to-animal dosing, based on a human
weight of 60 kg and a nude mouse weight of 20 g, (204.6 g x 0.0026)/20 g yields a clinical equivalent daily gavage dose of 26.6 g/kg.
With a daily dose volume of 0.2 mL, QFM was prepared at a concentration of 2.66 g/mL. To mimic clinical application, the selected
dose of 26.6 g/kg was administered for in vivo animal experiments. Then, mice in the model and QFM groups were injected intra-
venously with 1 x 10® LLC-Luc cells via the tail-vein. In the QFM group, mice were given QFM intragastrically at a dose of 26.6 g/kg
daily for 15 days, whereas the mice in the control and model groups received only an equivalent volume of saline for 15 days. For
imaging with bioluminescence in vivo, mice in the model and QFM groups were injected intraperitoneally with D-Luciferin (200 pL, 15
mg/mL, Yeasen Biotechnology (Shanghai) Co., Ltd, China) and imaged 10-15 min later using the BLT AniView100 In-Vivo Imaging
System (Guangzhou Biolight Biotechnology Co., Ltd., China). After that, the intensity of bioluminescence imaging was determined
using region of interest (ROI) analysis.

2.4. Assays of cytokine in serum of mice

Mice were euthanized after imaging the bioluminescence in vivo, and the blood was obtained and underwent centrifugation at
12,000 rpm at 4 °C for 15 min to isolate the serum. Afterwards, the levels of IFN-y, IL-6, TNF-a, IL-10 in the serum samples were
measured using ELISA with commercial kits (#MM-0182M2, #MM-0132M2, #MM-0163M2, #MM-0176M2, Jiangsu Meimian In-
dustrial Co., Ltd, China).

2.5. Hematoxylin and eosin staining

Mouse tumor tissues were removed, fixed, and embedded in paraffin. Subsequently, the tumor tissues embedded in paraffin were
sliced into sections measuring 4 pm in thickness. Next, the sections were stained with hematoxylin and eosin (Sigma, USA). Finally,
images were photographed using Eclipse Ci-L microscopy (Nikon, Japan).

2.6. Preparation of CD8" T cell and flow cytometry analysis

Following the sacrifice of the mice per each group, the spleen was removed, ground, and filtered. Next, the cell filtrate was
collected. The sedimentation cells were added with 5 mL red blood cell lysate mix for maintaining 5 min. After centrifugation and
discarding the supernatant, the cells were resuspended by PBS solution for further usage. Phenotypes of Tregs in peripheral blood and
spleen tissues were conducted with a flow cytometer (BD, USA). Furthermore, CD8" T cells were purified from spleen mononuclear
cells using CD8™ T Cell Biotin-Antibody Cocktail (Miltenyi Biotec, Gladbach, Germany) and MidiMACS™ Separator (Miltenyi Biotec,
Gladbach, Germany), as directed by the manufacturer. For the activation and proliferation of CD8™ T cells, the cells were grown in 24-
well plates for 48h under anti-CD3 and anti-CD28 antibodies (BD Biosciences, USA) stimulation for further investigation.
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The untargeted metabolomic analysis of fecal samples is conducted based on our earlier research [24]. For untargeted metabolomic
analysis, we accurately weighed 100 mg of fecal samples in a 2 mL EP tube, added 0.6 mL methanol (—20 °C), and mixed thoroughly by
vortexing for 30 s. The samples were then incubated on ice for 5 min and centrifuged at 12000 rpm at 4 °C for 10 min, and the su-
pernatant was filtered through 0.22 pm membrane and added into the detection bottle for LC-MS detection. LC-MS/MS analyses were
performed using a Thermo Ultimate 3000 system equipped with an ACQUITY UPLC® HSS T3 (150 x 2.1 mm, 1.8 pm, Waters) column.
PCA and OPLS-DA were carried out using the Ropls package. Additionally, differential metabolites with VIP scores exceeding 1 and a
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Representative in vivo images displaying tumor growth in lung derived from mice under tail vein injection of Lewis-Luciferase cells detected via
bioluminescence. (D) Representative HE-stained tumor sections from the model and QFM groups.
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P-value below 0.05 were visualized on a volcano plot. Finally, the KEGG database was utilized to annotate the functions of metabolites
and metabolic pathways.

2.8. Fecal SCFAs analysis

The fecal SCFAs were analyzed as previously reported [25]. Briefly, 50 mg of fecal samples were homogenized with 50 pL of 15 %
phosphoric acid and 400 pL of diethyl ether to extract SCFAs. A polar HP-INNOWAX capillary column (30 m*0.25 mm ID*0.5 pm film
thickness; Agilent Technologies Inc., USA) was used to detect the levels of SCFAs. The oven program was adopted at an initial tem-
perature of 90 °C, increased to 120 °C at a rate of 10 °C/min, and maintained at 250 °C for 2 min. Peak regions were selected according
to the retention time for each SCFA and calculated using MassHunter (Agilent). Subsequently, ROC analysis was performed to evaluate
the clinical diagnostic or prognostic potential of the metabolites in QFM-treated lung cancer, with the AUC serving as the assessment
metric.

2.9. Fecal microbiota analysis

Bacterial genomic DNA was isolated from each fecal sample using the DNA Stool Kit (Qiagen Bioinformatics Co., Ltd, Hilden,
Germany). Metagenomic shotgun sequencing libraries were constructed and sequenced at Suzhou PANOMIX Biomedical Tech Co., LTD
(Suzhou, China). The alpha diversity is assessed using three parameters (Simpson, Chao, Shannon), and the beta diversity is assessed
using PCoA. Besides, the LEfSe is executed to identify the significantly different species. Moreover, functional annotation of the KEGG
orthologs (KOs) was performed using LEfSe analysis. Subsequently, integrating taxa at phylum, genus, and species levels and SCFAs,
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the correlation coefficients between the two components as a heatmap were determined using Spearman analyses using the corrplot
package in R.

2.10. Cell viability
The viability of CD8™ T cells was assayed using MTT (BBI Life Sciences). CD8™ T cells were plated in a 96-well plate at a density of

5.0 x 10° cells/well and incubated overnight. After that, the cells were treated with acetate (1 mM, 10 mM, 20 mM) or sodium
propionate (0.1 mM, 0.5 mM, 1 mM) at different concentrations for 24h, 48h, and 72h. Next, each well received 20 L of the MTT
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solution (5 mg/mL in PBS) and incubated for 4 h before the culture was stopped and the well’s culture supernatant was carefully
aspirated. To completely melt the crystal, 150 L of DMSO was added to each well, and the mixture was agitated for 10 min. Ultimately,
cell viability was assessed by recording absorbance at 450 nm wavelength utilizing a CMaxPlus microplate reader (Molecular Devices,
Germany).
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Fig. 5. Determination of fecal SCFA content in QFM-treated mice with lung cancer. (A) PCA score plot (2 principal components, R2X 0.946).
(B) OPLS-DA score plot (2 principal components, R2X 0.943, R2Y 0.246, Q2 -0.121). (C) OPLS-DA validation plot intercepts: R2 = (0.0, 0.16), Q2 =
(0.0, —0.41). (D) Heatmap visualization of the SCFA in the fecal samples from QFM (Q)-treated lung cancer mice. (E) The content of Acetic acid,
Propionic acid, Isobutyric acid, Butyric acid, Isovaleric acid, Valeric acid, and Caproic acid showed using the Box plot. *P < 0.05, **P < 0.01.
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2.11. ELISA and HDAC fluorometric assay

After the cells were treated with acetate (1 mM, 10 mM, 20 mM) or sodium propionate (0.1 mM, 0.5 mM, 1 mM), the level of IFN-y,
Gzms-B, and perforin in the supernatants of the CD8" T cells was quantified using ELISA kits, according to the manufacturer’s in-
structions. For the HDAC fluorometric assay, the HDAC inhibitory activity of acetate and sodium propionate was measured by the
Histone Deacetylase Assay Kit, Fluorometric (AAT Bioquest, Inc., USA). Briefly, after treatment for indicated times, the nucleoprotein
of CD8" T cells was extracted using Nucleoprotein Extraction Kit (Thermo Fisher, USA). Subsequently, different concentrations of
acetate or sodium propionate were incubated with the CD8" T cells lysate and acetylated substrate provided in the kit. The developer
solution was added to the aforementioned components after 30 min of incubation, and they were then incubated for an additional 10
min. Ultimately, the fluorescence was detected using a Varioskan LUX multimode plate reader (Thermo Scientific, USA). To assess the
HDAC inhibitory activity of acetate and sodium propionate, the HDAC inhibitor trichostatin A at 30 pM was utilized as a reference.

2.12. Western blotting assay

Tumor samples from lung tissues of LLC tumor-bearing mice were homogenized and centrifuged. And, the total protein of acetate-
and sodium propionate-treated CD8" T cells was extracted with RAPI cells lysis buffer (Beijing ComWin Biotech Co., Ltd. China)
supplemented with a protease inhibitor cocktail (ComWin Biotech). Then, the protein content was assessed utilizing the BCA kit
(Beyotime). An equivalent quantity of protein samples (30 pg) were then separated by 10 % SDS-PAGE and transferred to PVDF (GE
Healthcare Life Sciences China, China) membranes and blocked with 5 % bovine serum albumin (BioFRoxx, Germany) in TBST for 2 h.
After that, the membranes were exposed to primary antibodies targeting Ki67 (1:1000, AF0198, Affinity Bioscience, USA), p53
(1:1000, AF0879, Affinity), Fas ((1:1000, AF5342, Affinity), FasL (1:1000, AF0157, Affinity), p-mTOR (1:1000, ab109268, Abcam,
Cambridge, UK), mTOR (1:1000, ab32028, Abcam), p-p70S6K (1:1000, 9208T, CST, USA), p70S6K (1:2000, 2708T, CST), and GAPDH
(1:5000, AF7021, Affinity) at 4 °C overnight. After that, the membranes underwent incubation with anti-rabbit IgG, HRP-linked
antibody (1:5000, #7074, CST) or anti-mouse IgG (H + L), biotinylated antibody (1:5000, #14709, CST) for 2 h at room
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Fig. 6. Altered gut microbiota diversity in QFM-treated mice with lung cancer. (A) Species cumulative box plot of QFM-treated mice gut
microbiota. (B) Simpson, Chaol, and Shannon indices were selected to assess the a-diversity of the gut microbiota. (C) PCoA analysis of the gut
microbiota. (D) Venn diagram concisely illustrated the operational taxonomic units (OTU) distribution among the C, M, and QFM (Q) groups.
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temperature. In the end, the proteins were detected utilizing an ECL chemiluminescence kit (Beyotime, China), followed by exposure
with the CLiNX GenoSens2000 Imaging System (Shanghai CLiNX Co., LTD, China), and quantified by using ImagePro Plus software.

2.13. Xenograft model

Male C57BL/6 mice (n, 30; Qualified number: 20170005073685) within 5-weeks-old were purchased from SLAC Co., Ltd. LLC cells
(2 x 10° in 200 pL of PBS) were injected subcutaneously into the flanks of each mouse. As the subcutaneous tumors reached a size of
about 100 mm®, mice were randomly divided into five groups: Mice in the model group were administrated physiological saline,
sodium propionate group (200 mg/kg, i.g., twice daily; Shanghai Yuanye Biotechnology Co., LTD, China), QFM group (26.6 g/kg, i.g.,
each day), QFM + MHY1485 [26.6 g/kg, i.g., each day+10 mg/kg, i.p., an mTOR activator (MedChemExpress, China), each day]
group, and QFM + antibiotic mixture (ABX) group [(26.6 g/kg, i.g., each day+250 pl of ABX, i.g., twice daily; Macklin, China]. The

A Cell growth and death -
Cell motility -
Cellular community - eukaryotes - Cellular Processes
Cellular community - prokaryotes -
Transport and catabolism -

[\ transport -
Signaling molecules and interaction - Environmental Information Processing
Signal transduction - E—

Folding, sorting and degradation -  ———
Replication and repair-  E———
Transcription- =
Translation-  EE—

Genetic Information Processing

Cancers: Overview - .
Cancers: Specific types- 1
Cardiovascular diseases- 1

Drug resistance: Antimicrobial - EE—
Drug resistance: Antineoplastic- ®
Endocrine and metabolic diseases-  m :
Immune diseases- | bl (DIssEsss
Infectious diseases: Bacterial - mm—m

Infectious diseases: Parasitic- |

E Infectious diseases: Viral- 1
= Neurodegenerative diseases- I
L Substance dependence -
k£
a Amino acid metabolism -
(9 Biosynthesis of other secondary metabolites - EE—
0] Carbohydrate metabolism -
w Energy metabolism - E——
X Glycan biosynthesis and metabolism - EE———
Lipid metabolism - n— -
Metabolism of cofactors and vitamins - IE——— HeEbokn
Metabolism of other amino acids - E——
Metabolism of terpenoids and polyketides - m—
Not included in regular maps -
Nucleotide metabolism - EE——————
Xenobiotics biodegradation and metabolism - m—
Poorly characterized -
Unclassified: genetic information processing = . .
Unclassified: metabolism - Not Included in Pathway or Brite
Unclassified: signaling and cellular processes -
Aging- =
Circulatory system -
Development -
Digestive system- |
Endocrine system- = ”
Environmental adaptation- =% Organismal Systems
Excretory system -
Immune system- .
Nervous system- =
Sensory system -
50000 100000 150000
Count PLS-DA
B LEfSe analysis C
The current LDA threshold is 2 S

L3 Biotin_metabolism {
L3_Penicillin_and_cephalosporin_biosynthesis {
L3__Fructose_and_mannose_metabolism {
L3 Ascorbate_and_aldarate_metabolism |
L2_Cancer_overview
L2_Carbohyarate_metabolism {
L3_C5_Branched_dibasic_acid_metabolism-{
L3_Thiamine_metabolism {
L[3_Sulfur_relay_system
L3_Nitrogén_metabolism |
L3_Isofiavonoid_biosynthess {
L3_Porphyrin_and_chiorophyi_metabolism{
3_ Biosynthesis_of_type_Il_polyketide_products
: ! 3

Groups o

K

M
c il

PLS2

e

=
w

KEGG Pathway

an:
L3_Inosifol_phosphate_metabolism |
L3_Vibrio_cholerae_infection
L3__D_Arginine_and_D_ornithine_metabolism{
L3__Thermogenesis -
L3_Cortisol_synthesis_and_secretion
L3__Cell_cycle_Caulobacter
L3__Nitrotoluene_degradation |
L3 Lysine_degradation{

-15

0 4

LDA Score (log10)

T T T T
-20 -10 0 10
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volume of tumor xenografts was measured every three days by vernier calipers and calculated using the following formula: volume
(mm®) = 0.5 x width? x length. After 15 days of treatment, the mice were anesthetized to collect the blood samples and euthanized
using cervical dislocation to harvest their tumors and thymus tissues. The thymus tissues and blood samples were then used for
evaluating the levels of HDAC, IL-17, IL-6, IL-10, IL-12, IFN-y, and TNF-a with commercial kits. Besides, the thymus tissues and tumors
were used for immunohistochemical analysis.

2.14. Immunohistochemistry (IHC) assay

Thymus tissues and tumor samples were fixed in 4 % paraformaldehyde, embedded in paraffin, and sectioned. The methodology for
IHC has been described previously [26]. The tissue sections were cultured with primary antibodies containing rabbit anti-mouse CD4
(1:1000, ab183685, Abcam) and CD8 (1:2000, ab209775, Abcam) at 4 °C overnight and then treated with an HRP-conjugated sec-
ondary antibody. Finally, images were acquired using an AE2000 light microscope system (Motic, Germany).

2.15. Statistical analysis

Data were shown as means+ standard deviations (SD). Differences between the two groups were assessed using 2-tailed Student’s t-
tests. A significance level of P < 0.05 was employed for statistical analysis.

3. Results
3.1. QFMe-induced inhibition of tumor growth and anti-tumor immunity in mice

To survey the overall fragmentation profile of QFM, the aqueous extract was subjected to UPLC-Q/TOF-MS examination. The
entirety of the ion chromatography of QFM was shown in positive and negative ion modes (Fig. 1A-B). According to the analysis’s
findings, the partial ingredients could be also found in the positive and negative ion modes. Fifty-six chemical ingredients were
identified under positive ion mode (Table S1) and fifty-seven chemical ingredients under negative ion mode (Table S2). After removing
duplicate items, a total of 96 chemical ingredients were identified from QFM.

To identify the potential anti-tumor effect of QFM on tumor growth and migration ability in lung cancer, we treated LLC-luc cells
tumor-bearing mice with QFM (26.6 g/kg). The outcomes revealed that the growth of the luminescence signals of LLC-luc cells
transplanted mice treated with QFM was notably reduced than that observed in mice from the model group. (Fig. 1C). We also found
that the QFM group possessed the distinct ablation of tumor cells when compared to the model group (Fig. 1D). Additionally, immune
cytokines in the serum samples of the tumor-bearing mice were measured to estimate the immunomodulation effects of QFM. As
illustrated in Fig. 2A, QFM observably increased the content of IFN-y, IL-6, TNF-a, whereas there was no notable variance in IL-10
levels. Furthermore, the protein expression of Ki67, p53, and the apoptosis-related proteins Fas and FasL, was detected by Western
blot. Compared with the model, treatment with QFM decreased the expression of Ki67 and FasL, while promoting the increase of p53
and Fas levels in tumor tissues (Fig. 2B). More importantly, we also detected the number of CD4*CD25"Foxp3* Treg cells in the
peripheral blood and spleen tissues of mice by flow cytometry. The results showed that FOXP3-positive Treg cells in the peripheral
blood and spleen tissues of mice significantly decreased when compared with the model group (Fig. 2C). Taken together, these findings
indicated that QFM might contribute to rectifying the tumor immune microenvironment for releasing its anti-tumor effects in lung
cancer.

3.2. Fecal untargeted metabolomics of QFM-treated tumor-bearing mice

We conducted PCA and OPLS-DA analyses to discern the variations in fecal metabolites across the control, model, and QFM groups.
The results found that the metabolic patterns of the three groups indicated favorable separation in positive mode (Fig. 3A-B) and
negative mode (Fig. 3C-D), respectively, suggesting that lung cancer and QFM could result in changes in biomarkers in feces.
Following the examination, we identified a total of 116 differentially expressed metabolites between model and control groups with
VIP>1 and P < 0.05. Among these, 79 were found to be up-regulated, while 37 were down-regulated (Fig. 3E). Similarly, a total of 109
differentially expressed metabolites between QFM and model groups were plotted in Fig. 3F, of which 75 were upregulated and 34
were downregulated. And, more details about these differentially expressed metabolites are shown in Table S3. In the current study,
MetaboAnalyst was adopted to inquire about the biochemical pathways based on the metabolomics data, and 10 metabolic pathways
were selected as the most important metabolic pathways associated with Asthma, Toxoplasmosis, Synthesis and degradation of ketone
bodies, Oxidative phosphorylation, D-Arginine and D-ornithine metabolism, Aldosterone-regulated sodium reabsorption, Butanoate
metabolism, Mineral absorption, Arachidonic acid metabolism, and Lysine degradation between model and control groups (Fig. 4A). In
addition, top enriched signaling pathways in QFM and model groups included basal cell carcinoma, mTOR signaling pathway, D-
Arginine and D-ornithine metabolism, Glutathione metabolism, Linoleic acid metabolism, Cholesterol metabolism, PPAR signaling
pathway, and Arachidonic acid metabolism (Fig. 4B). A large number of researches have documented that SCFAs are involved in
cancer progression [27,28]. We also focused on SCFAs or their derivatives in Lung cancer mice, such as acetoacetic acid, 5-Hydrox-
yindoleacetic acid, 2-Aminoisobutyric acid, 2-ketobutyric acid, (R)-3-Hydroxybutyric acid, and isovaleric acid, which exhibited
higher concentrations in QFM group than in control group (Fig. 4C). As mentioned above, altered gut metabolism QFM-treated LLC-luc
cells tumor-bearing mice may be related to the gut SCFAs undulations.
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3.3. Fecal SCFAs analysis of QFM-treated tumor-bearing mice

To more accurately assess the impact of QFM on SCFAs in mice with lung cancer, the targeted metabolomics of SCFAs was per-
formed in stool samples again. Using PCA and OPLS-DA (Fig. 5A-B), obvious differences in feces SCFAs existed among the three
groups. Besides, the permutation test for OPLS-DA indicated that the Q2 regression line had a negative intercept. Moreover, the Q2
values on the left were lower than the original points on the right, suggesting that the OPLS-DA model in this paper is acceptable
(Fig. 5C). Finally, 7 SCFAs including Acetic acid, Propionic acid, Isobutyric acid, Butyric acid, Isovaleric acid, Valeric acid, and Caproic
acid were shown in the heatmap (Fig. 5D). The content levels of SCFAs were significantly decreased in model group. Besides, we also
observed a significant increase in SCFAs levels in QFM treatment group, as illustrated in Fig. 5E.

To determine the clinical value of SCFAs between the three groups, the ROC curve analysis was carried out. The results indicated
Acetic acid (sensitivity: 85.7 %, specificity: 100 %, AUC = 0.857), Propionic acid (sensitivity: 85.7 %, specificity: 100 %, AUC =
0.959), Isobutyric acid (sensitivity: 85.7 %, specificity: 85.7 %, AUC = 0.918), Butyric acid (sensitivity: 85.7 %, specificity: 100 %,
AUC = 0.888), Isovaleric acid (sensitivity: 85.7 %, specificity: 85.7 %, AUC = 0.959), Valeric acid (sensitivity: 85.7 %, specificity: 100
%, AUC = 0.959), and Caproic acid (sensitivity: 85.7 %, specificity: 100 %, AUC = 0.929) between model group and control group
could become feces biomarkers to diagnose lung cancer (Fig. S1). Furthermore, the ROC analysis also showed that Acetic acid
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Fig. 10. QFM inhibited the cancer growth and improved the immunosuppressive environment in vivo. (A) Representative images of
xenograft tumors formed by Lewis lung carcinoma cells in the C57BL/6 mice treated with sodium propionate, QFM, QFM + MHY1485 (an mTOR
activator), QFM + an antibiotic mixture (ABX). (B) Tumor volume and (C) the average tumor weight of mice subcutaneous xenograft after QFM
treatment at day 15. (D-F) HDAC, IL-17, IL-6, IL-10, IL-12, IFN-y, and TNF-a levels in thymus tissues and serum samples of C57BL/6 mice were
highlighted using commercial kits. (G) QFM treatment promoted the cell proliferation of CD4" and CD8" T lymphocytes in thymus tissues, as well as
the infiltration of CD4" and CD8™ T lymphocytes in subcutaneous xenograft, as displayed by immunohistochemical staining. Scale bar, 100 pm “P
< 0.05, 44p < 0.01, vs model group. 2AP < 0.01, vs QFM group.

(sensitivity: 57.1 %, specificity: 85.7 %, AUC = 0.612), Propionic acid (sensitivity: 57.1 %, specificity: 85.7 %, AUC = 0.643), Iso-
butyric acid (sensitivity: 57.1 %, specificity: 100 %, AUC = 0.571), Butyric acid (sensitivity: 57.1 %, specificity: 85.7 %, AUC = 0.531),
Isovaleric acid (sensitivity: 57.1 %, specificity: 100 %, AUC = 0.684), Valeric acid (sensitivity: 57.1 %, specificity: 85.7 %, AUC =
0.592), and Caproic acid (sensitivity: 42.9 %, specificity: 100 %, AUC = 0.592) could be developed as stool biomarkers for evaluating
therapeutic potentiality of QFM in lung cancer to a certain extent (Fig. S2). As a result, these findings demonstrate that SCFAs may be
significantly related to the efficacy features of QFM on intestinal regulation in tumor-bearing mice.

3.4. Fecal microbiological analysis of QFM-treated tumor-bearing mice

As seen in the species cumulative box plot (Fig. 6A), since the number of test samples increased, the curves got flatter. Doing so
meant that the number of samples in this investigation had met the basic detection and sucient levels, allowing the species richness to
be completely represented. Besides, the a-diversity indexes, including the Simpson index, Chao index, and Shannon index, are usually
used for assessing community richness and diversity. As depicted in Fig. 6B, there was a notable variance in microbial richness
determined between the QFM group and the model group. To identify the gut microbiota structure between the samples, we also
performed PCoA analysis. As shown in Fig. 6C, the confidence ellipses of mice in QFM and model groups have been mostly separated,
while the confidence ellipses of QFM and control groups have been completely overlapped. In addition, a total of 156 OTUs were
shared among the three groups. A total of 53, 55, and 24 unique OTUs were reserved in QFM, control, and model groups, respectively
(Fig. 6D). The above finding suggested that the quantity of gut-specific OTUs in QFM group was significantly greater than that in model
group, indicating, thereby that the structure and diversity the of intestinal microbial community was ameliorated by QFM treatment,
even gradually similar to the control group.

To go deeper into the characteristics of the intestinal microbiota linked to QFM, we annotated the OTUs using QIIME software. The
composition of gut microbiome is illustrated in the stacked bar charts (Fig. 7A-C). At the phylum level, Proteobacteria, Chiamydiae,
Verrucomicrobia, Firmicutes, and Bacteroidetes possessed a substantial portion; Bacteroidetes and Chiamydiae were increased in QFM
group mice when compared with model mice, while Proteobacteria and Firmicutes were decreased. A significant augmentation in
Bacteroides, Paramuribaculum, Akkermansia, Chlamydia, Oscillibacter, and Fibrobacter at the genus level was observed in the QFM group
in comparison with the model group. Beside, we found that the reduced abundance of Muribaculaceae bacterium Isolate-037 (Harlan),
Muribaculaceae bacterium Isolate-007 (NCI), Muribaculaceae bacterium Isolate-080 (Janvier) were observed in model mice. After treat-
ment with QFM, the structure of bacteria in model mice tended to control mice. Furthermore, the LEfSe analysis was employed to
discover bacterial taxa whose relative abundance differed significantly between the control, QFM, and model mice. As shown in
Fig. 7D, an evolutionary tree diagram depicting the sequences of the three groups, with each circle denoting the taxonomic level
ranging from the phylum to species. The results of LDA analysis showed that LDA values of 101 different bacterial genera were greater
than 2.43 (LDA >2.43, P < 0.05). As shown in Fig. 7E, f Muribaculaceae, f Lactobacillaceae, g Lactobacillus, and s_Lactobacillus murinus
were found to be more abundant in the control group. The QFM group demonstrated significant enrichment in f Bacteroidaceae,
g_Bacteroides, g_Odcillibacter, and f_Oscillospiraceae. Also, the majority of the population in the model group included c_Gammapro-
teobacteria, o_Deferribacterales, and p_Deferribacteres, they may also be investigated further as predictive factors for making contri-
butions to group differences.

(KOs) is a taxonomic system of proteins whereby a proteins with remarkably similar sequences and features that follow a common
pathway can be clustered together [29]. To further elucidate the functional modules of the fecal microbiome between the three groups,
we annotated the multifarious KOs to relevant pathways in KEGG database. As shown in Fig. 8A, a total of 50 KOs were screened in
these three groups. To sort out variant functional metabolism pathways, Lefse analysis of KEGG functional profiles was conducted. As a
result, we found that Biotin metabolism, Penicillin and cephalosporin biosynthesis, Fructose and mannose metabolism were enriched
in the control group, while Carbohydrate metabolism, Branched dibasic acid metabolism, and Thiamine metabolis were enriched in the
QFM group, as well as Cell cycle Caulobacter, Nitrotoluene degradation, and Lysine degradation were involved in model group
(Fig. 8B). Additionally, there was a clear separation of KOs as revealed by the PLS-DA model among the three groups (Fig. 8C). Ac-
cording to existing studies, carbohydrate metabolism and Branched dibasic acid metabolism are involved in the production of SCFAs
and nitrogen, respectively [30,31], while Thiamine metabolis is associated with immune function in cancer [32]. Thus, these results
indicate that the functional profiles of intestinal tract bacteria in QFM-treated tumor-bearing mice may suggest the variance in SCFAs
metabolism and immune-enhanced state.

3.5. Correlational analysis between gut microbiota and SCFAs

To delve deeper into the intimate connection between bacterial genera and lung cancer, we explored the correlation between gut
microbiota and SCFAs. Unexpectedly, no significant correlations were observed between gut microbiota and SCFAs at a phylum level
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(Fig. S3A). As shown in Fig. S3B, caproic acid showed a negative correlation with the Acinetobacter, Dubosiella, Butyricimonas and a
positive correlation with Klebsiella, Shewanella, Turicibacter, Sphingobacterium,; also, isobutyric acid, isovaleric acid, and valeric acid
showed a positive correlation with Salmonella at the genus level (Fig. S3B). Moreover, associations between the gut microbiota and
SCFAs at species level were identified in the correlation analysis, as illustrated in Fig. S3C.

3.6. Acetate and sodium propionate increased production of immune-related cytokines in CD8" T cells

To investigate the underlying effects of acetate and sodium propionate, we performed CCK-8, ELISA, HDAC fluorometric, and
Western blot analyses of CD8" T cells, sorted from the spleen tissues of mice by flow cytometry (Fig. 9A). Unexpectedly, the cell
viability of CD8™ T cells was markedly inhibited after different concentrations of acetate and sodium propionate treatment (Fig. 9B).
Furthermore, the ELISA and HDAC fluorometric assays were used to determine the effects of acetate and sodium propionate on the
production of immune-related cytokines in CD8™ T cells. The results showed that acetate and sodium propionate significantly pro-
moted the generation of IFN-y, Gzms-B, and perforin, while in suppressed the HDAC levels in CD8™ T cells, of which 20 mM of acetate
and 0.5 mM of sodium propionate displayed a most significant effect at 48h (Fig. 9C-F). The seemingly contradictory results of SCFAs
induced inhibition CD8™ T cells proliferation and increased cytokine secretion should be discussed. Hence, we can infer that acetate
and sodium propionate may have restored the diminished responsiveness of CD8" T cells by enhancing cytokine production, while not
influencing cell proliferation. Recent research illuminated that mTOR signaling is associated with the regulation of the proliferation,
apoptosis, and metabolism of CD8" T cells [33,34]. After specific acetate and sodium propionate treatment for 48 or 72h, we also
found significantly increased p-mTOR and p-p70S6K protein expression levels in CD8" T cells (Fig. 9G). Collectively, these findings
indicate that SCFAs acetate and sodium propionate may be attributed to the increase of immune-related cytokines in CD8™ T cells via
the activation of the mTOR/p70S6K axis.

3.7. Antitumor efficacy of QFM and ABX combination therapy in vivo

A xenograft model was initiated in C57BL/6 mice to assess the impact of sodium propionate, QFM, and the combination of QFM
with MHY1485 or ABX on tumors in vivo. After QFM treatment of C57BL/6 mice for 15 d, the tumor volume and tumor weight were
significantly decreased, while there were no statistically substantial variances in the sodium propionate group compared to the model
group (Fig. 10A—C). The results of ELISA and HDAC fluorometric assays demonstrated that sodium propionate and QFM treatment
markedly increased the expression levels of IL-17, IL-6, IL-12, IFN-y, and TNF-a, meanwhile decreasing expression of HDAC, IL-10, and
MHY1485 or ABX could reverse these effects in thymus tissues and serum samples (Fig. 10A-F). The same trend was discovered in the
proliferation of CD4" and CD8" T cells in thymus tissues and carcinoma tissues, as evidenced by IHC analysis (Fig. 10G). Overall, these
results revealed that the effect of the QFM-ameliorated tumor immune environment may be working by decreasing the mTOR signaling
and maintaining the balance of the intestinal microflora.

4. Discussion

Immune escape is a major characteristic of many cancers, including NSCLC [35]. Cancer cells frequently avoid immune detection
by repressing the manufacturing of IFN-y and CD8 " T-cell proliferation, as well as elevating circulating CD4"CD25*Foxp3 ™" regulatory
T (Treg) cell-mediated immunosuppression [36,37]. TCM as adjuvant therapy is extensively employed in NSCLC patients for
improving cellular immune function [20]. Within this investigation, a total of 96 ingredients were identified in the QFM. Among them,
as the pharmacodynamics material basis of QFM, amino acids, phenylpropanoids, polysaccharides, nucleosides, alkaloids, and fla-
vonoids are believed to confer beneficial properties against lung cancer through various cellular aspects. Additionally, we found that
the QFM possesses its antitumor potential through its immune-modulating activity. Also, it was found that the QFM could inhibit
tumor growth in LLC-luc tumor-bearing mice. After treatment by the QFM, it also resulted in modifications in the upregulation of the
TNF-a, IFN-y, and IL-6, as well as the upregulation of p53, Fas, and FasL protein levels. Furthermore, it was interesting to bring up the
downregulation of the proportion of CD4"CD25"Foxp3™ Treg cells in the peripheral blood and spleens of mice in the QFM group. In
light of the information presented above, it could be deduced that the antitumor contribution of the QFM is strongly connected to
immunomodulation. However, the precise mechanism associated with the procedure was mysterious.

Metabolic profiling is springing up as an effective method for detecting various tumors. In the current study, we performed fecal
untargeted metabolomic analysis and SCFAs analysis to uncover endogenous biomarkers and potential mechanisms in QFM-treated
LLC-luc tumor-bearing mice. Among the dramatically altered metabolites, what drew our interest was that several SCFAs de-
rivatives were drastically altered in the fecal samples from QFM-treated mice. The most obvious outcome of our research was that the
main metabolites were linked to the mTOR signaling pathway, D-Arginine and D-ornithine metabolism, Glutathione metabolism,
Linoleic acid metabolism, Cholesterol metabolism, PPAR signaling pathway, and Arachidonic acid metabolism between QFM and
model group. Among them, it is documented in the literature that hyperactivation of mTOR is involved in cell growth, proliferation,
drug resistance, and metabolism in lung cancer [38,39]. Yan et al. documented a notable elevation in linoleic acid levels among NSCLC
patients following administration of PD-1 and PD-L1 inhibitors [40]. In addition, untargeted metabolomics analysis was conducted on
SCFAs, we found that the relative levels of Propionic acid, Acetic acid, Valeric acid, Butyric acid, Isobutyric acid, and Isovaleric acid
were significantly increased by QFM treatment, suggesting that QFM could regulate the metabolism of the intestinal microflora in lung
cancer mice. Furthermore, ROC analysis demonstrated that SCFAs were able to predict prognosis effectively in QFM-treated LLC-luc
tumor-bearing mice. All results indicated that SCFAs in feces would be a potential biomarker for the QFM treatment in NSCLC.
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The ethology or progression of NSCLC has indeed been associated with a variety of variables, including gut microflora [41]. More
importantly, recent studies have revealed that SCFAs can be significantly affected by the composition of the gut microbiome [18,42].
Moreover, we utilized metagenomic sequencing to determine whether the composition of stool microorganisms had a relationship with
SCFAs in QFM-treated mice. In addition, the species cumulative box plot suggested that the number of samples was sufficient for the
analysis. With the Simpson, Chaol, Shannon index, and PCoA analysis, the a and p diversity showed a significant difference among the
three groups. Furthermore, commensal bacteria such as Akkermansia muciniphila, Bacteroides, Paramuribaculum, and Fibrobacter at the
genus level were found to be more abundant in the QFM group than in model mice. In particular, Akkermansia muciniphila, a microbiota
recognized for mucin degradation, has been reported to be related to the clinical response of PD-1 blockade in advanced NSCLC
patients [43]. LEfSe analysis further identified Bacteroides at the genus level as one of the biomarkers for QFM treatment. We also
identified that carbohydrate metabolism and branched dibasic acid metabolism were the top significantly enriched metabolic path-
ways in the QFM-challenged mice. SCFAs derived from carbohydrate metabolism processes are essential for gut homeostasis main-
tenance [44]. In general, a gain of SCFAs in QFM-treated mice by improving gut microbiota particularly for Akkermansia muciniphila at
least in part contributes to the inhibition of tumor progression.

As we know, SCFAs are the primary metabolites produced during carbohydrate and protein catabolism [45] and generated by
Akkermansia muciniphila and Faecalibacterium prausnitzii [46]. The SCFAs, acetate and propionate have been reported to affect CD8™ T
cell responses at the molecular level [47,48]. Furthermore, because of their low molecular mass, SCFAs might penetrate the nucleus of
cancer cells, thereby inhibiting histone deacetylase activity and exerting a direct anti-cancer influence [49]. Similarly, we found that
acetate and propionate increased the levels of IFN-y, Gzms-B, perforin and decreased the HDAC levels in CD8™ T cells, as accompanied
by an increase of p-mTOR and p-p70S6K protein expressions, suggesting that there are SCFAs-independent mechanisms underlying the
cellular function of CD8™ T cells. Meanwhile, we demonstrate that QFM inhibited tumor growth in subcutaneous xenograft tumor mice
and promoted IL-17, IL-12, IL-6, TNF-a, IFN-y expressions and decreased HDAC and IL-10 levels in thymus tissues and serum samples.
Moreover, we discovered that QFM encouraged the growth of CD4" and CD8™ T cells in thymus tissues and tumor tissues of mice, while
MHY1485 and ABX reversed the immunomodulatory effects of QFM, implying that QFM may aid in the maintenance of the intestinal
microbiota homeostasis to ameliorate the tumor-immune microenvironment by targeting the mTOR signaling.

5. Conclusion

In summary, our findings indicated that the Qingfei mixture inhibited the immune environment of tumor growth in vivo via
upregulating SCFAs and CD8™ T cells by altering the gut microbiota. Moreover, initial research findings indicated that the Qingfei
mixture’s therapeutic effects on lung cancer might operate through the mTOR signaling pathway, laying the groundwork for a more in-
depth investigation of the mechanism of Qingfei mixture in lung cancer. These findings imply that the Qingfei mixture has the
prospects of clinical application to be used as an anti-lung cancer supplement in NSCLC patients and would lead to the development of
a potential therapeutic strategy against lung cancer. On the other side, further experimental evaluation should be needed to validate
this scientific theory, including the fecal microbiota transplantation (FMT) experiment.
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