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Abstract

Lung adenocarcinoma (LUAD) is the leading cause of cancer-related death globally. Although the gut microbiota’s
role in the antitumor efficacy of many cancers has been revealed, its involvement in the response to gefitinib therapy
for LUAD remains unclear. To fill this gap, we conducted a longitudinal study that profiled gut microbiota changes

in PC-9 tumor-bearing mice under different treatments, including gefitinib monotherapy and combination thera-
pies with probiotics, antibiotics, or Traditional Chinese Medicine (TCM). Our findings demonstrated that combining
probiotics or TCM with gefitinib therapy outperformed gefitinib monotherapy, as evidenced by tumor volume, body
weight, and tumor marker tests. By contrast, antibiotic intervention suppressed the antitumor efficacy of gefitinib.
Notably, the temporal changes in gut microbiota were strongly correlated with the different treatments, prompting
us to investigate whether there is a causal relationship between gut microbiota and the antitumor efficacy of gefitinib
using Mediation Analysis (MA). Finally, our research revealed that thirteen mediators (Amplicon Sequence Variants,
ASVs) regulate the antitumor effect of gefitinib, regardless of treatment. Our study provides robust evidence support-
ing the gut microbiota’s significant and potentially causal role in mediating gefitinib treatment efficacy in mice. Our
findings shed light on a novel strategy for antitumor drug development by targeting the gut microbiota.
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To the editor,

Lung cancer is the second most common cancer and
the leading cause of death among oncologic patients
worldwide, with lung adenocarcinoma (LUAD) as the
predominant subtype, which accounts for approximately
40-55% of all cases [1, 2]. Despite the significant clinical
benefits shown by Epidermal Growth Factor Receptor-
Tyrosine Kinase Inhibitors (EGFR-TKIs) treatment in
LUAD patients, the efficacy of TKIs is constrained by the
widespread treatment resistance and side effects [3, 4],
underscoring the urgency for developing new strategies
to enhance the efficacy of EGFR-TKIs. In this regard, the
gut microbiota has been illustrated to play essential roles
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in cancer development and the efficacy of therapeutic
response [5, 6], e.g., in radiotherapy, chemotherapy, and
immunotherapy for various cancers [7, 8]. Notably, diar-
rhea was reported as the most common side effect caused
by EGFR-TKIs. Thus, we hypothesized that combination
therapy with TCM or probiotics (Methods in Additional
file 1) could potentially enhance the antitumor efficacy
of gefitinib by modulating the host gut microbiota, while
antibiotic administration will inhibit its efficacy.

Evaluation of the antitumor effect of gefitinib
alone and in combination therapies using
tumor-bearing mice

To investigate whether the gut microbiota can alter
the antitumor effect of gefitinib, we altered the micro-
bial composition through three methods and evaluated
tumor growth and progression in PC-9 Luc* tumor-
bearing mice (all female, n=34, Fig. 1a). During the trial,
we collected stool samples and weighed the mice every
7 days from baseline (day 0, before PC-9 induction) to
the end of the trial (day 35), generating a longitudinal
cohort with 204 available stool samples to study the tra-
jectory of gut microbiota along with the progression of
the tumor (Additional file 1: Fig. S1). The tumor volumes
were also recorded from day 7 to day 35. After gefitinib
treatment, the tumor-bearing mice exhibited reduced
tumor progression (Fig. 1b). An increased antitumor
effect was observed in the TKI+PRO and TKI+TCM
groups (Fig. 1b, c, right panel), while a reduced antitu-
mor effect was observed in the TKI+ANT group. To
further validate the enhanced treatment efficacy, tumor
markers, such as carcinoembryonic antigen (CEA), aro-
matase (CYP-19), and neuron-specific enolase (NSE)
were tested at the end of the experiment (day 35, Fig. 1d).
We found that the TKI group had significantly higher
CYP-19 and NSE levels than the TKI+PRO (Student’s
t-test, p=0.027 for CYP-19 and p=0.0097 for NSE) and
TKI+TCM groups (p=0.044 for NSE), suggesting a bet-
ter antitumor efficacy in these two groups, which is in
line with the observation by the tumor volume and body
weight. In addition, the pathological morphology (as well
as the expression of KI-67 and Caspase-3) is also in line
with the tumor markers (Additional file 1: Fig. S2), sug-
gesting an outperformed TCM and probiotic combined
TKI treatment efficacy over TKI monotherapy. Notably,
using TCM alone demonstrated limited independent
antitumor effects (Additional file 1: Fig. S3a, b), and the
in vitro cell proliferation assay (Additional file 1: Fig. S3c)
revealed no significant improve the anti-tumor impact
of TKI even when combining TKI with TCM. This indi-
cates that superior antitumor results can only be attained
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through combination treatment in vivo, highlighting the
crucial role of the gut microbiome.

Association between the gut microbiota

and different treatments

To explore the association between different treatments
(or their efficacy) and the gut microbiota, we first inves-
tigated the correlation between the antitumor measure-
ments and the gut microbiota at each sampling time
point and then analyzed the trajectory of the gut micro-
bial composition in different groups during the trial
(from day 0 to day 35) (Methods). We found that 66 ASVs
from 19 genera were significantly associated with tumor
progression (Spearman test P-value less than 0.05; Addi-
tional file 1: Fig. S4a, b). Moreover, the PERMANOVA
Test and Principal Coordinate Analysis (PCoA, Fig. 2a)
revealed a significant effect of time points (F=4.21) and
antitumor treatments (F=5.88) on the gut microbiota.
In addition, to avoid the impact of time points on micro-
biota data analysis, we employed Compositional Tensor
Factorization (CTF) [9] to visualize the gut microbial
composition of different groups (Fig. 2b). CTF reveals a
clear boundary between clusters corresponding to differ-
ent treatment groups, indicating that the development of
the gut microbiota was profoundly changed due to the
different treatments.

A potentially causal role of the gut microbiota

in enhancing the efficacy of gefitinib

The strong association between the gut microbiota and
therapy efficacy encouraged us to further investigate the
role of the gut microbiota (e.g., the causal role) in the var-
ied antitumor efficacy. We employed the Sparse Microbial
Causal Mediation Model (SparseMCMM [10]) to explore
whether the antibiotic, probiotic, or TCM would alter gut
microbiota and whether such a shift could change the
antitumor efficacy of gefitinib treatment (Methods). For
each combinational treatment (antibiotic, probiotic, or
TCM), the OME (overall mediation effect) test revealed
the significance of the gut microbiota in regulating body
weight, tumor volume, and tumor markers from day 21
to 35 (Additional file 1: Table S1). This suggests that the
improved (or reduced) antitumor efficacy is mediated by
the gut microbiota when probiotics and TCM (or antibi-
otics) are used as combinational therapies in the gefitinib
treatment of tumor-bearing mice. We then used the CME
test (component-wise mediation effect) to determine
which taxa had a significant mediation effect in enhanc-
ing or weakening the antitumor efficacy of gefitinib. We
identified 13 ASVs (eight ASVs taxonomically annotated
as Prevotellamassilia at the genus level, two Duncaniella
ASVs, and three ASVs from Prevotella, Marinilabilia,
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Fig. 1 Experimental design and comparison of antitumor performance across different treatments. a A total of 34 mice were divided into six
groups. Specifically, in addition to the healthy controls (HC, mice without PC-9 incubation or any treatment, n=4), blank controls (LUAD,
tumor-bearing mice without any treatment, n=6), and gefitinib treatment alone (TKI, n=6), we administered three combinational therapies, e.g.,
gefitinib plus antibiotic (TKI+ANT, n=6), gefitinib plus probiotic (TKI+PRO, n=6), and gefitinib plus Traditional Chinese Medicine (TKI+TCM,
n=6), separately to tumor-bearing mice on day 7. At baseline (day 0), approximately 5x 10.5 PC9 cells were subcutaneously inoculated

into the right flanks of mice except for the healthy controls (HC). Daily oral gavage of gefitinib and combinational therapies were administrated

7 days after tumor inoculation when the diameter of the tumor reached about 3 mm. Stool samples, tumor volumes, and body weights were
collected or measured every 7 days from the baseline (day 0) to the end of the trial (day 35). Different colors refer to different combination
treatments, e.g., pink for antibiotics, yellow for TCM, and green for probiotics. b The trajectories of tumor volume in different groups. In the left
panel, the development of tumors in the LUAD group is compared with the TKI group, while the right panel illustrates the comparison

of tumor volume between combinational therapies (TKI+ANT, TKI+ PRO, TKI+TCM) and TKI at each time point. In particular, compared to TKI,

the development of the tumor volume in the TKI+PRO and TKI+TCM groups was suppressed from day 21 to day 35. Although no treatment
could maintain a comparable body weight development to the healthy controls, the mice in the TKI+PRO and TKI+TCM groups did not lose
weight, while the body weight decreased in the TKI group and (even more dramatically) in the TKI+ANT group; ¢ The trajectories of body weight
in different groups. The fitting line for each group was generated using the LOWESS (Locally Weighted Scatterplot Smoothing) method. d The
boxplots illustrate the comparison of tumor marker test results (CEA, CYP-19, and NSE) among different groups at the end of the trial. Significance
levels: p-value <0.05 (¥),<0.01 (**),<0.001 (***), NS non-significance
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Fig. 2 Association and causal relationship between the gut microbiota and antitumor effect of gefitinib treatments. a PCoA plot for all stool
samples from different groups (left panel) and time points (right panel). b CTF based on stool microbial profiling results for all individuals

from different groups. In the center of the 3D scatter plot, the healthy controls (group HC) and tumor-bearing mice without any treatment (group
LUAD) were close to each other, and TKIs treatment combined with probiotics (group TKI+PRO), antibiotics (group TKI+ANT), and TCM (group
TKI+TCM) were separately clustered above or below the healthy controls. € CME test results using antibiotics, probiotics, and TCM as treatments
and different antitumor measurements as outcomes. To reduce the false-positive identification of mediators, we selected ASVs that had significant
CME (with P-value <0.05) (1) at more than two time points; (2) in more than 50% of measurements; and (3) using all three methods (antibiotic, TCM,
and probiotic) as the treatment

and Bacteroides) that play a mediating role in the antitu-  Abbreviations
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efficacy of gefitinib. However, multi-omics data and a big-
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the gut microbiota [11, 12] and provide new pathways for
enhancing TKI cancer therapy.

Additional file 1. Additional Methods; Additional Figures, Figures S1-S4;
Additional Tables, Tables S1-S2.



https://doi.org/10.1186/s40164-024-00478-7
https://doi.org/10.1186/s40164-024-00478-7

Jiang et al. Experimental Hematology & Oncology (2024) 13:15

Author contributions

ZS and TJ designed the study. MZ analyzed all data with the assistance of XZ.
7S, TJ, SH, and XZ interpreted the results. TJ and ZS prepared the manuscript.
MZ, SH, SH, and XZ edited the manuscript. XZ and SH reviewed the manu-
script. All authors have approved the manuscript.

Funding

This work was supported by the Qihuang Scholars Project of the "Hundred
and Ten Thousand" Talents Project for Inheritance and Innovation of Traditional
Chinese Medicine (Qihuang Project), Shandong Province Taishan Scholars Dis-
tinguished Experts Program, Shandong Natural Science Foundation General
Program (No. ZR2021103040386), Charles A. King Trust Postdoctoral Fellow-
ship, and NHLBI Pathway to Independence Award (K99HL163519).

Availability of data and materials
The 16S rRNA sequencing data supporting this study’s findings are openly
available in the NCBI SRA under the project number PRINA879426.

Declarations

Ethics approval and consent to participate

This study was approved by the Ethics Committee of Qingdao Hospital of
Traditional Chinese Medicine (2020HC12LS021), and animals were used in
cancer research by the Guidelines for the Welfare and Use of Animals in Cancer
Research.

Consent for publication
Not applicable.

Competing interests
The authors declare no conflicts of interest.

Received: 3 May 2023 Accepted: 16 January 2024
Published online: 09 February 2024

References

1. Zhou M,Wang H, Zeng X, Yin P, Zhu J, Chen' W, Li X, Wang L, Wang L, Liu
Y, et al. Mortality, morbidity, and risk factors in China and its provinces,
1990-2017: a systematic analysis for the Global Burden of Disease Study
2017. Lancet. 2019;394(10204):1145-58.

2. Seguin L, Durandy M, Feral CC. Lung adenocarcinoma tumor origin: a
guide for personalized medicine. Cancers. 2022;14(7):1759.

3. Yeo MK, KimY, Lee DH, Chung C, Bae GE. Cosuppression of NF-kappaB
and AICDA overcomes acquired EGFR-TKI Resistance in non-small cell
lung cancer. Cancers. 2022;14(12):2940.

4. Johnson M, Garassino MC, Mok T, Mitsudomi T. Treatment strategies and
outcomes for patients with EGFR-mutant non-small cell lung cancer
resistant to EGFR tyrosine kinase inhibitors: focus on novel therapies.
Lung Cancer. 2022;170:41-51.

5. Sepich-Poore GD, Zitvogel L, Straussman R, Hasty J, Wargo JA, Knight R.
The microbiome and human cancer. Science. 2021;371:6536.

6. Knippel RJ, Drewes JL, Sears CL. The cancer microbiome: recent highlights
and knowledge gaps. Cancer Discov. 2021. https://doi.org/10.1158/2159-
8290.CD-21-0324.

7. LiuL, Shah K. The potential of the gut microbiome to reshape the cancer
therapy paradigm: a review. JAMA Oncol. 2022. https://doi.org/10.1001/
jamaoncol.2022.0494.

8. Zhou CB, Zhou YL, Fang JY. Gut microbiota in cancer immune response
and immunotherapy. Trends Cancer. 2021;7(7):647-60.

9. Martino C, Shenhav L, Marotz CA, Armstrong G, McDonald D, Vazquez-
Baeza Y, Morton JT, Jiang L, Dominguez-Bello MG, Swafford AD, et al.
Context-aware dimensionality reduction deconvolutes gut microbial
community dynamics. Nat Biotechnol. 2021;39(2):165-8.

10. Wang C, Hu JY, Blaser MJ, Li HL. Estimating and testing the microbial
causal mediation effect with high-dimensional and compositional micro-
biome data. Bioinformatics. 2020;36(2):347-55.

Page 5 of 5

11. Tian S, LiY,XuJ, Zhang L, Zhang J, Lu J, Xu X, Luan X, Zhao J, Zhang W.
COIMMR: a computational framework to reveal the contribution of herbal
ingredients against human cancer via immune microenvironment and
metabolic reprogramming. Brief Bioinform. 2023;24(6):bbad346.

12. Tian S, Zhang J, Yuan S, Wang Q, Lv C, Wang J, Fang J, Fu L, Yang J, Zu X,
et al. Exploring pharmacological active ingredients of traditional Chinese
medicine by pharmacotranscriptomic map in [TCM. Brief Bioinform.
2023;24(2):bbad027.

Publisher’s Note

Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.


https://doi.org/10.1158/2159-8290.CD-21-0324
https://doi.org/10.1158/2159-8290.CD-21-0324
https://doi.org/10.1001/jamaoncol.2022.0494
https://doi.org/10.1001/jamaoncol.2022.0494

	Revealing the role of the gut microbiota in enhancing targeted therapy efficacy for lung adenocarcinoma
	Abstract 
	Evaluation of the antitumor effect of gefitinib alone and in combination therapies using tumor-bearing mice
	Association between the gut microbiota and different treatments
	A potentially causal role of the gut microbiota in enhancing the efficacy of gefitinib
	References


