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by promoting CPT1A-mediated fatty acid oxidation
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Abstract

Immunotherapy including anti-PD-1 demonstrated therapeutic promise to colorectal cancer (CRC) patients, but tumor
cell resistance limits their efficacy. Butyrate may influence therapeutic outcomes by modulating tumor metabolism, but
it remains unclear whether butyrate influences CRC cell resistance to anti-PD-1 therapy. We aimed to investigate whether
butyrate promotes resistance to anti-PD-1 therapy in CRC and underlying metabolic and immunologic mechanisms.
CRC murine models were established by subcutaneously inoculating MC38 cells or butyrate/anti-PD-1-administered
tumor cells of mice, followed by treatment with butyrate, anti-PD-1, or a combination. Therapeutic efficacy was assessed
by tumor growth and survival outcomes. In vitro, HCT116 cells were exposed to monotherapy or co-therapy regimens.
Carnitine Palmitoyltransferase 1A (CPT1A) knockdown was conducted by shRNA transfection both in vivo and in vitro.
Fatty acid oxidation (FAO) was determined by oxygen consumption rate and CPT1A expression. CD8+ T cell cytotoxicity
assays and CD8 expression in tumors were performed to evaluate immune cell infiltration. The addition of butyrate into
anti-PD-1 treatment combination did not improve survival or reduce tumor volume compared to anti-PD-1 alone, with
a marked activation of CPT1A observed in treated tumor tissues. Butyrate significantly elevated FAO, contributing to
elevated oxygen consumption rate and reduced CD8+ T cell cytotoxicity. However, in sh-CPT1A models, the combination
therapy significantly improved antitumor efficacy and restored CD8+ T cell infiltration. Furthermore, CRC patient sam-
ples resistant to anti-PD-1 therapy exhibited elevated CPT1A levels. Butyrate-induced CPT1A-mediated FAO promotes
resistance to anti-PD-1 therapy in CRC, suggesting that targeting CPT1A might enhance the efficacy of immunotherapy.
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1 Introduction

Colorectal cancer (CRQ) is the third leading cause of cancer-related mortality worldwide, with a poor prognosis and
high metastatic potential. Once metastasis occurs, fewer than 20% of patients survive beyond 5 years post-diagnosis
[1]. Standard treatment options for CRC primarily involve systemic therapies, including cytotoxic chemotherapy,
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biologic agents, immunotherapy, and their combinations [2]. Immunotherapy has emerged as a promising approach
for improving patient outcomes and can be employed as either a first-line or subsequent treatment option [3].

Among immunotherapies, immune checkpoint inhibitors (ICls) such as anti-PD-1 antibodies have shown significant
efficacy in select CRC patients, resulting in extended overall survival in some cases [1, 4]. However, not all patients are
able to benefit from this category of drugs due to various intrinsic and acquired resistance mechanisms, including
genetic mutations, downregulation of immune targets such as PD-L1, and metabolic reprogramming [5, 6]. Since
anti-tumor resistance pathways are key challenges that limit the effectiveness of anti-PD-1/PD-L1 ICls, identifying
and overcoming these resistance mechanisms is crucial for expanding the therapeutic benefits of immunotherapy
to a broader population of CRC patients.

The gut microbiota and metabolites play a pivotal role in human health, with dysbiosis linked to the development
and progression cancers including CRC [7, 8]. Among metabolites, butyrate has been associated with a reduced risk of
CRC. Previous studies reported that butyrate exhibited antitumor properties by inhibiting histone deacetylase activity
and associated signaling pathways, leading to oxidation and motility suppression in CRC cells [9, 10]. Additionally,
butyrate contributes to a healthy intestinal environment by modulating inflammation and immune system, exerting
preventive effect on CRC [11]. However, the role of butyrate in CRC progression may be more complex. Butyrate can
enter cells and be metabolized in mitochondria via the fatty acid oxidation (FAO) pathway, enabling it to serve as a
direct metabolic substrate for FAO and act as an alternative energy source [12]. Tumor cells adapt to the nutrient-
scarce and hypoxic conditions of the tumor microenvironment (TME) by leveraging various metabolic pathways,
especially the FAO pathway as it offers a higher energy yield than glucose oxidation [13, 14]. This increased energy
support allows tumor cells to survive under metabolic stress and contributes to immunosuppressive conditions within
the TME [15]. In addition, elevated FAO in tumor cells has been shown to impair T cell function, reduce immune cell
infiltration, and weaken antitumor immunity [16]. Thus, while butyrate’s role in CRC may have protective aspects, its
metabolism through FAO may also facilitate mechanisms that support tumor survival and immune evasion.

The mechanism of anti-PD-1 therapy involves blocking receptors on activated T cells and improving the TME. Thus,
butyrate-induced increases in FAO are likely to affect immune modulation and suppress T cell function within this
context. However, this effect has yet to be completely clarified in CRC. In this study, we evaluated tumor growth, FAQO,
and its key rate-limiting enzyme Carnitine Palmitoyltransferase 1A (CPT1A) in CRC mouse models and cell lines treated
individually or in combination with butyrate and anti-PD-1 therapy. To confirm the role of CPT1A in this process, we
performed CPT1A knockdown to assess its impact on tumor metabolism and TME regulation. Additionally, to support
the clinical relevance of these findings, we analyzed CPT1A expression in tumor samples from CRC patients treated
with the anti-PD-1 antibody Nivolumab.

2 Material and methods
2.1 Ethics statement

All animal experiments were conducted in accordance with the guidelines for the Care and Use of Laboratory Animals
as adopted by the National Institutes of Health and were approved by the Institutional Animal Care and Use Commit-
tee of Beijing Changping Traditional Chinese Medicine Hospital. Mice were housed in 22 +2 °C, 50 + 10% humidity,
12-h light/dark cycle and were given ad libitum access to chow and water. All efforts were made to minimize suf-
fering. Mice reached the ethical endpoints or at the end of the experiment were anesthetized by 2% maintenance
concentration of isoflurane inhalation and humanely euthanized by cervical dislocation. The ethical endpoints were
defined as tumor ulceration or when tumor volume exceeded 2000 mm?,

For ethics of studies related to humans, all patient samples were collected under informed consent and in accord-
ance with the ethical standards set forth by the Declaration of Helsinki. Ethical approval for this study was obtained
from the Institutional Review Board of Beijing Changping Traditional Chinese Medicine Hospital. Tumor tissue samples
were obtained from nine colorectal cancer patients undergoing anti-PD-1 immunotherapy with Nivolumab. Informed
written consent was obtained from all participants prior to sample collection. Sample collection and analysis were
conducted at Beijing Changping Traditional Chinese Medicine Hospital and Department of Pathology, Changping
Hospital of Integrated Chinese and Western Medicine following protocols designed to protect patient confidential-
ity and maintain sample integrity.
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2.2 Patient classification criteria

After anti-PD-1 immunotherapy, 9 CRC patients were stratified into PD-1 sensitive group (PD-1 S, n=>5) and PD-1 resistant
group (PD-1 R, n=4) based on their response to therapy. Classification criteria followed imaging assessments, biomarker
levels and clinical response assessments, with PD-1 S patients exhibiting either partial response or stable disease and
PD-1 R patients demonstrating progressive disease, new metastatic lesions, or other indicators of disease advancement
per RECIST criteria [17, 18]. Tumor tissues were snap-frozen in liquid nitrogen and stored at —80 °C until analysis of the
expression of CPTA1 level.

2.3 Animal experiment schedule

Female C57BL/6 mice (6-8 weeks old, 15-17 g) were used to establish CRC tumor models via subcutaneous injection of
1% 10% MC38 cells (ATCC, Manassas, VA, USA) [19]. Tumors were allowed to grow for 8-10 days until they reached 50-70
mm? in volume, at which point mice were randomized into treatment groups (n =6 per group): Control, a-PD-1, butyrate,
and butyrate/a-PD-1. Mice in the a-PD-1 group received anti-PD-1 (200 pg/mouse, Bio X Cell, West Lebanon, NH, USA)
intraperitoneally, while the butyrate group received sodium butyrate (0.25 pmol/mouse, Sigma-Aldrich, St. Louis, MO,
USA) via intratumoral injection. The Butyrate/a-PD-1 group received both treatments as described. Control mice received
saline (0.9% NaCl) and 200 pg IgG. Treatments were administered twice weekly for 28 days.

To investigate the effects of butyrate supplementation on a-PD-1 therapy, the treatment period was extended to
60 days or until ethical endpoints for a separate cohort, allowing for survival monitoring. For mechanistic insights into
butyrate’s role in inducing anti-PD-1 resistance and regulating FAO enzyme expression, tumor cells were isolated from
butyrate/a-PD-1-treated mice (butyrate/a-PD1 MC38 cells) and injected into a new cohort of mice, then compared with
mice inoculated with standard MC38 cells, with either IgG or a-PD-1 administration. To assess the specific involvement
of CPT1A in butyrate-induced resistance, additional CRC models were generated using MC38 cells transfected with
either control shRNA (sh-NC) or CPT1A-targeted shRNA (sh-CPT1A). These models were treated either individually or
with combination regimen (n=5).

At the end of treatments, mice were euthanized for tumor tissue separation followed by therapeutic efficacy and
mechanism-related evaluation. The IACUC protocol in this study follows the guidelines for the ethical review of labora-
tory animal welfare People’s Republic of China National Standard GB/T 35892-2018 [20]. The maximal tumor size/burden
was not exceeded the permissible tolerance in IACUC protocol (< 2 cm).

2.4 Therapy effect evaluation

Tumor imaging and weight measurement were conducted to evaluate the therapeutic efficacy in each treatment group.
Tumor images were captured using a high-resolution digital camera (Nikon D7500, Nikon Corporation, Tokyo, Japan)
and then weighted by an analytical balance. Tumor volume was measured every 3 or 5 days using digital calipers and
volumes were calculated as: (length x width?) x 0.5. Survival data were recorded to construct survival curves.

2.5 Cell maintenance and treatment

HCT116 cells were obtained from the ATCC and cultured in Dulbecco’s Modified Eagle Medium (DMEM; Gibco, Waltham,
MA, USA) supplemented with 10% fetal bovine serum (FBS) and 1% penicillin-streptomycin [19]. HCT116 cells were
exposed to 5 mM sodium butyrate or left untreated for 6 h.

For co-culture experiments, HCT116 cells with or without CPT1A silencing were added with CD8+ T cells (TALL-104
cell line, ATCC) at an effector-to-target ratio of 10:1. Treatment groups were set up as follows: control, butyrate (5 mM),
a-PD1 (10 ug/mL), and butyrate combined with a-PD1. Additional wells containing only target cells (HCT116) or only
effector cells (TALL-104) were included as control. Co-cultures were incubated for 24 h in a humidified incubator at 37 °C
with 5% CO, for further assays.
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2.6 Cell transfection

HCT116 cells were transfected with shRNA constructs targeting CPT1A to achieve gene knockdown. Cells were cultured
overnight to reach 60-70% confluence. For transfection, shRNA plasmids specific to CPT1A (sh1-CPT1A and sh2-CPT1A)
or a non-targeting control shRNA (sh-NC) were obtained from Genechem (Shanghai, China). Transfection was performed
using Lipofectamine 3000 reagent (ThermoFisher Scientific, Waltham, MA, USA) according to the manufacturer’s protocol.
Briefly, 2 pug of plasmid DNA and 6 pL of Lipofectamine 3000 were diluted separately in Opti-MEM medium (Gibco) and
incubated for 10 min before adding to cells. Subsequently, transfected cells were incubated for 48 h under standard cul-
ture conditions, after which knockdown efficiency was confirmed by quantitative PCR (qPCR) and Western blot analysis.
Cells with higher transfection efficiency were used in downstream functional assays.

2.7 Oxygen consumption rate (OCR) measurement

The OCR of HCT116 cells was measured using the Seahorse XF24 Extracellular Flux Analyzer (Agilent Technologies, Santa
Clara, CA, USA) following manufacturer protocols. After 6-h incubation of butyrate-treated HCT116 cells or 48-h incu-
bation for sh-CPT1A and their controls, cells were washed and incubated in Seahorse XF base medium supplemented
with 10 mM glucose, 2 mM L-glutamine, and 1 mM pyruvate (pH 7.4) for 1 h at 37 °Cin a CO,-free environment. The
OCR measurements were taken at baseline and following the equential injection of 1 uM oligomycin, 1 uM FCCP, and
a mixture of rotenone and antimycin A (0.5 uM each). Data were analyzed using Wave software (Agilent Technologies).

2.8 Cytotoxicity assay

The Cell Counting Kit-8 (CCK-8; Dojindo Laboratories, Kumamoto, Japan) was used to evaluate cytotoxicity. After 24 h of
co-culture with treatment, 10 pL of CCK-8 solution was added to each well, followed by a further 2-h incubation at 37 °C
in a 5% CO, atmosphere. Absorbance was measured at 450 nm using a microplate reader (SpectraMax iD3, Molecular

A test well -A

effector well ) X 100% Atest well and

Atarger well

Atarget well F€Presents the absorbance of wells containing both target and effector cells. Agector weil IS the absorbance with
only effector cells and target cells, respectively.

Devices, San Jose, CA, USA). Cytotoxicity was calculated as: Cytotoxicity (% ) = (1 -

2.9 qPCR

gPCR was employed to assess the transfection efficiency of two types of sh-RNAs in HCT116 cells or mRNA expression of
clinical samples. Total RNA was extracted from the transfected cells post-transfection or collected tumor tissues using
the RNeasy Mini Kit (Qiagen, Hilden, Germany) according to the manufacturer’s instructions. The concentration and
purity of the RNA were measured using a NanoDrop 2000 spectrophotometer (ThermoFisher Scientific). RNA was reverse
transcribed into cDNA using the PrimeScript RT Reagent Kit (Takara Bio, Shiga, Japan). gPCR was performed using the
SYBR Green Master Mix (Applied Biosystems, ThermoFisher Scientific) on a CFX96 Touch Real-Time PCR Detection System
(Bio-Rad, CA, USA). A total of 20 pL PCR reaction mixture included SYBR Green Master Mix, CPT1A-specific primers (Sup-
plementary Table 1), cDNA template and nuclease-free water for 10 pL, 0.4 pL, 2 uL, and 7.2 uL, respectively. The relative
expression levels of the target genes were calculated using the 272 method and normalized to B-Actin expression.

2.10 Western blot analysis

Transfected cells or collected animal or clinical tumor tissues were washed with cold PBS before being homogenized in
RIPA lysis buffer (ThermoFisher Scientific) containing protease and phosphatase inhibitors (Roche, Basel, Switzerland).
Tumor homogenates were incubated on ice for 30 min with periodic vortexing. Cell and tissue lysates were then cen-
trifuged and the concentration of extracted proteins was determined using the BCA Protein Assay Kit (ThermoFisher
Scientific), in accordance with the manufacturer’s protocol. Equal amounts of protein were then separated by SDS-PAGE,
which were subsequently transferred to a PVDF membrane (Bio-Rad) using a Trans-Blot Turbo Transfer System (Bio-Rad).
Afterwards, the membranes were blocked with 5% skim milk and incubated overnight at 4 °C with 1: 500 diluted primary
antibodies against CPT1A and/or CPT1B, as detailed in Supplementary Table 2. The membranes were subsequently
incubated with HRP-conjugated secondary IgG antibody (1: 2000; Abcam, Cambridge, UK) for 1 h and washed before
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protein bands were visualized using SuperSignal West Pico PLUS Chemiluminescent Substrate (ThermoFisher Scientific)
on a ChemiDoc XRS +Imaging System (Bio-Rad). 3-Actin was used for normalization. Western blot bands were analyzed
with Image Lab Software (Bio-Rad).

2.11 Immunohistochemistry (IHC)

IHC was performed to assess CPT1Aexpression in CRC tumor tissues. Excised tumor tissues were fixed in 10% neutral-
buffered formalin for 24 h, then embedded in paraffin and sectioned. Paraffin sections were deparaffinized in xylene and
rehydrated before being heated in citrate buffer (Abcam). After cooling to room temperature, slides were incubated with
3% hydrogen peroxide for 10 min. Blocking was performed using 5% bovine serum albumin prior to antibody incubation.
Sections were incubated overnight at 4 °C with a primary antibody against CPT1A (1:200; Supplementary Table 2). Follow-
ing three washes in PBS, sections were incubated with a biotinylated secondary antibody (1:500; Abcam) for 1 h. Signal
detection was achieved using a VECTASTAIN® ABC Kit (Vector Laboratories, Burlingame, CA, USA) and diaminobenzidine
substrate (ThermoFisher Scientific), with hematoxylin used for counterstaining. Slides were then dehydrated, cleared,
and mounted with coverslips. Images were captured using a digital microscope (Olympus BX53, Olympus Corporation,
Tokyo, Japan) at 20 x magnification.

2.12 Immunofluorescence staining

Paraffin-embedded tumor tissue sections were deparaffinized and rehydrated. Antigen retrieval was performed using
citrate buffer (pH 6.0) at 95 °C for 15 min. After blocking with 5% bovine serum albumin for 1 h, sections were incubated
overnight at 4 °C with anti-CD8 antibody (1:200; ThermoFisher Scientific). After washing, sections were incubated with
FITC-conjugated secondary antibody (1:500; ThermoFisher Scientific) for 1 h at room temperature. Nuclei were counter-
stained with DAPI. Fluorescent images were captured using the Olympus BX53 microscope.

2.13 Statistical analysis

Data were tested for normality using the Shapiro-Wilk test. Statistical significance was assessed by one-way analysis of
variance or the Kruskal-Wallis test with Bonferroni’s post hoc test for comparisons among multiple groups using Prism
software (Graphpad Software, Inc., CA, USA). Data are expressed as standard error of the mean + standard deviation
(SEM £SD) and p <0.05 was considered statistically significant.

3 Results
3.1 Butyrate/anti-PD1 combination demonstrates no enhanced antitumor efficacy in colorectal cancer mice

Following the successful establishment of colorectal cancer in murine models, drug treatments were administered, with
tumor size monitored every 5 days. Tumor volume was measured to evaluate treatment efficacy, and a threshold of 2000
mm? or severe ulceration prompted ethical euthanasia. The study was concluded at 60 days if mice survived without
reaching these criteria. As shown in Fig. 1A, tumor growth curves indicated a persistent increase in tumor volume across
all groups. Tumor growth was most rapid in the control, with drug-treated groups showing a degree of growth inhibi-
tion compared to controls. Notably, despite the butyrate/a-PD1 combination group exhibited a slightly slower tumor
growth rate than the other groups during the first 20 days, tumor growth accelerated subsequently and no significant
enhancement in inhibition compared to mice administrated with monotherapies alone. In terms of survival (Fig. 1B),
only the butyrate-treated group demonstrated extended survival, with 33% (2 of 6) of mice remaining alive by the
end of the study. In contrast, all mice in the control group succumbed by day 42. In addition, even if mice in the a-PD1
and butyrate/a-PD1 combination groups experienced later mortality compared to the control, no survival benefit was
observed from combination treatment compared to the a-PD1 group. The addition of butyrate to a-PD1 may even reduce
the therapeutic efficacy of a-PD1, as mice treated with butyrate + a-PD1 showed mortality 4 days earlier. These indicated
that butyrate/a-PD1 combination did not enhance the antitumor effect of anti-PD1 therapy and probably contributed
to anti-PD1 treatment resistance.
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Fig. 1 Butyrate/a-PD1 combination did not improve antitumor efficacy in colorectal cancer murine models. After successful subcutaneous
inoculation with MC38 cells to establish the colorectal cancer model, mice were administered butyrate, a-PD1 alone, or in combination, with
saline and IgG injections used as the control. A Tumor volumes were measured every 5 days. Tumor size threshold for ethical euthanasia was
set at 2000 mm? or upon detection of severe ulceration. B Survival curves were generated until the ethical end or 60 days from treatment

3.2 Butyrate/anti-PD1 combination induces anti-PD-1 therapy resistance and CPT1A activation in tumor
tissues

To investigate whether butyrate contributes to resistance against anti-PD-1 therapy, tumor cells were isolated from
mice treated with the butyrate/a-PD1 combination (butyrate/a-PD1 MC38 cells) for further assays. These cells were then
subcutaneously inoculated into naive mice, with other mice receiving original MC38 cells. Once tumor volumes reached
50-70 mm?3, mice were received either IgG as a control or a-PD1 therapy for 28 days, after which tumors were collected
for evaluation (Fig. 2A). As observed in the tumor images, a-PD1 treatment significantly inhibited tumor growth in mice
inoculated with MC38 cells, whereas tumors in the butyrate/a-PD1 MC38 cell-inoculated mice showed limited response
to a-PD1 treatment, appearing mostly comparable to the IgG control group (Fig. 2B). Consistent with visual observa-
tions, both tumor volume and tumor weight measurements confirmed this pattern after 28 days of treatment. Tumors in
the MC38+1gG group were significantly larger in size and weight compared to those in the MC38 + a-PD1 group, while
no statistical difference was noted between the butyrate/a-PD1 MC38 +1gG and butyrate/a-PD1 MC38 + a-PD1 groups
(Fig. 2C, D). To further understand the underlying mechanisms, key enzymes involved in FAO were examined. Western
blot (WB) analysis revealed that baseline levels of CPT1A and CPT1B were elevated in tumor tissues from butyrate/a-PD1
MC38 cell-inoculated mice with IgG administration compared to those in MC38 cell-inoculated counterparts. Post-treat-
ment with a-PD1, CPT1A expression was further elevated in the butyrate/a-PD1 MC38 + a-PD1 group relative to its IgG
control. However, no difference of CPT1B expression was found in these two groups, although it was upregulated in the
MC38+a-PD1 group as compared to its IgG counterpart (Fig. 2E). Additionally, IHC demonstrated a marked increase in
CPT1A expression in tumor tissues derived from butyrate/a-PD1 MC38 cell-inoculated mice (Fig. 2F). These collectively
suggested that the butyrate/a-PD1 combination may induce resistance to anti-PD-1 therapy, potentially through the
upregulation of CPTTA.
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Fig.2 Butyrate/a-PD1 combination induces anti-PD-1 therapy resistance and CPT1A activation in colorectal tumor tissues. A Schematic of
experimental design. Tumor cells isolated from mice treated with Butyrate/a-PD1 combination therapy (Butyrate/a-PD1 MC38 cells) were
inoculated subcutaneously into naive mice, with original MC38 cells injected as a control. After the transplanted tumor model was estab-
lished, mice treated with IgG or a-PD1 for 28 days, at which B tumor images, C tumor volumes and D weight were assessed. E Western blot
analysis was conducted to determine CPT1A and CPT1B protein expression. F Immunohistochemistry analysis was used for CPT1A expres-
sion evaluation in tumor tissues, with images captured at a magnification of 200x. Data are presented as mean £ SEM. *p <0.05, ***p <0.001

3.3 Butyrate enhances CPT1A-mediated fatty acid oxidation and reduces a-PD1-induced cytotoxicity
in HCT116 cells

To explore the mechanistic role of CPT1A-mediated FAO in butyrate’s modulation of antitumor efficacy, the OCR of
HCT116 cells treated with 5 mM butyrate for 6 h was initially assessed. As shown in Fig. 3A, OCR was significantly elevated
in the butyrate-treated group compared to untreated cells during the 63-81 min phase, suggesting the increased FAO
level induced by butyrate. This increase in metabolic activity correlated with elevated protein expression levels of both
CPT1A and CPT1B, as indicated by Western blot analysis (Fig. 3B), further supporting butyrate’s role in promoting FAO.
Subsequently, co-culture experiments were conducted with HCT116 cells and CD8+ T cells with diverse treatment. After
a 24-h treatment, followed by a 2-h exposure to CCK-8, both a-PD1 and butyrate treated cells demonstrated increased
cytotoxicity relative to the control. However, the combined butyrate/a-PD1 treatment resulted in a significantly reduced
cytotoxicity compared to a-PD1 alone, achieving levels comparable to butyrate monotherapy (Fig. 3C). To further ver-
ify the involvement of CPT1A in these observations, CPT1A knockdown was performed using two shRNA constructs,
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Fig.3 Butyrate enhances CPT1A-mediated fatty acid oxidation (FAO) and reduces a-PD1-induced cytotoxicity in vitro. HCT116 cells were
treated with 5 mM butyrate for 6 h. After that, A Oxygen consumption rate (OCR), B CPT1A and CPT1B protein expression were determined
by Seahorse XF24 extracellular flux analyzer and Western blot analysis, respectively. CD8+ T cells were co-cultured with HCT116 cells at a
ratio of 10:1. Following 24-h treatment with a-PD1, butyrate, or their combination, C cytotoxicity was assessed via 2-h CCK-8 exposure. Sub-
sequently, sh-NC and two types of sh-CPT1A were transfected to HCT116 cells. D CPT1A mRNA and E protein levels were determined by
quantitative PCR and Western blotting, respectively, to evaluate transfection efficiency. sh2-CPT1A with a higher transfection efficiency was
selected for further assays. F OCR assessment in CPT1A knockdown cells and (G) cytotoxicity assay in those co-cultured with CD8+ T cells
prior to being treated with distinct therapies were conducted to evaluate FAO activation and capability of immune cells. Data are presented
as mean + SEM. *p <0.05, **p <0.01, ***p <0.001

sh1-CPT1A and sh2-CPT1A. gPCR showed that both shRNA constructs effectively suppressed CPT1A mRNA expression
(Fig. 3D), but only sh2-CPT1A significantly reduced CPT1A protein levels compared to the sh-NC control (Fig. 3E), lead-
ing to its selection for subsequent experiments. Following CPT1A knockdown and butyrate treatment, OCR was notably
lower in the sh2-CPT1A group than in the sh-NC control during the 63-81 min period (Fig. 3F), confirming CPT1A’s role
in butyrate-enhanced oxidative metabolism. In co-culture assays with CD8+ T cells, the decreased cytotoxicity observed
with butyrate/a-PD1 combination treatment in sh-NC cells was reversed in sh2-CPT1A cells, showing no significant differ-
ence from a-PD1 monotherapy (Fig. 3G). This suggests that CPT1A-mediated FAO induced by butyrate may contribute to
the observed reduction in a-PD1-induced cytotoxicity, highlighting a potential mechanism by which butyrate modulates
immune response and contributes to therapeutic resistance in HCT116 cells.

3.4 CPT1A upregulation correlates with resistance to anti-PD-1 therapy in colorectal cancer patients
To further elucidate the involvement of CPT1A in mediating resistance to anti-PD-1 therapy in clinical context, CPT1A
expression levels were examined in tumor tissues from nine CRC patients treated with the Nivolumab. We collected 5

PD-1 S patients and 4 PD-1 R patients based on the development of immune resistance post-treatment. qPCR analysis
revealed a significantly higher expression of CPT1A mRNA in the PD-1 R group compared to the PD-1 S group (Fig. 4A).
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This was further supported by IHC and Western blot analysis, which demonstrated increased CPT1A protein expression in
the PD-1 resistance patients relative to the sensitive counterparts (Fig. 4B, C). Elevated CPT1A levels in the PD-1 R patient
across multiple detection methods indicated that CPT1A could be contributing to an adaptive resistance mechanism.

3.5 CPT1A deficiency improves the antitumor efficacy of butyrate/anti-PD1 combination therapy in mice

To evaluate the role of CPT1A in modulating the antitumor response to butyrate/anti-PD1 combination therapy in vivo,
MC38 cells were subcutaneously injected into mice with either sh-NC or sh-CPT1A modifications. Mice were received
injections of IgG, a-PD1, butyrate, or butyrate/a-PD1 for 28 days when tumor volumes reached 50-70 mm?3. Tumor volume
was recorded every three days to assess treatment efficacy. In sh-NC mice, tumor volumes in the butyrate/a-PD1 combi-
nation group were larger than in the a-PD1 monotherapy group, suggesting no additional benefit from the combination
therapy. However, in sh-CPT1A mice, the butyrate/a-PD1 combination exhibited a stronger inhibitory effect on tumor
volume growth compared to a-PD1 alone, with tumors also significantly smaller than in the IgG control group (Fig. 5A).
Representative tumor images corroborated these findings, showing minimal size reduction with butyrate/a-PD1 treat-
ment in the sh-NC group compared to controls, while in the sh-CPT1A group, the combination therapy yielded visibly
smaller tumors than in both the IgG control and two monotherapy groups (Fig. 5B). Tumor weight followed a similar
trend. While the butyrate/a-PD1 treatment did not significantly reduce tumor weight in the sh-NC group and even
counteracted the weight reduction observed with a-PD1 alone, it substantially reduced tumor weight when CPT1A was
knockdown, even lower than with a-PD1 monotherapy (Fig. 5C). Immunofluorescence staining for CD8 expression within
tumor tissues revealed no significant difference between IgG and butyrate/a-PD1 groups in sh-NC mice. However, in sh-
CPT1A treated models, CD8 expression was markedly higher in the butyrate/a-PD1 group than the a-PD1 monotherapy
counterparts, suggesting enhanced T-cell infiltration (Fig. 5D). These results collectively illustrated that the absence of
CPT1A reversed the resistance to immune checkpoint inhibitors induced by butyrate and strengthened the antitumor
efficacy of butyrate/a-PD1 therapy, likely via enhancing immune cell infiltration.
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Fig.4 CPT1A upregulation correlates with resistance to anti-PD-1 therapy in colorectal cancer (CRC) patients. Tumor tissues from CRC
patients treated with Nivolumab were collected to assess A CPT1A mRNA levels, and B, C protein expression via quantitative PC, immuno-
histochemistry and Western blot analysis, respectively. Data are presented as mean+SEM. *p <0.05, **p <0.01. PD-1 S: PD-1 sensitive, n=5;
PD-1 R: PD-1 resistant, n=4
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Fig.5 CPT1A deficiency
improves the antitumor
efficacy of butyrate/a-PD1
combination therapy in colo-
rectal cancer mice. Mice were
subcutaneously inoculated
with sh-NC or sh-CPT1A-tran-
fected MC38 cells to establish
the colorectal cancer model.
Butyrate, a-PD1, or butyrate/
a-PD1 combination were used
for 28-day therapy. A Tumor
volume progression was
measured every three days.
After treatment, tumors were
collected to take B representa-
tive images and determine

C tumor weight. D Immuno-
fluorescence staining was
performed to evaluate CD8+
T cell infiltration, CD8 + cells
are stained in red, and nuclei
are counterstained with DAPI
(blue). Data are presented

as mean + SEM. *p < 0.05,
**p<0.01, ***p<0.001. ns no
significance
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CRC accounts for approximately 10% of all cancer cases and related mortality, imposing a substantial social and
economic burden worldwide [21]. While immunotherapy has emerged as a promising treatment to offer significant
benefits to CRC patients, therapeutic resistance remains a primary challenge that limits its effectiveness [22]. As such,
understanding the mechanisms underlying resistance to ICls is crucial to improving clinical outcomes. In our present
study, we demonstrated that butyrate, a gut flora metabolite can induce resistance to anti-PD-1 therapy in CRC by
enhancing CPT1A-mediated FAO. Through a series of in vitro and in vivo experiments, we established that butyrate
upregulates CPT1A, which not only promoted FAO to drive metabolic reprogramming but also diminished CD8 +T
cell effect, including cytotoxic responses against HCT116 and immune infiltration within tumor tissues.
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The impact of butyrate on cancer remains unclear, often described as the “butyrate paradox”[23, 24]. Our findings
provide laboratory evidence supporting a restrictive effect of butyrate on CRC under certain conditions. In the context
of the combination of it with other anti-tumor drugs, a recent report indicated that butyrate can significantly enhance
the efficacy of anti-PD-1 therapy in mice bearing CT26 tumors, which is in contrast of our findings [25]. In our present
results, while butyrate monotherapy offered a survival advantage in CRC mouse models, adding butyrate to a-PD-1 did
not improve survival outcomes. Additionally, butyrate/a-PD-1 MC38 cell-inoculated CRC mice showed reduced sensi-
tivity to a-PD-1, which was comparable to the IgG control. This suggests the existence of a “butyrate paradox” also in
combination therapies. One potential reason for the contrasting therapeutic outcomes could be the dosing regimen, in
which the former study administered a daily dose of 150 mM, whereas our study employed a significantly lower dose of
only 0.25 umol, administered twice weekly. The impact of dosage on the synergistic or antagonistic effects of butyrate
might require further investigation.

To further understand the mechanisms underlying the resistance brought by butyrate in combination with anti-
PD-1 therapy, we conducted in-depth investigations. We identified significant CPT1A activation in butyrate/a-PD1
MC38+a-PD-1 treated mice. Notably, the CPT1A activation was observed not only in murine models but also in butyrate-
treated HCT116 cells and in patients showing resistance to anti-PD-1 therapy. CPT1A facilitates the transport of fatty
acids into mitochondria, inside which starts to use the B-oxidation pathway for ATP generation [26]. As a key rate-limiting
enzyme in FAO, CPT1A adjusts the fatty acid metabolism rate to meet cellular energy demands [27]. Previous studies
have established the relationship between CPT1A-mediated FAO activation and cancer cell energy adaptation, facilitat-
ing tumor survival under therapeutic stress [28, 29]. In consistency with these, we observed the increase in CPT1 enzyme
expression induced by butyrate treatment to HCT116 cells, which was correlated with a rise in OCR compared to controls.
Remarkably, CPT1A knockdown produced the opposite effect, with a notable decrease in cellular respiration. These find-
ings support the view that CPT1A-mediated FAO functions as a metabolic adaptation mechanism. It produces more ATP
per molecule than glucose metabolism, helping tumor cells survive under stressful conditions and resist pressures from
chemotherapy and targeted therapies [29, 30]. The critical role of butyrate in regulating FAO may explain the resistance
of HCT116 cells to a-PD-1 during treatment at least to a certain extent.

In addition, FAO regulates immune activity within the TME through various mechanisms. For example, upregulated
FAO can deplete essential nutrients like glucose and amino acids in the TME, limiting the metabolic resources available
to effector T cells [31, 32]. Additionally, FAO-generated metabolites, such as lipid peroxides, arachidonic acid derivatives,
and other oxidative lipids, can directly suppress T cell activity or induce the secretion of immunosuppressive cytokines
like IL-10 and TGF-B, fostering an immunosuppressive environment [16, 33-35]. In the present study, our findings indicate
that butyrate-induced FAO upregulation in combination with a-PD-1 similarly contributes to drug resistance in CRC via
immune cell suppression. In co-culture assays with CD8+ T cells, the addition of butyrate reduced the cytotoxic effect
of a-PD-1 on CRC cells. In contrast, CPT1A knockdown reversed this effect, equalizing the cytotoxicity levels between
the combination therapy and a-PD-1 monotherapy. These findings highlight that CPT1A-mediated FAO inhibition could
potentially reverse butyrate-induced resistance to ICls and restore cytotoxic T cell function within the TME. Notably,
in vivo outcomes demonstrated that CPT1A knockdown even enhanced the antitumor efficacy of combination therapy
beyond that of immune monotherapy alone, outperforming those in vitro. This effect may be due to the complexity of
in vivo regulatory pathways and environmental factors remains further study.

Our study has several limitations that should be acknowledged. We recognize that the impact of varying dosages of
butyrate on tumor metabolism and therapeutic responses was not comprehensively explored in this study. Although we
selected a dosage based on preliminary experiments to achieve optimal results aligned with our objectives, a systematic
investigation into dose-dependent effects is essential for understanding butyrate’s broader role in tumor progression and
therapy resistance in future studies. Furthermore, since our study primarily focused on CPT1A’s role in butyrate-mediated
resistance, potential side effects of CPT1A inhibition were not directly investigated. While this was beyond the scope
of the current study, understanding the adverse outcome and safety profile of targeting CPT1A is critical for its clinical
application. Also, while our data showed promising correlations between its expression and therapeutic resistance in
patient samples, the sample size was relatively small. In further studies, larger clinical studies incorporating baseline
data would be take into consideration to enhance the applicability of our findings, allowing for a more comprehensive
analysis of the relationship between CPT1A expression and resistance to anti-PD-1 therapy.

Our study demonstrated that butyrate induces resistance to anti-PD-1 therapy in CRC by promoting CPT1A-mediated
FAO and CPT1A knockdown in murine models and a CRC cell line reversed this resistance, enhancing the antitumor
efficacy of combined butyrate/anti-PD-1 therapy and restoring CD8 + T cell infiltration. These findings highlighted the
potential of targeting CPT1A-mediated FAO as a strategy to improve response to immunotherapy in CRC.
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