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Abstract

Objective: The effectiveness of chemotherapy is affected by tumor heterogeneity and drug resistance mechanisms; however,
there are certain limitations. Electroacupuncture can regulate the tumor immune response and restore bone marrow hematopoietic
function, which is affected by chemotherapy. This study investigated the efficacy and mechanism of electroacupuncture combined
with cisplatin in the treatment of non—-small-cell lung cancer mice.

Methods: To establish a mouse model of non—-small-cell lung cancer, gene sequencing combined with bioinformatics analysis,
flow cytometry, and liquid-phase chips was used to observe the expression of immune cells and related factors in the mouse tumor
microenvironment. Flow cytometry was used to observe subpopulations of mouse bone marrow hematopoietic stem cells and
progenitor cells. PAC1 receptor agonists were used to observe mouse tumor immunity and bone marrow hematopoiesis-related
indicators.

Results: The combination of electroacupuncture with high- and low-dose chemotherapy had a better tumor-suppressive effect.
Electroacupuncture can affect the gene expression profile of immune cells, especially the expression levels of Ccr1, Cxcrs, Zbp1,
and Camklla, and increases the levels of interferon-y (IFN-v) and interleukin (IL)-2 protein, upregulating the levels of cytokines Ccl4,
Ccl3, and IL-6 in the tumor tissue. Additionally, electroacupuncture enhanced the infiltration of CD8* T cells, dendritic cells, and
M1-type macrophages at the tumor site, and reduced the proportion of Th17 and Treg cells. Furthermore, electroacupuncture
remodels the bone marrow hematopoietic microenvironment after chemotherapy by increasing the number of bone marrow
hematopoietic stem cell subsets, leukocytes, and subpopulations in the peripheral blood. PAC1 receptor agonists have similar
effects to those of electroacupuncture on hematopoietic protection and tumor immunity after chemotherapy.

Conclusions: Electroacupuncture may improve chemotherapy-induced bone marrow suppression, reshape the tumor
microenvironment immune response affected by chemotherapy, and change the tumor immune microenvironment to an anti-
tumor mode by regulating tumor local immune-related cytokines. The PACT1 receptor may be a drug target for the treatment of
myelosuppression and immunosuppression in patients with tumors.
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Introduction

Non-small-cell lung cancer (NSCLC) accounts for
approximately 85% of all lung cancer cases!'l. Owing
to its high incidence and challenging treatment modali-
ties, NSCLC has become one of the main areas of focus
in oncological research and clinical practice. Patients
with NSCLC often experience symptoms such as cough,
hemoptysis, dyspnea, and pain due to lung tumors.
Symptoms such as fatigue and weight loss caused by
tumor consumption severely affect patients’ daily lives
and psychological states, and reduce their quality of
lifel. Multimodal treatment strategies, including sur-
gery, radiotherapy, and systemic therapy, are widely
used to treat NSCLCPl. With the advent of targeted
therapies and immunotherapies, therapeutic options
for NSCLC have expanded, providing new avenues for
personalized and effective interventions*7l, Platinum-
based chemotherapeutic agents remain the standard
first-line treatment for patients with advanced NSCLC,
either as maintenance therapy alone or in combina-
tion®). Cisplatin, one of the most commonly used
platinum-based chemotherapeutic agents, induces apop-
tosis and cell cycle arrest by disrupting DNA replication
and transcription in tumor cells!'®!, It can also disrupt
the characteristics of tumor stem cells and inhibit tumor
recurrence and metastasis!''l. However, the emergence of
cisplatin resistance and toxic side effects, such as periph-
eral nerve injury and myelosuppression, pose a substan-
tial challenge to its clinical efficacy, which often leads to
therapeutic failure or poor prognosis!'>'¢l. Additionally,
cisplatin-induced myelosuppression can cause immuno-
suppression in the body'”. In addition to chemother-
apy, combination therapies such as targeted therapy and
immunotherapy have prolonged the survival of some
patients. Targeted therapy for epidermal growth factor
receptor (EGFR) mutations (such as osimertinib) has
shown remarkable efficacy in certain patients. However,
approximately half of patients develop drug resistance
during treatment$l. Immune checkpoint inhibitors such
as pembrolizumab have demonstrated good therapeu-
tic effects in some patients. Nevertheless, the response
rate to immunotherapy is relatively low in patients with
EGFR mutations and anaplastic lymphoma kinase rear-
rangements, which restricts the treatment options for
these patients!®”l. The effectiveness of these therapies is
influenced by tumor heterogeneity and drug resistance
mechanisms. There is a lack of precise and effective pre-
dictive biomarkers to guide treatment decisions, leading
to certain limitations. Therefore, it is crucial to main-
tain a balance between efficacy and toxicity, making the
exploration of safe and effective combination therapies
scientifically and clinically important to alleviate the
toxicities induced by chemotherapy and enhance ther-
apeutic efficacy.

Electroacupuncture (EA), a form of acupuncture
that applies small electrical currents to acupuncture
needles, exhibits potential benefits in reducing cancer-
related symptoms and improving quality of lifel20-23],
The American Society of Clinical Oncology and the
National Comprehensive Cancer Network recommend
the use of non-pharmacological interventions, such as
acupuncture for the supportive treatment of cancer?*.
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Clinical studies have confirmed the correlation between
acupuncture, acupressure, and cancer-related pain*.
Mechanistic studies corroborated the potential of EA
in adjuvant oncology on multiple dimensions*-3!l, To
improve tumor immunity, EA can increase the propor-
tion of CD8*T and natural killer (NK) cells in the tumors
of mice with breast cancer to regulate inflammatory
cytokines by activating the vagus nervel?”l. In addition,
EA inhibits microsatellite-stable (MSS) tumor growth
and increases the levels of B lymphocytes and granular
enzymes. Furthermore, EA can reshape the MSS colorec-
tal cancer tumor immune microenvironment (TIME)
and render the tumor stimulator of interferon (IFN)
genes dependent on programmed death-17%I, Our previ-
ous study showed that EA combined with cisplatin had
a better tumor-suppressive effect than cisplatin alonel?,
Therefore, EA has demonstrated unique advantages as an
adjuvant therapy for many aspects of tumor treatment.
However, mechanistic uncertainties associated with its
tumor-suppressive effects have hindered its clinical use.

In an in-depth investigation of EA mechanisms to facil-
itate myelosuppression after chemotherapy, we found
that pituitary adenylate cyclase-activating polypeptide
(PACAP) and its receptor, PAC1, may be involved in the
mechanism of action of EA. PACAP released from bone
marrow sympathetic nerve endings promotes the prolif-
eration of bone marrow hematopoietic stem progenitor
cells (HSPCs) by binding to a specific PAC1 receptor34,
In contrast, EA promotes the repair of bone marrow
sympathetic nerves after chemotherapy in normal mice
via the PACAP/PAC1 pathway!33l. However, whether the
PACAP/PAC1 receptor also plays a role in myelopoie-
sis in tumor-bearing mice and influences tumor immu-
nity remains unknown. In this study, we analyzed the
mechanism by which EA assisted cisplatin to enhance
anti-tumor immunity in NSCLC mice. EA improves the
bone marrow hematopoietic microenvironment after
chemotherapy and may regulate systemic immunity
and anti-tumor immunity by improving bone marrow
hematopoiesis. Additionally, the anti-tumor immunity
and bone marrow hematopoietic protective function of
the PACT agonist in a tumor environment was explored
to provide a basis for acupuncture in chemotherapy
potentiation combination regimens as a more attractive
option. This study aims to delve deeply into the intricate
immune-regulatory network underlying the treatment
of EA combined with cisplatin. By leveraging the syn-
ergistic effect of EA, this approach should be integrated
into the standard treatment protocol for NSCLC domi-
nated by chemotherapy. This integration aims to reduce
the premature use of targeted drugs, delay disease pro-
gression, and enhance the efficiency of medical resource
utilization.

Materials and methods
Mice

Male C57BL/6 mice (n = 130, 6 weeks old, body weight
18-24¢g) were obtained from Beijing Viton Lever
Laboratory Animal Technology Co., Ltd. (Beijing,
China; license no. SCXK [Beijing] 2016-0006). Animals
were group-housed (five mice per cage) in specific
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pathogen-free conditions at 25 = 1°C with 50% to 60%
humidity under a 12:12 light-dark cycle, with ad libi-
tum access to standard chow diet and water. All animal
experiments were performed in accordance with the
NIH Guide for the Care and Use of Laboratory Animals,
and the protocols were approved by the Animal Ethics
Committee of the Tianjin University of Traditional
Chinese Medicine (TCM-LAEC2019057). Animal wel-
fare was monitored daily, and all efforts were made to
minimize suffering, mice were acclimatized for at least 7
days before experiments.

Materials and reagents

After 1 week of loading, the mice were randomly divided
into tumor (T), cisplatin (TC), and EA combined with
cisplatin (TCE) groups. Cisplatin (Jiangsu Haosen
Pharmaceutical Group Co., Ltd., Jiangsu, China) was
dissolved in 0.9% NaCl solution at an administered dose
of 3 or 5mg/kg and intraperitoneally injected into mice
in the TC and TCE groups on days 7, 10, 14, and 17.
Mice in group T were intraperitoneally injected with an
equal volume of 0.9% NaCl solution on the same day.
The PAC1 agonist, PACAC1-38 (25 nmol/kg, i.p.; Selleck
Chemicals, Houston, TX, USA), which was diluted to a
concentration of 1 mmol/L using a 0.9% NaCl solution.
In the afternoon of EA intervention on days 7, 9, 11, 14,
16, and 18, mice in the chemotherapy combined with
PACAC1-38 (TCP) group were intraperitoneally injected
with PACAP1-38, 0.2mL/pupil, and the other groups
were injected with an equal volume of saline.

Establishment of a mouse model of LLC hormonal tumors

Lewis lung carcinoma (LLC) cells (Fu Heng Biology,
Shanghai, China) were recovered by rapidly thawing
cryopreserved vials at 37°C, followed by centrifugation
(800rpm, 5 minutes). After discarding the supernatant,
the pelleted cells were reconstituted in dulbecco’s mod-
ified eagle medium containing 10% fetal bovine serum
(FBS) and cultured in T-75 flasks under standard condi-
tions (37°C, 5% CO,). Cells can be inoculated after three
to five passages, confluent cells were detached using
0.25% trypsin-ethylenediaminetetraacetic acid, neutral-
ized with a complete medium, and centrifuged. Finally,
the cells were adjusted to a concentration of 1 x 10° cells/
mL for subsequent experiments. All procedures were
conducted under aseptic conditions to ensure sterility.
Each mouse was inoculated with 0.1mL of 1 x 10¢/mL
LLC cells at the right groin after disinfection. The mouse
was held in a head-down and feet-up position. Keep
the needle stable during slow injection, then withdraw
slowly and press the site. A palpable tumor a week later
indicated successful modeling. Tumors were palpable
about 1 week later. On days 7, 10, 14, 17, and 21, tumor
volume was measured using a Vernier caliper.

Electro-needle parameters

EA intervention was started on the same day as cispla-
tin treatment in the mice, and acupuncture needles were
bilaterally inserted into Zusanli (ST36) (3 mm depth) and
Sanyinjiao (SP6) (2mm depth). The acupuncture needles
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were linked to an SDZ-V EA apparatus programmed to
deliver alternating sparse-dense wave stimulation (5/25
Hz, 0.75 mA) for 15 minutes, following established pro-
tocolsP3l Animals in the TCE group underwent EA ther-
apy at a frequency of three sessions weekly over a 14-day
period, and mice in the T, TC, and TCP groups received
the same soft cloth fixation, but were not EA stimulated.
During the operation, acupuncture was performed strictly
according to the anatomical position of the acupoints in
the mice by designated individuals. The EA apparatus was
calibrated and adjusted before each experiment to ensure
the accuracy and consistency of EA stimulation.

Measurement of tumor growth

The longitudinal length (L) and width (W) of the
tumors were measured using Vernier calipers at fixed
time points on days 7, 10, 14, 17, and 21 post-loading.
The tumor volume was calculated as follows: V
(mm?) = (L x Wx W)/2. On day 21, the animals were
anesthetized with 4% isoflurane (Shenzhen RWD Life
Technology Co. Ltd, Shenzhen, China), and intact tumor
tissues were removed and weighed.

Gene sequencing and data analysis

Tumor samples were extracted using the procedure
described earlier and subjected to gene sequencing. The
RNA was extracted and purified according to standard
operating procedures. The total RNA amount and purity
were determined, and the purified total RNA was sub-
jected to mRNA sequencing library construction and
sequencing. Using edgeR for inter-sample differential
gene analysis, genes with fold change >1.5 were consid-
ered differentially expressed genes (DEGs). The protein—
protein interaction (PPI) network was further analyzed
based on the earlier results of different groups (https:/
cn.string-db.org/). Gene sequencing was performed using
Shanghai Jikai Genetics.

Reverse transcription-quantitative polymerase chain reaction

RNA samples were quantified and validated by reverse
transcription-quantitative polymerase chain reaction
(RT-gPCR). Total RNA was reverse transcribed with
PrimeScript RT reagent kit (Takara Bio, Kyoto, Japan),
followed by amplification using SYBR Select Master
Mix (Applied Biosystems, USA). Gene-specific prim-
ers (Sangon Biotech, China; Table 1) were employed,
and relative expression levels were determined via the
double-standard curve method.

Flow cytometry analysis

Bone marrow cells were collected for the HSPC sub-
population assays. The cells were detected using
anti-Lin  (FITC), anti-Sca-1 (PE-Cy7), anti-CD34
(APC), anti-CD16/32 (BV421), anti-CD127 (IL-7R)
(BV510), anti-CD117 (cKit) (APC-Cy7), anti-CD90.1
(PerCP-Cy5.5), anti-CD135 (PE-Cy35), anti-CD135 (PE)
and stained. Flow cytometric analysis was performed on
an Attune NxT acoustic focusing cytometer (Thermo
Fisher Scientific, Waltham, Massachusetts, USA ). All
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RT-gPCR primer sequence

Genes Forward primer (5°—3’) Reverse primer (3'—5’)
Zbp1 AAGAGTCCCCTGCGATTATTTG TCTGGATGGCGTTTGAATTGG
ltgam ATGGACGCTGATGGCAATACC TCCCCATTCACGTCTCCCA
Cel5 GCTGCTTTGCCTACCTCTCC TCGAGTGACAAACACGACTGC
18s CGATGCTCTTAGCTGAGTGT GGTCCAAGAATTTCACCTCT
Adra2a GGTGTGTTGGTTTCCGTTCTTT TAGATAACAGGGTTCAGCGAGC
Cxclt CACCTCAAGAACATCCAGAGCT TTTCTGAACCAAGGGAGCTTCA
Cxers TAAAGTTCCGCAGTGACCTCTC TCTAGAAGGTGGTGAGGGAAGT
cer3 CACTGTACTCCCTGGTGTTCAT GCAGGTCAGAAATTGCCAAGTT
Camk2a ATCGCCTATATCCGCATCACTC ATCTGTGGAAGTGGACGATCTG
Chart GCCCTTATCATCTACTCGGTGG CGCCAGATTCAGAAACCAGATG
cert TTAGCTTCCATGCCTGCCTTAT TGAAACCTCTTCCACTGCTTCA

RT-gPCR: Reverse transcription-quantitative polymerase chain reaction.

data were analyzed as follows: positive cell events
(%) = (target gate/total cell count) x 100%.

Single-cell suspensions of bone marrow were fixed in
75% ethanol at -20°C overnight. Cell samples were incu-
bated with 0.5mL of propidium iodide (PI; TxCyclePl/
RNAse; BD Biosciences, Franklin Lakes, NJ, USA) for
15 minutes at 4°C. Analyses were performed using the
ModFit 3.1 software (Verity Software, Topsham, ME,
USA).

Mouse tumors were removed and single-cell sus-
pensions of intratumor T cell, macrophage, and den-
dritic cell (DC) subpopulations were prepared. For
the detection of T cells, the cells were incubated with
anti-CD3  (FITC), anti-CD4 (PE-cy5), anti-CD8
(BV421), anti-CD45 (BV711), anti-CCR6 (BV605), anti-
CCR10 (APC), anti-CXCR3 (PE), anti-CCR4 (PE-cy7),
anti-CD127 (BV510), and anti-CD25 (Alexa Fluor 700).
Macrophages and DC were detected using anti-CD86
(PE-cy7), anti-CD206 (Alexa Fluor 700), anti-CD11B
(SB600), and anti-CD11C (PerCP-cy5.5) antibodies. The
method of detection and analysis was the same as that
used for the HSPCs.

Liquid chip

Luminex-xMAP technology was used to prepare tumor
samples and standards for the detection of 10 cytokines:
[FN-y, interleukin (IL)-2, chemokine (C-C motif) ligand
(CCL)-3, CCL4, CCL5, IL-6, IL-1a., IL-1p, tumor necro-
sis factor (TNF)-a, and IL-5. The experiments were con-
ducted by Beijing Junkeyuan Technology Co.

Statistical analysis

Data are expressed as mean = standard error of the
mean. Normally distributed data were analyzed by one-
way analysis of variance or repeated-measures anal-
ysis of variance. Post-hoc tests used least significant
difference (homogeneous variance) or Dunnett’s t3
(heterogeneous variance). Non-normal data employed
Kruskal-Wallis test. Analyses used SPSS 23.0 (P < 0.05
significant). Figures were created with GraphPad Prism
9.5 (GraphPad, San Diego, CA, USA).
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Results

EA combined with chemotherapy inhibited tumor growth in
NSCLC mice

We observed the effect of EA combination therapy on
tumor growth in NSCLC mice (Figure 1A). Tumor vol-
ume was measured in the 3mg/kg-loaded mice using
Vernier calipers on days 7,10, 14, 17, and 21. The tumor
volume of the TC and TCE groups was significantly
reduced on days 14, 17, and 21 compared to that of the
T group (P <0.01), and that of mice in the TCE group
on day 14 was statistically different from that in the TC
group. On day 21, EA combined with chemotherapy
decreased the tumor volume by 76% (P <0.01) com-
pared with the 45% decrease in the TC group (P < 0.05),
indicating that TCE has a superior tumor-suppressing
effect compared with TC. The weighing of the mouse
tumors after sampling on day 21 revealed that the TC and
TCE groups had lower tumor weights than the T group.
On days 17 and 21, both the TC and TCE groups lost
weight, with a more pronounced decrease in weight in
the chemotherapy alone group (Figure 1B). Observation
of the behavioral activity status of the mice revealed that
after the first chemotherapy session, the activity of the
mice in the TC and TCE groups was reduced compared
to that of the T group. With an increase in the number
of chemotherapy sessions, the mice’s fur became less
glossy, and there were no significant changes in eating
and drinking. These results suggest that both cisplatin
alone and EA combined with cisplatin can inhibit tumor
growth in NSCLC mice and that EA may have a bet-
ter potential to inhibit tumor growth after combination
treatment. We wanted to determine whether EA also has
a better tumor-suppressive effect at higher chemother-
apy doses. Therefore, we administered a chemotherapeu-
tic dose of 5mg/kg to observe the anti-tumor effects of
EA. Compared to the mice in the T group, the mice in
the TC and TCE groups had smaller tumors on days 14,
17, and 21, and the therapeutic effect of EA in combina-
tion with chemotherapy was not better than that of the
chemotherapy-only group during the overall course of
tumor treatment. We weighed the tumors of the loaded
mice on day 21 and found that the tumors were smaller
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Figure 1. EA combined with low-dose chemotherapy administration reduced the tumor volume. (A) Experimental timeline for evaluating the effect of
electroacupuncture (E) combined with different doses of chemotherapy (C) on tumor volume (V) and mouse body weight (W) in tumor-bearing mice.
(B) Lewis Tumor mass (n = 6-10, ANOVA), low-dose cisplatin (TC, 3mg/kg), tumor growth curves (n = 6-10, RM-ANOVA), body weight difference
(n =8, RM-ANOVA). (C) Tumor mass (n = 6-9, ANOVA), tumor growth curve (n = 9-10, RM-ANOVA), weight difference (n = 8-10, RM-ANOVA) of
Lewis lung cancer mice treated with normal saline (T), high-dose cisplatin (TC, 5mg/kg) or combined electroacupuncture (TCE) on the 21st day after
tumor-bearing treatment. The above data are expressed as mean + SEM, *P < 0.05, **P < 0.01. EA: Electroacupuncture; RM-ANOVA: repeated
measures analysis of variance; SEM: standard error of the mean; T: Tumor; TC: Cisplatin; TCE: EA combined with cisplatin.

in both the TC and TCE groups than those in the T
group; however, the difference was more significant in the
TC group. Observation of the body weights of the mice
revealed that the TCE group lost more weight than the T
group on days 14,17, and 21, and the TC group lost more
weight than the T group on days 17 and 21 (Figure 1C).
The behavioral activity status of the mice was consistent
with that of the 3 mg/kg chemotherapy dose.

EA combined with chemotherapy modulates local tumor
immune-related pathways

To explore the pathways through which EA assists low-
dose chemotherapy in exerting stronger inhibitory effects
on tumor growth, we screened tumor samples from each
group for differential genes using RNA-seq bioinfor-
matic analysis. Sequencing results showed 455 DEGs
in the TC group compared with those in the T group,
including 211 upregulated and 244 downregulated genes.
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Compared with the TC group, the TCE group had 356
DEGs, including 253 upregulated genes and 103 down-
regulated genes (Figure 2A). The expression of DEGs
was consistent in each mouse group (Figure 2B). The
results of the Kyoto Encyclopedia of Genes and Genomes
(KEGG) pathway enrichment of DEGs in the TC group
compared to the T group showed that among the top 15
KEGGe-enriched pathways obtained by sorting according
to the padj value, the complement and coagulation cas-
cade, cyclic guanosine monophosphate-protein kinase
G (¢cGMP-PKG) signaling pathway, neuroactive ligand—
receptor interaction, and NK cell-mediated cytotoxicity
were closely related to the immune response (Figure 2C;
Table 2). Among the first 15 KEGG pathways enriched
in the TCE group compared to the TC group, adrener-
gic signaling in cardiomyocytes, cGMP-PKG signaling
pathway, neuroactive ligand-receptor interaction, com-
plement and coagulation cascade, TNF signaling path-
way, and Wnt signaling pathway were highly correlated
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Figure 2. Gene sequencing and pathway enrichment analysis of local tumors after EA combined with low-dose chemotherapy. (A) Scatter plot
of the differential gene distribution between the TC vs. T and TCE vs. TC groups. With log2 FC > 1.5 as the difference threshold, P < 0.05 as the
significance threshold, red represents upregulated genes and green represents downregulated genes. (B) Heatmap of differential gene distribution
between TC vs. T and TCE vs. TC groups, red indicates upregulation, blue indicates downregulated gene expression, and darker color represents
greater difference. (C) DEG between TC vs. T groups, the top 15 key pathways of the resulting KEGG enrichment analysis. (D) DEG between TCE vs.
TC groups, the top 15 key pathways from the resulting KEGG enrichment analysis. (E) DEG between TC vs. T groups, GO enrichment analysis of the
results. (F) DEG between TCE vs. TC groups, and GO enrichment analysis of the results. (G) Enrichment analysis and clustering diagram of differen-
tial genes between TC group and T group in complement and coagulation cascades, cGMP-PKG signaling pathway, and neuroactive ligand-recep-
tor interaction pathway. (H) Enrichment analysis and clustering diagram of differential genes between TCE group and TC group in complement and
coagulation cascades, TNF signaling pathway, and chemokine signaling pathway. cGMP-PKG: Cyclic guanosine monophosphate-protein kinase
G; DEG: Differentially expressed gene; EA: Electroacupuncture; FC: Fold change; GO: Gene Ontology; KEGG: Kyoto Encyclopedia of Genes and
Genomes; T: Tumor group; TC: Cisplatin group; TCE: Electroacupuncture combined with cisplatin group; TNF: Tumor necrosis factor.
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Immune-related pathways based on KEGG and GO

(A) Focusing results of immune-related pathways in the TC group vs. T group based on high concentration of KEGG and GO

Description Pvalue Count Genes

Complement and coagulation cascades 0.00004 9 Clu/lltgam/Bakrb2/Cbar1/Cth/F13al/Serpinb2/Gm16332/C6

cGMP-PKG signaling pathway 0.00211 11 Bakrb2/Ednrb/Cacnald/Trpc6/Guey1b1/Fxya2/Ato1b1/Adra2a/Atn2b2/Nfatc4/Atp2a3
Neuroactive ligand-receptor interaction  0.00457 12 Bdkrb2/Ednrb/Char1/Ucn2/Lepr/Calch/Cck/Cyslir1/Adrala/Grid1/InsI3/Gzma

Natural killer cell-mediated cytotoxicity  0.00904 7 Prf1/Sh2d1a/Lat/Kira4/Gzmb/Klra7/Pik3r2

Response to interferon-alpha 0.00005 4 [fit1/Ifit2/lit3/1it3b

Regulation of T cell chemotaxis 0.00118291 3 Ccl5/Cxel10/Tmem102

(B) Focusing results of immune-related pathways in the TCE group vs. TC group based on high concentration of KEGG and GO

Description Pvalue Count Genes

Adrenergic signaling 0.00212 8 Myl3/Ato1b2/Myh7/Camk2a/Cacng 1/Atn2a3/Creb311/Slc8a3
cGMP-PKG signaling pathway 0.00614 8  Alp1b2/Adra2a/Myh7/Kenmat/Atp2a3/Ednrb/Creb3I1/Slc8a3
Neuroactive ligand—receptor interaction  0.00690 9 AdraZa/Char1/Ucn2/Gzma/Nmbr/Edn1/P2rx5/Lpard/Ednrb
Complement and coagulation cascades 0.02581 4 Clu/Serpinb2/Cbar1/ltgam

TNF signaling pathway 0.03160 5 Cxel5/Nod2/Edn1/Creb3I1/Cxel1

Wnt signaling pathway 0.03573 6 Bambi/Camk2a/Wisp1/Prickle2/Nkd2/Gm3086

Regulation of neutrophil chemotaxis 0.00061 6 Cxcl5/Cbar1/Nod2/Ripor2/Edn1/Cxcl1

cGMP-PKG: Cyclic guanosine monophosphate-protein kinase G; GO: Gene ontology; KEGG, Kyoto Encyclopedia of Genes and Genomes; T: Tumor; TC: Cisplatin; TCE: Electroacupuncture combined with

cisplatin; TNF: Tumor necrosis factor.

with the immune response. Three cGMP-PKG signaling
pathways, neuroactive ligand-receptor interactions, and
complement and coagulation cascades, were consistent
with the enrichment results in the TC group (Figure 2D;
Table 2). PPI network analysis was used to identify
critical regulatory nodes of these DEGs at the molecu-
lar level. The results showed that the protein products
encoded by the DEGs were considerably enriched in a
series of targets closely related to the TIME in both the
chemotherapy and EA combination therapy groups, spe-
cifically Z-DNA binding protein 1 (Zbp1), chemokine
(C-X-C motif) ligand 1 (Cxcl1), chemokine (C-C motif)
receptor 1 (Cer1), Cer3, chemokine (C-X-C motif) recep-
tor 5 (Cxcr§), Cxcl10, integrin alpha M (Itgam), serine
peptidase inhibitor, clade B (Ovomucoid), member 2
(Serpinb2) (Figure 3A-C; Table 3). The results of both
pathway enrichment and PPI network analysis suggest
that chemotherapy interferes with the immune response
of the local tumor microenvironment and that EA may
achieve a tumor-suppressive and potentiating effect by
exerting a remodeling effect on the TIME in Lewis lung
cancer chemotherapy mice.

Based on the intergroup differential gene and enrich-
ment analysis results, we verified the critical target
genes in immune-related pathways using RT-qPCR. Our
results showed that the expression of Cer1, Cxcr5, Cer3,
0-2A adrenergic receptor (Adra2a) and ATPase, Na+/
K+ Transporting, § 2 Polypeptide (Atp1b2) decreased
in the tumor after chemotherapy; Itgam and calcium/
calmodulin-dependent protein kinase II a (CamklIla)
showed a decreasing trend compared with the T group;
and Zbp1 and Cxcll were unchanged compared with
the tumor group. The content of Ccrl, Cxcr5, Zbpl,
and CamklIla genes rebounded after the increase of
EA. The expression of the Cxcl1 gene in the TCE group
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was significantly lower than that in the TC group. The
expression of Itgam and Adra2a genes showed no sta-
tistical difference compared to that in the TC group.
However, their levels decreased compared to those in the
tumor group after chemotherapy. In contrast, there was
a tendency for expression to increase after EA, as was
the trend of changes in other immune-related genes in
the present experiment. Meanwhile, there was a trend of
increased Ccl5 gene expression after increasing the EA
dose compared with that in the TC group. It still did
not affect Ccr3 gene expression (Figure 3D). The above
results verified the gene sequencing results, showing that
the local tumor immune environment shifted toward a
pro-tumor environment to a certain extent after chemo-
therapy. Therefore, EA upregulated the expression of
local anti-tumor-related genes.

EA combined with chemotherapy recruited immune effector
cells into the tumor microenvironment by modulating local
tumor immune-related cytokines

Based on the earlier RNA-seq enrichment analysis and
validation results, we deduced that EA may remodel the
chemotherapy-affected TIME wvig immunochemotaxis
and improve the anti-tumor ability of local immune
cells in the lesion to achieve tumor suppression. To con-
firm our hypothesis, we used flow cytometry to com-
pare the percentages of various types of local tumor
immune cells in multiple groups. We analyzed the num-
bers of local M1 macrophages (CD11b* CD86*), M2
macrophages (CD11b* CD11c¢*), and DCs (CD11B*
CD206*) in the tumors. Compared to the tumor group,
EA combined with chemotherapy increased the number
of local DCs by 83% and M1 macrophages by 32%
(P < 0.05). However, there was no statistically significant
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Figure 3. Effect of EA combined with low-dose chemotherapy on the expression levels of genes associated with anti-tumor immune cells in tumor
tissues. (A) Analysis plot of the PPl interaction based on the DEG results between the TC vs. T groups. (B) Analysis plot of the PPl interaction based
on the DEG results between the TCE vs. TC groups. (C) Analysis plot of the PPl interaction based on the DEG results between the TCE vs. T groups.
(D) Expression levels of immune cell-related genes screened based on KEGG, GO enrichment analysis, and PPI network interaction analysis (n = 6,
7, ANOVA, Kruskal-Wallis test). These data are presented as the mean + SEM, with *P < 0.05. ANOVA: analysis of variance; DEG: Differentially
expressed gene; EA: Electroacupuncture; FC: Fold change; GO: Gene ontology; KEGG: Kyoto Encyclopedia of Genes and Genomes; PPI: Protein—
protein interaction; SEM: standard error of the mean; T: Tumor group; TC: Cisplatin group; TCE: Electroacupuncture combined with cisplatin group.

difference in the number of M2 macrophages among
the three groups after EA combined with chemotherapy
(Figure 4A, B). Therefore, EA may activate local innate
immune responses in tumors. We further focused on the
effect of EA on the local adaptive immune response in
tumors. We found that the number of CD8* T cells in
the TIME decreased by 27% after chemotherapy, and
the number of local CD8* T cells in the tumor increased
by 84% after an increase in EA compared to that in
the TC group (P <0.05). Different cytokines regulate
CD4* T cells and differentiate in different directions,
thereby mediating different types of immune responses.
Chemotherapy alone or in combination with EA did not
significantly affect the overall number of CD4* T cells.
The number of Th17 cells was significantly lower in the
TCE group than in the T and TC groups, and the num-
ber of Tregs in the TCE group was 29% lower than that
in the T group (Figure 4C, D). To precisely explore how
EA achieves its remodeling effect on the proportion of
immune cells in the TIME after chemotherapy, we mea-
sured the content of critical cytokines for information
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exchange between local immune cells in tumors using
Luminex-xMAP liquid-phase microarray technology
and found that the majority of upregulated inflamma-
tory factors were associated with the activation of the T
cell immune response after EA combined with chemo-
therapy intervention. Compared to the T group, the TCE
group showed an increase in the content of CCL4 pro-
tein, which plays the role of chemotactic T cells, NK cells,
and macrophages, by 31%, and chemotherapy alone
increased it by 17%. EA combined with chemother-
apy had a more significant effect in enhancing the con-
tent of CCL4, a local chemokine in the tumor, than the
chemotherapy-only group (P < 0.05, TC vs. T; P < 0.01,
TCE vs. T). Only the combination therapy resulted in an
increase in the local tumor content of IFN-y and IL-2,
which are involved in the proliferation and activation of
T cells (P < 0.05 TCE vs. T). Compared to the TC group,
EA combined with chemotherapy increased local Ccl3
and IL-6 levels (Figure 4E). Based on the role of these
cytokines in promoting the immune response of T cells,
it was hypothesized that increased EA intervention might
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Protein number and frequency of PPl high nodes among the three groups

(A) Protein and frequency of high PPl nodes in the TC and T groups

Node Node degree Node Node degree Node Node degree Node Node degree
Cxcl10 32 Rsad? 19 TIr8 17 Oas3 16
Itgam 32 Serpinb2 18 Apol9a 16 Serpinbla 16

Celd 29 Usp18 18 Cd163 16 Serpinb8 16

Irf7 21 Csf1r 17 Gbp3 16 Serpinb9b 16
Isg15 21 Ifit1 17 Ifi44 16 Cxerd 15

Prf1 21 Ifit2 17 1133 16 Faf7 15
Gzmb 20 Ifit3 17 Itga2 16 Cmpk2 14

(B) Protein and frequency of high PPI nodes in the TCE vs. TC groups

Node Node degree Node Node degree Node Node degree Node Node degree
ltgam 21 Jph2 16 Lox 13 Edn1 11
Myo18b 21 Fefla? 15 Mybph 13 Trim72 1
Myom3 20 Postn 15 Smyd1 13 Cant 10
Hspb7 19 Abra 14 Synpo2/ 13 Fhi1 10
Ampd1 18 Cryab 14 LO9Rik 12 Serpinb2 10

Des 18 Cxclt 13 Prf1 12 Cert 8

Art1 16 G 13 Stac3 12 Sypl2 8

(C) Protein and frequency of high PPI nodes in the TCE vs. T groups

Node Node degree Node Node degree Node Node degree Node Node degree
Cxcl10 26 Ifit1 24 Oas3 20 Cmpk2 17

Irf7 26 Usp18 24 Cel5 19 Apol9a 16

1fi44 25 Ifit2 23 Oastg 19 Gbp2b 16

Ifit3 25 Rsad? 23 Rip4 19 Zbp1 16
Isg15 25 Oas2 21 Dadx60 18 Xaf1 15

PPI: Protein—protein interaction; T: Tumor; TC: Cisplatin; TCE: Electroacupuncture combined with cisplatin.

achieve tumor suppression by influencing a variety of T
cell-related immune cytokines in the tumor after chemo-
therapy and promoting the anti-tumor immune response
of T cells.

EA combined with chemotherapy remodels the bone
marrow hematopoietic microenvironment

Considering that local tumor immunity relies on a con-
stant supply of peripheral blood, the improvement of
local tumor immunity after chemotherapy by EA found
in the above studies, and the fact that EA can improve
bone marrow hematopoiesis by repairing bone mar-
row sympathetic nerves, we focused on the intermedi-
ate association between the TIME and peripheral blood
hematopoiesis in an immune cell population. The total
peripheral blood leukocyte count decreased by 25% and
the lymphocyte counts decreased by 28% after chemo-
therapy. After increasing the EA dose, peripheral leuko-
cytes and lymphocytes rebounded, and neutrophils and
monocytes significantly increased compared to those in
the T and TC groups (Figure 5A), in which monocytes
acted as precursor cells for the differentiation of DC and
macrophages. This suggests the possibility of anti-tumor
immune cell infiltration into the TME.
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Several studies have shown that chemotherapy can
lead to various side effects, including myelosuppression
and neurotoxicity, accompanied by significant periph-
eral blood lymphocyte DNA damage and induction
of apoptosis in peripheral blood lymphocytes. Flow
cytometry was used to analyze specific HSPC subsets
in the bone marrow to further observe changes in bone
marrow hematopoiesis in the cancerous state. HSPCs
(markers are shown in Figure 5B) are predominantly
located in the bone marrow and can give rise to cells
of all hematopoietic lineages. HSPCs are divided into
long-term HSCs (LT-HSPCs) and short-term HSPCs
(ST-HSPCs), with LT-HSPCs differentiating into
ST-HSPCs, which subsequently differentiated into mul-
tipotent progenitor cells (MPPs). Differentiation occurs
in a hierarchical sequence, giving rise to common lym-
phoid progenitors with lymphoid potential (CLPs), or
common myeloid progenitors with myeloid, erythroid,
and megakaryocytic potentials (CMPs). CMPs differ-
entiate into granulocyte-macrophages (GMPs) and
megakaryocyte-erythroid progenitors (MEPs). In the
next stage, GMPs differentiate into granulocytes/mono-
cytes, and MEPs generate megakaryocytes/erythrocytes.
Another type of CLPs comprised dendritic T, B, and
NK cells (Figure 5B). Analysis of various bone marrow
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Figure 4. EA combined with low-dose chemotherapy can improve local anti-tumor immune cell infiltration. (A) Representative flow diagram and box
selection scheme of tumor local myeloid immune cells. (B) Percentages of local M1 and M2 macrophages and DCs in each mouse group (n =9, 10,
ANOVA, Kruskal-Wallis test). (C) Representative flow diagram and box selection of immune cells in local lymphoid tumor lymphoid lines. (D) Percent
of local T cell subsets in each group (n = 8-10, ANOVA). (E) Local immune-related cytokines in each group (n = 5, 6, ANOVA, Kruskal-Wallis test).
The above data are presented as mean + SEM, *P < 0.05, **P < 0.01. ANOVA: analysis of variance; DC: Dendritic cell; EA: Electroacupuncture;
SEM: standard error of the mean; T: Tumor group; TC: Cisplatin group; TCE: Electroacupuncture combined with cisplatin group.

HSPC subpopulations revealed that the number of
HSPCs, LT-HSPCs, and ST-HSPCs in the bone marrow,
particularly LT-HSPCs, decreased after chemotherapy.
The number of MPPs differentiated from ST-HSCs and
their downstream CLPs and GMPs decreased, whereas
the numbers of MEPs and CMPs remained unchanged.
The number of MPPs and their downstream CMPs and
CLPs significantly increased after a 2-week EA inter-
vention at ST36 and SP6 (Figure 5C, E), and the dif-
ferentiation of these cells produced numerous daughter
hematopoietic cells, which maintained the stability of
the hematopoietic system and preserved normal myelo-
poietic function.

The distribution of the bone marrow cell cycle may
reflect the state of bone marrow proliferation. We
observed the cell cycle profiles of bone marrow cells
using PI nuclear staining. EA maintained normal cell pro-
liferation by increasing the proportion of G2 M-phase
and G2 M + S-phase bone marrow cells (Figure 5D, F).
Fourteen days of EA treatment increased the number of
bone marrow cells in the synthesis and division phases
and protected bone marrow hematopoietic function in
mice with lung cancer, which may be an essential basis
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for influencing relevant immune effectors in the tumor
microenvironment.

Role of PACT1 receptor in remodeling the bone marrow
hematopoietic microenvironment and improving tumor
immunity by EA combined with chemotherapy

Multiple physiological actions of PACAP are mediated
by its binding to different G protein-coupled receptors,
including PAC1, vasoactive intestinal peptide receptor
(VPAC) 1, and VPAC2PL, Our previous study showed
that sympathetically released PAC1 receptors mediate
the EA-induced amelioration of cisplatin-induced leu-
kopenia in normal mice®®. To investigate whether the
PACAP/PAC1 target could also provide an advantage
for the myelopoietic protective effects of EA during che-
motherapy in the tumor setting, we separately injected
NSCLC chemotherapeutic mice with intraperito-
neal PAC1 agonists for 2 weeks and performed tumor
growth studies in loaded tumor mice, including tumor
growth curves, immune cell infiltration, and bone mar-
row analyses using flow cytometry. The results showed
that exogenous PAC1 agonists could potentially limit
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Figure 5. EA combined with low-dose chemotherapy can improve bone marrow hematopoiesis and improve peripheral immunity. (A) Number of
peripheral blood leukocytes, neutrophils, monocytes, and lymphocytes in the blood of Lewis lung cancer mice in each group (n = 8-10, ANOVA,
Kruskal-Wallis test). (B) The differentiation process of bone marrow hematopoietic stem cells. (C) Representative flow diagram and box selection
scheme of bone marrow hematopoietic stem cells of Lewis lung cancer mice. (D) Representative flow diagram of the bone marrow cell cycle
in Lewis lung cancer mice. (E) Percentage of hematopoietic stem progenitors in Lewis lung cancer mice in each group (n =8, 9, ANOVA). (F)
Percentage of bone marrow cell cycle in Lewis lung cancer mice in each group (n = 7-10, ANOVA). The above data are presented as mean + SEM,
*P < 0.05 and **P < 0.01. ANOVA: analysis of variance; CLP: Lymphoid potential; CMP: Megakaryocytic potential; EA: Electroacupuncture; GMP:
Granulocyte-macrophages; HSPC: Hematopoietic stem progenitor cell; LT-HSPC: Long-term HSPC; MEP: Megakaryocyte-erythroid progenitors;
MPP: Multipotent progenitor cell; SEM: standard error of the mean; ST-HSPC: Short-term HSPCs; WBC: White blood cell.

tumor growth in NSCLC mice on day 17 compared to
the chemotherapy-only group, with a significant differ-
ence on day 21. Tumor weights were significantly lower
than those in the tumor chemotherapy group on day 21,
which was consistent with the trend of tumor suppres-
sion by EA (Figure 6A, B). We assessed the role of PAC1
receptors at the level of the TIME, and PAC1 receptor
agonists similarly increased the number of local tumor
M1 macrophages, DCs, and CD8* T cells, and found that
the number of Th17 cells decreased after chemotherapy
(Figure 6C, D). Similar to EA, the PAC1 receptor agonist
PACAP1-38 restored the number of MPPs and GMPs
after chemotherapy, providing a partial source of HSC
replenishment and the possibility of maintaining the
function of the immune system after chemotherapy, but

with a reduction in the number of LT-HSPCs (Figure 6E).
Therefore, PAC1 receptors may be partially involved in
the reestablishment of bone marrow hematopoietic sys-
tem function after chemotherapy and may mediate the
role of EA in protecting myelopoietic function after che-
motherapy in NSCLC mice.

Discussion

In this study, we investigated the effects of EA on tumor
growth and its potential mechanisms of action. The Lewis
lung cancer mouse model was used, with the TC group
as a control, based on the equivalent dose ratio of 70kg
standard adult body weight converted to 20g mouse
body surface areal; 3mg/kg was used as a low-dose
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Figure 6. The PAC1 receptor pathway is involved in the EA regulation of immune cell subset infiltration in tumor tissues. (A) Tumor growth curves
of lung cancer mice in each group after low-dose cisplatin administration. Tumor volumes were calculated by vernier calipers at days 7, 10, 14, 17,
and 21 after tumor-bearing (n = 9-10, RM-ANOVA). (B) Lewis Tumor mass (n = 8, ANOVA) in lung cancer mice treated with low-dose cisplatin (TC,
3mg/kg), combined with EA (TCE), or combined with PAC1 receptor agonist (TCP). (C) Percentage of local M1 and M2 macrophages and dendritic
cells in each mouse group (n = 8, ANOVA, Kruskal-Wallis test). (D) Percent of local T cell subsets in mice (n = 6-10, ANOVA). (E) The percentage
of bone marrow HSPC subsets in Lewis lung cancer mice in each group (n = 6, ANOVA, Kruskal-Wallis test). (F) Mechanism of tumor suppression
achieved by electroacupuncture to improve immunosuppression after low-dose chemotherapy. The above data are presented as mean + SEM,
*P < 0.05 and **P < 0.01. ANOVA: analysis of variance; CLP: Lymphoid potential; CMP: Megakaryocytic potential; EA: Electroacupuncture; GMP:
Granulocyte-macrophages; HSPC: Hematopoietic stem progenitor; LT-HSPC: Long-term HSPC; MEP: Megakaryocyte-erythroid progenitors;
MPP: Multipotent progenitor cell; SEM: standard error of the mean; ST-HSPC: Short-term HSPCs; T: Tumor group; TC: Cisplatin group; TCE:

Electroacupuncture combined with cisplatin group.

chemotherapy intervention and 5 mg/kg as a high-dose
chemotherapy parameter in lung cancer mice. The effects
of high- and low-dose chemotherapeutic agents on the
TIME were also investigated. Both 3 and 5mg/kg che-
motherapy and EA combination therapy reduced the
tumor volume in hormone-treated mice, with the EA
combination therapy group exhibiting better efficacy.
The overall status of mice improved with 3 mg/kg chemo-
therapy. However, EA at a dose of 5 mg/kg did not show
a better effect than chemotherapy. Clinical studies have
demonstrated that low-dose cisplatin administration is
associated with a lower risk of moderate-to-severe tox-
icity than a high-dose cyclic administration regimen'®..
Considering that low-dose metronomic chemotherapy
exhibits better clinical tumor-suppressing effects and
has gradually become an alternative to traditional high-
dose single-chemotherapy™®!, we focused on whether EA
can demonstrate a better “synergistic effect” under an
optimal chemotherapy regimen (low-dose intervention)
and also better simulate the clinical dosing regimen. In
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addition, we referred to several basic studies on the tox-
icity and side effects of chemotherapy and found that
3 mg/kg was the commonly selected experimental dose of
cisplatin®-. Therefore, most of the experiments in this
study used low-dose chemotherapy (3 mg/kg). However,
chemotherapy parameters vary in different tumor mod-
els, and the diversity of experimental conditions may lead
to differences in experimental results in terms of efficacy
and immunomodulation. Thus, it is necessary to conduct
systematic evaluations using multiple tumor models and
different chemotherapy strategies in the future to ensure
the universality of the research results.

Low-frequency EA had a better therapeutic effect
than high-frequency EAIY. Therefore, an EA frequency
of 5 Hz was selected. Considering that the body may
gradually adapt to a single-frequency electrical stimu-
lation pattern over long-term use, resulting in a grad-
ual weakening of the stimulation effect, we adopted a
dense-sparse wave pulse waveform, which alternately
outputs low-frequency (5 Hz) and high-frequency (25
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Hz) waves to ensure the continuity and stability of the
treatment effect. Considering the tolerance of the mice,
we chose an EA intensity of 0.75 mA to avoid obvious
stress responses in the mice when the intensity was too
high. In clinical practice, the single treatment time for EA
is generally 15 to 30 minutes. Prolonged EA stimulation
in mice leads to fatigue and excessive stress responses.
Combined with the good treatment effect of 15 minutes
of EA on cisplatin-treated mice in our previous research,
we used a single EA treatment duration of 15 minutes in
this study.

We focused on the tumor microenvironment to elu-
cidate the potential mechanism by which EA reduces
toxicity and increases chemotherapeutic efficacy in mice
with Lewis lung cancer. We evaluated the changes in
the local immune microenvironment after chemother-
apy. Chemotherapy acts on tumor cells and reduces
lesions while exerting different degrees of inhibitory
effects on other normal cells in the body, which may
create an environment more conducive to the survival
of tumor cells*?l. A clinical study of TIME changes in
patients with advanced gastric cancer before and during
platinum-based chemotherapy revealed that some
patients did not respond to chemotherapy. The expres-
sion of the immunosuppressive receptor LAG3 on the
surface of T cells increases and the number of local
DC in the tumor abruptly decreases™. Another cellu-
lar experiment focused on the effects of cisplatin and
carboplatin on 10 different types of cervical and ovar-
ian cancer cell lines and found that cisplatin or carbo-
platin treatment increased the ability of tumor cells to
induce IL-10-secreting M2-type macrophages, and the
chemotherapy-mediated increase in tumor-promoting
M2 macrophages may be one of the mechanisms con-
tributing to chemoresistance**. Our study found that
Cerl, CxcrS, Ccr3, and Adra2a expression decreased in
tumors after chemotherapy, while Zbp1 and Cxcl1 were
essentially unchanged compared to those in the T group.
CxcrS, which is expressed on CD8* T cells, promotes
aspects of granzyme B, TNF-a, and IFN-y production!®/,
Adra2a induces an anti-tumor immune response!*?, and
chemotherapy suppresses anti-tumor immunity to a cer-
tain extent.

We further observed changes in the TIME after the
addition of EA to chemotherapy. We found that the
Cerl, CxcrS, Zbpl, and Camklla rebounded, and
the expression of Cxcll decreased after increasing
EA. Cxcll inhibits reactive oxygen species-scavenging
enzyme activity, enhances the sensitivity of tumors to
radiation therapy, and participates in the chemotaxis
of myeloid-derived suppressor cells (MDSCs) toward
tumor convergence, inducing chemoresistancel®’l.
Activation of Zbp1 enhances DC antigen cross-activation
and increases CD8* T cell infiltration*. CaMKIla is
the major isoform of CaMKII that promotes Beclin 1
ubiquitination and autophagy in neuroblastoma cells!*”.
Analysis of immune cells and related cytokines showed
that EA combined with chemotherapy increased the
number of tumor local DC and M1 macrophages, and
increased IFN-y and IL-2 cytokines, which are secreted
by activated T cells and have anti-tumor effects, com-
pared to those in the T group. EA also increased the
number of CD8* T cells, which declined in the TIME
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after chemotherapy, and increased the tumor local IL-6
content. As myeloid antigen-presenting cells, DC and
macrophage subpopulations induce antigen-specific
immune responses by acquiring, processing, and present-
ing antigens to naive T cells®?.. DCs release inflamma-
tory cytokines as innate immune responsive cells, which
play an essential role in the suppression of tumor growth
and act as messengers between the innate and adaptive
immune systems. The antigen cross-presentation path-
way expresses tumor antigen-processing products on the
cell surface as antigenic peptide-major histocompatibil-
ity complex class I molecular complexes with cytotoxic
effects on CD8* T cells®*'-%. Endogenous IFN-y protects
the host from growth and primary chemo induction of
transplanted tumors and hinders spontaneous tumor for-
mation. Immunogenic fibrosarcomas grow faster in mice
treated with an IFN-y-specific neutralizing monoclonal
antibody via tumor grafts®3. Experiments based on a
3-methylcholanthrene-induced tumor formation model
revealed shortened tumor latency in knockout micel™.
Our results corroborate that EA may be involved in the
activation of antigen presentation by DCs to CD8* T
cells, which remodel the TIME by activating local intrin-
sic or adaptive immune responses. This suggests that the
combination of EA and chemotherapy can further con-
verge the TIME toward anti-tumor effects by regulating
local immune-related cytokines.

The host immune status significantly affects the TIME
and influences tumor progression, treatment response,
and overall prognosis. Our study demonstrated the
effects of EA on the immune status of mice undergoing
chemotherapy for tumors. By observing the number of
immune cells in the peripheral blood, it was found that EA
increased the number of leukocytes, neutrophils, mono-
cytes, and lymphocytes in the peripheral blood after che-
motherapy, which activated the systemic immune status,
providing the possibility for immune cells to localize and
migrate toward the tumor and lift its immune-suppressive
state. The bone marrow is the largest hematopoietic fac-
tory that differentiates into various mature blood cells
and generates multiple immune system cells. A previous
study found that EA on ST36 and SP6 could prevent
cisplatin-induced neurotoxicity and immunosuppression,
and protect bone marrow hematopoietic function’3,
Our current study observed that EA increased the num-
ber of myeloid-originating cell populations, CMPs, and
progenitor cell populations, CLPs, in the bone marrow
hematopoietic cell populations, as well as the number
of immune effector cells (macrophages) and DCs in the
tumor. EA may promote the differentiation of immature
myeloid cells to mature immune cells and have a spe-
cific immune effector orientation for the differentiation
of immune cells in the tumor, which may be the basis for
the improvement of the immune environment after EA.
Hematopoietic stem/progenitor cells in the bone mar-
row and peripheral blood can differentiate into imma-
ture myeloid cells and migrate to different peripheral
organs, where they differentiate into mature immune
cells, such as macrophages, DCs, and granulocytes, and
exert immune functions. However, in the cancerous state,
these immature myeloid cells are affected by tumor-
derived factors and are unable to further differentiate
into mature hematopoietic cells, thus remaining at their
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respective stages of differentiation and becoming a class
of highly heterogeneous immunomodulatory cells, that
is, MDSCs, which not only inhibit the proliferation and
functional activity of T cells and lead to tumor immune
tolerance but are also directly involved in the develop-
ment of tumor stemness, angiogenesis, stromal forma-
tion, and epithelial-to-mesenchymal transition, thereby
promoting tumor growth and metastasis”®*. Maintaining
normal bone marrow hematopoiesis helps to maintain a
sufficient quantity and quality of HSCs, which supports
faster recovery of hematopoiesis after chemotherapy and
radiotherapy, reduces the risk of treatment-associated
anemia and infections, helps patients better tolerate the
treatment dose, reduces the likelihood of interruptions
and dose adjustments, and therefore improves the out-
come of the treatment and patient survival rate.

PACAP plays a vital role in bone marrow hematopoie-
sis; previous studies have found that sympathetic nerves
promote the proliferation of bone marrow HSPCs via
PACAP and EA improves leukopenia after chemotherapy
via the PACAP/PAC1 pathway®®¥. Peripheral immune
cells and immunomodulatory molecules that continu-
ously circulate throughout the body via the blood and
lymphatic systems serve as crucial links between the site
of the primary tumor and the host’s immune organs.
Simultaneously, as a blood supply to the primary tumor,
they directly provide cellular and molecular compo-
nents to the tumor microenvironment®. Traditionally,
tumor immunology has mainly focused on the local
immune status within the tumor microenvironment.
However, the immune response itself is coordinated
across tissues, and the occurrence of local anti-tumor
immunity must be based on continuous communication
with peripheral immune cells®”. Considering the dam-
age caused by chemotherapy to the body’s immune sys-
tem, this study further explored whether EA and PAC1
receptor agonists, while alleviating post-chemotherapy
peripheral immunosuppression, also have a synergistic
effect on the local immune remodeling of tumor tissues
and inhibition of tumor growth. Specifically, EA may
improve bone marrow hematopoietic function through
the PACAP/PAC1 pathway, thereby correcting the post-
chemotherapy peripheral immune deficiency, restoring
the levels of peripheral immune cells, and subsequently
improving the local immune supply to tumors. This
also aids in the transformation of the TIME toward an
anti-tumor pattern. This process may involve the anti-
tumor remodeling effects of EA or PAC1 agonists on the
post-chemotherapy TIME.

Our results showed that injection of the PAC1 ago-
nist significantly inhibited tumor growth and increased
the number of MPPs and GMP cells in bone marrow
hematopoiesis, which was consistent with the expected
results. PAC1 agonists increase the number of CD8* T
cells, DCs, and M1 macrophages in the TIME. These
results suggested a role for the PACAP/PAC1 receptor
pathway in tumor hematopoiesis and immunity, similar
to that of EA. In combination with the previously iden-
tified role of the PACAP/PAC1 pathway in mediating the
EA-induced improvement of bone marrow hematopoie-
sis by EA in cisplatin-prone mice, we hypothesized that
the PACAP/PAC1 pathway may also be involved in the
inhibition of tumor growth by EA in combination with
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chemotherapy in LLC mice. Further studies are required
to elucidate its mechanism of action. Undeniably, the
systemic administration of PAC1 agonists demonstrated
a better synergistic effect than EA in a Lewis lung can-
cer mouse model and showed more substantial advan-
tages in reducing tumor weight. This also suggests that,
in addition to participating in improving bone marrow
hematopoiesis and influencing local tumor immune
delivery, the PACAP/PAC1 receptor pathway may be
involved in immune remodeling of the TIME directly or
indirectly through other pathways. Because tumors are
innervated by abnormally excited sympathetic nerves,
some studies have proposed that the immunoprotective
effect of PACAP is based on its neuromodulatory effect
on sympathetic neurons®®. The improvement of nerve
function in a hypoxic tumor environment by activating
the PACAP/PAC1 pathway may be a target for the direct
regulation of the tumor microenvironment. Other stud-
ies have found that in glioblastoma, PACAP inhibits the
activity of hypoxia-inducible factors by regulating the
PI3K/AKT and MAPK/ERK pathways, thereby interfer-
ing with the hypoxic microenvironment?”. Additionally,
in vitro experiments have shown that PACAP interferes
with hypoxia or angiogenesis by reducing the release of
vascular endothelial growth factor and inhibiting the
formation of vessel-like structures’®”. Improving the
hypoxic state of tumors to assist in anti-tumor immu-
nity may also be one of the key mechanisms through
which the PACAP/PACT receptor pathway exerts its
effects on tumors. Thus, drugs targeting the activation of
local PACT1 receptors in NSCLC tumors are also worthy
of further research and development and may assist in
targeted and precise tumor treatment. This study con-
firms the role of EA in lifting immunosuppression and
protecting bone marrow hematopoiesis after chemother-
apy and corroborates the advantages of EA combined
with chemotherapy in enhancing the anti-tumor immune
response and improving anti-tumor efficacy, which pro-
vides a safer and more practical option for the combined
treatment strategy of tumors.

Compared to traditional immunomodulatory therapy,
EA has a unique mechanism of action in tumor treat-
ment, which focuses on regulating the homeostasis of
the tumor microenvironment and inducing the orderly
release of endogenous factors. In this study, we found
that EA may improve the TIME by affecting the gene
expression profile of immune cells, increasing the infil-
tration of immune effector cells into the local tumor, pro-
tecting the hematopoietic function of the bone marrow
after chemotherapy, and remodeling the hematopoietic
microenvironment of the bone marrow. However, the
anti-tumor mechanisms of EA remain unclear. In breast
cancer murine models, EA improved the hypoxic TME
by reducing microvessel density, increasing pericyte cov-
erage, and promoting vascular normalization, thereby
inhibiting tumor cell proliferation!®!l. Furthermore, EA
enhances the efficiency of chemotherapeutic drug deliv-
ery and reduces drug resistance’??l. Clinical evidence
from multicenter trials (7 =249) has indicated the
efficacy of EA in improving quality-of-life indices and
alleviating treatment-related symptoms in patients/®2-6¢],
However, clinical translation faces challenges because of
inconsistent treatment protocols and limited large-scale
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randomized controlled trials. While short-cycle high-
frequency EA may induce adaptive fatigue, long-
cycle low-frequency EA protocols often fail to maintain
immune activation. These limitations underscore the
need for standardized protocols and rigorous clinical
validation.

This study has some limitations. We only observed
the changes in bone marrow hematopoietic stem cell
subsets and TIME after EA, and further exploration is
needed to explore the correlation between bone mar-
row hematopoiesis and tumor immunity after EA. We
observed similar effects of PAC1 receptor agonists and
EA, but whether PAC1 receptors are involved in the
process by which EA improves bone marrow hemato-
poiesis and tumor immunity requires further verifica-
tion. The long-term protective effects of EA on bone
marrow hematopoiesis require further research with
an extended observation period. This study focused on
the peripheral mechanism underlying the anti-tumor
effect of EA; its central mechanism needs to be further
explored. In our study, we focused on the indicators of
tumor volume and body weight; however, changes in
the behavioral activity status of mice after chemother-
apy and EA need to be further quantified to evaluate
the safety and effectiveness of chemotherapy and EA.
When studying immune cell populations in the tumor
microenvironment, it is necessary to comprehensively
observe the expression levels of surface markers on var-
ious immune cells within the tumor microenvironment
to assess dynamic changes of cells and the interactions
between them.

EA holds great promise as an adjuvant treatment for
tumors. Future research should focus on multicenter,
large-sample, randomized controlled trials with rigor-
ous designs to evaluate EA’s efficacy, safety, and impact
of EA on quality of life when combined with cisplatin
in NSCLC treatment. Further investigations of EA in
combination with emerging immunotherapies are essen-
tial. Combining basic research, the anti-tumor effects
of different EA acupoint combinations and stimula-
tion parameters in combination with immunotherapies
should be compared to screen the optimal combination
regimen and break through the bottleneck of a single
therapy. Based on individual differences such as the
patient’s tumor type, tumor stage, physical condition,
and immune status, personalized EA combined treat-
ment regimens should be explored to determine the opti-
mal EA treatment cycle and frequency that considers
both efficacy and patient compliance, maximizing the
therapeutic benefits of EA.

Conclusion

The present study demonstrates that EA and chemo-
therapy inhibit tumor growth in a mouse model of
Lewis lung cancer. EA may selectively affect the relevant
immune effector cell progenitors in the tumor microenvi-
ronment by remodeling the bone marrow hematopoietic
microenvironment after chemotherapy and shifting the
TIME towards an anti-tumor mode through the recruit-
ment and activation of anti-tumor immune cells by local
cytokines in the lesion. This study also found that PAC1

243

www.ahmedjournal.com

receptor agonists have similar effects on EA in tumor
hematopoiesis and immunity, and may be candidate
modulators of the role of EA in the tumor environment.
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