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ARTICLE INFO ABSTRACT
Keywords: Background: Honokiol (HNK), a natural phenolic compound derived from Magnolia plants, exhibits therapeutic
Liposomal Honokiol effects on various diseases, including cancer. The advent of immune checkpoint inhibitors (ICIs) has marked a
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breakthrough in non-small cell lung cancer (NSCLC) treatment. However, a significant subset of patients exhibits
primary or acquired resistance to anti-PD-1/PD-L1 therapies, necessitating the development of novel combina-
tion strategies to enhance therapeutic efficacy and overcome resistance.

Purpose: This study aimed to explore the anti-tumor efficacy of liposomal honokiol (Lipo-HNK) and elucidate the
synergistic effects of Lipo-HNK and ICIs on NSCLC.

Methods: The effects of Lipo-HNK on cell proliferation and apoptosis were assessed in human lung cancer cell
lines H460 and A549, and mouse Lewis lung cancer cell line (LL2). A murine lung cancer model was established
by injecting LL2 cells via the tail vein to evaluate the therapeutic effects of Lipo-HNK and ICIs. Tumor micro-
environment features were characterized using immunofluorescence and flow cytometry. Primary macrophages
were extracted from mouse bone marrow for mechanistic studies. High-throughput sequencing and bioinfor-
matics analyses of Lipo-HNK-treated macrophages were conducted to identify key signaling pathways, which
were subsequently confirmed by Western blotting and inhibitor blockade.

Results: Lipo-HNK, with enhanced solubility and bioavailability, demonstrated potent cytotoxicity against NSCLC
cell lines. In the murine lung cancer model, Lipo-HNK exhibited synergistic anti-cancer effects when combined
with anti-PD-1 therapy. Inmunofluorescence and flow cytometry analyses revealed that Lipo-HNK significantly
reduced the infiltration of myeloid-derived suppressor cells (MDSCs) and M2 macrophages (CD206+). Macro-
phage depletion experiment showed the anti-tumor effects of Lipo-HNK was macrophage-dependent. M2 mac-
rophages induced by tumor-conditioned medium (TCM) or interleukin-4 (IL-4) released immunosuppressive
cytokines such as IL-10, Arg-1, and TGF-B. RNA sequencing analyses showed that Lipo-HNK effectively inhibited
the PI3K/Akt signaling pathway, blocking macrophage polarization to the M2 type. Furthermore, the combi-
nation of Lipo-HNK and anti-PD-1 therapy led to increased CD8+ T-cell infiltration and activation, enhancing the
overall anti-tumor immune response.

Conclusion: This study validated the anti-tumor efficacy of Lipo-HNK against NSCLC. Lipo-HNK reduced the
infiltration of MDSCs and M2 macrophages by inhibiting the PI3K/Akt pathway and enhanced the therapeutic
effects of ICIs. These findings provide evidence and new insights into Lipo-HNK as a promising anti-cancer drug
for NSCLC treatment, highlighting its potential to overcome resistance to current ICI therapies.

Abbreviations: Lipo-HNK, liposomal honokiol; NSCLC, non-small cell lung cancer; MDSCs, myeloid-derived suppressor cells; TCM, tumor conditioned medium; ICI,
immune check-point inhibitor; LL2, Murine Lewis lung cancer cell line; ICB, immune checkpoint blockade; IC50, half maximal inhibitory concentration; DEGs,
differentially expressed genes; PPI, protein-protein interaction networks.
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Introduction

Cancer remains one of the leading causes of death globally. In 2020,
an estimated 19.3 million new cancer cases and almost 10.0 million
cancer-related deaths occurred worldwide. Among these, 4.57 million
new diagnoses and 3 million deaths occurred in China, ranking it among
the highest in the world (Sung et al., 2021). Lung cancer is both the most
common cancer type and the leading cause of cancer deaths in China
(Zheng, 2022). Although significant advances in cancer therapies have
substantially improved patient survival, challenges such as cancer
recurrence, drug resistance, and patient heterogeneity complicate the
treatment process. The advent of targeted therapy and immunotherapy
has revolutionized cancer treatment. With notable achievements, the
tremendous investment in immunotherapy has increased the number of
active drugs in development from 2030 to 3876, a 91 % increase over a
two-year interval (Xin Yu et al., 2019). Novel treatment combinations
and newly identified drugs are expected to significantly expand the role
of immunotherapy in cancer therapy (Waldman et al., 2020).

Phytomedicine provides new insights into medical preventive and
therapeutic approaches. Honokiol (HNK), a natural phenolic compound
derived from the bark, seed cones, and leaves of Magnolia trees, has
demonstrated anti-inflammatory and antioxidative effects (Rauf et al.,
2021). Studies have also shown HNK’s potential in anti-tumor therapy.
HNK can induce the apoptosis of cancer cells and inhibit their prolifer-
ation, leading to tumor regression in tumor xenograft models (Jiang
et al.,, 2008; Zhu et al., 2019a). The mechanisms underlying HNK’s
anti-tumor potential involve multiple targeted proteins and signaling
pathways, including the epidermal growth factor receptor (EGFR),
vascular endothelial growth factor (VEGF), JAK-STAT3 signaling
pathway, and PI3K/Akt/mTOR signaling pathway (Deng et al., 2019;
Fan et al., 2018; Leeman-Neill et al., 2010; Lin et al., 2016; Song et al.,
2016). To increase the solubility and absorption of HNK, our lab
encapsulated honokiol in liposomes, naming it Lipo-HNK (Wang et al.,
2011). We previously found that Lipo-HNK could inhibit the growth of
ovarian, lung, and breast cancers both in vitro and in vivo (Hou et al.,
2008; Jiang et al., 2008; Li et al., 2008; Luo et al., 2008). Currently, a
clinical trial is ongoing in China to investigate the anti-tumor effects of
liposomal HNK in patients with NSCLC (Wu et al., 2018).

Immune checkpoint therapy is a major category of cancer immuno-
therapy, which also includes adoptive cellular therapies and cancer
vaccines (Waldman et al., 2020). The aim of immune checkpoint
blockade (ICB) is to restore effective T cell function to fight against
cancer. Cytotoxic T lymphocyte antigen 4 (CTLA4) and programmed cell
death 1 (PD1) are the most well-studied and potent immune checkpoint
molecules of T cells (Fife and Bluestone, 2008). Anti-PD-1 drugs can
release T cells from a dysfunctional state called T cell exhaustion and
rescue CD8" T cell cytotoxicity (Wei et al., 2017). Since Nivolumab was
first applied in NSCLC as a second-line treatment, the combination of
immunotherapy and chemotherapy has become the standard first-line
therapy for patients with NSCLC, regardless of PD-L1 expression levels
(Cheng et al., 2021b). Despite the rapid development and success of ICB,
the immunosuppressive microenvironment of different tumors makes it
difficult to predict which patients will benefit (Ding and Chen, 2019).
Myeloid-derived suppressor cells (MDSCs) and tumor-associated mac-
rophages (TAMs) are two major immunosuppressive immune cells in the
tumor microenvironment. M2-like TAMs exhibit immunosuppressive
properties, suppress CD8" T cell function, and promote the infiltration of
Tregs (Xue et al., 2014). Studies have also found a close relationship
between M2 macrophage activity and ICB response (Rodell et al., 2018;
Zhu et al., 2019b). Elimination of immunosuppressive cells significantly
contributes to the increased efficacy of ICB (Loeuillard et al., 2020).

HNK has shown potential in regulating tumor immunity and
enhancing anti-tumor immunity (Crane et al., 2009; Zheng et al., 2020).
Therefore, this study aims to investigate the synergistic efficacy of
Lipo-HNK and anti-PD-1 therapy in lung cancer, and to elucidate the
specific mechanisms by which Lipo-HNK regulates tumor immunity. Our
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findings demonstrate that the combination therapy of Lipo-HNK and
anti-PD-1 mAbs exhibits promising anti-tumor effects. The application
of Lipo-HNK significantly decreased the infiltration of MDSCs and M2
macrophages in the tumor microenvironment, thereby enhancing the
anti-tumor efficacy of ICB. Specifically, Lipo-HNK effectively inhibited
the polarization of macrophages to the M2 type by blocking the
PI3K/Akt pathway.

Materials and methods
Cell culture and reagents

Murine Lewis lung cancer (LL2), H460 human large cell lung carci-
noma, and A549 human non-small-cell lung carcinoma were purchased
from the American Type Culture Collection (ATCC). All cells were
cultured in Dulbecco’s modified Eagle’s medium (DMEM, Gibco) sup-
plemented with 10 % fetal bovine serum (FBS), 100 U/ml penicillin, and
100 pg/ml streptomycin in a humidified incubator containing 5 % CO2
at 37 °C.

Reagents and antibodies

HO,
Lipo-HNK (,with 99.5 % purity) was synthesized and

\
prepared as previously described and kindly provided by Chengdu Jinrui

Biotechnology Company (Chengdu, China), with chemical structure (Li
et al., 2021; Luo et al., 2008). The lyophilized powder of Lipo-HNK was
dissolved in sterilized water and prepared at a concentration of 2 mg/ml
for further experiments.

Mouse anti-PD-1 monoclonal antibody (clone RMP1-14, Bio X Cell)
and its isotype control antibody (2A3, Bio X Cell) were prepared in
phosphate-buffered saline (PBS) at pH 7 and pH 6.5, respectively, ac-
cording to the manufacturer’s instructions.

The antibodies used for western blot analysis and immunohisto-
chemistry were: GAPDH (Cat# 5174), Ki67 (Cat# 12,202), PI3 Kinase o
(Cat# 4249), PI3 Kinase p (Cat# 3011), Phospho-Akt (Ser473) (Cat#
4060), Akt (pan) (Cat# 4691) from Cell Signaling Technology (CST),
and anti-CD31 (Cat# 28,364) from Abcam. The antibodies for flow
cytometry were purchased from Biolegend or BD Biosciences, including
CD45, CD11b, F4/80, CD206, IL-10, TGF-B, Arg-1, CD3, CD4, CDS,
CD69, Granzyme B, CD44, and Gr-1.

Cell proliferation assay

Cell proliferation was evaluated using the Cell Counting Kit-8 (CCK-
8; Dojindo, Kumamoto, Japan). Generally, 2-5 x 10”3 LL2 cells were
plated in 96-well plates and incubated with either blank liposome
(control) or various concentrations of Lipo-HNK (0-120 pg/ml) for 24 h,
48 h, and 72 h. After treatment, cells were incubated with 10 % CCK-8
reagent for an additional 2 h. The optical density (OD) was measured at
450 nm using a Microplate Reader (Bio-Rad). Cell viability was calcu-
lated based on the OD values. The half maximal inhibitory concentration
(IC50) values were calculated using GraphPad Prism software.

Cell apoptosis assay

The Annexin V-FITC/propidium iodide (PI) Detection Kit (BD Bio-
sciences) was used to determine the apoptosis rate of H460, A549, and
LL2 cells after Lipo-HNK treatment. A total of 5 x 10”5 cells were seeded
in 6-well plates and incubated with culture medium in the presence of
blank liposome or various concentrations of Lipo-HNK (0, 10, and 20 pg/
ml) for 24 h. After 24 h, cells were harvested, washed twice with cold
PBS, and stained with Annexin V/PI. The cells were examined using a
NovoCyte Flow Cytometer (ACEA Biosciences) within 1 h, and data were
analyzed using NovoExpress software (1.3.0, ACEA Biosciences).



Y. Cheng et al.
Colony formation assay

For the colony formation assay, 500-1000 H460 and A549 cells per
well were seeded into 6-well plates and cultured overnight. Different
concentrations of Lipo-HNK (10, 20 pg/ml) were added to the culture
medium to allow colony formation. After 24 h of treatment, the medium
was replaced with fresh DMEM. After one week of culture, the colonies
were fixed with cold methanol for 10 min and stained with 0.5 % crystal
violet (Beyotime Institute of Biotechnology, China) for 10 min. After
several washes, the colonies were photographed. The LL2 cell line was
not included in the colony formation assay due to its characteristic loose
attachment or floating in the medium.

Mice

Female C57BL/6 wild-type mice (6-8 weeks old, weighing 18-22 g)
were purchased from Vital River (Beijing, China). The mice were housed
and maintained under specific-pathogen-free (SPF) conditions with
consistent room temperature and humidity. All animal experiments
were performed according to the guidelines of the Institutional Animal
Care and Use Committee of Sichuan University (Chengdu, Sichuan,
China), and protocols were approved by the Institutional Animal Care
and Use Committee of Sichuan University.

Tumor challenge and treatment experiments

In the in vivo experiments, 6-7 female C57BL/6 mice were used in
each group. For the subcutaneous tumor model, 100 pl of cell suspension
containing 5 x 10°5 LL2 cells were injected subcutaneously into the
right flank, and treatment was started when the tumors became palpable
(generally 5 days after tumor implantation). For the metastatic lung
cancer model, 100 pl of cell suspension containing 2 x 10°5 LL2 cells
were injected intravenously through the tail vein, and treatment was
started on day 5. Based on our pilot experiment results and other similar
research, Lipo-HNK was intravenously injected at a concentration of 20
mg kg'! every 2 days until the end of the experiment (Cheng et al.,
2011). Meanwhile, the 4-dose intraperitoneal injection of anti-PD-1
mAb (10 mg kg™!) started on the same day as the first Lipo-HNK injec-
tion. Clodronate liposomes (200 pl, FormuMax Scientific, F70101C-A)
were administered by tail vein injection on days 1, 8, 15 and 22 (con-
trol liposomes were used as a control) for macrophage depletion
experiment. Tumor volume was monitored every three days and calcu-
lated as length x width"2 x 1/2. Mice were sacrificed on days 25-30,
and tumors and lungs were harvested, weighed, and photographed.

Flow cytometry analysis

The lungs containing tumor nodules were collected after the mice
were sacrificed. Mouse lung tissues were dissected, cut into small pieces,
and digested into single-cell suspensions using 1 mg/ml collagenase
Type I, 0.5 mg/ml Type IV, and 10 pg/ml DNase I in RPMI 1640 basic
medium for 1 hour at 37 °C. Red blood cells (RBCs) were lysed using RBC
lysis buffer (154 mM NH4Cl, 10 mM KHCO3, 0.1 mM EDTA, pH 7.4).
The LIVE/DEAD™ Fixable Near-IR Dead Cell Stain Kit (L34975, Thermo
Fisher Scientific) was used to exclude dead cells. Cells were counted,
dispersed in PBS at 1 x 1076 cells/ml, and stained with 1 pl of
fluorescence-conjugated antibodies for 30 min in 100 pl PBS at 4 °C in
the dark. For intracellular staining, cells were fixed and permeabilized
using BD Cytofix/Cytoperm™ solution (BD Biosciences) according to
the manufacturer’s protocol. All samples were collected on a NovoCyte
Flow Cytometer (ACEA Biosciences) and analyzed using NovoExpress
software (1.3.0, ACEA Biosciences).

H&E staining and immunohistochemistry

Lung tissues containing tumor nodules were embedded in 4 %
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methanol-free formaldehyde for 48 h. Subsequently, the tumor nodules
in lung tissues were assessed in 4 pm-thick hematoxylin and eosin
(H&E)-stained sections. To evaluate tumor angiogenesis and prolifera-
tion, the expression of CD31 and Ki67 was assessed by staining with anti-
CD31 mAb and anti-Ki67 mAb. Images of H&E staining and immuno-
histochemistry were obtained under a light microscope.

Bone marrow-derived macrophages (BMDMs) isolation and polarization

Bone marrow cells were harvested from the femurs and tibias of
C57BL/6 mice (6-8 weeks old) by flushing the bone cavities using cul-
ture medium without FBS and filtering through a 70 pm nylon mesh,
followed by RBC lysis. The cells were cultured in DMEM containing 10 %
FBS and 20 ng/ml of mouse Macrophage Colony-Stimulating Factor (M-
CSF) (R&D Systems) with 5 % CO2 at 37 °C for 5-7 days to induce
BMDMs. BMDMs were stimulated with 20 ng/ml mouse IL-4 (Pepro-
Tech) for 24 h to polarize to the M2 type. For the polarization inhibition
experiment, Lipo-HNK (10 pg/ml) was added to the medium for 30 min
before IL-4 treatment.

T cell suppression study

Spleens were harvested from 8-week-old female C57BL/6 wild-type
mice and gently pressed through a 70 pm cell strainer to obtain a
single-cell suspension. The resulting suspension was resuspended in 4-5
ml of lymphocyte separation medium (Dakewe, China) and subjected to
gradient centrifugation at 800 g for 30 min. Purified lymphocytes were
then labeled with CFSE (Invitrogen) to monitor cell proliferation. These
CFSE-labeled lymphocytes were cultured in 24-well plates containing
complete RPMI medium. Pre-treated macrophages (at a 1:1 ratio) was
added to the wells for co-culture experiment. After a 72-hour incubation,
T cells were harvested and analyzed for proliferation and IFN-y
production.

High-throughput sequencing and bioinformatics analysis

After 24 h of treatment with IL-4 (20 ng/ml) or in combination with
Lipo-HNK (10 pg/ml), BMDMs were harvested for total RNA isolation,
with three biological replicates for each group. Pearson’s correlation
coefficients and principal component analysis (PCA) were applied to test
the quality of the biological replicates. Genes expressed in at least one
sample were defined as detected genes. A log2 (fold change) > 1 or < —1
with p-value < 0.05 was defined as the threshold for differentially
expressed genes (DEGs). Gene functions were annotated using the Kyoto
Encyclopedia of Genes and Genomes (KEGG, C2.cp.kegg.v6.2) and Gene
Ontology (GO, C6.all.v6.2) enrichment analysis. Hierarchical clustering
and heatmap analysis with the limma R package (v 3.38.3) assessed the
differential gene set enrichment (cutoff of p < 0.05).

Western blot analysis

BMDMs were stimulated with the indicated treatments for 24 h, and
total cellular proteins were extracted using RIPA lysis buffer containing
a protease inhibitor cocktail (Biosharp). The bicinchoninic acid assay
(BCA) protein assay kit (Thermo Fisher Scientific) was used to quantify
protein concentrations. Equal amounts of protein samples were loaded
and separated by SDS-PAGE gels and transferred onto polyvinylidene
fluoride (PVDF) membranes (Millipore). After blocking the membranes
with 5 % milk dissolved in Tris-buffered saline with 0.1 % Tween-20
(TBS-T) for 1 hour at room temperature, the membranes were incu-
bated at 4 °C overnight with antibodies against PI3 Kinase a, PI3 Kinase
B, Phospho-Akt (Ser473), Akt, and GAPDH. After incubation with the
appropriate secondary HRP-conjugated antibodies, the protein expres-
sions were detected by enhanced chemiluminescence (ECL) using
SuperSignal West Pico Plus Chemiluminescent Substrate (Thermo Fisher
Scientific). GAPDH was used as a loading control.
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RNA extraction and quantitative real-time PCR

Reverse transcription polymerase chain reaction (RT-PCR) was used
to measure mRNA transcription levels of Arg-1, PD-1, and PD-L1
expressed by macrophages. Total RNA was extracted using an RNA
isolation kit (Foregene, Chengdu, China). The RNA was reverse-
transcribed into cDNA using the PrimeScript RT reagent kit (TaKaRa,
Japan). Primers used were: 5-CAAGAATGGAAGAGTCAG-3' and 5-
ATATGCAGGGAGTCACC-3' for  mouse  Arg-1, 5-GCAAT-
CAGGGTGGCTTCT-3' and 5-TTGGCTCAAACCATTACAGA-3' for mouse
PD-1, 5-CTGCTTGCGTTAGTGGTGTA-3' and 5-GCGTGATTCGCTTG-
TAGTCC-3' for mouse PD-L1, and 5-ACCCAGAAGACTGTGGATGG-3'
and 5-CACATTGGGGGTAGGAACAC-3' for mouse GAPDH. Real-time
PCR was performed using SYBR Green supermix (Bio Rad) with a two-
step PCR reaction procedure. Expression of the genes was normalized
to the expression of GAPDH. Data were analyzed using the 2742Ct
method.

Statistical analysis

Statistical analyses were performed using GraphPad Prism 8 software
(GraphPad Prism, San Diego, CA, USA) and presented as mean + SEM.
Differences between two groups were analyzed using a two-tailed un-
paired Student’s t-test, whereas multiple groups were compared using
ANOVA. Results were considered statistically significant at p < 0.05.

Result

Lipo-HNK inhibited cell proliferation and induced apoptosis in lung cancer
cells

The preparation and molecular characteristics of Lipo-HNK have
been described in our previous study (Luo et al., 2008). To investigate
the anti-tumor effects of Lipo-HNK on lung cancer, we conducted CCK8
assays on two human lung cancer cell lines (H460 and A549) and the
murine Lewis lung carcinoma cell line (LL2), treating them with
Lipo-HNK at concentrations ranging from 0 to 120 pg/ml for 24, 48, and
72 h. As shown in Fig. 1a, the cell viability of lung cancer cells decreased
with increasing concentrations of Lipo-HNK. The dose-dependent cyto-
toxicity was not prominent at both low and high concentrations. Due to
the varying sensitivity among different cell lines, the effective concen-
trations ranged from 10 to 60 pg/ml. The half-maximal inhibitory con-
centration (IC50) for the three cell lines is presented in Fig. 1b, showing
a decrease in IC50 with longer treatment times. The anti-tumor effect of
Lipo-HNK demonstrated a dose-dependent manner within the effective
concentration range; however, the time dependency was not significant.
During the cell viability assays, noticeable apoptosis was observed in all
tested lung cancer cells treated with Lipo-HNK. Annexin V-FITC/PI
staining was performed to assess apoptosis post-treatment. Both
early-phase (Annexin V+/PI-) and late-phase (Annexin V+/PI+)
apoptotic cells were considered as apoptotic. Flow cytometric analysis
after 24-hour treatment with Lipo-HNK or liposomes revealed that
Lipo-HNK significantly induced apoptosis in lung cancer cells. The
apoptotic rates for LL2, H460, and A549 increased from 8.9 %, 6.4 %,
and 6.3 % to 25.7 %, 36.4 %, and 20.0 %, respectively (Blank vs. 20
pg/ml) (Fig. 1c and d). Colony formation assays for H460 and A549
further confirmed the inhibitory effects of Lipo-HNK (Fig. 1e). These
results suggest that Lipo-HNK shows promise as a potential anti-cancer
agent due to its sensitivity in lung cancer cells.

Lipo-HNK suppressed lung cancer growth and showed synergistic effects
with PD-1 blockade therapy in vivo

The anti-cancer effects of Lipo-HNK have been demonstrated in
various mouse models in several studies (Jiang et al., 2008; Li et al.,
2008; Luo et al., 2008). Given that anti-PD-1 therapy is a promising
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approach in cancer immunotherapy, but often with limited efficacy as
monotherapy, we evaluated the combined effects of Lipo-HNK and
anti-PD1 monoclonal antibody (RMP1-14, BioXCell) in LL2
tumor-bearing C57BL/6 mice (Fig. 2a). Both subcutaneous and meta-
static lung cancer models were treated with vehicle, Lipo-HNK (20 mg
kg, i.v., every 2 days), anti-PD1 antibody (10 mg kg, i.p., every 5
days), or the combination of Lipo-HNK and anti-PD1 antibody (Fig. 2b).
Lipo-HNK treatment alone led to reduced tumor growth in the subcu-
taneous tumor model, and the combination therapy was more effective
than either monotherapy (Fig. 2c). At the experimental endpoint, the
tumor volume in the combination group was approximately 576.3 mm?,
while the volumes in the PD-1, Lipo-HNK, and NS groups were 1196
mm?, 922.18 mm?, and 1428.3 mm?, respectively. The tumor weight in
the combination group was also the smallest, around 0.482 g, compared
to 1.16 g, 0.816 g, and 1.526 g in the PD-1, Lipo-HNK, and NS groups,
respectively (Fig. 2d and e). The growth rate and tumor size were
significantly inhibited by the combination therapy. In the metastatic
lung cancer model, Lipo-HNK combined with anti-PD1 therapy
demonstrated notable therapeutic effects (Fig. 2f). The number of tumor
nodules in the lungs was significantly reduced in the combination
therapy group compared to the vehicle or monotherapy groups (Fig. 2g).
Total lung weights were also lighter in the combination therapy group
(Fig. 2h). Control treatments with blank liposomes and isotype 2A3 did
not show significant effects on tumor progression (Supplementary
Figure 1). Immunohistochemical analysis of CD31 and Ki67 in the lung
tissue from the metastatic lung cancer model validated Lipo-HNK’s po-
tential to inhibit tumor proliferation and vascularization (Fig. 2i). In
both the Lipo-HNK monotherapy and combination therapy groups, the
positive proportions of CD31 and Ki67 were significantly decreased.

Lipo-HNK significantly reduced immunosuppressive cells infiltration and
promoted T cells activation in tumors

To explore the mechanisms underlying the synergistic anti-tumor
effects of Lipo-HNK and anti-PD1 combination therapy, we analyzed
immune cell infiltration in the tumor microenvironment using flow
cytometry. Myeloid-derived suppressor cells (MDSCs) and immunosup-
pressive macrophages (M2 macrophages) were characterized as
CD45"CD11b"Grl™ and CD45"CD11b'F4/807CD206", respectively
(Fig. 3a). Results showed that M2 macrophages and MDSCs were
significantly reduced in both the Lipo-HNK monotherapy and combi-
nation therapy groups, indicating that Lipo-HNK may inhibit the infil-
tration of immunosuppressive cells into the tumor microenvironment
(Fig. 3b and Supplementary Figure 2). M2 macrophages contribute to an
immunosuppressive microenvironment that supports tumor growth. To
elucidate the mechanisms by which Lipo-HNK inhibits macrophage
polarization, primary macrophages were isolated from mice for further
analysis. Immunofluorescence analysis of lung tissues from tumor-
bearing mice revealed a significant reduction in M2 macrophages (F4/
807CD206™) in Lipo-HNK treated groups, including both monotherapy
and combination therapy groups (Fig. 3c). Furthermore, clodronate li-
posomes was used to deplete macrophages in vivo (control liposome as
control), aiming to validate the role of macrophage in the anti-cancer
effects of Lipo-HNK (Chen et al., 2023; Li et al., 2022a). The peak ef-
fect of clodronate liposomes was observed 24 h post-injection and per-
sisted for at least 5 days or longer. Clodronate liposomes (200 pl) via tail
vein on days 1, 7, 14 and 21, while LL2 cells injected subcutaneously on
day 0. Animals were sacrificed on day 25. Lipo-HNK (20 mg kg, i.v.,
every 2 days) exhibited anti-cancer effects in the control liposome
group; however, these effects were not significant in the clodronate
liposome group (Fig. 3d). After clodronate liposome treatment,
Lipo-HNK was unable to effectively inhibit tumor growth (Fig. 3e).
Following macrophage depletion, there was no significant difference in
tumor size and weight between the Lipo-HNK and NS groups (Fig. 3f and
g). On the other hand, we observed that macrophage depletion with
clodronate liposomes directly slowed tumor growth (Fig. 3e-g).
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Fig. 1. Lipo-HNK inhibits cell proliferation and induces apoptosis in lung cancer cells. (a-b) CCK8 proliferation assay of LL2, H460, and A549 cells treated by
escalating doses of Lipo-HNK (0-120 pg/ml) for 24 h, 48 h, and 72 h (a) and corresponding IC50 concentration of Lipo-HNK (b). Data was shown as mean + SEM. (c-
d) Flow cytometric analyses of apoptotic LL2, H460, and A549 cells. Lung cancer cells were treated by different concentration of Lipo-HNK (0, 10, and 20 pg/ml) for
24 h and stained with PI-Annexin V (c). Annexin V+/PI— and Annexin V+/PI+ were both considered apoptotic. Statistic results of apoptotic cell assay (d). Data was
shown as mean + SEM, n = 3. (e) Colony formation assay of H460 and A549 cells. After 24-h Lipo-HNK (0, 10, and 20 pg/ml) treatment, cells were cultured for
another 7 days with fresh medium. Colonies were visualized by crystal violet staining (left) and counted (right). Data was shown as mean + SEM, n = 3. *p < 0.05,
**p < 0.01, ***p < 0.001, ns represents p > 0.05.
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Fig. 2. Lipo-HNK suppresses lung cancer growth and showed synergistic effects with PD-1 blockade therapy in vivo. (a) Construction of subcutaneous tumor
model and metastatic lung cancer model in mice, n = 6-7. For subcutaneous tumor model, 5 x 10° LL2 cells were injected into the right flank of C57BL/6 mice. For
metastatic lung cancer model, 2 x 10° LL2 cells were injected into tail vein of C57BL/6 mice. (b) Therapy regimen of the mice model experiment. Lipo-HNK and Anti-
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Fig. 3. Lipo-HNK inhibits tumor growth by reducing the infiltration of M2 macrophages. (a) Flow cytometric characterization of Myeloid-derived suppressor
cell (MDSC, CD45"CD11b"Gr1™") and M2-macrophage (CD45"CD11b*F4/80"CD206™) from tumor tissues. (b) M2 macrophages infiltrated in the tumor microen-
vironment of mice in metastatic lung cancer model (left) and quantification of infiltrated immune cells (right). Data was shown as mean + SEM, n = 6-7. (c)
Immunofluorescence analysis of M2 macrophages infiltration in the tumor tissues of mice in metastatic lung cancer model. M2 macrophages were labelled as F4/80-
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In vitro experiment, primary macrophages were then treated with IL-
4 (20 ng/ml), tumor-conditioned medium (TCM), Lipo-HNK (10 pg/ml),
or their combinations. Flow cytometric analyses showed that macro-
phages were activated by IL-4 and TCM, polarizing towards the M2
phenotype, but Lipo-HNK treatment significantly inhibited this polari-
zation (Supplementary Figure 3a). Further, Lipo-HNK treatment also
significantly reduced the levels of key cytokines secreted by M2 mac-
rophages, including IL-10, Arg-1, and TGF-$ (Supplementary Figure 3b-
d). These findings validate the efficacy of Lipo-HNK in inhibiting
macrophage polarization towards the M2 phenotype and the anti-tumor
effects of Lipo-HNK was dependent on macrophages.

Lipo-HNK promotes T cell activation in tumors

T cell response plays a critical role in anti-tumor immunity, partic-
ularly in anti-PD1 immunotherapy. In our study, we found activated
CD8* T cells (CD8TCD69™), effector CD8™ T cells (CD8 " Granzyme B™),
and memory CD4™ T cells (CD41CD44 ") were significantly increased in
the Lipo-HNK plus anti-PD1 combination therapy group, with only slight
increases in the monotherapy groups (Fig. 4a-d). Other T cell subsets,
including activated CD4" T cells and memory CD8" T cells, remained
unchanged (Supplementary Figure 4). Activation of CD8'T cells can
exert direct anti-tumor effects. We further examined the activation sta-
tus of CD8T cells in tumor tissues using immunofluorescence staining.
The results showed a higher number of activated CD8 T cells in the
group treated with the combination of PD-1 antibody and Lipo-HNK
(Fig. 4e). Macrophages can function as antigen-presenting cells to acti-
vate T cells, while M2 macrophages, in contrast, inhibit CD8'T cell
activation. Given that we have already demonstrated Lipo-HNK’s ability
to reduce M2 macrophage infiltration, we conducted in vitro experi-
ments where macrophages were polarized into the M2 phenotype using
IL-4, and this polarization was blocked by Lipo-HNK. We found that IL-4-
induced M2 macrophages inhibited T cell proliferation (Fig. 4g),
reduced T cell activation (Fig. 4h), and decreased IFN-y secretion by T
cells (Fig. 4i). The addition of Lipo-HNK counteracted the effects of IL-4,
promoting T cell proliferation and activation. These findings demon-
strate that Lipo-HNK enhances T cell activation by reducing M2
macrophage infiltration, thereby exerting anti-tumor effects, which may
play a critical role in the synergistic anti-tumor effects observed with
anti-PD1 therapy

Analysis of differentially expressed genes (DEGs) using high-throughput
sequencing

To elucidate the molecular mechanisms underlying Lipo-HNK’s ef-
fects on macrophage polarization, we conducted high-throughput
sequencing and bioinformatics analyses to explore transcriptomic al-
terations induced by Lipo-HNK treatment. Primary macrophages were
treated with IL-4 (20 ng/ml) alone or in combination with Lipo-HNK (10
pg/ml) for 24 h, followed by bioinformatic analysis. The correlation plot
and principal component analysis (PCA) demonstrated high reproduc-
ibility, with biological replicates closely grouped (Supplementary
Figure 5). Cluster analysis revealed over 800 genes that were differen-
tially expressed following IL-4 treatment (data not shown). The DEGs (p
< 0.05) shared among the blank, IL-4, and IL-4+Lipo-HNK groups are
presented in Fig. 5a.

To identify key genes or signaling pathways involved in Lipo-HNK’s
effects on macrophage polarization, we used a Venn diagram to identify
unique and shared genes (differential expression > |2-fold) across four
groups: Blank vs IL-4_up, Blank vs IL-4_down, and IL-4 vs IL-4-+Lipo-
HNK _up (Fig. 5b). We observed that IL-4 treatment led to a slight pre-
dominance of up-regulated over down-regulated genes in macrophages.
However, Lipo-HNK treatment primarily down-regulated gene expres-
sion in IL-4 treated macrophages (Supplementary Figure 6a). Volcano
plot and protein-protein interaction (PPI) network analyses further
confirmed that Lipo-HNK was more strongly associated with down-
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regulation of genes in IL-4 treated macrophages (Supplementary
Figure 6b and c).

Based on these observations, DEGs shared between the Blank vs IL-
4_up and IL-4 vs IL-4+Lipo-HNK down groups were selected for
further analysis. The Venn diagram identified six DEGs (Gprl83,
Stard13, Serpinb2, Cd69, Nyap2, and Col12al) shared between these
two groups. Additionally, two DEGs (Gpr150, Dennd3) were shared
between the Blank vs IL-4_down and IL-4 vs IL-4+Lipo-HNK_up groups.
KEGG pathway enrichment analysis of the Blank vs IL-4 and IL-4 vs IL-
4+Lipo-HNK groups revealed the top 20 altered pathways (Fig. 5¢ and
d). Several pathways, including proteoglycans in cancer, protein diges-
tion and absorption, ECM-receptor interaction, PI3K-Akt signaling, and
platelet activation, were shared between the two groups. Both KEGG
pathway enrichment and DEG clustering analyses suggested that the
PI3K-Akt signaling pathway is likely involved in IL-4-induced M2
macrophage polarization and the inhibitory effects of Lipo-HNK on this
process (Supplementary Figure 7b). Gene ontology (GO) enrichment
analysis further identified the top 20 GO terms associated with DEGs,
which are presented in Supplementary Figure 7b.

Lipo-HNK suppressed M2 macrophages polarization via PI3K/Akt
signaling pathway

The PI3K/Akt signaling pathway has been implicated in macrophage
activation (Zhao et al., 2020). IPI549, a selective inhibitor of PI3K-y with
over 58-fold selectivity against other PI3K isoforms (PI3Ka, PI3Kf, and
PI3KS), can effectively block the PI3K/Akt signaling pathway (Evans
et al., 2016). Primary macrophages were treated with IPI549 (1 pM) for
30 min before IL-4 (20 ng/ml) was added to the medium. Flow cyto-
metric analysis showed that IPI549 partially blocked IL-4-induced M2
macrophage polarization (Fig. 6a).

To investigate the relationship between Lipo-HNK and the PI3K/Akt
pathway, we performed Western blot analysis. IL-4 treatment effectively
activated the PI3K/Akt pathway, whereas Lipo-HNK treatment reduced
PI3K expression and Akt phosphorylation (Fig. 6b and c). To further
validate the inhibitory effects of Lipo-HNK on M2 macrophage polari-
zation, we applied 740 Y-P, an agonist of the PI3K/Akt signaling
pathway, in subsequent experiments. Lipo-HNK was confirmed to block
M2 macrophage polarization, but 740 Y-P induced re-polarization to-
wards the M2 phenotype (Fig. 6d). Additionally, Lipo-HNK reduced the
expression of immunosuppressive markers in macrophages, including
Arg-1, PD-1, and PD-L1, while re-activation of the PI3K/Akt pathway
restored these markers’ expression levels (Fig. 6e and f). These findings
suggest that the down-regulation of PD-1 and PD-L1 expression by Lipo-
HNK could be a potential mechanism underlying the synergy observed
with anti-PD-1 therapy. Collectively, these results demonstrate that the
PI3K/Akt pathway plays a critical role in Lipo-HNK’s inhibitory effects
on M2 macrophage polarization.

Discussion

Natural products and their structural analogues have played a crucial
role in drug discovery, particularly in the treatment of cancer and in-
fectious diseases (Atanasov et al., 2015; Mann, 2002). Herbs and plants
naturally contain a variety of active compounds and are increasingly
considered as alternative treatment options for various diseases (Harvey
et al., 2015). Honokiol, an active compound derived from Magnolia
officinalis, has demonstrated promising anti-tumor effects across mul-
tiple cancer types, including glioma, lung cancer, breast cancer, naso-
pharyngeal carcinoma, and leukemia (Fan et al., 2018; Yang et al.,
2017a; Zhang et al., 2013; Zhou et al., 2017; Zhu et al., 2019a). In this
study, we found that Lipo-HNK, a liposomal formulation of honokiol
synthesized in our laboratory, effectively inhibited lung cancer growth
both in vitro and in vivo (Luo et al., 2008; Wang et al., 2011). Lipo-HNK
induced apoptosis and inhibited the proliferation of lung cancer cells in
vitro. Furthermore, the combination of Lipo-HNK with anti-PD-1
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Fig. 4. Lipo-HNK promotes T cell activation in tumors. (a) Flow cytometric characterization of activated CD8-positive T cells (CD3"CD8'CD69 " or
CD3"CD8"Granzyme B") and memory CD4-positive T cells (CD3"CD47CD44") from tumor tissues. (b-d) Statistic results of flowcytometric analyses Data are
expressed as mean + SD. (e) Immunofluorescence analysis of activated CD8™ T cells infiltration in the tumor tissues of mice in subcutaneous tumor model. Activated
CD8™ T cells were labelled as CD8- and Granzyme B-positive. Green, CD8; Pink, Granzyme B; blue, DAPI. (f) BMDMs were extracted from the femurs of healthy
C57BL/6 mice and then induced by M-CSF (20 ng/ml) for 5 days. IL-4 (20 ng/ml) with or without Lipo-HNK (20 pg/ml) was added in the culture medium for 24 h to
get pre-treated macrophages. Primary T lymphocytes were extracted from the spleen of healthy mice, stained with CFSE, and then co-cultured with pre-treated
macrophages for another 48 h. The T cells were harvested for flow cytometric analyses. (g-i) Quantification of T cell proliferation rate (CFSE, g), activated rate
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***p < 0.001, ns represents p > 0.05.
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Fig. 5. Expression of differentially expressed genes was analyzed by high-throughput sequencing and KEGG pathway analysis. Macrophages isolated from
bone marrow were treated by IL4 (20 ng/ml) or in combination with Lipo-HNK (10 pg/ml) for 24 h and collected for high-throughput sequencing. (a) Heatmap
analysis comparing transcript abundances quantitated by sequencing reads in transcripts per million (TPM) data of significantly changed genes among blank, IL4, and
IL-4+4Lipo-HNK groups. (b) Venn diagram depicting unique and shared gene families identified in four groups: Blank vs IL4_up, Blank vs IL4_down, IL4 vs IL4+Lipo-
HNK_up, and IL4 vs IL4+Lipo-HNK down. Blank vs IL4_up was referred to genes up-regulated after IL-4 treatment. (c-d) KEGG pathway analysis of differentially
expressed genes enriched in Blank vs IL4_up (c) and IL4 vs IL4+Lipo-HNK_down (d). Y-axis label represents pathway, and X-axis label represents enrichment factor.
The size and color of the bubble represented the amount of differentially expressed genes enriched in the pathway and enrichment significance, respectively.

monoclonal antibodies (mAbs) exhibited synergistic anti-tumor efficacy
in mouse models of subcutaneous and lung metastatic tumors. Lipo-HNK
was well-tolerated and showed potent anti-tumor activity, not only by
directly killing tumor cells but also by modulating the tumor microen-
vironment. Notably, Lipo-HNK treatment increased the population of
activated CD8+ T cells and memory CD4+ T cells, while decreasing the
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infiltration of immunosuppressive cells such as myeloid-derived sup-
pressor cells (MDSCs) and M2 macrophages. Mechanistic investigations
using bioinformatics analyses identified the PI3K/Akt signaling pathway
as a key mechanism underlying Lipo-HNK’s inhibitory effects on M2
macrophage polarization (Fig. 7). By identifying the PI3K/Akt signaling
pathway as a mechanism through which Lipo-HNK exerts these effects,
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Fig. 6. Lipo-HNK suppressed M2 macrophages polarization via PI3K/Akt signaling pathway. (a) Flowcytometric analyses of M2 macrophage polarization.
Macrophages were treated with IL-4 (20 ng/ml) or in combination with IPI549 (1 uM) for 24 h. Data was shown as mean + SEM. (b-c) Western blot analyses of PI3K/
Akt signaling pathway in macrophages treated by IL-4 (20 ng/ml) or in combination with Lipo-HNK (10 pg/ml). GAPDH was used as a loading control (b). Protein
expression levels were qualified by densitometry analysis using ImageJ software (c). Data was shown as mean + SEM. (d) Flowcytometric analyses of M2 macro-
phage polarization and the expression of Arg-1, PD-1, and PD-L1 in macrophages. Macrophages were treated with IL-4 (20 ng/ml) or in combination with Lipo-HNK
(10 pg/ml) and activator of PI3K (740 Y-P, 5 pM) for 24 h. Data was shown as mean + SEM. (e) gPCR analyses of mRNA levels of Arg-1, PD-1, and PD-L1 in (d). Data
was shown as mean + SEM. *p < 0.05, **p < 0.01, ***p < 0.001, ns represents p > 0.05.
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Fig. 7. Lipo-HNK reduces M2 macrophage polarization by inhibiting the activation of the PI3K/AKT pathway. Various cytokines in the tumor microenvi-
ronment, such as IL-4 and IL-10, can induce macrophage polarization by activating the PI3K/AKT pathway, leading to the polarization of MO macrophages into the
pro-tumorigenic M2 subtype. M2 macrophages are characterized by increased surface expression of CD206 and PD-L1 and secrete immunosuppressive cytokines like
IL-10, IL-4, and TGF-p, thereby promoting tumor progression. Our study found that Lipo-HNK could inhibit the activation of the PI3K/AKT pathway, reducing the
presence of M2 macrophages in the tumor microenvironment, and consequently, suppressing tumor growth.

our study provides a mechanistic basis for targeting TME in combination
therapies for anticancer treatment.

As the active component of Magnolia officinalis, honokiol has been
widely used in traditional Chinese medicine for various applications,
including anti-infective, anti-depressive, and anti-tumor treatments
(Rauf et al., 2021). Recent studies have uncovered the therapeutic po-
tential of honokiol in treating neurological disorders due to its ability to
cross the blood-brain barrier and regulate mitochondrial function (Zhou
et al., 2023). Lipo-HNK (JRF101, Honokiol Liposome for Injection) has
been reviewed and approved by the U.S. Food and Drug Administration
(FDA) this year, aiming to evaluate the clinical safety, tolerability, and
pharmacokinetics of JRF101 in patients with advanced malignant solid
tumors. Our study validates the anti-tumor effects of Lipo-HNK in both
in vitro and in vivo models and explores new mechanistic directions.
Specifically, our research delves into the modulation of macrophage
polarization by Lipo-HNK through the PI3K/Akt signaling pathway,
highlighting a novel mechanism by which Lipo-HNK exerts its
anti-tumor effects. Previous studies have also highlighted honokiol’s
potential as a combination or adjuvant therapy in cancer treatment. For
instance, liposomal Honokiol has demonstrated significant anti-tumor
effects in human medulloblastoma, highlighting its potential as a
promising therapeutic agent for this aggressive type of brain cancer. The
ability of liposomal formulations to enhance the bioavailability and ef-
ficacy of Honokiol by improving its delivery to tumor sites while mini-
mizing systemic toxicity is particularly noteworthy (Li et al., 2022b).
Honokiol has been shown to induce lysosomal degradation of Hsp90
client proteins, leading to the death of gefitinib-resistant non-small cell
lung cancer (NSCLC) cells (Yang et al., 2017b). Additionally, the com-
bination of Lipo-HNK and radiotherapy produced synergistic anti-tumor
effects in a murine lung cancer model (Hu et al., 2008). Our lab has
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previously demonstrated that combining Lipo-HNK with cytotoxic
chemotherapy yields promising synergistic anti-tumor efficacy in
several cancer types (Hou et al., 2008; Jiang et al., 2008). Honokiol also
exhibits potent anti-angiogenic and anti-lymphangiogenic properties in
tumor models (Ma et al., 2011; Wen et al., 2009). Importantly, recent
studies have underscored honokiol’s potential in modulating the tumor
immune microenvironment. Honokiol-treated tumor cell lysates, acting
as damage-associated molecular patterns (DAMPs), enhanced dendritic
cell (DC) maturation and T cell activation (Jiraviriyakul et al., 2019;
Klingensmith et al., 2018). Honokiol treatment significantly increased
the expression of pro-inflammatory cytokines such as IL-1p and TNF-a
(Chen et al., 2017), and inhibited the immunosuppression caused by
ultraviolet (UV) radiation (Prasad et al., 2017). Honokiol has shown
significant potential in immunomodulation, particularly in regulating
immune responses within the tumor microenvironment. Our study
provides a detailed elucidation of the PI3K/Akt pathway’s role in Lip-
0o-HNK’s modulation of macrophage polarization, highlighting its
importance in shifting macrophages from a tumor-promoting M2
phenotype to a tumor-suppressing state. These findings underscore
honokiol’s ability to regulate the immune microenvironment within
tumors.

Immunotherapy has emerged as a cornerstone of cancer treatment,
with immune checkpoint blockade (ICB) being one of the most prom-
ising and rapidly developing approaches (Morad et al., 2021).
Anti-PD-1/PD-L1 immunotherapy is now a standard treatment for pa-
tients with advanced-stage NSCLC (Reck et al., 2022). However, not all
patients respond to immunotherapy, highlighting the need for combi-
nation therapies to expand the applicability of ICB (Huang et al., 2021).
Programmed cell death protein 1 (PD-1) is expressed on activated T
cells, natural killer (NK) cells, and myeloid cells (Hsu et al., 2018; Nam
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etal., 2019), while its ligands, PD-L1 and PD-L2, are primarily expressed
on tumor and myeloid cells (Bianchini et al., 2019; Gibbons Johnson and
Dong, 2017). The interaction between PD-1 and its ligands suppresses T
cell function and is a major mechanism of tumor immune evasion,
characterized by reduced activation of CD8" T cells (Hirano et al., 2005;
Iwai et al., 2002). In our study, we found that the combination of
Lipo-HNK with anti-PD-1 mAbs restored CD8" T cell activation, as evi-
denced by increased expression of CD69 and Granzyme B. Lipo-HNK
treatment also enhanced the population of memory CD4" T cells
(CD44™), which have been implicated in anti-tumor responses (Zheng
et al., 2008).

The immunosuppressive environment within tumor tissues presents
a significant challenge to the broader application of immunotherapy.
Studies have shown that the low response rate to immune checkpoint
blockade (ICB) therapy is largely due to the immunosuppressive envi-
ronment within tumor tissues. This environment, characterized by the
presence of regulatory T cells, myeloid-derived suppressor cells
(MDSCs), and M2 macrophages, inhibits the activation and function of
effector T cell (Binnewies et al., 2018). Immune cells within the tumor
microenvironment can influence the tumor’s response to ICB, either
suppressing or promoting tumor progression. MDSCs and macrophages
are two types of myeloid cells with immunosuppressive activity
(Boutilier and Elsawa, 2021; Dysthe and Parihar, 2020). MDSCs express
high levels of PD-L1 and produce immunosuppressive cytokines across
various cancer types, thereby impairing T cell function (Lu et al., 2016).
Elimination of MDSCs has been shown to enhance T cell activation and
inhibit tumor growth (Cheng et al., 2021a; Retseck et al., 2018).
Moreover, studies have found that MDSCs and M2-like macrophages
mediate resistance to ICB in certain tumors (Kim et al., 2019; Yu et al.,
2021). Reducing the presence of MDSCs and tumor-associated macro-
phages has been shown to improve the anti-tumor efficacy of ICB
(Loeuillard et al., 2020). In our study, we observed that Lipo-HNK
significantly reduced the infiltration of MDSCs and M2 macrophages
in tumor tissues, consistent with findings from other studies (Mihara
et al., 2017). In vitro experiments revealed that Lipo-HNK decreased the
expression of PD-1 and PD-L1 on macrophages. PD-1 expression on
macrophages has been associated with reduced phagocytic activity
against tumor cells (Gordon et al., 2017; Strauss et al., 2020).

Furthermore, our study confirmed the inhibitory effect of Lipo-HNK
on the polarization of macrophages to the M2 phenotype. Honokiol has
been shown to suppress the activation of the NLRP3 inflammasome in
renal resident macrophages, alleviating lupus nephritis (Ma et al.,
2023). Additionally, Lipo-HNK has been reported to regulate macro-
phage polarization by activating STAT1 and inhibiting STAT6 signaling,
resulting in glioblastoma regression (Li et al., 2021). In the current
study, we identified the PI3K/Akt signaling pathway as the major
mechanism through which Lipo-HNK regulates macrophage polariza-
tion and function. Lipo-HNK treatment inhibited the PI3K/mTOR
pathway in tumor tissues without impairing T cell function (Crane et al.,
2009). The PI3K/Akt/mTOR pathway is a critical signaling pathway
involved in macrophage activation and M1/M2 polarization (Vergadi
et al., 2017). Specifically, PI3K activation is closely associated with M2
macrophage polarization in response to surfactant protein A or IL-4
(Weisser et al., 2011). Targeting the PI3K/Akt pathway in tumors has
also been found to synergistically enhance the anti-tumor efficacy of ICB
(Liu et al., 2022). Given the evidence of Lipo-HNK’s role in tumor
immunology, it is evident that Lipo-HNK plays a significant role in
regulating macrophage function. Lipo-HNK treatment significantly
inhibited macrophage polarization to the M2 phenotype by blocking the
PI3K/Akt signaling pathway.

The anti-tumor effects and immune-modulating abilities of Lipo-
HNK have been explored in several studies. In this study, we provide
novel insights and evidence supporting the combination of Lipo-HNK
with anti-PD-1 mAbs. In conclusion, Lipo-HNK suppresses tumor
growth by inhibiting the proliferation and inducing apoptosis of lung
cancer cells. Given honokiol’s ability to modulate the tumor
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microenvironment, the combination of Lipo-HNK with anti-PD-1 mAbs
exhibited synergistic anti-tumor effects in lung cancer models. Specif-
ically, Lipo-HNK effectively inhibited M2 macrophage polarization and
modulated macrophage function by blocking the PI3K/Akt pathway.
Current evidence positions Lipo-HNK as a promising anti-tumor agent
and adjuvant therapy for cancer treatment. Further investigation into
combination therapies involving Lipo-HNK is warranted.
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