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ABSTRACT

Chemoimmunotherapy has the potential to enhance chemotherapy and modulate the
immunosuppressive tumor microenvironment by activating immunogenic cell death (ICD),
making it a promising strategy for clinical application. Alantolactone (A) was found
to augment the anticancer efficacy of paclitaxel (P) at a molar ratio of 1:0.5 (P:A)
through induction of more potent ICD via modulation of STAT3 signaling pathways.
Nano drug delivery systems can synergistically combine natural drugs with conventional
chemotherapeutic agents, thereby enhancing multi-drug chemoimmunotherapy. To
improve tumor targeting ability and bioavailability of hydrophobic drugs, an amphiphilic
prodrug conjugate (HA-PTX) was chemically modified with paclitaxel (PTX) and hyaluronic
acid (HA) as a backbone. Based on this concept, CD44-targeted nanodrugs (A@HAP NPs)
were developed for co-delivery of A and P in colorectal cancer treatment, aiming to achieve
synergistic toxicity-based chemo-immunotherapy. The uniform size and high drug loading
capacity of AQHAP NPs facilitated their accumulation within tumors through enhanced
permeability and retention effect as well as HA-mediated targeting, providing a solid
foundation for subsequent synergistic therapy and immunoregulation. In vitro and in vivo
studies demonstrated that AQHAP NPs exhibited potent cytotoxicity against tumor cells
while also remodeling the immune-suppressive tumor microenvironment by promoting
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antigen presentation and inducing dendritic cell maturation, thus offering a novel approach

for colorectal cancer chemoimmunotherapy.
© 2024 Published by Elsevier B.V. on behalf of Shenyang Pharmaceutical University.

This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/)

1. Introduction

Colorectal cancer (CRC) ranks as the second leading cause of
cancer-related mortality worldwide, exhibiting a progressively
increasing incidence in recent years [1]. The advancements in
clinical research pertaining to CRC have yielded an expanded
array of treatment options encompassing chemotherapy,
endoscopic and surgical resection, immunotherapy, and
radiotherapy [2]. Nevertheless, prolonged administration of
conventional drugs at higher doses has resulted in significant
drug resistance and severe toxic side effects among the
majority of CRC patients [3]. Consequently, there is an urgent
need for valuable therapeutic approaches.

It has been well acknowledged that immune checkpoint
inhibitors (ICIs) enhance T cell activity by inhibiting immune
checkpoints [4], specifically programmed cell death protein
1 (PD-1) [5] and cytotoxic T-lymphocyte-associated protein
4 (CTLA-4) [6], thereby exerting their antitumor effects
[7]. Although immunotherapy has significantly improved
patient survival in the clinic, it still faces the challenge of
variable efficacy among individuals [8]. For instance, in CRC,
immunotherapy is only effective in a small percentage of
patients with defects in the DNA mismatch repair system
(MMR) or microsatellite instability (MSI-H), accounting for
only 5%—15% of these patients, while approximately 95% of
other patients do not exhibit significant response to immune
checkpoint blocking (ICB) therapy or pericyte therapy [9].
This phenomenon could be attributed primarily to the low
frequency of somatic mutations, reduced mutation burden,
diminished generation of novel antigens, lower infiltration
of CD8" tumor-infiltrating lymphocytes (TILs), and the
presence of tumor cells within an immunosuppressive
microenvironment in microsatellite stable (MSS) and
proficient mismatch repair (pMMR) CRC [6]. The lack of
immune cell infiltration at the tumor site is a crucial factor
contributing to the limited benefits from immunotherapy
for most colon cancer patients [10], which represents an
immensely promising therapeutic target. Modulating the
immunosuppressive tumor microenvironment to convert
colon cancer from a “cool tumor” into a “hot tumor”
and thereby enhancing traditional chemotherapy holds
great potential for successful cancer treatment [11,12].
Consequently, designing a therapeutic regimen that enhances
immunogenic cell death (ICD)-mediated immune response
becomes imperative for treating CRC.

To overcome the limitations of immunotherapy in
MSS/pMMR CRC [13], a critical strategy involves altering the
immunologically resistant microenvironment of these tumors
[14]. The combination of immune checkpoint inhibitors
with other therapeutic agents has been investigated in
numerous clinical studies, offering a promising avenue

for the advancement of immunotherapy in MSS/pMMR
tumors [15]. Several chemotherapeutic agents, such as
doxorubicin [16], oxaliplatin [17] and paclitaxel (PTX) [18],
not only exhibit chemotherapeutic effects but also induce
significant ICD-associated responses. These drugs stimulate
damaged tumor cells to release danger signals known as
damage-associated molecular patterns (DAMPs), including
calreticulin (CRT), high mobility group protein B1 (HMGBI),
adenosine triphosphate (ATP), and type I interferons [18].
Upon receiving DAMPs, dendritic cells (DCs) undergo
maturation and acquire the ability to present antigens to
cytotoxic T lymphocytes [19]. Subsequently, immune cells
are continuously activated and migrate towards the tumor
site, further promoting systemic cellular immunity against
tumor cells [20]. PTX is an ideal inducer of ICD [21]; however,
its single application has limitations. Combining natural
compounds with conventional chemotherapeutic agents in
a synergistic or additive manner effectively enhances the
antitumor effect [22-25]. Alantolactone (A), a sesquiterpene
lactone extract [26,27], induces apoptosis through intrinsic
pathways involving p-NF-kB p65, cleaved caspase-3, and
p-STAT3 signaling pathways [28,29]. Signal transducer
and activator of transcription 3 (STAT3) is an important
oncogenic factor closely associated with cancer development,
progression, and immune evasion mechanisms [30]. Some
studies have demonstrated that blocking STAT3 signaling
increases the expression and secretion of CRT, HMGBI,
and heat shock protein 70 (HSP70) when co-treated with
adriamycin [31]. Mechanistic investigations have shown that
targeted inhibition of STAT3 can induce ICD in liver cancer
cells through glycolysis pathways [32]. Additionally, STAT3
inhibition leads to decreased expression of Bcl-2 along with
increased expression of activated caspase-3 and Bax proteins
resulting in mitochondrial-dependent apoptosis [33-35].
Therefore, targeting STAT3 is considered as an adjunctive
therapy to cancer chemotherapy.

However, drug monomers have significant limitations in
the treatment process, such as excessive dosage and poor
targeting. Therefore, specific delivery systems are required
to achieve precise drug delivery [36-39]. In this study, we
synthesized an amphiphilic polymer HA-PTX by covalently
coupling hyaluronic acid (HA) with PTX. Polymer-drug
conjugates can enhance both drug solubility and targeting
capabilities [40], achieved through the covalent bonding
of the hydrophilic group HA to the hydrophobic drug PTX.
HA is a naturally negatively charged polysaccharide with
high hydrophilicity that exhibits strong affinity for the CD44
receptor, which is highly expressed on tumor cell surfaces
[41]. Polymer-drug conjugates based on HA can enter tumor
cells via endocytosis by specifically targeting the CD44
receptor, thereby increasing accumulation of the linked
drug within target cells [42]. Self-assembly technology has
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Fig. 1 - Design and application of AQHAP NPs in cancer
therapy. (A) Schematic representation of AGHAP NPs. (B)
Mechanism of action for AQHAP NPs: Upon administration,
A@HAP NPs circulate and accumulate within the tumor site.
P induces ICD effects, while A modulates the STAT3
signaling pathway at the tumor microenvironment, leading
to a robust anti-tumor immune response and synergistic
induction of apoptosis.

rapidly advanced in recent decades and offers improved
drug availability, prolonged circulation time, and potential
for multi-drug synergistic therapy [43-45]. Building upon
these advancements, we designed targeted nanomedicine
(A@HAP NPs) to co-deliver alantolactone (A) and paclitaxel (P),
aiming to induce ICD for synergistic chemoimmunotherapy
(Fig. 1). In this system, HA-modified PTX conjugates formed
stable nanostructures through polymerized self-assembly
and were loaded with alantolactone for targeted co-
delivery of PTX and A to tumor sites following intravenous
injection. Upon entering systemic circulation, nanoparticles
exhibited enhanced permeability and retention effects while
accumulating within CRC microenvironments characterized
by high CD44 expression levels. The HA-PTX conjugates
would undergo fracture and subsequent release of A and
P upon entry into the acidic tumor microenvironment,
thereby inducing cell apoptosis and improving the
immunosuppressive microenvironment of the tumor by
directly disrupting the p-STAT3 pathway. In a mouse model
with CT26 cells, AQHAP NPs demonstrated excellent safety
profiles and effectively suppressed tumor growth through
enhanced chemotherapy-associated immunotherapy. This
study provides valuable insights into the potential combined
application of traditional Chinese medicine monomers
and strategies for modulating the immunosuppressive
microenvironment from “cool” to “hot” in CRC.

2. Materials and methods
2.1. Materials
HA was purchased from AVT (Shanghai) Pharmaceutical

Tech Co., Ltd. PTX, nile red (NR) were obtained from
Aladdin (Shanghai) Biochemical Technology Co., Ltd.

Alantolactone (A) was purchased from Reflex (Chengdu)
Biotechnology Co., Ltd. N,N’-carbonyl diimidazole, N,N-
dimethylformamide and gelatin were purchased from
Maclean Biochemical Technology Co., Ltd. (Shanghai, China).
Methylthiazolyldiphenyl-tetrazolium bromide (MTT) was
purchased from Beyotime Biotechnology Co., Ltd. Primary
antibodies to p-STAT3 (9145S), Bax (2772S), Bcl-2 (3498S)
were purchased from Cell Signaling Technology Inc. (Denver,
CO, USA). Primary antibodies to STAT3 (17654052) was
purchased from Wuhan Boster Biological Technology.,Ltd.
Primary antibodies to tubulin (7011) was obtained from
Affinity Biosciences (Pottstown, PA, USA). Primary antibodies
to Calreticulin (CRT, 27298-1-AP) and High mobility
group protein 1 (HMGB1,10829-1-AP) were obtained from
Proteintech Group Inc. (Wuhan, China). All flow antibodies
were purchased from Biolegend, Inc. 1,1-Dioctadecyl-
3,3,3/,3-tetramethylindotricarbocyanine iodide (DiR) was
bought from Dalian Meilun Biotechnology Co., Ltd. (Dalian,
China). Cell culture insert and plates were purchased from
NEST Biotechnology (Wuxi, China). The Mouse HMGB-
1(Highmobility group protein B1) ELISA Kit (E-EL-MO0676) was
purchased from Wuhan ElLerite Biotechnology Co., LTD. The
diagram was drawn with Figdraw. All other chemicals and
reagents were of analytical grade.

2.2. Cell lines and animals

CT26 and human umbilical vein endothelial cells (HUVEC)
were obtained from the Fenghbio Co., Ltd (Hunan, China). CT26
and HUVEC cells were cultured in DMEM high glucose media.
All media were supplemented with 10% FBS (BDO, USA),
50 units/ml streptomycin, and 100 units/ml penicillin. Cells
were all cultured at 37 °C in a humidified atmosphere with
5% CO,.Female BALB/c mice (18-20 g) were purchased from
Experimental Animal Center of Wenzhou Medical University.
All animals were fed under a specific pathogen-free condition
and housed in a barrier facility. All animal studies were
carried out in accordance with the Guidelines for Animal
Experimentation of Wenzhou Medical University, and the
Animal Ethics Committee of the institution approved the
protocol.

2.3.  Synthesis and characterization of HA-PTX conjugates

HA-PTX was synthesized according to a reported method [46].
In brief, 53.26 mg HA and 69.36 mg CDI were dissolved in
DMF for 0.5-h agitation to activate the carboxyl groups of
HA. Then, the resulted solution was reacted with 20.00 mg
PTX and 51.50 mg DMAP dissolved in DMF for 24 h at
room temperature. The HA-PTX conjugates were obtained by
lyophilization after dialysis of the reaction mixtures against
DMF and deionized water, and stored at 4 °C for further
use. The structure of the prepared HA-PTX conjugates was
confirmed by using a 400 MHz NMR spectrometer (Quantum-
Iplus, Zhongke-Niujin) equipped with an STM fully automatic
tuning probe. The solvent used here was D,0, and the
proton nuclear magnetic resonance ('H NMR) spectra were
acquired under the following conditions: at 298 K, with 64 K
data points, 4 dummy scans, a relaxation delay of 6 s, 64 scans,
an acquisition time of 3 s per scan, a spectral width of 8012 Hz,
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and a one-dimensional presat pulse sequence. In addition,
the structure was also verified by Fourier Transform Infrared
(FTIR) (iS10, Nicolet).

2.4. Preparation of AQHAP NPs

A@HAP NPs were prepared by a coacervation method. Briefly,
the gelatin solution was fully swollen at 45 °C, and then
the pH was adjusted to 7.0 with 1 mol/l sodium hydroxide
solution. A certain amount of HA-PTX was weighed and
dissolved in gelatin solution, then the alantolactone was
added under 600 r/min magnetic stirring, and immediately
sonicated on ice with an ultrasonic homogenizer (Xinzhi
JY92, Ningbo, China). After a few minutes of ultrasound, 80%
ethanol solution (coagulant) was slowly added, and then 100
pl glutaraldehyde (cross-linking agent) was added drop by
drop for crosslinking and curing for 5 min. Then slowly add
250 pl of 15 mg/ml glycine solution to neutralize excess
glyoxal. The sample was dialyzed against double distilled
water to remove unloaded drug and other chemicals. Finally,
the A@HAP NPs were obtained by lyophilization. When NR or
DiR was used as a probe, the nanoparticles were prepared by
replacing alantolactone with NR or DiR.

2.5.  Characterization of AQHAP NPs

The size distribution and zeta potential of A@QHAP NPs were
determined by NanoZetasizer (Zetasizer Nano, Malvern, UK).
The morphology of NPs was visualized by transmission
electron microscope (TEM) (JEM 1200EX, JEOL, Japan).

The nanoparticle powder was firstly dispersed in
methanol, which was then sonicated for 10 min to dissolve
the loaded A in NPs. The amount of A was further measured
with high-performance liquid chromatography (HPLC) .The
drug encapsulation efficiency (EE) and drug load (DL) was
calculated according to the following equations:

EE(%) = Weight of drug in NPs/Weight of added drug x 100%
DL(%) = Weight of drug in NPs/Weight of NPs x 100%

The in vitro release was performed by a dialysis bag method,
and the released A was quantified by above mentioned HPLC
method. Briefly, 2 ml AQHAP NPs was placed into a dialysis
bag (MWCF= 13 KDa) and sink into 10 mL of release medium
(pH 5.5 or 7.4 PBS containing 0.1% SDS). At predetermined
timepoints, the samples were collected from the medium,
and same volume of fresh medium was added. The released
A was quantified by the HPLC method. The release profiles
of PTX from A@HAP NPs or HA-PTX were investigated by
incubating A@HAP NPs or HA-PTX in plasma and tumor tissue
homogenate. After pre-determined time, the P was extracted
using methanol and quantified by a HPLC method [47,48].

The biosafety of NPs was estimated by hemolysis test.
First, fresh blood cells were collected from mice and washed
until the supernatant was free of red color, and then the
erythrocytes were diluted to 2% (v/v) for use. The erythrocyte
suspension was mixed with an equal volume of NP solution
and incubated in a water bath shaker at 37 °C for 24 h. 0.09%
NaCl solution was used as positive control, 0.9% NaCl solution
(saline) and 5% glucose solution (isotonic solution) were used

as negative control. The extent of cell lysis was quantified by
measuring with ultraviolet spectrophotometer at 570 nm.

2.6. MTT assay

The synergistic effect of PTX and alantolactone was evaluated
in CT26 cells to optimize the P/A drug ratio by MTT [49].
Briefly, CT26 cells were seeded in a 96-well plate and allowed
to grow for 12 h for adhesion. PTX, A and P&A (P/A ratio
ranging from 0.5 to 2) were incubated with the cells for 48 h.
Afterward, 10 pl MTT reagent (5 mg/ml) was added to each
well and incubated for 4 h, and then 150 pl DMSO was added
to dissolve the resultant formazan. The absorbance at 490 nm
was measured using a microplate reader (Infinite M200 pro,
TECAN, Switzerland). The combination index (CI) of PTX and
alantolactone was calculated as follows:

CI =Dp/Dp.x+Da/Dax

where Dp and Dp are the concentrations for PTX or
alantolactone after combination that inhibits x% of cell
growth, and Dpx and Da x are the concentrations for a single
drug alone that inhibits x% of cell growth. CI values greater
than 1 or less than 1 demonstrate antagonism or synergism
of drug combinations, respectively.

The in vitro anti-cancer effect of prodrug HA-PTX and drug-
loaded NPs was also assessed by MTT assay. Briefly, CT26 cells
were seeded into a 96-well plate. After 12-h culture, the cells
were treated with HA-PTX or NPs at different concentrations
(0.01-20 pM) in an incubator for 48 h. The rest of the procedure
was as same as that described above. The IC50 value was
calculated using GraphPad Prism 8.0.2.

2.7.  Invitro cellular uptake assay

NR was selected as a probe to investigate CD44-mediated
targeted delivery of HA-PTX. CT26 cells (5 x 10%) were seeded
in a 12-well plate and precultured with 10 mg/ml of HA or PBS
in advance. Then, the same concentration of free NR and NR-
loaded nanoparticles were added to the culture medium and
incubated at 37 °C for 4 h. The uptake was stopped by washing
the cells thrice with cold PBS.

In experiments for investigating endocytosis pathways
involved in nanoparticle uptake, CT26 cells (5 x 10%) were
first seeded in 12-well plates and cultured for 12 h, then pre-
cultured with 1 pg/ml of chlorpromazine (CPZ), 50 pg/ml of
nystatin (NS) and 14 pg/ml of amiloride for 1 h, respectively.
Then, the same concentration of NR-loaded nanoparticles
was added to the medium and incubated for 4 h at 37 °C.
Cells were washed 3 times with cold PBS to stop uptake.
Samples were observed with a Leica fluorescence microscope
(DM2500, Lycra, Germany). The average fluorescence intensity
was quantified using Image J software.

2.8.  Clonogenic assay

CT26 cells were seeded into 6-well plates (500 cells/ well)
and incubated for 12 h. The cells were treated with different
drugs for 24 h, then fresh medium was added into each
well to replace the previous medium and incubated for
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one week. After fixation with 4% paraformaldehyde (PFA),
the colorectalies were washed twice with PBS. And then
stained with Gimsa for 20 min at room temperature and
photographed. After imaging, a lysis buffer was used to
dissolve the stains, and the absorbance at 630 nm was
measured for quantitative analysis. Each experiment was
done in triplicates.

2.9. Chamber migration assay

After pretreatment, CT26 cell suspension was added to the
transwell chambers coated with matrix gel and incubated in
a controlled environment for 24 h. Following incubation, the
residual liquid in the chambers was carefully washed and
fixed using a 4% PFA solution, followed by staining with crystal
violet solution. Quantification of results was performed using
Image ] software.

2.10. Western blot

CT26 cells were seeded in 6-well plates and incubated with
a designated concentration of drugs for 24 h. The cells were
washed and harvested using cell protein lysate buffer, and
total protein was determined by a BCA assay kit (Beyotime,
China). The proteins were then run on 10% sodium dodecyl
sulfate-polyacrylamide gel (SDS-PAGE) and transferred onto a
polyvinylidene fluoride (PVDF) membrane. After blocked with
5% skim milk, the membrane was incubated with primary
antibodies as indicated for 12 h at 4 °C. Following washing
three time, the relevant secondary antibodies were used to
incubate the membranes, and the detection using enhanced
chemiluminescence (ECL) solution was performed.

2.11. CRT exposure and HMGB1 expression

Level of CRT and HMGB1 was assessed by
immunofluorescence. CT26 cells were seeded as described
in apoptosis assay and added with PTX, A, HA-PTX, P&A or
A@HAP NPs (PTX 5 pM) for 24 h. After incubation, cells were
fixed by 0.25% PFA for 1 h. Following 2 h blocked, the cells
were exposed to primary antibodies at 4 °C for 24 h, and then
immersed in secondary antibodies at 37 °C for 1 h in the dark.
Finally, the cells were dyed with DAPI before confocal imaging
by fluorescence microscopy (Olympus IX53, Japan).

Adherent cells were gently washed with cold PBS, then
digested with trypsin and centrifuged at 1000 x g for 5 min
before collection of cells. The collected cells were washed
three times with cold PBS. The cells were resuspended
by adding 150 to 200 pl PBS per 10° cells and disrupted
by repeated freeze-thaw or sonication. The extract was
centrifuged at 1,500 x g for 10 min at 2-8 °C, and
the supernatant was used for detection according to the
instructions of the Mouse HMGB-1 (High Mobility Group
Protein B1) ELISA Kit.

2.12. Biodistribution of DIR@HAP NPs in mice
CT26 cells in 100 pl PBS were injected into the back of

female BALB/c mouse (10° cells/mouse). After 7 d, the CT26
tumor-bearing mice were ready for biodistribution assay. Near

IR (NIR) fluorescent dye DiR was used to label A@HAP NPs
(DiR@HAP NPs), and free DiR was used as a control. Free Dir
and Dir-labeled NPs were injected intravenously with a DiR
dose of 2 mg/kg. The mice were imaged at predetermined
time intervals by an in vivo imaging system (Flex, Maestro).
After 12 h, the mice were killed, and tumors and other
organs (heart, liver, spleen, lung, kidney) were collected
for further imaging by the imaging system. Quantitative
analysis for each image was performed by the matched
software.

2.13. In vivo cancer therapy

The CT26 tumor model was constructed as described above.
When the tumor size reached approximately 100 cm?, the
mice were randomly divided into six groups (n = 5): saline,
PTX, HA-PTX, P&A and A@HAP NPs. Each formulation was
intravenously injected with a dose of 2 mg/kg on Day 0, 2, 4,
6 and 8. The weight and tumor volume [(Length x Width?)/2]
were recorded every 2 d throughout the procedure. After 14
d, all mice were sacrificed to collect whole blood, tumors
and other major organs (heart, liver, spleen, lung, kidney)
for further assessment. The tumors were photographed to
record the size and gross appearance. The blood samples were
used to determine the levels of aspartate transaminase (AST,
also known as glutamate-oxaloacetate transaminase), alanine
transaminase (ALT, also known as glutamate- pyruvate
transaminase), blood urea nitrogen (BUN), and creatinine by
serum biochemical analysis. The organs were fixed by 4%
PFA, and embedded in paraffin for preparation of sections
for subsequent use in hematoxylin and eosin (H&E) staining
experiments. Additionally, tumor sections were used for
terminal deoxynucleotidyl transferase dUTP nick end labeling
(TUNEL) analysis, and Ki-67 were also monitored to evaluate
the anticancer effect of A@QHAP NPs.

2.14. Tumor recurrence prevention

To assess the prevention of tumor recurrence by A@HAP NPs,
the mice were inoculated with tumors on the left side and
treated with A@HAP NPs or saline, respectively. After 14 d of
treatment, the first tumor was reduced in size or surgically
removed. After a further 10 d, a second tumor was inoculated
on the right side of the mice. The size of the second tumor
was recorded every other day from Day 7 onwards, and after 7
d the mice were euthanized and whole blood was collected to
extract and analyze immune memory cells.

2.15. Flow cytometry analysis

Mice in each group were euthanized, and the peripheral blood
and tumors were collected. Tumor tissues were treated with
collagenase A (1 mg/ml) and DNase (25 pg/ml), placed at
37 °C for about 30 min, and then ground and centrifuged
to obtain a single cell suspension of tumor immune cells.
Peripheral blood was treated with red cell lysate to obtain a
single-cell suspension. Thereafter, cells were stained with the
fluorescent antibodies (Table S1 in supplymentary material)
according to the instruction manual and assessed with the
BECKMAN flow cytometer sorter.
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2.16. Statistical analysis

All the results were analyzed and plotted using GraphPad
Prism 8.0.2. Statistical analysis was evaluated by Student’s
t-test or one-way analysis of variance (ANOVA). Data are
presented as means + SD (n > 3). Statistically significant
differences compared to the indicated group were defined as
*P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001.

3. Results and discussion
3.1. Synthesis and characterization of HA-PTX conjugates

HA possesses a variety of reactive groups that can be modified
to enhance the solubility of insoluble drugs. In this study, we
synthesized an amphiphilic polymer HA-PTX by covalently
coupling HA with PTX through an esterification reaction (Fig.
S1A). The grafting of PTX onto HA was achieved via ester
bond formation between PTX-carboxyl and HA-hydroxyl in
the presence of catalyst CDI/DMAP and DMF. The chemical
structures of the resulting HA-PTX conjugates were confirmed
by 'H NMR and FT-IR. The *H NMR spectra (Fig. S1B) showed
characteristic peaks at 4.43 (-OCHGC,), 4.52 ppm (-OCHGC,), and
1.98 ppm (COCHs) for HA, as well as peaks at 7-9 ppm (Ar-
H) and 6.5-6.9 ppm (-CHO-) for PTX, indicating successful
synthesis of HA-PTX conjugate. The molar grafting rate of
PTX in HA-PTX was determined to be 19.26% based on the
peak area analysis from the TH NMR spectrum. FTIR spectra
revealed peaks at 1646 cm™ (-CONH-) and 2924 cm? (-CHs)
corresponding to HA, while additional peaks associated with
PTX were observed at 709 cm™ (-CH) and 1710 cm™ (-CO-
) in the spectra of HA-PTX, confirming the formation of
conjugated product (Fig. S2). Notably, the peak at 1710 cm™!
(-CO-) is indicative of C=0 group present in newly formed
ester bond, whereas the peak at 709 cm™ (-CH) represents C=C
stretching vibration originating from benzene ring within PTX.
These results confirmed the successful synthesis of HA-PTX.

3.2 Preparation and characterization of a@hap NPs

Herein, we are aiming to develop efficient nanoparticles
(A@HAP NPs) for the synergistic amplification of ICD
production and immune responses at tumor sites. To optimize
the drug ratio, we evaluated the synergistic cytotoxic ability of
PTX and alantolactone using MTT assay. As depicted in Fig. S3,
CT26 cells were treated with separate drugs as well as three
different ratios of P to A (ranging from 1:0.5 to 1:2). A exhibited
a concentration-dependent increase in its antitumor effect
when combined with PTX. The synergistic effect between P
and A was further confirmed by analyzing their CI values (Fig.
S3D). CI values for both 1:0.5 and 1:1 formulations were less
than 0.9, indicating a strong synergistic effect. Considering the
minimal difference in CI values among different ratios and
the requirement for high encapsulation rate of nanoparticles,
we selected P/A nanoparticles with a molar ratio of 1:0.5 for
subsequent characterization and biological evaluation.

The preparation scheme of A@HAP NPs is depicted
in Fig. 1A, which were prepared using gelatin through
an improved single coalescence method. Dynamic light

scattering (DLS) analysis revealed that the average particle
size of the A@HAP NPs was 197.6 + 3.4 nm (Fig. 2A).
Moreover, A@QHAP NPs in aqueous solution exhibited a narrow
size distribution with a low PDI value of about 0.2. TEM
images confirmed that the structure of the A@HAP NPs
exhibited a uniformly distributed spherical shape with an
approximate diameter of 160 nm (Fig. 2B). Colloidal stability
analysis demonstrated that the AQHAP NPs remained stable
at room temperature, showing negligible changes in particle
size and PDI over time (Fig. 2C). The surface potential of
A@HAP NPs was mildly negatively charged (-7.93 &+ 0.17 mV),
which should be attributed to the nature of HA. We
evaluated the biocompatibility of AQHAP nanoparticles using
a hemolysis assay. Compared to the negative control, AQHAP
NPs demonstrated a similar level of hemolysis as observed
with saline and 5% glucose solutions. These results indicate
that AQHAP NPs possess favorable biocompatibility and safety
profiles, making them suitable for intravenous administration
(Fig. 2D&2E).

The encapsulation rates of A in nanoparticles were
78.18%+1.03%, and the average drug-loading reached
2.99%+0.23%. Successful drug encapsulation provides a
solid foundation for subsequent disease treatment strategies.
We further investigated the release of HA-PTX conjugate in
different media (Fig. S4). The presence of various enzymes in
plasma and the unique physiological environment of tumor
tissues may influence the stability of HA-PTX conjugate.
After 12 h, 25% of PTX in HA-PTX disintegrated in the tumor
microenvironment, significantly more than that in blood. This
difference increased at 24 h, suggesting unique physiological
environment of tumor tissues could facilitate PTX release.
Our data revealed significant differences between hydrolysis
rates of HA-PTX in plasma compared to those in tumor
homogenate, providing evidence for specific PTX release
from HA-PTX conjugate at the tumor microenvironment.
Furthermore, we also examined the in vitro drug release
behavior of A@HAP NPs nanoparticles at pH 7.4 and pH 5.5
PBS containing 0.1% SDS. As shown in Fig. 2F, compared to the
free drug, the release of A from nanoparticles exhibited a more
pronounced sustained release phenomenon. The release rate
and extent of A from A@HAP NPs in pH 5.5 medium were
significantly higher than that in pH 7.4 medium. It was
indicated that the drug release from nanoparticles in tumor
cells was faster than that in circulation, beneficial for the
drug accumulation in tumors. This phenomenon might be
due to the nanoparticle structure was more easily collapsed
in acid condition/tumor cells, evidenced by the facilitated
degradation of HA-PTX in tumor homogenate (Fig. S4).

3.3.  The cellular uptake pathways of AQHAP NPs

The elevated levels of CD44 have been associated with various
malignant tumors, including colorectal and gastric cancer
[50]. Due to the strong affinity between HA and the CD44
receptor, HA-based polymer-drug conjugates can exploit the
endocytic pathway of CD44 receptors to enter tumor cells,
thereby enhancing drug accumulation in these cells. To
visualize the intracellular behavior of nanoparticles, NR was
selected as a fluorescent probe for monitoring the uptake
process of NR@HAP NPs using fluorescence microscopy. As
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shown in Fig. 3A, NR@HAP NPs exhibited significantly higher
cellular uptake efficiency in CT26 cells. Moreover, normalized
quantitative analysis confirmed that NR@HAP NPs enhanced
uptake compared to free NR solution. In order to elucidate
the impact of high expression of CD44 receptor on tumor
cell uptake of HA-modified nanoparticles, CT26 cells were
pre-treated with excess free HA. After treating the cells with
a specific concentration of NPs for 4 h, both representative
confocal images and quantitative results demonstrated that
fluorescence intensity was significantly reduced in HA-treated
cells compared to untreated ones (Fig. 3C). Concurrently, we
conducted a quantitative analysis of cellular uptake using
flow cytometry, which corroborated the qualitative findings
(Fig. 3E). These findings confirm that the CD44-mediated
endocytic pathway driven by CD44-HA affinity plays a crucial
role in facilitating uptake of NR@HAP NPs.

To further enhance the potential cellular uptake pathways,
CT26 cells were treated with multiple chemical inhibitors to
investigate the uptake pathways of NR@HAP nanoparticles.
The process of plasma membrane vesicle formation and
their subsequent movement into the cytoplasm is referred
to as cytokinesis [51]. The inhibition of clathrin-mediated
uptake was assessed using the cationic amphiphilic drug CPZ,
which induces lectin accumulation in late endosomes and
consequently inhibits coated pit endocytosis [52]. As depicted
in Fig. 3B&3D, no significant alteration in cell fluorescence
intensity was observed following CPZ treatment compared
to the control, suggesting that clathrin-induced endocytosis
may not be involved in the internalization of A@HAP NPs.
Caveolae-dependent endocytosis is also a prevalent cellular
entry pathway known to bypass lysosomal degradation,
thereby facilitating enhanced target concentrations and

improved therapeutic efficacy [53]. NS, a cholesterol-binding
agent that disrupts cholesterol synthesis and selectively
impairs caveolae formation [54], led to a 40% reduction in
A@HAP NP uptake by cells relative to the control. Amiloride
hydrochloride (AH), a specific inhibitor for macropinocytosis
[51], resulted in a 30% decrease in A@HAP NP uptake by
CT26 cells. The cell uptake assay also repeated through flow
cytometry to perform for quantitative comparison. As shown
in Fig. 3F, the uptake rate of A@QHAP NP reached only 31.2%
and 20.4% after treat with NS and AH, which was consistent
with the immunofluorescence results. Collectively, these
findings suggest potential involvement of micropinocytosis
and caveolae-mediated endocytosis pathways during A@HAP
NP internalization.

3.4. In vitro anti-tumor efficacy

The potential in vitro therapeutic efficacy of AQHAP NPs was
investigated using the MTT assay. The results demonstrated
a dose-dependent reduction trend of A@HAP NPs and
significantly enhanced killing effect on CT26 murine CRC
cells compared to the use of the prodrug HA-PTX alone
(Fig. S5A). Moreover, high concentrations of A@HAP NPs
exhibited stronger cytotoxic effects on CT26 cells than free
PTX, which could be attributed to the synergistic effect
of alantolactone and PTX as well as the enhanced uptake
(Fig. 3). In contrast, while HA-PTX specifically bound to
CD44 on the surface of cancer cells, AQHAP NPs did
not exhibit any detrimental effects on normal HUVEC
cells at equivalent concentrations (Fig. S5B). Furthermore,
we investigated the anti-proliferative and anti-metastatic
abilities of A@HAP NPs through clonogenic assays and
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invasion assays, respectively. Photographic documentation
revealed a significant reduction in crystalline violet-stained
plaques after drug treatment (Fig. 4A). Both P&A and A@HAP
NPs exerted notable anti-proliferative effects on CT26 cells,
which were further confirmed through quantitative analysis
(Fig. 4D). The enhanced anti-proliferative effect observed for
A@HAP NPs may be attributed to HA-mediated enhanced
uptake. The invasion assay demonstrated that AQHAP NPs
significantly inhibited cell migration compared to both single-
drug and free double-drug groups, indicating the superior
anti-metastatic properties (Fig. 4B&4C). In summary, our
findings provide evidence for the synergistic effect between
PTX and alantolactone as well as the targeting capability
mediated by HA resulting in significantly enhanced inhibition
of proliferation and migration. Collectively, these results
highlight the promising anticancer potential exhibited by
A@HAP NPs including their enhanced cell killing ability along
with anti-proliferative and anti-metastatic properties.
Subsequently, the anticancer mechanisms of A@QHAP NPs
were assessed following a 24 h incubation with CT26 cells.
The transcription factor STAT3 is known to play a crucial
role in cell survival and proliferation [S5]. We evaluated
the alterations in the pSTAT3 signaling pathway as well
as the levels of apoptosis-related proteins, including Bax
(pro-apoptotic protein) and Bcl-2 (anti-apoptotic protein)

(Fig. 4E). Our results demonstrated a significant increase in Bax
expression level and a notable decrease in Bcl-2 expression
level upon treatment with A@QHAP NPs. We further performed
the quantitative analysis and calculated the Bax/Bcl-2 ratio to
indicate the apoptosis state.

As shown in Fig. S6, the combination of P and A resulted
in significant increased Bax/Bcl-2 ratio, indicating the potent
effect for inducing apoptosis, which was consistent with our
above results. A@QHAP NPs showed the strongest effect to
inducing apoptosis, which might be due to the synergistic
effect of P and A as well as the enhanced uptake. The
antitumor activities of alantolactone arise from its ability
to suppress STAT3 activation, thereby inhibiting clonogenic
formation, invasion, and metastasis of cancer cells [56]. We
hypothesized that A could effectively enhance the sensitivity
of PTX towards anticancer effects by alleviating chemotherapy
resistance associated with STAT3 activation through the
pentose phosphate pathway [57]. Our data indicated that
individual drug treatments did not significantly affect total
STAT3 expression; however, when combined with A, there
was a more pronounced reduction in phosphorylated STAT3
levels. Furthermore, AQHAP NPs induced significantly higher
apoptotic signaling by downregulating phosphorylated STAT3
expression, consequently promoting apoptosis and exerting
an antiproliferative effect on CT26 cells (Fig. 4E).
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Over-activation of STAT3 can lead to tumor development
and immune evasion [32]. Therefore, inhibiting STAT3 may
result in enhanced anticancer efficacy as well as ICD. ICD
is characterized by CRT expression on the membranes of
deceased tumor cells, providing an “eat-me” signal for DC
uptake. Increased exposure of CRT on cell membranes and
secretion of HMGB1 are general features associated with ICD
[58].In this study, we evaluated the immunogenicity of A@QHAP
NPs in inducing ICD based on CRT exposure and HMGB1
release using fluorescence microscopy. As shown in Fig. 5,
both CRT exposure and HMGB1 release were insignificant in
the untreated group. Compared to the two single-drug groups,
treatment with A@QHAP NPs induced greater CRT exposure and
HMGB1 release from cell nuclei into the cytoplasm, effectively
promoting antigen-presenting cell maturation. To further
demonstrate the effect of A@QHAP inducing ICD, we tested CRT
exposure using flow cytometry. As shown in Fig. S5E, P or A
increased CRT exposure, evidenced by the decreased the CRT-
cell number, and the combination of them further boosted this
effect. AQHAP presented the most potent effect on facilitating
CRT exposure, with only about 10% CRT- cells, which was
beneficial for enhancing antigen-presenting cell maturation
and following immune activation. In addition, we also verified
the HMGB1 secretion by ELISA assay (Fig. 5F). AQHAP NPs
significantly increased HMGB1 secretion compared to other
groups, demonstrating its potent effect inducing ICD. These

findings collectively demonstrated that AQHAP NPs possess
potential as an inducer of ICD, highlighting their ability to
activate tumor immunity.

3.5.  Invivo accumulation and antitumor activity of
A@HAP NPs

Before testing the in vivo antitumor effect of A@QHAP NPs, we
firstly investigated the accumulation of AQHAP NPs in tumors.
The fluorescent probe DiR was selected to label nanoparticles
for investigating their distribution in CT26 tumor-bearing
mice (Fig. S7). It was observed that the DIR@HAP NPs exhibited
a more pronounced and sustained light intensity signal in
the tumor compared to the free DiR group (Fig. S7A), which
can be attributed to both the enhanced permeability and
retention effect and the targeted delivery facilitated by CD44-
HA interaction. Subsequently, the tumor tissue was collected
and imaged after 12 h. The results demonstrated that the
fluorescence signal of DiR@HAP NPs in tumors was much
higher than that in DiR-treated group (Fig. S7B). At the end of
our experiment, we collected and analyzed both tumor tissue
and vital organs. As shown in Fig. S7C, there was a higher
accumulation of DIR@HAP NPs at the tumor site compared
to free DiR. It’s worth noting that a considerable amount of
DiR@HAP NPs was also found in the liver due to its large size
and high blood flow rate through it. Therefore, we further
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assessed any potential liver toxicity caused by A@HAP NPs
using HE staining and blood biochemical analysis (Fig. S8&S9),
but no significant damage was observed.

Subsequently, the in vivo anticancer effect of A@HAP
NPs was assessed using CT26 tumor-bearing mice (Fig. 6).
Following a 7-d growth period after inoculation, the tumor-
bearing mice were randomly divided into five groups: (i)
saline (control group), (ii) free PTX, (iii) HA-PTX, (iv) P&A
mixture and (v) AQHAP NPs. Each group received intravenous
injections of the corresponding agents at a dose of 2 mg/kg
PTX, administered five times during the treatment cycle
(Fig. 6A). The tumor volume in the control group increased
over time during the experimental period, as presented
in Fig. 6B. All treatment groups exhibited varying degrees
of inhibitory effects on tumor growth compared to the
control group. Notably, A@HAP demonstrated the most
potent inhibitory effect on tumor growth, with a tumor
volume even smaller than that observed on Day 0. Upon
completion of the treatment course, mice were euthanatized,
and tumors were excised and measured accordingly (Fig. 6C).
The results indicated that P&A combination therapy exhibited
superior anti-cancer efficacy compared to single drug
administration alone, thus confirming enhanced ability
for synergistic therapy to induce tumor regression. Notably,
treatment with A@QHAP NPs demonstrated optimal anti-tumor
efficacy among all experimental groups due to CD44-targeted
delivery facilitated by HA-mediated targeting mechanism
(Fig. 6D). Consequently, the combined enhancement in
targeting efficiency and synergistic therapeutic approach
resulted in potent anti-cancer effects exerted by AQHAP NPs
when evaluated in vivo.

The body weights were recorded every 2 d during the
treatment period to monitor the safety of the therapeutic
agents. As depicted in Fig. 6E, there was minimal change
in body weight throughout the treatment duration.
Subsequently, we assessed liver and kidney function
by measuring serum biochemical indices including ALT,
AST, BUN, and creatinine (ECRE) levels after treatment.
Notably, these four indices remained unchanged following
administration of A@HAP NPs, indicating no significant
hepatotoxicity or nephrotoxicity (Fig. S8). To evaluate potential
systemic toxicity on major organs such as heart, liver, spleen,
lung, and kidney in mice treated with A@HAP NPs, H&E
staining was performed. As shown in Fig. S9, no discernible
organ damage was observed across all experimental groups
treated with A@HAP NPs, confirming the absence of adverse
effects on normal tissues.

The synergistic anti-cancer effects of A@HAP NPs
were further evaluated in vivo through H&E staining and
immunohistochemical analysis (Fig. 7). The reduction and
damage to the number of nuclei are significant indicators
of successful tumor treatment. H&E staining of tumor
sections revealed that treatment with A@HAP NPs resulted
in a decrease in nuclei and extensive damage to the tumor
tissue. Immunohistochemical methods were employed to
assess Ki-67 exposure post-treatment (Fig. 7A&7B). Positive
staining demonstrated that AQHAP NPs exhibited the lowest
expression of Ki-67, inhibiting proliferation 1.7 times more
effectively compared to the control group. Similar trends
between groups were also observed using the TUNEL method
(Fig. 7A&7C). Notably, A@HAP NPs induced a significantly
higher rate of TUNEL-positive cells compared to other
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groups, indicating their potential for enhancing apoptosis.
These results align with our in vitro data and convincingly
demonstrate that A@QHAP NPs possess synergistic therapeutic
effects while maintaining good biological safety.

3.6. A@HAP NPs inducing enhanced immune reaction for
suppressing tumor

Considering the significant in vitro inducing ICD effect
of A@HAP NPs, we proceeded to collect tumor tissues
and employ flow cytometry to analyze the associated
immune cells to investigate the potential tumor suppressive
mechanism of chemoimmunotherapy with A@HAP NPs.
The ICD process primarily involved tumor cell apoptosis,

which subsequently triggered an adaptive immune response
characterized by activation and maturation of antigen-specific
T/B lymphocytes [59]. Therefore, we collected major immune
cells and stained them with corresponding fluorescently
labeled antibodies to assess their maturity levels (Fig. 8
and S10). Our findings demonstrated that combination
therapy with P&A effectively enhanced the generated ICD
effect compared to the monotherapy group, resulting in
stronger immune activation and promotion of DC maturation
(CD11c*CD86%). Quantitative analysis revealed a significantly
higher number of mature DCs in mice treated with A@QHAP
NPs compared to those treated with P&A alone, indicating a
more potent immunostimulatory effect (Fig. 8A). Additionally,
chemotherapy combined with immunotherapy significantly
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Fig. 8 - A@HAP NPs enhance antitumor immune responses. (A) Flow cytometric results and quantitative results of DCs in
mouse tumor tissues. (B) Flow cytometric results of CD8*/CD3+* T cells in peripheral blood of mice. (C) Flow cytometric and
quantitative results of CD4*IFN-y* T cells and (D) CD8*+IFN-y*T cells in tumor tissues. Data are expressed as mean + SD
(n = 3). **P < 0.01, ***P < 0.001, ****P < 0.0001, statistically significant differences between groups.

increased infiltration of CD8" T and CD4" T lymphocytes
within the tumor microenvironment (Fig. 8B). The frequencies
of CD8" (CD3"CD4~ CD8") T cells were notably elevated
following treatment with A@HAP NPs group, suggesting
persistent activation of T cells. It is worth noting that A@QHAP
NPs may achieve superior anti-tumor immune effects by
promoting effector T cell infiltration. IFN-y, a pleiotropic
cytokine mainly produced by Thil-type CD4%t T cells or
CD8* CTLs, has been reported as one of the most crucial
cytokines for exerting anti-tumor immunotherapeutic effects
[11]. Immunotherapy can enhance cellular immune responses
by increasing levels of IFN-y-secreting T lymphocytes. As
depicted in Fig. 8C, the intratumoral frequencies of Thil
(IFN-y* CD4% T) cells were higher in the A@HAP NP
group compared to the HA-PTX and P&A groups, indicating
enhanced cell-mediated antitumor immune responses. This
suggests that Thl cells may augment CD8* cytotoxic T cell
activity by secreting IFN-y, thereby enhancing the immune
response for effective tumor clearance. Furthermore, the
P&A group exhibited a slight increase in CTLs (IFN-y™*

CD8* T) cells compared to the saline group (Fig. 8D). It is
evident that A@HAP NPs induced increased DC activation,
leading to enhanced infiltration of Th1 cells and CTLs cells
at the tumor site compared to P&A treatment. However,
we acknowledge that there was no statistically significant
difference in CD8+ cell levels in peripheral blood between
the P&A and A@HAP NPs groups, possibly due to insufficient
local immune activation to induce a systemic immune
reaction. Notably, combination therapy with P and A did
result in an increased ratio of CD8+ cells in peripheral
blood, demonstrating enhanced therapeutic benefits. These
synergistic immunotherapeutic effects of AQHAP NP resulted
in significantly elevated numbers of interferon-y-secreting
CD4'T and CD8" T cells, highlighting their crucial role in
improving ICD immunotherapy efficacy.

3.7. Postsurgical recurrence efficacy and immune memory
To validate and assess the efficacy of A@HAP NPs in
preventing tumor recurrence, we depicted the construction
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Fig. 9 - Prevention of tumor recurrence. (A) Treatment protocol. (B) The volume of the second inoculated tumors. (C) Flow
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of a postoperative recurrence model and treatment protocols
in Fig. 9A. The A@HAP NPs group exhibited enhanced
antitumor recurrence efficacy following surgery, indicating
its superior systemic immune activation capacity (Fig. 9B).
To further elucidate the mechanism underlying systemic
immune induction, peripheral blood samples were collected
from mice, and flow cytometry analysis was performed to
evaluate the levels of memory T cells (Fig. 9C). Memory
T cells can be categorized into two subpopulations based
on surface markers expression, namely central memory
cells (Tcy, CD447CD62LY) and effector memory cells (Tgy,
CD44+CD62L"), which differ in tissue tropism, proliferative
potential, and effector functions [60]. We quantified the
proportions of Tcy and Tgy cells in both treatment groups
(Fig. 9C) and observed significantly higher levels of Tgy CD4*
T cells in the AQHAP NP group compared to the control group
(P < 0.001) (Fig. 9D). As shown in Fig. 9E, this was consistent
with an increased infiltration of Tgy cells. Importantly, our
results demonstrate that synergistic immunotherapy utilizing
A@HAP NPs induces a robust memory T-cell response that
effectively prevents tumor recurrence and reinfection.

These nanoparticles demonstrated the ability to induce
antigen presentation and ICD, as evidenced by CRT
translocation and HMGB1 release. Treatment significantly
induced apoptosis in CT-26 cells by modulating the STAT3
signaling pathway and overcoming immunosuppression.
Post-intravenous injection, tumor accumulation of A@HAP
NPs were enhanced, with CD44-targeting strategy effectively
engaging tumor-infiltrating immune cells to stimulate
primary T lymphocyte response. This therapy resulted in DC
maturation, increased T-cell infiltration, bolstered adaptive
immunity, reshaped the tumor microenvironment, leading to
pronounced tumor suppression and apoptosis. The enhanced
antitumor efficacy of A@HAP NPs was achieved through
stimulation of cytotoxic T-cell conversion and activation
of systemic immune responses, representing a significant
advancement in targeted cancer therapy.
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