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In situ cancer vaccines represent an emerging strategy in cancer immunotherapy; however, the local immunosuppressive 

microenvironment within tumors limits their immune activation and therapeutic efficacy. The CXCL12/CXCR4 axis is a critical 

mediator of this immunosuppressive environment. In this study, siCXCR4 (S) was employed as an "immune adjuvant" and co-

delivered with hydroxycamptothecin (HCPT) to construct an in situ cancer nanovaccine (HCPT/S@CaP/HA) aimed at 

synergistically inhibiting the growth, recurrence, and metastasis of triple-negative breast cancer (TNBC). HCPT/S@CaP/HA 

actively targeted orthotopic TNBC cells and cancer-associated fibroblasts (CAFs), inducing immunogenic cell death of TNBC 

cells and promoting dendritic cell (DC) maturation. Concurrently, HCPT/S@CaP/HA reduced CXCL12 secretion by CAFs and 

silenced CXCR4 expression in TNBC tissues, thereby bidirectionally blocking the CXCL12/CXCR4 axis. This dual action 

synergistically reversed the immunosuppressive microenvironment, enhanced infiltration and activity of cytotoxic T 

lymphocytes in TNBC tissues, and inhibited tumor growth. Furthermore, HCPT/S@CaP/HA prevented TNBC recurrence by 

increasing memory T lymphocyte populations in mouse spleen tissue and suppressed spontaneous lung metastasis by enhancing 

tumor antigen presentation and activating TNBC-specific immune responses. Overall, HCPT/S@CaP/HA shows potential as 

an effective in situ nanovaccine for TNBC immunotherapy. 
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Introduction 

Triple-negative breast cancer (TNBC) is a highly 

heterogeneous subtype of breast cancer, characterized by 

the absence of estrogen receptor, progesterone receptor, 

and human epidermal growth factor receptor 2 

expression. TNBC is the most aggressive and invasive 

form of breast cancer, predominantly affecting young 

women, with a propensity for early metastasis, high 

recurrence rates, and poor prognosis [1]. Although 

TNBC accounts for approximately 20% of breast cancer 

cases, it contributes to 83% of breast cancer-related 

mortality, making it the deadliest subtype [2]. 

Recently, cancer immunotherapy has offered new 

therapeutic avenues for TNBC by enhancing patients’ 

own immune responses, which are rapid and generally 

well-tolerated [3]. Immune checkpoint inhibitors 

targeting programmed death-1/programmed cell death 

ligand 1 (PD-1/PD-L1) have been FDA-approved for 

TNBC treatment, restoring cytotoxic T lymphocyte 

(CTL) activity against tumor cells [4]. However, only 

10–30% of patients respond clinically, a phenomenon 

associated not only with individual variability in PD-L1 

expression but also with the immunosuppressive tumor 

microenvironment of TNBC [5–8]. 

In situ cancer vaccines leverage patients’ own tumor cells 

as antigens to elicit cancer-specific immune responses, 

providing a personalized immunotherapy strategy. Yet, 

conventional in situ vaccines often fail to trigger 

sufficient antigen release, and dendritic cells (DCs) 

exhibit limited capacity to process tumor antigens, 

resulting in suboptimal antigen-specific T cell responses. 

Moreover, effector T cells infiltrating tumor tissue may 
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become exhausted due to the immunosuppressive 

microenvironment, preventing effective tumor cell 

killing [9–12]. Theoretically, inducing immunogenic cell 

death (ICD) in tumor cells, promoting DC maturation, 

and reversing immunosuppression could enhance the 

efficacy of in situ vaccines. 

Chemokine receptor CXCR4, a G-protein-coupled 

receptor with seven transmembrane domains, is highly 

expressed in TNBC compared with other breast cancer 

subtypes [13]. Its specific ligand, CXCL12, is primarily 

secreted by cancer-associated fibroblasts (CAFs) in solid 

tumors. Overexpression of CXCR4 or CXCL12 

hypersecretion activates the CXCL12/CXCR4 axis, 

recruiting myeloid-derived suppressor cells (MDSCs) 

and regulatory T cells, inhibiting CTL activity, and 

promoting immune evasion [14–17]. Additionally, 

CXCL12 drives polarization of tumor-associated 

macrophages (TAMs) toward the M2 phenotype, further 

activating CAFs and establishing an immunosuppressive 

feedback loop [18]. This axis also mediates crosstalk 

between primary tumors and distant metastatic sites, for 

instance, between CXCL12-rich lung tissue and CXCR4-

overexpressing TNBC cells [19]. Its activation is a key 

factor underlying the low response rate to PD-1/PD-L1 

therapy in clinical settings [20] and facilitates epithelial–

mesenchymal transition (EMT), enhancing TNBC 

invasiveness [21–24]. Thus, targeting the 

CXCL12/CXCR4 axis with siCXCR4 may reverse 

immunosuppression and inhibit TNBC metastasis. 

Hydroxycamptothecin (HCPT) is a cytotoxic agent that 

induces apoptosis through DNA fragmentation and can 

trigger ICD, promoting tumor antigen release [25, 26]. 

Co-delivery of HCPT and siCXCR4 to TNBC tissues is 

expected to create a synergistic in situ cancer vaccine. 

However, HCPT’s poor solubility in lipids and water [27, 

28], along with the instability and negative charge of 

naked siCXCR4 [29–32], limits delivery efficiency. 

Here, calcium phosphate nanoparticles (CaP) were 

employed as carriers, facilitating complexation of Ca²⁺ 

with lactone ring-opened HCPT and hyaluronic acid 

(HA), and electrostatic adsorption with siCXCR4. This 

approach enabled efficient co-loading of HCPT and 

siCXCR4 via co-precipitation, yielding the in situ 

nanovaccine HCPT/S@CaP/HA. The nanovaccine 

accumulated in orthotopic TNBC tissues, activated 

adaptive immune responses, reversed 

immunosuppression in tumor, spleen, and lung tissues, 

and inhibited TNBC growth, recurrence, and metastasis 

(Figure 1). 

 

a) 

 

b) 

Figure 1. Schematic representation of the synthesis 

and antitumor effects of HCPT/S@CaP/HA in a 

TNBC mouse model. (a) Process for preparing 

HCPT/S@CaP/HA. (b) Proposed mechanism of 

HCPT/S@CaP/HA-mediated TNBC therapy. 

Results and Discussion 

CXCL12/CXCR4 signaling drives 4T1 cell proliferation, 

migration, and invasion 

Cancer-associated fibroblasts (CAFs) constitute a major 

fraction of the tumor stroma and actively regulate key 

aspects of tumor progression, including extracellular 

matrix deposition, tumor growth, metastatic potential, 

angiogenesis, and immunosuppression. Within the tumor 

microenvironment, CAFs are the predominant source of 

CXCL12, which engages CXCR4 on tumor cells to 

trigger downstream cascades such as PI3K, PLC, 

JAK/STAT, and MAPK pathways, influencing calcium 

signaling, adhesion, motility, stem cell recruitment, and 

the establishment of an immunosuppressive niche [33, 

34]. 

Immunofluorescence analysis confirmed abundant CAF 

presence in orthotopic TNBC tissues, as evidenced by 

strong α-SMA and FAP1 signals (Figure 2a). Exposure 

of NIH-3T3 fibroblasts to 4T1 cell-conditioned medium 

(4T1-CM) induced a significant upregulation of α-SMA, 

FAP1, and PDGFRβ, indicating phenotypic conversion 

into CAF-like cells (Figures 2b–2d) [35, 36]. While 

CXCR4 expression was pronounced in 4T1 cells, it 

remained minimal in both NIH-3T3 cells and derived 

CAFs. Conversely, CAFs secreted substantially more 
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CXCL12 than NIH-3T3 cells (Figure 2e), demonstrating 

the functional activation of the CXCL12/CXCR4 axis 

between CAFs and TNBC cells in situ. 

Functional assays revealed that NIH-3T3-conditioned 

medium had negligible impact on 4T1 proliferation, 

whereas CAF-conditioned medium significantly 

enhanced cell growth. Neutralization of CXCL12 

markedly reduced this proliferative effect, highlighting 

the critical role of CAF-derived CXCL12 in driving 

tumor cell expansion (Figure 2f). In addition, co-culture 

with CAFs substantially increased 4T1 cell migration and 

invasion. Interruption of the axis via CXCR4 blockade 

on 4T1 cells or CXCL12 neutralization in the transwell 

recipient chamber effectively suppressed these behaviors 

(Figure 2g). 

These data collectively indicate that CAF-secreted 

CXCL12 and tumor cell CXCR4 overexpression 

cooperate to activate the CXCL12/CXCR4 signaling 

axis, thereby enhancing TNBC cell proliferation, 

motility, and invasive capacity. 

 

a) 

  

b) c) 

  
d) e) 

 

f) 

 

g) 

Figure 2. CAF-Derived CXCL12 Promotes 4T1 Cell 

Proliferation, Migration, and Invasion. (a) 

Representative immunofluorescence images showing 

α-SMA and FAP1 expression in orthotopic TNBC 

tissues. (b–d) Comparative expression levels of α-

SMA, FAP1, and PDGFRβ in NIH-3T3 cells and 

CAFs (n = 3). (e) CXCR4 and CXCL12 expression in 

4T1 cells, NIH-3T3 cells, and CAFs. (f) Effects of 

CAF- and NIH-3T3-conditioned media on 4T1 cell 

proliferation (n = 6). (g) Impact of CAFs on 4T1 

migration and invasion (n = 3). Data are presented as 

mean ± SD. **P < 0.01. Statistical significance was 

assessed using unpaired two-tailed Student’s t-test 

(c–d) or one-way ANOVA with Tukey’s post-hoc 

test (f). 

Preparation and characterization of HCPT/S@CaP/HA 

Calcium phosphate (CaP) nanoparticles are widely 

recognized as efficient carriers for small interfering RNA 

due to their high transfection efficiency, 

biocompatibility, and biodegradability [37]. HCPT 

contains a lactone ring that, under alkaline conditions, 

opens to expose carboxyl groups capable of binding Ca²⁺. 

This property enables the incorporation of lactone ring-

opened HCPT into the CaP core via complexation. Upon 

acidification in lysosomes, the HCPT reverts to its 

lactone form, which exhibits potent anticancer activity. 

In this study, CaP was employed to co-deliver HCPT and 

siCXCR4. 
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However, bare CaP tends to aggregate and shows poor 

stability, necessitating the use of a stabilizer. Hyaluronic 

acid (HA), a naturally occurring anionic polysaccharide 

rich in carboxyl groups, was used to stabilize the 

nanoparticles by binding Ca²⁺, thereby improving particle 

stability (Figure 3a). 

Agarose gel electrophoresis confirmed that siCXCR4 

was fully encapsulated within CaP at a Ca/P ratio of 12.5 

(Figure 3b). Thermogravimetric analysis (TGA) verified 

the presence of HCPT, CaP, and HA in the final 

HCPT/S@CaP/HA formulation. Dynamic light 

scattering showed that HCPT/S@CaP/HA had an 

average particle size of approximately 268 nm and a zeta 

potential of −20.4 mV (Figure 3c). Importantly, particle 

size, polydispersity index (PDI), and HCPT content 

remained stable in PBS over 6 days (Figure 3d). 

When exposed to 10% FBS, naked siCXCR4 degraded 

substantially within 8 hours, whereas HCPT/S@CaP/HA 

effectively protected siCXCR4 for at least 24 hours 

(Figure 3e). Release studies demonstrated that both 

HCPT and siCXCR4 were released more efficiently 

under acidic conditions (Figures 3f and 3g). After 4 

hours of incubation at pH 5.0, needle-like HCPT crystals 

were observed (Figure 3h), similar to the crystallization 

pattern of lactone-type HCPT under the same conditions. 

This indicates that the lactone ring-opened HCPT 

released from the nanoparticles converts to the poorly 

soluble lactone form in acidic environments, forming 

crystals. 

Finally, western blot analysis confirmed the gene 

silencing capability of HCPT/S@CaP/HA, showing 

comparable CXCR4 inhibition in 4T1 cells to the positive 

control siCXCR4@Lipofectamine 2000. 

 

a) 

 
b) 

 
c) 

 
d) 

 
e) 

 
f) 
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g) 

 
h) 

Figure 3. Characterization of HCPT/S@CaP/HA. (a) 

Schematic of HCPT/S@CaP/HA preparation. (b) 

Agarose gel electrophoresis showing siCXCR4 

loading at different Ca/P ratios. (c) Particle size 

distribution of HCPT/S@CaP/HA. (d) Stability of 

HCPT/S@CaP/HA in PBS (pH 7.4). (e) Serum 

stability of siCXCR4. (f) pH-dependent release of 

siCXCR4 from HCPT/S@CaP/HA. (g) pH-

dependent release of HCPT. (h) TEM images of 

HCPT/S@CaP/HA after incubation in pH 5.0 DEPC 

water. Data are presented as mean ± SD, n = 3. 

HCPT/S@CaP/HA uptake by 4T1 cells and CAFs via 

CD44 

CD44 functions as a cell surface receptor that specifically 

binds HA and mediates its internalization. By 

incorporating HA onto nanoparticles, cellular uptake can 

be enhanced. Immunofluorescence analysis revealed 

strong CD44 expression in 4T1 cells, as well as 

detectable expression in NIH-3T3 cells and CAFs. 

Following incubation with HCPT/cy5-S@CaP/HA, 

fluorescence intensity in both 4T1 cells and CAFs 

increased over time, indicating efficient nanoparticle 

internalization. Pre-treatment with free HA significantly 

reduced nanoparticle uptake in both cell types. 

Furthermore, NIH-3T3 cells internalized far less 

HCPT/cy5-S@CaP/HA than CAFs, and MDA-MB-453 

cells, which express minimal CD44, exhibited 

significantly lower nanoparticle uptake compared with 

4T1 cells. These results confirm that CD44-mediated 

endocytosis is the primary mechanism by which 

HCPT/S@CaP/HA enters 4T1 cells and CAFs. 

Inhibition of 4T1 cell and CAF growth by 

HCPT/S@CaP/HA 

Treatment with HCPT/S@CaP/HA markedly reduced 

4T1 cell viability, live/dead cell ratio, and colony 

formation. CAF survival was similarly decreased 

following treatment. Western blot analysis revealed 

upregulation of pro-apoptotic Bax and cleaved caspase-3 

and downregulation of anti-apoptotic Bcl-2 in both 4T1 

cells and CAFs. Collectively, these results indicate that 

HCPT/S@CaP/HA effectively suppresses TNBC cell 

and CAF growth by activating the mitochondrial 

apoptotic pathway. 

Bidirectional inhibition of 4T1 cell migration and 

invasion via CXCL12/CXCR4 axis blockade 

Overexpression of CXCR4 triggers the 

CXCL12/CXCR4 axis, promoting epithelial–

mesenchymal transition (EMT) in 4T1 cells and 

conferring migratory and invasive capabilities. Elevated 

MMP-9 levels further facilitate extracellular matrix 

degradation, enabling tumor cell detachment and 

metastasis [38]. Both S@CaP/HA and 

HCPT/S@CaP/HA effectively silenced CXCR4 

expression in 4T1 cells (Figure 4a). HCPT/S@CaP/HA 

also increased E-cadherin levels while reducing N-

cadherin and MMP-9 expression, producing the strongest 

inhibitory effect on 4T1 migration and invasion among 

all treatment groups (Figure 4b). 

In the tumor microenvironment, CAF-derived CXCL12 

activates the CXCL12/CXCR4 axis, promoting TNBC 

cell motility. HCPT/S@CaP/HA significantly decreased 

CXCL12 secretion from CAFs (Figure 4c) and exhibited 

the greatest inhibition of 4T1 migration and invasion in 

co-culture conditions (Figure 4d). These findings 

indicate that HCPT/S@CaP/HA simultaneously reduces 

CXCR4 expression in tumor cells and suppresses 

CXCL12 production by CAFs, effectively disrupting the 

CXCL12/CXCR4 axis in both directions to enhance anti-

metastatic activity. 

Induction of dendritic cell maturation by 

HCPT/S@CaP/HA in vitro 

Immunogenic cell death (ICD) generates key danger 

signals, including calreticulin (CRT) translocation to the 

cell surface, HMGB1 release, and ATP secretion [39]. 

ATP release occurs early, bridging the temporal gap 
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between CRT exposure and HMGB1 release (>12 h), 

together forming the triad of ICD that drives 

phagocytosis, recruitment, and activation of immune 

cells [40]. HCPT/S@CaP/HA treatment increased CRT 

exposure, HMGB1 release, and ATP secretion from 4T1 

cells (Figures 4e–4g), indicating effective ICD induction 

and release of tumor antigens. 

CRT acts as an “eat-me” signal by binding CD97 on DCs, 

promoting antigen uptake [41], while HMGB1 engages 

TLR4 to activate DC signaling pathways [42]. 

Consequently, both signals enhance DC recognition and 

processing of tumor antigens, leading to upregulation of 

co-stimulatory molecules CD80 and CD86. 

HCPT/S@CaP/HA markedly increased CD80/CD86 

expression on DCs (Figures 4h–4i). Furthermore, co-

culture with HCPT/S@CaP/HA-treated 4T1 cells 

significantly elevated IL-12 secretion by DCs (Figure 

4j), indicating robust functional maturation. These results 

demonstrate that HCPT/S@CaP/HA efficiently triggers 

ICD in 4T1 cells, promotes tumor antigen release, and 

enhances DC maturation in vitro [43]. 

  

a) c) 

 
b) 

 
d) 

  

e) f) 

  

g) j) 

 
h) 

 
i) 

Figure 4. Effects of HCPT/S@CaP/HA on 4T1 Cell 

invasion and DC maturation in vitro. (a) CXCR4 

expression in 4T1 cells following HCPT/S@CaP/HA 

treatment. (b) Migration and invasion of 4T1 cells 

without CAF co-culture. (c) CXCL12 secretion by 

CAFs. (d) Migration and invasion of 4T1 cells in the 

presence of CAFs. (e) CRT expression in 4T1 cells. 

(f) HMGB1 release from 4T1 cells. (g) ATP secretion 

by 4T1 cells. (h) Schematic of DC isolation and 

maturation after 6 h co-culture with 

HCPT/S@CaP/HA-pretreated 4T1 cells. (i) Flow 

cytometry analysis of CD11c⁺CD80⁺CD86⁺ mature 

DCs. (j) IL-12 secretion by DCs in vitro. Data are 

expressed as mean ± SD, n = 3. *P < 0.05, **P < 

0.01, ns: not significant. Statistical significance was 
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determined by one-way ANOVA with Dunnett’s 

post-hoc test (a, c, g) or one-way ANOVA with 

Tukey’s post-hoc test (e–f, j). 

Biodistribution of HCPT/cy5-S@CaP/HA 

Following 48 h stimulation with 4T1-conditioned 

medium (4T1-CM), human umbilical vein endothelial 

cells (HUVECs) displayed markedly increased CD44 

expression, suggesting that HCPT/S@CaP/HA could 

recognize tumor-associated neovasculature, facilitating 

preferential accumulation within TNBC tissue. In vivo 

imaging revealed weak fluorescence in TNBC tissues but 

strong renal fluorescence after administration of free cy5-

siCXCR4 plus HCPT, indicating rapid renal clearance. In 

contrast, HCPT/cy5-S@CaP/HA demonstrated 

significantly enhanced accumulation in orthotopic TNBC 

tissues, whereas HCPT/cy5-S@CaP/BSA showed 

reduced tumor localization, confirming HA-mediated 

active targeting via CD44. Co-localization imaging 

revealed overlap between green HCPT fluorescence and 

red α-SMA, indicating CAF targeting, while non-

overlapping green fluorescence suggested direct delivery 

to 4T1 tumor cells. 

HCPT/S@CaP/HA suppresses orthotopic TNBC growth 

by bidirectional CXCL12/CXCR4 blockade 

Free HCPT exhibited limited inhibition of TNBC growth 

due to poor tumor accumulation, whereas S@CaP/HA 

suppressed tumor growth by silencing CXCR4 

expression in TNBC cells. Co-delivery via 

HCPT/S@CaP/HA produced the strongest anti-tumor 

effect while mitigating body weight loss in treated mice 

(Figures 5a–5c). Tumor weights in the 

HCPT/S@CaP/HA, HCPT/N@CaP/HA, and 

S@CaP/HA groups decreased by 72.45%, 35.05%, and 

34.91%, respectively, compared to control, indicating a 

synergistic effect of combined HCPT and siCXCR4 

delivery. 

Histological examination of tumors from the 

HCPT/S@CaP/HA group revealed nuclear pyknosis, 

dispersed cancer cells, increased TUNEL-positive cells, 

and reduced Ki67 staining (Figure 5d), demonstrating 

enhanced apoptosis and suppressed proliferation. During 

tumor progression, normal fibroblasts are recruited and 

transformed into CAFs by tumor-secreted cytokines [44]. 

CAF-derived CXCL12 engages CXCR4 on tumor cells, 

activating the CXCL12/CXCR4 axis to promote cell 

cycle progression and proliferation [45], while also 

upregulating anti-apoptotic proteins to prevent cell death 

[46]. HCPT/S@CaP/HA treatment markedly increased 

Bax and cleaved caspase-3 while decreasing Bcl-2 in 

orthotopic TNBC tissue. 

Immunofluorescence and western blot analyses revealed 

high expression of CXCR4, α-SMA, FAP1, and CXCL12 

in control TNBC tissue, which was significantly reduced 

following HCPT/S@CaP/HA treatment (Figures 5e–

5g). ELISA confirmed decreased CXCL12 levels in both 

tumor tissue and serum (Figures 5h and 5i). Since the 

CXCL12/CXCR4 axis contributes to tumor angiogenesis 

[47], CD31 staining in HCPT/S@CaP/HA-treated 

tumors was markedly reduced. Collectively, these results 

demonstrate that HCPT/S@CaP/HA suppresses 

orthotopic TNBC growth by simultaneously inhibiting 

CAF-derived CXCL12 and silencing tumor CXCR4, 

achieving bidirectional blockade of the 

CXCL12/CXCR4 axis. 

 
a) 

 
b) 

 
c) 

 

d) 
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e) 

 
f) 

 
g) 

 
h) 

 
i) 

Figure 5. Inhibition of Orthotopic TNBC by 

HCPT/S@CaP/HA via CXCL12/CXCR4 Axis. (a) 

Representative images of orthotopic TNBC tissues. 

(b) Tumor volumes of orthotopic TNBC. (c) Tumor 

growth inhibition rate on day 21 post-implantation. 

(d) Histological analysis: H&E, TUNEL (green, 

apoptotic cells) and Ki67 (red, proliferating cells) 

staining. (e–f) Immunofluorescence of CXCR4, 

CXCL12, α-SMA, and FAP1 in TNBC tissue. (g) 

Western blot detection of CXCR4, CXCL12, α-SMA, 

and FAP1 in TNBC tissue. (h) CXCL12 levels in 

TNBC tissues. (i) CXCL12 levels in serum. Group 

designations: G1: model; G2: HCPT (3.9 mg/kg); 

G3: HCPT/N@CaP/HA (HCPT: 3.9 mg/kg, N: 1.0 

mg/kg); G4: S@CaP/HA (S: 1.0 mg/kg); G5: 

HCPT/S@CaP/HA low dose (HCPT: 1.3 mg/kg, S: 

0.3 mg/kg); G6: HCPT/S@CaP/HA high dose 

(HCPT: 3.9 mg/kg, S: 1.0 mg/kg). Data are mean ± 

SD, n = 3. *P < 0.05, **P < 0.01 (one-way ANOVA 

with Dunnett’s post-hoc test). 

HCPT/S@CaP/HA triggers anti-tumor immune 

responses in orthotopic TNBC models 

Treatment with HCPT/N@CaP/HA and 

HCPT/S@CaP/HA significantly elevated CRT and 

HMGB1 expression in tumor tissues (Figures 6a–6c), 

while HCPT/S@CaP/HA also markedly increased ATP 

levels within TNBC tissues (Figure 6d). Furthermore, 

HCPT/N@CaP/HA enhanced the proportion of mature 

dendritic cells (CD11c⁺CD80⁺CD86⁺) and cytotoxic T 

lymphocytes (CD3⁺CD8⁺IFN-γ⁺) in the tumor 

microenvironment (Figures 6e and 6f). Compared to 

control, the cytotoxic T cell fraction rose by 3.62%, 

2.33%, and 0.85% in HCPT/S@CaP/HA, 

HCPT/N@CaP/HA, and S@CaP/HA groups, 

respectively, demonstrating synergistic enhancement 

through co-delivery of HCPT and siCXCR4. 

HCPT/N@CaP/HA also promoted M1-type TAMs while 

reducing M2-TAMs in tumors (Figures 6g–6i). The 

M1/M2 TAM ratios for HCPT/S@CaP/HA, 

HCPT/N@CaP/HA, S@CaP/HA, and control were 10.9, 

5.0, 1.9, and 0.4, respectively, confirming synergistic 

remodeling of the TAM population. Additionally, 

HCPT/S@CaP/HA decreased neutrophil (Ly6G⁺) and 

PMN-MDSC (CD11b⁺Gr-1⁺) infiltration. Pro-

inflammatory cytokines TNF-α, IFN-γ, and IL-15 were 

upregulated, whereas immunosuppressive IL-6 and IL-

10 were downregulated in tumor tissue and peripheral 

blood (Figures 6j–6n). Specifically, TNF-α levels 

increased by 27.87, 12.8, and 5.91 pg/mg, and IFN-γ 

levels increased by 66.65, 39.29, and 23.12 pg/mg in 

HCPT/S@CaP/HA, HCPT/N@CaP/HA, and 

S@CaP/HA groups compared to control, highlighting the 

synergistic immunostimulatory effect of 

HCPT/S@CaP/HA. 

These findings indicate that HCPT/S@CaP/HA induces 

immunogenic cell death of TNBC cells, enhances antigen 

presentation and processing by dendritic cells, and elicits 

TNBC-specific T cell responses. Normally, CAFs 
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produce high levels of CXCL12, generating a chemokine 

gradient that recruits immunosuppressive cells such as 

MDSCs and TAMs via CXCR4-mediated chemotaxis 

toward the tumor, suppressing anti-tumor immunity and 

promoting growth and metastasis [48, 49]. CXCL12 also 

polarizes TAMs to the M2 phenotype, which in turn 

stimulates CAF activation, creating an 

immunosuppressive feedback loop. By reducing 

CXCL12 secretion, HCPT/S@CaP/HA limits 

recruitment of immunosuppressive cells, increases the 

M1/M2 TAM ratio, and reverses the tumor’s 

immunosuppressive environment, thereby enhancing 

cytotoxic T lymphocyte-mediated killing of TNBC cells. 

 
a) 

  

b) c) 

 
 

d) e) 

  

f) g) 

  
h) i) 

  

j) k) 

  

l) m) 

 
n) 

Figure 6. Anti-cancer immune responses in 

orthotopic TNBC mice following treatment with 

HCPT/S@CaP/HA. (a) Representative 

immunofluorescence images showing CRT and 

HMGB1 in orthotopic TNBC tissues. (b-c) 

Quantitative analysis of CRT and HMGB1 

expression in these tissues. (d) Measurement of ATP 

content in orthotopic TNBC tissues. (e) Proportion of 

CD11c⁺CD80⁺CD86⁺ cells. (f) Proportion of 

CD3⁺CD8⁺IFN-γ⁺ T lymphocytes. (g) Proportion of 

F4/80⁺CD86⁺ TAMs. (h) Proportion of 

F4/80⁺CD206⁺ TAMs. (i) Ratio of M1-TAMs to M2-

TAMs. (j-n) Levels of TNF-α, IFN-γ, IL-6, IL-10, 

and IL-15. Treatment groups were as follows: G1, 

model; G2, HCPT (3.9 mg/kg); G3, 

HCPT/N@CaP/HA (HCPT: 3.9 mg/kg, N: 1.0 

mg/kg); G4, S@CaP/HA (S: 1.0 mg/kg); G5, 

HCPT/S@CaP/HA low dose (HCPT: 1.3 mg/kg, S: 

0.3 mg/kg); G6, HCPT/S@CaP/HA high dose 

(HCPT: 3.9 mg/kg, S: 1.0 mg/kg). Data are expressed 

as mean ± SD, n = 3. *P < 0.05, **P < 0.01. 

Statistical analysis was performed using one-way 

ANOVA with Dunnett’s test (C-D) or one-way 

ANOVA with Tukey’s post-hoc test (e-n). 

HCPT/S@CaP/HA inhibits distant TNBC growth 

through induction of immune memory 



Wilson and Miller                                                                      Arch Int J Cancer Allied Sci, 2022, 2(2):125-141  
 

 

134 

To further explore the immune memory effect induced by 

HCPT/S@CaP/HA, a cancer re-challenge model was 

established. The results demonstrated that 

HCPT/S@CaP/HA exhibited a significantly stronger 

inhibitory effect on distant TNBC growth compared with 

HCPT/N@CaP/HA and S@CaP/HA (Figures 7a-7f). 

Moreover, distant TNBC tissues from 

HCPT/S@CaP/HA-treated mice showed extensive 

karyopyknosis and tumor cell lysis. The number of 

TUNEL-positive cells was markedly elevated, whereas 

Ki67-positive cells were significantly reduced (Figure 

7g), indicating that HCPT/S@CaP/HA effectively 

promoted apoptosis and suppressed proliferation in 

distant TNBC cells. 

Firstly, the immune microenvironment of distant TNBC 

tissues was analyzed. Following HCPT/S@CaP/HA 

treatment, there was a notable increase in CD44⁺CD62L⁺ 

memory T lymphocytes, CD3⁺CD4⁺IFN-γ⁺ type 1 helper 

T lymphocytes (Th1 cells), and CD3⁺CD8⁺IFN-γ⁺ 

cytotoxic T lymphocytes, demonstrating enhanced 

infiltration of these immune cells into distant TNBC 

tissues. Compared to the control, cytotoxic T lymphocyte 

levels increased by 12.4%, 6.14%, and 1.12% in 

HCPT/S@CaP/HA, HCPT/N@CaP/HA, and 

S@CaP/HA groups, respectively, highlighting the 

synergistic effect of co-delivering HCPT and siCXCR4 

via HCPT/S@CaP/HA. 

Importantly, regulatory T lymphocytes 

(CD4⁺CD25⁺FoxP3⁺) were significantly decreased, 

while the ratio of F4/80⁺CD86⁺ M1-TAMs to 

F4/80⁺CD206⁺ M2-TAMs was significantly elevated in 

distant TNBC tissues of HCPT/S@CaP/HA-treated 

mice. Specifically, the M1/M2-TAM ratios were 1.51, 

0.83, 0.59, and 0.37 for HCPT/S@CaP/HA, 

HCPT/N@CaP/HA, S@CaP/HA, and control groups, 

respectively. These findings indicate that 

HCPT/S@CaP/HA synergistically promotes a shift 

toward a pro-inflammatory M1-TAM phenotype in 

distant TNBC tissues. 

Overall, these data demonstrate that HCPT/S@CaP/HA 

effectively induces a potent immune memory response, 

enhances anti-tumor immunity, and reverses the 

immunosuppressive microenvironment in distant TNBC 

tissue. 

Secondly, the generation of immune memory and 

modulation of the immune microenvironment in TNBC 

re-challenge mice were investigated. After the initial 

anti-cancer immune response subsides, most cytotoxic T 

lymphocytes are suppressed or eliminated, with only 5–

10% surviving as long-lived memory T cells. Upon re-

exposure to cancer antigens, these memory T cells are 

rapidly reactivated, proliferate, and differentiate into 

cytotoxic T lymphocytes capable of targeting tumor cells. 

Memory T lymphocytes also exhibit lymphatic homing 

capabilities [50]. In HCPT/S@CaP/HA-treated TNBC 

re-challenge mice, the proportion of CD44⁺CD62L⁺ 

memory T lymphocytes in the spleen was significantly 

elevated (Figure 7h). Relative to the model group, 

memory T lymphocyte levels in the spleen increased by 

6.53%, 3.18 percent, and 1.26 percent in the 

HCPT/S@CaP/HA, HCPT/N@CaP/HA, and 

S@CaP/HA groups, respectively, demonstrating that co-

delivery of HCPT and siCXCR4 synergistically 

enhanced memory T cell formation in the spleen. 

Type 1 helper T lymphocytes (Th1 cells) are crucial for 

activating CD8⁺ T cells and promoting cellular immunity 

[51], and the spleen serves as a primary site for Th1 cell 

enrichment. Treatment with HCPT/S@CaP/HA 

significantly increased the proportions of 

CD3⁺CD4⁺IFN-γ⁺ Th1 cells and CD3⁺CD8⁺IFN-γ⁺ 

cytotoxic T lymphocytes in the spleens of TNBC re-

challenge mice (Figures 7i and 7j), indicating that 

HCPT/S@CaP/HA effectively induces immune memory. 

Upon TNBC cell reinvasion, memory T cells are 

reactivated and differentiate into cytotoxic T 

lymphocytes, assisted by Th1 cells, to eliminate distant 

TNBC cells. 

Additionally, HCPT/S@CaP/HA markedly reduced 

CD4⁺CD25⁺FoxP3⁺ regulatory T lymphocytes in the 

spleen (Figure 7k). Concurrently, it significantly 

increased the proportion of CD11c⁺CD80⁺CD86⁺ mature 

dendritic cells and elevated the ratio of F4/80⁺CD86⁺ M1-

TAMs to F4/80⁺CD206⁺ M2-TAMs. Specifically, the 

M1/M2-TAM ratios in the spleens of TNBC re-challenge 

mice were 12.68, 3.37, 2.39, and 0.24 for 

HCPT/S@CaP/HA, HCPT/N@CaP/HA, S@CaP/HA, 

and control groups, respectively, showing that co-

delivery of HCPT and siCXCR4 synergistically favors 

M1-TAM polarization. These results suggest that 

HCPT/S@CaP/HA reverses the immunosuppressive 

microenvironment in the spleen, facilitating memory T 

cell differentiation into cytotoxic T lymphocytes and 

enhancing the anti-TNBC immune response. 

To assess whether these immune responses were tumor 

antigen-specific, a tumor antigen-specific T cell 

detection kit was employed to quantify effector tumor 

antigen-specific T cells (ETAST) in spleen tissues. After 

stimulation with 4T1 cell antigen, spleen immune cells 
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from TNBC re-challenge mice exhibited significant 

increases in CD3⁺IFN-γ⁺ T lymphocytes, 

CD3⁺CD4⁺IFN-γ⁺ Th1 cells, and CD3⁺CD8⁺IFN-γ⁺ 

cytotoxic T lymphocytes compared to unstimulated cells 

(Figures 7l-7n), indicating that 4T1 antigens effectively 

triggered memory T cells and Th1 cells to differentiate 

into cytotoxic T lymphocytes. 

Collectively, these findings demonstrate that 

HCPT/S@CaP/HA effectively prevents TNBC 

recurrence by inducing immune memory, activating 

tumor-specific immune responses, and reversing the 

immunosuppressive microenvironment in distant TNBC 

tissues. 

 
a) 

  
b) d) 

 
c) 

  

e) f) 

 
g) 

  

h) i) 

  
j) k) 

  
l) m) 

 
n) 

Figure 7.  Inhibitory effects of HCPT/S@CaP/HA on 

distant TNBC growth and its underlying mechanisms. 

(a-b) Bioluminescence imaging and quantification of 

fluorescence intensity in distant TNBC tissue (n = 5). 

(c) Representative images of distant TNBC tissue. (d) 

Tumor volume (n = 5). (e) Tumor weight (n = 5). (f) 

Tumor growth inhibition rate (n = 5). (g) H&E, 

TUNEL, and Ki67 staining of distant TNBC tissue, 

with green indicating TUNEL-positive cells and red 

indicating Ki67-positive cells. (h-k) Immune cell 

proportions in spleen tissue, including CD44⁺CD62L⁺ 

memory T cells, CD3⁺CD4⁺IFN-γ⁺ Th1 cells, 

CD3⁺CD8⁺IFN-γ⁺ cytotoxic T cells, and 

CD4⁺CD25⁺FoxP3⁺ regulatory T cells. (l-n) 

Quantification of CD3⁺IFN-γ⁺, CD3⁺CD4⁺IFN-γ⁺, 

and CD3⁺CD8⁺IFN-γ⁺ T cells in spleen following 

stimulation with 4T1 cell-derived antigens. 

Treatment groups were: G1, model; G2, HCPT (3.9 

mg/kg); G3, HCPT/N@CaP/HA (HCPT: 3.9 mg/kg, 

N: 1.0 mg/kg); G4, S@CaP/HA (S: 1.0 mg/kg); G5, 

HCPT/S@CaP/HA low dose (HCPT: 1.3 mg/kg, S: 

0.3 mg/kg); G6, HCPT/S@CaP/HA high dose 

(HCPT: 3.9 mg/kg, S: 1.0 mg/kg). Data are expressed 

as mean ± SD, n = 3. *P < 0.05, **P < 0.01. 
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Statistical analysis was performed via one-way 

ANOVA with Dunnett’s test (b, d-f) or Tukey’s post-

hoc test (h-n). 

HCPT/S@CaP/HA suppresses spontaneous lung 

metastasis of orthotopic TNBC via adaptive immunity 

To assess anti-metastatic efficacy, luciferase-labeled 4T1 

cells were implanted into the fourth pair of mammary 

pads of female BALB/c mice. Mice treated with 

HCPT/S@CaP/HA exhibited the lowest metastatic 

fluorescence in lungs, the fewest metastatic nodules, and 

the lightest lung weights (Figures 8a-8d). Histological 

examination showed a marked reduction in TNBC 

metastatic foci (black arrow; pan-CK positive cells) in 

the lungs of HCPT/S@CaP/HA-treated mice (Figure 

8e), confirming effective inhibition of spontaneous lung 

metastasis. 

Immunofluorescence analysis revealed that α-SMA, 

FAP1, and CXCL12 expression in lung tissue was 

significantly decreased following HCPT/S@CaP/HA 

treatment (Figure 8f), indicating that as an in situ cancer 

nanovaccine, HCPT/S@CaP/HA suppressed CAF 

formation and reduced CXCL12 secretion. Concurrently, 

HCPT/S@CaP/HA increased CD8⁺ T cell and M1 

macrophage infiltration while reducing MDSCs and M2 

macrophages in the lung (Figure 9a), demonstrating 

enhanced anti-tumor immune cell recruitment and 

decreased immunosuppressive cell infiltration. 

The sentinel lymph node (SLN) adjacent to the fourth 

mammary pad was evaluated. Both SLN size and weight 

were markedly reduced in HCPT/N@CaP/HA and 

S@CaP/HA groups. TNBC cells metastasize from SLN 

to ipsilateral axillary lymph nodes (IALN), causing 

enlargement and inflammation. HCPT/S@CaP/HA 

treatment significantly reduced IALN size and weight. 

The number of pan-CK-positive TNBC cells in SLN and 

IALN was greatly diminished in HCPT/S@CaP/HA-

treated mice compared with the model group (Figure 

9b), confirming inhibition of lymphatic metastasis. 

cDC1s, a dendritic cell subset specialized in antigen 

cross-presentation, migrate to SLN to activate CD8⁺ T 

cells and initiate tumor-specific immune responses. 

Immunofluorescence demonstrated increased infiltration 

of CD11c⁺CD103⁺ DCs (cDC1s) in SLN following 

HCPT/S@CaP/HA treatment, supporting enhanced 

antigen presentation and subsequent TNBC clearance in 

metastatic lymph nodes (Figure 9c). Furthermore, 

HCPT/S@CaP/HA elevated cytotoxic T lymphocytes 

and the M1/M2 macrophage ratio in the spleen (Figures 

9d-9g), indicating systemic activation of adaptive 

immunity in spontaneous lung metastatic TNBC mice. 

HCPT/S@CaP/HA also modulated EMT markers in 

orthotopic TNBC tissue, increasing E-cadherin while 

reducing N-cadherin and MMP-9 expression, thereby 

limiting EMT-mediated invasion and extracellular matrix 

degradation. 

Normal lung fibroblasts are typically transformed into 

CAFs by tumor-derived secreted factors (TDSFs) [52, 

53]. CAFs in both lung and orthotopic TNBC tissues 

secrete CXCL12, activating the CXCL12/CXCR4 axis 

and promoting lung metastasis through three main 

mechanisms: (1) TNBC cells acquire enhanced adhesion, 

migration, and invasion via EMT induction [54]; 

CXCL12 also disrupts endothelial tight junctions, 

increasing vascular permeability [55] to facilitate 

intravasation; (2) disseminated TNBC cells evade 

immune surveillance due to systemic 

immunosuppression [56, 57]; (3) MDSCs and monocytes 

are recruited to lung tissue, differentiating into M2 

macrophages that suppress cytotoxic T cell activity, 

creating a pre-metastatic niche favorable for TNBC 

colonization [58–60]. 

Collectively, these results indicate that 

HCPT/S@CaP/HA effectively blocks spontaneous lung 

metastasis of orthotopic TNBC by directly killing tumor 

cells, inhibiting EMT, enhancing antigen presentation, 

activating systemic adaptive immunity, remodeling the 

pulmonary immune microenvironment, and disrupting 

the CXCL12/CXCR4-mediated lung tropism of TNBC 

cells. 

 

a) 

 
b) 
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c) 

 

d) 

 

e) 

 

f) 

Figure 8. Antimetastatic effects of 

HCPT/S@CaP/HA nanoparticles in a mouse model 

of orthotopic triple-negative breast cancer (TNBC) 

with spontaneous lung metastasis. (a) In vivo 

bioluminescence imaging showing lung metastatic 

signals in orthotopic TNBC-bearing mice across 

treatment groups. (b) Representative images of 

excised lungs highlighting metastatic nodules 

(indicated by yellow circles). (c) Quantification of 

metastatic lung nodules per mouse. (d) Lung weight 

measurements as an indicator of metastatic burden. 

(e) Histological analysis of lung sections using 

hematoxylin and eosin (H&E) staining and 

immunohistochemical staining for pan-cytokeratin 

(pan-CK), a marker of metastatic TNBC cells. (f) 

Immunofluorescence staining for α-smooth muscle 

actin (α-SMA), fibroblast activation protein (FAP), 

and CXCL12 in lung tissue, reflecting remodeling of 

the premetastatic niche. 

Treatment groups: 

G0: Healthy control mice. 

G1: Untreated TNBC model. 

G2: Free hydroxycamptothecin (HCPT) at 3.9 mg/kg. 

G3: HCPT combined with control siRNA (N) 

encapsulated in CaP/HA nanoparticles (HCPT: 3.9 

mg/kg; N: 1.0 mg/kg). 

G4: siCXCR4 (S) encapsulated in CaP/HA nanoparticles 

(S: 1.0 mg/kg). 

G5: Low-dose HCPT/S@CaP/HA (HCPT: 1.3 mg/kg; S: 

0.3 mg/kg). 

G6: High-dose HCPT/S@CaP/HA (HCPT: 3.9 mg/kg; S: 

1.0 mg/kg). 

Results are expressed as mean ± standard deviation (n = 

5 per group). Statistical differences: *P < 0.05, **P < 

0.01 (one-way ANOVA followed by Dunnett’s post-hoc 

test). 

 

a) 

 

b) 

 

c) 
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d) e) 

  

f) g) 

Figure 9. Immunomodulatory effects of 

HCPT/S@CaP/HA on the immune microenvironment 

in lung tissue and tumor-draining lymph nodes in a 

mouse model of spontaneous lung metastasis from 

orthotopic triple-negative breast cancer (TNBC). 

(a) Representative immunofluorescence images of 

lung tissue showing infiltration of CD8⁺ T 

lymphocytes, M1 macrophages (F4/80⁺CD86⁺ cells), 

M2 macrophages (F4/80⁺CD206⁺ cells), and 

myeloid-derived suppressor cells (MDSCs; 

CD11b⁺Gr1⁺ cells). (b) Hematoxylin and eosin 

(H&E) staining and immunohistochemical staining 

for pan-cytokeratin (pan-CK, a marker of metastatic 

TNBC cells) in sentinel lymph nodes (SLNs) and 

inguinal/axillary lymph nodes (IALNs). (c) 

Representative immunofluorescence images of 

conventional type 1 dendritic cells (cDC1s; 

CD11c⁺CD103⁺ cells) in SLNs. (d) Flow cytometry 

quantification of cytotoxic T lymphocytes 

(CD3⁺CD8⁺IFN-γ⁺ cells) in spleen tissue. (e) 

Proportion of M1 macrophages (F4/80⁺CD86⁺) in 

spleen tissue. (f) Proportion of M2 macrophages 

(F4/80⁺CD206⁺) in spleen tissue. (g) Ratio of M1 to 

M2 macrophages in spleen tissue. 

Treatment groups: 

G0: Healthy control mice. 

G1: Untreated TNBC model. 

G2: Free hydroxycamptothecin (HCPT) at 3.9 mg/kg. 

G3: HCPT combined with control siRNA (N) in CaP/HA 

nanoparticles (HCPT: 3.9 mg/kg; N: 1.0 mg/kg). 

G4: siCXCR4 (S) in CaP/HA nanoparticles (S: 1.0 

mg/kg). 

G5: Low-dose HCPT/S@CaP/HA (HCPT: 1.3 mg/kg; S: 

0.3 mg/kg). 

G6: High-dose HCPT/S@CaP/HA (HCPT: 3.9 mg/kg; S: 

1.0 mg/kg). 

Data are shown as mean ± standard deviation (n = 3). **P 

< 0.01 (one-way ANOVA with Tukey’s post-hoc test for 

panels D–G). 

The results indicate that high-dose HCPT/S@CaP/HA 

treatment markedly enhanced antitumor immunity by 

increasing CD8⁺ T cell infiltration and M1 macrophages 

while reducing immunosuppressive M2 macrophages 

and MDSCs in lung tissue. It also promoted cDC1 

accumulation in lymph nodes and shifted splenic 

macrophage polarization toward an M1 phenotype, 

elevating the M1/M2 ratio and cytotoxic T cell 

proportions. 

In vivo safety evaluation 

Free HCPT significantly reduced white blood cell 

(WBC) and platelet (PLT) counts, indicating 

hematological toxicity. In contrast, HCPT/S@CaP/HA 

treatment maintained normal WBC and PLT levels. 

Serum biomarkers of cardiac (creatine kinase, CK; lactic 

dehydrogenase, LDH), liver (alanine aminotransferase, 

ALT; aspartate aminotransferase, AST), and kidney 

(blood urea nitrogen, BUN; creatinine, CREA; uric acid, 

UA) function remained within normal ranges in the 

HCPT/S@CaP/HA group. Histopathological 

examination revealed no evident damage to major organs 

(brain, heart, liver, spleen, lung, kidney) following 

HCPT/S@CaP/HA administration, demonstrating 

improved safety profile compared to free HCPT at 

therapeutic doses. 

Conclusion 

This study successfully developed an in situ cancer 

nanovaccine, HCPT/S@CaP/HA, which actively targets 

TNBC cells and cancer-associated fibroblasts (CAFs) via 

hyaluronic acid (HA)-mediated recognition of 

overexpressed CD44 on tumor neovasculature, TNBC 

cells, and CAFs. HCPT triggered immunogenic cell 

death (ICD) in orthotopic TNBC, promoting dendritic 

cell (DC) maturation and T cell-mediated antitumor 

immunity. Concurrent delivery of siCXCR4 

downregulated CXCL12 secretion from CAFs and 

CXCR4 expression in tumor cells, bidirectionally 
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disrupting the CXCL12/CXCR4 axis. This synergy 

reversed immunosuppression in primary tumors by 

limiting neutrophil recruitment and favoring M1 over M2 

tumor-associated macrophage polarization, thereby 

inhibiting orthotopic TNBC growth. 

Additionally, HCPT/S@CaP/HA activated splenic 

memory T cells, reinvigorating TNBC-specific systemic 

immunity and preventing tumor recurrence. In the 

spontaneous lung metastasis model, the nanovaccine 

countered CXCL12/CXCR4-driven immunosuppression 

in both primary and lung tissues, enhanced antigen 

presentation, and bolstered adaptive immunity. This led 

to reduced M2 macrophages and MDSCs, increased 

CD8⁺ T cell infiltration in lungs, disruption of the 

premetastatic niche, and significant inhibition of lung 

metastasis. 

Overall, co-delivery of HCPT and siCXCR4 via 

HCPT/S@CaP/HA effectively induced ICD, matured 

DCs, and synergistically activated local and systemic 

antitumor immune responses, ultimately suppressing 

growth, recurrence, and lung metastasis of TNBC. 

This work offers a novel immunotherapeutic strategy for 

TNBC but has limitations: (1) Efficacy against liver, 

brain, or bone metastases remains untested; (2) Long-

term toxicity requires evaluation in larger animals (e.g., 

dogs) at higher doses; (3) Validation in other solid tumors 

(e.g., gastric, liver, colorectal cancer) is needed to 

broaden clinical applicability. 
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