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A P P L I E D  S C I E N C E S  A N D  E N G I N E E R I N G

Reprogramming cellular senescence in the tumor 
microenvironment augments cancer immunotherapy 
through multifunctional nanocrystals
Zheng Wang1†, Yinglu Chen2,3†, Hui Fang3, Kai Xiao3, Ziping Wu3, Xiaochun Xie3, Jie Liu4,  
Fangman Chen3, Yi He5, Liang Wang4, Chao Yang4*, Renjun Pei1*, Dan Shao2,3*

Harnessing the immunogenic potential of senescent tumor cells provides an opportunity to remodel tumor microen-
vironment (TME) and boost antitumor immunity. However, this potential needs to be sophisticatedly wielded to avoid 
additional immunosuppressive capacity of senescent cells. Our study shows that blocking the JAK2/STAT3 pathway 
enhances immunogenic efficacy of Aurora kinase inhibitor alisertib (Ali)–induced senescence by reducing immuno-
suppressive senescence-associated secretory phenotype (SASP) while preserving immunogenic SASP. Hypothesizing 
that SASP reprogramming with Ali and JAK2 inhibitor ruxolitinib (Rux) will benefit cancer immunotherapy, we create 
nanoparticulate crystals (Ali-Rux) composed of Ali and Rux with a fully active pharmaceutical ingredient. Immuniza-
tion with Ali-Rux–orchestrated senescent cells promotes stronger activation of antigen-presenting cells, enhancing 
antitumor immune surveillance. This approach remodels the TME by increasing CD8+ T cell and NK recruitment and 
activation while decreasing MDSCs. Combined with PD-L1 blockade, Ali-Rux elicits a durable antitumor immune re-
sponse, suggesting the TME reshaping approach as a potential cancer immunotherapy.

INTRODUCTION
After suffering countless successes and setbacks over the past de-
cade, immunotherapy is now at the forefront of cancer research, 
especially for many previously untreatable malignancies (1–3). 
Cancer immunotherapy has been harnessed as an important means 
to indirectly kill tumor cells through leveraging the principle of re-
activating the immune system (4, 5). The tumor microenvironment 
(TME) and the patterns of local interactions between malignant 
cells, stromal cells, and immune cells have been extensively consid-
ered to be essential for the survival of cancer cells against treat-
ments (6, 7). Both cellular and molecular components of the TME 
can serve to orchestrate the efficacy of immunotherapy and are 
critical to explore the next generation of cancer therapeutics (8, 9). 
In such a scenario, the immunosuppressive TME can be profoundly 
modulated to an immunogenic TME via the combination of im-
mune checkpoint blockade (ICB), immunogenic adjuvants, and 
immunogenic cell death (ICD)–based strategies (10–14). Among 
them, the vaccine-like effect of ICD can be attributed to the release 
of tumor-associated antigens, damage-associated molecular pat-
terns (DAMPs), and proinflammatory cytokines, leading to the 
recruitment and activation of antigen-presenting cells (APC) as 
well as stimulation of CD8+ cytotoxic T cells (CTLs) (15–19). 

Nevertheless, it is still a challenge to elicit a sustained antitumor 
immune response to reeducate the TME, which might provide 
fruitful directions for developing immunotherapeutic paradigms 
against cancer.

Senescence is a cellular response to various stress and damage 
signals, which is characterized as a physiological process to elimi-
nate aberrant, damaged, or unwanted cells (20–22). Such a response 
consists of irreversible proliferative arrest together with the pro-
duction of multiple senescence-associated secretory phenotypes 
(SASPs), which results in the activation of immune system for the 
clearance of senescent cells, thereby maintaining tissue homeostasis 
(23–25). Different from normal cells, cancer cells are usually ex-
posed to a multitude of stressors, contributing to the regulation 
of the TME in a complex manner of senescence (26, 27). A unique 
biological outcome of cancer therapy is the induction of cellular 
senescence, which is associated with a positive or negative impact 
on therapeutic outcomes (24, 28). The dynamic nature of the SASPs 
and its different way of regulating immune responses and the 
surrounding TME contribute to the many contrasting physiologi-
cal phenomena associated with senescence (29, 30). On the one 
hand, the presentation of senescence-associated self-antigens to-
gether with the release of immunogenic SASPs recruits and activates 
immune cells for tumor regression, promoting antitumor immunity 
that enhances therapeutic effect (31, 32). On the other hand, uncon-
trollable accumulation of immunosuppressive SASPs following a 
range of cancer therapies can stimulate tumor resistance and metas-
tasis, leading to therapy failure and tumor relapse (33, 34). Thus, 
tailored modulation of the SASPs, which is necessary to contribute 
to maintaining SASP-mediated anticancer pathway while inhibiting 
or abolishing the bad effects of SASPs, is key to representing an 
emerging immunotherapeutic paradigm in the fight against cancer. 
With these findings in mind, we hypothesize that the combina-
tion of a senescence inducer and SASP regulator may generate 
maximal antitumoral SASPs with minimal protumoral SASPs in the 
TME, offering an opportunity to leverage immunogenic potential of 
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senescence to elicit antitumor immunity and potentially comple-
ment anticancer therapies.

To meet the challenges of senescence-based cancer immunother-
apy, we herein propose a combined strategy that integrates senes-
cence inducers and SASP regulators to enhance immune responses 
and prevent tumor relapse. We first revealed the SASP profile of 
breast cancer cells after treatment with alisertib (Ali), an inhibitor of 
Aurora kinases, which is known to induce cellular senescence by 
blocking mitosis. Having deciphered the phenotypic SASP after re-
ceiving three different SASP regulators, the Janus kinase 2 (JAK2)/
signal transducers and activators of transcription 3 (STAT3) inhibi-
tor ruxolitinib (Rux) was selected to best reduce the protumoral 
SASP without interfering with the antitumoral SASP or abolishing 
growth arrest. We then created nanoparticulate crystals composed 
of Ali and Rux with a fully active pharmaceutical ingredient content 
for oral administration. After accumulating in the TME, Ali-Rux ef-
ficiently induces tumor senescence and reprograms SASP release. 
Compared with ICD or nonsenescent cells, immunization with 
Ali-Rux–orchestrated senescent cells promoted better activation 
and maturation of APCs, leading to potentiated antitumor immune 
surveillance. Consequently, such a nanodrug promoted tumor im-
munogenicity while reversing immunosuppression in the TME by 
increasing the recruitment and activation of CD8+ T cells and natu-
ral killer (NK) cells while decreasing the tumor infiltration of 
myeloid-derived suppressor cells (MDSCs). When combined with 
anti-PD-L1 (αPD-L1) antibody, nanodrugs elicited an excellent 
eradication of primary and metastatic tumors along with fewer side 
effects. Our study offers a promising senescence modulation 
strategy to rewire the TME, thus facilitating senescence-based 
cancer immunotherapy.

RESULTS
Ali successfully induced the senescence of 4T1 cells after 3 days of 
coincubation, as evidenced by the change in morphology (fig. S1) 
and increase in senescence-associated β-galactosidase (SAβG) activ-
ity (Fig. 1, A and B). To investigate the production of SASPs, we identi-
fied the repertoire of the secretory profile in the medium of 4T1 cells 
after incubated with Ali by a cytokine antibody array, demonstrat-
ing that classic SASPs, including granulocyte-macrophage colony-
stimulating factor (GM-CSF), macrophage colony-stimulating factor 
(M-CSF), interleukin-6 (IL-6), IL-10, IL-13, intercellular adhesion 
molecule–1 (ICAM-1), chemokine (C-CC motif) ligand 5 (CCL5), 
and Monocyte Chemoattractant Protein-1 (MCP-1), were elevated in 
response to Ali treatment (Fig. 1C and fig. S2). Aiming to find proper 
SASP regulators for decreasing immunosuppressive SASPs induced by 
Ali, three types of compounds targeting SASP regulators, including 
the nuclear factor κB (NF-κB) inhibitor BAY 11-7082 (BAY), the 
p38MAPK inhibitor SB203580 (SB2), and the JAK2/STAT3 inhibitor 
Rux, were incubated with Ali-treated 4T1 cells. The development of 
cellular senescence induced by Ali was not obviously influenced by the 
addition of Rux and SB2 (Fig. 1A and fig. S3). However, SAβG activity 
and growth arrest were slightly decreased in the Ali-treated cells when 
incubated with BAY (figs. S3 and S4), suggesting that BAY modestly 
weakened the induction of senescence by Ali. Rux reduced only a 
majority of immunosuppressive SASPs, including GM-CSF, M-CSF, 
IL-10, and IL-13, which were previously shown to recruit and acti-
vate MDSCs, but retained high levels of immunostimulatory SASPs 
involved in senescence surveillance, such as ICAM-1, CCL5, and 

MCP-1, in Ali-induced senescent 4T1 cells (Fig. 1C). In contrast, BAY 
and SB2 substantially decreased the generation of most SASPs (Fig. 
1C). Only GM-CSF and M-CSF were slightly down-regulated by Rux 
in the untreated 4T1 cells, suggesting that Rux had limited effect in 
nonsenescent cancer cells (fig. S5). To explore the effect of the secre-
tome on tumor growth in vivo, mice received untreated 4T1 cells with 
condensed SASPs from pretreated senescent 4T1 into their mammary 
fat pads (Fig. 1D). Most tumors were visible in the mice after 6 days of 
inoculation with untreated 4T1 cells (Fig. 1E and fig. S6). Notably, tu-
mor progression was slightly expedited in mice inoculated with 4T1 
cells with condensed SASPs from Ali-pretreated cells, suggesting that 
Ali-derived SASPs had a risk of promoting tumor progression. In con-
trast, tumor progression was remarkably delayed when mice were in-
oculated with 4T1 cells with Ali plus SASP regulators in comparison to 
that inoculated with free 4T1 cells, and the slowest tumor growth was 
detected in the Ali plus Rux groups (Fig. 1E and fig. S6). Similarly, im-
munofluorescence (IF) staining and flow cytometry analysis together 
showed that SASPs induced by Ali plus Rux triggered the strongest 
increase in the number of CD8+ T and NK cells and the greatest re-
duction in the presence of MDSCs in the TME among all the treat-
ment groups (Fig. 1, F and G, and fig. S7). Collectively, these results 
demonstrated that Rux alleviated the Ali-induced immune TME via 
increasing the immunostimulatory cell infiltration and decreasing 
the recruitment of immunosuppressive cells in tumors, supporting the 
proposed strategy of integrating the senescence inducer Ali with the 
SASP regulator Rux for further immunotherapy.

To improve the bioavailability and tumor targeting of Ali and 
Rux, we next fabricated a carrier-free nanodrug (Ali-Rux) that was 
only coassembled by Ali and Rux via a turbulent mixing method 
termed flash nanocomplexation (Fig. 2A). The binding energy (−4.3 kJ/
mol) between Ali and Rux was determined by molecular dynamic 
simulations (fig. S8), indicating the possibility of the self-assembly of 
Ali and Rux. Beyond hydrophobic interactions, the hydrogen bond 
and van der Waals forces determined by the interaction region indi-
cator assay contributed to driving the interaction between Ali and 
Rux (Fig. 2B). Such nanoparticulate crystals exhibited a uniform 
structure with a size of ≈50 nm, good dispersibility, and a negative 
surface charge (−8.98 mV) when the mass ratio of Ali to Rux is 2 to 
3 (Fig. 2C and figs. S9 and 10). The ultraviolet-visible (UV-vis) spec-
trum showed that Ali-Rux had the same characteristic absorption 
peak at 311 nm as Ali and Rux (Fig. 2D), indicating the coexistence 
of Ali and Rux in Ali-Rux. The Fourier transform infrared (FTIR) 
spectra of Ali-Rux presented the typical peaks of ─CN stretching 
vibration at 2250 cm−1 and ─C═O─ in aromatic aldehydes stretch-
ing vibration at 1650 to 1750 cm−1, suggesting the preservation of 
both Ali and Rux (Fig. 2E). Furthermore, the FTIR results also re-
vealed the formation of hydrogen bonding network with a classic 
absorption peak near 3300 cm−1 (─OH vibrational peak), which in-
dicated the assembly of Ali and Rux. X-ray diffraction (XRD) analy-
sis revealed amorphous nanocrystals of Ali-Rux (Fig. 2F). Through 
high-performance liquid chromatography (HPLC) analysis, the in-
dividual drug loading percentages of Ali and Rux were determined 
as 38.3 and 61.7%, respectively.

Given that the stability and dissolution rates of poorly water-
soluble molecules can be improved by nanocrystallization, we found 
that Ali-Rux displayed sustained release of Ali and Rux in simulated 
body fluid (SBF). The cumulative release of Ali and Rux from Ali-
Rux reached 73.2 and 78.1% over a 72-hour period (Fig. 2G), respec-
tively, which were much slower than the release of free Ali or Rux 
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Fig. 1. Screening SASP regulators combined with Ali to induce selective cellular senescence for tumor inhibition. (A) SAβG staining of 4T1 cells after incubated with 
various formulations for 3 days. Scale bars, 100 μm. (B) Percentage of SAβG-positive 4T1 cells after incubated with various formulations for 3 days, n = 5, **P < 0.01. 
(C) Quantitative enzyme-linked immunosorbent assays (ELISAs) for the cytokine protein profiles of culture medium from 4T1 cells after various treatments, n = 3. (D) Scheme 
of the protocol that inoculating untreated 4T1 cells and condensed supernatants into the mammary fat pads of mice. (E) Tumor growth curve of the mice after inoculation 
with condensed cell medium from pretreated 4T1 cells and untreated 4T1 cells. The pretreated 4T1 cells were incubated with PBS, Ali, Ali + BAY, Ali + SB2, and Ali + Rux 
for 3 days before inoculation. (F) IF analysis of CD8+ T cells, NK cells, and MDSCs in tumor tissues. Scale bars, 50 μm. (G) Tumor infiltration of CD8+ T cells, NK cells, and 
MDSCs by flow cytometry analysis. All data are mean ± SD, n = 3. *P < 0.05, **P < 0.01, and ***P < 0.001. ns, not significant.
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(fig. S11), indicating the sustained and coordinated release of Ali and 
Rux under physiological conditions. In addition, Ali-Rux partly pre-
sented degradation after 12 hours of exposure to simulated gastric 
fluid and simulated intestinal fluid (fig. S12). To visualize cellular in-
ternalization, Ali-Rux was conjugated with fluorescein isothiocyanate 
(FITC) to form trackable FITC-Ali-Rux. After 6 hours of coincubation, 
intense fluorescent signals from FITC-Ali-Rux were detected in 4T1 
cells (Fig. 2H), which was 4.6-fold higher than free FITC (fig. S13), 
consistent with the HPLC results (fig. S14). Next, we investigated the 
biodistribution and pharmacokinetics of Ali-Rux with oral adminis-
tration. After 8 hours, concentration of both Ali and Rux within 
tumor was notably higher in the Ali-Rux group in comparison with 
the Ali + Rux group (Fig. 2I and figs. S15 and S16). Furthermore, 
Ali-Rux showed prolonged blood circulation time than free Ali and 
Rux (fig. S17). These results collectively confirmed that Ali-Rux 
improved the tumor enrichment of Ali and Rux through the advan-
tages of nanocrystals.

To investigate the ability of Ali-Rux to induce senescence, SAβG 
activity was detected in 4T1 cells and MCF-7 cells after 3 days of 
coincubation with Ali plus Rux and Ali-Rux. Higher SAβG activity 
was detected in the cells treated with Ali-Rux than in those treated 
with Ali plus Rux (Fig. 3, A and B, and fig. S18), indicating that Ali-
Rux induced more senescence than Ali plus Rux due to improved 
transport across the cell membrane. Furthermore, Ali-Rux induced 
less senescence on mouse fibroblast L929 cells than that on 4T1 cells 

and MCF-7 cells, suggesting the selective induction of senescence 
on cancer cells by Ali-Rux (fig. S19). Notably, Ali, Ali + Rux, and 
Ali-Rux led to a subtantial inhibition of the proliferation of 4T1 cells 
and MCF-7 cells but induced apoptosis in <10% of 4T1 cells (fig. 
S20), suggesting that senescence might be the major reason for the 
reduction in cancer cell proliferation. As expected, Ali-Rux exhibit-
ed a stronger inhibition on the proliferation of cancer cells than Ali 
and Ali plus Rux owing to its better induction of senescence. Given 
the increased antigen presentation of senescent cells (35), we ana-
lyzed the major histocompatibility complex class I (MHC-I) expres-
sion in 4T1 cells and MCF-7 cells after incubation with Ali-Rux by 
flow cytometry. As illustrated in Fig. 3C and fig. S21, Ali-Rux led to 
a substantial up-regulation of classical MHC-I molecules, as indi-
cated by flow cytometry of H-2Kb/Db in 4T1 cells and HLA-A/B/C 
in MCF-7 cells, which was higher than Ali and Ali plus Rux. To 
explore whether the up-regulation of MHC-I enhances the actual an-
tigen presentation, the H-2Kb–restricted model ovalbumin (OVA)– 
derived peptide SIINFEKL was detected in senescent 4T1 cells (Fig. 
3D). Compared with nonsenescent 4T1 cells, senescent 4T1 cells 
induced by Ali-Rux presented more SIINFEKL peptide bound to 
H-2Kb, suggesting that Ali-Rux might increase an antitumoral im-
mune response by efficiently inducing senescence.

Having demonstrated that Ali-Rux enhanced the immunogenicity 
of 4T1 cells, we sought to investigate whether Ali-Rux could elevate 
the level of danger signals to recruit and activate immune cells. 

Fig. 2. Fabrication and characterization of Ali-Rux nanocrystals. (A) Scheme of the fabrication of Ali-Rux by a turbulent mixing method. (B) Three-dimensional isosur-
faces of Ali and Rux. (C) Transmission electron microscopy image of Ali-Rux. Scale bar, 200 nm. (D to F) UV-vis absorption spectra (D), FTIR spectra (E), XRD spectra (F) and 
of Ali-Rux. (G) Drug release profile of Ali-Rux in SBF. (H) Fluorescent image of 4T1 cells after incubation with FITC-labeled Ali-Rux. (I) Ali concentrations in organs and tumor 
at 8 hours after the oral administration with free Ali and Ali-Rux. All data are mean ± SD, n = 3. DMSO, dimethyl sulfoxide; a.u., arbitrary units.
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Considering that ICD is the current gold standard for efficient antitu-
mor immune responses, we triggered the ICD of cancer cells with a 
high dose of liposomal doxorubicin (Doxil) and compared the release 
of DAMPs, such as calreticulin (CRT), chromatin-binding protein 
high mobility group B1 (HMGB1), and adenosine triphosphate (ATP), 
from senescent cancer cells and cancer cells undergoing ICD. We found 
that Doxil induced substantial apoptosis but rare senescence in breast 
cancer cells (fig. S22). After treatment with Ali-Rux, both 4T1 cells and 
MCF-7 cells induced more CRT exposure as well as higher release of 
HMGB1 and ATP than the corresponding cells undergoing ICD 
(Fig. 3, E and F, and figs. S23 and S24). To explore whether Ali-Rux– 

induced senescent cancer cells could activate dendritic cells (DCs), we 
cocultured DCs with Ali-Rux–pretreated 4T1 cells or ICD 4T1 cells 
and then detected the expression of the costimulatory markers CD86 
and CD80 on the surface of DCs. It was found that 4T1 cells pretreated 
with Ali-Rux induced markedly higher levels of the DC activation 
and maturation markers CD86 and CD80 than ICD 4T1 cells (Fig. 
3G). Previous pioneering studies have demonstrated that senescent 
cells are more efficient in delivering cellular membrane and cy-
toplasm material into DCs than ICD cells (32, 36). Consistently, we 
found that DCs captured more membrane and cytosolic dyes from 
Ali-Rux–treated 4T1 cells than from ICD 4T1 cells (fig. S25), 

Fig. 3. Senescent 4T1 cells induced by Ali-Rux elicit an antitumor immune response. (A) Representative images of SAβG staining in 4T1 cells after treatment with PBS, 
Ali plus Rux, or Ali-Rux for 3 days. Scale bars, 100 μm. (B) Percentage of SAβG-positive 4T1 cells after treatment with PBS, Ali plus Rux, and Ali-Rux for 3 days, n = 5, 
***P < 0.001. (C) Flow cytometry analysis of H-2Kb/Db expression in 4T1 cells, n = 3. (D) OVA-derived SIINFEKL peptide bound to H-2Kb presentation in 4T1 cells stably 
expressing OVA, n = 3. (E) Percentage of CRT-positive 4T1 cells after treated with PBS, Ali, Rux, Ali plus Rux, Ali-Rux, and Doxil, n = 5. (F) The amount of released HMGB1 
from 4T1 cells measured by ELISA, n = 5. (G) Measurement of the expression of costimulatory molecules on DCs after coincubation with various treated 4T1 cells for 
24 hours, n = 5, **P < 0.01. (H) Illustration of the timeline and the subcutaneous immunization protocol in this research. (I) Tumor growth curves from the mice vaccinated 
with PBS, Doxil-treated 4T1 cells, and Ali-Rux–treated 4T1 cells. All data are mean ± SD.
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suggesting the facile acquisition of tumor-associated antigens from 
Ali-Rux–induced senescent 4T1 cells by DCs. To further investigate 
the antitumor immune response of Ali-Rux–induced senescent 
4T1 cells, we subcutaneously vaccinated healthy BALB/c mice with 
Ali-Rux–pretreated 4T1 cells or ICD 4T1 cells and then rechallenged 
them with 4T1 cells 1 week after immunization (Fig. 3H). The prophy-
lactic effect of Ali-Rux–induced senescent 4T1 cells was markedly 
better than that of ICD 4T1 cells, which was reflected by the stronger 
tumor growth delay (Fig. 3I). Furthermore, immunization with 
Ali-Rux–pretreated 4T1 cells induced greater DC maturation and ac-
tivation than immunization with ICD 4T1 cells (fig. S26). Collectively, 
these results indicated that the induction of senescence by Ali-Rux is 
superior to the induction of ICD by Doxil in releasing DAMPs and 

triggering DC activation and maturation to improve the antitumor 
immune response.

We next explored the ability of Ali-Rux to induce tumor senes-
cence and reprogram SASPs in vivo. 4T1 tumor–bearing mice were 
orally administered Ali, Ali plus Rux, and Ali-Rux every day for a 
total of seven consecutive administration, respectively. Then, the ex-
pression of SAβG and Ki67, as well as the secretion of SASPs, was 
detected 2 days after the final administration. Consistent with the in 
vitro findings, Ali-Rux increased SAβG activity while decreasing 
the proliferative marker Ki67 compared with Ali plus Rux in tumor 
tissues (Fig. 4, A and B). Compared with Ali, Ali-Rux triggered 
an obvious increase in the secretion of multiple cytokines and chemo-
kines (IL-6, CCL5, and MCP-1) while decreased the secretion of 

Fig. 4. Ali-Rux induces senescence and reprograms SASPs in vivo. (A and B) Immunohistochemistry (IHC) analysis of the expression of SAβG (A) and Ki67 (B) in tumors 
of mice after 7 days of daily oral treatments with saline, Ali (10 mg/kg), Ali (10 mg/kg) plus Rux (15 mg/kg), or Ali-Rux (25 mg/kg). Scale bars, 50 μm, n = 3, ***P < 0.001. 
(C) Quantification of the cytokine protein profile in tumors of mice after 7 days of daily oral treatments with various formulations, n = 3, **P < 0.01 and ***P < 0.001. (D) IF of 
the expression of pStat3 (green) in tumors of mice after 7 days of daily oral treatments with various formulations. Scale bar, 50 μm. **P < 0.01. All data are mean ± SD.
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immunosuppressive factors, including GM-CSF, M-CSF, IL-10, and IL-
13, to considerably lower levels (Fig. 4C). To investigate the underlying 
mechanism, we examined the status of Stat3, an orchestrator of im-
munosuppressive SASPs in tumors, by IF staining (Fig. 4D). Phos-
phorylation of Stat3 was up-regulated in 4T1 tumors after treatment 
with Ali. As a JAK2/STAT3 inhibitor, Rux decreased the activation of 
Stat3 by Ali in 4T1 tumors. Notably, Ali-Rux induced the lowest 
level of phosphorylated Stat3 (pStat3). These results together dem-
onstrated that Ali-Rux could trigger a high level of tumor senescence 
while driving an overall reprogramming of SASPs through the inac-
tivation of Stat3.

In view of the enhanced antitumor immunogenicity and SASP 
reprogramming, we established 4T1 breast cancer models by inject-
ing 4T1 cells to the mouse mammary fat pads and subsequently 
investigated the recruitment of immune cells in 4T1 tumors after 
7 days of daily oral treatments with various formulations. As shown in 
Fig. 5 (A and B) and fig. S27, Ali plus Rux and Ali-Rux elevated the 
influx of CD8+ T cells and NK cells in 4T1 tumors compared with 
Ali. Ali-Rux triggered the strongest recruitment of CD8+ T and NK 
cells among all the treatments. CD8+ and NK cells in 4T1 tumors 
after treated with Ali-Rux were higher cytotoxic than those in the 
other groups, as characterized by an increase in the expression of 
CD107a, the level of granzyme B mRNA, and the release of gran-
zyme B proteins (Fig. 5, C to E). Fewer MDSCs were found in 4T1 
tumors in the Ali-Rux treatment groups because Ali-Rux inhibited 
the secretion of immunosuppressive SASPs and thus decreased the 
recruitment, proliferation, and activation of MDSCs. Knowing that 
transforming growth factor–β (TGF-β) generated by MDSCs plays a 
vital role in blocking the proliferation and activation of CD8+ T and 
NK cells (37, 38), we investigated the secretion of TGF-β in 4T1 tu-
mors after treated with various formulations. The expression of 
TGF-β was markedly down-regulated by Ali-Rux compared with 
Ali and Ali plus Rux (Fig. 5F). Furthermore, Ali-Rux resulted in the 
lowest presence of immunosuppressive M2 macrophages and regu-
latory T cells (fig. S28). Collectively, these results indicated that Ali-
Rux, which integrated prosenescence and SASP reprogramming, 
effectively enhanced antitumor immunogenicity and reversed the 
immunosuppressive TME by increasing the number and activity of 
CD8+ T cells and NK cells and decreasing the frequency of immu-
nosuppressive cells (Fig. 5G).

Considering that Ali-Rux increased the expression of PD-L1 in 
4T1 cells and tumors (fig. S29), we investigated the therapeutic ef-
fect of Ali-Rux when combined with anti-PD-L1 (αPD-L1) in 4T1 
murine breast cancer models (Fig. 6A). The single αPD-L1 failed to 
inhibit tumor progression or metastasis (Fig. 6, B and C, and fig. 
S30). Ali modestly delayed tumor growth but ineffectively inhibited 
tumor metastasis. In contrast, mice receiving Ali plus Rux showed 
slower tumor growth and fewer pulmonary metastatic nodules than 
those receiving Ali alone, confirming that the combination of prose-
nescence and SASP reprogramming could effectively combat tumor 
metastasis. Consistent with the in vitro data, Ali-Rux showed greater 
inhibition of primary tumor growth and pulmonary metastasis than 
Ali plus Rux. In addition, Ali plus Rux notably enhanced the antitu-
mor effect of αPD-L1. Notably, Ali-Rux combined with αPD-L1 ex-
hibited the best therapeutic outcomes, completely eradicating primary 
4T1 tumors and suppressing the progression of pulmonary metastatic 
nodules. To investigate the underlying mechanism, we harvested 4T1 
tumors and analyzed the antitumor immune response 3 days after 
the administration of αPD-L1 (day 18). As shown in Fig. 6 (D to F) 

and fig. S31, Ali-Rux with αPD-L1 triggered the most pronounced 
antitumor immune response, including increased infiltration of 
CD8+ T and CD4+ T cells as well as proinflammatory tumor necro-
sis factor–α and interferon-γ production. Together, Ali-Rux com-
bined with ICBs resulted in a marked systemic antitumor effect for 
suppression of the development of both primary and metastat-
ic tumors.

To further explore the effect of Ali-Rux on sensitizing αPD-L1, 
we screened the dose of Doxil that had the same tumor inhibition 
rates (52.1%) as Ali-Rux and then compared the therapeutic effect 
of Ali-Rux and Doxil in combination with αPD-L1. Immunohis-
tochemistry (IHC) and terminal deoxynucleotidyl transferase–
mediated deoxyuridine triphosphate nick end labeling staining 
indicated that Doxil mainly resulted in tumor apoptosis rather 
than senescence (fig. S32). As expected, Ali-Rux plus αPD-L1 elic-
ited a stronger antitumor effect, more CD8+ T cell infiltration, and 
higher levels of proinflammatory cytokines (fig. S33), suggesting 
that Ali-Rux was superior to Doxil in potentiating the therapeutic 
outcome of ICBs. To investigate whether Ali-Rux with αPD-L1 could 
establish immune memory to prevent tumor recurrence, recurrent 
and rechallenge experiments were performed in 4T1 tumor models. 
4T1 tumor–bearing mice with almost eradicated primary tumors by 
Doxil plus αPD-L1 and Ali-Rux plus αPD-L1 were selected on day 
30. After another 30 days (day 60), these mice were reinjected subcu-
taneously with 4T1 cells. The mice whose tumors were removed by 
surgery were used as controls. The rechallenged tumors grew rapidly 
in the mice with tumors eradicated by surgery (Fig. 6G). In contrast, 
mice receiving Ali-Rux plus αPD-L1 or Doxil plus αPD-L1 were pro-
tected from local tumor recurrence. Notably, Ali-Rux plus αPD-L1 
resulted in lower tumor recurrence and slower tumor progression 
than Doxil plus αPD-L1. In addition, the generation of effector 
memory T cells in the mice treated with Ali-Rux plus αPD-L1 was 
increased by 1.9-fold compared with the control groups on day 60, 
which was higher than that in the mice treated with Doxil plus 
αPD-L1 (1.4-fold) (Fig. 6, H and I). Collectively, these results indi-
cated that Ali-Rux plus αPD-L1 could elicit strong antitumor im-
mune memory to prevent tumor relapse.

We lastly evaluated the safety profiles of Ali-Rux plus αPD-L1 in 
vivo. The body weight of the mice treated with Ali-Rux or Ali-Rux 
plus αPD-L1 did not decline in comparison to that of the mice treat-
ed with saline (fig. S34). The complete blood counts showed that the 
number of red blood cells, white blood cells, and platelets appeared 
to be normal upon different treatments (fig. S35). The liver function 
indices, including alkaline phosphatase, aspartate aminotransferase, 
and aminotransferase, together with kidney function indices, blood 
urea nitrogen, and creatinine, in all the treatment groups were with-
in normal physiological ranges. Consistently, hematoxylin and eosin 
staining and IHC results indicated a lack of pathological injury and 
senescence in major organs for all the groups (figs. S36 and S37). 
Collectively, these results suggest the low systemic toxicity of Ali-
Rux combined with αPD-L1.

DISCUSSION
SASPs have a double-edged sword effect in regulating tumor immune 
microenvironment (39, 40). The secretion of proinflammatory SASPs 
promotes innate and adaptive immune response and triggers tumor-
infiltrating CTLs and NK cells to suppress tumor progression. How-
ever, uncontrollable accumulation of anti-inflammatory SASPs attracts 
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immunosuppressive cells and generates some growth factors that 
result in proliferation, invasion, and metastasis of nonsenescent tu-
mor cells. To effectively leverage senescence for cancer treatment, 
we proposed to regulate senescence homeostasis by maintaining 
immunostimulatory SASPs and decreasing the context of immuno-
suppressive SASPs. In such a scenario, the output of SASPs was 
modulated by the expression of SASP-related gene, including NF-κB, 
p38MAPK, and JAK2/STAT3 (41–44). Having screened the effect of 
NF-κB (BAY), p38MAPK (SB2), and JAK2/STAT3 (Rux) inhibitors 

on the production of SASPs in Ali-challenged cells, we selected Rux to 
combine with Ali in a nanocrystal form that facilitated the reduction 
of protumoral SASPs without interfering with antitumoral SASPs, 
leading to the robust promotion of tumor immunogenicity. Notably, 
SASPs are highly heterogeneous across different tumors and different 
cells within the same tumor (43, 45). Stromal cells treated with same 
senescent inducers may generate qualitatively and quantitatively dif-
ferent SASPs from cancer cells. Therefore, it is necessary to conduct 
more comprehensive analysis of SASPs in different tumors and cell 

Fig. 5. Ali-Rux remodels the TME. (A) 4T1 murine breast cancer models were orally administered saline, Ali (10 mg/kg), Ali (10 mg/kg) plus Rux (15 mg/kg), or Ali-Rux 
(25 mg/kg) every day for a total of seven consecutive administration. Tumor infiltration of CD8+ T cells, NK cells, and MDSCs was detected 2 days after the final treatments. 
Scale bars, 50 μm. (B) Quantitative flow cytometry of CD8+ T cells, NK cells, and MDSCs in tumors, n = 3. **P < 0.01 and ***P < 0.001. (C) Quantitative analysis of CD8+ and 
NK1.1+ degranulation 2 days after the final treatments, n = 3. **P < 0.01 and ***P < 0.001. (D) The levels of granzyme B mRNA in 4T1 tumors after treated with various 
formulations 2 days after the final treatments, n = 3. **P < 0.01 and ***P < 0.001. (E) The secretion of granzyme B, n = 3, *P < 0.05. (F) The release of TGF-β in tumors 2 days 
after the final treatments, n = 3. **P < 0.01 and ***P < 0.001. All data are mean ± SD. (G) Schematic illustration that Ali-Rux enhances antitumor immune response through 
enhancing the expression of MHC-I and release of DAMPs as well as restoring the immunosuppressive TME in orthotopic 4T1 tumor–bearing mouse models.
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types and considered how senescence ultimately affects tumor pro-
gression through stromal remodeling before leveraging senescence for 
cancer treatment.

In comparison to free drugs, nanocrystals have better bio-
availability, improved cellular internalization, and increased tu-
mor accumulation (46, 47). Therefore, we developed a carrier-free 
nanocrystal consisting of Ali and Rux, which outperformed the 
mixture of Ali and Rux on tumor senescence induction and SASP 
reprogramming. The nanocrystals efficiently promoted tumor im-
munogenicity and reprogrammed immunosuppression in TME by 
increasing the recruitment and activation of CD8+ T cells and NK 
cells while decreasing the MDSCs. Benefit from these advantages, 
the combination of nanocrystals and αPD-L1 elicit a stronger and 

more durable antitumor immune response to prevent tumor re-
lapse, when compared to the combination of Doxil and αPD-L1. In 
summary, our study provided a TME reshaping approach by har-
nessing senescence to potentially complement cancer immunother-
apy. We believed that we provide the pioneer about using SASP 
regulator to manipulate the immunogenic pattern in TME after 
therapy-induced senescence through coassembled nanocrystals. 
On these grounds, those simple and low-cost nanocrystals based on 
senescence inducer and SASP regulator might not only license can-
cer therapy–induced cellular senescence to improve tumor immu-
notherapy in an individual manner but also hold great promise for 
clinical practice by overcoming the challenges of senescence-based 
cancer immunotherapy.

Fig. 6. Therapeutic evaluation of Ali-Rux plus αPD-L1 in vivo. (A) Illustration of the timeline for the treatments of 4T1 tumor models. (B) Tumor growth curve of the 
mice after various treatments. (C) The number of pulmonary metastatic nodules, n = 5, ***P < 0.001. (D) Flow cytometry analysis of tumor-infiltrating CD8+ T cells in vari-
ous treatment groups, n = 3, **P < 0.01 and ***P < 0.001. (E and F) Secretion of interferon-γ (IFN-γ) (E) and tumor necrosis factor–α (TNF-α) (F) in tumors after treatment 
with various formulations. n = 5. ***P < 0.001. (G) 4T1 tumor–bearing mice whose primary tumors were eradicated by various treatments were rechallenged with 4T1 cells 
on day 60, and their tumor growth was recorded, n = 5. Tumor growth (number of animals developing tumors out of the total) is indicated for each group. (H and I) 4T1 
tumor–bearing mice after treated with Doxil plus αPD-L1 and Ali-Rux plus αPD-L1 for 30 days were selected, and the splenocytes were harvested on day 60 for the analy-
sis of effector memory T cells. Flow cytometry dot plot (H) and quantification (I) of effector memory T cells were shown, n = 3, ***P < 0.001. All data are mean ± SD.
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MATERIALS AND METHODS
Screening SASP regulators
4T1 cells were coincubated with phosphate-buffered saline (PBS), 
Ali (0.5 μg/ml), Rux (1 μg/ml), Ali (0.5 μg/ml) plus BAY (1 μg/ml), 
Ali (0.5 μg/ml) plus SB2 (1 μg/ml), and Ali (0.5 μg/ml) plus Rux 
(1 μg/ml) for 3 days. During the 3-day period, half of the treated cell 
medium was replaced with fresh cell medium every day. Meanwhile, 
the replaced cell medium was collected, and the production of SASPs 
was determined using a cytokine antibody array (Abcam, ab193659) 
and further quantified by an enzyme-linked immunosorbent assay 
(ELISA) kit. Afterward, these 4T1 cells were collected, and the cell 
medium was freeze-dried. Then, female BALB/c mice were injected 
with 2 × 105 untreated 4T1 cells and the collected medium to the 
mammary fat pads. The tumors of each mouse were measured by a 
digital caliper every 3 days, and the tumor volume was calculated by 
the following formula: tumor volume = tumor length × width2 × 0.52. 
After 21 days, all the mice were euthanized, and the tumor tissues 
were harvested, weighed, and photographed.

Synthesis of Ali-Rux
Ali and Rux were dispersed in independent dimethyl sulfoxide solu-
tions and then premixed in a 2:3 mass ratio (Ali and Rux were 2 and 
3 mg/ml in premixed solutions, respectively). The mixed solutions 
of Ali and Rux flows were introduced into a four-stream multi-inlet 
vortex mixer through two parallel channels at a flow rate of 5 ml/
min each. Deionized water was introduced into the remaining two 
channels at a flow rate of 50  ml/min each. Ali-Rux was purified 
through dialysis [Molecular Weight Cut Off (MWCO) = 3.5 kDa].

Biodistribution and pharmacokinetics of Ali-Rux
We injected 5 × 106 4T1 cells into the mammary fat pads of female 
BALB/c mice to establish 4T1 murine breast cancer models. These 
4T1 murine breast cancer models were orally administered Ali plus 
Rux or Ali-Rux at the same dose of Ali (10 mg/kg). Then, the blood 
of each mouse was collected at different time points, and the blood 
circulation of Ali-Rux was analyzed by HPLC. To study the biodistri-
bution of Ali, Rux, and Ali-Rux, mice were euthanized 8 hours after 
intragastric administration, and tumor tissues and major organs 
were harvested. Then, the total amount of Ali and Rux was analyzed 
by HPLC. The 4T1 tumor–bearing mice were orally administered 
FITC, FITC-labeled Ali, or FITC-labeled Ali-Rux at the same dose of 
Ali (10 mg/kg). Mice were euthanized 12 hours after oral administra-
tion, and blood samples and tumor tissues were collected. Last, the 
tumor sections were stained with 4′,6-diamidino-2-phenylindole, 
and fluorescent images were captured via confocal laser scanning 
microscopy (CLSM).

Induction of senescence by Ali-Rux
4T1 cells and MCF-7 cells were treated with PBS, Ali (0.5 μg/ml) 
plus Rux (0.75 μg/ml), Ali-Rux (1.25 μg/ml), or Doxil (10 μg/ml) for 
3 days. L929 cells were treated with PBS and Ali-Rux (1.25 μg/ml) 
for 3 days. Then, the SAβG activity was analyzed by using the Cel-
lular Senescence Assay Kit (Millipore) according to the manufac-
turer’s instructions. Cell apoptosis was detected by flow cytometry 
after costaining with Alexa Fluor 488 annexin V and propidium io-
dide according to the description of the Alexa Fluor 488 annexin V/
Dead Cell Apoptosis Kit (Invitrogen).

4T1 tumor mouse models were orally administered Ali (10 mg/
kg), Ali (10 mg/kg) plus Rux (15 mg/kg), and Ali-Rux (25 mg/kg) 

once daily for 7 days. Then, all the mice were euthanized, and the 
tumors were harvested. Then, tumors were fixed using 10% formalin 
and embedded in paraffin according to standard procedures. The tu-
mor sections were stained for Ki67 (clone SP6) and SAβG. For the 
SASP assay, tumors and major organs were collected and homoge-
nized, and the production of SASPs was determined using a cytokine 
antibody array (Abcam, ab193659) and further quantified by an 
ELISA kit in accordance with the manufacturer’s protocol. To detect 
the phosphorylation of STAT3, 4T1 tumors were harvested, formalin-
fixed, and paraffin-embedded 4-μm sections. Then, these tumor sec-
tions were stained with phospho-Stat3 (Tyr705) (D3A7) for IF assays.

MHC-I antigen presentation
OVA-expressing 4T1 cells and MCF-7 cells were incubated with PBS, 
Ali (0.5 μg/ml), Rux (0.75 μg/ml), Ali (0.5 μg/ml) plus Rux (0.75 μg/ml), 
and Ali-Rux (1.25 μg/ml) for 3 days. Then, these cells were washed, 
trypsinized, and resuspended in 500 μl of PBS. Then, these cells were 
homogenized using cell lysis buffer (Abcam, ab152163). The cell 
supernatant was collected and stained with H2Kd/phycoerythrin 
(PE; 1:400; BioLegend, clone SF1-1.1), HLA-A/B/C, and H2Kb-
SIINFEKL (1:200; BioLegend, clone 25-D1.16) at 4°C for 20 min and 
then measured by flow cytometry.

DAMP release and DC maturation in vitro
To induce senescence, 4T1 cells and MCF-7 cells were incubated 
with PBS, Ali (0.5 μg/ml), Rux (0.75 μg/ml), Ali (0.5 μg/ml) plus 
Rux (0.75 μg/ml), or Ali-Rux (1.25 μg/ml) for 3 days. To induce 
ICD, 4T1 cells and MCF-7 cells were incubated with Doxil (10 μg/
ml) for 24 hours. Then, the cell medium was collected, and the 
secretion of HMGB1 and ATP was detected by an HMGB1 ELISA 
kit (Elabscience, E-EL-H1554c) and a Chemiluminescence ATP 
Determination Kit (Beyotime, S0027, China). In addition, the cells 
were washed with PBS and fixed with 4% paraformaldehyde for 
10 min. Subsequently, these cells were stained with FITC-labeled 
anti-CRT and measured using flow cytometry.

To measure DC maturation, BMDCs were isolated from female 
BALB/c mice and coincubated with 4T1 cells pretreated with PBS, Ali, 
Rux, Ali plus Rux, Ali-Rux, or Doxil for 24 hours. Then, BMDCs 
were collected and stained with anti–CD11c-FITC, anti–CD80-
Allophycocyanin (APC), and anti–CD86-PE for 30 min and sub
sequently analyzed using flow cytometry.

Immunizations with senescent 4T1 cells induced by Ali-Rux
4T1 cells (2 × 105) were treated with Ali-Rux (1.25 μg/ml) for 3 days 
to induce senescence or Doxil (10 μg/ml) for 24 hours to induce 
ICD. Then, these senescent 4T1 cells or ICD 4T1 cells were sub-
cutaneously implanted in the flanks of female BALB/c mice. After 
1 week, 2 × 105 untreated 4T1 cells were implanted in the opposite 
flank of these mice. Tumor growth was recorded every 3 days. To 
detect DC maturation, we harvested popliteal lymph nodes 1 day 
after immunizations. Subsequently, the lymph nodes were dissoci-
ated by pipetting manually, stained with anti–CD11c-FITC, anti–
CD80-APC, and anti–CD86-PE for flow cytometry assays.

Therapeutic evaluation
Balb/c female mice (6 to 8 weeks) were purchased from Nanjing Sik-
erui Biological Technology Co. Ltd. All the animal experiments were 
conducted in accordance with the guidelines of the Animal Ethics 
Committee of the Chinese Academy of Sciences (approval number: 
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SINANO/EC/2023-049). 4T1 murine breast cancer models were 
randomized into seven groups and then administered saline, αPD-L1 
(1.0 mg/kg), Ali (10 mg/kg), Ali (10 mg/kg) plus Rux (15 mg/kg), Ali 
(10 mg/kg) plus Rux (15 mg/kg) with αPD-L1 (1.0 mg/kg), or Ali-
Rux and Ali-Rux (25 mg/kg) with αPD-L1 (1.0 mg/kg). For the 
αPD-L1 treatment groups, 4T1 murine breast cancer models were 
intravenously injected with αPD-L1 on day 15. For the Ali, Ali 
plus Rux or Ali-Rux treatment groups, 4T1 murine breast cancer 
models were given these drugs once daily by oral gavage. The tumor 
volume of the mice was detected at predetermined days. All the 
mice were euthanized on day 30, and the tumors were harvested 
for weighing.

To compare the effect of Ali-Rux and Doxil in potentiating αPD-L1, 
4T1 murine breast cancer models were intravenously injected with 
various concentrations of Doxil every 3 days from day 0 to day 12. The 
tumors were harvested on day 15, and the tumor inhibitory rate was 
determined to screen the dose of Doxil (1.3 mg/kg) that had the same 
therapeutic effect as Ali-Rux (10 mg/kg). Then, 4T1 murine breast can-
cer models were intravenously administered Doxil (1.3 mg/kg) every 
3 days from day 0 to day 12 and intravenously injected with αPD-L1 on 
day 15 or orally administered Ali-Rux (10.0 mg/kg) once daily and in-
travenously injected with αPD-L1 on day 15. Tumor volume was mea-
sured every 3 days, and the tumors were harvested on day 18 for analyzing 
CD8+ T cells and on day 30 for weighing.

Immune memory study
For the immune memory study, the mice whose tumors were re-
moved by surgery, Doxil plus αPD-L1, or Ali-Rux plus αPD-L1 were 
selected and received subcutaneous injection with 2 × 105 4T1 cells on 
day 60. The splenocytes were harvested and stained with anti-CD3, 
anti-CD8, anti-CD44, and anti-CD62L antibodies. Subsequently, the 
stained cells were analyzed by flow cytometry.

Biosafety evaluation
Normal female BALB/c mice were subjected to oral administration of 
Ali-Rux (25 mg/kg per mouse) every day for 14 days and intravenous 
injection of αPD-L1 (1.0 mg/kg per mouse) on day 15. The body 
weight of the mice was recorded every 3 days. All mice were eutha-
nized after 30 days. Blood was collected from the orbits of the mice in 
EDTA-coated tubes. Complete blood panel analysis was performed 
by using an automated hematology analyzer (MEK-6410C, Japan). 
Serum biochemical parameters were analyzed by a Coulter LX2D 
(Beckman, Brea, CA). The main organs were sliced and observed by 
hematoxylin and eosin staining.
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