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Abstract 

We report the engineering of a series of multienzyme-mimicking covalent organic frameworks (COFs), 

COF-909-Cu, COF-909-Fe, and COF-909-Ni, as pyroptosis inducers remodeling the tumor 

microenvironment to boost cancer immunotherapy. Mechanistic studies revealed that these COFs could 

serve as hydrogen peroxide (H2O2) homeostasis disruptors to elevate intracellular H2O2 levels, and they 

not only exhibited excellent superoxide dismutase (SOD)-mimic activity and converted superoxide 

radicals (O2
•⁃) to H2O2 to facilitate H2O2 generation; but also possessed outstanding glutathione 

peroxidase (GPx)-mimic activity and depleted glutathione (GSH) to alleviate the scavenging of H2O2. 

Meanwhile, the outstanding photothermal therapy properties of these COFs could accelerate the Fenton-
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like ionization process to facilitate their chemodynamic therapy efficiency. One member, COF-909-Cu, 

can robustly induce gasdermin E (GSDME)-dependent pyroptosis and remodel the tumor 

microenvironment to trigger durable antitumor immunity, thus promoting the response rate of αPD-1 

checkpoint blockade and successfully restraining tumor metastasis and recurrence. 

 

1. Introduction 

As a fast-developing branch in heterogeneous catalysis, dispersing active sites into the backbone of 

porous scaffolds, such as metal-organic frameworks (MOFs) and covalent organic frameworks (COFs), 

is demonstrated to be an effective strategy to achieve ultrahigh activity, selectivity and atom economy 

that is inaccessible to bulk species.[1] Such porous materials not only effectively avoid unwanted active 

site accumulation induced quenching (ACQ) and offer sufficient contact with guest molecules to favor 

their exchange and diffusion but, more importantly, finely tune their band energy and optical properties 

via crystalline polymerization.[2] In this study, this strategy was utilized to form a series of multienzyme-

mimicking covalent organic frameworks by decorating metal ions (Cu, Fe and Ni) into the COF 

backbone, where their optical properties, including band energy, lifetime and light absorption properties, 

were finely tuned to achieve excellent enzyme-mimicking catalytic performance, including superoxide 

dismutase (SOD), peroxidase (POD) and glutathione peroxidase (GPx) activities. As a result, one 

member, COF-909-Cu was revealed to be a good pyroptosis inducer for boosting cancer immunotherapy 

for the first time.  

As a form of noninflammatory programmed cell death (PCD), the efficacy of apoptosis is usually limited 

due to the existence of apoptosis resistance in cancer cells, leading to unsatisfactory therapeutic 

performance.[3] In contrast to apoptosis, pyroptosis and ferroptosis are immunogenic PCD and were 

recently proven to be a powerful strategy to combat cancer, owing to its favorable ability to prime 

antitumor immune responses by releasing sufficient danger-associated molecular patterns 

(DAMPs).[4]Attempts have been made to isolate iron ions into building block of MOF to facilitate the 

pyroptosis-eliciting process and activate the immune system.[5] Recently, COFs were also utilized as new 

photosensitizers (PSs) for chemodynamic therapy (CDT)-triggered ferroptosis.[6] The potential of 

inducing pyroptosis by using COF materials, however, is rarely explored due to the stringent requirement 

for an acute inflammatory response. Moreover, the hypoxic character in tumor microenvironments 

(TME) and limited penetration depth also restrict the reactive oxygen species (ROS) generation 

efficiency of PDT.[7] Chemodynamic therapy (CDT), which involves the consumption of intracellular 

hydrogen peroxide (H2O2) to produce hydroxyl radicals (·OH), the most harmful ROS, is promising for 

eliciting acute inflammatory responses and inducing pyroptosis due to the advantages of not relying on 

external energy, penetration depth or oxygen levels.[8] The intracellular H2O2 level of cancer cells, 

however, is usually insufficient for CDT to generate enough ·OH, which results in limited CDT 

performance and poor pyroptosis inducing efficiency.[9]  

Herein, we report the engineering of a series of multienzyme-mimicking COFs as H2O2 homeostasis 

disruptors that promote intracellular H2O2 levels to achieve excellent CDT and pyroptosis-inducing 

efficacy for boosting cancer immunotherapy. The primary metal complex, L-3N-Cu, possesses poor CDT 

performance and was inefficient in eliciting pyroptosis on its own, due to its strong ACQ effect. However, 

after decorating it into COF scaffolds, COF-909-Cu exhibited excellent CDT efficacy and was efficient 
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in inducing pyroptosis. Mechanistic studies revealed that these multienzyme-mimicking COFs could 

serve as H2O2 homeostasis disruptors that not only exhibit excellent SOD-mimic activity, and convert 

superoxide radicals (O2
•⁃) to H2O2 to facilitate the production of adequate H2O2 but also possess excellent 

GPx-mimicking activity and deplete glutathione (GSH) to alleviate the scavenging of H2O2. Furthermore, 

the photothermal therapy (PTT) properties of these COFs could be systematically tuned by coordinating 

with different metal ions to accelerate the Fenton-like ionization process, thus enhancing their CDT 

efficiency. These factors, combined with the excellent ROS diffusion performance, endowed by the 

permanent porosity of COFs, make these enzyme-mimicking COFs favorable for inducing pyroptosis 

(Scheme 1 in supplemental information).   

 In vivo studies revealed that COF-909-Cu mediated CDT could successfully trigger gasdermin E 

(GSDME)-dependent pyroptosis. Specifically, cleaved Caspase-3 was found to be highly expressed after 

treatment with COF-909-Cu, which could further cleave GSDME to generate N-terminal domains and 

then form transmembrane pores, resulting in the release of abundant DAMPs to trigger a durable 

antitumor immune response. Meanwhile, the population of immunosuppressive cells, including 

regulatory T cells (Tregs) and myeloid-derived suppressor cells (MDSCs), was also proven to be sharply 

decreased. These results, combined with the drastic increase in memory T cells, indicate the superiority 

of COF-909-Cu for reprogramming the TME. Furthermore, the immunotherapy efficacy of αPD-1 could 

also be enhanced by combination with COF-909-Cu treatment, thus inducing durable abscopal effects to 

restrain tumor metastasis and recurrence. Our work on engineering multienzyme-mimicking COFs as 

COF-based pyroptosis inducers that possess outstanding CDT and PTT performance will pave new 

avenues for pyroptosis inducer design to achieve desirable immunotherapy therapeutic performance. 

2. Results and Discussion 

The typical construction of these multienzyme-mimicking COFs was achieved by a post-modification 

method (Figures 1A and 1B).[10] The high crystallinity degree of these COFs was confirmed by powder 

X-ray diffraction (PXRD) patterns (Figure 1C), where sharp PXRD peaks could be obtained by using 

both lab-based (Figures S1 to S5 and Table S1) and synchrotron instruments (Figure S6), and high-

resolution transmission electron microscopy (HR-TEM) images, where clear lattice fringes were 

observed (Figures 1F to 1H and Figure S7). The construction of imine COFs was proven by the 

characteristic imine bond peaks exhibited in their Fourier transform infrared (FT-IR) (Figure 1D) and 

solid-state nuclear magnetic resonance (ssNMR) spectra (Figure S8). Furthermore, the successful 

decoration of metal ions in the COF-909 backbone was evidenced by the clear shift in their XPS spectrum 

(Figure S9). The precise amount of metal ions was determined by inductively coupled plasma (ICP) 

atomic emission spectroscopy and energy dispersive spectroscopy (EDS) mapping results, while the real 

amounts of metal ions were 10.76 %, 10.05 % and 9.17 % for COF-909-Cu, COF-909-Fe, and COF-909-

Ni, respectively (Figures S10). Their particle sizes were determined by both dynamic light scattering 

(DLS) and TEM, with sizes of approximately 150 nm (Figures 1F and S11). The porosity of these 

enzyme-mimicking COFs was confirmed by their high Brunauer-Emmett-Teller (BET) surface areas, 

with values of 2180, 1880, 1720 and 1480 m2g-1 for COF-909, COF-909-Cu, COF-909-Fe, and COF-

909-Ni, respectively (Figures 1E, S12 to S13), which is favorable for ROS exchange and diffusion.  

In addition to the excellent ROS diffusion performance, in this study, we also revealed that decorating 

metal ions into COF-909 scaffolds is a new strategy to finely tune their optical properties, including band 

energy, lifetime and light absorption properties, and both are critical for realizing their CDT and PTT 
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performance (Figure 2A). Their light absorption efficiency was studied by UV/Vis diffuse reflectance 

spectroscopy (DRS), where an obvious red shift was observed in COF-909-Cu, indicating that better 

light absorption performance was realized after decorating L-3N-Cu into COF scaffolds (Figure 2B). 

Furthermore, the steady-state and time-resolved photoluminescence (PL) experiments showed that in 

comparison to L-3N-Cu, COF-909-Cu possessed a longer lifetime and lower PL intensity, revealing that 

higher charge transfer and electron-hole separation efficiency were achieved in the COF-909-Cu sample 

(Figures 2C, 2D, S14). Moreover, the ultraviolet X-ray photoelectron spectroscopy (VB-XPS) 

experiments also indicated that COF-909-Cu displayed a lower valence band (Figure 2E) and band gap 

(Figures 2F to 2H, S15), which was further proven in the density functional theory (DFT) calculation 

results (Figure 2I). These results demonstrated that dispersing active sites into the backbone of COF 

scaffolds is an effective strategy to achieve desirable band energy and optical properties. 

CDT efficacy is usually restricted by insufficient intracellular H2O2 levels, which severely hinders CDT 

for clinical applications.[11] In this study, we found that the limitation of intracellular H2O2 levels could 

be alleviated after treatment with these multienzyme-mimicking COFs, which was confirmed by the 

increased intracellular H2O2 level after treatment with COF-909-Cu (Figure S16). This was attributed to 

the excellent multienzyme-mimicking activities of COFs, where their SOD-mimicking activity could 

convert superoxide radicals (O2
•⁃) to H2O2 to facilitate the production of adequate H2O2, and their GPx-

mimicking activity could deplete glutathione (GSH) to alleviate the scavenging of H2O2 (Figure 3A). 

The SOD-mimicking activity of these COFs was investigated by using water-soluble tetrazolium salt 

(WST) as a superoxide radical probe.[12] The results showed that the SOD-mimicking activity of these 

COFs could be finely tuned by decorating with different metal ions; among them, COF-909-Cu exhibited 

outstanding SOD-mimicking activity, while its corresponding monomer, L-3N-Cu, displayed poor SOD-

mimicking activity (Figures 3B, 3C), demonstrating the high power of reticular chemistry. To assess the 

peroxidase-like (POD-like) activity of these COFs, 3, 3′,5, 5′-tetramethylbenzidine (TMB) was used as 

an ·OH probe, which could be oxidized into blue oxidized TMB (oxTMB), with a characteristic 

absorption peak at 652 nm (Figure 3D).[13] The results showed that among these COFs, COF-909-Cu 

exhibited the best POD-mimicking activity, which was 2-fold that of L-3N-Cu (Figure 3E). A similar 

tendency was also observed in the electron paramagnetic resonance (EPR) test, where sharp ·OH EPR 

peaks could be detected in the presence of COF-909-Cu (Figure 3F), indicating the excellent CDT 

performance of COF-909-Cu. Furthermore, the GPx-mimicking activity test results showed that COF-

909-Cu exhibited excellent GPx-mimicking activity and depleted GSH to alleviate the scavenging of 

H2O2 (Figures 3G, 3H and S17). In addition, the PTT property of these COFs could be systematically 

tuned by coordination with different metal ions (Figures 3I to 3K and S18), which not only causes 

damage to cancer cells, but more importantly, accelerates the Fenton-like ionization process to facilitate 

their CDT efficiency. This could also be confirmed by the cytotoxicity experiments, where more than 85 

% of 4T1 murine breast cancer cell death was realized after treatment with COF-909-Cu under 808 nm 

laser irradiation (Figure S19). Furthermore, in comparison to 4T1 cells, COF-909-Cu and COF-909-

Cu+Laser displayed lower toxicity to human oral keratinocytes (HOK) cells, due to the relatively low 

H2O2 levels in non-tumorigenic cells (Figure S19). 

Considering the excellent CDT and PTT properties of COF-909-Cu, we hypothesized that it may have 

the potential to elicit pyroptotic cell death. Pyroptosis is characterized by the formation of transmembrane 

pores, which result in cellular swelling with large bubbles.[14] To test our hypothesis, inverted microscopy 

was used to detect the morphology of 4T1 cells via treatment with different groups (Figure 4A). The 

results showed that clear balloon-like cells were observed in the COF-909-Cu and COF-909-Cu+Laser 
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groups, where other groups, including L-3N-Cu and COF-909, displayed almost no obvious balloon-like 

cells (Figures 4G, S20 and S21), demonstrating that pyroptosis could be successfully induced by COF-

909-Cu. To understand the mechanism of COF-909-Cu mediated pyroptosis, N-terminal fragments of 

GSDME (GSDME-N) and cleaved Caspase-3 protein expression levels in 4T1 cells with different 

treatments were evaluated by Western blot analysis (Figure 4E). Unlike classic GSDMD-dependent 

pyroptosis, which is activated by Caspase-1[15], we found that COF-909-Cu could cause GSDME-

dependent pyroptosis and was cleaved and activated by cleaved Caspase-3. As shown in Figures 4B, 4E 

and 4H, the expression of GSDME-N and cleaved Caspase-3 were drastically increased after treatment 

with COF-909-Cu, and their performance could be further enhanced under 808 nm laser irradiation. A 

similar tendency could also be found in tumor tissue by Western blotting, where the expression of 

GSDME-N was largely promoted after treatment with COF-909-Cu under laser irradiation (Figure S22), 

indicating that COF-909-Cu mediated pyroptosis was achieved by overexpression of cleaved Caspase-3, 

which successfully activated GSDME and resulted in the formation of a transmembrane pore, leading to 

tumor cell pyroptosis and the release of abundant DAMPs. We also found that the expression of GSDME-

N could be detected in RAW 264.7 cells[16], a kind of mouse macrophage, treated with COF-909-Cu with 

or without laser, demonstrating that COF-909-Cu may have the potential to induce pyroptosis in 

macrophages (Figure S23).  The PI-annexin V double staining results indicated that COF-909-Cu could 

drastically enhance the population of PI-positive cells, while the addition of the Caspase-3 inhibitor could 

obviously decrease the population of PI-positive cells in comparison with COF-909-Cu (Figure S24), 

indicating the loss of cell membrane integrity induced by pyroptosis, which could be saved by the 

Caspase-3 inhibitor. Surprisingly, no obvious GSDMD-N expression in 4T1 cells treated with COF-909-

Cu (Figure S25A).  

To further confirm GSDME-dependent pyroptosis, a siRNA that could reduce the expression of GSDME 

in 4T1 cells (siGSDME), was used. The results showed that after combination with siGSDME, no 

apparent expression of GSDME-N could be observed, revealing that COF-909-Cu induced pyroptosis 

was GSDME-dependent (Figure S25B). In addition, the utilization of the Caspase-3 inhibitor could 

obviously reduce the expression of GSDME-N and decrease the population of COF-909-Cu induced 4T1 

cell death, which demonstrated that Caspase-3 is critical for COF-909-Cu induced pyroptosis (Figure 

S25B). To evaluate the pyroptosis-induction efficacy, we detected the release of lactic dehydrogenase 

(LDH) and DAMPs, including ATP and HMGB1. As shown in Figures 4C to 4F, the concentrations of 

LDH, ATP and HMGB1 in 4T1 cells were obviously improved by treatment with COF-909-Cu and COF-

909-Cu+Laser, while the control groups showed no obvious ATP, LDH or HMGB1 release, revealing 

the high efficiency of COF-909-Cu induced pyroptosis. Moreover, the expression of IL-1β was measured 

in vivo by immunohistochemistry, which indicated that compared to the control group, the expression of 

IL-1β was also enhanced in tumor tissue after being treatment with COF-909-Cu+Laser (Figure S26). 

Noting that not all of cancer cells died in pyroptosis mode, Western blotting was applied to detect the 

expression of glutathione peroxidase 4 (GPX4) [17] in 4T1 cells or tumor tissues with different treatment 

schedules, and the results indicated that COF-909-Cu with or without laser could efficiently reduce the 

expression of GPX4, an antioxidant implicated in ferroptosis, revealing that COF-909-Cu may have the 

potential for inducing ferroptosis to further promote their antitumor immunity (Figure S27). 

According to the previous literature, pyroptosis is favorable for inducing antitumor immune responses 

via the release of enough DAMPs.[18] To assess the antitumor efficacy of COF-909-Cu in vivo, a 4T1 

tumor-bearing mouse animal model was established, and the treatment schedule is displayed in Figure 

5A. The results showed that almost all the tumors could be eliminated (Figure S28) with normal spleen 
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size after treatment with COF-909-Cu+Laser (Figures 5B, 5C and S29), uncovering the excellent 

antitumor efficacy of COF-909-Cu-mediated pyroptosis. Furthermore, the safety of COFs was confirmed 

by both their lack of apparent body weight fluctuation (Figure 5D) and lack of significant 

histopathological abnormalities in major organ Hematoxylin and eosin (H&E) staining images (Figure 

S30) with different treatments. To investigate the potential ability of COF-909-Cu-induced pyroptosis to 

promote dendritic cell (DC) maturation, the population of CD11c+CD103+ DC[19], a main kind of mature 

DC in tumor tissue, was investigated by immunofluorescence double staining, while clear yellow 

fluorescence (double staining) was increased in the COF-909-Cu and COF-909-Cu+Laser groups, 

uncovering that COF-909-Cu could effectively promote increased CD11c+CD103+ DC maturation 

(Figure S31). To further evaluate the antitumor immunity of COF-909-Cu, changes in the immune cell 

population in the tumor, the draining lymph node (DLN) and spleen were systematically investigated by 

using flow cytometry (Figures 5E, S32 to S36). The results showed a sharp decrease in the proportion of 

MDSCs and Treg cells (CD4+CD25+Foxp3+ T cells), after treatment with COF-909-Cu+Laser (Figures 

5F, 5G and S36), demonstrating that COF-909-Cu+Laser-mediated pyroptosis effectively remodeled the 

TME and elicited an antitumor immune response. To explore whether COF-909-Cu therapy could 

enhance the immune memory effect of T cells, CD44 and CD62L expression on T cells were used to 

assess the proportion of central and effector memory T cells (TCM and TEM). Drastic enhancement in the 

proportion of CD4+ and CD8+ T cells (TCM and TEM) in both the spleen and DLN was achieved after 

treatment with COF-909-Cu+Laser (Figures 5H to 5M, S36). Similar results could also be verified by 

immunohistochemical examination of tumor tissues, where obvious brown staining could be observed in 

the COF-909-Cu and COF-909-Cu+Laser groups, demonstrating the overexpression of both CD8 and 

Granzyme B with COF-909-Cu treatment (Figure 5N), which is critical for cytotoxic T cell-mediated 

tumor treatment. [20] Collectively, we conclude that the DAMPs release triggered by COF-909-Cu 

mediated pyroptosis could effectively initiate T cell clone expansion and prime adaptive immunological 

responses. 

Motivated by the improved TME after COF-909-Cu treatment, we further explored its ability to 

potentiate T cell-based immune checkpoint blockade (ICB) therapy by using a dual-flank tumor-bearing 

model. The construction of the model and treatment schedule are displayed in Figure 6A, while PBS, 

αPD-1, COF-909-Cu+Laser and COF-909-Cu+Laser+αPD-1 were administered to 4T1 tumor-bearing 

mice. The tumor volume was calculated every two days by a digital caliper until mouse death or the 

tumor volume reached 2000 mm3. The tumor growth curve indicated that the combination of COF-909-

Cu+Laser with αPD-1 delayed primary and distant tumor growth, in comparison with COF-909-

Cu+Laser or αPD-1 treatment alone (Figures 6B and 6C). The survival curve indicated that the median 

survival time of the tumor-bearing mice in the control group was 32 days, while the mice in the COF-

909-Cu+Laser +αPD-1 treatment group survived until the end of the experiment (n = 42 days) (Figure 

6D). The pictures of the mice in the different groups on different days also showed that COF-909-

Cu+Laser +αPD-1 treatment delayed tumor growth and prolonged the survival time compared with COF-

909-Cu+Laser or αPD-1 treatment alone (Figure 6E). Considering the outstanding therapeutic efficacy 

of COF-909-Cu+Laser +αPD-1 combination therapy, we hypothesize that such combination therapy may 

have the potential to inhibit tumor recurrence and metastasis. To test this hypothesis, a rechallenged 

tumor mouse model was established (Figure 6F), and the tumor was monitored via a fluorescence living 

imaging instrument. The results indicated that in comparison to naïve mice that suffered from serious 

tumor recurrence and metastasis, no apparent tumor recurrence and metastasis could be observed in COF-

909-Cu+Laser +αPD-1 treated mice (Figures 6E, 6G to 6J). These findings showed that COF-909-Cu 
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mediated pyroptosis could improve the therapeutic effect of αPD-1 and provide a rationale for the 

combination of CDT with ICB therapy for inhibiting tumor recurrence and metastasis. 

3. Conclusion 

In summary, we synthesized a series of multienzyme-mimicking COFs as H2O2 homeostasis disruptors 

that could effectively elevate intracellular H2O2 levels to achieve excellent CDT performance and elicit 

robust pyroptosis with excellent pyroptosis-inducing capability for efficient cancer immunotherapy. This 

is the first example of a COF-based pyroptosis inducer, paving a new avenue for designing a new 

generation of pyroptosis inducers to achieve desirable immunotherapy therapeutic performance with 

COFs.  

Experimental Section 

Animals: Female BALB/c mice (6-8 weeks) were purchased from the Hubei Provincial Center for 

Disease Prevention and Control (Wuhan, China). All mice were housed in the specific pathogen-free, 

light-cycled, and temperature-controlled facility of the Center for Animal Experiment, Wuhan 

University. All animal experiments were approved and supervised by the Institutional Animal Care and 

Use Committee (IACUC) of Wuhan University, SQ20200251. 

Statistical analysis: GraphPad Prism 7.0 (GraphPad Software, CA, USA) was utilized to analyze the 

data. One-way analysis of variance (ANOVA) followed by Tukey’s multiple comparisons and two-way 

ANOVA followed by Tukey’s multiple comparisons were used to analyze statistically significant 

differences between more than two groups. The results are presented as the mean ± SEM, and 

statistical significance was determined as p < 0.05 (* p < 0.05, ** p < 0.01, *** p < 0.001). 

Experimental details are provided in the Supporting Information. 

Supporting Information  

Supporting Information is available from the Wiley Online Library or from the author. 
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Figure 1. Construction and characterization of multienzyme-mimicking COFs. A) Illustration of 

different spatially arranged active sites in bulk species and the COF backbone. B) Construction of 

multienzyme-mimicking COFs via imine condensations of square and trigonal monomers. C) PXRD 

patterns of COF-909, COF-909-Fe, COF-909-Ni and COF-609-Cu. D) IR spectra of multienzyme-

mimicking COFs. E) N2 adsorption isotherms of multienzyme-mimicking COFs, recorded at 77 K.  F) to 

H) TEM images of COF-909-Cu, scare bar: scale bar: 100 nm (F, G), 5 nm (H). 
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Figure 2. Characterization of the band energy and optical properties of L-3N-Cu and COFs. A) 

Illustration of L-3N-Cu spatially arranged as bulk species and COF scaffolds. B) UV/Vis diffuse 

reflectance spectroscopy of L-3N-Cu and COF-909-Cu. C) and D) steady-state and time-resolved 

photoluminescence (PL) of L-3N-Cu and COF-909-Cu. E) Ultraviolet photoelectron spectroscopy of L-

3N-Cu and COF-909-Cu. F) to H) band gap of L-3N-Cu and COF-909-Cu. I) DFT calculations of L-3N-Cu 

and COF-909-Cu. 
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Figure 3. Characterization of multienzyme-mimic activity of L-3N-Cu and COFs. A) Illustration of 

multienzyme-mimic COFs. B), C) SOD-mimic activity test of L-3N-Cu and enzyme-mimic COFs, n = 3. D), 

E) Illustration and POD-mimic activity test of L-3N-Cu and enzyme-mimic COFs. F) EPR spectra of •OH 

radicals for L-3N-Cu and enzyme-mimic COFs. G), H) GPx-mimic activity of L-3N-Cu and COF-909-Cu 

(scale bar = 50 μm), n = 3. I), J), K) Photothermal conversion efficiency of L-3N-Cu and enzyme-mimic 

COFs (scale bar = 1 cm). Data are shown as the mean ± SEM. *p < 0.05; **p < 0.01; ***p < 0.001, 

statistical significance was calculated by One-way ANOVA followed by Tukey’s multiple comparisons. 
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Figure 4. Characterization of the pyroptosis-inducing performance of enzyme-mimicking COFs. A), 

Schematic illustration of the pyroptosis-inducing mechanism elicited by enzyme-mimic COFs. B), C), 

D) GSDME-N expression, LDH and ATP release in 4T1 cells with different treatments, n = 3. E) GSDME-
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N and cleaved Caspase-3 protein expression in different groups of 4T1 cells tested by Western blot. F) 

Fluorescence images of HMGB1 in 4T1 cells with different treatments (scale bar = 10 μm). G) 

Representative bright-field microscopy image of 4T1 cells with different treatments. The arrows 

indicate pyroptotic cells; scale bar = 10 μm. H) Representative image of immunohistochemically 

stained tumor sections from different groups with cleaved Caspase-3 (scale bar = 50 μm). Data are 

shown as the mean ± SEM. *p < 0.05; **p < 0.01; ***p < 0.001, statistical significance was calculated 

by One-way ANOVA followed by Tukey’s multiple comparisons. 
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Figure 5. In vivo characterization of remodeling of the immunosuppressive tumor microenvironment 

by using enzyme-mimicking COFs. A) Treatment schedule of utilizing COF-909-Cu for antitumor 

therapy. B), C) and D) Tumor volume, tumor image and body weight of 4T1 tumor-bearing mouse with 

different treatments. E) The treatment schedule mechanism of enzyme-mimic COFs for promote DC 

maturation and remodel the immunosuppressive tumor microenvironment. F), G) Quantification of 

Treg cells (CD25+Foxp3+ in CD4+) in draining lymph nodes (DLN) and MDSCs (Ly6GhighLy6Clow) in spleen 

(Sp), n = 6. H) to M) Quantification of central and effector memory CD4+ and CD8+ T cells in both the 
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DLN and spleen. N) Representative immunohistochemical images of CD8 and granzyme B in tumor 

sections from different groups (scale bar = 50 μm). Data are shown as the mean ± SEM. *p < 0.05; **p 

< 0.01; ***p < 0.001, statistical significance was calculated by Two-way ANOVA (5B) or One-way 

ANOVA (5F to 5M) followed by Tukey’s multiple comparisons. 
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Figure 6. Immunotherapy efficacy and immune memory effect of enzyme-mimicking COFs in 

combination with αPD-1 blockade therapy. A) Treatment schedule of utilize COFs for bilateral 4T1 

tumor-bearing mice treatment. B), C), D) and E) Primary, distant tumors growth curves, and percent 

survival of bilateral 4T1 tumor-bearing mouse with different treatments, n = 5. F) Illustration of the 

rechallenge experimental design. G) Tumor growth curve of naïve and rechallenge groups. H) In vivo 

bioluminescence images monitoring tumor recurrence/growth in naïve and rechallenged groups on 

different days. I), J) Hematoxylin and eosin (H&E) staining images of liver tissue from naïve and 

rechallenge mice (scale bar = 50 μm). Data are shown as the mean ± SEM. *p < 0.05; **p < 0.01; ***p 

< 0.001, statistical significance was calculated by Two-way ANOVA followed by Tukey’s multiple 

comparisons. 

A series multienzyme-mimicking covalent organic frameworks (COFs) were constructed by dispersing 

active sites into the COF backbone. In contrast to their corresponding bulk species, these enzyme-

mimicking COFs could serve as H2O2 homeostasis disruptors to elevate intracellular H2O2 levels, thus 

exhibiting excellent chemodynamic therapy and pyroptosis efficacy, favorable for boosting cancer 

immunotherapy. 
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