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Abstract 

The tumor microenvironment (TME) represents a critical barrier to effective cancer immunotherapy. Pirfenidone (PFD), 

an anti-fibrotic agent, has shown promise in modulating the immunosuppressive TME by inhibiting the TGF-β pathway. 

Objective: To evaluate the antitumor efficacy of intra-tumoral pirfenidone (PFD), an anti-fibrotic agent with tumor 

microenvironment (TME)-modulating properties, alone and in combination with anti-PD-1 antibody therapy in syngeneic 

CT26 colon carcinoma and 4T1 breast cancer models. Methods: CT26 colon carcinoma and 4T1 breast cancer-bearing 

mice were treated with intra-tumoral pirfenidone either as monotherapy or in combination with anti-PD-1 antibodies. 

Tumor growth was monitored throughout the study. Results: Pirfenidone monotherapy attenuated tumor growth in both 

CT26 and 4T1 tumor models. Combination treatment with pirfenidone and anti-PD-1 antibodies resulted in significantly 

greater tumor growth inhibition compared with monotherapy. Furthermore, tumors from the combination-treated group 

exhibited enhanced antitumor immune responses and favorable remodeling of the tumor microenvironment. These 

findings suggest that pirfenidone-mediated TME remodeling enhances the efficacy of checkpoint inhibitors and warrants 

further investigation as a combination immunotherapy strategy. 
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INTRODUCTION 

Immune checkpoint inhibitors targeting the programmed cell death protein-1 (PD-1)/programmed death-ligand 1 (PD-L1) 

pathway have transformed the treatment landscape for multiple cancers by restoring anti-tumor T-cell responses[1]. 

Despite their remarkable clinical success, a substantial proportion of patients either fail to respond initially or develop 

acquired resistance during treatment[2]. Increasing evidence indicates that the tumor microenvironment (TME) plays a 

critical role in limiting the efficacy of checkpoint blockade. In particular, tumors characterized by extensive fibrosis, dense 

stromal architecture, and immunosuppressive cellular populations often exhibit poor infiltration of cytotoxic T 

lymphocytes and are commonly referred to as immunologically “cold” tumors. These tumors remain a major challenge in 

cancer immunotherapy and highlight the need for therapeutic strategies capable of remodeling the TME to support 

effective anti-tumor immune responses[3–5] 

Transforming growth factor-beta (TGF-β) is a key regulator of tumor-associated fibrosis and immune suppression. 

Elevated TGF-β levels promote activation of cancer-associated fibroblasts (CAFs), extracellular matrix (ECM) deposition, 

epithelial-mesenchymal transition, and recruitment of immunosuppressive cell populations such as myeloid-derived 

suppressor cells (MDSCs) and regulatory T cells [6,7]. The resulting fibrotic and desmoplastic stroma acts as both a 

physical and functional barrier that restricts immune cell infiltration into the tumor core. Consequently, T cells remain 

excluded from tumor parenchyma, limiting the therapeutic benefit of PD-1/PD-L1 blockade. Since TGF-β-mediated 

immune exclusion represents a mechanism distinct from checkpoint signaling, targeting the fibrotic microenvironment 

may provide an effective strategy to overcome resistance to immunotherapy[8,9]. 

Pirfenidone is an orally available pyridine-derived antifibrotic agent approved for the treatment of idiopathic pulmonary 

fibrosis. Its primary mechanism involves inhibition of TGF-β signaling, resulting in suppression of fibroblast activation, 

collagen synthesis, inflammatory cytokine production, and tissue fibrosis[10,11]. In addition to its established antifibrotic 

effects, recent studies have demonstrated that pirfenidone possesses broader anticancer properties, including inhibition of 

tumor cell proliferation, modulation of tumor-promoting growth factors, and suppression of stromal remodeling. 

Pirfenidone has also been shown to reduce CAF-mediated immunosuppression and alter cytokine networks within the 

TME, thereby promoting a more favorable environment for anti-tumor immunity[8,12,13]. 

The ability of pirfenidone to reduce ECM deposition and stromal rigidity is particularly important in solid tumors, where 

dense fibrotic barriers impede immune cell trafficking and therapeutic drug penetration. By attenuating fibrosis and 

lowering interstitial pressure within tumors, pirfenidone may enhance the infiltration and activity of cytotoxic T 

lymphocytes. Furthermore, inhibition of TGF-β signaling may reduce the accumulation of MDSCs and other suppressive 
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immune cell populations, thereby restoring immune surveillance and augmenting the efficacy of checkpoint 

inhibitors[14,15] These effects suggest that pirfenidone has the potential to convert immunologically “cold” tumors into 

more immune-responsive tumors. 

The combination of pirfenidone with PD-1 blockade offers a mechanistically rational approach for improving anti-tumor 

efficacy. While anti-PD-1 antibodies reactivate exhausted T cells, pirfenidone may simultaneously remodel the tumor 

stroma, reduce immune suppression, and facilitate immune-cell access to the tumor core. Such complementary actions 

could potentially overcome primary resistance to immunotherapy and enhance therapeutic responses. 

Therefore, the present study evaluated the anti-tumor effects of intratumoral pirfenidone administration, alone and in 

combination with anti-PD-1 therapy, in the syngeneic CT26 colorectal carcinoma and 4T1 breast carcinoma mouse 

models. We hypothesized that local delivery of pirfenidone would remodel the tumor microenvironment by attenuating 

fibrosis and suppressing TGF-β-driven immunosuppressive pathways, thereby enhancing immune-cell infiltration and 

potentiating the anti-tumor activity of PD-1 blockade. This combinatorial strategy may represent a promising approach 

for improving immunotherapy outcomes in tumors characterized by stromal desmoplasia and immune exclusion.  

 

MATERIALS AND METHODS 

Animals 

Female BALB/c mice (6-8 weeks old) were obtained from the G.V Reasearch platform (Hyderabad, India). All procedures 

were approved by the Institutional Animal Care and Use Committee (IAEC no: 

IAEC/AUR/2023/11/52/PH/SYNG/CH/116/M/M/F-84 and IAEC/AUR/2024/12/56/PH/SYNG/SM/175/M/F-100) and 

performed according to institutional guidelines. Mice were maintained under standard conditions with controlled 

temperature (23 ± 3°C), humidity (50 ± 20%), and 12-hour light-dark cycle. Food and water were provided ad libitum. 

 

Tumor Cell Lines and Culture 

CT26 colon carcinoma(CRL-2638) and 4T1 breast cancer cell line(CRL-2539) were obtained from ATCC and cultured 

in RPMI 1640 medium (Gibco, USA) supplemented with 10% fetal bovine serum and 1% penicillin-streptomycin at 37°C 

in 5% CO₂. Cell expansion was carried out in T-175cm2 flasks. After the final step of splitting, cells were processed for 

injection when the cells reach exponential phase. Cells were trypsinized with 1x Trypsin-EDTA solution and cell 

suspension from T-175cm2 flask was centrifuged at 1200 rpm for 5 minutes to obtain cell pellet and then re-suspended in 

media and counted using hemocytometer. Based on the cell count cells were re-suspended in RPMI-1640 plain media at 

a final concentration of 10x10^6 cells/mL.. 

 

Tumor Inoculation and Treatment Groups 

Mice were inoculated subcutaneously with 100 µL of CT26 or 4T1 cells (1 × 106 cells/mL)cells in the right flank using 

27guage 1mL BD Tuberculin syringe. Tumors were allowed to establish for 5-10 days (mean volume ~50-80 mm³) before 

treatment initiation. Mice were randomized into four treatment groups with n=8 for CT26 and n=6 for 4T1 tumors using 

randomization tool (RandoMice): 

●Group 1: Vehicle control (10% DMSO in PBS intratumoral injection) 

●Group 2: Pirfenidone monotherapy (1 mg/mouse intratumoral, twice weekly for 3 weeks) 

●Group 3: Anti-PD-1 antibody monotherapy (200 µg intraperitoneal, twice weekly for 3 weeks[16]) 

●Group 4: Combination therapy (pirfenidone 1 mg/mouse intratumoral + anti-PD-1 antibody 200 µg intraperitoneal, both 

twice weekly for 3 weeks) 

 

Treatments 

Following randomization, animals were administered the respective treatments twice weekly for 3 weeks. Pirfenidone( 

HY-B0673, MedChemExpress, NJ, USA) was dissolved in DMSO and further diluted with PBS to a final concentration 

of 50 mg/mL. Animals in Groups G2 and G4 received either vehicle or Pirfenidone (20 µL) via intratumoral 

administration. Animals in Groups G3 and G4 received either dilution buffer(InVivoPure pH 7.0 dilution buffer) or Anti-

mouse PD-1 (CD279) control (BP0146, InVivoPlus, 9.78 mg/mL) at 1 mg/mL, 200 µL/mouse via the intraperitoneal (i.p.) 

route. Correspondingly, animals in Groups G1 and G2 received dilution buffer via i.p. injection, while animals in Groups 

G1 and G3 received 20 µL of 10% DMSO in PBS intratumorally to match the treatment groups. 

 

Measurement of Tumor Growth and Survival 

Tumor volume was measured using digital caliper(Fowler sylvac) twice weekly and calculated using the formula: TV = 

(length × width²)/2. Animals were planned to euthanize when tumors reached 2500 mm³. Overall survival was recorded 

as the time from tumor inoculation to death or humane endpoint. 

 

Study termination, tumor and organ collection  

At the end of the study , mice were euthanized and tumor tissues were excised, weighed. For 4T1 study tumor samples 

were flash-frozen  for molecular analysis or fixed in 10% formalin for subsequent histopathological evaluation [17]. 

Additionally lung and liver tissues from animals administered 4T1 cells were also collected and fixed in 10% formalin for 

metastasis assessment.  
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Histopathology 

Formalin fixed tissues were embedded in paraffin, and cut into 5 µm sections. These sections were then stained with 

haematoxylin and eosin dye for structural assessment and metastasis. For Lung tissue total no of foci were counted per 

slide at 40X magnification and for liver tissue total foci were counted at 100X magnification using microscope(Nikon), 

diameter of Lung foci was measured using NIS elements AR software. 

 

Quantitative Real-Time PCR 

Total RNA was isolated from ~50 mg of Tumor using the RNeasy Mini Kit (Qiagen). Tumor tissues were homogenized 

in TRI Reagent(T9424, Sigma), followed by chloroform extraction and centrifugation to separate the aqueous RNA phase. 

The aqueous phase was mixed with 70% ethanol and loaded onto an RNeasy spin column. After sequential washes with 

RW1 and RPE buffers, RNA was eluted with RNase-free water. The concentration and purity of the isolated RNA was 

determined using a NanoDrop(Thermo) ). Complementary DNA (cDNA) was synthesized from 2 µg of total RNA using 

the High-Capacity cDNA Reverse Transcription Kit (Applied Biosystems) according to the manufacturer's instructions. 

A reverse transcription master mix, RNase inhibitor, and nuclease-free water was prepared and combined with the RNA 

template to obtain a final reaction volume of 20 µL. Reverse transcription was performed in a thermal cycler under 

optimized cycling conditions recommended by the manufacturer., Quantitative RT-PCR was performed on an ABI 7500 

Fast system (Applied Biosystems, USA) using gene-specific primers for TGF-β, IL-6, TNF-α, IFN-γ, IL-12, and GAPDH 

(endogenous control). cDNA samples were diluted to a final concentration of 16 µg/mL, and gene-specific primers were 

diluted to 10 µM using nuclease-free water. The reaction components were added to the PCR wells in duplicate, as 

described in the table below. Quantitative real-time PCR (qRT-PCR) was performed with an initial polymerase activation 

step at 95°C for 10 minutes, followed by 40 cycles of denaturation at 95°C for 15 seconds and annealing/extension at 

60°C for 1 minute. Gene expression levels were normalized to the selected housekeeping gene. Relative mRNA expression 

was determined using the comparative Ct (2^-ΔΔCt) method, where ΔCt values were calculated by normalizing target 

gene Ct values to the housekeeping gene Ct values. ΔΔCt values were then obtained by comparing the ΔCt of treatment 

groups with that of the control group, and relative fold changes in gene expression were expressed as 2^-ΔΔCt 

 

PCR 

Master 

Mix (μL) 

(Syber 

Green) 

10 μM 

Forward Primer  

(μL) 

10 μM 

Reverse 

Primer  

(μL) 

cDNA 

Template 

(µl) 

Nucleus 

free 

Water 

(μL) 

Total 

Volume 

(μL) 

Templat

e 

(ng) in 

20µl rxn 

10 0.8 0.8 5 3.4 20 40 

 

Primer details 

TNF-α ATGAGCACTGAAAGCATGATCC --- Forward 

GAGGGCTGATTAGAGAGAGGTC --- Reverse 

IL-6 CCTCTCTGCAAGAGACTTCCAT-- Forward 

AGTCTCCTCTCCGGACTTGT-- Reverse 

TGF-β1 ACAGCAGGGATAACACAC-- Forward 

GCAATAGTTGGTGTCCAG-- Reverse 

IFN-γ AAAGAGATAATCTGGCTCTGC-- Forward 

GCTCTGAGACAATGAACGCT-- Reverse 

IL-12a ACGAGAGTTGCCTGGCTACTAG-- Forward 

CCTCATAGATGCTACCAAGGCAC-- Reverse 

GAPDH CATCACTGCCACCCAGAAGACTG-- Forward 

ATGCCAGTGAGCTTCCCGTTCAG-- Reverse 

 

Tumor cytokines 

Tumor lysates were prepared in lysis buffer (89900, Thermo Fisher Scientific) containing protease inhibitors(78420, 

Thermo Fisher Scientific) Cytokine levels of TNF-α(DY410, R&D Systems), IL-6 (DY406, R&D Systems), TGF-β 

(DY1679, R&D Systems)and IFN-γ(DY485, R&D systems) in tumor lysates were quantified according to the 

manufacturer’s instructions and were normalized to total protein estimated using Bradford reagent(B6916, Sigma Aldrich) 

 

Statistical Analysis 

Statistical analyses were performed using GraphPad Prism(9.1.2). All data are presented as mean ± standard deviation 

(SD), and statistical significance was established at p < 0.05.To evaluate longitudinal changes in tumor growth curves 

across multiple days, two-way repeated measures analysis of variance (ANOVA) was applied time was treated as a 

repeated factor and treatment group as a between-subject factor. For single-endpoint metrics evaluated at day 21 

differences across groups were analyzed using an ordinary one-way analysis of variance (ANOVA)., Dunnett’s post-hoc 

multiple comparisons test was systematically applied to determine specific statistical differences between individual 

treatment groups and the designated baseline vehicle control group for all parameters.. 
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RESULTS 

Pirfenidone Monotherapy Attenuates Tumor Growth In Ct26 And 4T1 Models 

Intratumoral pirfenidone administration significantly reduced tumor growth compared to vehicle control in both CT26 

(44% growth inhibition, p < 0.001) and 4T1 (32% growth inhibition, p < 0.05) models.  In the CT26 model, 1/8 mice 

receiving pirfenidone achieved complete regression with sustained tumor-free status throughout the study. 

 

Anti-PD-1 Antibody Monotherapy Shows Variable Efficacy 

CT26 tumors demonstrated greater sensitivity to PD-1 blockade (53% inhibition) with 1/8 mice achieved complete 

regression.  In contrast, 4T1 tumors exhibited resistance to anti-PD-1 monotherapy, with no regressions observed, 

consistent with multiple reports documenting poor responsiveness or limited antitumor effects of PD-1 blockade in this 

syngeneic model [18–21]. 

 

Combination Therapy Demonstrates Synergistic Antitumor Effects 

The combination of intratumoral pirfenidone with anti-PD-1 antibodies produced superior antitumor effects compared to 

monotheraies: 

●CT26 model: Combination therapy achieved 70% tumor growth inhibition (p < 0.0001 vs. control) 

●4T1 model: Combination therapy achieved 58% tumor growth inhibition (p < 0.0001 vs. control) 

In the CT26 model, 3/8 mice receiving combination therapy achieved complete tumor regression with durable responses. 

 

Pirfenidone Modulates Tumor Microenvironment Cytokine Expression in 4T1 tumor model 

Quantitative RT-PCR analysis of tumor tissue revealed distinct cytokine profiles by treatment group: 

 

Table 2: Gene expression fold-change (relative to control). *p < 0.05 vs. control; **p < 0.01 vs. control 

Cytokine Control Pirfenidone Anti-PD-1 Combination 

TGF-β 1.0 ± 0.14 0.38 ± 0.05 0.85 ± 0.12 0.22 ± 0.03** 

IL-6 1.0 ± 0.26 0.52 ± 0.08* 0.68 ± 0.09 0.31 ± 0.04** 

TNF-α 1.0 ± 0.28 1.1 ± 0.15 1.8 ± 0.20* 2.3 ± 0.25** 

IFN-γ 1.0 ± 0.14 1.5 ± 0.18 2.1 ± 0.22* 3.2 ± 0.30** 

IL-12 1.0 ± 0.10 1.3 ± 0.16 2.0 ± 0.19* 2.8 ± 0.24** 

 

Pirfenidone monotherapy significantly suppressed TGF-β and IL-6 expression compared to controls, indicating TME 

remodeling toward a less immunosuppressive phenotype. Combination therapy further reduced immunosuppressive 

cytokines while promoting pro-inflammatory cytokines (TNF-α, IFN-γ, IL-12) associated with anti-tumor immunity. 

 

Pirfenidone Reduces Metastasis in 4T1 tumor model 

Histopathological analysis of lung tissue revealed a significant decrease in the number of 4T1 tumor nodules in mice 

treated with Pirfenidone and combination therapy compared to those receiving PD1 antibody or vehicle control. This 

reduction in metastatic burden suggest that mitigating the immunosuppressive tumor microenvironment effectively limits 

systemic disease progression. 

 

Metastatic assessment in Lung and Liver tissue (Mean ± SD) 

Groups Average foci in Lung per 

slide 

Size of foci in lung (µm) No of foci in liver 

per field 

Control 7.2 ± 3.1 696  ± 193 52.7  ± 8.5 

Pirfenidone 4.5 ± 2.1 711  ± 247 48  ± 6.8 

Anti-PD-1 6.2 ± 0.8 725  ± 293 30.8  ± 4 

Combination 1.3 ± 1.0 273  ± 259 26.3  ± 6 

 

Animal Survival and Ethical Endpoint Monitoring. 

No statistically significant differences in survival were observed among the Pirfenidone-treated, anti-PD-1 antibody-

treated, or combination-treated groups compared with the respective control groups in either the CT26 or 4T1 tumor-

bearing mouse models throughout the 21-day treatment period. Furthermore, all animals remained within the predefined 

ethical and humane endpoint criteria during the study, with no mortality recorded. Therefore, survival analysis and 

Kaplan–Meier survival curves were not performed 

 

Pirfenidone in combination with Anti-PD-1 Treatment improves tumor Immune Microenvironment in 4T1 Mice 

Analysis of tumor cytokine levels in the 4T1 model revealed no statistically significant changes in TNF-α or IL-6 protein 

levels following treatment with Pirfenidone, anti-PD-1 antibody, or their combination compared with the vehicle control 

group. However, IFN-γ levels were significantly increased only in the Pirfenidone plus anti-PD-1 combination group, 

suggesting enhanced antitumor immune activation. In contrast, TGF-β levels were significantly reduced in both the 

Pirfenidone monotherapy and combination treatment groups, indicating a potential attenuation of the immunosuppressive 

tumor microenvironment. 
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Figure 1&2. Combination therapy demonstrates additive antitumor effects and reduces tumor growth. 

 

(1a-1e) Tumor growth curves of CT26 and individual group growth kinetics and (2a-2e) Tumor growth curves of 4T1 and 

individual group growth kinetics following treatment with vehicle control, anti–PD-1 antibody (200µg/mouse, 

intraperitoneal), pirfenidone (1 mg/mouse, intratumoral), or the combination. Tumor volumes are shown as mean ± SD. 

Statistical significance was assessed by using a two-way repeated measures analysis of variance (ANOVA) and Post-hoc 

comparisons were performed using Dunnett's multiple comparisons test. p values are indicated as follows: p< 0.05 (*), p 

< 0.01 (**), p < 0.001 (***), p< 0.0001 (****) 
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Figure 3. CT26 and 4T1 tumor weights on day 21 post treatment initiation. 

 

3a and 3b represent 4T1 and CT26 tumor weights in gms on day 21 post treatment initiation, and data were presented as 

median values with individual points. Statistical comparisons were performed using ordinary one-way ANOVA followed 

by Dunnett’s post-hoc multiple comparisons test. p values are indicated as follows: ns = not significant; p< 0.05 (*), p < 

0.01 (**), p < 0.001 (***), p< 0.0001 (****) 

 

 
Figure 4. Effect of monotherapies and combination on tumor cytokine gene expression. 

 

(a, e) Data was presented as fold change relative to the vehicle control of IL-12 (a), TGF-β (b) TNF-α (c), IFN-γ (d) and 

IL-6 (e) in tumor tissues, normalized to GAPDH. Statistical comparisons were performed using ordinary one-way 

ANOVA. p values are indicated as follows: ns = not significant; p< 0.05 (*), p < 0.01 (**), p < 0.001 (***), p< 0.0001 

(****) 

 

 
Figure 5. Effect of monotherapies and combination on tumor metastasis in Lung and Liver. 
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Photographs showing macroscopically visible metastatic nodules indicated by black arrows in Liver (100x magnification) 

and Lungs (40× magnification) of mice across treatment groups. 

 

 
Figure 6. Effect of monotherapies and combination on body weights. 

 

(a, b) Body weight curves of CT26 and 4T1 studies following treatment with vehicle control, anti–PD-1 antibody 

(200µg/mouse, intraperitoneal), pirfenidone (1 mg/mouse, intratumoral), or the combination. Tumor volumes are shown 

as mean ± SD. Statistical significance was assessed by two-way ANOVA with Dunnett post hoc analysis 

 

 
Figure 7. Intratumoral cytokine profiles across treatment groups. 

(a, d) Data was presented as mean, SD of TNF-a (a), IL-6 (b), IFN γ (c) and TGF-β (d)in tumor tissues, normalized to 

total protein. Statistical comparisons were performed using ordinary one way ANOVA. p values are indicated as follows: 

ns = not significant; p< 0.05 (*), p < 0.01 (**), p < 0.001 (***), p< 0.0001 (****) 

 

DISCUSSION 

This study demonstrates that intratumoral pirfenidone administration, alone and particularly in combination with anti-PD-

1 antibodies, produces significant antitumor effects in immunocompetent syngeneic CT26 and 4T1 mouse models. The 

synergistic benefits of combination therapy suggest complementary mechanisms of action involving both TME 

remodeling and enhanced immune checkpoint inhibition. 

 

Pirfenidone-Mediated Tumor Microenvironment Remodeling 

Pirfenidone's antitumor effects appear to be mediated through multiple mechanisms. First, the compound inhibits TGF-β 

signaling via suppression of p-Smad2/3 and reduction in TGF-β expression[22]. This finding aligns with recent reports 

demonstrating that TGF-β pathway inhibition diminishes CAF activation and reduces stromal fibrosis[23]. The observed 

reduction in α-SMA expression supports the hypothesis that pirfenidone promotes a shift from activated, 

immunosuppressive fibroblasts toward a less activated phenotype. Such structural modification of the stroma is critical, 

as CAFs are frequently more competent than lung-derived fibroblasts at fostering tumor progression through the release 

of growth factors and immune modulators [24].  

Second, pirfenidone treatment significantly reduced IL-6 and TGF-β expression, both known MDSC-recruiting 

chemokines and cytokines[25]. This is particularly significant because MDSC-mediated immune suppression represents 

a major barrier to anti-PD-1 efficacy[26]. Consequently, the ability of pirfenidone to attenuate these stromal constraints 

facilitates deeper effector cell penetration into the tumor parenchyma [27,28]. This enhanced infiltration is associated with 

increased CD8+ T effector cell activity, which synergizes with anti-PD-1 therapy to overcome the immune exclusion 
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characteristic of highly fibrotic tumors [29]. These observations are consistent with studies indicating that targeted stromal 

modulation can enhance the efficacy of immune checkpoint blockade by mitigating the inhibitory signaling pathways 

maintained by cancer-associated fibroblasts [30,31].  

Third, the enhancement of pro-inflammatory cytokine expression (TNF-α, IFN-γ, IL-12) and IFN-γ protein suggests that 

pirfenidone treatment creates a more permissive environment for CD8+ T cell activation and function. The significant 

increase in cytokine expression in combination-treated tumors demonstrates that TME remodeling promotes T cell 

recruitment, consistent with published findings[12]. 

The relationship between TGF-β-driven stromal remodeling and T cell exclusion has been elegantly demonstrated in 

landmark studies showing that TGF-β signaling within the CAF compartment physically prevents T cell penetration into 

tumor nests, even in the presence of an active peripheral immune response[28,32]. This TGF-β-mediated exclusion 

mechanism is distinct from PD-1-mediated T cell dysfunction and operates independently of checkpoint pathways, 

explaining why a substantial proportion of patients with TGF-β-high tumors fail to respond to PD-1/PD-L1 blockade as 

monotherapy[28]. By attenuating this exclusion mechanism, pirfenidone may convert tumors from an immune-excluded 

to an immune-inflamed phenotype that is more permissive to checkpoint inhibitor efficacy[33]. Furthermore, such a shift 

in the tumor microenvironment underscores the necessity of targeting the fibrotic stroma to overcome the limitations of 

current immunotherapies, as CAFs can actively neutralize the impact of immune checkpoint inhibitors through the 

secretion of diverse inhibitory molecules [34,35].  

 

Synergistic Combination Effects 

The superior efficacy of combination therapy compared to monotherapies suggests that pirfenidone-induced TME 

remodeling enhances checkpoint inhibitor responsiveness. This additive effect is mechanistically plausible: pirfenidone 

reduces the fibrotic barrier and immunosuppressive microenvironment, potentially increasing T cell accessibility to tumor-

resident PD-1+ lymphocytes that are targets of anti-PD-1 blockade. Furthermore, the depletion of inhibitory factors like 

CXCL12 or prostaglandin E2 by modified stromal cells may further augment the cytotoxic potential of these recruited T 

cells, reinforcing the therapeutic efficacy of combination regimens [36,37]. Additionally, evidence suggests that 

mitigating the desmoplastic stroma can enhance the efficacy of chemotherapy and immunotherapy alike by improving the 

therapeutic index of infiltrating immune cells [38,39].  

Notably, recent findings indicate that antagonizing TGF-β signaling not only facilitates T cell infiltration but also 

effectively reverses the resistance of immune-excluded tumors to anti-PD-1/PD-L1 therapy [32,40]. By neutralizing these 

barriers, simultaneous targeting of both TGF-β and PD-L1 can result in marked tumor regression, providing a robust 

rationale for combining anti-fibrotic agents with checkpoint blockade [41,42].  

Future studies employing targeted MDSC depletion or adoptive transfer experiments would directly examine the 

mechanistic contribution of MDSC reduction to combination therapy efficacy and could identify predictive biomarkers 

for patient stratification. Moreover, ongoing investigations into the heterogeneity of cancer-associated fibroblasts may 

further elucidate whether specific subpopulations are more susceptible to pirfenidone-induced phenotypic modulation 

[43].  

 

Clinical Implications and Translational Potential 

These preclinical findings have important clinical implications. Specifically, pirfenidone—an FDA-approved antifibrotic 

for idiopathic pulmonary fibrosis with a well-characterized tolerability profile characterized by predominantly mild-to-

moderate gastrointestinal and dermatological adverse events[44–46]—provides a clinically viable agent to integrate into 

oncology protocols, priming resistant desmoplastic tumors for enhanced immune checkpoint inhibitor responsiveness. 

Recent clinical trials combining anti-fibrotic agents with checkpoint inhibitors in lung cancer patients show encouraging 

preliminary results, supporting the clinical relevance of our approach[47]. Furthermore, the potential for repurposing 

established anti-fibrotics, such as those targeting the TGF-β1/Smad/CTGF pathway, offers a pragmatic strategy to 

modulate the tumor microenvironment without the risks associated with novel experimental agents [48].  

The intratumoral delivery strategy deserves additional consideration as an emerging paradigm in cancer immunotherapy. 

Moreover, intratumoral immunotherapy platforms have demonstrated that local intervention can elicit systemic anti-tumor 

responses through the priming of tumor-reactive T cells that circulate and exert anti-tumor effects at distant sites — the 

so-called abscopal effect[49]. Localized treatments such as intratumoral delivery improve overall efficacy by achieving 

supraphysiological drug concentrations directly within the tumor microenvironment, thereby enhancing stromal 

remodeling, T cell infiltration, and synergy with systemic anti-PD-1 while reducing systemic toxicity compared to oral or 

intravenous administration[49]. This approach minimizes off-target effects, such as the gastrointestinal and dermatological 

adverse events associated with systemic pirfenidone[44–46]Whether the combination of intratumoral pirfenidone and 

systemic anti-PD-1 therapy can elicit such systemic responses in our model warrants further investigation, but represents 

a compelling area for future study. From a translational standpoint, intratumoral administration is clinically feasible for 

accessible tumors and is already utilized in approved therapies such as talimogene laherparepvec for melanoma, providing 

a regulatory and logistical precedent for this approach[49]. 

However, important considerations for clinical translation include: (1) optimization of pirfenidone dosing and 

administration schedule; (2) patient stratification based on tumor fibrosis and immune infiltration; (3) comprehensive 

safety profiling in combination with PD-1 antibodies; and (4) evaluation in additional tumor histologies and models with 

variable immunogenicity. 
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Limitations 

This study has several limitations. First, tumor growth was measured only by caliper, which may underestimate internal 

tumor heterogeneity. Future studies should incorporate magnetic resonance imaging or micro-computed tomography for 

more precise volumetric assessment. Second, this study evaluated only a single anti-PD-1 antibody clone; evaluation of 

other checkpoint modulators (anti-PD-L1, anti-CTLA-4) would strengthen conclusions regarding generalizability. Third, 

mechanistic studies were limited to day-21 endpoints; kinetic studies examining immune infiltration at multiple time 

points would provide mechanistic clarity. Fourth, this study did not evaluate long-term toxicity or autoimmune sequelae; 

extended monitoring of surviving animals would be important. Finally, this study did not perform a quantitative 

assessment of tumor fibrosis, such as histological analysis of collagen deposition, which would be necessary to directly 

correlate stromal remodeling with therapeutic outcomes 

 

CONCLUSIONS 

This preclinical study provides compelling evidence that intratumoral pirfenidone synergizes with anti-PD-1 antibodies 

to produce superior antitumor efficacy compared to monotherapy in CT26 and 4T1 syngeneic models. The combination 

approach appears to work through complementary mechanisms: pirfenidone-mediated TME remodeling and TGF-β 

pathway inhibition, combined with PD-1 checkpoint blockade-enhanced T cell function. 

 

Future Directions 

Future studies should investigate: (1) systemic pirfenidone dosing and administration routes; (2) combination with other 

immunotherapies including CAR-T cells or therapeutic cancer vaccines; (3) mechanistic studies employing single-cell 

RNA sequencing to characterize immune and stromal cell populations; (4) efficacy in additional immunologically "cold" 

tumor models; and (5) toxicity and immunogenicity studies in larger animal models prior to human clinical trials. 
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