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Objective

Although photodynamic therapy (PDT) has been proven effective in various tumors, it has not been widely used as a routine treatment for colorectal cancer (CRC), and the characteristics of changes in the tumor microenvironment (TME) after PDT have not been fully elucidated. This study evaluated the efficacy of PDT in patients with advanced CRC and the changes in systemic and local immune function after PDT.



Methods

Patients with stage III-IV CRC diagnosed in our hospital from November 2020 to July 2021 were retrospectively analyzed to compare the survival outcomes among each group. Subsequently, short-term efficacy, systemic and local immune function changes, and adverse reactions were assessed in CRC patients treated with PDT.



Results

A total of 52 CRC patients were enrolled in this retrospective study from November 2020 to July 2021, and the follow-up period ended in March 2022. The overall survival (OS) of the PDT group was significantly longer than that of the non-PDT group (p=0.006). The objective response rate (ORR) and disease control rate two months after PDT were 44.4% and 88.9%, respectively. Differentiation degree (p=0.020) and necrosis (p=0.039) are two crucial factors affecting the short-term efficacy of PDT. The systemic immune function of stage III patients after PDT decreased, whereas that of stage IV patients increased. Local infiltration of various immune cells such as CD3+ T cells, CD4+ T cells, CD8+ T cells, CD20+ B cells and macrophages in the tumor tissue were significantly increased. No severe adverse reactions associated with PDT were observed.



Conclusion

PDT is effective for CRC without significant side effects according to the available data. It alters the TME by recruiting immune cells into tumor tissues.





Keywords: photodynamic therapy (PDT), colorectal cancer, clinical efficacy, tumor microenvironment, immunity



1 Introduction

Colorectal cancer (CRC) is one of the most common gastrointestinal malignancies. According to the global cancer statistics 2020, the overall incidence of CRC has jumped to third place, ranking second among all cancer deaths (1). In China, CRC is the second most common cancer and the fifth leading cause of cancer death, with about 560,000 new cases and 290,000 deaths. China has become the country with the most significant number of new cases and deaths of CRC every year (1, 2).

CRC has an insidious onset, and many patients are already at an advanced stage when the tumor is detected (3), losing the opportunity for radical surgical treatment. The 5-year relative survival rate for the localized lesion is higher than 90%, whereas that for the lesion with concomitant distant metastasis is less than 10% (4). However, even if they are eligible for surgery, patients with low rectal cancer usually prefer to remain anal to avoid quality-of-life changes associated with a colostomy or low anterior resection syndrome (5). Traditional CRC therapies such as chemotherapy and radiotherapy often accompany myelosuppression, non-targeting tumor-damaging normal cells, and multidrug resistance (6). Some patients may not be treated on time or give up halfway due to severe side effects and adverse events that cannot be tolerated. Additionally, cell therapy, immunotherapy, and targeted therapy have shown great potential in treating CRC, but the low benefit rate and high cost limit the number of people who benefit (6). These current situations pose severe challenges to the current treatment of CRC.

Photodynamic therapy (PDT) can effectively complement the abovementioned CRC treatment methods. Due to a series of advantages such as high safety, robust targeting, low invasiveness, and fewer side effects, PDT may even become one of the conventional anti-tumor treatments in the future (7). The principle of PDT is utilizing a specific wavelength of red light to irradiate and excite photosensitizers taken up by tumor tissue to generate cytotoxic factors such as reactive oxygen species, which induce tumor cell death (8). In addition to the direct killing effect, the anti-tumor effect of PDT is primarily based on its impact on the body’s immune and inflammatory responses. PDT frequently provokes a solid acute inflammatory reaction, which increases the immunogenicity of tumor cells and stimulates the body’s anti-tumor immune response (9).

Although numerous studies and clinical data suggest that PDT can affect immune responses, the effect of PDT on the immune system of patients with CRC has not been reported so far, and many questions remain unanswered regarding CRC. For example, what effect does PDT have on systemic and local immune function in CRC patients of different clinical stages? Is there a connection between the two? It is necessary and interesting to clarify these questions. Based on the evaluation of the safety and efficacy of PDT in the treatment of CRC, this study further explored the changes and relationship between the peripheral blood and tumor tissue local immune microenvironment of patients after PDT.



2 Materials and methods


2.1 Patient information

We retrospectively reviewed the data of all patients diagnosed with CRC from November 2020 to July 2021 in the Lanzhou University Second Hospital, Lanzhou, China. Selected patients were divided into the PDT group (n=8), PDT+systemic therapy (ST) group (n=10), ST group (n=19), and untreated group (n=15) according to what treatment the patient has received. The primary inclusion criteria were patients with a first diagnosis of CRC and not receiving any conventional anti-tumor therapy, clinical stage III to IV, refusal to undergo palliative surgery, or the presence of a physical adverse event that would make the surgery intolerable. All patient information was collected from medical records, including colonoscopy images, immunoassay data, and pathology reports. This study was approved by the Research Institutions Review Board and carried out under the ethical principles of the Declaration of Helsinki.



2.2 Photosensitizer and laser device

The photosensitizer was Hematoporphyrin (Milelonge Biopharmaceutical Co., LTD, China), molecular formula: C34H38N4O6, molecular weight: 598.70, which can be excited by a visible red light with a wavelength of 630 nm. The laser (Xingda Photoelectric Medical Instrument Co., LTD, China) emitted by the treatment light source is 630 nm with pulse output. The optical fiber is a columnar optical fiber, and the luminous band (Xingda Photoelectric Medical Instrument Co., LTD, China) at the end can be selected from 1 to 6 cm.



2.3 Therapeutic schedule

Patients were divided into the PDT group and the non-PDT group. Patients in the PDT group were given Hematoporphyrin 48 hours before treatment. Before infusion, the original solution was taken for a skin scratch test on the patient’s forearm. If there was no swelling or induration within 15 minutes, Hematoporphyrin was added to 250ml normal saline (NS) at 5mg/kg, and intravenous infusion was completed within one hour. The patient was subsequently protected from exposure to sunlight. PDT therapy was initiated 48h after infusion. An expandable uncovered metal intestinal stent (WallFlex, Boston Scientific) was placed before irradiation for patients with an obstruction or tumor that protruded significantly into the lumen to gain maximum treatment area. The appropriate columnar fiber was chosen according to the lesion size. If it is a circumferential growing tumor, the optical fiber is placed in the center of the lumen, and if an eccentric growing tumor, the optical fiber is placed on the tumor surface as much as possible, far away from the normal bowel wall. Segmented irradiation is adopted when the lesion exceeds the optical fiber’s length. Generally, the irradiation parameters are as follows: wavelength is 630 nm, power is 800nW, energy density is 200J/cm2, and continuous irradiation for 3 or 4 days. Necrotic tissue was removed by colonoscopy 48 hours after PDT. The patient will decide whether to combine with other tumor treatments one week later. Patients should avoid direct exposure to sunlight or any other strong light source for one month after the photosensitizer injection.

The non-PDT group did not receive PDT intervention, and the other treatments were the same as the PDT group.



2.4 Response evaluation of PDT


2.4.1 Short-term response evaluation

The surface necrosis of the irradiation site was observed by colonoscopy 48h after PDT. The evaluation of the necrosis degree according to the following criteria: Mild: the necrosis area of the lesion is less than 30%; Moderate: 30%-70% necrosis area of lesion area; Severe: necrosis occurs over 70% of the lesion area.

After two months, patients who received PDT need to undergo computed tomography (CT) or magnetic resonance imaging (MRI) examinations to compared with the results before treatment. Patients should undergo colonoscopy again to determine the degree of intestinal tract patency and tumor necrosis. Afterward, experienced researchers record target lesion measurements, development of new lesions, and tumor response in patients treated with PDT according to the response assessment criteria in Response to Solid Tumors (RECIST) 1.1 (10). Changes in quality-of-life before and after treatment were assessed using the KPS score.



2.4.2 Assessment of adverse reactions

Patients were recorded for fever, abdominal pain, intestinal perforation, bleeding at the end of PDT treatment, and photoallergic reactions under strict photoprotective conditions.




2.5 Evaluation of immune function

Peripheral blood was collected before and 48 hours after PDT. The systemic immune function status of CRC patients was assessed by flow cytometry. The antibodies used for flow cytometry, including CD3 (#Z6410026), CD19 (#Z6410014), CD127 (Z6410046) were purchased from QuantoBio Biotechnology (Beijing, China), antibodies against CD4 (#347413), CD8 (#348793), CD25 (#555434), CD45RO (#340438), CD45RA (#564359) and CD56 (#335791) were bought from BD Biosciences (San Jose, CA,USA). Immunohistochemistry (IHC) was used to detect local immune cell infiltration of the tumor before and 48h after PDT. The tissue materials were obtained from the paraffin-embedded tissue samples used for preoperative diagnosis and postoperative efficacy evaluation. IHC-relevant antibodies against CD3 (#Kit-0003), CD4 (#RMA-0620), CD8 (#RMA-0514), CD20 (Kit-0001), CD56 (MAB-0743), and CD68 (Kit-0026) were obtained from Maixin Biotechnology (Fuzhou, China).



2.6 Follow-up

Clinical follow-up for all patients ended on March 10, 2022. The medical history data were obtained from regular inspection records, and the survival information was obtained through telephone follow-up.



2.7 Statistical analysis

Numerical data were presented as mean ± SD. Categorical data were presented as absolute frequency with relative frequency in parenthesis. The nonparametric Wilcoxon test and t test was used to compare paired data, χ2 test or Fisher’s exact test was used to analyze categorical data. Survival was compared by log-rank test and plotted as Kaplan-Meier diagrams. All p values were reported as two-tailed, with a significance level of 0.05. SPSS Statistics 22.0 and GraphPad Prism 9.3 were used for statistical analysis and mapping.




3 Results


3.1 Tumor and patient characteristics

A complete flow chart for all patients is presented in Figure 1. A total of 52 CRC patients were enrolled in this retrospective study from November 2020 to July 2021. Table 1 lists the essential characteristics of the patients, including age, sex, location, degree of differentiation, clinical stage, KPS score, tumor length, and treatment plan. Eighteen patients received PDT and 34 did not. Rectal cancer was predominant in both groups, with 11 (61.1%) and 22 (64.7%) patients respectively. Regarding pathological type and degree of differentiation, moderately differentiated adenocarcinoma accounts for the highest proportion, followed by well-differentiated adenocarcinoma, and poorly differentiated adenocarcinoma is the lowest. Many patients had distant metastases at diagnosis, and the proportion was more than 50% in both groups (55.6% vs. 70.6%). Patients were differentiated by a KPS score of 70, divided into one group greater than 70 and another group less than 70, and the composition ratio of the KPS score was similar between the PDT group and the non-PDT group. Most patients had lesions longer than 4cm, meaning that patients in the PDT group often required segmental irradiation. Ten patients (55.6%) in the PDT group received systemic therapy, while 15 patients in the non-PDT group received no treatment after diagnosis. There were no significant differences between the two groups concerning all baseline parameters.




Figure 1 | Flowchart of all patients in this study. CRC, colorectal cancer; PDT, photodynamic therapy; ST, systemic therapy.




Table 1 | Clinical characteristics of 52 CRC patients.





3.2 Survival analysis

Kaplan-Meier analysis of overall survivals (OS) in the PDT and non-PDT groups are shown in Figures 2A–C. Compared with non-PDT (median OS: 202 days), the PDT group (median OS: not reached) showed a longer OS (log-rank p=0.006) (Figure 2A). Subgroup analysis showed that PDT alone (median OS: not reached) had significantly longer OS compared to untreated patients (median OS: 99 days, log-rank p=0.037)  (Figure 2B). Patients in the PDT+ST group (median OS: not reached) also had superior OS to those in the ST group (median OS: 352 days, log-rank p=0.047) (Figure 2C).




Figure 2 | Kaplan-Meier estimation of patient survival in each group. (A) Overall survival of patients in the PDT group and non-PDT group. (B) Overall survival of patients in the PDT alone group and untreated group. (C) Overall survival of patients in the PDT+ST group and ST group.





3.3 Short-term response

The short-term efficacy and possible influencing factors of PDT are shown in Tables 2, 3. Of the 18 patients treated with PDT, 1 patient achieved complete response (CR), 7 patients achieved partial response (PR), 8 patients achieved stable disease (SD), and 2 patients died due to infection and other tumor-related adverse events. The objective response rate was 44.4%, and the disease control rate was 88.9% (Table 3). We further explored the possible causes affecting the short-term efficacy of PDT, and the degree of differentiation (p=0.020) and the degree of endoscopic necrosis (p=0.039) were two crucial factors (Table 3). Moderately differentiated had the best therapeutic effect, followed by well and poorly differentiated. The degree of necrosis under colonoscopy was positively correlated with short-term efficacy and positively correlated with short-term efficacy. More severe tumor necrosis means better short-term outcomes for patients. Figure 3 shows a typical case of a patient who achieved complete remission of the local lesion shortly after diagnosing CRC with PDT.


Table 2 | Clinical data for the eighteen CRC patients undergoing PDT.




Table 3 | Short-term efficacy and the efficacy comparison of different types.






Figure 3 | A representative case of achieving complete response after PDT. (A) The cauliflower-like protrusion was seen on the lateral wall of the rectum, and the clinical stage is stage IIIB; (B) 48h after PDT, a large amount of gray necrotic tissue was formed at the lesion site, with hyperemia and edema at the edge; (C) One month after PDT, the lesion’s surface was covered with a small amount of residual necrotic tissue, and the tumor almost disappeared; (D) Three months after PDT, the tumor tissue disappeared and a scar formed. Biopsy confirmed that the tumor cells were negative, so complete remission was achieved.





3.4 Immune evaluation

To explore the effect of PDT on the immune microenvironment of CRC patients, we examined the changes of immune cells in peripheral blood and tumor tissues of patients receiving PDT. Detailed data from peripheral blood tests are shown in Supplementary Tables S1, 2. The results before and after PDT are shown in Figures 4, 5. Before and after PDT, the systemic immune cell numbers of stage III patients and stage IV patients showed an opposite trend. The former showed a majority decrease after PDT, while the latter showed an overall increase. Specifically, in 8 patients with stage III CRC, Total T cells, CD4+ T cells, CD8+ T cells, CD4+CD45RA+ T cells, CD4+CD45RO+ T cells, CD8+CD45RA+ T cells Cells, and CD4+CD45RO+ T cells were significantly decreased compared with those before PDT. B cells and NK cells were also decreased in most cases, although there was no statistical difference (Figure 4). In patients with stage IV, however, most of the immune cells increased after PDT. Among them are T cells, B cells, CD8+T cells, CD8+CD45RA+T cells, and CD4+CD45RO+T cells (Figure 5).




Figure 4 |     Changes in peripheral blood immune function before and after 48h of PDT in stage III CRC patients (n=8). The number of CD3+ T cells, CD3+CD4+ T cells, CD3+CD8+ T cells, CD4+CD45RA+ T cells, CD4+CD45RO+ T cells, CD8+CD45RA+ T cells, CD8+CD45RO+ T cells were basically at a normal level before PDT but significantly decreased at 48h after PDT (A, D, E–I). CD19+ B cells and CD3-CD56+ NK cells were at lower than normal levels. Although there was no statistical difference in CD cells, the overall trend was still downward (B, C).






Figure 5 | Changes in peripheral blood immune function in stage IV patients before and after PDT 48h (n=8). The number of CD3+ T cells, CD19+ B cells, CD3+CD8+ T cells, CD8+CD45RA+ T cells, CD8+CD45RO+ T cells were relatively lower before PDT and increased significantly 48h after PDT (A, B, E, H, I). The changes of CD3-CD56+ NK cells, CD3+CD4+ T cells, CD4+CD45RA+ T cells CD4+CD45RO+ T cells were not obvious (C, D, F, G).



H-E staining showed that many inflammatory cells and immune cells infiltrated the tumor tissue 48h after PDT (Figure 6). Immunohistochemical results showed that T cells (p=0.0053), B cells (p=0.0216), CD4+ T cells (p=0.0341), CD8+ T cells (p=0.0132), and macrophages (p=0.0172) increased significantly after PDT, while the number of NK cells (p=0.3276) did not change significantly (Figure 7; Supplementary Figure S1).




Figure 6 | H-E staining of tumor tissues in CRC patients before and 48 hours after PDT. (A) Before PDT, a small number of immune cells were infiltrated around the tumor tissue. (B) 48h after PDT, the number of immune cells in tumor tissue increased significantly.






Figure 7 | IHC staining of tumor tissues in CRC patients before and after 48h of PDT (n=6). Images are shown at 20× magnification; bars indicate 200 µm; the left is before PDT, and the right is 48h after PDT. (A) CD3+ T cells in tumor tissue were increased significantly after PDT. (B) The number of CD4+ T cells in tumor tissue was increased after PDT. (C) Changes in the number of CD8+ T cells in tumor tissues. CD8+ T cells were increased after PDT. (D) The number of CD20+ B cells goes up after PDT. (E) There was no significant change in CD56+ T cells. (F) The number of macrophages increased significantly after PDT.





3.5 Adverse reactions

The distribution of adverse reactions after PDT is shown in Table 4. Transient leukocytosis occurred in 2 patients, and fever occurred in 3 patients on the night of treatment and returned to normal after physical cooling. One patient developed abdominal pain shortly after treatment and improved after rest. After discharge, 2 patients did not comply with the strict requirements of avoiding light and developed pigmentation of the skin on the face, forearm, and back of the hand. None of the patients had severe complications such as hematochezia and perforation.


Table 4 | Toxicities related to PDT.






4 Discussion

Despite the increasing availability of an arsenal of anti-tumor weapons, non-specificity, drug resistance, low response rates, and toxic severe side effects are still the main challenges faced by current tumor treatment strategies (11). As an alternative intervention to destroy cancer cells, PDT can compensate for some deficiencies associated with conventional tumor therapy (12). In addition to the precise clinical efficacy, PDT also has the advantages of less pain, high acceptance, and repeatable operation. For some early or occult tumors, PDT may achieve the effect of a radical cure. For patients with advanced cancers or patients who cannot undergo surgery due to physical limitations, PDT is a palliative treatment that can effectively relieve pain, improve quality of life and prolong life (8). Clinical studies on PDT therapy in CRC are rarely seen compared with other gastrointestinal tumors. In this study, 52 CRC patients with advanced stages (III-A to IV-C) were included, all unable or unwilling to undergo surgical resection, including 18 patients receiving PDT and 34 patients not receiving PDT. More than 50% of patients have distant metastasis, indicating a poor prognosis (4), especially without any treatment.

We made a detailed comparison between the PDT group and the non-PDT group. The current short-term follow-up results show that the overall prognosis of the PDT group is better than that of the non-PDT group (p=0.006). Among them, the median survival time of the non-PDT group was only 6.7 months, while the median survival time of patients receiving PDT at the same time had not yet reached, which was encouraging. Comparing CRC patients who received PDT alone with those who did not receive any treatment, the results were also gratifying in this case (p=0.037). Cause PDT can directly kill tumor cells and eliminate tumors by destroying the microcirculation of tumor tissues and enhancing the body’s anti-tumor immunity, thus prolonging the survival time of patients (13–15). Some patients with CRC received PDT combined with other therapies, such as chemotherapy, immunotherapy, or targeted therapy. Compared with patients who only received other treatments, the survival rate of the PDT combined with other therapies was significantly better (p=0.047), which may be due to the synergistic reaction between PDT and other therapies (16, 17). Unfortunately, one patient died of severe infection and multiple organ failures due to multiple liver and lung metastases. The above results showed that PDT alone or combined with other therapies showed significant advantages. However, the number of patients receiving PDT in each subgroup was small, and the survival data were only exploratory. However, the pilot series contains a minimal number of patients, and the survival data are only preliminary experimental.

To assess the direct efficacy of PDT, we evaluated the short-term efficacy of patients with CRC who had completed PDT by endoscopic and radiographic examinations after two months, Taking RECIST version 1.1 as the judge. Not surprisingly, the therapeutic effect of PDT was rapid and pronounced, especially in the remission of local lesions. In fact, PDT continues to play a therapeutic role. Many patients could still see pieces of necrotic tissue falling off the original tumor site when they were reviewed by colonoscopy one month later. Objective response was achieved in nearly half of the 18 CRC patients (8/18), and the disease control rate was 88.9% (16/18). By analyzing the factors that might affect the short-term efficacy of PDT, we found two valuable indicators: endoscopic necrosis degree and tumor differentiation degree. Obviously, the more severe the necrosis, the better the treatment effect of PDT. This process includes apoptosis, regulated necrosis (such as necroptosis and lysosome-dependent cell death), and other cell death mechanisms (18, 19). Due to the limited penetration depth of the laser in tissues (5-7mm), large and deeply infiltrated tumors could not be eliminated at a time. Therefore, the complete remission rate of this group of cases was only 5.6% (1/18). The short-term efficacy of PDT was also correlated with differentiation degree. Moderately differentiated colorectal tumors performed best, mainly because the tumor tissues were enriched in photosensitizers and had sufficient blood supply, and the objective response rate reached 66.7% (6/9); the reason may be that the characteristics of well-differentiation tumors are close to normal tissues, and the enrichment of photosensitizer in tumor tissues is almost the same as that in normal tissues, so the efficacy of PDT is not ideal (20, 21). Patients with poorly differentiation have a higher degree of malignancy and faster disease progression, resulting in a relative lack of blood supply as well as insufficient free radical production, thus the effect is not good.

The changes in the immune function of patients before and after PDT are a focus of our attention. Interestingly, the systemic immune function of almost all patients with stage III CRC decreased compared to before PDT. In contrast, the immune indicators of stage IVpatients generally showed an upward trend. Further observation illustrated that the number of immune cells in patients with stage III remained normal or slightly low before PDT, while the initial immune function of patients with stage IV was decreased. We speculate that this change is that a mass of immune cells quickly gathered at the tumor site, decreasing blood content. However, since the total amount of various types of immune cells was not low before the intervention, the overall level still fluctuated around the lower limit of the normal range, which may be a time difference problem. CRC patients with stage III are generally in good condition, basically normal organ function, well nutritional status with near-normal peripheral blood immune cells. The peripheral immune cells rapidly reach the local tumor lesions after antigen is released from necrotic tumor cells, decreasing peripheral immune cell numbers after PDT. However, due to distant metastasis, organ dysfunction, malnutrition, and cachexia, the immune cells of stage IV patients have been partially depleted, and the initial immune function in the body is relatively deficient. PDT intervention, on the one hand, can stimulate immune organs to generate more immune cells and improve the body’s overall immune level, causing an increase in peripheral immune cell numbers after PDT; on the other hand, it can promote the local recruitment of systemic immune cells to tumor tissues and play an anti-tumor immune role. To test this idea, we detected the changes of immune cells in tumor tissues before and after PDT by IHC. The results showed that a large number of inflammatory cells and immune cells were infiltrated in the tumor tissues of almost all CRC patients. In addition, NK cells, T cells, B cells, CD4+ T cells, CD8+ T cells, and macrophages were markedly increased, which provided an answer for the decline of immune cells in the peripheral blood of stage III patients.

These processes indicate that PDT is likely to trigger immunogenic cell death (ICD) through chemical damage, recruit DCs and antigen-specific cytotoxic T lymphocytes (CTLs) to the tumor microenvironment (TME), reverse the “cold tumor” to “hot tumor”, and activate the anti-tumor immune response. In addition to killing in situ tumors, it can effectively inhibit distal and metastatic tumors by improving the survival rate of patients with malignant tumors (22, 23). Once the signal of photo-oxidative damage caused by PDT is sensed, neutrophils are the first to reach the tumor site and subsequently direct a large number of monocytes/macrophages to rapidly invade the PDT-irradiated tumor margin to remove injured and dead cells (24, 25). In contrast, studies have shown that the therapeutic effect of PDT is significantly reduced if the above inflammatory cells are absent or their activity is inhibited (26). Acute inflammatory response increases the presentation of tumor antigens, paving the way for subsequent adaptive immunity (8). Studies have shown that PDT intervention enhances the activation of tumor-specific CD8+ T cells (26, 27). In the absence of CD8+ T cell activation and/or tumor invasion, the efficacy of PDT is significantly reduced (28), suggesting that CD8+ T cells play a central role in PDT-induced anti-tumor immunity. In most cases, the CD8+ effect and memory T cell generation depend on the presence and activation of CD4+ T cells. Earlier studies have shown that immune deficiency of helper T cells leads to a significant reduction in PDT-mediated tumor healing (29). However, some studies reveal that CD4+ T cells play a limited role in PDT therapy (28). In this study, CD4+ T cells increased significantly after treatment, which may help CD8+ T cells function.

In addition to immune cells, PDT may also affect stromal components of the TME. Fibroblasts constitute one of the most important cells in the stroma. They play an active role in the initiation and progression of various tumors, and shape the TME by directly inhibiting anti-tumor immune response or recruiting immunosuppressive cells (30). On the one hand, some studies have shown that PDT may reverse the fibroblast-myofibroblast differentiation and reshape the extracellular matrix (ECM) (31). However, others believe that PDT has no apparent cytotoxicity to fibroblasts (32), further research must be revealed. On the other hand, the effect of PDT is less affected by the therapeutic resistance induced by carcinoma-associated fibroblasts (CAFs) (33).

Of course, it is difficult to eliminate all tumor cells by PDT alone, especially in the case of distant metastasis. The combination of PDT with other therapies has considerable appeal in terms of enhancing efficacy against tumors because it exploits the advantages and offsets the disadvantages of each treatment method to produce additional or even synergistic therapeutic effects (34, 35). Moreover, using lower doses in combination therapy may cause fewer side effects and better results than single therapy (35). Chemotherapy relieves the restriction of light penetration in PDT and enhances the sensitivity of cancer cells to reactive oxygen species. The broad-spectrum activity and non-drug resistance of PDT can also combat the troublesome problem of drug resistance in chemotherapy (36, 37). Chemotherapy and PDT are combined in mutual assistance has significantly improved the clinical efficacy compared with single PDT or chemotherapy (38). The combination of PDT and immunotherapy can effectively eradicate target tumors and possible residual cancer cells and metastases and trigger immune memory to prevent tumor recurrence and provide a possible cure (34). Some targeted drugs, such as anti-angiogenesis or anti-vascular drugs (39) and anti-epidermal growth factor receptor drugs (40), have also been proven to improve the efficacy of PDT further and significantly improve tumor growth control after PDT. In our study, one patient with low rectal cancer received chemotherapy combined with targeted and immunotherapy after one week of PDT. After three months of follow-up, a complete pathological complete response (pCR) was achieved.

The adverse reactions of the enrolled patients during PDT were similar to those reported in the literature (41), mainly transient leukocyte elevation and mild fever, which may be related to inflammatory reactions caused by treatment. Occasionally, patients may have mild abdominal pain, which can be relieved after rest. Other common adverse reactions include photoallergic reactions such as redness and pigmentation at the exposure site, associated with irregular light avoidance after PDT. Once it occurs, it can be improved by giving antiallergic drugs and topical corticosteroid scrubs.

Some limitations of this study need to be mentioned. First, this study is a single-center retrospective study, selection bias is inevitable, and other investigators’ findings are subject to external validation. Second, the short follow-up time and the absence of some outcome indicators may lead to the overestimation of the therapeutic effect of PDT. Third and most important, the relatively small number of patients limits our ability to perform statistical analyses, especially when comparing different subgroups. Further multicenter prospective randomized trials are needed to compare the effects of PDT on the CRC immune microenvironment and in combination with other measures.



5 Conclusions

In this study, PDT effectively relieved the obstructive symptoms of CRC patients, inhibited tumor growth, and prolonged the survival time of patients with reasonable safety. Subsequently, we further evaluated CRC patients’ systemic and tumor local immune microenvironment changes before and after PDT. PDT recruits various immune cells to surround tumors, transforms “cold tumors” into “hot tumors”, activates the body’s anti-tumor immune effect, and then exerts tumor-killing effects at local and distant sites. PDT has synergistic effects when combined with chemotherapy, immunotherapy, or targeted therapy. With the development of more clinical studies and more efficient photosensitizers, PDT will occupy a space to treat more tumors.
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Supplementary Figure 1 | Immune cell infiltration in tumor tissues of CRC patients before and after 48h PDT (n=6). The results showed that T cells (p=0.0053), B cells (p=0.0216), CD4+ T cells (p=0.0341), CD8+ T cells (p=0.0132), and macrophages (p=0.0172) increased significantly after PDT, and NK cells did not change much.
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