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Background

The presence of peritoneal metastases (PMs) in patients with colorectal cancer (CRC) confers a poor prognosis and only a minority of patients will benefit from the available treatment options. In primary CRC tumors, it is well established that a high infiltration of CD8+ effector T cells correlates to a favorable patient outcome. In contrast, the immune response induced in PMs from CRC and how it relates to patient survival is still unknown. In this study, we characterized the immune infiltrates and the distribution of immune checkpoint receptors on T cells from PMs from CRC, in order to evaluate the potential benefit of checkpoint blockade immunotherapy for this patient group.





Methods

Surgically resected PM tissue from CRC patients (n=22) and synchronous primary tumors (n=8) were processed fresh to single cell suspensions using enzymatic digestion. Surface markers and cytokine production were analyzed using flow cytometry.





Results

T cells dominated the leukocyte infiltrate in the PM specimens analyzed, followed by monocytes and B cells. Comparing two different PMs from the same patient usually showed a similar distribution of immune cells in both samples. The T cell infiltrate was characterized by an activated phenotype and markers of exhaustion were enriched compared with matched circulating T cells, in particular the checkpoint receptors PD-1 and TIGIT. In functional assays most cytotoxic and helper T cells produced INF-γ and TNF following polyclonal stimulation, while few produced IL-17, indicating a dominance of Th1-type responses in the microenvironment of PMs.





Conclusion

Immune cells were present in all PMs from CRC examined. Although infiltrating T cells express markers of exhaustion, they produce Th1-type cytokines when stimulated. These results indicate the possibility to augment tumor-specific immune responses within PMs using checkpoint blockade inhibitors.
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1 Introduction

Worldwide, colorectal cancer (CRC) is one of the most common malignant tumors and one of the greatest contributors to overall cancer mortality (1). Primary tumors can be treated with surgery alone or in combination with chemotherapy and radiotherapy. For metastatic disease, however, treatment options are limited, and the five-year survival is only 15%, regardless of treatment regimen (2). The most common metastatic site is the liver, followed by lungs and peritoneum, respectively. Peritoneal metastases (PMs) are found in approximately 10% of all cases of CRC (3). Patients with PMs from primary colorectal tumors that are eligible for attempted curative treatment often receive cytoreductive surgery (CRS) combined with hyperthermic intraperitoneal chemotherapy (HIPEC). Recently, however, a large randomized multicenter study indicated that Oxaliplatin based HIPEC did not offer benefit to the patient compared with CRS alone when patients were stratified by peritoneal cancer index (PCI) score (4). These negative results further emphasize the urgent need for new treatment options for these patients.

It is now generally accepted that tumor-infiltrating T cells contribute to anti-tumor immunity and a beneficial patient outcome in many tumor types, including CRC (5). In brain metastases from CRC, T cell infiltration is usually lower than in the primary tumors, while lung and liver metastases typically harbor more T cells than the primary tumor (6, 7). As in primary CRC tumors, degree of T cell infiltration into metastases in general correlates to better patient outcomes (6, 8). However, specific data on immune cell infiltration in PMs from CRC remain relatively scarce. Data so far indicates that there is a consistently lower T cell infiltration in PMs than in the primary tumor, especially at the invasive margin (9). It has also been shown that patients with PMs have increased frequencies of CD4+ memory T cells which express the checkpoint receptors PD-1, VISTA, and TIGIT in the omental fat when compared to patients with only a primary CRC tumor (10).

A recent study presented convincing evidence that CRC tumors giving rise to PMs predominantly belong to the consensus molecular subgroup (CMS) 4 subgroup, have increased KRAS pathway activation, and are microsatellite stable (MSS) (11). The PMs retained many of the features of the primary tumor and could be further subdivided into three subgroups with distinct molecular and clinical features (11). One of these subgroups was characterized by a relatively high immune cell infiltration and may be particularly interesting for future immune checkpoint immunotherapy (ICI).

ICI has emerged as a potent antitumor treatment for several tumors. In CRC, however, ICI therapy benefits only the relatively small subset of patients with high microsatellite instability (MSI-H) tumors (12, 13). These tumors typically demonstrate a greater influx of T cells and carry a much higher tumor mutational load. To investigate the potential of ICI treatment in the subset of patients with PM from CRC, we characterized the immune cell infiltrate in PMs along with the activation and exhaustion states of the T cells present, and compare with the patient’s blood and, where possible, primary tumor. Our results demonstrate that T cells dominate the leukocyte infiltrate of PMs from CRC and that CD8+ T cells in PMs have an activated phenotype, produce type 1 cytokines, and express several exhaustion markers. Furthermore, the expression of PD-1 ligands by myeloid cells in a subset of PMs lend weight to the argument that ICI might be beneficial for some CRC patients with peritoneal metastasis.




2 Materials and methods



2.1 Patients and tissue collection

Consecutive patients planned for CRS/HIPEC at Sahlgrenska University Hospital for colorectal cancer, comprising adenocarcinoma in the appendix, were included in the study. An informed written consent was obtained from all patients and the study was conducted according to the declaration of Helsinki and was approved by the Swedish Ethical Review Authority (no. 543-17). The tissue material was collected during surgery and transported in ice-cold PBS before isolation of lymphocytes within two hours. Heparinized venous blood was also obtained during surgery. Information about tumor stage was retrieved from the pathology report and medical records. Microsatellite instability, indicating the mutational load of the tumor, was analyzed as previously described (14) or retrieved from the pathology report.




2.2 Cell isolation and stimulation

PBMC were isolated by gradient centrifugation on Ficoll-Paque™Plus (GE Healthcare Bio-sciences AB). Tumor-infiltrating cells from primary tumors were isolated as previously described (15). In PMs, tumor-infiltrating lymphocytes were isolated employing the same enzymes and incubation times. Briefly, the tissue was cut into 5 mm pieces and washed twice for 15 minutes at 37°C in RPMI 1640 (GIBCO® by Life Technologies™) containing 10% fetal bovine serum (SIGMA-ALDRICH®), 1mM of hepes, 1mM of sodium pyruvate, 50 μM 2-mercaptoethanol, 100 U/ml of penicillin, 100 μg/ml of streptomycin, 292 μg/ml of L-glutamine (GIBCO™) during gentle stirring. Tissue digestion was then performed using Liberase™ and DNase I (Roche) in the same medium, supplemented with 5µM CaCl2, and stirred gently for 1.5-2 hours. The resulting single cell solutions were re-suspended in RPMI 1640 (GIBCO® by Life Technologies™) containing 10% fetal bovine serum (SIGMA-ALDRICH®), 25mM of hepes, 100 U/ml of penicillin, 100 μg/ml of streptomycin, 292 μg/ml of L-glutamine (GIBCO™), and 50 μg/ml of gentamicin (GIBCO™). Cells were counted using a flow cytometry panel with antibodies to CD3, CD4, CD8, and CD45 and Fixable Viability Stain (see Supplementary Table 1 for antibodies used for flow cytometry) and analyzed on a Beckman Coulter Cytoflex cytometer. For phenotypic analyses, staining was performed directly after isolation. For cytokine production analyses, cells were incubated overnight in culture medium at 37°C before polyclonal stimulation the following morning using 50ng/mL of phorbol 12-myristate 13-acetate (PMA) and 680ng/mL of ionomycin calcium salt (Sigma Aldrich) for 4 hours, together with a protein transport inhibitor (BD Golgi stop, BD Biosciences).




2.3 Flow cytometry analyses

Single cell suspensions were stained with antibodies to surface markers (see Supplementary Table 1 for antibodies used for flow cytometry). eBioscience™ Foxp3/Transcription Factor Staining Buffer Set (Invitrogen) was then used for detection of Ki67, Foxp3 and cytokines. Viable lymphocytes were identified by their forward and side scatter characteristics combined with staining for CD45, and Fixable Viability Stain 575V or 510 (both from BD Horizon™). Fluorescence minus one controls were used to determine positive staining of surface markers and unstimulated cells to determine positive cytokine staining. Data was acquired using a Becton Dickinson Fortessa X-20 flow cytometer and analyzed by FlowJo v10 software. A cut-off minimum of 100 events in a certain cell population was applied in all analyses of cell surface markers and effector molecules.




2.4 Statistical methods

Statistical analyses of paired data were performed using two-tailed Wilcoxon matched-pairs signed rank test. Statistical significance was determined using p<0.05.





3 Results



3.1 Patient characteristics

All 22 patients included in the study were planned for CRS/HIPEC due to PMs arising from colorectal cancer. The median age of the patients was 62 years, 12 patients were male and 10 were female. Of the 22 patients, CRS/HIPEC was performed in 16 patients, CRS alone in 2, while in four patients, disease was too advanced, and the approach changed to open-close surgery. Patient and tumor characteristics are presented in Table 1.


Table 1 | Patient and primary tumor characteristics.






3.2 T cells dominate the leukocytes infiltrating peritoneal metastases.

To get a broad overview of immune cell infiltration into PMs from CRC, we first performed immune phenotyping of cells isolated from tumor tissues based on surface markers detected by flow cytometry. Manual gating was used to identify T cells (CD3+ cells), B cells (CD19+ cells), dendritic cells (CD3-CD19-CD14-CD11c+HLA-DR+ cells), monocytes (CD3-CD19-CD14+CD11c+ cells), and macrophages (CD3-CD19-CD14+CD11c- cells) among CD45+ cells, after gating on forward/side scatter characteristics and viability (See Supplementary Figure 1 for full gating strategy). Making an absolute distinction between monocytes and macrophages based on surface markers can be difficult; we chose to use the expression of CD11c as a marker for monocytes recently recruited from the circulation, while CD11c- cells represent macrophages maturing from recruited monocytes and stationary macrophages (16). These analyses demonstrate that T cells dominate the leukocyte infiltrate in the PMs, followed by B cells and monocytes (Figure 1A). Dendritic cells and macrophages were present in all the PMs, but in significantly lower numbers than monocytes. Comparing with blood from the same patient, T cells were clearly enriched in the PMs, while monocytes were less frequent than in the circulation (Figures 1A, B). None of the patients had MSI-H PMs and the effect of microsatellite instability on lymphocyte infiltration could thus not be evaluated.




Figure 1 | Leukocyte subsets in peritoneal metastases. Single cells suspensions were prepared from peritoneal metastases (PMs) and blood and analyzed by flow cytometry to determine the distribution of leukocyte subsets in PMs (A) and blood (B). Distribution of conventional CD4+ and CD8+ T cells and regulatory T cells (Treg) was determined among all CD3+ T cells in PMs (C) and blood (D). The T cell composition was also compared in cell suspensions from synchronous metastases (E). Symbols represent individual patients, and in (E) the two metastases from individual patients are connected with lines. n=9-21.



T cells were present in all PM specimens but varied considerably in numbers (between 0.2x106 and 17x106 CD3+ cells/g tissue, median 4.9x106). A separate flow cytometry panel was used to distinguish between CD8+ T cells, Treg (CD4+CD127lowCD25brightFoxP3+) and conventional CD4+ non-Treg cells (See Supplementary Figure 2 for full gating strategy). In PMs, conventional CD4+ T cells were more frequent than CD8+ T cells, while in the circulation the frequencies of CD4+ and CD8+ T cells were more similar (Figures 1C, D). Both conventional CD4+ T helper and CD8+ T cells are needed for an efficient anti-tumor immune response, while relative Treg enrichment generally correlates with poorer patient outcomes. Consistent with analyses of primary CRC tumors, Treg were significantly enriched in the metastases compared with the circulation (p<0.05; Figures 1C, D). Moreover the CD8+:Treg cell ratio was significantly lower in the metastases than in the circulation (median 8.2 in the metastases and 20.3 in the circulation, p<0.05; Supplementary Figure 3).

There was substantial inter-individual variation in both total leukocyte infiltration and the composition of the infiltrate in PMs. For nine patients, tissue from two synchronous metastases were available for analysis. Generally, the degree and composition of T cell infiltration in discrete PMs from a patient was more similar than between infiltrates in PMs from different individuals (Figure 1E). However, in two patients with metastases to small intestine, frequencies of T cells were significantly lower than synchronous PMs from other locations.

Comparison of T cell infiltration in primary tumors and PMs was possible in 4 patients. Of note, no significant differences were found between the composition of T cell infiltrates in primary tumors and associated metastases (Supplementary Figure 4A). However, the density of T cells in these tissues varied considerably (Supplementary Figure 4B).

In summary, we show that T cells and monocytes dominate among immune cells in PMs from CRC, and that the individual composition of immune cell subsets is relatively well preserved in different metastases from the same individual.




3.3 T cells in peritoneal metastases express markers of both activation and exhaustion

To assess T cell activation in situ in the PMs, we determined the combined expression of HLA-DR and CD38, as well as CD25 and ICOS (CD278). There were increased frequencies of HLA-DR+CD38+ activated conventional CD4+ T cells in the metastases compared to the circulation (p<0.001). In addition, CD8+ T cells in PMs also had a high co-expression of HLA-DR and CD38, which was actually higher than in both the metastasis-infiltrating CD4+ cells and circulating CD8+ cells (p<0.001; Figures 2A, B). Moreover, ICOS expression was considerably higher in tumor-infiltrating T cells than circulating T cells, particularly among conventional CD4+ T cells (p<0.001). In situ proliferation was determined by expression of Ki67. Of note, Ki67 expression was similar between tumor-infiltrating and circulating CD4+ T cells (Figure 2A) but was increased in CD8+ T cells in metastases compared to the circulation (p<0.05; Figure 2B).




Figure 2 | Activation markers on T cells from peritoneal metastases. Single cells suspensions were prepared from peritoneal metastases (PMs) and blood and analyzed by flow cytometry to determine the distribution of activation markers on conventional CD4+ T cells (A), CD8+ T cells (B), and regulatory T cells (Treg; C) in PMs and blood. Dot plots show representative staining of the respective cell subsets from PMs and blood. Symbols represent individual patients and lines the median. M – metastasis, B – blood, * p<0.05, *** p<0.001, n=8-11.



In general, Treg in PMs exhibited a more activated phenotype and higher frequencies of Ki67 expression than the conventional CD4+ and CD8+ T cells in the same PMs. Additionally, ICOS expression was significantly higher among metastasis-infiltrating Treg than among circulating Treg (p<0,001; Figure 2C).

Several of the most studied markers of exhaustion, including PD-1 and Tim-3, are also expressed on recently activated T cells, meaning that it can be difficult to unequivocally distinguish between activation or exhaustion. In the tumor microenvironment, however, it is generally agreed that these markers primarily identify exhausted cells (17, 18). In PMs, there was a substantial expression of PD-1, LAG3, and TIGIT by both the conventional CD4+ and CD8+ T cells (Figures 3A, B). LAG3 expression was particularly high, and this was also the case among circulating T cells. In contrast, PD-1- and TIGIT-expressing T cells were significantly more frequent in the PMs than circulation (P<0.01; Figure 3B). Even though frequencies of CD39+ T cells were much lower than frequencies of PD-1- or TIGIT-expressing T cells, they were still significantly higher in PMs than among matched circulating T cells (p<0.01). Approximately half the CD39+ T cells in PMs co-expressed PD-1 (Supplementary Figure 5), indicating that they may be terminally exhausted cells specific for tumor antigens (19, 20). Again, with regard to expression of exhaustion markers, there was concordance between synchronous metastases from single individuals (Supplementary Figure 6).




Figure 3 | Exhaustion markers on T cells from peritoneal metastases. Single cells suspensions were prepared from peritoneal metastases (PMs) and blood and analyzed by flow cytometry to determine the distribution of exhaustion markers on conventional CD4+ T cells (A)  and CD8+ T cells (B) in PMs and blood. Dot plots show representative staining of the respective cell subsets from PMs and blood. Symbols represent individual patients and lines the median. M – metastasis, B – blood, * p<0.05, ** p<0.01, n=10.



Taken together, these data show that frequencies of exhausted T cells are increased in the tumor microenvironment of PMs compared to blood; in a similar vein, there appears to be a significant population of activated T cells in PMs, indicating the possibility to generate tumor-specific immune responses.




3.4 PD-1 ligands in metastases are primarily expressed on myeloid immune cells

To evaluate the possibility to improve tumor-specific immune responses by immune checkpoint-blockade, we determined expression of the two PD-1 ligands, PD-L1 and PD-L2 on immune cells and tumor epithelial cells (defined as CD45-EpCAM+ cells). It should be noted that the cell isolation protocol used has been optimized to generate lymphocytes; therefore, the yield of both myeloid cells and epithelial cells may well underrepresent true tissue numbers. Nonetheless, it is clear that PD-L1 and PD-L2 expression was very low on epithelial cells, B cells, and T cells (Figure 4). The highest expression was found on monocytes and macrophages, but the interindividual variation was large. Of note, PD-1 expression frequencies on CD4+ or CD8+ T cells did not correlate with ligand expression on monocytes or macrophages (data not shown).




Figure 4 | PD-1 ligands on cells from peritoneal metastases. Single cells suspensions were prepared from peritoneal metastases (PMs) and analyzed by flow cytometry to determine the distribution of PD-L1 and PD-L2 on T cells, B cells, tumor epithelial cells, monocytes, macrophages, and dendritic cells. Symbols represent individual patients and lines the median. n=7-10.






3.5 Cytokine production by tumor-infiltrating T cells

In order to investigate the functional properties of PM infiltrating T cells, cytokine production was analyzed following polyclonal stimulation with PMA and Ionomycin. These analyzes showed a predominant production of Th1-type cytokines IFN-γ and TNF from T cells in all the analyzed tissues (Figure 5). In particular, the great majority of CD8+ T cells from the PMs produced IFN-γ. In contrast, the production of the Th17-associated tumor-promoting cytokines IL-17 and GM-CSF was comparatively lower in both the CD4+ and CD8+ T cells isolated from PMs. (Figure 5). Generally, the differences between synchronous metastases were larger when comparing cytokine production than when comparing expression of surface markers (Supplementary Figures 7A, B).




Figure 5 | Cytokine production in T cells from peritoneal metastases. Single cells suspensions were prepared from peritoneal metastases (PMs) and blood, stimulated with PMA and ionomycin for four hours, and analyzed by flow cytometry to determine the production of cytokines by conventional CD4+ T cells (A) and CD8+ T cells (B) in PMs and blood. Dot plots show representative staining of the respective cell subsets from PMs. Symbols represent individual patients and lines the median. M – metastasis, B – blood, n=4-6.



This is, to our knowledge, the first assessment of cytokine production in PMs from CRC, we sought to compare these analyses with a better-studied tissue. Therefore, we also analyzed cytokine production in T cells isolated from primary CRC tumors from six additional patients (4 with MSI-H tumors and 2 with MSS tumors). In these tumors, we also found low IL-17 and GM-CSF production, in parallel with higher IFN-γ production by T cells. Generally, Th1-type cytokine production by T cells was not found to the same extent as that seen in PMs, while IL-17- and GM-CSF-production in conventional T cells was somewhat higher than in the PMs (Supplementary Figures 7C, D).

We thus conclude that the T cell cytokine production in PMs is dominated by Th1 type cytokines, and that it is equivalent to, if not higher than, that detected in primary tumors.





4 Discussion

It is now generally accepted that tumor-infiltrating T cells contribute to anti-tumor immunity and a beneficial patient outcome. Indeed, this notion was first established in CRC (21) and has since evolved to generate both the immunoscore as a standardized method to evaluate the extent of a intratumoral anti-tumor immune response, and a detailed knowledge of the importance of different immune mediators and cell subsets (5, 22). In stark contrast to primary CRC tumors, there is little information about the immune response to PMs originating from CRC. In this study, we sought to characterize the immune cell infiltrate in PMs and could show that T cells are present in all metastases, and that these T cells constitute a diverse population of cells expressing markers of both activation and exhaustion.

The immune cells infiltrating PMs has so far only been characterized with regard to basic T cell markers by immunohistochemistry (IHC) (9) and showed a lower infiltration of CD4+, CD8+ and Treg in PMs compared to primary tumors. Furthermore, CD4+ T cells were more numerous than CD8+ cells in the tumor core of PMs, a finding that was confirmed in our study. A recent seminal report by Lenos et al. (11) demonstrated that the large majority of colorectal tumors giving rise to PMs represent the CMS4 subtype, and that the molecular characteristics of the primary tumors are maintained in the PMs. CMS4, or mesenchymal type, tumors are characterized by KRAS pathway mutations, TGF-β activation, immune suppression, and stromal invasion (23), and often these patients have poorer survival compared to the other CMS subtypes (24). Lenos et al. (11) further identified 3 clusters of CMS4 PMs, and showed that one cluster, comprising about half of the patients, had a high immune cell infiltration and immune signaling pathways - similar to those of MSI-H CRC. They also showed increased expression of checkpoint receptors in this cluster. These transcriptional data on immune reactions in PMs are further advanced with our cellular analyses of the immune cells infiltrating PMs.

When analyzing the local immune reactions in PMs from CRC, we found a substantial population of CD8+ T cells expressing markers of activation, with the ability to secrete IFN-γ and TNF upon stimulation. This indicates the potential to mount protective immune responses if properly stimulated. Extensive studies on immune responses in primary CRC tumors have demonstrated that infiltration of CD8+ effector T cells with cytotoxic potential and production of Th1 type cytokines correlates with a better prognosis (25, 26). However, our study demonstrated that a high proportion of PM-infiltrating CD8+ T cells also expressed the checkpoint receptors PD-1 and TIGIT, indicating exhaustion. Exhaustion is characterized as a reversible state of sequential loss of effector functions, mediated by signaling through one or several checkpoint receptors (17, 18). We could also demonstrate expression of the PD-1 ligands PD-L1 and PD-L2 on monocytes and macrophages in the PMs, indicating an active maintenance of exhaustion in the PM microenvironment. This observation is in line with previous findings in primary CRC, where PD-1 ligand expression is primarily detected on hematopoietic cells, and PD-L1 expression on tumor cells is low (27–29).

Interestingly, a fraction of the putative exhausted cells in both the CD4+ and CD8+ subsets also expressed CD39. Co-expression of PD-1 and CD39 have previously been identified as specific for a T cell subset of tumor-specific T cells (30–32), potentially able to generate tumor-specific immune responses upon ICI. Expression of Ki67 by these cells may also indicate an active anti-tumor response. In non-small cell lung cancer patients, circulating Ki67+CD8+ T cells expressing PD-1 were seen following ICI, primarily in the responding individuals (33). A similar increase in proliferating CD8+ T cells with an “exhausted” phenotype was also seen in patients with malignant melanoma after ICI treatment (34, 35). Indeed, in keeping with our observations in PMs, the proliferating CD8+ cells found in ICI-responsive lung cancer patients co-expressed PD-1, HLA-DR and CD38. Furthermore, a recent study showed that a high CD3+ to CD4+ ratio in PMs from CRC, i.e. a dominance of CD8+ T cells over conventional CD4+ T helper cells and Treg, correlated with better overall survival following cytoreductive surgery and HIPEC (9). Taken together, these observations indicate that PM patients with a high proportion of proliferating CD8+ T cells may be benefit from ICI.

However, the final outcome of the local immune response is formed by the balance between stimulating and immunoregulatory signals in the tumor microenvironment. One component potentially contributing to suppression of anti-tumor immunity in PMs is the infiltration of Treg. It is well documented that Treg accumulate in primary colorectal tumors compared to blood and unaffected colon (36–38), and this was also shown in a recent IHC-based study of PMs (9). Using flow cytometry, we can now confirm a similar enrichment of Treg in PMs from CRC. The proportion of CD4+ cells defined as Treg was higher in the IHC study (9), but this may be explained by the more rigorous identification of Treg by flow cytometry, where they are defined as CD25brightCD127lowFoxP3+ cells, as compared to FoxP3 alone in IHC. In primary tumors, effector Treg confer a poor prognosis (36) and the expression of CD39 (data not shown), HLA-DR, CD38, and ICOS on Treg in PMs suggests that they are activated effector Treg (37, 39) and may have similar effects. Thus, there is both an increased frequency of Treg in PMs and a phenotype suggesting potent suppressive ability. In addition to Treg, the presence of Th17 type responses may also contribute to a tumor-promoting microenvironment and an unfavorable patient outcome (25, 26, 40, 41). Th17 cells promote angiogenesis, epithelial growth, and recruitment of myeloid cells, all supporting tumor progression (42). Here, however, we were unable to demonstrate any sizable Th17 responses in the PMs, suggesting that this pathway is not one of the major contributors to tumor immune evasion in peritoneal metastases from CRC.

There was a relatively high variation between patients in number of tumor-infiltrating T cells and their expression of the examined activation and exhaustion markers in the PMs. This may be explained by the presence of distinct clusters within the predominant CMS4 subtype PMs (11). Despite this interindividual variation, it is notable that the T cell composition was similar between synchronous PMs from the same patient, as was the expression of exhaustion markers. This is in keeping with previous findings of a preserved transcriptional profile between multiple PMs from one tumor (11), and contrasts to other metastatic sites (liver, lungs, brain), where the immune cell infiltrate varies considerably when compared to the primary tumor and between synchronous metastases (6–8). This difference may be explained by the special requirements of tumor cells metastasizing to the peritoneal cavity, for example the ability to survive as free-floating cells and to adhere to and invade organs from the outside rather than through transendothelial invasion, and the default immunoregulatory/anti-inflammatory environment of the omentum and peritoneal cavity in steady state, reducing the immune pressure during metastasis development (43). In any event, the analyses of PMs indicate that significant information about both tumor type and infiltrating immune cells may be available by sampling a single peritoneal metastatic site.

This is a single center study with a well-defined patient cohort. However, a limitation of the study is the relatively small number of patients included. The variation between tumors in stage and PCI score may have contributed to some of the variation seen between tumors. With a larger patient cohort, we may have been able to detect differences in the immune response between these groups. In this study, we have focused primarily on T cells, and this may be another potential limitation as the relative contributions of other leukocytes in anti-tumor immunity in the context of PM fall outside the scope of this work.

Taken together, this study demonstrates a consistent infiltration of T cells in PMs from CRC, and these T cells proliferate and express markers of both activation and exhaustion. In spite of some inter-individual variability, these findings indicate that CRC patients with PMs may benefit from ICI. The subgroup most likely to benefit may be those patients with higher degrees of immune cell infiltration and higher infiltrates of T cells expressing immune checkpoint receptors.





Data availability statement

The raw data supporting the conclusions of this article will be made available by the authors, without undue reservation.





Ethics statement

The studies involving humans were approved by Swedish Ethical Review Authority. The studies were conducted in accordance with the local legislation and institutional requirements. The participants provided their written informed consent to participate in this study.





Author contributions

PS: Investigation, Methodology, Project administration, Writing – review & editing. SH: Investigation, Methodology, Writing – review & editing. MQJ: Conceptualization, Formal Analysis, Funding acquisition, Supervision, Writing – original draft, Writing – review & editing. EBL: Conceptualization, Formal Analysis, Investigation, Resources, Writing – review & editing. Funding acquisition.





Funding

The author(s) declare financial support was received for the research, authorship, and/or publication of this article. This work was supported by the Swedish Research Council under grant 55X-13428, Swedish Cancer Foundation under grant 130593 and 230710 JCIA; Grants from the Swedish state under the agreement between the Swedish government and the county councils, the ALF-agreement (grant 144381 and NHV-977868); The Swedish Society of Medicine (grant 984813), Assar Gabrielsson Foundation (grant FB22-88), and M. Björnssons Foundation. Lundgrens Foundation (grant SA-4316).




Acknowledgments

We would like to thank all patients for their participation in this study. We also thank the CRS/HIPEC surgeons  Dan Asplund, Johan Tranberg, Torbjörn Swartling, Jonas Bengtsson, as well as the rest of the surgical team for help with tissue sampling. Study nurses Zunash Malik and Angelica Wingård are also gratefully acknowledged for her help.





Conflict of interest

The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.





Supplementary material

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fimmu.2024.1347900/full#supplementary-material





Abbreviations

CMS, consensus molecular subgroup; CRC, colorectal cancer; CRS, cytoreductive surgery; HIPEC, hyperthermic intraperitoneal chemotherapy; ICI, immune checkpoint immunotherapy; IHC, immunohistochemistry; MSI-H, microsatellite instable-high; MSS, microsatellite stable; PCI, peritoneal cancer index; PMs, peritoneal metastases.




References

1. Sung, H, Ferlay, J, Siegel, RL, Laversanne, M, Soerjomataram, I, Jemal, A, et al. Global cancer statistics 2020: globocan estimates of incidence and mortality worldwide for 36 cancers in 185 countries. CA Cancer J Clin (2021) 71(3):209–49. doi: 10.3322/caac.21660

2. Morris, VK, Kennedy, EB, Baxter, NN, Benson, AB 3rd, Cercek, A, Cho, M, et al. Treatment of metastatic colorectal cancer: asco guideline. J Clin Oncol (2023) 41(3):678–700. doi: 10.1200/JCO.22.01690

3. Vayrynen, V, Wirta, EV, Seppala, T, Sihvo, E, Mecklin, JP, Vasala, K, et al. Incidence and management of patients with colorectal cancer and synchronous and metachronous colorectal metastases: A population-based study. BJS Open (2020) 4(4):685–92. doi: 10.1002/bjs5.50299

4. Quenet, F, Elias, D, Roca, L, Goere, D, Ghouti, L, Pocard, M, et al. Cytoreductive surgery plus hyperthermic intraperitoneal chemotherapy versus cytoreductive surgery alone for colorectal peritoneal metastases (Prodige 7): A multicentre, randomised, open-label, phase 3 trial. Lancet Oncol (2021) 22(2):256–66. doi: 10.1016/S1470-2045(20)30599-4

5. Pages, F, Mlecnik, B, Marliot, F, Bindea, G, Ou, FS, Bifulco, C, et al. International validation of the consensus immunoscore for the classification of colon cancer: A prognostic and accuracy study. Lancet (2018) 391(10135):2128–39. doi: 10.1016/S0140-6736(18)30789-X

6. Ahtiainen, M, Elomaa, H, Vayrynen, JP, Wirta, EV, Kuopio, T, Helminen, O, et al. Immune contexture of Mmr-proficient primary colorectal cancer and matched liver and lung metastases. Cancers (Basel) (2021) 13(7):1530. doi: 10.3390/cancers13071530

7. Randrian, V, Desette, A, Emambux, S, Derangere, V, Roussille, P, Frouin, E, et al. New artificial intelligence score and immune infiltrates as prognostic factors in colorectal cancer with brain metastases. Front Immunol (2021) 12:750407. doi: 10.3389/fimmu.2021.750407

8. Van den Eynde, M, Mlecnik, B, Bindea, G, Fredriksen, T, Church, SE, Lafontaine, L, et al. The link between the multiverse of immune microenvironments in metastases and the survival of colorectal cancer patients. Cancer Cell (2018) 34(6):1012–26 e3. doi: 10.1016/j.ccell.2018.11.003

9. Garland-Kledzik, M, Uppal, A, Naeini, YB, Stern, S, Erali, R, Scholer, AJ, et al. Prognostic impact and utility of immunoprofiling in the selection of patients with colorectal peritoneal carcinomatosis for cytoreductive surgery (Crs) and heated intraperitoneal chemotherapy (Hipec). J Gastrointest Surg (2021) 25(1):233–40. doi: 10.1007/s11605-020-04886-y

10. Kleber, J, Yang Zhou, J, Weber, F, Bitterer, F, Hauer, P, Kupke, P, et al. Immune profile of patients with peritoneal carcinomatosis selected for crs-hipec therapy. Cancer Immunol Immunother (2023) 72(11):3867–73. doi: 10.1007/s00262-023-03515-2

11. Lenos, KJ, Bach, S, Ferreira Moreno, L, Ten Hoorn, S, Sluiter, NR, Bootsma, S, et al. Molecular characterization of colorectal cancer related peritoneal metastatic disease. Nat Commun (2022) 13(1):4443. doi: 10.1038/s41467-022-32198-z

12. Le, DT, Uram, JN, Wang, H, Bartlett, BR, Kemberling, H, Eyring, AD, et al. Pd-1 blockade in tumors with mismatch-repair deficiency. N Engl J Med (2015) 372(26):2509–20. doi: 10.1056/NEJMoa1500596

13. Germano, G, Amirouchene-Angelozzi, N, Rospo, G, and Bardelli, A. The clinical impact of the genomic landscape of mismatch repair-deficient cancers. Cancer Discovery (2018) 8(12):1518–28. doi: 10.1158/2159-8290.CD-18-0150

14. Sundstrom, P, Szeponik, L, Ahlmanner, F, Sundquist, M, Wong, JSB, Lindskog, EB, et al. Tumor-infiltrating mucosal-associated invariant T (Mait) cells retain expression of cytotoxic effector molecules. Oncotarget (2019) 10(29):2810–23. doi: 10.18632/oncotarget.26866

15. Rodin, W, Sundstrom, P, Ahlmanner, F, Szeponik, L, Zajt, KK, Wettergren, Y, et al. Exhaustion in tumor-infiltrating mucosal-associated invariant T (Mait) cells from colon cancer patients. Cancer Immunol Immunother (2021) 70(12):3461–75. doi: 10.1007/s00262-021-02939-y

16. Bujko, A, Atlasy, N, Landsverk, OJB, Richter, L, Yaqub, S, Horneland, R, et al. Transcriptional and functional profiling defines human small intestinal macrophage subsets. J Exp Med (2018) 215(2):441–58. doi: 10.1084/jem.20170057

17. Wherry, EJ, and Kurachi, M. Molecular and cellular insights into T cell exhaustion. Nat Rev Immunol (2015) 15(8):486–99. doi: 10.1038/nri3862

18. McLane, LM, Abdel-Hakeem, MS, and Wherry, EJ. Cd8 T cell exhaustion during chronic viral infection and cancer. Annu Rev Immunol (2019) 37:457–95. doi: 10.1146/annurev-immunol-041015-055318

19. Gupta, PK, Godec, J, Wolski, D, Adland, E, Yates, K, Pauken, KE, et al. Cd39 expression identifies terminally exhausted Cd8+ T cells. PloS Pathog (2015) 11(10):e1005177. doi: 10.1371/journal.ppat.1005177

20. Miller, BC, Sen, DR, Al Abosy, R, Bi, K, Virkud, YV, LaFleur, MW, et al. Subsets of exhausted Cd8(+) T cells differentially mediate tumor control and respond to checkpoint blockade. Nat Immunol (2019) 20(3):326–36. doi: 10.1038/s41590-019-0312-6

21. Galon, J, Costes, A, Sanchez-Cabo, F, Kirilovsky, A, Mlecnik, B, Lagorce-Pages, C, et al. Type, density, and location of immune cells within human colorectal tumors predict clinical outcome. Science (2006) 313(5795):1960–4. doi: 10.1126/science.1129139

22. Mlecnik, B, Bifulco, C, Bindea, G, Marliot, F, Lugli, A, Lee, JJ, et al. Multicenter international society for immunotherapy of cancer study of the consensus immunoscore for the prediction of survival and response to chemotherapy in stage iii colon cancer. J Clin Oncol (2020) 38(31):3638–51. doi: 10.1200/JCO.19.03205

23. Guinney, J, Dienstmann, R, Wang, X, de Reynies, A, Schlicker, A, Soneson, C, et al. The consensus molecular subtypes of colorectal cancer. Nat Med (2015) 21(11):1350–6. doi: 10.1038/nm.3967

24. Song, N, Pogue-Geile, KL, Gavin, PG, Yothers, G, Kim, SR, Johnson, NL, et al. Clinical outcome from oxaliplatin treatment in stage ii/iii colon cancer according to intrinsic subtypes: secondary analysis of Nsabp C-07/Nrg oncology randomized clinical trial. JAMA Oncol (2016) 2(9):1162–9. doi: 10.1001/jamaoncol.2016.2314

25. Tosolini, M, Kirilovsky, A, Mlecnik, B, Fredriksen, T, Mauger, S, Bindea, G, et al. Clinical impact of different classes of infiltrating T cytotoxic and helper cells (Th1, th2, treg, th17) in patients with colorectal cancer. Cancer Res (2011) 71(4):1263–71. doi: 10.1158/0008-5472.CAN-10-2907

26. Mlecnik, B, Bindea, G, Angell, HK, Maby, P, Angelova, M, Tougeron, D, et al. Integrative analyses of colorectal cancer show immunoscore is a stronger predictor of patient survival than microsatellite instability. Immunity (2016) 44(3):698–711. doi: 10.1016/j.immuni.2016.02.025

27. Liang, F, Rezapour, A, Szeponik, L, Alsen, S, Wettergren, Y, Bexe Lindskog, E, et al. Antigen presenting cells from tumor and colon of colorectal cancer patients are distinct in activation and functional status, but comparably responsive to activated T cells. Cancers (Basel) (2021) 13(20):5247. doi: 10.3390/cancers13205247

28. Liu, S, Gnen, M, Stadler, ZK, Weiser, MR, Hechtman, JF, Vakiani, E, et al. Cellular localization of pd-L1 expression in mismatch-repair-deficient and proficient colorectal carcinomas. Mod Pathol (2019) 32(1):110–21. doi: 10.1038/s41379-018-0114-7

29. Bonnereau, J, Courau, T, Asesio, N, Salfati, D, Bouhidel, F, Corte, H, et al. Autologous T cell responses to primary human colorectal cancer spheroids are enhanced by ectonucleotidase inhibition. Gut (2023) 72(4):699–709. doi: 10.1136/gutjnl-2021-326553

30. Gros, A, Robbins, PF, Yao, X, Li, YF, Turcotte, S, Tran, E, et al. Pd-1 identifies the patient-specific Cd8(+) tumor-reactive repertoire infiltrating human tumors. J Clin Invest (2014) 124(5):2246–59. doi: 10.1172/JCI73639

31. Duhen, T, Duhen, R, Montler, R, Moses, J, Moudgil, T, de Miranda, NF, et al. Co-expression of Cd39 and Cd103 identifies tumor-reactive cd8 T cells in human solid tumors. Nat Commun (2018) 9(1):2724. doi: 10.1038/s41467-018-05072-0

32. van den Bulk, J, van der Ploeg, M, Ijsselsteijn, ME, Ruano, D, van der Breggen, R, Duhen, R, et al. Cd103 and Cd39 coexpression identifies neoantigen-specific cytotoxic T cells in colorectal cancers with low mutation burden. J Immunother Cancer (2023) 11(2):e005887. doi: 10.1136/jitc-2022-005887

33. Kamphorst, AO, Pillai, RN, Yang, S, Nasti, TH, Akondy, RS, Wieland, A, et al. Proliferation of pd-1+ Cd8 T cells in peripheral blood after pd-1-targeted therapy in lung cancer patients. Proc Natl Acad Sci U.S.A. (2017) 114(19):4993–8. doi: 10.1073/pnas.1705327114

34. Huang, AC, Orlowski, RJ, Xu, X, Mick, R, George, SM, Yan, PK, et al. A single dose of neoadjuvant pd-1 blockade predicts clinical outcomes in resectable melanoma. Nat Med (2019) 25(3):454–61. doi: 10.1038/s41591-019-0357-y

35. Huang, AC, Postow, MA, Orlowski, RJ, Mick, R, Bengsch, B, Manne, S, et al. T-cell invigoration to tumour burden ratio associated with anti-pd-1 response. Nature (2017) 545(7652):60–5. doi: 10.1038/nature22079

36. Saito, T, Nishikawa, H, Wada, H, Nagano, Y, Sugiyama, D, Atarashi, K, et al. Two foxp3(+)Cd4(+) T cell subpopulations distinctly control the prognosis of colorectal cancers. Nat Med (2016) 22(6):679–84. doi: 10.1038/nm.4086

37. Timperi, E, Pacella, I, Schinzari, V, Focaccetti, C, Sacco, L, Farelli, F, et al. Regulatory T cells with multiple suppressive and potentially pro-tumor activities accumulate in human colorectal cancer. Oncoimmunology (2016) 5(7):e1175800. doi: 10.1080/2162402X.2016.1175800

38. De Simone, M, Arrigoni, A, Rossetti, G, Gruarin, P, Ranzani, V, Politano, C, et al. Transcriptional landscape of human tissue lymphocytes unveils uniqueness of tumor-infiltrating T regulatory cells. Immunity (2016) 45(5):1135–47. doi: 10.1016/j.immuni.2016.10.021

39. Strasser, K, Birnleitner, H, Beer, A, Pils, D, Gerner, MC, Schmetterer, KG, et al. Immunological differences between colorectal cancer and normal mucosa uncover a prognostically relevant immune cell profile. Oncoimmunology (2019) 8(2):e1537693. doi: 10.1080/2162402X.2018.1537693

40. Yoshida, N, Kinugasa, T, Miyoshi, H, Sato, K, Yuge, K, Ohchi, T, et al. A high rorgammat/Cd3 ratio is a strong prognostic factor for postoperative survival in advanced colorectal cancer: analysis of helper T cell lymphocytes (Th1, th2, th17 and regulatory T cells). Ann Surg Oncol (2016) 23(3):919–27. doi: 10.1245/s10434-015-4923-3

41. Fidelle, M, Rauber, C, Alves Costa Silva, C, Tian, AL, Lahmar, I, de la Varende, AM, et al. A microbiota-modulated checkpoint directs immunosuppressive intestinal T cells into cancers. Science (2023) 380(6649):eabo2296. doi: 10.1126/science.abo2296

42. Young, MR. Th17 cells in protection from tumor or promotion of tumor progression. J Clin Cell Immunol (2016) 7(3):431. doi: 10.4172/2155-9899.1000431

43. Meza-Perez, S, and Randall, TD. Immunological functions of the omentum. Trends Immunol (2017) 38(7):526–36. doi: 10.1016/j.it.2017.03.002




Publisher’s note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.


Copyright © 2024 Sundström, Hogg, Quiding Järbrink and Bexe Lindskog. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.


OEBPS/Images/fimmu-15-1347900-g002.jpg
A conventional CD4"* T cells

80 )
metastasis

60

40

20

% of CD4" cells

HLA-DR/ CD25 ICOS Ki67
CD38
B CD8* T cells
metastasis blood
£
3
o
.
(=] (%]
a Q
o S
-
o
2
Ki67
HLA-DR/ CD25 ICOS Ki67
CD38
c Treg
100 W metastasis blood
w 80 725 17.5 26.1 120
= o o H
8 : :
g 60 o "
= Qo0 o
Eoad © oo o % ©
oo o i 009 ]
S 24 & o
§38 8oo
0 5 E -
M B M B M B Ki67
HLA-DR/ ICOS Ki67

CD38





OEBPS/Text/toc.xhtml


  

    Table of Contents



    

		Cover



      		

        Immune cell infiltrates in peritoneal metastases from colorectal cancer

      

        		

          Background

        



        		

          Methods

        



        		

          Results

        



        		

          Conclusion

        



        		

          1 Introduction

        



        		

          2 Materials and methods

        

          		

            2.1 Patients and tissue collection

          



          		

            2.2 Cell isolation and stimulation

          



          		

            2.3 Flow cytometry analyses

          



          		

            2.4 Statistical methods

          



        



        



        		

          3 Results

        

          		

            3.1 Patient characteristics

          



          		

            3.2 T cells dominate the leukocytes infiltrating peritoneal metastases.

          



          		

            3.3 T cells in peritoneal metastases express markers of both activation and exhaustion

          



          		

            3.4 PD-1 ligands in metastases are primarily expressed on myeloid immune cells

          



          		

            3.5 Cytokine production by tumor-infiltrating T cells

          



        



        



        		

          4 Discussion

        



        		

          Data availability statement

        



        		

          Ethics statement

        



        		

          Author contributions

        



        		

          Funding

        



        		

          Acknowledgments

        



        		

          Conflict of interest

        



        		

          Supplementary material

        



        		

          Abbreviations

        



        		

          References

        



      



      



    



  



OEBPS/Images/crossmark.jpg
©

2

i

|





OEBPS/Images/fimmu-15-1347900-g004.jpg
Epithelial cells

B cells

T cells

o
n

o o (=] o
< ™ N -~

s|192 ,INvDd3 J0 %

o o [=] o
< © N -

S|i® ,61d23° %

o o o o
< (] N -

SI192 ,€AdD 340 %

o

PD-L2

PD-L1

PD-L2

PD-L1

PD-L2

PD-L1

Dendritic cells

Macrophages

Monocytes

o
[Te]

o
n

(=
0

(=] o o o
< (e N -

S92 ,211AD.71AD 40 %

o o o o
<t (] N -

S[192 .91102,¥1AJ 30 %

°8

o (= o o
< ™ N ~

sli®2 ,211Ad2,¥1AD 30 %

o

o

o

PD-L2

PD-L1

PD-L2

PD-L1

PD-L2

PD-L1





OEBPS/Images/logo.jpg
, frontiers | Frontiers in Immunology





OEBPS/Images/fimmu.2024.1347900_cover.jpg
& frontiers | Frontiers in Immunology

Immune cell infiltrates in peritoneal
metastases from colorectal cancer





OEBPS/Images/fimmu-15-1347900-g001.jpg
>

% of CD45" cells

(]

% of CD3"* cells

% of cell subset

Metastases

100

80 000

60

[e]

40

oo

20

o

conv CD4+

CcD3* c
100

80
60
40

20
20

N
&

NS

Metastases

o
%00

900
‘%go’:’

CD8+ Treg

onv CD4* CD8"  Treg

8
g

2 N &% N N9
N e e
N4 N R RN\

% of CD45" cells

% of CD3" cells

% of CD45" cells

o

% of CD3" cells

100

T cells

000

conv CD4+

Blood

B cells

Blood

CD8+

Monocytes

Treg





OEBPS/Images/fimmu-15-1347900-g003.jpg
% of CD4" cells

% of CD8* cells

-3
t=]

o
[

S
(=)

N
=]

o

100

80

60

40

20

conventional CD4* T cells

PD-1

PD-1

Tim-3

M B

Tim-3

75 -

M B

CD39

o O

M B

LAG3

CD8* T cells

CD39

M B

LAG3

TIGIT

TIGIT

metastasis blood
15.0 313 0.7 7,0
Ey
a
o
27.4 26.3 38.2 54.2
TIGIT
metastasis blood
9.3 36.0 5.8 5,0
by
[a]
a
34.9 19.7 76.9 | 12.4
TIGIT






OEBPS/Images/table1.jpg
Age, median (range) 62 (31-73)
Gender, n (%)
Male 12 (55)
Female 10 (45)

Primary tumor location, n (%)*

Colon, right sided 10 (45)
Appendix 4 (18)
Colon, left sided 7 (32)
Rectum 1 (5)

Peritoneal metastases, n (%)
Synchronous 13 (59)
Metachronous 9 (41)

Tumor stage primary tumor, n (%)

pT3 3 (14)
pT4 17 (77)
Missing" 2 )

Node stage primary tumor, n (%)*

pNO 1 (5)
pN1 7 (32)
pN2 12 (55)
Missing' 2 ©9)

Tumor differentiation, n (%)

High grade® 9 (41
Low grade 4 (18)
Mucinous 7 (32)
Missing" 2 (O]

Microsatellite stability, n (%)

MSS 21 (95)
MSI-H 0

Missing 1 (5)
PCI score, median 19 (5-34)

PCI, Peritoneal Cancer index. * Percentages do not add up due to rounding. * Two patients
missing due to no primary resection. *One patient had goblet cell adenocarcinoma.
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