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Introduction

Alterations in the gut immune system have been implicated in various diseases.The challenge of obtaining gut tissues from healthy individuals, commonly performed via surgical explants, has limited the number of studies describing the phenotype and function of gut-derived immune cells in health. 





Methods

Here, by means of recto-sigmoid colon biopsies obtained during routine care (colon cancer screening in healthy adults), the phenotype and function of immune cells present in the gut were described and compared to those found in blood.





Results

The proportion of CD4+, CD8+, MAIT, γδ+ T, and NK cells phenotype, expression of integrins, and ability to produce cytokine in response to stimulation with PMA and ionomycin. T cells in the gut were found to predominantly have a memory phenotype as compared to T cells in blood where a naïve phenotype predominates. Recto-sigmoid mononuclear cells also had higher PD-1 and Ki67 expression. Furthermore, integrin expression and cytokine production varied by cell type and location in blood vs. gut.





Discussion

These findings demonstrate the differences in functionality of these cells when compared to their blood counterparts and validate previous studies on phenotype within gut-derived immune cells in humans (where cells have been obtained through surgical means). This study suggests that recto-sigmoid biopsies collected during colonoscopy can be a reliable yet more accessible sampling method for follow up of alterations of gut derived immune cells in clinical settings.
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Introduction

Given its association with an ever-growing list of heterogeneous disorders, an increased interest in the immune elements of the gastrointestinal tract has emerged. Alterations in the gut are seen or suspected in conditions with different etiologies; e.g. autoimmune [Type 1 Diabetes, Multiple Sclerosis and inflammatory bowel disease (IBD)], diet and lifestyle (alcoholic liver disease, obesity), and chronic infections [Human Immunodeficiency Virus (HIV), Hepatitis C Virus (HCV)] (1–9). The close interaction between external stimuli, gut-associated lymphoid tissue (GALT), and blood vessels underlie numerous potential relationships that could contribute to the pathophysiology of these diseases. Such alterations, be they a cause or result of disease, include increased intestinal permeability and inflammation, which can lead to tissue damage both in the intestine and elsewhere. While numerous studies have evaluated gut-derived immune cells in the above diseases, heterogeneous sampling techniques make it difficult to extrapolate results to other settings and make replication a challenge. In addition, evaluation of how gut-derived immune cells in the condition differs from that of healthy individuals is often not possible within the constraints of the study. This study aims to use the standard of care technique of recto-sigmoid colon biopsy to sample gut-derived immune cells and compare them to those in blood.

Cells that migrate into the gut differ from those that remain in the blood by their surface expression of key markers. Integrin expression on activated lymphocytes enables them to interact with ligands present in the high endothelial venules of the GALT, then migrate into the lamina propria. For instance, heterodimers alpha4beta7 (α4β7) and αEβ7 (CD103 E Integrin) bind to mucosal cell adhesion molecule-1 (MAdCAM-1) and E-cadherin, respectively (10–12), and are implicated in Crohn’s disease and ulcerative colitis (13) and in HIV pathogenesis (14, 15). Both chemokine/ligand axes CCR9/CCL25 and CCR6/CCL20 also play roles, with CCR6 being critical for migration into Peyer’s patches and the small intestine (11, 16–18).

Previous studies have compared the proportions of cell populations derived from different locations in the gut. For instance, evaluation of intestinal lymphoid follicles in the sub-mucosa and mucosa of the ileum, along the length of the colon, and in non-GALT lamina propria found differing proportions of B cells and subtypes of T cells, along with memory subsets that were predominately central or effector memory depending on the location (19). Ickler et al. evaluated mononuclear cells in the lamina propria after removal of epithelium, finding over half are CD4+ T cells (58.3% ± 26.4%), followed by CD8+ T cells (21.2% ± 15.77%), B cells (9.8% ± 18.10%), and NK cells (2.2% ± 2.0) (20). These studies are; however, examples of ones using abdominal surgical explants and did not compare their findings to cell populations in peripheral blood.

Chemokine receptors and integrins that have an important function in the GALT can also affect migration into other tissues, potentially contributing to diseases outside the gut. CCR5 is involved in numerous diseases; CCR5+ cells are found in the CNS in MS and other conditions with CNS inflammation, CCR5 ligands are found in synovial fluid during rheumatoid arthritis (21), and CCR5 is an HIV-binding co-receptor (20, 22). CCR6 is also a CNS-homing chemokine receptor and enables cell migration to the CNS by means of the choroid plexus constitutive CCL20 expression (23–25). α4β7 is expressed on activated CD4+ T cells and can bind to HIV gp120 independent of CD4 binding (10, 26) and facilitate cell-to-cell spread (14). As these integrins and chemokine receptors regulate cell migration, they may play a role in both disease progression and represent a therapeutic target for controlling diseases that involve the GALT.

While access to large samples of abdominal explants and stereomicroscopic dissection of the various layers of intestinal samples is valuable in the detailed evaluation of very specific diseases, a simple, easily accessible, and replicable sampling method is needed to evaluate healthy gut-derived immune cells. Herein, using standard of care recto-sigmoid colon biopsy in heathy individuals undergoing colon cancer screening, we have been able to characterize immune cells present in the colon, as well as their cell surface protein expression and functionality, and compare this to their counterparts in the blood. As we show, the proportions of gut derived immune cells do differ from those in the blood, most significantly in their memory phenotype, expression of integrins CCR5, CCR6, α4β7, and CD103, production of cytokine in response to stimulation, and expression of PD-1. Our data suggest that studying blood alone is insufficient to form conclusions about the effect of disease on the immune system within the intestine and vice versa. With increased insight into how gut-derived immune cells diverge from those in the blood, a better understanding of the impact that different diseases have on the gut will be possible and therefore, measuring these changes in gut tissues are critical to understand the disease pathogenesis and to develop therapeutics.





Materials and methods




Sample collection and cell isolation

Blood and recto-sigmoid colon biopsies were collected from un-matched healthy individuals who provided written informed consent, as per study approval by the Ottawa Hospital Research Institute Ethics Board (OHRI REB 2005256-01H) (Ottawa, ON, Canada). Peripheral blood mononuclear cells (PBMC) were isolated from heparinized whole blood samples via density centrifugation. Briefly, blood was layered on Lymphoprep (Stemcell, Vancouver BC), centrifuged, and PBMC were collected and washed in PBS. PBMC were cultured in RPMI-1640 with 10% FBS, 2mM L-glutamine, and 1% Penicillin/Streptomycin (Gibco).

Recto-sigmoid mononuclear cells (RMC) were isolated from pinch biopsies collected from individuals undergoing routine screening colonoscopies and without any visible pathology or known disease (Figure 1). Pinch biopsies were taken from 8-12 locations in the recto-sigmoid colon. Cells were isolated from the collected tissue via enzyme digestion and mechanical dissociation. Briefly, biopsy tissue was collected into and manipulated in RPMI supplemented with 10% FBS, 1% HEPES, 1% Penicillin/Streptomycin (Gibco), and Gentamicin (0.1mg/ml, Sigma) (RMC media). Tissue was cut into small pieces and digested in RMC media with Collagenase Type IV (1000U, Gibco), DNase1 (10U, Sigma) and Tazocin (2.3mg Piperacillan, 0.29g Tazobactam, Sandoz, Basel, Switzerland) for 2 hours at 37°C and 250rpm. Tissue was then needle homogenized with 18 then 20 gauge needles, filtered through 40uM filter, washed and cultured in RMC media.




Figure 1 | Methods for sampling gut-derived cells for studies of gut immunology. Comparison of standard of care colonoscopy and abdominal explants for evaluating/monitoring gut immune function.







Flow cytometry

To evaluate cell surface markers, isolated cells were stained with LIVE/DEAD™ Fixable Aqua Dead Cell Stain Kit (Life Technologies) for 25min at room temperature in PBS, washed in 2% FBS PBS, then incubated with appropriate antibodies for 30min at 4°C (see Table 1). Cells were fixed and permeabilized using the True-Nuclear™ Transcription Factor Buffer Set (Biolegend); cells were incubated in the fix solution for 45min at room temperature, then washed twice in the wash buffer. A subset of cells was then stained with Ki67 for 30min at room temperature, washed again in wash buffer, then a final wash in 2% FBS PBS and resuspended in PBS to be analyzed via flow cytometry.


Table 1 | Flow cytometry antibodies used for phenotype panel.



To measure intracellular cytokine expression, cells were stimulated with PMA (0.081 µM) and Ionomycin (1.34µM) (500x Cell activation cocktail, Biolegend), Brefeldin A (10ug/ml, Sigma), and GolgiStop (0.5uL/mL, BD Biosciences) for 5 hours. Cells were stained with LIVE/DEAD stain kit for 25min in PBS, washed in 2%FBS PBS, then incubated with appropriate antibodies for 30min at 4°C (see Table 2). Cells were fixed for 20min at 4°C and permeabilized by washing with the BD Cytofix/Cytoperm kit (BD). Following intracellular staining for 30 min at 4°C, cells were washed, resuspended in PBS, and finally analyzed via flow cytometry.


Table 2 | Flow cytometry antibodies used for intracellular cytokine stimulation.



Antibodies were obtained from Biolegend, Life Technologies, the NIH’s Non-Human Primate Reagent Program, eBiosciences, Cedarlane, and Becton Dickinson. The Anti-alpha4/beta7 [A4B7R1]-APC antibody was engineered and produced by the Nonhuman Primate Reagent Resource (NIH Nonhuman Primate Reagent Resource Cat#PR-1421,RRID:AB_2819257). Compensation beads (Anti-Mouse Ig, κ/Negative Control Compensation Particles Set, BD or ArC™ Amine Reactive Compensation Bead Kit, Life Technologies) or PBMCs were used as compensation controls and PBMC were used for negative staining and FMO controls. Samples were analyzed on a Becton Dickinson Fortessa LSR running FACS Diva software 8.0 (BD Biosciences, San Jose, USA).





Data analysis

Flow cytometry data were analysed using FlowJo v10 (Tree Star, Ashland, OR). Positive gates were set by FMO or negative staining controls. Graphs and statistics were done using GraphPad Prism 8 (GraphPad Software, Inc). Unpaired student’s t-tests were performed. Data are presented as mean ± SEM. All tests were two-tailed, and differences were considered statistically significant when p<0.05.

For the tSNE analysis, FlowJo Downsample plugin was used to ensure similar number of events in all samples. Flow Cytometry Standard 3.0 (FCS 3.0) files from PBMC and RMC were pooled together, using the concatenation function in FlowJo software, to obtain a single file. Keywords for each sample compartment (PBMC or RMC) were applied to enable posterior gating and comparison. FlowJo native tSNE function was run on the concatenated file, at the following parameters: t-SNE dimensions=2, Nearest neighbors=Approximate, Perplexity=20.0, and Maximum iterations=3000, Algorithm: FItSNE (27). FlowJo FlowSOM plugin was run for 24 clusters (28) and, finally, FlowJo ClusterExplorer plugin was used for generating the graphs with tSNE and FlowSOM data.






Results




Immune cell phenotype differs depending on their location

To first characterize phenotypic differences between immune cells present in the blood and in the gut, recto-sigmoid mononuclear cells (RMC) were isolated from recto-sigmoid pinch biopsies collected from healthy individuals undergoing routine screening colonoscopy. Participants had a mean age of 65.7 ± 8.5 years (7 male: 2 female). PBMC were isolated from non-matched donors with an average age of 39.2 ± 9.8 years (6 male: 7 female). RMC and PBMC were identified as live, single cell, and CD45+ (Figure 2A). Of cells expressing CD45, all the cell populations studied here have significantly different proportions when comparing blood and recto-sigmoid colon. CD4+ T cells form the largest component in both recto-sigmoid colon (19.8 ± 4.1%) and blood (43.2 ± 11.14%) (p<0.0001), followed by CD8+ T cells, (12.5 ± 6.8% and 22.4 ± 3.5%, respectively) (p=0.0003), and MAIT cells (TCRVα7.2+) (1.3 ± 0.7 and 3.2 ± 1.3%) (p=0.0008). Gamma delta (γδ)+ T cells also differ significantly, with a greater proportion in recto-sigmoid colon (3.3 ± 2.4%) compared to the peripheral blood (1.3 ± 1.7%, p=0.0349). Natural killer cells are also found in different proportions, with significantly more NK cells (CD3-CD161+) in the blood (10.14 ± 4.9%) than recto-sigmoid colon (1.7 ± 0.8%, p<0.0001) (Figure 2B). When looking at NK cell subsets, among CD3- cells, CD56BrightCD16- cells are found to a greater extent in the recto-sigmoid colon (7.32 ± 1.4% vs 2.27 ± 0.65% in blood; p=0.0017) while CD56+CD16Bright are more prevalent in the peripheral blood (16.36 ± 2.3% vs 0.35 ± 0.1% in recto-sigmoid colon; p<0.0001) (Figure 2C).




Figure 2 | Flow Cytometry gating strategy and cell proportions in blood and recto-sigmoid colon derived mononuclear cells. (A) Gating strategy for distinguishing the different cell populations as measured by flow cytometry, shown in a rectosigmoid colon biopsy sample. The proportions of CD4+ T cells, CD8+ T cells, MAIT, gd T cells, and NK cells (B) and of NK cell sub-populations (C), within CD45+ cells, in RMC (n=9) and PBMC (n=13) are demonstrated (unpaired student’s t-tests, data are presented as mean ± SEM).



While the overall proportions of CD4+ and CD8+ T cells are similar in blood and recto-sigmoid colon, their memory phenotype differs significantly. Naïve cells (CD45RA+CCR7+) form the majority of cells in the blood (54.1 ± 3.7% for CD4+, 66.8 ± 4.9% for CD8+). Still, central memory cells (CD45RA-CCR7+) represent most T cells in the recto-sigmoid colon (56.7 ± 6.8% for CD4+, 46.3 ± 6.9% for CD8+), with effector memory (CD45RA-CCR7-) cells also higher in RMC than PBMC for both T cell types (Figure 3).




Figure 3 | Memory phenotype of CD4+ and CD8+ T cells. (A) Representative dot plot RMC (n=9) and PBMC (n=13) CD4+ T cells and CD8+ T cells as measured by flow cytometry. (B) Memory subtype of CD4+ T cells and (C) memory subtype of CD8+ T cells. Central Memory (CD45RA-CCR7+), Effector Memory (CD45RA-CCR7-), Naïve (CD45RA+CCR7+), Effector Memory Re-expressing CD45RA – EMRA (CD45RA+CCR7-) subtypes are demonstrated (unpaired student’s t-tests, data are presented as mean ± SEM).



As a cell regulator, signaling through PD-1 can control both tolerance and the magnitude of response to stimuli, in addition to being a traditional marker of cell exhaustion [reviewed in (29)]. Expression of PD-1 (Figure 4A) was found to be higher on recto-sigmoid colon-derived CD4+ and CD8+ T cells (50.72 ± 6.23% and 38.92 ± 6.13%, respectively) compared to blood-derived cells (CD4+: 6.72 ± 0.87% and CD8+: 8.22 ± 1.78%) (p<0.0001 for each comparison of CD4+ and CD8+ cells) (Figure 4B) and was highest on memory (CD45RA-) cells (data not shown). The presence of Ki67 in the nucleus indicates that the cell is preparing to divide and is a cell proliferation marker. Ki67 expression was generally lower in CD4+ T cells, but statistically higher in recto-sigmoid colon than in blood (3.63 ± 0.70 and 1.58 ± 0.12, respectively; p=0.0026). Ki67 expression in CD8+ T cells was also significantly higher in the recto-sigmoid colon than in blood (4.96 ± 1.65% and 1.10 ± 0.28%, respectively; p=0.0065) (Figure 4C).




Figure 4 | Expression of PD-1 and Ki67 on CD4+ and CD8+ T cells is higher in rectosigmoid colon-derived RMC than in blood-derived PBMC. (A) Representative dot plot of PD1 expression in RMC (n=9) and PBMC (n=13) as measured by flow cytometry. (B) Expression of PD-1 and (C) Ki67 of CD4+ and CD8+ T cells (unpaired student’s t-tests, data are presented as mean ± SEM).







Chemokine receptor and integrin expression of RMC differ from PBMC

The surface expression of chemokine receptors and integrins important for migration to the GALT was evaluated by flow cytometry on the various cell types (Figure 5A). CCR5 promotes leukocyte trafficking, and in doing so promotes clearance of infections [reviewed in (21)]. Across all cell types evaluated, CCR5 expression was higher in the recto-sigmoid colon than in blood. CD8+ and yδ T cells express the highest levels of CCR5 in RMC (79.1 ± 6% and 78.1 ± 6.3% respectively), followed by MAIT cells (71.1 ± 6.1%), CD4+ T cells (47.8 ± 4%), and lastly NK cells (24.2 ± 4.1%) (Figure 5B). The CCR6/CCL20 axis is responsible for cell trafficking to Payers patches and the small intestine (16). Still, it is also a CNS-homing chemokine receptor through the constitutive expression of CCL20 of the choroid plexus and has been identified as a target of interest in multiple sclerosis (23–25). The expression of CCR6 was lower in recto-sigmoid CD4+ and CD8+ T cells compared to those in the blood (Figure 5C), with the highest expression in memory (CD45RA-) cells in both PBMC and RMC (data not shown). The integrin α4β7 binds to MAdCAM-1 (10) present in the high endothelial venules (HEV) of the GALT and plays an important role in capturing immune cells and directing them to the GALT (11). Expression of α4β7 is significantly higher in recto-sigmoid compared to blood-derived MAIT, γδ T and NK cells, while CD4+ T cells show no difference, and α4β7 expression on CD8+ T cell is higher in blood (Figure 5D). Of blood-derived cells, α4β7 expression on CD45RA+ CD4+ and CD8+ T cells is higher than on memory (CD45RA-) cells (data not shown). Integrin αE (CD103) is involved in the lymphocyte-to-epithelial cell-to-cell interaction by binding to E-cadherin and E-cadherin is expressed on most types of endothelial cells, allowing cells to embed in the epithelial layer to become intraepithelial lymphocytes (12). CD103 has the highest expression on CD8+ T cells from the recto-sigmoid colon, with both CD4+ and CD8+ T cells in RMC expressing significantly more CD103 than in PBMC (Figure 5E).




Figure 5 | The expression of integrins differs by location and cell subsets. (A) Representative dot plot of CD103, CCR6, α4β7 and CCR5 expression in RMC (n=9) and PBMC (n=13) as measured by flow cytometry (B) CCR5 expression is highest in RMC than in PBMC. (C) CCR6 expression is higher in PBMC than in RMC. (D) Expression of α4β7 depends on location. (E) CD103 expression is higher in RMC than in PBMC (unpaired student’s t-tests, data are presented as mean ± SEM).







The function of PBMC vs. RMC

Determining how cells present in the gut respond to stimuli can provide insight into their function and indicate if they perform differently than those in the blood. To assess the functionality of isolated cells through their response to activation, bulk PBMC and RMC were stimulated with PMA and Ionomycin for 5 hours in the presence of brefeldin A and golgi stop, and the production of IFNγ, TNFα, IL-17 and IL-22 was evaluated via flow cytometry. For all cytokines measured, CD4+ T RMC produced higher levels in response to stimulation when compared to CD4+ T PBMC (Figure 6A). Further, RMC were also more polyfunctional (more cells expressing greater than one cytokine) and had fewer cells expressing no cytokines than PBMC (Figure 7A). In CD8+ T cells, RMC produced more IFNγ, and had fewer cells that produced no cytokines, but there was no difference in polyfunctionality (Figures 6B, 7B). MAIT RMC had more cells expressing IL-17, with no significant difference in other cytokines and no difference in polyfunctionality (Figures 6C, 7C). Unlike the other T cells, fewer yδ T RMC expressed IFNγ, TNFa and IL-17 compared to γδ T PBMC (Figure 6D), and γδ T PBMC had more cells co-expressing 2 cytokines when compared to γδ T in RMC (Figure 7D). NK cells had a similar trend, as NK cells in PBMC expressed more IFNy (Figure 6E) and had more cells co-expressing 2 cytokines while RMC had more NK cells expressing no cytokines (Figure 7E).




Figure 6 | Expression of intracellular cytokines in response to stimulation. Cells from RMC (n=8) and PBMC (n=12) were stimulated with PMA and Ionomycin in the presence of golgi stop and brefeldin A for 5 hours and their intracellular expression of cytokine was measured by flow cytometry, relative to unstimulated (fold change). (A) CD4+ T cells (B) CD8+ T cells (C) MAIT cells (D) γδ T cells (E) NK cells (unpaired student’s t-tests, data are presented as mean ± SEM).






Figure 7 | The ability of different cells to express more than one intracellular cytokine in response to stimulation depends on cell type and location. The expression of multiple cytokines in response to stimulation by the same cell, in PBMC (n=12) and RMC (n=8), was determined by Boolean gating. (A) CD4+ T cells (B) CD8+ T cells (C) MAIT cells (D) γδ T cells (E) NK cells.



Finally, we generated a FItSNE projection with the intracellular cytokine staining flow cytometry data to better visualize the differences in polyfunctionality of the various cell subsets in the gut and the blood (Figure 8). The cell clusters are generated with FlowSOM, an algorithm for unbiased clustering, and it is based on single cell similitude regarding the expression of cytokines and the cell subset markers (28). Each one of the 24 cell clusters (Pop.0 to Pop.23) has different patterns of cytokine (IFN-γ, TNF-α, IL-17, and IL-22) and cell subset marker expression. These markers were all analyzed concomitantly. A FItSNE projection of the cell clusters and the percentage of events of each cell clusters, present only in PBMC (Figures 8A, B) and RMC (Figures 8C, D) are demonstrated. Layers of different cell populations, based on traditional manual gating (Figure 2A), were removed from the original tSNE projection (Figure 9) for better visualization of the main cell groups: NK and other CD3- cells (Figure 9A), CD4+ and CD8+ T cells (Figure 9B), and γδ T cells (Figure 9C). This approach demonstrates visually, with an unbiased technique, the differences in function observed when comparing blood and gut-derived cells.




Figure 8 | FItSNE projection of the various cytokine-expressing cell subtypes in PBMC and RMC. Data from healthy donor PBMC (n=8) or RMC (n=11) samples, obtained via flow cytometry, were concatenated to generate a single FItSNE projection of the different unbiased cell clusters based on their cytokine and markers expression, calculated with FlowSOM. The FItSNE projection along with the percentage of events of each cell cluster for both PBMC (A, B) and RMC (C, D) are shown. FItSNE analysis was performed with the tSNE function in FlowJo, FItSNE algorithm, with 3000 iterations, and a perplexity of 20.0.






Figure 9 | FItSNE projection of the main cell groups among the various cytokine-expressing cell subtypes in PBMC and RMC. Layers of different cell populations were removed from the original tSNE projection for better visualization of the main cell groups in PBMC (n=8) and RMC (n=11); NK and other CD3- cells (A), CD4+ and CD8+ T cells (B), and γδ T cells are demonstrated (C). FItSNE analysis was performed with the tSNE function in FlowJo, FItSNE algorithm, with 3000 iterations, and a perplexity of 20.0.








Discussion

In this study, the immune cells present in the gut, specifically the recto-sigmoid colon, were evaluated outside of any disease context using a standard biopsy technique. To our knowledge, this is the first study to thoroughly describe cell phenotype and function of various cell subsets in healthy human gut, derived from biopsies collected during screening colonoscopies, and compare it to peripheral blood. The evaluation of these healthy cells provides a better understanding of what observations can be attributed to disease states. The differences in cell proportions, memory phenotype, integrin expression and cytokine production between gut and blood highlight the importance of this.

The first significant finding of this study is that while the proportion of CD3+ cells that were CD4+, CD8+, and TCRvα7.2(MAIT)+ were similar in PBMC and RMC, there were more γδ T cells in the gut and more NK cells in the blood. While the proportion of CD4+ and CD8+ T cells observed in blood and recto-sigmoid colon are similar, their memory profile is considerably different. Blood-derived T cells were predominantly naïve, whereas recto-sigmoid colon-derived T cells are predominantly memory (CD45RA-). This difference between the proportion of memory cells in the gut and peripheral blood compartments is probably a result of high antigenic exposure characteristic of the gut environment. This finding is in line with early studies in intestinal lamina propria T cells (30) and with a more recent study that showed that intra-individual comparisons of blood versus gut (rectosigmoid colon) demonstrated higher proportions of memory cells in gut (31).

The proportions of T and NK cells we observed in the recto-sigmoid colon are similar to what has been described in lamina propria by Ickler et al. (20) (exact location within the GI tract unspecified) and in the colon by Fenton et al. (19), both of whom obtained, through open surgical procedures, intestinal explants from which the epithelium was removed and specific layers were sampled. The biopsy method in the present report may have included portions of the intestinal epithelium, lamina propria and intestinal lymphoid follicles of the recto-sigmoid colon [a structure is evaluated in (19)], indicating that the lack of dissection did not appear to impact the identification of cells in the gut.

Our results showing γδ T cell being enriched in the gut are consistent with what has been shown in other tissues including the lung, intestines and skin (32). Interestingly, NK cells are present in a scattered fashion in the epithelial layer of the gut instead of forming lymphoid aggregates like other cell types (33). Despite this, the proportions of NK cells obtained in our study was not influenced by the distinct distribution of cells in the tissue and was consistent between the use of pinch biopsies and previously described tissue explants. As for the proportion of central vs. effector memory T cells, others have shown this varies depending on exact sampling location in the different layers of the intestinal tissues (mucosa, sub-mucosa, intestinal lymphoid follicle, lamina propria, etc.) (19, 34, 35). Our results most closely mimic those found in lamina propria of the colon (19).

Higher expression of PD-1 was observed on cells with a memory phenotype (CD45RA-) and expression was higher in recto-sigmoid CD4+ and CD8+ T cells, while Ki67 was high in RMC CD8+ T cells, but low in RMC and PBMC-derived CD4+ T. The increased Ki67 found here in rectal CD8+ T cells is consistent with other studies that found higher Ki67 expression in CD8+ T cells in mucosa than in blood (31, 36). The low overall Ki67 expression in CD4+ T cells is also consistent with other works and suggests that persistence of CD4+ T cells in the tissue is not due to proliferation but longevity (37).

Evaluation of integrin expression on PBMC and RMC revealed that while typically higher in RMC, integrin expression levels depended on cell type. CCR5 expression on all gut-derived cells was higher than their blood-derived counterparts, but CCR6 expression on CD4+ and CD8+ T cells was higher in PBMC than in RMC, similar to a previous study (38). Further, when compared to PBMC, the recto-sigmoid expression of α4β7 was higher in γδ, MAIT and NK cells, but lower in CD8+ T cells, with no difference in CD4+ T cells. The final integrin evaluated, CD103, had the highest expression on RMC CD8+ T cells with low levels of expression on CD4+ T cells in both locations. The high expression of CCR5 on all gut-derived cells has been previously demonstrated on lymphocytes in intestinal lamina propria [reviewed in (21)]. The low expression of CD103, except in recto-sigmoid CD8+ T cells, is expected as few circulating peripheral lymphocytes express the integrin (36, 39, 40), and CD8+ T cells have been shown to express more CD103 than CD4+ T cells in many tissue types including lymph nodes and the intestines (37, 40).

All cell types evaluated within PBMC and RMC produced appreciable amounts of IFNγ and TNFα in response to stimulation. Compared to blood-derived cells, higher proportions of cytokine-expressing cells were observed in the recto-sigmoid colon CD4+ T cell compartment across all cytokines evaluated. The recto-sigmoid colon CD8+ T cell compartment had higher proportions of IFNy-expressing cells, with similar proportions of CD8+ T cells expressing the other cytokines in both locations. On the other hand, NK and γδ T cells exhibited a more significant proportion of blood-derived cells expressing IFNγ, and both IFNγ and TNFα, respectively. In this context, as for polyfunctionality, more CD4+ T cells from the recto-sigmoid colon produced 2 or more cytokines than those from the blood. Given their cytokine production, the higher expression of PD-1 observed in RMC, compared to peripherical blood, is likely not a sign of exhaustion. This enhanced PD-1 expression observed in the RMC may be more indicative of their memory phenotype. Like the CD4+ T cells, more NK and γδ T cells from the blood produced 2 or more cytokines. To our knowledge, this is the first report documenting the cytokine production by a wide variety of T cells from the gut of healthy individuals.

Our data provide immunological insights into the expression of cellular markers of interest in healthy individuals. The findings described here can be used as a tool for understanding a plethora of diseases where gut-derived cells have been shown to play a role in pathogenesis. For instance, the results for CCR6, being both a gut and brain homing marker, highlight a potential gut-link to a typically CNS-centric disease, as elevated levels of CCR6+ cells have been detected in the CSF of MS patients (8, 9). Indeed, in MS, the bidirectional crosstalk between the gut and CNS has been extensively investigated, and enhanced intestinal permeability has been observed in patients with MS (39–41). α4β7 is of interest in HIV infection, another disease known for its impact on the gut (10, 14, 15, 26), and in IBD (ie. Crohn’s disease and ulcerative colitis), where antibodies against various integrin combinations [α4, β7, α4β7 (vedolizumab)] have been developed as therapeutic agents [reviewed in (13)]. Beyond diseases where gut-derived cells have been implicated, blockage of CCR5 expression has been evaluated as a treatment in cases where it is used as a co-receptor by a pathogen (HIV, Staphylococcus aureus) or a potential driver of aberrant inflammation (rheumatoid arthritis, IBD, MS, cancer) (21, 41). Together, these data can potentially be used to guide the development of new, targeted, drugs and the possible identification of molecules that could be used as biomarkers for disease development or progression.

The similarity between our results and studies involving surgically obtained tissue explants identifies this colon biopsy method as a viable and less invasive approach to studying the immune profile of at least one component of the gastrointestinal tract. As others have shown that cell proportions and their phenotype can differ by exact location, it highlights the importance of a reproducible sampling method. While the precise tissue composition of the pinch biopsies is not determined (proportion of epithelial, mucosa, lamina propria, lymphoid follicle), collecting several distributed pinches minimizes the potential risk of sampling error and the contribution of sample-to-sample variability.

Since colon biopsies on healthy younger individuals were not readily available, a pitfall of the present study is the difference in age of the donors providing PBMC and RMC. However, studies of T cell composition in the gastrointestinal tract (isolated lymphoid follicles (ILF) anatomy, T cell density in ILFs frequencies of CD4+ and CD8+ T cells in Peyer’s patches, and jejunal and colonic ILFs etc.) have shown little difference between those of middle (24-49 years) and of older (50+ years) age (35). Additionally, Dock and colleagues reported that, when comparing CD8+ T cells from the blood and the gut, the age-related phenotypic differences observed in the gut were minor and limited to memory phenotype (31). These results suggest that the differences between peripheral blood and gut are not likely due to differences in age.

Digestion of gut samples is required for optimal immune cell isolation, providing significantly greater lymphocyte yield compared to mechanical techniques alone (42). It is worth noting, however, that this has a potential impact on the expression level of some epitopes. Our digestion protocol avoids an epithelium removal step, a process which has been shown to impact expression of different surface markers, including α4β7 (43). In a study with human gut T cells, while CXCR5 was shown to be highly susceptible to collagenase IV digestion, it did not appear to have an impact on CD3, CD4, CD8, CD45RA, CD103 and PD-1 expression (44).

Together, our results give a broad picture of the phenotype and function of T and NK cells in the gut and how they compare to cells within the circulation. Additionally, our study demonstrates that biopsies collected during routine colonoscopies can be used as an approach to longitudinal evaluation of gut-derived immune cells in clinical settings, something not realistic or feasible with the use of surgical explants. This type of investigation is particularly important as it describes the cell populations expected in the healthy condition and can be used for determining, among other potential players (e.g. microbiota composition), markers that could indicate important cellular changes particularly in scenarios where gut-derived immune cells are implicated in immunopathogenesis.
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consent from the patients, having the
gastroenterologists  collect extra
biopsies, and having the nurses or
other healthcare staff handle
specimens. In the present work, we
overcame these difficulties and were
able to coordinate all these aspects in
a high volume endoscopy unit
without dedicated research
infrastructure.

Rectosigmoid colon

Abdominal explants

Intestinal explants can be
collected if the patient is
undergoing abdominal
surgery for specific clinical
reasons.

removed, dissected and digested
prior to proceeding with cell
analysis.

While potentially very valuable,

access to large samples of abdominal
explants and stereomicroscopic
dissection of the various layers of
intestinal samples is more challenging
to implement. Thus, a simple, yet
easily accessible, and replicable
sampling method is needed for
longitudinal evaluation of alterations
in  gut-derived immune cells in
different clinical settings.

Intestinal tissue section is surgically
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Antibody

Company

Catalog
#

APC/Cy7 anti-human CD45 Antibody Biolegend 368516
clone 2D1
Brilliant Violet 650™ anti-human CD4 Biolegend 317436
Antibody clone OKT4
o4B7 APC Non-Human

Primate

Reagent Program
LIVE/DEAD™ Fixable Aqua Dead Cell Life Technologies 134957
Stain Kit, for 405 nm excitation
Brilliant Violet 785™ anti-human CD3 | Biolegend 300472
Antibody clone UCHT1
Alexa Fluor® 700 anti-human CD8 Biolegend 344724
Antibody clone SK1
PE/Cy5 anti-human CD56 (NCAM) Biolegend 304608
Antibody clone MEM-188
Brilliant Violet 711™ anti-human Biolegend 350222
CD103 (Integrin oE) Antibody clone
Ber-ACT8
Brilliant Violet 605™ anti-human CD16 = Biolegend 302040
Antibody clone 3G8
PerCP/Cy5.5 anti-human CD185 Biolegend 356910
(CXCR5) Antibody clone J252D4
PE-Cy"™7 Mouse Anti-Human CD45RA | BD Biosciences 560675
Clone HI100
HUMAN CCR7 PHYCOERYTHRIN R&D Systems FAB197P-
MAB (CLONE 150503) 100
PE/Dazzle™ 594 anti-human CD279 Biolegend 329940
(PD-1) Antibody clone EH12.2H7
Alexa Fluor® 488 anti-human CD196 Biolegend 353414
(CCR6) Antibody, clone GO34E3
Brilliant Violet 421™ anti-human Ki- Biolegend 350506

67 Antibody

The values in bold are all cell markers extensively studied and widely known.





