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Acute graft-versus-host disease (GvHD) remains the biggest clinical challenge and prognosis-determining complication after allogeneic hematopoietic stem cell transplantation (allo-HSCT). Donor T cells are acceptedly key mediators of alloreactivity against host tissues and here especially the gut. In support of previous studies, we found that the intestinal intra-epithelial lymphocyte (IEL) compartment was dynamically regulated in the course of MHC class I full mismatch allo-HSCT. However, while intestinal epithelial cell (IEC) damage endangers the integrity of the intestinal barrier and is a core signature of intestinal GvHD, the question whether and to what degree IELs are contributing to IEC dysregulation is poorly understood. To study lymphoepithelial interaction, we employed a novel ex vivo T cell/organoid co-culture model system. Here, allogeneic intra-epithelial T cells were superior in inducing IEC death compared to syngeneic IEL and allogeneic non-IEL T cells. The ability to induce IEC death was predominately confined to TCRβ+ T cells and was executed in a largely IFNγ-dependent manner. Alloreactivity required a diverse T cell receptor (TCR) repertoire since IELs genetically modified to express a TCR restricted to a single, non-endogenous antigen failed to mediate IEC pathology. Interestingly, minor histocompatibility antigen (miHA) mismatch was sufficient to elicit IEL-driven IEC damage. Finally, advanced live cell imaging analyses uncovered that alloreactive IELs patrolled smaller areas within intestinal organoids compared to syngeneic controls, indicating their unique migratory properties within allogeneic IECs. Together, we provide here experimental evidence for the utility of a co-culture system to model the cellular and molecular characteristics of the crosstalk between IELs and IEC in an allogeneic setting ex vivo. In the light of the emerging concept of dysregulated immune-epithelial homeostasis as a core aspect of intestinal GvHD, this approach represents a novel experimental system to e.g. screen therapeutic strategies for their potential to normalize T cell/IEC- interaction. Hence, analyses in pre-clinical in vivo allo-HSCT model systems may be restricted to hereby positively selected, promising approaches.
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1 Introduction

GvHD (graft-versus-host diesase) is a common and severe complication after hematopoietic stem cell transplantation (HSCT) which affects up to 50% of patients and represents the primary cause of post-transplant mortality (1, 2). Pathomechanistically, donor T lymphocytes are considered to function as the central effector cell mediating GvHD development and progression. These so-called alloreactive T cells are activated by recognizing foreign (allogeneic) host antigens presented on MHC molecules, which leads to their secretion of inflammatory cytokines, amongst others IL-2 or IFNγ (3). In turn, these cytokines can induce tissue damage either directly, but also indirectly by sensitizing or activating other immune cells and thereby amplifying the inflammatory process (4).

Recent progress in the field has revealed that T cells and T cell-derived mediators are not only driving systemic and local inflammatory circuits but also actively drive GvHD-associated epithelial cell damage in the gut (5, 6). This is critical as, apart from the skin, the gastrointestinal (GI) tract is most frequently affected, and involvement of the lower GI tract is most associated with non-relapse mortality (7). GI GvHD may clinically present with nausea, diarrhea, abdominal cramps or gastrointestinal bleeding, causing considerable morbidity (8). Moreover, the T cell-mediated destruction of the intestinal epithelium abrogates critical mucosal barrier functions, thereby exacerbating patients’ burden by causing malabsorption and malnutrition (8).

Mechanistically, especially T cell-derived type II interferon, IFNγ, has been identified to directly interfere with intestinal epithelial cell homeostasis as it negatively regulates intestinal stem cell maintenance and recovery in the course of intestinal GvHD (5). Interestingly, despite the fact that the intra-epithelial lymphocyte (IEL) compartment contains a significant IFNγ-expressing T cell pool naturally populating the intestinal epithelial cell (IEC) layer (9), the cell type-specific contribution of IELs in the context of IFNγ-driven epithelial cell pathology has not been studied in detail.

Small intestinal (SI) IELs represent a heterogenous cell pool that largely consists of T lymphocytes, which are assumed to be predominately tissue-resident, antigen-experienced T cells (10–12). They can be subdivided into induced (CD4+ or CD8αβ+ TCRαβ+) and natural (CD4-CD8αβ- or CD8αα+, TCRαβ+ or TCRγδ+) IEL subsets (10, 13). While the development of natural IELs is not yet fully understood, they are considered to predominantly respond to self-antigens rather than foreign ligands (10, 13). Induced IELs originate from conventional CD4+ or CD8αβ+ TCRαβ+ MHC-restricted T cells that underwent selection in the thymus and migrated to the gut after encountering non-self antigens in the periphery (10, 13). Due to their unique positioning at the mucosal barrier site, IELs are functionally tissue site-specific memory cells involved in the local protection against recurring infections, thereby ensuring the integrity of the intestinal epithelial lining. However, IELs have been also implicated to exert harmful pro-inflammatory effects under pathologic conditions as e.g. in inflammatory bowel disease or coeliac disease (9, 10, 13).

In the context of allo-HSCT, previous studies by others found that donor T cells indeed populate the recipient IEL compartment (14–16). However, the nature and characteristics of IEL/IEC interaction in the small intestine in the allogeneic setting have not been addressed yet. This is in part attributed to technical difficulties, since IELs are prone to apoptosis ex vivo (17). However, groundbreaking work showing that small intestinal (SI) organoids closely mimicking small intestinal epithelial cell structures found in vivo can be generated and expanded ex vivo from Lgr5+ intestinal stem cells (18) has paved the way for novel methodological approaches to study IEL biology. So progress by our group and others (17, 19, 20) demonstrating that SI organoids offer an appropriate microenvironment to stably culture IELs ex vivo has opened up new avenues to analyze IEL biology under physiological conditions, i.e. within the intestinal epithelial layer.

Here we sought to further apply this experimental concept to establish and initially characterize the SI IEL/IEC cross-talk in the allogeneic setting ex vivo. Data obtained by employing this novel allogeneic IEL/IEC co-culture model system demonstrate unique functional and migratory properties of IEL-resident T cells and disclose their significant impact on IEC integrity. We propose this model system to be a robust experimental platform providing so far undisclosed insight into IEL/IEC interaction potentially leading to the discovery of new therapeutic targets for the treatment of GvHD in the future.




2 Materials and methods



2.1 Mice

Mouse lines used in this study were either purchased from commercial vendors (Charles River Laboratories, Janvier Labs, The Jackson Laboratory) or bred in-house. The animals were kept in individually ventilated cages under specific-pathogen free conditions in the animal facilities of either Präklinisches Experimentelles Tierzentrum (PETZ) or Department of Medicine 1, Universitätsklinikum Erlangen. C.B10-H2 b/LilMcdJ mice and B6.129S7-Ifngtm1Ts/J mice were purchased from The Jackson Laboratory. CD45.1/Ly5.1 B6.SJL-PtrprcaPepcb/BoyCrl and C57BL/6-Tg(TcraTcrb)1100Mjb/Crl (OTItg) mice were obtained from Charles River Laboratories. C57BL/6J mice are referred to as “B6” throughout the study. Experiments using T cells isolated from Ifng+/+ and Ifng+/- littermates yielded comparable results. Therefore, data from mice of both genotypes were pooled and used as a “Ifng+/+” control group for Ifng-/- mice. This study was carried out in accordance with the current legislation and the guidelines of the government of Lower and Middle Franconia and animal experiments were approved by the government of Middle Franconia in Bavaria, Germany (54.2532.1 – 24/11-3).




2.2 Murine allo-HSCT and induction of acute GvHD in vivo

GvHD was induced as described before (21, 22). In short, female 10-12 week old Balb/c mice were lethally irradiated with 8 Gy total body irradiation at d0. On the next day, recipient mice received 5 × 106 T cell depleted bone marrow (BM) cells from CD45.1/Ly5.1 B6.SJL-Ptprca Pepcb/BoyCrl mice intravenously (i.v.). On d2 after irradiation, recipient mice were i.v. injected with 0.7 × 106 allogeneic CD3+ splenocytes from B6 wildtype mice. BM and splenocyte cell suspensions were enriched for the desired cell populations using magnetic separation and anti-CD90.2 microbeads (Miltenyi Biotec) or the Mouse Pan T Cell Isolation Kit II (Miltenyi Biotec), respectively, according to the manufacturer’s instructions. Control animals only received T cell depleted BM, but no CD3+ splenocytes.




2.3 Isolation of intestinal crypts and organoid culture

To generate organoids, small intestinal (SI) crypts were isolated from female B6 or Balb/c mice (>8 weeks) to obtain stem cells for the establishment of organoid cultures. For this, mice were sacrificed, the small intestine was removed and placed in cold PBS. The intestine was then flushed with cold PBS, opened longitudinally and the villi were carefully scratched off using a cover slip. The organ was then cut into 0.5 cm pieces and put into a tube with cold PBS. The tissue pieces were thoroughly washed by pipetting up and down with a 25 ml serological pipette, repeating this step with fresh PBS until the solution was clear. SI tissue was then digested for 30-40 min at 4 °C on a MACSmix Tube Rotator (Miltenyi Biotec) in 30 ml PBS + 2 mM EDTA. After the incubation time, the digestion solution was removed by passing through a 100 μm cell strainer. The remaining tissue pieces were then placed into 10 ml fresh cold PBS and vigorously vortexed to mechanically isolate the intestinal crypts. Crypts were collected on ice by passing through a 70 μm cell strainer. The tissue pieces were mixed again with 10 ml fresh cold PBS and the previous step was repeated for a total of five times. The intestinal stem cell-containing crypts were then pelleted by centrifugation at 300 g, 4°C for 5 min and washed one time with PBS and one time with basal crypt media (BCM) consisting of Advanced DMEM/F-12 (Gibco) + 1% Penicillin/Streptomycin (Sigma-Aldrich) + 10 mM HEPES (Sigma-Aldrich) + 1% GlutaMAX (Gibco). The presence of successfully isolated crypts was confirmed in a cell culture microscope (Leica DMIL LED) followed by plating crypts in a 1:1 mixture of BCM with Matrigel (Corning) in 24-well-plates. After polymerization of the Matrigel dome at 37° C for 25-30 min, 0.5 ml crypt culture media (CCM) consisting of BCM + 1X B-27 supplement (Gibco) + 1 mM N-Acetyl-L-cysteine (Sigma-Aldrich) + 20 ng/ml rmEGF (Immunotools) + 100 ng/ml rmNoggin (PeproTech) + 10% R-Spondin (culture supernatant from R-Spondin producing cell line) was added per well.

To study cytokine-mediated effects on Fas expression regulation by organoids in isolation, organoids generated as described above were passaged by washing in cold PBS and then resuspended in 50 μl of a 1:1 mixture of PBS and Matrigel (Corning). After plating the organoids in a 48-well-plate and polymerization of the Matrigel dome, 300 μl of CCM containing either no additional cytokines as unstimulated control, 10 ng/ml rmTNFα (Immunotools), 10 ng/ml rmIFNγ (Peprotech) or a combination of 10 ng/ml rmTNFα + 10 ng/ml rmIFNγ was added per well. On d2, organoids were harvested and single cell suspensions of organoids were generated as described below (cf. 2.6.4) and stained with EpCAM-Alexa Fluor 488 (Biolegend) and Fas-APC (Biolegend) for 15 min at 4°C in FACS buffer (PBS + 3% FCS).




2.4 Isolation of T cells

T cells for co-cultures were isolated from naïve, unmanipulated mice. As IEL or splenocyte donors, mice irrespective of their sex and between 8 and 17 weeks (mean: 11.2 weeks) of age were used.



2.4.1 Isolation and magnetic-activated cell sorting (MACS)-mediated enrichment of SI IEL T cells

For the isolation of SI IELs, mice were sacrificed and the SI was taken and kept in PBS solution on ice. The intestine was flushed with cold PBS and Peyer’s patches were removed. The organ was opened longitudinally, washed by vigorously moving it in PBS, and then cut into 0.5 cm pieces which were placed into 20 ml of pre-warmed predigestion solution consisting of HBSS (Sigma-Aldrich) + 10 mM HEPES + 5 mM EDTA + 5% FCS (Pan Biotech) + freshly added 1 mM Dithiothreitol (Sigma-Aldrich). After 20 min incubation at 37 °C on a shaker, the predigestion solution containing the tissue pieces was vortexed for 20-30 sec and then passed through a 100 μm cell strainer. The flow-through fraction containing IELs was collected and kept on ice. The tissue pieces were placed again in 20 ml of fresh predigestion solution and the described step was repeated one more time. Next, the remaining tissue pieces were incubated for 20 min at 37 °C on a shaker in 10 ml of HBSS + 10 mM HEPES. In the meantime, approximately 35 ml of the collected flow-through from the predigestion steps were transferred into a new tube, thereby discarding any debris that had sedimented on the bottom. After the last incubation step, the tissue pieces were vortexed and passed through a 100 μm cell strainer. Next, leukocytes were isolated by density centrifugation. For this, the pooled flow-through from the predigestion steps and the HBSS steps was pelleted by centrifugation at 300 g, 4 °C, 5 min, resuspended in 40 % Percoll (Cytiva) in complete media (DMEM high glucose (Gibco) + 10 % FCS + 1 % Penicillin/Streptomycin) and overlayed on 70 % Percoll in HBSS. After centrifugation at 2500 rpm, RT, 20 min without brakes, lymphocytes enriched in the interphase were collected and washed in MACS buffer (PBS + 2 mM EDTA + 0.5 % bovine serum albumin (Sigma-Aldrich)).

To further enrich for T cells of interest within the IEL fraction, positive magnetic cell separation was performed. For this, IELs were labeled either with anti-CD3-Biotin (Biolegend), anti-CD3-PE (Biolegend), anti-CD8a-PE (Biolegend), anti-CD8a-Biotin (Biolegend), anti-TCRγδ-PE (Biolegend) or anti-TCRβ-PE (Biolegend) for 15 min at 4 °C depending on the application as indicated in the figure legends. The cells were then washed with 2 ml MACS buffer, resuspended in 80 μl MACS buffer and 20 μl of respective magnetic beads (anti-PE MicroBeads UltraPure (Miltenyi Biotec) or anti-Biotin MicroBeads (Miltenyi Biotec)) per 106 cells and incubated for 15 min at 4 °C. After another washing step with 2 ml MACS buffer, the cells were resuspended in 500 μl MACS buffer and passed through pre-wetted magnetic LS columns, which were washed with 3 x 3 ml MACS buffer. The flow-through fraction containing unlabeled cells was discarded, whereas the magnetically labeled cells of interest were collected by flushing the column with a plunger upon removal of the column from the magnet. Purity was checked by flow cytometry and was routinely >95 % of CD3+ cells within lymphocytes. After magnetic separation, T cells were resuspended in BCM for further steps.




2.4.2 Isolation of splenocytes

Splenocytes were obtained by removing the spleen from sacrificed mice, followed by dissociating the splenic tissue by mashing and passing it through a 40 μm cell strainer. After centrifugation, red cell lysis was performed by resuspending the cell pellet in 3 ml ammonium-chloride-potassium lysis buffer (0.15 M NH4Cl, 10 mM KHCO3, 100 μM Na2EDTA) for 3 min. To optimize purity while also maintaining comparability in treatment between IELs and splenocytes, T cells were first enriched by negative magnetic separation using the Pan T Cell Isolation Kit II, mouse (Miltenyi Biotec) according to the manufacturer’s protocol and in a second step, positive magnetic cell enrichment (anti-CD8a-Biotin, Biolegend) as described above (2.4.1) was performed.





2.5 Allogeneic T cell/organoid co-culture

Allogeneic co-cultures were started 2-4 days after crypt isolation. At this time point, grown organoids were harvested from the 24-well-plates with cold PBS, washed twice with cold PBS and resuspended in BCM. Approximately 100 organoids were mixed with 2.5 x 105 magnetically enriched T cells (cf. 2.4.1/.2) in BCM in a 48-well-plate and incubated for 30 min at 37 °C. After that, organoids and T cells were harvested again from the well with cold PBS, spun down, resuspended in 50 μl of a 1:1 mixture of PBS and Matrigel (Corning) and plated in a 48-well-plate. Lastly, after polymerization of the Matrigel dome, 300 μl of CCM + 10 ng/ml rmIL-7 (Immunotools) + 10 ng/ml rmIL-15 (Immunotools or R&D systems) + 100 IU/ml recombinant human (rh) IL-2 (Immunotools) were added per well.




2.6 Analyses after co-culture

Endpoint analyses were routinely performed on day 2 after start of the co-culture, unless indicated otherwise.



2.6.1 Fluorometric cell death quantification

Fluorometric quantification of cell death among organoids after co-culture was based on Bode, Mueller et al., 2019 (23). In more detail, cell-free supernatants were harvested by carefully pipetting off the liquid phase. The organoids were stained for 30 min at 37 °C in 250 μl/well BCM + 10 μg/ml propidium iodide (Invitrogen) + 10 μg/ml Hoechst 33342 (Invitrogen). After incubation, the wells were carefully washed three times with warm PBS to avoid disruption of the Matrigel dome. Fluorescence intensities within the wells were measured in PBS using a Tecan infinite M200 platereader in the setting “multiple reads per well (circle (filled))” with 1 mm border. For propidium iodide (PI) detection, the excitation wavelength was set to 535 nm and the emission wavelength 617 nm. Hoechst dye was excited at 361 nm and its emission was detected at 486 nm. After the platereader measurement, PBS was replaced by CCM and fluorescence microscopy pictures were taken on a Leica DMI4000 B inverted microscope. The intensity signal of the cell-permeable dye Hoechst was used to normalize for cell numbers in each well, while the extent of the uptake of the cell-impermeable dye PI reported the amount of cell death per well. Thereby, the PI/Hoechst ratio reports the relative cell death present in an assayed well, importantly in a – due to this normalization algorithm – seeding density-independent manner. To correct for physiological baseline cell death, the measured basal cell death, i.e. PI/Hoechst ratio from the respective organoid controls cultured without T cells was subtracted from PI/Hoechst ratios obtained by fluorometric microplate reader measurement from wells of the syngeneic (B6 organoids) and allogeneic (Balb/c organoids) co-culture conditions.




2.6.2 Digital image analysis

To quantify the PI/Hoechst ratios in microscopic images, three representative pictures were taken on a Leica DMI4000 B inverted microscope with a 5X objective and analyzed in Fiji/ImageJ software (version 2.1.0/1.5.3v) by splitting the color channels and measuring the mean intensities for each of the fluorescent dyes. Mean intensities of PI were then normalized to Hoechst intensity, as described above (2.6.1).




2.6.3 Three-dimensional (3D)-rendered images

To obtain 3D-rendered images of co-cultures, B6 (allogeneic) CD3+ enriched IELs were stained with 1 μM Cell Proliferation Dye eFluor 670 (eBioscience) according to the protocol provided by the manufacturer on d0 prior co-culturing. Then, co-cultures of labeled T cells and previously grown B6 (syngeneic)- or Balb/c (allogeneic)-derived SI organoids were started by plating in a µ-Slide 4 Well chamber slide (ibidi). On d2, co-cultures were stained with PI and Hoechst and washed as described above (2.6.1.). Z-stacks of whole organoids were taken at a Leica TCS SP5 II confocal microscope with a 63X objective, with 1 μm distance between slices.

Post-processing of imaging data was performed in Fiji/ImageJ software (version 2.1.0/1.5.3v). To improve the resolution in z, the number of slices was interpolated to approximately match the voxel depth to the pixel width and pixel height. 3D-rendering and -animation were achieved using the plugin 3Dscript (24).




2.6.4 Flow cytometry

To prepare single-cell suspensions for flow cytometry, co-cultures were washed with cold PBS and incubated for 3 x 5 min at 37 °C in 1 ml TrypLE (Gibco). In between incubation steps, co-cultures were vortexed vigorously for 10 sec to mechanically dissociate the organoids. After the last incubation step, TrypLE was stopped by addition of cold PBS, and the cell suspension was spun down (300 g, 5 min, 4 °C). Prior to staining, cells were strained through a 100 μm mesh to remove any residual cell aggregates. To assess apoptotic cells after co-culture, cells were first incubated with CD3-APCCy7 (Biolegend), EpCAM-Alexa Fluor 488 (Biolegend) and Fas-APC (Biolegend) for 15 min at 4 °C in FACS buffer (PBS + 3 % FCS) and then washed with FACS buffer. Then, they were stained for 15 min at RT with Annexin V in Binding Buffer from the eBioscience™ Annexin V Apoptosis Detection Kit eFluor™ 450 (Invitrogen). For the analysis of IEL subpopulations and FasL expression after co-culture, cells were stained with TCRβ-Pacific Blue (Biolegend), TCRγδ-PECy7 (Biolegend), CD4-Brilliant Violet 605 (Biolegend, 100451), CD8a-APCCy7 (Biolegend), CD8b-Alexa Fluor 700 (Biolegend) for 15 min at 4 °C in FACS buffer.

To measure granzyme B and perforin protein expression in T cells by flow cytometry, an intracellular staining protocol was applied. Briefly, single cell suspensions resuspended in DMEM (gibco) + 1 % P/S + 10 % FCS were plated in a 48-well-plate and stimulated with 50 ng/ml phorbol myristate acetate (PMA, Sigma-Aldrich) and 1 μM ionomycin (Sigma-Aldrich) at 37 °C. After 1 h, 1 mg/ml Brefeldin A (Sigma) was added to the cell culture followed by additional 3 h incubation at 37 °C. Then, cells were harvested, washed and stained with a LIVE/DEAD™ Fixable Aqua Dead Cell Stain Kit (Invitrogen) according to the manufacturer’s protocol. Next, cells were stained extracellularly with TCRβ-Pacific Blue (Biolegend) and TCRγδ-PECy7 (Biolegend) for 15 min at 4 °C in FACS buffer. After that, cells were fixed in 2 % formaldehyde (Carl Roth) in PBS for 15 min at RT. Subsequent to fixation, cells were washed with FACS buffer and resuspended in 0.05 % saponin in FACS buffer for permeabilization. Cells were stained intracellularly with Perforin-APC (Biolegend) and Granzyme B-FITC (Biolegend) in 0.5 % saponin in FACS buffer for 30 min at 4 °C followed by extensive washing steps prior resuspension in FACS buffer and analysis at the FACS machine.

Stained cells were measured on a LSRFortessa™ Cell Analyzer (BD) and analyzed in FlowJo™ software (FlowJo™ Software (for Windows) [software application] Version 10.6.2. Ashland, OR: Becton, Dickinson and Company; 2019).




2.6.5 Real-time quantitative PCR

For gene expression analysis after co-culture, supernatants were removed and organoids were harvested using 350 μl RLT lysis buffer (Qiagen) + 4 % Dithiotreitol (Sigma-Aldrich) per well. RNA was isolated using the RNeasy Micro Kit (Qiagen) and measured on a Nanodrop. Then, 500-1000 ng of RNA were reversely transcribed to cDNA using the iScript™ cDNA Synthesis Kit (Bio-Rad). Realtime-PCR was performed using iQ™ SYBR® Green Supermix (Bio-Rad) in a CFX Connect or CFX96 Real-Time PCR Detection system (Bio-Rad). Primers included: Hprt (for: TGGATACAGGCCAGACTTTGTT, rev: CAGATTCAACTTGCGCTCATC) Lgr5 (for: GACTTTAACTGGAGCAAAGATCTCA; rev: CGAGTAGGTTGTAAGACAAATCTAGC), Olfm4 (Mm_Olfm4_2_SG QuantiTect Primer Assay Qiagen, QT01557052), Ifng (for: ATCTGGAGGAACTGGCAAAA, rev: TGAGCTCATTGAATGCTTGG), Tnf (for: CTTGTGGCAGGGGCCACCAC, rev: CCATGCCGTTGGCCAGGAGG), Gzmb (Mm_Gzmb_1_SG QuantiTect Primer Assay Qiagen, QT00114590), Prf1 (for: CCACTCCAAGGTAGCCAAT, rev: GGAGATGAGCCTGTGGTAAG), Fasl (for: CGTGAGTTCACCAACCAAAG, rev: TGTGTCTTCCCATTCCAGAG). Data were analyzed by employing the ddCT method. For epithelial-specific genes (Lgr5, Olfm4), the expression levels in the co-cultures were normalized so that the expression levels detected in the respective wells of organoids cultured without T cells equaled 1. That means, the syngeneic condition (B6 T cells + B6 organoids) was normalized to the expression level of B6 organoids alone and the allogeneic sample (B6 T cells + Balb/c organoids) was normalized to the Balb/c organoid w/o T cell control. For the T cell-centered gene expression analyses (Ifng, Tnf, Gzmb, Prf1, Fasl), gene expression levels were normalized to levels detected in samples derived from syngeneic co-culture.




2.6.6 Enzyme-linked immunosorbent assay

Cell-free supernatants were assayed for IFNγ protein concentrations via ELISA using the IFN gamma Mouse Uncoated ELISA Kit (Invitrogen) according to the manufacturer’s protocol and measured in a Tecan infinite M200 platereader. For the quantification of murine IL-2 protein concentration in cell-free supernatants, the ELISA MAX™ Standard Set Mouse IL-2 (Biolegend) was used according to the manufacturer’s protocol and measured in a Tecan infinite M200 platereader. It was experimentally verified that this kit was specifically detecting murine IL-2 but not recombinant human IL-2 that was added as a media supplement (cf. 2.5).




2.6.7 Live imaging and migration analysis

Live imaging of the co-culture was performed on d1 on a Zeiss Spinning Disc Axio Observer Z1 microscope at the Optical Imaging Centre Erlangen (OICE) as described before (25). In short, B6 (allogeneic) CD3+ IELs were stained with 1 μM Cell Proliferation Dye eFluor 670 (eBioscience) according to the manufacturer’s protocol on d0 and co-cultures of labeled IELs and previously grown B6 (syngeneic)- or Balb/c (allogeneic)-derived SI organoids were plated in a µ-Slide 4 Well chamber slide (ibidi). During the imaging process, the samples were incubated in a 37 °C, 5 % CO2 chamber and pictures were taken every 30 sec for 45 min using a 25X objective.

Subsequent analysis was also performed as described before (19): Data was imported into Fiji/ImageJ software (version 2.1.0/1.5.3v) using Bio-Formats (26). To assess T cell migration within organoids, the plugin TrackMate (27) was applied with the following settings: LoG (Laplacian of Gaussian) detector with an estimated blob diameter of 7 μm and a threshold of 40-120 (depending on experiment), Simple LAP tracker (Linear Assignment Problem) with linking maximum distance and gap-closing maximum distance both set to 15 μm and gap-closing maximum frame gap of 2 μm. For speed analysis, tracks with a speed below 0.05 μm per second were excluded. To calculate the organoid area patrolled by T cells within the recorded time frame of 45 min, an in-house Fiji macro was applied to the output of TrackMate to sum up the area enclosed by 7 μm around the T cell tracks and relating it to the epithelial area as determined by a manually drawn region of interest, omitting the organoid lumen.




2.6.8 Immunohistochemistry

Staining for CD3ε protein expression was performed on paraffin-embedded co-cultures or SI tissue sections from mice previously undergoing allo-HSCT as indicated (cf. section 2.2). For this purpose, co-cultures were washed with cold PBS, resuspended in HistoGel™ Specimen Processing Gel (Epredia), fixed in ROTI®Histofix 4.5 % formaldehyde (Carl Roth) and embedded in paraffin. After deparaffinization, slides were pre-treated by cooking the slides 2.5 min in Target Retrieval Solution pH 6 (Dako). After blocking endogenous peroxidase by incubation with 30 % H2O2 (Carl Roth) for 10 min and subsequently blocking with Avidin/Biotin for 15 min each (Avidin/Biotin Blocking Kit, Vector Laboratories), the slides were incubated with the primary antibody (rat anti-CD3, Bio-Rad) diluted 1:200 in 1% BSA overnight. Thereafter, slides were washed and incubated with the secondary antibody (biotinylated rabbit anti-rat IgG, Vector Laboratories) diluted 1:500 for 30 min. For signal detection, slides were treated with the VECTASTAIN® Elite® ABC-HRP Kit, Peroxidase (Vector Laboratories) according to the manufacturer’s protocol and with the ImmPACT® DAB Substrate Kit, Peroxidase (HRP) (Vector Laboratories) as chromogen for 2.5 min. Finally, slides were counterstained with hematoxylin. Representative images were taken on a Leica DMI4000 B inverted microscope.




2.6.9 Immunofluorescence

For immunofluorescence staining of cleaved caspase-3 protein, co-cultures were plated in µ-Slide 8 Well chamber slides (ibidi) on d0. Cleaved caspase-3 staining was performed on d1. For this, samples were fixed for 30-40 min with 4 % paraformaldehyde in PBS at RT, washed with PBS, permeabilized for 10 min with 0.1 % Triton X-100 (Sigma-Aldrich) in PBS at RT and blocked with histobuffer (10 % FCS, 5 % BSA in PBS) for 1 h at RT. Organoids were stained with anti-cleaved Caspase 3 AF648 (BD Biosciences) and anti-EpCAM-AF488 (BioLegend) diluted 1:100 and 1:200, respectively, in histobuffer overnight at 4 °C. The next day, the samples were washed three times with PBS. Nuclei were counterstained for 5 min with Hoechst 33342 (Invitrogen) diluted 1:10000 in PBS. After washing one time with A.d., the slides were mounted with Mowiol 4-88 (Carl Roth). Images were taken with a Leica TCS SP5 II confocal microscope using a 63X objective.




2.6.10 Statistical analysis

Statistical analyses were performed using GraphPad Prism software (version 9.5.1). For the comparison of two groups, a two-tailed unpaired t test was employed with a significance level of 5 %. In case of statistical inequality of variances, a Welch’s correction was applied to the t test where indicated in the figure captions. For the comparison of more groups, a one-way ANOVA with a post-hoc analysis (Šídák’s multiple comparisons test) with a significance level of 5 % was applied.






3 Results



3.1 Allogeneic IEL T cells co-cultured with SI organoids ex vivo mirror in vivo behavior of donor T cells

Intestinal T cells play a major role in the pathogenesis of intestinal GvHD. However, detailed insight into the disease-specific role of anatomically distinct T cell subsets is sparse. As previously shown by others (14–16), we confirmed that the SI epithelial layer of mice previously undergoing allo-HSCT using a MHC class I full mismatch model system is densely populated with T cells compared to control mice receiving T cell-depleted, allogeneic bone marrow alone (Figure 1A). While this correlative data suggests that IELs may contribute to the dysfunction of small intestinal epithelial cells (IECs) during intestinal GvHD, functional evidence in support of this assumption is lacking. To further explore and characterize allogeneic IEL/IEC interaction ex vivo, we adopted a previously reported syngeneic IEL/IEC co-culture model system (19). For this, we magnetically isolated T cells from the SI IEL fraction of healthy naïve B6 mice and cultured those within allogeneic SI organoids that were previously generated ex vivo from intestinal stem cell-containing small intestinal crypt preparations of Balb/c (allogeneic) or B6 mice (syngeneic controls) (Figure 1B). On day 2 of co-culture, both allogeneic and syngeneic organoids were densely populated by CD3+ IELs (Figure 1C). Organoid-residing allogeneic IELs expressed significantly higher levels of IL-2 and IFNγ compared to syngeneic T cells both on the transcriptional and on protein level (Figures 1D, E). Overall, our data indicate that IEL-derived allogeneic T cells can be cultured within SI organoids ex vivo and show signs of alloreactive activation.




Figure 1 | Upon allo-HSCT, small intestinal epithelium is infiltrated by allogeneic T cells, which can be mimicked in a novel IEL/organoid co-culture model system ex vivo. (A) Representative images show immunohistochemical stainings for CD3 protein from the small intestine (SI) of mice in an in vivo model of GvHD 30 days after lethal irradiation and rescue through transfer of T cell-depleted bone marrow cells from CD45.1/Ly5.1 B6.SJL-Ptprca Pepcb/BoyCrl mice. Mice additionally receiving allogeneic C57BL/6 CD3+ splenocytes (+ T cell transfer) serve as experimental group developing GvHD, while untreated mice represent controls without GvHD signs (- T cell transfer). Upper row contains inserts within the images indicating crypt areas that are displayed with magnification in the bottom row. (B) Schematic illustration of ex vivo IEL/organoid co-culture model workflow. SI organoids from Balb/c or C57BL/6 donor mice are generated from SI Lgr5+ stem cell containing crypts and grown for 2-4 days (d-4 – d-2). Allogeneic (Balb/c) organoids or syngeneic (C57BL/6) control organoids are then co-cultured with 2.5 x 105 SI IEL T cell pools freshly isolated from C57Bl/6 donor mice (d0) or were left untreated as controls (not depicted here). Indicated endpoint analyses were performed 1 or 2 days after the start of the co-culture and included immunohistochemistry (IHC), quantitative PCR (qPCR), ELISA, flow cytometry (FACS), immunofluorescence (IF) stainings and live microscopy imaging. Created with BioRender.com. (C) Representative images showing immunohistochemical stainings of previously magnetically enriched SI CD3+ IELs of C57BL/6 mice (B6) within paraffin-fixed SI organoids on d2 after co-culturing as described in (B), i.e. under allogeneic (Balb/c organoids) or syngeneic (B6 organoids) conditions are displayed. (D, E) IEL/organoid co-cultures were generated and cultured under syngeneic and allogeneic conditions as described in (B). At d2, co-cultures were harvested, cell-free supernatant collected and total RNA was isolated from the IEL/organoid total cell pool. (D) Il2 gene expression levels (left panel, n = 13) were determined by qPCR. Obtained data were normalized so that the relative amount detected within syngeneic culture equaled 1. Right panel displays IL-2 protein levels determined by ELISA within cell-free supernatants of syngeneic vs. allogeneic co-cultures (n = 7). (E) Left panel shows Ifng gene expression levels as determined by qPCR and normalized to the syngeneic condition (n = 8). Right panel depicts IFNγ protein levels (n = 9) in syngeneic vs. allogeneic co-cultures as measured by ELISA in cell-free supernatants. Graphs show median, minimum and maximum values in box and whiskers plots and represent pooled data from independent experiments, *p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001 by two-tailed unpaired t test with Welch’s correction.






3.2 Allogeneic IEL/IEC co-cultures are characterized by significantly increased cell death rates

The detection of cell death events especially of IECs represents one of the histopathological hallmarks of acute intestinal GvHD (5). Hence, we sought to establish a methodology allowing us to assay, visualize and reliably quantify cell death rates in the IEL/IEC co-culture model system. For this, at day 2, co-cultures were exposed to the dead cell-dye propidium iodide (PI) while we counterstained cell nuclei with Hoechst. As shown in Figure 2A and Supplementary Video 1 by confocal microscopy scanning, organoids cultured alone, i.e. in the absence of T cells, contained only few and small areas with PI-positive cells presumably reflecting physiological cell debris shedding into the crypt lumina. Strikingly, the addition of fluorescently labeled allogeneic T cells led to a noticeable increase of PI+ cells. Importantly, PI+ areas were anatomically not restricted to the crypt lumen as it appeared to be the case for the majority of the events visible in syngeneic IEL/IEC co-cultures. This data suggested that the observed cell death in allogeneic IEL/IEC co-cultures exceeds physiological epithelial cell turnover as well as cell death due to occasional T cell activation in the syngeneic setting. To address that and objectively quantify cell death rates longitudinally across different experiments, we employed two related analysis protocols as described in detail in the method section. Starting from PI/Hoechst stained co-cultures (Figure 2B), we performed in parallel digital image analysis and fluorometry by normalization of fluorescent signals stemming from PI+ cells relative to the total cell pool per well represented by Hoechst fluorescence intensity. This fluorometric approach previously reported and validated by Bode, Mueller et al., 2019 (23) allows an objective quantification of organoid death, which, unlike e.g. assays based on metabolic changes due to cell death, is independent of the seeding density. As shown in Figures 2C, D, both assays uniformly revealed that an increase of cell death rates was already detectable after adding syngeneic IELs compared to organoids alone. However, allogeneic IELs induced cell death significantly more, exceeding the level observed after adding syngeneic T cells. Together, allo-IEL/IEC cultures are characterized by a significant increase of cell death events that can be reliably assessed and quantified by the application of PI/Hoechst staining assays.




Figure 2 | IELs induce significantly more organoid cell death under allogeneic compared to syngeneic co-culture conditions. (A) Representative 3D-reconstructed images of 2.5 x 105 SI IELs from C57BL/6 (B6) mice enriched for CD3+ cells and then co-cultured (+) with syngeneic (B6) or allogeneic (Balb/c) organoids as well as control organoids, i.e. w/o T cells (-) on d2. Prior to co-culturing, T cells were fluorescently labeled with Proliferation Dye eFluor 670 (green). Organoids were stained with Hoechst dye (blue) to visualize cell nuclei while propidium iodide (red) was used to mark dead cells. Z-stacks were taken with a confocal Leica SP5 microscope and reconstructed using Fiji software and the 3Dscript plugin. (B) Representative examples of cell death assessment within co-cultures by combined staining with propidium iodide (red) and Hoechst (blue) on d2 of allogeneic vs syngeneic co-cultures or controls (w/o T cells) as described in (A) are depicted. Subsequent quantification of cell death rates within organoids was achieved by analysis of the fluorescence intensity in microscopic images using (C) Fiji software or (D) directly within an individual well using a microplate reader. In (C, D), for normalization, the intensity of propidium iodide (PI) was related to the Hoechst signal (cf. methods section). To account for physiological, spontaneous cell death events, the mean PI/Hoechst ratios were normalized to the respective value obtained within organoid controls cultured in the absence of T cells. Graphs show the mean ± SD from n = 7 independent experiments. * p ≤ 0.05, *** p ≤ 0.001, **** p < 0.0001 by one-way ANOVA and Šídák’s multiple comparisons test.






3.3 Allogeneic CD3+ IEL-induced apoptosis of IECs largely accounts for enhanced cell death ex vivo

To shed further light on the cellular compartment contributing to the elevated cell death rates, we stained organoids cultured with or without syn- or allogeneic IELs for the early apoptotic marker cleaved caspase 3. Interestingly, areas corresponding to the epithelial cell layer as identified by membrane-specific expression of the epithelial cell-specific molecule EpCAM (epithelial cell adhesion molecule) stained positive for cleaved caspase 3 (Figure 3A). We further performed flow cytometric analyses of single-cell suspensions of IELs (CD3+) and IEC (EpCAM+) after two days of allogeneic and syngeneic co-culture, respectively (Figure 3B). We found that the apoptotic IEC pool isolated from co-cultures with allogeneic but not syngeneic IELs showed significantly elevated Annexin V binding on their cell surface (Figure 3C). In contrast, the mean fluorescence intensity (MFI) of Annexin V bound to T cells was not increased in allogeneic vs. syngeneic settings (Figure 3D). This data strongly suggests that primarily IEC death accounts for the overall increased cell death fraction after two days of alloreactive IEL/organoid co-culture. Consistent with this interpretation, the T cell/IEC ratio significantly increased in allogeneic compared to syngeneic co-culture conditions (Figure 3E). In addition to our finding of increased IEC death, we wondered whether impaired intestinal stem cell homeostasis might contribute to this shift. Employing Lgr5 and Olfm4, two molecular markers routinely used to robustly identify small intestinal stem cells (28, 29), we observed significantly reduced expression levels of both Lgr5 and Olfm4 upon co-culture with allogeneic IELs compared to syngeneic controls (Figure 3F). Overall, our data indicate that allogeneic IELs mediate IEC apoptosis and interfere with the integrity of intestinal epithelial stem cells resulting in a progressive loss of IECs within two days of co-culture.




Figure 3 | Allo-reactive IELs mediate apoptotic IEC death and dysregulation of the intestinal stem cell compartment ex vivo. (A) 2.5 x 105 SI IELs enriched for CD3+ T cells from C57BL/6 (B6) mice were co-cultured (+) with syngeneic (B6) or allogeneic (Balb/c) organoids ex vivo. As controls, indicated organoids were cultured w/o T cells (-). To assess apoptotic cell death, co-cultures and controls were stained at d1 for cleaved caspase-3 (red) as well as EpCAM (green) and Hoechst (blue). Representative immunofluorescence stainings are displayed. (B-E) Single cell suspensions of co-cultures generated as described under (A) were analyzed at d2 of co-culture by flow cytometry. In (B), the gating strategy of flow cytometric analysis of early apoptotic events within CD3+ T cells and EpCAM+ IECs by Annexin V staining is shown. Graph in (C) displays MFI for Annexin V staining of EpCAM+ cells; in (D) MFI for Annexin V staining within CD3+ cells is illustrated while in (E) cell count ratio of CD3+ and EpCAM+ cells is depicted. Graphs in (C-E) show mean ± SD from n = 7 biological replicates of independent experiments; (C), *p ≤ 0.05 by one-way ANOVA and Šídák’s multiple comparisons test; (D) by two-tailed unpaired t test with Welch’s correction; (E), *p ≤ 0.05 by two-tailed unpaired t test. (F) On d2, co-cultures executed as described under (A) were harvested and quantitative gene expression profiling of Lgr5 (n = 8) and Olfm4 (n = 5) was performed. For this, expression levels were normalized to levels detected within organoids cultured w/o T cells. Graphs show median, minimum and maximum in box and whiskers plots of pooled data of indicated, independent experiments, ns (not significant) p > 0.05,  *p  ≤ 0.05, **p ≤ 0.01 by two-tailed unpaired t test.






3.4 Allo-T cell-derived IFNγ drives IEC death and regulates the intestinal epithelial stem cell niche

Type II interferon IFNγ is one of the key effector molecules of cytotoxic T cells but its contribution to intestinal GvHD-associated gut pathology remains controversial (30). Given our finding that allogeneic compared to syngeneic T cells express elevated IFNγ levels when co-cultured with IECs (Figure 1D), we sought to determine its functional impact on allo-IEL-mediated IEC death. Importantly, IFNγ-deficient IELs resulted in significantly less organoid death compared to IFNγ-proficient T cells (Figure 4A). Moreover, the intestinal epithelial stem cell compartment previously shown to be sensitive to IFNγ-mediated damage (31) was protected in co-culture with IFNγ-deficient compared to control allo-IELs as shown by significantly enhanced and hence largely recovered Lgr5 and Olfm4 expression levels (Figure 4B). Apart from IFNγ, T cells might additionally employ other soluble factor- or cell-contact-mediated mechanism to execute cytotoxic IEC death, as suggested by several lines of evidence in the literature (32). Assessing TNFα expression on RNA and protein level, we did not observe a differential regulation in our setting (Supplementary Figure 1A). In contrast, granzyme B/perforin gene expression levels were moderately, but significantly increased in allogeneic vs. syngeneic co-culture conditions (Supplementary Figure 1B), but we were unable to monitor equivalent changes in allogeneic IELs on the protein level (Supplementary Figure 1C). Finally, we evaluated whether the FasL/Fas (CD95L/CD95) axis may be involved in mediating T cell-induced target cell death in this model system. Similar to the data on cytotoxic molecules, FasL gene expression was significantly increased in allogeneic compared to syngeneic co-cultures, a finding that could not be confirmed on the protein level (Supplementary Figure 2A). In contrast, however, Fas receptor expression on EpCAM+ epithelial cells was significantly increased in co-cultures with allogeneic compared to syngeneic IELs (Supplementary Figure 2B). To assess whether IFNγ is able to regulate the pool of Fas+ IECs in this setting, we treated organoids with recombinant IFNγ. Strikingly, IFNγ treatment of organoids alone, i.e. in the absence of T cells, strongly increased the pool of Fas+ EpCAM+ epithelial cells (Supplementary Figure 2C). Overall, this data suggests that allogeneic IEL-derived IFNγ is a key molecular signal driving allogeneic IEC death. Mechanistically, IFNγ putatively increases the susceptibility of IECs by sensitizing IECs for FasL/Fas-mediated T cell-driven IEC death thereby strongly interfering with intestinal epithelial cell and stem cell homeostasis.




Figure 4 | Dysregulation of the small intestinal epithelial cell and stem cell compartment in allogeneic co-cultures is dependent on IFNγ. (A) 2.5 x 105 SI IELs enriched for CD3+ T cells from C57BL/6 (B6) IFNγ-sufficient or IFNγ-deficient mice were co-cultured with allogeneic (Balb/c) organoids ex vivo. As controls, Balb/c organoids were cultured alone, i.e. w/o T cells (-). At d2, fluorometric cell death quantification (left) was performed, with the PI/Hoechst fluorescence intensity ratio normalized to the wells with organoids cultured without T cells; representative microscopic images (right) of organoids double-stained with Hoechst and PI after co-culture are displayed. Graph depicts pooled data from n = 9 independent experiments, mean ± SD. *p  ≤ 0.05 by two-tailed unpaired t test. (B) IEL/IEL co-cultures were performed for 2d as described in (A). Then, total cells were harvested and quantitative gene expression profiling of the stem cell markers Lgr5 and Olfm4 was performed. For this, expression levels were normalized to levels detected within organoids cultured w/o T cells. Pooled data from n = 8 independent experiment are depicted as median with minimum and maximum values in box and whiskers plots. **p ≤ 0.01, ***p ≤ 0.001 by two-tailed unpaired t test.






3.5 TCRαβ+CD8α+ IEL-derived T cells are the major executers of allo-mediated IEC death

T cells residing within the SI IEL compartment comprise both TCRαβ+ and TCRγδ+ T cells. Interestingly, the TCRαβ/TCRγδ T cell ratio did not differ after the 2d co-culture time period between the allogeneic and syngeneic setting (Supplementary Figures 3A, B). Moreover, within the TCRαβ+ T cell pool, both CD4+, CD8αα+ and CD8αβ+ T cell subsets were virtually unaltered (Supplementary Figure 3C). To further elucidate which T cell subsets among IELs largely account for allo-T cell-mediated IEC death, we utilized TCRαβ+ and TCRγδ+ T cell-enriched IEL pools and assessed their behavior in the allogeneic co-culture model system. Firstly, we found that TCRγδ+ IELs expressed significantly less IFNγ compared to TCRαβ+ IEL pools (Figure 5A). Moreover, TCRαβ+ IELs were superior in mediating IEC death in comparison to TCRγδ+ T cells (Figure 5B). Secondly, CD8α+ T cells expressed IFNγ and executed IEC death equally efficient as the total, unfractionated CD3+ IEL pool suggesting that within the IEL-residing TCRαβ+ T cell fraction, CD8α+ were sufficient, while CD4+CD8α− T cell subsets were dispensable for the effect observed in the allogeneic setting (Figures 5C, D). Finally, we confirmed that these characteristics were unique properties of bona fide IEL-derived CD8α+ T cells, as splenic CD8α+ T cells failed to comparably mount elevated IFNγ levels and mediate IEC death (Figures 5E, F). Together, small intestinal TCRαβ+ CD8α+ IELs largely account for the death of allogeneic organoids in our ex vivo co-culture model system.




Figure 5 | TCRβ+ CD8α+ T cells within SI IELs largely account for allo-T cell-mediated organoid cell death ex vivo. Balb/c (allo) SI organoids were co-cultured alone (-) or with 2.5 x 105 T cells from C57BL/6 (B6) donor mice magnetically enriched for the subsets as indicated below. On d2 after start of the co-culture, cell-free supernatants were analyzed by ELISA and fluorometric cell death quantification was performed. For cell death quantification, the ratio of PI/Hoechst fluorescence intensities was corrected for the baseline cell death in control organoid cultures without T cells. (A, B) SI Balb/c organoids were co-cultured with allogeneic SI IELs from B6 donors enriched for TCRβ+ and TCRγδ+ resp. Shown results reflect data from n = 5 independent experiments. (A) IFNγ protein quantification in cell-free supernatant by ELISA. (B) Organoid cell death assessment (left panel) as determined by fluorometric analysis. On the right panel, representative images of organoids stained with Hoechst and PI after co-culture are displayed. (C, D) Data from n = 4 independent co-culture experiments consisting of SI Balb/c organoids and allogeneic B6 SI IELs enriched for CD3+ or CD8α+ T cells are displayed. In (C) IFNγ protein was quantified by ELISA in the cell-free supernatant at d2 of co-culture. (D) Fluorometric quantification of cell death (left panel) among organoids on d2 of co-culture is shown. In the right panel, representative microscopic images of organoids double-stained with Hoechst and PI after co-culture are displayed. (E, F) Results from allogeneic co-cultures of SI organoids from Balb/c mice with CD8α+-enriched IELs vs. CD8α+-enriched splenocytes from B6 mice are displayed. Depicted data were derived from d2 analyses and are pooled from n = 3 experiments. In (E), IFNγ protein levels in the cell-free supernatant were determined by ELISA. In (F), fluorometric cell death quantification (left panel) was performed. Representative microscopic images (right panel) of organoids double-stained with Hoechst and PI after co-culture are depicted. Graphs show pooled data from independent experiments (n = 3-5 as indicated), graphs (B, D, F) depict mean ± SD. ns (not significant) p > 0.05, *p  ≤ 0.05, **p ≤ 0.01, by two-tailed unpaired t test or t test with Welch’s correction [graphs (A) and (E)].






3.6 Presence of minor mismatch antigens is sufficient to drive allo-IEL-mediated IEC death

Current pre-clinical models of acute GvHD are either based on a complete mismatch of the major histocompatibility complex (MHC) between host and recipient or on minor histocompatibility antigen (miHA) mismatches alone. Therefore, we aimed to unravel the pathomechanistic requirements underlying allo-IEL mediated IEC death by investigating whether our finding of CD3+ IEL-mediated killing of organoids in a complete MHC mismatch constellation can be recapitulated in a minor mismatch setting ex vivo. To achieve this goal, we assayed both killing abilities and IFNγ expression levels of allogeneic IELs cultured either within organoids derived from C.B10-H2b/LilMcdJ mice (minor mismatch) or Balb/c mice (major mismatch). The C.B10-H2b/LilMcdJ strain genetically matches Balb/c mice with the exception that the endogenous MHC complex of Balb/c mice, H2d, has been replaced by H2b, equivalent to the MHC complex of B6 mice. Consequently, tissues derived from this line and B6 mice derived T cells are MHC-matched (H2b) but display a complete mismatch in miHA (33). As shown in Figures 6A, B, both IFNγ protein expression levels and IEC death rates were virtually identical between miHA and MHC mismatch settings ex vivo. Given our finding that mismatch in the miHA peptidome is sufficient, we finally wondered whether conversely the TCR specificity is critical for allo-IEL activation as determined by IFNγ release and IEL-mediated cytotoxicity within our model system. To address that question experimentally, we restricted the TCR specificity within the IEL CD8+ T cell pool by making use of a transgenic mouse line in which T cells carry a distinct T cell receptor for murine Tcra-V2 and Tcrb-V5 genes recognizing an immuno-dominant peptide of ovalbumin. Strikingly, CD8α+ T cells isolated from the SI IEL compartment of OTI transgenic (tg+) mice failed to mount IFNγ levels comparable to T cells with an endogenous, polyclonal TCR repertoire (OTI tg-) (Figure 6C). Consecutively, OTI tg+ CD8α+ T cells also elicited significantly less cytotoxicity towards IECs in the allogeneic setting compared to non-transgenic IELs (Figure 6D). In summary, allogeneic IEC killing requires specific antigen recognition of miHA by IELs independent of a complete MHC mismatch.




Figure 6 | Minor mismatch antigens are sufficient for the CD3+ IEL-mediated killing of allogeneic IECs ex vivo. (A, B) 2.5 x 105 C57BL/6 (B6) IELs enriched for CD3+ T cells were co-cultured with SI Balb/c organoids (allogeneic major mismatch, i.e. MHC I-mismatched) vs. SI organoids from C.B10-H2 b/LilMcdJ mice (allogeneic minor mismatch, i.e. MHC I-matched, minor histocompatibility antigen mismatched). Organoids cultured w/o T cells served as controls (-). (A) IFNγ protein quantification within cell-free supernatants was performed via ELISA at d2; (B) fluorometric organoid cell death quantification corrected for the organoid cell death observed in wells with organoids cultured w/o T cells (-) (left panel) and representative microscopic images of organoids stained with Hoechst/PI dyes after 2 days of co-culturing are displayed (right panel). Data represent pooled results from n = 4 independent experiments and depict mean ± SD. Data were analyzed by two-tailed unpaired t test. (C, D) Balb/c (allo) SI organoids were co-cultured with 2.5 x 105 CD8α+-enriched IELs from OTI tg+ donor mice or OTI tg- control mice (B6) or cultured w/o T cells (-) for 2d. Graphs show data from independent experiments as indicated and display (C) IFNγ protein quantification within cell-free supernatants performed via ELISA at d2 (n = 3); (D) organoid cell death after co-culture corrected for baseline organoid death detectable in wells culturing organoids alone, i.e. w/o T cells (-) (left panel, n = 7) as well as representative images of Hoechst and PI dye double-stained organoids (right panel). Data shown in (D) represent mean ± SD. ns (not significant) p > 0.05, *p  ≤ 0.05, ** p  ≤ 0.01 by two-tailed unpaired t test.






3.7 Allogeneic IELs display a restricted patrolling behavior within SI organoids ex vivo

As previously demonstrated for the syngeneic setting (19), live cell imaging of IEL/IEC co-cultures ex vivo offers the opportunity to visualize IEL migratory properties under defined conditions over time. Here, we sought to apply this methodology to decipher whether allogeneic and syngeneic IELs display differential migratory properties. As shown in Figure 7A and Supplementary Video 2, we found IELs to be patrolling SI organoids with a comparable speed irrespective of an allogeneic or syngeneic setting. However, the organoid area scanned by migrating allo-IELs turned out to be significantly smaller compared to syngeneic controls (Figure 7B). Overall, limited area coverage by allo-IELs within organoids might indicate that upon antigen-recognition, defined clones are locally restrained and then exert IEC cytotoxicity as their default functional assignment.




Figure 7 | Alloreactive intraepithelial T cells display a more restricted patrolling behavior compared to syngeneic controls. (A, B) 2.5 x 105 CD3+-enriched C57BL/6 (B6) SI IELs were fluorescently labeled with Proliferation Dye eFluor 670 and co-cultured within SI Balb/c organoids for 2d. Representative images and quantitative analyses from live cell imaging time-lapse studies at d2 of co-culturing are displayed. Time series were recorded on a spinning disc microscope with a 25X objective every 30 sec for a period of 45 min on d1 of co-culture. Analyses were performed using Fiji software and the TrackMate plugin as well as an in-house macro script. In (A) visualized tracks (yellow) of the movements of T cells (red) within intestinal organoids (top and middle panel) and quantification of their mean speed in μm/s as identified by the TrackMate plugin are shown (bottom panel). In (B) organoid area cumulatively covered by migrating IELs (red) over time is depicted (solid, yellow line) while the region of interest is indicated by white dotted lines (top and middle panel). Patrolled areas were quantified by relating this region to the region of interest as determined using an in-house Fiji macro. Graphs show data from n = 5 independent experiments; n = 4 technical replicates per group were recorded in each experiment. ns (not significant) p > 0.05,  *p  ≤ 0.05 by two-tailed unpaired t test.







4 Discussion

Intestinal GvHD remains a major challenge in the management of allo-HSCT patients. While donor T cells are acceptedly critical mediators of allogeneic intestinal inflammation, selectively T cell-targeting therapies have not been developed yet despite an urgent medical need for innovative treatment options. One underlying cause represents sparse knowledge on T cell subset-specific roles and here especially insight into their impact on the target tissue mostly affected in the course of GI GvHD, the epithelial layer. Interestingly, some early studies have reported that the intestinal epithelial layer is routinely populated by immune cells, so called IELs, predominately composed of T cells, suggesting that IELs may directly exert IEC damaging effects (14–16). Despite this observation, the behavior within and specific impact of donor T cells on IECs have been poorly explored so far. This is in part due to methodological limitations arising when IELs are studied in vivo or ex vivo (17, 20). To overcome this shortcoming, we sought to employ a novel IEL/IEC co-culture model system recently reported by us and others as a valuable tool to study IEL function and behavior within syngeneic small intestinal organoids ex vivo (17, 19, 20). In this study, we applied this experimental model system to the allogeneic context with the goal to provide a model system that will help to fill this methodological and biological gap, as it enables future studies to explore the lympho-epithelial crosstalk in an allogeneic setting ex vivo by mimicking aspects of intestinal GvHD in vivo.

Employing our ex vivo co-culture model, we found that allogeneic SI IELs readily populated SI organoids while we were unable to detect a noticeable regulation of the IEL composition between syngeneic and allogeneic culture conditions. Of note, we observed significantly elevated IL-2 protein expression levels pointing at robust T cell activation, as IL-2 expression represents a classical landmark of T cell activation downstream of TCR engagement (34), as well as strongly up-regulated IFNγ expression within allogeneic co-cultures. This is in line with previous reports identifying IL-2 as a strong inducer of IFNγ expression and cytotoxic modules within T cells (35, 36).

In delineation from the syngeneic setting, however, our studies were limited to two days as we noticed at this time point significant changes in cell viability in the allogeneic co-cultures: Importantly, we could show that allogeneic IELs induce significantly higher cell death levels in co-culture compared to syngeneic IELs. Still, we recorded elevated cell death rates also in syngeneic co-cultures when compared to spontaneous, basal cell death events in B6- or Balb/c-derived organoids alone, i.e. in the absence of T cells. As shown by others and our functional studies using IFNγ-deficient IELs, at this point we attribute reduced organoid viability in the presence of syngeneic IELs to the presence of T cell-derived IFNγ. Multiple scenarios may apply to explain this finding: At first, subtle, not traceable genetic differences among different offspring of syngeneic inbred strains serving as B6 IEL and B6 organoid resp. donor mice may be sufficient to trigger T cell activation and concomitant IFNγ expression. Alternatively, IECs that undergo routine shedding upon IEC renewal are in vivo physiologically shed to the lumen and are discarded by the stool flow while in our ex vivo organoid system they stay in situ. Hence, IEC-derived antigens and danger signals e.g. from carried over microbiota might elicit syngeneic IEL activation. Importantly, our characterization of allogeneic IEL-mediated effects on organoids did not only reveal enhanced IEC death but also evidence for a negative regulation of the intestinal stem cell niche given a significant reduction of the expression levels of intestinal stem cell markers Lgr5 and Olfm4 in allogeneic compared to syngeneic conditions. Moreover, and in line with recently published studies, IFNγ expressed by alloreactive IEL T cells turned out to be critical for the abrogated stem cell homeostasis, as IFNγ-deficient IEL T cells did not only elicit reduced cell death but also failed to diminish Lgr5 and Olfm4 expression levels (31, 37). Hence, morphological and molecular characteristics of allogeneic IEL/IEC co-cultures identified by our study overall display aspects that are reminiscent of findings in human intestinal GvHD and highlights IFNγ+ IELs as putatively critical mediators in its pathogenesis (31, 37).

Our studies clearly uncovered that allogeneic T cells isolated from the SI IEL compartment exert cytotoxic effects on IEC that are seemingly unique, as lymphoid-resident spleen-derived T cells were unable to mimic this function. This may be explained by largely unexplored functional properties of IEL T cells compared to splenic T cells somehow adapted to the epithelial environment. However, another obvious argument to explain these cell-type restricted abilities is that IELs largely consist of antigen-experienced, so called tissue-resident memory (Trm) cells that are able to readily exert their default functions upon TCR triggering while splenic T cell pools mainly comprise antigen-unexperienced, naïve cell types requiring additional signals for activation, priming and overall functionality (13, 38, 39). Within the IEL T cell subsets, we found that in fact TCRαβ+ were superior to TCRγδ+ T cells with regard to IFNγ expression and IEC killing abilities in an allogeneic setting. Many studies on their contribution are inconclusive. While there are recently emerging indications for functionally relevant, context-dependent anti-tumoral and anti-leukemic, cytotoxic effects of TCRγδ+ T cells (40, 41), the majority of reports suggests rather immune-regulatory than inflammation-promoting effects of TCRγδ+ T cells during intestinal GvHD (42–44). Therefore, our finding of a seemingly minor role for IEL TCRγδ+ T cells in mediating immune-mediated IEC death in the allogeneic setting is in line with the current state of the field.

Moreover, we found that within TCRαβ+ IELs CD4+CD8α- T cells are seemingly dispensable for exerting IEC death as IEL CD8α+ T cells lacking CD4+CD8α- T cells compared to total CD3+ T cells displayed virtually indistinguishable effects albeit there was a trend that the former showed more pronounced cytoxicity. This is in line with recently emerging evidence suggesting that Tregs residing predominately in the lamina propria are able to convert into CD4+CD8α- intra-epithelial T cells which then exert intestinal inflammation-suppressive functions (45). Future studies, however, will have to determine whether CD4+CD8α- intra-epithelial T cells are exerting allogeneic IEL-driven IEC death-reducing and intestinal stem cell compartment-protecting effects. Thus, our data show that the CD8α+ Trm population within IEL TCRαβ+ T cells primarily accounts for the cytotoxic effects affecting SI organoids. Importantly, this is in agreement with reports by others showing that donor T cell populations infiltrating the intestinal epithelia during GvHD express transcriptional programs and surface markers (e.g. CD103) characteristic for CD8α+ Trm T cells (46–48).

Having functionally defined the cellular components, we sought to further elucidate the mechanistic cues contributing to IEL-mediated IEC death in our co-culture model system. By additionally applying major and minor mismatch conditions onto the allogeneic setting, we found that major mismatch, i.e. a full MHC mismatch between IEL and organoids, is not a condition sine qua non in our IEL/IEC co-culture model system: We strikingly found that both IFNγ secretion and IEC killing by allogeneic IELs were virtually indistinguishable between MHC-mismatched (major) and MHC-matched (minor, i.e. miHA mismatched) conditions, pointing at the critical role of the presented peptide in this setting.

Over the last decades, alternative pathogenetic concepts have been developed to mechanistically explain direct allorecognition of foreign target cells by T cells. Strikingly, the frequency of alloreactive T cells within a given MHC-mismatched donor is approximately between 1-10%, which is exceptionally high compared to the frequency of T cells specific for a given MHC-peptide complex (49, 50). In the light of this finding, the so-called MHC-centric model suggests that polymorphisms in amino acids between self- and allo-MHC molecules affect the manner in which individual TCRs bind to MHC molecules. In this model, the presented peptide itself only marginally contributes to the recognition process, yielding a high frequency of T cells recognizing the allogeneic MHC molecule with various affinities (50, 51). As opposed to this, the peptide-centric hypothesis presumes that alloreactive T cells are specifically recognizing allopeptides presented on MHC receptors, a model system that is supported by the fact that alloreactive T cell populations are in fact highly peptide specific (50–52). Since both models are supported by functional and structural data, realistically, in most interactions probably both the MHC molecule as well as the peptide contribute to T cell recognition depending on the specific context.

To further assess the relative contribution of the MHC/peptide complex composition on the activation and functionality of allogeneic IELs, we employed OT I transgenic mice on the B6 genetic background carrying a genetically modified, non-endogenous TCR as the source of allogeneic IELs. OT I+ T cells express a TCR that only detects a peptide derived from ovalbumin, i.e. an exogenous antigen that is not present in our co-culture model system. Importantly, CD8α+ OT I tg+ IELs failed to mount an alloresponse (i.e. IFNγ expression and IEC death induction) in the presence of MHC-mismatched organoids. As the employed OT I transgenic mouse model represented mice not previously back-crossed on a RAG-1/2 deficient background, our data show that OT I tg+ T cells despite containing a minor T cell pool expressing a residual endogenous TCR repertoire are hampered in their ability to induce allo-mediated cell death, indicating that a sufficiently high number and/or diversity of TCR repertoire is required to elicit a robust allo-response in our model system. Together with results derived from the major vs. minor mismatch setting, the shown data suggest that allogeneic IEL activation and functionality rather depend on the TCR recognition of the presented, peptide-derived epitope than alone on the (mismatched) MHC molecule itself. Based on these results, we conclude at this point that allogeneic IELs isolated from B6 donors recognize endogenous peptides on IEC characteristic for the Balb/c genetic background. Our study is certainly limited as it does not ultimately resolve this critical question. Regardless, the IEL/IEC co-culture model system and our initial characterization have certainly laid the methodological basis for more in-depth investigations of the assumed allo-specificity of intestinal IELs in the future.

A major population of IEL T cells express the integrin αEβ7 (CD103) which is known to bind E-Cadherin on IEC thereby presumably conferring IEL tissue retention (10, 39). Moreover, we described earlier that CD103 seems to be a critical component of normal IEL migratory properties within intestinal epithelia, at least ex vivo (11, 12). So far, however, the exact mechanisms regulating IEL migration and motility within the epithelial layer both in the steady state and under inflammatory conditions including intestinal GvHD remain only incompletely understood.

One group investigating T cell localization in the context of GvHD-mediated intestinal damage by 3D microscopy found that donor T cells preferentially accumulated in the lower crypt region after allo-HSCT (53). In this study a direct interaction between T cells and intestinal stem cells was described and associated to the occurrence of damaged crypts already 4 days after transplantation, indicating that donor T cell population of the IEL compartment is an early event in GvHD pathology and intestinal stem cells are a primary target of allogeneic T cells (53). Hence, novel experimental platforms and modalities like the IEL/IEC allogeneic co-culture model characterized in our study provide the unique opportunity to further elucidate the lympho-epithelial interaction as e.g. migration also in a spatiotemporal and functional manner ex vivo. Therefore, we applied our previously reported live cell imaging microscopy protocol on the allogeneic setting (19). Strikingly, we found that allogeneic T cells displayed a regionally more restricted patrolling behavior contrasting syngeneic T cells covering larger areas within organoids over time. Currently, we cannot provide an analysis with a higher spatiotemporal resolution to e.g. determine whether this is due to the fact that allogeneic IEL T cells orientate themselves ex vivo towards the base of the crypts and stem cell niche as described for the in vivo behavior (53). Regardless, considering our finding that allogeneic IELs are clearly dependent on allo-peptide recognition and are more strongly activated as evidenced by elevated IFNγ expression levels, for us one explanation model is that upon antigen recognition, IELs may stay more locally confined to exert their cytotoxic effector functions more focused towards their target cells. This is in line with the observation by another group (20), who qualitatively described that OT I tg+ IELs in syngeneic co-culture with small intestinal organoids seemed to arrest in their movement when Ova peptide was added, i.e. upon TCR engagement. However, future studies directly focusing on this aspect will be required but will definitely benefit from the availability of our allogeneic IEL/IEC co-culture model system.

Finally, in delineation from other published studies using allogeneic T cell/organoid co-culture model systems (31, 54, 55), we omitted in vivo (e.g. in the course of allo-HSCT) or in a way artificial, broad ex vivo activation (e.g. mimicking antigen receptor signaling through PMA/ionomycine or anti-CD3/anti-CD28 stimulation) of the T cells prior to exposition to IECs. By doing so, we focus on the spontaneous, natural activation pattern of alloreactive T cells by epithelial cell structures. In fact, by showing that unstimulated splenic T cells were deficient in inducing IEC death in our co-culture setting, we could demonstrate that mounting a cytotoxic allogeneic response without the requirement of additional (co-)activation is a unique feature of IELs. Hence, our observations strongly indicate that IELs as bona fide antigen-experienced T cells possess reactivity to antigens presented in an allogeneic setting. Importantly, IELs are responsive to those antigen pools upon encountering them in their home tissue without requiring additional priming or signaling by APCs in lymph nodes.

As a limitation, our co-culture system only partially reflects critical aspects closely associated with in vivo GvHD pathology. For example, the contribution of innate immune cells such as granulocytes, antigen-presenting cells and ILCs all known to be able to modulate intestinal inflammation in GvHD, is omitted (56). In addition, the role of fungal commensals and enteric viruses, such as CMV reactivation as a common complication in patients previously undergoing allo-HSCT, is not part of the current model system and remains to be integrated in the future (57, 58). Furthermore, IEL/IEC co-cultures are devoid of luminal signals, especially from the intestinal microbiota. Given the nowadays widely accepted, central impact of microbial signals on the initiation and course of intestinal GvHD (59), future attempts to develop this model system further will include the evaluation of modalities allowing the inclusion of both microbiota-derived inflammatory signals and microbial peptides. Lastly, it represents a valuable future goal to apply this model to the human setting, as it has already been achieved successfully for ex vivo autologous co-cultures of intestinal T cells and organoids from patients with inflammatory bowel disease (60). Ultimately, the translation to the human system would allow to investigate the IEL/IEC interaction in a more clinical and patient-centered manner.

In summary, our here presented ex vivo model system allows multimodal functional studies to investigate the specific regulation of IECs by intestinal allogeneic IEL T cells, thereby overall displaying multiple characteristics reminiscent of intestinal GvHD pathophysiology. We strongly believe that the use of this allogeneic IEL/organoid co-culture model system will facilitate studies designed to elucidate allogeneic pathomechanisms driven by donor-derived IEL T cells with the ultimate goal to pave the way for the identification of novel therapeutic strategies and target structures.
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