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Abstract

T cells are the central drivers of many inflammatory diseases, but the repertoire of tissue-resident 

T cells at sites of pathology in human organs remains poorly understood. We examined the 

site-specificity of T cell receptor (TCR) repertoires across tissues (5–18 tissues per patient) in 

prospectively collected autopsies of patients with and without graft-versus-host disease (GVHD), 

a potentially lethal tissue-targeting complication of allogeneic hematopoietic cell transplantation, 

as well as in mouse models of GVHD. Anatomic similarity between tissues was a key determinant 

of TCR repertoire composition within patients, independent of disease or transplant status. The T 

cells recovered from peripheral blood and spleen in patients and mice captured a limited portion 

of the TCR repertoire detected in tissues. Whereas few T cell clones were shared across patients, 

motif-based clustering revealed shared repertoire signatures across patients in a tissue-specific 

fashion. T cells at disease sites had a tissue-resident phenotype and were of donor origin based 

on single-cell chimerism analysis. These data demonstrate the complex composition of T cell 

populations that persist in human tissues at the end-stage of an inflammatory disorder following 

lymphocyte-directed therapy. These findings also underscore the importance of studying T cell in 

tissues rather than blood for tissue-based pathologies and suggest the tissue-specific nature of both 

the endogenous and post-transplant T cell landscape.

One Sentence Summary:

T cell receptor sequencing reveals tissue-specific features of the post-transplant T cell repertoire in 

mouse and human
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INTRODUCTION

T cell immunity in barrier sites such as the skin and gastrointestinal (GI) tract is mediated 

by both circulating cells that traffic into tissues for specific responses as well as resident 

populations that persist in tissues for prolonged periods (1–4). The reactivity of T cells 

underpins not only their pathogen responses and the equilibrium they maintain with 

commensal organisms, but also homeostatic functions such as cancer surveillance (5). 

Although circulating T cells comprise a small minority of an individual’s total T cell 

pool (6), organs are replete with tissue-resident T cells, to which various key protective 

and pathogenic functions have been ascribed (7). The T cell receptor (TCR) repertoire of 

tissue-resident cells has recently been studied in healthy tissues from organ donors (8), but 

those at sites of disease have not been well-characterized.

Allogeneic hematopoietic cell transplantation (allo-HCT) offers an opportunity to investigate 

the TCR repertoire within human tissues as the adaptive immune system is “reset” 

by a donor graft that rapidly repopulates lymphoid and peripheral tissues (9–11). The 

curative potential of allo-HCT can be attributed in part to the eradication of hematologic 

malignancies by alloreactive donor T cells. In 30–50% of recipients, however, alloreactive T 

cells mediate acute graft-versus-host disease (GVHD), an inflammatory process is triggered 

by the recognition of recipient antigens and primarily affects the skin, GI tract, and liver (12, 

13). The reasons that a specific pattern of organ involvement is observed in any individual 

patient, among these typical target organs, are not known, although it has been proposed 

that the disease is initiated in a tissue-localized cascade of antigen-presentation, leading 

to broad, polyclonal donor T cell expansion (10). The local context in which immune 

activation occurs is important for GVHD pathogenesis; for example, relevant alloantigens, 

such as minor histocompatibility antigens, have distinct tissue distributions, (14) and certain 

cytokines can confer protective or pathogenic effects in different organs (15).

Treatments for GVHD target T cell function, including corticosteroids and continuation 

of prophylactic drugs such as calcineurin inhibitors (13). Among individuals with the 

highest-risk GVHD, which typically involves the lower GI tract and fails to respond to 

corticosteroids, mortality rates approach 50%, even with newer treatments such as the JAK/

STAT inhibitor ruxolitinib (16, 17). Because of the inherent challenges in sampling tissue 

from patients, much of our understanding of GVHD T cell biology—and specifically of 

the involved T-cell receptor (TCR) repertoire—has been gleaned from animal models (18–

21), circulating T cells from peripheral blood of patients (22), and diagnostic skin and GI 

biopsies (23–32). Recent analyses of human skin and of tissues from non-human primates 

suggest that donor T cells may acquire a tissue-resident phenotype, including early in the 

course of acute GVHD (33–35). Data are lacking about the T cells that persist in tissues over 

the course of GVHD, particularly in patients with steroid-refractory disease.

To address these gaps in understanding, we analyzed TCR repertoires in various organs 

from allo-HCT patients and mice with GVHD. We assembled an autopsy series of patients 

who had steroid-refractory GVHD and tracked T cell clones across their tissues, including 

esophagus, portions of the small and large intestine, liver, skin, and lymphoid structures 

including the spleen, in as many as 18 sites in a single patient. In parallel, we profiled TCR 
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repertoires in autopsy tissues from patients without GVHD, as well as from transplanted 

mice with GVHD as comparators.

RESULTS

Prospective collection of tissues from patients with GVHD by rapid autopsy

We prospectively enrolled adult recipients of allo-HCT whose course was complicated by 

steroid-refractory GVHD to a research-autopsy study over a three-year period (Table 1) (36). 

The patients (n = 7) received grafts of hematopoietic cells from fully matched donors (at 

ten HLA alleles); the grafts were infused either unmodified (n = 4) or following enrichment 

for CD34+ cells by magnetic-bead sorting to deplete potentially alloreactive T cells (n = 3). 

Although CD34 selection was intended to decrease the risk of acute GVHD and recipients 

were not given pharmacologic prophylaxis (37), these three patients nevertheless developed 

GVHD. All the patients had GVHD involving the GI tract and received several lines of 

GVHD-directed therapy (Table 1, Tables S1–3); five also had skin involvement. All patients 

had acute GVHD, a T cell-driven process; two had an overlap syndrome, encompassing 

features of both acute and chronic GVHD, a process in which B cells are considered to 

play a key pathophysiological role (38). During autopsies, which were conducted following 

a median post-mortem interval of 9.75 hours (range 2–15.75), samples were collected from 

both GVHD-affected and non-GVHD-affected tissues, with an emphasis on GI tissues from 

the esophagus to the rectum, liver, skin, lymphoid organs including spleen (Fig. 1A). We 

were able to collect and viably preserve mononuclear cells from marrow, caval or cardiac 

blood from four GVHD patients.

Identification of unique T cell clones from tissues sampled during rapid autopsy

To characterize TCR repertoires, we sequenced the β-chain complementarity-determining 

region 3 (CDR3) from genomic DNA extracted from snap-frozen tissues from seven allo-

HCT recipients (patients A-G; Fig. 1B–E, Methods) and from three patients enrolled in 

the same research-autopsy protocol who had non-hematologic malignancies and did not 

undergo HCT (patients H-J; Fig. 1B); in parallel, we sequenced tissues from a mouse model 

of GVHD ( Figs. 1F–I, Figs. S1A,B). From 105 human samples, we recovered a median 

of 44,540 (standard deviation [SD] 14,887) total distinct clones per patient (Fig. 1B) and 

a median of 1597 (SD 4,263; range 86–29,290) unique clones per individual non-PBMC/

marrow tissue (Fig. 1B, Table S4, sampling efficiency estimates in Methods). There was 

no correlation between the time to autopsy and number of unique clones recovered from 

GI-tract samples (Fig. S1C–D).

We tracked T cell clones across tissues, as defined by the nucleotide sequence of their 

TCR CDR3—the primary determinant of antigen specificity. This approach is similar to 

those employed in previous studies of blood and diagnostic biopsies of GVHD tissues (23–

32). Several samples had a top clone (defined as the clone with the highest frequency in 

a given sample) that was highly abundant (frequency 12–63%; Fig. S1E, Table S4); this 

was particularly evident in those from patients D and E (both recipients of CD34-selected 

grafts from older donors, Table 1), which also had the highest clonality measures (Fig. 1E), 

suggesting expansion of clones in these tissues. Of note, the top clone in an individual tissue 
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was not the top sampled clone across all tissues from a given patient, which is explored 

in detail in subsequent figures. We interrogated the dataset for known public virus-reactive 

clones (39–41), and although some were present at low frequency, they did not account 

for dominant clones across most tissues (Table S5). In this heterogenous cohort, we did 

not observe associations between tissue repertoire diversity and transplant-related clinical 

variables that have previously been associated with diversity in the circulating T cell pool 

(p > 0.05 for graft source, CMV reactivation, patient age category, donor age category, and 

GVHD severity in linear mixed-effect models, Fig. S2) (42–47).

TCR repertoires in different tissues are distinct, while anatomically related tissues harbor 
greater TCR overlap

We next examined the similarity of the T cell repertoire across anatomy within each patient 

by quantifying repertoire overlap between tissue pairs via the Jensen-Shannon divergence 

(JSD) metric, a normalized index in which a value of 1 indicates complete repertoire 

divergence and 0 indicates identical clonal populations (Table S6). For example, pairwise 

comparisons between 15 samples from Patient D revealed the greatest repertoire overlap 

between small intestine and large intestine samples (dark-purple areas in Fig. 2A). The 

skin was divergent (yellow-to-green in color) from most GI tract samples. The large degree 

of overlap between different segments of the colon in patient D is reflected by the low 

JSD value of 0.14 (blue points in Fig. 2B, left panel clustered along the diagonal), with 

fewer clones shared between the descending colon and skin (JSD 0.62, Fig. 2B, center). An 

intermediate degree of sharing (JSD 0.42, Fig. 2B, right) was observed between samples 

from large intestine (descending colon) and small intestine (duodenum). A similar analysis 

was also performed with the Morisita index as an alternative divergence metric, which 

correlated strongly with the JSD (Fig. S3A). To contextualize the relationships between 

anatomic sites, we clustered normal human tissues by public gene-expression profiles 

(GTEx)(48) via dendrograms constructed from JSD distances, which confirmed a similar 

pattern of clustering based on known anatomic relationships (Fig. 2C).

Across all GVHD patients, we identified greater repertoire overlap across anatomically 

similar tissues, as revealed by dendrograms in which tissues with more similar TCR 

repertoires are clustered together (Fig. 2D, Fig. S3B–C). In nearly all cases, different 

segments of intestine clustered together at different levels of organization, for example 

segments of the large intestine (ascending, transverse, descending colon and rectum) 

clustered together, and segments of the small intestine (duodenum, jejunum, ileum) clustered 

together; spleen and PBMCs did not tend to cluster with GI tissues. This was also the case 

when we examined these higher-level tissue groups across patients. Repertoires sampled 

within broad anatomic regions were significantly more similar than those sampled between 

anatomic regions, specifically the large intestine (p < 0.0001, p < 0.01) and small intestine 

(p < 0.01, p < 0.001) for GVHD and non-GVHD subjects, respectively Fig. S3E), with a 

random labeling analysis supporting that this was not due to chance (Fig. S3F). Notably, 

some patients had much less repertoire overlap across all sampled tissues, for example 

patient C (Fig. S3B).
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The pre-transplant circulating repertoires (PBMCs of recipient origin) were the farthest from 

the autopsy tissues: in the five patients with available pre-transplant PBMCs, the mean JSD 

value for pre-transplant blood was 0.998, n = 36 sample pairs. This is consistent with the 

achievement of complete donor chimerism, as assessed by clinical assays of whole blood 

or marrow, except for patient G who died with relapsed myeloid leukemia (Table S1). The 

peripheral T cell compartment was also 100% donor in the three GVHD patients in whom 

subset chimerism assays were performed. Taken together, these data suggest an anatomic 

specificity to the clones present in tissues, and this unsupervised analysis using T cell 

repertoire alone was able to cluster tissues in a pattern mirroring human anatomy.

To further investigate this finding, we asked whether this pattern of repertoire overlap in 

anatomically related tissues was specific to GVHD or a more general phenomenon reflective 

of tissue identity. We therefore profiled TCR repertoires of GI-tract tissues from three 

comparator rapid-autopsy participants (patients H-J, Figs. S3B–D). We again observed the 

greatest repertoire homology across anatomically similar structures in the GI tract. This 

parallel between GVHD patients and cancer patients who did not undergo transplantation 

is consistent with the notion that human tissue T cell repertoires may in part reflect a local 

phenomenon driven by tissue-specific properties.

Tracking individual T cell clones across tissues to investigate tissue-specificity

Having observed that the pattern of global repertoire similarity between tissues (as measured 

by the JSD metric calculated for all clones) appeared to be driven in part by the identity 

of the underlying tissue, we asked if highly expanded or “top-frequency” clones are shared 

across tissues. We subsampled the dataset to the 10 most abundant clones in each tissue 

per patient to track individual clones across multiple sites (Fig. 3A) (e.g., for patient F, 

subsampling yielded 61 clones from 15 unique tissue samples). Tracking clone frequencies 

across samples revealed, for example, that the top clone in the ascending colon of Patient F 

was also the top clone in the ileum and was present in several other tissues, including in the 

skin, but it was not the most abundant clone in all structures (Fig. 3B). This pattern, in which 

some top clones were shared across tissues, was recapitulated in the other GVHD patients as 

well as in the non-GVHD comparators, especially in GI-tract samples, as illustrated for top 

10 clones in small intestinal samples (Figs. 3C–D, Figs. S4A–H, and Fig. S5).

This visualization highlights that we did not identify the exact same top clones across all 

tissues or even GVHD-target tissues, nor were top clones unique to a given tissue. This 

suggests that some T cells are likely to be more tissue-specific, while others have a broader 

distribution. Notably, consistent with the above analysis of the global repertoire in these 

samples (Fig. 2), this analysis of the most abundant clones revealed comparable trends in 

both the GVHD and comparator patients. For the transplant patients, we were able to track 

T cell clones from the allograft itself (patients B, C, D, F, and G) or donor blood (patient 

E), revealing highly abundant donor clones in the graft persisting in the recipient tissues, 

specifically in recipients of unmodified grafts (i.e., not CD34-selected grafts) Figs. 3E–F, 

Figs S4L–0, Fig. S5).

We next sought to examine how the most abundant clones in circulation may reflect the 

top clones in the tissue. Focusing specifically on the top circulating clones in the four 
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patients with available post-mortem blood samples (Fig. 3G, Figs. S4I–K, Fig. S3E), we 

found that indeed some—but not all—dominant clones in the tissues were detected in the 

circulation (proportions of shared clones are tabulated in Table S8). That peripheral blood 

samples do not fully represent tissue-resident T cells underscores potentially important 

differences between T cell populations that are in circulation compared to those in GVHD-

affected tissues. Though blood samples were not available from the comparator patients, we 

compared the degree of repertoire overlap between blood and GI tissues in publicly available 

datasets in which we observed a similar lack of repertoire overlap between blood and tissue 

in the non-inflammatory setting (Fig. S4P).

Evidence for common TCR motifs across patients within tissues

The detection of identical or public TCRs across individuals, particularly with common viral 

specificity, is well-established (40, 49). We therefore interrogated for TCRs shared across 

GVHD patients, particularly given the extensive sharing of HLA haplotypes in this cohort 

(for example, 6 of the GVHD patients carried the HLA allele A 02:01 and 4 carried allele 

A 01:01) (Table S9). Few clones were shared across GVHD patients (Fig. 4A, Table S10), 

irrespective of the degree of HLA allele sharing (Pearson’s R= 0.11, p= 0.6)

Given the TCR clonal diversity across individuals, we asked whether there might be 

common features of TCRs in similar tissues across patients, perhaps reflecting similar 

reactivity. To evaluate this, we applied a published algorithm that identifies amino-acid 

patterns in different TCRs that are likely to share antigen specificity, thereby grouping 

lymphocyte interactions with paratope hotspots (GLIPH2) (50–52); this approach revealed 

motif-groups shared across patients (most shared motifs included in Table S11, including 1 

group observed in the small intestine of all 10 patients).

To assess the extent of sharing of GLIPH groups across tissues and patients, we quantified 

overlap across all pairs of anatomic sites via the Jaccard index (Fig. 4B), a normalized 

measure of overlap that considers presence vs. absence of features, in contrast to the JSD 

which also considers frequency. As expected, the highest overlap indices—quantifying the 

likelihood that the same GLIPH groups are observed in different samples—were observed 

within each patient (Fig. S6A, dark-blue areas). However, we also identified moderate 

levels of sharing across patients within the GI tract (Fig. 4B zones of darker blue squares), 

particularly among pairs of small intestine samples between different patients (Fig. 4B 

red arrow), and among pairs of samples from small and large intestines (Fig. 4B, orange 

arrow) between patients. Strikingly, the overlap measured via the Jaccard index suggested 

broadly comparable degrees of sharing in both GVHD and non-GVHD patients (Fig. 4B; the 

rectangular zones of dark blue involve samples from GVHD patients A-G as well as from 

the non-GVHD comparator patients H, I, and J).

Since we recovered more clones per sample from the non-GVHD comparator patients than 

from GVHD patients (Fig. 1C), we assessed the role of sample size (number of unique 

clones) in determining GLIPH-group overlap (49). We found that the Jaccard index scales 

linearly with the geometric mean of the size of sample pairs being compared, regardless of 

whether the pairs were from GVHD patients or from comparator patients (Fig. S6B). To 

quantify GLIPH-group overlap across samples with considerably different sampling depths, 
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we defined a standardized tissue-overlap score (see Methods, schematized in Fig. 4C). In 

brief, after excluding intra-patient sample pairs, a set of raw Jaccard similarity values are 

plotted against their sample sizes and lines are fitted in log scale for any two sample subsets 

of interest. The Jaccard values expected at a standard mean repertoire size of 1000 clones are 

extrapolated as the standardized tissue-overlap score.

We applied the overlap score to estimate the degree of GLIPH-group overlap between tissues 

across patients. In unsupervised hierarchical clustering, GI sites clustered most closely 

together across patients (Fig. 4D, dark brown regions). Separately, liver and spleen also 

clustered together across patients, and skin was furthest away from the other tissues. As 

such, the landscape of GLIPH-group overlap across patients recapitulated the patterns we 

observed in individual patients analyzed via the underlying TCR nucleotide sequences (Fig. 

2D). Taken together, these findings support the presence of common TCR motifs in specific 

tissues across patients, including both GVHD patients and non-GVHD comparators.

Infiltrating T cells in tissues have a tissue-resident phenotype and are primarily of donor-
origin

Having identified the tissue-specificity of T cell clones present in tissues, we sought 

to characterize the phenotype of those T cells present in the tissues subjected to TCR 

sequencing. As freshly dissociated samples were not available, we characterized the 

phenotype of T cells in samples adjacent to those from which DNA was obtained using 

seven-color fluorescence microscopy ( Figs. 5A–C). In light of recent reports describing a 

high abundance of tissue-resident T cells in human skin GVHD tissues (34) and gut GVHD 

in non-human primates (35), we hypothesized that an abundance of T cells in our tissue 

samples would bear a phenotype characteristic of tissue residence, which we evaluated 

via expression of CD69 (1). We also evaluated the proliferation marker Ki67, which is 

highly expressed in T cells in GVHD tissues (53) and FoxP3 as a marker of T regulatory 

cells. For this analysis, we focused on six tissues from patient D. Our analyses revealed 

that a mean of 51% and 42% of quantified CD8-negative (presumed CD4+) and CD8+ T 

cell in GI tract tissues, respectively, expressed CD69 (Fig. 5D), with a smaller fraction of 

CD69-positive cells identified in the skin. In this patient, < 15% of stromal T cells expressed 

Ki-67 or were FoxP3 positive (Fig. 5D, Fig. S7A). We specifically assessed how distance 

from parenchymal structures (crypt/villi, as defined by panCK positivity) was related to 

CD69 expression and found a trend toward higher frequencies of CD69+ tissue resident 

T cells closer to the parenchymal cells in the GI tract tissues (Figs. S7B–C). Based on 

these histologic analyses of immediately adjacent tissue segments, we infer that most of the 

sequenced TCRs came from tissue-resident T cells as opposed to the alternative possibility 

that at the time of fixation these tissues contained primarily circulating T cells that happened 

to be traversing in them. This is consistent with the divergence in repertoires we observed 

when comparing post-mortem blood and tissues ( Figs. 2 and 3).

Finally, in light of recent reports of long-term persistence of recipient T cells post-transplant 

in humans (33, 34, 54), we assessed tissue T cell chimerism in skin and GI tissues 

from the two GVHD patients who received sex-mismatched grafts by fluorescence in situ 

hybridization for loci on X and Y chromosomes. The majority of T cells were of donor 
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origin by FISH chimerism analysis (>90% of 641 CD3+ T cells for Patient D and >90% of 

24 cells in Patient A across images from the gut and skin); however, there were rare host T 

cells present, as illustrated in Fig. 5E and Fig. S7D. The donor origin of hematopoietic cells 

in Patient D was further corroborated by transcript abundances of X- and Y-chromosome 

genes generated by single-nucleus RNA-seq profiles (Fig. 5F, Fig. S11A–D).

TCR sequencing of mice with GVHD reveals greater repertoire overlap within similar 
anatomic regions

We next asked whether the TCR repertoire patterns we characterized across tissues in 

GVHD patients would be identified in a mouse model of GVHD. To focus on the site-

specificity of the T cell infiltrate, we first examined a major-mismatch (MHC-disparate) 

model B6 (H2b) → BALB/c (H2d) so that the mismatched MHC antigens would be 

expressed across all recipient tissues. TCR repertoires were profiled in various tissues from 

GVHD mice at day 7 or 14 post-transplant in 3 separate experiments (132 samples from 

16 unique GVHD recipient mice including donor T cell pool and two control animals, Fig. 

S1A), yielding a median of 15,754 clones per mouse with a SD 9,260 and a median of 3,371 

clones per non-blood tissue, SD 3,388 (results including repertoire clonality summarized in 

Fig. 1F–I, Fig. S1B).

As in the human samples, we found greater repertoire overlap between tissues with greater 

anatomic similarity, both at day 7 and day 14 post-transplant (Fig. 6A, Fig. S8A, Table 

S13). We found significantly more similarity in the repertoire of gastrointestinal compared 

to non-gastrointestinal samples (p=1.7×10−27, adjusted Wilcox), in keeping with the patient 

samples (Fig. S8B), with even greater overlap within GI tract compartments, specifically 

the small intestine (Fig. S8C). This finding was similar in a minor-mismatched (MHC-non-

disparate) GVHD model (LP/J (H2b) → B6 (H2b) (Fig. S8D). Furthermore, the most 

expanded clones were not identical across all tissues, including across different segments 

of the GI tract within a mouse, with some variability from animal to animal ( Figs. 6B–C, 

Figs. S9A–B). Strikingly, the overall pattern of T cell repertoire overlap across tissues was 

very similar from mouse to mouse, as suggested by the small standard deviations in the JSD 

comparisons (Table S14).

Clone sharing between samples was only observed to any notable degree across samples 

collected from the same animal. Even the same tissues from replicate animals transplanted 

from aliquots of the same donor graft did not exhibit more sharing than disparate tissues 

from separate transplant experiments (Fig. S8E). This was the case even though the T cell 

pools in the donor grafts shared a considerable number of clones (Fig. 6D; 22% shared 

between any two grafts and 7% shared by all three). Critically, the top clones in the spleen 

and blood did not reflect the pattern of highly abundant TCRs in the tissues (Table S8), nor 

were the top tissue clones simply the top clones in the donor T cell population ( Figs. 6B–C, 

Fig. S9. Furthermore, between day 7 and 14 post-transplant, we observed an increase in the 

cumulative frequency of the top 10 clones (p < 0.001 in a linear mixed-effect model) (Fig. 

S8F), consistent with ongoing clonal expansion within the tissues. To compare repertoires 

across mice, we again applied a motif-based analytic approach (see Methods) as we did 

in the human samples, utilizing the normalized overlap score (Fig. 4B). This unsupervised 
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approach revealed clustering of similar anatomic tissues (duodenum, colon, and ileum), with 

the dendrograms highlighting in particular the GI tract at day 14 post-transplant (Fig. 6E); 

tissues appeared more similar to each other at day 7 compared to day 14, consistent with 

recently published data (55).

DISCUSSION

While many prior studies have characterized circulating TCR repertoires (42–47, 56), our 

manuscript aligns with recent work on the analysis of T cells in tissues (8). Understanding 

T cell immunity in tissues is fundamental to elucidating the immune response in humans at 

the site of pathology (57) in both the endogenous (8), and transplant setting, the focus of 

this study. Mapping TCR clones across anatomic sites within an individual, we observed that 

each patient harbored a highly complex repertoire landscape in which different tissues were 

characterized by distinct clonal populations, disparate amounts of repertoire overlap across 

sites, and variable numbers of dominant clones shared across many tissues. Though the 

patient cohort was limited by size and heterogeneous with respect to clinical variables, we 

observed that the pattern of overlap between TCR repertoires allowed clustering of tissues 

by anatomic similarity, with the greatest homology observed between different sites within 

the GI tract. This demonstrates the technical feasibility of DNA-based TCR profiling in 

tissues via rapid-autopsy, despite the phenomenon of gut autolysis (58) and the classical 

description of acute GVHD as pauci-immune (59). While sampling remains a limitation 

of this work, the numbers of TCR sequences we recovered were comparable to a prior 

analysis of fresh-frozen GVHD biopsies (31), and approximately an order of magnitude 

higher than those obtained from formalin-fixed paraffin-embedded GVHD samples (32). 

Importantly, in the GVHD patients from whom we were able to collect blood at time of 

autopsy, the circulating T cell repertoire did not capture the complexity of TCRs identified 

in tissues, joining other reports in highlighting the limitations of peripheral blood studies in 

understanding pathophysiology in tissues. (25, 28, 29, 31, 32, 54, 60). While the majority of 

T cells were of donor origin as assessed by orthogonal assessments of chimerism, it remains 

possible that some of the clones were persisting host cells. Furthermore, our study does not 

address which TCRs in the tissues are indeed alloreactive (61) or otherwise antigen-specific.

Despite extensive HLA-sharing in the GVHD cohort, there was a paucity of public TCRs 

shared across patients, in keeping with prior analyses of diagnostic GVHD biopsies (31, 

32). Moreover, in patients with multiple sites of GVHD, the dominant TCRs were not 

consistently observed across tissues within the same patient, raising the possibility that 

GVHD arose in each local tissue independently. Consistently, we observed only a minute 

sharing of TCR clones across mice with GVHD, even in inbred animals whose allografts 

were aliquots of the same suspension of splenic donor T cells, indicating that a similar 

stochastic process occurs in animals, consistent with prior analyses (21, 62). As in the 

patient samples, the TCR repertoire patterns in GVHD mice also exhibited clustering by 

anatomic region, particularly within segments of the GI tract, however there were also 

some dominant clones shared across sites, consistent with published work.(21). This is also 

notable because the mice did not receive GHVD prophylaxis or treatment. This complex 

picture in both humans and mice may represent a combination of some TCRs reactive to 
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tissue-specific antigens, some TCRs proliferating in response to MHC antigens expressed 

across tissues, and some potentially cross-reactive viral TCRs (63).

Having failed to find common clones across patients, we clustered TCRs into motif groups 

using the published GLIPH2 algorithm (50–52). As expected, the greatest degree of motif-

group sharing occurred in samples from the same patient, but we also found inter-patient 

overlap, particularly among anatomically similar regions. To the extent that TCRs assigned 

to the same GLIPH group are reflective of shared reactivity, this suggests that tissue-specific 

features sculpt their resident T cell repertoires. Moreover, the overall pattern of similar 

degrees of GLIPH-group sharing between non-transplant and transplant patients suggests a 

more general process, rather than solely the alloresponse. To account for the confounding 

effect of TCR sample size or depth on the measurement of motif-group sharing, we 

developed a tissue-overlap score, an important normalization that is often overlooked in 

TCR-sequencing studies.

One unanticipated finding was that the similarity in TCR profiles across anatomically 

similar tissues was observed in both GVHD patients and comparators. This observation is 

particularly notable considering the provenance of T cells in these two groups: endogenous 

T cells with decades of residency in the comparators versus recent arrival in the GVHD 

patients, either as mature T cells within the graft or de novo differentiation from 

hematopoietic stem cells. That the newly reconstituted immune system re-establishes tissue 

compartmentalization suggests this is a fundamental feature of the T cell repertoire in 

tissues and aligns with prior studies on the role of tissue-resident T cells in GVHD (35, 

64, 65). While antigen presentation to alloreactive donor TCRs initiates GVHD (10), our 

study provides insights into the T cells that persist beyond diagnosis and through months 

of lymphocyte-directed therapy, which may be distinct in nature from those that trigger 

pathology acutely (60).

MATERIALS AND METHODS

Study design

Human specimens were studied as part of a prospective observational study whose objective 

was to characterize the T cell repertoire in autopsy tissues from allo-HCT patients with 

a history of GVHD. GVHD was also modeled in mice. The study design did not include 

blinding or randomization.

Patients and GVHD assessments

Clinical features of the seven GVHD patients and three non-GVHD comparators are 

tabulated in Table 1 and Table S1. The GVHD patients underwent allo-HCT at Memorial 

Sloan Kettering Cancer Center between 2014 and 2018. Structured retrospective assessments 

for GVHD through HCT day 100, 180 and 365 were conducted by an institutional consensus 

committee (Table S2) (66). In the cases where death occurred after day 365, GVHD 

symptoms in the 8 weeks prior to death were assessed following the same structured format. 

In cases where structured reviews did not assess GVHD outcomes for reasons of censoring 
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for competing risks (relapse, graft failure, subsequent transplant, stem cell boost, donor 

lymphocyte infusion, or death) GVHD symptoms were assessed for purposes of this study.

Human tissues

Between 2015 and 2018, seven allo-HCT recipients with GVHD were prospectively enrolled 

in the Last Wish Program (MSKCC IRB protocol #15–021) to donate tissues and other 

samples after their death (36). Consent was obtained antemortem. Antemortem PBMCs 

were viably preserved under biospecimen collection protocols (MSKCC IRB #06–107 or 

#09–141).

Candidates were identified through screening approaches that included referrals from 

primary physicians and computerized alerts to the study team when patients with a history 

of GVHD were admitted to the intensive care unit or when do-not-resuscitate orders were 

issued. Candidates were excluded only if they had infectious diseases that could pose a 

risk to autopsy personnel (e.g. hepatitis or HIV with detectable viral loads or concern for 

viral encephalitis). Research autopsies were deemed feasible if death was anticipated in 

the hospital or at a location within a 3-hr drive of the hospital. Comparator patients were 

selected retrospectively from a repository of other cancer patients who donated tissues to the 

Last Wish Program. Among 50 participants who had not received HCT and who had at least 

one available sample from the GI tract, we selected as comparators three patients who had 

≥5 available GI tract samples and who were without known GI disease at time of death.

Cadavers were refrigerated as soon as possible after death and autopsies were performed 

promptly. During autopsy, tissue specimens were bisected and one portion immediately 

flash-frozen in liquid nitrogen and stored at −80°C while the remainder was formalin-fixed. 

For GI tissues, the outer muscle layers were removed prior to preservation. Post-mortem 

blood was aspirated from a cardiac chamber or from the inferior vena cava. Marrow was 

aspirated, when possible, from the anterior iliac spine or the posterior iliac crest with a 

Jamshidi needle. Mononuclear cells from postmortem blood and marrow aspirates were 

viably preserved either immediately or following refrigerated storage until the next business 

day.

As acute GVHD is classically a pauci-immune phenomenon without dense infiltrates of 

lymphocytes at the sites of disease (59), when multiple samples from the same tissue were 

available from the same patient, hematoxylin/eosin-stained sections of formalin-fixed tissues 

were reviewed by a pathologist (A.H. or C.I.D.) to prioritize for sequencing the samples with 

histologically apparent lymphocytes.

DNA extraction

Genomic DNA was extracted from frozen tissues with either the Mag-Bind Blood 

& Tissue DNA HDQ 96 Kit (Omega Bio-tek catalog # M6399) on an automated 

nucleic acid purification instrument (PerkinElmer Chemagic 360/MSM I) according to the 

manufacturer’s protocol with up to 10 mg tissue input and elution into 150 μL elution 

buffer, or alternatively using the DNeasy Blood & Tissue Kit (QIAGEN catalog # 69504) 

according to the manufacturer’s protocol with incubation at 55°C for digestion and elution 

in 0.5X Buffer AE. Isolated nucleic acids were further purified with (Genomic DNA Clean 
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& Concentrator-25, Zymo Research, catalog #D4065) due to concerns for red blood cell 

contamination. For viably preserved blood and bone marrow, pending cell number, CD3+ T 

cells were flow-sorted using anti-human CD3 PE-Cy7 (clone UCHT1, eBioscience catalog # 

25–0038-42) on a BD FACS Aria sorter, followed by extraction of DNA from CD3 T cells 

using the DNeasy Blood and Tissue kit; for smaller samples, DNA was extracted directly 

using DNeasy Blood and Tissue kit to minimize cell loss. For the donor samples, excess 

gDNA was utilized from clinical assays.

T cell receptor sequencing and analysis

TCRβ CDR3 sequencing was performed by Adaptive Biotechniques (Seattle, WA) to 

“survey” depth with reporting of CDR3 nucleotide and amino acid sequences (along with 

V- and J- allele/gene/family) and their associated sequencing data, including productive 

frequency, templates count, and the total amount of genomic DNA sequenced (ng) per 

sample. Clone size distributions were inspected for evidence of clonal skewing in the 

autopsy samples and none was found. One skin sample from Subject C was re-sequenced 

for technical reasons. Three samples from Subject D were excluded from some analyses: a 

marrow sample with only 10 clones recovered; a kidney and a heart sample were excluded 

because no other patients had samples from those organs. An estimation of the extent 

of sampling is included in Fig. S12A (67). The proportion of clones with TRBβ chains 

classically paired with MAITs and NKT cells (68) is included in Figs. S12B–C; however, 

we did not have paired TCRα chains for definitive evaluation of these populations. Clones 

were evaluated in multiple published databases of pathogen associated TCRs (39–41, 47, 69) 

(Table S5, Fig. S12D).

Repertoire diversity and overlap measures: T cell repertoire diversity of each 

sample was calculated at the nucleotide level, considering only productive clones, as 

previously described using clonality and slope (41), The Jensen Shannon divergence (JSD) 

was used to quantify repertoire overlap across tissues as previously described (41); Morisita 

was calculated using the horn_morisita function using the R package abdiv.

Dendrograms: The relationships in TCR repertoires between samples were summarized 

by calculating the pairwise Jensen-Shannon Divergences within each patient’s samples. 

These were clustered using single-linkage hierarchical clustering and visualized as 

dendrograms in which the scale bars correspond to nodes as the heights of clustering 

hierarchy using R packages ggtree, dendextend, and ape.

GTEx data (version 8) were retrieved from https://www.gtexportal.org/home/datasets/on 

October 12, 2021. We filtered the expression data according to Ferreira et al. (70) as 

follows: protein-coding genes were identified from the Ensembl 104 by filtering the 

annotations to retain “protein_coding” gene_biotypes with “gene” types, according to 

Homo_sapiens.GRCh38.104.chr.gtf. Mitochondrial, hemoglobin (“HBB”), and MTATP6P1 

(71) transcripts were removed. Genes with low expression (<2 transcripts per million 

(TPM)) were removed, and genes with high expression were capped at 10K TMP. Gene 

fold changes < 2 (relative to the sample with the lowest expression, per-gene) and an 

absolute difference of less than 10 TPM were removed. The same filtering was applied to 
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the median-aggregated and the per-individual expression data. JSD was used to quantify 

the between-tissue similarity and was plotted as dendrograms as described above. See 

supplementary code repository for a full list of all packages and versions used.

Alluvial plots & Heatmaps: To generate the heatmaps and alluvial plots, we generated 

a subsampled dataset for each patient with the top 10 clones by productive frequency per 

tissue (top_n function in R package dplyr). Fig. S12E presents clone frequency distribution 

for human and mouse samples, highlighting the cumulative abundance of the top 10 clones. 

For the heatmaps, each clone was ranked by frequency and plots were generated using the 

R package pheatmap without clustering such that the rows were organized by the mean 

frequency rank per row, excluding pre-transplant blood samples. The alluvial plots were 

generated using the R package ggalluvial. To facilitate plotting of stacked bars for clones 

with identical frequencies (tied for rank), random pseudocounts of negligible size (~10–7) 

were added to each frequency. Additionally, in cases where the top 10 clones involved ties, 

all tied clones were included.

GLIPH Motif Grouping: The GLIPH2 (51) algorithm was applied to a dataset comprised 

of all patient samples simultaneously (TCRs defined by the Vβ CDR3 combined with 

the V and J gene), with the following GLIPH2 parameters: simulation_depth=1000, 

kmer_min_depth=3, cdr3_length_cutoff=8, refer_file=refererence_files/ref_CD48.txt. HLA 

data were not included. This approach identified 135,479 GLIPH groups, including groups 

defined by either local (‘motif’) similarities and full-CD3-length ‘global’ similarities; 

filtering to include groups with > two unique CDR3s and yielded 49,979 groups, which were 

those included in subsequent analyses. For GLIPH analysis, tissue labels were simplified by 

grouping: blood and marrow were categorized as blood; the rectum and the ascending, 

descending, transverse, right, and left portions of the colon were categorized as large 

intestine; ileum, jejunum, and duodenum were categorized as small intestine. Jaccard 

distances were calculated for overlap between pairs of patient/tissue combinations as 1 

minus the ratio of the number of groups that were observed in both combinations to the 

overall number of groups in both.

Tissue-overlap score for motif-based analysis: We noted that the Jaccard distance 

was correlated with sample size, specifically that the log of the distance between pairs 

of samples correlated linearly with the log of the geometric mean of the sample sizes in 

the pair (Fig. S6B). Moreover, the slopes of lines fitted to any set of pairs from different 

patients were comparable (Fig. S6B), indicating that Jaccard-based estimates of overlap 

scale universally with sample size. Of note, one patient (patient D) had a distinct distribution 

of GLIPH overlap (Fig. S6C). To compare the extent of GLIPH-group overlap between pairs 

of samples in a manner that incorporates varying sample size, we defined a standardized 

tissue-overlap score.

First, a linear fit (in log space) was constructed for all pairs of samples to derive a universal 

slope value (excluding intra-patient pairs and also excluding samples from the outlying 

patient D), such that the intercept estimates the average amount of sharing among all 

samples in the dataset. The underlying assumption is that the scaling of the Jaccard index 

with sample size is universal (the slope of the fit) but higher overlap for a group of samples 
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would be reflected by a higher overall Jaccard index across all sample sizes (the intercept 

of the fit). Next, sets of distances from sample groupings of interest (in this case, tissue of 

origin) were fitted anew with the universal slope value, and the resulting intercepts provide 

measures of the Jaccard-based overlap for the different groups. The intercept of the fit 

with log geometric mean 3 (1,000 TCRs) was defined as standard sharing and was used to 

compare groups of samples (schematized in Fig. 4C). Slopes for comparisons of pairs that 

include small-intestine samples are in Fig. S6D. This standard sharing was calculated for all 

possible pairs of tissue types and clustered using single-linkage hierarchical clustering (Fig. 

4D). Code for calculating the tissue-overlap score is available at https://github.com/vdblab/

Dewolf-TCR-landscape-2022.

GLIPH Motif Grouping for mouse samples: the GLIPH2 (50) motif analysis was 

performed on mouse samples with the same parameters as described above, except for the 

use of the mouse-specific reference file ref_CD48_m.txt. The analysis identified 198,472 

unique GLIPH groups (102,825 after GLIPH groups were filtered to include only those that 

contained three or more unique CDR3s). Since fewer unique tissues were included in this 

analysis, we did not group the tissues as in the analysis of human samples. In addition, 

we visualized similarity between mouse samples in terms of presence or absence of TCRs 

representing GLIPH groups using t-Distributed Stochastic Neighbor Embedding (tSNE). 

Each sample was represented as a vector of values for each GLIPH group, where a value 

of 1 signifies that a GLIPH group was present in TCRs of a given sample and 0 signifies 

that it was absent. t-SNE plots in Fig. S10 thus represent in 2 dimensions how similar TCR 

repertoires are in different mouse samples in terms of GLIPH group usage and demonstrate 

that mouse samples cluster most closely to those from the same mouse, rather than by tissue 

region or transplant group; two of the three donor samples also clustered together.

Mice

Mice: Female B57BL6/J, BALB/cJ, and LP/J mouse strains were obtained from The 

Jackson Laboratory at 6–8 weeks of age. Mice were cohoused (3–5 mice/cage, randomly 

segregated prior to transplantation), provided food and water ad libitum, and maintained on a 

12:12hr light-dark cycle. Experimental protocols were approved by the Institutional Animal 

Care & Use Committee at Memorial Sloan Kettering Cancer Center.

Transplantation: Mice were transplanted as previously described (72). Briefly, BALB/cJ 

recipients were conditioned with 950cGy split-dose total body irradiation from a cesium 

source (1100cGy for B57BL6/J recipients). C57BL6/J donor grafts, consisting of 107 T-cell-

depleted bone marrow cells and 106 splenic CD5+ T cells (4×106 for LP/J donors) purified 

using CD5 (Ly-1) MicroBeads with Miltenyi columns were administered to recipient mice 

via tail vein injection. When grafts were prepared from multiple donors, cells were pooled 

into a single tube from which aliquots were administered to individual recipients. Following 

transplant, mice were monitored for health twice daily and scored weekly for GVHD 

severity in accordance with protocols approved by the Institutional Animal Care and Use 

Committee.
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Harvest: On day 7 or 14 post-transplant (43–44 days for the minor-MHC mismatch 

model), peripheral blood was collected from the retro-orbital plexus. Tissues were harvested 

using separate autoclaved tools for each animal and disposable forceps were used to handle 

each individual tissue. The liver was flushed of blood with buffered saline via the portal vein 

prior to harvest. Skin samples were taken from the ear most commonly, or when apparent, 

from sites of skin involvement by GVHD on the torso. Tissues were minced with razor 

blades in buffered saline prior to genomic DNA isolation via the QIAGEN DNeasy Blood & 

Tissue Kit.

Multiplex tissue staining, imaging, and analysis

Seven-color multiplex staining: Multiplex staining was performed after primary 

antibody concentration and stripping conditions were optimized by a pathologist (T.H.) 

according to the results of diaminobenzidine detection (Leica Bond Polymer Refine 

Detection DS9800) with Leica Bond RX stainer. Sections of formalin-fixed, paraffin-

embedded tissues 4 μm thick were baked for 3 hours at 62°C upright with subsequent 

deparaffinization performed on Leica Bond RX, followed by 30 minutes of antigen retrieval 

with Leica Bond ER2, followed by 6 sequential cycles of staining, each round of which 

included a 40-minute combined blocking (Akoya antibody diluent/block ARD1001) and 

primary antibody incubation (Table S15). The primary antibody detection was performed 

using HRP conjugated species-specific secondary antibody polymer (Table S15) with a 

10-minute incubation. The HRP-conjugated secondary antibody polymer was detected using 

fluorescent tyramide signal amplification using Opal dyes 520, 540, 570, 620, 650 and 690 

accordingly (Table S15). After each staining cycle, a heat-induced stripping of the primary/

secondary antibody complex was performed using Akoya AR9 buffer (AR900250ML) and 

Leica Bond ER2 (90% ER2 and 10% AR9) at 100°C for 20 minutes preceding the next 

cycle. After 6 sequential rounds of staining, sections were stained with Hoechst (Invitrogen 

33342) to visualize nuclei and mounted with ProLong Gold antifade reagent mounting 

medium (Invitrogen P36930).

Multispectral imaging, spectral unmixing and cell segmentation: Seven-color 

multiplex-stained slides were imaged using the Vectra Multispectral Imaging System version 

3 (Akoya). Scanning was performed at 20X (200X final magnification). Filter cubes used 

for multispectral imaging were DAPI, FITC, Cy3, Texas Red and Cy5. A spectral library 

containing the emitted spectral peaks of the fluorophores in this study was generated using 

the Vectra image analysis software (Akoya). Using multispectral images from single-stained 

slides for each marker, the spectral library was used to separate each multispectral cube into 

individual components (spectral unmixing) allowing for identification of the seven marker 

channels of interest using Inform 2.4 image analysis software. Images were exported to 

the Indica Labs Halo image analysis platform, followed by cell segmentation and signal 

thresholding that were performed separately on each image.

Cell and spatial analysis of Halo data: The output from the Halo segmentation and 

thresholding application was processed with a series of custom R scripts (available at https://

github.com/vdblab/Dewolf-TCR-landscape-2022). The data were first loaded and parsed 
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into R data objects with cell phenotypes being assigned using a set of rules that mapped 

positive markers to cell phenotypes. This was done using a series of regular expressions.

Once phenotypes were assigned to all cells, cell fractions were computed for each type with 

specific functional markers (CD69, Ki67). These fractions were computed both globally and 

spatially. The second phase of the analysis was spatial. The distance from each cell to the 

closest panCK+ cell was measured as an approximation of each cell’s distance to the nearest 

epithelial interface, that is villus/crypt structures as the parenchymal structures and lamina 

propria as the stromal structures. The cells were then binned into distance intervals from 

0–25, 25–50, 50–100, 100–200, 200–300 microns. To visualize the spatial distribution of 

the various cell states, the cells were plotteds patially on a two-dimensional grid with colors 

indicating state and distance to panCK+ cells and shape indicating CD69 positivity.

Combined Immunophenotyping and FISH analysis: After immunophenotyping with 

mouse anti-CD3 antibody, the relevant tissue slides with coverslip were briefly reviewed 

and recorded under fluorescence microscopy for the intensity and quality of CD3 staining. 

After removing the coverslip, the slides were washed in 2X saline sodium citrate solution 

(SSC) at room temperature for 5 minutes, fixed with 10% neutral buffered formalin for 20 

minutes, and dehydrated in a series of 70%, 85% and 100% alcohol for five minutes each. 

Slides were then pretreated for 10 minutes with 20 mM Citrate Buffer/1% NP-40 mixture, 

pH 6.0–6.5, followed by protease treatment (Abbott Molecular, Des Plaines, IL) at 40º C 

for 10–15 minutes and dehydration in a series of 70%, 85% and 100% of alcohol for 2 

minutes each. FISH probes consisted of probes specific to the X chromosome centromere 

(labelled with spectrum orange) and to the Y chromosome specific probe (labelled with 

spectrum green), both from Abbott Molecular. After applying the FISH probes to the tissue 

areas, both tissue and probes were co-denatured at 94º C for 7 minutes, incubated at 

37º C overnight, followed by post-hybridization washing in 2xSSC/0.3% NP-40 at 77º C 

for one minute. Tissue sections were counterstained with antifade medium without DAPI 

(Vector Laboratories, Burlingame, CA). The slides were evaluated under a fluorescence 

microscope coupled with appropriate filters for CD3 immunophenotype and for the X and 

Y chromosome probes. Signal analysis was performed in combination with tissue structure 

and cell morphology correlation, focusing on regions replete with CD3+ T cells. The sex 

chromosome complements, i.e., male (XY) or female (XX) were determined and recorded 

for all CD3 positive lymphocytes observed.

Single nucleus RNA sequencing

Sample preparation and sequencing: Nuclei extraction from snap frozen tissues 

was performed using Singulator™100 (S2 Genomics) system. Tissues between 20–50mg 

were processed using nuclei isolation cartridges following Singulator™100 standard 

nuclei isolation protocol. To reduce RNA degradation, DTT (Sigma-Aldrich Inc, cat no. 

43816) and Protector RNAse inhibitor (Roche Diagnostics Deutschland GmbH, cat no. 

0335399001) were added in the dissociation chamber (final concentration in 3.5mL final 

nuclei suspension: 1mM DTT and 0.5 U/uL RNAse inhibitor, https://www.protocols.io/view/

nuclei-extraction-for-single-cell-rnaseq-from-froz-q26g74xzqgwz/v1). Nuclei were FACS 

sorted after staining with 7-aminoactinomycin D fluorescent intercalator (Life Technologies 
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Corporation, cat. no A1310). Nuclei yield and quality were evaluated on Countess II 

automatic cell counter by trypan blue and DAPI (Life Technologies, cat. no D3571) staining. 

Single Cell 5’ Gene Expression and immune profiling was performed with a 10X genomics 

Chromium system using Chromium Next GEM Single Cell 5’ GEM Kit v2 (PN-1000244) 

according to them Chromium Next GEM Single Cell 5’ GEM Kit v2 (Dual Index) user 

guide. Briefly, 16,500 nuclei were loaded into the Chromium Next GEM CHIp K, targeting 

recovery of 10,000 nuclei after encapsulation and barcoding. Next generation sequencing 

libraries were constructed following the user guide and were sequenced on an Illumina 

NovaSeq 6000 system with the following read lengths: 1:28 cycle i7 Index: 10 cycles i5 

Index: 10 cycles Read 2: 88 cycles.

RNA sequencing analysis: The Cell Ranger generated files 

(filtered_feature_bc_matrix.h5) for each patient were processed following the guidelines 

on the shunPykeR GitHub repository (73), an assembled pipeline of publicly available 

single cell analysis packages that allows for data analysis in a reproducible manner. Genes 

that were not expressed in any cell were removed from downstream analysis; cells were 

normalized to a total library size of 10,000 reads and gene counts were log-transformed 

(log = natural logarithm). Principal component analysis (PCA) was applied to reduce noise 

prior to data clustering. An optimal number of principal components was selected using 

the knee point (eigenvalues smaller than radius of curvature) of variance. Finally, Leiden 

clustering was used to identify clusters after PCA reduction. Quality control of the single 

cells using the total counts and number of genes did not identify any clusters requiring 

removal. After removal of doublets by Scrublet (74), PCA and unsupervised clustering 

analysis was reapplied to the filtered data, followed by batch effect correction across all 

samples using harmony (75). For the sex-linked transcript analysis (XIST and RPS4Y1 

genes) in Fig. S11D, goblet cells were not shown due to low expression of both genes in the 

three patients; only one endothelial cell was detected for patient I and was not included.

Statistical analyses

To evaluate relationships between measures of TCR diversity (clonality, slope), clinical or 

mouse-experimental variables were constructed, with fixed-effects terms for tissue and a 

random-effect term for individuals using the lmerTest::lmer function in R. All p-values were 

calculated as two-sided. To assess how JSD values of similar tissues compare to those of less 

related tissues based on pooled JSD values across patients, p-values were calculated using 

the Kruskal-Wallis test, Benjamini Hochberg corrected for multiple comparisons.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1: Robust recovery TCR clones by sequencing genomic DNA from autopsy tissues.
(A) Schematic of tissues sampled from research-autopsy cohort: esophagus, stomach, small 

intestine (duodenum, jejunum, ileum), large intestine (ascending, transverse, descending), 

rectum, liver, skin, spleen, blood. (B) Number of unique clones recovered per patient, as 

defined by the nucleotide sequence of the CDR3 region (n = 102 total samples) from 

7 GVHD patients (different colors) and 3 comparator patients (shades of grey) without 

GVHD. (C) Number of productive templates recovered from each sample. (D) Number 

of productive unique clones recovered from each sample. (E) Sample clonality. In (C-E), 
colors represent individual patients as in panel (B); samples with missing precise anatomic 

locations within the small intestine or large intestine were labeled as duodenum and 

ascending colon, respectively; one sample collected as ‘mid-colon’ was labeled as transverse 

colon. Post-mortem blood was collected by caval or cardiac puncture but is labeled here 

as “peripheral” blood mononuclear cells (PBMC) to use the conventional nomenclature for 

circulating blood cells; ‘allograft’ indicates material from the original graft (patients A, 

B, C, D, F, G) or donor PBMCs (patient E). (F) Number of unique clones recovered per 

GVHD mouse, as defined by the nucleotide sequence of the CDR3 region (n = 115 total 

samples from 16 mice, details Fig. S1A). (G) Number of productive templates (H) number 

of productive unique clones, and (I) clonality of each mouse sample. In (G-I), left and right 

edges of boxplot correspond to the first and third quartiles, respectively. Values are tabulated 

in Table S4.
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Fig. 2: TCR repertoires in different tissues are distinct, while anatomically related tissues harbor 
a greater degree of TCR overlap.
(A) Heatmap of pairwise Jensen-Shannon divergence (JSD) values measure repertoire 

divergence, where 0 indicates identical repertoires and 1 indicates completely divergent 

repertoires, for all samples from patient D; values from other patients are tabulated in Table 

S6. (B) Scatter plots comparing repertoire overlap between illustrative sample pairs from 

patient D. Blue points are clones observed in both tissues, gray clones were observed in 

only one sample of the pair; ascending colon (n= 395 clones); descending colon (n= 799), 

overlap = 230; skin (n= 567), descending colon (n= 799), overlap = 130; duodenum (n= 

764), descending colon (n= 799), overlap = 253. A pseudocount of 10−5 was added to 

frequencies to facilitate plotting on a logarithmic scale. (C) Clustering of tissues across 

anatomy by RNAseq gene expression profiling (agglomerative hierarchical clustering of JSD 

with single linkage) from the publicly available GTEx repository (see Methods). Scale bars 

correspond to nodes as the heights of clustering hierarchy. (D) Dendrograms constructed 

via agglomerative hierarchical clustering with single linkage of pairwise JSD comparisons 
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(Table S6) illustrate reproducible clustering of anatomically related tissues within each of 

7 GVHD patients (patients A-G); see Fig. S3D for comparator patients. Branch heights 

show minimum pairwise distance between tissue pair JSD scores. Pre-transplant PBMCs 

are of host origin. Abbreviations: ascending colon (A. colon), transverse colon (T. colon), 

descending colon (D. colon).
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Fig. 3: Evidence for dominant clones shared across multiple sampled tissues.
Alluvial plots facilitate tracking of the frequency abundant TCR clones from a tissue across 

the other samples from the same patient. (A) Schematic illustrating that the most abundant 

clones from each tissue of a single individual were selected for visualization. Each tissue 

is represented by a bar of stacked units whose heights represent clone frequency, with the 

most abundant clones at the bottom. Colored ribbons between tissues trace the relative 

abundance of an individual TCR clone across the individual. Asterisk (*) marks the tissue 

whose top n clones are highlighted. (B) Alluvial plot tracking the frequency of the top 
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5 TCR clones from the ascending colon in patient F across all tissues from this patient. 

Asterisk indicates reference tissue. (C-D) Alluvial plots highlight top 10 duodenum TCRs 

in purple from a GVHD patient (C) and a comparator (D); see Fig. S4A–H for all patients. 

(E-F) Alluvial plots highlight top 10 donor allograft TCRs in dark blue from GVHD 

patients F and G. (G) Top 10 blood TCRs are highlighted in red from GVHD patient D. 

CDR3 of top clones are tabulated in Table S7; proportions of shared clones are tabulated 

in Table S8. Post-mortem blood was collected by caval or cardiac puncture but is labeled 

here as “peripheral” blood mononuclear cells (PBMC) to use the conventional nomenclature 

for circulating blood cells. Pre-tx indicates host pre-transplant PBMCs. For C-D,G, Jensen-

Shannon divergence (JSD) values above each bar indicate the repertoire divergence of the 

tissue from the reference sample, where 0 indicates identical repertoires and 1 indicates 

completely divergent repertoires.
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Fig. 4: Shared clonal motifs across patients in similar tissues.
(A) Venn diagram indicates the number of shared clones (nucleotide level) between sets 

of tissues illustrating lack of sharing across GVHD patients. Letters are patient identifiers. 

Diagram segments without any numerals have 0 shared clones (B) Pairwise comparison 

of GLIPH groups across anatomic tissues by each patient, quantified by the Jaccard 

similarity index in which higher values indicate more similarity. Gray cells are within-

patient comparisons whose Jaccard values are not color-coded. Red (small intestine pair) and 

orange (small intestine compared to large intestine) arrows highlight tissues with relatively 

high overlap in GLIPH groups; GLIPH groups filtered for having > two unique CDR3s (C) 

Schematic of normalized overlap score of a motif-based analysis, such as GLIPH, enabling 

comparison of T cells in populations with disparate densities of T cell infiltrates. Overlap 

measure for a subgroup of tissue pairs (here one group in green and one in blue) defined 

by fitting the dependence using a common slope and assigning a standard Jaccard overlap 

for samples with geometric mean of 1000 TCRs. Standard overlap values highlighted by 

the dashed lines on the y-axis, with greater values on the y-axis indicating greater overlap 

within this sample group, accounting for sample size. (D) Calculated standard overlap for 
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all possible pairs (excluding patient D, see Methods) with heat map highlighting hierarchical 

clustering. Details regarding calculation of overlap score are in Fig. S6.
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Fig. 5: T cells in GVHD tissues have a tissue-resident phenotype.
(A-C) Seven-color multiplex imaging of the transverse colon from patient D for 

characterization of CD3, CD8, regulatory T cell (Treg) marker FoxP3, tissue-resident marker 

CD69, proliferation marker Ki-67, epithelial marker panCK, and DAPI nuclear stain within 

a single tissue section. (A) Transverse colon specimen with all channels displayed; cross 

sections of intestinal crypts are defined by white panCK staining of epithelial cells. (B) red 

CD3 and blue CD69 co-expression in the same lamina propria cells (e.g. orange arrow) 

highlight tissue-resident T cells in the same section of transverse colon as in panel (A); 

(C) green CD8 stain identifies an intraepithelial CD8+ cell (brown arrow) and yellow 

Foxp3 stain identifies lamina propria Tregs in the same section of transverse colon in 

panels (A) and (B). (D) Automated algorithms were used both to segment images into 

individual cells and to annotate boundaries of two histological structures: panCK+ epithelial 

structures (i.e., villi/crypts) vs. panCK– stroma (i.e., lamina propria) in (6 tissues from 
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patient D). The fraction of all cells classified as having a tissue-resident phenotype (CD69+) 

or actively proliferating (Ki67+) within the non-CD8 T cell (CD3+ CD8–), CD8 T cell 

(CD8+), and Treg (FoxP3+) compartments were enumerated (Table S12) and are plotted, 

stratified by histological zones. Each point is the fraction of cells of the population listed 

at the bottom that is positive for the marker listed; colors indicate different tissues. Black 

bars are median values across all tissues. Expanded imaging analysis included in Fig. 

S7E. (E) Representative image of combined immunophenotyping and fluorescence in situ 

hybridization (FISH) for X (red) and Y (green) chromosomes in the ileum of patient D (a 

female recipient of a male allograft) highlighting presence of predominantly male donor 

XY genotype (red/green dots) among CD3+ T cells (white), in contrast to female recipient 

XX genotype (two red dots) in host parenchyma (magenta panCK+). Yellow arrows point to 

donor XY T cells; blue arrow points to a rare recipient T cell. (F) Dot plot indicating gene 

expression and coverage of XIST (X-chromosome inactivation gene) and RPS4Y1 (gene on 

Y-chromosome) in patient D from single nucleus RNA sequencing of the ascending colon; 

additional sequencing details and results from patient F and I included in Fig. S11.
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Fig. 6: In mouse GVHD, anatomically related tissues harbor greater repertoire similarity.
(A) Dendrograms constructed via agglomerative hierarchical clustering with single linkage 

of mean JSD comparisons between tissue pairs at day 7 or 14 in a major MHC-mismatch 

mouse model of acute GVHD (nucleotide level). Branch heights show minimum pairwise 

distance between tissue pair JSD scores. Mean of 8 mice, pooled across two experiments, 

except where indicated: *n = 5–6 (two day 7 harvests, one day 14 harvest); ** n = 3 (one 

transplant); standard deviations included in Table S14. (B, C) Alluvial plots tracking top 10 

clones identified in duodenum (purple) or spleen (red) across representative mice from Day 
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7 (B) or Day 14 (C) post-transplant. Asterisks indicate reference tissue. Additional alluvial 

plots in Fig. S9. Proportions of shared clones for spleen (all mice) are tabulated in Table S8. 

(D) Venn diagram of clonal overlap of donor T cell pool (1–2 mouse spleens per transplant) 

across three separate transplants; TCRs were defined at the amino-acid-sequence level. (E) 

Clustering tissues by motif-group overlap across mice. Motif-based analysis performed via 

GLIPH2 (see Methods and Fig. S10). Calculated standard overlap for all possible pairs of 

mouse GVHD samples stratified by day of harvest with heat map highlighting hierarchical 

clustering. Details regarding calculation of overlap score are in Fig. S6. mLN: mesenteric 

lymph nodes.
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Table 1:

Rapid autopsy patient cohort

Pt 
ID Disease Age† (years) Sex GVHD subjects

Allograft Donor type Conditioning GVHD 
Prophylaxis GVHD sites*

A AML R: 20–44
D: 20–44 F CD34-selected Matched 

unrelated Ablative T-cell depleted
Lower & 
upper GI, 
liver, skin

B MM R: 45–64
D: 20–44 M Unmodified 

PBSC
Matched 
unrelated Reduced intensity

Calcineurin 
inhibitor/

methotrexate 
based

Lower & 
upper GI

C MCL R: 45–64
D: 20–44 M Unmodified 

PBSC
Matched 
unrelated Reduced intensity

Calcineurin 

inhibitor**/
methotrexate 

based

Lower & 
upper GI, 

mouth, skin, 
eye

D MDS R: 45–64
D:45–64 F CD34-selected Matched 

unrelated Ablative T-cell depleted Lower & 
upper GI, skin

E AML R: 45–64
D: 45–64 F CD34-selected Matched 

related Ablative T-cell depleted
Lower & 
upper GI, 
skin, eye

F AML R: > 65
D: 20–44 M Unmodified BM Matched 

unrelated Reduced intensity

Calcineurin 
inhibitor/

methotrexate 
based

Lower & 
upper GI, skin

G AML R: > 65
D: 20–44 M Unmodified 

PBSC
Matched 
unrelated Reduced intensity

Calcineurin 
inhibitor/

methotrexate 
based

Lower & 
upper GI

Non-GVHD comparators

Sites of distant metastases

H Lung 
cancer > 65 F CNS, liver

I Breast 
cancer 20–44 F CNS, liver

J Lung 
cancer > 65 M Bone, liver, pleura

Abbreviations: Patient (Pt), graft-versus-host disease (GVHD), acute myeloid leukemia (AML), multiple myeloma (MM), mantle cell lymphoma 
(MCL), myelodysplastic syndrome (MDS), peripheral blood stem cell (PBSC), bone marrow (BM), central nervous syndrome (CNS).

*Throughout post-transplant time period, acute or chronic (GVHD details in Table S2)

**
Tacrolimus and sirolimus

†
To protect patient privacy, a range encompassing each patient’s age at transplantation is listed. “R” denotes age of recipient and “D” denotes age 

of donor.
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