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Abstract: Despite their crucial role in health and disease, our knowledge of immune cells within 

human tissues remains limited. Here, we surveyed the immune compartment of 16 tissues from 

12 adult donors by single-cell RNA sequencing and VDJ sequencing generating a dataset of 

360,000 cells. To systematically resolve immune cell heterogeneity across tissues, we developed 

CellTypist, a machine learning tool for rapid and precise cell type annotation. Using this 

approach, combined with detailed curation, we determined the tissue distribution of finely 

phenotyped immune cell types, revealing hitherto unappreciated tissue-specific features and 

clonal architecture of T and B cells. Our multi-tissue approach lays the foundation for identifying 

highly resolved immune cell types by leveraging a common reference dataset, tissue-integrated 

expression analysis and antigen receptor sequencing. 

 

One Sentence Summary: We provide an immune cell atlas of human innate and adaptive 

immune cells across lymphoid, mucosal, and exocrine sites revealing tissue-specific 

compositions and features, and introduce CellTypist, a machine learning tool for rapid and 

precise cell type annotation. 
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Main Text: 

The immune system is a dynamic and integrated network made up of many different cell types 

distributed across the body that act together to maintain tissue homeostasis and mediate 

protective immunity. In recent years, a growing appreciation of immune ontogeny and diversity 

across tissues has emerged. For example, we have gained insights into how macrophages derived 

in embryogenesis contribute to the unique adaptation of tissue-resident myeloid cells, such as 

Langerhans cells in the skin, microglia in the brain and Kupffer cells in the liver (1–3). Other 

populations, such as innate lymphoid cells (ILCs), including natural killer (NK) cells and non-

conventional (NKT, MAIT and γδ) T cells, have circulating counterparts but are highly enriched 

at barrier/mucosal sites where they mediate tissue defense and repair (4). In addition, following 

resolution of an immune response, antigen-specific, long-lived tissue-resident memory T cells 

(TRMs) persist in diverse sites, where they provide optimal protection against secondary 

infections (reviewed in (5–7)). 

Studies in mice have revealed the central role of tissue immune responses in protective immunity, 

anti-tumor immunity, and tissue repair; however, human studies have largely focussed on 

peripheral blood as the most accessible site. Given that circulating immune cells comprise only 

a subset of the entire immune cell landscape, understanding human immunity requires a 

comprehensive assessment of the properties and features of immune cells within and across 

tissues. Recent progress in the analysis of tissue immune cells have implemented organ-focused 

approaches (8–12), while use of tissues obtained from organ donors allows for analysis of 

immune cells across multiple sites across an individual (13–19). We previously reported single-

cell RNA sequencing (scRNA-seq) analysis of T cells in three tissues from two donors (20), 

identifying tissue-specific signatures. However, despite the effort to assemble murine (21) and 

human (22, 23) multi-tissue atlases, large-scale cross-tissue scRNA-seq studies that investigate 

tissue-specific features of innate and adaptive immune compartments have not been reported.  

Furthermore, a fundamental challenge of increasingly large single cell transcriptomics data sets 

is cell type annotation, including identifying rare cell subsets and distinguishing novel 

discoveries from previously described cell populations. Currently available automated annotation 

workflows leverage organ-focussed studies and lack a comprehensive catalogue of all cell types 

found across tissues. Therefore, a single unified approach is required in order to provide an in-

depth dissection of immune cell type and immune state heterogeneity across tissues. 
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To address these needs, we comprehensively profiled immune cell populations isolated from a 

wide range of donor-matched tissues from 12 deceased individuals, generating nearly 360,000 

single cell transcriptomes. To systematically annotate multi-tissue immune cells we developed 

CellTypist, a machine learning framework for cell type prediction initially trained on data from 

studies across 20 human tissues (see Supplementary Text) and then updated and extended by 

integrating immune cells from our dataset. 

 

Results 

CellTypist: a pan-tissue immune database and a tool for automated cell type annotation 

To systematically assess immune cell type heterogeneity across human tissues, we performed 

scRNA-seq on 16 different tissues from 12 deceased organ donors (Fig. 1, A and B, and table 

S1). The tissues studied included primary (bone marrow) and secondary (spleen, lung-draining 

and mesenteric lymph nodes) lymphoid organs, mucosal tissues (gut and lung), as well as blood 

and liver. When available, we also included additional donor-matched samples from tissues such 

as thymus, skeletal muscle and omentum. Immune cells were isolated from tissues as detailed in 

the Methods. After stringent quality control, we obtained a total of 357,211 high quality cells, of 

which 329,762 belonged to the immune compartment (fig. S1, A and B). 

 

Robust cell type annotation remains a major challenge in single-cell transcriptomics. To 

computationally predict cellular heterogeneity in our dataset, we developed CellTypist (24), a 

cell type database, that in its current form is focused on immune cells, that provides a directly 

interpretable pipeline for the automatic annotation of scRNA-seq data (Fig. 1C). One of the 

unique and valuable aspects of CellTypist is that its training set encompasses a wide range of 

immune cell types across tissues. This is of critical importance given that immune compartments 

are shared across tissues, warranting accurate and automated cell annotation in an organ-agnostic 

manner. In brief, to develop CellTypist we integrated cells from 20 different tissues from 19 

reference datasets (fig. S2) where we had deeply curated and harmonised cell types at two 

knowledge-driven levels of hierarchies (figs. S3 to S8). This was followed by a machine learning 

framework to train these cells using logistic regression with stochastic gradient descent learning 

(see methods). Performance of the derived models, as measured by the precision, recall and 

global F1-score, reached ~0.9 for cell type classification at both the high- and low-hierarchy 

levels (Fig. 1C and fig. S9, A and B). Notably, representation of a given cell type in the training 
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data was a major determinant of its prediction accuracy (fig. S9C), implying higher model 

performance can be achieved by incorporating additional datasets. Moreover, CellTypist 

prediction was robust to differences between training and query datasets including gene 

expression sparseness (fig. S10) and batch effects (fig. S11). 

First we applied CellTypist’s high-hierarchy (i.e. low-resolution, 32 cell types) classifier to our 

cross-tissue dataset (Fig. 1D), and found 15 major cell populations (fig. S1C). At this level of 

resolution, clear compositional patterns emerged in lymphoid versus non-lymphoid tissues, and 

within the lymphoid tissues between spleen versus lymph nodes, and appeared not to be driven 

by differences in dissociation protocols (fig. S12). As the training datasets of CellTypist 

contained hematopoietic tissues with definitive annotations for progenitor populations, the 

classifier was able to resolve several progenitors including hematopoietic stem cells and 

multipotent progenitors (HSC/MPP), promyelocytes, early megakaryocytes, pre-B and pro-B 

cells. Furthermore, CellTypist clearly resolved monocytes and macrophages, which often form a 

transcriptomic continuum in scRNA-seq datasets due to their functional plasticity. Thus 

CellTypist was successfully able to identify major groups of cell populations with different 

abundances in our dataset (fig. S1C). 

To automatically annotate fine-grained immune sub-populations, we next applied the low-

hierarchy (high-resolution, 91 cell types and subtypes) classifier, which was able to classify cells 

into 43 specific subtypes including subsets of T cells, B cells, ILCs, and mononuclear phagocytes 

(Fig. 1E). This revealed a high degree of heterogeneity within the T cell compartment, not only 

distinguishing between αβ and γδ T cells, but also between CD4+ and CD8+ T cell subtypes and 

their more detailed effector and functional phenotypes. Specifically, the CD4+ T cell cluster was 

classified into helper, regulatory and cytotoxic subsets, and the CD8+ T cell clusters contained 

unconventional T cell subpopulations such as MAIT cells. In the B cell compartment, a clear 

distinction was observed between naive and memory B cells. Moreover, CellTypist revealed 

three distinct subsets of dendritic cells (DC) - DC1, DC2 and migratory DCs (migDCs) (25, 26), 

again highlighting the granularity CellTypist can achieve. This fine-grained dissection of each 

compartment also allowed for the cross-validation and consolidation of cell types by examining 

the expression of marker genes derived from CellTypist models in cells from our dataset (fig. 

S1D). 

In summary, we generated an in-depth map of immune cell populations across human tissues, 

and developed a framework for automated annotation of immune cell types and subtypes. 
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CellTypist produced fine-grained annotations on our multi-tissue and multi-lineage dataset, and 

its performance, as assessed on multiple metrics, was comparable or better relative to other label-

transfer methods with minimal computational cost (figs. S13 and S14). This approach allowed 

us to refine the description of many cell subtypes such as the progenitors and dendritic cell 

compartments at full transcriptomic breadth, resolving 43 cell states in total across our dataset. 

This automated annotation forms the basis for further cross-tissue comparisons of cell 

compartments in the sections below. 

 

Tissue-restricted features of mononuclear phagocytes 

Mononuclear phagocytes, including monocytes, macrophages and dendritic cells, are critical for 

immune surveillance and tissue homeostasis. Automatic annotation by CellTypist identified eight 

populations in this compartment (fig. S15A). To explore macrophage heterogeneity further, we 

built on CellTypist’s annotation by performing additional manual curation, which revealed 

further heterogeneity within the macrophages (Fig. 2A and fig. S15B). The identities of these 

cells were supported by expression of well-established marker genes (Fig. 2B), and by markers 

independently identified from CellTypist models (fig. S15C). Moreover, existence of these cell 

types was cross-validated, and thus consolidated, in the training datasets of CellTypist (fig. 

S15D), as well as in myeloid cells from two additional studies of the human intestinal tract (27) 

(fig. S15E) and lung (28) (fig. S15F). 

Among macrophages, lung-resident cells constituted the majority, and were classified into two 

major clusters: (i) alveolar macrophages expressing GPNMB and TREM2, markers that have 

been related to alveolar macrophages (29) and disease-associated macrophages (30), 

respectively; and (ii) intermediate macrophages with unique expression of TNIP3 (Fig. 2, B to 

D). TNIP3 (TNFAIP3-interacting protein 3) binds to A20, encoded by TNFAIP3, and inhibits 

TNF, IL-1 and LPS-induced NF-kB activation (31). Its expression in lung macrophages may be 

related to underlying pathology as it was primarily detected in one donor (A29), a multitrauma 

donor with significant lung contusions. Notably, this population also expressed the monocyte-

recruiting chemokine CCL2 (Fig. 2B), providing a means of replenishing the lung macrophage 

pool. 

Other macrophage subsets in our data also showed a high degree of tissue restriction (Fig. 2D). 

Erythrophagocytic macrophages, including red pulp macrophages and Kupffer cells, mainly 

populated the spleen and liver, as expected, and shared high expression of CD5L, SCL40A1 and 
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the transcription factor SPIC (32). Notably, a number of macrophages from lymph nodes 

clustered together with erythrophagocytic macrophages, pointing to the presence of a small 

number of iron-recycling macrophages in lymph nodes (Fig. 2D). Another macrophage 

population specifically present in the gut expressed CD209 (encoding DC-SIGN) and IGF1, 

markers that have been previously reported in mature intestinal macrophages and M2-like 

macrophages, respectively (33, 34). Lastly, monocytes were clearly grouped in two major 

subgroups, classical and non-classical monocytes, which differed in the expression of CD14, 

FCGR3A and CX3CR1 as well as in their tissue distribution (Fig. 2, A to D).  

Among dendritic cells, DC1 expressed XCR1 and CLEC9A, consistent with their identity as 

conventional DCs (DC1), specialised for cross-presentation of antigens (Fig. 2B). Conventional 

DC2s expressed CD1C and CLEC10A, and migDCs were CCR7+ LAMP3+. CCR7 is upregulated 

in tissue DCs following TLR or FcγR ligation (35, 36), enabling migration towards CCL19/21-

expressing lymphatic endothelium and stromal cells in the T cell zone of lymph nodes (37, 38). 

Consistent with this, we observed a marked enrichment of CCR7+ migDCs in lung-draining and 

mesenteric lymph nodes (Fig. 2D). Interestingly, migDCs showed upregulation of AIRE, 

PDLIM4 and EBI3 in lymph nodes (Fig. 2E). Extra-thymic expression of the autoimmune 

regulator AIRE has been reported in humans (39, 40), however, its functional role in secondary 

lymphoid organs remains poorly understood and is a matter of intense research (41–43). We 

validated the presence of migDCs in lung-draining lymph nodes by immunofluorescence (fig. 

S16A) and AIRE expression by single-molecule FISH (smFISH) (Fig. 2F). In addition, another 

subpopulation of migDCs found in lung and lung-draining lymph nodes upregulated CRLF2 

(encoding TLSPR), chemokines (CCL22, CCL17), CSF2RA and GPR157 (Fig. 2E). TLSPR is 

involved in the induction of Th2 responses in asthma (44). Expression of these genes in lung 

DCs was also observed in published scRNA-seq datasets (45, 46) (fig. S16, B and C). These 

observations suggest that dendritic cell activation coincides with the acquisition of tissue-specific 

markers that differ depending on the local microenvironment. 

Overall, our analysis of the myeloid compartment has revealed shared and tissue-restricted 

features of mononuclear phagocytes, including alveolar macrophages in the lung, iron-recycling 

macrophages mostly localized in the spleen, and subtypes of migratory dendritic cells. 
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B cell subsets and immunoglobulin repertoires across tissues 

B cells comprise progenitors in the bone marrow, developmental states in lymphoid tissues and 

terminally differentiated memory and plasma cell states in lymphoid and non-lymphoid tissues. 

They play a central role in humoral immunity via the production of antibodies tailored to specific 

body sites. We first annotated the B cells using CellTypist and obtained six populations (fig. 

S17A). Manual curation revealed further heterogeneity in memory B cells and plasma cells, 

identifying 11 cell types in total (Fig. 3A and fig. S17B). As with the myeloid compartment, we 

cross-checked and verified these cell types in CellTypist training datasets (fig. S17, C and D) 

and in two independent immune datasets from gut (27) and lung (28) (fig. S17, E and F). 

Naive B cells expressed TCL1A and were primarily found in lymphoid tissues (Fig. 3, B to D). 

In addition, we identified two populations of germinal center B cells, expressing AICDA and 

BCL6, that differed in their proliferative states (marked by MKI67). Of note, we did not find 

differential expression of dark zone and light zone marker genes in these two populations, 

probably reflecting limited germinal center activity in our adult donors. Moreover, these germinal 

center populations were present in lymph nodes and diverse gut regions (Fig. 3, C and D), 

presumably representing Peyer’s patches. Within memory B cells, which were characterized by 

expression of the B-cell lineage markers (MS4A1, CD19) and TNFRSF13B, we found a 

transcriptomically distinct cluster positive for ITGAX, TBX21 and FCRL2, encoding CD11c, T-

bet and the Fc receptor-like protein 2, respectively (Fig. 3B). CD11c+T-bet+ B cells, also known 

as age-associated B cells (ABCs), have been reported in autoimmunity and aging (47–49), and 

likely correspond to this ITGAX+ memory B cell population. Notably, unlike conventional 

memory B cells, they showed relatively low expression of CR2 (encoding CD21) and CD27 (Fig. 

3B). Interestingly, this subset was mainly present in the liver and bone marrow, while in 

secondary lymphoid organs, it was primarily found in the spleen (confirmed by flow cytometry 

and immunofluorescence (Fig. 3, C and D, and fig. S18). This data deepens our understanding 

of the phenotype of this non-classical subtype of memory B cells, and their tissue distribution. 

We uncovered two populations of plasmablasts and plasma cells marked by expression of CD38, 

XBP1 and SDC1. Whereas the former expressed MKI67 and were found in the spleen, liver, bone 

marrow and blood, the latter expressed the integrin alpha-8-encoding gene ITGA8 and the 

adhesion molecule CERCAM and were enriched in the jejunum and liver (Fig. 3, B to D). 

ITGA8+ plasma cells have recently been reported in the context of an analysis of bone marrow 

plasma cells (50), and are likely a long-lived plasma cell population that is quiescent and tissue-
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resident. Here we expand their tissue distribution to the liver and gut, and describe their specific 

clonal distribution pattern below. 

B cells have an additional source of variability due to VDJ recombination, somatic hypermutation 

and class-switching, which can relate to cell phenotype. Therefore, we performed targeted 

enrichment and sequencing of B-cell receptor (BCR) transcripts to assess isotypes, 

hypermutation levels and clonal architecture of the B cell populations identified above. This 

analysis revealed an isotype and subclass usage pattern that related to cellular phenotype (fig. 

S19A). As expected, naive B cells mainly showed a subclass preference for IgM and IgD. 

Interestingly, while evidence of class switching to IgA1 and IgG1 was seen within memory B 

cells (including ABCs), plasmablasts and plasma cells also showed class switching to IgA2 and 

IgG2. 

To determine to what extent this isotype subclass bias correlated with the tissue of origin, we 

assessed each cell state independently (requiring a minimum cell count of 50). Memory B cells 

showed a bias towards IgA1 in the mesenteric lymph nodes, and towards IgA2 in the ileum, 

where Peyer’s patches are found (Fig. 3E). In the plasma cell compartment, we found an even 

more striking preference for IgA2 in the gut region (specifically in the jejunum lamina propria), 

consistent with the known dominance of this isotype at mucosal surfaces (Fig. 3E). Of note, 

plasma cells in the bone marrow, liver and spleen were composed of over 20% IgG2 subclass. 

With more limited numbers, we report isotype distributions across tissues for other B cell 

populations (fig. S19, B and C). ABCs were dominated by IgM in both the spleen and lung-

draining lymph nodes, consistent with previous reports (51). 

Somatic hypermutation (SHM) levels were, as expected, lowest in naive B cells and highest in 

plasma cells (fig. S19D). Between isotypes and subclasses, SHM did not differ significantly. 

Nonetheless, there was a tendency towards higher mutation rates in the distal classes IgG2, IgG4 

and IgA2, which are downstream from the IgH locus and can thus accumulate more mutations 

during sequential switching (52) (Fig. 3F). We also explored the occurrence of sequential class 

switching events in our data by assessing the isotype frequency among expanded clonotypes (>10 

cells). Mixed isotype clones were rare in our data (fig. S19E). 

Next, we evaluated the distribution of expanded clones across tissues and cell types, and found 

three major groups of clones - present in only two tissues, three to four tissues or five or more 

tissues, respectively (Fig. 3G), similar to previously reported patterns of B cell clonal tissue 

distribution (53). While the clones restricted to two tissues, typically between the spleen and the 
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liver or bone marrow, were enriched in plasma cells, those distributed across more than five 

tissues, including lymph nodes, were over-represented in memory B cells. Together, these 

findings suggest that tissue-restricted clones may represent long-term immunological memory 

maintained by long-lived plasma cells resident in the bone marrow and spleen as well as liver in 

our data. 

Overall, we characterized nine cell states in the B cell compartment, and gained insights from in-

depth characterisation of both naive and memory B cell as well as plasma cell subsets. We 

identified distinct clonal distribution patterns for the more tissue-restricted long-lived quiescent 

plasma cells versus the broad tissue distribution of classical memory B cell clones. 

 

scRNA-seq analysis of T cells and innate lymphocytes reveals lineage and tissue-specific 

subsets 

For annotation of the T cell/innate lymphocyte compartment, CellTypist identified 18 cell types 

(fig. S20A). After manual inspection, these clusters were further divided into additional subtypes 

(e.g. for cytotoxic T cells) (Fig. 4A and fig. S20B). As described above for the myeloid and B 

cell compartments, identities of the derived cell types were cross-validated in the immune 

compartment of the CellTypist training datasets (fig. S20, C and D) and the two independent 

studies of gut (27) and lung (28) (fig. S20, E and F). 

Naive/central memory CD4+ T cells were transcriptionally close to naive CD8+ T cells as 

defined by high expression of CCR7 and SELL and were mainly found in lymphoid sites (Fig. 

4B). Other CD4+ T cells identified included follicular helper T cells (Tfh) expressing CXCR5, 

regulatory T cells (Tregs) expressing FOXP3 and CTLA4, effector memory CD4+ T cells, and 

tissue-resident memory Th1 and Th17 cells expressing CCR9, ITGAE and ITGA1 found largely 

in intestinal sites (jejunum and ileum) and lungs (Fig. 4, B to D). Within the memory CD8+ T 

compartment, we found three major subsets: Trm_gut_CD8 (resident memory T cells, Trm), 

Tem/emra_CD8 (effector memory, Tem; effector memory re-expressing CD45RA, Temra) and 

Trm/em_CD8. These subsets were characterized by differential expression of the chemokine 

receptors CCR9 and CX3CR1 and the activation marker CRTAM (Fig. 4B). The Trm_gut_CD8 

population (CCR9+) expressed the tissue-residency markers ITGAE and ITGA1, encoding 

CD103 and CD49a respectively and localized to intestinal sites (Fig. 4B). By contrast, the 

Tem/Temra_CD8 population expressing CX3CR1 was found in blood-rich sites (blood, bone 

marrow, lung, and liver) and was excluded from lymph nodes and gut (Fig. 4, C and D), 
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consistent with previous flow cytometry analysis of Temra cells (54), and results showing 

CX3CR1+CD8+ T cells as blood-confined and absent from thoracic duct lymph (55). The 

Trm/em_CD8 population expressed high levels of CRTAM, a gene previously shown to be 

expressed by Trm (56) and was found in spleen, bone marrow, and to a lesser extent in lymph 

nodes and lungs. This may be a resident population more prevalent in lymphoid sites (16). We 

validated and mapped the Trm/em_CD8 population using smFISH in the liver (Fig. 4E) and 

lung-draining lymph nodes (Fig. 4F). Furthermore, we validated all three memory CD8+ T cell 

populations at the protein level by flow cytometry of cells purified from human spleen (fig. S21). 

Although we could validate CRTAM at the RNA level by smFISH, the protein could not be 

detected without stimulation, suggesting that CRTAM is subject to post-translational regulation 

upon T-cell receptor (TCR) activation. These three distinct populations represent different states 

of tissue adaptation and maturation between effector memory and tissue-resident T cell memory 

states. 

We also detected invariant T cell subsets such as MAIT cells, characterised by expression of 

TRAV1-2 and SLC4A10, and two populations of γδ T cells: Trm_Tgd and Tgd_CRTAM+. The 

CCR9+ Trm_Tgd population populated the gut and expressed the tissue-residency markers 

ITGAE and ITGA1, whereas the Tgd_CRTAM+ population overexpressed CRTAM, IKZF2 

(encoding HELIOS) and the integrin molecule ITGAD (encoding CD11d) and was found 

primarily in the spleen, bone marrow and liver (Fig. 4, B to D, and fig. S22, A and B). We 

validated the latter population by quantitative PCR (qPCR) of flow sorted CD3+TCRγδ+ and 

CD3+TCRαβ+ cells from cryopreserved spleen samples from three donors (fig. S22C, D). As a 

small fraction of ɑβ T cells, marked by low expression of CD52 and CD127, were also noted to 

express ITGAD, the CD3+TCRαβ population was split into CD52-CD127- and CD52+CD127+ 

subpopulations. In keeping with our scRNA-seq data, ITGAD expression was high in 

CD3+TCRγδ and CD52-CD127-CD3+TCRαβ, providing additional evidence for the specific 

expression of this integrin alpha subunit in this subpopulation of γδ T cells. 

Lastly, NK cells in our data were represented by two clusters with high expression of either 

FCGR3A (encoding CD16) or NCAM1 (encoding CD56). We also defined an ILC3 population 

within a small cluster mixed with NK cells, via expression of markers including PCDH9 (Fig. 4, 

A and B). Analyses of the tissue distribution of these populations revealed that, whereas the 

majority of CD4+ T and ILC3 cells were located in the lymph nodes and to some extent in the 

spleen, cytotoxic T and NK cells were more abundant in the bone marrow, spleen and non-

lymphoid tissues (Fig. 4, C and D). 
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TCR repertoire analysis shows clonal expansion and distribution patterns within and 

across tissues 

To understand T cell-mediated protection in more depth, we analysed T cell clonal distribution 

in a subset of the data within different tissues of a single individual and across different 

individuals. Chain pairing analysis showed that cells from the T cell clusters mostly contained a 

single pair of chains (50-60%), with orphan (5-20%) and extra (5-10%) chains present in small 

fractions of cells (fig. S23A). Notably, the frequency of extra α chains (extra VJ) was higher than 

that of β chains (extra VDJ), potentially due to more stringent and multi-layered allelic exclusion 

mechanisms at the TCRβ locus compared to TCRα (57). As expected, the NK and ILC clusters 

held no productive TCR chains. Within the γδ T cell clusters, only a small proportion had a 

productive TCR chain, which may result from cytotoxic T cells co-clustering with γδ T cells. We 

also carried out γδ TCR sequencing in selected spleen, bone marrow and liver samples. The γδ 

TCR sequencing data was subjected to a customized analysis pipeline that we developed and 

optimised based on cellranger followed by contig re-annotation with dandelion (see Materials 

and Methods), facilitating the full recovery of γδ chains in our data. This analysis confirmed that 

the majority of productive γδ TCR chains originated from the ITGAD-expressing γδ T cells (fig. 

S23B), supporting the robust identification of this population. The Trm_Tgd population could 

not be confirmed by γδ TCR sequencing due to the lack of sample availability. 

We next examined V(D)J gene usage in relation to T cell identity. In the MAIT population, we 

detected significant enrichment of TRAV1-2, as expected (fig. S23C). Selecting only the TRAV1-

2+ cells (MAIT cluster and other clusters) revealed a notable tissue-specific distribution of TRAJ 

segments with TRAJ33 in spleen and liver, TRAJ12 in liver and TRAJ29/TRAJ36 in jejunum (fig. 

S23D). This suggests that there may be different antigens for MAIT cells in the spleen, liver and 

gut corresponding to the different metabolomes in these tissues. In addition, full analysis of the 

TCR repertoire of the MAIT cells revealed previously unappreciated diversity of V segment 

usage in the beta chain (fig. S23D). 

We then defined clonally related cells on the basis of identical CDR3 nucleotide sequences to 

investigate their TCR repertoires. Using this approach, we found that clonally expanded cells 

were primarily from the resident memory T cell compartment, including the Th1/Th17 

populations mentioned above (Fig. 4G and fig. S23E). As expected, these clonotypes were 

restricted to single individuals and within an individual they were distributed across tissues and 

subsets (Fig. 4H and fig. S23, F to H). We found a small number of isolated CD4+ T cell clones 
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that shared Tregs and effector T cell phenotypes, possibly due to low levels of plasticity or due 

to (trans)differentiation from the same naive precursor cell in the periphery (fig. S23H). Focusing 

on the most expanded clonotypes (>20 cells), the majority were widespread across five or more 

tissues, supporting the systemic nature of tissue-resident immune memory (Fig. 4G). Moreover, 

we found that several clonotypes present across tissues consisted of a mixture of cells from the 

Tem/emra_CD8 and Trm/em_CD8 populations (fig. S23H), suggesting that a single naive CD8+ 

T cell precursor can give rise to diverse cytotoxic T cell states, which harbour immune memory 

across multiple non-lymphoid tissues, emphasizing the plasticity of phenotype and location 

within a clone. 

In summary, we have described 18 T/innate cell states in our data by integrating CellTypist 

logistic regression models, manual curation and V(D)J sequencing. This has yielded insights into 

the MAIT cell compartment and its antigen receptor repertoire distribution that differed between 

spleen, liver and gut. For the cytotoxic T cell memory compartment there was broad sharing of 

clones across gut regions for Trm_gut_CD8, and mixed Tem/emra_CD8 and Trm/em_CD8 T 

cell clonotypes with broad tissue distributions. 

 

A cross-tissue updatable reference of immune cell types and states 

After focusing on individual immune compartments, we next took a combined approach in order 

to better understand the immune landscape of selected tissues. As shown in Fig. 5A, each tissue 

has its own immune neighborhood, for example, while spleen and lymph nodes are rich in B 

cells, composition of their myeloid compartment varies. In particular, a large population of 

erythrophagocytic macrophages, known as red pulp macrophages, are evident in the spleen (in 

keeping with their role in red blood cell turnover), whereas lymph nodes are rich in dendritic 

cells. As expected, bone marrow uniquely contains progenitor populations. Furthermore lung and 

liver contain significant numbers of monocytes, including CX3CR1+ nonclassical monocytes 

whereas these cells are absent from the jejunum, perhaps reflecting different degrees of 

vascularization. In contrast, the jejunum has an abundance of resident memory T cells (CD8+ T 

cells and Th1/Th17) as well as plasma cells. 

Our long-term vision for CellTypist is to provide a reference atlas with deeply curated cell types 

publicly available to the community. Therefore, via a semi-automatic process, we fed the 

identities of the 41 immune cell types identified in our dataset (including both shared and novel 

cell type labels) back into CellTypist, demonstrating how CellTypist can be updated and 
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improved over time. Combined with the initial 91 cell types and states included in the reference 

datasets, CellTypist now comprises a total of 101 annotated cell types (Fig. 5B). 

 

Discussion 

Here, we present a multi-tissue study of immune cells across the human body within diverse 

organ donors. By sampling multiple organs from the same individuals, which allows for robust 

control of age, sex, medical history, drug exposure and sampling backgrounds, we reveal tissue-

specific expression patterns across the myeloid and lymphoid compartments. 

We also introduce CellTypist, a publicly available and updatable framework for automated 

immune cell type annotation that, in addition to identifying major cell types, is able to perform 

fine-grained cell subtype annotation - normally a time-consuming process that requires expert 

knowledge. We developed CellTypist by integrating and curating data obtained from 19 studies 

performed across a range of tissues, with in-depth immune cell analysis comprising 91 

harmonized cell type labels. However, as demonstrated here, for example in the γδ T cell 

compartment, manual curation following automated annotation still has a role to play in revealing 

specific cell subtypes that may be absent from the database/training set. To reduce the need for 

this, in the longer term, the CellTypist models will be periodically updated and extended to 

include further immune and non-immune sub-populations as more data become available. 

Within the myeloid compartment, macrophages showed the most prominent features of tissue 

specificity. Erythrophagocytic macrophages in the liver and spleen shared features related to 

iron-recycling (58) with macrophages in other locations, such as the mesenteric lymph nodes, 

suggesting that macrophages participate in iron metabolism across a range of tissues. In addition, 

we characterized subsets of migratory dendritic cells (CCR7+) revealing specific expression of 

CRLF2, CSF2RA and GPR157 in the lung and lung-draining lymph nodes, and expression of 

AIRE in the mesenteric and lung-draining lymph nodes. These migratory dendritic cell states are 

interesting targets for future in depth functional characterisation in the context of allergy, asthma 

and other related pathologies (59, 60). 

In the lymphoid compartment, we combined single-cell transcriptome and VDJ analysis, which 

allowed the phenotype of adaptive immune cells to be dissected using complementary layers of 

single cell genomics data. Of note, we detected a subset of memory B cells expressing ITGAX 

(CD11c) and TBX21 (T-bet) that resemble ABCs previously reported to be expanded in ageing 
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(48), following malaria vaccination (61) and in systemic lupus erythematosus (SLE) patients 

(62). In our data, these B cells did not show clonal expansion and at least 50% showed IgM 

subclass, suggesting that they may be present at low levels in healthy tissues and expand upon 

challenge as well as ageing. BCR analysis revealed isotype usage biased towards IgA2 in gut 

plasma cells, which may be related to structural differences (63) or higher resistance to microbial 

degradation as compared to IgA1 (64). 

In the T cell compartment, our results provided insights into the heterogeneity of T cell subtypes 

and their tissue adaptations. Notably, we identified subsets of CD4+ Trm based on functional 

capacity for IFN-γ or IL-17 production that were mostly localized to intestinal sites, analogous 

to mouse CD4+ Trm generated from IL-17-producing effector T cells in the gut (65). We also 

identified different subsets of CD8+ Trm including a gut-adapted subset expressing CCR9, which 

mediates homing to intestinal sites via binding to CCL25 (66) and another Trm-like subset more 

targeted to lymphoid sites. TCR clone sharing between memory subtypes of CD8+ T cells 

suggests their origin from a common precursor, or their differentiation or conversion during 

migration or maintenance, such as conversion of effector memory T cells (Tem) to resident 

memory T cells (Trm) (56). We also identified distinct subsets of γδ T cells based on tissue-

specific gene expression patterns, showing distinct integrin gene expression and tissue 

distributions. 

In summary, using this dataset of nearly 360,000 single cell transcriptomes (of which ~330,000 

were immune cells) from donor-matched tissues from 12 deceased individuals, we have shown 

how a combination of CellTypist-based automated annotation, expert-driven cluster analysis and 

antigen receptor sequencing can synergize to dissect specific and functionally relevant aspects 

of immune cells across the human body. We have revealed previously unrecognized features of 

tissue-specific immunity in the myeloid and lymphoid compartments, and have provided a 

comprehensive framework for future cross-tissue cell type analysis. Further investigation of 

human tissue-resident immunity is needed to determine the effect of important covariates such 

as underlying critical illness, donor age and gender as well as considering the immune cell 

activation status, to gain a defining picture of how human biology influences immune functions. 

Our deeply characterised cross-tissue immune cell dataset has implications for the engineering 

of cells for therapeutic purposes and addressing cells to intended tissue locations, and for 

understanding tissue-specific features of infection as well as distinct modes of vaccine delivery 

to tissues.  
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Materials and methods 

Tissue acquisition, processing and single-cell sequencing 

Tissue was obtained from deceased organ donors via the Cambridge Biorepository for 

Translational Medicine (CBTM, https://www.cbtm.group.cam.ac.uk/), REC 15/EE/0152. 

Detailed sample locations taken can be found in Fig. 1 and protocols are described in detail in 

Supplementary Materials. Additional tissue samples were from Columbia University and were 

obtained from deceased organ donors at the time of organ acquisition for clinical transplantation 

through an approved protocol and material transfer agreement with LiveOnNY. 

Six donors were processed with a uniform protocol at Cambridge university where solid tissues 

were cut into small pieces, then homogenised with enzymatic digestion for 2x 15 minute 

heating/mixing steps at 37°C. The remaining six donors were subjected to a tissue adapted 

protocol with the aim of improving immune cell recovery, and this protocol was harmonised as 

closely as possible between the two collection sites. 

For scRNA-seq experiments, single cells were loaded onto the channels of a Chromium chip 

(10x Genomics). cDNA synthesis, amplification, and sequencing libraries were generated using 

either the Single Cell 5′ Reagent (v1 and v2) (Cambridge University) or 3′ Reagent (v3) 

(Columbia University) Kit. TCRαβ, BCR and TCRγδ paired VDJ libraries were prepared from 

samples made with the 5′ Reagent kit.  All libraries were sequenced on either a HiSeq 4000 or 

NovaSeq 6000 instrument. 

scRNA-seq and scVDJ-seq data analysis 

scRNA-seq data was aligned and quantified using the cellranger software (version 6.1.1, 10x 

Genomics Inc.). Cells from hashtagged samples were demultiplexed using Hashsolo (67). Cells 

with fewer than 1,000 UMI counts and 600 detected genes were excluded. Doublets were 

detected using Scrublet (68). Downstream analysis from data normalization to graph-based 

clustering were performed using Scanpy (version 1.6.0) (69), with details described in 

Supplementary Materials. Data integration was done using BBKNN (70) and scVI (71), and the 

results were compared using kBET (72). 

scTCR-seq and scBCR-seq data were aligned and quantified using the cellranger-vdj software 

(version 2.1.1 and 4.0, respectively). For TCRγδ we implemented a customized pipeline 

(https://sc-dandelion.readthedocs.io/en/latest/notebooks/gamma_delta.html) due to cellranger 



 

26 

being tuned towards alpha/beta TCR chains. scTCR-seq analysis including productive TCR chain 

pairing and clonotype detection was performed using the scirpy package (73).  

CellTypist 

Details of CellTypist, including cross-data cell type label harmonization and automated cell 

annotation, can be found in Supplementary Text. Briefly, immune cells from 20 tissues of 19 

studies were collected and harmonised into consistent labels. These cells were split into equal-

sized mini-batches, and these batches were sequentially trained by the l2-regularized logistic 

regression using stochastic gradient descent learning. Feature selection was performed to choose 

the top 300 genes from each cell type, and the union of these genes were supplied as the input 

for a second round of training. 

Single molecule FISH, flow cytometry, qPCR and Immunofluorescence 

For single molecule FISH, samples were run using the RNAscope 2.5 LS fluorescent multiplex 

assay (automated). Slides were imaged on the Perkin Elmer Opera Phenix High-Content 

Screening System, in confocal mode with 1 µm z-step size, using 20X (NA 0.16, 0.299 µm/pixel) 

and 40X (NA 1.1, 0.149 µm/pixel) water-immersion objectives. 

For flow cytometry, mononuclear cells (MNCs) were either stained ex vivo or post activation 

with PMA+I for two hours. Cells were stained with the live/dead marker Zombie Aqua for 10 

minutes at room temperature, and then washed with PBS+0.5%FCS, with the CD8 and B cell 

panels of antibodies. 

qPCR was performed in three spleen samples. Cells were stained with the live/dead marker 

Zombie Aqua for 10 minutes at room temperature, and then washed with PBS+0.5%FCS, 

followed by staining with the antibodies at 4°C for 45 minutes. Cell sorting was performed on a 

BD Fusion 4 laser sorter and RNA was extracted using a Zymo Research RNA micro kit. 

For immunofluorescence, samples were fixed in 1% paraformaldehyde for 24 hours followed by 

8 hours in 30% sucrose in PBS, and were stained for 2h at RT with the appropriate antibodies, 

washed three times in PBS and mounted in Fluoromount-G® (Southern Biotech). Images were 

acquired using a TCS SP8 (Leica, Milton Keynes, UK) confocal microscope. 

  



 

27 

Acknowledgements: 

We thank the deceased organ donors, donor families, the extended Cambridge Biorepository for 

Translational Medicine team, and the transplant coordinators at LiveOnNY for access to the 

tissue samples. 

We thank the CellTypist Annotation Team (composed of S. Webb, L. Jardine (M. H. laboratory), 

B. Stewart, Z. K. Tuong (M. C. laboratory), R. Hoo (R. V-T. laboratory), K. James, J. Park, E. 

Madissoon, W. Sungnak, R. Elmentaite, P. He (S. T. laboratory) for contributions to the 

harmonization of CellTypist labels. We thank V. Svensson for the initial idea of CellTypist. 

CellTypist is publicly available, with user-friendly documentation for application to any single 

cell transcriptomics datasets (https://github.com/Teichlab/celltypist#interactive-tutorials). We 

thank A. Maartens for providing feedback on the text. We acknowledge C. Usher, J. Eliasova 

and BioRender for graphical images. We thank M. Anderson, J. Gardner, C. Benoist and M. 

Haniffa for discussions on data interpretation, and thank C. Talavera-López and N. Kumasaka 

for discussions on data analysis. We also acknowledge the support received from the Cellular 

Generation and Phenotyping (CGaP) core facility, the Cellular Genetics Informatics team and 

Core DNA Pipelines at the Wellcome Sanger Institute and the Cambridge NIHR BRC Cell 

Phenotyping Hub (Dept. Medicine, University of Cambridge). Funding: This work was funded 

in part, by the Wellcome Trust (Grant number 105924/Z/14/Z; RG79413 to JLJ), Chan 

Zuckerberg Initiative Seed Network (CZIF2019-002452) (to D.L.F., P.A.S., J.L.J., S.A.T. and 

N.Y.), and NIH grant AI106697 to D.L.F. and P.A.S. This work was also supported by funding 

from the European Research Council (grant no. 646794 ThDEFINE to S.A.T.), by the NIHR 

Cambridge Biomedical Research Centre (BRC-1215-20014). For the purpose of open access, the 

authors have applied a CC BY public copyright licence to any Author Accepted Manuscript 

version arising from this submission.The views expressed here are those of the author(s) and not 

necessarily those of the NIHR, Department of Health and Social Care, or National Institutes of 

Health (NIH). T.G. was supported by the European Union’s H2020 research and innovation 

program “ENLIGHT-TEN'' under the Marie Sklodowska-Curie grant agreement 675395, LBJ 

and JLJ were funded directly by the Wellcome Trust (Grant number 105924/Z/14/Z; RG79413 

to JLJ). Author contributions: N.Y., P.Si., D.F., K.S.P., J.L.J., S.A.T. designed the study. 

K.T.M., and K.S.P. obtained tissues from deceased organ donors. D.K.M. and E.J.N. provided 

pre-mortem blood samples. C.D.C., L.J., D.R., S.W., S.H., O.S., L.M., P.Sz., L.R., L.B., E.F., 

H.S.M., J.P., D.C. performed tissue dissociation and prepared single-cell sequencing libraries. 

C.D.C., C.X., K.P., H.K., Z.K.T., R.E., E.R. analysed and interpreted the data. C.X., and T.G. 



 

28 

developed CellTypist. C.X., T.G. and N.H. collected CellTypist training datasets. M.P. provided 

support with the CellTypist package and website. L.J., D.R., S.H., L.T., S.P., N.R. performed 

validation experiments. L.C. provided help with histological analysis. T.L. provided help with 

smFISH image analysis. L.J., O.B., K.M., M.R.C., N.Y., P.Si., D.F., J.L.J, S.A.T. supervised 

experiments and data analysis. C.D.C., C.X., L.J., S.A.T., J.L.J. wrote the manuscript with 

contributions from D.F., M.R.C., D.R. and T.G. All authors read, provided input and approved 

the manuscript. Competing interests: In the past three years, S.A.T has worked as a consultant 

for Genentech, Roche and Transition Bio, and is a remunerated member of the Scientific 

Advisory Boards of Qiagen, GlaxoSmithKline and Foresite Labs and an equity holder of 

Transition Bio. J.L.J reports receiving consultancy fees and grant support from Sanofi Genzyme. 

C.D.C., C.X., J.L.B., R.D.B., W.S.B., G.T., S.K.H., S.O., P.K., K.H.W., M.L., H.N., S.P.A., R.L., 

B.L., F.E.S., M.K.T., P.M., T.L., R.N., T.Z.K., C.L., M.H.S., N.E.J., P.S., L.T., E.R., P.J., R.E., 

C.D., M.D.K., B.O.A., J.L.K., M.K.B., Y.N., C.M.R., S.P.A., F.D.L., S.P.K., J.L.J. have no 

competing interests. Data and materials availability: raw single-cell sequencing data have been 

deposited in the ArrayExpress database at EMBL-EBI (www.ebi.ac.uk/arrayexpress) under 

accession number E-MTAB-11536. Processed data can be downloaded and interactively 

explored at https://www.tissueimmunecellatlas.org. Code used for data analysis can be found on 

Zenodo at https://doi.org/10.5281/zenodo.6334988 (74). 

 

  



 

29 

Figures and figure legends 

 

Fig. 1. Automated annotation of immune cells across human tissues using CellTypist. (A) 

Schematic showing sample collections of human lymphoid and non-lymphoid tissues and their 

assigned tissue name acronyms. (B) Schematic of single-cell transcriptome profiling and paired 

sequencing of αβ TCR, γδ TCR and BCR variable regions. (C) Workflow of CellTypist including 

data collection, processing, model training and cell type prediction (upper panel). Performance 

curves showing the F1 score at each iteration of training with mini-batch stochastic gradient 

descent for high- and low-hierarchy CellTypist models, respectively (lower panel). The black 

curve represents the median F1 score averaged across the individual F1 scores of all predicted 

cell types. (D) UMAP visualization of the immune cell compartment colored by tissues. Note 

jejunum samples in (A) were further split into epithelial (JEJEPI) and lamina propria fractions 

(JEJLP). (E) As in (D), but colored by predicted cell types using CellTypist. 

 

Fig. 2. Myeloid compartment across tissues. (A) UMAP visualization of the cell populations in 

the myeloid compartment. (B) Dot plot for expression of marker genes of the identified myeloid 

populations. Color represents maximum-normalized mean expression of cells expressing marker 

genes, and size represents the percentage of cells expressing these genes. (C) UMAP 

visualization of the tissue distribution in the myeloid compartment. (D) Heatmap showing the 

distribution of each myeloid cell population across different tissues. Cell numbers are normalized 

within each tissue and later calculated as proportions across tissues. Only tissues containing more 

than 50 myeloid cells in at least two donors were included. Asterisks mark significant enrichment 

in a given tissue relative to the remaining tissues (poisson regression stratified by donors, p < 

0.05 after Benjamini-Hochberg (BH) correction). (E) Violin plot for genes differentially 

expressed in migratory dendritic cells across tissues. Color represents maximum-normalized 

mean expression of cells expressing marker genes. (F) smFISH visualisation of ITGAX, CCR7 

and AIRE transcripts, validating the AIRE+ migratory dendritic cells in lung-draining lymph 

nodes. 

 

Fig. 3. B cell compartment across tissues. (A) UMAP visualization of the cell populations in the 

B cell compartment. (B) Dot plot for expression of marker genes of the identified B cell 
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populations. Color represents maximum-normalized mean expression of cells expressing marker 

genes, and size represents the percentage of cells expressing these genes. (C) UMAP 

visualization of the tissue distribution in the B cell compartment. (D) Heatmap showing the 

distribution of each B cell population across different tissues. Cell numbers are normalised within 

each tissue and later calculated as proportions across tissues. Only tissues containing more than 

50 B cells in at least two donors were included. Asterisks mark significant enrichment in a given 

tissue relative to the remaining tissues (poisson regression stratified by donors, p < 0.05 after 

Benjamini-Hochberg (BH) correction). (E) Stacked bar plots showing the isotype distribution 

per tissue within memory B cells and the plasma cells. (F) Violin plot of the hypermutation 

frequency on the IgH chain across isotypes. Significant difference among IgG4, IgG2 and IgG1, 

as well as between IgA2 and IgA1 is marked by asterisks (wilcoxon rank sum test, p < 0.05). (G) 

Scatterpie plot showing the tissue distribution and B cell subsets of expanded clonotypes (>10 

cells). Each vertical line represents one clonotype. 

 

Fig. 4. Tissue compartmentalization and site-specific adaptations of T cells and innate lymphoid 

cells (ILCs). (A) UMAP visualization of T cells and ILCs across human tissues colored by cell 

types. (B) Dot plot for expression of marker genes of the identified immune populations. Color 

represents maximum-normalized mean expression of cells expressing marker genes, and size 

represents the percentage of cells expressing these genes. (C) UMAP visualization of T cells and 

ILCs colored by tissues. (D) Heatmap showing the distribution of each T cell or ILC population 

across different tissues. Cell numbers are normalized within each tissue and later calculated as 

proportions across tissues. Only tissues containing more than 50 ILC/T cells in at least two 

donors were included. Asterisks mark significant enrichment in a given tissue relative to the 

remaining tissues (Poisson regression stratified by donors, p < 0.05 after Benjamini-Hochberg 

(BH) correction). (E and F) smFISH visualisation of CD3D, CD8A and CRTAM transcripts, 

validating the tissue-resident memory CD8+ T cell population in the liver and lung-draining 

lymph nodes. (G) TCR repertoire analysis of T cells across tissues. Stacked bar plot shows the 

fraction of cells in a given cluster binned by clonotype size. (H) Heatmap showing the repertoire 

overlap between expanded clones (>1 cell) across tissues and donors as determined by jaccard 

distance. 

 

Fig. 5. A cross-tissue updatable reference of immune cell types and cell states. (A) Heatmap 
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showing the distribution of manually curated cell types across selected tissues. Cell numbers are 

normalized within each tissue and later calculated as proportions across tissues. Asterisks mark 

significant enrichment in a given tissue relative to the remaining tissues (Poisson regression 

stratified by donors, p < 0.05 after Benjamini-Hochberg (BH) correction). (B) Workflow for the 

iterative update of CellTypist through the periodic incorporation of curated cell type labels. 
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Materials and Methods

T e ac

A a c e ed de e ca a ed d e . T e a b a ed f

decea ed ga d f g c c a dea (DCD) b a dea (DBD) a e

Ca b dge B e f T a a a Med c e (CBTM,

:// .cb .g .ca .ac. /), REC 15/EE/0152. B ef , d ceeded

ga d a af e ce a f c c a . O ga e e e e f ed in sit

c d ga e e a a d c ed ca a ca f ce. Sa e f

e d e e b a ed 60 e f ce a f c c a a d aced

U e f W c (UW) ga e e a f a a 4 C e

ab a . G a e e e a e f e ca d ca ed F g. 1A. Add a

a e e e b a ed f e ef e be f e g a d e g be f e

e . S e e a c e a a e f e d e c a ace a d b e a a

b a ed f e e eb a b d e . I add , d - a c ed b d a e e e

a e     ea e  d a a , de  REC a a  97/290.

A C b a U e , a e e e b a ed f decea ed ga d a

e e f ga ac f c ca a a a g a a ed c

a d a e a a fe ag ee e L eO NY, e ga c e e ga a

(OPO) f e Ne Y e a a ea, a e de c bed (54, 75). A d

e e f ee f ca ce a d e ega e f e a B, e a C, a d HIV. A e

e e b a ed f b a -dead ga d , d d e a f a a

b ec e ea c , a c f ed b e C b a U e I a Re e

B a d.

D e ada a c c de age, e , ca e f dea , CMV/EBV/TOXO a a d

ed ca   de c bed  Tab e S1.
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T e ce g

T e f d ec ed e e ce ed a f c . T e e a g

d e e ce ed a e ada ed c e a f g

e ce ec e , a d c a a ed a c e a b e be ee

e Ca b dge U e a d C b a U e c ec e . I e ce

c  a  b ad  a  be ee  a  c  ed (fig. S12).

Tiss e processing for donors A29, A31, A35, A36, A37, A52 (Cambridge Uni ersit )

T e f e e d e e ce ed g a f c . B ef , d

e e e a fe ed a 100 e c e d , c a ece a d

a fe ed Ge e ac C- be (M e B ec) a a a f 5g/ be 5 L

f X- 15 ed a (L a LZBE02) c a g 0.13U/ L be a e TL (R c e

5401020001), 10U/ L DNa e (be a e c ea e, Me c 70746-4) e e ed

2% ( / ) ea - ac a ed fe a b e e (FBS; Me c F6178), e c a d

e c (100 U/ a d 0.1 g/ , e ec e , S g a-A d c P0781), a d 10 M

HEPES (S g a A d c H0887). T e a e e e e d c a ed g a

Ge eMACS Oc d c a (M e B ec) g a c a ded g ad a

a g f ge a eed a g 2 15 e ea g/ g e a

37 C. D ge ed e a f e ed g a 70- MACS S a a e (M e

B ec 130-098-462) a d a ed ed a c a g 2 M EDTA (T e F e

15575020) , a g PBS (Me c D8537). A f c de ce f ga

e (400g f 30 a RT) a e f ed a e c ea ce (MNC ). Af e

g ad e ce f ga , ce e e a ed ce PBS c g a d

e e d g PBS c a g 0.04% ( / ) BSA (G bc  15260037).

B e a a a e a d b d a e e e d ed 1:1 PBS a d a e ed

d ec f c f c ea ce a a de c bed ab e. Ce a e f

e e a e a e e e a ed PBS a d e ed e a e e a c

c d a d e b e e d g ce e e e d c a ed a

c a g be a e TL f 30 e a 37 C c g a d e e d g

PBS c a g 0.04% ( / ) BSA.
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Tiss e processing for donors 582C, 621B, 637C and 640C (Cambridge Uni ersit )

L d e e ee a d de e e a ed g a 70 M f e

aced f a 50 fa c , g e ge f a 2 ge a a e e. T e

f e a cca a a ed - + 1% FBS + 10U/ Be a e (Me c ).

De e d g e e f e e, e f e ed ce e a ed

30-50   -  + 1% FBS + 10U/  Be a e, a d aced  ce a  e ed.

N - d e e g, e a d d e e e f c ed c

0.2-0.5c ece , e a fe ed Ge e ac C- be a d 2.5 f c age a e

(Me c C7926) a d 2.5 - ed a added, e ge ed g a c a

ded g ad a a g f ge a eed a g 2 15 e

ea g/ g e a 37 C. P -ge e ac ge a 20 f 0.5 M EDTA

(2 M f a c c) e 5 f c age a e a added e a e, a d e d ge ed

e a fe ed a 70 M ce a e aced f a 50 fa c . U g e

ge f a 2 ge e e a a ed g e f e , cca a

a g f e f e - + 1% FBS + 10U/ Be a e. De e d g e

e f e e, e f e ed ce e a ed 30-50 - +

1% FBS+ 10U/  Be a e, a d aced  ce a  e ed.

T e c ed ce e a ada ed f (11) e a f e a a g

e a a a (LP) a d ae e a a e (IEL), abb e a ed JEJLP a d

JEJEPI e da a e . T e e a a ed PBS + 0.04% BSA e e a

c e, c ed c 0.5 c ece e a fe ed a 50 fa c

be a d 10 f - + 2 M DTT (0.1M , T e F e 707265ML) + 5

M EDTA (0.5M , I ge ) + 1% FBS added, e aced e 37 C

c ba f 20 e . T e be a a e af e 10 e . T e e c e ca

d ge a e g a 70 M f e aced f a 50 fa c a d ed

10 f - + 1% FBS + 10U/ Be a e. T e a g f e f e

c a e IEL ce , a d a e ce. E ce e f e f e a c a ed

bac a 50 fa c a d e d ge a d f e g e e ea ed. Re a g e

f e f e a e c a ed a Ge e ac C be a d d ge ed 2.5 f
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c age a e IV (Me c ) a d 2.5 f - a d e a e Ge e ac

g a e ed f e - d e . 20 f 0.5 M EDTA (I ge )

g e a 2 M f a c ce a e 5 f c age a e a e added e a e

a d e d ge ed e aced a 70 M ce a e aced f a 50 fa c .

U g e ge f a 2 ge e e a a ed g e f e c a

cca a a ed - + 1% FBS + 10U/ Be a e. T e ce a a

g e f e a e LP ce . De e d g e e f e e, e f e ed ce

e a ed 30-50 - + 1% FBS + 10U/ Be a e

(Me c ), a d aced  ce a  e ed.

O ce a g e ce e a b a ed f a e , e e e ce f ged a

600g 10 e a d e e ded - + 1% FBS ead f a e g e f c .

B d a d b e a a d ed 1:1 - + 1% FBS a d a e ed e f c

add a ce g e . T e c ea ce a g f c a

e f ed a de c bed ab e. T c a a ab e c .

(d .d . g/10.17504/ c . .b 4 8 ).

Hashtag labeling of cells for donors 582C, 621B, 637C and 640C (Cambridge

Uni ersit )

Ce e e a agged a g f a e f ad g e 10X C

e a d e a ag ed a e ed Tab e S2. A a e 500 MNC e

e a a fe ed a 1.5 -b d e e d f. Ce e e a 600g f 5

e a d a c e a a a b e a e ed a d e ce e e ded

50 PBS+0.04% BSA. 5 f FC b c (B Lege d 422301) a added ed ce

bac g d abe g a d c ba ed a 4 C f 10 e . Eac a ag a a

14,000g f 10 e , a d e added 0.5 f a ag eac be. I c ba e a 4 C

f 30 e e 500 PBS + 0.04% BSA, a d a 600g 5 ,

a d e e e a a . Wa ce ce e 500 PBS + 0.04% BSA,

e e e d ce 100 PBS + 0.04% BSA. C ce a d e a

be f ce f eac e a d ceed ad g f e 10X C

C e .
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Tiss e processing for donors D496 and D503 (Col mbia Uni ersit )

Eac e a b ec ed a e ec f c c a e ce ec e a d

ab  ac  a d e  f e :

B d a e a d b e a a a e a ed a c c e e e d ed

1:4 a d a e ed d ec F c - a e f a de ce f ga e (1200 g f

20  a  20 C) a d b e e  c ea  ce  a .

S ee a e e e ec a ca d ge ed c , a d a ed a d a ed

g a 100 M f e a f PBS c a g 5% ( / ) FBS a d 2 M

EDTA. T e g e ce e a d (400 g f 10 e a 20 C),

a ed PBS c a g 5% ( / ) FBS a d 2 M EDTA, a d a e ed

F c - a e f a de ce f ga e (1200 g f 20 a 20 C) a d

b e e  c ea  ce  a .

L g a d a de a e a ed a c e e e e e ec a ca

d ge ed c a d e a ca d ge ed a a e f 30 e a 37 C

IMDM Med a (G bc 12440053) c a g 1 g/ L C age a e D (M e S g a

11088882001) a d 0.1 g/ L DNa e (W g LS002139). Af e d ge , e

e a a ed a d a ed g a 100 M f e a f PBS

c a g 5% ( / ) FBS a d 2 M EDTA. T e g e ce e a d

(400 g f 10 e a 20 C), a ed a d e e ded IMDM Med a

10% ( / ) FBS, a d a e ed F c - a e f a de ce f ga e (1200

g f  20  a  20 C) a d b e e  c ea  ce  a .

Je e a ce ed e a a e e E e a La e (EL) f e La a

P a (LP) abb e a ed JEJEPI a d JEJLP e da a e e ec e . T e ce

beg b a g e e f e a c e c e c d PBS c a g

5% ( / ) FBS. T e EL a ed b ce c ba g e e a 37 C a a e

f 30 e IMDM Med a c a g 2 M DTT, 10 M EDTA, a d 10%

( / ) FBS. Af e eac , e ed a a e ed f e e, f e ed, a d

a ed g a 100 M f e a f PBS c a g 5% ( / ) FBS a d

2 M EDTA c ec e EL f ac , c ed ce e LP f ac a
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bee c ec ed. I de c ec e ce f e LP, af e e ec d g e , e

e a ec a ca d ge ed c a d e a ca d ge ed a a e

f 30 e a 37 C IMDM Med a (G bc 12440053) c a g 1 g/ L

C age a e D (M e S g a 11088882001) a d 0.1 g/ L DNa e (W g

LS002139). Af e d ge , e e a a ed a d a ed g a 100 M f e

a f PBS c a g 5% ( / ) FBS a d 2 M EDTA. A e , e

g e ce e f b e EL a d LP f ac e e d (400 g f 10

e a 20 C), a ed a d e e ded IMDM Med a 0.25U/ Be a e

(M e S g a E1014-5KU). T e a e e e c ba ed f 30 e a 37 C,

a ed a d e e ded IMDM Med a 10% ( / ) FBS, a d a e ed

F c - a e f a de ce f ga e (1200 g f 20 a 20 C) a d

b e e  c ea  ce  a .

O ce a ed, a g e ce e e e ce f ged (400 g, 10 e a 4 C)

a d a ed ce PBS c a g 5% ( / ) FBS a d 2 M EDTA. Ce c

e e ac ed g e NC-2000 Ce C e (C e e ec) a d 50 ab e

ce f eac e e e ea ed T a FcX (B Lege d 422302) a d FcR

B c g Reage (M e 130-059-901). Ce e e b e e abe ed f 30

e a 4 C b a ed a -CD66B (B Lege d 305120), a -CD235ab

(B Lege d 306618), a -CD326 (B Lege d 324216) e e g a c e , ed

b d ce , a d e e a ce e ec e a e a d -c a ed ag e c a c e

a d ega e e ec (Ba g Lab a e BP628). F a , a g e ce e

e e b ec ed  dead ce  e a  g a Dead Ce  Re a  K  (M e ).

Hashtag labeling of cells for donors D496 and D503 (Col mbia Uni ersit )

Eac g e ce e a a agged a g f a e f ad g

e 10X C e a d e a ag ed a e ed Tab e S2.

A a e e MNC e e e e a fe ed 4 L f c e

be . Ce e e ce f ged a 400 g f 5 e , 4 C, e a a e ed, a d

e e ded PBS c a g 5% ( / ) FBS a d 2 M EDTA. Ce e e ea ed

T a FcX (B Lege d 422302) a d FcR B c g Reage (M e 130-059-901)
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ed ce bac g d abe g a d c ba ed a 4 C f 10 e . Eac a ag a

a 14,000 g f 10 e , a d 1 L f a ag a added eac be. T e

a e e e c ba ed a 4 C f 30 e , a d b e e ce f ged a 400 g

f 5 e , 4 C a d a ed ee e PBS c a g 5% ( / ) FBS a d

2 M EDTA. 200K f eac a e a added a g e 4 L f c e be.

T be a ce f ged a 400 g f 5 e , 4 C a d e e ded PBS

c a g 5% ( / ) FBS a d 2 M EDTA.

S g e-ce  RNA b a  e a a  a d e e c g

F cRNA- e e e e , g e ce e e aded e c a e f a C

c (10 Ge c ) f a a ge ec e f 5,000 ce . I e ce f d

A29, A31, A35, A36, A37, A52 e e aded a g e 10 c a e e e e

d . F e e a g d , a e ce e e a ag abe ed, eac d ce

e e ed a d aded a a f ee 10 c a e . S g e-ce cDNA

e , a f ca , a d e e c g b a e e e ge e a ed g e e e 10X

Ge c S g e Ce 5 Reage ( 1 1000006 a d 1000020 a d 2 1000263 a d

1000190) (Ca b dge U e ) 3 Reage ( 3.1 1000121) (C b a U e )

K f 10 Ge c f g e a fac e c . T e ge e e e

b a e e e e e ced a I a N aSe 6000 a f a a a ge de f

50,000 ead e ce . F a e e a ed e S g e Ce 5 Reage K , VDJ

b a e f TCR a d BCR e e e a ed e V(D)J e c e K f 10

Ge c ( 1 1000005 a d 1000016 a d 2 1000252 a d 1000253) f g e

a fac e c . VDJ b a e f TCR e e e a ed g e

b ed e (76) c a b e e S g e Ce 5 Reage ( 1) K f 10

Ge c . VDJ b a e f B a d T ce e e e e ced e e a H Se 4000

ed ge e e e b a e e N aSe 6000 a f a a a ge de f

5,000 ead e ce . Ha ag b a e e e ed a d e e ced e e a I a

Ne Se 500, I a H Se 4000 ed ge e e e b a e e

N aSe  6000 a f .



S g e-ce  RNA- e  da a e- ce g

cRNA- e da a a a g ed a d a f ed g e ce a ge f a e ( e 6.1.1,

10 Ge c I c.) g e GRC 38 a efe e ce ge e ( ff c a Ce Ra ge

efe e ce, e 1.2.0). F a agged a d e ed a e (a e d

582C, 621B, 637C, 640C, D496 a d D503) a ag-ba ed ce de e g a

e f ed g Ha (67). Ce fe e a 1,000 UMI c a d 600

de ec ed ge e e e e c ded f d ea a a . cTCR- e da a a a g ed

a d a f ed g e ce a ge - d f a e ( e 2.1.1, 10 Ge c I c).

cBCR- e da a a a g ed a d a f ed g e ce a ge - d f a e ( e

4.0, 10 Ge c I c). F TCR e e e ed a c ed e e d e e

ce a ge d a a a g be g ed a d a a/be a TCR c a . B ef ,

TCR b a e e e a ed ce a ge 4.0.0, g e 10 VDJ 4.0.0 efe e ce.

A c g dee ed g a e e e ec ed, a d ea a ed IgB a a e

f ded da de 0.1.3 ( ://g b.c / g/da de ). We a e

ade a a ab e a e a e eb ca g f

( :// c-da de . ead ed c . /e / a e / eb /ga a_de a. ).

D b e  de ec

D b e de ec a e f ed a e a e ba g e Sc b e a g

( ://g b.c /A K e Lab/ c b e (68)) e c a a e

de c bed (77). B ef , c b e c e e e b a ed e ce a d e e c a e

a e f ed e -c e ed da a g e scanp .tl.lo ain f c f e

ca ac age. Eac c e a b e e e a a e c e ed aga , e d g a

e -c e ed a f d, a d eac f e e g c e ad Sc b e c e

e aced b e ed a f e b e ed a e . T e e g c e e e a e ed f

a ca g f ca ce, P a e c ed g a g - a ed e f a a

d b ce ed e c e ed a a d a ed a ab e de a

(MAD)-de ed a da d de a e a e. T e P- a e e e c ec ed f fa e

d c e a e e Be a -H c be g ced e, a d a g f ca ce e d f



0.1 a ed. Ce a Be a -H c be g-c ec ed P- a e e a 0.1 e e

e c ded f  d ea  a a .

C e g, ba c  a g e  a d a a

D ea a a c ded da a a a (scanp .pp.normali e_per_cell

e d, ca g fac 10,000), g- a f a (scanp .pp.log1p), a ab e ge e

de ec (sc.pp.highl _ ariable_genes), da a fea e ca g (scanp .pp.scale), PCA

a a (scanp .pp.pca, f a ab e ge e ), a d Le de g a -ba ed c e g

(scanp .tl.leiden, c e g e a a ad ed) e f ed g e

ac age ca ( e 1.6.0). Da a eg a ac d a d e g

ba c -ba a ced KNN ( ://g b.c /Te c ab/bb ) (70). P d

eg a , ba c c ec f c e -a c a ed effec a e f ed g dge

eg e a e e ed e BBKNN ac age. Ce de e e e f ed c ed

g Ce T , a d e de e a a c a c d g: 1) e a a f

e e f a e ge e a d a e ge e de ed f Ce T de ;

2) c - a da a d c - ed c Ce T a g da a e a d

de e de da a e f e a g a d g (27, 28). D ffe e a e e

ac c e a a e ed g e sc.tl.rank_gene_gro ps f c f ca

g e c a e d. T ac e e a g - e a a , e

b-c e ed ILC/T, B a d e d ce a d e ea ed e ced e f g a ab e

ge e e ec , c  a ed f  f e-g a ed ce  e a a .

C a  f BBKNN eg a   cVI

T e a e e f e ce f a e a e da a eg a e d da a e , cVI

a ed eg a e e da a e f a f d ffe e d a a c a a e.

S ec f ca , e e ac ed e a e e f g a ab e ge e a ed BBKNN, a d

e e da a a a c a . F e cVI de , e be f a e

e e e a a e a 20, a d e d a e a e a 0.2. We b a ed e

a e a e a ab e af e 500 e c f a g (ma _epochs=500 a d
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earl _stopping=Tr e) c e e e Sca e e f e g b d g a

c c  (sc.pp.neighbors) a d ge e a  f UMAP c d a e  (sc.tl. map).

T a e e ba c - g effec af e BBKNN (fig. S24A) a d cVI eg a (fig.

S24B), e c d c ed e - ea e e g b ba c effec e ( BET) (72) a e e

deg ee f ba c g f eac c e (fig. S24C) a d ce e (fig. S24D). C e

e e de ed f e ec e e g b d g a b BBKNN cVI g a

e f 1, a d ce e e e ba ed Ce T ed c . F eac e d,

e e g KNN g a a ed a e f BET ef ec e

-ba c -c ec d a ce be ee ce , a d BET b e ed e ec a e e e

ca c a ed g e f c kBET f BET. T a a e ea ed a g BET

acce a ce a e ca be b a ed af e da a eg a g b e d , a d a

BBKNN g  e f ed cVI   ca e.

cTCR- e  d ea  a a

VDJ e e ce f a a e ac ed f e f e

f e ed_c g_a a .c g e c ac age (73). We de e ed

d c e TCR c a a g fea e g e scirp .tl.chain_pairing f c a d

e ec ed ce a g e a f d c e TCR c a f d ea a a .

C e e e de e ed g e scirp .pp.tcr_neighbors f c g e CDR3

c e de e e ce de  f  b  TCR c a  a  a e c.

cBCR- e  d ea  a a

VDJ e e ce f a a e ac ed f e f e

f e ed_c g_a a .c . F e g e-ce VDJ a a f B ce a

e f ed b ad a de c bed e (11, 78), a e e ce f a g e

a e g ed ge e f a a . A g Ge e . (79) a d IgBLAST (80) e e

ed ea a e IgH e e ce c ec f a b g V ge e a g e

g TIgGER ( 1.0.0) (81). C a - e a ed IgH e e ce e e de f ed g

Def eC e . a ea e e g b d a ce e d f 0.15 bef e g
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C ea eGe e . (C a geO) (82) fe ge e e e ce f eac c a fa

a d ca c a e a c e a f e e c e b e edM a (S a a )

(82). IgH d e a a e e e e f ed g e a ef D e a d e D e

f A a a a ( 1.0.2; (82)). cVDJ e e ce e e e eg a ed g e-ce ge e

e e b ec b de e g e be f g a a a ed IgH, IgK IgL

e e ce ba c de. If e a e c g e c a a de f ed, e ada a f

a ce a a c bed a M . T a e c a e a be ee cRNA- e

c e , c - cc e ce f e a ded c e e be be ee ce e a d e a

e ed a a b a e e f eac c e a c a ed a e be d ffe e

ce  e   e   g e-ce  e e e .

S g e ec e FISH

Sa e e e e e a f e c ed e a e (-70⁰C) f ed 10% NBF,

de d a ed g a e a e e , a d e bedded a aff a . Sa e e e

g e RNA c e 2.5 LS f e ce e a a (a a ed). B ef , FFPE

e ec (5 ) a d f e f e e ec (10 ) e e c . F e f e

e e e e- ea ed ff e (4% PFA f a 4 C 15 f ed b 90 a

e e a e, e e a de d a e (50%, 70%, 100%, 100% e a , a

d )) a d ea e III a ed. FFPE e e ed e ea e ff e, b a

Hea I d ced E e Re e a (HIER) e a e f ed b e e f

15 g E e Re e a 2 (ER2) a 95 C. T e e e a ad ea e III

ea e . RNA c e be ed e e f adcb a d c ded H -CD3D-C2

(599398-C2), H -CD8A-C3 (560398-C3), H -CRTAM (430248), H -AIRE (551248),

H -ITGAX-C2 (419158-C2) a d H -CCR7-C3 (410721-C3). O a f e (O a

520, O a 570 a d O a 650) e e ed a 1:300 d . S de e e aged e

Pe E e O e a P e H g -C e Sc ee g S e , c f ca de 1

- e e, g 20X (NA 0.16, 0.299 / e ) a d 40X (NA 1.1, 0.149

/ e ) a e - e  b ec e .

12



F  c e

S ee , b e a a d ac c de f add a d d ffe e e

cRNA- e d e e ed a da e e d c e ed ce a . T e MNC

e e e e a ed e ac a PMA+I (eB c e ce, Ce

S a C c a ) f . Ce e e a ed PBS a d e a ed

e e/dead a e Z b e A a f 10 e a e e a e, a d e

a ed PBS+0.5%FCS. T e MNC e e a ed PBS+0.5% FCS a 4 C f 45

e   e f g a e  f a b d e :

CD8 a e : CD3-BUV395 (SK7, B Lege d), CD56-BUV737 (NCAM16.2, BD

H ), CCR9-BV421 (L053E8, B Lege d), CD4-BV605 (OKT4, B Lege d),

TCRgd-F c (B1.1, I ge ), CX3CR1-PE (2A9-1, B Lege d), CRTAM-PEC 7

(CR24.1, I ge ), CD16-APC (3G8, B Lege d), CD8-APCC 7 (RPA-T8,

B Lege d).

B ce a e : IgD-BUV395 (IA6-2, BD H ), CCR7-BV421 (G043H7, B Lege d),

CD3-BV605 (SK7, B Lege d), CD11c-BV785 (3.9, B Lege d), CD27-PE (0323,

eB c e ce), CD19-APC (HIB19, B Lege d), Tbe -PEC 7 (eB 4810, eB c e ce,

Tbe a g a d e af e e face a g g e eB c e ce F 3

a c  fac  a g b ffe  ).

Ce e e f ed PBS+0.25%PFA a d ed a 4 C e e e e

F e a f c e e , ca ed e Ca b dge NIHR BRC Ce

P e g H b. S ee MNC e e ed f g e a c ca c a e

c e a a d FMO e e ed ca c a e bac g d f e ce ce. F J a

ed  a a e e f  c e  da a.

PCR

PCR a e f ed a da e e e e ce ITGAD-e e g T ce e

ee g ee add a a e a e e d ffe e e ed e cRNA- e
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d . S ee MNC e e a ed e e/dead a e Z b e A a f 10

e a e e a e, a d e a ed PBS+0.5%FCS. Ce e e e

a ed e f g a b d e a 4 C f 45 e : CD56-BV421 (HCD56,

B Lege d), CD4-BV605 (OKT4, B Lege d), TCRgd-F c (B1.1, I ge ),

TCRab-Pe CPC 5.5 (IP26, B Lege d), CD52-PE (MHCD5204, L fe Tec g e ),

CD127-PEC 7 (eB RDR5, eB c e ce), CD8-APC (RPA-T8, B Lege d),

CD3-APCf e (UCHT1, B Lege d). Ce e e a ed PBS+0.5% FCS a d

a ed g a Ce c (Pa ec) 30 f e ce g. Ce g a

e f ed a BD F 4 a e e a d a e a e f e ga g a eg ed

  (fig. S22C).

S ed ce e e e e ed a 600g f 5 e a d ed RNA b ffe a d

f e RNA c d be e ac ed. RNA a e ac ed g a Z Re ea c RNA

c c DNA e d ge . T e a da d c a f ed a d

RNA e ed 11 f a e . T RNA a e ed a e cDNA g b g

dT a d a d e a e e e e e e a c a e S e c III. P be

B2M ( e ee g ge e) a d a a ITGAD e e c a ed f

T e F e , a d PCR eac e e e f ed d ca e e f g

ec e: 8 a e , 0.7 be, 4.3 a e a d 3 cDNA. A T e FI e

Q a S d 7 e a ed f e PCR, a d e C a e e e de e ed

 e DC  be g ca c a ed a  e C  f ITGAD - C  f B2M.

I f e ce ce

S ee a d ac c de a e f e a ed d e e f ed 1%

a af a de de (E ec M c c Se ce , 50-980-487) f 24 f ed

b 8 30% c e PBS. 30 ec e e e eab ed a d b c ed

0.1M TRIS, c a g 0.1% T (S g a, T8787-50ML), 1% a e e

(I ge , 10410), 1% a a e (I ge , 10710C) a d 1% BSA (R&D

S e , DY995). Sa e e e a ed f 2 a RT a e c a be e

a a e a b d e , a ed 3 e PBS a d ed F -G
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(S e B ec , 0100-01). I age e e ac ed g a TCS SP8 (Le ca, M

Ke e , UK) c f ca c c e. Ra ag g da a e e ce ed g I a

(B a e).

A b d e ed: CD3-AF488, c e UCHT1, 1/100 d (B Lege d, 300415);

CD1c-PE, c e L161, 1/50 d (B Lege d, 331505); CCR7-PE, c e 3D12, 1/50

d (eB c e ce, 12-1979-42); CD19-AF594, c e HIB19, 1/100 d

(B Lege d, 302250); CD11c-APC, c e MJ4-27G12, 1/100 d (M e ,

130-114-102); HLA-DR-AF647, c e TAL 1B5, 1/100 d (Abca , ab223907).

N c e  e e a ed  H ec  33258, 1/10,000 d  (B , 40044).
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Supplementar  Text

CellT pist: an interpretable pan-tissue database and automated tool for cell t pe
annotation

Ra a e

W e g g e f g e-ce RNA- e e c g ( cRNA- e ) da a e a d

e de a ca e a d d ea e b g (83, 84), fa a d acc a e ce e

a a bec e f c c a a e de acce e a e e e e a f e

ge e a ed cRNA- e da a e . A a e f a ac e a e bee f a d

e f e a c g f ce de e be ee da a e (85). H e e , e e a e fe

a ca a b a fea e c ca e c a f ca f a ce e, c d g

a b g a c a f ca ce a a e e e e ed e a g da a e ,

d g g g ge e ce a , ea eg a g e e g

a a  f , a d be g ca ab e  a ge da a e .

F e e, de a fe ce e abe a e da a e , f e

e g e a c a b ed da a e ce a a f d d a

b ca a d a fe e ce abe f e e efe e ce da a e . T e

c e e e e a d a f e efe e ce a g da a e , a a e ,

g a a eed. Ma ce c a e a e a ed ac e , c a e ce .

F e e e f ce a e , e ef b d a efe e ce da aba e

c -da a e a d c - e ce e c d g b ga - ec f c e (e.g.,

e- e de ac age e e K ffe ce , ace a H fba e ce a d

d e - e de ac age ) a d a ed e (e.g., c e ). Se e a eff a e

f c ed b d g cRNA- e efe e ce f ce e c a f ca , c a a ece

a ac c eg a ed e da a e e efe e ce a a g c d a

e a  e  de (86).

I d , e f c ed e ce a d e a ge a e f b e .

I e ce a e b a d b e ac e , ec f c ada a

c e d g ca e e . T ead a g deg ee f ce e

e e ge e , c f e a g e ed b e fac c a de e e a

16



eage d a c . De e e e ge e , e ce ca be g ed ce

e c a ac e ed b e e f def e a e , f c a e , a d a e

eage . T e ef e, b c - e eg a a d d a - ec f c edge a e

ece a de a e b e a g - a a d e -c a ed a - e e

efe e ce f ed b a fe g ce e f efe e ce e da a e ,

d g ga -ag c a a ed a a f e ce e a g e

ea c .

He e e d ce Ce T , a ce e da aba e a d e e f c ed

e ce f ca a a e a a d ec e e ab e e e f

a a c a a f cRNA- e da a. Ce T c e c de a de

a e f e ce e c ec ed f 20 e ac 19 d e , e e

dee c a ed ce e b c a a ab e e c . T e ed c f

Ce T ba ed g c eg e c a f e ed b e c a c g ad e

de ce (SGD) a g . E e e de g a d a e f ed

e e a cab , e de ed de ea da ab e f f e e ea e b

c a g e ce a a , a e a b c d g -a a ed ce c

f e e a a be de c bed a ec f c ce e . N ab , c e Ce T

e ea e e b - a d g - e de c c a f ce c a e

a d f e g a a e , e ec e . Ce T ca be ead a ed a d ed f

https://gith b.com/Teichlab/cellt pist a d e ce e e ce a a ab e a

https:// .cellt pist.org.

Da a e  c a  a d eg a

We g a e b e a c - e e efe e ce a a a g e

fac a e d ea ce e abe a fe a ga -ag c a e . cRNA- e

da a e e c ec ed f 19 b ca c e g 20 d ffe e e (fig. S2A). A a

c a a b a ed f eac da a e a d b e e c b ed ac da a e

ba ed  e  c  ge e .

I de f c e de a g da a bona fide e ce , e

c b ed e e a a f e ed c de ce e e g PTPRC, a

ge e a a e f e ce , a e a e e g EPCAM a d PDGFRA,
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a e f e e a ce a d f b b a , e ec e . I add , f e da a e

c e e a ead a a ed e g a b ca , ce de f ed a

e ce e e e c ded. E ce e e e e e E e a ce ,

E d e a ce a d F b b a c e e e a ed e efe e ce da a e

e e a b e a ca eg e e e e g fa -bac f - e ce e . F

eac f e e da a e , e a- f a a a c ec ed, c d g e e f

g , e e c g c , a d g a  ce  e a a  e e b e.

T ge a e e f a e b ed e a a , e eg a ed e 19

da a e b c ec g e c f de de ed f ba c e ac da a e a d

e e c g c g cVI (fig. S2, B and C) (71). S ec f ca , e e e

da a a a c a a d c a a e e f Da a e a d P c . F

e cVI de , e be f a e e e e a a e a 20 (n_latent=20), a d

e d a e a e a 0.2 (dropo t_rate=0.2). We b a ed e a e a e

a ab e af e 500 e c f a g (ma _epochs=500 a d batch_si e=1024) c

e e e Sca e e f e g b d g a c c

(sc.pp.neighbors( se_rep= X_scVI )) a d ge e a f UMAP c d a e

(sc.tl. map). O eg a ed a a ca be b ed a

https:// .cellt pist.org/training-data-cell gene/.

Ce  e abe  a a

I de a Ce T de g f ce e abe , ce de e

ac da a e e e a ed c e a e g a ce e abe

a a  e e (fig. S3).

F e a a f ce e c ec ed, e e e e a a ed b

e g a d e . T e e ce e e ca eg ed d ffe e ce e a d b e

edge f e e ( ee e Ackno ledgements ec f

c b f e Ce T A a Tea ). T e e ce e abe e c a

e e f e a c e : a g - e a c ( - e ) e e c c de a a

f 32 b ad ce e ; a d a - e a c ( g - e ) e e c c e 91

de a ed ce e a d b e g bd f b ad ce e . T e e

e e a e a a ged e a c ca , c a e - e a c a a a e ab e
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c e a c c e d g g - e e c a e . T - e e edge-ba ed

e a ad ed f e e a ea . F a d f e , e be f da a

f eac e a d ce c a e a e ed a ac ab e a ge, g e a e

e e a a g da a e f Ce T e a e ce , a d

c - e e e ce a e a a f a ce . T ed e f

da a ea a e edge ab e e ce da a-d e

a ac e . I f e, a da a e e a d a d a e added, e e ec a b d g a ce

e e a c b e f b d a edge a d a ge- ca e cRNA- e

da a ca e a ef ed a d f ce e c e. H e e , a e e ,

ff c e a g ce a e e e a c , c a e d ffe e b e f T

ce e a c e a e a be ga ed a e a c >2 e e .

Sec d, Ce T e ee de a e ce a a a c de a

acc a e a d c - de acce ed ce e e c c ed a . Re c g fe e

b g - a a d g -c f de ce e a c e e e e. T d,

ed edge, e e d c e ed ce e a e e ba ed e

a c c da a. I e g c ce e a e a c a e e ba ed

e ge e e e a e a e a e ec e e g f b g ca

e de ce g e  g .

T de e ge ed g - a a a , e ef ed e a a f

a Ce T a g da a e g e abe a a e e, c d g ce

e ca eg a , da a eg a , c e g, a d e e a da a a da , c

ge e e e ga ed f c d e : e a , c ec , bd a d

g (fig. S3).

F , e e ed ce a e e -a a ed b e g a b ca .

S ec f ca , e eg a ed e a e ce e f d ffe e da a e b cVI ba c

c a a e f d ffe e d e a d e e c g c a e ec Dataset

compilation and integration , a d af e a , e ed ce a d d be g e

g e ca eg . U g a ce a a e a e, e e c b ed 10 ce f a

ce (fig. S4A, upper), e c e 9 a d 11 e e a c ca e a a ed f

e ce (fig. S4A, bottom). T c f e e e e a a da ,

1



e b Ce T de ( ee e ec Model training f b d g

Ce T de ) f e g (27) a d g e ce a (28), a d e

a fe ed ce e abe f e de a g da a e . T e ed c

e c e ed a c e 9 a a a ce a a d c e 11 a

c e/ ac age a (fig. S4B). M e e , e ce de e e e

ed b e ca ca a a ce a e MZB1 a d c e/ ac age

a e CD74 (fig. S4C). W a e ab e e de ce, e e ed c e 9 a d 11

f e a ce a . T e a ce a e f ed f e e a e

ce  e  a  e , c  a  e a e d ce  (ILC) ec  (fig. S4, D to F).

Sec d, e c ec ed ce e abe f e ce a e e -c a f ed

g a d e . Bef e , eg a f ce f e a e ce e, e ed

c e g, a d ge e a f de e de de f e e a a da , e e

e f ed a ab e. Ne , ce e a e e c a f ed d e e

a c c a e c e ce e e e c ec ed ( .e., e abe ed).

U g eg a T ce a a e a e, Ce T e c b ed e ce f

eg a T ce (fig. S5A, upper), a d c e ed e 14 c e (fig. S5A,

bottom). A g e e c e , c e 0, 1, 2, 5, 7 a d 10, c a g a ed

f d e , e e c e ed c ed a a e/ce a e CD4+ T ce b

e de e de Ce T de (fig. S5B). E e f def e eg a T

ce a e (CTLA4 a d FOXP3) a ed e e c f e e ce a

eg a T ce (fig. S5C). T e e abe ed e e eg a T ce a a e/ce a

e CD4+ T ce e Ce T a g da a e . T c ec ce a

e f ed f  e e a  e  ce  e  a  e , c  a  e ILC  (fig. S5, D to F).

T d, e bd ded e b ad ce e c ea a d

c - ec g ed ce b e . S a , bef e , ce f a g e ce e

e e eg a ed a d c e ed, a d Ce T de f e e a a da e e

b . Ne , g -c f de ce ce b e c e ed c f e

Ce T de a d e de ce f e -e ab ed a e ge e e e e e

bd ded f a b ad ce e. U g e c e a a e a e, af e e

c b ed 12 ce f c e a d c e ed e 15 c e (fig. S6A), e
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e ed c ea c e b a : -c a ca c e a d c a ca

c e (fig. S6B). E e f -c a ca c e a e FCGR3A

(e c d g CD16) a d c a ca c e a e CD14 (e c d g CD14) e e a

e bd c e e f c e (fig. S6C). I Ce T e e ef e

bd ded e e c e -c a ca a d c a ca e . T bd

ce a a a ed e ce e c a a a e (NK) ce c

c ed CD16+ a d CD16- NK ce  (fig. S6, D to F).

F , e de f ed ce a a e e dde e ce e

a d eg ec ed b g a b ca . S ec f ca , af e ce f a g e ce e

e e eg a ed, c e ed a d ed c ed g e a e a eg a bef e, e ca ed

e dde ce e a d e a ded e ce be a d e d b . F

e a e, e c c T ce a c e e c b ed f 14 ce

a d c e ed 16 c e (fig. S7A), e f d a MAIT ce a . T ce

e, g a c ca a c c T ce , a c f de ed c ed

f e c c T ce g e Ce T de a ed f Mad e a .,

2021 (28) (fig. S7B). E e f MAIT ce a e SLC4A10 a d TRAV1-2 a

a e e e ce , f e g e ce de a MAIT ce (fig.

S7C). B add g bac e e ce , e e a ded e be f MAIT ce f 1,132

2,367, a d ed e e e a ( .e., ce e e) e Ce T

a g da a e a d e e ded e d b add a ga e e ee .

O e e a e c ded a e ge a ce e B ce e ad e e f

c e e a ded e be f 391 516 b g e f e e

B ce  (fig. S7, D to F).

T g a f e e, e dee ge ed e ce e a a f e

Ce T a g da a e a d ed e a e f Ce T a g a d f

b a g a a  f  -a a ed ce  ( ee be ).

P aga g a a   -a a ed ce

Af e abe a da d a , a a b e f ce c ded Ce T

ad de g a ed ce e abe . T e e ce e e a b ec e a e e e

f e g a e ec Dataset compilation and integration . G e a e
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-a a ed ce a c a a ce e a e e a a ed ce , e

e g e e abe d ca a d fac a e e c a f b

a d e - -be-a a ed ce de e e Ce T de (fig. S3).

S ec f ca , e -a a ed ce f eac c b a f e a d da a e e e

c e ed de e de g a ca ca Sca e e. T e e g c e e e

e c a ed e ed c ed ce e abe c e e fe ed f e

Ce T de a ed f e a a ed ce (f de a f de a g, ee e

ec f Model training ). F a g e c e e e a ea 75% f ce a c ed

a ec f c - e a c a a abe , e e c e a a a ed a c , a d

ea e a a g ed a c e d g g - e a c ce e abe . F e

e a g c e e e c d a e , e a g ed e ce e abe

a e g - e a c e e e e b e, g e a e ced e a e

- e a c abe . T e ed a f a e f a ed abe be ee

-a a ed a d a a ed ce f a a f 738,647 ce , c d g 91 de a ed ce

b e c e d g 32 b ad ce e ac d ffe e da a e a d e (fig.

S8).

M de  a g

D ffe e c a f e f ce e ed c a e bee de c bed (85, 87). Of

e, g e f a ce ca be ac e ed e e e e c a f e a e c c ed g

ca ca ac e ea g e d , ab e g c eg e de (88, 89).

We ba ed e de f Ce T a g c eg e f a e e e a

ada a .

F , a d a ed -ba c e , ead f e e a g da a e ,

e e ed d g e a g ced e. T a ac b a ed e b e

e e ce e de g a ge da a e , b a e ed e fa c e ge ce

ead a a ab e f da a e d ed f a d f ce . Eac -ba c

c ed 1,000 ce a ed f e e da a e , a d a g e e c 100

a e c e -ba c e e e e e a a ed. T e a e ea ed 30

e c , e ab g e Ce T de ee ce be de f

ag de. I ac ce, e be f e c eeded be fe e , e
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e f a ce a ea eac ed 10 e c (1,000 e a ) (Fig. 1C), g g g

e ef e f e -ba c a g a ac Ce T . I Ce T , e a e

a e e ed a f c a ba a ce ce e -ba c e . S ec f ca ,

d g e -ba c a g, ce f a g e ce e a e a ed a

bab e e a e be f ce be g g ce e. T

e e a a a e ce e a ed e -ba c e a g e bab ,

a d c e be f ce e a e a e -ba c e ( b ec e

a be f ce a ca be ded b a g e ce e). We a e ed

f e ce de a d e d ea ed c , a d f d

a e ce e ba a ced -ba c e , e de ed c e f

e ce a a (fig. S25B) a ba ed a d a ed -ba c e (fig.

S25A), d ca g a g ed c acc ac a a ead ac e ed b e de

a d -ba c a g. S e c e c e , a f e C c T

ce a d Tc /Na e e e T ce , e e a b e ed (fig. S25C), b

e g f e de a g f e e a c ad g a-ce e

e e ge e  d e  e e a g f e  a e ce  e .

Sec d, SGD a g a ed c b a e -ba c a g

de e e f e de c / f c . T a e e ed g e

c - ea ac age P (90) b e partial_fit e d f e c a

SGDClassifier . SGD a a f e a g, ea g a f e da a a e fed,

 ca  be ea  c a ed  e de .

T d, L2 eg a a a ed e g c de a e e

ed c e a cab e e e a e da a e . T a a eac ge e e

de a e a e g f g ea e a 0 c a e ge e ca be ed e

ed c g e da a a g be f fea e . T e eg a a e

(a a) a c e b a g e de a a e 0.01, 0.001, 0.0001,

0.00001 0.000001, a d e a a e d g e be e f a ce a de e de

ef - da a (10% f e a da a e ) a c e a e a e - a a e e .

U a e , e a a a e 0.0001 f e - e a c de a d 0.001 f e

g - e a c  de .

23



La , fea e e ec a c d c ed bef e e f a de e e a ed.

S ec f ca , e e f ed a a a g ba ed e e e ge e e , a d e ec ed

e 300 ge e f eac c a (ce e) b a g e ge e acc d g e

ab e e g a c a ed e g e c a . Af e c b g e ge e f a e

ce e , a a f 3,278 ge e e e b a ed a d a e ed a e a

ec d d f a g. T e effec e ed ce e c e f e a e

ace a d e a e e a c b f g f a e ge e e

c a f ca  f ce  de e .

P ce g f a g a d e  da a e

A e f Ce T de a g, e da a e e e a ed

10,000 c e ce a d g- a f ed ( a e d c f 1). W e e

ca f e e e e e c g de - e a ed ba c e , ge e de ec ed e ce

af e e a e e c a ab e e e ca e ac d ffe e da a e .

Mea e, f e ge e e e a e e da a, Ce T de ec e

e e a a d a f e a e f a a e Ce T a g

da a e ( e a e a d e e e e e a e f a ) aga

e e ge e e e c a ab be ee e a g a d e da a e . La e ,

e ab e e fa c e ge ce g e a SGD ea g a e, a e a e e a

c a ab e ca e f e g ac ge e e L2 eg a a a a ed,

e e f eac ge e a a da d ed a ea f e a d a a ce. I e

ea e, e ea a d a da d a a f eac ge e d g e a e ec ded

e Ce T de a d be a ed e a ed ge e e e da a e .

T g , e a e ab e f e e e d ffe e ce e e ca e a d

a e e  ac  da a e .

T e g e e a cab f Ce T da a e d ffe e

e e c g c , a a a c fea e e ec e ( ee e ec Model

training ) a e f ed ed ce e ge e be e Ce T de . T

a c a a c de g a e e g d ffe e e e c g c a e

d ffe e ge e e e a e e , a e d g ge e f ce e a e ab e

e ge e e e a ac c . W c a fea e e ec e ,
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e e c e ce e-de e g g a fe e b e f a e ge e a d

b a  e e e  e  be ee  a g a d e  da a e .

P ac ca , add g e Ce T de ed c

c - e e ce da a e d e e e g e ed a e ge e e e

a e e (10X, a e age 1,932 e e ed ge e e ce ), e e a ed e

e f a ce f Ce T de e da a e : 1) 2,494 e ce

ce ed b S a Se 2 f T a ag e a ., 2020 (91) e e e g c ge e

e e ( a e age 2,555 e e ed ge e e ce ). Ce T ed c f

da a e e ea ed ce a a c e ded e e ce e abe

ded b e g a d (fig. S10A). M e e , g Ce T e added

e a ec a ed f a e ce e de f ed. F e a e, e e

g a d g a a ed a B ce c e , Ce T e e e ab e

de f a a a e B ce a . T a a e ca e f e a a e ce

f e g a d f c Ce T ed c ed a e CD16+ a a e

b e. 2) 103,766 b d a d e ce ce ed g c -RNA- e 3 f Ca e

a ., 2020 (92) e e e g a e ge e e e ( a e age 414 e e ed ge e e

ce ). Ce T cce f a g ed ce e abe e e ce a a c ed e

e g a abe ded b e b ca (fig. S10B). Add a f a

a a e ea ed, c a e g a E b a ce a c a

ed c ed b Ce T M d e d a d La e e d , a d e B ce

a  c  a  ed c ed  P -B ce , P a a ce  a d Na e B ce .

N ab , g e e f ed ba c -c ec a d da a eg a f e

a g da a e ( ee e ec Dataset compilation and integration ), e d d e

e e g ba c -c ec ed e e a a e f Ce T de

a g, b ead e ed e a ed a d ca ed ge e e e a f

e e a  ea .

F , e da a ce g e f a a a d ca g, e ge e

e e ca e ac d ffe e ba c e a e a ge bee ade c a ab e. T g

e ba c e a e ee , ge e d ffe e e e e e ca be e a

e a ed e a L2 eg a a e a ed e g c eg e c a f e .
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M e e , af e e a a a d ca g, e SGD ea g ca c e ge

a d e f e f c e c a d acc a e , c ca be

ac e ed b a ba c -c ec ed a . T e ef e, g ed g c

eg e f a e , e ge e a a f c -ba c ed c g f ca

ed. A ad a age a g e a a a d ca g c

fa e a g e de a g ba c -c ec e d c a a e a

g e  ge  a f  ba c -c ec ed e .

Sec d, e a a a d ca g f e a g da a e ca be ea

e d ced e e da a e . Ce T ec ded e ea a d a da d de a

f eac ge e d g a g, a d a ed e e a a e e e a ed ge e e

e da a e . T a b e ba c -c ec e d e e a

ba c -c ec ced e e a g da a e a d e d ce e e

da a e . T a , ba c -c ec e d ca e e a e deg ee f e

e a a g a d e da a e f de e de a e c a ab e

(c ca e a g e a g a d e da a e ge e f a c ba c -c ec

ca a e a e b e b e e f a ea f e e da a e

 e a g da a e  d g de  a g, e eb  e g e ce  e ed c ).

T d, f e Ce T a g da a e , e a e c ec ed ce e f

d ffe e ce a a e f ba c e . T c ea e a ce a e e ce f a

g e ce e a ead c a e -ba c a a . Ce T ed c , de

c e , e ced e f dg g e e c -ce - e d ffe e ce a e g f ca

a ge a -ce - e a a . M e e , eac ed c ed ce a e a

c f de ce c e a g g f 0 1 a f e g f ca ce f ce e ed c

( ee e ec Cell t pe prediction be ). T e ef e e e e e e da a e

a e f a d ffe e ba c a c a ed e a g da a e , e ed c e

b  e  a be   a dec ea ed c f de ce c e.

F , f ba c -c ec e d , a a ge f ge e a e

a d ca ded d g e c ec ce , a e , g a ab e ge e

( g ) a e ed f ba c c ec a d da a eg a . W e Ce T , e a

e de g a e e ed ge e a d a a g ed c acc ac . Af e
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a , e e a a Ce T e f a a a c fea e e ec e

ba ed e f d f Ce T b e ec g e ce e-d g ge e ac

a ce e . U g a ed a d ca ed ge e e e a , ead f

g -ba ed ba c -c ec ed ge e e e  a , ca  f     e e.

Ne e e e , a e ba c effec ca ac e e f a ce f

Ce T de ac ce, e e ac ed e ba c -c ec ed e e a g

cVI, a d e ea ed e a g e e Ce T a e a a e e be g

c a . T ed a e de a ed f ba c -c ec ed e e a ,

c a b e e ed ed c ce e f c - e e

e ce (fig. S11). T e e ed a e ed c f e e de e e

e a e ba ed a ed a d ca ed ge e e e a ce (fig.

S11, A and B). H e e , f a be f ce e , e e de e ded c a e

c ec ed c . F a ce, e T e 1 e e T ce , Tc /Na e e e T

ce , CD8a/b(e ) , He e T ce , F c a e e T ce , Reg a T

ce , a d Te /Effec e e T ce a e g ed c ed a Tc /Na e

e e T ce b e e de (fig. S11C), a d e ILC , C c T ce ,

M g a DC , N -c a ca c e a d Ea MK a e c ec ed c ed

a E e a ce (fig. S11C). We e ef e ea a a a ed a d ca ed

e e a e ed Ce T e e a d ab e d ce e

acc a e a d f e-g a ed ce  e ed c .

Ce  e ed c

Bef e e ed c , e e da a a a ed 10,000 c e

ce a d g- a f ed ( a e d c f 1). O ge e a ed be ee e

Ce T de a d e da a e e ed e d ea ed c . F eac

ge e, a ed Processing of training and q er datasets , e a da d ed b

b ac g e ea a d ca g e a da d de a g e c e d g ea

a d a da d de a  ec ded  e a g e  f  a  ge e.

F eac ce e ed e de , e dec c e f e e ce

a e def ed a e ea c b a f e ca ed ge e e e a d e de

c eff c e a c a ed e g e ce e ( decision_f nction f e c a
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SGDClassifier ea ), a d e bab e a e ca c a ed b a f g e

dec c e a g d f c ( scip .special.e pit c ). T e e c

a e ec ded Ce T . Ne , e ce e e a a dec c e

( bab ) e ec ed a e ed c ed de f e e ce . Of e, e

a ed e de a e- - e (OVR) a eg , e g e

de e de b a c a f e e dec c e a d bab e be g

c a ab e a g ce e . D ffe e f e a g c eg e

f a e e e e bab e f a ce e f a g e e ce a e c a ed

a f 1 d g a g a d d ec b e , Ce T e e

bab e a e ca c a ed f e dec c e a d a e e a , e ab g e

e a a  f e  a d a b g  ce  e   e e  da a.

S ec f ca , de e d g a e e a ac e e, Ce T a

de d g e ed c e (mode= best match mode= prob match ), e

f e a g g e e ce e a g e e ce f e e f

d g g be ee ge e ce e , a d e a e a g g 0 ( .e., a e

ce e e e da a e ), 1 ( .e., e a g e ), >=2 ( .e., - abe

a g e ) a g e e ce g a bab e d (defa 0.5

Ce T , c   e  a ed  e g c eg e  f a e   ac ce).

O e -c e g a d a  g

T e ed c e e f ed fe e de e f ce , c

e de e ed c f eac ce de e de . T c b e e ce e ed c

e ce -ce a c c e a , Ce T ffe a a g

a ac ba ed e dea a a c a a ce e e da a e a e

e e f a ( b)c e ega d e f e d d a ed c c e . I

d , e e da a a f e -c e ed g e Le de a g e

ba f a e g e g b d g a e b ec ( scanp .tl.leiden

Sca ) e e e 25. If e g b d g a e f e da a,

a e g b d g a be c c ed bef e e e -c e g

( scanp .pp.neighbors Sca ). Eac e g bc e a e a g ed e

de ed b e d a ce e ed c ed f bc e . T g
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e , d g ab e a bc e be a g ed d c ce e abe , a d

ge bc e be a g ed e a e abe a d e a e c e ge a

b gge  c e .

H e e , af e e a - g e , e e a e e e ge e

c e d e e b a ec ca c f de a d a g c ab f e

e e a bc e . T b a , Ce T a a e d def ed a e

f e d a ce e e ed a e a g e bc e b ce

e. S ec f ca , f e f e d a ce e fa a c ff (f

e a e, <70%, c ea a e e a g ce a cc >30% f e

a be f ce a g e bc e ), e e bc e be a g ed

He e ge e b Ce T . M e e , Ce T e : e ed c ed

abe f d d a ce , a d e abe af e a g ca bc e .

T g , f a bc e a g ed He e ge e , e e a e ab e c ec

e c f bc e a d de e e e c f de ce f a - ed

ce  e.

We e a ed e d c - e e e ce,

a d ca ed He e ge e c e c e e e a a ed a

HSC/MPP'' a d Ea MK , e ec e (fig. S26A). T e f c e a

c ed f ge ce , c d g 51.6% f HSC/MPP , 18.2% f CMP ,

11.3% f GMP , 9.3% f ELP , 3.2% f G a c e , 2.3% f Mega a c e

ec , 1.7% f Ne - e d ge , 1.4% f D b e- ega e

c e , a d 1% f Ea MK (fig. S26B). T e ec d c e a

ega a c e a c d g 54.2% f Ea MK a d 45.8% f

Mega a c e / a e e (fig. S26C). T e ef e g a ac , e a e ab e

de f e e ge e bc e e ce. H e e , e e ca e f

e e ge e c e a e a e a d a a a f c e af e e -c e g a d

a g b Ce T a e d a ed b e ce e (fig. S26A), d ca g e

ef e  f e a - g a ac .
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Be c a g  e  abe - a fe g e d

We f c ed e c a a g f e e d : Ce T , ad a

g c eg e ( ) c a f e , ec ac e ( ) c a f e , A (93),

a d cN (94). T e d, 10,000 ce e e a d a ed f c ed

da a e a a de e de e da a e . We f e ge e a ed ee a g da a e

e e be g 5,000, 50,000, a d 250,000 ce e ec e , g a g e ce

f e e a g da a e . T a e a e e effec f e f a g

da a e e ed c acc ac , e e e g a , ed a d b g a g

da a e , e ec e .

T a e e c a b a ed ac d ffe e e d , b e a g

a d e da a e e e e ce ed bef e a d ( e e ed f e ce g

c ded e be c a g f g e): ) F Ce T , a d , e

a g da a a a ed a d ca ed a Processing of training and q er

datasets . T e e da a a a ed e a e a e ca ed g e

ec ded ea a d a da d de a a e ec Cell t pe prediction ; ) F

cN , e a g a d e da a e e e b a ed 1,000,000 c e ce

a gge ed b e cN g de e a d e g- a f ed ( a e d c f

1); ) F A , e a g a d e da a e e e b a ed 10,000

c e ce a d g- a f ed ( a e d c f 1). F a e f e e d ,

e ed e a e e f g a ab e ge e e ac ed f e efe e ce b ec

( scanp .pp.highl _ ariable_genes   Sca ).

We e e abe - a fe g ced e e a g a d

ed c e . M e e , e def e a e e a e e eeded f a e

ge e ed c e af e g e e da a e g a . T c ca

a e e e e e a ed e e e e e ce ac ce. fig. S14A e

de a ed f e f e e d . S ec f ca , Ce T , a d , e a g

e a e de e de e a g da a, e cN a d A , e a g

e e b e a g a d e da a ( scn m_api(task='train') cN , a d

FindTransferAnchors Se a , e ec e ). T e ef e, f e e ec e f a
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e , e e e Ce T , a d e a e ed c e e e

 f a g a d ed c  e  cN  a d A .

F eac e d, e ec ded b e a g a d ed c e, a e a

e ed c ed ce e f e e da a. T e e f a ce a e a e ed f eac

ce e e a a e g ee e c : ec ( sklearn.metrics.precision_score ),

eca  ( sklearn.metrics.recall_score ), a d F1 c e ( sklearn.metrics.f1_score ).

T e e a e e a g da a e a (5,000 ce ),

Ce T a a c a ab e e f a ce a c a ed e ad a g c

eg e , A a d cN , a f c e f g da a e (fig.

S13). W e e a g da a e ed (50,000 ce ) a ge (250,000 ce ),

Ce T a a a e f a ce e ad a g c eg e a d cN ,

c g be e a A a d c be e a . I a ,

-ba c a g a ac SGD ea g d a a ca dec ea e e e eeded

f e de a g a d e e e a e ca ab e e d f a ge- ca e

cRNA- e da a e (fig. S14B). I e f e e e, a ca ca ac e

ea g e d , Ce T ed c e e da a c e eff c e a d c

a A a d cN ( ee e e e a ed b a e e fig. S14B),

a ge d e e de e de ce be ee e da a a g a d ed c e

Ce T .

Ce T  e f a ce  e c - e e efe e ce

We e e a ed e e f a ce f Ce T a e b ed e ce

a a . F a de e de ef - da a e (10%), e Ce T de a ed f

e e a g da a e (90%) de a ed e ec f 0.97 a d 0.91 a e g -

a d - e a c e e , e ec e (fig. S9A). T e eca c e e e e a e

e , b eac ed 0.88 a d 0.84 a e e e , e ec e (fig. S9B). F e

a g e e c e F1 c e, e Ce T de e a e b ed

e F1 c e f 0.95 a d 0.89 a e e e (Fig. 1C). E a a f e F1 c e

f eac ce e a a ed e de e ea ed a a f e de ed c

e ca e f a be f ce a c a ed ce a abe (fig. S9C),

d ca g a f e eed f c ec g e a e ce  e .
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Fig. S1. Overview of the immune cell compartment of the dataset. (A) UMAP

a a f e e ce c a e g e d d b . (B) Ba

g e be f ce eac e ( e ), a e a e ac ed ba

g e e ce age f d e e (b ). (C) A (A), b c ed b

g - e a c ce e ed c ed g Ce T . (D) D d a g e

e e f Ce T -de ed a e ge e f e ed c ed e a .

C g ad e e e e a - a ed ea e e f ce e e g e

a e ge e , a d e e e e e e ce age f ce e e g e e ge e . T e

b ac ed ba e be a d e ce age f d ac e

ed c ed ce  e .
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Fig. S2. Summar of the assembled immune atlas across tissues and datasets. (A)

Hea a g e be f ce eac c b a f da a e ( ) a d e

(c ), a e a e a ce be eac da a e ( a ba ) a d eac

e ( e ca ba ). Ce be a e de ed f a d . (B a d C)

UMAP e e e a f e eg a ed e ce a a f a f e

(B) a d da a e (C) e a d. I eg a e f ed g cVI c a a e f

da a e  a d e e c g c .
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Fig. S3. Schematic of the CellT pist pipeline to harmoni e cell t pe labels across

training datasets. A g e ce , a a ed ce ( .e., ce a e a d

abe f g a b ca ) a e ca eg ed e e -a ed ce e a d

ce be g g a g e ce e a e f e eg a ed a d c a ed g f

d e : e a , c ec , bd a d g ( ee S e e a Te ). F

a a ed ce , e a e c e ed a d a g ed e abe b a g Ce T

de a a ed ce a d a e aga g ce e abe f e de e

a a ed ce .
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Fig. S4. Two examples of cell t pe label harmoni ation through removing cells that

are incorrectl annotated b original publications. (A) UMAP a a f a

a ce Ce T a g da a e f a f ce ce (da a e

f ed b g a ce e abe , e ) a d e ed c e g (Le de

c e g ba ed e e g b d g a c c ed g cVI-de ed a e

ace, b ). (B) UMAP a a f e a fe ed ce e abe f

E e a e e a ., 2021 (27) ( e ) a d Mad e a ., 2021(28) (b ) b a g

e Ce T de e da a e , e ec e . C e 9 a d 11 a e

c e ed c ed a a a ce a d c e / ac age , a d ca be

e ed f e a ce ca eg . (C) E e f a a ce a e MZB1

( e ) a d c ea ag c e a e CD74 (b ) e a d e UMAP

e e e a , g e de e f c e 9 a d 11 a a a ce a d

c e / ac age , e ec e . (D F) A (A), (B), a d (C), b f a e
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d ce (ILC) ec . O ce a a e a a ed a ILC ec f

P e c  e  a ., 2019 (1) a e e  af e  e e a ce .
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Fig. S5. Two examples of cell t pe label harmoni ation through correcting labels of

cells that are misclassified b original publications. (A) UMAP a a f a

eg a T ce Ce T a g da a e f a f ce ce

(da a e f ed b g a ce e abe , e ) a d e ed c e g

(Le de c e g ba ed e e g b d g a c c ed g cVI-de ed

a e ace, b ). (B) UMAP a a f e a fe ed ce e abe f

E e a e e a ., 2021 (27) ( e ) a d Mad e a ., 2021 (28) (b ) b

a g e Ce T de e da a e , e ec e . C e 0, 1, 2, 5, 7

a d 10 a e c e ed c ed a e ce a e CD4 T ce ead f

eg a T ce , a d ca be e a ed a d e abe ed. (C) E e f eg a

T ce a e CTLA4 ( e ) a d FOXP3 (b ) e a d e UMAP

e e e a , g e e c f c e 0, 1, 2, 5, 7 a d 10 f e
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eg a T ce ca eg . (D F) A (A), (B), a d (C), b f a e d

ce  (ILC ). Ce  f  c e  0 a e e abe ed a  NK ce  af e  e c ec  ce .
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Fig. S6. Two examples of cell t pe label harmoni ation through subdividing cell

t pes into well-recogni ed subt pes. (A) UMAP a a f a c e

Ce T a g da a e f a f ce ce (da a e f ed b

g a ce e abe , e ) a d e ed c e g (Le de c e g ba ed

e e g b d g a c c ed g cVI-de ed a e ace, b ). (B)

UMAP a a f e a fe ed ce e abe f E e a e e a ., 2021 (27)

( e ) a d Mad e a ., 2021 (28) (b ) b a g e Ce T de

e da a e , e ec e . C e 1 a d 8 a e ed c ed -c a ca (CD16+)

c e , a d f e e a g ce a e ed c ed c a ca (CD14+)

c e . (C) E e f -c a ca c e a e FCGR3A ( e ) a d

c a ca c e a e CD14 (b ) e a d e UMAP e e e a ,

g e bd f c e e b e . (D F) A (A),

3



(B), a d (C), b f a a e (NK) ce . A b e d f d be ee

CD16+ a d CD16- (CD56+) NK ce .
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Fig. S7. Two examples of cell t pe label harmoni ation through identif ing hidden

populations among given cell t pes. (A) UMAP a a f a c c T ce

Ce T a g da a e f a f ce ce (da a e f ed b

g a ce e abe , e ) a d e ed c e g (Le de c e g ba ed

e e g b d g a c c ed g cVI-de ed a e ace, b ). (B)

UMAP a a f e a fe ed ce e abe f Mad e a ., 2021

(28) b a g e Ce T de da a e . A g f 1,235 ce a e

ec ed a c a -a c a ed a a T (MAIT) ce f 1,969 ce e

g a ce e abe T_CD8_MAIT . (C) E e f MAIT ce a e

SLC4A10 ( e ) a d TRAV1-2 (b ) e a d e UMAP e e e a ,

g e de f e e ce a MAIT ce . (D F) A (A), (B), a d (C),

b f de f g ge a ce e B ce f e B ce . Ce f c e 16
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a e e abe ed a ge a ce e B ce . N e a d e e ac f ge a ce e B

ce   Mad  e  a ., 2021, ce  f c e  16 a e ed c ed a  a e B ce  ead.
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Fig. S8. Summar of cross-dataset and cross-tissue harmoni ed cell t pes. B a

ea a g e d b f a ed ce e ac e ( ef ) a d

da a e  ( g ). B ac  g d  de e e e e ce f ce  e .
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Fig. S9. Building a human immune reference to predict immune cell identities. (A

a d B) Pe f a ce c e g e ec (A) a d eca (B) c e a eac

e a f a g g -ba c c a c g ad e de ce f g - a d
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- e a c Ce T de , e ec e . T e b ac c e e e e e ed a

c e a e aged ac e d d a c e f a ed c ed ce e (g e c e ).

(C) F1- c e f eac e ed g - e a c ( ef ) - e a c ( g ) ce e a a

f c f e e e a e c ed a e da a e (c e d g

10% f e a  ce ).
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Fig. S10. Performance of CellT pist models on datasets with different levels of gene

expression sparseness. (A) UMAP e e e a f a S a - e 2 e da a e

(91) c ed b g a ce e ( ef ), a e a c ed b ed c ed ce e af e

e -c e g a d a - g g e Ce T e e. Sa e e

dd e e c e de ce be ee e e f ce e abe . (B) A

(A), b  f  a c -RNA- e 3 b d a d e da a e (92).
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Fig. S11. Comparisons of CellT pist model performance with and without batch

correction. (A) UMAP a a f e e ce c a e c ed b ce

e ed c ed g e Ce T e e ba ed a ed a d ca ed ge e

e e a . (B) A (A), b c ed b ce e ed c ed g e

Ce T e e ba ed cVI ba c -c ec ed ge e e e a . (C) Sa e

 g e c e de ce be ee  ce  e   (A) a d (B).
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Fig. S12. Overview of the donors and cell t pes contributing to each tissue. S ac ed

ba de a g e ce e c ac d eac e/ ga .

O  e   ce  be  f g ea e  a  50  a  ea   d  a e .
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Fig. S13. Benchmarking of CellT pist accurac with other methods. B

g e ed c ec ( ef ), eca (ce e ) a d F1 c e ( g ) f e

a g da a e 5,000 ( e ), 50,000 ( dd e), a d 250,000 ( e ) ce ,

4



e ec e . F e e d a e a e ed a d e ed a a e f e e e c ac

d d a  ce  e    f  eac  e d.
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Fig. S14. Benchmarking of CellT pist time complexit with other methods. (A)

Tab e a g e f d ffe e abe a fe e d e a g a d

ed c e . T e e e e / e a e eed ge e ed c

e af e g e e da a. (B) Ba g e a g e e

( ef ), ed c e ec d (ce e ) a d a e e ( g ) f e

a g da a e 5,000 ( e ), 50,000 ( dd e), a d 250,000 ( e ) ce ,

e ec e . F e e d a e a e ed a d e e f eac c b a f

a g da a a d e d . A e  a  e e  e f  d ffe e  e d .
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Fig. S15. CellT pist prediction of the m eloid compartment and cell t pe

cross-validation with external datasets. (A) UMAP a a f e e d

c a e c ed b ed c ed ce e f Ce T . (B) A (A), b c ed

b a a a a ed ce e af e c a f e Ce T ed c e

( g ). Sa e e ef e c e de ce be ee e e f ce

e abe . MNP/T d b e a e e Sa e a d g e

g a f c e f e a e f a ec . (C) D d a g e

e e f Ce T -de ed a e ge e f e ed c ed e d a .
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C g ad e e e e a - a ed ea e e f ce e e g e

a e ge e , a d e e e e e e ce age f ce e e g e e ge e . (D)

D g e ce e c - a da b a fe g ce e abe f

e ce ( ) ce f e Ce T a g da a e (c ). F eac c

(eac ce e f e Ce T a g e ), e f a d de e e f

ce a g ed a g e ce e f e e ce a d c de e e a e age

bab e ca c a ed f Ce T . (E a d F) A (D), b f c - a da

e g e d a f E e a e e a . 2021 (27) a d e g

e d a  f  Mad  e  a . 2021 (28).
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Fig. S16. Migrator dendritic cells in the l mph nodes and lung. (A)

I f e ce ce a da f e CCR7+ g a DC e ac c

de . (B) UMAP g e d b f g de d c ce e cRNA- e

da a e f V e a e a ., 2019 (45). (C) UMAP f ce f V e a e a .,

2019(45) a (B), e a d b e e f ge e g e e ed b e g a

DC  e de f ed   da a.
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Fig. S17. CellT pist prediction of the B cell compartment and cell t pe

cross-validation with external datasets. (A) UMAP a a f e B ce

c a e c ed b ed c ed ce e f Ce T . (B) A (A), b c ed

b a a a a ed ce e af e c a f e Ce T ed c e

( g ). Sa e e ef e c e de ce be ee e e f ce

e abe . (C) D d a g e e e f Ce T -de ed a e ge e

f e ed c ed B ce a . C g ad e e e e a - a ed

ea e e f ce e e g e a e ge e , a d e e e e e

e ce age f ce e e g e e ge e . (D) D g e ce e
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c - a da b a fe g ce e abe f e ce ( ) ce f

e Ce T a g da a e (c ). F eac c (eac ce e f e

Ce T a g e ), e f a d de e e f ce a g ed a g e

ce e f e e ce a d c de e e a e age bab e ca c a ed f

Ce T . (E a d F) A (D), b f c - a da e g B ce

a f E e a e e a . 2021 (27) a d e g B ce a f

Mad  e  a . 2021 (28).
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Fig. S18. Validation of the ITGA + memor B cells. (A) F c e a a f

e B ce e e g CD11c (e c ded b ITGAX) a d T-be (e c ded b TBX21).

(B) I f e ce ce f ee e g c ca a f CD11c CD19

( a g age-a c a ed B ce ).
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Fig. S19. Assessment of isot pe features and somatic h permutation levels in the B

cell compartment. (A C) S ac ed ba g e e d b ac B

ce b e (A), e a ab a ac e (B), a d e

age-a c a ed e B ce (ABC ) ac e (C). (D) V g

e a f e e c ac B ce b e . (E) S ac ed ba f e e

d b  ac  21 e a ded c e .
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Fig. S20. CellT pist prediction of the T cell compartment and cell t pe

cross-validation with external datasets. (A) UMAP a a f e T ce

c a e c ed b ed c ed ce e f Ce T . (B) A (A), b c ed

b a a a a ed ce e af e c a f e Ce T ed c e

( g ). Sa e e ef e c e de ce be ee e e f ce

e abe . CD8a/b(e ) a ea e g f (<0.01) e

Sa e . (C) D d a g e e e f Ce T -de ed a e ge e

5



f e ed c ed T ce a . C g ad e e e e a - a ed

ea e e f ce e e g e a e ge e , a d e e e e e

e ce age f ce e e g e e ge e . (D) D g e ce e

c - a da b a fe g ce e abe f e ce ( ) ce f

e Ce T a g da a e (c ). F eac c (eac ce e f e

Ce T a g e ), e f a d de e e f ce a g ed a g e

ce e f e e ce a d c de e e a e age bab e ca c a ed f

Ce T . (E a d F) A (D), b f c - a da e g T ce

a f E e a e e a . 2021(27) a d e g T ce a f

Mad  e  a . 2021(28).
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Fig. S21. Validation of CD8+ CX3CR1+, CD8+ CCR9+ and CD8+ CRTAM+ cells

in mononuclear cells (MNCs) from spleen, bone marrow and thoracic l mph nodes

of two donors. S ee MNC e e ed ge e a e FMO a d e ce a a ab .

CRTAM a g a e f ed +/- 2 a PMA/I c . T e

f e ad a ga e a a a ad ed f a f e ce ce ac c

 de a e .
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Fig. S22. Validation of ITGAD expressing T cells. (A) T e ca f e

Tgd_CRTAM b e e UMAP a a f T ce a d ILC . (B)
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CD52 a d CD127 e e c e a ed ITGAD e e T ce a d

a ed e c ITGAD e e g ce a c ga ed a b d a a a ab e

c e c a . (C) T a d T ce a e e f ed ( a ge g

ga e ) f ee c ea ce (MNC ) a d a e a e f e a eg

. T e g a d d a CD4 a d CD8 e e f e T a d T ce

f e eade ' f a a d e e ed a a f e a eg . (D) PCR

a da f ITGAD T ce a a ea ed b a a ITGAD a d

a ed  e e ee g ge e B2M.
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Fig. S23. V(D)J gene usage and clonal architecture of the T cell compartment. (A)

P f TCR c a a g ac ce e . O a e a de e

TCR e e c g a e . (B) P f TCR c a a g ac ce e .

O a e a de e TCR e e c g a e . (C) Hea a g

e a e age f V(D)J ge e ac T ce b e . (D) S ac ed ba g e
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TRAJ a d TRBV age TRAV1-2+ ce ac e . (E) UMAP g c a

e a f e TCR T ce . (F H) C e e c c ded b d ,

e a d T ce  b e .
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Fig. S24. Comparisons of data integration using BBKNN and scVI. (A) UMAP

a a f a e ce eg a ed g BBKNN, c ed b e d

f a . (B) A (A), b eg a ed g cVI. (C) B g e

BET acce a ce a e ac c e de ed f e e g b d g a f BBKNN

( ef ) e  cVI ( g ). (D) A   (C), b  ac ce  e  ed c ed f  Ce T .
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Fig. S25. Comparisons of CellT pist model performance with and without

balancing cell t pe compositions in mini-batches. (A) UMAP a a f e

e ce c a e c ed b ce e ed c ed g e Ce T e e

ba ed a d a ed -ba c e . (B) A (A), b c ed b ce e

ed c ed g e Ce T e e ba ed ce e-ba a ced -ba c e . (C)

Sa e   g e c e de ce be ee  ce  e   (A) a d (B).
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Fig. S26. Detection of heterogeneous cell clusters using CellT pist. (A) UMAP

a a f e e ce c a e c ed b ce e ed c ed g e

Ce T e e ba ed a e d f 0.7. T e e ge e c e

a e a ed, e d a ce e be g HSC/MPP a d Ea MK ,

e ec e . (B) Z ed- e f e e e ge e HSC/MPP a

-d e a UMAP e e e a . M dd e e c a e ce e

c ce c e . (C) A (B), b f e e e ge e Ea

MK  a .
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Table S1. Donor metadata.
Donor

ID
Age
Sex

Donor
T pe

Primar
cause of

death

Multi-
trauma

Da s in
hospital

BMI CMV
EBV
TOXO

Smoker Alcohol
(u/da )

Medication

A29 66-70
F

DCD ICH Y 2 30-35 CMV+
EBV+
TOXO-

N/K <1 De e  (Va )
Me a a  (Va )

A31 51-55
M

DCD ICH Y 8 30-35 CMV+
EBV+
TOXO-

Y <1 N ad e a e (Va )
C -a c a  (Ab)
Ta c  (Ab)

A35 61-65
M

DCD ICH N 2 20-25 CMV-
EBV+
TOXO-

Y >9 N ad e a e (Va )
De e  (Va )
Ge a c  (Ab)
F c ac  (Ab)
De a e a e
(S e d)

A37 56-60
F

DCD ICH N 3 20-25 CMV-
EBV+
TOXO-

Y >9 N ad e a e (Va )
Me a a  (Va )
C -a c a  (Ab)

A36 71-75
M

DCD ICH N 5 25-30 CMV-
EBV+
TOXO
+

Y <2 N ad e a e (Va )
Me a a  (Va )
A c   (Ab)
( e-ad )
F c ac   (Ab)
Ge a c  (Ab)
C a c  (Ab)
C -a c a  (Ab)
P ed e
(S e d)
( e-ad )

A52 61-65
M

DCD ICH N 2 35-40 CMV-
EBV+
TOXO-

N/K N/K N ad e a e (Va )
Me a a  (Va )
De e  (Va )
C -a c a  (Ab)

582C 56-60
F

DCD HBI
d e 

CA
N 8 30-35

CMV-
EBV+
TOXO-

N <1
N ad e a e (Va )
C -a c a  (Ab)

621B 51-55
M

DBD ICH N 6 30-35 CMV-
EBV+
TOXO-

N N/K
N ad e a e (Va )
Me a a  (Va )
Va e  (Va )
De e  (Va )
Ge a c  (Ab)
F c ac  (Ab)

637C 51-55
M

DCD ICH N 2 25-30 CMV+
EBV+
TOXO-

E
(>3 ) N/K

N ad e a e (Va )
Va e  (Va )
C -a c a  (Ab)
Me ed (S e d)

640C 71-75
F

DCD ICH Y 2 30-35 CMV+
EBV+
TOXO-

E
(>40 ) >3

N ad e a e (Va )
C -a c a  (Ab)
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D496 56-60
M

DBD ICH N 5 25-30 CMV+
EBV+
TOXO-

Y <1 N e e e
(Va )
Va c c  (Ab)
P e ac  (Ab)
Ta bac a  (Ab)
S ed  (S e d)

D503 66-70
F

DBD HBI N 5 25-30 CMV+
EBV+
TOXO-

N <1 N e e e
(Va )
Va e  (Va )
Ab  
S e d  

F = Fe a e; M = Ma e; DCD = D a af e C c a Dea ; DBD = D a

af e B a Dea ; ICH = ac a a ae age; HBI= H c B a I ; CA=

Ca d ac A e ; BMI= B d Ma I de ; CMV = C ega ; EBV =

E e -Ba ; TOXO = T a ; Y = Ye ; N = N ; N/K= ; Va =

Va ac e age ; Ab = A b c   2 ee  f dea .
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Table S2:  Hashtags used in this stud , supplied b  BioLegend.

10X Ge c
C e

Ha ag Ca a g be Ba c de e e ce

5' T a Se -C0251 394661 GTCAACTCTTTAGCG

5' T a Se -C0252 394663 TGATGGCCTATTGGG

5' T a Se -C0253 394665 TTCCGCCTCTCTTTG

5' T a Se -C0254 394667 AGTAAGTTCAGCGTA

5' T a Se -C0255 394669 AAGTATCGTTTCGCA

5' T a Se -C0256 394671 GGTTGCCAGATGTCA

5' T a Se -C0257 394673 TGTCTTTCCTGCCAG

3' T a Se -A0251 394601 GTCAACTCTTTAGCG

3' T a Se -A0252 394603 TGATGGCCTATTGGG

3' T a Se -A0253 394605 TTCCGCCTCTCTTTG

3' T a Se -A0254 394607 AGTAAGTTCAGCGTA

3' T a Se -A0255 394609 AAGTATCGTTTCGCA

3' T a Se -A0256 394611 GGTTGCCAGATGTCA

3' T a Se -A0257 394613 TGTCTTTCCTGCCAG
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Table S3.  Sequencing metrics from each sample in this stud

sample

avera
ge_n_
genes

average
_umi_co
unts

qc-pas
s_cell_
count

BLD_6
21B 1,704 2,429 108

BLD_6
37C 1,867 2,746 784

BLD_
A35 1,766 2,443 1,413

BLD_
A36 2,008 2,586 3,372

BLD_
D496 1,939 2,528 9,192

BLD_
D503 1,661 2,291 12,827

BMA_
621B 1,792 2,186 1,186

BMA_
637C 2,047 2,592 2,050

BMA_
640C 2,302 2,684 2,259

BMA_
A29 1,651 2,197 1,870

BMA_
A31 1,888 2,334 433

BMA_
A35 2,174 2,667 1,515

BMA_
A36 1,874 2,342 1,685

BMA_
A37 1,705 2,149 1,083

BMA_
D496 1,896 2,591 13,187

BMA_
D503 2,166 2,660 17,659

CAE_
A29 2,305 2,037 885
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CAE_
A31 1,526 1,733 818

CAE_
A35 1,417 1,846 375

CAE_
A36 1,152 1,891 137

DUO_
A31 1,461 2,100 1,141

DUO_
A35 1,371 1,790 41

DUO_
A37 1,507 2,368 29

ILE_A
29 1,754 1,982 4,494

ILE_A
31 2,200 2,189 80

ILE_A
35 1,384 1,918 317

ILE_A
36 2,404 2,369 337

ILE_A
37 1,686 2,236 1,208

JEJEPI
_582C 1,211 2,058 677

JEJEPI
_637C 1,381 2,075 7,932

JEJEPI
_640C 1,904 2,662 9,218

JEJEPI
_D496 1,746 2,599 7,224

JEJEPI
_D503 1,722 2,486 10,043

JEJLP_
582C 1,483 2,190 449

JEJLP_
637C 1,576 2,401 65

JEJLP_
640C 1,770 2,422 7,960
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JEJLP_
D496 2,152 2,380 8,048

JEJLP_
D503 1,859 2,438 10,764

LIV_6
37C 1,941 2,800 2,888

LIV_6
40C 1,998 2,752 3,885

LIV_A
29 1,423 2,202 706

LIV_A
31 1,385 2,184 2,423

LIV_A
35 2,167 2,772 252

LIV_A
36 792 1,751 1,898

LIV_A
52 1,958 2,721 1,818

LLN_
D496 1,823 2,358 16,138

LLN_
D503 1,715 2,338 8,504

LNG_6
37C 2,150 2,872 82

LNG_6
40C 2,550 2,648 206

LNG_
A29 1,851 2,480 3,301

LNG_
A31 1,778 2,394 1,802

LNG_
A35 1,393 2,248 51

LNG_
A36 3,237 2,796 2,618

LNG_
A37 1,510 2,269 180

LNG_
A52 1,847 2,516 696
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LNG_
D496 3,657 2,927 18,513

LNG_
D503 2,151 2,591 9,724

MLN_
582C 1,694 2,496 441

MLN_
621B 1,410 2,299 2,158

MLN_
637C 1,648 2,543 6,451

MLN_
640C 1,821 2,624 5,374

MLN_
A29 1,181 2,079 2,838

MLN_
A31 1,686 2,388 2,374

MLN_
A35 1,633 2,390 1,920

MLN_
A36 1,844 2,481 1,450

MLN_
A37 1,504 2,218 343

OME_
A31 1,763 2,342 79

OME_
A35 2,087 2,566 216

OME_
A36 2,496 2,875 262

OME_
A37 1,841 2,417 347

SCL_A
29 1,658 1,973 1,129

SKM_
A29 1,347 2,275 22

SKM_
A35 2,046 2,666 809

SKM_
A37 1,473 2,303 21
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SPL_5
82C 1,387 2,279 6,536

SPL_6
21B 1,808 2,492 4,590

SPL_6
37C 1,815 2,634 5,347

SPL_6
40C 2,017 2,636 4,761

SPL_A
29 2,074 2,576 3,627

SPL_A
31 1,669 2,278 2,175

SPL_A
35 2,064 2,547 2,551

SPL_A
36 1,866 2,413 8,479

SPL_A
37 1,507 2,155 3,411

SPL_A
52 1,492 2,285 1,610

SPL_D
496 2,082 2,615 16,987

SPL_D
503 1,901 2,483 12,034

TCL_
A29 1,774 1,964 1,829

THY_
A31 1,556 2,408 354

TLN_5
82C 1,321 2,190 3,770

TLN_6
21B 1,563 2,331 3,096

TLN_6
37C 1,759 2,499 6,899

TLN_6
40C 2,045 2,680 4,787

TLN_
A29 1,614 2,282 4,572
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TLN_
A31 1,165 2,086 3,005

TLN_
A35 1,742 2,443 2,450

TLN_
A36 1,705 2,383 4,979

TLN_
A37 1,742 2,301 4,340

TLN_
A52 1,010 2,089 232
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