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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-



 

9 

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 
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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. 
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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 



 

31 

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

TLVVXe acTXLVLWLRQ

AOO ZRUN ZaV cRPSOeWed XQdeU eWKLcaOO\ aSSURYed VWXdLeV. TLVVXe ZaV RbWaLQed fURP

deceaVed RUgaQ dRQRUV fROORZLQg cLUcXOaWRU\ deaWK (DCD) RU bUaLQ deaWK (DBD) YLa WKe

CaPbULdge BLRUeSRVLWRU\ fRU TUaQVOaWLRQaO MedLcLQe (CBTM,

KWWSV://ZZZ.cbWP.gURXS.caP.ac.XN/), REC 15/EE/0152. BULefO\, dRQRUV SURceeded WR

RUgaQ dRQaWLRQ afWeU ceVVaWLRQ Rf cLUcXOaWLRQ. OUgaQV ZeUe WKeQ SeUfXVed in sitX ZLWK

cROd RUgaQ SUeVeUYaWLRQ VROXWLRQ aQd cRROed ZLWK WRSLcaO aSSOLcaWLRQ Rf Lce. SaPSOeV fRU

WKe VWXd\ ZeUe RbWaLQed ZLWKLQ 60 PLQXWeV Rf ceVVaWLRQ Rf cLUcXOaWLRQ aQd SOaced LQ

UQLYeUVLW\ Rf WLVcRQVLQ (UW) RUgaQ SUeVeUYaWLRQ VROXWLRQ fRU WUaQVSRUW aW 4�C WR WKe

OabRUaWRU\. GXW VaPSOeV ZeUe WaNeQ fURP WKe ORcaWLRQV LQdLcaWed LQ FLg. 1A. AddLWLRQaO

VaPSOeV ZeUe RbWaLQed fURP WKe OefW ORZeU ORbe Rf WKe OXQg aQd WKe ULgKW ORbe Rf WKe

OLYeU. SNeOeWaO PXVcOe ZaV WaNeQ fURP WKe WKLUd LQWeUcRVWaO VSace aQd bRQe PaUURZ ZaV

RbWaLQed fURP WKe YeUWebUaO bRdLeV. IQ addLWLRQ, WZR dRQRU-PaWcKed bORRd VaPSOeV ZeUe

WaNeQ MXVW SULRU WR WUeaWPeQW ZLWKdUaZaO, XQdeU REC aSSURYaO 97/290.

AW CROXPbLa UQLYeUVLW\, KXPaQ WLVVXeV ZeUe RbWaLQed fURP deceaVed RUgaQ dRQRUV aW

WKe WLPe Rf RUgaQ acTXLVLWLRQ fRU cOLQLcaO WUaQVSOaQWaWLRQ WKURXgK aQ aSSURYed SURWRcRO

aQd PaWeULaO WUaQVfeU agUeePeQW ZLWK LLYeOQNY, WKe RUgaQ SURcXUePeQW RUgaQL]aWLRQ

(OPO) fRU WKe NeZ YRUN PeWURSROLWaQ aUea, aV SUeYLRXVO\ deVcULbed (54, 75). AOO dRQRUV

ZeUe fUee Rf caQceU aQd VeURQegaWLYe fRU KeSaWLWLV B, KeSaWLWLV C, aQd HIV. AV WLVVXeV

ZeUe RbWaLQed fURP bUaLQ-dead RUgaQ dRQRUV, WKLV VWXd\ dReV QRW TXaOLf\ aV ³KXPaQ

VXbMecWV´ UeVeaUcK, aV cRQfLUPed b\ WKe CROXPbLa UQLYeUVLW\ IQVWLWXWLRQaO ReYLeZ

BRaUd.

DRQRU PeWadaWa ZKLcK LQcOXdeV age, Ve[, caXVe Rf deaWK, CMV/EBV/TOXO VWaWXV aQd

PedLcaWLRQ LV deVcULbed LQ TabOe S1.
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TLVVXe SURceVVLQg

TKe fLUVW VL[ dRQRUV UecUXLWed ZeUe SURceVVed ZLWK a XQLfRUP SURWRcRO. TKe UePaLQLQg

dRQRUV ZeUe SURceVVed ZLWK a WLVVXe adaSWed SURWRcRO ZLWK WKe aLP Rf LPSURYLQg

LPPXQe ceOO UecRYeU\, aQd WKLV SURWRcRO ZaV KaUPRQLVed aV cORVeO\ aV SRVVLbOe beWZeeQ

WKe CaPbULdge UQLYeUVLW\ aQd CROXPbLa UQLYeUVLW\ cROOecWLRQ VLWeV. IPPXQe ceOO

cRPSRVLWLRQ ZaV bURadO\ VLPLOaU beWZeeQ aOO SURWRcROV XVed (fig. S12).

TissXe processing for donors A29, A31, A35, A36, A37, A52 (Cambridge UniYersit\)

TLVVXeV fURP WKeVe dRQRUV ZeUe SURceVVed XVLQg a XQLfRUP SURWRcRO. BULefO\, VROLd

WLVVXeV ZeUe WUaQVfeUUed WR a 100PP WLVVXe cXOWXUe dLVK, cXW LQWR VPaOO SLeceV aQd

WUaQVfeUUed WR GeQWOePacV C-WXbeV (MLOWeQ\L BLRWec) aW a Pa[LPXP Rf 5g/WXbe LQ 5PL

Rf X-YLYR15 PedLa (LRQ]a LZBE02) cRQWaLQLQg 0.13U/P LLbeUaVe TL (RRcKe

5401020001), 10U/PL DNaVe (beQ]RQaVe QXcOeaVe, MeUcN 70746-4) VXSSOePeQWed

ZLWK 2% (Y/Y) KeaW-LQacWLYaWed feWaO bRYLQe VeUXP (FBS; MeUcN F6178), SeQLcLOOLQ aQd

VWUeSWRP\cLQ (100 U/PO aQd 0.1 Pg/PO, UeVSecWLYeO\, SLgPa-AOdULcK P0781), aQd 10PM

HEPES (SLgPa AOdULcK H0887). TKe VaPSOeV ZeUe WKeQ dLVVRcLaWed XVLQg a

GeQWOeMACS OcWR dLVVRcLaWRU (MLOWeQ\L BLRWec) XVLQg a SURWRcRO WKaW SURYLded gUadXaO

UaPSLQg XS Rf KRPRgeQLVaWLRQ VSeed aORQg ZLWK 2[ 15 PLQXWe KeaWLQg/PL[LQg VWeSV aW

37�C. DLgeVWed WLVVXe ZaV fLOWeUed WKURXgK a 70-ȝP MACS SPaUWVWUaLQeU (MLOWeQ\L

BLRWec 130-098-462) aQd ZaVKed ZLWK PedLa cRQWaLQLQg 2PM EDTA (TKeUPRFLVKeU

15575020) , SULRU WR ZaVKLQg ZLWK PBS (MeUcN D8537). A fLcROO deQVLW\ ceQWULfXgaWLRQ

VWeS (400g fRU 30PLQ aW RT) ZaV SeUfRUPed WR LVROaWe PRQRQXcOeaU ceOOV (MNCV). AfWeU

gUadLeQW ceQWULfXgaWLRQ, ceOOV ZeUe ZaVKed RQce ZLWK PBS SULRU WR cRXQWLQg aQd

UeVXVSeQdLQg PBS cRQWaLQLQg 0.04% (Y/Y) BSA (GLbcR 15260037).

BRQe PaUURZ aVSLUaWeV aQd bORRd VaPSOeV ZeUe dLOXWed 1:1 ZLWK PBS aQd Oa\eUed

dLUecWO\ RQWR fLcROO fRU PRQRQXcOeaU ceOO LVROaWLRQ aV deVcULbed abRYe. CeOOV WaNeQ fURP

WKe LQWeUSKaVe Oa\eU ZeUe ZaVKed ZLWK PBS aQd e[SRVed WR WKe VaPe eQ]\PaWLc

cRQdLWLRQV aV VROLd WLVVXeV b\ UeVXVSeQdLQg ceOO SeOOeWV LQ WLVVXe dLVVRcLaWLRQ PedLa

cRQWaLQLQg OLbeUaVe TL fRU 30 PLQXWeV aW 37RC SULRU WR cRXQWLQg aQd UeVXVSeQdLQg LQ

PBS cRQWaLQLQg 0.04% (Y/Y) BSA.
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TissXe processing for donors 582C, 621B, 637C and 640C (Cambridge UniYersit\)

L\PSKRLd WLVVXeV OLNe VSOeeQ aQd O\PSK QRdeV ZeUe PaVKed WKURXgK a 70 �M fLOWeU

SOaced RQ WRS Rf a 50PO faOcRQ, XVLQg WKe SOXQgeU fURP a 2 PO V\ULQge aV a SeVWOe. TKe

fLOWeU ZaV RccaVLRQaOO\ ZaVKed ZLWK [-YLYR + 1% FBS + 10U/PO BeQ]RQaVe (MeUcN).

DeSeQdLQg RQ WKe VL]e Rf WKe WLVVXe, WKe fLOWeUed ceOO VXVSeQVLRQ ZaV WRSSed XS WR

30-50PO ZLWK [-YLYR + 1% FBS + 10U/PO BeQ]RQaVe, aQd SOaced RQ Lce aV UeTXLUed.

NRQ-O\PSKRLd WLVVXe OLNe OXQg, OLYeU aQd NLdQe\ ZeUe fLUVW cKRSSed XS ZLWK VcLVVRUV LQWR

0.2-0.5cP SLeceV, WKeQ WUaQVfeUUed LQWR GeQWOePacV C-WXbeV aQd 2.5PO Rf cROOageQaVe

(MeUcN C7926) aQd 2.5 PO [-YLYR PedLa added, WKeQ KRPRgeQLVed XVLQg a SURWRcRO WKaW

SURYLded gUadXaO UaPSLQg XS Rf KRPRgeQLVaWLRQ VSeed aORQg ZLWK 2[ 15 PLQXWe

KeaWLQg/PL[LQg VWeSV aW 37�C. PRVW-geQWOePacV KRPRgeQLVaWLRQ 20 �O Rf 0.5 PM EDTA

(2PM fLQaO cRQc) SeU 5 PO Rf cROOageQaVe ZaV added WR QeXWUaOLVe, aQd WKe dLgeVWed

WLVVXe WUaQVfeUUed LQWR a 70�M ceOO VWUaLQeU SOaced RQ WRS Rf a 50 PO faOcRQ. UVLQg WKe

SOXQgeU Rf a 2 PO V\ULQge WKe WLVVXe ZaV PaVKed WKURXgK WKe fLOWeU, ZLWK RccaVLRQaO

ZaVKLQg Rf WKe fLOWeU ZLWK [-YLYR + 1% FBS + 10U/PO BeQ]RQaVe. DeSeQdLQg RQ WKe

VL]e Rf WKe WLVVXe, WKe fLOWeUed ceOO VXVSeQVLRQ ZaV WRSSed XS WR 30-50PO ZLWK [-YLYR +

1% FBS+ 10U/PO BeQ]RQaVe, aQd SOaced RQ Lce aV UeTXLUed.

TKe SURWRcRO XVed WR SURceVV MeMXQXP ZaV adaSWed fURP (11) ZLWK WKe aLP Rf VeSaUaWLQg

WKe OaPLQa SURSULa (LP) aQd LQWUaeSLWKeOLaO Oa\eUV (IEL), abbUeYLaWed WR JEJLP aQd

JEJEPI LQ WKe daWaVeW. TKe MeMXQXP ZaV ZaVKed ZLWK PBS + 0.04% BSA WR UePRYe aQ\

cKLPe, cKRSSed XS ZLWK VcLVVRUV LQWR 0.5 cP SLeceV WKeQ WUaQVfeUUed LQWR a 50 PO faOcRQ

WXbe aQd 10 PO Rf [-YLYR + 2 PM DTT (0.1M VROXWLRQ, TKeUPRFLVKeU 707265ML) + 5

PM EDTA (0.5M VROXWLRQ, IQYLWURgeQ) + 1% FBS added, WKeQ SOaced LQ WKe 37RC

LQcXbaWRU fRU 20 PLQXWeV. TKe WXbe ZaV VKaNeQ afWeU 10 PLQXWeV. TKe MeMXQXP cKePLcaO

dLgeVW ZaV WKeQ SXW WKURXgK a 70�M fLOWeU SOaced RQ WRS Rf a 50 PO faOcRQ aQd ULQVed

ZLWK 10 PO Rf [-YLYR + 1% FBS + 10U/PO BeQ]RQaVe. TKe ZaVK WKURXgK fURP WKe fLOWeU

cRQWaLQV WKe IEL ceOOV, aQd ZaV NeSW RQ Lce. E[ceVV WLVVXe fURP WKe fLOWeU ZaV VcUaSed

bacN LQWR a 50 PO faOcRQ aQd WKe dLgeVW aQd fLOWeULQg VWeSV UeSeaWed. RePaLQLQg WLVVXe

fURP WKe fLOWeU ZaV Qe[W VcUaSed LQWR a GeQWOePacV C WXbe aQd dLgeVWed ZLWK 2.5 PO Rf
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cROOageQaVe IV (MeUcN) aQd 2.5PO Rf [-YLYR aQd UXQ RQ WKe VaPe GeQWOePacV

SURgUaPPe XVed fRU WKe QRQ-O\PSKRLd WLVVXeV. 20 �O Rf 0.5 PM EDTA (IQYLWURgeQ) WR

gLYe a 2PM fLQaO cRQceQWUaWLRQ SeU 5 PO Rf cROOageQaVe ZaV WKeQ added WR QeXWUaOLVe

aQd WKe dLgeVWed WLVVXe SOaced LQWR a 70�M ceOO VWUaLQeU SOaced RQ WRS Rf a 50 PO faOcRQ.

UVLQg WKe SOXQgeU Rf a 2 PO V\ULQge WKe WLVVXe ZaV PaVKed WKURXgK WKe fLOWeU ZKLcK ZaV

RccaVLRQaOO\ ZaVKed ZLWK [-YLYR + 1% FBS + 10U/PO BeQ]RQaVe. TKe ceOOV WKaW SaVV

WKURXgK WKe fLOWeU aUe LP ceOOV. DeSeQdLQg RQ WKe VL]e Rf WKe WLVVXe, WKe fLOWeUed ceOO

VXVSeQVLRQ ZaV WRSSed XS WR 30-50PO ZLWK [-YLYR + 1% FBS + 10U/PO BeQ]RQaVe

(MeUcN), aQd SOaced RQ Lce aV UeTXLUed.

OQce a VLQgOe ceOO VXVSeQVLRQ ZaV RbWaLQed fURP aOO WLVVXeV, WKe\ ZeUe ceQWULfXged aW

600g [ 10 PLQXWeV aQd UeVXVSeQded LQ [-YLYR + 1% FBS Uead\ fRU Oa\eULQg RYeU fLcROO.

BORRd aQd bRQe PaUURZ ZaV dLOXWed 1:1 LQ [-YLYR + 1% FBS aQd Oa\eUed RYeU fLcROO

ZLWK QR addLWLRQaO SURceVVLQg VWeSV. TKe PRQRQXcOeaU ceOO LVROaWLRQ XVLQg fLcROO ZaV

SeUfRUPed aV deVcULbed abRYe. TKLV SURWRcRO LV aYaLOabOe RQ SURWRcROV.LR

(d[.dRL.RUg/10.17504/SURWRcROV.LR.b]4TS8YZ).

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

UniYersit\)

CeOOV ZeUe KaVKWagged WR aOORZ SRROLQg Rf VaPSOeV fRU ORadLQg RQ WKe 10X CKURPLXP

LQVWUXPeQW aQd WKe KaVKWagV XVed aUe OLVWed LQ TabOe S2. ASSUR[LPaWeO\ 500N MNC SeU

WLVVXe ZaV WUaQVfeUUed LQWR a 1.5PO OR-bLQd eSSeQdRUf. CeOOV ZeUe VSXQ aW 600g fRU 5

PLQXWeV aQd aV PXcK VXSeUQaWaQW aV SRVVLbOe ZaV UePRYed aQd WKe ceOOV UeVXVSeQded LQ

50�O PBS+0.04% BSA. 5�O Rf FC bORcN (BLRLegeQd 422301) ZaV added WR UedXce

bacNgURXQd OabeOOLQg aQd LQcXbaWed aW 4RC fRU 10 PLQXWeV. EacK KaVKWag ZaV VSXQ aW

14,000g fRU 10 PLQXWeV, aQd WKeQ added 0.5�O Rf KaVKWag WR eacK WXbe. IQcXbaWe aW 4RC

fRU 30 PLQXWeV WKeQ WRS XS WR 500�O ZLWK PBS + 0.04% BSA, aQd VSLQ aW 600g [ 5 PLQV,

aQd UePRYe VXSeUQaWaQW. WaVK ceOOV WZLce PRUe ZLWK 500�O ZLWK PBS + 0.04% BSA,

WKeQ UeVXVSeQd ceOOV LQ 100�O ZLWK PBS + 0.04% BSA. CRXQW ceOOV aQd SRRO eTXaO

QXPbeUV Rf ceOOV fURP eacK WLVVXe aQd SURceed WR ORadLQg Rf WKe 10X CKURPLXP

CRQWUROOeU.
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TissXe processing for donors D496 and D503 (ColXmbia UniYersit\)

EacK WLVVXe ZaV VXbMecWed WR a WLVVXe VSecLfLc SURWRcRO WR Pa[LPL]e ceOO UecRYeU\ aQd

YLabLOLW\ acURVV a dLYeUVLW\ Rf VLWeV:

BORRd VaPSOeV aQd bRQe PaUURZ aVSLUaWeV VKaUed a SURWRcRO LQ ZKLcK WKe\ ZeUe dLOXWed

1:4 aQd Oa\eUed dLUecWO\ RQWR FLcROO-SaTXe fRU a deQVLW\ ceQWULfXgaWLRQ VWeS (1200 [ g fRU

20PLQ aW 20�C) aQd VXbVeTXeQW PRQRQXcOeaU ceOO LVROaWLRQ.

SSOeeQ VaPSOeV ZeUe PecKaQLcaOO\ dLgeVWed ZLWK VcLVVRUV, aQd PaVKed aQd ZaVKed

WKURXgK a 100ȝM fLOWeU ZLWK a VROXWLRQ Rf PBS cRQWaLQLQg 5% (Y/Y) FBS aQd 2PM

EDTA. TKe VLQgOe ceOO VXVSeQVLRQ ZaV VSXQ dRZQ (400 [ g fRU 10 PLQXWeV aW 20�C),

ZaVKed ZLWK PBS cRQWaLQLQg 5% (Y/Y) FBS aQd 2PM EDTA, aQd Oa\eUed RQWR

FLcROO-SaTXe fRU a deQVLW\ ceQWULfXgaWLRQ VWeS (1200 [ g fRU 20PLQ aW 20�C) aQd

VXbVeTXeQW PRQRQXcOeaU ceOO LVROaWLRQ.

LXQg aQd aOO O\PSK QRde VaPSOeV VKaUed a SURWRcRO ZKeUe WKe\ ZeUe PecKaQLcaOO\

dLgeVWed ZLWK VcLVVRUV aQd eQ]\PaWLcaOO\ dLgeVWed RQ a VKaNeU fRU 30 PLQXWeV aW 37�C LQ

IMDM MedLa (GLbcR 12440053) cRQWaLQLQg 1Pg/PL CROOageQaVe D (MLOOLSRUe SLgPa

11088882001) aQd 0.1Pg/PL DNaVe (WRUWKLQgWRQ LS002139). AfWeU dLgeVWLRQ, WKe

WLVVXe ZaV PaVKed aQd ZaVKed WKURXgK a 100ȝM fLOWeU ZLWK a VROXWLRQ Rf PBS

cRQWaLQLQg 5% (Y/Y) FBS aQd 2PM EDTA. TKe VLQgOe ceOO VXVSeQVLRQ ZaV VSXQ dRZQ

(400 [ g fRU 10 PLQXWeV aW 20�C), ZaVKed aQd UeVXVSeQded ZLWK IMDM MedLa ZLWK

10% (Y/Y) FBS, aQd Oa\eUed RQWR FLcROO-SaTXe fRU a deQVLW\ ceQWULfXgaWLRQ VWeS (1200 [

g fRU 20PLQ aW 20�C) aQd VXbVeTXeQW PRQRQXcOeaU ceOO LVROaWLRQ.

JeMXQXP WLVVXe ZaV SURceVVed WR VeSaUaWe WKe ESLWKeOLaO La\eU (EL) fURP WKe LaPLQa

PURSULa (LP) abbUeYLaWed WR JEJEPI aQd JEJLP LQ WKe daWaVeW UeVSecWLYeO\. TKe SURceVV

begLQV b\ ZaVKLQg WKe WLVVXe Rf LQWeVWLQaO cRQWeQWV RU cK\Pe ZLWK cROd PBS cRQWaLQLQg

5% (Y/Y) FBS. TKe EL ZaV VWULSSed b\ WZLce LQcXbaWLQg WKe WLVVXe aW 37�C RQ a VKaNeU

fRU 30 PLQXWeV ZLWK IMDM MedLa cRQWaLQLQg 2 PM DTT, 10 PM EDTA, aQd 10%

(Y/Y) FBS. AfWeU eacK VWULS, WKe PedLa ZaV UePRYed fURP WKe WLVVXe, fLOWeUed, aQd

ZaVKed WKURXgK a 100ȝM fLOWeU ZLWK a VROXWLRQ Rf PBS cRQWaLQLQg 5% (Y/Y) FBS aQd

2PM EDTA WR cROOecW WKe EL fUacWLRQ, ZKLcK LV VWRUed RQ Lce XQWLO WKe LP fUacWLRQ KaV

6



beeQ cROOecWed. IQ RUdeU WR cROOecW WKe ceOOV Rf WKe LP, afWeU WKe VecRQd VWULSSLQg VWeS, WKe

WLVVXe ZaV PecKaQLcaOO\ dLgeVWed ZLWK VcLVVRUV aQd eQ]\PaWLcaOO\ dLgeVWed RQ a VKaNeU

fRU 30 PLQXWeV aW 37�C LQ IMDM MedLa (GLbcR 12440053) cRQWaLQLQg 1Pg/PL

CROOageQaVe D (MLOOLSRUe SLgPa 11088882001) aQd 0.1Pg/PL DNaVe (WRUWKLQgWRQ

LS002139). AfWeU dLgeVWLRQ, WKe WLVVXe ZaV PaVKed aQd ZaVKed WKURXgK a 100ȝM fLOWeU

ZLWK a VROXWLRQ Rf PBS cRQWaLQLQg 5% (Y/Y) FBS aQd 2PM EDTA. AW WKLV VWeS, WKe

VLQgOe ceOO VXVSeQVLRQV Rf bRWK WKe EL aQd LP fUacWLRQV ZeUe VSXQ dRZQ (400 [ g fRU 10

PLQXWeV aW 20�C), ZaVKed aQd UeVXVSeQded LQ IMDM MedLa ZLWK 0.25U/PO BeQ]RQaVe

(MLOOLSRUe SLgPa E1014-5KU). TKe VaPSOeV ZeUe LQcXbaWed fRU 30 PLQXWeV aW 37�C,

ZaVKed aQd UeVXVSeQded ZLWK IMDM MedLa ZLWK 10% (Y/Y) FBS, aQd Oa\eUed RQWR

FLcROO-SaTXe fRU a deQVLW\ ceQWULfXgaWLRQ VWeS (1200 [ g fRU 20PLQ aW 20�C) aQd

VXbVeTXeQW PRQRQXcOeaU ceOO LVROaWLRQ.

OQce LVROaWed, aOO VLQgOe ceOO VXVSeQVLRQV ZeUe ceQWULfXged (400 [ g, 10 PLQXWeV aW 4�C)

aQd ZaVKed WZLce ZLWK PBS cRQWaLQLQg 5% (Y/Y) FBS aQd 2PM EDTA. CeOO cRXQWV

ZeUe acTXLUed XVLQg WKe NC-2000 CeOO CRXQWeU (CKePRPeWec) aQd 50 PLOOLRQ YLabOe

ceOOV fURP eacK VLWe ZeUe WUeaWed ZLWK TUXVWaLQ FcX (BLRLegeQd 422302) aQd FcR

BORcNLQg ReageQW (MLOWeQ\L 130-059-901). CeOOV ZeUe VXbVeTXeQWO\ OabeOed fRU 30

PLQXWeV aW 4�C ZLWK bLRWLQ\OaWed aQWL-CD66B (BLRLegeQd 305120), aQWL-CD235ab

(BLRLegeQd 306618), aQWL-CD326 (BLRLegeQd 324216) WR UePRYe gUaQXORc\WeV, Ued

bORRd ceOOV, aQd eSLWKeOLaO ceOOV UeVSecWLYeO\ YLa VWUeSWaYLdLQ-cRaWed PagQeWLc SaUWLcOeV

aQd QegaWLYe VeOecWLRQ (BaQgV LabRUaWRULeV BP628). FLQaOO\, aOO VLQgOe ceOO VXVSeQVLRQV

ZeUe VXbMecWed WR dead ceOO UePRYaO XVLQg a Dead CeOO RePRYaO KLW (MLOWeQ\L).

Hashtag labeling of cells for donors D496 and D503 (ColXmbia UniYersit\)

EacK VLQgOe ceOO VXVSeQVLRQ ZaV KaVKWagged WR aOORZ SRROLQg Rf VaPSOeV fRU ORadLQg RQ

WKe 10X CKURPLXP LQVWUXPeQW aQd WKe KaVKWagV XVed aUe OLVWed LQ TabOe S2.

ASSUR[LPaWeO\ RQe PLOOLRQ MNC SeU WLVVXe ZeUe WUaQVfeUUed LQWR 4PL fORZ c\WRPeWU\

WXbeV. CeOOV ZeUe ceQWULfXged aW 400 [ g fRU 5 PLQXWeV, 4�C, VXSeUQaWaQW UePRYed, aQd

UeVXVSeQded LQ PBS cRQWaLQLQg 5% (Y/Y) FBS aQd 2PM EDTA. CeOOV ZeUe WUeaWed ZLWK

TUXVWaLQ FcX (BLRLegeQd 422302) aQd FcR BORcNLQg ReageQW (MLOWeQ\L 130-059-901)
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WR UedXce bacNgURXQd OabeOOLQg aQd LQcXbaWed aW 4�C fRU 10 PLQXWeV. EacK KaVKWag ZaV

VSXQ aW 14,000 [ g fRU 10 PLQXWeV, aQd 1�L Rf KaVKWag ZaV added WR eacK WXbe. TKe

VaPSOeV ZeUe LQcXbaWed aW 4�C fRU 30 PLQXWeV, aQd VXbVeTXeQWO\ ceQWULfXged aW 400 [ g

fRU 5 PLQXWeV, 4�C aQd ZaVKed WKUee WLPeV ZLWK PBS cRQWaLQLQg 5% (Y/Y) FBS aQd

2PM EDTA. 200K fURP eacK VaPSOe ZaV added WR a VLQgOe 4PL fORZ c\WRPeWU\ WXbe.

TKLV WXbe ZaV ceQWULfXged aW 400 [ g fRU 5 PLQXWeV, 4�C aQd UeVXVSeQded LQ PBS

cRQWaLQLQg 5% (Y/Y) FBS aQd 2PM EDTA.

SLQgOe-ceOO RNA OLbUaU\ SUeSaUaWLRQ aQd VeTXeQcLQg

FRU VcRNA-VeT e[SeULPeQWV, VLQgOe ceOOV ZeUe ORaded RQWR WKe cKaQQeOV Rf a CKURPLXP

cKLS (10[ GeQRPLcV) fRU a WaUgeW UecRYeU\ Rf 5,000 ceOOV. IPPXQe ceOOV fURP dRQRUV

A29, A31, A35, A36, A37, A52 ZeUe ORaded LQWR a VLQgOe 10[ cKaQQeO SeU WLVVXe SeU

dRQRU. FRU WKe UePaLQLQg dRQRUV, aV WKe ceOOV ZeUe KaVKWag OabeOOed, eacK dRQRU¶V ceOOV

ZeUe SRROed aQd ORaded LQWR a Pa[LPXP Rf VL[WeeQ 10[ cKaQQeOV. SLQgOe-ceOO cDNA

V\QWKeVLV, aPSOLfLcaWLRQ, aQd VeTXeQcLQg OLbUaULeV ZeUe geQeUaWed XVLQg eLWKeU WKe 10X

GeQRPLcV SLQgOe CeOO 5ƍ ReageQW (Y1 1000006 aQd 1000020 aQd Y2 1000263 aQd

1000190) (CaPbULdge UQLYeUVLW\) RU 3ƍ ReageQW (Y3.1 1000121) (CROXPbLa UQLYeUVLW\)

KLW fURP 10[ GeQRPLcV fROORZLQg WKe PaQXfacWXUeU¶V LQVWUXcWLRQV. TKe geQe e[SUeVVLRQ

OLbUaULeV ZeUe VeTXeQced RQ aQ IOOXPLQa NRYaSeT 6000 SOaWfRUP aW a WaUgeW deSWK Rf

50,000 UeadV SeU ceOO. FRU VaPSOeV SUeSaUed ZLWK WKe SLQgOe CeOO 5ƍ ReageQW KLW, VDJ

OLbUaULeV fRU TCRĮȕ aQd BCR ZeUe SUeSaUed ZLWK WKe V(D)J eQULcKPeQW KLW fURP 10[

GeQRPLcV (Y1 1000005 aQd 1000016 aQd Y2 1000252 aQd 1000253) fROORZLQg WKe

PaQXfacWXUeU¶V LQVWUXcWLRQV. VDJ OLbUaULeV fRU TCRȖį ZeUe SUeSaUed XVLQg SUeYLRXVO\

SXbOLVKed SULPeUV (76) cRPSaWLbOe ZLWK WKe SLQgOe CeOO 5ƍ ReageQW (Y1) KLW fURP 10[

GeQRPLcV. VDJ OLbUaULeV fRU B aQd T ceOOV ZeUe VeTXeQced RQ eLWKeU a HLSeT 4000 RU

SRROed ZLWK geQe e[SUeVVLRQ OLbUaULeV RQ WKe NRYaSeT 6000 SOaWfRUP aW a WaUgeW deSWK Rf

5,000 UeadV SeU ceOO. HaVKWag OLbUaULeV ZeUe SRROed aQd VeTXeQced RQ eLWKeU aQ IOOXPLQa

Ne[WSeT 500, IOOXPLQa HLSeT 4000 RU SRROed ZLWK geQe e[SUeVVLRQ OLbUaULeV RQ WKe

NRYaSeT 6000 SOaWfRUP.
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SLQgOe-ceOO RNA-VeT daWa SUe-SURceVVLQg

VcRNA-VeT daWa ZaV aOLgQed aQd TXaQWLfLed XVLQg WKe ceOOUaQgeU VRfWZaUe (YeUVLRQ 6.1.1,

10[ GeQRPLcV IQc.) XVLQg WKe GRCK38 KXPaQ UefeUeQce geQRPe (RffLcLaO CeOO RaQgeU

UefeUeQce, YeUVLRQ 1.2.0). FRU KaVKWagged aQd PXOWLSOe[ed VaPSOeV (aSSOLeV WR dRQRUV

582C, 621B, 637C, 640C, D496 aQd D503) KaVKWag-baVed ceOO dePXOWLSOe[LQg ZaV

SeUfRUPed XVLQg HaVKVROR (67). CeOOV ZLWK feZeU WKaQ 1,000 UMI cRXQWV aQd 600

deWecWed geQeV ZeUe e[cOXded fURP dRZQVWUeaP aQaO\VLV. VcTCR-VeT daWa ZaV aOLgQed

aQd TXaQWLfLed XVLQg WKe ceOOUaQgeU-YdM VRfWZaUe (YeUVLRQ 2.1.1, 10[ GeQRPLcV IQc).

VcBCR-VeT daWa ZaV aOLgQed aQd TXaQWLfLed XVLQg WKe ceOOUaQgeU-YdM VRfWZaUe (YeUVLRQ

4.0, 10[ GeQRPLcV IQc). FRU TCRȖį Ze LPSOePeQWed a cXVWRPL]ed SLSeOLQe dXe WR WKe

ceOOUaQgeU YdM aQQRWaWLRQ aOgRULWKP beLQg WXQed WRZaUdV aOSKa/beWa TCR cKaLQV. BULefO\,

TCRȖį OLbUaULeV ZeUe PaSSed ZLWK ceOO UaQgeU 4.0.0, XVLQg WKe 10[ VDJ 4.0.0 UefeUeQce.

AOO cRQWLgV deePed KLgK TXaOLW\ ZeUe VeOecWed, aQd UeaQQRWaWed ZLWK IgBOaVW YLa WKe

ZRUNfORZ SURYLded LQ daQdeOLRQ 0.1.3 (KWWSV://gLWKXb.cRP/]NWXRQg/daQdeOLRQ). We KaYe

Pade aYaLOabOe aQ e[aPSOe QRWebRRN VKRZcaVLQg WKLV ZRUNfORZ

(KWWSV://Vc-daQdeOLRQ.UeadWKedRcV.LR/eQ/OaWeVW/QRWebRRNV/gaPPa_deOWa.KWPO).

DRXbOeW deWecWLRQ

DRXbOeW deWecWLRQ ZaV SeUfRUPed RQ a SeU VaPSOe baVLV XVLQg WKe ScUXbOeW aOgRULWKP

(KWWSV://gLWKXb.cRP/AOORQKOeLQLab/VcUXbOeW (68)) ZLWK SeUcROaWLRQ aV SUeYLRXVO\

deVcULbed (77). BULefO\, VcUXbOeW VcRUeV ZeUe RbWaLQed SeU ceOO aQd WKe SeUcROaWLRQ VWeS

ZaV SeUfRUPed RQ RYeU-cOXVWeUed daWa XVLQg WKe scanp\.tl.loXYain fXQcWLRQ fURP WKe

VcaQS\ SacNage. EacK cOXVWeU ZaV VXbVeTXeQWO\ VeSaUaWeO\ cOXVWeUed agaLQ, \LeOdLQg aQ

RYeU-cOXVWeUed PaQLfROd, aQd eacK Rf WKe UeVXOWLQg cOXVWeUV Kad LWV ScUXbOeW VcRUeV

UeSOaced b\ WKe PedLaQ Rf WKe RbVeUYed YaOXeV. TKe UeVXOWLQg VcRUeV ZeUe aVVeVVed fRU

VWaWLVWLcaO VLgQLfLcaQce, ZLWK P YaOXeV cRPSXWed XVLQg a ULgKW-WaLOed WeVW fURP a QRUPaO

dLVWULbXWLRQ ceQWUed RQ WKe VcRUe PedLaQ aQd a PedLaQ abVROXWe deYLaWLRQ

(MAD)-deULYed VWaQdaUd deYLaWLRQ eVWLPaWe. TKe P-YaOXeV ZeUe cRUUecWed fRU faOVe

dLVcRYeU\ UaWe ZLWK WKe BeQMaPLQL-HRcKbeUg SURcedXUe, aQd a VLgQLfLcaQce WKUeVKROd Rf
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0.1 ZaV LPSRVed. CeOOV ZLWK a BeQMaPLQL-HRcKbeUg-cRUUecWed P-YaOXe OeVV WKaQ 0.1 ZeUe

e[cOXded fURP dRZQVWUeaP aQaO\VLV.

COXVWeULQg, baWcK aOLgQPeQW aQd aQQRWaWLRQ

DRZQVWUeaP aQaO\VLV LQcOXded daWa QRUPaOLVaWLRQ (scanp\.pp.normali]e_per_cell

PeWKRd, VcaOLQg facWRU 10,000), ORg-WUaQVfRUPaWLRQ (scanp\.pp.log1p), YaULabOe geQe

deWecWLRQ (sc.pp.highl\_Yariable_genes), daWa feaWXUe VcaOLQg (scanp\.pp.scale), PCA

aQaO\VLV (scanp\.pp.pca, fURP YaULabOe geQeV), aQd LeLdeQ gUaSK-baVed cOXVWeULQg

(scanp\.tl.leiden, cOXVWeULQg UeVROXWLRQ PaQXaOO\ adMXVWed) SeUfRUPed XVLQg WKe S\WKRQ

SacNage VcaQS\ (YeUVLRQ 1.6.0). DaWa LQWegUaWLRQ acURVV dRQRUV ZaV dRQe XVLQg

baWcK-baOaQced KNN (KWWSV://gLWKXb.cRP/TeLcKOab/bbNQQ) (70). PULRU WR dRQRU

LQWegUaWLRQ, baWcK cRUUecWLRQ fRU cKePLVWU\-aVVRcLaWed effecWV ZaV SeUfRUPed XVLQg ULdge

UegUeVVLRQ aV LPSOePeQWed LQ WKe BBKNN SacNage. CeOO LdeQWLWLeV ZeUe fLUVW SUedLcWed

XVLQg CeOOT\SLVW, aQd WKeQ XQdeUZeQW PaQXaO cXUaWLRQ LQcOXdLQg: 1) e[aPLQaWLRQ Rf

e[SUeVVLRQ Rf NQRZQ PaUNeU geQeV aQd PaUNeU geQeV deULYed fURP CeOOT\SLVW PRdeOV;

2) cURVV-YaOLdaWLRQ aQd cURVV-SUedLcWLRQ ZLWK CeOOT\SLVW WUaLQLQg daWaVeWV aQd WZR

LQdeSeQdeQW daWaVeWV fURP WKe KXPaQ gXW aQd OXQg (27, 28). DLffeUeQWLaO e[SUeVVLRQ

acURVV cOXVWeUV ZaV aVVeVVed XVLQg WKe sc.tl.rank_gene_groXps fXQcWLRQ fURP VcaQS\

XVLQg WKe ZLOcR[RQ UaQN VXP PeWKRd. TR acKLeYe a KLgK-UeVROXWLRQ aQQRWaWLRQ, Ze

VXb-cOXVWeUed ILC/T, B aQd P\eORLd ceOOV aQd UeSeaWed WKe SURcedXUe Rf KLgKO\ YaULabOe

geQe VeOecWLRQ, ZKLcK aOORZed fRU fLQe-gUaLQed ceOO W\Se aQQRWaWLRQV.

CRPSaULVRQV Rf BBKNN LQWegUaWLRQ ZLWK VcVI

TR e[aPLQe WKe LQfOXeQce Rf aOWeUQaWLYe daWa LQWegUaWLRQ PeWKRdV RQ RXU daWaVeW, VcVI

ZaV XVed WR LQWegUaWe WKe daWaVeW ZLWK LQfRUPaWLRQ Rf dLffeUeQW dRQRUV aV a cRYaULaWe.

SSecLfLcaOO\, Ze e[WUacWed WKe VaPe VeW Rf KLgKO\ YaULabOe geQeV aV XVed LQ BBKNN, aQd

VeW XS WKe LQSXW daWa ZLWK a UaZ cRXQW PaWUL[. FRU WKe VcVI PRdeO, WKe QXPbeU Rf OaWeQW

UeSUeVeQWaWLRQV ZaV VeW aV 20, aQd WKe dURSRXW UaWe ZaV VeW aV 0.2. We RbWaLQed WKe

XOWLPaWe OaWeQW YaULabOeV afWeU 500 eSRcKV Rf WUaLQLQg (ma[_epochs=500 aQd
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earl\_stopping=TrXe) ZKLcK ZeUe LQSXW WR WKe ScaQS\ SLSeOLQe fRU QeLgKbRUKRRd gUaSK

cRQVWUXcWLRQ (sc.pp.neighbors) aQd geQeUaWLRQ Rf UMAP cRRUdLQaWeV (sc.tl.Xmap).

TR aVVeVV WKe baWcK-PL[LQg effecW afWeU BBKNN (fig. S24A) aQd VcVI LQWegUaWLRQ (fig.

S24B), Ze cRQdXcWed WKe N-QeaUeVW QeLgKbRXU baWcK effecW WeVW (NBET) (72) WR aVVeVV WKe

degUee Rf baWcK PL[LQg fRU eacK cOXVWeU (fig. S24C) aQd ceOO W\Se (fig. S24D). COXVWeUV

ZeUe deULYed fURP UeVSecWLYe QeLgKbRUKRRd gUaSK RXWSXW b\ BBKNN RU VcVI XVLQg a

UeVROXWLRQ Rf 1, aQd ceOO W\SeV ZeUe baVed RQ CeOOT\SLVW SUedLcWLRQV. FRU eacK PeWKRd,

WKe UeVXOWLQg KNN gUaSK ZaV XVed aV WKe LQSXW fRU NBET WR UefOecW WKe

SRVW-baWcK-cRUUecWLRQ dLVWaQce beWZeeQ ceOOV, aQd NBET RbVeUYed UeMecWLRQ UaWeV ZeUe

caOcXOaWed XVLQg WKe fXQcWLRQ kBET fURP NBET. TKLV aQaO\VLV UeYeaOed WKaW KLgK NBET

acceSWaQce UaWeV caQ be RbWaLQed afWeU daWa LQWegUaWLRQ XVLQg bRWK PeWKRdV, aQd WKaW

BBKNN VOLgKWO\ RXWSeUfRUPed VcVI LQ RXU caVe.

VcTCR-VeT dRZQVWUeaP aQaO\VLV

VDJ VeTXeQce LQfRUPaWLRQ ZaV e[WUacWed fURP WKe RXWSXW fLOe

³fLOWeUed_cRQWLg_aQQRWaWLRQV.cVY´ XVLQg WKe VcLUS\ SacNage (73). We deWeUPLQed

SURdXcWLYe TCR cKaLQ SaLULQg feaWXUeV XVLQg WKe scirp\.tl.chain_pairing fXQcWLRQ aQd

VeOecWed ceOOV ZLWK a VLQgOe SaLU Rf SURdXcWLYe Įȕ TCR cKaLQV fRU dRZQVWUeaP aQaO\VLV.

CORQRW\SeV ZeUe deWeUPLQed XVLQg WKe scirp\.pp.tcr_neighbors fXQcWLRQ XVLQg WKe CDR3

QXcOeRWLde VeTXeQce LdeQWLW\ fURP bRWK TCR cKaLQV aV a PeWULc.

VcBCR-VeT dRZQVWUeaP aQaO\VLV

VDJ VeTXeQce LQfRUPaWLRQ ZaV e[WUacWed fURP WKe RXWSXW fLOe

³fLOWeUed_cRQWLg_aQQRWaWLRQV.cVY´. FXUWKeU VLQgOe-ceOO VDJ aQaO\VLV fRU B ceOOV ZaV

SeUfRUPed bURadO\ aV deVcULbed SUeYLRXVO\ (11, 78), ZLWK aOO VeTXeQceV fURP a gLYeQ

SaWLeQW gURXSed WRgeWKeU fRU aQaO\VLV. AVVLgQGeQeV.S\ (79) aQd IgBLAST (80) ZeUe

XVed WR UeaQQRWaWe IgH VeTXeQceV SULRU WR cRUUecWLRQ Rf aPbLgXRXV V geQe aVVLgQPeQWV

XVLQg TIgGER (Y1.0.0) (81). CORQaOO\-UeOaWed IgH VeTXeQceV ZeUe LdeQWLfLed XVLQg

DefLQeCORQeV.S\ ZLWK a QeaUeVW QeLgKbRXU dLVWaQce WKUeVKROd Rf 0.15 befRUe UXQQLQg
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CUeaWeGeUPOLQeV.S\ (CKaQgeO) (82) WR LQfeU geUPOLQe VeTXeQceV fRU eacK cORQaO faPLO\

aQd caOcXOaWe VRPaWLc K\SeUPXWaWLRQ fUeTXeQcLeV ZLWK RbVeUYedMXWaWLRQV (SKa]aP)

(82). IgH dLYeUVLW\ aQaO\VeV ZeUe SeUfRUPed XVLQg WKe UaUef\DLYeUVLW\ aQd WeVWDLYeUVLW\

Rf AOaNa]aP (Y1.0.2; (82)). VcVDJ VeTXeQceV ZeUe WKeQ LQWegUaWed ZLWK VLQgOe-ceOO geQe

e[SUeVVLRQ RbMecWV b\ deWeUPLQLQg WKe QXPbeU Rf KLgK TXaOLW\ aQQRWaWed IgH, IgK RU IgL

SeU XQLTXe ceOO baUcRde. If PRUe WKaQ RQe cRQWLg SeU cKaLQ ZaV LdeQWLfLed, PeWadaWa fRU

WKaW ceOO ZaV aVcULbed aV ³MXOWL´. TR aVVeVV cORQaO UeOaWLRQVKLSV beWZeeQ VcRNA-VeT

cOXVWeUV, cR-RccXUUeQce Rf e[SaQded cORQe PePbeUV beWZeeQ ceOO W\SeV aQd WLVVXeV ZaV

UeSRUWed aV a bLQaU\ eYeQW fRU eacK cORQe WKaW cRQWaLQed a PePbeU ZLWKLQ WZR dLffeUeQW

ceOO W\SeV RU WLVVXeV LQ VLQgOe-ceOO UeSeUWRLUeV.

SLQgOe PROecXOe FISH

SaPSOeV ZeUe eLWKeU VQaS fUR]eQ LQ cKLOOed LVRSeQWaQe (-70⁰C) RU fL[ed LQ 10% NBF,

deK\dUaWed WKURXgK aQ eWKaQRO VeULeV, aQd ePbedded LQ SaUaffLQ Za[. SaPSOeV ZeUe UXQ

XVLQg WKe RNAVcRSe 2.5 LS fOXRUeVceQW PXOWLSOe[ aVVa\ (aXWRPaWed). BULefO\, FFPE

WLVVXe VecWLRQV (5 ȝP) aQd fUeVK fUR]eQ WLVVXe VecWLRQV (10XP) ZeUe cXW. FUeVK fUR]eQ

WLVVXeV ZeUe SUe-WUeaWed RffOLQe (4% PFA fL[aWLRQ 4�C 15 PLQV fROORZed b\ 90PLQV aW

URRP WePSeUaWXUe, VeTXeQWLaO deK\dUaWLRQ VWeSV (50%, 70%, 100%, 100% eWKaQRO, aLU

dU\)) aQd SURWeaVe III ZaV XVed. FFPE WLVVXeV UeTXLUed QR SUeWUeaWPeQW RffOLQe, bXW a

HeaW IQdXced ESLWRSe ReWULeYaO (HIER) VWeS ZaV SeUfRUPed b\ WKe LQVWUXPeQW fRU

15PLQV XVLQg ESLWRSe ReWULeYaO 2 (ER2) aW 95�C. TKeVe WLVVXeV aOVR Kad SURWeaVe III

WUeaWPeQW. RNAVcRSe SURbeV XVed ZeUe fURP adcbLR aQd LQcOXded HV-CD3D-C2

(599398-C2), HV-CD8A-C3 (560398-C3), HV-CRTAM (430248), HV-AIRE (551248),

HV-ITGAX-C2 (419158-C2) aQd HV-CCR7-C3 (410721-C3). OSaO fOXRURSKRUeV (OSaO

520, OSaO 570 aQd OSaO 650) ZeUe XVed aW 1:300 dLOXWLRQ. SOLdeV ZeUe LPaged RQ WKe

PeUNLQ EOPeU OSeUa PKeQL[ HLgK-CRQWeQW ScUeeQLQg S\VWeP, LQ cRQfRcaO PRde ZLWK 1

ȝP ]-VWeS VL]e, XVLQg 20X (NA 0.16, 0.299 ȝP/SL[eO) aQd 40X (NA 1.1, 0.149

ȝP/SL[eO) ZaWeU-LPPeUVLRQ RbMecWLYeV.
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FORZ c\WRPeWU\

SSOeeQ, bRQe PaUURZ aQd WKRUacLc O\PSK QRdeV fURP addLWLRQaO dRQRUV dLffeUeQW WR WKe

VcRNA-VeT VWXd\ ZeUe XVed WR YaOLdaWe WKe dLVcRYeUed ceOO SRSXOaWLRQV. TKe MNCV

ZeUe eLWKeU VWaLQed e[ YLYR RU SRVW acWLYaWLRQ ZLWK PMA+I (eBLRVcLeQce, CeOO

SWLPXOaWLRQ CRcNWaLO) fRU WZR KRXUV. CeOOV ZeUe ZaVKed ZLWK PBS aQd WKeQ VWaLQed ZLWK

WKe OLYe/dead PaUNeU ZRPbLe ATXa fRU 10 PLQXWeV aW URRP WePSeUaWXUe, aQd WKeQ

ZaVKed ZLWK PBS+0.5%FCS. TKe MNCV ZeUe VWaLQed LQ PBS+0.5% FCS aW 4�C fRU 45

PLQXWeV ZLWK WKe fROORZLQg SaQeOV Rf aQWLbRdLeV:

CD8 SaQeO: CD3-BUV395 (SK7, BLRLegeQd), CD56-BUV737 (NCAM16.2, BD

HRUL]RQ), CCR9-BV421 (L053E8, BLRLegeQd), CD4-BV605 (OKT4, BLRLegeQd),

TCRgd-FLWc (B1.1, IQYLWURgeQ), CX3CR1-PE (2A9-1, BLRLegeQd), CRTAM-PEC\7

(CR24.1, IQYLWURgeQ), CD16-APC (3G8, BLRLegeQd), CD8-APCC\7 (RPA-T8,

BLRLegeQd).

B ceOO SaQeO: IgD-BUV395 (IA6-2, BD HRUL]RQ), CCR7-BV421 (G043H7, BLRLegeQd),

CD3-BV605 (SK7, BLRLegeQd), CD11c-BV785 (3.9, BLRLegeQd), CD27-PE (0323,

eBLRVcLeQce), CD19-APC (HIB19, BLRLegeQd), TbeW-PEC\7 (eBLR4810, eBLRVcLeQce,

TbeW VWaLQLQg ZaV dRQe afWeU WKe VXUface VWaLQLQg XVLQg WKe eBLRVcLeQce FR[S3

WUaQVcULSWLRQ facWRU VWaLQLQg bXffeU NLW).

CeOOV ZeUe fL[ed ZLWK PBS+0.25%PFA aQd VWRUed aW 4�C XQWLO WKe\ ZeUe UXQ RQ WKe

FRUWeVVa fORZ c\WRPeWU\ LQVWUXPeQW, ORcaWed LQ WKe CaPbULdge NIHR BRC CeOO

PKeQRW\SLQg HXb. SSOeeQ MNCV ZeUe XVed fRU VLQgOe VWaLQ cRQWUROV WR caOcXOaWe

cRPSeQVaWLRQ aQd FMOV ZeUe XVed WR caOcXOaWe bacNgURXQd fOXRUeVceQce. FORZJR ZaV

XVed WR aQaO\Ve WKe fORZ c\WRPeWU\ daWa.

TPCR

TPCR ZaV SeUfRUPed WR YaOLdaWe WKe e[LVWeQce ITGAD-e[SUeVVLQg Ȗį T ceOOV LQ WKe

VSOeeQ XVLQg WKUee addLWLRQaO VaPSOeV WKaW ZeUe dLffeUeQW WR WKRVe XVed LQ WKe VcRNA-VeT
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VWXd\. SSOeeQ MNCV ZeUe VWaLQed ZLWK WKe OLYe/dead PaUNeU ZRPbLe ATXa fRU 10

PLQXWeV aW URRP WePSeUaWXUe, aQd WKeQ ZaVKed ZLWK PBS+0.5%FCS. CeOOV ZeUe WKeQ

VWaLQed ZLWK WKe fROORZLQg aQWLbRdLeV aW 4�C fRU 45 PLQXWeV: CD56-BV421 (HCD56,

BLRLegeQd), CD4-BV605 (OKT4, BLRLegeQd), TCRgd-FLWc (B1.1, IQYLWURgeQ),

TCRab-PeUCPC\5.5 (IP26, BLRLegeQd), CD52-PE (MHCD5204, LLfe TecKQRORgLeV),

CD127-PEC\7 (eBLRRDR5, eBLRVcLeQce), CD8-APC (RPA-T8, BLRLegeQd),

CD3-APCfLUe (UCHT1, BLRLegeQd). CeOOV ZeUe ZaVKed ZLWK PBS+0.5% FCS aQd

SaVVed WKURXgK a CeOOWULcV (PaUWec) 30 ȝP fLOWeU SULRU WR ceOO VRUWLQg. CeOO VRUWLQg ZaV

SeUfRUPed RQ a BD FXVLRQ 4 OaVeU VRUWeU aQd aQ e[aPSOe Rf WKe gaWLQg VWUaWeg\ XVed LV

VKRZQ LQ (fig. S22C).

SRUWed ceOOV ZeUe SeOOeWed aW 600g fRU 5 PLQXWeV aQd O\Ved LQ RNA O\VLV bXffeU aQd

fUR]eQ XQWLO RNA cRXOd be e[WUacWed. RNA ZaV e[WUacWed XVLQg a Z\PR ReVeaUcK RNA

PLcUR NLW ZLWK RQ cROXPQ DNAVe dLgeVWLRQ. TKe VWaQdaUd SURWRcRO ZaV fROORZed aQd

RNA eOXWed LQ 11 ȝO Rf ZaWeU. TKLV RNA ZaV WKeQ XVed WR PaNe cDNA XVLQg bRWK ROLgR

dT aQd UaQdRP Ke[aPeU SULPeUV ZLWK WKe UeYeUVe WUaQVcULSWaVe SXSeUVcULSWIII. PURbeV WR

B2M (KRXVeNeeSLQg geQe) aQd WZR aVVa\V WR ITGAD ZeUe SXUcKaVed fURP

TKeUPRFLVKeU, aQd TPCR UeacWLRQV ZeUe SeUfRUPed LQ dXSOLcaWe ZLWK WKe fROORZLQg

UecLSe: 8 ȝO PaVWeU PL[, 0.7 ȝO SURbe, 4.3 ȝO ZaWeU aQd 3 ȝO cDNA. A TKeUPRFIVKeU

QXaQWSWXdLR7 LQVWUXPeQW ZaV XVed fRU WKe TPCR, aQd WKe CW YaOXeV ZeUe deWeUPLQed

ZLWK WKe DCW beLQg caOcXOaWed aV WKe CW Rf ITGAD - CW Rf B2M.

IPPXQRfOXRUeVceQce

SSOeeQ aQd WKRUacLc O\PSK QRde VaPSOeV fURP XQUeOaWed dRQRUV ZeUe fL[ed LQ 1%

SaUafRUPaOdeK\de (EOecWURQ MLcURVcRS\ SeUYLceV, 50-980-487) fRU 24 KRXUV fROORZed

b\ 8 KRXUV LQ 30% VXcURVe LQ PBS. 30�P VecWLRQV ZeUe SeUPeabLOL]ed aQd bORcNed LQ

0.1M TRIS, cRQWaLQLQg 0.1% TULWRQ (SLgPa, T8787-50ML), 1% QRUPaO PRXVe VeUXP

(IQYLWURgeQ, 10410), 1% QRUPaO UaW VeUXP (IQYLWURgeQ, 10710C) aQd 1% BSA (R&D

S\VWePV, DY995). SaPSOeV ZeUe VWaLQed fRU 2K aW RT LQ a ZeW cKaPbeU ZLWK WKe

aSSURSULaWe aQWLbRdLeV, ZaVKed 3 WLPeV LQ PBS aQd PRXQWed LQ FOXRURPRXQW-G�
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(SRXWKeUQ BLRWecK, 0100-01). IPageV ZeUe acTXLUed XVLQg a TCS SP8 (LeLca, MLOWRQ

Ke\QeV, UK) cRQfRcaO PLcURVcRSe. RaZ LPagLQg daWa ZeUe SURceVVed XVLQg IPaULV

(BLWSOaQe).

AQWLbRdLeV XVed: CD3-AF488, cORQe UCHT1, 1/100 dLOXWLRQ (BLRLegeQd, 300415);

CD1c-PE, cORQe L161, 1/50 dLOXWLRQ (BLRLegeQd, 331505); CCR7-PE, cORQe 3D12, 1/50

dLOXWLRQ (eBLRVcLeQce, 12-1979-42); CD19-AF594, cORQe HIB19, 1/100 dLOXWLRQ

(BLRLegeQd, 302250); CD11c-APC, cORQe MJ4-27G12, 1/100 dLOXWLRQ (MLOWeQ\L,

130-114-102); HLA-DR-AF647, cORQe TAL 1B5, 1/100 dLOXWLRQ (AbcaP, ab223907).

NXcOeL ZeUe VWaLQed ZLWK HRecKVW 33258, 1/10,000 dLOXWLRQ (BLRWXP, 40044).
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Supplementar\ Text

CellT\pist: an interpretable pan-tissue database and automated tool for cell t\pe
annotation

RaWLRQaOe

WLWK WKe gURZLQg VL]e Rf VLQgOe-ceOO RNA-VeTXeQcLQg (VcRNA-VeT) daWaVeWV aQd

WKeLU ZLde aSSOLcaWLRQV LQ WLVVXe aQd dLVeaVe bLRORg\ (83, 84), faVW aQd accXUaWe ceOO W\Se

aQQRWaWLRQ becRPeV Rf cUXcLaO YaOXe LQ RUdeU WR acceOeUaWe WKe LQWeUSUeWaWLRQ Rf QeZO\

geQeUaWed VcRNA-VeT daWaVeWV. A YaULeW\ Rf aSSURacKeV KaYe beeQ SXW fRUZaUd WR

SeUfRUP WKe PaWcKLQg Rf ceOO LdeQWLWLeV beWZeeQ daWaVeWV (85). HRZeYeU, WKeUe aUe feZ

WRROV WKaW caQ KaUbRU aOO feaWXUeV cULWLcaO WR WKe cOaVVLfLcaWLRQ Rf a ceOO W\Se, LQcOXdLQg

aWWULbXWLQg a cOaVVLfLcaWLRQ WR ceOOV WKaW aUe QRW UeSUeVeQWed LQ WKe WUaLQLQg daWaVeW,

dLVWLQgXLVKLQg KLgKO\ KRPRgeQeRXV ceOO SRSXOaWLRQV, eaVLO\ LQWegUaWLQg WKe e[LVWLQg

aQaO\VLV ZRUNfORZ, aQd beLQg VcaOabOe WR OaUge daWaVeWV.

FXUWKeUPRUe, LQ RUdeU WR WUaQVfeU ceOO W\Se OabeOV WR a TXeU\ daWaVeW, PRVW Rf WKe

e[LVWLQg WRROV XVe SaUWLcXOaU SXbOLVKed daWaVeWV ZLWK ceOO aQQRWaWLRQV fURP LQdLYLdXaO

SXbOLcaWLRQV aQd WUaQVfeU WKe ceOO OabeOV fURP WKeVe UefeUeQce daWa VeWV. TKe

cRPSUeKeQVLYeQeVV aQd TXaOLW\ Rf WKe UefeUeQce WUaLQLQg daWaVeW, aV a UeVXOW, LV QRW

gXaUaQWeed. MaQ\ ceOO cRPSaUWPeQWV aUe VKaUed acURVV WLVVXeV, VXcK aV LPPXQe ceOOV.

FRU WKeVe W\SeV Rf ceOO VWaWeV, LW LV PRUe XVefXO WR bXLOd a UefeUeQce daWabaVe ZLWK

cURVV-daWaVeW aQd cURVV-WLVVXe ceOO W\SeV LQcOXdLQg bRWK RUgaQ-VSecLfLc RQeV (e.g.,

WLVVXe-UeVLdeQW PacURSKageV OLNe OLYeU KXSffeU ceOOV, SOaceQWa HRfbaXeU ceOOV aQd

NLdQe\-UeVLdeQW PacURSKageV) aQd VKaUed RQeV (e.g., PRQRc\WeV). SeYeUaO effRUWV KaYe

fRcXVed RQ bXLOdLQg VcRNA-VeT UefeUeQceV fRU ceOO W\Se cOaVVLfLcaWLRQ, VXcK aV a UeceQW

aSSURacK ZKLcK LQWegUaWed TXeU\ daWaVeWV ZLWK WKe UefeUeQce aWOaV XVLQg cRQdLWLRQaO

QeXUaO QeWZRUN PRdeOV (86).

IQ WKLV VWXd\, Ze fRcXVed RQ LPPXQe ceOOV aQd WKeLU OaUge YaULeW\ Rf VXbW\SeV.

IPPXQe ceOOV aUe XbLTXLWRXV aQd PRbLOe acURVV WLVVXeV, ZLWK VSecLfLc adaSWaWLRQV WR

cRUUeVSRQdLQg ORcaO eQYLURQPeQWV. TKLV OeadV WR a KLgK degUee Rf ceOO W\Se

KeWeURgeQeLW\, ZKLcK LV fXUWKeU aXgPeQWed b\ RWKeU facWRUV VXcK aV deYeORSPeQWaO
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OLQeage d\QaPLcV. DeVSLWe WKLV KeWeURgeQeLW\, LPPXQe ceOOV caQ VWLOO be gURXSed LQWR ceOO

W\SeV cKaUacWeUL]ed b\ e[SUeVVLRQ Rf defLQLWLYe PaUNeUV, fXQcWLRQaO UROeV, aQd SaUeQW

OLQeageV. TKeUefRUe, bRWK cURVV-WLVVXe LQWegUaWLRQ aQd dRPaLQ-VSecLfLc NQRZOedge aUe

QeceVVaU\ LQ RUdeU WR aVVePbOe a KLgK-TXaOLW\ aQd ZeOO-cXUaWed SaQ-WLVVXe LPPXQe

UefeUeQce fROORZed b\ WUaQVfeUULQg ceOO W\SeV fURP WKLV UefeUeQce WR TXeU\ daWaVeWV,

SURYLdLQg RUgaQ-agQRVWLc aXWRPaWed aQQRWaWLRQ Rf LPPXQe ceOO W\SeV ZLWKLQ a VLQgOe

VeaUcK.

HeUe Ze LQWURdXce CeOOT\SLVW, a ceOO W\Se daWabaVe aQd VeUYeU fRcXVed RQ

LPPXQe ceOOV LQ LWV fLUVW LQcaUQaWLRQ aV ZeOO aV a dLUecWO\ LQWeUSUeWabOe SLSeOLQe fRU

aXWRPaWLc aQQRWaWLRQ Rf VcRNA-VeT daWa. CeOOT\SLVW cXUUeQWO\ LQcOXdeV a ZLde

aVVRUWPeQW Rf LPPXQe ceOO W\SeV cROOecWed fURP 20 WLVVXeV acURVV 19 VWXdLeV, ZLWK WKeVe

deeSO\ cXUaWed ceOO W\SeV SXbOLcO\ aYaLOabOe WR WKe cRPPXQLW\. TKe SUedLcWLRQ Rf

CeOOT\SLVW LV baVed RQ ORgLVWLc UegUeVVLRQ cOaVVLfLeUV RSWLPL]ed b\ WKe VWRcKaVWLc gUadLeQW

deVceQW (SGD) aOgRULWKP. E[WeQVLYe PRdeO WXQLQg aQd RSWLPL]aWLRQ LV SeUfRUPed WR

eQVXUe LWV aSSOLcabLOLW\, ZLWK WKe deULYed PRdeOV eaVLO\ XSdaWabOe fRU fXUWKeU UeOeaVeV b\

LQcRUSRUaWLQg QeZ ceOO aQQRWaWLRQV, aV ZeOO aV b\ LQcOXdLQg QRQ-aQQRWaWed ceOOV ZKLcK LQ

fXWXUe LWeUaWLRQV Pa\ be deVcULbed aV VSecLfLc ceOO W\SeV. NRWabO\, RXU cXUUeQW CeOOT\SLVW

UeOeaVe LQYROYeV bRWK ORZ- aQd KLgK-UeVROXWLRQ PRdeOV ZKLcK cOaVVLf\ ceOOV ZLWK cRaUVe

aQd fLQe gUaQXOaULWLeV, UeVSecWLYeO\. CeOOT\SLVW caQ be UeadLO\ LQVWaOOed aQd XVed fURP

https://githXb.com/Teichlab/cellt\pist aQd WKe ceOO W\Se UeVRXUce LV aYaLOabOe aW

https://ZZZ.cellt\pist.org.

DaWaVeW cRPSLOaWLRQ aQd LQWegUaWLRQ

We VRXgKW WR aVVePbOe a cURVV-WLVVXe LPPXQe UefeUeQce aV a WUaLQLQg VeW WR

facLOLWaWe dRZQVWUeaP ceOO W\Se OabeO WUaQVfeU LQ aQ RUgaQ-agQRVWLc PaQQeU. VcRNA-VeT

daWa ZeUe cROOecWed fURP 19 SXbOLcaWLRQV cRYeULQg 20 dLffeUeQW WLVVXeV (fig. S2A). A UaZ

cRXQW PaWUL[ ZaV RbWaLQed fRU eacK daWaVeW aQd VXbVeTXeQWO\ cRPbLQed acURVV daWaVeWV

baVed RQ WKeLU cRPPRQ geQeV.

IQ RUdeU WR fRcXV WKe PRdeO¶V WUaLQLQg daWa RQ bona fide LPPXQe ceOOV, WKe

cRPbLQed e[SUeVVLRQ PaWUL[ ZaV fLOWeUed WR LQcOXde RQO\ ceOOV e[SUeVVLQg PTPRC, a

geQeUaO PaUNeU fRU LPPXQe ceOOV, aV ZeOO aV QRW e[SUeVVLQg EPCAM aQd PDGFRA,
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PaUNeUV fRU eSLWKeOLaO ceOOV aQd fLbURbOaVWV, UeVSecWLYeO\. IQ addLWLRQ, fRU WKe daWaVeWV

ZKLcK ZeUe aOUead\ aQQRWaWed LQ WKe RULgLQaO SXbOLcaWLRQV, RQO\ ceOOV LdeQWLfLed aV

LPPXQe ceOO W\SeV ZeUe LQcOXded. E[ceSWLRQV WR WKeVe UXOeV ZeUe ³ESLWKeOLaO ceOOV´,

³EQdRWKeOLaO ceOOV´ aQd ³FLbURbOaVWV´ ZKLcK ZeUe UeWaLQed LQ WKe UefeUeQce daWaVeW WR

VeUYe aV XPbUeOOa caWegRULeV UeSUeVeQWLQg faOO-bacNV fRU QRQ-LPPXQe ceOO W\SeV. FRU

eacK Rf WKeVe daWaVeWV, PeWa-LQfRUPaWLRQ ZaV aOVR cROOecWed, LQcOXdLQg WKe WLVVXeV Rf

RULgLQ, VeTXeQcLQg SURWRcROV, aQd RULgLQaO ceOO W\Se aQQRWaWLRQV ZKeUe SRVVLbOe.

TR geW aQ RYeUYLeZ Rf WKLV aVVePbOed LPPXQe aWOaV, Ze LQWegUaWed WKe 19

daWaVeWV b\ cRUUecWLQg WKe cRQfRXQdeUV deULYed fURP baWcKeV acURVV daWaVeWV aQd

VeTXeQcLQg SURWRcROV XVLQg VcVI (fig. S2, B and C) (71). SSecLfLcaOO\, Ze VeW XS WKe

LQSXW daWa ZLWK a UaZ cRXQW PaWUL[ aQd cRYaULaWe Ne\V Rf ³DaWaVeW´ aQd ³PURWRcRO´. FRU

WKe VcVI PRdeO, WKe QXPbeU Rf OaWeQW UeSUeVeQWaWLRQV ZaV VeW aV 20 (n_latent=20), aQd

WKe dURSRXW UaWe ZaV VeW aV 0.2 (dropoXt_rate=0.2). We RbWaLQed WKe XOWLPaWe OaWeQW

YaULabOeV afWeU 500 eSRcKV Rf WUaLQLQg (ma[_epochs=500 aQd batch_si]e=1024) ZKLcK

ZeUe LQSXW WR WKe ScaQS\ SLSeOLQe fRU QeLgKbRUKRRd gUaSK cRQVWUXcWLRQ

(sc.pp.neighbors(Xse_rep=µX_scVI¶)) aQd geQeUaWLRQ Rf UMAP cRRUdLQaWeV

(sc.tl.Xmap). OXU LQWegUaWed aWOaV caQ be bURZVed aW

https://ZZZ.cellt\pist.org/training-data-cell[gene/.

CeOO W\Se OabeO KaUPRQL]aWLRQ

IQ RUdeU WR WUaLQ CeOOT\SLVW PRdeOV XVLQg XQLfRUP ceOO W\Se OabeOV, ceOO LdeQWLWLeV

acURVV daWaVeWV ZeUe VXPPaUL]ed LQWR cRQVLVWeQW QaPeV XVLQg a ceOO W\Se OabeO

KaUPRQL]aWLRQ SLSeOLQe (fig. S3).

FRU WKe YaVW PaMRULW\ Rf ceOOV Ze cROOecWed, WKe\ ZeUe SUeYLRXVO\ aQQRWaWed b\

WKe RULgLQaO VWXdLeV. TKeVe ceOOV ZeUe caWegRUL]ed LQWR dLffeUeQW ceOO W\SeV aQd VXbW\SeV

ZLWK NQRZOedge LQSXWV fURP e[SeUWV (Vee WKe AcknoZledgements VecWLRQ fRU

cRQWULbXWLRQV fURP WKe CeOOT\SLVW AQQRWaWLRQ TeaP). TKeVe ceOO W\Se OabeOV eQcRPSaVV

WZR OeYeOV Rf KLeUaUcKLeV: a KLgK-KLeUaUcK\ (ORZ-UeVROXWLRQ) OeYeO ZKLcK LQcOXdeV a WRWaO

Rf 32 bURad ceOO W\SeV; aQd a ORZ-KLeUaUcK\ (KLgK-UeVROXWLRQ) OeYeO ZKLcK cRPSULVeV 91

deWaLOed ceOO W\SeV aQd VXbW\SeV WKURXgK VXbdLYLVLRQ Rf bURad ceOO W\SeV. TKeVe WZR

OeYeOV aUe aUUaQged KLeUaUcKLcaOO\, VXcK WKaW WKe ORZ-KLeUaUcK\ aQQRWaWLRQV aUe abOe WR
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cRQVLVWeQWO\ PaWcK cRUUeVSRQdLQg KLgK-OeYeO cOaVVeV. TKLV WZR-OeYeO NQRZOedge-baVed

V\VWeP ZaV adRSWed fRU VeYeUaO UeaVRQV. FLUVW aQd fRUePRVW, WKe QXPbeUV Rf daWa SRLQWV

fRU eacK WLVVXe aQd ceOO cRPSaUWPeQW aUe OLPLWed LQ a WUacWabOe UaQge, gLYeQ WKaW WKe

eQWLUe LQLWLaO WUaLQLQg daWaVeW Rf CeOOT\SLVW LV OeVV WKaQ RQe PLOOLRQ ceOOV, aQd RXU

cURVV-WLVVXe LPPXQe UeVRXUce LV aOVR OeVV WKaQ KaOf a PLOOLRQ ceOOV. TKLV OLPLWed VL]e Rf

daWa PeaQV WKaW WKe NQRZOedge abRXW WKe LPPXQe ceOOV VWLOO WUXPSV daWa-dULYeQ

aSSURacKeV. IQ fXWXUe, aV daWa VeWV e[SaQd aQd aUe added, Ze e[SecW WKaW bXLOdLQg a ceOO

W\Se KLeUaUcK\ b\ WKe LQSXWV fURP bRWK dRPaLQ NQRZOedge aQd OaUge-VcaOe VcRNA-VeT

daWa caQ UeVXOW LQ a UefLQed aQd fXOO ceOO W\Se VWUXcWXUe. HRZeYeU, aW SUeVeQW, LW LV QRW

VXffLcLeQW WR aVVLgQ ceUWaLQ W\SeV LQ WKe KLeUaUcK\, VXcK aV WKe dLffeUeQW VXbW\SeV Rf T

ceOOV ZKRVe WUaQVcULSWRPeV aUe WRR VLPLOaU WR be RUgaQL]ed LQ a KLeUaUcK\ ZLWK >2 OeYeOV.

SecRQd, ZLWK CeOOT\SLVW Ze VeeN WR SURYLde aQ LPPXQe ceOO aWOaV WKaW LQcOXdeV aQ

accXUaWe aQd cRPPXQLW\-ZLde acceSWed ³ceOO W\Se eQc\cORSedLa´. ReVWULcWLQg WR feZeU

bXW KLgK-TXaOLW\ aQd KLgK-cRQfLdeQce KLeUaUcKLeV VeUYeV WKLV SXUSRVe. TKLUd, ZLWK

OLPLWed NQRZOedge, VRPe QeZO\ dLVcRYeUed ceOO W\SeV aUe SXUeO\ baVed RQ WKe

WUaQVcULSWRPLc daWa. IQVeUWLQg VXcK ceOO W\SeV LQWR a KLeUaUcK\ ZLWK PaQ\ OeYeOV baVed RQ

WKeLU geQe e[SUeVVLRQ SaWWeUQV aORQe LV a ULVN ZLWK UeVSecW WR WKe VWUeQgWK Rf bLRORgLcaO

eYLdeQce VXSSRUWLQg WKeLU RULgLQV.

TR deULYe KRPRgeQL]ed KLgK-TXaOLW\ aQQRWaWLRQV, Ze UefLQed WKe aQQRWaWLRQV Rf

aOO CeOOT\SLVW WUaLQLQg daWaVeWV WKURXgK WKe OabeO KaUPRQL]aWLRQ SLSeOLQe, LQcOXdLQg ceOO

W\Se caWegRUL]aWLRQ, daWa LQWegUaWLRQ, cOXVWeULQg, aQd e[WeUQaO daWa YaOLdaWLRQ, ZKLcK

WRgeWKeU ZeUe RUgaQL]ed LQWR fRXU cRQWURO PRdXOeV: UePRYaO, cRUUecWLRQ, VXbdLYLVLRQ aQd

PLQLQg (fig. S3).

FLUVW, Ze UePRYed ceOOV WKaW ZeUe PLV-aQQRWaWed b\ WKe RULgLQaO SXbOLcaWLRQV.

SSecLfLcaOO\, Ze LQWegUaWed WKe VaPe ceOO W\Se fURP dLffeUeQW daWaVeWV b\ VcVI ZLWK baWcK

cRYaULaWeV Rf dLffeUeQW VWXdLeV aQd VeTXeQcLQg SURWRcROV aV LQ WKe VecWLRQ ³Dataset

compilation and integration´, aQd afWeU WKaW, UePRYed ceOOV WKaW dLd QRW beORQg WR WKe

gLYeQ caWegRU\. UVLQg PaVW ceOOV aV aQ e[aPSOe, ZKeQ Ze cRPbLQed 10 VRXUceV Rf PaVW

ceOOV (fig. S4A, upper), WKe cOXVWeUV 9 aQd 11 ZeUe WUaQVcULSWRPLcaOO\ VeSaUaWed fURP

RWKeU ceOOV (fig. S4A, bottom). TR cRQfLUP WKLV SKeQRPeQRQ ZLWK e[WeUQaO YaOLdaWLRQV,
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Ze bXLOW WZR CeOOT\SLVW PRdeOV (Vee WKe VecWLRQ ³Model training´ fRU bXLOdLQg

CeOOT\SLVW PRdeOV) fURP WKe gXW (27) aQd OXQg LPPXQe ceOO SRSXOaWLRQV (28), aQd WKeQ

WUaQVfeUUed ceOO W\Se OabeOV fURP WKe WZR PRdeOV WR RXU WUaLQLQg daWa VeWV. TKe SUedLcWLRQ

UeVXOWV cRQVLVWeQWO\ VKRZed WKaW cOXVWeU 9 LV a SOaVPa ceOO SRSXOaWLRQ aQd cOXVWeU 11 LV a

PRQRc\We/PacURSKage SRSXOaWLRQ (fig. S4B). MRUeRYeU, WKeLU ceOO LdeQWLWLeV ZeUe

VXSSRUWed b\ WKe caQRQLcaO SOaVPa ceOO PaUNeU MZB1 aQd PRQRc\We/PacURSKage

PaUNeU CD74 (fig. S4C). WLWK aOO WKe abRYe eYLdeQce, Ze UePRYed cOXVWeUV 9 aQd 11

fURP WKe PaVW ceOO SRSXOaWLRQ. TKLV UePRYaO SURceVV ZaV SeUfRUPed fRU VeYeUaO RWKeU

ceOO W\SeV aV ZeOO, VXcK aV WKe LQQaWe O\PSKRLd ceOO (ILC) SUecXUVRUV (fig. S4, D to F).

SecRQd, Ze cRUUecWed ceOO W\Se OabeOV fRU VRPe ceOOV WKaW ZeUe PLV-cOaVVLfLed LQ

RULgLQaO VWXdLeV. BefRUe WKLV, LQWegUaWLRQ Rf ceOOV fURP WKe VaPe ceOO W\Se, XQVXSeUYLVed

cOXVWeULQg, aQd geQeUaWLRQ Rf WZR LQdeSeQdeQW PRdeOV fRU e[WeUQaO YaOLdaWLRQV, ZeUe

SeUfRUPed aV abRYe. Ne[W, ceOO W\SeV WKaW ZeUe PLVcOaVVLfLed PRVWO\ dXe WR WKeLU

WUaQVcULSWRPLc VLPLOaULW\ ZLWK RWKeU cORVe ceOO W\SeV ZeUe cRUUecWed (L.e., UeOabeOed).

UVLQg UegXOaWRU\ T ceOOV aV aQ e[aPSOe, LQ CeOOT\SLVW Ze cRPbLQed QLQe VRXUceV Rf

UegXOaWRU\ T ceOOV (fig. S5A, upper), aQd cOXVWeUed WKeP LQWR 14 cOXVWeUV (fig. S5A,

bottom). APRQg WKeVe cOXVWeUV, cOXVWeUV 0, 1, 2, 5, 7 aQd 10, ZKLcK PaLQO\ RULgLQaWed

fURP WZR VWXdLeV, ZeUe cRQVLVWeQWO\ SUedLcWed aV QaLYe/ceQWUaO PePRU\ CD4+ T ceOOV b\

WKe WZR LQdeSeQdeQW CeOOT\SLVW PRdeOV (fig. S5B). E[SUeVVLRQ Rf defLQLWLYe UegXOaWRU\ T

ceOO PaUNeUV (CTLA4 aQd FOXP3) aOVR VXSSRUWed WKe e[cOXVLRQ Rf WKeVe ceOOV aV

UegXOaWRU\ T ceOOV (fig. S5C). TKXV Ze UeOabeOed WKeVe UegXOaWRU\ T ceOOV aV QaLYe/ceQWUaO

PePRU\ CD4+ T ceOOV LQ WKe CeOOT\SLVW WUaLQLQg daWaVeWV. TKLV cRUUecWLRQ SURceVV ZaV

SeUfRUPed fRU VeYeUaO RWKeU ceOO W\SeV aV ZeOO, VXcK aV WKe ILCV (fig. S5, D to F).

TKLUd, Ze VXbdLYLded VRPe bURad ceOO W\SeV LQWR cOeaU aQd

cRPPXQLW\-UecRgQL]ed ceOO VXbW\SeV. SLPLOaUO\, befRUe WKLV, ceOOV fURP a gLYeQ ceOO W\Se

ZeUe LQWegUaWed aQd cOXVWeUed, aQd WZR CeOOT\SLVW PRdeOV fRU e[WeUQaO YaOLdaWLRQV ZeUe

bXLOW. Ne[W, KLgK-cRQfLdeQce ceOO VXbW\SeV ZLWK cRQVLVWeQW SUedLcWLRQV fURP WKe WZR

CeOOT\SLVW PRdeOV aQd ZLWK eYLdeQce Rf ZeOO-eVWabOLVKed PaUNeU geQe e[SUeVVLRQ ZeUe

VXbdLYLded fURP a bURad ceOO W\Se. UVLQg WKe PRQRc\WeV aV aQ e[aPSOe, afWeU Ze

cRPbLQed 12 VRXUceV Rf PRQRc\WeV aQd cOXVWeUed WKeP LQWR 15 cOXVWeUV (fig. S6A), Ze
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UeVROYed WZR cOeaU PRQRc\We VXbSRSXOaWLRQV: QRQ-cOaVVLcaO PRQRc\WeV aQd cOaVVLcaO

PRQRc\WeV (fig. S6B). E[SUeVVLRQ Rf QRQ-cOaVVLcaO PRQRc\We PaUNeU FCGR3A

(eQcRdLQg CD16) aQd cOaVVLcaO PRQRc\We PaUNeU CD14 (eQcRdLQg CD14) ZeUe aOVR LQ

OLQe ZLWK WKLV VXbdLYLVLRQ VcKePe fRU PRQRc\WeV (fig. S6C). IQ CeOOT\SLVW Ze WKeUefRUe

VXbdLYLded WKeVe PRQRc\WeV LQWR QRQ-cOaVVLcaO aQd cOaVVLcaO RQeV. TKLV VXbdLYLVLRQ

SURceVV ZaV aOVR aSSOLed WR RWKeU ceOO W\SeV VXcK aV QaWXUaO NLOOeU (NK) ceOOV ZKLcK

cRPSULVed CD16+ aQd CD16- NK ceOOV (fig. S6, D to F).

FRXUWK, Ze LdeQWLfLed ceOO SRSXOaWLRQV WKaW ZeUe KLddeQ ZLWKLQ RWKeU ceOO W\SeV

aQd QegOecWed b\ RULgLQaO SXbOLcaWLRQV. SSecLfLcaOO\, afWeU ceOOV fURP a gLYeQ ceOO W\Se

ZeUe LQWegUaWed, cOXVWeUed aQd SUedLcWed XVLQg WKe VaPe VWUaWeg\ aV befRUe, Ze ORcaWed

WKe KLddeQ ceOO W\SeV aQd e[SaQded WKeLU ceOO QXPbeUV aQd WLVVXe dLVWULbXWLRQV. FRU

e[aPSOe, ZLWKLQ WKe c\WRWR[Lc T ceOO SRSXOaWLRQV ZKLcK ZeUe cRPbLQed fURP 14 VRXUceV

aQd cOXVWeUed LQWR 16 cOXVWeUV (fig. S7A), Ze fRXQd a MAIT ceOO SRSXOaWLRQ. TKLV ceOO

W\Se, WKRXgK WUaQVcULSWRPLcaOO\ VLPLOaU ZLWK c\WRWR[Lc T ceOOV, ZaV cRQfLdeQWO\ SUedLcWed

RXW Rf WKe c\WRWR[Lc T ceOOV XVLQg WKe CeOOT\SLVW PRdeO WUaLQed fURP MadLVVRRQ eW aO.,

2021 (28) (fig. S7B). E[SUeVVLRQ Rf MAIT ceOO PaUNeUV SLC4A10 aQd TRAV1-2 ZaV

aOVR SURPLQeQW LQ WKeVe ceOOV, fXUWKeU VXSSRUWLQg WKeLU ceOO LdeQWLW\ aV MAIT ceOOV (fig.

S7C). B\ addLQg bacN WKeVe ceOOV, Ze e[SaQded WKe QXPbeU Rf MAIT ceOOV fURP 1,132

WR 2,367, aQd WKXV LPSURYed LWV UeSUeVeQWaWLRQ (L.e., ceOO W\Se VL]e) LQ WKe CeOOT\SLVW

WUaLQLQg daWaVeWV aQd e[WeQded LWV WLVVXe dLVWULbXWLRQ WR addLWLRQaO RUgaQV OLNe WKe VSOeeQ.

OWKeU e[aPSOeV LQcOXded UaUe geUPLQaO ceQWeU B ceOOV LQ WKe adXOW LPPXQe V\VWeP fRU

ZKLcK Ze e[SaQded WKe QXPbeU fURP 391 WR 516 b\ PLQLQg WKeP RXW fURP WKe PePRU\

B ceOOV (fig. S7, D to F).

TKURXgK aOO Rf WKeVe, Ze deeSO\ KRPRgeQL]ed WKe ceOO W\Se aQQRWaWLRQV Rf WKe

CeOOT\SLVW WUaLQLQg daWaVeWV aQd XVed WKeP aV WKe LQSXW fRU CeOOT\SLVW WUaLQLQg aQd fRU

RbWaLQLQg aQQRWaWLRQV fRU QRQ-aQQRWaWed ceOOV (Vee beORZ).

PURSagaWLQg aQQRWaWLRQV WR QRQ-aQQRWaWed ceOOV

AfWeU OabeO VWaQdaUdL]aWLRQ, a VPaOO VXbVeW Rf ceOOV LQcOXded LQ CeOOT\SLVW VWLOO

Kad QR deVLgQaWed ceOO W\Se OabeOV. TKeVe ceOOV ZeUe aOVR VXbMecW WR WKe VaPe e[SUeVVLRQ

fLOWeULQg aV LQ WKe VecWLRQ ³Dataset compilation and integration´. GLYeQ WKaW WKe
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QRQ-aQQRWaWed ceOOV Pa\ cRQWaLQ VLPLOaU ceOO W\SeV aV WKRVe LQ WKe aQQRWaWed ceOOV, Ze

Qe[W VRXgKW WR PLQLPL]e WKe OabeO dXSOLcaWLRQ aQd facLOLWaWe WKe LQcRUSRUaWLRQ Rf bRWK

NQRZQ aQd \eW-WR-be-aQQRWaWed ceOO LdeQWLWLeV LQWR WKe CeOOT\SLVW PRdeOV (fig. S3).

SSecLfLcaOO\, WKe QRQ-aQQRWaWed ceOOV fURP eacK cRPbLQaWLRQ Rf WLVVXe aQd daWaVeW ZeUe

cOXVWeUed LQdeSeQdeQWO\ XVLQg a caQRQLcaO ScaQS\ SLSeOLQe. TKe UeVXOWLQg cOXVWeUV ZeUe

WKeQ cRPSaUed ZLWK WKeLU SUedLcWed ceOO W\Se OabeOV ZKLcK ZeUe LQfeUUed fURP WKe

CeOOT\SLVW PRdeOV WUaLQed fURP WKe aQQRWaWed ceOOV (fRU deWaLOV Rf PRdeO WUaLQLQg, Vee WKe

VecWLRQ Rf ³Model training´). FRU a gLYeQ cOXVWeU ZKeUe aW OeaVW 75% Rf LWV ceOOV PaWcKed

a VSecLfLc ORZ-KLeUaUcK\ aQQRWaWLRQ OabeO, WKe ZKROe cOXVWeU ZaV aQQRWaWed aV VXcK, aQd

PeaQZKLOe ZaV aVVLgQed a cRUUeVSRQdLQg KLgK-KLeUaUcK\ ceOO W\Se OabeO. FRU WKe

UePaLQLQg cOXVWeUV ZKeUe WKLV cRQdLWLRQ ZaV QRW PeW, Ze aVVLgQed WKeP ceOO W\Se OabeOV

aW WKe KLgK-KLeUaUcK\ OeYeO ZKeUe SRVVLbOe, WKURXgK WKe VaPe SURcedXUe aV WKe

ORZ-KLeUaUcK\ OabeOV. TKLV UeVXOWed LQ a fLQaO VeW Rf KaUPRQL]ed OabeOV beWZeeQ

QRQ-aQQRWaWed aQd aQQRWaWed ceOOV fRU a WRWaO Rf 738,647 ceOOV, LQcOXdLQg 91 deWaLOed ceOO

VXbW\SeV cRUUeVSRQdLQg WR 32 bURad ceOO W\SeV acURVV dLffeUeQW daWaVeWV aQd WLVVXeV (fig.

S8).

MRdeO WUaLQLQg

DLffeUeQW cOaVVLfLeUV fRU ceOO W\Se SUedLcWLRQV KaYe beeQ deVcULbed (85, 87). Of

QRWe, KLgK SeUfRUPaQce caQ be acKLeYed eYeQ ZKeQ WKe cOaVVLfLeUV aUe cRQVWUXcWed XVLQg

caQRQLcaO PacKLQe OeaUQLQg PeWKRdV, QRWabO\ WKe ORgLVWLc UegUeVVLRQ PRdeOV (88, 89).

We baVed WKe PRdeOV Rf CeOOT\SLVW RQ a ORgLVWLc UegUeVVLRQ fUaPeZRUN ZLWK VeYeUaO

adaSWaWLRQV.

FLUVW, UaQdRPO\ VaPSOed PLQL-baWcKeV, LQVWead Rf WKe ZKROe WUaLQLQg daWaVeW,

ZeUe XVed dXULQg WKe WUaLQLQg SURcedXUe. TKLV aSSURacK QRW RQO\ b\SaVVed WKe SRVVLbOe

PePRU\ e[ceVV ZKeQ PRdeOOLQg RXU OaUge daWaVeW, bXW aOVR eQVXUed WKe faVW cRQYeUgeQce

QRW UeadLO\ aYaLOabOe fRU daWaVeWV ZLWK KXQdUedV Rf WKRXVaQdV Rf ceOOV. EacK PLQL-baWcK

cRPSULVed 1,000 ceOOV VaPSOed fURP WKe ZKROe daWaVeW, aQd LQ a VLQgOe eSRcK 100

PXWXaOO\ e[cOXVLYe PLQL-baWcKeV ZeUe VeTXeQWLaOO\ WUaLQed. TKLV VWeS ZaV UeSeaWed 30

eSRcKV, eQabOLQg WKe CeOOT\SLVW PRdeOV WR Vee ceOO QXPbeUV ZLWK VL[ RUdeUV Rf

PagQLWXde. IQ SUacWLce, WKe QXPbeU Rf eSRcKV Qeeded ZLOO be feZeU, ZLWK WKe
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SeUfRUPaQce SOaWeaX UeacKed ZLWKLQ 10 eSRcKV (1,000 LWeUaWLRQV) (Fig. 1C), KLgKOLgKWLQg

WKe XVefXOQeVV Rf WKe PLQL-baWcK WUaLQLQg aSSURacK LQ CeOOT\SLVW. IQ CeOOT\SLVW, Ze KaYe

aOVR LPSOePeQWed a fXQcWLRQaOLW\ WR baOaQce ceOO W\SeV ZLWKLQ PLQL-baWcKeV. SSecLfLcaOO\,

dXULQg WKe PLQL-baWcK VaPSOLQg, ceOOV fURP a gLYeQ ceOO W\Se aUe VaPSOed ZLWK a

SURbabLOLW\ LQYeUVeO\ SURSRUWLRQaO WR WKe QXPbeU Rf ceOOV beORQgLQg WR WKLV ceOO W\Se. TKLV

eQVXUeV WKaW a UaUe ceOO W\Se LV VaPSOed LQWR WKe PLQL-baWcKeV ZLWK a KLgKeU SURbabLOLW\,

aQd cORVe QXPbeUV Rf ceOO W\SeV ZLOO XOWLPaWeO\ VWa\ LQ WKe PLQL-baWcKeV (VXbMecW WR WKe

Pa[LPXP QXPbeU Rf ceOOV WKaW caQ be SURYLded b\ a gLYeQ ceOO W\Se). We aOVR WeVWed

KRZ WKLV RSWLRQ ZLOO LQfOXeQce RXU PRdeOV aQd WKe dRZQVWUeaP SUedLcWLRQ, aQd fRXQd

WKaW ZLWK WKe ceOO W\SeV baOaQced LQ PLQL-baWcKeV, WKe PRdeO SUedLcWLRQ UeVXOW fRU RXU

UeVRXUce ZaV VLPLOaU (fig. S25B) WR WKaW baVed RQ UaQdRPO\ VaPSOed PLQL-baWcKeV (fig.

S25A), LQdLcaWLQg a KLgK SUedLcWLRQ accXUac\ WKaW LV aOUead\ acKLeYed b\ WKe PRdeO ZLWK

UaQdRP PLQL-baWcK VaPSOLQg. SRPe LQcRQVLVWeQcLeV, PaLQO\ fURP WKe ³C\WRWR[Lc T

ceOOV´ aQd ³TcP/NaLYe KeOSeU T ceOOV´, ZeUe aOVR RbVeUYed (fig. S25C), SRVVLbO\

UeVXOWLQg fURP WKe XQdeUVaPSOLQg Rf WKeVe SRSXOaWLRQV ZKLcK Kad KLgK LQWUa-ceOO W\Se

KeWeURgeQeLW\ dXe WR WKe RYeUVaPSOLQg Rf RWKeU UaUe ceOO W\SeV.

SecRQd, SGD aOgRULWKP ZaV XVed LQ cRPbLQaWLRQ ZLWK WKe PLQL-baWcK WUaLQLQg WR

deULYe WKe VROXWLRQV Rf WKe PRdeO cRVW/ORVV fXQcWLRQ. TKLV ZaV LPSOePeQWed XVLQg WKe

VcLNLW-OeaUQ SacNage LQ P\WKRQ (90) b\ WKe ³partial_fit´ PeWKRd fURP WKe cOaVV

³SGDClassifier´. SGD aOVR aOORZV fRU RQOLQe WUaLQLQg, PeaQLQg WKaW Lf QeZ daWa aUe fed,

LW caQ be eaVLO\ LQcRUSRUaWed LQWR WKe PRdeO.

TKLUd, L2 UegXOaUL]aWLRQ ZaV LPSRVed RQ WKe ORgLVWLc PRdeOV WR PaNe WKe

SUedLcWLRQV PRUe aSSOLcabOe WR e[WeUQaO TXeU\ daWaVeWV. TKLV aOVR aOORZV eacK geQe LQ WKe

PRdeO WR KaYe a ZeLgKW Rf gUeaWeU WKaQ 0 VXcK WKaW PRUe geQeV caQ be XWLOL]ed ZKeQ

SUedLcWLQg TXeU\ daWa ZLWK YaU\LQg QXPbeUV Rf LQSXW feaWXUeV. TKe UegXOaUL]aWLRQ WeUP

(aOSKa) ZaV cKRVeQ b\ WUaLQLQg WKe PRdeOV ZLWK aOSKa VeW WR 0.01, 0.001, 0.0001,

0.00001 RU 0.000001, aQd WKe aOSKa \LeOdLQg WKe beVW SeUfRUPaQce RQ aQ LQdeSeQdeQWO\

OefW-RXW daWa (10% Rf WKe WRWaO daWaVeW) ZaV cKRVeQ aV WKe RSWLPaO K\SeU-SaUaPeWeU.

UOWLPaWeO\, WKe aOSKa ZaV VeW WR 0.0001 fRU WKe ORZ-KLeUaUcK\ PRdeO aQd 0.001 fRU WKe

KLgK-KLeUaUcK\ PRdeO.
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LaVW, feaWXUe VeOecWLRQ ZaV cRQdXcWed befRUe WKe fLQaO PRdeOV ZeUe WUaLQed.

SSecLfLcaOO\, Ze SeUfRUPed aQ LQLWLaO WUaLQLQg baVed RQ WKe eQWLUe geQe VeW, aQd VeOecWed

WKe WRS 300 geQeV fURP eacK cOaVV (ceOO W\Se) b\ UaQNLQg WKe geQeV accRUdLQg WR WKeLU

abVROXWe ZeLgKWV aVVRcLaWed ZLWK WKe gLYeQ cOaVV. AfWeU cRPbLQLQg WKe geQeV fURP aOO WKe

ceOO W\SeV, a WRWaO Rf 3,278 geQeV ZeUe RbWaLQed aQd OaWeU VXSSOLed aV WKe LQSXW WR a

VecRQd URXQd Rf WUaLQLQg. TKLV VWeS effecWLYeO\ UedXceV WKe cRPSOe[LW\ Rf WKe VaPSOe

VSace aQd ePSKaVL]eV WKe PaMRU cRQWULbXWLRQV Rf KLgKO\ LQfRUPaWLYe geQeV WR WKe

cOaVVLfLcaWLRQ Rf ceOO LdeQWLWLeV.

PURceVVLQg Rf WUaLQLQg aQd TXeU\ daWaVeWV

AV WKe LQSXW fRU CeOOT\SLVW PRdeO WUaLQLQg, WKe daWaVeWV ZeUe QRUPaOL]ed WR

10,000 cRXQWV SeU ceOO aQd ORg-WUaQVfRUPed (ZLWK a SVeXdRcRXQW Rf 1). WKLOe WKLV VWeS

caQQRW fXOO\ UeVROYe WKe VeTXeQcLQg deSWK-UeOaWed baWcKeV, geQeV deWecWed LQ WKe ceOOV

afWeU WKLV VWeS ZLOO KaYe PRUe cRPSaUabOe e[SUeVVLRQ VcaOeV acURVV dLffeUeQW daWaVeWV.

MeaQZKLOe, fRU WKe geQe e[SUeVVLRQ PaWUL[ LQ WKe TXeU\ daWa, CeOOT\SLVW ZLOO deWecW WKe

e[SUeVVLRQ PaWUL[ aQd WUaQVfRUP LW LQWR WKe VaPe fRUPaW aV WKe CeOOT\SLVW WUaLQLQg

daWaVeWV (RU UeSRUW aQ eUURU aQd UeTXLUe WKe XVeU WR LQSXW WKe VaPe fRUPaW) WR agaLQ

eQVXUe geQe e[SUeVVLRQ cRPSaUabLOLW\ beWZeeQ WKe WUaLQLQg aQd TXeU\ daWaVeWV. LaWeU, WR

eQabOe WKe faVW cRQYeUgeQce XVLQg WKe RSWLPaO SGD OeaUQLQg UaWe, aV ZeOO aV WR eQVXUe a

cRPSaUabOe VcaOe Rf ZeLgKWV acURVV geQeV ZKeQ L2 UegXOaUL]aWLRQ ZaV aSSOLed,

e[SUeVVLRQ Rf eacK geQe ZaV VWaQdaUdL]ed WR a PeaQ Rf ]eUR aQd XQLW YaULaQce. IQ WKe

PeaQWLPe, WKe PeaQ aQd VWaQdaUd YaULaWLRQ Rf eacK geQe dXULQg WKLV VWeS aUe UecRUded LQ

WKe CeOOT\SLVW PRdeOV aQd ZLOO be aSSOLed WR WKe VKaUed geQeV LQ WKe TXeU\ daWaVeW.

TKURXgK WKLV, Ze aUe abOe WR fXUWKeU PLQLPL]e WKe dLffeUeQceV LQ e[SUeVVLRQ VcaOeV aQd

VSaUVeQeVV acURVV daWaVeWV.

TR VWUeQgWKeQ WKe aSSOLcabLOLW\ Rf CeOOT\SLVW WR daWaVeWV ZLWK dLffeUeQW

VeTXeQcLQg SURWRcROV, aQ aXWRPaWLc feaWXUe VeOecWLRQ VWeS (Vee WKe VecWLRQ ³Model

training´) ZaV SeUfRUPed WR UedXce WKe geQe QXPbeUV LQ WKe CeOOT\SLVW PRdeOV. TKLV LV

SaUWLcXOaUO\ LPSRUWaQW cRQVLdeULQg WKaW eYeQ WKRXgK dLffeUeQW VeTXeQcLQg SURWRcROV KaYe

dLffeUeQW geQe e[SUeVVLRQ VSaUVeQeVV, PaUNeU RU dULYLQg geQeV Rf ceOO W\SeV aUe VWabOe

ZLWKLQ WKe geQe e[SUeVVLRQ PaWUL[ acURVV SURWRcROV. WLWK VXcK a feaWXUe VeOecWLRQ VWeS,
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Ze UeVWULcW WKe ceOO W\Se-deWeUPLQLQg VLgQaOV WR feZeU bXW PRUe LQfRUPaWLYe geQeV aQd

b\SaVV WKe e[SUeVVLRQ QRLVeV beWZeeQ WUaLQLQg aQd TXeU\ daWaVeWV.

PUacWLcaOO\, LQ addLWLRQ WR XWLOL]LQg WKe CeOOT\SLVW PRdeOV WR SUedLcW RXU

cURVV-WLVVXe LPPXQe ceOO daWaVeW LQ WKLV VWXd\ UeSUeVeQWLQg LQWeUPedLaWe geQe e[SUeVVLRQ

VSaUVeQeVV (10X, RQ aYeUage 1,932 e[SUeVVed geQeV SeU ceOO), Ze e[aPLQed WKe

SeUfRUPaQce Rf CeOOT\SLVW PRdeOV RQ WZR RWKeU daWaVeWV: 1) 2,494 LPPXQe ceOOV

SURceVVed b\ SPaUWSeT2 fURP TUaYagOLQL eW aO., 2020 (91) UeSUeVeQWLQg ULcK geQe

e[SUeVVLRQ (RQ aYeUage 2,555 e[SUeVVed geQeV SeU ceOO). CeOOT\SLVW SUedLcWLRQ Rf WKLV

daWaVeW UeYeaOed ceOO SRSXOaWLRQV WKaW cRUUeVSRQded ZeOO ZLWK WKe ceOO W\Se OabeOV

SURYLded b\ WKe RULgLQaO VWXd\ (fig. S10A). MRUeRYeU, XVLQg CeOOT\SLVW Ze added

SUeYLRXVO\ XQaSSUecLaWed LQfRUPaWLRQ WR WKe ceOO W\SeV LdeQWLfLed. FRU e[aPSOe, ZKLOe WKe

RULgLQaO VWXd\ URXgKO\ aQQRWaWed a B ceOO cOXVWeU, ZLWK CeOOT\SLVW Ze ZeUe abOe WR

LdeQWLf\ LW aV a QaLYe B ceOO SRSXOaWLRQ. TKLV ZaV aOVR WKe caVe fRU WKe QaWXUaO NLOOeU ceOOV

fURP WKe RULgLQaO VWXd\ fRU ZKLcK CeOOT\SLVW SUedLcWed aV WKe CD16+ QaWXUaO NLOOeU

VXbW\Se. 2) 103,766 bORRd aQd LPPXQe ceOOV SURceVVed XVLQg VcL-RNA-VeT3 fURP CaR eW

aO., 2020 (92) UeSUeVeQWLQg VSaUVe geQe e[SUeVVLRQ (RQ aYeUage 414 e[SUeVVed geQeV SeU

ceOO). CeOOT\SLVW VXcceVVfXOO\ aVVLgQed ceOO W\Se OabeOV WR WKeVe ceOOV WKaW PaWcKed ZeOO

ZLWK WKe RULgLQaO OabeOV SURYLded b\ WKe SXbOLcaWLRQ (fig. S10B). AddLWLRQaO LQfRUPaWLRQ

ZaV aOVR UeYeaOed, VXcK aV WKe RULgLQaO ³EU\WKURbOaVWV´ ceOO SRSXOaWLRQ ZKLcK ZaV

SUedLcWed b\ CeOOT\SLVW LQWR ³MLd eU\WKURLd´ aQd ³LaWe eU\WKURLd´, aQd WKe ³B ceOOV´

SRSXOaWLRQ ZKLcK ZaV SUedLcWed LQWR ³PUR-B ceOOV´, ³POaVPa ceOOV´ aQd ³NaLYe B ceOOV´.

NRWabO\, WKRXgK Ze SeUfRUPed baWcK-cRUUecWLRQ aQd daWa LQWegUaWLRQ Rf WKe

WUaLQLQg daWaVeWV (Vee WKe VecWLRQ ³Dataset compilation and integration´), Ze dLdQ¶W XVe

WKe UeVXOWLQg baWcK-cRUUecWed e[SUeVVLRQ PaWUL[ aV WKe LQSXW fRU CeOOT\SLVW PRdeO

WUaLQLQg, bXW LQVWead UeOLed RQ WKe QRUPaOL]ed aQd VcaOed geQe e[SUeVVLRQ PaWUL[ fRU

VeYeUaO UeaVRQV.

FLUVW, ZLWK WKe daWa SURceVVLQg VWeSV Rf QRUPaOL]aWLRQ aQd VcaOLQg, WKe geQe

e[SUeVVLRQ VcaOeV acURVV dLffeUeQW baWcKeV KaYe OaUgeO\ beeQ Pade cRPSaUabOe. TKRXgK

VRPe baWcKeV aUe VWLOO VeeQ, geQeV ZLWK dLffeUeQW e[SUeVVLRQ OeYeOV caQ be eTXaOO\

SeQaOL]ed ZKeQ a L2 UegXOaUL]aWLRQ WeUP LV aSSOLed WR WKe ORgLVWLc UegUeVVLRQ cOaVVLfLeUV.
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MRUeRYeU, afWeU SURSeU QRUPaOL]aWLRQ aQd VcaOLQg, WKe SGD OeaUQLQg caQ cRQYeUge

WRZaUdV WKe RSWLPXP Rf WKe ORVV fXQcWLRQ PRUe TXLcNO\ aQd accXUaWeO\, ZKLcK caQQRW be

acKLeYed b\ a baWcK-cRUUecWed PaWUL[. TKeUefRUe, WKURXgK RXU RSWLPL]ed ORgLVWLc

UegUeVVLRQ fUaPeZRUN, WKe geQeUaOL]aWLRQ Rf cURVV-baWcK SUedLcWLRQV LV VLgQLfLcaQWO\

LPSURYed. A PLQRU adYaQWage LV WKaW UXQQLQg WKe QRUPaOL]aWLRQ aQd VcaOLQg LV PXcK

faVWeU LQ WUaLQLQg QeZ PRdeOV WKaQ XVLQg baWcK-cRUUecWLRQ PeWKRdV ZKLcK XVXaOO\ WaNe a

ORQg WLPe WR geW a fXOO\ baWcK-cRUUecWed UeVXOW.

SecRQd, WKe QRUPaOL]aWLRQ aQd VcaOLQg fRU WKe WUaLQLQg daWaVeWV caQ be eaVLO\

UeSURdXced LQ WKe TXeU\ daWaVeWV. CeOOT\SLVW UecRUded WKe PeaQ aQd VWaQdaUd deYLaWLRQ

Rf eacK geQe dXULQg WUaLQLQg, aQd aSSOLed WKeVe SaUaPeWeUV WR WKe VKaUed geQeV LQ WKe

TXeU\ daWaVeWV. TKLV LV aOPRVW QRW SRVVLbOe ZLWK baWcK-cRUUecWLRQ PeWKRdV ZKeUe a

baWcK-cRUUecWLRQ SURcedXUe LQ WKe WUaLQLQg daWaVeWV LV KaUd WR UeSURdXce LQ WKe TXeU\

daWaVeWV. TKaW LV, baWcK-cRUUecWLRQ PeWKRdV caQQRW eQVXUe WKaW WKe degUeeV Rf QRLVe

UePRYaO LQ WUaLQLQg aQd TXeU\ daWaVeWV fURP WZR LQdeSeQdeQW UXQV aUe cRPSaUabOe

(cRQcaWeQaWLQg WKe WUaLQLQg aQd TXeU\ daWaVeWV WRgeWKeU fRU a KROLVWLc baWcK-cRUUecWLRQ

caQ aOOeYLaWe WKLV SURbOeP bXW ZLOO UeVXOW LQ WKe LQfRUPaWLRQ OeaN fURP WKe TXeU\ daWaVeWV

WR WKe WUaLQLQg daWaVeWV dXULQg PRdeO WUaLQLQg, WKeUeb\ VNeZLQg WKe ceOO W\Se SUedLcWLRQ).

TKLUd, fRU WKe CeOOT\SLVW WUaLQLQg daWaVeWV, Ze KaYe cROOecWed ceOO W\SeV fURP

dLffeUeQW VRXUceV ZLWK a YaULeW\ Rf baWcKeV. TKLV cUeaWeV a VceQaULR ZKeUe ceOOV fURP a

gLYeQ ceOO W\Se aOUead\ cRQWaLQ LQWeU-baWcK YaULaWLRQV. CeOOT\SLVW SUedLcWLRQ, XQdeU WKLV

cRQWe[W, LV WKe SURcedXUe Rf MXdgLQg ZKeWKeU cURVV-ceOO-W\Se dLffeUeQceV aUe VLgQLfLcaQWO\

OaUgeU WKaQ ZLWKLQ-ceOO-W\Se YaULaWLRQV. MRUeRYeU, eacK SUedLcWed ceOO ZLOO KaYe a

cRQfLdeQce VcRUe UaQgLQg fURP 0 WR 1 WR TXaQWLf\ WKe VLgQLfLcaQce Rf ceOO W\Se SUedLcWLRQ

(Vee WKe VecWLRQ ³Cell t\pe prediction´ beORZ). TKeUefRUe eYeQ ZKeQ WKe TXeU\ daWaVeWV

aUe fURP a dLffeUeQW baWcK aV cRPSaUed WR WKe WUaLQLQg daWaVeWV, WKe SUedLcWLRQ UeVXOW ZLOO

SRVVLbO\ SeUVLVW aObeLW ZLWK a decUeaVed cRQfLdeQce VcRUe.

FRXUWK, fRU PRVW baWcK-cRUUecWLRQ PeWKRdV, a OaUge SURSRUWLRQ Rf geQeV aUe

XVXaOO\ dLVcaUded dXULQg WKe cRUUecWLRQ SURceVV, QaPeO\, RQO\ KLgKO\ YaULabOe geQeV

(KYgV) aUe XVed fRU baWcK cRUUecWLRQ aQd daWa LQWegUaWLRQ. WKLOe LQ CeOOT\SLVW, Ze WUaLQ

WKe PRdeOV XVLQg aOO e[SUeVVed geQeV aQd VWLOO PaLQWaLQ KLgK SUedLcWLRQ accXUac\. AfWeU
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WKaW, WKeUe LV aOVR aQ RSWLRQ LQ CeOOT\SLVW WR SeUfRUP aQ aXWRPaWLc feaWXUe VeOecWLRQ VWeS

baVed RQ WKe fLUVW URXQd Rf CeOOT\SLVW UXQ b\ VeOecWLQg WKe ceOO W\Se-dULYLQg geQeV acURVV

aOO ceOO W\SeV. UVLQg QRUPaOL]ed aQd VcaOed geQe e[SUeVVLRQ PaWUL[, LQVWead Rf

KYgV-baVed baWcK-cRUUecWed geQe e[SUeVVLRQ PaWUL[, caQ fLW LQ ZLWK WKLV SLSeOLQe.

NeYeUWKeOeVV, WR aVVeVV KRZ baWcK effecWV caQ LPSacW WKe SeUfRUPaQce Rf

CeOOT\SLVW PRdeOV LQ SUacWLce, Ze e[WUacWed WKe baWcK-cRUUecWed e[SUeVVLRQ PaWUL[ XVLQg

VcVI, aQd UeSeaWed WKe WUaLQLQg SLSeOLQe LQ CeOOT\SLVW ZLWK aOO RWKeU SaUaPeWeUV beLQg

cRQVWaQW. TKLV Oed WR a QeZ PRdeO WUaLQed fURP WKLV baWcK-cRUUecWed e[SUeVVLRQ PaWUL[,

ZKLcK ZaV VXbVeTXeQWO\ XVed WR SUedLcW ceOO W\SeV fURP RXU cURVV-WLVVXe LPPXQe

UeVRXUce (fig. S11). TKe UeVXOWV VKRZed WKaW WKe SUedLcWLRQV fURP WKe QeZ PRdeO ZeUe

TXLWe VLPLOaU ZLWK WKRVe baVed RQ QRUPaOL]ed aQd VcaOed geQe e[SUeVVLRQ PaWULceV (fig.

S11, A and B). HRZeYeU, fRU a QXPbeU Rf ceOO W\SeV, WKe QeZ PRdeO \LeOded cRaUVe RU

LQcRUUecW SUedLcWLRQV. FRU LQVWaQce, WKe ³T\Se 1 KeOSeU T ceOOV´, ³TcP/NaLYe KeOSeU T

ceOOV´, ³CD8a/b(eQWU\)´, ³HeOSeU T ceOOV´, ³FROOLcXOaU KeOSeU T ceOOV´, ³RegXOaWRU\ T

ceOOV´, aQd ³TeP/EffecWRU KeOSeU T ceOOV´ aUe QRZ gURVVO\ SUedLcWed aV ³TcP/NaLYe

KeOSeU T ceOOV´ b\ WKe QeZ PRdeO (fig. S11C), aQd WKe ³ILC´, ³C\WRWR[Lc T ceOOV´,

³MLgUaWRU\ DCV´, ³NRQ-cOaVVLcaO PRQRc\WeV´ aQd ³EaUO\ MK´ aUe LQcRUUecWO\ SUedLcWed

aV ³ESLWKeOLaO ceOOV´ (fig. S11C). We WKeUefRUe UeaVRQ WKaW a QRUPaOL]ed aQd VcaOed

e[SUeVVLRQ PaWUL[ LV PRUe VXLWed WR RXU CeOOT\SLVW SLSeOLQe aQd LV abOe WR SURdXce PRUe

accXUaWe aQd fLQe-gUaLQed ceOO W\Se SUedLcWLRQV.

CeOO W\Se SUedLcWLRQ

BefRUe WKe SUedLcWLRQ, WKe LQSXW TXeU\ daWa ZaV QRUPaOL]ed WR 10,000 cRXQWV SeU

ceOO aQd ORg-WUaQVfRUPed (ZLWK a SVeXdRcRXQW Rf 1). OQO\ geQeV VKaUed beWZeeQ WKe

CeOOT\SLVW PRdeO aQd WKe LQSXW daWa ZeUe XVed LQ WKe dRZQVWUeaP SUedLcWLRQ. FRU eacK

geQe, aV QRWed LQ ³Processing of training and qXer\ datasets´, Ze VWaQdaUdL]ed LW b\

VXbWUacWLQg WKe PeaQ aQd VcaOLQg WKe VWaQdaUd deYLaWLRQ XVLQg WKe cRUUeVSRQdLQg PeaQ

aQd VWaQdaUd deYLaWLRQ UecRUded LQ WKe WUaLQLQg VWeS fRU WKaW geQe.

FRU eacK ceOO W\Se LQYROYed LQ WKe PRdeO, WKe decLVLRQ VcRUeV Rf WKe TXeU\ ceOOV

aUe defLQed aV WKe OLQeaU cRPbLQaWLRQ Rf WKe VcaOed geQe e[SUeVVLRQ aQd WKe PRdeO

cReffLcLeQWV aVVRcLaWed ZLWK WKe gLYeQ ceOO W\Se (³decision_fXnction´ fURP WKe cOaVV
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³SGDClassifier´ LQ VNOeaUQ), aQd WKe SURbabLOLWLeV aUe caOcXOaWed b\ WUaQVfRUPLQg WKe

decLVLRQ VcRUeV ZLWK a VLgPRLd fXQcWLRQ (³scip\.special.e[pit´ LQ VcLS\). TKe WZR PeWULcV

aUe UecRUded LQ CeOOT\SLVW RXWSXWV. Ne[W, WKe ceOO W\Se ZLWK WKe Pa[LPaO decLVLRQ VcRUe

(RU SURbabLOLW\) LV VeOecWed aV WKe SUedLcWed LdeQWLW\ fRU WKe TXeU\ ceOO. Of QRWe, Ze

WUaLQed WKe PRdeOV ZLWK aQ RQe-YV-UeVW (OVR) VWUaWeg\, UeVXOWLQg LQ PXOWLSOe

LQdeSeQdeQW bLQaU\ cOaVVLfLeUV ZLWK WKeLU decLVLRQ VcRUeV aQd SURbabLOLWLeV beLQg

cRPSaUabOe aPRQg ceOO W\SeV. DLffeUeQW fURP WKe PXOWLQRPLaO ORgLVWLc UegUeVVLRQ

fUaPeZRUN ZKeUe WKe SURbabLOLWLeV Rf aOO ceOO W\SeV fRU a gLYeQ TXeU\ ceOO aUe cRQVWUaLQed

WR a VXP Rf 1 dXULQg WUaLQLQg aQd dLUecWO\ RXWSXW b\ WKe WRROV, LQ CeOOT\SLVW WKeVe

SURbabLOLWLeV aUe caOcXOaWed fURP WKe decLVLRQ VcRUeV aQd OaWeU NeSW aV LV, eQabOLQg WKe

e[aPLQaWLRQ Rf QRYeO aQd aPbLgXRXV ceOO W\SeV LQ WKe TXeU\ daWa.

SSecLfLcaOO\, deSeQdLQg RQ ZKaW WKe XVeUV ZaQW WR acKLeYe, CeOOT\SLVW KaV WZR

PRdeV dXULQg WKe SUedLcWLRQ VWeS (mode=µbest match¶ RU mode=µprob match¶), ZLWK WKe

fRUPeU aVVLgQLQg WKe PRVW OLNeO\ ceOO W\Se WR a gLYeQ TXeU\ ceOO fRU WKe SXUSRVe Rf

dLVWLQgXLVKLQg beWZeeQ KRPRgeQeRXV ceOO W\SeV, aQd WKe OaWWeU aVVLgQLQg 0 (L.e., a QRYeO

ceOO W\Se RQO\ LQ WKe TXeU\ daWaVeW), 1 (L.e., XQLTXe aVVLgQPeQW), RU >=2 (L.e., PXOWL-OabeO

aVVLgQPeQWV) WR a gLYeQ TXeU\ ceOO XVLQg a SURbabLOLW\ WKUeVKROd (defaXOW WR 0.5 LQ

CeOOT\SLVW, ZKLcK LV ZeOO aSSOLed LQ WKe ORgLVWLc UegUeVVLRQ fUaPeZRUN LQ SUacWLce).

OYeU-cOXVWeULQg aQd PaMRULW\ YRWLQg

TKe SUedLcWLRQ VWeS LV SeUfRUPed WR LQfeU WKe LdeQWLWLeV Rf LQSXW ceOOV, ZKLcK

UeQdeUV WKe SUedLcWLRQ Rf eacK ceOO LQdeSeQdeQW. TR cRPbLQe WKe ceOO W\Se SUedLcWLRQV

ZLWK WKe ceOO-ceOO WUaQVcULSWRPLc UeOaWLRQVKLSV, CeOOT\SLVW RffeUV a PaMRULW\ YRWLQg

aSSURacK baVed RQ WKe Ldea WKaW WUaQVcULSWLRQaOO\ VLPLOaU ceOOV LQ WKe TXeU\ daWaVeW aUe

PRUe OLNeO\ WR fRUP a (VXb)cOXVWeU UegaUdOeVV Rf WKeLU LQdLYLdXaO SUedLcWLRQ RXWcRPeV. IQ

WKLV VWXd\, WKe TXeU\ daWa ZaV fLUVW RYeU-cOXVWeUed XVLQg WKe LeLdeQ aOgRULWKP RQ WKe

baVLV Rf aQ e[LVWLQg QeLgKbRUKRRd gUaSK LQ WKe LQSXW RbMecW (³scanp\.tl.leiden´ LQ

ScaQS\) ZLWK WKe UeVROXWLRQ VeW WR 25. If QR QeLgKbRUKRRd gUaSK e[LVWV fRU WKe LQSXW daWa,

a QeLgKbRUKRRd gUaSK ZLOO be cRQVWUXcWed befRUe WKe RYeU-cOXVWeULQg

(³scanp\.pp.neighbors´ LQ ScaQS\). EacK UeVXOWLQg VXbcOXVWeU ZaV WKeQ aVVLgQed WKe

LdeQWLW\ VXSSRUWed b\ WKe dRPLQaQW ceOO W\Se SUedLcWed fRU WKLV VXbcOXVWeU. TKURXgK WKLV
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VWeS, dLVWLQgXLVKabOe VPaOO VXbcOXVWeUV ZLOO be aVVLgQed dLVWLQcW ceOO W\Se OabeOV, aQd

KRPRgeQRXV VXbcOXVWeUV ZLOO be aVVLgQed WKe VaPe OabeOV aQd LWeUaWLYeO\ cRQYeUge WR a

bLggeU cOXVWeU.

HRZeYeU, afWeU WKe PaMRULW\-YRWLQg VWeS, WKeUe Pa\ VWLOO e[LVW KeWeURgeQeRXV

cOXVWeUV dXe WR WKe bLaV LQ WecKQLcaO cRQfRXQdeUV aQd aOgRULWKPLc LQabLOLW\ WR fXUWKeU

UeVROYe a VXbcOXVWeU. TR b\SaVV WKLV, CeOOT\SLVW KaV a SURSRUWLRQ WKUeVKROd defLQed aV WKe

SURSRUWLRQ Rf WKe dRPLQaQW ceOO W\Se UeTXLUed WR QaPe a gLYeQ VXbcOXVWeU b\ WKLV ceOO

W\Se. SSecLfLcaOO\, Lf WKe SURSRUWLRQ Rf WKe dRPLQaQW ceOO W\Se faLOV WR SaVV WKLV cXWRff (fRU

e[aPSOe, <70%, ZKLcK PeaQV WKaW WKe UePaLQLQg ceOO SRSXOaWLRQV RccXS\ >30% Rf WKe

WRWaO QXPbeU Rf ceOOV LQ a gLYeQ VXbcOXVWeU), WKe ZKROe VXbcOXVWeU ZLOO be aVVLgQed

³HeWeURgeQeRXV´ b\ CeOOT\SLVW. MRUeRYeU, CeOOT\SLVW RXWSXWV WZR UeVXOWV: WKe SUedLcWed

OabeOV fRU LQdLYLdXaO ceOOV, aQd WKe OabeOV afWeU PaMRULW\ YRWLQg ORcaO VXbcOXVWeUV.

TKURXgK WKLV, Lf a VXbcOXVWeU LV aVVLgQed ³HeWeURgeQeRXV´, WKe XVeUV aUe abOe WR cKecN

WKe cRPSRVLWLRQ Rf WKLV VXbcOXVWeU aQd deWeUPLQe WKe cRQfLdeQce Rf WKLV PaMRULW\-YRWed

ceOO W\Se.

We WKeQ aSSOLed WKLV SURSRUWLRQ WKUeVKROd WR RXU cURVV-WLVVXe LPPXQe UeVRXUce,

aQd ORcaWed WZR ³HeWeURgeQeRXV´ cOXVWeUV ZKLcK ZeUe SUeYLRXVO\ aQQRWaWed aV

³HSC/MPP'' aQd ³EaUO\ MK´, UeVSecWLYeO\ (fig. S26A). TKe fLUVW cOXVWeU LV PaLQO\

cRPSRVed Rf SURgeQLWRU ceOOV, LQcOXdLQg 51.6% Rf ³HSC/MPP´, 18.2% Rf ³CMP´,

11.3% Rf ³GMP´, 9.3% Rf ³ELP´, 3.2% Rf ³GUaQXORc\WeV´, 2.3% Rf ³MegaNaU\Rc\We

SUecXUVRU´, 1.7% Rf ³NeXWURSKLO-P\eORLd SURgeQLWRU´, 1.4% Rf ³DRXbOe-QegaWLYe

WK\PRc\WeV´, aQd 1% Rf ³EaUO\ MK´ (fig. S26B). TKe VecRQd cOXVWeU LV a

PegaNaU\Rc\We SRSXOaWLRQ LQcOXdLQg 54.2% Rf ³EaUO\ MK´ aQd 45.8% Rf

³MegaNaU\Rc\WeV/SOaWeOeWV´ (fig. S26C). TKeUefRUe WKURXgK WKLV aSSURacK, Ze aUe abOe WR

LdeQWLf\ KeWeURgeQeRXV VXbcOXVWeUV LQ RXU UeVRXUce. HRZeYeU, WKeVe caVeV Rf

KeWeURgeQeRXV cOXVWeUV aUe UaUe aQd a YaVW PaMRULW\ Rf cOXVWeUV afWeU RYeU-cOXVWeULQg aQd

PaMRULW\ YRWLQg b\ CeOOT\SLVW aUe dRPLQaWed b\ RQe ceOO W\Se (fig. S26A), LQdLcaWLQg WKe

XVefXOQeVV Rf WKe PaMRULW\-YRWLQg aSSURacK.
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BeQcKPaUNLQg ZLWK RWKeU OabeO-WUaQVfeUULQg PeWKRdV

We fRcXVed RQ WKe cRPSaULVRQV aPRQg fLYe PeWKRdV: CeOOT\SLVW, WUadLWLRQaO

ORgLVWLc UegUeVVLRQ (OU) cOaVVLfLeU, VXSSRUW YecWRU PacKLQe (VYP) cOaVVLfLeU, A]LPXWK (93),

aQd VcN\P (94). TR WKLV eQd, 10,000 ceOOV ZeUe UaQdRPO\ VaPSOed fURP RXU cRPSLOed

daWaVeW aV aQ LQdeSeQdeQW WeVW daWaVeW. We fXUWKeU geQeUaWed WKUee WUaLQLQg daWaVeWV ZLWK

WKe VL]eV beLQg 5,000, 50,000, aQd 250,000 ceOOV UeVSecWLYeO\, WKURXgK VaPSOLQg WKe ceOOV

fURP WKe UePaLQLQg daWaVeW. TKLV aOORZV XV WR e[aPLQe WKe effecW Rf VL]eV Rf WUaLQLQg

daWaVeWV RQ WKe SUedLcWLRQ accXUac\, UeSUeVeQWLQg VPaOO, PedLXP aQd bLg WUaLQLQg

daWaVeWV, UeVSecWLYeO\.

TR PaNe WKe cRPSaULVRQV XQbLaVed acURVV dLffeUeQW PeWKRdV, bRWK WKe WUaLQLQg

aQd WeVW daWa ZeUe SURSeUO\ SUeSURceVVed befRUeKaQd (WKe WLPe XVed fRU SUeSURceVVLQg LV

QRW LQcOXded LQ WKe beQcKPaUNLQg Rf UXQQLQg WLPe): L) FRU CeOOT\SLVW, OU aQd VYP, WKe

WUaLQLQg daWa ZaV QRUPaOL]ed aQd VcaOed aV LQ ³Processing of training and qXer\

datasets´. TKe WeVW daWa ZaV QRUPaOL]ed LQ WKe VaPe Za\ ZKLOe VcaOed XVLQg WKe

UecRUded PeaQ aQd VWaQdaUd deYLaWLRQ aV LQ WKe VecWLRQ ³Cell t\pe prediction´; LL) FRU

VcN\P, WKe WUaLQLQg aQd WeVW daWaVeWV ZeUe bRWK QRUPaOL]ed WR 1,000,000 cRXQWV SeU ceOO

aV VXggeVWed b\ WKe VcN\P gXLdeOLQeV aQd WKeQ ORg-WUaQVfRUPed (ZLWK a SVeXdRcRXQW Rf

1); LLL) FRU A]LPXWK, WKe WUaLQLQg aQd WeVW daWaVeWV ZeUe bRWK QRUPaOL]ed WR 10,000

cRXQWV SeU ceOO aQd ORg-WUaQVfRUPed (ZLWK a SVeXdRcRXQW Rf 1). FRU aOO WKe fLYe PeWKRdV,

Ze XVed WKe VaPe VeW Rf KLgKO\ YaULabOe geQeV e[WUacWed fURP WKe UefeUeQce RbMecW

(³scanp\.pp.highl\_Yariable_genes´ LQ ScaQS\).

We VSOLW WKe ZKROe OabeO-WUaQVfeUULQg SURcedXUe LQWR WKe ³WUaLQLQg´ aQd

³SUedLcWLRQ´ VWeSV. MRUeRYeU, Ze defLQe a ³XVeU WLPe´ aV WKe WLPe Qeeded fRU a XVeU WR

geW WKeLU SUedLcWLRQ UeVXOWV afWeU VXSSO\LQg WKe TXeU\ daWa WR WKe SURgUaPV. TKLV LV cULWLcaO

aV WKe XVeU WLPe LV PRUe UeOaWed ZLWK WKe XVeU e[SeULeQce LQ SUacWLce. fig. S14A OLVWV WKe

deWaLOed VSOLW fRU WKe fLYe PeWKRdV. SSecLfLcaOO\, LQ CeOOT\SLVW, OU aQd VYP, WKe WUaLQLQg

VWeSV aUe RQO\ deSeQdeQW RQ WKe WUaLQLQg daWa, ZKLOe LQ VcN\P aQd A]LPXWK, WKe WUaLQLQg

VWeSV UeO\ RQ bRWK WKe WUaLQLQg aQd WeVW daWa (³scn\m_api(task='train')´ LQ VcN\P, aQd

³FindTransferAnchors´ LQ SeXUaW, UeVSecWLYeO\). TKeUefRUe, fURP WKe SeUVSecWLYe Rf a
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XVeU, WKe XVeU WLPe LQ CeOOT\SLVW, OU aQd VYP eTXaOV WR WKe SUedLcWLRQ WLPe ZKLOe WR WKe

VXP Rf WUaLQLQg aQd SUedLcWLRQ WLPe LQ VcN\P aQd A]LPXWK.

FRU eacK PeWKRd, Ze UecRUded bRWK WKe WUaLQLQg aQd SUedLcWLRQ WLPe, aV ZeOO aV

WKe SUedLcWed ceOO W\SeV fRU WKe WeVW daWa. TKe SeUfRUPaQce ZaV WKeQ aVVeVVed fRU eacK

ceOO W\Se VeSaUaWeO\ XVLQg WKUee PeWULcV: SUecLVLRQ (³sklearn.metrics.precision_score´),

UecaOO (³sklearn.metrics.recall_score´), aQd F1 VcRUe (³sklearn.metrics.f1_score´).

TKe UeVXOWV VKRZ WKaW ZKeQ WKe WUaLQLQg daWa VL]e LV VPaOO (5,000 ceOOV),

CeOOT\SLVW KaV a cRPSaUabOe SeUfRUPaQce aV cRPSaUed WR WKe WUadLWLRQaO ORgLVWLc

UegUeVVLRQ, A]LPXWK aQd VcN\P, aOO Rf ZKLcK RXWSeUfRUP VYP XVLQg RXU daWaVeWV (fig.

S13). WKeQ WKe WUaLQLQg daWa VL]e LV PedLXP (50,000 ceOOV) RU OaUge (250,000 ceOOV),

CeOOT\SLVW KaV a VLPLOaU SeUfRUPaQce ZLWK WKe WUadLWLRQaO ORgLVWLc UegUeVVLRQ aQd VcN\P,

ZKLcK LV VOLgKWO\ beWWeU WKaQ A]LPXWK aQd PXcK beWWeU WKaQ VYP. IPSRUWaQWO\, RXU

PLQL-baWcK WUaLQLQg aSSURacK ZLWK SGD OeaUQLQg dUaPaWLcaOO\ decUeaVeV WKe WLPe Qeeded

fRU WKe PRdeO WUaLQLQg aQd WKXV UeSUeVeQWV a PRUe VcaOabOe PeWKRd fRU OaUge-VcaOe

VcRNA-VeT daWaVeWV (fig. S14B). IQ WeUPV Rf WKe XVeU WLPe, aV ZLWK caQRQLcaO PacKLQe

OeaUQLQg PeWKRdV, CeOOT\SLVW SUedLcWV WKe TXeU\ daWa PXcK PRUe effLcLeQWO\ aQd TXLcNO\

WKaQ A]LPXWK aQd VcN\P (Vee WKe XVeU WLPe PaUNed b\ aVWeULVNV LQ WKe fig. S14B),

OaUgeO\ dXe WR WKe LQdeSeQdeQce beWZeeQ WKe daWa WUaLQLQg aQd SUedLcWLRQ VWeSV LQ

CeOOT\SLVW.

CeOOT\SLVW SeUfRUPaQce RQ WKe cURVV-WLVVXe LPPXQe UefeUeQce

We Qe[W e[aPLQed WKe SeUfRUPaQce Rf CeOOT\SLVW RQ RXU aVVePbOed LPPXQe ceOO

aWOaV. FRU aQ LQdeSeQdeQWO\ OefW-RXW daWaVeW (10%), WKe CeOOT\SLVW PRdeOV WUaLQed fURP

WKe UePaLQLQg daWaVeW (90%) dePRQVWUaWed WKe SUecLVLRQ Rf 0.97 aQd 0.91 aW WKe KLgK-

aQd ORZ-KLeUaUcK\ OeYeOV, UeVSecWLYeO\ (fig. S9A). TKe UecaOO VcRUeV ZeUe UeOaWLYeO\

ORZeU, bXW VWLOO UeacKed 0.88 aQd 0.84 aW WKe WZR OeYeOV, UeVSecWLYeO\ (fig. S9B). FXUWKeU

VXPPaUL]LQg WKe WZR PeWULcV LQWR WKe F1 VcRUe, WKe CeOOT\SLVW PRdeOV RYeUaOO e[KLbLWed

WKe F1 VcRUeV Rf 0.95 aQd 0.89 aW WKe WZR OeYeOV (Fig. 1C). E[aPLQaWLRQ Rf WKe F1 VcRUe

fRU eacK ceOO W\Se aQQRWaWed LQ WKe PRdeOV UeYeaOed WKaW SaUW Rf WKe PRdeOV¶ SUedLcWLRQ

eUURUV caPe fURP a ORZ QXPbeU Rf ceOOV aVVRcLaWed ZLWK ceUWaLQ OabeOV (fig. S9C),

LQdLcaWLQg a fXWXUe Qeed Rf cROOecWLQg PRUe UaUe ceOO W\SeV.
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Fig. S1. Overview of the immune cell compartment of the dataset. (A) UMAP

YLVXaOL]aWLRQ Rf WKe LPPXQe ceOO cRPSaUWPeQW VKRZLQg WKe dRQRU dLVWULbXWLRQ. (B) BaU

SORW VKRZLQg WKe QXPbeU Rf ceOOV LQ eacK WLVVXe (XSSeU), aV ZeOO aV WKe VWacNed baU SORW

VKRZLQg WKe SeUceQWageV Rf dRQRUV SeU WLVVXe (bRWWRP). (C) AV ZLWK (A), bXW cRORUed b\

KLgK-KLeUaUcK\ ceOO W\SeV SUedLcWed XVLQg CeOOT\SLVW. (D) DRW SORW dLVSOa\LQg WKe

e[SUeVVLRQ Rf CeOOT\SLVW-deULYed PaUNeU geQeV fRU WKe SUedLcWed LPPXQe SRSXOaWLRQV.

CRORU gUadLeQW UeSUeVeQWV Pa[LPXP-QRUPaOL]ed PeaQ e[SUeVVLRQ Rf ceOOV e[SUeVVLQg WKe

PaUNeU geQeV, aQd VL]e UeSUeVeQWV WKe SeUceQWage Rf ceOOV e[SUeVVLQg WKeVe geQeV. TKe

bRWWRP VWacNed baU SORW VKRZV WKe QXPbeU aQd SeUceQWage Rf dRQRUV acURVV WKe

SUedLcWed ceOO W\SeV.
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Fig. S2. Summar\ of the assembled immune atlas across tissues and datasets. (A)

HeaW PaS VKRZLQg WKe QXPbeU Rf ceOOV LQ eacK cRPbLQaWLRQ Rf daWaVeW (URZ) aQd WLVVXe

(cROXPQ), aV ZeOO aV WKe WRWaO ceOO QXPbeU LQ eacK daWaVeW (KRUL]RQWaO baU SORW) aQd eacK

WLVVXe (YeUWLcaO baU SORW). CeOO QXPbeUV aUe deQRWed LQ XQLWV Rf WKRXVaQdV. (B aQd C)

UMAP UeSUeVeQWaWLRQV Rf WKe LQWegUaWed LPPXQe ceOO aWOaV ZLWK LQfRUPaWLRQ Rf WLVVXeV

(B) aQd daWaVeWV (C) RYeUOaLd. IQWegUaWLRQ LV SeUfRUPed XVLQg VcVI ZLWK cRYaULaWeV Rf

daWaVeWV aQd VeTXeQcLQg SURWRcROV.
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Fig. S3. Schematic of the CellT\pist pipeline to harmoni]e cell t\pe labels across

training datasets. APRQg WKe LQSXW ceOOV, aQQRWaWed ceOOV (L.e., ceOOV ZLWK QaPeV aQd

OabeOV fURP RULgLQaO SXbOLcaWLRQV) aUe caWegRUL]ed LQWR e[SeUW-aSSURYed ceOO W\SeV aQd

ceOOV beORQgLQg WR a gLYeQ ceOO W\Se aUe fXUWKeU LQWegUaWed aQd cXUaWed WKURXgK fRXU

PRdXOeV: UePRYaO, cRUUecWLRQ, VXbdLYLVLRQ aQd PLQLQg (Vee SXSSOePeQWaU\ Te[W). FRU

XQaQQRWaWed ceOOV, WKe\ aUe cOXVWeUed aQd aVVLgQed WKe OabeOV b\ WUaLQLQg CeOOT\SLVW

PRdeOV RQ aQQRWaWed ceOOV aQd OaWeU SURSagaWLQg ceOO W\Se OabeOV fURP WKe PRdeOV WR WKe

XQaQQRWaWed ceOOV.
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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 YLVXaOL]aWLRQV Rf aOO

PaVW ceOOV LQ CeOOT\SLVW WUaLQLQg daWaVeWV ZLWK LQfRUPaWLRQ Rf ceOO VRXUceV (daWaVeWV

fROORZed b\ RULgLQaO ceOO W\Se OabeOV, XSSeU) aQd XQVXSeUYLVed cOXVWeULQg (LeLdeQ

cOXVWeULQg baVed RQ WKe QeLgKbRXUKRRd gUaSK cRQVWUXcWed XVLQg VcVI-deULYed OaWeQW

VSace, bRWWRP). (B) UMAP YLVXaOL]aWLRQV Rf WKe WUaQVfeUUed ceOO W\Se OabeOV fURP

EOPeQWaLWe eW aO., 2021 (27) (XSSeU) aQd MadLVVRRQ eW aO., 2021(28) (bRWWRP) b\ WUaLQLQg

WKe CeOOT\SLVW PRdeOV RQ WKe WZR daWaVeWV, UeVSecWLYeO\. COXVWeUV 9 aQd 11 aUe

cRQVLVWeQWO\ SUedLcWed aV SOaVPa ceOOV aQd PRQRc\WeV/PacURSKageV, aQd WKXV caQ be

UePRYed fURP WKe PaVW ceOO caWegRU\. (C) E[SUeVVLRQ Rf SOaVPa ceOO PaUNeU MZB1

(XSSeU) aQd PRQRQXcOeaU SKagRc\We PaUNeU CD74 (bRWWRP) RYeUOaLd RQWR WKe UMAP

UeSUeVeQWaWLRQV, VXSSRUWLQg WKe LdeQWLWLeV Rf cOXVWeUV 9 aQd 11 aV SOaVPa ceOOV aQd

PRQRc\WeV/PacURSKageV, UeVSecWLYeO\. (D WR F) AV ZLWK (A), (B), aQd (C), bXW fRU LQQaWe
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O\PSKRLd ceOO (ILC) SUecXUVRUV. OQO\ ceOOV WKaW aUe aQQRWaWed aV ILC SUecXUVRUV fURP

PRSeVcX eW aO., 2019 (1) aUe NeSW afWeU WKe UePRYaO SURceVV.
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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 YLVXaOL]aWLRQV Rf aOO

UegXOaWRU\ T ceOOV LQ CeOOT\SLVW WUaLQLQg daWaVeWV ZLWK LQfRUPaWLRQ Rf ceOO VRXUceV

(daWaVeWV fROORZed b\ RULgLQaO ceOO W\Se OabeOV, XSSeU) aQd XQVXSeUYLVed cOXVWeULQg

(LeLdeQ cOXVWeULQg baVed RQ WKe QeLgKbRXUKRRd gUaSK cRQVWUXcWed XVLQg VcVI-deULYed

OaWeQW VSace, bRWWRP). (B) UMAP YLVXaOL]aWLRQV Rf WKe WUaQVfeUUed ceOO W\Se OabeOV fURP

EOPeQWaLWe eW aO., 2021 (27) (XSSeU) aQd MadLVVRRQ eW aO., 2021 (28) (bRWWRP) b\

WUaLQLQg WKe CeOOT\SLVW PRdeOV RQ WKe WZR daWaVeWV, UeVSecWLYeO\. COXVWeUV 0, 1, 2, 5, 7

aQd 10 aUe cRQVLVWeQWO\ SUedLcWed LQWR QaLYe ceQWUaO PePRU\ CD4 T ceOOV LQVWead Rf

UegXOaWRU\ T ceOOV, aQd WKXV caQ be UeQaPed aQd UeOabeOOed. (C) E[SUeVVLRQ Rf UegXOaWRU\

T ceOO PaUNeUV CTLA4 (XSSeU) aQd FOXP3 (bRWWRP) RYeUOaLd RQWR WKe UMAP

UeSUeVeQWaWLRQV, VXSSRUWLQg WKe e[cOXVLRQ Rf cOXVWeUV 0, 1, 2, 5, 7 aQd 10 fURP WKe
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UegXOaWRU\ T ceOO caWegRU\. (D WR F) AV ZLWK (A), (B), aQd (C), bXW fRU LQQaWe O\PSKRLd

ceOOV (ILCV). CeOOV fURP cOXVWeU 0 aUe UeOabeOOed aV NK ceOOV afWeU WKe cRUUecWLRQ SURceVV.
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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 YLVXaOL]aWLRQV Rf aOO PRQRc\WeV LQ

CeOOT\SLVW WUaLQLQg daWaVeWV ZLWK LQfRUPaWLRQ Rf ceOO VRXUceV (daWaVeWV fROORZed b\

RULgLQaO ceOO W\Se OabeOV, XSSeU) aQd XQVXSeUYLVed cOXVWeULQg (LeLdeQ cOXVWeULQg baVed RQ

WKe QeLgKbRXUKRRd gUaSK cRQVWUXcWed XVLQg VcVI-deULYed OaWeQW VSace, bRWWRP). (B)

UMAP YLVXaOL]aWLRQV Rf WKe WUaQVfeUUed ceOO W\Se OabeOV fURP EOPeQWaLWe eW aO., 2021 (27)

(XSSeU) aQd MadLVVRRQ eW aO., 2021 (28) (bRWWRP) b\ WUaLQLQg WKe CeOOT\SLVW PRdeOV RQ

WKe WZR daWaVeWV, UeVSecWLYeO\. COXVWeUV 1 aQd 8 aUe SUedLcWed LQWR QRQ-cOaVVLcaO (CD16+)

PRQRc\WeV, aQd PRVW Rf WKe UePaLQLQg ceOOV aUe SUedLcWed LQWR cOaVVLcaO (CD14+)

PRQRc\WeV. (C) E[SUeVVLRQ Rf QRQ-cOaVVLcaO PRQRc\We PaUNeU FCGR3A (XSSeU) aQd

cOaVVLcaO PRQRc\We PaUNeU CD14 (bRWWRP) RYeUOaLd RQWR WKe UMAP UeSUeVeQWaWLRQV,

VXSSRUWLQg WKe VXbdLYLVLRQ Rf PRQRc\WeV LQWR WKe WZR VXbW\SeV. (D WR F) AV ZLWK (A),
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(B), aQd (C), bXW fRU QaWXUaO NLOOeU (NK) ceOOV. A VXbW\Se dLYLVLRQ LV fRXQd beWZeeQ

CD16+ aQd CD16- (CD56+) NK ceOOV.
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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 YLVXaOL]aWLRQV Rf aOO c\WRWR[Lc T ceOOV

LQ CeOOT\SLVW WUaLQLQg daWaVeWV ZLWK LQfRUPaWLRQ Rf ceOO VRXUceV (daWaVeWV fROORZed b\

RULgLQaO ceOO W\Se OabeOV, XSSeU) aQd XQVXSeUYLVed cOXVWeULQg (LeLdeQ cOXVWeULQg baVed RQ

WKe QeLgKbRXUKRRd gUaSK cRQVWUXcWed XVLQg VcVI-deULYed OaWeQW VSace, bRWWRP). (B)

UMAP YLVXaOL]aWLRQV Rf WKe WUaQVfeUUed ceOO W\Se OabeOV fURP MadLVVRRQ eW aO., 2021

(28) b\ WUaLQLQg WKe CeOOT\SLVW PRdeO RQ WKLV daWaVeW. A gURXS Rf 1,235 ceOOV aUe

SURMecWed aV PXcRVaO-aVVRcLaWed LQYaULaQW T (MAIT) ceOOV RXW Rf 1,969 ceOOV ZLWK WKe

RULgLQaO ceOO W\Se OabeO µT_CD8_MAIT¶. (C) E[SUeVVLRQ Rf MAIT ceOO PaUNeUV

SLC4A10 (XSSeU) aQd TRAV1-2 (bRWWRP) RYeUOaLd RQWR WKe UMAP UeSUeVeQWaWLRQV,

VXSSRUWLQg WKe LdeQWLW\ Rf WKeVe ceOOV aV MAIT ceOOV. (D WR F) AV ZLWK (A), (B), aQd (C),

bXW fRU LdeQWLf\LQg geUPLQaO ceQWeU B ceOOV fURP PePRU\ B ceOOV. CeOOV fURP cOXVWeU 16
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aUe UeOabeOOed aV geUPLQaO ceQWeU B ceOOV. NRWe WKaW dXe WR WKe OacN Rf geUPLQaO ceQWeU B

ceOOV LQ MadLVVRRQ eW aO., 2021, ceOOV Rf cOXVWeU 16 aUe SUedLcWed aV QaLYe B ceOOV LQVWead.
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Fig. S8. Summar\ of cross-dataset and cross-tissue harmoni]ed cell t\pes. BLQaU\

KeaW PaSV VKRZLQg WKe dLVWULbXWLRQV Rf KaUPRQL]ed ceOO W\SeV acURVV WLVVXeV (OefW) aQd

daWaVeWV (ULgKW). BOacN gULdV deQRWe WKe SUeVeQce Rf ceOO W\SeV.
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Fig. S9. Building a human immune reference to predict immune cell identities. (A

aQd B) PeUfRUPaQce cXUYeV VKRZLQg WKe SUecLVLRQ (A) aQd UecaOO (B) VcRUeV aW eacK

LWeUaWLRQ Rf WUaLQLQg XVLQg PLQL-baWcK VWRcKaVWLc gUadLeQW deVceQW fRU KLgK- aQd
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ORZ-KLeUaUcK\ CeOOT\SLVW PRdeOV, UeVSecWLYeO\. TKe bOacN cXUYeV UeSUeVeQW WKe PedLaQ

VcRUeV aYeUaged acURVV WKe LQdLYLdXaO VcRUeV Rf aOO SUedLcWed ceOO W\SeV (gUe\ cXUYeV).

(C) F1-VcRUe fRU eacK WeVWed KLgK-KLeUaUcK\ (OefW) RU ORZ-KLeUaUcK\ (ULgKW) ceOO W\Se aV a

fXQcWLRQ Rf LWV UeSUeVeQWaWLRQ LQ WKe cRPSLOed KXPaQ LPPXQe daWaVeWV (cRUUeVSRQdLQg WR

10% Rf WKe WRWaO ceOOV).
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Fig. S10. Performance of CellT\pist models on datasets with different levels of gene

expression sparseness. (A) UMAP UeSUeVeQWaWLRQV Rf a SPaUW-VeT2 LPPXQe daWaVeW

(91) cRORUed b\ RULgLQaO ceOO W\SeV (OefW), aV ZeOO aV cRORUed b\ SUedLcWed ceOO W\SeV afWeU

RYeU-cOXVWeULQg aQd PaMRULW\-YRWLQg XVLQg WKe CeOOT\SLVW SLSeOLQe. SaQNe\ SORW LQ WKe

PLddOe VKRZV WKe cRUUeVSRQdeQce beWZeeQ WKe WZR VeWV Rf ceOO W\Se OabeOV. (B) AV ZLWK

(A), bXW fRU a VcL-RNA-VeT3 bORRd aQd LPPXQe daWaVeW (92).
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Fig. S11. Comparisons of CellT\pist model performance with and without batch

correction. (A) UMAP YLVXaOL]aWLRQ Rf WKe LPPXQe ceOO cRPSaUWPeQW cRORUed b\ ceOO

W\SeV SUedLcWed XVLQg WKe CeOOT\SLVW SLSeOLQe baVed RQ QRUPaOL]ed aQd VcaOed geQe

e[SUeVVLRQ PaWUL[. (B) AV ZLWK (A), bXW cRORUed b\ ceOO W\SeV SUedLcWed XVLQg WKe

CeOOT\SLVW SLSeOLQe baVed RQ VcVI baWcK-cRUUecWed geQe e[SUeVVLRQ PaWUL[. (C) SaQNe\

SORW VKRZLQg WKe cRUUeVSRQdeQce beWZeeQ ceOO W\SeV LQ (A) aQd (B).
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Fig. S12. Overview of the donors and cell t\pes contributing to each tissue. SWacNed

baU SORWV dePRQVWUaWLQg WKe ceOO W\Se cRPSRVLWLRQV acURVV dRQRUV LQ eacK WLVVXe/RUgaQ.

OQO\ WLVVXeV ZLWK ceOO QXPbeUV Rf gUeaWeU WKaQ 50 LQ aW OeaVW WZR dRQRUV aUe VKRZQ.
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Fig. S13. Benchmarking of CellT\pist accurac\ with other methods. BR[ SORWV

VKRZLQg WKe SUedLcWLRQ SUecLVLRQ (OefW), UecaOO (ceQWeU) aQd F1 VcRUe (ULgKW) fRU WKe

WUaLQLQg daWaVeW ZLWK 5,000 (ORZeU), 50,000 (PLddOe), aQd 250,000 (XSSeU) ceOOV,
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UeVSecWLYeO\. FLYe PeWKRdV aUe aVVeVVed aQd WKe PedLaQ YaOXe Rf WKeVe PeWULcV acURVV

LQdLYLdXaO ceOO W\SeV LV VKRZQ fRU eacK PeWKRd.
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Fig. S14. Benchmarking of CellT\pist time complexit\ with other methods. (A)

TabOe VXPPaUL]LQg WKe VSOLW Rf dLffeUeQW OabeO WUaQVfeU PeWKRdV LQWR WKe WUaLQLQg aQd

SUedLcWLRQ VWeSV. TKe ³XVeU´ URZ VKRZV WKe VWeS/VWeSV a XVeU QeedV WR geW WKeLU SUedLcWLRQ

UeVXOWV afWeU LQSXWWLQg WKe TXeU\ daWa. (B) BaU SORWV VKRZLQg WKe WUaLQLQg WLPe LQ PLQXWeV

(OefW), SUedLcWLRQ WLPe LQ VecRQdV (ceQWeU) aQd WRWaO WLPe LQ PLQXWeV (ULgKW) fRU WKe

WUaLQLQg daWaVeW ZLWK 5,000 (ORZeU), 50,000 (PLddOe), aQd 250,000 (XSSeU) ceOOV,

UeVSecWLYeO\. FLYe PeWKRdV aUe aVVeVVed aQd WKe WLPe LV VKRZQ fRU eacK cRPbLQaWLRQ Rf

WUaLQLQg daWa aQd PeWKRdV. AVWeULVNV PaUN WKe XVeU WLPe fRU dLffeUeQW PeWKRdV.
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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 YLVXaOL]aWLRQ Rf WKe P\eORLd

cRPSaUWPeQW cRORUed b\ SUedLcWed ceOO W\SeV fURP CeOOT\SLVW. (B) AV LQ (A), bXW cRORUed

b\ PaQXaOO\ aQQRWaWed ceOO W\SeV afWeU cXUaWLRQ Rf WKe CeOOT\SLVW SUedLcWLRQ UeVXOW

(ULgKW). SaQNe\ SORW RQ WKe OefW VKRZV WKe cRUUeVSRQdeQce beWZeeQ WKe WZR VeWV Rf ceOO

W\Se OabeOV. MNP/T dRXbOeWV aUe QRW VKRZQ LQ WKe SaQNe\ SORW WR aYRLd VWURQg QRLVe

VLgQaOV fURP WKLV cOXVWeU fRU WKe VaNe Rf YLVXaO LQVSecWLRQ. (C) DRW SORW dLVSOa\LQg WKe

e[SUeVVLRQ Rf CeOOT\SLVW-deULYed PaUNeU geQeV fRU WKe SUedLcWed P\eORLd SRSXOaWLRQV.
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CRORU gUadLeQW UeSUeVeQWV Pa[LPXP-QRUPaOL]ed PeaQ e[SUeVVLRQ Rf ceOOV e[SUeVVLQg WKe

PaUNeU geQeV, aQd VL]e UeSUeVeQWV WKe SeUceQWage Rf ceOOV e[SUeVVLQg WKeVe geQeV. (D)

DRW SORW VKRZLQg WKe ceOO W\Se cURVV-YaOLdaWLRQ b\ WUaQVfeUULQg ceOO W\Se OabeOV fURP RXU

UeVRXUce (URZ) WR ceOOV fURP WKe CeOOT\SLVW WUaLQLQg daWaVeWV (cROXPQ). FRU eacK cROXPQ

(eacK ceOO W\Se fURP WKe CeOOT\SLVW WUaLQLQg VeWV), VL]e Rf a dRW deQRWeV WKe SURSRUWLRQ Rf

ceOOV aVVLgQed WR a gLYeQ ceOO W\Se Rf WKe UeVRXUce aQd cRORU deQRWeV WKe aYeUage

SURbabLOLWLeV caOcXOaWed fURP CeOOT\SLVW. (E aQd F) AV ZLWK (D), bXW fRU cURVV-YaOLdaWLRQ

ZLWK WKe gXW P\eORLd SRSXOaWLRQV fURP EOPeQWaLWe eW aO. 2021 (27) aQd ZLWK WKe OXQg

P\eORLd SRSXOaWLRQV fURP MadLVVRRQ eW aO. 2021 (28).
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Fig. S16. Migrator\ dendritic cells in the l\mph nodes and lung. (A)

IPPXQRfOXRUeVceQce YaOLdaWLRQ Rf WKe CCR7+ PLgUaWRU\ DCV LQ WKe WKRUacLc O\PSK

QRdeV. (B) UMAP VKRZLQg WKe dLVWULbXWLRQ Rf OXQg deQdULWLc ceOOV LQ WKe VcRNA-VeT

daWaVeW fURP VLeLUa eW aO., 2019 (45). (C) UMAP SORWV Rf ceOOV fURP VLeLUa eW aO.,

2019(45) aV LQ (B), RYeUOaLd b\ e[SUeVVLRQ Rf geQeV KLgKO\ e[SUeVVed b\ WKe PLgUaWRU\

DCV Ze LdeQWLfLed LQ RXU daWa.
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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 YLVXaOL]aWLRQ Rf WKe B ceOO

cRPSaUWPeQW cRORUed b\ SUedLcWed ceOO W\SeV fURP CeOOT\SLVW. (B) AV LQ (A), bXW cRORUed

b\ PaQXaOO\ aQQRWaWed ceOO W\SeV afWeU cXUaWLRQ Rf WKe CeOOT\SLVW SUedLcWLRQ UeVXOW

(ULgKW). SaQNe\ SORW RQ WKe OefW VKRZV WKe cRUUeVSRQdeQce beWZeeQ WKe WZR VeWV Rf ceOO

W\Se OabeOV. (C) DRW SORW dLVSOa\LQg WKe e[SUeVVLRQ Rf CeOOT\SLVW-deULYed PaUNeU geQeV

fRU WKe SUedLcWed B ceOO SRSXOaWLRQV. CRORU gUadLeQW UeSUeVeQWV Pa[LPXP-QRUPaOL]ed

PeaQ e[SUeVVLRQ Rf ceOOV e[SUeVVLQg WKe PaUNeU geQeV, aQd VL]e UeSUeVeQWV WKe

SeUceQWage Rf ceOOV e[SUeVVLQg WKeVe geQeV. (D) DRW SORW VKRZLQg WKe ceOO W\Se
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cURVV-YaOLdaWLRQ b\ WUaQVfeUULQg ceOO W\Se OabeOV fURP RXU UeVRXUce (URZ) WR ceOOV fURP

WKe CeOOT\SLVW WUaLQLQg daWaVeWV (cROXPQ). FRU eacK cROXPQ (eacK ceOO W\Se fURP WKe

CeOOT\SLVW WUaLQLQg VeWV), VL]e Rf a dRW deQRWeV WKe SURSRUWLRQ Rf ceOOV aVVLgQed WR a gLYeQ

ceOO W\Se Rf WKe UeVRXUce aQd cRORU deQRWeV WKe aYeUage SURbabLOLWLeV caOcXOaWed fURP

CeOOT\SLVW. (E aQd F) AV ZLWK (D), bXW fRU cURVV-YaOLdaWLRQ ZLWK WKe gXW B ceOO

SRSXOaWLRQV fURP EOPeQWaLWe eW aO. 2021 (27) aQd ZLWK WKe OXQg B ceOO SRSXOaWLRQV fURP

MadLVVRRQ eW aO. 2021 (28).
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Fig. S18. Validation of the ITGA;+ memor\ B cells. (A) FORZ c\WRPeWU\ aQaO\VLV Rf

PePRU\ B ceOOV e[SUeVVLQg CD11c (eQcRded b\ ITGAX) aQd T-beW (eQcRded b\ TBX21).

(B) IPPXQRfOXRUeVceQce Rf VSOeeQ WLVVXe VKRZLQg cRORcaOL]aWLRQ Rf CD11c ZLWK CD19

(PaUNLQg age-aVVRcLaWed B ceOOV).
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Fig. S19. Assessment of isot\pe features and somatic h\permutation levels in the B

cell compartment. (A WR C) SWacNed baU SORW VKRZLQg WKe LVRW\Se dLVWULbXWLRQ acURVV B

ceOO VXbVeWV (A), ZLWKLQ WKe SOaVPabOaVWV acURVV WLVVXeV (B), aQd ZLWKLQ WKe

age-aVVRcLaWed PePRU\ B ceOOV (ABCV) acURVV WLVVXeV (C). (D) VLROLQ SORW VKRZLQg

K\SeUPXWaWLRQ fUeTXeQc\ acURVV B ceOO VXbVeWV. (E) SWacNed baU SORW Rf WKe LVRW\Se

dLVWULbXWLRQ acURVV 21 e[SaQded cORQRW\SeV.
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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 YLVXaOL]aWLRQ Rf WKe T ceOO

cRPSaUWPeQW cRORUed b\ SUedLcWed ceOO W\SeV fURP CeOOT\SLVW. (B) AV LQ (A), bXW cRORUed

b\ PaQXaOO\ aQQRWaWed ceOO W\SeV afWeU cXUaWLRQ Rf WKe CeOOT\SLVW SUedLcWLRQ UeVXOW

(ULgKW). SaQNe\ SORW RQ WKe OefW VKRZV WKe cRUUeVSRQdeQce beWZeeQ WKe WZR VeWV Rf ceOO

W\Se OabeOV. CD8a/b(eQWU\) ZLWK a ZeaN VWUeQgWK Rf OLQN (<0.01) LV QRW VKRZQ LQ WKe

SaQNe\ SORW. (C) DRW SORW dLVSOa\LQg WKe e[SUeVVLRQ Rf CeOOT\SLVW-deULYed PaUNeU geQeV
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fRU WKe SUedLcWed T ceOO SRSXOaWLRQV. CRORU gUadLeQW UeSUeVeQWV Pa[LPXP-QRUPaOL]ed

PeaQ e[SUeVVLRQ Rf ceOOV e[SUeVVLQg WKe PaUNeU geQeV, aQd VL]e UeSUeVeQWV WKe

SeUceQWage Rf ceOOV e[SUeVVLQg WKeVe geQeV. (D) DRW SORW VKRZLQg WKe ceOO W\Se

cURVV-YaOLdaWLRQ b\ WUaQVfeUULQg ceOO W\Se OabeOV fURP RXU UeVRXUce (URZ) WR ceOOV fURP

WKe CeOOT\SLVW WUaLQLQg daWaVeWV (cROXPQ). FRU eacK cROXPQ (eacK ceOO W\Se fURP WKe

CeOOT\SLVW WUaLQLQg VeWV), VL]e Rf a dRW deQRWeV WKe SURSRUWLRQ Rf ceOOV aVVLgQed WR a gLYeQ

ceOO W\Se Rf WKe UeVRXUce aQd cRORU deQRWeV WKe aYeUage SURbabLOLWLeV caOcXOaWed fURP

CeOOT\SLVW. (E aQd F) AV ZLWK (D), bXW fRU cURVV-YaOLdaWLRQ ZLWK WKe gXW T ceOO

SRSXOaWLRQV fURP EOPeQWaLWe eW aO. 2021(27) aQd ZLWK WKe OXQg T ceOO SRSXOaWLRQV fURP

MadLVVRRQ eW aO. 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. SSOeeQ MNCV ZeUe XVed WR geQeUaWe FMO VWaLQV dXe WR ceOO aYaLOabLOLW\.

CRTAM VWaLQLQg ZaV SeUfRUPed +/- 2 KRXU VWLPXOaWLRQ ZLWK PMA/IRQRP\cLQ. TKe

SRVLWLRQ Rf WKe TXadUaQW gaWe ZaV PaQXaOO\ adMXVWed fRU aXWRfOXRUeVceQce LQ WKRUacLc

O\PSK QRde VaPSOeV.

62



Fig. S22. Validation of ITGAD expressing ȖįT cells. (A) TKe ORcaWLRQ Rf WKe

Tgd_CRTAM VXbVeW LV VKRZQ RQ WKe UMAP YLVXaOL]aWLRQ Rf T ceOOV aQd ILCV. (B)
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CD52 aQd CD127 ORZ e[SUeVVLRQ cRUUeOaWed ZLWK ITGAD e[SUeVVLRQ RQ ȖįT ceOOV aQd

ZaV XVed WR eQULcK ITGAD e[SUeVVLQg ceOOV aV QR cRQMXgaWed aQWLbRd\ ZaV aYaLOabOe

cRPPeUcLaOO\. (C) TȖį aQd TĮȕ ceOO SRSXOaWLRQV ZeUe VRUW SXULfLed (RUaQge SRO\gRQ

gaWeV) fURP VSOeeQ PRQRQXcOeaU ceOOV (MNCV) aQd aQ e[aPSOe Rf WKe VRUW VWUaWeg\ LV

VKRZQ. TKe ULgKW KaQd SORWV dLVSOa\ CD4 aQd CD8 e[SUeVVLRQ Rf WKe TĮȕ aQd TȖį ceOOV

fRU WKe UeadeU'V LQfRUPaWLRQ aQd ZeUe QRW XVed aV SaUW Rf WKe VRUW VWUaWeg\. (D) TPCR

YaOLdaWLRQ Rf ITGAD LQ T ceOO SRSXOaWLRQV aV PeaVXUed b\ WZR aVVa\V WR ITGAD aQd

QRUPaOLVed WR WKe KRXVeNeeSLQg geQe B2M.
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Fig. S23. V(D)J gene usage and clonal architecture of the T cell compartment. (A)

PURSRUWLRQ Rf TCRĮȕ cKaLQ SaLULQg acURVV ceOO W\SeV. OQO\ VaPSOeV WKaW XQdeUZeQW

TCRĮȕ VeTXeQcLQg aUe VKRZQ. (B) PURSRUWLRQ Rf TCRȖį cKaLQ SaLULQg acURVV ceOO W\SeV.

OQO\ VaPSOeV WKaW XQdeUZeQW TCRȖį VeTXeQcLQg aUe VKRZQ. (C) HeaWPaS VKRZLQg

UeOaWLYe XVage Rf V(D)J geQeV acURVV T ceOO VXbVeWV. (D) SWacNed baU SORW VKRZLQg WKe
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TRAJ aQd TRBV XVage LQ TRAV1-2+ ceOOV acURVV WLVVXeV. (E) UMAP VKRZLQg cORQaO

e[SaQVLRQ Rf WKe TCRĮȕ T ceOOV. (F WR H) CORQRW\Se QeWZRUN cRORU cRded b\ dRQRU,

WLVVXe aQd T ceOO VXbVeWV.
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Fig. S24. Comparisons of data integration using BBKNN and scVI. (A) UMAP

YLVXaOL]aWLRQ Rf aOO LPPXQe ceOOV LQWegUaWed XVLQg BBKNN, cRORUed b\ WKe dRQRU

LQfRUPaWLRQ. (B) AV ZLWK (A), bXW LQWegUaWed XVLQg VcVI. (C) BR[ SORW VKRZLQg WKe

NBET acceSWaQce UaWeV acURVV cOXVWeUV deULYed fURP WKe QeLgKbRUKRRd gUaSK Rf BBKNN

(OefW) YeUVXV VcVI (ULgKW). (D) AV LQ (C), bXW acURVV ceOO W\SeV SUedLcWed fURP CeOOT\SLVW.
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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 YLVXaOL]aWLRQ Rf WKe

LPPXQe ceOO cRPSaUWPeQW cRORUed b\ ceOO W\SeV SUedLcWed XVLQg WKe CeOOT\SLVW SLSeOLQe

baVed RQ UaQdRPO\ VaPSOed PLQL-baWcKeV. (B) AV ZLWK (A), bXW cRORUed b\ ceOO W\SeV

SUedLcWed XVLQg WKe CeOOT\SLVW SLSeOLQe baVed RQ ceOO W\Se-baOaQced PLQL-baWcKeV. (C)

SaQNe\ SORW VKRZLQg WKe cRUUeVSRQdeQce beWZeeQ ceOO W\SeV LQ (A) aQd (B).
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Fig. S26. Detection of heterogeneous cell clusters using CellT\pist. (A) UMAP

YLVXaOL]aWLRQ Rf WKe LPPXQe ceOO cRPSaUWPeQW cRORUed b\ ceOO W\SeV SUedLcWed XVLQg WKe

CeOOT\SLVW SLSeOLQe baVed RQ a SURSRUWLRQ WKUeVKROd Rf 0.7. TZR KeWeURgeQeRXV cOXVWeUV

aUe PaUNed, ZLWK WKe dRPLQaQW ceOO W\SeV beLQg µHSC/MPP¶ aQd µEaUO\ MK¶,

UeVSecWLYeO\. (B) ZRRPed-LQ YLeZ Rf WKe KeWeURgeQeRXV µHSC/MPP¶ SRSXOaWLRQV LQ

WZR-dLPeQVLRQaO UMAP UeSUeVeQWaWLRQV. MLddOe SLe cKaUW VKRZV WKe ceOO W\Se

cRPSRVLWLRQV ZLWKLQ WKLV ceOO cOXVWeU. (C) AV ZLWK (B), bXW fRU WKe KeWeURgeQeRXV µEaUO\

MK¶ SRSXOaWLRQV.
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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 DeVPRSUeVVLQ (VaVR)
MeWaUaPLQRO (VaVR)

A31 51-55
M

DCD ICH Y 8 30-35 CMV+
EBV+
TOXO-

Y <1 NRUadUeQaOLQe (VaVR)
CR-aPR[LcOaY (Ab)
Ta]RcLQ (Ab)

A35 61-65
M

DCD ICH N 2 20-25 CMV-
EBV+
TOXO-

Y >9 NRUadUeQaOLQe (VaVR)
DeVPRSUeVVLQ (VaVR)
GeQWaPLcLQ (Ab)
FOXcOR[acLOOLQ (Ab)
De[aPeWKaVRQe
(SWeURLd)

A37 56-60
F

DCD ICH N 3 20-25 CMV-
EBV+
TOXO-

Y >9 NRUadUeQaOLQe (VaVR)
MeWaUaPLQRO (VaVR)
CR-aPR[LcOaY (Ab)

A36 71-75
M

DCD ICH N 5 25-30 CMV-
EBV+
TOXO
+

Y <2 NRUadUeQaOLQe (VaVR)
MeWaUaPLQRO (VaVR)
APR[LcLOOLQ  (Ab)
(SUe-adPLVVLRQ)
FOXcOR[acLOOLQ  (Ab)
GeQWaPLcLQ (Ab)
COaULWKURP\cLQ (Ab)
CR-aPR[LcOaY (Ab)
PUedQLVRORQe
(SWeURLd)
(SUe-adPLVVLRQ)

A52 61-65
M

DCD ICH N 2 35-40 CMV-
EBV+
TOXO-

N/K N/K NRUadUeQaOLQe (VaVR)
MeWaUaPLQRO (VaVR)
DeVPRSUeVVLQ (VaVR)
CR-aPR[LcOaY (Ab)

582C 56-60
F

DCD HBI
dXe WR

CA
N 8 30-35

CMV-
EBV+
TOXO-

N <1
NRUadUeQaOLQe (VaVR)
CR-aPR[LcOaY (Ab)

621B 51-55
M

DBD ICH N 6 30-35 CMV-
EBV+
TOXO-

N N/K
NRUadUeQaOLQe (VaVR)
MeWaUaPLQRO (VaVR)
VaVRSUeVVLQ (VaVR)
DeVPRSUeVVLQ (VaVR)
GeQWaPLcLQ (Ab)
FOXcOR[acLOOLQ (Ab)

637C 51-55
M

DCD ICH N 2 25-30 CMV+
EBV+
TOXO-

E[
(>3\UV) N/K

NRUadUeQaOLQe (VaVR)
VaVRSUeVVLQ (VaVR)
CR-aPR[LcOaY (Ab)
MeWK\OSUed (SWeURLd)

640C 71-75
F

DCD ICH Y 2 30-35 CMV+
EBV+
TOXO-

E[
(>40\UV) >3

NRUadUeQaOLQe (VaVR)
CR-aPR[LcOaY (Ab)
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D496 56-60
M

DBD ICH N 5 25-30 CMV+
EBV+
TOXO-

Y <1 NRUeSLQeSKULQe
(VaVR)
VaQcRP\cLQ (Ab)
PLSeUacLOOLQ (Ab)
Ta]RbacWaP (Ab)
SROXPedUR (SWeURLd)

D503 66-70
F

DBD HBI N 5 25-30 CMV+
EBV+
TOXO-

N <1 NRUeSLQeSKULQe
(VaVR)
VaVRSUeVVLQ (VaVR)
Ab QRW NQRZQ
SWeURLd QRW NQRZQ

F = FePaOe; M = MaOe; DCD = DRQaWLRQ afWeU CLUcXOaWRU\ DeaWK; DBD = DRQaWLRQ

afWeU BUaLQ DeaWK; ICH = LQWUacUaQLaO KaePRUUKage; HBI= H\SR[Lc BUaLQ IQMXU\; CA=

CaUdLac AUUeVW; BMI= BRd\ MaVV IQde[; CMV = C\WRPegaORYLUXV; EBV =

ESVWeLQ-BaUU YLUXV; TOXO = TR[RSOaVPRVLV; Y = YeV; N = NR; N/K=QRW NQRZQ; VaVR =

VaVRacWLYe ageQWV; Ab = AQWLbLRWLcV ZLWKLQ 2 ZeeNV Rf deaWK.
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Table S2:  Hashtags used in this stud\, supplied b\ BioLegend.

10X GeQRPLcV
CKePLVWU\

HaVKWag CaWaORg QXPbeU BaUcRde VeTXeQce

5' TRWaOSeT-C0251 394661 GTCAACTCTTTAGCG

5' TRWaOSeT-C0252 394663 TGATGGCCTATTGGG

5' TRWaOSeT-C0253 394665 TTCCGCCTCTCTTTG

5' TRWaOSeT-C0254 394667 AGTAAGTTCAGCGTA

5' TRWaOSeT-C0255 394669 AAGTATCGTTTCGCA

5' TRWaOSeT-C0256 394671 GGTTGCCAGATGTCA

5' TRWaOSeT-C0257 394673 TGTCTTTCCTGCCAG

3' TRWaOSeT-A0251 394601 GTCAACTCTTTAGCG

3' TRWaOSeT-A0252 394603 TGATGGCCTATTGGG

3' TRWaOSeT-A0253 394605 TTCCGCCTCTCTTTG

3' TRWaOSeT-A0254 394607 AGTAAGTTCAGCGTA

3' TRWaOSeT-A0255 394609 AAGTATCGTTTCGCA

3' TRWaOSeT-A0256 394611 GGTTGCCAGATGTCA

3' TRWaOSeT-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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