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21 Abstract

22 Despite their crucial role in health and disease, our knowledge of immune cells within human tissues,
23 in contrast to those circulating in the blood, remains limited. Here, we surveyed the immune
24 compartment of lymphoid and non-lymphoid tissues of six adult donors by single-cell RNA
25 sequencing, including alpha beta T-cell receptor (a TCR), gamma delta (yd) TCR and B-cell receptor
26 (BCR) variable regions. To aid systematic cell type identification we developed CellTypist, a tool for
27 automated and accurate cell type annotation. Using this approach combined with manual curation, we
28 determined the tissue distribution of finely phenotyped immune cell types and cell states. This
29 revealed tissue-specific features within cell subsets, such as a subtype of activated dendritic cells in
30 the airways (expressing CSF2RA, GPR157, CRLF2), ITGAD-expressing yo T cells in spleen and liver,
31 and ITGAX+ splenic memory B cells. Single cell paired chain TCR analysis revealed cell type-specific
32 biases in VDJ usage, and BCR analysis revealed characteristic patterns of somatic hypermutation and
33 isotype usage in plasma and memory B cell subsets. In summary, our multi-tissue approach lays the
34 foundation for identifying highly resolved immune cell types by leveraging a common reference

35 dataset, tissue-integrated expression analysis and antigen receptor sequencing.
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36 Introduction

37 The immune system is a dynamic and integrated network made up of many cell types that are
38 distributed across the entire organism and act together to ensure effective host defence. In recent
39 years a growing appreciation of immune ontogeny and diversity across tissues has emerged. For
40 example, we have gained new insights on how macrophages derived in embryogenesis contribute to
41 uniquely adapted adult tissue-resident myeloid cells, such as Langerhans cells in the skin, microglia in
42 the brain and Kupffer cells in the liver (7-3). Other populations, such as innate lymphoid cells (ILCs),
43 including NK cells, and non-conventional (NKT, MAIT and yd) T cells, have circulating counterparts but
44 are highly enriched at barrier/mucosal sites, where they maintain tissue health by sensing stress,
45 promoting tissue repair and antimicrobial defense (4). In addition, long-lived tissue-resident memory T
46 cells (TRMs) are able to migrate into peripheral tissues and take up residency after the resolution of
47 infection, providing protection from secondary infections via their ability to rapidly regain effector
48 functions (reviewed in (5, 6)). Tissue-specific adaptations have been reported for many of these cells,
49 such as key tissue-tropic chemokine receptor/integrin profiles and expression of markers that support
50 tissue retention (reviewed in (7)). The specialisations of immune cells within tissues serve as a basis
51 for their potentially unique roles in local environments, and in the meantime pose a challenge to our

52 understanding of their cellular diversity throughout the human body.

53 Despite the important implications tissue immunity has for health and disease, much of this knowledge
54 comes from animal studies. Historically, human immune cell analysis has focused on blood, providing
55 a biased and incomplete view of our immune system. A number of recent studies analysing human
56 tissues by flow cytometry (8-77), and several organ-focused studies utilising single-cell genomics
57 (12-16) have improved upon this, but few have analysed immune cells across multiple tissues from
58 the same individual and thus controlling for immunological experience. One such study by Szabo et al.
59 reported an analysis of T cells in three tissues from two donors (77). However, murine (78) and human
60 (19, 20) large-scale multi-tissue scRNA-seq studies investigating tissue-specific features of the

671 immune compartment remain rare.

62 Here, we comprehensively profiled immune cell populations isolated from 15 donor-matched tissues
63 from six individuals to provide novel insights into tissue-specific immunity. To capture the vast cellular
64 diversity for annotating muti-tissue immune cells, we developed CellTypist, an immune cell resource
65 compiled from 19 studies under a common framework followed by the use of logistic regression
66 classifiers for the accurate prediction of cell type identities. Combining automated annotation and
67 in-depth dissection of the cellular heterogeneity within the myeloid and lymphoid compartments, we
68 determined the frequency and transcriptional characteristics of immune cells across human tissues.
69 Moreover, we inferred the patterns of T and B cell migration across different tissues and their transition
70 between cell states based on antigen-receptor sequencing, gaining insights into tissue-dependent

771 phenotypic and clonal plasticity.
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72 Results
73 CellTypist: a novel tool for annotating immune cell populations across tissues

74 To systematically assess immune cell type heterogeneity across human tissues, we performed
75 single-cell RNA sequencing (scRNA-seq) on 15 different tissues from six deceased organ donors (Fig.
76 1A, Supplementary Table 1). Briefly, cells were isolated using the same protocol across tissues with
77 the exception of blood and bone marrow samples (see Methods for details). The tissues studied
78 included primary (thymus and bone marrow) and secondary (spleen, thoracic and mesenteric lymph
79 nodes) lymphoid organs, mucosal tissues (gut and lung), as well as liver, skeletal muscle and
80 omentum. After stringent quality control, we obtained a total of 78,844 hematopoietic cells, with higher
81 yields from the lymphoid tissues in all donors (fig. S1A,B). Using manual annotation, we identified 14
82 major cell populations represented across all donors and tissues from three major immune
83 compartments: (i) T cells and ILCs, (ii) B cells and plasma cells and (iii) myeloid cells, including
84 monocytes, macrophages and dendritic cells (Fig. 1B,C, fig. S1C,D). In addition, we identified four
85 small distinct clusters consisting of mast cells, megakaryocytes/platelets (Mgk), plasmacytoid dendritic
86 cells (pDCs) and a small population of immune progenitor cells. As expected, progenitors and
87 megakaryocyte clusters were primarily found in bone marrow and blood; macrophage and mast cell
88 populations were enriched in the lung; lymphocytes mainly came from the lymphoid organs (fig. S1E).
89 In addition, analyses of the cell type composition within each tissue (fig. S1F) revealed that lymph
90 nodes and thymus were rich in CD4+ T cells, while in the liver, spleen, bone marrow and gut CD8+ T
91 cells were predominant. Gut regions were also abundant in plasma cells, and the lung parenchyma
92 immune compartment was dominated by monocytes and macrophages.
93 Robust cell type annotation remains a major challenge in single-cell transcriptomics. To address the
94 cellular heterogeneity in our cross-tissue study, we developed CellTypist
95 (https://pypi.org/project/celltypist-dev/), a lightweight classification pipeline for scRNA-seq data based
96 on an expandable cell type reference atlas assembled from multiple tissues and studies (Fig. 1D,
97 Supplementary Note). In brief, CellTypist currently includes reference datasets for 20 tissues
98 (Supplementary Note Figure 1A) with harmonized cell type labels at different
99 hierarchically-structured resolutions. This hierarchy is implemented with logistic regression models,
100 enabling the prediction of cell identity at different levels of specificity (Supplementary Note Table 1),
107 a feature of particular importance for determining immune cell identity accurately. Global F1-scores for
102 the models ranged between 0.88 and 0.94 (Fig. 1E). The representation of a given cell type in the
103 training data is a major determinant in how well the model can predict it (Supplementary Note Fig.

104 2B and 3C,D); therefore this will be improved with the incorporation of more datasets.

105 We first applied the high-hierarchy (low-resolution) classifier to our cross-tissue dataset and found high
106 consistency when comparing the predicted cell types to our coarse-grained manual annotations (Fig.
107 1F). Due to their functional plasticity, monocytes and macrophages often form a continuum in

108 scRNA-seq datasets, which matches the observation of their high cross-classification frequency in our
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109 study. Furthermore, as the training dataset of CellTypist contains hematopoietic tissues with resolved
110 annotations for progenitor populations, the classifier could unravel the manually annotated progenitors
111 into HSC/MPP, pro-myelocytes, erythrocytes and monocytes. In this way, CellTypist can inform and

112 refine manual annotations.

113 To allow for automated annotation of more specific immune sub-populations, we further applied the
114 low-hierarchy (high-resolution) classifier, which is able to predict cell subtypes including subsets of T
115 cells, B cells, ILCs and dendritic cells (Fig. 1F). This classification highlighted a high degree of
116 heterogeneity within the T cell compartment, not only distinguishing between aff and yd T cells, but
117 also unravelling CD4+ and CD8+ T cell subtypes and their more detailed effector and functional
118 phenotypes. Specifically, the CD4+ T cell cluster was classified as helper, regulatory and cytotoxic
119 subsets, and the CD8+ T cell clusters contained unconventional T cell subpopulations such as MAIT
120 and NKT. Moreover, CellTypist identified a population of germinal center B cells and revealed three
121 distinct subsets of dendritic cells - DC1, DC2 and activated DCs (aDC) (21, 22), again highlighting the

122 granularity CellTypist can achieve.

123 In summary, we have generated an in-depth map of immune cell populations across human tissues,
124 and developed a framework for automated annotation of immune cell types. CellTypist produced
125 expert-grade annotations on our multi-tissue and multi-lineage dataset, and its performance was better
126 or comparable relative to other label-transferring methods with minimal computational cost
127 (Supplementary Note Figs 4, 5). This approach allowed us to further refine the description of multiple

128 cell subtypes such as the progenitors and dendritic cell subtypes at full transcriptomic breadth.
129 Tissue-restricted features of mononuclear phagocytes

130 Mononuclear phagocytes, including monocytes, macrophages and dendritic cells, are critical for
1371 immune surveillance and tissue homeostasis. Subclustering of the myeloid subsets unveiled further
132 heterogeneity, particularly within the macrophage and monocyte compartments (Fig. 2A,B, fig. S2A).
133 We found four major macrophage clusters in the lung: (I) and (Il) expressed GPNMB and TREM?2, (IIl)
134 expressed epithelial markers - potentially due to ambient RNA, doublets or ingestion of epithelial
135 debris -, and (V) expressed TNIP3. TNIP3 (TNFAIP3-interacting protein 3) binds to A20 (also known
136 as TNF alpha induced protein 3) and inhibits TNF, IL-1 and LPS induced NF-kB activation. Its
137 expression in lung macrophages may be related to underlying pathology as it was primarily detected in
138 a multitrauma donor (A29) with lung contusions (fig. $2B). Red pulp macrophages and Kupffer cells
139 expressed CD5L, SCL40A1 and the transcription factor SPIC(23), with LYVE1 and ITGA9
140 distinguishing the Kupffer cells. A small population of macrophages expressed chitin and kinin
1471 degrading enzymes CHIT1 and CTSK, respectively. CHIT1 encodes chitotriosidase, an enzyme
142 secreted by macrophages that degrades chitin, a component of the exoskeletons of mites and other
143 arthropods (24). Macrophages upregulate CHIT1 during terminal differentiation, and its expression and

144 activity correlates with lung disease (25, 26). Moreover, we identified non-classical monocytes, three
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145 subsets of classical monocytes and a small cluster of intermediate monocytes based on the
146 expression of CD74 and FCGR3A. Notably, several chemokines and their receptors, as well as

147 adhesion molecules showed specific expression patterns across the myeloid subsets.

148 Within the myeloid compartment, macrophage subsets showed the highest degree of tissue restriction
149 (Fig. 2C). Red pulp macrophages and Kupffer cells were mainly found in spleen and liver as expected,
150 however, the presence of these clusters in other tissues such as the bone marrow and the mesenteric
151 lymph node points to the transcriptional similarities between iron recycling macrophages. The
152 CHIT1-expressing macrophages were restricted to the thoracic lymph node (TLN), however, other
153 datasets have reported these in the lung (27). For dendritic cells, which were more broadly distributed
154 across tissues, we assessed cross-tissue differential expression. Interestingly, activated dendritic cells
155 showed upregulation of AIRE, PDLIM4 and EBI3 in the TLN, and to a lesser extent MLN, while in the
156 lung they showed CRLF2 (encoding TLSPR), upregulated chemokines (CCL22, CCL17), CSF2RA
157 and GPR157. TLSPR is involved in the induction of Th2 responses in asthma (28) (Fig. 2D, E). These
158 observations suggest that dendritic cell activation coincides with the acquisition of tissue-specific

159 markers that differ depending on the local environment.

160 Overall, our analysis of the myeloid compartment revealed shared and tissue-restricted features of
167 mononuclear phagocytes including rare populations of iron-recycling macrophages in mesenteric
162 lymph nodes, chitin-degrading macrophages in thoracic lymph nodes and subtypes of activated

163 dendritic cells.

164 B cell subsets and immunoglobulin repertoires across tissues

165 B cells constitute the central player in humoral immunity via the production of antibodies that are
166 tailored to specific body sites. We performed an in-depth analysis of the B cell compartment, revealing
167 subpopulations across tissues (Fig. 3A-C). Within the memory B cells, globally characterized by
168 expression of the B-cell lineage markers MS4A1, CD19 and TNFRSF13B, we found a distinct cluster
169 (MemB_ITGAX) positive for ITGAX, TBX21 and FCRL2, encoding CD11c, T-bet and the Fc
170 receptor-like protein 2, respectively. CD11c+T-bet+ B cells, also known as “age-associated B cells” or
171 ABC cells, have been reported in a range of human conditions (29). Notably, unlike conventional
172 memory B cells, they show low expression of CR2 (encoding CD21) and CD27. We primarily detect
173 this population in the spleen, thoracic lymph nodes and bone marrow. Within the naive B cell
174 compartment, we observed a small cluster, characterized by expression of ITGA2B and SPARC, that
175 was only found in blood and spleen and was distinct from the bulk of naive B cells. In addition, we
176 identified two small populations of germinal center B cells, expressing AICDA and BCL6, that differed
177 in their proliferative state (marked by MKI67). We did not find any differential expression of dark zone
178 and light zone marker genes, probably reflecting limited germinal center activity in the adult donors.

179 These GC populations were present in lymph nodes and different gut regions, presumably
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180 representing Peyer’s patches. Plasmablasts (Plasma_prolife) and plasma cells (Plasma_ITGA8) were
181 marked by expression of CD38, XBP1 and SDC1. The former expressed MKI67 and were found in
182 spleen, liver, bone marrow and lymph nodes; the latter expressed ITGA8, the adhesion molecule
183 CERCAM and were detected primarily in spleen, caecum, liver, bone marrow and lymph nodes. Lastly,
184 we also detected a small progenitor population in the bone marrow expressing IGLL1, RAG1 and
185 DNTT and two doublet populations between memory B cells and T cells or macrophages that were not

186 excluded during automated doublet exclusion.

187 B cells have an additional source of variability due to VDJ recombination, somatic hypermutation and
188 class-switching, which can influence the number of cell subtypes present. We performed targeted
189 enrichment and sequencing of BCR transcripts to assess isotypes, hypermutation levels and clonal
190 architecture of the B cell populations described above. Isotype and subclass usage followed patterns
191 that related to cellular phenotype (fig. S3C). As expected, progenitors and naive B cells mainly
192 showed IgM and IgD. Interestingly, while memory B cells showed evidence of class switching to IgA1
193 and IgG1, plasmablasts and plasma cells showed, in addition, a remarkable fraction of switching to
194 subclasses IgA2 and 1gG2. To determine to what extent this isotype subclass bias is correlated with
195 tissue of origin, we assessed each cell state independently (minimum cell count of 19). Memory B
196 cells in omentum and mesenteric lymph nodes showed a bias towards IgA1 and terminal ileum, where
197 Peyer’s patches are found, to both IgA1 and IgA2 (Fig. 3D). In the plasma cell compartment, we found
198 an even more striking preference towards IgA2 in several gut regions (caecum, duodenum and
199 transverse colon) (Fig. 3E). Also of note, plasma cells in bone marrow, liver and spleen were
200 composed of over 20% IgG2 subclass. With more limited numbers, we also report isotype distribution

201 per tissue for plasmablasts and ITGAX+ memory B cells (fig. S3D,E).

202 Somatic hypermutation (SHM) levels were, as expected, lowest in naive B cells and highest in plasma
203 cells (fig. S3F). SHM did not differ significantly between isotypes or subclasses. Nonetheless, there
204 was a tendency towards higher mutation rates in distal classes IgG2 and IgA2, which are downstream
205 in the IgH locus and could accumulate more mutations during sequential switching (30) (Fig. 3F). We
206 explored the occurrence of sequential switching events in our data by assessing isotype frequency
207 among expanded clonotypes (>10 cells), however, the detection of mixed isotype clones was very
208 infrequent in our data and mostly between IgM and IgD (fig. S3G). We then evaluated the distribution
209 of these expanded clones across tissues and cell types. We found three major groups of clones.
210 Those present in only 2 tissues, 3-4 tissues or in more than 5 tissues (Fig. 3G), similar to previously
211 reported patterns of B cell clone tissue distribution (37). While those restricted to 2 tissues, typically
212 spleen, liver and bone marrow, were enriched in plasma cells, those widespread across more than 5
213 tissues, including lymph nodes, were enriched in memory B cells. Together, these findings suggest
214 that, as seen in the bone marrow of rhesus macaques (32), tissue-restricted clones could represent a
215 long-term immunological memory maintained by long-lived plasma cells resident in the spleen, liver

216 and bone marrow.
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217 TCR repertoire analysis reveals patterns of clonal distribution and differentiation across

218 tissues

219 Most of the cells we captured are T cells or ILCs, including NK cells, further divided into 16
220 sub-clusters (Fig. 4A and 4B). Naive/central memory CD8+ and CD4+ T cells were closely located
221 and defined by high CCR7 and SELL expression. Follicular helper T cells (Tfh) expressing CXCRS,
222 regulatory T cells (Tregs) expressing FOXP3 and CTLA4, and other effector CD4+ cells were also
223 identified. MAIT cells were characterised by expression of TRAV71-2 and SLC4A10. In the CD8+
224 memory compartment, we found three major subsets characterized by expression of the chemokine
225 receptors CCR9 and CX3CR1 as well as the activation molecule CRTAM. Furthermore, within the y& T
226 cell cluster we found expression of the integrin molecule ITGAD (CD11d). Notably, the NK cells were
227 represented by two clusters, expressing high levels of either FCGR3A or NCAM1. The ILC3
228 population, marked by PCDH9 expression, was mixed in a cluster with NK cells. Tissue distribution of
229 these populations reveals that whereas the majority of CD4+ and ILC3 cells are located in the lymph
230 nodes and to some extent in the spleen, cytotoxic T and NK cells are more abundant in the bone
231 marrow, spleen and non-lymphoid tissues (Fig. 4C). Specifically within the CD8+ T cells, CCR9+ were
232 enriched in the gut regions whereas CX3CR17+ were absent from mesenteric and thoracic lymph
233 nodes and CRTAM+ were found in both lymphoid and non-lymphoid tissues. We validated and
234 mapped this last population of CD3D+CD8A+CRTAM+ T cells using single-molecule FISH (smFISH)
235 in the liver and thoracic lymph nodes (Fig. 4D and 4E).

236 The analysis of T cell clonal distribution within different tissues of a single individual, and across
237 different individuals is key to understanding T cell-mediated protection. We identified a total of 30,842
238 cells with productive TCRaf chains. Chain pairing analysis showed that T cell clusters mostly
239 contained a single pair of chains, with orphan and extra chains being present on a relatively small
240 fraction of cells (fig. S4A,B). Notably, the frequency of extra a chains (extra VJ) is more common than
241 that of B chains (extra VDJ), thought to be due to more stringent and multi-layered allelic exclusion
242 mechanisms at the TCRp locus compared to TCRa (33). As expected, the NK and ILC clusters had no
243 productive TCR and only a small proportion of the yd T cell cluster had a productive TCR, which may
244 be due to cytotoxic T cell co-clustering. We next examined V(D)J gene usage in relation to cell identity.
245 We detected a significant enrichment of TRAV1-2, TRAJ33 and TRAJ12 in the MAIT population, as
246 expected (fig.S4C). V(D)J usage bias analysis across tissues revealed a significant enrichment of
247 TRAJ12, TRBV6-4 and TRBJ2-1 in liver MAIT cells versus TRAJ33 and TRBJ2-6 in splenic MAIT
248 cells. Furthermore, we also found a significant enrichment of specific gene segments in the

249 CD8+CX3CR1+ population in the lung, bone marrow, liver, spleen and blood (Fig. 4F).

250 We then defined clonally related cells based on identical CDR3 nucleotide sequences to investigate

251 TCR repertoires. Using this approach, we found that clonally expanded cells were primarily within the
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252 memory CD8+ compartment and the MAIT population (fig. S4D). This data reveals that detected
253 clonotypes were restricted to single individuals, however, within donors, they were commonly found
254 across tissues and subsets (fig. S4E-G). Focusing on expanded clonotypes (>20 cells), the majority of
255 them were widespread across five or more tissues (Fig. 4G). We also found that several CD8+CCR9+
256 T cell-enriched clonotypes were shared across different gut regions, and that several clonotypes
257 present in the liver and lung consisted of a mixture of cells within both the CD8+CRTAM+ and
258 CD8+CX3CR1+ populations.

259 Two distinct subsets of yd T cells across human tissues

260 yd T cells are at the interface between adaptive and innate immune functions, and have recently
261 attracted much attention due to their potential in cell-based therapies. Their accurate identification in
262 single-cell studies remains a challenge due to their transcriptional similarity to cytotoxic af T cells and
263 NK cells. We manually annotated a yd T cell cluster expressing ITGAD encoding CD11d, which as part
264 of a heterodimer with CD18 has the potential to interact with VCAM1(34). In the liver and the spleen,
265 where we identified these y® T cells, resident macrophages, such as red pulp macrophages and
266 Kupffer cells, express high levels of VCAMT (Fig. 2B, Fig. 5B). We hypothesized that these yd T cells
267 may be interacting with resident macrophages and used smFISH to explore this possibility. Imaging of
268 liver sections incubated with TRDC and ITGAD probes to identify ITGAD+ yd T cells and CD5L probes
269 to mark Kupffer cells validated the presence of these populations and showed a number of ITGAD+ y&
270 T cells in the vicinity of Kupffer cells (Fig. 5B). We also performed yd TCR sequencing in selected
271 spleen samples and found that productive yd TCR were primarily part of the ITGAD-expressing y& T
272 cells (fig. S5A), further supporting the robust identification of these cells. Interestingly, CellTypist
273 misclassified this population as cytotoxic-T cells and NK cells, but predicted a different group of cells
274 within the CD8+CCRO9+ cluster as yo T cells (Fig. 5C, fig. S5B), primarily derived from the gut. While
275 both yo T cell populations were positive for TRDV1, they presented differences in the expression of
276 specific genes such as ITGAD, CCR9, ITGAE and ITGA1 (Fig. 5D). Altogether, this showcases how a
277 combination of CellTypist-based automated annotation, expert-driven cluster analysis and TCR

278 sequencing can synergize to dissect specific and functionally relevant aspects of cell identity.

279 Discussion

280 Here, we present the first multi-donor study of immune cells across the human body. We sampled
281 multiple organs from individuals, which allowed for a more robust control of age, gender, medical

282 history and sampling backgrounds, and consequently revealed tissue-specific expression patterns.

283 Achieving an accurate assignment of detailed cell identities in scCRNA-seq experiments is a major

284 challenge. We have developed CellTypist, a framework for automated cell type annotation of immune
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285 populations. We obtain accurate assignments both for major cell types, but also for fine-grained
286 annotation that is typically time-consuming and requires expert knowledge. This has been largely
287 possible due to the curation of a collection of 22 studies across a range of tissues with an in-depth
288 immune cell analysis. Still, manual curation of cell clusters can reveal specific subtypes of cells that
289 may be absent from the database/training set and we showcase an example on the y& T cell
290 compartment. To address this in the longer run, the CellTypist models will be periodically updated and
291 extended to non-immune and further immune sub-populations as more data becomes available in the

292 future.

293 Using CellTypist combined with manual annotation, we dissected the transcriptomic features of
294 immune cells across tissues. Within the myeloid compartment, macrophages showed the most
295 prominent features of tissue-specificificity. It is well established that macrophages seed tissues during
296 development in mice (35) and recently direct evidence has also been reported in humans (36). We
297 here detect several of the resident macrophage subtypes such as red pulp macrophages, Kupffer cells
298 and related iron-recycling macrophages in bone marrow and lymph nodes. Cross-tissue
299 characterization of activated dendritic cells revealed specific expression of CRLF2, CSF2RA and
300 GPR157 in the lung and AIRE in the thoracic lymph nodes. Transient expression of AIRE by aDCs
301 outside of the thymus has been reported (37), however, its functional implications remain unclear.
302 Moreover, signaling via TSLPR, encoded by CRLF2, has been shown to play a role in allergy and
303 asthma (38, 39).

304 In the lymphoid compartment, we combined transcriptome and VDJ analysis, which allowed the
305 phenotypic dissection of adaptive immune cells using complementary layers of cell identity. Of note,
306 we detected a subset of memory B cells expressing ITGAX and TBX21, that resembles populations
307 reported to expand upon malaria vaccination (40) and in systemic lupus erythematosus (SLE) patients
308 (41). In our data, these B cells do not show clonal expansion, suggesting that they may be present at
309 low levels in healthy individuals. BCR analysis revealed isotype usage bias towards IgA2 in gut
310 plasma cells, which may be related to structural differences (42) or higher resistance to microbial
311 degradation as compared to IgA1 (43). Cross-tissue clonal distribution of B cells and plasma cells has
312 been previously shown to follow two different patterns (37). In our study, due to limited sampling depth
313 in the B cell compartment, we primarily detect shared clones between the spleen and lymphoid organs
314 but can also detect a degree of sharing with non-lymphoid tissues including the gut. Notably, when we
315 incorporate cell identity and clonotype analysis we can distinguish that broadly distributed clones are
316 geared towards the B cell memory phenotype while tissue-restricted clones are more frequently
317 plasma cells. In the T-cell compartment, cross-tissue and cross-cell type TCR sharing reveals until
318 now unappreciated insights into the plasticity and distribution of T cell subtypes. Sharing between
319 CRTAM+ and CX3CR1+ subtypes of CD8+ T cells supports the possibility that these transcriptomically
320 distinct populations may represent different stages of migration or tissue adaptation, such as the

321 differentiation of TEM to TRMs. Lastly, using a combination of automated annotation, manual curation
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322 and yd TCR sequencing, we found two distinct subsets of yd T cells showing distinct marker genes

323 and tissue distributions.

324 Overall, this study unraveled previously unrecognized features of tissue-specific immunity in the
325 myeloid and lymphoid compartment and provides a comprehensive framework for future cross-tissue
326 cell type analysis. Further investigation is needed to determine the effect of important covariates such
327 as donor age and gender as well as considering the immune cell activation status, to gain a defining

328 picture of how human biology influences immune function.
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343 Figure 1. Automated annotation of immune cells across human tissues using CellTypist. (A)
344 Schematic of single-cell transcriptome profiling of human lymphoid and non-lymphoid tissues and their
345 assigned tissue name acronyms. (B) UMAP visualization of the immune cell compartment colored by
346 tissues. (C) UMAP visualization of the immune cell compartment colored by cell types. (D) Workflow of
347 CellTypist including data collection, model training and cell type prediction. (E) Performance curves
348 showing the F1 score at each iteration of training using mini-batch stochastic gradient descent for
349 high- and low-hierarchy CellTypist models, respectively. The black curve represents the median F1
350 score averaged across the individual F1 scores of all predicted cell types (grey curves). (G) Sankey
351 plot showing the fractions of CellTypist high-hierarchy model-derived labels (left) as compared to the
352 manually defined clusters (center), as well as the fractions of CellTypist low-hierarchy model-derived
353 labels (right).
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354 Figure 2. Myeloid compartment across tissues. (A) UMAP visualization of the cell populations in
355 the myeloid compartment. (B) Dot plot for expression of marker genes of the identified myeloid
356 populations. Color represents maximum-normalized mean expression of cells expressing marker
357 genes. (C) Clustermap showing the distribution of each myeloid cell population across the different
358 tissues. (D) Violin plot for genes differentially expressed in activated dendritic cells across tissues.
359 Color represents maximum-normalized mean expression of cells expressing marker genes. (E)

360 Schematic illustration of tissue-specific features of activated dendritic cells.
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Figure 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 populations.
Color represents maximum-normalized mean expression of cells expressing marker genes. (C)
Clustermap showing the distribution of each B cell population across the different tissues. (D) Stacked
bar plot showing the isotype distribution per tissue within the memory B cells cluster and (E) the
plasma cells cluster. (F) Violin plot of hypermutation frequency on the IgH chain across isotypes. (G)
Scatterpie plot showing the tissue distribution and B cell subsets of expanded clonotypes (>10 cells).

Each vertical line represents one clonotype. Clonotypes are grouped based on their tissue distribution.
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369 Figure 4. TCR repertoire analysis reveals patterns of clonal distribution and differentiation
370 across tissues. (A) UMAP visualization of T cells and innate lymphoid cells (ILCs) across human
371 tissues colored by cell type. (B) Dot plot for expression of marker genes of the identified immune
372 populations. Color represents maximum-normalized mean expression of cells expressing marker
373 genes. (C) Stacked barplot showing the distribution of each T cell or ILC population across the
374 different tissues. (D,E) smFISH visualisation of CD3D, CD8A and CRTAM transcripts in a liver tissue
375 section, validating this tissue-resident memory CD8+ T cell population in the liver and thoracic lymph
376 node. (F) Dot plots denoting the TRA and TRB V(D)J usage across tissues for MAIT cells (left) and
377 CX3CR1+ CD8+ T cells (right). Only gene segments with a usage of greater than 10% in at least one
378 tissue are included in the plots, with the sizes of dots indicating the gene segment usage and the
379 colors indicating the significance of the difference between a given tissue and the remaining tissues.
380 Significance is assessed by the generalized linear model stratified by donors with a Poisson structure.
381 (G) Scatterpie plot showing the tissue distribution and T cell subsets of expanded clonotypes (>20
382 cells). Each vertical line represents one clonotype. Clonotypes are grouped based on their tissue
383 distribution.
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384 Figure 5. Two distinct subsets of yd T cells across human tissues. (A,B) smFISH visualisation of
385 CDSL (marking Kupffer cells), TRDC and ITGAD transcripts in a liver tissue section, supporting the
386 existence of these cell populations and their interaction. (C) UMAP visualization of the ydTCR
387 sequencing. (D) Stacked barplot showing proportion of T and ILC subsets according to ydTCR chain
388 pairing information. (E) CCR9-expressing yd T cells identified using CellTypist. (F) Dot plot for
389 expression of marker genes of the identified yd T cell subsets. Color represents maximum-normalized

390 mean expression of cells expressing marker genes.
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391 Supplementary Figure 1. (A,B) UMAP visualization showing the tissue and donor distribution. (C)
392 Stacked barplots showing the number and percentage of immune cell types per donor. (D) Dot plot for
393 expression of marker genes of the identified immune populations. Color represents
394 maximum-normalized mean expression of cells expressing marker genes. (E,F) Stacked barplots
395 showing the number and percentage of immune cell types per tissue and cells from a given cell type
396 across tissues.

24


https://doi.org/10.1101/2021.04.28.441762
http://creativecommons.org/licenses/by-nc/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2021.04.28.441762; this version posted April 28, 2021. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is
made available under aCC-BY-NC 4.0 International license.

I 220 [ 231 [ A3s

donor

a W 35 [l ~37 [l 252
W o
- oo e S —
MNP/T doublets
o e w:- N
N Cycling macrophages _
THY, . Lung macrophages (1) n=237
n=30 Intermediate monocytes _
TLN Lung macrophages (Il n=13
n=356" . 9 phages (1) Classical monocytes (Ill)
n=363
ML . Lung macrophages (1) Classical menocytes (11)
n= n=888"
L [ Lung macrophages (v) Classical monocytes (1) _
n=1861 =189
v I:I Macrophages CHIT1+ Non-classical mo:"z%t;;.
397 g™ — o
g NG pulp macrophages n=471
R 3 orercrs
n=32 R
D Non-classical monocytes. n=60
Duslé_ Lung macrophages (IV) |
n= ) n=2325
CAE . Classical monacytes (1) Lung macrophages (1ll)
n=16" n=366
. . Classical monocytes (1) Lung macrophages (Il) _
R n=1204
e |
TeL n=1289
OME _ y
o D o n:ggé- =
SKM _ aDC
n=220 ] MNP/T doublets n=121"

0 10 20 30 40 s0 60 70 80
celltype percentage

90

190 O] mnpre dousets

80

o
S
~
=3
w
&

B
S
o
S
@
3
-
S
o
=3
=3
S

398 Supplementary Figure 2. Stacked barplots showing the proportion of myeloid cells obtained (A) per

399 tissue and cellular subtype and (B) per cellular subtype and donor. The number of cells per category is

400 identified on the left side of the plot.

25


https://doi.org/10.1101/2021.04.28.441762
http://creativecommons.org/licenses/by-nc/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2021.04.28.441762; this version posted April 28, 2021. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is

401
402
403
404
405

made available under aCC-BY-NC 4.0 International license.

doror W #2o [ A [ n3s
a b W 2= [l 27 [l o2

B/T_doublets _
n=392

/mac_doublats _
n=41

. B_prog Plasma_ITGAS _
B s =2005
Plasma_prolif_
I naves_rTanze gt
W ccen MemB_IgE _
=290
W ccsm
w  MemB ITGAX_
. W vems g =420
$ 2
Mem8_ITGAX 8 MemB _
8 I veme. SR
[ voms 1g¢
GCR (1)
W Piasma_proiit e
Geam.
[ prasmea_Taas =334

[ emac dousiets NelveB_ITGAZE
=123

[0 om_coubtets
NaiveB _
n=6063
B_prog
netl
1o s 10
C Plasma_prolif MemB_ITGAX
o o o [ @ ot [ ou [l vt [l wos [0 e
o .E HLH B -1 M 1 - 1 el

Relaive abundance of sotype (%)

H

Relative abundance of isotype (%)
o 3 8 3 g
Reisive sbundance of issiyps (%)
8 8 3 ]

ED
= 3

4

o
N
v

lgAl IgM 1061 [l 1063 I6E
teotype =
Igh? IgD 1962 [l 1964

e
o
o
2
8

q

10.15

mu_fre

10.10

IgH
°
[=}
w

[
=]
=]

Relative abundance of isotype (%)

0
3959 5010 6176 7478 8636 9506 1280712891132201531615318 18254 18558 2004321675 21677 2215322349 23777 2712927307
n=169n-33 n=12 n-15 n-39 n-11 n-69 n-13 n-11 n-89 n-13 n-18 n=58 n-17 n-17 n-14 n=25 n-16 n-14 n-12 n-54

Supplementary Figure 3. (A) Stacked barplot showing the proportion of B cell subtypes by tissue. (B)
Stacked barplot showing the donor distribution of each B cell subtypes. Stacked bar plot showing the
isotype distribution across B cell subsets (C), within the plasmablasts across tissues (D) and within the
ITGAX+ memory B cells across tissues (E). (F) Violin plot showing hypermutation frequency across b

cell subsets. (G) Isotype distribution across 21 expanded clonotypes.
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407 Supplementary Figure 4. (A) UMAP showing TCRab chain pairing. (B) Proportion of TCRaf chain
408 pairing by subset. (C) Heatmap showing relative usage of V(D)J genes across T cell subsets. (D)
409 UMAP showing clonal expansion of the TCRab T cells. (E, F, G) Clonotype network color coded by

410 donor, tissue and T cell subset.
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411 Supplementary Figure 5. (A) UMAP showing cells with a pair of productive yd TCR chains. Data

412 from two spleen samples. (B) UMAP showing the cell type labels predicted by CellTypist on the T and

413 ILC compartment.
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414 Materials and methods

415 Tissue acquisition

416 All work was completed under ethically approved studies. Tissue was obtained from deceased organ
417 donors following circulatory death (DCD) via the Cambridge Biorepository for Translational Medicine

418 (CBTM, https://www.cbtm.group.cam.ac.uk/), REC 15/EE/0152. Briefly, donors proceeded to organ

419 donation after cessation of circulation. Organs were then perfused in situ with cold organ preservation
420 solution and cooled with topical application of ice. Samples for the study were obtained within 60
4271 minutes of cessation of circulation and placed in University of Wisconsin (UW) organ preservation
422 solution for transport at 4°C to the laboratory. Gut samples were taken from the locations indicated in
423 Figure 1. Additional samples were obtained from the left lower lobe of the lung and the right lobe of the
424 liver. Skeletal muscle was taken from the third intercostal space and bone marrow was obtained from
425 the vertebral bodies.In addition, two donor-matched blood samples were taken just prior to treatment
426 withdrawal, under REC approval 97/290.

427 Donor metadata table

Donor| Sex Age Primary Multitrauma Days in BMI CMV/EBV/TOXO Smoking | Alcohol Antibiotics Steroids
ID cause of hospital (u/day) | within 2 weeks
death of death

A29 F 65-70 ICH Y 2 30-35 | CMV+/EBV+/TOXO- N/K <1 Nil N

A31 M 50-55 ICH Y 8 30-35 | CMV+/EBV+/TOXO- Y <1 Co-amoxiclav, N
Tazocin

A35 M 60-65 ICH N 2 20-25 | CMV-/EBV+/TOXO- Y >9 Gentamicin, Y
Flucloxacillin Dexamethason

e

A37 F 55-60 ICH N 3 20-25 | CMV-/EBV+/TOXO- Y >9 Co-amoxiclav N

A36 M 70-75 ICH N 5 25-30 | CMV-/EBV+/TOXO+ Y <2 Amoxicillin Y
(pre-admission) Prednisolone
Flucloxacillin, pre-treatment
Gentamicin,
Clarithromycin,
Co-amoxiclav

A52 M 60-65 ICH N 2 35-40 | CMV-/EBV+/TOXO- N/K N/K Co-amoxiclav N

428 F = Female; M = Male; ICH = intracranial haemorrhage; CMV = Cytomegalovirus; EBV= Epstein-Barr virus; TOXO =
429 Toxoplasmosis; N/K=not known; Y = Yes; N = No

430 Tissue processing

431 All tissues were processed using a uniform protocol. Briefly, solid tissues were transferred to a 100mm
432 tissue culture dish, cut into small pieces and transferred to C-tubes (Miltenyi Biotec) at a maximum of
433 5g/tube in 5mL of X-vivo15 media containing 0.13U/m Liberase TL (Roche), 10U/mL DNase

434 (benzonase nuclease, Millipore/Merck) supplemented with 2% (v/v) heat-inactivated fetal bovine
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435 serum (FBS; Gibco), penicillin (100 U/ml, Sigma-Aldrich), streptomycin (0.1 mg/ml, Sigma-Aldrich),
436 and 10mM HEPES (Sigma Aldrich). The samples were then dissociated using a GentleMACS Octo
437 dissociator (Miltenyi Biotec) using a protocol that provided gradual ramping up of homogenisation
438 speed along with 2x 15 minute heating/mixing steps at 37°C. Digested tissue was filtered through a
439 70-uym MACS Smartstrainer (miltenyi biotec) and washed with media containing 2mM EDTA, prior to
440 washing with PBS. A ficoll density centrifugation step (400g for 30min at RT) was performed to isolate
4471 mononuclear cells (MNCs). After gradient centrifugation, cells were washed once with PBS prior to
44?2 counting and resuspending in 10X buffer (PBS containing 0.04% (v/v) BSA).

443 Bone marrow aspirates and blood samples were diluted 1:1 with PBS and layered directly onto ficoll
444 for mononuclear cell isolation as described above. Cells taken from the interphase layer were washed
445 with PBS and exposed to the same enzymatic conditions as solid tissues by resuspending cell pellets
446 in tissue dissociation media containing liberase TL for 30 minutes at 37°C prior to counting and

447 resuspending in 10X buffer.

448 Single-cell RNA sequencing

449 For scRNA-seq experiments, single cells were loaded onto the channels of a Chromium chip (10x
450 Genomics) for a target recovery of 5000 cells. Single-cell cDNA synthesis, amplification, and
457 sequencing libraries were generated using the Single Cell 5’ Reagent Kit following the manufacturer’s
452 instructions. The libraries from up to eight loaded channels were multiplexed together and sequenced
453 on an lllumina NovaSeq. The libraries were distributed over eight lanes per flow cell and sequenced at
454 a target depth of 50,000 reads per cell using the following parameters: Read1: 26 cycles, i7: 8 cycles,
455 i5: 0 cycles; Read2: 98 cycles to generate 75-bp paired-end reads. VDJ libraries for B and T cells
456 were sequenced on HiSeq 4000.

457 Single-cell RNA sequencing data pre-processing

458 scRNA-seq data was aligned and quantified using the cellranger software (version 3.0.2, 10x
459 Genomics Inc.) using the GRCh38 human reference genome (official Cell Ranger reference, version
460 1.2.0). Cells with fewer than 1000 UMI counts and 600 detected genes were excluded from
461 downstream analysis. scTCR-seq data was aligned and quantified using the cellranger-vd; software
462 (version 2.1.1, 10x Genomics Inc). scBCR-seq data was aligned and quantified using the

463 cellranger-vdj software (version 4.0, 10x Genomics Inc).
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464 Doublet detection

465 Doublet detection was performed using the scrublet algorithm

466 (https://github.com/AllonKleinLab/scrublet,(44)) with percolation as previously described in a per

467 sample basis(45). Briefly, scrublet scores were obtained per cell. The percolation step was performed
468 on over-clustered data using the scanpy.tl.louvain function from the scanpy package. Scrublet was
469 run, obtaining per-cell doublet scores. The standard Seurat-inspired Scanpy processing pipeline was
470 performed up to the clustering stage, using default parameters. Each cluster was subsequently
471 separately clustered again, yielding an over-clustered manifold, and each of the resulting clusters had
472 its Scrublet scores replaced by the median of the observed values. The resulting scores were
473 assessed for statistical significance, with P values computed using a right-tailed test from a normal
474 distribution centred on the score median and a median absolute deviation (MAD)-derived standard
475 deviation estimate. The P-values were corrected for false discovery rate with the Bonferroni
476 procedure, and a significance threshold of 0.01 was imposed. Clusters with a scrublet score above 0.6

477 were flagged as potential doublet clusters and removed from further downstream biological analysis.

478 Clustering, batch alignment and annotation

479 Downstream analysis included data normalisation (scanpy.pp.normalize per cell method, scaling
480 factor 10000), log-transformation (scanpy.pp.log1p), variable gene detection
481 (scanpy.pp.filter_gene_dispersion), data feature scaling (scanpy.pp.scale), PCA analysis
482 (scanpy.pp.pca, from variable genes), batch-balanced neighbourhood graph building
483 (scanpy.pp.bbknn) and Louvain graph-based clustering (scanpy.tl.leiden, clustering resolution
484 manually adjusted) performed using the python package scanpy (version 1.6.0). Cluster cell identity
485 was assigned by manual annotation using known marker genes as well as computed differentially
486 expressed genes (DEGs). Differential expression across clusters was assessed using rank biserial

487 correlation (https://github.com/Teichlab/rbcde) and markers.py functions from the thymus atlas

488 (https://github.com/Teichlab/thymusatlas) (74). Cross-tissue differential expression was assessed

489 using a ridge regression model that included an interaction term for tissue and cell type. For each
490 tissue, genes were ranked according to their coefficients specific to the given interaction term
491 associated with the tissue of interest. To achieve a high-resolution annotation, we sub-clustered T, B
492 and myeloid cells and repeated the procedure of variable gene selection, which allowed for
493 fine-grained cell type annotation. Donor-dependent batch effects were aligned using the

494 scanpy.pp.bbknn function and we used the batch-aligned manifold to annotate cell types.
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495 CellTypist

496 Full details on the data collection, processing, curation, model training, and testing of the CellTypist

497 pipeline can be found in the Supplementary Note.

498 scTCR-seq downstream analysis

499 VDJ sequence information was extracted from the output file “filtered_contig_annotations.csv” using
500 the scirpy package(46). We determined productive TCR chain pairing features using the
5071 scirpy.tl.chain_pairing() function and selected cells with a single pair of productive aff TCR chains for
502 downstream analysis. Bias in VDJ usage was estimated using the generalized linear model (gim) on
503 the basis of the Poisson family. Specifically, for each gene segment, we calculated the number of cells
504 with this segment in each donor of a given tissue, and then compared their distributions with the
505 remaining tissues which were stratified by donors as well. During the glm fitting, the total number of
506 cells in each donor of a given tissue was logarithmized and used as the offset, accounting for the
507 variance imposed by rate estimation. Clonotypes were determined using the scirpy.pp.tcr_neighbors()

508 function using the CDR3 nucleotide sequence identity from both TCR chains as a metric.

509 scBCR-seq downstream analysis

510 VDJ sequence information was extracted from the output file “filtered_contig_annotations.csv”. Further
511 single-cell VDJ analysis for B cells was performed broadly as described previously (15, 47), with all
512 sequences from a given patient grouped together for analysis. AssignGenes.py(48) and IgBLAST(49)
513 were used to reannotate IgH sequences prior to correction of ambiguous V gene assignments using
514 TIgGER (v1.0.0)(50). Clonally-related IgH sequences were identified using DefineClones.py with a
515 nearest neighbour distance threshold of 0.15 before running CreateGermlines.py (ChangeQO)(57) to
516 infer germline sequences for each clonal family and calculate somatic hypermutation frequencies with
517 observedMutations (Shazam)(57). IgH diversity analyses were performed using the rarefyDiversity
518 and testDiversity of Alakazam (v1.0.2; (57)). scVDJ sequences were then integrated with single-cell
519 gene expression objects by determining the number of high quality annotated IgH, IgK or IgL per
520 unique cell barcode. If more than one contig per chain was identified, metadata for that cell was
521 ascribed as “Multi”. To assess clonal relationships between scRNA-seq clusters, co-occurrence of
522 expanded clone members between cell types and tissues was reported as a binary event for each

523 clone that contained a member within two different cell types or tissues in single-cell repertoires.
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524 Single molecule FISH

525 Samples were either snap frozen in chilled isopentane (-40°C for striated muscle, -70°C for other
526 tissues) or fixed in 10% NBF, dehydrated through an ethanol series, and embedded in paraffin wax.
527 Samples were run using the RNAscope 2.5 LS fluorescent multiplex assay (automated). Briefly, FFPE
528 tissue sections (5 ym) and fresh frozen tissue sections (10um) were cut. Fresh frozen tissues were
529 pre-treated offline (4% PFA fixation 4°C 15 mins followed by 90mins at room temperature, sequential
530 dehydration steps (50%, 70%, 100%, 100% ethanol, air dry)) and protease Il was used. FFPE tissues
531 required no pretreatment offline, but a Heat Induced Epitope Retrieval (HIER) step was performed by
532 the instrument for 15mins using Epitope Retrieval 2 (ER2) at 95°C. These tissues also had protease |l
533 treatment. RNAscope probes used included Hs-CD3D-C2 (599398-C2), Hs-CD8A-C3 (560398-C3),
534 Hs-CRTAM (430248), Hs-TRDC (433678), Hs-ITGAD-C2 (881498-C2), Hs-CD5L-C3 (850518-C3).
535 Opal fluorophores (Opal 520, Opal 570 and Opal 650) were used at 1:300 dilution. Slides were
536 imaged on the Perkin Elmer Opera Phenix High-Content Screening System, in confocal mode with 1
537 ym z-step size, using 20X (NA 0.16, 0.299 pm/pixel) and 40X (NA 1.1, 0.149 pm/pixel)

538 water-immersion objectives.
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