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Summary

Within the thymus, regulation of the cellular cross-talk directing T cell development is dependent on
spatial interactions within specialized niches. To create a holistic, spatially defined map of tissue niches
guiding postnatal T cell development we employed the multidimensional imaging platform CO-detection
by indEXing (CODEX), as well as CITE-seq and ATAC-seq. We generated age-matched 4-5-month-old
postnatal thymus datasets for male and female donors, and identify significant sex differences in both T
cell and thymus biology. We demonstrate a crucial role for JAG ligands in directing thymic-like dendritic
cell development, reveal important functions of a novel population of ECM" fibroblasts, and characterize
the medullary niches surrounding Hassall’s corpuscles. Together, these data represent a unique age-
matched spatial multiomic resource to investigate how sex-based differences in thymus regulation and T
cell development arise, and provide an essential resource to understand the mechanisms underlying
immune function and dysfunction in males and females.

Introduction

The thymus is the primary organ responsible for the generation and selection of mature, functional, and
self-tolerant T cells®. Effective T cell development is a critical component of our immune system and our
ability to accurately, and exclusively, identify and kill foreign entities such as pathogens. During
postnatal T cell development — the period in life when T cell development is most active? — thymic
seeding progenitors migrate to the thymus where they first mature into thymocytes. Thymic
architecture is highly organized to provide spatially-defined, stage-specific signaling cues to migrating
thymocytes which guide development towards functional mature T cells®™®.
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Recent single cell sequencing resources demonstrating the diversity of human thymus tissue are
incongruous with our current framework of thymus structure and organization”*® which describes a
general migratory path a thymocyte takes through the cortex and medulla during conventional affT cell
development. Recent spatial transcriptomic sequencing of human fetal and postnatal thymus has
demonstrated that a deeper granularity of thymic niches is present within the tissue and that these
niches evolve during fetal development to support different waves of non-conventional T cells'*%,
However, our understanding of how the granularity and composition of human postnatal thymus niches
support conventional and non-conventional T cell development, T-lineage branching decisions, and the
development of alternative lineages known to develop in the thymus remains limited®>*®. T cells
generated at this stage of postnatal human development will become the foundation of our immune
system, patrolling the body for decades?!. Thus, insights into early postnatal thymus niche biology are
crucial to our understanding of how this part of our adaptive immune system is built and how
perturbations in postnatal T cell development may emerge as immune dysfunction later in life.

To create a holistic, spatially defined map of tissue niches guiding human postnatal T cell development,
alternative lineage development, and age-related changes to thymic architecture, we employed multi-
dimensional spatial proteomic imaging using CO-detection by inDEXing (CODEX)?*%, single cell
transcriptomic-proteomic profiling using Cellular Indexing of Transcriptomes and Epitopes (CITE-seq)?,
and single cell Assay for Transposase Accessible Chromatin (ATAC-seq)?. Given the emerging recognition
of sex differences in thymus gene expression and function?3?, we collected and analysed samples from
both male and female donors. Our detailed analysis reveals significant sex differences during early
postnatal development that affect both T cell and thymus biology through common and cell type-
specific mechanisms. Common differences in thymic cells include higher levels of expression of mRNAs
associated with energy regulation, translation, and antigen-presentation pathways in female-derived
stromal, epithelial, and T cells. Male thymic cells have significantly higher levels of genes associated with
adipogenesis, proinflammatory signaling, and ECM pathways. Cell type-specific differences include
meaningful thymus-specific sex differences in key cell types and developmental niches which could
significantly affect fundamental processes in the development and training of T cells. Finally, we
highlight key cell types contributing to thymic involution that exhibit important sex-based differences in
thymic growth and early transition towards adipogenesis. These data suggest that differences in the
kinetics of thymic involution are present between sexes and, importantly, that mechanisms driving
thymic involution begin early in life. Altogether, these data represent a powerful age-matched spatial
multiomic resource to investigate how sex-based differences in thymus biology and T cell development
arise, and how they contribute to sex differences in diseases caused by immune dysfunction later in life.

Results

Spatial multiomic profiling of human postnatal thymus identifies sex-based differences in

T cells and thymus biology

We performed CITE-seq, ATAC-seq, and CODEX imaging on human postnatal thymuses ranging from 4 to
33 months of age, including six (3 female, 3 male) 4-5 month old age-matched early postnatal samples
(Sup. Table 1), representing the stage of human development where naive T cell generation is at its
highest. Upon receipt, samples were split and processed simultaneously for CODEX imaging or
sequencing (Figure 1A). Prior to sequencing we specifically enriched for CD45  non-hematopoietic cells
and CD25*CD8 regulatory T (Treg) cells to ensure coverage of low abundance cell types found within the
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thymus. After quality control, we obtained a total of 74,334 cells with CITE-seq, including 19,434 non-T
lineage cells, and captured 25,717 nuclei with ATAC-seq. During sequencing sample preparation, we
included a comprehensive human universal antibody panel consisting of 137 CITE-seq antibodies (Sup.
Table 2), allowing us to compare specific differences in epigenomic, transcriptomic, and proteomic
expression kinetics across developing thymocytes, as well as enable direct comparison of cells identified
via phenotypic expression in deep imaging to cells captured via CITE-seq.

Cells captured with CITE-seq were clustered based on transcriptional expression, annotated based on
marker gene and surface protein expression (Sup. Figure 1A), and aligned where possible with existing
human thymus datasets (Sup. Table 3)”%. ATAC-seq clusters were computationally labeled using our 37
CITE-seq clusters as reference, which identified 34 ATAC-seq cluster labels to be transferred prior to
dataset integration (Figure 1B, Sup. Figure 1B). We captured 54,900 thymocytes spanning development
from early thymic progenitors (ETPs) to mature single positive (SP) T cells, innate-like cells, CD8aa T cells,
and Tregs. For Tregs, we identified three populations which expressed canonical Treg lineage markers,
namely Treg progenitors (Pro-Tregs), thymic Tregs (tTregs), and recirculating/resident Tregs (rrTregs)®2.
We also identified various antigen presenting cells, such as B cells, mast cells, monocytes, and six
populations of dendritic cells (DCs)*. In addition to the activated dendritic cells (aDCs), plasmacytoid
dendritic (pDCs), DC1, and DC2/3 populations described by Park et al.”, we found proliferating
populations of pDCs and DC1. We also captured 7093 epithelial cells, including cortical epithelial cells
(cTECs), medullary epithelial cells (mTECs), activated mTECs, and specialty TECs.

Importantly, we enriched and captured 7721 mesenchymal cells, a population that has recently been
highlighted for newly described roles in negative selection and thymic involution®%343¢_Subclustering
of this population revealed several important mesenchymal cell types including two populations of
endothelial cells (ECs) defined by differential expression of Notch ligands JAG1, JAG2, DLL1, and DLL4
(ECs, ECs (Notch)). Additionally, we identified lymphatic endothelial cells (LECs), pericytes, vascular
smooth muscle cells (VSMCs), and five distinct fibroblast cell types, including DPP4* capsular fibroblasts
(DPP4+ capFibs), capsule fibroblasts (capFibs), medullary fibroblasts (mFibs), KRT* fibroblasts (KRT+
Fibs), and unique population of proliferating fibroblasts (Fibs (P)).

We designed a custom 48 antibody panel for CODEX imaging of human postnatal thymus to study the
architecture and function of niches guiding thymocyte development, with a specific focus on defining
the niche characteristics guiding T-lineage branch points. Stage specific thymocyte phenotyping markers
(CD62L, CCR7, CD1A, CD5, CD7, CD4, CD8, CD3, CD45R0, CD45RA, FOXP3, SATB1) identified the location
of subsets of interest, such as CD3* double positive cells (DPs) undergoing T-lineage commitment
towards CD4 or CD8 T cells. Phenotyping markers for non-T lineage hematopoietic cells (CD19, CD11c,
CD11b, CD68), epithelial cells (EPCAM, KRT5/8), mural cells (MCAM, SMA), endothelial cells (CD31), and
fibroblasts (PDGFRA) identified the remaining known cell types defining thymic architecture and niche
composition. Finally, we included functional markers to define patterns of antigen presentation (CD86),
MHC class | and Il expression (HLA-ABC, HLA-DR,DP,DQ), adhesion ligands (ICAM, VCAM), Notch ligand
expression (DLL1, DLL4, JAG1, JAG2), T cell activation (PD-1, PD-L1), proliferation (Ki67), and enzymatic
regulation (15-PDGH). In sum, our deep imaging panel enabled a holistic approach to defining thymic
biology and allowed us to investigate the spatially-regulated mechanisms directing human T cell
development.
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Using neural-network driven cell segmentation and Leiden-based clustering? we identified individual
cells within thymic tissue for each individual sample (Sup. Figure 1C). We annotated cell types based on
location within the tissue and corresponding phenotypic expression compared to our CITE-seq clusters
(Figure 1C) and performed proximity-based neighbourhood clustering to identify specific niches as
detailed previously?®. These tissue niches were annotated based on location and cell type composition
(Figure 1D; Sup. Figure 1C). This computational analysis allowed us to quantify proximity-based cell-cell
interactions (Sup. Figure 1E) and acted as a platform to interrogate spatially-defined thymic niche
biology via integrated sequencing-imaging analysis.

We compared our age-matched datasets to identify common and cell type-specific differences in T cell
development and thymus biology within early postnatal donors. Because of known sex differences in
thymus and T cell gene expression and function®!, we analysed male and female samples separately. Of
the differentially expressed genes only 6% were found on sex chromosomes (Sup. Table 4), in line with
prior reports of sex-biased gene expression on autosomes3~, Gene set enrichment analysis (GSEA) on
male and female cells for each cell type identified via CITE-seq revealed pathways commonly
upregulated in either male or female cells (Figure 1E). These pathways, which are differentially
regulated across hematopoietic, epithelial, and stromal cells, represent cell-intrinsic sex-based
differences. For example, female cells have higher gene expression of metabolic, translation, and
antigen presentation rates across all cell types. Male cells, in contrast, have increased gene expression
of adipogenesis, proinflammatory signaling, and glucocorticoid signaling. Nine out the top 10 most
differentially expressed pathways we identified for each sex were similarly sex-biased in human
kidney*, suggesting that multiple cell types show consistent sex-biased enrichment of pathways linked
to cellular metabolism, immune responses, and hormone signaling. Indeed, our data correspond closely
with sex-based trends identified in human iPSC lines** and other human organs*, indicating these
pathways frequently show differences between male and female cells across many cell types.

In contrast to pathways with consistent sex-biased enrichment in thymic cell types, some pathways
showed sex-biased enrichment in only a subset of cell types. For example, male T cells showed sex-
biased enrichment of integrin 1 and 33 pathways, a bias that was not found in other male cell subsets
(Figure 1E). Likewise, only female T cells and epithelial cells showed sex-biased enrichment of slit and
robo receptor signaling pathways. Our dataset also revealed a sex-specific shift with higher pathway
enrichment for some cell types. In females, gene expression was consistent with higher cytokine
signaling in T cells and hematopoietic cells, whereas in males, gene expression was consistent with
higher cytokine signaling in epithelial and mesenchymal cells (Figure 1E). These data show that thymic
cells from female and male donors show significant differences in gene expression. Given that higher
levels of cytokine signaling has been previously shown to influence thymus and T cell biology***°, our
data suggests male and female T cells develop in different signaling environments and may respond
differently to cytokine stimuli. This suggests that biological sex should be included as a variable in
studies on immune cell and thymic organoid screening models as a critical parameter affecting cell
growth, differentiation, and function.

Beyond expression-based differences, we quantified the cell type abundance within male and female
tissue sections. The analysis revealed significant differences in the distribution of cortical and medullary
cells between sexes. For example, when normalized to the total number of cells in each lobe, female
thymus lobes contained significantly more DP cells (p = 0.011) and cTECs (p = 0.0023). In males, we
found significantly more SPs (p = 4.2 x 10*), CD3+ DPs (p = 9.9 x 10%), activated mTECs (p = 0.0014), and
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VSMCs (p = 2.4 x 10°®) (Figure 1F). Given that thymus lobes with more DPs and cTECs would have a
greater proportion of cells undergoing positive selection and more medullary cells would have more
cells undergoing negative selection, these data suggest that a sex difference in cell type abundance may
influence the resources directed towards specific stages of thymocyte selection. Alternatively, these
results may suggest that male and female thymuses are developmentally asynchronous, with males
exhibiting faster growth and involution kinetics, resulting in decreased cortical to medullary ratios even
in early neonatal stages. Therefore, we focused further analyses on sequential developmental niches,
including analysis of sex differences in key cell types and niche composition at each stage.

JAG1 drives early thymic progenitor development towards thymic dendritic cells

We first focused on the cortico-medullary junction (CMJ) where cells home to the thymus (Figure 2A).
This region recruits and supports early thymic progenitors (ETPs)* and is composed of endothelial cells
and pericytes expressing the Notch ligand JAG1 (Figure 2B,C). CITE-seq data demonstrated that the cell
adhesion molecule used by ETPs to enter the thymus, CD62L, is quickly downregulated upon entrance
through the vasculature at the CMJ (Sup. Figure 2A). However, recently immigrated CD62L+ double
negative cells are frequently located in the subcapsular zone (Sup. Figure 2B). These data suggest that
ETPs enter the thymus and rapidly migrate out to a subcapsular niche where DLL4, a more potent Notch
ligand, is highly expressed on fibroblasts and subcapsular epithelial cells (Figure 2D, Sup. Figure 2C). The
concentrated presence of JAG1 at their entry point, however, indicates that this is the first Notch ligand
to which ETPs are exposed.

Consistent with this notion, CellChat*® pathway analysis revealed that JAG1-NOTCH1 interactions
between endothelial and perivascular cells are enriched with ETPs (Figure 2E), while JAG1-NOTCH2 and
JAG1-NOTCH3 interactions are enriched with DC1, DC1 (P), DC2/3, and aDCs (Figure 2E-G). These data
suggest that JAG1 could serve as a mechanism to induce commitment towards other hematopoietic
lineages, such as pDCs, conventional dendritic cells (cDCs), or macrophages, some of which thymic
development has been recently described in humans®®. As JAG ligands have been shown to induce a
lower level of Notch induction®>°, we hypothesized that early ETP contact could also act as a bridge to
maintain T-lineage potential while cells migrate towards DLL4 in the subcapsular niche.

We first analysed the ability of the four Notch ligands present in the thymus to induce T-lineage
commitment or alternative lineage development from cord-blood derived CD34* hematopoietic stem
and progenitor cells (HSPCs) in a defined, feeder-free culture system* (Figure 2H). We included titrated
concentrations of granulocyte-macrophage colony-stimulating factor (GM-CSF), which is produced by
mast cells at the CMJ, and has been shown previously to support development of DCs*!. We found that
only DLL1 or DLL4 ligands could induce T-lineage commitment, whereas JAG ligands or no ligand controls
supported development of myeloid cells (Sup. Figure 2D). Specifically, JAG ligands in the presence of
GM-CSF skewed CD68* DC development towards CD14" DC1 cells compared to no ligand controls which
skewed CD68* DC development towards CD14* DC2/3 cells (Figure 21, Sup. Figure 2E).

Next, to test our hypothesis that Notch signals via JAG1 ligands could act as a bridge towards later DLL4
interactions, we analysed cells grown on JAG1 for 3 or 7 days prior to transfer to DLL4 (Figure 2J). We
found that cells cultured on JAG ligands or no ligands for 3 days maintained reduced T-lineage
commitment compared to DLL1 or DLL4 cells (pjac1 = 0.033; piac2 = 0.017), whereas cells cultured on JAG
ligands for longer than 3 days did not maintain T-lineage potential (Figure 2K).
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Given that we observed gene expression consistent with a sex difference in signaling pathway activation,
we next analysed the CMJ in males and females. We found significant sex differences in the contribution
of different Notch ligands in the early development of ETPs (Sup. Figure 2F,G). Overall, our data suggest
that JAG ligand interactions are more abundant and diverse in females. Specifically, we find JAG1-
NOTCH1 interactions with ETPs only active in females and enriched DLL4 interactions in males (Sup.
Figure 2H), which could lead to increased JAG1 interactions with ETPs in females as cells migrate
towards the subcapsular zone.

Together, these data suggest that timely migration from the CMJ to DLL4 ligands at the subcapsular zone
is critical for T-lineage commitment and that exposure to JAG ligands at the CMJ can guide alternative
lineage development towards thymic-derived dendritic cells. Our data further reveal previously
unrecognized sex-biased regulation of exposure to different Notch ligands.

Analysis of the subcapsular zone reveals sex-based differences in fibroblast regulation of

DP development and thymus growth

From the CMJ, ETPs migrate to the subcapsular zone via a CCL25-CCR9 chemokine gradient established
by cTECs and directed to Pro-T cells, DP (P), and DP2 (Q) cells, but not DP1 (Q) cells (Figure 3A; Sup.
Figure 3A). The subcapsular niche is defined by JAG1+ VCAM1+ DCs, cTECs, capsular fibroblasts, DPP4*
capsular fibroblasts, and a population of proliferating fibroblasts. These fibroblast populations secrete
and maintain different ECM compositions which are tightly spatially regulated to support sequential
thymocyte development (Figure 3B,C; Sup. Figure 3B,C).

We performed GSEA on our subcapsular fibroblast populations to determine functional differences and
found that DPP4* capsule fibroblasts were enriched in the HSP90 chaperone cycle for steroid hormone
receptors (Pagiusted = 0.019; 21/52 pathway genes significantly upregulated) (Sup. Data 2). This suggests
that DPP4* capFibs are the primary fibroblast population which can respond to steroid hormones and
implicates these cells as the orchestrators of sex hormone-based thymic involution. In contrast, capFibs
were enriched for differentially expressed genes related to cytokine (IL33, pagjustea = 1.50x10°%; 1L34,
Padjusted = 3.56x107) and chemokine signaling (CCL2, pagjusted = 5.10x107%%; CXCL3, Padjusted = 0.020; CXCL12,
Padjusted = 1.78x1078; CXCL14, pagjusted = 3.63x107%), indicating that these cells are important mediators of
thymocyte migration and development. Furthermore, when compared to mFibs, capFibs were enriched
in pathways related to insulin growth factor (IGF), which has been shown to regulate TEC proliferation
and maintenance, as well as drive proliferation and suppress apoptosis in peripheral T cells®2. Using
CellChat we identified capFibs and Fibs (P) as major contributors to IGF signaling through predicted
direct signaling to cTECs via IGF2-IGF1R and IGF1-IGF1R axes, and to ETPs and B-selection cells via an
IGF2-IGF2R axis (Figure 3D-F).

Following this analysis, we next explored the role of our newly identified population of proliferating
fibroblasts. We performed GSEA comparisons between our capFibs and Fibs (P) and found marked
differences in signal transduction pathways, where capFibs resemble traditional fibroblasts upregulated
in tyrosine kinase, angiogenesis, and ECM regulation and deposition pathways, whereas Fib (P) are
upregulated in WNT signaling genes and in cell sensing pathways, including upregulation of genes
involved in transient receptor potential (TRP) channels in the stimuli sensing channels pathway and taste
receptors (TASRs) in the taste transduction pathway (Figure 3G; Sup. Data 2). Interestingly, within the
cortex our spatial imaging data identified a unique population of ECM- PDGFRa* fibroblasts which lacked
expression of EDA-FN, further indicating that Fibs (P) are not involved in fibrotic matrix deposition unlike
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capFibs (Figure 3H; Sup. Figure 3B). This population forms a network of PDGFRa* cells throughout the
cortex which does not overlap with the cTEC network, yet maintains cell-cell contact in specific niches,
and contains localized populations of cells near cortical capillaries (Sup. Figure 3D).

Upon analysis, we found significant sex-specific differences in FGF signaling within this critical ECM"
fibroblast population. Although all fibroblast cells in the thymus produce a key cTEC growth factor,
FGF7%, Fibs (P) express significantly higher FGF7 than capFibs (padjusted = 1.46x1073), and male Fibs (P)
express significantly higher FGF7 than female cells (pagjusted = 4.86x10*) (Figure 31). Because FGF7 has
been implicated in regulating thymus size®3, the sex bias in FGF7 expression levels may contribute to the
larger size of early postnatal male thymuses, which are larger than female thymuses in humans and
primates?® (Sup. Figure 3E). Additionally, our CellChat results predict that male Fibs (P) have enhanced
sighaling through FGF10, which has been implicated in cTEC proliferation®3, and only male VSMCs
express FGF18 (Sup. Figure 3F-H). Collectively, these results indicate that FGF signaling is a major
regulator of TEC proliferation and maintenance and underlines its importance in in vitro models
currently being developed to treat athymia and aging>*® to support iPSC-derived cTECs.

Comparison of differentially expressed genes between male and female mesenchymal cells found a
significant increase in gene expression of adipogenesis, prostaglandin, and FOXO signaling pathways in
DPP4+ capFibs, a fibroblast population likely responsive to steroid hormone signaling (Figure 3J, Sup.
Figure 31). We also found a significant increase in the expression of APOD, a gene associated with
downstream androgen, estrogen, progesterone, and glucocorticoid signaling®”8, across several male
fibroblast populations (Fibs (P): pagjustes = 1.12x107°, capFibs: padjusted = 6.65x10%, mFibs: pagjusted =
2.46x1073®) (Sup. Figure 31). Given that hormone signaling has been linked with thymic involution?%:3:,
these data suggest thymic involution may already be initiating in early postnatal males

In sum, we identified three major roles for capsule fibroblasts within the subcapsular niche, including
maintenance of tissue structure and organization through spatially defined ECM and chemokine
signaling, direct regulation of cTEC maintenance and expansion, and a previously undescribed
mechanism of direct coordination of T cell development through growth factors and cell-cell
interactions.

Human postnatal thymocytes self-select in the cortex to support positive selection of

conventional afT cells

Upon exiting the subcapsular zone, DP cells migrate into the inner cortex towards the medulla where
they receive positive selection signals that guide T-lineage branching towards CD4 or CD8 SP cells (Figure
4A). For DP cells to transition towards the CD4 lineage, cells must receive TCR stimulation through MHC
class Il complexes, yet previous research in mouse has shown that transcriptional expression of MHC
class I and Il by DPs is specifically downregulated as cells transition to DP state®-2, This low
transcriptional expression is hypothesized to prevent thymocyte-thymocyte self-selection during
positive selection in the cortex, instead requiring DP cells to interact with cTECs to receive positive
selection signals.

Analogous to the mouse literature, quiescent DP cells captured via CITE-seq do not express MHC class Il
transcripts and DP cells captured via ATAC-seq have closed CIITA promoters (Figure 4B,C). Despite the
lack of class Il mMRNA, CITE-seq data demonstrated that thymocytes express low levels of MHC class Il
protein throughout development (Figure 4B). Additionally, in contrast to data in mouse, we observe
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constitutive class | mMRNA expression which increased as cells transitioned towards SP cells (Figure 4D).
These findings are consistent with ATAC-seq data demonstrating that the B2M promoter is open
throughout thymocyte development (Figure 4E). We confirmed MHC expression via flow cytometry on
postnatal thymocytes, finding that approximately 25% of DP cells are positive for both class | and Il, and
that over 65% of DP cells are class I* (Sup. Figure 4A) Thus thymocyte self-selection within the cortex
could support positive selection. In support of this notion, imaging data enabled us to identify locations
within the cortex which did not contain epithelial, fibroblast, endothelial, or dendritic cells, but instead
contained tightly packed DP cells expressing class II* molecules concentrated at cell junctions (Figure 4F).
We confirmed the absence of spindle-like cTEC projections in this niche via confocal imaging (Figure 4G).
Finally, we quantified cell-cell interactions and identified a niche (Positive selection niche 1) consisting of
class II* DP cells and CD3* DP cells, as well as a niche (Self-selection niche) containing mainly class I+ DPs
(Figure 1D).

Next, we were particularly interested in identifying a niche which directs T-lineage commitment towards
CD4 or CD8 SPs. We performed differential gene expression analysis on an early CITE-seq dataset lineage
branch point to screen for markers to include in our deep imaging panel (Sup. Figure 4B). We found that
SATB1 expression increased as DP cells transitioned towards SP cells (Sup. Figure 4C), and that
compared to CD8 SP transition cells, CD4 SP transition cells had significantly higher expression of this
master-regulator transcription factor®® (Sup. Figure 4D-E). Imaging analysis confirmed that increased
expression of SATB1 coincides with CD3 upregulation, consistent with a role in late DP development and
lineage branching (Figure 4H)’. Our neighbourhood analysis identified a niche enriched for mature CD3*
DPs in the inner cortex, suggesting that there either exists a niche specifically for late DP development
and CD4 lineage transition, or that cells are pre-disposed to CD4 lineage development through their TCR
and migrate as clonal populations after proliferation at the outer cortex.

Using image analysis to compare cortical niche organization between sexes, we found significant
differences in how these niches are organized to support conventional T cell development, self-
selection, and cross presentation. Females showed increased neighbourhood interactions between the
cortical DC niche containing JAG1* VCAM* DCs and the mature DP niche containing CD3* DPs, the
positive selection niche 1 containing class II* DP cells and CD3* DP cells, and the positive selection niche 3
containing DCs and DPs (Sup. Figure 4F), and increased cell-cell interactions between cTECs and class II*
cells (Sup. Figure 4G,H). Conversely, males had increased cell-cell interactions between cTECs and CD3*
DPs (Sup. Figure 4G,H). These data suggest that the proportionally larger female cortex could increase
cross presentation from DCs to cTECs, and possibly to class I+ DPs for self-selection, to facilitate greater
use of this alternative mechanism for positive selection.

When taken together, our spatial multiomic analysis of the inner cortex identified several niches within
the cortex supporting specific stages of DP development, including three conventional positive selection
niches, a specialized niche for self-selection, and a mature DP niche thymocytes migrate through prior to
entering the medulla.

Spatial multiomics reveals key mechanisms regulating negative selection niches in the
medulla

Mature DP cells entering the medulla transition towards CD4 or CD8 lineages and are subjected to an
increased stimulatory environment specialized for negative selection (Figure 5A). Within the medulla,
cells specialized for negative selection localize around keratinized structures called Hassall’s
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corpuscles®. These structures appear during late prenatal development and are abundant in human
postnatal thymuses. Due to the rarity of these structures in mice®, their development, composition, and
function have remained elusive. Here, we demonstrate that these structures can be divided into three
major components: an external epithelial border of highly keratinized cells, an inner border cells
expressing the prostaglandin-degrading enzyme 15-PGDH (HPGD), and a central PDGFRa* mass (Figure
5B). Hassall’s corpuscles are known to produce thymic stromal lymphopoietin (TSLP)®, an analog of the
cytokine IL-7, which activates DCs to increase expression of class Il molecules and the co-stimulatory
molecules CD80 and CD86. Importantly, when we subclustered our stromal cell populations we found a
new population of KRT* fibroblasts which resemble cells undergoing epithelial-to-mesenchymal
transition (EMT)® (Sup. Figure 5A,B). In our CITE-seq data we identified TSLP*and 15-PGDH* cells in KRT*
Fibs, mFibs, mTECs, activated mTECs, and aDCs (Figure 5C), implicating these cell types as potential
contributors to the function of Hassall’s corpuscles. Finally, given the inner layer of 15-PGDH"* cells we
explored the role of prostaglandin signaling networks and regulation within the medulla. We found that
DC1 and specialty TECs express high levels of PGE2, whereas DC2/3 cells and monocytes express the
PTGER2 and PTGER4 receptors, and aDCs express the PTGER3 receptor (Figure 5C). These data suggest
prostaglandin signaling is a major regulator of DC activity in the medullary Hassall’s corpuscles.

CODEX imaging of medullary niches suggests that Hassall’s corpuscles act as sub-medullary
organizational centers to segregate the inner human medulla into niches specialized for negative
selection. We found that CD86* APCs, a subset of which express the co-stimulatory ligand CD40, localize
near Hassall’s corpuscles and are found in direct contact with CD45RA* mature SP thymocytes (Figure
5D; Sup. Figure 5C). In addition, approximately 30% of medullary area is composed of B cells®’. Again, we
found that CD19* B cells cluster into niches surrounding Hassall’s corpuscles (Sup. Figure 5D). These B
cells are found in close contact with —and are often enveloped within — mTECs, indicating a potential
role in cross presentation of antigens to epithelial cells (Figure 5E). Together these results suggest
thymic B cells may comprise a major source of antigen generation that is passed to the network of
epithelial and fibroblast cells for negative selection®”:%, similar to their role in germinal centers of
lymphoid organs. We quantified medullary neighbourhoods and identified six niches, including an mTEC
maturation niche, a cross-presentation niche, and four niches specialized for negative selection which
vary as to their location relative to Hassall’s corpuscles or the CMJ as well as the composition of APCs,
epithelial, and T cells (Figure 1D; Sup. Figure 1C).

The negative selection niches organized around Hassall’s corpuscles play a key role in conventional T cell
development, as well as the development of thymic Tregs®*. To examine Treg development more
closely, we sequenced samples enriched for CD25* cells and examined gene and protein expression in
subsets of Tregs. We found a population of CD25" Pro-Tregs which expressed canonical Treg markers
CTLA-4, TNFRSF1B (TNFR2) and TNFRSF4 (OX40), positive/negative selection markers (ITM2A, RANBP1,
NCL, NME1, MIF, ATP5G1), Treg developmental long non-coding RNA (MIR155HG)%772, as well as other
markers similarly described in mice (Sup. Figure 5E). Whereas Pro-Tregs expressed high levels of the pro-
apoptotic BCL2L11, mature tTreg subsets expressed the anti-apoptotic gene BCL2. Gene network
reconstruction via SCENIC”® revealed transcription factor networks which are activated during pro-Treg
to tTreg transition (Figure 5F).

In addition to newly developing tTregs, the thymus also contains mature, highly activated Tregs, labeled
as rrTregs, which are thought to have recirculated from the periphery’*’>. These rrTregs do not express
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CCR7 or thymic egress markers (KLF2, S1PR1), but do express ILIR2 (Sup Figure 5F), a receptor known to
sequester the inflammatory cytokine IL-1B to reduce local concentrations’®. CODEX imaging identified
tTregs and rrTregs dispersed throughout the medulla, with rrTregs primarily adjacent to DCs marked by
CD68 expression (Figure 5G). The potential of rrTregs to sequester inflammatory cytokines was
supported by CellChat analysis, which showed interactions between DC2/3s and rrTregs through the IL-
1B - IL-1R2 axis (Sup. Figure 5F,G). rrTregs also exhibited a tissue resident Treg phenotype (BATF"9"
CCR8*) associated with wound healing and tissue regeneration function’’, and indeed they expressed
remodeling and tissue repair-related genes such as the matrix metalloproteinase enzymes (MMP25 and
ADAM19) (Sup. Figure H). In sum, these results suggest rrTregs may have an important anti-
inflammatory and tissue regenerating role within the thymic medulla.

Comparisons of male and female rrTregs revealed that male rrTregs had significantly higher expression
of genes in IGF, HSF1, and IL1 signaling pathways (Figure 5H). Higher activity of the latter pathway
suggests that rrTreg-mediated regulation of IL1R2-mediated anti-inflammatory feedback checkpoints is
a more prominent mechanism in male tTreg development in early postnatal thymus. Of note, in
activated mTECs GSEA revealed that males have significantly higher expression of inflammatory
pathways such as CD40 and TNF than females, possibly resulting in higher rrTreg activity (Sup. Figure 51).

Finally, we investigated thymic involution within the medulla in both males and females. As Tregs have
been previously shown in mouse to contribute to thymic involution through a JAG1 associated
mechanism®, we next explored sex-based differences in Treg gene expression. Using GSEA on Treg
populations, we found that male tTregs showed significantly higher expression of genes associated with
adipogenesis pathways (Figure 51). Given the presence of cells undergoing EMT, our data underlies the
aggressive timeline of thymic involution and suggests that sex-based differences in the decline of thymic
function begins early in life.

Together, our detailed examination of the medulla shows that this zone is composed of several niches
specialized for negative selection, cross-presentation, and maturation of mTECs which localize around
Hassall’s corpuscles, and that these niches show sex bias in inflammatory pathways and thymic
involution.

Discussion

We performed spatial multiomics to construct a tissue atlas of niches guiding T cell development in
human postnatal thymus. We employed these diverse datasets to characterize how key developmental
niches drive lineage branch decisions, identify a new mechanism for conventional aBT cell development
through self-selection, and identify new functions for recently described mesenchymal cell types
governing thymus biology. Furthermore, we identified several sex-specific differences in thymus cell and
niche biology. As T cell development is an inherently dynamic migratory process, knowledge of cell
position in combination with proteomic, transcriptomic, and epigenomic sequencing data provides an
invaluable set of data to predict niche-specific signaling cues directing specific stages of T cell
development, as well as mechanisms responsible for maintaining tissue structure and contributing to
thymic involution.

Our approach was to build an integrated spatial multiomic platform that would allow us to study the
dynamic, spatially-regulated developmental processes in human thymic tissue. Here, we have chosen to


https://doi.org/10.1101/2023.04.13.536804
http://creativecommons.org/licenses/by-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2023.04.13.536804; this version posted April 16, 2023. 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-ND 4.0 International license.

highlight properties of niches which provided insight into specific questions of interest and were of
fundamental importance to human T cell development. However, these findings describe only a subset
of the data. We encourage the community to capitalize on the potential of this resource to provide
insight into sex-specific differences and answer targeted niche-specific inquiries.

We describe a unique approach to sequencing data analysis where multidimensional spatial imaging
serves as a benchmark for the location, ligand expression, and composition of key niches in T cell
development. We then use niche composition to guide analysis of cell-cell interactions, allowing us to
screen and identify ligand-receptor interactions which are physiologically relevant based on cell
proximity in the tissue. In sum, this approach allows us to map epigenomic, transcriptomic, and
proteomic data to distinct niches within the tissue at single cell resolution.

Previous thymus atlases built comprehensive transcriptional datasets to query T cell development from
heterogenous ETPs to mature T cells, as well as describe the diversity of epithelial and stromal cells
supporting T cell development”132° \We have expanded on these transcriptional datasets by enriching
for and characterizing further diversity in Tregs and fibroblast cell types. Importantly, our atlas also
includes surface proteome and epigenetic data for all sequenced cells and links single cell sequencing
data to multidimensional spatial imaging and cell composition data for each sample. Finally, we included
equal numbers of male and female age-matched thymus samples, enabling a unique opportunity to
compare between sexes across platform modalities.

Our analysis of sex-matched human early postnatal thymus has revealed a highly plastic nature of
thymus lobule organization and resource dedication, where each niche is responsive to sex and the
corresponding differential developmental kinetics. This dynamic organization enables the diversity of
developmental fates needed for T cell and hematopoietic cell development in the thymus. It also points
to an underlying robustness in T cell development in that ultimately functional immune systems can
arise in different manners. Major findings of sex-biased developmental thymic niches are outlined in
Figure 6.

In specific cases, such as the analysis of Notch ligands, we complemented our in silico approach with in
vitro analysis. Our analysis suggests that JAG1 at the CMJ cannot support T-lineage commitment as cells
migrate towards the subcapsular zone, but instead function to skew alternative lineage development at
the CMJ towards a CD14" DC1 subset (Figure 6). CD14 expression on DCs has been linked with increased
inflammatory cytokine production®!, suggesting that JAG ligands skew DC development towards non-
inflammatory DC phenotypes. Together these results highlight the importance of carefully tuned Notch
signaling strength and timing during T cell and alternative lineage cell development in the thymus, as
well as emphasizes the need for strict spatial control of different Notch ligands within sequential thymic
developmental niches. Our observation of high JAG1 expression in the medulla and decreased
expression of DLL4 on cTECs outside the subcapsular zone aligns with previous studies on human
postnatal thymus®2. However, unlike previous work our study did not identify diffuse expression of DLL4
or DLL1 on mTECs in sequencing or imaging data®. Additionally, our sequencing data identifies two
distinct populations of endothelial cells marked by high expression of Notch ligands JAG2 and DLL4.
Future work should characterize the roles of these endothelial cell types in directing different
populations of cells upon entry and exit.

This study did not account for known subsets of ETPs which enter the thymus and could contribute to
the differential commitment towards myeloid and T cell lineages'®36, However, these results
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demonstrating DC1 and DC2/3 development via exposure to specific Notch ligands in a thymus-like
engineered niche do support recent literature which used computational trajectory analysis to
demonstrate intrathymic generation of conventional dendritic cells subsets®®. That study also suggested
the possibility of intrathymic pDC development but could not find clear marker genes to define
progenitor pDCs'®. We find a similar phenomenon, where our progenitor-2 and pILC subsets express
some, but not all, markers of thymic pDCs, limiting our analysis of the contribution of Notch signaling to
the possible intrathymic development of pDCs.

In the subcapsular zone we characterize important roles of specialized fibroblast cells, where DPP4*
capsular fibroblasts respond to systemic hormone levels and capsular fibroblasts contribute to DP
development indirectly through maintenance of cortical epithelial cells, as well as directly through
immunoregulatory growth factors. DPP4* capsular fibroblasts have been described in mouse in the
thymic capsule® and elsewhere as cells with progenitor and anti-fibrotic potential®*-®’. Here, we observe
that DPP4 marks a subset of capsule fibroblasts which can respond to changes in systemic hormone
levels. Thymic function and degeneration through thymic involution are known to be orchestrated
through sex hormone levels®®#-° implicating this DPP4* capsular fibroblast population as a regulator
of these processes and as a potential target for emerging strategies to address age-related thymic
involution®. Additionally, whereas previously only medullary fibroblasts have been implicated in direct
contribution to thymocyte development and selection in the medulla®, we demonstrate that capsule
fibroblasts have the potential to support thymocyte development in the cortex through production of
key growth factors (Figure 6). These cells represent a new source of cytokines and growth factors which
can be mined for use in in vitro developmental systems. Finally, we demonstrate that ECM profiles of
thymic fibroblasts are tightly regulated based on spatial localization within the tissue. Future work
should characterize how tissue stiffness changes as cells migrate through developmental thymic niches
to inform biomaterial strategies which support in vitro T cell development®2.

Furthermore, using our integrated approach we identify a novel population of ECM™ cortical fibroblasts
via multidimensional imaging and confirm the presence of ECM" proliferating fibroblasts in our
sequencing data which are upregulated in cell sensing pathways, such as TASRs and TRP channels.
Interestingly, TASRs have been shown in non-olfactory systems to play a regulatory role where cells
detect local soluble substances, such as glucose, and respond through release of hormones and other
signaling molecules®. Similarly, TRP channels have been shown to play important roles in cell sensing,
such as pheromone signaling, nociception, temperature sensation, and osmoregulation, as well as
contribute to motile functions such as vasomotor control®®. Given the proximity of these cells to
vasculature in the cortex, these data suggest Fibs (P) play a critical role as regulatory cells by sensing
changes in the thymic environment and responding to modulate thymic size (Figure 6). The lack of ECM
production and the network-like structure of these cells resembles fibroblast reticular cells (FRCs) in the
lymph node, which upon infection rapidly proliferate and instruct remodeling of the cortex®. Our age-
matched thymus samples were collected from early postnatal (4-5 months old) donors, which
corresponds to the age in which T cell development is most active and the thymus must grow to
accommodate lymphocyte production. We propose that this population of fibroblasts plays a similar
role in expansion of the thymic cortex as FRCs during infection and signal primarily through FGF and IGF
pathways to surrounding stromal and epithelial cells to orchestrate remodeling.

While the dogma in thymocyte positive selection suggests that DP cells actively downregulate class Il
RNA to prevent self-selection and to force DP cells to migrate and interact with cTECs®%%?, several
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studies have suggested that T-lineage cells can select off each other to support CD4 T cell
development?>%-% Here, we describe an inner cortical niche where class II* DP cells reside and have the
potential to support positive selection via DP-DP self-selection interactions (Figure 6). Additionally, we
show that upregulated SATB1 expression identifies mature DP cells in an inner cortical niche and the
CD4 branch of their progeny, suggesting that it may be an early determinant of lineage specificity.
Future work should investigate critical features of this niche, as well as the role of SATB1 in thymocyte
development.

Within the medulla we detail a niche adjacent to Hassall’s corpuscles specialized for negative selection
and describe an important role of recirculating Tregs in modulating the medullary inflammatory
environment (Figure 6). The abundance of Hassall’s corpuscles in human, but not mouse, thymus and
their proximity to negative selection niches suggests that these structures may have evolved to provide
niche level organization within the larger human medulla or to provide more stringent spatial regulation
of negative selection in species with a longer lifespan. Future research into the presence and
organizational roles in other species could provide insight into the role of these structures in effectively
scaling the thymic medulla while maintaining stringent negative selection.

By comparing male and female tissue we uncover significant sex differences in both T cell and thymus
biology. Clues into the mechanisms underlying important differences in humans and model organisms
have emerged from studies on male and female individuals at post-pubertal stages due to the known
role of sex hormones in regulating thymic involution?”-?°, Further supporting the role of sex hormones,
studies show androgen blocker treatment stimulated an increase in FOXN1 expression, decreased the
rate of thymic involution, and increased the rate of rejuvenation?>3%>98991 Decreased production of
recent thymic emigrants and smaller overall size in older males versus females have also been
reported?®%, With respect to cell and niche level changes, some studies describe decreased numbers of
AIRE* mTECs with age, potentially predisposing females who maintain greater thymic function later in
life to autoimmune disease?, as well as less interlobular fat in young female thymus?®, suggesting that
differences in thymic involution kinetics begin pre-puberty. However, current literature has not
addressed how transcript-level sex differences may underlie functional differences in thymic and
immune function in humans. Our analysis of thymic cell gene expression uncovers that female-derived
stromal, epithelial, and T cells have significant upregulation of metabolic, translation, and antigen
presentation pathways whereas male cells have increased adipogenesis, proinflammatory signaling, and
glucocorticoid signaling. These differences in cell metabolism align with current literature describing
transcript-level sex differences in other organs*~*3 and highlight the need for sex-based cell culture
optimization to meet differential cell growth and differentiation requirements in in vitro T cell culture
systems.

In addition to these changes common to other organs*®*!, we identify meaningful thymus-specific

differences which could significantly affect key processes in the development and training of
thymocytes. Females have a larger proportion of cortical cells per lobule which aligns with known slower
rates of thymic involution in females leading to a larger cortex/medulla ratio?®*%”>°, ETPs have enriched
interactions with JAG1 ligands as they migrate away from the CMJ suggesting increased JAG1 ligand
interactions could skew a greater proportion of ETP lineage commitment towards less inflammatory DC
phenotypes (Figure 6). In the female cortex we observe increased interactions between cTECs and class
I+ DPs and increased neighbourhood interactions between cortical DC niches and positive selection
niches, suggesting thymocyte self-selection may play a larger role during positive selection (Figure 6).
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Conversely, in the female medulla we observe decreased activation of inflammatory pathways and less
medullary cells. In sum these data, including a larger ratio of cortical to medullary cell types, suggest
that females invest more resources in generating a larger repertoire of DP cells than in deleting
autoreactive cells through negative selection, which could contribute to observed sex differences in the
prevalence of autoimmune disease in females®.

In males, we observe enriched DLL4 interactions with ETPs, which aligns with previous data from sex
hormone ablation studies demonstrating that androgen levels are positively correlated with DLL4 Notch
ligands on cTECs?. Within the male cortex we observe increased interactions with mature CD3* DPs and
CTECs, suggesting that a smaller cortex could limit proliferation post B-selection to leave sufficient space
for adequate positive selection. In the medulla, male activated mTECs exhibit a significant increase in
inflammatory pathway markers and male Tregs exhibit higher inflammatory modulation and activate
pathways involved in thymic involution®’. Upregulation of inflammatory modulation by male rrTregs
may also act as a regulatory mechanism to account for the higher common level of proinflammatory
signaling in male cells (Figure 6). Alternatively, in the accelerated kinetics of the male thymus the tissue
has transitioned towards an inflammatory milieu and medullary environment conducive to production
of T cells associated with later developmental timepoints. Interestingly, post-pubertal males have more
Tregs and less CD4 T cells than females, which could be a product of a more inflammatory environment
in the medulla that skews CD4 development towards the Treg lineage3..

Furthermore, we advance knowledge of sex differences in thymus size control mechanisms. Within the
fibroblast populations we find significant differences in the expression of key growth factors, such as
FGF family members, which could contribute to the significant size difference in male and female
thymuses at this age (Figure 6). These data align with and extend other known sex differences in growth
factor expression, such as the sex biased expression of growth hormone and IGF-1 in regulating the size
of different tissues'®1%!, Importantly, indicate that sex-specific differences exist in the maintenance and
growth of thymus structure early in life, which could dramatically skew how our T cells develop, and
suggests that interventions to prevent thymic involution must begin early in life. We also establish an
early transition towards an environment conducive to adipogenesis in males. These data align with
findings in model organisms, where young male rats exhibit higher rates of thymic involution®® and male
early postnatal primates have a larger overall area of interlobular fat?®. Together, these factors define
two possible mechanisms that lead to a male-female difference in thymus size and involution kinetics.
Future studies are needed to test how the sex differences at the transcript, niche, and organ level
identified here contribute to differential production and quality of T cells and to resolve how sex
differences in other complex organs contribute to known differences in the immune response.

Understanding the inherent differences in male and female cell immunology and the specific
requirements of iPSC-derived cells from different donors is increasingly important as immunotherapies
are adopted into the clinic3l. Here, we identify sex-dependent differences in male and female T cell,
hematopoietic, epithelial, and mesenchymal cell signaling pathways which could significantly affect how
cells respond to specific signaling environments. These data emphasize that comparing male and female
cell lines when modeling disease in vitro should be a critical component to accurately assess drug
responses in different patient populations.

This work is limited by access to patient samples and the inability to conduct mechanistic experiments in
the context of a whole animal. However, defined in vitro and organoid culture systems which strive to
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recreate the thymic microenvironment present powerful platforms to begin testing the roles of the cell
type-specific and sex-specific signaling pathways described here to determine how they might
contribute to increased incidence of autoimmune disorders in the female population and increased
infection risk in males should be pursued. Furthermore, given the surprising differences in males and
females at this early postnatal stage, future work should examine aged thymus to investigate how
differential thymic involution kinetics, catalyzed at the cellular level, may translate to larger impacts on
our immune system later in life. For example, how do age-related changes in thymic niche composition
skew TCR diversity of recent thymic emigrants? Our spatial multiomic approach to analysing rare human
samples should be applied to aged, diseased, and autoimmune thymuses to investigate how tissue niche
biology changes under aberrant conditions.
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Main Figure Legends

Figure 1 A spatial multi-omic analytical platform identifies sex biased characteristics of thymic niches: A)
Graphic describing the experimental design and spatial multiomic analysis. Briefly, human postnatal
samples were split and processed simultaneously to capture deep imaging data via CODEX or
sequencing data via CITE-seq and ATAC-seq. CODEX data were clustered into proximity-based niches
which guided niche analysis of integrated multimodal sequencing data. B) Integrated CITE-seq/ATAC-seq
UMAP displaying the 37 cell types captured via sequencing. C) Representative visualization of cell
clusters captured via CODEX within the thymic lobule tissue structure. Cell clusters were named based
on marker gene expression and spatial localization within the tissue. D) Heat map depicting proximity-
based niche composition probabilities captured via CODEX. Positive values depict cell types which are
frequently found in that niche. E) Histogram showing the combined top 25 common GSEA pathways
upregulated in male thymic cells and top 25 pathways commonly upregulated in female thymic cells.
Pathways represent common sex-based differences among male and female cell types and are broken
down by cell type category to show distribution across cell types (padjust<0.05). F) Bar plot showing
differences in normalized cell counts per cell type identified via CODEX. Cell type counts are normalized
to the total number of cells in their respective imaged lobule; * p<0.05, ** p<0.01, *** p<0.001.

Figure 2 Thymic progenitors entering via the corticomedullary junction are exposed to a gradient of
Notch ligands which influence lineage specification: A) Graphic depicting the ETP entry niche at the
corticomedullary junction. B) Representative image of an arteriole niche at the corticomedullary
junction. Vascular smooth muscle cells (white) make up arteriole walls and surround an inner lining of
endothelial cells (red) which, along with local mesenchymal cells (green), express JAG1 Notch ligands
(magenta). Early thymic progenitors expressing the chemokine receptor CCR7 (cyan) interact directly
with JAG1 ligands after entering the thymus. C) Gene expression of important chemokines and Notch
ligands by supporting thymic stromal and epithelial cells. D) Localization of the potent notch ligand DLL4
(magenta) to the subcapsular zone of the cortex. E) CellChat results of JAG1-NOTCH1, F) JAG1-NOTCH2,
and G) JAG1-NOTCH3 interactions. H) Overview of in vitro Notch ligand screening experimental design.
CD34* hematopoietic stem and progenitor cells (HSPCs) were cultured on each of the four Notch ligands
(JAG1, JAG2, DLL1, DLL4) or no ligands (NL) for 14 days. Each ligand condition was repeated in media
containing 0, 2, or 20 ng/mL of GM-CSF. |) Bar plot showing effects of Notch ligand screens in the
presence of varying levels of GM-CSF on the ratio of CD147/CD14" cells at the end of the 14 day
differentiation protocol. All results shown are mean + standard deviation from N=3 independent
umbilical cord blood (UCB) donors. J) Overview of in vitro Notch ligand screening experimental design.
CD34* HSPCs were cultured on each of the four Notch ligands or no ligands (NL) and then transferred to
DLL4 on day 3, 5 or 7. K) Bar plot showing results of Notch ligand transfer experiment on frequency of
CD5*CD7* Pro-T cells. All results shown are mean + standard deviation from N=3 independent UCB
donors.
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Figure 3 Fibroblasts in the subcapsular zone mediate thymus biology and T cell progenitor development:
A) Graphic depicting the subcapsular zone. B) CODEX immunofluorescence image depicting the
differential expression and spatial localization of various extracellular matrix (ECM) proteins within
specific zones of the thymic medulla, cortex, and capsule. C) Gene expression data of different fibroblast
populations captured via CITE-seq showing differential production of key ECM components. D) CellChat
cell-cell interaction plots depicting interactions of IGF1-IGF1R, E) IGF2-IGF1R, and F) IGF2-IGF2R. G) GSEA
dot plot of differential upregulated pathways between capFibs and Fibs (P). CapFibs have positive NES
scores while Fibs (P) have negative NES scores. H) CODEX immunofluorescence image depicting a
representative PGDRA+ ECM- cell niche within the early postnatal thymic cortex. Arrows point to
PDGFRA+ ECM- cells located within the cortex. I) Violin plot depicting the differential expression of the
key signaling molecule FGF7 by Fib (P) compared to other fibroblast populations, as well as upregulation
by male vs. female Fibs (P); *** p<0.001. J) GSEA dot plot of differentially upregulated pathways in male
vs. female DPP4+ capFibs. Male DPP4* capFibs have positive normalized enrichment scores (NES) while
female DPP4* capFibs have negative NES scores.

Figure 4 Class | and class Il HLA interactions support thymocyte positive selection in the inner cortical
zone: A) Graphic depicting the inner cortical zone. B) Violin plots depicting CITE-seq expression of HLA
class Il RNA and protein on developing thymocytes. cTECs are included for comparison of expression
levels. C) Coverage plot of chromatin accessibility of the CIITA promoter in DP cells. D) Violin plots
showing CITE-seq expression of HLA class | RNA and protein on developing thymocytes. cTECs are
included for comparison of expression levels. E) Coverage plot of chromatin accessibility of the CIITA
promoter in DP cells. F) CODEX immunofluorescence image depicting examples of class II* (red) DP
thymocytes (here shown as CD4* (green)) interacting in the cortex. Arrows point to examples of class Il
at the junction of DP cells. G) Maximum projection confocal image showing lack of epithelial cells
(Cytokeratin 5/8*; green) within specific niches of the cortex where class II* (blue) DP cells (CD4*; red)
reside. Arrows point to class II* DP cells. H) CODEX immunofluorescence image depicting the inner
cortical niche specialized for DP-SP transition, identified by SATB1*CD3* DP (CD4") cells. Arrows mark
SATB1*CD3* DP (CD4*) cells.

Figure 5 Hassall’s corpuscles represent scalable organizing centres for negative selection in the neonatal
thymic medulla: A) Graphic depicting the thymic medulla. B) CODEX immunofluorescence images
detailing three distinct components of human Hassall’s corpuscles. Cytokeratin 5/8 (white) creates an
external border around an inner 15-PGDH+ (green) cell layer. PDGFRa (red) marks an inner core. C) Dot
plot depicting gene expression of medullary-supporting stromal and epithelial cells contributing to key
functional properties of Hassall’s corpuscles, as well as the hematopoietic cells responsive to Hassall’s
corpuscle cells. D) Representative CODEX immunofluorescence images showing immune cells
surrounding Hassall’s corpuscles. CD45RA (magenta) marks mature naive SP cells, CD86 (red) marks
antigen-presenting cells (APCs) which express CD40 (green), and CD68 (blue) marks key DC populations.
Asterisk marks Hassall’s corpuscles. E) Representative CODEX immunofluorescence image showing B
cells (CD45RA*, red; CD19%, blue) enveloped within mTECs (EPCAM®, white). Arrows point to examples of
enveloped B cells. 98iF) Dot plot of SCENIC gene regulatory transcription factor results detailing
transition from Pro-Tregs to tTregs, as well as the different transcription factor regulators governing
rrTregs vs. tTregs. G) Representative CODEX immunofluorescence image showing rrTregs (CD4*, cyan;
ICOS*, magenta) and tTregs (CD4*, cyan; ICOS’) located throughout the medulla and surrounded by
CD68" DCs (blue). White arrows point to ICOS* rrTregs. Yellow arrows point to ICOS™ tTregs. Red arrows
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point to CD68* DCs. H) GSEA dot plot showing differential expression of key regulatory pathways
between male and female rrTregs. Male rrTregs have positive NES scores while female rrTregs have
negative NES scores. |) GSEA dot plot showing differential expression of key regulatory pathways
between male and female tTregs. Male tTregs have positive NES scores while female tTregs have
negative NES scores.

Figure 6 The human early postnatal thymus lobule is spatially organized into sex-biased niches to
support stage-specific T cell development: A) In the cortico-medullary junction (niche 1) ETPs migrate
into the thymus lobule. If the ETP migrates to the subcapsular zone and interacts with DLL1 or DLL4
ligands it can differentiate into a Pro-T cell. Alternatively, it can differentiate into a DC2/3 cell if it does
not interact with Notch ligands, or differentiate into a DC1 cell if it interacts with JAG ligands. ETP
interactions with JAG ligands are predicted to be greater in the female early postnatal thymus. B) In the
subcapsular zone (niche 2) capFibs interact directly with cTECs and DP cells through secreted growth
factors. DPP4+ capFibs and ECM" Fibs also secrete key signaling molecules, with higher expression of
signaling molecules observed in male cells. Higher FGF7 expression by male ECM" Fibs causes increased
proliferation of cTECs, which could account for the larger male early postnatal thymus. C) In the inner
cortex (niche 3) DP cells can self-select off other DP cells that express class Il HLA molecules. These self-
selection interactions, as well as cross presentation of antigens from DCs to cTECs, are enriched in the
early postnatal female thymus. D) In the inner medulla (niche 4) Hassall’s corpuscles (HC) act as
organizing centers for medullary B cells, DC2/3, and DC1 cells. HCs play a role in prostaglandin signaling
regulation, where DC1 cells produce prostaglandin (PTGES2) which acts on DC2/3 cells through the
receptor PTGER4, and HCs express the prostaglandin degrading enzyme HPGD to decrease local
concentration of PTGES2. HLA"&" Activated mTECs in this niche have increased expression of
inflammatory molecules CD40 and TNF. To counteract this increased inflammatory environment, male
rrTregs express higher levels of IL1R2 to sequester the inflammatory cytokine IL1B produced by DC2/3
cells, inhibiting the costimulatory properties of DC2/3 cells.

Supplemental Figure Legends

Figure S1 Spatial multi-omic analysis identifies specific cell types and tissue niches within tissue
structure (related to Figure 1): A) Dot plot of key marker genes used to identify and align CITE-seq
clusters with existing cell atlas datasets. B) ATAC-seq clusters identified by anchor-based label transfer
from CITE-seq clusters. 34 out of 37 CITE-seq clusters are identified. C) CODEX neighbourhood
visualization within a thymic lobule. D) Heat map of cell expression of phenotyping markers used to
cluster cells identified via CODEX imaging. E) Heat map of individual cell-cell interaction frequencies.

Figure S2 ETP specification at the corticomedullary junction is influenced by differential interactions
with a gradient of Notch ligands (related to Figure 2): A) CD62L protein and gene expression dynamics
during early thymocyte development captured via CITE-seq. B) CD62L+ ETPs localized at the subcapsular
zone. Yellow arrows point to CD62L+ cells. The solid white line denotes the capsule and the dashed line
denotes the boundary of the subcapsular zone. C) Notch ligand expression profiles across the thymus
lobule. Ligand expression was measured from the middle of the medulla to the outer edge of the
capsule. Three lines were drawn on each of three lobules from the center of the medulla to the edge of
the cortex. D) Overall frequencies of various hematopoietic cell types which develop on different Notch
ligands. Cell frequencies represent live cells in the 0 ng/mL GM-CSF condition. All results shown are
mean * standard deviation from N=3 independent UCB donors. E) Dot plot of key marker genes used to
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define DC CITE-seq clusters and align in vitro JAG ligand screening results with thymic-DC phenotypes. F)
CellChat results of differential expression and utilization of Notch ligands by female and G) male cells. H)
CellChat cell-cell interaction plot showing the differential interaction frequencies for the JAG1-NOTCH1
axes in female and I) male cells.

Figure S3 Cortical fibroblasts regulate tissue function through spatial regulation of tissue matrix proteins
and cell growth factors (related to Figure 3): A) CellChat results of CCL25-CCR9 chemokine receptor-
ligand interactions directing migration to the subcapsular zone. B) CODEX immunofluorescence image of
different ECM proteins found across the thymic lobule. Image shows strict spatial organization of various
collagens and ECM proteins produced by different mesenchymal populations. C) Image quantification of
various ECM proteins localized in distinct zones of the thymic lobule. ECM expression was measured
from the middle of the medulla to the outer edge of the capsule. Three lines were drawn from the
center of the medulla to the outer edge of the cortex for three different lobules. D) CODEX
immunofluorescence image depicting distribution of fibroblasts (PDGFRa, red) and cTECs (CK5/8, green)
in the cortex. Arrows point to fibroblasts in direct contact with cTECs. E) Box and whisker plot depicting
the significant difference in normalized thymus weight of male and female donors. Due to limited
patient data, thymus weights were normalized to Canadian weight standard for infants at each age®; * p
< 0.05. F) CellChat results of differential expression and utilization of FGF signaling molecules by male
and female cells. G) CellChat cell-cell interactions plot of FGF10-FGFR1 and H) FGF18-FGFR1 in male
thymus. H) Violin plot showing the differential expression od downstream hormone signaling gene APOD
in different fibroblast populations; *** p,gjustea<0.001

Figure S4 The inner cortical zone regulates positive selection and T-lineage specification through sex-
biased niche interactions (related to Figure 4): A) Flow cytometry data collected on bulk thymocytes
(n=2). Lymphocytes were gated on FSC-A vs SSC-A and live cells, and then on CD3*TCRaB* co-expression.
Cells were then gated on expression of CD4 and CD8a to identify different stages of thymocyte
development. Expression of HLA class | and class Il molecules on different subsets of T cells are shown.
B) UMAP of first patient sequenced via CITE-seq and used to identify lineage branch point genes. C) Plot
of differentially expressed genes in CD4 vs CD8 transition cells. D) UMAPs showing overlap in CD4
protein expression and E) SATB1 gene expression. F) Neighbourhood interaction enrichment heatmap
comparing female and male enrichment. The heatmap matrix was created by subtracting male
enrichments from female enrichments. Red (upregulated) interactions are enriched in female thymus
and blue (downregulated) interactions are enriched in male thymus. G) Female cell-cell interaction
enrichment heatmap quantifying spatial imaging data. Black boxes highlight increased interactions
between Class II+ DPs and cTECs as well as CD3+ DPs and DCs. H) Male cell-cell interaction enrichment
heatmap quantifying spatial imaging data. Black boxes highlight increased interactions between Class I+
DPs and cTECs as well as CD3+ DPs and DCs.

Figure S5 Regulation of negative selection niches are organized by Hassall’s corpuscles and regulated
inflammatory pathway feedback loops (related to Figure 5): A) UMAP showing CITE-seq clusters
identified after subclustering stromal cells. B) Dot plot of differentially upregulated genes in KRT* Fibs
compared to other fibroblast populations. C) Normalized CD40 expression relative to distance from
Hassall’s corpuscles. A mask was drawn around each Hassall corpuscle and iteratively expanded,
calculating mean CD40 expression intensity in the new mask area ring for each iteration. D) Normalized
CD19 expression relative to distance from Hassall’s corpuscles. A mask was drawn around each Hassall
corpuscle and iteratively expanded, calculating mean CD19 expression intensity in the new mask area
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ring for each iteration. E) Dot plot of key marker genes used to identify 3 Treg subsets. F) Dot plot
showing differential expression of IL-1 pathway ligands and receptors across hematopoietic and Treg
cells captured in early human postnatal thymus via CITE-seq. G) CellChat cell-cell interaction plot
indicating an active IL1B-IL1R1 signalling axis between DC2/3s and rrTregs. H) Dot plot of key tissue
regeneration and repair genes by rrTregs. 1) GSEA dot plot showing differential expression of key
regulatory pathways between male and female activated mTECs. Male activated mTECs have positive
NES scores while female activated mTECs have negative NES scores.

Methods

Contact for reagent and resource sharing
Further information and requests for reagents and resources should be directed to and will be fulfilled
by the lead contacts, Fabio M. Rossi (fabio@brc.ubc.ca) and Peter Zandstra (peter.zandstra@ubc.ca).

Data and code availability

Deep imaging computational analysis and CODEX images have been deposited on Zenodo and are
publicly available as of the date of publication. Due to the data size of raw CODEX datasets, down
sampled versions of processed CODEX images are available (link). Unprocessed or full resolution images
are available from the lead contact upon request. Codes for data analysis have been deposited at
(https://gitlab.com/stemcellbioengineering). Any additional information required to reanalyze the data
reported in this paper is available from the lead contact upon request.

Study approval
Human research was approved by the University of British Columbia Research Ethics Board (H17-01490
and H18-02553).

Experimental model and subject details

All tissue samples used for this study were obtained with written informed consent from
parents/guardians of participants. Thymus tissue was collected during infant cardiac surgery at British
Columbia Children’s Hospital and processed immediately upon retrieval. Tissue was collected in
ImmunoCult-XF T cell Expansion Medium (immunoCult-XF; STEMCELL Technologies, Vancouver, BC,
Canada) with 1% penicillin/streptomycin (P/S; Thermo Fisher Scientific) and processed in RPMI medium
(Thermo Fisher Scientific, Waltham, MA, USA) with 10% fetal bovine serum (FBS). Upon collection the
tissue was sectioned into 1cm? pieces in RPMI + 10% FBS. One piece was used for CD45" cell enrichment,
one piece (~3g) was used for CD25*CD8" Treg enrichment using a custom thymic Treg selection kit
(STEMCELL Technologies)??, two pieces were used for thymocyte isolation and cryopreservation, and
the remaining pieces were processed for CODEX imaging.

Pre-sequencing cell enrichment

The thymic tissue dissociation protocol detailed by Gustafson et al. was used to enrich for CD45" cells®.
Briefly, a 1 cm3 tissue section was crushed using a syringe in a small petri dish. Released thymocytes
were collected in RPMI + 10% FBS, spun at 500xg for 5 min at 4°C, and kept on ice. The remainder of the
thymic tissue was transferred to the lid of a 50 mL conical tube lid and minced using sterile surgical
scissors. 8 mL of warm dissociation cocktail (2 mg/mL Stemxyme (Cedarlane Labs, Burlington, ON,
Canada), 6.3 U/mL DNasel (Sigma-Aldrich; Milwaukee, WI, USA), 1.5% BSA (w/v) (Wisent Bioproducts,
Saint-Jean-Baptiste, QC, Canada) in RMPI) was added to the 50 mL tube, inverted 5 times to release
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thymic tissue from the lid, placed on a horizontal rocker, and incubated at 37°C for 30 min. After 30
minutes the supernatant was removed, filtered over a 50 um strainer, and stored on ice (T3). An
additional 8 mL of dissociation cocktail was added and the tissue was incubated for an additional 30
mins. After the second incubation the supernatant was removed, filtered, and stored on ice (T2). For the
final 30 min incubation 8 mL of dissociation cocktail followed by 2 mL of 0.25% trypsin was added to the
tissue fragments. After the final incubation the remaining cells were collected and filtered over a 70 um
strainer. 3 mL of FBS was added to the 50 mL falcon tube containing the final digestion media to break
the trypsin reaction (T3). The three 50 mL collection tubes were spun at 500xg for 5 min at 4°C. Cells
were resuspended in 40 mL of Hank’s Balanced Salt Solution (HBSS; Thermo Fisher Scientific, Waltham,
MA, USA) with 2% FBS (HF), filtered through a 40 um cell strainer, spun at 500xg for 5min at 4°C. Cells
were resuspended in 4 mL of red blood cell lysis buffer (Millipore Sigma, Oakville, ON, Canada),
incubated for 5 min at RT, diluted to a total volume of 40 mL with HF, and spun at 500xg for 5 min at
4°C. Cells were resuspended in 10 mL of HF and counted. The first incubation (T1) cells were pelleted
(500xg, 5min, 4°C) and stored on ice for later use.

T2 and T3 cells were then depleted for CD45" cells using the Miltenyi LD column prep kit (Miltenyi Biotec
Inc., Charlestown, MA, USA). Briefly, T2 cells were added to T3 to reach a final cell number of 5x108 cells.
Cells were centrifuged at 300xg for 10min at 4°C and resuspended in 80 uL of HF buffer per 107 cells plus
5 uL of CD45 beads per 107 cells. The suspension was mixed well via gentle pipetting and incubated for
15 min at 4°C. Cells were washed by adding 1mL of HF buffer per 107 cells and centrifuged at 300xg for
10 min at 4°C. During this incubation the LD column was prepared and washed with 2mL of HF buffer.
Pelleted cells were resuspended in 2.5 mL of HF and applied to the column. The column was washed
with 2x1 mL buffer and all unlabeled flow through cells were collected as the negative fraction. The
positive fraction was collected by passing 5 mL HF through the column using the plunger. Cells from
each were counted prior to proceeding to antibody staining for cell sorting.

Both fractions were resuspended in Fc buffer (HF + 1:1000 human Fc block (BD Biosciences, Missisauga,
ON, Canada)) to a final concentration of 0.5 M cells/mL. CD45-PE antibody (Biolegend) was added at
1:200 and the cell suspension was incubated for 30min on ice in the dark. After incubation cells were
spun at 500xg for 5min at 4°C, washed with 5 mL of HF, and spun again. Cells were resuspended to a
final concentration of 0.2 M cells/mL, stained with zombie UV live/dead stain (1:500; Biolegend), and
stored on ice while transferring to the cell sorting facility. The CD45- fraction was sorted using an
MOFLO Astrios EQ (Beckman Coulter) or BD Influx instrument into HBSS + 4% FBS until over 500,000
CD45 cells were collected. The CD45* fraction was then sorted to collect 500,000 live CD45* cells. These
cell suspensions were pelleted, counted, and kept on ice prior to processing for CITE-seq or ATAC-seq.
Finally, to enrich Treg cells, we performed a CD25 positive selection on the bulk thymocytes, followed by
CD8 depletion.

CITE-seq sample preparation

The Biolegend TotalSeq-C CITE-seq antibody preparation and 10X Genomics CITE-seq cell staining
protocols were followed. Briefly, prior to the end of the CD45" sort one vial of TotalSeq-C Human
Universal Antibody Cocktail v1.0 (Biolegend, San Diego, CA, USA) was equilibrated to room temperature
for 5min and then spun at 10,000g for 30 seconds. The lyophilized panel was resuspended in 27.5ul of
HBSS + 4% FBS, vortexed for 10 seconds, and then incubated at room temperature for 5min. The vial


https://doi.org/10.1101/2023.04.13.536804
http://creativecommons.org/licenses/by-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2023.04.13.536804; this version posted April 16, 2023. 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-ND 4.0 International license.

was vortexed again for 10 seconds and then spun at 10,000g for 30 seconds. The entire volume was
transferred to a low protein binding PCR tube and then centrifuged at 14,000g for 10min at 4°C.

CD45, CD45%, and CD25" cell fractions were combined in a 2:2:1 ratio to a total cell count of 250,000
cellsina 12 x 75mm tube. Cells were spun at 500xg for 5 min at 4°C and resuspended directly in 12.5 uL
of HBSS + 4% FBS. 12.5 ul of the antibody staining cocktail was added and the cells were incubated for
30min at 4°C. Cells were washed three times with 3.5mL HBSS + 4% FBS and resuspended in a final
volume of 55 uL. Cells were counted, stored on ice, and given immediately to the sequencing facility for
10X Genomics 5’ library preparation and sequencing.

ATAC-seq sample preparation

The 10X Genomics Nuclei Isolation from Mouse Brain Tissue for Single Cell ATAC Sequencing was
followed. Briefly, CD45", CD45", and CD25" cell fractions were combined in a 2:2:1 ratio to a total cell
count of 250,000 cells in a 1.5mL Eppendorf tube. Cells were spun at 500g for 5min at 4°C. The
supernatant was removed and 100ul of chilled 0.1X lysis buffer was added and mixed by gently
pipetting 5x. Cell suspension was incubated for 5min on ice. Immediately after 5min 1mL of chilled wash
buffer was added and the solution was gently pipet mixed 5x. Nuclei were centrifuged at 500g for 5min
at 4°C, the supernatant was removed, and the nuclei were resuspended in diluter nuclei buffer to a final
concentration of 5000 nuclei/uL. Nuclei concentration and acceptable morphology was confirmed via
hemocytometer cell counting and brightfield microscopy, and a cell lysis percentage over 95% was
confirmed using a Countess Il FL Automated Cell Counter (Thermo Fisher Scientific). Nuclei were kept on
ice and given immediately to the BRC sequencing core for single cell ATAC-seq library prep and
sequencing.

The generation of single cell indexed libraries was performed by the Biomedical Research Center Next
Generation Sequencing Core using the 10X Genomics chromium controller platform and the Chromium
Single Cell 5" Library and Gel Bead Kit v1.1 and Chromium Single Cell ATAC Kit v2 reagents. Briefly,
around 10,000 cells were targeted per sample and deep sequencing was run on the NextSeq 2000 using
the P3-100 cycle kit. After run completion, the Binary base call (bcl) files were converted to fastq format
using the illumine bcl2fastq2 software, and data were received for further analysis.

Notch ligand in vitro screening

Recombinant human JAG1-Fc, JAG2-Fc, DLL1-Fc (R&D Systems), or DLL4-Fc (Sino Biological) were diluted
to 4 ug/ml in PBS along with 1 pug/ml VCAM-1-Fc (R&D Systems). To coat, 50 pl of each solution was
added per well of a 96-well flat-bottom plate and incubated overnight at 42C. Immediately before use,
wells were washed once with 50 ul PBS before cells were seeded.

Umbilical cord blood was collected from consenting donors at BC Children’s Hospital, Vancouver,
Canada in accordance with institutional research ethics. Mononuclear cells were isolated by density
gradient centrifugation using Lymphoprep (Stemcell Technologies) and CD34* HSPCs were enriched
using the EasySep Human CD34* Positive Selection kit (Stemcell Technologies) according to the
manufacturer’s instructions. Isolated cells were cryopreserved in FBS containing 10% DMSO and stored
in vapor phase nitrogen prior to use. Cells were thawed in 372C water bath and 5x volume of 372C Hanks
Balanced Salt Solution with 0.5% BSA was added dropwise. Cells were centrifuged for 7 minutes at 250g,
the supernatant aspirated, and resuspended in culture medium.
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Cells were cultured in Iscove’s Modified Eagle Medium (IMDM) supplemented with 20% serum
substitute (BIT 9500; Stemcell Technologies), 1 ug/ml low density lipoprotein (Stemcell Technologies),
60 UM ascorbic acid (Sigma), 24 UM 2-mercaptoethanol (Sigma), and 1% penicillin-streptomycin
(Invitrogen). For experiments measuring T-lineage potential, cells were cultured in stage 1 cytokine
concentrations from day 0-7 and stage 2 from day 7-14 (Sup. Table 5). Experiments investigating
monocyte/macrophages and dendritic cells used stage 1 cytokines throughout the entire 14 days. All
cytokines were from R&D Systems.

To begin experiments, 2000 cells per well were seeded on DLL1-Fc or DLL4-Fc, and 4000 cells per well on
JAG1-Fc, JAG2-Fc, or wells without any Notch ligand. For experiments measuring T-lineage potential,
cells were passaged to plates freshly coated with DLL4-Fc on day 3 or 7. For experiments measuring
monocyte/macrophage and dendritic cells, cells were passaged to the same Notch ligand on day 7.

Cells were passaged in 100 pul of medium per well and an additional 100 ul was added 3-4 days after
passaging, unless the cells were passaged (as on day 3), in which case the medium was completely
changed, and the cells were seeded in 100 ul of medium. Gentle pipetting was used to passage cells,
followed by rinsing wells with 30-50 ul of PBS + 0.5% BSA + 2 mM EDTA to remove any remaining
adherent cells.

Cells were passaged, rinsed once with PBS, then stained for viability using Zombie-UV (Biolegend)
diluted 1:500 in PBS. Afterwards, cells were incubated for 5 minutes with 1:100 FC block (BD
Biosciences) in Hanks Balanced Salt Solution with 2% FBS (HF). For analysis of antibody panels containing
CD68, cells were fixed and permeabilized using the Cytofix/Cytoperm kit (BD Biosciences) according to
the manufacturer’s instructions. Surface and intracellular antibodies were stained together for 45
minutes on ice, then cells were rinsed twice with permeabilization buffer and resuspended in HF for
analysis. For the antibody panels containing only surface markers, cells were stained in Brilliant Violet
Buffer (BD Biosciences) for 10 minutes on ice, rinsed once with HF, then resuspended in HF for analysis.
A CytoFLEX LX cytometer (Beckman Coulter) was used to collect data. Compensation was performed
using the cytometer software (CytExpert v2.3) and gating was performed using FlowJo X. The antibodies
used are provided in Sup. Table 6.

For sequencing analysis, the 10X genomics cell multiplexing oligo labeling for 3’ single cell RNA
sequencing protocols (CG000391 rev. B) was followed. Briefly, cells were washed with HF and stained
with each respective multiplexing oligo (10 conditions total). Cells were then washed 3 times with
resuspension buffer, counted, and pooled in equal proportions in two separate tubes (5 samples/tube).
Sequencing library preparation was prepared separately for each tube using the Chromium Single Cell 3’
Library and Gel Bead Kit v1.1, and sequenced with a target cell input number of 30,000 cells per chip.
Data was processed using the CellRanger pipeline and cells with >1 hashing lipid were filtered prior to
data analysis.

Following the suggested pipeline for quality control in Scanpy (v1.7.1), cells from each sequencing library
were filtered to remove cells with total counts less than 1000 or greater than 40,000, percent
mitochondrial genes less than 15, or number of genes by counts less than 1000 or greater than 6000.
Genes expressed in less than 3 cells were removed. The two datasets were then merged and the
combined dataset was normalized, and highly variable genes, PCAs, and neighbours were calculated.
Cell types were named based on marker gene expression and cell counts for each cell type were
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calculated for each condition. These frequencies of each cell type were plotted for each Notch ligand
screening condition using the matplotlib functions.

CITE-seq and ATAC-seq data integration & analysis

Raw fastq files from all samples were aligned and quantified using CellRanger. Following the suggested
pipeline for quality control in Seurat v 4.3.0 package, CITE-seq data were filtered for dead cells,
doublets, and red blood cells by excluding cells with greater than 5% mitochondrial genes and less than
200, but no more than 5000 genes.

Prior to GSEA analysis, patient data (age, sex) was and then samples underwent normalization, scaling,
integration using anchors, dimensional reduction, and further downstream analysis using the standard
Seurat workflow with the Seurat v.4.3.0 package. PCs were visualized using an elbow plot to select
dimensionality of the integrated dataset, from which we determine to implement 20 dimensions as our
input for the RunUMAP and FindNeighbors clustering parameters (res = 0.9). Cells were clustered and
identified based on known marker genes. To further separate cell types based on distribution of key
marker genes (ex. ICOS, DPP4, MKI67), Treg cells and fibroblast cells were re-clustered by subsetting the
object containing each respective cell type and then re-processing for variable features, re-scaling, and
re-running FindNeighbors and FindClusters functions. Cell types were named based on expression of
known marker genes and then re-added back to the main Seurat object.

Differentially expressed genes for GSEA were determined by applying model-based analysis of single-cell
transcriptomics (MAST) test and the clusterProfiler package to the whole gene expression profile of
male versus female for each cell type or cell type 1 versus cell type 2 for certain comparisons. The
canonical pathways from the curated gene set provided by Molecular Signature Database (MsigDB) were
input as the gene list for GSEA. GSEA results were outputted as a table found in supplement or visualized
using the dotplot from ggplot package.

To determine common differentially expressed pathways from male and female donors, significantly
(p>0.05) upregulated pathways for male and female cell types were identified. The frequency of each
pathway in male and female donors was quantified to calculate the total number of cell types
upregulated in each pathway and to quantify to the frequency for each main cell type classification. The
top 50 most frequently upregulated pathways were plotted for male and female using the ggplot
function geom_bar. Frequencies for each pathway were broken down into frequency per cell type
classification.

To calculate the number of sex chromosome associated genes, we extracted a list of X and Y
chromosome genes from Ensembl and calculated the percentage of differentially expressed genes
(p<0.05) found on s sex chromosome for each cell type. We then calculated the mean and median
number of sex chromosome-associated differentially expressed genes across cell types. The median
number of genes was selected, since some cell types had few (0-3) differentially expressed genes which
skewed the mean.

For integration with ATAC-seq data the general Seurat processing workflow was followed using
SCTransform, which acts as a replacement for the NormalizeData, ScaleData and FindVariableFeatures
functions. The data was then dimensionally reduced and filtered with RunPCA. FindNeighbors and
RunUMAP were run with 30 dimensions. Cell labels were transferred from previously named cell types
used for GSEA.
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The ATAC-seq dat25aset was associated with the human genome (hg19) and processed using the Signac
package (version 1.8.0). The dataset was filtered for peak region fragments between 750 and 80000,
percent reads in peaks larger than 15, a blacklist ratio less than 0.8, a nucleosome signal less than 4 and
a Transcription Start Site (TSS) Enrichment Score above 1. All filtering values were determined using
Violin Plots and intercept lines. The dataset was then normalized, dimensionally reduced and clustered.
To name the ATAC-seq object cell clusters, transfer anchors were identified between the ATAC-seq
(query) and CITE-seq (reference) datasets. Labels were transferred to the ATAC-seq object and assigned
accordingly.

CITE-seq and ATCA-seq datasets were merged and integrated using Seurat. The cell identities were
reassigned according to CITE-seq labels, and the combined object was processed using the workflow
described above. As the object contains multimodal data, FindMultiModalNeighbors and RunUMAP
were used for final dimensional reduction and plotting. The function LinkPeaks was used to link
chromatin accessibility peaks to the genes in the object.

Coverage plots were generated using the CoveragePlot function outlined in the Signac package (version
1.8.0) to visualize gene expression data in combination with chromatin accessibility. The combined
ATAC-seq and CITE-seq dataset was used. The CellChat R package (version 1.6.0) was used to infer
intercellular communication within the processed CITE-seq dataset. The CellChat pipeline was followed
as in*® and the CellChat database, CellChatDB, in human was used. After processing steps, the cluster
labels were re-ordered and plots were generated using built-in functions for all cell-cell interaction plots
and ligand-receptor pair contribution plots. The combined ATAC-seq and CITE-seq dataset, as well as
separated male and female datasets, were used in this analysis.

The pySCENIC pipeline was used to compute regulons’. Co-expression modules were inferred with
Grnboost2, and hgl9 transcription factor motif enrichment data from the Aerts laboratory was used to
identify direct transcription factor targets. The area under the recovery curve metric was computed to
guantify regulon activity in each cell in the dataset.

Histology sample preparation

During thymic tissue dissociation incubations fresh-frozen CODEX tissue blocks were prepared. Tissue
was rinsed in PBS, dried carefully, and placed in label histology blocks filled with O.C.T (Thermo Fisher
Scientific). Blocks were frozen in cold isopentane cooled via liquid nitrogen and placed directly on dry ice
once frozen. Tissue blocks were transferred to an airtight container and stored at -80°C until use.

CODEX staining and image acquisition

CODEX buffers were described as in Schurch et al. 2020?22 and DNA-barcoded antibodies were produced
as outlined in Wang et al. 202223, 8um tissue sections were prepared, stained and imaged as described
in Wang et al. 20222 using an Akoya Biosciences Phenocycler microfluidics instrument.

CODEX image analysis

Multiplex images are first processed using the custom image analysis pipeline Convolutional Registration
of Images with Subpixel Precision (CRISP)?. Briefly, CRISP creates a multidimensional image stack by
performing tile alignment and 3D-drift compensation on tile z-stack images. Images are then
deconvolved and resolution-corrected through point spread function analyses, and tiles are registered
and stitched. Individual cells are then detected via convolutional neural-network driven cell
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segmentation?. After cell segmentation the data can be synthesized into a matrix file resembling single
cell RNA sequencing data, where individual cells are assigned quantitative expression values of all
proteins captured during imaging. Using the custom image analysis pipeline HFcluster?, autofluorescent
cells are removed and the remaining cells are clustered based on protein marker expression via Leiden-
based clustering. Cell types are labeled based on phenotypic expression of marker proteins as well as
localization within the tissue. Finally, we perform neighbourhood analysis to detect and quantify niches
within the tissue. Using K-means neighbourhood clustering, we score each cell based on the
composition of its 80 nearest neighbours. Cells are then clustered into tissue neighbourhoods based on
this composition score and frequency and composition of niches are quantified and compared across
treatment groups.

Supplemental Table Legends

Table 1: Postnatal thymus sample metadata.

Table 2: TotalSeq-C Human Universal Antibody Panel v1.0 used to phenotype cells via CITE-seq.

Table 3: Key marker genes defining cell types identified via CITE-seq.

Table 4: Comparison of statistically significant differentially expressed genes to sex chromosome genes.
Table 5: Cytokine concentrations used in differentiations.

Table 6: Antibodies used in Notch Ligand in vitro screening experiments.
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