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SUMMARY

Many aspects of the porcine immune system remain poorly characterized, which poses a barrier
to improving swine health and utilizing pigs as preclinical models. Here, we employ single-cell
RNA sequencing (sScRNA-seq) to create a cell atlas of the early-adolescent pig thymus. Our
data show conserved features as well as species-specific differences in cell states and cell types
compared with human thymocytes. We also describe several unconventional T cell types with
gene expression profiles associated with innate effector functions. This includes a cell census
of more than 11,000 differentiating invariant natural killer T (iNKT) cells, which reveals that
the functional diversity of pig INKT cells differs substantially from the iINKT0/1/2/17 subset
differentiation paradigm established in mice. Our data characterize key differentiation events in
porcine thymopoiesis and iNKT cell maturation and provide important insights into pig T cell
development.
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Gu et al. use single-cell RNA sequencing to characterize thymopoiesis in pigs. This reveals
subpopulations and regulatory networks relevant for understanding cellular immunity in swine.
Their analysis includes a census of more than 11,000 thymic iNKT cells, which shows that pig
iNKT cell differentiation differs from the iNKT0/1/2/17 paradigm established in mice.

INTRODUCTION

The thymus is responsible for development, selection, and maturation of T cells and
therefore plays a critical role in adaptive immunity and central tolerance. Accordingly,
thymic dysfunction is associated with a variety of diseases, such as cancer, autoimmune
diseases, and infectious diseases (Miller, 2020). The thymus is a target for numerous
physiological disorders, including malnutrition, autoimmunity and pathogen infection
(Cheng and Anderson, 2018; Savino, 2006; Savino et al., 2007). Thus, a thorough
understanding of thymopoiesis is essential for elucidating the mechanisms of cellular
immunity and T cell-associated pathologies. Current knowledge about thymus function
and cellular composition is based largely on rodent models.However, the dynamics of
thymopoiesis and the resulting diversity of mature T cell subsets are unique to each species,
which warrants studying the thymus in individual species.

Pigs (Sus scrofa) are an important agricultural species that have emerged as a valuable
translational model to bridge the gap between rodent and non-human primate models
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(Bertho and Meurens, 2021; Dawson, 2011; Késer, 2021; Meurens et al., 2012; Sinkora and
Butler, 2016). This is in part because pigs share many anatomical and physiological traits
with humans. Genome sequence identity is approximately three times more similar between
pigs and humans than between mice and humans (Humphray et al., 2007; Wernersson

et al., 2005). In terms of the immune system, pigs express T cell subsets and that are
phenotypically similar to humans, and both species share a high degree of nucleotide and
protein sequence homology for immune molecules (Dawson, 2011; Kaser, 2021; Starbak et
al., 2018). Nevertheless, the porcine immune system has several peculiarities that separate
pigs from mice and humans. For instance, pigs have a high frequency of peripheral
CD4*CD8a" effector/memory T cells and y6 T cells (Pescovitz et al., 1990; Stepanova

and Sinkora, 2013; Yang and Parkhouse, 1996; Zuckermann and Gaskins, 1996). The latter
includes sublineages that are absent in mice and humans (Groh et al., 1989; Rakasz et al.,
1997). The extent to which the pig and human immune systems overlap is not yet fully
known. This gap can be addressed using next-generation sequencing platforms such as
single-cell RNA sequencing (scRNA-seq), which provides unbiased transcriptional profiling
of individual cells without marker-based sorting of unique cell subsets.

Here we used scRNA-seq to create a cell atlas of the prepubertal pig thymus. The primordial
pig thymus appears by 22 days of gestation (DGs), completes development by 36 DGs,

and undergoes a period of allometric growth from 36 DGs to the end of gestation (114

DGs) (Sinkora et al., 2005a). Additional growth occurs postnatally, when most cellular
components, including lymphocytes and epithelio-reticular cells, trabeculae, and Hassal’s
corpuscles, increase in size and number. Peak weight is reached during early adolescence,
between 12 and 24 weeks of age, after which the thymus gradually decreases in size,
especially after puberty (Ighokwe and Ezenwaka, 2017).

Our pig thymocyte dataset was combined with publicly available human thymic cell data
to systematically compare thymopoiesis between pigs and humans. We identified common
features shared between humans and swine as well as pig-specific gene signatures and cell
states. Several of the differences were in innate-like T cell subsets that express memory
markers and acquire functional competence in the thymus. However, the rarity of some
innate T cell populations necessitates mapping their differentiation and subset composition
using purified samples. As an illustration, our study included an analysis of purified semi-
invariant natural killer T (iNKT) cells. iNKT cells recognize glycolipid antigens presented
by the non-polymorphic CD1d molecule via a semi-invariant T cell receptor (TCR) (Godfrey
etal., 2010,2015). Their ability to respond rapidly in the periphery is largely due to the
presence of preexisting subsets that segregate in the thymus during their development
(Stetson et al., 2003).

Our data provide a resource to better understand thymopoiesis and T cell-related diseases
in swine. They also elucidate iINKT cell development in pigs. This is of interest for
understanding the evolutionary conservation of the INKT-CD1d system because pigs are
distinct from ruminant artiodactyl species that express an alternative CD1D gene structure
that cannot present the iINKT cell agonist a-galactosylceramide (Nguyen et al., 2013; Wang
etal., 2012; Yang et al., 2019).
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RESULTS

Cellular composition of the pig thymus

scCRNA-seq was performed on the combined thymi of two 22-week-old mixed-breed pigs.
We obtained 9,112 cells with 30,638 mean reads and 1,017 median genes per cell (Table
S1). After removing cells with unusually low and high gene counts and high mitochondrial
gene expression, the remaining cells were clustered using Seurat (v.3.2.2) (Stuart et al.,
2019). Canonical cell cycle markers were then used to regress out cell cycle effects before
the dimensional reduction step. We obtained 16 distinct clusters (clusters 0-15) (Figure
1A), which were annotated according to lineage marker genes that distinguish mouse and
human thymocyte subsets (Figures 1B-1D and S1A; Table S2). Double-negative (DN) cells
were separated into cycling clusters (DN(C); cluster 0) and quiescent clusters (DN(Q);
cluster 1) according to expression of cell cycle and VDJ recombination genes (Figures 1B
and S1B). Both populations expressed classical DN markers, including PTCRA and /L7R
(Yui and Rothenberg, 2014) (Figures 1B and 1D). However, /L 2RA (CD25) and CD44,
which distinguish DN subsets in mice, were not upregulated until later in pig thymocyte
development (Rothenberg et al., 2008; Yang et al., 2010; Yui and Rothenberg, 2014) (Figure
S1B). Like humans, pig DN cells expressed *CDI1A (Res et al., 1997) (Figure S1B).
Double-positive (DP) thymocytes (clusters 2—4) consisted of one quiescent cluster (DP(Q))
and two rapidly cycling cell clusters (DP(C)1 and DP(C)2), which, respectively, upregulated
G2M and a combination of G2M- and S-phase cell cycle genes (Figure S1B). Cluster 7

was designated as T entry cells because of their high CCR9and low CCR7 expression

(Hu et al., 2015; Uehara et al., 2006) (Figure 1D). Among post-committed thymocytes, we
identified CD8 single-positive (CD8SP, cluster 10) and CD4 single-positive (CD4SP, cluster
11) cells, T regulatory (Treg) cells (clusters 8 and 9), 6 T cells (clusters 5 and 6), and three
unconventional CD8* T cell subsets (clusters 12—14). We also detected a minor cluster of B
cells (cluster 15) that expressed high levels of SLA-DRA, SLA-DQBI1, and CD40 (Figures
1A and 1B; Table S2). This is consistent with previous reports showing that pigs harbor a
rare population of B cells that localize in the thymic medulla when mature (Sinkora et al.,
2000; Sinkorova et al., 2019). A similar subset of B cells in mice contributes to negative
selection (Perera and Huang, 2015).

Characterization of unconventional T cell populations

Next we assessed the gene profile of unconventional T cells (Figure 2A). Two clusters

of Treg cells were identified, Tregl and Treg2, which, respectively, correspond to
CD25*Foxp3™~ Treg cell progenitors and CD25*Foxp3* mature Treg cells in a previously
described two-step model of murine Treg cell development (Burchill et al., 2008; Lio and
Hsieh, 2008; Owen et al., 2019) (Figures 2B and S2A; Table S3). Step one is driven

by strong TCR stimulation, which generates Treg cell progenitors expressing high-affinity
CD25 and the TNF receptor (TNFR) superfamily members GITR, OX40, and TNFR2.
Step two relies on cytokine signals that promote Treg cell maturation by phosphorylating
Stat5 and upregulating Foxp3. Tregl was enriched for *7TNFRSF18 (GITR) and TNFRSF4
(OX40) in addition to other Treg cell signature genes, including CTLA4and TNFRSF9
(CD137) (Vaeth et al., 2019; Wing et al., 2008) (Figure 2B). This subset also expressed
several Nrda nuclear receptor family members (NR4A1, NR4AZ, and NR4A3) (Figure S2A)
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that are required for transducing high-affinity TCR signals into Foxp3 expression (Sekiya et
al., 2013). Treg2 was enriched for FOXP3, ILZRA, and STAT5A (Figure 2B).

Three unconventional CD8* T cell subsets were identified that we designated interferon-
stimulated gene (1SG)-CD8 T (cluster 12), cytotoxic CD8 T (cluster 13), and CD8a.a cells
(cluster 14). ISG-CD8 T cells were enriched for ISGs, including /SG15, MX1, STAT1, and
IRF7, which mediate the antiviral activity of interferon (IFN)-a and type | IFN signaling
(Perng and Lenschow, 2018) (Figure 2B). Our results are reminiscent of previous reports
showing that type | IFN signaling is involved in inducing 1ISGs during the late stages of
human and mouse CD4* and CD8™" thymocyte development, even in the absence of infection
(Colantonio et al., 2011; Xing et al., 2016). Cytotoxic CD8 T and CD8a.a. T cells expressed
a high ratio of CD8A to CD8B (Figure 2B). Compared with conventional CD8SP cells,
cytotoxic CD8 and CD8a.a. T cells were enriched for T cell memory markers (CD44,

*/[ 2RB, CXCR3, and CCL5), NK cell receptors (VKG7, KLRK1, and *KLRDI), activation
markers (SLA-DQBI and SLA-DRA), and the chemokine XCL 1, which is the ligand for the
XCRL1 receptor that is uniquely expressed by cross-presenting dendritic cells (Kroczek et al.,
2018) (Figures 2B, 2C, S2B, and S2C; Table S3). Cytotoxic CD8 T cells expressed several
additional NK cell signature genes, including PRF1 (perforin), KLRB1 (NK1.1), *FCGR3A
(CD16), and EOMES (Figure 2B). These cells had barely detectable levels of KLF2and
S1PR1, which are required for thymic egress (Allende et al., 2004; Carlson et al., 2006)
(Figure 2C). This may indicate that cytotoxic CD8 T cells are a thymus-resident population.
CD8a.a T cells expressed high levels of the transcription factor ZNF683 (Hobit) (Figure
2B), which regulates the transcriptional program of several tissue-resident T cell subsets,
including iNKT cells and effector CD8" T cells (Mackay et al., 2016; Verstichel et al.,
2017). We noticed that CD8a.a T cells strongly expressed TCR -y-chains (Figure 2B), which
is consistent with previous reports showing that mouse and human CD8aa T cells have a
mixed o and y& T cell signature (Cheroutre et al., 2011; Dadi et al., 2016; Verstichel et al.,
2017).

Like other Laurasiatheria, pigs express a high proportion of & T cells (Holderness

et al., 2013). Our results agree with previous reports showing that porcine y&6 T

cells consist of two major subpopulations defined as WC1-GATA3°CcD2* (CD2*) and
WCI*GATAZ"CD2 (CD27) cells (Le Page et al., 2021; Rodriguez-Gémez et al., 2019;
Stepanova and Sinkora, 2012) (Figures 2B, S2D, and S2E; Table S3). The CD2* population
preferentially accumulates in lymphoid organs, such as the spleen and lymph nodes, and

can simultaneously secrete IFN-y and tumor necrosis factor alpha (TNF-a) (Sedlak et al.,
2014; Stepanova and Sinkora, 2012). The CD2™ subset predominates in the blood and is
capable of producing interleukin (IL)-17A (Sedlak et al., 2014; Stepanova and Sinkora,
2012). We observed that CD2* & thymocytes (cluster 5) were enriched for genes associated
with TCR signaling (CD28, *PRKCH, LCK, and IKZF2), which suggests that CD2* y&§ T
cells are more reliant on TCR-mediated stimulation than CD2~ y& T cells. CD2™ y6 T cells
expressed several transcription factors that program the differentiation of 1L17-producing y&
T cells (T-y617) in mice, including SOX13, GATA3, MAF, BLK, ETV5, and /D3 (Sagar

et al., 2020; Spidale et al., 2018) (Figure 2B). However, we failed to detect FORC, which

is required for Ty817 lineage commitment (Malhotra et al., 2013; Spidale et al., 2018),

even though this transcription factor was abundantly expressed in DP thymocytes (Figure
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1B). Like T-y817 cells, porcine CD2~ y& T cells are resident in a wide variety of tissues,
including the thymus, lymph nodes, spleen, lungs, liver, and intestine (Saalmuller et al.,
1990; Sedlak et al., 2014; Stepanova and Sinkora, 2012), where they appear to acquire
specialized functions that modulate local immune responses. It is notable that CD2™ y&6 T
cells strongly expressed JAML (Figures 2B and S2E), a costimulatory receptor expressed by
mouse epithelial y8 T cells that promotes cellular proliferation and cytokine production by
peripheral yv6 and CD8* T cells (McGraw et al., 2021; Verdino et al., 2010; Witherden et al.,
2010). Unlike CD8™" T cells, surface expression of JAML molecules was mostly restricted to
peripheral -y8 T cells (Figures 2D and S2F), suggesting that JAML signaling is not essential
for CD2™ y& T cell development.

Pseudo-temporal analysis of thymocyte development

We ordered thymocytes along a differentiation trajectory using Monacle (v3) (Cao et al.,
2019; Levine et al., 2015; Traag et al., 2019; Trapnell et al., 2014). Overall, the trajectory
downstream of the DN(C) root cluster agreed with well-established ap T cell development
stages and stage-specific markers (Figures 3A and 3B). y6 T cells differentiated from

DN thymocytes through a CD2* precursor population enriched for cell cycling genes and
*CD1A (Figures 3B and S1B) and then branched into two terminally differentiated subsets.
Genes that varied with pseudotime clustered into 16 modules (Figures 3C and 3D; Table S4).
Module 1 segregated with DN cells and included pre-T and pre-B cell receptors (PTCRA
and */GLL1), DNTT, which encodes terminal deoxynucleotidyl transferase, and *PXMP4,
which purportedly modulates glycolipid availability for CD1d presentation (Fletcher et al.,
2008). Modules 2-5 included histone and cell cycling genes that segregated with both DP(C)
clusters. Module 6 segregated with DP(Q) cells and included two CD1 genes (*CD1D and
CD1E); HHIP, which regulates thymic -y6 T cell differentiation (Mengrelis et al., 2019);

and RORC, a transcription factor that regulates DP cell survival (Kurebayashi et al., 2000;
Yui and Rothenberg, 2014). Modules 7-11 contained genes that segregated with various
post-committed populations. Module 7 was strongly upregulated in CD4SP, CD8SP, and y&
T cells and contained several thymic emigration genes, *SLA-2 (major histocompatibility
complex [MHC] class | antigen 2), and *G/MAPI, a GTPase that is critical for mature T
cell development and survival (Saunders et al., 2010). Module 8 included several 1SGs and
segregated with ISG-CD8 T cells and a small number of CD2* y& T cells. Module 9 varied
with Treg cells (especially the Tregl cluster) and included *7NFRSFI8and TNFRSF4, the
antiapoptotic gene BCL2A1, as well as the Nr4a receptors NR4AI1 (Nur77) and NR4A3
(Nor1), which are critical for Treg cell lineage commitment in mice (Owen et al., 2019;
Sekiya et al., 2013; Tuzlak et al., 2017). Modules 10 and 11 varied with CD8a.a and
cytotoxic CD8 T cells. Module 10 was enriched for genes encoding MHC class Il molecules,
and module 11 contained genes encoding memory markers, NK receptors, and granzyme
molecules. Module 12 was increased in all y& T cells and included genes involved in the v
TCR signaling cascade (*7RGCI1, BLK, and LAT2) (Cibrian et al., 2020; Muro et al., 2019),
GATA3, a transcription factor expressed by most porcine -y6 T cells (Rodriguez-Gémez et
al., 2019), and /D3, an E protein inhibitor that controls the survival and expansion of y&
thymocytes (Zhang et al., 2014). Module 13 segregated specifically with CDZ~y6 T cells
and included SYTL3 which regulates vesicular trafficking (Dong et al., 2021); *CD163L 1
(also known as WC1) and its variant *WC1.1, which act as hybrid pattern recognition
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receptors and TCR coreceptors on bovine 6 T cells (Herzig et al., 2010; Hsu et al., 2015);
FHL2, a transcriptional co-activator that regulates cell proliferation, survival, and motility
(Hua et al., 2016); and RHEX, which controls erythroid cell expansion (Verma et al., 2014).
The three remaining modules (14-16) exhibited subtle differences over pseudotime and did
not segregate with specific cell clusters (Figure 3C).

Porcine and human thymopoiesis are transcriptionally conserved

To compare the transcriptional landscape of pig and human thymocytes, we integrated our
thymocyte dataset with published scRNA-seq data from CD34~ thymic cells of a 19-month-
old human (Le et al., 2020) (Figures S3A-S3C). We found a high degree of overlap for
most clusters (Figure 4A). However, the pig DP(Q) cluster only partially overlapped with
its human counterpart, in part because human DP(Q) cells expressed more CD3D, CD3G,
*CDY9, and MZB1 than pig DP(Q) cells (Table S5). The y& T cell cluster was much larger
in pigs. Pig and human y& T cells were enriched for /KZF2, ID3, and CD44 (Table S6).
However, SOX13was not detected in human y& T cells. Human thymocytes harbored two
previously described subsets of CD8aa T cells, designated CD8a.a™ T(I) (cluster 6) and
CD8aa* T(Il) (cluster 13), which can be distinguished by their respective enrichment of
GNG4 and ZNF683 (Park et al., 2020). CD8a.a T(l) overlapped with a minor population

of pig & T cells (cluster 6) that lacked CD8A. Both clusters expressed *PRKCH, PDCD],
and /KZF2 (Table S7), which facilitate high-affinity TCR interactions that agonist-selected T
cells require for their development (Daley et al., 2013; Isakov and Altman, 2012; Pobezinsky
etal., 2012). CD8aa T(I1) overlapped with pig ZNF683" CD8a.a T cells (cluster 13),
partly because of their common expression of -y6-TCR genes, NKG7, KLRBI1, CXCRS3,
and CXCR6 (Table S8). However, there were also highly differentially expressed genes
between them (Table S8), including the GIMAP family members G/IMAPZ2and *GIMAPE,
which regulate thymocyte development (Filén and Lahesmaa, 2010). Pig cytotoxic CD8 T
cells and the corresponding human cluster (cluster 14) expressed cytotoxic genes (VKG?7,
GZMK, and GZMH) (Table S9). However, only the human cluster expressed caspases
involved in inflammation (CASP1 and *CASP4) (Galluzzi et al., 2016) and BS72, a type

I IFN-inducible cellular protein (Kambara et al., 2015) (Table S9), indicating a possible
difference in function.

To compare temporal changes in gene expression between species, we performed a
pseudotime analysis of the human dataset (Figure S3C). We found conserved profiles

for several cell cycle (PCNA and CDK2), T lineage (PTCRA and NOTCHS3), VDJ
recombination (RAGI and RAGZ2), DP-t0-SP transition (/D3, TOX2, and CCR9), and
terminal differentiation (CCR7, CD7, MHCI, and SELL) genes (Figure 4B). However,

we also observed notable divergences (Figure 4C). MYC, a transcription factor required
for thymocyte proliferation and differentiation (Broussard-Diehl et al., 1996), and ANXA1
(Annexin-Al), a phospholipid binding protein that plays a role in regulating the strength of
TCR signaling during thymic selection (Paschalidis et al., 2010), were highly upregulated
in human DN cells and became silenced with the transition to DP cells. In contrast,

pigs upregulated these genes during the DP-to-SP transition. CD38, a cyclic ADP ribose
hydrolase responsible for inducing apoptosis of DP thymocytes (Li et al., 2015), was highly
expressed by human thymocytes at the DP stage. Conversely, this gene was undetected in
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pig thymocytes until the mature T cell stage, when it was expressed at low levels. The
transcription factor BCL11B, which is a key regulator of thymocyte differentiation and
survival (Hosokawa et al., 2020; Wakabayashi et al., 2003), was sustained at high levels until
the commitment stage in humans but was barley detected in pig thymocytes. Expression of
JUNB, a component of transcription factor AP-1, which is required for T cell differentiation
(Katagiri et al., 2021), and CDZ27, which modulates T cell survival and memory formation
(Hendriks et al., 2000), increased with commitment in the human thymus but were barely
detected in pigs. Conversely, CD81, which modulates TCR signaling (Rocha-Perugini et al.,
2013), was only upregulated in pig thymocytes. These data demonstrate a significant degree
of conservation between pig and human thymocyte development as well as species-specific
differences in several key regulators of thymopoiesis.

Cluster analysis of thymic iNKT cells

To perform a detailed assessment of iINKT cell differentiation, we interrogated the
transcriptomes of more than 11,000 iNKT cells (Table S1) purified from the same thymi
used to analyze porcine thymopoiesis. Thymocytes were stained with a phycoerythrin (PE)-
conjugated mouse CD1d tetramer reagent that cross-reacts with the porcine-invariant TCR
(Artiaga et al., 2014) (Figure 5A). CD1d tetramer* cells were then enriched using magnetic
bead separation and then sorted by fluorescence-activated cell sorting (FACS) to 99% purity
(Figure 5A). Sorted cells were stained with PBS57-unloaded or -loaded allophycocyanin
(APC)-conjugated CD1d tetramers to confirm the specificity of the CD1d tetramer-PBS57
antigen complex (Figure 5A).

After completing read alignment and quality control steps, an unsupervised graph-based
clustering analysis using the Louvain algorithm identified 9 clusters (Figures 5B-5D,

S4A, and S4B; Table S10), which overlapped with emerging and mature ap T cells in
whole thymocytes (Figures 5E and S4C). Most clusters were immediately adjacent to each
other, indicating that porcine iNKT thymocytes constitute a transcriptionally homogeneous
population. A comparison of gene expression with past publications identified multiple
genes associated with previously established mouse iINKTO, iNKT1, and iNKT2 subsets
(Baranek et al., 2020; Harsha Krovi et al., 2020; Lee et al., 2016) (Figure 5C). Clusters

1-7 were closely grouped and collectively expressed iINKT2-associated genes, including
ZBTB16 (PLZF), GATAS3, CCR7, *PLACS, FOXOI, ICOS, and /L6R (Baranek et al.,
2020; Harsha Krovi et al., 2020). Cluster 1 (17.14%), designated iNKT2.0, upregulated
EGR?2, ID3, *HIVEP3, and CD69, which are expressed by mouse iNKTO cells (Baranek

et al., 2020; Harsha Krovi et al., 2020; Seiler et al., 2012). This cluster also upregulated

the inhibitory receptor CD200and the cytokine /L4, which are enriched in INKT2 cells
(Engel et al., 2016). Cluster 2 (1.72%), designated iNKTc, was enriched for cell cycle genes,
including PCLAF, PCNA, HMGBZ, and *MK/67. Cluster 3 (5.54%), designated iNKTt,
upregulated genes associated with DP-to-SP thymocyte transition, including CCRY, LEF],
TOXZ2 and SATBI1 (Aliahmad et al., 2012; Hu et al., 2015; Park et al., 2020; Uehara et al.,
2006). Cluster 4 (31.82%), designated iNKT2.1, was similar to cluster 1 but lacked iINKTO-
associated genes. Instead, cluster 4 upregulated £/F3/and CD247, which are additional
iNKT2 genes (Baranek et al., 2020) (Figures 5C and S4B). Cluster 4 also expressed SOCS1,
a critical regulator of iINKT cell differentiation (Hashimoto et al., 2011); HPGDS, a marker
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of a pathological Th2 cell subpopulation that potentiates allergic inflammation (Mitson-
Salazar et al., 2016); and CPPED, which likely regulates the phosphatidylinositol 3-kinase
(PI3K)-protein kinase B (AKT) pathway (Haapalainen et al., 2021; Kim and Suresh, 2013)
(Table S10). Cluster 5 (6.60%), designated iINKT2.2, and cluster 6 (31.60%), designated
iNKT2.3, had relatively few unique differentially expressed genes (DEGs) compared with
the other INKT2-like clusters, except that both, along with cluster 7, were enriched for
thymic emigration genes, including S1PR1, KLF2, CD9, S100A4, and S100A6 (Carlson et
al., 2006; Reyes et al., 2018; Sreejit et al., 2020; Weinreich and Hogquist, 2008). Cluster

7 (4.47%) was unique for its strong enrichment of ISGs, including /SG15, MX1, and

IFIT1, and was therefore designated iNKT-1SG. Cluster 8 (0.88%) and cluster 9 (0.23%)
expressed genes associated with mouse iINKTL1 cells, including 7BX21, FCERIG, NKG7,
CXCRS3, STAT4, and XCL1 (Georgiev et al., 2016; Lee et al., 2016) (Figure 5C; Table

S10). Cluster 8, designated iNKT-swine (sw)1, had several DEGs in common with the
cytotoxic CD8 T cells identified in our whole-thymocyte dataset (Table S11). However, a
comparative assessment of their transcriptomes identified that INKT-sw1 cells were enriched
for ZBTB16and the TNF receptors *TNFRSF18and TNFRSF4, whereas cytotoxic CD8 T
cells were enriched for granzyme-related genes (GZMK, GZMA.1, and *GZMM) (Figure
S4D). Cluster 9, designated iINKT-sw2, presented a transcriptional profile similar to CD8a.a
T cells, including expression of ZNF683 (Figure S4C; Table S11). However, CD8aa T cells
were enriched for GATAS3, whereas iINKT-sw2 cells expressed CD244 (SLAMF4) and EGRI
(Figure S4E), which are, respectively, associated with mouse iINKT1 cells (Lee et al., 2016)
and the early stages of iNKT cell commitment (Seiler et al., 2012).

Pig iINKT cell clusters are transcriptionally distinct from iNKT cell subsets in mice

To compare the transcriptomes of porcine and murine iNKT cells, we integrated our data
with a published scRNA-seq analysis of iINKT cells purified from the thymi of 8- to
9-week-old C57BL/6 mice (Harsha Krovi et al., 2020) (Figures 6A and S5A). The mouse
dataset used CD1d tetramer™ cells sorted at a 50:50 ratio of CD44!%W to CD44M9" cells

to enrich early precursors and developmental intermediates. We found that pigs lacked a
population analogous to mouse iINKTO cells (Figure 6A; cluster 1). However, several iNKTO
signature genes (EGRZ2, MYB, CD69, and *H/VEPS3) were enriched in the pig INKT2.0
cluster (Figure 6B). Cluster 2, which coincided with iNKTt cells, appeared to be unique
to pigs. Clusters 0 and 3 in the mouse dataset were enriched for cell cycle genes as well
as CCR7, CCR9, and /L 13 (Figure S5A), which are expressed by a previously described
multi-potent INKT cell progenitor population (iNKTp) (Harsha Krovi et al., 2020). The
corresponding pig clusters also upregulated cell cycle genes but lacked /LZ3and did not
differentially express CCR7and CCR9compared with the other pig iINKT cell clusters.
Most pig iINKT cells appeared in clusters 4-6, which overlapped with three mouse iINKT2
clusters. However, the pig clusters did not express detectable CD4 or /L17RB, which are
classic mouse iINKT2 markers (Baranek et al., 2020; Harsha Krovi et al., 2020; Tuttle et
al., 2018) (Figure 6B). Cluster 7 coincided with pig iNKT-ISG cells and a corresponding
population of mouse iNKT cells enriched for ISGs, including /SG15and /F/T1 (Figures 6B
and S5A). The mouse I1SG cluster was similar to a previously identified iNKT cell subset
displaying strong enrichment of type | IFN response genes (Baranek et al., 2020; Harsha
Krovi et al., 2020). Strikingly, pig iNKT cells did not include clusters that overlapped
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with mouse iINKT1 (clusters 9 and 10) or iNKT17 (cluster 11) cells that are, respectively,
enriched for 7BX21 (T-bet) and RORC (RORvyt) (Pellicci et al., 2020). However, several
iNKT1 signature genes were enriched in pig cluster 8, which was a combination of iINKT-
swl and iINKT-sw2 subsets. A comparison of DEGs between mouse iNKT1 cells and

pig cluster 8 found several commonly expressed genes, including XCL1, CCL5, KLRKI,
and NKG7 (Table S12). However, divergence was observed in genes associated with T

cell activation (7TRAT1, PDK1, and CD69) (de la Fuente et al., 2014; Kirchgessner et al.,
2001; Lee et al., 2005) and lineage-determining transcription factors (/KZF2, JUNB, and
KLF®6) (Cao et al., 2010; Daley et al., 2013; Katagiri et al., 2021) (Figure S5B; Table S12).
Because the transcription co-factor four and a half LIM domains 2 (FHL2) has been shown
recently to control commitment to the INKT1 lineage (Baranek et al., 2020), we examined
FHL2expression in pig iINKT cells. Consistent with our observation that swine lack a clear
population of iINKT1 cells, we did not detect any subclusters enriched for FHLZ2 (Figure
S5C). In contrast, FHLZ2was upregulated in CD2™ y& T cells (Figure S2E), suggesting that
this gene is involved in controlling commitment to this lineage.

We also compared the pig and mouse datasets for receptors of cytokines that are known

to regulate iNKT cell activation and differentiation, such as IL-2, IL-12, IL-18, IL-23, and
IL-33 (Bendelac et al., 2007; Ferhat et al., 2018). Mouse iNKT cells expressed genes
encoding various I1L-2, IL-12, and 1L-18 receptor subunits (Figure 6B). Among these,

*/| 2RB, IL 12RB2, and /L. 18RAP were enriched in INKT1 cells, whereas /L. 23R was
enriched in INKT17 cells (Engel et al., 2016). IL-12 and IL-18 receptor subunits were barely
detected in the pig dataset. However, pig iINKT cells did express */L2RB as well as /L 1R 1,
which encodes the IL-33 receptor (Figure 6B). Our finding that pig iNKT cells express
/L1IRL 1 agrees with a previous report that IL-33 strongly enhances /7 vitro expansion of pig
iNKT cells when combined with the agonist a-galactosylceramide (Thierry et al., 2012).

These results demonstrate conserved features as well as species-specific differences in the
transcriptional landscape underlying iNKT cell subsets in mice and pigs.

Pseudotime analysis of porcine iNKT cell differentiation

A pseudotime analysis was performed to compare the trajectories of pig and mouse iNKT
cell differentiation. Because pig iINKT cells lacked a clear progenitor population that could
be designated as a root cluster, we analyzed the datasets using the R packages SCORPIUS
and Slingshot, which perform fully unsupervised pseudotime inferences of single-cell
transcriptomics. However, SCORPIUS predicts developmental chronologies according to a
linear dynamic process, whereas Slingshot uses a non-linear tree-shaped trajectory inference
method (Cannoodt et al., 2016; Street et al., 2010). For mouse iNKT cells, both packages
predicted a differentiation trajectory that closely agrees with the literature (Baranek et al.,
2020; Harsha Krovi et al., 2020), where iNKTO cells give rise to iNKT2 cells through
iNKTp cells. Next, iINKT2 cells split into two branches leading to INKT1 or iNKT17 cells
(Figures 7A, 7B, and S6). Pig iNKT cells were predicted to follow a simpler pathway
originating from iNKT2.0 cells and leading through overlapping clusters of the remaining
iNKT cells (Figures 7A and 7B). Genes that varied according to pseudotime were clustered
into three modules in mice (M1-M3) and four modules in pigs (P1-P4) (Figure 7C). The
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mouse modules segregated with genes upregulated by (1) iNKTO and iNKTp cells (M1);
(2) INKTO, iNKTp, iNKT2, and iNKT17 cells (M2); and (3) iNKTL1 cell subsets (M3).
Pseudotime-dependent gene expression changes were less obvious in pig modules because
pig iINKT cell development had fewer distinct phases. Nevertheless, we observed modules
that segregated with genes that (1) gradually deceased over pseudotime (P1), (2) were
enriched in iINKT2.0 cells (P2), (3) increased in iNKT2.3 cells and were important for
thymic emigration (P3), and (4) were specifically silenced in iNKT2.0 cells (P4). Of the
50 DEGs that appeared in each of the pig and mouse modules, only four genes, *PLACS,
*RAN, KLFZ, and HSP90AB1, were common to both datasets. These results indicate that
the post-commitment differentiation of pig iINKT cells is shorter and transcriptionally less
complex than in mice.

DISCUSSION

We used scRNA-seq to characterize thymocyte maturation and iNKT cell differentiation in
the thymi of 22-week-old pre-pubertal pigs. This age coincides with a period of maximum
thymus size and output in swine.

Our map of ap T cell development agrees with a previously proposed model of pig

ap T cell differentiation where CD1ANCD4~CD8™ precursor cells transform into a

large CD3!°CD4*CD8* DP population that initially maintains pre-TCRa expression and
eventually differentiates into CD4*CD8~ and CD4~CD8* SP T cells that express CD3 at
high intensity (Sinkora and Butler, 2016). The high degree of overlap between our data and
a published scRNA-seq dataset from CD34~ thymic cells of a 19-month-old human (Le et
al., 2020) indicates that the ap T cell lineage is generally well conserved between pigs

and humans compared with between mice and humans Figure S7(Canté-Barrett et al., 2017;
Le et al., 2020; Park et al., 2020) (Figure S7). Nevertheless, we uncovered inter-species
differences in key regulators of thymocyte differentiation, such as CD38, JUNB, BCL11B,
CD27,and CD8&1, which has implications for translating some aspects of adaptive immunity
and central tolerance from pigs to humans.

Our study analyzed the transcriptional profile of several unconventional T cell types,
including Treg cell, y& T cells, and memory-like CD8" T cell subsets. Our results agree with
previous reports showing that pig y6 T cells progress through a CD1AM 8-TCR* CD2*
intermediate stage that branches into mature CD2* and CD2~ subsets that downregulate
CD1A (Sinkora and Butler, 2016; Sinkora et al., 2005b). Our findings suggest that the

CD2™ subset, which also appears in other high-frequency y8 T cell species, including sheep
(Witherden et al., 1995), cattle (Mackay and Hein, 1989), and chickens (Vainio et al., 1991),
are evolutionarily related to murine Ty817 cells. Among their similarities appears to be the
ability of both subsets to develop TCR independently or with weak TCR signals (Haas et

al., 2012; Parker and Ciofani, 2020). This contrasts with the CD2™* subset, which seems to
require TCR stimulation for their induction, in a manner similar to IFN-y-producing Ty81
cells, the other major lineage of mouse y& T cells (Patil et al., 2015; Yang et al., 2021). We
observed that CD2™ y& T cells were enriched for JAML, a costimulatory molecule expressed
by monocytes, neutrophils, activated CD8* T cells, and tissue-resident y& T cells (Guo et
al., 2009; Luissint et al., 2008; Verdino et al., 2010; Witherden et al., 2010). After binding
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to its cognate ligand, coxsackie and adenovirus receptor (CXADR), a cell adhesion molecule
on non-hematopoietic cell types, JAML, stimulates a PI3K signaling cascade that induces T
cell activation and proliferation (Ortiz-Zapater et al., 2017; Verdino and Wilson, 2011). This
pathway is integral to epithelial -y6 T cell biology and contributes to the antitumor effector
responses of y& T cell and CD8* T cells (McGraw et al., 2021; Witherden et al., 2010). Our
observation that JAML is intensely expressed by almost all pig CD2™ y& thymocytes (and
CD8* SP cells) suggests that the JAML-CXADR costimulatory axis plays an important role
in these cells. We also observed that CD2™ -y6 T cells were the only thymocyte population
enriched for FHL 2, which is known to interact with several lymphocyte development factors,
including PLZF, 1d2, 1d3, and Nur77 (Tran et al., 2016). This suggests that FHLZis a key
regulator of CD2™ & T cell development and/or effector functions.

We identified two minor CD8* T cell subsets (cytotoxic CD8 T and CD8a.a cells) that
resemble innate CD8* T cell subpopulations resident in mouse and human thymi (Park et
al., 2020; Verstichel et al., 2017; Yamagata et al., 2004). Both pig subsets have a memory T
cell phenotype (Lee et al., 2011; White et al., 2017). Our pseudotime analysis predicted that
the cytotoxic CD8 T cell subset may give rise to CD8aa. T cells. Although genes associated
with thymic emigration were barely detected in either subset, a significant population of
CD8a.a T cells are present in a recently published scRNA-seq dataset from unfractionated
pig peripheral blood mononuclear cells (Herrera-Uribe et al., 2021). These cells expressed
several genes in common with our thymic CD8aa T cells (ZNF683, CD44, *IL2RB, CCLS5,
NKG7, KLRKI1, *KLRD1, and XCL1), supporting the intrathymic origin of this population.
Although the human thymus clusters that overlapped with pig memory and CD8a.a T

cells expressed many of the same markers, species differences in several important lineage-
defining genes point toward the acquisition of species-specific adaptations, perhaps for
different pathogens.

Our analysis of thymic iNKT cells revealed substantial interspecies differences, which holds
important implications for transposing paradigms of iNKT cell development from mice

to pigs. Recent murine sScCRNA-seq studies have shown that post-committed iNKTO cells
differentiate through a cycling precursor population into a cluster of central and transitional
iNKT2 cells, which give rise to terminally differentiated INKT2 cells as well as iINKT1

and INKT17 subsets (Baranek et al., 2020; Harsha Krovi et al., 2020). We observed
unexpected homogeneity among porcine iINKT cells, where 97% of cells were enriched

for mouse iNKT2 cell genes (Baranek et al., 2020; Engel et al., 2016; Georgiev et al., 2016;
Harsha Krovi et al., 2020). Accordingly, pig iNKT cells followed a differentiation pathway
that was considerably shorter and less distinctive than that of their murine counterparts.

Two minor clusters (iNKT-sw1 and iNKT-sw2 cells) had unique transcriptional signatures
characterized by loss of INKT2 genes and gain of iNKT1 transcripts. These cells were

most like cytotoxic CD8 T cells and CD8a.a T cells identified in our pig thymocytes,
sharing expression of *FCGR3A, ZNF683, NKG7, and MHC class ll-encoding genes (SLA-
DQBI1, SLA-DMA, and SLA-DMB). Nevertheless, there were also highly differentially
expressed genes, including increased ZBTB16, *TNFRSF18, TNFRSF4, CD244, and EGR1
transcripts in the iNKT cell clusters and increased GATA3and granzyme related transcripts
in the corresponding thymocyte clusters, indicating a significant difference in function.
iNKT-sw1 and iNKT-sw2 cells downre-gulated tissue emigration genes and upregulated
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CXCR3 compared with the remaining iNKT cells, which suggests that both subsets are
long-term thymus residents. Similar thymus-resident populations of innate T cells have
been described before, including subsets of mucosa-associated invariant T (MAIT) cells,
v8 T cells, and CD8a.a T cells (Fan and Rudensky, 2016; Lee et al., 2020; Salou et al.,
2019; Verstichel et al., 2017). Although the role of such cells remains unclear, it has been
speculated that they modulate thymocyte differentiation to adapt to peripheral events, such
as infection (Baranek et al., 2020; White et al., 2018).

One explanation for the surprisingly shortened differentiation pathway of pig iINKT
thymocytes may be that pig INKT cells emigrate from the thymus in a functionally immature
state and undergo further differentiation in the periphery. This model has been proposed for
human iNKT cell development because human iNKT thymocytes do not produce IFN-y or
IL-4 under steady-state conditions (Baev et al., 2004). Another possibility is that the INKT
subset diversity observed in mice is a peculiarity of this species, perhaps to compensate for
innate T cell populations that are reduced or absent in mice compared with other species.
For instance, mice lack group 1 CD1 (CD1a, CD1b, and CD1c)-restricted T cells, which are
closely related to CD1d-restricted iNKT cells and relatively abundant in humans (Godfrey et
al., 2015; Van Rhijn et al., 2015). Because all four types of CD1-restricted T cells recognize
lipids presented by CD1 molecules on dendritic cells, it is possible that group 1-restricted T
cells fulfill some of the roles performed by INKT1 and iNKT17 cells in mice.

The substantial variability in iNKT cell differentiation between mice and pigs raises a
cautionary note about interpreting the results of iINKT cell development studies in animal
models, especially considering that a unifying model linking transcription factors and
function in human and mouse iNKT cells has been difficult to establish. Given that innate-
like T cells are emerging as key players in the immune system, insights gleaned from

this study will prove valuable for evaluating innate-like T cell-associated diseases and
immunotherapies in humans and live-stock, including those involving iNKT cells.

Limitations of the study

Although this study has provided a comprehensive transcriptional analysis of pig
thymopoiesis, we only profiled pigs at a single age and did not include non-lymphoid cell
populations. In the future, it will be important to expand our dataset to capture the full
extent of thymus function and cellularity. Additionally, we cannot exclude that some of the
interspecies differences we observed in thymopoiesis and iNKT cells were due to biological
and technical effects, such as differences in physiological age, tissue preparation methods,
and sequencing saturation; validation of our findings is required using additional datasets as
they become available. Because of a lack of antibody reagents, our discovery that pig iINKT
cell subsets differ substantially from mouse iNKT cell subsets cannot be confirmed at this
time using flow cytometry of intracellular transcription factors; validation of our findings
using this approach should be performed when these reagents become available.

Cell Rep. Author manuscript; available in PMC 2022 November 28.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Guetal. Page 14

STARXMETHODS
RESOURCE AVAILABILITY

Lead contact—Further information and requests for resources and reagents should be
directed to and will be fulfilled by the lead contact, John P. Driver (driverjp@missouri.edu).

Materials availability—This study did not generate new unique reagents.

Data and code availability—The sequencing data have been deposited at
GSE192520. Code used in this study are available on https://github.com/Driver-lab1/
scRNAseq_pig_thymus. DOIs are listed in the key resources table. Any additional
information required to reanalyze the data reported in this paper is available from the lead
contact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Cell isolation—Approximately 1 g of thymus tissue was collected from one male and

one female mix-breed pig at 22 weeks of age that were slaughtered at the University

of Florida’s Animal Sciences Department. Single cell suspensions were generated using
glass homogenizers, after which mononuclear cells were isolated using Ficoll-Paque
PREMIUM (GE Healthcare). Some cells were set aside for sScRNA-seq of total thymocytes.
The remaining cells were stained with Live/Dead Near-IR viability dye (Invitrogen) and

a phycoerythrin (PE)-conjugated alpha-galactosylceramide (aGC) analog PBS57-loaded
mouse CD1d (mCD1d) tetramer (National Institutes of Health Tetramer Core Facility). Cell
suspensions were subsequently incubated with magnetically labeled anti-PE MicroBeads
(Miltenyi Biotec), washed, and loaded onto an LS column (Miltenyi Biotec). After washing,
the labeled cells were eluted and loaded onto an MS column for further enrichment.

An equal number of cells from both pigs were combined and sorted for live mCD1d
tetramer positive cells using a Sony SH800 Cell Sorter (Sony Biotechnology). Aliquots from
the sorted cells were co-stained with allophycocyanin (APC)-conjugated PBS57-loaded

or unloaded mCD1d tetramers to validate their specificity for the CD1d tetramer-PBS57
antigen complex by FACS. The thymocyte samples were stained with Live/Dead Near-IR
viability dye and FACS sorted for live cells.

METHOD DETAILS

Single-cell RNA sequencing—Single-cell libraries were prepared using the 10x
Chromium Next GEM Single Cell 3" reagent kit (v3.1) according to the manufacturer’s
instructions. Sequencing was performed on the S4 flow cell of the NovaSeq 6000 sequencer
(Illumina) to obtain paired end reads.

Data processing and clustering analysis—Sequence reads were aligned to the pig
reference genome Sscrofa 11.1 with gene transfer format file 11.1.98, following creation of
barcode gene matrices using Cell Ranger v3.1 (10x Genomics). Then, clustering analyses
were performed in R (4.0.2) using the Seurat package (v3.2.2) (Stuart et al., 2019). The
data were pre-processed by removing genes expressed in <3 cells, excluding cells with
aberrantly high or low gene counts and high mitochondrial gene expression, and regressing
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out cell cycle effects. After log-normalizing the data, the top 2,000 most variable genes

in each dataset were identified using the FindVariableFeatures function. After scaling the
data, we performed standard dimension reduction and clustering as follows: A principal
component analysis (PCA) for linear dimension reduction was executed with the RunPCA
function on the variable features; the most variable principal components were selected
based on the elbow plot and then used to determine the k-nearest neighbors of each

cell and construct a shared nearest neighbor graph using the FindNeighbors function;

the FindClusterfunction using the Louvain algorithm was implemented to cluster cells;
finally, a further non-linear dimensional reduction Uniform Manifold Approximation and
Projection (UMAP) was performed to place similar cells together in low-dimensional space.
The BuildClusterTree function was used to generate dendrograms with default arguments.
Differentially expressed genes were identified within each cluster using the FindAllMarkers
function with a minimum Log2 fold change threshold of + 0.25 using a Wilcoxon Rank-Sum
test. The R package EnhancedVolcano (Blighe et al., 2018) was used to visualize results of
differential expression analyses generated using the FindMarkers function (min.pct = 0.25,
logfc.threshold = 0.25) in Seurat.

Trajectory analysis—Monocle 3 was used to perform a pseudotemporal analysis of
thymocyte development (Cao et al., 2019; Levine et al., 2015; Traag et al., 2019; Trapnell
etal., 2014). A subset of double-negative thymocytes was specified as the starting cluster.
Cells were ordered onto a pseudotime trajectory according to their progress through their
developmental program. The get_earliest principal_node function was used to designate a
node for which the highest fraction of closest cells belonged to the starting cluster as the
root node. The /earn_graph and order_cells functions were run to respectively learn the
overall trajectory using the reversed graph embedding algorithm and to place each cell

at its proper position through pseudotime. After constructing the trajectory, the graph_test
function with the Moran | test was used to identify genes whose expression varied over
pseudotime (g_value <0.05). Genes with similar expression patterns were grouped into
modules using the find_gene_modules function. Next, the normalized expression levels
and pseudotime values were extracted to generate individual gene dynamic expression
profiles smoothed over pseudotime. To construct a pseudotime trajectory for iNKT cells,
we used the R packages SCORPIUS (1.0.8) (Cannoodt et al., 2016) and Slingshot (v2.0.0)
(Street et al., 2010) which both can reconstruct an ordering of cells without any prior
knowledge of the dynamic process. For SCORPIUS, a classical Torgerson multi-dimensional
scaling was applied to the normalized matrix and cluster data from Seurat using the
reduce_dimensionality function. Next, cells were ordered according to the inferred timeline
using the infer_trajectory function. To assess the importance of a gene with respect to

the inferred trajectory, we ran the gene _importances function on the 2,000 most variable
genes from Seurat. The top 50 most important genes were then segregated into coherent
gene modules that were up- or down-regulated in different waves during iNKT cell
development by running the extract modules function. For Slingshot, the function s/ingshot
was performed on clusters identified in Seurat, after which PCA reduction was used to
determine dimensionality (reduced-Dims) and construct unbiased lineages.
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Dataset integration—We used Seurat to integrate the thymocyte and iNKT cell data

and to perform cross-species comparisons with published human thymocyte (GSE139042)
(Le etal., 2020) and mouse thymic iNKT cell (GSE152786) (Harsha Krovi et al., 2020)
datasets. The Ensembl genome browser (Ensembl Genes 105) was used to convert human
(GRCh38) and mouse (GRCm39) gene names to the corresponding pig gene names prior

to integration (https://www.ensembl.org/biomart/martview/). Only genes with one-to-one
orthologs were included in the analyses. Low quality genes and cells were removed

from each dataset as described above. Each dataset was independently normalized before
identifying the most variable features. Afterward, we followed a standard integration
workflow. Briefly, the SelectintegrationFeatures function was applied to genes that were
consistently variable across datasets. Next, the FindintegrationAnchors function identified

a set of anchors (pairs of cells from each dataset that are contained within each other’s
neighborhoods) between datasets using the top 30 dimensions from the canonical correlation
analysis to specify the neighbor search space. Next, an integrated dataset was created by
running the /ntegrateData function. Then, cell cycle effects were regressed out and the
clustering analysis workflow was performed using RunPCA, FindNeighbours, FindClusters,
and RunUMAP, as described above. The FindConservedMarkers function (min.pct = 0.1,
only.pos = T) was used to identify DEGs that are conserved across datasets. Next, an
analysis was performed to identify species-specific DEGs in select clusters. First, an
additional column was added to the Seurat object listing each cluster according to its species
origin. Next, the corresponding clusters were analyzed for DEGs using the FindMarkers
function (min.pct = 0.25, logfc.threshold = 0.25), after which we removed genes that were
differentially expressed due to dataset-specific effects and genes that were detected in only
one species.

Flow cytometric analysis of JAML expression—Thymus, spleen, and lung samples
were collected from 22-week-old mix-breed pigs. Tissues were dispersed into single

cells as previously described (Artiaga et al., 2014), Fc receptor blocked with rat IgG,

and stained with Alexa Fluor 647-conjugated mouse anti-porcine TCR & chain antibody
(PGBL22A, WSU mADb center), PE-Cy7-conjugated mouse anti-porcine CD3e antibody
(BB23-8E6-8C8, BD), and unconjugated rabbit anti-JAML antibody (EPR15289, Abcam).
Next, the cells were incubated with an Alexa Fluor 488-conjugated anti-rabbit 1gG
secondary antibody (ab150077, Abcam). Viable stained cells were detected using an Attune
NXT flow cytometer (Thermofisher, Grand Island, NY). A no primary antibody control was
used to determine nonspecific binding of the secondary antibody (Figure S2F). Data were
analyzed using FlowJo software v10 (BD, MA).

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical analyses in single cell analyses were performed using R (4.0.2) under the specific
packages as described in the method details section. Briefly, for heatmap plots in Figures
1,5, S1, and S4, and volcano plots in Figures S2 and S5, the listed differentially expressed
genes in each cluster were determined using the Wilcoxon Rank-Sum test. The module plot
in Figure 3 were generated using the Moran | test. The genes in the heatmap plot in Figure
7 were selected using the Random Forest algorithm. For all tests, statistical significance was
defined as p < 0.05.
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Highlights
A comprehensive atlas of thymocytes in the early-adolescent pig thymus

Detection of unconventional subsets and characterization of transcriptional
heterogeneity

scRNA-seq on iNKT cells found more than 95% resemble murine iNKT2 and
minor pig-specific subsets

Porcine iNKT cells lack clusters that overlap with mouse iINKTZ1 or iNKT17
subsets
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Figure 1. Single-cell transcriptomics analysis of the cellular composition of the pig thymus
(A) Uniform manifold approximation and projection (UMAP) visualization of pig thymus

cell types, colored by cell clusters. Clusters were identified using the graph-based Louvain
algorithm at a resolution of 0.5.

(B)Dot plot showing the Z-scored mean expression of marker genes that were used to
designate cell types to cell clusters. The color intensity represents average expression of
each marker gene in each cluster. The dot size indicates the proportion of cells expressing
each marker gene. Genes with cluster-specific increases in expression are presented in Table
S2.

(C) Heatmap showing row-scaled mean expression of the five highest differentially
expressed transcription factors in each cluster.

(D) Scatterplots showing the ratio of various lineage marker genes for each thymocyte
cluster (excluding B cells). Asterisks indicate non-annotated genes (described in Table S13).
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(A) UMAP visualization of post-committed thymocyte populations.
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(B) Dot plot showing Z-scored mean expression of selected marker genes in clusters from

A).

(C) Scatterplots comparing the characteristics of mature T cells based on the ratio of genes

associated with memory T cells (left panel) and thymic emigration (right panel).

(D) Representative flow cytometry plots showing JAML expression on thymic, splenic,
and lung y& T cells. Cells were gated on live CD3* lymphocytes. Asterisks indicate non-

annotated genes (described in Table S13).
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(A) Pseudotime trajectory created by Monocle 3 using clusters 0-14 from Figure 1A.

(B) The same UMAP plot showing classical stage-specific markers of thymocyte
development.

(C) Heatmap of 16 gene modules whose expression varied across pseudotime between

clusters.

(D) UMAP plots showing the expression profiles of select genes from modules 1-13.
See Table S4 for a complete list of module genes. Asterisks indicate non-annotated genes

(described in Table S13)
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Figure 4. Integrative analysis of human and pig thymocytes
(A) UMAP showing an integrative analysis of human CD34~ thymocytes and pig

thymocytes using a canonical correlation analysis to identify shared genes between datasets.
(B and C) Transcription factor and lineage genes with conserved (B) and divergent (C)
transcription profiles between pigs and humans. A public dataset containing human thymus
samples was used (Le et al., 2020). Also see Figure S3. Asterisks indicate non-annotated
genes (described in Table S13).

Cell Rep. Author manuscript; available in PMC 2022 November 28.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Guetal.

C

Page 31
__ I B so0
Before purification After purification
¢ ooso | & 2 ; caite
s ° - 1 .
e o 3 3 8 3iNKTt
2 a 3 o ®4iNKT2.1
S e 8 ; g 00 iNKT2.
<§( ®5iNKT2.2
= ® 6iNKT2.3
® 7iNKT-ISG
» FSC L>cmd tet PE -2.51 ® 8 iNKT-sw1
1 CD1d tet APC unloaded NS
B CD1d tet APC loaded 9 iNKT-sw2
-5.0
xcL1 ] . J
. . STAT4 e
iNKT1 like| cxcrsA . =
KG71 L
TBX211 o g e
IFIT1] * . .
ISGS| MXi] e © o ® o i »
ISG151 ® @ °* ® o ’
S1PRI . 3 g & et s .
N cpo] + c e 0 o Average Expression
Migration| ¢;00a61 . - 2
5100A41 ® L 3 -
KLF2{ @ 2 [ ] ' [ X 1
(A N X ® 0 0
d ® o o .
10000000 -1
1 dit - - 2
*MKI67] 9. = o
Proliferation| HMGE2] 2 ! . Percent Expressed
PCLAF]
3|@ ® © 0@ 00O -0
d < i s . 25
12 1 d P L L e
cp247{ ® ‘ @ 2 ' ® 75
EIF31] ® ® 100
CD2007 e & e O L] L]
. . a ¢ X & ¢
iNKT2 like] 1ner] ®* * ¢ 9. 6w
ICOS{ *® 3 . & . . =
FOXO017 4 Ly g .
*PLACS] ) : ’
ccr7] @ g ® : i
z8TB16] @ b . o
GATAILY 9 ¢ ° @ o o ¢ |
NS b oA D O
Clusters
iNKT cells Whole thymocytes
» ODN 5]
¢ 1DP(C)
® 2DP
® 3CD2*y8T ~ 04
® 4CD2V8T % » iNKT cells
L gTenth S @ Whole thymocytes
L
e 7
e g | MatureTcells
9
» 10 .
® 11 5

0 5
UMAP1

Figure 5. sScRNA-seq analysis of porcine thymic iNKT cells

(A) Flow cytometry showing thymic phycoerythrin (PE)-conjugated mouse (m)CD1d
tetramer™ cells before (left panel) and after (center panel) isolation with magnetic beads
and FACS. Purity was confirmed by co-staining with allophycocyanin (APC)-conjugated
PBS57-loaded or unloaded mCD1d tetramers (right panel).

(B) UMAP visualization of iNKT thymocyte clusters identified using the graph-based
Louvain algorithm at a resolution of 0.5.

(C) Dot plot showing the Z-scored mean expression of selected genes encoding key
transcription factors and thymocyte differentiation markers for each cluster.

(D) Heatmap showing row-scaled mean expression of the five highest differentially
expressed transcription factors per cluster.

(E) Integrative analysis of iNKT cells and whole thymocytes (excluding B cells) from the
same pigs. Asterisks indicate non-annotated genes (described in Table S13).
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Figure 6. Integrative analysis of pig and mouse thymic iNKT cells
(A) UMAP plots showing the integrative data analyses of thymic iNKT cells from pig and

mouse. A public dataset containing thymic iNKT cells isolated from 8- to 9-weeks old
C57BL6/J mice was used (Harsha Krovi et al., 2020). Overlapping clusters are in the same
figure legend row. Cell clusters that are absent in one species are annotated as “missing.”
(B) Expression of 18 genes typically used to distinguish the major subsets of mouse INKT
cells. Asterisks indicate non-annotated genes (described in Table S13).
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Figure 7. Unsupervised analysis of mouse and pig iNKT cell differentiation
(A and B) Mouse and pig iNKT cells were ordered along their respective differentiation

trajectories via unsupervised SCORPIUS (A) and Slingshot (B)

analyses.

(C) The top 50 most important mouse (left panel) and pig (right panel) genes with respect

to the inferred trajectory were, respectively, clustered into three

(M1-M3) and four (P1-P4)

gene modules by SCORPIUS. Normalized expression values are scaled from 0 to 1 using the

scale_quantile function of SCORPIUS with default parameters.
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REAGENT or RESOURCE SOURCE IDENTIFIER
Antibodies

Live/Dead viability dye Invitrogen Cat# 134976

Mouse anti-pig CD3e antibody BD Clone BB23-8E6-8C8
Anti-JAML antibody Abcam Clone EPR15289

Alexa Fluor 488-conjugated anti-rabbit IgG ~ Abcam
secondary antibody

Mouse anti-pig TCR& antibody WSU mAb Center

Cat# ab150077; RRID: AB_2630356

Clone PGBL22A

Biological samples

Pig thymus University of Florida’s Animal Sciences ~ N/A
Department

Chemicals, peptides, and recombinant proteins

Mouse CD1d (mCD1d) tetramer National Institutes of Health Tetramer N/A
Core Facility

Critical commercial assays

Chromium Next GEM Single Cell 3’ 10xGenomics RRID: SCR_019145
reagent kit

NovaSeq 6000 sequencer Hlumina RRID: SCR_019152
Deposited data

Raw data This paper GSE192520

Human thymus dataset Le et al. (2020) GSE139042

Mouse thymic iNKT cell dataset Harsha Krovi et al. (2020) GSE152786

Software and algorithms

Cell Ranger v3.1 10x Genomics

R (4.0.2) CRAN

Seurat (v3.2.2) Stuart et al. (2019)

EnhancedVolcano Blighe et al. (2018)

Monocle 3 Cao et al. (2019); Levine et al. (2015);
Traag et al., 2019; Trapnell et al. (2014)

SCORPIUS (1.0.8) Cannoodt et al. (2016)

Slingshot (2.0.0) Street et al. (2010)

FlowJo v10 FlowJo, LLC

BioRender https://biorender.com/

Custom scripts This paper

https://support.10xgenomics.com/single-cell-gene-
expression/software/pipelines/latest/what-is-cell-
ranger

https://www.r-project.org/
https://satijalab.org/seurat/
https://github.com/kevinblighe/EnhancedVolcano
https://cole-trapnell-lab.github.io/monocle3/

https://github.com/rcannood/SCORPIUS

https://bioconductor.org/packages/release/bioc/
vignettes/slingshot/inst/doc/vignette.html

https://www.flowjo.com/solutions/flowjo
RRID:SCR_018361
https://doi.org/10.5281/zenodo.6609557
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