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Abstract

Single-cell RNA-seq is revolutionizing our understanding of cell type heterogeneity in many
fields of biology, ranging from neuroscience to cancer to immunology. In Immunology, one of
the main promises of this approach is the ability to define cell types as clusters in the whole
transcriptome space (i.e., without relying on specific surface markers), thereby providing an
unbiased classification of immune cell types. So far, this technology has been mainly applied in
mouse and human. However, technically it could be used for immune cell-type identification in
any species without requiring the development and validation of species-specific antibodies for
cell sorting. Here we review recent developments using single-cell RNA-seq to characterize
immune cell populations in non-mammalian vertebrates, with a focus on zebrafish (Danio
rerio). We advocate that single-cell RNA-seq technology is likely to provide key insights into our
understanding of the evolution of the adaptive immune system.

Introduction - immune cell types in vertebrates

The adaptive immune system, as defined in mammals, is centered on lymphocytes bearing
antigen receptors generated by recombination-activating gene (RAG)-mediated rearrangement.
This highly complex system arose early in the evolution of jawed vertebrates approximately 500
million years ago (Cooper and Alder, 2006; Flajnik and Kasahara, 2010). The adaptive immune
system is able to generate an enormous diversity of B and T cell receptors that can recognize
and eliminate newly encountered pathogens and develop memory to protect against previously
encountered pathogens. The adaptive immune system of jawed vertebrates has a functional
counterpart in jawless vertebrates (lampreys and hagfish), involving somatic rearrangement of
variable regions in Leucine-rich repeat proteins (Pancer et al., 2004). Mammalian species also
have an innate immune system that does not possess the ability to somatically rearrange
receptors but relies on largely expanded families of genes such Toll-like receptors (TLRs) or
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Killer Cell Immunoglobulin Like Receptors (KIRs). The innate immune system is key for mounting
a rapid response against pathogens and for modulating the adaptive immune response. The
innate and adaptive immune systems further play central roles in wound healing, tissue
remodeling and homeostasis.

Different types of immune responses are mediated by different types of immune cells. In
mammals, immunologists have been able to study the immune system at a very high resolution,
delineating more than 10 main cell types, including CD4/CD8 T Cells, B Cells, Dendritic Cells
(DC), Macrophages, Granulocytes, Natural Killers (NK) or other Innate Lymphoid Cells (ILC).
These can be further split into tens of distinct cellular sub-types or states (e.g. Thl, Th2, Th17
CD4 T Cells, M1/M2 polarized macrophages, >10 DCs subtypes, etc.). Immunologists take
advantage of monoclonal antibodies for more than 300 cell surface markers that allow fine
dissection of immune cell types (Clark et al., 2016). Once a large number of such markers are
available, new populations can be discovered by exploring T cell subsets expressing different
combinations of them (e.g. Lin- CD123+ CD127low innate lymphoid cells (Mora-Velandia et al.,
2017)). This approach has proved very powerful in mouse and human and resulted in a detailed
phenotypic and functional characterization of immune cell populations in these two species.

Historically, lymphocytes where first discriminated from myeloid cells among white blood cells
in 1879 (Vivier et al., 2016). Almost a century later, B and T cells were distinguished in birds and
mammals (Warner et al., 1962), and later NK cells were identified (Kiessling et al., 1975) as non-
T, non-B lymphocytes with the capacity to spontaneously kill tumor cells without the need for
prior immunization. In 1997, lymphoid-tissue-inducer (LTi) cells were identified (Mebius et al.,
1997). More recently, new types of non-T, non-B lymphocytes were identified, and have been
classified as ‘innate lymphoid cells’ including subsets ILC1, ILC2, ILC3, NK cells and LTi (Spits et
al., 2013; Vivier et al., 2016).

Since many decades, people realized that studying the immune system of evolutionary distant
vertebrates would be a powerful approach to define selection pressures that have shaped
mechanisms, molecules and specialized cells or structures during the evolution of the adaptive
immune system (Cooper and Alder, 2006; Flajnik and Kasahara, 2010; Pancer et al., 2004).
Approaches based on anatomy and histology were historically the first to investigate immune
cells in different species. Birds were often used for such studies (Cooper et al., 1965) and is
noteworthy to recall that B cells were first discovered in birds as cells developing in Bursa of
Fabricius, hence the “B” of B cells (Cooper et al., 1966). Jawed fish were observed to possess
lymphocyte populations that are analogous to T cells, B cells and non-specific cytotoxic cells,
macrophages and polymorphonuclear leukocytes (1996). Comparative studies also revealed
that the same organs perform different roles in the development of immune cells in different
species. For instance, in teleost fish kidneys play the role of bone marrow in mammalian species
for the development of T and B cells (Zapata and Amemiya, 2000).

With the availability of genome sequencing technologies, most of our current understanding of

immune cell types in non-mammalian species and their evolution comes from comparative
genomic studies. These studies have provided very important insights into the evolution of the
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vertebrates’ immune system, including tracing the origin of RAG (Morales Poole et al., 2017) or
the discovery of evolutionary distant cytokines, chemokines and their receptors (Jacobson et
al., 2017). Many genes used as markers of mammalian immune cell populations are conserved
in all jawed vertebrates, suggesting that the corresponding cell types are also conserved
(Cooper and Alder, 2006; Flajnik and Kasahara, 2010; Vivier et al., 2016). Unfortunately,
comparative genomics studies are limited to orthology-based relationships and cannot provide
phenotypic or functional information about immune cell populations.

Gene expression analyses of tissues using cDNA microarrays and RNA-seq have also greatly
contributed to our understanding of immune responses across multiple vertebrates. These
include studying immune responses of teleost fish to pathogens (Sudhagar et al., 2018) or
nutrition (Martin and Krdl, 2017), or the discovery of new cytokines (Jacobson et al., 2017).
Unfortunately, in ‘bulk’ gene expression profiling of multicellular organisms, the mixing of
numerous cell types results in the dilution and masking the heterogeneity of immune cell types.
Furthermore, a deep understanding of the evolution of the immune system will ultimately
require the study of individual immune cell types, their ontogeny, differentiation, function and
interaction with other cell types.

To overcome these limitations, different tools have been developed such as antibodies or
transgenic lines. In the field of comparative immunology of jawed vertebrates, the teleost
Zebrafish (Danio rerio) has become a reference species for most immunological studies in non-
mammalian vertebrates. This organism presents many important advantages such as the
possibility to conduct in vivo imaging and the availability of powerful genetic tools (Renshaw
and Trede, 2012). The genome of zebrafish is also among the best annotated genomes of non-
mammalian vertebrates (Howe et al., 2013).

Classical studies of hematopoiesis in zebrafish have defined major blood lineages. In the kidney
marrow, the site of adult hematopoiesis, erythroid, lymphoid, and myeloid cells are present and
can be separated based on light-scattering characteristics (Traver et al., 2003). However,
subsets of cells within each of these lineages are poorly defined, primarily because of the lack
of markers to distinguish them, therefore limiting our understanding of immune cell types.

Immune cell-specific monoclonal antibodies can be in principle developed for any species from
which a marker gene can be cloned. For example, monoclonal antibodies have been recently
developed for lampreys, enabling the study of novel lymphocytic lineages (Hirano et al., 2013)
at the base of the vertebrates’ phylogenetic tree. However, the high costs and technical
challenges associated to the development of such tools for less studied species, in particular
outside of human and mouse, significantly limit characterization of immune cells types. In the
absence of appropriate antibodies, the use of fluorescent reporter lines has greatly contributed
to the characterization of immune cells in zebrafish (Udvadia and Linney, 2003). Many lines are
available where fluorescent proteins are expressed under the control of immune cells’ specific
promoters, such as mpx for neutrophils (Renshaw et al., 2006), Ick for T cells and NK cells
(Carmona et al., 2017; Langenau et al., 2004), foxp3 for T regs (Kasheta et al., 2017) and rag2
for B cells (Page et al., 2013). Isolation of these fluorescent cells of a particular lineage from
whole organs by FACS enables population-based gene profiling (Rougeot et al., 2014) or
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targeted single-cell gene expression analysis (using multiplex single-cell RT-PCR (Moore et al.,
2016)). Thanks to the availability of reporter lines like these, it has been also possible to study
transcriptional changes of immune cells during the course of infection (Saraceni et al., 2016).
However, few immune cell types are clearly defined in molecular terms, and therefore markers
or promoters suitable for the prospective isolation of defined cell populations are available only
for a handful of immune cell types in zebrafish, and are almost absent in other non-mammalian
vertebrate species.

Recently, the development of sensitive and accurate single-cell RNA-sequencing (scRNA-seq)
protocols have profoundly transformed our ability to comprehensively analyze immune cells
and deconvolute their heterogeneity with virtually no need for cell sorting based on specific
markers, opening the possibility to study immune cells in any vertebrate species.

Single-cell RNA-seq in immunology

Over the past years, numerous scRNA-seq protocols have been developed. Currently, all scRNA-
seq protocols consist of first retro-transcription of mMRNA in each cell into cDNA, second
amplification of cDNA by polymerase chain reaction (PCR) or in vitro transcription, and finally
sequencing of cDNA libraries, enabling quantification of the expression level of individual
transcripts. Kolodziejczyk et al. (Kolodziejczyk et al., 2015) provide a comprehensive review of
individual scRNA-seq protocols and their relative strengths and weaknesses. Different
techniques can be classified based on the sequencing coverage of the transcripts. Methods such
as Smart-Seq2 (Picelli et al., 2014) and CEL-seq2 (Hashimshony et al., 2016) enable full-length
mRNA sequencing, allowing isoform quantification and de novo transcriptome assembly.
Droplet-based methods such as 10X-Genomics (Zheng et al., 2017) and inDrops (Zilionis et al.,
2016) generate only 3’ terminal-end short sequencing reads, due to the integration of a
sequencing priming site on the oligodT primer used for reverse transcription.

Droplet-based methods have a high throughput (tens of thousands of cells). Plate-based
methods such as Smart-seq2 have lower throughput (hundreds of cells) but can be coupled
with FACS index sorting, simultaneously producing light scattering and protein expression
measurements along with single-cell transcriptomes.

Moreover, full-length mRNA sequencing protocols such as Smart-seq?2 allow for coupled T and B
cell receptor reconstruction and transcriptome quantification in the same cell, for species
where VDJ loci have been annotated, opening the door for high throughput simultaneous
analysis of T and B cell heterogeneity and clonality (Afik et al., 2017; Canzar et al., 2016; Eltahla
et al., 2016; Stubbington et al., 2016).

Current scRNA-seq protocols amplify about 10 percent of the transcripts in each cell (Islam et
al., 2014). Moreover, burst-like stochastic activation of transcription (Raj and van Oudenaarden,
2008) introduces additional intrinsic variability (gene ‘drop-outs’) in measurements of single-
cell transcriptomes. This represents a limitation to detect low-abundance transcripts in a single
cell. However, in practice, the large number of cells compensates this weakness and the full
transcriptome of any cell type can be accurately reconstructed by computationally pooling (i.e.,
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clustering) cells with similar transcriptomes (see later for estimations on the minimum number
of cells for scRNA-seq required to sample a population of interest). As such, unsupervised
clustering or other more supervised classification of cells into cell-types or states is a
fundamental task in scRNA-seq data analysis. The goal is to detect clusters of cells that have
sufficiently similar transcriptomes with other cells of the same cluster, and significantly
different trasncriptomes from cells in other clusters. Unsupervised approaches use the whole
transcriptome or the set of most variable genes, without additional information. More
supervised approaches can pre-select specific markers based on a priori knowledge. However,
as mentioned earlier, the high drop-out rate in scRNA-seq often results in inaccurate or
incomplete classification when using only on a few markers (see example in Figure 1 and
discussion in (Carmona et al.,, 2017)). In addition to the classical K-means and hierarchical
clustering that perform well, tens of clustering methods have been applied to the task of
clustering scRNAseq data (reviewed in (Andrews and Hemberg, 2018)). Very closely related to
clustering are the concepts of dimensionality reduction and visualization with methods like
Principle Component Analysis (PCA), Multi-Dimensional Scaling (MDS) or t-distributed
Stochastic Neighbor Embedding (t-SNE), all of which are fundamental to summarize high-
dimensional data produced by scRNA-seq assays and enable human interpretation of cell
heterogeneity.
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Figure 1. Low-dimensionality projection of single-cell RNA-seq data from zebrafish immune
cells. A Multi-dimensional scaling (MDS) and clustering of Ick+ cells from adult zebrafish spleens
reveal three main clusters. B MDS projection where expression of specific marker genes
revealed T cells, Natural Killers (NKs) and a smaller population of cells with features of both
myeloid and NK cells.

scRNA-seq has been used to deconvolute immune cell type heterogeneity by identifying novel
distinct immune cell subsets in health and diseases (Papalexi and Satija, 2017; Stubbington et
al., 2017). Moreover scRNA-seq has the potential to reconstruct or predict developmental
'trajectories' for immune cells. Developmental trajectories are now routinely profiled with
scRNA-seq. Such studies have led to a deeper understanding of the regulation of early myeloid
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(Drissen et al., 2016), conventional dendritic cells (Schlitzer et al., 2015) and megakaryocytic
differentiation (Psaila et al., 2016), as well as of fate decisions along T helper subtypes
commitment during malaria infection (Lonnberg et al., 2017).

Single-cell RNA-seq of immune cells beyond mammals: case studies in zebrafish

Recently, we and others have successfully applied scRNA-seq to characterize immune cells in
zebrafish (Athanasiadis et al., 2017; Carmona et al., 2017; Tang et al., 2017).

To this end, we took advantage of a zebrafish transgenic line expressing GFP under the control
of the lymphocyte-specific transcription factor Ick (Langenau et al., 2004). This line was
previously thought to be T cell specific, and indeed enabled researchers to track zebrafish T cell
development in vivo. However, Ick in mouse and human is expressed in both T and NK cells,
where it has an important role in activation by phosphorylating tyrosine residues within the
immunoreceptor tyrosine-based activation motifs (ITAM) of the cytoplasmic tails of the TCR-
gamma chains and CD3 subunits and of NK activating receptors (Binstadt et al., 1997).
Therefore, we speculated that this expression pattern could be conserved in teleosts, and that a
larger heterogeneity may exist among Ick+ zebrafish lymphocytes than previously thought.

To address this question, our collaborators from the Cveijic and Teichmann groups performed
scRNA-seq of Ick+ zebrafish cells (Carmona et al., 2017). Briefly, spleens from adult Tg(/ck:GFP)
zebrafish were dissected and single GFP+ cells were FACS (index) sorted into 96-well plates
containing lysing buffer, for subsequent cDNA library preparation. Of note, index sorting allows
for parameters recorded on the cytometer to be linked to each sorted cell. Single-cell cDNA
libraries were generated using the Smart-seq2 protocol (Picelli et al., 2014) and sequenced
using 125-bp paired-end reads on lllumina HiSeq2000.

Gene expression was quantified as Transcripts per Million (TPMs) in each cell using the
zebrafish reference transcriptome (Howe et al., 2013) and global similarities between all pairs
of cells were computed using Pearson’s correlation. Unsupervised clustering analysis suggested
the presence of at least 3 distinct cell types (Carmona et al.,, 2017). Given the high-
dimensionality of these data (~12,000 genes x 300 cells), dimensionality reduction methods are
needed to aid visual interpretation of the cellular heterogeneity. Multi-Dimensional Scaling
(MDS) was applied to the similarity matrix to obtain a low-dimensionality projection (different
colors indicate the three clusters found in the original space) (Figure 1A). Remarkably, T cell
specific genes such as Cd4 or Cd8 were specifically expressed in only one of the clusters (Figure
1B). Upon analysis of the differentially expressed genes among the three clusters, we found
that the second cluster specifically expressed multiple members of the NITR and DICP innate
immune receptors (Figure 1B) as well as the antimicrobial peptide NK-lysin 2 (Carmona 2017).
Comparative genomics and functional studies suggested that these genes might be expressed
by a fish immune cell type equivalent to mammalian natural killer cells (Haire et al., 2012;
Pereiro et al., 2015; Yoder et al., 2004) (see also (Moore et al., 2016) for a description of NK-
lysin 4 expression based on single-cell gPCR). These results suggest that cells in cluster 2 may
correspond to a natural killer-like cell type in zebrafish. Interestingly, this NK signature was
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confirmed in a rag1-/- knock out Ick:GFP zebrafish line that fails to develop T cells (Tang et al.,
2017), further supporting the identity of this lymphocytic subset.

The third and smaller cell cluster (green points Figure 1A), presented features of both natural
killer and myeloid cells, including higher granularity and specific expression of the transcription
factor Spilb, the granulocyte/macrophage colony-stimulating factor receptor beta (csf2rb), the
Src family tyrosine kinase hck along with NK lysins 3 and 4, perforin (prfl.7) and chemokines
ccl35.1 and ccl33.3 (Carmona et al., 2017). Interestingly, a very similar population was
described (Tang et al., 2017), indicating that this represents likely a novel sub-type of innate
immune cells.

Remarkably, by clustering cells based on their transcriptional similarity and annotating the
clusters based on the expression of a handful of marker genes with known or predicted
function, scRNA-seq allowed us to obtain for the first time the full transcriptomes of T cells and
Natural killers in an evolutionary distant vertebrate (Carmona et al., 2017). In addition, these
data provided expression information about multiple cell-type specific cytokines, cytokine
receptors and other immune-related genes. Evolutionary insights from these data are discussed
later.

In larger scale experiments, Langenau and colleagues (Tang et al., 2017) used scRNA-seq to
study cell heterogeneity within zebrafish kidney marrow, the equivalent of mammalian bone
marrow (BM) and site of larval and adult hematopoiesis. First, they isolated cells from reporter
transgenic fish lines and performed Smart-seq2 to obtain gene signatures of defined lineages:
Tg(Runx1+23:GFP) for hematopoietic stem and progenitor cells (HSPCs) (Tamplin et al., 2015);
Tg(cd41:GFP), for both HSPCs and thrombocytes (Lin, 2005); Tg(mpx:GFP), for
neutrophil/myeloid lineages (Mathias et al., 2006; Renshaw et al., 2006), Tg(rag2:GFP), for
marrow-derived B cells (Page et al., 2013); and Tg(/ck:GFP), for T and NK cells (Carmona et al.,
2017; Langenau et al., 2004; Moore et al., 2016).

Having defined signatures for most hematopoietic cell lineages, the researchers then profiled
almost 4,000 unlabeled single cells isolated from the kidney of wild-type zebrafish using
InDrops scRNA-seq, obtaining an unbiased landscape of blood and kidney cells. Finally, Tang et
al. were able to study immune-cell deficiencies within DNA—protein kinase catalytic subunit
(prkdc) and interleukin-2 receptor y a (il2rga) mutant fish, identifying blood cell losses in T, B,
and natural killer cells. This highlights the power of scRNA-seq to address the impact of specific
genetic mutants on different immune cell compartments.

Immune cells develop from multipotent stem cells through the process known as
hematopoiesis. The molecular pathways governing hematopoiesis are highly conserved in
vertebrates, where most (if not all) critical transcription factors involved in hematopoiesis in
mammals have orthologs in fish (Davidson and Zon, 2004). In the classical model of
hematopoiesis, an organized hematopoietic lineage tree starts with multipotent hematopoietic
stem cells, and is then followed by oligopotent and unipotent progenitors. However, recent
single-cell results challenged the classic model and proposed that hematopoietic progenitor cell
types are very heterogeneous (Notta et al., 2016; Paul et al., 2015).
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In zebrafish, Cvejic and colleagues applied single-cell RNA-seq to study thrombocyte lineage
commitment, and were able to reconstruct a continuous lineage differentiation pathway
(Macaulay et al., 2016). More recently, their study was extended to reconstruct differentiation
trajectories of most hematopoiesis lineages by performing scRNA-seq of kidney-derived blood
cells from eight different zebrafish transgenic reporter lines (Athanasiadis et al., 2017). Their
results indicated that the haematopoietic program is highly conserved between zebrafish and
higher vertebrates.

Altogether these different single-cell RNA-seq studies demonstrate that immune cell types can
be identified by clustering cells based on transcriptional similarity in zebrafish and enabled
detailed phenotypic characterization of distinct immune cell populations. Although several of
these studies took advantage of reporter lines, the increase in throughput of scRNA-seq
techniques will make it increasingly feasible to start from unsorted cell populations to decipher
the complexity of immune cell types in any vertebrate species.

Envisioning immune cell type identification across vertebrates from blood samples

Building upon the success of these recent single-cell RNA-seq studies in zebrafish, we envision
that a powerful approach to identify and characterize immune cells in any vertebrate species
could be to perform scRNA-seq on whole blood cells or Peripheral blood mononuclear cells
(PBMC)-enriched (e.g. by using Ficoll gradient). SCRNA-seq of PBMCs has allowed for detailed
characterization of leucocytes heterogeneity in mammals from fresh (Zheng et al., 2017) and
cryopreserved (Guillaumet-Adkins et al., 2017) samples. In species for which sufficient amounts
of blood are not readily accessible, like zebrafish, dissection and sampling of immune tissues
such as kidney marrow might be a viable alternative to obtain a high proportion of (unlabeled)
immune cells (Tang et al., 2017). Different leukocyte isolation methods from peripheral blood
have been employed for different fish species (Inoue et al., 2002; Pierrard et al., 2012),
indicating that although erythrocytes are nucleated in non-mammalian species, physical
separation of red blood cells from other cell types found in blood is feasible in most cases.

In species for which reference genomes or transcriptomes are available for sequence mapping
or transcript quantification, high-throughput droplet-based scRNA-seq methods based on 3’
counting, such as 10x Genomics or InDrops, represent an attractive approach. For other
organisms with limited or lack of genomic information, full-length mRNA scRNA-seq protocols,
such as Smart-seq2, enables de novo transcriptome assembly using tools such as Trinity
(Grabherr et al., 2011) and Velvet (Schulz et al., 2012). RNA-seq followed by de novo
transcriptome assembly has been successfully conducted in common (Ji et al.,, 2012) and
crucian carp (Liao et al., 2013; Rhee et al., 2014), leading to the identification of hundreds of
immune-related genes. Of note, it has been shown that representative assemblies can be
generated with as few as 20 million reads from tissue samples (Francis et al., 2013), suggesting
that the amount of reads obtained in standard scRNA-seq experiments is likely enough to
reconstruct the full transcriptome.

Once reads have been mapped to their respective transcripts, clustering techniques should be
used to group cells based on their transcriptional similarity. Representative transcriptome for
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different cells types are then obtained by pooling together cells of each cluster. Cluster
annotation should be done first by using existing markers derived from studies in mammalian.
Given that most immune marker genes are conserved in jawed vertebrates, this approach is
likely to work very well and was successfully applied in zebrafish (Carmona et al., 2017; Tang et
al., 2017). Recently, we also proposed a similar approach for identifying ILCs in single-cell RNA-
seq that relies on gene signatures that are conserved in most jawed vertebrates (Suffiotti et al.,
2017). Whether totally new clusters will be left after annotating all those that display similarity
with mammalian immune cell types is still unclear. However, it is likely that some clusters will
show less striking resemblance to the mammalian counterpart, which can indicate distinct rates
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marrow were sufficient to identify HSCs, thrombocytes, macrophages, neutrophils, different
subsets of T cell and Natural killer cells, B cells, and erythrocytes, among others (Tang et al.,
2017).

Overall, our estimates indicate that the approach outlined in Figure 2 is likely applicable to
species from most vertebrate clades.

Consequences for our understanding of immune cell type evolution, with a focus on
lymphocytes

Phylogenetic explorations of the adaptive immune system have relied on the identification
of TCR, BCR, RAG1/RAG2, MHC class | and class Il genes as the key elements of the adaptive
immune system. This search has led to the identification of these genes in all jawed vertebrates
that have been carefully examined, including cartilaginous fish, like sharks (Cannon et al., 2004;
Cooper and Alder, 2006)

However, the potential for unbiased, marker-free identification of cell types as clusters in the
transcriptome space in any organism, opens novel opportunities in comparative immunology,
that go far beyond genomic conservation of immune genes.

With current scRNA-seq technologies, it is now virtually possible to “discover” de novo all of the
main immune cell populations by sequencing thousands of cells and clustering them based on
transcriptome similarity (Trapnell, 2015). By applying scRNA-seq beyond mammals, for
instance, we have identified novel types of natural killer-like cells (Carmona et al., 2017). By
anchoring on expected NK features, such as expression of innate immune receptors (e.g. nitr2a,
dicp1.1), cytotoxic molecules (Perforin, granzymes), antimicrobial peptides (nkl.2 in particular),
and lack of T and B cell features, multiple novel NK-specific molecules were identified, including
cytokines, cytokine receptors and other immune-related genes. Many of these genes have
recently evolved by duplication and neofunctionalization, and do not necessarily have
mammalian orthologs (Carmona et al.,, 2017). Indeed, changes in immune gene expression
patterns (a kind of neofunctionalization), are likely to reflect adaptation to different habitats
(Yang et al., 2016). Interestingly, zebrafish might represent a particularly attractive model to
study NKs and other ILCs, considering the robust immunity of ragl-/- mutants that lack T and B
cells, but are yet able to maintain a low mortality rate (Tokunaga et al., 2017).

Finally, once immune cell type-specific genes have been identified, genomic sequence analysis,
such as ortholog identification and calculation of non-synonymous to synonymous substitution
rates, can inform us about cell type-specific evolutionary rates. This approach was first
introduced by ourselves and collaborators when characterizing T and NK cells in zebrafish
(Carmona et al., 2017). A striking result from this study was the much lower conservation of
trans-membrane NK specific proteins compared to other trans-membrane proteins, including
those specific for T cells.
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Conclusion

The last decade has witnessed an exponential growth of single-cell RNA-seq data (Svensson et
al., 2018), but most of these data came from only a few big academic centers that had invested
into this technology since the beginning. With the advent of streamlined protocols such as
those available at 10X Genomics or InDrops, it is very likely that scRNA-seq will become
available in many more places in the next few years and will be routinely performed to analyze
gene expression at the single-cell level in many different tissues and species (Regev et al.,
2017).

The use of this technology to characterize immune cell populations from a broad range of
vertebrate species following the pipeline proposed in Figure 2 will likely impact our
understanding of the evolution of immune cells. First, it could confirm the existence of
mammalian immune cell types predicted based on the conservation of known markers in other
non-mammalian species. This is likely the first and most important insight that will come from
such studies. For instance, it could provide transcriptomic evidence about the conservation of
ILCs (Suffiotti et al., 2017; Vivier et al., 2016). Similarly, it will enable to monitor gene expression
changes in specific immune cell populations upon infections or other stimuli. Second, it could
help predict new markers and study the evolution rate of immune cell types, for instance by
assessing the sequence conservation across vertebrate species or dN/dS ratio of genes
specifically expressed in a given cell type in a given species (Carmona et al., 2017). Third, it will
help studying neo-functionalization events (i.e., genes that are not expressed in the same cell
types as their mammalian orthologs). Finally, it may potentially reveal completely novel
immune cell types that have no mammalian equivalent, providing similar insights into the
forces that drive the evolution of the adaptive immune system as the discovery of the adaptive
immune system in jawless vertebrates (Pancer et al., 2004). For these different reasons, we
anticipate that, in the next few years, comparative immunology will strongly benefit from
technological developments in scRNAseq that so far were mainly applied to mouse and human
samples.
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