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Towards a primate single-cell atlas

Biology in the 21%t century is shifting substantially towards
single-cell analysis. Mammalian tissues are highly
heterogeneous and contain multiple cell types in different
states whose tight coordination determines overall function.
Bulk measurements, including RNA sequencing, provide
average values, which may dilute cell-specific effects or
overlook rare effects of functional importance. This greatly
limits our understanding of mammalian physiology and
disease. For example, the histological structures of the cortical
and medullary regions of the kidney differ substantially, and
their cells exhibit distinct characteristics related to
environmental gradients such as oxygenation, glomerular
filtrate-induced shear stress, and solute concentrations within
the nephron. Furthermore, not all nephrons, mesenchymal
cells, or vascular cells function in the same way, especially in
the context of disease and aging. Therefore, analysis results
are highly dependent on the region being sampled. This issue
can be partially addressed by bulk profiling of isolated cell
populations (e.g., flow cytometry sorting) (Krausgruber et al.,
2020). Although relevant, this approach typically relies on
surface markers, which suggests that cells lacking or
displaying low levels of a specific marker will be absent from
analysis. The generation of single-cell suspensions can also
induce stress, which may modify gene expression and limit the
ability to distinguish cell states (e.g., activation, damage, or
cell fate transition). The rapid advances in high-throughput
single-cell RNA sequencing (scRNA-seq) technologies
underpin a scientific revolution, enabling researchers to study
tissue cell heterogeneity with unprecedented resolution. This
has led to the generation of increasingly refined single-cell
taxonomic atlases (whole-body and tissue-specific) for a
variety of species ranging from invertebrates to mammals,
including rodents and humans (Han et al., 2018; Han et al.,
2020; Tabula Muris et al., 2018). Recent efforts in human
settings (Cao et al.,, 2020; Dominguez Conde et al., 2022;
Eraslan et al., 2022; Tabula Sapiens et al., 2022) have greatly
expanded the number of tissues tested and cells profiled. This
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information can be used to understand cell-cell communication
networks and predict disease susceptibility or drug response
by mapping the expression of disease-causing genes and
drug targets expressing certain cell types. However, realizing
the full potential of a human single-cell atlas will require
coverage of different ethnic groups, ages, sexes,
environmental conditions, and diseases. This complexity can
be overwhelming considering the difficulties associated with
procuring human samples of optimal quality and samples
representing different time points of a process rather than the
end stage.

The use of animal models is a long-standing practice in
biomedical research, providing valuable information regarding
anatomy, histology, physiology, and disease pathophysiology.
Research has greatly relied on small animal models, including
worms (Caenorhabditis elegans), fruit flies (Drosophila
melanogaster), zebrafish (Danio rerio), and rodents, as they
offer the easiest and most cost-effective way to maintain high-
breeding animals long-term. However, while these models
have proven very useful for dissecting a large range of
biological mechanisms, they often fail to mimic specific
aspects of human disease (Seok et al., 2013). Although
problematic for all diseases, this issue is exemplified in the
study of central nervous system diseases, in which rodents
often exhibit phenotypes that differ from humans. Non-human
primates (NHPs) and humans diverged from a common
ancestor as recently as 25-30 milion years ago.
Consequently, NHPs are physiologically and behaviorally very
similar to humans, and thus represent a potentially
advantageous model for biomedical research. NHPs also
provide an important opportunity to bridge many of the current
gaps in generating a comprehensive single-cell atlas relevant
to understanding human biology and disease.

We recently selected the cynomolgus monkey (Macaca
fascicularis) to generate an adult NHP cell atlas (Han et al.,
2022) (Figure 1). While previous reports have described
scRNA-seq analysis of specific monkey tissues,
comprehensive mapping of a single NHP species using the
same technical platform has not yet been performed. The
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latter consideration is important because comparing datasets
generated with different scRNA-seq methodologies can
introduce bias. Cynomolgus monkeys are broadly distributed
across Southeast Asia and are one of the most widely used
NHPs in biomedical research (e.g., vaccine development,
toxicological testing, disease modeling, developmental
biology, and aging) (Liu et al., 2021). There are special ethical
considerations for NHP research and China’s regulatory
approach is in line with international expectations. We isolated
single nuclei and cells from 45 tissues from a cohort of eight
monkeys (male and female) and applied droplet-based
analysis, obtaining 1.14 million single-cell/single-nucleus
transcriptomes. From this, we identified 113 major cell types
belonging to all major systems, i.e., cardiovascular, adipose,
digestive, endocrine, nervous, reproductive, respiratory,
skeletal, and urinary. Most tissues were profiled as single
nuclei rather than cells to avoid any potential bias in cell types
captured and any potential changes in gene expression
resulting from enzymatic tissue digestion. This was critical to
achieve the correct representation of specific cell types in
different tissues. For example, single-nucleus profiling of the
monkey liver yielded almost 80% hepatocytes, recapitulating
the correct proportion in mammalian livers. It also allowed the
capture of otherwise difficult-to-profile cells such as adipocytes
and skeletal muscle fibers.

To demonstrate the power of our monkey dataset in
transforming our current understanding of primate tissue
function, we explored the molecular signatures of common cell
types shared by various tissues across the body, including
stromal, endothelial, mesothelial smooth muscle and myeloid
cells (macrophages and microglia), adipocytes, and skeletal
muscle myonuclei. Consistent with previous studies

Figure 1 Generation of an adult NHP cell atlas

(Dominguez Conde et al., 2022; Kalucka et al., 2020), this
approach highlighted tissue-specific differences and diversity
within specific cell populations. For mesothelial cells,
comprehensive annotation resulted in the identification of a
subcluster of cells with immune properties, consistent with the
observation that structural cells exhibit immune properties
(Krausgruber et al., 2020). These results have biomedical
implications as they suggest the presence of a cell population
within visceral adipose tissue that may modulate responses
triggered by gut bacteria (Ha et al., 2020).

Similarly, we performed a comprehensive investigation of
cell-cell interactions at the body level, mapping the expression
of key components of the Wnt pathway, which is essential for
development as well as homeostasis and growth in several
tissues in adulthood (Clevers, 2006). We focused on leucine-
rich repeat-containing G-protein coupled receptor 5 (LGR5), a
Whnt signaling amplifier used to mark and isolate progenitor
cells from mammalian organs (Barker, 2014). LGR5 mapping
studies in mice have primarily relied on the use of genetically
engineered reporters, as moderate expression levels and
limited expressing cells make it difficult to study effectively
with antibodies (Barker et al., 2013). Consequently, LGR5
distribution has not been comprehensively studied in larger
mammals. Interestingly, among other unexpected locations,
we found that LGRS was enriched in distal convoluted tubule
cells (DCTC) from the kidney and, to a lesser extent, in other
parts of the nephron. Furthermore, we observed expression of
the LGRS ligand RSPO1 in kidney myofibroblasts and WNT9B
in collecting duct cells. Notably, LGR5 itself is a Wnt target
and WNT9B is implicated in nephrogenesis during fish and
amphibian development and regeneration (Karner et al.,

2009). In addition, Wnt factors act locally over short distances,
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and the distal convoluted tubule is the anatomical site in the
nephron closest to the collecting duct. To assess whether
these findings are unique to monkeys, we performed
comparative analysis using scRNA-seq datasets from other
species, with LGR5 and WNT9B being barely detected in the
human and mouse kidney cells compared to monkey.
However, LGR5 is robustly expressed during mouse and
human development and is instrumental in kidney formation
(Barker et al.,, 2012). These findings suggest that epithelial
cells with progenitor or homeostatic capacity may be present
in the monkey distal convoluted tubule but have been lost in
humans during evolutionary divergence. If true, this could
have important biomedical implications, as mammalian
kidneys have a lower ability to regenerate (in particular, there
is no new nephrogenesis) when damaged compared to other
vertebrates such as fish and amphibians (Chang-Panesso &
Humphreys, 2017). By understanding the underlying
mechanisms, it may be possible to re-awaken similar
capacities in humans. Although our observations were
validated through single-molecule fluorescence in situ
hybridization, caution should be exercised when interpreting
such findings, as further analysis is warranted to demonstrate
the real nature of LGR5" DCTC. A potential approach to
evaluate the functional relevance of these cells in monkeys
may be scRNA-seq after controlled acute kidney injury.

Our large-scale monkey cell atlas is also important for
advancing knowledge about disease pathogenesis. Given the
global pandemic caused by severe acute respiratory
syndrome coronavirus 2 (SARS-CoV-2) (Wong et al., 2020),
we used our dataset to map the expression of the virus
receptor ACE2 and its co-receptor TMPRSS2 across the body
of a species commonly used to study COVID-19 pathogenesis
(Delorey et al., 2021). Comparison between NHPs and
humans showed similarity in the potential target tissues in
both species (e.g., lung, liver, gallbladder, and kidney), but
also differences in the relative expression of constituent cells,
which may influence tissue targeting and viral dissemination.
We also integrated transcriptomic and epigenomic data for
monkey kidney cells to obtain clues regarding the
mechanisms of COVID-19. Interestingly, we observed that
proximal tubule cells displaying the highest ACE2 levels
contained highly accessible chromatin regions in the promoter
and enhancer regions at this locus, and these sites were
enriched in DNA-binding motifs for several transcription
factors, including STAT (STAT1 and 3), and interferon
response factor (IRF) proteins. These transcription factors
play essential immunomodulatory roles in the innate immune
response; in particular, STAT proteins are induced by IL6.
This is relevant because monoclonal antibodies for IL6
blockade used in patients with rheumatoid arthritis have
shown promising results in recent clinical trials for severe
COVID-19 patients (Salama et al., 2021). This was confirmed
by our observation that ACE2" cells in the monkey kidney also
displayed enriched expression of the IL6 receptor (IL6R),
suggesting that a paracrine link between IL6 and ACE2 may
facilitate viral entry. In support, tissue levels of IL6 are
enhanced in patients with chronic inflammatory disease and in
the elderly, potentially explaining why these individuals
develop more aggressive forms of COVID-19. Although

whether the kidney is indeed targeted by SARS-CoV-2 in
humans is currently under debate (Delorey et al., 2021), the
same mechanism may apply to other tissues. In addition to
viral infections, our dataset can also be used to map the
enrichment of complex human traits and monogenic heritable
diseases across the monkey body and to assess potentially
relevant similarities and differences with humans. In this
regard, we observed that cell types expressing disease-
causing genes showed better correlation between monkey
and human than between either species and mice. Thus, our
monkey atlas may provide insights into tissue vulnerability in
human diseases, especially if additional datasets involving
monkey tissue-specific perturbations are included. However,
differences between monkeys and humans also exist,
suggesting that caution should be taken when modeling
human diseases using NHPs.

Our study has several limitations. Notably, as the monkey
body contain trillions of cells, many more cells need to be
profiled to understand true body complexity. With the rapid
development of scRNA-seq technologies, we foresee that
single-cell atlases of hundreds of millions of cells will be
feasible for multiple mammalian species, including NHPs, and
will be extended to include different forms of perturbation.
Likewise, combining scRNA-seq with epigenetic information,
such as single-cell analysis of transposase-accessible
chromatin using sequencing, will help elucidate the gene
regulatory networks and underlying epigenetic mechanisms.
Furthermore, high-resolution spatially resolved transcriptomic
technologies (Chen et al., 2022) will help clarify cellular
organization and interactions at the tissue level. Altogether,
this will bring us one step closer to generating a
comprehensive primate single-cell atlas that can be used to
both study NHPs and improve human health.
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