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From monkey single-cell atlases into a broader

biomedical perspective

The cell is the fundamental constituent unit of a mammal which,
in turn, depends on the cooperative work of various cells to
compose intricate life activities. Cells harbor diverse features,
such as genome sequence (including genetic mutations that may
be present only in cellular subpopulations), epigenetic changes
(including chromatin status and histone or epitranscriptomic
modifications) as well as protein abundance, and localization,
while they are also guided by cellular-programming processes.
In doing so, cells exhibit distinct phenotypes and form a variety
of functional tissues and organs, building up every part of life; of
note, all mammals go through this process from birth to death. To
better understand both biological and pathological mechanisms
of a variety of tissues, it is crucial to construct comprehensive
cell atlases of various species by harnessing techniques which
can profile—at the quantitative level, from a wide span of organ
systems, and at a previously unprecedented detail—gene
expression and chromatin state; such techniques are currently
described as ultrahigh-throughput single-cell sequencing
technology (Fig. 1A). Doing so is of paramount importance
toward advancing our knowledge about complex but not yet fully
deciphered biological problems concerning mammals but also
toward developing advanced diagnostic and targeted therapeutic
tools against several pathologies.

Recent years, a burst of remarkable advances has been
noted in the construction of cell atlas using single-cell sequenc-
ing technology. To begin with, the Human Cell Atlas Consortium
accumulated a voluminous amount of single-cell transcriptomic
data based on an analysis of major human tissues and organs
[1, 2]. In addition, large-scale transcriptome and chromatin
accessibility atlases of mice and humans at all body tissues’
level have also been delineated, respectively. These studies
provide us with further insights into mammalian cellular hetero-
geneity, as well as the composition and function of cell types in
corresponding tissues. However, there are considerable settings
(notably, human diseases) where it is rather difficult to directly
conduct experimentation by obtaining human tissue samples
for several reasons; the latter range from bioethical dilemmas
and difficulties accessing these issues to scarcity of tissue avail-
ability. In parallel, traditional experimental animal models, such
as mice, do not always constitute the ideal approach to study
human development and diseases, due to their considerable
genetic differences with humans, especially when regarding
neurological and mental health disorders. Recently, a large-
scale single-cell transcriptome atlas of cynomolgus macaque

covering 45 organs and characterizing 113 major cell types has
been the basis to create an ultrahigh-resolution cell map, which
supplies broad and crucial reference data for both human and
nonhuman primate research [3]. Meanwhile, a single-cell atlas
depicting 27 major tissues/organs of mouse lemur (Microcebus
murinus), a model species that is equally widely used, has also
been recently reported [4]. Collectively, these single-cell data
can provide vital data resources for researchers working on
primates, whose findings can then be extrapolated to human
pathophysiology.

Single-cell transcriptomic atlases have been shown to facil-
itate the discovery of new cell types, especially the rare ones.
Besides, this approach reveals species differences in cell fea-
tures, and it enables the inference of cell types that are linked
to several disease statuses, such as in genetic, infectious, or
cardiovascular disorders. For instance, Ezran et al. found 10 pre-
viously unrecognized or sparsely characterized cell types and
subtypes in Tabula Microcebus [4], whereas Han et al. found
some precursor cells expressing stem cell markers in adult tis-
sues, which may provide a cell source for cell therapy within
subsequent repair of organ and/or cell damages [3]. To illumi-
nate species differences at cell resolution, Quake et al. explored
the phylogenetic evolution of primate cell types by compar-
ing mouse lemur cell repertoires with their homologous cells
in humans, revealing cell type-specific patterns of primate cell
specialization [4]. Meanwhile, Han et al. performed a series of
comparisons in homologous cell features, cell—cell interactions,
and genetic diseases across mice, monkeys and humans. As
expected, some human neurological genetic traits or diseases
are highly linked to the same cell type of human and monkey
species but rarely linked to the corresponding cell type of mice.
For example, schizophrenic traits were strongly associated with
cortical excitatory neurons in primates but not in mice [3]. These
findings indicate that monkey—such as cynomolgus macaque,
which is one of the most popular nonhuman primates—are a
more suitable experimental proxy to study human disease stud-
ies than mice. Moreover, we can infer possible cellular mech-
anisms of pathogenesis by applying the macaque cell atlas
data set. For example, regarding infectious diseases, Han et al.
applied the cell atlas to construct a virus database containing
126 virus-susceptible cell types, by which the kind of cells that
are most likely to be infected by a specific virus can be easily
queried [3]. In addition, by constructing cellular atlases of the
lung and cardiovascular system of young and old primates, Ma et
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Figure 1. (A) A variety of single-cell methods have been applied to construct single-cell atlases of mammals to reveal
the cellular heterogeneity of corresponding cell types in different tissues. (B) Potential future applications of monkey

single-cell transcriptomic atlas.

al. revealed molecular pathways associated with either impaired
primary cellular functions during aging or compromised cellular
intrinsic host defense while, in parallel, they dissected the cellu-
lar and molecular basis of vulnerability to age-related diseases
and COVID-19 [5]. Besides connecting human genetic diseases
with their associated genes, single-cell transcriptomic atlases
provide links between genetic risk variants and cells possibly
implicated in the expression of these variants at the RNA level.
Human phenotypic characteristics can also be mapped to the
cell types they may refer to [6]. Therefore, cell maps could help
promoting precision medicine (at either the prevention and/or
treatment level) in the future by linking human genetic traits and
indexing disease-associated cells. More specifically, cell maps
could also provide data-driven support to elucidate the patho-
genesis of monogenic and, moving forward, even complex/poly-
genic genetic diseases, so as to (i) conduct studies related to
drug evaluation and screening, (ii) assist to the development of
targeted drugs, and (iii) give basic resources and tools for the
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production of novel biomedicines [1]. As for aging-related phe-
notypes, cynomolgus macaque is also a preferred animal model
for reproductive toxicity studies given its menstrual and ovar-
ian cycle’s similarity to that of human females. In that context,
Wang et al. generated a single-cell transcriptomic atlas of ovar-
ian aging in cynomolgus macaque, and they demonstrated that
oxidative damage is a key factor causing the decline in ovarian
function with age [7]. Subsequently, single-cell transcriptome
atlases of the aging process of arteries and hippocampus were
also constructed [8]. These atlases have provided much valu-
able insights for corresponding developmental processes of cru-
cial human organs and tissues that are linked to major human
diseases, such as atherosclerosis and Alzheimer’s disease,
respectively. Therefore, on the basis of single-cell transcriptomic
atlases, novel avenues for new disease and treatment-testing
experimental models are expected to be further opened. On
the whole, these large-scale monkey cell atlases are essential
for the scientific understanding of species evolution, embryonic
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development, organ structure composition, as well as aging,
and human diseases (Fig. 1B) [1, 3, 5, 6].

Invigoratingly, the continuous development of single-cell
sequencing technology pertains to all core yet exponentially
increasing aspects of this technology, i.e. ranging from the
throughput and the sequencing depth to the capture efficiency
of single-cell sequencing, as well as the technological and bio-
informatics capacity for analyzing sequencing data from distinct
kinds of species. In addition, the quantity of cells and the range
of tissues and organs covered, the identifiable types of cells, the
number of genes detected, and the sequencing depth of sin-
gle-cell RNA and ATAC atlases have also undergone dramatic
improvements. Therefore, it comes as a logical expectation that
future single-cell atlas projects will identify more sophisticated
cell types and states, incorporating all tissues and organs, com-
patible to more species. Doing so can enable us to (i) discover
and characterize previously unknown cell types but also onto-
genetically intermediate cellular states, (ii) enable researchers
to obtain a profound understanding of cellular growth, migra-
tion, and interactions, and (iii) assist to clarify how different
cell types function and respond to diseases-induced disrupted
homeostasis.

As known, manifold cell types are distributed in different spa-
tial locations. Conversely, when isolated from specific spatial loca-
tions and micro-environments, they lose interaction with neighbor
cells, making it difficult for them to serve intercellular functions.
In recent years, several tangible experimental results have been
produced on spatial transcriptomics, and multiple corresponding
spatiotemporal atlases of many species have been established
[9]. Such approaches empower us to obtain transcriptional infor-
mation at different spatial locations and to track the spatial distri-
bution of different cell types.

In fact, a key area of immediate interest is oncology in which
the high heterogeneity among tumor cells and the characteristics
of clonal evolution in the process of tumor occurrence, develop-
ment, and treatment can be studied. By studying the transcrip-
tomics and epigenetics features of the cell atlas, single-cell
approaches can be used to monitor the progress, curative effect,
and prognosis of malignancies, and discover therapeutic tar-
gets to guide the clinical medication. Another area of potential
interest is molecular syndromology which aims to offer bridges
between clinical genetics and developmental biology through
functional genomics (e.g. by studying variant function in zebraf-
ish, mice, and so on). Besides studying the development trajec-
tory of ontogeny-implicated genes, exploring through single-cell
omics approaches how clinically derived variants from the above
genes lead to congenital malformations and syndromes can
offer personalized molecular modeling from patients. Another
potential future focus is neurological and neuropsychiatric disor-
ders. Given the multitude of genes implicated in brain develop-
ment and, in turn, the myriads of variants linked to the psychosis
spectrum, applying single-cell omics approaches to studying
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induced pluripotent stem cells derived from patients in ques-
tion could provide molecular clues that could affect treatment
options, in a way more sophisticated than traditional next-gen-
eration sequencing.

All things considered, cell atlases are expected to be the
fine-tuned radar for assessing any types of cells in the long term.
They aid us to gain a better grasp of cellular migration, cellu-
lar differentiation, and cell-to-cell interaction, and they explain
the spatial heterogeneity that may be unique to some cell types
(Fig. 1A). Moving forward, through the rapid technological pro-
gressions, the combination of using more samples from different
developmental states will also enable us to get a comprehensive
spatiotemporal multidimensional cell map of mammals. In this
view, single-cell sequencing technology appears as a core tech-
nological solution to advance precision medicine. Collectively,
such approaches can optimize precision diagnostics and treat-
ment of diseases.
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