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The human body contains trillions of cells, classified into specific cell types, with 
diverse morphologies and functions. In addition, cells of the same type can assume 
different states within an individual’s body during their lifetime. Understanding the 
complexities of the proteome in the context of a human organism and its many 
potential states is a necessary requirement to understanding human biology, but  
these complexities can neither be predicted from the genome, nor have they been 
systematically measurable with available technologies. Recent advances in proteomic 
technology and computational sciences now provide opportunities to investigate the 
intricate biology of the human body at unprecedented resolution and scale. Here we 
introduce a big-science endeavour called π-HuB (proteomic navigator of the human 
body). The aim of the π-HuB project is to (1) generate and harness multimodality 
proteomic datasets to enhance our understanding of human biology; (2) facilitate 
disease risk assessment and diagnosis; (3) uncover new drug targets; (4) optimize 
appropriate therapeutic strategies; and (5) enable intelligent healthcare, thereby 
ushering in a new era of proteomics-driven phronesis medicine. This ambitious mission 
will be implemented by an international collaborative force of multidisciplinary 
research teams worldwide across academic, industrial and government sectors.

The Human Genome Project (HGP) has provided a comprehensive 
map of the human genome and identified the species’ approximately 
20,300 protein-coding genes1,2. This demonstrates the power of 
data-driven, large-scale coordinated ‘omics’ projects in transforming 
biomedical research, giving rise to genomics-driven precision medi-
cine. The human body contains approximately 37 trillion cells of dis-
tinctive types, with diverse morphologies and functions, organized 
in tissues and organs, all of which share essentially the same genome. 
Moreover, during an individual’s lifetime, tissues/organs and cells 

within their bodies have often undergone extensive or reversible/
irreversible changes in response to changing conditions. Experience 
over the (approximately) 24 years since the publication of the human 
genome sequence has shown that the observed cellular and organismic 
complexities cannot be predicted from genomic information alone.

Human biology, with all its intricate complexities, is profoundly 
interconnected with the vast expanse that is often termed the protein 
‘universe’ or, more scientifically, the proteome (the complete set of 
proteins expressed by a genome in any cell or tissue at a specific point 
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in time)3. Serving as the fundamental functional elements of cellular 
mechanisms, proteins are involved in essentially any biological process 
within an organism. Their significance extends beyond normal physiol-
ogy: proteins have been crucially implicated as major contributors to 
the onset and progression of various diseases. They emerge as central 
figures in the field of therapeutics, being the primary molecular targets 
for a large majority of drugs. Hence, far beyond the static view provided 
by genomics, proteomics provides information about the dynamic 
aspects of the human body and its adaption to changing conditions. Fol-
lowing the HGP era, research based on the human proteome is one of the 
most exciting, yet challenging, topics in life sciences and medicine4,5.

In 2001, coinciding with the publication of the human genome 
sequence, a group of proteomics researchers founded the Interna-
tional Human Proteome Organization (HUPO)6. In September 2010, 
HUPO took the first step towards an international collaborative effort, 
termed the Human Proteome Project (HPP), with its aim of finding 
high-quality evidence for the expression of all human protein-coding 
genes using mass spectrometry, and making them routinely and reliably 
measurable. Since then, HUPO has stimulated and coordinated many 
workshops to work within the HPP. Ten years later, in 2020, the HUPO 
HPP project teams described the first high-stringency HPP proteome 
map, covering 90.4% of the canonical human proteome and parallel-
ing similar decadal progress made by the HGP7. By 2023, detection of 
18,397 (93%) of the predicted 19,750 canonical proteins encoded in the 
human genome had been achieved8, and a compendium of validated 
reference spectra for the highly specific targeted mass spectrometric 
measurement of over 99% of the annotated human proteins had been 
generated9. Since the formation of HUPO, there has been an expansion 
of biology/disease-centric initiatives under the HPP umbrella. These 
aim to spatially measure and interpret human proteome data under 
a range of physiological and pathological conditions, including pro-
tein abundance, post-translational modifications (PTMs), interaction 
partners and localization.

The first proteomics project dedicated to a human organ (the Human 
Liver Proteome Project) was actually launched several years previously 
in China in 2003, as a forerunner of the HPP10–12. This led to the char-
acterization of liver protein expression profiles and protein–protein 
interactions (PPIs) in this metabolic organ13, as well as the discovery 
of a major functional role of acetylation in metabolic regulation14,15. 
Subsequently, the proteomes of other tissues or organs (for example, 
brain16, heart17, stomach18, skin19 and immune cells20) have been char-
acterized, creating an initial version of the organ/tissue-based human 
proteome map21,22. Meanwhile, an increasing number of disease-related 
organ/tissue proteomes have been analysed, as exemplified by the 
Chinese Human Proteome Project23, the National Cancer Institute’s 
Clinical Proteomic Tumor Analysis Consortium in the USA24, the 
Tumor Profiler Project in Switzerland25, the Human Protein Atlas in 
Sweden26,27 and ProCan in Australia28. Moreover, recent advances in 
non-mass spectrometry-based approaches provide versatile oppor-
tunities for biomarker discovery in body fluids, which is thought to 
reflect a person’s health or disease status29–31. All these efforts are 
providing a significant boost in advancing the field towards an era 
previously termed proteomics-driven precision medicine32. Despite 
notable technological and computational advances, we are only just 
beginning exploration of the complexities of the human proteome, and 
exploitation of its full potential for biomedical breakthroughs has yet 
to be fully harnessed (Box 1).

In 2020, the Chinese Ministry of Science and Technology funded a 
collaboration of around 40 proteomics research teams worldwide to 
envision future HPP-related projects. Since then, several multidisci-
plinary working groups have been established and numerous on-site 
meetings and webinars organized, which have been communicated with 
government and private funding bodies. These activities have allowed 
us to propose a ‘big-science’ project called the proteomic navigator 
of the human body (π-HuB). The project is now forming a consortium 

of Chinese and international scientists to generate megaproteomic 
datasets from all major human tissues/organs and cell types, and to 
subject the data to integrative analysis at an unprecedented scale. The 
aim is to build an intelligent computational engine, called the π-HuB 
navigator, which will integrate multimodality proteomic datasets to 
enhance our understanding of human biology, to facilitate disease risk 
assessment and diagnosis, to uncover new drug targets, to optimize 
appropriate therapeutic strategies and to enable intelligent healthcare.

Three central goals of the π-HuB project
The π-HuB project has the overriding mission to support, with an invest-
ment of billions of Ren Min Bi (currency of the People’s Republic of 
China), the international and interdisciplinary collaboration of scien-
tists for a period of three decades towards three specific goals (Fig. 1).

Discover principles of the human body
The π-HuB project will first dissect the human body into a hierarchy of 
digital proteomic anatomy spaces. By harnessing rapidly evolving tech-
niques such as single-cell and spatial proteomics33,34, the project will 
digitize, and continually refine, the complete quantitative proteomic 
and cellular composition of the human body, including cell composi-
tion of all major tissues/organs, protein composition of individual 
cell types and single cells, and proteome-centric molecular networks 
within cells (for example, PTMs and PPIs). Taking advantage of recent 
advances in multimodal data fusion/integration technology—in par-
ticular, the rapid development of deep-learning or foundational mod-
els—the high-resolution, anatomy-based proteomic data will provide an 
unprecedented opportunity to decode the essential molecular/cellular 
building principles of cells/tissues/organs, and to uncover the critical 
molecular/cellular mechanisms of biological processes—that is, to 
demonstrate causal relations from a protein network to a phenotype.

Develop the Meta Homo Sapiens model
The π-HuB project will conduct in-depth investigations into the dynam-
ics of the human proteome throughout an individual’s lifespan, explor-
ing at a population level how the human proteome adapts in response 

Box 1

Complexities of the human 
proteome
First, for a human being at any time, there is immense molecular 
diversity of proteins in the human proteome at multiple scales, 
including their level of expression and degradation, their functional  
state as indicated by PTMs, PPIs and shapes and their cellular and 
subcellular location. Collectively, proteins and their attributes shape  
approximately 37 trillion cells in the human body with a wide range  
of morphology and function. Second, for any human society, the  
genomic diversity of the human population leads to a larger diversity 
of proteomes in that population, because each person will have a 
special private proteome and therefore a special private functional 
state. Third, during the human lifetime, an individual’s proteome  
is highly dynamic and can be affected by disparate external 
and internal factors, including somatic mutations, the human 
microbiome (which can be defined as the microbial ecosystems 
that reside in various habitats of the body—for example, the  
human gut), the type of lifestyle (for example, diet, food, nutritional 
supplements, physical activity and drugs), the occurrence of 
somatic mutations and the state of the external environment, all  
of which are intimately related to human health and diseases.
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to various factors impacting health outcomes. The entire human body 
state space will thus be transformed into multiple subspaces that are 
further dissected through various dimensions. Specifically, the aims 
are to (1) trace proteome-centric trajectories during major prenatal and 
postnatal stages, (2) profile longitudinal dynamic changes in complex 
proteomes during the development and progression of representa-
tives of complex diseases and (3) determine the effects of non-genetic 
factors (for example, symbiotic microbiomes, lifestyles and differ-
ent environments) on the human proteome. These state-contextual 
proteomic data will be integrated with other human omics data from 
complementary efforts (for example, HuBMAP35, Human Cell Atlas36, 
Human Tumor Atlas Network37 and LifeTime Initiative38), and projected 
into a digitized model called Meta Homo Sapiens. Building such a model 
will be facilitated by composing principles of the human body; it will 
be formulated using a three-dimensional anatomical hierarchy that 
records digital features of organs, tissues, body fluids and cells at each 
level, and it consists of time-sequential frames, with each containing 
proteomic data measured and augmented within a unit period to rep-
resent the human body state at a given timestamp.

Build the π-HuB navigator
The goal of the π-HuB project is to instantiate proteomics-driven 
phronesis medicine, which is a concept similar to the practical wis-
dom (phrónesis, from ancient Greek) that is relevant to practical action 
in a particular situation. Unlike traditional and current paradigms of 
medicine, phronesis medicine aims to develop the ability to provide 
temporally precise control of the human body state to prevent disease. 
This ability should include accurate, efficient monitoring, diagnosis 
and treatment capabilities and highly robust decision-making capa-
bilities for disease prediction, early warning, prevention, control and 
healthcare. It will provide temporally precise control of the human 
body state to prevent disease, by establishing a medical model of popu-
larization and normalization of monitoring, diagnosis and treatment 
decisions and health management. Undertaken with a very keen eye 
towards realizing this goal, we aim to develop the π-HuB navigator that 
will be a virtual state space instrument, created by the convergence 
of physiological phenotypes and proteomic-oriented, spatiotempo-
ral biochemical/biophysical information in cells, body fluids, tissues 
and organs. It can transfer the prototype Meta Homo Sapiens model 
from primary body conditions to different secondary states to obtain 
realistic models. This will be followed by the creation of a state space 

covering all key states of the human body, by simulating body dynam-
ics with each model for specific periods and thereby tackling the most 
beneficial approaches to prediction of outcomes based on non-invasive 
proteomic snapshots and longitudinal proteomic measurements. Ulti-
mately, causal inference will be used to identify underlying triggers 
that induce transitions between adjacent key states. Each state space 
can be regarded as a topological navigation map in which each node is 
the key state defined by the corresponding biomarkers, and each edge 
between two nodes records the triggers to transform fr om one state to 
the other. Thus, building such a navigator will grant an opportunity to 
track trajectories of wellness and health, to define factors important 
in disease risk assessment and early diagnosis and to drive the devel-
opment of new therapeutic interventions and intelligent healthcare 
approaches for redirection of unhealthy transitions towards a long 
and prosperous life.

Pillars for building the π-HuB navigator
To achieve the above goals, the project is being supported by six key 
pillars (Fig. 2).

Human biospecimens
Human biospecimens are the fundamental component of the π-HuB 
project. To achieve the objectives outlined above, samples for π-HuB 
can be grouped into the following categories. (1) Anatomy-based sam-
ples will consist of freshly prepared organs, tissues and live human 
samples, obtained following the highest ethical standards, from post-
mortem examinations. (2) Twin cohorts will allow calculation of the 
genetic component of observed variability in a population and benefit 
on controlling confounding factors in aetiological studies on complex 
diseases. (3) Population-based cohorts will be cross-sectional collec-
tions of high-quality biospecimens from a large number of individuals 
from diverse geographical regions of the world with different lifestyles 
and subjected to different environments. (4) Longitudinal cohort stud-
ies will apply non- or less invasive approaches, with relatively high sam-
pling frequency, to sample healthy individuals or patients with defined 
exposures who have health or therapeutic implications or outcomes.

In practice, the π-HuB project will first use samples from existing 
state-of-the-art biobanks around the world, and is open to working 
closely with other resources being built. All samples in this project 
will be required to be well and consistently annotated with clinical and 
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Fig. 1 | Overall goals of the π-HuB project. The schematic depicts the 
development and integration of major technological strategies for achieving 
the scientific milestones for each goal. The π-HuB project will start with the 
extensive measurement of human samples and the generation of data across 
digital proteomic anatomy spaces and individuals’ state spaces in their lifetime. 

Then, it will incorporate the advantages of the latest advances in data and 
computational sciences to uncover the composing principles of the human 
body, to generate a digitized model called Meta Homo Sapiens and to build a 
global positioning system for the human body and its states.
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demographic information obtained from multiple sources, such as 
questionnaires, physical measurements, biochemical tests, medical 
imaging data, records of genetic variants implicated in disease suscepti-
bility, and wearable device-based records, among others. Furthermore, 
annotations should be performed by using agreed metadata standards 
that are key for data accessibility and interoperability, and for artificial 
intelligence-based data integration across bioinformatic resources39.

Innovations in measurement technology
Considering that the project aims to profile the human proteome at 
unprecedented resolution and scale and that it has an intended time 
horizon of 30 years, the advancement of measurement technolo-
gies is crucial to its success (Box 2). For example, there is a pressing 
need to identify and measure minute amounts of proteins from sin-
gle cells. In recent years, we have witnessed tremendous progress in 
the development of mass spectrometry-based, single-cell proteomic 
(SCP) technologies40. However, a real-world, large-scale application 
of existing technologies for profiling millions to billions of human 
cells is still very far from being state of the art. Whereas current mass 
spectrometry-based SCP technologies are able to measure up to around 
4,500 proteins per single cell41, limited sample throughput due to 
the absence of multiplexing strategies remains a major shortcom-
ing of SCP analyses. In this regard, the project will start by profiling 
a cell type-resolved human proteome atlas (see below) and, in paral-
lel π-HuB, will coordinate and support an international community 
effort to accelerate and benchmark mass spectrometry-based SCP 
technologies across different platforms and laboratories. Once we can 
achieve a relatively high analytical performance for SCP across π-HuB 
data collection centres (for example, over 3,000 proteins per cell at a 
throughput of roughly 1,000 cells per day), the project will then launch 
an initiative to collect SCP data from human samples. Meanwhile, we 
will closely track new concepts and technologies for single-molecule 
protein sequencing that have substantial potential to enable broad 
sequence coverage in single-cell profiling42.

In addition, the π-HuB project will also develop, integrate and apply 
robust technologies for the generation of multidimensional proteomic 
data indicating the functional states of the proteome. These technolo-
gies are exemplified by PTMs, structural states, localization and interac-
tions, and the context-specific interdependencies of these attributes. 
To facilitate this, the π-HuB project will develop a specific technology 
scouting division separate from its own technology hub, seeking to 
identify and fund emerging technologies.

Because technologies will be evolving rapidly, data acquired in the 
early stage of this project may become superseded by those collected 
at a later stage. However, these early data will be invaluable for the 
development and benchmarking of data analysis and integration tools, 
for providing training opportunities for researchers in the field, for 
demonstrating data and sample interoperability procedures within the 
consortium and for supporting pilot studies. Moreover, we reasoned 

that, like HGP, the project will also proceed in stages at which ‘drafts’ 
of the high-fidelity human proteome atlases will become available at 
regular intervals, which will be further iterated to more accurate and 
complete versions using newer technologies.

Computational technology innovations
Beyond data collection, our ambition also extends to developing meth-
ods and tools for data integration, analysis and interpretation (Box 2). 
Data-driven modelling approaches, such as automated machine learn-
ing (autoML), have proved powerful in approximating many virtual 
and real-world systems43. However, transforming a biological ‘black 
box’ into a digital system does not typically provide us with any intel-
lectual knowledge or insight that would enable it to be trusted in clinical 
practice. Therefore, the π-HuB project will push the boundaries in bio-
medicine by unveiling the molecular reconstruction of the human body. 
Inspired by success in mathematical intuition guidance and hypothesis 
proposal44, explainable artificial intelligence (XAI) methods, large lan-
guage models (LLMs)45 and other yet-to-be-conceived approaches will 
be exploited to interpret a fit-for-purpose deep-learning model of the 
human body with escalating resolutions, from molecular to cellular to 
organ and systems levels, enabling the discovery of knowledge about 
biological events and the establishment of construction theories46. In 
this context, it will be key to attract artificial intelligence practitioners 
to the proteomics field. With this new knowledge, several ‘white box’ 
prototype Meta Homo Sapiens models will be constructed to serve 
as the critical preliminary conditions on which π-HuB will build the 
foundation model of the system. We believe that the π-HuB project is 
ideally positioned to meet data science challenges, because of the avail-
ability of proteomic datasets acquired by the project consortium that 
are unique in terms of the size, consistency of collection, annotation 
and processing, and their coverage of multiple layers of the proteome.

Big-science infrastructure
Because very large numbers of human samples (for example, sorted 
single cells from human organs and biospecimens from clinical cohorts) 
will be analysed in the π-HuB project, ultrahigh-throughput facilities 
for data manufacture, collection and processing will be required. 
Ideally, such facilities require expertise and streamlined, reproduc-
ible pipelines to process human samples, profile proteome-centric 
molecular data in samples and store, transfer, process and interpret 
those data. Therefore, the π-HuB project will be establishing national 
facilities/centres as the big-science infrastructure for the collection 
and processing of multilayer proteomic data. Minimally, during the 
first stage of the π-HuB project, such an infrastructure should be able 
to process 1,000–2,000 samples per day and generate 1 TB of mass 
spectrometry raw data per day (as of today, although this amount is 
expected to increase in parallel with developments in technology and 
instrumentation). In China, only a few existing programs possess such 
analytical capacities, including automation workstations for ‘one-stop’ 
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components are listed. HT, high throughput.
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sample preparation, more than 40 cutting-edge, high-resolution mass 
spectrometers and a high-performance computing system called 
‘Tianhe-II’23. In addition, many other big-science infrastructures and 
National Laboratories across China have pledged support for the π-HuB 
project, bringing to the project state-of-the-art single-cell technolo-
gies, multimode trans-scale biomedical imaging technologies and 
a cloud-based, high-performance artificial intelligence computing 
system. Furthermore, the π-HuB project is partnering with existing 
infrastructures from research entities attached to universities or other 
institutions worldwide, such as the Netherlands Proteomics Centre 
and ProCan in Australia.

Open resources
The π-HuB project will emphasize highly efficient, international, open 
resources, including standards, samples and their annotations, data 
and key analysis tools. Like other large community resources with a 
broad utility, the project will require an open sharing framework to 
ensure transparent global collaboration between researchers, fund-
ing agencies and stakeholders. Within this framework, π-HuB will 
maximize the importance of reusing collected human samples and 
reanalysing previously generated data to maximize the benefits from 
scientific advances, while minimizing risks to participant privacy and 
acknowledging the contributions of researchers. For example, all 
π-HuB-generated (non-sensitive) raw data will be directly available to 
the international scientific community through several well-established 
data portals implementing the findable, accessible, interoperable and 
reusable (FAIR) data principles, such as those established by the Pro-
teomeXchange Consortium, including PRIDE and iProX47,48. In addition, 
bioinformatics infrastructure will be developed to integrate proteomics 
atlases into UniProt, the most popular protein knowledgebase in the 
world, so that information will be available to the whole life science 

community. Moreover, the project will enable clinicians and patients 
to freely enquire about medical intervention strategies by developing 
a web-based Meta Homo Sapiens computational framework based on 
π-HuB molecular and spatial data.

International research teams
The sixth pillar is ‘people’, including researchers, software engineers, 
clinicians, pathologists, project managers, administrators, financial 
staff, lawyers, commercial entities and others. Implementation of the 
π-HuB project requires synergy between a plethora of people globally to 
work collaboratively under the guidance of a decision-making body, and 
also clear governance and accountability guidelines. Specifically, the 
π-HuB project will be steered and governed by an executive committee 
and overseen by an advisory board. In addition, capacity building and 
cultural interchange will benefit international researchers in regard to 
both the exchange of ideas and results and research and intellectual 
culture. To foster this, π-HuB will establish several scholarship/fellow-
ship programmes to promote these exchanges, through which it will 
attract additional early-career scientists to participate in this visionary 
international project.

Challenges
Ethics
Within the framework of the π-HuB project, several measures are 
proposed to mitigate the identified ethical and regulatory challenges 
in proteomic research49. Especially with regard to human samples, it 
is essential for the project to establish a common, flexible and gen-
erally accepted framework with respect to ethics approval criteria, 
patient/donor consent, sample annotation ontology material transfer 
agreements and non-disclosure agreements that can be accepted by 

Box 2

Key technologies for the π-HuB project
•	 SCP: π-HuB will fully benchmark state-of-the-art SCP methods  

(for example, nanoPOTS74, SCoPE-MS75 and scPiMS76) and 
determine the appropriate time to launch a large-scale initiative 
to collect SCP data from human samples. To further increase 
the throughput of SCP analysis, it is also important to encourage 
engineering-level innovations for fully integrated/automated 
nanogram-level sample preparation technologies77 and single- 
molecule protein-sequencing technologies42.

•	 Spatial proteomics: π-HuB will initially apply deep visual proteomics 
technology78 or its derivatives to spatially profile proteomes across 
different cell types. Nonetheless, new concepts and technologies 
for spatial proteomics are warranted by integration of artificial 
intelligence-based tissue imaging navigation, high-throughput and 
pixel-format sampling, multimodal data acquisition and integration34.

•	 Plasma proteome profiling: π-HuB will apply mass spectrometry-  
or affinity-based technologies for plasma proteome profiling,  
which have been demonstrated to simultaneously analyse 
thousands of proteins in many thousands of plasma samples  
with high throughput79,80.

•	 Functional proteomics: π-HuB will focus on new chemical 
biological and biophysical approaches for targeting and enriching 
native functional states of the human proteome. For example, 
recent technological advances have enabled the direct detection 
of subcellular localization, dynamic changes and interactions of 
proteins in vivo60,61,81,82.

•	 AutoML: π-HuB aims to automate the end-to-end process of 
applying machine learning to the analysis and interpretation 

of large-scale proteomics data83,84, which involves tailoring the 
selection and optimization of machine learning models, facilitating 
non-expert access to complex multimodal data analysis and 
addressing challenges on the study of proteomics such as protein 
identification, quantification and biomarker discovery, early 
disease diagnosis, optimal therapeutic interventions and the 
dynamics of biological processes.

•	 XAI: π-HuB will develop XAI methods that provide clear and 
understandable explanations of their findings in proteomics 
analysis85 and that, in particular, can validate artificial intelligence- 
driven hypotheses in proteomics, ensuring that artificial 
intelligence conclusions are scientifically sound and interpretable, 
enhancing trust and collaboration between computational 
scientists and experimental biologists by providing transparent 
decision-making processes. Furthermore, XAI can bridge the  
gap between artificial intelligence models and practical 
applications (for example, predictions of disease risk at the 
individual level and the effect of drugs or drug combinations on  
the state of cells).

•	 LLM: π-HuB will build advanced artificial intelligence models 
trained on extensive biomedical literature, to understand and 
generate language specific to the proteomics field45, which are 
expected to analyse and synthesize vast amounts of biomedical 
text, extract insights from unstructured data sources such as 
research papers relevant to proteomics and assist in identifying 
patterns, potential therapeutic targets and new connections within 
the complex human proteomics data.
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governments from different geographical regions. In addition, the risk 
of reidentifying individuals through their proteomic features demands 
meticulous assessment and management. To safeguard the ethical 
integrity and foster societal acceptance of the π-HuB project, we will 
establish a specialized ethics committee whose primary role will be 
to oversee every facet of the project, encompassing biospecimen col-
lection, analysis, data management and information dissemination. 
Adopting this proactive stance towards ethical and regulatory compli-
ance will not only enhance the scientific credibility of the π-HuB project 
but also strengthen public trust and participation.

Big data
π-HuB will work closely with existing international data centres, such 
as the ProteomeXchange consortium, for the sake of consistency of 
data standards and management rules widely adopted in the field of 
proteomics. Nonetheless, a fit-for-purpose data centre specifically 
designed for the π-HuB project is needed. First, new upgrades will be 
required to store and manage more metadata (for example, clinical 
information) that can meet the data management requirements of 
the project. Second, it should support multiomics and multimodel 
data management and applications. Last but not least, it needs to be 
easily accessible for researchers worldwide. This will be achieved by 
the establishment of subcentres in different countries that can meet 
the legal constraints of each country50, while meeting the requirements 
of the π-HuB project by using data management system software and 
technical support from the headquarters centre.

Data generation and integration
The massive amount of data from different modalities will be collected 
across the international teams. Thus, it is necessary to ensure that 
data generated across different teams are comparable and integrable. 
The π-HuB Consortium will first ensure that all human samples are 
processed using standard operating procedures (SOPs) with respect 
to collection, annotation, handling, storage and tracking. In addition, 
to ensure that each data collection team can produce high-quality 
and unified proteome-centric datasets, the π-HuB project will adopt 
the HUPO Proteome Standards Initiative51 principles to standard-
ize both state-of-the-art mass spectrometry-based and non-mass 
spectrometry-based approaches in terms of sample preparation, meth-
odological settings, data acquisition, processing and error control, 
and develop the SOPs for each step. Given the anticipated rapidity of 
methodological development, the consortium will also develop and 
share standards, test samples and benchmarking data to help each 
research centre update SOPs for new techniques.

Furthermore, new computational methods and machine learn-
ing models with strong generalization ability52 are needed to further 
develop proteomic data analysis (for example, quality control53, data 
cleansing, normalization54 and missing-value imputation), and to spe-
cifically address questions that can benefit from multimodal and inter-
centre/laboratory measurement. As such, we will develop a centralized, 
cloud-based, interactive platform for data sharing and analysis that will 
host standardized tools and pipelines for data processing, integration 
and interpretation. Lastly, the consortium will provide comprehensive 
training and support to all consortium members to ensure familiarity 
and compliance with the SOPs and computational tools. These efforts 
will develop approaches to support the mobilization of π-HuB data, 
support the discovery of new insights by providing new algorithms 
and develop new models for unification of multiomics layers.

Modelling
The π-HuB navigator will build on the computationally driven Meta 
Homo Sapiens model of the human proteome, which is an extremely 
complex task. In our initial plan, this model will consist of three basic 
modules (Fig. 3): (1) a state identifier to encode different states of the 
human body in state space through proteome-centric measurements, 
followed by integration of phenotypic information of the human body 
through a multimodality LLM; (2) a lineage tracer to quantify transition 
probability between each pair of states under different physiologi-
cal/pathological/therapeutic conditions—for example, between each 
pair of states that can be estimated by Monte Carlo methods55; and 
(3) a path planner to search for the optimal treatment trajectory by 
balancing various objectives, such as efficacy, against financial costs 
and individual compliance.

Democratizing proteomics
Compared with genomics and its related sequencing technologies, the 
power of proteomics is far from being fully appreciated by the public and, 
in fact, by many clinicians. Thus, building the interface of the π-HuB pro-
ject for clinicians and the public is a major aim, in addition to the research 
goals of the project, to raise public awareness and participation. Such 
advocacy is needed as a driving force in both sample procurement and 
addressing the most impactful and pressing needs in disease-focused 
research. The π-HuB Consortium will also provide training and education 
of clinicians, pathologists and patients to interpret and use proteomics 
data, and push proteomics-driven discoveries towards both clinics and 
healthcare. In particular, the tools hosted in this interface will assist 
researchers and clinicians in understanding the biological pathways 
of specific state changes, guiding daily research and clinical practice.

State identifier

Unhealthy Diagnosed state

Healthy

Lineage tracer Path planner

Target
state

Treatment: 1
Cost: c1

Treatment: 1
Cost: c1

Treatment: 1
Cost: c1

Treatment: 2
Cost: c2

Treatment: 2
Cost: c2

Treatment: 2
Cost: c2

Treatment: 3
Cost: c3

Treatment: 3
Cost: c3

Treatment: 3
Cost: c3

Transitions across states Optimal treatment trajectory

Fig. 3 | Basic modules of the π-HuB navigator. A state identifier generates key 
states of the human body based on massive hierarchical measurements from 
large cohorts. This is followed by a dynamic, model-based lineage tracer to 

detect potential transitions between states under all available treatments. 
Given the established state space, a path planner can search for a treatment 
trajectory while considering various objectives and constraints.
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Major outcomes π-HuB phase 1
To enable π-HuB to become a broadly applicable project, it is neces-
sary to maximize relevance to the community by setting deliverables 
and expected outcomes as a series of staged programmes undertaken 
within a relatively short time frame. During the initiation and develop-
ment stage (2024–2033, herein referred to as ‘phase 1’), we will build an 
international cooperative network to lay the technical foundation of 
this project by promoting methodological advances, benchmarking 
state-of-the-art technologies for standardization, building the compu-
tational infrastructures for data integration and modelling and so on. 
Meanwhile, it is also important for the project, in a relatively short-term 
frame, to achieve major outcomes as follows (Table 1).

Principles of cell type organization
The π-HuB project will eventually support studies that generate 
single-cell-resolution atlases of all major human organs and tissues 
from people who identify as emanating from different ancestral popula-
tions/origins. However, during phase 1, we will initially build reference 
cell type proteome atlases for all major organs using a combination of 
state-of-the-art flow sorting56 and parallel mass spectrometry acquisi-
tion platforms57. Moreover, rapidly evolving spatial proteomics tech-
nologies will provide additional insights into secreted proteins in the 
surrounding microenvironment and subcellular localization of the pro-
teome at the tissue, cellular and molecular levels. In this regard, multiple 
cutting-edge and synergistic approaches will be implemented, includ-
ing mass spectrometry-based, multiplex immunoaffinity-based and 
super-resolution-imaging-based methods58,59. In addition, the emerging 
proximity labelling and in vivo crosslinking approaches will enable the 
profiling of protein subcellular localization, protein complexes and 
PPIs in diverse human cell types60,61. These analyses will provide versa-
tile opportunities to uncover new molecular/cellular mechanisms of 
biological processes in shaping diverse cell types and cell states within 
each organ. Together, we envision that these cell type-resolved, mul-
tidimensional proteome atlases, in combination with cutting-edge 
computational and bioinformatic approaches, will be able to uncover 
the building principles of cell type organization of major tissues/organs.

Proteomics-driven lifestyle guidelines
During phase 1, we will focus on the most dominant factors that shape/
remodel the proteome of healthy individuals. Specifically, we will accu-
mulate a large number of biofluid proteomes from large-scale natural 
populations, aiming to (1) map quantitative trait loci for circulating/
tissue proteins and protein allelic variants associated with genetic 
variants implicated in disease susceptibility, allowing us to construct 
disease-causing pathways; (2) trace the proteomic trajectory over the 
human lifespan by quantifying dynamic changes in the biofluid pro-
teomes of five major prenatal cycles (gametogenesis, fertilization, 
embryonic development, fetal development and delivery) and five 
major postnatal cycles (adolescence, puberty, gestation, menopause 
and old age); (3) analyse the effects of four major dietary nutrition 
patterns (Western, Japanese, Mediterranean and subsistence)62 on the 

human biofluid proteome; (4) map the proteomes of populations in six 
major ecological environments classified by the Köppen–Geiger map 
(hot, warm, cold, arid, polar and highland)63 and analyse the trajectory 
of the human biofluid proteome during acclimatization and adaptation; 
(5) map interactions of the human gut and skin proteome with repre-
sentative microbiomes from internal and external environments, and 
construct the adaptation trajectory of the human proteome in response 
to microbiomes; and (6) map the responses of the human proteome 
to various clinical intervention strategies such as medication, diet and 
exercise. Together, these analyses will generate a resource of human 
proteome traits associated with the lifetime states as indicated above. 
Such a resource will provide opportunities to develop a proteomic 
health score through a neural network or LLMs, thereby formulating 
proteomics-driven lifestyle guidelines.

Generalization of proteomics-driven precision medicine
In the past decade, there has been growing evidence that proteomic 
approaches can facilitate the mechanistic understanding of diseases, 
as well as facilitate biomarker discovery and optimize therapy develop-
ment. In particular, proteomics alone has been able to identify poten-
tial biomarkers, or potential therapeutic targets, for many tumour 
types32,64–67 and a variety of other diseases68–73. Despite these advances, 
most proteomic findings in the context of human diseases have yet to 
be validated, and treatment suggestions arising from the data have yet 
to be approved. For example, most potential biomarkers identified by 
proteomic studies are generated from small-scale, retrospective stud-
ies lacking the basis for the subsequent generalization of using such 
biomarkers in a wider population. The π-HuB Consortium, consist-
ing of multi-interdisciplinary researchers and clinicians, provides an 
unprecedented opportunity to reimagine biomarker discovery through 
a proteomic approach. We therefore reason that, under the umbrella 
of π-HuB, it will be more feasible to organize large-scale, international, 
multicentre cohort studies for the validation of new biomarkers for 
early and companion diagnosis of major diseases. As such, we plan to 
map the proteomes of ten major organs and corresponding biofluids 
at different pathophysiological stages, focusing on between three 
and five representative diseases for each related organ. Such analyses, 
together with the aforementioned tissue proteome atlases with cell type 
resolution and biofluid proteome atlases with life-oriented adaptive 
proteome atlases, will allow the construction of proteomic evolutionary 
trajectories mapping the occurrence and development of these dis-
eases, and the pathways associated with specific life stages and survival 
conditions. Furthermore, the π-HuB project will actively collaborate 
with clinicians, policymakers and industrial partners to catalyse the 
discovery of new protein-based biomarkers and drug targets that can 
be applied in clinics to diagnose disease and drug development, driv-
ing a paradigm shift towards proteomics-driven precision medicine.

Outlook
Since its inception in 2020, the π-HuB Consortium has grown to become 
an international collaborative force of more than 100 members, 

Table 1 | Major outcomes of π-HuB phase 1

Expected outcomes Principles of cell type-based tissue 
organization

Proteomics-driven lifestyle guidelines Proteomics-driven precision medicine

Biospecimen inputs All major organs from postmortem of healthy 
donors

Biobanks of natural populaiton Large-scale international multicentre 
patient cohorts

Key measurements Protein expression, subcellular localization, 
PTMs and PPIs in each cell type

Protein expression and PTMs in body fluids 
or other non-invasive human samples

Protein expression, PTMs and PPIs in 
diseased tissues and/or body fluids

Major deliverables (1) A cell type-resolved, multidimensional 
human proteome atlas
(2) New molecular/cellular mechanisms of 
biological processes

(1) A resource of human proteome traits 
associated with lifetime states
(2) A proteomic health score

(1) A resource of human proteome traits 
associated with major diseases
(2) New biomarkers and therapeutic targets
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mobilizing scientists worldwide across academic, industrial and 
government sectors in the protein and health sciences. The π-HuB 
project will probably foster further global collaboration and discus-
sion by integrating the results from a worldwide community of mul-
tidisciplinary scientists to better understand human biology, and to 
advance medicine from disease trajectory predictions to new treat-
ment options. We anticipate that the π-HuB project will make a major 
contribution to biomedical research in the coming decades, facilitat-
ing disease prevention and diagnosis, accelerating drug discovery 
and, ultimately, ushering in an era of proteomics-driven phronesis  
medicine.
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