
The 2023 Report on the Human Proteome from the HUPO Human 
Proteome Project

Gilbert S. Omenn1,2,*, Lydie Lane3, Christopher M. Overall4, Cecilia Lindskog5, Charles 
Pineau6, Nicolle H. Packer7, Ileana M. Cristea8, Susan T. Weintraub9, Sandra Orchard10, 
Michael H. A. Roehrl11, Edouard Nice12, Tiannan Guo13, Jennifer E. Van Eyk14, Siqi Liu15, 
Nuno Bandeira16, Ruedi Aebersold17,18, Robert L. Moritz2, Eric W. Deutsch2

1University of Michigan, Ann Arbor, Michigan 48109, United States

2Institute for Systems Biology, Seattle, Washington 98109, United States

3CALIPHO Group, SIB Swiss Institute of Bioinformatics and University of Geneva, 1015 
Lausanne, Switzerland

4University of British Columbia, Vancouver, BC V6T 1Z4, Canada, Yonsei University Republic of 
Korea

5Uppsala Universitet, 752 36 Uppsala, Sweden

6University Rennes, Inserm U1085, Irset, 35042 Rennes, France

7Macquarie University, Sydney, NSW 2109, Australia

8Princeton University, Princeton, NJ, 08544-1014, United States

9University of Texas Health Science Center-San Antonio, San Antonio, Texas 78229-3900, United 
States

10EMBL-EBI, Hinxton, Cambridgeshire, CB10 1SD

11Department of Pathology, Beth Israel Deaconess Medical Center, Harvard Medical School, 
Boston, MA 02215, United States

12Monash University, Clayton VIC 3800, Australia

13Westlake Center for Intelligent Proteomics, Westlake Laboratory, Westlake University, 
Hangzhou 310024, Zhejiang Province, China

14Advanced Clinical Biosystems Research Institute, Smidt Heart Institute, Cedars-Sinai Medical 
Center, 127 South San Vicente Boulevard, Pavilion, 9th Floor, Los Angeles, CA, 90048, United 
States

15BGI Group, Shenzhen 518083, China

*University of Michigan, Ann Arbor, Michigan 48109-2218, United States, gomenn@med.umich.edu. 

Author Information
The manuscript was written through contributions of all authors. All authors have given approval to the final version of the manuscript.

T.G. is the founder of Westlake Omics Inc. The other authors declare no competing financial interest.

Supporting Information
Supplementary Material: Olfactory receptor OR51E2 (Q9H255) in PeptideAtlas

HHS Public Access
Author manuscript
J Proteome Res. Author manuscript; available in PMC 2024 April 18.

Published in final edited form as:
J Proteome Res. 2024 February 02; 23(2): 532–549. doi:10.1021/acs.jproteome.3c00591.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



16University of California, San Diego, La Jolla, CA, 92093, United States

17Institute of Molecular Systems Biology in ETH Zurich, 8092 Zurich, Switzerland

18University of Zurich, 8092 Zurich, Switzerland

Abstract

Since 2010, the Human Proteome Project (HPP), the flagship initiative of the Human Proteome 

Organization (HUPO), has pursued two goals: (1) to credibly identify the protein parts list and 

(2) to make proteomics an integral part of multi-omics studies of human health and disease. The 

HPP relies on international collaboration, data sharing, standardized reanalysis of MS data sets 

by PeptideAtlas and MassIVE-KB using HPP Guidelines for quality assurance, integration and 

curation of MS and non-MS protein data by neXtProt, plus extensive use of antibody profiling 

carried out by the Human Protein Atlas. According to the neXtProt release 2023–04-18, protein 

expression has now been credibly detected (PE1) for 18,397 of the 19,778 neXtProt predicted 

proteins coded in the human genome (93%). Of these PE1 proteins, 17,453 were detected with 

mass spectrometry (MS) in accordance with HPP Guidelines and 944 by a variety of non-MS 

methods. The number of neXtProt PE2, PE3, and PE4 missing proteins now stands at 1381. 

Achieving the unambiguous identification of 93% of predicted proteins encoded from across 

all chromosomes represents remarkable experimental progress on the Human Proteome parts 

list. Meanwhile, there are several categories of predicted proteins that have proved resistant to 

detection regardless of protein-based methods used. Additionally there are some PE1–4 proteins 

that probably should be reclassified to PE5, specifically 21 LINC entries and ~30 HERV entries; 

these are being addressed in the present year. Applying proteomics in a wide array of biological 

and clinical studies ensures integration with other omics platforms as reported by the Biology 

and Disease-driven HPP teams and the antibody and pathology resource pillars. Current progress 

has positioned the HPP to transition to its Grand Challenge Project focused on determining the 

primary function(s) of every protein itself and in networks and pathways within the context of 

human health and disease.

Graphical Abstract
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Progress on the Human Proteome Parts List

As the flagship initiative of the Human Proteome Organization1 (HUPO), the Human 

Proteome Project2 (HPP) has pursued two goals: (1) to credibly identify the protein “parts 

list”, primarily but not entirely by mass spectrometry (MS); and (2) to make proteomics 

an integral part of multi-omics studies of human health and disease.3–5 The HPP has 

made consistent progress for over ten years through engagement of the global community, 

data sharing, standardized reanalysis of datasets by PeptideAtlas6,7 and MassIVE-KB,8 

curation and integration of data by neXtProt,9 and collaboration with the Human Protein 

Atlas10 for antibody-based protein expression and intracellular localization. The HPP 

organization includes 25 teams by nuclear and mitochondrial chromosomes, 16 teams based 

on biological and clinical categories, and four resource pillars5. The work is supported by 

advances in data formats and standards by the HUPO Proteome Standards Initiative11,12 

(HUPO-PSI), ProteomeXchange Consortium data repositories, and the concomitant growth 

of UniProtKB,13 Swiss-Prot, and neXtProt.

As the primary HPP knowledge base, neXtProt plays a central role in the HPP 

documentation and dissemination of information about the human proteins confidently 

identified with protein-level evidence (PE1). Table 1 shows the progress in identifying 

proteins from predicted protein-coding genes, with 13,975 PE1 proteins in neXtProt release 

2012–02 to 18,397 PE1 proteins in neXtProt release 2023–04-18, representing 93.0% of the 

predicted proteins, and an increase of 1.7% in canonical proteins in PeptideAtlas from 2022. 

neXtProt also tabulates known sequence variants, splice variants, and post-translational 

modifications (PTMs) for these protein entries. Table 1 further documents the decline in the 

number of “missing proteins” (PE2,3,4). PE2 entries are thought to be translated but, thus 

far, have only transcript evidence with no or insufficient protein supportive data. PE3 entries 

have evidence only by homology in non-human species. PE4 entries are computationally 

predicted to be translated, but do not have translation, transcription, or homology evidence. 

PE5 entries are considered dubious by UniProtKB, are often pseudogenes, but may have 

some weak evidence, and may rarely be upgraded to PE1 based on new reports.

Figure 1 shows the progress in the eight years since 2016, when stringency criteria 

were substantially tightened with the introduction of the HPP Mass Spectrometry Data 

Interpretation Guidelines v2.1.14 The total length of the bars shows the sum of PE1–

4 proteins, which we note has changed over the years as the reference proteomes are 

continually refined by UniProtKB/Swiss-Prot. The blue portions represent the PE1 entries 

that have been validated via mass spectrometry evidence that meets the HPP guidelines. 

Substantial progress has been made every year since 2016, except from 2022 to 2023, as 
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will be discussed below. The orange portions represent entries that have PE1 status without 

MS detection, but, rather, via other methods such as protein-protein interactions, Edman 

degradation, and/or 3D structure information. The gray portions represent the missing 

proteins (PE2–4), which are predicted to be translated but remain without sufficient direct 

evidence.

The current version 3.0 of the HPP Mass Spectrometry Data Interpretation Guidelines 

was released on 2019–10-15. It is presented as a checklist available at https://hupo.org/

HPP-Data-Interpretation-Guidelines and is described in detail by Deutsch et al.15 It has 

three major groups of guidelines, the first of which describes data deposition requirements 

to a ProteomeXchange repository and use of a recent reference proteome for analysis. The 

second group of guidelines describes how false discovery rate (FDR) control should be 

carefully described, including handling for dataset merging. The final group of guidelines 

describes specific requirements for claims of detection of missing proteins or proposed 

additions to the reference proteome in neXtProt. These include a baseline requirement of at 

least two uniquely mapping peptides of length nine or more residues, where one peptide may 

not be fully nested within the other, and together they must cover at least 18 amino acids of 

the protein. For these two peptides, there is a described requirement for the presentation of 

manually scrutinized, high signal-to-noise ratio, high mass accuracy annotated spectra along 

with Universal Spectrum Identifiers (USIs), comparison with matching synthetic peptide 

peak intensities, and consideration for potential alternative peptide-to-protein mappings, 

taking variants into account. Substantial additional nuances and clarifications are presented 

within the guidelines document.

In the top bar for 2023, the 944 non-MS-based PE1 proteins received PE1 status almost 

entirely from UniProtKB: 54 are based primarily on Edman degradation, 39 on 3D structures 

in Protein Data Bank, 472 on protein-protein interactions (including 8 by neXtProt), 33 on 

antibody studies (one by neXtProt), 89 on PTMs and processing, 85 on genetic mutations, 

and 172 from biochemical studies (4 by neXtProt). Many are supported by multiple types of 

studies (see below); some entries have some MS data, but the evidence for these does not 

meet the HPP MS Guidelines.

In order to increase the transparency in the promotion of a missing protein from PE2,3,4 

to PE1 in neXtProt based on MS-based proteomics data, entries must have at least two non-

overlapping proteotypic peptides (peptides uniquely matched to a single protein ID) of nine 

amino acids or more which have been detected in the same specimen and confirmed upon 

reanalysis by PeptideAtlas or MassIVE-KB. These proteins now can be identified or queried 

with the keyword KW-1267 Proteomics Identification in the neXtProt interface. These bars 

can be easily generated using saved SPARQL queries with identifiers at neXtProt: PE1 with 

MS query NXQ_00301, PE1 with non-MS NXQ_00302, and PE2–4 missing proteins with 

NXQ_00204. These queries will always produce the most up-to-date lists as new data are 

curated in neXtProt. For example, the latest list of missing proteins is available via https://

www.nextprot.org/proteins/search?mode=advanced&queryId=NXQ_00204.

It is important to note that the reference human proteome is continually changing as the 

community learns more about the human genome and proteome and the literature is curated 
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by UniProtKB/Swiss-Prot.16 Figure 2 shows the changes in the reference proteome in 

UniProtKB/Swiss-Prot and PE levels in neXtProt between 2022 and 2023. The total number 

of PE1–5 entries increased from 20359 to 20389, but this did not result from only a simple 

addition of entries. Rather, on the left side are shown the number of PE1, MP, and PE5 

entries that were removed from the reference proteome for a variety of reasons. On the right 

margin are shown the number of additions to the reference proteome: 20 new PE1 entries, 

33 new MP entries, and four new PE5 entries. Notably, the 20 new PE1 and 33 new PE2,3,4 

proteins include 12 TATA-box-binding protein associated factor 11-like proteins 3–14 (2 

PE1, 10 PE2) (per neXtProt weblink in the Figure). Some of the deletions and additions 

represent merging and splitting of entries as more is learned about the proteins.

Other recent additions to the human proteome include a number of small ORFs or 

microproteins, which are added to the reference set by UniProt expert curators on a 

case-by-case basis when publications describing the function of these proteins become 

available in the scientific literature. The canonical amino acid sequence displayed in each 

entry is regularly reviewed and updated as part of the MANE17 project, in collaboration 

with curators from Ensembl and RefSeq. Entries may be removed or recategorized if, for 

example, it is decided the gene is actually a pseudogene and most probably non-coding.

In the central part of Figure 2, we show the transitions in PE level in neXtProt between 2022 

and 2023. neXtProt incorporates reanalyzed MS data both from PeptideAtlas and, since 

2019, MassIVE-KB. There are 88 PE1 proteins demoted to PE2,3,4 MP status (black line) 

and only 73 MPs elevated to PE1 (blue line).

There were five formerly PE1 entries that were demoted to PE5 by UniProt curators 

(red line). O95411 and Q86SI9 have no peptides in PeptideAtlas at all; therefore, their 

demotion to PE5 is consistent on the basis of available MS evidence. However, Q8N319 

has several uniquely mapping peptides confirmed by manual inspection that are detected 

in HLA immunopeptidome datasets. The gene (LINC03040) that encodes this protein is 

designated as non-coding by Ensembl, RefSeq, and HGNC; therefore, UniProt curators 

made the decision to add a “Caution” comment to this effect, which then designates this 

protein as PE5. However, in response to the proteomics data, the protein status is currently 

being re-reviewed. Q5XLA6 has several peptides that meet HPP guidelines criteria and 

pass manual inspection in CPTAC cancer datasets. Q92637 has several uniquely mapping 

peptides in PeptideAtlas, but is highly similar to PE1 protein P12314. In summary, three 

of the five cases of PE1 demotions to PE5 from 2022 to 2023 are questionable. This 

observation is why UniProt continues to maintain proteins designated PE5 in the proteome, 

to enable such observations to be considered by MS proteomics researchers.

Because neXtProt serves as the primary knowledge base for the HPP, its periodic updates 

begin with the list of ~20,000 human entries in UniProtKB/Swiss-Prot with information 

added from various other sources. One of the additions is the upgrade of PE2,3,4 entries 

to PE1 based on uniquely mapping peptides that meet HPP guidelines from PeptideAtlas 

and/or MassIVE-KB. Both PeptideAtlas and MassIVE-KB collect publicly available MS 

proteomics data sets from ProteomeXchange Consortium repositories, reprocess those data 

sets with a uniform pipeline, and produce high-stringency compendia of detected peptides 
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and proteins with full provenance back to the original spectra. Both resources then send 

their list of peptides to neXtProt, which remaps the peptides to its reference proteome and 

upgrades UniProtKB/Swiss-Prot PE2,3,4 entries to PE1 if peptides from either PeptideAtlas 

or MassIVE-KB (or both) meet HPP guidelines. Entries are not upgraded if only the 

merging of two different peptide sets produces the two uniquely mapping peptides required 

by the HPP Guidelines.

The implications of this process are that there are some differences between UniProtKB/

Swiss-Prot and neXtProt. neXtProt uses the same entries as UniProtKB/Swiss-Prot, with the 

exception that releases of neXtProt follow after UniProtKB/Swiss-Prot releases by a few 

months, and neXtProt prefixes their identifiers with “NX_”. Thus, the changes in the left 

and right margins of Figure 2 are first made in UniProtKB/Swiss-Prot and then replicated 

to neXtProt for the next release. Furthermore, the PE level classifications differ somewhat 

between UniProtKB/Swiss-Prot and neXtProt due to the addition of reanalyzed proteomics 

MS evidence from PeptideAtlas and MassIVE-KB. The current differences in PE level are 

summarized in Table 2. The difference of 24 entries in the total row in Table 2 reflects the 

lag in releases. The difference of 1760 entries in the PE1 row of Table 2 is very largely due 

to the upgrade to PE1 status by neXtProt due to MS evidence. neXtProt has upgraded 13 of 

those protein entries via non-MS evidence (see above).

The numbers of PE1–4 neXtProt entries (out of 19778 neXtProt entries) that satisfy the 

HPP guidelines criteria of at least two non-nested uniquely mapping peptides of at least nine 

amino acids in length and covering at least 18 amino acids in extent for PeptideAtlas and 

for MassIVE-KB in 2022 and 2023 are shown in Table 3. While the number of PeptideAtlas 

entries supporting PE1 status continued to grow (by 264) from 2022 to 2023 in neXtProt, 

there was a very substantial reduction in PE1 proteins supported by MassIVE-KB (by 619 

from 17,033 to 16,414). Correspondingly, there was an increase of 731 from 405 to 1136 in 

the number of PE1 entries documented only by PeptideAtlas while the number only from 

MassIVE-KB dropped by 253 from 365 to 112.

The reason for this dramatic change was a substantial increase in size and stringency in the 

MassIVE-KB pipeline between 2022 and 2023. The number of distinct peptides detected 

by MassIVE-KB increased by over 50% to ~2 million peptides. In order to maintain a low 

false discovery rate, the build process was updated to use all decoys from all the searches 

even if those decoys do not make it into MassIVE-KB. This change was made because 

MassIVE-KB introduced in 2023 a protein-level 0.1% FDR threshold to determine which 

precursors to keep. A post-hoc evaluation of the 1% protein-level FDR threshold used by 

MassIVE-KB in 2022 resulted in five olfactory receptor entries meeting the guidelines, 

even though manual inspection clearly revealed these as false positives. Thus, the 0.1% 

protein-level FDR was retained by MassIVE.

A substantial part of the advance in the number of canonical proteins in PeptideAtlas 

came from data sets derived from HLA immunopeptidome samples.18–21 These samples 

are enriched in processed peptides that are presented on cell surfaces as part of the 

HLA antigen presentation system, and thus provide a new opportunity to detect proteins 

that would otherwise be too low in abundance to detect in ordinary protein mixtures. 
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Figure 3 shows the data sets that contributed five or more new canonical proteins to 

PeptideAtlas. The top contributor by far was the HLA Ligand Atlas18 data from 227 

benign tissue samples via PXD019643 with 32 new canonical proteins. Three additional 

data sets19–21 in the top seven were also derived from HLA immunopeptidome samples. 

The largest non-immunopeptidome contributor used the TAILS N-terminomics approach 

to enrich for protein N-terminal peptides.22 Data from PXD02038923 and PXD02864724 

explored neuroblastoma and aneuploidy cell lines, respectively, to provide detection of five 

new canonical proteins each. Dozens of additional datasets, reflecting in part the activity 

of the B/D Immunopeptidomics community, provide a few additional canonical proteins. 

PeptideAtlas focused on adding immunopeptidome data sets as it was suspected that this 

might make a substantial contribution to new canonical proteins.

An open question under active discussion is whether all 1381 current missing protein entries 

really ought to be on the HPP target list, or whether some should be demoted to PE5. One 

clear group of entries is those labeled with a gene symbol beginning with “LINC” (long 

intergenic non-coding RNA). It would seem that the most likely hypothesis is that these 

genes do not code for proteins, and have already been annotated as such. There are currently 

90 entries with a gene symbol beginning with “LINC”. Of these, 68 are already PE5 and 

not on the HPP missing protein target list. Of the remaining 22, only one is currently PE1, 

LINC02914 (Q52M58) with one apparent detection in sperm cells.25 The other 21 PE2–4 

entries have no detections in PeptideAtlas that come near HPP guidelines. We propose that 

these 21 entries be demoted to PE5 until there are credible detections at the protein level that 

warrant promotion to PE1. This would reduce the list of MPs to 1360.

Another important group of proteins is the olfactory receptors. There are 427 PE1–5 entries 

that have a description that includes “olfactory receptor”, of which 25 are PE1 and another 

383 are MPs (PE2–4). There is no doubt that many of these are translated since they are 

required for successful human olfaction, but they are very difficult to detect by MS due 

to their many transmembrane regions and highly specific localization, which has rarely 

been sampled. Thus, olfactory receptors should remain on the HPP target list. Most of the 

current 25 PE1 olfactory receptors have been detected by means other than MS. In fact, only 

one olfactory receptor meets the lowest level of HPP guidelines in PeptideAtlas, OR51E2 

(Q9H255). A detailed review of the evidence is provided in the Supplementary Material. 

The conservative conclusion is that these PSMs do not provide the sort of conclusive 

evidence that would be expected to claim detection of an olfactory receptor by MS. The 

postulate that all purported MS detections of olfactory receptors are false positives seems 

safe for now.

One final group discussed here is the human endogenous retrovirus (HERV) proteins. There 

are 66 neXtProt entries that contain “endogenous retrovir” in their description. Excluded 

from these are a few famous examples of originally HERV proteins that have been put to use 

in the human system, notably Syncytin-1 (ERVW-1) (Q9UQF0), Syncytin-2 (ERVFRD-1) 

(P60508), and Suppressyn (ERVH48–1) (M5A8F1). Of the 66, only one is PE5, whereas 35 

are listed as PE1. A few have very clear evidence in PeptideAtlas, with ERV3–1 (Q14264) 

being the best example, having 19 distinct peptides from 25 different experiments, of which 

nearly all are uniquely mapping. However, many entries are very highly similar to each 
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other and more than half have no MS evidence whatsoever. A careful review of these is 

warranted and likely many (~30) should be demoted to PE5. It would be appropriate for 

the HPP community to consider whether these are useful to keep on the HPP target list, 

especially if the few that have wisps of detections in cancers or other samples may well be 

non-canonical translations yielding non-functional products. The major sequence resources 

UniProt, Ensembl, RefSeq, HGNA, and InterPro are already discussing how to address this 

situation.

Human proteins in UniProt are mapped to the equivalent sequence in Ensembl 

(requiring 100% identity over 100% of the length of the two sequences) and are 

made available to search and download as a human proteome set (Homo sapiens 

proteome ID:UP000005640). At the time of this writing the T2T-CHM13v2.0 assembly 

and annotation is currently only available through Ensembl Rapid Release (https://

rapid.ensembl.org/Homo_sapiens_GCA_009914755.4/Info/Index) and is not integrated into 

the UniProt import pipeline but discussions are ongoing with the Ensembl, RefSeq, 

Human Pangenome, and HGNC teams to enable as near concurrence between genome, 

transcriptome, and proteome as possible.

The Chromosome-centric HPP (C-HPP) component enables a natural division of effort 

by chromosome, undertaken by 25 different teams from many different countries 

(www.hupo.org/C-HPP). Although the initial focus has been on the detection of missing 

proteins, substantial effort has shifted to trying to understand the function of those proteins 

lacking any known function. Table 4 shows the current state of proteins by PE level for 

each chromosome. For most chromosomes, the percentage of missing proteins is in the 

single digits with a median of 5%. However, several chromosomes stand out with double-

digit percentages of missing proteins, notably 7, 11, 14, 21, and Y. Most striking is that 

chromosome 11 had 175 missing olfactory receptor proteins in the summary by Adhikari et. 
al.3

Table 4 also lists the PE1 proteins with unknown function (designated uPE1). A protein 

is classified as having unknown function if there are no associated Gene Ontology 

terms, or the only associated terms are so vague as not to be considered useful 

functional information (e.g. ATP binding, protein binding, nucleic acid binding) as defined 

in the neXtProt SPARQL query NXQ_00022 (https://www.nextprot.org/proteins/search?

mode=advanced&queryId=NXQ_00022). Efforts to determine the function of more of these 

uPE1 proteins are discussed below in the Grand Challenge section.

There has recently been substantial progress in characterizing the translation of non-

canonical open reading frames (ncORFs). An initial set of 7264 ncORFs with high-quality 

evidence of ribosome activity from Ribo-Seq assays by Mudge et. al.26 has led to a 

concerted effort by PeptideAtlas to search for these ORFs. The analysis is still ongoing 

but preliminary evidence in the 2023–01 PeptideAtlas build (https://peptideatlas.org/builds/

human/) indicates that translation evidence from ncORFs is very sparse in ordinary tryptic 

digest data sets, with under a dozen detections in over 2 billion spectra searched. As 

mentioned earlier, HLA immunopeptidome data sets are highly enriched in peptides 

presented on the surface of cells by the HLA system; interestingly, already over 15% 
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of these 7264 ncORFs appear to be detectable by MS. ncORFs are generally upstream, 

downstream, or internal but out-of-frame to the coding regions of the primary proteins of 

the human proteome. These detections raise the prospect that these might also be proteins in 

their own right and dramatically increase the size of the human proteome. Discussions in the 

community are still ongoing, but prevailing thoughts seem to be that these ncORFs may best 

be classified in a separate category and not be included in the primary pantheon of human 

proteins.27

Progress from other Components of the HPP

The HPP is organized into 25 teams by nuclear and mitochondrial chromosomes, 16 teams 

by biological and disease categories, and four resource pillars for antibody-based protein 

localization, MS, knowledge bases, and pathology. HUPO is developing a set of technology 

groups that may serve HPP as well as other initiatives. Here we report highlights from these 

HPP groups.

Biology and Disease-driven HPP

The Biology and Disease-driven Human Proteome Project (B/D-HPP) focuses on the 

strategies and the methods to determine and interpret the biological functions of human 

proteins within disease contexts. A common aim is to discover biomarkers that could guide 

and enable preventive and therapeutic interventions. As such, it is crucial to the new HPP 

Grand Challenge of assigning function(s) to every protein. The B/D-HPP has stimulated 

an exciting burst of activity from the international teams of scientists in 13 areas of 

biological and clinical relevance (see https://hupo.org/B/D-HPP) with new chairs, co-chairs, 

and committee members, two new initiatives, and three others under review (Table 5 and 

Figure 4). Moving forward, the B/D-HPP teams aim to collaborate and to draw upon the 

technology groups evolving in HUPO. Here we highlight recent accomplishments of several 

B/D-HPP teams.

The B/D HPP tradition of hosted webinars has continued in 2023 as part of the B/D-HPP 

strategy to disseminate and distribute knowledge about the B/D-HPP fields of activity. 

Two stimulating webinars held in 2023 drew 161 attendees for the Single Cell Webinar 

(May 2) and 41 attendees for the Aging & Disease Webinar (July 20). Each had a stellar 

group of speakers and lively discussions, which are available here: https://www.hupo.org/

Webinars-and-Virtual-Presentations. These recordings had subsequently been viewed 5700 

and 1100 times, respectively, as of July 2023.

Single Cell Proteomics (SCP).—Single Cell Proteomics (SCP) aims to better 

understand and differentiate the diversity of proteins expressed within individual cells, 

which is technically and bioinformatically challenging. In traditional proteomics, data 

from tissues or cells are averaged over many cells. Isolation of single cells traditionally 

by flow cytometers is now augmented by other devices that use different printing or 

aliquoting approaches, such as the HP100 printer and the CellenIon robotic piezo-pipettor 

combined with TMT isobaric labeling with carrier channels. For examples, up to 360 cells 

were quantified with TMT18 plex and 384 well plates in 24 hours.28 Several label-free 

approaches are now in use29 in combination with Bruker TimsTOF spectrometers or WISH-
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DIA-MS using the Thermo-Fisher Astral mass analyzer, as examples. The goal of the 

SCP initiative is to bring together the international community to develop transferable, 

transparent laboratory-based methods that can be coupled with new data analytic, statistical, 

and bioinformatic methods to provide molecular characterization of cellular heterogeneity 

at the single cell level and explain the heterogeneity of responses to drugs using clouds of 

isolated cells.

Metaproteomics.—The community-driven Metaproteomics Initiative, which joined B/D 

in June 2023, promotes dissemination of fundamentals, advances, and applications through 

collaborative networking in microbiome research. Its aim is to be the central information 

hub and open meeting place where newcomers and experts interact to communicate, 

standardize, and accelerate experimental and bioinformatic methodologies in this field.

This Initiative has launched a series of Critical Assessment of MetaProteome Investigations 

(CAMPI). The first was published in December 2021.30 CAMPI-2 investigates sample 

handling and stabilization as key challenges. Two different microbiota samples, human feces 

and soil, were shared across 10 laboratories, allowing five different protocols for protein 

identification to be compared. The results are expected to generate standard procedures for 

sample handling, reduce sampling bias, enhance sample stability from collection to protein 

extraction, and facilitate metaproteomic analyses of samples collected away from laboratory 

facilities. CAMPI-3 has focused on bioinformatics to identify the strengths and limitations 

of the workflows for taxonomic and functional profiles. Defined synthetic communities were 

produced with different levels of complexity and challenges for bioinformatic analyses. Raw 

MS files have been shared with many research groups to test their favorite bioinformatic 

pipelines. The results with these synthetic mixes should pave the way for international 

projects of broader scope and help establish workflow recommendations and enhance data 

transparency.

Human Glycoproteomics Initiative (HGI).—The glycosylation of proteins affects the 

biological functions and diseases of many tissues and organs. Analysis of these PTMs has 

always been difficult due to the complexity of the structures, the MS data obtained, and 

the quality of the software available to interpret the data. Therefore, to make glycopeptide 

analysis available to more proteomics researchers, the major focus of this initiative 

has been on providing a community-endorsed bioinformatic pipeline and data reporting 

criteria to support the interpretation of glycoproteomics results within the larger motivation 

of the B/D-HPP. This year, the HGI is comparing current software, both commercial 

and academic, available for the interpretation of serum glycopeptide mass spectrometric 

data.31 Following the successful first community evaluation of glycoproteomics informatics 

solutions, for serum glycopeptide analysis of the same MS data, the HGI’s second 

community challenge focuses on comparing and improving the bioinformatic tools for 

N- and O-glycopeptide identification and quantitation obtained on the same sample by 

different analytical workflows. Headed by Stacy Malaker (Yale) and Nick Riley (University 

of Washington), this study involves 20 software developer teams from around the world, 

with completion due in 2024. Additionally, the HGI community has teamed up with the 

Beilstein Institute in Germany to draft a set of glycoproteomics guidelines that dictate the 
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minimum information required for a glycoproteomics experiment (MIRAGE) to standardize 

the reporting of glycoproteomics data. Final guidelines are expected early 2024.

EyeOME.—The EyeOME initiative aims to provide proteomics knowledge that may 

translate into direct applications for ophthalmologic diseases in high need of treatments and 

prevention, starting with blepharitis, central retinal vein occlusion (CRVO), and hereditary 

retinal disease.

Blepharitis is an inflammatory condition of the eyelid, often the first step in the development 

of severe dry eye disease or corneal infection. EyeOME members studied the tear film 

proteome of blepharitis and reported high levels of plakin proteins, indicating significant 

organizational changes to the cytoskeleton. These findings may open and guide experimental 

interventional approaches focused on this important family of proteins.32CRVO is caused 

by an impaired outflow from the major outflow vessel of the eye33 with visual loss 

related to ischemia and macular edema, an accumulation of fluid in the retinal area of 

high-resolution vision. Analyzing the ocular fluid from treatment-naïve patients with CRVO, 

EyeOME researchers uncovered the proteome of central retinal vein occlusion (CRVO).34 

Inflammation is a significant driving force in the loss of visual function in CRVO. Upon 

treatment of an experimental porcine model of CRVO35 with a dexamethasone implant 

in the posterior ocular cavity, proteomic analyses identified a number of corticosteroid-

sensitive proteins thought to modulate the inflammatory response.36Proteomic advances 

continue to bring insights for hereditary retinal diseases. Uncovering the retinal proteome 

of X-linked juvenile retinoschisis in a murine knockout model, Ambrosio et al. identified 

downregulation of phototransduction proteins as an under-recognized role of photoreceptor 

function.37

Initiative for Model Organism Proteomics (iMOP).—Through the use of various 

relevant biological models, iMOP aims to advance knowledge of proteins important for 

human health and disease, and more generally for the environment, as part of the “One-

Health” concept and is in line with the expanded HUPO mission statement. Various projects 

carried out by iMOP members illustrate this broad spectrum of research. For example, the 

combination of metabolomics and discovery proteomics carried out on the black garden 

ant demonstrated that age and social environment both shape the molecular phenotype of 

animals.38 Targeted proteomics, in which 3001 dynamic MRM transitions were monitored, 

revealed the precise molecular effects of Cd, Ag, and Zn metal exposures on the caecal 

proteome of Gammarus fossarum.39 A new methodology has been proposed to identify the 

initiating molecular events when model cell lines are exposed to toxic substances,40 starting 

with the demonstration of altered solubility of the integral proteome of HepG2 cells exposed 

to tetrachlorinated dioxins. Proteomics has also identified a circadian clock in cyanobacteria, 

a key biological mechanism in new prokaryotic models.41 Proteogenomics can identify and 

characterize the structure of new coding sequences to better define their function through 

short open reading frames and their possible PTMs.42 New methodologies may improve 

the functional characterization of protein-protein interactomes.43 Overall, iMOP aims to 

federate expertise to improve structural and functional knowledge of proteins to answer 

fundamental biological questions using the most relevant biological model.
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Human Immuno-Peptidome Project (HIPP).—Over the past two years, the HUPO-

HIPP has successfully fostered and strengthened the immunopeptidomics community within 

HUPO. cThe HIPP has organized several high-profile webinars. The second HUPO-HIPP 

Summer School in Oxford, UK, in September 2022 addressed HLA-antibody specificities 

and their impact on sample quality, optimized workflows for improved identification 

of PTMs,44 advantages in automating sample preparation now emerging in specialized 

laboratories,45–47 improved HLA-peptide acquisition technology,48,49 and the importance 

of accurate and improved spectral annotation and validation strategies,50,51 specifically in 

the context of tumor-specific, non-canonical peptide discovery.52,53 The 3rd HUPO-HIPP 

Summer School will take place in Montreal in August 2024. The HIPP organized a pre-

HUPO Congress workshop in Korea on the non-canonical proteome – a novel class of 

clinically targetable T cell antigens in conjunction with genome annotation and Ribo-Seq 

experts. The aim is to identify optimal strategies for identifying unannotated translation 

products within the human proteome from non-canonical open reading frames.

Cancers.—Proteomics continues to play an important role in understanding the underlying 

biology for multiple cancers, including renal cell carcinomas, colorectal cancers, triple-

negative breast cancers, intrahepatic cholangiocarcinomas, and leukemias. There has been 

continued emphasis on serum and/or plasma proteomics, frequently assisted by advances 

in technology and bioinformatics. Multiomics-based protocols [genomics, transcriptomics, 

proteomics, phosphoproteomics, metabolomics] are established in the Clinical Proteomics 

Tumor Analysis Consortium (CPTAC) and the International Clinical Proteomics Consortium 

(ICPC). Human blood proteoform atlases from the Human Protein Atlas are identifying 

biomarkers for development of personalized/precision medicine. PTM analyses are a 

significant interest, with phosphorylation and glycosylation most widely studied,54,55 as 

well as acetylation, ubiquitinylation, and persulfidation.56 Top-down proteomics also has 

been used. Protein-protein interaction studies provide insight into normal and disease-

related biological pathways. An integrated model of the formation and architecture of a 

large signalosome, the TNF-receptor signaling complex (TNF-RSC), linked the modular 

proteome with cellular function.57 Reactive oxygen species cause metabolic disturbances 

and signaling aberrations which promote malignant progression and provide a rationale for 

targeting oxidative stress for cancer treatment.58 Metabolomics has revealed biomarkers for 

diagnosis and monitoring of therapeutic response.59,60

The role of the microbiome in a range of pathologies, including cancers, is of interest61 as 

is single cell proteomics driven by improvements in instrument design, sample preparation, 

separation techniques, and use of AI.62 These topics are now new initiatives in the B/D HPP.

Drug repurposing is increasingly becoming an attractive proposition since it may lower 

overall development costs and shorten development timelines, especially if drug safety 

has already been established. Proteomics can aid such studies.63,64 Mass cytometry 

characterized the single-cell signaling profiles of 62 breast cancer cell lines and five healthy 

controls and accurately predicted drug sensitivity.65

Human Brain Proteome Project (HBPP).—The HBPP (https://hupo.org/brain) 

comprises a diverse group of scientists promoting the connections of neuroproteomics and 
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actively encouraging the inclusion of young investigators. Annual HBPP workshops around 

the world have congregated and connected the international neuroproteomics community. In 

2019 and 2021 the HBPP workshops were online, while the 2020 workshop was canceled 

due to the pandemic. The 32nd HUPO Human Brain Proteome Project Workshop took 

place in person in May 2023 in São Sebastião, Brazil. Participants from four continents 

addressed clinical, animal, and cellular findings for neurodegeneration and neuropsychiatric 

conditions.. Researchers unraveled the mechanisms involved in SARS-CoV-2 brain infection 

during COVID-19.66 Synaptic deficits in brains from people with schizophrenias were 

elegantly shown with synaptosome proteomics.67 Large-scale protein arrays identified serum 

protein patterns in bipolar disorder patients.68 For scientists in Latin America, hosting an 

international scientific event marked another stride towards enhancing equity in science. The 

33rd HUPO HBPP workshop will be held in Dublin, Ireland, in May 2024.

Cardiovascular Initiative.—The Cardiovascular Initiative (CVI, hupo.org/CVI) 

continues to develop improved methodologies that enhance our understanding of heart and 

vascular physiology and disease. Highlights include: (1) a high-throughput standardized 

workflow for detecting biomarkers from naïve plasma, depleted plasma, and dried blood;69 

(2) an analysis of the platelet proteome during myocardial infarction, discovering that 

protein S100A8/A9 is released from neutrophils and taken up by platelets, making 

neutrophils potential targets for prevention of thrombotic complications in cardiovascular 

disease;70 (3) using the novel CellSurfer platform to generate the first experimental map of 

cell surface glycoproteins on human cardiac cells, revealing cell type- and region-restricted 

proteins,71 and to compare the surfaceome among pluripotent stem cell derivatives and their 

primary cardiac counterparts, with implications for drug screening and disease modeling; (4) 

accurately measuring protein half-life in vivo in different mouse tissues while addressing 

complications from label kinetics,72 to understand how regulation of mRNA translation 

drives cardiac hypertrophy; and (5) refinement of top-down mass spectrometry-based 

cardioproteomics to assess full-length proteoforms in cardiac sarcomeres in diseases.73

Human Plasma Proteome Project (HPPP).—The Human Plasma Proteome Project74 

released two new PeptideAtlas builds in 2023 based on an ensemble reanalysis 

with the Trans-Proteomics Pipeline75,76 of many data-dependent acquisition mass 

spectrometry experiments deposited to ProteomeXchange77,78 repositories. The first 

comprises 113 ProteomeXchange data sets (PXDs) derived from plasma and serum 

samples, yielding 108 million peptide-spectrum matches (PSMs) and 4608 canonical 

proteins (https://peptideatlas.org/builds/human/plasma/). The second contains 33 PXDs 

derived from circulating extracellular vesicle-enriched samples, yielding 10 million peptide-

spectrum matches (PSMs) and 4985 canonical proteins (https://peptideatlas.org/builds/

human/plasma_ev/). Manuscripts describing the results of these builds as well as our 

current understanding and prospects for learning more about the circulating proteome are 

in preparation. In addition, major efforts by the Human Pharma Plasma Proteomics Project 

(HPPPP) using antibody detection systems (Olink) have now processed over 54,000 samples 

from the UK Biobank plasma repository paving the way for population based studies of 

protein associations and variants and their impact on disease.79
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Infectious Diseases.—The Infectious Disease Initiative has continued to promote 

technological advances needed for applying proteomics to pathogen infection studies, 

as well as to characterize the complex interactions between pathogens and hosts to 

discover drivers of infection-induced pathologies. A focus is understanding the array 

of responses elicited by host cells to prevent the spread of an infection, including 

immune signaling. In this vein, the use of targeted proteomics defined the absolute 

numbers of protein molecules per cell in the mouse macrophage pathogen recognition 

receptor and chemotaxis pathways, providing the means for pathway modeling and 

simulation.80 Combinatorial phosphorylation, protein interaction, and microscopy studies 

have demonstrated that the immune factor IFI16, upon recognition and binding to viral 

DNA, undergoes phosphorylation-controlled liquid-liquid phase separation that regulates 

innate immune signaling.81 To counteract such host responses, viruses have acquired a range 

of mechanisms for immune evasion. Demonstrating the value of understanding N-terminal 

protein processing, viral 3C proteases from poliovirus and coxsackievirus B3 were shown to 

target and cleave 14–3-3ε to inhibit its functions and prevent the activation of host antiviral 

RIG-I signaling.82 Crosslinking mass spectrometry and quantitative proteomics spatially 

resolved a protein interactome map of human cytomegalovirus virions, demonstrating the 

layer-specific incorporation of host proteins.83

This year marked the first proteomic investigation of a virus microenvironment formed 

via cell-to-cell communication following a viral infection. A herpesvirus infection primes 

the cell cycle state of neighboring cells to facilitate subsequent rounds of viral infection 

with the same virus or other nuclear-replicating viruses, while cells farther away from the 

site of infection displayed increased levels of immune factors.84 From continued work on 

the COVID-19 pandemic, databases were constructed for the MS identification of mutated 

peptides from SARS-CoV-2 variants across different geographical regions.85 A MALDI-

ToF-MS method was optimized for the rapid detection of the SARS-CoV-2 nucleoprotein 

at a level of 8 amol/μl.86 Demonstrating the significance of the clinical application of 

proteomics, analysis of diverse clinical specimens from thousands of patients identified 

proteomic signatures that can distinguish between severe and mild disease outcomes.87 

Tissue-specific alterations in host proteomes were discovered, pointing to opportunities for 

organ-specific therapeutic interventions.88

Antibody Pillar

The Antibody Resource Pillar works in close collaboration with the Human Protein Atlas 

(HPA) project, www.proteinatlas.org, one of the world’s largest biological resources, that 

maps the human proteome based on transcriptomics and spatial antibody-based imaging. 

The open-access data are updated on a yearly basis; in HPA version 23 that builds upon 

the Ensembl version 109 genome release for annotation of all protein-coding genes, the 

proteome analysis is based on 27,520 antibodies covering 17,288 unique proteins. The 

HPA now contains 12 main sections, comprehensively summarizing different aspects of the 

human proteome and transcriptome.

Since last year, three completely new sections have been added. The Disease section allows 

exploration of protein levels and proteome signatures in blood in patients with different 
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diseases. In the first release of this new section, plasma profiles of 1,463 proteins from 

1,400 cancer patients representing 12 major cancer types were measured in blood plasma 

using proximity extension assay (Olink) and targeted proteomics.89 Differential expression 

profiling and machine learning-based disease prediction highlighted proteins associated 

with each of the analyzed cancer types, constituting panels of proteins suitable for future 

diagnostic studies. The second newly added section of the HPA focuses on 3D protein 

structures for a majority of the human proteins. The data are based on predicted 3D 

structures from the AlphaFold Protein Structure database, together with experimentally 

determined structures from the Protein Data Bank (PDB). The interactive visualization 

allows for exploring antigens corresponding to many of the antibodies analyzed in the HPA, 

and also includes clinical and population variants displayed on the structures. Finally, the 

HPA now has a section on interactions, displaying protein-protein interaction data from the 

EMBL-EBI IntAct database for 11,351 proteins, together with metabolic maps for 2,912 

proteins.90 All networks are interactive and can be integrated with other data in the HPA, 

allowing for exploration of interactions in relation to, e.g., subcellular localization or tissue 

specificity.

In addition to the three newly added sections, major updates have been introduced in the 

Tissue section, focusing on cell type specific expression levels of proteins with a spatial 

resolution covering all major human tissues. With help from single cell RNA sequencing 

data,91 subsets of cells that are challenging to distinguish by the human eye have been 

identified, and multiplex antibody profiles mapping these different subsets have been 

created. By using such multiplex panels together with proteins that lack previous data on 

function or cell type specificity, their exact location can be mapped. Since some proteins are 

expressed only in a specific cell state within a short period of time, in some cases linked to 

certain cell cycle events such as mitosis or meiosis, mapping the exact spatial localization to 

these structures adds important insights on potential protein function. This newly generated 

data will likely be of major importance for the HPP Grand Challenge, linking the detailed 

spatial localization to quantitative protein data produced by other methods. At present, 742 

proteins have been analyzed in 16 cell types in testis and five cell types in kidney using the 

novel multiplex protein profiling workflow; more organs and protein targets will be included 

in future versions of the HPA.

Several ongoing projects related to the Tissue section focus on temporal changes in protein 

expression, e.g., in relation to life-span or the menstrual cycle. With the addition of more 

specialized samples, proteins that could not be mapped using the previous tissue collection 

have been successfully analyzed. One such example is extended analysis of ovarian samples 

from women of fertile age, that allowed for localizing multiple proteins defined as “missing 

proteins” to various structures of follicle cells.92 As a follow-up to this study, four new ovary 

RNA samples have been sequenced, including samples from prepubertal women and young 

adults, from whom oocytes were captured and analyzed, as well as granulosa, stromal, and 

follicular cells.93 This paper is an outstanding example of biology-driven studies yielding 

several previously missing proteins. Paraffin blocks from the same individuals are available 

for antibody-based profiling, opening up unique possibilities to identify and validate protein 

candidates expressed in these rare structures that are challenging to target with other 

methods.
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Pathology Pillar

Pathology is the core medical discipline to bring proteomics to patients via a new class of 

“postgenomic” protein-directed assays for early disease detection, risk prediction, choice 

of therapy and combination therapies, and surveillance. Combined with improvements in 

instrument design,94 orthogonal95,96 and multiomic approaches,97–100, rapid progress in 

advanced computational capabilities including AI and machine learning76,101–105 can now 

facilitate the development of personalized/precision medicine106 for the improvement of 

human health.101,106,107

The U.S. National Cancer Institute’s Clinical Proteomics Tumor Analysis Consortium 

(CPTAC) and International Cancer Proteomics Consortium (ICPC) have set standards, 

established procedures, provided reagents, and populated massive datasets on more than 

a dozen major types of cancers (see Cancer B-D/HPP report). Proteomics has also advanced 

insights into COVID-19,85,108,109 cardiovascular76,77 and neurological disorders, and 

diseases of the eye. New workflows are being developed for working with low-level44,49,110–

112 and low-volume samples.29,113 Network analysis continues to inform studies on disease-

related pathways.114–117

The microbiome, now considered as an “organ” in its own right,118 plays key roles in 

multiple pathologies. Understanding cellular heterogeneity in cancers and other diseases 

can have important clinical applications, including the development of improved diagnostic 

tools and targeted treatments.119 Best practices, quality controls, and data-reporting 

recommendations assist in the broad adoption of reliable quantitative workflows for single-

cell proteomics.120

HUPO Human Proteome Project Grand Challenge

The HPP Grand Challenge to determine a function or multiple functions for every human 

protein continues to gather momentum since its introduction in 2021 as a recommendation 

of the HPP Scientific Advisory Board, chaired by Ruedi Aebersold.5 Several countries have 

now taken on projects to focus on the HPP Grand Challenge, including China, France, and 

other interested consortia. Charles Pineau, HPP Chair (2022–2024), presented the Human 

Proteome Project and the HPP Grand Challenge to the French National Research Agency 

(ANR) to stimulate interest in funding applications to address the Grand Challenge goals. 

Several French teams from various biological and clinical fields submitted projects for 

funding from the ANR. In July 2023, one project was funded and initiated. Hopefully 

the next few years will see multiple projects funded by the French ANR in connection 

with the HPP Grand Challenge. The Grand Challenge also was highlighted during the 

annual proteomics congress organized by the French, Spanish, and Portuguese societies at 

ProteoAix 2023.

In 2023, an initiative was launched between the HPP and ChemBioFrance, one of the French 

national research infrastructures. ChemBioFrance draws upon four different resources and 

networks: the national chemical library, a network of screening platforms, a distributed 

chemoinformatics platform, and a network of ADME platforms. A first pilot call entitled 

“A Protein, a Ligand, a Function” was launched. Four projects were selected, with a 
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second round of funding planned for the fall of 2023. Selected projects aim at using a 

biologically active small molecule from the national chemical library to alter the proteome 

of a specific cell line and study at the global level the variation of protein abundances in 

response to the compound using a differential proteomics strategy. Several concentrations 

will be explored in order to estimate the specific effects of the compound over a 100-fold 

concentration range. Proteomic and data analyses are carried out by one of the French core 

facilities involved in the HPP. The first results were presented at HUPO 2023 in Busan, 

Korea; protocols and data repository will be considered as a general framework for HPP 

Grand Challenge results. Productive discussions at HUPO 2022 in Cancun also included the 

incorporation of new findings using AlphaFold2 and I-TASSER/COFACTOR algorithms to 

predict functions and provide guidance for experimentalists.

After extensive discussion with the Grand Challenge Project team and collaborators across 

the community, Tiannan Guo (Westlake University, China) developed a new project called 

ProtTalks. They cultured 15 triple-negative breast cancer (TNBC) cell lines and two non-

TNBC cell lines, and perturbed them by in vitro exposure for 6, 24, and 48 hours with each 

of 63 clinically-approved drugs for patients with such tumors. They applied microflow short-

gradient DIA-MS to acquire the proteome before and after perturbation, with biological 

triplicates. Also included were breast cancer cells perturbed with drug combinations and 

with CRISPR/Cas9 technology. A QC system has been established and a total of over 16,000 

high-quality perturbed proteomes have been acquired. Artificial intelligence (AI) methods 

applied to this data resource will help reveal the functions of targeted proteins and pathways, 

and their sophisticated interactions. Guo et al have called this research domain “perturbation 

proteomics”, in line with recommendations of the HPP SAB Report that stimulated this 

Grand Challenge on Function.5 The aim is to perturb biological systems with chemical 

or biological agents or genetic technologies, and record the proteome before and after the 

perturbation for understanding the complex systems biology outcomes in interactions and 

consequences of these perturbations. This work was presented in the HUPO 2023 World 

Congress in Busan, Korea.

The π-HuB consortium led by Fuchu He from the Beijing Proteome Research Center 

achieved quite significant progress during the past year with establishment of the pilot 

center in Guangzhou housing 17 mass spectrometers and over 100 staff. A permanent 

300,000 sq/ft purpose-built center will be completed in 2024 on Bio-Island, Guangzhou 

as the central home of π-HuB for both national and international proteomics research. A 

collaboration with over 100 proteomics scientists, clinicians, and computer scientists in 

China and outside China produced a white paper v1.0 which describes the rationale and 

goals of this 30-year program. Briefly, the ultimate goals of the π-HuB Consortium are 

1) charting a ‘reference-space’ of the human proteome, 2) defining diverse ‘state-spaces’ 

for human proteome dynamics, and 3) building the π-HuB navigator with the ultimate 

goal of building knowledge towards proteomics driven Phronesis Medicine. The success 

of this project will depend on human biospecimens, technology innovations, Big-Science 

infrastructure, open resources, and participating researchers from related fields. The first 

ten years will focus on building cell-type resolved proteome atlases, life-oriented adaptive 

proteome atlases, organ-centric disease proteome atlases, and the π-HuB navigator version 

1.0. The success of the project will rely on patient advocacy. Active discussions of the 
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organization and implementation of these goals are ongoing. It is very likely that this 

enormous project will fuel major progress in clinical proteomics and in precision medicine.

Conclusion

The HUPO Human Proteome Project continues to demonstrate progress throughout the 

global proteomics community in credibly identifying expression of predicted proteins not 

previously observed, using a widening range of specimens. Its Biology and Disease-driven 

HPP teams have been refreshed and have expanded their research and outreach. The HPP 

Grand Challenge to find function(s) for every human protein is gaining traction toward 

making a significant contribution to precision medicine.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
This bar chart documents progress in reducing PE2,3,4 missing proteins (gray) and 

increasing PE1 proteins (blue + orange). Within the PE1 proteins, there is a shift from non-

MS PE1 proteins (orange) to MS-based PE1 proteins (blue). The base year is 2016, after 

the introduction of the much more stringent HPP Mass Spectrometry Data Interpretation 

Guidelines v2.1.
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Figure 2. 
Flow diagram of the changes in numbers of PE1, PE2, PE3, PE4 (and PE5) classes of 

predicted proteins from neXtProt 2022–02 to 2023–04, reflecting newly reported findings 

and changes by curators, including the inclusion of previously unrecognized proteins (left 

and right margins).
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Figure 3. 
Data sets that each contributed five or more new canonical proteins in the 2023–01 

PeptideAtlas build.
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Figure 4. 
The B/D HPP Initiatives in 2023. New initiatives on single-cell proteomics and on meta-

proteomics are shown in green. For details of leadership and progress, see the HPP website 

https://hupo.org/B/D-HPP.
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Table 1.

Numbers of proteins by neXtProt protein existence (PE) evidence levels from 2012–02 to 2023–04, showing 

progress in identifying PE2,3,4 missing proteins to become PE1 proteins and PeptideAtlas canonical proteins 

by mass spectrometry.a,b,c

PE Level 2012–02 2013–09 2014–10 2016–01 2017–01 2019–01 2020–01 2021–02 2022–02 2023–04

1:Evidence at 
protein level 13,975 15,646 16,491 16,518 17,008 17,694 17,874 18,357 18,407 18,397

2:Evidence at 
transcript level 5205 3570 2647 2290 1939 1548 1596 1265 1135 1151

3:Inferred from 
homology 218 187 214 565 563 510 253 147 195 215

4:Predicted 88 87 87 94 77 71 50 9 13 15

MP = PE2 + PE3 + 
PE4 5511 3844 2948 2949 2579 2129 1899 1421 1343 1381

Human 
PeptideAtlas 
canonical proteins

12,509 13,377 14,928 14,569 15,173 16,293 16,655 16,702 16,957 17,245

a
PE1/PE1+2+3+4 = 18,397/19,778 = 93.0%

b
PE 2+3+4 = 1381 “missing proteins” as of 2023–04.

c
More stringent HPP Guidelines were imposed in 2016 and enhanced in 2019 14, 15
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Table 2.

Comparison of proteins by PE level in UniProtKB/Swiss-Prot and neXtProt

Protein existence level UniProtKB/ Swiss-Prot 2023-07-23 neXtProt 2023-03-25 release Delta

PE1 16637 18397 1760

PE2 2249 1151 −1098

PE3 776 215 −561

PE4 140 15 −125

Total PE1-4 19802 19778 −24
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Table 3.

Change in the number of neXtProt entries between 2022 and 2023 in PeptideAtlas and MassIVE-KB that meet 

the HPP Guidelines v3.0

Set 2022 2023 Delta

PeptideAtlas 17174 17438 264

MassIVE-KB 17033 16414 −619

Both 16668 16302 −366

PeptideAtlas only 405 1136 731

MassIVE-KB only 365 112 −253
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Table 4.

Chromosome-by-Chromosome Status of Predicted Proteins in neXtProt 2023–03, Showing Missing Proteins 

(MP) and Unannotated Proteins (uPE1)a

Chromosome PE1 PE2 PE3 PE4 PE1–4 MP %MP/ PE1–4 uPE1 %uPE1/PE1

1 1864 117 35 2 2018 154 7.63% 141 7.56

2 1229 45 3 0 1277 48 3.76% 71 5.78

3 1006 45 6 0 1057 51 4.82% 56 5.57

4 707 27 12 0 746 39 5.23% 45 6.36

5 838 34 2 0 874 36 4.12% 48 5.73

6 938 52 4 1 995 57 5.73% 56 5.97

7 878 90 7 3 978 100 10.22% 48 5.47

8 627 32 10 1 670 43 6.42% 34 5.42

9 703 51 8 2 764 61 7.98% 54 7.68

10 690 38 1 1 730 40 5.48% 42 6.09

11 1072 151 69 0 1292 220 17.03% 61 5.69

12 962 40 8 0 1010 48 4.75% 45 4.68

13 310 10 2 0 322 12 3.73% 27 8.71

14 648 58 15 2 723 75 10.37% 32 4.94

15 534 41 3 0 578 44 7.61% 33 6.18

16 775 40 2 1 818 43 5.26% 42 5.42

17 1080 60 4 0 1144 64 5.59% 58 5.37

18 255 5 0 0 260 5 1.92% 10 3.92

19 1318 77 12 1 1408 90 6.39% 68 5.16

20 509 24 1 0 534 25 4.68% 32 6.29

21 198 22 4 0 224 26 11.61% 11 5.56

22 454 24 4 1 483 29 6.00% 34 7.49

X 758 57 2 0 817 59 7.22% 85 11.21

Y 33 7 1 0 41 8 19.51% 1 3.03

MT 15 0 0 0 15 0 0.00% 0 0.00

? 2 4 0 0 6 4 66.67% 0 0.00

All 18,403 1,151 215 15 19,784 1,381 1,134

a
Note: The total from neXtProt (18,403) differs slightly from the sum of all PE1 proteins (18,397), which includes six whose genes are duplicated 

on a second chromosome.
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Table 5.

Current active B/D HPP initiatives

Status Initiative

Updated
Cancer HPP, Human Glycoproteomics Initiative (HGI), Human Immuno-Peptidome Project (HIPP), Infectious Disease, 
Model Organism Proteomes (iMOP), Plasma (HPPP), Human Brain Proteome Project (HBPP), Rheumatoid Arthritis 
Disorders, Cardiovascular Initiative (CVI), Food & Nutrition (FaN) Proteomics, EyeOME

New Single Cell (SCP), Metaproteomics

Under Review Urine Proteome, Liber (HLPP), Proteomics and Large AI Models
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