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Human Reference Atlas (https://humanatlas.io)

The Human Reference Atlas (HRA) is a comprehensive, high-resolution,

three-dimensional atlas of all the cells in the healthy human body. The Human nat ._ r =
Reference Atlas provides standard terminologies and data structures for describing u e
specimens, biological structures, and spatial positions linked to existing ontologies. Ce“ biology

The HRA

1.  defines the 3D space and shape of anatomical structures and cell types that are of
biomedical relevance plus the biomarkers used to characterize them. Anatomical
structures, cell types and biomarkers are validated and represented infadded to
ontologies (Uberon/FMA, CL, HGNC).

2. defines how new datasets can be mapé)ed to the HRA, e.g., spatially using the Visible
Human CCF or Vasculature CCF, via ASCT+B ontology terms/IDs, or via gene expression
data as in Azimuth.

3. ltis

o authoritative (there exists expert agreement and/or
experimental data),

o  computable (supboorts API queries, Uls),

o published as LOD (connected to gene, disease, and
other ontologies and data),

o open (anyone can use the HRA data and code), and

o continuously evolving (e.g., as new technologies Focus onmapping the cells of the body
become available).

Borner, Teichmann, Quardokus, et al. 2021. "Anatomical

020 structures, cell types and biomarkers of the Human
- 91 @ QD o O @ D:ﬂ @ Reference Atlas". Nature Cell Biology 23: 1117-1128. doi:
17 250+ 1,000+ 65 4,499 17195 2,089 13 22 10.1038/541556-021-00785-6.

https://www.nature.com/articles/s41556-021-00788-6

consortia experts publications organs anatomical cell types biomarkers organ mapping functional
structures antibody tissue units
panels
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https://www.nature.com/articles/s41597-023-02018-0

The Vascular Common Coordinate Framework
(VCCF) Database comprises 900+ vessels [1-2].
Using experimental data, we can determine the
pathway, throughput/vessel size, and 3D
orientation in space of the human blood
vasculature.

Mapping the complex highway of blood flow will
help examine exosome diffusion via the
bloodstream to understand the role exosomes play
in organ-to-organ communication or where
exosomes might aggregate due to branches or
tortuosity of the vessels.

Weber GM, Ju'Y, Borner K. Considerations for Using the Vasculature as a Coordinate System to Map All the Cells in the Human Body. Front Cardiovasc Med. 2020

Mar 13;7:29. https://www.frontiersin.org/articles/10.3389/fcvm.2020.00029/full
Database: Boppana A, et al. Anatomical structures, cell types, and biomarkers of the healthy human blood vasculature. Sci Data. 2023 Jul 19;10(1):452.
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HRA Pathways and Crosswalks

e Blood vasculature, lymph vasculature, and PNS form pathways that
extend from the heart and brain to all organs of the body

e Crosswalk files list relationships between the pathways and organs

or other pathways; crosswalk diagrams visualize these relationships “( J‘

e Geometry files describe pathway attributes (e.g., length and | riffin Weber

diameter) https://www.nature.com/articles/s41597-023-02018-0 Medicine

Spheen
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Blood Vasculature: Katherine S Gustilo, Avinash Boppana, Quinlan Cuddy Lymph Vasculature: Dhruv Singhal, Maxim ltkin, Ellen Quardokus

PNS: llias Ziogas, Fahim Imam,

Crosswalk Diagrams

Maryann Martone
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Functional Tissue Units (FTUs)

Supriya Bidanta
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https:/www.biorxiv.org/content/10.1101/2023.10.16.562593v3 | Data:
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0 Interactive FTU Explorer
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ﬂ Data for Interactive FTU Explorer
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ﬂ Data for Interactive FTU Explorer
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The process of modeling a functional tissue unit (FTU) involves (1) gathering anatomical structure, cell type, and biomarker terminology and
illustrations, (2) inviting organ experts to review the FTU illustration and terminology and suggest improvements, (3) working with a medical
illustrator to create vector-based drawings of the FTUs, (4) reviewing FTUs for accuracy, (5) compiling experimental data on gene expressions
specific to each cell type within the FTU, (6) adding data to the Human Reference Atlas (HRA), the FTU Explorer, and the HRA Organ Gallery.
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https://apps.humanatlas.io/ftu-explorer

“ Data for Interactive FTU Explorer

Transcriptomics & Proteomics Data

e Transcriptomics: Understanding gene expression across different cell types is ‘ ,»%f-m%;
crucial for tissue function. If you have human data from scRNA-seq and S i s
snRNA-seq studies for any of the 22 FTUs, annotated using Azimuth, R
CellTypist, and popV (compatible with the HRA), please share .h5ad or .hDF5 E

or .mtx file and link to primary publication.

e Proteomics: Protein expression, spatial transcriptomics (e.g., CODEX, hitps://azimuth. hubmapconsortium.org
MS-based Proteomics, Mass Cytometry). If you have data generated using an
existing (or planned) Organ Mapping Antibody Panel (OMAP) for any ofthe = = =
22 or other FTUs, please share TIFF, OME-TIFF, fcs, .raw, .mzML, .mzXML, .txt S
formatted file and link to primary publication.

e Multi-Omics: We are interested to explore using Xenium and other
multi-omics data to characterize FTUs.

https://humanatlas.io/omap
If you have data to share, please reach out to Supriya Bidanta at sbidanta@iu.edu.
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@ Cell Distance Visualizations

Submit bug reports or feature

Access documentation
| requests to the Vitessce team

Vitessce pronunciation by IPA Reader

Demos showcasing core features | Use tutorials
Vitessce Python package
l Vitessce R package

Vitessce GitHub repository
! Switch between light mode and dark mode

Open the Vitessce App Blog posts

The Spatial Layers panel
displays more general cell
type categorization of all
cells: Categories may be
switched on/off

Return to the Vitessce
landing page

Spatial View component:
* Visualizes all cells

+ Connects each cell to its
closest endothelial cell

+ View the distributions of
distances between
different cell types

* View the nearest
vasculature for the
Vasculature Common
Coordinate Framework
(VCCF)

Hover over a cell to
examine details

A separately generated histogram that displays the distributions of
distances between different cell types and the nearest vasculature
for the Vasculature Common Coordinate Framework

Click on a cell

Legend showing colors for cell types and
type to filter

2D spatial viewer area
links from these cells to endothelial cells

Yashvardhan Jain
) Software Engineer
arning)

(Machine L¢

If you are interested to
explore cell-cell, cell-FTU
distance distributions, please
share your data in this format:

Cell Type
Endothelial cell
B cell
T cell

X y |z
555| 756
765| 231
356| 235

N

w

~

With Yash Jain, MC-IU
vashjain@iu.edu.

Join zoom next meeting on
June 24,2024 at 4-5p ET.
Email Nancy Ruschman,
nruschma@indiana.edu if you
don't see invite in your cal.
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ﬂ VCCF at the Single Cell Level

Skin Data from Ghose, S., Ju, Y., McDonough, E. et al. 3D
reconstruction of skin and spatial mapping of immune
cell density, vascular distance and effects of sun
exposure and aging. Commun Biol 6, 718 (2023).



https://doi.org/10.1038/s42003-023-04991-z

VCCF at the Single Cell Level




“ VCCF at the Single Cell Level

Slide Omitted - Unpublished CODEX Lymph Node Data
from Rong Fan (Yale School of Medicine)



@ VCCF Teams and Datasets

Lead PI Lead contact Institution Organ Technology # of # of cells Thickne Pixel size RUI Data Published
datasets ss (um) (um/px) Register | [Y/N]
ed?
Michael Snyder John Hickey (Duke Stanford S/L Intestines CODEX 66 2,603,217 7 0.866 Y Y [Paper page]
U) University
Michael Snyder John Hickey Stanford Esophagus CODEX 1 45,958 7 0.377 IP Y [Paper]
University
Michael Snyder John Hickey Stanford Tonsil CODEX 1 1,73,968 7 0.377 N Y [Paper]
University
Michael Snyder Emma Marie Monte Stanford Colon Xenium 1 (29 layers) 2,639,215 5 0.2125 N N
University
Jean Fan, Clive Jean Fan Johns Hopkins U, Spleen CODEX 6 992,398 5 0.377 Y Y [Paper, Paper’
Wasserfall, M. Data from UFL
Atkinson
Peter Sorger Clarence Yapp Harvard Medical Colon CyCIF 25 12,758,141 5 0.650 Y Y [Paper]
School
Gloria Pryhuber Gloria Pryhuber, U of Rochester Lung CODEX 2% 1,236,464 5 0.5056 Y N
Jeffrey Purkerson, Medical Center
Ravi Misra
Rong Fan Archibald Enninful Yale School of Lymph Node CODEX 5 8,937,078 10 0.5 IP N
Medicine
Fiona Ginty Fiona Ginty GE Research Skin 3D Cell 12 98,049 5 0.325 Y Y [Paper page]
DIVE
Peter Sorger Clarence Yapp Harvard Medical Skin True 3D 2 55,255 35 (3D) 140x140x N Y [Paper]
School from 280 nm
confocal
Michael Angelo Michael Angelo Stanford Maternal-Fet MIBI-TOF 209 477,747 4 0.391 IP Y [Paper page]

University

al Interface



https://portal.hubmapconsortium.org/browse/publication/77ab35880329b5932380104aa58795a4
https://www.nature.com/articles/s41592-022-01651-8
https://www.nature.com/articles/s41592-022-01651-8
https://www.biorxiv.org/content/10.1101/2021.10.20.465151v2
https://www.biorxiv.org/content/10.1101/2023.10.05.560733v1
https://www.sciencedirect.com/science/article/pii/S0092867422015719?via%3Dihub
https://portal.hubmapconsortium.org/browse/publication/0de8528cf78f686a3e560c1860ddde63
https://www.biorxiv.org/content/10.1101/2023.11.10.566670v3
https://portal.hubmapconsortium.org/browse/publication/72cbeb8ff605fd5017cb2666cd19dfb7

ﬂ VCCF: All Data is RUI Registered

If you encounter any E"
issues, please contact ' P,
Dan Qaurooni
<dequeue@iu.edu>.

Spleen - CODEX - Male/Female Lung - CODEX - Male/Female

Daniel Qaurooni
Post-doctoral Fellow

Skin - Cell DIVE - Male/Female

Colon - CyCIF - Male
Colon - CODEX - Male/Female

F 4
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0 VCCF: Data

If you encounter any
issues, please contact
Ellen Quardokus
<ellenmg@iu.edu>.

Ellen Quardokus
Senior Research Analyst
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Author Name(s):
Author ORCID(s):
Reviewer(s):
Reviewer ORCID(s):
General Publication(s):
Data DOI:

Date:

Version Number:

Cell Type
Enterocyte
Smooth Muscle
Plasma

CD4+T Cell
CD66+ Enterocyte
B

CD8+T

M2 Macrophage
Stroma

Goblet

Nerve

Ellen M. Quardokus
0000-0001-7655-4833

revise for April 1, 2024

VL0

CL Label

enterocyte

enteric smooth muscle cell
plasma cell

CD4-positive, alpha-beta T cell
enterocyte:CD66+

B cell

CDB8-positive, alpha-beta T cell
alternatively activated macrophage
stromal cell

goblet cell

neuron

MUC1+ Enterocyte enterocyte:MUC1+

M1 Macrophage
Lymphatic
Cycling TA

DC

ICC

TA

inflammatory macrophage
endothelial cell of lymphatic vessel
transit amplifying cell:cycling
dendritic cell

interstitial cell of Cajal

transit amplifying cell

CLID

CL:0000584
CL:0002504
CL:0000786
CL:0000624
CL:0000584
CL:0000236
CL:0000625
CL:0000890
CL:0000499
CL:0000160
CL:0000540
CL:0000584
CL:0000863
CL:0002138
CL:0009010
CL:0000451
CL:0002088
CL:0009010

CL_Match
skos:exactMatch
skos:exactMatch
skos:exactMatch
skos:exactMatch
skos:narrowMatch
skos:exactMatch
skos:exactMatch
skos:exactMatch
skos:exactMatch
skos:exactMatch
skos:exactMatch
skos:narrowMatch
skos:exactMatch
skos:exactMatch
skos:narrowMatch
skos:exactMatch
skos:exactMatch
skos:exactMatch

CL_level
superclass
superclass
specific
superclass
specific
superclass
superclass
specific
superclass
superclass
superclass
specific
specific
superclass
cell state
superclass
specific
specific

L

Organ_Level
large intestine
large intestine
large intestine
large intestine
large intestine
large intestine
large intestine
large intestine
large intestine
large intestine
large intestine
large intestine
large intestine
large intestine
large intestine
large intestine
large intestine
large intestine

Organ_ID

UBERON:0000059
UBERON:0000059
UBERON:0000059
UBERON:0000059
UBERON:0000059
UBERON:0000059
UBERON:0000059
UBERON:0000059
UBERON:0000059
UBERON:0000059
UBERON:0000059
UBERON:0000059
UBERON:0000059
UBERON:0000059
UBERON:0000059
UBERON:0000059
UBERON:0000059
UBERON:0000059
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“ US#5. Provide cell distance distribution visualizations

As a ...
Researcher or Pathologist
| want to ...

Compute, visualize, and explore distance distributions between different cells,
cell types, and anatomical structures (e.g., FTUs), and cell types and
morphological features (e.g., the edge of an organ).

, so that ...

| can improve our collective understanding of how we age (or, how disease
develops, e.g., how tumor cells grow or metastasize) in support of targeted
therapies.



o Cell Distance Explorer
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Create and Explore Cell Distance Visualizations
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US#5 UX (WIP)
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US#5 UX (WIP

“ Cell Distance Explorer

ation Title Source File Name

v Skin | five-ge
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Metadata

Organ Imaging Technology

Thickness (pm) Pixel Size (pm/pixel)
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Cells and Distances in HRA Organ Gallery in VR

Grab the cylinder to move, rotate, and Male and female Currently selected organ Application is used while sitting
scale the selected organ in high resolution body provide context appears outlined in its and user can exit application by
by using the left and right VR controllers for selected organ position in the body pressing menu button on controller

Andreas Bueckle

Research Lead

-t

0QOMeta Q M

The organ selected on —’ /
the keyboard appears in 4 21

the cylinder with all A3

e
registered tissue blocks \

Reset the organ to the
original position,
rotation, and scale

Details on the number
of tissue blocks for all
organs, the name of the
currently selected
organ, and the number
of tissue blocks in that
organ

Switch to change
between using
controllers for

Tissue Blocks Total:

~ movement and
— manipulating tissue
__— blocks

Select the sex of the
organ (if applicable)
A red organ icon on the
keyboard indicates an
organ selected for
further inspection

A

Select the laterality of
the organ (if applicable):
Gray means the
selection is not possible
for the current organ

Organ selection keyboard: Select an
organ to view in 3D high-resolution

https://www.meta.com/experiences/5696814507101529



https://www.meta.com/experiences/5696814507101529/

“ Cells and Distances in HRA Organ Gallery in VR

Top left: Dual-hand zoom at 65-72 FPS
Endothelial cells are red.

Top right: Anchor control allows moving and rotating
the entire tissue stack.

Bottom left: Custom-implemented brush-and-link
allows highlighting all 13 cell types in VR.

Bottom right: QR code to download app to Meta Quest
2, 3, and Pro.

For questions, please contact Andreas “Andi” Bueckle

<abueckle@iu.edu>

We would like to thank the NIH for the HuBMAP
JumpStart Fellow that enables us to conduct this
research and development.



mailto:abueckle@iu.edu
https://hubmapconsortium.org/jumpstart-program/
https://hubmapconsortium.org/jumpstart-program/

HRA Vasculature Common Coordinate Framework (VCCF) Video, https://www.youtube.com/watch?v=zQeMgxo8n_U



https://www.youtube.com/watch?v=zQeMgxo8n_U

ﬂ VCCF Vis Publication Timeline

e Feb 28,2024, 2-3pm: Zoom meeting to discuss
focus and scope of paper & publication venue. -
. Publications
Identify a lead contact per dataset. o Publeotions
e March - Nov, 2024: Monthly 1h meetings to © TS lowiigublatiriaresspsilal ¥ publshed HUBMAP essarciabiusss dala sieMABBRMOTGT e

discuss new data, alg, vis, write paper Wi e sy kil imetion; st HUBHIAP ettt ignanes
together. All are welcome to join, add data, e —
suggest VCCF features. Email Nancy onatleliscesaleitmelinesolifieduria oo b At e o
Ruschman, <nruschma@indiana.edu> if you Ogt“hhm .

don't see invite in your cal. g

““BM“P & Donors «® Samples {m Datasets Other v Atlas & Tools »  Resources v  User Profile v

Published: 2023-07-20

Annotation of spatially resolved single-cell data with STELLAR Filplishest 22120

e Aug 26, 2024: Freeze data. No more data can rieprcompl s e

be a d d ed . An atlas of healthy and injured cell states and niches in the human kidney Published: 2023-07-19
Blue B. Lake, et al. | Nature
e Sept - Oct, 2024: Compile Publication Pages o S 4 ,
3D reconstruction of skin and spatial mapping of immune cell density, vascular dista...
on H u B M A P, Se n N et, HTA N , an d Oth er po rta l_S Soumya Ghose, et al. | Communications Biology - Nature

Segmentation of human functional tissue units in support of a Human Reference Atlas

e Nov 2024: Submit paper to Nature Cell

Published: 2023-07-19

Published: 2023-07-19

B[Olog y Organ Mapping Antibody Panels (OMAPs): A community resource for standardized m... Published: 2023-07-19

Ellen M. Quardokus, et al. | Nature Methods


https://portal.hubmapconsortium.org/publications

Thank You!

Contact: yashjain@iu.edu



