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Integrated analysis of single-cell
data across technologies,
modalities, and perturbations
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Reference ‘maps’ for single-cell genomics
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Mapping single-cell data to reference atlases by
transfer learning
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Lotfellahi et al, NBT 2021 (Theis Lab) Hao et al, Cell 2021 (Satija Lab)
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Multimodal cellular analysis
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Goal. fill in the missing gaps (modalities) for cell types in the human body
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Bridge Integration via Dictionary Learning

* How can we map datasets when they measure different things

« Example: mapping scATAC-seq (peaks) to scRNA-seq (genes)

Azimuth scRNA reference ATAC-seq query dataset
(bone marrow; 320,000 cells) (bone marrow; 35,000 cells)
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Data Integration across Modalities

Comprehensive Integration of Single-Cell Data
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Integration of ATAC-seq using ‘gene activity scores’

Cell 2010
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Dictionary Learning

Dictionary learning develops a set (dictionary) of representative elements from the input

Each data point can be represented as a weighted sum of the dictionary elements.

Moisy image 'Dictionary clemc nts’ Dencised image
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Elad and lharon, IEEE Transactions on Image Processing, 2006

Dictionary elements can be learned ‘within’ or ‘across’ datasets
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Bridge Integration via Dictionary Learning

Idea: Treat 10x multi-ome dataset (scRNA+sScATAC) as a ‘bridge’

10x multiome
Azimuth scRNA reference (bone marrow; 6,200 celis) Greenleaf lab - scATAC

(Bone marrow: 3200000 colls) (bone marrow; 35.000 cells)
i codls) Calls

18,000)
18,000)

scRMNA+scATAC
(multi-omic)

Bridge dataset

Gene expression (n
Gene expression (n
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Bridge Integration via Dictionary Learning

We represent both scRNA-seq and scATAC-seq datasets as linear combinations
of multi-omic cell profiles (dictionary elements)

focal 1
Dictionary elements
10% rrulticame
(Bane marrow: B,.200 colis)

Celis

Greenleaf lab - scATAC
(bong marrow, 35,000 calls)

Azimuth scRNA reference
(bone mamow; 320,000 cells)

scRMA+scATAC
(rmulti-omic)

Bridge dataset

Gene expression (n=18,000)
Gene expression (n=18,000)

Genomic windows (n=200,000)

Dictionary learning maps different features into a shared space
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Integrating scATAC-seq + scRNA-seq

Azimuth scRNA reference ATAC-seq query dataset
{bone marrow; 320,000 cells) (bone marrow; 35,000 cells)

Hao el al, Mal Biolech 2024

Bridge integration enables accurate cross-modality integration
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Integrating scATAC-seq + scRNA-seq

Simghe-cell RNA-seq reveals new (ypes
of human bood dendritic oells,
monsCyies, and progeniions

Wilkan, Batie” o ol Boisetn FAT

SIGLECE

scATAC-seq dataset (mapped)

Peaks Genes

chr 19 postion (bp

[ BRI £ |
chr 19 posiion (Kb}

chr 19 position (bg)

Bridge integration can map extremely rare groups (0.04%)
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Bridge Integration via Dictionary Learning
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Identifying genes whose expression ‘lags’ behind chromatin state
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Integrating scATAC-seq + scRNA-seq

Mumber of cells in bridge (per celliype)

Accurate annotations when the bridge dataset is ‘sufficient’

When Al meets Biology
JULY 2024 WEBINAR



Turng

Integrating scATAC-seq + scRNA-seq

Bridge-dataset (multi-omics)

10x multiome
(peaks+genes)

sCATAC-seq
(peaks)

scRMA-seq
(genes)

Single-modality datasets

Example bridge technologies

Modality

— Chromatin

accessibility
Chramatin
madifications

| DMA mathylation [

Lil".l'lu.;'l'l:}
oeganization
Probin leeels

[ Lipid metabolism [

Eridge Technology

" 10x Genomics multiome’ kil |

(ATAC+RNA)
SeCUTA Tag-pro™
[chromatin mods+peolein)
snmCT-seq!
{methylation + RNA)
schiethyl-HeC*
_ql4i!;__:+|r|_g:'_h_l|-!:|'.|u_|1_|
CITE-seq™, DOGMA-gaq™
[RMNA+ATACHprolein)
scLipid™

_ (MALDH-MSI+ RNA)

Bridge integration can be broadly applied to multiple modalities
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Integrating scDNAme + scRNA-seq

scDMAme datasel
(Eckar Lal)

s P
Single-cell methylomes identify - - S
neuronal subtypes and regulatory ‘55: ;
elements in mammalian cortex &

Original labels

Azmuth scRNA-s8q relerence
[Allen Brain Atlas)

Bridge integration can be broadly applied to multiple modalities
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‘atlas’ of PBMC from COVID patients

Integrated dataset of 3.46M human PBMC (19 studies; 693 individuals)
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Bridge Integration FAQ

Question: What are the requirements of the bridge dataset?
* Needs to be representative (20-50 cells per cell type/state)
» Can be (substantially) lower quality than reference or query
Question: What if cell types are missing in the bridge datasets
= Dictionary representation detects high reconstruction error

« Confidence scores for mapping sharply decrease

Question: Why not always process with multi-omic technologies?

+ Compatibility, data quality, and throughput

= Bridge integration enables more flexible experimental design
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Multimodal profiling technologies

NEAT-seq Phospho-seq
snATAC + snENA + intra-nuclear ADT scRMA-seq + intra-cellular/nuclear ADT
10x% multiome kit 10x scATAC-seq kit
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Chen et al, Mature Methods Blair et al, In Revision
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ATAC LIMAP

Intracellular protein profiling + scCATAC

Vimantin - ATAC OTET - ATAL QAT - ATAC
i i

Vimenitin « Protein OTXZ - Protein pAPSE- Protain
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With Fides Zenk Sophie Jansen, Barbara Treutlein

Phospho-seq datasets from human cerebral organoids
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Intracellular protein profiling + scATAC

Bridging provides high-quality, integrated, multimodal profiles
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COVID vaccine-induced T cell responses

HIH RESEARCH MATTERS SCIEMCE IMMUNDLOGY | VIEWPOINT

COROHAVIAUS

Understanding T cell responses to COVID-19 is essential
for informing public health strategies

Fasnoska Vardhana ', Lance Balde's, William G. Morkie 1, £ Joba Whery™ ™
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. T cell contributions are required for early and durable SARS-Cov-2 protection
. T cell responses are linked to disease severity and progression

. Mew technologies are needed to identify, characterize, and track T cell
responses during infection and vaccination
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Assays for characterizing T cell responses

ey M Cellular assays

Wy ey

: . * Cylokine production after antigen staining
+ Requires in-vitro restimulation
+ Low-cost and broadly applicable

+ Tetramer-based assays

.

+ Direct ex-vivo characterization

N + Restricted for individual haplotypes

Molecular assays
* Immune repertoire analysis

* Use of NGS provides flexibility when
analyzing new variants

ardbang ot o, Sol bsmunology, J8H

Existing assays each have individual strengths and limitations
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COVID vaccine-induced T cell responses
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Comprehensive investigations nevealed conalsbent
pathophysiological alterations after waccination
with COMID-19 waccines

Previous scRNA-seq studies have not identified antigen-specific T cells
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Characterizing molecular responses to BNT162b2

Initial dataset (6 individuals)

Maodalities (initial dataset)

3' RNA (CITE-seq)

ATAC (ASAP-seq)

175 Surface protein (CITE/ASAP-seq)

Total: 195,790 single cells
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Characterizing molecular responses to BNT162b2

CITE-seq data reveals high-resolution immune subpopulations
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Vaccine-induced CD8 T cells

CITE-seq data reveals high-resolution immune subpopulations
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Vaccine-induced CD8 T cells

RNA and protein molecular signatures of vaccine-induced CD8 cells
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Vaccine-induced CD8 T cells

Bridge integration maps integrated CITE-seq and scATAC-seq data
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COVID vaccine-induced T cell responses
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ASAP-seq reveals vaccine-induced enhancers in CD8 T cells
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COVID vaccine-induced T cell responses

Motits diffrentiating

vaccine-induced populatmns
BATF3 programs CDB* T cell memory
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Antigen-specific or passenger response?

T cell labeling: MHC-| multimer T cell labeling: CITE-seq
I 1 T
DMNA oligo Dextran ¢ DMNAoligo-
o backbone f‘;antibodies

$peptldc ’/( (

MHC-I
ﬁ.‘ f 5 prime scRNA-seq

* with TCR

3 el C0=S
receptor CD?"

b Donor T cells
PE Day 28
fluara- g [T
1]

chrome 5 .
Flow cytometric

enrichment

ECCITE-seq can capture antigen specificity and immune repertoires
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Antigen-specific or passenger response?

CDa TEM

CDa TCM

COE Mare

CDE Prolerating

ECCITE-seq can capture antigen specificity and immune repertoires
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Antigen-specific or passenger response?

Ml weore (FMA)

. Clane skos [TCH)

ECCITE-seq can capture antigen specificity and immune repertoires
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Antigen-specific or passenger response?

wpanded clones
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A subpopulation of CD38+ CD8+ T cells are not antigen specific
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Antigen-specific or passenger response?
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i ;
§ F
w w

A subpopulation of CD38+ CD8+ T cells are not antigen specific
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Identification of vaccine-induced cell populations

Diata from Arunachatam ol o, Mature 2021

Vaccine-induced cells are reproducibly identified across datasets
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Antigen-specific cells in COVID datasets

nature

Eaglorecostesd = Abowt e jormal = Pralbliah Wk i

Signature oflong-lived memory CDE™ T cellsin acute
SARS-CoV-2infection

CoV2-Dax
& CoV2-Dax*

Module score accurately classifies antigen specificity during acute COVID
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Antigen-specific cells in COVID datasets
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Antigen-specific cells in COVID datasets

Severe stage
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Recover Detenorate

Patients with minimal CD8 T
responses have a substantially
reduced rate of recovery from
severe disease

Data from COMBAT Consortium, Call 2022

CD8 T cell responses correlate with patient outcomes
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Antigen-specific cells in COVID datasets

In mild disease, antigen-specific cells differentiate into cytotoxic states
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Summary

Identification of vaccine-induced CDB8 T cells in single-cell datasets
= Multimodal data and analysis is key for identification
* Clear separation of proliferating and non-proliferating populations

+ Leads to identification of rich gene signature
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