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Basics of immune correlate studies
treatment

weeks/months yearsbaseline

Immunological assays 
(e.g. flow cytometry, scRNA-seq)

Correlate with outcomes 
(response, side effects)
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Motivation: The Case of 
Merkel Cell Carcinoma

• Increasingly common skin cancer
• Very aggressive: twice as likely to 

metastasize as melanoma
• 80%+ of cases are caused by a 

virus (Merkel cell polyomavirus)
• Very difficult to treat until recently
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A case of 
immune 
escape

• 60 year old man with metastatic Merkel cell carcinoma, virus positive
• Has HLA-B*3502 restricted T cells recognizing an epitope of the Merkel cell 

polyomavirus
• Receives T cell therapy and 2 immune checkpoint inhibitors
• Has an initial impressive partial response of >1 year, but then progression. 
• At time of progression, has antigen (MCPyV positive tumor) and persistent T 

cells recognizing MCPyV11/12/21 Single-cell review 5



“Bulk” (e.g. RNA-
seq) profiling 
cannot reveal 
within tissue 
heterogeneity
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RNA-seq limitations
Bulk sample gene 

expression analysis

We have information 
about all cell types

The signal is mixed 
with other cell types

Possible in some cases to infer the fraction of the different cell 
types, but impossible to infer their actual gene expression profile

Different expression in different 
cell types in mixed sample

Bimodal expression in a 
pure sample
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Credit: David Gfeller
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Computational deconvolution

G=FxC + 𝝐 (infer F) G=FxC + 𝝐 (infer C)
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Computational deconvolution

G=FxC + 𝝐 (infer F and C). Need additional constraints.
Can be done, e.g., via non-negative matrix factorization or
Bayesian modeling, to name a few methods.
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A large number of available tools
• csSAM: General method for cell-type specific differential expression. (Shen-Orr et al. Nat. Methods

2010)

• EPIC: Estimating the Proportion of Immune and Cancer cells from bulk tumor gene expression data 
(Racle et al.,eLife 2017).

• CIBERSORT: Many types of immune cell reference profiles (Newman et al. Nat Meth. 2015).

• TIMER: Main immune cell types (Li et al. Genome Biology 2016).

• MCPcounter: Immune + stromal cells, good performance, but results not comparable across different 
cell types (Becht E et al. Genome Biology 2016).

• CellMix package in R is a good resource (Gaujoux and Seoighe, Bioinformatics 2013)

Many of these algorithms have now improved given the large number of gene expression signatures in 
the public domain (including single-cell level data).
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Bulk vs. single-cell

Bulk RNA-seq
(~2008)

Single-cell RNA-seq
(~2014)

While deconvolution can be 
done, it fails when the cell-
type proportions are small 
and/or cell types not well 
defined. 

Hard to taste 1-2 blueberries in 
a smoothie or tell that there 
are raspberries (if you’ve never 
tasted a raspberry).
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Single-cell analysis

Cell 
suspension

Tissue 
dissociation

Quantify RNA and/or 
protein in each single-cell
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The progression of single-cell technologies 
over time (much simplified!)

sciRNA-seq
Drop-seq
Well-seq
iCell 8

Protein

RNA

10,000 of cells, 1 protein

Thousands of genes, 1 cell

Thousands of genes, thousands of cells/sample

50-100 proteins, 1M-100M cells/sample

efficiency is an important challenge that remains in
existing scRNA-seq protocols and necessitates a highly
efficient cell lysing strategy.

For cDNA preparation, an engineered version of the
Moloney murine leukemia virus reverse transcriptase with
low RNase H activity and increased thermostability is

Fig. 1 Single-cell isolation and library preparation. a The limiting dilution method isolates individual cells, leveraging the statistical distribution of
diluted cells. b Micromanipulation involves collecting single cells using microscope-guided capillary pipettes. c FACS isolates highly purified single
cells by tagging cells with fluorescent marker proteins. d Laser capture microdissection (LCM) utilizes a laser system aided by a computer system to
isolate cells from solid samples. e Microfluidic technology for single-cell isolation requires nanoliter-sized volumes. An example of in-house
microdroplet-based microfluidics (e.g., Drop-Seq). f The CellSearch system enumerates CTCs from patient blood samples by using a magnet
conjugated with CTC binding antibodies. g A schematic example of droplet-based library generation. Libraries for scRNA-seq are typically generated
via cell lysis, reverse transcription into first-strand cDNA using uniquely barcoded beads, second-strand synthesis, and cDNA amplification

Hwang et al. Experimental & Molecular Medicine (2018) 50:96 Page 3 of 14

Official journal of the Korean Society for Biochemistry and Molecular Biology

Today2009
1970
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Single-cell analysis: Two main technologies
Throughput Cost Dimensionality Pros Cons

Flow cytometry Very high 
(100,000 to 
millions)

Low (<.1$/cell) 15-50 proteins Standardized, 
Targeted, Sorting

Limited number 
of proteins

scRNAseq (and 
variants)
10x Genomics
split-seq
sciRNA-seq, etc

High (10’000s 
cells)

High (~1$/cell) High (1000s of genes) High-dimensional, no 
need to select genes. 
Can now be 
combined with 
protein/epigenomics

Still expensive, 
much slower, 
more noisy

15

The two technologies are complementary!
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Deep immune 
profiling via single-cell 
cytometry

Credit: Fred Hutch11/12/21 Single-cell review 16



Manual analysis is still the gold standard

CD4+
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The FAUST algorithm

• Interpretable machine learning approach

• Unambiguously finds all cell populations in a 
data-driven manner

• Complete phenotypic annotations and cell 
counts for biomarker screening, e.g. CD3+/CD4-
/CD8+/PD1 Dim

• Robust to biological and technological 
heterogeneity

• Compares favorably to many other competing 
approaches (e.g. Phenograph, flowSOM)

• (Greene et al. Patterns 2021)

18

Low High

Protein expression

Evan Greene 18
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Article

New interpretable machine-learning method
for single-cell data reveals correlates
of clinical response to cancer immunotherapy
Evan Greene,1,2,* Greg Finak,1,2 Leonard A. D’Amico,1,4 Nina Bhardwaj,7 Candice D. Church,5 Chihiro Morishima,5

Nirasha Ramchurren,1,4 Janis M. Taube,6 Paul T. Nghiem,3,5 Martin A. Cheever,3,4 Steven P. Fling,1,4

and Raphael Gottardo1,2,8,9,*
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2Biostatistics Bioinformatics and Epidemiology Division, Fred Hutchinson Cancer Research Center, Seattle, WA, USA
3Clinical Research Division, Fred Hutchinson Cancer Research Center, Seattle, WA, USA
4Cancer Immunotherapy Trials Network, Fred Hutchinson Cancer Research Center, Seattle, WA, USA
5Division of Dermatology, Department of Medicine University of Washington, Seattle, WA, USA
6Bloomberg Kimmel Institute for Cancer Immunotherapy and the Sidney Kimmel Comprehensive Cancer Center, Johns Hopkins University
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9Lead contact
*Correspondence: egreene@fredhutch.org (E.G.), raphael.gottardo@chuv.ch (R.G.)
https://doi.org/10.1016/j.patter.2021.100372

SUMMARY

We introduce a new method for single-cell cytometry studies, FAUST, which performs unbiased cell popula-
tion discovery and annotation. FAUST processes experimental data on a per-sample basis and returns bio-
logically interpretable cell phenotypes, making it well suited for the analysis of complex datasets. We provide
simulation studies that compare FAUST with existing methodology, exemplifying its strength. We apply
FAUST to data from a Merkel cell carcinoma anti-PD-1 trial and discover pre-treatment effector memory
T cell correlates of outcome co-expressing PD-1, HLA-DR, and CD28. Using FAUST, we then validate these
correlates in cryopreserved peripheral blood mononuclear cell samples from the same study, as well as an
independent CyTOF dataset from a publishedmetastaticmelanoma trial. Finally, we show how FAUST’s phe-
notypes can be used to perform cross-study data integration in the presence of diverse staining panels.
Together, these results establish FAUST as a powerful new approach for unbiased discovery in single-cell
cytometry.

THE BIGGER PICTURE Our article introduces a new method, FAUST, which combines novel algorithms for
clustering, cluster matching, variable selection, and feature selection. While these algorithms were devel-
oped for application to high-dimensional single-cell data—and our article validates this application area
with multiple case studies—they are general purpose and can be applied to any collection of related
real-valued matrices one wishes to partition.
Some useful features of these algorithms to the broader data science community include the following: they
estimate the number of clusters across a dataset, they can be applied independently to eachmatrix in the set
of matrices one wishes to cluster, they match clusters across matrices on the basis of data-driven annota-
tions, and the annotations are interpretable in relation to the initial measurement variables. We provide an
open-source implementation of our method, https://github.com/RGLab/FAUST, targeting data structures
optimized for use in cytometry data analysis.

Development/Pre-production:Data science output has been
rolled out/validated across multiple domains/problems

Patterns 2, 100372, December 10, 2021 ª 2021 The Authors. 1
This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).

ll
OPEN ACCESS

Please cite this article in press as: Greene et al., New interpretable machine-learning method for single-cell data reveals correlates of clinical response
to cancer immunotherapy, Patterns (2021), https://doi.org/10.1016/j.patter.2021.100372
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Analysis tools for cytometry analysis and 
standardization from our lab

LARGE 
INFRASTRUCTURE TO 

MANIPULATE AND 
PREPROCESS FLOW 

CYTOMETRY DATA IN R 
AND BIOCONDUCTOR

OPENCYTO SUITE 
(HDF5, FLOWJO 

INTEROPERABILITY, 
VISUALIZATION, ETC)

AUTOMATED GATING

STATISTICAL 
MODELING OF CELL 

COUNTS

FUNDED BY NIH R01 
METHODS GRANT

20



11/12/21 Single-cell review 21



Deep immune 
profiling via scRNAseq

Credit: 10X Genomics11/12/21 Single-cell review 22



10x Genomics

Credit: https://brcf.medicine.umich.edu/cores/advanced-genomics/technologies/single-cell/10x-genomics/

Library prep 
and 

sequencing
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Single cell 3’ mRNA-seq
• UMI: Unique molecular 
identifier
- Enable counting of unique molecules
- Normalize for PCR biases

- 3’ sequencing: Can only quantify gene 
expression, no alternative splicing

- 5’ sequencing can also be used to infer 
T/B cell receptors
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From a single-cell to one million cells!
all these constituents are associated with 

each other in tissues, systems and organs. As a 
result, there are many cell types we don’t know 
about. We also don’t know how all the cells in 
the body change from one state to another, 
which other cells they interact with or how 
they are altered during development.

TECHNOLOGY REVOLUTION 
New technologies offer an opportunity to 
build a systematic atlas at unprecedented 
resolution. These tools range from single-cell 
RNA sequencing to techniques for assessing 
a cell’s protein molecules and profiling the 
accessibility of the chromatin. For example, 
we can now determine the RNA profiles for 
millions of individual cells in parallel (see 
‘From one to millions’). Protein composi-
tion and chromatin features can be studied 
in hundreds or thousands of individual cells, 
and mutations or other markers tracked to 
reconstruct cell lineages. We can also profile 
multiple variants of RNA and proteins in situ 
to map cells and their molecules to their loca-
tions in tissues.

We anticipate that the atlas will help 
researchers to answer key questions in 
diverse biological fields. In cellular taxon-
omy, it might enable the discovery and iden-
tification of cell types and molecular markers 
or signatures (a collection of genes, say, that 
characterize a specific cell type). In histology, 
it should enable researchers to relate tissue 
structure to the position of cells and mole-
cules. Developmental biologists will be able 
to use it to track cell fate and lineage. Physi-
ologists could characterize dynamic states, 
such as the cell cycle, and transient responses 
such as a T cell’s reaction to a pathogen. 

The atlas could also facilitate research on 
the molecular mechanisms of communica-
tion within and between cells. And it should 
allow biologists to compare cell types across 
species to better understand human evolu-
tion, and to determine to what extent animal 
model systems and organoids reflect human 
biology.

Crucially, the atlas should help research-
ers to compare healthy reference cells to 
diseased ones in the relevant tissues — and 
so facilitate the development of better drugs 
and more accurate predictions of unintended 
toxicity. The atlas could also aid regenerative 
medicine — the process of replacing, engi-
neering or regenerating human cells, tissues 
or organs to establish normal function. Key 
diagnostic tests, such as the complete blood 
count — a routine blood screen that provides 
crude counts of white blood cells, red blood 
cells and so on — would become vastly more 
informative if cell types and states could be 
identified with much finer granularity. Such 
information could, for example, help to diag-
nose blood cancer, autoimmunity or infection 
before clinical symptoms appear.

Early studies are already showing 

tremendous potential in all these areas. New 
cell types have been found in the brain3–7, gut8, 
retina9 and immune system10, and these dis-
coveries have yielded new insight — into how 
the immune system11 functions, for example, 
and into the dynamics of tumour ecosys-
tems12. Yet, to take the next step — to build a 
human cell atlas that is truly useful — requires 
taking the long view and addressing various 
systemic and organizational challenges, as 
well as technical and scientific ones. 

THE CHALLENGES
Agree on scope. In light of the enormous 
complexity of the human body, and the rapid 
evolution of technologies for probing cells 
and tissues, and for analysing the data, we 
plan to build this resource in phases and gen-
erate reference maps at increasing resolution 
as the project progresses. 

The first draft of the atlas will profile cells’ 
molecular and spatial characteristics, cap-
turing only those cell types that occur above 
a pre-specified rarity — ones that make up 
more than 1% of a sample, say. These cells 
will be obtained from major tissues from 
healthy donors, taking into account the 
genetic diversity, geographical location and 
person’s age. Although disease will not be a 
focus of the first draft of the atlas, we plan 
to look at some disease samples to compare 
them with healthy cell types.

The first draft will focus on tissues, not 
whole organs. Extremely rare cells may be 
missed, and sample sizes may be too small 
to fully reveal the links between cellular 
characteristics and human diversity. In later 
phases, the atlas could take on entire organs, 
include small cohorts of people (say, 50–60) 
with diseases of interest, gather bigger sample 
sizes and provide greater power to associate 
molecular variation with the underlying 
genetic diversity. A similar step-wise strategy 

was deployed in the Human Genome Project; 
even a partially assembled genome proved 
immediately useful to researchers, and 
human genetic variation in health and dis-
ease was tackled over several years after the 
full genome was sequenced. 

The atlas will provide an important 
starting point for functional studies — for 
instance, those aimed at establishing the 
mechanistic links between cell states and 
disease. But such studies are themselves 
beyond its scope. Again, this parallels what 
happened with the Human Genome Pro-
ject: studies of functional elements in the 
genome, which are ongoing, have relied on 
the reference sequence obtained through the 
project. 

The atlas will aim to provide a detailed 
representation of molecules, cells, tissues, 
organs and systems, allowing researchers 
to zoom in and out to identify patterns and 
interactions at various levels of resolution. 
To this end, those compiling the atlas must 
establish how many cells to sample, which 
types of molecular features to analyse, how 
to assign cells to different categories and how 
to subdivide those categories. At the spatial 
level, they must decide how to sample com-
plex anatomies and histologies. Lastly, they 
need to establish ways of connecting the var-
ious layers of cellular and spatial information 
from different samples to a single anatomi-
cal reference by developing what is termed a 
common coordinate framework. 

To ensure the best use of resources, those 
involved in the initiative must agree on the 
desired resolution for each phase of the 
atlas. Researchers could, of course, try to 
pursue ever-rarer cell types, but potentially 
at ever-greater expense. In this respect, 
the Human Cell Atlas will pursue similar 
approaches to those used in human genetic 
studies that focus on variants present at a 
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Rozenblatt-Rosen, O., 
Stubbington, M.J.T., 
Regev, A., Teichmann, 
S.A., 2017. The Human 
Cell Atlas: from vision 
to reality. Nature 550, 
451–453.
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Challenges in single-cell genomics

• Technical issues
• Unwanted cell-to-cell variability
• Assay failure (e.g. due to cell capture, RNA extraction), empty droplets, etc
• Batch effects (Experimental design)

• Bi-modality
• A gene can be off or on at the single-cell level. Standard statistical models might not be 

appropriate
• Data are sparse (lots of zeros)

• Large datasets 
• Possibly thousands of genes in thousands of cells with complex designs. Pay attention to 

computational implementations.
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Common computational problems

• Alignment and gene expression quantification
• Normalization and batch effect correction
• Dimension reduction
• Clustering and cell annotation
• Differential gene expression
• Trajectory analysis
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Methods/tools for single-cell genomics from 
our lab
• Optimization of primers Filtering criteria 

for cells/probes
• Statistical model for zero-inflated 

distributions (bimodality)
• Gene-set enrichment analysis
• Support for multiple single-cell 

platforms (Fluidigm, NanoString, 10X)
• Tools development within Bioconductor

• Hao, Y et al. 2021. Integrated analysis of multimodal single-
cell data. Cell 184, 3573–3587.e29.

• Amezquita, …, Gottardo, R., Hicks, S.C., 2020. Orchestrating 
single-cell analysis with Bioconductor. Nat. Methods 17, 137–
145.

• Mair, F., Erickson, J.R., Voillet, V., Simoni, Y., Bi, T., Tyznik, 
A.J., Martin, J., Gottardo, R., Newell, E.W., Prlic, M., 2020. A 
Targeted Multi-omic Analysis Approach Measures Protein 
Expression and Low-Abundance Transcripts on the Single-
Cell Level. Cell Rep. 31, 107499.

• McDavid, Finak, and Gottardo The Contribution of Cell Cycle 
to Heterogeneity in Single-Cell RNA-Seq Data. Nature 
Biotechnology (2016).

• Finak, G. et al. MAST: A Flexible Statistical Framework for 
Assessing Transcriptional Changes and Characterizing 
Heterogeneity in Single-Cell RNA-Seq Data. Genome Biology 
(2015).

• McDavid, A. et al. Modeling bi-modality improves 
characterization of cell cycle on gene expression in single 
cells. PLoS CB (2015).

• McDavid, A. et al. Data exploration, quality control and testing 
in single-cell qPCR-based gene expression experiments. 
Bioinformatics 29, 461–467 (2013). 28



Environments for data analysis

Bioconductor

Seurat

Monocle

RPython

ScanPy
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Bioconductor – Open Source Software for 
Bioinformatics in R 

• Built in and for R

• Focused on the analysis of 
genomic data, with a rich 
history of software and 
methods development that has 
spanned the era of sequencing
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Overall Framework for Analysis of scRNA-seq
Preprocessing

We can read 10X data into a SingleCellExperiment using 
the DropletUtils package

Typically done outside of R, e.g. CellRanger, kallisto

Common data model used by most packages

e.g. MAST, SCDE, muscat

e.g. BiocNeighbors, SC3

e.g. scater, zinbwave
e.g. scran, scFeatureFilter
e.g. scater, destiny
e.g. scMerge, batchelor

e.g. slingshot, TSCAN

e.g. MAST, singleR
e.g. iSEESingle-cell review 32



Gene expression quantification
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Alignment and quantification – Overview

• First step of any analysis is to align reads to a reference genome to 
quantify transcript/gene expression for each gene within each cell

• The reference genome will typically be specific for your study (e.g.
human/mouse, etc) and might include additional 
sequence/annotations for quantifying non-host expression (e.g. viral 
genes, CAR T gene, spike-in controls)

• Large number of available tools for sequence alignment and 
quantification (e.g. CellRanger, kalisto (Bray et al. Nat. Biotech. 
2016)) 
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Introducing the SingleCellExperiment class

An S4 class object used to store the primary 
data, data transformations, and metadata 
associated with a single-cell experiment or 
collection thereof

Arranges the data into specialized sub-
containers called slots, which can be 
accessed via standardized accessor functions 
that allow for creation of, modification, and 
supplementation of (meta)data

library(SingleCellExperiment)
sce <- SingleCellExperiment(…)

A fully annotated/processed sce object

Single-cell review 35



https://seandavi.github.io/2019/05/
single-cell-packages-and-dependencies-in-bioconductor-using-biocpkgtools/

Ability to analyze across a universe of Bioconductor 
packages
- The consistent, extensible interface makes it possible for 

plethora of packages with various objectives to work with 
one another in a workflow, from reading in raw data to 
normalization to visualization

This is why a singular workflow is possible that for 
each step can leverage various Bioconductor tools 
(where each tool has been individually tested, peer-
reviewed, and published)

Conversion to other types of containers is possible as 
well to Monocle’s CellDataSet and Seurat’s 
SeuratObject

Packages which have a dependency on the 
SingleCellExperiment class

Infrastructure Matters: Why SingleCellExperiment
is Awesome
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Dimensionality reduction
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Dimensionality reduction – Overview

• Basic idea: Reduce the number of variables while retaining most of 
the (biological) information in the original dataset

• Feature down-selection: Basic filtering of non-informative genes, 
e.g. zero expression values or low variability

• Data transformation and compression: Define a minimal set of new 
variables that maximize information content. Transformation can be 
linear and non-linear (e.g. PCA, tSNE)
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Principal component analysis

• Capture the intrinsic variability in the data.
• Reduce the dimensionality of a data set, either to ease 

interpretation or as a way to avoid overfitting and to prepare for 
subsequent analysis.

• Linear, so principal components (PC) can be more interpretable 
(compared to non-linear approaches t-SNE)

• Not efficient for capturing non-linear structures
• More than 2 PCs might be needed for efficient compression
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Principal component analysis – Toy example

Linear transformation
Simple rotation of the coordinate system

https://onlinecourses.science.psu.edu/stat857/node/35
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t-Distributed Stochastic Neighboring 
Embedding
• Non-linear dimensionality reduction
• Originally developed by van der Maaten and Hinton
• Became popular for single-cell analysis when applied to CyTOF data 

(viSNE, Amir et al. 2013)
• Efficient data compression even with 2 components
• Sensitive to initial values and tuning parameters. Different runs can 

output very different plots
• t SNE dimensions and distances are not interpretable
• Generally speaking, the resulting structure is fairly robust
• https://distill.pub/2016/misread-tsne/
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tSNE intuition

X observed (high-dimensional) data
Y lower dim representation

Approximate

By minimizing the KL divergence

11/12/21 Single-cell review 42



tSNE vs. PCA – Example
MCC project
Data normalized and unwanted sources of variation (nUMI) are removed - Seurat Analysis

tSNE PCA
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Normalization
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Overall goals of normalization

• Normalization is needed to ensure that observed differences in 
counts (across samples, biological conditions) are indeed biological 
and not due to some technical artifact (e.g. array batch, technician, 
sequencing depth, etc)

• Normalization strategies must capture biases that are specific to the 
technology of interest

• Many techniques exist for bulk RNA-seq
• Problem here: What is a technical replicate? How can we 

differentiate technical vs biological variation?
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Global-scaling normalization

• From molecules to reads

PERSPECTIVE

NATURE METHODS | VOL.14 NO.6 | JUNE 2017 | 567

obtained during a preprocessing step (Box 1). Downstream analy-
ses, such as clustering or differential expression, are then typically 
based on normalized measures (either directly or by treating the 
estimated scaling factors as model offsets), ignoring uncertainty 
related to the scaling factor estimation. While this strategy is  
common, there is no consensus on how to estimate the scaling 
factors; some popular choices are summarized below. However,  
all approaches share the same motivation—to bring cell-specific 
measures onto a common scale by standardizing a quantity of  
interest (e.g., total read counts per sample) across cells while assum-
ing, for example, that most genes are not differentially expressed.

An intuitive and popular method is reads per million (RPM), 
which standardizes the total number of reads between cells; it 
is also referred to as library-size normalization and is related to 
RPKM24 and TPM25. However, these estimates can be dominated 
by a handful of highly expressed genes, and this can bias down-
stream results16,26. Another possibility is to use upper quartile 
(UQ) normalization, which defines scaling factor estimates as pro-
portional to the 75th percentile of the distribution of counts within 
each cell16. An extension of this idea (albeit outside the universe 
of global-scaling normalization) is full quantile (FQ) normaliza-
tion, where all the quantiles of cell-specific counts are matched to 

BOX 1 GLOBAL-SCALING NORMALIZATION FOR scRNA-seq DATA SETS 
RNA-seq experiments are inherently stochastic, with reads  
being randomly sampled from a pool of amplified cDNA  
molecules. Accordingly, let Xij denote a random variable 
representing the read count of gene i in cell j. Typically, the 
parameter of interest is the expression level of each gene  
(see left panel), i.e., the relative abundance of mRNA  
molecules for a gene within the population of mRNA molecules 
in each cell. For the sake of simplicity, we consider here  
the case of a homogeneous cell population.

Intuitively, a first effect captured through the scaling  
factor sj is the endogenous mRNA content nj, the total  
number of mRNA molecules per cell (middle panel). Indeed, 
even within a homogeneous population, nj can vary across 
cells. Furthermore, after cell lysis, only a fraction (Fj) of these 
nj molecules, are captured and reverse transcribed into cDNA. 
Consequently, only nj × Fj cDNA molecules can potentially be 
amplified and subsequently sequenced. Critically, the capture 
and reverse transcription efficiency Fj varies between cells; 
this introduces cell-to-cell variability that should also be 
handled by sj.

Subsequently, because of the minute amount of genetic 
material contained in a cell, this pool of nj × Fj cDNA  
molecules must be amplified before sequencing library  
preparation. Variability in amplification efficiency can in-
troduce cell- and gene-specific biases in the measurement of 
expression levels. We denote the cell-specific amplification 
factor as Aj, such that amplification leads to a pool  
of nj × Fj × Aj molecules.

Unlike microarray experiments, RNA-seq is inherently com-
petitive, meaning that a fixed number of reads are distributed 

between genes. Given this, the amplified pools are subse-
quently diluted by a cell-specific factor Dj, so that there are 
nj × Fj × Aj × Dj amplified cDNA molecules to be sequenced.  
In principle, the dilution factor Dj can be set so that a  
library contains the same number of molecules from each  
cell by carrying out a library quantification step and  
setting Dj = m/(nj × Fj × Aj), where m is the desired number 
of molecules per cell. Alternatively, each cell can contribute 
the same volume of amplified cDNA solution to the library, 
such that each library will contain a different number  
of amplified cDNA molecules if the concentration of the 
solution varies between cells. In this case, Dj = d, where d 
is the proportion of amplified molecules used to prepare the 
sequencing library. This decision is critical for interpreting 
the scaling factor sj, since it affects the number of molecules 
that are available for sequencing and, consequently,  
the scale of cell-specific read counts.

Finally, the number of sequenced reads per molecule from 
each cell (sequencing depth), Rj, also varies stochastically. 
Consequently, by considering all the above factors, we expect 
to observe nj × Fj × Aj × Dj × Rj reads from cell j. Hence, even 
within the same sequencing lane, differences in sequencing 
depth introduce cell-specific artifacts that will be incorporated 
into the global scaling factor sj.

While the above discussion assumes a homogeneous popula-
tion of cells, this interpretation of scaling factors is still valid 
for more realistic scenarios—with heterogeneous populations— 
under specific assumptions, such as that the majority of genes 
is not differentially expressed or that there are roughly equal 
numbers of upregulated and downregulated genes.

Assumption

E(Xij) = sj × �i

Gene-specific effect
‘expression level’

Cell-specific effect
‘scaling factor’

In practice

Estimated
scaling factor

Raw 
read count

Normalized
expression

~

Ignores gene-specific
biases (GC content,

transcript length)

Uncertainty in the
estimation of scaling

factors is not propagated

Throughout the experiment

sj = × × × × =Fj Aj Dj Rj Xij

Endogenous
mRNA content

Amplification
factor

Sequencing
depth

Capture and
RT fraction

Dilution
factor

Capture
and RT

Amplification Dilution Sequencing

nj
^Xij    / sj
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Global-scaling normalization

• Developed for bulk RNA-seq experiments (mixture of 1,000-
1,000,000 cells) where gene expression is more homogeneous

• Reads per million (RPM), (or related RPKM and TPM)
Standardizes the total number of reads between samples (library-
size normalization)

• These estimates can be dominated by a handful of highly expressed 
genes, and this can bias results

• Alternative approaches are the trimmed mean of M values (TMM) 
and DEseq. Use a reference samples and exclude extreme values.

• No much data on how TMM and DEseq perform on scRNA-seq
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Spike-in sequences and normalization

• Scaling factor normalization cannot distinguish between technical 
biases and true biological variation

• Extrinsic control genes. Spike-in sequences are added to each cell 
lysate at (theoretically) constant and fixed amounts. 

• External RNA Control Consortium (ERCC) molecules
• Critical assumption: technical effects equally affect the intrinsic and 

extrinsic genes
• Major technical challenge: Calibrating the added number of spike-in 

molecules
• In practice spike-ins based normalization is not very effective
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Tailored normalization strategies for scRNA-
seq
• BASiCS (Vallejos et al. PLoS CB 2015)
• SCNorm (Bacher et al. Nat. Methods 2017)
• scTransform (Hafemeister & Satija, Genome Biology 2019) 

implemented in Seurat. scTransform performs (~log) transformation 
and normalization at the same time. 

• MAST (Finak et al. Genome Biology 2015) include a normalization 
factor in our differential gene expression analysis (More on this 
later)
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Basics of scTranform

• Inspired by methods from bulk RNA-seq (e.g. DEseq, edgeR)
• Parameters estimated by regularized Negative-Binomial regression

Hafemeister and Satija Genome Biology          (2019) 20:296 Page 11 of 15

is tailored to single-cell data. For example, Townes et al.
[29] introduced GLM-PCA, a generalization of PCA for
data exhibiting non-normal error distributions such as the
negative binomial, that takes count data directly as input
instead of relying on intermediate residuals. Similarly,
an extension of sctransform could perform differential
expression directly on the resulting parameter estimates
instead of the residual values, potentially coupling this
with an empirical Bayes framework [12, 30].
Finally, while we focus here on modeling technical vari-

ation due to differences in cellular sequencing depth,
we note that our approach can be easily extended to
model alternative “nuisance” parameters, including cell
cycle [31], mitochondrial percentage, or experimental
batch, simply by adding additional covariates to themodel.
Indeed, we observed that a modified GLM including
a batch indicator variable was sufficient to correct for
technical differences arising from two profiled batches
of murine bipolar cells [32], though successful applica-
tion requires all cell types to share a similar batch effect
(Additional file 2: Figure S8). In the future, we anticipate
that similar efforts can be used tomodel diverse single-cell
data types, including single-cell protein [33], chromatin
[34], and spatial [35] data.

Methods
Regularized negative binomial regression
We explicitly model the UMI counts for a given gene using
a generalized linear model. Specifically, we use the sum
of all molecules assigned to a cell as a proxy for sequenc-
ing depth and use this cell attribute in a regression model
with negative binomial (NB) error distribution and log
link function. Thus, for a given gene i, we have

log(E(xi)) = β0 + β1 log10m,

where xi is the vector of UMI counts assigned to gene i
and m is the vector of molecules assigned to the cells, i.e.,
mj = ∑

i xij. The solution to this regression is a set of
parameters: the intercept β0 and the slope β1. The dis-
persion parameter θ of the underlying NB distribution is
also unknown and needs to be estimated from the data.
Here we use the NB parameterization with mean µ and
variance given as µ+ µ2

θ .
We use a regression model for the UMI counts to

correct for sequencing depth differences between cells
and to standardize the data. However, modeling each
gene separately results in overfitting, particularly for low-
abundance genes that are detected in only a minor subset
of cells and are modeled with a high variance.We consider
this an overestimation of the true variance, as this is driven
by cell-type heterogeneity in the sample, and not due
to cell-to-cell variability with respect to the independent

variable, log10m. To avoid this overfitting, we regular-
ize all model parameters, including the NB dispersion
parameter θ , by sharing information across genes.
The procedure we developed has three steps. In the

first step, we fit independent regression models per gene.
In the second step, we exploit the relationship of model
parameter values and gene mean to learn global trends in
the data. We capture these trends using a kernel regres-
sion estimate (ksmooth function in R). We use a normal
kernel and first select a kernel bandwidth using the R func-
tion bw.SJ. We multiply this by a bandwidth adjustment
factor (BAF, default value of 3, sensitivity analysis shown
in Additional file 2: Fig. S4).We perform independent reg-
ularizations for all parameters (Fig. 2). In the third step,
we use the regularized regression parameters to define an
affine function that transforms UMI counts into Pearson
residuals:

zij =
xij − µij

σij
,

µij = exp (β0i + β1i log10mj),

σij =

√

µij +
µ2
ij

θi
,

where zij is the Pearson residual of gene i in cell j, xij is the
observed UMI count of gene i in cell j, µij is the expected
UMI count of gene i in cell j in the regularized NB regres-
sion model, and σij is the expected standard deviation of
gene i in cell j in the regularized NB regression model.
Here β0i , β1i , and θi are the linear model parameters after
regularization. To reduce the impact of extreme outliers,
we clip the residuals to a maximum value of

√
N , whereN

is the total number of cells.
We highlight that our approach was inspired by meth-

ods developed for differential expression analysis in bulk
RNA-seq data. For example, DESeq [23] uses the negative
binomial distribution for read count data and links vari-
ance and mean by local regression. DESeq2 [12] extends
this approach with Empirical Bayes shrinkage for disper-
sion estimation. Additionally, edgeR [22] introduced GLM
algorithms and statistical methods for estimating biolog-
ical variation on a genewise basis and separating it from
technical variation.

Geometric mean for genes
Our regularization approach aims to pool information
across genes with similar average expression. To avoid
the influence of outlier cells and respect the exponential
nature of the count distributions, we consistently use the
geometric mean. References to average abundance or gene
mean in this work are based on the following definition of
mean:

exp
(
amean(log(x+ ε))

)
− ε,
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persion parameter θ of the underlying NB distribution is
also unknown and needs to be estimated from the data.
Here we use the NB parameterization with mean µ and
variance given as µ+ µ2
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We use a regression model for the UMI counts to

correct for sequencing depth differences between cells
and to standardize the data. However, modeling each
gene separately results in overfitting, particularly for low-
abundance genes that are detected in only a minor subset
of cells and are modeled with a high variance.We consider
this an overestimation of the true variance, as this is driven
by cell-type heterogeneity in the sample, and not due
to cell-to-cell variability with respect to the independent

variable, log10m. To avoid this overfitting, we regular-
ize all model parameters, including the NB dispersion
parameter θ , by sharing information across genes.
The procedure we developed has three steps. In the

first step, we fit independent regression models per gene.
In the second step, we exploit the relationship of model
parameter values and gene mean to learn global trends in
the data. We capture these trends using a kernel regres-
sion estimate (ksmooth function in R). We use a normal
kernel and first select a kernel bandwidth using the R func-
tion bw.SJ. We multiply this by a bandwidth adjustment
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We highlight that our approach was inspired by meth-
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RNA-seq data. For example, DESeq [23] uses the negative
binomial distribution for read count data and links vari-
ance and mean by local regression. DESeq2 [12] extends
this approach with Empirical Bayes shrinkage for disper-
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algorithms and statistical methods for estimating biolog-
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Geometric mean for genes
Our regularization approach aims to pool information
across genes with similar average expression. To avoid
the influence of outlier cells and respect the exponential
nature of the count distributions, we consistently use the
geometric mean. References to average abundance or gene
mean in this work are based on the following definition of
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Gene i (count) Total count (over all genes) for a cell

Transformation
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schemes reveal significant biological heterogeneity in
PBMC (Fig. 6a), consistent with the expected major
and minor human immune cell subsets. However, the
low-dimensional representation of log-normalized data
was confounded by cellular sequencing depth, as both
the PCA and UMAP embeddings exhibited strong cor-
relations with this technical metric. These correlations
are strikingly reduced for Pearson residuals (Fig. 6a). We
note that we do not expect complete independence of
biological and technical effects, as distinct cell subsets
will likely vary in size and RNA content. However, even

when limiting our analyses within individual cell types,
we found that cell sequencing depth explained substan-
tially reduced variation in Pearson residuals compared to
log-normalized data (Fig. 6b), consistent with our earlier
observations (Fig. 3).
Imperfect normalization can also confound differential

expression (DE) tests for scRNA-seq, particularly if global
differences in normalization create DE false positives for
many genes. To demonstrate the scope of this problem
and test its potential resolution with Pearson residuals,
we took CD14+ monocytes (5551 cell subset of the 33K

Fig. 6 Downstream analyses of Pearson residuals are unaffected by differences in sequencing depth. a UMAP embedding of the 33,148 cell PBMC
dataset using either log-normalization or Pearson residuals. Both normalization schemes lead to similar results with respect to the major and minor
cell populations in the dataset. However, in analyses of log-normalized data, cells within a cluster are ordered along a gradient that is correlated with
sequencing depth. bWithin the four major cell types, the percent of variance explained by sequencing depth under both normalization schemes.
c UMAP embedding of two groups of biologically identical CD14+ monocytes, where one group was randomly downsampled to 50% depth.
d Results of differential expression (DE) test between the two groups shown in c. Gray areas indicate expected group mean difference by chance
and a false discovery rate cutoff of 1%. e Results of DE test between CD14+ and CD16+ monocytes, before and after randomly downsampling the
CD16+ cells to 20% depth

11/12/21 Single-cell review 53



Batch effect correction: regression methods

54



Motivation

• Batch effects are technical sources of variation that have been
added to the samples during handling. Example of batch variables:
lot number, technician, instrument settings, plate, etc.

• More common with high throughput technologies
• If not adjusted for, these batch variables can have a substantial

effects on downstream analysis.
• Normalization will not always correct for batch effects. Technical

variation due to batch effects might only affect a subset of the
genes.
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Adjusting for batch effects

• Two scenarios:
1. You have information about the batch variable

Use your batch effect as a covariate in your analysis (e.g. MAST, 
Harmony)

2. You suspect a batch effect, but you don't know where it is coming 
from
The batch effect needs to be estimated first and then corrected for, 
by adding the estimated variables as co-variates
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Quality control and back variability

• Look at your data!
• Use a dimension reduction technique (e.g. PCA/tSNE) and plot

individual samples (i.e. cells) coloring each cell by various metadata
variable (e.g. processing time, plate, etc)

• Do you see variation that can be explain by your experimental
factors?
• Yes: Include them in your model
• No: Try to estimate potential batch effects
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• Cells arrange themselves 
by gene expression

• Different time points 
overlay (processing 
effects minimal)
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Surrogate variable analysis

• Why not use principal component analysis (PCA) to detect potential
batch effects?

• Problem: Biological variation or technical variation?
• Solution: Regress out all known biological/technical variation (e.g.

using a linear regression) and use PCA on residuals
• Use the first k principle components as estimated batch effects

(surrogate variables)
• How many surrogate variables should one use (k=1, 2, etc)?
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CDR effects in single-cell RNAseq
• Principal component analysis leads to cellular detection rate (CDR)

MAITs:
Finak et al. (2014)
Mucosal Associated 
Invariant T-cells
(color coded by 
stimulation)

DCs:
Shalek et al. Nature (2014) 
Mouse dendritic cells
(color coded by time of 
stimulation) unstimulated

stimulated  with 
IL18, IL15, IL12
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CDR effects in 10X Genomics

Zheng et al. (2017). “Massively Parallel 
Digital Transcriptional Profiling of Single 
Cells.” Nature Communications 8 
(January): 14049.

Human Cell Atlas (Bone marrow) (2019)
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The cellular detection rate (CDR): 
Unwanted variability
• CDR = proportion of expressed gene in a cell (Finak et al. 2015)

• Later described in Hicks et al. 2017

• Huge source of variability, possibly confounded with treatment effects
• Mixed of technical and biological (e.g. size, see Padovan-Merhar et al. 2015)

• Empirical estimates (e.g. mean expression) and associated effects (i.e.
differentially expressed genes) can be inflated if not adjusted for this

• CDR is highly correlated with UMI numbers

• We always adjust for CDR in differential expression analysis (more on this 
latter)
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Batch effect correction: alignment methods
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Batch correction through data alignment

• Many algorithms available:
• Seurat v3 (Butler et al. 2018), MNN (Haghverdy et al. 2018), Harmony 

(Korsunsky et al. 2019), etc. 

• These algorithms basically transform the original data in a way to 
minimize between batch variation and retain within sample variation 
(i.e. cell type variation)

• The result is a corrected expression matrix
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ARTICLES NATURE METHODS

performance on both integration (mixing of datasets) and accu-
racy (no mixing of cell types). Perfect integration can be achieved 
by mixing all cells, regardless of cellular identity. Similarly, high 
accuracy can be achieved by partitioning cells into broad clusters 
without mixing datasets in small neighborhoods. In this situation, 
broad cellular states are defined, but fine-grained cellular substates 
and subtypes are confounded by the originating dataset. To quantify 
integration and accuracy of this embedding, we defined an objective 
metric: the local inverse Simpson’s Index (LISI, see Methods) in the 
local neighborhood of each cell. To assess integration, we employ 
‘integration LISI’ (iLISI, see Fig. 2a), which defines the effective 
number of datasets in a neighborhood. Neighborhoods represented 
by only a single dataset get an iLISI of 1, while neighborhoods with 
an equal number of cells from two datasets get an iLISI of 2. Note 
that even under ideal mixing, if the datasets have different numbers 
of cells, iLISI would be less than 2. To assess accuracy, we use ‘cell-
type LISI’ (cLISI, see Fig. 2b), the same mathematical measure, but 
applied to cell type instead of dataset labels. Accurate integration 
should maintain a cLISI of 1, reflecting a separation of unique cell 
types throughout the embedding. An erroneous embedding would 
include neighborhoods with a cLISI of 2, indicating that neighbors 
have two different types of cell.

We begin with three datasets from two cell lines: (1) pure Jurkat, 
(2) pure 293T and (3) a 50/50 mix11. These datasets are ideal for 
illustration and for assessment, as each cell can be unambiguously 
labeled Jurkat or 293T (Supplementary Fig. 1a). A thorough inte-
gration would mix the 1,799 Jurkat cells from the mixture dataset 
with 3,255 cells from the pure Jurkat dataset and the 1,565 293T 
cells from the mixture dataset with the 2,859 from the pure 293T 
dataset. Thus, we expect the average iLISI to range from 1, reflect-
ing no integration, to 1.8 (= 1/[(1,799/(1,799 + 2,859))2 + (3,255/
(1,799 + 3,255))2]) for Jurkat cells and 1.5 (= 1/[(1,565/
(1,565 + 2,859))2 + (2,859/(1,565 + 2,859))2]) for 293T cells, reflect-
ing maximal accurate integration. Application of a standard PCA 
pipeline followed by UMAP embedding demonstrates that the 
cells group broadly by dataset and cell type. This is both visually 
apparent and quantified (Fig. 2c,d) with high accuracy reflected 
by a low cLISI (median iLISI 1.00, 95% confidence interval (CI) 
[1.00, 1.00]). However, the iLISI (median iLISI 1.01, 95% CI [1.00, 
1.61]) is also low, reflecting imperfect integration and ample struc-
ture within each cell type reflecting the dataset of origin. After 

Harmony, cells from the 50/50 dataset are appropriately mixed into 
the pure datasets (Fig. 2e). The increased iLISI (median iLISI 1.59, 
95% CI [1.27, 1.97]) reflects the mixing of datasets, while the low 
cLISI (Fig. 2f, median iLISI 1.00, 95% CI [1.00, 1.02]) reflects the 
accurate separation of Jurkat from 293T cells. iLISI and cLISI pro-
vide a quantitative way to compare the integration and accuracy of 
multiple algorithms. We repeated the integration and LISI analy-
ses with MNN Correct, BBKNN, MultiCCA and Scanorama and 
showed that they produced embeddings with statistically inferior 
integration (Supplementary Results, Fig. 1b and Table 1).

This benchmark demonstrates the two key metrics for assess-
ing mixing and accuracy and shows that Harmony performs well 
on both metrics in a well-controlled analysis of cell-line datasets. 
A potential pitfall of LISI is that it is sensitive to datasets of vastly 
different sizes. In such a situation, most neighborhoods can be 
dominated by a single dataset and LISI values become difficult to 
interpret (Supplementary Note 2).

Harmony scales to large data. We evaluated Harmony’s compu-
tational performance, measuring both total runtime and maxi-
mum memory usage. To demonstrate Harmony’s scalability versus 
other methods, we downsampled HCA data12 (528,688 cells from 
16 donors and two tissues) to create five benchmark datasets with 
500,000, 250,000, 125,000, 60,000 and 30,000 cells. We reported 
the runtime and memory (Supplementary Tables 2 and 3) for 
all benchmarks. Harmony runtime scaled well for all datasets  
(Fig. 3a), ranging from 4 min on 30,000 cells to 68 min on 500,000 
cells, 30 to 200 times faster than MultiCCA and MNN Correct.  
The runtimes for Harmony, BBKNN and Scanorama were com-
parable for datasets with up to 125,000 cells. Harmony required 
dramatically less memory (Fig. 3b) compared to other algorithms: 
only 0.9 gigabytes (GB) on 30,000 cells and 7.2 GB on 500,000 cells. 
At 125,000 cells, Harmony required 30–50 times less memory 
than Scanorama, MNN Correct and Seurat MultiCCA; these other 
methods could not scale beyond 125,000 cells. Harmony returned 
substantially more integrated embeddings (Fig. 3c) than did other 
competing algorithms (Supplementary Results), allowing for the 
identification of shared cell types (Fig. 3d) across tissues and 
donors. These results demonstrate that Harmony is computation-
ally efficient and capable of analyzing even large datasets (105–106 
cells) on personal computers.

a

 Soft assign cells to
clusters, favoring mixed
dataset representation

b

Get cluster centroids
for each dataset

d

Move cells based on
soft cluster membership

c

Get dataset correction
factors for each cluster

Iterate until convergence

Cell typeDataset

Cl
us

ter 2

Cl
us

ter 2

Cl
us

ter 2

Cl
us

ter 2
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ter 3
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ter 3
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Cluster 1

Cluster 4
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Fig. 1 | Overview of Harmony algorithm. PCA embeds cells into a space with reduced dimensionality. Harmony accepts the cell coordinates in this reduced 
space and runs an iterative algorithm to adjust for dataset specific effects. a, Harmony uses fuzzy clustering to assign each cell to multiple clusters, while 
a penalty term ensures that the diversity of datasets within each cluster is maximized. b, Harmony calculates a global centroid for each cluster, as well 
as dataset-specific centroids for each cluster. c, Within each cluster, Harmony calculates a correction factor for each dataset based on the centroids. 
d, Finally, Harmony corrects each cell with a cell-specific factor: a linear combination of dataset correction factors weighted by the cell’s soft cluster 
assignments made in step a. Harmony repeats steps a to d until convergence. The dependence between cluster assignment and dataset diminishes with 
each round. Datasets are represented with colors, cell types with different shapes.

NATURE METHODS | VOL 16 | DECEMBER 2019 | 1289–1296 | www.nature.com/naturemethods1290

Example: Harmony
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Alignment methods and statistical inference

• Correction/alignment methods should only be used for visualization
and/or clustering or cell type assignment (more on this later)

• It is not recommended to perform statistical inference on corrected
values. This could lead to poorly calibrated results due to possible
confounding of batch and biological variables

• The preferred approach is to model the uncorrected data and account
for batch variables (e.g. add these as covariates in your statistical
model) possibly conditional on cell type assignments (or clustering
results)

11/12/21 Single-cell review 67



Experimental design and batch effects

• Is there a way to avoid batch effects altogether?
• Maybe:
• Optimize/standardize your assay to reduce variability as much as

possible
• Group samples of interest (i.e. samples/conditions you wish to

compare) within the same batch (if possible)
• Use controls and/or technical replicates (if feasible) that can be used

to estimate batch variability and correct for it
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McDavid, A. et al. Modeling bi-modality improves characterization of cell cycle on gene expression in single cells. PLoS CB
(2015).

Why experimental design matters!
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“Cell cycle variation affects global gene 
expression”

Why experimental design matters!
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Cell-cycle variation or technical 
variation?

Es
tim

at
ed

 c
el

l-c
yc

le
 e

ffe
ct

• Improper normalization
• Poor experimental design

• Cell cycle phase confounded with C1 chip
• No replication

Sequencing depth

71



Clustering
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Clustering overview

Goal: Group data points (cells) that “look similar”

• Most methods are distance based, groups cells that are close together → What distance
metrics?

• How many cell subsets? → Trade-off between overfitting and lack of fit

• What are my cells? Most algorithms do not return a phenotype

• Getting results out of a clustering algorithm is easy making sense of it harder

• Usually helpful to use t-SNE plots and gene expression to visualize and label cell-
populations
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Clustering scRNA-seq data

• Clustering is not a new problem!

• For example, lots of prior work in flow cytometry

• scRNA-seq data present new challenges: High dimensionality, zero-inflation, large
datasets

• Lack of ground truth and benchmark datasets
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Clustering tools for scRNA-seq data

• Several tools have been developed (non-exhaustive list)
• Phenograph (Levine et al. Cell 2015) originally developed for CyTOF data
• FlowSOM (Van Gassen et al. Cytometry A 2015) originally developed for CyTOF

data
• Louvain and Leiden graph clustering (Traag et al. Sci. Rep. 2019), also

implemented in Seurat and the igraph R package
• SC3 (Kiselev et al. Nat. Meth. 2017) an ensemble clustering approach
• SNN-cliq (Xu & Su, Bioinformatics 2015)
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Graph-based clustering

• Many of the algorithms listed on the previous slide are based on graph-based
clustering

• These methods embed cells in a graph structure (ex: a K-nearest neighbor (KNN)
network), with edges drawn between cells with similar gene expression patterns, and
then attempts to partition this graph into highly interconnected communities.

PCs
Similarity 

matrix

Network
Optimization of the modularity

Cluster of cells
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Mapping Lineage Defining Transcripts to PBMC Clusters
See previous slide form cluster identification.
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CD8+ T cells

CD4+ T 
cells

CD19+ B cells

CD14+ Monocytes

NK cells

FCGR3A+ 
Monocytes

CD8+ effector 
T cells 

Myeloid 
cells

Dendritic cells
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Cell type annotation
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• Cells arrange 
themselves by gene 
expression

• Different time points 
overlay (processing 
effects minimal)
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Mapping Lineage Defining Transcripts to PBMC Clusters
See previous slide form cluster identification.
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CD8+ T cells

CD4+ T 
cells

CD19+ B cells

CD14+ Monocytes

NK cells

FCGR3A+ 
Monocytes

CD8+ effector 
T cells 

Myeloid 
cells

Dendritic cells
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Tumor
After

Tumor
Before

TILsTAMs
Fibroblasts

• TILs (tumor infiltrating lymphocytes), TAMs (tumor 
associated macrophages) and fibroblasts cluster 
together

• Tumor cells pre- and post-treatment cluster 
separately 

• All tumor cells changed their gene-expression 
profile, suggestive of intense selective pressure

0 90 180 270 360 450 540 630 720 810 900
0

50

100

150

Days from First T cell Infusion

D
is

ea
se

 B
ur

de
n

(t
um

or
 v

ol
um

e 
cm

2 )

T cells
Infusions Persistence

Pembro
Ipi X X X X X X X X

Progression 1  Progression 2  Response 

MCC
after

MCC 
before

Cell types in tumor biopsies

11/12/21 Single-cell review 81



Tumor
After

Tumor
Before

TILs TAMs
Fibroblasts Chromogranin

(tumor marker)

CD3 (T cells)

CD68 (macrophages)

Cell types in tumor biopsies
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Supervised cell-type annotation

• Most cell-type annotation are supervised (or semi-supervised) in the 
sense that they used either known marker genes or cell-type 
signatures (derived from sorted bulk or single-cell data) to predict cell 
type labels

• Can be done at the single-cell level or cluster level

• Many methods available:
• SingleR (Aran et al. Nat. Immunol. 2019)
• scPre (Alquicira-Hernandez et al. Genome Biology 2019)
• Azimuth (Hao et al. Cell 2021)
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CITE-seq: RNA + protein in single-cells

• Can interrogate 100s of 
protein in single-cells along 
with targeted or unbiased 
gene expression

• The best of both worlds: 
• cytometry + RNA-seq in 

the same cell 

A

E

C

B

D

F

Figure 1. Comparison of Oligonucleotide-Labeled Antibody Probes to High-Dimensional Flow Cytometry
(A) Schematic graph describing the workflow of the experiment. PBMC samples from three donors were split in half, with one aliquot used for the multi-omic

workflow and one aliquot used for flow cytometry phenotyping using two 30-parameter panels.

(B) Overview of antibody targets used in both the multi-omic and conventional flow cytometry experiment.

(C) Manual gating of main immune subsets by using the combined AbSeq dataset (top panel, red) and concatenated and down-sampled events (27,000 cells,

from three donors) from the conventional (conv) flow cytometry dataset (bottom panel, blue).

(D) Manual gating of various T cell markers by using the combined AbSeq dataset (top panel, red) and concatenated, down-sampled events from the cytometry

dataset (bottom panel, blue).

(legend continued on next page)

2 Cell Reports 31, 107499, April 7, 2020

CITE-seq: Stoeckius, et al. Nat. Methods 2017.

Collaboration with Prlic, Newell Labs
Abseq: Mair, et al. Cell Reports 2020.
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Identifying major cells types with proteins

A

E

C

B

D

F

Figure 1. Comparison of Oligonucleotide-Labeled Antibody Probes to High-Dimensional Flow Cytometry
(A) Schematic graph describing the workflow of the experiment. PBMC samples from three donors were split in half, with one aliquot used for the multi-omic

workflow and one aliquot used for flow cytometry phenotyping using two 30-parameter panels.

(B) Overview of antibody targets used in both the multi-omic and conventional flow cytometry experiment.

(C) Manual gating of main immune subsets by using the combined AbSeq dataset (top panel, red) and concatenated and down-sampled events (27,000 cells,

from three donors) from the conventional (conv) flow cytometry dataset (bottom panel, blue).

(D) Manual gating of various T cell markers by using the combined AbSeq dataset (top panel, red) and concatenated, down-sampled events from the cytometry

dataset (bottom panel, blue).

(legend continued on next page)

2 Cell Reports 31, 107499, April 7, 2020

• Abseq and CITE-seq can be analyzed just like traditional cytometry data using manual 
(or automated) gating

• Define cell phenotypes using protein expression data, and then quantify RNA 
expression changes for each phenotype
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Visualizing phenotypes in RNA space

10X Genomics 10k PBMCs from a Healthy 
Donor - Gene Expression and Cell Surface 
Protein
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Visualizing phenotypes in protein space

10X Genomics 10k PBMCs from a Healthy Donor 
- Gene Expression and Cell Surface Protein
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Weighted-nearest neighbor: combining 
RNA/protein
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Figure 3: A multimodal atlas of human PBMC

(A) Experimental design schematic of the CITE-seq experiment. PBMC samples originate from eight volunteers pre (day 0) and post-vaccination (day 3 and day 7). We pro-
cessed each sample with CITE-seq using the 10X 3’ (228 antibodies) and 10X 5’ (54 antibodies + BCR +TCR) technologies, yielding a total of 210,911 cells. (B-D) UMAP visual-
ization of 161,764 cells 10X 3’ cells analyzed based on RNA data (B), protein data (C), or WNN analysis (D). Cell types were identified using unsupervised clustering of the WNN 
graph and grouped into three annotation tiers, ranging from eight broad categories, to 57 high-resolution clusters. UMAP visualization of 49,147 10X 5’ cells, mapped onto the 3’ 
reference data, is shown in Supplementary Figure 6.
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Weighted-nearest neighbor: combining 
RNA/protein

Single-cell review 89
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Figure 1: Schematic overview of multimodal integration using Weighted Nearest Neighbor analysis 

(A, B) Independent analysis of transcriptome (A) and protein (B) modalities from a CITE-seq dataset of cord blood mononuclear cells. Blue dot marks the same target cell in (A) and (B). Red dots denote 
the k=20 nearest neighbors to the target cell based on the transcriptome (A) or protein (B) modalities. (C) The RNA neighbors are averaged together to predict the molecular contents of the target cell, 
which can be compared to the actual measurements. Since the RNA neighbors represent a mixture of different T cell subsets, there is substantial error between predicted and measured protein expression 
levels for CD4 and CD8. (D) Same as in (C), but averaging protein neighbors. Since protein neighbors are all CD8 T cells, the predicted values are close to the actual measurements. We can therefore infer 
that for this target cell, the protein data is most useful for defining cell state, and assign it a higher protein modality weight. As described in Supplementary Methods, we perform the prediction and compari-
son steps in low-dimensional space. (E) We can integrate the modalities by constructing a Weighted Nearest Neighbor (WNN) graph, based on a weighted average of protein and RNA similarities. UMAP 
visualization and clustering of this graph. (F) Median RNA and protein modality weights for all cell types in the dataset. Modality weights were calculated for each cell without knowledge of cell type labels. 
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Figure 1: Schematic overview of multimodal integration using Weighted Nearest Neighbor analysis 

(A, B) Independent analysis of transcriptome (A) and protein (B) modalities from a CITE-seq dataset of cord blood mononuclear cells. Blue dot marks the same target cell in (A) and (B). Red dots denote 
the k=20 nearest neighbors to the target cell based on the transcriptome (A) or protein (B) modalities. (C) The RNA neighbors are averaged together to predict the molecular contents of the target cell, 
which can be compared to the actual measurements. Since the RNA neighbors represent a mixture of different T cell subsets, there is substantial error between predicted and measured protein expression 
levels for CD4 and CD8. (D) Same as in (C), but averaging protein neighbors. Since protein neighbors are all CD8 T cells, the predicted values are close to the actual measurements. We can therefore infer 
that for this target cell, the protein data is most useful for defining cell state, and assign it a higher protein modality weight. As described in Supplementary Methods, we perform the prediction and compari-
son steps in low-dimensional space. (E) We can integrate the modalities by constructing a Weighted Nearest Neighbor (WNN) graph, based on a weighted average of protein and RNA similarities. UMAP 
visualization and clustering of this graph. (F) Median RNA and protein modality weights for all cell types in the dataset. Modality weights were calculated for each cell without knowledge of cell type labels. 
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• Weights can then be used to compute 
a weighted nearest neighbor (WNN) 
graph

• WNN can be used for visualization 
and clustering
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Detecting vaccine induced changes over time
CITE-Seq

Flow cytometry
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Differential gene expression analysis

91



Bimodality (zero-inflation) in scRNA-seq
• Clear bimodality of expression
• Threshold expression values and set the 

low expression to zero
• Adaptive: Gene specific thresholds 

derived through density estimation
• Fixed: log2(TPM+1)>1

Single-cell review
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Zeros: real or noise? • Fluidigm Biomark profiling HIV-
specific T-cells

• Dataset from McDavid et al. 
(2013)

• Zeros reflect true expression 
values, removing them leads to 
poor concordance

• Need to model zeros explicitly

Expression 1-cell
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00
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el
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Keep
zeros

Exclude
zeros

Dataset 1 Dataset 2
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MAST: A unified computational framework

• Model-based Analysis for Single-cell Transcriptomics

• Support for multiplexed-qPCR, NanoString, and scRNA-seq

• Thresholding and filtering methodology

• Semi-continuous model for estimation and inference

• Flexible framework for modeling effects and covariates (e.g. CDR, subjects)

• Gene set enrichment analysis

• Finak et al. Genome Biology (2015).

• R package: https://github.com/RGLab/MAST

• Builds on McDavid et al. (2013) and McDavid et al. (2014)
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MAST performance

• Among the best tools for differential expression in single-cell RNA-seq
• Dal Molin, A., Baruzzo, G., Di Camillo, B., 2017. Single-Cell RNA-Sequencing: Assessment of Differential

Expression Analysis Methods. Front. Genet. 8, 62.

• Jaakkola, M.K., Seyednasrollah, F., Mehmood, A., Elo, L.L., 2016. Comparison of methods to detect
differentially expressed genes between single-cell populations. Brief. Bioinform.

• Soneson, C., Robinson, M.D., 2017. Bias, Robustness And Scalability In Differential Expression Analysis Of
Single-Cell RNA-Seq Data. bioRxiv.

• Good false discovery rate control, good power, fast and applicable to different data types
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Tumor
After

Tumor
Before

TILsTAMs
Fibroblasts

• TILs (tumor infiltrating lymphocytes), TAMs (tumor 
associated macrophages) and fibroblasts cluster 
together

• Tumor cells pre- and post-treatment cluster 
separately 

• All tumor cells changed their gene-expression 
profile, suggestive of intense selective pressure

RNA expression of MCC tumor before treatment 
and at the time of progression

0 90 180 270 360 450 540 630 720 810 900
0

50

100

150

Days from First T cell Infusion

D
is

ea
se

 B
ur

de
n

(t
um

or
 v

ol
um

e 
cm

2 )

T cells
Infusions Persistence

Pembro
Ipi X X X X X X X X

Progression 1  Progression 2  Response 

MCC
after

MCC 
before

11/12/21 Single-cell review 97



Tumor
After
56%

Tumor
Before

50%

Tumor
After
7%

Tumor
Before

38%

TILs TAMs
Fibroblasts

TILs TAMs
Fibroblasts

Targeted approach reveals selective immune 
escape post-treatment with HLA-B35 Targeted T 
cells

Difference not significant MAST p<0.01

NOT TARGETED TARGETED

MAST. Finak et al., Genome Biology 201511/12/21 Single-cell review 98



Unbiased approach: significant increase in HLA-E expression

HLA-E

Tumor
After

Tumor
Before

• HLA-E functions as an inhibitory ligand 
for NK cells

• Patient was subsequently non-responsive 
to NK boosting strategies 

p<0.001
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Fig. 4 scRNAseq of tumor biopsies. a–e Discovery patient (2586-4). f, g Validation patient (9245-3). h Both patients. a tSNE of viably frozen cells (n=
7431) from tumor biopsies obtained pre-treatment (blue) and at late relapse/acquired resistance (day+ 615; orange). Marked spatial separation of tumor
cells from the two timepoints indicates substantial transcriptional change. b Heat map of selected significantly differentially expressed genes (DEGs) in
tumor clusters. For full table of DEGs, see Supplementary Data 2. c tSNE of HLA-B expression. d Differential change in scRNAseq expression of HLA-A, -B
by tumor cells. HLA (HLA-A, HLA-B) and time point (pre: pre-treatment, rel: acquired resistance/relapse) are indicated below. e qPCR validation and
reversibility of HLA-B downregulation on a repeat tumor biopsy at time of acquired resistance, day+ 832, graphed on a log2 scale. Tumor cells were
cultured ex vivo for 48 h before RNA collection with either vehicle control (–), interferon gamma (1000 IU/mL; IFN) or the hypomethylating agent 5-
azacytidine (1 μM; 5-aza) as indicated below. Bars represent mean and error bars represent range of two experimental runs, each performed with triplicate
wells. f tSNE of specimens from late relapse in the validation patient (day+ 565 post treatment). Viably frozen cells (n= 11267) from PBMC (pink) and
tumor biopsy (blue) at late relapse/acquired resistance. Patient had received HLA-A-restricted CD8+ T cells with 18 months response followed by relapse
(Supplemental Figures 10 and 11). g tSNE of HLA-A expression. h Differential expression of targeted and non-targeted HLA on relapsed tumor for both
patients. Proportion MCC cells expressing gene by scRNAseq are indicated. Data for discovery patient (2586-4) are reproduced from panel 4d for clarity.
Please see Methods section for details of scRNAseq biostatistical analysis and determination of DEGs
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Fig. 4 scRNAseq of tumor biopsies. a–e Discovery patient (2586-4). f, g Validation patient (9245-3). h Both patients. a tSNE of viably frozen cells (n=
7431) from tumor biopsies obtained pre-treatment (blue) and at late relapse/acquired resistance (day+ 615; orange). Marked spatial separation of tumor
cells from the two timepoints indicates substantial transcriptional change. b Heat map of selected significantly differentially expressed genes (DEGs) in
tumor clusters. For full table of DEGs, see Supplementary Data 2. c tSNE of HLA-B expression. d Differential change in scRNAseq expression of HLA-A, -B
by tumor cells. HLA (HLA-A, HLA-B) and time point (pre: pre-treatment, rel: acquired resistance/relapse) are indicated below. e qPCR validation and
reversibility of HLA-B downregulation on a repeat tumor biopsy at time of acquired resistance, day+ 832, graphed on a log2 scale. Tumor cells were
cultured ex vivo for 48 h before RNA collection with either vehicle control (–), interferon gamma (1000 IU/mL; IFN) or the hypomethylating agent 5-
azacytidine (1 μM; 5-aza) as indicated below. Bars represent mean and error bars represent range of two experimental runs, each performed with triplicate
wells. f tSNE of specimens from late relapse in the validation patient (day+ 565 post treatment). Viably frozen cells (n= 11267) from PBMC (pink) and
tumor biopsy (blue) at late relapse/acquired resistance. Patient had received HLA-A-restricted CD8+ T cells with 18 months response followed by relapse
(Supplemental Figures 10 and 11). g tSNE of HLA-A expression. h Differential expression of targeted and non-targeted HLA on relapsed tumor for both
patients. Proportion MCC cells expressing gene by scRNAseq are indicated. Data for discovery patient (2586-4) are reproduced from panel 4d for clarity.
Please see Methods section for details of scRNAseq biostatistical analysis and determination of DEGs
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Trajectory analysis
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Problem overview

• Pseudotemporal ordering and inference: elucidate the regulatory mechanisms that
drive and control changes in gene expression states.

• Challenge of learning temporal dynamics (e.g. state of differentiation) from static
measurements.

• Reorder the cells according to their position along a differentiation path.

• Several tools have been recently developed (Review in Babtie et al., 2017)

• Monocle 2 (Qiu et al., 2017)

• TSCAN (Ji et al., 2016)

• RNA velocity (Manno et al. Nature 2018).
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Trajectory analysis with Monocle

• Monocle - Trapnell et al., 2014 - The original Monocle paper, which introduced the
concept of pseudotime ordering for single-cell analysis

Expression profile of each cell as a point in a high-dimensional Euclidean
space - one dimension for each gene.

Dimensionality reduction - transforms the cell data from a high-
dimensional space into a low-dimensional one that preserves essential
relationships between cell populations but is much easier to visualize and
interpret.

Construction of a Minimum Spanning Tree (MST) on the cells (connects
all the vertices (cells) together, without any cycles and with the minimum
possible total edge weight) - already used w/ flow or mass cytometry.

Find the longest path through the MST, corresponding to the longest
sequence of transcriptionally similar cells.

Use this sequence to produce a trajectory.

Pseudotime is a quantitative measure of biological progression through a
process such as cell differentiation.
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Trajectory analysis with Monocle

• Monocle - Trapnell et al., 2014 - The original Monocle paper, which introduced the
concept of pseudotime ordering for single-cell analysis

Monocle decomposed myoblast differentiation into a two-phase
trajectory and isolated a branch of non-differentiating cells.
The first phase of the trajectory was primarily composed of cells
collected under high-mitogen conditions (proliferating cells). Cells in the
second phase were positive for markers of muscle differentiation
(differentiating myoblasts). A tightly grouped third population of cells
branched from the trajectory near the transition between phases. These
cells lacked myogenic markers, but expressed PDGFRA and SPHK1,
suggesting that they are contaminating interstitial mesenchymal cells
and did not arise from the myoblasts.

Primary human myoblast cultured in high-serum medium. After a switch to low-
serum medium, cells were dissociated and individually captured at 24h intervals
(0h, 24h, 48h and 72h). mRNA sequencing: C1 Fluidigm.

New version of Monocle - Monocle 2 - applies reversed graph embedding
(RGE), a recently developed machine learning strategy, to accurately
reconstruct complex single-cell trajectories.
Works on every data type (UMIs, TPM, etc.)

104



Trajectory analysis with RNA velocity
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Kinetics of transcription during human 
embryonic glutamatergic neurogenesis
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Spatial gene expression: The next frontier

Bulk RNA-seq
(~2008)

Single-cell RNA-seq
(~2014)

Spatial transcriptomics
(2016)11/12/21 Single-cell review 108


