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1 Abstract

Complex biological systems can be understood by dividing them into hierarchies. Each level of such a hierarchy
is composed of different subunits which cooperate to perform distinct biological functions. Single-cell RNA-seq
(scRNA-seq) has emerged as a powerful technique to quantify gene expression in individual cells and is being
used to elucidate the molecular and cellular building blocks of complex tissues. We developed a novel Bayesian
hierarchical model called Cellular Latent Dirichlet Allocation (Celda) to perform bi-clustering of co-expressed
genes into modules and cells into subpopulations. This model can also quantify the relationship between different
levels in a biological hierarchy by determining the contribution of each gene in each module, each module in
each cell population, and each cell population in each sample. We used Celda to identify transcriptional modules
and cell subpopulations in publicly-available peripheral blood mononuclear cell (PBMC) dataset. In addition to
the major classes of cell types, Celda also identified a population of proliferating T-cells and a single plasma
cell that was missed by other clustering methods in this dataset. Transcriptional modules captured consistency
in expression patterns among genes linked to same biological functions. Furthermore, transcriptional modules
provided direct insights on cell type specific marker genes, and helped understanding of subtypes of B- and T-
cells. Overall, Celda presents a novel principled approach towards characterizing transcriptional programs and
cellular and heterogeneity in single-cell data.
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2 Background

Complex biological systems can be understood by dividing them into hierarchies. Each level of such a hierarchy is
composed of different parts which perform distinct biological functions. For example, organisms can be subdivided
into a collection of complex tissues; each complex tissue is composed of different cell types; each cell population is
denoted by a unique combination of transcriptionally activated pathways (i.e. transcriptional modules); and each
transcriptional state is composed of groups of genes that are coordinately expressed to perform specific molecular
functions. By identifying the basic “building blocks” at each level of the hierarchy as well as their composition,
we can more easily conceptualize the inner workings of higher order biological systems.

Single cell RNA-seq (scRNA-seq) has emerged as a powerful technique to quantify gene expression in individual
cells, and is being used to elucidate the molecular and cellular building blocks of complex tissues. Rather than
profiling RNA from a "bulk” sample, where only an average transcriptional signature across all the composite
cells can be derived, scRNA-seq experiments can profile the transcriptome of thousands of cells per sample. Thus,
it offers an excellent opportunity to identify novel subpopulations of cells and to characterize transcriptional
programs by examining co-variation patterns of gene expression across cells. However, analysis of scRNA-seq data
has several challenges. For example, the data tends to be sparse due to the difficulty in amplifying low amounts
of RNA in individual cells. To combat noise from the amplification process, unique molecular identifiers (UMIs)
are often incorporated. The use of these UMIs result in discrete counts of mRNA transcripts within each cell and
therefore make the approach of modeling this type of data with discrete distributions possible.

Discrete Bayesian hierarchical models have proven to be powerful tools for unsupervised modeling of discrete
data types. In the text mining field, a plethora of models have been developed that can identify hidden topics
across documents and/or cluster documents into distinct groups [Il, 2 3, 14, [5]. These models generally treat each
document as a ”bag-of-words” where each document is represented by a vector of counts or frequencies for each
word in the vocabulary. Each document cluster or hidden topic is represented by a Dirichlet distribution where
words with higher probability are observed more frequently for the document cluster or topic. Given the success
of topic models with sparse text data and the discrete nature of transcript data generated by many scRNA-seq
protocols, the application of discrete Bayesian hierarchical models represents an appealing approach to characterize
structure in scRNA-seq data.

Here, we present the details of three different models that can cluster Cells into subpopulations (celda_C), cluster
Genes into transcriptional modules (celda_G), or simultaneously perform co-clustering of cells into subpopulations
and genes into transcriptional modules (celda_CG). While these models can perform clustering of genes and/or
cells, they also offer the ability to describe the relationship between different layers of a biological hierarchy via
probabilistic distributions. These distributions can be viewed as reduced dimensional representations of the data
which can be used for down-stream exploratory analysis.

3 Results

We developed a novel discrete Bayesian hierarchical model, called Cellular Latent Dirichlet Allocation (Celda),
to simultaneously perform bi-clustering of genes into modules and cells into subpopulations (Figure 1). Each
level in the biological hierarchy is modeled as a mixture of components using Dirichlet distributions: sample ¢ is
a mixture of cellular subpopulations (6;), each cell subpopulation & is a mixture of transcriptional modules (¢y),
and each module [ is a mixture of features such as genes (1;). 6; is the probability of cell population & in sample
i, ¢r, is the probability of module [ in population &, and 1 4 is the probability of gene g in module [ (Figure 1a,
1b). Each cell j in sample i has a hidden cluster label, z; ; denoting the population to which it belongs. Each
count, x; j ¢, has a hidden label, w; j; denoting the module to which it belongs. A similarly structured topic model
has previously been proposed called “Latent Dirichlet Co-Clustering” [5]. However, we add a unique and novel
component to our model specifically geared towards gene expression analysis. The goal of many gene-expression
clustering algorithms is to group genes into distinct, non-overlapping sets of genes (i.e. hard-clustering [0] of genes)
[7, 8, @]. The rationale for this type of clustering is that genes that co-vary across cells and samples are likely
involved in the same biological processes and should be considered a single biological program [I0]. In order to
perform “hard-clustering” of genes into modules, we modified an approach from Wang and Blei [3] regarding the
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sparse Topic Model (sparseTM) that has the capability to turn words “on” or “off” in different topics, by assigning
a non-zero or zero probability to that word in each topic, respectively. In celda_CG, we leverage this technique to
turn off genes in all modules except one to enable the hard-clustering behavior.

While this model can perform clustering, it also offers probabilistic distributions which can describe the contribu-
tion of each “building block” to each layer of the biological hierarchy (Figure 1c). These distributions can also be
viewed as reduced dimensional representations of the data that can be used for downstream exploratory analyses.
For example, the ¢ matrix contains the probability of each module in each cell population and thus provides a
high-level view of the structure of the dataset.
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Figure 1. Celda identifies cell heterogeneity by clustering genes into modules and cells into
subpopulations. (a) Example of a biological hierarchy. One way in which we try to understand complex
biological systems is by organizing them into hierarchies. Individual organisms are composed of complex
tissues. Each complex tissue is composed of different cellular populations with distinct functions; each cellular
subpopulation contains a unique mixture of molecular pathways (i.e. modules); and each module is composed
of groups of genes that are co-expressed across cells. (b) Plate diagram of Celda_CG model. We developed a
novel discrete Bayesian hierarchical model called Celda_CG to characterize the molecular and cellular hierarchies
in biological systems. Celda_CG performs “bi-clustering” by assigning each gene to a module and each cell to a
subpopulation. (¢) In addition to clustering, Celda_CG also inherently performs a form of “matrix factorization”
by deriving three distinct probability matrices: 1) a Cell Population x Sample matrix representing the probability
that each population is present in each sample, 2) a Transcriptional Module x Cell Population matrix representing
the contribution of each transcriptional state to each cellular subpopulation, and 3) a Gene x Module matrix
representing the contribution of each gene to its Module. (d) Generative process for the celda_CG model.

Celda identifies immune cell subpopulations in PBMC 4K scRNA-seq dataset

To assess its ability to identify biologically meaningful cell subpopulations in real-world scRNA-seq data, we applied
Celda_CG to a publicly available dataset provided by 10X Genomics (Pleasanton, CA). The dataset was generated
from peripheral blood mononuclear cells (PBMCs) collected from a healthy donor. The dataset contains 4,340
cells, referred to as the “4K” dataset. To determine the total number of modules (L) and cell populations (K), a
step-wise splitting procedure was used (Supplementary Figure S1). The rate of perplexity change (RPC) [11]
was measured at each split, with RPC closer to zero indicating that the addition of new modules or cells was not
substantially affecting the clustering solution. For the 4K dataset, we chose L = 80 and K = 20.

Celda_CG was able to generate an assignment of cells to cell subpopulations (Figure 2a). We then used it to
identify broad subtypes of immune cells we expected to observe among PBMCs. We observed that, when visualizing
the expression of key immune cell subtype marker genes, cells with high expression of these genes congregated
in accordance with Celda_CG’s cluster labels (Figure 2b). For example, clusters 15 to 20 show a consistently
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higher expression of the T-cell marker genes CD3D, CD3E, and CD3G relative to all other clusters. Among these
T cell subpopulations. Clusters 17, 18, and 19 show consistent expression of CD8A and CD8B, while the others
do not (Supplementary Figure S2). Within these CD8A4+CD8B+ T cells, cluster 17 has high expression of
naive T cell marker CCR7, whereas cluster 18 has a consistent expression of NK cell marker GNLY, KLRG1, and
granzyme genes GZMA and GZMH, so we labeled them naive cytotoxic T cells and NK T cells. A full list of cell
cluster annotation and the markers used to identify cell types are shown in Supplementary Table 1.

a
® 1:Plasma 11: CD14+ mono
151 2B e 12: CD14+ mono b CD3D CD19 KLRD1
3:B 13: CD14+ mono 15
® 4:B ® 14: FCGR3A+ mono @
5:DC ® 15: Activated T 10 a3
® 6:DC ® 16: Memory T o 1
7:pDC ® 17: Naive cytotoxic T ‘a Ty
8:CD34+ ® 18:NKT > 5 A -
9: NK ® 19: Cytotoxic T ‘-&'ﬁ o
10 10: Mk ® 20: T helper 0 ?-; "
11 Y o 4 [
. & [ &
2 : " y
) FCGR3A CD14 FCER1A
5 : 15
~N 10 2
o L ™ 1
< 5
: : :
0 "y ( - -1
A \ -
E -
-10 . »

CLECA4C ITGA2B CD34

UMAP 1 UMAP 1

Figure 2. Celda identifies immune cell subpopulations from PBMC 4K scRNA-seq data. To
demonstrate the utility of Celda clustering model, we applied it to a scRNA-seq dataset of 4,340 peripheral blood
mononuclear cells (PBMCs) generated using 10X Chromium platform. (a) Uniform Manifold Approximation
and Projection (UMAP) dimension reduction representation of 4,340 PBMCs based on the expression of 80
gene modules. 20 cell clusters were identified. (b) Scaled normalized expressions of representative gene markers
show clustering of cell subpopulations including T-cells (CD3D), B-cells (CD19), natural killer cells (KLRD1),
FCGR3A+ monocytes (FCGR3A), CD14+ monocytes (CD14), dendritic cells (FCER1A), plasmacytoid dendritic
cells (CLEC4C), megakaryocytes (ITGA2B), and CD34+ progenitor cells (CD34).

Celda recognizes co-expressed genes associated with cell subpopulations

Beyond individual marker genes, Celda’s ability to identify modules of co-expressed genes enabled us to find
gene modules with patterns of expression associated with cell subpopulation labels (Figure 3). As mentioned
previously, an overview of the relationships between modules and cell subpopulations can be explored with the ¢
probability matrix which contains the probability of each module within each cell subpopulation (Supplementary
Figure S3). This matrix can give insights into absolute abundance of each module compared to other modules
in the same cell subpopulation. A relative probability heatmap is produced by taking the z-score of the module
probabilities across cell subpopulations (Figure 3a). This matrix displays relative abundance of each module
across cell populations and can be useful for examining modules with overall lower absolute probability. Celda’s
unique ability to cluster genes into mutually exclusive gene modules amplifies cell type identification beyond the
limit of prior knowledge on marker genes. For example, modules L5-L13 are highly associated with cell clusters
2, 3, and 4. Given that B lymphocyte antigen receptor genes CD79A, CD79B, and B lymphocyte cell surface
antigens MS4A1, CD19 are grouped in module 10, we can infer that the cells in cell cluster 2, 3, and 4 are B
cells (Figure 3b). Modules L18-1.26 are associated with cell cluster 7. We found that plasmacytoid dendritic cell
(pDC) marker genes ITM2C, IRF7, LILRA4, and CLEC4C are highly expressed in module 21, indicating that
cells in cell cluster 7 are pDCs (Figure 3c). Gene modules L33-L41 are highly expressed in cell cluster 9. Natural
killer (NK) cell markers NKG7, GZMA, CST7, KLRD1, and GZMH are categorized in module 40, suggesting


https://doi.org/10.1101/2020.11.16.373274
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2020.11.16.373274; this version posted November 17, 2020. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY 4.0 International license.
that cells in cell cluster 9 are NK cells (Figure 3d). Modules L60-L80 are associated with cell clusters 15 to 20.
Module 74 contains T cell receptor genes including TRAC, CD3D, TRBC1, and CD3G, which indicates cells from
cell clusters 15 to 20 are T cells (Figure 3e). UMAPs colored by module probabilities confirmed the specificity
of association between these gene modules and cell clusters (Figure 3f-i).
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Figure 3. Probability matrix generated by Celda helps identify the relationship between gene
modules and cell populations. (a) Row-scaled probability ¢ matrix between gene modules and cell clusters
showing the contribution of each module to each cellular subpopulation. Each row of the matrix is a gene module
containing co-expressed genes. Each column is an identified cell subpopulation. (b-e) Module heatmaps showing
the gene expression profile in gene modules 10, 21, 40, and 74. Top annotation row shows 100 cells with the
highest and the lowest probabilities in each gene module and are colored by their cell cluster labels. Selected
marker genes for B cells (CD79A, CD79B, MS4A1, CD19), plasmacytoid dendritic cells (ITM2C, IRF7, LILRA4,
CLECA4C), natural killer cells (NKG7, GZMA, CST7, KLRD1, GZMH), and T cells (TRAC, CD3D, TRBC1,
CD3G) are highlighted on the right. (f-i) UMAPs colored by absolute module probabilities.
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Celda identifies biologically relevant genes as gene modules

Celda groups genes into mutually exclusive modules based on their consistent expression patterns. Examples
of modules of co-expressed genes are shown in heatmaps (Figure 4a-c). Genes with relatively high expression
level clustered in a Celda gene module are often marker genes for a specific cell type. For example, the top
5 genes in module 43 are monocyte genes SI00A9, S100A8, S100A12, VCAN, and CD14 (Figure 4b). These
genes are highly expressed in cell cluster 11, one of the CD144 monocyte cell subpopulations. Some scRNA-seq
clustering methods, including ascend[I1], Seurat[12], and TSCANJL3|, allow initial reduction of data dimension
using principal component analysis (PCA) before clustering. We found that Celda gene modules outperform
principal components (PCs) on categorizing co-expressed genes (Figure 4d-f). In PCA, genes important in one
PC can be markers for differing cell types makes it difficult to associate PCs with cell types. For example, T
cell markers CD3D, TRAC and NK cell markers CST7, NKG7 are both positively correlated with PC 2 (Figure
4d). FCGR3A+ monocyte marker FCGR3A and pDC marker LILRA4 are both negatively correlated with PC
7 (Figure 4f). Since PCA finds orthogonal linear combinations of all genes for its components, one gene can be
positively associated with multiple PCs. For example, NK cell markers CST7 and NKG7 are positively correlated
with both PC 2 and PC 3.
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Figure 4. Comparison of Celda modules and PCs for identifying gene co-varying across cell
subpopulations. (a-c) Examples of gene modules 40, 43, and 21 of co-expressed genes are shown in heatmaps.
Heatmaps are colored by scaled gene expressions. Red shows relatively higher gene expression and blue shows
relatively lower gene expression. Celda can cluster genes into mutually exclusive modules. Top annotation row
indicates a total of 100 cells with the highest and lowest probabilities and are colored by their cell cluster labels.
Genes are ranked by their contributions to each gene module. (a) Gene module enriched with natural killer cell
markers. (b) Gene module enriched with CD14+ monocyte markers. (c) Gene module enriched with plasmacytoid
dendritic cell markers. The top 30 genes are shown. (d-f) Heatmaps showing scaled expression of top and bottom
15 genes ordered increasingly by loading scores for principal components (PCs) 2, 3, and 7. Top annotation row
shows 100 cells with the highest and lowest PC scores and are colored by their cell cluster labels. The marker
genes for differing cell types are shown in the same PC makes it difficult to associate PCs with cell types. The
same goes for genes showing up in multiple PCs. For example, CD3D, TRAC (T cell markers) and CST7, NKG7
(natural killer cell markers) are both positively correlated with PC 2. FCGR3A (FCGR3A+ monocyte marker)
and LILRA4 (plasmacytoid dendritic cell marker) are both negatively correlated with PC 7. CST7 and NKG7
are positively correlated with both PC 2 and PC 3.

4 Discussion

We developed a novel discrete Bayesian hierarchical method Celda to simultaneously cluster similar cells and
identify co-expressed genes for scRNA-seq data. We used PBMC 4K data to demonstrate Celda was able to
not only identify major cell types, but also the subtypes of B- and T-cells that have not been identified by the
applications of other clustering methods. Celda’s ability to group co-varying genes helps the understanding and
exploration of gene functions. Its specialty in assigning genes into mutually exclusive gene modules helps interpret
co-expressed genes associated with specific cell types.
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5 Methods

5.1 Availability

The source code, in the form of an installable R package, is available on the Bioconductor repository at https:
//www.bioconductor.org/packages/celdal The development version is located on GitHub at https://github.
com/campbio/celda.

5.2 Analysis of PBMCs
Data collection and preprocessing

PMBC 4K dataset was downloaded using R/Bioconductor package TENxPBMCData v1.8.0. It contains 4340 cells,
and 33694 genes. We applied DecontX [I4] to remove contamination using default settings. 17039 genes detected
in fewer than 3 cells were excluded. We applied NormalizeData and FindVariableFeatures functions from Seurat
v3.2.2 using default settings and identified a set of 2000 most variable genes for clustering. PCA was performed
on scaled normalized gene expressions using RunPCA function from Seurat v3.2.2 in default settings. For coloring
of UMAPs and module heatmaps with gene expressions, the decontaminated counts were normalized by library
size, square-root transformed, centered, and scaled. Values greater than 2 or less than -2 were trimmed.

Identifying the number of gene modules (L) and cell clusters (K)

The 2000 most variable genes were used for Celda_CG clustering. We applied two stepwise splitting procedures
as implemented in the recursiveSplitModule and recursiveSplitCell functions in Celda to determine the optimal
number of L and K. recursiveSplitModule uses the celda_G model to cluster genes into modules for a range of
possible L values. The module labels of the previous model with L —1 modules are used as the initial values in the
current model with L, modules. The best split of an existing module, evaluated by best overall likelihood, is found
to create the L-th module. The rate of perplexity change (RPC) [I5] was calculated at each split, with RPC closer
to zero indicating that the addition of new modules or cells was not substantially affecting the clustering solution.
We applied the recursiveSplitModule function to test a range of L values from 10 to 200 and settled at L = 80. The
module labels of genes were then used to estimate cell clusters with function recursiveSplitCell. recursiveSplitCell
uses the celda_CG model to cluster cells into cell clusters for a range of possible K values. We tested a range of
K values from 3 to 30 and settled at K = 20 (Supplementary Figure S1). The final Celda_CG model used
in this paper for PBMC 4K dataset was extracted from the stepwise splitting results using the subsetCeldaList
function.

UMAP based on Celda gene modules

UMAP was run on the 80 module probabilities to reduce the number of features instead of PCA. The module
probability of a module in a cell is the proportion of all counts for that module divided by cell library size. Module
probabilities were square-root transformed before applying UMAP [16]. UMAP dimension reduction coordinates
for cells were generated using the umap function from uwot R package with n_neighbors = 10, min_dist = 0.5, and
default settings.

5.3 celda_C: Clustering cells into subpopulations across samples
Background

The overall goal of the celda_C is to cluster cells with similar count distributions into the same cell population
and is similar to previous document clustering models such as the Dirichlet Multinomial Mixture Model [4] or
the single-cell clustering method DIMM-SC [I7]. However, celda_C also allows for cells from multiple samples
to be clustered together and assume that each sample may contain different proportions of each cell population.
Celda_C will detemine the hidden label for each cell (i.e. cluster assignment to a population), estimate the
contribution of each gene in each cell population, and quantify the distrubiton of each cell population for each
sample (if multiple samples are available).

10


https://www.bioconductor.org/packages/celda
https://www.bioconductor.org/packages/celda
https://github.com/campbio/celda
https://github.com/campbio/celda
https://doi.org/10.1101/2020.11.16.373274
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2020.11.16.373274; this version posted November 17, 2020. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY 4.0 International license.
We breifly review several properties of the Dirchlet-multinomial distribution used throughout the collapsed Gibbs
samplers. Let 6 follow a symmetric Dirichlet distribution of length K parameterized by «, that is § ~ Dirg ().
Here, « is used as a single scalar value that is repeated K times for form the vector a, the parameter for the
symmetric Dirichlet distribution. The probability density function for this distribution is defined as:

K

L0 on) H o1
9 k—
p(fle) = Hflrak = W

Since we will utilize a symmetric Dirichlet distribution where all values of ay, are identical, we can simplify this
to:

p(fla) = (2)

Let Z be a vector representing a series of M independent draws from a multinomial distribution parameterized
by 6, that is z; ~ Mult(d) for i« = 1..M. The joint probability distribution of Z is:

M

[IpCilo) = H Oi', (3)

=1

where my, represents the number of items in Z that are assigned to component k, that is the number of times
z; = k in vector Z. Using the Dirichlet distribution as the prior for the series of multinomial random variables,
we can write the joint distribution as:

M
p(0, Z]a) = p(6l) [[ p(=:16)

=1
CT(KQ) 17 ot T am
_F(Q)Kﬂe 1}}1@ (4)

K
— F(KOé) H emk-i-oz—l.

To build a collapsed Gibbs sampler, we can integrate out 6 as follows:

p(Zla) = /9 p(0, Z]a)do
M
- /9 p(0le) [[ p(=:16)d6
=1

L [T(EQ) 15 mtar
_/gf(oz)K kI;[lek Telag (5)

(Ka) T, D(my +

F(Zé{—l my + a) H ka-&-a 140

_ ( )
D@ DO (mi + @) Jo T, D(my, + a) §
_ T(Ka) T, Dmi + )

(@)K 008 (my + @)
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Notice that the part on the right side of the equation on line 4 is a Dirichlet distribution which integrates to 1.
Gibbs sampling can be used to approximate the distribution p(Z|a). Let Z_ ;) denote the set of hidden labels

excluding z;. The probability of z; can be written as:

P(zi, Z_)la)

Pl Z—a),0) = P(Z_(3la)

(6)

To sample z;, we do not need the exact probability of this equation, but only need to sample from the ratio of the
probabilities for each possible value of z;. That is:

P(Zi = k‘Z_(i),Oé) X P(ZZ‘ = k, Z_(,)\a) (7)

Note that the equation on the right takes the form of equation with z; set equal to & which can be further
simplified as follows:

}1

(Ka) F(mk + )
D(a)® F(Zk 1(my; + @)

K
H (mg + «),

(ZZ = k Z_ (z)]a)

since the values I'(Ka), I'(a)X, and F(Zszl my + «) are all invariant with choice of z;. This equation can be
further simplified by using properties of the gamma function and recognizing that the number of items assigned
to k will increase by 1 when z; is set to k. We define my_(;) to be the number of items assigned to k excluding
the current z; that is under investigation.

K
P(zi =k, Z_(3)la) o H L(my + )
k1
=T(my_@ +a+1) [[T(m_q + )
v#£k
= (mp—i) + )T (my_iy + @) [ [ T(my—qi) + @) )

v#k
K

= (my_() + @) H L(my_) + @)

v=1

o (My—iy + ).

Therefore, the probability that item z; belongs to component k is proportional to the number of items already
assigned to component k plus the concentration parameter a (while excluding z; in the counts). These properties
will be used to build collapsed Gibbs samplers for celda_C, celda_G, and celda_CG. We next outline celda_C,
the model to cluster cells into populations and estimates the proportions of each population within each sample.
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Generative process

1. For each sample i € {1..5}, draw 6; ~ Dirg(«)
2. ¢ ~ Dirg(B) for k=1..K
3. For each cell j € {1..M;} in sample i:
(a) Draw z; ; ~ Mult(;) for j = 1..M;
(b) For each transcript ¢ € {1..N; ;} in cell j in sample i, draw x; j; ~ Mult(g., ;)

Description of parameters:

S is the number of samples.

K is the number of cell subpopulations.

G is the number of genes.

M; is the number of cells for sample 4.

N; ; is the number of transcripts for cell j in sample 7.

z; j is the hidden population for cell j in sample i x; ;; is the " transcript for cell j in sample i

We refer to 0 as the "Sample Probability (SP)” matrix as it defines the probability of each cell population
in each sample and ¢ as the "Population Probability (PP)” matrix as it defines the probability of each gene
being observed in each cell population. The complete likelihood function is below followed by the plate diagram

(Figure [1)):

S M; K Ni,j
p(X,H,Z,Lp’O&,B) H 9 ’Oé H zl,J H @k‘ﬁ Hp(xivjythpzi,j)' (10)
i=1 j=1 k=1 t=1

Figure 1: Plate diagram for the cell clustering model, celda_C. Bold circles indicate given prior parameters and
shaded circles indicate observed data.
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Inference using collapsed Gibbs sampling

To build a collapsed Gibbs sampler, 8 and ¢ will be integrated out. As @ and ¢ are independent, terms dependent
on these variables can be grouped and considered separately:

p(X. Z|o ) = /9 / (X0, 2, pla, B)dpdo
®

K

S M; N;
:/9/ prz-!a)Hp(ziJrei) Hp ©x|B) Hp (4,5,t] 0z ;)dpdd
¥i=1 j=1 k t=1

=1

M; K S M; Ni; (11)
/Hpera DD o [ T ool [TTL I ptoiaile- )i
j=1 ¥ k=1 i=1j=1t=1

M; K S Ni
—H/ (6:) [ ptesslonas. I [ viers) T[T TLoeiselontdon.

j=1 k=1"%¥k =1 jeCi t=1

where C}, is defined to be the set of cells assigned to subpopulation k& and C’,i is defined to be the set of cells
assigned to population £ in sample . Note that in the last step, the index for ¢ has been changed from z; ; to k
in P(w;j: = yglpr) because we have grouped all cells that have the same k rather than ordering them by their

index in sample 7 (i.e. ij:zl) The reording in the last step allows us to focus on the integration for each 6; and
a p separately.

Let 0; ;. be the probability of observing cell population k in sample ¢ and m;; be the number of cells in sample ¢
that have z; ; = k, then the probabilities for cell counts in sample ¢ can be rewritten as:

M;

[ (=510 H 07" (12)

j=1

The procedure outlined by equation can be followed to integrate out each 6;:

M;
/ (6ile) [ [ p(z:.510:)d6; = He;”,;kde
= (13)
_ N(Ka) szlF(mz-,kJra)
D)™ Dy (mig + @)

We can use a similar process to integrate out ¢j. Let ¢y 4 be the probability of observing gene g in population £
and n; j ; be the number of counts in sample ¢ in cell j for gene g, and n() 1), be the sum of all counts across all
samples across the subset of cells belonging to population k for gene g. The probablity for observed gene counts
in population k can be rewritten as:

Z

»J G

11 plaigiler) = [ ehs . (14)

=1 jeC 1 g=1

;\Ns
~
Il

Now, we can use the procedure outlined in equation to integrate out @g:
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S M; Nij G

I'Gp n
/ (exlB) [T TT T] p(wisale= ) de =/ F(W,E H«p . H w0 dey

i=1j=1t=1 Pk g=1 (15)

_1(ap) Mg F(W.),(k),g +5)

T(B)Y (251 (ng), ), + B))

For completeness, the collapsed likelihood with 8 and ¢ integrated out is as follows:
5 I Ka) ch{l mzk+oz K 11(”(.) (k),g T 5)

p(X,Z’CE,ﬁ) :H H (16)

i=1 F(Oz) (Zk; 1(mz k+ a F(Zg 1(”( ),(k),g 5))

The distribution p(Z|X, «, ) can be approximated with Gibbs sampling. Let z; ; be the hidden subpopulation
for cell j in sample 7, and let Z_(; ;) denote the set of hidden populations for all other cells. We therefore want
to derive the following probability:

P(zij =k, Z_(5), X|o, B)
P(Z_ j), X|a, B) (17)
o< P(zij =k, Z_(;,5), X|a, B).

p(zij = klZ_(i5), X, . f) =

The equation on the right takes the form of the likelihood function with z(; j) set equal to k which can be simplified
according to the procedure outlined in equations (6H9):

o B TEQ) 1K, Tmig + ) 17 TGH) Tt Ty, + )
P(ZZ,j =k, Z—(’L,])ﬂX‘auB) - £11 F(a)K F(Zle(mi,k + Oé)) kl;II I‘(ﬁ)G 1—1(25:1(”(.)7(“’!] + B))
_ V(“)]Sﬁ [T, DOmi + @) [rm)r ﬁ [T D (.m0 + )
D)X ] ST (mie+a) LTB] 25 TS (n), 0.9 + B))
S K K G
. szl F(mi,k +a) ngl F(n( ),(k),g T B3) 18
21;[1 T(Y iy (mig + @) kl;[l L5 (n0), 0.9 + B)) (%)
= o T T () k)6 + B)
x I'(m; « :
1}1 (e )kgl DX (), 0.9 + B))

—1>
—
SQ

=
=
=
)
+
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>~
ﬂ.

=
3\=
=

&Q

+
2=

where m; i, is the number of cells assigned to population k in sample i and m; ;_(; ;) is the number of cells assigned
to population k in sample i excluding the cell j in sample i. The left side of the equation could further simplified
in line 3 due to the fact that the label is only changing for cell j in sample ¢ and the number of cells in each
population for all other samples will be stationary. Therefore, the part of the equation concerning the counts for
all samples other than sample 7 will be invariant with respect to z; ;. For clarity:

S
1 [Lioa Dmig + ) Tl DOmig + @) pp T, Tlmog + @)

o DS (mig + @) DO (i + @) 4z T2 (m + @) )
K

o H L(mig + ),
k=1
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where v is the set of sample indices that are not equal to the current sample i. After completing Gibbs sample
and identifying the Z with the highest probability, point estimates for the Dirichlet distribution probabilities can
derived as described in the next section.

Inference using point estimates

Given sample of Z, we can derive point estimates for the Dirichlet distributions. For 8, we have:

N m;k + Q
o 20
M+ Ka (20)
where m; ;. is the number of cells assigned to population & in sample ¢ and M; is the total number of cells in sample
i. For ¢, we have:

5y = (), (k)9 T B

— , (21)
ney, k() + GB

where n() (1,4 is the sum of counts across all samples and cells belonging to subpopulaiton k for gene g. n() &),
is defined as the sum of counts across all samples and across all cells in subpopulation k for all genes.

Given 6 and @, we can identify the most likely cluster label for each z; ;:

Z;; = argmax {p(zm = k| X, , é, 4,5)}

~Ti,5,9

g
= argmaxy, { 0; i H Py ,
g=1

where X ; is the counts for cell j in sample 7. In this inference procedure, we alternate between estimating
the Dirichlet distribution probabilities (é and ¢) and the cell labels (Z; ;). Since each cell is fully assigned to a
subpopulation, this procedure is not truly expectation-maximization (EM). It more closely resembles the procedure
used in K-means clustering, which is sometimes refered to as "hard” EM.

Perplexity

Perplexity is a measure directly related to the probability of observing cell counts given the estimated model
parameters and can be used in cross validation or subsampling to help in the choice of K. Perplexity is defined
as:

o ( los@)
Perplexity(x) = exp ( 2521 Z;\/[:Zl Nz‘,j> , (23)

where N; ; is the number of counts within each cell j in sample i. log(p(x)) is defined as:
s M K G
log(p(x) =Y log | > 0 [[ ei? |, (24)
i=1 j=1 k=1  g=1

where 0; ;. is the probabiity of a cell belonging to a cell population k in sample 4, ¢ 4 is the probability of gene g
in cell population k, n; 4 is the count of gene g in cell j in sample i.
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5.4 celda_G: Clustering genes into transcriptional modules across cells
Background

The goal of text mining models such as Latent Dirichlet Allocation (LDA) is to identify hidden components called
“topics” across a set of documents and estimate the degree to which each topic is present in each document [2].
Each topic is a distribution over words in the vocabulary and represents the degree to which the frequency of word
counts co-occur with each other across the documents. Furthuremore, each document is treated as a distribution
over the collection of topics and with each document having a different combination of topics. The goal of the
celda_G model is to cluster genes into ”transcriptional modules” and estimate the degree to which each module is
present in each cell. The fundemental biological principle being leveraged is that genes which are under control of
the same transcriptional programs (i.e. transcription factors and epigenetic regulators) will co-vary in expression
across cells.

The goal of many gene expression clustering algorithms is to group genes into distinct, non-overlapping sets of
genes (i.e. hard-clustering of genes). The rationale for this type of clustering is that genes with highly similar
expression patterns will be involved in the same biological processes. In LDA and the majority of topic models,
each word has a non-zero probability in each topic and therefore every topic can emit every word. As such, topics
can be viewed as a mixture of words, a form of ”soft-clustering”. In the context of gene expression, this can lead to
difficulties in interpretation as all genes will belong to all transcriptional modules. For example it would be difficult
to interpret a transcriptional module that had a non-zero probability for ciliary- and adipose-related genes. One
could apply various post-hoc analyses to the results of LDA to find which types of genes have relatively higher
probabilities in each transcriptional module. However, this requires the choice of which additional heuristic to
use along with its various thresholds. We sought to streamline the inference by incorporating the hard-clustering
directly into the model and assigning each gene to a unique transcriptional module.

The sparse Topic Model (sparseTM) is an extension to LDA that has the capability to turn words completely ” off”
in different topics [3]. The goal of the sparseTM is to decouple sparsity and smoothness in the topic distributions.
While words still have the capability to be emitted by more than one topic, each word will not necessarily be
emitted by all topics. Here, we leverage this technique to turn off genes in all transcriptional modules except one,
thus performing ”hard-clustering”. For most topic models, the topics are drawn from an exchangeable Dirichlet
in which the components of the vector parameter are equal to the same scalar. Assume that G is the number of
genes. The exchangeable Dirichlet for a transcriptional module, %, can be described as:

¢ ~ Dirg(61), (25)

where v is drawn from a Dirichlet parameterized by the scalar § multiplied by a G-length vector of 1’s. In a
Dirichlet distribution, if a parameter is set to zero instead of a positive scalar, the probability of that component
in the resulting distribution will also be zero. In the celda_G model, we use different indicator vectors for each
transcriptional module to turn genes ”on” or "off” in each module:

Y ~ Dirg(§Y)). (26)

Here Y] is a G-length vector of 0’s and 1’s for transcpriptional module 1; used to set each parameter of the Dirichlet
to 0 or 4. In contrast to sparseTM, the Y; vectors are controlled such that a gene is only turned on in a single
module which will result in distinct, non-overlapping clusters of genes. The entire generative process is outlined
in the next section.
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Generative process

1. Draw n ~ Dirp(v)
2. For each gene g € {1..G}, draw y, ~ Mult(n)
3. For each transcriptional module distribution [ € {1..L} :
(a) Define Y} = [yg = l]gG:1
(b) Draw vy ~ Dirg(dY;)
4. For each cell j € {1..M}:
(a) Draw transcriptional module proportions ¢; ~ Dirg ()

(b) For the t-th transcript in cell j, t € {1..N;}:
i. Draw w;; ~ Mult(y;)
ii. Draw @, ~ Mult(¢y,,)

Description of parameters:

L is the number of transcriptional modules.
G is the number of genes.

1g is the hidden module for gene g

M is the number of cells.

Nj; is the number of transcripts for cell j.
wj¢ is the hidden module for transcript x;;
xj ¢ is the tth transcript for cell j

In this model, 7 is a Dirichlet with length equal to the total number of transcriptional modules specified by L. y,
is a single categorical draw from 7 for gene g and will return a value between 1 and L. ”[]” refers to a Boolean
operator and returns 1 when the expression within the bracket is true and 0 otherwise. We use this operator in
step 3a to denote that the component in Y; corresponding to gene g will be set to 1 if y, = [ and 0 otherwise.
Y; will then be used as an indicator variable in step 3b to control the genes turned on in transcriptional module
. The combination of these variables is used to control the assignment of each gene to a single transcriptional
module.

We also note that this model has two levels of hidden variables, one for the overall gene, y,, and one for each
individual transcript ¢ in each cell j, w;;. Another interesting property of this framework is that the posterior will
have a probability of 0 anywhere the hidden variable for an individual count of a gene does not equal the hidden
variable for the overall gene. This property will be utilized to marginalize out the set of W as decribed in the
inference section.

We also implement a similar nuance introduced in the sparseTM by Wang and Blei et al (2009). When a tran-
scriptional module does not have any genes assigned to it, the likelihood is undefined. To overcome this problem,
an additional ”auxiliary” gene is introduced as the "G + 17-th term in the matrix and assigned to the module
with no genes. Otherwise, the indicator variable for the auxiliary gene will be set to 0 in all modules. Note that
the auxiliary genes do not have any observed counts in the dataset. We allow for multiple auxiliary genes to be
instantiated if multiple transcriptional modules do not have any genes assigned to them.

We refer to ¢ as the ”Cell Probability (CP)” matrix as it defines the probablity of each transcriptional module
within each cell and v as the ” Gene Probability (GP)” matrix as it defines the probability of each gene within
each transcriptional module. The complete likelihood function is below followed by the plate diagram (Figure

?):

G M L N;
P(n, e, 9. Y, W, X|8,6,v) = P(nly) [[ Plugln) [ P(#518) [[ P16, Y0) [] P(wjales) P(zjalow,,).  (27)
g=1 7j=1 =1 t=1
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Figure 2: Plate diagram for gene clustering model, celda_G. Bold circles indicate given prior parameters and

shaded circles indicate observed data.
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Inference using collapsed Gibbs sampling

To build a collapsed Gibbs sampler, we will integrate out n, ¢, ¥, and W:

G M L
P(Y,X|8,6,7) = ///fmvﬂmmmHHMﬁHPwmq
g=1 j=1 =1
N L
<[] (Z P(wjy = v|p;)Plaje = ng)) depdepdn.
v=1

We will first simplify the marginalization over the hidden state for each count, w; ;. This sum can be subdivived into
two components. The first component corresponds to part of the summation where the hidden state assignment
for an individual count within a gene (denoted by w; ;) is the same as the overall hidden gene label (denoted by y,).
The second part corresponds to summation over the remaining components where the hidden state assignment for
the count is not equal to the overall gene label y,:

L
Zp(wj,t =v]p;) Pz = glbw) = P(wjs = ygli) Pz = gliby,)
b= (29)
+ Y Plwj =) P4 = glthw).
v'#yq

In LDA, all of the components in this marginalization would be nonzero. However, in this model, genes have been
assigned to a single transcriptional module based on the set of Y indicator variables. That is, P(x;; = g|,) =0
when v is not equal to y, for gene g. In other words, since each gene can only be assigned to a single transcriptional
module, according to yg, the probability of a count being assigned to that gene in another transcriptional module
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(i.e. when wj; # y,) is zero. In fact, the only nonzero component in the sum will occur when w;; = y4. The
combination of the Y indicator variables and the marginalization of the W allows us to simultaneously estimate
the same hidden state for all counts in a gene rather than sampling different states for each individual count and
thus provides the "hard clustering” behavior on the genes. For clarity, the sum is simplified to:

L
> " P(wjy = vl;)P(xp = glihy) = P(wjs = yglj) Plaje = gltby, ). (30)

v=1

And the overall likelihood will ”collapse” back down to a product:

N;

(& M L
P(Y, X|.6.7) = / / / (1) TT Pwstn) TT Ples8) [T Prlo, ¥ T] Plwss = los) Plase = gl dipdspin.
nUe g=1 j=1 =1 t=1
(31)

We can also integrate out the probabilities from the Dirichlet-multinomial distributions. First, we group terms
related to each integration:

G
P(Y, X|8,6.7) = / P(ny) [ Plyolmdn
n =1
M ’ N
< [ TLP@I9 T Pl = wlepde (32)
P j=1 t=1
L M Nj
/ H (0l YD) TT [T s = glibu, e
=1 j=1t=1

If we use the notation V; to denote the subset of genes that are assigned to module [ and |V;| to denote the number
of genes assigned to module [, we can re-write the series of multinomial probabilties related to #:

G
[T ptwslm) =TT "™, (33)
g=1

where 7; is the probability of a gene being assigned to module [. Now 7 can be integrated out according to equation

(B):

G L

/P(UW)H (Yglm)dn /?’jﬁ Hm _IHm'Vl'dn

! g=1 ! (34)
_I'(Ly) H1L1F(!V!+7
- T(* F(Zl (Vi +7)

Next, we focus on ¢. Let n;, be the number of counts for gene g in cell j and let (-) be used to indicate a sum
across all elements in a dimension. Also, let n; ;) be the sum of counts from the set of genes assigned to module
l'in cell j. We can re-write the multinomial probabilities for a single cell j as:
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N; L
H P(wjt = yglej) H (Vl), (35)
t=1 =1

where ;; is the probability of a module [ in cell j. Now terms can be grouped and each ¢; can be integrated out
according to equation :

N M L L
I'(L _ n, (v
/ HP il [ ] P(wia —yg\wj)dcp—/ I1 Fiﬁfﬁ | G |
t=1 ¥ j=1 =1 I=1
_ - I(LB) 1= 5-1 L 3 (V)
—]1;[1/% (B)" ,Hl%’l lljl%l Be (36)

Let, n(.) 4 represent the sum of counts for gene g across all cells. The multinomial probabilities related to t; can
be re-written as:

M Nj L
TTTIP@se = glwy,) =TT IT s (37)
j=1t=1 I=1veV,

We use the notation Zvevl or HvEVZ to denote the sum or product over genes assigned to module [, respectively.
That is, the sum or product over the active, nonzero components of ;.

M N;j L I
[ sy TITT Py = sl e = [ TT | ot TLot | | TL ot | aw
¥ j=1t=1 Y= vev, =1 \veV,
F
= Wit T s de (38)
E/wl F ‘Vl UGH‘/Z 'UGHVZ :

In summary, the complete collapsed likelihood is as follows:

7 I DVl +7)
7)L (Zz Vil +7))
ML) T Dy + B)
1] PO " D(CE () + )
ET(Vi) ey, Dngyw +0)
ZHI G <zvevl<n +6))
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The distribution p(Y'|X, 3,4, v) can be approximated with Gibbs sampling. Let y, be the hidden state for gene
J and let Y_ 4y denote the set of hidden modules for all other genes. We therefore want to derive the following
probability:

P(yg = laY—(g)7X‘Bv(5’ ’7)
P<Y,<g X15.6.7) (10)
x P(yg =1,Y_(y), X|8,6,7),

P(yg = l’Y*(g)7X76757,7) =

which is equal to the likelihood equation listed above. The likelihood equation can be simplified by removing
elements that are invariant with different choices of y,. For the first component, we have

I'(L) y [T, T(Vi| +7) . HZL:J(\V;HV)_ (41)
L5 " DO (il +7) TS (Vi + )

For the second component, we have:

ﬁF(Lﬂ Hflr(nj,(‘ﬁ)+6) [F(Lﬁ)}MX H] 1Hz 1 D(nj,m) + B)
S PO TOC (ny )+ 8)) T2, TS () + B))

M L
HH J(Vz)+5

Note that Zlel njw;) + B = Nj+ LB, where Nj is the total number of counts in cell j. This quantity is invariant
with respect to choice of y, and thus can be dropped. For the final component, we have:

ﬁ |V|6 ey Tl mﬁ (Vils) . »
[t 1yt ™ Mol o0

The full Gibbs sampling equation is as follows:

[ TVil+Y T L T(vi|9) 1
Py, =1 X,Y_(y),8,0,7) |||| )+ B) ><|| . (44
’ v DS (il +7) gy W o g rap Y

This equation could be further simplified when no auxillary genes are instantiated. For example, the quantity
HlL:1 [(6)Vil = 1(6)2: Vil = T(6)€ is invariant to the choice of 3, when no auxillary genes are instantiated. How-
ever, when an auxillary gene is activated in a module without any real genes, the total number of genes G increases
by one. Therefore, we did not simplify components that depend on the total number of genes further.

The second and third terms of above equation can be further simplified to speed up computing time as follows,
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given that gene ¢ is currently in module {:

M [ L
HH i +8) =TT | TIT 000 +8)
j=11=1 =1 Li=1

M
= H L(nj ;) +B) x H L(n v,y + B)

(45)
ﬁ D(Vil9) L _ ﬁ (Vi) ﬁ 1
ey rvilre: ev (M) +9)) paie} r(6)Vil e P(Zvevl(”(),v +9))
_[fravie] | 1 1 |
Ll=1 P(é)lvﬂ 1 F(Z’UEW (n('),’U + 5)) llil/fl F(Z’UGV}/ (n(-),v + 5))
_ _H r(vilo) | 1 1 1
o TOM ] T vevi ()0 +9) 13 T(E e, (012 + )
_ _H rvi)] | [T +9) ﬁ 1
i TOM ] PQlvevi (00 +0) 2 D ey, (0 + 0)
N H rvi)] | |F g +9)
iy F(5)|Vl\ ] F(ZveVl (n(.),v +9)) ’
where =) is the total number of transcripts leaving out those from gene g. Specifically, for example, n ((‘g,l)) is

the total number of transcripts in cell j of all the genes in module [ leaving out those from gene g. Note that when

gene ¢ is currently not in module 7/, n. )

(V) is the same as g (vy)-

Hence the full Gibbs sampling equation is simplified as:

—(9)
N T(Vil+y) 7 | B Ly + ) L] T (ni? + )
Py, = 1|X,Y_(), 8,6,
(yg =1 ()2 53,0,7) L (Vi + 7)) E T'(n J,<vl)+5) X Hnaw (S e, () + 0))
(46)

Posterior point estimates for Dirichlet distributions

With given sample of Y, we can derive point estimates for the Dirichlet distributions. For ¢, we have:

R nj,(vl) +B
R 47
il N;+ LB’ (47)
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where n; (v;) is the sum of counts across all genes belonging to module [ for cell j and Nj is the total number of
counts for cell j. For 1, we have:

neyg+0

7 48
ney, vy + Vild 43

d’hg =

if y, =1 (i.e. if gene g is assigned to transcriptional module 7). If y4 # [, then the posterior probability is 0. n().g
is the sum of counts for gene g across all cells and n(.) (y;) is the sum of counts across all genes belonging to module
[ for all cells.

Perplexity
Perplexity was previously defined in equation . For the celda_G model, we define log(p(x)) to be:

M; @ L
log(p(z)) = > > mnjglog [Z cpj,zwz,g] : (49)
=1 g=1 =1

where ¢;; is the probabiity transcriptional module [ in cell j, 1); 4 is the probability of gene g in transcriptional
module [, n;, is the number of counts in gene g for cell j, and n; is the probability of a gene being assigned to
transcriptional module /. Note that the only non-zero 1); ;, will be where y, = [ for gene g and thus the sum of the
equation can be simplified to:

log(p(x)) =D > 1 108(0),Py,.q)- (50)

Jj=1lg=1
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5.5 celda_CG: Simultaneous clustering of genes into transcriptional modules and cells into

subpopulation
Background

Celda_CG combines principles from both celda_C and celda_G models to perform co-clustering of genes into
transcriptional modules and cells into subpopulations. A co-clustering topic model was previously developed called
“Latent Dirichlet Co-Clustering” [5], in which each document is modeled as a mixture of document topics, each
topic is a distribution over some paragraphs of the text, each of paragraph in the document is a mixture of word
topics, and each word topic is a distribution over words. Here, we model each sample as a mixture of cellular
subpopulations, each subpopulation as a mixture of transcriptional modules, and each transcriptional module as
a mixture of genes. Note that we include the “hard-clustering” approach of celda_G where each gene can only
belong to a single transcriptional module.

Generative process

—

. Draw n ~ Dirp(7)
. For each gene g € {1..G}, draw y, ~ Mult(n)
3. For each transcriptional module distribution [ € {1..L} :
(a) Define Y} = [yy = l]gG:1
(b) Draw v¢; ~ Dir(dY})
4. For each sample i € {1..5}, draw 0; ~ Dirg(«)
5. For each cell population k € {1..K}, draw ¢, ~ Dirp(5)
6. For each cell j € {1..M;} in sample i:
(a) Draw z; ; ~ Mult(6;)
(b) For the t-th transcript in cell j in sample i, t € {1..]N; ;}:
i. Draw w;j; ~ Mult(p, ;)
ii. Draw ;j; ~ Mult(iuy, ;)

[\

Description of parameters:

S is the number of samples.

M; is the number of cells in sample 1.

K is the number of cellular subpopulations

L is the number of transcriptional modules.

G is the number of genes.

1g is the hidden transcriptional module for gene g

z; j is the hidden cell population for cell j in sample ¢
N;,; is the number of transcripts for cell j in sample 1.
wj ;¢ is the hidden transcriptional module for transcript z; ;;
;¢ is the t'* transcript for cell j in sample i.

Similar to the previous models, we refer to 6 as the "Sample Probability (SP)” matrix as it defines the
probability of each cell population in each sample, ¢ as the " Population Probability (PP)” matrix as it defines
the probability of each transcriptional module in each cell population, and % as the "Gene Probability (GP)”
matrix as it defines the probability of each gene within each transcriptional module. The complete likelihood
function is below followed by the plate diagram (Figure [3)):

P(Tl’/l;b907907Y7Z7W7X’a7ﬁ7775) =

G L s K M; Ni,j (51)
P(nly) [T Peln) TT Pl Y) [ p(0ile) T PlerlB) [ [ (205100 T Plwialez )P (i jiltbws, ;).
g=1 =1 i=1 k=1 j=1 t=1
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Figure 3: Plate diagram for cell and gene clustering model. Bold circles indicate given prior parameters and shaded
circles indicate observed data.
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Inference using collapsed Gibbs sampling

To build the collapsed Gibbs sampler, we next integrate out n, ¢, ¢, ¥, and W:

S

G L K M;
P(Y,Z, X0, 5,7,0) //// (1) TT Plol) [T Pald, o) T p(6ila) H (ox®) T p(016)
g=1 =1 k=1 J=1

=1

(52)
x H (ZP (Wi gt = v|pz, ;) P(@ije = gl%)) dedO@dapdn.

Using the procedure outlined in celda_G, we can reduce the sum related to the marginalization of W by removing
all components that are zero (i.e. all components where w; j; # yq):
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P(Y. 2. X[, 5r0) = [
n

N’L,]
x || P(wiji = yglez ) P(ije = glby,)dpd@dipdn.
1

t=

L S

G K M;
/ / () H (wol) [T Pulo, v2) [ p(®:le) TT Pl T p(z:5100)
g=1 k=1 j=1

<

0 - -
=1 i=1 (53)

To integrate out the probabilities from the Dirichlet-multinomial distributions, we group terms related to n, 8, ¢,
and :

P(Y,Z, X\, B,7,0) = /P(nh) 11 Pyglm)dn
n

=1 7=1

K M; N; j (54)
x / T Pl [T T Pwise = volo-, e
¥ k=1 i=1j=1t=1
L S M; Nij
< [ TTPwis 0 TTTTTT Pleise = ol )aw
Y =1 i=1j=1t=1

The integration for @ and n and follow the same procedures described in equations and , respectively.
Next, we can rearrange the components related to ¢ to focus on a single ¢ as they are independent of one
another. If we define C}, to be the set of cells assigned to subpopulation k& and C,i to be the set of cells assigned
to population k£ in sample i, then we have:

K S M; Nij K S Ni,j
/ TPl TTT] IT Pwise = vole=,)de = ] / Pleel®) ] Plw;ji = yglor)dor.  (55)
P k=1 i=1j=1t=1 k=1" ¥k i=1 jeCi t=1

Note that the index for ¢ has been changed from z; j to k in P(w; j: = yg|ek) because we have grouped all cells
that have the same k rather than ordering them by their index in sample 7 (i.e. ij 1). The series of multinomial
probabilties for ¢y can be re-written as:

S N; L

(1), (k) (
H H H P(wije = ygler) = H‘PW D, (56)
i=1jeci t=1 =1

where 1) ) (v;) represents the sum of counts across all samples for cells assigned to subpopulation k for genes
belonging to transcriptional module [. We can then integrate out ¢y as follows according to the process described

in equation (b))

S N; ;
/ (xlB) H H P(wijr = yglor)dpr = / 11:((%32 H‘Pg,z 1 H ) (V) g
Pk =1 je }CtZI Pk =1 -1
_ I'(LB) HZLIF( (Vl)—i-ﬁ) (57)
(’B)LF(ZZL1( (V) -I-B))
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Next, we focus on the integration of 1. Let, n(, ) represent the sum of counts for gene g across all cells from

all samples. The multinomial probabilities related to 1) can be re-written as:

S M; Nij
ITTI 1T Pise=glvy,) H IT .5 (58)
i=1j=1t=1 I=1veV]

where HUGV represents a product over the set of genes assigned to transcriptional module [, similar to equation
. Terms related to a specific ¢; can then be grouped and integreted over:

L S M Nj
[ T Pds. v TLTTTT Ploia = oo, oo = /H OTTIT vt
L) i=1 j=11t=1 eV 1=1veV;
L
— "()()v (59)
=1 eV veEV]

_ ﬁ L(vilo) Hvew L,y +9)
=1 ()l F(ZUGVZ(n(-),(-),U +9))

P(Y.Z, X|a,B,7,0) =

i=1 D) P> k=1 (mig + ) (60)
y ﬁ T(LB) TTi Ty, m,0n) + B)
i T D0 () + B))

(.
),
E(Vil8) ey T ()0 + )
* E T (8)V r@mn +8)

To perform Gibbs sampling, we will estimate the conditional distributions for the Z and Y indicator variables
separately. For Z, we have:

P('zz,j = ka Z—(i,j)7Y7X|a75757 ’Y)
P(Z—(i,j)7Y7X‘aaﬁ76a7) (61)
0.8 P(Zz‘,j = k, Z—(i,j)7 Y, X|a, B, (5, ’y).

p(zi,j = k|Z—(’i,j)7Y7X7a7ﬁ7 57 ’Y) =

The first and last lines on the right side of equation are invariant with respect to the configuration of cell
population hidden variables Z and can be dropped. The second component can be simplified in the same manner
as the corresponding component in the celda_C model in equation . Therefore the final conditional distribution
can be summarized as:

ﬁ LB ) I Ty, + B)

P(zij =k, Z_(i;),Y, X|a,B,6,7) < (m;j—( j) + T (o 4 5)
k;:l =1 1)
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where m; )_(; ;) 18 is the number of cells assigned to subpopulation £ in sample i excluding the cell z; ;. Impor-
tantly, the form of equation is similar to that of the final line in equation ((18]) in celda_C. The only difference
is that celda_C is performing the calculation over all genes whereas celda_CG is performing the calculation over
transcriptional modules. This can be elucidated by the fact that celda_C uses n(, 1),y which is the sum of counts
across all samples for cells in population k for gene g, whereas celda_CG uses n(.) () (1;) which also sums together
counts across all genes in a transcriptional module V; in addition to summing across all cells in subpopulation Cj.
In other words, the cell clustering occurs in a similar fashion as celda_C, but on the reduced dimensional matrix
of transcriptional modules rather than on the full matrix of genes.

Next, we will derive the Gibbs sampling equation for updates to Y:

P(yg :l,Y_(g),Z,X|Oé,B,(5,’7)
P(Y,(g),Z,X|Oé,,8,(5,"}/) (63)
OCP(yg :l,Y_(g),Z,X|Oé,B,(5,’Y).

P(yg = l’Yf(g)7Z7X7a75757'7) -

Similar to celda_G, several components of equation are invariant with respect to the configuration of the

transcriptional module hidden variables Y and can be dropped. This includes the quantify EE?;’L) on the first

line, the complete second line, the components ll:gé)ﬁ L) and F(Zle n(), k), (V) T B) on the third line, and finally the

quantity [T/, [Toev; T'(n(),()w + ) on the numerator of the last line. The final equation is as follows:

[T, D(Vil +)

P(y = l7Y7( )7Z7X‘a7/87677) X
! ! T(CE (il +7))

x L(ney,m),v) +B) (64)

This form of the equation is equivalent to equation in celda_G except for the fact that individual cells have
been replaced with cell populations. In essense, all cells from the same subpopulation are summed together and the
inference of transcriptional modules is performed on this reduced matrix. While celda_C and celda_G could be
run separately to cluster cells and genes, celda_CG will be significantly faster than running each of the other two
models and is essential for understanding how each cell population can be described as a different combination of
transcriptional modules. After completing Gibbs sample and identifying the Z and Y with the highest probability,
point estimates for the Dirichlet distribution probabilities can derived as described in the next section.

Inference using point estimates
With a given sample of Y and Z, we can derive point estimates for the Dirichlet distributions. For 6, we

have:

A mp +

o 65
kTOM F Ka’ (65)

where m; ;) is the number of cells assigned to population k in sample ¢ and M; is the total number of cells in
sample i. For ¢, we have:

s _nO)wen 8

: 66
o ey, k() + LB (66)
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where 1) x),(v;) is the sum of counts across all samples across all cells belonging to subpopulaiton k across all
genes belonging to transcriptional module [ . n(y ), is the sum of counts across all samples and across all cells
belonging to subpopulation k across all genes. For v), we have:

. n(),()g +9
P g = , 67
T 0,0 T Vil (67

if y, = [ (i.e. if gene g is assigned to transcriptional module [). If y, # [, then the posterior probability is 0.
n(.),(-),¢ is the sum of counts across all samples and cells for gene g and n(,) () ;) is the sum of counts all samples
and cells across all genes belonging to module .

Given 6 and @, we can identify the most likely cluster label for each z; ;:

Zi,j = argmax {p(% = k|X;;, 0. 95)}

L
2 A"4,5,(V])
= argmaxy, {0“C H(pk’l ! } ,
=1

(68)

where X ; is the counts for cell j in sample ¢ and n; j (1;) is the sum of counts belonging to transcriptional module
lin cell j in sample ¢. Note the form of this equation is similar to the point estimate for Z in celda_C, with the
exception that genes have been collapsed into transcriptional modules. In this inference procedure, we alternate
between estimating the Dirichlet distribution probabilities (6 and ¢), the cell labels (; ), and the gene cluster
labels Y. Y is still estimated with Gibbs sampling conditioned on the point estimates for Z as decribed in the
previous section. Since each cell is fully assigned to a subpopulation, this procedure is not truly expectation-
maximization (EM). It more closely resembles the procedure used in K-means clustering, which is sometimes
refered to as "hard” EM.

Although not explicitly specified in this model, we can also derive a ” Cell Probability (CP)” matrix containing
the probability of each transcriptional module in each individual cell, which can be used in downstream analyses.
This is performed by dividing the number of counts assigned to transcriptional module [ for cell j in sample ¢ by
the total number of counts for cell j:

n‘? '7 V
P, = =2 (69)
/[/7.]

Perplexity
Perplexity was previously defined in equation ([23)). For the celda_CG model, we define log(p(z)) to be:

S M;j K G L Mi,j,g
log(p(z)) => > log [ Y 6 ][] (Z @k,lﬂ}l,g) ; (70)
k=1 g=1 \I=1

i=1 j=1

where 0; ) is the probabiity of a cell belonging to a cell population k in sample 4, ¢4 is the probability of
transcriptional module [ in cell population k, vy 4 is the probability of gene g in transcriptional module I, n; ;4
is the count of gene ¢ in cell j in sample i, and »; is the probability of a gene being assigned to transcriptional
module /. Note that the only non-zero 1; ;, will be where y, = [ for gene g and thus the sum of the equation can
be simplified to:

S M; K G N
log(p(x) = > "log [ > 03 [ (friyuyg)™ | - (71)
i=1 j—1 =1 g=1
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7 Supplemental information

Supplementary Table
Table S1: Marker genes used to identify cell types

Cell type Celda_CG cell cluster Marker genes
Plasma cell 1 IGHG1, IGHG2, IGHG3, IGLC2
B cell 2,3, 4 CD19, MS4A1, CD79A, CD79B
Dendritic cell 5 6 FCER1A, CLEC10A, FLT3,
’ HLA-DPB1, HLA-DPA1, HLA-DQA1
Plasmacytoid 7 ITM2C, IRF7, IRF8, LILRA4,
dendritic cell CLEC4C
CD34+ progenitor cell 8 CD34, SOX4, MYB, GATA2
Natural killer cell 9 NKG7, KLRD1, CST7
Megakaryocyte 10 PPBP, ITGA2B, PF4
CD144+ monocyte 11, 12, 13 CD14, S100A9, S100A8
FCGR3A+ monocyte 14 FCGR3A, LST1, SERPINA1
Activated T cell 15 MKI67, IL2RA, CENPF, CENPM
Memory T cell 16 CCRY7, SELL, CD27
Naive cytotoxic T cell 17 CCRY7, CD3D, CD8A, CD8B
Natural killer T cell 18 CD3D, GNLY, KLRG1, GZMA, GZMH
Cytotixc T cell 19 CD3D, CD8A, CD8B
T helper cell 20 CD3D, CD4, IL7R
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Supplementary Figure S1. Determine the optimal number of gene modules (L) and cell clusters
(K). (a) Scatter plot showing the RPC for gene modules (i.e. change of perplexity on current model with L
modules compared to its precedent model with L — 1 modules). The solid black line represents moving average of
centered rolling windows of size 30. (b) Scatter plot showing the RPC for cell clusters (i.e. change of perplexity
on current model with K clusters compared to its precedent model with K — 1 clusters) while setting L. = 80.
The module labels of genes from model L = 80 of (a) were used to initialize cell cluster splitting.
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Supplementary Figure S2. UMAPs showing T cell subpopulation marker gene expressions. (a)
UMAPs colored by scaled expressions of T cell markers CD3E, CD3G, cytotoxic T cell markers CD8A, CD8B,
naive T cell marker CCR7, SELL, CD27, LEF1, and NK T cell markers GNLY. (b) UMAPs colored by scaled
expressions of NK T cell markers KLRG1, GZMA, GZMH, T helper cell markers CD4, IL7R, and activated T
cell markers MKI67, IL2RA, CENPF, CENPM.
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Supplementary Figure S3. Probability matrix generated by Celda_CG. ¢ probability matrix showing
the contribution of each module to each cellular subpopulation. Each row of the matrix is a gene module
containing co-expressed genes. Each column is an identified cell subpopulation.
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