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Supplementary Methods

Cell Isolation

We removed each tissue and washed each in HBSS then dissected the tissue into small pieces using a razor blade.

Kidney and Lung

We incubated dissected kidney tissue in 1.48 U/mL Liberase DL enzyme mixture (Roche Custom Biotech, Indianapolis,
IN, USA) in a total volume of 7 mL DMEM at 37°C for 20 minutes in a 50 mL conical tube shaking at 200 rpm. We
incubated dissected lung tissue in 1.48 U/mL Liberase TM (Roche) and 200 U/mL DNase I (Roche) in a total volume
of 7 mL DMEM at 37°C for 30 minutes in a 50 mL conical tube shaking at 200 rpm. Tissue was further mixed using a
10 mL pipette tip and 40 mL of DMEM (2% FBS) was added to stop digestion. We sequentially pipetted cells through
100 pm, 70 pm, and 40 pm filters then pelleted cell suspensions by centrifugation at 500 x g for 10 minutes.

After centrifugation, we treated cells with ACK Lysing Buffer (Thermo Fischer, Waltham, MA, USA) for 5 minutes
at room temperature. We centrifuged ACK treated cells, discarded the supernatant, and repeated ACK treatment. We
subsequently washed cells in DMEM (2% FBS, GIBCO brand from Thermo Fischer) and pelleted by centrifugation.
We removed debris from samples using the Miltenyi Debris Removal Solution (Miltenyi Biotec, Bergisch Gladbach,
Germany). We added 6.2 mL cold PBS and 1.8 mL Debris Removal Solution to cell pellettes and resuspended by
pipetting. We added 4 mL cold PBS to the top of the mixed solution and centrifuged samples at 4°C , 3000 x g for 10
minutes. We washed samples in 10 mL cold PBS and centrifuged at 4°C , 1000 x g for 10 minutes, then resuspended in
PBS with 2% FBS. We counted cells using a TC20 Cell Counter (Bio-Rad, Hercules, CA, USA) and diluted cells to a
concentration of 10® cells/mL. We then proceeded to single cell library preparation.

Spleen

We used a syringe plunger to further fragment the spleen tissue after razor blade dissection. We mechanically dissociated
tissue fragments by pipetting in RPMI cell culture media (2% FBS). We subsequently forced tissue fragments through
100 and 40pm filters. After centrifugation at 500 x g for 10 minutes, we treated cells with ACK Lysing Buffer (Thermo
Fischer) for 5 minutes at room temperature. We washed cells in RPMI (2% FBS) and pelleted by centrifugation. We
counted cells using a TC20 Cell Counter (Bio-Rad) and diluted cells to a concentration of 106 cells/mL then proceeded
to single cell library preparation.

Read Alignment and Gene Expression Quantification

We aligned reads to the mm10 reference genome obtained from ENSEMBL. We used gene annotations from the
GENCODE vM?20 release with slight modification. We have replaced annotations for lincRNAs Gm42418 and
AY036118 with a single contiguous gene annotation for the rRNA element Rn45s. This locus harbors an Rn45s repeat
as reflected in RefSeq, such that contaminating 18S rRNA in our library preparations may lead to inflated expression
counts for these lincRNAs.

We performed alignment to this amended reference using 10x cellranger 3.0.2, which employs the STAR sequence
aligner [Dobin et al., 2013]]. We determined gene expression counts using unique molecular identifiers (UMIs) for each
cell barcode-gene combination. Following alignment, we filtered cell barcodes to identify those which contain cells
using the approach implemented in cellranger 3.0.2, and only these barcodes were considered for downstream
analysis. The output of this analysis is a Cells x Genes matrix, where each element ¢, j represents the number of UMIs
mapping to gene j in cell <.

Dimensionality Reduction

To enable unsupervised clustering and cell type identification, we perform dimensionality reduction with principal
component analysis (PCA) on the combined set of samples for each tissue. First, we identify a set of highly variable
genes within the tissue based on overdispersion as described previously [Satija et al., 2015]]. Briefly, we computed a
“normalized dispersion” score for each gene by binning genes with similar mean expression levels, and subtracting the
mean dispersion (variance/mean) within a bin from the dispersion score for each gene in the bin. The residual values
represent the dispersion after accounting for the mean:variance relationship using this binning scheme. We set the
following minimum criteria for the selection of genes as highly variable: minimum overdispersion of 0.5, minimum
mean expression of 0.5 In(CPM + 1), maximum mean expression of 7 In(CPM + 1). After subsetting to this set of
highly variable genes, we centered expression values to a mean of 0 and unit variance. We used these scaled genes as
input features for PCA.



Cell Type Classification

Louvain community detection [Satija et al., 2015} Blondel et al., 2008|] was applied to the nearest neighbor graph
constructed in PCA space to define a cluster partition. To infer cell types, we trained a neural network classifier to
predict cell ontology classes given single cell RNA-seq mRNA abundance profiles.

Our classifier was a fully connected neural network with four hidden layers each paired to a rectified linear unit
activation, dropout layer, and batch normalization. Each hidden layer used 1024 units and the dropout probability on
each layer was set to p = 0.3. We applied a softmax activation to the final layer and used cross entropy as an objective
function for training. During training, we performed class balancing with a mixture of over- and under-sampling. Classes
(cell types) with fewer than 128 examples were oversampled, while classes with more examples were undersampled.
Optimization was performed using the Adagrad optimizer [Duchi et al., 201 1]].

As a training set, we used the Tabula Muris compendium which provides expert cell type annotations in the mouse
[The Tabula Muris Consortium, 2018]]. In addition to these annotations, we manually added cell state annotations to
the Tabula Muris data to provide a level of granularity below cell ontology classes (Supp. Fig. S1). Example cell states
include categorizing T cells into CD4 T cell and CD8 T cell subgroups, as well as the addition of subgroup labels to
heterogeneous cell types such as lung stromal cells in the Tabula Muris. We named these cell states which do not have
canonical names based on the expression of a prominent marker gene. For instance, we refer to a Gucylal+ subset of
lung stromal cells as Gucylal lung stromal cells.

We first trained a classifier for each tissue individually, yielding a set of tissue-specific classifiers that have no knowledge
of cell types outside the training tissue. We also trained a tissue independent classifier by training on all cell types
present in the Tabula Muris simultaneously.

We first inferred cell types for the lung and spleen using a tissue-specific classification model trained to predict cell
ontology classes. We classified kidney cells with a tissue independent model to provide further resolution of immune
cell types not annotated in kidney cells of the training set. We subsequently inferred subtypes using a model trained
to predict our added subtype annotations. We chose subtypes as the most likely subtype allowed within our defined
hierarchy. For instance, we chose the subtype of a T cell as the most likely subtype among the “CD4”, “CD8”, and
“memory” subtypes. We used subtype classification models trained on the spleen to predict T cell and macrophage
subtypes in all tissues, as the training set contained insufficient cell numbers to perform subtype annotation in other
tissues. After direct inference of types and subtypes, we refined cell type information by using a k-nearest neighbors
smoothing approach. Here, we chose & € [30, 100] empirically depending on the tissue context.

We also classified cell types using the scmap-cell approach as an orthogonal cell type identification method
[Kiselev et al., 2018]]. We trained a k-nearest neighbors classification model using the cosine distance metric for
kidney, lung, and spleen data in Tabula Muris. We selected the top 1000 genes with high residual dropout rate for
training using the linear modeling approach of M3Drop [Kiselev et al., 2018]]. As in the scmap-cell paper, we used
only genes that are detected in both the Tabula Muris and the corresponding tissue of our data. We set & = 10 as in the
scmap-cell paper. We assigned a cell type for all cells rather than using an “unassigned” label for low confidence
predictions, as described in the original scmap-cell reference. This allowed us to interpret the classifier’s “best guess,”
even when the classifications were uncertain, for better comparison with our method. We classified cells in our data
using the relevant tissue classifier for each tissue. We also trained a classifier across all three tissues in the Tabula
Muris and predicted cell types in the kidney data in an attempt to recall the B cell and T cell types not annotated in
Tabula Muris kidney training data set. Matching the procedure for our neural network method, we used an scmap-cell
classifier trained on spleen T cell and macrophage subtypes to predict T cell and macrophage subtypes in the kidney
and lung. Overall, we found that scmap-cell classifications broadly agreed with our neural network predictions and
subsequent manual validations, but failed to recover correct annotations for several cell types (Supp. Fig. S6).

Differential Variability Analysis

We measured differences in transcriptional variation between young and old animals in two distinct ways.

The first method evaluates changes in the variability of each gene between young and old animals, and attempts to
identify a shift in the distribution of gene-wise variation. We assessed gene-specific variability by measuring the
“overdispersion” of each gene. We defined overdispersion as the residual between a gene’s observed dispersion and
the expected dispersion based on the gene’s mean expression value. We computed overdispersion values using the
“difference from the median” (DM) method, as introduced previously [Kowalczyk et al., 2015]. We restricted DM
calculation to genes with a mean expression value greater than 35 CPM to reduce the influence of poorly measured
genes. To determine if the distribution of overdispersion values is significantly changed across ages, we employed
the Wilcoxon Rank Sums test for a difference in means. We controlled the False Discovery Rate (FDR) to o = 0.05



with the Benjamini-Hochberg procedure. We performed DM analysis for each cell state in each tissue in our data set
separately.

The second method we employed evaluates cell-cell heterogeneity based on the Euclidean distance between cells in
expression space, as introduced previously [Enge et al., 2017|]. For each cell state in each tissue, we computed the
centroid of the cell state in gene expression space. We computed the Euclidean distance from each cell to this centroid
as a metric of cell-cell heterogeneity within each cell state. We employed the Wilcoxon Rank Sums test with the
Benjamini-Hochberg procedure [Benjamini and Hochberg, 1995]] as before to determine if this cell-cell heterogeneity
metric is significantly different across ages.

As in previous reports [Enge et al., 2017, |/Angelidis et al., 2019]], we also computed this distance to the centroid using
a reduced set of genes as an alternative metric. These genes were chosen heuristically following previous methods
[Enge et al., 2017]]. We binned genes into 10 groups based on mean expression values, then selected genes within the
lowest 10%-tile of coefficient of variation values.

As a second alternative, we computed the distance to the centroid using all measured genes but use the Manhattan
distance rather than the Euclidean distance as a metric. The Manhattan distance implicitly models change in gene
expression as independent across genes, in contrast to the Euclidean distance which implicitly models coordinated
changes in gene expression. We found that results for both of these alternative cell-cell heterogeneity metrics are highly
correlated with the primary analysis we present using the full set of measured genes and the Euclidean distance metric
(Supp. Fig. S12).

Cell Cycle Scoring

Cell cycle activity was estimated by scoring the expression of a set of S phase associated and G,/M phase associated
genes, as shown previously [Tirosh et al., 2016] and as implement in Seurat [Satija et al., 2015]. Briefly, a set of genes
associated with each of these phases was derived from single cell RNA-sequencing in 293T and 3T3 cell lines. For each
cell, the sum of the expression of these phase-associated genes were computed. As a null distribution, a set of genes
were selected from the set difference of the observed genes and the phase-associated genes. These null genes were
selected by binning the sample genes into 24 equally sized bins by mean expression, then randomly sampling 100 null
genes per bin per phase-associated gene with replacement. The difference between the mean of the phase-associated
genes and the selected null genes was considered the module score.

For our analysis of cell cycle variation with scLVM [Buettner et al., 2015]], we fit scLVM Gaussian process latent vari-
able models with £ = 1 latent variable to explain variation in genes contained in the cell cycle GO term (GO:0007049),
as in the scLVM documentation. For spleen cells, we fit an scLVM model a randomly chosen subset of 10,000 cells to
allow for convergence in a reasonable time frame.

Analysis of Variance in Transcriptional Space

To determine the proportion of variance in transcriptional space (gene-wise UMI counts, NMF embedding dimen-
sions) explained by experimental factors in our data, we used the linear modeling approach of Robinson et. al.
[Robinson et al., 2015]). Briefly, we fit a linear model for each dimension of the relevant transcriptional space (i.e. gene,
NMF dimension) of the form

Y =pXT+F

where Y is a Feature x Cell matrix of observed transcriptional features, X is a Samples x Parameters design matrix
containing p experimental parameters, (3 is a Feature x Parameters coefficients matrix, and E is a Feature x Cell matrix
of residuals. We calculated the proportion of variance explained by each experimental parameter for each gene by
ANOVA. To determine the total proportion of variance explained by a factor, we summed the sum of squares for each
parameter p across features for each parameter and divided by the summed total sum of squares:

F (p)
SS
(p) — e
P\’a]i - Z TSSf
f

where f is a feature in the set of features F.



NMF Embedding Interpretation

To assign semantic meaning to each dimension of the embedding, we first identified genes associated with each
dimension by performing Otsu thresholding [Otsu, 1975] on log-transformed gene loadings. We used a scale factor of 2
on the Otsu threshold to generate more stringent gene associations. From the set of associated genes (loadings above
the threshold), we performed Gene Ontology enrichment analysis with the Biological Process Gene Ontology database.
We empirically named a consensus “program” for each dimension based on the enriched gene sets.

Aging Trajectory Permutation Testing and Bootstrap Sampling

We evaluated the statistical significance and robustness of aging trajectory results using permutation tests and bootstrap
resampling. We performed permutation testing by randomizing tissue::cell type labels across all cells, followed by
aging trajectory computation as above. We computed the adjusted rand index for lymphocyte clustering (B cell, T
cell, NK cell classes) for each permuted set of labels compared against a common label where all lymphocytes share a
cluster (as in Fig. 5A). For each permuted label, we also computed the proportion of variance explained by cell identity,
tissue environment, and their interaction, as well as the distribution of cosine similarities. We compared the distribution
of cosine similarities between permuted samples and our observation using the Kolmogorov—Smirnov (KS) test.

We performed bootstrap resampling across cells by randomly selecting 80% of the cells from each tissue::cell type
combination for each of 100 iterations. At each iteration, we computed the cosine similarities between each tissue::cell
type as described above. We also fit linear models to explain variation in these bootstrapped aging trajectories as
described for the full data set above. These models estimate the proportion of variance explained by cell type, tissue
environment, their interaction, and a residual amount of variation due to random sampling.

We also performed bootstrap resampling across animals using a “leave-one-out” strategy. For each iteration, we
excluded one young and one old animal, for all possible combinations. We computed cosine similarities between
tissue:cell type aging trajectories for each iteration as described above.



Supplementary Notes

Supplementary Note 1 — Tissue selection

We isolated single cells from the kidney, lung, and spleen. Each of these tissues exhibits age-related changes with
functional implications for organismal health. For example, kidneys experience decreased glomerular filtration rate
and elevated risk of kidney disease with age [Bolignano et al., 2014]]. Lungs experience a decline in regenerative
potential and a rise in pulmonary disorders [Navarro and Driscoll, 2017} |Paxson et al., 2011} Bailey et al., 2014f]. The
spleen experiences structural changes with age with consequences for immune function [Turner and Mabbott, 2017,
Aw et al., 2016]. The cellular etiology of these changes is not fully understood, motivating single cell analysis.

Supplementary Note 2 — Cell type and state proportion changes with age

One prospective way in which aging may influence tissue function is by altering the proportion of each cellular
identity within the tissue. Lymphocytes were significantly more abundant in the kidneys and lungs of old animals
(t-test on additive log-ratio (ALR) transformed proportions, ¢ < 0.05, Fig. 1D). In old kidneys, we found a roughly
2 fold increase in T cells, classical monocytes, and non-classical monocytes. In old lungs, we found a correspond-
ing 2 fold increase in classical and non-classical monocytes and a roughly 1.3 fold increase in T cells. This may
reflect increasing immune infiltration of the the non-lymphoid tissues with age, as suggested in previous studies of
kidney, lung, and other non-lymphoid tissues [[O’Brown et al., 2015} |Rodwell et al., 2004, [Toapanta and Ross, 2009,
Aoshiba and Nagai, 2007, [Lumeng et al., 2011]]. Both the kidney and lung experience elevated inflammation with age,
and increased immune cell infiltration may be a factor [O’Sullivan et al., 2017, Kovacs et al., 2017, |Kovacs et al., 2013].

However, we cannot rule out that recovery of specific cell types was confounded by an interaction of aging with our
isolation procedures. The single cell isolation procedure required by scRNA-seq may lead to a biased recovery of
some cell types relative to others, and this bias may change with age. Age-related changes in a tissue (i.e. altered
extracellular matrix composition [Angelidis et al., 2019]) may lead to preferential isolation of one cell type relative to
another, even if the underlying cell type proportions do not change. Therefore, this result raises the hypothesis that old
kidneys and lungs have more immune cells than young counterparts, but in situ cell type quantification (e.g. by FISH or
immunohistochemistry) is needed to confirm it.

For the spleen and only the non-immune cells in the kidney and lung, differences in cell type proportions between young

and old animals were not statistically significant (| log, Y‘gf‘ﬂg < 1, ¢ > 0.05, t-test of ALR-transformed proportions,

Fig. 1D, Supp. Fig. S9B). However, we cannot rule out that even small, non-statistically significant changes may
influence the aging process.

Shifting cell state proportions within a cell type may be an alternative mechanism by which aging phenotypes manifest.
Investigating spleen T cells, the proportion of CD8 T cells decreased relative to other T cell subsets in older animals
[Quinn et al., 2018} |Quinn et al., 2016]. Circulating T cells may influence the spleen T cell compartment to affect this
change. We also observed a decreased frequency of Caldl+ collecting duct cells relative to Slc/2a3+ collecting duct
cells in old kidneys (x? contingency table, ¢ < 0.05). These Slc12a3+ cells are likely principle cells of the collecting
duct based on expression of Scnnla. By contrast, Caldl+ collecting duct cells also express Phgdh and Cryab, which
have been reported to mark a distinct collecting duct cell subpopulation [Takasaki et al., 2007, |[Han et al., 2018]|] (Supp.
Fig. S9C). We are unaware of a defined role for this second cell population, making it difficult to speculate on the
impact of this shift in cell state proportions. Other cell types with notable cell state substructure do not shift significantly
with age, such as lung stromal cells (Supp. Fig. S9A).

Supplementary Note 3 — Cycling cells are similarly rare in young and old animals

Previous reports highlight cell cycle activity changes with age in multiple cell populations. In blood progenitors,
cell cycle kinetics accelerate with age [[Kowalczyk et al., 2015]. The frequency of cycling cells increases with age
in muscle progenitors [[Chakkalakal et al., 2012]], but decreases in the intestinal crypt [Nalapareddy et al., 2017]. To
investigate changes in cell cycle frequency in our data, we evaluated cell cycle activity by scoring the expression of
S-phase associated genes and G,M-associated genes [Tirosh et al., 2016] (Methods). We observed only small changes
in either of these cell cycle module scores with age across cell identities, with only a handful of statistically significant
differences (Supp. Fig. S10A). We did not find discrete populations of cells based on these cell cycle scores, and the
standard cell cycle assignment scheme [Tirosh et al., 2016] assigned different phases to cells with similar scores (Supp.
Fig. S10B). Cell cycle scores explained little variance in the data (< 4% in any cell identity, Supp. Fig. S10C). We also
applied an alternative cell cycle scoring method, scLVM [Buettner et al., 2015]]. However, we found that the scLVM
model captures differences in the baseline expression of cell cycle-associated genes between cell types rather than



variation within a cell type, as previously described [Barron and Li, 2016|]. Thus, this method also suggests minimal
cell cycle variation within cell types (Supp. Fig. S10D). Together, these results suggest that cell cycle rates change
minimally with age, but we cannot eliminate the possibility that the cell cycle scoring methods are currently insufficient
to detect differences.

Supplementary Note 4 — Senescent cells

Several previous studies reported accumulation of non-cycling senescent cells in aging tissues [|Childs et al., 2017]]. The
reported magnitude of senescent cell accumulation varies between tissues. In aging mouse kidney, the proportion of
cells with senescence-associated /3-galactosidase activity increased from roughly 0.2% to 1.2%, whereas in epicardial
cells the proportion increases from 2% to 10% (12 months to 18 months) [Baker et al., 2016|]. Similar observations
have been made using scRNA-seq in the human pancreas, where the proportion of cells expressing senescence marker
gene CDKN2A increases from roughly 7% to 15+% between early- (21-22 years) and mid-adulthood (38-54 years)
[Enge et al., 2017]. To investigate whether senescent cells are more prevalent in our old tissues, we similarly measured
expression of Cdkn2a. The Cdkn2a locus (p16-Ink4a and p19-Arf) is not significantly upregulated with age in any of the
cell identities (Supp. Fig. S11A). Due to the overlapping nature of the pl16-Ink4a and p19-Arf reading frames, we note
that we cannot distinguish transcripts from these two proteins using 3’-end RNA-seq alone [Kamijo et al., 1997]. We
also scored the activity of a curated set of senescence-associated genes using the AUCell approach [Aibar et al., 2017],
but we did not find large differences in this score with age (median |log, Yg&§g| = 0.061, Supp. Fig. S11B). Only
kidney activated macrophages and kidney non-classical monocytes showed a statistically significant increase with age
(¢ < 0.05, log, fold-change of 0.22 and 0.08 respectively).

Supplementary Note 5 — Changes in cell-cell variation with age depend on cell identity

Previous studies has reported that both gene expression variance and cell-cell heterogeneity increase with age us-
ing RNA-seq [Martinez-Jimenez et al., 2017, [Enge et al., 2017, |Angelidis et al., 2019]] and quantitative PCR methods
[Bahar et al., 2006]. These two types of variation differ in subtle but important ways. Gene expression variance
quantifies the mean dispersion across genes in the transcriptome, such that each gene contributes equally. Because
genes are equally weighted, changes in gene expression variance are unlikely to be driven by a small number of genes.
Previous aging studies suggested that increased gene expression variance may reflect a global change in transcriptional
noise, perhaps due to loss of regulatory control [Bahar et al., 2006, Todhunter et al., 2018]].

By contrast, cell-cell heterogeneity measures the average distance in transcriptional space between cells in a population.
These distances capture multivariate differences in gene expression. They also account for gene expression level, such
that a small number of more highly expressed genes can drive changes in cell-cell heterogeneity. Increased cell-cell
heterogeneity may reflect a diversification of cellular states within a population (Fig. 2A).

Both transcriptional variation and cell-cell heterogeneity have important implications for cell physiology and function,
as explored in seminal studies of transcriptional noise in cell fate selection [Blake et al., 2006l |Sueel et al., 2007|] and
bet hedging [Kussell et al., 2005} |Altschuler and Wu, 2010, |(Cohen, 1966, [Slatkin, 1974, |Beaumont et al., 2009]]. To
determine if age-related changes in variation and heterogeneity depend on cell identity and tissue environment, we
evaluated both properties across the many combinations that we observed.

We evaluated transcriptional variation using the difference from the median (DM) method [Kolodziejczyk et al., 2015]]
to estimate “overdispersion.” Overdispersion refers to the residual variation in gene expression observed for a given gene
after accounting for the mean:variance relationship in gene expression data (Methods). Across cell identity/environment
combinations, we found that transcriptional variation experiences subtle changes (Fig. 2B, median Cohen’s d = 0.031).
Individual cell identities can be identified that exhibit either increased (lung leukocytes) or decreased (kidney mesangial
cells) variance with age (Fig. 2D).

These results do not contradict previous observations of increased variation with age [Martinez-Jimenez et al., 2017,
Enge et al., 2017]). Previous studies used a different method based on ERCC spike-in molecules to estimate gene-wise
technical variation [Vallejos et al., 2015} [Martinez-Jimenez et al., 2017, |[Enge et al., 2017]]. In addition, we analyzed
the whole transcriptome in unchallenged T calls, in contrast to previous studies that observed increased gene expression
variance in a subset of T cell genes after stimulation. However, our results do suggest changes in gene expression
variance with age are dependent on cell identity and cellular context.

We quantified cell heterogeneity in each cell identity/environment combination using the distance to the centroid
method as previously introduced [Enge et al., 2017, |Angelidis et al., 2019]. Cell-cell heterogeneity appears to increase
for many cell identities (Wilcoxon Rank Sums, ¢ < 0.05, median Cohen’s d = 0.473), including B cells across
all three tissues, and lung stromal cells. We also observed decreased heterogeneity with age in some cell identities,



such as lung type II pneumocytes and kidney CD8 T cells (Fig. 2C). To directly compare with previous results in
the literature, we also computed the distance to the centroid in a subspace of heuristically identified low-variance
genes [Enge et al., 2017} |/Angelidis et al., 2019]. We find that the results from our full transcriptome analysis and this
heuristically identified subset of genes are highly correlated (p > 0.9; Supp. Fig. S12A, C; Methods). We similarly
observed highly similar changes in cell-cell heterogeneity when computing distance to the centroid using the Manhattan
rather than Euclidean distance (p > 0.9; Supp. Fig. S12B, D; Methods). Taken together, these results indicate that
changes in gene expression variance and cell-cell heterogeneity with age depend on cell identity. This suggests a
nuanced view of changes in noise as a hallmark of aging at the single cell level [Todhunter et al., 2018]].

Supplementary Note 6 - Inflammatory gene expression in non-immune cell identities

Increased inflammation-associated gene transcription has previously been reported in multiple tissues. However,
previous investigations have relied on bulk transcriptional assays, making it difficult to determine if inflammatory
genes signatures were upregulated in all cells within a tissue or if more immune cells had infiltrated the tissue
[Rodwell et al., 2004} |O’Brown et al., 2015 |Benayoun et al., 2019]. To investigate the possibility that immune path-
ways are upregulated across many non-immune cell identities, we identified a set of genes that are differentially
expressed in more than 3 non-immune cell identities (counted as above). Gene Ontology enrichment analysis on
this gene set revealed that inflammatory gene sets (T cell activation, B cell activation, viral entry, cytokines) were
upregulated, even in these non-immune cell identities. However, the enrichment was less significant than when immune
cells are included (¢ < 0.05, rather than g < 1073, Supp. Fig. S15B). At the gene level, we found Ikgc, Cd74, and B2m
are commonly upregulated with aging (Supp. Fig. SI5A). B2m has previously been reported to increase in the aging
systemic milieu, and reports have indicated it may play a causal role in aging brain pathology [[Smith et al., 2015].

Supplementary Note 7 - Aging Trajectory Permutation Testing and Bootstrap Resampling

We performed permutation testing and bootstrap sampling to evaluate the robustness of our aging trajectory results.
Permuted cell labels did not lead to clustering of lymphocyte trajectories, have roughly 2-fold less variance explained
by cell identity in linear models, and show a significantly different distribution of cosine similarities (Supp. Fig. S19A,
B, C). Using permuted samples as null distributions, our observations were statistically significant in each of these
comparisons (p < 0.01). Bootstrap resampling likewise indicated that cosine similarities between aging vectors are
robust to resampling noise (Supp. Fig. S19D, E). Bootstrap resampling by leaving out one animal of each age for
each iteration yielded a similar result (Supp. Fig. S20). We also performed this analysis using a PCA embedding and
achieved the same result, indicating robustness to the choice of an embedding space (Supp. Fig. S21).



Supplementary Figures
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Figure S1: Manual annotation of cell states in the Tabula Muris. (A) UMAP projections of the Tabula Muris data
with our manual cell state annotations overlaid as colors. We annotated cell states where there were known canonical
states within a cell type (i.e. CD4 and CDS8 T cells) and where we observed substructure within a cell type in our data
and the Tabula Muris data (as in the lung stromal cells). (B) UMAP projections of each cell type, with manual cell
state annotations. Below each UMAP projection, we show the expression of marker genes that guided our cell state
annotations.
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Figure S2: Cell state annotations in our data derived from neural networks. We trained deep neural networks to
classify cell states within individual cell types using our manual annotations of the Tabula Muris (Supp. Fig. 1). UMAP
projections of each cell type are presented with cell state annotations overlaid as color labels. Cell states were enriched
for corresponding marker genes, as in the Tabula Muris, presented as violins below each UMAP projection.
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Figure S3: Comparison of our cell state proportions to the Tabula Muris and cell type markers. (A) Cell state
proportions from our dataset (green) compared to proportions observed in the Tabula Muris (blue). Notable differences
include a higher proportion of immune cells in our data set and the absence of kidney loop of Henle epithelial cells.
These differences may be the result of intentional experimental differences (perfusion vs. no perfusion), animal ages
(Tabula Muris animals are younger than our young animals), and laboratory-to-laboratory differences in isolation
technique. (B) Expression of marker genes across cell states we identify in our data. Marker genes were either taken
directly from those suggested by the Tabula Muris or from marker genes that we identified in their data using our
differential expression procedure.
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Figure S4: Correlation of cell identities between our data and the Tabula Muris. We computed mean expression
vectors for each cell identity in our data and the Tabula Muris as the mean expression of each gene across cells in a
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sets. Visualizing these correlations as a heatmap, we find that identities in our data are most similar to corresponding

identities in the Tabula Muris.
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Figure S5: Visualization of kidney loop of Henle epithelial cell markers from the Tabula Muris indicates these
cells are not present in our data. (A) Kidney UMAP projections of our data and Tabula Muris data. Note the absence
of kidney loop of Henle epithelial cells in our data set. (B) Expression of marker genes for kidney loop of Henle
epithelial cells in our dataset and the Tabula Muris. Colors indicate the expression of each gene after log(CPM + 1)
transformation, with purple indicating low values while green and yellow colors indicate higher expression levels. We
found no coherent group of kidney loop of Henle cells in our data based on these markers.
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Figure S6: scmap-cell cell type predictions are largely consistent with our annotations. (A) Cell type predictions
from scmap-cell after training on the Tabula Muris. scmap-cell predictions agreed with our annotations for most
cell types, but failed to properly identify many rare cell types. For example, kidney mesangial cells were misclassified
as kidney collecting duct epithelial cells and kidney classical and non-classical monocytes were misclassified as kidney
cells. Activated macrophages are also misclassified as kidney cells. Many kidney T cells were also misclassified. In the
spleen, CD4 T cells were likewise misclassified, despite clear marker gene expression. (B) Cell subtype labels derived
from neural network classifiers and manual validation. We found that our labels are more consistent with marker gene
expression than scmap-cell predictions.
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Figure S7: Cells cluster by cell type and age, rather than batch. (A) PCA projection of all cells, colored by cell
type. We observed that cells segregate by type, but the PCA projection does not capture cell type variation as well as
the UMAP. (B) PCA projection colored by cell age. We did not observe clustering by age in the PCA projection. (C)
PCA projection of all cells, colored by the of the animal of origin. We observed that cells cluster primarily by cell type,
although many cell types did not segregate in the linear projection. We did not observe clustering by age or batch. (D)
PCA projection of all cells, colored by the of the animal of origin and technical replicate identifier. We likewise did not

observe clustering by technical replicate.
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to cluster by replicate animals. (B) UMAP projection of all cells, colored by animal of origin and technical replicate

identifier. We likewise find that cells do not cluster by technical replicates.
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Figure S9: Cell state proportions shift with age. (A) Cell subtype proportions with age for individual cell types.
Kidney collecting duct epithelial cells (left) showed a significant shift in the subtype distribution with age (Chi-squared
contingency table, p < 0.05). By contrast, lung stromal cells, with a similarly complex cell type composition, did
not change with age (center). In the spleen, we detected a well-known shift in T cell subtypes with age; old animals
exhibited a lower proportion of CD8 T cells (Chi-squared contingency table, p < 0.05). (B) Cell subtype proportions
with age for all non-immune cell types in the kidney and lung. After removing immune cells, we found that most
cell types in both tissues have similar proportions between young and old animals. (C) Agp3 and SlcI2a3 kidney
collecting duct epithelilial cells co-express Scnnla (epi. sodium channel ENaC), suggesting they are principal cells of
the collecting duct. Caldl duct epithelial cells also express Phgdh and Cryab, consistent with reports of a subpopulation
in the literature with unknown function [Takasaki et al., 2007, [Han et al., 2018]].
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Figure S10: Cell cycle activity is largely unchanged with age. (A) S-phase gene module and G2/M-phase gene
module scores each cell type in each tissue. We found little difference in cell cycle module scores across cell types,
although a few changes are statistically significant (*: ¢ < 0.05, Wilcoxon Rank Sums). (B) Representative cell cycle
phase plots based on gene module scoring for S-phase and G2M-phase genes. Here, we show individual cell states from
the lung. We found very few distinctly cycling cells across all those observed. (C) Proportion of variance explained
by cell cycle module scores based on linear models. (D) We fit scLVM models to explain variance in cell cycle genes
within each tissue. We found that the scLVM latent variable captures variation in the baseline expression of cell cycle
genes across cell types, rather than variation within individual cell types due to the cell cycle. Here, we show the value
of the scLVM latent variable pseudocolored on cells in the latent space. Differences in intensity mostly occur across
cell type clusters.
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Figure S11: Neither Cdkn2a (p16-Ink4a) nor senescence-associated gene activity is significantly upregulated in
old cells. (A) We quantified the percentage of cells in each identity that express Cdkn2a for each animal. No cell
identity showed a significantly increased proportion of Cdkn2a+ cells. (B) We scored the activity of a manually curated
set of senescence-associated secretory phenotype (SASP) genes using the AUCell approach for each cell identity and
age. Greater AUCell score indicate greater activity of the gene program. SASP activity was not greater in old cells.
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Figure S12: Changes in gene expression variance and cell-cell heterogeneity are cell identity dependent. (A)
Cell-cell heterogeneity measurements based on Euclidean distances to the population centroid for each cell identity and
age. We computed distances using only a subset of genes selected to have low-variance. We binned genes by mean
expression into 10 bins and selected genes with a coefficient of variation at or below the 10%-tile for genes in the bin.
Most cell identities exhibited increased cell-cell heterogeneity in old cells (*: Wilcoxon Rank Sums, ¢ < 0.05). (B)
Cell-cell heterogeneity measurements based on Manhattan distances to the population centroid for each cell identity
and age. We used the full transcriptome for these comparisons, as in Fig. 2C. (C) Comparing the change in “distance
to the centroid” (old - young) between our analysis using all transcripts (Fig. 2C, “Full”, x-axis) and a subset of
low-variance genes (A, “Low-Var”, y-axis), measures of cell-cell heterogeneity were highly correlated between the two
transcriptional spaces (Spearman’s p > 0.9). (D) Comparing the change in the “distance to the centroid” (old-young)
computed using Euclidean and Manhattan distances across all transcripts. We find that the two distance metrics provide

highly correlated results (Spearman’s p > 0.9).
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Figure S13: Common differential expression gene sets are insensitive to threshold values. We performed Gene
Ontology enrichment analysis for common differentially expressed genes. We defined common differentially expressed
genes as genes that change with age in the same direction in k or more cell identities. Gene Ontology enrichment results
were not sensitive to a particular setting of k, providing similar results for values in the range k € [3, 7].
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Figure S14: Differential expression identifies a set of genes changed with age across many cell identities. (A)
We identified a set of 261 genes that change with age in at least k¥ = 5 cell identities. Hierarchical clustering of the
fold-changes within each cell identity identified subsets of these genes with similar behavior (color column labels). We
used cosine similarity as an affinity metric for clustering. (B) Gene Ontology enrichment terms for genes within each
gene cluster identified above.
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Figure S15: Differential expression analysis identifies age-related changes unique to cell identity and tissue
environment. (A) Heatmap of common differentially expressed genes found in £ > 3 non-immune cell states. Immune
genes B2m, Ikgc, and Cd74 were commonly upregulated with aging, even in these non-immune cells. (B) Gene
Ontology enrichment terms for common differentially expressed genes in non-immune cell states. Dashed grey lines
demarcate the o = 0.05 significance threshold. Immunological activation pathways were upregulated even in these
non-immune cell states, although the Gene Ontology enrichments were modest. SRP-dependent protein localization
and ER targeting are again downregulated. (C) Gene Ontology enrichment analysis for genes up- and downregulated
with age in type II pneumocytes, but not Npnt stromal cells and vice-versa. Dashed grey lines demarcate the o = 0.05
significance threshold for enrichment. Genes downregulated with age reflect the mesenchymal nature of lung stroma
and unique fluid shear stresses in type II pneumocytes. (D) Gene Ontology enrichment analysis for genes up- and
downregulated with age in natural killer cells from the lung, but not natural killer cells from the spleen and vice-versa.
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Figure S16: Louvain community detection identifies three distinct B cell clusters. (A) The number of clusters and
Variance Ratio Criterion (VRC) for a range of resolution parameters to the Louvain community detection algorithm.
Partitions with 3 clusters maximized the VRC, indicating that three clusters is optimal. (B) Louvain community
detection partitions for a range of resolution parameters r visualized as colors on the UMAP projection.
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Figure S17: Non-negative matrix factorization of all observed cell types. (A) UMAP projection of our NMF
embedding with rank k£ = 20. (B) Proportion of variance in count data explained by NMF embeddings as a function
of rank and initialization procedure. A rank of k = 20 sits at the elbow of this relationship, capturing ~ 42% of the
variance. (C) We visualized the activity level of each gene expression program captured by the NMF embedding across
cell types in a UMAP projection. NMF dimensions were not explicitly ordered.
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Figure S18: Gene Ontology enrichment in non-negative matrix factorization embedding dimensions. Top 10
enriched Gene Ontology Terms for each dimension of the NMF embedding. We performed Gene Ontology enrichment
analysis on the genes with loadings above a threshold value for each dimension. Threshold values were chosen using

Otsu’s method [[Otsu, 1975].
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Figure S19: Permutation and bootstrap evaluation of aging trajectory results. We performed permutation testing
on our aging vector clustering. For each iteration, we randomly permuted tissue::cell type labels, computed aging
trajectories in the NMF embedding, and clustered the resulting cosine similarities. We performed this permutation
procedure 100 times. (A) We evaluated the recovery of lymphocyte cell types in the same cluster using the Adjusted
Rand Index for each of these permuted samples, as well as our observed sample. Complete recovery of lymphocytes
in a single cluster (ARI = 1.0, our observation is marked with the purple line) did not occur in any permuted sample
(empirical p < 0.01). (B) For each permuted sample, we assessed the variance explained by cell identity and tissue
labels. Our observed values for the variance explained by cell identity are roughly 2-fold larger than results obtained for
permuted samples (empirical p < 0.01 comparing variance explained by identity). (C) We computed cosine similarities
between aging trajectories for each permuted sample. We expected highly similar aging trajectories for each tissue::cell
type in the permuted sample, since random assignment of labels results in similar groups of cells within each label. We
confirmed this expectation as permuted aging vectors all have very high cosine similarity. The distribution of similarities
we observe is significantly different from that of permuted samples (KS-test, p < 0.001). (D) We performed bootstrap
sampling on the observed cells and computed aging trajectories on each of 100 random samples of observed cells. 80%
of cells from each type were randomly selected for each iteration. From bootstrap samples, we computed the mean
cosine similarity and (E) standard error of the mean (SEM) for each 2-way aging vector comparison. Most positive and
negative cosine similarities that we observed based on cosine similarity were an order of magnitude larger than the
associated standard error. Standard errors were relatively small (< 0.017) for all comparisons, such that interpretation
of the comparison between any two aging vectors is robust to sampling noise. (F) Variance in the aging vectors of
immune cell types computed across bootstrap samples explained by cell type, tissue environment, and their interaction
(ANOVA). Bootstrap sampling introduces residual variation into this model.
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Figure S20: Aging trajectory comparisons are robust to bootstrap sampling of animals. We performed bootstrap
sampling of cells by animal of origin to evaluate robustness of aging trajectory comparisons to resampling noise at the
level of animals. This generates conservative confidence intervals. We sampled cells from all possible combinations of
animals that leave out one young and one old animal (“leave-one-out sampling”). (A) We computed the mean cosine
similarity and SEM across animal-wise bootstrap samples. SEMs were larger than than when we randomly sampled
cells without regard for the animal of origin, but small relative to the magnitude of many comparisons (< 0.10). (B)
Four example bootstraps across animals are shown. Labels indicate the animals included in each comparison. Matrices
were qualitatively similar across bootstraps. (C) The distribution of standard error of the mean (SEM) values across all
comparisons showed that SEMs are relatively small. (D) Distribution of cosine similarities across bootstrap samples for
specific comparisons. Black lines mark the mean across samples. We chose comparisons based on their percentile rank
in the SEM distribution. For each distribution, our interpretation of the cosine similarity result did not change across
bootstraps. For example, all values of the kidney::macrophage vs. lung::NK cell comparison were positive but small
(< 0.5), indicating weak similarity between trajectories. All values of the kidney::mesangial cell vs. spleen::B cell
comparison were close to 0, indicating orthogonality.
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Figure S21: Cell identity and tissue environment influence on aging trajectories in a PCA embedding. (A) We
computed aging trajectories between young and aged cell centroids in a PCA embedding. We compared these trajectories
using cosine similarities. Heatmap values represent cosine similarities between the aging trajectories of each cell state
in each tissue. (B) Variance in the aging vectors (computed in the PCA embedding) of immune cell types found in all
three tissues explained by cell type, tissue environment, and their interaction (ANOVA).
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Figure S22: Simulation experiments demonstrate that optimal transport distances capture differences between
cell populations. (A) We simulated two “cell populations” (blue, orange) as 2-dimensional Gaussian distributions.
We computed the centroid distance and optimal transport (OT) distance between populations for a range of possible
differences that may arise between cell populations (text insets). As a baseline, we simulated unit Gaussians with
different means. When the difference in means is increased (Mean Shift), both the centroid distance and OT distance
reflect the magnitude of change. However, when we shift the covariance matrix of one population or simulate a bimodal
population with the same mean as the baseline unimodal population, only the OT distance reflects these differences. (B)
Comparison of centroid distance and OT distance metrics for comparing simulated cell populations. Each simulated
population contained n = 5000 cells. We performed each simulation 50 times to estimate confidence intervals. For
each iteration of the simulation, we computed the OT distance as the mean OT distance across 30 random samples
of n = 100 cells from each simulated population. (*: p-value < 0.05, ¢-test to baseline). (C) OT distances between
random samples from the same population scale with population variance. Here, we drew random samples of simulated
cells from a 2D Gaussian A/(0, oT) and computed OT distances between samples as in (B). This simulated “isochronic™
OT distance increased as we increased o, demonstrating that isochronic OT distances reflects population heterogeneity.
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Figure S23: Optimal transport estimates aging magnitude across cell identities. (A) We computed optimal transport
distances for each cell identity and tissue combination. We normalized our heterochronic comparison (Young-Old cells)
by the larger mean of two null isochronic comparisons (Young-Young, Old-Old). We computed this normalized distance
for 10 separate NMF optimizations. The mean normalized distance for a single NMF optimization is represented
as a point, with violins outlining the distribution across 10 iterations. Relative distances between cell identity/tissue
combinations were not changed across NMF optimization runs. (B) We computed optimal transport distances for a
range of random sampling sizes. We present the normalized Old-Young distance values (normalized as in (A)) for
each sample size. (C) Heatmap of Spearman correlations between the normalized Old-Young distances computed
using different sample sizes. Old-Young distances have high correlation (Spearman’s p > 0.9) across the range of
sample sizes, suggesting the metric is robust to changes in sample size. (D) UMAP projection of the NMF (rank 500)
embedding used for optimal transport distance calculation. Cell types are overlaid as colors.



Supplemental Tables

Table S1: Total cell counts for each tissue, stratified by age.

Age Tissue  Cell Count

Old Kidney 3,042
Lung 10,460
Spleen 13,815
Young Kidney 4,653
Lung 10,295
Spleen 13,028

Table S2: Full cell type names corresponding to our abbreviations.

Abbreviation Full Name
NK cell natural killer cell
kidney duct epi. kidney collecting duct epithelial cell
kidney cap. endo. kidney capillary endothelial cell
kidney loop. epi.  kidney loop of Henle ascending limb epithelial cell
kidney tub. epi. kidney proximal straight tubule epithelial cell
columnar tracheo. ciliated columnar cell of tracheobronchial tree
stromal stromal cell
lung endothelial lung endothelial cell
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