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Dimensionality reduction using the t-Distributed Stochasc Neighbor Embedding (t-SNE)
algorithm has emerged as a popular tool for visualizing higharameter single-cell
data. While this approach has obvious potential for data vislization it remains
unclear how t-SNE analysis compares to conventional manuddand-gating in stratifying
and quantitating the frequency of diverse immune cell popations. We applied a
comprehensive 38-parameter mass cytometry panel to human leod and compared

the frequencies of 28 immune cell subsets using both convemnal bivariate and
t-SNE-guided manual gating. t-SNE analysis was capable ofteatifying every general
cellular lineage and most sub-lineages with high correlath between conventional
and t-SNE-guided cell frequency calculations. However, sgci ¢ immune cell subsets

delineated by the manual gating of continuous variables wemot fully separated in t-SNE
space thus causing discrepancies in subset identi cation ad quanti cation between

these analytical approaches. Overall, these studies higght the consistency between
t-SNE and conventional hand-gating in stratifying generammune cell lineages while
demonstrating that particular cell subsets de ned by convational manual gating may
be intermingled in t-SNE space.

Keywords: cyTOF, t-SNE,
high-dimensional cytometry

cytometry informatics, dimensionalit y reduction, immunophenotyping,

INTRODUCTION

The analysis of cytometry data through manual “hand-gatihgs progressively become more
and more impractical as cytometry data sets continue to iaseein dimensionality and sizé)(
The sequential inspection and gating of more than 20 bivarfots is now necessary to conduct
even a basic immunophenotyping analysis of 40-parameter ddta.pFimary problems with
conventional cytometric analysis are the subjectivity ofrafm-de ned gating thresholds and
the low throughput of manual gating?( 3). Frequency quantitation of cell subsets de ned by
the subjective discretization of continuously distribditearkers, such as CCR7 and CD45RA in
de ning T cell subsets, are particularly subject to interalyst variability. The goal of cytometry
informatics is to automate, or at least augment, the objectitrati cation of cell populations in
cytometry data sets. Although an overwhelming variety ofipatational tools have been developed
as potential alternatives to manual hand-gated analy§ethg eld has yet to unite around a single
computational approach.
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Clustering and dimensionality reduction are algorithmic MATERIALS AND METHODS
methods that have frequently been applied to cytometr .
"BMC Isolation

data. Over the past decade, clustering algorithms have be ithe h ioheral bl |
critically assessed through comparison to expert manudrcaithy human donorsN D 10) peripheral blood mononuclear

analysis as well as through the cross-validation of clirgger cells. (PBMCS) were 'SOI‘,"“Ed using 50 mL LeupB‘éembes
results between dierent clustering algorithmss, (6). In (Greiner Bio-One International, Germany) and Ficoll-Pafjli _
contrast, there have been very few critical assessments %lfU_S (GE Hgalthcgre, Sweden). WhOIG blood Was_dra_wn Into
dimensionality reduction as a cytometric analytical toolemen sodium heparin anticoagulant collection tubes and dilutathw

as a tool that simply enables the visualization of single-ceff"0SPhate-bu ered saline (PBS) without calcium or magnesium
data (7, 8). (Lonza, Walkersville, Maryland). Whole blood was centrédg

Recently, the dimensionality reduction algorithm, t- fﬁr 1imin at 800x g at k:oom _tﬁmperature (RT)_% PBMsz were
distributed stochastic neighbor embedding (t-SNE), (has then harvested and washed with PBS and centrifuged for 10 min

gained popularity as a means to visualize high dimensiondtt 250 9 at RT before preparation for cell staining.
single-cell data 10-12). While t-SNE produces bivariate .
dot-plot based visualizations that are inherently intuititer ~ Source of mAb-Isotope Conjugates
cytometrists to comprehend, there is still an important needSeeTable S1for a list of the metal conjugated mAbs used
to assess the strengths and limitations of this approach these studies. In-house conjugations were performed
especially in respect to how t-SNE relates to expeiSing Multi-Metal Maxpar Kits (Fluidigm, South San
manual hand-gated analysis which has historically been therancisco, California). 115In was purchased from TracenSew
gold standard. International Corporation.

Currently, in cytometric analysis t-SNE is typically used
as a visualization tool to qualitatively assess cell populatioStaining of Cells
diversity, rather than as a quantitative analytical tool forwashed PBMCs were re-suspended at a cell concentration
calculating the frequency of specic cell populations. Inof 10’ cells/mL with PBS. Cells were then incubated with
these studies, we sought to quantitatively compare ce#l viability reagent, Cell-I}¥ Cisplatin (Fluidigm, South San
population frequencies determined by both conventionalFrancisco, California) at a nal concentration oft#v for 5min
bivariate plot-based and t-SNE-guided manual gatingon ice. Viability staining was quenched with a 5x volume of
Our goal was not to de nitively validate dimensionality MaxPar® Cell Staining Bu er (Fluidigm, South San Francisco,
reduction as a quantitative analytical approach, but simply tdCalifornia) and centrifuged at 300x g, then re-suspended to a
understand the relationship between dimensionality re¢dut  nal concentration of 30 million cells/mL in staining bu er.
and conventional manual gating in de ning canonical cellFor antibody labeling, 3 million cells were transferred to
populations. Given that t-SNE analysis is primarily beingFalcor® 5mL 12 75mm tubes (Corning, New York). To
used to explore novel cellular landscapes, the ability of thislock Fc receptor binding, cells were incubated withmb of
approach to accurately represent well-characterized andett n Human TruStain FcX" (BioLegend, San Diego, California) for
populations is important for establishing its general vajidit 10min on ice. A master mAb cocktail containing all metal-
Alternatively, t-SNE mapping could reveal aws in convent@bn conjugated surface antibodies (5@ of total staining reagent
gating strategies. volume) was added to samples for cell-surface staining and

We found that immune populations strati ed by divergent incubated for 30 min on ice. Se&ble S1for a list of the
and discrete marker expression in a conventional analysisietal conjugated mAbs used in these studies. Cells were then
were also well separated by t-SNE dimensionality reductiowashed once with 4mL cell staining buer to prepare for
As expected, the projection of general cell lineages idemti eintracellular staining. Brie y, cells were re-suspended in 1 niL o
via conventional gating onto the t-SNE map demonstratedxation/permeabilization solution by using the FoxP3 Staigin
congruence in the cell populations distinguished by thes®u er Set (eBioscience, San Diego, California) for 45 mina® i
analytical approaches. In contrast, particular T cell subsetsashed with 3 mL of permeabilization bu er at 800x g for 5 min,
de ned by continuous markers were often not well separate@nd re-suspended in 5@ of permeabilization bu er. Cells
in t-SNE space. In these cases, the projection of handwere then stained for intracellular targets by addition ofr80
gated T cell populations onto the t-SNE map showed highantibody cocktail. After 30 min incubation on ice, the celleres
levels of interspersion between subsets. Isolation and E-SNwvashed with 4 mL cell staining bu er and xed overnight at@
analysis of only the CD@ T cell lineage produced only in a 1 mL solution containing Cell-IB" Intercalator-Ir in 1.6%
marginally better separation between canonical subseta th&MS Fix (Electron Microscopy Sciences, Hat eld, Pennsylyania
in the global analysis. In summary, cell populations that are For ow cytometry, 20mL of the TBNK cocktail from BD
well strati ed by conventional bivariate plot-based gatingl  Biosciences was added into each of the 10 TruCount FACS.tubes
also be separated via t-SNE-based dimensionality redyctiodO0 mL of each donor's blood was reverse pipetted into the
however, subsets de ned by the gating of continuous markersruCount tubes and incubated for 30 min. After incubatiob®
on a bivariate plot will not be fully separated in t-SNE spacerlL of 1x BD FACS Lysing solution was added and incubated for
unless discrete orthogonal markers are included that fatdi 15 min. Samples were then acquired within an hour from lysing
further strati cation. on a FACS Canto Il (BD Biosciences, San Jose, CA).
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Acquisition on CyTOF ©® Instrument HLA-DR, CD14, CD11c, CD66, CD56, CD16, CD1c, CD38, and
Cells were washed with 3 mL of MaxParcell staining buer CD11b (data not shown).

and centrifugated at 800x g for 5min followed by a 2x wash Concordance between manually hand gated populations
with 4mL MaxParf Water (Fluidigm, South San Francisco, projected onto t-SNE space and computationally de ned clusters
California). Before introduction into the Helid¥, a CyTOR  was qualitatively assessed for Phenograf), (DensVM (L7),
System (Fluidigm, South San Francisco, California), pellet and FlowSOM {8) clustering methods. Clustering and overlay
cells were re-suspended with MaxParWater containing Wwith t-SNE maps was performed using the cytofkit package
EQ™ Four Element Calibration Beads (Fluidigm, South Sarin R (19).

Francisco, California) and Itered using a 12 75mm

tube with a 3%m nylon mesh cell-strainer cap (Corning, Comparison of Hand-gated and

New York). t-SNE-guided Gated Subsets at Single-cell
Level
Data Processing and Analysis To evaluate the concordance between hand-gating and t-SNE-

All FCS les were normalized using the MATLAB guided gating at single-cell level, the FlowJo workspace 8 (ts
(MathWorks®, Natick, Massachusetts) normalizer and analyze®f the aggregated and t-SNE appended fcs le was imported into
using FlowJ& software (Flowjo, Ashland, Oregon). R. For each population, the cells captured in the corresponding
subset using hand-gating or t-SNE-guided gating were etarh
and compared between the two methods. t-SNE-guided manual
o ) . . gates were drawn based on observed boundaries of canonical
Individual donor fcs les were imported into R and their henotvoi ker exoression rather than on cell subset densit
expression matrices containing measured intensities fahea 2 cOYPIC MArkeT eXpress . : Y
The ability of the t-SNE-guided gating to match the handigat

marker at single-cell level were extracted using functifsom . . .
the owCore packagel(d). A subset of 50,000 cells were selectet‘:rlesunS was quanti ed by the fraction of cells in the handegat

for each donor at random and merged into a single expressioHOpmatlon that matched with the t-SNE-guided population. This

matrix prior to -SNE analvsis. The following channels wer was calculated by dividing the number of cells in the overlap
P ysIS. 9 . between the two gates by the total number of cells in the hand-

removed from the expression matrix to only include protein . . : .

markers in t-SNE anZIysis: beads, event I)(langth intgmalat gated pppulatlon.Thefracm_)n of cells in the t-SNE-gmd_ed gate

viability, center, o set, residual ant’j time Marker’ inw@ties population that matched with the hand-gated population was
! ’ ’ ’ : similarly calculated by dividing the number of cells in thesolap

were transformed using the inverse hyperbolic sine (arosmhoetween the gates by the total number of cells in the t-SNEegli

function. A total of 500,000 cells and 38 mark_e“?mkﬁle S) Hate (Supporting InformatiorFigure S5. The owWorkspace
were used to create a t-SNE map of the peripheral huma ; )
package®) was used for analysis of wsp lein R.

immune system.
The Barnes-Hut implementation of t-SNE by the Rtsne
package 14) with 1,000 iterations, a perplexity parameter of RESULTS

30, and a trade-0" of 0.5 @, 15, was used for applying the . . . ) .
dimensionality reduction algorithm. The output was in therio Conventional Bivariate Plot-based Gating

of a matrix with 500,000 rows and 2 columns corresponding>trategy De ning the Peripheral Human
to t-SNE dimension 1 and dimension 2. t-SNE maps werdmmune System
generated by plotting each event by its t-SNE dimensions iln order to de ne the relationship between cell populations
a dot-plot. Intensities for markers of interest were overlaidstratied by a global t-SNE map of the peripheral immune
on the dot-plot to show the expression of those markers orsystem and a conventional hand-gating analysis, a dive8se 3
di erent cell islands and facilitate assignment of cell stbs parameter cytometry panel was applied to identify 28 distinct
to these islands. The t-SNE dimensions were appended to tfimune cell populations in human bloodréble SJ. Peripheral
original expression matrix as derived parameters and exportedolood mononuclear cells (PBMCs) from 10 healthy donors
as an fcs le, which could subsequently be opened and analyzedere isolated and processed for mass cytometric analysis.
using FlowJo (Ashland, Oregon). For ow cytometry dataFigure 1 shows the conventional manual gating strategy used
FCS Express (Glendale, California) was used to conduct te de ne these populations. Neutrophils and Eosinophils were
SNE analysis. identied based on CD66 positivity and further subsetted
To evaluate the impact of modulating pre-speciedbased on CD16 and CD49d expressi@t)( CD3, CD4, CD8,
parameters on t-SNE map generation, a subset of the 1GCR7, CD45RA, CD25, and Foxp3 were used to identify
donor data (50,000 cells) was analyzed using varying petyplexiregulatory, naive, central, e ector, and e ector memory T sell
iteration number and trade-o0" values. Perplexity of 5, 30, and expressing CD45RA (TEMRA)2{(). gd TCR, Va7.2 TCR,
100, iteration number of 1,000 and 10,000 and tradeé-@f 0.2, and CD161 expression de negd and mucosal associated
0.5, and 0.8 were compared. The impact of limiting the markergwariant TCR (MAIT) T cells 22). CD19C B cell subsets
used to construct a global t-SNE map to only general lineageere de ned based on the dierential expression of CD27,
markers was examined by running t-SNE with only the followingCD38, and IgD into plasmablast, naive, memory, transitional,
markers: CD45, CD3, CD4, CD@JTCR, IgD, CD19, CD20, and double-negative subset®3[. Following the exclusion of

Dimensionality Reduction (t-SNE) Analysis
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FIGURE 1 | Conventional manual gating strategy for 38-parameter hunraimmunophenotyping. Human PBMCs were isolated and prepam for mass cytometry
analysis as described in Materials and Methods section. Datshown are from the merger of 10 donor samples (50,000 cells @¢r donor) into a single fcs le. Single
living cells were identi ed based on intercalator 193Ir, everlength, cisplatin 192 & 195Pt, EQ Bead (140Ce), and residuaignal intensity. Differential expression of
CD66, CD16, and CD49d was used to discern Neutrophils and Easophils from other immune cell populations. CD3, CD4, CD8CD25, CD45RA, CD161, \a7.2,
CCRY7, Foxp3, andgd-TCR expression were used to de ne 11T cell subsets. CD19, CDQ, CD27, CD38, and IgD were used to de ne 5 B cell subsets. Two NK ell
subsets were de ned based on CD56 and CD16 expression. Plasmeytoid dendritic cells (pbDCs) were CD11clo, HLADRNhi, and gxessed high levels of CD123.

Monocyte and myeloid dendritic cell subsets (mDCs) were idgi ed based on the differential expression of HLADR, CD11cCD14, CD16, CD11b, and CD1c.
Basophils co-express high levels of CD123 and FR1.

the lineages described above, two NK cell populations wetée di erential expression of CD11c, CD11b, HLADR, CD14,
identi ed based on the expression of CD56 and CD18)( CDlc, and CD123%5). Lastly, FeRl and CD123 co-expression
Monocytes and dendritic cell subsets were identi ed based oidenti ed basophils.
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Comparison of Conventional and was nearly identical between dierent rungigure S38. A

t-SNE-guided Manual Analysis Across comparison of these analytical approaches also showed high
General Inmune Cell Lineages correlation in the analysis of a 6-parameter ow cytometryalat

For t-SNE analysis singlet and viability gating was perf(ﬂmeset derrtl_ons(;_rit_mgtthalllt high ldltmen_SI?nSa'L(éata IS _not regdlf@r
manually prior to data export for downstream computation (Seesepara Ing distinct cell poputation in t- Spa&g‘”e 3
In order to assess overlap between conventional and t-SNE-

Figure S1for a work ow schematic and Materials and Methods _ . . :
9 guided analysis at the single-cell level, the cells that wereapt

section for details on t-SNE analysis). Due to the stochastlb ith iical method for th ted d dat
nature of t-SNE, analyzing each donor independently wousdtyi y either analytical method for In€ aggregated donor dataewer
compared for each cell subset. The fraction of cells captured

maps in which the same cell populations would be in di erentby conventional gating that overlapped with those captured by
locations. Data merger was therefore conducted to ensutgaspa . . . o
9 b ESNE-gwded gating were calculated to quantify the serisiti

alignment of the same cell populations between donors in t-SN . . N
space. 50,000 cells were randomly sampled per donor to creat fathe t-SNE-guided gating method for replicating resulisnir

nal le containing 500,000 total cells. Speci ¢ donor idéretrs the conventional analysis. Analogously, the fraction of cells

were integrated prior to data merger to enable deconvolutior%:"jllotured by tTSNE-gwded gating matching thoge in the hand-
of the merged t-SNE map into individual maps speci ¢ to eac ated population was also calculated (see Materials and Methods

donor. Following dimensionality reduction, coordinates €ach and Figure S5for more details) Figure 2C shows that for the

t-SNE dimension (i.e., --SNE1 and t-SNE2) were determiaed f 8 general cell populations identi ed, 97% or more of the cells

every cell and were integrated into a new appended fcs le Zi:gglt\ll\éverqdcznvenflopall)é h”and-galltetq wg:je r?atghgd V\gth thte
novel parameters. - -guided analysis. Cell populations identi ed based on t-

In contrast to conventional sequential biaxial plot-basedSNE strati cation were matched with hand-gated populations

. . 0 .
analysis, t-SNE analysis generates a single map in which t gsllghtllytllowerégvglls but Stllt" above 9?E)t/o_magcr;mg for melf'
complex multi-dimensional geometric relationships between populations. - Simiar: resutis were obtained for manually

single cells are represented in a two-dimensional space. ﬁée%agzg ngge:ja_lrche\I/Lyr;e$%e£ in ;'SC'\IIDElglpace bas_ed on
third dimension using a color-based representation of the ’ ! 9 ’ ) » an expression

expression levels of a single parameter is then used in ordQ?'gureS S6S28.
to facilitate the identi cation of specic cellular lineagg40) . .
(Figure 2A). Islands of cells can usually be deciphered orpomparls_on of Conventional _and
the t-SNE map, which often uniformly express lineage-speci &-SNE-guided Manual Analysis Across
markers such as CD3, CD19, and CDMpriori knowledge of |mmune Cell Subsets
immunophenotyping can subsequently be applied to a series Gubsequently, we evaluated the ability of --SNE mapping to
these single-parameter maps in order to facilitate the supedvis stratify the deeper subsets of lymphocytes, monocytes, and
annotation of di erent cellular lineages. In this manner, e mDCs which we identi ed via conventional gating Figure 1
global t-SNE map, 8 general cell populations were manuallgpeci cally, the di erential expression of the markers shown i
gated in t-SNE space and putatively identi ed as: basophilfigure S7were used to manually gate these general populations
neutrophils, eosinophils, plasmacytoid dendritic cells (pPRCs into sub lineages. Importantly, in contrast to the t-SNE-dpd
NK cells, monocytes and conventional dendritic cells (CR@s  gating used to identify more general cell lineages, whictrkyed
cells, and T cells. A small fraction of cells (0.24% of totedl  the intrinsic topography of clearly separated cellular islarfiais,
left unidenti ed. some subsets clear separation in t-SNE space was not observed.
The overlap between cell populations identied viaThus, manual gates were drawn based on marker expression
conventional and t-SNE-guided gating was qualitativeljevels (analogous to the approach used in conventional gating in
assessed by projecting hand-gated cell populations onto t-SNEgure 1) in the absence of topographic features that informed
spacekigure 2B). This approach showed minimal intermingling more objective boundariesigure 3A). Figure 3Bdemonstrates
of cell populations between the di erent islands of cells stat  that certain subsets, especially central and e ector memory T
by dimensionality reduction. Subsequently, more quariti@t cell subsets, de ned by conventional hand-gating were rofte
methods to assess the relationship between conventionél agommingled in t-SNE space.
t-SNE-guided gating were also applied both on a population While some cell subpopulations were well matched®(%)
level as well as single-cell level. Speci cally, the frecigsr(as % by both manual and t-SNE-guided gating others were only
of total CD4XC cells) of each general cell population for each oinatched at low levels<(30%) Eigure 4). Naive lymphocytes
the individual ten donors and the aggregated data (11 totéhd were matched most concordantly 80%) most likely due to
points) were determined and correlated between each analysisdundancy between markers speci ¢ to the naive state such as
method Figure S2A. This population-based analysis wasCD45RA, CCR7, CD27, and IgD. In contrast, central and e ector
highly correlated between both methods. The reproduciptit  memory T cell subsets de ned even in high dimensional space
t-SNE-guided analysis across multiple independent t-SNES rurby the expression of continuous markers were not well matched.
was also evaluate&igure S34. Due to the stochastic nature of Qverall, when t-SNE map topography inherently de ned discrete
t-SNE, the same cell populations fell in di erent parts of eachhoundaries between cellular islands there was a highertibeti
map; however, the overall quantitation of the 8 general lg&sa for overlap between both gating approaches.
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FIGURE 2 | t-SNE-guided manual gating analysis of general immune liages. (A) 10 healthy donor PBMC samples were merged to create a single SNE map with
the signal strength of key phenotypic markers de ning speci ccellular lineages expressed with a green-black-red contirous color scale. t-SNE analysis was
performed using 1,000 iterations, a perplexity of 30, a trag-off * of 0.5, and all 38 of the phenotypic markers listed infable S1. (B) Cell populations de ned by the
manual gating strategy inFigure 1 were projected onto t-SNE space and assigned speci ¢ colors.(C) The level of overlap or matching between conventional and
t-SNE-guided manual gating analyses was calculated for evg general cellular lineage. See Materials and Methods arfeéigure S5 for details on how the level of
matching between analytical strategies was calculated. Thproportion of cells that were not matched is shown in red whe the proportion of cells that were matched
is shown in blue.
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FIGURE 3 | t-SNE-guided manual gating analysis of immune cell subset§A) Immune cell subsets were identi ed and manually gated in t-SNEpace based on the
signal intensity of the phenotypic markers shown ifrigure S7A in order to correspond to the subsets de ned inFigure 1. (B) Cell subsets de ned by conventional
manual analysis were projected into t-SNE space and assignedifferent colors.

Isolated t-SNE Analysis of the CD4 T might not have been suciently tailored to the individual
Cell Lineage dierences in marker expression which could vary between

We next sought to determine whether t-SNE mapping of Alonors for either technical or biological reasons. To addrthis
single lineage that exhibited interspersion between mdpualduestion t-SNE analysis was performed on individual donors
de ned canonical subsets in our global t-SNE map, could b&ith manual gating being tailored to each individual's peutar
better strati ed with more discrete topographies when mappedXxpression patterns of CD25, Foxp3, CCR7, and CD45RA
as an individual lineageF{gure 5. To address this question, (Figure 5B, right panel). Again, we observed that while the naive
we isolated only the CD@ T cell lineage (25,0000 cells from population is reproducibly segregated to one side of the map
each of 10 donors) and ran t-SNE on this general populatio@nd shows little commingling with memory subsets, the other
alone (with the entire 38 marker panelfigure 5A shows the subsets are not clearly strati ed within the t-SNE map. Thbs, t
expression levels of markers relevant to the CD4 T cell lieeaglack of separation between memory T cell populations in t-SNE
While this approach led to more separation of minor T cellspace was not due to the merger of di erent donors into a single
islands which became more distant from the main populatiort-SNE map.

in the CD4T cell restricted analysis, it did not achieve clea Subsequently, we asked whether the application of a variety
resolution between general CD4T cell subsets other than the of clustering algorithms [Phenograpii€), DensVM (17), and
naive subseHigure 5B, left panel). FlowSOM (L8)] could at least qualitatively stratify the 5 speci ¢

We hypothesized that parameters that were common to aland-gated T-cell populations we projected onto t-SNE space in
CDA4T cells such as CD3 and CD4 were potentially restrictireg thFigure 5B, Figure S8 Naive T-cells and a subset of T-regulatory
ability of t-SNE to segregate CD4 T cell subsets. We comparedaells were captured by one or a few clusters by each algorithm
SNE analysis of the CD4 T cell lineage with and withoutinalgd in a manner that was congruent with t-SNE map topography
markers either universally present or absent within thisige as well as manual hand gating. In contrast, the 3 other ssbset
and found little e ect of constraining the markers used byNS  of CD4 memory T-cells were not as clearly related to projected
on the segregation of CD4 T cell subsets (data not shown). hand gates.

Alternatively, it is possible that our inability to clearly = To further examine the e ect of continuous markers on
delineate these populations in t-SNE space was the result éparation of phenotypes in t-SNE space, synthetic datasets
merging of di erent donors within a single map. This is becausecontaining two markers, M1 and M2 were created. Marker
the conventional hand-gating performed on the merged leexpressions for these channels were sampled from distribsition
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FIGURE 4 | Correspondence between conventional and t-SNE-guided manal gating analyses for immune cell subsets. The level of oslep or matching between
conventional and t-SNE-guided manual gating analyses wasatculated for every general cellular lineage as Figure 2C . The proportion of cells that were not
matched is shown in red while the proportion of cells that wer matched is shown in blue.

with varying levels of continuity, including discrete big@, memory T-cell populations with continuous marker distributien

continuous bimodal, and unimodal Hjgure S9. This was (Figure S10B. Barnes-hut approximation through introduction

achieved by sampling two normal distributions with xed mean of trade-o parameter" enables practical application of t-SNE

values at negative and positive expression and variableatdnd on large datasets. Importantly, increasing the trade-o paeger

deviation values to tune the level of continuity across ¢hego " to 0.8, thus moving away from exact t-SNE, resulted in the

levels. Dimensionality reduction using t-SNE was applied tanability of t-SNE-based mapping to resolve pDCs, a rare cell

these datasets to generate 2-dimensional projection of #ta d population Figure S10A.

onto the t-SNE space. We observed that in the absence of a

marker with discrete distribution, t-SNE is unable to fullsolve

populations with continuous marker expression. This sugges|SCUSSION

that the distribution of marker expression is a contributifagtor

in the separation or intermingling of cells in t-SNE space. The inability of t-SNE to clearly separate canonical memocgll
subsets de ned by a priori knowledge is not an inherent deiiect

. dimensionality reduction as an analytical approach. Our gsial
Modulation of t-SNE Parameters Does Not revealed that the information in our data set was insu cient

Fully Separate Cell Populations De ned by to fully separate central and e ector memory T cell subsets
Continuous Variables using t-SNE most likely because the parameters we expected to
The pre-speci cation of iteration number, perplexity, and texd fully di erentiate memory T cells were continuously distributed

0 " can potentially impact cell strati cation in t-SNE space In contrast, conventional bivariate gating arbitrarilysdretizes
and we qualitatively assessed whether the modulation ofthesell populations based on operator de ned areas of low density
parameters could lead to more concordance between t-SNBetween largely continuous underlying data distributiors a
guided and manual gatingF{gure S10. Increasing perplexity in the case for CCR7, CD45RA, and CD45R0O. In contrast,
and iteration number and decreasing the trade-oresulted in  the t-SNE maps we examined did not arbitrarily separate cell
more separation between distinct cellular lineages witleréi®  populations with similar patterns and levels of cell surface raark
marker distribution Figure S10A. In contrast, modulating expression. This does not mean that these observationsall i
these parameters only marginally impacted the analysis afuestion the existence of the central and e ector memory T
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FIGURE 5 | Local t-SNE mapping of only the CD4 T cell lineage does not cély separate memory subsets de ned by conventional manual ralysis. (A) 250,000
CDA4T cells were extracted from the 10-donor data set and wergeanalyzed using t-SNE as an isolated lineage using the ergipanel as inFigure 2. Signal intensity
for individual markers involved in de ning various T cell sidets are shown. (B) Projection of hand-gated CD4 T cell subsets from 10 donor da set into t-SNE space
(left panel). CD4 T cell t-SNE maps were independently gereted for 3 individual donors (25,000 cells per donor right pael).

cell subsets, but that our data set did not provide su cientmonocytes, and in at least one local map we generated, DCs
information to clearly di erentiate memory T cell populations i  did achieve full separation from the major monocyte population
t-SNE space. We found this to be true both in the context of gdata not shown). Thus, ner resolution can be achieved in
global as well as local t-SNE map in which only the CD4T celh local map; however, this did not seem to signi cantly alter
lineage was visualizedFiure 5). Lineage extraction and local the interpretation of the topography of a global t-SNE map. A
t-SNE map generation was also performed for the monocythierarchical approach to t-SNE has been descril®, @nd the

& dendritic cell lineage (data not shown). We found that in eld should continue to evaluate the relative value of globGNE
global t-SNE maps dendritic cells typically formed a peninsulaanalyses vs. local analyses in which only specic lineages are
structure jutting out from the “mainland” of classical CDti4 isolated and visualized.
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It is becoming convention for dimensionality reduction and AUTHOR CONTRIBUTIONS
clustering algorithms to be applied in tandem to single-cetbda
sets with populations de ned by clustering algorithms beingVO oversaw research, designed experiments, and wrote
projected onto t-SNE spacéf). This approach is undoubtedly manuscript. ST analyzed data, generated t-SNE plots, and
more objective and reproducible than performing t-SNE-guide adapted an R based t-SNE package created by CB who also
manual gating to segregate populations with continuous markedided in these activities. AA-Y, CT, MN, and SL generated and

distributions, which recapitulates the “original sin” of maal
hand gating.

It is currently unclear whether the use of t-SNE derived
coordinates as part of a clustering approach is preferable fmusi
these tools independently. Distance in t-SNE space should n
be overinterpreted since distinct cell populations that areselo

analyzed data. CG and WM oversaw research and aided in
manuscript preparation.

FUNDING

in one t-SNE analysis can be distant in a second analysis of tll]?%esearch funded by Genentech, Inc.

same data setF{gure S3. Thus, it is questionable whether t-
SNE coordinates should be included in de ning cellular chrst
Regardless, a comparison of how clusters projected onto t-S

visualization 6).

Going forward, an essential question for visualizing single
cell data with both dimensionality reduction and clustegin
is whether these approaches can deliver messages that
contradictory about the same data set. For example, whataloes
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Figure S1 | Overview of t-SNE-guided analysis strategy. PBMCs were ppared
from 10 healthy donors and analyzed via mass cytometry. Livsinglet cells were

The application of t-SNE to single cell analysis probablynanually gated using FlowJo software and individually expted as fcs les.
provides the most value in eorts to survey the cellular Following le merger t-SNE analysis was conducted as descried in Materials and

heterogeneity of complex tissues and to characterize navel
poorly de ned cell populations. In these studies, we tested th
ability of the t-SNE approach to stratify familiar cell populatso

in an extremely well characterized sample matrix. If our gtsd
had identied profound discrepancies between our “ground
truth” conventional analysis of canonical subsets and tB&E-

8Iethods. A new fcs le was written for the merged data set as wdlas each

individual donor with appended t-SNE parameters, which washen manually
Sated in t-SNE space using Flowjo. t-SNE-guided gates werehten copied from
the merged data to each individual donor.

Figure S2 | Correlation of cell subset frequencies. Cell frequencies eve obtained
from conventional and t-SNE-guided gating of individual deors and the
aggregated data for(A) general immune lineages(B) general T cell lineages, and

guided analysis, we may have questioned whether this approaéhimmune cell subsets.

is appropriate for the characterization of poorly de ned cell
populations or whether our ground truth assumptions were

Figure S3 | The stochastic nature of the t-SNE algorithm results in défent maps
in multiple runs.(A) Hand-gated subsets were projected onto t-SNE maps

incorrect. Instead. a high degree of overlap in the generéﬁenerated from 3 independent t-SNE runs(B) Cell frequencies of general immune

cellular lineages de ned by these approaches was found, and t
identi ed discrepancies led us to revisit the logic of subijedy
discretizing continuous variables rather than the validitf
dimensionality reduction.
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ubsets obtained from t-SNE-guided gating of multiple rungre not affected by
he topological changes of the maps.

Figure S4 | t-SNE analysis of PBMCs analyzed by a 6-parameter ow cytomey/
assay. (A) t-SNE map overlaid with expression of phenotypic markergB) Cell
populations de ned by the manual gating strategy inFigure 1 were projected
onto t-SNE space and assigned speci ¢ colors.(C) Correlation of cell population
frequencies obtained from conventional and t-SNE-guided ating.

Figure S5 | Comparison of hand-gated vs. t-SNE-guided analysis at the
single-cell level Concordance between the two gating strategies was quanti ed
by the fraction of cells present in both gates. For every cefiopulation Ay,

depresents the number of cells included in hand-drawn conwvetional gate and

excluded from the t-SNE-guided gate, A is the number of cells included in

rP—SNE-guided gate and excluded from the hand-gated converibnal gate and B is

the number of cells that were present in both gating strategis.

subjects ga\{e written |r'1formed consent in accordance Wlﬂb:-ligure S6 | t-SNE-guided manual gating analysis of T cell lineage$A) t-SNE
the Declaration of Helsinki. The prOtOCOI was approved bymap overlaid with signal intensities of key phenotypic masgks. (B) Cell

the WIRB.

populations de ned by the manual gating strategy inFigure 1 were projected
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onto t-SNE space and assigned speci ¢ colors.(C) Level of overlap between
conventional and t-SNE-guided manual gating is shown in bkl

Figure S7 | Additional t-SNE maps of aggregated 10-donor data(A) Markers
used for t-SNE-guided analysis of immune cells subsetgB) Additional markers
included in the generation of the t-SNE map but not for t-SNEguided subsetting.

Figure S8 | Computationally de ned CD4 T-cell clusters projected onto £SNE
space. Data fromFigure 5 were clustered with 3 different computational
algorithms: Phenograph(A), DensVM (B), and FlowSOM with kD 20 (C).

in the t-SNE space.(B) Markers have a bimodal, yet continuous distribution.
Although some structure is seen on the t-SNE map that distingishes double

positive, double negative, M1hi M2lo and M1lo M2hi groups,tte data subsets are

not fully separated.(C) Markers have a unimodal distribution. t-SNE is unable to
resolve any subsets. t-SNE was run with perplexity parameteof 30 and trade-off
" of 0.5.

Figure S10 | Evaluation of the impact of algorithm parameters (iterationumber,
perplexity, and trade-off" values) on t-SNE. 50,000 cells were analyzed using
iteration number of 1,000 and 10,000, perplexity of 5, 30, ad 100, and trade off"

values of 0.2, 0.5, and 0.8 for all PBMC lineage¢A) and only CD4 T cells(B).

Figure S9 | Impact of marker expression distribution on separation of dosets in

t-SNE space in synthetic datasets with 1,000 data points anc2 markers. (A)
Markers have a bimodal and discrete distribution. Data pois are fully separated
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