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Advances inimmunology, immuno-oncology, drug discovery and

vaccine development demand improvements in the capabilities of flow
cytometry to allow it to measure more protein markers per cell at multiple
timepoints. However, the size of panels of fluorophore markersis limited
by overlapsin fluorescence-emission spectra, and flow cytometers
typically perform cell measurements at one timepoint. Here we describe
multi-pass high-dimensional flow cytometry, amethod leveraging cellular
barcoding via microparticles emitting near-infrared laser light to track
and repeatedly measure each cell using more markers and fewer colours.
By using live human peripheral blood mononuclear cells, we show that the
method enables the time-resolved characterization of the same cells before
and after stimulation, their analysis via a10-marker panel with minimal
compensation for spectral spillover and their deep immunophenotyping
viaa32-marker panel, where the same cells are analysed in 3 back-to-back

cycles with10-13 markers per cycle, reducing overall spillover and
simplifying marker-panel design. Cellular barcoding in flow cytometry
extends the utility of the technique for high-dimensional multi-pass
single-cell analyses.

Fluorescence-based flow cytometry has been a workhorse in the
single-cell analysis of surface markers, intracellular cytokines,
intranuclear proteins (such as transcription factors) and cell cycle.
Continuing advances in high-speed fluidics and multicolour optics,
aswell as fluorophore chemistry, has enabled high-parameter meas-
urement (up to-40 markers) at high speed (>10,000 cells per second)
and low cost"”. While these are major advantages in throughput
and cost over technologies such as single-cell mass cytometry® and
sequencing-based proteomic analysis®, flow cytometry is facing
substantial challenges in meeting the growing demand to meas-
ure more protein markers per cell. Highly multiplexed measure-
ments of immune cells to characterize dozens of different cell types
have proven to be critical in the development of immunothera-
pies and vaccines”’, as well as in the detection of minimal residual

disease in leukaemia®. However, high-marker analysis (>30 protein
markers) is challenging due to the ambiguity caused by spectral spillo-
ver between fluorophores, often requiring months-long optimization
of fluorophore-antibody combinations and instrument settings®°.
Clinical laboratories that have the labour and time available to opti-
mize a high-marker panel may still lack the expertise to design and
select the appropriate reagents. Limited availability of well-validated
fluorophores (colours) is an additional barrier, especially for clini-
cal applications that require the use of reagents that meet US Food
and Drug Administration (FDA) manufacturing requirements. For
these reasons, most clinical laboratories use standardized panels
forimmunophenotyping with up to ~10 colours, which restricts the
types of cell that can be detected at once and increases the number
of cell samples required” ™.
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Fig.1|Schematic of multi-pass flow cytometry. The major stepsinclude:
tagging cells with LPs to yield LP-barcoded cells which typically have 3+ LPs;
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the barcoded and stained cells into a flow cytometer that detects fluorescence
signals using multiple excitation lasers and LP lasing signals using a pump
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laser and spectrometer; then collecting the cells, destaining (for example,
photobleaching of the fluorophores or chemical release of antibodies),
restaining the cells with another set of antibodies and measuring them again
inthe flow cytometer. In addition to flow cytometry, this technology can be
expanded to further downstream and upstream analysis of the barcoded cells.

A major advantage of flow cytometry is that, unlike mass cytom-
etryand sequencing, cells are not destroyed during optical acquisition.
Flow sortersrely onthis non-destructive feature. However, current flow
cytometer ‘analysers’ are typically used for one-time measurement of
cells. Measuring cells twice using a flow sorter isin principle possible,
butsingle-cellinformation would be lost inthe cell collection process.
This limitation, which has not been openly recognized, makes current
flow cytometry unable to address the ever growing need to acquire
high-dimensional data and temporal responses of single cells'*".

Here we introduce a new approach in flow cytometry that lev-
erages the optical barcoding of individual cells. Barcoding tech-
niques have been used previously in cytometry for tracking different
samples, enabling the pooling of samples for faster analysis. These
techniques, relying on fluorescence intensity differences in flow
cytometry'® or on a limited set of radioisotopes in mass cytome-
try", are only suitable for tracking tens of samples at a time. Here
we use laser particles (LPs), recently developed laser light-emitting
microparticles®, to tag and track up to millions of cells at atime. This
approach enables multi-pass flow cytometry in which the same cells
are measured multiple times using each cell’s unique optical barcodes
toalign and concatenate data from different measurements. We used
this method to acquire flow cytometry data from human peripheral
blood mononuclear cells (PBMCs). First, we applied our multi-pass
approach toacommon assay involving in vitro stimulation of T cells
in PBMCs. We demonstrate unprecedented characterization of the
same T cells before and after stimulation, enabling quantification
of biomarker downregulation. Second, we report a 10-marker panel
on live T cells requiring minimal compensation. Finally, we applied
multi-pass cytometry to high-marker analysis. We developed a broad
immunophenotyping panel optimized for 3 measurement cycles
of leucocyte populations. Our ‘cyclic’ approach greatly simplifies
high-parameter analysis by requiring a far fewer number of fluoro-
phores for the same number of markers. We performed this 32-marker
assay on live human PBMCs from a healthy donor and validated our
results against published data.

Results

Multi-pass flow cytometer instrumentation

Figure lillustrates the general workflow of multi-pass flow cytometry
along with the optical measurements of cellular barcodes and fluores-
centreagents. First, cells are mixed with excess LPsin solution to label
each cell with a unique, random combination of LPs. Next, cells are
stained with afirst set of antibody-fluorophores and thenloaded into
aflow cytometer capable of exciting and detecting the laser emission
from LPs and also collecting the cells after the flow measurement. We
built suchamulti-pass flow cytometer using a near-infrared (NIR) pump
laser (1,064 nm) to stimulate the laser emission of LPs and four fluores-
cence excitation lasers (405 nm, 488 nm, 561 nm and 638 nm) to elicit
fluorescence. Cells flow across the laser beams ina hydrodynamically
focused stream at avelocity of -3.4 m s™. The fluorescence signal is split
by dichroic filters and detected by avalanche photodiodes, while the
lasing signalis detected by aline-scan spectrometer using a2,048-pixel
InGaAs charge-coupled device (CCD). Following data acquisition, the
antibody-fluorophoresinthe collected cells are deactivated by either
the photobleaching of the fluorophores or the release of the antibodies
fromthe cells. For the next cycle of measurement, the cells are stained
with asubsequent set of antibody-fluorophores and loaded back into
the flow cytometer.

Asdescribed previously, we employed LPs made of InGaAsP micro-
discs® that are 1.6-1.9 pum in diameter and 220-290 nm in thickness
(Fig. 2a). Six different compositions of bulk In,Ga,As,P,., epitaxial
layers were used to ensure that each LP emits a lasing peak between
1,150 and 1,550 nm (Fig. 2b), which leaves the entire visible and NIR-I
(700-900 nm) wavelength ranges free for fluorescence labelling. We
first coated the semiconductor microdiscs witha~50 nm layer of SiO,
to ensure stability and confer biocompatibility. We have previously
shown that silica-coated LPs can be internalized into a variety of cell
types with overnight incubation®. To shorten the tagging time, we
functionalized thesilica coating surface with polyethylenimine (PEI),
a cationic polymer known to bind to cellmembranes®. We found that
PEl-silica-coated LPs were efficiently attached to live human PBMCs
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Fig.2| Tagging of human PBMCs with LPs. a, Left: scanning electron micrograph
of polymer-silica-coated LPs. Right: optical image of live human PBMCs

tagged with LPs. b, Lasing wavelength distribution of the LPs comprising 10’
distinguishable barcodes when used in combinations of 3 or more. ¢, Histogram
showing distribution of LPs per cell, with over 70% of cells having 3 or more LPs.

d, Immunophenotyping data comparing cell viability (left column), singlet
purity (middle left column) and frequency of monocytes, T cells and B cells
(middle right and right columns) for (i) control, untagged cells at O h, (i) LP-tagged
cells at 0 hand (iii) LP-tagged cells at 5 h post tagging.

within 15 min of mixing and centrifugation (Fig. 2a). A given cell is
defined as barcoded if it is tagged with 3 or more LPs. By mixing an
excess of LPs to cells, typically 70% of PBMCs can be tagged with 3
or more LPs (Fig. 2c). We also developed an antibody-based method
for tagging LPs to cells through biotin-streptavidin coupling, which
enables barcoding of specific cell types. This approach requires ini-
tial staining of cells with biotinylated antibodies for suitable surface
antigens, similar to cell hashing methods®. Both tagging approaches
target LP binding to the cell surface. The LPs remain attached on the
cell surface of most lymphoid cells, while myeloid cells and epithe-
lial cells tend to internalize LPs through macropinocytosis®>*. With
either cationic coating or antibody tagging, an event detected on our
cytometer with 3 or more LPs can be classified as originating fromacell,
which can be used to distinguish cells from debris or free LPs (similar
to CD45 forimmune cells).

Using a viability dye that assesses membrane integrity, we found
that cell viability is nearly unchanged from 93.2% before to 91.6% after
LP tagging. Storing the LP-tagged samples in standard wash buffer at
4 °C for 5Shreduces viability slightly further to 89.1% (Fig. 2d). There
was no measurable difference in singlet purity between control and
LP-tagged samples at 0 and 5 h, indicating that LP tagging does not
increase cell-cell aggregation. To test whether LP tagging affects
cellular phenotypes, we also compared the expression of majorimmune
markers including CD45 (pan immune marker), CD14 (monocyte

marker), CD3 (T-cellmarker) and CD20 (B-cell marker). There were no
significant differences in the population percentages of any of these
markers when comparing control and LP-tagged samplesatOand 5h
(Fig. 2d). Furthermore, using CD3-KromeOrange, we found that the
median fluorescence intensity decreased ~5% for cells tagged with
3-5LPsand ~15% for cells tagged with 10 LPs (Supplementary Fig. 1).

Repeated measurement of the same cells

Cells are collected after each measurement so that the same cells
can be measured again in the subsequent cycle. In conventional flow
cytometers employing hydrodynamic focusing, cells flow through a
glass flow cellalong with sheath fluid and are then diverted into waste
following analysis. We developed a cell-collecting fluidic channel that
recovers all the cells in the focused core stream of 10-20 um width at
theexit of the flow cell (Fig. 3a,b). The collection channel consists of a
127-pum diameter needle, followed by a polypropylene-based flexible
tube connected to a peristaltic pump that controls the flow rate of the
collected stream (Fig. 3c). With sample input flow rates of 30 pl min™, a
sheath flow rate of 9 ml min™and a collection flow rate of ~400 pl min™,
we were able to collect nearly 100% of the input cells into a tube. To
ensure viability of cells in the tube during flow acquisition, we used
phosphate-buffered saline (PBS) as the sheath fluid, and the cells were
collected in serum-supplemented buffer. Immediately after acquisi-
tion, the cellsare washed and resuspended in standard flow cytometry
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Fig. 3| Repeated measurements of the same cells. a,b, Schematic (a) and
image (b) of modified fluidics to incorporate a needle and collection tube for
cell capture. ¢, Fluorescein dye (FL) flowinginto the collection needle.d, Cell
collection efficiency of live CD45" human PBMCs over 32 trials of capturing cells
using the modified flow cell, with mean and s.d. of 95% + 2%. e, Representative
lasing spectra of two LP-tagged cells measured repeatedly over 3 cycles. An

Cycle O data

algorithm was used to match cells between measurements using the lasing
wavelengths. f, Validation of matching LP spectral barcodes. LP-tagged cells
stained with antibody-fluorophores were measured in successive cycles (Cycle 0
and Cycle 1) and then matched using their lasing spectra. Plots show strong
correlation between fluorescence signals measured in the two cycles.

staining buffer or a viability dye solution. Overall, the cell collection
and washing process typically recovers 95% + 2% of live human PBMCs
(Fig.3d). There was no change in the viability of human PBMCs after 1,
2 or 3 cycles of cell capture (Supplementary Fig. 2).

Cells measured in different passes were matched using their LP
barcodes. Our spectrometer measures the lasing spectrawith resolu-
tion of ~0.5 nm. Given that single LPs provide ~800 distinguishable
lasing peaks (from 1,150 to 1,550 nm), a combination of 3 random LPs
per cell in principle can provide 4,,C; = 8.5 X 10” unique spectral bar-
codes, sufficient for tracking a population of 1,000,000 cells with <2%
of duplication-induced error (loss). LP barcodes measured in different
passes were matched by extracting the peak wavelengths and comput-
ing the probability of amatch by comparing pairs of measured spectra.
Each potential match is scored depending on the lasing wavelengths
detected and their emission amplitudes (see Methods). Examples of
matched spectraover threecycles are givenin Fig. 3e. We validated our
approach by staining LP-tagged PBMCs with major immune markers
(CD45,CD14,CD3 and CD19), measuring the same cells twice using the
modified flow cytometer and comparing the fluorescence data of cells
that were matched using the LP barcodes. We defined an apparently
correctly matched population in which the fluorescence intensities
of the same cells measured in Cycle 0 and Cycle 1 are strongly corre-
lated (Fig. 3f). This population ranged from 98.5% to 99.4% of the cells.

Theremaining 0.6-1.5% of cells that were apparently correctly matched
appear as noise and do not meaningfully affect data quality and resolu-
tion. We further validated our approach by verifying whether LP bar-
codes could be used to keep track of sample identity. Data from three
separately acquired samples were pooled together and matched. Less
than 2% of the matched cells were erroneously identified as belonging
to two different samples (Supplementary Fig. 3). Our validation data
show that our approach can track and match cells between different
measurements with high accuracy.

Time-resolved measurements of T-cell activation
One potentially impactful application of multi-pass flow cytometry
is time-lapse flow analysis. Multi-pass flow cytometry can be used to
measure changes in marker expression of individual cells between
subsequent cycles due to various biological processes either naturally
occurring or artificiallyinduced, such as cell division, incubation, drug
treatments, cell-cellinteractions or stimulations. To measure the same
markersinsuccessive measurements, we employed chemically releas-
able antibodies® (REAlease, Miltenyi Biotec), which are designed to be
released from live cells by the addition of a chemical reagent.

We explored time-resolved flow cytometry analysis of T cellsupon
cell stimulation. Drug treatments or immunotherapies can alter the
expression of protein markers on certain cell types, reflecting changes
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e, Gating on pre-stimulation CD4" cells enables identification of cytokine-secreting
cells (top). Gating on post-stimulation CD4" cells identifies significantly fewer
cytokine-secreting cells due to CD4 downregulation (bottom).

in activation state, viability, drug response or resistance”?*. While
conventional flow cytometry can compare population differences
between treated and untreated cells, it cannot identify changes to
eachindividual cell, whichis especially important for heterogeneous
cellsamples. In addition, changes in marker expression can prevent or
impair identification of cell type post stimulation?. With a one-time
measurement, it is difficult to distinguish between processes such as
downregulation, upregulation, proliferation or cell death, especially
when multiple cell types are present in the sample.

Using a basic T-cell panel, we measured two different samples of
T cellsinhuman PBMCs from the same donor with and without stimu-
lation with phorbol myristate acetate (PMA) and ionomycin, which is
widely used to determine the potential function ofimmune cells?*~°. As
showninFig.4a, while CD4°CD3"T cells canreadily be identified before
stimulation, CD4 expression is substantially reduced post stimulation,
making it difficult to re-identify these cells. Furthermore, it is difficult
with conventional flow cytometry to distinguish whether changes in
markers are phenotypic switches or are due to expansion or death of
specific cell types.

For time-resolved characterization of T-cell stimulation, human
PBMCs were tagged with LPs viaantibody binding, stained with chemi-
cally releasable antibodies (CD3, CD8 and CD4) and analysed for
baseline phenotyping (before stimulation) (Fig. 4b,c). After the first
acquisition, thereleasable antibodies were removed and the cells were
stimulated for 4 hwith PMA/ionomycin. The cells were then restained
for the same surface markers as well as intracellular cytokines (after
fixation/permeabilization), for asecond post-stimulation acquisition.
Figure 4d shows expression of different markers (CD3, CD8 and CD4)
pre and post stimulation for each cell. This pre-and-post comparison
plot enables quantitative analysis of the degree of downregulation
(bottom-right quadrant) for each cell that is measured. While CD8
and CD3 expression were relatively unchanged, we identified loss of
CD4 expression on T cells that was otherwise not easily identifiable
with a single time-point measurement. Our time-resolved approach
enables gating on pre-stimulation markers for downstream analysis,

suchasidentification of cytokine-secreting cells that were CD4" before
stimulation (Fig. 4e). We also verified that our LP-barcoding approach
does not appreciably affect secretion of IFNy and TNFa from T cells
(Supplementary Fig. 4).

10-marker, 2-cycle characterization of T cells
LPbarcodingallows us to acquire different markers over multiple cycles
and integrate the data all together. Additional markers can be meas-
ured on the same cells without the need of additional fluorophores
that complicate panel design through spectral spillover. We explored
whether this multi-pass approach can enable 10-marker analysis of
T cells with minimal spectral spillover. Isolated live human T cells were
barcoded with PEI-LPs and then stained with a Cycle-0 panel of Sreleas-
able antibodies (Fig. 5a). After staining, the cells were acquired and
captured, releasable antibodies were removed and cells were restained
with anew Cycle-1panel of 5 markers (Fig. 5b) before being acquired a
second time. The resulting 10-marker compensation matrix includes
only 9/90 (10%) fluorophore pairs with compensation >1%, 50 pairs
with zero spillover at all (0.0% compensation) and 20 pairs with com-
pensation <0.1% (Fig. 5c). This level of spillover is substantially lower
than those of conventional (single-pass) 10-marker panels using 10
different fluorophores®**. Memory T-cell populations including T,
central memory, naive, effector memory and TEMRA were all clearly
identifiable, and cells were further subset by differential CD27 and
CD127 expression (Fig. 5d). Repeating this assay several times yielded
coefficients of variation (c.v.s) <30%** (Supplementary Fig. 5).

Photobleaching of common fluorophores

To measure different markers in each pass, there is a need to either
remove antibodies or inactivate fluorescence signals after each
measurement so that the cells can be restained with a different set of
fluorophore-conjugated antibodies. While chemically releasable anti-
bodies are suitable, the limited portfolio of antibodies commercially
available makes it difficult to use for high-marker panels. There are also
anumber of approaches for antibody stripping and/or iterative staining
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Fig. 5|10-marker multi-pass panel using releasable antibodies. a, Two-cycle
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b, Schematic of workflow for this panel. Cells were tagged and stained with Cycle O
before flow cytometry acquisition and cell capture. Releasable antibodies were
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cycles concatenated into one matrix. d, Representative gating strategy showing
identification of T, (top right), memory CD4 (right of dashed line) and CD8
(left of dashed line) subtypes, and corresponding expression of CD27 and CD127
on each subtype. CM, central memory; EM, effector memory.

onfixed cells**~*’ (CODEX, CyCIF, IBEX and 4i), but fewer well-validated
options exist for live cells.

We developed and optimized an in-solution photobleaching
method that was compatible with live cells. To minimize viability loss
during photobleaching, we built a device thatilluminates cell samples
while actively cooling to near 4 °C (Supplementary Fig. 6). Cells were
suspended in wash buffer containing an additional cell-permeable
antioxidant to prevent the formation of reactive oxygen species from
damaging the cells. Using broadband light-emitting diodes (LED, 440-
660 nm), we were able to photobleach a number of commonly used
antibody-conjugated fluorophores (anti-CD45) in 3to 25 min. A violet
LED (400-420 nm) was needed to efficiently bleach violet-excitable
fluorophores conjugated to anti-CD45 (Fig. 6a). After photobleach-
ing, the fluorescence signal in the relevant channels (for example,
both donor and acceptor components for tandem fluorophores such
as PE-Cy7) is comparable to that of an unstained sample (Fig. 6b and
Supplementary Fig. 7). Using 10 antibody-conjugated fluorophores
at a time, the cell viability dropped slightly from 97.2% to 93.4% after
asingle bleach and further to 91.1% after two bleaches. We found that
fluorophores conjugated to markers with higher antigen density gen-
erally tended to bleach more slowly, presumably because of limited
local oxygen supply for bleaching. To verify that photobleaching does

not change the relative expression of markers on cells and does not
cause heterogeneous cell loss, we performed immunophenotyping
of live human PBMC samples after photobleaching and compared
these to a control. We found no appreciable differences between the
percentages of CD4" T cells, CD56" NK cells, CD20" B cells and CD14*
monocyetes (Fig. 6¢).

32-marker, 3-cycle measurement of PBMCs

To demonstrate the utility of multi-pass flow cytometry for
high-parameter flow analysis, we designed a 3-cycle, 32-marker deep
immunophenotyping panel of human PBMCs using 10-13 fluorophores
per cycle, with photobleaching between measurements, all acquired
onour13-colour instrument (Fig. 6d). The 32 markers were chosen to
enableidentification of a variety of cell typesincluding CD4* T,CD8'T,
regulatory T, y8 T, B cells, plasmablasts, NKT-like cells, NK cells, mono-
cytes, innate lymphoid cells and dendritic cells. For each cell type,
differentiation and activation markers were included for subcatego-
rization, such as for naive, memory and effector T cells. Live human
PBMCs were used to acquire the data. The complete cyclic workflow
included LP tagging with PEI-LPs, staining with Cycle O, acquisition,
photobleaching, restaining with Cycle 1, acquisition, photobleaching,
restaining with Cycle 2 and a final acquisition (Fig. 6e). In this study,
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Fig. 6 | Fluorophore photobleaching for high-marker multi-pass cytometry.
a, Photobleaching time for fluorophores conjugated to CD45 excited by a
broad-spectrum white LED or a405 nm LED. b, Representative data showing
complete fluorescence signature erasure via photobleaching. Cells stained with
CD45-AF647 photobleachin 10 min to a median fluorescence intensity equal

to that of an unstained cell sample. ¢, Effect of photobleaching on live cells by
rechallenging photobleached cells with antibodies targeting co-expressed
markers. Cells stained with anti-CD45-KrO, anti-HLA-DR-APC and anti-CD3-PE

were fully bleached, restained with anti-CD14, anti-CD20, anti-CD4 and anti-
CD56, and compared to an unbleached control sample. No significant differences
were observed. d,e, Panel design (d) and workflow schematic (e) of high-marker
experiment. Antibodies and fluorophores used in each cycle are shown. PBMCs
were initially tagged, stained (for Cycle 0), acquired and then photobleached.
The cells were then restained for Cycle 1antibodies and the process was repeated
for Cycle 2.

~50% of the barcoded cells that were acquired in Cycle 2 were success-
fully matched with previous cycles.

To demonstrate reproducibility of our approach, we performed
the assay on live human PBMCs from three healthy donors, with at least
threereplicates per donor. Figure 7a visualizes the matched 32-marker
datafromone of the donors after dimension reduction using uniform
manifold approximation and projection (UMAP). At least 6 distinct
islands corresponding to different cell types were observed, with good
separation consistent with high data quality. Cross-referencing the
UMAP pattern with each measured marker yielded the expected major
cellsubsetsineachisland, including CD4" T cells, CD8" T cells, CD14"
monocytes, CD11c" dendritic cells, CD123" dendritic cells, CD20" B cells
and CD56" NK cells. We found similar results with all six replicates of
this donor (Fig. 7b). Cell subpopulations were identified with <30%
c.v. when frequencies were >1% for all the donors (Supplementary
Fig. 8), in the acceptable range for cell-based flow assays, particu-
larly for previously frozen PBMC samples® . Further optimization
and batch processing of freeze-thawing, staining and washing steps
will probably reduce this variability further. To assess whether the
cyclic workflow had any effect on the final results, we also swapped
the order of 10 antibodies between Cycles 1and 2 (Supplementary
Fig. 9). There were no notable differences in either the number of

cell subsetsidentified or the quality of the data. The live-cell fraction
measured in Cycle 2 for all replicates was found to range between
70 and 85%, depending on the starting viability of the PBMCs after
thawing. Plotting cell viability measured at Cycle O vs Cycle 2 ena-
bles both identification of cells that have died and verification of the
matching algorithm (Supplementary Fig 10).

We computed the compensation matrix used in our study
(32 markers over 3 cycles) and compared it to a 28-marker panel opti-
mized for conventional single-pass flow cytometry*’. As expected,
there was substantial reduction in spillover resulting from acquiring
fewer colours over multiple passes (Fig. 7c). There were 136/1,056
(13%) pairs with spillover >0.5% in our panel vs 393/756 (52%) pairs in
the conventional panel. When comparing panel performance within
agiven instrument, spillover spread (SS) is typically used to indicate
how well co-expressing markers can be resolved when stained with a
specific combination of colours***. We found that the total amount
of SSin high-parameter panelsincreased nonlinearly (power law with
an exponent of ~3) with each additional colour used (Supplementary
Notel).Incontrast, a3-cycle workflow had over one order of magnitude
lower SS (Fig. 7d and Supplementary Note 1). Supplementary Fig. 11
shows the SS matrices of the 32-marker, 3-cycle panel from this study
and the published 28-colour panel*.
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Fig.7|32-marker deepimmunophenotyping of human PBMCs over

3 cycles. a, UMAP representation of data after being combined, matched and
cleaned using doublet discrimination, live/dead gating and tight gating. Cell
populations were manually gated and displayed on the UMAP by colour.

b, UMAP representation of sample replicates across two batches measured on

different days. No significant differences were observed with these datasets.

¢, Compensation matrix of the 32-marker, 3-cycle panel used compared to
conventional 28-marker panel in OMIP-060 (ref. 40) (see Supplementary Fig. 11
for SS matrices). d, Simulated total SS computed for a high-marker panel using a
multi-pass 3-cycle vs a conventional single-pass workflow.

Figure 8 shows the acquired scatterplots and our gating tree. A
manual gating strategy was used to distinguish T, B, NK and myeloid
cell subsets, following guidelines from previously published data-
sets*>*. Briefly, T cells and their memory subtypes were identi-
fied by surface expression of CD45RA, CCR7, CD27 and CD28 on
CD3'CD4"cells or CD3'CD8" cells. CD4 " helper T-cell subtypes were
further differentiated by expression of CXCR5 and CCR6, and T regu-
latory cells were defined as CD127"°CD25*. We characterized uncon-
ventional T cells by expression of the TCRy6 or CD56 on CD3" cells.
Monocytes were defined as CD3°CD19"CD20 CD56 HLADR" cells
that expressed CD14 and/or CD16, while dendritic cells were gated
with the same lineage but were here defined as lacking expression
of CD14 and/or CD16. They were further characterized by expres-
sion of CD123 (pDCs) or CD1c (mDCs). Of note, this strategy may
miss small subsets of dendritic cells which co-express CD16. B cells
were initially defined by expression of CD19 and CD20, and lack
of CD3. We used expression of IgD, IgM and IgG to differentiate
B cells producing antibodies of different isotypes. Plasmablasts were
identified by expression of CD19, lack of CD20 and co-expression
of CD27 and CD38. Using a combination of CD16, CD56, NKG2A
and NKG2C, we identified early, mature and terminal NK cells. Our
results are consistent with previously published findings on T cells*,
B Cells®, T, and myeloid cells*, as well as NK cells*’. Importantly,
we validated expected co-expression of markers by staining them
indifferent cycles. For example, >95% of naive CD4"and CD8" T cells
that we have defined by CD45RA (Cycle 2) and CCR7 (Cycle 0) also
expressed CD27 (Cycle 2) and CD28 (Cycle 0), as anticipated. In

addition, all CD20" (Cycle 0) B cells co-expressed CD19 (Cycle 1),
consistent with expected healthy human phenotypes.

Discussion

Over the past decade, the prevailing approach toimprove high-marker
analysis with flow cytometry has been to add more excitation lasers and
detectors to the instrument while developing newer fluorophores with
dissimilar properties in optical absorption and/or emission. Current
high-colour commercial instruments (for example, BD FACSymphony
A5 and Cytek Aurora) use as many as 10 excitation lasers and 30-188
detectors to discriminate >30 different fluorophores at a time. How-
ever, thisapproach comes with considerable cost and compromise. The
spectralwidths of organic fluorophores are typically 40-100 nm, and
the detectable visible spectrum ranges from 400 nm to 800 nm. As a
result, it is relatively routine to resolve up to ~10-15 different fluoro-
phores, but beyond that, the assay difficulty increases nonlinearly for
every fluorophore tobe detected duetoincreasing SS (Supplementary
Note 1). Recently introduced spectral detection can help distinguish
similar colours, but spectral unmixing cannot compensate for photon
shot noise and still leaves data spread*®*’. In practice, overlapping
fluorophores are not suitable for detecting co-expressing markers
(Supplementary Fig. 12a). For general users, flow cytometry panels
with <5 colours are considered routine, 5-10 colours are medium
complexity and 10-20 colours are challenging. Panels with >20 col-
ours are very sophisticated and can take several months to develop
and optimize’>*°, The time, technical expertise, reagent limitations
and cost needed for current high-marker panel designs have
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Fig. 8 | Manual gating of 32-marker, 3-cycle data. After excluding doublets and
dead cells, populations of CD4*and CD8" T cells, unconventional T cells, myeloid
cells, B cells, plasmablasts and natural killer cells were identified via manual

gating. Each major cell type was further differentiated into unique subsets using

markers characteristically expressed on cells from healthy human populations.
Axes labels are colour coded for the cycle in which the marker was measured: red,
Cycle O; blue, Cycle1; green, Cycle 2. Population frequencies are reported for
different donors and sample replicates in Supplementary Fig. 8.
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prevented many users fromincreasing the number of markers thatare
routinely measured.

Multi-pass flow cytometry based on optical barcoding allevi-
ates this major bottleneck to high-marker analysis. First, it simpli-
fies a highly complex panel into multiple, easier measurements,
enabling more markers to be measured with fewer colours. This
reduces the time and expertise needed to optimize a high-colour
panel and increases the margin of error afforded for the average
user to acquire high-quality data. Second, when no more than10-15
easily distinguishable fluorophores are used in each measurement,
thereisnoneed for expensive, custom antibody reagents conjugated
with exotic fluorophores of limited availability. Widely available
and well-validated antibodies with common fluorophores can be
used exclusively, considerably cutting reagent costs, lead times and
additional experiments needed for antibody validation. In addition,
fluorophores that are the most widely available (for example, PE, APC
and FITC) can be re-used multiple times. Third, the reduced number
of colour channels simplifies the instrument design, instrument cost
and operational complexity. Finally, by overcoming the fundamental
limitation of SS when measuring many colours at once, multi-pass
cytometry can exceed the maximum number of markers measured
on a flow cytometer (currently, ~40 markers*), accelerating immu-
nology and immune-oncology research by enabling analysis of more
cell types atonce.

Splitting panels across three cycles can substantially improve data
quality. A conventional 30-colour experiment requires monitoring
of 30 detection channels at a time and optimizing 30 x (30 - 1) =870
spillover matrix elements for compensation. Increased spillover inevi-
tably causes increased SS, and high-parameter panels must be care-
fully designed to mitigate spreading error between co-expressing
antigens. In comparison, a 3-cycle x 10-colour experiment requires
monitoring of 10 detection channels at a time and optimization of
3x10 x (10 - 1) =270 spillover matrix elements, with most of these
elements having relatively low spillover since less colours are used at
atime. Thisdramatic overall reduction of spillover and corresponding
spread contributes to majorimprovements of data quality (Supplemen-
tary Fig. 12b). At the same time, investigators can also design panels
such that co-expressing markers are split between cycles, thereby
eliminating spread between these antigens altogether. When panels
aresplitand acquired over several cycles, even markers conjugated to
the same fluorophore multiple times will not require compensating and
exhibit nospillover spread between them. Inaddition, splitting panels
between cycles allows for re-use of key fluorophores. For example, PE
isavery bright and widely available fluorophore which could be used
multiple times to detect low-antigen density markers. This overcomes
amajor limitation in conventional flow cytometry, where there is an
insufficient number of bright fluorophores to detect multiple dim
antigens simultaneously.

Measuring tagged cells over multiple cyclesinevitably introduces
some reduction to cell yield. Any step with centrifugation typically
resultsinatleast 5% cellloss, whichincludes cell staining and collection
steps. Integration with non-centrifuging cell washing methods such as
acoustic focusing™ or laminar flow® may decrease this loss or at least
reduce hands-on time and operator variability. Cell tagging yield was
~70% for live human PBMCs, which is generally limited by the Poisson
statistics of the stochastic binding events. Further optimization of
LP bioconjugation chemistry may improve yield and applicability to
other cell types. One area of potentialimprovement is matchingyield,
which in this study was ~70% per cycle. This yield is currently limited
by the presence of free LPs that contributes to matching uncertainty,
cells that are excluded because they are part of cell-cell doublets in
at least one cycle, and LPs that may not be detected and/or become
dislodged from the cell (see Methods). Optimization of the matching
algorithm to include scatter and fluorescence data is also likely to
improve matchingyield.

Total analysis time is increased with the cyclic workflow due to
the additional steps of LP tagging, cell capture, photobleaching and
restaining, apart fromintentional time delay between measurements
intime-lapse workflows. Currently, -1 hisrequired for each additional
cycle; however, only 10 min of this is hands-on time, and use of auto-
mated liquid handlers can shorten the current cell-processing time
between cycles. LP tagging time and photobleaching time could be
reduced further by using antibody-targeting and spectrum-optimized
LEDs, respectively. Of note, LP-tagged samples canbe fixed, stored and
measured the next day or whenever necessary, which may be apreferred
workflow for panels with intracellular markers that require fixation.
Fixed samples can also be stored for batch analysis to reduce variability
between specimens in large-scale clinical trials®. Re-interrogation of
samples could also be useful for users who wish to use the results of a
first cycle of measurement toinform the panel design of asubsequent
measurement. The multi-pass workflow also requires that cellsare run
throughtheinstrument multiple times, whichimparts additional stress
tothe cells. However, marker expression should be minimally affected
at the relatively low pressure (<3 psi) and low energy dissipation rate
(-10°W m) of our flow system*>*~¢, and particularly sensitive markers
canbe deliberately acquired in the initial cycle.

The multi-pass workflow can also be leveraged in assays that
require protocols or treatments that compromise fluorophore integ-
rity. Methanol-based fixation, often used to measure the phospho-
rylation state of intracellular proteins, can quench protein-based
fluorophores, rendering them unusable if staining precedes fixation®”.
Permeabilization buffers used to access intranuclear transcription
factors often destroy signals from green fluorescent protein and other
fluorescent proteins’®. In each of these cases, phenotyping cells in an
initial cycle, followed by fixation/permeabilization and subsequent
measurement of intracellular markers enable measurement of all
desired parameters without any compromise in signal or data quality.

Outlook

Cellular barcoding and the multi-pass workflow expand the utility of
flow cytometry beyond static profiling to the dynamic time-resolved
analysis of cells at high throughput. The ability to track and measure
cellsover time enables the study of single-cell responses to stimulation,
drug treatments or other interventions. As a one-time measurement,
conventional flow cytometry can only capture cell properties at asingle
timepoint or assess population shifts between control and treated
samples. With time-resolved flow cytometry, the downregulation or
upregulation of key biomarkers on individual cells can be identified
and also quantified. The degree of change in the expression of a par-
ticular biomarker on a particular cell could be especially useful for
precision-medicine applications, where upregulated markers could be
therapeutic targets and downregulated markers could be indicators
of resistance. While PMA/ionomycin stimulation of T cells was used in
this study, future applications of time-lapse cytometry could involve
studying the time-dependent effects of various drugs in the develop-
ment of cell-based therapies, which may lead to better predictors of
efficacy. Tracking cells over multiple generations also enables the study
of protein expression changes as each cell divides or differentiates,
with applications in tumorigenesis and stem-cell biology.

The LPs have excitation and emission in the NIR-1I range (1,000-
1,700 nm), whichdo notinterfere with existing cellular characterization
techniques that rely on visible and NIR-I fluorescence. In this NIR-II
window, there is less absorption and scattering by cells and tissues,
which makes it suitable for live-cell and tissue applications. However,
a current limitation is the need for an integrated custom NIR-II spec-
trometer, although LP-reading commercial instruments are under
development. We anticipate that further LP-barcodinginnovation and
instrumentation will enable us to couple flow cytometry with other
opticalinstruments suchasafluorescence microscope”. The upstream
or downstream integration of spatial and functional information of
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single cells through LP barcoding, as illustrated in Fig. 1, promises to
extend the ability to analyse single cells far beyond the current scope
of flow cytometry.

Methods
LP fabrication
LPs were fabricated beginning fromalll-V semiconductor wafer con-
sisting of epitaxial layers of alternating InGaAsP and InPgrown onan InP
substrate, as previously described?’. Nanofabrication including pho-
tolithography and reactive ion etching to create arrays of -1.6-1.9 pm
discs on the wafer were performed. The 4-inch wafer was then diced
into multiple -1 cm? pieces and washed with acetone, isopropanol
and deionized (DI) water. Wet chemical etching was performed by
addition of 8.7 M hydrochloric acid (HCI) for 1 min to dissolve the InP
layers, releasing the individual LPs. The reaction was then stopped
by neutralizing the HCI with an equal amount of 8.7 M ammonium
hydroxide. The etched pieces of wafer were removed and the LP solu-
tion was centrifuged at 4,000 g for 10 min to pellet the LPs. The LPs
were then washed via 4,000 g centrifugation several times in pure DI
H,0, a mixture of 1:1 DI H,O to ethanol (EtOH) and finally pure EtOH.
Between eachwash, the LPs wereredispersed using anultrasonic bath.
After washing, LPs were coated witha SiO, layer to provide optical
stability, enable biocompatibility, as well as to provide an appropri-
ate surface for further functionalization. The SiO, layer was formed
using a modified Stober process involving 40 mM tetraethoxysilane
(TEOS) diluted in 4:1 ethanol:DI H,0 with ammonium hydroxide as a
catalyst. The LPs were reacted in the TEOS solution for 48 hon a ther-
momixer (ThermoMixer C, Eppendorf) at 70 °C, mixing at1,000 r.p.m.
After silica coating, the LPs were centrifuged at 4000 g for 8 min to
remove the TEOS supernatant. LPs were washed in ethanol, 1% HCl and
ethanol again via centrifugation with sonication between each wash.
Silica-coated LPs were kept in ethanol until further functionalization.
For functionalization with PEl polymer, the silica-coated LPs were first
reacted with 3-chloropropyl triethoxysilane (CPTES) diluted in 10:1
ethanol:DI H,0 overnight using the same thermomixer conditions
as the base silica coating. Once the CPTES reaction was complete,
the LPs were washed three times using pure ethanol. Next, the LPs
werereacted with PEI(-1,800 Da) diluted 1:50 in DIH,O. LPs were then
reacted with the PEl solution for 5 hin a sonicator bath using 80 kHz
frequency at r.t. After the reaction, the LPs were washed using pure
ethanol3times. For coating with biotin for antibody-based cell tagging,
the basesilica-coated LPs were reacted in4 mlof 95% (v/v) EEOH witha
silane-PEG-biotin, usingaPEGlength of 2,000 Dafor18 hat40 °Conthe
thermomixer. After coating with the biotin linker, the LPs were washed
3timeswith 95% (v/v) EEOH and resuspended in H,O ataconcentration
of ~100 million LPs in1 ml of H,O0.

Antibody reagents
Allantibody reagents are provided in Supplementary Information and
are categorized by the figure they appear in.

Multi-pass flow cytometer

A multi-pass flow cytometer was built onacommercial flow cytometer
(CytoFLEXS, Beckman Coulter) by adding functionality for reading LPs
as well as for collecting all cells post analysis. A nanosecond-pulsed
1,064 nm laser (Lumibird) for optically pumping LPs was integrated
into the existing optical layout using an appropriate dichroic mirror
and coupling optics. Several existing optical components were also
replaced to ensure compatibility with LP emission in the short-wave
infrared. The LP emission was collected via multimode fibres to a
near-infrared grating spectrometer coupled with afastInGaAsline-scan
camera (Sensors Unlimited). For synchronized data acquisition, the
line-scan cameraof the spectrometer was triggered using a scattering
signal from flowing cells. To collect cells after acquisition, the cells in
the outlet was rerouted. A peristaltic pump at the collection end was

used to draw the cells from the sample stream into a needle, reducing
dilution from the surrounding sheath fluid. The normal sheath fluid
was replaced with an isotonic saline solution with an added 1% (v/v)
2-phenoxyethanol surfactant. Synchronized scattering, fluorescence
and LP emission were typically acquired at -5,000 events per second
ata30 pl minsampleinput flow rate.

Multi-pass workflow experiments

To barcode PBMCs with PEI-LPs, cryopreserved PBMC samples from
healthy donors were first thawed and counted. PEI-LPs dispersed in DI
water at 100 MM ml™ were added at a 12.5:1 ratio in serum-free RPMI-
1640 medium containing 0.1 mg ml™ DNase I (STEMCELL). 10X PBS
was used to maintain the tonicity of the tagging solution with the addi-
tion of PEI-LPs in water at the time of tagging. The cells were tagged
via centrifugation and mixing, that is, immediately after PEI-LP addi-
tion, the samples were centrifuged at 300 g for 5 min. Next, samples
were resuspended by pipetting and mixed at 650 r.p.m. at4°Cona
thermomixer for 5 min. The samples went through two more cycles
of centrifugation and mixing and one final centrifugation. For tag-
ging through antibody coupling, cells were first stained with 0.5 pg of
anti-B2M-biotin (an antigen expressed on all nucleated cells), washed
and then stained with an avidin conjugate (traptavidin, Kerafast) and
washed again. Biotin-coated LPs were thenadded to the cellsas above
totagcells viabiotin-avidin binding.

To measure the effect of LP tagging and time on cell viability, one
tagged sample and one control sample wereimmediately stained with
a pre-titrated antibody cocktail (anti-CD45 Pacific Blue, anti-CD3 PE,
anti-CD14 APC, anti-CD20 FITC and Zombie Aqua viability dye in PBS)
and analysed on the cyclic flow cytometer. The two remaining samples
were keptin10% FBS (v/v) supplemented RPMI culture mediumat 4 °C
and analysed with the same antibody cocktail after 5 h or overnight
incubation.

To test the effect of cell capture on cell viability, three samples of
freshly thawed human PBMCs were analysed through the cyclic flow
cytometer during the first cycle and post cell capture after the first
and second cycles for atotal of three data points per sample. Viability
was determined by staining the cells with LIVE/DEAD Fixable Near-IR
stain before each run. All viability measurements were compared to a
non-captured control.

Time-lapse measurements

Healthy donor human PBMCs were thawed and rested overnight in
RPMI-1640 cell culture medium containing 10% (v/v) FBS and 1% (v/v)
penicillin/streptomycin (P/S) at 37 °C with 5% CO,. The following
morning, the cells were tagged with biotin-coated LPs (as described
previously) and stained with a panel of releasable anti-CD45-PerCP,
anti-CD3-FITC, anti-CD4-VioBlue and anti-CD8-VioGreen antibodies
(Miltenyi). Samples were run on the cyclic flow cytometer, collected
and then resuspended in 1% (v/v) of REAlease reagent (Miltenyi) for
10 min at r.t. to remove the Cycle 0 (CO) antibody panel. Next, the
samples were stimulated and immunophenotyped. For stimulated
samples, 2 pl of 1X Cell Stimulation Cocktail (eBioscience) and 1 pl of
1XBrefeldin A (BioLegend) were added per ml of cell culture medium.
The samples were incubated at 37 °C and 5% CO, for 4 h. Afterwards,
2 mM of EDTA was added to each sample, followed by incubation for
15 minto mitigate cell clumping. The cells were retrieved and washed.
Allsamples were stained with LIVE/DEAD Fixable Near-IR stain in PBS
with anti-CD45-FITC, anti-CD3-BV421, anti-CD4-SparkViolet 538,
anti-CD8-PE/Cy5 and anti-CD14-BV605 (BioLegend). After staining,
the samples were washed and fixed for 45 min at r.t. in the dark with
1X Fixation/Permeabilization Concentrate (eBioscience). The samples
were washed twice with 1X permeabilization buffer (eBioscience) and
resuspended in 100 pl of 1X permeabilization buffer. Cells were stained
withintracellular antibodies IFNy-PE and TNFa-APC, and then washed
twice with 1X permeabilization buffer. Untagged samples were also
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prepared as controls. Finally, all samples were acquired by the cyclic
flow cytometer.

10-marker, 2-cycle assay

HumanT cells were isolated from freshly thawed, healthy donor PBMCs
usingamagnetic CD3 T-cellisolation kit (BioLegend) following manufac-
turer instructions. Three replicate samples were tagged with PEl-coated
LPs as previously described. Samples were resuspendedin 80 pl of wash
buffer and stained with anti-CCR7 BV421 for 25 min at r.t., then in the
same tube, added with anti-CD45RA FITC, anti-CD4 PerCP, anti-CD3
PE and anti-CD25 APC REAlease releasable antibodies (MiltenyiBiotec)
for 10 min at 4 °C. The samples were washed with 2 ml of wash buffer,
resuspended, acquired and captured onthe cyclic flow cytometer. Next,
the samples were resuspended in1 ml of wash buffer each with 20 pl of
Release reagent (Miltenyi Biotec) to release the CD45, CD3, CD4 and
CD25 over a10 minincubation at r.t. After washing again, the samples
were stained with a LIVE/DEAD Fixable Green (Invitrogen) solution in
1X PBS for 5 min at r.t., then moved to 4 °C and stained with anti-CD8
PerCP, anti-CD127 PE and anti-CD27 APC for 25 min. All three replicate
samples were washed before acquiring on the cyclic flow cytometer.

Photobleacher

Twoin-house LED-based fluorochrome photobleachers were designed
and fabricated. A high-power, 3,500-K white LED (Luminus Devices)
and 100 W, 405 nm LED (Chanzon) were used to illuminate samples
to deactivate antibody-conjugated fluorophores. A chiller module
to pump ice water to the sample holder kept the sample cool during
photobleachingto ensure cell viability.

Photobleaching experiments

Fourteen common fluorophores were characterized for photobleach-
ing as part of the cyclic flow cytometry workflow. Anti-CD45 antibodies
conjugated to the 14 fluorophores were used to stain freshly thawed
human PBMCs (AllCells). Cells (10°) were photobleached in 2 ml
of ‘wash buffer’, which contains 10% (v/v) fetal bovine serum, 0.1%
non-ionic surfactant,2 mM EDTA and 10 mM HEPES in 1X PBS without
calcium or magnesium. A cell-permeable form of vitamin E (Trolox,
VectaCell) was also added to the buffer as an antioxidant to protect cells
from potential free-radical damage. Median fluorescence intensities
(MFIs) were compared against an unstained control every -1-5 min of
sample illumination to determine the minimum necessary exposure
time to erase the CD45" fluorescent signals (see Fig. 6a).

To test the effect of photobleaching on immunophenotyping,
PBMCs were labelled and measured with an antibody panel ‘panel A’
(anti-CD3 PE, anti-HLA-DR-APC and anti-CD45 KrO), panel A was
photobleached and the PBMCs were restained with a subsequent
antibody panel ‘panel B’ (anti-CD4 PE, anti-CD20 FITC, anti-CD14 APC
and anti-CD56 BV421). MFls were measured against control samples
stained with panel B that did not undergo photobleaching. Samples
stained with panel A were photobleached for 30 min. Fluorescence
signal erasure was verified by flow cytometry. Photobleached sam-
ples were collected, washed and restained with panel B, acquired and
compared to the control.

Totest the effect of photobleaching on cell viability, four samples
of freshly thawed human PBMCs were stained with panel CO, photo-
bleached completely (15 min) in wash buffer and restained with either
LIVE/DEAD Fixable Near-IR stain (Life Technologies) or panel C1. The two
samples restained with panel Cl1 were photobleached and the samples
were then restained with LIVE/DEAD Fixable Near-IR stain. All viability
measurements were compared to the non-photobleached control.

32-marker 3-cycle experiment

Freshly thawed PBMCs from three healthy donors (AllCells, Zen-Bio)
were counted and tagged with PEI-coated LPs as described previously.
Eachtagged samplereplicate (atleast3 per donor) wasresuspendedin

80 plof (2:500) LIVE/DEAD Fixable Near-IR solution in 1X PBS. Samples
were first stained with the titrated CO antibody cocktail for 25 minatr.t.
inthe dark. Once stained, samples were washed with 3 ml wash buffer
and centrifuged for 5 min at 300 g. All samples were resuspended
to ~100 pl in wash buffer, analysed on the cyclic flow cytometer and
collected. Samples were transferred promptly to the photobleacher,
in which fluorophores were bleached for 15 min. The photobleached
samples were diluted with wash buffer, washed and resuspended in
80 pl of LIVE/DEAD Fixable Near-IR solution in 1X PBS. Samples were
then stained with the subsequent C1 antibody cocktail for 25 min at
4°C, and the entire process was repeated to acquire C1 and C2 data.
For repeatability tests, the above experiment was conducted on one
donorintwosets of triplicates over 2 different days (Day 1batch and Day
2batch). To test the effect of the cyclic workflow, another experiment
was conducted with a modified panel where a total of 10 antibodies
correspondingto 5 fluorochromes were swapped between cycles1and
2 (Cycle 0, 2,1) The swapped antibodies were anti-CD8 and anti-CD19
PE/CyS5, anti-CD159¢ and anti-CD56 PE, anti-CD38 and anti-CD1c PE/
Dazzle594, anti-CD57 and anti-CD159a PE/Cy7, and anti-CD27 and
anti-CD14 Alexa Fluor 647.

Fluorescence minus one (FMO) controls were used to identify
spectral overlap that can cause false-positive signals and gating ambi-
guities with dim antigens. These controls were run for all donors and
used to define accurate gate placement for selected markers. The first
FMOincluded allantibodies in CO except for anti-CD25 Alexa Fluor 647,
andthe second FMOincluded all antibodies in CO except for anti-CCR6
PE/Cy7. We used the FMOs to dictate where we distinguished CD25*
from CD25 and CCR6" from CCRé6 in the fully stained replicate sam-
ples. In place of the missing antibody for each FMO control, we used
anisotype control.

The spillover spread matrix (SSM) for OMIP-060 (ref. 40) was com-
puted in FlowJo v.10.9.0 (BD) using publicly available flow cytometry
standard (FCS) files hosted on FlowRepository. For the conventional
panel, the contribution of each fluorophore towards overall spread was
calculated by adding the spread of each fluorophoreintoagiven detector
tothespread ofthe detector’s corresponding fluorochromeinto all other
detectors. Fluorophores with the largest contributions towards spread
were deleted systematically from the matrix one atatime tosimulatean
SSM with the least possible amount of spread as the number of fluoro-
phoreswas decreased from28to1. Theresulting total SSM was recorded
after each fluorochrome deletion. For the simulated 3-cycle panel, the
combination of 11 fluorophores with the smallest SSMwas identified by
using the conventional SSM and systematically deleting fluorophores
with the largest contributions to spread until 11 remained in the panel.
This panel was replicated three times (for each cycle) tobuild atheoreti-
calSSMwith 33 fluorophores representing the least possible amount of
spread. Aswith the conventional panel, total fluorophore contributions
towards spread were calculated and SSM totals were recorded as the
number of fluorophores was decreased one by one.

LP matchingalgorithm

FCS files containing fluorescence and LP data were imported to the
matchingalgorithm. The m central wavelengths and amplitudes of LP
emission lines from each cell i were recorded as 4™ and A™, respec-
tively, for up to the 15 mostintense spectral peaks. These 2m parameters
constitute a‘barcode’, A;Z{(A™, A™)}. For two cycles of measurement,
this information produces a set of barcodes A" = {A}} for Cycle1and
anotherset A> = {AZ}for Cycle 2. To compare any two barcodes A; and
A;, taken from either A' or A?, we defined a score function

(m) 4(m) () 4(m)
S(AuNy.a@) = E(m,n)Ematched log (p(/l,-m ’A,-m »Ajn ,Ajn ,a))
) 40
+ z:renot matched lOg (q(/l,'r ’Air ’a))

$) A0
+ zsenot matched lOg (q(/ljs sAjS :a)) 5
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where a denotes aset of tuning parameters. The first sumincluded all
pairs of ‘matched’ peaks (m, n) that are within 2 nm from each other.
The second and third sumincluded ‘not matched’ peaks, that is, ones
observed in one barcode but missing in the other. The tuning para-
meters a are chosen such that p=1and g < 1. For every barcode in
Cycle 2, thereisacorresponding barcode from Cycle 1with the highest
score; the set of highest scores give anormalized distribution S,. The
set of highest scores between each cell and all other cells in the same
cycle gives another normalized score distribution S,;. Since a pair of
matched barcodes generates a higher score than almost any random
pairs of barcodes, there exists a population of high scores in S5,
correspondingto the matched pairs, that does not exist in S;;. We define
amerit functionacting on the two distributions, AS[S;,,S;;], asaquan-
titative measure of this difference, which approximately represents
the fraction of cells from Cycle 2 that can be matched with cells from
Cycle1. We determined the tuning parameters & that maximized the
AS. Next, using these parameters, we computed the probability that
celliin Cycle1and celljin Cycle 2 corresponded to the same cell:
Py =S(Ai N, @)Y, S (A Ak, @) S (A, A, a*), where A and A, denoteall
potential matches to celliand cellj, respectively. Finally, pairs of cells
with the maximum P;produces aset of initial ‘barcode-matched’ cells.

As quality control, we rejected matched cells with low matching
probability using a cut-off value for P;, which we validated through the
following two control experiments. The first experimentinvolved stain-
ing LP-tagged PBMCs (-10° cells) with multiple antibodies (CD45, CD19,
CD14,CD3), acquiring the cells on the cyclic flow cytometer, collecting
the cellsand then acquiring again. The data were matched to assess cor-
relation of fluorescence signals between measurements. The second
experiment involved measuring three separate LP-tagged samples
(eachwith~10° cells) over two cycles. The datafrom all 3samples were
pooled together and matched to track sample identity compared to
ground truth. The lowest probability P;that yielded >98% correlation
of fluorescent signals and >98% accuracy in identifying samples was
chosen as the cut-off'value.

Flow cytometry data analysis

After LP barcode matching, data from all samples and for each cycle
were concatenated into one master file in the FCS format. FCS files
were analysed using FlowJo. Single-colour compensation controls
were acquired with every run for all assays and typically prepared using
UltraComp eBeads and ArC beads (Invitrogen) at voltages dictated by
instrument voltration. Approximately 7,500 events per sample were
recorded to generate compensation matrices for each cycle. Manual
adjustments to compensation were applied to ensure that the MFI of
single-positive populations matched the MFIfor negative populations
for all fluorophores for which they were negative.

For cyclicexperiments, compensation matrices for each cycle were
calculated. The final compensation matrix was generated by manually
combining the compensation matrices fromeach individual cycle and
setting compensation between fluorophores in different cycles to 0.
Compensation controls were additionally used to calculate the SSM
for each individual cycle automatically in FlowJo*. SSM data from
all three cycles were manually combined, and the spillover spreads
between fluorophoresin different cycles were set to 0. The frequency
of LP-tagged and LP-untagged lineage cell populations (CD3" T cells,
CD20"Bcellsand CD14" monocytes) were compared whenapplicable.
Any observed differencesin cell frequencies were normalized to match
the frequencies of untagged and unmatched cells. Data were cleaned
by using a series of tight gates that excluded scattered cells showing
double positivity for multiple lineages (for example, CD3*CD20" cells
were removed) and cells that were identified as debris on the basis
of a combination of fluorescence and forward-scatter/side-scatter
characteristics.

The frequency, mean and %c.v. using s.d./mean were calculated
for all replicates and populations that exceeded 100 cell events

and >0.5% of the parent population. For the 32-marker experiment,
Donor 3’s Batch1and Batch2 sample population means and c.v.s were
calculated both separately and combined. Compensation matrices
were calculated inthe FlowJo Compensation Wizard using single-colour
controls (see Fig. 5and Supplementary Figs. 5and 8). To generate the
UMAPs for the 32-marker panel, 50,000 cells were downsampled from
each of the 6 replicates from Donor 3 taken across two batches and
concatenated into one file. This concatenated file was used to generate
amaster UMAP, which was calculated on the basis of all compensated
fluorescent parameters, except for live/dead (which was used in the
upstream cell selection), using a Euclidean distance function with
nearest neighbours =15 and minimum distance =0.5. After running
the UMAP algorithm, manual gating was employed to identify specific
cell populations that corresponded with UMAP clusters. Individual
replicates were identified from the master file by gating on the basis of
‘SampleID’, enablingidentification of eachreplicate for analysis. Data
fromthese populations and replicates were combined, imported and
visualized in R using the ‘tidyverse’ package.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

The maindatasupporting the results in this study are available within
the paper and its Supplementary Information. Source data for the
flow-cytometry plots are available in FlowRepository (experiment ID:
FR-FCM-Z7Z)).Source data are provided with this paper.

Code availability

The algorithm for laser-particle-barcode matching is described in
detailin Methods. The code implementationis available from the cor-
responding authors on reasonable request.
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Supplementary Fig. 1 | Dependence of CD3-Krome Orange fluorescence intensity on number of LPs per
cell. Box plots show line at median, with error bars spanning the 10-90 percentiles.
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Supplementary Fig. 2 | Cell viability of human PBMCs measured after 0,1,2, and 3 successive captures.
Plots depict all CD45+ singlet events.
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Supplementary Fig. 3 | Validation of LP barcode matching. (a) Three cell samples each with ~200,000
barcoded cells were acquired and collected separately over 2 cycles. Data from the 3 samples were
concatenated and matched to assess the accuracy of matching. (b) 98% of the matched cells were correct in
maintaining sample identity across cycles. Plot only displays 6,000 cells out of ~360,000 for clarity.
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Supplementary Fig. 4 | Cytokine secretion of stimulated human T cells with and without LP tagging. No
substantial differences in IFNg and TNFa secretion were observed (beyond typical batch variations of ~20%
CV) between tagged and untagged cells, for both CD8+ and CD4+ T cells.



% of parent

Population S1 S2 S3 Mean % CV

Live/CD4+ 76.4 759 72.2 748 3.07

CD4+/Central Memory 504 49.9 555 519 5.97

CD4+/Central Memory/CD27+CD127+ 844 85.9 83.9 84.7 1.23

CD4+/Central Memory/CD27+CD127- 146 129 13.7 13.7 6.19

CD4+/Effector Memory 33 313 28.3 309 7.71

CD4+/Effector Memory/CD27+CD127+ 72.9 74.3 716 729 1.85

CD4+/Effector Memory/CD27+CD127- 18.3 17.3 15.7 171 767
CD4+/Effector Memory/CD27-CD127 + 7.48 7.28 10.3 84 20.22
CD4+/Effector Memory/CD27-CD127- 1.1 1.05 148 1.2 19.19

CD4+/Naive 151 17.2 14.6 15.6 8.82

CD4+/Naive/CD27+CD127+ 74.5 771 713 743 3.91

CD4+/Naive/CD27+CD127- 25 225 26.4 246 8.02
CD4+/Tregs 255 272 34 29 15.56

Live/CD8+ 18.2 18.8 19.9 19.0 455

CD8+/Central Memory 332 351 344 342 2.81

CD8+/Central Memory/CD27+CD127+ 91.6 921 941 92.6 1.43
CD8+/Central Memory/CD27+CD127- 524 5.17 3.03 45 28.04

CD8+/Central Memory/CD27-CD127+ 3.04 252 276 2.8 9.38

CD8+/Effector Memory 55.8 524 54.8 543 3.22

CD8+/Effector Memory/CD27+CD127+ 774 76.8 82.5 78.9 3.97
CD8+/Effector Memory/CD27+CD127- 134 143 8.49 121 25.92

CD8+/Effector Memory/CD27-CD127+ 524 5.33 6.24 56 9.87
CD8+/Effector Memory/CD27-CD127- 3.75 3.38 259 32 18.29
CD8+/Naive 478 5.12 3.35 44 21.27

CD8+/Naive/CD27+CD127+ 86.4 858 89.9 874 2.53
CD8+/Naive/CD27+CD127- 134 13.8 9.55 12.3 19.16

CD8+/TEMRA 6.19 7.15 6.82 6.7 7.26

CD8+/TEMRA/CD27+CD127+ 68.5 69.5 745 70.8 4.54
CD8+/TEMRA/CD27+CD127- 256 26.3 20.9 243 12.10
CD8+/TEMRA/CD27-CD127+ 1.93 1.3 146 1.6 20.95
CD8+/TEMRA/CD27-CD127- 3.95 28 3.07 33 18.37

Supplementary Fig. 5 | Isolated T cells from human cryopreserved PBMC were stained with a 2-cycle, 10-
marker panel of releasable antibodies. Percentages and mean of CD4+ and CD8+ memory T cell
subpopulations are shown for three replicate samples (S1, S2, and S3) taken across multiple days from the
same donor. Values are expressed as a percent of the parent population and colored by a heat scale with
blue representing the largest values and white representing the smallest. % CV was calculated using
SD/mean, where SD is the standard deviation of the samples. A red color bar representing the % CV
enables visual comparison between cell populations.
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Supplementary Fig. 6 | (a) Image of custom-built photobleaching device in which up to 4 samples are
photobleached using a bright LED while being cooled to close to 4°C. (b) Viability of live human PBMCs
following complete photobleaching of samples stained with 10 fluorophores (Cycle 0 in Fig. 6d) and
subsequently another 10 fluorophores (Cycle 1). The cell viability decreases around 4% per cycle. Plots

depict all singlet events.
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Supplementary Fig. 7 | Fluorophore photobleaching kinetics. Fluorophores conjugated to anti-CD45 were
used to stain >10¢ live human PBMCs each. Every 5 min or less aliquots of >105 cells were removed from

each sample and acquired (black) on a flow cytometer to monitor MFI. An unstained sample was also
acquired (grey). Error bars indicate +/- standard deviation about the median of the unstained sample’s
fluorescence intensities in that respective channel (noise).



Donor 3
Donor 1 Donor 2 Donor 3- Batch 1 Donor 3- Batch 2 Combined

Population S1 S2 S3 Mean CV S1 S2 S3 Mean Cv S1 S2 83 Mean CV S1 S2 S3 Mean CV  Mean CV

B cells (% of total) 895 883 879 89 1% 174 172 171 172 1% 115 116 116 116 0% 12 118 117 118 1% 1.7 2%
B cells/CD27-IlgD+ 535 529 531 532 1% 759 791 782 777 2% 624 614 606 615 1% 511 512 507 510 1% 56.2 10%
B cells/CD27+IlgD+ 543 463 533 51 8% 634 438 291 45 38% 59 471 396 49 20% 7.04 797 537 68 19% 58 25%
IgD-lgG+ 212 188 207 202 6% 16.3 147 13 147 11% 11 989 91 100 10% 933 84 899 89 5% 95 10%
IgD-IgM+ 208 207 195 203 4% 19.2 193 187 191 2% 347 325 324 332 4% 393 387 371 384 3% 358 8%

Monocytes (% of total) 51.6 51.9 51.6 51.7 0% 39.7 391 39.7 395 1% 182 186 16.6 17.8 6% 224 219 205 21.6 5% 19.7 12%
Monos/Classical 79.1 80 813 80.1 1% 974 982 973 976 1% 847 856 87 858 1% 89.2 898 893 894 0% 87.6 2%
Monos/Interm 113 109 103 108 5% 234 161 233 21 20% 141 13 11 127 12% 943 847 858 88 6% 10.8 22%
Monos/Non-class 782 742 685 74 7% 027 021 035 03 25% 115 141 199 15 28% 135 168 211 17 22% 16 23%

Dendritic cells (% oftotal) 513 6.28 589 58 10% 486 476 421 46 8% 497 496 444 48 6% 38 408 385 39 4% 4.4 12%
CD14-CD16-/CD11c+ DCs 377 429 403 403 6% 284 276 32 293 8% 647 663 664 658 1% 688 674 68 681 1% 66.9 2%
CD14-CD16-/CD123+pDCs 473 428 446 449 5% 392 438 449 426 7% 181 146 142 156 14% 145 143 143 144 150 10%

NK cells (% of total) 11.6 126 134 125 7% 427 3.87 412 4.1 5% 139 146 16.3 149 8% 15 152 16.5 15.6 5% 15.3 7%
NK cells/Early NK  7.11 7.06 625 68 7% 117 159 124 133 17% 3.72 373 306 35 11% 393 352 298 35 14% 35 1%
NK cells/Mature NK  69.3 648 652 664 4% 453 437 443 444 2% 542 491 503 512 5% 365 333 34 346 5% 429 22%

Tcells (% oftotal) 22.8 205 203 212 7% 33.8 351 349 346 2% 514 502 51.1 509 1% 46.9 472 476 472 1% 49.1 4%
CD3+/CD4+ 641 611 577 610 5% 279 291 247 272 8% 682 684 692 686 1% 637 64 634 637 0% 662 4%
CD3+/CD4+/Naive 342 328 338 336 2% 20 261 186 216 18% 148 143 146 146 2% 163 165 167 165 1% 155 7%
CD4+/Effector Memory 27 28 275 275 2% 694 639 709 681 5% 451 478 451 460 3% 451 424 425 433 4% 447 5%
CD4+/Central Memory 382 383 379 381 1% 872 766 891 84 8% 397 375 398 390 3% 385 409 405 400 3% 395 3%
CD4+/CD12710 CD25+ 3.37 346 3.11 33 5% 333 255 322 30 14% 1.02 122 099 1.1 12% 12 088 097 10 16% 10 13%
CD3+/CD8+T 27 296 331 299 10% 627 616 66 634 4% 262 26 253 258 2% 30 289 306 298 3% 27.8 8%

CD8+ T/Central Memory 105 102 105 104 2% 327 287 345 32 9% 116 101 943 104 11% 8.74 994 848 91 9% 9.7 12%
CD8+ Central Memory/TE  0.59 058 1.31 08 51% 286 323 24.0 283 15% 092 082 114 1.0 17% 081 0.88 065 0.8 15% 09 19%
CD8+ T/Naive 318 326 339 328 3% 589 611 557 59 5% 126 115 124 12 5% 17 159 148 16 7% 14 16%

CD8+ T/Effector Memory 424 417 413 418 1% 59.6 66 67.8 645 7% 81.2 831 83 824 1% 832 828 842 834 1% 82.9 1%
CD8+T/TEMRA 146 139 135 14 4% 301 243 226 257 15% 566 532 566 55 4% 531 476 466 49 7% 52 8%
CD3+/DNT 727 774 762 75 3% 681 713 715 70 3% 189 229 238 22 12% 255 327 264 28 14% 25 18%
CD3+DPT 095 082 092 09 8% 18 167 16 17 6% 295 266 231 26 12% 334 31 288 31 7% 29 12%
TCRgd-/CD3+CD56+ 8.1 8.1 832 82 2% 193 17.7 191 187 5% 252 219 257 24 9% 254 255 271 26 4% 25 1%
CD3/TCRgd+ 3.56 3.75 3.79 37 3% 552 548 603 57 5% 06 093 108 09 28% 1.2 132 139 13 7% 11 27%

Supplementary Fig. 8 | Human cryopreserved PBMCs were stained with a 3-cycle, 32 marker panel of
conventional fluorescent antibodies. Representative cell populations with percentages that were >0.5% of
the parent and had at least 100 cells in the gate are shown for three replicate samples (S1, S2, and S2) per
donor for three donors. Replicates from one donor were acquired in two independent experiments (batches).
Values are expressed as a percent of the parent population and colored by a heat scale with blue
representing the largest values and white representing the smallest. % CV was calculated using SD/mean,
where SD is the standard deviation of the samples. A red color bar representing the % CV enables visual
comparison between cell populations.
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Supplementary Fig. 9 | Experimental controls for 3-cycle, 32-marker deep immunophenotyping panel. (a)
Top: UMAP analysis depicts cell populations identified using the original panel design (Cycle 0, Cycle 1, then
Cycle 2). Bottom: UMAP analysis of a second iteration where the order of the second two cycles was
swapped (Cycle 0, Cycle 2, then Cycle 1). See Methods. (b) Fluorescence-Minus-One (FMO) controls were
used to unambiguously determine appropriate gate placement for selected markers with continuous

expression.
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Supplementary Fig. 11 | The spillover spread matrix (SSM) shows the extent of spread between
fluorophores that occurs when emitted light from each fluorophore spills into non-primary detectors. (a) SSM
computed for the 3 cycle panel demonstrated in this study. No spillover or spread occurs between
fluorophores used in different cycles. (b) SSM computed for a published 28-marker, conventional flow
cytometry panel40.
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Supplementary Fig. 12 | (a) Data reproduced from OMIP-06943, a 40-color panel acquired using full
spectrum (‘spectral’) cytometry. Markers from two pairs of highly overlapping fluorophores are shown
(AF647/APC, BB515/FITC). There is significant spread in the data (indicated by broad populations,
diagonally shaped clusters) which makes it difficult to gate and identify cell subpopulations accurately. (b)
Data from the study shown in this manuscript in which a 32-marker panel is split into multiple measurements
with fewer colors per measurement. The plots show the same fluorophore measured in different cycles
(AF647/AF647, FITC/FITC), but there is no spillover because the measurements are independent. No
spreading error is observed.



Supplementary Note 1 | The total spillover spread in multi-color cytometry

When a new fluorophore is added to a panel, its fluorescence spectrum has overlap with existing
fluorophores, and as a result, increases the total spillover spread (SS). The magnitude of SS, y, as a
function of the number of fluorophores, x, can be expressed as:

Ay(x) = y(x) —y(x = 1) = L5 iy + L) (1)

where I, and I; are the elements in the rows and columns of the SS matrix containing the x-th fluorophore.
I;; is approximately proportional, but not identical, to the spectral overlap between i-th and j-th fluorophores,
but the precise relation is unimportant in the analysis here.

A. Random choice of fluorophores

Let us assume that all fluorophores have identical optical properties (absorption and emission linewidths)
other than their center emission frequencies. When such fluorophores are added one by one randomly, we
may express the above equation in terms of expectation values, ( ) as:

(Ay(x)) ==~ 2(x = 1) (I;)) (2)

where (I7;) represents the mean value of the matrix element. (The factor of 2 comes from the symmetry of
the SS matrix, a sum along the row and the column containing the x-th fluorophore.) Eq. (2) gives

y = {)x —1)? (3)

(I3;) is roughly proportional to the ratio of the total spectral range of detection to the linewidth of fluorophores.
The quadratic dependence is obvious since the number of coefficients in the SS matrix grows in 2
dimensions, where each matrix element is (I3;) in this random-addition case.

B. Optimal choice of fluorophores

In practice, fluorophores do not have the same linewidths, and the mean values of (I;,.) and ([;;) vary
depending on fluorophores. Fluorophores with broader emission spectra tend to have higher mean values of
(I;,) and (I},;) compared to fluorophores with narrower emission spectra. In this more realistic case, an
experienced panel designer does not use random fluorophores but considers spectral overlap as one of the
critical metrics. For a given number of markers, the user usually ends up choosing fluorophores that result in
minimal SS.

In this minimal-SS condition, from Eq. (1) we can write

L =2x-1)T(x) (4)

dx

where I'(x) = ({I},.) + ([};))/2 represents the mean overlap integral of the x-th fluorophore with the pre-
populated x — 1 fluorophores. More precisely, I'(x) corresponds to the sum of the matrix elements containing
the x-th fluorophore (note that I, = 0). Under the minimal-SS protocol, I'(x) is a monotonously increasing
function of x. (In the earlier random-choice case, I'(x) was a constant (I3;).)

We have obtained the SS matrix from a set of 28 fluorophores used in a published T-cell panel (OMIP-060
and OMIP-068). From the matrix, we calculated Z—Z and y using the minimal-SS protocol as a function of x
from 1 to 28. Figure A shows the simulation result. The plot of y appears in Fig. 6l in the main paper.
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Figure A: Simulation result of the OMIP-068 panel.

The plot of 2 is fit well with a single power-law function A(x — 1)22, which yields
dx

folx) =2 (x = 13 (5)

This shows that the increase of SS by adding x-th fluorophore increases with x. This is likely due to use of
non-ideal fluorophores in high-marker panels. In practice, this is driven by limited antibody availability, need
to use tandem fluorophores with broader emission and absorption linewidths and instrument constraints. The
increment of SS by a fluorophore may be referred to as the spillover cost of the fluorophore (analogous to
the chemical potential of a molecule to the free energy of the system). For example, the spillover cost is 0,
10 4, 24.6 A, and 41.6 A for the 1st, 11th, 21st_ and 31st fluorophores, respectively.

The solution of Eq. (4) is

y~B(x—1)%3 (6)
where B = 313. The curve fit to the simulation data is excellent.

We find that the power-law dependence, y ~ B(x — 1)¥, describes the characteristics of high-marker panels
quite well. Figure B below shows the analysis of several other published panels, OMIP-060, OMIP-064,
OMIP-067, OMIP-069, and OMIP-084. All of the results are fit reasonably well with a single power law
function with an exponent in range of 2.8 to 3.5. A detailed interpretation of this finding is beyond the scope
of this document.
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Figure B: Simulation results of various OMIP panels in the log scale. Lines, curve fit with y = B(x — 1)¥;
the best-fit k values are indicated.

For comparison, we also calculated y for the LASE’s 3-cycle panels. The results are fitted with indices
between 3 and 4, as shown below.
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Figure C: Simulation results of the LASE 3-cycle panels in the log scale. The best-fit k values are
indicated.
C. Cyclic measurement

Now, consider n-time cyclic cytometry using only x/n fluorophores. The total SSM at each cycle is
3.3
B (g — 1) . Since there are n cycles, the total SS is given by

k
ynzB(i—l) xXn (7)
_1k
For% »>1, y, =B :‘(k—ﬂ) We find the ratio of the SS between the n-cyclic and non-cyclic cases to be
Y p-ten) ®)

y

Let us consider the above 28-marker case with Where we use k = 3.3. For n = 3 cycles, y;" ~ 0.08. This

means that the SS in 3-cycle cytometry is 12.5 times lower than the SS in non-cyclic case, and this ratio is
constant independent of the total number of markers.

Using y(x) = y,(x"), we get (x — D* = (x’ — 1)¥/n*=D and find
x' = n(k—l)/k x (9)

For k =3.3 and n = 3, we get x’ = 2.15 x. This means that using 3 cycles one can measure 2.15 times more
markers with the same SS.

This simulation data of Eq. (7) obtained from the 28-marker panel appears in Fig. 6(e) in the main paper.

The number of fluorophores that can be used would be limited by the limited availability of fluorophores and
undistinguishable spectral overlap with an existing fluorophore. Currently, the record experiment used x = 40
(OMIP-69, see Fig. B above). 3-cycle cytometry can extend this limit to 86. In principle, more cycles can
further push the limit. With n = 5, up to 122 markers should be possible, requiring 24-25 fluorophores, with
the same SS as the non-cyclic, 40-marker cytometry using 40 fluorophores.
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