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Major aims of single-cell proteomics include increasing the consistency, sensitivity, and depth
of protein quantification, especially for proteins and modifications of biological interest. To
simultaneously advance all of these aims, we developed prioritized Single Cell ProtEomics
(pSCoPE). pSCoPE ensures duty-cycle time for analyzing prioritized peptides across all single cells (thus increasing data consistency) while analyzing identifiable peptides at full dutycycle, thus increasing proteome depth. These strategies increased the quantified data points
for challenging peptides and the overall proteome coverage about 2-fold. pSCoPE enabled
quantifying proteome polarization in primary mouse macrophages and linking it to phenotypic variability in endocytic activity. Proteins annotated to phagosome maturation and proton transport showed concerted variation for both untreated and lipopolysaccharide-treated
macrophages, indicating a conserved axis of polarization. pSCoPE further quantified proteolytic products, suggesting a gradient of cathepsin activities within a treatment condition.
pSCoPE is easily accessible and likely to benefit many applications, especially mechanistic
analysis seeking to focus on proteins of interest without sacrificing proteome coverage.
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Macrophages are innate immune myeloid cells performing diverse functions in development,
tissue homeostasis and immune responses. Despite this diversity, macrophages are traditionally
described in terms of dichotomous states (M1, pro-inflammatory; M2, anti-inflammatory). Singlecell measurements, though, have revealed a more complex and continuous spectrum of macrophage
polarization in terms of molecular and functional phenotypes1–3 . Thus, we sought to explore this
continuum of polarized states in primary macrophages using single-cell mass-spectrometry (MS).
Shotgun MS methods can analyze hundreds of single cells per day and quantify thousands of
proteins but remain biased towards abundant proteins3–11 . This bias reflects an intentionally programmed ‘topN’ heuristic for selecting the N most abundant peptide precursors for sequence identification and quantification, as illustrated in Fig. 1a12 .
Peptide selection by the topN heuristic is limited by three challenges: (i) abundance bias, (ii)
stochasticity, which results in missing data across single cells, and (iii) precursors that cannot be
confidently sequenced waste much of the instrument time. Such inefficient use of time is particularly limiting for single-cell proteomics due to the long ion accumulation times needed for
sensitive MS13 . While no existing method resolves all 3 challenges, the challenges can be partially mitigated. For example, targeted MS can alleviate challenges (i) and (ii) but has remained
limited to analyzing hundreds of peptides or fewer14–20 . Real-time database searching can increase
the fraction of sequenced peptide features and alleviate challenge (iii), but it has not allowed for
selecting peptides of interest21,22 . We sought to simultaneously address all three challenges by
prioritized selection of peptide precursors, Fig. 1a.

Results
Prioritized analysis aims to simultaneously maximize the consistency of peptide analysis, proteome
coverage, and instrument time utilization. To achieve these aims, we built upon the real-time
retention-time alignment of MaxQuant.Live23 and introduced prioritization tiers that define priority
of peptide analysis when the duty-cycle time is insufficient for analyzing all peptides, Fig. 1a.
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fraction of MS2 scans to be confidently matched to amino acid sequences. Yet, this full duty-cycle
regime does not reduce the probability of MS2 analysis (and thus consistency of quantification) for
peptides from the high-priority (top tier) portion of the inclusion list, because these precursors are
preferentially isolated for MS2 scans, Fig. S1. The prioritization scheme also allows for selectively
increased accumulation times for peptides of biological interest (Fig. 1a), which increases the
number of ion copies sampled from these peptides.

Increasing proteome coverage and quantification consistency
We applied prioritized Single-Cell ProtEomics (pSCoPE) to pancreatic ductal adenocarcinoma
(PDAC) cells to evaluate the depth and the consistency of proteome coverage, Fig. 1b-d. Singlecell samples were prepared by nano-ProteOmic sample Preparation (nPOP)24 . They were analyzed
by either shotgun or prioritized methods using 60-min active chromatographic gradients and narrow isolation windows (0.5 Th), which resulted in good quantitative agreement between different
peptides originating from the same protein, Fig. S2a,b. Relative to shotgun analysis, pSCoPE increased the fraction of MS2 spectra assigned to a confident peptide sequence by 2-fold, reaching
65%. The remaining 35% of MS2 spectra correspond to sequences generating few peptide fragments and having low confidence of identification in previous experiments used for generating the
inclusion list, Fig. S3. The increase in productive MS2 scans doubled the number of unique peptides per run (increased by 103%) and increase the number of quantified proteins per single cell by
75%, Fig. 1b.
Next, we evaluated pSCoPE’s consistency of quantifying peptides that were identified with
less than 50% probability in shotgun SCoPE sets. The results from six representative sets indicate
that pSCoPE significantly increased the quantification consistency for these challenging peptides,
Fig. 1c. By using pSCoPE, the peptide-level data completeness per single cell was increased by
121% for the challenging peptides (top tier) and by about 34% for peptides from all priority tiers.
At the protein level, pSCoPE also increased data completeness to about 72% for all proteins, which
represents a 43% gain over the performance of shotgun analysis, Fig. 1d. The tiered approach im4
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plemented here allows for high-probability analysis of thousands of peptides. Specifically, pSCoPE
sent for MS2 scans 99% of the peptides from a 970-peptide list and 96% of the peptides from a
3,028-peptide list Fig. S1b, and 81% of the peptides from a 6,245-peptide list, Fig. S1a.
These performance benchmarking sets included single cells from three PDAC cell lines with
epithelial origin and thus allowed us to examine protein variation between single cells from the
sample cell type. These epithelial cells were clearly separated by PCA, Fig. 1e. Protein Set Enrichment Analysis (PSEA) performed on the principal components (PCs) identified enrichment for
multiple functional sets of proteins, including glycolysis, protein folding and the IFN-γ signaling pathway (represented by proteins such as HLA-A, ICAM1, HLA-DRB1, HLA-A, SUMO1,
PRKCD, PML), Fig. 1e. These results demonstrate the ability of pSCoPE to identify biological
differences between closely related cell lines.

Polarized proteome states
Next we used pSCoPE to explore the molecular and functional heterogeneity of murine bonemarrow-derived macrophages (BMDMs) responding to inflammatory stimuli, such as lipopolysaccharide (LPS), the major component of gram-negative bacteria’s outer membrane. The macrophages
were differentiated using M-CSF and either treated with LPS for 24 hours or untreated. Applying
pSCoPE, we quantified 1,123 proteins across 373 single cells, achieving 71% data completeness
for all proteins (Fig. S4) and good quantitative agreement between peptides originating from the
same protein (Fig. S2c). The PCA projection of the data results in 2 clusters corresponding to
the treatment conditions, Fig. 2a. Projected bulk samples cluster with the corresponding treatment
groups, indicating that the cluster separation reflects treatment response. This treatment-specific
clustering is also reflected in the abundance of proteins that vary across treatments but not within
a treatment, as exemplified by proteins functioning in the type-1 interferon-mediated signaling
pathway, Fig. 2a.
The spread of the macrophage clusters along PC1 suggests that proteins varying across treatment groups may also vary within a treatment group. Indeed, PSEA using the PCA loadings
5
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Figure 2 | Prioritized analysis of primary macrophages identifies protein variation within and across treatment
conditions. (a) Principal component analysis of 373 BMDM and 1,123 proteins color-coded by treatment condition.
The diamond markers indicate bulk samples projected in the same low-dimensional space as the single cells. The
adjoining PCA plots are color-coded by the z-scored median relative abundance of proteins corresponding to type
I interferon-mediated signaling and phagosome maturation. (b) Protein groups identified by protein set enrichment
analysis (PSEA) performed using the PC vectors with protein weights from the PCA shown in panel a.
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heterogeneity within dendritic cells25 . These finding are recapitulated when the PCA is performed
without data imputation (Fig. S5), suggesting robustness to choices of data analysis. Additionally,
color-coding the original PCA by per-sample data completeness indicates that the cross-condition
and intra-condition sample separation is not driven by missing data, Fig. S6. To systematically
investigate proteome variations within a condition, we performed PCA of each treatment group
separately and PSEA on the associated PCA protein loading. Remarkably, the first PCs of the
treated and untreated macrophages correlate strongly (r = 0.8, p < 10−15 ), suggesting that the
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within-condition protein variability is similar across the two conditions. This observation is naturally reflected in very similar functional enrichment results for treated and untreated macrophages,
Fig. 3a.
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Figure 3 | Axes of proteome 10
polarization are similar between untreated and LPS-treated macrophages and
correlated to Dextran update (a) Untreated and LPS-treated macrophages were analyzed separately by PCA and
PSEA performed on the corresponding PCs. The PCA plots are color-coded by the median abundance of proteins
annotated to proton transport. (b) The uptake of fluorescent dextran by LPS-treated macrophages was measured by
FACS, and the cells with the lowest and highest uptake were isolated for protein analysis. The volcano plot displays
the fold changes for deferentially abundant proteins and the associated statistical significance. (c) The LPS-stimulated
macrophages were displayed in the space of their PCs and color-coded by the median abundance of the low-uptake
or the high-uptake proteins. The low-uptake proteins correlate to PC1 (Spearman r = 0.55, q ≤ 3 × 10−15 ) and the
high-uptake proteins correlate to PC2 (Spearman r = 0.33, q ≤ 2 × 10−5 ).

These results suggest that a 24-hr LPS treatment does not fundamentally alter axes of protein
variation for murine BMDMs, such as phagosome maturation, proton transport, and protein targeting to the membrane, Fig. 3a. In addition to these shared functional groups, some protein sets vary
7
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only within the LPS-stimulated cells, as illustrated by proteins annotated to antigen processing and
presentation via MHC class II, mRNA binding, and regulation of translational initiation, Fig. 3a.
The coherence of protein variability within functional groups suggests it is functionally relevant,
but it does not prove it.

Connecting protein variation to functional variation
To examine whether the observed protein heterogeneity has functional consequences, we sought
to directly measure the endocytic activity of macrophages and its relationship to such protein heterogeneity. To this end, we measured the uptake of fluorescently labeled dextran and FACS sorted
macrophages from the top and bottom deciles of the fluorescence distribution, Fig. S7. Both the
LP-treated (Fig. 3b) and the untreated macrophages (Fig. S8) exhibit large variance in dextran
uptake per cell, with the median uptake being higher for the LPS-treated cells. The proteomes
of the sorted subpopulations were analyzed by data independent acquisition, which allowed us to
identify proteins whose abundance is significantly different between the most and least endocytically active cells, Fig. 3b and Fig. S8. Then for each cell, we estimated the median abundances of
these proteins associated with endocytic activity and correlated them to the PCs for each treatment
condition. For the LPS-treated samples, the proteins associated with high dextran uptake (such as
Mrc1, Stab1, and Snx17) were found to be significantly correlated to PC1, while the proteins annotated to low dextran uptake were inversely correlated to PC1 and significantly correlated to PC2,
Fig. 3c. Notably, some proteins (such as Mrc1 and Stab1, and Cd74) exhibit similar association
with dextran uptake both in the untreated and LPS-treated macrophages, Fig. 3b and Fig. S8.
To more directly measure regulatory mechanisms, we sought to quantify proteolysis, which
plays major functional roles in macrophage activation27–29 . To avoid products of proteolysis that
may occur during sample preparation, we focused only on proteolytic products present in the
macrophages prior to trypsin digestion. These products were identified in discovery bulk samples in which amine groups were covalently labeled prior to trypsin digestion as commonly performed30,31 . The proteolytic products were matched to annotated proteolytic products in the MEROPS
8

bioRxiv preprint doi: https://doi.org/10.1101/2022.03.16.484655; this version posted March
2022. The copyright holder for this preprint
proton18,
transport
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

1

2

3

4

5

Principal component
Actin:
Actin:
L299L299
cathepsin
cathepsin D D

a.

−log10 (q val)

b.

Actin: L104
cathepsin D

Bulk

Martinez, et al.

Fragment 2

−log10 (q val)

1
M

2
M

at
ed

≥>3

LP

S−

tre

ed
at
re
nt
U

0.
5

0

0.
5

5
0.

0. 0
5−

.5
0

.5

−0

−0

2

Single Cell

Log2 (LPS:Untreated)

0.2

−0.3

Fragment 2

Log2 (LPS:Untreated)
Log2 (LPS:Untreated)

Correlation
0.0

Actin: L299
Discovery
cathepsin
D Single
Discovery
Single
Cell CellFragment 1
BulkBulk

Discovery
Bulk

>3

Loading
z−score −1 0 1 2

Fragment 1
Citrate synthase: H25
cathepsin E

2

Actin, L299−F1

Protein Sets

Actin, L104−F1
Actin, L104−F1

c. Actin, L299−F1

Abundance
z−score
0

PC2

PC2

PC2

PC2

2

−2

Quantified
Missing

PC1

PC1

PC1

PC1

Figure 4 | Proteolytic products in individual macrophages correlate to inflammatory markers and vary within
treatment groups (a) A comparisons between untreated and LPS-treated ratios of proteolytic products quantified
in discovery bulk experiments and in single cells. The annotations are derived from the MEROPS database26 . (b)
Correlation analysis of proteolyic products to treatment-group-specific and macrophage-polarization-specific protein
panels. (c) The untreated and LPS-treated cells were projected by PCA and color-coded by the relative abundance of
the indicated actin fragments.

database26 and analyzed by pSCoPE in single cells. To evaluate the single-cell quantification, the
fold-changes between LPS-treated and untreated cells were compared to the corresponding bulk
estimates, Fig. 4a. The good agreement between the measurements from established bulk methods and pSCoPE support the accuracy of the single-cell quantification. To infer the functional
association of the validated proteolytic products, we correlated their single-cell abundances to the
abundances of pro- and anti-inflammatory protein panels, Fig. 4b: (i) proteins that we identified as
differentially abundant between bulk samples of untreated or LPS-stimulated macrophages, and (ii)
previously reported markers for M1 or M2 macrophages.32 The cathepsin-D-cleaved actin peptide
(L104) and the cathepsin-E-cleaved citrate synthase peptide (H25) were found to be significantly
9
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positively correlated to inflammatory markers. Both peptide fragments annotated to cathepsin D
cleavage at L299 were inversely correlated to the set of proteins which were more abundant in
LPS-treated BMDMs.
Having established the reliability of single-cell quantification of proteolytic products across
conditions, we next examined their abundance within a condition, Fig. 4c. The data indicate that
the actin proteolytic products exhibit significant variability within each treatment condition. For
example, the actin fragment cleaved at L299 correlates significantly to PC1 (Spearman r = −0.32,
p < 2 × 10−5 ), Fig. 4c. These results point to the possibility of using pSCoPE for analysing
proteolytic activity at single-cell resolution.

Discussion
Our analysis demonstrates the potential of prioritized data acquisition to simultaneously optimize
multiple aspects of single-cell proteomics13 , including the consistency and depth of protein quantification. These gains are achieved using multiplexed and widely accessible methods5 and a new
software module that is compatible with any Orbitrap instrument, Fig. S9. The demonstrated
ability of these accessible methods to relate protein and functional heterogeneity is likely to find
many applications, especially for extending single-cell proteomics to less abundant proteins and
post-translational modifications, such as proteolytic cleavage.
Many MS methods allow for analyzing a pre-selected group of peptides. They range from
targeted methods that maximize sensitivity and probability of target quantification14–20 to directed
methods that use inclusion lists18,20 . pSCoPE extends the directed family of methods by introducing a tiered approach that allows the prioritization of thousands of peptides for isolation and
fragmentation (thus achieving 96% success rate of sending high-priority peptides for MS2) while
working at a full duty cycle and thus achieving high proteome coverage, Fig. 1. This tiered approach may also be implemented with other approaches for performing real-time retention time
alignment33,34 .
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Prioritization can help increase the throughput of single-cell proteomics by enabling consistent
analysis of proteins of interest on short chromatographic gradients35 . All results presented here
used 60 min active gradients, though shorter gradients may increase both the throughput and the
sensitivity (via narrower elution peaks) while still affording enough time to analyze thousands of
prioritized peptides. Thus, pSCoPE may provide accurate and consistent protein quantification
across many single cells to support sufficiently powered biological investigations36,37 .
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Methods
Implementation of prioritized analysis
To maximize the probability of analyzing high-priority peptides (i.e., peptides of high experimental
importance) when operating at full duty cycle, we developed a new feature of MaxQuant.Live23 :
multi-tier prioritization. Multi-tier prioritization uses the real-time instrument control capabilities
of MaxQuant.Live and adds a priority feature that determines which precursors are analyzed when
duty-cycle time becomes limiting. The initial priority for each peptide is a user-defined integer
number which is by default set to zero. By assigning non-zero values, it is possible to prioritize
a single set of peptides or to implement a multi-tier approach, depending on the experimental
objectives. During data acquisition, the peptides are selected for fragmentation based on their
priority. After each fragmentation event, the corresponding peptide priority value is decremented
unless fragmentation occurred outside of the retention-time tolerance. The prioritization feature
is part of the latest release of MaxQuant.Live (version 2.1), available at: MaxQuant.Live and
scp.slavovlab.net/pSCoPE.
The initial user-defined priorities are set via a column in the inclusion list table. This column
was added to allow for easy definition of priority for every peptide on the list. The higher the
integer number associated with a peptide (and thus its tier), the higher the probability that it will be
chosen for fragmentation when duty cycle is limited. MaxQuant.Live was tested on a Q Exactive
(as described below), but it was written to be compatible with all Orbitrap instruments.

Prioritization workflow
All prioritized single-cell experiments followed the four stages of the workflow displayed in Fig. S9
and described below.
1. Compilation of proteins of interest from literature or prior LC-MS/MS analyses
13

bioRxiv preprint doi: https://doi.org/10.1101/2022.03.16.484655; this version posted March 18, 2022. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

2. DIA analysis of a 1x concentrated injection of the combined carrier-reference sample to
generate accurate retention times for precursors which will subsequently be prioritized.
• This step is enabled by using a spectral library generated from prior DIA analysis of a
5-10x concentrated injection of the combined carrier-reference samples.
3. Assignment of precursors identified in step 2 to priority tiers based on proteins of interest
defined in step 1.
• The minimal set of precursor characteristics needed for a prioritized inclusion list are
the mass, expected apex retention time, and priority.
4. Acquire data from SCoPE samples using MaxQuant.Live’s prioritization feature and the
inclusion list generated in step 3.
• Performing a test run on a 1x injection of the combined carrier and reference samples
can be useful for troubleshooting methods before acquiring data from single cells.

Benchmarking prioritized and shotgun analysis using PDAC cells
These experimental sets, the results of which were presented in Fig. 1, were designed to assess the
relative performance of shotgun and prioritized methods with respect to sequence coverage and
consistency of quantification across single-cell samples. The experiments presented in Fig. 1b/e
are a matched set of ten shotgun analyses and ten prioritized analyses; the experiments presented
in Fig. 1c/d are a matched set of six shotgun analyses and six prioritized analyses. The parameters
for experiments that directly compared shotgun and prioritized analysis were identical, including
LC gradients and data acquisition parameters with the only exception of increasing fill times for
selected prioritized precursors as explicitly described in the main text. Additional information
regarding sample preparation, instrument parameters, MaxQuant.Live parameters, prioritized inclusion list design, analysis of raw data, single-cell data processing, and figure generation can be
found in their respective sections. The active gradient in all experiments was 60 min.
14
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Bone-Marrow-Derived Macrophage samples prepared by nPOP
These experiments were designed to present a use case for prioritized LC-MS/MS methods. Twenty
shotgun and forty prioritized single-cell experiments containing samples from both treatment conditions (untreated or treated for 24hrs with LPS) were conducted as part of this module. A sideby-side comparison of the twenty shotgun experiments and the first twenty prioritized experiments
can be found in Fig. S4. Only the results of the forty prioritized analyses were included in Fig. 2,
Fig. 3, and Fig. 4. Additional information regarding sample preparation, instrument parameters,
MaxQuant.Live parameters, prioritized inclusion list design, analysis of raw data, single-cell data
processing, and figure generation can be found in their respective sections. The active gradient
in all experiments was 60 min.

Endocytosis experiments, BMDM samples
In order to identify protein sets associated with endocytosis that were specific to murine BMDMs,
bulk samples from each treatment condition (untreated or treated for 24hrs with LPS) were incubated with fluorescently labeled dextran, and samples from the top and bottom deciles of dextran
uptake were isolated by FACS for downstream LC-MS/MS analysis. Protein sets found to be differential between dextran uptake deciles were then added to the top priority tier in subsequent prioritized analyses of single-cell BMDM samples. Additional information regarding sample preparation, instrument parameters, raw data analysis, and differential protein detection can be found in
their respective sections.

MEROPS experiments, BMDM samples
Bulk BMDM samples from each treatment condition (untreated or treated for 24hrs with LPS) were
lysed, cysteine residues were reduced and alkylated, and samples were incubated with TMTPro so
that all pre-digestion n-termini would be distinguishable from neo-n-termini produced by a subsequent tryptic digestion. The raw LC-MS/MS data was then searched with a FASTA database con-
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taining all murine SwissProt reviewed sequences, as well as semitryptic peptides consistent with
MEROPS-annotated proteolytic cleavage sites. These experiments were used to validate semitryptic MEROPS-annotated peptides observed in the prioritized single-cell samples. Additional
information regarding sample preparation, MEROPS database integration, instrument parameters,
and data analysis can be found in their respective sections.

Bulk BMDM sample analyses by DDA and DIA
Bulk BMDM samples from each treatment condition (untreated or treated for 24hrs with LPS) were
lysed, digested, and labeled with TMTPro for DDA analysis as a duplex sample or sequentially
analyzed as labeled single-condition samples via DIA. These experiments were used to identify
differentially abundant proteins between the treatment conditions which were then added to the
top priority tier in subsequent prioritized analyses of single-cell BMDM samples. Additional information regarding sample preparation, instrument parameters, raw data analysis, and differential
protein detection can be found in their respective sections.

BMDM samples prepared via mPOP methods
This set of experiments represents an early troubleshooting investigation to both assess the sizes
of the BMDMs from each treatment condition by using the cellenONE’s optical system (Scienion)
and contrast against data generated in a prior set of single-cell BMDM samples isolated via FACS
that may have experienced sorting issues. The results from this set were not used to generate any of
the publication figures and are included merely for completeness, as a subset of identifications from
these experiments informed the inclusion-list construction of the nPOP-prepared pSCoPE sets.
Additional information regarding sample preparation, MEROPS database integration, instrument
parameters, and raw data analysis can be found in their respective sections.
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LC-MS platform
The LC-MS/MS equipment and setup used for all analyses are detailed in the SCoPE2 protocol5 .
Briefly, samples were separated via online nLC on a Dionex UltiMate 3000 UHPLC; 1µl of sample
was loaded onto a 25cm x 75µm IonOpticks Aurora Series UHPLC column (AUR2-25075C18A);
mass spectrometry analyses were performed via a Thermo Scientific Q Exactive mass spectrometer; an Active Background Ion Reduction Device (ABIRD, by ESI Source Solutions, LLC, Woburn
MA, USA) was used at the ion source to remove background contaminants. In the LC separations,
buffer A was 0.1% formic acid in LC-MS-grade water, and buffer B was 80% Acetonitrile, 0.1%
formic acid in LC-MS grade water; all buffer B percentages described in the subsequent instrument
methods are relative to this concentration.

Cell Culture
Culturing and harvesting Pancreatic Ductal Adenocarcinoma (PDAC) cells
HPAF-II cells (ATCC CRL-1997) were cultured in EMEM (ATCC 30-2003), CFPAC-I cells (ATCC
CRL-1918) were cultured in IMDM (ATCC 30-2005), and BxPC-3 cells (ATCC CRL-1687) were
cultured in RPMI 1640 (ATCC 30-2001). All media were supplemented with 10% fetal bovine
serum (FBS, Millipore Sigma F4135) and 1% penicillin-streptomycin (pen/strep, Thermo Fisher
15140122). Cells were passaged at 70% confluence.
Prior to harvesting, media was removed from cell cultures, which were then rinsed with 0.05 %
trypsin-EDTA (Gibco, Thermo Fisher 25300054) at 4 °C. After rinsing, adherent cultures were incubated with 4 °C 0.05% trypsin-EDTA for 15 minutes, until cells were detached from the culture
vessel. Cold 1x PBS was added to PDAC culture vessel, and the resulting suspension was pelleted
via centrifugation at 250g, before being washed with 1x PBS and repelleted at 250g. The washed
cell pellets were diluted in 1x PBS at 4 o C and their density estimated by counting at least 1000
cells using a hemocytometer. Cells which were harvested for carrier and reference samples were
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resuspended in water (Optima LC/MS Grade, Fisher Scientific W6500) and frozen at -80 °C. Cells
which were harvested for single-cell sorting on the cellenONE system were diluted in 1x PBS to a
concentration of 300 cells/µl and placed on ice.

Culturing and harvesting Bone-Marrow-Derived Macrophages (BMDMs)
C57BL/6J (Jax 000664) mice were purchased from The Jackson Laboratory. Bone-marrow-derived
macrophages (BMDMs) were differentiated from bone marrow in Dulbeccos modified Eagle medium
(DMEM; Thermo Fisher Scientific), 30% L929-M-CSF supernatant and 10% fetal bovine serum
(FBS). After 7 days, BMDMs were replated at 1x106 cells/ml in DMEM supplemented with 10%
FBS, and each plate was either stimulated for 24 hours with LPS (Serotype O55:B5, Enzo Life
Sciences) at 1µg/ml or allowed to rest. Prior to harvesting, cells were washed twice with 1x PBS
and incubated with PBS-2mM EDTA to detach from the plate. Cells were then spun down at
300g for 5 minutes and washed with 1x PBS before being resuspended. The washed cell pellets
were diluted in 1x PBS at 4 o C and their density estimated by counting at least 1000 cells using a
hemocytometer. Cells which were harvested for carrier and reference samples were resuspended
in water (Optima LC/MS Grade, Fisher Scientific W6500) and frozen at -80 °C. Cells which were
harvested for single-cell sorting on the cellenONE system were diluted in 1x PBS to a concentration of 300 cells/µl and placed on ice.
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Sample preparation
Single-cell samples
PDAC single-cell sample preparation
A ∼200-cell carrier and ∼5-cell reference composed of HPAF-II, CPAC-I, and BxPC-3 cell lines
were prepared following the method outlined in in the SCoPE2 protocol5 . In addition to serving as
the carrier and reference for all single-cell sets analyzed in the technical section, the combined carrier and reference sample was used in all spectral-library-generation and retention-time-calibration
experiments for the coverage and consistency experiments shown in Fig. 1.
All single-cell samples were prepared using the droplet nano-ProteOmic sample Preparation
(nPOP)24 as detailed in Leduc et al. (2021). In addition to sorted single cells, the SCoPE sets
contained negative control samples to be used for downstream quality control purposes. These
negative control samples received all reagents and proceeded through all sample handling steps,
but no single cells were dispensed into these droplets5 . The distribution of protein-level CVs (i.e.
quantification variability) associated with the single cell and control samples for these experiments
can be found in Fig. S2a/b.
BMDM single-cell nPOP sample prep
Carrier and reference samples composed of equivalent amounts of untreated and LPS-stimulated
murine BMDMs were prepared following the SCoPE2 protocol5,38 , such that the carrier was composed of ∼200 cells and the reference was composed of ∼5 cells. This sample design was then
used in the preparation of single-cell sets by nPOP, as well as in the generation of spectral libraries
and retention-time-calibration experiments for the experiments shown in Fig. 2 and Fig. 3, as well
as Fig. S5 and Fig. S4.24
Single-cell samples were prepared using nPOP24 , as detailed in Leduc et al. (2021). Singlecell samples from the 24-hr LPS-treated group and from the untreated group were combined within
each nPOP set. The majority (87%) of the labeled sets also contained negative control samples for
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quality-control purposes. These control samples received all reagents and proceeded through all
sample handling steps, but no single cells were dispensed into these droplets. The distribution
of protein-level CVs (i.e. quantification variability) associated with the single cell and control
samples for these experiments can be found in Fig. S2c.
BMDM single-cell mPOP sample prep
Carrier and reference samples composed of equivalent amounts of untreated and LPS-stimulated
murine BMDMs were prepared following the SCoPE2 protocol5,38 , such that the carrier was composed of ∼200 cells and the reference was composed of ∼5 cells. This sample design was then
used in the preparation of single-cell sets by mPOP39 , in which single-cells from each condition
(untreated and 24-hr LPS treated) were sorted into a 384-well plate (Thermo AB1384) via the cellenONE liquid handling system (Scienion). The mixed carrier and reference sample was also used
in the generation of retention-time estimate runs for the set of 10 samples analyzed by pSCoPE.

Endocytosis assay samples
BMDM endocytosis assay
Murine BMDMs were differentiated and divided into treatment groups, as indicated previously,
and incubated with dextran conjugated to Alexa Fluor 568 (Thermo, D22912) at a final concentration of 0.5 mg/ml for 45 minutes at 37 °C. After the incubation period, cells were washed twice
with 1x PBS and incubated with PBS-2mM EDTA to detach from the plate. Prior to FACS analysis, cells were spun down at 300g for 5 minutes and washed with 1x PBS before being resuspended.
Using a Sony MA900, Dextran-AF568 fluorescence in the PE-Texas Red channel was then analyzed for cells from each treatment condition, and a minimum of 70,000 cells from the top and
bottom ∼10% of the PE-TR fluorescence distribution were then sorted for downstream sample
preparation and mass spectrometry analysis.
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Preparation of endocytosis-assay samples for LC-MS/MS analysis
Each FACS-isolated sample was lysed using a freeze/thaw cycle39 . Post-lysis, approximately
70,000 cells worth of lysate was digested for 12 hours at 37 °C using 11ng/µl of trypsin gold
and 150 mM TEAB in 65µl. Samples were then stage-tipped40 , and ∼10,000 cells worth of digest
was injected in 0.1% formic acid for analysis by mass spectrometry using DIA instrument method
6, detailed below.

MEROPS Bulk validation experiments, BMDMs
Murine BMDMs were differentiated and divided into treatment groups, as indicated previously.
Samples initially contained 125,000 BMDMs in 62.5 µl of LC-MS water (Optima LC/MS Grade,
Fisher Scientific W6500). SDS (Sigma, L3771-100G) and HEPES (Thermo, Fisher Scientific
AAJ63218AE) were added to final concentrations of 1% and 0.1M, respectively. cOmplete Protease inhibitor (Roche, Sigma Aldrich 05892791001) was then added to a 2x final concentration.
The samples were then heated to 95 °C for 5 minutes and subsequently chilled at -80 °C for 10
minutes. 1U of benzonase (Millepore, Sigma Aldrich E1014-25KU) was added and allowed to
incubate at room temperature for 30 minutes. 500mM DTT (Pierce, Thermo Fisher A39255) was
added to a final concentration of 15mM and allowed to incubate for 30 minutes. Iodoacetamide
(Pierce, Thermo Fisher A39271) was added to 15mM final concentration and incubated at room
temperature in the dark for 30 minutes. DTT was then added a second time to a 15mM final concentration and incubated for 1 hr. SP3 Beads (Cytiva, Fisher Scientific 09-981-123 ; Cytiva, Fisher
Scientific 09-981-121) were prepared and mixed as per manufacturer recommendations.
2.5µl of prepared SP3 beads (100 µg/µl) were added to each of the four samples. 17.3µl of
LC-MS grade water was added to each tube resulting in a total volume of 141µl. 564µl of ethanol
(200 proof, HPLC/spectrophotometric grade, Sigma 459828-1L), was added to each sample and
incubated for 18 minutes. Samples were then incubated for 5 minutes on a magnetic stand, the
supernatant was removed, and the beads were washed twice with 400µl of 90% ethanol, after
which the remaining supernatant was removed.
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Each sample was resuspended in 22.5µl 6M GuCl (Sigma, G-3272), 30µl of 0.5M HEPES
pH8, and TCEP (10mM final concentration) (Supelco, Millepore Sigma 646547). Samples were
then incubated for 30 minutes at room temperature. 57µl of TMTPro (Thermo, A44520) at 8ng/µl
was then incubated in each sample for 1.5 hours, with the untreated condition being labeled with
127C and the LPS-treated condition being labeled with 128N. Samples were then quenched with
6µl of 1M TRIS (Thermo Fisher, AM9855G) for 45 minutes. Following quenching, 1.2µl of SP3
beads (100µg/µl) were added to each TMT-labeled sample. 484.4µl of 100% ethanol was added
to each sample and allowed to incubate for 15 minutes. Samples were then placed on magnetic
stand for 5 minutes, the supernatant was removed, and the beads were washed twice with 600µl of
90% ethanol. The samples were then centrifuged and the remaining liquid was removed.
Samples were resuspended in 100µl to a final concentration of 200mM HEPES and 12 ng/µl
of trypsin gold (Promega, V5280). Samples were then placed in a bioshaker (Bulldog Bio, VWR
102407-834) and digested at 37 °C, 200 rpm for 18 hours. After digestion, samples were removed
from the bioshaker, briefly sonicated, spun down, vortexed, spun down again, and incubated on
a magnetic stand for 5 minutes. The supernatant was then removed and stored at -80 °C. Before
analysis by LC-MS/MS, the samples were stage-tipped40 . Samples were resuspended in 0.1%
formic acid at approximately 1 µg worth of digest per µl in glass HPLC inserts (Thermo Fisher
C4010-630) prior to analysis, then injected and analyzed via DIA instrument method 4, detailed
below (raw files: eGH692-eGH694).

Bulk TMTPro-labeled BMDM samples for differential protein analysis
10,000 cells from each treatment condition (24hr LPS-treated and untreated), resuspended in LCMS water, were frozen at -80 degrees for 20 minutes, before being lysed at 90 °C in a thermal
cycler (BioRad T1000) for 10 minutes. After lysis, benzonase was added to a final concentration of 1U and allowed to incubate for 10 minutes. Trypsin Gold (Promega Trypsin Gold, Mass
Spectrometry Grade, PRV5280) was added to a final concentration of 16 ng/µl and triethylammonium bicarbonate (TEAB, Millipore Sigma T7408-100ML) was added to a final concentration of
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150mM. The samples were then allowed to digest overnight for 16 hours. Post-digestion, samples
were allowed to return to room temperature and were labeled with 85mM TMT 128N (untreated
sample) or 85mM TMT 127C (LPS-treated sample). The reaction was then quenched with 0.5µl of
0.5% hydroxylamine (Millipore Sigma 467804-10ML) for 1 hr. Samples were centrifuged briefly
to collect liquid following all reagent addition. After labeling, 6000-cells worth of labeled material
from each treatment condition were combined in a mass spec insert (Thermo Fisher C4010-630))
and dried down in a speed vacuum (Eppendorf, Germany) before being reconstituted in 3.3ul 0.1%
formic acid (Thermo Fisher 85178) and analyzed via DDA bulk BMDM analysis instrument methods 1 and 2. below.
Separate samples containing approximately 1000 cells per injection of the 128N-labeled untreated BMDMs or 127C-labeled 24-hr LPS-treated BMDMS were injected and analyzed via DIA
bulk BMDM analysis instrument method 1, below. Proteins which were differentially abundant
between the two conditions analyzed via DIA were identified using the process outlined in the Differential protein analysis for DIA samples section, below, and these proteins make up set ζ in the
description of the top priority tier composition in the Prioritized inclusion list construction section,
also found below.

Spectral-library-generating samples
Prior to performing retention-time-calibration, scout, or prioritized experiments for the nPOPprepared PDAC and BMDM single-cell samples, spectral libraries were generated by analyzing
mixed carrier and reference samples. For the PDAC samples, 1µl injections of a 7.5x concentrated
aliquot of the mixed carrier and reference sample were analyzed by DIA instrument methods 1
and 2, and a subsequent 2.5x concentrated aliquot of the mixed carrier and reference sample was
injected and analyzed by DIA instrument method 1. For the BMDM samples, 1µl injections of
a 5x concentrated aliqout of carrier and reference sample and a 1x concentrated aliquot of carrier
and reference sample were sequentially analyzed via DIA Instrument Method 1. Additional in-
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formation regarding the instrument methods and search-engine parameters can be found in their
respective sections.

BMDM Scout experiment
Prior to assembling an inclusion list for the prioritized analyses of the nPOP-prepared BMDM
single-cell samples, a prioritized analysis of a 1x concentrated version of the mixed carrier and
reference sample was performed to generate a set of additional DDA-identifiable precursors. Information regarding the inclusion-list construction for this scout experiment, MaxQuant.Live parameters, and analysis of raw data can be found in their respective sections.

Retention-time calibration runs
PDAC samples, Figure 1
A 1µl injection of a 1x concentrated aliquot of the mixed carrier and reference sample was analyzed via DIA instrument method 1 and searched via Spectronaut with the spectral library generated above (20210925_234228_wAL00103.raw.kit, 21,838 precursors) to provide accurate retention times for the subsequent MaxQuant.live-enabled prioritized single-cell analyses.
A separate 1x retention-time-calibration experiment was acquired for each set of experiments,
Fig1b/e and Fig1c/d. The retention-time-calibration experiment corresponding to Fig1c/d was
searched with Spectronaut v. 15.4, while the retention-time-calibration experiment corresponding
to F1b/e was searched with v. 15.6.

BMDM nPOP samples, Figures 2/3/4
A 1µl injection of a 1x concentrated aliquot of mixed carrier and reference sample was injected and
analyzed via DIA method 1 and searched via Spectronaut (v. 15.1) with the spectral library generated above (20210809_120040_Priori_comb_080921.kit) to provide accurate reten24
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tion times for the subsequent MaxQuant.live-enabled prioritized single-cell analyses. All search
parameters were kept as default, except for: template correlation profiling enabled for profiling
strategy, minimum q-value row selection for profiling row selection, and Biognosys’ iRT kit was
indicated as not being used.

BMDM mPOP samples
A 1µl injection of a 1x concentrated aliquot of mixed carrier and reference sample was injected
and analyzed via DIA method 3 and searched by Spectronaut (v. 15.0) in directDIA mode using
a FASTA containing the SwissProt database for mus musculus, as well as MEROPS cleavage
fragments generated as indicated in the MEROPS database preparation section, below
(musmusculus_SPonly_MEROPS_012221.fasta, 27,117 protein entries). Trypsin was
specified as the enzyme for in silico digestion, TMTpro (+ 304.2071 Da) was selected as a fixed
modification on lysines, and the following variable mods were used: protein n-terminal acetylation
(+ 42.01056 Da), methionine oxidation (+ 15.99492 Da), and TMTPro modification of peptide ntermini. The results were then prefiltered in Spectronaut to only contain precursors with at least
one TMTPro modification. All other search settings were kept as default.

Prioritized Inclusion List Construction
PDAC samples, Figure 1b/e
The Spectronaut search results for the retention-time-calibration experiment were then used to
generate a prioritized inclusion list in the R programming environment via the data-processing
pipeline available at github.com/SlavovLab/pSCoPE. Briefly, the DIA search results were filtered
at an elution group PEP ≤ 0.02 and an elution group q-value of ≤ 0.05. The mass of each precursor was then calculated by multiplying its m/z by its charge state and subtracting the mass of the
charge-state-associated protons, as MaxQuant.live will later account for their masses. This mass

25

bioRxiv preprint doi: https://doi.org/10.1101/2022.03.16.484655; this version posted March 18, 2022. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

was then rounded to 7 decimal places. The search results were subsequently filtered for TMTProlabeled peptides. A numeric place-holder value (e.g., 126) was placed in the “Masses” column
to trigger log entries related to species sent for MS2 in the subsequent prioritized analyses. The
retention time was then rounded to three decimal places, and 25 minutes were subtracted from
the observed retention time to accord with the 25-minute delay in acquisition for the single-cell
sample analysis method. This is not a necessary adjustment if MS acquisition is started at minute
0. The library of confidently identified precursor species was then segmented into tertiles by precursor intensity and each tertile was assigned to a priority tier, such that the highest priority tier
contained precursors in the top tertile of abundance, the middle priority tier contained precursors in
the middle tertile of abundance, and the low priority tier contained precursors in the lowest tertile
of abundance. The RealTimeCorrection and TargetedMS2 column entries were then set to TRUE
for this set of confidently identified precursor species to enable participation in MaxQuant.Live’s
real-time retention-time alignment algorithm, as well as MS2 analysis upon detection. Any identified precursors not matching the original confidence cut-offs (elution group PEP ≤ 0.02 or elution
group q-value ≤ 0.05) were enabled for participation in MaxQuant.live’s real-time retention-time
alignment algorithm, but were prohibited from being sent for MS2.

PDAC samples, Figure 1c/d
The search results from the retention-time-calibration experiment were then filtered for use as an
inclusion list via the data-processing pipeline available at github.com/SlavovLab/pSCoPE. Briefly,
a set of difficult-to-identify precursor ions was selected by filtering the shotgun search results
for peptides identified in 50% of the experiments or fewer at PEP ≤ .02. These peptides were
then assigned to the top two priority tiers of an inclusion list such that each tier contained an
equivalently difficult set of peptides to identify. The remaining high-confidence peptides from
the shotgun results were placed on the middle priority tier, and high-confidence peptides solely
identified via the DIA retention-time alignment run were placed on the low-priority tier. Precursor
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identifications from the DIA retention-time-generating run with PEPs ≥ .02 were then selected for
inclusion as precursor ions whose retention times could aid MaxQuant.live’s real-time retentiontime alignment algorithm, without being sent for MS2.

Scout experiment for BMDM nPOP-samples, Figures 2/3/4
The search results from the retention-time-calibration experiment were then filtered to meet the
following criteria for use as an inclusion list: elution group PEP ≤ .02, elution group q-value ≤
.05, TMTPro labeling modifications (+ 304.2071 Da) on the n-terminus or lysine residues. These
filtered precursors were then stratified into priority tiers by precursor intensity: precursors in the
lowest intensity tertile were place on the bottom priority tier, precursors in the middle intensity
tertile were placed on the middle priority tier, and precursors in the top intensity tertile were placed
on the top priority tier. These precursors were enabled for both MS2 analysis upon detection and
for participation in MaxQuant.Live’s real-time-alignment algorithm. Precursors whose confidence
of identification or labeling state did not pass the initial thresholds were included for participation
in MaxQuant.live’s retention-time alignment algorithm, but were not enabled for MS2 analysis.
The subsequent prioritized inclusion list was used to analyze a 1µl injection of a 1x concentrated
aliquot of carrier and reference sample via MaxQuant.live.

BMDM nPOP samples, Figures 2/3/4
The prioritized inclusion list for the BMDM samples was constructed by importing the search
results from the DIA retention-time-calibration run into the R environment and subsetting the detected peptides into 4 tiers. Peptides and proteins of special biological interest or experimental
utility were assembled from the following sources: all precursors identified at or below a PEP of
0.05 in the scout experiment (set α); proteins significantly correlated to PC1 (5% FDR) in a crosscondition PCA generated from the 20 initial shotgun analyses of single-cell BMDM samples (set
β); proteins significantly correlated to PC1 (5% FDR) in a PCA of the LPS-treated single cells
generated from the 20 initial shotgun analyses of BMDM samples (set γ); proteins significantly
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correlated to PC1 (5% FDR) in a PCA of the untreated single cells generated from 20 initial shotgun analyses of BMDM samples (set δ); proteins with |log2 (fold changes)| ≥ 1 between the low
and high dextran uptake conditions of each treatment group analyzed by DIA which were found
to be statistically significant, (set , statistical process described in differential protein analysis for
DIA samples section, below); proteins with |log2 (fold changes)| ≥ 1 between LPS-treated and untreated bulk BMDM samples analyzed via DIA which were found to be statistically significant, (set
ζ, statistical process described in differential protein analysis for DIA samples section); proteins
significantly correlated to PC1 (5% FDR, |Spearman correlation| > 0.35) from single-condition
PCAs generated from prior mPOP-prepared single-cell BMDM analyses (set η); all precursors
identified at 1% FDR in the 20 initial shotgun analyses of the single-cell BMDM samples (set θ);
precursors identified in the retention-time-calibration run that were also contained in sets β, γ, and
δ and identified in fewer than 50% of the corresponding shotgun analyses of single-cell BMDMs
(set ι). To construct the top priority tier, peptides from the retention-time-estimation run were selected to correspond to: up to the top 125 most abundant precursors from set ι; the top 35 most
abundant MEROPS-annotated precursors; all precursors in set θ that mapped to proteins in set ζ;
up to the top 100 most abundant precursors that were in common between set θ and precursors
derived from proteins in set η; up to the top 100 most abundant precursors in common between
set θ and precursors derived from proteins in set ; up to the top 5 most abundant precursors per
protein in the intersection between set θ and precursors derived from proteins in set δ; up to the
top 6 most abundant precursors per protein in the intersection between set θ and precursors derived
from proteins in set γ; up to the top 4 most abundant precursors per protein in the intersection
between set θ and precursors derived from proteins in set β.
The middle priority tier was composed of all remaining precursors from the set of peptides
identified at 1% FDR in the accompanying single-cell shotgun analyses, set θ. The bottom tier was
composed of all remaining peptides identified in the scout experiment, set α. A subsequent tier of
peptides used only for retention-time alignment (i.e., not sent for MS2 analysis) was composed of
all remaining peptides identified by the retention-time-calibration experiment.
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Regarding precursor-intensity-dependent fill times, if a top tier precursor appeared in the bottom intensity tertile, it was allotted an MS2 fill time of 1000ms; if a top tier precursor appeared
in the middle intensity tertile, it was allotted an MS2 fill time of 750ms; if a top-tier precursor
appeared in the top intensity tertile, it was allotted an MS2 fill time of 500ms. These intensity
tertiles were calculated across all filtered PSMs from the retention-time-calibration run.

mPOP-prepared BMDM troubleshooting samples
The search results from the DIA retention-time-calibration experiment were first filtered such that
all remaining entries had an elution group PEP < .05 and an elution group Q value < .05., as well
as at least one TMTPro modification (+ 304.2071 Da) on either the peptide n-terminus or lysine
residue. The prioritized inclusion list for the mPOP BMDM samples was constructed such that
the top tier contained the following types of precursors which intersected with the retention-timecalibration experiment identifications: precursors identified in less than 50% of the corresponding
13 shotgun experiments, precursors featuring a MEROPS-annotated cleavage site, precursors mapping to proteins of biological interest (TLRs,interleukin-associated proteins, lyosomal-associated
membrane proteins, interferon-associated proteins, caspases, NF-kappaB-associated proteins, transcription factors, gasdermin, signal transducers, macrophage scavenger receptors, and proteins
annotated to macrophage function). Precursors on the top priority tier were allocated fill-times dependent upon their precursor intensities in the following manner: precursors in the top abundance
tertile were allocated a 600ms MS2 fill time, precursors in the middle abundance tertile were allocated a 750ms MS2 fill time, and precursors in the bottom abundance tertile were allocated a 900ms
MS2 fill time. Precursors identified in the retention-time-calibration experiment that were part of
a previous targeting experiment were placed on the middle priority tier along with the precursors
that had been identified in the corresponding mPOP shotgun experiments. The bottom priority
tier, although redundant to the top and middle tiers in composition, served to keep the instrument
duty cycles full for optimal elution peak sampling. All precursors enabled for MS2, as well as
all remaining precursors identified in the filtered retention-time-calibration run were enabled for
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participation in MaxQuant.Live’s real-time retention-time calibration algorithm.

Analysis of raw MS data
MEROPS database preparation and FASTA modification
The MEROPS database was downloaded from https://www.ebi.ac.uk/merops/download26 and converted into a .csv for import into the R environment. All cleavage patterns consistent with trypsin
(e.g., R or K as the P1 residue), were removed from the database. Then the SwissProt-annotated
Mus musculus FASTA file was read into the R environment, and the sequence for each protein with
an annotated MEROPS cleavage site was split between the P1 and P1’ residues. Both halves of the
MEROPS-cleaved peptide were then subjected to an in silico tryptic digestion such that the tryptic
digest produced a fragment at least 6 amino acids long. The two semi-tryptic peptide halves were
then added to the existing FASTA as separate entries, including annotations from the MEROPS
database for the enzyme, cleavage residue number, and whether the peptide fragment contained
the neo-c-terminus or neo-n-terminus.

DDA Data
Shotgun analyses of PDAC single-cell samples, Figure 1
Shotgun analyses of the PDAC samples were searched with MaxQuant (2.0.3.0) using a FASTA
containing all entries from the human SwissProt database (SwissProt_human_09042017,
20,218 proteins). TMTPro 16plex was enabled as a fixed modification on n-termini and lysines
via the reporter ion MS2 submenu. Methionine oxidation (+ 15.99492 Da) and protein n-terminal
acetylation (+ 42.01056 Da) were enabled as variable modifications, and trypsin was selected for
the in silico digestion with enzyme mode set to specific. Up to 2 missed cleavages were allowed per
peptide with a minimum length of 7 amino acids. Second peptide identifications were disabled,
calculate peak properties was enabled, and msScans was enabled as an output file. PSM FDR
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and protein FDR were set to 1. False discovery rate (FDR) calculations were performed in the R
programming environment by calculating the PEP threshold at which 1% of the entries were decoy
identifications.
pSCoPE analyses of PDAC single-cell samples, Figure 1
In both data sets, the prioritized runs corresponding to fig1b/e and fig1c/d, the same search settings
were used as in the accompanying shotgun data sets, with the exception of the FASTA database. In
the case of the prioritized searches, reduced versions of the human SwissProt database were used
which contained only those proteins whose peptides were on the inclusion list.
SwissProt_human_09042017_PDAC_lim2.fasta (2,351 proteins) was used as the reference database for the prioritized data set corresponding to figure 1b/e and
sp_human_20211005_Consist_lim.fasta (1,574 proteins) was used as the reference
database for the prioritized data set corresponding to figure 1c/d. False discovery rate (FDR)
calculations were performed in the R programming environment by calculating the PEP threshold
at which 1% of the entries were decoy identifications.
TMT-labeled bulk BMDM sample analyses for differential protein analysis
TMT-labeled and mixed bulk samples of 24-hr LPS-treated and untreated BMDMs analyzed via
DDA Bulk Instrument Methods 1 and 2 (wGH215 and wGH216, respectively) were searched with
MaxQuant (v. 1.6.17.0) using a FASTA containing all entries from the SwissProt database for
mus musculus, as well as MEROPS-annotated cleavage products generated as indicated previously
(musmusculus_SPonly_MEROPS_012221.fasta), for a total of 27,117 protein entries.
TMTPro 16plex was enabled as a fixed modification on n-termini and lysines via the reporter
ion MS2 submenu. Methionine oxidation (+ 15.99492 Da) and protein n-terminal acetylation
(+ 42.01056 Da) were enabled as variable modifications, and trypsin was selected with specific
cleavage. Second peptide identifications were disabled, calculate peak properties was enabled, and
msScans was enabled as an output. PSM FDR and protein FDR were set to 1.
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Scout experiment for inclusion-list generation for BMDM nPOP samples
The raw file generated by this prioritized analysis was searched by MaxQuant (v 1.6.17.0) using a
FASTA containing all entries from the murine SwissProt database
(musmusculus_SPonly_012221.fasta, 17,056 proteins). TMTPro 16plex was enabled
as a fixed modification on n-termini and lysines via the reporter ion MS2 submenu. Methionine
oxidation (+ 15.99492 Da) and protein n-terminal acetylation (+ 42.01056 Da) were enabled as
variable modifications, and trypsin was selected with specific cleavage. Second peptide identifications were disabled, calculate peak properties was enabled, and msScans was enabled as an output.
PSM FDR and protein FDR were set to 1.
Shotgun analyses of BMDM nPOP samples, Figure 2/3/4
Shotgun analyses of the nPoP-prepared murine BMDM samples were searched with MaxQuant
(2.0.3.0) using a FASTA containing all entries from the murine SwissProt database with additional
entries for cleaved peptides consistent with the MEROPS database appended
(musmusculus_SPonly_MEROPS_012221.fasta), for a total of 27,117 protein entries.
Methionine oxidation (+ 15.99492 Da) and protein n-terminal acetylation (+ 42.01056 Da) were
enabled as variable modifications, and trypsin was selected for the in silico digestion with enzyme
mode set to specific. Up to 2 missed cleavages were allowed per peptide with a minimum length
of 7 amino acids. Second peptide identifications were disabled, calculate peak properties was
enabled, and msScans was enabled as an output file. PSM FDR and protein FDR were set to 1.
pSCoPE analyses of BMDM nPOP samples, Figure 2/3/4
The same search settings were used as in the accompanying shotgun data sets, with the exception
of the FASTA database. For the prioritized samples, a reduced version of the murine SwissProt
database with appended MEROPS entries was used which contained only those proteins whose
peptides were on the inclusion list (musmusculus_SPonly_MEROPS_012221_lim2.fasta;
1,234 proteins). Subsequent to the MaxQuant search, the 20 shotgun-analyzed nPOP-prepared
32

bioRxiv preprint doi: https://doi.org/10.1101/2022.03.16.484655; this version posted March 18, 2022. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

SCoPE experiments, 40 pSCoPE-analyzed nPOP-prepared SCoPE experiments, and their preceding DIA-analyzed retention-time-calibration experiment were analyzed together by DART-ID41 for
retention-time-dependent PSM confidence updating. A DART-ID configuration file is included in
the Massive repository associated with this publication.
Shotgun and pSCoPE analyses of BMDM mPOP troubleshooting samples
Shotgun and pSCoPE analyses of the murine BMDM single-cell samples prepared by mPOP were
searched with MaxQuant (1.6.7.0) using a FASTA containing all entries from the murine SwissProt database with additional entries for cleaved peptides consistent with the MEROPS database
appended (musmusculus_SPonly_MEROPS_012221.fasta), for a total of 27,117 protein
entries. Methionine oxidation (+ 15.99492 Da) and protein n-terminal acetylation (+ 42.01056 Da)
were enabled as variable modifications, and trypsin/P was selected for the in silico digestion with
enzyme mode set to specific. Up to 2 missed cleavages were allowed per peptide with a minimum
length of 7 amino acids. Second peptide identifications were disabled, calculate peak properties
was enabled, and msScans was enabled as an output file. PSM FDR and protein FDR were set to
1.

DIA Data
PDAC samples, spectral library-generating search
1µl injections of a 7.5x concentrated aliquot of the mixed carrier and reference sample were analyzed by DIA instrument methods 1 and 2, and a subsequent 2.5x concentrated aliquot of the mixed
carrier and reference sample was injected and analyzed by DIA instrument method 1. These three
sample analyses were used to construct a spectral library via Spectronaut (v. 15.6) for the analysis
of a 1x mixed carrier and reference sample analyzed via DIA instrument method 1 (i.e., a retentiontime-calibration experiment). The spectral library contained a total of 21,838 precursors, and was
generated from a directDIA search using the SwissProt_human_09042017.fasta (20,218
proteins). Default search parameters were used, with the following exceptions: source specific
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iRT calibration was enabled; Biognosys iRT kit was set to false; profiling strategy was set to template correlation profiling; Methionine oxidation (+ 15.99492 Da), protein n-terminal acetylation
(+ 42.01056 Da) and n-terminal TMTPro labeling (+ 304.2071 Da) were enabled as variable modifications, while TMTPro labeling of lysines was enabled as a fixed modification. The spectral
library produced by this search was named 20210925_234228_wAL00103.raw.kit.

BMDM samples, spectral library-generating search
1µl injections of both a 5x concentrated aliquot and a 1x concentrated aliquot of mixed carrier
and reference samples were sequentially analyzed via DIA Instrument Method 1. The two sample analyses indicated above were used to construct a spectral library using Spectronaut (v. 15.1)
via a directDIA search using the musmusculus_SPonly_MEROPS_012221.fasta (27,117
proteins). Methionine oxidation (+ 15.99492 Da), n-terminal acetylation (+ 42.01056 Da), and
n-terminal TMTPro labeling (+ 304.2071 Da) were enabled as variable modifications, while TMTPro labeling of lysines was enabled as a fixed modification. The resulting spectral library contained
a total of 11,701 precursors. Default search parameters were used, with the following exceptions:
allow source specific iRT calibration was enabled, Biognosys’ iRT-kit alignment peptides were
specified as unused, and profiling strategy was set to template correlation profiling. The spectral
library produced by this search was named
20210809_120040_Priori_comb_080921.kit.

PDAC samples, retention-time-calibration experiment, Figure 1b/e
Raw data was searched via Spectronaut (v. 15.6) with the PDAC-specific spectral library
(20210925_234228_wAL00103.raw.kit, 21,838 precursors) discussed above to provide
accurate retention times for the subsequent MaxQuant.live-enabled prioritized single-cell analyses.
The reference FASTA for this spectral library was SwissProt_human_09042017.fasta
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(20,218 proteins). The iRT-kit alignment peptides were specified as unused, template correlation
profiling was selected as the profiling strategy, minimum q-value row selection was selected for
the profiling row selection method, and allow source specific iRT Calibration was set to true. All
other options kept as default
PDAC samples, retention-time-calibration experiment, Figure 1c/d
Raw data was searched via Spectronaut (v. 15.4) with the PDAC-specific spectral library
(20210925_234228_wAL00103.raw.kit, 21,838 precursors) discussed above to provide
accurate retention times for the subsequent MaxQuant.live-enabled prioritized analyses. The reference FASTA for this spectral library was SwissProt_human_09042017.fasta (20,218
proteins). The iRT-kit alignment peptides were specified as unused and allow source specific iRT
Calibration was set to true. All other options were kept as default.
BMDM samples, pre-scout retention-time-calibration experiment, Figures 2/3/4
Raw data was searched via Spectronaut (v. 15.1) with the BMDM-specific spectral library:
20210809_120040_Priori_comb_080921.kit. The reference FASTA for this spectral
library was musmusculus_SPonly_MEROPS_012221.fasta (27,117 proteins). The iRTkit alignment peptides were specified as unused, template correlation profiling was selected as
the profiling strategy, minimum q-value row selection was selected for the profiling row selection
method, allow source specific iRT calibration was set to true. All other options kept as default
BMDM nPOP samples, retention-time-calibration experiment, Figures 2/3/4
Raw data was searched via Spectronaut (v. 15.1) with the following spectral library:
20210809_120040_Priori_comb_080921.kit. The reference FASTA for this spectral
library was musmusculus_SPonly_MEROPS_012221.fasta (27,117 proteins). The iRTkit alignment peptides were specified as unused, template correlation profiling was selected as
the profiling strategy, minimum q-value row selection was selected for the profiling row selection
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method, “allow source specific iRT calibration” was set to true. All other options kept as default
TMTPro-labeled bulk BMDM samples for differential protein analysis
TMT-labeled, unmixed bulk samples (wGH217/218/220) analyzed by DIA Instrument Method 3
were searched with Spectronaut (v. 14.1) in directDIA mode using the
musmusculus_SPonly_MEROPS_012221.fasta containing 27,117 proteins. Methionine
oxidation (+ 15.99492 Da), n-terminal acetylation (+ 42.01056 Da), and n-terminal TMTPro labeling (+ 304.2071 Da) were enabled as variable modifications, while TMTPro labeling of lysines
was enabled as a fixed modification. Trypsin was specified as the enzyme for in silico digestion,
and results were filtered to contain only precursors with TMTPro labeling modifications.
TMTPro-labeled bulk MEROPS validation samples for BMDM analysis, Figure 5
The Raw files from the MEROPS analyses were then searched with Spectronaut’s (v. 15.4) directDIA analysis feature, using a FASTA containing all entries from the SwissProt database for mus
musculus, as well as MEROPS cleavage fragments generated as indicated previously, which contained 27,117 protein entries (musmusculus_SPonly_MEROPS_012221.fasta). Cysteine
carbamidomethylation was set as a fixed modification and the following variable modifications
were used: protein n-terminal acetylation (+ 42.01056 Da), methionine oxidation (+ 15.99492
Da), TMTPro modification (+ 304.2071 Da) of lysine and peptide n-termini. Trypsin enzymatic
cleavage rules were enabled, allowing for a minimum peptide length of 7 and a maximum peptide
length of 52. Up to 2 missed cleavages were allowed. All other search settings were left at their
default values.
Label-free bulk endocytosis samples for BMDM analysis, Figure 4
Raw data from the bulk endocytosis sample analyses was searched with Spectronaut (v. 14.10)
via DirectDIA, using a FASTA containing all entries from the SwissProt database for mus musculus, as well as selected isoforms and MEROPS-annotated cleavage products generated as indicated
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previously, for a total of 33,996 protein entries (Mouse_ONLYsp_plusMEROPS_v2.fasta).
Peptides with lengths between 6 and 52 amino acids, with up to 2 missed cleavages were permitted. Trypsin/P was selected for cleavage, and Protein n-term acetylation (+ 42.01056 Da) and
methionine oxidation (+ 15.99492 Da) were enabled as variable modifications. A PEP Cut-off of 1
was selected, although downstream filtration (PEP ≤ .01) was performed in the differential protein
analysis script. All other search settings were kept as default.
BMDM mPOP samples retention-time calibration experiment
The pre-prioritization retention-time-calibration experiment was searched by Spectronaut (v. 15.0)
in directDIA mode using a FASTA containing the SwissProt database for mus musculus, as well as
MEROPS cleavage fragments generated as indicated previously, containing 27,117 protein entries
(musmusculus_SPonly_MEROPS_012221). Trypsin was specified as the enzyme for in silico digestion, TMTpro (+ 304.2071 Da) was selected as a fixed modification on lysines, and the
following variable mods were used: protein n-terminal acetylation (+ 42.01056 Da), methionine
oxidation (+ 15.99492 Da), and TMTPro modification of peptide n-termini. The results were then
prefiltered in Spectronaut to only contain precursors with at least one TMTPro modification. All
other search settings were kept as default.

Processing and normalizing single-cell MS data
Shotgun and pSCoPE PDAC analyses, Figure 1b/e and Figure 1c/d
Sets pertaining to Figure 1b/e and Figure 1c/d were processed separately. Single-cell MS data
were processed via the SCoPE2 single-cell proteomics pipeline5,42 . Peptides with precursor ion
fractions below 50% or a mean RI intensity across the single cells greater than 10% of the intensity
in the carrier channel were removed from the data set. Peptides were filtered at 1% FDR by
determining the PEP threshold at which 1% of the entries were reverse matches. Cells with mean
protein CVs greater than 0.4 were filtered out from the data set. Samples and precursors were then
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filtered to have less than 99% missing data, before being log transformed and aggregated to proteinlevel abundance by taking the median abundance of the protein-specific peptides. The following
intermediate data frames were generated for subsequent analysis from both data sets: the matrix of
single cells by precursors, unfiltered for missingness; the matrix of unimputed protein abundances
by single-cells, containing missing values. For the sets corresponding to Figure 1b/e, the following
additional data matrices were produced: the complete matrix of protein abundances by single cells,
containing imputed values; the batch-corrected complete matrix of protein abundances by single
cells, containing imputed values; the re-normalized batch-corrected complete matrix of protein
abundances by single cells, containing imputed values.

pSCoPE analyses of BMDM samples, Figures 2/3/4
Single-cell data from 40 prioritized analyses were processed via the single-cell pipeline5,42 . Peptides with precursor ion fractions below 50% were removed from the data set, as were peptides
with a mean intensity across the single cells greater than 2% of the intensity in carrier channel.
Peptides were filtered at 1% FDR using the DART-ID41 q-value column. Cells with mean protein CVs greater than 0.4 were filtered out from the data set. Samples and precursors were then
filtered to have less than 99% missing data, before being log transformed and aggregated to proteinlevel abundance by taking the median abundance of the protein-specific peptides. The following
intermediate data frames were generated for subsequent analysis: the matrix of single cells by precursors, unfiltered for missingness; the matrix of unimputed protein abundances by single-cells,
containing missing values; the complete matrix of protein abundances by single cells, containing
imputed values; the batch-corrected complete matrix of protein abundances by single cells, containing imputed values; the re-normalized batch-corrected complete matrix of protein abundances
by single cells, containing imputed values.
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Shotgun and pSCoPE analyses of BMDM samples, Figure S4
Single-cell data from 20 shotgun analyses and the first 20 prioritized analyses were processed
via the single-cell pipeline5,42 using the same parameters as indicated above for the pSCoPE-only
BMDM analyses.

Data Analysis
Differential protein analysis for DIA samples
Differential protein abundance was assessed by modeling the distribution of noise as a function of
average precursor intensity. To perform this analysis, a single sample was injected and analyzed
twice by DIA, then searched with Spectronaut as described above. Precursor-level fold-changes
between replicate injections of the same sample should cluster around 1:1, deviations from this
expected 1:1 ratio reflect noise in the measurement, and can be used as a null distribution to test
for differential protein abundance. However, because precursor quantitation is more accurate at
higher absolute intensities, the null distribution of precursor fold-changes were split evenly into 15
bins with respect to the average precursor intensity of the pair. Fold-changes between experimental
conditions were then calculated, and converted to a z-score using its corresponding null distribution
of fold-changes (based on intensity). Lastly, the precursors for each protein were t-tested against a
standard-normal null distribution of 10,000 values with mean = 0, and standard deviation = 1, then
p-values were converted to q values using the Benjamini and Hochberg approach.

Figure 1, PDAC samples
Productive MS2 scans boxplot
The msms.txt files from the shotgun and pSCoPE MaxQuant search results were filtered at 1%
FDR, by determining the PEP threshold at which 1% of the entries were reverse matches. All
contaminant and reverse matches were then removed from the resulting data frames. The number
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of remaining PSMs was tallied and divided by the total number of MS2 scans recorded per experiment, determined from the msmsScans.txt output of MaxQuant. This fraction was multiplied by
100 and presented in Fig. 1b as the percentage of productive MS2 scans per experiment.
Peptides/run boxplot
The evidence.txt files from the shotgun and pSCoPE MaxQuant search results were filtered at 1%
FDR, by determining the PEP threshold at which 1% of the entries were reverse matches. All
contaminant and reverse matches were then removed from the resulting data frames, and peptides
with multiple charge states were collapsed to a single entry per experiment. The number of PSMs
remaining was then tallied on a per experiment basis and presented as a boxplot in Fig. 1b.
Proteins/cell boxplot
Using the matrix of unimputed protein abundances by single-cell samples produced by the singlecell pipeline5,42 , the number of proteins per single-cell sample with detectable reporter ion intensities was tallied and presented in Fig. 1b.
Consistency heatmap
The precursors by single-cells matrix produced after PIF, mrri, FDR, and CV filtration was subsetted to contain only those precursors on the top two tiers of the consistency experiment inclusion list,
which contained precursors identified in 50% or fewer of the shotgun experiments. The precursors
were then aggregated to the peptide level, and their abundance measurements were binarized such
that precursors with NA intensities for a single-cell sample were given a value of zero while precursors with detected reporter ion intensity were given a value of 1. The resulting binary dataframe
was then presented as a heatmap with peptides on the y-axis and single cells on the x-axis to contrast data completeness for difficult-to-identify peptides placed on the top two tiers of a prioritized
inclusion list. The set of peptides was filtered to only include entries with at least one cell with
detected reporter ion intensity, as shown in Fig. 1c.
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Peptide and protein-level data completeness contrast box plots
To produce the peptide-level data-completeness boxplot shown in Fig. 1d , the precursors by singlecells matrix produced after PIF, mrri, FDR, and CV filtration was subsetted into two dataframes:
one containing precursors from the top two priority tiers of the prioritized inclusion list and one
containing precursors that were enabled for MS2 analysis from any priority tier. Precursor abundances were aggregated to the peptide level by summing the relative intensities observed for multiple charge states on a per-sample basis; this sum was not used for relative quantitation, only
for representing whether detectable reporter ion signal was observed for a peptide in a single-cell
sample, as opposed to an NA value. The fraction of peptides with detected reporter ion signal
per single cell was computed for these two priority categories before being multiplied by 100 to
produce the percent data completeness per cell.
To generate the protein-level data completeness box plot shown in Fig. 1d, the matrix of protein
abundances by single cells produced by the scp pipeline5,42 was subsetted to include only the
proteins whose precursors were specified for MS2 analysis on the prioritized inclusion list. The
fraction of these proteins with detected reporter ion signal per single cell was computed and then
multiplied by 100 to produce the percent data completeness per cell.
PDAC PCA color-coded by median protein-set abundance
PCA was performed on the imputed, batch-corrected, and normalized proteins by cells matrix,
using the prcomp function in R. For PCAs color-coded by the median protein set abundance, the
median abundance of all proteins mapping to a protein set was calculated on a per-cell basis, using
the unimputed batch-corrected data matrix. The vector of single-cell protein set abundances was
then z-scored, and the resulting vector was joined with the vector of principal component coordinates (the scores vectors) by sample ID. The protein sets presented in this analysis were selected
from the results of PC-weight-based Protein Set Enrichment Analysis (PSEA), as described below.
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Figures 2/3/4, BMDM samples
PCAs color-coded by median protein-set abundance
For PCAs color-coded by the median protein set abundance( Fig. 2a,Fig. 3a/c,Fig. S5), the procedure indicated in the preceding section was followed.
Protein set enrichment analysis (PSEA)
PSEA was performed using the vector of principal-component-associated protein weights produced by PCA analysis of the imputed, batch-corrected, and normalized cells x proteins matrix,
generated from the prcomp function in R. The human gene set database was acquired from GOA.43
The gene set database was filtered to remove entries corresponding to cellular components, in favor of entries annotated to molecular function and biological process. Gene-level annotation was
used to map gene sets to the protein weights. The factor weights for all proteins matching a protein set were compared against the background distribution of protein weights using the two-tailed
wilcoxon rank-based test of significance. The following filters were used to determine whether a
statistical comparison was made: At least 5 proteins from a protein set must have been present
in the data, at least 10% of the proteins within a protein set must have been present in the data,
and protein sets must contain fewer than 200 entries. The median loading per protein set was then
transformed to a z-score for interpretability. The p values were then converted to q values using the
Benjamini and Hochberg approach, and results were filtered to 5% FDR. Single-condition PSEA:
the PC-based PSEA performed in Fig. 2b was applied to each treatment group separately in Fig. 3a.
For the PSEA performed on the PDAC samples shown in Fig. 1e, the minimum protein count was
raised to 15, due to the higher protein coverage present in that set of experiments.
Endocytosis analysis, histogram, Figure 3b
The vectors of Dextran: AF568 MFI and event counts were retrieved from the Sony MA900 used
to sort the dextran uptake subpopulations, and this data was filtered for MFIs greater than 1,000
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and less than 50,000. The MFIs were then log10 transformed and plotted as a normalized histogram
in Fig. 3b and for the LPS-treated samples and untreated samples, respectively.

Endocytosis analysis, volcano plot, Figure 3b
Differentially abundant proteins between the low and high-dextran uptake samples were identified
via the DIA differential protein analysis script introduced earlier, and the results were plotted,
such that proteins with |log2 (FC)| > 3 were annotated. The volcano plots associated with the
LPS-treated samples and untreated samples are presented in Fig. 3c and Fig. S8, respectively.
Endocytosis analysis, PCA color-coded by endocytic proteins, Figure 3c
For each treatment condition (24hr LPS-treated or untreated), the set of proteins with statistically
significant fold changes between the high and low dextran-uptake conditions (|log2 (FC)| ≥ 1; foldchange q-value ≤ 0.01) was intersected with the set of quantified proteins for the respective set
of single-cell samples. The median abundance per cell was calculated for the sets of proteins
associated with low dextran uptake or high dextran uptake, each vector of median abundances was
then z-scored and extreme values capped at a z-score of ±2, and the single-condition PCAs were
color-coded by these z-scored protein abundances. The figures associated with the LPS-treated
samples and untreated samples are presented in Fig. 3c and Fig. S8, respectively.
Validation of MEROPS peptide quantitation, Figure 4a
MEROPS substrates which were n-terminally labeled with TMTPro in the bulk discovery experiments and whose cross-condition fold change was comparable between the bulk and single-cell
experiments were taken to be validated measurements.
To benchmark the relative quantitation between the bulk discovery and single-cell samples,
the treatment-condition-associated bulk samples detailed in the ”MEROPS Bulk validation experiments, BMDMs” section, above, were filtered to an elution group PEP ≤ 0.01, and entries
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mapping to the same precursor species were condensed such that the observation with the highest
intensity was taken to be representative. The LPS-treated and untreated samples were then joined
by precursor, and the abundances column (sample) and row (precursor) normalized, by median and
mean, respectively. The ratio of the normalized precursor abundances between the LPS-treated and
untreated samples were then calculated. The matrix of batch-corrected unimputed protein abundances per single-cell from the prioritized BMDM analyses was then condensed to a representative
abundance by treatment condition by taking the median protein abundance across all cells from a
treatment group. The relative protein abundance ratio between treatment conditions was then computed, and the vector of fold changes was subset for the MEROPS cleavage products detected with
TMT-Pro labeling of the neo-n-termini in the bulk experiments.
Biological annotation of MEROPS peptides, Figure 4b
Using the MaxQuant evidence.txt output from the DDA analysis of the bulk TMTPro-labeled
duplex sample containing 24-hour LPS-treated (127C) and untreated (128N) BMDM samples
(wGH215.raw), proteins which were differentially abundant between treatment conditions were
identified in the following way: search results were filtered to contain precursors with PEPs ≤ 0.02
and PIFs > 0.8, and reverse matches and contaminants were filtered out; the reporter ion intensities
for the two samples were column and row normalized by their means; the per-protein distributions
of relative precursor abundances for each sample were subjected to a two-sided wilcoxon rank
sum test; p-values were FDR corrected via the Benjamini and Hochberg approach and filtered
to 1% FDR; the median relative abundance of the precursors mapping to a given protein were
taken to reflect the relative abundance of that protein; differential proteins whose relative abundance ratio (LPS-treated:Untreated) was > 1 were annotated as marker proteins associated with
LPS-treatment, or the untreated condition, otherwise.
A second set of marker proteins associated with pro-inflammatory M1-like macrophages or
anti-inflammatory M2-like macrophages determined by transcriptomic analysis of monocytes, intermediate macrophages, fully differentiated macrophages, classically activated macrophages, and
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alternatively activated macrophages was also used in this analysis32 . Genes with a log2 M1-to-M2
ratio greater than zero in the publication-associated database were annotated to be M1-associated,
while genes with an M1-to-M2 ratio less than zero were annotated to be M2-associated.
Actin L104 cleaved by cathepsin (fragment 1), citrate synthase H26 cleaved by cathepsin E
(fragment 2), and Actin L288 cleaved by Cathepsin D (fragments 1 and 2) which had been validated
via bulk analysis were then tested for significant associations with either the treatment-conditionassociated protein panels or the M1/M2-associated protein panels using a permutation test.
The matrix of single cells by batch-corrected unimputed protein abundances was filtered to
contain the four MEROPS cleavage products and proteins annotated to the supplied list of marker
proteins (either treatment-condition specific or macrophage-polarization specific), and a proteinprotein correlation matrix was produced from this filtered matrix. The median correlation was then
calculated between each MEROPS cleavage product and the set of proteins annotated to either of
the two reference conditions (LPS-treated or untreated; M2 or M1), and the difference between the
median correlation associated with each treatment condition was recorded.
The same procedure was then repeated 10,000 times, permuting the column names of the cells
by proteins matrix each time. The p-value of the original correlation distance was subsequently
determined to be the fraction of times a correlation distance as extreme as the one initially observed
was generated by chance alone. The set of p-values was then FDR corrected using the Benjamini
and Hochberg approach. If the original p value was zero, meaning no value generated by chance
was as extreme as the initially observed value, then a q-value of 10−5 was used.

Supplemental Figures
Fraction of inclusion-list precursors detected and analyzed, Figure S1
The MaxQuant.Live log files associated with the technical coverage and consistency experiments
Fig. 1b/c/d were imported into the R environment and the lists of precursors detected by MaxQuant.live
during the survey scan and subsequently sent for MS2 were extracted from the log files. The unique
numeric precursor id was then matched to the associated inclusion list for each experiment to gen45
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erate Fig. S1.
Quantification variability across single-cell and control samples, Figure S2
Within the single-cell pipeline5,42 , the CV (i.e. the standard deviation scaled by the mean) was
computed for the relative abundances of all filtered precursors that mapped to a given leading
razor protein on a per-sample basis (precursor-filtration metrics discussed in detail in the data
filtration and normalization sections). The mean protein-level CV was then calculated on a persample basis, and a CV threshold was chosen which well separated the control samples from the
single-cell samples. The distribution of CVs for single-cell and control samples associated with
Fig. 1b are shown in Fig. S2a; the distribution of CVs for single-cell and control samples associated
with Fig. 1c/d are shown in Fig. S2b; the distribution of CVs for single-cell and control samples
associated with Fig. 2, Fig. 3, and Fig. 4 are shown in Fig. S2a
Peptide Properties and ID rates, Figure S3
The shotgun and prioritized search results for the technical consistency experiments Fig. 1c/d
were imported into the R environment, and the set of precursors not identified at 1% FDR in the
prioritized analyses was determined. The median spectral confidence of identification and number
of matching fragments for each of the precursors in this set was then calculated across all shotgun
experiments using the evidence.txt and msms.txt files, respectively, and plotted in Fig. S3.
BMDM technical comparison, Figure S4
The matrix of precursor abundances by single-cell samples for 20 shotgun analyses and 20 pSCoPE
analyses was condensed to the peptide level by summing the relative intensities across charge states
on a sample-specific basis. This was conducted as a means to determine peptides without detectable reporter ion signal in a given sample. The inclusion list was also condensed to the peptide
level by associating a peptide sequence with the highest priority tier it appeared in. The fraction of
peptides with detected reporter ion signal was calculated on a per sample and per priority-tier basis
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and displayed in Fig. S4a. To calculate the percent data completeness on a per-protein level, the
same procedure was followed for condensing precursors to proteins and for associating proteins
with priority tiers.
To calculate the number of peptides with detectable reporter ion signal per single cell, the
matrix of precursor abundances by single-cell samples for 20 shotgun analyses and 20 pSCoPE
analyses was condensed to the peptide level as performed previously, and the number of non-NA
values was tallied on a per-single-cell basis. The number of proteins with detectable reporter ion
signal per single cell was calculated from the matrix of unimputed protein abundances per cell.
These tallies are displayed in Fig. S4b.
To generate the histogram of representative precursor abundances and their corresponding fill
times, the precursor intensities for all precursors identified in the Shotgun and pSCoPE single-cell
BMDM analyses were split into tertiles. If a top tier precursor appeared in the bottom intensity
tertile, it was allotted an MS2 fill time of 1000ms; if a top tier precursor appeared in the middle
intensity tertile, it was allotted an MS2 fill time of 750ms; if a top-tier precursor appeared in the
top intensity tertile, it was allotted an MS2 fill time of 500ms.
The matrix of precursor abundances by single-cell samples for 20 shotgun analyses and 20
pSCoPE analyses was subsetted to contain only those precursors that were allotted fill times of
750ms and 1000ms in the pSCoPE analyses. The percent data completeness was then calculated on
a per-single-cell basis for the set of precursors allotted longer fill times present in the filtered matrix
of precursors by single-cell samples. The results from this analyses are presented in Fig. S4c.
PCA from unimputed protein-level data, Figure S5
In order to assess whether the qualitative trends observed in the cross-condition PCA or the PSEA
based on the PCA-derived protein weight vectors were compromised by imputation, PCA was
performed on the correlation matrix generated by the batch-corrected, unimputed cells x proteins
matrix, and the resulting PCA plot was color-coded by cell type or the median relative abundances
of the proteins corresponding to Type I IFN signaling or phagosome maturation, Fig. S5.
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PCA color-coded by precursor-level data completeness, Figure S6
In order to assess whether the sample separation observed in the cross-condition PCA (shown
in Fig. 2) was driven by missing data, the single-cell data points were color-coded by the data
completeness percentage. The post-data-filtration matrix of precursors by single-cells (filtration
metrics described in the data processing and normalization section) was used to calculate the data
completeness on a per-sample basis. The fraction of filtered precursors with observed reporter ion
signal relative to the total number of filtered precursors detected across all experiments was then
multiplied by 100 to generate the data completeness percentage.
Endocytosis Panel for Untreated BMDMs, Figure S8
This plot was constructed in the same manner as the main text figure corresponding to the 24-hr
LPS-treated samples.

Instrument Methods
DIA Instrument Method 1
95-minute method with the following gradient characteristics: samples were loaded onto the column at 4% B; the gradient was then ramped to 8% at minute 12, 35% at minute 75, 95% at minute
77, 4% from minute 80.1 onward. MS1 scans had the following parameters: 140k resolution, 3e6
AGC target, 512 maximum injection time, and a scan range from 450 to 1258Th. Two sets of DIA
windows were used: 21 20Th-wide windows (spanning the space from 450Th to 860Th) and 8
50Th-wide windows (spanning the space from 859.5Th to 1256Th). The DIA windows had the
following characteristics: 35k resolution, AGC target of 5e5, maximum injection time determined
automatically, fixed first mass of 200Th, NCE of 33, and a default charge state of 2. DIA windows
spanned the space from 450Th to 1256Th and included a 0.5Th overlap.
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DIA Instrument Method 2
All characteristics of DIA Instrument Method 1 were preserved, but instead of two sets of variablewidth DIA windows, three were used: 21 15Th-wide windows (spanning the space from 450Th to
755Th), 8 20Th-wide windows (spanning the space from 754.5Th to 911Th), and 7 50Th windows
(spanning the space from 910.5Th to 1257.5Th). DIA windows spanned the space from 450Th to
1257.5Th and included a 0.5Th overlap.

DIA Instrument Method 3, BMDM bulk samples
Samples were analyzed using a 105-minute method with the following gradient characteristics:
samples were loaded onto the column at 4% B; the gradient was then ramped to 8% at minute 12,
35% at minute 75, 95% at minute 77, 4% from minute 80.1 onward. MS parameters were identical
to DIA Instrument Method 1.

DIA Instrument Method 4, BMDM MEROPS samples
Samples were analyzed using a 160-minute method with the following characteristics: samples
were loaded onto the column at 4% B; the gradient was then ramped to 7% B at 12 minutes, 32%
B at 135 minutes, 95% B at 137 minutes, 4% B from minutes 140.1 to minute 160. MS1 scans
were conducted using the following instrument settings: 70k resolution, 3e6 AGC target, 300ms
maximum IT, with a scan range of 478 to 1470Th. The following DIA window scheme was used:
25 12.5Th-wide windows, 7 25Th-wide windows, and 8 62.5Th-wide windows. The following
DIA window settings were used: 35k resolution, 3e6 AGC target, 110ms maximum fill time, and
an NCE of 27.
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DIA Instrument Method 6, BMDM Dextran Samples
Samples were analyzed using a 155-minute method with the following characteristics: samples
were loaded onto the column at 4% B; the gradient was then ramped to 8% at minute 22; 29% at
minute 130; 95% at minute 134; and 4% at minute 140.1. DIA cycles were made up of 1 survey
scan from 400Th to 800Th, and 20 19.5Th windows spanning the space from 400Th to 799.5Th.
Each MS1 scan had the following characteristics: 70k resolution, 3e6 AGC target, and 300ms
maximum fill time. Each MS2 scan had the following characteristics: 17.5k resolution, 5e5 AGC
target, 64ms maximum fill time, fixed first mass of 200Th, and an NCE of 27. Samples were
resuspended in 0.1% formic acid post-stage-tipping and loaded in glass HPLC inserts (Thermo
Fisher C4010-630) prior to analysis.

Shotgun Bulk Instrument Method 1
Samples were analyzed using a 95-minute method with the following characteristics: samples were
loaded onto the column at 4% B; the gradient was then ramped to 8% B at minute 12, 35% B at
minute 75, 95% at minute 77, and 4% from minute 80.1 to 95. The following MS1 settings were
used: 70k resolution, 1e6 AGC target, 100ms maximum injection time, and a scan range of 450Th
to 1600Th. MS2 scans were acquired with the following settings: 70k resolution, 5e4 AGC target, 300ms maximum injection time, loop count (i.e. top-n) of 7, Isolation window of 0.7Th with
a 0.3Th offset, fixed first mass of 100 m/z, NCE of 33, and a centroid spectrum data type. The
minimum AGC target was 2e4, apex triggering was disabled, and charge exclusion was enabled
for unassigned charge states, as well as charge states greater than 6. The peptide match setting was
disabled, exclude isotopes was enabled, and dynamic exclusion was set to 30 seconds. Voltage
was set to 0 for the first 25 minutes, sweep gas was applied from minute 24.6 to 25 to dislodge
any accumulated droplets from the capillary tip. From minute 25 to 80, voltage was set to 1.7kV,
capillary temp to 250 °C, and the S-lens RF level to 80. From minute 94.20 to 94.60, sweep gas
was applied to dislodge any accumulated droplets from the capillary tip.
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Shotgun Bulk Instrument Method 2
Samples were analyzed using a 95-minute method with the following characteristics: samples were
loaded onto the column at 4% B; the gradient was then ramped to 8% B at minute 12, 35% B at
minute 75, 95% at minute 77, and 4% from minute 80.1 to 95. The following MS1 settings were
used: 70k resolution, 1e6 AGC target, 100ms maximum injection time, and a scan range of 450Th
to 1600Th. MS2 scans were acquired with the following settings: 35k resolution, 5e4 AGC target,
150ms maximum injection time, loop count (i.e. top-n) of 14, Isolation window of 0.7Th with
a 0.3Th offset, fixed first mass of 100 m/z, NCE of 33, and a centroid spectrum data type. The
minimum AGC target was 2e4, apex triggering was disabled, and charge exclusion was enabled
for unassigned charge states, as well as charge states greater than 6. The peptide match setting was
disabled, exclude isotopes was enabled, and dynamic exclusion was set to 30 seconds. Voltage
was set to 0 for the first 25 minutes, sweep gas was applied from minute 24.6 to 25 to dislodge
any accumulated droplets from the capillary tip. From minute 25 to 80, voltage was set to 1.7kV,
capillary temp to 250 °C, and the S-lens RF level to 80. From minute 94.20 to 94.60, sweep gas
was applied to dislodge any accumulated droplets from the capillary tip.

Shotgun Instrument Method 3, Figure 1b/e single-cell sets
Single-cell samples were analyzed using a 95-minute method with the following characteristics:
samples were loaded onto the column at 4% B; the gradient was then ramped to 8% B at minute
12, 35% B at minute 75, 95% at minute 77, and 4% from minute 80.1 to 95. The following MS1
settings were used: 70k resolution, 1e6 AGC target, 100ms maximum injection time, and a scan
range of 450Th to 1258 Th. MS2 scans were acquired with the following settings: 70k resolution,
1e6 AGC target, 300ms maximum injection time, loop count (i.e. top-n) of 7, Isolation window
of 0.5 Th without an offset, fixed first mass of 100 m/z, NCE of 33, and the spectra were saved
in centroid form. The minimum AGC target was 2e4, apex triggering was disabled, and charge
exclusion was enabled for unassigned charge states, as well as charge states greater than 6. The
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peptide match setting was disabled, exclude isotopes was enabled, and dynamic exclusion was set
to 30 seconds. Voltage was set to 0 for the first 25 minutes, sweep gas was applied from minute
24.6 to 25 to dislodge any accumulated droplets from the capillary tip. From minute 25 to 88,
voltage was set to 1.7kV, capillary temp to 250 °C, and the S-lens RF level to 80. From minute 88
to 95, voltage was set to 0kV. From minute 94.20 to 94.60, sweep gas was applied to dislodge any
accumulated droplets from the capillary tip.

Shotgun Instrument Method 4, Figure 1c/d single-cell sets
This method differs from Shotgun Method 3 in its usage of a 0.7Th isolation window with a 0.5Th
offset.

Shotgun Instrument Method 5, BMDM nPOP single-cell sets
This method differs from Shotgun Method 3 in that its MS2 scans were conducted at a resolution
of 140k, an AGC target of 1e6, a maximum injection time of 500ms, with a loop count of 4

Shotgun Instrument Method 6: mPOP single-cell samples
Samples were analyzed using a 105-minute total run time with the following gradient stages: samples were loaded onto the column at 4% B; the gradient was then ramped to 8% B at 12 minutes,
35% B at 75 minutes, 95% B at 77 minutes, 4% B from minutes 80.1 to minute 105. The MS instrument settings matched Shotgun Instrument Method 5, with the exception of a maximum MS2
injection time of 600ms.
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MaxQuant.Live parameters
Parameters for prioritized single cell sets, Figures 1/2/3/4
LC settings were identical to the matched shotgun analysis described above. Scan parameters implemented following the MQ.live listening scan guidelines: Two full MS - SIM scans were applied
from minute 25 to 30 to trigger MaxQuant.live. Both MS - SIM scans had the following parameters
in common: 70k resolution, 3e6 AGC target, and a 300ms maximum injection time. The first MS
- SIM scan covered 908Th to 1070Th, the upper bound indicating a total acquisition time of 70
minutes to MaxQuant.live, discounting the initial 25-minute period of each run in which the voltage was off. The second MS - SIM scan covered the scan space from 909 to the m/z corresponding
to the MaxQuant.live method index to call. The total Xcalibur MS method time was 95 minutes.
Global settings: Survey scan

Fig. 1b

Fig. 1c,d
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Prioritized acquisition parameters, nPOP BMDM single-cell samples
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Prioritized acquisition parameters, mPOP BMDM single-cell samples
All single-cell samples were resuspended in 1.2µl of 0.1% formic acid (Thermo Fisher 85178)
and injected from glass HPLC inserts (Thermo Fisher C4010-630). LC settings were preserved
from the complementary shotgun set. Scan parameters implemented following the MQ.live listening scan guidelines: Two Full MS - SIM scans were applied from minute 26 to 31 to trigger
MaxQuant.live. Both MS - SIM scans had the following parameters in common: 70k resolution,
1e6 AGC target, and a 300ms maximum injection time. The first MS - SIM scan covered 908 to
1079Th, since the acquisition started at minute 26 and ended at minute 105. The second MS - SIM
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scan covered the scan space from 909 to 1030Th, the upper bound indicating the MaxQuant.live
method index to call. The total Xcalibur MS method time was 105 minutes. MaxQuant.live parameters contained in the associated table, below.
Global settings: Survey scan
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Figure S1 | Fraction of inclusion-list precursors detected and analyzed in pSCoPE runs
(a) MS1 detection and MS2 analysis rates for prioritized precursors in the benchmark experiments displayed in
Fig. 1b. (b) MS1 detection and MS2 analysis rates for prioritized precursors in the benchmark experiments displayed in Fig. 1c,d. In both panels, the statistics are shown for each tier along with the number of precursors in the
tier.
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Figure S2 | Single-cell quality controls
The mean coefficient of variation (i.e. the standard deviation scaled by the mean) of all peptide-level relative abundances that map to the same leading razor protein is used to separate successfully prepared single cells from those
that will not generate accurate data. By choosing a CV threshold that separates control samples (droplets which received all reagents but did not contain a single cell) from single cells, cells with noisier protein-level quantitation can
be removed prior to further data processing. The cell single cell and control tallies above each figure represent the
number of single cells or control wells that passed the CV threshold of 0.4. (a) contains the CV distributions for the
single-cell samples associated with Fig. 1b. (b) contains the CV distributions for the single-cell samples associated
with Fig. 1c/d. (c) contains the CV distributions for the single-cell samples associated with Fig. 2, Fig. 3, and Fig. 4.
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Figure S3 | Properties of peptides successfully identified in pSCoPE runs
The precursors from the inclusion list were split into those that resulted in confident PSMs and those that did not,
and the properties of each set analyzed based on the shotgun runs used for making the inclusion lists. (a) Confidence
of identification (quantified by the posterior error probability; PEP) and number of matching peptide fragments for
successful and unsuccessful precursors. The data are shown for all prioritized peptides across all priority tiers. (b)
The data from panel a are shown faceted by priority tier. All data shown are from the consistency experiments from
Fig. 1c/d.
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Figure S4 | Data completeness and proteome coverage for single BMDM analysed by shotgun or prioritized
methods
(a) Percent data completeness tallied for peptides and proteins quantified across twenty shotgun and twenty pSCoPE
experiments, faceted by priority tier. (b) Number of peptides and proteins per single-cell sample across twenty shotgun
and twenty pSCoPE experiments. (c) Illustration of precursor-intensity-dependent MS2 fill times for precursors on
the top priority tier. Percent data completeness contrast for precursors which were allotted increased fill times in the
pSCoPE analyses.

66

bioRxiv preprint doi: https://doi.org/10.1101/2022.03.16.484655; this version posted March 18, 2022. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

LPS−treated

4

PC2

PC2

2.5

0.0

−2.5

Type I IFN signaling

2

2

0

0

−2

−2

−4

−4
−4

−2

−5.0
−4

−2

0

PC1

2

4

PC2

Untreated

0

PC1

2

4

Phagosome maturation

−4

Abundance
z−score −2 −1 0

4

−2

0

PC1

2

4

1 2

Figure S5 | PCA of single BMDM using only observed datapoints
To evaluate the robustness of our results to uncertainties stemming from missing data, we performed PCA of unimputed BMDM data. The single cells are color-coded by treatment condition, with adjoining PCA plots color-coded
by the median relative abundance of proteins corresponding to type I interferon-mediated signaling and phagosome
maturation.
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Figure S6 | PCA color-coded by protein-level data completeness
To evaluate the whether the biological conclusions we drew from our PC-weight-based PSEA could have been influenced by separation due to data completeness, we color-coded our cross-condition BMDM PCA by the percent data
completeness on a per-cell basis.
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Figure S7 | FACS gating parameters and staining controls
(a.) FSC-A and SSC-A gates for sorted bone-marrow-derived macrophages and positive/negative staining populations.
(b.) Dextran:PE-Texas Red gating parameters for isolating the most and least endocytic BMDM populations from each
treatment group (untreated and LPS-treated).
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Figure S8 | Dextran uptake in untreated BMDM samples
The uptake of fluorescent dextran by the untreated macrophages was measured by FACS, and the cells with the lowest
and highest uptake were isolated for protein analysis. The volcano plot displays the fold changes for deferentially
abundant proteins and the associated statistical significance. The untreated macrophages were displayed in the space
of their PCs and color-coded by the median abundance of the low-uptake or the high-uptake proteins. Both the low
and the high-uptake proteins correlate inversely to PC1 (low-uptake: Spearman r = −0.29, q ≤ 6 × 10−4 ; high-uptake:
Spearman r = −0.37, q ≤ 4 × 10−6 ).
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Figure S9 | pSCoPE workflow schematic
The pSCoPE workflow begins with the assembly of a number of precursors of experimental interest which can originate from prior DDA or DIA analyses of bulk samples, DDA analyses of previous SCoPE samples, or literature. A
DIA method is then applied to a 1x injection of carrier and reference material to generate accurate retention times for
the peptides of interest. The user then stratifies the peptides identified during the retention-time calibration run into
priority tiers, with the top priority tier containing peptides of highest experimental interest. The prioritized inclusion
list is imported into MaxQuant.Live for prioritized analysis of SCoPE samples.
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