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An Automated and Fast Sample Preparation
Workflow for Laser Microdissection Guided
Ultrasensitive Proteomics

Anuar Makhmut'*, Di Qin"*, David Hartimayr®, Anjali Seth®, and Fabian Coscia'"

Spatial tissue proteomics integrating whole-slide imaging,
laser microdissection, and ultrasensitive mass spectrom-
etry is a powerful approach to link cellular phenotypes to
functional proteome states in (patho)physiology. To be
applicable to large patient cohorts and low sample input
amounts, including single-cell applications, loss-
minimized and streamlined end-to-end workflows are
key. We here introduce an automated sample preparation
protocol for laser microdissected samples utilizing the
cellenONE robotic system, which has the capacity to
process 192 samples in 3 h. Following laser microdissec-
tion collection directly into the proteoCHIP LF 48 or EVO
96 chip, our optimized protocol facilitates lysis, formalin
de-crosslinking, and tryptic digest of low-input archival
tissue samples. The seamless integration with the Evosep
ONE LC system by centrifugation allows ‘on-the-fly’
sample clean-up, particularly pertinent for laser micro-
dissection workflows. We validate our method in human
tonsil archival tissue, where we profile proteomes of
spatially-defined B-cell, T-cell, and epithelial microregions
of 4000 pm2 to a depth of ~2000 proteins and with high cell
type specificity. We finally provide detailed equipment
templates and experimental guidelines for broad
accessibility.

Spatial omics approaches are transforming biomedical
research and are gaining increasing momentum for diverse
biomedical applications (1, 2). While current spatial profiling
methods are dominated by powerful spatial transcriptomics
and imaging-based spatial proteomics (SP) concepts (3, 4),
SP approaches leveraging the sensitivity and quantitative
power of state-of-the-art mass spectrometry (MS)-based
proteomics workflows have been developed more recently (5,
6). Our group co-developed Deep Visual Proteomics (7), which
combines subcellular resolution imaging, semi-automated
laser microdissection (LMD), and single-cell sensitivity mass
spectrometry. Follow-up work based on further improved
sample preparation and liquid chromatography-mass

spectrometry (LC-MS) workflows recently led to the first
single-cell (i.e. slice of a single cell) proteome measurements
from frozen and formalin-fixed paraffin embedded (FFPE) tis-
sues (8, 9). In FFPE tissue, we reproducibly quantified up to
2000 proteins from single excised hepatocyte contours
(~5000 um?® in volume) based on an optimized sample prep-
aration protocol and label-free-based dia parallel
accumulation—serial fragmentation (PASEF) acquisition (10) on
the Bruker timsTOF SCP instrument (11). The steadily
improving sensitivity of modern LC-MS setups (12), which are
key to tissue proteomics applications with further increased
spatial resolution, also necessitate the development of robust
and automated sample preparation workflows to cope with
the growing demand for higher sample throughput, while not
compromising sensitivity.

Sample preparation workflows for ultra-low input and
single-cell proteomics (SCP) applications rely on automated
and loss-reduced robotic workflows. So far, these methods
were mostly optimized for cell suspensions combined with cell
sorting techniques (e.g. FACS) (13, 14). Here, the cellenONE
system was introduced as a versatile platform for label-free
(15) or label-based (16-18) SCP capable of nanoliter liquid
dispensing and imaging-based single cell sorting in combi-
nation with precise temperature and humidity-level controls.
Together with a dedicated line of Teflon-based chips con-
taining nano-wells for reduced surface adsorption (i.e. ‘pro-
teoCHIPs’), proteome coverage from trace sample amounts
could be significantly improved.

More recently, this workflow has been integrated with the
Evosep ONE system based on a new chip design (pro-
teoCHIP EVO 96), thereby entirely omitting additional pipet-
ting steps for sample transfer prior LC-MS acquisition. While
this pipeline benefits from low nanoflow gradients for
improved sensitivity (e.g. Whisper 40 samples per day
(SPD)), it also provides options for higher throughput appli-
cations (e.g. 60 SPD or Whisper 80 SPD). For these reasons,
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we hypothesized that the cellenONE system should also
greatly benefit the processing of ultra-low input tissue
samples obtained by LMD. However, due to different
analytical requirements for sample collection, processing,
and clean-up of LMD-based tissue samples compared to
cell suspensions, novel sample preparation protocols are
crucial. With this in mind, we here introduce and benchmark
an automated sample preparation workflow for ultra-low
input laser microdissected (tissue) samples based on the
cellenONE system.

EXPERIMENTAL PROCEDURES
Mouse Liver Tissue and H&E Staining

The animal experiments were performed in accordance with the
United Kingdom Coordinated Committee on Cancer Research
(UKCCR) guidelines and were approved by local governmental au-
thorities (Landesamt fiir Gesundheit und Soziales Berlin, approval
number G0004/14).

The experiments for optimizing sample preparation conditions were
done with FFPE mouse liver tissue. 6 to 8 weeks-old-female C57BL/6
mice from Jackson Laboratory were used. C57BL/6 mice were housed
in individually ventilated cages in a specific pathogen-free mouse fa-
cility at the Max-Delbriick Center for Molecular Medicine. For liver
excision, anesthetized mice were sacrificed and the livers were
removed, rinsed twice in ice-cold PBS, and transferred to 4% form-
aldehyde solution for fixation (fixation for at least 24 h to 48 h).
Thereafter, livers were paraffin-embedded for further histological an-
alyses. The FFPE block was sectioned at 5 pm thickness on PPS
frame slides (Leica, 11600294) and left in the oven overnight at 37 °C.
Before deparaffinization, slides were heated at 60 °C for 10 min for
better tissue adhesion. Mouse liver samples were stained with H&E.

Human Tonsil Tissue and Immunofluorescence Staining

The study was performed according to the ethical principles for
medical research of the Declaration of Helsinki and approval was
obtained from the Ethics Committee of the Charité University Medical
Department in Berlin (EA1/222/21).

Human tonsil tissue FFPE blocks were provided by the Institute of
Pathology at Charité University Hospital, Campus Mitte. Tonsil tis-
sues were sectioned at 10 pm thickness on PPS frame slides. After
tissue adhesion, the samples were subjected to heat-induced
epitope retrieval to enhance the antibody binding in the further
immunofluorescence staining step. Briefly, the samples were heated
at 95 °C for 20 min and cooled down at room temperature for
30 min. Three conjugated antibodies targeting CD20 (dilution 1:50,
Thermo Fisher Scientific, 53-0202-80, Alexa Fluor 488), CD3 (dilution
1:100, Abcam, ab198937, Alexa Fluor 647), pan-cytokeratin (dilution
1:100, Thermo Fisher Scientific, 41-9003-80, eFluor 570) were used
to stain the tonsil tissue at 4 °C overnight in a humidity chamber. All
antibodies were diluted in Odyssey Blocking Buffer (LI-COR
BioScience, 927-70001). Tissues were washed four times in PBS
after the antibody incubation, and a subsequent 10 min Hoechst
(1:1000 in PBS, Thermo Fisher Scientific, 62249) staining was used
for nuclear staining.

After three washes in PBS and two washes in milliQ, a coverslip was
finally mounted with Diamond anti-fade mounting medium (Invitrogen,
cat.no. P36961). After imaging, the coverslip was removed by gentle
agitation in PBS, briefly washed in milliQ water and air dried until laser
microdissection.

Design of Leica LMD7 Collection Plate Adapters

Adapters for the proteoCHIP LF 48 and EVO 96 were produced
from transparent acryl glass (PMMA-gs) using a computerized nu-
merical control milling machine. Production is also possible through
conventional 3D printers based on the provided files (.stl format).
Design and dimensions are shown in Supplemental Figs. S1A and 3D
printer files provided in the Supplementary Materials.

Whole-Slide Imaging and LMD

Images of immunofluorescence-labeled tonsil tissue sections were
acquired using an Axioscan 7 system (Zeiss), equipped with wide-field
optics, a Plan-A photochromat 10x/0.45 M27 objective, and a
quadruple-band filter set for Alexa fluorescent dyes. The acquired
images were imported to QuPath (version 0.4.3) for further annotation.
The different regions of interest were annotated in the software and
exported in a geojson format together with three reference points for
contour alignment.

The annotations in a geojson format were translated to the requir-
ed.xml format for LMD. The contours were assigned to different target
locations on proteoCHIP LF 48 and proteoCHIP EVO 96. The code for
processing the shapes is available at github.com/Coscialab/
Qupath_to_LMD, it uses geopandas and the py-Imd package (19).

LMD was done with the Leica LMD7 system (Leica Laser Micro-
dissection software V 8.3.0.08259). 3D printed plate holders were
used to adjust the location and height of proteoCHIPs LF 48 and EVO
96 in the LMD system, and customized plate layouts were defined by
using the universal holder function in the LMD software. Depending on
the contour size, tissue was cut with a 5x, 20x, or 40x dry objective in
fluorescence or brightfield mode.

Sample Preparation Using the cellenONE System

Contours were cut and sorted into proteoCHIP LF 48 and pro-
teoCHIP EVO 96. To concentrate tissue samples at the bottom of the
LF 48 and EVO 96 chips, 10 pl of acetonitrile can be added to each
well after collection and vacuum dried (15 min at 60 °C). Another well
inspection is then recommended before proteomics sample prepara-
tion to ensure high collection efficiency.

For the preparation of all reagents and buffers, purified and filtered
water (>18 MQ, <3 ppb TOC at 25 °C) was used. Two microliters of
lysis buffer (0.2% n-dodecyl f-D-maltoside (DDM), 0.1 M tetraethy-
lammonium bromide pH 8.5) was dispensed into each well using the
pump function of the cellenONE (Cellenion) at 8 °C and 50% humidity.
After dispensing, the temperature was increased to 65 °C and hu-
midity to 85%. Continuous re-hydration (500 nl/cycle, 1000 Hz) was
activated to prevent evaporation of lysis buffer from the wells. The
volume dispensed per cycle might need to be adjusted depending on
the local temperature and humidity level to avoid complete evapora-
tion. After 60 min incubation, the temperature was set to 20 °C, and
re-hydration was continued until the temperature of 25 °C was
reached. At 20 °C, the run was stopped. One microliter of enzyme mix
(lysC & trypsin, 10 ng/pl in water, Promega, Cat. V5072) was
dispensed into each well by using the pL-volume dispensing function
of the cellenONE at 20 °C and 85% humidity. After dispensing, the
temperature was increased to 37 °C and humidity remained at 85%.
The reaction mixture was incubated for 1 h with continuous re-
hydration (150 nl/cycle, 500 Hz), after which digestion was stopped
by acidification using 2.5 ul 0.1% TFA per well.

Peptide Clean-Up with C-18 tips

After digestion, Evotip (Evosep)-based peptide clean-up was per-
formed as recommended by the manufacturer. Briefly, 20 pl of buffer B
(99.9% ACN, 0.1% FA) was added to each C-18 tip (EV2013, Evotip
Pure, Evosep) and centrifuged at 700 rcf for 1 min. Then, 20 pl of buffer
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A (99.9% water, 0.1% FA) was added from the top of each C-18 tip,
activated in isopropanol for 20 s, and centrifuged again at 700 rcf for
1 min. For proteoCHIP LF 48, digested tissue samples were manually
loaded from the chip onto Evotips, washed once with 20 pl buffer A,
and finally eluted with 20 pl buffer B to a 96-well plate (Thermo Fisher
Scientific, AB1300) and vacuum dried (15 min at 60 °C). Samples were
stored at -20 °C until LC-MS analysis. Samples produced in the
proteoCHIP EVO 96 were transferred directly by mounting the chip on-
top of 96 activated Evotips in a Evotip box followed by centrifugation
at 700 rcf for 1 min and a washing step with 20 pl buffer A, again at 700
rcf for 1 min. Finally, 100 pl of buffer A was added to each tip and
centrifuged at 700 rcf for 10 s to move the liquid down to the mem-
brane. Tips then were placed in the tray to a holder filled with buffer A,
so that tips are submerged and do not dry.

LC-MS Analysis

For comparison to our recent study (9), initial experiments (Figs. 1
and 2) were performed using an EASYnLC-1200 system (Thermo
Fisher Scientific) connected to a trapped ion mobility spectrometry
quadruple time-of-flight mass spectrometer (timsTOF SCP, Bruker
Daltonik). For Supplemental Fig. S2, samples were measured on a
timsTOF Ultra system. A 15-min active gradient (21 min total) was
used with home-packed HPLC columns (20 cm X 75 pm, 1.9-um
ReproSil-Pur C18-AQ silica beads, Dr Maisch) kept at 40 °C during
acquisition. Buffer A consisted of 0.1% formic acid in LC-MS grade
water and buffer B is 0.1% formic acid in 90% acetonitrile.

Tonsil tissue proteomes (Fig. 3) were acquired on an Evosep ONE
(Evosep Biosystems) LC system coupled to the timsTOF SCP. Pep-
tides were separated with Whisper 40 SPD method. A standardized
31-min gradient was run with Aurora Elite column (15 cm x 75 pm, 1.7
pum, lonOpticks) kept at 50 °C. The mobile phases contain 0.1% FA in
water for buffer A and 0.1% FA in acetonitrile for buffer B.

For dia-PASEF analysis, we used a dia-PASEF method with eight
TIMS ramps with three mass ranges per ramp covering a 400 to
1000 m/z range by 25 Th windows and an ion mobility range from 0.64
to 1.37 V cm™2. The mass spectrometer was operated in high sensi-
tivity mode, with an accumulation and ramp time at 100 ms and the

A

cellenONE sample processing

Laser microdissection

; W

,, *T—xﬁéf

optimized lysis
& tryptic digest

collision energy as a linear ramp from 20 eV at 1/K0 = 0.6 V cm™2 to
59 eV at 1/KO = 1.6 V cm™2. The spray voltage in dia-PASEF method
was set to 1500 V when running with 21 min gradient on EASYnLC-
1200 system and was segmented throughout the gradient with
1500 V at the beginning and end, whereas 1400 V was applied from 5
to 27 min for Whisper 40 SPD.

For Supplemental Fig. S2, F and G, the mass spectrometer (tim-
sTOF Ultra) was operated in a data dependent mode (ddaPASEF). The
ddaPASEF method consisted of one MS1 survey scan and 10 PASEF
MS/MS scans with an in accumulation and ramp time in the dual TIMS
analyzer of 100 ms each. The ion mobility range was from 1/K0 =
1.45 Vs cm™2 10 0.64 Vs cm™2. Precursor ions for MS/MS analysis were
isolated with a 2-Th window for m/z < 700 and 3-Th for m/z > 700 in a
total m/z range of 100-1.700 by synchronizing quadrupole switching
events with the precursor elution profile from the TIMS device. The
collision energy was lowered linearly as a function of increasing
mobility starting from 59 eV at 1/K0 = 1.6 Vs cm™ to 20 eV at 1/K0 =
0.6 Vs cm™. Singly charged precursor ions were excluded with a
polygon filter (timsControl, Bruker Daltonik). Precursors for MS/MS
were picked at an intensity threshold of 1.000 arbitrary units and re-
sequenced until reaching a ‘target value’ of 14500 arbitrary units,
taking into account a dynamic exclusion of 0.4 min.

Raw File Processing

We used DIA-NN (version 1.8.1) for dia-PASEF raw file analysis and
spectral library generation. DIA-NN in silico predicted libraries were
generated by providing the human or mouse FASTA file and frequently
found contaminants (20) (UP000000589_10090 and
UP000005640_9606, downloaded on April 10th and April 8th 2022,
respectively). Project-specific libraries were then generated by refining
in silico libraries with 20 to 50 ‘higher-load’ raw files from the same
tissue type (mouse liver tissue or human tonsil tissue). The refined
murine liver library consisted of 68,006 precursors, 61,554 elution
groups, and 8225 protein groups. The refined human tonsil library
consisted of 47,999 precursors, 44,675 elution groups, and 8137
protein groups. Raw files were then searched with these refined Ii-
braries and using the same DIA-NN version. DIA-NN was operated in

B

Tissue EVO 96 chip ~3hrs
or cells proteoCHIP LF 48 C CellenONE chip LMD adapter Well check after collection
Max. 192 samples proteoCHIP LF 48
per batch
timsTOF SCP / Ultra | ‘ T T
Evosep One 7= " o ‘ N

+ ® »
DIA-NN ‘Eliﬁ . , ) D

o . direct transfer
Ultrasensitive proteomics

& peptide clean-up

Fic. 1. Combining laser microdissection with the cellenONE robotic system for spatial proteomics. A, overview of the spatial tissue
proteomics workflow combining LMD, cellenONE-based sample preparation, and ultrasensitive LC-MS analysis. B, H&E-stained mouse liver
tissue section. A representative contour of 50,000 um? used for the protocol optimization experiments is shown. Scale bar represents 50 pm. C,
overview of the LMD collection plate adapters and tissue inspection after collection into the proteoCHIP LF 48 and EVO 96 chip. Scale bar for
well inspection represents 400 pm. LC-MS, liquid chromatography-mass spectrometry; LMD, laser microdissection.
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Lysis 2uL  65°C, Thr 500 nL/cycle, 1000 Hz
Digestion 1puL 37°C,1hr 150 nL/cycle, 500 Hz
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Fic. 2. Optimizing sample preparation conditions for rapid and ultrasensitive tissue proteomics. A, average number of identified pre-
cursors (left) and proteins (right) from murine liver tissue samples processed with the standard one-step (gray, master mix including trypsin) or a
two-step protocol with separate trypsin addition (blue). Areas of 50,000 um2 were used, and two DDM concentrations (0.2% and 0.4%) were
compared. Averages are shown from triplicate measurements with SDs as error bars. B, overview of the tested sample preparation conditions. C
and D, average number of identified precursors (C) and proteins (D) from diaPASEF measurements of murine liver tissue samples processed with
different sample preparation methods. Areas of 50,000 pm? were used. Averages are shown from triplicate measurements for conditions 1, 4, 5,
6, and 7 and six replicates for conditions 2 and 3 with SDs as error bars. E, box plots showing the coefficient of variation (CVs) of protein
quantification across different sample preparation methods. CVs were calculated from triplicates (conditions 1, 4, 5, and 6) and six replicates
(conditions 2 and 3) of non-log-transformed data. Box plots define the range of the data (whiskers), 25th and 75th percentiles (box), and medians
(solid line). F, proteome correlations (Pearson r) of tissue replicates obtained from sample preparation condition 6. G, summary of the optimized
sample preparation protocol (condition 6), highlighting main parameters including buffer volume, incubation time, and re-hydration steps. Source
data are available online for this figure (Supplemental Table S1).
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Fic. 3. Spatially resolved proteomics of human tonsil tissue. A, immunofluorescence whole-slide image of a 10-um thick tonsil tissue
section stained for CD3 (T-cells), CD19 (B-cells), pan-CK (epithelium), and DNA (DAPI). Scale bar represents 50 pm. Yellow circles illustrate
representative contours of 4000 pm2 used for proteomic profiling. B, average number of identified proteins (global protein FDR <0.05) from each
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the default mode with minor adjustments. Briefly, precursor false
discovery rate (FDR) was 1%, precursor charge state 2 to 4, precursor
m/z range to 400 to 1000, MS1 and MS2 accuracies 15.0 ppm, scan
windows 0 (assignment by DIA-NN), isotopologs, and MBR were
enabled, heuristic protein inference and no shared spectra. Oxidation
(M) and acetyl (Protein-N-term) were included as variable modifica-
tions and carbamidomethyl (C) as fixed modification with maximum
two allowed modifications per peptide. Proteins were inferred from
genes, neural network classifier was set to single-pass mode, quan-
tification strategy as ‘Robust LC (high precision)’. Cross-run normali-
zation was set to ‘RT-dependent,’ library generation as ‘smart
profiling,” speed and Ram usage as ‘optimal results.” We used the
report.pg matrix output file of DIA-NN for further data analysis with a
global protein g-value threshold of 1%.

For the open modification search in Supplemental Fig. S2, F and G,
ddaPASEF raw files were processed with the FragePipe software suite
(v. 20.0, github.com/Nesvilab/FragPipe) based on MSFragger (21, 22)
(v. 3.8). A precursor mass tolerance of —-50 Da — 500 Da was used to
screen for variable modifications.

Proteomics Data Analysis

Proteomics data analysis was performed with Perseus (23) (version
1.6.15.0) and within the R environment (https://www.r-project.org/,
version 4.2.2) with the following packages: ggplot2 (v3.4.2), Facto-
MineR (v2.8), factoextra (v 1.0.7.999), reshape2 (1.4.4), viridis (v0.6.3),
clusterProfiler (v4.6.2), ReactomePA (v1.42.0), org.Hs.eg.db (v3.16.0).
The Shiny app Protigy (https://github.com/broadinstitute/protigy) was
used for data analysis in Figure 3.

For differential expression analysis (t test or ANOVA), data were
filtered to keep only proteins with 70% non-missing data in at least one
group. Missing values were then imputed based on a normal distribution
(width = 0.3, downshift = 1.8) before statistical testing. For multi-group
(ANOVA,) or pairwise proteomic comparisons (two sample moderated t
test), a permutation-based and Benjamini-Hochberg-based FDR of 5%
was applied, respectively, to correct for multiple hypothesis testing.
Pathway enrichment analysis (Fig. 3G) was performed with the clus-
terProfiler R package (24). The fold change between B- and T-cell
samples was used as input variable for the enrichment analysis with a
minimum category size of five proteins and a maximum of 500. Gene
ontology was set to ‘all’ to include terms related to cellular compart-
ments, molecular function, and biological processes. The p-value cut-
off was set to 0.1 and pAdjustMethod to "fdr".

Experimental Design and Statistical Rationale

The number of replicates for each sample group was selected based
on our previous data (9) using the same tissue type and a similar
experimental setup. This allowed us to estimate the expected signal to
noise and quantitative reproducibility of the proteomics results. For
each proteomic comparison, a minimum of three replicates per sample
group was used. Replicates were defined as adjacent regions isolated
from the same tissue section, featuring a similar cell type composition
as judged by the microscopic image. For murine liver experiments in
Figure 2, we collected three replicates for each of the seven protocols.

Replicates were collected from adjacent tissue regions of 50,000 pm?.
For lysis temperature comparison (Supplemental Fig. S2, D-G), five
replicates were analyzed per temperature group for DDA and DIA runs.
For human tonsil tissue, we isolated a minimum of quadruplicates of
small microregions of 4000 pm? from T-cell, B-cell, and epithelial cell
regions guided by immunofluorescence imaging. For the multi-group
comparison in Figure 3 comparing T-cell, B-cell, and epithelial zone
samples, ANOVA was used with a permutation-based FDR of 5%.
Method details for the applied statistical tests are also provided in the
corresponding figure legends.
RESULTS

Integrating LMD with the cellenONE Robotic System for SP

To enable automated sample preparation of laser micro-
dissected samples with the cellenONE robotic system, we first
designed LMD collection plate adapters for the proteoCHIP LF
48 (LF 48 chip) and proteoCHIP EVO 96 (EVO 96 chip). Collection
devices were designed for the Leica LMD7 microscope, a state-
of-the-art microdissection system that collects samples through
gravity. As the collection plate adapter is located between the
light source (below collector) and objective (above collector), the
use of transparent material such as acryl glass was important to
transmit enough light for regular microscopic sample inspection.
Our adapter design supports the collection of 144 (three LF 48
chips) and 96 (one EVO 96 chip) samples per LMD session (Fig. 1,
A and C). We designed these adapters with minimal distance
between the collection device and sample holder to improve
tissue collection efficiency. Adapter design and 3D printer tem-
plates (.stl file format) are provided in the Supplemental Fig. S1A
and Supplementary Materials.

We first tested the sample collection directly into the
microwells of the two cellenONE chips and used H&E-stained
mouse liver tissue to visualize excised samples in brightfield
mode before and after cutting. For both chip types, small re-
gions of 50,000 pm? (~50 hepatocytes, Fig. 1B) could be
easily spotted with the cap-check function of the Leica soft-
ware without any additional hardware adjustments (Fig. 1C).
Note, for other collection devices such as 96-well or 384-well
plates, the default travel distance of the 5x objective does not
allow to inspect the well bottom. The narrow well design of the
cellenONE chips is thus beneficial to facilitate streamlined well
monitoring after sample collection. We conclude that our
newly designed adapters are fully compatible with LMD using
the LMD7 microscope and potentially other LMD systems
based on adjusted adapter layouts. We therefore next pro-
ceeded with the testing of different lysis buffer conditions for
low-input tissue proteomics.

tissue region. Averages are shown from four to five replicates of B-cell, T-cell, and epithelial zone samples. C, coefficient of variation (CV) of
protein quantification comparing intra-group versus inter-group variability. D, principal component analysis of B-cell, T-cell, and epithelial zone
proteomes based on 2152 protein groups after data filtering (70% valid values in at least one group). E, unsupervised hierarchical clustering of
1042 ANOVA significant proteins (permutation-based FDR <0.05) from B-cell, T-cell, and epithelial zone samples. Heatmap shows relative
protein levels (z-score) of upregulated (red) and downregulated proteins (blue). F, volcano plot of the pairwise proteomic comparison between
the B-cell and T-cell zones. Significantly regulated proteins are highlighted in green (B-cell zone) and red (T-cell zone). A moderated two-sided t
test was applied, with adjusted p-value of < 0.05. G, pathway enrichment analysis (Reactome) based on the t test difference between B-cell and
T-cell zone samples using the ClusterProfiler R package. Selected pathways with a Benjamin-Hochberg FDR <0.1 are shown. Source data are

available online for this figure (Supplemental Table S1).
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Optimizing Sample Preparation Conditions for Rapid and
Ultrasensitive Tissue Proteomics

Having established a suitable plate holder adapter that in-
tegrates the LMD7 with the cellenONE robotic system, we
next sought to determine the optimal sample preparation
conditions to enable robust and sensitive tissue proteome
profiling. Our ultimate goal was to develop a streamlined
workflow based on the EVO 96 chip, which significantly im-
proves peptide recovery of single-cell sample amounts
compared to manual sample transfer steps (25). However, we
first focused on the LF 48 chip for initial protocol optimizations
as the EVO 96 chip was still under development at the
beginning of the study. A standard label-free single-cell pro-
tocol on the cellenONE system encompasses a one-step
master mix addition of 100 to 1000 nl of 0.2% DDM, 10 ng/
pL trypsin, and 100 mM tetraethylammonium bromide pH 8.5,
combined with 2 h heating at 50 °C. Additionally, reagents and
single cells are dispensed in wells pre-filled with oil (hex-
adecane) to overcome sample evaporation (18). Plate-based
oil-free SCP protocols have also been developed based on
continuous re-hydration during incubation at elevated tem-
peratures (15). Working with laser microdissected samples
mounted on hydrophobic membranes (e.g. polyethylene
naphthalate) prevent the use of oil-prefilled wells. These hy-
drophobic samples do not mix well with the aqueous buffer
phase, thereby repelling the tissue to the hexadecane/buffer
interphase. As an alternative, we therefore incorporated an
automated re-hydration strategy to prevent sample evapora-
tion by continuously adding water to each well in a user-
definable manner.

As FFPE tissue proteomics workflows generally include
prolonged heating to aid formalin de-crosslinking (26-28), we
increased the incubation temperature to the instrument’s
maximum of 65 °C. To evaluate our proteomics results, we
then used the same tissue type, sampling amount, and LC-MS
settings as employed in our recent study (9). We therefore
expected that mouse liver tissue contours of 50,000 pm?
would result in approx. 4000 protein groups per sample with
high quantitative reproducibility (i.e. Pearson r = 0.95-0.99)
based on a 15-min active nanoflow gradient, optimal window
design diaPASEF method, and DIA-NN (29) analysis with a
tissue-refined spectral library (Methods). For our initial test run,
we processed all samples in the proteoCHIP LF 48 and after
lysis and digestion, peptides were transferred manually into
Evotips for clean-up. Using a one-step protocol (master mix
including trypsin), the proteome depth was low and incon-
sistent, suggesting that the temperature increase from 50 °C
to 65 °C severely affected trypsin activity (Fig. 2A). This was
supported by a doubling of tryptic miscleavage to 50% and
higher (Supplemental Fig. S2A). We therefore designed an
adjusted ‘two-step’ method based on the following ideas: (1)
heating in 0.2% DDM for 1 h at 65 °C improves lysis and
formalin de-crosslinking, (2) separate enzyme addition and

digestion carried out at a lowered temperature of 37 °C im-
proves digestion, and (3) a continuous re-hydration
throughout the method prevents sample evaporation. Incor-
porating these adaptations, we then identified 25,000 pre-
cursors and 3700 unique proteins per liver tissue microregion,
on par with our previous data. This modified method provided
an excellent basis for further protocol improvements. We
aimed for high protocol robustness, short (2-3 h) total sample
preparation time, and a seamless integration with downstream
LC-MS. To this end, we designed seven different protocols,
which varied in either lysis buffer composition (0.2% DDM,
dimethyl sulfoxide (DMSQ), or combined), heating duration
(1-3 h), or length of trypsin/LysC digest (1-2 h) (Fig. 2B,
Supplemental Fig. S2B). The low-vapor-pressure solvent
DMSO in the lysis buffer was included as an alternative to the
continuous re-hydration strategy.

Overall, our results revealed most variability with the pro-
tocols #1 and #3 (DMSO-based) as well as #7 (extended
DDM-based) (Fig. 2, C and D) and a somewhat similar number
of identified precursors and proteins for the DDM-based
methods with stepwise lysis and digestion (conditions 2-6).
Methods 4 to 6 showed the lowest median protein coefficients
of variation (CVs, 11%, 10%, and 9% respectively) and a high
overlap (>95%) of identified proteins (Supplemental Fig. S2C).
As protocol #6 had the shortest total sample preparation time
(2 h) and lowest median protein CV (9%) at a similar proteome
coverage, we chose this condition (1 h 65 °C lysis in 0.2%
DDM + 1 h 37 °C trypsin/LysC digestion) as our preferred
protocol (Fig. 2, E-G). As FFPE tissue proteomics workflows
generally include incubation steps at higher temperatures (i.e.
90-100 °C) to facilitate efficient lysis and formalin de-
crosslinking, we additionally asked if a temperature increase
from 65 °C to 85 °C during the initial 1 h lysis step further
improved proteome coverage. As the maximum allowed
temperature on the cellenONE is 65 °C, we used a prototype
instrument for this comparison. Our data showed no further
increase in proteomic depth when using the 85 °C method
(Supplemental Fig. S2D). In fact, results obtained from the 65
°C protocol were more consistent and featured high median
protein CVs (11.6%) and excellent proteome correlations
(Pearson r = 0.93-0.99) of tissue replicates (Supplemental
Fig. S2E). Similarly, we did not observe differences in pep-
tide modifications between the two protocols based on an
overall low number of formalin specific modifications (3.6%—
4%). These data suggest that lysis at 65 °C for 1 h was suf-
ficient for formalin removal (Supplemental Fig. S2, F and G).

Spatially-Resolved Proteomics of Human Tonsil Tissue

To explore the capacities of our optimized tissue prote-
omics workflow integrating LMD with the cellenONE system,
we performed a proof-of-concept experiment using human
tonsil tissue, which is a secondary lymphoid organ and
comprised of distinct microanatomical compartments fulfilling
diverse adaptive immune-cell functions (30). This tissue type is
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thus ideal to benchmark our spatial tissue proteomics work-
flow. In addition, the goal for this experiment was to integrate
the EVO 96 chip as this design facilitates the centrifugation-
based transfer of peptide samples into Evotips for stream-
lined sample clean-up and LC-MS injection.

We immunofluorescently stained a 10 pm-thick tissue sec-
tion for CD19 (B-cells), CD3 (T-cells), panCK (epithelium), and
4’ 6-diamidino-2-phenylindole (DNA) and selected small cell
type—-specific regions of 4000 um? for LMD collection into the
EVO 96 chip (Fig. 3A). Following LMD and sample preparation
based on the optimized ‘two-hours protocol’ (protocol #6,
Fig. 2G), samples were measured with the Whisper 40 SPD
Evosep gradient combined with an optimized diaPASEF
method (Methods). The entire workflow from lysis to MS-ready
Evotips was performed in approx. 3 h, drastically reducing
sample preparation time compared to previous low-input tis-
sue proteomics workflows (6, 31), including our own (9). Using
DIA-NN, we quantified up to 2000 proteins per sample
(Fig. 3B) with low intra-group protein CVs (Fig. 3C), which
clearly grouped proteomes by cell type (Fig. 3D). Our data
included many known immune cell and functional markers
(e.g. STAT1, STAT5A, PARP1, PCNA) and cell type-specific
cell surface receptors (e.g. CD3D and CD5), which were
significantly regulated across the three sample groups (Fig. 3,
E and F). Pathway enrichment analysis comparing the B-cell
and T-cell proteomes showed a strong enrichment for
immunoglobulin  and B-cell-mediated immune functions
upregulated in B-cell samples, whereas T-cell regions were
characterized by high proteins levels related to the T-cell re-
ceptor complex, RAGE receptor, as well several chromatin-
related terms (Fig. 3G).

In conclusion, these data demonstrate how our optimized
LMD-cellenONE workflow can be applied to gain detailed in-
sights into spatially and cell type-resolved proteomes from
minute amounts of archival tissue. Furthermore, our work
builds an important framework for future spatial tissue prote-
omics applications on the basis of streamlined sample pro-
cessing and ultrasensitive LC-MS.

DISCUSSION

In this work, we explored the possibility to integrate the
Leica LMD7 microscope with the cellenONE robotic system
for automated sample processing of low-input laser micro-
dissected samples. To this end, we first designed open-
source collection plate adapters for the two commercially
available label-free chips (proteoCHIP LF 48 and EVO 96) and
successfully evaluated their utility as new tissue collection
devices. Our initial tests revealed that current ‘one-step’ pro-
tocols (combined buffer for lysis and digestion) developed for
single-cell proteomics are suboptimal for FFPE tissue anal-
ysis, due to the higher analytical demands to efficiently pro-
cess crosslinked tissue samples. We therefore undertook a

number of adaptations based on our previous results to
optimize ultra-low input tissue proteomics workflows (27). We
increased the heating temperature to 65 °C for enhanced lysis
and formalin de-crosslinking, uncoupled lysis, and enzymatic
digestion to improve tryptic digestion and added a continuous
re-hydration step to prevent sample evaporation in the
absence of the hexadecane oil layer. These modifications
allowed us to quantify nearly 4000 proteins from regions of
50,000 pm? mouse liver tissue (50-cell equivalents) with
excellent quantitative reproducibility (Pearson r = 0.98) and on
par with our previous data using a less automated overnight
protocol (9).

We finally applied this optimized workflow to human tonsil
FFPE tissue and used the EVO 96 chip for sample preparation.
This chip enables streamlined sample clean-up in Evotips after
centrifugation-based sample transfer. As sample clean-up
steps are particularly important for laser microdissected
samples, for example due to left-over membrane pieces that
could compromise chromatography performance over time,
the EVO 96 chip perfectly combines efficient sample pro-
cessing with near lossless sample clean-up steps prior LC-MS
analysis. In addition, the relatively flat chip design compared
to standard 96- or 384-well plates enables a more streamlined
well inspection prior proteomics sample preparation. We
illustrate the applicability of this setup when profiling B-cell, T-
cell, and epithelial cell regions of human tonsil tissue, resulting
in cell type—specific proteomes that included many known cell
surface receptors, immune cell regulators, and functional
markers.

In its current form, our workflow has the capacity to process
192 (two EVO 96 plates) or even 288 (six LF 48 chips) samples
per batch in approx. 3 h, from tissue lysis to MS-ready Evo-
tips. Thus, this pipeline strongly improves sample preparation
throughput compared to current state-of-the-art low-input
tissue workflows, which typically include overnight incubation
steps (6, 7, 31). Our work also provides an important frame-
work for future protocol extensions, for example, to integrate
label-based DIA strategies (32, 33) for further increased MS
throughput and proteome coverage. Coupled to Deep Visual
Proteomics and other SP approaches, we believe that our
workflow could pave the way for higher throughput applica-
tions, where possibly thousand samples or more could be
processed per user on a single day.

In summary, we here describe a robust and automated
sample preparation workflow for laser microdissected sam-
ples based on the cellenONE robotic system.
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