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ABSTRACT: The temporo-spatial organization of different cells ,"VSC’PA 2000 5
PE(34:2), PEp(38:4),

in the tumor microenvironment (TME) is the key to under- ' Fa22:2). Inosine, Citrate...
standing their complex communication networks and the immune /

landscape that exists within compromised tissues. Multi-omics
profiling of single-interacting cells in the native TME is critical for
providing further information regarding the reprograming
mechanisms leading to immunosuppression and tumor progres-
sion. This requires new technologies for biomolecular profiling of
phenotypically heterogeneous cells on the same tissue sample.
Here, we developed a new methodology for comprehensive
lipidomic and metabolomic profiling of individual cells on frozen-
hydrated tissue sections using water gas cluster ion beam
secondary ion mass spectrometry ((H,0),-GCIB-SIMS) (at 1.6
um beam spot size), followed by profiling cell-type specific lanthanide antibodies on the same tissue section using Cgo-SIMS (at 1.1
um beam spot size). We revealed distinct variations of distribution and intensities of >150 key ions (e.g., lipids and important
metabolites) in different types of the TME individual cells, such as actively proliferating tumor cells as well as infiltrating immune
cells. The demonstrated feasibility of SIMS imaging to integrate the multi-omics profiling in the same tissue section at the single-cell
level will lead to new insights into the role of lipid reprogramming and metabolic response in normal regulation or pathogenic
discoordination of cell—cell interactions in a variety of tissue microenvironments.

B INTRODUCTION spatial co-localization at the single cell level. Since changes in
metabolites are dynamic and may be transient and short-lived,

Multi-omics data are essential for understanding the ) ; ) i
there is no efficient way to preserve the chemical gradients

mechanisms underlying normal regulatory processes as well

as their disease-specific discoordination. The development of within single cells. With the increasing interests in the spatial
high throughput technologies has advanced cancer research multi-omics, there is an urgent need for new analytical tools
from a single.genomic level to multi-omics approaches, and methodologies to characterize the metabolome and its
providing an unprecedented view of the complexity of the critical component, the lipidome, under minimally disturbed
tumor microenvironment (TME). Combining genomic, conditions.

epigenomic, and transcriptomic data with proteomic and Mass spectrometry imaging (MSI) has been adapted for
metabolomic analysis from different cell populations and lipid biomarker discovery in various cancers for clinical and
individual cells has already yielded a new and more complete research applications due to its unique capability to spatially
picture of the complexity and dynamics of the TME.'~* This localize multiple biomolecules in situ, providing chemical

multi-omics information is important for the design of new
anti-cancer modalities in the context of precision medicine.
However, lipidomic/metabolomic profiling at the single cell
level is not yet available, despite the appreciation of the lipid
and metabolic reprogramming and signaling that occurs as the
early and consequential responses to the dynamic changes in
the TME." Due to the incompatibility of sample preparation
for a lipid/metabolite assay with other omics (e.g., proteomics,
transcriptomic, etc.), it is nearly impossible to correlate the
different omics profiles within the same sample, let alone their

distinction within intra-tumor, tumor margin, and healthy
tissue for new insights into the disease mechanism and
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Figure 1. Schematic of the workflow on cell-type specific profiling of multi-omics on the IDC/DCIS tissue section at the single-cell level and select
overlay and single-ion images using (H,0),-GCIB SIMS and C4-SIMS. (A) H&E staining image of a semi-serial section of IDC/DCIS tissue. The
zoom-in image from the region of interest highlighted in blue shows the tumor region in purple and stroma region in pink. (B) SIMS imaging on
another fresh-frozen tissue section. First, the cryogenic analysis at 100 K was performed on frozen-hydrated tissue section for molecular imaging
(e.g, lipids and metabolites) using (H,0),-GCIB-SIMS at a beam spot size of 1.6 ygm. This was followed by immunostaining of multiple
lanthanide-tagged antibodies on the same frozen tissue section for simultaneous imaging of cell-specific markers using C4,-SIMS at a beam spot size
of 1.0 ym. (C) Species annotation. The (H,0),-GCIB generates intact molecular ions up to m/z 2000 with over 160 identified metabolites and
lipids with mass accuracy <50 ppm (Table S2). All the lanthanide antibodies are identified by stable isotopic metal ions. (D) Image alignment and
cell segmentation were then conducted to integrate the different omics (metabolites, lipids, and proteins) into different cell types at the single-cell
level. (E) Selected (H,0),-GCIB-SIMS images of IDC/DCIS tissue from the area highlighted in blue in (A). (E1) Color overlay in the SIMS
image of the area highlighted in blue in (A). PI 38:4 at m/z 885.55 in magenta is mainly distributed in the stromal area. PI 38:3 at m/z 887.56 in
cyan is representative of the IDC/DCIS region. LysoPA (20:0) at m/z 465.30 in green is located inside the duct, likely indicating an inflammatory
response. (E2—ES) Selected single-ion SIMS images of DCIS/IDC tissue. More images are shown in Figure SS. (F) Cg)-SIMS images of the same
tissue post-staining with lanthanide-tagged antibodies and (H,0), GCIB-SIMS profiling. (F1—F2), Color overlay images of various antibody
makers. These images show the cell heterogeneity in the TME and precisely localize and correlate different cell types. (F3—F5) Single-ion images
for lanthanide-tagged antibodies/markers targeting: nuclei in (F3), Ki-67 for cell proliferation in (F4), and pan-cytokeratin for the epithelial tumor
in (FS). More images are shown in Supporting Information Figure S6.

guidance for surgical excision.”” MSI instruments utilizing utilized for MSI, and it is coupled with a primary ion beam
matrix-assisted laser desorption/ionization,® desorption elec- which offers unprecedented spatial resolution from a few
trospray ionization,”'* and liquid extraction surface analysis'" microns down to the submicron level, revealing a more
can obtain proteomic, lipidomic, and metabolomic informa- detailed landscape of the lipids and metabolites in healthy/
tion, usually with spatial resolutions ranging from several to neoplastic tissue. A handful of applications of SIMS on breast
hundreds of microns. Moreover, these techniques usually cancer tissue have been reported.”"”
require matrix application or drying of the sample, which could Although MSI has generated more detailed chemical maps
cause the delocalization of the biomolecules, particularly for of cancer tissue, there is still a dearth of information on the
metabolites. Secondary ion mass spectrometry (SIMS) is also immune-landscape, phenotype, cell classification, and hetero-
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geneity at the single cell level. Several groups tackled this issue
by integrating MSI with immunofluorescence ima.ging,13’14
conventional histology,"” and machine learning. Multiplexed
ion-beam imaging SIMS has also been established to improve
conventional histological approaches. It involves linking
distinct lanthanide nuclides to different antibodies for
application to formalin-fixed paraffin-embedded (FFPE) tissue
followed by SIMS imaging of the lanthanides. This
simultaneously maps many cellular epitopes at sub-cellular
resolution.'®"” However, other omics information cannot
easily be recovered from the FFPE tissue. The same
disadvantage is also associated with other microscopy imaging
techniques, such as co-detection by indexing for multiple
protein imaging (CODEX), cryogenic electron microscopy,
and so forth."®™*° Thus, the correlation of multi-omics
profiling with cell type information for a comprehensive
understanding of the TME remains a great challenge for all
imaging techniques.

Here, we present a new protocol using sequential (HZO),,-
GCIB and Cg-SIMS imaging facilitated by lanthanide-tagged
antibodies that identifies lipids and metabolites in different cell
types in frozen-hydrated breast cancer tissue. Using the
multimodal SIMS imaging, over 100 key lipid and metabolite
species are spatially resolved in the TME and correlated with
individual cells expressing specific protein markers of cell
types/pathways (e.g., tumor epithelial cell, macrophages,
immune cells, cell proliferation, etc.). The heterogeneity of
the immune landscape and key biomolecules are visualized in
the same sample at the single cell level, correlating different
omics for the understanding of cell—cell interaction, metabolic
regulation during immune response, and phenotype. To our
knowledge, this approach is the first attempt to correlate
different cell types, as reported by lanthanide-tagged antibod-
ies, with their metabolic and lipidomic status.

B SUMMARY OF MATERIALS AND METHODS

Two snap-frozen human breast cancer tissue samples [invasive
ductal carcinoma/ductal carcinoma in situ (IDC/DCIS) and
IDC] were generously provided by Penn State Institute for
Personalized Medicine Biobank. Sections of each sample were
applied to gold plates and plunge-frozen in liquid N, (for
SIMS) with additional semi-serial sections for microscopy. An
area of DCIS was identified from the IDC/DCIS sample (blue
box, Figure 1A) to guide subsequent SIMS on a frozen-
hydrated semi-serial section (workflow, Figure 1B—D).
Cryogenic (H,0),-GCIB-SIMS (for lipids and metabolites)
followed by treatment with lanthanide-tagged antibodies
(Table S1) and C4, SIMS (for cell markers) was performed
on a buncher-ToF J10S 3D Chemical Imager (Ionoptika,
Southampton, UK).”"** (H,0),-GCIB-SIMS used a 70 keV
(H,0)30:" (1 pA) beam with a beam focused to a subcellular
level (refer to Supporting Information Figure S1 for beam
focus). The acquisition was 512 X 512 pixels in negative ion
mode performed over 840 X 840 ym® (1.6 um per pixel) and
512 X 512 pum? (1.0 um per pixel) for IDC/DCIS and IDC
tissue sections, respectively. 40 keV Cg" SIMS (S pA) with
positive jon mode acquisition was performed roughly on the
areas analyzed by (H,0),-GCIB, a 768 X 768 um®* location
using 768 X 768 pixels on the IDC/DCIS section and a 512 X
512 pm?* location with 512 X 512 pixels on the IDC section
(each 1.0 um per pixel). Ions of lipids and metabolites were
identified by their exact mass assisted by literature reports
(Table S2). GCIB and Cg4, images were aligned using in-house
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Python code with Hierarchical Cluster Analysis (HCA) and
OPLS-DA using custom Python and Cell Profiler 3.0
pipelines,” respectively. Refer to the data availability section
for the scripts and the Supporting Information for the
expanded Materials and Methods.

B RESULTS AND DISCUSSION

Multimodal Imaging Workflow for Cell-Specific
Profiling of Omics. As the integration of multiple omics
information at the single-cell level and within the same cell
remains a great challenge, a new workflow is adapted using
multimodal imaging coupled with computational image
processing, as demonstrated on IDC/DCIS tissue in Figure
1. H&E imaging of a serial section is used to annotate
cancerous regions (Figure 1A, zoom-in area). On a fresh frozen
semi-serial section, cryogenic (H,0),-GCIB-SIMS (100 K) is
conducted on the annotated region to localize the lipids/
metabolites at 1.6 ym beam spot size. This was followed by
staining with lanthanide-tagged antibodies on the same frozen-
hydrated tissue and imaging of the same region using Cg-
SIMS (RT) at 1.1 ym beam spot size (Figure 1B). Multi-omics
integration in single cells has several advantages: (1) SIMS
imaging using two beams takes the advantage of diverse beam
properties, (H,0),-GCIB-SIMS minimizes in-source fragmen-
tation for the detection of intact biomolecules (e.g., lipids and
metabolites), while Cg, is more energetic for the detection of
the lanthanide reporters for each antibody.”* (2) Frozen-
hydration preserves chemical gradients at a near-natural state
during analysis, especially for metabolites that are in dynamic
flux and difficult to analyze in single cells. (3) Antibody
application on fresh frozen tissue reduces sample manipulation
and does not require antigen retrieval as for FFPE tissue. (4)
An estimated 300 nm of surface material is removed by image
acquisition using the (H,0),-GCIB,” allowing sequential
imaging by Cg,-SIMS for protein profiling within the same cells
on the tissue. The antibody panel (Table S1) is well-studied
and targets proliferation and markers of epithelial, mesen-
chymal, and immune cells, and extracellular matrix.'®"” The
data processing is then performed by annotation of
biomolecules/metal ions, image alignment, cell segmentation,
and statistical analysis to register the biomolecules to different
cell types (Figure 1C,D). We present analysis of an IDC/DCIS
tissue section as a model system. The same workflow
performed on an IDC tissue is presented in Supporting
Information Table S2, Figures S6, S8, and S10.

(H,0),-GCIB-SIMS Reveals Molecular Heterogeneity
in the TME. Imaging using (H,0),-GCIB-SIMS allowed 163
ion species up to m/z 2000 to be selected and partially
identified on IDC/DCIS tissue, as shown in Table S2. Imaging
at 1.6 um pixel size elucidates distinct ion distribution patterns
corresponding to the anatomical features of cancerous and
non-cancerous areas on the H&E image in Figure 1A (blue box
inset). Due to the distance between the semi-serial sections,
the features highlighted in the inset box of Figure 1 are not
perfectly identical with the SIMS images that follow, but rather
the H&E image was used as a general reference to aid in
selecting an area for SIMS analysis. In the three-channel ion
image (Figure 1E1), the m/z 887.56 ion displayed in cyan is
assigned to phosphatidylinositol (PI 38:3) and it shows a
higher relative intensity in the cancerous cell regions, similar to
the purple-stained ductal regions in the H&E image. P1(38:4)
at m/z 885.55 in magenta (Figure 1E1) is mainly localized
outside of these cancerous regions in the tissue stroma, while
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Figure 2. HCA dendrogram and OPLS-DA analysis on IDC/DCIS tissue. (A) HCA showing variation of 103 identified (H,0),-GCIB ions (as
detailed in Table S2) in the regions, where the nine Cg-SIMS cell markers were located. Intensity scale bar indicates (H,0),-GCIB ions that are
stronger (red) or weaker (blue) by standard deviations above or below their mean intensity, respectively, in areas that overlap with a given cell
marker. Identified ions are labeled by assignment and experimental m/z. Hierarchy of clusters are indicated both for cell markers (vertical) and
lipids and metabolites (horizontal). (B) OPLS-DA score plot of the metabolome/lipidome associated with each marker. (C) Dot plot showing
variable importance for prediction (VIP) score vs m/z of metabolites and lipids. Only significant metabolites and lipids are shown. (D—G)
Distribution of the top four species responsible for class separation in OPLS-DA.
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lysophosphatidic acid (LysoPA 20:0) at m/z 465.30 in green
(Figure 1E1) resides inside the ducts.

The single ion maps of various species up to m/z 2000 are
shown in Figures 1E2—ES and SS. Several metabolic markers
for healthy and IDC tissues are mapped as deprotonated
molecular ions, such as glucose (Figure SSB1), glucose-1- or 6-
phosphate (Figure 1E2) and N-acylglucosamine-1 (Figure
1E3).”° The dehydrated form of glucose phosphate (Figure
S5B2) and adenosine monophosphate (AMP) (Figure SSB4)
are observed. However, these could also be formed from in-
source fragmentation from the (H,0),-GCIB (Figure S2), and
also AMP is isomeric to hydroxy GMP [both C;;H;3N;O,P as
(M—H)"]. Glutathione (GSH), uridine monophosphate, N-
acetylglucosamine-1-phosphate, and cholest-S-ene-3-7-diol are
also observed (Figure SSBSB7—B9, respectively). Notably,
glucose monophosphate (Figure 1E2) exhibits only a slight
elevation in the cancerous region [compare with PI(38:3),
Figure 1E1]. N-acetylglucosamine-1-phosphate (Figure 1E3),
which is a metabolic cancer marker, has an unexgectedly
elevated distribution outside of the cancerous region.”’

Various fatty acids, either in free-form or generated as in-
source fragments from a precursor lipid ion, are more intense
in different regions of the tissue. For example, fatty acid (FA)
C18:2, C18:0, C20:3, and C26:2 (Figure S5B10, B11, B13, and
B16, respectively) are more intense in the cancerous region,
while C20:4 (Figure SSB12) and C22:4 (Figure SSB1S) are
less intense in those regions. The lack of the highly unsaturated
fatty acids C20:4 and C22:4 is possibly associated with the
survival mechanism of the cancer cells. Fatty acids with a
higher degree of unsaturation are prone to enzymatic and non-
enzymatic peroxidation associated with the execution of the
regulated cell death programs, particularly ferroptosis and
creation of necro-inflammatory foci.***” However, docosahex-
aenoic acid (DHA C22:6) (Figure SSB14) shows a slightly
higher intensity within the cancer cells, which is likely for a
higher rate of cellular proliferation and glycopeptidolipid
synthesis. Interestingly, anti-inflammatory lipid mediators,
particularly some resolvins, have been associated with
antitumor activity;30 however, their intracellular localization
within the TME has not been established previously.”

Several glycerophospholipid and glycolipid species show
very distinct distributions in the tissue. LysoPA(20:0),
phosphatidylethanolamine plasmalogen (PEp 34:2), and
monosialodihexosylganglioside (GM3 16:0) (Figure
S5B17,B19, and B33, respectively) are more intense within
the ductal cancerous regions, and possibly involved in or as a
result of an inflammatory response. Phosphatidic acid (PA
36:1), phosphatidylserine (PS 36:1), and PI(38:4) (Figures
S5B21,B22 and 1E1, respectively) show a higher concentration
outside of the cancerous region. Different lipids with less
unsaturation, phosphatidylethanolamine PE (36:2), PE(36:1),
PE(38:3), PI(34:1), PI(36:2), PI(36:1), PI(38:3), and
P1(40:6) (Figure SSB24—B31) are present at a higher relative
intensity in the cancerous regions. Interestingly, PI(38:4)
(purple in Figure 1 panel El), previously considered to be
upregulated in cancer, is actually more intense in the tissue
stroma outside of the cancerous region.

High-Resolution C4y-SIMS Imaging (1.0 #m) Reveals
Cell Heterogeneity. Roughly, the same region probed by the
(H,0),-GCIB (Figure 1A) was analyzed after antibody
staining as in Figure 1F1,F2 for the color overlay images of
different tags and in Figures 1F3—FS and S7 for single-tag
images. These images demonstrate single-cell resolution using
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a finely focused Cg, beam for SIMS imaging. Figure 1F1 clearly
outlines the cancerous region by the highly packed nuclei in
blue and perinuclear space by anti-pan-cytokeratin in green.
Macrophages, labeled by anti-human CD68 (yellow, Figure
1F1), are localized around the ducts and the cancerous cells.
Pan-immune cells mapped by anti-human CD4S (red, Figure
1F1) are very sparse in the cancerous region. Chromatin,
identified by anti-histone H3 (cyan, Figure 1F1), has some
overlap with macrophages but is further away from the
cancerous cells, possibly associated with the overall hypo-
acetylation of histones during tissue progression from normal
to DCIS to IDC."” Anti-human collagen I (purple, Figure 1F1)
is used to visualize the connective tissue structure. Figure 1F2
also shows the highly proliferative cells by anti-Ki-67 (yellow),
which surrounds the cancerous cell core and mesenchymal
cells labeled by anti-vimentin (Green).

Molecular Mapping of Lipids and Metabolites in
Different Cell Types Demonstrates Cellular Hetero-
geneity in the Tumor Microenvironment. Co-registration
was then performed with the (H,0),-GCIB and Cg,-SIMS
images of IDC/DCIS for annotated lipidomic/metabolic
profiling to different cell types, as demonstrated in Figure S1.
HCA analysis determined considerable similarities between
lipid and metabolite expression in the chromatin (histone H3),
nuclear (DNA marker), and intracellular epithelial tumor (pan-
cytokeratin) regions (Figure 2). Many species that are strong
in those three intracellular regions are weak in the extracellular
(collagen type I) region and vice versa. For example, various PI
speices such as PI 40:6, 38:3, 36:1, 34:1 are strong in the
nuclei/chromatin (histone H3)/epithelial tumor (pan-cytoker-
atin) region but weaker in collagen (Figure 2A). Ki-67 is
strongly associated with cell proliferation, and LysoPA(20:0) is
more intense in the Ki-67 regions, likely due to its role in cell
proliferation.”** Other metabolites that are more intense in
the Ki-67/chromatin (histone H3) regions are N-acetylaspartic
acid (m/z 174.04) and 7-methylguanosine (m/z 297.10)
(Figure 2). These metabolites have been associated with
various types of cancers, including breast cancer, and have a
prominent role in promoting tumor growth.””** Eight different
GM3 species correlated with the Ki-67 regions (Figure 2).
Gangliosides have only a limited expression in healthy breast
tissue but have been shown to be present in several types of
cancers, including IDC.*3¢ Gangliosides are involved in cell
adhesion, signal transduction, recognition processes, and
proliferation;”” therefore, our results might be indicative of
the neoplastic transformation of breast tissue. GM3 with 22:0,
24:1, and 24:0 ceramides is also elevated in the macrophage
(CD68) regions (Figure 2). These might be either associated
with the tumor infiltrating macrophages or have been shed by
the tumor cells themselves. The latter has been shown to
effectively modulate macrophage phenotypes, consequently
enhancing angiogenesis in the TME.” Elevated levels of
saturated and lower levels of unsaturated fatty acids are present
in the epithelial tumor (pan-cytokeratin) and Ki-67 regions
(Figure 2). This has not been previously documented by liquid
chromatography—mass spectrometry’’ because of the lack of
spatial information and may be related to the lower sensitivity
of the cancer cells to lipid oxidation. In contrast, the CD68-
positive macrophages are enriched in highly oxidizable
polyunsaturated lipids (Figure 2), some of which may be
used as precursors of lipid signals, possibly acting as tumor
suppressors.”’40
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Table 1. Major Differential Lipids and Metabolites between Individual Cell Marker Types”

CD31 CD68 CD20 histone pancytoleratin Ki67
CD68 NAPE(58:5p)
CL 72:8
CL 76:11
citrate/isocitrate
GM3(16:0h)
CD20 NAPE(58:5p) LysoPA(16:0)
[M—H,0-M]
CL 76:11 GM3(24h:0)
CL 78:13 PEp 40:6
hexose PE 36:3
arginine LysoPA 18:1
[M—-H,0-M]
histone CL 72:8 PE 36:3 PE 36:3
NAPE(58:5p) PI 40:6 GM3(24h:0)
PI 40:6 GM3(24:0) FA_C22:5
hexose monophosphate citrate/isocitrate citrate/isocitrate
[M—H]
PA(38:3) LysoPSp 18:1 NAPE(52:5p)
PI 40:6 PS 38:4 PI 34:1 PE 34:1
pancytoleratin  CL 72:8 LysoPA(16:0) PI 36:1 PS 38:4
[M—H,0-M]
hexose monophosphate PI 40:6 PI 40:6 PI 40:6
[M—H]
NAPE(58:5p) PI 36:2 PS 38:4 LysoPI 18:0
[M—H,0-M]
PI 36:1 PE 36:3 NAPE(52:5p) PI 34:1
Ki67 NAPE(S8:5p) CL 74:10 CL 74:10 LysoPSp 18:1 PI 36:2
CL 72:8 CL 78:13 LysoPSp 18:1 PI 36:1 PI 36:1
CL 78:13 LysoPA 18:1 FA_C22:1 NAPE(58:6p) PS 38:4
[M-H,0-M]
CL 74:10 CL 78:7 CL 78:1 FA C22:1 FA C22:1
PE 38:4 NAPE(58:5p) PI 36:1 PI 36:2 PI 34:1
CD45 CL 74:5 CL 76:5 CL 76:5 CL 76:5 PI 40:6 CL 74:5
CL 76:5 CL 74:5 CL 74:5 CL 74:5 CL 74:5 CL 76:5
arginine arginine PE 38:3 PI 40:6 FA_C20:3 PE 38:4
NAPE(56:5p) NAPE(56:5p) PE 38:4 FA_C20:3 CL 76:5 PEp
40:5
GM3(16:0h) PE 42:7 hex(3)-hexNAc(3)-cer GM3(16:0h) LysoPI PEp
44:1 18:0 [M—H,0-M] 38:4

“Matrix showing the top five known species that showed differences between two markers. Top species were identified using the VIP score from
OPLS-DA analysis.

Almost all the assigned PEs are abundant in the nuclei/
chromatin (histone H3)/epithelial tumor (pan-cytokeratin)
regions (Figure 2), with the exception of PE(40:5) at m/z
792.54 which is high in the epithelial tumor (pan-cytokeratin)
region but low in chromatin (histone H3) and nuclei regions.
The signal from PE(40:5) is strong in endothelial cells (CD31)
along with PE(36:3) at m/z 740.52 and PE(36:2) at m/z
742.53; the other PEs are low in endothelial cells (CD31).

Three different PI species with 38 fatty acyl carbons are
identified (PI 38:3, 38:4, and 38:5), all exhibiting very different
expression patterns, even though their only structural differ-
ence is the degree of unsaturation (Figure 2). PI species are the
strongest in the nuclei/chromatin (histone H3)/epithelial
tumor (pan-cytokeratin) regions except for PI(38:5) at m/z
883.53 which is higher in the macrophage (CD68) region. All
the identified PI species including PI(38:3) at m/z 887.56 are
weaker in the collagen region except for PI(38:4) at m/z
885.54 and PI1(38:5) which had moderate intensities. P1(38:5)
and PI(38:4) are low in the Ki-67 regions, while PI(38:3) is
moderate. In contrast, other PI species such as PI(36:2) at m/z
861.5S and PI(40:6) at m/z 909.55 are high in the cell-
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proliferating (Ki-67) region. Interestingly, PI-3-K/AKT signal-
ing can be activated by estrogen (ER), progesterone (PR), and
HER2 thereby regulating the breast cancer cell signaling
network. On the other hand, PI-3-K has also been associated
with a mechanism of immune resistance in breast cancer,”” and
over-expression of the pl10f isoform of PI-3-K has been
shown to inhibit the motility of breast cancer cells.*""**

PS is normally not found on cell surfaces except as “eat me”
signals,43 and these signals are generally high in the
intracellular nuclei/chromatin (histone H3)/epithelial tumor
(pan-cytokeratin) regions and lower in the extracellular
collagen region (Figure 2). Exceptions include PS(38:4) at
m/z 810.53, which is at a similar moderate intensity in all four
regions, PS(36:2) at m/z 786.53 which is high in the cell-
proliferating (Ki-67) region, and PS(38:4) at m/z 810.53,
which is high in the endothelial cells (CD31). Many PS species
displayed moderate intensities in the macrophage (CD68)
region, in contrast to PS(36:1) at m/z 778.57 which exhibited
a stronger signal in that region.

Specific Lipidomic Features of Different Cell Types
Present in the TME. HCA by itself is still limited in that it
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does not reveal which specific molecular species contribute the
most to the distinguishing cell types. Therefore, we further
employed OPLS-DA multivariate analysis in combination with
single-cell segmentation. The OPLS-DA score plot indicated
distinct differences associated with each of the cell markers
(Figure 2). Pan-immune (CD4S), endothelial (CD31), and
epithelial tumor (pan-cytokeratin) cells are well-separated in
the plot. Macrophage (CD68) and proliferating cells (Ki-67)
overlapped significantly, indicating some metabolic similarities.
The top four identified lipid species differentiating each of the
cell types are P1(40:6), LysoPI(18:0), PA(38:3), and PE(38:3)
(Figure 2).

OPLS-DA analysis is also used to compare lipid/metabolite
profiles associated with one cell type versus all other cell types
combined together (Figure S9). CD31 cells showed signifi-
cantly lower levels of PE(36:1), PE(38:3), and PS(38:3) than
the other cell types. Two lysoPA species, (16:0p) and (18:1),
and two major PS species containing polyunsaturated fatty
acids (PUFA), (38:4) and (40:6), are elevated in macrophages
(CD68). Further, GM3(24h:0) and PA(38:3) are elevated in B
cells (CD20) and histone-labeled cells, respectively. Interest-
ingly, the epithelial tumor (pan-cytokeratin) is associated with
high levels of P1. Three PI species (40:6), (36:1), and (34:1)
are among the top five species significantly elevated in cells
expressing this marker. The proliferating cells (Ki-67) showed
elevated levels of ganglioside GM3(24:0) and GM3(24:1).
The pan-immune cells (CD4S) exhibited low amounts of two
cardiolipin species, CL(74:5) and CL(76:5).

We further compared the metabolome and lipidome of each
of the cell types individually with each of the other cell types as
shown in Table 1. NAPE(58:5p) along with CL(72:8) are the
major lipids that differentiated the endothelial cells (CD31)
from each of the other cell types. Similarly, PIs are the major
lipids that distinguished epithelial tumor cells (pan-cytoker-
atin) from the rest. These results also confirmed the differential
expression of some of the major PUFA-containing lipids such
as PE(38:4), PI(40:6), and PS(38:4) among the different cell
types.

Limitations and Outlook. This work presents the first
attempt to successfully profile proteins, lipids, and metabolites
on the same frozen-hydrated tissue at the single-cell level.
GCIB-SIMS, especially using (H,0),,(,5241)-GCIB, has dem-
onstrated its unique capability for the detection of a variety of
lipids and metabolites in biological samples at unprecedented
subcellular resolutions. Frozen-hydrated tissue preparation
with cryogenic analysis preserved the integrity and compart-
mentalization of the pristine molecular constituents of cells,
reflecting their abundance in specific cellular/subcellular
compartments. The combination of (H,0),-GCIB-SIMS
performed on frozen-hydrated tissue with subsequent Cg,-
SIMS of lanthanide-tagged antibodies, effective in the
identification of cell-specific markers, offers a unique
opportunity to integrate valuable information related to
proteins, lipids, and metabolites on the same sample and at
the same level of high subcellular resolution. We are also aware
of several limitations for this workflow. Current ToF mass
spectrometer configurations are unable to differentiate
isomeric species and have limited mass resolution (m/Am <
15,000), which hinders differentiating isobaric species. This
limits the untargeted profiling of multiple metabolites and
lipids in the TME along with the discovery of diagnostic
markers and new molecular targets. Moreover, although
(H,0),-GCIB produces less in-source fragmentation than
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other GCIB-SIMS, there still is a noticeable amount which will
interfere with ion assignments to endogenous species.
However, other researchers have demonstrated that the
fragmentation can be used for confident molecular annotations
by matching the distribution patterns of the fragments and
molecular species.”* Ton assignments were performed using
accurate mass matching and with assistance from literature
references and our previous studies. Potential isomers and in-
source fragmentation that normally occur with GCIB-SIMS
have been noted within the study. Furthermore, the cell type
identification in the TME is limited by the available selection
of antibodies and stable lanthanide isotopes.

The goal of this study is to demonstrate a workflow that
integrates lipidomic and metabolic profiling with spatial
association to cell-specific proteins. We believe that our
newly developed protocol combining two successive types of
SIMS imaging opens up broad applications for exploring
various biological phenomena of cell—cell interactions in
normal physiology as well as in a wide variety of acute injuries
and chronic disease conditions, including characterization of
the TME in cancer biology. The optimization of the workflow
and validation by other available techniques (e.g, other
imaging mass spectrometries and immunofluorescence) will
be incorporated in the future work.
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