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Abstract

Nanomaterial-based drug delivery vehicles are able to deliver therapeutics in a controlled, targeted
manner. Currently, however, there are limited analytical methods that can detect both nanomaterial
distributions and their biochemical effects concurrently. In this study, we demonstrate that matrix
assisted laser desorption/ionization mass spectrometry imaging (MALDI-MSI) and laser ablation
inductively coupled plasma mass spectrometry imaging (LA-1CP-MSI) can be used together to
obtain nanomaterial distributions and biochemical consequences. These studies employ
nanoparticle-stabilized capsules (NPSCs) loaded with siRNA as a testbed. MALDI-MSI
experiments on spleen tissues from intravenously injected mice indicate that NPSCs loaded with
TNF-a-specific sSiRNA cause changes to lipid composition in white pulp regions of the spleen, as
anticipated, based on pathways known to be affected by TNF-a, whereas NPSCs loaded with
scrambled siRNA do not cause the predicted changes. Interestingly, FA-ICP- MSI experiments
reveal that the NPSCs primarily localize in the red pulp, suggesting that the observed changes in
lipid composition are due to diffusive rather than localized effects on TNF-a production. Such
information is only accessible by combining data from the two modalities, which we accomplish
by using the heme signals from MAFDI-MSI and Fe signals from FA-ICP-MSI to overlay the
images. Several unexpected changes in lipid composition also occur in regions where the NPSCs
are found, suggesting that the NPSCs themselves can influence tissue biochemistry as well.
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Introduction:

Nanomaterials have been widely employed over the past two decades for therapeutic
delivery! due to their tunable size, structure, and physical properties.2 Nanomaterial-based
drug delivery systems, generally directed by macromolecular self-assembly, provide a great
deal of tunability for delivery purposes.3 Nanoparticles (NPs) can be designed to carry
drugs/cargo either on their surfaces or in their interiors.* Other molecules, such as lipids, can
be incorporated to improve cargo loading.>® The versatility of these systems allows for
delivery of a range of therapeutic cargos, including siRNA.7-9 hydrophobic drugs,10:11
proteins,12 and combination therapies,3:14 often at safer and more effective dosages than
those used for the corresponding therapeutics alone.* While nano-based delivery systems
have great potential, there is a need for analytical tools to map their biodistributions and the
biochemical changes they may cause /in vivoto fully assess their effectiveness.

Obtaining site-specific information about carriers and their biochemical effects is
challenging. Fluorescence microscopy is the most commonly utilized technique for
evaluating the biodistribution of nano-based delivery vehicles because of its accessibility and
excellent spatial resolution. This technique, however, is limited in its ability to identify
biochemical changes, and some nanomaterials do not readily lend themselves to being
tracked by fluorescence. Liquid chromatography coupled with mass spectrometry (LC-MS)
is a powerful tool to determine biochemical changes that arise upon injection of nano-based
drug delivery systems,® but LC-MS does not readily provide spatial information. Spatial
context is essential for understanding the direct and indirect biochemical effects of the
nanocarrier in relation to its distribution. Sub-organ distributions in the liver and spleen, for
example, can reveal how the reticuloendothelial system responds to the presence of
nanomaterials.16:17

Mass spectrometry imaging (MSI) has the potential to provide needed site-specific
information for nano-based drug delivery systems and their biochemical effects due to its
‘universal’ detection capability. MALDI-based MSI has emerged as a powerful tool for
determining the distributions of a wide range of compounds, including small molecules,18:1
lipids,20 drugs and their metabolites,2! and peptides and proteins22 in biological samples
such as tissues, cell cultures, and even whole organisms.2123.24 Using MALDI-MSI to study
the biodistributions of nano-based delivery vehicles, however, has been quite limited. In one
example the distribution of a liposomal carrier, loaded with a fluorophore, was monitored by
MALDI-MSI,25 and in another, MALDI-MSI was used to determine the distribution of
liposomal- conjugated doxorubicin in 3D cell culture.28 In no instances have nano-based
drug delivery carriers and their corresponding biochemical effects been site-specifically
monitored together in the same tissue.

While MALDI-MSI techniques have not been commonly applied to monitor the distribution
of nano- based delivery systems, laser ablation inductively coupled plasma (LA-ICP)
MS116.17.27.28 an |aser desorption ionization MSI techniques?%-31 have been used for
inorganic-based NP systems. Together, MALDI-MSI and LA-ICP-MSI can provide
complementary information about the biodistributions of molecules that have both inorganic
and organic components. Recent work has demonstrated the benefits of combining MALDI-
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MS and LA-ICP-MS imaging techniques to evaluate the inorganic and organic portions of
small molecule drugs,32 enzymes and their potential regulators,33 as well as uptake of
arsenic-containing lipids in a fruit fly model.34 When used together, the two techniques have
even greater potential to reveal the sub-organ biodistributions of nano-based drug delivery
systems while at the same time monitoring any biochemical effects caused by the presence
of these systems.

Here, we describe a dual-mode imaging approach based on MALDI-MS and LA-ICP-MS
for monitoring the distributions and biochemical effects of a nano-based drug-delivery
system. For proof of concept, we use NP stabilized capsules (NPSCs) loaded with tumor
necrosis factor alpha (TNF-a)-targeting small interfering RNA (siRNA) as a test-bed
material (Figure 1). NPSCs are gold NP-based nanocarriers that have been used to deliver
proteins, small molecules, and siRNA directly to the cytoplasm of cells.”-11.12.14.35 NPSCs
bearing anti-TNF-a siRNA have been shown to result in knock-down in vitroand in vivo.l
Separate studies show that the reduction of TNF-a results in predictable biochemical
responses, specifically lipid changes.38 Hence, NPSCs loaded with anti-TNF-a are excellent
system for mapping the relationship between these biochemical changes and NP carrier
distributions. By utilizing MALDI-MSI to monitor the predicted, altered lipid composition
and LA-ICP-MS to monitor the NP carrier, we can determine whether biochemical changes
occur only at sites of delivery agent accumulation or more broadly. When used together, the
two imaging techniques reveal both local and systemic changes caused by anti- TNF-a-
loaded NPSCs, highlighting the power of this dual-mode imaging approach.

Experimental Section

The chemicals and materials used in this work, the synthetic procedures for the NPSCs, and
detailed information about all animal handling and tissue sectioning methods can be found
in the supporting information.

MALDI Imaging Analysis.

MALDI-MS imaging experiments were conducted on a Bruker ultrafleXtreme MALDI-
TOF/TOF at 50 pm resolution. The laser offset was set to 60%. All experiments were
performed on at least three different sets of tissue sections to ensure reproducibility. MS/MS
experiments were conducted using the LIFT cell with collision-induced dissociation.
Compound identification was performed using MS/MS and/or accurate m/z measurements
after internal standard alignment post-acquisition. Internal standards of m/z 273.04 (2DHB -
2H,0 + H) and m/z 772.57 (PC (32:0) + K*) were used.

LA-ICP-MS Imaging Analysis

LA-ICP-MS experiments were conducted on a PerkinElmer NEXION 300 ICP-MS using a
Teledyne CETAC LSX-213 G2 laser ablation system attached to the ICP-MS via Teflon
tubing. Tissues were ablated via line scanning with a spot size of 50 pm, scan rate of 15
pm/s, 10 Hz laser frequency, 10 seconds of shutter delay, and a carrier He gas flow of 0.6 L/
min. Images were reconstructed, as described in our previous work,18:17 by performing data
reduction to produce an image with 50 pm resolution. In short, raw data were binned into
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pixelated data by averaging the 33 data points needed to create a single 50x50 pm pixel (see
Figure Sl for details and Figure S-2 for an example). These raw data were analyzed and
reconstructed using a custom script written in Python. Because the zinc signal is relatively
constant throughout spleen tissues (e.g. Figures S1 & S2), each metal of interest (i.e. iron,
gold) was normalized to zinc distributions to account for folds or tears in the tissues that
could give rise to “hot spots.”

Statistical Evaluation

SCiLS Lab 2015b was used to determine significant differences between tissue images.
Baseline subtraction was conducted using the TopHat method, which is an operator used in
mathematical morphology for image analysis.3” Baseline subtraction is followed by total ion
count (TIC) normalization, peak picking, and discriminative value determination using both
receiver operating characteristic (ROC) curves and ion abundance box-and-whisker plots.
ROC curves are used to assess the performance of particular m/z values as binary classifiers
for comparative tissues. ROC curves of the pooled data from given images were used to
identify significant changes in ion signals between control and treated tissues. An ROC area
under the curve (AUC) threshold of greater than 0.65 or lower than 0.35 was used to identify
significant differences between tissues (see Figure $3).38-40 and differences for a given lipid
are indicated if the AUC thresholds are surpassed for tissue images from three separate mice.
lon abundance box plots were also used in combination with ROCs to determine the degree
of difference between pooled sets of data from given tissue images by comparing both the
range and median points of the compared lipid peaks (Figure S4). In overlaid images, pixel
colocalization was determined by translating each pixel into an RGB value, setting
thresholds for background and noise, and calculating the number of overlapped pixels in
each overlaid image (see Sl for more details).

Results & Discussion

MALDI-MS imaging of spleen tissues from control mice and mice injected with NPSCs

The spleen was chosen for imaging because high concentrations of gold are measured by
ICP-MS in this organ after injection of the NPSCs into mice (Table Sl). In addition, this
tissue has three distinct sub-organ regions with different cell types, including the white pulp
that is rich in macrophages that produce TNF-a. We focused on the analysis of lipids

because dysregulation of the lipidome is an indicator of variations in TNF-a production.
41-42

Using MALDI-MSI, 52 identifiable lipids were detected in positive mode in separate
imaging experiments (see Table S2 for the complete list of lipids), with 44 of these having
been previously shown to correlate with TNF-a levels (Table 1)*3 Relative to tissues from
control mice, some lipid levels from NPSC-injected mice undergo statistically significant
increases (e.g. Figure 2a & 2d) or decreases (e.g. Figure 2b & 2e), while others remain the
same (e.g. Figure 2c & 2f) according to both ROC curves and box-and-whisker plots (Figure
S3-S5). As an example, relative ion abundances for phosphatidylcholine (PC) (p-40:5),
where “p” indicates a plasmalogen species (Figure 2a), results in an AUC of 0.715 when
comparing tissues from control and NPSC-treated mice (Figure S5), indicating that the level
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of this lipid increases significantly. A similar conclusion is obtained from ion abundance
box-and-whisker plots (Figure S4). In contrast, carnitine (CAR) (16:0) (Figure 2b) has an
AUC value of 0.293, indicating a significant decrease in the level of this lipid between the
control and NPSC-treated tissues. To check if the AUNPs themselves were affecting lipid
ionization efficiencies in the MAUDI experiments, control experiments were performed with
biologically relevant concentrations of AuNPs. Uipid levels were found to be relatively
unaffected by the presence of AuNPSs even at concentrations above those detected in mouse
tissues (Figure S6).

Of the 44 measured lipids that have known responses in serum to TNF-a knockdown, we
find that 75% respond as predicted in the spleen tissues (Table 1), indicating that MAUDI-
MSI can provide data that are consistent with previous lipidomics experiments from serum
samples.36 The concentration of phosphatidylethanolamine (PE) (p-34:3), for example, has
been shown to increase when TNF-a is knocked down, and indeed, we observe a clear
increase in the signal of this lipid (Figure 2d). Fikewise, the concentration of ceramide (Cer)
(dI8:1/20:0) decreases upon TNF-a knockdown, and we observe the same effect in our
MAFDI-MSI data (Figure 2e). Other lipids, such as PC (34:2), were not expected to change,
and that is what we observe (Figure 2c¢). Of the remaining 11 lipids that do not respond as
expected (e.g. PC (32:0), FPC p-18:0, and PE p-34:2 in Figure S7), their changes could be
due to relatively low signal, differences between spleen and serum biochemistry, or the
NPSC carrier itself.

To validate that our imaging method successfully monitors lipid changes caused by TNF-a
knockdown from the NPSC injection, we also imaged tissues from mice injected with
NPSCs containing scrambled siRNA that does not knock-down TNF-a.. Of the detected
lipids in the scrambled siRNA experiments, only eight change in a manner predicted for
TNF-a knockdown (Table S3), as opposed to the 33 observed to change in the NPSCs with
SiRNA specific for TNF-a.. A majority of the lipids have no significant changes between
control mice and those injected with scrambled siRNA containing NPSCs (Table S3 &
Figure S8). This control experiment indicates that the lipid changes observed after injecting
the NPSCs with TNF-a specific SiRNA (Table 1) are caused by TNF-a knockdown. The
differences in lipid signals after TNF-a knockdown also highlight the fact that the AuNPs
themselves are not influencing lipid signal as the total amount of gold in the spleen is
comparable for mice injected with the TNF-a. specific NPSCs and those injected with
scrambled siRNA (Table SI). Interestingly, five of the 11 unexpected lipid changes that are
observed upon TNF-a knockdown are also observed in the mice treated with scrambled
SiRNA, perhaps suggesting that the NPSC carrier itself is causing a biochemical response in
the spleen tissue. The origin of these lipid changes will be further explored in future
experiments.

While lipid levels largely correspond with previous results, completely new information is
obtained about the locations of these lipid level changes, highlighting the value of MALDI-
MSI. MALDI-MSI of heme B distributions (Figure 3) allow us to readily distinguish
between the red pulp and white pulp of the spleen, which are sub-organ regions that were
confirmed by traditional histology (Figure S9). Heme B signals, which are a proxy for
hemoglobin, are high in the vascularized red pulp and very low in the immune-cell rich

Anal Chem. Author manuscript; available in PMC 2021 January 21.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Sikora et al.

Page 6

white pulp. The sub-organ distributions of the measured lipid changes provide new insight
about the cell types that undergo changes upon TNF-a knockdown. The levels of 26 of the
44 lipids increase in the NPSC-treated mice (Table 1), and the vast majority (77%) of these
increases are found in the white pulp (e.g. Figure 3a). Of the 8 lipids that show no change in
abundance, 63% of these are in the white pulp (e.g. Figure 3c and 3f). In contrast, of the 10
lipids that decrease in abundance, only 30% of these are found exclusively in the white pulp
as illustrated in Figure 3b. More interestingly, of the 33 lipids that respond to TNF-a. as
predicted, 79% of these responses occur exclusively in the white pulp, whereas 15% occur in
the red pulp (e.g. Figures 3d & 3e) and 6% occur in both regions. This prevalence of lipid
level changes in the white pulp likely reflects the fact that TNF-a is produced by immune-
related macrophages, which are a primary component of the white pulp. Of the 11 lipids that
do not respond to TNF-a knockdown as expected, only two are exclusively found in the
white pulp, whereas the remainder are found in the red pulp or both regions (Figure S11).
Together, these data provide new sub-organ locational information about lipid responses to
TNF-a knockdown and hint at other intriguing changes that occur when TNF-a knockdown
is accomplished using nano-based delivery agents.

LA-ICP-MS imaging of spleen tissues from control mice and mice injected with NPSCs

To determine whether the observed lipid changes are systemic or co-localized with regions
of NPSC accumulation, we also measured the distribution of gold in the tissue slices using
LA-ICP-MSI. Previous work from our group has shown that AuNPs similar to those present
in the NPSCs are stable for up to 48 h jn vivoand in spleen tissues, 16174445 making gold a
good marker for these nanomaterials. A spleen tissue slice, immediately adjacent to the one
used for MALDI-MSI analysis, was used for LA-ICP-MSI analysis. Fe levels in LA-ICP-
MS images provide a convenient means of distinguishing between the red and white pulp
regions of the spleen because blood flow is very different in these regions (Figure 4). When
the LA- ICP-MS images of Fe and Au are overlaid, we find that Au is primarily found in the
red pulp (Figure 4). When the Au and Fe levels are considered on a pixel-by-pixel basis, we
find that about 90% of the Au is found in the red pulp. This distribution of Au is similar to
what was found in previous LA-ICP-MS imaging results for AUNPs with positively-charged
surface coatings.16:17.44

Because the majority of Fe in blood is associated with hemoglobin, Fe distributions in LA-
ICP-MS images can be correlated with heme distributions from MALDI-MSI images,
enabling an overlay of images from the two modalities (Figure 5). Such correlations allow us
to compare the distributions of Au and lipid signals to determine if the lipid changes co-
localize with the NPSCs. From these comparisons, we find that the majority of lipid changes
occur in regions that have low gold concentrations. As an example, the distribution of the
lipid PC (36:0) has minimal overlap with the gold distribution (Figure 6). Indeed, as
indicated earlier, almost 80% of the predicted lipid changes occur in the white pulp where
the gold content is almost 10-fold lower than in the red pulp. In many cases, predicted lipid
changes that do occur in the red pulp, such as PE (p-34:3), also appear not to be dependent
on gold levels, based on the poor overlap of lipid signal increases and Au signals (Figure
S10). These observations suggest that the TNF-a-induced lipid changes are systemic and are
not occurring where the NPSCs ultimately localize. This systemic effect likely arises
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because the NPSCs circulate for 48 h before the mice are sacrificed, providing ample time
for siRNA to result in TNF-a knock-down and cause the observed changes in lipid levels.
The ability to draw correlations between nanomaterial location and the resulting biochemical
effect is uniquely possible with the combined imaging approach described here.

Another important feature of combining the two imaging modalities is that we obtain
intriguing site- specific information about lipids that do not change as predicted upon TNF-
a knockdown. Of the 11 lipids whose levels change in an unexpected fashion, seven
exclusively undergo changes in the red pulp, which has high concentrations of NPSCs
(Figure S 10a), and two more undergo changes in the red and white pulp. When These
observations suggest that the unexpected changes may arise from the presence of the NPSCs
themselves. Future work will seek to further understand these biochemical changes by
evaluating the inflammatory properties/effects of the NPSC carrier components themselves.

Conclusions

We have developed a powerful method to monitor and correlate the sub-organ distributions
of a NP- based delivery system and its cargo-induced biochemical effects. Our approach
relies on LA-ICP-MSI to track the inorganic components of a nano-based delivery system
and MALDI-MS to examine changes in biochemistry caused by the delivery system. When
the two imaging modalities are used together, we are able to evaluate if the biochemical
effects are localized with the delivery vehicle or occur more diffusively. A key feature of our
described approach utilizes the strong correlation between Fe signals in LA-ICP-MS and
heme signals in MALDI-MS that allow images from the two modalities to be overlaid and
directly compared. Upon using this new approach to image spleen tissues from mice injected
with TNF-a siRNA- bearing NPSCs, we also obtain new biological information.
Specifically, we observe that changes in the lipidome that occur with decreased TNF-a
levels are primarily localized in the white pulp of the spleen. In addition, we find that several
lipids have unexpected changes in their abundances, the vast majority of which occur in the
red pulp where concentrations of NPSCs are highest, suggesting that changes to these lipids
are caused by the NPSCs themselves. Control experiments with NPSCs containing
scrambled siRNA are consistent with the NPSCs themselves having an effect on lipid levels.
Future work will investigate how the individual components of the NPSCs influence lipid
levels. We predict that the dual-mode imaging approach described here will be beneficial for
the development of nano-based drug delivery systems by providing access to sub-organ
biodistributions for carriers and their biochemical effect. Such information should facilitate
the design of systems that target desired tissues while minimizing unwanted side effects.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
NPSC composition and AuNP-ligand structure. Arginine-based ligands (arginine shown in

red) are conjugated to the AuNPs. The Arg-AuNPs are emulsified with linoleic acid and
allowed to associate with the siRNA cargo.
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Figure 2.
Representative images of lipid responses in NPSC-injected mouse spleen tissues (right in

each image pair) compared to control tissues (left in each image pair). Panels (a) and (d) are
examples of lipids predicted to increase in the spleen upon TNF-a knockdown. Panels (b)
and (e) are examples of lipids predicted to decrease in the spleen upon TNF-a knockdown.
Panels (c) and (f) are examples of lipids predicted to retain consistent levels upon TNF-a
knockdown.36
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Figure 3.
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f
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No Change in White Pulp (Expected)
PC (34:1)

Example images of lipid responses in NPSC-injected mouse spleen tissues (right in each
image pair) compared to control tissues (left in each image pair) with heme B overlays to
determine sub-organ distribution. Heme B is indicated by red. Regions of high co-
localization between the lipid and heme signals appear in yellow, whereas those with low or
no co-localization appear in green. Panels (a), (b), (c), and (f) are example images of lipids
that respond to the NPSCs in the white pulp of the spleen tissues, as indicated by their
intense green color. In panel (), only 22% of the control tissue lipids and 23% of the NPSC-
injected lipids overlap with the heme peaks. Panels (d) and (e) are example images of lipids
that respond to NPSCs in the red pulp of the spleen as indicated by their intense yellow
color. In panel (d), 76% of the control tissue lipids and 85% of the NPSC-injected tissue
lipids overlap with the heme peaks. In panel (e), 76% of the control tissue lipids and 71% of

the NPSC-injected tissue lipids overlap with the heme peaks.
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LA-ICP-MS of Iron Overlay LA-ICP-MS of Gold

Figure 4.
LA-ICP-MS images showing the distributions of iron (left) and gold (right) in a spleen tissue

slice from an NPSC-injected mouse. The overlaid image (center) contains 83% co-registered
(white) pixels, indicating that gold is primarily distributed in the red pulp region of the
spleen where iron signals are high.
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-

MALDI-MSI Overlay LA-ICP-MS
Heme B Iron

Figure 5.
LA-ICP-MSI and MALDI-MSI image overlays of iron and heme B distributions to correlate

the two imaging modalities. These analytes are markers for hemoglobin, which has a high
concentration in the vascularized red pulp of the spleen. In the overlaid images, 70% of the
signal pixels are yellow, indicating the expected high co-localization of iron and heme B in
the red pulp.
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MALDI-MSI Overlay LA-ICP-MS
(PC 36:0) Gold

Figure 6.
MALDI-MSI and LA-ICP-MSI image overlays of a lipid (i.e. PC 36:0) that changes upon

NPSC injection and gold from the NPSCs, illustrating that the lipid changes occur in regions
low in gold. In the overlaid images, only 34% of the signal pixels are yellow, indicating
relatively how colocalization between the lipid of interest and gold.
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Table 1.

Characteristic lipid ions in the spleen of anti-TNF-a NPSC-injected mice.
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Detected Increased (+) or Decreased ROC
Lipid .02 miz lon(s) (=) levels in NPSC-injected  change as Predicted?b ¢ Spleen Region
Mouse Tissues auc
. 496.3 [M+H" 0.745 ]
LPC (16:0) 518.4 [M + Na'] +) Yes 0684 White Pulp
LPC (18:0) 524.4 [M+H"] +) Yes 0.682 White Pulp
LPC (p-18:0) 508.6 [M+H -) No 0.306 Red Pulp
LPC (18:2) 520.2 [M+H"] None Yes 0.501 White Pulp
LPC (20:4) 544.3 [M+H"] -) No 0.345 Red Pulp
PC (30:0) 706.6 [M+H"] None Yes 0.550 White Pulp
. 734.5 [M+H .
PC (32:0) 7725 M+ K'] +) No 0.724 White Pulp
PC (p-32:0) 756.5 [M + Na*] +) Yes 0.706 White Pulp
PC (34:0) 762.6 [M+H*] +) Yes 0.785 White Pulp
PC (p-34:0) 746.6 [M+H*] +) Yes 0.692 White Pulp
. 760.6 [M+H" 0.418 ]
PC (34:1) 798.6 M + K*] None Yes 0616 White Pulp
PC (p-34:l) 744.6 [M+H*] None Yes 0.446 White Pulp
PC (34:2) 780.5 [M + Na*] None Yes 0.450 White Pulp
PC (34:3) 756.6 [M+H" +) No 0.718 White Pulp
. 786.6 [M + Na*] 0.721 .
PC (p-36:5) 8025 M+ K] (+) Yes 0733 White Pulp
. 788.6 [M + Na*] -
PC (p-36:4) 8045 M+ K] ) Yes 0.684  White Pulp
770.6 [M+H*] 0.730
PC (p-36:2) 792.6 [M + Na*] +) Yes 0.754 White Pulp
808.5 M+ K*] 0.733
790.6 [M+H*] 0.695
pC (36:0)7 812.6 [M + Na*] ") Yes 0752 White Pulp
828.5 [M+K*] 0.704
790.6 [M+H'] 0.695
PC (p-38:6)d 812.6 [M + Na*] +) Yes 0.752 White Pulp
828.5 [M+K*] 0.704
. 792.5 [M+H*] 0.754 .
PC (p-38:5) 8305 M+ K'] +) Yes 0786 White Pulp
794.7 [M+H*] 0.737
PC (p-38:4) 816.6 [M + Na*] +) Yes 0.682 White Pulp
832.5 [M+K*] 0.733
. 820.6, [M+H", 0.715 -
PC (p-40:5) 858 6 M + K] +) Yes 0716 White Pulp
1100 632.5 [M-H,0 +K*] -~ 0.258
2H OH Cer (d18:1/20:0) 650.5 M+ K] -) Yes 0343 Red Pulp
2H Cer (dI8:1/25:1) 681.7 [M + NH4*] =) Yes 0.331 Red Pulp
2H Cer (dI8:1/20:1) 632.5 [M+K*] ) No 0.343 Red Pulp
117 741.6 [M + Na*] 0.714 -
SM (dI8:1/17:0) 7576 M + K] (+) Yes 0759 White Pulp
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Increased (+) or Decreased ROC
Lipid 1.D.2 Dertﬁ;:ztw fon(s) (-) levels in NPSC-injected  Change as Predicted?” ¢ Spleen Region
Mouse Tissues auc
SM (d18:1/20:0) 759.6 [M+H*] +) Yes 0.767 White Pulp
o - 7716 [M + H*] 0.734
SM (dl8:1/21:1) 8096 M+ K] *) Yes 0.709 Both
SM (dI8:1/23:2) 819.6 [M + Na*] ) Yes 0.283  White Pulp
SM (d18:1/24:0) 853.7 [M+K*] ) Yes 0.740  White Pulp
iog- 809.6 [M + H*] 0.709
SM (d18:1/24:3) Py M + K] *) No 0.703 Both
PE (26:4) 4972 [M-HG +K*] *) Yes 0.745 Both
PE (p-34:3) 557.5 [M - HG + H'] +) Yes 0.664 Red Pulp
- 5595  [M-HG +H"]
PE (p-34:2) 5815 [M - HG + Na*] None No 0.476 Both
PE (p-34:1)d 5835  [M-HG +H] ) No 0.324 Red Pulp
PE (p—36:4)d 583.5 [M - HG + Na*] -) No 0.324 Red Pulp
PE (p-34:1)7 7325 [M +H*] +) Yes 0.661  White Pulp
PE (p-36:4)7 7245 [M + Na*] *) Yes 0661  White Pulp
PE (p-36:3) 585.5 [M-HG +H"] (+) Yes 0.693 Red Pulp
PE (38:2) 6695  [M-HG +K'] *) Yes 0.653 Red Pulp
pE (38:)7 6715  [M-HG +K'] None No 0.546 Red Pulp
PE (p_40:5)d 6715 [M-HG +K*] None No 0.546 Red Pulp
CAR (16:0) 400.4 [M + H*] -) Yes 0.293  White Pulp
CAR (18:1) 426.6 [M +H*] ) Yes 0.318  White Pulp

a. . - . R . . . . . .
The included lipids were measured in separate imaging experiments of spleen tissue slices from three different mice. A combination of exact mass

determination from post-acquisition calibration, LIPIDMAPS, and MS/MS were used to identify each lipid. (Abbreviations: LPC -

lysophosphatidylcholine; PC - phosphatidylcholine; Cer - ceramide; SM - sphingomyelin; PE - phosphatidylethanolamine; CAR - carnitine; “p-" -
plasmalogen; HG - headgroup)

bChanges correlated to previously reported lipidomics data. 43

CROC AUCs were determined using SCILS lab software. Values represent anti-TNF-a. NPSC tissues vs. control tissues. Values greater than 0.65
and less than 0.35 were considered significantly different.

dThese lipids are not distinguishable by MS/MS.
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