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Abstract

Immunotherapies are treatments that use a patient’s immune system to combat disease. One
important type of immunotherapy employed in cancer treatments is the delivery of monoclonal
antibodies to block growth receptors. In this manuscript, we develop a methodology that enables
accurate and simple evaluation of antibody-type drug delivery using MALDI-MSI. To overcome
the mass-range limitation that prevents the detection of large therapeutic antibodies, we used in
situ reduction and alkylation to break disulfide bonds to generate smaller fragments. These smaller
fragments are more readily ionized and detected by MALDI-MSI without loss of spatial
information on the parent drug. As a proof of concept study, we evaluated the distribution of
cetuximab in 3D colon cell cultures. Cetuximab is a monoclonal antibody that binds to the
extracellular domain of epidermal-growth-factor receptor (EGFR), which is often overexpressed in
colorectal cancer (CRC) and mediates cell differentiation, proliferation, migration, and
angiogenesis. Cetuximab directly inhibits tumor growth and metastasis and induces apoptosis. By
performing on-tissue reduction followed by MALDI-MSI analysis, we successfully mapped the
timedependent penetration and distribution of cetuximab in spheroids derived from two different
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colon-cancer cell lines (HT-29 and DLD-1). The localization patterns were further confirmed with
IF staining of the drug. Changes in other biomolecules following drug treatment were also
observed, including the elevation of ATP in spheroids. The developed method has also been
applied to map cetuximab distribution in patient-derived colorectal-tumor organoids (CTOs).
Overall, we believe this powerful label-free approach will be useful for visualizing the
heterogeneous distribution of antibody drugs in tissues and tumors and will help to monitor and
optimize their use in the clinic.
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Cetuximab Treatment

Immunotherapy is changing the face of cancer treatment. The principle aim of cancer
immunotherapy is to resurrect the suppressed immune systems of patients to fight cancer
cells and destroy the tumor.1 There are two major ways that immunotherapy can be
implemented in cancer treatment: stimulating the patient’s immune system to attack tumor
cells or providing the patient with man-made immune-system proteins that bind and inhibit
growth-factor receptors.2 Currently, one estimate suggests that there are approximately 800
immunotherapy clinical trials under way in the United States, and the number keeps
growing.3 A wide range of these immunotherapy treatments, including cancer vaccines,
immune-checkpoint blockers, and monoclonal antibodies against tumor-associated antigens
and receptors, have demonstrated efficacy in patients.*®

Cetuximab is a mouse—human chimeric monoclonal antibody, which is an example of
“passive” immunotherapy that often does not require the patient’s immune system to take an
active role in combating the cancer.*° This drug binds to epidermal-growth-factor receptor
(EGFR) with high affinity and prevents downstream signaling, leading to inhibition of tumor
growth.5.7 Moreover, cetuximab can induce immune cells (e.g., macrophages, cytotoxic T-
lymphocytes, natural killer cells, etc.) to attack the cells it binds to.2 Consequently, it has
been approved for clinical use, either alone or in combination with radio- or chemotherapy.
-9 Cetuximab is also utilized as a targeting probe to carry various therapeutic agents to
improve tumor-directed drug delivery.10-13

In colorectal cancer (CRC), EGFR, a cell-membrane protein participating in cell
proliferation and differentiation, is overexpressed in the majority (50-80%) of colorectal
tumors.14 Its expression is associated with tumor aggressiveness and poor disease-free
survival.1> Blocking EGFR provides a promising approach for CRC treatment. Currently, as
one of the novel anticancer therapeutic antibodies that have been developed targeting EGFR-
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family members, cetuximab treatment has been shown to significantly improve CRC-patient
outcomes.? It has become apparent that RAS-mutation status is a predictive factor for anti-
EGFR therapy. Although some patients who harbor wild-type RAS tumors benefit from
cetuximab therapy, 40 to 60% of patients with wild-type RAS do not respond to the drug for
unknown reasons.? Because of the increasing importance of antibody-based therapies,
analysis of the penetration and distribution properties of monoclonal antibodies is valuable.

Studying the localization of monoclonal antibodies has primarily been investigated through
various imaging techniques, such as magnetic-resonance imaging (MRI),16 positronemission
tomography (PET),17:18 fluorescence microscopy,!® and autoradiography,2° using radio-
labeled or fluorescently labeled probes. However, these methodologies suffer from radiation
burden, high cost, and other pitfalls such as changes in affinity and unspecific reactions due
to the labeled molecules. As a complementary method, mass-spectrometry imaging (MSI)
provides simple sample preparation with no preselection or labeling of analytes and enables
spatialdistribution analysis of multiple species simultaneously in the same experiment.21

Our lab has developed a platform to assess drug penetration and metabolism in three-
dimensional (3D) cell-culture systems using matrix-assisted-laser-desorption-ionization
(MALDI) MSI.21-27 3D growth of immortalized cell lines or primary cell cultures is
regarded as a representative model for performing therapeutic screening.28 Among the
different 3D cell cultures, spheroids closely mimic the complex scenarios of in vivo tissues,
including cell-cell interactions, the production of extracellular matrix, drug penetration and
responses, and cellular heterogeneity, and they are one of the most commonly used model
systems. However, despite the success of analyzing small-molecule anticancer drugs in
spheroids using MALDI-MSI,21-27 the challenges of analyzing higher-mass ranges have
constrained the analysis of high-molecular-weight biomolecules like therapeutic antibodies
(c. 150 kDa).2® This limitation has been attributed to factors such as low ionization
efficiencies and detection of large molecules, and efforts have been made by researchers to
extend the upper mass limit by MALDI-MSI. Instrumental hardware such as CovalX high-
mass HM1 detector,30 which was specifically designed for the detection of high-mass ions,
has been shown to enhance sensitivity for high-mass proteins. Sample-preparation methods
and different matrices, such as ferulic acid, have also been reported to increase the mass
range of proteins amenable to MALDI analysis.31-34 However, these strategies either
required the use of harsh solvents like hexafluoroisopropyl alcohol (HFIP) and 2,2,2-
trifluoroethanol (TFE) or were shown to have a low shot-to-shot reproducibility.32:33

Here, we present an on-tissue-reduction approach using dithiothreitol (DTT) to break the
disulfide bonds of cetuximab, generating two heavy chains (HC, c. 50 kDa) and two light
chains (LC, c. 25 kDa). Using MALDI-MSI analysis, the LC were detected and mapped in
spheroids derived from two colon-cancer cell lines. The distribution of cetuximab was
further confirmed by fluorescence microscopy using immunofluorescence (IF) staining. As
well as assessing drug penetration, the distribution of endogenous molecules in spheroids
was analyzed at a low-mass range by MALDI-MSI, and changes in ATP levels were
observed in cetuximab-treated samples. The developed imaging approach was also
successfully applied to detect cetuximab in 3D colorectal-cancer organoids (CTOS)
established from patient resected tissue. This research provides a powerful approach for
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investigating the distribution of therapeutic antibodies using MALDI-MSI without any
labeling. This method will help in evaluating drug efficacy and in optimizing
immunotherapeutic regimens involving antibodies in solid tumors.

METHODS

Cell Culture, Growth of Spheroids, and Drug Treatment

The human colon-carcinoma cell lines HT-29 and DLD-1 were obtained from the American
Type Culture Collection (ATCC, Manassas, VA). HT-29 cells were grown in McCoy’s 5A
cell-culture medium (Life Technologies, Carlsbad, CA), while DLD-1 cells were cultured in
RPMI 1640 cell-culture medium (Life Technologies, Carlsbad, CA). The medium was
supplemented with 10% fetal-bovine serum (FBS; Thermo Scientific, Waltham, MA). The
provider assured authentication of these cell lines by cytogenetic analysis, and they were
verified by short-tandem-repeat sequencing in 2016.

Spheroids were generated by loading suspensions of HT-29 or DLD-1 cells at a density of
7000 cells per 200 L of medium into each well of agarose-coated 96-well plates.22 After an
initiation period of 4 days, 50% of the culture volume was replaced with fresh medium every
2 days thereafter. The spheroids reached a diameter of approximately 1 mm after 12 days in
culture. The reproducibility of the growth of DLD-1 spheroids is shown in Supplemental
Figure 1.

Cetuximab was acquired from the pharmacy at the University of Southern California Norris
Comprehensive Cancer Center. Spheroids on day 13 were incubated in cetuximab solution
(1 mg/mL) for 24 or 72 h, and phosphatebuffered saline (PBS) was used in the control
cultures.

Organoid Culture and Drug Treatment

Tumor tissues were received from colorectal-cancer patients under Institutional Review
Board (IRB) approval at the Norris Comprehensive Cancer Center of USC. Patient-derived
colorectal-tumor organoids (CTOs) were developed following previously described methods.
35 Organoids were cultured in 24-well plates with basement-membrane-matrix-type-2
(BME) gel (Trevigen, Gaithersburg, MD). Culture media consisted of Advanced
DMEM/F12 (Life Technologies, Carlsbad, CA) with 10% fetal-bovine serum, 1% penicillin
—streptomycin, 1% Glutamax, and 1% HEPES supplemented with N, (Sigma, St. Louis,
MO), B-27 (Sigma, St. Louis, MO), 1 mM Nacetylcysteine (Sigma, St. Louis, MO), 50
ng/mL EGF (Life Technologies, Carlsbad, CA), 100 ng/mL Noggin (Tonbo, San Diego,
CA), 10 mM nicotinamide (Sigma, St. Louis, MO), 500 nM A83-01 (Calbiochem,
Burlington, MA), 10 M SB202190 (Sigma, St. Louis, MO), and 0.01 4/M PGE2 (Sigma, St.
Louis, MO).

For MALDI experiments, CTOs were harvested from a single confluent well and dissociated
using TrypLE (Life Technologies, Carlsbad, CA; 500 gi/well). The collected CTOs were
mixed with BME (1:4 dilution) and plated at 60 s of organoid—BME mix per well. CTOs
were cultured for 10 days, and the culture media was replenished every 3 days. Prior to
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cetuximab treatment, the EGF concentration in the media was reduced to 0.04 ng/mL.
Cetuximab was added at a 1 &M concentration, and the cells were treated for 72 h.

Sample Preparation for MALDI-MSI Analysis

After specific incubation times, the medium was aspirated, and the spheroids were washed
with 1x PBS twice. For the fixed-sample preparation, spheroids were first incubated with
10% formalin in PBS for 20 min and washed with PBS. Both the fixed and unfixed
spheroids were then harvested, sectioned into 14 xm slices using the gelatin-assisted
sectioning method, and thaw-mounted on indium-tin oxide (1TO) glass slides (Bruker
Daltonics, Bremen, Germany) as previously described.36:37 The slides were stored at —80 °C
before use. For the formalin-fixed samples, heat-induced epitope retrieval was performed
with 10 mM citrate buffer (pH 6.0) for 30 min, followed by 20 min of cooldown at RT.

For protein analysis, the spheroid sections were brought to room temperature, and then they
were washed for 30 s in 70% ethanol and 30 s in 95% ethanol, dipped (<1 s) five times in
deionized water, and washed 30 s in 70% ethanol and 30 s in 95% ethanol. The slides were
air-dried and stored in a desiccator for at least 1 h before on-tissue reduction.

Reduction and alkylation were performed with a TM sprayer nebulizer (HTX Technologies,
Carrboro, NC); 80 mM dithiothreitol (DTT) was applied at 37 °C for six passes over the
sample surface. The pressure was set at 10 psi, the gas flow rate was 3 L/min, and the nozzle
height was 40 mm. The flow rate was 0.05 mL/min at a moving velocity of 1000 mm/min
with a track spacing of 2 mm and 20 s of drying time in between passes. The sprayed slides
were placed in a Petri dish containing a moist Kim Wipe and the plate was incubated at 37
°C for 50 min to allow efficient penetration and reaction of the reducing agent. In the
following alkylation step, 55 mM iodoacetamide (IAA) was sprayed (30 °C nozzle
temperature, two passes, 0.08 mL min~1 flow rate) on the slides, and the Petri dish was
placed in darkness for 20 min at room temperature. The slides were then washed in 95%
ethanol-0.1% trifluoroacetic acid (TFA) for 15 s to remove the reduction and alkylation
reagents, which could cause ion suppression during MALDI-MSI. After complete dryness
was achieved in a desiccator, spheroid sections were spotted with the matrix sinapic acid
(SA; Sigma, St. Louis, MO), which was prepared at 30 mg/mL in 50% acetonitrile (ACN)
-0.2% TFA. In a control experiment, sections were processed without the reduction and
alkylation steps. All samples were analyzed in four biological replicates and with one
technical duplicate. CTOs samples were processed in a similar fashion as described above.

For evaluation of small molecules, the washing process for the slides was skipped. 9-
Aminoacridine (9-AA; Sigma, St. Louis, MO) was dissolved in 60% methanol-0.1% TFA at
5 mg/mL and applied (60 °C nozzle temperature, four passes, 0.1 mL min~! flow rate). The
sample was allowed to dry fully in a desiccator before data acquisition.

MALDI-MSI and Data Analysis

Mass spectra were acquired on an UltrafleXtreme TOF/TOF mass spectrometer (Bruker
Daltonics, Billerica, MA) equipped with a smartbeam Il Nd: YAG 355 nm laser. For MSI
analysis of proteins, the instrument was operated in linear positive-ion mode at 200 Hz in the
mass range of //z 10 000-55 000 with the “medium” focus setting under optimized
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delayed-extraction conditions. At each pixel, 1000 laser shots were accumulated with a
lateral resolution of 70 pm. For analysis of small molecules, reflectron negative-ion mode at
1000 Hz in the mass range of m/2z200-1000 was used. The spectrum at each x—y coordinate
is a result of 500 consecutive laser shots. The “small” laser-spot diameter and a raster width
of 35 ym were employed. External calibration was performed using a standard protein or
custom small-molecule mixture by spotting the standards on a region without gelatin near
the spheroid section.

The data were visualized by FlexImaging (ver. 4.1; Bruker Daltonics, Billerica, MA) or
analyzed with SCILS Lab (ver. 2015; Bremen, Germany). Raw data was imported into the
SCIiLS Lab software. The TopHat algorithm was used to remove the baseline, and peak
picking was performed using an orthogonal-matching-pursuit algorithm with a signal-to-
noise ratio of 3. Spectra were normalized against the total ion count. For supervised analysis,
peaks that discriminated drug-treated and untreated spheroids were elucidated by means of
receiver-operating-characteristic (ROC) curves to find discriminating /m/z signals.

Immunofluorescence Staining and Imaging

Spheroid samples were fixed in PBS with 4% (w/v) paraformaldehyde at room temperature
(RT) for 30 min. Slides were then blocked and permeabilized for 20 min. Rabbit anti-Ki-67
primary antibody and anti-EGFR primary antibody (Cell Signaling Technologies, Inc.,
Danvers, MA) were used for the proliferation study and for the visualization of EGFR in
spheroids. The antibodies were prepared in 1:100 dilutions and then were added on the
spheroid sections, after which the sections were incubated for 2 h at RT. Next, the goat
antirabbit-lgG-TRITC secondary antibody (Thermo Scientific, Gaithersburg, MD), diluted
1:100, was added in the same manner, after which the sections were incubated for 1 h at RT
in the dark; this was followed by incubation with 4" 6diamidino-2-phenylindole (DAPI,
Sigma, St. Louis, MO) at 1:500 for 5 min. For analysis of cetuximab distribution,
FITCconjugated goat anti-mouse-1gG secondary antibody was used. After the secondary
antibody and DAPI were removed and washed, mounting media was added, and the slides
were allowed to dry for 1 h in the dark, after which they were sealed with fingernail polish.
Negative controls consisted of samples not incubated with the primary antibody but only
with the secondary antibody.

Confocal zstack images were acquired on a Nikon A1R confocal-laser-microscope system
(Nikon Instruments Inc., Melville, NY). For quantitative comparisons, relative proliferation
was determined by normalizing images by their corresponding DAPI intensities. All samples
were analyzed in biological triplicate and technical duplicate.

RESULTS AND DISCUSSION

Immunotherapy has now become the fourth pillar of cancer therapy, complementing surgery,
cytotoxic therapy, and radiotherapy and providing an exciting new treatment option for some
patients.38 Among different types of immunotherapy, antibodies are increasingly important
vehicles for targeting elements of tumors, such as growth-factor receptors, and stimulating
the host immune system to attack tumor cells and ideally eradicate the tumor. Many of these
monoclonal antibodies have been shown to have important clinical activity.3® However, there
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is limited information about the penetration of this type of drug. In this study, our approach
aims to use MALDI-MSI to assess the distribution of a therapeutic antibody, cetuximab, in
3D colon-cancer model systems.

Localizing antibody molecules by mass spectrometry is difficult because a greater amount of
energy is required to ionize larger molecules.3%40 In this study, we first tried a “topdown”
in-source-decay (ISD) approach, which consists of direct in situ fragmentation of proteins.
This pseudo-MS/MS technique uses hydrogen-radical transfer from the matrix to analytes to
enable fragmentation and sequencing of the N- and C-termini of proteins.#! To analyze
cetuximab, we collected the ISD mass spectra by mixing a 1,5-diaminonaphtalene (1,5DAN)
matrix with the purified antibody drug and directly spotting it on the MALDI target. The
best fragmentation range was obtained between /2 1000-8000, and residues corresponding
to the LC and HC of the drug were successfully identified (Supplemental Figure 2).
However, when performing the same ISD method by spotting cetuximab on control spheroid
slices, signal intensities and fragment ions from the drug were significantly decreased,
indicating that ion suppression from interfering species in the spheroid sample affected
detection. As a result, when we further applied this top-down approach in cetuximab-treated
spheroid samples, it failed to detect ions derived from the drug.

Another way to overcome the difficulty of detecting high-molecular-weight molecules
involves in situ digestion of proteins to generate smaller fragments that not only represent
the abundance of the parent protein but allow for an efficient detection by MALDI-MS.
Information on the distribution of the parent protein can be inferred from the spatial
positions of the fragments. Therefore, we conducted on-tissue digestion using an IdeS
enzyme followed by reduction to map smaller subunits derived from antibody drugs. This
method was successfully used to detect the LC, Fc/2, and Fd domains by analyzing the
cetuximab standard on spheroid sections with drug spotted (Supplemental Figure 3).
However, one drawback of this method is that application of the 1deS enzyme results in
delocalization of cetuximab as well as other molecules across the sample surface, making it
less suitable for an imaging experiment. To overcome this problem, we modified the strategy
by directly performing on-tissue reduction using DTT followed by alkylation, as described
below. A schematic illustration for the workflow is shown in Figure 1.

Detection of Cetuximab by On-Tissue Reduction Coupled with MALDI-MSI

HT-29 spheroids were treated with cetuximab (1 mg/mL) for 72 h and then harvested. The
spheroids were then sectioned, and in situ reduction and alkylation were performed. The
slides were then washed with 95% ethanol-% TFA for 15 s to reduce ion suppression during
MALDI-MSI (Supplemental Figure 4). Probabilistic latent semantic analysis (pLSA) with
deterministic initialization was carried out to observe the trends in the data sets.2442 The 3D
scores plot presented in Supplemental Figure 5a shows a clear distinction between the
treated and control spheroids. Using the data from the loadings plot, it was possible to
identify multiple /m/z values that differentiated the two conditions. Receiver operating
characteristics (ROC) were also used to determine how well a selected m/z signal
distinguishes two different samples with the area-under-the-curve (AUC) value representing
the discrimination power. As an example, m/z23 412.5 was found to be present only in
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treated spheroids, as shown in the mass spectra, the intensity box plot, and the ROC plot
with an AUC > 0.9 (Figure 2 and Supplemental Figure 5b). This m/zvalue corresponds to
the LC of cetuximab, and the peak is also in accordance with the ion detected using the
reduced cetuximab standard (Supplemental Figure 5¢). With an additional antigen-retrieval
step, this approach has been successfully applied to detect the drug in formalin-fixed HT-29
spheroids treated with cetuximab for 72 h (Supplemental Figure 6).

To study if the on-tissue-reduction approach would cause delocalization of analytes on the
sample surface, MALDI-MSI was also performed on spheroid slices without the reduction
and alkylation steps. Proteins with different distribution patterns were analyzed, and three of
these ion signals are shown in Supplemental Figure 7. The ion with m/210 693.8 is found to
be present in the outer region of the spheroids, /7/z 16 719.4 mainly localizes in the core
area, and m/z 41 643.2 distributes throughout the spheroid sections. Correlation plots
confirmed that the correlation between /210 693.8 and 16 719.4 was insignificant with a
correlation of 0.0533 compared with a threshold of 0.5 (p < 0.05). For the samples with on-
tissue reduction, similar spatial positions of these molecules were observed. A correlation of
0.229 was calculated for m/z10 693.8 and 16 719.4, indicating the distinct localization of
these analytes, whereas m/z 41 643.2 was evenly distributed. Our reduction method is shown
to generate limited delocalization of molecules on spheroid samples.

The developed method has also been applied to detect cetuximab in patient-derived CTOs,
which closely mimic the complex morphological and genetic features and drug responses
observed in tumors in vivo. As shown in Figure 3 and Supplemental Figure 8, the LC of
cetuximab at 777/z 23 412.5 was successfully detected in the treated CTOs, whereas no drug
signal was observed in the control, untreated samples.

Time-Dependent Cetuximab Penetration in HT-29 and DLD-1 Spheroids

EGFR-protein-expression levels are about 8 times higher in DLD-1 cells than in HT-29 cells,
43.44 \which may lead to binding differences in EGFR-targeting therapeutic antibodies.
Therefore, the developed method was then used to study the penetration of cetuximab in
HT-29- and DLD-1-derived spheroids. They were treated for either 24 or 72 h, which were
selected to exploit the long half-life of the drug, allowing it to penetrate the tissue before it is
cleared from circulation. In both the HT-29 and DLD-1 spheroids, the signal from the LC of
cetuximab was higher in the samples treated for 72 h than in those treated for 24 h (Figure
4a—d Supplemental Figure 9a—c), indicating an enhancement of drug levels with longer
treatment times. In addition, a similar distribution pattern was observed for the spheroids
treated for 24 h, in which cetuximab penetrated into the core area with a slightly higher
signal intensity of the drug detected in the outer-rim region (Supplemental Figure 10a,b).
However, localization of cetuximab shows differences in the samples treated for 72 h. In the
HT-29 spheroids, cetuximab was found to be mainly present in the core region, whereas the
drug had not accumulated in the central cells of the DLD-1 spheroids. IF was carried out to
confirm the presence of cetuximab on the spheroid sections (Figure 4d and Supplemental
Figures 6d and 11a,b). In accordance with the MALDI-MSI results, significantly higher
levels of the drug are detected in spheroids treated for 72 h (Figure 4e and Supplemental
Figure 9e). Furthermore, an accumulation of cetuximab was observed in the cores of the
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HT-29 spheroids, whereas in the DLD-1 spheroids treated for 72 h, an intense ring of the
drug is present in the outer proliferative cells. To help explain the heterogeneous localization
of cetuximab, IF staining of EGFR was performed (Figure 4f and Supplemental Figure 9f).
In DLD-1 spheroids, EGFR is found to be highly expressed in cells near the edges of the
spheroids, moderately expressed in the intermediate regions, and lowly expressed in the
cores. Because the penetration of a drug is highly dependent on its consumption, avid
binding of cetuximab to EGFR highly expressed on rim cells of DLD-1 spheroids may
inhibit its further permeation into the core. However, in HT-29 spheroids, the intense ring of
EGFR expression in the outer cells is less pronounced, so the drug molecules could more
efficiently diffuse around and between cells and finally accumulate in the necrotic core with
ample extracellular space and possibly a slow draining mechanism. This mismatch of high
cetuximab uptake with low EGFR expression and vice versa is also observed in different in
vivo studies,*>~47 indicating that the penetration and distribution of the drug is
multifactorial, dependent on drug concentration, treatment time, and upon tumor factors in
addition to EGFR-expression levels. This discrepancy may help to explain the poor
correlation often reported between EGFR expression and cetuximab efficacy.48

Changes in Cell Proliferation and ATP Levels Following Cetuximab Treatment

To complement the mass-spectrometric detection of cetuximab in spheroids and to evaluate a
phenotypic effect of drug treatment, a proliferation study using IF staining of the
proliferation marker Ki-67 was performed (Figure 5 and Supplemental Figure 12). In
spheroids grown with both HT-29 and DLD-1 cells, spheroids treated for 72 h at 1 mg/mL
appear to have minimal Ki-67 staining, whereas in spheroids treated for 24 h, no significant
changes in cell proliferation were observed when compared with the control, indicating that
the antiproliferative effect of cetuximab increases with time. This result is consistent with
former studies showing that cetuximab could induce inhibition of proliferation in HT-29 and
DLD-1 cells at high concentrations (=0.1 mg/mL).4549

Changes in the distributions of small molecules in spheroids following drug treatment were
also examined by performing MALDI-MSI. We found that the ion signal at 77/2506.0
significantly increased in the samples treated with cetuximab (Figure 6a,b). The m/z506.0
was attributable to ATP, according to the MALDI-MS/MS spectrum (Figure 6c), indicating
elevated levels of ATP in the spheroids after drug treatment. Several studies have shown that
nucleotide triphosphate (NTP) levels, and in particular, ATP levels, can increase in cells
responding to treatment,50-52 and increased ATP levels could reflect apoptotic changes.>?
Cetuximab treatment of HT-29 cells was found to be associated with apoptosis,>3 which may
contribute to the increase in ATP levels observed in this study.

CONCLUSIONS

The most important goal of this work was to visualize therapeutic antibodies using MALDI-
MSI. As a proof-ofconcept study, we used an on-tissue-reduction and -alkylation strategy to
map the distribution of the anti-EGFR drug cetuximab in 3D colon-cell model systems.
Time-dependent penetration and heterogeneous distribution of the drug were observed in
accordance with former in vivo studies. Moreover, distinct localization patterns of cetuximab
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in spheroids derived from two different cell lines were found and verified with IF staining.
Additionally, we have detected changes in other biological macromolecules and small
molecules following drug treatment, which could be further studied. The developed
approach was also used to detect cetuximab in fixed spheroid samples and patient-derived
CTOs. Here, we conclude that this label-free on-tissue-reduction approach combined with
MALDI-MSI has great potential for applications in testing innovative antibody drugs’ tissue
and tumor distributions, which are important features for drug development and monitoring
and for predicting drug efficacy and safety.

Supplementary Material
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Figure 1.
Schematic illustration of the overall workflow. Spheroids were treated with cetuximab for a

specific length of time. Spheroids were then harvested and sectioned using gelatin-assisted
cryosectioning; this was followed by either on-tissue reduction to enable detection of
cetuximab using MALDI-MSI or immunofluorescence staining combined with
fluorescence-microscopy analysis.
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Figure 2.
Detection of cetuximab in HT-29 spheroids treated for 72 h. (a) MALDI-MSI ion images

showing distribution of m/z23 412.5 (LC of cetuximab). (b) ROC plot revealing the selected
signal (m/z 23 412.5) specifically distinguishing cetuximab-treated spheroids from untreated
ones. (¢) Box plots showing the median intensities. Blue dots represent the spectra in which
intensities of the given m/zinterval is between the lower and upper quartiles, and red dots
represent outliers.
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Figure 3.
Detection of cetuximab using MALDI-MSI in CTOs treated for 72 h. (a) MALDI-MS

protein profiles directly acquired from treated and control CTOs. (b) lon image showing the
distribution of m/223 412.5 (LC of cetuximab). H&E was performed on a consecutive CTO
slice.
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Figure 4.
(a) MALDI-MSI ion-intensity maps, (b) summed mass spectra, and (c) intensity box plots of

HT-29 spheroids treated with 1 mg/mL cetuximab for 24 or 72 h. (d,e) Immunofluorescence
(IF) study of cetuximab localization. Data were normalized to DAPI intensities. Statistical
significance was tested using Student’s #test (/7= 6, *p < 0.05). (f) IF analysis of EGFR
expression in HT-29 control spheroids.
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Figureb.
IF study of cell proliferation (marker: Ki-67) in HT-29 spheroids with and without

cetuximab treatment. (a) Typical IF images showing distribution of Ki-67 (green) and DAPI
(blue) in spheroids treated or untreated (1 mg/mL) for 24 h or 72 h. (b) Statistical relative
quantification of Ki-67 changes in spheroids following drug treatment. Data were
normalized to DAPI intensities. Student’s #test was used to test the statistical significance (n
=6, *p < 0.05).
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Figure 6.

MALDI-MSI of ATP in HT-29 spheroids with or without cetuximab treatments. (a) lon
images of ATP (//z2506.0). (b) Average signal intensities of ATP from MALDI-MSI results
(n=6,*p<0.05, **p<0.01). (c) MALDI-MS/MS confirming that /m/z506.0 is the signal
from ATP.
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