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Tumor heterogeneity is a major obstacle for developing effective anticancer treatments.
Recent studies have pointed to large stochastic genetic heterogeneity within cancer
lesions, where no pattern seems to exist that would enable a more structured targeted
therapy approach. Because to date no similar information is available at the protein
(phenotype) level, we employed matrix assisted laser desorption ionization (MALDI)
image-guided proteomics and explored the heterogeneity of extracellular and membrane
subproteome in a unique collection of eight fresh human colorectal carcinoma (CRC)
liver metastases. Monitoring the spatial distribution of over 1,000 proteins, we found
unexpectedly that all liver metastasis lesions displayed a reproducible, zonally delineated
pattern of functional and therapeutic biomarker heterogeneity. The peritumoral region
featured elevated lipid metabolism and protein synthesis, the rim of the metastasis dis-
played increased cellular growth, movement, and drug metabolism, whereas the center
of the lesion was characterized by elevated carbohydrate metabolism and DNA-repair
activity. From the aspect of therapeutic targeting, zonal expression of known and novel
biomarkers was evident, reinforcing the need to select several targets in order to achieve
optimal coverage of the lesion. Finally, we highlight two novel antigens, LTBP2 and
TGFBI, whose expression is a consistent feature of CRC liver metastasis. We demon-
strate their in vivo antibody-based targeting and highlight their potential usefulness for
clinical applications. Conclusion: The proteome heterogeneity of human CRC liver
metastases has a distinct, organized pattern. This particular hallmark can now be used
as part of the strategy for developing rational therapies based on multiple sets of target-
able antigens. (HEpATOLOGY 2014559:924-934)

In such an unfavorable context, targeted therapy proto-

See Editorial on Page 757 cols are reaching only a subpopulation of tumor cells,

espite its great promise, clinically used tar-
geted cancer therapy is unfortunately showing
only limited success at a very high cost." This
failure is partly explained by the high level of genetic
heterogeneity of malignant lesions and the fact that
carcinogenesis is an evolutionally driven process that
recapitulates Darwin’s theory of selection of the fittest.”

leading to a punctual increase in the selective pressure,
fueling resistance to therapy, and thus failing to cure the
patient.” The notion of tumor heterogeneity and the
apparent random distribution of tumor cells harboring
different mutations are supported by recent genetic
studies.*® However, the lack of information at the pro-
tein level limits the understanding of how genetic
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heterogeneity translates into phenotype. Because evolu-
tion selects phenotype, interrogating proteins in the
context of tumor heterogeneity will certainly prove
extremely useful in the clinic. Driven by this concept
and the above findings, we have devised a proteomic
approach to explore intratumoral heterogeneity in
human colorectal cancer (CRC) liver metastasis. CRC is
particularly relevant as it is the second leading cause of
cancer mortality worldwide,” mainly due to the develop-
ment of liver metastases, which today lack efficient treat-
ments.®” We collected a unique series of well-
characterized, freshly sampled, CRC liver metastases (33
patients) and performed unbiased matrix assisted laser
desorption ionization (MALDI)-mass spectrometry
(MS)-based imaginglo_12 (14 cases) followed by in-
depth proteomic analysis (8 patients). The analysis led
to an intriguing observation of a reproducible, zone-
like, differential distribution of peptides within meta-
static lesions. The delineated zones were subsequently
macroscopically dissected and subjected to enrichment
and quantitative proteomic analysis of membrane and
extracellular proteins (further referred to as potentially
“accessible”). These proteins have a high likelihood of
being reached by way of systemically injected com-
pounds (e.g., antibodies), and as such they represent the
most valuable entity for therapeutic targeting and medi-
cal imaging applications. Our results demonstrate for
the first time that proteome heterogeneity of CRC liver
metastases follows a different, more organized pattern
than could ever be inferred from existing genetic studies.
We highlight two novel protein targets in the context of
liver metastases, LTBP2 and TGFBI, which are ubiqui-
tously expressed in a large collection of liver metastases
and are absent in normal human tissues (including
inflammatory liver diseases), and demonstrate their
in vivo targeting in an animal model of human CRC.
Collectively, these findings represent a new basis for the
development of effective, more structured targeted-
therapy approaches aimed to improve the outcome of
cancer patients.

Patients and Methods

Patients and Material. Human subjects involved
in the current study had undergone surgery for
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removal of liver metastases caused by disseminating
CRC. They were informed about the objectives of the
study and gave their written consent. Further informa-
tion regarding the medical details of individual
patients are outlined in Supporting Table S3. First, 14
patients were chosen for MALDI-imaging/proteomic
analysis. When fresh material was available and of suf-
ficient size both MALDI-imaging and proteomic anal-
ysis were conducted (patients 1-8), otherwise only
MALDI-imaging was performed. The Ethical Com-
mittee of the University Liege, Belgium approved the
study.

MALDI-MS  Imaging. Paraffin-embedded CRC
liver metastases from 14 patients (patient 1-14,
detailed in Supporting Table S3) and three primary
CRC (matched tissues from patients 9, 11 and 14)
were cut at 10 um thickness and deposited on ITO-
coated slides (Bruker, Bremen, Germany). These were
deparaffinized and subjected to antigen-retrieval as
described for the immunohistochemistry application
below. Subsequently, the tissue sections were covered
with 1 mL of 50 mM ammonium-bicarbonate, tryp-
sin-containing solution (sequencing grade [Promega,
Fitchburg, WI, USAJ; 0.05 pg/mL). The slides were
incubated at room temperature (RT) for 2 minutes
with the solution on top. Next, the solution was
removed, the slides were air-dried at RT for 1 minute,
and incubated in the cell culture incubator (37°C,
95% humidity and 5% CO,) for 4 hours. Following
this, the slides were dried at 60°C for 30 minutes and
subjected to MALDI matrix coating (ImagePrep,
Bruker) with alpha-cyano-4-hydroxycinnamic acid (5
mg/mL dissolved in 70u acetonitrile and 30u tri-
acid  (0.2u) [Sigmal).
Coated slides were imaged using an Ultraflex 1I
MALDI-MS instrument (Bruker). MS spectra were
collected in automated mode (300 shots/pixel; 150
pixel/image) and calibrated according to peptide stand-
ard (Part-No. #222570; Bruker) which was deposited
next to the sample. The images were evaluated using
the FlexImaging software (version 3.0; Bruker).

Sample Preparation and Isolation of Accessible
Proteins. Fresh liver metastases from eight individual
patients were used for the proteomic analysis (patients

fluoroacetic water-solution
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1-8, Supporting Table S3). The tissue was macroscopi-
cally fully dissected in multiple pieces (25 mm?).
Three quarters of the sample were used for subsequent
proteomic analysis, whereas one-quarter was snap-
frozen and kept for western blot validation. Further
details are provided in the Supporting Materials.

Quantitative Proteomic Analysis. Five
grams of digested protein samples were purified using
C18-ZipTip (Millipore, Billerica, MA), desiccated and
dissolved in 100 mM ammonium-formiate buffer con-
taining 1S3 (MassPREP Digestion Standard Mixture 1
[Waters, Milford, MA] adjusted to 135 fmol/10 uL
with respect to yeast alcohol dehydrogenase). Half of
each of the prepared samples was injected on the
nano-UPLC-qTOF MS system comprised of nanoAcq-
uity high-performance liquid chromatography (HPLC;
Waters) coupled with the SYNAPT G1 mass spectrom-
eter (Waters, Manchester, UK). The analysis was fur-
ther performed as described previously.'>!'

Principal Component Analysis, Pearson Correla-
tion Clustering, and Functional Evaluation. Indi-
vidual proteins and their corresponding absolute
protein quantities were uploaded in the Muld Experi-
ment Viewer software v. 4.8"” and subjected to unsu-
pervised principal component analysis (PCA) and to
Pearson correlation clustering. Clusters of expression
were identified and color-coded according to the dif-
ferent Individual clusters
were then exported along with their expression values
and were further analyzed with Ingenuity Pathways
Analysis software (Ingenuity Systems, Redwood City,
CA). The proteins were interrogated for their molecu-
lar functions and assessed for networking.

Immunobhistochemical ~ Analysis. Immunohisto-
chemistry (IHC) analysis of five novel antigens was
conducted as experimentally detailed in the Supporting
Materials. Nineteen individual CRC-LM cases were
involved in the IHC analysis.

Verification of Protein Modulation Using Western
Blot (WB) Analysis. Of the modulated protein iden-
tified in the proteomic analysis, TGFBI and LTBP2
were further selected and verified using WB analysis in
eleven additional CRC liver metastasis patients. Fur-
ther details are provided in the Supporting Materials.

micro-

intratumoral localization.

Results

CRC Liver Metastases Display a Zonal Pattern of
Peptide/Protein Heterogeneity. Trans-tumor sections
of 14 CRC liver metastases were subjected to peptide
MALDI-imaging (Fig. 1A-E). The resulting, most
intense (signal >4 X 10° counts/sec), peptide ions
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from individual MS spectra were verified for their
intrametastatic distribution. The analysis identified sets
of peptides that displayed reproducible regional pres-
ence/absence in liver metastases, subdividing the
lesions in three main zones: (1) peritumoral (e.g., ions
1515.9 m/z and 1128.6 m/z), consisting of normal
liver tissue bordering the metastasis; (2) rim (e.g.,
2484.7 m/z and 2006.2 m/z); and (3) center (e.g.,
1105.6 m/z and 3369.3 m/z). Average MALDI-MS
spectra  corresponding to each individual zone are
shown in Supporting Fig. Sla-d. From a histological
point of view, the peritumoral zone consisted of hepa-
tocytes and was histologically identical with the normal
liver tissue (data not shown). The rim of the metastasis
was composed of tumoral cells embedded in desmo-
plastic reaction (Fig. 1C). The center of the metastasis
featured similar cellular composition as the rim region
(Fig. 1C); however, the desmoplastic reaction was
more prominent and occasionally (especially in larger
lesions e.g., >3 cm in diameter) isolated groups of
necrotic cells were also observable. The zonal distribu-
tion was also present in all CRC liver metastases stud-
ied (Fig. 1D) and present in CRC of matched primary
tumors of three individuals (Fig. 1E).

We further hypothesized that the zonal pattern of
protein expression is probably enforced by microenvir-
onmental factors. The most probable one is the vascu-
larization of the metastatic lesion. Changes in blood
supply bring along variations in oxygenation and
nutrient availability, which are potent factors that can
promptly impact protein expression. To evaluate this
possibility we stained tissue sections for CD31 expres-
sion. As shown in Supporting Fig. S2, the rim region
proved to be more vascularized in comparison to the
central portion of the tumor. In the latter zone, few
vessels surrounded tumor cells and in some cases no
vessels were detectable. These data underline that envi-
ronment is a potent modulator of the phenotype and
hence highlight the importance of an in-depth proteo-
mic investigation.

Having defined these zones of interest, correspond-
ing tissue material sampled from eight individual
lesions (patients 1-8) was macrodissected and subjected
to in-depth proteomic analysis. Normal tissue sampled
at a distance (>5 c¢m) from the metastatic lesion (orig-
inating from the same patients) was also included in
the proteomic analysis (here featuring the fourth
zone). The rationale for including this fourth specimen
was supported by imaging analysis of this tissue (Sup-
porting Fig. Sla), where normal liver exhibited a dis-
tinct peptide distribution in comparison to other
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Fig. 1. Peptide MALDI-imaging of CRC liver metastases (14 cases) and primary colorectal tumors (3 cases). (A) Section of CRC liver metasta-
sis containing the tumoral center, rim, and normal peritumoral tissue, with the area within the yellow rectangle analyzed in (B). (B) MALDI-
imaging analysis of tryptic peptides within the sampled tissue section (patient 1, see Supporting Table S3). Three zones are distinguishable bear-
ing unique peptide signatures (detailed in Supporting Fig. S1); the zones are divided with dashed lines indicating the macrodissected regions,
which were sampled and latter subjected to MS analysis. Examples of representative peptides found in respective zones: (1) peritumoral zone
1515.9 m/z and 1128.6 m/z, rim 2484.7 m/z and 2006.2 m/z, and center 1105.6 m/z and 3369.3 m/z. Of the two peptides found in the
central zone, 1105.6 m/z was present in all liver metastases analyzed, whereas peptide 3369.3 m/z was absent in some of the cases. (C)
Three cases of CRC liver metastasis (patients 2-4) that were subjected to MALDI-imaging with representative hematoxylin/eosin (H&E) staining of
rim and center of CRC liver metastasis (magnification 100X). (D) MALDI-imaging of 10 cases of CRC liver metastasis (patients 5-14) and (E)
three primary colorectal carcinoma, which were obtained from patients 9, 11, and 14. (C-E) Color-coding corresponds to the peptides outlined
in panel B. All scale bars are corresponding to 2mm, except (C) H&E staining is 100 pm.

zones. We identified and quantified over 4,400 pro-
teins, of which 1,067 were present in at least five out
of eight individuals and were further considered in the
present study. This selection was performed in order to
highlight the most significant and robust candidates
and discard those proteins that were variable between
individuals and could represent false-positive hits. The
selected proteins were further subjected to PCA (Fig.
2A) and Pearson correlation clustering (Fig. 2D)
according to the respective protein abundance in each
region. The analysis revealed that each individual zone
contained a unique group of proteins defining its sig-
nature in addition to proteins that exhibited quantita-
tive overexpression in some regions compared to other
(Fig. 2B). The data show for the first time that peritu-
moral tissue, which is considered histologically normal,
is proteomically and hence functionally distinct from
normal tissue sampled far from the metastatic site.

The rim and the central region of the metastasis are
particularly interesting for targeted therapy applica-
tions. Indeed, antibodies targeting biomarkers that are
selectively expressed in these two zones bear the best
chances to reach all malignant cells, which is an
important prerequisite for optimal therapeutic out-
come in clinics. Therefore, we have defined a region of
interest (ROI) (Fig. 2A), within which most proteins
cover the main part of the metastatic lesion (rim and
center). All proteins further highlighted in this study
are found within this ROI (also Supporting Table S1).

The PCA-derived protein clusters were further ana-
lyzed using the Ingenuity Pathways Analysis software.
As displayed in Fig. 2C, distinct biological functions
were associated to proteins overexpressed in particular
regions, indicating that a specific pattern of functional
heterogeneity exists within the CRC liver metastasis.
Particularly = significant is the finding that the
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Fig. 2. Proteomic analysis of expression patterns within different zones of liver metastasis. (A) PCA of a representative CRC liver metastasis
sample. Proteins show clustering according to their expression pattern and zone where they have been identified. Color-coding stands for proteins
overexpressed in the normal (black), peritumoral (blue), rim (red), and center (green) zones. Proteins that are uniquely found in one of these
respective zones are additionally encircled. An area of interest (ROI) was defined (dashed rectangle) to include the proteins of potential clinical
value, showing increased expression in the rim and central region of the metastasis. All proteins investigated in the current study are found in
this zone (these proteins are also displayed in Fig. 3). (B) Pie-chart featuring average percentages reflecting the number of proteins found
uniquely (upper panel) or overexpressed (lower panel) in a particular regions of liver metastasis. (C) Ingenuity pathways analysis of clusters
found in the PCA. The role of individual proteins was examined with respect to involvement in specific molecular and cellular functions, networks,
diseases, and disorders. Top functions were highlighted. (C) Pearson correlation clustering of proteins that were expressed in at least five out of
eight patients. Top five ranked proteins are highlighted. Color-coding corresponds to the level of protein expression (bright green signifies highest

expression).

peritumoral region displayed a marked increase of lipid
metabolism (cytochrome-c oxidase activity, catalysis of
acyl-CoA from fatty acids and gluconeogenesis), pro-
tein synthesis, and posttranslational modifications
(homotetramerization, proteolysis, and oxidation) as
well as small molecule biochemistry (metabolism of
hydrogen peroxide, protection against the peroxidation
of lipids, and oxidation of NADH). The rim region is
mainly characterized by the predominant expression of
proteins taking part in cellular movement, prolifera-
tion, assembly, organization, and drug metabolism.
The central region principally harbors proteins
involved in cell death, inflammation, DNA-repair, and
carbohydrate metabolism (detailed in the Supporting
Table S2).

Next we performed Pearson correlation clustering of
the 1,067 proteins identified in at least five out of

eight patients (Fig. 2D). The data confirmed the
observations made in the PCA analysis and MALDI-
imaging analysis, showing a zonally delineated pattern
of expression. Figure 2D highlights the top five pro-
teins that appeared in each cluster. Proteins of particu-
lar relevance for tumor targeting (having a potentially
accessible nature and are expressed in the peritumoral,
rim, and center of the metastasis) are further detailed
in the Supporting Table SI.

Known Protein Targets Show Distinct, Quantitative,
Zonal Variations Within Liver Metastasis. Starting
from the defined ROI (Fig. 2A), we performed a com-
prehensive data-mining search for biomarkers already
approved by the Food and Drug Administration
(FDA) as therapeutic targets for solid tumors and
among these some were found in the current study

(Fig. 3A): cell surface A33 antigen (GPA33), epithelial
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Fig. 3. Intratumoral distribution of known and novel protein antigens of value for targeted therapy applications. (A) MS quantitative protein
analysis data on a set of known antigens already used in clinical trials for tumor therapy. Histograms indicate the quantification of relative pro-
tein expression of GPA33, EPCAM, TENA, CD44, and CEACAMS per individual zone of liver metastasis in eight patients. Clinical trial phase and
sponsor are indicted in brackets. (B) Novel antigens highlighted through present analysis and previously not identified in the context of CRC and
liver metastasis. Histograms represent MS quantification of relative protein expression of AEBP1, EMILIN1, LTBP2, POSTN, and TGFBI per zone of

liver metastasis derived from eight individual patients.

cell adhesion molecule (EPCAM), tenascin (TENA),
CD44, and carcinoembryonic antigen-related cell
adhesion molecule 5 (CEACAMS5). Of these, A33 and
CEACAMS trials include CRC liver metastasis cases.
GPA33, CD44, and EPCAM were found expressed
both in the rim and the central region of the metasta-
sis; however, up to 9-fold more concentrated in the
center. CECAMS5 was also found expressed in the rim
and the central region but displayed no significant dif-
ference between the two. TENA was detected in all
four regions, ranging from low expression in the nor-
mal and peritumoral region to high expression in the
rim and central zone of the metastasis, with a clear
tendency of 2-fold overexpression in the center in
comparison to the rim.

Because of their unique ability to divide indefinitely,
cancer stem cells are identified as key therapeutic tar-
gets by an increasing number of studies.'®"” We ana-
lyzed the acquired proteomic data and assessed the
spatial distribution of accessible proteins frequently

encountered in cancer stem cells (Supporting Fig. S3).
Of the highlighted proteins, CD133, CD90, and
ANXA3 show prominent expression in both the rim
and central region and therefore appear particularly
appealing for considering them in the context of tar-
geted therapy.

Novel Accessible Proteins With Potential Value for
Targeted Therapy of Liver Metastases. Owing to the
particular analytical approach, in the current study we
identified a panel of proteins that have the potential to
become target molecules for therapeutic applications
(detailed in the Supporting Table S1). Pearson correla-
tion clustering (see top five candidates in Fig. 2D) has
highlighted proteins that were particularly relevant,
because they have been found tightly associated with a
particular pattern of expression and were present in
the greatest number of individuals examined. Of the
highlighted proteins, several candidates have previously
been found in similar proteomic studies of primary

14 1 20 13 . LR
breast, colon, and pancreas carcinomas, pointing
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Fig. 3. Continued.

at their apparent characteristic of being intimately
associated with the tumorigenic process. In the current
work we therefore choose to particularly highlight
these proteins: adipocyte enhancer-binding protein 1
(AEBP1), elastin microfibril interface-located protein 1
(EMILIN1), latent-transforming growth factor beta-
binding protein 2 (LTBP2), periostin (POSTN), and
transforming growth factor-beta-induced protein ig-h3
(TGFBI) (Fig. 3B). Of these, only EMILIN1 showed
expression in all zones examined, with the highest con-
centration detected in the rim. The remaining proteins
were found in the rim and central region of the metas-
tasis, with LTBP2 mainly detected in the rim and the
AEBP1, POSTN, and TGFBI in the central region of
the tumor. In order to verify their differential zonal
expression, the antigens, were further tested using IHC
analysis in 19 additional cases of CRC liver metastases
(Fig. 4). Evaluation of the staining pattern revealed
that all five antigens were predominately accumulated
in an area rich in tumor desmoplastic reaction. Tumor
cells were predominately negative when stained for
AEBP2, EMILINI, and POSTN, but were positive for
LTBP2 and TGFBI. In normal human tissues, these
proteins are mainly absent or have low detection levels

(detailed in the Supporting Materials).

Correlation  Analysis  With  High-Throughput
Genomic Studies Identifies Common Targets. We
compared several genetic studies that have either pro-
filed CRC liver metastases or examined primary met-
astatic and nonmetastatic CRC. Owing to the
comparative analysis with datasets from five different
genetic studies,”’ ™ we found 131 proteins that were
in common with our present study. The data are
further outlined in the Supporting Materials and
Fig. §7.

TGFBI and LTBP2 Are Widely Expressed in
Human Liver Metastases and Can Be Targeted In
Vivo. Liver lesions originating from four patients
(patients 4-7, who were also involved in MS analysis)
were macrodissected according to the previously
established zones and subjected to WB analysis (Fig.
5A). The results showed that both TGFBI and
LTBP2 are detected in all the lesions analyzed. In
accordance with the MS data (Fig. 3B), the two anti-
gens displayed a different intratumoral distribution.
TGFBI generally accumulated more in the center,
whereas LTBP2 was predominantly found in the rim
region. In patient 4, the trend was inverted, suggest-
ing a possible interindividual variation. The presence

of TGFBI and LTBP2 was further confirmed in seven



HEPATOLOGY, Vol. 59, No. 3, 2014

TURTOI ET AL. 931

uantification
AEBP1

Hepatocyles. Tumor Cells  Tumor Stroma
EMILIN1

Stroma

Hepatocytes Tumor Cells Tumor Stroma
LTBP2
F
.
. — .

Tumor Cells  Tumor Stroma
POSTN

=

N :

Tumor Cells  Tumor Stroma

Hepatocytes

—
Hepatocytes.

TGFBI
- :
! :

Hepatocytes. Tumor Cells  Tumor Stroma

Fig. 4. Immunohistochemical analysis of novel proteins overexpressed in CRC liver metastasis. Nineteen individual cases (patients 15-33,
see Supporting Materials) were examined and one representative image is shown in the current figure. Displayed are expression patterns of
AEBP1, EMILIN1, LTBP2, POSTN and TGFBI, assessed in (1) normal adjacent tissue, (2) cancer cells in the liver metastasis, and (3) stromal
tissue, both found within the liver metastasis lesion. AEBP1 and EMILIN1 normal tissue panels feature boxes where some positive cells are
displayed. These were few in number yet present and confirmed not to be hemosiderin artifacts, often found in IHC performed with liver sam-
ples. Magnification 400X and the scale bars are corresponding to 20 um. Semiquantitative evaluation of IHC staining was performed as out-

lined in the Experimental Procedures (Supporting Materials).

additional CRC liver metastasis cases (Fig. 5A,
patients 8-14), with an evident trend of overexpres-
sion for both biomarkers in the metastatic lesion
(except patient 12, where only low TGFBI levels
were detected). We further sought to test whether
LTBP2 and TGFBI are expressed in liver metastases
originating from other primary tumors. As shown in
Fig. 5B, both biomarkers were detected in liver
metastases originating from lung, pancreas, or breast

primary tumors. In order to test the specificity of
both antigens, their expression was evaluated in a
series of liver cirrhosis cases of toxicological and viral
origin (Fig. 5C). This was important in order to
exclude the possibility that these antigens
expressed due to inflammation, which is an important
constituent of cancer. Both antigens showed no reac-
tivity in cirrhosis tissues, suggesting that their expres-
sion in CRC metastases is not due to

are

liver
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Fig. 5. Western blot validation of LTBP2 and TGFBI protein expression in tissues from 11 additional CRC liver metastasis patients. (A) Four
CRC liver metastases were macrodissected in different zones and used to further validate protein expression of the two protein targets. Seven fur-
ther cases of CRC liver metastasis were also assessed for the expression of LTBP2 and TGFBI proteins. Molecular weight scale depicts the
observed protein weight following sodium dodecyl sulfate-polyacrylamide gel electrophoresis-based protein separation (SDS-PAGE). HSC70 pro-
tein was used for normalization purposes. (B) IHC evaluation of LTBP2 and TGFBI protein expression in primary colorectal tumors as well as liver
metastases from colorectal, lung, pancreas, and breast primary tumors. Displayed are representative images of at least five individual cases (for
CRC 15 cases) for each disease category. Magnification 400X, scale bars 20 um. (C) (upper and middle panel) IHC analysis of LTBP2 and
TGFBI protein expression in liver cirrhosis as a common inflammatory liver disease. Ten individual cases of alcohol (TOX) or viral (hepatitis C)
promoted liver cirrhosis were evaluated (one representative case is shown per condition). Magnification of 100X was used; scale bars corre-
spond to 50 um. Highlighted areas (a-d) (marked with the black squares) are shown at 400X maghification. (lower panel) CD45 staining con-
firms the presence of inflammatory cells (magnification 50X and 400X; scale bars denote 50 um).

inflammatory reaction. Finally, we tested if antibody- accessible and reachable for fluorescently labeled
based tumor targeting of TGFBI and LTBP2 is feasi- intravenous injected homing antibodies (further out-
ble in vivo. The results show that both proteins are lined in the Supporting Materials).
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Discussion

The ever-increasing appreciation of tumor heteroge-
neity at the individual and intracumoral levels has
clearly identified this as a major hurdle for the devel-
opment of successful targeted anticancer treatments.
Future effective therapeutic strategies will inevitably
depend on the ability to further characterize and take
into account tumor heterogeneity. We contribute to
this effort by characterizing for the first time the pro-
teomic heterogeneity of human liver metastases
through a relevant example of liver-disseminated CRC.
The proteomic approach was important because
extrapolations from existing genomic studies*® could
lead to the prediction that cancer lesions are stochasti-
cally heterogeneous at the protein level too. The data
outlined here indicate that this is not the case, and
suggest that the tumor microenvironment in CRC
liver metastases forces a more general phenotype
despite the genetic status of individual cancer cells. We
show that this is particularly true for vascularization in
the CRC liver metastases, which certainly imposes var-
iations in oxygen tension and nutrient availability.

The present data have expectedly shown the
unlikely existence of a “super” target that will alone
homogeneously cover the entire tumor lesion. Our
study unexpectedly demonstrated that the heterogene-
ity in CRC liver metastasis at the protein level dis-
plays a consistent and organized pattern, offering an
alternative route to approach the problem of failing
targeted therapies in a structured fashion. Namely,
based on this proteomic characterization of individual
zones within the CRC liver metastasis, it is possible
to select a set of antigens that would in combination
homogeneously target the entire lesion. In line with
this view, we characterized biomarkers relevant for
such therapeutic approaches and examined known
and novel candidates for their intrametastatic distri-
bution. Of the known protein targets, TENA seem
promising for treating CRC liver metastasis, as this
protein covers both the tumoral and the peritumoral
regions. Other particularly relevant biomarkers for
antibody-based targeted therapies are EPCAM and
CD44. These proteins show a favorable distribution
with respect to absence in normal liver tissue and
accumulation in the center and rim of the metastasis
as well as being a reported marker of CRC stem cells.
However, CD44 and EPCAM are shared between
cancer stem and liver progenitor cells, and therefore
their targeting might also destroy the latter cell sub-
population, which is particularly important for liver
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regeneration following injury/disease. Concerning the
novel targets, LTBP2 and TGFBI seem particularly
suitable for liver metastasis targeted therapy. Both
antigens show high expression in numerous cases of
liver metastasis of different primary origin and are
concentrated both in the stroma and tumor cells.
Importantly, they are generally neither expressed in
normal tissues nor in noncancerous inflammatory
liver lesions (such as viral and alcohol-caused cirrho-
sis). Although recent data®®* provide evidence that
TGFBI and LTBP2 are relevant actors in cancer, their
functional aspects remain to date elusive and contra-
dictory.””*® The current study has not attempted to
clarify this question because we considered these pro-
teins not as functional targets. Their increased, spe-
cific presence in cancer lesions is certainly a criterion
good enough to use them as anchor points for deliv-
ery of antibody-drug conjugates (ADC). We therefore
used a chicken-chorioallantoic membrane-based CRC
in vivo model to demonstrate that both LTBP2 and
TGFBI can be reached by way of intravenous injec-
tion of homing antibodies, used in the present case
to deliver fluorescent agent (Supporting Data). The
next step would inevitably involve similar testing on
mouse orthotropic models. Our preliminary data
show that in the mouse model (which would prob-
ably be the case in human as well) targeting liver
metastasis requires smaller antibodies, lacking Fc
regions, because full format IgG are easily trapped in
the normal liver (probably through Fc receptors on
Kupffer cells). Similarly, this is readily observed with
radiolabeled Cetuximab®® (anti-EGFR), indicating
the limitation of IgG format antibodies, especially to
serve as ADC. Therefore, future work should include
the generation of smaller antibody fragments for
TGFBI and LTBP2 for murine biodistribution stud-
ies. These data will permit the final assessment of the
usefulness of these two proteins to serve as therapeu-
tic targets for an ADC approach.
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