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ABSTRACT:

Pancreatic cancer (PC) remains the 4™ leading cause of cancer death; therefore, there is a
clinically unmet need for novel therapeutics and diagnostic markers to treat this devastating
disease. Physicians often rely on biopsy or CT for diagnosis, but more specific protein
biomarkers are highly desired to assess the stage and severity of PC in a noninvasive manner.
Serum biomarkers such as CA19.9 are of particular interest as they are commonly elevated in
PC but have exhibited suboptimal performance in the clinic. MUC5AC has emerged as a useful
serum biomarker that is specific for PC vs. inflammation. We developed RA96, an anti-MUC5AC
antibody, to gauge its utility in PC diagnosis through immunohistochemical (IHC) analysis and
whole-body PET in PC.

Methods: In this study, extensive biochemical characterization determined MUC5AC as the
antigen for RA96. We then determined the utility of RA96 for MUCS5AC IHC on clinical PC and
pre-clinical PC. Finally, we radiolabeled RA96 with zirconium-89 to assess its application as a
whole-body PET radiotracer for MUC5AC quantification in PC.

Results: Immunohistochemical staining with RA96 distinguished chronic pancreatitis (CP),
PanIN, and varying grades of pancreatic ductal adenocarcinoma (PDAC) in clinical samples.
[8°Zr)Zr-DFO-RA96 was able to detect MUC5AC with high specificity in mice bearing capan-2
xenografts.

Conclusion: Our study demonstrates that RA96 can differentiate between inflammation and PC,
improving the fidelity of PC diagnosis. Our immuno-PET tracer [89Zr]Zr-DFO-RA96 shows
specific detection of MUCS5AC™ tumors in vivo, highlighting the utility of MUC5AC targeting for

diagnosis of PC.
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INTRODUCTION

Pancreatic cancer (PC) is a devastating disease with a five-year survival rate of only 9% (1).
Poor survival for PC patients is most often associated with a late stage diagnosis, when the
disease has already spread and continues to exhibit rapid metastatic progression. PC has few
reliable biomarkers that are able to properly diagnose and guide treatment, especially within the
window of early detection. As PC is inevitably more difficult to treat at this stage, biomarkers that
can diagnose PC in asymptomatic patients may allow more patients to undergo potential curative
tumor resection and greatly improve their prognosis.

Serum biomarkers as an indicator for disease are incredibly useful can be tested routinely
from blood work in patients (2). Elevated levels of carbohydrate antigen 19.9 (CA19-9) in the
blood of patients with PC are typically a red flag in the clinical follow-up (3). If CA19-9 levels are
abnormal, recurrence has to be assumed and patients are guided to have additional work-up,
including abdominal CT scans or MRI (4). However, CA19-9 is only elevated in ~65% of PC, is
not always elevated early on in disease, and can also be elevated in nhon-malignant conditions
such as chronic pancreatitis (CP) and other inflammatory disorders (2). As such, CA19-9
remains suboptimal for PC detection.

Recent evidence has shown that other serum biomarkers such as mucins may be more
specific and detectable, particularly for differentiating inflammation from oncogenic lesions (5,
6). Comprehensive genomic analyses of normal pancreas vs. CP and PC tissue identified
MUCS5AC as the most differentially expressed mucin gene compared with benign pancreatic
pathologies (5, 7, 8). MUC5AC belongs to a group of high molecular O-glycoproteins that are
either secreted or membrane bound (5). MUC5AC was further validated as a useful biomarker
both in tandem with CA19-9 as well as independently when it comes to PC diagnosis (8-10) but

has never been targeted for imaging.



In this study, we develop an antibody against MUC5AC and apply it for both
immunohistochemical analysis and immuno-PET for PC diagnosis. Uptake of radiolabeled
MUCS5AC shows successful tumor delineation in a PC xenograft out to 144 h post-injection of
radiotracer. The uptake of our radiotracer in vivo is blockable, which is demonstrated by a co-
injection of excess unlabeled antibody and also has significantly increased uptake compared to
the 1gG control (P < 0.001), marking its specificity for the MUCSAC target. We postulate that our
anti-MUCS5AC antibody has the potential to improve diagnosis of PC both in vivo and ex vivo

and change the paradigm for PC serum biomarkers.

MATERIALS AND METHODS

Cell culture. All tissue culture was performed using sterile techniques, and all cells were grown
at 37 °C and 5% COz2 in a humidified atmosphere according to ATCC instructions. All of the cell
lines discussed in this article were thawed from the same original stocks and routinely tested for
mycoplasma contamination.

RA96 antibody, protein extraction, and RA96 antigen preparation. RA96 antibody was
developed against intra and inter-cellular tumor-associated antigens. Secretomes were
harvested from 48 h serum free cultured cell supernatant and prepared as previously described
by us (11). Aliquots of lysates (50 ug) or aliquots of secretomes (15 ug) were separated in the
horizontal < 5 mm thick 1% agarose gels (HEEO ultra; CarlRoth, Karlsruhe, Germany) with TEA
running buffer (40 mM Tris-acetate, 1 mM EDTA, 0.1% SDS, pH 8.0, according to previously
published procedures (12).

Immunoprecipitation. As antigen sources, the secretomes (40 ug) or the lysates (200 pg) from
RA96 reactive and non-reactive cells were used for immunoprecipitation. For comparative

analyses an alternative antibody against MUC5AC, 2-11M1 were used in parallel to the RA96



hybridoma supernatant. The antibody 2-11M1 detects the globular D1/D2 domain located in the
N-terminus of MUC5AC (13).

Mass spectrometry and data mining. Gel pieces containing the antibody reactive or
corresponding non-reactive signals were excised out of the non-blotted gel part corresponding
to the RA96 reactive region and subjected to the tryptic digestion procedure. The peptides were
analyzed by liquid chromatography— tandem mass spectrometry (LC-MS/MS) on a Q Exactive
HF instrument (Thermo Fisher Scientific) coupled to an Ultimate 3000 RSLCnano HPLC System
(Dionex, ldstein, Germany) as described previously (14). The lists of identified proteins from
positive and corresponding negative samples were compared and accession numbers found
exclusively in positive control gel pieces were defined (Supplementary Table 1). A compilation
of annotated MS/MS spectra can be found in the Supplementary Materials. Further criteria to
the antigen identification were that the putative RA96 antigen must be a high molecular mass
protein of more than 300 kDa and could be associated or belong to the mucin family (15).
Knockdown of MUC5AC and recombinant expression of MUC5AC fragments. In order to
further demonstrate that MUC5AC is the antigen for RA96 antibody we performed siRNA
knockdown experiments and expression experiments of recombinant MUC5AC fragments in
negative cell lines. For siRNA experiments, cells were grown to a confluency of approximately
30% and incubated with 100 uM ON-TARGETplus siRNA (ON-TARGETplus MUC5AC siRNA
D-001810-02-05, Dharmacon, GE Healthcare) or Dharmacon ON-TARGETplus non-targeting
siRNA (Non-Targeting siRNA #2, Lot 1876332) as a control using Dharmafect (Dharmacon GE
healthcare) for two days followed by incubation in serum-free medium for another two days. The
protein samples were analyzed by immune blots with RA96. For expression of recombinant
MUCS5AC, fragments COS7 cells and Paca44 cells were transfected with the MUC5AC
sequences bearing pcDNA3.1 expression system as previously described (12). N-terminal

coding, C-terminal, N+2TR+Cterminal MUC5AC coding sequences and gfp-pcDNA3.1 control
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DNA were transferred to cells using effectene transfection procedure (Qiagen, Germany). Three
days after transfection the proteins were prepared, separated by NUPAGE 7 % gels (Pierce,
Thermofisher Scientific), transferred to PVDF-FL membrane and probed by RA96 and anti-
Muc5AC 2-11M1.

Immunohistochemistry with RA96. The tissue microarray (TMA) was constructed as
described previously (16). Briefly, six TMAs containing 300 cores of normal ducts and PanINs,
originating from 21 disease-free pancreata and 81 resected pancreata because of different
neoplasms, 30 alcoholic chronic pancreatitis and 10 autoimmune pancreatitis specimens and 48
PDACs (G1-G3). Immunohistochemical staining was performed with RA96, including the
deparaffinization of the formalin-fixed paraffin-.embedded tissue sections and the heat-induced
antigen-retrieval. The intensity of the reactions was scored as mild, moderate, or strong (score
1, 2, or 3, respectively) by an experienced pathologist (B.S.).

Preparation and radiolabeling of [°Zr]Zr-DFO-antibodies. RA96 and isotype-matched IgG
(~150 kDa) were functionalized with p-isothiocyanatobenzyl-desferrioxamine (DFO-Bn-NCS;
Macrocyclics, Inc.) as described previously (17). DFO-antibody conjugates were analyzed via
matrix-assisted light desorption-ionization time-of-flight mass spectrometry and found to have 3-
4 chelates/antibody. Zirconium-89 (8%Zr) was produced through proton beam bombardment of
yttrium foil and isolated in high purity as [8°Zr]Zr-oxalate at Memorial Sloan Kettering Cancer
Center (MSK) according to published procedures (18). DFO-RA96 and DFO-IgG were incubated
with neutralized [#%Zr]Zr-oxalate in chelex PBS at pH 7.0 and 37 °C for 1 h. Radioconjugates
were purified using disposable size-exclusion (PD-10) columns with PBS buffer exchange and
characterized via instant thin-layer chromatography.

Small animal models. All animal studies were conducted in accordance with the guidelines set
by the Institutional Animal Care and Use Committee at MSK. Female athymic nude (NU/NU)

mice (Charles River Laboratories, 6—-8 weeks, 20-22 g) were implanted subcutaneously with
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Capan-2 cells (5 x 108mouse) in the lower right flank in 200 uL of 1:1 media:Matrigel (BD
Biosciences) and grown to a tumor volume of approximately 100-150 mm?3 (4-5 weeks) prior to
imaging studies. Mia PaCa-2, Capan-2, and Capan-1 cells were implanted orthotopically into the
head of the pancreas of female athymic nude mice (40K cells, 1:1 Matrigel, 20 uL). Tumors were
palpated weekly and grown to a tumor volume of approximately 150-200 mm?3 (4-5 weeks).
ELISA on serum samples. Serum samples were collected from animals 1 week prior to imaging
studies. MUCSAC levels were detected with human MUCSAC ELISA kit (Aviva Systems Biology)
according to the manufacturer’s instructions.

In vivo imaging. Mice were anesthetized with 1.5%-2% isoflurane (Baxter Healthcare)
supplemented with medical air. Mice were administered [8°Zr]Zr-DFO-RA96 or [89Zr]Zr-DFO-
lgG (10-11 MBq, 30-40 png) in 130-150 uL PBS via lateral tail-vein injections. PET whole-body
acquisitions were recorded for mice at 24, 48, 72, 96, 120, and 144 h post-injection using a
dual microPET/CT scanner (Inveon, Siemens). Images were collected at = 50M coincidence
events per animal and reconstructed using standard OSEM 2D.

Biodistribution studies. Ex vivo gamma counting of tissues was performed to measure the
uptake of the radioconjugate in tissues at 144 h post-radiotracer administration. Radioactivity
contained within each organ was counted using a Perkin Elmer y-counter with isotope-
dependent calibrated protocols. Tracer uptake expressed as percentage injected dose per gram
(% ID/g) was calculated as the radioactivity associated with each tissue divided by the organ
mass, using the mass of decay-corrected injected dose at the time of counting.

Statistical considerations. All data were analyzed by the unpaired, two-tailed Student t test
and differences at the 95% confidence level (P < 0.05) were considered statistically significant.
Positive and negative controls were included whenever possible to ensure rigor and

reproducibility throughout experimental design.



RESULTS

Mass spectrometry analysis to identify MUCS5AC target. To characterize the Ra96 antigen
we performed secretome analyses. By immune detection of secretomes and lysates of the cell
lines and by immune fluorescence analyses of pancreatic cancer cell lines, we selected the
RA96 reactive and non-reactive cells. The cell line Capan-1 secreted the highest amounts of
RA96 antigen, followed by A818, BxPC3 and Panc1. MiaPaCa2, Panctu Il, Paca44 and the
human pancreatic epithelial cells HPDE show no detectable reactivity for RA96 antibodies
(Supplementary Figure 1). The RA96 antigen is a high molecular weight protein which is
sensitive against reducing conditions and disappeared after treatment of the samples with
dithiothreitol DTT. For mass spectrometry (MS) analysis, we chose Panctu Il as the negative
and the A818 cells as positive cells because of the more focused region in western blots than
Capan-1. MS results were compiled in an additional file (see Supplementary Figure Series 2).
Only MUCSAC was exclusively found with maximal five unique peptides in the secretome
samples from RA96 reactive cell lines with or without immunoprecipitation (see Supplementary
Materials for tables of MS results).

Immunoprecipitation confirms MUC5AC at RA96 target. In order to confirm the conclusion
of the MS results, we performed immunoprecipitation with RA96 and in parallel with MUC5AC
monoclonal antibody 2-11M1 (Biomol, Hamburg, Germany) in the same experiments
(Supplementary Figure 3) and tested the immune complexes with the antibodies vice versa.
The immune precipitated proteins isolated by 2-11M1 antibodies were recognized by RA96
antibodies, and the proteins immune precipitated by RA96 are also recognized by anti MUC5AC
clone 2-11M1. A MUC5AC N-terminal peptide (Sigma-Aldrich) was used for competition of the
RA96 immune signals in western blots. The signal intensity of 2-11M1 antibody could be reduced
to 50% by the treatment with 10 ug/ml N-terminal peptide, whereas the treatment was not

sufficient to significantly diminish the RA96 signals (data not shown).



MUCS5AC siRNA experiments and re-expression confirms RA96 specificity. We used
siRNA on-target plus for knockdown of Muc5AC expression in positive cells (Supplementary
Figure 4A, B). In western blots the RA96 signal intensity dropped down to the 20% of the
untreated sample. To characterize the epitope of RA96 in more detail we performed MUCSAC
re-expression experiments. The constructs were described by Ryan et al. (kindly provided to us
by M. Clyne and C. Reid) and coding for MUC5AC (N-term, C-term and N+2TR+C-terminal
fragments) were used in Cos7 control cells (12). RA96 and anti-MUCSAC 2-11M1 recognized
the lysates of MUCSAC transfected cells with the N+2TR+C-construct and with the N-term)
(Supplementary Figure 4C). Neither RA96 nor 2-11M1 detected the C-terminal fragment. The
expression of the C-terminal part in transfected COS7 cells was checked with the help of the
flag tags on the C terminal construct (data not shown).

Immunohistochemistry with RA96 highlights specificity for PC lesions over CP. RA96
shows positive staining and a specific progression of severity in clinical samples. Positive
staining begins at the PanIN level with increased staining in different grades of PDAC, including
staining in capan-2 xenografts (Figure 1). There is little to no staining in the chronic pancreatitis
samples, highlighting specificity for PC over other inflammatory conditions that are often
conflated by serum biomarkers. Clinical IHC is tabulated and quantified in Supplementary
Figure 5 (19).

[8Zr]Zr-DFO-RA96 shows significant tumor delineation in capan-2 xenografts. Multiple
stoichiometric ratios (10%, 20%, and 40x) of chelator (DFO) to antibody (RA96 or IgG) were
characterized via matrix-assisted light desorption ionization time-of-flight mass spectrometry
(MALDI-ToF MS). Reactions conditions that resulted in DFO-RA96 and DFO-IgG with an
average of 3-4 chelators/antibody were used in further radiolabeling procedures. All radiotracers
were examined for their stability in serum each show >95% stability out to one week for RA96

and >90% stability for IgG radiolabeled constructs (Supplemental Figure 6). The radiochemical
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yield for each reaction ranged from 90-95% and all tracers used in vivo were processed to a
radiochemical purity of >99%. The specific activity and molar activity for both [89Zr]Zr-DFO-RA96
and [89Zr]Zr-DFO-IgG was 0.3-0.4 MBqg/ug and 45-55 GBg/umol, respectively. Serial PET
imaging with [#°Zr]Zr-DFO-RA96 shows significant uptake (14.6 + 1.5 %ID/g) compared to the
blocking group (6.6 + 1.5 %ID/g) and [#°Zr]Zr-DFO-IgG (8.8 + 0.3 %ID/g), with a P < 0.001 for
both. In capan-2 tumors, increased accumulation of antibody is observed over the course of 144
h (Figure 2), as expected for antibody-based radiotracers. In order to mitigate liver uptake for a
shed serum biomarker, we tried the pre-injection strategy as previously described by Houghton
et al. with anti-CA19-9 radiotracer (20). In order to mimic these studies, we pre-injected a 3x
cold dose (unlabeled RA96) 4 h prior to [89Zr]Zr-DFO-RA96 administration. Interestingly, we
observed a partial block of the system, with no statistical difference between [89Zr]Zr-DFO-RA96
tumor uptake via a 3x pre-injection or a 30x cold blocking dose co-injection (6.2 + 0.8 %ID/g for
the 3x pre-injection vs. 6.6 + 1.5 %ID/g for the 30% co-injection). The 30x dose was specifically
administered for blocking purposes to confirm specificity of the RA96 tracer. The block and
partial block groups, along with the [89Zr]Zr-DFO-IgG arm have a P-value of less than 0.001
when compared to the specific uptake of [89Zr]Zr-DFO-RA96 in the tumor (Figure 3). This can
also be observed as early as 24 h and is consistent at 72 h as well (Supplemental Figures 7
and 8). We performed an ELISA experiment on serum samples collected from capan-2 mice
one week prior to PET imaging experiments to assess the degree of MUC5AC antigen shedding
in this model. We could not find any detectable MUC5AC in serum samples of these animals,
despite the successful calibration curve and quality controls for the kit (Supplemental Figure
9). These results are consistent with our partial block of our target from the pre-injection of

unlabeled antibody.
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[39Zr]Zr-DFO-RA96 shows significant tumor delineation in orthotopic xenografts of
varying MUCS5AC expression. To further expand on the utility of this tracer, we inoculated
animals orthotopically with tumors of varying MUCS5AC expression and RA96 immunogenicity.
We found that the uptake did indeed correlate with low, medium, and high-MUCS5AC expressing
tumors in orthotopic models of MIA PaCA-2, Capan-2, and Capan-1, respectively (Figure 4).

Additional imaging of this cohort at 72 h can be found in Supplemental Figure 10.

DISCUSSION

With all of these data taken together, we were able to confirm that RA96 can demarcate
MUCS5AC expression in PC tumors. Our immuno-PET tracer [29Zr]Zr-DF O-RA96 shows excellent
and specific tumor delineation in MUC5AC-positive tumors that can be blocked with both a partial
and excess administration of unlabeled RA96. While the capan-2 tumor model has been
characterized as a shed antigen model for serum biomarker CA19.9 (20), we did not observe
significant shedding of MUC5AC, despite clinical data showing a similar effect of this secreted
biomarker (9). Moreover, we also indicate that [89Zr]Zr-DFO-RA96 is able to detect orthotopic
lesions in multiple models of PC of varying MUC5AC expression. Finally, RA96 is multipurposed
in its ability to serve as an antibody for IHC, successfully delineating CP from PC through staining
of MUC5AC in PanINs and increasing grades of PDAC. We show strong evidence that this
biomarker, antibody, and radiotracer has great potential for the field of PC diagnostics through
multiple modalities.

Repeat biopsies are invasive and often lack reproducibility due to sampling issues,
particularly in heterogenous tumors such as PC. More importantly, biopsies may not be
particularly useful for patients with widespread metastases, which is often the case for PC. A
whole-body imaging agent that is specific for PC over CP could serve as an early diagnostic for

PanINs and would be a game-changing biomarker that serves to fulfill a diagnostic niche the
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field of PC is desperately missing. Currently, the standard for diagnostic imaging PC in the clinic
is typically CT or MRI. While these techniques can be sufficient for diagnostic purposes, CT and
MRI do not offer all of the advantages that PET does in terms of quantitative measurement of a
specific biomarker.

Establishing biomarkers in PC is a critically unmet need in order to improve the prognosis
of this challenging disease. Although several diagnostic biomarkers for PC have been
investigated, the majority of these have yielded suboptimal results (21-23). CA19-9, a blood
based biomarker for follow-up is useful for disease prognosis, but it has limited utility as an early
detection marker due to its variable sensitivity (60-90%), specificity (68-91%), and positive
predictive value (0.9-2.4%) (24, 25). Additionally, CA19-9 can be elevated in benign conditions
such as CP, jaundice, and cirrhosis. Furthermore, approximately 5-10% of Caucasians are
unable to synthesize CA19-9 (25-27), which makes it challenging for widespread reliability as a
biomarker in the clinic. Approximately 65% of resectable PC cases have elevated levels of
CA19-9 in the blood (21). In light of the sporadic nature of PC and asymptomatic early disease
stages, identification and characterization of serum markers that can either complement or
outperform CA19-9 is highly desirable.

Previous studies have shown that CA19-9 levels can predict stage and survival in
resectable PC (28) and well as locally unresectable PC (29). Multiple recent studies have also
revealed the non-specific nature of CA19-9 as a diagnostic marker (2-4, 30). Several promising
studies focus on CA19-9 for both imaging and radioimmunotherapy (31, 32) and are ongoing at
MSK. We aim to apply our expertise in order to evaluate novel biomarkers for both early and
specific detection of PC and to drive the improvement of clinical outcomes for this devastating
disease. Clinical “gold standard” metabolic radiotracers such as ['®F]fluorodeoxyglucose

(['®F]FDG) are often nonspecific for malignancy (33). Our MUC5AC-targeted radiotracer could
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fill the gap that exists for serum biomarkers and serve to fulfill an unmet need for early diagnosis

in PC.

CONCLUSION

Current biomarkers for PC are unreliable when it comes to differentiating between inflammation
and malignancy. The RA96 antibody has been well-characterized to be a MUCS5AC
conformation-dependent antigen. RA96 has the ability to achieve early detection for PC as it can
detect lesions from PanINs all the way to fully developed PDAC via IHC, as well as specifically
demarcate PC from CP in patient samples. We have successfully developed an immuno-PET
tracer with RA96 and shown that it can noninvasively and specifically demarcate MUC5AC
expression in PC. We expect that immuno-PET targeting MUCS5AC has high potential to be

clinically useful for early detection of PC.
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KEY POINTS

QUESTION: The central hypothesis of this study is that our MUCS5AC-targeted antibody RA96
could detect PC lesions that are specific from other instances of inflammation such as CP.
PERTINENT FINDINGS: We demonstrate that our immuno-PET strategy can be used to
noninvasively detect MUCS5AC expression in PC, a key serum biomarker that is able to not only
detect PanINs, but specifically demarcate PC from CP.

IMPLICATIONS FOR PATIENT CARE: There is a critical need for developing better biomarkers
to improve early detection of pancreatic cancer (PC). Current biomarkers for PC are unreliable
when it comes to differentiating between inflammation and malignancy. [89Zr]Zr-DFO-RA96

could be a valuable tool to specifically demarcate PC from CP and detect early onset PanINs.
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Figure 1. Immunohistochemistry of MUC5AC with RA96. A. No expression of RA96 in normal
human pancreas. B. No or weak expression in chronic pancreatitis. C-E. Strong staining with
RA96 in pancreatic intraepithelial neoplasia 1-3. F-H. Moderate to strong expression in
pancreatic ductal adenocarcinoma of different grades. More detail is provided in the
Supplementary Materials with regard to grade and scoring. |. Capan-2 xenografts were also
positive with RA96. J. Control tissue shows no background staining in the liver. Each line

indicates 50 um.
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Figure 2. Serial PET/CT imaging of [8°Zr]Zr-DFO-RA96 over the course of 144 h. Images
are represented as coronal slices (A) and maximum intensity projections (B). Tumors are on the
right flank and indicated by the dotted line. Mice were retro-orbitally bled from the right eye one
week prior, resulting in non-specific uptake of the radiotracer in the eye region. Increasing uptake

of the radiotracer in the tumor is shown over time, with the maximum at 144 h.
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Figure 3. Serial PET/CT imaging of [%°Zr]Zr-DFO-RA96 and [3°Zr]Zr-DFO-IgG with
corresponding ex vivo biodistribution at 144 h. Images are represented as coronal slices (A)
and maximum intensity projections (B). Tumors are on the right flank and indicated by the dotted
line. Significant differences are noted when comparing the [8°Zr]Zr-DFO-RA96 to all control
groups (P < 0.001). Pre-injection: indicates a partial block, with 3x amount of unlabeled antibody
injected 4 h prior to injection with [89Zr]Zr-DFO-RA96. Block: full block with 30x amount of
unlabeled antibody coinjected with [89Zr]Zr-DFO-RA96. IgG: injection of isotype-matched control
[8°Zr)Zr-DFO-IgG. Mice were retro-orbitally bled from the right eye one week prior, resulting in

non-specific uptake of radiotracer in the eye region.
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Figure 4. PET/CT imaging of [%Zr]Zr-DFO-RA96 with corresponding ex vivo
biodistribution at 144 h in multiple orthotopic tumor models. Images are represented as
coronal slices and tumors are indicated by white circles. From left to right: MiaPaCa-1 tumors
(low MUCS5AC expression), Capan-2 tumors (medium MUCSAC expression), and Capan-1

tumors (high MUCSAC expression), with corresponding ex vivo biodistribution.
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Supplementary Figure 1. Agarose gel separated samples of pancreatic and colorectal cancer
cells were analyzed by western blots. Capan secretome highly expressed MUC5AC antigen.
The RA96 antigen is only detectable if samples are not reduced (-DTT). Negative epithelial cell
lines are Panctu Il, Paca44, MiaPaca2, HPDE, SW480, whereas RA96 positive are Capan-1,

A818, Panc1, BxPC3, HT29, WiDR, SW620.



Supplementary Table 1. Summary of antigen characterization results. Agarose gel pieces

bearing reactive RA96 antigens were excised and subjected to the mass spectrometry

procedure. The loaded whole protein amount, the maximum of the score and the sum of

identified peptides to the identifications were given.

Experiment A
Sample

PC secretome B3
NC secretome B3

Experiment B
IP PC Secr B2
IP PC lysate B3
PC Secreme B2
PC lysate B3

Mg

10
10

40
200
10
50

Lane

3
4

o AN

reactive
band

B3
B3

B2
B3
B2
B3

# Ids

149
71

79
203
112
675

max # peps
per ID

8
2

Sum #
Unique
peptides

95
15

115

395

159
1614

sum #
peps
307
95

123

426

168
1720

score
max

510,99
189,88

182,22
875,64
319,16
2385,57

# Muc5AC
unique
peptides

Muc5AC
score
max

141,11

54,74
590,06
23,23
427,13



Supplementary Figure Series 2. Annotated spectra and fragment ion series for identified
peptides corresponding to Mucin 5AC (MUC5AC). In the spectra the precursor ion is depicted in
green, bions in red and y ions in blue, respectively. Tables show the b and y ion series with the
theoretical mass to charge ratios (m/z) that were assigned to the recorded spectra. Assigned

fragment ions are highlighted in red for b and blue for y ions, respectively.
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dupt |
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10 R 175.11896 88.06312 1
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77777 y 931.48517

ve
802.44238

Intensity [counts] (10°3)

b:*-NH;
99.07130

by ys~-H:0

‘ bs~-NH;
32811411
0

#1 b+ b2 Seq. y* y2 #2
1 88.03931 4452329 S 11
2 216.09789 108.55258 Q 1059.54296 530.27512 10
3 345.14049 173.07388 E 931.48438 466.24583 9
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LTPmEFGNLQK (g-value = 0.018, Mascot ion score = 21, Exp. value = 6.3E-002)
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TFDGDVFR (g-value = 0.031, Mascot ion score = 25, Exp. value = 2.2E-002)
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Supplementary Figure 3. Immune precipitation (IP) without cross linking (A) and with
cross linked antibodies (B). Affinity beads were generated by RA96 antibodies and anti
MUCS5AC clone 2-11M1 antibodies without (A) or with (B) crosslinking to protein G dynabeads
by DMP (Pierce, according to manufacturer protocol). Lysates or secretomes of positive (A) or
negative cell lines (P) were used as antigen source. A. The immune complexes generated by
different antibodies were separated in duplicate on the 1% agarose gel without DTT and detected
by RA96 and anti MUC5AC clone 2-11 as indicated. B. The bead fraction after elution with low
pH buffer (B: lane 1 + 2), the eluates (B: lane 12 + 13), and the whole IP samples (B: lane 3-10)
were analyzed by RA96. A secretome sample of positive cells (A818-1) were separated as a
western control. C. The addition of deglycosidase enzymes (e) did not affect the reactivity to
RA96, whereas the buffer condition of deglycosylation reaction itself diminished the reactivity of
RA96 signals. Abbreviations: L: lysate; S: secretome, A, A818; P, Panctu Il, e, deglycosidases

(according to Calbiochem protocol); DTT: dithiothrietol; IP: immunoprecipitation.
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Supplementary Figure 4. MUC5AC siRNA experiments and reexpression. MUC5AC siRNA
experiments and reexpression. A. Western blot analysis of on-target plus siRNA treated A818
cells. Lane 2, 5 samples of untreated cells, lane 3, 6 samples treated with control siRNA, and
4,7 samples treated with MUC5AC siRNAs. The blots were additionally probed with anti-E-
Cadherin (E-Cad) or anti-transferrin (TF) to control the loading amount of samples. B. The
diagram shows the relative signal intensities of the si-RNA treatments in the near infrared
detection system (Odyssey Licor). C. Reexpression of MUC5AC fragments probed by RA96
antibodies and anti MUC5AC 2-11M1 (Biomol) in Cos7 cells. Lysate (50 ug) of Cos7 cells
transfected with Muc5AC constructs: lane 1. N+2TR+C , lane 2 C-term , lane 3 N-term, lane 4

empty vector, lane 5 A818 control lysate.
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Supplemental Figure 5. Quantification of IHC with RA96 antibody in clinical samples. There is

100% no staining in normal ducts, over >90% no staining in chronic pancreatitis (CP). There is

a gradual increase of MUC5AC expression with grade (G1-G3) and level (PanIN vs. PDAC) of

pancreatic cancer.
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Supplementary Figure 6. Serum stability of radiolabeled RA96 and IgG for out to 1 week.
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Supplementary Figure 7. Serial PET/CT imaging of [°Zr]Zr-DFO-RA96 and [#°Zr]Zr-DFO-
IgG with corresponding ex vivo biodistribution at 24 h. Images are represented as coronal
slices (A) and maximum intensity projections (B). Tumors are on the right flank and indicated by
the dotted line. Significant differences are noted when comparing the [8°Zr]Zr-DFO-RA96 to all

control groups (P < 0.001). Pre-injection: indicates a partial block, with 3x amount of unlabeled



antibody injected 4 h prior to injection with [89Zr]Zr-DFO-RA96 . Block: full block with 30x amount
of unlabeled antibody coinjected with [89Zr]Zr-DFO-RA96. IgG: injection of isotype-matched

control [89Zr]Zr-DFO-IgG.

Coronal

MIPs

Supplementary Figure 8. Serial PET/CT imaging of [#°Zr]Zr-DFO-RA96 and [#°Zr]Zr-DFO-
IgG with corresponding ex vivo biodistribution at 72 h. Images are represented as coronal
slices (A) and maximum intensity projections (B). Tumors are on the right flank and indicated by
the dotted line. Significant differences are noted when comparing the [8°Zr]Zr-DFO-RA96 to all
control groups (P < 0.001). Pre-injection: indicates a partial block, with 3x amount of unlabeled
antibody injected 4 h prior to injection with [89Zr]Zr-DFO-RA96 . Block: full block with 30x amount
of unlabeled antibody coinjected with [89Zr]Zr-DFO-RA96. IgG: injection of isotype-matched

control [89Zr]Zr-DFO-IgG.
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19G RA96
1 2 3 4 5 6 7 8 9 10 11 12
1|STDs|STDs|  2x diluted 2x diluted | 2x diluted | 2x diluted B 2x diluted | 2x diluted | 2x diluted | 2x diluted | 2x diluted
2|STDs|STDs| 4x diluted 4x diluted | 4x diluted | 4x diluted B 4x diluted | 4x diluted | 4x diluted | 4x diluted | 4x diluted
3|STDs|STDs| 8x diluted 8x diluted | 8x diluted | 8x diluted B 8x diluted | 8x diluted | 8x diluted | 8x diluted | 8x diluted
4|1STDs|STDs| 16 x diluted |16 x diluted| 16 x diluted| 16 x diluted B 16 x diluted| 16 x diluted| 16 x diluted| 16 x diluted| 16 x diluted
5|STDs|STDs| 2x diluted 2x diluted | 2x diluted | 2x diluted | 2x diluted | 2x diluted | 2x diluted | 2x diluted | 2x diluted | 2x diluted
6[STDs|STDs|  4x diluted 4x diluted | 4x diluted | 4x diluted | 4x diluted | 4x diluted | 4x diluted | 4x diluted | 4x diluted | 4x diluted
7|STDs|STDs| 8x diluted 8x diluted | 8x diluted | 8x diluted | 8x diluted | 8x diluted | 8x diluted | 8x diluted | 8x diluted | 8x diluted
8|STDs|STDs| 16x diluted 16x diluted| 16x diluted | 16x diluted | 16x diluted | 16x diluted | 16x diluted | 16x diluted | 16x diluted | 16x diluted
RA96 + Preinjection RA96 + Block
STDs 19G RA96
1 2 3 4 5 6 7 8 9 10 11 12
11 1.32 | 1.45 0.0252 0.0255 0.0288 0.0238 0.0304 0.034 0.0478 0.029 0.0317 0.0251
2[1.25[1.34 0.0296 0.0284 0.023 0.023 0.0429 0.0363 0.0396 0.0371 0.0264 0.0447
3] 0.35| 0.51 0.0426 0.0305 0.0214 0.0254 0.0386 0.0461 0.0472 0.0321 0.039 0.0374
4]10.23 ] 0.15 0.0277 0.0308 0.0239 0.0372 0.0436 0.055 0.0543 0.0333 0.0173 0.034
5/ 0.11]0.12 0.0283 0.0245 0.0111 0.0213 0.0197 0.0211 0.0319 0.0263 0.0264 0.0309
6[0.06 | 0.07 0.0267 0.0256 0.0267 0.0288 0.0337 0.0215 0.0304 0.0285 0.0296 0.0275
7] 0.04 | 0.04 0.0269 0.0259 0.0278 0.0242 0.048 0.0203 0.0288 0.0268 0.0321 0.0332
8[0.03 | 0.04 0.039 0.0475 0.0137 0.0451 0.0412 0.0373 0.0336 0.0396 0.0388 0.0235
RA96 + Preinjection RA96 + Block

Supplementary Figure 9. ELISA standard curve, experimental set up, and raw data.




MiaPaCa-2 Capan-2 Capan-1

Supplementary Figure 10. PET/CT imaging of [8°Zr]Zr-DFO-RA96 at 72 h post-injection.
Images are represented as coronal slices in MIA PaCa-2, Capan-2, and Capan-1 tumors

orthotopically implanted.



