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Abstract

The human-derived orthotopic xenograft mouse model is an effective platform for performing
in vivo bladder cancer studies to examine tumor development, metastasis, and therapeutic effects
of drugs. To date, the surveillance of tumor progression in real time for orthotopic bladder
xenografts is highly dependent on semi-quantitative in vivo imaging technologies such as
bioluminescence. While these imaging technologies can estimate tumor progression, they are
burdened with requirements such as anesthetics, specialized equipment, and genetic modification
of the injected cell line. Thus, a convenient and non-invasive technology to quantitatively monitor
the growth of bladder cancer in orthotopic xenografts is highly desired. In this work, using a
microfluidic chemiluminescent ELISA platform, we have successfully developed a rapid,
multiparameter urine-based and non-invasive biomolecular prognostic technology for orthotopic
bladder cancer xenografts. This method consists of two steps. First, the concentrations of a panel
of four urinary biomarkers are quantified from the urine of mice bearing orthotopic bladder
xenografts. Second, machine learning and principal component analysis (PCA) algorithms are
applied to analyze the urinary biomarkers, and subsequently, a score is assigned to indicate the
tumor growth. With this methodology, we have quantitatively monitored the orthotopic growth of
human bladder cancer that was inoculated with low, medium, and high cancer cell numbers. We
also employed this method and performed a proof of principle experiment to examine the in vivo

therapeutic efficacy of the EGFR inhibitor, dacomitinib.
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Introduction

Bladder cancer is the sixth most common malignant tumor in the United States and is one of
the most widespread carcinomas globally'-2. To study tumor progression, invasion mechanisms,
and therapeutic strategies for invasive bladder cancers in humans, biologically relevant mouse
models of cancer have been developed including carcinogen-based? 4, genetically engineered?, and
human-derived xenografts®. The human-derived orthotopic xenograft model is believed to have
high clinical relevance because of its high throughput, low cost, and high similarity to cancer found
in patients . In our most-updated approach, bladder cancer cell lines are directly inoculated into
the bladder lumen of NSG (NOD scid gamma) mice’ where they rapidly seed into the urothelial
lining 6. Consequently, tumors can develop quickly in the mouse bladder environment.

The surveillance of tumor progression in all human-derived orthotopic bladder xenografts still
highly depends on either end-point pathological and immunohistochemical analyses, or in vivo
imaging technologies such as PET-CT (Positron emission tomography—computed tomography)®
%, MRI (magnetic resonance imaging)'?, ultrasound imaging!!, and bioluminescence imaging'? '3.
However, end-point histological analyses cannot provide real-time information regarding tumor
progression. The real-time in vivo imaging approaches, while being able to estimate the tumor size
during growth, require expensive equipment, highly skilled personnel, time-consuming steps,
imaging agents, hair removal, and/or anesthetics, and are limited by the device capacity to process
a large number of mice!4. More importantly, these in vivo imaging approaches generally cannot
provide any biomolecular information about the tumor. As one of the most commonly used
approaches for tumor surveillance in animal models, bioluminescence intensity may provide only
semi-quantitative information about the tumor size. In addition, since genetically modified-cell
lines are needed, it may be difficult to extend bioluminescence imaging approaches to other types
of animal models (e.g., carcinogen induced cancer models). Thus, a broadly applicable, convenient,
and non-invasive technology is highly desired to quantitatively monitor the progression of
orthotopically implanted human tumor xenografts.

Urine carries a vast amount of cellular and biomolecular information related to urinary diseases
13,16 Tt has been found that urinary biomarkers can be used to provide diagnostic and prognostic
information for human bladder cancers'¢-18. Therefore, detection of a panel of selected biomarkers
in urine may provide a simple, cost-effective, and non-invasive means for tumor progression

monitoring. However, the correlation between a panel of multiple urinary biomarkers and tumor
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progression in the orthotopic bladder cancer xenograft model has not been investigated. This is
due in part to the limited analytical capability of the traditional ELISA (enzyme-linked
immunosorbent assay) technology that is widely used in analyzing biomarkers in urine, but suffers
from low sensitivity, long assay time (typically 4-6 hours), and large sample volumes (typically
50-100 uL per marker) which are difficult for a mouse to produce!®.

Here, we developed a methodology that uses a panel of urinary protein biomarkers to
quantitatively monitor tumor growth in live orthotopic xenograft bearing mice. This method
consists of a two-step approach. First, the concentrations of urinary biomarkers are quantified.
Then, machine learning and principal component analysis (PCA) algorithms?® are applied to
analyze the urinary biomarkers, and subsequently, a score is assigned to indicate the tumor growth.
More specifically, in this work, we used three groups of mice injected with low, medium, and high
numbers of human-derived bladder cancer cells (UM-UC-5 cell line 2!) as the model system. Four
protein bladder cancer biomarkers with high clinical or pathological significance were selected as
a panel that included EGFR?? 23, HER2?+ 2, ADAM152% 27, and Survivin!® 28, The biomarkers in
the mouse urine were analyzed every week for four weeks using an automated microfluidic ELISA
technology and the associated protocols developed in-house, which is able to rapidly and
sensitively detect those biomarkers with only 8 uL of sample per marker and a detection limit
down to a single-digit pico-gram per mL ?°. Then machine learning and PCA were performed with
our 4-marker results, which revealed that the distribution of the PCA data points correlates well
with the bioluminescence imaging readings about the tumor burden. Mice with small tumors can
be distinguished easily from those with large tumors. The tumor burden can be further quantified
with a “tumor growth score” that is calculated based on the PCA results. Finally, our method was
employed to study the in vivo therapeutic efficacy of an anti-tumor drug, dacomitinib, in the

orthotopic xenograft mouse model.

Experimental
1. Workflow

We designed a series of experiments to demonstrate the feasibility and to validate our method
of urine-based tumor growth analysis. Various numbers of human-derived bladder cancer cells
(UM-UC-5 cell line) were injected into the bladder lumens of NSG mice as previously described

in Ref. ¢ (see (Fig. 1) for illustration). The UM-UC-5 cell line was previously engineered to express
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firefly luciferase and is capable of being used with luciferin-based bioluminescence imaging. The
UM-UC-5 bladder tumor progresses gradually over a four-week surveillance period (spontaneous
muscle invasion was observed by the end of the study). 50-80 pL of urine per mouse was collected
once per week. The urinary concentrations for a panel of bladder cancer biomarkers were
quantified via microfluidic ELISA. Using the concentration data of these biomarkers, a PCA
analysis and subsequent score assigning was performed. To establish a correlation between the
urinary “tumor growth score” and the actual tumor severity, we also performed concurrent tumor
surveillance with traditional qualitative or semi-quantitative technologies such as endpoint
histological analysis and weekly in vivo bioluminescent imaging (technology validation assays).
We selected four urinary biomarkers that are believed to be either strongly involved in tumor
growth, muscle invasion or have high clinical relevance for cancer diagnostics. They are EGFR 2%
23, HER2?%2>, ADAM152%-27 and Survivin'> 1628 which are expressed in a large number of human
bladder cancer cell lines. As reported in previously, the expression levels of all genes in the UM-
UC-5 cell line was evaluated through mRNA sequencing®. Based on the mRNA expression data,
the UM-UC-5 cell line was determined to has highly amplified expression of EGFR, normal-level
expression of HER2 (ERBB2 gene) and ADAMI1S5, and relatively low expression of Survivin
(BIRC5 gene)®°. The protein expression of these markers were verified in the whole cell lysates of
several bladder cancer cell lines through western blot (Supplementary Fig. S1). Since the UM-UC-
5 cell line was collected from a female patient and has more consistent growth in the bladders of

female mice, we chose to conduct this experiment with female NSG mice.

2. Microfluidic chemiluminescent ELISA

Having an accurate and sensitive biomarker quantification technology is critical to building a
reliable tumor growth model that relies solely on urinary biomarker measurements. Although
widely used in protein quantification, the traditional 96-well plate based ELISA is not capable of
doing such measurements due to its large sample consumption per marker (50-100 uL) and
relatively limited sensitivity!'®. The limitation of the traditional ELISA exacerbates for mouse urine
(typically only 50-80 uL can be collected each time). Since the urinary concentrations of those
biomarkers are expected to be low, a high-power dilution is not practically applicable.

In this work, we employed microfluidic chemiluminescent ELISA technology developed in-

house, which has much higher sensitivities and requires much smaller sample volumes (only 8 pL
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per biomarker) than the traditional 96-well plate based ELISA. Detailed description of the
microfluidic chemiluminescent ELISA and the disposable 12-channel cartridge can be found in
our previous publication ?°. In addition, we employed streptavidin poly-HRP instead of standard
streptavidin-HRP to amplify the chemiluminescent signal 3!- 32, Meanwhile, the corresponding
blocking protocol was developed to suppress non-specific adsorption of poly-HRP to the sensor
surface 33. As a result, the signal-to-noise ratio was increased 5-fold over the previous protocol
(Supplementary Fig. S2). Excluding the sensor preparation (i.e., capture antibody immobilization,
which is usually done en-masse well in advance), the total assay time was about 45 minutes (Fig.
2(A)), much shorter than 4-5 hours usually used in 96-well-plate based ELISA.

We established calibration curves for the four bladder cancer biomarkers (Figs. 2(C)-(F)). The
linear dynamic ranges in the log-log scale are 3-2000 pg/mL, 3-2000 pg/mL, 5-4000 pg/mL, and
8-6000 pg/mL for EGFR, HER2, ADAMIS5, and Survivin, respectively (the lower LOD is
calculated by background +2.5 &), which cover approximately three orders of magnitude. The
intra-assay variance is close to or smaller than 10% (Supplementary Fig. S3). In contrast, the
dynamic ranges with plate based ELISA (from user’s manual of the kits) are 31-2000 pg/mL, 55-
3500 pg/mL, 63-4000 pg/mL, and 63-4000 pg/mL for EGFR, HER2, ADAMI5, and Survivin,
respectively 3437, The calibration curves demonstrated significantly improved sensitivity over
traditional plate-based ELISA, even with the same antibodies. The performance introduced above
can fully support the detection ranges that were used in the actual urine measurements, i.e., 10-
2000 pg/mL for EGFR, 10-2000 pg/mL for HER2, 10-4000 pg/mL for ADAM1S5, and 10-4000
pg/mL for Survivin. To ensure the measurement reliability, the lower ends of the dynamic ranges

(below 10 pg/mL) were not used for actual urine measurements and were marked as 0 pg/mL.

Results
1. Converting the ELISA measurements to a PCA model.

With the microfluidic chemiluminescent ELISA technology described in Section 2, we
performed the actual animal studies and converted the biomarker results into a PCA model. We
injected a group of mice with a low number of UM-UC-5 cells (marked as low number group),
along with a tumor-free control group. Those mice serve as the “training set” for the subsequent
studies using medium and high UM-UC-5 cell numbers. To be specific, 0.5 million UM-UC-5

bladder cancer cells were injected into the bladder lumens of the four experimental mice (L1-L4)
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on Day 0. For the sham (control) mouse, a buffer solution without cells was injected into one sham
mouse (Fig. 3). The urinary protein concentrations were measured for the four biomarkers at
different time points after tumor inoculation (Figs. 3(A)-(D)). Note that for EGFR measurements,
the urine samples were diluted three times with 1% BSA in PBS. For HER2, ADAMI1S5, and
Survivin measurements, the urine samples were diluted two times with 1% BSA in PBS. As
presented in Figs. 3(A)-(D), the urinary concentrations of the biomarkers generally have increasing
trends with some fluctuations. Due to 3% cross-reactivity between human EGFR and mouse EGFR
(according to the ELISA kit’s user manual) there were some background readings for EGFR, even
before the tumor inoculation. The typical background readings at Week 0 for EGFR (equivalent
human EGFR concentration) were between 200 and 1000 pg/mL. The “plateau” in the EGFR
readouts was resultant from measurement that exceeded the upper limit of detection. All
measurements that exceeded the detection limit were marked as the upper LOD (2000 x 3 = 6000
pg/mL). For HER2 and ADAMI15, no background signal was observed at Week 0 and the urinary
concentration readouts increased from nearly 0 pg/mL to 50-400 pg/mL by the end of week 4. For
Survivin, no background signal was observed at Week 0, but due to the relatively low protein
expression level, low readouts (<100 pg/mL) were observed from two of the four mice in the
following weeks. The increase in urinary biomarker concentrations is typically higher than two
orders of magnitude (especially for HER2, ADAMI1S5, and Survivin), which suggests that a
creatinine-based urine concentration normalization is not necessarily required (the distribution of
creatinine levels for all samples is within an order of magnitude, see Supplementary Fig. S4).
PCA analysis was performed with the biomarker concentration data collected from the ELISA
measurements (Fig. 3(E)). The data points from the mice with lower bioluminescence readouts (
< 1x 108 were represented by yellow dots and the data points from mice with higher
bioluminescence readings (> 1 x 10%) were represented by red dots. The data points were
clustered into two distinct groups, which means that the urine-based PCA results correlates well
with the bioluminescence imaging readings about the tumor load (see the insets for example). The
PC1 and PC2 components account for 84.1% and 9.0% of the variability (weights), respectively.
The eigenvalues were calculated for all four PC scores (Supplementary Fig. S5). The baseline data
points (before the tumor was injected and the sham animal) are all clustered around (-2, 0.2). The
data points that correlate with the mice with high bioluminescence intensity readouts (>1 x 108)

are all distributed in the right half of this two-dimensional plot (i.e., PC1>4). Most importantly,
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the mice with relatively low bioluminescence intensity readouts can be easily distinguished from

the mice with relatively high bioluminescence intensity readouts.

2. Testing sets

After successfully modeling the training set (i.e., the mice injected with a low number of initial
cancer cells) with PCA, we investigated two more groups of mice with a medium number (1
million) and a high number (1.5 million) of UM-UC-5 cancer cells injected into mouse bladders,
which serve as the testing sets. Same as the training set, urine was collected weekly and the urinary
biomarker concentrations were quantified via microfluidic chemiluminescent ELISA
(Supplementary Figs. S6 and S7).

The PCA results from these two groups were generated with the same algorithm and
parameters that were used for PCA analysis of the training set. We included trajectories on the
PCA plots for individual animals in order to visualize tumor growth (Fig. 4). Similar to the training
set, the trajectories for the testing sets all started from the baseline region around (-2, 0.2) in the
PCA plot and progressed towards the large tumor region denoted by the red shaded area. Note that
Mouse M1 and H2 died before the 4-week post-tumor-injection endpoint. The similarities between
the PCA results in the training set and the testing sets suggest that this tumor growth model is valid

over a range of injected UM-UC-5 cancer cell numbers (0.5-1.5 million).

3. Quantifying tumor growth with a urine-based “tumor growth score”

To provide a direct and quantitative assessment of tumor growth, this two-dimensional PCA
model is subsequently transformed into a one-dimensional system -- “tumor growth score”, which
is calculated as the distance between a particular point in the PCA plot and the averaged baseline
point centered around (-2, 0.2) (Supplementary Fig. S8). The tumor growth scores were calculated
for mice with low, medium, and high injected cell quantities at each time point (Figs. 5(A)-(C)).

During the four weeks of tumor growth, the scores from the mice in all three groups show clear
increasing trends (increased from around O to a range between 5 and 12). The slopes for the “low
number” group are the lowest among the three groups. In addition, lower initial cancer cell
numbers are beneficial for the mouse’s survival with tumor as deaths were observed in both the
medium and high number groups before study completion. The increasing trend of the score for

the first week may not be very significant for half of the mice (6 out of 12) but the score for the
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second week are significantly higher than the baseline points for all mice (p = 0.037, 0.003, and
0.00008 for low, medium, and high number groups, respectively). This indicates that although the
initially injected UM-UC-5 cell quantities are the same for all mice within each group, the uptake
rates for the cancer cells may be significantly different from mouse to mouse. The scores for most
of the mice reached “plateaus” after the second week in the medium and high number groups.
Therefore, a comparison was performed between the scores for each group at the second week
(Fig. 5(D)). The scores from the high number group have statistically significant differences from
those from the low number group (p=0.047). The scores from the medium number group were also
higher than the scores for the low number group but the differences do not have statistical
significance (p=0.113) (due to the outlier M4). The scores from the medium and high number
groups appear to be very similar (p=0.974). This demonstrates that our “tumor growth score” can
quantitatively reflect the orthotopic growth of the inoculated tumors, until they reach a very severe
stage.

The “plateau” that appears in the medium and high number groups can be explained by the
following conjecture. Once tumors fill the bladder lumen, the surface-to-volume ratio becomes
smaller and the tumor may grow outward impairing cellular diffusion within the bladder. After the
tumors reach a certain volume, the center of the tumor may become necrotic due to a lack of
nutrients. Both of these problems will inhibit the urinary concentration of the biomarkers from
increasing. This hypothesis is supported by the endpoint histological slides where one
representative mouse presented with a necrotic tumor (Figs. 5(E) and (F), collected from mouse
LT). Tumors at this stage usually have relatively low surface-to-volume ratios and showed multiple

necrotic areas (Supplementary Fig. S9).

4. In vivo dacomitinib therapeutic efficacy study

The UM-UC-5 cell line has an increased copy number of EGFR, which is a target of many
anti-cancer therapeutics. Dacomitinib, as a second-generation irreversible inhibitor of the EGFR
family, was recently approved by US FDA for the therapy of EGFR positive metastatic non-small
cell lung cancer®. The in vitro inhibitory efficacy of dacomitinib for human bladder cancer cell
lines was studied and reported by our previous research?!. UM-UC-5, along with other bladder
cancer cell lines, appeared to be sensitive to dacomitinib treatment (IC50 <5 puM)?l. In vivo

therapeutic efficacy tests for dacomitinib were also performed with UM-UC-6 and UM-UC-9 cell
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lines with conventional evaluation methodologies®®. However, the in vivo therapeutic efficacy of
dacomitinib in treating UM-UC-5 orthotopic xenografts have not yet been investigated.

With the establishment of this non-invasive and quantitative methodology for the surveillance
of orthotopic tumor growth, we conducted a pilot experiment regarding the in vivo therapeutic
efficacy of dacomitinib with a group of four animals. Half-a-million UM-UC-5 cells (the same
number used in the low number group) were injected into four NSG mice (D1-D4) due to the
relatively mild growth rate (Fig. 5). Dacomitinib was administered to the mice between the first
week (Day 7) and the fourth week (Day 28). Nine doses of dacomitinib by oral gavage at
approximately 15 mg/kg every other day during this three-week treatment.

Weekly urine collection was performed for four weeks. The urinary biomarker concentrations
were measured, the PCA model was applied, and the tumor growth scores were calculated for these
four mice in the same manner as our earlier sets. The scores for these four animals were plotted
together with the scores for the low number group and the sham control mouse. The scores for the
mice in the dacomitinib group stopped increasing after Day 7 which is when the treatment began
(Fig. 6(A)). Although some fluctuation was observed for mouse D1, the scores for all of the mice
in this group ended up at very low levels by the end of the experiment (Day 28).

Side-by-side comparisons were performed for the scores on Day 7 (before the dacomitinib
treatment started) and Day 28 (endpoint), between the dacomitinib group and the control group
(low initial cancer cell number without drug treatment). As presented in Fig. 6(B), no significant
difference can be observed for the scores on day 7 (p=0.978). In contrast, by the end of the
experiment the difference between the two groups became very large and significant (p=0.0002),
as shown in Fig. 6(C). The results of the urinary measurements indicate that the dacomitinib
treatment was effective in this in vivo test. We also used traditional examination methods to weigh
the bladders and perform IHC. The bladder weights were significantly lower in the dacomitinib
treated group (Figs. 6(D)-(E)), which corroborates our PCA finding that dacomitinib was
efficacious in this model. The mice that received dacomitinib treatment appeared to have smaller

and less “dense” tumors when comparing the IHC from each group (Supplementary Fig. S10).

Discussion

10
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In this work, we have successfully developed a non-invasive, multiparameter urine-based
biomolecular prognostic technology for bladder cancer orthotopic xenograft mouse model, which
provides an alternative tumor surveillance approach for the labs that do not have access to those
in vivo imaging facilities or skilled personnel (for bioluminescence imaging, PET-CT, MRI,
ultrasound). While developing this method, we quantitatively monitored the growth of orthotopic
bladder cancer xenografts that were induced by different initial cancer cell numbers across a four-
week period. We also conducted a pilot experiment that utilized this method for real-time
surveillance of the in vivo therapeutic efficacy of dacomitinib.

Our results indicate that the model, built with multiple biomarkers, will lead to several unique
advantages over single-parameter models. First, the background readings (noise) for a single
biomarker (caused by cross-reactivity) were greatly reduced or even eliminated (see
Supplementary Fig. S11 for tumor growth scores with EGFR only and EGFR+HER?2). Second, the
saturation in a single biomarker’s measurement will not stop the progression in the model as the
increment in the readings of other biomarkers will dominate the progression in the model. Third,
the selection of biomarkers with significantly different expression levels makes this modeling
methodology broadly applicable to other human bladder cancer cell lines. For example, the four
markers used in this study were proved to be expressed in a large number of human bladder cancer
cell lines. While Survivin expression is relatively low in the current cell line (UM-UC-5), it is
highly expressed in some other bladder cancer cell lines such as UM-UC-6. Certainly, recalibration
of the biomarker selection may be necessary depending on the protein expression patterns of the
desired cell line, but this is easily performed. It should be noted that, as a proof-of concept study,
we did not aim to include all markers involved in bladder cancer’s progression and invasion.
Incorporating additional markers (e.g., FGFR3, EpCAM, and CXCLI1 for tumor growth and
muscle invasion) may be potentially beneficial for the generalization of our model and approach?*’-
43

The development of this methodology also facilitated the optimization of the number of cancer
cells for orthotopic injection. As the scores presented in Figs. 5 (A)-(C), out of the three initial
cancer cell numbers that were tested in this study, the “low number” group appears to have the
shallowest increasing trend of tumor growth scores out of the three groups (while having a large
endpoint tumor size) which is an essential for an animal model that is expecting to have a long

survival time after tumor inoculation. The variation in tumor growth rates that were caused by
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different initial numbers of UM-UC-5 cells was observed and reported for the first time because
such optimization is difficult to perform without a reliable quantitative tumor surveillance
technology.

In addition to the animal model itself, our work also demonstrated strong potential in
facilitating in vivo drug efficacy modeling in live animals. With our methodology, the necessity of
luciferase transfection for patient-derived tumor cell lines can be reduced. This is especially
beneficial for researches with patient-derived-xenograft models, as the tumor growth can be
monitored through urine measurements. It can ultimately lead to an enhancement in the throughput
for and cost performance in personalized precision medicine therapies in clinical settings.

With all the aforementioned features, the same modeling concept can easily be applied to other
bladder cancer cell lines and adapted for other types of bladder cancer animal models. Carcinogen-
based mouse models, syngeneic models, and PDX models** 43, could all benefit from a new
approach to quantifying tumor burden in mice. Furthermore, this urine-based methodology should
be applicable to research with other types of urinary system carcinomas, such as renal cell
carcinoma and prostatic carcinoma 404,

Although we have demonstrated very promising results for the surveillance of orthotopic tumor
growth, there are many avenues for this method to progress. The trends for the urine measurements
shortly after the introduction of dacomitinib are still unknown. To find out the exact “bifurcation
point” between the treated and control groups, more data points can be added between week one
and week two. Such intensified data points are also beneficial for investigating the tumor growth
rate during the earlier stages of xenograft development.

As mentioned in the “Result” section, the change in biomarker concentrations was typically
higher than two orders of magnitudes, thus the necessity for performing creatinine-based urine
concentration normalization was reduced. However, such normalization may still be helpful for
the measurements with the urine collected from animals with larger tumors because their urine
generally appeared to be more diluted (caused by unknown reasons). Such normalization will
likely make the “plateau” levels in the score shift to higher values and appear at later time points.

According to our previous research, local muscle invasion and distant metastasis typically
occur by the fourth week and such metastasis was also observed by bioluminescence in these
experiments (Supplementary Fig. S11). However, our current urine-based model is not capable of

quantitatively monitoring the tumor invasion or metastasis after the tumors grow over the entire
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inner surface of the bladder. This limitation may be addressed by introducing more metastasis and
invasion-related urinary markers (including protein, exosome, and micro-RNA markers) into this

model30-56,

Materials & Methods
Cell lines

The UM-UC-5, UM-UC-15, and UM-UC-18 cell lines were obtained from their originator, Dr.
H. Barton Grossman of the MD Anderson Cancer Center (Houston, TX). Cells were cultured in
Dulbecco’s Modified Eagle Medium (HyClone) supplemented with 8% fetal bovine serum
(HyClone), 1% penicillin-streptomycin-Fungizone (Lonza BioWhittaker), and 2 mM GlutaMAX
(Gibco). Cells were grown in a humidified incubation chamber at 5% CO2 and 37°C. Cell line
authenticity was verified by analysis of short tandem repeats (IDEXX Bioanalytics) and lines were

determined mycoplasma free by PlasmoTest (InvivoGen).

Orthotopic bladder xenografts and dacomitinib treatment

NOD.Cg-Prkdcs<112rg™"i"/Sz] (NSG™) mice were obtained from the Unit for Laboratory
Animal Medicine Breeding Colony at the University of Michigan. Female NSG mice between the
age of 3 to 6 months were given orthotopic bladder xenografts as previously described (PMID:
30683938)%. One week after xenograft implantation, a group of female mice (N = 4) were given
nine doses of dacomitinib by oral gavage at 15 mg/kg approximately every other day for three
weeks. To measure bioluminescent signal, mice were given an IP injection of 3 mg D-Luciferin
(Regis Technologies) and after 10 minutes, signals were measured using an IVIS 200 Spectrum
(Perkin Elmer). Bioluminescent signals coming from the bladder were measured by setting the
minimum counts to 600 and using Living Image’s “Auto ROI” feature with a 25% threshold. Mice

were euthanized after 4 weeks post-xenograft-implantation.

Ethical considerations

All animal studies were conducted under protocols (PRO00007073) approved by the
University of Michigan Institutional Animal Care and Use Committee (IACUC). The animal
studies were conducted in compliance with the University of Michigan guidelines and federal

regulations.
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Urine collection
Mice were placed in a sterile empty cage without bedding. The cages were checked for urine
in 10 minute intervals for a maximum of 30 minutes. Urine was immediately transferred to

centrifuge tubes on ice and then stored at 4°C throughout the day (until at least 50 uL of urine was

collected). If insufficient urine was collected, the process was repeated approximately 2 hours later.

Pre-ELISA treatment of urine

Urine samples were spun for 30 seconds with 10,000 x g to remove the insoluble fractions in
the urine. The supernatant was collected with clean microcentrifuge tubes and the pellets were
discarded. The centrifuged urine samples were stored at 4°C before taking ELISA measurements.

The storing periods were typically less than three days.

Western blotting

Cells were washed with PBS, harvested by cell scraping, and then pelleted by centrifugation
at 4 °C, 9,300 x g for 5 minutes. Cell pellets were frozen at -80°C. These pellets were then lysed
in RIPA buffer (PMID: 1843431157) for 1 hour on ice with intermittent vortexing. The lysed cells
were then centrifuged at 4°C, 13,200 x g for 8 minutes, supernatants were collected and quantified
with the Bradford protein assay (Bio-Rad) °7. Gel electrophoresis was performed using equal
amounts of protein on 4-20% Tris-Glycine gels, WedgeWell format (Novex). A wet transfer was
used to move proteins from the gel to an Immobilon-FL PVDF membrane (Millipore), blocked
with non-fat dry milk, and then incubated with primary antibody overnight at 4°C followed by 1
hour at room temperature. The primary antibodies were anti-ADAM15 (NovoPro, 101503), anti-
EGFR (ThermoFisher Scientific, H9B4), anti-GAPDH (Invitrogen, GA1R), anti-HER2 (Abcam,
EP1045Y), and anti-Survivin (R&D Systems, 91630). Fluorescent secondary antibodies included
IRDye 680LT goat anti-mouse and IRDye 800CW goat anti-rabbit (LI-COR). Blots were scanned
using the Odyssey CLx (LI-COR) and analyzed using Image Studio v3.1.

Microfluidic ELISA system

14
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The layout of the microfluidic ELISA system can be found in our previous publication %°.
Briefly, 12-channel polystyrene capillaries were used as the ELISA reactors. A CMOS camera was
used to quantify the chemiluminescent signal of the ELISA reaction. A detailed and updated
protocol for the microfluidic ELISA (applicable for all four biomarkers) that was used in this

project can be found in the “Experimental” section.

ELISA reagents

The ELISA kits for human EGFR, HER2, ADAMI1S5, and Survivin were all purchased from
R&D systems. The catalog numbers are DY231(EGFR), DY1129B(HER2), DY935(ADAMI15)
and DYC647-5(Survivin), respectively. Note that the kits for EGFR and ADAM1S5 recognize the
extracellular domains of the respective targeting proteins. The working solutions of the antibodies
were prepared at the following concentrations: 4 pg/mL for EGFR capture antibody, 1 ug/mL for
EGFR detection antibody, 10 pg/mL for HER2 capture antibody, 0.5 pg/mL for HER2 detection
antibody, 20 pg/mL for ADAM1S5 capture antibody, 0.3 ng/mL for ADAMIS detection antibody,
2 pg/mL for Survivin capture antibody and 0.72 pg/mL for Survivin detection antibody. The
working solutions of all capture antibodies were prepared with 1x PBS and the working solutions
for all detection antibodies were prepared with 1x reagent diluent.

The ELISA coating buffer (Ix PBS, DY006), concentrated wash buffer (WA126),
concentrated streptavidin regular-HRP (DY998) and concentrated reagent diluent (10% BSA in
10x PBS, DY995) were purchased from R&D Systems. The working solution of the wash buffer
and reagent diluent were diluted with Milli-Q water (R = 18.2 Q) to achieve 1x working
concentration (based on user’s manual). The Superblock PBS buffer (ThermoFisher, 37518), the
streptavidin poly-HRP stock solution (ThermoFisher, 21140) and the poly-HRP dilution buffer (1%
casein in 1x PBS, ThermoFisher, N500) were purchased from Thermo Fisher. The working
solution of the streptavidin regular-HRP was prepared by diluting the stock solution 200 times
with the reagent diluent working solution (1% BSA in 1x PBS). The working solution for the
streptavidin poly-HRP was prepared by diluting the stock solution 1,250 times with the poly-HRP
dilution buffer. The chemiluminescent substrate (SuperSignal ELISA Femto Substrate,
ThermoFisher, 37075) was used for detection. The working substrate solution was prepared by
equal-volumetric mixing of the Luminol + Enhancer Solution and the Stable Peroxide Solution

(all contained in the substrate kit) at room temperature.

15
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PCA analysis procedure

To reduce dimensionality for classification we applied PCA analysis on the EGFR, HER2,
ADAMI15, and Survivin concentration results. A natural logarithmic operation was first applied to
all ELISA measurements. Then the measurements results were splinted into a training set (49
samples, including urine measurements from the low number group and a few additional baseline
readings) and a testing set (34 samples). PCA was first applied to the 49-by-4 dataset to produce
49-by-4 principal component scores. Based on the eigenvalue, approximately 93% variability was
explained with the first two PCs. Hence, we used the primary two principal components for further
analysis. With the 4-by-4 PCA coefficients acquired from the training set, the PC scores of the
testing set can be calculated by multiplying the PCA coefficients to the testing samples’ dataset.
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Figure 1. Illustration of the workflow.
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/ \_ Validation /

Bladder cancer was induced by injecting human-derived bladder cancer cells (UM-UC-5) into the

bladders of immunodeficient mice. The tumor progresses in a 4-week period, during which, at
least 50 pL of urine was collected once per week. A panel of four protein bladder cancer
biomarkers (EGFR, HER2, ADAMI1S5, and Survivin) in urine were selected to build the tumor
growth model. An automated microfluidic chemiluminescent ELISA system and associated
detection protocol developed in-house, which could complete an assay in about 45 minutes with
only 8 uL of sample (per biomarker) and a detection limit down to a few pico-grams per mL, were
employed to quantify the biomarkers’ concentrations in urine weekly. Principal component
analysis (PCA) was used to analyze the ELISA results for the four biomarkers and subsequently
establish a quantitative tumor growth model. Concurrently, endpoint histological analysis and
weekly in vivo bioluminescent imaging were performed to validate the effectiveness and accuracy

of our methodology.
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Figure 2. The highly-sensitive microfluidic chemiluminescent ELISA.

(A) ELISA assay protocol for the four bladder cancer biomarkers. The first 105 minutes were used
for ELISA sensor preparation (i.e., capture antibody immobilization), which is usually done well
in advance. The actual assay time was about 45 minutes, including a rinsing step (with 0.05%
Tween) after each incubation step. (B) Illustration of the sandwich ELISA assay with poly-HRP
amplification. The use of poly-HRP enhances the signal approximately five-fold, compared to
regular HRP conjugated on the detection antibody. (C)-(F) Calibration curves for the four
biomarkers with our microfluidic chemiluminescent ELISA. The dynamic range for all of the four
biomarkers covers over three orders of magnitude. The respective LODs were 3 pg/mL for EGFR,
3 pg/mL for HER2, 5 pg/mL for ADAMI1S5, and 8 pg/mL for Survivin (calculated by background
+2.5 6). The shaded areas denote the ranges used in the actual urine measurements, i.e., 10-2000
pg/mL for EGFR, 10-2000 pg/mL for HER2, 10-4000 pg/mL for ADAMIS5, and 10-4000 pg/mL

for Survivin. The solid lines are the linear fit in the log-log scale, within their dynamic ranges.
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Figure 3. Converting urinary biomarker concentrations to a PCA model.

(A)-(D) Urinary concentrations of the four biomarkers in five mice over 4 weeks. A low number
of 0.5 million UM-UC-5 (luciferase positive) bladder cancer cells were injected into the bladder
lumens of the four experimental mice (L1-L4) on Day 0. Buffer solution without cells was injected
into the sham mice. The “plateau” in the EGFR readouts was caused by the measurement that
exceeded the upper limit of the detection range. (E) PCA plot generated based on the urinary
biomarker concentrations in (A)-(D). The distribution of the data points correlates well with the
bioluminescent imaging readings (see the insets for example) about the tumor size (See the scale
bar for the correlation between colors and bioluminescent intensities). The mice used here serve
as the training set for all subsequent experiments and PCA analyses. The corresponding calculation
algorithms will be used to analyze data in the remaining “testing” sets of experiments. Note that

the baseline is clustered around the coordinates (-2, 0.2) on the PCA plot.
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Figure 4. Trajectories of the mice on a PCA plots indicated by arrows during the 4-week urine
measurements.

These mice were injected with a medium number of 1 million UM-UC-5 cells (A) and a high
number of 1.5 million UM-UC-5 cells (B) and they serve as the testing sets using the PCA
parameters obtained in Fig. 3(E). They all started from the baseline around (-2, 0.2) on the PCA
plot and progressed towards the large tumor region denoted by the shaded area. Note that Mouse

M1 and H2 were euthanized before the 4 week end point due to tumor burden.
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Figure 5. Quantifying tumor growth with PCA scores and endpoint histology.

(A)-(C) Quantification of tumor growth using the scores obtained on the PCA plot for low, medium,
and high numbers of initially injected of UM-UC-5 cells. (D) Comparison of the scores on day 14
for the mice that had received low, medium, and high initial cancer cell numbers. (E)-(F) Endpoint
histological slides with H&E staining and EGFR immunohistochemistry staining for a
representative “large” orthotopic bladder xenograft. Muscle invasion can be found at the bottom
left corner of the cross-sectional image, as marked by the arrow. Tumors at this stage usually have

relatively low surface-to-volume ratios and multiple necrotic centers. The scale bars stand for 0.5

mm.
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Figure 6. Urine-based tumor growth quantification for an in vivo dacomitinib study.
(A) Tumor growth scores for animals with (D1-D4) and without (L1-L4) dacomitinib treatment,
between Day 0 and Day 28. Dacomitinib treatment was performed between day 7 and day 28. The
scores for the sham mouse are also plotted. (B) Score comparison between the treated and control
groups on day 7. No significant difference was observed. (C) Score comparison between treated
and control groups on day 28. The scores from the control group were significantly higher than
the dacomitinib treated group. (D)-(E) Result evaluation and validation. (D) The photos for the

bladders with or without dacomitinib treatment. (E) Endpoint bladder mass comparison for both
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