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Abstract

Purpose—We explored the diagnostic use of circulating tumor cells in patients with neoadjuvant
bladder cancer using enumeration and next generation sequencing.

Materials and Methods—A total of 20 patients with bladder cancer who were eligible for
cisplatin based neoadjuvant chemotherapy were enrolled in an institutional review board approved
study. Subjects underwent blood draws at baseline and after 1 cycle of chemotherapy. A total of 11
patients with metastatic bladder cancer and 13 healthy donors were analyzed for comparison.
Samples were enriched for circulating tumor cells using the novel IsoFlux™ System microfluidic
collection device. Circulating tumor cell counts were analyzed for repeatability and compared with
Food and Drug Administration cleared circulating tumor cells. Circulating tumor cells were also
analyzed for mutational status using next generation sequencing.

Results—Median circulating tumor cell counts were 13 at baseline and 5 at followup in the
neoadjuvant group, 29 in the metastatic group and 2 in the healthy group. The concordance of
circulating tumor cell levels, defined as low—fewer than 10, medium—11 to 30 and high—greater
than 30, across replicate tubes was 100% in 15 preparations. In matched samples the IsoFlux test
showed 10 or more circulating tumor cells in 4 of 9 samples (44%) while CellSearch® showed 0
of 9 (0%). At cystectomy 4 months after baseline all 3 patients (100%) with medium/high
circulating tumor cell levels at baseline and followup had unfavorable pathological stage disease
(T1-T4 or N+). Next generation sequencing analysis showed somatic variant detection in 4 of 8
patients using a targeted cancer panel. All 8 cases (100%) had a medium/high circulating tumor
cell level with a circulating tumor cell fraction of greater than 5% purity.

"Correspondence: Hematology/Oncology, Department of Internal Medicine, 7316 Cancer Center, University of Michigan, Ann Arbor,
Michigan (telephone: 734-936-0091; FAX: 734-615-2719; ajjai@med.umich.edu).
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Conclusions—This study demonstrates a potential role for circulating tumor cell assays in the
management of bladder cancer. The IsoFlux method of circulating tumor cell detection shows
increased sensitivity compared with CellSearch. A next generation sequencing assay is presented
with sufficient sensitivity to detect genomic alterations in circulating tumor cells.

Keywords

urinary bladder neoplasms; neoplastic cells, circulating; neoadjuvant therapy; pathology,
molecular; genomics

Bladder cancer accounts for 15,500 deaths annually.! In the absence of metastases radical
cystectomy offers the possibility of cure but with limited success.? Pathological stage,
lymphovascular invasion and histological grade are prognostic factors for survival. pStage is
associated with excellent 5-year disease-free survival (85% to 90%).24

Perioperative chemotherapy has been investigated to improve survival in bladder cancer.
Adjuvant cisplatin based chemotherapy is only applicable to 20% of patients due to the high
incidence of renal insufficiency and perioperative complications. Patients generally have
better performance status and organ function before cystectomy, providing the rationale for
neoadjuvant therapy. Neoadjuvant chemotherapy prior to cystectomy results in pathological
down-staging at surgery with a 38% frequency of pTO compared to 15% in control patients
who did not receive neoadjuvant chemotherapy in a randomized phase 111 trial.3 It also
provides an overall survival benefit.2°=7 Unfortunately cisplatin based chemotherapy is only
feasible in 50% of patients with bladder cancer due to inadequate renal, cardiac and
neurological function.8 Cisplatin also carries a risk of kidney damage and neuropathy.
Overall survival with cisplatin based neoadjuvant chemotherapy is only 5% at 5 years. The
critical unmet need in the management of muscle invasive bladder cancer is the
identification of minimally invasive biomarkers to stratify patients who would benefit from
neoadjuvant chemotherapy while sparing others needless toxicity.?

CTCs are detectable in most epithelial cancers and may enable early assessment for
neoadjuvant chemotherapy in bladder cancer.19-13 CTC counts predict progression-free and
overall survival in metastatic breast cancer,1* and overall survival in colon cancer and
castration resistant prostate cancer.1%16 CTCs were shown to be predictive biomarkers in
patients with castration resistant prostate cancer treated with enzalutamide.17:18

The CellSearch CTC Test™ detects CTCs in nonmetastatic and metastatic bladder
cancer.19-22 CellSearch has low sensitivity for localized bladder cancer, demonstrating
CTCs in only 17% to 23% of patients before cystectomy.1%:22 Nevertheless, the presence of
CTCs preoperatively was an independent adverse prognostic factor for cancer-free survival
in patients undergoing cystectomy. One recent study showed that CTCs remained an
independent predictor of cancer specific mortality in patients treated with cystectomy
without chemotherapy.23

The low sensitivity of CellSearch limits its usefulness for bladder cancer. The IsoFlux
System has previously been shown to increase sensitivity for CTC detection and molecular
profiling in prostate and colorectal cancer.24 This platform uses immunomagnetic isolation
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of CTCs in a microfluidic environment to enhance CTC capture and minimize white blood
cell carryover. The magnetic beads can be functionalized with multiple antibodies, although
EpCAM alone was used in this study for a direct comparison with CellSearch. The resulting
CTC samples are suitable for enumeration and NGS.

This study explored the potential role of CTCs in identifying patients who might be better
served by moving directly to cystectomy to avoid additional chemotherapy.

Materials and Methods

Study Aims

1) We explored the use of CTCs as a bladder cancer biomarker. 2) We compared assay
performance of the IsoFlux System to that of CellSearch. 3) We tested the repeatability of
the IsoFlux assay. 4) We established the feasibility of using CTCs for NGS (fig. 1).

Patient Selection

Two prospective pilot studies in a total of 30 patients with bladder cancer received
institutional review board approval at University of Michigan and University of California-
San Francisco. One cohort of 20 patients had locally advanced, resectable bladder cancer.
These patients had blood collections before and during neoadjuvant chemotherapy. Eligible
patients met certain criteria, including 1) histological evidence of urothelial carcinoma
invading the muscularis propria, 2) no radiological evidence of metastases, 3) candidacy for
cisplatin based chemotherapy and 4) candidacy for radical cystectomy with curative intent.
Two patients were lost to followup. Of the patients 16 underwent pathological staging at
cystectomy. A second cohort of 11 patients with metastasis was used for comparison and 13
healthy donor samples (AllCells®) were collected to serve as controls.

Sample Collection

Neoadjuvant patient blood samples were collected at baseline and after the first cycle of
chemotherapy. The second blood draw was taken 3 or 4 weeks after baseline in those on the
dose dense MVVAC, MVAC or classic cisplatin-gemcitabine regimen. In the metastatic and
healthy groups only 1 blood draw was taken. Samples were collected in 10 ml BD
Vacutainer® ethyl-enediaminetetraacetic acid tubes and shipped overnight to Fluxion
Biosciences for processing within 36 hours. Actual blood volume was 5 to 10 ml for IsoFlux
enumeration tests. CellSearch CTC Test samples were collected in CellSearch CellSave
tubes and processed at University of Michigan within 36 hours. All results were normalized
to 7.5 ml.

CTC Enrichment and Enumeration

IsoFlux System samples were enriched using the IsoFlux CTC Enrichment Kit. CTCs were
defined as morphologically intact, cytokeratin positive, CD45 negative and nucleated
according to the IsoFlux CTC Enumeration Kit. In a subset of 15 samples 2 tubes were
collected at the same time point for repeatability testing. Samples sent for CellSearch
enumeration were prepared according to manufacturer instructions. This test relies on a
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similar definition of CTCs (CK+, CD45- or nucleated) but differs in exact reagents and
equipment.

NGS Analysis

A subset of 8 samples had a second blood tube drawn for NGS analysis using the 1soFlux
NGS DNA Kit. This kit uses a column to further deplete leukocytes from the enriched
CTCs, followed by whole genome amplification based on REPLI-g DNA polymerase
(Qiagen®). The resulting gDNA went through target enrichment, library preparation and
sequencing using a targeted cancer panel with AmpliSeq™ CHPv2 and the lon PGM™
System. Final variants were filtered using lonReporter™ software and a specialized set of
filters according to manufacturer instructions using the IsoFlux NGS Kit, including percent
mutant reads, mutant read counts, strand bias, homo-polymer length and exclusion of
common germline mutations. Analytical validation of this filter set was performed using the
MDA-MB-231 model tumor cell line (ATCC®) with known mutations spiked into healthy
whole blood. This cell line was chosen for its low EpCAM expression and mesenchymal-
like properties to more closely approximate clinical samples.

Statistical Analysis

CTC values and pathological T/N stage after cystectomy were analyzed in a 2 x 2 table.
Sensitivity, specificity, and positive and negative predictive values are reported. Concordance
is reported with the corresponding « statistic and the 95% CI.

Results

Patient Demographics

Clinicopathological variables are presented for the 3 cohorts, including 21 patients in the
neoadjuvant group, 11 in the metastatic group and 13 healthy controls (tables 1 and 2).
Clinical staging in the neoadjuvant group was T2NOMO in 71% of cases, T3NOMO in 14%,
TANOMO in 10% and T4AN1MO in 5%. In the metastatic group 10% of patients were
chemonaive while the remaining 90% had received 1 or more lines of chemotherapy and
36% (4 of 11) had undergone prior cystectomy.

CTC Enumeration

CTC counts are reported at baseline for all cohorts and following 1 cycle of chemotherapy,
the latter in the neoadjuvant group only (table 3). For patients with multiple tubes tested at
the same time point CTC counts are shown as the mean of the 2 values. The median CTC
value was 13 in the neoadjuvant group at baseline, 5 in the neoadjuvant group at followup,
29 in the metastatic group and 2 in the healthy group (fig. 2). There was a low number of
CTC positive events in the healthy group (median 2, range 0 to 8, 99% CI of the mean 0.14—
4.02). To simplify the overall analysis CTC counts were grouped into bins, including low—
CTC less than 10, medium—210 to 30 and high—greater than 30. In the neoadjuvant group
60% of baseline samples were CTC medium or high, which decreased to 33% after 1 cycle
of chemotherapy. CTC counts were grouped by pStage, showing that adverse pStage was
associated with increased CTCs (greater than 10) (fig. 3). In the metastatic cohort 73% of
samples were medium or high and in the healthy group the rate was 0%.
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Assay Reproducibility

A subset of 15 neoadjuvant samples had 2 blood tubes submitted at the same time point to
assess the reproducibility of the enumeration assay (fig. 4, a). When using the low, medium
and high scheme, the concordance between tube 1 and tube 2 samples was 15 of 15 (100%).

Comparison to CellSearch

In 5 patients in the neoadjuvant group blood tubes were collected for parallel analysis
between IsoFlux and CellSearch at baseline and followup (fig. 4, b). This resulted in 9
comparisons since 1 patient was lost to followup. The IsoFlux test showed that 4 of 9
samples (44%) had 10 or more CTCs. None of the 10 samples tested using the CellSearch
system had a CTC count above 0.

CTC Correlation to Pathological Staging

In a subset of 16 patients in the neoadjuvant group pathological stage was determined at
cystectomy 4 months after baseline. Table 4 shows CTC low, medium or high levels at
baseline and after 1 cycle of chemotherapy. Analysis was performed to see how CTC counts
before and after chemotherapy were associated with pStage. Nodal involvement (N1-N2)
and tumor size (T1-4) strongly correlated with poor prognosis. These parameters were used
to assess whether the tumor had responded well to the chemotherapy regimen. These data
are presented to determine whether there was initial evidence that CTCs could predict which
patients might benefit from proceeding straight to cystectomy rather than receiving further
chemotherapy.

Baseline CTC with a cutoff of less than 10 had 73% sensitivity and 80% specificity. The
positive predictive value of baseline CTCs (medium/high baseline CTCs and unfavorable
pStage) was 89% (8 of 9 patients). Negative predictive value (low baseline CTCs and
favorable pStage) was 57% (4 of 7 patients). Concordance, defined as 1) low CTC, pTO/Tis
and NO or 2) medium/high CTC and T1-T4 or N1/2, was 75% (12 of 16 patients) using
baseline CTCs with a « statistic of 0.48 (95% CI 0.05-0.9, table 4). Followup CTCs using
the same cut point had 30% sensitivity, 80% specificity, 75% positive predictive value and
36.4% negative predictive value. Concordance was 46.7% with a « statistic of 0.08 (95% ClI
-0.3-0.4).

Next Generation Sequencing

Analytical—A total of 12 analytical samples were prepared using 4 spike-in
concentrations, including 0, 3, 6 or 12 cells per ml blood in 3 samples each. One sample per
concentration was enumerated to assess final CTC purity in NGS samples. CTC recovery
was 0, 2, 4 and 8 cells per ml, respectively, representing 70% average recovery for MDA-
MB-231. This represented a tumor cell purity of 0%, 5%, 8% and 15%, respectively. Three
single nucleotide variants in the BRAF, KRAS and TP53 genes were detected down to the
lowest CTC purity (5%) (supplementary table, http://jurology.com/). These variants were
detected in pure cell line samples with BRAF and KRAS showing a heterozygous frequency
of almost 50% and TP53 showing a homozygous frequency of almost 100%.
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At the primary test site 96% of true positive calls (23 of 24) were made across these 8
samples. One false-positive variant was called in 1 of the 8 samples. Six DNA samples were
run at a second sequencing site to assess reproducibility. The same true positive calls were
made (94%, 17 of 18) with closely correlated allelic frequency and 2 false-positive results
detected (fig. 5).

Clinical—Eight clinical bladder cancer samples and positive/negative controls were
analyzed with the same validated NGS workflow. All 6 positive control calls were correct
with no false-positive calls in any positive controls or healthy samples. A matched blood
tube was used for CTC enumeration and determination of CTC purity, defined as the ratio of
tumor cells to the total number of cells (table 5). The same variant filtering criteria applied to
analytical samples was used for clinical sample analysis to produce high confidence variant
calls. Clinical samples showed a median count of 27 CTCs recovered at a median purity of
12%. Four of the 8 patient samples (50%) tested had at least 1 variant detected using the
CHPv2 cancer hotspot panel. All 3 expected variants in the 2 positive controls were detected
and no false-positive findings were detected in negative controls. Of the 8 patient samples 4
(50%) had at least 1 somatic variant detected.

Discussion

This pilot study explored the usefulness of CTC analysis in the diagnostic assessment of
bladder cancer. CellSearch, which has FDA (Food and Drug Administration) clearance for
counting CTCs in breast, prostate and colorectal cancers, has low sensitivity in bladder
cancer with detectable CTCs in only 17% to 23% of patients. A more sensitive methodology
is needed to further pursue CTC biomarker applications in the clinic. The IsoFlux System
was used in this study and compared to CellSearch in a subset of patients. The IsoFlux
System recovered greater than 10 CTCs in 44% of the matched clinical samples (4 of 9)
tested compared to 0% for CellSearch, which identified no CTCs in the same 9 samples.
This suggests a gain in sensitivity to detect patients diagnosed with bladder cancer compared
to healthy controls. This improvement is due to more uniform flow and magnetic forces
applied in the microfluidic IsoFlux cartridge.

The IsoFlux test was reproducible across the low/medium/high classification with 100%
concordance (15 of 15 matched time point samples). It demonstrated the ability to recover
medium/high levels of CTCs in 60% of neoadjuvant cases and 73% of metastatic cases (fig.
2). The latter was consistent with a likely higher tumor burden. The decrease from 60% to
33% in CTC high/medium cases after the first chemotherapy cycle was consistent with the
presumed cytolytic effect of chemotherapy.

A matrix of associations was examined to determine whether baseline or followup CTCs
could predict pathological stage at cystectomy. The data suggested that baseline CTC levels
were a better predictor of pStage with 73% sensitivity while followup CTC levels after 1
chemotherapy cycle were not as indicative with 30% sensitivity. While the small study size
limits the statistical analysis of the association, this has helped refine the test plan for the
planned expansion of this study.
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This study also explored the use of NGS to profile somatic variants in CTCs. NGS has
already shown benefit in tumor tissue samples by identifying patients likely to respond to the
emerging class of molecular therapies. NGS samples must be of sufficient purity to detect
somatic variants. This is readily achievable for tumor biopsies, which routinely exceed 50%
purity, but it poses a challenge for CTCs, which are often in the less than 1% purity range.
Methods used in this study demonstrated the ability to produce samples with greater than
5% purity in 85% of the patients tested and greater than 10% purity in 71% of patients. For
NGS analysis 4 neoadjuvant and 4 metastatic cases were selected. At purity levels near 5%
the known mutations in the analytical samples were detectable using a commercially
available sequencer and a targeted gene panel. For the clinical sample set 7 of 8 samples had
CTC purity above 5% and variants were detected in 4 of the 8 samples. The same variants
were detected at different NGS service laboratories, thereby increasing confidence in the
NGS workflow.

However, an absence of detected mutations cannot be equated to the lack of mutations in the
patient tumor. Mutation detection depends on the presence of CTCs of sufficient purity and
the concordance between mutations harbored by CTCs and different parts of the tumor
tissue. Although it was not performed in this study, comparison to the primary tumor tissue
would add confidence that the mutations detected in CTCs are represented in the primary
tumor. A recent study comparing single cell CTC exome sequencing to data on multiple
biopsy sites demonstrated high concordance between CTC mutations and metastatic trunk
mutations.25 This feasibility study establishes a workflow to detect and analyze CTCs
without the need for single cell picking, a process that can be challenging at most clinical
laboratories.

Conclusions

This study demonstrates a potential role for CTCs in the management of neoadjuvant
bladder cancer. The IsoFlux method increases the sensitivity of CTC detection and enables
molecular profiling of recovered cells via NGS. A larger prospective trial is planned to
explore these aims further.
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Neoadjuvant chemotherapy
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Figure 1.
Outline of neoadjuvant study endpoints. At time of transurethral resection of bladder tumor

(TURBT) 20 patients with neoadjuvant bladder cancer were enrolled. In all patients 2 tubes
of blood were drawn before first neoadjuvant chemotherapy cycle and 2 were drawn after
first cycle approximately 1 month later. First 5 patients had 1 blood tube drawn and tested on
IsoFlux System and second blood tube tested on CellSearch assay. Next 10 patients had 2
tubes analyzed on IsoFlux System to assess repeatability. Remaining 6 patients had 2 tubes
processed on IsoFlux System but 1 was retained for molecular profiling. Pathological stage
was available in first 17 patients.
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Enumeration results. CTC count in each cohort was grouped into bins of CTC low—Iess
than 10 (blue bars), medium—210 to 30 (red bars) and high—greater than 30 (green bars),
and reported as percent of each cohort.
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point for repeatability analysis. Normalized CTC counts are shown on log scale with
reference to low/medium/high classification. Concordance among these 15 matched samples
using this scheme was 100%. b, comparison to CellSearch. First 5 patients had matched
samples sent for analysis on IsoFlux System and CellSearch CTC Test at baseline and after 1
chemotherapy cycle. In 5 patients tested no cells were detected using CellSearch.
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Page 14

- ==~ equivalence
@ KRAS
@ TP53
BRAF

Analytical validation of NGS assay showing correlation between allelic frequencies from
runs at 2 sites. MDA-MB-231 model tumor cell line was spiked into healthy donor blood,
resulting in final CTC concentrations of 0 to 8 CTCs/ml blood. Cell line has 3 known
somatic variants in BRAF, KRAS and TP53 genes. NGS workflow detected each variant for

17 of 18 positive calls with only 1 false-positive call in test group.
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Page 16

Demographics and clinicopathological variables of metastatic bladder cancer cohort and
healthy donor controls

Pt Identifier—Age—Sex

Chemotherapy History  Metastatic Sites

Prior Cystectomy

Metastatic:
Met1-61-M
Met2-68-M
Met3--6-F
Met4-70-M
Met5-66-M
Met6-71-M
Met7-73-F
Met8-61-M
Met9-81-M
Met10-43-M
Met11-75-M

Control:
HD1-22-M
HD2-22-M
HD3-44-M
HD4-44-M
HD5-26-M
HD6-30-M
HD7-30-M
HD8-54-M
HD9-27-M
HD10-26-M
HD11-24-M
HD12-36-M
HD13-36-M

1st Line Lymph nodes, bone, viscera
More than 2 lines Lymph nodes, bone. viscera
1st Line Lymph nodes, viscera

2nd Line Lymph nodes

1st Line Lymph nodes, bone, viscera

Not applicable

2nd Line Lymph nodes, bone
Naive Viscera

Naive Lymph nodes, bone
2nd Line Lymph nodes, viscera
1st Line Viscera

No
Yes
No
No
Yes
No
Yes
No
No
Yes
No
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Table 3
CTC count normalized to 7.5 ml blood in patients in all 3 groups
Pt Identifier CTC Count
Neoadjuvant (baseline/followup): *
Neol 50/60
Neo2 10/Not applicable
Neo3 60/7
Neod 8/2
Neo5 0/4
Neo6 0/2
Neo7 11/750
Neo8 210
Neo9 19/6
Neo10 1/3
Neoll 179/0
Neol2 128/0
Neo13 88/3
Neol4 1/0
Neol5 3/34
Neo16 15/9
Neol7 358/33
Neol8 183/100
Neo19 233/Not applicable
Neo20 8/14
Metastatic:
Metl 32
Met2 26
Met3 146
Met4 88
Met5 26
Met6 1
Met7 33
Met8 0
Met9 154
Met10 34
Metl11l 6
Control:
HD1 1
HD2 0
HD3 2
HD4 0
HD5 3
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Pt Identifier

CTC Count

HD6
HD7
HD8
HD9
HD10
HD11
HD12
HD13

o O N B N 0 b

*
CTC averaged in subset with multiple tubes tested at same time point.
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Table 4
CTC count by pStage
No. TO/Tis (%) No. T1-4 or N1/2 (%)  No. Concordance/Total No. (%) x (95% CI)
Baseline: 5 11 12/16 (75) 0.48 (0.05—0.9)
Low 4 (57) 3(43)
Medium/high 1(11) 8(89)
1-Mo followup: t 5 10 7115 (46.7) 0.08 (-0.3-0.4)
Low 4 (36) 7 (64)
Medium/high 1(25) 3(75)
Baseline vs followup paired samples: 5 10 - -
Low vs low 3 (50) 3(50)
Low vs medium/high 1(100) 0
Medium/high vs low 1 (20) 4 (80)
Medium/high vs medium/high 0 3(100)

*
Subset of neoadjuvant group underwent cystectomy and had p stage available (T0/Tis—CTC low and T1-4 or N1/2—CTC medium/high).

fAfter 1 chemotherapy cycle.
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Table 5
NGS analysis of clinical samples in 8 patients in neoadjuvant and metastatic settings, and
in positive (spiked) and negative (healthy) controls
Pt Identifier Ca Stage CTC Count (% Gene Sequence Variants  Location + Defects
purity)

Healthy - 0 None Not applicable

Healthy - 0 None Not applicable

Healthy - 0 None ¥ Not applicable

Healthy - 0 None Not applicable

N17 (1-mo followup) Neoadjuvant 40 (10) FGFR2 Chr10:123279681 G>A p.Arg251Ter

N18 (1-mo followup) Neoadjuvant 100 (19) PDGFRA ¥ Chr4:55144562 A>G p.Tyr679Cys

N22 % Neoadjuvant 20 (12 None -

N22 (1-mo followup) Neoadjuvant 21(8) EGFR Chr7:55221802 G>A p.(=)

M9 Metastatic 154 (25) JAK2* Chr9:5073770, T>G, p.Val617Phe

M10 Metastatic 34 (4) None -

M12* Metastatic 11 (15) None -

M13 Metastatic 8 (not determined) None -

MDA-MB-231 cell spike  Pos control Not determined KRAS, BRAF, TP53 ™ Chr7:140481417 C>A, p.Gly464Val,
chr12:25398281 C>T p.Gly13Asp,
chrl7:7577099 G>T p.Gly207Trp

MDA-MB-231 cell spike  Pos control 60 (8) KRAS, BRAF, TP53 Chr7:140481417 C>A p.Gly464Val,

chr12:25398281 C>T p.Gly13Asp,
chrl7:7577099 G>T p.Gly207Trp

*
Parallel NGS analysis was performed at 2 independent laboratories for sample subset that showed concordant calls.
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