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Abstract

Purpose—CALGBB80303 was a phase Il trial of 602 patients with locally advanced or
metastatic pancreatic cancer comparing gemcitabine/bevacizumab versus gemcitabine/placebo.
The study found no benefit in any outcome from the addition of bevacizumab to gemcitabine.
Blood samples were collected and multiple angiogenic factors were evaluated and then correlated
with clinical outcome in general (prognostic markers) and with benefit specifically from
bevacizumab treatment (predictive markers).
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Experimental Design—Plasma samples were analyzed via a novel multiplex ELISA platform
for 31 factors related to tumor growth, angiogenesis, and inflammation. Baseline values for these
factors were correlated with overall survival (OS) using univariate Cox proportional hazard
regression models and multivariable Cox regression models with leave-one-out cross validation.
Predictive markers were identified using a treatment by marker interaction term in the Cox model.

Results—Baseline plasma was available from 328 patients. Univariate prognostic markers for
OS were identified including: Ang2, CRP, ICAM-1, IGFBP-1, TSP-2 (all P< 0.001). These
prognostic factors were found to be highly significant, even after adjustment for known clinical
factors. Additional modeling approaches yielded prognostic signatures from multivariable Cox
regression. The gemcitabine/bevacizumab signature consisted of IGFBP-1, interleukin-6, PDGF-
AA, PDGF-BB, TSP-2; whereas the gemcitabine/ placebo signature consisted of CRP, IGFBP-1,
PAI-1, PDGF-AA, P-selectin (both £< 0.0001). Finally, three potential predictive markers of
bevacizumab efficacy were identified: VEGF-D (£ <0.01), SDF1 (£ <0.05), and Ang2 (P< 0.05).

Conclusion—This study identified strong prognostic markers for pancreatic cancer patients.
Predictive marker analysis indicated that plasma levels of VEGF-D, Ang2, and SDF1 significantly
predicted for benefit or lack of benefit from bevacizumab in this population.

Introduction

Pancreatic cancer is one of the leading causes of cancer-related death worldwide (1).
Surgery is rarely curative and the benefit of gemcitabine and other treatments has been
marginal. Only recently has the survival for patients with metastatic pancreatic
adenocarcinoma moved beyond 1 year (2), and the combination chemotherapy regimen
responsible for this improvement, FOLFIRINOX, may not be appropriate for many patients
with pancreatic cancer (3). Recently, the addition of Nab-paclitaxel to gemcitabine improved
overall survival (OS) for patients with metastatic pancreatic cancer, however, this
improvement was relatively modest (4). The clinical hallmarks of pancreatic cancer include
marked cachexia, hypercoaguability, and pain syndromes out of proportion to the tumor
volume (5). The primary tumor is also notoriously desmoplastic, locally invasive, and
metastatic early in its course. The pathophysiology underlying these conditions has been
associated with multiple factors associated with tumor angiogenesis and inflammation (5).

CALGB80303 was a randomized, double-blind placebo controlled study of standard of care
gemcitabine chemotherapy + bevacizumab in patients with advanced or metastatic
pancreatic cancer (6). This study included 602 patients and was conducted by CALGB,
which has recently merged into the Alliance for Clinical Trials in Oncology (Alliance).
Bevacizumab (Avastin; Genentech/ Roche Inc.) is a monoclonal antibody that binds all
known isoforms of VEGFA (vascular endothelial growth factor-A, also commonly known as
VEGF). Bevacizumab is associated with improved clinical outcomes in several cancers,
including metastatic colorectal (7), non—-small cell lung (8), renal cell (9), and glioblastoma
(10, 11). However, despite promising phase 1l data (12), bevacizumab conferred no benefit
in terms of OS or progression free survival in CALGB80303 (6).

Recognizing the potential value of biomarkers that might predict for sensitivity and
resistance to bevacizumab, as well as prognostic markers that could also guide the
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management of patients with pancreatic cancer, plasma, serum, and urine were collected at
baseline and at each restaging during treatment on CALGB80303. At the time the study was
initiated, the analyses of the angiogenic and inflammatory factors felt to play a role in the
prognosis of pancreatic cancer had typically been limited by the size and quality of the
available datasets, and by the use of standard ELISA methodology, which significantly
limits the number of factors that can be evaluated in a given sample.

Many of these limitations have since been overcome with the development of multiplex
ELISA platforms (13). Multiplex approaches have the advantages of reduced sample volume
requirements and a lower per analyte cost. This approach also facilitates analyses of multiple
predictors and identifying patterns of expression among analytes. However, these
approaches require rigorous technical optimization to account for variable concentrations
across different analytes, the sensitivity and specificity of differing capture and detection
antibodies, interference among analytes, and numerous other preanalytic considerations (14—
16).

We report the results of our detailed angiome analysis that was conducted for greater than 30
markers of tumor angiogenesis and inflammation; the current analysis focuses on the
pretreatment (baseline) plasma samples.

Materials and Methods

Patients

The design and results of CALGB80303 have been described previously (6). Briefly,
eligible patients had histologically or cytologically confirmed pancreatic adenocarcinoma
not amenable to curative surgery. Measurable disease was not required. Prior chemotherapy
for metastatic disease was not permitted. Adjuvant chemotherapy was allowed if it did not
contain gemcitabine or bevacizumab, if it was given more than 4 weeks before enrollment,
and if the patient had subsequent disease progression. IRB-approved, written informed
consent was obtained from patients who opted to participate in this correlative analysis of
CALGB80303. This retrospective analysis conforms to the reporting guidelines established
by the REMARK criteria.

Sample collection and analysis

Peripheral venous blood was collected into EDTA anticoagulant vacutainers. The tubes were
centrifuged within 30 minutes of collection at 2,500 x g for 15 minutes. Plasma was
aliquoted into cryovials and snap frozen, and samples were shipped on dry ice for
centralized storage at —80° C at the CALGB Pathology Coordinating Office. Before
analysis, all patients’ samples were shipped to our laboratory (Duke Molecular Reference
Laboratory), thawed on ice, re-aliquoted based on specific assay requirements and stored at
—80°C. All assays were performed in triplicate, limited to 2 freeze-thaw cycles only, and all
analyses were conducted while blinded to clinical outcome.

Plasma samples were analyzed using the Searchlight platform (Aushon Biosystems, Inc.) or
kit ELISAs following manufacturer’s protocol. Markers are listed in Table 1. Additional
ELISA assays were conducted for IGF-1 (Immunodiagnostic Systems, Inc.) and TGF-pRIII
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(R&D Systems, Inc.). Plasma samples were thawed on ice, centrifuged at 20,000 x g for 5
minutes to remove precipitate, and subsequently loaded onto SearchLight plates with
standard protein controls. Samples and standards were incubated at room temperature for 1
hour shaking at 950 rpm (Lab-Line Titer Plate Shaker, Model 4625). Plates were washed 3
times using a plate washer (Biotek Instruments, Inc., Model ELx405), biotinylated
secondary antibody was added, and plates were incubated for 30 minutes. After washes,
strep-tavidin-HRP was added, plates were incubated for 30 minutes, washed again, and
SuperSignal substrate was added. Images were taken within 10 minutes, followed by image
analysis using SearchLight array analyst software. All data represent the average of triplicate
measures.

Statistical analysis

Results

Spearman correlations among analytes were calculated and illustrated in a hierarchical
clustering dendrogram. OS was the primary endpoint of the treatment trial and was
measured from trial registration until death from any cause. The prognostic value of each
analyte as a continuous measure was assessed by a univariate Cox proportional hazards
model for OS. Results were presented for each treatment arm. Conservative Bonferroni and
False Discovery Rate (FDR) multiple testing corrections were used for prognostic markers.
Median survival time of two dichotomized subgroups of patients with median as the split
point was presented. Their corresponding HRs and 95% confidence intervals (CI) were
given in the results tables. Cox regression analyses with each analyte adjusting for clinical
variables, including age, race, gender, and performance status were performed.
Multivariable Cox prognostic regression models limited to the top 5 analytes were built
using leave-one-out cross validation. The top 5 analytes were chosen within each training set
using the score method (17). This method uses the branch-and-bound algorithm and the
criterion used to select the top 5 analytes is based on the global score x2 statistic. Using the
training set models, the left out samples were classified into either the high- or the low-risk
groups. Kaplan—Meier plots were used to illustrate survival curves. The predictive value of
each analyte was assessed using Cox proportional hazards model with treatment by analyte
(dichotomized at the median) interactions. To identify trends that may not have been
apparent at median cutoffs, analytes were further dichotomized at the quartiles. Permutation
analysis was performed in the identification of predictive markers. We generated 1,000
permuted datasets by shuffling the survival data and randomly matching them with the
analyte data. The permutation P-value is the proportion of ~values from the 1,000 permuted
data sets that are smaller than the observed P-value. The number of deaths was 326 of 328;
for the 2 patients that were alive at the time of data lock, the median follow-up time was 2.4
months. All ~values are 2-sided. SAS Version 9.2 (SAS Institute) and R Version 2.8.0 were
used to carry out the analyses. Statistical analyses were performed by the Alliance Statistics
and Data Center.

Patient characteristics

Of the 602 patients who accrued to the parent protocol, 535 were treated and baseline EDTA
plasma samples were available for analysis on 328 patients, 159 patients in the gemcitabine/
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placebo group, and 169 in the gemcitabine/ bevacizumab group (Fig. 1). The clinical
characteristics and outcomes of these patients were similar to those on the parent study. In
addition, among the patients in this correlative study, characteristics across both treatment
groups were similar, except for a minor imbalance in gender (Table 2).

Baseline angiome factor measurement and correlation

Single and multiplex analyses demonstrated good sensitivity and coefficients of variation
(CV) were generally in the range of 10% to 30%. Only 2 analytes (PIGF and bFGF) had
levels below the limits of quantification for greater than 10% of patients evaluated. The
medians and ranges for all analytes at baseline are provided in Table 1.

Spearman correlations were performed on all analytes and a dendrogram was generated to
describe patterns of expression among analytes (Fig. 2). Strong correlation coefficients
(>0.70) were noted for 2 pairs of analytes; TGF-f1 and PDGF-AA (0.76) and CRP and IL-6
(0.72). Moderate associations with correlation coefficients between 0.4 and 0.7 were noted
among VEGF/PDGF family members, as well as among multiple inflammatory markers.

Prognostic marker identification

Univariate and multivariable Cox regression models were used to identify markers with
significant prognostic impact. Because of observed treatment-by-analyte interactions for
some analytes, both univariate and multivariable Cox prognostic regression analyses were
conducted separately for the gemcitabine/placebo and the gemcitabine/bevacizumab groups.
In the univariate analysis, IGFBP-1, ICAM-1, Ang-2, CRP, IL-8, TSP-2, VCAM-1, PAI-1
active, and IGF-1 were significantly correlated with OS in the gemcitabine/placebo group
(Table 3). Similarly, TSP-2, CRP, IL-6, IGFBP-1, Ang-2, ICAM-1, and VCAM-1 were
significantly correlated with OS in the gemcitabine/bevacizumab group (Table 3). The
analytes presented in Table 3 have FDR g-values of less than 0.005 (18). The prediction
results from multivariable leave-one-out cross-validation models with just the clinical
factors age, gender, PS, and extent of disease are as follows. For gemcitabine/bevacizumab,
the HR = 1.5 (95% Cl, 1.1-2.0) with log-rank test A-value of 0.0104. For gemcitabine/
placebo, the HR = 1.9 (95% ClI, 1.4-2.6) with log-rank test A-value of 0.0001. In contrast to
the numbers presented in Fig. 3, the analyte models were stronger than the models with just
clinical covariates for both treatment arms. All of these markers remained significant (P <
0.05) after accounting for multiple testing using Bonferroni correction. Thirty-one tests
within gemcitabine/placebo and gemcitabine/bevacizumab were performed for the
prognostic variable analysis. In addition, all of these markers remained prognostic after
correction for known clinical prognostic variables, including age, race, gender, and
performance status (data not shown). With the exception of IGF-1, all of these factors were
unfavorable prognostic markers. Favorable and unfavorable prognostic markers are markers
where, as the level of the marker increased, the rate of death decreased or increased,
respectively. To assess whether there were any potential major violations in the proportional
hazards assumptions of the Cox model, Schoenfeld residuals were calculated. Only one
marker for the gemcitabine/placebo group exhibited some departure from proportionality.
However, the log-rank test comparing the survival curves of patients with low and high
levels of the marker dichotomized at the median is consistent with the result from the Cox
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model. To assess violations of the linearity assumption, deviance and martingale residual
plots were generated and no unusual patterns or extreme outliers were identified.

Using leave-one-out cross-validation analysis, 5-analyte prognostic models for OS were
developed, one model for the gemcitabine/placebo group and the other for the gemcitabine/
bevacizumab group (see Fig. 3). The gemcitabine/ placebo model for OS consisted of
IGFBP-1, CRP, PDGF-AA, PAI-1 total, and P-selectin. The top 4 markers were selected in
more than 99% of the training sets, with the exception of P-selectin, which was selected in
82% of the training sets. The median survivals of the high- and low-risk groups in this
model were 3.3 and 7.4 months, respectively, and were associated with an HR of 1.9. The
gemcitabine/ bevacizumab model for OS consisted of IGFBP-1, IL-6, PDGF-AA, PDGF-
BB, and TSP-2. These markers were selected in more than 98% of the training sets. The
median survivals of the high- and low-risk groups were 3.6 and 7.2 months, respectively,
and were associated with an HR of 2.1. Kaplan—Meier plots of these models are shown in
Fig. 3.

Predictive marker identification

Predictive markers were identified using the Cox proportional hazards model. Analyte
values were evaluated using both median and quartile cutpoints. Three markers were
identified as being predictive for benefit or lack of benefit from bevacizumab: VEGF-D,
SDF1, and Ang-2. The treatment-by-analyte interaction A-values were 0.0040 for VEGF-D
at Q1, 0.019 for SDF1 at median, and 0.036 for Ang-2 at median. Permutation P-values for
all 3 markers were below 0.05 with 1,000 iterations. Lower levels of VEGF-D (below Q1,
lowest 25%) predicted for benefit from bevacizumab whereas higher levels of VEGF-D
(above Q1, top 75%) predicted for lack of benefit from bevacizumab. Conversely, below
median levels of both Ang-2 and SDF1 predicted for greater benefit in the placebo group.
These data are shown graphically in Fig. 4. The Pvalues for treatment-marker interaction
terms remained significant after adjusting for clinical covariates.

Discussion

Although analyses of tumor tissue are usually considered the gold standard for biomarker
development, this approach is often limited by the availability and reliability of archived
clinical samples, and research-only biopsies carry significant risks and costs. These issues
are particularly important in studies of pancreatic adenocarcinoma, because the majority of
patients are currently diagnosed by cytology or small gauge core biopsies.

For these reasons, the search for blood-based markers in this disease has begun in earnest
and the multiplex angiome analysis of CALGBB80303 is one of the largest such analyses
reported to date. In this large multicenter study, technical analyses were robust with good
sensitivity and low variability, which were generally comparable to single kit ELISAs.
Unsupervised hierarchical clustering identified potential patterns of analyte expression;
potentially biologically relevant groupings were observed across VEGF/ PDGF family
members, TGF- family members, and various inflammatory and coagulation factors. Such
analyses may provide novel insights into the coregulation and counter regulation of these
factors and their underlying biology.

Clin Cancer Res. Author manuscript; available in PMC 2014 November 04.
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Multiple markers were identified as highly prognostic. These laboratory-based prognostic
markers were much more powerful than traditional clinical factors and remained statistically
significant after adjustment for known clinical factors. Most of these markers are involved in
tumor-related angiogenesis, inflammation, and coagulation, supporting the clinical
importance of these factors in the underlying pathophysiology of pancreatic cancer. Indeed,
ras mutations, which are present in approximately 90% of pancreatic adenocarcinomas, have
been associated with the upregulation of multiple factors related to inflammation and
inflammatory angiogenesis (19, 20). To the degree these prognostic factors are important
drivers of tumor biology rather than nonspecific host responses, these factors may be
considered potential therapeutic targets. Agents targeting some of these factors have already
entered clinical trials, including trials focused on pancreatic cancer (21, 22). Building
models with a combination of analytes and clinical factors can be investigated further in
future research.

Candidate markers of sensitivity and resistance to bevacizumab were also identified. The
ability to assess for treatment interactions that differentiate prognostic and predictive
markers is a key advantage of randomized studies. However, these results need to be
validated in other datasets given the number of patients analyzed the number of analytes
tested, the borderline statistical significance of some results, and the overall lack of benefit
from bevacizumab in unselected patients. These caveats notwithstanding, VEGF-D, Ang2,
and SDF1 were found to be predictive of benefit or lack of benefit from bevacizumab.

VEGF-D is known to be upregulated by multiple factors associated with pancreatic cancer,
including those related to angiogenesis, inflammation, and hypoxia (23, 24). Although the
biology of VEGF-D is commonly linked to its role in lymphangiogenesis, processed forms
of VEGF-D can bind with high affinity to VEGFR2 leading to activation of the receptor,
endothelial cell proliferation, and tumor angiogenesis (25). Proteolytic processing is known
to modulate the affinity of many angiogenic factors for their cognate receptor and other
binding partners. Importantly, this phenomenon may partially underlie the recently reported
importance of small isoforms and processed forms of VEGF-A as predictive markers for
bevacizumab (26). Moreover, VEGF-D, when measured by immunohistochemistry on
formalin-fixed paraffin embedded tumor samples, was also recently reported to predict for
benefit and lack of benefit from bevacizumab in the phase 111 MAX study in metastatic
colorectal cancer (27). Plasma VEGF-C and -D have also been reported to increase in the
setting of tumor progression, albeit to date these reports have been limited to relatively
modest sized, nonrandomized studies (28, 29).

In addition to VEGF-D, low levels of both SDF1 and Ang2 were identified by univariate
analyses as potential predictors of primary resistance to bevacizumab. These findings are
consistent with the context dependence of Ang2 and SDF1 signaling. Ang2 is known to play
a critical role in vascular maturation, where its effects are known to be VEGF dependent
(30). SDF1, is also known to act in a context and VEGF-dependent fashion, both in
mobilization of endothelial cell precursors from the bone marrow and in the homing of these
and other cells to the tumor metastatic niche (31). Both Ang2 and SDF1 are also known to
be regulated by multiple inflammatory mediators and to play key roles in the trafficking of
myeloid cells implicated in VEGF resistance (32). SDF1 exists in 2 processed forms, SDF1la
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and SDF1p, which are tightly regulated and which have differing affinities for their cognate
receptor CXCRA4, other cell surface glycoproteins, and heparins (33). Similar to many
reports in the literature, the reagents used here were not able to distinguish SDF1a from
SDF1p.

Other groups have also reported multiplex analysis of angiogenesis factors. Scherer and
colleagues have evaluated multiple angiogenesis markers across a series of studies with
bevacizumab using a novel VEGF assay that preferentially detects shorter isoforms of
VEGF-A (e.g., VEGF110 and VEGF121). This VEGF-A assay was found to be predictive
of benefit for bevacizumab in the AVITA trial of gemcitabine and erlotinib £ bevacizumab
in metastatic pancreatic cancer. Similar results were seen in trials in metastatic breast (34)
and gastric cancers (35), but not in non—small cell lung, colorectal, or renal cell cancers (36).
In the phase 111 trial of pazopanib versus best supportive care in metastatic renal cell cancer,
Tran and colleagues found IL-6 to be a significant predictor of benefit from pazopanib (37).
These findings have also been recently confirmed by our group for patients with renal cell
carcinoma treated with bevacizumab (38). The reasons for differences in prognostic and
predictive markers across studies may reflect differences in tumor biology, the specific
analytes measured, type of plasma analyzed, analytic methods, and other preanalytic
considerations, such as the number of freeze-thaw cycles. A common theme emerging from
these studies is the growing importance of different isoforms and/or alternatively processed
forms within VEGF family of ligands and the importance of mediators of inflammation and
inflammatory angiogenesis (39).

There are several limitations to the analysis presented. First, many known preanalytic
considerations will apply to our analyses. Although we had defined procedures and SOPs in
the parent protocol for sample processing at each individual site, processing methods were
not directly monitored in this study. Variability in processing can influence the measurement
of several analytes, particularly those that are affected by platelet degranulation and clotting.
Laboratory methods also vary across different reports. The laboratory that performed this
work is an Alliance Molecular Reference Laboratory, specifically approved to conduct
multiplex analyses for circulating markers, with a particular emphasis on angiogenesis
factors. Assay methods were highly standardized, including the number of freeze—thaw
cycles, sample type tested (EDTA plasma), consistent reagents from single batch plate
printing, and reference standards applied to every microtiter plate evaluated. Second, even
though this was a phase 11l randomized study, and the largest such analysis to date in
pancreatic cancer, this study nevertheless had only modest power to detect predictive marker
effect sizes, and little power to detect multivariable predictive signatures. Of the 602 patients
who accrued to the parent study, only 328 of patients were available for the biomarker
analysis, leading to an additional potential source of bias. To test for a treatment interaction,
only 169 and 159 of these patients were in the experimental and control groups,

respectively. Approximately half of all patients would be expected to be above or below the
median for any one factor, with very few patients having any permutation of "high" or "low"
levels for multiple factors. With multiple analytes, statistical significance requires
adjustment for multiple testing. To account for these issues, we used permutation analyses,
limited our prognostic signature to only 5 features, and distinguished between adjusted and
unadjusted P-values. Our prognostic results were found to be highly significant, even after
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correction for multiple testing. However, our predictive analyses were not corrected for
multiple testing and therefore should be considered exploratory. Finally, many factors seem
to be coregulated, as shown by our dendrogram analysis (Fig. 2). These considerations may
lead to over-fitting of some models. For these reasons, our results require external validation
in other datasets.

In conclusion, multiple factors with strong prognostic impact for patients with pancreatic
cancer were identified in the current analysis. In addition, VEGF-D, Ang2, and SDF1 were
identified as candidates for predicting sensitivity and resistance to bevacizumab in this
population. If validated in additional studies, these markers could potentially be used to
select those patients who might benefit from anti-VEGF therapy. These markers also suggest
potential combination regimens that may overcome resistance to anti-VEGF therapy. These
results may be applicable to other tumor types and warrant further testing.
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Translational Relevance

In this analysis, we provide data defining several statistically significant prognostic
markers. Many of these prognostic markers were much more powerful than traditional
clinical factors, even after adjustment for these known factors. Three markers (Ang-2,
SDF1, VEGF-D) were also identified as potential predictors of benefit or lack of benefit
for bevacizumab. Low levels of Ang-2 and SDF1 both predicted for a lack of benefit to
bevacizumab. Interestingly, low levels of VEGF-D were observed to predict for benefit
to bevacizumab whereas high levels predicted for a lack of benefit. In the context of
bevacizumab-treatment and VEGF-A depletion, VEGF-D can bind and activate
VEGFR?2, eliciting a potential resistance mechanism for bevacizumab treatment in this
disease. Although similar observations for low levels of VEGF-D predicting for
bevacizumab benefit have been made in colon cancer using immunohistochemical
approaches, confirmation and validation of these results will be needed before any of
these markers can be used to direct clinical care.
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Figure 2.

Spearman-based dendrogram.
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Overall survival (probability)

Figure 3.
Kaplan—Meier estimates of OS for (A) gemcitabine/placebo and (B) gemcitabine/

bevacizumab groups using leave-one-out cross-validated Cox proportional hazard models.
Gemcitabine/placebo (A) model consists of: IGFBP-1 (100%), CRP (99.4%), PDGF-AA
(99.4%), PAI-1 total (99.4%), and P-selectin (95.0%). Gemcitabine/ bevacizumab (B) model
consists of: IGFBP-1 (100%), I1L-6 (100%), PDGF-AA (99.4%), PDGF-BB (98.8%), and
TSP-2 (97.6%). The percentages of the analytes picked in the training set of the leave-one-
out cross validation are indicated in parentheses above.
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Figure 4.

Forest plots of HRs (gemcitabine/placebo vs. gemcitabine/bevacizumab) for OS by
biomarker. VEGF-D, by quartile; SDF1, by median; Ang-2, by median.
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