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ABSTRACT
There is currently a lack of biomarkers to help properly assess novel
immunotherapies at both the preclinical and clinical stages of development. Recent
work done by our group indicated significant volume changes in the vaccine draining
right lymph node (RLN) volumes of mice that had been vaccinated with DepoVaxTM, a
lipid-based vaccine platform that was developed to enhance the potency of peptidebased vaccines. These changes in lymph node (LN) volume were unique to vaccinated
mice.
To better assess the potential of volumetric LN markers for multiple vaccination
platforms, we evaluated 100 tumor bearing mice and assessed their response to
vaccination with either a DepoVax based vaccine (DPX) or a water–in-oil emulsion
(w/o), and compared them to untreated controls. MRI was used to longitudinally
monitor LN and tumor volumes weekly over 4 weeks. We then evaluated changes in
LN volumes occurring in response to therapy as a potential predictive biomarker for
treatment success.
We found that for both vaccine types, DPX and w/o, the %RLN volumetric increase
over baseline and the ratio of RLN/LLN were strong predictors of successful tumor
suppression (LLN is left inguinal LN). The area under the curve (AUC) was greatest,
between 0.75-0.85, two (%RLN) or three (RLN/LLN) weeks post-vaccination. For
optimized critical thresholds we found these biomarkers consistently had sensitivity
>90% and specificity >70% indicating strong prognostic potential. Vaccination with
DepoVax had a more pronounced effect on draining lymph nodes than w/o emulsion
vaccines, which correlated with a higher anti-tumor activity in DPX-treated mice.

INTRODUCTION

been several clinical successes over the last few years,
with several monoclonal antibodies, cytokines, three
checkpoint inhibitors and a therapeutic vaccine being
approved for clinical use [2-6]. The recent success of
checkpoint inhibitors in particular has reinvigorated the
field, resulting in fresh enthusiasm for a variety of new

Immunotherapies comprise one of the most
important and fastest growing classes of cancer therapies,
with Science magazine naming cancer immunotherapy
“the breakthrough of the year” in 2013 [1]. There have
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immunotherapies, and especially in combining therapies
to maximize clinical response. However, there remains a
lack of validated biomarkers to help properly assess new
therapies at both the preclinical and clinical stages of
development.
The need for more accurate biomarkers to assist
with therapeutic development and clinical translation
is so strong that, in a report issued by the FDA in 2006,
they stressed the need for not only the development of
more safety biomarkers (used to evaluate toxicity and
biocompatibility), but biomarkers that could be used to
advance personalized medicine and qualify surrogate
endpoints of treatment success or failure [7]. Qualifying
new biomarkers was identified in the report as one of the
main components that were necessary for more successful
clinical translation of therapies. The development of
biomarkers for cancer therapies has progressed but
continues to be an important area of research [8, 9].
There are a number of histopathological biomarkers
currently under study in a number of preclinical and
clinical trials. Recently, there has also been a significant
amount of research conducted evaluating and quantifying
the amount and type of immune cells infiltrating certain
cancer types, and using that as a predictor of host
response to cancer [10-13]. This biomarker is known as
the “immunoscore” and is a direct measure of pre-existing
immunological activity at the tumor site. Yet it requires
use of biopsy tissue, which is an invasive technique and is
not available for all tumors.
In addition to immune infiltrates, the expressions of
specific immune system markers have also been explored
as biomarkers. One example of this is quantitation of the
expression of PD-L1 within tumors [14] as a prediction
of checkpoint therapy success. There have been several
trials showing a positive correlation between PD-L1
expression and response to anti-PD-1 therapy (see Patel
et al. [14] for a review of several studies). However, its
use as a predictive biomarker is confounded by several
issues including tissue preparation [14], primary versus
metastatic biopsies [15] and intratumoral heterogeneity
[16].
Other potential biomarkers include the use of EGFR
mutations [17], SUMO pathway components [18], and
genomic characteristics of tumors [19, 20], to name but a
few. However, all of the above-named biomarkers require
biopsy tissue for either histological or genetic analysis,
and many require primary tumor samples for analysis.
There remain significant questions about their feasibility
in larger populations. Unfortunately, there is not always
a primary tumor site available for resection and analysis,
and many of these techniques do not necessarily predict
the effects on metastases, or how tumors change and
respond to primary treatments (including chemotherapies),
nor do they allow for longitudinal assessment of treatment
success. While some blood-based biomarkers have
been proposed, particularly the use of circulating tumor
www.impactjournals.com/oncotarget

cells (CTCs) and microRNA [21, 22], these biomarkers
are often limited by the amount needed for successful
diagnosis. Importantly, there is need for a test that can be
used to indicate early response to treatment.
Imaging-based biomarkers are more desirable
for a number of reasons. Imaging is commonly done as
standard patient care and as part of clinical trials. It is
also increasingly done in preclinical studies, allowing for
more efficient translation of therapies from the bench to
the clinic. Additionally, imaging often allows for repeated
longitudinal evaluation and follow-up, which enables
clinicians to potentially adjust and personalize each
patient’s standard of care based on their responses.
The Response Evaluation Criteria in Solid Tumors,
or RECIST 1.1 [23, 24] is currently the standard of care for
evaluating treatment success. While RECIST has proven to
be an excellent indicator of chemotherapeutic success, it is
a poor biomarker for evaluating the new class of targeted
therapies, including biologics, immunotherapies, and other
combined therapies [25]. Due to the increased prevalence
and demonstrated potential of immunotherapeutic drugs,
there has been a push by clinicians and pharmaceutical
companies to adjust the RECIST criteria to improve
evaluation of these therapies.
A novel set of criteria, called immune-related
response criteria (irRC), evaluating the total tumor burden,
has been proposed [26, 27]. These criteria have been
tested in a Phase 2 clinical trial for a recently approved
monoclonal antibody checkpoint inhibitor, ipilimumab
(Yervoy) in melanoma [28], and are being increasing
studied by a number of sites. However, even the irRC
criteria rely on monitoring volumetric changes at the
tumor itself, and so are decidedly indirect with respect to
changes in tumor immune responses, and are not adequate
for measuring improved overall survival that may be
facilitated by immunotherapies irrespective of their effects
on tumor volumes.
There has also been a gradual shift to biomarkers
using metabolically-based positron emission tomography
(PET), replacing those of anatomically-based computed
tomography (CT) for evaluating novel cancer therapy
responses. PET-based criteria similar to RECIST called
PERCIST have been proposed [29], which could be
more useful for evaluating immunotherapeutics. The
proposed PERCIST criterion measures the 2-deoxy-2(18F) fluoro-D-glucose (18FDG) response at the tumor site
to evaluate metabolic changes, and then combines these
with tumor volumetric changes to determine response to
therapy. Other PET tracers are also being developed for
evaluating immunotherapies, including [18F]-2-fluoroD(arabinofuranosyl)cytosine (18FAC) and 3’-deoxy3’[18F]fluorothymidine (18FLT) [30, 31]. While more
direct, these potential biomarkers have not yet been
extensively tested or evaluated, and face several barriers
to implementation, particularly the use of clinical PET
software to automatically calculate standardized uptake
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values (SUV) in the liver, and obtain glycolysis measures
[29].
In recent work by our group [32-34] we observed
significant changes in the vaccine draining lymph node
volumes (RLN) of mice that had been vaccinated with
DepoVaxTM (DPX), a lipid-based vaccine platform that
was developed to enhance the potency of peptide-based
vaccines. DPX-based cancer immunotherapeutics are
currently in Phase 2 clinical development [35, 36].
The changes in lymph node volume we observed were
unique to vaccinated mice, and likely indicative of clonal
expansion of effector T-cells, previously demonstrated
with DPX vaccines [37]. In a study with a smaller group
of mice (n = 21), an early increase (12-19 days posttreatment) in the vaccine-draining right inguinal lymph
node (RLN) correlated with overall therapy success (tumor
suppression 6 weeks post-therapy). This indicated the
potential of RLN for use as a predictive biomarker early
in therapy. Additionally, increases in lymph node volume
are a common side effect of many clinical vaccines [38,
39], indicating a high possibility of clinical translatability.
In this work we evaluated over 100 tumor bearing
mice and assessed their response to vaccination with
either a DPX based vaccine or a water-in-oil emulsion,
and compared them to untreated controls. The water-inoil emulsion was used as most other cancer vaccines in
testing that use oil do so in an emulsion format, making it
consistent with other vaccine adjuvants in development,
such as MF59, ASO3 and AFO3 [40]. Magnetic resonance
imaging (MRI) was used to longitudinally monitor lymph
node and tumor volumes weekly over 4 weeks. We then
evaluated changes in lymph node volumes occurring in
response to therapy as a potential predictive biomarker for
treatment success.

or “positive” response was registered if the tumor volume
was determined (using MRI) to be less than 50mm3
at the end of the study. This metric was chosen based
upon when these particular tumors became measurable
using traditional caliper techniques. Tumors < 50mm3
could generally be felt only via palpation (or potentially
viewed with MRI), but could not necessarily be measured.
Therefore, if a tumor became “measurable” via caliper, it
was considered a failure, or “negative” response. Given
this metric, 53% of DPX-R9F mice had positive responses,
versus only 21% of w/o-R9F mice and neither the PBS nor
the DPX no R9F groups had any positive responders (see
Figure 1e).
A mixed ANOVA indicated that there were
significant main effects (F(1.639,139.349) = 110.217, p
< 0.001) and that there was also a significant interaction
between group and study day (F(4.9,139.349) = 34.589,
p < 0.001). We therefore did a separate repeatedmeasures ANOVA for each group to assess within-subject
differences and a separate univariate ANOVA for days 8,
15, 22 and 29. From day 15 onward, both w/o-R9F and
DPX-R9F tumor volumes were significantly different
from both control groups. The control (PBS) group was
the only group to have statistically significant changes in
tumor volume at each time point (p < 0.05), although the
w/o-R9F group tumor volumes were significantly higher at
day 29 compared to day 8. The repeated measures ANOVA
for the DPX (no R9F) group exhibited significant effect
(p < 0.01), however no pairs were found to be significant
after multiple comparison corrections.
As previously seen [34], both the DPX-R9F
and w/o-R9F groups exhibit extremely large volume
increases in the RLN (i.e. vaccine-draining) by two
weeks post-vaccination (see Figure 1b). In contrast,
both the PBS control group and the DPX-no R9F groups
exhibit smaller changes in volume, with the PBS group
in particular exhibiting no significant increases until
between 21 and 28 days post-vaccination (i.e. 26 and 33
days post-implantation). A mixed ANOVA analysis found
statistically significant effects (F(1.368,64.296) = 5.827,
p < 0.01), with no interaction effects between group and
study day (F(4.104, 64.296) = 1.949, p > 0.05). Post-hoc
tests revealed that both DPX-R9F and w/o-R9F were
significantly different than PBS (p < 0.05), and that day
2 was significantly different than days 8, 15 and 22 (p <
0.05).
For the LLN in Figure 1c (i.e. tumor-draining),
DPX-R9F mice have smaller volume increases than all
of the other groups, likely due to the improved overall
tumor suppression, as seen in Figure 1a. A mixed
ANOVA did indicate significant main effects over time
(F(1.908,89.662) = 4.461, p < 0.05) and no interaction
effects (F(5.723,89.662) = 1.872, p > 0.05). There were
no significant differences between groups, overall, day 29
was significantly different from day 2 and day 22 (p <
0.05).

RESULTS
These results represent the accumulation of tumor
and lymph node volumetric data from 100 mice in six
different studies. As described in the methods, all 100
mice underwent C3 tumor cell implantation with 5x105
cells implanted subcutaneously (s.c.) into the left flank.
Five days post-implantation, mice received either i) DPXR9F, ii) DPX (no R9F), iii) water/oil (w/o-R9F), or iv)
PBS control injection (see methods for more details).
A subset of this data with 21 mice that were untreated,
treated with DPX (DPX-R9F) or treated with a vehicle
control injection (DPX-no R9F) was previously published
[34]. Figure 1 demonstrates the extent of change in volume
in both the left and right lymph nodes (LLN and RLN,
respectively) in response to vaccination for both vaccine
types and the control groups, as well as the changes in
tumor volume over the length of the tumor challenge.
Tumor volumes are displayed in Figure 1a with
both vaccine formulations causing substantial tumor
suppression compared to the control groups. A successful,
www.impactjournals.com/oncotarget
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Table 1: Cut-off Thresholds for Biomarkers.
% Increase in RLN
(Sensitivity, Specificity)

RLN/LLN Change
(Sensitivity, Specificity)

Day 8

Day 15

Day 15

Day 22

Day 29

DPX-R9F

76%
(87%, 74%)

74%
(96%, 72%)

0.93
(75%, 69%)

0.98
(92%, 77%)

1.33
(81%, 77%)

Water/Oil-R9F

113%
(100%, 71%)

90%
(100%, 57%)

0.78
(100%, 64%)

1.51
(100, 77%)

2.71
(100%, 81%)

All

102%
(80%, 67%)

74%
(97%, 55%)

0.65
(90%, 55%)

0.98
(93%, 71%)

1.33
(84%, 75%)

The optimal cut-off threshold for each group (for optimal time points) was calculated by maximizing Youden’s index. For
all mice, using the % RLN increase, the best sensitivity and specificity are achieved by using a 74% cutoff at day 15. For
the RLN/LLN ratio, the best sensitivity and specificity are obtained at day 22 using a 0.98 cutoff.
The RLN/LLN volume ratio (Figure 1d) increases
with time for both w/o-R9F and DPX-R9F groups, with
the largest differences between vaccinated and control
mice occurring between 28 to 35 days post-vaccination.
However, although the differences between the vaccinated
and control groups appear large, a mixed ANOVA found
that there were no significant main effects over time
(F(1.444,66.445) = 3.102, p > 0.05) or interaction effects
(F(4.333,66.445) = 1.417, p > 0.05), however there were
significant effects between groups, with post-hoc testing
showing both untreated, i.e. the PBS and the DPX-no R9F
groups, being significantly different from the “treated
groups”, i.e. the DPX-R9F and w/o-R9F groups (p < 0.05).
Representative MR images demonstrating these
large RLN volumetric changes are seen in Figure 2a.
Given these significant changes in the RLN (p < 0.05),
we therefore concentrated on testing potential biomarkers
using the RLN. Figure 2b demonstrates the ROC curves
generated using the raw data and the fitted curves
generated using ROCkit. As expected, the fitted curves in
Figure 2b extrapolate a larger number of data points and
are therefore much smoother, however both accurately
represent the ROC behaviour.
Separate ROC curves were generated using both
% increase in RLN and the volumetric ratio of RLN/LLN
(Figure 3 and Figure 4). As described in the methods,
the criteria for “positive suppression” was a final tumor
volume < 50 mm3. The area under the curve (AUC) was
generated for each time point and prospective biomarker
as a measure of potential success.
The ROC curves for both biomarkers for the DPX
subset (including DPX-R9F, DPX no R9F, PBS) are shown
in Supplementary Figure 1. When using % RLN increase
as a biomarker, day 15 had the highest AUC (0.853,
Supplementary Figure 1c) and was the most sensitive and
www.impactjournals.com/oncotarget

specific. Day 8 also had an AUC > 0.8, indicating a strong
potential biomarker. However, the ratio of RLN/LLN
volumes had higher AUC values (Supplementary Figure
1c) at later time points, with day 22 having the highest
AUC (0.831), followed closely by day 29 and day 15.
We then compared the biomarkers for both DPX
and the w/o emulsion. Generally, the ROC curves in the
w/o emulsion subset (w/o-R9F and PBS) had stronger
sensitivity values at higher specificities (Figure 3a),
although the AUC values (Figure 3c) were similar for
both the w/o emulsion and DPX subgroups (Figure 3a,
3b). Generally, for the % RLN increase, the highest AUC
values were always earlier, around day 8 and day 15 postvaccination (AUC > 0.8 at both time points for both w/o
emulsion and DPX). However, AUC of the RLN/LLN
ROC curves general peaked later, usually around day 22 or
day 29 post-vaccination, although the day 15 AUC value
was sometimes not much lower (see RLN/LLN day 15 for
w/o emulsion).
We then combined data from all mice and generated
ROC curves for each time point for both % RLN increase
and the RLN/LLN ratio (Figure 4a, 4b). Although the
overall AUC values were lower (Figure 4c), they were
still in the 0.7-0.8 range for day 8 and day 15 for % RLN
and days 15, 22 and 29 for RLN/LLN. As for the subsets
of mice, the optimal ROC curves for all mice appeared
to be day 15 for % RLN (0.758) and day 22 for RLN/
LLN (0.789), indicating that these time points appear to
be optimal for use as a predictive biomarker.
Using these optimal time points, we then returned to
the ROC curves to choose the optimal critical threshold,
from Youden’s J statistic, for each biomarker (Table 1).
The critical thresholds were generally similar between the
DPX and w/o emulsion subsets, however the w/o emulsion
critical thresholds were consistently lower, likely due to
35658
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there being a much lower number of positive responders
and smaller n (see Figure 1e). For all mice, using the %
RLN increase, the critical threshold was a 102% increase
at day 8, and a 74% increase at day 15. Using the RLN/
LLN ratio, the critical threshold was 0.65 at day 15,
0.98 at day 22, and 1.33 at day 29. The corresponding
sensitivity and specificity for each critical threshold can
also be found in Table 1. For the two most optimal time
points, day 15 for % RLN and day 22 for RLN/LLN, the
critical thresholds corresponded to 97% sensitivity/55%
specificity and 93% sensitivity/71% specificity. While
the use of both predictive biomarkers generated excellent
sensitivity, the specificity was higher for RLN/LLN.

Since significant swelling of the w/o emulsion
group occurred at 2 weeks post vaccination and immune
responses to vaccination typically peak by one week post
vaccination, we evaluated immune responses in the spleen,
RLN and LLN in mice at these two time points by IFN-γ
ELISPOT (Figure 5). In the spleen, vaccination with either
DPX-R9F or w/o-R9F elicited a strong antigen-specific
immune response, untreated and vehicle control mice
generated no significant responses over background. There
were no significant changes in immune responses in the
spleen between day 7 and day 14. In the RLN, both DPXR9F and w/o-R9F elicited strong responses, although
the response was reduced at day 14. Again, both DPX-

Figure 1: Graphs demonstrating volumetric changes in inguinal lymph nodes and tumors over the course of the study
for all mice (N = 100). A. Tumor volume timecourse (mm3). B. % Right lymph node (RLN) volume increase over time (draining vaccine
site). C. % left lymph node (LLN) volume increase over time (draining tumor site). D. Ratio of RLN volume over LLN volume. E. Total
number of each mice per group, and the number of mice that had successful tumor suppression (positive responders). Success was defined
as tumors being less than 50 mm3 by the end of the study. * indicates that groups were significantly different (p < 0.05) at the end of the
study. Data on graphs is mean ± SE.
www.impactjournals.com/oncotarget
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R9F and w/o-R9F emulsion elicited significant immune
responses in the LLN at day 7, while the responses
generated at day 14 were detectable, but not much
higher than controls. Additionally, the immune responses
generated in the RLN by both DPX-R9F and w/o-R9F

at day 7 were significantly larger than those generated
in the LLN. The immune cell counts (Figure 6) from the
ELISPOT experiment also demonstrated higher cell counts
for both DPX-R9F and w/o-R9F than both control groups.
The increases in LLN volumes also correlate with the total

Figure 2 : Changes in right lymph node volumes. A. BSSFP MRI images (150um)3 isotropic voxels of a representative mouse

from the DPX group. The segmented right lymph node (RLN) can be seen in close up in the lower left panel. This particular lymph node
swelled from 1.41 mm3 at baseline to 15.91 mm3 14 days post-injection. B. ROC curves generated for the % RLN increase at day 8 and
day 15 (DPX subset). The solid lines indicate the ROC curves generated from the raw data, and the dotted lines indicate the fitted model
generated by ROCkit.

Figure 3 : ROC Curves for Biomarkers in both DPX and water/oil emulsion groups. A. Fitted ROC curves for each time
point comparing both biomarkers in the water/oil emulsion group. B. Fitted ROC curves for each time point comparing both biomarkers in
the DPX group. C. Area under the curve (AUC) values for each biomarker in each group at each time point. Optimal values are highlighted
in yellow.
www.impactjournals.com/oncotarget
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immune cell counts obtained in the ELISPOT experiment
(Figure 6), with w/o-R9F having increased cell counts at
day 14 compared to day 7.

linked to antigenicity from insufficient tumor suppression.
This is supported by results seen in the DPX subgroup,
which had the best tumor suppression response rate, and
also the smallest increases in LLN volumes at later time
points.
In order to better understand the changes in lymph
node swelling and their context within the broader immune
response, we did an additional ELISPOT experiment to
evaluate the IFN-γ responses in the spleen and both LNs
at both day 7 and day 14 post-vaccination. As expected,
we found that there were strong antigen-specific immune
cell responses in both the spleen and RLN at both time
points for the DPX-R9F and w/o-R9F treated groups. Peak
immune responses were detected in the spleen and RLN
on day 7, which typically corresponds to peak immune
responses induced by vaccination [43]. At this time,
antigen-specific immune response could also be detected
in the LLN, but these responses declined significantly
by day 14, especially for the DPX-R9F group. This was
interesting because the tumors in the DPX-R9F group
were being controlled at this time point and the LLN were
small, whereas tumors were not being well controlled in
the w/o-R9F group.
This could indicate that the IFN-γ responses are
not painting a full picture of the complete immune
response occurring at the site of the lymph node. It
more likely suggests that activated T cells are actively
exiting immune organs and trafficking to the tumor itself,
exerting the increased tumor control seen in the DPX
vaccinated group as compared to mice vaccinated with
the w/o emulsion. We have previously demonstrated that
repeated immunizations with emulsion vaccines leads to
accumulation of regulatory T cell responses, while DPX
formulations do not [37]. In addition, work from other
groups [44] has indicated that emulsion vaccines create
an ‘antigen sink’ whereby the depot of antigen at the
site of injection actively pulls T cells from the systemic
circulation and prevents those cells from engaging tumor
targets. The lower ELISPOT responses at day 14 suggest
that DPX acts less as an antigen sink than w/o emulsions.
This is further confirmed in a clinical trial in advanced
ovarian cancer patients with DPX-Survivac [35], which
produced robust vaccine-induced antigen-specific T
cells which persisted systemically for several months, in
direct contrast with the observations made with emulsion
vaccines in mouse models by others.
This data further underscores the importance of
using optimized vaccine platforms for immunization
with peptides, and using multiple tests to assess immune
responses in the clinic. For example, while the RLN
increases in size and cell counts from days 7 to 14, the
ELISPOT results decrease. In the LLN, the DPX vaccine
does not cause an increase in cell count (and the immune
response decreases), but the w/o emulsion causes a
strong increase in cell numbers and only a slight increase
in IFN-γ specific to DC-R9F and to C3 cells. Increased

DISCUSSION
Lymph node swelling - developing a prospective
biomarker
The extensive change in volume that was observed
in the inguinal LN that drains the vaccine site (RLN) has
incredible promise for use as a personalized biomarker for
the immunogenic effect and potentially the therapeutic
success of cancer vaccines. The swelling in the RLN was
significantly larger in treated mice versus controls and
over time. However, LN volume changes in response to
large tumors are commonly observed in human cancers
and may be the result of increased antigenicity of large
tumors stimulating the immune system (trends observed in
Fig 1c in untreated groups for example). As this swelling
is present even as tumors continue to grow, this response
is clearly ineffective at controlling tumor growth [38].
Since advanced tumors can produce several mediators of
inflammation to induce immune suppression, which can
result in regional LN swelling [39], we wanted to ensure
that LN swelling due to therapy could be used as a specific
biomarker.
We therefore propose two potential biomarkers: one
using only the localized response to vaccination (% RLN
increase), whereas the other normalizing the presumably
therapy-driven RLN response by any systemic tumordriven swelling (RLN/LLN ratio). The latter ratio was
proposed previously by our group in a smaller study [34].
Given that these biomarkers have the potential for clinical
translation, we evaluated them using ROC curves, with
the AUC value serving as a metric for overall biomarker
success. These ROC curves are often used for evaluating
diagnostic tests [41], particularly the AUC values,
although there is not necessarily a consensus on what is
considered a clinically relevant AUC. For example, a large
scale study of computer-aided diagnostic tools used with
digital mammography yielded an AUC of 0.83, which was
considered acceptable [42].
While both potential biomarkers yielded ROC
curves and AUC values indicating excellent prognostic
potential, they each had very different temporal dynamics.
The % RLN increase was most accurate earlier in the
study, either 8 or 15 days post-vaccination. The opposite
effect was seen for the RLN/LLN ratio, where this
biomarker had highest AUC values, and therefore better
potential for prognosis, at later time points in this study,
between 15-29 days post-vaccination, often peaking at day
22. The delay in the RLN/LLN ratio response is likely due
to the late time point increases in the LLN volume, likely
www.impactjournals.com/oncotarget
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Figure 4 : ROC Curves for Biomarkers generated for all mice. A. Fitted ROC curves for each time point for % RLN increase
biomarker. B. Fitted ROC curves for each time point for RLN/LLN ratio biomarker. C. Area under the curve (AUC) values for each
biomarker at each time point. Optimal values are highlighted in the table.

Figure 5 : IFN-γ ELISPOT results. Mice were implanted with C3 tumors and vaccinated 5 days later. Half of the mice in each group

were terminated 7 days after vaccination, and the remaining at 14 days post vaccination. An IFN-γ ELISPOT was performed at the day of
termination. Results are for 40 mice (n = 5/group/timepoint). Spleen cells were stimulated with either pure media, irrelevant peptide (R9L),
relevant peptide (R9F) or C3 cells). Lymph node cells were stimulated with either DCs that were empty (DCE) or primed with irrelevant
(DC-R9L) or relevant (DC-R9F) peptides or with C3 cells. All vaccinated mice had strong responses to relevant peptides at both day 7 and
day 14.
www.impactjournals.com/oncotarget
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cell numbers are linked to lymph node swelling but do
not appear to be directly correlated with IFN-γ specific
responses. This again demonstrates that the complex
immune response is not being accurately represented by
ELISPOT tests, which is a commonly used measure of
immune efficacy in cancer immunotherapy clinical trials.
Of particular interest however was the fact that there
did not appear to be any significant differences between
DPX and w/o emulsion immune responses, and the
emulsion response in fact generally trended higher than
DPX. This, however, is in contrast to the actual efficacy
results of the vaccine seen by the end of the study, where
only 21% of the w/o emulsion group had a positive
response to the vaccine compared to 55% of the DPX
group. These results indicate that this particular ELISPOT
test evaluating the IFN-γ responses from antigen specific
T cells does not necessarily predict the eventual efficacy of
the vaccine as opposed to our LN biomarkers which, while
only measuring volumetric changes, may actually be more

representative of the overall immune response.

Generalizability of the biomarkers to other depot
vaccines
It is also important to note that both biomarkers
worked not only for one vaccination type (DPX,
Supplementary Figure 1), but were also generalizable to
another vaccine type, a more conventional water in oil
emulsion (w/o emulsion, Figure 3). Although the w/o
emulsion was able to cause tumor suppression, it had an
overall lower positive final suppression compared to DPX,
yet still resulted in significant RLN swelling and strong
predictive biomarker responses. Both the % RLN increase
and RLN/LLN ratio ROC curves for the w/o emulsion
generated very strong AUC values (AUC > 0.8) indicating
strong predictive power.
A similarity in critical thresholds is also helpful,
although not required, for generalization to multiple

Figure 6 : Absolute Cell Counts. Absolute cell counts obtained from IFN-γ ELISPOT experiment at days 7 and 14. Results are for 40
mice (n = 5/group/timepoint).

www.impactjournals.com/oncotarget
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vaccination types. For the % RLN increase, the critical
cut-off value (whereby any % increase higher than the
threshold is “success”) for both DPX and w/o emulsion
were quite similar at the day 15 time point. However,
for the RLN/LLN ratio, although the thresholds were
similar at day 15, by day 22 the thresholds had started
to differ more significantly (1.51 vs 0.98). This is likely
due to two effects: 1) decreased positive responders and 2)
increased LLN swelling in the w/o emulsion group. Due
to the decreased number of positive responders for w/o
emulsion, there are not large differences in sensitivity and
specificity when the ratio is modified. For example, when
the critical threshold is changed from 1.51 to 0.91, the
sensitivity does not change and the specificity only drops
from 77% to 71%. The increased LLN swelling in the w/o
emulsion group is also an underlying cause of an increased
cut-off threshold. As seen in Figure 1, although there was
significant tumor suppression in the w/o emulsion group
compared to controls, there was more apparent LLN
swelling than for DPX mice (although the difference was
not significant).
The ROC curves generated by incorporating all
mice (Figure 5) do indicate that both biomarkers can be
used as accurate prognostic tools for both these vaccine
types without separating the groups, although it does
result in a decrease in the overall prognostic power of the
biomarker (represented in this case by the AUC, which
decreased from > 0.8 to between 0.76 and 0.79).
Both biomarkers offer valuable tools for evaluating
individualized therapy responses at the preclinical level
without sacrificing the mice to obtain more invasive
immune responses. The % RLN increase is particularly
useful as it offers an early indication of therapy response,
between one to two weeks post-vaccination, as opposed
to needing to wait until the end of the tumor challenge.
These biomarkers are also potentially translatable to
other peptide-based vaccines as well offering them wide
applicability as a preclinical prognostic tool.

The other important issue to consider for clinical
translation is the specificity and sensitivity of our potential
biomarker. In this work we mathematically determined
the critical threshold for success by optimizing the
combination of the sensitivity and specificity using
Youden’s J index. Using this method the RLN/LLN (Day
22) had lower sensitivity (93%) than %RLN (Day 15,
97%), but much better specificity (71% vs 55%). However,
this may not be the optimal metric for determining
the cut-off threshold in a clinical population. It may be
better to choose a metric that gives stronger weight to the
specificity over sensitivity. We must first determine the
clinical responses and then the appropriate cut-off could
be decided in consultation with oncologists.
One potential confounding issue for the use of the
RLN/LLN ratio is identification of the optimal “LLN”.
The clinical equivalent to “RLN” can more generically
be defined as “vaccine-draining lymph node”, however
this study’s “LLN” is more complex, in that it is both the
equivalent contralateral LN and also the tumor draining
LN. That particular combination is unlikely to be clinically
obtainable. In many clinical situations, the tumor draining
LN is known and could potentially be used as the “LLN”
in this ratio. However, careful consideration and reevaluation of critical thresholds and resultant ROC curves
would be required to determine its predictive power. Given
these issues, and the earlier changes in RLN swelling, the
% RLN increase biomarker is likely the more clinically
relevant choice.
It is also important to note that established tumors
in humans are far more complex than experimentally
induced tumors in mice. Human tumors, often developing
after years of slow growth and active immune evasion,
often develop unique inhibitory mechanisms that can
dramatically influence the success of an immunotherapy at
the tumor level. However, the data presented is valuable in
that it establishes that the lymph node swelling functions
as a potential biomarker of a “functional” T cell response,
with the potential to overcome immune suppressive
environments and contribute to tumor growth control,
rather than simply a marker of an immune response in
general.
The applicability of this technique for predicting
clinical success will need further investigation and
validation in clinical studies. It is possible that the
utility of this technique could be limited to predicting
the response of patients to vaccination irrespective of
the final effect of the vaccine on the tumor. Patients who
fail to mount an immune response following vaccination
are unlikely to have a positive clinical response to
treatment. In this scenario, this tool can be applied for
personalized medicine; a patient who fails to demonstrate
immune responsiveness could be promptly switched to
another therapy. Rather than simply replace currently
utilized immune monitoring assays, such as ELISPOT
on peripheral blood T cells, this assay could compliment

Clinical translation of lymph node biomarkers
Lymph node swelling is a common physiological
response for many clinical vaccines [45, 46]. Results from
the current study indicate marked increases in LN volume
in response to DPX-R9F and w/o-R9F vaccination - likely
an effect that will translate into clinical populations. Both
biomarkers are easy to obtain with MRI, or potentially
computed tomography (CT) imaging, depending on the
LNs of interest. Many clinical trials and patient therapy
have diagnostic imaging as a standard of care and if not
already done, these scans can easily be added to treatment
plans. The RLN/LLN biomarker is useful in that it only
requires a single scan session, however even the % RLN
increase biomarker only requires one additional scan done
prior to treatment (and pre-treatment scans are also typical
for standard of care).
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these assays to provide a more complete picture of patient
responses to this complicated treatment.

solution with equal volume of Montanide ISA51 VG to
form a homogeneous emulsion.

CONCLUSIONS

Tumor challenge and vaccination

In many clinical trials and in general patient
treatment, early evaluation of therapy success currently
relies on blood tests measuring systemic immune
responses and antigen levels, or changes in tumor volumes
such as RECIST, irRC, etc. The biomarker proposed here,
% increase in the vaccine draining lymph node (RLN),
is a personalized response that could potentially identify
which patients are responding early and strongly to
therapy, resulting in more efficient clinical development
of novel cancer therapeutics.

C57BL/6 female mice (4-6 weeks old, pathogen
free) were obtained from Charles River Laboratories (St.
Constant, PQ) and housed with food and water ad libitum
under filter top conditions. Experiments involving the use
of mice were carried out in accordance with protocols
approved by the University Committee on Laboratory
Animals at Dalhousie University, Halifax, N.S., Canada.
For the imaging experiment, 100 mice underwent
C3 tumor cell implantation, with 5x105 cells implanted
subcutaneously (s.c.) into the left flank (Study day -5).
Five days post-implantation (Study Day 0), mice received
either i) DPX-R9F: 50 μL of DPX with R9F and F21E (n
= 45), ii) DPX (no R9F): 50 μL of DPX with no R9F or
F21E (n = 7), iii) w/o-R9F: 100 μL of W/O emulsion with
R9F and F21E (n = 29), or iv) PBS control injection (n
= 19). Vaccine formulations were delivered via a single
s.c. contralateral immunization (right flank). Tumor sizes
were determined every few days with calipers using
the following formula: longest measurement x (shortest
measurement)2 divided by 2.

MATERIALS AND METHODS
Cell lines
The C3 cell line (obtained from Dr. Martin Kast)
[47] was maintained in Iscove Modified Dulbecco’s
Medium (IMDM; Sigma, St. Louis, MO) supplemented
with 10% heat-inactivated fetal calf serum (Sigma, St.
Louis, MO), 2mM L-glutamine (Gibco, Burlington, ON),
50mM 2-mercaptoethanol (Gibco, Burlington, ON),
100U/ml penicillin and 100μg/ml streptomycin (Gibco,
Burlington, ON). Cells were incubated at 37oC and 5%
CO2.

IFN-γ ELISPOT
In order to evaluate immune responses, 40 mice
underwent C3 tumor cell implantation and vaccination as
described above. IFN-γ ELISPOT assay was performed
as previously described [43]. Briefly, mature dendritic
cells (DCs) were generated by culturing bone marrow
cells from naive C57BL/6 mice in complete RPMI media
[RPMI 1640 (Gibco),10% FBS (Hyclone), 2% penicillin/
streptomycin (Gibco), 2mM L-glutamine (Gibco), 50 mM
β-mercaptoethanol (Sigma-Aldrich), and 5mM HEPES
buffer (Gibco)] supplemented with murine GM-CSF
(Peprotech). DCs were loaded with 10 μg/mL peptides on
day 7. Day 8 DCs were resuspended in complete RPMI at
2 x 105 cells/mL and used as antigen presenting cells for
the ELISPOT assay.
Both right and left inguinal lymph nodes were
collected from mice upon euthanasia. Single cell
suspensions were prepared in complete RPMI media and
cell concentration adjusted to 2 x 106 cells/mL. Lymph
node cells (100 μL) and DCs (100 μL) were added to
IFN-γ ELISPOT plates (BD Bioscience). The ELISPOT
plate was incubated overnight at 37oC, 5% CO2 and then
developed the next day using AEC substrate kit (SigmaAldrich). Spots were counted using an ImmunoSpot
Analyzer, ELISPOT plate reader (C.T.L. Ltd, Shaker
Heights, OH, U.S.A.) and enumerated as number of spotforming units (SFU) per well.
IFN-γ ELISPOT performed using splenocytes had

Peptides
All peptides were synthesized by NeoMPS at > 90%
purity. The CD8 epitope HPV16E749-57 (RAHYNIVTF;
R9F) and the universal T helper peptide TT830-843
(FNNFTVSFWLRVPKVSASHLE; F21E), were used in
vaccine formulations.

Vaccine formulations
Vaccines were prepared either as a proprietary DPX
formulation [37, 43] or using a water-in-oil (w/o) emulsion
[48]. For DPX with R9F, lipid-mixture containing
phosphotidyl choline and cholesterol in a 10:1 ratio (w:w)
(Lipoid GmBH, Germany), R9F (5 μg/dose), F21E (5 μg/
dose), and a proprietary polynucleotide based adjuvant
(20 μg/dose) were formulated in 40% tert-butanol,
freeze-dried and resuspended in Montanide ISA51 VG
(SEPPIC, France). For DPX no R9F group, followed
similar procedure as described above without adding R9F
and F21E to the formulation. Water-in-oil emulsion were
prepared by mixing R9F (5 μg/dose) and F21E (5 μg/dose)
in sterile water, followed by mixing the prepared antigen
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the following modifications: Single cell suspensions of
splenocytes were prepared by lysing red blood cells with
ammonium-chloride-potassium solution and resuspending
the cells at 5 x 106 cells/mL in complete RPMI media. A
volume of 100 μL cells was added into IFN-γ ELISPOT
plate and stimulated with 100 μL complete RPMI
containing no peptide (background control), 20 μg/mL
R9F or irrelevant peptide, or 5 x 105 cells/mL C3 tumor
cells.

variance (ANOVA) to assess main effects, followed by
Games-Howell post-hoc tests (due to unequal variances
between groups) to assess statistical significance
(corrected p < 0.05). The mixed ANOVA assesses
differences both between groups (between-subjects factor)
and within groups over time (within-subjects factor). All
statistical analyses were done using SPSS v22 (IBM). All
data are presented as group means ± SEM.

Receiver operating characteristic (ROC) curves

Data acquisition and MR imaging

LN volumetry and associated metrics were assessed
using receiver operating characteristic (ROC) curves [52].
Tumor suppression was judged at the end of the study, 6
weeks post-implantation. Tumor suppression was found to
be successful (i.e. “positive”) if there was no tumor left,
or if the tumor remaining was judged to be “palpable”,
defined as present but with volume < 50mm3. The false
positive fraction (FPF) was calculated as FP/(FP+TN)
and the true positive fraction (TPF) was calculated as
TP/(TP+FN) at each week of the study and they were
compared in ROC space using both “ROC-KIT” ROC
analysis software [53-56], and SPSS (IBM SPSS Statistics
for Macintosh, Version 22.0). ROC curves (sensitivity vs.
1-specificity) were generated at each week of the study
using a number of potential imaging biomarkers described
in the results. ROC curves were generated for five time
points, day 2, day 8, day 15, day 22, and day 29 posttreatment. Both the % increase in RLN volume and the
volumetric ratio of RLN/LLN were evaluated as potential
biomarkers. We evaluated ROC curves in three groups/
subsets: 1) mice receiving only DPX-R9F or control
injection (both PBS and DPX with no R9F), 2) mice
receiving only w/o-R9F or PBS injection, or 3) all mice.
The area under the ROC curve (AUC) is a common
summary measure of a diagnostic test’s performance,
interpreted as the average sensitivity for all possible
values of specificity [52]. AUC represents the overall
performance and diagnostic accuracy of a test, with
values approaching 1, indicating perfect accuracy. AUC
was measured from the fitted data. In order to evaluated
the critical threshold for optimizing biomarker success,
Youden’s J statistic (J = Sensitivity + Specificity - 1),
a tool that is often used for evaluating a diagnostic test
[41, 57], was calculated and maximized for those ROC
curves where the AUC > 0.7. The critical threshold and
corresponding sensitivity and specificity were calculated
for the maximized J value for each curve using SPSS.

All data were acquired on a 3T magnet equipped
with 21 cm ID gradient coil (Magnex Scientific, Oxford,
UK) interfaced with a Varian DD Console (Varian Inc.,
Palo Alto, Ca). A 30mm ID quadrature transmit/receive RF
coil (Doty Scientific, Col., SC), was used to image tumors,
vaccination sites, and left & right inguinal lymph nodes
simultaneously.
MRI scans were performed between Days 0-3 and
then weekly for 6 weeks to evaluate tumor progression/
eradication as well as lymphatic response. Baseline scans
were also performed prior to tumor challenge (Day -13)
to allow proper comparison of anatomical structures, for a
total of 7 MRI time points in the study.
Sagittal images were obtained using a 3D balanced
steady-state free precession (bSSFP) sequence with a
repetition time (TR)/echo time (TE) = 8/4 ms, flip angle
= 30°, a 38.4x25.5x25.5 mm field of view (FOV) with a
256x170x170 matrix centred on the torso, giving voxels
with 150μm isotropic resolution. 6 signal averages were
acquired with two frequencies [49] for a total scan time of
approximately 48 minutes per animal.

MRI image analysis
Volumetric segmentation of structures were
performed by a single observer, in a blinded fashion to
eliminate the prospect of observer bias, and were then
confirmed by a second independent reviewer. All images
were first zero-padded (interpolated to a higher resolution
grid to increase the effective resolution and image quality)
using ImageJ (NIH). Images were analyzed in RView for
each mouse [50, 51]. A semi-automated region growing
algorithm was implemented to perform individual 3D
segmentations to determine i) C3 tumor volumes, ii) left
inguinal lymph node (LLN), and iii) right inguinal lymph
node volumes (RLN).

ACKNOWLEDGMENTS

Statistical analysis

The authors acknowledge technical support by
Alecia MacKay and Dave McAllindon.

Statistical comparisons of each of the
aforementioned volumetric variables measured and the
RLN/LLN ratio were made using a mixed analysis of
www.impactjournals.com/oncotarget

35666

Oncotarget

CONFLICTS OF INTEREST

13. Camus M, Galon J. Memory T-cell responses and survival
in human cancer: remember to stay alive. Adv Exp Med
Biol 2010;684:166-177.

At the time of the study, KDB, RR, GW, MMS and
MM were employees of Immunovaccine Inc.

14. Patel SP, Kurzrock R. PD-L1 expression as a predictive
biomarker in cancer immunotherapy. Mol Cancer Ther
2015;14:847-856.

FUNDING

15. Madore J, Vilain RE, Menzies AM, Kakavand H, Wilmott
JS, Hyman J, Yearley JH, Kefford RF, Thompson JF, Long
GV, Hersey P, Scolyer RA. PD-L1 expression in melanoma
shows marked heterogeneity with and between patients:
implications for anti-PD-1/PD-L1 clinical trials. Pigment
Cell Melanoma Res 2015;28:245-253.

KDB also acknowledges support from NSERC
Industrial Research Fellowships and MITACS. CVB
acknowledges support from the NSERC Discovery
program, National Research Council, and the Radiology
Research Foundation.

16. Taube JM, Klein A, Brahmer JR, Xu H, Pan X, Kim JH
Chen L, Pardoll DM, Topalian SL, Anders RA. Association
of PD-1, PD-1 ligands, and other features of the tumor
immune microenvironment with response to anti-PD-1
therapy. Clin Cancer Res 2014;20:5064-5074.

REFERENCES
1.

Couzin-Frankel J. Cancer Immunotherapy. Science
2013;342:1432-1433.

2.

Kirkwood JM, Butterfield LH, Tarhini AA, Zarour H,
Kalinski P, Ferrone S. Immunotherapy of cancer in 2012.
CA Cancer J Clin. 2012;62:309-335

3.

Lotze M. In: Cancer: Principles & Practice of Oncology. 9th
ed. 2011.

4.

Mellman I, Coukos G, Dranoff G. Cancer Immunotherapy
comes of age. Nature. 2011;480:480-489.

5.

Morse MA. Whelan M. A year of successful cancer
vaccines points to a path forward. Curr Opin Mol Ther
2010;12:11-13

6.

Sharma P & Allison J. Immune Checkpoint Targeting in
Cancer Therapy: Toward Combination Strategies with
Curative Potential. Cell 2015;161:205-214

7.

US Food and Drug Administration. Critical Path Report Challenges and Opportunities. 2004.

8.

Khleif SN, Doroshow JH, Hait WN, for the AACRFDA-NCI Cancer Biomarkers collaborative. AACRFDA-NCI Cancer biomarkers collaborative consensus
report: Advancing the use of biomarkers in cancer drug
development. Clin Cancer Res 2010;16:3299.

9.

17. Fenizia F, De Luca A, Pasquale R Sacco A, Forgione L,
Lambiase M, Iannaccone A, Chicchinelli N, Franco R,
Rossi A, Morabito A, Rocco G, Piccirillo MC et al. EGFR
mutations in lung cancer: from tissue testing to liquid
biopsy. Future Oncol 2015;11:1611-1623.
18. Mattoscio D, Chiocca S. SUMO pathway components as
possible cancer biomarkers. Future Oncol 2015;11:15991610.
19. Le DT, Uram J, Wang H, Bartlett B, Kemberling H, Eyring
A., Skora AD, Luber BS, Azad NS, Laheru D, Biedrzycki
B, Donehower RC, Zaheer A et al. PD-1 blockade in
tumors with mismatch repair deficiency. J Clin Oncol 2015;
33:abstr LB100
20. Schumacher TN, Kesmir C, van Buuren MM. Biomarkers
in Cancer Immunotherapy. Cancer Cell 2015;27:12-14.
21. Schlange T and Pantel K. Potential of circulating tumor
cells as blood-based biomarkers in cancer liquid biopsy.
Pharmacogenomics 2016;17:183-186.
22. Chen X, Zhang J, Zen K, Zhang C-Y. MicroRNAs as bloodbased biomarkers of cancer. In: MicroRNAs in Cancer
Translational Research. Springer Netherlands. 2011; 499532.

De Gramont A, Watson S, Ellis LM, Rodon J, Tabernero J,
de Gramont A, Hamilton SR. Pragmatic issues in biomarker
evaluation for targeted therapies in cancer. Nat Rev Clin
Oncol 2015;12:197-212.

23. Therasse P, Arbuck SG, Eisenhauer EA, Wanders J,
Kaplan RS, Rubinstein L, Verweij J, Van Glabbeke M, van
Oosterom AT, Christian MC, Gwyther SG. New Guidelines
to Evaluate the Response to Treatment in Solid Tumors. J
Natl Cancer Inst 2000;92:205-216.

10. Galon J, Costes A, Sanchez-Cabo F, Kirilovsky A, Mlecnik
B, Lagorce-Pages C, Tosolini M, Camus M, Berger A,
Wind P, Zinzindohoue F, Bruneval P, Cugnenc PH et
al. Type, density, and location of immune cells within
human colorectal tumors predict clinical outcome. Science
2006;313:1960-1964.

24. Eisenhauer EA, Therasse, P, Bogaerts J, Schwartz LH,
Sargent D, Ford R, Dancey J, Arbuck S, Gwyther S,
Mooney M, Rubinstein L, Shankar L, Dodd L et al. New
Response Criteria in Solid Tumors: Revised RECIST
Guideline (Version 1.1). Eur J Cancer 2009;45:228-247.

11. Galon J, Pages F, Marincola FM, Thurin, M, Trinchieri G,
Fox BA, Gajewski TF, Ascierto PA. The immune score as
a new possible approach for the classification of cancer. J
Trans Med 2012;10:1.

25. Wolchuk, JD, Hoos A, O’Day S, Weber JS, Hamid O,
Lebbe C, Maio M, Binder M, Bohnsack O, Nichol G,
Humphrey R, Hodi FS. Guidelines for the Evaluation of
Immune Therapy Activity in Solid Tumors: ImmuneRelated Response Criteria. Clin Cancer Res 2009;15:7412-

12. Fridman WH, Pages F, Sautes-Fridman C, Galon J. The
Immune contexture in human tumours: impact on clinical
outcome. Nat Rev 2012;12:298-306.
www.impactjournals.com/oncotarget

35667

Oncotarget

20.

T cell responses in ovarian, breast and prostate cancer
patients. J Transl Med. 2012;10:156.

26. Nishino M, Giobbie-Hurder A, Gargano M, Suda M,
Ramiya NH, Hodi FS. Developing a common language
for tumor response to immunotherapy: Immune-related
response criteria using unidimensional measurements. Clin
Cancer Res 2013;19:3936-3943

37. Karkada M, Weir GM, Quinton T, Sammatur L, MacDonald
LD, Grant A, Liwski R, Juskevicius R, Sinnathamby G,
Philip R, Mansour M. A novel breast/ovarian cancer peptide
vaccine platform that promotes specific type-1 but not Treg/
Tr1-type responses. J Immunother 2010;33:250-261.

27. Robert C, Ribas A, Wolchok JD, Hodi FS, Hamid O,
Kefford R, Weber, JS, Joshua AM, Hwu WJ, Gangadhar
TC, Patnaik A, Dronca R et al. Anti-programmeddeath-receptor-1 treatment with pembrolizumab in
ipilimumab-refractory advanced melanoma: a randomized
dose-comparison cohort of a phase 1 trial. The Lancet
2014;384:1109-1117.

38. Lores B, Garcia-Estevez JM, Arias C. Lymph nodes and
human tumors (review). Int J Mol Med 1998;4:729-733.
39. Coussens LM, Werb Z. Inflammation and Cancer. Nature
2002;420:860-867.
40. Harao M, Mittendorf EA, Radvanyi LG. Peptide-based
vaccination and induction of CD8+ T-cell responses against
tumor antigens in breast cancer. BioDrugs 2015;29:15-30.

28. Tarhini A, Lo E, Minor DR. Releasing the brake on the
immune system: Ipilimumab in melanoma and other
tumors. Cancer Biother Radiopharm 2010;25(6):601-613.

41. Hajian-Tilaki K. Receiver operating characteristic (ROC)
curve analysis for medical diagnostic test evaluation.
Caspian J Intern Med 2013;4(2): 627-635.

29. Wahl RL, Jacene H, Kasamon Y, Lodge MA. From RECIST
to PERCIST: Evolving Considerations for PET Response
Criteria in Solid Tumors. J Nucl Med 2009;50:122S-150S.

42. Hui L, Giger ML, Yuan Y, Lan L, Sennett C. Performance
of CADx on a large clinical database of FFDM images. In:
Krupinski E, editor. Digital Mammography. New York:
Springer Berlin Heidelberg; 2008. p.510-514.

30. Nair-Gill E, Wiltzius SM, Wei XX, Cheng D, Riedinger
M, Radu CG, Witte ON. PET probes for distinct metabolic
pathways have different cell specificities during immune
responses in mice. J Clin Invest. 2010;120:2005-2015.

43. Weir GM, Hrytsenko O, Stanford MM, Berinstein
NL, Karkada M, Liwski RS, Mansour M. Metronomic
cyclophosphamide
enhances
HPV16E7
peptide
vaccine induced antigen-specific and cytotoxic T-cell
mediated antitumor immune reponse. Oncoimmunology
2014;3:e953407.

31. Aarntzen EH, Srinivas M, De Wilt JH, Jacobs JF, Lesterhuis
WJ, Windhorst AD, Troost EG, Bonenkamp JJ, van
Rossum MM, Bloxk WA, Mus RD, Boerman OC, Punt CJ,
Figdor CG, Oyen WJ, de Vries IJ. Early identification of
antigen-specific immune responses in vivo by [18F]-labeled
3’-fluoro-3’-deoxy-thymidine ([18F]FLT) PET imaging.
Proc NAtl Acad Sci USA. 2011; 108:18396-18399.

44. Hailemichael Y, Dai Z, Jaffarzad N, Ye Y, Medina MA,
Huang X-F, Dorta-Estremera SM, Greeley NR, Nitti
G, Peng W, Liu C, Lou Y et al. Persistent antigen at
vaccination sites induces tumor-specific CD8+ T cell
sequestration, dysfunction and deletion. Nat Med 2013;19:
465-72.

32. Brewer KD, Lake K, Pelot, N, Stanford MM, Debay DR,
Penwell A, Weir GM, Karkada M, Mansour M, Bowen
CV. Clearance of depot vaccine SPIO-labeled antigen and
substrate visualized using MRI. Vaccine 2014;32:69566962.

45. Jones RL, Cunningham D, Cook G, Ell PJ. Tumor Vaccine
Associated Lymphadenopathy and False Positive Positron
Emission Tomography Scan Changes. Brit J of Radiology
2004;77: 74-5.

33. DeBay D, LeBlanc SA, Weir GM, Mansour M, Bowen CV.
MR visualization of depot vaccines and immune activation
for cancer therapies. Proceedings of the 19th Annual
ISMRM. 2011, 977.

46. Kaneko K, Yoshida T, Hiyama J, Ono K, Omagari J. Chest
Wall and Axillary Lymph Node FDG Uptake Associated
With Cancer Vaccine Therapy for Lung Cancer. Clin Nucl
Med 2010;35: 729-30.

34. Debay DR, Brewer KD, LeBlanc SA, Weir GM, Stanford
MM, Mansour M, Bowen CV. Using MRI to evaluate
and predict therapeutic success from depot-based cancer
vaccines. Mol Ther - Meth Clin Dev 2015; 2:15048.

47. Feltkamp MC, Smits HL, Vierboom MP, Minnaar RP, de
Jongh BM, Drijfhout JW, ter Schegget J, Melief CJ, Kast
WM. Vaccination with cytotoxic T lymphocyte epitopecontaining peptide protects against a tumor induced by
human papillomavirus type 16-transformed cells. Eur J
Immunol 1993;23:2242-2249.

35. Berinstein NL, Karkada M, Oza AM, Odunski K, Villella
JA, Nemunaitis JJ, Morse MA, Pejovic T, Bentley J,
Buyse M, Nigam R, Weir GM et al. Survivin-targeted
immunotherapy drives robust polyfunctional T cell
generation and differentiation in advanced ovarian cancer
patients. OncoImmunology. 2015; 4:e1026529.

48. Miles AP, McClellan HA, Rausch KM, Zhu D, Whitmore
MD, Singh S, Martin LB, Wu Y, Giersing BK, Stowers
AW, Long CA, Saul A. Montanide ISA 720 vaccines:
quality control of stability of formulated antigens, and
comparative immunogenicity of vaccine formulations.
Vaccine 2005;23:2530-2539.

36. Berinstein NL, Karkada M, Morse MA, Nemunaitis JJ,
Chatta G, Kaufman H, Odunski K, Nigam R, Sammatur
L, MacDonald LD, Weir GM, Stanford MM et al. Firstin-man application of a novel therapeutic cancer vaccine
formulation with the capacity to induce multi-functional
www.impactjournals.com/oncotarget

35668

Oncotarget

49. Scheffler K. On the transient phase of balanced SSFP
sequences. Magn Reson Med 2003;49:781-783.
50. Studholme C, Rview software, Version #9.043B, http://
rview.colin-studholme.net

54. DeLong ER, DeLong DM, Clarke-Pearson DL. Comparing
the areas under two or more correlated receiver operating
characteristic curves: a nonparametric approach. Biometrics
1988;44:837.

51. Studholme C, Hill DLG, Hawkes DJ. An Overlap Invariant
Entropy Measure of 3D Medical Image Alignment. Pattern
Recognit 1999;32:71-86.

55. Metz CE. Quantification of failure to demonstrate statistical
significance: the usefulness of confidence intervals. Invest
Radiol 1993;28:59.

52. Zweig MH, Campbell G. Receiver-operating characteristic
(ROC) plots: a fundamental evaluation tool in clinical
medicine. Clin Chem 1993;39:561-577.

56. Metz CE, ROC Software, ROC-kit, http://metz-roc.
uchicago.edu.
57. Youden WJ. Index for rating diagnostic tests. Cancer
1950;1:32-35.

53. Metz CE. Basic principles of ROC analysis. Seminars in
Nucl Med 1978;8:283.

www.impactjournals.com/oncotarget

35669

Oncotarget

