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to a Theranostic Transcriptome

Lisa Bodei

It all began in Weimar, at the Goethe National
Museum in Weimar, a magnificent and placid
place. The place is redolent in history and cul-
ture, where Prof. Richard Baum organized the
fourth Mitteldeutsches Neuroendokriner Tumor
Symposium, in June 2013 (Fig. 7.1). Richard has
always been a pioneer and the first to understand
and disseminate the importance of many innova-
tions, including the now popular theranostic con-
cept. Unlike many conservative and “predictable”
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scientific gatherings, his meetings have always
been avant-garde and pivotal in defining the
trends for the future. To my delight and pleasure,
I was invited to participate in what I knew would
be a tour de force of the trailblazers of innovative
nuclear medicine.

After more than 13 years of full immersion in
peptide receptor radionuclide therapy (PRRT) of
neuroendocrine tumors (NETSs), I was in search
of new inspirations to improve this excellent

Fig. 7.1 Tt all started in Weimar. Prof. Richard P. Baum giving the introductory lecture at the fourth Mitteldeutsches

neuroendokriner Tumor Symposium, in June 2013
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Fig. 7.2 The foundation of LuGenlum, with the contri-
butions of Prof. Richard P. Baum (Bad Berka, GE), Prof
Irvin M. Modlin (Yale University, USA), Prof. Dik

treatment. [ had been captured by the possibilities
of accurate monitoring and prediction of therapy
provided by blood transcriptome signatures for
NETs, as proposed by the inventor of this field,
Prof. Irvin M. Modlin of Yale University [1].
While walking through the rooms of Goethe’s
house, and inspired by the book and art collection
that is so well-preserved there, I initiated a peri-
patetic discussion about the future of PRRT with
Richard, Irvin, and Dik (the late and much
beloved Prof. Dik J. Kwekkeboom from Erasmus
University), who established ""Lu-DOTATATE
therapy. In the green study of the Master, I real-
ized that three of the most important minds in the
field of neuroendocrinology were there with me.
“What if we could apply the sophisticated
genomic techniques to PRRT?” I asked. The idea
was met with considerable interest as well as

Rotterdam

New Haven

J. Kwekkeboom and Prof. Eric P. Krenning (Erasmus
University, Rotterdam, NL)

skepticism. We then decided to meet in Lyon,
during the EANM ’13 annual meeting. There,
among pdté de foie gras and a glass of Cotes de
Gascogne, we decided to establish and fund a
research group. In honor of the city of Lyon,
whose old name was Lugdunum, we established
LuGenlum (Fig. 7.2).

The scope of our innovative research venture
was to understand the role of individual predispo-
sition and specific tumor genomic profile in the
response and toxicity to PRRT. Our specific aims
were to, first, conduct a retrospective analysis of
toxicity to PRRT (i.e., define the problem) in a
large patient cohort, then to conduct two prospec-
tive studies (assess the efficacy of the ideas).
Firstly, to identify NETs at a genomic level and
assess the response to PRRT with a PCR-based
blood analysis, and, secondly, to analyze markers
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of long-term toxicity in patients with NETs pre-
viously undergone to PRRT with a PCR-based
blood analysis.

7.1 Retrospective Analysis

of Toxicity

Given the increased use of PRRT in NETs and
the numerous other therapies in patients undergo-
ing PRRT, it is crucial to define the risk
relationship between toxicity and therapy by
identifying the risk factors. These factors are con-
sidered, by the clinicians, responsible of modu-
lating the occurrence of adverse events after
PRRT by altering the thresholds for toxicity to
critical organs.

We assessed 807 subjects enrolled at my insti-
tution (at that time), the European Institute of
Oncology (IEO) in Milan, who had received
PRRT with Y-, ""Lu-, and *°Y+'"7Lu-
somatostatin analog peptides. Our concept was to
evaluate the renal and bone marrow toxicity,
expressed by blood chemistry analysis, and the
parameters then considered to modulate the toler-
ability, such as the risk factors, PRRT parameters,
and clinical features [2]. To ensure a balanced
assessment we utilized sophisticated statistical
analysis with multiple regression, random forest
feature selection, and recursive partitioning and
regression trees.

We observed that severe nephrotoxicity was
virtually absent after '"Lu-peptides and was
related to the administration of **Y-peptides. G1/
G2 creatinine toxicity was present in 34.6% of all
patients and G3/G4 toxicity in 1%. None of the
patients treated with only '"Lu-DOTATATE,
however, developed severe toxicity. Bone mar-
row toxicity was low and comparable with other
anti-neoplastic therapies. Myelodysplastic syn-
drome was observed in 2.35% of individuals,
with a minority developing acute leukemias
(1.1%). More interestingly, in our comparative
analysis of nephrotoxicity, it was apparent that
clinical factors, such as hypertension or prior
nephrotoxic chemotherapy, as well as clinical
features, such as anemia, failed to provide a basis
for more than 34% of the cases of toxicity.

Similarly, in our comparative analysis of hemato-
toxicity, clinical factors, such as prior myelotoxic
chemotherapies or bone marrow invasion, as well
as clinical features, such as thrombocytopenia,
could only be incriminated in ~30% of the cases
of myeloproliferative disease. These data strongly
suggest the existence of unidentified individual
susceptibilities to radiation-associated disease,
most likely of a genetic basis. Our inescapable
conclusion was that personalized molecular
approaches would be required to identify indi-
vidual radiosensitivity.

7.2  Circulating NET Transcripts

The NETest is a gene expression assay that mea-
sures 51 NET marker transcripts in blood using
real-time PCR [1, 3]. The 51 NETest genes are
included in “14 omes”. The assay utilizes multi-
algorithmic analysis to quantify expression of
gene clusters related to the tumor. NETest output
is a score scaled 0—100 that represents the risk of
NET disease. A normal score is <20, stable dis-
ease 2140, progressive disease 41-100. The
assay has demonstrated >90% accuracy, sensitiv-
ity and specificity for a NET diagnosis and resid-
ual/recurrent disease in numerous prospective
studies and a recent meta-analysis [4-9].

7.3  Circulating NET Transcripts

and SSR Imaging

The concept of adding an mRNA-based omic
strategy to PRRT was based on our recognition
of the need to improve the diagnostic and thera-
peutic approach to NETs. There was an obvious
requirement to move from a mono-dimensional
approach based on a single piece of information
(i.e., somatostatin receptor expression) to a mul-
tidimensional one, based on the multiple simul-
taneous molecular measurements of the genes
regulating tumor biology (behavior). We felt
this was accomplishable if we could use the 51
“NET-defining” gene transcripts and their omic
clusters to genomically characterize individual
tumors.
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Initially, we evaluated the relationship of the
NETest with diagnostic imaging, namely Ga-68-
based somatostatin analog PET (®*Ga-SSA-PET)
[10]. Our hypothesis was that the integration of
circulating molecular markers and a tissue index
of proliferation with functional imagery would
provide added functional information in respect
of tumor biology and clinical behavior. We
recruited two independent patient groups affected
by gastroenteropancreatic (GEP) and bronch-
pulmonary (BP) NETs with positive **Ga-SSA-
PET and evaluated all with NETest: 27 patients
pre-PRRT as primary or salvage treatment from
two Italian institutions, IEO, Milan and Istituto
Tumori della Romagna (IRST), Meldola, and 22
patients referred for staging/restaging after vari-
ous therapies at Charité University, Berlin. To
understand the relationship between gene expres-
sion and imaging, we examined the maximum
standardized uptake value (SUVmax) at PET and
the circulating gene transcripts. Additional
parameters included Ki-67 index,
Chromogranin-A (CgA). Transcripts were mea-
sured by real-time quantitative reverse transcrip-

SUVmax (R2 = 0.311, RMSE = 9.38)

-

i}

Variables

-1

Predicted SUVmax

>\
oy

1 2
Observed SUVmax

a b . c

Fig. 7.3 Neuroendocrine specific multitranscriptomic
analysis, NETest, predicts correlates with and predicts
uptake at ®*Ga-labeled somatostatin analogue (SSA) PET
with great concordance ((a) >95% concordance, R*> =
0.31, root-mean-square error = 9.38). (b) Typical appear-
ance of a ®®Ga-DOTATOC PET scan, maximum intensity
projection (MIP) in a patient with elevated NETest, dem-
onstrating an intensely avid pancreatic lesion (dotted
arrow) as well as in intensely avid liver metastasis (solid

tion PCR (qRT-PCR) and multianalyte
algorithmic analysis, CgA by enzyme-linked
immunosorbent assay (ELISA). Statistical analy-
sis to evaluate the strength of the relationships
with the NETest included regression analyses,
generalized linear modeling, and receiver-operat-
ing characteristic (ROC) curves.

Firstly, our regression model confirmed that
the SUVmax measured in two centers were com-
parable. NETest was positive in 47 of 49 patients
(96%), CgA was positive in 26 (54%) (y* = 20.1,
p<2.5x%107° and 78% were G1-G2 according to
WHO 2010 (Ki-67 < 20%). Gene transcript
scores were predictive of imaging with >95%
concordance and significantly correlated with
SUVmax (R? = 0.31, root-mean-square error =
9.38). This meant that specific genes accurately
predict the uptake: the genes MORF4L2 and
HSF2, followed by somatostatin receptors
SSTRI1, 3, and 5 exhibited the highest correlation
with SUVmax. Progressive disease was identi-
fied by elevated levels of a quotient of MORF4L2
expression and SUVmax [ROC-derived AUC (R?
= 0.7, p < 0.05). As expected, no statistical rela-

QUOTIENT VALUE

FLLLTLTL)
. . MORF SSR K67 Co
s | QUOTIENT TYPE
arrow). (¢) Histogram illustrating the genes contributing
to predict the uptake at ®*Ga-SSA-PET: MORF4L2 and
HSF2, are the most important. (d) Progressive disease was
identified by elevated levels of a quotient of MORF4L.2
expression and SUVmax [ROC-derived AUC (R*>= 0.7, p
< 0.05). A circulating gene-based quotient, therefore, has
relevance for clinical management, because it adds func-
tional biological multi-dimensionality to an image
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tionship was identified between CgA and Ki-67
and imaging parameters (Fig. 7.3).

7.4  Circulating NET Transcripts

and PRRT

We then moved on and tested the correlation of
NETest and PRRT efficacy. Specifically, the aim
of this segment of the research was to assess the
accuracy of circulating NET transcripts as a mea-
sure of PRRT efficacy, and to identify prognostic
gene clusters in baseline blood that could have
relevance for PRRT efficacy [11]. Our hypothesis
was that the measurement of circulating NET
transcripts of patients undergoing PRRT would
enable assessment of tumor response and provide
biologically relevant information on an individ-
ual tumor. We prospectively enrolled 54 subjects
with GEP and BP NETs. The majority (47/54)
had low-grade NETs (G1/G2; BP typical/atypi-
cal), 31/49 were 'FDG positive and 39/54 had
progression at start. Disease status was assessed
by RECISTI.1. Statistical analysis included chi-
square, non-parametric measurements, multiple
regression, receiver operating characteristic, and
Kaplan-Meier survival curves. The disease con-
trol rate (stability, partial and complete responses)
was 72% and median progression-free survival
(PFS) was not reached (median follow-up: 16
months). Only grading (but not CgA, SSR expres-
sion, or FDG positivity) was associated with
response (p < 0.01). At baseline, 94% of patients
were NETest-positive, while CgA was elevated in
59%. NETest accurately (89%, y*=27.4;,p=1.2
x 1077) correlated with treatment response, while
CgA was only 24% accurate. Additionally, we
observed that pre-treatment expression of 8 genes
representing clusters of genes regulating two
components of tumor biology, namely growth-
factor signaling (GFS) and metabolism (MTb),
correlated with response. GFS and MTb omic
clusters exhibited an AUC of 0.74 + 0.08
(z-statistic = 2.92, p < 0.004) for response predic-
tion (76% accuracy). Ki67 alone had no value as
a predictor of treatment efficacy. To amplify the
clinical utility using all modalities, we used a
logistic regression model to integrate the GFS/

MTb parameter with grading. This provided a
binary treatment prediction output: “predicted
responder” (PPQ+); “predicted non-responder”
(PPQ-) with an AUC of 0.90 + 0.07, irrespective
of tumor origin. The newly defined PRRT pre-
dicting quotient (PPQ) exhibited a 94% accurate
correlation with PRRT responders (SD + PR +
CR; 97%) vs. non-responders (91%).

7.5 Validation Study of PRRT
Genomic Signature in Blood
(PPQ) for the Prediction

of "’Lu-octreotate Efficacy

The characterization of the PPQ in the discovery
cohort was the first demonstration of a pre-
treatment parameter able to correlate with high
accuracy with the response to PRRT. In so doing
it accomplished longstanding unmet need in the
radionuclide treatment of NETs, namely on a
biological basis to accurately predict therapeutic
efficacy. This parameter however needed valida-
tion in larger, independent cohorts to demonstrate
that PPQ (an algorithm that integrates circulating
NET-specific transcripts with tissue Ki67), would
be able to differentiate PRRT-responders from
PRRT-non-responders prior to the initiation of
PRRT. In this respect, it was important to demon-
strate that PPQ would behave as a predictive and
not as a prognostic biomarker, by confirming that
PPQ correlated only with PRRT response and not
to other treatment strategies.

The study of PPQ as a predictive biomarker
was undertaken in three independent '""Lu-PRRT
treated cohorts with a total of 158 subjects: the
original developmental cohort, now enlarged to
72 subjects from IRST Meldola, Italy, and the
two prospective validation cohorts from
Zentralklinik Bad Berka, Germany (n = 44), and
Erasmus Medical Center, Rotterdam, Netherlands
(n = 42). Each cohort included predominantly
well-differentiated, low-grade (G1-G2, 86-95%)
GEP and BP NETs. To demonstrate the specific-
ity of PPQ, we included two non-PRRT compara-
tor cohorts: SSA-treated cohort I (n = 28; 100%
G1-G2, 100% GEP) and II (n = 51; 98% low
grade; 76% GEP-NET), and a watchful-waiting
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Fig. 7.4 PRRT Prediction Quotient for PFS prediction in
PRRT-treated and non-treated cohorts. In the PRRT-
treated cohorts (a—c) positive PPQ predicted a favorable
PRRT outcome and was associated with undefined mPFS,
while negative PPQ predicted a poor PRRT outcome and
was associated with a mPFS of 11-14 months. In the com-

cohort (n =44; 64% G1-G2; 91% GEP). Baseline
parameters to be tested included PPQ, disease
status, SSR, and CgA. Treatment response was
evaluated using RECIST criteria [responder (sta-
ble, partial, and complete response) vs non-
responder)]. Sample measurement and analyses
were blinded to study outcomes. Statistical eval-
uation included Kaplan-Meier survival and stan-
dard test evaluation analyses.

In the developmental cohort, 56% responded
to PRRT. The PPQ predicted 100% of responders
and 84% of non-responders, with an accuracy of
93%. The two validation cohorts exhibited a
response of 64 and 79%, respectively. In both, the
PPQ was 95% accurate (Bad Berka: PPQ+ =
97%, PPQ— = 93%; Rotterdam: PPQ+ = 94%,
PPQ— = 100%). Overall, the median PFS was not
reached in PPQ+ vs PPQ— (10-14 months; HR:
18-77, p < 0.0001). In the two comparator
cohorts, where SSA-treatment (n = 79) and
watchful waiting (n = 44) were applied, the PRRT
predictor (PPQ) had an accuracy of 47 and 50%,

Months

Months

parator, non-PRRT treated cohorts (d—f), the prediction of
PPQ did not make any difference in the outcome of ther-
apy, resulting in similar mPFS for the PPQ positive and
negative subjects. These results provide the demonstration
that PPQ is a predictive biomarker and a measure of
radiosensitivity

respectively. Essentially, the predictive accuracy
of flipping a coin! In addition, the PFS of the
PPQ+ and PPQ- did not exhibit any significant
differences in any of the two comparator cohorts.
These data demonstrated that the PPQ measure-
ment is an accurate predictor of radiosensitivity
(Fig. 7.4).

7.6  Validation Study

of Multigene NET-Specific
Circulating Transcript
Signature for the Monitoring

of "’Lu-octreotate Efficacy

Finally, we sought to validate the correlation of
the multigene NET-specific circulating transcript
signature with efficacy. Specifically, it was our
intention to test the hypothesis that the NETest is
able to over time monitor the response to PRRT
and provide added value to the PPQ [12]. We pro-
spectively evaluated whether the NETest was a
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Fig. 7.5 NETest levels during PRRT. PRRT responders
(blue, a, b) had significantly decreased NETest levels dur-
ing and after PRRT. A decrease to NETest stable levels
(NETest < 40) was significantly associated with a favor-
able outcome, represented by an undefined mPFS (blue,
¢). On the contrary, patients who did not respond to ther-
apy (red, a, b) exhibited significantly increased NETest

surrogate biomarker for RECIST in defining dis-
ease response and if NETest levels correlated
with pretreatment PPQ prediction of efficacy. We
included 122 prospectively enrolled patients with
GEP and BP NETs undergoing PRRT with
7"Lu-peptides. These were divided into three
cohorts (IRST, Meldola, Italy: n = 72;
Zentralklinik Bad-Berka, Germany: n = 44;
Erasmus University Rotterdam, Netherlands: n =
41). NETest was measured at baseline, at each
PRRT cycle, and at follow-up (2—12 months).
NETest is defined by a 1-100 score: stable dis-
ease is identified by a score <40, progression
>40. CgA was used as a comparator. Samples
were de-identified, and measurement and analy-
ses were blinded. Kaplan-Meier survival and
standard statistics were assessed. RECIST stabi-
lization or response (“responder”) occurred in
67%; 33% progressed. NETest significantly (p <
0.0001) decreased in “responders” (—47 + 3%);
in “non-responders,” NETst levels remained ele-
vated (+79 = 19%) (p < 0.0005). NETest moni-
toring accuracy was 98% (119/122). NETest
levels >40 in the follow-up (indicating a progres-
sive status) correlated with a shorter mPFS (10
months), as opposed to stable NETest levels
(<40; not reached; HR 0.04 (95%CI, 0.02-0.07).
PPQ was confirmed to predict response with high
accuracy (118/122, 97%) with a 99% accurate
positive and 93% accurate negative prediction.
The combination of information deriving from
the two genomic biomarkers demonstrated that
NETest significantly (p < 0.0001) decreased in

levels during and after PRRT. Increasing NETest levels to
the progressive range (>40) were significantly associated
with a poor outcome of PRRT, represented by a mPFS of
10 months (red, ¢). This is particularly valuable in light of
the frequent pseudo-progression, related to the radiation
inflammatory response, which limits the evaluation of
PRRT outcome until after the end of PRRT

PPQ-predicted responders (—46 <+ 3%).
Conversely, in PPQ-predicted non-responders the
NETest remained elevated or increased (+75 +
19%). Follow-up NETest values, stable vs pro-
gressive, reflected the PPQ prediction and the
mPFS (not reached vs. 10 months; HR 0.06
(95%CI, 0.03-0.12). CgA was noncontributory:
it decreased in 38% of PRRT responders and
56% of non-responders (p = NS). In summary,
these studies demonstrated two major outcomes.
Firstly, the PPQ predicted PRRT response in
97%; secondly, the NETest accurately monitored
PRRT response. Overall, it was evident that the
PPQ is an effective predictive biomarker specific
for PRRT and that the NETest provides an effec-
tive real-time surrogate marker of PRRT radio-
logical response (Fig. 7.5). This is particularly
valuable in light of the frequent pseudo-
progression, related to the radiation inflamma-
tory response, which limits the evaluation of
PRRT outcome until after the end of PRRT [13].
It also provides evidence for further consider-
ation in respect of health economic impact of
repeated imaging as opposed to the use of a non-
invasive biomarker assessment [14].

7.7  Future Developments

PRRT has demonstrated efficacy and tolerability
in the treatment of well-differentiated neuroen-
docrine tumors. The work of the LuGenlum
Consortium for Independent Research addressed
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some of the major challenges in its use, which are
the prediction of efficacy and toxicity and the
consequent patient stratification. Transcriptomic
evaluations of blood and a combination of gene
expression and specific SNPs, aided by machine
learning algorithms, are worth consideration as
key strategies to provide molecular tools that will
enhance the efficacy and safety of PRRT [15].
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