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Abstract

Background: Malignancies are molecularly complex and become more resistant with each line of therapy. We
hypothesized that offering matched, individualized combination therapies to patients with treatment-naïve,
advanced cancers would be feasible and efficacious. Patients with newly diagnosed unresectable/metastatic, poor-
prognosis cancers were enrolled in a cross-institutional prospective study.

Methods: A total of 145 patients were included in the study. Genomic profiling (tissue and/or circulating tumor
DNA) was performed in all patients, and PD-L1 immunohistochemistry, tumor mutational burden, and microsatellite
status assessment were performed in a subset of patients. We evaluated safety and outcomes: disease-control rate
(stable disease for ≥ 6 months or partial or complete response), progression-free survival (PFS), and overall survival
(OS).

Results: Seventy-six of 145 patients (52%) were treated, most commonly for non-colorectal gastrointestinal cancers,
carcinomas of unknown primary, and hepatobiliary malignancies (53% women; median age, 63 years). The median
number of deleterious genomic alterations per patient was 5 (range, 0–15). Fifty-four treated patients (71%)
received ≥ 1 molecularly matched therapy, demonstrating the feasibility of administering molecularly matched
therapy. The Matching Score, which reflects the percentage of targeted alterations, correlated linearly with
progression-free survival (R2 = 0.92; P = 0.01), and high (≥ 60%) Matching Score was an independent predictor of
improved disease control rate [OR 3.31 (95% CI 1.01–10.83), P = 0.048], PFS [HR 0.55 (0.28–1.07), P = 0.08], and OS
[HR 0.42 (0.21–0.85), P = 0.02]. Serious adverse event rates were similar in the unmatched and matched groups.

© The Author(s). 2021 Open Access This article is licensed under a Creative Commons Attribution 4.0 International License,
which permits use, sharing, adaptation, distribution and reproduction in any medium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative Commons licence, and indicate if
changes were made. The images or other third party material in this article are included in the article's Creative Commons
licence, unless indicated otherwise in a credit line to the material. If material is not included in the article's Creative Commons
licence and your intended use is not permitted by statutory regulation or exceeds the permitted use, you will need to obtain
permission directly from the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.
The Creative Commons Public Domain Dedication waiver (http://creativecommons.org/publicdomain/zero/1.0/) applies to the
data made available in this article, unless otherwise stated in a credit line to the data.

* Correspondence: jsicklick@health.ucsd.edu; rkurzrock@health.ucsd.edu
†Scott M. Lippman and Razelle Kurzrock contributed equally to this work.
1Department of Surgery, Division of Surgical Oncology, UC San Diego School
of Medicine, San Diego, CA, USA
2Center for Personalized Cancer Therapy, Moores Cancer Center, UC San
Diego Health, 3855 Health Sciences Drive, Mail Code 0658, La Jolla, CA
92093-0658, USA
Full list of author information is available at the end of the article

Sicklick et al. Genome Medicine          (2021) 13:155 
https://doi.org/10.1186/s13073-021-00969-w

http://crossmark.crossref.org/dialog/?doi=10.1186/s13073-021-00969-w&domain=pdf
http://orcid.org/0000-0003-4403-0271
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/publicdomain/zero/1.0/
mailto:jsicklick@health.ucsd.edu
mailto:rkurzrock@health.ucsd.edu


Conclusions: Personalized combination therapies targeting a majority of a patient’s molecular alterations have
antitumor activity as first-line treatment. These findings underscore the feasibility and importance of using tailored
N-of-1 combination therapies early in the course of lethal malignancies.

Trial registration: I-PREDICT (NCT02534675) was registered on August 25, 2015.
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Background
Precision cancer therapy entails identifying the molecular
abnormalities in a patient’s tumor(s) and fashioning a
therapeutic strategy that precisely targets those aberra-
tions [1]. Genomic sequencing of tumors has unveiled re-
markably complicated molecular landscapes with most
cancers possessing unique biologic heterogeneity and
complexity, even if they originate from the same organ
and/or share histopathologies [2–4]. To precisely target
cancers with complicated molecular portfolios that differ
from patient to patient, it is necessary to individualize (or
personalize) treatment regimens. The most common ap-
proaches to precision cancer therapy use both single gene
polymerase chain reaction (PCR)-based sequencing and
next generation sequencing (NGS)-based genomic profil-
ing of tumors to identify genomic alterations that can
serve as predictive biomarkers and match each of these
potential targets to corresponding therapeutic agents.
Often, this approach is deployed late in a patient’s disease
course when cancers are more refractory to treatment.
We previously demonstrated that administering custom-
ized (N-of-1), molecularly matched combination therapies
is safe and effective in heavily treated patients with ad-
vanced cancers [5]. Our new precision-personalized para-
digm departs from conventional approaches to cancer
therapies in that it is patient-centric rather than drug-
centric. Thus, each patient receives a personalized, N-of-1
treatment plan that optimally matches agent(s) to their tu-
mor’s biology, while also appreciating other variables
(such as co-morbidities) unique to that patient.
We hypothesized that further improvement in

personalized-precision outcomes could be achieved by
treating patients with N-of-1 individualized, molecularly
matched therapies earlier in their disease course, when
less intra- and/or inter-tumoral heterogeneity may exist.
Herein, we report the feasibility, safety, and efficacy results
of our prospective, non-randomized, navigational trial that
evaluated the use of molecular profile-based evidence to
determine individualized cancer therapy for patients with
treatment-naïve, advanced lethal malignancies.

Methods
Patients
A total of 145 patients were included in the study. The
eligibility criteria were as follows: adult patients with an

incurable (i.e., surgically unresectable or metastatic dis-
ease) and lethal (i.e., ≥ 50% 2-year cancer-associated
mortality) cancer; patients with cancer of unknown pri-
mary or a rare tumor with no approved therapies; pa-
tients with at least one of the following: unresectable
disease, metastatic disease, medically unfit for surgical
resection but with an expected survival of > 3months,
disease where no conventional therapy leads to a survival
benefit > 6 months, actionable alterations determined by
FoundationOne; no prior systemic cancer treatment; no
prior anti-tumor agents; ability to understand and the
willingness to sign a written informed consent; Eastern
Cooperative Oncology Group Performance Status of 0 to
1; measurable disease; New York Heart Association
Functional Classification I-II; adequate organ function;
able to swallow and retain oral medication; must have
evaluable tissue/blood for testing; and negative serum
pregnancy test and use of one form of pregnancy pre-
vention. Exclusion criteria were as follows: two oncolo-
gists disagree on prognosis or resectability; medical
disorder that would confound study analyses; and preg-
nant, breast-feeding, or not using pregnancy prevention.
All participants provided written informed consent to
the Investigation of Profile-Related Evidence Determin-
ing Individualized Cancer Therapy (I-PREDICT) study
(groups 1 and 2), as well as separate written informed
consent for any investigational drug trials to which they
were navigated, per Internal Review Board approval
guidelines. The trial opened to enrollment on February
13, 2015. The data cutoff date was November 1, 2019.
All data for each patient are included in Additional file
1: Table S1.

Study design and treatment
I-PREDICT (NCT02534675, https://clinicaltrials.gov/ct2/
show/NCT02534675) is a cross-institutional, prospective
navigation trial. The study design and outcomes for pa-
tients with previously treated, unresectable or metastatic
cancers (group 3) have been reported [5]. Herein, we uti-
lized the same study protocol (Additional file 2) to inves-
tigate the feasibility, efficacy, and safety of administering
customized, molecularly matched combination therapies
to patients with treatment-naïve unresectable (group 1)
or metastatic (group 2) lethal cancers with an expected
2-year survival of less than 50%.
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Genomic profiling of tumor tissues (236–405 genes)
or blood-derived circulating tumor DNA (ctDNA) (62
genes) was conducted by hybrid capture-based next
generation sequencing (NGS). In a subset of patients
had PD-L1 immunohistochemistry (IHC) [antibody
SP142 (Ventana) or 22C3 (Dako)], tumor mutational
burden (TMB) and microsatellite status were also
assessed, using previously described methods (Foun-
dation Medicine, Inc.; CLIA-licensed and CAP-
accredited laboratory; Cambridge, MA. https://www.
foundationmedicine.com) [6–13]. TMB results were
reported as follows: TMB-High corresponds to ≥ 20
Muts/Mb, TMB-Intermediate corresponds to 6-19
Muts/Mb, and TMB-Low corresponds to ≤ 5 Muts/
Mb.
Treatment recommendations and potential overlap-

ping drug toxicities were discussed by a molecular
tumor board (MTB; either ad hoc just-in-time elec-
tronic exchange or weekly face-to-face meetings). The
ad hoc just-in-time electronic MTB always included
the co-authors (namely, Jason Sicklick, Shumei Kato,
Ryosuke Okamura, Pradip De, Casey Williams, Brian
Leyland-Jones, Razelle Kurzrock) and the treating
physician. The in-person weekly MTB also included
other oncologists (medical, surgical, gynecologic and
radiation), pharmacologists, cancer biologists, geneti-
cists, radiologists, pathologists, basic scientists, and
bioinformaticians, as well study coordinators/naviga-
tors and medication acquisition specialists as we pre-
viously described [14–17]. These individuals varied
from week to week. Unique to I-PREDICT, there was
not a predesignated set of drugs and drug combina-
tions determined by the MTB. Instead, all possible
drug combinations were used, unless the MTB felt
that there was reason to believe or reported/known
evidence that a combination would be toxic and
therefore contraindicated. The administration of cus-
tomized, molecularly matched combinations (including
targeted, chemotherapeutic, hormonal agents, biologic
agents, and immunotherapies) was emphasized. The
treating oncologist rendered the final decision regard-
ing therapy choice. Thus, this study was uniquely pa-
tient centered since the combination of drugs was
determined by the molecular alterations present in
the patient’s tumor, rather than by having a limited
set of preconceived options.
This study was cross-institutional [two centers: Uni-

versity of California San Diego (UCSD) Moores Cancer
Center and Avera Cancer Institute in South Dakota]
with all physicians at each site able to consent and enroll
patients. Investigators updated the study information by
teleconference (twice monthly) and via face-to-face
meetings for UCSD study members. Data review retreats
were held every 1–2 months.

Matching score
We compared differences in outcomes according to a
previously reported molecular Matching Score (MS) [5,
18–20]. In short, Matching Score is defined as the num-
ber of alterations (excluding variants of unknown signifi-
cance, VUS) targeted by administered drugs divided by
the total number of characterized alterations (excluding
VUS) identified. We did not distinguish between poten-
tial driver versus passenger mutations. The higher the
score (range, 0–100%), the “better” the match.
For instance, if a patient’s tumor harbored six charac-

terized genomic alterations and they were given two
agents that targeted three of these alterations, the score
would be calculated as 50% (3 of 6). Investigators that
calculated the scores (JKS, SK, RK) were blinded to pa-
tient outcomes at the time of calculations. If a patient
had ≥ 2 genomic reports, the abnormalities in each test
report were counted, because there can be heterogeneity
between two tissue biopsies or between blood and tissue
samples.
Other considerations were also relevant: (i) if a partici-

pant had two or more genomic aberrations that were in
the same gene and potentially had the same signal/path-
way impact, these aberrations were counted as one; (ii)
two aberrations in the same gene that potentially had
different oncogenic impacts or were structurally distinct
(e.g., amplification and mutation) were counted as two
since they have different or additive effects; (iii) if two
drugs simultaneously targeted the same aberration in a
well-established synergistic manner (e.g., the FDA-
approved combinations of dabrafenib and trametinib for
BRAF aberrations, or pertuzumab and trastuzumab for
ERBB2 aberrations), the impact was counted twice in
both the numerator and denominator; and (iv) estrogen
receptor-positive or androgen receptor-positive expres-
sion by IHC targeted by a hormone modulator (such as,
letrozole) was also counted as one in both the numer-
ator and denominator.
For small molecule inhibitors, matching was based on

preclinical low inhibitory concentration 50% (IC50) of
the drug for the target (generally less than 100 nM) or
for signal transduction effectors immediately down-
stream of the aberrant gene product. Antibodies were
considered matched if their primary target was the prod-
uct of the molecular alterations. Patients whose cancers
harbored a BRCA-related gene anomaly were considered
matched if they received platinum agents or PARP in-
hibitors. Also, if a participant was given checkpoint
blockade immunotherapy, the score was assigned as
100% for results of microsatellite instability-high (MSI-
High) or high tumor mutational burden (TMB) or high
positive programmed death ligand 1 (PD-L1) expression
(≥ 30%) on IHC; the score was 50% for results of low
positive PD-L1 on IHC or TMB-intermediate.
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Individuals in the immunotherapy-treated group who
had, as an example, TMB-intermediate and were scored
at 50%, and received matched targeted agents, had the
total score calculated as 50% + (X% ÷2) [note: X = (num-
ber of alterations targeted by agents administered)/(total
number of alterations)]. For example, if a malignancy
had intermediate TMB and the participant was given
checkpoint blockade, but also had an PIK3CA and a
FGFR alteration and received an FGFR inhibitor in
addition to checkpoint blockade, the score was 50% +
25% = 75%. We also considered TP53 abnormalities as
matched to drugs with anti-VEGF/VEGFR activity be-
cause several reports have demonstrated that TP53 alter-
ations are correlated with VEGFA up-regulation and
that VEGFA inhibitory therapies associated with better
treatment outcomes in patients with TP53-mutant can-
cers [21–26]. No match was scored at over 100%. More
details on Matching Score calculations are in our previ-
ous report [5].
We stratified patients according to Matching Scores ≥

60% versus 1–59% versus unmatched (0%). The match-
ing score cut-off point of 60% was determined by using
ROC-AUC of 0.733 for the Disease Control Rate (DCR
= SD ≥ 6 months + PR + CR rate). We determined that
the optimal DCR cutoff (for maximal rate in high match-
ing group) was 17 of 25 pts (68%) versus 13 of 43 pts
(30%) (P = 0.005). A second stratification of Matching
Score > 50% versus ≤ 50% was also analyzed to recapitu-
late the assessment method used in our previously pub-
lished study in patients with pretreated metastatic
disease (5). Further gradations in Matching Score (0%,
1–39%, 40–59%, 60–99%, and 100%) were also used for
some analyses. Median PFS data for the correlation ana-
lysis with these Matching Score grades were calculated
by drawing the Kaplan-Meier curve.

Primary endpoint and study objective
The primary study objective was to determine the feasi-
bility of using molecular testing to determine therapy for
patients with previously treated cancers with incurable
biology (≥ 50% 2- year cancer-associated mortality). The
primary endpoint was the proportion of patients who re-
ceive molecularly targeted matched treatment after rec-
ommendations based on genomic analysis.

Secondary and exploratory endpoints
Secondary and exploratory endpoints included the fol-
lowing: proportion of patients with actionable genomic
alterations, incidence of high-grade adverse events, dis-
ease control rate [DCR; stable disease (SD) ≥ 6 months
or partial/complete response (PR/CR)], progression-free
survival (PFS), and overall survival (OS). Treatment re-
sponse was evaluated using Response Evaluation Criteria
in Solid Tumors (RECIST), version 1.1 [27]. Tumor

assessments were performed by means of computed
tomography and magnetic resonance imaging, at base-
line and about every eight weeks thereafter. All RECIST
measurements were performed by independent central
radiology review. DCRs between groups were compared
using Fisher’s exact test. With the sample size of 75 eva-
luable patients and the accrual ratio of 1:2 (high Match-
ing Score group [≥ 60%]: low Matching Score group [<
60%]), we would have > 80% power for detecting the es-
timated DCR of 65% in the high Matching Score group
versus 30% in the low Matching Score with 0.05 type I
error. This was calculated a priori by J.J.L. (biostatisti-
cian). The PFS and OS were calculated from the date of
treatment initiation to disease progression, or any cause
of death, respectively. Patients who were progression-
free (for PFS) or alive (for OS) at the date of last analysis
were censored at that date. The investigators calculated
Matching Scores blinded to patients’ outcomes. Serious
adverse events (SAEs) were graded according to the
Common Terminology Criteria for Adverse Events, ver-
sion 4.03 [28]. Given that toxicity and drug dosages are
major concerns when administering de novo combina-
tions, we elected to re-visit the data after the initial data
cutoff of 11/01/2019. Thus, for the SAEs and dose ad-
justments, we re-analyzed the data thru 03/24/2021.

Dosing drug combinations
The UCSD Moores Cancer Center and Avera Cancer In-
stitute Data Safety Monitoring Committees monitored
the safety of this study at the respective institutions. To
minimize toxicities due to customized de novo combina-
tions, dosing of each combination was discussed by the
MTB as we previously reported [5]. Recommended dos-
ing was based on the safety data gleaned from previous
studies and PharmD recommendations [29–32]. For the
most part, two-drug de novo combinations were started
at ~ 50% of the usual dose of each drug. Three-drug de
novo combinations were started at ~ 33% of the usual
dose of each drug. Patients were fully informed of risks
when treated with regimens lacking phase 1 data. Based
upon tolerability, patients received escalating doses of
drugs with regular monitoring by their treating phys-
ician. Additional file 3: Fig. S1 demonstrates the intra-
patient dose adjustments, last drug dose (as a percentage
of the standard drug dose for each agent), and the me-
dian percent of standard dose for each drug. No two pa-
tients had the same drug combinations and therefore,
there is no toxicity correlation with any specific
combination.

Statistical analysis
All data was compiled in a Microsoft Access 2013 (ver-
sion 15.0) database. In the nature of a hypothesis-driven
trial, we performed sample size calculations and

Sicklick et al. Genome Medicine          (2021) 13:155 Page 4 of 14



originally planned to enroll 75 evaluable treated patients
and estimated that 40% (N = 30) of the patients would
be assigned to the matched group (Arm A) versus 60%
(N = 45) to the unmatched group (Arm B). However, as
precision medicine has become more established, the
rate of matching has increased. We ultimately enrolled
76 evaluable treated patients (of 145 treatment-naïve pa-
tients consented); 54 (71% of evaluable patients; 37% of
enrolled patients) were administered > 1 drug matched
to their molecular profile (Additional file 3: Fig. S2; all
molecular, treatment, Matching Score, and outcomes
data for each patient are included in Additional file 1:
Table S1). Logistic regression was performed for binary
endpoints to estimate the odds ratio (OR). Variables
with P < 0.15 in the univariate analyses were entered
into the multivariate analyses. The Kaplan–Meier
method was used for PFS and OS analyses. Survival
comparisons were made by the log-rank test. Cox re-
gression models were used to estimate the hazard ratio
(HR) in multivariable analysis. Statistical analyses were
performed using SPSS version 24.0.

Results
Patients
Overall, 145 patients with treatment-naïve unresectable
or metastatic cancers that had 2-year cancer-associated
mortalities of ≥ 50% were enrolled. Seventy-six patients
(52%) were treated and considered evaluable for analyses
(nine with surgically unresectable tumors (6.2%); 67,
with metastatic disease (46%). Fifty newly diagnosed can-
cer patients were inevaluable (untreated) and 19 newly
diagnosed cancer patients were inevaluable (treated). As
detailed in Additional file 1: Fig. S2, these 69 patients
(48%) were inevaluable due to the following reasons: in-
adequate organ function, clinical deterioration, or death
(N = 34, 23%); patient declined treatment/treatment was
not started ≥ 6 months after consent (N = 17, 12%); lack
of measurable disease (N = 6); lost to follow-up (N = 5);
inadequate restaging scan (N = 2); and inconsistent
treatment/follow-up (N = 2) consistent with our recent
report on attrition of patients on I-PREDICT [33]. The
median overall survival was 3.0 months (untreated) ver-
sus 6.9 months (treated; P = 0.097, data not shown). This
speaks to the aggressive biology of these cancers as many
of these patients did not even receive standard of care
treatment as opposed to a failure of a precision medicine
approach. Failure of molecular profiling (tissue and
blood) affected only 3 (2%) consented patients. Thus, it
was feasible to perform molecular profiling in 98% of
patients.
The characteristics of the 76 treated patients are sum-

marized in Table 1 and detailed in Additional file 3:
Table S2. Their median age was 63 years (range, 23–93),
53% (N = 40) of the patients were women, and 19

unique cancer types were identified. The most common
tumor type was non-colorectal gastrointestinal cancer
[12, 16%; includes gastroesophageal adenocarcinoma (N
= 7); adenocarcinoma of the ampulla Vater (N = 2); ano-
rectal squamous cell carcinoma (N = 1); esophageal
squamous cell carcinoma (N = 1); and small bowel
adenocarcinoma (N = 1)], followed by carcinoma of un-
known primary (10, 13%), non-pancreatic hepatobiliary
cancer (9, 12%), and colorectal cancer (7, 9.2%). The me-
dian number of deleterious genomic alterations (exclud-
ing all variants of unknown significance) detected by
NGS in tissue DNA and/or blood circulating tumor
DNA (ctDNA) was 5 (range, 0–15) per patient. The me-
dian interval between study consent and treatment initi-
ation was 0.9 months (range, 0–3.3). Most patients (62,
82%) were treated with ≥ 2 drugs (Additional file 3:
Table S2 and Additional file 1: Fig. S1).

Objectives
The objectives of the study included determining the
feasibility of enrolling newly diagnosed patients with le-
thal cancers into a molecular profiling study, finding ac-
tionable alterations, and matching them to therapy. Of
the 76 treated patients, 54 (71% of the treated subset or
37.2% of 145 consented subjects) were administered ≥ 1
drug matched to their molecular profile. Overall, 133 of
145 enrolled patients (91.7%) had ≥ 1 theoretically tar-
getable alteration. Hence, the objectives of demonstrat-
ing feasibility, identifying druggable alterations, and
matching tumors to treatment were met. Commonly tar-
geted pathways included MAPK (35.2%), the cell cycle
(14.8%), the ERBB family (13%), PI3K/AKT/mTOR
(PI3K; 13%), and BRCA-associated DNA repair (9.3%)
(Additional file 1: Fig. S1 and S3). Immune checkpoint
inhibitors were administered to 26% of the matched pa-
tients (N = 14) based upon a ≥ 1% positive tumor cell
(equals “low”) expression of PD-L1 by IHC and/or PD-
L1 (CD274) amplification (N = 11), TMB-high/inter-
mediate (N = 8), and/or MSI-high (N = 1). There was no
difference in the immunotherapy administration rate
among matching groups [9 of 27 with Matching Score ≥
60% versus 10 of 49 patients Matching Score < 60% (P=
NS)] or matched versus unmatched patients [14 of 54
with matched versus 5 of 22 unmatched patients (P=
NS)].

Efficacy
In addition to feasibility, the objectives included asses-
sing efficacy outcomes. At the data-cutoff date, there
were 68 patients evaluable for DCR (i.e., 47% of the 145
enrolled patients and 89% of the 76 treated patients,
with most inevaluable patients being too early for assess-
ment (i.e., having ongoing SD for < 6 months). All 76 pa-
tients were evaluable for PFS and OS.
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For assessment of the Matching Score with treatment
outcomes, we stratified the 76 treated patients into five
categories [Matching Score: 100% (13 patients), 60–99%
(14 patients), 40–59% (14 patients), 1–39% (13 patients),
and 0% (unmatched, 22 patients)]. Improved DCR and
PFS correlated strongly (and linearly) with the Matching
Score (Pearson coefficients: for DCR, R2 0.99, P < 0.001;

PFS, R2 0.96, P = 0.01) (Additional file 1: Fig. S4). Figure
1 demonstrates a 3-dimensional waterfall plot for the
best radiological response according to Matching Score
(A) and tumor type (B).
Overall, 27 patients (36% of 76 treated; 50% of 54

matched) had a Matching Score ≥ 60%. The remaining
49 patients had either Matching Scores of 1–59% (N =

Table 1 Demographic and clinical characteristics of 76 treated patients

Characteristics All treated
patients
[N = 76]

Matching Score P-values

≥ 60%
[N = 27]

1-59%
[N = 27]

Unmatched
[N = 22]

≥ 60%
vs.
1–59%

≥ 60%
vs.
unmatched

1–59%
vs.
unmatched

Age, years*

Median (range) 63.0 (22.5-92.7) 63.5 (36.4-82.6) 62.3 (35.7-92.7) 63.4 (22.5-86.4) 0.82 0.92 0.85

≥ 63 38 (50%) 14 (51.9%) 13 (48.1%) 11 (50.0%) > 0.99 > 0.99 > 0.99

< 63 38 (50%) 13 (48.1%) 14 (51.9%) 11 (50.0%) -- -- --

Gender

Women 40 (52.6%) 14 (51.9%) 14 (51.9%) 12 (54.5%) > 0.99 > 0.99 > 0.99

Men 36 (47.4%) 13 (48.1%) 13 (48.1%) 10 (45.5%) -- -- --

Ethnicity

Caucasian 45 (59.2%) 15 (55.6%) 19 (70.4%) 11 (50.0%) 0.40 0.78 0.24

Hispanic 15 (19.7%) 6 (22.2%) 6 (22.2%) 3 (13.6%) > 0.99 0.49 0.49

Asian 9 (11.8%) 4 (14.8%) 2 (7.4%) 3 (13.6%) 0.67 > 0.99 0.65

African American 3 (3.9%) 2 (7.4%) 0 (0.0%) 1 (4.5%) 0.49 > 0.99 0.45

Others 4 (5.3%) 0 (0.0%) 0 (0.0%) 4 (18.2%) -- 0.04 0.04

Tumor type

Gastrointestinal, non-colorectal 12 (15.8%) 4 (14.8%) 3 (11.1%) 5 (22.7%) > 0.99 0.71 0.44

Carcinoma of unknown primary 10 (13.2%) 6 (22.2%) 3 (11.1%) 1 (4.5%) 0.47 0.11 0.62

Hepatobiliary 9 (11.8%) 4 (14.8%) 4 (14.8%) 1 (4.5%) > 0.99 0.36 0.36

Colorectal 7 (9.2%) 3 (11.1%) 3 (11.1%) 1 (4.5%) > 0.99 0.62 0.62

Pancreatic 7 (9.2%) 1 (3.7%) 2 (7.4%) 4 (18.2%) > 0.99 0.16 0.39

Head and neck 5 (6.6%) 2 (7.4%) 2 (7.4%) 1 (4.5%) > 0.99 > 0.99 > 0.99

Appendiceal 4 (5.3%) 2 (7.4%) 0 (0.0%) 2 (9.1%) 0.49 > 0.99 0.20

Gynecologic 4 (5.3%) 0 (0.0%) 2 (7.4%) 2 (9.1%) 0.49 0.20 > 0.99

Breast 3 (3.9%) 1 (3.7%) 2 (7.4%) 0 (0.0%) > 0.99 > 0.99 0.50

Lung, non-small cell 3 (3.9%) 2 (7.4%) 1 (3.7%) 0 (0.0%) > 0.99 0.50 > 0.99

Genitourinary 2 (2.6%) 0 (0.0%) 0 (0.0%) 2 (9.1%) -- 0.20 0.20

Skin/melanoma 2 (2.6%) 1 (3.7%) 1 (3.7%) 0 (0.0%) > 0.99 > 0.99 > 0.99

Others† 8 (10.5%) 1 (3.7%) 4 (14.8%) 3 (13.6%) 0.35 0.31 > 0.99

Number of genomic alterations per patient‡

Median (range) 5 (0-15) 5 (1-15) 6 (0-11) 4.5 (0-11) 0.11 0.59 0.42

Number of drugs administered

≥ 2 drugs 62 (81.6%) 25 (92.6%) 20 (74.1%) 17 (77.3%) 0.14 0.22 > 0.99

Single drug 14 (18.4%) 2 (7.4%) 7 (25.9%) 5 (22.7%) -- -- --

*Age at date of treatment start
†Neuroendocrine tumor (N = 2), adrenocortical carcinoma (N = 1), Erdheim-Chester disease (N = 1), Ewing's sarcoma (N = 1), myxofibrosarcoma (N = 1),
perivascular epithelioid cell neoplasm (N = 1), and pleomorphic sarcoma (N = 1)
‡Variants of unknown significance were excluded. Two pathogenic variants in the same gene were counted as two alterations
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27, 36% of treated) or Matching Scores of 0% (un-
matched; N = 22, 29% of treated) (Additional file 1: Fig.
S2). There were no clinically significant differences in
demographic characteristics between the groups with ei-
ther high (≥ 60%) or low (< 60%, including 0%) Matching
Scores (Table 1). The 68% DCR in the Matching Score ≥
60% group was significantly higher than the 30% DCR in
the Matching Score < 60% group (P = 0.005) (Fig. 2).
Multivariate analysis, adjusting for confounding factors
(including cancer subtypes), demonstrated that

Matching Score (≥60% versus < 60%) was the only inde-
pendent predictor of higher DCR [OR (95% CI), 3.31
(1.01–10.83), P = 0.048] (Table 2).
Furthermore, the Matching Score ≥ 60% group had a

significantly longer PFS versus the < 60% group (median
PFS: 11.6 versus 2.8 months, P = 0.008) and trended to-
ward longer OS (median OS, 18.7 months versus 11.6
months, univariate P = 0.053) (Fig. 3). Multivariate ana-
lyses (Table 2) indicated that Matching Score ≥ 60% was
independently correlated with a longer OS [HR (95%

Fig. 1 Efficacy and duration of treatment. A Maximum change in tumor size and duration of treatment, color coded by Matching Score. B
Maximum change in tumor size and duration of treatment, color coded by tumor type. The 3-dimensional waterfall and swimmers plot for best
response during treatment according to Matching Score (68 patients). Eight patients were excluded from this analysis, as 5 had ongoing SD for <
6months and 3 were not yet staged at data cutoff. Asterisk symbol indicates the following: labeled as + 21% change if a patient clinically
deteriorated without any restaging imaging. Dagger symbol indicates the following: one patient [ID#248] showed pseudo-progression followed
by stable disease for 10.5 months. Thus, this patient was labeled as 0% change
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CI), 0.42 [0.21–0.85], P = 0.02). Thus, our data would
suggest that the Matching Score is a predictive, rather
than a prognostic, marker for outcomes.
There is mounting evidence, including a recent report

from the NRG Oncology cooperative group, demonstrat-
ing that mutated TP53 predicts response to VEGF path-
way inhibitors (VEGFi), including bevacizumab and
pazopanib [21–23, 25, 26]. The reason for this relation-
ship appears to be upregulation of the VEGF/VEGFR
axis as one of the consequences of TP53 mutations [21–
23, 25, 26]. However, we performed a post hoc analysis
to determine if eliminating patients matched on the
basis of this relationship would impact the study results.
In the current study, 16 patients received targeted ther-
apies including VEGFi matched to TP53 (Study IDs 12,
142, 148, 166, 175, 197, 198, 215, 258, 319, 322, 331,
419, 437, A005, A019). When these 16 patients were
eliminated, the Matching Score ≥ 60% group had a sig-
nificantly longer PFS versus the < 60% group (median

PFS: 13.8 versus 2.5 months, P = 0.003) and significantly
longer OS (median OS, Not reached versus 13.9 months,
P = 0.02) (Additional file 1: Table S3). Moreover, the
79% DCR in the Matching Score ≥ 60% group was sig-
nificantly higher than the 30% DCR in the Matching
Score < 60% group (P = 0.004). Thus, the findings in the
trial remained consistent whether the patients matched
on the basis of TP53 alterations to VEGFi were included
or excluded.”
In our original I-PREDICT report [5], we described

the treatment outcomes of 83 evaluable patients that
were mostly heavily pretreated. To perform a more in-
depth analysis of the impact of the degree of matching,
we combined these 83 evaluable patients with the
current 76 evaluable, treatment-naïve patients. We then
analyzed the treatment outcomes of these 159 patients
according to Matching Score. Again, Matching Score ≥
60% remained an independent predictor for DCR [OR
(95% CI), 2.31 (1.01–5.27), P = 0.047], as well as longer

Fig. 2 Response to therapy according to Matching Score. A Bar graph analyzing the percentage of patients with progressive disease (PD), stable
disease (SD) < 6months, SD ≥ 6 months, partial response (PR), and complete response (CR) for patients with a Matching Score of ≥ 60% (N = 25)
versus < 60% (N = 43). P values were computed using a binary logistic regression test. B Bar graph analyzing the percentage of patients with PD,
SD < 6 months, SD ≥ 6 months, PR, and CR for patients with a Matching Score of ≥ 60% (N = 25) versus 1–59% (N = 23) versus unmatched (N =
20). P values were computed as above. Sixty-eight of 76 treated patients were evaluable for response [Matching Score ≥ 60% (N = 25) versus <
60% (N = 43)]. The remaining 8 patients were excluded from this analysis as 5 had ongoing SD for < 6months and 3 were not yet staged at data
cutoff. At the data-cutoff date of November 1, 2019, the overall response rate was 14.5% for all patients. A total of 4 (2.8%) of the patients had a
CR, 17 (11.7%) had a PR, 24 (16.6%) had SD (nine with SD ≥ 6 months, ten with SD < 6months, five with on-going SD for < 6months), 28 (19.3%)
had progressive disease (PD), 3 (19.3%) were too early in treatment for response measurements, and 69 (48%) could not be evaluated, most often
owing to early withdrawal for clinical deterioration. All the patients were accounted for in this analysis. CR, complete response; DCR, disease
control rate (SD ≥ 6 months with PR/CR); MS, Matching Score; ORR, objective response rate (PR and CR); PD, progressive disease; PR, partial
response; SD, stable disease
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PFS [HR (95% CI), 0.56 (0.36–0.88), P = 0.01] and longer
OS [HR (95% CI), 0.48 (0.28–0.82), P = 0.007] (Add-
itional file 1: Table S4). Additionally, when the Matching
Score was dichotomized at > 50% versus ≤ 50%, as per
our prior report [5], similar results were observed (Add-
itional file 1: Table S5-6 and Additional file 1: Fig. S5-7).
In all multivariable analyses, simply classifying the pa-
tients as matched (1–100%) versus unmatched (0%)
failed to discriminate the treatment outcomes very well
(Table 2 and Additional file 1: Table S4-6), suggesting

that the degree of matching and outcomes are consist-
ently and positively correlated (Additional file 1: Fig. S3).

Adverse events
The exploratory objectives included evaluation of safety.
Fifty-five clinically significant serious adverse events
(SAEs) at least possibly/probably related to treatment
were uncommon, occurred in 18 patients (23.6% of 76
treated patients) and were divided equally among those
with high or low Matching Score, as well as unmatched

Table 2 Multivariate analyses of disease control rate, progression-free survival, and overall survival in 76 treatment-naïve patients (N
= 76)

DCR (SD ≥ 6mos/PR/CR) (N = 68†) Progression-free Survival (N = 76) Overall Survival (N = 76)

Parameters Univariate Multivariate Univariate Multivariate Univariate Multivariate

N Rate P
value

OR (95%
CI)

P
value

N Median
(months)

P
value

HR (95%
CI)

P
value

N Median
(months)

P
value

HR (95%
CI)

P
value

Age, years

≥63 36 44% >
0.99

-- -- 38 4.5 0.47 -- -- 38 15.6 0.18 -- --

< 63 32 44% 38 4.3 38 NR

Gender

Men 29 48% 0.63 -- -- 36 4.3 0.75 -- -- 36 17.3 0.50 -- --

Women 39 41% 40 4.3 40 14.7

Treatment

Matched 48 54% 0.02 2.57 (0.65-
10.21)

0.18 54 5.7 0.007 0.61 (0.31-
1.19)

0.14 54 17.7 0.27 -- --

Unmatched
20 20% 22 2.1 22 15.6

Matching Score

≥ 60% 25 68% 0.005 3.31 (1.01-
10.83)

0.048 27 11.6 0.008 0.55 (0.28-
1.07)

0.08 27 18.7 0.053 0.42 (0.21-
0.85)

0.02

< 60% 43 30% 49 2.8 49 11.6

Number of drugs

≥ 2 drugs 56 45% >
0.99

-- -- 62 4.3 0.88 -- -- 62 14.3 0.14 2.87 (1.00-
8.23)

0.050

Single drug 12 42% 14 5.7 14 23.0

GI or HPB cancer‡

Yes 34 38% 0.46 -- -- 39 3.1 0.41 -- -- 39 17.3 0.74 -- --

No 34 50% 37 5.7 37 15.6

CUP

Yes 10 60% 0.32 -- -- 10 4.3 0.74 -- -- 10 8.3 0.57 -- --

No 58 41% 66 4.3 66 15.6

Breast cancer

Yes 3 67% 0.58 -- -- 3 NR 0.20 -- -- 3 14.7 0.42 -- --

No 65 43% 73 4.3 73 16.0

*Variables with P < 0.15 in the univariate were entered into the multivariate analysis
†Eight patients were not evaluable for the SD ≥ 6mos/PR/CR analysis because they had ongoing SD < 6months or were too early; all patients were evaluable for
PFS and OS. After data cutoff date, a re-analysis of the data showed that, included in the analysis, were two patients without target lesions by RECIST, but with
evaluable disease (one with progressive disease and one with prolonged stable disease) and one patient who achieved a PR who had a baseline scan outside the
four week window
‡Includes colorectal, GI-non-colorectal, appendiceal, hepatobiliary, and pancreatic cancers
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patients (Additional file 1: Table S7-9). There were no
treatment-related deaths.

Discussion
Precision-personalized medicine unlocks a new para-
digm for addressing the cancer problem. This approach
to the treatment of cancer patients began in the early
1970s with the introduction of estrogen receptor (ER)
testing and reached a major milestone with the ap-
provals of the first combination of a drug, trastuzumab
and a companion diagnostic test, the HercepTest for the
treatment of patients with ER-positive and HER2-
positive breast cancer [34, 35]. Some of the results to
date have been remarkable, including the near-
normalization of life expectancy for chronic myeloge-
nous leukemia—a previously fatal disease—when the
molecular BCR-ABL aberration is targeted by cognate
inhibitors early in the disease [36]. Examples in solid tu-
mors include the high rate of durable responses in ALK-
rearranged or NTRK fusion-bearing malignancies [37,
38]. However, optimizing precision medicine has been
confounded by the complexity of metastatic cancers,
which often have multiple molecular alterations that dif-
fer from patient to patient [39]. Here, we demonstrate,
for the first time, that individualized, precision-matched
N-of-1 therapies targeting a majority of identified mo-
lecular alterations had marked antitumor activity in pa-
tients with a spectrum of fatal, treatment-naïve cancers.
One of the reasons that we pursued a study in

treatment-naïve patients was the high rate of attrition
due to early death or deterioration that we observed in
our prior study of heavily pretreated patients [5, 33]. Yet,

even in this study, 23% of patients were not evaluable
due to early clinical deterioration or death—a rate lower
than the ~ 38% in our prior study [5], but still substan-
tial. This suggests that physicians chose the present trial
for patients with heavy disease burdens and/or antici-
pated aggressive courses, despite being newly diagnosed,
consistent with our previous reports. Even so, we were
able to demonstrate that matching patients to therapies
was associated with improved outcomes. Importantly,
analyzing matching as a dichotomous variable (matched
versus unmatched), as is usually performed [40–44], did
not significantly correlate with outcomes in multivariate
analysis; rather, the degree of matching was important.
Indeed, Matching Score (which reflects the degree of
matching) correlated strongly with outcomes. Higher de-
grees of matching directly and linearly correlated with
better DCR (R2 0.99; P < 0.001) and PFS (R2 0.92; P =
0.01). Moreover, higher degrees of matching were also
independently associated with longer OS (P = 0.02)
(Additional file 1: Fig. S4 and Table 2). The DCR (rate of
SD ≥ 6 months with PR/CR) was 68% versus 20% for
high Matching Score (MS ≥ 60%) versus unmatched pa-
tients (P = 0.002) (Figure 2). The need for tailored com-
bination therapies is not surprising, as metastatic tumors
have remarkably complex molecular portfolios [2–4, 39].
Of interest, the DCRs and ORRs seen herein are in the
same range as those that have led to Food and Drug Ad-
ministration approvals [45, 46], albeit with a smaller
number of patients in our study, highlighting the need
for larger trials to validate our findings. The pan-cancer
setting of the current study limited our ability to assess
histology-specific impact but, if confirmed in larger

Fig. 3 Kaplan–Meier plots of duration of progression-free survival and overall survival among all 76 treated patients by Matching Score. A
Progression-free survival. B Overall survival. CI, confidence interval; HR, hazard ratio; MS, Matching Score; OS, overall survival; PFS,
progression-free survival
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studies, may point to the generalizability of the results
across histologies as recently demonstrated by the pan-
cancer approvals of pembrolizumab for all MSI-high
solid tumors [47] and the NRTK inhibitors [38] for all
NTRK fusion cancers.
This type of trial design has several limitations. First,

the study lacks a control group and therefore, there is
no comparison to standard of care or other control arms
that provide evidence that this approach is better than
standard of care. Considering the trial design and lack of
a control group, we are unable to perform an intention-
to-treat (ITT) analysis, which is best reserved for ran-
domized controlled trials of unselected patients [48].
However, it is highly unlikely that disease control and/or
objective responses would occur without the impact of
therapy, since these patients had, by eligibility criteria,
lethal malignancies with 2-year mortality rates of at least
50%. However, other than through a randomized trial, it
is impossible to rule out all confounders. In contrast,
per-protocol analysis, as performed here, is best for pre-
cision medicine studies wherein biomarker-based patient
selection occurs. In addition, with expansion of gene
panels, as well as application of other NGS panels, the
number of genomic alterations detected may also differ
per assay. As a result, a specific Matching Score may
also differ between panels due to differences in the de-
nominators of genes assayed and found to be altered. Al-
though we used a uniform genomic panel in this study,
we also recognize that dichotomizing Matching Scores
can be somewhat arbitrary for this reason. And, in fact,
we found that Matching Score (which reflects the degree
of matching) is a continuous variable that correlates
linearly with outcomes as our data would suggest. As
molecular profiling is increasingly done by whole-exome
or genome sequencing, the Molecular Matching Score
cutoffs will change, but the concept of targeting multiple
oncogenic targets will remain. Another limitation relates
to the fact that the current study does not account for
differences in RNA expression [20], which we also know
to be important in defining treatment. In addition, our
findings may have physician and/or patient self-selection
bias for individuals that sought out enrollment on this
trial, as well as the fact that some physicians elected to
enroll patients and treat them with targeted agents, ra-
ther than chemotherapy, due to concerns about the po-
tential for rapid clinical deterioration on traditional
regimens. While perhaps counterintuitive, the physician
selection bias may account for the rapid clinical deterior-
ation in many patients even though they were treated
early in their disease courses (since physicians appear to
have chosen patients with aggressive disease for the
trial). But this may also be a study strength as it repre-
sents true real-world practice patterns. An additional
limitation of the paper is that genomic-based treatment

cannot be benchmarked with historical data for standard
therapy alone. But we can postulate that like the previ-
ously treated patients on the study [5] that have similar
diseases and demographics as the current cohort (Add-
itional file 1: Fig. S7) would have eventually failed stand-
ard of care therapy. In summary, additional studies with
larger sample sizes across multiple institutions are
needed to validate our findings.
Despite these limitations, one of the important ingre-

dients of this study is our Molecular Tumor Board
(MTB) [14–17]. We recently showed that patients who
receive MTB-recommended regimens (versus physician
choice) have significantly longer progression-free (PFS)
and overall survival (OS), as well as are better matched
to therapy [16]. The current work builds upon this in
the treatment naïve setting where degree of matching is
an independent predictor of improved oncologic out-
comes including survival. We believe that any academic
center should be capable of reproducing and scaling an
MTB. Furthermore, in today’s era of video teleconfer-
ences, this participation can be enhanced by increased
remote participation. In fact, this in currently being done
in the national TCF-001 TRACK (Target Rare Cancer
Knowledge) Study (NCT04504604) of precision medi-
cine in rare cancers. Experts from around the US con-
verge on a weekly basis to discuss cases via video
teleconference, thus leveraging this powerful new tech-
nology. But it is important to note that treating newly
diagnosed, treatment-naïve cancer patients with an N-
of-1 approach over standard of care requires a strong
understanding of molecular results and molecularly
guided therapies. For physicians starting to treat patients
with customized combination therapies, we would rec-
ommend starting with previously treated patients with
aggressive malignancies that have failed earlier lines of
therapy before considering this approach in treatment
naïve patients. With time, experience, and expertise, we
believe our data suggest that it may be safe to begin
moving this to the first line in select patients as we did
from 2015 thru 2019. Finally, and most importantly, we
believe that our study should be reported so it provides
an impetus and foundation for others to duplicate it.
Studies by other groups are needed to validate our
findings.

Conclusions
As we hone our understanding of tumor biology and
drug targeting, properly assessing outcomes will require
modernizing our methodologies for a patient-centered
model that seeks out specific biomarkers of responsive-
ness and hence represents the tenets of precision-
personalized medicine. The current study affirms the
benefit of targeting multiple versus single drivers. It also
shows that it is feasible to move this approach earlier in
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the treatment process of lethal malignancies, with the
objective of improving outcomes before resistance muta-
tions accumulate. In conclusion, this study provides the
first evidence that customized combination therapies ad-
ministered in an N-of-1 fashion can be given safely and
effectively in the first line setting in patients with incur-
able, poor-prognosis malignancies.
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