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Despite remarkable responses to immune checkpoint blockade (ICB) in some advanced cancers, most patients do not benefit,
perhaps due to the complexity of tumor/immune/genome interactions. We implemented a multidisciplinary Molecular Tumor
Board (MTB) that reviewed multi-omic cancer characteristics to develop N-of-One therapies for patients in the pan-cancer,
advanced, refractory setting. This study evaluates the experience of 80 patients who were presented to the MTB and received a
treatment regimen that included ICB. Overall, 60/80 patients (75%) who received ICB following MTB discussion had a high degree of
matching between tumor molecular characteristics, including ICB biomarkers (reflected by a high Matching Score (=50%)) and
therapy administered. Patients with high versus low Matching Score experienced significantly longer median progression-free
survival (6.4 vs. 3.0 months; p = 0.011) and median overall survival (15.3 vs. 4.7 months; p = 0.014) and higher clinical benefit rates
(stable disease =6 months/partial response/complete response) (53% vs. 21%, p = 0.019). Although most patients (52/80 (65%))
received a personalized combination therapy (e.g., targeted, hormonal, chemotherapy, or a second immunotherapy agent),
administering >1 drug was not associated with outcome. Only degree of matching and age, but no other variables, including
individual biomarkers (e.g., microsatellite status, tumor mutational burden, or PD-L1 status), were independently correlated with
outcome. In the pan-cancer setting, the MTB facilitated a precision medicine strategy to match therapeutic regimens that included
ICB alone or combined with matched targeted drugs to patients with advanced malignancy, which was associated with improved

clinical outcomes.
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INTRODUCTION

Immunotherapy has been a transformative development in the
treatment of cancer, showing remarkable responses in a subset of
patients with many different cancer types, even those with
advanced disease’. Multiple immune checkpoint inhibitors such as
programmed death ligand 1 (PD-L1) or PD1 inhibitors and
cytotoxic T lymphocyte associated protein 4 (CTLA-4) inhibitors
have been approved, with a broad range of efficacy®. However,
despite remarkable responses to these agents in some individuals,
it is estimated that only ~15-20% of patients with most cancer
types exhibit treatment response to immunotherapy, leaving a
large majority of patients without clinical improvement®.
Treatment resistance to immunotherapy is a complex process
involving genes, metabolism, inflammation, and other tumor
characteristics that impact response®>. However, recent studies
have also identified a number of specific tumor biomarkers whose
presence may predict better outcomes with immunotherapy
agents®’. For example, tumor microsatellite instability (MSI) and/
or deficiency in mismatch repair genes are known to be positive
predictors of treatment response to anti-PD-L1/PD-1 therapy
across many cancer types®. Tumor mutational burden (TMB) has
recently been approved by the United States Food and Drug
Administration (FDA) as a biomarker for response to

pembrolizumab in all solid tumors with TMB =10 mutations/
megabase®. There are also numerous genomic characteristics that
have been associated with treatment response or resistance to
immunotherapy agents'®'".,

Despite advances in identifying immunotherapy biomarkers,
their utility is often limited by complex tumor heterogeneity,
especially when multiple genomic aberrations and/or biomarkers
cannot be addressed by a single immunotherapy agent or
targeted drug. In the field of targeted therapeutics, several studies
suggest that the ideal strategy for treatment is a personalized,
combinatorial approach in order to maximize matching of drugs
to molecular alterations, including immunotherapy
biomarkers'>4,

To facilitate a clinical precision medicine strategy, we formed a
Molecular Tumor Board (MTB)'#"7. This multidisciplinary team of
clinicians and scientists, functions by integrating a broad review of
each patient’s unique characteristics, including molecular profil-
ing, pathology, imaging, and clinical history, in order to develop
an N-of-One treatment plan recommended for each cancer
patient. In this current study, we present 80 patients with multiple
types of advanced stage cancer who were presented to the
University of California San Diego, Center for Personalized Cancer
Therapy Molecular Tumor Board, and were subsequently treated
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Total patients with various malignancies
presented at MTB (N=715)

Total patients treated and evaluable for
therapeutic outcome (N=429)

Patients treated with immunotherapy
following MTB presentation (N=80)

High Matching Score (250%)
(N=60)

Low Matching Score (<50%)
(N=20)

Fig. 1 Consort diagram of patients who presented to the face-to-
face Molecular Tumor Board (MTB). Of the total 715 patients with
various malignancies that presented to the MTB, there were 80
patients that were treated with immune checkpoint inhibitors and
assessable for therapeutic outcome.

with a drug regimen that included =1 immunotherapy (check-
point inhibitor) agent. Our current study suggests that unique
matching of immunotherapy drugs to tumor alterations and
biomarkers is associated with improved clinical outcomes.

RESULTS
Patient characteristics

Of 715 total patients with various malignancies that were
presented in the face-to-face MTBs, 80 individuals were treated
with immune checkpoint inhibitors and assessable for therapeutic
clinical outcome (Fig. 1). Among these 80 patients, the median age
was 63 years (range: 13-88). Forty-four patients (55%) were
women, and 36 patients (45%) were men. All patients had
advanced or metastatic disease and 34 patients (43%) were
treated with >3 prior lines of therapy. The most common
diagnosis was gastroesophageal cancer (15% [12/80]), followed
by gynecologic cancer (13.8% [11/80]), colorectal cancer (12.5%
[10/80]), hematologic malignancies (10% [8/80]), and pancreatic
cancer (6.3% [5/80]) (Table 1). Fifty-two patients (65%) received
more than one drug in their immunotherapy regimen and, for the
most part, second or third agents included targeted compounds
(Supplementary Table 2). Of the 80 patients in this study, 17 (21%)
received all drugs recommended by the MTB, 45 (56%) received at
least one but not all of the drugs recommended by the MTB, and
the remaining 18 (23%) received a physician’s choice regimen,
which did not include any drugs recommended by the MTB.

High versus low degrees of matching of treatment to
molecular alterations was associated with longer progression-
free and overall survival

Among 80 patients whose treatment regimen included an
immune checkpoint inhibitor following MTB presentation, 60
patients received treatment with a high Matching Score (=50%)
(reflecting a greater match of molecular alterations in tumors to
therapy given, either because the tumor had specific biomarkers
considered by the MTB as a match to immunotherapy [see
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Table 1. Baseline demographics of patients presented at the
Molecular Tumor Board (MTB) and subsequently treated with immune
checkpoint inhibitors (N = 80).

Total patients treated with immunotherapy (N = 80)

December
2012-September 2018

Median age at MTB (years) (range) 63 (13-88)
Sex, N (%) Female, 44 (55%); Male, 36 (45%)
Diagnosis N, patients (%)
12 (15%)
11 (13.8%)
10 (12.5%)

Period

Gastroesophageal cancer
Gynecologic cancer
Colorectal cancer

Hematologic malignancies 8 (10%)
Pancreatic cancer 5 (6.3%)
Sarcoma 5 (6.3%)
Breast cancer 4 (5%)
Head and neck cancer 4 (5%)
CNS malignancy 4 (5%)
Biliary cancer 3 (3.8%)
Bladder/ureter cancer 3 (3.8%)
Hepatocellular carcinoma 2 (2.5%)
Other Gl malignancies 1 (1.3%)
Other malignancies® 8 (10%)
Number of drugs given after MTBP

>1 52 (65%)
1 28 (35%)

Abbreviations: CNS central nervous system; G/ gastrointestinal.

20ther malignancies include squamous cell carcinoma (N = 2, penile, anal),
carcinoma of unknown origin (N=2), basaloid carcinoma (N=1),
carcinosarcoma of the endometrium (N=1), cutaneous melanoma
(N =1), peritoneal cancer (N=1).

bSee Supplemental Table 2 for drugs given.

“Methods” and Supplementary Table 3] and/or because the tumor
also had targetable genomic alterations and the patient was given
a combination regimen that included a matched targeted agent);
the remaining 20 patients received treatment with a low Matching
Score (<50%) (Fig. 1).

Patients with high degrees of matching of treatment to cognate
alterations (i.e, high Matching Score (=50%)) experienced
significantly longer progression-free survival (PFS) (HR, 0.48; 95%
Cl, 0.28-0.85; p = 0.011) and overall survival (OS) (HR, 0.46; 95% Cl,
0.25-0.85; p=0.014) when compared to patients with low
degrees of matching (Matching Score, <50%) both by univariate
analysis (Fig. 2a, b). The association between Matching Score, PFS,
and OS maintained a trend towards statistical significance with
multivariate analysis: PFS (HR, 0.58; 95% Cl 0.33-1.03; p =0.061),
OS (HR, 0.54; 95% Cl, 0.28-1.03; p = 0.062); no other factors were
selected as significant in multivariable analysis (Table 2).

High versus low degrees of matching of treatment to
molecular alterations was associated with a higher rate of
clinical benefit (SD = 6 months/PR/CR)

We categorized patients who demonstrated stable disease
(SD) =6 months, partial response (PR), or complete response
(CR), as determined by physician assessment/RECIST criteria, as
having clinical benefit (SD = 6 months, PR, CR) from treatment'*'8,
In contrast, patients who had progressive disease (PD), or stable
disease <6 months were categorized as not having clinical benefit
from treatment. Consequently, patients with high degrees of
matching of treatment to cognate alterations (i.e., high Matching

Published in partnership with The Hormel Institute, University of Minnesota



1.00 Matching Score

~+ 250% (N=60)
~+ <50% (N=20)

°
N
a

HR, 0.48; 95% Cl, 0.28-0.85; P=0.011

Progression-free survival

0.00

0 15 20

5 10 25
Months from treatment start date

BH Louie et al.

npj

1.00 Matching Score
-+ 250% (N=60)
-+ <50% (N=20)
0.75
_g HR, 0.46; 95% ClI, 0.25-0.85; P=0.014
IS
3
2050
8
S
(o]
0.25
0.00

0 30

10 20
Months from treatment start date

Fig. 2 Progression-free survival and overall survival based on Matching Score (N = 80). a Progression-free survival (PFS) was significantly
longer in patients with high (=50%) Matching Score versus low (<50%) Matching Score (Hazard Ratio (HR), 0.48; 95% Cl, 0.28-0.85; P=0.011,
univariate Cox regression) (N = 80). Median PFS: High (=50%) Matching Score, 6.4 months (95% Cl: 3.3-9.5); Low (<50%) Matching Score,
3.0 months (95% Cl: 2.5-3.6). b Overall survival (OS) was significantly longer in patients with high (250%) Matching Score versus low (<50%)
Matching Score (Hazard Ratio (HR), 0.46; 95% Cl, 0.25-0.85; P =0.014, univariate Cox regression). Median OS: High (=50%) Matching Score,
15.3 months (95% Cl: 6.07-24.6); Low (<50%) Matching Score, 4.7 months (95% Cl: 0.0-9.4).

Score (=50%)) showed a significantly higher rate of clinical benefit
(53.4% [31/58]) when compared to patients with lower degrees of
matching (Matching Score (<50%) (21.1% [4/19]) (odds ratio [OR],
0.23; 95% Cl, 0.07-0.79; p = 0.019; univariate analysis)) (Fig. 3). The
association between degree of matching and clinical benefit rate
maintained statistical significance with multivariate analysis (odds
ratio [OR], 0.22; 95% Cl, 0.06-0.77, p = 0.018) (Table 3).

DISCUSSION

The Molecular Tumor Board (MTB) at the University of California
San Diego Center for Personalized Cancer Therapy represents a
real-world precision medicine experience demonstrating the use
of innovative molecular profiling technologies to uniquely match
cancer therapies to tumors. Several studies have demonstrated
similar precision medicine strategies'®?°. To facilitate MTB
discussions, multiple clinical-laboratory tests were utilized, includ-
ing tissue NGS, blood-derived cfDNA, mRNA, and IHC. In the case
of cancer immunotherapy, the MTB considered multiple molecular
correlates and immunotherapy biomarkers to evaluate the
patients best suited for immune checkpoint blockade-based
therapies. Furthermore, patients could receive matched targeted
agents in addition to immune checkpoint blockade in order to
enhance the degree of matching.

Ultimately, 80 patients with a wide range of advanced stage
cancers, many of whom were refractory to multiple prior therapies
(43% having received =3 prior lines of treatment), and with a
range of difficult-to-treat malignancies, including gastrointestinal
cancers/hepatobiliary/pancreatic cancer, were given a drug regi-
men that included =1 immune checkpoint inhibitor agent
following MTB discussion. Sixty of these patients had tumors that
were highly matched to therapy (Matching Score =50%) while 20
of them had lesser degrees of matching (Matching Score 0
to 49%).

Overall, patients with high versus low degrees of tumor-to-
therapy matching based on multi-omic molecular profiles attained
significantly longer PFS (p =0.011) and OS (p = 0.014) and higher
clinical benefit rates (SD =6 months/PR/CR (p =0.019). No other
factors, other than age, correlated significantly with outcome
(Tables 2 and 3). Importantly, the use of combination therapy in
and of itself was not a significant correlate of outcome (p > 0.6)
indicating that it was not the number of drugs used, but rather the
degree of matching of those drugs to the cancer molecular profile
that was important.

Published in partnership with The Hormel Institute, University of Minnesota

Many studies have established the importance of individual
biomarkers such as high TMB, MSI, and positive PDL1 IHC
expression, as markers for predicting outcome to checkpoint
blockade immunotherapy®?'-32, These findings have led to FDA-
approved indications of immune-checkpoint inhibitors for tumors
with elevated PD-L1 expression, MSI-H, and/or high TMB (=10
muts/Mb) in various contexts*°2%-28, However, these conclusions
are largely based on a one-dimensional (single biomarker)
approach to immunotherapy predictors. Our MTB did not evaluate
biomarkers, whether for immunotherapy or for targeted therapies
that were given in combination with immunotherapy, as stand-
alone predictors, but rather incorporated multiple biomarkers, in
order to assess the degree of matching (as reflected by the
Matching Score—see “Methods”). Ultimately, what our study
suggests is that the use of immunotherapy agents is best guided
by a comprehensive review of tumor characteristics, and a
multifactorial approach to developing treatment plans for
patients.

Regarding dosing, we generally dosed ICBs at full dose and
started concomitant drugs at half dose, monitoring the patient
weekly and titrating to tolerance (unless the dosing of the
combination had previously been established). Our prior studies'?
have shown that this method of dosing is safe, with the number of
drugs in the regimen being unrelated to the number of severe
adverse events; furthermore, the severe adverse events deemed at
least possibly drug-related trended lower in patients with a
Matching Score >50% versus <50% (3.6% versus 15.6%; p = 0.14),
perhaps because dosing was adjusted to individual tolerance.
There were no treatment-related deaths in this study.

There are several important limitations to the present analysis.
First, this study represents real-world data from the MTB at the
University of California, San Diego, and is not a randomized
controlled trial. Therefore, there may be unknown confounders.
Second, this study was limited by a small sample size of 80
patients who presented to the face-to-face MTB, and subsequently
were treated with immune checkpoint inhibitor agents and
evaluable for treatment outcome. Third, it is unclear why some
patients with higher matching scores did not respond; response to
immune checkpoint blockade is multifactorial, and markers such
as TMB and PDL1 are useful but imperfect predictors. Fourth, the
number and distribution of cancer types represented in this study
is limited by those presented at the MTB, potentially leading to
selection bias. Finally, the heterogeneity of cancer types did not
allow evaluation of outcomes in individual histologies, and might
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have confounded the data, though the presence of multiple
cancer types might also suggest the possibility of generalizing
these findings across the pan-cancer spectrum.

To summarize, our current observations demonstrate the utility
of the MTB as a vehicle for implementing a precision medicine

100% P=0.019
3.4% (N=2) 5.3% (N=1)
90% 19.0% 15.8%
(N=11) (N=3)
80%
” 70%
< 31.0%
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b
]
o 50% Partial Response
S
§ 40% ("r\f_;‘:";") Stable Disease 26 Months
s
o 30% Progressive Disease or Stable
46.6% Disease <6 Months
20% (N=27)

10%

0%
250%
(N=58)
Matching Score
Fig. 3 Clinical benefit rate (SD=6 months/PR/CR) based on
Matching Score (N = 77%). Clinical benefit rate (SD =6 months/PR/
CR) was significantly higher among patients who received therapy
with high (250%) Matching Score (31/58 (53.4%)) when compared to
patients with low (<50%) Matching Score (4/19 (21.1%)) (p = 0.019,
univariate analysis). *Three of 80 patients were not evaluable for
response since these patients had ongoing SD that was less than
6 months at the time of data cutoff. Abbreviations: CR complete
response; PR partial response; SD stable disease.

<50%
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5
strategy to guide the use of cancer immunotherapy in treating
advanced stage cancers. Utilizing multiple forms of biomarkers,
including next generation sequencing, RNA expression and IHC,
patients were evaluated and matched to immune checkpoint
inhibitors with a multifactorial approach to treatment. Most
patients received combination therapy, often including targeted
agents matched to cognate molecular aberrations in addition to
immunotherapy; however, combination therapy in and of itself
was not predictive of outcome—rather it was the degree of
matching that was important, suggesting that, in our cohort,
simply adding agents without consideration for the underlying
molecular landscape in individual malignancies was not sufficient
to improve outcome. Overall, patients who were treated with
regimens with a high versus low degree of matching of tumor
characteristics to therapy exhibited improvement in all outcome
parameters. Further prospective validation trials of this strategy
are warranted.

METHODS

Molecular Tumor Board

The Molecular Tumor Board (MTB) at the University of California
San Diego Center for Personalized Cancer Therapy was composed
of a multidisciplinary team of specialists including medical
oncologists (pediatric and adult), radiation oncologists, surgeons
including gynecologic oncologists, immunologists, pathologists,
radiologists, geneticists, basic/translational scientists, bioinforma-
ticians, and clinical trial coordinators/navigators. The MTB
gathered approximately three times per month for face-to-face
meetings to discuss the patients that were submitted by primary
treating physicians. These meetings were led and moderated by a

Table 3. Association between patient and treatment characteristics and clinical benefit rate (SD = 6 months/PR/CR) (N = 77°).
Characteristics Clinical benefit rate (SD > 6 months/PR/CR)
Univariate Multivariate©
N SD =6 months/PR/CR (N, %) OR (95% CI) P-value OR (95% Cl) P-value
263 39 23 (59%) - - - -
Age, years <63 38 12 (32%) 0.32 (0.13-0.82) 0.017 0.30 (0.11-0.81) 0.017
Male 34 12 (35%) - - - -
Sex Female 43 23 (53%) 2.11 (0.84-5.31) 0.114 - -
>50% 58 31 (53%) - - -
Matching score (%) <50% 19 4Q1%) 023 (007-079) 0019 022 (006-0.77) 0018
) . Yes 27 11 (41%) - - - -
Gl malignancies No 50 24 (48%) 134 (052-346) 0542 - -
>3 33 16 (48%) - - - -
Number of prior lines of therapy <3 44 19 (43%) 081 (0.33-2.00)  0.644 - -
>1 49 23 (47%) - - - -
Number of drugs following MTB 4 28 12 (43%) 085 (0.33-2.16) 0729 - -
Yes 5 4 (80%) - - - -
MSI-H No/unknown® 72 31 (43%) 0.19 (0.02-1.78) 0.145 - -
210 20 12 (60%) - - - -
TMB (Muts/Mb) <10/unknown® 57 23 (40%) 045(0.16-128) 0133 - -
220 6 4 (67%)
TMB (Muts/Mb) <20/unknown® 71 31 (44%) 039 (007-226)  0.291
>1 22 11 (50%) - - - -
PDL1 IHC tumor (% TPS) </unknown® 55 24 (44%) 077 (029-209) 0613 - -
Abbreviations: C/ confidence interval, CR complete response, G/ gastrointestinal, /HC immunohistochemistry, MSI-H microsatellite instability high, MTB
Molecular Tumor Board, OR odds ratio, PR partial response, TMB tumor mutational burden, TPS tumor proportion score, SD stable disease.
aThree of 80 patients were not evaluable for response since these patients had ongoing SD that was less than 6 months at the time of data cutoff; hence it was
too early for evaluation of this parameter.
PImmune markers were not tested in some cases and are categorized as unknown in these patients: MSI-H (N = 23), TMB (N = 16), PDL1 IHC (N = 16).
“Covariates with p-value < 0.1 by univariate analysis were included in multivariate analysis.
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senior and a mid-level medical oncologist with expertize in
genomics, immunotherapy, and clinical trials. Additionally, an MTB
project manager prepared detailed meeting agendas with de-
identified patient information, including age, sex, diagnosis,
pathology, treatment history, and molecular profiling information,
including specific test and service used, the date of specimen
tested, and the molecular diagnostics report. All clinical laboratory
tests used for MTB assessment were obtained from Clinical
Laboratory Improvement Amendments (CLIA)-licensed and Col-
lege of American Pathologists (CAP)-accredited institutions.

Collectively, all patient information, laboratory tests, imaging, and
pathology were evaluated in MTB discussions. These discussions
focused particularly on the presence of tumor molecular alterations,
either somatic or germline, in various signaling pathways, and which
drugs, either approved or in clinical trials, could potentially impact
the molecular findings. To assist in this process, a medication
acquisition specialist and clinical trial coordinator/navigator were
present at the MTB meeting to facilitate the ordering of medications
(either on- or off-label approved), screening for clinical trials, and
obtaining written and informed consent. The MTB abided by all
Health Insurance Portability and Accountability Act (HIPAA) privacy
laws. An MTB physician facilitator as well as the presenting physician
ensured the accuracy of all meeting notes and recommendations
before inputting them into the medical record. All MTB recommen-
dations were considered advisory, with treatment decisions to be
made at the discretion of the primary treating physician.

Patients and therapy

The patients in this study were drawn from a cohort of 715
patients who presented to the face-to-face MTB, and subse-
quently, 429 patients who were assessable for clinical therapeutic
outcome following MTB discussion (Fig. 1)'*. The most common
reason for exclusion was that patients either did not receive
treatment or their treatment did not change within six months
after MTB presentation. From this subset, the current study
evaluates in depth, the 80 patients with various types of cancer
whose treatment regimen included immune checkpoint inhibi-
tor(s) following MTB discussion. The attending physician made all
treatment decisions and could choose to follow or not follow the
MTB recommendations. Regarding dosing, immunotherapy was
generally dosed at full dose, while other agents were started at
most, at half dose, unless dosing had previously been established.
Patients were initially seen weekly as needed and dosing was
adjusted to tolerance. This method has been described pre-
viously'? and was based on extensive review of the literature of
dosing regimens across approximately 80,000 patients in clinical
trials33-3¢. Electronic medical records were utilized to obtain de-
identified patient characteristics and treatment outcomes. This
study followed the guidelines of the Institutional Review Board
(IRB)-approved UCSD-Profile Related Evidence Determining Indi-
vidualized Cancer Therapy (PREDICT) study (NCT02478931) and
any additional investigational studies for which patients gave
written informed consent.

Molecular profiling

Next-generation sequencing (NGS) was performed on tissue and
blood in one of several Clinical Laboratory Improvement Amend-
ment (CLIA)-certified laboratories (Supplementary Table 1). Sequen-
cing panels ranged from 182 to 596 genes for tissue and 54 to 74 for
blood-derived cell-free circulating tumor DNA (cfDNA). Immune
markers, including tumor mutational burden (TMB), microsatellite
instability (MSI), and PD-L1 immunohistochemistry (IHC) were also
evaluated in most patients (Supplementary Table 1). The attending
physician chose all tests that were ordered.

In some cases, patients received the same immunotherapy
biomarker test done by multiple laboratories. In this current study,
the lab results included for analysis were based on the following
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method: for MSI and TMB testing, priority was given to results
from the Foundation Medicine laboratory. The reasoning for
prioritizing this laboratory is to reduce the amount of variability in
MSI and TMB testing and reporting that exists between different
laboratories. Furthermore, Foundation Medicine was prioritized
specifically, because the majority of the patients in this study
received testing from this laboratory, whereas only a small
minority received exclusive testing from other laboratories
(Supplementary Table 1). For PD-L1 immunohistochemistry (IHC)
testing, if any laboratory reported positive expression (e.g., 21%
tumor proportion score (TPS) or intermediate/high positive on
RNA expression analysis (Omniseq))®’, this was included in our
analysis as positive.

Statistical methods and endpoints

Patient characteristics and molecular profiling information were
presented with descriptive statistics. The primary outcome
variables were progression-free survival (PFS) and overall survival
(OS). PFS is the time between the date of immune checkpoint
blockade treatment onset after MTB presentation and the date of
progression, as determined by clinical evaluation or imaging. OS is
the time between the date of treatment onset after MTB
presentation and the date of death or last follow-up. Patients
were censored for PFS at last follow-up date if their tumor had not
shown progression at that date. Patients were censored for OS if
they were alive at last follow-up date. Clinical response was
evaluated based on RECIST criteria'®. Survival analysis was assessed
using Kaplan-Meier analysis and Cox regression to compare
subgroups of patients. Binomial logistic regression was used to
compare clinical benefit rates between subgroups. P-values < 0.05
were considered significant. Statistical analyses were performed
with R and SPSS, version 25 (IBM Corporation, Armonk, NY).

Matching score

Matching Score was a percentage assigned to each patient based
on the number of molecular alterations that were targeted by
drugs administered following MTB presentation. Matching Score
was calculated via post hoc analysis by investigators that were
blinded to treatment outcomes, based on drugs given. As
previously described, the Matching Score calculation included
evaluation of all NGS characterized variants (but not variants of
unknown significance [VUS]) as well as mRNA expression, protein
expression, and immunotherapy biomarkers in select cases'2.
Briefly, the Matching Score was calculated by taking the number
of alterations targeted by drugs given divided by the total number
of alterations. Higher Matching Score equated to better matching
between drugs and alterations (0%, unmatched, 100% completely
matched). For example, if a tumor had 12 pathogenic genomic
alterations and the patient received two drugs that targeted six of
these alterations, the score would be 50% (6 of 12); if a patient had
two pathogenic genomic alterations and received drugs that
matched both of them, the score was 100%. In the case of
immunotherapy, scoring also considered immune biomarkers. If a
patient received immune checkpoint inhibitor therapy and their
immune biomarker profile showed high microsatellite instability
(MSI-H) (or other evidence of a mismatch repair gene defect), high
tumor mutational burden (TMB) (defined at the time as =20
mutations/Mb on tissue sampling), and/or high-positive expres-
sion of PD-L1 by immunohistochemistry (IHC) (=30% TPS), they
were given a score of 100%. If a patient had intermediate TMB
(defined at the time as 6-19 mutations/Mb) or low-positive PD-L1
by IHC (1-29% TPS) and received immunotherapy, they were
given a score of 50% (the study design predated the FDA cut off of
>10 mutations/megabase for high TMB). PD-L1 amplification also
garnered a 50% Matching Score. Furthermore, if a patient in the
immunotherapy-treated group had, for example TMB intermediate
(scored 50%) but also received matched targeted therapy, their
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score was determined by adding 50% (from TMB) to 0.5*([number
of alterations targeted by drugs given]/[total number of altera-
tions]) (e.g., if tumor had intermediate TMB and received a
checkpoint inhibitor, but also had an ROST and KRAS alteration
and received a ROS1 inhibitor in addition to checkpoint blockade,
the score was 50% plus 0.5%(1/2) = 50% plus 25% = 75%).
Additional details regarding Matching Score calculations have
been previously reported'®'. Similar to previous studies, we
stratified patients into high Matching Score (=50%) and low
Matching Score (<50%) groups'?'*. Details on individual patient
characteristics, molecular alterations, therapies given, and Match-
ing Score are provided in Supplementary Table 3.

Reporting summary

Further information on research design is available in the Nature
Research Reporting Summary linked to this article.

DATA AVAILABILITY
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of several Clinical Laboratory Improvement Amendment (CLIA)-certified laboratories
(Supplementary Table 1). All datasets used and/or analyzed during the current study
are available from the corresponding author upon reasonable request.

Received: 16 May 2022; Accepted: 23 August 2022;
Published online: 22 September 2022

REFERENCES

1. Robert, C. A decade of immune-checkpoint inhibitors in cancer therapy. Nat.
Commun. 11, 3801 (2020).

. Vaddepally, R. K, Kharel, P., Pandey, R, Garje, R. & Chandra, A. B. Review of
indications of FDA-approved immune checkpoint inhibitors per NCCN guidelines
with the level of evidence. Cancers 12, 738 (2020).

. Haslam, A. & Prasad, V. Estimation of the percentage of US patients with cancer
who are eligible for and respond to checkpoint inhibitor immunotherapy drugs.
JAMA Netw. Open 2, 192535 (2019).

4. Bai, R. et al. Mechanisms of cancer resistance to immunotherapy. Front. Oncol. 10,
1290 (2020).

. Sharma, P., Hu-Lieskovan, S., Wargo, J. A. & Ribas, A. Primary, adaptive and
acquired resistance to cancer immunotherapy. Cell 168, 707-723 (2017).

. Pilard, C. et al. Cancer immunotherapy: It's time to better predict patients’
response. Br. J. Cancer https://doi.org/10.1038/s41416-021-01413-x (2021).

. Havel, J. J,, Chowell, D. & Chan, T. A. The evolving landscape of biomarkers for
checkpoint inhibitor immunotherapy. Nat. Rev. Cancer 19, 133-150 (2019).

. Zhao, P, Li, L, Jiang, X. & Li, Q. Mismatch repair deficiency/microsatellite
instability-high as a predictor for anti-PD-1/PD-L1 immunotherapy efficacy. J.
Hematol. Oncol. 12, 54 (2019).

. Subbiah, V., Solit, D. B,, Chan, T. A. & Kurzrock, R. The FDA approval of pem-
brolizumab for adult and pediatric patients with tumor mutational burden (TMB)
>10: A decision centered on empowering patients and their physicians. Ann.
Oncol. 31, 1115-1118 (2020).

10. Keenan, T. E., Burke, K. P. & Van Allen, E. M. Genomic correlates of response to

immune checkpoint blockade. Nat. Med. 25, 389-402 (2019).

11. William, W. N. et al. Immune evasion in HPV- head and neck precancer-cancer
transition is driven by an aneuploid switch involving chromosome 9p loss. Proc.
Natl Acad. Sci. USA 118, €2022655118 (2021).

12. Sicklick, J. K. et al. Molecular profiling of cancer patients enables personalized
combination therapy: The I-PREDICT study. Nat. Med. 25, 744-750 (2019).

13. Rodon, J. et al. Genomic and transcriptomic profiling expands precision cancer
medicine: The WINTHER trial. Nat. Med. 25, 751-758 (2019).

14. Kato, S. et al. Real-world data from a molecular tumor board demonstrates improved
outcomes with a precision N-of-One strategy. Nat. Commun. 11, 4965 (2020).

15. Parker, B. A. et al. Breast cancer experience of the Molecular Tumor Board at the
University of California, San Diego Moores Cancer Center. J. Oncol. Pract. 11,
442-449 (2015).

16. Schwaederle, M. et al. Molecular Tumor Board: The University of California San
Diego Moores Cancer Center experience. Oncologist 19, 631-636 (2014).

N

w

wv

(<))

~N

oo

el

Published in partnership with The Hormel Institute, University of Minnesota

BH Louie et al.

npj

17. Patel, M., Kato, S. M. & Kurzrock, R. Molecular Tumor Boards: Realizing precision
oncology therapy. Clin. Pharm. Ther. 103, 206-209 (2018).

18. Eisenhauer, E. A. et al. New response evaluation criteria in solid tumours: Revised
RECIST guideline (version 1.1). Eur. J. Cancer 45, 228-247 (2009).

19. Luchini, C,, Lawlor, R. T., Milella, M. & Scarpa, A. Molecular Tumor Boards in clinical
practice. Trends Cancer 6, 738-744 (2020).

20. Larson, K. L. et al. Clinical outcomes of Molecular Tumor Boards: A systematic
review. JCO Precision Oncol. https://doi.org/10.1200/P0.20.00495 (2021).

21. Goodman, A. M. et al. Tumor mutational burden as an independent predictor of
response to immunotherapy in diverse cancers. Mol. Cancer Ther. 16, 2598-2608
(2017).

22. Overman, M. J. et al. Nivolumab in patients with metastatic DNA mismatch repair-
deficient or microsatellite instability-high colorectal cancer (CheckMate 142): An
open-label, multicentre, phase 2 study. Lancet Oncol. 18, 1182-1191 (2017).

23. Overman, M. J. et al. Durable clinical benefit with Nivolumab Plus Ipilimumab in
DNA mismatch repair-deficient/microsatellite instability-high metastatic color-
ectal cancer. J. Clin. Oncol. 36, 773-779 (2018).

24. André, T. et al. Pembrolizumab in microsatellite-instability-high advanced col-
orectal cancer. N. Engl. J. Med. 383, 2207-2218 (2020).

25. Goodman, A. M., Sokol, E. S., Frampton, G. M., Lippman, S. M. & Kurzrock, R.
Microsatellite-stable tumors with high mutational burden benefit from immu-
notherapy. Cancer Immunol. Res. 7, 1570-1573 (2019).

26. Marcus, L., Lemery, S. J,, Keegan, P. & Pazdur, R. FDA approval summary: Pem-
brolizumab for the treatment of microsatellite instability-high solid tumors. Clin.
Cancer Res. 25, 3753-3758 (2019).

27. Casak, S. J. et al. FDA approval summary: Pembrolizumab for the first-line treat-
ment of patients with MSI-H/dMMR advanced unresectable or metastatic color-
ectal carcinoma. Clin. Cancer Res. 27, 4680-4684 (2021).

28. Davis, A. A. & Patel, V. G. The role of PD-L1 expression as a predictive biomarker:
An analysis of all US Food and Drug Administration (FDA) approvals of immune
checkpoint inhibitors. J. Immunother. Cancer 7, 278 (2019).

29. McGrail, D. J. et al. High tumor mutation burden fails to predict immune checkpoint
blockade response across all cancer types. Ann. Oncol. 32, 661-672 (2021).

30. Jardim, D. L, Goodman, A., de Melo Gagliato, D. & Kurzrock, R. The challenges of
tumor mutational burden as an immunotherapy biomarker. Cancer Cell 39,
154-173 (2021).

31. Patel, S. P. & Kurzrock, R. PD-L1 expression as a predictive biomarker in cancer
immunotherapy. Mol. Cancer Ther. 14, 847-856 (2015).

32. Sidaway, P. MSI-H: A truly agnostic biomarker? Nat. Rev. Clin. Oncol. 17, 68-68 (2020).

33. Nikanjam, M,, Liu, S., Yang, J. & Kurzrock, R. Dosing three-drug combinations that
include targeted anti-cancer agents: Analysis of 37,763 patients. Oncologist 22,
576-584 (2017).

34. Liu, S., Nikanjam, M. & Kurzrock, R. Dosing de novo combinations of two targeted
drugs: Towards a customized precision medicine approach to advanced cancers.
Oncotarget 7, 11310-11320 (2016).

35. Nikanjam, M., Patel, H. & Kurzrock, R. Dosing immunotherapy combinations:
Analysis of 3,526 patients for toxicity and response patterns. Oncolmmunology 6,
e1338997 (2017).

36. Nikanjam, M., Liu, S. & Kurzrock, R. Dosing targeted and cytotoxic two-drug
combinations: Lessons learned from analysis of 24,326 patients reported 2010
through 2013. Int. J. Cancer 139, 2135-2141 (2016).

37. Lee, Y. H. et al. 65 PD-L1 by RNA next generation sequencing: Comparison with
PD-L1 IHC 22C3 and association with survival benefit from pembrolizumab with
or without chemotherapy in non-small cell lung cancer. J. Immunother. Cancer 8,
A1-A559 (2020).

ACKNOWLEDGEMENTS

This work was supported in part by the Joan and Irwin Jacobs Fund and by the
National Cancer Institute at the National Institutes of Health [Grant No. NIH P30
CA023100 (RK)].

AUTHOR CONTRIBUTIONS

B.H.L, SK, and RK. drafted the manuscript. RK. and SK. designed and directed the study.
B.H.L. and SK. analyzed and interpreted the data. KHK, HJ.L, RO, and S.L. collected and
compiled the data. SK, RO, RNE, GB, HP, SL, SML, JKS., and RK. were involved in
the molecular tumor board. BH.L. and SK. contributed equally. S.M.L, JKS. and RK. are
co-senior authors. All authors have read and approved the manuscript.

COMPETING INTERESTS

S.K. serves as a consultant for Foundation Medicine and receives speaker’s fees from
Roche. G.B. has received speaker’s fees from and serves on the Advisory Board of
Natera and has received institutional funding from Carsgen. R.N.E. reports personal

npj Precision Oncology (2022) 67


https://doi.org/10.1038/s41416-021-01413-x
https://doi.org/10.1200/PO.20.00495

npj

BH Louie et al.

8

fees for consulting/advisory and/or institutional support/grants for clinical research
outside of the submitted work from AstraZeneca, Merck, GSK/Tesaro, Eisai, Myriad,
Novocure, Immunogen, Mersana, Seagen, Clovis oncology, and GOG-Foundation and
is an institutional Pl for industry sponsored trials from Clovis, Genentech/Roche,
Novocure, and AstraZeneca. S.M.L. is on the scientific advisory board for Biological
Dynamics and co-founded i09. JKS. receives research funds from Foundation
Medicine Inc. and Amgen; consultant fees from Deciphera and Grand Rounds;
speakers fees from Deciphera, La-Hoffman Roche, Foundation Medicine, Merck, and
QED. RK. has research funding from Incyte, Genentech, Merck Serono, Pfizer,
Sequenom, Foundation Medicine, Guardant Health, Grifols, and Konica Minolta, as
well as consultant fees from LOXO, X-Biotech, Actuate Therapeutics, Genentech and
NeoMed. She receives speaker fees from Roche, and has an equity interest in
IDbyDNA and Curematch, Inc, and serves on the Board of CureMetrix and CureMatch.
B.H.L, KHK, HJL., RO, H.P, and S.L. have no competing interests.

ADDITIONAL INFORMATION

Supplementary information The online version contains supplementary material
available at https://doi.org/10.1038/541698-022-00309-0.

Correspondence and requests for materials should be addressed to Bryan H. Louie
or Shumei Kato.

npj Precision Oncology (2022) 67

Reprints and permission information is available at http://www.nature.com/
reprints

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims
in published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons

BY 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 license, and indicate if changes were made. The images or other third party
material in this article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not included in the
article’s Creative Commons license 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 license, visit http://
creativecommons.org/licenses/by/4.0/.

© The Author(s) 2022

Published in partnership with The Hormel Institute, University of Minnesota


https://doi.org/10.1038/s41698-022-00309-0
http://www.nature.com/reprints
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

	Pan-cancer molecular tumor board experience with biomarker-driven precision immunotherapy
	Introduction
	Results
	Patient characteristics
	High versus low degrees of matching of treatment to molecular alterations was associated with longer progression-free and overall survival
	High versus low degrees of matching of treatment to molecular alterations was associated with a higher rate of clinical benefit (SD&#x02009;&#x02265;&#x02009;6�months/PR/CR)

	Discussion
	Methods
	Molecular Tumor Board
	Patients and therapy
	Molecular profiling
	Statistical methods and endpoints
	Matching score
	Reporting summary

	DATA AVAILABILITY
	References
	Acknowledgements
	Author contributions
	Competing interests
	ADDITIONAL INFORMATION




