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ABSTRACT

Immunotherapy has expanded treatment options for cancers with historically poor outcomes, yet a
significant proportion of patients still fail to achieve durable clinical benefit. We defined the contribution
of p-adrenergic receptor (BAR) signaling, a component of the stress response, on success of
immunotherapy for melanoma since the use of antagonists (8-blockers) is associated with improved
clinical outcomes in some cancers. We show that metastatic melanoma patients who received
immunotherapy had improved overall survival if they also received pan g-blockers. This retrospective
analysis is reinforced by results showing that BAR blockade enhances the control of murine melanoma
growth by anti-(@)PD-1 checkpoint blockade. However, this effect was most significant when S-blocker
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was combined with dual «PD-1 + high dose interleukin-2 therapy and was reproduced by selective
blockade of B,ARs. These results identify a novel strategy that can be quickly introduced to potentially
increase the number of patients who benefit from immune-based therapies.

Introduction

Metastatic melanoma remains a significant clinical problem,
with five-year survival rates of only 15-20%." Until recently,
high dose interleukin-2 (IL-2) was the only FDA-approved
immune based therapy available for the treatment of metastatic
melanoma. However, overall response rates for metastatic
melanoma patients treated with IL-2 are reported at less than
20%.> Although complete responses from IL-2 therapy are rare,
they are typically durable when achieved.>* These dismal
survival rates are likely to improve over time following recent
FDA approvals of checkpoint inhibitor therapies including
antibodies that block cytotoxic T-lymphocyte-associated pro-
tein 4 (CTLA-4)° or the programmed cell death protein 1
(PD-1)*” pathways. Although promising, the clinical response
rate to these therapies remains low at less than 35% with a large
percentage of patients experiencing no benefit or only a tran-
sient response to these treatment modalities.*” These observa-
tions highlight the need for novel therapeutic strategies which
take advantage of the beneficial aspects of immunotherapy
while improving clinical outcome by increasing the durable
response rates.

The influence of B-adrenergic receptor (BAR) driven stress
on the immune response has been long recognized and the role
of stress in suppressing the anti-tumor immune response is
well documented.'”'! However, the precise mechanism by
which stress hinders anti-tumor immunity is still poorly

understood. Recent pre-clinical studies have shown that under
conditions of reduced physiological stress, the T cell dependent
anti-tumor immune response is greatly enhanced'>"” and the
efficacy of standard cancer therapies is improved.'*"” In con-
trast, stress driven BAR signaling is immunosuppressive, lead-
ing to increased numbers of immune suppressive cells,'?
reduced expression of T cell growth-promoting cytokines'® and
impeded T cell cytotoxicity.'> These findings suggest that tar-
geting the BAR signaling pathway directly to reduce stress sig-
naling may provide an innovative approach to improve cancer
treatment.

PAR signaling can be inhibited pharmacologically by treat-
ment with antagonists. Commonly known as f-blockers, BAR
antagonists are recommended for all patients at risk of heart
failure independent of age and sex.'”'® Clinically, B-blockers
are widely used in multiple disease conditions including
hypertension, acute myocardial infarction, congestive heart fail-
ure, essential tremor, migraines, glaucoma and anxiety disor-
ders."”"” The most commonly prescribed antagonists are pan
B-blockers and B;-selective blockers which target both B;ARs
and B,ARs or only 8, ARs, respectively. Several studies demon-
strate a positive correlation between f-blocker usage, as pre-
scribed for non-cancer related indications, and outcome in
various malignancies including breast**** and ovarian®>*® can-
cers. These pre-clinical and clinical observations suggest an
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important role for B-blockers in the anti-tumor immune
response.

Combination therapy is an attractive strategy to overcome
the resistance associated with single agent approaches. We
hypothesized that BAR blockade delivered in combination with
T cell dependent immunotherapy would improve the efficacy
of immunotherapeutic approaches for melanoma. In this study,
we performed a retrospective analysis to determine how
B-blocker usage among metastatic melanoma patients that
received immunotherapy impacts overall survival (OS) and
investigated the feasibility of combined BAR blockade and
immunotherapy in a mouse model of melanoma.

Results

p-blocker usage correlates with improved overall survival
among metastatic melanoma patients that received
immunotherapy

We performed a retrospective analysis of metastatic melanoma
patients treated with immune-based therapies at the Penn State
Cancer Institute between 2000 and 2015. Patients (N = 195)
treated with IL-2, «CTLA-4 and/or «PD-1 were included in the
analysis. We found that approximately 32% (N = 62) of these
patients were prescribed some class of S-blockers. Previous
studies suggest that the stress response most dramatically
impacts immunity through B,AR.*”*® Since B,-selective block-
ers are not clinically prescribed, patients were stratified into
those that were not prescribed S-blockers, those that were pre-
scribed B;-selective blockers and those that were prescribed
pan B-blockers that antagonize both 8;ARs and S,ARs. Age at
time of immunotherapy, gender, stage at initial diagnosis and
type of immunotherapy received were similar between these
cohorts (Table 1 and supplementary Table S1). We found no
difference in OS following the initiation of immunotherapy
between patients taking S1-selective blockers and those taking
no B-blocker (Fig. 1). In contrast, we observed a significant sur-
vival benefit for patients prescribed pan S-blockers compared
to either those taking no B-blocker or B;-selective blockers.
The types of immunotherapies were broadly distributed among

Table 1. Characteristics of metastatic melanoma patients.
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Figure 1. Malignant melanoma patients receiving pan S-blockers have prolonged
survival following immunotherapy. Overall survival following the initiation of
immunotherapy treatment was determined for melanoma patients treated with at
least one immunotherapy (IL-2, «CTLA-4, «PD-1). Patients were stratified based on
specific ;AR antagonist use, non-specific pan BAR antagonist use or no B-blocker
use. N = 195; * = p <0.05 determined by log rank test; NS = not significant.

the patient groups stratified by -blocker usage (Supplementary
Table S2), suggesting an advantage for patients that received
pan B-blocker independent of the specific types of immuno-
therapy received. These results suggest that pan S-blocker usage
may improve clinical outcomes for patients that receive multi-
ple types of immunotherapy in the setting of metastatic
melanoma.

BAR blockade improves the anti-tumor efficacy
of immune-based therapies in a preclinical model
of melanoma

We developed a parallel murine model (Fig. 2A) in order to
better understand the role SAR signaling could play in the
enhanced efficacy of immunotherapies suggested by our clinical
study. We utilized C57BL/6] mice bearing established (palpa-
ble, ~1 week) subcutaneous wild type B16-F10-tumors lacking
exogenous immunogenic T cell epitopes; a highly aggressive

All Patients No B-blocker B4-blocker Pan B-blocker p value
N =195 N=133 N =45 N=17
Age at start of immunotherapy treatment
Mean 60.7 60.1 62.3 61.5
(SD) (14.7) (14.7) (14.4) (16.3) 0.6294
Median 61.8 61.4 63.1 69.6
(Range) (22-92) (22-92) (30-89) (23-80)
Sex
Male 124 (63.6%) 83 (62.4%) 31 (68.9%) 10 (58.8%) 0.6726
Female ) 71 (36.4%) 50 (37.6%) 14 (31.1%) 7 (41.2%)
Stage at Initial Diagnosis”
0 2 (1.2%) 2 (1.2%) 0 (0%) 0 (0%)
| 31(19.1%) 22 (20.2%) 7 (17.9%) 2 (14.3%)
I 40 (24.7%) 27 (24.8%) 10 (25.6%) 3 (21.4%)
n 57 (35.2%) 38 (34.9%) 13 (33.3%) 6 (42.9%)
[\ 32 (19.8%) 20 (18.3%) 9(23.1%) 3(21.4%) 0.9830

Descriptive characteristics of the patients in this study are summarized overall and by S-blocker usage. Where not indicated as SD or range, values represent the number
of patients followed by the percentage of that column in parenthesis. The p-values were obtained using nonparametric Kruskal-Wallis tests or Fisher's exact tests with

p<0.05 considered significant.

* Note that all patients had metastatic disease at the time of immunotherapy regardless of staging at diagnosis.
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Figure 2. Propranolol improves tumor control in mice treated with immunotherapy.

(A) Experimental schema. When applicable, tumor-bearing mice received 10mg/kg

propranolol (pan B-blocker) daily for three weeks, 200,19 «PD-1 twice a week for three weeks and/or 120,000 IU IL-2 twice a day for two cycles of five days on, two days
off. An equivalent volume of PBS was given daily to control mice. Mice were treated with (B) PBS control, (C) «PD-1, (D) IL-2, (E) «PD-1/IL-2, (F) Propranolol, (G) Proprano-
lol + «PD-1, (H) Propranolol + IL-2, (I) Propranolol + «PD-1/IL-2. Days 15 and 30 are indicated with long- and short-dashed lines. N = 7-8/group; p values determined

sokokoR

by mixed linear models; pairwise comparison to untreated: ** p < 0.01,
between immunotherapy and propranolol 4+ immunotherapy: @ p < 0.05, @@ p <
are representative of two experiments. MS = median survival.

melanoma model.>>*° Tumor-bearing mice received IL-2,
aPD-1, or their combination with and without a daily dose of
the clinically available pan-g-blocker propranolol (Fig. 2A).
Previous studies have shown only a minor or insignificant effect
of aPD-1 therapy alone on the growth of B16-F10 tumors.”"*?

p < 0.0001; pairwise comparison to propranolol:"p < 0.01,"p <0.001; pairwise comparison

0.01. (J) Survival analysis. N = 7/group; p values determined by log rank test. Data

Consistent with these previous results, we observed a statisti-
cally significant but not biologically relevant delay in tumor
growth following administration of «PD-1 monotherapy
(Fig. 2C) compared to control-treated (PBS) mice (Fig. 2B). In
contrast, IL-2 administration produced a uniform delay in
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tumor growth (Fig. 2D) that was not further enhanced by com-
bination with «PD-1 (Fig. 2E). Treatment with propranolol
alone provided a minimal, although statistically significant
delay in tumor growth (Fig. 2F). However, propranolol admin-
istration significantly delayed tumor growth when combined
with «PD-1 (Fig. 2G) compared to either monotherapy. Pro-
pranolol with IL-2 (Fig. 2H) also produced a statistically signifi-
cant delay in tumor growth compared to IL-2 alone (Fig. 2C),
although the magnitude of improvement was less than
observed in combination with «PD-1.

Since several patients in our study received multiple immu-
notherapy regimens in sequence (Supplementary Table S2), we
also evaluated the impact of combined aPD-1/IL-2 therapy in
this mouse model. The combination of &PD-1/IL-2 did not
substantially delay tumor progression beyond that observed
with IL-2 alone (Fig. 2E). However, the addition of propranolol
to this regimen significantly delayed tumor progression com-
pared to oPD-1/IL-2 alone (Fig. 2I) although no complete
regressions were observed. In addition, triple combination of
propranolol + oPD-1/IL-2 (Fig. 2I) delayed tumor progression
more effectively than propranolol + «PD-1 (Fig. 2G), suggest-
ing that the addition of IL-2 optimally promotes the anti-tumor
response.

Survival analysis of mice within these same cohorts revealed
that B-blocker alone had no survival benefit (Fig. 2J; median
15 days) and propranolol did not improve the already signifi-
cant increase induced by IL-2 therapy (median 23.5 versus
22.5 days). However, propranolol significantly prolonged the
survival of aPD-1 treated mice (median 25 versus 18 days;
Fig. 2]). Further, survival was most dramatically extended
when propranolol was administered with combined «PD-1/IL-
2 (median 39 days; Fig. 2]). Taken together, our data reveal that
pan BAR blockade effectively enhanced the anti-tumor proper-
ties of aPD-1-based therapy but the combination of pan SAR
blockade with «PD-1/IL-2 was most effective, suggesting that
pan B-blockers may function through multiple mechanisms to
improve this combined therapeutic approach.

B2AR blockade is sufficient to enhance the efficacy
of immune-based therapies

We sought to determine the influence of ;AR and B,AR on
the improved immunotherapy observed in this murine mela-
noma model. Although B,AR antagonists have minimal toxic-
ity in healthy humans,” there are currently no clinical
indications for which these selective -blockers are prescribed.
However, these compounds have been used routinely in pre-
clinical studies to dissect the roles of each BAR subset. We uti-
lized selective B;AR (metoprolol) and B,AR (ICI 118,551)
antagonists in combination with ¢PD-1/IL-2. Tumors in con-
trol treated mice (Fig. 3A) grew at a similar rate to those treated
with either metoprolol (Fig. 3B) or ICI 118,551 (Fig. 3C). We
again observed a significant delay in tumor growth when treat-
ing with «PD-1/IL-2 (Fig. 3D) compared to control treated
mice (Fig. 3A). However, only 8,AR blockade with ICI 118,551
(Fig. 3F) demonstrated improved tumor control compared
with a«PD-1/IL-2 alone (Fig. 3D-F). Likewise, while survival
was improved by combined a«PD-1/IL-2 therapy (median 14
versus 23 days), only ICI 118,551 administration further

improved survival in combination with oPD-1/IL-2 (Fig. 3G;
median 35 days). Neither BAR-selective inhibitor alone
improved survival of tumor-bearing mice compared to control
treated mice. These data indicate that reduced signaling
through B,AR plays an essential role in the improved tumor
control observed following immunotherapy and suggest that
the beneficial effect of pan B-blockers works primarily by mod-
ulating 8,AR signaling.

Discussion

Here we make the novel observation that metastatic melanoma
patients who had received immunotherapy and were taking
pan B-blockers experienced prolonged OS. This clinical obser-
vation is supported by our results demonstrating that combin-
ing a non-selective pan B-blocker or selective 8,AR antagonist
with either «PD-1 or combination «PD-1/IL-2 therapy signifi-
cantly slowed tumor progression and extended survival in a
murine melanoma model. Further, we have demonstrated that
inhibition of signaling through B,AR plays the prominent role
in the improved anti-tumor immunity seen following immuno-
therapy. Our data raise the possibility that reducing stress sig-
naling, particularly through the §,AR signaling pathway, can
improve the efficacy of immune based therapies for melanoma
and perhaps other cancers as well. These results indicate that
B-blockers and immunotherapy may synergize to enhance
immune cell activity and/or function to a higher degree than
either approach alone.

Given the positive impact on immunotherapy observed,
BAR signaling could directly augment the anti-tumor immune
response as B,ARs are expressed on most immune cell types.
Among immune cell subsets, NK cells express the highest
number of receptors followed by monocytes, B cells, CD8 T
cells and CD4 T cells.” Increased BAR signaling reduces
proinflammatory cytokine secretion from monocytes and
macrophages.’>?® Within the T cell compartment, CD4 T cells
show decreased Thl cytokine production’” and Treg function
is enhanced™ following BAR stimulation; two potential mecha-
nisms that could hinder anti-tumor immunity and immuno-
therapy efficacy. Additionally, S8,AR signaling limited the
IFNy-driven CD8 T cell response to influenza infection®” and
BAR stimulation resulted in reduced TNF« production by mac-
rophages and T cells that was directly linked to the inability to
generate anti-tumor CD8 T cells.*” Further, IFNy production
by and cytotoxicity of CD8+ T cells is inhibited by the ,AR
agonist salmeterol.*' Relevant to the current study is the finding
that BAR signaling can suppress T cell receptor-induced cyto-
kine secretion and lytic activity exclusively through 8,AR sig-
naling.*® Previous work from some in our group demonstrates
that environmental conditions that activate sympathetic signal-
ing regulate immune responses. Increased necessity to thermo-
regulate body temperature due to cool housing temperature
reduced tumor control and hindered CD8 T cells and dendritic
cells in multiple murine tumor models.'">"> Thus, our results
are consistent with a model in which B,AR blockade may
directly improve immune cell functions, resulting in a pro-
longed control of tumor progression. Although in our study
most patients prescribed B-blockers were receiving selective
B1AR agents, it is of note that a recent meta-analysis concluded
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Figure 3. B,AR-selective blockade improves immunotherapy against melanoma. Mice

were treated as indicated in Figure 2 with (A) PBS control, (B) Metoprolol (8,AR selective

antagonist), (C) ICl 118, 551 (B,AR selective antagonist), (D) «PD-1/IL-2, (E) Metoprolol 4+ «PD-1/IL-2, (F) ICI 118, 551 + «PD-1/IL-2. Days 15 and 30 are indicated with long- and

short-dashed lines, respectively. N = 5-8/group; p values determined by mixed linear

models; pairwise comparison to untreated: *** p < 0.001; pairwise comparison to same

B-blocker:"p < 0.05,"p < 0.0001; pairwise comparison between immunotherapy alone and S-blocker + immunotherapy: @ p < 0.05. (G) Survival analysis. The median survival
(days) is listed in parenthesis for each group. N = 5-7/group; p values determined by log rank test; NS = not significant; MS = median survival.

that pan B-blockers may in fact yield better clinical outcomes in
patients with hypertension, diabetes, heart failure and acute
myocardial infarction."

While our results imply that the anti-melanoma immune
response is improved with SBAR blockade, direct effects on
tumor growth may also be involved. Studies in murine xeno-
graft models show that BAR blockade increases the efficacy of
chemotherapies independent of adaptive immunity.'*'> How-
ever, the mechanistic relationship between BAR signaling,
tumor growth and the anti-tumor immune response is not well
understood in regards to any cancer, including melanoma.
B16-F10 murine melanoma cells express a small proportion of
functional BAR sites and thus may be responsive to manipula-
tion of BAR signaling.** Additionally, BAR expression has been
detected in melanoma biopsies*’ purporting that human mela-
noma may be directly sensitive to S-blocker treatment. Thus,
the full impact of SAR signaling on melanoma progression and
treatment remains incompletely defined.

Our data support recent results showing that the addition of
BAR blockade significantly improved the impact of «PD-1
therapy across distinct murine tumor models, including B16-

F10 melanoma expressing the model antigen ovalbumin and
4T1 mammary tumors.** This recent study yielded similar
results to those shown here in terms of the impact of prop-
ranolol on aPD-1 therapy of melanoma, yet used an altered
treatment protocol, including more frequent PD-1 adminis-
tration. Here we have extended these findings using the paren-
tal B16-F10 melanoma model and determined that improved
anti-tumor immunity is dependent on B,AR blockade. Addi-
tionally, we show in the current study that AR blockade had a
greater impact on dual oPD-1/IL-2 therapy than on «PD-1
therapy alone. Our finding that pan or selective 8,AR antago-
nists improved oPD-1 therapy but only minimally impacted
IL-2-based therapy may indicate that SAR blockade and IL-2
target overlapping mechanisms, such as T cell proliferation.
Indeed, norepinephrine decreases T cell proliferation by reduc-
ing IL-2 production.'® Thus, in the presence of high dose IL-2,
autologous IL-2 production gained from SAR blockade is
unlikely to contribute to the overall response. In contrast, AR
blockade may improve T cell proliferation through autocrine
IL-2 production and then the addition of «PD-1 therapy may
further enhance T cell survival and function. BAR blockade
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may also promote T cell recruitment to the tumors by relieving
their retention in the lymph nodes.** Alternatively, BAR block-
ade may predominantly affect the sensitivity of the tumor to
the immune system.

The basis for our finding that administration of B-blockers
with combined «aPD-1/IL-2 was more effective than BAR
blockade with «PD-1 or «PD-1/IL-2 alone suggests that these
three agents cooperate to improve the response to the individ-
ual agents. BAR blockade with oPD-1 may sensitize the
responding immune cells to the effects of IL-2. Alternatively,
BAR blockade with IL-2 may promote T cell exhaustion that
masks any synergy between these two agents, but is revealed by
the inclusion «PD-1. Further studies are required to dissect the
cellular and molecular nature of these interactions and to define
whether a more targeted approach can be identified.

Both our pre-clinical and clinical data implicate 8,AR block-
ade in improving the impact of immunotherapy to melanoma.
Most patients in our study were taking fS;-selective blockers
rather than pan S-blockers. These data suggest the presence of
a sizeable population of metastatic melanoma patients who
might benefit from combined pan BAR blockade and immuno-
therapy. Our retrospective analysis provides a strong rationale
to further evaluate how pan BAR blockade may impact immu-
notherapy in the clinic. While we were unable to extract other
patient outcomes associated with pan B-blocker use in this
retrospective cohort of patients, future prospective studies
are needed to define the relationship between pan SAR block-
ade and clinical outcomes such as time to metastasis or recur-
rence and the degree of response to immunotherapy (complete
response, partial response, stable disease, progressive disease).
Given our results implicating the role of B,AR signaling in
resistance to immunotherapy, an additional retrospective anal-
ysis could be performed investigating whether use of 8,AR ago-
nists, commonly used for control of asthma, negatively impact
the response to immunotherapy. Prospective clinical trials are
needed to definitively test the benefit of this approach, but the
combination of already FDA-approved drugs could be rapidly
implemented for metastatic melanoma and potentially other
cancers.

Patients and methods
Clinical Data Collection

The retrospective analysis of patient data was performed
under a protocol approved by the Penn State Cancer Insti-
tute Scientific Review Committee and the Penn State Her-
shey Medical Center Institutional Review Board. Due to the
retrospective nature of the study without collection of new
data or specimens, this study was exempt from patient con-
sent. Patients aged 18 or older with a history of melanoma
who received IL-2, «PD-1 and/or «CTLA-4 immunotherapy
were eligible. Some patients received more than one type of
immunotherapy. Data were collected on eligible patients
diagnosed between January 1, 2000 and March 31, 2015.
Data including age at the start of immunotherapy treat-
ment, gender, melanoma stage at diagnosis, cancer treat-
ment and p-blocker usage were extracted from the Penn
State Cancer Institute Tumor Registry and the Penn State

Informatics for Integrating Biology and the Bedside (i2b2)
System. Patients that were prescribed B;AR (Atenolol,
Esmolol, and Metoprolol) and pan BAR (Carvedilol, Labeta-
lol and Propranolol) antagonists were identified from these
databases. Any patient who did not have data available in
both the Tumor Registry and i2b2 were excluded. Patient
medical records were also viewed to extract data missing
from the Tumor Registry and i2b2.

Mice, cell lines and media

Female 6-8 week old C57BL/6] mice were purchased from The
Jackson Laboratory and used within 2 weeks of receipt. All
mice were maintained in specific pathogen-free conditions in a
HEPA-filtered ventilated rack system at the Milton S. Hershey
Medical Center animal facility. Mice were housed 5 or less per
cage and fed and watered ad libitem. Mice were maintained in
a 12-hour light/dark cycle. All experiments with animals were
performed in accordance with institutional guidelines under
protocol #46648 that was approved by the Institutional Animal
Care and Use Committee at the Penn State College of Medi-
cine. B16-F10 melanoma cells were obtained directly from the
American Type Culture Collection (ATTC; CRL-6475) in Feb-
ruary of 2015 and stored frozen in aliquots after 2 passages in
vitro. Cells were cultured in RPMI-1640 with GlutaMAX™
(Gibco) supplemented with 10% fetal bovine serum (HyClone),
100 U/mL penicillin, 100 pg/mL streptomycin, 2 mM L-gluta-
mine, 50 uM 2-mercaptoethanol, 10 mM HEPES, and 25 ug/
mL pyruvic acid. For in vivo experiments, cells were harvested
at ~90% confluency at less than 6 passages from the original
stock. 1 x 10° freshly harvested tumor cells were suspended in
PBS and injected subcutaneously into the left flank of C57BL/
6] mice.

Murine tumor model and treatment regimens

Following tumor implantation, mice were monitored daily
to identify palpable tumors at which time they were ran-
domized into treatment groups. Treatments were adminis-
tered to mice bearing palpable tumors at ~6-9 days
following inoculation (tumor volume ~20 - 100mm?). All
treatments were given intraperitoneally in a volume of 200
ul. Sterile PBS was used for control injections. IL-2 was
obtained from Prometheus Inc. and administered at 120,000
IU twice a day for two five-day cycles separated by a two
day break. PD-1 (clone: RMP-1) was purchased from Bio-
Xcell and up to six 200 pug doses were administered (days
1, 4, 8, 11, 15, 18). All BAR antagonists were purchased
from Sigma and given daily for 3 weeks at the following
concentrations: ICI 118,551 (1 mg/kg), metoprolol (10 mg/
kg) and propranolol (10 mg/kg) as previously described.””
Tumors were measured with digital calipers and tumor vol-
ume was calculated in mm® using the formula (length-
*width*width)/2. Following the initiation of treatment,
tumors were measured every two days until size reached
1000 mm’ at which point measurements were taken every
day. The endpoint for survival studies included when tumor
volume reached >1500 mm?’, mice became lethargic or asci-
tes developed prohibiting movement.



Statistical methods

Linear mixed models for longitudinal data were used to assess
differences in tumor growth curves between different treatment
groups. P-values less than 0.05 are reported and indicated on
the figures. Kaplan-Meier survival plots and log-rank tests were
used to display and analyze the time from the beginning of
treatment to death or the date of sacrifice. All tests were two-
sided. The statistical significance level used was 0.05, and it was
not adjusted for multiple testing due to the exploratory nature
of this study. For the analyses of clinical data, descriptive statis-
tics were used to summarize patient’s characteristics. The basic
comparison of patient’s characteristics between treatment
groups was performed using Fisher’s exact test or nonparamet-
ric Kruskal-Wallis test when appropriate. Overall survival was
defined as the length of time from start of immunotherapy for
the metastatic or recurrent disease (i.e. immunotherapy start
date) to the date of death or last follow-up. Kaplan-Meier plots
and log-rank tests were used to evaluate association of
B-blocker usage and overall survival. All analyses were per-
formed using statistical software SAS version 9.4, Graphpad
Prism version 5.0f, and R programming language 3.1.2.
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