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Abstract

Background: Preclinical studies indicate that the concurrent use of inhibitors of the renin—
angiotensin-aldosterone system (RAAS) may improve outcomes in broad groups of patients
with cancer. There are limited data on the association between the use of RAAS inhibitors and
outcomes among patients treated with immune checkpoint inhibitors (I1CIs).

Methods: We performed a retrospective study of all patients treated with an ICI in a single
academic network. Of 10,903 patients, 5910 were on any anti-hypertensive medication. Of those
on anti-hypertensive therapy, 3426 were prescribed a RAAS inhibitor during ICI treatment, and
2484 were prescribed other anti-hypertensive medications. The primary outcome was overall
survival in the entire cohort and in sub-groups by cancer types.

Results: Thoracic cancer (34%) and melanoma (16%) were the most common types of
cancer. Those prescribed a RAAS inhibitor were older, more frequently male, and had more
cardiovascular risk factors. In a Cox proportional hazard model, the concurrent use of RAAS
inhibitors was associated with better overall survival (hazard ratio (HR):0.92, [95% Confidence
Interval (CI):0.85-0.99], A= .032). Patients with gastrointestinal (HR:0.82, [95% CI: 0.67-
1.01], P=.057) and genitourinary cancer (HR:0.81, [95% CI:0.64-1.01], A= .067) had a non-
statistically significant better overall survival.

Conclusions: In this large retrospective study, patients with hypertension who were
concomitantly taking a RAAS inhibitor during ICI therapy had better overall survival. This benefit
was primarily noted among patients with gastrointestinal and genitourinary cancers. Prospective
randomized trials are warranted to further evaluate and specify the benefit of RAAS inhibitors in
patients with cancer who receive ICI therapy.

Keywords

Immune checkpoint inhibitors; Immune therapy; Renin—angiotensin—-aldosterone system blocker;
ACEI; ARB

Introduction

The use of immune checkpoint inhibitors (1CIs) has resulted in durable tumour responses
among patients with a variety of cancers. In recent years, the value of an ICI has

expanded from late-stage to the adjuvant and neoadjuvant settings [1,2]. It is estimated

that approximately 36% of patients with cancer within the United States alone may be
eligible for ICI [3]. However, approximately 20% of the patients benefit from ICls [3].
Hence, novel strategies to improve the response to ICI therapy are needed. Preclinical
studies suggest that the renin—angiotensin—aldosterone system (RAAS) plays an important
role in tumour biology [4-6]. In the tumour microenvironment, RAAS may enhance
immunosuppression via multiple mechanisms [4,5,7,8]. Specifically, RAAS inhibitors may
reduce solid stress in tumours resulting in increased vascular perfusion, leading to improved
drug and oxygen delivery to tumours through this physical mechanism, thereby potentiating
standard cytotoxic chemotherapy as well as ICI therapy [4,7,9]. These basic findings, as
well as the benefit of adding RAAS inhibitors in a prospective phase Il trial on in locally
advanced pancreatic cancer [10], and multiple retrospective observational clinical studies
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[5], have led to prospective randomized trials testing whether inhibition of the RAAS
can improve outcomes among patients treated with traditional cytotoxic chemotherapy and
radiation therapy as well as ICI (NCT03563248) [5,11].

The efficacy of ICIs relies on the successful trafficking of tumour-targeted T-lymphocytes
from the secondary lymphoid organs, through the bloodstream, and into the tumour tissue
and activating them once they accrue in the tumour microenvironment [12-14]. Resistance
to ICI therapy is often associated with a low density of T-lymphocytes residing within

the tumour tissue and is highly dependent on vascular perfusion [13]. Thus, there is
scientific plausibility to support the potential for a beneficial effect of RAAS inhibitors

in patients on an ICI. However, there are limited clinical data on the effect of RAAS
inhibitors on outcomes among patients treated with an ICI [15,16]. Given the potentially
significant impact on public health of these low-cost and relatively safe interventions, we
performed a retrospective cohort study to evaluate the effect of the concurrent use of I1CI
and RAAS inhibitors in a large cohort of patients with cancer. We also tested the effect of
different types of RAAS inhibitors, angiotensin-converting enzyme inhibitors (ACEIs) and
angiotensin receptor blockers (ARBSs), on overall survival, and tested the effect of RAAS
inhibitors on immune-related adverse events (irAEs).

2. Methods

The data, analytic methods and study materials will be made available from the
corresponding author on reasonable request after institutional approval and following
institutional process.

2.1. Study design, setting and population

To assess the effect of RAAS inhibitors on ICI therapy, we performed a retrospective study.
All individuals treated with an ICI through the end of August 2020 at a single academic
network (Mass General Brigham, Boston, MA, USA) were included (n = 10,903). The use
of an ICI was derived from a pharmacy database. The start date was defined as the first

date when an ICI was administered. Other covariates of interest were derived from the
Research Patient Data Registry (RPDR). These included patient demographics, medications,
standard cardiovascular risk factors, vital parameters and laboratory results. Data relevant to
cancer included the type of cancer, prior potentially cardiotoxic cancer therapies and detailed
description of ICI treatments. The date of death was obtained from RPDR.

From this cohort of 10,903 patients, patients with missing data on baseline medications (n =
570) were excluded, which resulted in a cohort of 10,333 patients. Of these, 5910 were on an
anti-hypertensive medication (Fig. 1).

Those on an inhibitor of the RAAS system were defined as patients on any ACEI or ARB
at the start of ICI treatment (n = 3426), and these patients were compared with those on
any other anti-hypertensive medication at the time of the ICI start (n = 2484). The study
was approved by the Partners Human Research Committee and no informed consent was
required. The authors vouch for the completeness and accuracy of the data and all analyses.
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2.2. Procedures and outcomes

Covariates of interest obtained included patient demographics, medications and standard
cardiovascular risk factors (e.g. diabetes mellitus, hypertension, smoking). Data specific to
RAAS inhibitors also included the type and dose of RAAS inhibitors. Data relevant to
cancer included the cancer type and prior potentially cardiotoxic cancer therapies (platinum-
based therapy, 5-fluorouracil and anthracyclines). The use of vascular endothelial growth
factor (VEGF) inhibitors was also collected. Data specific to ICI therapy also included the
number of ICI cycles, the type of ICI therapy and the use of combined immune checkpoint
therapy. The occurrence of irAEs was identified using ICD-10 codes.

The primary outcome was overall survival. When the date of death was not available,
patients were censored at the last date of follow-up alive. Among the control patients, those
who started RAAS inhibitor therapy during the study period were censored when they
started RAAS inhibitor therapy.

2.3. Statistical analysis

Continuous variables are presented as mean (standard deviation) or median (25%—-75%
percentile). Categorical variables are presented as counts and percentages. Univariate Cox
proportional hazard regression analysis was performed to calculate hazard ratios (HRs) with
95% confidence intervals (CI) for the full cohort and for each cancer type. Multivariable
Cox proportional hazard regression analysis was performed including known risk factors
associated with death (age, gender, body mass index, congestive heart failure, diabetes, renal
disease, liver disease and smoking). The proportional hazard assumption was tested with
the use of log—log plots and examination of Schoenfeld residuals. We performed subgroup
analyses of HRs by cancer types. As a sensitivity analysis, a 1:1 propensity score matching
was performed in a subset of patients using the Matchlt package, with a generalized linear
model and calliper of 0.2 without replacement. The following variables were used to create
propensity scores: age, gender, body mass index, congestive heart failure, diabetes, renal
disease, liver disease, history of smoking and cancer type. Patients with missing data for
the propensity score were excluded from the matching. Standardized mean differences were
used to examine the balance of covariate distribution between the groups. For patients with
gastrointestinal and genitourinary cancer, a cancer type-based propensity score matching
was performed using the same variables and settings. As a second sensitivity analysis,

we excluded patients with known dead status but without exact date of death (n = 559).

The rates of irAEs were compared between groups. In a subset of patients where detailed
data was available on the type and dose of RAAS inhibitors, univariable Cox proportional
hazard models were performed to evaluate the effect of these on overall survival. The impact
of VEGF inhibitor therapy in combination with RAAS inhibitors was also evaluated. All
statistical tests were two-tailed, and P values of less than .05 were considered to indicate
statistical significance. Analyses were performed with R studio software (version 1.4.1106).
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3. Results

3.1. Patient demographics, comorbidities and cancer data

Baseline demographics and clinical characteristics of patients taking any anti-hypertensive
medications and ICI therapy are summarized in Table 1. Thoracic cancer (34% [1950/5714])
and melanoma (16% [913/5714]) were the most common types of cancer. Programmed

cell death protein 1 (PD-1) inhibitor therapy was the most commonly prescribed I1CI (76%
[4483/5910]), followed by programmed death-ligand 1 (PD-L1) (13% [768/5910]), and
cytotoxic T-lymphocyte-associated protein 4 (CTLA-4) (3.7% [216/5910]). Overall, 7.5%
of patients were on a combination of IClIs. Patients were treated for a median of 5 ICI

cycles (IQR: 3-11). Those on inhibitors of the RAAS system were older, predominately
male, had higher number of cardiovascular risk factors, and were more likely to have known
cardiovascular diseases. Baseline laboratory parameters are reported in Table 2. Among
those on a RAAS inhibitor, 68% (2331/3426) were on an ACE inhibitor, with lisinopril
(89% [2077/2331]) being the most common. In total, 32% (1095/3426) were prescribed an
ARB, and most were prescribed losartan (68% [748/1095]).

Detailed data regarding the daily dose of RAAS inhibitors were available in 76% of patients
(2607/3426). High-dose lisinopril was defined as daily dose above the median dose, >20 mg
per day. Among those on lisinopril, 45.7% were taking a high dose of lisinopril (710/1552),
and 54.3% were prescribed a lower dose (842/1552). High-dose losartan was defined as
daily dose above the median dose, >50 mg per day. Among those on losartan (611/2607),
35.4% were prescribed a high dose (216/611), and 64.6% were prescribed a lower dose
(395/611).

Baseline characteristics for the sensitivity analysis groups are reported in the Supplementary
Table 1.

3.2. Association between RAAS inhibitors and overall survival

Univariate analysis showed that the concurrent use of RAAS inhibitors was associated with
better overall survival in the full cohort (univariate HR:.92, [95%Cl:0.85-0.99], P=.032)
(Fig. 2A).

A trend was noted toward better overall survival among patients with gastrointestinal
(univariate HR:.82, [95%CI: 0.67-1.01], A= .057) (Fig. 2B) and genitourinary cancer
(univariate HR:.81, [95%Cl: 0.64-1.01], A= .067) (Fig. 2C). Additional analysis and
Kaplan—Meier curves regarding other cancer types are shown in Supplementary Figure

1. There was no difference in survival among those on RAAS inhibitors in patients with
thoracic malignancies (univariate HR:1.00, [95%CI: 0.88-1.14], £=.98, Supplement) or
melanoma (univariate HR:1.02, [95%CIl: 0.81-1.27], P = .89, Supplement). When we
excluded patients with gastrointestinal and genitourinary cancer from the full cohort, no
benefit was associated with RAAS inhibitors (univariate HR:.96, [95%CI: 0.88-1.05], P=
.37).

In a multivariable model (adjusted for age, gender, body mass index, congestive heart
failure, diabetes, renal disease, liver disease and smoking), the use of a RAAS inhibitor
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was associated with a better overall survival among patients who received ICI therapy
(multivariable HR:.90, [95%CIl: 0.84-0.98], A= .013). Adjusting for the same covariates,
our results reached statistical significance for gastrointestinal cancer (multivariable HR:.77,
[95%CI: 0.63-0.96], A= .021) and remained similar for genitourinary cancer (multivariable
HR:.81, [95%CI: 0.64-1.04], £=.094). Similar results were noted when we excluded
patients who died but the date of death was not available (Supplementary Figure 2). Our
findings remained broadly unchanged in the propensity score-matched cohorts (full cohort
multivariable HR:.92, [95%CIl: 0.84-1.00], A= .052; gastrointestinal cancer multivariable
HR:.75, [95%CI:0.60-0.94], A= .014; genitourinary cancer multivariable HR:.75, [95%ClI:
0.57-0.99], P=.042, Supplementary Figure 3).

We compared the rates of irAE between groups. Overall, 40.4% (2387/5910) had an

irAE with colitis being the commonest (18,4%, 1085/5910). In comparison, we found no
difference in the occurrence of potential irAEs between those on RAAS inhibitors and those
not on RAAS inhibitors (41% [1388/3426] versus 40% [999/2484], P=.8).

3.3. Association between RAAS inhibitor type and dose with overall survival

There was no difference in overall survival among those on an ACE inhibitor versus those
on an ARB (univariate HR:1.03, [95%CIl: 0.93-1.14], P=.59). There was no difference in
survival in the full cohort or in patients with gastrointestinal cancer among those taking a
high or low dose of lisinopril. However, among patients with genitourinary cancer who were
taking a higher dose of lisinopril, there was a trend for improved survival (univariate HR:.71,
[95%CI: 0.51-1.00], P=.052, Fig. 3/A). Due to the lower sample size for losartan, this
analysis was not performed.

3.4. Association between RAAS inhibitors and overall survival in patients who also
received VEGF therapy

Among the 5910 patients, 863 received VEGF inhibitor therapy anytime, and in 281
patients, there was an overlap between ICI and VEGF inhibitor therapies. Those who
received VEGF inhibitor therapy not in overlap with an ICI were excluded from this
analysis. Among the 281 patients, 186 were also on a RAAS inhibitor therapy at ICI start.
Those who were taking a RAAS inhibitor combined with a VGEF inhibitor had a trend
for a better outcome as compared with those who were not (univariate HR:.70, [95%Cl:
0.48-1.03], P=.069, Fig. 3/B).

4. Discussion

Despite having a higher overall risk profile for death, our results suggest that the use

of RAAS inhibitor is associated with better overall survival in patients with cancer with
hypertension treated with an ICI. Of the common cancer types, patients with gastrointestinal
and genitourinary cancer may benefit the most from RAAS inhibitors when treated with

an ICl, and patients with these types of cancer appear to have nearly all the benefit.

There was no benefit in those with melanoma or thoracic malignancies. There were also

no differences in the rates of immune-mediated adverse events between groups and no
difference in survival between those on an ACE as compared with an ARB. Furthermore,

Eur J Cancer. Author manuscript; available in PMC 2022 October 30.
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there was no association between the dose of the RAAS inhibitor and the effect on survival
except among patients with genitourinary cancer, where those prescribed a high dose of
lisinopril had better outcomes. Finally, our results regarding VEGF inhibitor therapy suggest
potential synergy between VEGF-targeted therapy and RAAS inhibitors.

Preclinical data have shown that the RAAS system, via bioactive peptides, have a key role
in the tumour microenvironment. In preclinical experiments, inhibiting the RAAS system
suppressed cancer cell proliferation, tumour growth, metastasis, and angiogenesis [5,17].
Specifically, the RAAS system can influence the expression of multiple cytokines and
growth factors [17], and blockade of the RAAS system can result in decreased expression
of VEGF factor, leading to a decrease in VEGF-mediated angiogenesis, a decrease in
microvessel density and a decrease in vascular permeability [18,19]. Inhibition of these
steps can lead to a normalization of the tumour vasculature and microenvironment [7,17].
The RAAS system can also regulate the tumour microenvironment via transforming growth
factor—B, (TGF-B), cancer-associated fibroblasts [5] and tumour-associated macrophages
[8]. Inhibition of the RAAS system may block activities mediated by these factors and
reduce solid stress, resulting in a less immunosuppressive microenvironment [4,5]. The use
of RAAS inhibitors in cancer patients in conjunction with chemo-radiotherapy has been
associated with better outcomes in several cancer types (e.g. pancreatic, ovarian, kidney,
colorectal, liver, lung and brain) [5,9,10,20-24]. However, some studies found no benefit,
therefore suggesting a cancer-type-specific effect. In our study, when analysing patients who
received VEGF targeted therapy and ICI in overlap, we found that those who were on a
baseline RAAS inhibitor had better outcomes — consistent with retrospective studies in renal
carcinoma patients [25-27]. Therefore, there may be an additional synergy between RAAS
inhibitors and VEGF targeted therapy in patients receiving ICI therapy.

During the last decade, ICIs have revolutionized cancer treatment, and data suggest that
about 50% of cancer patients within the United States may be eligible for treatment with
an ICI [3]. However, not all cancer patients respond to this type of therapy [28], and
multiple approaches are being tested to improve the response rate [29]. Data regarding

the concurrent use of RAAS and ICI are limited. Retrospective studies with small sample
sizes have suggested that the concurrent use of RAAS inhibitors may benefit ICI patients
with metastatic urothelial carcinoma and non—small-cell lung cancer [15,16]. Jain et al.
evaluated patients with metastatic urothelial carcinoma from two centres within the United
States (V=178 and /= 101), and the effects of the concomitant use of RAAS inhibitors
and ICI therapy were analysed. They found that, in univariate analysis, patients who were
treated with a RAAS inhibitor had improved tumour regression rates (odds ratio = 3.32;
95% Cl, 1.22-9.06; A= .019) and a tendency for better overall survival (HR = 0.37; 95%
Cl, 0.12-1.15; P=.051). Our findings are complementary and significantly additive. In
our study, when analysed by cancer type, we found that the use of RAAS inhibitors was
associated with better overall survival in gastrointestinal and genitourinary cancers treated
with ICIs. In another retrospective study, Tozuka et al. among 256 patients with lung cancer,
reported improved progression free survival (HR = 0.59, 95%CIl, 0.40-0.88) and a trend
for lower mortality (HR = 0.71, 95%Cl, 0.45-1.11) in those on a RAAS inhibitor [15].
We found no difference in overall survival among patients with thoracic malignancies who
were on a RAAS inhibitor as compared with those who were treated with other types
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of anti-hypertensive medications. RAAS inhibitors in combination with ICI therapy may
improve progression free survival in some patients as shown by Tozuka et al., but overall
survival was not improved in that study or in our study.

RAAS inhibitors are low-cost, safe and widely prescribed anti-hypertensive drugs [30].
These are widely used and the side effect profile is well known. Up to 70% of patients
treated with ICI therapy may experience an irAEs [31]. In our cohort, the occurrence of
irAEs was not higher in patients who were concomitantly taking RAAS inhibitors. Given
its potential implications for improving overall survival or maybe response rates, further
prospective studies in several cancer types are warranted. Based on our results, RAAS
inhibitor therapy may have more significant impact on outcomes among patients with
gastrointestinal or genitourinary cancers. Indeed, a randomized clinical trial is currently
testing potential benefit of adding losartan to chemo-radiation and anti-PD1 antibody in
locally advanced pancreatic cancer (NCT03563248) [11]. Our results are similar to a
recently published paper, where patients with metastatic urothelial carcinoma were analysed,
and the concomitant use of RAAS inhibitors and ICI therapy was associated with a higher
rate of tumour regression [16].

Limitations

This was a retrospective hospital network study, which was not designed to provide
biological and mechanistic insights. However, our cohort of ICI-treated patients is over

20 times larger than any previously published cohorts, with the inclusion of several cancer
types. Patients who were concomitantly taking a RAAS inhibitor at ICI start were older

and had more comorbidities. We have performed multivariable analysis and propensity score
matching to account for the potential confounding caused by the different risk profiles
among the groups. We believe that since patients who were on a RAAS inhibitor had more
comorbidities, and that if there is bias in our study, then it is against our findings. Moreover,
we have also performed two additional sensitivity analyses where a 1:1 propensity score
matching was performed, and in another sensitivity analysis, patients who died but no date
of death was available were excluded. In these analyses, our results remained similar.

5. Conclusion

In this large, retrospective cohort study, patients with hypertension who were concomitantly
taking a low-cost RAAS inhibitor during ICI therapy not only had better overall survival,
but also did not develop more irAEs. The benefit of RAAS inhibitors was most pronounced
among patients with gastrointestinal and genitourinary cancers. Our results further suggest a
dose-dependent effect of RAAS inhibitors. These drugs may also potentiate the effect of the
combination of ICI and VEGF-targeted therapy. Prospective randomized trials are warranted
to further evaluate and specify the benefit of RAAS inhibitors in patients with cancer who
receive ICI therapy.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.

Eur J Cancer. Author manuscript; available in PMC 2022 October 30.


https://clinicaltrials.gov/ct2/show/NCT03563248

1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Drobni et al. Page 9
Acknowledgements
We gratefully acknowledge the Cardiovascular Imaging Research Center (CIRC) research team for providing
feedback on the study design and interpretation. The CIRC is a combined effort from the Division of Cardiology
and the Department of Radiology at Massachusetts General Hospital.
Funding

Dr. Drobni was supported by theUNKP-21-4-1-SE new national excellence program of the ministry for innovation
and technology from the source of the national research, development and innovation fund. Dr. Neilan is
supported by a gift from A. Curt Greer and Pamela Kohlberg, the Michael and Kathryn Park Endowed Chair

in Cardiology, and a Hassenfeld Scholar Award. Dr. Neilan is also supported by grants from the National Institutes
of Health/National Heart, Lung, and Blood Institute grants (R01HL130539, RO1HL 137562, K24HL150238). Dr.
Jain’s research is supported by NIH grants R35-CA197743, U01-CA224348, R01-CA259253, R01-CA208205
R01-NS118929, National Foundation for Cancer Research, Ludwig Cancer Center at Harvard, Advanced Medical
Research Foundation and Jane’s Trust Foundation. Dr. Pittet is supported in part by the ISREC Foundation

and NIH grants R01-CA218579, R01-CA206890, U01-CA224348, P01-CA240239. Dr. Merkely is supported by
Project no. NVKP_16-1-2016-0017 (‘National Heart Program”). NVKP_16-1-2016-0017 has been implemented
with the support provided from the National Research, Development, and Innovation Fund of Hungary, financed
under the NVKP_16 funding scheme. Dr. Merkely is also supported by the Thematic Excellence Programme
(2020-4.1.1.-TKP2020) of the Ministry for Innovation and Technology in Hungary, within the framework of the
Therapeutic Development and Bioimaging thematic programmes of the Semmelweis University.

Conflict of interest statement

Dr. Neilan has been a consultant to and received fees from Parexel Imaging, Intrinsic Imaging, H3-Biomedicine,
Amgen, Sanofi, Genentech, Roche and AbbVie, outside of the current work. Dr. Neilan also reports consultant fees
from Bristol Myers Squibb for a Scientific Advisory Board focused on myocarditis related to immune checkpoint
inhibitors and research support from AstraZeneca for work related to immune checkpoint inhibitors. Dr. Sullivan
has been a consultant to Asana, AstraZeneca, Bristol Myers Squibb, Eisai, lovance, Merck, Novartis, Pfizer,
Replimune; and received research funding from Amgen and Merck, all outside of the current work. Dr. Jain has
received an Honorarium from Amgen; Consultant fees from Chugai, Elpis, Pfizer, SPARC, SynDevRx; Owns
equity in Accurius, Enlight, SynDevRx; Served on the Board of Trustees of Tekla Healthcare Investors, Tekla Life
Sciences Investors, Tekla Healthcare Opportunities Fund, Tekla World Healthcare Fund and received a research
Grant from Boehringer Ingelheim. No funding or re-agent from these organizations was used in this study. Dr.
Reynolds has received research funding from Project Datasphere and consultant to Teladoc all outside of the current
work. Dr. Michielin received fees for advisory roles from BMS, MSD, GSK, Novartis, Roche, Pierre-Fabre and
Amgen and research funding from BMS, MSD and Amgen. Other authors have no conflicts of interest or financial
disclosure.

Availability of data and material

The data sets during and/or analysed during the current study available from the
corresponding author on reasonable request.

References

[1]. Robert C A decade of immune-checkpoint inhibitors in cancer therapy. Nat Commun
2020;11:3801. [PubMed: 32732879]

[2]. Eggermont AMM, Blank CU, Mandala M, Long GV, Atkinson V, Dalle S, et al. Adjuvant
pembrolizumab versus placebo in resected stage 11l melanoma. N Engl J Med 2018;378: 1789-
801. [PubMed: 29658430]

[3]. Haslam A, Gill J, Prasad V. Estimation of the percentage of US patients with cancer who are
eligible for immune checkpoint inhibitor drugs. JAMA Netw Open 2020;3:e200423. [PubMed:
32150268]

[4]. Chauhan VP, Chen IX, Tong R, Ng MR, Martin JD, Naxerova K, et al. Reprogramming the
microenvironment with tumor-selective angiotensin blockers enhances cancer immunotherapy.
Proc Natl Acad Sci U S A 2019;116:10674-80. [PubMed: 31040208]

[5]. Pinter M, Jain RK. Targeting the renin-angiotensin system to improve cancer treatment:
implications for immunotherapy. Sci Transl Med 2017;9(410). 10.1126/scitransImed.aan5616.

Eur J Cancer. Author manuscript; available in PMC 2022 October 30.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Drobni et al.

Page 10

[6]. Pinter M, Kwanten WJ, Jain RK. Renin-angiotensin system inhibitors to mitigate cancer
treatment-related adverse events. Clin Cancer Res 2018;24:3803-12. [PubMed: 29610292]

[7]. Chauhan VP, Martin JD, Liu H, Lacorre DA, Jain SR, Kozin SV, et al. Angiotensin inhibition
enhances drug delivery and potentiates chemotherapy by decompressing tumour blood vessels.
Nat Commun 2013;4:2516. [PubMed: 24084631]

[8]. Cortez-Retamozo V, Etzrodt M, Newton A, Ryan R, Pucci F, Sio Selena W, et al. Angiotensin Il
drives the production of tumor-promoting macrophages. Immunity 2013;38:296-308. [PubMed:
23333075]

[9]. Zhao Y, Cao J, Melamed A, Worley M, Gockley A, Jones D, et al. Losartan treatment enhances
chemotherapy efficacy and reduces ascites in ovarian cancer models by normalizing the tumor
stroma. Proc Natl Acad Sci U S A 2019;116:2210-9. [PubMed: 30659155]

[10]. Murphy JE, Wo JY, Ryan DP, Clark JW, Jiang W, Yeap BY, et al. Total neoadjuvant therapy with
FOLFIRINOX in combination with losartan followed by chemoradiotherapy for locally advanced
pancreatic cancer: a phase 2 clinical trial. JAMA Oncol 2019;5:1020-7. [PubMed: 31145418]

[11]. Hong TS. A randomized phase 2 study of losartan and nivolumab in combination with
FOLFIRINOX and SBRT in localized pancreatic cancer. Identifier: NCT03563248. August 10,
2018 - December 31, 2025;https://clinicaltrials.gov/ct2/show/study/NCT03563248.

[12]. Liu YT, Sun ZJ. Turning cold tumors into hot tumors by improving T-cell infiltration.
Theranostics 2021;11:5365-86. [PubMed: 33859752]

[13]. Fukumura D, Kloepper J, Amoozgar Z, Duda DG, Jain RK. Enhancing cancer immunotherapy
using antiangiogenics: opportunities and challenges. Nat Rev Clin Oncol 2018;15:325-40.
[PubMed: 29508855]

[14]. Chen DS, Mellman I. Oncology meets immunology: the cancer-immunity cycle. Immunity
2013;39:1-10. [PubMed: 23890059]

[15]. Tozuka T, Yanagitini N, Yoshida H, Manabe R, Ogusu S, Tsugitomi R, et al. Impact of renin—
angiotensin system inhibitors on the efficacy of anti-PD-1/PD-L1 antibodies in NSCLC patients.
Anticancer Res 2021;41:2093-100. [PubMed: 33813419]

[16]. Jain RK, Skelton Iv WP, Pond GR, Naqvi M, Kim Y, Curran C, et al. Angiotensin blockade
modulates the activity of PD1/L1 inhibitors in metastatic urothelial carcinoma. Clin Genitourin
Cancer 2021;19(6):540-6. 10.1016/j.clgc.2021.04.002. [PubMed: 34011489]

[17]. George AJ, Thomas WG, Hannan RD. The renin-angiotensin system and cancer: old dog, new
tricks. Nat Rev Cancer 2010; 10:745-59. [PubMed: 20966920]

[18]. Yoshiji H, Kuriyama S, Kawata M, Yoshii J, Ikenaka Y, Noguchi R, et al. The angiotensin-I-
converting enzyme inhibitor perindopril suppresses tumor growth and angiogenesis: possible role
of the vascular endothelial growth factor. Clin Cancer Res 2001;7:1073-8. [PubMed: 11309359]

[19]. Jain RK. Normalizing tumor microenvironment to treat cancer; bench to bedside to biomarkers. J
Clin Oncol 2013;31:2205-18. [PubMed: 23669226]

[20]. Menter AR, Carroll NM, Sakoda LC, Delate T, Hornbrook MC, Jain RK, et al. Effect of
angiotensin system inhibitors on survival in patients receiving chemotherapy for advanced non-
small-cell lung cancer. Clin Lung Cancer 2017;18:189-197.e3. [PubMed: 27637408]

[21]. Levin VA, Chan J, Datta M, Yee JL, Jain RK. Effect of angiotensin system inhibitors on survival
in newly diagnosed glioma patients and recurrent glioblastoma patients receiving chemotherapy
and/or bevacizumab. J Neuro Oncol 2017;134: 325-30.

[22]. Osumi H, Matsusaka S, Wakatsuki T, Suenaga M, Shinozaki E, Mizunuma N. Angiotensin Il
type-1 receptor blockers enhance the effects of bevacizumab-based chemotherapy in metastatic
colorectal cancer patients. Mol Clin Oncol 2015;3: 1295-300. [PubMed: 26807236]

[23]. Pinter M, Weinmann A, Wérns MA, Hucke F, Bota S, Marquardt JU, et al. Use of inhibitors
of the renin-angiotensin system is associated with longer survival in patients with hepatocellular
carcinoma. United European Gastroenterol J 2017;5: 987-96.

[24]. Liu H, Naxerova K, Pinter M, Incio J, Lee H, Shigeta K, et al. Use of angiotensin system
inhibitors is associated with immune activation and longer survival in nonmetastatic pancreatic
ductal adenocarcinoma. Clin Cancer Res 2017;23:5959. [PubMed: 28600474]

Eur J Cancer. Author manuscript; available in PMC 2022 October 30.


https://clinicaltrials.gov/ct2/show/NCT03563248
https://clinicaltrials.gov/ct2/show/study/NCT03563248

1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuep Joyiny

Drobni et al.

[25].

[26].

[27].

[28].

[29].

[30].

[31].

Page 11

I1zzedine H, Derosa L, Le Teuff G, Albiges L, Escudier B. Hypertension and angiotensin system
inhibitors: impact on outcome in sunitinib-treated patients for metastatic renal cell carcinoma.
Ann Oncol 2015;26:1128-33. [PubMed: 25795198]

Keizman D, Huang P, Eisenberger MA, Pili R, Kim JJ, Antonarakis ES, et al. Angiotensin system
inhibitors and outcome of sunitinib treatment in patients with metastatic renal cell carcinoma: a
retrospective examination. Eur J Cancer 2011;47: 1955-61 (Oxford, England : 1990). [PubMed:
21600760]

McKay RR, Rodriguez GE, Lin X, Kaymakcalan MD, Hamnvik O-PR, Sabbisetti VS, et

al. Angiotensin system inhibitors and survival outcomes in patients with metastatic renal cell
carcinoma. Clin Cancer Res 2015;21:2471. [PubMed: 25724518]

Ribas A, Wolchok JD. Cancer immunotherapy using checkpoint blockade. Science
2018;359:1350-5 (New York, NY). [PubMed: 29567705]

Upadhaya S, Neftelino ST, Hodge JP, Oliva C, Campbell JR, Yu JX. Combinations take centre
stage in PD1/PDL1 inhibitor clinical trials. Nat Rev Drug Discov 2021;20:168-9. [PubMed:
33177720]

Unger T, Borghi C, Charchar F, Khan NA, Poulter NR, Prabhakaran D, et al. 2020 international
society of hypertension global hypertension practice guidelines. Hypertension 2020;75: 1334-57.
[PubMed: 32370572]

Connolly C, Bambhania K, Naidoo J. Immune-related adverse events: a case-based approach.
Front Oncol 2019;9:530. [PubMed: 31293970]

Eur J Cancer. Author manuscript; available in PMC 2022 October 30.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Drobni et al. Page 12

Patients treated with immune checkpoint inhibitor therapy at Mass General Brigham
22/7/2010 - 8/9/2020
N = 10,903
Excluded due to missing data on baseline
medications
(n=570)
N =10,333

l

Were on any anti-hypertensive medication at baseline
(ACE, ARB, Beta Blockers, Calcium Channel Blockers, Alphaadrenergics, Alphablocker, Vasodilator, Thiazide diuretics)
N =5,910

CASES CONTROLS
Were on a RAAS inhibitor at baseline Were on a non RAAS inhibitor anti-hypertensive at baseline
N =3,426 N=2,484
| !
Were on ARB at baseline Were on ACE/ at baseline
N =1,095 N=2,331

Fig. 1. Flow chart.
ACEI: Angiotensin-converting-enzyme inhibitor, ARB: Angiotensin Il receptor blocker.
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Panel A
All cancer types
1.00 HR:.92, 95%Cl (.85-.99), P=.032
2075
§ Cases
g 080  mmeemeseee e IRESE (on RAAS:i anti-hypertensive)
E
>
5
@ 025 Controls
(on non-RAASi anti-hypertensive)
0.00

] 0.5 1 1.5 2
Years from Immune Checkpoint Inhibitor Start

Number at Risk

Cases 3426 2112 1420 1000 700 488 348
Controls 2484 1427 917 582 397 273 183
Panel B
Gastrointestinal cancer
1.00 HR:.82, 95%Cl (.67-1.01), P=.057
> 075
..E
<
E-
°
8 0.50{ ------moeoooooooY T Cases
s : (on RAASi anti-hypertensive)
>
5
® 0.25
: ! Controls
0.00 ; ; (on non-RAAS:i anti-hypertensive)
0 0.5 1 1.5 2 25 3

Years from Immune Checkpoint Inhibitor Start

Number at Risk

Cases 381 192 112 71 40 20 9
Controls 275 123 65 34 20 10 6
Panel C
Genitourinary cancer
1.00 HR:.81, 95%Cl (.64-1.01), P=.067
2075 Cases
3 (on RAASi anti-hypertensive)
8
[
B 0807 sscncsssscamnsnsncsanasnansstsnsnnnesHmmnasnzss sonsonnans s oE
E
e
>
® 0.25 :
Controls
(on non-RAAS$i anti-hypertensive)
0.00 :

0 0.5 3

Years fro:n Immune c:lfckpoint Inhigitor Start
Number at Risk

Cases 491 316 250 179 129 92 59
Controls 270 164 108 66 41 29 19

Fig. 2. Kaplan—Meier curves of the survival probability over time after starting immune
checkpoint inhibitor therapy.

Panel A shows the cumulative hazard for overall survival. Cases (patients treated with
RAAS inhibitors for hypertension) are marked with red, and controls (patients treated with
non—RAAS inhibitors for hypertension) are marked with blue. Panel B shows the subgroup
of patients with gastrointestinal cancer, and Panel C shows patients with genitourinary
cancer.
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Panel A

Genitourinary cancer

1.00 Controls vs. high dose, HR:.71, 95%Cl (.51 — 1.00), P=.052
Controls vs. low dose, HR:.93, 95%Cl (.70 —.26), P=.63

> 0.75
s High dose of Lisinopril
o
8 0.50] -mm--emmmmeemmeeeeeemeeeeeoenl] — - oo oo
_g E E : Low dose of Lisinopril
4 1 i 1
‘3 | | 1

0.25 ; E ; Controls

, i (on!non-RAASi anti-hypertensive)
0.00 : : i

0 0.5 1 1.5 2 25 3
Years from Immune Checkpoint Inhibitor Start

Number at Risk

High dose 119 85 66 50 33 23 12

Low dose 130 86 68 42 34 27 18

Controls 270 164 108 66 41 29 19
Panel B

Patients who received ICl and VEGF targeted therapy
HR:.70, 95%CI (.48 — 1.03), P=.069

1.00
> 0.75
=
% Cases
'g (on RAASI anti-hypertensive)
s 0.50] ------mmmeeeemeeeeee e TR - oo oo T3 EEE
] ' |
2 i |
S i
< i 0
= ' i
«w 0.25 ' '
E E Controls
! ! (on non-RAASi anti-hypertensive)
0.00 : -

0 0.5 1 1.5 2 2.5 3
Years from Immune Checkpoint Inhibitor Start

Number at Risk
Cases 186 149 99 67 48 37 24
Controls 95 55 33 17 10 8 3

Fig. 3. Kaplan—Meier curves of the survival probability over time after starting immune

checkpoint inhibitor therapy.

Panel A shows patients with genitourinary cancer who were taking Lisinopril and controls
patients who were on non—renin-angiotensin—aldosterone system (RAAS) inhibitor anti-
hypertensive therapy. Panel B shows overall survival in patients who received ICI and

VEGF-targeted therapy.
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