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Abstract

Purpose: This phase Il clinical trial evaluated whether the addition of stereotactic radiotherapy
(SADR), which may promote tumor antigen presentation, improves the overall response rate
(ORR) to high-dose IL-2 (HD-IL-2), in metastatic renal cell carcinoma (mRCC).

Patients and Methods: Patients with pathologic evidence of clear cell RCC and radiographic
evidence of metastasis were enrolled in this single arm trial and were treated with SAbR, followed
by HD-IL-2. ORR was assessed based on non-irradiated metastases. Secondary endpoints
included overall survival (OS), progression-free survival (PFS), toxicity, and treatment-related
tumor-specific immune response. Correlative studies involved whole exome and transcriptome
sequencing, T-cell receptor sequencing, cytokine analysis, and mass cytometry on patient samples.

Results: Thirty ethnically-diverse mRCC patients were enrolled. A median of 2 metastases were
treated with SAbR. Among 25 patients evaluable by RECIST-v1.1, ORR was 16% with 8%
complete responses. Median OS was 16 months. Treatment-related adverse events (AEs) included
22 grade =3 events that were not dissimilar from HD-IL-2 alone. There were no grade 5 AEs.

A correlation was observed between SAbR to lung metastases and improved PFS (p=0.0165).
Clinical benefit correlated with frameshift mutational load, mast cell tumor infiltration, decreased
circulating tumor-associated T-cell clones and T-cell clonal expansion. Higher regulatory/CD8”*
T-cell ratios at baseline in the tumor and periphery correlated with no clinical benefit.

Conclusions: Adding SAbR did not improve the response rate to HD-1L-2 in patients with
mRCC in this study. Tissue analyses suggest a possible correlation between frameshift mutation
load as well as tumor immune infiltrates and clinical outcomes.

TRANSLATIONAL RELEVANCE

The benefit of IL-2 remains limited to a minority of patients due to a lack of its mechanistic
understanding. Multiple strategies have been employed to increase 1L-2’s response rate including
selection of patients, modification of IL-2 itself, and combination with newer therapies such as
stereotactic radiation (SAbR) or check-point inhibitors. We report the clinical and translational
findings from a trial that focused on SAbR and IL-2 for patients with metastatic kidney cancer.
Although the trial failed to reach its proposed clinical endpoint, two patients had complete
response and patients who had received lung SADR benefited from it. Patients who benefited
had increased frameshift mutational loads, increased intra-tumoral mast cells, and decreased
circulating tumor-associated T-cell clones and T-cell clonal expansion. The patients who did
not benefit exhibited higher regulatory T-cell (Tregs)/CD8*T-cell ratios in tumor and periphery,
suggesting selective expansion of Tregs in non-responders. Therefore, future studies directed
toward improving IL-2 response should take these findings into account.
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INTRODUCTION

Up to 30% of patients diagnosed with renal cell carcinoma (RCC) have metastatic disease at
initial presentation, and about 20% of patients with localized RCC will develop metastasis
during the course of their illness (1). Immune-based treatments have been exploited

for metastatic RCC (mRCC) because of its high immunogenicity, but despite recent
developments, prognosis remains guarded (2).

IL-2 is a pleiotropic cytokine that regulates T cell-mediated cell killing, as well as the
differentiation of regulatory T (Treg) cells and the cytolytic activity of natural killer

(NK) cells (3). Multiple studies have reported overall response rates (ORRs) to high-dose
interleukin-2 (HD IL-2) ~20%, with complete responses (CRs) in ~7% (4). About 50% of
the CRs are durable. Despite a long-standing track record of durable complete responses,
HD IL-2 has been largely replaced by other therapies because of its requiring inpatient
administration, its toxicity profile, and its low response rates. Recently, immune checkpoint
inhibitors (ICls) and combination therapies have changed the landscape of mRCC therapy
(2). Despite an improved ORR, durable complete responses remain infrequent. As an
example, the CR rate for ipilimumab/nivolumab is 9%.

Multiple clinical trials are evaluating radiation therapy (RT) as an immune adjuvant. Focused
RT enhances anti-tumor immunity by promoting tumor cell death, antigen presentation, and
T cell function. RT has a wide range of immune modulating effects that may synergize

with immune therapies (5). The combination of IL-2 and RT improved irradiated and distant
non-irradiated tumor control rates in pre-clinical models (6). The first phase 1l clinical trial
of HD IL-2 and focal conventional RT in the mid-90s evaluated 16 patients with mRCC

(7) and reported neither additional toxicity nor increased efficacy, with a partial response
(PR) rate of 12.5%. Although the small cohort size precluded firm conclusions, the authors
postulated that the lack of response may have been due to 1) inadequate radiation dose
(immunogenicity is related to eradicating enough tumor cells to initiate antigen presentation,
and 16 Gy in two sessions may have not been sufficient) (8); 2) non-conformal radiation
technology, which may have ablated radiosensitive nearby lymph nodes critical for inducing
an adaptive immune response; and 3) inclusion of patients with less responsive non-clear
cell histologies (9).

Subsequently, a phase | trial of HD IL-2 in melanoma (N=7) and RCC (N=5) that used
stereotactic ablative radiotherapy (SAbR), a focused and highly ablative form of RT, instead
of conventional RT reported an ORR of 66.6% (8/12) (10). Here, we evaluated the efficacy
of this regimen in a larger cohort of 30 patients with mRCC in a phase Il single-arm

clinical trial in which ORR was the primary endpoint. We also performed correlative studies
on patient-derived tissues and blood samples to correlate treatment response with genetic,
transcriptomic, and other features.
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MATERIALS AND METHODS

Trial design and ethical aspects

This was a multi-center, single-arm, open-label, prospective phase Il trial of SAbR to
multiple sites immediately followed by HD IL-2 for patients with clear cell MRCC.

The primary endpoint was objective response rate (ORR), and secondary endpoints

included overall survival (OS), progression-free survival (PFS), treatment-related adverse
events (AEs), and duration of response. 7he study was approved by the Institutional
Review Board at the University of Texas Southwestern Medical Center (UTSW, protocol

# STU012013-041), was conducted in accordance with the principles of the Helsinki
Declaration and the subsequent Tokyo and Venice amendments, and was registered at
www.clinicaltrials.gov (NCT01896271). All patients signed written informed consent before
starting treatment.

Patient selection

Treatments

Patients were eligible if they were =18 years old, could give informed consent, had an
Eastern Cooperative Oncology Group (ECOG) performance status of 0 or 1, and showed
pathologic evidence of clear cell RCC and radiographic evidence of metastatic disease
with at least two lesions with a combined diameter of >1.5 cm that were amenable to
SADbR (minimum gross target volume =2 cm?3). Whenever possible >1 site was treated with
SADbR. Patients who had received prior oncologic treatments had to be >14 days from

their most recent intervention (surgery, radiation, immunotherapy, or any targeted agent).
Adequate cardiac, pulmonary, renal, and hematologic organ function were required. Patients
were excluded if they had any form of immunosuppression including immunosuppressive
disorders or were on steroids or other immunosuppressive therapies. Patients with brain
metastases were allowed if the metastases had all been adequately treated with surgery or
radiation.

Up to six sites were treated with SAbR at the discretion of the treating radiation oncologist.
One fraction (total dose 21-27 Gy) or three fractions (total dose 26.5-33 Gy) were allowed.
Preference was given to treating the largest feasible disease site as well as symptomatic

sites where palliative and preventative radiation is often indicated. Seeking for sufficient
tumor cell killing and antigen presentation, a minimum metastasis diameter of 1.5 cm was
recommended. At least one site remained un-irradiated to measure the radiographic response
for the primary endpoint. The last SAbR fraction was given <84 hours before the start

of the first cycle of HD IL-2. All SAbR plans were optimized to ensure adequate target
volume coverage by the prescription dose. Normal tissue constraints were used as previously
described (11). Breath-hold, respiratory gating, or abdominal compression techniques and
image-guided radiation were used at the discretion of the treating radiation oncologist as
needed.

HD IL-2 was administered in the intensive care unit (ICU) at Clements University Hospital
using previously developed standard guidelines (12). Each HD IL-2 course consisted of two
cycles typically separated by a one-week break. Each cycle consisted of up to 14 doses

Clin Cancer Res. Author manuscript; available in PMC 2023 February 13.
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of 600,000 1U/kg (weight adjusted for obese patients) of HD IL-2 every 8 hours. A total
of three courses at the discretion of the treating physician were allowed unless the patient
progressed or had any unacceptable toxicity, illness, or condition that prevented further
treatment.

Adverse events, outcomes, and follow-up after treatment

Participants were evaluated clinically during their SAbR and HD IL-2 treatments. After
treatment, physical exams and imaging studies were performed every ~8 weeks for the first
eight months, then every ~12 weeks for two years. Monitoring for AEs started with SAbR.
AEs were reported based on the Common Terminology Criteria for Adverse Events, version
4.0 (CTCAE 4.0) (13). Toxicity attribution was reviewed monthly by a panel of physicians.
ORR included patients with complete response (CR) or partial response (PR). Best overall
response was defined based on the Response Evaluation Criteria in Solid Tumors (RECIST)
v1.1 as best tumor response until disease progression or last follow-up, and was required for
all enrolled patients. Comparisons were made between RECIST, World Health Organization
(WHO) and immune-related RECIST (iRECIST) criteria (14,15). Two licensed radiologists
independently scored responses by applying the above response criteria and agreed on the
final measurements and response designations. Clinical response was defined as a CR/PR
or stable disease (SD) for at least six months. OS was calculated from the date of the first
SADR fraction until death. Progression-free survival (PFS) was calculated from the date of
initial SADR fraction until death or disease progression as defined radiographically. Patients
lost to follow-up were censored at last follow-up. Irradiated tumors were considered to be
locally controlled unless they progressed per RECIST.

Sample size and statistical considerations

The sample size was determined seeking to achieve a 60% improvement over the historical
23% ORR to HD IL-2 with the addition of SAbR, assuming a type | and type Il error risk of
0.20, based on the limited available data from a phase I trial of HD IL-2 and SAbR (4,10).
A 60% increase would mean at least a 36.8% response rate. Our null hypothesis for the
binomial text was an ORR equal to 23%, and our alternative hypothesis was a response rate
different from 23% (4). We used descriptive statistics to summarize patient characteristics
and the Kaplan-Meier method to estimate OS and PFS and their 95% confidence intervals
(CI). The exact binomial method was used to calculate the response rate and toxicity with
the corresponding 95% Cls. We used univariate Cox regression to test for the associations
with overall survival and progression-free survival. A one-sample log-rank test was used to
test whether the survival endpoints (OS and PFS) differed significantly from the historical
controls reported in McDermott et al. (4). All statistical tests were two-sided, and a p-value
of <0.05 was considered statistically significant for all comparisons. We used SAS 9.4 (SAS
Institute Inc., Cary NC) and R (version 3.6) for analysis.

Methods for translational studies, including whole exome and transcriptome sequencing,
TCR sequencing, cytokine investigation and mass cytometry using different types of patient
samples, are detailed in the supplementary materials and methods section.

Clin Cancer Res. Author manuscript; available in PMC 2023 February 13.
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Patient and treatment characteristics

Outcomes

The study opened for accrual in August 2013 and closed in August 2017. Thirty patients
were enrolled. Baseline patient and treatment characteristics are summarized in Table 1.
White patients accounted for 83% (25 patients) while non-white for 17% (5 patients). Most
patients were male (19 patients, 63%) and had localized disease at initial presentation (18
patients, 60%). Six patients had progressed on systemic therapy prior to enrollment (Table
S12) and the remaining were treatment naive. Most patients were favorable to intermediate
risk per Heng and Motzer criteria (16). All patients had a prior nephrectomy. Sarcomatoid
component was present in four patients. Twenty-five patients (83%) had more than four
metastatic lesions. A median of 2 (range 1-3) sites were treated with SAbR with a median
dose of 25 Gy (21-30 Gy) for single-fraction and 30 Gy (25-36 Gy) for three-fraction
treatments. Overall, 18, 9 and 3 patients received 1, 2 and 3 IL-2 courses respectively.

According to Response Evaluation Criteria in Solid Tumors (RECIST) v1.1, five patients
were deemed ineligible due to the absence of non-irradiated measurable disease at baseline.
All patients were evaluable according to the World Health Organization (WHO) response
criteria. Only 20 patients were evaluable by immune-related RECIST (iRECIST) because 5
additional patients lacked second confirmatory scans prior to starting a new therapy.

By RECIST, ORR was 16% (4/25 patients). Complete responses (CRs) were observed

in two patients (8%), and overall disease control rates (PR+CR+stable disease [SD]>6
months per RECIST) were 28% (7/25 patients) (Fig. 1A). These results were similar to the
30-patient cohort, which was evaluable by WHO criteria. By WHO criteria, ORR was 13%
(4/30 patients), and overall disease control rates were 23% (7/30 patients) (Table 2). By
iRECIST, ORR was 20% (4/20 patients). CR was seen in two patients (10%), and clinical
response rates were 35% (7/20 patients).

At the time of the last analysis, 19 patients had died (none of the deaths were related to

the treatment). Median overall survival (OS) was 37 months, and median progression-free
survival (PFS) was two months (Fig. 1B-E). The local control rate for SAbR-treated lesions
was 96.7% (30/31).

Clinical benefit (CB) (PR+CR+stable disease [SD]>6 months per RECIST) was associated
with fewer metastatic lesions at enrollment (p=0.013) and a higher number of IL-2 courses
(p =0.0033) and cycles (p = 0.0016) (Table S1). OS was associated with no prior systemic
therapy (p = 0.0087), lower metastatic burden at enrollment (<4 vs. >10 lesions; p = 0.0193),
lower Heng score (0 vs. 3; p = 0.0305), and lower lactate dehydrogenase (p = 0.0132) (Table
S2). PFS was associated with lung SABR (lung vs. non-lung SAbR; p = 0.0165), non-bone
SAbR (bone vs. non-bone; p = 0.0385), higher number of IL-2 courses (2 vs. 1; p = 0.0482),
and higher number of IL-2 injections (p = 0.0414) (Table S3).

Clin Cancer Res. Author manuscript; available in PMC 2023 February 13.
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Grade =3 AEs were observed in 22 patients (73%) (Table 3). The most common grade =3
AEs were renal/ electrolyte disturbances (11 patients, 37%) and hematologic (8 patients,
27%). The overall AEs and grade >3 AEs were comparable to historically reported rates for
HD IL-2 alone except for hypotension, which was lower (6.7% vs. 56.8%), and electrolyte
abnormalities, which were higher (36.6% vs. 13.7%). Three patients (10%) developed
grade 4 AEs: two cases of lymphopenia and one case of leukocytosis. There were no
treatment-related mortalities. All reported toxicities were expected, transient and resolved
upon discontinuing treatment.

Tumor mutational burden and treatment response

All translational studies compared patients who had clinical benefit (CB) (CR+PR+SD>6
months) with those who had no clinical benefit (NCB). We analyzed by whole exome
sequencing (WES) DNA from 19 patients that had either a pre-treatment nephrectomy
sample or an available biopsy. We found that the somatic frameshift mutational load was
higher in patients with CB than in those with NCB, both in the set of key genes implicated in
RCC tumorigenesis (17) (p = 0.04) (Fig. 2A) and in all genes implicated in various cancers
(p = 0.0002) (Fig. 2B). Using our previously published tumor neoantigen prediction pipeline
(18), a non-significant trend towards higher frameshift neoantigen load was observed in
patients that had CB (p=0.39) (Fig. 2D).

Pathways that correlate with treatment response

Next, we analyzed gene expression by using RNA-Seq in 14 patients for whom suitable
data were available (4 CB and 10 NCB). In patients with NCB several significantly
upregulated genes were identified (e.g., SLAMF9, RAB37, LTB4R2, CARD17) previously
associated with tumor growth, progression, immune regulation, and prognosis in patients
with many cancers, including mRCC (Fig. 3A, Table S6) (19-22). Deregulated pathways
associated with NCB included those implicated in vasculature development, angiogenesis,
and endothelial cell migration, which may lead to resistance to immunotherapy, including
SAbR/ IL-2 (Fig. 3B). Results for genes with the largest fold changes and the corresponding
pathway are shown in Fig. 3C.

We further performed mass spectrometry on sera from 8 patients (4 CB and 4 NCB)

to identify protein level differences between the two groups. Consistent with our gene
ontology analysis at the RNA level, blood vessels and endothelial cell migration pathways
were enriched in NCB group (Fig. 3D, Table S7). Thus, our proteomics analysis extends
transcriptome analyses further implicating the vasculature and endothelial cell migration as
potential determinants of resistance to SAbR/ IL-2.

Using our validated algorithm for estimating the relative abundance of different immune
cell types in the tumor microenvironment (TME) from whole transcriptome data (23), we
analyzed the baseline tumor infiltrating immune cells of patients enrolled in the trial and
compared between the CB and NCB groups (Fig. 3E). The analysis revealed that the NCB
group tended to have higher levels of infiltrating Treg cells (p value = 0.032), while CB
patients had higher levels of mast cells (p value = 0.033).

Clin Cancer Res. Author manuscript; available in PMC 2023 February 13.
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TCR repertoire in tumors and in circulation

We used the VDJ Server analysis portal and custom Python scripts to analyze the T-cell
receptor (TCR) beta-chain complementarity determining region 3 (CDR3) sequences from
patient-matched peripheral blood mononuclear cells (PBMCs) (pre- and post-treatment) and
tumor compared to adjacent healthy tissue (pre-treatment) (24). Summary statistics for the
data are shown in Table S8.

We first compared the pre- and post-treatment blood values between CB (N=4) and NCB
(N=3) patients. We evaluated the total number of Productive Templates (Supplementary
Fig. S1A), where a template corresponds to a single rearranged TCR gene before PCR
amplification, and where a template corresponding to a gene expected to encode a functional
TCR Beta protein is referred to as a productive template. In addition, we also evaluated

the total number of Productive Rearrangements (Supplementary Fig. S1B), defined as
unique nucleotide sequences generated through V(D)J recombination representing clonal
lineages. The number of productive templates was expected to correlate with the number of
T cells in a sample, and the number of productive rearrangements was expected to correlate
with the number of T cell clones. We found that clinically benefiting patients tended to
have lower numbers of productive templates and productive rearrangements in both pre-
and post-treatment blood samples, and we observed a larger difference in post-treatment
samples (Supplementary Figs. S1A, S2A). Assessing the interaction between treatment
response group and change in Template or Rearrangement counts pre- to post-treatment via
Generalized Estimating Equations (GEESs) revealed a significant interaction effect in both
cases (p < 0.001 and p = 0.049, respectively).

We also compared measures expected to be associated with the extent of clonal expansion:
(1) Percent Unique, which is the number of clones (Rearrangements) divided by the number
of T cells (Templates) (Supplementary Fig. S2B); (2) Max Productive Frequency, defined
as the relative abundance of the largest clone in a sample (Supplementary Fig. S2C); and
(3) Productive Simpson Clonality, which captures the extent to which all relative clonal
abundances in a sample have shifted away from a uniform distribution (Supplementary Fig.
S1B). We found that CB patients tended to show more clonal expansion in their blood
repertoires, particularly before treatment, with a larger Max Productive Frequency (largest
clone size) and a higher Simpson Clonality. Furthermore, the level of peripheral blood
clonality appeared to decrease after treatment in the CB group while remaining constant

or increasing slightly in the NCB group (Supplementary Figs. S1B, S2B-C). Indeed, GEEs
show a significant interaction between treatment response and the pre- to post-treatment
change in the Percent Unique (p < 0.001), with a decreasing Percent Unique in the NCB
group, which represents a trend towards a larger number of T cells (Templates) per clone
(Rearrangement), and an increasing Percent Unique in the CB group, which represents a
trend towards a smaller number of T cells per clone.

Next, we sought to determine whether any of the peripheral blood clones were tumor-
associated (TA), defined as being present in the tumor but not in the adjacent healthy tissue.
We identified TA CDR3 sequences for the four CB patients and two NCB patients for whom
tumor and adjacent healthy samples were available. We then determined whether the TA
CDR3s were also present in the blood before or after treatment. Although the percentage

Clin Cancer Res. Author manuscript; available in PMC 2023 February 13.
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of TA CDR3s present in pre- or post-treatment blood did not appear to differ between the
two groups of patients, CB patients appeared to have a decrease in the percentage, while
NCB patients seemingly had an increase after treatment (Supplementary Fig. S1C). GEEs
revealed a significant interaction effect between this change and treatment response group
(p = 0.051). We observed that, of the TA CDR3s present in blood at both time points, very
few changed in abundance. However, CB patients appeared to be more likely to have TA
CDR3s that were present in pre-treatment blood but not in post-treatment blood than to have
TA CDR3s appear for the first time in their blood after treatment (Supplementary Fig. S1B,
Table S9).

Cytokines and T cell subpopulations and treatment response

Most of the cytokines/chemokines investigated were upregulated at baseline, especially in
NCB group (Table S10). However, most of the molecules that were significantly different
between the groups were chemokines (e.g., GRO-a, MIG, MIP-1b, and SDF-1a).

We performed mass cytometry of PBMCs by using a comprehensive panel of heavy
metal-conjugated antibodies specific to human T cells to investigate the baseline and
dynamics of T cell subpopulations. The baseline percentages of CD4* and CD8* naive
(CD45*CCR7*) T cell populations were much lower in the group of patients who eventually
showed CB. Within this same group, we also observed higher baseline percentage in

the subset of effector (CCR7-CD45A") and effector memory (CCR7-CD45A™) CD4* T
cells (Supplementary Table S4). Moreover, CD4*CD25*CD127~ Treg populations were
significantly higher at baseline in NCB patients and showed a clear incremental trend

at follow-up visits. This finding correlates with the observed higher intratumoral Treg
infiltration at baseline in patients with NCB (Fig. 3D). When we investigated Tregs

further, we observed that only antigen-experienced “memory” (CD45RA"), but not naive
(CD45RA™), Tregs were significantly higher at baseline and increased at follow-up only

in NCB patients. We further analyzed the CD161 phenotype of Tregs, a marker that
defines a subpopulation of Th17-like cells producing IL-17 that are known for preserving a
pro-inflammatory regulatory environment (25). We observed the same pattern of increased
CD161" Treg cells at baseline and follow-up only in patients with no clinical benefit.

DISCUSSION

In this study investigating SAbR in combination with HD IL-2 for patients with metastatic
RCC, we postulated that upfront SAbR would prime the immune response with tumor-
specific neoantigens so that when IL-2 is delivered, the anti-tumor immune response would
be boosted leading to a measurable clinical benefit. The literature is growing with studies
demonstrating the immunogenic properties of hypofractionated SAbR and showing the
safety and promise of combining SAbR with immune-based therapies for advanced and
metastatic cancers, including RCC (10,26). SAbR ablative capabilities create a state of local
inflammation in the tumor, which facilitates antigen presentation and T cell activation. Its
focused nature spares nearby lymph nodes, which are vital to mounting an effective immune
response (27). Additionally, tumor ablation with SAbR may reduce distant tumor seeding
and immunosuppressive effects of bulky tumors. We chose our primary endpoint, ORR,

Clin Cancer Res. Author manuscript; available in PMC 2023 February 13.
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because of its correlation with overall survival for patients with mRCC treated with 1L-2
(28). The SAbR dose and fractionation schemes were selected based on published reports
and our institutional experience to maximize the immune response. Single- or three-fraction
treatments were selected to reduce the negative impact of prolonged fractionation on tumor-
infiltrating immunocytes and to take advantage of the immune dose response at higher doses
per fraction (29,30). However, SAbR did not improve upon the historically reported ORR or
CR rate.

Interestingly, when we compared CB (CR+PR+SD>6 months) and NCB patients within this
trial cohort, those who received lung SAbR showed better ORR and PFS than those who
did not. However, the data is confounded by the possible overall better outcomes of patients
with lung metastases. SAbR to bone metastases proved less immunogenic than SAbR to
non-bone metastasis. Such organ-specific differences in SAbR immunogenicity have been
reported previously (31,32). Of the four patients with a sarcomatoid component, one had a
CR and the remaining PD.

Although adding SAbR to HD IL-2 did not improve ORR, it did not increase toxicity over
historically reported rates either. The decrease in hypotension in our cohort can be attributed
to the aggressive management of blood pressure in the ICU and adherence to strict blood
pressure criteria.

Although multiple clinical trials have shown that HD IL-2 can induce durable CR (7-9%)
and PR (20-23.2%) in patients with mRCC (4,28,33), extensive searches for biomarkers

and alternative regimens have failed to improve on the outcome for patients with mRCC
treated with 1L-2 (4,9,33,34). Because of its acute AEs and inpatient administration, HD
IL-2 has not become a common choice for treating patients (4,33,34). The combination

of IL-2 and radiation has been explored in animal models and has shown improved local
control of irradiated tumors and regression of non-irradiated tumors (6,35). Accordingly, this
combination has been tested in a phase | clinical trial (10). Additionally, a previous phase

Il study of patients with mRCC treated with HD IL-2 and one fraction of 8 Gy to a single
lesion did not show an overall improvement in response rate (36).

Our analysis of somatic mutations showed that RCC patients with high levels of frameshift
mutations may be more likely to respond to SAbR/ IL-2. Somatic mutations have

been reported as key mediators of anti-tumor immunity (37,38). Frameshift mutations

can generate neoantigens with greater diversity promoting the recruitment of APCs and
neoantigen-specific cytotoxic CD8+ T cells (39). In addition, other cancers, such as Merkel
cell carcinoma, non-small cell lung cancer, and melanoma have been reported to carry high
affinity neoantigens from frameshift mutations, and have shown response to immunotherapy
(38,40). Further studies are required to investigate whether frameshift mutation load can

be used together with other selection criteria such as clear cell histology and favorable
prognostic grouping to select patients for HD IL-2 treatment (9).

The similar baseline-predicted neoantigen load in the two response groups may suggest that
quality, rather than quantity, of neoantigens, in terms of binding affinity with HLA, may
be an important factor in determining response after a SAbR and HD IL-2 combination
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regimen (41,42). This is constant with the observation that there were a trend towards higher
frameshift-induced neoantigens (Fig 2D) in the CB group. We sequenced the TCR repertoire
of a small number of the patients, and, although limited by the sample size, several trends
were apparent. We found that CB patients appear to have a smaller number of T cells

and T cell clones in their peripheral blood both pre- and post-treatment. This raises the
question whether CB patients may have more T cells in their tumors and metastatic sites.
This hypothesis is supported by the opposing trends between the two response groups, with
increased T cell and clone numbers after treatment for NCB patients and decreased T cell
and clone numbers after treatment for CB patients. The hypothesis is further supported by
the finding that CB patients are more likely to have TA CDR3s that are present in their blood
before but not after treatment and fewer that appear for the first time after treatment. This
hypothesis is at odds with the RNA-seq data, which show similar overall levels of CD8 and
CDA4 cells in the tumors of CB patients, but the interpretation is limited as tumor tissue for
RNA-seq was often obtained from initial nephrectomy samples, which in some cases were
acquired multiple years prior to enrollment.

TCR repertoire analysis also revealed greater clonal expansion in CB patients in both pre-
and post-treatment blood samples. However, peripheral clonality appears to trend downward
after treatment in responders and is accompanied by an increase in the percentage of unique
clones. Consistent with the above hypothesis that CB patients may be experiencing T

cell recruitment into the tumor and metastatic sites, this observation suggests that T cell
emigrants from blood are members of expanded clones. This result is also consistent with
the notion that treatment increased T cell recirculation in CB patients. In NCB patients, we
observed the opposite pre- to post-treatment T cell dynamics with an increase in clonality
following treatment. We hypothesize that this treatment-induced clonal expansion in NCB
patients may be an expansion of regulatory T cells. This is supported by our mass cytometry
data, which showed higher levels of CD4+ cells in NCB patients.

Bulk RNA-seq analyses of immune cells in the TME found a significant difference in

Tregs at baseline in tumors of patients who did not respond (Table S5). Tregs are well
known for their inhibitory immunosuppressive effects. Tregs may use their high affinity IL-2
receptors to compete with antigen-specific CD8 T cells for exogenous IL-2 (43). IL-2 is
essential for the growth, proliferation and function of tumor infiltrating cytotoxic T cells.
Thus, Tregs may prevent SAbR-induced antigen presentation from inducing the proliferation
of short-lived tumor-associated CD8+ cytotoxic T cells. Taken together, our genomic and
mass cytometry results suggest that patients with higher ratios of CD4* to CD8* T cell
populations with functional Tregs at baseline are less likely to respond to SAbR/ 1L-2,

as observed in previous reports (44). Importantly, memory CD45RA™ Tregs negatively
correlate with clinical benefit in other types of cancer (45).

The finding of more tumor infiltrating mast cells in CB patients needs to be validated.
Previous studies have shown that tumor infiltrating mast cells are involved in angiogenesis
and metastasis of invasive cancers, including RCC (46,47). However, other studies have
also suggested tumor infiltrating mast cells may portend a favorable prognosis (48). Finally,
differences in cytokine profiles at baseline predicted which group would not benefit from
SAbR/ IL-2. Higher levels translate to impaired immunity, probably mediated by the
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recruitment of myeloid-derived suppressor cells. Previous studies have also shown that
higher plasma cytokine levels are associated with worse prognosis (49).

This study has multiple limitations. The foremost is the lack of a control arm. A second
limitation is the small sample size. In addition, while the study enrolled 30 patients, only 25
were evaluable. The study failed to show that SAbR (at least in its current dose, fractionation
and sequencing) increased the response rate of HD IL-2. The correlative tissue and blood-
based studies suffered most from the small sample size and lack of a control arm, and
conclusions are primarily hypothesis generating.

In conclusion, this prospective phase Il single-arm trial showed that SAbR did not improve
the ORR of HD IL-2 alone in mRCC patients, but also did not appear to increase toxicities.
Promising next generation I1L-2 molecules with greater avidity for CD8* T cells and less
affinity for CD4" T cells have been developed (50,51), and pegylated IL-2, which can be
administered in the ambulatory setting, is being evaluated in clinical trials in combination
with ICls (52,53). Retrospective and prospective data for the combination of SAbR and
ICls are now available (31,32). Successful trials may require a better understanding of the
optimal immunogenic effects of SAbR dose/fractionation/sequencing in the cancer-specific
and clinical setting and a more potent combination of IL-2 and ICls to improve the outcome
for patients with mRCC.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. Clinical response in patients that received SAbR plus high-dose IL-2 treatment.
(A) Waterfall plot of maximum RECIST response shown as sum of the longest diameter

(SLD) of the tumors. Patients with progressive disease (PD), stable disease (SD), partial
response (PR) and complete response (CR) are denoted by red, brown, blue and green

bars, respectively. (B) Kaplan-Meier (KM) plots showing overall survival (OS) following
enrollment of 30 patients (N represents number of patients surviving at different time points
in months following enroliment) for the trial. The hashed lines intersecting the KM plot
represent the median OS. (C-E) Progression-free survival (PFS) of patients at different time
points since enrollment by IRECIST, RECIST and WHO, respectively. The hashed lines
intersecting the KM plot represent the median PFS.
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Fig. 2. Next generation sequencing analysis (NGS) of tumor tissue in clinically benefiting (CB) vs.

non-clinically benefiting (NCB) patients.

(A-B) Pie charts showing the distribution of mutation load in CB vs. NCB patients enrolled
in the SAbR and high-dose IL-2 trial: (A) different mutations in RCC associated functional
genes and (B) genome-wide mutation load in RCC. Mutations including single-nucleotide
variants (SNVs) were called by the Quantitative Biomedical Research Center (QBRC)
mutation calling pipeline (Supplementary Materials and Methods) from whole exome
sequencing data. The sequencing libraries from CB and NCB patients were generated from
the DNA samples derived from formalin-fixed paraffin-embedded (FFPE) tissue blocks

collected as a baseline. (C) Total predicted neoantigen load for patients enrolled in the SAbR
+ IL-2 trial comparing CB and NCB patients. Bold lines represent median neoantigen count.
No difference in the predicted neoantigen load was identified between CB and NCB patients
(p = 0.569). (D) Total frameshift neoantigen load for patients enrolled in the SAbR + IL-2
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trial comparing CB and NCB patients. No difference in the predicted frameshift neoantigen
load was identified between CB and NCB patients (p = 0.39).
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Fig. 3. RNA-seq analysis and proteomics/mass spectrometry investigation of tumor tissue in
clinically benefiting (CB) vs. non-clinically benefiting (NCB) patients.

(A) Differential gene expression analyses for clinically benefiting (CB) vs. non-clinically
benefiting (NCB) patients to SAbR+IL-2. Gene expression has been denoted as logarithm
of the fold change (logFC) values along the x-axis. The negative logarithm of p-values
(logpval) have been plotted along the y-axis. Vertical yellow lines along the logFC value 1.5
on both sides and a horizontal yellow line along the p-value=0.1 have been used as cut-offs
for gene expression to be considered real gene expression. (B) Gene ontology pathway
analysis, including both up- and downregulated genes, of CB compared to NCB. The 18
most significantly different pathways have been represented in the bar chart. False discovery
rate (FDR) adjusted p-values were plotted as the heights and the colors of the bars. (C)

A heat map showing log fold changes of the expression levels of the most overlapping
genes (CB over NCB) in the pathways that were most significant. (D) Gene ontology
pathway analysis of upregulated proteins in responders compared to non-responders. From
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the significantly enriched pathways, the 11 pathways with the highest fold enrichment are
represented in the bar chart. (E) Tumor immune infiltration at baseline in patients with CB
as compared to those in NCB.
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Table 1.

Baseline patient and treatment characteristics

Characteristics n=30
Median age, years (IQR) 51.5 (47-55)
Gender

Female 11

Male 19
Race

White 25

Non-white 5
T stage ™

2 3

3 22

4 4

Unknown” 1
N stage *

0 18

1 5

X 6

Unknown” 1
M stage *

0 17

1 12

Unknown” 1
Grade

1 2

2 2

3 12

4 15
Prior systemic therapy 6
Number of lesions

<4 5

4-10 17

>10 8
Heng score

0 12

1 9

2 8
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Characteristics n=30
3 1
Motzer score
0 11
1 8
2 7
3 3
unknown 1

Median B2 microglobulin (IQR)

2.89 (2.60-3.33)

Number of sites treated

1 14
2 15
3 1
Sites treated with SAbR
Lung 21
Bone 8
Liver 2
IL-2 Courses
1 18
2 9
3 3
IL-2 Cycles
1 3
2 15
3 1
4+ 11

Median IL-2 doses (IQR)

17.5 (13.25-28.75)

IQR, interquartile range; SAbR, stereotactic ablative body radiotherapy;

IL-2, interleukin-2
*
Staging at initial diagnosis of RCC

N
Record was not available

Clin Cancer Res. Author manuscript; available in PMC 2023 February 13.

Page 23



1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuen Joyiny

Hannan et al.

Table 2.

Response rates

Responder/Total (%) Exact Binomial

95% CI
CR/PR
WHO 4/30 (13.3%) 3.8%-30.7%
RECIST 1.1 4/25 (16.0%) 4.5%-36.1%
iRECIST ™ 4/20 (20.0%) 5.7%-43.7%
CRI/PR/SD>6mo.
WHO 7/30 (23.3%) 9.9%-42.3%
RECIST 1.1 7125 (28.0%) 12.1%-49.4%
iRECIST ™ 7/20 (35.0%) 15.4%-59.2%

*
5 patients without measurable disease at baseline.

A
5 additional patients without 2nd scan to confirm progression
Cl, confidence interval; CR, complete response; PR, partial response; SD, stable disease

WHO, world health organization; RECIST, response evaluation criteria in solid tumors; iRECIST, immune-related RECIST
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Table 3.

Treatment-related adverse events after SAbR and High-Dose IL-2 treatment

Grade 3-4

SAbRand HD HDIL-2 Historic*al P
Adverse event Any Grade  IL-2 (n=30) Control (n = 95)
All adverse events 30 (100%) 22 (73.3%) - -
Cardiac 22 (73.3%) 3 (10.0%) 8 (8.4%) 0.72
Constitutional 27 (90.0%) 0 (0.0%) 3(3.2%) 1
Gastrointestinal 22 (73.3%) 1(3.3%) 9 (9.5%) 0.45
Hematology/Coagulation 28 (93.3%) 8 (26.7%) 13 (13.7%) 0.16
Hepatobiliary disorders 19 (63.3%) 3(10.0%) 11 (11.6%) 1
Hypotension 18 (60.0%) 2 (6.7%) 54 (56.8%) <0.0001
Infection 5 (16.7%) 3 (10.0%) 3 (3.2%) 0.15
Neurologic 12 (40.0%) 1(3.3%) 14 (14.7%) 0.12
Other 14467%)  1(33%)" - -
Psychiatric 6 (20.0%) 0 (0.0%) 0 (0.0%) -
Renal/electrolytes 29 (96.7%) 11 (36.6%) 13 (13.7%) 0.0083
Respiratory 13 (43.3%) 3 (10.0%) 13 (13.7%) 0.76
Skin 21 (70.0%) 0 (0.0%) - -

*
McDermott et. al. JCO 2005 [4]

#Leukocytopenia
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