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ABSTRACT
◥

Purpose: Prospective human data are lacking regarding safety,
efficacy, and immunologic impacts of different radiation doses
administered with combined PD-L1/CTLA-4 blockade.

Patients and Methods: We performed a multicenter phase II
study randomly assigning patients with metastatic microsatellite
stable colorectal cancer to repeated low-dose fractionated radiation
(LDFRT) or hypofractionated radiation (HFRT) with PD-L1/
CTLA-4 inhibition. The primary endpoint was response outside
the radiation field. Correlative samples were analyzed using mul-
tiplex immunofluorescence (IF), IHC, RNA/T-cell receptor (TCR)
sequencing, cytometry by time-of-flight (CyTOF), and Olink.

Results: Eighteen patients were evaluable for response. Median
lines of prior therapy were four (range, 1–7). Sixteen patients
demonstrated toxicity potentially related to treatment (84%), and
8 patients had grade 3–4 toxicity (42%). Best response was stable
disease in 1 patient with out-of-field tumor shrinkage. Median

overall survival was 3.8 months (90% confidence interval, 2.3–
5.7 months). Correlative IF and RNA sequencing (RNA-seq)
revealed increased infiltration of CD8þ and CD8þ/PD-1þ/Ki-
67þ T cells in the radiation field after HFRT. LDFRT increased
foci ofmicronuclei/primary nuclear rupture in two subjects. CyTOF
and RNA-seq demonstrated significant declines in multiple circu-
lating immune populations, particularly in patients receiving
HFRT. TCR sequencing revealed treatment-associated changes in
T-cell repertoire in the tumor and peripheral blood.

Conclusions:Wedemonstrate the feasibility and safety of adding
LDFRT and HFRT to PD-L1/CTLA-4 blockade. Although the best
response of stable disease does not support the use of concurrent
PD-L1/CTLA-4 inhibition with HFRT or LDFRT in this popula-
tion, biomarkers provide support that both LDFRT and HFRT
impact the local immune microenvironment and systemic immu-
nogenicity that can help guide future studies.

Introduction
Although immune checkpoint inhibition has led to significant

clinical benefit in patients with microsatellite instable colorectal cancer

(1, 2), the majority of patients with microsatellite stable (MSS) disease
have proven largely refractory to single-agent PD-1 blockade and
other immunotherapies, including combined PD-1/CTLA-4 blockade
(1, 2). Thus, strategies are needed to help engender antitumor immu-
nity and increase response rates. Focal radiation demonstrates
immune-stimulating effects in animal models and anecdotal clinical
reports (3), including the potential ability to increase response to
combined PD(L)-1 and CTLA-4 blockade (4).

We performed a randomized multi-center, phase II study with the
goal of evaluating the safety and efficacy of two different radiation
regimens given in combination with combined PD-L1/CTLA-4 block-
ade in patients with MSS colorectal cancer who had progressed on at
least one line of prior systemic chemotherapy. A hypofractionated
radiation (HFRT) regimen of 24 Gy given over three fractions was
adapted from preclinical studies demonstrating positive immune
effects in combination with immune checkpoint blockade (5), includ-
ing in tumor types that were otherwise unresponsive to immune
checkpoint therapy (4). A lower dose hyperfractionated arm of 0.5 Gy
was administered twice daily for 2 days and then repeated during each
of the first four cycles of therapy to investigate immune effects of a
regimen similar to that used in preclinical models (6) and pilot clinical
studies (7, 8), but unlikely to have pronounced cytotoxic effects directly
or lead to significant toxicity. Correlative studies were performed on
circulating blood and tumor biopsies to examine the immunologic
impacts of these different regimens.
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Patients and Methods
Participants and eligibility

Patients with histologically confirmed metastatic MSS colorectal
adenocarcinoma who had progressed on at least one line of chemo-
therapy were recruited to six centers in the NCI Experimental Ther-
apeutics Clinical Trials Network (ETCTN) to ETCTN protocol 10021
(Clinicaltrials.gov identifier: NCT02888743). Investigators obtained
written informed consent from each participant prior to enrollment.
The research was conducted in accordance with the recognized ethical
guidelines of the Declaration of Helsinki, CIOMS, Belmont Report,
and U.S. Common Rule. Clinical study was performed after approval
by a central institutional review board. Patients were aged ≥18 years
and had adequate hepatic, bonemarrow, and renal organ function and
an Eastern Cooperative Oncology Group performance status of 0 or 1.
All patients had measurable disease, including one liver lesion that
could be targeted by radiation in the context of this trial and at least one
other site of disease outside of the radiotherapy field for response
assessment. To be eligible, the liver lesion to be irradiated within the
context of this trial could not have been the target of previous
radiotherapy. Subjects also needed at least one additional lesion
outside of the radiation treatment field (more than one lesion per-
mitted) that could be subsequently monitored for systemic (out-of-
field) treatment response. Patientswere confirmed to haveMSS disease
documented by either IHC that did not suggest loss ofMLH-1,MSH-2,
PMS2, or MSH6 or PCR testing that did not suggest microsatellite
instability.

Procedures and screening
Patientswere required to either undergo a fresh tumor biopsy for the

purposes of screening or provide an archival tumor sample obtained
less than 3 months prior to study enrollment. Baseline screening in-
cluded a CT of the chest abdomen and pelvis for staging. All patients
underwent CT-based planning for radiation of 1–2 lesions within the
liver with intravenous contrast and internal tumor and organ motion
management. 4D-CT planning and image-guided radiotherapy
(IGRT) were mandatory for patients randomized to HFRT. The use
of 4D-CT and IGRTwas not mandated for subjects receiving low-dose

radiotherapy. Radiation was administered with an optional 0–1 cm
clinical tumor volume margin to account for any uncertainty or
microscopic disease and all patients were treatedwith a 5mmplanning
tumor volume.

Study design and treatment
The primary objective of the trial was to determine the overall

response rate in the two treatment arms according to RECIST v1.1
criteria (9) and excluding the lesions that had been irradiated. Patients
were randomized 1:1 upon study entry to a treatment regimen con-
sisting of the PD-L1 inhibitor durvalumab, administered at a fixed
dose of 1,500 mg every 4 weeks for a maximum of 13 cycles, and the
CTLA-4 inhibitor tremelimumab, administered at a fixed dose of
75 mg every 4 weeks for a maximum of four cycles, combined with
either low-dose fractionated radiotherapy (LDFRT) or HFRT. The
treatment regimens are shown in Supplementary Fig. S1. LDFRT
consisted of a dose of 2 Gy administered in four fractions over 2 days
repeated for the first four cycles of therapy (total dose 8 Gy). HFRT
consisted of a total dose of 24 Gy administered in three 8 Gy fractions
no more frequently than every other day during the first cycle of
therapy only. Radiation was administered the week following durva-
lumab/tremelimumab administration. Patients were evaluated for
response every 12 weeks after an initial restaging scan at 7–8 weeks.
Best overall response was best RECIST response observed from the
start of treatment until disease progression or recurrence.

Secondary endpoints included progression-free survival and overall
survival. Overall survival was the time interval between study enroll-
ment and death from any cause. For patients lost to follow-up or who
had no documentation of death at the time of analysis, follow-up was
censored at the date of last assessment of vital status. Progression-free
survival was the time from enrollment to the earlier of objective disease
progression or death. For patients without progression, follow-up was
censored at the date of last adequate restaging, unless death occurred
within 12weeks following the date last known to be progression free, in
which case the death was counted as a progression-free survival event.

Correlative blood sampleswere obtained prior to all study treatment
and then again prior to cycle 2 of durvalumab/tremelimumab. On-
treatment biopsies of irradiated lesions were obtained duringweek 7 or
8 (between cycles 2 and 3) and around the time of the first restaging
scans (Supplementary Fig. S1). Toxicities were graded according to
Common Terminology Criteria for Adverse Events v4.0 (10).

Statistical analysis
This phase II study was designed using two parallel, Simon optimal

two-stage designs to identify combinations capable of effecting a
systemic response outside of the radiation treatment field according
to RECIST v1.1 criteria. The goal was to identify a promising rate of
response of 20% (null rate, 5%), with a type I error of 5% and 80%
power. Enrollment was stopped after 10 patients were enrolled in each
arm in the first stage of the study according to prespecified stopping
criteria looking for at least one objective response before proceeding to
the second stage.

The distributions of overall and progression-free survival were
summarized using the method of Kaplan–Meier and compared using
log-rank tests.

Correlative studies
PD-L1 IHC, multiplex immunofluorescence (mIF), cytometry by

time-of-flight (CyTOF), and Olink correlative studies were performed
through the Cancer Immune Monitoring and Analysis Centers
Immuno-Oncology Biomarkers Network using analytically validated
and standardized platforms. Detailed standard operating procedures

Translational Relevance

Microsatellite stable (MSS) colorectal cancers are resistant to
immune checkpoint blockade with PD-1/L1 and/or CTLA-4 inhi-
bitors. Focal radiotherapy has been demonstrated to affect anti-
tumor immunity in preclinical models, but the impact of different
radiation doses in human tumors is uncertain. We conducted
a randomized phase II study evaluating the combination of
the PD-L1 inhibitor durvalumab and the CTLA-4 inhibitor tre-
melimumab with either hypofractionated radiation (HFRT) or
low-dose fractionated radiation (LDFRT) in patients with
advanced MSS colorectal cancer. Despite tolerability of both regi-
mens, HFRT or LDFRT given with combined PD-L1/CTLA-4
inhibition to patients with metastatic colorectal cancer did not
lead to systemic response, but was associated with local and
systemic immunologic changes, including T-cell infiltration, for-
mation of micronuclei/primary nuclear rupture, and changes in
circulating T-cell populations and T-cell diversity. These findings
inform future trials to optimize radiation parameters to capitalize
on immune stimulation.

PD-L1/CTLA-4 Inhibition with Radiation for Colorectal Cancer
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are available at https://cimac-network.org/assays/ and additional
detail is provided in the Supplementary Materials and Methods and
Supplementary Table S6. PD-L1 IHC was performed using the 9A11
antibody clone (Cell Signaling Technology) using the BOND Max by
Leica Biosystems. PD-L1 H-score was determined by multiplying the
percentage of tumor cells staining positive for PD-L1 by the intensity as
determined on a 1þ, 2þ, 3þ scale. mIF used formalin-fixed, paraffin-
embedded slides of the primary tumor stained using BOND RX
automated stainer using published protocols (11–13).

Peripheral blood mononuclear cells (PBMC) were analyzed using
CyTOF with reference sample spike-in and palladium-based mass tag
cell barcoding of individual samples as described previously (14, 15).
Serum cytokines were analyzed using Olink multiplex assay plat-
form with Immuno-oncology Panel (Olink Bioscience), according
to the manufacturer’s instructions. The inflammatory panel
includes 92 proteins associated with immune response. Additional
detail is provided in the Supplementary Materials and Methods.
Analyses of changes in circulating biomarkers over time were based
on longitudinal mixed models with intervention arm, time, and the
interaction of intervention as independent predictors. Biomarker
studies were exploratory; there were no adjustments made for
multiple comparisons.

RNA sequencing (RNA-seq) was performed as described previously
and techniques and analyses are described in more detail in the
Supplementary Materials and Methods (16). Differential expression
P values were corrected for multiple testing using the FDR method.
Genes with FDR-adjusted P < 0.05 and fold change >2 or <0.5 were
considered differentially expressed. To calculate the number of
expanded/contracted clones, we performed statistical analysis of each
T-cell receptor (TCR) clones abundance for each patients before and
after treatment using “fisher.test” R function. Clones which showed P
value less than 0.05 in the test were counted as contracted or expanded.

Data and materials availability
All data associated with this study are present in the article or the

Supplementary Materials and Methods.

Results
Treatment with combined PD-L1/CTLA-4 and low- or
hypofractionated radiation was tolerated, but did not induce
systemic responses

Twenty subjects were enrolled across six centers in theUnited States
from August to November 2017, with 10 subjects randomized to each
arm (Supplementary Fig. S2).

One patient subsequently withdrew before starting therapy and was
excluded from all subsequent analyses. Baseline demographics are
summarized in Supplementary Table S1. Subjects were well balanced
with regards to gender and age.All patients had previously been treated
with surgery and five had received prior radiotherapy to locations that
were not subsequently irradiated on this trial. The median number of
prior lines of therapy was four (range, 1–7). Sixteen patients had
toxicity at least possibly related to therapy; there were 6 patients with
grade 3 toxicities and 3 patients with grade 4 toxicities (Supplementary
Table S2). The overall rate of grade 3–4 adverse events that were
deemed at least possibly related to therapy was 0.42 [90% confidence
interval (CI), 0.23–0.63]; these occurred in 3 of 10 patients who
received HFRT (0.30; 90% exact CI, 0.09–0.61), and 5 of 9 patients
treated with LDFRT (0.56; 90% CI, 0.25–0.83).

No objective responses outside of the radiation field were observed.
Two patients were unevaluable for response (1 patient withdrew before
treatment as above and another patient withdrew after treatment, but

before restaging with disease-related toxicity) and 1 patient demon-
strated stable disease. The subject with stable disease had previously
progressed on six prior lines of therapy anddemonstrated a response in
an unirradiated porta hepatis lymph node following HFRT and
durvalumab/tremelimumab in the setting of decreasing overall tumor
burden before being removed from study treatment after four cycles
because of symptomatic new lesions (Supplementary Fig. S3). Median
follow-up was 3.9 months. Median overall survival was 3.8 months
(90% CI, 2.3–5.7 months) and progression-free survival was
1.7 months (90% CI, 1.5–1.8 months), with no significant differences
between arms (Supplementary Fig. S4).

IHC and mIF revealed changes in T-cell and macrophage
infiltration that were radiation dose dependent and
micronuclei/primary nuclear rupture formation

Sixteen patients had baseline specimens for PD-L1 assessment.
Baseline expression of PD-L1 was relatively minimal (tumor propor-
tion score, TPS ≤ 5 and H-score ≤ 10 out of a maximum possible score
of 300) in all patients. A TPS score of 5/H-score of 10 was seen in two
subjects, including the subject who demonstrated an out-of-field
response on trial. In addition, comparing matched baseline and on-
treatment specimens, the change in PD-L1 expression was minimal
(<2) or none among all five subjects with evaluable pre- and on-
treatment samples.

mIF evaluated levels of CD4-, CD8-, PD-1-, and Ki-67–expressing
cell populations (Fig. 1). Eighteen patients had tissue for baseline
evaluation. Baseline levels were highly variable (CD8þ T-cell range,
11–107 cell/mm2 and PD-1 cell range, 0–209 cells/mm2). The highest
levels of tumor-infiltrating CD8þ and PD-1þ cells were observed in the
hepatic lesion that was to be irradiated in the patient who subsequently
demonstrated an out-of-field tumor response (Fig. 1A). There were no
significant differences in baseline immune populations analyzed
among patients who received prior radiation (n ¼ 5) and others
(n ¼ 13), with a nonsignificant difference in baseline infiltration
of CD4þ and CD8þ T cells (median CD8þ/CD4þ T cells, 77 and
214 cells/mm2 for patients who received prior radiation, and 21 and
1,122 cells/mm2 for patients who did not receive prior radiation;
P ¼ 0.17 and P ¼ 0.20, respectively). Evaluation of baseline and
on-treatment samples in 5 patients demonstrated that the study treat-
ment led to an increase in CD8þ T cells (P ¼ 0.01 and P ¼ 0.06), as
well as CD8þ/PD-1þ/Ki-67þ T cells (P ¼ 0.004 and P ¼ 0.004)
among 2 patients who received HFRT (Fig. 1B and C). There were
no significant increases among LDFRT patients (N ¼ 3).

Gene set variation analysis of RNA-seq data corroborated these
findings. Specifically, there were no differences between treatment
arms in the expression of T cell, CD8þ T cell, and Th-1 T-cell gene sets
at baseline, but trends toward increases afterHFRT in comparisonwith
LFRTwere noted (Supplementary Fig. S5). Interestingly, this trendwas
also observed for natural killer cells (Supplementary Fig. S5).

We also interrogated other immune populations and immune
effects of radiation on these paired samples obtained from HFRT and
LDFRT patients. Although there was interpatient variability, the ratio
of M1/M2 macrophages in the tumor microenvironment decreased in
2 of 2 patients receiving HFRT and increased in all 3 patients treated
with LDFRT (Fig. 2), suggesting an influence of radiation (RT)
dose/fractionation on macrophage polarization. We also used immu-
nofluorescence (IF) to identify colocalization of cGAS and DAPI
outside of the nucleus to score micronuclei and cGAS with a corre-
sponding nuclear DAPI defect in the nuclear rim to score primary
nuclear ruptures (PNR, Fig. 3). These analyses demonstrated that 2 of
3 patients treated with LDFRT demonstrated increases inmicronuclei/
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PNR (3.7- and 5.5-fold increase; P¼ 0.04 and P< 0.0001, respectively),
while numbers remained relatively stable or slightly decreased at the 7-
to 8-week timepoint in the other LDFRT and 2 HDRT patients (0.76-,
0.83-, and 0.84-fold change; P ¼ 0.81, P ¼ 54, and P ¼ 0.68,
respectively).

Macrophage markers in the tumor microenvironment were further
evaluated in RNA-seq data from paired tumor biopsy RNA-seq. Gene
set variation analysis of data was evaluated for macrophage gene
marker sets. In the HFRT cohorts, there was a significant increase in
macrophage markers posttreatment, but no differences were observed
in the LDFRT group (Supplementary Fig. S6). We additionally exam-
ined macrophage polarization genes ARG1, NOS2, IL10, and CD163.
In the HFRT group, we also observed a significant decrease in ARG1
posttreatment, but no significant differences were seen in NOS2, IL10,
and CD163 or in the LDFRT cohort.

Treatment-induced changes in systemic immune markers were
also impacted by radiation dose and included declines in
effector T-cell populations

Blood was collected prior to treatment and then in conjunction with
cycle 2 in 19 patients. Initial analyses of overall impacts on white blood
cell counts demonstrated minimal overall changes in both arms
(Supplementary Table S3). There were nonsignificant declines in
absolute lymphocytes counts in both arms that weremore pronounced
following HFRT (Fig. 4A). CyTOF was employed to further analyze
specific cell populations. Results on matched PBMC samples from 12
patients revealed significant declines in multiple CD4þ and CD8þ

cell populations following HFRT compared with LDFRT, including
global CD3þCD4þ (P ¼ 0.004), CD3þCD8þ (P ¼ 0.02), and CD4þ

and CD8þ T cells expressing markers of activation, including

CD8þCXCR3þ (P ¼ 0.003), CD4þICOSþ (P ¼ 0.02), CD4þLag3þ

(P ¼ 0.03), CD4þCXCR3þ (P ¼ 0.002), CD4þ41BBþ (P ¼ 0.003),
CD4þCRTH2þ (P ¼ 0.004), CD4þGITRþ (P ¼ 0.03), and
CD4þOX40þ (P ¼ 0.003; Fig. 4B and C). In contrast, T-cell popula-
tions generally remained stable or increased in patients who received
LDFRT compared with HFRT, with increases in CD8þCD40Lþ (P ¼
0.002) and decreases in TIGITþ T regulatory cells (defined as
CD3þCD19�CD4þCD8þCD127low CD25þ; P ¼ 0.0008).

We used the Olink multiplex immune-oncology panel to inter-
rogate changes induced by cycle 2 of treatment in 92 measured
cytokines and chemokines as compared with pretreatment levels
among matched samples from 13 patients. Of these, 34 demon-
strated significant increases over the course of treatment in both
arms (Supplementary Fig. S7). These included known mediators of
antitumor immunity, such as IFNg (P ¼ 0.01), CCL20 (P ¼ 0.002),
CXCL-9, 10, 11 (P ¼ 0.001, P ¼ 0.0001, and P ¼ 0.030, respec-
tively), as well as others such as PD-L1 (P < 0.0001 HDFRT and
P ¼ 0.0006 LDFRT).

Treatment was associated with differential expression of
immune genes in the tumor microenvironment and peripheral
blood

Next, we further examined associations between study therapy and
gene expression, both within circulating PBMCs and in the tumor
microenvironment, by performing RNA-seq of pre- and posttherapy
samples obtained from 5 patients for whom sufficient tissue was
available. When pre- to posttreatment samples were compared, there
were 407 differentially expressed genes (FDR ≤ 0.05 and fold change
≥ |2|) in PBMCs (Fig. 5; Supplementary Table S4). Therapy-induced
gene expression differences were also observed in the tumor

Figure 1.

T-cell populations in the tumormicroenvironment. mIF evaluating expression of cyokeratin (purple), CD8 (white), PD-1 (green), and Ki67 (red) as shown on the right.
A,Baseline variability in CD8þ andPD-1þ cell populations, with highest levels of both populations observed in the irradiated liver lesion from the subjectwho reported
an out-of-field response. B, Changes in cell populations over the course of treatment in the HFRT and LDFRT arms (on-treatment samples obtained week 7–8). In
B, for each patient, the variance at a timepointwas estimated by (number of frames � SEM2) and the variance of the difference (post-pre)was estimatedby the sumof
the timepoint variances. The SD of the difference was the square root of the variance. C, Baseline (top) and on-treatment (bottom) specimen from a patient treated
with HFRT demonstrates increases in CD8þ/PD-1þ/Ki-67þ cells (yellow arrows).

PD-L1/CTLA-4 Inhibition with Radiation for Colorectal Cancer
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microenvironment with 445 differentially expressed genes (Supple-
mentary Fig. S8; Supplementary Table S5). Principal component
analysis (PCA) of tumor microenvironment gene expression data
largely separated pre- and posttreatment biopsy specimens (Supple-
mentary Fig. S8B). Examination of the four paired biopsy specimens by
cluster analysis of the top 30 most variable expressed genes confirmed
the results of the PCA, showingmost samples clustering by pre- versus
posttreatment (Supplementary Fig. S8C). We also examined the
consensus molecular subtypes of these paired biopsies pre- and
posttreatment (17) to ascertain whether therapy impacted the subtype.
Three of four samples were CMS4 at baseline, the fourth sample could
not be aligned with a subtype at baseline, but was most closely aligned
with CMS4. All four samples remained CMS4 after treatment. Next,
using gene ontology (GO) biological process pathway analysis, we
examined the top 20 pathways statistically significantly altered by
therapy (Supplementary Fig. S8D). Not surprisingly, many of these
pathways reflected changes in cell metabolic processes and were likely
related to gene expression changes in cancer cells and stroma. How-
ever, the third most highly significant pathway was regulation of
adaptive immune response, suggesting that treatment was altering
gene expression of immune pathways within the tumor microenvi-
ronment. Also, as outlined above (Supplementary Figs. S5 and S6),

gene expression analysis corroborated the changes in immune cell
populations in the tumor microenvironment identified by IF. We
further analyzed the paired biopsy samples on the basis ofHFRTversus
LDFRT treatment groups with two paired biopsies in each sample.
While conclusions are limited by the small sample size, some inter-
esting hypothesis generating findings were noted. In comparingHFRT
versus LDFRT, there are 990 differentially expressed genes in the
HFRT cohort and only 147 differentially expressed genes in the
LDFRT, suggesting that HFRT þ dual immune checkpoint inhibition
(ICI) causes more gene expression changes in the tumor microenvi-
ronment than LDFRT þ dual ICI. Evaluation of gene marker sets of
different immune cell types in the tumor microenvironment using
gene set variation analysis revealed no statistically significant therapy-
induced changes in the gene marker sets for any immune cell type in
the LDFRT or HFRT samples other than the changes already noted
above (Supplementary Figs. S5 and S6).

As both immune checkpoint inhibitors and radiotherapy have been
reported to have their most pronounced effects on T cells, we next
examined therapy-induced differences in expression of T-cell–related
genes in circulating PBMCs. Hierarchical clustering based upon
expression of T-cell activation genes (GO biological processes)
revealed separation of pre- and post-therapy samples (Fig. 5B). Kyoto
Encyclopedia ofGenes andGenomes (KEGG) biological pathways also
identified T-cell signaling as a major pathway impacted by treatment
(Fig. 5C), which was also evident by PCA of the antigen receptor–
mediated signaling gene expression data (Fig. 5E). These data suggest
therapy-induced differences in T-cell functionality, at least at a tran-
scriptional level. Analysis of the individual T-cell activation genes
revealed significant therapy-associated declines in gene expression
(Fig. 5D). These findings are likely due to an overall posttreatment
decline in T cells (Fig. 4A–C). Overall, these results corroborate the
significant declines in T-cell populations observed by CyTOF analysis
in Fig. 4.

Treatment was associated with alterations of the tumor-
infiltrating and peripheral T-cell repertoires

As another means to evaluate treatment-associated immune
alterations, we quantified the number of expanded and contracted
clones in tumor and blood following therapy. CDR3 sequence
analysis revealed a therapy-associated increase in the number of
expanded compared with contracted T-cell clones in PBMCs. In
contrast, T-cell expansions were also noted in the tumor microen-
vironment, but these were accompanied by a comparable number of
T-cell contractions (Fig. 5G). To better visualize the T-cell clonal
dynamics following therapy, we constructed galaxy plots of the
PBMC and tumor microenvironment T-cell repertoires, in which
the number of clones, anatomic location, and CDR3 sequence
similarities were represented by the size, color, and location of the
plotted circles, respectively (Fig. 5H). On these plots, expansions
and contractions within the tumor and PBMCs can be visualized
following treatment. Clusters within the plots are formed when
unique T-cell clones have similar CDR3 TCR sequences, presum-
ably because of shared antigen specificity. Thus, some of the new
treatment-induced clonal expansions that appeared in the tumor
had similar TCR sequences. The overlap between the tumor-
infiltrating T-cell repertoire and the peripheral T-cell repertoire
was also clearly evident, with each anatomic site having both shared
and unique clones (Fig. 5H). The Shannon diversity of the T-cell
repertoire pre- and posttherapy was then calculated to help char-
acterize the treatment-associated changes. In the PBMC population,
there was a significant decrease in Shannon diversity (Fig. 5I),

Figure 2.

Macrophage populations within the tumormicroenvironment.A,mIF evaluating
expression of cyokeratin (purple), DAPI (blue), CD68 (red), and CD163 (yellow)
as shown. M1 macrophages demonstrate CD68 staining (white arrow), while M2
demonstrate CD68 and CD163 costaining (blue arrows). B, Changes in the ratio
ofM1 toM2 cell populations over the course of treatment (on-treatment samples
obtained week 7–8) in the HFRT and LDFRT arms.
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which was likely due to the noted increase in T-cell expansions
(Fig. 5G). Finally, pie charts were also constructed, which revealed
similar treatment-induced alterations in the T-cell repertoire, with
several new T-cell expansions appearing following therapy (Fig. 5J).

Discussion
In this phase II trial, we found that the PD-L1 inhibitor, durvalu-

mab, and CTLA-4 inhibitor, tremelimumab, combined with either
HFRT or LDFRT directed against 1–2 liver metastases was tolerated,
with the spectrum and frequency of immune-related adverse events
expected from combined PD-1/L1 andCTLA-4 blockade alone (2). No
unexpected radiation-related adverse events were observed. These
results demonstrate the feasibility of combining PD-L1/CTLA-4
blockade with focused liver-directed radiation for patients with met-
astatic colorectal cancer and other malignancy types.

Despite promising preclinical data demonstrating radiation can
induce tumor-specific immune responses (18) and increased T-cell
infiltration (6) and immune-mediated tumor cell death (19), clinical
trials to date have demonstratedmixed results. Translation to the clinic
has been hindered by uncertainty regarding the appropriate radiation
dose to induce immune modulation (20). In preclinical models, a
variety of different radiation dose/fractionation regimens have been
demonstrated to induce IFN-stimulated genes via generation of
micronuclei/PNR leading to cytosolic double-stranded DNA and
activation of the cGAS/STING pathway (21–23). The dose threshold
for this effect is uncertain, particularly in human tumors. This is a
relevant clinical question, as higher radiation doses are not only
associated with increased side effects, but may also lead to regulatory
inhibition of the cGAS/STING pathway (24) and deleterious lympho-
penia (25). Lower doses of radiation have also been associated with

other positive immune effects, in particular inducing a more favorable
presence of M1 macrophages (6).

We did not observe objective responses outside of the radiation
treatment field in either the HFRT and LDFRT arms, and median
progression-free and overall survival was limited. These results are
likely due, at least, in part, to the advanced nature of disease and
extensive pretreatment among enrolled patients given the median
number of prior lines of therapy was four (range, 1–7). In contrast to
earlier, in patients with untreated colorectal cancer treated with
immunotherapy alone prior to any other treatment (26), immune
systems may be impaired by advanced tumor burden and prior
treatment (27), and may thus be less likely to respond to combined
immune checkpoint/radiation strategies. Indeed, combination radia-
tion/immune checkpoint blockade treatment strategies may have
more promise in earlier disease settings (28–31). This approach should
be tested in patients with less extensive disease burden, or perhaps
oligometastatic colorectal cancer disease to the liver, a setting in which
all gross disease can potentially be targeted by ablative radiation
treatment (31). In addition, we found relatively low PD-L1 expression
across tumor specimens, with the highest expression of PD-L1
observed in the patient with evidence of an out-of-field response in
a porta hepatis lymph node. Thus, this low PD-L1 expression may
contribute to the lack of benefit. Overall, our results clearly demon-
strated that at the selected radiation doses/schedules and in this
particular clinical setting, focal radiation did not reverse resistance
to anti-PD-L1/CTLA-4 in a tumor type resistant to PD(L)-1/CTLA-4–
directed therapy.

We explored biomarkers, such as PD-L1 tumor expression and
infiltrating CD8þT cells, predictive of response to immune checkpoint
blockade in other studies. In line with previous studies (1), PD-L1
expression was generally low or negative in this cohort of MSS

Figure 3.

mIF evaluating formation of micronu-
clei and PNRs. A and C, Samples were
stained for cytokeratin (purple), DAPI
(blue), cGAS (green), and Lamin B
receptor (white) as shown in A (low
power) and C (high power). B, Micro-
nuclei and PNR(s) were scored by
identifying colocalization of cGAS and
DAPI outside of the nucleus for micro-
nuclei and cGAS with a DAPI defect in
the nuclear rim of primary nuclei for
PNRs (red arrow). Pretreatment (B)
and posttreatment (D) specimens
(on-treatment samples obtainedweek
7–8) demonstrate pronounced
increase in micronuclei and foci of
PNRs (red arrows) in two subjects.
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colorectal cancer, and CD8þ T-cell infiltration was variable. We did
observe the highest levels of PD-L1 expression, CD8þ T-cell infiltra-
tion, and PD-1þ cell infiltration in the pretreatment irradiated liver
lesion of 1 patient with stable disease on study and a notable out-of-
field response. Of interest, this patient had targeted next-generation
tumor sequencing that revealed a POLE mutation of questionable
functional significance [c.1784A>G (p.N595S), exon 16 in 91% of 343
reads]. POLE mutations have been associated with higher mutational
burden in MSS colorectal cancers and may predispose for response to
immune checkpoint blockade (32). Interestingly, we also observed a
nonsignificant trend toward greater CD4þ and CD8þ T-cell infiltra-
tion in patients who previously received radiation treatment, but these
comparisons were limited by small numbers in the prior radiation
group.

Despite the lack of systemic objective responses, correlative studies
performed on matched tumor biopsies taken before and after therapy
suggest that this combination therapy alters the tumor immune
microenvironment. We observed increases in CD8þ and proliferating
CD8þ/PD1þ/Ki-67þ T cells after HFRT in comparison with LDFRT.
Gene expression analyses supported this finding. Higher dose radia-
tion has been associated with immunogenic cell death with increased
cell surface calreticulin and increased HMGB1 and ATP release (19)

that might be associated with greater levels of immune activation and
increased T-cell infiltration over time.

Immunologic impacts of LDFRT in human tumors were more
uncertain given these regimens are not standardly used in clinical
practice and less likely to result in tumor cell death in the absence of
systemic therapy. Within the local tumor microenvironment, we
observed modest increases in CD8þ T-cell infiltration and variable
changes in the CD8þ/PD1þ/Ki-67þ subset following LDFRT. How-
ever, consistent with preclinical data (6), LDFRT led to increases in the
M1/M2 macrophage ratio in all 3 LDFRT patients as compared with
none of the HFRT patients. In the HFRT patients, the M1/M2
macrophage ratio actually decreased, which was also consistent with
preclinical reports that demonstrate an increase in M2 macrophages
after RT at higher doses (pmid: 24992164 and 26946344). Gene
expression data also showed an increase of macrophage gene marker
sets posttherapy in the HFRT patients, but clear conclusions could not
be drawn regarding expression changes of macrophage polarization
genes. Drawing conclusions from these samples is difficult given the
limited sample size and that RNA-seq was bulk RNA-seq that can limit
detecting changes in cell types which are scarce in comparison with
tumor and stromal cells. Intriguingly, we also observed pronounced
increases in micronuclei/PNR with LDFRT. Previous studies have

Figure 4.

Changes in circulating biomarkers between pretreatment and week 5 of treatment. A, Absolute lymphocyte count (ALC, cells/mL). Median, interquartile range,
and maximum changes are plotted for both treatment arms. B and C, Fold change in cell populations over the course of treatment. Heatmap shows log2 fold
changes for each patient. Significant changes (P < 0.05) are denoted with � .
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Figure 5.

Immunotherapy-induced alterations of the T-cell rep-
ertoire. RNA-seq was performed on PBMCs before
and after initiation of immunotherapy.A,Volcanoplot
of resulting gene expression data reveals numerous
differentially expressed genes (outlined in red) post-
therapy. Calculated Euclidean distances between T-
cell activation genes (GO biological processes) were
used to perform complete linkage clustering centered
on log2-transformed data. B, The resulting gene
expression heatmap highlights gene expression dif-
ferences in T-cell activation genes. C, KEGG pathway
analysis reveals significant alterations in immune
pathways following initiation of therapy, including
the TCR signaling pathway. D, Expressions of T-cell
activation genes (GO biological processes) are pre-
sented as box-and-whisker plots, where the top and
bottom bars connected to each box indicate the
boundaries of the normal distribution and the box
edges mark the first and third quartile boundaries
within each distribution. The dark horizontal line
represents the median. Paired analysis P values were
calculated using DESeq2. E, PCA of antigen receptor–
mediated signaling gene expression data completely
separates pre- and posttreatment samples. F, TCR
reads permillion (log10) reveal a decline in T cells after
treatment. TCRminer was used to extract TCR reads
from RNA-seq data, and P values were calculated
using paired Student t test. G, MiXCR was used to
identify unique complementarity-determining region
3 sequences from RNA-seq data, and the numbers of
expanded and contracted clones per sample were
graphed for pre- and posttreatment samples. H, To
visualize how similar T-cell clones were to one anoth-
er with respect to their CDR3 sequences, the number
of individual clones present in a particular sample, the
copy number of each clone, the expansion and con-
tractions following therapy, and the overlap between
the T-cell repertoire of the peripheral blood and the
tumor-infiltrating cells, T-cell repertoire galaxy plots
were constructed using a modified dimensionality
reduction strategy (t-SNE). Separate plots were con-
structed for TCR alpha and TCR beta (TRB) chains. In
these plots, the size of the circle represents the CDR3
copy number. The location of the circle represents the
CDR3 sequence. Specifically, circles that are located
far fromone another havedissimilar CDR3 sequences,
whereas circles that are located close to one another
have similar CDR3 sequences. Circles that share a
center point have identical CDR3 sequences. Finally,
the color of the circle or datapoint represents the
sample (blue, PBMCpretreatment; green, PBMCpost-
treatment; red, tumor pretreatment; and purple,
tumor posttreatment). I, The Shannon diversity index
was calculated for the peripheral blood T-cell reper-
toire pre- and posttreatment. J, As another way
to visualize the alterations in the T-cell repertoire
before and after treatment, pie charts were con-
structed. Different colors represent unique CDR3 beta
sequences. The size of each colored wedge repre-
sents the copy number for that particular CDR3
sequence.
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highlighted the importance of these structures in leading to cGAS/
STING activation following radiation and subsequent immune
response (22, 23). The ability of low-dose radiation to generate
micronuclei/PNR in combination with immune checkpoint blockade
in human tumors is intriguing and could be explored in future studies.
The failure to observe micronuclei/PNR after HFRT may have been a
result of the 7- to 8-week timepoint that was evaluated, as cells with
multiple abnormal nuclear structures, including multiple micronuclei,
chromosome bridges, and PNR, may have been selected against over
time because of limited proliferation capacity.

Evaluation of circulating biomarkers demonstrated that both
treatment regimens led to systemic immunologic changes. Olink
serum profiling demonstrated that in both radiation immunother-
apy arms there was evidence of increased IFNg and related che-
mokines, such as CXCL-9, 10, and 11. We observed posttreatment
changes in circulating PD-L1, and these were likely due to the ligand
being stabilized as a result of durvalumab treatment. TCR sequenc-
ing identified some specific T-cell clones expanded in the tumor
microenvironment, as well as the peripheral circulation, as has been
observed following radiation and immune checkpoint blockade in a
prior study evaluating the combination of ipilimumab and HFRT in
non–small cell lung cancer (29). Both treatment regimens led to
nonsignificant overall declines in absolute lymphocyte count that
was more pronounced in patients that received HFRT, as would be
expected from prior studies demonstrating the potential lympho-
penia that can be induced by higher dose radiation (25). More
unexpected were significant declines observed in multiple circulat-
ing activated T-cell subsets in patients treated with HFRT as
compared with LDFRT, again supported by gene expression data.
It is possible that these declines in circulating effector T-cell
populations limited systemic response despite local immune acti-
vation. Interestingly, LDFRT led to declines in specific circulating
populations of regulatory T cells.

Limitations of our study include the choice of two specific
HFRT and LDFRT regimens and timing in relation to immune
checkpoint blockade, and the decision to irradiate 1–2 metastatic
liver lesions as opposed to more lesions or metastases elsewhere in the
body. These aspects of our study design helped maintain homogeneity,
but it is possible that different radiation timing or parameters may be
more conducive to generating an effective systemic immune response.
In terms of correlative data, limited numbers of study patients had
matched pre- and post-biopsy tissue available for study, in part,
because several patients had no viable tumor at the irradiated site at
the time of repeat biopsy, making it difficult to discern local treatment
effects. Therefore, the immune changes we observed following
immune checkpoint blockade and both HFRT and LDFRT are
exploratory, although the formation of micronuclei/PNR, increases
in CD8þ T-cell subsets after HFRT, and increase in M1/M2 macro-
phage ratios are all concordant with preclinical data.

In summary, although the combination of HFRT and LDFRT did
not lead to any unexpected toxicities, we did not observe objective
responses outside the radiation treatment field, suggesting irradiating
1–2 lesions at these radiation dose/fractionations in combination with
immune checkpoint blockade is not sufficient to mediate systemic
antitumor immunity in patients with refractory colorectal cancer. We
did observe local immunologic changes following both HFRT and
LDFRT, although the nature and extent of changes appeared different
between the two radiation schedules. Our biomarker findings gener-
ated interesting hypotheses for further testing. Future efforts should
focus on increasing the positive immunologic impacts of focused
radiotherapy, perhaps by irradiating more lesions, such as in the case

of oligometastatic or oligoprogressive disease (31), or perhaps by
investigating LDFRT in earlier disease settings, while also attempting
to minimize any potential detrimental immune effects of irradiation,
such as radiation-induced declines in circulating activated T-cell
populations.
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