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In brief

The effects of radiation on the tumor
immune microenvironment are unclear.
Hudson et al. report a detailed
characterization of an autologous pair of
non-small cell lung cancer brain
metastases. Radiation is associated with
extensive immune remodeling, including
infiltration of inflammatory monocytes
and depletion of tumor-enriched CD8*

T cells.
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SUMMARY

Radiation is commonly used in the treatment of many cancers. However, its effects on anti-tumor immune
responses are incompletely understood. Here, we present a detailed immunological analysis of two tumors
from a patient with multiple non-small cell lung cancer metastases to the brain. One tumor was resected
without treatment; the second was irradiated to a total dose of 30 Gy and resected following further progres-
sion. Comprehensive single-cell analysis reveals a substantially reduced immune cell fraction in the irradi-
ated tumor, including the depletion of tissue-resident macrophages and infiltration of pro-inflammatory
monocytes. Despite the presence of similar somatic mutations in both tumors, radiation is associated with
the depletion of exhausted, tumor-resident T cell clones and their replacement by circulating clones unlikely
to contribute to tumor-specific immunity. These results provide insight into the local effects of radiation on
anti-tumor immunity and raise important considerations for the combination of radiation and immunotherapy.

INTRODUCTION

Promoting and generating anti-tumor immunity is an emerging
and important strategy to treat cancer. Immune checkpoint
blockade (ICB), which restricts the function of inhibitory signaling
molecules expressed by exhausted T cells, is now a mainstay in
the treatment of many cancer types. However, the poor
response of many patients to ICB has spurred the search for com-
bination therapies to improve their efficacy. In many cases, this
involves targeting multiple immune checkpoint receptors present
on T cells, such as PD-1 and CTLA-4.? Another active area of
investigation is the combination of ICB with radiation therapy.®

Radiation has been employed to directly kill cancer cells for
over a century. With the recent advent of cancerimmunotherapy,
radiation has also been studied for the ability to promote anti-tu-
mor immunity and thus synergize with ICB.*® However, the
differential effects of radiation and ICB within the tumor microen-
vironment (TME) pose a paradox for such strategies®: immune
cells—particularly lymphocytes—are highly sensitive to death
by radiation, yetimmunotherapies rely on the survival and expan-
sion of these same cells.”® Thus, in order to design optimal ther-
apies combining ICB and radiation, it is critical to determine the
effects of radiation on tumor-specific T cell responses.

Here, we report a study of two brain metastases resected from a
single patient with non-small cell lung cancer (NSCLC). One tumor
was resected without treatment, and the second tumor was re-

sected following stereotactic radiosurgery (SRS), which delivers a
high dose of conformal radiation to the tumor or surgical resection
cavity.® We show that, despite similar mutational profiles between
the two tumors, radiation therapy is associated with dramatic
changes in the tumor immune microenvironment. The irradiated tu-
mor was infiltrated by fewer immune cells in total, with higher fre-
quencies of interleukin 1 (IL-1p)-expressing monocytes. T cellinfil-
tration was dramatically lower in the irradiated sample. Because
these are autologous samples, we can directly compare immune
receptor sequences between the two tumors, providing insight
into the antigen specificity of T cells in the untreated and irradiated
tumors. While the T cells in the irradiated tumor had a more func-
tional phenotype, radiation was associated with the depletion of tu-
mor-enriched clones and increased infiltration of circulating clones,
indicating the likely ablation of tumor-specific T cells and their
replacement by circulating bystander clones.

RESULTS

Case history

A patient with NSCLC was treated at Emory University Hospital for
multiple brain metastases. One large left temporal tumor was sur-
gically resected without additional therapy (termed the untreated
tumor sample), and SRS to the resection cavity and three other tu-
mors was performed 21-27 days post-surgery (Figure 1A). The
resection cavity and a right frontoparietal lobe metastasis
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Figure 1. Case history of a patient with two resected brain metastases

(A) A patient presented with four NSCLC metastases. A large left temporal tumor was surgically resected. The resection cavity (dark blue) and a right frontoparietal
lesion (dark red) were treated with 5 x 6 Gy stereotactic radiosurgery (SRS). Two smaller frontal lesions were treated with 1 x 21 Gy. The right frontoparietal tumor
progressed throughout treatment and was resected 34 days after the initial surgery. Blood was collected and PBMCs isolated at the time of the initial (pre-

radiation) and second (post-radiation) surgeries.

(B-I) T1 post-contrast magnetic resonance imaging (MRI) throughout the course of treatment. Arrowheads point to the untreated (dark blue) or irradiated (dark

red) tumors.

(diameter 3 cm) each received 30 Gy in 5 fractions of 6 Gy each
(Figure S1A). The two other lesions, one in the right frontal lobe
and the other in the left frontal lobe, each measuring 0.5 cm in
diameter, were each treated to 21 Gy in a single fraction
(Figures S1B-S1D).

The right frontoparietal tumor progressed through radiation and
was surgically resected 34 days after the first operation (termed
the irradiated tumor sample). The patient was prescribed dexa-
methasone (10 mg bolus +4 mg/6 h) 2 days prior to the first sur-
gery, tapered, and restarted with an identical regimen 3 days prior
to the second surgery. No other systemic treatment was adminis-
tered. Tumor and peripheral blood mononuclear cells (PBMCs)
were collected at the time of each surgery (termed the pre-radia-
tion PBMCs and post-radiation PBMCs, respectively).

Lower immune infiltration in the irradiated tumor

We quantified the immune infiltrate of each tumor by flow cytom-
etry: the untreated tumor was infiltrated by 1.9 x 108 lymphocytes
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and 1 x 10° CD8" T cells per gram of tissue; the irradiated tumor
was infiltrated by 2.7 x 10% and 6.1 x 10* lymphocytes and CD8*
T cells per gram (Figures 2A and 2B). The untreated tumor ranked
in the upper quartile of 31 immunotherapy- and radiation-naive
brain metastasis samples in our previously reported cohort.'”
The irradiated tumor was in the lower quintile of all brain metasta-
ses (Figures 2A and 2B) and contained the lowest CD8* T cell infil-
tration among our previously reported cohort of 14 lung metasta-
ses to the brain.’® To identify radiation-associated changes in
immune infiltrate in a comprehensive manner, we performed
RNA sequencing, T cell receptor (TCR) sequencing, and cellular
indexing of transcriptomes and epitopes (CITE) sequencing on
single CD45* cells isolated from the untreated tumor, irradiated
tumor, and pre-radiation and post-radiation PBMCs (Figure S2).
Our CITE-seq panel included 137 antibodies specific for 130
distinct cell antigens.

Clustering on CITE-seq data identified thirteen broad CD45*
cell types with varying distributions between tumor-infiltrating
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Figure 2. Reduced and altered immune cell infiltration in the irradiated tumor

(A and B) Flow cytometric quantification of total lymphocytic (A) and CD8* (B) T cell infiltration into the autologous untreated and irradiated tumors compared with
brain metastases from 30 other individuals.'® Gray bars indicate medians. BrMs, brain metastases.

(C) Uniform manifold approximation and projection (UMAP) and clustering of 45,947 cells sequenced from circulating and tumor-infiltrating CD45* cells. Protein

expression data (CITE-seq) was used for clustering and projection.
(D) UMAP with cells colored by tissue of origin.
(E) Frequency of clusters among CD45™ cells in each sample.

and circulating cells (Figures 2C-2E; Table S1). Notably, CD8"*
T cell frequency among CD45" cells was reduced from 47% in
the untreated tumor to 17% in the irradiated tumor (Figure 2E),
in line with flow cytometry results (565%-22%; Figures 2A and
2B). The frequency of tumor-associated macrophages (TAMs)
among CD45™" cells was 2.5-fold higher in the irradiated tumor
(Figure 2E). In contrast to these drastic changes between the un-
treated and irradiated tumors, circulating CD45* subsets were
broadly similar before and after treatment, indicating a local-
ized—as opposed to systemic—remodeling of the anti-tumor
immune response by radiation (Figure 2E).

Radiation-associated changes in tumor-infiltrating
myeloid cells

Given the higher frequency of TAMs in the irradiated tumor, we
performed a detailed analysis to determine phenotypic differ-
ences between the two tumor samples. Microglial markers
SALL1, TMEM119, and P2RY12 were minimally expressed

among tumor-infiltrating cells, suggesting that microglia did
not highly infiltrate the brain metastases in this patient (Fig-
ure S3). We performed subclustering of TAMs based on gene
expression and found three subsets: TAM-1, TAM-2, and
TAM-3 (Figure 3A; Table S2). TAM-1s expressed high protein
levels of major histocompatibility complex (MHC) class I,
CD40, and CD86, suggesting a role in promoting anti-tumor
adaptive immune responses (Figure 3B). TAM-3s more closely
resembled monocytes, with expression of FCN1, a marker of
classical monocytes,’ and S700A72, a gene expressed
in classical monocytes and downregulated during monocyte-
to-macrophage differentiation'® (Figures 3C and 3D). TAM-2s
appeared to be an intermediate population with shared charac-
teristics with both the TAM-1 and TAM-3 subclusters.

While TAM-2s were present in both tumors, TAM-1s were
predominately found in the untreated tumor and TAM-3s in the
irradiated tumor (Figure 3E). These data are consistent with
pro-inflammatory monocyte infiltration of tumors after radiation'®
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Figure 3. Distinct tumor-associated macrophage (TAM) populations infiltrate an irradiated and untreated brain metastasis

(A) UMAP projection of TAM subclusters (see inset in Figure 2C).

(B) Relative protein (left) and gene (right) expression of selected markers among TAM subclusters.

(C and D) Expression of monocyte markers ST00A12 and FCN1 among monocyte clusters (3 and 4) and TAM subclusters (TAM-1, TAM-2, and TAM-3).

(E) UMAP projection of tumor-infiltrating TAMs, colored by tumor of origin. Pie charts show composition of TAMs in each tumor.

(F and G) Expression of monocyte activation-associated genes IL1B, which encodes IL-1B, and NLRP3, which encodes a key member of the inflammasome.

(H) Expression of FOLR2, which encodes the folate receptor .

and also indicate a loss of tumor-resident MHC II*, FOLR2*
macrophages that efficiently prime effector CD8" T cells and
are associated with tumor control and patient survival'®'®
(Figures 3F-3H).

Radiation-associated phenotypic and clonotypic
alterations in tumor-infiltrating T cells

T cell phenotype was also strikingly different between the irradi-
ated and untreated tumors. In the untreated tumor, half of all
T cells belonged to the exhausted CD8" T cell cluster
(Figures 2E, 4A, and 4B), characterized by expression of resi-
dence and checkpoint molecules such as PD-1, TIGIT,
CTLA-4, LAG-3, CD69, and CD103 (Figure 4C). Exhausted
CD8* T cells were virtually absent in the irradiated tumor (Fig-
ure 4B), a striking contrast from our previous study of 31 radia-
tion-naive brain metastases.'® Overall, T cells in the irradiated tu-
mor had a more memory- or progenitor-like phenotype
compared with the untreated tumor, with higher expression of
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genes encoding TCF-1 (TCF7), CD127 (IL7R), and L-selectin/
CD62L (SELL; Figure 4D).

The study of autologous samples allowed us to directly
compare TCR sequences between the untreated and irradiated
tumors. CD4* and CD8" T cells in the untreated tumor ex-
pressed a more clonal, extremely private TCR repertoire that
was unshared with circulating T cells (Figures 4E-4H). Virtually
no clonal overlap was detectable between the untreated tumor
and circulating T cells from either time point (Figures 4F-4H). In
contrast, high TCR overlap was present between the irradiated
tumor and circulating T cells, particularly with those clones
circulating at the time of the second surgical resection
(Figures 4F-4H). This finding suggests near-total depletion of
tumor-resident T cells by radiation and their subsequent
replacement with circulating T cell clones. Given the exhausted
phenotype of T cells in the untreated tumor and the low fre-
quency of tumor-specific CD8"* T cells in the blood of patients
with immunotherapy-naive cancer,'®'” it is likely that most of
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Figure 4. Dramatic differences in the phenotype and antigen specificity of tumor-infiltrating T cells in the untreated and irradiated tumors
(A and B) Frequency of each T cell cluster among tumor-infiltrating T cells in the (A) untreated and (B) irradiated tumors.

(C) Selected CITE-seq (protein) relative expression differences between T cell clusters.

(D) Volcano plot showing gene expression differences between total T cells from the irradiated and untreated tumors.

(E) Diversity of all T cell clones in the untreated and irradiated tumors as calculated by the Shannon diversity index.

(F-H) Clonal overlap (Morisita-Horn index) of all T cell receptor sequences between samples (F), those expressed in CD4" T cells (G), or in CD8" T cells (H). All
T cells with a detected T cell receptor B (TCRp) gene were used in TCR analyses.

these newly infiltrating T cells after radiation are not tumor spe-
cific. This interpretation is consistent with higher gene expres-
sion of effector- and division-associated genes (GZMB, IFNG,
MKI67) in the untreated tumor and low expression of activation
markers such as HLA-DR and CD38 in the irradiated tumor
(Figures 4C and 4D). The lack of very early, TCR-driven activa-
tion markers such as CD69 and CD25 in the irradiated tumor
also argues against nascent antigen-specific T cell activation
in the untreated tumor (Figures S4A and S4B). Thus, despite
their more functional phenotypic appearance (Figure 4D),
CD8" T cells in the irradiated tumor may not contribute mean-
ingfully to tumor-specific immunity.

Shared mutational and transcriptional profiles between
the untreated and irradiated tumors
The striking differences in TCR repertoires between the un-
treated and irradiated tumors indicate the recognition of distinct
sets of antigens by the infiltrating T cells in each tumor. To deter-
mine the somatic mutations and gene expression profiles of
each tumor, we performed mRNA sequencing and whole-
genome sequencing (WGS) on both tumors as well as PBMCs
collected from each time point.

WGS was performed to depths of 167 x and 179x on the un-
treated and irradiated tumors, respectively, and to 44 x and 50 x
on the pre- and post-radiation PBMC samples, respectively. 475
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Figure 5. The untreated and irradiated tumors exhibit similar genetic and transcriptomic profiles

Whole-genome and mRNA sequencing were performed on both tumor samples.

(A) Mutation quality scores in the untreated and irradiated tumors for each of 475 non-synonymous single-nucleotide variants. A higher-quality score indicates a
greater probability for the mutated allele to be present at a significantly different frequency in the tumor and normal (PBMC) samples.

(B) Venn diagram showing overlap in the two samples’ non-synonymous mutational profiles.

(C) Example frequencies of shared (KRAS G12C, TP53 G154V) and unshared (CDH11 M646R, MAOB V31F) somatic mutations in the tumor and normal samples.
(D) Correlation of gene expression (measured by mRNA sequencing) between each sequenced sample.

(E) Correlation of gene expression between pre- and post-radiation PBMCs.

(F) Correlation of gene expression between the untreated and irradiated tumors. Selected cytokine genes are shown; see also Figure S5.
In (E) and (F), a slope of 1 is indicated with a solid line. mMRNA was isolated from lymphocyte-depleted tumors (see STAR Methods).

single-nucleotide variations that caused non-synonymous
changes in protein sequence were identified; 313 of these
(66%) were shared between the tumors, including likely driver
mutations TP53 G115V and KRAS G12C (Figures 5A-5C). No
EGFR mutations were detected in either tumor.

mRNA sequencing revealed a largely similar transcriptional
profile (r = 0.94) between pre- and post-radiation PBMCs
(Figures 5D and 5E). The untreated and irradiated tumors also ex-
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hibited broadly similar gene expression (r = 0.83; Figure 5F), but
differences were evident in gene set enrichment analysis and
cytokine gene expression (Figures 5F and S5; Table S3). Notably,
human leukocyte antigen (HLA) gene expression, which encodes
MHC molecules, was similar or slightly higher in the irradiated tu-
mor, arguing against impaired antigen presentation as a basis for
impaired T cell responses in the irradiated tumor (Figure S6).
Further, monocyte chemoattractant protein-1 (CCL2) was highly
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upregulated in the irradiated tumor, forming a potential basis for
its high level of monocyte infiltration (Figure S6).

DISCUSSION

In this study, we report a detailed analysis of an irradiated and
untreated brain metastasis from a single patient. This study
has several important caveats, including its limited sample
size, the potential confounding effects of pre-existing tumor het-
erogeneity, and the unusual clinical course of the patient. These
are discussed in a separate section below. Nonetheless, these
results raise important considerations for combined treatment
with immunotherapy and radiation.

In our study, radiotherapy was associated with decreased im-
mune infiltration between the two case patient lesions as well as
when compared with 30 other patients with radiation- and immu-
notherapy-naive brain metastasis.'® The ultimate outcome was a
large, radiation-associated remodeling of tumor-infiltrating macro-
phages, T cells, and even natural killer (NK) cells (Figure 2E). The
most notable difference in myeloid immune infiltrate between the
two tumors was the higher frequency of monocyte-like cells in
the irradiated tumor. These cells expressed high levels of mono-
cyte marker genes found in circulating monocytes and also high
levels of IL1B, indicating an activated phenotype. This infiltration
of irradiated tumors by monocytes has been reported in pre-clin-
ical models and is mediated by CCL2'>'®; notably, we also find
higher levels CCL2 mRNA in the irradiated tumor. In pre-clinical
models, CCL2 blockade in combination with radiation delayed tu-
mor growth and decreased tumor proliferation and vascu-
larity.'®® These results highlight the potential of TAM-modulating
therapies targeting the CCL2/CCR?2 axis or other pathways.'*°

The T cell infiltrate following radiation superficially appeared
more phenotypically functional with a more diverse TCR reper-
toire (in line with previous studies®'), lower expression of PD-1,
and higher expression of TCF-1. However, we find that this is
likely explained by infiltration of circulating T cells that are en-
riched for non-tumor-specific antigen reactivity and are unlikely
to contribute to tumor-specific immunity.'®"” Further, markers
of nascent, antigen-specific activation such as CD69 and
CD25 were not expressed among tumor-infiltrating T cells in
the irradiated tumor, arguing against their priming in the irradi-
ated tumor at this time interval after radiation.

Perhaps most importantly, we find that radiation depleted tu-
mor-resident T cells; this has important implications for the
sequencing of radiation therapy and checkpoint blockade. An
early burst of proliferating circulating CD8* T cells is associated
with clinical response to PD-1 pathway blockade; however,
circulating activated CD8" T cells eventually return to baseline
levels following the presumed migration of these activated cells
to tumor or other inflamed sites.? Thus, administration of radia-
tion after checkpoint blockade may deplete recently arrived
effector cells generated by PD-1 blockade or other immunother-
apies. This is consistent with previous results showing that pa-
tients with melanoma brain metastasis receiving SRS during or
before ipilimumab demonstrated better overall survival and local
control than those receiving SRS after ipilimumab.?® Conversely,
given our observed infiltration of circulating T cell clones into the
irradiated tumor, administration of PD-1 pathway blockade with
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or immediately following radiation may improve tumor-specific
infiltration into irradiated tumors. This latter hypothesis is consis-
tent with studies demonstrating benefit of radiation concomitant
with or prior to checkpoint blockade.”?*~2°

Limitations of the study

Our study is subject to two key limitations. First, since our samples
are from two separate tumors, we cannot completely distinguish
between pre-existing tumor heterogeneity and the effects of radia-
tion. Thus, it is possible that the different immune profiles of the two
studied tumors reflect pre-existing differences in the size, location,
or immunologic infiltrate of the respective tumors. However, we
consider this unlikely for several reasons. First, our observation of
monocyte infiltration and elevated CCL2 expression in the irradi-
ated tumor is consistent with pre-clinical models that exhibit
CCL2-mediated recruitment of monocytes following radiation.'>'®
Second, we have previously shown that brain-metastasis-infil-
trating T cells express a resident phenotype and a distinct TCR
repertoire that is highly dissimilar from circulating clones, '° consis-
tent with studies from other tumor types.'®'"?” Third, a previous
study of multiple metastases resected from multiple patients
showed high levels of TCR overlap between different tumors.?®
Finally, and perhaps most convincingly, the irradiated lesion is
remarkable for its low infiltration and lack of exhausted CD8"
T cells when compared with our larger cohort of previously
reported brain metastasis samples.'® Thus, while the observed dif-
ferences could potentially predate the radiation therapy, the
reduced T cell number and increased TCR overlap with peripheral
blood in the treated tumor are consistent with radiation-induced
changes.

Second, we only analyze two tumors from a single patient with
an unusual clinical course. Local progression after SRS from
brain metastases is uncommon,?**" particularly in the short
time frame reported here,*” and it is possible that the TP53/
KRAS co-mutation in these tumors contributed to radioresist-
ance.®® Moreover, the optimal dose and fractionation for large
brain metastases not amenable to single-fraction SRS has not
been established.®* Our institutional standard is 30 Gy in 5 frac-
tions for lesions 3 cm and larger, but given the heterogeneous
approaches to SRS dosing, our findings may not be broadly
generalizable to all dose and fractionation schedules of SRS.
Moreover, this study captures the TME at a single time point after
radiation therapy. Further remodeling of the brain metastasis im-
mune microenvironment with time after radiation is likely.

Additionally, given the analysis of a single patient, our results
may or may not be applicable to a broader patient population.
Larger studies of radiation-naive and irradiated brain metastases
are underway.> However, even in studies with large numbers of
patients, a lack of patient-matched samples and/or TCR profiling
risks confounding intrinsic radioresistance of pre-existing tumor-
infiltrating T cells with post-radiation infiltration of circulating
cells. Our study including these advantages is consistent with
a number of studies showing T cell death at doses much lower
than those given here,”**® including a study of patient-
matched biopsies finding ~90% decreases in infiltrating CD8*
T cells following radiation of cervical cancer at doses of 20-30
Gy.*® Thus, our data are consistent in supporting near-total
depletion of brain-metastasis-infiltrating T cells at the treatment
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dose, subject to the confounding effect of pre-existing tumor
heterogeneity discussed above.
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

TotalSeq-C Human Universal Cocktail, V1.0 Biolegend Cat# 399905; RRID# AB_2876728
Anti-CD45 PE Miltenyi Cat# 130-117-281

Anti-CD4 APC Miltenyi Cat# 130-113-222

Anti-CD8a BV510 Biolegend Cat# 301048; RRID #AB_2561942
Chemicals, peptides, and recombinant proteins

Zombie NIR Fixable Viability dye Biolegend Cat# 423106

Percoll Sigma Cat# P1644

CountBright Absolute Counting Beads Fisher C36950

Lymphocyte separation medium Corning Cat# 25-072-CV

Deposited data

Pre-processed whole-genome and single- This paper Mendeley Data: https://doi.org/10.17632/

cell sequencing

kdmdc8pkit.1

Software and algorithms

Cell Ranger, version 6

Seurat

FlowJo
Burrows-Wheeler Aligner
Manta

Strelka

STAR Aligner

edgeR

ggplot2

10x Genomics

Hao et al.*°
BDflow

Li & Durbin*!
lllumina
lllumina
Dobin et al.*
Robinson et al.**

https://ggplot2.tidyverse.org

https://support.10xgenomics.com/
single-cell-gene-expression/software/
pipelines/latest/what-is-cell-ranger

CRAN

https://www.flowjo.com/
https://github.com/Ih3/bwa
https://github.com/Illumina/manta
https://github.com/lllumina/strelka
https://github.com/alexdobin/STAR
Bioconductor

CRAN

RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Lisa Sud-

meier (lisa.jane.sudmeier@emory.edu).

Materials availability
This study did not generate new reagents.

Data and code availability

® The raw sequencing data cannot be deposited in a public repository due to privacy concerns. Original sequencing data is avail-
able upon request to the lead contact and with permission of the Emory University Institutional Review Board. Pre-processed
whole-genome and single-cell sequencing data have instead been deposited at Mendeley Data and are publicly available as of

the date of publication. Accession numbers are listed in the key resources table.

@ This paper does not report original code. Published software packages used in this study are listed in the key resources table.
@ Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Human patients

Tumor tissue and peripheral blood were collected from immunotherapy-naive patients undergoing resection of brain metastases at
Emory University Hospital. Informed consent was obtained, with experiments carried out with the approval of the Emory University
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Institutional Review Board under protocols IRB00045732, IRB00095411, and STUDY00001995. All consenting patients were
included in sample collection unless insufficient tissue was available. We recently published'® a detailed characterization of immune
infiltrate in brain metastases from this cohort (Sudmeier et al., Cell Reports Medicine 2022). The samples in this study were collected
as part of ongoing sample collection as described in Sudmeier et al.; however, we did not report data from the irradiated metastasis
and matched PBMCs in that study.

Blood was collected in lithium heparin tubes at the time of surgery, and blood and tumor tissue were stored at 4°C until samples
were processed, typically in less than 1 h. The patient was immunotherapy-naive but received dexamethasone (10 mg bolus +4 mg/6
h) two days prior to the first surgery and three days prior to the second surgery.

METHOD DETAILS

Tissue and PBMC processing

Four samples were studied here (Figure 1A): an untreated tumor, an irradiated tumor, and matched PBMCs from the time of each
resection (“pre-radiation PBMCs” and “post-radiation PBMCs”). Brain metastasis tissues and matched PBMCs were collected at
the time of surgery and processed as previously described.'® Briefly, tumors were weighed, cut into pieces, and digested with an
enzymatic cocktail for 1 h at 37°C. A single-cell suspension was generated using a cell strainer, and cells were pelleted and washed
in PBS with 2% fetal bovine serum (FBS). A 44%/67 % Percoll gradient was used to separate white blood cells, and the interface was
collected and washed following centrifugation of the gradient. PBMCs were isolated by underlaying whole blood with Corning
Lymphocyte Separation Medium and centrifuging for 20 min. The interface was collected and washed in PBS with 2% FBS.

To quantify immune infiltrate, a small volume of freshly-isolated tumor-infiltrating cells and PBMCs were incubated with
CountBright counting beads, stained with fluorescently-labeled anti-CD45 and anti-CD8 antibodies, and analyzed on a BD LSR ||
cytometer to determine absolute numbers of lymphocytes and CD8* cells. The remainder of cells were resuspended in FBS with
10% DMSO, frozen to —80 °C at a cooling rate of 1°C/min, and stored in liquid nitrogen until use in single-cell sequencing
experiments.

Single cell sequencing

Aliquots of cryopreserved cells from each sample were simultaneously and rapidly thawed, washed twice in RPMI with 10% FBS, and
counted. Cells were stained with Zombie NIR viability dye (BioLegend), anti-CD45 PE, anti-CD4 APC, anti-CD8c. BV510, and the
TotalSeqg-C Universal Cocktail v1.0 (BioLegend) in PBS with 2% FBS and 2 mM EDTA. To avoid competition of fluorescent antibodies
with CITE-sequencing antibodies, non-competing clones were used. For CD8a, clone RPA-T8 was used for fluorescent labeling and
SK1 for CITE-seq; for CD45, clone REA1023 was used for fluorescent labeling and HI30 for CITE-seq; for CD4, clone REA623 for
fluorescent labeling and RPA-T4 for CITE-seq. The TotalSeq-C Universal Cocktail v1.0 was added at 1 test per 6 x 10° cells. After
staining, cells were washed in PBS with 2% FBS and 2 mM EDTA.

Following staining, cells were sorted on a BD FACS Aria Il into RPMI with 10% FBS. We sorted live, CD45" cells from each sample.
To further characterize T cell responses in the tumors, we also sorted CD45" cells positive for CD4 or CD8 for separate single-cell
sequencing captures. This resulted in six total captures performed on a 10x Genomics Chromium controller in the Emory Yerkes
Nonhuman Primate (NHP) Genomics Core: one capture of CD45* cells from each PBMC and tumor sample, and one capture
each of CD45" cells positive for CD4 or CD8 from each tumor sample. Gene expression, CITE-sequencing, and T cell receptor
(TCR) libraries were generated from each sample by the Emory Yerkes NHP Genomics Core. An overview of this experiment is shown
in Figure S2A.

Single-cell sequencing alignment and quality control

Single-cell gene expression and CITE-seq data were aligned and mapped with Cell Ranger version 6 (10x Genomics). T cell receptor
sequences were called with cellranger vdj. As described previously,'® TCRpB sequences were used to identify T cell clonotypes.
T cells sharing the same CDR3 amino acid sequence and using the same TRBV and TRBJ gene family were considered to belong
to the same clonotype. 61,823 cells were sequenced. To exclude dead, doublet, and poorly-sequenced cells, cells with <0.8% or
>10% of reads originating from mitochondrial genes, <800 total genes detected or <2,500 or >20,000 number of RNA molecules
sequenced were excluded from further analysis. 45,947 cells met these quality control criteria. Final quality control data are shown
in Figure S2B.

Whole genome sequencing
For whole genome sequencing (WGS), normal DNA was isolated from PBMCs with a Qiagen AllPrep kit using the manufacturer’s
instructions. Tumor DNA was isolated in an identical manner from the lymphocyte-depleted fraction of the tumor after the Percoll
gradient. WGS was performed by Novogene. Normal samples were sequenced to a depth of 43.8x and 49.5x at the first and second
timepoint, respectively. Tumor samples were sequenced to 166.5x and 178.7x depth for the untreated and irradiated tumor,
respectively.

Sequencing reads were aligned with the Burrows-Wheeler Aligner.*' Manta and Strelka were used to call indels and single nucle-
otide variants relative to pre-radiation PBMCs.***> Annovar was used to annotate output.*®
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mRNA-sequencing

For mRNA-sequencing, RNA was isolated with the Qiagen AllPrep kit simultaneously with DNA isolation as described above. RNA
was submitted to the Emory Yerkes NHP Genomics Core for paired-end sequencing. Reads were aligned to the human genome
(GRCh38) and assigned to genes with the STAR aligner.“” Count data were analyzed in R with the edgeR package.*®

QUANTIFICATION AND STATISTICAL ANALYSIS

Single-cell analysis

Gene expression and antibody capture (CITE-seq) data were analyzed with Seurat v4.“° Gene expression/RNA-sequencing data
were normalized and scaled with the SCTransform command. Antibody capture data were normalized using the centered log ratio
(CLR) transformation and subsequently scaled. UMAP projection*” and clustering were performed with antibody capture data after
removing isotype controls. 11 principal components, 200 neighbors, and a minimum distance of 0.1 were used for nearest-neighbor
graph construction, clustering (resolution = 0.4), and UMAP projection.

For calculation of cluster frequencies among tumor-infiltrating or circulating CD45" cells, only CD45"* captures were used (Fig-
ure 2E). TAMs were subclustered using the FindSubCluster command in Seurat with a resolution of 0.4 and using the original Louvain
algorithm for modularity optimization. Differential gene expression was calculated in all cases using the FindMarkers command in
Seurat. TCR diversity was quantified with the Shannon index calculated by the diversity command in the vegan package.“® TCR over-
lap was quantified by the Morisita-Horn index. Plots were made with Seurat or ggplot2.*°

mRNA-sequencing

Count data were normalized to counts per million with the cpm function in edgeR. Given the availability of only one sample per con-
dition, differential expression analysis between the two tumor samples was performed using the exactTest function and tagwise
dispersion from the PBMC samples. Gene set enrichment analysis was performed with the fgsea package using log;oFDR*sign(fold
change) as the ranking statistic.°® Results — particularly p values — should be interpreted with caution given the availability of one tu-
mor in each group.
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