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Background: Stereotactic radiosurgery (SRS) is highly effective as focal treatment for brain metastases (BrMs), but
whether it can promote anti-tumour immune responses that synergise with immunotherapy remains unclear. We
investigated this by examining blood samples from a clinical trial for HER2-amplified breast cancer (HER2-BC)
BrMs, matched with longitudinal HER2-BC BrM samples resected from the same location in the same patient.
Methods: Blood samples from 10 patients taken pre- and 7-14 days post-SRS were analysed by mass and flow
cytometry. One patient received pre-operative SRS for a BrM that recurred 7 months after resection, followed by
planned re-resection 8 days post-SRS. Pre- and post-SRS tumours from this patient were analysed by bulk
RNAseq, multiplex immunohistochemistry (mIHC), and TCR sequencing.

Results: Monocytes, central memory CD8+ T and regulatory T cells were enriched in blood post-SRS, together
with increased MHC-II expression on monocytes, conventional DCs, and monocytic MDSCs. In tumour, SRS
upregulated antigen presentation, T cell proliferation and T cell co-stimulation signatures, alongside an influx of
tumour-associated macrophages (TAMs) and CD4+ T cells. Specifically, TAMs and CD4+ T cells, but not CD8+ T
cells, demonstrated spatial co-localisation post-SRS. These TAMs were lowly PD-L1 expressing, but CD4+ T cells
showed increased PD-1 expression. A sizeable proportion of T cell clonotypes were retained post-SRS, and four
clones demonstrated significant, non-stochastic expansion.

Conclusion: Systemic and local immunological changes in this homogenous patient cohort suggest that SRS may
facilitate MHC-II-restricted T cell priming responses involving the monocyte-macrophage lineage and CD4+ T
cells, which should be further explored.

1. Introduction

Brain metastases (BrMs) afflict about half of patients with advanced
cancer, cause multi-domain impairment on quality of life, and are
almost universally associated with a poor prognosis [1]. Paradoxically,
as newer systemic therapies improve patient survival across cancer
types, the late emergence of BrMs, which can be persistently recurrent
and devastating despite well-controlled extracranial disease, is
increasingly a problem in the clinic [2].

Although clinical trials have shown immune checkpoint blockade

(ICB) can achieve durable BrM responses, these are restricted to
asymptomatic melanoma and non-small cell lung cancer (NSCLC) BrMs
requiring low-dose or no concurrent corticosteroid use [3-5]. There is
clinical data to suggest broadened and improved intracranial activity of
ICB when combined with stereotactic radiosurgery (SRS) [6-9] — a
commonly used, highly precise form of radiation therapy (RT) that
targets individual BrMs while sparing surrounding normal brain.
Compellingly, this parallels growing clinical and translational data in
the extracranial setting suggesting ICB and RT can exert synergistic, non-
overlapping immunological effects against cancer [10,11].
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A lack of instructive data on the immunological impact of SRS in the
brain, nonetheless, is a critical knowledge gap in optimising this strategy
for BrMs. In addition to the challenge of accessing BrM tissue, SRS-
treated BrMs are often resected only following tumour recurrence,
thus unfairly representing the majority of cases in which SRS achieves
excellent BrM control [12]. Furthermore, overcoming inter-tumour
heterogeneity would require longitudinal sampling of the same BrM,
which is rarely performed. These biases conceal bona fide SRS effects
and likely underlie the conflicting observations in the limited number of
reports thus far [13-16].

Here, we examined a cohort of peripheral blood samples taken before
and after SRS in a clinical trial for HER2-amplified breast cancer BrMs,
matched with a pair of pre- and post-SRS BrM samples of the same
histology resected from the same location in the same patient, not
complicated by treatment resistance. We observed changes suggesting
SRS may be able to induce T cell priming involving macrophages and
CD4+ T cells, which have therapeutic implications when considered
alongside clinical reports of improved whole-brain metastatic control,
beyond the SRS-treated site, when ICB is given concurrently with SRS
[6-8], and the correlation of this phenomenon with increased circu-
lating lymphocyte count [9].

2. Methods and materials
2.1. Human patients and biospecimen collection

Blood and BrM tumour tissue were collected from patients enrolled
in the translational sub-study of the multi-centre Trans-Tasman Radia-
tion Oncology Group (TROG) 16.02 Phase 2 clinical trial
(ACTRN12616001265460) [17] (Supplementary Table 1). Patient
informed consent was obtained and the trial, including the translational
sub-study, was approved by the Peter MacCallum Cancer Centre Human
Research Ethics Committee. Median follow-up duration was calculated
using the inverse Kaplan-Meier method. Time to local failure and
development of new BrMs were calculated using the Kaplan-Meier
method. For the patient from whom pre- and post-SRS BrM tumours
were obtained, a 20 Gy single fraction of neoadjuvant SRS was delivered
8 days prior to planned neurosurgical resection. The patient was on
trastuzumab emtansine (T-DM1) at time of surgery and SRS. No con-
current ICB or dexamethasone was given. Blood and tumour tissue were
collected and processed as described in Supplementary Methods.

2.3. Cytometry by time of flight (CyTOF) and cytokine analysis

CyTOF staining of blood samples was performed according to
established protocols [18]. For details, refer Supplementary Methods.
The antibody list is provided in Supplementary Table 2 and immune cell
clusters were annotated as per Supplementary Table 3 and Supple-
mentary Fig. 1. Plasma concentration level of cytokines were assessed as
described in Supplementary Methods.

2.4. Gene expression analysis

RNA and DNA were extracted from tumour tissue for sequencing as
described in Supplementary Methods. Gene signature scores were
calculated using the single sample Gene Set Enrichment Analysis
(ssGSEA) method with the GSVA package [19], with gene sets taken
from the MSigDB C5 Ontology Gene Set (version 7.2). Transcriptome
deconvolution to infer cell type abundances was performed with
CIBERSORTx [20], using a breast cancer BrM-specific gene signature
matrix created by combining the 3 breast cancer BrM single-cell RNA
sequencing data from Gonzalez et al [21].
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2.5. Diaminobenzidine (DAB) immunohistochemistry (IHC) and
multiplex IHC (mIHC) staining

DAB and mIHC staining was performed as per described in Supple-
mentary Methods. Tumour and normal brain regions were delineated by
a neuro-oncology anatomical pathologist. Counting of cellular pheno-
types was performed in HALO (Indigo Labs, USA) and corroborated with
the SPIAT package [22]. Average minimum distances and cellular
neighbourhood analyses were performed in SPIAT. For identification of
cellular neighbourhoods, the minimum cluster size was set at 30 cells
over a 70 pm radius.

2.6. T cell receptor (TCR) sequencing

Tumour genomic DNA was sent for deep TCRB sequencing with
ImmunoSEQ (Adaptive Biotech, USA). Repertoire diversity, overlap and
clonotype tracking were analysed with the immunarch package [23].
Differential abundance analysis was performed in the Adaptive Immu-
noSEQ Analyser (Adaptive Biotech, USA). The CDR3 sequences of
differentially abundant clonotypes were matched for any known antigen
specificity in the VDJDb (updated 1 June 2023) [24] and McPAS-TCR
(updated 10 September 2022) [25] databases.

3. Results

3.1. SRS for BrMs modulates an immune response detectable in peripheral
blood

We examined 18 pre- and post-SRS blood samples (of which 16 were
patient-paired) from 10 patients enrolled on the translational sub-study
of a Phase 2 clinical trial, conducted to examine patterns of intracranial
failure following local BrM therapy (neurosurgery and/or SRS) without
whole-brain RT in patients with HER2-amplified breast cancer (Fig. 1a)
[17]. 12 intact BrMs and 3 BrM cavities were treated with SRS in this
sub-study with minimal concurrent corticosteroid use (Supplementary
Table 1). With a median follow-up duration of 50.3 months, two local
failures were observed at 13 and 16 months, and the median time to
development of new BrMs (distant brain failure) was 27.5 months
(Fig. 1b).

First-order clustering of lymphocyte and myeloid populations in
blood using cytometry by time-of-flight (CyTOF) revealed a prominent
trend for an increase in myeloid cells following SRS, while the other
major cell types were largely unchanged (Supplementary Fig. 2). Sub-
clustering revealed this myeloid enrichment to be driven by classical
and intermediate monocytes, alongside a drop in conventional dendritic
cells (cDCs) (Fig. 1c). Of the ap T cells, we observed an SRS-induced
increase in regulatory T (Treg) and central memory CD8+ T (CD8+
Tem) cells, while naive CD4+ T (CD4+4 Thaive) and CD4+ Tryvra cells
were diminished (Fig. 1c).

Interestingly, these changes were accompanied by increased
expression of MHC-II (HLA-DR) on cDCs, as well as PD-L1 on classical
monocytes, cDCs, and monocytic myeloid-derived suppressor cells
(mMDSCs) (Fig. 1d). These immune cell types share a monocytic link, in
that monocytes can differentiate into DCs closely resembling MHC-II-
high Type 2 ¢DCs [26], and mMDSCs are aberrant precursors of mono-
cytes under inflammatory myelopoietic signalling [27]. Modulation of T
cell states following SRS was much more subdued (Supplementary
Fig. 3).

Given these findings, we asked if alterations in inflammatory cyto-
kines and myeloid growth factors could be detected in peripheral blood.
In a panel of 20 cytokines tested, concentration of stem cell factor (SCF),
a multi-function haematopoietic factor that can synergise with gran-
ulocyte-macrophage colony-stimulating factor (GM-CSF) for monocyte
lineage commitment [28], showed a significant increase post-SRS
(Supplementary Fig. 4). No significant changes in other cytokines,
including MCP-1 (CCL2), IFN-y, and IFN-a were detectable.
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Fig. 1. SRS to BrMs modulates an immune response detectable in peripheral blood A. Schema of trial and blood collection time points B. Time to local failure
and distant brain failure (development of new BrMs) in the patient cohort C. Immune cell subset frequencies in peripheral blood pre- and post-SRS (by CyTOF). * p <
0.05, adjusted p < 0.1 (generalised linear mixed model accounting for patient pairing) D. Changes in intensity of immune cell surface marker expression following
SRS (by CyTOF). Grey squares represent non-significant modulation (adjusted p > 0.1, generalised linear mixed model accounting for patient pairing).
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Collectively, these findings suggest that SRS for BrMs resulted in a
systemic response involving monocytes and T cells.

3.2. Antigen presentation and T cell responses occur in the SRS-treated
tumour

To investigate the origin of these peripheral responses, we interro-
gated a pair of BrMs pre- and post-SRS obtained from the same brain
tumour location in the same patient (Fig. 2a, Methods). This patient
presented with a solitary occipital BrM which was initially treated with
SRS as part of this clinical trial, but recurred locally 2 years later, at
which point SRS local control rates generally drop to 50-60 % [29]. This
was resected (comprising the pre-SRS sample) with residual disease that
progressed shortly within the BrM cavity. The cavity recurrence was
then treated with neoadjuvant SRS followed by planned neurosurgical
resection 8 days later (comprising the post-SRS sample). No trans-
lational blood samples were collected surrounding these events as they
occurred after conclusion of the trial.

On gene expression profiling, immunological and neuronal tran-
scriptional programs were most enriched following SRS, among which
are T cell activation via antigen presentation, T cell proliferation and T
cell co-stimulation (Fig. 2b, Supplementary Figure 5). Outside those
represented by these gene signatures, well-described genes for T cell
activation, inhibition, exhaustion, and cytotoxicity also showed an
overall pattern of upregulation, including TOX, a regulator of tumour-
specific T cell differentiation [30] (Fig. 2c).

To determine the composition of cell types that may contribute to
these processes, we used a breast cancer BrM-specific signature matrix
from published single-cell RNA sequencing data of BrMs [21] to
deconvolute the bulk transcriptome. This inferred a significant loss of
metastatic tumour cells in the post-SRS sample, as expected following
SRS and thus serving as an internal control, and an expansion of the
immune cell compartment (Fig. 2d). The immune cell increase was
primarily accounted by APOE+/C1QB+ (APOE+) tumour-associated
macrophages (TAMs) (19.6-fold), followed by CD4+ T¢y cells (2.6-
fold) and S100A8+/FCN1+ (S100A8+ ) TAMs (2.0-fold). The propor-
tion of CD8+ T cells was low and not significantly altered by SRS.
Notably, APOE+ TAMs are described to express a core set of immuno-
modulatory molecules involved in antigen processing and presentation,
while S100A8+ TAMs express an inflammatory program resembling
MDSCs, neither of which fall neatly into classical M1/M2 phenotypes
[21]. Using an independent gene signature for brain macrophage
ontogeny [31], we confirmed that the post-SRS tumour strongly skewed
towards being predominantly composed of bone marrow-derived mac-
rophages (BMDMs) rather than brain-resident microglia (Fig. 2e).

The expansion of TAMs and the increase in peripheral monocytes at a
similar timepoint following SRS (Fig. 1c) suggests an SRS-induced
chemotactic process between the two tissue compartments. Inspection
of chemokine transcript expression in the tumour revealed the top 3
upregulated members to be CCL2, CCL3, and CXCL14, all of which are
major monocyte chemokines (Fig. 2f). However, there was no increased
plasma concentration of MCP-1 (CCL2) detectable post-SRS in the pe-
ripheral blood cohort (Supplementary Fig. 4), and the transcript for SCF
(KITLG) was not differentially expressed in this tumour pair (|fold
change| < 0.05). Issues with detection of free/bound protein and inter-
tumour heterogeneity may contribute to this apparent discordance.

3.3. Tumour-associated macrophages and CD4+ T cells cluster following
SRS

Next, we sought to confirm the cell type abundances and explore
their spatial distribution in tumour. The pre-SRS BrM demonstrated
sequestration of immune cells in the perivascular niche outside tumour
cell nests in an immune-excluded phenotype, although sparse CD8+ T
cells were seen inside the tumour margin (Fig. 3a). This phenotype was
abolished in the post-SRS specimen, showing significant loss of tumour
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cells, and immune cells interspersed among areas of necrosis, cellular
debris, and small tumour cell islets (Fig. 3a). There were also more areas
of normal brain parenchyma in the post-SRS specimen (Supplementary
Figure 6), which was a surgical artefact that likely explains the neuronal
signatures and astrocyte abundance inferred post-SRS (Supplementary
Figure 5, Fig. 2d). Validating the deconvolution data, TAMs and spe-
cifically CD4+ T cells, but not CD8+ T cells, were highly enriched
throughout tumour and brain regions (Fig. 3b).

Both pre- and post-SRS BrM TAMs were lowly PD-L1-expressing
(Fig. 3c). However, PD-1 expression on CD4+ T cells unambiguously
increased post-SRS, alongside elevated PD-1 and PD-L1 expression on
CD8+ T and tumour cells respectively (Fig. 3c), together suggesting a
non-inert immune infiltrate. Visually, there were areas in the post-SRS
BrM, but not pre-SRS, where TAMs aggregated closely around tumour
cells and CD4+ T cells (Fig. 3d). Indeed, minimum distances from the
closest TAM (target cell type) to each tumour, CD4+ T, and CD8+ T cell
(reference cell types) were significantly shorter post-SRS (Fig. 3e).
Because this parameter is dependent on the target/reference cell order,
the inverse was not uniformly true, whereby we saw shorter minimum
distances from the closest tumour cell (target cell type) to each TAM,
CD4+ and CD8+ T cell (reference cell types) pre-SRS, due to tumour
nests bordering perivascular spaces in which immune cells segregated
(Fig. 3a, e). Interestingly, activated CD4+ T cells, as determined by their
PD-1 expression, were closely surrounded by TAMs, but activated CD8+
T cells did not demonstrate this proximity gradient (Fig. 3f).

Given these findings, we systematically searched for all cell clusters
throughout the sample to discern what cell types tended to group
together. By performing neighbourhood analysis using hierarchical
clustering of cell-cell distances, 68 groups of closely spaced cells were
identified among the primary pattern of free-standing cells in hypo-
cellular regions (Fig. 3g). Very few clusters were comprised of a single
cell type, but the majority were made up of either TAM-CD4+ T cell or
TAM-tumour cell admixtures (Fig. 3h). In some clusters, three or four of
the TAM, CD4+ T, CD8+ T, and tumour cell types could be found
(Fig. 3d, h).

Thus, we observed changes of potential biological relevance in the
immune and tumour cell spatial distribution following SRS, which
propose the possibility of MHC-II-restricted interactions driving the
transcriptional signatures of T cell receptor (TCR) contact and T cell
activation observed earlier.

3.4. T cell clones are retained and differentially abundant in the SRS-
treated tumour

We posited if antigen presentation was indeed occurring and leading
to successful T cell priming, T cell clonal expansion would follow,
resulting in an observable shift in tumour-associated TCR diversity.
Uniquely, we were able to test this because the tumours were longitu-
dinally obtained from the same tumour site pre- and post-SRS.

TCR sequencing of bulk tumour-derived DNA revealed a drop in
repertoire richness and a rise in clonality following SRS (Fig. 4a). A
moderate proportion of T cell clonotypes was retained with SRS, and the
overlap of pre- and post-SRS repertoires (accounting for individual
clonotypes and their abundance) was sizeable (Fig. 4b). The top clono-
types post-SRS were mostly shared with and expanded from those pre-
sent pre-SRS except for one, which was de novo in tumour (Fig. 4c, d).

Importantly, four of these were statistically significant in their
increased abundance, therefore unlikely explained by chance observa-
tion or by random replacement from circulating bystander T cells
(Fig. 4d). One clonotype was significantly contracted. None of these
differentially abundant clones matched any known TCR sequences
against common viral and bacterial epitopes [24,25].

4. Discussion

In this study, we provide insight on how SRS for BrMs may shape
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Fig. 2. Antigen presentation and T cell responses occur in the SRS-treated tumor A. Outline of patient case history, from whom longitudinal BrMs were ob-
tained from the same location in the brain pre- and post-SRS. Arrowheads on magnetic resonance imaging (MRI) scans indicate the BrM of interest. B. Immune
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systemic and local immune responses by examining a unique set of
patient-matched, longitudinal blood and tumour samples. We found SRS
evoked an increase of classical and intermediate monocytes in the
circulating bloodstream which likely trafficked into the SRS-treated
tumour and differentiated in-situ into TAMs. CD4+ T cells were the
second most enriched cell type in the post-SRS tumour. Interestingly,
these were CD4+ Tcy cells by transcriptome deconvolution, which are
the most abundant T cell subtype in the cerebrospinal fluid patrolling
the central nervous system (CNS) [32]. The infiltration of macrophages
into post-treatment brain tumours is not surprising, being professional
phagocytes tasked with clearing of cellular debris. However, the strong
antigen presentation and TCR engagement signatures, co-localisation of
cells into TAM-CD4-+ T cell-tumour cell clusters, and non-stochastic
shifts in T cell clonal diversity suggest a possible SRS-induced adap-
tive immune response also occurring in the tumour milieu. The modu-
lation of ¢cDC, CD4+ and CD8+ T cells peripherally in our patient cohort
may therefore be a related development, although this remains to be
confirmed.

Strikingly, the importance of MHC-II-restricted TAM-CD4+ T cell
interactions in preserving CD8+ T cell cytotoxicity and ICB response,
but not CD8+ T cell abundance, in brain tumours was recently described
[33]. While monocyte-derived macrophages are generally linked with
immunosuppression and T cell exhaustion rather than T cell activation,
macrophages adopt a spectrum of pro- and anti-tumour phenotypes that
can be influenced by RT [34,35]. The majority of pre-SRS TAMs in our
study were of the S100A8+/FCN1+ subtype which more closely re-
sembles MDSCs, whereas following SRS these were predominantly of the
APOE+/C1QB+subtype which exhibits antigen processing and presen-
tation programs [21]. In fact, a recent pre-clinical study showed that
augmenting macrophages surprisingly generated CD8+ T cell-
independent radiation abscopal responses [36].

Despite the focus on a single histology, our findings complement the
larger state of knowledge beyond that for HER2-amplified breast can-
cers. The enrichment of peripheral Tyeg cells following SRS for BrMs is
consistent with similar observations following RT for extracranial tu-
mours of various cancer types [37,38]. The increase in peripheral
monocyte count was also described in a recent case report of SRS for 2
non-longitudinal NSCLC BrMs [13]. In that study, the predominant TAM
subtype in the SRS-treated tumour was FCN1+, which in our study was
only modestly elevated in comparison to APOE+TAMs. Furthermore,
the authors found very low overlap in T cell repertoire between the SRS-
treated and untreated BrMs (Morisita index of 0.01), concluding that
SRS severely depleted tumour-resident T cells, almost fully replacing
them with new clones from the circulating pool. In our study, the T cell
repertoire overlap between pre- and post-SRS BrMs was substantially
higher (Morisita index of 0.47). While we do not have matching data
from circulating T cells to compare against, it is possible this amount of
overlap may represent some retention of tumour-infiltrating T cells.
These apparent discrepancies with our findings could be explained by
the examination of two separate BrMs in that study, and that the irra-
diated BrM in that study was resected due to immediate disease pro-
gression, which introduce inter-tumour heterogeneity and primary
treatment resistance as confounding factors.

Our study needs to be considered in light of its limitations. Firstly,
only one pair of pre- and post-SRS BrMs was interrogated, which limits
conclusions that can be made from this study. However, such samples
are very rarely available for study, and despite this limitation, our
findings challenge the limited data (or lack of) that underlie current
assumptions. Secondly, we lack single-cell resolution data to confirm the
biological contributions of each cell type and to ascribe T cell clones by
CD4+ and CD8+ lineages. The targets of the differentially abundant
TCRs are also unknown. Finally, because of limited tissue, we
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intentionally designed our IHC panels with a macrophage and T cell
focus, and thus were unable to discern other antigen presenting cell
types such as cDCs that may have been present in the tumour.
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