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Distinct phenotypic states and spatial distribution of
CD8" T cell clonotypes in human brain metastases
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Highlights
e Human brain metastases (BrMs) are well infiltrated by CD8*
T cells

e Exhausted CD8* T cells in BrMs have little TCR overlap with
other infiltrating cells

e Bystander CD8" T cells inhabit BrMs and adopt a resident
progenitor-like phenotype

e Spatial TCR sequencing shows CD8" T cell localization is
linked to phenotypic state
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In brief

To develop improved immunotherapies
for brain metastases, detailed
characterization of their immune infiltrate
is needed. Sudmeier et al. show that brain
metastases are well infiltrated by CD8*

T cells, including bystander cells and ex-
hausted, likely tumor-specific, cells.
These cells exhibit distinct phenotypes
and spatial localization within the brain
metastasis tumor microenvironment.
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SUMMARY

Metastatic disease in the brain is difficult to control and predicts poor prognosis. Here, we analyze human
brain metastases and demonstrate their robust infiltration by CD8* T cell subsets with distinct antigen spec-
ificities, phenotypic states, and spatial localization within the tumor microenvironment. Brain metastases
are densely infiltrated by T cells; the majority of infiltrating CD8* T cells express PD-1. Single-cell RNA
sequencing shows significant clonal overlap between proliferating and exhausted CD8™ T cells, but these
subsets have minimal clonal overlap with circulating and other tumor-infiltrating CD8" T cells, including
bystander CD8* T cells specific for microbial antigens. Using spatial transcriptomics and spatial T cell recep-
tor (TCR) sequencing, we show these clonally unrelated, phenotypically distinct CD8* T cell populations
occupy discrete niches within the brain metastasis tumor microenvironment. Together, our work identifies
signaling pathways within CD8" T cells and in their surrounding environment that may be targeted for immu-

notherapy of brain metastases.

INTRODUCTION

The brain comprises a unique immune environment, classically
thought to be immunosuppressive, that protects the central ner-
vous system from excessive inflammation.” Although there is
loss of blood-brain-barrier (BBB) integrity within brain tumors,**
the consequent less-selective blood-tumor-barrier (BTB) and sur-
rounding stroma of brain tissue may together affect inflammatory
signaling and cell recruitment to the tumor microenvironment
(TME) of brain metastases (BrMs). Tumor-specific CD8" T cells,
CD4* T cells, and B cells have all been described in extracranial
tumors,” but the prevalence, phenotype, and antigen specificity
of these cells in BrMs is unclear. For example, BrMs are infiltrated
by CD8* T cells*™® that may not be clonally related to CD8* T cells
infiltrating patient-matched primary tumors,® suggesting that
BrMs may have unique determinants governing immune cell
recruitment and response to immune checkpoint blockade (ICB)
compared with the primary tumor. Here, we examine the lympho-
cytic infiltrate of BrMs, focusing on CD8* T cells given their leading
role in responsiveness to current immunotherapies.'®

Exhausted CD8" T cells, which are characterized by impaired
proliferative and cytotoxic capacity,’” express inhibitory mole-
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cules such as PD-1, which further promote the exhausted
phenotype.'? Inhibitory pathways like PD-1 are the targets of
ICB agents, which block suppressive signaling in exhausted
CD8* T cells to rescue their proliferative and cytotoxic function. '
ICB agents have resulted in dramatic improvements in cancer
disease control and patient survival; however, a significant pro-
portion of cancer patients have refractory disease that either
does not respond to ICB or progresses after an initial
response.’®'* One strategy to improve ICB efficacy is to simul-
taneously block multiple inhibitory molecules expressed on ex-
hausted CD8* T cells."® In order to identify potential therapeutic
targets for this combination approach, a detailed phenotypic
characterization of the target exhausted CD8" T cells is required.

Exhausted CD8" T cells are composed of diverse phenotypic
subpopulations with distinct functions, inhibitory molecule
expression, and tissue homing patterns. Exhausted progenitor
PD-1* CD8* T cells are maintained by expression of the tran-
scription factor TCF-1; they self-renew and produce daughter
cells that undergo further differentiation.’®® Transitory PD-1*
CD8" T cells are the immediate progeny of these progenitor
cells and are characterized by expression of effector molecules
and loss of TCF-1 expression. Transitory cells are migratory;
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circulating antigen-specific CD8" T cells in cancer and chronic
infection are found in this state, which is marked by CX3CR1
expression.'®?* Upon migration to non-lymphoid tissues, transi-
tory cells further differentiate into a terminally differentiated pop-
ulation with increased expression of inhibitory molecules.'®'
These terminally differentiated CD8" T cells are resident in
non-lymphoid tissues, have poor effector function, and lack pro-
liferative capacity.'®’

These CD8" T cell populations each respond differently to
PD-1 pathway blockade. ICB acts on effector CD8"* T cells at
the site of antigen to improve their effector function by increasing
their expression of molecules such as granzymes and perfor-
ins.'®192526 The exhausted progenitor population is required
for the proliferative burst observed after ICB, which produces
significant expansion in the number of transitory effector
cells."®"® Thus, the progenitor population of exhausted CD8*
T cells has received significant attention in tumor immunology
studies, many of which have quantified tumor-infiltrating
TCF-1* cells.?'**"~2° However, the antigen specificity of tumor-
infiltrating TCF-1* CD8" T cells is rarely determined.

Tumor-specific exhausted progenitor TCF-1" CD8* T cells
have been found in human papillomavirus positive (HPV+) head
and neck squamous cell carcinoma.®° Similar progenitor cells
were also recently identified in melanoma and non-small cell
lung cancers, where a majority of tumor-specific CD8* T cells
were in a terminally differentiated state.®"*? In murine models,
antigen-specific exhausted progenitor CD8" T cells are enriched
in tumor-draining lymph nodes and are found exclusively in sec-
ondary lymphoid organs during chronic infection.>*~*® However, it
is unclear whether tumor-specific exhausted progenitor CD8"*
T cells reside in tumors growing in the brain. In the absence of an-
tigen-specificity information, CD8™ T cell function is often inferred
from the phenotype. However, this approach is confounded by
the expression of some molecular markers at multiple stages of
CD8* T cell differentiation. TCF-1, for example, is expressed
by naive, memory, and exhausted progenitor CD8" T cells.
Cytomegalovirus (CMV)- and Epstein-Barr virus (EBV)-specific
effector memory CD8* T cells co-express TCF-1 and TOX,*® a
transcription factor associated with T cell exhaustion.®”° EBV-
and influenza-specific CD8" T cells have also been found in pri-
mary and metastatic brain tumors.*® Moreover, brain-resident
memory cells have been reported to maintain antigen-indepen-
dent PD-1 expression.*’

Here, we describe the composition of BrM-infiltrating lympho-
cytes from a cohort of 31 patients and perform a detailed char-
acterization of the CD8"* T cells and their surrounding TMEs in
a subgroup of these patients. BrMs were well infiltrated by
T cells, and the majority of CD8"* T cells expressed PD-1. Using
single-cell RNA sequencing (scRNA-seq), we identified four tran-
scriptional populations among PD-1* CD8" T cells infiltrating
BrMs: dividing cells, terminally differentiated cells, and two clus-
ters that shared some phenotypic features with exhausted pro-
genitor cells. These first two subsets shared significant clonal
overlap with each other but had minimal T cell receptor (TCR)
overlap with the progenitor-like populations. We systematically
identified bystander cells specific for microbial antigens among
BrM-infiltrating CD8* T cells; these were rare in the terminally
differentiated and dividing populations and had a phenotype
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similar to that of exhausted progenitor cells. Bystanders were
present among BrM-infiltrating PD-1* CD8"* T cells and circu-
lating PD-1* CD8* T cells at a similar frequency. To determine
the location of specific CD8" T cell clones within the tumor, we
developed a method to obtain TCR sequences from spatial tran-
scriptomics data*” and showed that CD8* T cells from each pop-
ulation were spatially restricted to specific regions of the BrM
TME; these regions contained distinct gene expression patterns
and cytokine profiles. Together, our results show that BrMs are
infiltrated by diverse populations of CD8" T cells that adopt spe-
cific phenotypes and segregate to distinct niches within the TME
based on their antigen specificity. These data may guide novel
immunotherapeutic strategies for the treatment of BrMs.

RESULTS

Human BrMs are well infiltrated by T cells

Over 18 months, we collected fresh BrM specimens and
matched blood samples from 31 patients at Emory University
Hospital who underwent surgical resection of at least one BrM
(Figure S1A). Samples were obtained fresh at time of surgery
and included a mixture of primary tumor types, the most abun-
dant of which was lung carcinoma (Figures 1A and S1A), consis-
tent with it being the primary cancer most likely to metastasize to
the brain.*>** All patients were naive to immunotherapy. The im-
mune infiltrate of all samples was quantified by flow cytometry. A
subset of samples was used for high-parameter flow cytometry,
scRNA-seq, TCR sequencing, and immunohistochemistry with
spatially resolved transcriptomics (Figure 1A).

BrMs were variably infiltrated by immune cells, ranging from
2.9 x 10*t0 2 x 107 CD45* lymphocytes per gram of tumor (me-
dian 7.6 x 10°), with BrMs from breast cancer having the lowest
infiltration density (Figures 1B and S1B). CD8" T cell infiltration
was also variable (range of 3.4 x 10 to 1.5 x 107, median of
2.0 x 10° CD8" T cells/gram of tumor), with breast-carcinoma his-
tology again showing the lowest density of infiltration (Figures 1C
and S1C). Most of the cohort presented with a new diagnosis of
cancer or recurrence after previous definitive treatment; 5 patients
had tumors resected after progressing in the brain while on sys-
temic therapy (not immunotherapy). The density of CD45" lym-
phocytes was lower in the tumors that progressed on treatment,
and a similar trend was observed for CD8" T cells (Figures 1D
and 1E). Despite significant variability among samples, CD8"
T cells comprised a similar proportion of lymphocytes within
BrMs, regardless of primary tumor type (Figure 1F). CD4* T cell
infiltration was similar to that of CD8* T cells (range of 5.9 x 10°
to 4.7 x 10° median of 3.1 x 10° CD4* T cells/gram of tumor),
with lower infiltration of breast-carcinoma metastases (Figure 1G).
Just under 10% of tumor-infiltrating CD4* T cells expressed
FOXP3 by flow cytometry across measured samples (Figure S1D).
B cell infiltration was markedly lower than T cell infiltration (median
of 1.8 x 10* CD19* cells/gram of tumor), a trend observed across
all primary tumor types (Figure 1H).

A subset of BrM-infiltrating CD8" T cells have a
progenitor phenotype

The response to PD-1 pathway blockade and other immunother-
apies is primarily mediated by CD8* T cells, and proliferation of
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Figure 1. Human brain metastases are well infiltrated by PD-1* CD8* T cells

I) Percentage of CD8" T cells expressing PD-1 in 21 tumors.

A) Experimental schema and distribution of samples among primary tumor histologies.

B and C) Density of CD45* lymphocytes (B) and CD8" T cells (C) for all 31 brain metastases grouped by primary tumor type.

D and E) Density of CD45" lymphocytes (D) and CD8* T cells (E) for all 31 brain metastases grouped by patient disease status at time of tumor resection.
F) Frequency of CD8" cells among lymphocytes grouped by tumor type for all 31 patients.

G and H) Density of CD4* T cells (G) and B cells (H) for 20 and 16 of the tumors, respectively.

J) Phenotype of PD-1" versus PD-1* CD8" T cells within brain metastases (n = 12-14 for each marker).
K) Percentage of tumor-infiltrating TCF-1" CD8" T cells expressing PD-1, TOX, or both (n = 14).

Bars on graphs indicate median. In (B)—(E) and (G), statistics show variance among primary tumor types with the Kruskal-Wallis test. In (F), (H), and (l), statistics
show one-way ANOVA. In (J), statistics show a mixed-effects model analysis with Sidak’s multiple comparisons test.

See also Figure S1.

these cells is associated with positive clinical outcomes after
ICB.">*® To interrogate the phenotype of circulating and tu-
mor-infiltrating CD8™ T cells in patients with BrMs, we performed
high-parameter flow cytometry on patient-matched tumor-infil-
trating and circulating CD8" T cells (Figure S2A). Despite some
variation, a majority of BrM-infiltrating CD8* T cells expressed
PD-1; this was consistent across different tumor histologies (Fig-

ure 11). We compared the expression of other co-inhibitory mol-
ecules, transcription factors, and the effector molecule gran-
zyme B (GZMB) on PD-1" and PD-1* CD8" T cells (Figure 1J).
TOX and the co-inhibitory molecules TIM3, CD39, and CTLA-4
were significantly higher on PD-1* cells compared with PD-1"
cells. Although CD69 was more highly expressed on PD-1* cells,
nearly half of PD-1" cells also expressed CD69, indicating that a
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portion of these cells are also resident in the tumor (Figure 1J).
While GZMB and the co-stimulatory molecule CD28 are
expressed similarly between PD-1* and PD-1" CD8" T cells,
markers of progenitor function of CD8* T cells such as CD127
and TCF-1 were higher in PD-1" cells (Figure 1J).

Little is known about the abundance and phenotype of TCF-1*
CD8" T cells in BrMs, and it is unclear whether tumor-specific ex-
hausted progenitor cells reside in these tumors. CD127 and
CD28 have been used as extracellular markers of TCF-1* pro-
genitor CD8" T cells in chronic infections and cancer.'?"%° |n
BrM-infiltrating CD8* T cells, CD28 and CD127 were both
more frequent on PD-1* TCF-1*" compared with PD-1* TCF-1"
cells (Figures S2B and S2C), but their expression did not
completely recapitulate that of TCF-1. CD127 was mostly absent
from PD-1* TCF-1" cells but only expressed on half of PD-1*
TCF-1* cells (Figure S2B). CD28 was a more sensitive marker
of TCF-1 expression and was found on over 75% of TCF-1* cells
but lacked specificity, with expression on over 50% of TCF-1~
cells (Figure S2B). The transcription factor TOX is a marker and
regulator of CD8* T cell exhaustion®’° and is expressed on
all tumor-specific CD8™ T cells in human cancers.*° In our cohort,
44% of BrM-infiltrating TCF-1* CD8" T cells expressed TOX and
37% were PD-1%; 14% of TCF-1* CD8* T cells co-expressed
PD-1 and TOX (Figure 1K). Thus, despite the high frequency of
TCF-1* CD8™ T cells within BrMs, these cells are phenotypically
diverse and TCF-1 expression alone may not be an adequate
marker of tumor-specific CD8" T cell progenitor function.

Phenotypically distinct populations of CD8* T cells
infiltrate BrMs

FlowSOM clustering identified six populations of patient-
matched tumor-infiltrating and circulating CD8" T cells (Fig-
ure 2A). Cells from clusters 1 and 2 were preferentially found in
blood (Figures 2B and 2C), indicating the presence of some
selectivity for T cell infiltration across all BrMs. Cluster 3 was pre-
sent in high frequencies in blood and tumor, clusters 4 and 5
were exclusively tumor infiltrating, and cluster 6 was a rare pop-
ulation in both blood and tumor (Figure 2C). Cluster 1 is
composed of naive CD8" T cells and is characterized by expres-
sion of CCR7 and CD45RA (Figures 2D and 2E); its exclusion
from tumor samples is indicative of minimal blood contamination
of BrM specimens. Cells in cluster 2 were predominately
CD45RA* and expressed high levels of GZMB (Figure 2E). Clus-
ter 3 was present in the circulating and tumor compartments and
was composed of heterogeneous PD-1" and PD-19™ cells with
high levels of CD28, CD127, and TCF-1 (Figures 2C-2E). Cells
in clusters 4 and 5 both expressed CD69, consistent with tissue
residence and their predominance in the tumor (Figure 2E). Cells
in both clusters 4 and 5 also expressed CD38 and were low for
TCF-1 and CD127; expression of these latter two markers on in-
tratumoral CD8" T cells was primarily restricted to cluster 3, a
cluster shared between the tumor and circulating compartments
(Figures 2C-2E). Cluster 5 is an exhausted, terminally differenti-
ated population of CD8" T cells that expresses PD-1 as well as
other co-inhibitory molecules including CTLA-4, CD39, and
TIM-3 (Figures 2D and 2E). Most cells in cluster 5 also expressed
TOX and were TCF-1" (Figures 2E and S2D). Cells in cluster 6 are
dividing (KI-67*) and express activation markers such as HLA-
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DR and CD38 as well as exhaustion markers such as PD-1 (Fig-
ure 2E). Cluster 6 cells express CD28 but low levels of TCF-1 and
CD127 (Figures 2D and 2E). Together, these flow-cytometry
results show that distinct and diverse CD8" T cells populate
BrMs; we next sought to characterize their gene expression pro-
files and antigen specificities.

BrM-infiltrating CD8* T cells comprise four metaclus-
ters with distinct transcriptional phenotypes

CD8* T cells specific for tumor-associated viral and neoantigen
epitopes express PD-1.2¢"*% |n our cohort, PD-1 expression
within the tumor was highest on the terminally differentiated clus-
ter 5 and dividing cells (FlowSOM cluster 6; Figures 2D and 2E).
PD-1 was also expressed at lower levels in tumor-enriched clus-
ter 4 and on some cells in cluster 3, which was shared between
blood and tumor (Figures 2C-2E). To determine transcriptional
profiles, interrogate differentiation pathways, and examine anti-
gen specificity of these PD-1-expressing cells, we performed
scRNA-seq with TCR sequencing on sorted PD-1* CD8*
T cells isolated from three non-small cell lung carcinoma
(NSCLC) BrMs and two melanoma BrMs immediately after surgi-
cal resection (Figure S3). These two histologies were chosen
because they commonly metastasize to the brain.** Naive
CD8" T cells were also sorted from patient-matched blood as
a control. From 22,828 sequenced cells, we identified fourteen
populations of PD-1* CD8* T cells, which were hierarchically
clustered into 5 metaclusters with similar gene expression pat-
terns: A, B, C, dividing (D), and naive (Figure 3A). Four of the
five patients had cells in each of clusters A-D, with the exception
being patient 17, who did not have cells in metacluster C (Fig-
ure 3B). There was no difference in the percentage of cells in
each metacluster between BrMs from lung cancer versus mela-
noma, suggesting that these two tissues of origin did not strongly
influence the phenotype of BrM-infiltrating PD-1* CD8" T cells
here (Figures 3C and 3D), consistent with our flow-cytometry re-
sults (Figure S2E).

Tumor-infiltrating PD-1* CD8™ T cells in the A and D metaclus-
ters had a terminally differentiated phenotype similar to that of
FlowSOM cluster 5 that was characterized by high expression
of genes encoding co-inhibitory molecules such as CTLA4,
ENTPD1 (CD39), HAVCR2 (TIM-3), and LAGS3, consistent with
this population containing tumor-reactive cells (Figures 3E, 3F,
and S4A). These cells expressed a unique repertoire of genes en-
coding cell-surface proteins that could be assessed for co-inhib-
itory or co-stimulatory potential (Figure S4D). Cells in the D meta-
cluster were additionally defined by high expression of cell-cycle
genes such as MKI67 (KI-67) and TOP2A (Figures 3E-3G). Meta-
clusters B and C expressed the lowest levels of co-inhibitory
markers (Figures 3E, 3F, and S4). They were distinguished
from each other by higher expression of tissue-residence genes,
such as CD69, in metacluster C (Figure S4A). Together, meta-
clusters B and C contained PD-1* CD8" T cells with higher
expression of the progenitor markers TCF7 (TCF-1) and IL7R
(CD127) compared with terminally differentiated and dividing
cells (Figures 3E-G). Gene set enrichment analysis (GSEA) re-
vealed that the transitory transcriptional signature characterized
in the murine lymphocytic choriomeningitis virus (LCMV) model
of CD8" T cell exhaustion'® was enriched in the D metacluster,
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Figure 2. Spectral flow cytometry reveals that brain metastases are infiltrated by CD8" T cells that are phenotypically distinct from

circulating CD8* T cells

(A) Uniform manifold approximation and projections (UMAPSs) of high-parameter flow-cytometry data gated on CD8" T cells from 13 brain metastases, patient-
matched blood, and blood from four healthy controls. Cells are colored by FlowSOM cluster.

(B) UMAPs of CD8* T cells from four individual patients (renal cell carcinoma [RCC]). Tumor-infiltrating and circulating CD8* T cells are shown in the top and bot-
tom rows, respectively. Inlaid pie charts show percentage of cells in each FlowSOM cluster.

(C) Percentage of CD8" T cells in each cluster is shown for each patient’s blood and tumor sample.

(D) Expression of selected markers in each CD8" T cell cluster.
(E) Relative intensity of each indicated marker within each flow cluster.

Statistics in (C) show differences between blood and tumor frequency by two-way ANOVA with Sidak’s multiple comparisons test.

See also Figure S2.

suggesting that these cells may be undergoing differentiation
from stem-like to terminally differentiated PD-1* CD8" T cells
(Figure S4B). Similar analysis showed that the LCMV terminally
differentiated signature was enriched in metacluster A (Fig-
ure S4B). Thus, we hypothesized that metaclusters B and C
may contain exhausted progenitor cells, while metaclusters A
and D contained their terminally differentiated progeny.

Terminally differentiated CD8* T cells have minimal
clonal overlap with circulating or progenitor-like tumor-
infiltrating CD8" T cells

To determine the clonal relationship between circulating and
BrM-infiltrating CD8" T cells, we performed TCR sequencing
on non-naive PD-1" and PD-1* CD8"* T cells sorted from pa-
tient-matched peripheral blood (Figure S3). Compared with
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Figure 3. Transitory and terminally differentiated PD-1* CD8* T cells infiltrate human brain metastases

(A) UMAPs of all 22,828 PD-1* CD8* T cells sorted from 5 brain metastases and naive cells sorted from patient-matched blood samples. Hierarchical clustering is

shown at right.
(B) Distribution of each patient’s PD-1* CD8" T cells among metaclusters.

(C) Distribution of PD-1* CD8* T cells among metaclusters for each primary tumor type.

(D) Phenotype of PD-1* CD8* T cells from brain metastasis and matched circulating naive cells for each patient.
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circulating PD-1- CD8™" T cells, circulating PD-1* CD8" T cells
had lower TCR diversity and more overlap with tumor-infiltrating
cells (Figures 4A and 4B). However, the overall overlap between
circulating and tumor-infiltrating CD8* T cells was minimal, sug-
gesting that circulating CD8" T cells expressing tumor-enriched
TCRs are rare (Figure 4B).>**° Girculating tumor-specific CD8*
T cells appear to be even more infrequent, as TCRs from termi-
nally differentiated cells were rarely found in blood (Figures 4C
and 4D). Tumor-infiltrating cells that did express blood-enriched
TCRs were predominantly located in metaclusters B and C
(Figures 4C and 4D). This is consistent with our flow-cytometry
data, where TCF-1 and CD127 expression in the tumor was
restricted to FlowSOM cluster 3, a population of cells shared be-
tween blood and tumor (Figures 2C and 2D).

To interrogate the differentiation pathways available to BrM-
infiltrating PD-1* CD8" T cells, we analyzed TCR overlap among
scRNA-seq metaclusters. In particular, we were interested in
clonal overlap between metaclusters B/C and A/D, which would
indicate in situ differentiation of progenitor-like CD8" T cells to
terminally differentiated cells within the BrM TME. Terminally
differentiated and dividing cells (metaclusters A and D, respec-
tively) had substantial TCR overlap with each other (Figure 4E).
However, these dividing and exhausted cells exhibited minimal
TCR overlap with metaclusters B and C, which contained cells
with a less- or non-exhausted phenotype (Figures 4E and S5).
Most CD8* T cell clones—and particularly the most abundant
clones—within each patient’s tumor were mostly restricted to
either an exhausted (metaclusters A/D) or progenitor-like (meta-
clusters B/C) phenotype (Figures 4F, 4G, and S5), indicating that
these populations have largely unshared antigen specificity. TCR
diversity was also lower among terminally differentiated cells
(metaclusters A/D) compared with cells in metaclusters B/C (Fig-
ure 4H). These data suggest that there are two distinct pools of
exhausted (metacluster A/D) and memory-like (metaclusters
B/C) PD-1* CD8" T cells between which differentiation is rela-
tively restricted within the BrM TME. Our data do not preclude
the presence of tumor-specific exhausted progenitor CD8*
T cells in metaclusters B/C but suggest that they are rare and
that the majority of terminally differentiated CD8* T cells (meta-
clusters A/D) appear to arise from exhausted progenitors outside
of the tumor. We thus hypothesized that cells in metaclusters B
and C may largely instead be bystander CD8" T cells specific for
non-tumor antigens that have become resident within the tumor
following migration from the circulation.

BrM-infiltrating bystander CD8" T cells have phenotypic
similarities to exhausted progenitor CD8" T cells
Previous studies have identified tumor-infiltrating bystander
CD8" T cells,”*° but little is known about bystander infiltration
of BrMs. We queried the VDJdb, a database of TCRs with known
specificity,®’ for matches with TCRs from our scRNA-seq data
and identified one CMV-specific TCR in each of two patients
(Figure S6). Both CMV-specific TCRs were found exclusively in
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cells within metaclusters B/C. To experimentally interrogate
the abundance and phenotype of BrM-infiltrating bystander
CD8"* T cells, we ex vivo expanded peripheral blood mononu-
clear cells (PBMCs) of four patients from whom scRNA-seq
data were available. We stimulated these cells with a microbial
peptide pool (CEFX), isolated interferon gamma (IFNy)* and
IFNy~ CD8" T cells by fluorescence-activated cell sorting
(FACS), and performed TCR sequencing on each subset to iden-
tify TCRs that responded to CEFX stimulation with cytokine
secretion and were thus microbe specific (Figure 5A and S7A).

Comparison of TCR sequences from this assay and those
identified from the scRNA-seq data above revealed that CEFX-
specific cells ranged from 0.07% to 1.70% of BrM-infiltrating
PD-1* CD8" T cells. Phenotypically, CEFX-specific BrM-infil-
trating PD-1* CD8" T cells were found within metaclusters B/C
in all four patients, where they were significantly enriched
(Figures 5B-5D and S7B). A median of 1.9% of metacluster
B/C cells were CEFX specific compared with 0.07% of metaclus-
ter A/D cells and 1.1% of total circulating PD-1* CD8* T cells
(Figures 5E and 5F). Of note, 12.3% of metacluster B/C cells
from patient 17 were CEFX specific. Importantly, some of these
experimentally validated bystander cells had a transcriptional
phenotype similar to tumor-specific progenitor PD-1* CD8*
T cells characterized in other studies,® marked by expression
of IL7R (CD127), TOX, and TCF7 (TCF-1) (Figures 5G and
S7C). Of PD-1* CD8™* T cells within the tumor, IL7R and TCF7
expression was highest on CEFX-specific cells (Figure 5G).

Given the small number of known microbial T cell epitopes
tested by this approach and the similar frequencies of bystander,
non-tumor-specific cells between circulating and tumor-infil-
trating PD-1* T cells (Figure 5E), the frequency of total bystander
cells within human BrMs is likely very high. Additionally, given the
enrichment of CEFX-specific cells in metaclusters B/C
compared with both tumor-infiltrating terminally differentiated
cells and circulating cells (Figure 5F), it is probable that many
cells in metaclusters B/C are specific for non-tumor antigens
and do not give rise to cells with a terminally differentiated
phenotype within the tumor. While these data do not preclude
the presence of a small tumor-specific exhausted progenitor
population within BrMs, a large fraction of tumor-infiltrating
TCF-1* CD8" T cells appear to be bystander cells specific for
non-tumor antigen.

CD8* T cell phenotype is linked with spatial distribution
within the tumor

Given their divergent phenotypes and antigen specificity, we hy-
pothesized that each subset of BrM-infiltrating CD8* T cells may
be located within distinct regions of the TME and thus receiving
different signals from surrounding tissue. To test this, we per-
formed spatial transcriptomics, a method to measure gene
expression in situ, on six BrM tissue sections: one melanoma
(Figure 6), one renal cell carcinoma (Figure S8), one breast carci-
noma (Figure S9), and three lung carcinomas (Figures S10-S12).

E) Expression of selected genes in each metacluster. Numbers above each violin indicate the percentage of cells in each metacluster expressing the gene.

(

(F) Expression of selected genes projected on UMAP.

(G) Relative expression of selected genes in each metacluster.
See also Figures S3 and S4.
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Figure 4. Dividing and terminally differentiated CD8"* T cells are clonally related to each other but not to other PD-1* brain-metastasis-

infiltrating or circulating CD8* T cells

(A) TCR diversity of circulating and brain-metastasis-infiltrating CD8" T cells from the same 5 patients shown in Figure 3.

(B) Quantification of TCR overlap between tumor-infiltrating PD-1* CD8" T cells with circulating PD-1" and PD-1* cells from individual patients.

(C) Quantification of TCR overlap between circulating PD-1* CD8" T cells and tumor-infiltrating PD-1* CD8" T cells within each metacluster.

(D) UMAPs colored by frequency of each cell’'s TCR among circulating PD-1* CD8* T cells.

(E) Quantification of TCR overlap between PD-1* CD8" T cells within each brain-metastasis-infiltrating metacluster.

(F) UMAP of cells from the most abundant (top) and second most abundant (bottom) TCR clonotype in patient 5, colored according to metacluster. Gray dots
represent all other cells from the patient. Pie charts show distribution among metaclusters of cells expressing the TCR.

(G) Distribution in phenotype of all clones detected among brain-metastasis-infiltrating PD-1* CD8* T cells from patient 5. Vertical line indicates 50% cumulative

frequency of TCR clones.

(F and G) Four other patients are shown in Figure S6.
(H) TCR diversity of intratumoral metaclusters.

In (A), (C), (E), and (G), lines indicate the median.

See also Figure S5.

Capture spots were clustered based on gene expression, and
each cluster was annotated based on appearance in H&E
staining.

Tumor parenchyma—referring to regions of tumor cells—was
readily differentiated by their gene expression profiles (Figures 6A,
6B, and S8-5S12). For sections where tumor-normal boundaries
were clearly demarcated, the number of differentially expressed
genes between tumor parenchyma and surrounding stroma
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ranged from 3,914 to 7,480 (Figures 6F, S11C, and S12E). In the
two samples where tumor parenchyma and stroma were inter-
mixed, the numbers of differentially expressed genes between
the two regions were 637 and 2,327 (Figures S8E and S9E). One
of the six tissue sections was composed entirely of tumor paren-
chyma, precluding this analysis (Figures S10A-S10C).

The interplay between TME heterogeneity and immune infiltra-
tion was apparent. In the renal cell carcinoma case, “small
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Figure 5. Microbe-specific CD8" T cells are present in human brain metastases and are enriched in metaclusters B/C

(A) We performed IFNy capture on expanded, CEFX-stimulated PBMCs and subsequently sorted IFNy~ and IFNy* CD8" T cells for TCR sequencing to identify
CEFX-specific TCRs from 4 of the 5 patients from whom we had scRNAseq data.

(B and C) Brain-metastasis-infiltrating PD-1* CD8" T cells with CEFX-specific TCRs colored by phenotype on the UMAP for patient 5 (B) and all patients (C).
(D) scRNA-seq phenotype of CEFX-specific (left) and all other (right) brain-metastasis-infiltrating PD-1* CD8* T cells from all four patients.

(E) Frequency of CEFX-specific cells among circulating and tumor-infiltrating CD8" T cells.

(F) Frequency of CEFX-specific cells among circulating PD-1* CD8* T cells and tumor-infiltrating PD-1* CD8* T cell subsets.

(G) Expression of selected genes by CEFX-specific brain-metastasis-infiltrating PD-1* CD8* T cells and all remaining cells by metacluster.

In (E) and (F), medians are shown above each column. In (G), numbers indicate percentage of cells with measurable expression of the indicated marker. p value in
(D) was calculated by Fisher’s exact test.

See also Figures S6 and S7.
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(B) Spatial location of capture spots, colored by transcriptional cluster.

(C) UMAP and clustering of capture areas by transcriptional phenotype.
(D) Expression of selected genes within the tissue section. White indicates no detection of the indicated gene in a given capture area. A spatial legend is given at

bottom right.
(legend continued on next page)
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nests” of tumors showed a higher density of CD8A, CD8B, and
CD4 expression than “large nests,” and these transcript levels
were even higher in regions of desmoplasia surrounding vessels
(Figures S8C and S8D). Additionally, in the two lung-carcinoma
samples where tumor parenchyma and brain tissue were visible,
CD3E transcript levels were highest at the tumor interface with
brain (Figures S11D, S12C, and S12D). In the example of a mel-
anoma BrM tissue section where tumor parenchyma was sur-
rounded by inflammatory stroma (patient 16), densities of
CD3E, CD4, CD8A, and CDS8B transcripts were highest in the
peritumoral inflammation and in the directly adjacent tumor pa-
renchyma (Figures 6D and 6E). Together, these results are
consistent with previous observations that immune cells are en-
riched in the peripheral region of BrM compared with the tumor
core.” In this melanoma sample, expression of genes associated
with the terminally differentiated phenotype of CD8" T cells, such
as HAVCR2 (TIM-3), LAG3, CXCL13, and GZMB, was highest in
the tumor parenchyma adjacent to inflammation. Conversely,
expression of the progenitor markers TCF7 (TCF-1) and IL7R
(CD127) was highest in the inflammatory stroma, suggesting
that the immune cell phenotype determines its location within
the diverse TME (Figures 6D and 6E).” Together, these data sug-
gest a linkage between the CD8" T cell phenotype and the loca-
tion within the BrM TME, with exhausted CD8™ T cells enriched in
the tumor itself.

Terminally differentiated CD8* T cell clones are
preferentially located in the tumor parenchyma

However, genes that define these CD8"* T cell phenotypes may
also be expressed by other cells within the TME, confounding
this interpretation of our spatial-transcriptomics data. Because
we have shown that TCR clones in BrMs are phenotypically
restricted—that is, cells expressing a single TCR are predomi-
nately within scRNA-seq metaclusters A/D or B/C but not both
(Figures 4E, 4F, and 7A)—localization of TCRs within the tumor
would allow for visualization of specific CD8* T cell phenotypes
within the tumor. To determine whether there is spatial restriction
of CD8* T cell clones in the BrM TME, we developed and vali-
dated a method to amplify TCR transcripts from spatial-tran-
scriptomics gene-expression libraries.” By linking TCR clones
found with this method and in our scRNA-seq data, we could
determine the precise location of CD8* T cells with specific tran-
scriptional phenotypes within the TME (Figure 7B).

Of the six tissues on which we performed spatial transcriptom-
ics, scRNA-seq data from fresh tissue were available for two: pa-
tients 15 and 16, with lung carcinoma and melanoma samples,
respectively. In the melanoma sample (patient 16), we observed
that CD8™ T cell clones with a metacluster A/D phenotype were
predominantly located in the tumor parenchyma, while CD8*
T cell clones with a metacluster B/C phenotype were predomi-
nantly found in the peritumoral inflammation (Figures 7B-D).
Not only were metacluster A/D TCRs enriched in the tumor pa-
renchyma, but TCR clones with this phenotype found outside
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of the tumor were also preferentially located closer to the tumor
boundary compared with those with a metacluster B/C pheno-
type (Figure 7E). When only the most expanded clones were
considered, this difference in localization was more striking:
79% of metacluster A/D clones were found in the tumor versus
23% of metacluster B/C clones (Figure 7F). These findings
were confirmed in the lung carcinoma BrM (patient 15), where
the entire tissue section was tumor parenchyma and was in-
habited only by TCRs expressed by metacluster A/D cells
(Figures S10E-S10J).

Given this preference of specific CD8" T cell subsets for partic-
ular locations within the TME, we sought to determine whether
they receive distinct signaling inputs based on their location. We
therefore compared the transcriptional profiles between different
spatial gene-expression clusters of the tumor. In the renal cell
carcinoma sample (patient 24), gene expression varied with tumor
architecture: 305 genes were differentially expressed between
small and large nests of tumor (Figures S8F-S8H). Major histo-
compatibility complex (MHC) class | expression was higher within
small tumor nests compared with large tumor nests (Figure S8F),
suggesting that CD8" T cells within the same tumor may receive
different levels of TCR stimulation based on their location within
the parenchyma. In the melanoma sample (patient 16), 564 genes
were differentially expressed between stromal-adjacent tumor
and the remainder of the tumor parenchyma (Figure 6G). Tran-
script levels of MHC class | and MHC class Il were higher in the
peripheral, inflammation-adjacent tumor compared with the
remainder of the parenchyma, suggesting that TCR stimulation
of tumor-specific cells is greatest in this region (Figure 6G).
Conversely, in the breast carcinoma sample (patient 24), MHC
class | was highly downregulated in capture spots containing tu-
mor, potentially indicating limited tumor-associated antigen pre-
sentation to CD8" T cells in this patient (Figure S9G). In the mela-
noma sample (patient 16), CXCL9, CXCL10, CXCL11, and
CXCL13 as well as tumor growth factor beta (TGF-B) were higher
at the tumor periphery, indicating that T cells in this region are sub-
ject to a unique chemokine and cytokine milieu compared with
those deeper within the tumor (Figure 6G).

Differences in cytokine and chemokine expression between
bulk tumor parenchyma and surrounding tissue were also strik-
ing (Figure S13A). As examples, TGFB1 (encoding TGF-f) was
enriched in the stroma in three samples, whereas its receptor
was more highly expressed predominately in the parenchyma
(Figures S13A and S13B). The IFNy receptor subunit IFNGR2
was elevated in the parenchyma of four of five tumors
(Figures S13A and S13C). VEGFA and VEGFB were upregulated
in the parenchyma all five tumors (Figures S13A and S13D). To
catalog signaling networks between specific regions of the
BrM microenvironment, we used CellPhoneDB®? to interrogate
expression of receptor-ligand pairs between among spatial-
transcriptomics clusters (Figure S14). This analysis revealed
several signaling molecules involved in multiple signaling
pathways within the BrM microenvironment, including vascular

E) Normalized expression density of selected genes in each tissue cluster.

(
(F) Gene-expression differences between tumor (clusters 3, 4, and 5) and peritumoral inflammation (clusters 1 and 7).
(G) Differential gene expression between inflammation-adjacent tumor (cluster 5) and the remainder of tumor (clusters 3 and 4).

See also Figures S8-S14.
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endothelial growth factor A (VEGF-A), VEGF-B, TGF-B,
galectin-9, epidermal growth factor receptor (EGFR), and others
(Figures S14A-S14D). Confirming the observations above,
CellphoneDB analysis showed that tumor-surrounding inflam-
matory stroma expressed TGFB1 and TGFB3, with its corre-
sponding receptors found in the tumor parenchyma of patient
16 (Figure S14E). In patient 24, where gene expression varied
by tumor histology (Figure S10), TGF-B signaling also varied
within different tumor regions (Figure S14F). Certain galectin-9
signaling pathways also varied between tumor regions
(Figures S14E and S14F). Given the differential localization of
phenotypically and clonally restricted CD8" T cell subsets in
the tumor, our results together indicate that antigen signaling
(or lack thereof) localizes these distinct CD8* T cell subsets
to specific niches within BrMs, where they receive markedly
different signaling inputs. Additionally, the commonality of
some of these signaling pathways across different patients
(Figures S14A-S14D) within our cohort indicates the presence
of targetable signaling pathways across BrMs of different pri-
mary histologies.

DISCUSSION

In this work, we describe the CD8"* T cell infiltrate of human
BrMs. The BBB, which maintains the unique immune-privileged
environment of the brain, appears to break down in BrMs. The
resulting BTB is more permeable but maintains some features
of the BBB and varies with tumor type.? Although BrMs show
some response to ICB, the semi-privileged immune environment
created by the BTB could, in theory, restrict entry and/or mainte-
nance of immune cells into the BrM TME. Here, we show that hu-
man BrMs are well infiltrated by T cells, although the degree of
infiltration varies among patients.

We find that distinct CD8" T cell subsets populate BrMs
compared with patient-matched blood. Most CD8* T cells within
the tumor are PD-1*, and our scRNA-seq analyses clustered
these PD-1" cells into dividing and terminally differentiated
cells—which are clonally related —and two memory-like subsets
of cells that share TCR overlap with each other but not with
dividing or terminally differentiated cells. Overall, TCR overlap
is low between tumor-infiltrating and circulating PD-1* CD8"
T cells, consistent with the absence of circulating tumor-specific
CD8" T cells in HPV+ head and neck cancer patients.*° Howev-
er, memory-like tumor-infiltrating cells do have meaningful clonal
overlap with circulating cells. Notably, we find that BrMs contain
non-tumor-specific CD8" T cells. These bystander cells express
markers also found on exhausted progenitor populations and are
found in similar frequencies in both tumor-infiltrating and circu-
lating PD-1* CD8" T cells. Finally, we developed a spatial TCR-
sequencing technique® to link these phenotypically and clonally
restricted CD8" T cells to discrete spatial preferences within the
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TME. CD8"* T cell clones linked to exhaustion are enriched
within the tumor parenchyma, where the local cytokine and che-
mokine milieu varies dramatically from the surrounding stroma,
where less-exhausted CD8* T cell clones are found. Based on
these findings, our data support a model in which antigen-expe-
rienced CD8* T cells infiltrate the TME of BrM in an antigen-inde-
pendent manner.®! Once CD8* T cells are retained in the tumor,
antigen signaling, or lack thereof, retains CD8* T cells within
distinct spatial niches within the TME. Within each TME niche,
the CD8" T cell phenotype evolves with inputs from the sur-
rounding cytokine milieu and, depending on antigen specificity,
continued TCR stimulation.

Supporting this model, we show that memory-like BrM-infil-
trating CD8"* T clones are preferentially retained in the stroma
surrounding the tumor parenchyma. In contrast, the terminally
differentiated population is predominantly located within the tu-
mor parenchyma itself. Given the limited clonal and phenotypic
overlap between bystander cells and the terminally differentiated
population, it is likely that antigen stimulation retains terminally
differentiated PD-1* CD8"* T cells in the tumor parenchyma.
Within the tumor parenchyma, these cells receive distinct
signaling inputs compared with CD8"* T cells within the stroma,
likely promoting their acquisition of the terminally differentiated
phenotype. We show that VEGF expression, for example, is en-
riched in the tumor parenchyma compared with the stroma;
VEGF signaling has been found to promote PD-1, CTLA-4,
TIM-3, and TOX expression on CD8" T cells.>® This is consistent
with the higher expression of these molecules that we observed
on terminally differentiated CD8" T cells.

One key question our work addresses is the role of TCF-1*
CD8" T cells in human BrMs. TCF-1 is expressed on antigen-
specific exhausted progenitor CD8" T cells in mouse models
of cancer and chronic infection,'®*® and TCF-1 has been
used as a marker of exhausted progenitor CD8" T cells in
tumor immunology studies.”’’>° However, TCF-1 is also
expressed on many other subsets of CD8" T cells, such as
naive and memory cells.®* We find that a minority of TCF-1*
CD8" T cells within BrMs co-express TOX and PD-1, two pro-
teins also expressed on exhausted, tumor-specific CD8"
T cells.®” 29468 Grycially, we show that bystander cells
specific for microbial antigens infiltrate BrMs, and a subset
of these cells share phenotypic characteristics—such as
TCF-1 expression—with exhausted progenitor CD8* T cells.
Bystander clones are present at similar frequencies in circu-
lating and BrM-infiltrating PD-1* CD8* T cells. Based on these
data, we propose that many of the TCF-1* PD-1* CD8* T cells
in the BrM TME are bystanders. These cells may be recruited
to the tumor due to increased expression of cytokines and
pro-inflammatory signaling molecules rather than through an
antigen-driven process. As such, an increased density of
TCF-1" CD8" T cells in the BrM TME may indicate a more

(E) Cumulative frequency of UMIs outside the tumor parenchyma as a function of distance from the tumor border.

(F) Tumor localization of most frequent clones. Lower numbers indicate more expanded clones. TCRs not identified within the tissue section are not shown.
Dashed line indicates the percentage of all gene expression UMIs found in tumor regions.

The p value in (C) was calculated by Mann-Whitney test. p values in (D) were calculated by two-way ANOVA with Sidak’s multiple comparisons test. The p value in

(E) was calculated by the Kolmogorov-Smirnov test.
See also Figure S10.
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inflamed tumor rather than a large population of tumor-spe-
cific exhausted progenitor CD8" T cells.

The dividing CD8* T cell metacluster identified in our scRNA-seq
data could represent an intermediate differentiation state between
tumor-specific TCF-1* exhausted progenitor and terminally differ-
entiated cells. These dividing cells in human BrMs share a gene
signature with transitory antigen-specific CD8" T cells that are an
intermediate differentiation state between lymphoid-resident ex-
hausted progenitor cells and non-lymphoid-resident, terminally
differentiated cells in the LCMV mouse model of T cell exhaus-
tion.">?! Work in mouse tumor models has shown that tumor-
specific exhausted progenitor CD8* T cells are present in
tumor-draining lymph nodes and that they are clonally related to
tumor-infiltrating, terminally differentiated CD8* T cells.®**°
Further, the maintenance of antigen-specific CD8" T cells within
mouse models requires the migration of lymph-node-resident
progenitor cells to the tumor; intratumoral TCF-1* tumor-specific
cells are not a self-sustaining population.®* In the case of metasta-
tic cancer, there may be numerous anatomic sites of tumor-
draining lymph nodes depending on the burden of disease, all of
which could contain tumor-specific exhausted progenitor CD8*
T cells. A lymphatic system draining the brain has recently been
described®” ™" and suggests that cervical lymph nodes could
also serve as a reservoir of BrM-specific progenitor CD8" T cells.
Our histology experiments also revealed peritumoral inflammatory
tissue in some tumors, and other groups have demonstrated
tertiary lymphoid structures within the TME,*®° both of which
could harbor TCF-1* tumor-specific exhausted progenitor cells.
While our data do not preclude the presence of a small population
of tumor-specific progenitor exhausted CD8* T cells within the
BrM TME, we suggest that these other sites may be an important
reservoir of tumor-specific exhausted progenitors. This is consis-
tent with a recent report’’ in metastatic melanoma but
differs from work in HPV+ head and neck cancers that identified
tumor-infiltrating, tumor-specific progenitor exhausted CD8*
T cells.>° However, this discrepancy is likely due to the lymphoid
tissues—such as tonsils—in which HPV+ head and neck cancer
arises.®’

Our findings have a number of therapeutic implications. First,
the dense infiltration of BrMs by CD8* T cells provides a rational
basis for the continued use and further development of immuno-
therapies in the BrM setting. Next, our data support the use and
continued investigation of combination therapies with PD-1
pathway blockade to enhance rescue of exhausted, tumor-spe-
cific CD8" T cells by targeting additional inhibitory molecules ex-
pressed on BrM-infiltrating terminally differentiated CD8* T cells,
such as CTLA-4 and LAG3.%% This is consistent with clinical
data showing that patients with BrM benefit from immunother-
apies,®*®° particularly dual checkpoint inhibition.®> Nonetheless,
progression in the brain remains a barrier to disease control and
long-term survival in these patients, demonstrating that current
combination approaches alone are insufficient. Given the toxicity
associated with dual checkpoint blockade, we suggest that the
surface molecules we identify on metacluster A/D CD8" T cells
may be preferentially expressed on tumor-specific cells and
could be investigated for putative checkpoint function. Finally,
our results suggest an additional therapeutic strategy: targeting
the unique signaling niches in which BrM-infiltrating CD8* T cells
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reside. Such an approach, which harnesses the immune system
locally within the BrM TME, may prove to be less toxic and more
durable in promoting disease control in the brain. Together, our
findings support the continued development of immunothera-
peutic strategies that harness the anti-tumor efficacy of BrM-
infiltrating CD8" T cells.

Limitations of the study

Among the BrMs we analyzed, intracranial progression while on
systemic therapy appeared to be associated with reduced BrM
lymphocytic infiltration. Although all patients in our cohort were
immunotherapy naive, it is possible that their current treatment
or treatment histories—such as the type of systemic therapy
administered during previous definitive treatment or a history of ra-
diation therapy—may have impacted the phenotypes of CD8"
T cells infiltrating recurrent or progressive BrM. It should also be
noted that BrMs are often found early in patients with an active
cancer diagnosis before they are large enough to cause symptoms
or require surgical resection. As this was not the case for our pa-
tient cohort, the CD8"* T cell phenotypes we observed could be
more specific to advanced BrMs in which tumor-infiltrating lym-
phocytes may be resident in the TME for months before diagnosis
and treatment.

While we show that our cohort of 31 BrMs are well infiltrated by
CD8* T cells, some assays— particularly scRNA-seq and spatial
TCR-sequencing—were performed with a limited sample size. In
particular, we provide spatial TCR information for only two pa-
tients. Validation of the spatial segregation of exhausted and
memory-like CD8" T cell clones within the BrM TME will require
these assays to be performed with a larger sample size. Addi-
tionally, we do not identify tumor-specific cells in this study.
Based on prior studies and the enrichment of microbial-specific
cells in metaclusters B and G, it is likely that metacluster A/D cells
are tumor specific, but future work should precisely identify the
phenotype of tumor-specific cells in BrMs.

STARXMETHODS

Detailed methods are provided in the online version of this paper
and include the following:

o KEY RESOURCES TABLE
o RESOURCE AVAILABILITY
O Lead contact
O Materials availability
O Data and code availability
o EXPERIMENTAL MODEL AND SUBJECT DETAILS
O Human samples
e METHOD DETAILS
O Tissue processing and cell extraction
O Flow cytometry
O PBMC expansion, CEFX stimulation, and IFNvy capture
O Single cell RNA-sequencing and peripheral TCR
profiling
O Spatial transcriptomics
® QUANTIFICATION AND STATISTICAL ANALYSIS
O Flow cytometry
O scRNA-seq analysis



Cell Reports Medicine

O Spatial transcriptomics analysis
O Spatial TCR-sequencing analysis

SUPPLEMENTAL INFORMATION

Supplemental information can be found online at https://doi.org/10.1016/j.
xcrm.2022.100620.

ACKNOWLEDGMENTS

We are grateful to the Emory University Integrated Cellular Imaging Core for
assistance with microscopy, the Emory University School of Medicine Flow
Cytometry Core for assistance with cell sorting, and to Kathryn Pellegrini
and the Yerkes Nonhuman Primate (NHP) Genomics Core for assistance
with scRNA-seq experiments. L.J.S. is supported by a Conquer Cancer Young
Investigator Award, a Radiological Society of North America Resident
Research Award, and the Nell W. and William Simpson Elkin Fellowship from
Emory University. R.A. is supported by R01AI030048 and P01AI056299 from
the National Institutes of Health (NIH). W.H.H. is supported by a Cancer
Research Institute Irvington Fellowship from the Cancer Research Institute
and K99AI153736 from the NIH. The Yerkes NHP Genomics Core is supported
in part by NIH P510D011132, and sequencing data was acquired on an lllu-
mina NovaSeq6000 funded by NIH S100D026799. Research reported in this
publication was also supported by the Ambrose Monell Foundation, the Oliver
S. and Jennie R. Donaldson Charitable Trust, the National Cancer Institute
(NCI) of the NIH under award number P50CA217691, and by the Pediatrics/
Winship Flow Cytometry Core of Winship Cancer Institute of Emory University,
Children’s Healthcare of Atlanta, and NIH/NCI under award number
P30CA138292. The content is solely the responsibility of the authors and
does not necessarily represent the official views of the NIH or the American So-
ciety of Clinical Oncology or Conquer Cancer.

AUTHOR CONTRIBUTIONS

L.J.S., W.H.H., and R.A. conceived the experiments. K.B.H., E.K.N., and J.J.O.
identified patients and performed surgical resection of BrMs. L.J.S., W.H.H.,
and A.W. processed tumor specimens. S.G.N. and M.J.S. reviewed H&E sec-
tions and provided pathology analyses. A.W., S.S.R., and R.A. provided feed-
back on project concepts and results. L.J.S. and W.H.H. performed all exper-
iments, including flow cytometry, cell sorting, scRNA-seq, TCR sequencing,
IFNYy secretion assay, and spatial transcriptomics. L.J.S. analyzed flow-cy-
tometry data. W.H.H. analyzed sequencing data. L.J.S. and W.H.H. prepared
the manuscript with critical input from R.A.

DECLARATION OF INTERESTS

R.A. holds patents related to the PD-1 pathway. All other authors declare no
competing interests.

Received: August 24, 2021
Revised: March 7, 2022
Accepted: April 1, 2022
Published: April 27, 2022

REFERENCES

1. Forrester, J.V., McMenamin, P.G., and Dando, S.J. (2018). CNS infection
and immune privilege. Nat. Rev. Neurosci. 19, 655-671.

2. Arvanitis, C.D., Ferraro, G.B., and Jain, R.K. (2020). The blood-brain bar-
rier and blood-tumour barrier in brain tumours and metastases. Nat. Rev.
Cancer 20, 26-41.

3. Nduom, E.K., Yang, C., Merrill, M.J., Zhuang, Z., and Lonser, R.R. (2013).
Characterization of the blood-brain barrier of metastatic and primary ma-
lignant neoplasms. J. Neurosurg. 7179, 427-433.

4. Berghoff, A.S., Fuchs, E., Ricken, G., Mlecnik, B., Bindea, G., Spanberger,
T., Hackl, M., Widhalm, G., Dieckmann, K., Prayer, D., et al. (2016). Density

10.

11.
12.

13.

14.

15.

16.

17.

18.

19.

20.

¢? CellPress

OPEN ACCESS

of tumor-infiltrating lymphocytes correlates with extent of brain edema
and overall survival time in patients with brain metastases. Oncoimmunol-
ogy 5, e1057388.

. Duchnowska, R., Peksa, R., Radecka, B., Mandat, T., Trojanowski, T., Jar-

osz, B., Czartoryska-Artukowicz, B., Olszewski, W.P., Och, W., Kalinka-
Warzocha, E., et al. (2016). Immune response in breast cancer brain me-
tastases and their microenvironment: the role of the PD-1/PD-L axis.
Breast Cancer Res. 18, 43.

. Berghoff, A.S., Ricken, G., Widhalm, G., Rajky, O., Dieckmann, K., Birner,

P., Bartsch, R., Héller, C., and Preusser, M. (2015). Tumour-infiltrating lym-
phocytes and expression of programmed death ligand 1 (PD-L1) in mela-
noma brain metastases. Histopathology 66, 289-299.

. Amit, M., Laider-Trejo, L., Shalom, V., Shabtay-Orbach, A., Krelin, Y., and

Gil, Z. (2013). Characterization of the melanoma brain metastatic niche in
mice and humans. Cancer Med. 2, 155-163.

. Friebel, E., Kapolou, K., Unger, S., Nufez, N.G., Utz, S., Rushing, E.J., Re-

gli, L., Weller, M., Greter, M., Tugues, S., et al. (2020). Single-cell mapping
of human brain cancer reveals tumor-specific instruction of tissue-
invading leukocytes. Cell 187, 1626-1642.e20.

. Mansfield, A.S., Ren, H., Sutor, S., Sarangi, V., Nair, A., Davila, J., Els-

bernd, L.R., Udell, J.B., Dronca, R.S., Park, S., et al. (2018). Contraction
of T cell richness in lung cancer brain metastases. Sci. Rep. 8, 2171.

Barber, D.L., Wherry, E.J., Masopust, D., Zhu, B., Allison, J.P., Sharpe,
A.H., Freeman, G.J., and Ahmed, R. (2006). Restoring function in ex-
hausted CD8 T cells during chronic viral infection. Nature 439, 682-687.

Wherry, E.J. (2011). T cell exhaustion. Nat. Immunol. 12, 492-499.

Wherry, E.J., Ha, S.J., Kaech, S.M., Haining, W.N., Sarkar, S., Kalia, V.,
Subramaniam, S., Blattman, J.N., Barber, D.L., and Ahmed, R. (2007). Mo-
lecular signature of CD8+ T cell exhaustion during chronic viral infection.
Immunity 27, 670-684.

Topalian, S.L., Hodi, F.S., Brahmer, J.R., Gettinger, S.N., Smith, D.C.,
McDermott, D.F., Powderly, J.D., Carvajal, R.D., Sosman, J.A., Atkins,
M.B., et al. (2012). Safety, activity, and immune correlates of anti-PD-1
antibody in cancer. N. Engl. J. Med. 366, 2443-2454.

Zaretsky, J.M., Garcia-Diaz, A., Shin, D.S., Escuin-Ordinas, H., Hugo, W.,
Hu-Lieskovan, S., Torrejon, D.Y., Abril-Rodriguez, G., Sandoval, S.,
Barthly, L., et al. (2016). Mutations associated with acquired resistance
to PD-1 blockade in melanoma. N. Engl. J. Med. 375, 819-829.

Ott, P.A., Hodi, F.S., Kaufman, H.L., Wigginton, J.M., and Wolchok, J.D.
(2017). Combination immunotherapy: a road map. J. Immuno. Ther. Can-
cer5, 16.

He, R., Hou, S., Liu, C., Zhang, A., Bai, Q., Han, M., Yang, Y., Wei, G.,
Shen, T., Yang, X., et al. (2016). Follicular CXCR5-expressing CD8+
T cells curtail chronic viral infection. Nature 537, 412-416.

Utzschneider, D.T., Charmoy, M., Chennupati, V., Pousse, L., Ferreira,
D.P., Calderon-Copete, S., Danilo, M., Alfei, F., Hofmann, M., Wieland,
D., et al. (2016). T cell factor 1-expressing memory-like CD8+ T cells sus-
tain the immune response to chronic viral infections. Immunity 45,
415-427.

Im, S.J., Hashimoto, M., Gerner, M.Y., Lee, J., Kissick, H.T., Burger, M.C.,
Shan, Q., Hale, J.S., Nasti, T.H., Sharpe, A.H., et al. (2016). Defining CD8+
T cells that provide the proliferative burst after PD-1 therapy. Nature 537,
417-421.

Hudson, W.H., Gensheimer, J., Hashimoto, M., Wieland, A., Valanparam-
bil, R.M., Li, P., Lin, J.X., Konieczny, B.T., Im, S.J., Freeman, G.J., et al.
(2019). Proliferating transitory T cells with an effector-like transcriptional
signature emerge from PD-1(+) stem-like CD8(+) T cells during chronic
infection. Immunity 57, 1043-1058.e4.

Zander, R., Schauder, D., Xin, G., Nguyen, C., Wu, X., Zajac, A., and Cui,
W. (2019). CD4+ T cell help is required for the formation of a cytolytic CD8+
T cell subset that protects against chronic infection and cancer. Immunity
51, 1028-1042.e4.

Cell Reports Medicine 3, 100620, May 17, 2022 15



https://doi.org/10.1016/j.xcrm.2022.100620
https://doi.org/10.1016/j.xcrm.2022.100620
http://refhub.elsevier.com/S2666-3791(22)00137-9/sref1
http://refhub.elsevier.com/S2666-3791(22)00137-9/sref1
http://refhub.elsevier.com/S2666-3791(22)00137-9/sref2
http://refhub.elsevier.com/S2666-3791(22)00137-9/sref2
http://refhub.elsevier.com/S2666-3791(22)00137-9/sref2
http://refhub.elsevier.com/S2666-3791(22)00137-9/sref3
http://refhub.elsevier.com/S2666-3791(22)00137-9/sref3
http://refhub.elsevier.com/S2666-3791(22)00137-9/sref3
http://refhub.elsevier.com/S2666-3791(22)00137-9/sref4
http://refhub.elsevier.com/S2666-3791(22)00137-9/sref4
http://refhub.elsevier.com/S2666-3791(22)00137-9/sref4
http://refhub.elsevier.com/S2666-3791(22)00137-9/sref4
http://refhub.elsevier.com/S2666-3791(22)00137-9/sref4
http://refhub.elsevier.com/S2666-3791(22)00137-9/sref5
http://refhub.elsevier.com/S2666-3791(22)00137-9/sref5
http://refhub.elsevier.com/S2666-3791(22)00137-9/sref5
http://refhub.elsevier.com/S2666-3791(22)00137-9/sref5
http://refhub.elsevier.com/S2666-3791(22)00137-9/sref5
http://refhub.elsevier.com/S2666-3791(22)00137-9/sref5
http://refhub.elsevier.com/S2666-3791(22)00137-9/sref6
http://refhub.elsevier.com/S2666-3791(22)00137-9/sref6
http://refhub.elsevier.com/S2666-3791(22)00137-9/sref6
http://refhub.elsevier.com/S2666-3791(22)00137-9/sref6
http://refhub.elsevier.com/S2666-3791(22)00137-9/sref7
http://refhub.elsevier.com/S2666-3791(22)00137-9/sref7
http://refhub.elsevier.com/S2666-3791(22)00137-9/sref7
http://refhub.elsevier.com/S2666-3791(22)00137-9/sref7
http://refhub.elsevier.com/S2666-3791(22)00137-9/sref7
http://refhub.elsevier.com/S2666-3791(22)00137-9/sref8
http://refhub.elsevier.com/S2666-3791(22)00137-9/sref8
http://refhub.elsevier.com/S2666-3791(22)00137-9/sref8
http://refhub.elsevier.com/S2666-3791(22)00137-9/sref8
http://refhub.elsevier.com/S2666-3791(22)00137-9/sref9
http://refhub.elsevier.com/S2666-3791(22)00137-9/sref9
http://refhub.elsevier.com/S2666-3791(22)00137-9/sref9
http://refhub.elsevier.com/S2666-3791(22)00137-9/sref10
http://refhub.elsevier.com/S2666-3791(22)00137-9/sref10
http://refhub.elsevier.com/S2666-3791(22)00137-9/sref10
http://refhub.elsevier.com/S2666-3791(22)00137-9/sref11
http://refhub.elsevier.com/S2666-3791(22)00137-9/sref12
http://refhub.elsevier.com/S2666-3791(22)00137-9/sref12
http://refhub.elsevier.com/S2666-3791(22)00137-9/sref12
http://refhub.elsevier.com/S2666-3791(22)00137-9/sref12
http://refhub.elsevier.com/S2666-3791(22)00137-9/sref13
http://refhub.elsevier.com/S2666-3791(22)00137-9/sref13
http://refhub.elsevier.com/S2666-3791(22)00137-9/sref13
http://refhub.elsevier.com/S2666-3791(22)00137-9/sref13
http://refhub.elsevier.com/S2666-3791(22)00137-9/sref14
http://refhub.elsevier.com/S2666-3791(22)00137-9/sref14
http://refhub.elsevier.com/S2666-3791(22)00137-9/sref14
http://refhub.elsevier.com/S2666-3791(22)00137-9/sref14
http://refhub.elsevier.com/S2666-3791(22)00137-9/sref15
http://refhub.elsevier.com/S2666-3791(22)00137-9/sref15
http://refhub.elsevier.com/S2666-3791(22)00137-9/sref15
http://refhub.elsevier.com/S2666-3791(22)00137-9/sref16
http://refhub.elsevier.com/S2666-3791(22)00137-9/sref16
http://refhub.elsevier.com/S2666-3791(22)00137-9/sref16
http://refhub.elsevier.com/S2666-3791(22)00137-9/sref17
http://refhub.elsevier.com/S2666-3791(22)00137-9/sref17
http://refhub.elsevier.com/S2666-3791(22)00137-9/sref17
http://refhub.elsevier.com/S2666-3791(22)00137-9/sref17
http://refhub.elsevier.com/S2666-3791(22)00137-9/sref17
http://refhub.elsevier.com/S2666-3791(22)00137-9/sref18
http://refhub.elsevier.com/S2666-3791(22)00137-9/sref18
http://refhub.elsevier.com/S2666-3791(22)00137-9/sref18
http://refhub.elsevier.com/S2666-3791(22)00137-9/sref18
http://refhub.elsevier.com/S2666-3791(22)00137-9/sref19
http://refhub.elsevier.com/S2666-3791(22)00137-9/sref19
http://refhub.elsevier.com/S2666-3791(22)00137-9/sref19
http://refhub.elsevier.com/S2666-3791(22)00137-9/sref19
http://refhub.elsevier.com/S2666-3791(22)00137-9/sref19
http://refhub.elsevier.com/S2666-3791(22)00137-9/sref20
http://refhub.elsevier.com/S2666-3791(22)00137-9/sref20
http://refhub.elsevier.com/S2666-3791(22)00137-9/sref20
http://refhub.elsevier.com/S2666-3791(22)00137-9/sref20

¢? CellPress

21.

22,

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

16

OPEN ACCESS

Im, S.J., Konieczny, B.T., Hudson, W.H., Masopust, D., and Ahmed, R.
(2020). PD-1+ stemlike CD8 T cells are resident in lymphoid tissues during
persistent LCMV infection. Proc. Natl. Acad. Sci. U S A 117, 4292-4299.

Yan, Y., Cao, S., Liu, X., Harrington, S.M., Bindeman, W.E., Adjei, A.A.,
Jang, J.S., Jen, J., Li, Y., Chanana, P., et al. (2018). CX3CR1 identifies
PD-1 therapy-responsive CD8+ T cells that withstand chemotherapy dur-
ing cancer chemoimmunotherapy. JCI Insight 3, €97828.

Yamauchi, T., Hoki, T., Oba, T., Jain, V., Chen, H., Attwood, K., Battaglia,
S., George, S., Chatta, G., Puzanov, |., et al. (2021). T-cell CX3CR1 expres-
sion as a dynamic blood-based biomarker of response to immune check-
point inhibitors. Nat. Commun. 12, 1402.

Pauken, K.E., Shahid, O., Lagattuta, K.A., Mahuron, K.M., Luber, J.M.,
Lowe, M.M., Huang, L., Delaney, C., Long, J.M., Fung, M.E., et al.
(2021). Single-cell analyses identify circulating anti-tumor CD8 T cells
and markers for their enrichment. J. Exp. Med. 278, €20200920.

Hashimoto, M., Kamphorst, A.O., Im, S.J., Kissick, H.T., Pillai, R.N., Ram-
alingam, S.S., Araki, K., and Ahmed, R. (2018). CD8 T cell exhaustion in
chronic infection and cancer: opportunities for interventions. Annu. Rev.
Med. 69, 301-318.

Voabil, P., De Bruijn, M., Roelofsen, L.M., Hendriks, S.H., Brokamp, S.,
Van Den Braber, M., Broeks, A., Sanders, J., Herzig, P., Zippelius, A.,
et al. (2021). An ex vivo tumor fragment platform to dissect response to
PD-1 blockade in cancer. Nat. Med. 27, 1250-1261.

Jansen, C.S., Prokhnevska, N., Master, V.A., Sanda, M.G., Carlisle, J.W.,
Bilen, M.A., Cardenas, M., Wilkinson, S., Lake, R., Sowalsky, A.G., et al.
(2019). An intra-tumoral niche maintains and differentiates stem-like
CD8 T cells. Nature 576, 465-470.

Brummelman, J., Mazza, E.M.C., Alvisi, G., Colombo, F.S., Grilli, A., Miku-
lak, J., Mavilio, D., Alloisio, M., Ferrari, F., Lopci, E., et al. (2018). High-
dimensional single cell analysis identifies stem-like cytotoxic CD8+
T cells infiltrating human tumors. J. Exp. Med. 215, 2520-2535.

Sade-Feldman, M., Yizhak, K., Bjorgaard, S.L., Ray, J.P., De Boer, C.G.,
Jenkins, R.W., Lieb, D.J., Chen, J.H., Frederick, D.T., Barzily-Rokni, M.,
et al. (2018). Defining T cell states associated with response to checkpoint
immunotherapy in melanoma. Cell 775, 998-1013.e20.

Eberhardt, C.S., Kissick, H.T., Patel, M.R., Cardenas, M.A., Prokhnevska,
N., Obeng, R.C., Nasti, T.H., Griffith, C.C., Im, S.J., Wang, X., et al. (2021).
Functional HPV-specific PD-1+ stem-like CD8 T cells in head and neck
cancer. Nature 597, 279-284.

Oliveira, G., Stromhaug, K., Klaeger, S., Kula, T., Frederick, D.T., Le, P.M.,
Forman, J., Huang, T., Li, S., Zhang, W., et al. (2021). Phenotype, speci-
ficity and avidity of antitumour CD8+ T cells in melanoma. Nature 596,
119-125.

Caushi, J.X., Zhang, J., Ji, Z., Vaghasia, A., Zhang, B., Hsiue, E.H.-C.,
Mog, B.J., Hou, W., Justesen, S., Blosser, R., et al. (2021). Transcriptional
programs of neoantigen-specific TIL in anti-PD-1-treated lung cancers.
Nature 596, 126-132.

Buchwald, Z.S., Nasti, T.H., Lee, J., Eberhardt, C.S., Wieland, A., Im, S.J.,
Lawson, D., Curran, W., Ahmed, R., and Khan, M.K. (2020). Tumor-drain-
ing lymph node is important for a robust abscopal effect stimulated by
radiotherapy. J. Inmunother. Cancer 8, e000867.

Connolly, K.A., Kuchroo, M., Venkat, A., Khatun, A., Wang, J., William, I.,
Hornick, N., Fitzgerald, B., Damo, M., Kasmani, M.Y., et al. (2021). A reser-
voir of stem-like CD8+ T cells in the tumor-draining lymph node preserves
the ongoing antitumor immune response. Sci. Immunol. 6, eabg7836.
Siddiqui, I., Schaeuble, K., Chennupati, V., Fuertes Marraco, S.A., Cal-
deron-Copete, S., Pais Ferreira, D., Carmona, S.J., Scarpellino, L., Gfeller,
D., Pradervand, S., et al. (2019). Intratumoral Tcf1(+)PD-1(+)CD8(+) T cells
with stem-like properties promote tumor control in response to vaccina-
tion and checkpoint blockade immunotherapy. Immunity 50, 195-
211.e10.

Sekine, T., Perez-Potti, A., Nguyen, S., Gorin, J.-B., Wu, V.H., Gostick, E.,
Llewellyn-Lacey, S., Hammer, Q., Falck-Jones, S., Vangeti, S., et al.

Cell Reports Medicine 3, 100620, May 17, 2022

37.

38.

39.

40.

41.

42,

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

Cell Reports Medicine

(2020). TOX is expressed by exhausted and polyfunctional human effector
memory CD8+ T cells. Sci. Immunol. 5, eaba7918.

Alfei, F., Kanev, K., Hofmann, M., Wu, M., Ghoneim, H.E., Roelli, P.,
Utzschneider, D.T., von Hoesslin, M., Cullen, J.G., Fan, Y., et al. (2019).
TOX reinforces the phenotype and longevity of exhausted T cells in chronic
viral infection. Nature 571, 265-269.

Khan, O., Giles, J.R., McDonald, S., Manne, S., Ngiow, S.F., Patel, K.P.,
Werner, M.T., Huang, A.C., Alexander, K.A., Wu, J.E., et al. (2019). TOX
transcriptionally and epigenetically programs CD8+ T cell exhaustion. Na-
ture 571, 211-218.

Scott, A.C., Dindar, F., Zumbo, P., Chandran, S.S., Klebanoff, C.A., Sha-
kiba, M., Trivedi, P., Menocal, L., Appleby, H., Camara, S., et al. (2019).
TOX is a critical regulator of tumour-specific T cell differentiation. Nature
571, 270-274.

Rosato, P.C., Wijeyesinghe, S., Stolley, J.M., Nelson, C.E., Davis, R.L.,
Manlove, L.S., Pennell, C.A., Blazar, B.R., Chen, C.C., Geller, M.A,, et al.
(2019). Virus-specific memory T cells populate tumors and can be repur-
posed for tumor immunotherapy. Nat. Commun. 10, 567.

Shwetank, A., Abdelsamed, H.A., Frost, E.L., Schmitz, H.M., Mockus,
T.E., Youngblood, B.A., and Lukacher, A.E. (2017). Maintenance of PD-1
on brain-resident memory CD8 T cells is antigen independent. Immunol.
Cell Biol. 95, 953-959.

Hudson, W. H. & Sudmeier, L. J. Localization of T Cell Clonotypes with the
Visium Spatial Transcriptomics Platform (2021). Preprint at biorXiv. https://
doi.org/10.1101/2021.08.03.455000.

Nayak, L., Lee, E.Q., and Wen, P.Y. (2012). Epidemiology of brain metas-
tases. Curr. Oncol. Rep. 14, 48-54.

Singh, R., Stoltzfus, K.C., Chen, H., Louie, A.V., Lehrer, E.J., Horn, S.R.,
Palmer, J.D., Trifiletti, D.M., Brown, P.D., and Zaorsky, N.G. (2020). Epide-
miology of synchronous brain metastases. Neurooncol. Adv. 2, vdaa041.

Kamphorst, A.O., Pillai, R.N., Yang, S., Nasti, T.H., Akondy, R.S., Wieland,
A., Sica, G.L., Yu, K., Koenig, L., Patel, N.T., et al. (2017). Proliferation of
PD-1+ CD8 T cells in peripheral blood after PD-1-targeted therapy in
lung cancer patients. Proc. Natl. Acad. Sci. U S A 114, 4993-4998.

Ahmadzadeh, M., Johnson, L.A., Heemskerk, B., Wunderlich, J.R., Dud-
ley, M.E., White, D.E., and Rosenberg, S.A. (2009). Tumor antigen—
specific CD8 T cells infiltrating the tumor express high levels of PD-1
and are functionally impaired. Blood 774, 1537-1544.

Gros, A., Robbins, P.F., Yao, X., Li, Y.F., Turcotte, S., Tran, E., Wunderlich,
J.R., Mixon, A., Farid, S., Dudley, M.E., et al. (2014). PD-1 identifies the pa-
tient-specific CD8+ tumor-reactive repertoire infiltrating human tumors.
J. Clin. Invest. 124, 2246-2259.

Gros, A., Parkhurst, M.R., Tran, E., Pasetto, A., Robbins, P.F., llyas, S.,
Prickett, T.D., Gartner, J.J., Crystal, J.S., Roberts, |.M., et al. (2016). Pro-
spective identification of neoantigen-specific lymphocytes in the periph-
eral blood of melanoma patients. Nat. Med. 22, 433-438.

Lucca, L.E., Axisa, P.-P., Lu, B., Harnett, B., Jessel, S., Zhang, L., Rad-
dassi, K., Zhang, L., Olino, K., Clune, J., et al. (2021). Circulating clonally
expanded T cells reflect functions of tumor-infiltrating T cells. J. Exp.
Med. 278, €20200921.

Simoni, Y., Becht, E., Fehlings, M., Loh, C.Y., Koo, S.-L., Teng, KW.W.,
Yeong, J.P.S., Nahar, R., Zhang, T., Kared, H., et al. (2018). Bystander
CD8+ T cells are abundant and phenotypically distinct in human tumour
infiltrates. Nature 557, 575-579.

Shugay, M., Bagaev, D.V., Zvyagin, |.V., Vroomans, R.M., Crawford, J.C.,
Dolton, G., Komech, E.A., Sycheva, A.L., Koneva, A.E., Egorov, E.S., et al.
(2018). VDJdb: a curated database of T-cell receptor sequences with
known antigen specificity. Nucleic Acids Res. 46, D419-D427.

Efremova, M., Vento-Tormo, M., Teichmann, S.A., and Vento-Tormo, R.
(2020). CellPhoneDB: inferring cell-cell communication from combined
expression of multi-subunit ligand-receptor complexes. Nat. Protoc. 15,
1484-1506.


http://refhub.elsevier.com/S2666-3791(22)00137-9/sref21
http://refhub.elsevier.com/S2666-3791(22)00137-9/sref21
http://refhub.elsevier.com/S2666-3791(22)00137-9/sref21
http://refhub.elsevier.com/S2666-3791(22)00137-9/sref22
http://refhub.elsevier.com/S2666-3791(22)00137-9/sref22
http://refhub.elsevier.com/S2666-3791(22)00137-9/sref22
http://refhub.elsevier.com/S2666-3791(22)00137-9/sref22
http://refhub.elsevier.com/S2666-3791(22)00137-9/sref23
http://refhub.elsevier.com/S2666-3791(22)00137-9/sref23
http://refhub.elsevier.com/S2666-3791(22)00137-9/sref23
http://refhub.elsevier.com/S2666-3791(22)00137-9/sref23
http://refhub.elsevier.com/S2666-3791(22)00137-9/sref24
http://refhub.elsevier.com/S2666-3791(22)00137-9/sref24
http://refhub.elsevier.com/S2666-3791(22)00137-9/sref24
http://refhub.elsevier.com/S2666-3791(22)00137-9/sref24
http://refhub.elsevier.com/S2666-3791(22)00137-9/sref25
http://refhub.elsevier.com/S2666-3791(22)00137-9/sref25
http://refhub.elsevier.com/S2666-3791(22)00137-9/sref25
http://refhub.elsevier.com/S2666-3791(22)00137-9/sref25
http://refhub.elsevier.com/S2666-3791(22)00137-9/sref26
http://refhub.elsevier.com/S2666-3791(22)00137-9/sref26
http://refhub.elsevier.com/S2666-3791(22)00137-9/sref26
http://refhub.elsevier.com/S2666-3791(22)00137-9/sref26
http://refhub.elsevier.com/S2666-3791(22)00137-9/sref27
http://refhub.elsevier.com/S2666-3791(22)00137-9/sref27
http://refhub.elsevier.com/S2666-3791(22)00137-9/sref27
http://refhub.elsevier.com/S2666-3791(22)00137-9/sref27
http://refhub.elsevier.com/S2666-3791(22)00137-9/sref28
http://refhub.elsevier.com/S2666-3791(22)00137-9/sref28
http://refhub.elsevier.com/S2666-3791(22)00137-9/sref28
http://refhub.elsevier.com/S2666-3791(22)00137-9/sref28
http://refhub.elsevier.com/S2666-3791(22)00137-9/sref29
http://refhub.elsevier.com/S2666-3791(22)00137-9/sref29
http://refhub.elsevier.com/S2666-3791(22)00137-9/sref29
http://refhub.elsevier.com/S2666-3791(22)00137-9/sref29
http://refhub.elsevier.com/S2666-3791(22)00137-9/sref30
http://refhub.elsevier.com/S2666-3791(22)00137-9/sref30
http://refhub.elsevier.com/S2666-3791(22)00137-9/sref30
http://refhub.elsevier.com/S2666-3791(22)00137-9/sref30
http://refhub.elsevier.com/S2666-3791(22)00137-9/sref31
http://refhub.elsevier.com/S2666-3791(22)00137-9/sref31
http://refhub.elsevier.com/S2666-3791(22)00137-9/sref31
http://refhub.elsevier.com/S2666-3791(22)00137-9/sref31
http://refhub.elsevier.com/S2666-3791(22)00137-9/sref32
http://refhub.elsevier.com/S2666-3791(22)00137-9/sref32
http://refhub.elsevier.com/S2666-3791(22)00137-9/sref32
http://refhub.elsevier.com/S2666-3791(22)00137-9/sref32
http://refhub.elsevier.com/S2666-3791(22)00137-9/sref33
http://refhub.elsevier.com/S2666-3791(22)00137-9/sref33
http://refhub.elsevier.com/S2666-3791(22)00137-9/sref33
http://refhub.elsevier.com/S2666-3791(22)00137-9/sref33
http://refhub.elsevier.com/S2666-3791(22)00137-9/sref34
http://refhub.elsevier.com/S2666-3791(22)00137-9/sref34
http://refhub.elsevier.com/S2666-3791(22)00137-9/sref34
http://refhub.elsevier.com/S2666-3791(22)00137-9/sref34
http://refhub.elsevier.com/S2666-3791(22)00137-9/sref35
http://refhub.elsevier.com/S2666-3791(22)00137-9/sref35
http://refhub.elsevier.com/S2666-3791(22)00137-9/sref35
http://refhub.elsevier.com/S2666-3791(22)00137-9/sref35
http://refhub.elsevier.com/S2666-3791(22)00137-9/sref35
http://refhub.elsevier.com/S2666-3791(22)00137-9/sref35
http://refhub.elsevier.com/S2666-3791(22)00137-9/sref36
http://refhub.elsevier.com/S2666-3791(22)00137-9/sref36
http://refhub.elsevier.com/S2666-3791(22)00137-9/sref36
http://refhub.elsevier.com/S2666-3791(22)00137-9/sref36
http://refhub.elsevier.com/S2666-3791(22)00137-9/sref37
http://refhub.elsevier.com/S2666-3791(22)00137-9/sref37
http://refhub.elsevier.com/S2666-3791(22)00137-9/sref37
http://refhub.elsevier.com/S2666-3791(22)00137-9/sref37
http://refhub.elsevier.com/S2666-3791(22)00137-9/sref38
http://refhub.elsevier.com/S2666-3791(22)00137-9/sref38
http://refhub.elsevier.com/S2666-3791(22)00137-9/sref38
http://refhub.elsevier.com/S2666-3791(22)00137-9/sref38
http://refhub.elsevier.com/S2666-3791(22)00137-9/sref39
http://refhub.elsevier.com/S2666-3791(22)00137-9/sref39
http://refhub.elsevier.com/S2666-3791(22)00137-9/sref39
http://refhub.elsevier.com/S2666-3791(22)00137-9/sref39
http://refhub.elsevier.com/S2666-3791(22)00137-9/sref39
http://refhub.elsevier.com/S2666-3791(22)00137-9/sref40
http://refhub.elsevier.com/S2666-3791(22)00137-9/sref40
http://refhub.elsevier.com/S2666-3791(22)00137-9/sref40
http://refhub.elsevier.com/S2666-3791(22)00137-9/sref40
http://refhub.elsevier.com/S2666-3791(22)00137-9/sref41
http://refhub.elsevier.com/S2666-3791(22)00137-9/sref41
http://refhub.elsevier.com/S2666-3791(22)00137-9/sref41
http://refhub.elsevier.com/S2666-3791(22)00137-9/sref41
https://doi.org/10.1101/2021.08.03.455000
https://doi.org/10.1101/2021.08.03.455000
http://refhub.elsevier.com/S2666-3791(22)00137-9/sref43
http://refhub.elsevier.com/S2666-3791(22)00137-9/sref43
http://refhub.elsevier.com/S2666-3791(22)00137-9/sref44
http://refhub.elsevier.com/S2666-3791(22)00137-9/sref44
http://refhub.elsevier.com/S2666-3791(22)00137-9/sref44
http://refhub.elsevier.com/S2666-3791(22)00137-9/sref45
http://refhub.elsevier.com/S2666-3791(22)00137-9/sref45
http://refhub.elsevier.com/S2666-3791(22)00137-9/sref45
http://refhub.elsevier.com/S2666-3791(22)00137-9/sref45
http://refhub.elsevier.com/S2666-3791(22)00137-9/sref46
http://refhub.elsevier.com/S2666-3791(22)00137-9/sref46
http://refhub.elsevier.com/S2666-3791(22)00137-9/sref46
http://refhub.elsevier.com/S2666-3791(22)00137-9/sref46
http://refhub.elsevier.com/S2666-3791(22)00137-9/sref47
http://refhub.elsevier.com/S2666-3791(22)00137-9/sref47
http://refhub.elsevier.com/S2666-3791(22)00137-9/sref47
http://refhub.elsevier.com/S2666-3791(22)00137-9/sref47
http://refhub.elsevier.com/S2666-3791(22)00137-9/sref48
http://refhub.elsevier.com/S2666-3791(22)00137-9/sref48
http://refhub.elsevier.com/S2666-3791(22)00137-9/sref48
http://refhub.elsevier.com/S2666-3791(22)00137-9/sref48
http://refhub.elsevier.com/S2666-3791(22)00137-9/sref49
http://refhub.elsevier.com/S2666-3791(22)00137-9/sref49
http://refhub.elsevier.com/S2666-3791(22)00137-9/sref49
http://refhub.elsevier.com/S2666-3791(22)00137-9/sref49
http://refhub.elsevier.com/S2666-3791(22)00137-9/sref50
http://refhub.elsevier.com/S2666-3791(22)00137-9/sref50
http://refhub.elsevier.com/S2666-3791(22)00137-9/sref50
http://refhub.elsevier.com/S2666-3791(22)00137-9/sref50
http://refhub.elsevier.com/S2666-3791(22)00137-9/sref51
http://refhub.elsevier.com/S2666-3791(22)00137-9/sref51
http://refhub.elsevier.com/S2666-3791(22)00137-9/sref51
http://refhub.elsevier.com/S2666-3791(22)00137-9/sref51
http://refhub.elsevier.com/S2666-3791(22)00137-9/sref52
http://refhub.elsevier.com/S2666-3791(22)00137-9/sref52
http://refhub.elsevier.com/S2666-3791(22)00137-9/sref52
http://refhub.elsevier.com/S2666-3791(22)00137-9/sref52

Cell Reports Medicine

53.

54,

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

Voron, T., Colussi, O., Marcheteau, E., Pernot, S., Nizard, M., Pointet,
A.-L., Latreche, S., Bergaya, S., Benhamouda, N., Tanchot, C., et al.
(2015). VEGF-A modulates expression of inhibitory checkpoints on
CD8+ T cells in tumors. J. Exp. Med. 272, 139-148.

Kaech, S.M., and Cui, W. (2012). Transcriptional control of effector and
memory CD8+ T cell differentiation. Nat. Rev. Immunol. 72, 749-761.

Louveau, A., Herz, J., Aime, M.N., Salvador, A.F., Dong, M.Q., Viar, K.E.,
Herod, S.G., Knopp, J., Setliff, J.C., Lupi, A.L., et al. (2018). CNS lymphatic
drainage and neuroinflammation are regulated by meningeal lymphatic
vasculature. Nat. Neurosci. 27, 1380-1391.

Hu, X., Deng, Q., Ma, L., Li, Q., Chen, Y., Liao, Y., Zhou, F., Zhang, C.,
Shao, L., Feng, J., et al. (2020). Meningeal lymphatic vessels regulate brain
tumor drainage and immunity. Cell Res. 30, 229-243.

Song, E., Mao, T., Dong, H., Boisserand, L.S.B., Antila, S., Bosenberg, M.,
Alitalo, K., Thomas, J.L., and lwasaki, A. (2020). VEGF-C-driven lymphatic
drainage enables immunosurveillance of brain tumours. Nature 577,
689-694.

Martinet, L., Garrido, I., Filleron, T., Le Guellec, S., Bellard, E., Fournie, J.-
J., Rochaix, P., and Girard, J.-P. (2011). Human solid tumors contain high
endothelial venules: association with T- and B-lymphocyte infiltration and
favorable prognosis in breast cancer. Cancer Res. 71, 5678-5687.

Germain, C., Gnjatic, S., Tamzalit, F., Knockaert, S., Remark, R., Goc, J.,
Lepelley, A., Becht, E., Katsahian, S., Bizouard, G., et al. (2014). Presence
of B Cells in tertiary lymphoid structures is associated with a protective im-
munity in patients with lung cancer. Am. J. Respir. Crit. Care Med. 189,
832-844.

Goc, J., Germain, C., Vo-Bourgais, T.K.D., Lupo, A., Klein, C., Knockaert,
S., De Chaisemartin, L., Ouakrim, H., Becht, E., Alifano, M., et al. (2014).
Dendritic cells in tumor-associated tertiary lymphoid structures signal a
Th1 cytotoxic immune contexture and license the positive prognostic
value of infiltrating CD8+ T cells. Cancer Res. 74, 705-715.

Wang, H.-f., Wang, S.-s., Tang, Y.-J., Chen, Y., Zheng, M., Tang, Y.-I., and
Liang, X.-h. (2019). The double-edged sword—how human papillomavi-
ruses interact with immunity in head and neck cancer. Front. Immunol.
10, 653.

Tawbi, H.A., Forsyth, P.A., Algazi, A., Hamid, O., Hodi, F.S., Moschos,
S.J., Khushalani, N.I., Lewis, K., Lao, C.D., Postow, M.A.,, et al. (2018).
Combined nivolumab and ipilimumab in melanoma metastatic to the brain.
N. Engl. J. Med. 379, 722-730.

Lipson, E.J., Tawbi, H.A.-H., Schadendorf, D., Ascierto, P.A., Matamala,
L., Gutiérrez, E.C., Rutkowski, P., Gogas, H., Lao, C.D., Janoski de Me-
nezes, J., et al. (2021). Relatlimab (RELA) plus nivolumab (NIVO) versus
NIVO in first-line advanced melanoma: primary phase Ill results from
RELATIVITY-047 (CA224-047). J. Clin. Oncol. 39 (suppl), 9503.

Hendriks, L.E.L., Henon, C., Auclin, E., Mezquita, L., Ferrara, R., Audigier-
Valette, C., Mazieres, J., Lefebvre, C., Rabeau, A., Le Moulec, S., et al.
(2019). Outcome of patients with non-small cell lung cancer and brain me-
tastases treated with checkpoint inhibitors. J. Thorac. Oncol. 714, 1244
1254.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

¢? CellPress

OPEN ACCESS

Goldberg, S.B., Schalper, K.A., Gettinger, S.N., Mahajan, A., Herbst, R.S.,
Chiang, A.C., Lilenbaum, R., Wilson, F.H., Omay, S.B., Yu, J.B., et al.
(2020). Pembrolizumab for management of patients with NSCLC and brain
metastases: long-term results and biomarker analysis from a non-rando-
mised, open-label, phase 2 trial. Lancet Oncol. 21, 655-663.

Robins, H.S., Campregher, P.V., Srivastava, S.K., Wacher, A., Turtle, C.J.,
Kahsai, O., Riddell, S.R., Warren, E.H., and Carlson, C.S. (2009). Compre-
hensive assessment of T-cell receptor -chain diversity in o T cells. Blood
114, 4099-4107.

Van Gassen, S., Callebaut, B., Van Helden, M.J., Lambrecht, B.N., De-
meester, P., Dhaene, T., and Saeys, Y. (2015). FlowSOM: using self-orga-
nizing maps for visualization and interpretation of cytometry data. Cytom-
etry A 87, 636-645.

Mclnnes, L., Healy, J., and Melville, J. (2020). UMAP: uniform manifold
approximation and projection for dimension reduction. Prepint at. arXiv.
https://doi.org/10.48550/arXiv.1802.03426.

Stuart, T., Butler, A., Hoffman, P., Hafemeister, C., Papalexi, E., Mauck,
W.M., Hao, Y., Stoeckius, M., Smibert, P., and Satija, R. (2019). Compre-
hensive integration of single-cell data. Cell 777, 1888-1902.e21.

Wickham, H. (2016). ggplot2 : Elegant Graphics for Data Analysis, Use R!
(Springer).

Korotkevich, G., Sukhov, V., Budin, N., Shpak, B., Artyomov, M.N., and
Sergushichev, A. (2021). Fast gene set enrichment analysis. Preprint at
biorXiv. https://doi.org/10.1101/060012.

Sadee, C., Pietrzak, M., Seweryn, M., Wang, C., and Rempala, G. (2019).
divo: tools for analysis of diversity and similarity in biological systems.
https://CRAN.R-project.org/package=divo.

Oksanen, J., Blanchet, F.G., Friendly, M., Kindt, R., Legendre, P.,
McGlinn, D., Minchin, P.R., O’Hara, R.B., Simpson, G.L., Solymos,
P., et al. (2020). vegan: community ecology package. https://CRAN.
R-project.org/package=vegan.

Howe, K.L., Achuthan, P., Allen, J., Allen, J., Alvarez-Jarreta, J., Amode,
M.R., Armean, |.M., Azov, A.G., Bennett, R., Bhai, J., et al. (2021). Ensembl
2021. Nucleic Acids Res. 49, D884-D891.

Kinsella, R.J., Kahari, A., Haider, S., Zamora, J., Proctor, G., Spudich, G.,
Almeida-King, J., Staines, D., Derwent, P., Kerhornou, A., et al. (2011). En-
sembl BioMarts: a hub for data retrieval across taxonomic space. Data-
base (Oxford) 2071, bar030.

Bagaev, D.V., Vroomans, R.M.A., Samir, J., Stervbo, U., Rius, C., Dolton,
G., Greenshields-Watson, A., Attaf, M., Egorov, E.S., Zvyagin, L.V., et al.
(2020). VDJdb in 2019: database extension, new analysis infrastructure
and a T-cell receptor motif compendium. Nucleic Acids Res. 48, D1057—
D1062.

Bolotin, D.A., Poslavsky, S., Mitrophanov, ., Shugay, M., Mamedov, 1.Z.,
Putintseva, E.V., and Chudakov, D.M. (2015). MiXCR: software for
comprehensive adaptive immunity profiling. Nat. Methods 72, 380-381.

Cell Reports Medicine 3, 100620, May 17, 2022 17



http://refhub.elsevier.com/S2666-3791(22)00137-9/sref53
http://refhub.elsevier.com/S2666-3791(22)00137-9/sref53
http://refhub.elsevier.com/S2666-3791(22)00137-9/sref53
http://refhub.elsevier.com/S2666-3791(22)00137-9/sref53
http://refhub.elsevier.com/S2666-3791(22)00137-9/sref54
http://refhub.elsevier.com/S2666-3791(22)00137-9/sref54
http://refhub.elsevier.com/S2666-3791(22)00137-9/sref55
http://refhub.elsevier.com/S2666-3791(22)00137-9/sref55
http://refhub.elsevier.com/S2666-3791(22)00137-9/sref55
http://refhub.elsevier.com/S2666-3791(22)00137-9/sref55
http://refhub.elsevier.com/S2666-3791(22)00137-9/sref56
http://refhub.elsevier.com/S2666-3791(22)00137-9/sref56
http://refhub.elsevier.com/S2666-3791(22)00137-9/sref56
http://refhub.elsevier.com/S2666-3791(22)00137-9/sref57
http://refhub.elsevier.com/S2666-3791(22)00137-9/sref57
http://refhub.elsevier.com/S2666-3791(22)00137-9/sref57
http://refhub.elsevier.com/S2666-3791(22)00137-9/sref57
http://refhub.elsevier.com/S2666-3791(22)00137-9/sref58
http://refhub.elsevier.com/S2666-3791(22)00137-9/sref58
http://refhub.elsevier.com/S2666-3791(22)00137-9/sref58
http://refhub.elsevier.com/S2666-3791(22)00137-9/sref58
http://refhub.elsevier.com/S2666-3791(22)00137-9/sref59
http://refhub.elsevier.com/S2666-3791(22)00137-9/sref59
http://refhub.elsevier.com/S2666-3791(22)00137-9/sref59
http://refhub.elsevier.com/S2666-3791(22)00137-9/sref59
http://refhub.elsevier.com/S2666-3791(22)00137-9/sref59
http://refhub.elsevier.com/S2666-3791(22)00137-9/sref60
http://refhub.elsevier.com/S2666-3791(22)00137-9/sref60
http://refhub.elsevier.com/S2666-3791(22)00137-9/sref60
http://refhub.elsevier.com/S2666-3791(22)00137-9/sref60
http://refhub.elsevier.com/S2666-3791(22)00137-9/sref60
http://refhub.elsevier.com/S2666-3791(22)00137-9/sref61
http://refhub.elsevier.com/S2666-3791(22)00137-9/sref61
http://refhub.elsevier.com/S2666-3791(22)00137-9/sref61
http://refhub.elsevier.com/S2666-3791(22)00137-9/sref61
http://refhub.elsevier.com/S2666-3791(22)00137-9/sref62
http://refhub.elsevier.com/S2666-3791(22)00137-9/sref62
http://refhub.elsevier.com/S2666-3791(22)00137-9/sref62
http://refhub.elsevier.com/S2666-3791(22)00137-9/sref62
http://refhub.elsevier.com/S2666-3791(22)00137-9/sref63
http://refhub.elsevier.com/S2666-3791(22)00137-9/sref63
http://refhub.elsevier.com/S2666-3791(22)00137-9/sref63
http://refhub.elsevier.com/S2666-3791(22)00137-9/sref63
http://refhub.elsevier.com/S2666-3791(22)00137-9/sref63
http://refhub.elsevier.com/S2666-3791(22)00137-9/sref64
http://refhub.elsevier.com/S2666-3791(22)00137-9/sref64
http://refhub.elsevier.com/S2666-3791(22)00137-9/sref64
http://refhub.elsevier.com/S2666-3791(22)00137-9/sref64
http://refhub.elsevier.com/S2666-3791(22)00137-9/sref64
http://refhub.elsevier.com/S2666-3791(22)00137-9/sref65
http://refhub.elsevier.com/S2666-3791(22)00137-9/sref65
http://refhub.elsevier.com/S2666-3791(22)00137-9/sref65
http://refhub.elsevier.com/S2666-3791(22)00137-9/sref65
http://refhub.elsevier.com/S2666-3791(22)00137-9/sref65
http://refhub.elsevier.com/S2666-3791(22)00137-9/sref66
http://refhub.elsevier.com/S2666-3791(22)00137-9/sref66
http://refhub.elsevier.com/S2666-3791(22)00137-9/sref66
http://refhub.elsevier.com/S2666-3791(22)00137-9/sref66
http://refhub.elsevier.com/S2666-3791(22)00137-9/sref67
http://refhub.elsevier.com/S2666-3791(22)00137-9/sref67
http://refhub.elsevier.com/S2666-3791(22)00137-9/sref67
http://refhub.elsevier.com/S2666-3791(22)00137-9/sref67
https://doi.org/10.48550/arXiv.1802.03426
http://refhub.elsevier.com/S2666-3791(22)00137-9/sref76
http://refhub.elsevier.com/S2666-3791(22)00137-9/sref76
http://refhub.elsevier.com/S2666-3791(22)00137-9/sref76
http://refhub.elsevier.com/S2666-3791(22)00137-9/sref69
http://refhub.elsevier.com/S2666-3791(22)00137-9/sref69
https://doi.org/10.1101/060012
https://CRAN.R-project.org/package=divo
https://CRAN.R-project.org/package=vegan
https://CRAN.R-project.org/package=vegan
http://refhub.elsevier.com/S2666-3791(22)00137-9/sref73
http://refhub.elsevier.com/S2666-3791(22)00137-9/sref73
http://refhub.elsevier.com/S2666-3791(22)00137-9/sref73
http://refhub.elsevier.com/S2666-3791(22)00137-9/sref74
http://refhub.elsevier.com/S2666-3791(22)00137-9/sref74
http://refhub.elsevier.com/S2666-3791(22)00137-9/sref74
http://refhub.elsevier.com/S2666-3791(22)00137-9/sref74
http://refhub.elsevier.com/S2666-3791(22)00137-9/sref75
http://refhub.elsevier.com/S2666-3791(22)00137-9/sref75
http://refhub.elsevier.com/S2666-3791(22)00137-9/sref75
http://refhub.elsevier.com/S2666-3791(22)00137-9/sref75
http://refhub.elsevier.com/S2666-3791(22)00137-9/sref75
http://refhub.elsevier.com/S2666-3791(22)00137-9/sref77
http://refhub.elsevier.com/S2666-3791(22)00137-9/sref77
http://refhub.elsevier.com/S2666-3791(22)00137-9/sref77

¢? CellPress

OPEN ACCESS

Cell Reports Medicine

STARXMETHODS

KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Tim3 BV421 BD Cat# 565562; RRID: AB_2744369
HLA-DR Pacific Blue BioLegend Cat# 307633; RRID: AB_1595444
CD8 BV510 BiolLegend Cat# 301048; RRID: AB_2561942
CD39 BV605 BiolLegend Cati# 328236; RRID: AB_2750430
CD69 BV650 BiolLegend Cati# 310934; RRID: AB_2563158
CD45RA BV711 BioLegend Cat# 304138; RRID: AB_2563815
PD-1 BV786 BiolLegend Cat# 329930; RRID: AB_2563443
Tcf-1 (rabbit), unconjugated Cell Signaling Technologies  Cat# 2203S

CD45 Spark Blue 550 BioLegend Cat# 368549; RRID: AB_2820024
CD38 BB700 BD Cat# 566445; RRID: AB_2744375
TIGIT PerCP/eFluor710 Invitrogen Cat# 46-9500-41; RRID: AB_10853679
Granzyme B Biotin Mabtech Cat# 3485-6-250; RRID: AB_907253
KI-67 BB790 BD Custom

TOX PE Invitrogen Cat# 12-6502-82; RRID: AB_10855034
CTLA-4 PE/Dazzle594 BiolLegend Cat# 349922; RRID: AB_2566198
FOXP3 PE/Cy5 Invitrogen Cat# 15-4776-42; RRID: AB_1963595
CD28 PE/Cy7 BioLegend Cat# 302926; RRID: AB_10644005
CD127 APC BiolLegend Cat# 351316; RRID: AB_10900804
CCRY7 Spark NIR 685 BiolLegend Cat# 353258; RRID: AB_2860926
CD3 R718 BD Cati# 751978

CD4 APC/Fire810 BiolLegend Cat# 344662; RRID: AB_2860884

anti-rabbit AF488

Thermo Fisher

Cat# A-11008; RRID: AB_143165

Streptavidin BB755 BD Custom

TotalSeq-C0251 anti-human Hashtag 1 Antibody BioLegend Cat# 394661; RRID: AB_2801031
TotalSeq-C0252 anti-human Hashtag 2 Antibody BioLegend Cat# 394663; RRID: AB_2801032
Pan-Cytokeratin Alexa Fluor 594 (for BioLegend Cat# 628606; RRID: AB_2566437
immunofluoresence)

Chemicals, peptides, and recombinant proteins

CEFX Ultra SuperStim Pool JPT Cat# PM-CEFX-2

Zombie NIR Biolegend Cat# 423106

DAPI Thermo Fisher Cat# 62248

Critical commercial assays

IFNYy Secretion Assay — Detection Kits, human
TCR profiling (of circulating CD8" T cells)
Visium Spatial Gene Expression Reagent Kit
Library Construction Kit

Miltenyi

Adaptive Biotechnologies
10X Genomics

10X Genomics

Cat# 130-054-202

Human TCRB immunoSEQ
Cat# 1000184

Cat# 1000190

Deposited data

scRNA-seq data

Spatial transcriptomics data

Spatial TCR-sequencing reads

VDJdb TCR sequences

Processed scRNA-seq and CellphoneDB analysis

This paper
This paper
This paper
VDJdb

This paper

GEO: GSE179373

GEO: GSE179572

BioProject: PRUINA742564

https://vdjdb.cdr3.net/

Mendeley data: https://doi.org/10.17632/tdggxgygrw.1
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REAGENT or RESOURCE SOURCE IDENTIFIER
Oligonucleotides

Dual Index Kit TT Set A 10X Genomics Cat# 1000215

Software and Algorithms

Cell Ranger, version 4 10X Genomics https://support.10xgenomics.com/single-cell-gene-
expression/software/pipelines/latest/what-is-cell-ranger
Space Ranger, version 1 10X Genomics https://support.10xgenomics.com/spatial-gene-
expression/software/pipelines/latest/what-is-space-ranger
Loupe Browser, version 5 10X Genomics https://support.10xgenomics.com/single-cell-gene-

expression/software/visualization/latest/what-is-loupe-
cell-browser

MiXCR Bolotin et al., Nature https://github.com/milaboratory/mixcr/
Methods 2015
Seurat Stuart et al., Cell 2019 CRAN
Spatial TCR sequencing analysis This paper https://github.com/whhudson/spatialTCR
(https://doi.org/10.5281/zenodo.6368907)
FlowJo BD Biosciences https://www.flowjo.com/

RESOURCE AVAILABILITY

Lead contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, William
Hudson (william.hudson@emory.edu).

Materials availability
This study did not generate new unique reagents.

Data and code availability
o Single-cell RNA-seq data and spatial transcriptomics have been deposited at GEO and are publicly available as of the date of
publication. Spatial TCR-seq reads have been deposited in the SRA. Microscopy images from spatial transcriptomics are pub-
licly available in the GEO deposition. Accession numbers and DOls are listed in the key resources table.
o Code used to identify and map TCR sequences from spatial transcriptomics data has been deposited on Github. The DOl is
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 samples
All brain metastases from immunotherapy-naive patients resected at Emory University Hospital during the collection period were
included unless consent was not obtained, there was insufficient tissue, or in some cases the surgery was performed emergently
after hours. Blood samples were collected during surgery in BD Vacutainer lithium heparin tubes. Tumor and blood samples were
held at 4 °C until retrieved for processing, typically within 1 hour after resection. Nearly all patients with surgically-resected brain me-
tastases are treated with the immunosuppressive glucocorticoid dexamethasone prior to surgery. Standard dexamethasone admin-
istration was a 10 mg loading dose followed by 4 mg every 6 hours until surgery. The duration of dexamethasone therapy prior to
surgery was not correlated with CD45" lymphocyte or CD8" T cell infiltration of brain metastases in our cohort (Figures S1E and S1F).
Experiments were carried out with the approval of the Emory University Institutional Review Board under protocols IRB00045732,
IRB00095411, and STUDY00001995.

METHOD DETAILS
Tissue processing and cell extraction
Tumors were weighed, cut into small pieces, and then incubated in Leibovitz media with collagenase |, Il, and IV, elastase and DNAse

for 60 minutes, shaking at 37°C. Tissue and media were then passed through a 70 um single-cell strainer and cells were pelleted by
centrifugation. The pellet was resuspended in 44% Percoll, underlaid with 67 % Percoll, and centrifuged. Immune cells were collected
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from the gradient interface and washed with 2% FBS in PBS. Washed cells were resuspended in 1-2 mL of PBS containing 2% FBS.
10 pL of cells were stained for 20 minutes with anti-CD45 and anti-CD8 antibodies (and later, anti-CD4 and CD19 antibodies).
CountBright counting beads (Thermo Fisher) were added to stained cells and the sample was analyzed on a BD LSR Il flow cytometer
to determine the absolute number of cell populations. For isolation of circulating immune cells, a lymphocyte separation medium
(Corning catalog #25-072-CV) gradient was performed according to the manufacturer’s instructions. With the exception of
scRNA-seq samples (see below), cells were then frozen at —80°C in 10% DMSO in FBS and subsequently transferred to liquid ni-
trogen for long-term storage. For scRNA-seq of PD-1* CD8* T cells shown in Figure 3 and related experiments, cells were immedi-
ately stained with antibodies after isolation for the sort as described below. For scRNA-seq validation of spatial TCR methods, an
additional capture of CD4* and CD8" T cells were isolated from frozen cells of patients 16, 26, and 27; additional frozen cells of patient
15 were not available.

Flow cytometry

For scRNA-seq and TCR sequencing, freshly-isolated tumor-infiltrating and circulating immune cells were stained with extracellular
antibodies for 30 minutes, washed with 2% FBS in PBS and sorted on a BD FACS ARIA Il in the Emory University School of Medicine
Flow Cytometry Core. Tumor-infiltrating PD-1" and matched circulating naive CD8" T cells were submitted to the Emory Yerkes NHP
Genomics Core where gene expression and TCR sequence libraries were generated with a 10X Genomics Chromium controller. DNA
was extracted from circulating PD-1" and PD-1"CD8* T cells using the All-Prep DNA/RNA Micro Kit from Qiagen and sent to Adaptive
Biotechnologies for survey-level TCRB sequencing.

For high-parameter flow cytometry, frozen cells were quickly thawed in a 37°C water bath, washed with pre-warmed (37°C) 10%
FBS in RPMI, and resuspended in staining buffer (PBS with 2% FBS). Staining was performed at room temperature. Washed cells
were stained first with Zombie NIR viability dye for 30 minutes, then extracellular antibodies were added in BD Horizon Brilliant Stain
Buffer for 30 minutes. Cells were washed twice in staining buffer. The eBioscience Foxp3 Transcription Factor Staining Buffer Set was
then used for fixation and permeabilization according to the manufacturer’s protocols. Cells were then stained with intracellular an-
tibodies for 30 minutes, washed twice with permeabilization buffer, stained with secondary antibodies for 30 minutes, washed with
permeabilization buffer once and staining buffer once, then resuspended in staining buffer for data acquisition. Data was acquired on
a four-laser Cytek Aurora flow cytometer in the Winship Pediatrics Flow Cytometry Core.

PBMC expansion, CEFX stimulation, and IFNy capture

PBMCs were quickly thawed, washed, and counted in pre-warmed 10% FBS in RPMI. Cells were expanded as described previ-
ously.?® Briefly, cells were resuspended in complete CTS media containing CTS OpTmizer (Gibco) with CTS supplement,
L-glutamine, Penicillin/Streptomycin, Human AB serum (Sigma), recombinant IL-2, IL-7, and IL-15 (Peprotech), and CEFX Ultra
SuperStim peptide pool (JPT). Cells were plated and incubated at 37°C for five days and then split with the above CTS complete
media and cytokines, without the re-addition of the CEFX peptides. Five days later, cells were washed and rested overnight at
37°C in complete CTS media without cytokines. The next day, the CEFX Ultra SuperStim peptide pool was added to cells at a final
concentration of 2.5 ng/mL. An equal volume of DMSO was added to unstimulated cells. Cells were incubated 5 hours at 37°C . Man-
ufacturer’s protocols were then followed for the Miltenyi cytokine secretion assay using the cytokine catch reagent and cytokine
detection antibody (IFNy PE) to label cells secreting IFNvy. Cells were then stained for viability, CD3, and CD8 and sorted on a BD
FACS ARIA Il in the Emory University School of Medicine Flow Cytometry Core (Figure S7A). DNA was isolated from sorted IFNy*
and IFNy™ CD8" T cells using the All-Prep DNA/RNA Micro Kit from Qiagen and sent to Adaptive Biotechnologies for survey-level
TCRpB sequencing. A clone was considered CEFX-specific if found at least twice in the IFNy™ population and with a frequency
>5x higher in IFNy* cells compared to IFNy~ cells’

Single cell RNA-sequencing and peripheral TCR profiling

Single-cell gene expression and VDJ (paired TCRa/p) libraries were generated by the Emory Yerkes NHP Genomics Core from
freshly-isolated tumor-infiltrating PD-1* CD8* T cells and matched naive circulating CD8" T cells isolated by FACS and mixed at
a 10:1 ratio. TILs and naive circulating cells were stained with TotalSeq hashing antibodies (BioLegend) prior to combining for cell
capture and library preparation. TCR sequencing (TCRB only) from sorted circulating cells was performed by Adaptive
Biotechnologies.

Spatial transcriptomics
Surgically resected tissue was embedded in OCT and immediately flash frozen in a dry ice/2-methylbutane bath. Sections 10 um
thick were placed onto a Visium Gene Expression slide and stored at —80°C for up to one week. Slides were subsequently H&E
stained according to the manufacturer’s instructions and imaged with a Lionheart Microscope (Biotek) at 10X magnification. Tissue
permeabilization, reverse transcription, second strand synthesis, and cDNA amplification was performed according to the manufac-
turer’s instructions. 25% of amplified cDNA was used for gene expression library preparation; libraries were sequenced on a
NovaSeq 6000 instrument at the Yerkes Nonhuman Primate Genomics Core.

For TCR library preparation, 5 uL of amplified Visium cDNA was used as template in a 35-cycle PCR reaction using 45 previ-
ously-described®® pooled TRBV forward primers and the lllumina read 1 reverse primer. Partial llumina read 2 sequences
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(5'- GTGACTGGAGTTCAGACGTGTGCTCTTCCGATCT-3') were added to the 5 end of each TRBV forward primer. PCR product
was purified without fragmentation using SPRIselect beads and quantified using a Qubit 1X dsDNA HS Assay Kit (Thermo Fisher).
Sample index PCR was performed with the 10X Genomics Library Construction Kit using primers from the 10X Genomics Dual
Index Kit TT Set A according to the manufacturer’s instructions (protocol CG000239, 10X Genomics). Libraries were again
bead purified and sequenced on an lllumina MiSeq instrument at the Yerkes Nonhuman Primate Genomics Core.

QUANTIFICATION AND STATISTICAL ANALYSIS

Flow cytometry
Flow cytometry were analyzed in FlowJo, using the FlowSOM and UMAP plugins.®”*°® Summary graphs and statistics were gener-
ated in GraphPad Prism v8.

scRNA-seq analysis
Single-cell gene expression data were aligned and TCR sequences determined with CellRanger. Outlier cells with high numbers of
reads originating from mitochondrial genes and presumed doublets were excluded from the dataset, and genes encoded onthe Y or
mitochondrial chromosomes were excluded from gene expression analysis. 22,898 cells passed quality control and were analyzed
here. Data were normalized and scaled with the Seurat package in R®° and plots made with ggplot2”° or GraphPad Prism. Shared
nearest neighbor clustering was performed in Seurat with 100 neighbors, 21 principal components, and a resolution of 0.9. UMAP
dimensionality reduction was performed with 100 neighbors, 21 principal components, and a minimum distance of 0. Seurat’s
BuildClusterTree with identical parameters was used for was used to create a phylogenetic tree of identified clusters. Gene set
enrichment analysis (GSEA) was performed with the fgsea package in R,”" using sign(fold change)*-log1opagj from Seurat’s
FindMarkers function as the ranking statistic. Morisita-Horn indices were calculated with the divo package in R.”> Shannon indices
were calculated in R with the vegan package.”® Genes encoding proteins with transmembrane helices were identified in R with En-
sembl annotations accessed via biomaRt.”*"®

For TCR analysis, cells or sequencing reads with identical TRBV and TRBJ gene families and identical TCRB CDR3 amino acid
sequences were considered to originate from same clone. Cells from scRNA-seq with undetermined TCRp clonotypes but known
TCRa sequences were assigned to a clonotype if all other cells with the TCRa were paired with a single TCRp clone. To search
for cells with known antigen specificity, we queried the VDJdb’® (accessed February 2021) with paired TCRa/p sequences from
our scRNA-seq data, requiring identical TCRa and TCRB CDR3 sequences as well as exact matches for TRAV, TRAJ, TRBY,
TRBJ genes to be considered a T cell with known antigen specificity. This resulted in the identification of two clones specific for
the CMV protein IE1.

Spatial transcriptomics analysis

Space Ranger was used for sequence analysis and alignment. Loupe Browser was to visualize data for pathology review; tissue
regions were called by graph-based clustering and annotated within Loupe Browser. Detailed analysis and visualization were con-
ducted in R with the Seurat package.®® Genes were considered below the limit of detection if expressed below 10 counts or were
expressed in two or fewer spots. For analyses of boundary and tumor gene expression (Figure S13) the following clusters were
used: sample 16, clusters 5 and 3/4 (boundary and tumor, respectively); sample 19, clusters 3 and 5; sample 24, clusters 4 and
1/2/3; sample 26, clusters 6 and 1/2/3; sample 27, clusters 7 and 2/3/4/5/6.

Spatial TCR-sequencing analysis

The MiIXCR’’ analyze pipeline was performed on read 2 sequences, and supporting reads for each clonotype were written with the
exportReadsForClones command. The UMI and spatial barcodes were extracted from the paired read for each supporting
sequencing read. A detailed protocol for obtaining TCR sequences from spatial transcriptomics data is available in an accompanying
manuscript®?.
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