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ABSTRACT
Despite unique genetic alterations within brain metastases 
(BrMs) and an immunologically distinct surrounding 
microenvironment, the composition and functional 
properties of tumor- infiltrating lymphocytes within BrM 
remain largely unexplored. In particular, the expression 
of coinhibitory receptors, such as programmed cell 
death 1 (PD- 1), T cell immunoglobulin mucin receptor 
3 (TIM- 3), and lymphocyte activation gene 3 (LAG- 3), 
within BrMs is unknown. Using multiplexed quantitative 
immunofluorescence (QIF), this study evaluates the 
localized expression of PD- L1, level and functional 
profile of major T cell subsets, and coinhibitory receptors 
within lung cancer- associated BrMs and primary lung 
tumors. Clinicopathologically annotated samples from 
95 patients with lung cancer between 2002 and 2015 
were represented in a tissue microarray format. Spatially 
resolved and multiplexed QIF was used to evaluate PD- 
L1 protein, phenotype markers for major T cell subsets 
(CD3, CD4, CD8, and FOXP3), cell- localized activation 
and proliferation markers (granzyme B and Ki67), and 
coinhibitory receptors (PD- 1, LAG- 3, and TIM- 3). The 
signal for each marker was measured in marker- selected 
tissue compartments, and associations between marker 
levels, tumor location, and major clinicopathological 
variables were studied. In total, 41 primary lung tumors 
and 65 BrMs were analyzed, including paired samples 
from 11 patients. Levels of tumor PD- L1 expression were 
comparable between BrMs and primary lung tumors. BrMs 
had significantly lower levels of all T cell subsets relative to 
primary lung tumors, and T cells in BrMs displayed lower 
levels of granzyme B than primary lesions. PD- 1, TIM- 3, 
and LAG- 3 levels in CD3+ T- cells were also significantly 
lower in BrMs. Marker expression in patients with paired 
samples from BrMs and primary lung tumors showed 
comparable results. High CD3+ T- cells, as well as high 
levels of TIM- 3 and LAG- 3 in CD3+ T- cells, were associated 
with longer overall survival in BrMs but not primary lung 
tumors. Lung cancer- associated BrMs display lower T 
cell infiltration, markers of cytolytic function, and immune 
regulatory signals than primary lung tumors. Despite these 
differences, high TIM- 3 and high LAG- 3 expressions in 
CD3+ T- cells were associated with longer survival. These 
features are accompanied by comparable levels of PD- L1 
protein expression compared with primary lung tumors. 
These results highlight unique aspects of the tumor 

immune microenvironment within the brain and provide 
further support for intracranially focused therapies.

BACKGROUND
Lung cancer brain metastases (BrMs) are 
associated with significant morbidity and 
mortality. Traditional treatment paradigms 
focus on obtaining local control but have 
a limited survival benefit. Over the past 
decade, the immune system has emerged 
as a powerful prognostic and therapeutic 
target in cancer, leading to the development 
of immune checkpoint inhibitors. Agents 
targeting programmed cell death 1 (PD- 1) 
and its binding partner, programmed death- 
ligand 1 (PD- L1), have shown activity across 
several cancer subtypes. The anti- PD- 1 agent 
pembrolizumab has been effective in treating 
melanoma and non- small cell lung cancer 
(NSCLC)- associated BrM.1 Significant and, in 
some instances, durable responses to immu-
notherapy have changed the therapeutic 
paradigm for treating NSCLC.2 Despite these 
promising results, immunotherapies have 
shown efficacy in only a fraction of patients, 
underscoring the need to optimize predic-
tors of response and identify new therapeutic 
targets.

Following the success of drugs targeting the 
PD- L1/PD- 1 axis, there has been increased 
interest in alternative coinhibitory recep-
tors as therapeutic targets, such as T cell 
immunoglobulin mucin receptor 3 (TIM- 3) 
and lymphocyte activation gene 3 (LAG- 3). 
Upregulation of these receptors was initially 
observed in chronic viral infection models 
and reflects T cell activation and functional 
dysregulation in the setting of continuous T 
cell stimulation.3 These ‘exhausted’ T- cells 
were observed to have a reduced capacity to 
perform cytotoxic effector functions, thereby 
resulting in a dysregulated immune response. 
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In lung tumors, the coexpression of immune inhibitory 
receptors in tumor- infiltrating lymphocytes (TILs) can 
alternatively be interpreted as an indicator of sustained 
antitumor reactivity. Spatially resolved and single- cell 
analysis by our team has evidenced prominent expression 
of activation markers in TILs coexpressing PD- 1, LAG- 3, 
and TIM- 3 in lung carcinomas, supporting that they may 
still exert antitumor functions.4 Restoring effector and 
memory states is therefore of great interest in augmenting 
antitumor immunity.

Phylogenetic genomic analyses show that BrMs can 
have distinct somatic genetic alterations relative to 
matched primary tumors, supporting biological differ-
ences in disease within the central nervous system (CNS) 
and opportunities for selective intracranially targeted 
therapies.5 6 Though immune checkpoint inhibitors 
have emerged as effective agents with activity in the CNS, 
fundamental elements of the tumor immune microenvi-
ronment, including the composition and functional char-
acteristics of adaptive immune markers in BrM, remain 
largely unexplored. Herein, we use multiplexed, quanti-
tative immunofluorescence (QIF) tissue analysis to eval-
uate the differential expression, functional profile, and 
clinical significance of major TIL subsets in lung cancer- 
associated BrMs and primary tumors.

METHODS
Patient cohort
Tumor samples from patients with lung cancer treated 
at Yale Cancer Center between 2002 and 2015 were 
retrospectively collected to construct a tissue microarray 
(TMA)- based cohort, as detailed further. Clinicopath-
ological information, including patient demographics, 
pathological subtype, molecular alterations, lung cancer 
treatment, and survival, was collected from the electronic 
medical record.

TMA construction
A TMA was constructed using methods as previously 
described.7 Briefly, paraffin- embedded, formalin- fixed 
tissue blocks were obtained from the Yale University 
Department of Pathology archives. Sections from each 
block were examined by a pathologist, and representa-
tive regions of invasive tumor were selected for inclusion. 
Cores with diameters of 0.6 mm were collected in trip-
licate and spaced 0.8 mm apart on slides using a Tissue 
Microarrayer (Beecher Instruments). Tissue sections of 
5 µm were placed on glass slides using an adhesive tape- 
transfer system (Instrumedics) with UV cross- linking.

Immunohistochemistry (IHC) staining
Tumor and stromal/immune cell PD- L1 were deter-
mined using the 22C3 IHC pharmDx kit (Agilent). Values 
were expressed as percentage of tumor cells displaying 
predominant membrane signal. Histopathological anal-
ysis of TILs was performed on H&E- stained sections 
using a semiquantitative, pathologist- based four- tiered 

scoring system, as previously described.8 Briefly, a score of 
0 indicated virtual absence; 1+ indicated low infiltration 
(<30%); 2+ indicated moderate infiltration (30%–60%); 
and 3+ indicated marked infiltration (>60%).

Multiplexed QIF
PD- L1 was assessed using a protocol involving 
the simultaneous detection of cytokeratin and 
4′,6- diamidino- 2- phenylindole (DAPI), as previously vali-
dated and described by our group.7 Briefly, TMA sections 
were first deparaffinized and subjected to antigen retrieval 
using citrate buffer pH 6.0 for 20 min at 97°C in a pressure- 
boiling container (PT Module, Lab Vision). Blocking was 
performed with 0.3% bovine serum albumin in 0.05% 
Tween solution. PD- L1 (clone E1L3N, Cell Signaling Tech-
nology) was incubated overnight. The secondary antibody 
for cytokeratin was pancytokeratin antibody (clone AE1/
AE3, eBiosciences). Cyanine 5 (Cy5) directly conjugated to 
tyramide (FP1117; Perkin- Elmer) was used for target anti-
body detection. Slides were mounted using ProlongGold 
plus DAPI to highlight nuclei.

Multiplexed TIL staining protocols were performed 
using 5- color multiplex fluorescence. Panels previously 
validated and described by our group were used to stain 
consecutive TMA sections.4 9 10 As described, isotype 
specific antibodies and horseradish peroxidase blockade 
using benzoic hydrazide (0.136 mg) and hydrogen 
peroxide (50 µL) incubation steps were used to avoid cross 
reactivity between secondary antibodies or fluorophores. 
Panels of primary antibodies included CD4 (clone SP35, 
Spring Bioscience), CD8 (clone C8/144B, DAKO), and 
CD20 (clone L26, DAKO) for the TIL panel; CD4, CD8, 
and FOXP3 (clone D2W8E, Cell Signaling Technology) 
for the regulatory T cell panel; CD3 (polyclonal, DAKO; 
clone SP7, Novus), PD- 1 (clone EH33, Cell Signaling 
Technology), TIM- 3 (clone D5D5R, Cell Signaling Tech-
nology), and LAG- 3 (clone 11E3, Abcam) for the co- in-
hibitory receptor panel; CD3, granzyme B (clone 4E6, 
Abcam), and Ki67 (clone MIB- 1, DAKO) for the activa-
tion marker panel. Secondary antibodies and fluorescent 
reagents used were goat anti- rabbit Alexa546 (Invitrogen), 
anti- rabbit Envision (K4009, DAKO) with biotynilated tyra-
mide/Streptavidine- Alexa750 conjugate (Perkin- Elmer); 
anti- mouse IgG1 antibody (eBioscience) with fluorescein- 
tyramide (Perkin- Elmer), anti- mouse IgG2a antibody 
(Abcam) with Cy5- tyramide (Perkin- Elmer).

Images were collected and analyzed according to the 
Automated Quantitative Analysis (AQUA®) method, 
as previously described.11 Briefly, the QIF score of each 
fluorescence channel was calculated by dividing the 
target marker pixel intensities by the area of the desired 
compartment. Scores were normalized to the exposure 
time and bit depth at which the images were captured, 
allowing scores collected at different exposure times to 
be comparable. Stained slides were visually examined by 
a pathologist (KAS), and defective samples or areas with 
staining artifact were reanalyzed or excluded.
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Statistical analysis
Non- parametric Spearman correlation coefficients (r) 
were calculated between markers. Simple linear regres-
sion was used to determine associations between marker 
expression and the age of sample. QIF signal differences 
between groups were compared using Mann- Whitney 
or one- way analysis of variance testing. Differences 
between paired samples were determined using Wilcoxon 
matched- pairs signed- rank testing. Patient characteris-
tics were compared using Student’s t- test for continuous 
samples and Fisher’s exact test or χ2 test for categorical 
variables. Kaplan- Meier analyses were performed to 
calculate associations between overall survival and high/
low marker expression using a median cutpoint. Overall 
survival was calculated from the date of lung cancer diag-
nosis (for primary lung cancer samples) or the date of 
BrMs diagnosis (for BrMs samples) to the date of death. 
Data from the patients who did not have confirmed death 
dates were censored based on the last recorded visit date. 
All statistical significance was defined as p<0.05.

RESULTS
Tissue characteristics
In total, 41 primary lung tumors and 65 BrMs from 95 
patients were included for analysis, including paired 
primary lung and metastatic brain tumors from 11 patients 
(online supplemental tables 1 and 2). Histological 

subtypes included adenocarcinoma (63.2%), squamous 
cell carcinoma (11.6%), small cell (10.5%), and other 
non- small cell variants (14.7%) (online supplemental 
table 1). A subset of patients had prior therapy (n=29), 
including site- specific radiotherapy (18.9%), chemo-
therapy within 30 days of tissue sampling (16.0%), and 
prior immunotherapy (1.9%) (online supplemental table 
2).

PD-L1 expression in tumor
Immunohistochemical staining of PD- L1 was evaluated in 
all samples and interpreted by a pathologist using tumor 
proportion scoring (TPS), as used clinically (figure 1A). 
We also measured PD- L1 using QIF for localized 
measurements in both the tumor and stromal compart-
ments. While PD- L1 expression was significantly lower 
in the stromal compartment compared with the tumor 
compartment (proportion score p=0.023, QIF p=0.018), 
there was a strong correlation between compartments 
(r=0.871, online supplemental figure 1). As expected, 
PD- L1 expression as measured by QIF was correlated 
with TPS (r=0.605, figure 1B). Comparable tumor PD- L1 
expression was observed between primary lung tumors 
and BrMs as measured by TPS and QIF (figure 1C and 
online supplemental figures 2A and 3A). A similar 
trend was noted in the subset of paired samples (online 
supplemental figures 3B and 4). To assess whether the 
age of the sample may impact protein- level expression, 

Figure 1 PD- L1 expression in primary lung tumors and BrMs. (A) Representative images of BrMs with H&E staining, PD- L1 by 
immunohistochemistry (22C3), and immunofluorescence (QIF). In the fluorescence image, simultaneous staining shows DAPI 
(blue), cytokeratin (gray), and PD- L1 (green). (B) Linear correlation coefficient between the PD- L1 expression as measured by 
TPS and QIF. Non- parametric, Spearman correlation (r) shows a significant moderate strength correlation (p<0.001). (C) PD- L1 
expression in tumor and stroma as measured by visual assessment (TPS) or QIF in the tumor (tQIF) or QIF in the stroma (sQIF). 
No significant differences were found in PD- L1 tumor or stromal expression between primary lung tumors or brain tissues 
(p>0.05). Overall PD- L1 expression in the stroma was markedly lower than that in the tumor compartment as measured by 
either visual assessment (p=0.023) or QIF (p=0.018). Expression is displayed as ratios normalized to the average expression in 
the lung. AU, artificial units; BrM, brain metastasis; DAPI, diamidino- 2- phenylindolens; ns, not significant; PD- L1, programmed 
death- ligand 1; QIF, quantitative immunofluorescence; sQIF, quantitative immunofluorescence in the stroma; tQIF, quantitative 
immunofluorescence in the tumor; TPS, tumor proportion scoring.
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we performed simple linear regression analysis (online 
supplemental figure 5). While a statistically significant 
association was observed between tumor PD- L1 and the 
age of the sample (p=0.037), the low coefficient of deter-
mination (R2=0.042) suggests a weak association.

Immune markers and cytotoxic activity
Based on histological assessments using a semiquantita-
tive, pathologist- based four- tiered scoring system, TIL 
density was significantly lower in BrMs compared with 
primary lung tumors (p<0.0001; figure 2A,B and online 
supplemental figures 2 and 3). To resolve the differ-
ence in TIL composition, we simultaneously analyzed 
multiple immune cell markers (figure 2A). All major TIL 
subset markers measured in the stromal compartment 
were significantly decreased within BrMs as compared 
with primary lung tumors (figure 2B), including CD3+ 
TILs (p<0.0001), CD4+ helper cells (p=0.0416), CD8+ 
effector cells (p=0.0003), and CD20+ B cells (p=0.0058). 
Notably, the presence of FOXP3+CD4+ regulatory T cells 
(p=0.0002) was also lower within BrMs. Selective measure-
ment of granzyme B as a marker of T cell activation or 
Ki67 for cell proliferation in CD3+ T cells showed lower T 
cell GZB (p=0.019) and comparable Ki67 levels in BrMs 
(figure 2C). Similar trends were noted when looking 

specifically at the paired samples (online supplemental 
figures 3B and 4).

In primary lung tumors, CD4+ expression (r=0.432) 
and CD8+ expression (r=0.418) were positively 
correlated with PD- L1 (online supplemental figure 
1B). These correlations were not observed in BrMs 
(online supplemental figure 1C). Similar correlations 
were observed with FOXP3 relative to PD- L1 in both 
primary lung tumors and BrMs (FOXP3: r=0.395 in 
lung, r=0.256 in BrM).

Coinhibitory receptor expression
Using a QIF panel simultaneously measuring immune 
inhibitory receptors on CD3+ T cells (figure 3A), we 
observed lower PD- 1+ (p=0.013), TIM- 3+ (p=0.021), 
and LAG- 3+ (p=0.008) in BrMs compared with primary 
lung tumors (figure 3B and online supplemental 
figures 2,3). Comparably high correlations were 
observed between PD- 1, TIM- 3, and LAG- 3 expression 
in CD3+ T cells in both primary lung (r=0.62–0.79) 
and BrMs (r=0.64–0.80) (online supplemental figure 
1). TIM- 3+ (lung r=0.568, brain r=0.433) and LAG- 3+ 
(lung r=0.549, brain r=0.393) expressions in CD3+ 
T cells were correlated with PD- L1 in both tissues, 
though the strength of correlation was lower in BrMs. 

Figure 2 Immune cell density and activity within primary lung tumors and BrMs. (A) Representative images of primary lung 
tumors and BrMs. H&E images are provided for reference in addition to fluorescence panels showing immune cell subsets. (B) 
Immune cell infiltration was significantly lower in BrMs compared with primary lung tumors as measured by visual assessment 
(TIL) or QIF of CD3+ T cells (p<0.0001), CD4+ helper cells (p=0.0416), CD8+ effector cells (p=0.0003), CD20+ B cells (p=0.0058), 
and FOXP3+CD4+ regulatory T cells (p=0.0002). Expression is displayed as ratios normalized to the average expression in 
the lung. (C) GZB expression in CD3 + T cells was also significantly lower in BrMs compared with primary lung (p=0.019), as 
measured by QIF. Ki67 expression, a measure of proliferation, was not significantly different between primary lung tumors or 
BrMs (p=0.944). (D) High CD3+ T cells in BrMs were associated with longer survival (p<0.0001). The median cutpoint was used 
to define high/low expression. *p<0.05. BrM, brain metastasis; GZB, granzyme B; QIF, quantitative immunofluorescence; TIL, 
tumor- infiltrating lymphocyte.
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PD- L1 and PD- 1 were correlated in lung tumors 
(r=0.405, p=0.009) but not in BrMs.

Clinical significance of the BrM immune microenvironment
Patients with high CD3+ in BrMs had longer OS 
compared with those with low CD3+ (p<0.0001); inter-
estingly, this was not observed in primary lung tumors 
(figure 2D and online supplemental figure 6A). High 
T cell TIM- 3+ (log- rank test, p=0.041) and LAG- 3+ (log- 
rank test, p=0.035) but not PD1+ in BrMs were also 
associated with longer survival (figure 3C). No differ-
ences in overall survival were found based on indi-
vidual immune marker expression when measured 
in primary lung tumors (online supplemental figure 
6). In BrMs, tumors with neuroendocrine features 
had significantly higher tumor cell Ki67 and lower 
TIM- 3 compared with other histologies (online 
supplemental table 3). TIM- 3 was also significantly 
higher in primary lung tumors from patients with 
stage IV disease at the time of diagnosis than in cases 
with earlier stages. BrM tissues that had received any 
previous treatments prior to tissue sampling also had 
significantly lower CD3 (p=0.022), TIM- 3 (p=0.003) 
and LAG- 3 (p=0.031). PD- 1 was numerically higher in 
previously treated BrMs but did not meet statistical 
significance (p=0.051). BrMs with prior radiation 
therapy had significantly higher PD- L1 (p=0.023) and 

lower TIM- 3 (p=0.044) compared with radiation- naïve 
BrMs.

DISCUSSION
Using multiplexed QIF for direct and spatially resolved 
measurement of protein markers, this study objectively 
characterizes the differential expression of PD- L1, major 
TIL subsets, T cell activity, and markers of the coinhibi-
tory receptors PD- 1, TIM- 3, and LAG- 3 within intact lung 
cancer- associated BrMs and primary tumor samples. We 
found that immune infiltration and T cell activation were 
significantly lower in BrMs compared with primary lung 
tumors. These findings highlight both the exclusionary 
nature of the blood–brain barrier, which is known to 
restrict peripheral effector immune cell trafficking via the 
glia limitans, and the immunosuppressive effects imposed 
by the distinct cellular and metabolic components of the 
CNS.12 Interestingly, we did not find a significant differ-
ence in PD- L1 expression between tumors in the brain 
and lung. We observed significantly lower levels of all 
T cell subsets including regulatory T cells within BrMs, 
as well as lower levels of T cell PD- 1, TIM- 3, and LAG- 3. 
However, high levels of CD3+ TILs in BrMs were associ-
ated with longer overall survival. Furthermore, high T 
cell TIM- 3 and LAG- 3 expression in BrMs was associated 
with prolonged survival. To our knowledge, this is the first 

Figure 3 CD3+ T cell expression of the coinhibitory receptors in primary lung tumors and BrMs. (A) Representative 
fluorescence images showing the simultaneous staining of DAPI (blue), CD3 (red), PD- 1 (yellow), TIM- 3 (purple), and LAG- 
3 (green) in primary lung tumors and BrMs. (B) CD3 + T cells within BrMs have lower expression of PD- 1 (p=0.013), Tim- 3 
(p=0.021), and LAG- 3 (p=0.008) compared with primary lung tumors, as measured by QIF. Expression is displayed as ratios 
normalized to the average expression in the lung. (C) High TIM- 3 (p=0.041) and LAG- 3 (p=0.035) expression in CD3 + T cells in 
BrMs were associated with longer survival. The median cutpoint was used to define high/low expression. BrM, brain metastasis; 
LAG- 3, lymphocyte activation gene 3; PD- 1, programmed cell death 1; QIF, quantitative immunofluorescence; TIM- 3, T cell 
immunoglobulin mucin receptor 3. Asterix (*) indicates p<0.05.
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study to report the quantitative protein- level expression, 
functional properties, and clinical significance of TILs in 
BrMs relative to primary lung tumors.

Multiple studies have shown that PD- L1 expression on 
tumor cells is most commonly a consequence of adap-
tive immune evasion in response to interferon-γ release 
by TILs. Consistent with previous studies, our finding 
shows similar tumor cell PD- L1 expression within lung 
cancer primary tumors and BrMs despite lower TIL infil-
tration in the brain.4 13–17 While PD- L1 expression was 
correlated with TIL density in primary lung tumors, no 
correlation was observed in BrMs. Positive correlations 
between PD- L1 and FOXP3+ Tregs were observed in both 
primary lung tumors and BrMs.18 19 This raises the possi-
bility that the regulation of PD- L1 expression in the CNS 
is less dependent on local cytotoxic T cell infiltration 
relative to extracranial sites and may instead support the 
presence of constitutive oncogenic PD- L1 expression,20 21 
or other regulatory pathways, which may have clinical 
implications. The role of reactive astrocytes presents an 
intriguing, alternative mediator for PD- L1 expression 
through activation of the MAPK/STAT3 pathway. Colo-
calization of reactive astrocytes and PD- L1 in a STAT3- 
dependent manner within NSCLC BrMs has recently 
been described.22 Whether the observed therapeutic 
efficacy of STAT3 inhibition in BrMs involves modulating 
adaptive immunity remains to be elucidated.

High immune infiltration, as measured by CD3 expres-
sion, was associated with longer overall survival in lung 
cancer BrMs, suggesting the relevance of antitumor 
immunity when effector immune responses can over-
come the blood–brain barrier and penetrate the tumor. 
While some studies have reported a positive association 
with specific TIL subsets and overall survival in patients 
with BrMs,14 19 these findings have not been consis-
tently reported in lung cancer, possibly related to the 
heterogeneous and small patient cohorts in addition to 
methodological differences in measuring immune infil-
tration.13 16 18 23

Strikingly, while we observed lower expression of coin-
hibitory markers in BrMs relative to primary lung tumors 
implying lower levels of activation and exhaustion, high T 
cell TIM- 3 and LAG- 3 expression in BrMs was associated 
with longer survival. One possible biological explanation 
for this association may be that BrM TILs reflect tumor- 
reactive TILs with exhausted phenotype that are able to 
retain prominent effector function. This would support 
a model in which coinhibitory receptors are upregulated 
in clonally expanded, tumor- reactive T cells and are able 
to exert an antitumor effect.24 This may also account 
for previous reports of clonal T cell contraction within 
lung adenocarcinoma- associated BrM.25 Collectively, our 
findings suggest differences in the antitumor capacity of 
immune cells within the brain and support the increased 
role of T cell TIM- 3 and LAG- 3 as markers of the intracra-
nial antitumor response. Importantly, this might provide 
avenues for pharmacological targeting in patients with 
BrMs who have not responded to anti- PD- 1 therapy.

Prior work using bulk gene expression profiling from 
ground/disaggregated tumor samples demonstrated 
elevated expression of genes associated with T cell exhaus-
tion (EOMES and LAG3) in the brain.26 However, these 
studies did not conduct direct measurements on marker- 
selected T- cells of intact tumor slides. Our study further 
expands on this by simultaneously evaluating multiple 
exhaustion markers at the protein level and evaluating 
their clinical significance.

The retrospective nature of this study and the small 
sample size of the cohort limit the scope of our results. 
Due to the relative scarcity of tissue sampling lung 
cancer BrM, we included several lung cancer histologies 
including small cell lung cancer. Most of the primary lung 
cancer tissue samples were from patients with early- stage 
disease and may in part have contributed to differences 
noted between primary lung tumors and BrMs. However, 
results from our cohort of patients with matched primary 
lung tumors and BrMs supported the overall findings 
in this study. Additionally, the treatment characteristics 
varied in our patient cohort. Most patients in this histor-
ical cohort did not receive immune checkpoint blockade, 
limiting our ability to assess the predictive value of 
immune markers for response to immunotherapy. Our 
study also relies on TMAs that analyze small fragments 
of tumors. We have incorporated at least two to three 
samples from each specimen, though this still may fail 
to capture the overall spatial complexity of each tumor. 
However, our group has published broadly using TMAs 
and has shown consistent and significant associations with 
clinicopathological variables and patient outcomes.4 7 9 10 
Findings from this single- institution cohort are explor-
atory in nature and require validation in larger, indepen-
dent cohorts.

Together, our findings demonstrate prominent differ-
ences in the T cell immune contexture between primary 
lung tumors and BrMs. These differences could explain 
clinical differences and open avenues to design optimal 
biomarker and treatment strategies for this patient 
population.
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