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ABSTRACT

The immune microenvironment of non-small cell lung cancer (NSCLC) is heterogeneous, which impedes
the prediction of response to immune checkpoint inhibitors. We have mapped the expression of 49
proteins to spatial immune niches in 33 NSCLC tumors and report key differences in phenotype and
function associated with the spatial context of immune infiltration. Tumor-infiltrating leukocytes (TIL),
identified in 42% of tumors, had a similar proportion of lymphocyte antigens compared to stromal
leukocytes (SL) but displayed significantly higher levels of functional, mainly immune suppressive,
markers including PD-L1, PD-L2, CTLA-4, B7-H3, OX40L, and IDOT1. In contrast, SL expressed higher levels
of the targetable T-cell activation marker CD27, which increased with a longer distance to the tumor.
Correlation analysis confirmed that metabolic-driven immune regulatory mechanisms, including ARG1
and IDO1, are present in the TIL. Tertiary lymphoid structures (TLS) were identified in 30% of patients. They
displayed less variation in the expression profile and with significantly higher levels of pan lymphocyte
and activation markers, dendritic cells, and antigen presentation compared to other immune niches. TLS
also had higher CTLA-4 expression than non-structured SL, which may indicate immune dysfunction.
Neither the presence of TIL nor TLS was associated with improved clinical outcomes. The apparent
discrimination in functional profiles of distinct immune niches, independent of the overall level of
leukocytes, illustrates the importance of spatial profiling to deconvolute how the immune microenviron-
ment can dictate a therapeutic response and to identify biomarkers in the context of immunomodulatory
treatment.
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Introduction organization of immune cells within the histological structure
of the tumor and proximity of cells have more recently been
identified as crucial factors for anti-cancer immunity®’. The
NSCLC tumor immune microenvironment (TIME) exhibits
vast inter- and intra-tumor heterogeneity'’, motivating com-
prehensive characterization to optimally inform clinical deci-
sion-making. The advent of high-plex spatial omics
technologies is currently revolutionizing the field of digital
pathology and offers an opportunity for detailed mapping of
individual tumors''. Here, we have applied GeoMx Digital
Spatial Profiling (DSP) to deconvolute phenotypic and func-
tional composition of distinct immune infiltration niches in
NSCLG, to identify targetable markers and TIME signatures
reflecting spatial organization of immune infiltrates.

Non-small cell lung cancer (NSCLC) is the leading cause of
cancer-related deaths, with a 5-year survival rate of 15-20%".
Treatment with small synthetic inhibitors targeting mutated
receptor kinases, like EGFR or ALK, results in improved sur-
vival in a minority of lung cancer patients™’. For lung cancer
patients with tumors without mutations in cancer driver genes,
the introduction of immune checkpoint inhibitors (ICls), alone
or combined with chemotherapy treatment, leads to long-term
responses in a small subset of patients™”. However, the major-
ity of patients do not substantially respond to these treatment
options, and a reliable selection of individuals who benefit
most is of high clinical need. The currently applied assays,
measuring PD-L1 expression on tumor cells, have limited
performance for predicting response to treatment. Thus,
improved stratification of patients is still warranted.
Furthermore, major efforts to identify other immune targets
are ongoing to increase the spectrum of patients that respond
to immune-modulating agents.

The efficacy of ICI depends on the presence of tumor-
infiltrating immune cells as well as levels of T-cell exhaustion,
immune suppression, and angiogenesis®’. The spatial

Material and methods
Patient cohort and TMA

A tissue microarray (TMA) of surgically resected NSCLC tis-
sue, with two 1-mm-diameter cores per tumor, had been pre-
viously constructed from tissue collected between 2006 and
2010 at the Uppsala University Hospital'> (Uppsala Ethical
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Table 1. Clinicopathological information for the NSCLC cohort.

Patients, n =33

Age

Median

Min

Max

Gender

Female

Male

Histology
Adenocarcinoma
Squamous cell carcinoma
Stage

1A

1B

1A

1B

A

Lymph node stage

NO

N1

N2

Smoking

Current

Former

Never

Overall survival (years)
Median

Min

Max

Progression-free survival (years)
Median

Min

Max

TLS-pos TMA cores
Yes

No

PD-L1-pos IHC (10% cutoff)
Yes

No

69
56
83

15
18

12
19

6.35
0.02
10.02

3.89
0.42
7.23

10
23

14
19

Review Board, reference 2012/532). Tumor cores from 58
patients were included in the TMA. Tumors were excluded
due to patients having received neoadjuvant treatment (n =5),
being outside the GeoMx scan area (n=12), or insufficient
content of intact cells (n =8), due to, e.g., poor quality tissue,
low tumor content, large necrotic areas, or low immune con-
tent. Clinical data from 33 patients with evaluable tissue that
were used for DSP analysis are provided in Table 1. Data from
RNA sequencing, mutational status for 82 genes, and muta-
tional load, as well as immunohistochemistry (IHC) data from
the same TMA, were available from previous studies'>'*.
Genes with mutations in at least 6/33 patients (KRAS, n=8;
NF1, n=6; STK11, n=7; TP53, n=20; MUCIl6, n =14,
KMT2C, n=6; KMT2D, n=9; CSMD3, n=15; and LRP1B,
n=6) were checked for effect on immune biomarker expres-
sion by comparing mutated (any mutation) to wild type (wt).

GeoMx digital spatial profiling

A TMA slide was stained with an immunofluorescence
(IF) morphology panel of Pan-CK, CD45, and Sytol3
and 49 oligo-conjugated DSP antibodies (Table 2), accord-
ing to the GeoMx protein profiling protocol
(Nanostring)ls. The slide was scanned in the DSP instru-
ment (Figure 1A) and ROI selection was guided by the

Table 2. Digital spatial profiling antibody panel.

Protein panel for TIME profiling

4-1BB D25 CD56 GITR PD-1
ARG1 Ccb27 CD66b GZMB PD-L1
B7-H3 D3 CD68 HLA-DR PD-L2
B2M CD34 CD8 1COS SMA
CD11c CD4 CD80 IDO1 STING
D127 CD40 CTLA4 Ki-67 Tim-3
CD14 CD44 FAP-a LAG3 VISTA
CD163 CD45 Fibronectin 0X40L

D20 CD45R0 FoxP3 Pan-CK

Controls

House-keeper proteins Histone H3 S6 GAPDH
Isotype controls Ms 1gG1 Ms lgG2a Rb 1gG

3-color composite IF image. ROIs were selected based on
spatial localization and structure, by ocular review and
consensus among three analysts (PM, SE, and ASG), and
classified as either tumor-infiltrating leukocytes (TIL)
(dispersed among tumor cells), stromal leukocytes (SL)
(separated from tumor cells), or tertiary lymphoid struc-
tures (TLS) (dense stromal leukocyte compartments of
high CD45 intensity) (Figure 1B,D). In addition, ROIs
were manually and visually scored on a 1-4 scale based
on decreasing distance to the tumor, with 1 =no immune-
tumor spatial contact, 2 = distinct clusters of immune cells
located close to the tumor margin, 3 = clusters of immune
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Figure 1. Study design and region of interest (ROI) selection, classification, and distribution across patients. (A) Overview of the GeoMx Digital Spatial Profiling (DSP)
workflow. (B) Schematic overview of spatially distinct areas of immune infiltration in NSCLC, definition of ROIs, and segmentation into areas of illumination (AOls) to
select CD45+ cells for multiplex protein characterization. Importantly, one AOI could consist of several non-overlapping segments within the same ROI. (C) ROIs were
selected from a TMA with duplicate tissue cores, visualized by 3-color immunofluorescence (IF) (blue = Syto13, red = Pan-CK, green = CD45), with multiple ROIs selected
per tumor. Within each ROI, an AOI was defined by segmenting CD45+, Syto13+, and Pan-CK- immune cells. Antibody binding events of 49 proteins were quantified
within each AOI. (D) ROIs were classified based on spatial localization as stromal leukocytes (SL), tumor-infiltrating leukocytes (TIL), or tertiary lymphoid structures (TLS),
as well as by distance to tumor margin. Numbers correspond to distance scoring on a 1-4 scale where 1 is furthest from the tumor margin and 4 is closest. (E) Frequency
of TIL, SL, and TLS ROls, colored by patient (left), and per patient (right). Each bar represents one patient, and ROIs are colored by spatial phenotype.
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Figure 2. Tumor immune microenvironment (TIME) heterogeneity across patients

and spatial immune niches. (A) Patient dependency of biomarker baseline level as

shown for IDO1 (high in TIL) and CD20 (high in TLS), with data plotted per patient (left panels) and density plots with log2 data value on the x axis and the kernel density
estimate on the y-axis (right panels), colored by type of spatial CD45 niche (TIL, SL, and TLS). (B) Variation per biomarker shown as inter-patient CV (measured across all
AOlIs), intra-tumor average CV (all AOIs per patient), and intra-core average CV (AOIs from the same tumor core). (C) Inter-patient, intra-tumor, and intra-core CVs across
all biomarkers, shown for all AOIs (left panel), and per spatial immune niche, respectively.

cells interspersed in tumor compartments, and 4=
immune cells highly dispersed among and in direct con-
tact with cancer cells (Figure 1D). In each ROI, immune
cells (CD45+, Sytol3+, and Pan-CK-) were marked and
constituted the Area of Illumination (AOIs) collected from
the specific ROI (Figure 1B-C). Oligo identifiers were
released by sequentially exposing each AOI to UV illumi-
nation and collected in separate wells of a microtiter plate.
The TMA was analyzed in two separate scans, with a total
of 183 AOIs being collected. Oligo identifiers were hybri-
dized into color coded barcodes and quantified using
nCounter (Nanostring).

Data processing and analysis

Normalization strategies were evaluated by assessing the
factors (positive and negative control antibodies, AOI area,
and AOI nuclei count) that most efficiently could compen-
sate for systematic differences in signal strengths between
spatial niches (Supplementary Figure S1), which resulted in
that scaling antibody signals to the geometric mean of
housekeeper (HK) proteins GAPDH and S6 for each AOI
was adopted. Biomarker variation was assessed by the log2
signal-to-background ratio, calculated as the relative signal
to the geometric mean of three isotype controls (Mouse



IgG1, Mouse IgG2a, and Rabbit IgG) per AOI (Figure 2B).
Biomarkers with negative log signal-to-background median
values were flagged but not excluded from the analysis as all
biomarkers showed positive signals in subsets of AOIs. Inter-
patient, inter-core, and intra-core variations were assessed by
calculating the coefficient of variation (CV) as the standard
deviation over the mean for each biomarker (Figures 2C,D).
Linear mixed models (LMM) with Patient ID as random
effect were applied to identify differentially expressed pro-
teins between categorical variables, including spatial pheno-
types and mutational status, or associated to ordinal scale
variables, including distance to tumor (1-4), tumor stage
(1 = 1A, 2=1B, 3=2A, 4=2B, 5=3A), and lymph node
stage (0 = NO, 1 = N1, 2 = N2), using the Imer function of
the ImerTest package for R. Wilcoxon signed-ranked tests
were applied for intra-patient pairwise analysis based on
tumors from which at least two AOIs of different spatial
niches had been collected. Correlation between biomarkers
was assessed using Pearson correlation test. Association of
survival was assessed using clustered univariate Cox regres-
sion with Patient ID as the clustering parameter, using the
lifelines package for python. The survminer package for
R was used for Kaplan-Meier analysis, with the optimal
threshold for categorization identified using Maximally
Selected Rank Statistics in R.

Results
Study overview and data quality control

A total of 183 ROIs were selected in spatially distinct immune
areas, annotated as SL, TIL, or TLS (Figures 1A-E). TLS were
located in stroma but classified separately from SL based on
the distinct morphology of dense, CD45-high immune clus-
ters. Examples of ROIs are shown in Figure 1D. In each
selected ROI, leukocytes (CD45+, Sytol3+, and Pan-CK-
cells) were selected and constituted the AOI, from which
signals were captured and analyzed (Figures 1B,C). The num-
ber of AOISs collected per spatial niche (SL, TIL, or TLS) was
126 SL from 30 patients, 40 TIL from 15 patients, and 19 TLS
from 10 patients (Figure 1E). No variation was observed
between the two scan batches (Supplementary Figure S1A).
The discrepancy in background signal is related to variation
in the nuclear count and AOI size, where in general TIL had
the lowest and TLS had the highest nuclei count
(Supplementary Figure S1B), was neutralized through scaling
with HK proteins GAPDH and S6 (Supplementary Figure
S1C). In order to assess the limit of detection and dynamic
range of biomarker signals, based on a collection of different
number of cells, a separate dataset of 18 ROIs was created
(Supplementary Figure S2A). It was observed that both low
(isotype control) and high (Histone H3) abundant proteins
could be measured from as few as five cells, without signifi-
cant differences in quantification of individual proteins com-
pared to 50-fold number of cells (Supplementary Figure S2B-
C). Thus, we conclude that the methodology produces robust
protein signals over a wide range of cell numbers even below
the 20 cells recommended in DSP protocols.
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TIME heterogeneity across tumors and spatial regions

Baseline levels of individual biomarkers varied significantly
across tumors, demonstrating a marked inter-tumor heteroge-
neity, regardless of spatial niche (Figure 2). Accordingly, sev-
eral proteins displayed a non-normal distribution, attributed to
the fact that multiple AOIs had been collected per patient
(Figure 2A, Supplementary Figure S3). An ~8-fold log2 differ-
ence in median signal-to-background values between antigens
with low and high expression was seen (Supplementary Figure
S4). The highest variation across AOIs was seen for CD66b
(granulocytes), followed by STING, CD34, IDO1, FoxP3,
OX40L, and ARG1 (Figure 2B), with significantly higher inter-
patient than intra-core variation (p =5.8e-16, Figure 2C).
Although the limited tissue cores included in a TMA may not
present the full heterogeneity of a tumor, the intra-patient
variation was only marginally higher than intra-core variation
(Figure 2C), indicating that the select ROIs were representa-
tively capturing immune infiltration across a tumor. Albeit
only significant for intra-core CVs, there was a trend of lower
variation in TLS compared to SL and TIL (Figure 2C).
Concordantly, absolute correlation coefficients were signifi-
cantly higher in TLS compared to SL and TIL (p < 2e-16)
(Supplementary Figure S5), demonstrating that, compared to
other spatial immune niches, TLS display a more homogenous
protein composition across NSCLC tumors. Higher homoge-
neity may in part be an effect of absent signal contribution
from immune-neighboring cells (e.g., tumor or stroma cells) to
the distinct TLS regions.

Protein profiles of distinct spatial immune niches across
tumors

The overall levels of lymphocyte phenotypic markers (e.g.,
CD45, CD3, CD4, CDS8, and CD20) did not differ between TIL
and SL. However, functional markers, as well as myeloid mar-
kers, differed significantly between these two compartments
(Figure 3A). TIL had higher expression of PD-L1, B7-H3,
CTLA4, OX40L, IDO1, CD68, PD-L2, FoxP3, CD11c, CDA40,
and Ki-67, demonstrating an actively suppressed immune envir-
onment and the presence of ICI targets in infiltrated tumors. In
contrast, SL had higher expression of the immune checkpoints
CD27 and VISTA, with a background expression of fibroblast
activation markers SMA and Fibronectin. Pan-CK was the most
significantly differentially expressed protein due to the fact that
TIL has a larger area of cell-to-cell contact with tumor cells
expressing Pan-CK. Thus, background levels of highly abundant
proteins in neighboring cells were also detected.

Immune compartments manifested as dense, stromal clus-
ters of CD45-bright cells annotated as TLS were compared to
unstructured stromal immune infiltration (SL). TLS were
higher in CD20, CD45, CD3, HLA-DR, beta-2-microglobulin,
CD11c, CTLA-4, CDA40, ICOS, and Ki-67, denoting aggregates
of antigen presentation with active and proliferating B- and
T lymphocytes (Figure 3A). Moreover, TLS were lower in
SMA, fibronectin, and VISTA compared to SL and lower in
ARG1 and CD66b compared to both TIL and SL, confirming
that TLS have low presence of myeloid and stromal cells in
relation to other spatial immune niches.
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Figure 3. Phenotypic profiling of spatial immune niches. (A) Differential protein expression identified by Linear Mixed Models (LMM) with patient as random effect for
TIL vs. SL (left), TLS vs. SL (middle), and TLS vs. TIL (right). -log10 FDR (false discovery rate) was plotted against LMM regression coefficient, with FDR = 0.05 marked by
dotted red line. In each comparison, negative regression coefficients denote higher expression in TIL vs. SL; TLS vs. SL; and TLS vs. TIL, and vice versa. (B) Wilcoxon
signed-ranked test p-values from paired analysis of tumors from which more than one spatial niche had been sampled. P-values and log2 fold changes for TIL vs. SL (left)
and TLS vs. SL (right). Biomarkers with significant p-values are listed. (C) LMM regression on ordinal scale with patient as random effect and distance to tumor as
outcome, with -log10 FDR plotted against LMM regression coefficient. Positive regression coefficient corresponds to shorter distance to tumor and vice versa. FDR = 0.05
is marked by dotted red line. (D) Schematic summary of protein profiles identified for distinct spatial immune niches in NSCLC.

Several of the significant biomarkers in the linear mixed
models were also identified as differentially expressed through
per-patient, non-parametric paired comparisons of TIL vs. SL,
and TLS vs. SL, based on a limited set of tumors from which
more than one type of spatial niche had been sampled
(Figure 3B). A subset of proteins, including Pan-CK (p =
0.11), PD-L1 (p=0.13), and CD68 (p=0.13) in TIL vs. SL,
did not reach significance in the pairwise test, likely due to
the low number of patients included and the fact that certain
markers may be driven by few patients with high expression in
distinct immune niches.

Immune phenotypes related to distance to tumor

Regression with ROI distance to tumor as fixed effect and
patient as random effect also showed an increased
immune suppressive environment with closer tumor vici-
nity. Expression of B7-H3, IDO1, CD68, OX40L, CD66b,
PD-L1, FoxP3, and CTLA4 was significantly associated to
shorter tumor immune distance (Figure 3C). As noted
above, the increased expression of Pan-CK, PD-LI,
IDO1, and Ki-67 with decreasing distance to the tumor
may be attributed to background signals from adjacent



tumor cells rather than leukocyte-specific biomarker sig-
nals. Longer distance to the tumor was mainly associated
with the immune activation marker CD27, which did not
differ between SL and TLS, but was significantly higher in
both compared to TIL. In addition, when excluding TLS,
CD27 remained significantly associated with a longer dis-
tance to the tumor (Supplementary Figure 6), demonstrat-
ing higher overall expression in stromal immune regions
located further away from the tumor cells. In general,
immune checkpoints were significantly higher in TIL,
with the exception of CD27 and VISTA (Figure 3A).

In summary, we show that TLS are high in lymphocyte
phenotypic and activation-related proteins, antigen pre-
sentation, and proliferation markers, and the immune
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checkpoint CTLA-4 (Figure 3D). In contrast, non-
structured stromal immune niches revealed a more hetero-
geneous lymphocytic repertoire and higher levels of fibro-
blast activation, and high CD27 expression which
increases with distance to tumor. Targetable immune
checkpoints were primarily expressed in the tumor-
infiltrating immune compartments in direct contact with
tumor cells. CD68+ macrophages as well as FoxP3+
immune regulatory lymphocytes were also enriched in
TIL, although it should be noted that FoxP3 was overall
low, and thus, its differential expression should be inter-
preted with care. Levels of CD66b+ granulocytes did not
differ between infiltrating and stromal immune niches but
were higher in both compared to TLS.
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Figure 4. Correlation of potentially targetable markers across areas of illumination (AOls) and spatial niches. (A) Pearson correlation for TIL AOls. (B) Correlation of ARG1
to CD66b and (C) ARG1 to CD3 across all AOls. Pearson R and p-values are shown. (D) Linear Mixed Models (LMM) with Patient ID as random effect for classification of IHC
PD-L1 positive versus negative tumors (10% threshold). -log10 false discovery rate (FDR) plotted against LMM regression coefficient with negative coefficient = higher in
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measured in multiple AOIs per patient. Pearson R and p-values are shown.
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Correlation of phenotypic and functional antigens
suggests OX40L and ARGT1 as potential targets in subsets
of NSCLC

Correlation analysis confirmed that individual proteins dis-
played lower variation in TLS, with an overall higher corre-
lation of both abundantly and lowly expressed markers
compared to SL and TIL (Supplementary Figure 7). For an
increased understanding of interactions driving immune
suppression inside tumor nests, clusters of correlating bio-
markers were explored in TIL niches (Figure 4A). OX40L
and CD68 were in linear mixed models identified as higher
expressed in TIL than in SL (Figure 3A). Correlation ana-
lysis clustered OX40L and CD68 with HLA-DR, which may
indicate that OX40L is primarily expressed by antigen-
presenting macrophages
A previously identified target, ARG1, was highly correlated
to CD66b, both across (Figure 4B) and within spatial
immune niches (Supplementary Figure 8). ARGl and
CD66b were poorly correlated with CD3 (Figure 4C) but
clustered with FoxP3. Thus, ARGl may primarily be
expressed by CD66b+ granulocytes associated with a CD3-
low, immune suppressive environment. The level of CD66b
and ARGI varied significantly between patients (Figure 2C)
but did not, in general, differ between stromal and tumor
immune niches (Figure 3A).

in vicinity of tumor cells.

PD-L1 IHC score and bulk RNAseq were confirmed by DSP
and correlate to IDO1

Tumors were grouped as PD-L1 positive and negative based on
previously generated THC scores from the same TMA.'
Overall, the presence of distinct spatial immune niches was
not significantly associated with tumor PD-L1 status, regard-
less of THC score threshold (Supplementary Figure 9). PD-L1
(p=0.007) and IDO1 (p =0.009) showed the highest associa-
tion to PD-L1 IHC-positive tumors, while CD34 was the mar-
ker most strongly associated with PD-L1 IHC-negative tumors
(p =0.030) (Figure 4D). Similarly, DSP PD-L1 was significantly
correlated with bulk RNAseq PD-L1 counts from the same
tumors (Figure 4F) and IHC PD-L1 scores (Supplementary
Figure 10). Although DSP data obtained from spatially distinct
niches are not readily compared to bulk RNA data or overall
tumor IHC scores, the positive correlation of markers includ-
ing PD-L1, CD3, and CD8 (Supplementary Figure 10) points to
the validity of the DSP data. The correlation between PD-L1
and IDO1 was high across all AOIs (Figure 4E) and within
spatial immune niches (Supplementary Figure 11), however
expression levels of the two proteins were significantly higher
in TIL compared to SL and TLS (Figure 3A and Supplementary
Figure 11). In TIL, IDOL1 is clustered with CD163 (Figure 4A),
which may suggest that immune suppression conferred by
IDOL1 is associated with CD163+ macrophages and that com-
bined PD-L1 and IDO1 targeting could be feasible for patients
with CD163 presence in the spatial vicinity of tumor cells.
Similar to ARG1, which regulates arginine levels critical for
lymphocyte proliferation and function, IDO1 is a regulator of
tryptophan metabolism. The data indicate that both these

markers contribute to immune suppression profiles, suggesting
a need to better understand checkpoint-driven mechanisms
associated with amino acid metabolism in NSCLC.

Presence of distinct immune infiltration spatial
phenotypes or biomarkers was weakly associated to
clinical factors and survival

Analysis showed that STING, an activation marker of primarily
innate immunity, was positively correlated to tumor stage
(p =0.054) (Supplementary Figure 12A) and lymph node status
(p=0.032) (Supplementary Figure 12B). The presence of dis-
tinct spatial immune niches could not be attributed to patient
subgroups based on tumor stage, histology subtype (adenocar-
cinoma vs. squamous cell carcinoma), gender, or smoking
status (Supplementary Figure 12C-F).

Estimated tumor mutational burden was also not associated
with immune infiltration profiles, regardless of whether asses-
sing total or non-synonymous mutational load. Individual
genes mutated in a minimum of six patients were assessed for
impact on the immune microenvironment. KRAS-mutated
tumors showed significantly higher expression of CD8, CD3,
CD44, CD40, and TIM3 across all AOIs, indicating a more
active T-cell response in comparison to wt (Supplementary
Figure 13A). Other mutations showing a significant association
to immune markers were LRP1B (higher Granzyme B in
mutated, Supplementary Figure 13B); KMT2D (lower ICOS,
PD-L1, CD80, and VISTA in mutated, Supplementary
Figure 13C); and CSMD3 (lower HLA-DR, IDOI1, and
OX40L in mutated, Supplementary Figure 13D). TP53 muta-
tions were prevalent (n =20, 60%) but showed no significant
impact on immune microenvironment compared to wt. EGFR
was not tested due to the low number (n=3) of mutated
tumors.

Presence of specific immune niches was not correlated to
overall or progression-free survival (Supplementary
Figure 14A). B7-H3 was the only biomarker demonstrating
significance as a predictor of survival (5-year truncated overall
survival p=0.008, hazard ratio 0.6) (Supplementary
Figure 14B). Of note, established prognostic factors, including
tumor stage and patient age, did not show association to
survival, indicating that the survival analysis was hampered
by the limited number of patient samples.

Discussion

The breakthroughs of immunotherapy and spatially guided
tumor analyses of the TIME have jointly provided hope to
resolve the biological cues governing response to ICI
treatment'”. To improve outcomes in NSCLC, a better under-
standing of which patients who will respond to specific immu-
notherapy, how different therapeutic strategies optimally can
be combined, and ways to promote and enhance immune
migration and activation in tumors where leukocytes are
restricted to stromal areas is warranted. This can only be
achieved by taking genetic and phenotypic diversity into
account and incorporating methods that can capture and
describe complex TIME'®. In this study, we used DSP' to
explore the variability of the CD45+ compartment in NSCLC



and to understand how spatially distinct immune infiltration
niches differ in cell composition and functional immuno-
oncology targets. Through image segmentation, tumor-
infiltrating leukocytes (TIL), stromal leukocytes (SL), and ter-
tiary lymphoid structures (TLS) could be compared by DSP
protein profiling specifically of CD45+ cells in regions of
interest.

TIL areas, defined as having individual immune cells in
close contact with tumor cells, were identified in 42% of
patients. Importantly, the relative level of lymphocyte pheno-
typic markers, including CD45, CD3, CD8, and CD3, did not
differ between TIL and SL. Instead, the location of immune
cells, in either the stroma or tumor cell compartment, was
rather associated with distinct functional immune profiles.
TIL were surrounded by an environment enriched in IDO1,
potentially mediating CD8+ T-cell suppression. The expres-
sion of IDO1 is variable in NSCLC.*’. So far, no IDO1 inhibitor
has been approved for cancer treatment but is currently being
evaluated in combination with chemo- or radiotherapy”'.
Additionally, several B7 family members/ligands such as
CTLA4, B7-H3, PD-L1, and PD-L2 were upregulated in TIL
compared to SL. Thus, the properties of distinct immune
niches should, rather than the overall level of lymphocytes in
the TIME, be considered when strategies to guide the choice of
therapy, or to overcome resistance, are developed.

While TIL were generally characterized by immune sup-
pressive phenotypes, CD66b, and ARG1 were observed in TIL
and SL immune niches to a similar degree. This indicates that
ARG] targeting may be a feasible approach to break immune
suppression also for NSCLC tumors lacking immune infiltra-
tion in the immediate tumor vicinity. Given the strong correla-
tion between ARGI1 and CD66b observed here, tumors with
high granulocyte presence in stroma or tumor regions could
potentially be subjected to ARG1 therapy. Concordantly, pre-
vious research has demonstrated that increased ARGI plasma
levels are related to IL-8 induced release from neutrophils®*.
ARG], together with NOS (nitric oxide synthase), controls the
level of arginine, which in turn regulates immune activity. In
animal experiments, ARG1-directed treatment reduces growth
in KRAS-mutated tumors>>. Neutrophils have been reported to
be one of the dominating immune populations in NSCLC?*,
and it has recently been shown that high CD66b and TIM-3
protein levels predict poor survival for NSCLC patients, irre-
spective of mutational status®.

Over 50% of NSCLC tumors can be characterized as having
an excluded TIME phenotype, with most immune cells resid-
ing in tumor-adjacent stroma. With less ICI targets present, it
is of particular interest to identify alternative approaches to
stimulate immune activity in these tumors. Here, we show that
CD27 is one of the few functional antigens enriched in the
stromal immune niche and that expression increased with
distance to tumor cells. CD27 is a member of the tumor
necrosis factor receptor superfamily and binds to the check-
point molecule CD70°°. The CD27-CD70 axis constitutes an
attractive option to stimulate T-cells and augment the effect of
ICI”. Specifically, CD27 is a potential target for agonistic
immunotherapy, using, for example, varlilumab®® for patients
where immune infiltration resides in the stroma rather than in
the direct tumor vicinity.
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Of interest, T-cells can be recruited to the tumor site through
high endothelial venules adjacent to TLS, suggesting that TLS
constitute an opportunity to increase T-cell recognition to the
tumor””. The education of mature dendritic cells in TLS poten-
tially generates a specific immune context characterized by
a strong Th1 and cytotoxic orientation associated with favorable
outcomes®®?!. However, the prognostic role of TLS has been
debated as other studies have shown that TLS can be dysfunc-
tional and promote the production of regulatory T-cells’. It
should be noted that the term TLS is only poorly defined and
often histologically determined as lymphoid aggregates in HE
sections. In this study, we further characterized TLS, here
defined as dense stromal leukocyte compartments of high
CD45 intensity, on a molecular level, and demonstrate that
these lymphoid aggregates are not random cell groups but func-
tional entities with a specific immune repertoire. Even within the
limited area of the tissue cores, TLS were identified in 30% of
tumors. Phenotypical and functional comparisons to other stro-
mal immune niches showed that TLS were dominated by lym-
phocytes, including B and T-cells, and the presence of CD11c
positive dendritic cells and antigen presentation (HLA-DR,
Beta-2-Macroglobulin, and CD40). TLS, compared to SL, were
enriched in CTLA4, which indeed indicates that the TLS may be
dysfunctional and lack the ability to promote full immunity.
Further characterization of these structures, including the level
of maturity as marked by, e.g., CD23 expression’>, is needed to
elucidate the prognostic impact of the presence and spatial
distribution of TLS in NSCLC.

In addition to TIME heterogeneity, analysis of differences in
phenotypic and functional immune-related proteins were asso-
ciated with clinicopathological and genomic features as well as
survival. The checkpoint molecule B7-H3 was identified as
significantly associated with improved overall survival (5-year
truncated), but this finding needs to be validated in a larger
cohort. Specific targeting of B7-H3 has shown promising
results in a wide range of tumor types>. The total mutational
burden and most individual genes had no association to
immune phenotypes in our limited cohort, but KRAS-
mutated cases showed evidence of a tumor-suppressive T-cell
environment. A high mutational load should provide a high
amount of neoantigens, and previous studies have shown an
association to PD-1 treatment sensitivity in NSCLC?**. Thus,
consideration to genetic, proteomic, and spatial contexts com-
bined needs to be made if prognostic indices are to be defined
for response to immunotherapy.

Our study was limited by number of patients and
restricted to protein profiling of immune compartments,
subjectively annotated using 2D images. Single-cell or
spatially resolved genomic analysis of larger cohorts, with
concomitant spatial profiling of distinct phenotypes,
including markers of, e.g., TLS maturity and myeloid
subtypes, may reveal which transcriptional programs that
are affecting survival and treatment response. By establish-
ing such interactions, it can be pinpointed which biomar-
kers and spatial features that are relevant to include in an
immune index for stratifying patients by tentative thera-
peutic regimens. As demonstrated here and by others, the
DSP technology is valuable for detailed mapping of com-
plex TIME and identification of new targets. Since the
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analysis is based on standard FFPE tissue and antibody
staining, there is a good opportunity to translate con-
densed biomarker signatures to the clinical setting, for
patient stratification in relation to TIME profiles. Further
validation of individual targets shown to be associated
with immune infiltration phenotypes in this study will be
the subject of follow-up studies.

In summary, we show that spatially guided analyses hold
potential for pinpointing which immune-targeting strategies
are feasible for NSCLC patients. Our data reveal that leuko-
cytes located in distinct niches, including stroma, tumor-
infiltrates, and TLS, show evidence of context-related
immune suppression and activity. Of importance, 30% of
patients had tumor-infiltrating immune cells with enhanced
expression of a variety of checkpoint inhibitors that are
targetable with upcoming or already FDA-approved IClIs.
For these patients, our data suggest that especially B7-H3,
OX40L, and IDO1 carry potential therapeutic values beyond
PD-L1 and CTLA-4.
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