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Lung cancer is the leading cause of cancer-related deaths. An enhanced
understanding of the immune microenvironments within these tumours may
foster more precise and efficient treatment, particularly for immune-targeted
therapies. The spatial architectural differences between lung adenocarcinoma
(LUAD) and lung squamous cell carcinoma (LUSC) are relatively unexplored.
Here, we applied imaging mass cytometry to a balanced cohort of LUAD and
LUSC patients, matched for clinical factors such as age, sex, and smoking
history, to analyze 204 histopathology images of tumours from 102 individuals
with non-small cell lung cancer (NSCLC). By analyzing interactions and broader
cellular networks, we interrogate the tumour microenvironment to under-
stand how immune cells are spatially organized in clinically matched adeno-
carcinoma and squamous cell carcinoma subsets. This spatial analysis revealed
distinct patterns of immune cell aggregation, particularly among macrophage
populations, that correlated with patient prognosis differentially in adeno-
carcinoma and squamous cell carcinoma, suggesting potential new strategies
for therapeutic intervention. Our findings underscore the importance of ana-
lyzing NSCLC histological subtypes separately when investigating the spatial
immune landscape, as microenvironmental characteristics and cellular inter-
actions differed by subtype. Recognizing these distinctions is essential for
designing precision therapies tailored to each subtype’s unique immune
architecture, ultimately enhancing patient outcomes.

Lung cancer remains the leading cause of cancer-related mortality
worldwide'. Approximately 85% of lung cancers can be classified as
non-small-cell lung cancer (NSCLC). NSCLC is further categorized into
three primary subtypes: lung adenocarcinoma (LUAD), lung squamous
cell carcinoma (LUSC), and large-cell carcinoma’. LUAD and LUSC,
which collectively represent 80-90% of NSCLC, have distinct genetic
features, treatments, and prognoses®>. In our previous work, we

utilized imaging mass cytometry (IMC) to spatially dissect the tumour
immune microenvironment (TIME) of LUAD, identifying features that
were highly predictive of recurrence in early-stage disease®. Notably,
we discovered that specific interactions between B cells and CD4+ T
cells were associated with improved survival in LUAD patients. How-
ever, this survival advantage was negated when regulatory T cells were
found in close proximity to B cells and CD4+ T cells. Additionally, we
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observed that many characteristics of the TIME, particularly within the
myeloid compartment, were influenced by patient-specific factors
such as age, sex, or smoking status. In this follow-up study, we aimed to
compare the tumour immune landscape of LUAD with LUSC. Our
previous findings underscored the necessity of using clinically mat-
ched cohorts when comparing NSCLC patients to avoid confounding
variables and ensure accurate interpretation of prognostic features.
While distinctions in immunological composition between LUAD and
LUSC have been described previously’, understanding differences in
their spatial architecture remains relatively unexplored®. To date, no
studies have included a balanced comparison of LUAD and LUSC
patients with matched clinical features. To address this gap, we employ
highly multiplexed IMC to examine the immune characteristics of 204
histopathology images from 102 NSCLC tumours, representing 51
LUAD patients clinically matched to 51 LUSC patients. This approach
allowed us to explore differences in the spatial organization of immune
cells between LUAD and LUSC while controlling for key clinical vari-
ables. Leveraging this controlled cohort, our investigation reveals
notable variations in the architectural organization of these tumours,
along with complex interactions between immune cells within them,
particularly concerning the myeloid compartment. We find that mac-
rophages exhibit distinct organization patterns in LUAD and LUSC
which are associated with patient outcomes. We also observe differ-
ences in the composition of the vascular niche. LUAD exhibit an
enrichment in neutrophil-endothelial interactions in the TIME, which
were absent in LUSC, even though neutrophils were twice as frequent
in LUSC compared to LUAD. Our study emphasizes the necessity of
accounting for histological subtypes when evaluating survival
rates using tumour microenvironment classification in NSCLC, as it
may not apply universally across all histologies. Our findings elucidate
the distinctive immune landscapes and cellular interactions within the
most prominent histological subtypes of lung cancer, which could help
enhance therapeutic strategies.

Results

Single-cell spatial resolution of NSCLC using imaging mass
cytometry

To draw immunological comparisons between the cellular composi-
tion of LUAD and LUSC tumours, IMC was performed on a total of 204
tumour samples collected from 102 patients—51 LUAD clinically mat-
ched to 51 LUSC. For each patient, a pathologist selected two tumour
cores for analysis to account for tumour heterogeneity (Fig. 1A). LUAD
and LUSC patients were matched by age, sex, stage, and smoking
status (Table 1). We stained tumours with our previously optimized 35-
plex antibody panel and applied our established pipeline for seg-
mentation and cell-type assignment®. Due to the inherent differences
in LUAD and LUSC biology, we amended our lineage assignment
algorithm to better capture the differences in cellular frequency
between LUAD and LUSC. In total, we resolved 893,148 cells which
were then classified as either tumour, endothelial cells, or one of 14
immune cell types based on canonical lineage markers (Fig. 1B, C,
Supplementary Fig. 1A-C, Supplementary Fig. 2, Supplementary
Table 1). LUAD tumours had higher levels of immune cell infiltration
(45.3% of total cells) compared to LUSC tumours (36.7%) (Fig. 1D). This
was primarily attributable to increases in lymphoid cells in LUAD,
aligning with prior findings’ (Fig. 1D). Within histological subtypes, we
revealed a higher presence of lymphocytes in female LUAD patients
(P=0.0540, Fig. 1E) and in patients older than 75 years (P=0.0470,
Fig. 1F). We next explored differences in specific immune cell fre-
quencies between the two histological subtypes. Reflecting the dif-
ferences in overall immune cell frequencies, LUSC exhibited a greater
proportion of cancer cells (45.1% of total cells) compared to LUAD
(36.0%) (Fig. 1G). We noted differences in the prevalence of endothelial
cells, with a significantly higher percentage in LUAD, indicative of
elevated vascularization (Fig. 1G). Although the overall frequency of

total myeloid cells was similar between LUAD and LUSC (Fig. 1D), there
were significant differences in nearly all myeloid cell types (Fig. 1G).
Most notably, neutrophils were significantly more abundant in LUSC
(8.1% of total cells) compared to LUAD (4.1%) (Fig. 1G). Macrophages
(including both CD163- and CD163+ subsets) constituted the majority
of the myeloid compartment in LUAD (8.6% and 2.8% of total cells,
respectively) and were more frequent when compared to macrophage
frequencies in LUSC (4.3% and 1.0%) (Fig. 1G). CD14+ CD16- classical
monocytes were more abundant in LUSC (2.3%) compared to LUAD
(1.2%) (Fig. 1G). We observed the reverse trend for mast cells, which
were significantly less frequent in LUSC compared to LUAD (Fig. 1G).
This was intriguing given that recent studies suggest that mast cells
play a valuable role in determining the prognosis of NSCLC, with LUSC
patients having worse outcomes. Upon characterizing immune
lineages underlying the elevation in lymphocytes in LUAD, we found
this was driven by an increase in the frequency of CD4+ helper T cells
(12.5% in LUAD versus 7.4% in LUSC) and regulatory T cells (Tregs)
(0.62% in LUAD versus 0.33% in LUSC) (Fig. 1G). The frequency of CD8+
T cells, B cells and Natural Killer (NK) cells did not significantly differ
between LUAD and LUSC (Fig. 1G).

Within the immune compartment of LUAD tumours, the three
most abundant cell types were CD4+ helper T cells (26.2% of immune
cells), CD163- macrophages (21.7%) and CD8+ cytotoxic T cells (16.5%)
(Fig. 1H, Supplementary Fig. 1D), reflecting our previous findings in an
independent cohort®. In contrast, neutrophils were the most abundant
cell type in the immune compartment of LUSC tumours, representing
22.5% of all immune cells, followed by CD4+ helper T cells (18.8%) and
CD8+ T cells (15.7%) (Fig. 11, Supplementary Fig. 1D). This compre-
hensive immune atlas of LUAD and LUSC highlights their distinct
immune features across a balanced cohort of patients and enables a
more detailed exploration of the spatial immune landscapes in these
NSCLC subtypes while controlling for major confounding variables.

We next expanded our analysis from variations in cell lineage
frequency to investigate potential differences in cell activation states.
Ki67+ cancer cells comprised 4.7% of all cancer cells in LUAD com-
pared to 8.9% in LUSC (Fig. 1)), suggestive of a more proliferative
tumour compartment. Regarding lymphoid cells, not only did the
LUAD microenvironment show higher T cell infiltration, but it also
appeared more conducive to T cell activation. This was evidenced by
increased ERK signalling in CD4+ T cells in LUAD compared to those in
LUSC (Fig. 1K), known to inhibit the differentiation of these cells into
Tregs™. Furthermore, enhanced ERK signalling was also observed in
CD8+ T cells in LUAD, which is associated with T cell activation
(Fig. 1K)">. In LUAD, there was a greater proportion of CD40+ B cells
(Fig. 1L). CD40 activation of B cells is associated with enhanced pro-
liferation, germinal center formation, and the formation of memory B
cells®, and has also been explored as a promising immunotherapeutic
target in cancer®. Although macrophages were more abundant in
LUAD overall (Fig. 1G), they exhibited immunosuppressive features in
LUSC (e.g. Arginase 1°), versus LUAD (Fig. IM). Amongst other com-
ponents of the myeloid compartment, LUSC neutrophils expressed
more alpha-cleaved H3 (Fig. IN)'®, a specific marker for neutrophil
extracellular traps, which we and others have shown to be associated
with immunosuppression and cancer progression”’ . These results
underscore the complex nature of the immune landscapes in LUSC
and LUAD.

Analysis of tumour microenvironments in LUSC and LUAD
highlights dynamic pairwise cell-cell interaction patterns

and cellular neighbourhoods

Given our findings related to differences in immune cell activation
states, we next wanted to examine the spatial distribution of cells
within the TIME. We employed a permutation testing strategy to
statistically evaluate if specific cell types were likely to interact, and
to assess if these spatial relationships differed between LUAD and
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LUSC. We observed an increased tendency for interactions between
B cells and cancer cells in LUAD versus LUSC (Fig. 2A, box i), sug-
gestive of the known associations between specific B cell interactions
and improved prognosis in LUAD®, and the association between B cell
frequency and improved disease-free survival among LUAD patients
in our dataset (Supplementary Table 2). In LUAD, neutrophils,
although less common than in LUSC (Fig. 1G), exhibited stronger

0
CD40 Arg1 Alpha-Cleaved H3

interaction tendencies with endothelial cells and CD4+ T cells
(Fig. 2A, box i, Fig. 2B, C). In contrast, neutrophils in LUSC were more
likely to interact with cancer cells, CD163- macrophages, and classical
monocytes (Fig. 2A, box ii, Fig. 2B, C). We observed a similar pattern
when looking at the interaction tendencies of CD163- macrophages,
which are significantly more abundant in LUAD than LUSC (Fig. 1G).
In LUAD, CD163- macrophages tend to interact with B cells, Tregs and
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Fig. 1| Single-cell spatial resolution of NSCLC using imaging mass cytometry.
A Schematic depicting the acquisition and analysis of IMC multiplexed images from
102 LUAD and 102 LUSC cores. Created in BioRender. Quail, D. (2025) https://
BioRender.com/k14v431. B Distribution of cell types in the tumour microenviron-
ment and corresponding clinical variables (predominant histological pattern,
stage, sex, age, body mass index (BMI), smoking status, pack years, and progression
status) in LUAD (n=102) and LUSC (n=102). Defined cell types are in order of
prevalence for each histological subtype, sorted by CD4+ T cell frequency for LUAD
and neutrophil frequency for LUSC. C Representative images of multiplex antibody
staining and paired segmented images for LUAD and LUSC. Scale bars =100 pum.
Legend for cell types can be seen in B. D Prevalence of total immune, myeloid, and
lymphoid cells as % total cells across LUAD (n =102) and LUSC (n =102) cores. Two-
tailed unpaired multiple comparison adjusted Student’s ¢ tests; mean +s.e.m.

E Lymphoid infiltrate as % of total cells in male (56 cores; 28 patients) and female
(46 cores; 23 patients) LUAD patients. Two-tailed unpaired Student’s ¢ test;

mean * s.e.m. F Lymphoid infiltrate as % of total cells in younger (under 75 years, 68
cores; 34 pts) and older (over 75 years, 34 cores; 17 pts) LUAD patients. Two-tailed
unpaired Student’s ¢ test; mean + s.e.m. G Comparison of cell frequencies between
LUAD (n=102) and LUSC (n =102) cores for stromal cells, neutrophils and

macrophages, other myeloid and lymphoid cells. Two-tailed unpaired multiple
comparison adjusted Student’s ¢ tests; mean + s.e.m. H Proportion of each immune
cell as % of total immune cells in LUAD (n =102) cores from most to least prevalent;
mean *s.e.m. I Proportion of each immune cell as % total immune cells in LUSC
(n=102) cores from most to least prevalent; mean + s.e.m. J Proportion of Ki67+
cancer cells across LUAD (n=102) and LUSC (n=102) cores. Two-tailed unpaired
Student’s ¢ test; mean + s.e.m. P value = 0.00000271. K Proportion of pERK+ CD4+
and CD8+ T cells across LUAD (n=102 and n=102) and LUSC (n=99 and n=101)
cores. Two-tailed unpaired Student’s ¢ test; mean + s.e.m. pERK+ CD4 +: P value =
0.0000248. pERK+ CD8 +: P value = 0.0000177. L Proportion of CD40 +B cells
across LUAD (n =101) and LUSC (n = 93) cores. Two-tailed unpaired Student’s ¢ test;
mean * s.e.m. M Proportion of Argl+ macrophages across LUAD (n =102) and LUSC
(n=102) cores. Two-tailed unpaired Student’s ¢ test; mean +s.e.m. P value =
0.00000733. N Proportion of alpha-cleaved H3+ neutrophils across LUAD (n =102)
and LUSC (n =102) cores. Two-tailed unpaired Student’s ¢ test; mean + s.e.m. P
value = 0.000000000318. LUAD lung adenocarcinoma, LUSC lung squamous cell
carcinoma, Cl Monocyte classical monocyte, Non-Cl Monocyte non-classical
monocyte, Int Monocyte intermediate monocyte, NK cell Natural Killer cell, Treg
regulatory T cell, CyTOF cytometry by time of flight, Argl Arginase 1.

CD163+ macrophages (Fig. 2A, box iii, Fig. 2B). In contrast, CD163-
macrophages in LUSC show preferential interactions with cancer
cells and neutrophils (Fig. 2A, box i, Fig. 2B). This pattern aligns with
the previously noted tendencies for neutrophil interactions, indi-
cating a highly structured cancer-myeloid interaction network in
LUSC. This diversity in cellular interactions, underscores the impor-
tance of developing subtype-specific therapies that target these
unique cellular dynamics. These insights broaden our understanding
of the distinct cellular interactions within the tumour micro-
environments of LUAD and LUSC, suggesting the presence of further,
more intricate cellular engagements beyond simple pairwise inter-
actions that merit further exploration.

Table 1| Clinical characteristics of LUAD and LUSC cohorts

LUAD (n, %) LUSC (n, %)
Sex
Female 23 (45.1%) 18 (35.3%)
Male 28 (54.9%) 33 (64.7%)
Age (years)
<75 34 (66.7%) 34 (66.7%)
275 17 (33.3%) 17 (33.3%)
BMI (kg/m?)
<30 35 (68.6%) 37 (72.5%)
230 16 (31.4%) 14 (27.5%)
Smoking status
Smoker 41 (80.4%) 47 (92.2%)
Non-smoker 10 (19.6%) 4 (7.8%)
Pack years
1-30 11 (21.6%) 11 (21.6%)
230 27 (52.9%) 26 (51.0%)
NA 13 (25.5%) 14 (27.4%)
Stage
I-11 48 (94.1%) 43 (84.3%)
I 3(5.9%) 8 (15.7%)
Progression
Yes 14 (27.5%) 12 (23.5%)
Death
Yes 15 (29.4%) 14 (27.5%)
Follow-up time
Median, years 5.59 422

Given the distinct pairwise interaction landscape between LUAD
and LUSC, we were interested in comparing the more complex cellular
neighbourhoods (CN) that spatially define these tumours. As pre-
viously described®?*?, we partitioned tumours into cellular neigh-
bourhoods by considering each cell’'s ten nearest neighbours. This
allowed us to establish ten spatially defined cellular neighbourhoods
which we named: tumour boundary (CN1), pan-immune hotspot 1
(CN2), macrophage enriched (CN3), undefined (CN4), B cell enriched
(CNS5), vascular niche (CN6), tumour compartment (CN7), neutrophil
enriched (CN8), lymphoid enriched (CN9) and T cell enriched (CN10)
(Fig. 2D). The most abundant cellular neighbourhoods in LUAD and
LUSC were CN 1 (tumour boundary) and CN 7 (tumour compartment),
respectively (Fig. 2E). CN1 is comprised of 65% cancer cells, with the
remaining 35% consisting of immune cells, endothelial cells, and
undefined cells (Fig. 2F). Approximately 96% of the cells represented in
CN7 were cancer cells, highlighting the more immune-excluded
topology of LUSC (Fig. 2F). In line with neutrophils being more abun-
dant in LUSC, we observed a higher proportion of neutrophil-enriched
CN8 in LUSC cores (Fig. 2G). While neutrophils were the primary cell
type in this neighbourhood (72%), CN8 also contained cancer cells
(12%) and CD163- macrophages (6%) (Fig. 2F). This provides further
resolution of our pairwise interaction analysis findings, which sug-
gested preferential interactions between neutrophils and cancer cells
or macrophages in LUSC (Fig. 2A, B). We next sought to identify spa-
tially defined CNs associated with survival. We found that the only
neighbourhood associated with worse survival is CN3, in LUAD speci-
fically (Fig. 2H, Supplementary Table 3). More abundant in LUAD than
LUSC, CN3 is primarily comprised of CD163- macrophages but also
hosts a variety of other cell types (Fig. 21). Given that the frequency of
CD163- macrophages alone is not sufficient to confer a survival dis-
advantage (Supplementary Table 2), the spatial dynamics of these
macrophages are likely driving this effect. These cellular neighbour-
hoods offer a comprehensive framework for understanding the spatial
relationships within the tumour microenvironments of LUAD and
LUSC, reflecting the unique immunological landscapes.

A unique role for macrophages in NSCLC

To further investigate the link between macrophage-enriched neigh-
bourhoods and survival, we refined the concept of neighbourhoods by
expanding the total number of defined neighbourhoods from 10 to 30
(Fig. 3A). This facilitated a more nuanced classification of cellular
groupings. This led to the discovery of three CD163- macrophage
enriched neighbourhoods (CN15, CN23, and CN26) (Fig. 3A, B). Similar
to what we observed with a smaller number of neighbourhoods, we
found that CNI15, containing the highest proportion of CD163-
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macrophages (62%), was significantly associated with worse outcomes
in LUAD patients (Fig. 3C, Supplementary Table 4). CN23 and CN26
contained equal proportions of CD163- macrophages (36%), however
only CN23 negatively affected LUAD patient survival (Fig. 3D, E, Sup-
plementary Table 4). The primary difference between these two
neighbourhoods is that CN26 contained a significant proportion of
neutrophils, while CN23 contained more cancer cells (Fig. 3B). This

B

Endothelial cell  Cancer cell

o

Cancer cell

B cell

U /\‘
I LUAD N
LUSC @ Neutrophil
CD4+ T cell
0 CD163-
Neutrophil Macrophage
Treg
Byalue
© . 0.001 CD163+ M h;
v + Macrophage
CD163- Macrophage  CI Monocyte . 0.010 Undefined
® 0.050
LUAD LUSC

C

D Cancer cell . Undefined cell |:| Endothelial cell

DCIMonocyle
Wscel [ Nk cell [ Mast cell [ Dendritic cell
M neutrophit [l s+ Tcell [l IntMonocyte  [I] CD163+ Macrophage
[co1es- Mcoa+Tcen  MNonc [l other T cell
Macrophage Monocyte |:| Treg
E LUAD LUSC
@ CN1
[ CN2
[ CN3
Bl CN4
[ CN5
Il CN6
B CN7
[ CN8
[ CN9
Bl CN10
F CN1 CN7 CN8
0000000000 0000000000 0OOOO0OOOO0O
0000000000 0000 00000000
0000000000 0000
0000000000 00000
0000000000 00000
0000000000 00000
0000000000 OOO0O0
00000000080 OOOOOOO0O0O0O ..........
0000000000 0000000000 0000000000
0000000000 0O0O0000Oeded 0000000000
[ cancercetl [l undefined cell [T Endothelial cell  [T] G Monocyte
. Bcell . NK cell . Mast cell . Dendritic cell
. Neutrophil .CD8+ T cell . Int Monocyte . CD163+ Macrophage
[Jcotes- [Mcoa+Teet MNon-ci [l other T cell
Macrophage Monocyte |:|Treg
H LUAD I CN3
000000000
= (I I I Thlelelelele)
s 0000000000
® 0000000000
% 0000000000
5 0000000000
2 000000e [
© 0000000000
g p=0.0491 0000000000
o Low CN3 n=31 000000000
—— High CN3 n=20
0 T T T
0 5 10
Years

suggests that the presence of neutrophils in a CD163- macrophage
enriched neighbourhood may negate the detrimental effect of CD163-
macrophages we are consistently observing in LUAD specifically. We
performed a similar neighbourhood analysis, but with just three
nearest neighbours, to capture the most detailed level of granularity in
interactions beyond just pairwise relationships (Fig. 3F). We found that
CD163- macrophages were once again associated with worse survival

Nature Communications | (2025)16:1345


www.nature.com/naturecommunications

Article

https://doi.org/10.1038/s41467-025-56546-x

Fig. 2 | Analysis of tumour microenvironments in LUSC and LUAD highlights
dynamic pairwise cell-cell interaction patterns and cellular neighbourhoods.
A Heat map of pairwise cell-cell interactions (red) or avoidances (blue) across
LUAD (upper half of square, n =102 images) and LUSC cores (lower half of square,
n=102 images) using 10,000 permutations. NK cells and dendritic cells were
omitted from the graph given the lack of significant interactions. Black dotted
boxes indicate interactions that are referenced in-text. B Plots depicting significant
differences in interaction tendencies for neutrophils (left) and CD163- macro-
phages (right) between LUAD and LUSC. The size of the outer circles corresponds
to the P-value comparing LUAD and LUSC interaction scores. Two-tailed unpaired
Student’s ¢ test. C Representative segmented images depicting neutrophil-CD4+ T
cell and neutrophil-cancer interaction tendencies in LUAD (left) and LUSC (right),
respectively. Scale bars =100 um. D Heatmap of cell types distributed across 10
neighbourhoods discovered in LUAD (n=102) and LUSC (n=102) (10 nearest

neighbours, 10 neighbourhoods). E Average distribution of each CN in LUAD
(n=102) and LUSC (n =102) (10 nearest neighbours,10 neighbourhoods). F Cellular
composition of CN1, CN7, and CN8 discovered in LUAD and LUSC (10 nearest
neighbours,10 neighbourhoods). G Number of cells belonging to each CN across
LUAD (n=102) and LUSC (n=102) (10 nearest neighbours, 10 neighbourhoods).
Two-tailed unpaired multiple comparison adjusted Student’s ¢ tests; mean + s.e.m.
P value CN1=0.0000681, CN3=0.000000926, CN7 = 0.000000682, CN8 =
0.0000441. H Kaplan-Meier analysis of overall survival in CN3 high (z-score >0,
n=20) and low (z-score <0, n=31) LUAD patients (10 nearest neighbours, 10
neighbourhoods). Log-rank Mantel-Cox test. I Cellular composition of CN3 dis-
covered in LUAD and LUSC (10 nearest neighbours,10 neighbourhoods). LUAD lung
adenocarcinoma, LUSC lung squamous cell carcinoma, Cl Monocyte classical
monocyte, Non-Cl Monocyte non-classical monocyte, Int Monocyte intermediate
monocyte, NK cell Natural Killer cell, Treg regulatory T cell.

outcomes, except this time disease-free survival, when found in
proximity to cancer cells (CN13) (Supplementary Table 5). Meanwhile,
the neighbourhood containing the most CD163- macrophages (CN4),
or the neighbourhood containing CD163- macrophages exclusively
(CN21), did not exhibit any survival associations (Supplementary
Fig. 3A, B).

In our dataset, we subdivided macrophage populations based on
the expression of CD163, a scavenger receptor associated with M2-like
activation and immunosuppressive activity’>>>, We observed wide-
spread distribution of spatially distinct CD163+ macrophages across
neighbourhoods, with a notable concentration in CN19 and CN26
(Fig. 3G). By frequency alone, we found that CD163+ macrophages
were associated with improved overall survival in LUSC (Supplemen-
tary Table 2). Despite CN19 and CN26 containing a comparable num-
ber of CD163+ macrophages, it was only CN26 that was associated with
better survival in LUSC (Fig. 3H, Supplementary Table 5). Importantly,
we observed a divergent impact of CN26 whereby higher concentra-
tions of CN26 correlated with enhanced overall survival in LUSC
(Fig. 3H, Supplementary Table 5) but worse disease-free survival in
LUAD (Fig. 31, Supplementary Table 5). We did not observe the same
effect in CN19, which contained a lower proportion of macrophages
and greater diversity of cell types (Fig. 3)). These findings highlight the
complexity of macrophage function within the tumour micro-
environment, suggesting that while CD163+ macrophages may gen-
erally contribute to improved survival in LUSC, their impact is highly
context-dependent and varies according to the specific cellular com-
position and neighbourhood in which they reside.

LUAD and LUSC have distinct cellular architectures

The concept of pan states within the TIME that could apply across
NSCLC subtypes has been previously proposed. Yet, the data from
our clinically matched cohort may suggest otherwise. This dis-
crepancy may arise from the common practice of comparing high-
dimensional data by selecting only the first two principal compo-
nents. All images contain greater dimensionality, which likely
represent key differences between NSCLC subtypes. This is con-
sistent with current pathological classifications, in which trained
pathologists use their expertise to identify distinct patterns that
define the subtypes. To investigate this, we first examined whether
unsupervised features—specifically the first two principal compo-
nents derived from either cell frequencies or raw image features—
could naturally distinguish adenocarcinoma from squamous cell
carcinoma. We began by calculating the two primary principal
components of the features using these approaches. This resulted in
no clear separation of LUAD and LUSC tumour cores (Fig. 4A, B).
Next, we developed a simple multi-layer perceptron (MLP) to capture
distinctive features, beyond the first two principal components, to
differentiate LUAD from LUSC using raw images. The projected fea-
tures from this supervised approach demonstrated a clear separation
between LUAD and LUSC (Fig. 4C). Together, these results

demonstrate that the architecture of these tumours are distinct from
each other and should be considered separate.

Given these findings, we rediscovered 10 neighbourhoods based
on each cell’s 10 nearest neighbourhoods in LUAD and LUSC inde-
pendently and noticed a distinction in the cellular makeup of the
vascular niches (Fig. 4D, E). In LUSC, the vascular niche (CN1) con-
tained 43.6% endothelial cells, and a mix of other immune cell types
(Fig. 4F). In contrast, the vascular niche in LUAD contained a notable
neutrophil population accounting for 17.2% of all cells in that
neighbourhood, compared to just 3.5% neutrophils in the LUSC
vascular niche (Fig. 4F). We have previously shown that proliferative
Ki67+ endothelial cells are associated with poor overall survival in
LUAD, and endothelial cells show preferential interactions with
neutrophils in higher grade tumours®. Here, we observe a similar
association between the frequency of Ki67+ endothelial cells and
worse overall and disease-free survival, which is restricted to LUAD
(Fig. 4G, H). In addition to an increase in endothelial cells in LUAD
compared to LUSC (Fig. 1G), there was a trend in the proportion of
endothelial cells that are Ki67+ being more abundant in LUAD
(Fig. 41). Despite neutrophils being two-times more abundant in
LUSC compared to LUAD, the endothelial cells that are interacting
with neutrophils are more proliferative (Fig. 4]). Neutrophils can
induce endothelial cell proliferation by releasing pro-angiogenic
chemokines such as CXCL8 and CXCL1*, and in vitro studies have
shown that neutrophils stimulate angiogenesis via cell-to-cell inter-
actions with endothelial cells®. While the overall endothelial cell-
neutrophil neighbourhood was not associated with survival, this
suggests that specific activation states are associated with distinct
cellular interactions, highlighting important distinguishing char-
acteristics between LUAD and LUSC.

The only cellular neighbourhood associated with survival was
the CD163- macrophage enriched neighbourhood in LUAD (Supple-
mentary Table 6, 7), associated with worse overall survival as pre-
viously discussed. To identify cellular neighbourhoods that could be
driving survival outcomes in LUSC specifically, we further segmented
the tumour microenvironment into 30 distinct neighbourhoods
(Supplementary Fig. 4A). Among these, CN29 was notably associated
with worse disease-free and overall survival (Supplementary
Fig. 4B, C, Supplementary Table 8). CN29 comprised a diverse array
of myeloid cell types, particularly macrophages, along with non-
immune components such as endothelial cells and undefined cell
populations. In the LUSC dataset, we found that undefined cells were
99% CD45 negative and 18% «oSMA positive (Supplementary
Fig. 4D, E), suggesting that they include a heterogeneous population
of cancer-associated fibroblasts. Interestingly, although macro-
phages were prevalent in other cellular neighbourhoods, none of
those macrophage-enriched environments demonstrated the same
significant survival associations as CN29 (Supplementary Fig. 4F,
Supplementary Table 8). This finding highlights an emerging para-
digm in tumour biology: the spatial organization of cells and their
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interactions within specific cellular niches is a stronger predictor of
patient outcomes than the simple frequency of individual cell types.
These interactions may create a unique ecosystem that fosters
tumour progression, immune evasion, or resistance to treatment,
driving poor outcomes. While the frequency of certain immune or
stromal cells has traditionally been a prognostic marker, our findings
in LUSC suggest that the spatial distribution and interactions of these
cells provide a more nuanced understanding of disease progression.
Further, examining histological subtypes collectively may lead to an
incomplete assessment by obscuring the unique features within each

subtype. By analyzing each subtype individually, we can reveal dis-
tinct biological characteristics that correlate with clinical outcomes.

Discussion

Our study leverages advanced imaging techniques to investigate the
immune environments within the two most common subtypes of non-
small cell lung cancer that differ in their anatomical location, asso-
ciation with smoking, genetic aberrations, and prognosis. By using a
clinically matched cohort of LUAD and LUSC patients, we can effec-
tively draw biological insights across subtypes and accurately assess
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Fig. 3 | A unique role for macrophages in NSCLC. A Heatmap of cell types dis-
tributed across 30 neighbourhoods discovered in LUAD (n=102) and LUSC
(n=102) (10 nearest neighbours, 30 neighbourhoods). B Distribution of cell types
in CN15, CN23, and CN26 discovered in LUAD and LUSC (10 nearest neighbours, 30
neighbourhoods). Legend for other cell types can be seen in J. C Kaplan-Meier
analysis of overall survival in CN15 high (z-score >0, n=19) and CN15 low (z-score
<0, n=32) LUAD patients. Log-rank Mantel-Cox test. D Kaplan-Meier analysis of
overall survival in CN23 high (z-score >0, n =22) and CN23 low (z-score <0, n=29)
LUAD patients. Log-rank Mantel-Cox test. E Kaplan-Meier analysis of overall sur-
vival in CN26 high (z-score >0, n=11) and CN26 low (z-score <0, n=40) LUAD
patients. Log-rank Mantel-Cox test. F Heatmap of cell types distributed across 30
neighbourhoods discovered in LUAD (n=102) and LUSC (n=102) (3 nearest

neighbours, 30 neighbourhoods). G Distribution of CD163+ macrophages across
cellular neighbourhoods discovered in LUAD and LUSC (3 nearest neighbours, 30
neighbourhoods). Neighbourhoods with no CD163+ macrophages excluded from
graph. H Kaplan-Meier analysis of overall survival in CN26 high (z-score >0, n =16)
and CN26 low (z-score <0, n=35) LUSC patients. Log-rank Mantel-Cox test.

1 Kaplan-Meier analysis of disease-free survival in CN26 high (z-score >0, n =9) and
CN26 low (z-score <0, n =42) LUAD patients. Log-rank Mantel-Cox test. J Cellular
composition of CN26 and CN19 discovered in LUAD and LUSC (3 nearest neigh-
bours, 30 neighbourhoods). LUAD lung adenocarcinoma, LUSC lung squamous cell
carcinoma, Cl Monocyte classical monocyte, Non-Cl Monocyte non-classical
monocyte, Int Monocyte intermediate monocyte, NK cell Natural Killer cell, Treg
regulatory T cell.

prognostic features while minimizing confounding patient character-
istics. In line with previous work®*, LUSC and LUAD tumours were
dominated by neutrophils and macrophages, respectively. We
demonstrate that apart from variations in immune cell frequencies,
tumours of LUSC and LUAD exhibit significant differences in the spatial
organization of immune cells. Indeed, our observations revealed
notable differences in cell activation states and pairwise interactions
between LUSC and LUAD, particularly in the myeloid compartment.
Despite the average neutrophil count being nearly twice as high in
LUSC compared to LUAD (8.1% in LUSC versus 4.1% in LUAD), we
observed a higher proportion of neutrophils interacting with Ki67+
endothelial cells in LUAD, suggestive of angiogenesis. There is exten-
sive literature on the role of tumour-associated macrophages in sti-
mulating angiogenesis*>?”?%, While neutrophils play an important role
in normal physiological angiogenesis, they likely contribute to blood
vessel development in tumours as well”. It has been shown that
tumour-associated neutrophils are a major source of the pro-
angiogenic factor MMP-9, more so than tumour-associated
macrophages®. MMP-9 derived from neutrophils degrades the extra-
cellular matrix, and results in the release of VEGF subsequently sti-
mulating angiogenesis®. In contrast, we found that neutrophils in
LUSC expressed more alpha-cleaved H3, a marker of neutrophil
extracellular traps. This suggests that neutrophils contribute to
tumour progression in diverse ways across different histological sub-
types. Importantly, the presence of this neutrophil-enriched vascular
niche in LUAD was only identified when we investigated the spatial
landscape of LUAD and LUSC as separate subtypes.

The concept of cellular neighbourhoods introduces a critical layer
of complexity, revealing that the arrangement and proximity of dif-
ferent cell types may be more important than their isolated abun-
dance, highlighting unique biological features within each histological
subtype that correlate with clinical outcomes. While there was a trend
in macrophage abundance being associated with poor outcomes in
LUAD (Supplementary Table 2), it was not until we evaluated the
spatial organization of neighbourhoods in which macrophages were
found that a survival association was consistently observed. While the
M1-M2 dichotomy is a simplistic view of macrophage phenotypes,
CD163- macrophages are generally more M1-like, characterized by the
secretion of pro-inflammatory cytokines and ability to kill micro-
organisms and tumour cells*. In lung cancer, the infiltration of M1-like
macrophages is typically associated with better prognosis, with the
reverse being true for M2-like tumour-associated macrophages®.
However, macrophage phenotypes are highly plastic, and their activity
is strongly influenced by their surroundings. Inflammatory damage
induced by Mi-like macrophages can facilitate a more immunosup-
pressive environment. For example, we observed that CD163- macro-
phages had a higher tendency to interact with regulatory T cells in
LUAD, which are two cell types more abundant in LUAD compared to
LUSC. It has previously been described in NSCLC that macrophages
promote Treg expansion in association with tumour progression®. In
LUSC, CD163- macrophages were associated with worse outcomes as
well, but only in the context of specific cellular neighbourhoods, for

example, when in proximity to endothelial cells and undefined cell
populations. Importantly, many of these findings were only observed
when cellular neighbourhoods were discovered on LUAD and LUSC as
distinct histological subtypes.

Certainly, these inconsistencies are made more complex by the
evolving landscape of therapeutic options for patients with resect-
able NSCLC*™%, Our data provide important context as the routine
use of checkpoint inhibition for patients with resectable or resected
NSCLC is introduced as new standards of care® *2.The rather stark
difference in the TIME between LUAD and LUSC may corroborate
important trends between histologies in the completeness of
pathological response and event-free survival after neoadjuvant
chemo-immunotherapy®. Indeed, the geographic disposition of
immune cells and cellular neighbourhood composition may create
scenarios where the application of immune checkpoint blockade
provides swift and deep pathological response, while the application
of platinum-based chemotherapy could deeply impact the cancer
cell compartment as well as myeloid composition. It is interesting to
note the heavy preponderance of neutrophil populations within the
LUSC cohort, where complete pathological response appears to be
somewhat less common after chemo-immunotherapy*. However,
data from neoadjuvant trials conducted entirely in Asia suggest high
rates of response amongst LUSC patients. Recent data indicate that
neutrophils can play key roles not only in terms of immune sup-
pression, but some subsets may in fact support response to check-
point inhibition**. Our data indicate that deeper phenotypic
characterization of tumour-associated neutrophils according to his-
tological subsets of NSCLC are essential to understand how to
modulate these cells for improved efficacy of existing and emerging
standards of care.

Overall, this study builds on our prior characterization of the TIME
in NSCLC®, highlighting the critical influence of the spatial arrange-
ment of immune cells within tumours on clinical outcomes, providing
deeper insights into their role in NSCLC progression and prognosis. By
extending our previous findings, we have demonstrated how nuanced
differences in cellular architecture between LUAD and LUSC can
inform our understanding of the TIME. While we sampled two cores
from each patient to capture a broader perspective of the tumour
immune microenvironment, we acknowledge that the limited size of
these regions may introduce some sampling bias. Nonetheless, our
findings underscore the importance of considering the complex spa-
tial organization of immune cells in developing more effective cancer
treatments and refining prognostic tools.

Methods

Clinical cohort

Patients with primary treatment-naive LUAD or LUSC seen at the
McGill University Health Centre were included in this study. Following
nearest neighbour propensity score matching with no replacement in
RStudio using a 1:1 ratio, 51 LUSC (102 tumour cores) and 51 LUAD (102
tumour cores) patients were selected. Of note, the TIME character-
ization of the 51 LUAD patients included in this study was not included
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Fig. 4 | Impact of cellular architecture on survival outcomes in LUAD and LUSC.
A PCA based on the frequency of cells in LUAD (n=102) and LUSC (n=102). B PCA
based on raw image masks in LUAD (n=102) and LUSC (n=102). C PCA based on a
multi-layer perceptron (MLP) used to capture unique features from raw images in
LUAD (n=102) and LUSC (n=102). D Heatmap of cell types distributed across 10
neighbourhoods discovered in LUAD (n=102) (10 nearest neighbours,10 neigh-
bourhoods). E Heatmap of cell types distributed across 10 neighbourhoods dis-
covered in LUSC (n=102) (10 nearest neighbours, 10 neighbourhoods). F Proportion
of cell types in cellular neighbourhoods identified as vascular niche in LUAD and
LUSC. G Kaplan-Meier analysis of overall and disease-free survival in LUAD patients
with high (z-score >0, n=15) and low (z-score <0, n=36) proportion of Ki67+

endothelial cells of total endothelial cells. Log-rank Mantel-Cox test. H Kaplan-Meier
analysis of overall and disease-free survival in LUSC patients with high (z-score >0,
n=19) and low (z-score <0, n=32) proportion of Ki67+ endothelial cells of total
endothelial cells. Log-rank Mantel-Cox test. I Frequency of Ki67+ endothelial cells
across LUAD (n=102) and LUSC (n =102) cores. Two-tailed unpaired Student’s ¢ test;
mean t s.e.m. J Proportion of Ki67+ endothelial cells interacting with neutrophils in
LUAD (n=99) and LUSC (n = 86). Excludes cores without endothelial cell and neu-
trophil interactions. Two-tailed unpaired Student’s ¢ test; mean +s.e.m. LUAD lung
adenocarcinoma, LUSC lung squamous cell carcinoma, Cl Monocyte classical
monocyte, Non-Cl Monocyte non-classical monocyte, Int Monocyte intermediate
monocyte, NK cell Natural Killer cell, Treg regulatory T cell.
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in our previous study®. The follow-up time for the LUAD cohort ranged
from 0.0054 years (2 days) to 10.06 years for a median follow-up time
of 5.59 years. For the LUSC cohort, the median follow-up time was 4.22
years ranging from 0.15 years (56 days) to 9.04 years. All patient
tumours were diagnosed by a board-certified thoracic pathologist.
Overall survival was defined as the date from diagnosis until death
while disease-free survival was defined as the date from diagnosis until
recurrence or death. Written informed patient consent was obtained
for all samples and clinical information. Detailed clinical information
for both cohorts can be found in Table 1. All protocols were approved
through the McGill University Health Centre protocol numbers IRB
#2014-1119 and 2019-5253.

Sample staining and IMC acquisition

The methods for sample staining, preparation and imaging mass
cytometry have been described elsewhere®. The full IMC panel can be
found in Supplementary Table 1.

Antibody optimization

All antibodies used for staining have previously been optimized®.
Briefly, control tissues (tonsil, appendix, placenta, thymus, normal
lung, LUAD, and LUSC) representing positive and negative controls
were stained with the antibody panel (with the exception of alpha-
cleaved H3"). Four markers did not consistently stain the control tis-
sues and were not used for any biological interpretation (GM-CSFR,
PD-1, PD-L1 and B7-H3).

Data transformation and normalization

No transformation was performed on the data presented here. Analyses
used raw IMC measurements. For the average marker expression heat-
maps, a 95" percentile normalization was performed on the expression
data. The z-scored cluster means are depicted in the heatmaps (Sup-
plementary Fig. 1B, C). The mean pixel values were calculated based on
the expression of every single-cell marker across all channels.

Cell segmentation and lineage assignment

All cells within the IMC images were segmented using a pipeline
composed of classical and modern machine-learning-based computer
vision algorithms. For lineage assignment, the selected intensities for
all markers were identical across the LUAD and LUSC cohorts with the
exception of TTF1. For LUAD, TTF1 and pan-cytokeratin were used to
call cancer cells whereas for LUSC, pan-cytokeratin was used alone.
The extensive code and description of the cell segmentation and
lineage assignment pipeline can be found here®*.

Cell-cell pairwise interaction

To evaluate the significance of pairwise interactions among distinct
cell types within individual cores of imaging mass cytometry images,
we devised a permutation-based statistical method. For each core,
we randomly permuted the locations of cell types within the slide,
maintaining the original distribution of cell types, 10,000 times. For
each permutation, we quantified the occurrences where the fre-
quency of interactions between any two specific cell types was either
greater or less than observed in the actual arrangement. This was
done for each of the 10,000 permutations, resulting in a range of
counts from O to 10,000. These counts represent the number of
times the observed interaction was either more frequent (indicating
interaction) or less frequent (indicating avoidance) than what was
observed in the original image. For each study group, we aggregated
these measures to construct distributions of either interaction or
avoidance across all cores for each pairwise cell type comparison.
Subsequently, we applied a two-sample test to these distributions to
compute P values for each pairwise cell type interaction or avoid-
ance, assessing the statistical significance of differences between
groups.

Neighbourhood identification

The code and description for cellular neighbourhood (CN) identi-
fication was previously described in detail®?**, Every cell was
subsequently allocated to a CN based on their defining window.
The prevalence of each neighbourhood in each core was normal-
ized so that the sum of neighbourhood prevalence for that core was
100%. Within each histological subtype, values of patient-matched
cores were averaged. The mean value was then z-scored. Z-score
above or equal to 0 and below O were compared for survival
outcomes.

Statistical analysis and workflow

MATLAB (version 2019b) and Python (version 3.7.12) were used for the
image analysis steps and RStudio version 4.2.2 and GraphPad Prism
10.2.0 statistical software for statistical analyses. Data are visualized as
mean = s.e.m; P < 0.05 was considered statistically significant unless
otherwise indicated. Survival data were analysed by log-rank
(Mantel-Cox) test. All statistical tests are described in the figure
legends. For large sample size comparisons, Student’s ¢ test was used*’.
For pairwise analyses where multiple ¢ tests were performed, all
Pvalues are adjusted for False Discovery Rate using the two-stage step-
up method of Benjamini, Krieger and Yekutieli.

Multilayer perceptron (MLP) model

Each channel of each image was resized to 1024 x 1024 pixels, then
divided into patches of 256 x 256 pixels, resulting in 16 patches per
channel per image. We then utilized a pre-trained ResNet-18 model to
extract embedding vectors of size 512 for each patch. For each channel,
we aggregated the embeddings across all patches by computing their
mean, resulting in a signature embedding vector of size 512 for each
channel. Given that different channels capture distinct structures
within the cells, we concatenated the embedding vectors from all
channels. Thus, for an image with N channels, the final embedding
vector is of size N x 512. While this approach significantly increases the
dimensionality of the data, it is crucial for capturing the complexity of
the high-dimensional images.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability
Data supporting the findings in this study, including high-dimensional
TIFF images, are available at https://doi.org/10.5281/zenodo.14625562.

Code availability
The original code used to produce the results of this study is available
at https://github.com/walsh-quail-labs.
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