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Immune cell pair ratio captured by imaging mass cytometry
has superior predictive value for prognosis of non-small cell
lung cancer than cell fraction and density

Infiltrating immune cells in the tumor microenvironment
(TME) play critical roles in the initiation, progression, and
metastasis of cancer [1]. Previous studies have reported
that the infiltration levels of various immune cell types are
significantly associated with patient prognosis in different
cancers [2, 3]. Specifically, in non-small cell lung cancer
(NSCLC) the prognostic associations of major immune cell
types have been investigated [4-6], however, some of the
reported associations are inconsistent and remain debated
[7]. Limited by technical issues, most studies focused on
a few immune cell lineages or relied on inferred immune
cell levels from computational deconvolution. To investi-
gate the prognostic effects of all major immune cell types
unbiasedly, more systematic high-quality immune cell
profiling data with matched patient survival information
are needed.

Recently, Sorin et al. [8] used imaging mass cytometry
(IMC) to characterize the immunological landscape
of 416 distinct lung adenocarcinoma (LUAD) samples
at single-cell resolution. The IMC images provide the
counts and spatial distribution of 16 cell types with
high precision in each sample. These cell types include
cancer and endothelial cells, along with 14 immune
cell types, including CD163" and CD163~ macrophages,
CD8*, CD4*, regulatory, and other T cells, classical,
non-classical, and intermediate monocytes, natural killer
cells, dendritic cells, mast cells, neutrophils, and other
immune cells. Additionally, the data provide patient sur-
vival and other clinical information. Using these data, we
investigated the prognostic associations of the cell density
(#cells/megapixel) and fractions of the 16 cell types as
well as the fraction ratio between each pair of cell types

List of abbreviations: FDR, false discovery rate; HR, hazard ratio;
IMC, imaging mass cytometry; LUAD, lung adenocarcinoma; Neut,
neutrophils; NSCLC, non-small cell lung cancer; OS, overall survival;
PFS, progression-free survival; T other, other T cells; TME, tumor
microenvironment.

(Supplementary Methods). Our results indicated that the
relative abundance between cell types (fraction ratios) was
more prognostic than cell fractions and densities.

We calculated the densities of the 16 cell types in each
patient’s IMC image and applied Cox regression analysis
to examine their associations with progression-free sur-
vival (PFS) after adjusting for established clinical factors
including age, sex, smoking status, and tumor stage. At
the significance level of P < 0.05, only the density of
non-classical monocytes was found to have a significant
association with worse prognosis (hazard ratio [HR] =
1.004, P = 0.040, Figure 1A). After multiple testing correc-
tions, none of the cell types was significant (false discovery
rate [FDR] > 0.05). Similar results were obtained when
cell fractions among all cells were used for prognostic
association analysis (Figure 1B). In addition, we conducted
prognostic analysis on 14 immune cell types, focusing
on their proportions among immune cells (excluding
cancer and endothelial cells), yielding similar results.
It has been well-known that some cell types play more
immune suppressive toles in the TME, while others are
more stimulatory. We therefore investigated the prognostic
effect of relative abundance between different cell types.
For each pair of the 16 cell types we calculated the ratio
of their cell fractions (equal to the ratio of cell densities).
From these ratios, we identified 28 cell pairs significantly
associated with PFS (P < 0.05), adjusted for clinical factors
(Figure 1C). After multiple testing corrections, 9 pairs
remained significant (FDR < 0.05). As an example, the
non-classical monocyte/CD4% T cell ratio was associated
with a significantly worse PFS (P < 0.001). We conducted
a multivariable Cox regression model incorporating the
fractions of non-classical monocytes, CD4* T cells, their
ratio, and various clinical factors. The result indicated that
neither non-classical monocytes nor CD4% T cells was sig-
nificant, but the non-classical monocyte/CD4" T cell ratio
was significantly associated with a shorter PFS (Figure 1D).
Similar results were obtained when overall survival (OS)
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FIGURE 1 Comparative prognostic value of cell metrics in lung adenocarcinoma as assessed by IMC. (A) Examines the association
between cell density and progression-free survival (PFS), indicating a weak correlation. (B) Illustrates the correlation between cell fraction
and PFS, also showing a limited prognostic value. (C) Explores the association between various cell ratios and PFS, suggesting that specific

cell-cell ratio pairs are more indicative of patient prognosis compared to cell density and fraction. (D) The multivariable analysis includes the

fraction of non-classical monocytes, the fraction of CD4* T cells, and their ratios, as well as several clinical factors. Of note, the ratios but not

cell fractions are significant. (E) The relationship between cell ratios

and overall survival (OS). (F) The network consists of cell-cell pairs with

a ratio associated with PFS (P < 0.005). Interestingly, all the significant cell pairs are associated with poor prognosis (HR > 1). Abbreviations:

Alt Mac, CD163* macrophage; Cl Mac, CD163~ macrophage; Cl Mo,

classical monocyte; DCs, dendritic cells; End, endothelial cells; HR,

hazard ratio; IMC, imaging mass cytometry; Int Mo, intermediate monocyte; Neut, neutrophils; non-Cl Mo, non-classical monocyte; OS,

overall survival; PFS, progression-free survival; Tc, CD8" T cell; Th, CD4* T cell; T other, other T cells.

was used: cell-cell ratios were more prognostic than
cell fractions and densities (Figure 1E and Supplemen-
tary Figure S1). Further analysis revealed significant
associations of T other/CD4" T cell and non-classical
monocyte/CD4% T cell ratios with advanced stages or
male patients and of the CD8" T cell/cancer cell ratio with
smoking or patients under 75 years old (Supplementary

Figure S2), highlighting these clinical factors’ prognostic
impact.

By connecting all significant cell-cell pairs, we estab-
lished a prognostic cell-cell interaction network, providing
an overview of key pairs. Figure 1F illustrates a signif-
icant association of LUAD progression with the ratios
of both infiltrating non-classical monocytes and their
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precursor intermediate monocytes to both CD8* and
CD4" T cells. Additionally, higher ratios of infiltrating
non-classical monocytes, intermediate monocytes,
CD163* macrophages, and other T cells to B cells, CD8*
T cells, or CD4" T cells, were linked to poorer OS (Sup-
plementary Figure S3). These results highlight the pivotal
prognostic role of the ratio of non-classical or intermediate
monocytes to CD4% or CD8" T cells in LUAD, consistent
with previous studies showing that non-classical or
intermediate monocytes suppressed the proliferation and
immune responses of CD8% or CD4™" T cells [9, 10].

To further consolidate our results, we performed down-
sampling analyses 100 times, each time randomly selecting
80% of samples for prognostic analysis. For cell density
and cell fraction, the numbers of cell types significantly
associated with PFS (FDR < 0.05) were only 0.01 and 0.02
on average, respectively (Supplementary Figure S4A). In
contrast, an average of 9.37 significant cell-cell pairs was
identified. Additionally, we down-sampled cells from all
images by randomly selecting 80% of cells and recalcu-
lated cell fractions for prognostic analysis, repeated 100
times. On average, 9.74 significant cell-cell pairs were iden-
tified each time, while no significant associations were
found using cell fraction and cell density (Supplemen-
tary Figure S4B). These findings suggest that the greater
prognostic relevance of relative cell abundances over cell
density/fraction was not merely due to a limited subset of
patient samples or cells.

In conclusion, our study established that in LUAD, the
prognostic value was more closely associated with the rel-
ative abundances between specific cell types within the
TME than with the absolute cell densities or fractions
depicted by IMC images. This finding underscores the
prognostic significance of interactions between distinct
immune cells in the TME, especially the immunological
equilibrium between immunosuppressive and immunos-
timulatory cells. Such insights have significant impli-
cations for the development of targeted therapies and
patient stratification in LUAD, based on the nuanced
understanding of immune cell interactions.
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SUPPORTING INFORMATION

Additional supporting information can be found online
in the Supporting Information section at the end of this
article.
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