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ABSTRACT

Background Tumor-associated macrophages (TAMSs)
having immunosuppressive properties are one of the most
abundant immune cells in the tumor microenvironment
(TME). Preclinical studies have highlighted the potential
role of TAMs in resistance to immune checkpoint blockers
(ICBs). Here, we investigated the predictive value of TAM
infiltration in patients with non-small cell lung cancer
(NSCLC) treated with ICBs and characterized their
transcriptomic profiles.

Methods Tumor samples were collected from 152
patients with NSCLC before ICB treatment onset. After
immunohistochemical staining and image analysis, the
correlation between CD163+ cell infiltration and survival
was analyzed. Spatial transcriptomic analyses were
performed using the NanoString GeoMx Immune Pathways
assay to compare the gene expression profile of tumors
with high or low levels of CD163+ cell infiltration and to
identify determinants of response to ICBs in tumors with
high CD163+ infiltration.

Results Low intratumoral CD163+ cell infiltration was
associated with longer progression-free survival (PFS; HR
0.61,95% Cl 0.40 to 0.94, p=0.023) and overall survival
(0S; HR 0.48, 95% C1 0.28 to 0.80, p=0.004) under ICB
treatment. Spatial transcriptomic profiles of 16 tumors
revealed the upregulation of /TGAM, CD27, and CCL5 in
tumors with high CD163+ cell infiltration. Moreover, in
tumors with high macrophage infiltration, the upregulation
of genes associated with the interferon-vy signaling
pathway and the M1 phenotype was associated with better
responses under immunotherapy. Surprisingly, we found
also a significantly higher expression of CSF7Rin the
tumors of responders. Analysis of three independent data
sets confirmed that high CSF1R expression was associated
with an increased durable clinical benefit rate (47% vs 6%,
p=0.004), PFS (median 10.89 months vs 1.67 months,
p=0.001), and OS (median 23.11 months vs 2.66 months,
p<0.001) under ICB treatment.

Conclusions Enrichment of TAMs in the TME of NSCLC is
associated with resistance to immunotherapy regardless
of the programmed death ligand 1 status and is driven by
upregulation of CD27, ITGAM, and CCL5 gene expression
within the tumor compartment. Our transcriptomic
analyses identify new potential targets to alter TAM

1,2,8

recruitment/polarization and highlight the complexity of
the CSF1R pathway, which may not be a suitable target to
improve ICB efficacy.

BACKGROUND
Immune checkpoint blockers (ICBs) have
revolutionized the management of patients
with non-small cell lung cancer (NSCLC).
Blocking the interaction between the
programmed cell death protein 1 (PD-1)
receptor and its primary ligand (PD-LI)
has demonstrated remarkable anticancer
activity, and anti-PD-1/PD-L1 drugs have
been approved both as single agents or in
combination with cytotoxic chemotherapy.'
However, most patients receiving anti-PD-1/
PD-L1 monoclonal antibodies do not derive
benefit.? Hence, there is a crucial need to
identify reliable predictive biomarkers of
the response to anti-PD-1/PD-L1 agents
to develop precision medicine for NSCLC
immunotherapy’ * as well as to identify novel
mechanisms underlying resistance to ICBs.
Thus far, PD-L1 expression status as assessed
by immunohistochemistry (IHC) is the sole
companion diagnostic marker approved both
in the USA and in Europe to guide anti-PD1
therapy in patients with NSCLC.* However, as
observed for many tumor types, PD-L1 expres-
sion is an imperfect predictor of a patient’s
response to immune checkpoint inhibition.*
In addition to CD8+ T cells, other immune
cell populations may impact the efficacy
of anti-PD1/PD-LL1 antibodies. Several
studies have shown that tumor-associated
macrophages (TAMs) are one of the most
abundant immune cells in the tumor micro-
environment (TME) and are associated
with poor disease prognosis in many tumor
types.” ® It has been shown that TAMs carry

BM)

Larroquette M, et al. J Immunother Cancer 2022;10:¢003890. doi:10.1136/jitc-2021-003890 1


http://bmjopen.bmj.com/
http://orcid.org/0000-0002-8540-5351
http://dx.doi.org/10.1136/jitc-2021-003890
http://dx.doi.org/10.1136/jitc-2021-003890
http://crossmark.crossref.org/dialog/?doi=10.1136/jitc-2021-003890&domain=pdf&date_stamp=2022-05-19

out immunosuppressive functions by inhibiting cytotoxic
T lymphocyte (CTL) function in different ways, including
the production of anti-inflammatory cytokines, meta-
bolic activity with arginine uptake and the production of
radical oxygen species, or even PD-L1 expression on their
surface.” Interestingly, preclinical studies have high-
lighted the potential role of TAMs in resistance to ICBs."

Our study aimed to investigate the predictive value of
TAM infiltration in patients with NSCLC treated with
ICBs and characterize their transcriptomic profile to deci-
pher the impact of their heterogeneity on sensitivity to
immunotherapy.

METHODS

Patients and study assessments

Retrospective data were collected from the medical
records of 152 patients with NSCLC treated at three
distinct sites: two academic centers (Institut Bergonié,
Bordeaux, France, and Gustave Roussy, Villejuif, France)
and one community hospital (Clinique Marzet, Pau,
France). Patients from Institut Bergonié (n=80) and
Gustave Roussy (n=39) were prospectively enrolled in
the BIP (NCT02534649) and MATCH-R (NCT02517892)
molecular profile screening programs, respectively. All
included patients needed to have received ICB treatment
for histologically proven advanced non-squamous or squa-
mous NSCLC. Availability of paraffin-embedded tissue
sections from the tumor before ICB administration was
also required. All patients were treated at the discretion
of their physician, in agreement with the current Euro-
pean Society of Medical Oncology guidelines.'’ Immu-
notherapy was administered either via standard therapy
protocols or as part of a clinical trial. All responses
to ICBs were assessed using the Response Evaluation
Criteria in Solid Tumors guidelines.'” Durable clinical
benefit (DCB) was defined as the proportion of patients
achieving objective response or stable disease lasting >12
months. Progression-free survival (PFS) was defined as
the time from the start of treatment until disease progres-
sion, death, or last patient contact. Overall survival (OS)
was defined as the time from the start of treatment until
death or last patient contact.

Immunohistochemical staining and slide digitization

Immunohistochemical analysis was performed on the
automated Ventana Discovery XT staining platform
(Ventana Medical Systems). Slides of tumor tissue were
deparaffinized in xylene and hydrated in serial alcohol
solutions. Antigen retrieval was performed by the heat-
induced epitope retrieval method. The slides were then
incubated with the following primary antibodies: anti-
CDS8 (clone C8/144B, Dako) for CTLs, anti-CD163 (clone
10D6, Leica) for TAM, and anti-CK7 (SP52, Novus) for
tumor cells. Bound primary antibodies were detected
using either OmniMap anti-Ms or Rb-HRP together with
DISCOVERY Green, Purple or 3,3-diaminobenzidine
(DAB) chromogen detection kit (Roche). The slides were

counterstained with hematoxylin (Roche), cover-slipped,
and finally digitized using a multispectral imaging plat-
form (Phenolmager HT, Akoya). The acquired multispec-
tral images were then used for further tissue annotation
and image analysis.

Pathological evaluation

On each stained slide, the region containing tumor tissue
and stroma was assessed and selected by a trained pathol-
ogist (IS) for subsequent analysis. Then, stained slides
were analyzed via the InForm image analysis software
(Akoya, V.2.4.1) to segment tissue into tumor and stroma
and phenotype the CD8+ and CD163+ cells. Cell densities
were finally computed in R using the PhenoptrReports
package (V.0.2.8).

PD-L1 evaluation

The PD-L1 status of tumor samples was determined using
tumor proportion score (TPS) obtained via immunos-
taining with the QRI antibody (Diagomics). A positive
PD-L1 status was defined as the presence of PD-L1 cyto-
plasmic labeling on at least 1% of the tumor cells.

Spatial transcriptomics

For spatial transcriptomic analyses, 16 patients with
available chirurgical formalin-fixed, paraffin-embedded
(FFPE) specimen were selected based on their level
of CD163+ cell infiltration: eight patients with CD163+
cell tumor infiltration <470 cells/mm? (low) and eight
patients with CD163+ cell tumor infiltration >470 cells/
mm? (high). Briefly, 5 pm FFPE tissue sections mounted
on positively charged slides were processed on the
Ventana Discovery Ultra platform (Ventana, Roche Diag-
nostics). Slides were deparaffinized and target retrieval
was performed. Next, tissues were washed and incubated
with 2 pg/mL proteinase K in phosphate-buffered saline
for 16 min at 37°C. Tissues were then fixed, washed, and
incubated overnight at 37°C with GeoMx Immune Path-
ways Panel probes in a HybEZ IT System oven.'® Following
incubation, tissues were washed twice and then incubated
for 30 min at room temperature in a humidity chamber
with saturation buffer (Buffer W, NanoString) prior to
staining for 1 hour at room temperature with fluorescent-
labeled CD45 and PanCK antibodies together with 100
M SYTO." Eleven to twelve regions of interest (ROIs)
were selected across the whole slide in mixed stroma/
tumor regions. These ROIs were selected as representa-
tive parts of the tumor. The ROIs were further segmented
based on the PanCK staining to differentiate tumor versus
stroma areas. After ultraviolet illumination, barcodes were
collected in 96-well plates and dried for 1 hour at 65°C.
Photocleaved oligos were resuspended in 10 pL nuclease-
free water and hybridized to GeoMX Hyb codes at 65°C
for 18 hours. Samples were finally pooled and processed
on the nCounter MAX system (NanoString). nCounter
counts were converted to digital count conversion file
using the NanoString’s GeoMx NGS pipeline (V.2.1)
and imported back in the GeoMx Digital Spatial Profiler
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(DSP) platform to generate an expression count matrix.
After ROI quality control (QC) according to NanoS-
tring’s recommendations and principal component anal-
ysis to eliminate potential outliers, areas of illumination
(AOI) raw counts were normalized using full quantile
normalization (limma R package V.3.46) and differential
gene expression were tested using limma and adjusting p
values using Benjamini-Hochberg correction. To account
for the multiple ROIs per sample, the slide ID was used
as a blocking factor. Heatmaps were generated using the
pheatmap R package (V.1.0.12) after averaging the gene
expression of the indicated AOIs per patient.

RNAseq analysis

RNA sequencing (RNAseq) data from 49 patients with
NSCLC included in the MATCH-R (NCT02517892) study
were analyzed, 39 of them had also FFPE sample avail-
able for IHC (online supplemental table 1). RNA seq was
performed as previously described.'* Briefly, reads were
aligned to the hg38 human genome assembly using Rsub-
read (V.2.2.6) without prior trimming. Counts were then
summarized at the gene level using FeatureCounts and
normalized using Deseq2 (V.1.30.1).

Single-cell RNAseq analysis scRNAseq analysis was
performed using Loupe Cell Browser (V.5.1.0) on the
publicly available human NSCLC data set from 10x
Genomics  (https://support.10xgenomics.com/single-
cell-gene-expression/datasets). CD68, CD163, and CSFIR
positive cells were identified using an expression cut-off
of 2.0.

Survival analysis from public data set

Level3 RSEM genes normalized data from the The
Cancer Genome Atlas (TCGA) LUAD cohort were down-
load from the Broad GDAC firehose (January 28 2016)
and gene expression were log2(x+1) transform before
performing survival analysis.

Normalized data for the GSE93157 (housekeeping gene
normalization)'” and for the GSE136961 (transcripts per
million (TPM) value)'® were downloaded from the GEO
database and the lung cancer data were extracted.

Statistical analysis
PFS and OS were estimated using the Kaplan-Meier
method. Patients were classified as ‘high’ or ‘low’ for their
tumor or stroma cell infiltration (CD8+ or CD163+) as
assessed by IHC. Classification was based on an optimized
threshold obtained through the maximally selected rank
statistics from the ‘maxstat’ R package and using the PFS
as optimal outcome and 20% as the minimum proportion
of observations per group (survminer R package V.0.4.9).
Survival differences between groups were assessed
using the log-rank test (Survival R package V.3.2-13).
The Cox proportional-hazards regression model was
used to estimate HRs and 95% ClIs. Multivariate analyses
were performed using the survival Analysis R package

(V.0.2.0). All the statistical analyses were carried out using
R software (V.4.0.4).

RESULTS

CD8+ and CD163+ cell infiltration and response to ICBs

Using image analysis and a machine-learning approach,
we analyzed the tumor samples of 152 patients with lung
cancer obtained before treatment onset with an anti-
PD1/PD-LI1 agent to determine the density of CD8+ and
CD163+ cells in both tumor and stroma areas (figure 1A
and online supplemental figure 1). The main clinical and
pathological characteristics of the patients are summa-
rized in table 1.

The intratumoral median density for CD8+ T cells was
99 cells/mm®* (range 0-2254). Using the survminer R
package, we determined a cut-off value of 356 cells/mm?
to define high-infiltrated tumors (>356/ mm?) and low-
infiltrated tumors (<356/mm?) (online supplemental
figure 2A). In the stroma, the median CD8+ T cells density
was 328 cells/mm? (7-2894) and an optimal cut-off
value of 697 cells/mm? was used to classify patients with
high-infiltrated tumors (>697/ mm?) and low-infiltrated
tumors (<697/mm? infiltrated tumors) infiltrated tumors
(online supplemental figure 2B).

The intratumoral median density for CD163+ cells was
1197 cells/mm? (range 0-10073). A cut-off value of 472
cells/ mm? to define high-infiltrated tumors (>472/ mm2)
and low-infiltrated tumors (<472/mm?) infiltrated tumors
(online supplemental figure 2C) was determined. Within
the stroma, the median CD163+ cells density was 1395
cells/mm? (126-6235) and the cut-off value to define
high-infiltrated tumors (>1350/ mm?) and low-infiltrated
tumors (S135O/mm2) infiltrated tumors was 1350 cells/
mm® (online supplemental figure 2D). A high level of
stroma CD8+ cell infiltration was significantly associated
with improved outcome (figure 1B-D) whereas we found
only a non-significant trend for intratumoral CD8+ infil-
tration (online supplemental figure 3A-C). Interestingly,
we found a statistically significant correlation between low
intratumoral CD163+ cell infiltration and improvement
of clinical benefit rate (p=0.05), PFS (HR=0.61, 95% CI
0.4 to 0.94, p=0.023), and OS (HR=0.48, 95% CI 0.29 to
0.8, p=0.004) under ICB therapy (figure 1E-G) whereas
within the stroma, CD163 infiltration was not significantly
associated with survival (online supplemental figure
3D-F) thus highlighting the importance of spatial distri-
bution of immune cells to determine clinical outcome.
On multivariate analysis, tumor CD163+ cell infiltration
remained independently associated with both PFS and
OS (table 2).

CD163+ cell infiltration is associated with PD-L1 expression

We then analyzed the correlation between PD-L1 expres-
sion (online supplemental figure 4A) scores and CD163+
cell infiltration. The level of macrophage infiltration was
higher in tumors with a PD-L1 TPS 21% than in PD-L1-
negative tumors (median density: 1693 vs 906, p=0.025,
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Figure 1
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CD163+ cell tumor infiltration is correlated with poor clinical outcome. (A) Representative images of lung cancer

sample stained with the multiplexed panel CD8/CD163/CK7 —Objective 20x (B—C) Kaplan-Meier curves of progression-free
survival (B) and overall survival (C) according to stroma CD8+ cell density. (D) Proportion of patients who experienced durable
clinical benefit (DCB) or non-clinical benefit (NCB) according to their level of CD8+ stroma infiltration classified as high and low.
P value was calculated using x? test.(E-F) Kaplan-Meier curves of progression-free survival (E) and overall survival (F) according
to tumor CD163 +cell density. (G) Proportion of patients who experienced DCB or NCB according to their level of CD163+
tumor infiltration classified as high and low. P value was calculated using % test.

online supplemental figure 4B). Regardless of the PD-L1
expression status, patients with a low CD163+ cell density
had better outcomes. Among patients with PD-L1-positive
tumors (ie, TPS 21%) and PD-Ll-negative tumors (ie,
TPS <1%), the clinical benefit rates in patients with a
low CD163+ cell density were 77% and 39%, respectively
(p=0.047), versus 46% and 22%, respectively (p=0.1), in
patients with high CD163 +cell density (online supple-
mental figure 4E-H).

Among patients with a PD-L1 TPS 21%, the median
PFS and OS were, respectively, 30.9 (95% CI 18.69 to NA)
and 62 (95% CI NA to NA) months in the low CD163+
cell density group versus 5.08 (95% CI 1.93 to 12.8) and
16.2 (95% CI 11.3 to NA) months in the high CD163+ cell
density; overall log-rank test p=0.016 (PFS) and p=0.008
(OS) (online supplemental figure 4C,D). Among patients
with a PD-L1 TPS <1%, the median PFS and OS were,

respectively, 5.0 (95% CI 1.8 to 25.34) and 25.5 (95%
CI 14.85 to NA) months in the low CD163+ cell density
group versus 3.4 (95% CI 2.2 to 6.85) and 12.7 (95% CI
8.16 to 23.1) months in the high CD163+ cell density
group; overall log-rank test p=0.112 (PFS) and p=0.028
(OS) (online supplemental figure 4F,G).

Gene expression features in tumor compartment associated
with macrophage infiltration

To decipher the determinants of macrophage infiltration
in patients with NSCLC, we spatially profiled the expres-
sion of 78 transcripts in situ across 16 tumor specimens
(eight each with low and high macrophage infiltration)
using the NanoString GeoMx Immune Pathway Assay."”
We first stained tumor sections with markers for immune
(CD45) and epithelial (PanCK) compartments to sepa-
rately profile RNA from the stroma (PanCK-) and tumor
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Table 1 Main characteristics of patients (n=152)
Characteristic n (%)
Median age (range) 62 (30-92)
Gender
Female 58 (38)
Male 94 (62)
Performance status
ECOG 0 &1 127 (84)
ECOG >2 25 (16)
Stage IV cancer 152 (100)
Immunotherapy
Anti PD1/PD-L1 monotherapy 137 (90)
Anti PD1/PD-L1 in combination with 15 (10)
another ICI
Histology
Adenocarcinoma 149 (98)

Other 32
PD-L1 expression

High (>1%) 64 (42)
Low (<1%) 85 (56)
Not evaluable 3 ()
MSI status
MSS 62 (41)
MSI-high 2 (1)
Unknown 88 (58)
Previous lines of treatment
<1 93 (61)
>1 20 (13)
Missing 39 (26)
Best response to ICI (RECIST V.1.1)
OR 51 (33)
SD 36 (24)
PD 58 (38)
Unknown 7 (5)

ECOG, The Easter Cooperative Oncology Group; ICI, immune
checkpoint inhibitor; MSI, microsatellite instability; MSS,
microsatellite stable; OR, objective response; PD1, programmed
cell death 1; PD, progression disease; PD-L1, programmed death-
ligand 1; RECIST, Response Evaluation Criteria in Solid Tumors;
SD, stable disease.

areas (PanCK+/CD45-) (figure 2A). Analysis of the
expression of the PTPRC (CD45) and PanCK (multiple
cytokeratin genes) genes in each compartment illustrated
the good segmentation of both areas (figure 2B). A total
number of 381 spatially distinct areas (11-12 ROIs per
patient) were finally analyzed on the GeoMX platform.
Unsupervised hierarchical clustering analysis demon-
strated that the tumor ROIs data set allowed for accurate
distinction between patients with high and low CD163+

infiltration (figure 2C). We focused then on this data
set to explore the possible determinants involved in the
homing of macrophage within the tumor. Analysis of the
tumorous compartment revealed that three genes were
significantly upregulated in tumors associated with high
macrophage infiltration. These included genes encoding
for integrin (/TGAM (CDI11b)), chemokine (CCL5),
and a receptor (CD27). On the other hand, two genes
were significantly upregulated in low CD163-infiltrated
tumors, namely the anti-apoptotic factor (BCL2) and
the antigen-presenting molecule HLA-E (figure 2D and
online supplemental table 2). Interestingly, analysis of the
stroma compartment revealed a significant upregulation
of BCL2 expression in low macrophage-infiltrated tumors
(online supplemental figure 5).

To confirm these data, we analyzed the correlation
between the level of CD163+ cell infiltration, as deter-
mined through IHC, and expression of these genes eval-
uated by bulk RNAseq of 29 cases (figure 2E and online
supplemental figure 6). We confirmed the significant
positive correlation between the expression level of the
ITGAM, CCL5, and CD27 and the level of macrophage
infiltration and the negative correlation with BCL2.
However, while a negative correlation between HLA-E
and CD163 infiltration level was depicted using the spatial
transcriptomics approach, results obtained through bulk
RNAseq gave an opposite trend, thus suggesting the
importance of spatial profiling to correlate gene expres-
sion with microenvironment features.

Gene expression features of TAMs and correlation with
response to ICBs
Although we found that high intratumoral macrophage
infiltration was associated with poor outcomes on ICB,
some patients with highly macrophages-infiltrated tumors
showed a good response. To decipher the determinants
of response in patients with NSCLC with high macro-
phage infiltration, we spatially profiled the expression of
78 transcripts in situ across eight tumors with high macro-
phage infiltration (four each with objective response and
progressive disease) by using the NanoString GeoMx
Immune Pathway Assay as described above. Unsuper-
vised hierarchical clustering analysis demonstrated that
the stroma ROIs data set allowed for a good distinction
between responders and non-responders (figure 3A).
Analysis of the stroma compartment revealed that 10
genes were differentially expressed between responders
and non-responders (online supplemental table 3 and
figure 3B). Among them, four genes were associated with
the IFN-y signaling pathway (STATI, CD44, IFNGRI, and
HILA-E). Similarly, three genes associated with the Ml
phenotype including STAT1, CD44 and LY6E were signifi-
cantly upregulated in responders, whereas the BCL2 gene
associated with the M2 phenotype was significantly upreg-
ulated in non-responders.'” "

Surprisingly, we found a significantly higher expres-
sion of CSFIRin responders versus non-responders in the
stroma compartment (figure 3B, online supplemental
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Figure 2 Tumor expression of CCL5 induces CD163+ cell recruitment. (A) Tissue segmentation in tumor (red) and stroma
(green) areas of illumination (AQI), performed on the GeoMX DSP platform. (B) Representation of CD45 (left) and PanCK

(right) expression in the tumor and stroma AOls. (C) Unsupervised clustering of tumor patient samples based on the averaged
expression of the GeoMX Immune Pathways Panel probes in the tumor and stroma areas. Levels of CD163+ cell infiltration
classified as high (red) and low (blue) are annotated. (D) Volcano plot representation of the gene differentially expressed by
CD163+ high and low patients in their tumor areas. (E) Spearman correlation of the CD163+ cell density determined by IHC and
the level of messenger RNA expression of indicated genes assessed by bulk RNA sequencing. DSP, Digital Spatial Profiler; IHC,

immunohistochemistry.
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Figure 3 M1-associated genes are enriched in immunotherapy-responsive patients with high level of CD163+ cell infiltration.
(A) Unsupervised clustering of patient with tumor samples based on the averaged expression of the GeoMX Immune Pathways
Panel probes in the tumor and stroma areas. The patient response classified as non-clinical benefit (NDB—blue) and durable
clinical benefit (DCB—red) is annotated. (B) Volcano plot representation of the gene differentially expressed in the stroma areas
of patients who experienced DCB and NCB. (C) tSNE visualization of 10x scRNA-seq of non-small cell lung cancer biopsy.
Cells co-expressing CD68 or CD163 together with CSF1R are highlighted in blue and orange, respectively. (D) Representation
of CSF1R expression in CD68+ and CD163+ cells, as assessed by scRNAseq. (E-F) Kaplan-Meier curves of progression-free
survival (E) and overall survival (F) of patients according to the expression of CSF1R determined by RNAseq and classified as
high or low. (G) Proportion of patients who experienced DCB or NCB according to their level of CSF1R expression determined
by RNAseq and classified as high and low. P value was calculated using x2 test. IFN, interferon; RNAseq, RNA sequencing;
scRNA -seq, single cell RNAseq. tSNE, t-distributed stochastic neighbor embedding.

Larroquette M, et al. J Immunother Cancer 2022;10:e003890. doi:10.1136/jitc-2021-003890 9



figure 7). This gene is mainly associated with the immu-
nosuppressive M2 phenotype. Nevertheless, by exploring
a public scRNAseq data set, we found that CSFIR
was expressed in both CD68+/CD163- and CD68-/
CD163+TAMs, suggesting that CSFIR-expressing TAMs
represent a distinct biological subset (figure 3C,D). To
confirm the correlation between CSFIR expression and
response to ICB, we analyzed the bulk RNAseq data from
49 cases in our cohort for whom genomic data were avail-
able. As shown in figure 3, high CSFIR expression was asso-
ciated with an improved DCB rate (47% vs 6%, p=0.004)
(figure 3G), PFS (median 10.89 (5.97-15.8) months vs
1.67 (0.92-4.36) months p=0.001) (figure 3E) and OS
(median 23.11 (16.2-NA) months vs 2.66 (2.36-NA)
months, p<0.001) (figure 3F). To confirm the robustness
of our data, we have also analyzed the gene expression
data from two other independent data sets including
respectively 22 and 21 patients with advanced NSCLC and
treated with ICB."> '* As shown in online supplemental
figure 8, high CSFIR gene expression was associated with
significantly improved PFS and DCB rate in both data
sets. To confirm that CSFIR gene expression is predictive
of ICB efficacy and has no intrinsic prognostic value, we
analyzed the gene expression data from 506 patients who
underwent surgery for the treatment of localized NSCLC
and who were included in TCGA database. As shown in
online supplemental figure 9, CSFIR gene expression is
not associated with progression free or OS in this cohort
confirming that its correlation with outcome is related to
treatment with ICB.

DISCUSSION

Apart from the use of the combine positive score, which
assesses PD-L1 expression on both tumor and immune
cells, the current biomarkers used to tailor immune
checkpoint blockade in patients with cancer are related
to specific features of tumor cells (PD-L1 expression as
assessed by TPS, tumor mutational burden, and micro-
satellite instability). However, there is growing interest
in characterizing the whole TME to identify additional
aspects that can help distinguish potential responders
from resistant patients. By analyzing pretreatment tumor
samples from patients with advanced NSCLC (mainly
adenocarcinomas) treated with ICB, we found that tumor
compartment enrichment in TAMs is associated with
resistance to immunotherapy, regardless of the PD-LI
expression status of tumor cells.

These results are in line with those of a recent study
underscoring the potential role of macrophages in the
phenomenon of hyperprogression.”’ By analyzing the
baseline biopsies of a small cohort of 39 patients with
NSCLGC, the authors were able to demonstrate an enrich-
ment in CD163+CD33+PD-L1+ macrophages in tumors
from hyperprogressor patients in comparison with
patients not experiencing hyperprogression.

Besides the level of TAMs infiltration, our results suggest
that their spatial distribution play an important role to

determine the outcome of patients with NSCLC treated
with ICB. Indeed, we did not observe a statistically signifi-
cant correlation between the level of TAM infiltrating the
stroma and patient’s outcome. This result is in line with
previous studies showing that the prognostic impact of
TAMs in NSCLC is directly linked to their distance from
tumors cells, the survival of patients being longer among
patients with tumor cells that were distant from TAMs.**

Although, itis well recognized that TAMs are important
modulators of antitumor immunity, the molecular mech-
anisms that regulate their abundance within the TME
remain incompletely clear. To investigate the determi-
nants of macrophage infiltration in NSCLC more in
depth, we performed a comparative spatial analysis of the
expression of immune genes in tumor samples charac-
terized by a low and high level of macrophage infiltra-
tion. We found that CD27, CCL5, and ITGAM were the
three most significantly upregulated genes in tumors
characterized by a high level of TAMs infiltration. Our
results confirm several preclinical or translational studies
showing how the proteins encoded by these genes play
a crucial in controlling tumor macrophage polarization
and/or recruitment in lung carcinoma or other tumor
models and may therefore represent potential innovative
immunotherapy targets.”>

TAMs are classically clustered into two major pheno-
types, with the dominant group reported to be anti-
inflammatory and immune-regulatory and therefore
tumor-promoting (also termed M2 macrophages) as
opposed to pro-inflammatory and tumoricidal (also
termed M1 macrophages). However, this M1/M2 classifi-
cation is probably too simplistic.” There are several lines
of evidence suggesting that the macrophages present in
the TME reflect a continuum of different phenotypes that
cannot be captured solely with the M1/M2 dichotomy.****
To investigate the molecular profile of macrophage infil-
tration and its correlation with response to ICB in more
depth, we performed a spatial analysis of the expression
of immune genes in tumor samples characterized by a
high level of macrophage infiltration. In both immune
(CD45) and tumor (PanCK) compartments, we observed
a positive spatial correlation between the expression of
genes belonging to the M1 phenotype and the likelihood
of response to ICB, whereas M2 genes such as Bcl2 were
more highly expressed in patients displaying resistance to
treatment.

Unexpectedly, the CSFIR gene was the gene most
significantly upregulated in patients with high macro-
phage infiltration and good outcomes on treatment with
ICBs. We confirmed this correlation by analyzing the
bulk RNAseq data of a cohort of 49 patients with NSCLC
treated with ICB. These results were consistent with the
findings of Qi et al showing that the expression of CSFIR
is highly predictive of response to anti-PD-1 therapy in
NSCLC.* Although CSFIR-expressing TAMs have been
shown to promote tumor progression in several models,
their role is controversial in lung cancer. A recent
study showed the absence of prognostic impact of high
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expression levels of CSFIR in patients with NSCLC who
smoke.” Another study investigating the effects of anti-
CSFIR blockade on solid tumors did not show any effect
on tumor growth in several models, including a lung
carcinoma model.” Overall, the clinical activity observed
in clinical trials testing CSF-1/CSF-1R-targeting agents in
patients with solid tumors was quite modest despite their
demonstrated ability to deplete CSF-1R+CD163+ macro-
phages.” * Our results showing that high CSFIR expres-
sion was associated with better outcomes in patients with
highly TAM-infiltrated tumors illustrate the complexity
of the biology of the CSFIR pathway and its role in the
TME. This complexity has recently been illustrated by two
seminal studies providing evidence that CSFR1+ TAMs
form a partially redundant cellular network with Foxp3+
Treg cells and myeloid-derived suppressor cells which
may modulate sensitivity to immunotherapy.***

Altogether, our results based on the comprehensive
analysis of tumor samples from patients with NSCLC
treated with ICBs demonstrate the deleterious impact of
intratumoral TAM infiltration and identify new potential
targets to alter TAM polarization and/or recruitment.
Our data also suggest that GSFIR inhibition may not
be an appropriate strategy to target macrophages and
improve ICB efficacy and that other approaches should
be explored to limit their pro-tumorigenic roles.
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