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ABSTRACT

Purpose Liver metastases (LMs) confer resistance to
immune checkpoint blockade in advanced non-squamous
non-small cell lung cancer (ns-NSCLC), likely through

an immunosuppressive tumor microenvironment (TME).
We hypothesized that vascular endothelial growth factor
(VEGF)-A blockade, by remodeling the immunosuppressive
TME, could restore the benefit of chemoimmunotherapy

in LM+ patients. Here, we report the first comparative
analysis of chemoimmunotherapy with and without
bevacizumab specifically in this population.

Experimental design Data were analyzed from the phase
Il IMpower130 and IMpower150 trials in treatment-naive,
EGFR/ALK-wild-type patients with ns-NSCLC. Treatment
arms included chemotherapy (CT), CT plus atezolizumab
(CT+immunotherapy (IT)), CT plus bevacizumab
(CT+antiangiogenic (AA)), and CT+IT+AA, with LM as a
stratification factor. Survival outcomes were assessed by
Kaplan-Meier estimates and multivariate Cox regression
analyses. Bulk and single-cell RNA sequencing data were
used to characterize the LM TME.

Results Among 1,713 patients, 236 (13.8%) presented
with LMs. In IMpower130, LM+ patients derived no overall
survival (0S) benefit from CT plus IT (CT+IT) compared
with CT alone (HR for 0S: 1.05; 95% Cl 0.63 t0 1.73). In
contrast, in IMpower150, the addition of bevacizumab to
CT+IT (CT+IT+AA) significantly improved progression-
free survival (PFS; HR: 0.49) and OS (HR: 0.52) in LM+
patients—an effect not observed in patients without

LM. Baseline transcriptomic exploratory analyses from
IMpower150 revealed a myeloid-enriched, lymphocyte-
depleted TME. Single-cell RNA sequencing further
demonstrated VEGF-A/VEGFR-1/2 crosstalk between
macrophages and endothelial cells, as well as an autocrine
VEGF-A/VEGFR-1 loop within macrophages.

Conclusion The addition of bevacizumab to
chemoimmunotherapy was associated with improved
survival in ns-NSCLC specifically in patients with LMs. These
hypothesis-generating findings suggest that the benefit may
stem from disruption of VEGF-A-driven immunosuppressive
signaling in the liver, but require prospective confirmation.
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WHAT IS ALREADY KNOWN ON THIS TOPIC

= Liver metastases (LMs) confer resistance to immune
checkpoint blockade in advanced non-squamous
non-small cell lung cancer (ns-NSCLC), but no strat-
egy had been shown to overcome this resistance.

WHAT THIS STUDY ADDS

= Adding bevacizumab to chemoimmunotherapy
significantly improves survival in LM+ patientsan
effect absent in LM- patients—alongside a
myeloid-enriched, lymphocyte-depleted tumor mi-
croenvironment with prominent vascular endothelial
growth factor-A signaling as a potential mechanism.

HOW THIS STUDY MIGHT AFFECT RESEARCH,
PRACTICE OR POLICY

= These hypothesis-generating findings suggest that
chemotherapy-+atezolizumab-+bevacizumab  may
represent a relevant first-line option to consider in
patients with LM+ ns-NSCLC, and that LM status
warrants prospective evaluation as a candidate pre-
dictive biomarker in immunotherapy trials.

INTRODUCTION
The advent of immunotherapy (IT), partic-
ularly immune checkpoint blockers (ICBs),
has revolutionized the treatment landscape
for metastatic and advanced non-small cell
lung cancer (aNSCLC). The combination of
ICBs with chemotherapy (CT) has emerged
as a standard of care for aNSCLC, regard-
less of programmed death-ligand 1 (PD-LI)
expression levels,"” whereas ant-PD-(L)1
monotherapy can be considered for cancers
with high PD-L1 expression.*®

The rationale for combining ICBs with anti-
vascular endothelial growth factor (VEGF)
agents, such as bevacizumab, lies in their
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Table 1 Patients’ baseline characteristics
IMpower130 IMpower150
Whole LM- LM+ Whole LM+
sample patients patients sample LM- patients patients
n=675 n=575 n=100 P value n=1038 n=902 n=136 P value

Age—median (min-max) 64 (18-86) 64 (18-85) 64.1 (38-86) 0.923 63 (31-89) 63 (31-89) 62.8 (43-83) 0.744
<65 359 (563.2%) 307 (53.4%) 52 (52%) 614 (569.2%) 533 (59.1%) 81 (59.6%)
>65 316 (46.8%) 268 (46.6%) 48 (48%) 424 (40.8%) 369 (40.9%) 55 (40.4%)

Sex 0.504 0.538
Female 277 (41%) 239 (41.6%) 38 (38%) 395 (38.1%) 340 (37.7%) 55 (40.4%)

Male 398 (59%) 336 (58.4%) 62 (62%) 643 (61.9%) 562 (62.3%) 81 (59.6%)

Smoking status 0.338 0.433
Current 144 (21.3%) 128 (22.3%) 16 (16%) 261 (25.1%) 222 (24.6%) 39 (28.7%)
Previous 467 (69.2%) 392 (68.2%) 75 (75%) 625 (60.2%) 544 (60.3%) 81 (59.6%)

Never 64 (9.5%) 55 (9.6%) 9 (9%) 152 (14.6%) 136 (15.1%) 16 (11.8%)

Treatment 0.525 0.7583
CT 228 (33.8%) 197 (34.3%) 31 (31%) - - -

CT+AA - - - 336 (32.4%) 289 (32%) 47 (34.6%)
CT+IT 447 (66.2%) 378 (65.7%) 69 (69%) 348 (33.5%) 306 (33.9%) 42 (30.9%)
CT+IT+AA - - - 354 (34.1%) 307 (34%) 47 (34.6%)

ECOG performance 0.308 0.263

status
0 277 (41.1%) 242 (42.2%) 35 (35%) 437 (42.3%) 386 (43%) 51 (37.8%)
1 396 (58.8%) 331 (57.7%) 65 (65%) 595 (57.7%) 511 (57%) 84 (62.2%)

Number of metastatic sites <0.001 <0.001
<3 512 (75.9%) 474 (82.4%) 38 (38%) 1001 (96.4%) 884 (98.0%) 117 (86.0%)
>3 163 (24.1%) 101 (17.6%) 62 (62%) 27 (3.6%) 18 (2.0%) 19 (14.0%)

Brain metastasis 67 (9.9%) 58 (10.1%) 9 (9%) 0.737 5 (0.5%) 4 (0.4%) 1(0.7%) 0.505

Albumin—median (min—-  38.6 38.8 37.6 0.026 38.7 (15-50) 38.8 (15-50) 38.2 (23-50) 0.274

max) (17.6-51) (22.5-51) (17.6-48)

Lung Immune Prognostic Index 0.011 0.001
Good 301 (49%) 270 (51.5%) 31 (34.4%) 474 (48.8%) 432 (51%) 42 (33.6%)
Intermediate 234 (38.1%) 190 (36.3%) 44 (48.9%) 398 (40.9%) 331 (39.1%) 67 (53.6%)

Poor 79 (12.9%) 64 (12.2%) 15(16.7%) 100 (10.3%) 84 (9.9%) 16 (12.8%)

KRAS mutation 79 (11.7%) 73(12.7%) 6 (6%) 0.055 112 (10.8%) 94 (10.4%) 18 (13.2%) 0.324
PD-L1 TPS 0.201 0.078
<1% 451 (66.8%) 380 (66.1%) 71 (71%) 740 (71.3%) 632 (70.1%) 108 (79.4%)

1-49% 131 (19.4%) 118 (20.5%) 13 (13%) 163 (15.7%) 147 (16.3%) 16 (11.8%)
>50% 93 (13.8%) 77 (13.4%) 16 (16%) 135 (13%) 123 (13.6%) 12 (8.8%)

*All KRAS mutations are included in that subgroup, and not specifically KRAS G12C mutations.
AA, antiangiogenic; CT, chemotherapy; ECOG, Eastern Cooperative Oncology Group; IT, immunotherapy; LM, liver metastases; PD-L1,

programmed death-ligand 1; TPS, Tumor proportion score.

complementary mechanisms of action. VEGF enhances
tumor immunosuppression by promoting the recruit-
ment, proliferation, and activation of regulatory T cells
(Tregs), while hindering effector T cell (Teff) infiltration
and antitumor activity.” Bevacizumab, by blocking VEGF,
can counteract these immunosuppressive effects and
potentiate the efficacy of ICBs. The benefits of combining
ICBs with anti-VEGF agents have been demonstrated in

various tumor types, including renal cell carcinomas,
endometrial cancers or hepatocellular carcinoma.® In the
context of non-squamous advanced NSCLC (ns-aNSCLC)
the IMpowerl50 trial showed that the addition of atezoli-
zumab (an anti-PD-L1 antibody) to bevacizumab and CT
significantly improves progression-free survival (PFS)
and overall survival (OS) compared with CT and bevaci-
zumab alone.” IMpower130 also demonstrated a benefit
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of adding atezolizumab to CT in a similar cohort,” while
the effect of the addition of bevacizumab in this setting
remains unclear.

Liver metastasis (LM), a common complication in
aNSCLC, poses unique challenges due to its immunosup-
pressive microenvironment and has been constantly asso-
ciated with little to no response to anti-PD-1 treatments in
aNSCLC and other tumor types.'’ Macrophage-mediated
CD8+ T cell apoptosis,'’ increased Treg infiltration,'* and
elevated glycolysis are known to contribute to immune
escape in LMs."” Moreover, the distinct microvascular
architecture of the liver, with liver sinusoidal endothelial
cells promoting metastasis development, further compli-
cates therapeutic efforts."*

To address these challenges and gain a deeper under-
standing of LM in ns-aNSCLC, we conducted a prespec-
ified survival analysis in IMpowerl30 and IMpowerl50
trials to evaluate the prognostic and predictive value of
LM in firstline treatment of ns-aNSCLC, and explored
the relationship between LM’s specific microenviron-
ment and response to treatment.

METHODS

Trial designs and patients

IMpowerl30 and IMpowerl50 were two open-label,
randomized phase III trials that evaluated chemoimmu-
notherapy combinations involving atezolizumab (anti-
PDL-1) in CTmaive adults with advanced ns-NSCLC
(online supplemental figure 1). In both trials, the pres-
ence of LM was a stratification factor. In IMpowerl30,
patients were randomized in a 2:1 proportion to CT plus
atezolizumab or placebo. In IMpowerl50, patients were
randomly assigned to CT or CT plus bevacizumab or
CT plus bevacizumab plus atezolizumab in a 1:1:1 ratio.
In both trials, eligible patients had Eastern Coopera-
tive Oncology Group performance status 0 or 1 and any
PD-L1 status. Both trials were positive and the addition of
atezolizumab to first-line CT with or without bevacizumab
for lung adenocarcinoma (LUAD) improves PFS and
0S.2? Patients with EGFR/ALK genomic alterations were
accepted in these trials but were excluded from this anal-
ysis due to the lack of efficiency of immunotherapeutic
approaches in that population.

Statistical analysis

Data from the two studies were available on the VIVLI plat-
form (https://www.vivli.org). Demographic and survival
outcomes were summarized for the wild-type population
(ie, patients with no known EGFR/ALK alterations). OS
was calculated from the date of first treatment administra-
tion until death due to any cause. PFS was calculated from
the date of first treatment administration until disease
progression or death due to any cause.

Patient characteristics were compared using the 2
or Fisher’s exact test for categorical variables and the
unpaired t-test, Wilcoxon signed-rank test, or analysis
of variance for continuous variables. Survival analysis

was performed using the Kaplan-Meier method and the
log-rank test. All p values less than 0.05 were considered
statistically significant.

A Cox proportional hazards regression model was used
to evaluate factors independently associated with OS and
PFS. Variables were included in the final multivariate
model based on their clinical relevance and statistical
significance in univariate analysis (cut-off, p=0.10). The
predictive value of clinical features on survival benefit
was assessed with an interaction term. A two-sided p value
<0.05 was considered significant for interaction testing.
Statistical analyses were performed with R software.

Analysis of bulk RNA-seq data

Whole-transcriptomes for IMpowerl50 originated from
formalin-fixed paraffin-embedded (FFPE) tissue that was
macrodissected for tumor area. RNA was extracted using
the Qiagen miRNeasy FFPE kit. Libraries were generated
using the Illumina TruSeq Stranded Total RNA method
and sequenced on the Illumina NovaSeq 6000 (50bp
paired-end sequencing and 80M total read depth). Reads
were aligned to the human reference genome (NCBI
Build 38) using GSNAP V.2013-10-10. The Genomi-
cAlignments Bioconductor package was used to deter-
mine the number of reads mapped to the exons of each
RefSeq gene (Ensembl 77). Raw counts were normal-
ized for gene length using transcript-per-million (TPM)
normalization and log2 transformed.

There are very few studies with publicly available RNA-
seq from metastatic samples from the liver. We retrieved
TPM values for LUAD tumors and associated clinical data
from a recently published META-PRISM cohort from
Institut Gustave Roussy.”” The final dataset of metastatic
samples (n=165) included n=19 from LM, n=95 from
lung metastasis, n=14 from lymph node metastasis, n=10
from pleura metastasis and n=27 from other more rare
localizations (skin, adrenal gland, bones, breast, scapula,
etc). TPMs of transcripts were additionally processed
according to Zaitsev et al (2022) to reduce batch and RNA
quality-related biases: mitochondrial, ribosomal and non-
coding transcripts were removed, and TPM values were
summed up by gene and then renormalized to 1M.

Unsupervised clustering of samples was performed
based on log2(TPM+1) values with Pearson correlation
between samples and visualized with UMAP version real-
ized in uwot R package (https://github.com/jlmelville/
uwot).

Deconvolution of tumor microenvironment (TME) in
metastatic samples was performed with CIBERSORTx
algorithm ensuring deconvolution of the major cell types
on two hierarchical levels: major cell types (epithelial,
fibroblasts, immune, endothelial) and immune cells only
(LM22 signature) 6

Analysis of scRNA-seq dataset

We retrieved preprocessed single-cell RNA sequencing
(scRNA-seq) counts and associated clinical informa-
tion of the previously published dataset of primary and
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Figure 1
liver metastasis.

metastatic lung cancers'’ sequenced using Smart-seq2
protocol from 3CA curated cancer cell atlas (https://
www.weizmann.ac.il/sites/3CA/). We used only samples
with at least 300 cells, diagnosed as LUAD and biopsied
from liver/pleura/lymph node metastasis or primary
tumors. The dataset was processed and analyzed with
Seurat V.5.0.2 package. Individual samples were inte-
grated with Harmony algorithm and then clustered
(FindClusters (resolution=1)) using 50 Principal Compo-
nent Analysis (PCA) components and finally visualized
with Uniform Manifold Approximation and Projection
(UMAP). Clusters of the cells were manually annotated
using original annotation information from 3CA curated
cancer cell atlas and with the assistance of the ACT server
using the top 30 marker genes expressed by each cluster.
Cell-cell communication (CCC) analysis was performed
using CellChat software specifically for VEGFA axis based
on the integrated and annotated Seurat object.

RESULTS

Liver metastases predict lack of survival benefit from adding

immunotherapy to first-line chemotherapy (IMpower130 trial)
This study included 1,713 patients with previously
untreated EGFR-wild-type or ALK-wild-type ns-NSCLC,
enrolled in the IMpowerl30 (n=675) and IMpowerl50

7
Time (months)

T
Time (months)
108 52 12 31 19 1 6 1

244 120 36 69 42 23 9 4

LMs are associated with no benefit from CT+ITover CT (IMpower130). CT, chemotherapy; IT, immunotherapy; LM,

(n=1038) clinical trials, in which the presence of LMs
was both a stratification factor and part of a preplanned
subgroup analysis. Baseline patient characteristics are
described in table 1.

Baseline characteristics were largely comparable
between IMpowerl30 and IMpowerl50, with the excep-
tion of brain metastases prevalence (9.9% vs 0.5%),
tobacco use history, and number of metastatic sites (online
supplemental table 1). Overall, 236 patients (13.8%)
had LM+: 100 (14.8%) in IMpower130 and 136 (13.1%)
in IMpowerl50. LM+ patients had a higher number of
metastatic sites, lower plasma albumin levels, and a
poorer Lung Immune Prognostic Index'® (online supple-
mental table 2). There were no major clinical differences
between treatment groups, except that patients receiving
CT alone had more metastatic sites, particularly in the
central nervous system (online supplemental table 3). In
the subset of patients for which whole exome sequencing
was performed (n=476), the presence of LMs was not
associated with KEAPI (LM-: 22.3% vs LM+: 28.0%,
p=0.47) nor STKII mutations (LM-: 25.6% vs LM+
26.0%, p=1.00). After a median follow-up of 16.6 months,
the median OS was 17.1 months, and the median PFS was
6.9 months. Patients treated with CT alone had poorer
outcomes compared with those receiving combination
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therapies. The best outcomes were observed with CT plus
IT and antiangiogenic (AA) therapy (CT+IT+AA), with
a median PFS of 8.3 months and a median OS of 19.8
months (online supplemental table 3).

In IMpower130, 100 patients (14.8%) had LMs, of whom
31 and 69 received CT and CT+IT, respectively (table 1).
compared with LM~ patients, LM+ patients treated with
CT had similar median PFS (4.4 vs 5.6 months, p=0.21)
but significantly shorter OS (8.8 vs 15.2 months, p=0.025).
This difference was more pronounced with CT+IT: LM+
patients had significantly shorter PFS (4.2 vs 7.3 months,
p<0.001) and OS (10.0 vs 21.1 months, p<0.001). After
adjustment for clinical covariates, LMs remained inde-
pendently associated with poorer outcomes with CT+IT,
but not with CT alone (online supplemental table 4).

Strikingly, LM+ patients derived no survival benefit
from CT+IT compared with CT alone, with overlapping
PFS (4.2 vs 4.4 months; p=0.78) and OS (10.0 vs 8.8
months; p=0.85). In contrast, LM— patients experienced
significantly improved PFS and OS with CT+IT (figure 1).
Overall, these findings suggest a differential impact of
LMs on treatment efficacy with LMs associated with no
benefit from IT.

Bevacizumab specifically synergizes with
chemoimmunotherapy in patients with liver metastases
(IMpower150 and pooled analysis)
In IMpower150, 136 patients (13.1%) had LMs, of whom
47 (34.6%), 42 (30.9%), and 47 (34.6%) received CT+AA,
CTHIT, and CT+IT+AA, respectively (table 1). No benefit
of CT+IT over CT+AA was observed in LM+ patients,
confirming findings from IMpower130 (HR for PFS: 0.79,
p=0.31; HR for OS: 0.91, p=0.71). Interestingly, and as
previously suggested,'’ LM had no detrimental impact on
PES or OS in patients treated with CT+IT+AA (HR for
PFS: 0.91, p=0.65; HR for OS: 0.76, p=0.29), in contrast to
those treated with CT+AA or CT+IT (online supplemental
tables 5,6). These findings prompted us to investigate a
potential synergy between AA and CT+IT specifically in
LM+ patients. In IMpower150, the LM+ subgroup showed
a survival benefit from CT+IT+AA over CT+IT (HR for
PFS: 0.58, p=0.03; HR for OS: 0.50, p=0.02), an effect not
observed in LM~ patients (online supplemental figure 2).
We then analyzed the pooled cohort from both trials.
In LM~ patients, adding AA to CT+IT did not improve
OS (19.9 vs 19.8 months, p=0.94; figure 2A). In contrast,
among LM+ patients treated with CT+IT+AA, median
PFS was 7.4 months—comparable to that of LM- patients
treated with CT+IT (7.1 months, p=0.84). Similarly,
median OS in LM+ patients receiving CT+IT+AA was
16.8 months, also comparable to that of LM~ patients
treated with CT+IT (19.8 months, p=0.40). CT+IT+AA
was the only regimen to significantly improve both PFS
and OS over CT alone in LM+ patients (HR for PFS: 0.49,
p=0.006; HR for OS: 0.52, p=0.03; figure 2B). Notably,
patients with LM were the only subgroup to derive an
OS benefit from CT+IT+AA (figure 2C), with a trend for
PES (p=0.10). This interaction was not observed between

CT+AAor CT and CT+IT (p=0.42) (online supplemental
figures 2,3), suggesting that AA may be particularly bene-
ficial when added to CT+IT in patients with LMs. To rule
out that baseline differences between trials could account
for these findings, a multivariable analysis adjusting for
the number of metastatic sites, age, smoking status, and
brain metastasis status confirmed that the benefit of beva-
cizumab remained confined to LM+ patients (PFS: HR
0.59, 95% CI 0.38 to 0.91, p=0.018; OS: HR 0.50, 95% CI
0.29 to 0.87, p=0.014), with no benefit in LM- patients
(PFS: HR 0.84, 95% CI 0.71 to 1.00, p=0.050; OS: HR 1.12,
95%CI 0.90 to 1.41, p=0.301). Comparable outcomes
between the IMpowerl30 and IMpowerl50 control arms
further argued against a differential effect driven by
CT backbone alone (PFS log-rank p=0.14; OS log-rank
p=0.53; online supplemental figure 4).

Altogether, these results suggest that bevacizumab may
specifically help restore the efficacy of the addition of IT
to CT in patients with LMs.

Liver metastases display a distinct TME with myeloid
enrichment and lymphoid exclusion

In order to investigate potential mechanisms of the
synergy between AA treatment and IT in the context
of LMs we retrieved and performed an exploratory
analysis of bulk RNA-seq from IMpowerl50 (n=922,
including n=36 LMs). The analysis was validated by
an independent cohort of bulk RNA-seq of advanced
metastatic cancers META-PRISM" (NSCLC cohort only,
n=165, including n=19 LMs) and scRNA-seq data (n=20,
including n=4 LMs) from a publicly available dataset'®
of metastatic LUADs. A summary of all molecular data-
sets used in this study and the number of liver samples
is provided in online supplemental table 7. Unfortu-
nately, no paired primary-LM samples were available for
comparison. Bulk RNA-seq of advanced metastatic lung
cancers from IMpowerl150 and META-PRISM revealed a
distinct grouping of 29/36 (81%) and 10/19 (53%) LM
samples, respectively, based on gene expression profiles,
while samples from other locations did not form specific
groups, suggesting a particular transcriptional profile of
LM samples (figure 3A, online supplemental figure 5A).
Then we assessed the level of gene expression for the main
gene targets of IT and AA therapies (VEGFA-A/VEGIA,
VEGFR-1/FLTI1, VEGFR-2/KDR, PD-L1/CD274) between
LM and other metastatic sites. LMs demonstrated signifi-
cantly higher expression of the VEGIA gene (p=0.031,
Mann-Whitney U test, two-sided) in the META-PRISM
cohort and the similar trend, although without statis-
tical significance observed for IMpowerl50 (p=0.092,
Mann-Whitney U test, two-sided; figure 3B, online supple-
mental figure 5B). The expression of CD274 was not
statistically different between the groups for both data-
sets (figure 3B, online supplemental figure 5B). Expres-
sion of PDCD1, encoding PD-1, was significantly lower in
liver, than in other localizations (p=1.1e-05 and p=2.7¢-06
for IMpowerl50 and META-PRISM respectively, Mann-
Whitney U test, two-sided; online supplemental figure
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Figure 2 Bevacizumab specifically synergizes with chemoimmunotherapy in patients with liver metastases. (A) Kaplan-Meier
curves of progression-free survival and overall survival in patients treated in IMpower150 with chemoimmunotherapy (CT+IT)
with or without bevacizumab (CT+IT+AA), in the overall population and depending on the presence (LM+) or the absence (LM-)
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6A,B). Similarly, the expression of different lymphocyte
markers was significantly downregulated in LM samples
in both cohorts (online supplemental figure 6A,B). To
better understand the interplay between gene expres-
sion and TME composition of LMs in aNSCLC samples
we performed deconvolution of bulk RNA-seq data with
CIBERSORTx. The analysis of bulk RNA-seq profiles
revealed that the fractions of epithelial cancer cells were
significantly enriched in LM in comparison with other

locations for both IMpower150 and META-PRISM cohorts
while the immune and stromal cell fractions were signifi-
cantly depleted (figure 3C, online supplemental figure
7A). Furthermore, we analyzed separately the immune
compartment of LM and revealed that it was significantly
enriched in myeloid cell types (Macrophages M1/M2
and Monocytes for IMpowerl50; Macrophages M0/M2
for META-PRISM) in comparison with other locations
(figure 3D, online supplemental figure 7B). Interestingly,
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the association between LLMs and increased relative abun- in malignant cells and fibroblasts (figure 4B) in primary
dance of macrophages was independent from other clin-  and metastatic LUAD samples (online supplemental
ical and biological alterations (KRAS, STK1I and KEAP1 figure 8C). Both VEGF-A receptors (VEGFR-1/FLT1 and
mutations in particular—online supplemental table VEGFR-2/KDR) were predominantly expressed in endo-

8). Altogether, these results indicate that LMs exhibit  thelial cells, with higher expression observed in those
a lymphocyte-depleted and myeloid-enriched immune  from LMs compared with othersites (online supplemental
microenvironment distinct from other metastatic sites. figure 8C). Interestingly, FLT1 gene was also expressed by
a significant fraction (40%) of macrophages (figure 4C).
At the same time in 25% of macrophages coexpression
of VEGIFA and FLTI was observed implying a possible
autocrine loop between VEGF-A and VEGFR-1 in this cell
type (online supplemental figure 8D). To further investi-
gate CCGs involving the VEGFA gene, we used CellChat
software to infer significant CCC between various cell
types in LMs and primary samples from scRNA-seq data.

Macrophages orchestrate specific VEGF-A autocrine and
paracrine signaling in liver metastases

To better understand which specific cells can be the source
of high VEGIA expression in LM, we reanalyzed available
scRNA-seq dataset of LUAD with metastatic samples from
the liver,'® selecting n=20 samples with at least 300 cells
each. In total 15,156 cells were analyzed for metastatic sites
in the liver (n=4), pleura (n=4) and lymph nodes (n=4) ) L
in addition to primary LUAD tumors (n=8). Individual The analysis confirmed a significant VEGFA-VEGFRI1
samples were successfully integrated, clustered and anno- ~ autocrine loop in macrophages within both primary
tated (figure 4A). Similarly to bulk RNA-seq data, LUAD  tumors and LMs (figure 4D-E). The most pronounced
scRNA-seq samples from LM demonstrated an elevated interactions occurred between cells secreting VEGFA—
fraction of macrophages (On]ine supp]emen[al ﬁgure including mast cells, macrophages, malignant cells, and
8A). VEGFA gene was abundantly expressed in different  fibroblasts—and endothelial cells expressing the corre-
types of myeloid cells, such as macrophages, mast cells  sponding receptors VEGFRI, VEGFR2, and VEGFRIR2
and monocyte-derived dendritic cells (mo-DGCs), but also (figure 4D-E). Notably, in primary tumors, a greater
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Figure 4 Macrophages orchestrate specific VEGF-A autocrine and paracrine signaling in liver metastases. (A) UMAP
visualization of the annotated clusters of cells from scRNA-seq of metastatic and primary LUAD samples. (B) Expression

of VEGFA, CD274, FLT1 and KDR genes in different clusters of scRNA-seq dataset. (C) Dotplot visualization of the average
expression and the fractions of expressing cells for VEGFA, PDCD1, CD274, FLT1 and KDR genes in LUAD scRNA-seq
dataset. (D) Significant cell-cell communications among primary and liver metastases samples inferred with CellChat software
for VEGFA-FLT1 and VGFA-KDR axis. (E) Significant (p<0.01) communication probabilities between different cell types among
primary tumors and liver metastases for VEGFA-involving pathways. (F) scRNA-seg-based gene expression of angiogenic

and immune-inhibitory molecules in macrophages from different localizations of LUAD. LUAD, lung adenocarcinoma; Mo-DC,
monocyte-derived dendritic cell; NK, natural killer; pDC, plasmacytoid dendritic cells; scRNA-seq, single-cell RNA sequencing;
Tregs, regulatory T cells; UMAP, Uniform Manifold Approximation and Projection; VEGF, vascular endothelial growth factor.
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diversity of cell types (mast cells, malignant cells, macro-
phages, and fibroblasts) communicated with endothelial
cells expressing FLT1 and KDR receptors (figure 4D-E).
In contrast, in LMs, there were more significant VEGFA-
based interactions especially between macrophages and
endothelial cells (figure 4D-E). We then investigated the
cellular origin of expression of two main anti-PD(L)-1
targets: PD1/PDCDI and PD-L.1/CD274. PD1/PDCD1 was
mostly expressed by CD8+T cells, CD4+T cells, Tregs and
mo-DC cells (figure 4C; online supplemental figure 8B,C),
whereas PD-L1/CD274 was preferentially expressed by
mast cells, Tregs and macrophages. We additionally
assessed the gene expression of another set of immune
checkpoint molecules in macrophages (figure 4F) and
found that inhibitory molecules SIRPA (SIRPo), ENTPDI
(CD39), SIGLEC10 (Siglec-10) and ¢I10orf54 (VISTA) were
strongly expressed by macrophages confirming their
possible immune-suppressive role in LUAD TME (online
supplemental figure 8D).

Overall, these findings indicate that macrophages in
LMs may contribute to an immunosuppressive microen-
vironment and sustain a VEGF-A/VEGFR1-2 autocrine
and paracrine signaling, potentially reinforcing immune
evasion.

DISCUSSION

LMs are a major issue in patients treated with ICBs,
where they have extensively been associated with poorer
survival outcomes in various cancer types, including
melanoma, colorectal cancer or NSCLC." ** We analyzed
1,713 treatment-naive patients with ns-aNSCLC from the
IMpowerl30 and IMpowerl50 phase III trials, where
LMs were a stratification factor. We prospectively demon-
strate that patients with LM appeared to derive no PFS
or OS benefit from adding atezolizumab to CT, unlike
those without LM. The benefit of adding bevacizumab
to CT and atezolizumab was specific to LM+ patients,
possibly due to a VEGF-A"8", myeloid-rich TME with poor
lymphocyte infiltration and enhanced VEGF-A/VEGFR-1
crosstalk.

Our study is the first to assess the synergistic activity
of AA agents and immune checkpoint inhibitors in
patients with ns-aNSCLC with LMs, by directly comparing
CT+IT+AA versus CT+IT. While a subgroup analysis of
IMpowerl50 suggested no detrimental effect of LM with
CT+IT+AA," it did not compare these two regimens.
Here, we observe that CT+IT+AA was the only regimen
associated with improvements in both PFS and OS over
CT in LM+ patients. The relatively low prevalence of
LMs (13.8%) and the asymmetric contribution of the
two trials to the pooled analysis are acknowledged limita-
tions; however, the prospective stratification by LM status
in both trials and the consistent LM+ prevalence across
treatment arms (13-15%) provide reassurance that these
imbalances reflect trial design rather than differential
selection bias.

Intriguingly, this synergy was not observed in the
recently published LEAP-007 study evaluating pembroli-
zumab with or without lenvatinib (pan-VEGFR inhibitor)
as a firstline treatment for EGFR/ALK/ROSI-unaltered
NSCLC with a PD-L1 Tumor Proportion Score >1%."
Key differences exist between the LEAP-007 cohort and
our study: inclusion of both squamous and non-squamous
histologies, PD-L1-based patient selection, and no strat-
ification by LMs. In the Harmoni-6 trial, a numerically
higher PFS benefit of ivonescimab (an anti-PD-1 and anti-
VEGF-A bispecific antibody) plus CT over tislelizumab
plus CT was observed in LM+ patients (HR 0.53, 95% CI
0.26 to 1.08) as compared with LM~ patients (HR 0.64,
95% CI 0.48 to 0.85), though the wide CI precludes firm
conclusions in this subgroup®' and this trial investigated
squamous cell carcinomas. More recently, a strong and
similar effect was recently observed in the CAMPASS
trial, in which benmelstobart (anti-PD-LL1) combined
with anlotinib (a multikinase inhibitor targeting
VEGFR1/2/3) outperformed first-line pembrolizumab
in PD-L1-positive NSCLC, with a more pronounced PFS
benefit in LM+ patients (HR 0.29, 95% CI 0.11 to 0.71)
than in LM- patients (HR 0.74, 95% CI 0.57 to 0.97; p
for interaction=0.001).* Eventually, a similar trend was
observed in a phase II trial in microsatellite stable (MSS)
colorectal cancer, where adding bevacizumab to anti-PD-1
and histone deacetylase (HDAC) inhibition appeared to
reverse the negative prognostic impact of LM* raising
the hypothesis of a potential tumor-agnostic effect that
remains to be confirmed in dedicated prospective studies.
These cross-trial observations should be interpreted with
caution given the heterogeneity in trial designs, patient
populations, and treatment regimens, and should be
considered hypothesis-generating rather than conclusive.

Our translational results support the poor prognosis
associated with LMs, but also aim to explore the observed
clinical synergy between bevacizumab and atezolizumab
when combined with CT. Bulk RNA sequencing data
from IMpowerl50 and the META-PRISM cohort suggest
that LMs have higher VEGF-A expression compared with
other tumor sites. These data also indicate increased
myeloid cell infiltration in LM, consistent with prior
evidence that specific neutrophil subsets are enriched
in LMs** and promote VEGF-A-dependent angiogenesis
in hypoxic niches.”” Using publicly available scRNA-seq
data, we further suggest that endothelial cells in LM
express higher levels of FltI compared with those in
other metastatic sites, enhancing VEGF-A/VEGFRI1-2
crosstalk between macrophages and endothelial cells.
Given VEGF-A’s well-established role in impairing Teff
trafficking via endothelial modulation,” this enhanced
VEGF-A/VEGF-R1-2 interaction may contribute to the
reduced CD8+ T cell infiltration observed in LMs. Beva-
cizumab may synergize with CT and atezolizumab by
disrupting this crosstalk and promoting T cell infiltration
into the tumor.

Eventually, our data imply that VEGF-A-secreting
tumor-associated macrophages (TAMs) also express
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VEGFR-1, suggesting an autocrine VEGF-A/VEGFR-1
loop that could promote their immunosuppressive and
proangiogenic functions. This hypothesis is supported by
converging evidence from multiple experimental models.
In vitro, autocrine VEGF-A signaling in protumorous
macrophages upregulates PD-L1 expression, and such
macrophages suppress CD4+/CD8+ T cells in vivo.?® The
proangiogenic role of VEGFRI+TAMs has been further
demonstrated across tumor models: FLT1 knockdown
specifically inhibited macrophage infiltration in renal
cell carcinoma,”” while FLT1 blockade synergized with
immune checkpoint inhibitors in melanoma by reducing
protumorous macrophage infiltration and restoring
CD8+ Tcell density.”® VEGF-A/VEGFR-1 signaling in
metastasis-associated macrophages also drives expres-
sion of prometastatic factors MMP9 and CSF1, fueling
angiogenesis and metastatic spread.” Beyond oncology,
VEGFRI+ macrophages sustain neoangiogenesis in
endometriosis,”” and VEGF-A promotes macrophage
recruitment and M2 polarization in other physiological
contexts,31 underscoring the broader relevance of this
signaling axis. Whether this autocrine loop specifically
contributes to the immunosuppressive TME of LMs and
can be disrupted by bevacizumab remains to be formally
demonstrated.

Altogether, these hypothesis-generating findings
suggest that, in patients with LMs from ns-aNSCLC,
the addition of bevacizumab to chemoimmunotherapy
warrants further evaluation as a potentially preferred
first-line option. Mechanistically, this combination may
contribute to reversing the immune desert of LMs by
disrupting VEGF-A/VEGFR-1-2 signaling, both autocrine
in TAMs and paracrine between TAMs and endothelial
cells; targeting this macrophage-centered axis could plau-
sibly restore vascular function and enable T cell infiltra-
tion, although these mechanisms remain to be formally
validated. Looking ahead, our findings support two key
directions for clinical translation. First, LMs should be
prospectively incorporated as a stratification factor in
future randomized phase III trials to more accurately eval-
uate treatment benefitin this high-risk subgroup. Second,
organ-specific tumor-immune interactions warrant inves-
tigation in smaller translational studies, ideally including
paired and longitudinal sampling of primary and meta-
static lesions and especially LMs, to validate the biological
mechanisms and inform tailored therapeutic strategies.
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