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A B S T R A C T

Introduction: Results from the MORPHEUS-Lung (NCT03337698) study suggest that atezolizumab + bev
acizumab + stereotactic body radiotherapy (SBRT) was associated with numerically improved efficacy outcomes 
vs docetaxel (control) in immune checkpoint inhibitor–exposed patients with metastatic non-small cell lung 
cancer. We report exploratory analyses to identify potential biomarkers associated with this clinical response.
Methods: Tumor samples were analyzed for differential gene expression and pathway/immune subset gene sig
natures by single cell RNA-sequencing and further validated with bulk RNA-sequencing.
Results: The biomarker-evaluable population included 58 patients from two cohorts (atezolizumab + bev
acizumab + SBRT, n = 26; docetaxel [control], n = 32). In a discovery study, analyses of clinical benefit (CB) vs 
non-CB groups at baseline showed that resident-memory CD8 T cells (TRM) were significantly enriched (P =
0.027; Gini index: P = 0.018), and expression of CXCL10+ and FOLR2+ macrophages was increased in the CB 
group. Pre- and post-treatment analysis showed that expression of effector-memory CD45RA+ CD8 T cells 
(TEMRA), CD8 TRM, and FOLR2+ and FABP4+ macrophages were numerically increased post-treatment. Together 
these results led to the identification of curated T-cell– and macrophage-associated gene response signatures. 
Using a confirmatory cohort, gene signature expression aligned with survival outcomes for patients receiving 
atezolizumab + bevacizumab + SBRT.
Conclusions: These results suggest that activation of T cells and macrophages are associated with a favorable 
clinical response to atezolizumab + bevacizumab + SBRT. Moreover, CD8 TRM, CD8 exhausted T cells, and 
CXCL10+ macrophages may serve as potential biomarkers of response to atezolizumab + bevacizumab + SBRT 
treatment and potentially aid in tailored, precision medicine for individual patients.
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1. Introduction

Globally, non-small cell lung cancer (NSCLC) accounts for approxi
mately 85% of all lung cancers [1]. Five-year survival rates for meta
static disease are 14.3% [2]. The use of immune checkpoint inhibitors 
(CPIs) such as programmed cell death protein-1 (PD-1)/PD-ligand 1 (PD- 
L1) antibodies has revolutionized the treatment landscape for metastatic 
NSCLC (mNSCLC). In the second-line setting, treatment options for pa
tients with mNSCLC are largely dependent on the first-line treatment 
received [3]. Currently approved second-line therapies include peme
trexed, docetaxel, nivolumab, atezolizumab, and pembrolizumab in 
patients with mNSCLC without targetable driver mutations or rear
rangements [3]. However, given the relatively poor prognosis still seen 
for CPI-exposed patients [4], there is a need for additional treatment 
options, including combination therapies with a CPI.

MORPHEUS-Lung (NCT03337698) is a signal-seeking, global, Phase 
Ib/II, open-label, multicenter, randomized, umbrella study in patients 
with mNSCLC, focusing on quickly assessing combinations with atezo
lizumab (anti-PD-L1) vs a control arm given docetaxel, which is 
considered a standard-of-care treatment for CPI-exposed patients with 
non-squamous histology [5]. Combination therapies evaluated in this 
study included (but were not limited to) atezolizumab + bevacizumab +
immune-modulating non-ablative stereotactic body radiotherapy 
(SBRT) and atezolizumab + bevacizumab [5]. Bevacizumab, a mono
clonal antibody that binds to vascular endothelial growth factor A 
(VEGF-A), promotes the normalization of tumor vasculature and can 
thereby increase the access of therapeutic agents [6]. Moreover, bev
acizumab has demonstrated immunomodulatory properties [7] and has 
shown clinical efficacy in combination with atezolizumab in several 
tumor types [8–10]. Radiotherapy transforms irradiated tumors into in 
situ vaccinations through the induction of tumor antigen release and the 
activation of T-cell–mediated immune responses [11,12]. When used in 
combination with a CPI, radiotherapy modulates the immune- 
suppressive tumor stromal microenvironment and augments the ef
fects of CPIs, while CPIs counteract the immunosuppressive effects of 
radiotherapy through the amplification of the radiation-induced 
abscopal effect [13,14]. Moreover, in the PEMBRO-RT study, SBRT +
pembrolizumab demonstrated improved response rates and survival 
outcomes vs pembrolizumab alone in patients with PD-L1 negative 
mNSCLC [15]. At the interim analysis, atezolizumab + bevacizumab 
with or without SBRT showed evidence of numerically improved 
progression-free survival (PFS; atezolizumab + bevacizumab + SBRT 
[7.7 months; 95% CI: 4.4, 11.4] or atezolizumab + bevacizumab [7.0 
months; 95% CI: 4.4, 8.3]) vs docetaxel (4.8 months; 95% CI: 4.1, 6.4) 
and numerically improved overall survival (OS; atezolizumab + bev
acizumab + SBRT [16.9 months; 95% CI: 9.76, not evaluable] or ate
zolizumab + bevacizumab [13.7 months; 95% CI: 10.6, 21.1]) vs 
docetaxel (11.0 months; 95% CI: 8.34, 18.60). Therefore, these combi
nations may represent a potential chemotherapy-free treatment option 
for patients with mNSCLC [5].

Given the number of CPIs and potential combinations available, 
predictive biomarkers are needed to help identify patients who are more 
likely to benefit from different therapeutic options [16]. PD-L1 is the 
only U.S. Food and Drug Administration–approved biomarker in NSCLC 
for predicting response to CPIs; however, PD-L1 is limited by tumor 
heterogeneity and detection variability [17]. T-cell receptor (TCR) 
clonality, spatial distribution, phenotypic diversity, and functional 
states of tumor-infiltrating lymphocytes (TILs), and exhaustion markers 
such as PDCD1, which encodes PD-1, are emerging novel biomarkers 
that might play a role in predicting response to CPIs [18].

At the interim analysis, no clear correlations between response and 
PD-L1 expression or immune phenotype were seen in the MORPHEUS- 
Lung study [5]. However, it was noted that patients with PD- 
L1–negative and immune desert tumors derived benefit from atezoli
zumab + bevacizumab + SBRT [5]. Therefore, we report additional 
exploratory analyses from the MORPHEUS-Lung study in CPI-exposed 

patients with mNSCLC to identify potential biomarkers associated 
with clinical response to atezolizumab + bevacizumab + SBRT.

2. Materials and methods

2.1. Study design and patient population

The MORPHEUS-Lung study design was previously reported [5]. 
Briefly, eligible patients were those that experienced disease progression 
during or following treatment with a platinum-containing regimen and 
an anti-PD-L1/PD-1 CPI, given in combination as one line of therapy or 
as two separate lines of therapy, regardless of PD-L1 expression. Patients 
were randomized to the atezolizumab + bevacizumab + SBRT, atezo
lizumab + bevacizumab, or docetaxel control arms.

A 1200 mg intravenous (IV) infusion of atezolizumab was adminis
tered on Day 1 of each 21-day cycle until unacceptable toxicity or loss of 
clinical benefit occurred. A 15 mg/kg IV infusion of bevacizumab was 
administered on Day 1 of each 21-day cycle until unacceptable toxicity 
or loss of clinical benefit occurred. A 75 mg/m2 IV dose of docetaxel was 
administered over 60 min on Day 1 of each 21-day cycle.

SBRT was administered prior to atezolizumab + bevacizumab, and 
three fractions of 8 Gy were completed within 21 days (±5 days) after 
receiving consent and within 7 days of initiating atezolizumab + bev
acizumab. Only photon (x-ray) beams with photon energies of at least 6 
MV were allowed. Patients that entered the SBRT arm may have had any 
number of active lesions. One to five lesions of 1 to 5 cm diameters 
located anywhere in the body outside of the brain could be irradiated. 
Target sites and lesion types for each patient in the biomarker analysis 
are shown in Supplementary Table S1. Lesions abutting organs at risk 
and sensitive to radiation and lesions treated with SBRT within the last 6 
months were not irradiated.

Patients were classified based on clinical outcomes following treat
ment with atezolizumab + bevacizumab + SBRT or docetaxel. Clinical 
benefit (CB) was defined as those patients who exhibited a complete 
response (CR), partial response (PR), or stable disease (SD) with PFS ≥ 6 
months. Non-CB (NCB) was defined as those patients with progressive 
disease (PD) or SD with PFS < 6 months.

The study was done in conformance with Good Clinical Practice 
guidelines and the Declaration Helsinki. The protocol was reviewed and 
approved by the institutional review board or ethics committee at each 
study site. All amendments affecting trial recruitment and conduct were 
approved. All patients provided written, informed consent.

2.2. Single-cell RNA sequencing (scRNA-seq) analyses

In the initial discovery study, scRNA-seq was used to analyze 
differentially expressed gene (DEG) and pathway/immune subset gene 
signatures between the CB and NCB groups and the pre- and post- 
treatment sample from the atezolizumab + bevacizumab + SBRT arm 
only. Fresh tumor tissue samples, required for single-cell analysis were 
collected by biopsy at study entry (five patients) and 6 weeks post- 
treatment (one patient). The analytical framework used to identify 
these gene signatures in T cells and macrophages included clustering 
using Uniform Manifold Approximation and Projection (UMAP), gene 
set enrichment analysis (GSEA) of DEGs, clonal expansion using the Gini 
index, trajectory analyses using Monocle3, and intercellular communi
cation between different cell types using CellChat. Full details of the 
RNA-seq procedures are provided in the Supplementary Methods.

2.3. Bulk RNA-seq analyses

In the secondary confirmatory study, bulk RNA-seq was conducted 
on samples from both the atezolizumab + bevacizumab + SBRT and 
docetaxel control arms of the biomarker-evaluable population (BEP) to 
validate T-cell– and macrophage-associated gene signatures identified 
during scRNA-seq analyses. Baseline formalin-fixed paraffin-embedded 
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(FFPE) tumor tissue samples were collected from all patients, preferably 
by biopsy performed at study entry. Where a biopsy was not deemed 
feasible by the investigator, archival tumor tissue was used, provided the 
patient had not received any immune CPI therapy since the time of the 
biopsy. T-cell– and macrophage-associated gene signatures were vali
dated by survival outcomes in the CB and NCB groups and stratified by 
treatment arms. Full details of the bulk RNA-seq procedures are pro
vided in the Supplementary Methods.

2.4. Statistical analysis

All statistical analyses conducted in this study were exploratory with 
no alpha adjustment for multiple testing performed and were completed 
using R (v4.4.2). Continuous variables were compared between two 
groups using either the Wilcoxon rank sum-test or Student’s t-test, as 
appropriate. Associations between categorical variables across two or 
more groups were evaluated using the Х2 test. Statistical significance 
was defined as P < 0.05 for all statistical tests. Survival analyses were 
conducted using Cox-proportional hazard models. Full details of the 
statistical analyses are provided in the Supplementary Methods.

2.5. Data availability

The data sets generated or analyzed during the current study are 
available from the corresponding author upon reasonable request.

3. Results

3.1. Study population

The overall BEP was comprised of the patients for whom FFPE tumor 
tissue samples were obtained (n = 58). Twenty-six of these patients 
received atezolizumab + bevacizumab + SBRT and 32 received doce
taxel (Supplementary Table S2). We conducted integrated analyses 
using scRNA-seq from five patients as an initial discovery study and bulk 
RNA-seq (n = 58) as a secondary confirmatory study to identify poten
tial biomarkers associated with clinical efficacy to atezolizumab +
bevacizumab + SBRT.

In the initial discovery study, four of the five patients with fresh 
baseline tumor tissue samples were from the CB group and one was from 
the NCB group (Supplementary Table S3). In total, six baseline samples 
(four from four patients in the CB group and two from one patient in the 
NCB group) from tumor tissue biopsies were analyzed. Additionally, a 
post-treatment fresh tumor tissue biopsy was collected from one patient 
in the CB group following treatment with atezolizumab + bevacizumab 
+ SBRT.

In the secondary confirmatory study, 26 of the 58 patients with 
samples received atezolizumab + bevacizumab + SBRT and 32 received 
docetaxel. Fifty-three patients had confirmed best overall response and 
were not censored. Out of these 53 patients, 26 were from the CB group 
and 27 were from the NCB group. In the CB group, 14 patients received 
atezolizumab + bevacizumab + SBRT and 12 received docetaxel; in the 
NCB group, 11 patients received atezolizumab + bevacizumab + SBRT 
and 16 received docetaxel.

3.2. Phenotypic distribution of T/natural killer (NK) cells within the 
tumor microenvironment (TME) of mNSCLC in the CB and NCB groups

Potential biomarkers were identified from the analysis of the six pre- 
treatment samples. scRNA sequencing data from 11,646 single cells 
were subjected to unsupervised clustering, revealing seven distinct cell 
populations. Among these, T/NK cells accounted for 64% of the total cell 
population, while myeloid cells comprised 7.4% (Supplementary 
Fig. S1A, B).

First, we explored the T/NK cell subsets within the TME through the 
annotation of CD4 T cells, CD8 T cells, and NK cells (Fig. 1A). Notably, 

PDCD1 was highly expressed in CD4 CXCL13, CD8 exhausted T cells 
(TEX), and interferon (IFN)-activating CD8 T cells (Supplementary 
Fig. S1C). Interestingly, CD8 TEX cells showed a transcriptional profile 
comparable to IFN-activating CD8 T cells, with elevated expression of 
IFN-γ, NK markers, and lytic granules-mediated cytotoxic markers seen 
(Supplementary Fig. S1D).

Next, we examined the relative abundance of CD4 and CD8 T cells by 
response to atezolizumab + bevacizumab + SBRT treatment. Resident- 
memory CD8 T cells (TRM) and CD8 central memory T cells (TCM) 
were significantly enriched in the CB vs the NCB groups (mean value: 
CB, 4.5% vs NCB, 2.0%; P = 0.027, and mean value: CB, 13.0% vs NCB, 
4.8%; P = 0.046, respectively) (Fig. 1B). Furthermore, effector-memory 
CD45RA+ CD8 T cells (TEMRA) exhibited a trend toward higher abun
dance in the NCB group compared with the CB group. DEG analysis of 
CD8 T cells in the CB group revealed upregulation of PDCD1, LAG3, and 
TIGIT, as well as genes associated with T-cell activation (CXCR4) and 
inflammatory responses (TNFAIP3, NFKBIA; Fig. 1C). Further eluci
dating the molecular programs associated with treatment response, 
GSEAs of the CB and NCB group DEGs in CD8 T cells showed that the CB 
group exhibited enrichment of pathways related to T-cell activation, 
type II IFN production, and peptide antigen assembly (Fig. 1D).

To investigate if CD8 T-cell subsets were associated with treatment 
response, we calculated the Gini index. Our analysis showed that 
intratumoral CD8 T cells have a similar level of clonal expansion 
regardless of type of T cell. Notably, the Gini index of tumor-infiltrating 
CD8 TRM was significantly higher in the CB group than in the NCB group 
(mean value: CB, 30.0% vs NCB, 18.0%; P = 0.018; Fig. 1E).

3.3. Intratumoral differentiation trajectory analysis of CD8 T cells in the 
CB and NCB groups

Monocle3 analysis revealed that the trajectory originating from CD8 
TCM branched into three distinct pathways leading to CD8 TEMRA, CD8 
TRM, and CD8 TEX (Fig. 2A). Notably, in the CB group, there was a higher 
spatial distribution of TRM and CD8 TEX, whereas the NCB group showed 
relatively higher localization of CD8 effector memory T cells (TEM) and 
CD8 TEMRA (Fig. 2B). To further assess lineage-specific changes, we 
performed a trajectory analysis. CD8 TEM was set as the root of the 
trajectory, as its relative abundance between CB and NCB groups was 
most similar (Supplementary Fig. S1E). Comparison of the density of 
CD8 T cells across the three lineages revealed distinct differences be
tween the CB and NCB groups. In the differentiation trajectory towards 
CD8 TEX, the CB group showed a progressive accumulation of CD8 TEX 
cells over virtual time, while NCB exhibited a pattern of stasis at early 
stages.

In the CD8 TEMRA lineage, the cell density at the terminal end of the 
trajectory was higher in the NCB group than in the CB group. Clonality 
was overall higher at the terminal end of the trajectory in the CB group 
than in the NCB group (Fig. 2C). Finally, in the CD8 TRM lineage, there 
was a trend of increased CD8 TRM density as virtual time progressed in 
the CB group when compared with the NCB group.

When comparing gene expression between the final differentiation 
states of CD8 TEMRA from the NCB group samples and CD8 TRM and CD8 
TEX from the CB group samples, the results showed that pathways 
related to T-cell activation and differentiation were significantly 
enriched in CD8 TRM compared with CD8 TEMRA (Fig. 2D). Additionally, 
CD8 TEX showed a markedly enriched activation of immune cell acti
vation and antigen presentation pathways compared with CD8 TEMRA 
(Fig. 2E, Supplementary Table S4). GSEA analysis comparing biological 
pathways between the CB and NCB groups showed that despite the 
lower abundance of TEMRA cells in the CB group, T-cell–related func
tional pathways were enriched (Supplementary Fig. S1F).
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Fig. 1. Phenotypic distribution of T/NK cell subsets in the TME of mNSCLC in the CB and NCB groups. A, UMAP representation depicting intratumoral T/NK-cell 
phenotypes (n = 6). B, Boxplots depicting relative abundance of intratumoral T/NK-cell phenotypes calculated per tumor samples and stratified for response (CB and 
NCB). P-values calculated using t-test; only P-values < 0.05 are shown. Boxes plus whiskers indicate the median ± IQR. The whiskers extend from either the first or 
third quartile to 1.5 × IQR. C, Volcano plot depicting differentially expressed genes in intratumoral CD8 T cells (n = 3,930) from CB samples (n = 4; 3,575 CD8 T 
cells) vs NCB samples (n = 2; 355 CD8 T cells. P-values were obtained using the Wilcoxon test and Bonferroni corrected. Red: adjusted P-value < 0.05 and log2-fold 
change > 0.25). D, Biological pathways comparing CB (PR + SD) and NCB (PD). E, Gini-index of intratumoral CD8 T cells. Left: calculated per samples (n = 6), per 
CD8 T-cell phenotype. Right: calculated per sample (n = 6) and stratified per response (4 CB and 2 NCB). P-values calculated using t-test; only P-values < 0.05 are 
shown. Boxes plus whiskers indicate the median ± IQR. The whiskers extend from either the first or third quartile to 1.5 × IQR. CB, clinical benefit; CXCL, C-X-C 
motif chemokine ligand; NCB, non-clinical benefit; NK, natural killer; PD, progressive disease; PR, partial response; SD, stable disease; TCM, CD8 central memory T 
cell; TEMRA, effector-memory CD45RA + CD8 T cell; TEM, effector memory T cell; TEX, exhausted T cell; Treg, regulatory T cell; TRM, tissue-resident memory T cell; 
UMAP, uniformed manifold approximation and projection. (For interpretation of the references to colour in this figure legend, the reader is referred to the web 
version of this article.)

Fig. 2. Trajectory analysis of CD8 T-cell subtypes in the CB and NCB groups. A, Depicting trajectory direction by pseudotime. B, Trajectory direction on CB and NCB. 
C, T cell density, TCR clonality along with CD8 trajectory in atezo + bev + SBRT–treated samples (n = 6), stratified for response (n = 4 for CB and n = 2 for NCB). D, 
Biological pathways comparing CD8 TEMRA vs CD8 TRM. P-value < 0.05 and log2 fold change > 0.1. E, Biological pathways comparing CD8 TEMRA vs CD8 TEX. P-value 
< 0.05 and log2 fold change > 0.1. atezo, atezolizumab; bev, bevacizumab; CB, clinical benefit; CD, cell determinant; NCB, non-clinical benefit; TCR, T-cell receptor; 
TEMRA, effector-memory CD45RA + CD8 T cell; TEX, exhausted T cell; TRM, tissue-resident memory T cell.
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3.4. Phenotypic distribution of PD-L1–expressing cells within the TME in 
the CB and NCB groups

Within the monocyte/macrophage compartment of PD- 
L1–expressing myeloid-derived cells, we identified various tumor- 
associated macrophage (TAM) subtypes using marker genes. Notably, 
we identified CXCL10+ macrophages, which exhibited high expression 
of genes involved in T cell recruitment, such as CXCL9, CXCL10, and 
CXCL11 (Fig. 3A. Supplementary Fig. S2A). Comparison of the relative 
abundance of TAM subtypes between the CB and NCB groups revealed 
that CXCL10+ macrophages and folate receptor beta+ (FOLR2+) 

macrophages appeared more abundant in the CB group, while secreted 
phosphoprotein 1+ (SPP1+) macrophages and triggering receptor 
expressed on myeloid cells 2+ (TREM2+) macrophages appeared more 
abundant in the NCB group, although these differences were not sta
tistically significant (Supplementary Fig. S2B). DEG analysis showed 
that genes related to T cell recruitment (CXCL9, CXCL10, CXCL11) and 
immune cell migration and inflammation regulation (CCL8, CCL13) 
were highly expressed in the CB group, whereas the expression of 
immunosuppressive genes (CD5L, CD52) was increased in the NCB 
group (Fig. 3B). Importantly, the expression of CD274, which encodes 
the therapeutic target PD-L1, was higher in myeloid-derived cells from 

Fig. 3. Phenotypic distribution of monocytes and macrophages in the TME of mNSCLC in the CB and NCB groups. A, UMAP representation of monocyte and 
macrophage phenotypes in the TME. B, Volcano plot of differentially expressed genes in macrophages (n = 563) in the TME of the CB group (n = 4) vs the NCB group 
(n = 2). P-values were obtained using the Wilcoxon test and Bonferroni-corrected. Red: adjusted P-value < 0.05 and log2 fold change > 0.25. C, Dot plot depicting the 
mean expression levels of CD274 (PD-L1) in CB and NCB within bone marrow cells (left; n = 6; n = 4 in the CB group and n = 2 in the NCB group), and within 
CXCL10+ macrophages (right; n = 6; n = 4 in the CB group and n = 2 in the NCB group). D, Circos plot of the CXCL signaling pathway in the TME, depicting cell–cell 
interactions between intratumoral macrophages (sender) and intratumoral T cells (receiver) in the CB group (left) and NCB group (right). E, Bar plot depicting the 
overall information flow for each ligand receptor pair of the CXCL signaling pathway in the TME of the CB vs NCB groups. Overall information flow is defined by the 
sum of the communication probability among all pairs of cell groups in the inferred network. P-value calculated using Wilcoxon test (only P-values < 0.05 are 
shown). F, Dot plot of CXCR3 expression in intratumoral CD8 T cells. G, Dot plot of CXCR3 expression in the CB and NCB groups. CB, clinical benefit; CXCL, C-X-C 
motif chemokine ligand; NCB, non-clinical benefit; TME, tumor microenvironment; UMAP, uniformed manifold approximation and projection. (For interpretation of 
the references to colour in this figure legend, the reader is referred to the web version of this article.)
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the CB group than the NCB group (Fig. 3C, left). More specifically, 
CD274 expression was highest in CXCL10+ macrophages 
(Supplementary Fig. S2C), and CXCL10+ macrophages showed higher 
levels of CD274 expression in the CB group (Fig. 3C, right).

Next, we explored how CXCL10+ macrophages in the TME express T- 
cell recruitment genes and interact with T cells. Analysis of significant 
immune cell interactions between the CB and NCB groups revealed that, 
overall, more interactions were observed in the CB group 
(Supplementary Fig. S2D). Focusing on the CXCL signaling pathway, we 
found that, compared with the NCB group, the predicted interactions 
between CXCL10+ macrophages and T cells were more abundant in the 
CB group (Fig. 3D). Analysis of ligand-receptor pairs revealed that the 
CXCL16-CXCR6 ligand interaction was significantly increased in both 
the CB and NCB groups; the CXCL12-CXCR4 ligand interaction was 
significantly increased in the NCB group; and CXCL9-CXCR3, CXCL10- 
CXCR3, CXCL13-CXCR3, and CXCL13-CXCR5 ligand-receptor in
teractions were significantly increased in the CB group compared with 
the NCB group (P < 0.05; Fig. 3E). Notably, the expression of CXCR3 was 
highest in the CD8 TRM subtype of CD8 T cells, and expression was also 
detected in CD8 TEX, CD8 TEM, and CD8 TCM cells (Fig. 3F). Furthermore, 
in the CB group, not only CD8 TRM but also CD8 TEM and CD8 TCM 
exhibited higher CXCR3 expression compared with the NCB group 
(Fig. 3G).

3.5. Phenotypic distribution of T/NK cells in the TME of the pre- and post- 
treatment samples

To investigate treatment-induced alterations in the TME, we applied 
the same analytical framework to perform a detailed characterization of 
the T/NK cell compartment in the paired biopsy sample from a single 
patient. Sub-clustering of tumor-infiltrating T cells and NK cells revealed 
distinct phenotypic subtypes for CD4 and CD8 T cells, as well as inde
pendent phenotypic subsets for NK cells (Supplementary Fig. S3A, B). 
Gene expression analysis of the CD8 T cells in the post-treatment sample 
(Post) revealed upregulation of a CD8 TRM marker (ZNF683), CD8 TEMRA 
marker SPON2, and IFNG. In contrast, the pre-treatment sample (Pre) 
exhibited increased expression of immune checkpoint genes LAG3, 
HAVCR2, and CXCL13 (Fig. 4A).

An assessment of functional pathways associated with DEGs between 
the Pre and Post samples in CD8 T cells was conducted. DEGs in Pre and 
Post samples showed upregulation of pathways related to hypoxia 
response, radiation response, and leukocyte differentiation in the Post 
sample (Fig. 4B). To evaluate the effects of radiation therapy, we 
compared the gene set scores of genes included in previously identified 
radiation response-related pathways (Supplementary Table S3). The 
analysis revealed an increase in gene set scores in the Post vs Pre sam
ples, with particularly high values seen in the CD8 TRM and CD8 TEMRA 
cell types (Fig. 4C).

Analysis of TCR expansion for each T-cell phenotype showed that 
prior to treatment with atezolizumab + bevacizumab + SBRT, the pre
dominant T-cell clones within the tumor were primarily found in the 
‘antigen-experienced’ T-cell clusters, particularly in CD8 TEX. However, 
after treatment, these dominant clones were predominantly seen in CD8 
TEMRA and CD8 TRM (Fig. 4D). Interestingly, when examining cytotoxic 
markers within CD8 T-cell subsets, high expression of cytotoxic markers 
was observed in both CD8 TEMRA and CD8 TRM (Fig. 4E).

When examining the origins of CD8 TRM and CD8 TEMRA in the TME, 
analyses revealed that the trajectory originating from the CD8 TCM 
branched into three distinct paths leading to CD8 TEMRA, CD8 TRM, and 
CD8 TEX (Supplementary Fig. S3C). Notably, in the Pre sample, differ
entiation through CD8 TEM into CD8 TEX was dominant, whereas in the 
Post sample, differentiation through CD8 TEM into CD8 TRM and CD8 
TEMRA was prominent (Fig. 4F). When considering CD8 TCM as the origin 
of the trajectory, we observed differences in CD8 T cell density between 
the Pre and Post samples across all three lineages (Fig. 4G). In the 
lineage leading to CD8 TEX, the Pre sample showed a tendency for 

increased T cell density toward the end of the trajectory compared with 
the Post sample. In contrast, in the differentiation pathways leading to 
CD8 TEMRA and CD8 TRM, the Post sample exhibited higher T cell density 
at the end of the trajectory compared with the Pre sample. In the dif
ferentiation pathway leading to CD8 TEMRA, the T cell density in the Pre 
sample decreased with psuedotime, whereas the Pre sample T cell 
density appeared to remain consistent in the differentiation leading to 
CD8 TRM.

We hypothesized that the immunological activity of CD8 TEMRA cells 
may be further amplified by radiation therapy. Consistent with this, 
DEEG analysis between Pre and Post samples revealed that T-cell acti
vation and T-cell differentiation pathways were numerically increased 
in CD8 TEMRA cells in the Post sample compared with the Pre sample 
(Supplementary Fig. S3D).

3.6. Phenotypic distribution of macrophage T-cell phenotypes within the 
TME in the pre- and post-treatment samples

We then investigated changes in the TME before and after treatment. 
These analyses revealed the emergence of fatty acid binding protein 4+

(FABP4+) macrophages after treatment (Fig. 5A). DEG analysis of TAMs 
showed that the expression of CXCL9 and CXCL10 were higher in the Pre 
sample, which corresponds with the sample being derived from the CB 
group, whereas the marker gene FABP4 was highly enriched in the Post 
sample (Fig. 5B).

The emergence of FABP4+ macrophages in the Post sample appears 
to be attributed to the metabolic effects of bevacizumab. DEG analysis 
between FABP4+ macrophages and other macrophage subsets showed 
that pathways related to fatty acid metabolism were significantly 
enriched in FABP4+ macrophages (Supplementary Fig. S4A). Biological 
function analysis of the four macrophage subsets showed that CXCL10+

macrophages were associated with enhanced innate immunity, while 
FOLR2+ macrophages showed increased functions related to T cell 
activation and differentiation (Supplementary Fig. S4B). Furthermore, 
analysis of CD274 expression in macrophage subsets showed a signifi
cant increase in expression levels in TREM2+ macrophages and FABP4+

macrophages in the Post sample (Supplementary Fig. S4C).
Trajectory analysis of tumor-infiltrating macrophages in the TME 

revealed that macrophage differentiation starts from CD14+ monocytes 
and progresses to FOLR2+ macrophages and FABP4+ macrophages 
(Fig. 5C). Interestingly, macrophages from the Pre and Post samples 
exhibited divergent differentiation patterns. In the Pre sample, the tra
jectory was restricted to CXCL10+ macrophages, whereas in the Post 
sample, further differentiation occurred from CXCL10+ macrophages to 
FOLR2+ macrophages, and TREM2+ macrophages tended to differen
tiate into FABP4+ macrophages (Fig. 5D).

Assessment of the radiation response score of macrophages revealed 
that it was higher in the Post sample than in the Pre sample 
(Supplementary Fig. S4D). Furthermore, within the Post sample, 
FOLR2+ macrophages exhibited the highest radiation response, sug
gesting that FOLR2+ macrophages differentiated from CXCL10+ mac
rophages in response to radiation therapy.

Intercellular interaction analysis between FOLR2+ and FABP4+

macrophages and T cells in the Post sample showed that FOLR2+ mac
rophages were found to primarily interact with T cells through the 
inducible T-cell costimulatory (ICOS) signaling pathway (Fig. 5E). 
Moreover, the ICOSLG expressed on FOLR2+ macrophages exhibited the 
highest interaction with ICOS on T cells and was also shown to interact 
with CTLA4 (Supplementary Fig. S4E). Among the macrophage subtypes 
in the Post sample, expression of ICOSLG was most prominently 
observed in FOLR2+ macrophages. ICOS was highly expressed in CD8 
TRM, CD8 TCM, CD8 TEM, and CD8 TEX cells, whereas CTLA4 exhibited 
the highest expression in CD8 TEX cells (Fig. 5F). Additionally, analysis 
of CD4 T cell subtypes revealed that CTLA4 was highly expressed in CD4 
regulatory T (Treg) cells, contributing to immune suppression 
(Supplementary Fig. S4G, left).
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Fig. 4. Differential gene expression analysis in the pre- and post-treatment samples. A, Volcano plot depicting differentially expressed genes in intratumoral CD8 T 
cells (two samples, n = 1,483 CD8 T cells) from Post sample (one sample, n = 299 CD8 T cells) vs Pre sample (one sample, n = 1,184 CD8 T cells). P-values were 
obtained using the Wilcoxon test and Bonferroni corrected. Red; adjusted P-value < 0.05 and log2 fold change > 0.25. B, Biological pathways comparing Pre and Post 
samples. C, The expression of genes associated with radiation response. Left: Dot plot of radiation gene set score in intratumoral CD8 T cells (Pre and Post). Right: Dot 
plot of radiation gene set score in intratumoral CD8 T cells (Pre and Post). D, Clonality of intratumoral T cells. E, Heatmaps showing expression of cytotoxic genes in 
intratumoral CD8 T cells. F, Trajectory direction on the CB and NCB groups. G, T cell density, each CD8 trajectory in atezo + bev + SBRT samples (n = 2), stratified 
for response (one Pre and one Post). The density plots reflect the relative number of T cells separately for Pre vs Post along each CD8 trajectory. atezo, atezolizumab; 
bev, bevacizimab, CB, clinical benefit; CD, cell determinant; NCB, non-clinical benefit; Post, post-treatment sample; Pre, pre-treatment sample; SBRT, stereotactic 
body radiotherapy. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Next, FABP4+ macrophages were found to interact with T cells pri
marily through the poliovirus receptor (PVR) signaling pathway 
(Fig. 5G). Additionally, CD155, which encodes the PVR ligand expressed 
on FABP4+ macrophages, showed the strongest interaction with TIGIT 
on T cells, as well as an interaction with CD226, which encodes the 
DNAX accessory molecule-1 (DNAM-1) receptor (Supplementary 
Fig. S4F). Among the macrophage subtypes in the Post sample, CD155 
was most prominently expressed on FABP4+ macrophages (Fig. 5H). 
CD226 was highly expressed on CD4 TEM cells, whereas TIGIT, was 
highly expressed on CD4 Treg cells and showed lower expression CD4 
TCM cells. In CD8 T-cell subtype analysis, CD226 was highly expressed 
on CD8 TRM cells, whereas TIGIT was highly expressed on CD8 TEX cells, 
contributing to immune suppression, followed by CD8 TEM cells and CD8 
TRM cells (Supplementary Fig. S4G, right).

3.7. Activation of biological pathways in pre- and post-treatment samples

To assess the effects of atezolizumab + bevacizumab + SBRT treat
ment on epithelial cells, we analyzed the activity of key biological 
pathways. The angiogenesis and epithelial-mesenchymal transition 
(EMT) pathway scores, reflecting the effects of bevacizumab, showed a 
decreased score in the Post sample compared with the Pre sample. 
Additionally, although the glycolysis score decreased in the Post sample, 
the fatty acid metabolism score increased. The radiation response score 
was numerically increased in the Post sample, with notable activation of 
the tumor growth factor (TGF)-β signaling and p53 pathways in the Post 
sample compared with the Pre sample (Supplementary Fig. S5).

3.8. Survival outcomes in the CB and NCB groups and stratified by 
treatment arm

Using scRNA-seq, we analyzed transcriptomic differences between 
the CB (n = 4) and NCB (n = 2) groups. With DEG analysis, we identified 
a set of top 10 genes in T cells and macrophages, respectively, that were 
significantly upregulated in the CB group compared with the NCB group. 
By conducting gene set scoring, we noted that CB signature in the T-cell 
(CBST) and CB signature in the macrophage (CBSM) were significantly 
upregulated in the CB group (Fig. 6A; Supplementary Table S5).

We next validated these T-cell– and macrophage-associated response 
signatures in a larger study cohort (n = 58) using bulk RNA sequencing. 
When we compared z-scores within treatment groups (atezolizumab +
bevacizumab + SBRT [n = 26] vs docetaxel [n = 32]), both signatures 
showed a trend toward increased expression in the CB group treated 
with atezolizumab + bevacizumab + SBRT (Fig. 6B-C).

Analysis of survival outcomes showed that patients with high 
expression of both CBST and CBSM gene signatures showed numerically 
improved PFS and OS when treated with atezolizumab + bevacizumab 
+ SBRT vs docetaxel, whereas patients with lower expression of these 
biomarkers showed no significant differences in PFS or OS (Fig. 6D-G).

4. Discussion

Although CPI monotherapy and combination treatments have led to 

improvement in survival outcomes for patients with mNSCLC, not all 
patients have a durable CB from treatment. Therefore, it is essential that 
effective biomarkers are identified to differentiate potential responders 
from non-responders prior to treatment initiation [16]. The TME is a 
crucial factor that influences the clinical response to CPIs. Numerous 
studies have identified that TILs play an important role in anti-tumor 
activity and mediating response to CPIs [19–21]. Hence, evaluating 
the phenotypic distribution of TILs at diagnosis could be used to predict 
CPI treatment response. In this study, we used scRNA-seq and bulk RNA- 
seq analyses of tumor biopsies from CPI-exposed patients with mNSCLC 
in the MORPHEUS-Lung study to identify potential biomarkers associ
ated with CB from atezolizumab + bevacizumab + SBRT treatment.

Numerous studies have shown that there is a positive correlation 
between CD8 T cell expression and CPI treatment outcome in several 
tumor types [21–23]. In particular, these correlations have been seen 
with CD8 T-cell subsets TRM and TEX [24–27]. Similarly, when we 
compared the CB group vs the NCB group, our results showed that CD8 
TRM cells within the TME may promote response to atezolizumab +
bevacizumab + SBRT in mNSCLC and may play a central role in immune 
responses including inducing anti-tumor immunity activation in the CB 
group. Furthermore, CD8 TEX cells were closely associated with immune 
therapy responsiveness. Therefore, the distinct gene expression profiles 
and immune pathways of CD8 TRM and CD8 TEX may serve as biomarkers 
for predicting the CB of immune therapy and provide a novel framework 
for assessing treatment response.

Next, we investigated whether a target for atezolizumab + bev
acizumab + SBRT could be found in PD-L1 expressing cells. We found 
that PD-L1 expressing CXCL10+ macrophages, activated in the TME 
prior to treatment, were associated with response to atezolizumab +
bevacizumab + SBRT therapy. Moreover, tumor antigen–recognizing 
CD8 TRM cells, which highly express PD-L1, may undergo functional 
enhancement upon PD-L1 inhibition by atezolizumab through interac
tion with CXCL10+ macrophages. This promotes the recruitment and 
activation of CXCR3+ TEM cells leading to immune activation within the 
TME. Rather than acting independently, CXCL10+ macrophages and 
CD8 TRM/TEX subsets appear to form an interferon-driven immune niche 
within the TME. CXCL10+, a canonical interferon-stimulated chemo
kine, mediates CXCR3-dependent recruitment and retention of tumor- 
reactive CD8 T cells, a mechanism previously linked to improved re
sponses to PD-L1 blockade [28]. These results suggest that CXCL10+ and 
CXCR3+ cells specifically may be able to play a role in predicting 
response to atezolizumab + bevacizumab + SBRT. These results were 
similar to those observed in vivo in murine models and in patients with 
metastatic melanoma, head and neck cancer, and lung cancer following 
treatment with a CPI, highlighting the mechanistic overlap between 
tumor types [29,30].

We also did a comparative analysis on a paired sample from a single 
patient to determine differences in phenotypic distribution of T/NK cell 
subsets within the TME. When comparing the pre- and post-treatment 
samples, we found that T cell distribution, and CD8 TEX cells were the 
predominant cell type pre-treatment, whereas CD8 TEMRA and CD8 TRM 
were the predominant cell type post-treatment. Examination of cyto
toxic markers within the CD8 T-cell subsets showed high expression of 

Fig. 5. Phenotypic distribution of macrophage T-cell phenotypes in the pre- and post-treatment samples. A, The UMAP representation of monocyte and macrophage 
phenotypes in the Pre (one sample, n = 218 myeloid cells) and Post (one sample, n = 203 myeloid cells) samples. B, Volcano plot of differentially expressed genes in 
macrophages (n = 304 cells) in the TME of the Pre vs Post samples. P-values were obtained using Wilcoxon test and Bonferroni-corrected. Red: adjusted P-value <
0.05 and log2 fold change > 0.25. C, Depicting trajectory direction by pseudotime. D, Trajectory direction in the Pre and Post samples. E, Circos plot on the ICOS 
signaling pathway in the TME, depicting cell–cell interactions between intratumoral macrophages (sender) and intratumoral T cells (receiver) in the Post sample. F, 
The expression of ligand and receptor pairs associated with ICOS signaling. Left: Dot plot of ICOSLG expression in intratumoral macrophage cells from the Post 
sample. Right: Dot plot of ICOS, CTLA4 expression intratumoral CD8 T cells from the Post sample. G, Circos plot of the PVR signaling pathway in the TME, depicting 
cell–cell interactions between intratumoral macrophages (sender) and intratumoral T cells (receiver) in the Post sample. H, Expression of ligand and receptor pairs 
associated with PVR signaling. Left: Dot plot of CD155 expression, which encodes the PVR ligand, in intratumoral macrophage cells from the Post sample. Right: Dot 
plot of CD226, TIGIT expression in intratumoral CD4 T cells from the Post sample. CD, cell determinant; ICOS, inducible T cell costimulatory; Pre, pre-treatment 
sample; Post, post-treatment sample; PVR, poliovirus receptor; TME, tumor microenvironment; UMAP, uniformed manifold approximation and projection. (For 
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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these markers in both CD8 TRM and CD8 TEMRA. Moreover, genes asso
ciated with radiation response–related pathways were highly expressed 
in both CD8 TRM and CD8 TEMRA, suggesting that response to radiation 
therapy may be driven by interactions between these cells.

We then evaluated various subtypes of TAMs within the monocyte/ 
macrophage compartment to identify changes in the TME pre- and post- 
treatment. Our findings suggest that atezolizumab + bevacizumab +
SBRT response may also be influenced by the differentiation process of 
macrophages within the tumor seen by the increased expression of 
FOLR2+ and FABP4+ macrophages in the post-treatment sample. Our 

findings suggest that macrophage heterogeneity observed following 
combination therapy reflects distinct yet co-existing functional states 
within the TME. FOLR2+ macrophages, previously associated with 
immune-supportive and vessel-associated macrophage phenotypes [31], 
may facilitate T cell–mediated immunity in the context of vascular 
normalization. In contrast, FABP4+ macrophages, which are induced 
under hypoxic and metabolic stress conditions and correspond to lipid- 
associated macrophages [32], may contribute to the formation of 
localized immunoregulatory niches. Collectively, these observations 
support a unified model in which anti-angiogenic therapy and SBRT 

Fig. 6. Genomic correlates of clinical response to atezo + bev + SBRT. A, Expression of CBST and CBSM scores in scRNA-seq. Box plots show gene expression scores 
for response categories, with P-values from student t-tests. Boxes plus whiskers indicate the median ± IQR. The whiskers extend from either the first or third quartile 
to 1.5 × IQR. B, Expression of the CBST score in bulk RNA-seq between the CB and NCB groups in the atezo + bev + SBRT and doce arms, respectively. C, Expression 
of the CBSM score in bulk RNA-seq between the CB and NCB groups in the atezo + bev + SBRT and doce arms, respectively. D, Kaplan-Meier plots of PFS in bulk 
RNA-seq stratified by treatment arms in patients with high or low (split by median) expression score of CBST signature. E, Kaplan-Meier plots of OS in bulk RNA-seq 
stratified by treatment arms in patients with high or low (split by median) expression score of CBST signature. F, Kaplan-Meier plots of PFS in bulk RNA-seq stratified 
by treatment arms in patients with high or low (split by median) expression score of CBSM signature. G, Kaplan-Meier plots of OS in bulk RNA-seq stratified by 
treatment arms in patients with high or low (split by median) expression score of CBSM signature. atezo, atezolizumab; bev, bevacizumab; CBSM, clinical benefit 
signature in the macrophage; CBST, clinical benefit signature in the T cell; doce, docetaxel; IQR, interquartile range; NRPF, non-ribosome profiling; OS, overall 
survival; PFS, progression-free survival; RNA-seq, RNA sequencing; RPF, ribosome profiling; SBRT, stereotactic body radiation therapy.
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cooperate to remodel vascular integrity, metabolic states, and interferon 
signaling within the TME, thereby enhancing PD-L1–directed immune 
reinvigoration of tumor-reactive CD8 T-cell subsets while dynamically 
reshaping macrophage phenotypes.

Next, we evaluated the activation of metabolic pathways in epithelial 
cells to identify metabolic changes in tumor cells that influence treat
ment response. Our analysis showed that the glycolysis score decreased, 
whereas the fatty acid metabolism score increased in the post-treatment 
sample, which suggested that bevacizumab treatment inhibited angio
genesis leading to oxygen and nutrient depletion resulting in the in
duction of a metabolic shift to lipid metabolism [33].

Together these results led to the identification of a curated set of T- 
cell– and macrophage-associated response gene signatures. The 
robustness of these genes was then validated with a larger study cohort. 
Our results suggest that increased expression of genes in these signatures 
within T cells and macrophages is associated with numerically improved 
survival outcomes in patients treated with atezolizumab + bevacizumab 
+ SBRT vs docetaxel.

Although the gene signatures identified from bulk RNA-seq analyses 
were associated with survival outcomes, their current value should be 
viewed primarily in a translational and hypothesis-generating context. 
In this regard, the proposed signatures may serve as a framework for 
patient stratification or exploratory biomarker development in future 
prospective studies, as well as for generating testable hypotheses 
regarding mechanisms underlying treatment response or resistance. 
Nevertheless, independent validation across multiple cohorts and clin
ical contexts will be essential prior to any clinical implementation.

The results presented here require prospective validation in addition 
to testing in randomized clinical trials as the associations with clinical 
outcomes detected here are limited due to the small sample size. 
Furthermore, the study was limited to evaluation of TILs gene signatures 
and exploration of specific changes in biological pathways and did not 
include the inclusion of a broader set of biomarkers associated with CPI 
response. Although we identified potential biomarkers of response to 
atezolizumab + bevacizumab + SBRT, it is uncertain whether these 
potential biomarkers could be applied to other CPI monotherapies or 
combination treatments. Moreover, further studies will need to be 
conducted to determine practical integrations of these potential bio
markers into clinical practice.

5. Conclusions

Taken together, our results indicate that enhanced activation of T 
cells and macrophages may be associated with favorable clinical re
sponses to atezolizumab + bevacizumab combined with SBRT. In 
particular, enrichment of CD8 TRM, CD8 TEX, and CXCL10+ macrophage 
populations were observed in responding tumors, suggesting that these 
immune features may represent candidate correlates of response in this 
treatment context. While the limited size and composition of the dis
covery cohort constrain the strength of inference, the consistent 
enrichment of specific immune states in responding tumors suggests that 
these features may warrant further evaluation in larger and independent 
datasets.
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