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Purpose: Stereotactic body radiation therapy (SBRT) versus surgery for operable early-stage non-small cell lung cancer
(ES-NSCLC) remains highly debated. Herein, we used spatial proteomics to identify whether any molecular biomarker(s) asso-
ciate with the efficacy of either modality, in efforts to optimize treatment selection between surgery and SBRT for this
population.

Methods and Materials: We evaluated biopsy tissue samples from 44 patients with ES-NSCLC treated with first-line SBRT
(cohort 1) by GeoMx Digital Spatial Profiling (DSP) with a panel of 70 proteins in 5 spatial molecular compartments: tumor
(panCK+), leukocyte (CD45+), lymphocyte (CD3+), macrophage (CD68+), and stroma («¢-SMA+). To validate the findings in
cohort 1, biopsy samples from 52 patients with ES-NSCLC who received SBRT (cohort 2) and 62 patients with ES-NSCLC
who underwent surgery (cohort 3) were collected and analyzed by multiplex immunofluorescence (mIF).

Results: In cohort 1, higher CD44 expression in the lymphocyte compartment was associated with poorer recurrence-free sur-
vival (RES) (DSP: P < .001; mIF: P < .001) and higher recurrence rate (DSP: P = .001; mIF: P = .004). mIF data from cohort 2
validated these findings (P < .05 for all). From cohort 3, higher lymphocyte CD44 predicted higher RES after surgery
(P = .003). Intermodality comparisons demonstrated that SBRT was associated with significantly higher RES over surgery in
CD44-low patients (P < .001), but surgery was superior to SBRT in CD44-high cases (P = .016).

Conclusions: Lymphocyte CD44 may not only be a predictor of SBRT efficacy in this population but also an important
biomarker (pending validation by large prospective data) that could better sharpen selection for SBRT versus surgery in
ES-NSCLC. © 2024 Elsevier Inc. All rights reserved.
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Introduction

Owing to the institution of low-dose computed tomography
(CT) screening, there has been an increase in the detection
of early-stage non-small cell lung cancer (ES-NSCLC)
cases.””” Surgical lobectomy with mediastinal lymph node
dissection remains the standard of care for medically opera-
ble patients, and stereotactic body radiation therapy (SBRT)
has emerged as a preferred alternative for medically inoper-
able patients or those who refuse surgery.’

Even for operable patients with ES-NSCLC, multiple
studies have shown SBRT may not be inferior to surgery.
Two single-arm prospective studies in medically operable
patients, RTOG 0618 and JCOG 04013, suggest favorable
overall survival (OS) associated with SBRT compared with
historical surgical outcomes.”” A pooled analysis of 2 inde-
pendent phase 3 trials, STARS and ROSEL (both prema-
turely closed due to poor accrual), comparing SBRT with
surgery in patients with operable stage I NSCLC, showed
superior OS with SBRT versus lobectomy (95% vs 79% at
3 years, P = .037).° The long-term results of the revised
STARS trial showed that SBRT was noninferior to surgery
in terms of OS and progression-free survival for patients
with operable stage IA NSCLC.”

Given these recent findings, it is plausible that some
operable SBRT patients could be better candidates for sur-
gery, and some operable patients with ES-NSCLC may be
better suited for SBRT treatment. Because we currently lack
a clear understanding of the biologic features specific to this
population, it is crucial to use biology to identify popula-
tions of ES-NSCLC that may benefit more from a particular
treatment modality. Thus, the goal of this study was to eluci-
date biomarkers in NSCLC cohorts treated with radiation
therapy and surgery to identify resistance to radiation ther-
apy but sensitivity to surgery (or vice-versa) in efforts to
delineate whether biomarker-guided clinical decision-mak-
ing could be used to optimally select patients with ES-
NSCLC for SBRT or surgery.

The tumor immune microenvironment (TIME) is
becoming increasingly recognized as playing a critical role
in the effectiveness of SBRT.*'” However, TIME is complex,
which is characterized by a diverse range of cell types and
intricate spatial distribution. Identifying the key subgroups
that influence the efficacy of SBRT necessitates using precise
sequencing techniques. Thus, in this work, we attempted to
discover new biomarkers for resistance to SBRT using a spa-
tially informed high-plex discovery tool known as digital
spatial profiling (DSP). The NanoString GeoMX DSP sys-
tem enables simultaneous antibody-based detection of mul-
tiple proteins from single formalin-fixed paraffin-embedded
(FFPE) tissue sections in a quantitative and spatially
resolved manner.'""'? Next, the candidate predictor is fur-
ther verified by multiplex immunofluorescence (mlIF).
Unlike from traditional single-color immunohistochemistry
(IHC), mIF enables simultaneous detection of diverse pro-
tein markers in one tissue slice for the identification of

multiple cell phenotypes.''* In this manner, DSP technol-
ogy can be used as a discovery tool to find spatially resolved
protein markers of infiltrating immune cells, stromal cells,
and tumor cells associated with resistance to SBRT in ES-
NSCLC.

Methods and Materials

Patients and cohorts

This study incorporated 3 cohorts, including a discovery
cohort (SBRT cohort) and 2 validation cohorts (SBRT
cohort and surgery cohort). The discovery cohort comprised
44 patients with ES-NSCLC (T1-2N0) who received first-
line SBRT between 2015 and 2020 and had complete pre-
SBRT tumor biopsy specimens. The first external validation
cohort consisted of 52 patients with ES-NSCLC treated with
SBRT between 2019 and 2022. The predictive performance
of the candidate biomarker(s) was further validated in a sec-
ond validation cohort of 62 patients with T1-2NO ES-
NSCLC who underwent curative-intent lobectomy with
mediastinal lymph node dissection. The clinicopathologic
data and hematological parameters of all patients were gath-
ered. We systematically recorded complete blood counts,
encompassing pretreatment absolute lymphocyte counts
(pre-ALC) and posttreatment ALC (post-ALC), absolute
neutrophil counts, absolute monocyte counts, and platelet
counts. In the SBRT cohort, measurements were obtained
within the timeframe starting from the most recent initial
day of SBRT (0-2 days from the SBRT initiation) to the lat-
est last day of SBRT (range, —3 to 2 days). In the surgical
cohort, measurements were acquired on average within the
3 days preceding the scheduled surgery. Postoperative values
were systematically collected within an average of 3 days
after the surgery. All patients were followed with a CT or
positron emission tomography-CT (PET-CT) 2 to 3 months
after radiation therapy, or after the 1-month postoperative
assessment for lobectomy. Patients were subsequently fol-
lowed every 3 to 6 months for the first 2 years and then
every 6 months thereafter with CT.

Spatial proteomic analysis

DSP is a novel platform that allows spatially resolved, high-
plex quantitative measurement of target proteins on a single
FFPE slide. By using DSP, we were able to analyze the
expression patterns and spatial distribution of proteins in
pre-SBRT tissue samples, providing valuable insights into
the prognostic significance of the markers in the context of
SBRT treatment. Two continuous tissue slides from the
44 SBRT patients, totaling 88 FFPE whole tissue sections
from SBRT cohorts were selected for the DSP experiment.
Briefly, the slides were first deparaffinized and subjected to
antigen retrieval procedures, then we coincubated them
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overnight with fluorescent-labeled antibodies (morphology
markers), together with unique photocleavable oligonucleo-
tide-conjugated antibodies (profiling antibodies). In SBRT
cohort, 2 serial whole tissue sections were stained with fluo-
rescent-labeled morphology markers (such as epithelial
marker pan-cytokeratin [panCK], lymphocyte marker CD3,
leukocyte marker CD45, macrophages marker CD68, can-
cer-associated fibroblasts [CAF] marker a-smooth muscle
actin [e-SMA] and nuclear staining SYTO 13). One section
was stained with CD3, CD45, panCK, and SYTO 13 to ana-
lyze tumor cells, all immune cells, and lymphocytes. The
other section was stained with «-SMA, CD68, panCK, and
SYTO 13 to profile macrophages cells and stromal cells. For
each patient, an average of 12 regions of interest (ROI) were
selected according to fluorescence-guided staining charac-
teristics.

The DSP panel included 70 proteins and 6 internal refer-
ence (3 housekeepers and 3 background) in Immune Cell
Profiling Core, Pan-Tumor Module, Immune Cell Typing
Module, IO Drug Target Module, Immune Activation Status
Module, Cell Death Module, and PI3K-AKT Module
(Table EI). Once the staining step was completed, these
slides were loaded in the GeoMx DSP instruments (Nano-
String) and scanned to produce digital immunofluorescent
images of the tissue. For more accurate ROI selection, each
tissue was reviewed by the pathologist using hematoxylin
and eosin (HE) stained preparations to select representative
tumor areas. The pathologist then delineated circular ROIs
and custom-drawn ROIs on the entire-tissue IF images.
Thereafter, to obtain compartment-specific areas of interest
(AQI) protein measurements, we segmented each ROI into
1 or 2 molecularly defined tissue compartments by fluores-
cent marker colocalization. In the SBRT cohort, 5 molecular
compartments were generated: tumor compartment
(panCK+), leukocytes compartment (CD45+), lymphocytes
compartment (CD3+), macrophages compartment (CD68
+), and stroma compartment (¢-SMA+). Subsequently, oli-
gonucleotides from the spatially resolved compartments
were decoupled on ultraviolet light exposure; collected via
microcapillary tube aspiration and deposited into a 96-well
plate; hybridized to 4-color, 6-spot optical barcodes; and,
finally, digitally quantitated on the nCounter platform
(NanoString Technologies).

mlF staining

Any potential biomarker(s) from DSP analysis was further
verified by the mIF assay. We developed a mIF protocol
(CD44/CD3/panCK/DAPI) using slides from both the dis-
covery cohort and 2 independent validation cohorts to
quantify the expression of CD44 and its localization within
the tissue samples. FFPE tissues were sectioned at thickness
of 4 um and deparaffinization of tissue sections was done
through xylenes and rehydration through decreasing graded
alcohol. AR6 buffer was used for antigen retrieval in a
microwave oven. Endogenous peroxidase was inactivated by

incubation in 3% H,0O, for 10 minutes. Multiplex immuno-
histochemistry was performed by several rounds of staining,
each including a protein block with 1% BSA followed by pri-
mary antibody and corresponding secondary horseradish
peroxidase-conjugated antibody against mouse or rabbit
immunoglobulins. The slides were then incubated in differ-
ent Opal fluorophore (1:100) diluted in 1X Plus Amplifica-
tion Diluent. After tyramide signal amplification and
covalent linkage of the individual Opal fluorophores to the
relevant epitope(s), the primary and secondary antibodies
were removed via antigen retrieval as previously mentioned
and the next cycle of immunostaining was initiated. All
slides were counterstained with spectral DAPI and mounted
with Antifade fluorescence mounting medium (ab104135,
Abcam). We used the Vectra Polaris Imaging System
(Akoya Bioscience) to acquire the multispectral imaging
and QuPath software to quantify the fluorescence signal as
previously described."” First, automated tissue segmentation
identified panCK+ tumor cells and CD3+ T lymphocytes.
CD44 was measured from the CD3+ T lymphocyte com-
partment, created by binarizing the CD3 signal. The mean
fluorescence intensity (MFI) of CD44 was calculated by
dividing the target pixel intensity by the area of the CD3+ T
lymphocyte compartment.

Data processing

To adjust system-related and experimental bias and to coun-
teract ROI size variation effects, raw digital counts from
barcodes corresponding to protein probes were first normal-
ized to internal spike-in controls (external RNA controls
consortium, ERCCs). The ROI inclusion criteria were lim-
ited to a minimum surface area of 1.6 x 10> m?* and mini-
mum nuclei counts of 20 for protein. The quality control
(QC) step generated normalization positive factors from
individual ROIs. Any ROIs resulting in a normalization pos-
itive factor higher than 3 or lower than 0.3 were excluded
from the downstream analysis. Finally, downstream analysis
was performed on the CD3 compartment of 32 patients,
CD45 compartment of 41 patients, CD68 compartment of
40 patients, ®-SMA compartment of 37 patients, and tumor
compartment of 40 patients, using QC standards. QC-quali-
fied ROI count files were then normalized by the geometric
mean of 3 negative isotype controls (mouse immunoglobu-
lin G [IgG] 1, mouse IgG2a, and rabbit IgG). The normal-
ized data were log-transformed with or without being
median-centered before comparison and plotting. For fur-
ther statistical analysis, we averaged the normalized digital
counts derived from ROIs of each compartment per patient.

Statistical analysis

All statistical tests were 2-sided, and P < .05 was considered
statistically significant. Due to the limited number of probes
and patients, P values were presented without adjustment.
Differences in patient characteristics per group were
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calculated by using the Fisher exact test. The Kruskal-Wallis
test was used to compare the distribution of panCK, CD45,
CD3, CD68, and @-SMA in the 5 molecular compartments.
For the differential expression analysis, the nonparametric
Mann-Whitney U test was implemented.

Follow-up time was calculated from diagnosis to death or
the last follow-up using the inverse Kaplan-Meier method.
OS was calculated from the date of diagnosis to the date of
death from any cause or censored at last follow-up if alive.
Recurrence-free survival (RFS) was calculated from the last
date of treatment to the date of first recurrence or death or
censored at last follow-up if alive without recurrence. Recur-
rences were defined as new or progressing disease confirmed
by imaging or biopsy. Survival curves were calculated
according to the Kaplan-Meier analysis and compared by
using the log-rank test. OS and RFS between 2 groups were
compared using both a univariate and a multivariate Cox
regression model, after adjusting for age, Karnofsky perfor-
mance status (KPS), tumor stage, tumor site, and histology
as covariates.'® ' Univariate and multivariate binary logistic
regression models were used to identify the predictors of
treatment recurrence. Nearest-neighbor propensity score
matching (PSM) (caliper = 0.01) with a 1:1 ratio was con-
ducted based on age, KPS, tumor stage, tumor site, and his-
tology. All data were processed and analyzed in DSP
analysis software and R version 4.2.1 with relevant packages.
Univariate and multivariate survival analyses were per-
formed using the R packages survival and survminer.

Results

Patient populations

The baseline characteristics of patients with ES-NSCLC in 2
SBRT-treated cohorts are summarized in Table E2. In the
SBRT discovery cohort, 25 patients experienced no recur-
rence and 19 patients developed recurrent disease, of which
9 (47.4%) patients experienced a distant recurrence alone.
Notably, lung recurrence was the predominant subtype,
accounting for 55.5%, followed by brain recurrence
(22.2%), bone recurrence (22.2%), liver recurrence (11.1%),
and simultaneous brain and bone recurrence (11.1%).
Additionally, 26.3% (5/19) of cases demonstrated local
recurrence alone, with an equivalent proportion of cases
solely presenting as regional recurrence. In the SBRT vali-
dation cohort, 35 cases showed no recurrence and 17 cases
experienced recurrence, of which lung recurrence was also
the most common. Clinicopathologic features, including
age, sex, smoking history, drinking history, KPS, tumor
site, histology, tumor stage, and SBRT prescription, did not
differ significantly between recurrent and nonrecurrent
patients (all P > .05). However, recurrent patients consis-
tently showed lower ALC levels, both at baseline and post-
SBRT. These differences achieved statistical significance in
the SBRT validation cohort, with P values of .036 and .046,

respectively. Nonrecurrent patients demonstrated a more
noticeable ALC percentage change, and recurrent patients
experienced a milder reduction in lymphocyte count. Com-
prehensive information is provided in Table E3. Baseline
characteristics of the patients in the surgery cohort before
PSM are listed in Table E4. The SBRT and the surgery
cohorts exhibited significant differences in TNM stage
(P =.049) and tumor stage (P = .032). Additionally, the sur-
gery group showed a higher percentage of KPS >90 and
younger age (P < .001 for both). Median follow-up was
36.4 months in the SBRT discovery cohort, 31.7 months in
the SBRT validation cohort, and 34.2 months in the surgery
cohort.

Discovery cohort

We initially evaluated the SBRT cohort using the DSP. Each
ROI was compartmentalized in 1 or 2 tissue compartments,
from which 70 protein markers (excluding controls) were
separately measured, resulting in 70 or 140 candidate bio-
markers per ROIL The study design is outlined in Figure 1A.
Representative images of the molecular compartments are
shown in Figure 1B. The distribution of panCK, CD45,
CD3, CD68, and «-SMA in the 5 molecular compartments
to confirm the DSP platform effectively profiled tumor,
immune and stromal cells, or regions (Fig. 1C).

We then tested 3 different cut-off points (median, tertiles
and quantile) to determine their significance. Using the
median cut-off point, patients with lower lymphocyte CD44
expression experienced significantly longer RFS (log-rank P
<.001; Fig. 2A) and OS (log-rank P = .001; Fig. E1A). Lym-
phocyte CD44 could also distinguish recurrent from nonre-
current patients (P < .01 and P < .05, respectively; Fig. 2B,
C). CD44 expression in tumor cells showed no association
with recurrence (P = .389; Fig. 1B). On multivariate analysis,
lymphocyte CD44 remained statistically significantly associ-
ated with unfavorable RFS (hazard ratio [HR], 2.64; 95% CI,
1.41-4.94; P = .002; Table 1) and OS (HR, 1.83; 95% CI,
1.05-3.2; P = .034; Table E5) after adjusting for age, KPS,
tumor stage, tumor site, and histology. Meanwhile, lympho-
cyte CD44 was predictive of recurrence after SBRT in a mul-
tivariate logistic regression model (odds ratio [OR], 3.18;
95% CI, 1.38-7.33; P = .007; Table E6). Lymphocyte CD44
was the only biomarker capable of predicting poor survival
and recurrence after SBRT. Thus, lymphocyte CD44 was
selected for further study and validation.

As the initial step for validation, we aimed to reproduce
the DSP findings using fluorescent-based method. There-
fore, we evaluated CD44 expression and outcome perfor-
mance using mIF in the SBRT cohort. Antibodies and
fluorophores used in the mIF procedures were detailed in
Table E7. Representative images of cell phenotypes acquired
with the Vectra system are shown in Figure 2D to 2F. Con-
sistent with DSP findings, lymphocyte CD44 predicted sig-
nificantly shorter RFS (log-rank P < .001; Fig. 2G) and
shorter OS (log-rank P = .004; Fig. E1C). Recurrent patients
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Fig. 1. Overview of methods used to investigate spatial proteome analysis of early-stage non-small cell lung cancer. (A) Schematic
representation of the study strategy including the DSP workflow and mIF validation. ROIs were selected based on morphology. Further
AOI selection was done within these defined ROIs to investigate different cell types, based on cell surface markers. Representative
immunofluorescence and compartmentalized image of consecutive formalin-fixed paraffin-embedded sections (4 um thickness) from
the same tumor formalin-fixed paraffin-embedded block, showing selected ROIs and AQIs. Panel 1: blue, YTO13 (nuclear stain); green,
panCK; red, CD68; yellow, a-SMA. Panel 2: blue, YTO13; green, panCK; red, CD45; yellow, CD3. (B) Representative ROI and AOlIs
(tumor cells and CD45+T cells) collected from the ROIL Colored segments show areas collected for digital counting. (C) DSP
normalized counts of panCK, CD45, CD3, a-SMA, and CD68 in the 5 molecular compartments (tumor, CD45, CD3, SMA, and
CD68). ***P < .001, Kruskal-Wallis test. Abbreviations: «-SMA = «- smooth muscle actin; AOI = area of interest; DSP = digital spatial
profiling; mIF = multiplex immunofluorescence; panCK = pan cytokeratin; ROI = region of interest.

exhibited a significantly higher percentage of lymphocyte showed that lymphocyte CD44 remained an independent
CD44 expression compared with nonrecurrent patients after predictor of RFS and OS (HR, 4.49; P = .007 and HR, 7.65;
SBRT (P < .01 and P < .05, respectively; Fig. 2H, I). The P = 014, respectively; Fig. E1E, F). Moreover, high levels of
MFI data also revealed high expression tumor cell CD44 of lymphocyte CD44 were significantly associated with recur-
recurrent patients, which was inconsistent with the results rence on multivariate logistic regression model (OR, 4.73;
from DSP data (P < .01; Fig. E1D). Multivariable analysis P =.038; Fig. E1G).
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Fig. 2. Identification and validation of lymphocyte CD44 as a potential predictor of poor clinical outcome in SBRT discovery
cohort. Kaplan-Meier curve of RFS according to lymphocyte CD44 expression using DSP (A) and MFI (G). Evaluation recur-
rence to SBRT by lymphocyte CD44 levels using DSP (B) and MFI (H), showing mean £+ SEM, *P < .05, **P < .01, Mann-
Whitney U test. Proportion of patients who experienced recurrence or nonrecurrence according to their level of lymphocyte
CD44 expression classified as high and low using DSP (C) and MFI (I). *P < .05, P value was calculated using % test. (D) Rep-
resentative fluorescence image of a whole tissue section. panCK (green), CD44 (red), CD3 (yellow), DAPI (blue). Representa-
tive fluorescence region of low (E) and high (F) CD44 expression in CD3+ T lymphocytes. The scale bar denotes 800 or 100
pum for whole tissue section or representative fluorescence region, respectively. Abbreviations: DSP = digital spatial profiling;

MFI = mean fluorescence intensity; OS = overall survival; panCK = pan cytokeratin; RFS = recurrence-free survival;
SBRT = stereotactic body radiation therapy.

Additionally, both DSP and MFI data indicated signifi- MFI data were statistically significant (P < .01), and the
cantly elevated levels of lymphocyte CD44 in patients with a DSP data exhibited a trend but lack significance (P = .062).
history of alcohol consumption (P < .01 and P < .05, respec-
tively) and those with a high platelet-to-lymphocyte ratio (P .01) and increased systemic immune-inflammation index (P
< .01 and P < .001, respectively). Patients with lower pre- < .01) also exhibited increased lymphocyte CD44 expression
ALC levels showed higher levels of lymphocyte CD44. The as measured by mIF (Fig. E2A-H).

Patients with elevated neutrophil-to-lymphocyte ratio (P <
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Table 1 Markers significantly associated with RFS in the SBRT discovery cohort
Markers associated with RFS benefit
Log-rank Univariate Multivariate
Compartment No. Marker Cutpoint P HR (95% CI) P HR (95% CI) P
CD3 compartment 32  CD127 Median .036 1.28 (1.05-1.57) .015 2.01 (1.38-2.94) <.001
CD44 Median <.001 1.33(1.07-1.64) .009 2.64 (1.41-4.94) .002
BCL6 Median .04 1.3 (1.05-1.6) .014 1.42(1.09-1.84) .008
Her2 Median .003 1.36 (1.05-1.77) .021 1.53 (1.09-2.15) .013
Ki-67 Median .038 1.29 (1.05-1.6) .017 1.32(1-1.73) .046
Phospho-GSK3B (S9) Median .041 1.29 (1.03-1.61) .026 1.48 (1.06-2.06) .02
FAP-alpha Top tertile .007 1.29 (1.05-1.58) .016 1.37 (1.05-1.78) .022
0OX40L Top tertile .037 1.25(1.04-1.5)  .019 1.30(1.03-1.63) .025
CD45 compartment 41 Her2 Top quantile .011 3.17 (1.23-8.13) .046 1.42 (1.02-1.98) .038
CD68 compartment 40 VISTA Top quantile .03 1.20 (1.02-1.41) .026 1.22(0.99-1.52) .067
Tumor compartment 40 Phospho-AKT1 (S473) Median .004 1.21 (1.03-1.42) .018 1.21(1-1.46) .053
Abbreviations: HR = hazard ratio; RFS = recurrence-free survival; SBRT = stereotactic body radiation therapy.

Validation cohorts

By using the mIF technique, external validation from the
SBRT was conducted. Representative images of whole tissue
and lymphocyte CD44 expression in the SBRT validation
cohort were shown in Figure 3A to 3C. Using the median
cut-point, patients with low lymphocyte CD44 expression
showed significantly favorable RFS and OS after SBRT (log-
rank P = .013 and P = .022, respectively; Fig. 3D, E). More-
over, high levels of lymphocyte CD44 were significantly
associated with recurrence after SBRT (P < .05; Fig. 3F).
Using the median cut-off, around 81% of CD44-low lym-
phocyte patients did not experience recurrence, compared
with 53.8% recurrence in CD44-high patients (P = .076;
Fig. 3G). The high expression of CD44 in tumor cells was
not associated with SBRT recurrence (P = .373; Fig. E3A).
On multivariate analysis, lymphocyte CD44 remained an
independent predictor of RFS and OS even after adjusting
for age, KPS, TNM stage, histology, and tumor site (HR,
3.73; P = .026 and HR, 8.50; P = .041, respectively; Fig. E3B,
C). On the multivariate logistic regression model, lympho-
cyte CD44 demonstrated a predictive association with post-
SBRT recurrence; however, statistical significance was not
achieved (OR, 3.43; P = .096; Fig. E3D). Consistent with the
results in the SBRT discovery cohort, lymphocyte CD44
expression was associated with SBRT resistance and unfa-
vorable survival. Lymphocyte CD44 expression significantly
increased in squamous cell carcinoma patients (P < .05) and
displayed an upward trend in individuals with a history of
alcohol consumption (Fig. E3E, F).

Subsequently, validation of lymphocyte CD44 was per-
formed in the surgical cohort. Representative images of whole
tissue and lymphocyte CD44 expression in the surgery cohort
all illustrated in Figure 4A to 4C. In contrast to the SBRT-

treated cohorts, higher lymphocyte CD44 expression were
predictive of favorable RFS and OS in the surgically treated
cohort (log-rank P = .003 and P = .016, respectively; Fig. 4D,
E). Although statistically insignificant, there was an associa-
tion observed between lymphocyte CD44 expression and
nonrecurrence (P > .05 for all; Fig. 4F, G). Low expression of
CD44 in tumor cells was also related to postoperative recur-
rence, but without statistical significance (P = .058; Fig. E4A).
After adjusting for clinical prognostic factors on multivariate
analysis of RFS and OS, lymphocyte CD44 remained statisti-
cally significant (HR, 0.31; P = .004 and HR, 0.21; P = .01,
respectively; Fig. E4B, C). Low levels of lymphocyte CD44
were found to be associated with a higher risk of recurrence
after surgery, although this association did not reach statisti-
cal significance in the multivariate logistic regression model
(OR, 0.3; P = .103; Fig. E4D).

Comparative analysis

We observed no significant differences in OS and RFS
between SBRT versus surgery (log-rank P = .171 and
P = 117, respectively; Fig. 5A, B). By using the median cut-
off point, we found that patients with low lymphocyte CD44
expression who received SBRT had better RFS and OS com-
pared with those who underwent surgery (log-rank P < .001
for all; Fig. 5C, D). Conversely, patients with high lympho-
cyte CD44 expression in the surgery cohort exhibited better
RFS compared with those in the SBRT cohort (log-rank
P = .016; Fig. 5E), but there was no significant difference in
OS between the 2 treatment groups (log-rank P = .139;
Fig. 5F). The representative images illustrating the expres-
sion of lymphocyte CD44 in the favorable populations of
SBRT and surgery are depicted in Figure 5G and 5H.
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Validation of lymphocyte CD44 as an indicative biomarker of resistance to SBRT. (A) Representative fluorescence

image of a whole tissue section: panCK (green), CD44 (red), CD3 (yellow), and DAPI (blue). Representative fluorescence
region of low (B) and high (C) CD44 expression in CD3+ T lymphocytes. The scale bar denotes 800 or 100 pm for whole tissue
section or representative fluorescence region, respectively. Kaplan-Meier RES curve (D) and OS curve (E) according to the lym-
phocyte CD44 expression measured by MFI. (F) Evaluation recurrence to SBRT by lymphocyte CD44 expression using MFI,
showing mean + SEM, *P < .05, Mann-Whitney U test. (G) Proportion of patients who experienced recurrence or nonrecur-
rence according to their level of lymphocyte CD44 expression classified as high and low. *P < .05; P value was calculated using
x test. Abbreviations: MFI = mean fluorescence intensity; OS = overall survival; panCK = pan cytokeratin; RFS = recurrence-

free survival; SBRT = stereotactic body radiation therapy.

To address the inherent differences in baseline character-
istics between the SBRT and surgery groups (such as age,
KPS, tumor stage, histology, and tumor site), a PSM model
was established (Table E8). After the application of the PSM
model, a 1:1 matching was achieved, resulting in 23 patients

in both the SBRT and surgery groups. Notably, no signifi-
cant differences were observed in terms of RFS and OS
between the 2 matched groups (Fig. E5A, B). Patients with
low expression of lymphocyte CD44 (n = 17) shows signifi-
cantly longer RFS and OS after SBRT treatment (log-rank
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Fig. 4. Identification of lymphocyte CD44 as an indicative biomarker of sensitivity to surgery. (A) Representative fluores-
cence image of a whole tissue section: panCK (green), CD44 (red), CD3 (yellow), and DAPI (blue). Representative fluorescence
region of low (B) and high (C) CD44 expression in CD3+ T lymphocytes. The scale bar denotes 800 or 100 pm for whole tissue
section or representative fluorescence region, respectively. Kaplan-Meier RES curve (D) and OS curve (E) according to lympho-
cyte CD44 expression using MFI. (F) Evaluation recurrence to surgery by lymphocyte CD44 levels using MFI, showing mean +
SEM, Mann-Whitney U test. (G) Proportion of patients who experienced recurrence or nonrecurrence according to their level
of lymphocyte CD44 expression classified as high and low. P value was calculated using x> test. Abbreviations: MFI = mean fluo-
rescence intensity; OS = overall survival; panCK = pan cytokeratin; RFS = recurrence-free survival.

P <.001 and P = .006, respectively; Fig. E5C, D). Among the
patients with high expression of lymphocyte CD44 (n = 29),
no significant difference in survival was observed between
the SBRT and surgery groups (log-rank P = .117 and
P = 613, respectively; Fig. E5E, F). However, due to the

small number of cases after PSM, the differences were not
statistically significant.

Lastly, we used PSM to adjust for the differences in cova-
riates between the high and low lymphocyte CD44 expres-
sion groups, including variables such as age, KPS, tumor
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Lymphocyte CD44 as a differentiator of clinical outcomes in SBRT versus surgery. Kaplan-Meier RFS curve (A) and

OS curve (B) between SBRT and surgery groups before PSM. In patients with low lymphocyte CD44 expression, RFS curve (C)
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OS = overall survival; PSM = propensity score matching; RFS = recurrence-free survival; SBRT = stereotactic body radiation

therapy.

stage, histology, and tumor site (Table E9). After applying
PSM, a total of 51 patients were compared. There was no
significant difference observed in terms of RFS and OS
between the high and low lymphocyte CD44 expression
groups (Fig. E6A, B). Among the 64 patients who under-
went SBRT, those with low lymphocyte CD44 expression

experienced significantly improved outcomes (log-rank
P =.002 and P = .004, respectively; Fig. E6C, D). Among the
38 patients who underwent surgery, patients with high
expression of lymphocyte CD44 expression had enhanced
outcomes (log-rank P < .001 and P = .003, respectively;
Fig. EGE, F).
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Characteristics of tumor-infiltrating CD44-high
lymphocytes

To delve deeper into the characteristics of tumor-infiltrating
CD44-high lymphocytes, we conducted multicolor immu-
nofluorescence staining on 2 consecutive whole sections
from 40 patients with high lymphocyte CD44 expression in
the SBRT cohorts. One section was stained with CD3,
CD44, CD62L, panCK, and DAPI to analyze tumor cells,
effector memory T lymphocytes (CD3+CD44+CD62L—),
and central memory T lymphocytes (CD3+CD44+CD62L
+). Another section was stained with CD3, CD44, PD-1, Ki-
67, panCK, and DAPI to analyze the proliferation and PD-1
expression of CD44-high lymphocytes. Representative fluo-
rescence images are shown in Figure E7A and E7C. Statisti-
cal analysis revealed a significantly higher proportion of
CD3+CD44+CD62L— cells compared with CD3+CD44
+CD62L+ (P < .001; Fig. E7B), indicating that most CD44-
high lymphocytes exhibit an effector memory cell pheno-
type. Furthermore, a significant portion of lymphocytes
with high CD44 expression did not show Ki-67 and PD-1
expression (P < .001; Fig. E7D, E).

Discussion

In the present study, we have demonstrated the potential of
DSP technology in identifying spatially informed biologic
predictors of resistance to SBRT in ES-NSCLC. Our findings
revealed that overexpression of lymphocyte CD44 was asso-
ciated with unfavorable clinical outcomes, including radia-
tion recurrence, shorter RFS and poor OS in the SBRT
cohort. The association between lymphocyte CD44 and
these outcomes was further validated using mIF as well as
multiple validation cohorts. Of note, this is the first study to
address the predictive performance capacity of lymphocyte
CD44 in patients with ES-NSCLC treated with SBRT.

CD44 is a cell surface transmembrane glycoprotein that
is widely expressed and contributes to cell-cell and cell-
matrix adhesion and communication. It is involved in vari-
ous cellular processes such as cell growth, differentiation,
trafficking, and has been found to be highly expressed on
cancer stem cells (CSC).”>?° CD44 interacts with various
ECM components such as hyaluronan (HA), osteopontin
(OPN), and matrix metalloproteinases (MMPs), promoting
tumor growth and metastasis.”® Recent studies have revealed
that the overexpression of CD44 is associated with radiation
resistance, lymph node metastasis, recurrence, advanced
stage, and poor survival in lung, breast, esophageal, pancre-
atic, gastric, colorectal, and head and neck carcinoma.”’ 3¢
The CD44 gene regularly undergoes alternative splicing,
resulting in the standard (CD44s) and variant (CD44v) iso-
forms. Extensive studies revealed that both CD44s and
CD44v (specifically CD44v6) play different vital roles in
enhancing several carcinogenic processes. However, the
present study primarily focused on assessing the predictive

effect of spatially informed CD44 expression on SBRT. Fur-
ther investigations are warranted to explore which specific
subtypes exert a greater influence on radiation therapy and
elucidate the underlying mechanisms through which these
subtypes promote resistance to radiation therapy. Because
CD44 is a surface glycoprotein, it is potentially amenable for
therapeutic antibody-based blockade. For medically unfit
EC-NSCLC patients with heightened CD44 expression in
lymphocytes, a targeted approach combining CD44 and
SBRT could be considered. Conversely, surgically eligible
EC-NSCLC patients with elevated CD44 expression in lym-
phocytes may benefit more from surgical intervention.

Herein, from the analysis of the surgery cohorts, we
observed a trend toward improved survival in patients with
high lymphocyte CD44 expression, which is consistent with
data of operable esophageal cancer.”””” This insinuates that
biologic factors can be used to optimally select patients for
surgery or radiation therapy. Using clinical (nonbiologic)
factors, several retrospective studies have provided evidence
that certain subgroups of patients may benefit more from
one modality than other. For medically operable elderly
patients, SBRT could be a better choice than surgery on
account of reduced postoperative morbidity and mortal-
ity.”*! Patients with EGFR mutations have better outcomes
after SBRT,” but the opposite is true for cases in patients
with KRAS mutations.”” Squamous cell histology,”" large-
sized tumor,'®'" and centrally located tumors***® may be
associated with a higher rate of locoregional failure and met-
astatic progression after SBRT, for whom surgery could be
preferred if feasible.

Despite the abundance of clinical biomarkers, previous
studies have been largely deficient in terms of genomic,
transcriptomic, and other molecular data in identifying the
appropriate patient population for SBRT versus surgery.
One of the reasons is that the Cancer Genome Atlas data-
base and large-scale studies have predominantly focused on
the molecular feature profiling of surgically resected tumor
tissues in NS-NSCLC but lack data in context of SBRT.
Based on the analysis conducted using spatial multiomics
tools (DSP and mlIF), which are strikingly consistent with
data from other tumor types,””*" we posit that patients with
high expression of lymphocyte CD44 could be better served
with surgery and patients with low expression with SBRT.
Although our results have significant implications for both
patients and clinicians, they require validation in larger pro-
spective cohorts.

This study illustrates the potential to leverage high-plex
profiling on DSP to identify novel biomarkers associated
with clinical response to SBRT. However, there were some
limitations in our study. First, this single-center-based study
encompassed relatively low sample sizes. The absence of
external validation using DSP technology might attenuate
the power of our model. Second, retrospective studies have
inherent limitations, including the possibility of selection
bias and the subjectivity of ROI selection, so these results
still need to be interpreted with caution. Third, due to the
novelty of DSP technology, data on radiation therapy
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cannot be obtained from the public database for extended
verification. Lastly, this study does not provide conclusive
evidence regarding the mechanism through which lympho-
cyte CD44 overexpression confers resistance to radiation
therapy.

Although lymphocyte CD44 exhibited significant predic-
tive roles in both surgical and SBRT treatment, the specific
mechanisms underlying these differences need further
exploration. Gaglia et al*’ used the cyclic immunofluores-
cence (CyCIF) technique to elucidate a network of lympho-
cyte interactions (lymphonets), highlighting a prominent
feature of the anticancer immune response. We plan to next
use the CyCIF technique to elucidate whether lymphocyte
CD44 forms an interaction network with other cells, aiming
to clarify the mechanism of action of lymphocyte CD44.

Conclusion

This study emphasizes the previously unknown association
between lymphocyte CD44 expression and resistance to
SBRT in ES-NSCLC. Lymphocyte CD44 has the potential to
serve as a novel biomarker for the optimal stratification of
patients, aiding in the decision-making process between sur-
gery and SBRT for operable ES-NSCLC.
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