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abstract

PURPOSE Biomarkers on the basis of tumor-infiltrating lymphocytes (TIL) are potentially valuable in predicting
the effectiveness of immune checkpoint inhibitors (ICI). However, clinical application remains challenging
because of methodologic limitations and laborious process involved in spatial analysis of TIL distribution in
whole-slide images (WSI).

METHODS We have developed an artificial intelligence (AI)–powered WSI analyzer of TIL in the tumor micro-
environment that can define three immune phenotypes (IPs): inflamed, immune-excluded, and immune-desert.
These IPs were correlated with tumor response to ICI and survival in two independent cohorts of patients with
advanced non–small-cell lung cancer (NSCLC).

RESULTS Inflamed IP correlated with enrichment in local immune cytolytic activity, higher response rate, and
prolonged progression-free survival compared with patients with immune-excluded or immune-desert phenotypes.
At the WSI level, there was significant positive correlation between tumor proportion score (TPS) as determined by
the AImodel and control TPS analyzed by pathologists (P, .001). Overall, 44.0%of tumors were inflamed, 37.1%
were immune-excluded, and 18.9% were immune-desert. Incidence of inflamed IP in patients with programmed
death ligand-1 TPS at , 1%, 1%-49%, and $ 50% was 31.7%, 42.5%, and 56.8%, respectively. Median
progression-free survival and overall survival were, respectively, 4.1 months and 24.8 months with inflamed IP,
2.2months and 14.0months with immune-excluded IP, and 2.4months and 10.6months with immune-desert IP.

CONCLUSION The AI-powered spatial analysis of TIL correlated with tumor response and progression-free survival
of ICI in advanced NSCLC. This is potentially a supplementary biomarker to TPS as determined by a pathologist.
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INTRODUCTION

Immuno-oncology (IO) is effective in multiple cancer
types, and immune checkpoint inhibitors (ICI) have been
approved in more than 15 types of cancer.1 The only
approved companion diagnostic test for ICI in non–small-
cell lung carcinoma (NSCLC) is programmed death
ligand-1 (PD-L1) expression measured by immunohis-
tochemistry (IHC).2 Pembrolizumab is superior to stan-
dard chemotherapy in terms of tumor response rate
(TRR) and survival in patients with tumor proportion
score (TPS)$ 50%3; however, treatment outcomes were
similar between pembrolizumab and chemotherapy in

patients with PD-L1 TPS 1%-49%.4 Therefore, devel-
opment of a novel biomarker to predict ICI response in
the clinical setting in patients withmetastatic NSCLC with
PD-L1 TPS 1%-49% is highly warranted.

Apart from PD-L1 TPS, other immune biomarkers have
limited clinical application.5-7 In theory, tumor-
infiltrating lymphocytes (TIL) are the main activator
of antitumor immunity and could be a promising
biomarker if TIL can be objectively assessed
throughout the whole tumor microenvironment (TME).
TIL quantification is labor-intensive and limited by
spatial distribution in whole-slide images (WSI) and
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interobserver heterogeneity.8-10 Thus, it is challenging to
define a clinically relevant TIL cutoff point.11 Current
concept of immune phenotype (IP) is based on the status of
TIL in TME, which includes inflamed (TIL distributed
intratumorally), immune-excluded (TIL excluded, out of
cancer stroma), and immune-desert (scant TIL in
TME).12,13 Although clinical outcomes with ICI according to
IP have been reported,14 deficiency remains in standard-
ized methodology for classification.

We have developed an artificial intelligence (AI)–powered
spatial TIL analyzer (Lunit SCOPE IO) that is capable of
segmentation and quantification of multiple histologic
components from hematoxylin and eosin (H&E)–stained
WSI.15,16 We hypothesize that objective classification of IP
by Lunit SCOPE IO is an efficacious biomarker for pre-
diction of tumor response to ICI in patients with advanced
NSCLC.

METHODS

Data Sets

Lunit SCOPE IOwas developedwith data from2.83 109mm2

H&E-stained tissue regions and 6.0 3 105 TIL from 3,166
WSI of 25 cancer types, including NSCLC, annotated by
board-certified pathologists (Data Supplement, online only).
For image-based validation of AI model to segment cancer
epithelium (CE) and cancer stroma (CS), as well as to detect
TIL in an independent cohort, lung adenocarcinoma (LUAD,
n 5 461) and lung squamous cell carcinoma (LUSC,
n5 462) images from The Cancer Genome Atlas (TCGA), as
well as NSCLC primary tumor tissues from Samsung Medical
Center (SMC, n 5 1,205) and Seoul National University
Bundang Hospital (SNUBH, n5 261) were included for the
analysis under study protocols reviewed and approved by the
local institutional review boards of SMC (2018-06-103) and
SNUBH (B-2006/619-307). Segmentation and TIL detection

performance of the AI model was separately validated using
110 samples from TCGA LUAD/LUSC. Annotated results
from the consensus of three pathologists were analyzed as
ground-truth. In the SMC and SNUBH data sets, clinical
outcomes including best overall response and progression-
free survival (PFS) of ICI, anti–PD-1, or anti–PD-L1 agents,
assessed by RECIST v1.1,17 were retrospectively reviewed by
investigators. All studies were conducted according to
guidelines (Declaration of Helsinki) for biomedical research.

Classification of Immune Phenotype by Lunit SCOPE IO

To analyze spatial analysis of heterogeneous TIL distribu-
tion in WSI with various sizes, WSI were divided into 1 mm2-
sized grids and the IP of each grid classified on the basis of
the proportion of each component. IP was defined as
follows13,14: inflamed as TIL density in CE area above the
threshold (106/mm2); immune-excluded as TIL density in
CE area below the threshold and TIL density in CS area
above the threshold (357/mm2); and immune-desert as
both TIL density in CE area and that in CS area below the
thresholds. Inflamed score, immune-excluded score, and
immune-desert score of WSI were defined by the number of
grids annotated to certain IP divided by total analyzed grids
inWSI. Representative IP of WSI was defined as inflamed IP
if the inflamed score was above 33.3%, or immune-
excluded IP if immune-excluded score was above 33.3%
and inflamed score was , 33.3%, and immune-desert IP
otherwise.

PD-L1 Immunohistochemistry and

Multiple Immunohistochemistry

PD-L1 expression was assessed on the basis of the US
Food and Drug Administration–approved Dako PD-L1 IHC
22C3 pharmDx kit (Agilent Technologies, Santa Clara, CA).
PD-L1 expression (%) was determined using the TPS,
which is the percentage of viable tumor cells showing
partial or complete membrane staining.18 Multiplex IHC

CONTEXT

Key Objective
Immune checkpoint inhibitors (ICI) are a standard therapy for advanced non–small-cell lung cancer with positive pro-

grammed death ligand-1 expression. However, outcomes may vary depending on the patient’s tumor microenvironment
and there currently is no standard biomarker addressing the tumor microenvironment. Tumor-infiltrating lymphocytes
(TIL) are promising biomarkers for predicting treatment outcomes with ICI, but their current application through manual
quantification across whole-slide images (WSI) limits their utility, objectivity, and reproducibility in routine practice.

Knowledge Generated
This proof-of-concept study shows that an artificial intelligence–powered spatial TIL analyzer (Lunit SCOPE IO) can segment

and quantify multiple histologic components from WSI, and that the identified immune phenotypes correlate with ICI
treatment outcomes.

Relevance
An artificial intelligence–powered assessment of WSI for TIL biomarkers and immune phenotypes that correlate with ICI

response may help to optimize treatment selection in clinical practice. This will be elucidated in future clinical application
studies.
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FIG 1. Development of AI-powered tissue analyzer, Lunit SCOPE IO, in non–small-cell lung cancer. (A) The scheme
of Lunit SCOPE IO development and the workflow of the current study. (B) Composition of database under Lunit
SCOPE IO development. (C) Representative image of H&E original image (left) and Lunit SCOPE IO–inferenced
segmentation of CE, purple, CS, green, TIL, cyan, respectively (right). (D) ROC curves to segmentize CE, CS, and to
detect TIL in an internal validation cohort. (E) ROC curves to segmentize and detect CE, CS, and to detect TIL, in an
external validation cohort (n 5 110). The Cancer Genome Atlas lung adenocarcinoma and lung squamous cell
carcinoma). AI, artificial intelligence; AUROC, area under the receiver operating characteristic; CE, cancer epi-
thelium; CS, cancer stroma; H&E, hematoxylin and eosin; IP, immune phenotype; LUAD, lung adenocarcinoma;
LUSC, lung squamous cell carcinoma; NLST, National Lung Screening Trial; PLCO, Prostate, Lung, Colorectal, and
Ovarian Cancer Screening Trial; ROC, receiver operating characteristic; SMC, Samsung Medical Center; SNUBH,
Seoul National University Bundang Hospital; TCGA, The Cancer Genome Atlas; TIL, tumor-infiltrating lymphocytes.
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FIG 2. Classification of immune phenotype on the basis of spatial analysis of TIL powered by Lunit SCOPE IO. (A) Distribution of TIL density in CE in TCGA-
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Journal of Clinical Oncology 1919

AI-Powered TIL Spatial Analysis



was performed per the manufacturers’ protocol (Data
Supplement). PD-L1 IHC was read by investigators H.K.
and Y.-L.C.

Statistical Analysis

Receiver operating characteristic curves and area under
the receiver operating characteristics (AUROC) were used
to evaluate the AI models. The Kaplan-Meier method was
used to estimate PFS or overall survival (OS). Hazard ratios
(HR) and 95% CIs were computed using the Cox pro-
portional hazards model, and log-rank test was used to
assess differences between groups in PFS or OS. Cate-
gorical variables between two groups were compared using
the Fisher’s exact test, and P values were two-sided. Dif-
ferences in means or medians for a continuous variable
between two groups were assessed by using the non-
parametric Mann-Whitney U test. An ensemble of multiple
biomarkers to predict ICI responders was established by
multivariable logistic regression analysis.

RESULTS

Artificial Intelligence–Powered Tissue Analyzer of Cancer

Cell Segmentation and TIL in the TME to Classify

Immune Phenotype

Overall, a 2.83 109mm2 area of CE or CS and 6.03 105 TIL
was used to develop Lunit SCOPE IO (Figs 1A-1C, Data
Supplement). The AUROC for segmentizing CE, CS, and
identification of TIL in the internal validation set was
0.9715, 0.9503, and 0.9252, respectively (Fig 1D), and
external pathologic validation AUROC was at 0.9539,
0.9871, and 0.9591, respectively (Fig 1E). Moreover, tumor
purity estimate and TIL density published previously19,20

were significantly correlated with those derived from Lunit
SCOPE IO in the TCGA LUAD/LUSC cohort (n 5 110,
Spearman rho 5 0.321 and 0.701, P , .001; Data Sup-
plement). Because the AI model has been trained on
normal lymphoid follicles and macrophage cells as back-
ground, Lunit SCOPE IO could discriminate lymphoid

follicles from CE or CS, and macrophage cells from TIL
(Data Supplement).

Samples were classified into three IPs by spatial analysis of
TIL distribution (Data Supplement). The proportion of grids
classified as inflamed, immune-excluded, and desert IP
was, respectively, 24.8%, 49.5%, and 25.6% for the TCGA
cohort; 30.8%, 37.4%, and 31.8% for the SMC cohort; and
25.0%, 40.1%, and 34.9% for SNUBH cohort (Fig 2A, Data
Supplement); distributions were similar between the
cohorts.

Immune Phenotype Correlated with Cytolytic Immune

Activity and Tumor Mutational Burden

The geometric mean value of gene expressions of GZMA
and PRF1 was significantly increased in inflamed IP
samples compared with the immune-excluded/ immune-
desert IP samples (P , .001; Fig 2B). Similar observations
were made on the proportion of tumor samples with high
tumor mutational burden (TMB; . 10 mutations per
megabase),21,22 with 23.9% and 22.4% in inflamed IP and
immune-excluded IP, respectively, but 15.1% in samples
with immune-desert IP (P , .05, Fig 2C).

Gene set enrichment analysis from TCGA LUAD/LUSC
showed that interferon-g and IL6-STAT3 were highly
enriched in inflamed IP, whereas P53 pathway and WNT-
b-catenin signaling were more enriched in immune-
excluded IP (Fig 2D). The composition of immune cells
in the TME calculated by the Cibersort algorithm showed
CD8-positive T cells, memory T cells, memory B cells, and
M1 macrophages were enriched in inflamed IP, whereas
naive B cells and M0 macrophages were enriched in
immune-excluded IP.23 Neutrophils and M2 macrophages
were relatively enriched in immune-desert IP (Fig 2E). The
multiplex IHC data set from SMC (n5 99) showed a distinct
proportion of immune cells according to IP, which dem-
onstrated enrichment of CD3-expressing or CD8-
expressing cells in inflamed IP, FOXP3-expressing cells
in immune-excluded IP, and CD68-positive cells in
immune-desert IP (Figs 2F and 2G).

FIG 2. (Continued). phenotypes (middle left). Sample WSI images masked with three immune phenotypes of 1 mm2-sized grid (inflamed: red, immune-
excluded: teal, immune-desert: blue, middle right). Distribution of inflamed score (red) and immune-excluded score (teal) and proportion of representative
immune phenotype in TCGA-LUAD and LUSC (right). (B) and (C) Correlation of representative IP (x-axis) and local immune cytolytic activity measured by
gene expressions of GZMA and PRF1 (y-axis, B) as well as tumor mutational burden (y-axis, C) in TCGA-LUAD and LUSC. **Represents P , .001 and
*represents P, .05. (D) Summary of ssGSEA using HALLMARK gene sets in TCGA-LUAD and LUSC, filtered by FDR (or q value), 1%. Themean ratios of
ssGSEA scores times –log2 FDR value of inflamed IP or others (red, first column) and those of immune-excluded IP or others (teal, second column). (E)
Summary of Cibersort analysis in TCGA-LUADand LUSC, filtered by P value, .05. Subsets of immune cells enriched in inflamed IP (red), those in immune-
excluded IP (teal), and those in immune-desert IP (blue) were annotated. Diameter from zero point to each dot reflected themean ratio of each IP compared
with other IPs times –log2 P value. (F) Summary of multiplex IHC in SMC cohort (n5 99). Quantification of expressing cells was normalized by number of
DAPI-stained cells. The normalized count of each expressing cells enriched in inflamed IP (red), that in immune-excluded IP (teal), and that in immune-
desert IP (blue) was annotated. Diameter from zero point to each dot reflected the mean ratio of each IP compared with other IPs times –log2 P value.
*Represents P , .05. (G) Representative multiplex IHC images of inflamed IP (left), immune-excluded IP (middle), and immune-desert IP (right). AI,
artificial intelligence; AUROC, area under the receiver operating characteristic; CE, cancer epithelium; CS, cancer stroma; FDR, false discovery rate; H&E,
hematoxylin and eosin; IHC, immunohistochemistry; IP, immune phenotype; LUAD, lung adenocarcinoma; LUSC, lung squamous cell carcinoma; SMC,
Samsung Medical Center; SNUBH, Seoul National University Bundang Hospital; ssGSEA, single-sample gene set enrichment analysis; TCGA, The Cancer
Genome Atlas; TIL, tumor-infiltrating lymphocytes; TMB, tumor mutational burden; WSI, whole-slide image.
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TABLE 1. Patient Characteristics
Characteristic All (N 5 518) SMC Cohort (n 5 299) SNUBH Cohort (n 5 219)

Age, years, median (range) 65 (33-94) 63 (33-83) 69 (35-94)

Sex, No. (%)

Female 125 (24.1) 75 (25.1) 50 (22.8)

Male 393 (75.9) 224 (74.9) 169 (77.2)

ECOG PS, No. (%)

0 26 (5.0) 17 (5.7) 9 (4.1)

1 415 (80.1) 237 (79.3) 178 (81.3)

2 77 (14.9) 45 (15.1) 32 (14.6)

Smoking history, No. (%)

Never 147 (28.4) 86 (28.8) 61 (27.9)

Former 195 (37.6) 102 (34.1) 93 (42.5)

Current 176 (34.0) 111 (37.1) 65 (29.7)

ICI agent, No. (%)

Pembrolizumab 229 (44.2) 152 (50.8) 77 (35.2)

Nivolumab 198 (38.2) 108 (36.1) 90 (41.1)

Atezolizumab 80 (15.4) 28 (9.4) 52 (23.7)

Others 11 (2.1) 11 (3.7) 0 (0)

Treatment line, No. (%)

First-line 43 (8.3) 28 (9.4) 15 (6.8)

Second-line 264 (51.0) 159 (53.2) 105 (47.9)

$ Third-line 211 (40.7) 112 (37.5) 99 (45.2)

Tissue harvest, No. (%)

Surgery 160 (30.9) 101 (33.8) 59 (26.9)

Biopsy 358 (69.1) 198 (66.2) 160 (73.1)

Tissue site, No. (%)

Primary lung 470 (90.7) 251 (83.9) 219 (100)

Pleura 48 (9.3) 48 (16.1) 0 (0)

Pathology, No. (%)

Adenocarcinoma 296 (57.1) 176 (58.9) 120 (54.8)

Squamous cell carcinoma 158 (30.5) 102 (34.1) 56 (25.6)

Others 64 (12.4) 21 (7.0) 43 (19.6)

Molecular subtype, No. (%)

EGFR mutation 77 (14.9) 39 (13.0) 38 (17.4)

ALK translocation 6 (1.2) 4 (1.3) 2 (0.9)

EGFR/ALK-negative 406 (78.4) 234 (78.3) 172 (78.5)

Unknown 29 (5.6) 22 (7.4) 7 (3.2)

Liver metastasis at tissue harvest, No. (%)

No 497 (95.9) 287 (96.0) 210 (95.9)

Yes 21 (4.1) 12 (4.0) 9 (4.1)

Liver metastasis at ICI treatment, No. (%)

No 453 (87.5) 266 (89.0) 187 (85.4)

Yes 65 (12.5) 33 (11.0) 32 (14.6)

(continued on following page)
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Immune Phenotype and Clinical Outcome of Immune

Checkpoint Inhibitors

To validate IP as a complementary biomarker in NSCLC, we
retrospectively analyzed patients with advanced NSCLC who
were treated with ICI monotherapy at either SMC (n5 299) or
SNUBH (n5 219). Overall, 518 of 552 eligible patients fulfilled
the tissue quality criteria (Data Supplement). In the samples
used in this study, ICI had been administered as first-, second-,
or $ third-line therapy. Clinical characteristics of these two
patient cohorts are summarized in Table 1, with minor dif-
ferences between the two cohorts. Most patients received ICI
as second- or$ third-line therapy, andmore patients received
third-line therapy or beyond in the SNUBH cohort (45.2%).
Distribution of PD-L1 TPS status was similar; however, the
proportion of patients with PD-L1 TPS $ 50% (48.1% and
44.3% for SMC and SNUBH, respectively) appeared to be
more prevalent than reported in historic data (23.2%-
28.5%).24,25 Distribution of IP by baseline clinical attributes and
smoking history was investigated, and there was no correlation
between IP and smoking status, liver metastasis, and lung
immune prognostic index score26; however, some correlation
existed between IP and pleural effusion andbrainmetastasis at
the point of tissue harvest (Data Supplement).

Distribution of inflamed, immune-excluded, and immune-
desert IP in the SMC cohort was 42.1%, 37.8%, and

20.1%, respectively, and 46.6%, 36.1%, and 17.4%, in the
SNUBH cohort (Fig 3A). Incidence of inflamed IP corre-
lated significantly with PD-L1 TPS $ 50% status in both
cohorts. In a merged cohort of SMC and SNUBH, the
overall response rate to ICI in patients with inflamed IP was
26.8%, compared with 11.5% and 11.2% in patients with
immune-excluded and immune-desert IP, respectively
(odds ratio, 2.84; P, .001). Median PFS with ICI among the
inflamed, immune-excluded, and immune-desert IP in the
merged cohort was 4.1, 2.2, and 2.4 months, respectively
(HR 1.52, P, .001 for immune-excluded v inflamed IP and
1.58, P, .001 for immune-desert IP v inflamed IP; Fig 3B).
Improvement in OS after ICI treatment was observed in
patients with inflamed IP, andmedian OSwith ICI among the
inflamed, immune-excluded, and immune-desert IP in the
merged cohort was 24.8, 14.0, and 10.6 months, respec-
tively (HR5 1.38, P, .05 for immune-excluded v inflamed
IP and 1.67, P, .05 for immune-desert IP v inflamed IP). A
subgroup analysis of the SMC and SNUBH cohorts showed
that each population followed similar trends to the merged
cohort (Data Supplement).

To clarify whether IP is a general prognostic marker in
NSCLC or a specific predictive biomarker of ICI treatment,
we analyzed treatment outcome of first-line platinum-based
chemotherapy (n 5 373) in the same data set, excluding

TABLE 1. Patient Characteristics (continued)
Characteristic All (N 5 518) SMC Cohort (n 5 299) SNUBH Cohort (n 5 219)

Pleural metastasis at tissue harvest, No. (%)

No 381 (73.6) 231 (77.3) 150 (68.5)

Yes 137 (26.4) 68 (22.7) 69 (31.5)

Pleural metastasis at ICI treatment, No. (%)

No 346 (66.8) 206 (68.9) 140 (63.9)

Yes 172 (33.2) 93 (31.1) 79 (36.1)

Brain metastasis at tissue harvest

No 446 (86.1) 268 (89.6) 178 (81.3)

Yes 72 (13.9) 31 (10.4) 41 (18.7)

Brain metastasis at ICI treatment, No. (%)

No 399 (77.0) 242 (80.9) 157 (71.7)

Yes 119 (23.0) 57 (19.1) 62 (28.3)

Time from tissue harvest to ICI treatment, No. (%)

, 1 year 320 (61.8) 171 (57.2) 149 (68.0)

$ 1 year 198 (38.2) 128 (42.8) 70 (32.0)

PD-L1 TPS,a No. (%)

0% 104 (23.4) 52 (21.6) 52 (25.6)

1%-49% 134 (30.2) 73 (30.3) 61 (30.0)

$ 50% 206 (46.4) 116 (48.1) 90 (44.3)

Abbreviations: ALK, anaplastic lymphoma kinase; ECOG PS, Eastern Cooperative Oncology Group performance status; EGFR, epidermal growth factor
receptor; ICI, immune checkpoint inhibitor; PD-L1, programmed death ligand-1; SMC, Samsung Medical Center; SNUBH, Seoul National University
Bundang Hospital; TPS, tumor proportion score.

aPD-L1 status was not assessed in n 5 58 from SMC and n 5 16 from SNUBH.
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the patients who treated ICI as first-line (n5 43), epidermal
growth factor receptor (EGFR) mutation or anaplastic
lymphoma kinase (ALK) translocation (n 5 83, one du-
plicated ALK1 patient was treated with ICI as first-line), and
outside referral (n 5 20). PFS and overall response rate of
first-line platinum-based chemotherapy were not signifi-
cantly different according to IP (Fig 3C), but median OS
after first-line platinum-based chemotherapy in patients
with inflamed, immune-excluded, and immune-desert IP in
this cohort was 36.2, 22.9, and 20.9 months, respectively.

In the 43 patients who received first-line ICI and who had an
inflamed IP, compared with noninflamed, median PFS was
significantly greater (15.6 months v 4.8 months; HR, 0.42;
95% CI, 0.19 to 0.90; P 5 .022) and median OS was
numerically greater (38.0 months v 11.9months; HR, 0.53;
95% CI, 0.22 to 1.28; P 5 .1483; Data Supplement).

Immune Phenotype in Relation to PD-L1 TPS Status

A combined cohort (Fig 4A; Data Supplement) was used to
explore the relationship between IP and PD-L1 TPS status.
Incidence of inflamed IP in patients with PD-L1 TPS at, 1%,
1%-49%, and $ 50% was 31.7%, 42.5%, and 56.8%, re-
spectively (Fig 4B). By contrast, the incidence of immune-
desert IP was more common in the PD-L1 TPS , 1% sub-
group (25.0%) compared with the PD-L1 TPS 1%-49%
(17.9%) and . 50% (15.0%) subgroups. PD-L1 TPS status
correlated well with inflamed IP. TRR of patients with inflamed
IP and PD-L1 TPS at, 1%, 1%-49%, and$ 50%was 3.0%,
22.8%, and 36.8%, respectively, whereas TRR for patients
with noninflamed IP and PD-L1 TPS at , 1%, 1%-49%,
and $ 50% was 5.6%, 3.9%, and 20.2%, respectively.
Median PFS for the inflamed and noninflamed IP was 4.0
versus 2.1 months (HR, 0.54; 95% CI 0.37 to 0.79; P5 .001)
for the PD-L1 TPS 1%-49% subgroup, and 6.2 versus
3.2months (HR, 0.63; 95%CI, 0.46 to 0.87;P5 .004) for the
PD-L1 TPS$ 50% subgroup (Fig 4C); there was no significant
difference in OS between IP subgroups (Data Supplement). In
the PD-L1 TPS 1%-49% subgroup, the AUROC for prediction
of tumor response to ICI by IP was 0.7609, and the AUROC by
PD-L1 TPS status was 0.5561 (P, .05; Fig 4D). Incidence of
inflamed IP was not related to EGFR mutation, and there was
correlation between inflamed IP score andPD-L1 TPS status in
patients either with EGFR mutation or those who were EGFR/
ALK wild-type (Data Supplement). Patients with ALK translo-
cation were excluded because of a small sample size.

DISCUSSION

In this proof-of-concept study, the AI-powered spatial TIL
analyzer was capable of predicting clinical outcomes of ICI

in patients with advanced NSCLC. By training and vali-
dating the AI-powered spatial TIL analyzer, we have cor-
related three IPs with local immune cytolytic activities. On
the basis of two external independent cohorts of mostly
previously treated patients who received monotherapy ICI,
we have shown that patients with inflamed IP correlated
with higher TRR and longer PFS. A prior retrospective study
on manual quantification of TIL reported favorable PFS
from ICI treatment in patients with high TIL infiltrate
(n 5 221; HR 0.40).27 To our knowledge, ours is the first
study on AI-powered automated TIL analysis in advanced
NSCLC.

We used a supervised learning model using original images
with independent annotated marking of CE, CS, and TIL as
assessed by a panel of experienced pathologists, improving
on earlier versions of AI technology28,29; this meticulous
supervision enabled pixel-based spatial analysis of TIL in
reference to CE or CS, which is essential for objective
quantification and eventual classification of IP. The Inter-
national TILs Working Group defined the stromal TIL cutoff
at. 10%, which is estimated to be about 318/mm2, and this
also correlates with the clinical outcome of ICI in NSCLC.29

For urothelial cancer, Mariathasan et al14 used TIL , 10
per 3200 field as the cutoff level for immune-desert phe-
notype, but there was no objective cutoff for the inflamed or
excluded phenotype. There was no prior objective classifi-
cation on IP in WSI, which is about 100 times larger than
focal area. We applied intratumoral TIL . 106/mm2 and
stromal TIL. 357mm2 on the basis of upper 25% and lower
25% values from TCGA database in focal area sized 1 mm2,
and we have defined the representative IP in WSI to be
inflamed when more than 33.3% of the grids are read as
inflamed. This may be perceived as tentative, but this is an
important first step for quantitative classification of IP by AI.
The classification is also supported by evidence of higher
TMB and gene expressions of GZMA and PRF1.

Subgroup analysis of KEYNOTE 042 reported the TRR of
single agent pembrolizumab in patients with PD-L1 TPS
1%-49% at 17% in treatment-naive patients,4 suggesting
that selected patients can benefit from ICI alone. This
AI-powered spatial TIL analyzer may potentially supple-
ment PD-L1 TPS as a supporting biomarker for ICI. In the
combined cohort, 42.5% of patients with PD-L1 1%-49%
were classified as having inflamed IP, and the TRR was
22.8% in the predominantly pretreated patients compared
with a response rate of 3.9% in patients with PD-L1 1%-
49% and noninflamed IP. Corresponding to this, the ob-
served median PFS for the inflamed IP was 4.0 months and
for noninflamed IP was 2.1 months (P 5 .0013). The

FIG 3. (Continued). the basis of representative immune phenotype in the merged cohort from SMC and SNUBH. (C) Kaplan-Meier analysis of PFS (left) and
OS after first-line platinum-based chemotherapy (right) on the basis of representative immune phenotype in a merged cohort. ALK, anaplastic lymphoma
kinase; EGFR, epidermal growth factor receptor; HR, hazard ratio; ICI, immune checkpoint inhibitor; IP, immune phenotype; mOS, median overall survival;
mPFS, median progression-free survival; NA, not applicable; NR, not reported; ORR, overall response rate; OS, overall survival; PD-L1, programmed death
ligand-1; PFS, progression-free survival; SMC, SamsungMedical Center; SNUBH, Seoul National University BundangHospital; TPS, tumor proportion score.
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majority of these patients received ICI as second- or$ third-
line therapy. Our finding in this enriched population appears
to be superior to the reported response rate of 14.8% of the
PD-L1 1%-49% subgroup from the KEYNOTE 001 study.24

In the small subset of patients (n 5 10) who received first-
line ICI, the TRR of patients with inflamed versus non-
inflamed IP was 66.7% versus 0%. Despite the small sample
size, the result is remarkable compared with the prior ran-
domized study on first-line ICI.3 IP classified by the AI-
powered spatial TIL analyzer is potentially complementary
to PD-L1 expression and may help to identify patient with
PD-L1 TPS 1%-49%whomay benefit from ICImonotherapy.

On the basis of our current cutoff threshold, we can cor-
relate the inflamed IP with higher TRR and longer survival.
This may potentially serve as a relatively low-cost and ef-
ficient biomarker on the basis of H&E-stained slides from
routine clinical practice.

This retrospective study is limited by the intrinsic heteroge-
neous nature of multiple patient cohorts. This might explain
why the difference in survival in the validation cohort
(SNUBH) is not significant because there are more patients
receiving ICI as third-line therapy (or beyond) than other study
cohorts and, overall, there were only 43 patients enrolled who
received first-line ICI. The greatest challenge is to define the
cutoff threshold for inflamed IP as there is no prior example of
quantitative measurement of inflammation status of the TME.

The lag time between biopsy and ICI, and differences in
patient demographics between two institutions (SMC and
SNUBH) are major limitations to this study. There was
diverse opinion among oncologists on the optimal timing in
use of ICI, driven by the reimbursement criteria and policies
in Korea (Data Supplement), and as a result, exposure to
other therapy may affect TME. Because of the retrospective
nature of study, significant differences in PD-L1 TPS status
and in lines of prior therapy were observed.

Tumor genomic aberration or clinical attributes may affect
TIL status or IP of TME. Because of the retrospective nature
of the study, we were not able to assess systemic immune
status for all patients included in the current study; how-
ever, pleural effusion and brain metastasis at tissue harvest
were significantly related to IP. A limitation of this analysis
was that samples such as lymph node or distant metastasis
were not included.

In conclusion, Lunit SCOPE IO can process H&E-stained
slides simultaneously with PD-L1 IHC. Patients with
inflamed IP have higher TRR and longer PFS with ICI
monotherapy, and this development may serve as a
complementary biomarker to PD-L1 TPS for advanced
NSCLC, especially the PD-L1 TPS 1%-49% subgroup.
Future prospective study of the clinical application of
Lunit SCOPE IO in treatment of advanced NSCLC is
warranted.
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