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Abstract

Introduction—Despite the clinical efficacy of Immune Checkpoint Inhibitors (ICI) in non-small 

cell lung cancer (NSCLC), only around 20% of patients remain disease free at 5 years. Here we 

use digital spatial profiling to find candidate biomarker proteins associated with ICI resistance.

Materials and Methods—Pre-treatment samples from 56 patients with NSCLC treated with 

ICI were analyzed using the NanoString GeoMx® digital spatial profiling (DSP) method. A panel 

of 71 photocleavable oligonucleotide-labeled primary antibodies was used for protein detection 

in 4 molecular compartments (tumor, leukocytes, macrophages, and immune stroma). Promising 

candidates were orthogonally validated with quantitative immunofluorescence (QIF). Available 

pre-treatment samples from 39 additional patients with NSCLC that received ICI, and 236 non-ICI 

treated operable NSCLC patients were analyzed to provide independent cohort validation.

Results—Biomarker discovery using the protein-based molecular compartmentalization strategy 

allows 284 protein variables to be assessed for association with ICI resistance by univariate 
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analysis using continuous log-scaled data. Of 71 candidate protein biomarkers, CD66b in the 

CD45+CD68 molecular compartment (immune stroma) predicted significantly shorter OS (HR 

1.31, p=0.016) and was chosen for validation. Orthogonal validation by QIF showed that CD66b 

was associated with resistance to ICI therapy but not prognostic for poor outcome in untreated 

NSCLC [discovery cohort (OS; HR 2.49, p=0.026), validation cohort (OS; HR 2.05, p=0.046), 

non-ICI treated cohort (OS; HR 1.67, p=0.06)].

Discussion—Using the DSP technique, we have discovered that CD66b expression is indicative 

of resistance to ICI therapy in NSCLC. Since CD66b identifies neutrophils, further studies are 

warranted to characterize the role of neutrophils in ICI resistance.
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immunotherapy resistance; NSCLC; digital spatial profiling; quantitative immunofluorescence; 
immunohistochemistry (IHC)

Introduction

Immune checkpoint inhibitors (ICI) targeting either programmed cell death protein 1 

(PD-1) or its ligand (PD-L1) have been integrated into first-line therapeutic options for 

advanced NSCLC patients. Despite their clinical efficacy, only a minority achieves 5-year 

survival ranging from 20% to 32% in the unselected and high PD-L1 expressing patients, 

respectively [1, 2]. The majority of patients will not respond due to innate or acquired 

resistance to immunotherapy (ITX) [3]. Innate (primary) resistance to ICI, manifests as 

progressive disease (PD) by Response Evaluation Criteria in Solid Tumors (RECIST) 

criteria on first Computer Tomography (CT) evaluation [4], and accounts for 7–27% of first-

line treatment and 20–44% of second-line treatment [3, 5]. Acquired (secondary) resistance 

is seen in most ICI treated lung cancer patients and is defined as PD after initial clinical 

benefit [3, 6], usually after 4–10 months of ICI treatment [4] [7].

Patient selection biomarkers for ICI has been a challenge. Based on the data from 

KEYNOTE-024, routine immunohistochemical (IHC) PD-L1 testing is used to select for 

pembrolizumab monotherapy in the frontline setting [8]. However, PD-L1 IHC assays are 

neither sensitive nor specific with an area under the curve (AUC) less than 0.7 [9, 10]. 

While tumor mutational burden (TMB) is another marker being evaluated in trials of ICI, 

its predictive value is limited [11]. In addition, although T-cell cytotoxicity is thought to be 

the mechanism of tumor cell killing by ICIs the assessment of T-cell infiltration in tumors 

has not proven to be a biomarker for response. The complexity of tumor microenvironment 

(TME), the heterogeneity of tumor cells, the multiple assays and scoring systems challenge 

further the discovery of reliable markers to inform for resistance to ICI and better stratify 

patients who will benefit from ICIs. Sensitive and specific biomarkers of resistance have not 

yet been determined and validated clinical practice [7, 12].

Thus, in this work we attempt to discover new biomarkers for resistance to ICI therapy 

using a spatially informed high-plex discovery tool, digital spatial profiling (DSP). This 

tool enables the assessment of multiple markers in a spatially informed manner [13]. 

The GeoMx DSP® System (NanoString Technologies) can simultaneously detect multiple 
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proteins in single formalin fixed, paraffin embedded (FFPE) tissue sections in a quantitative 

and spatially resolved manner; additionally, fluorescent tissue markers can be used to guide 

the DSP to interrogate specific cellular/molecular compartments. In this study, we used 

DSP technology as a discovery tool to find spatially resolved protein markers associated 

with resistance to ICI in advanced NSCLC. Then, amongst candidate predictors, we further 

assessed CD66b expression by quantitative immunofluorescence (QIF), to validate the 

association with outcome by an orthogonal quantitative method and on an independent 

cohort.

Materials and Methods

Patient cohorts and tissue microarrays

We analyzed retrospectively collected FFPE pre-ITX tumor specimens represented in a 

tissue microarray (TMA) format from 58 patients with NSCLC treated with ICI in the 

advanced setting between 2017 and 2019 at Yale University School of Medicine, New 

Haven, CT (Yale Tissue MicroArray 471; YTMA471) constituting our discovery cohort. 

A total of 56 cases included in YTMA471 had available or adequate tissue for protein 

quantification. In addition, we analyzed 39 available FFPE tumor specimens, from a cohort 

of 53 patients with NSCLC treated with ICI between 2011 and 2017 (YTMA404) and 

236 evaluable samples from 287 patients with NSCLC who did not receive ICI, between 

2011 and 2016 (YTMA423), as our internal validation cohorts. The cohorts of patients 

with available samples are summarized in Supplementary Table 1. All tissue samples were 

collected and used under the approval from the Yale Human Investigation Committee 

protocol #9505008219 with an assurance filed with and approved by the U.S. Department of 

Health and Human Services. The Yale Human Investigation Committee approved the patient 

informed consent or in some cases waiver of consent all in accordance with the ethical 

guidelines of the U.S. Common Rule.

For TMA construction, tumors were reviewed by a pathologist using hematoxylin and 

eosin–stained preparations to select representative tumor areas. Then, two cores (diameter: 

660μm each) were extracted from two tumor blocks, respectively, and arrayed in two 

recipient TMA master blocks, each TMA block thus containing one nonadjacent 660μm 

diameter tumor core per NSCLC case (Suppl. figure 1). Tumor core selection was not based 

on specific tumor regions or location.

For all the experiments, we assessed two slides derived from two independent blocks from 

YTMA471, YTMA404 and YTMA423 respectively, each block containing one nonadjacent 

tumor core per patient. From each block of the YTMA471 (discovery cohort) serial 5 

μm sections were cut. The slides used for DSP and QIF protocols were 15 μm apart 

(neutrophil’s diameter ranges from 12–15 μm). This might explain some heterogeneity 

in the expression of CD66b when quantified by the two methods. The cases which had 

pre-immunotherapy specimens and received ICI, constituted our discovery and validation 

cohorts.
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Digital Spatial Profiling

Briefly, once the slides were deparaffined and subjected to antigen retrieval procedures, we 

incubated them overnight with three fluorescent-labeled visualization antibodies to detect 

tumor cells [pancytokeratin (CK)], leukocytes (CD45), and macrophages (CD68) to define 

the molecular compartments. These were combined with a cocktail of 77 (71 targets and 

6 controls) unique photocleavable oligonucleotide-conjugated antibodies targeting immuno-

oncology markers (Suppl. Table 2) previously validated by NanoString. Once the staining 

was completed, slides were loaded onto the GeoMx DSP instrument, where they were 

scanned to produce a digital fluorescent image of the tissue.

Individual regions of interest (ROI) of a maximum diameter of 660μm covering the entire 

TMA core were generated, and then each ROI was segmented in three molecularly defined 

tissue compartments by fluorescent colocalization: tumor compartment (panCK+), leukocyte 

compartment (CD45+/CD68−), macrophage compartment (CD68+). An aggregate immune 

stromal cell compartment (IC), defined as the summation of leukocyte and macrophage 

expression (panCK−/CD45+/CD68+), was generated postacquisition (Figure 1).

Every ROI (TMA spot) was sequentially exposed to UV light to decouple the 

oligonucleotides from the profiling reagent (primary antibody). Photocleaved from these 

areas of illumination (AOI) or molecular compartments, were DNA oligos that were then 

collected via microcapillary aspiration and deposited into a 96-well plate, hybridized 

to 4-color, 6-spot optical barcodes, and finally quantitated on the nCounter® platform 

(NanoString Technologies). Digital counts from barcodes corresponding to protein probes 

were first normalized to internal spike-in controls (ERCC), and then normalized against the 

geometric mean of two housekeeping genes (GAPDH and ribosomal protein S6 (S6)) for 

each ROI compartment individually (Suppl. Figure 3). The expression level across different 

areas of interest for all targets, including negative isotype (Mouse IgG1, Mouse IgG2a and 

Rabbit IgG) and positive (GAPDH, Histone H3, S6) controls in each AOI is shown in 

Supplementary Figure 4.

Multiplexed QIF CD66b+ cell panel

Two multiplex panels using an orthogonal method (QIF) were performed to validate 

DSP observations: panel A (CD45/CD68/PD-L1), to evaluate PD-L1, was performed on 

YTMA471 and panel B (CD45/CD68/CD66b), to evaluate CD66b in the 4 molecular 

compartments analyzed in DSP, was performed simultaneously on YTMA471, YTMA404 

and YTMA423. Fluorescent images were acquired using a PM-2000 system (Navigate 

Biopharma, Carlsbad, CA, USA) and automated quantitative analysis (AQUA™) method 

of QIF was used to determine different levels of expression. A QIF score was generated 

by dividing the sum of target pixel intensities by the area of the molecularly designated 

compartment, as previously described [14, 15]. The compartments generated by DSP and 

QIF in the discovery cohort, YTMA471, were comparable for most of the cases. (Figure 1, 

Suppl. Figure 5). In order to distinguish tumor from tissue stroma and other components, 

an epithelial tumor “mask” was created by binarizing the cytokeratin (CK) signal and 

creating an epithelial compartment. Similarly, CD45+ “mask” was created by the CD45+ 

signal subtracting the CD68+ “mask” to create a CD45+/CD68− “mask” equal to the DSP 
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generated leukocyte (CD45+/CD68−) compartment. In addition, we created a fourth mask 

that included all the CD45+ cells (CK-/CD45+/CD68+) that was our immune stromal mask 

and represented tumor immune microenvironment. As CD66b is an activation marker for 

human granulocytes (predominantly neutrophil granulocytes), measurements in the tumor 

compartment captured part of intraepithelial protein expression, rather than reflecting true 

colocalization with tumor cells.

QIF scores were normalized to the exposure time and bit depth at which the images 

were captured, to compensate for any variability. All acquired histospots were visually 

assessed and cases with staining artifacts were omitted from the analysis. A sequential 

immunofluorescence protocol with isotypespecific primary antibodies was used to detect 

epithelial tumor cells (polyclonal rabbit anti- cytokeratin, wide spectrum screening, DAKO, 

Carpinteria, CA), CD45+ cells (mouse IgG1, clone 2B11+PD7/26, Dako), CD68+ cells 

(mouse IgG3, clone PG-M1, Dako), PD-L1+ cells (rabbit IgG, clone E1L3N, Cell Signaling 

Technology) and CD66b+ cells (mouse IgG1, clone 80H3, LSBio). Cell nuclei were 

visualized by the signal from 4′,6-diamidino-2-phenylindole (DAPI) stain, and the targets 

were visualized with species-specific secondary antibodies and Alexa 488 (cytokeratin), 

Cyanine 3+ (Cy3+) (lymphocytes), Alexa 750 (Cy7) (macrophages) and Cyanine 5 (Cy5) 

(CD66b+ cells and PD-L1).

Statistical analysis

For statistical analysis, we averaged the normalized digital counts, or AQUA scores 

derived from the two blocks. Continuous log-scaled data was used to identify significant 

associations between markers and treatment response in terms of either hazard ratio (HR) 

or odds ratio (OR) in Cox or logistic regression (LR) models, respectively. Benjamini–

Hochberg false discovery adjustment method was performed, (padjusted=0.05) considering 

the number of comparisons performed per compartment (tumor, CD45, CD68 and immune 

stroma). All hypothesis testing was performed at a two-sided significance level of a=0.05.

Survival analysis was performed using the R packages survival and survminer. The 

association between target expression and durable and long-term clinical benefit was 

computed by LR using the R package gtsummary. To create the Kaplan–Meier plot 

representing the association of CD66b expression with survival, samples were categorized 

as either “high” or “low” by using X-tile optimal cutpoint analysis [16]. Reported p values 

in the plot are associations of the model (log-rank test). Spearman r was used to measure 

the strength and direction of association between the two different methods, DSP and QIF. 

Kruskal-Wallis test was used to compare the distribution of panCK, CD45 and CD68 in 

the 4 molecular compartments to confirm the DSP platform successfully profiled tumor and 

stromal compartments.

The software used for visualization of the data and statistical purposes were GraphPad™ 

Prism® v9.0 software for Windows (GraphPad Software, Inc., La Jolla, CA), and R studio 

Version 1.4.1717. The optimal survival cutpoint analysis was performed using X-tile.
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Results

Our discovery cohort included 56 NSCLC cases, each represented by two TMA cores in 

two master blocks. 284 protein variables per ROI were generated, where 71 protein markers 

(excluding controls), were measured in four molecularly defined tissue compartments.

After normalization of each variable, a univariate unadjusted analysis using continuous 

log-scaled data was performed to validate the cohort and method by showing that high 

PD-L1 expression in tumor cells (panCK+) [OS; HR, 0.75; 95% confidence intervals (CI) 

0.54–1.05; p=0.092, PFS; HR, 0.67; 95% CI, 0.48–0.94; p=0.017] and leukocytes (CD45+/

CD68−) [OS; HR, 0.41; 95%CI 0.24–0.69; p<0.001, PFS; HR 0.52; 95%CI 0.32–0.84; 

p=0.008], predicted longer survival, respectively (Tables 1,2 Suppl. Figure 6). All variables 

significantly associated with outcome on ICI therapy are summarized in Tables 1, 2. In 

the immune stromal compartment (panCK−/CD45+/CD68+) 4 markers were associated 

significantly with PFS, and 3 with OS. Of these, S100B, a calcium binding protein, was 

significantly associated with favorable outcome in all 4 compartments. In NSCLC, S100B 

has been studied as a biomarker to detect subclinical brain metastases [17]. Brain metastasis 

status did not significantly influence the immunotherapy efficacy in lung cancer patients, in 

a recent metanalysis, but the role of S100B role in predicting benefit to immunotherapy in 

NSCLC is unclear [18]. In this study we focused on biomarkers of resistance and further 

exploration of S100B was not pursued.

CD66b predicted significantly shorter OS (HR, 1.31; 95%CI 1.06–1.60; p=0.016) and 

shorter PFS (HR, 1.24; 95%CI 1.02–1.51; p = 0.04) in immune stroma compartment. In the 

multivariate analysis including seven clinical prognostic factors [stage at immunotherapy, 

smoking history, presence of liver or/and brain metastasis, lung immune prognostic 

index (LIPI) score, derived neutrophils/(leukocytes-neutrophils) (dNLR) ratio and sex] 

[19, 20], CD66b expression remained statistically significantly associated with overall and 

progression free survival. Moreover, high levels of CD66b in immune stromal compartment 

were significantly associated with progressive disease at 12 and 24 months of ICI therapy 

(Suppl. Tables 3,4,5). Expression of arginase 1 (ARG1), an urea cycle enzyme that is 

released by activated neutrophils [21], was positively correlated with CD66b expression 

in immune compartment (r=0.73, p<0.01). (suppl. Table 6). No association was observed 

between CD66b and PD-L1 or CD8+ cells in immune compartment (Suppl. Figure 7). Thus, 

we chose to validate CD66b using both an orthogonal method and an independent cohort.

First, we determined its expression using a fluorescence-based QIF system (AQUA™), as 

previously described [14]. We used this method to assess both the discovery cohort and two 

further independent cohorts showing the localization and the expression range of CD66b in 

NSCLC (Figure 2). First, using continuous log-scaled data by QIF we confirmed that CD66b 

in immune stromal compartment (panCK−/CD45+/CD68+) (OS; HR 5.09,95%CI 1.29–

20.1; p=0.042, PFS; HR 2.88, 95% CI 0.59–14; p=0.2), was associated with unfavorable 

clinical outcome to ICI therapy in the discovery cohort YTMA471 and was significantly 

associated with shorter OS. The difference in PFS, although favoring CD66b low cases, 

was not statistically significant. To validate this finding on an independent cohort, we first 

identified the optimal OS cutpoint for CD66b+ expression in immune stromal compartment 
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using X-tile [16]. We determined the best single cut-point using the X-tile plot which occurs 

as a CD66b AQUA Score of ≥ 321 in immune stromal compartment in the discovery cohort 

(YTMA471). This cutpoint was then used in the validation (YTMA404) and the non-ICI 

treated cohort (YTMA423) included in simultaneous experiments.

In the discovery cohort, an AQUA Score ≥ 321 could identify CD66b infiltrated tumors 

which were more likely to develop resistance to ICI (OS; HR 2.49, p=0.026, PFS; HR 1.50, 

p=0.2). When we used the same AQUA Score as a cutoff value in the two independent 

cohorts, high CD66b in immune stroma in ICI treated cohort (YTMA404), was associated 

with resistance to ICI therapy (OS; HR 2.05, p=0.046, PFS; HR 1.49, p=0.2) but was not 

prognostic for survival in the non-ICI treated cohort YTMA423 (OS; HR 1.67, p=0.06, DFS; 

HR 1.2, p=0.5)] as illustrated in Figure 3.

Discussion

In this study, we utilized DSP technology as a high-plex screening tool to identify 

biomarkers of resistance to ICI treatment in NSCLC. We found that CD66b expression was 

significantly associated with unfavorable clinical outcome. We confirmed this finding with 

an orthogonal method and after controlling for clinical prognostic factors. Moreover, using 

two independent NSCLC cohorts we validated the indicative role of CD66b expression. 

High CD66b cell tumor infiltration is consistent with previous findings that myeloid lineage 

cell population contributes to ICI treatment failures [22–25].

Several studies suggest that tumor associated neutrophils (TAN) enhance tumor cell invasion 

by forming neutrophil extracellular traps (NETs) in human tissue [26, 27]. NETs, consisting 

of extracellular DNA webs, infiltrate the TME and promote tumor growth and invasion 

of cancer cells through the activation of PI3K signaling pathways [28] [29] and possibly 

other mechanisms. Reported inverse correlation between NETs and CD8+ T cells could 

indicate that the NETs are inhibitory to either the chemotaxis or physical migration of 

CD8-mediated antitumor immunity. This observation could be therapeutically exploited 

to enhance immunotherapy efficiency [30]. Although using NETs as biomarker seems 

promising, quantification of NETs on the tissues is challenging and more studies supporting 

reliable measurement of NETs are needed [26, 31]. This work raises the possibility of 

using CD66b as a biomarker that may be more specifically defined than other methods for 

definition of NETs.

A recent study found that the lowest quartile of (CD8+ T cells in tumor)/(CD66b+ cells 

in stroma) ratio was associated with ICI treatment failure in 28 NSCLC patients [22]. 

The researchers quantified CD66b cells in tumor and stroma compartment separately and 

although high CD66b cell index was correlated with poor clinical outcome, it didn’t reach 

statistical significance, most likely due to small cohort size. In addition, the predictive 

value of pretreatment neutrophil-to-lymphocyte ratio (NLR) in serum has been demonstrated 

in recent studies but is inconsistent [32]. Neutrophils’ short lifespan in blood circulation 

(hours) vs in tissue (days) may account for the variance in the interpretation of the NLR 

ratio in serum [33, 34]. Here, we showed that CD66b expression in immune stroma is 

significantly associated with shorter survival in NSCLC patients treated with ICI, in two 
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independent cohorts, regardless of the NLR status. Interestingly, high CD66b cell infiltration 

was also significantly associated with progressive disease, at 12 or 24 months of ICI therapy 

in our cohort [35]. Further work is required to better understand the relationship between 

CD66b expression and clinical benefit.

Resistance to ICI is clinically complex and biomarkers, able to identify an ICI “resistant” 

population, are an unmet need [3]. CD66b, a marker of neutrophil granulocytes, was 

associated with resistance to ICI in our study. One possible mechanism underlying CD66b 

role in ICI resistance is further suppression of natural killer (NK) cells-mediated immunity 

[36, 37]. TAN rich tumors have been also associated with lower TIL infiltration through a 

direct TAN-mediated L-arginine depletion in the T-cells leading to T-cell downregulation 

[23, 38]. Moreover, tumors that express Cathepsin C (CTSC), a protease essential in 

inflammation, can regulate neutrophil infiltration and promote metastasis and tumor 

progression [39]. Targeting CTSC or the myeloid checkpoints expressed on TANs [40, 41] 

may further enhance immune response by redirecting immune cells to eliminate tumor cells 

and ultimately overcome resistance to ICI treatment.

Assessment of CD66b alongside PD-L1 expression from pre-treatment tumor biopsies, 

could facilitate identification of NSCLC patients that can benefit from ICI therapy combined 

with a neutrophil antagonist. This is an interesting concept, since CD66b expression, can 

be easily assessed by immunohistochemistry (IHC) or QIF. Although CD66b infiltration 

has been studied in resectable NSCLC, its role remains controversial in this setting [42–

44]. We didn’t find any association of TAN with survival in our non-ICI treated cohort. 

Thus, CD66b+ TAN is indicative but not prognostic for survival. We also do not state it is 

predictive since there it is no longer possible to randomize patients to placebo rather ICI, 

and thus it is no longer possible to calculate interaction, as would be required to claim the 

biomarker is predictive. Finally, the fact the neutrophils are easily identified on an H&E 

stain raised the question of their potential use based on routine specimens. We have not tried 

to assess this here, since this is a TMA based study. Furthermore, we are uncertain whether 

there is a 100% overlap between CD66b+ and morphologically defined neutrophils. This 

issues may be addressed in the future in studies validating CD66b in whole tissue sections.

This study has several limitations. Each of the cohorts we studied are single institution, 

retrospective collections of tumors from patients treated in routine practice. Differences 

depending on biopsy site (primary/locoregional vs. distant metastasis)[45] line of therapy 

(first line vs. later line), histology (squamous vs non-squamous)[46] or mutational status 

([47, 48]) may influence biomarker performance, but we are underpowered to assess 

those variables. In the future, we hope to address the predictive value of CD66b in multi-

institutional studies and clinical trials. Another weakness of this study is that the discovery 

and validation was done using tissue in the TMA format. While not used in the clinic, 

by assessing two nonadjacent tumor cores per case in the TMAs, we tried to address the 

limitation of using TMAs instead of whole-tissue sections. It can also be argued that if 

a biomarker is discovered and validated on a TMA, it is also likely to apply to much 

larger tissue samples seen in the standard tissue section. We have used the AQUA Sore of 

321, identified by X-tile, as the cutpoint for optimal patient stratification. Although all the 

experiments were performed simultaneously, to account for batch/instrument variability, the 
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determination of the cutpoint is experimentally specific. Future studies are required in larger 

cohorts to create a standardized cutpoint for CD66b quantification.

In conclusion, we identified and validated CD66b as a biomarker indicative of resistance 

to ICI treatment in NSCLC patients. Several other promising candidate biomarkers in 

spatial context were identified and are currently under investigation in our lab. Leveraging 

quantitative, high-plex, spatial approaches to profile tissue from immunotherapy treated 

patients, may help find directions for combination therapeutic strategies to overcome ICI 

resistance. This work suggests that neutrophil antagonism may be a provocative future target 

in selected advanced NSCLC patients and warrants further investigation.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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AQUA™ automated quantitative analysis

IC Immune stroma compartment

DSP digital spatial profiling

YTMA Yale tissue microarray
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Figure 1. 
Representative TMA spot showing the fluorescence image (A) and the compartmentalized 

image created by fluorescence colocalization (B) using GeoMx DSP; Cytokeratin (panCK) 

(green), CD45 (yellow), CD68 (red), SYTO13 (blue) and (C) using QIF; Cytokeratin 

(green), CD45 (yellow), CD68 (red), DAPI (blue); (D) Normalized DSP counts of panCK, 

CD45 and CD68 in the four molecular compartments (tumor, Immune stromal, CD45 

and CD68). P-values legends ***:P<0.001, Yale tissue microarray, YTMA; quantitative 

immunofluorescence, QIF; digital spatial profiling, DSP
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Figure 2. 
Representative images of high (≥ 321) (A, B, C) and low (<321) (D, E, F) CD66b 

Normalized AQUA Score immune stromal compartment (IC) in the discovery cohort 

YTMA471 (A,D), the validation cohort YTMA404 (B,E) and the non-ITX cohort 

YTMA423 (C,F) by QIF. Cytokeratin (green), CD45 (yellow), CD68 (red), CD66b 

(magenta), DAPI (blue). Dynamic range of CD66b expression in immune stromal 

compartment (IC) in the discovery cohort YTMA471 (G), validation cohort, YTMA404 

(H) and in the non-ITX cohort, YTMA423 (I). The dashed line is on the level of Normalized 

(Norm) AQUA Score 321, calculated with X-tile, in the discovery cohort YTMA471 

and applied on YTMA404 and YTMA423; Immune stroma compartment, IC; Yale tissue 

microarray, YTMA; quantitative immunofluorescence, QIF; automated quantitative analysis 

(AQUA™); digital spatial profiling, DSP; Immune Checkpoint Inhibitors, ICI

Moutafi et al. Page 14

J Thorac Oncol. Author manuscript; available in PMC 2023 August 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 3. 
Shown are Kaplan-Meier estimates of overall (A, B, C) and progression free survival 

(D,E,F), according to each cohort. A, D. Discovery Cohort YTMA471, B, E. Validation 

Cohort YTMA404, C,F. Non-ICI treated Cohort YTMA423; non-Immune Checkpoint 

Inhibitors, non-ICI, Yale tissue microarray, YTMA
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Table 1.

Markers significantly associated with OS under ICI in the discovery cohort YTMA471; Overall Survival, OS; 

Immune Checkpoint Inhibitors, ICI; Yale tissue microarray, YTMA; AOI, Area of Illumination

MARKERS ASSOCIATED WITH OS

Compartment/AOI N Marker Univariate HR (95% 
CI)

P-value Multivariate HR (95% 
CI)

P-value

CK (panCK+) 54 S100B 0.71 (0.53, 0.96) 0.017 0.70 (0.51, 0.95) 0.041

EpCAM 1.31 (1.01,1.69) 0.035 1.24 (0.91, 1.68) 0.20

ARG1 1.52 (1.06, 2.19) 0.026 1.34 (0.91,1.98) 0.14

CD66b 1.32 (1.13, 1.54) 0.001 1.25 (1.04, 1.50) 0.020

Immune Stroma (panCK−/
CD45+/CD68+)

54 S100B 0.56 (0.40,0.78) <0.001 0.56 (0.7,0.84) 0.006

EpCAM 1.32 (1.02,1.70) 0.034 1.41 (1.09, 1.82) 0.054

CD66b 1.31 (1.06,1.60) 0.016 1.25 (1.04, 1.52) 0.045

CD45 (panCK−/CD45+/
CD68−)

52 PD-L1 0.41 (0.24, 0.69) <0.001 0.41 (0.22, 0.75) 0.005

S100B 0.54 (0.38,0.77) <0.001 0.47 (0.33, 0.68) <0.001

P44/42 MAPK 
ERK1/2

0.35 (0.15,0.80) 0.019 0.43 (0.17, 1.09) 0.094

EGFR 0.50 (0.28, 0.90) 0.014 0.48 (0.24, 0.95) 0.023

CD66b 1.26 (1.03, 1.54) 0.034 1.20 (0.96, 1.51) 0.13

CD68 (panCK−/CD68+) 49 S100B 0.60 (0.43, 0.84) 0.002 0.59 (0.38,0.93) 0.020

EpCAM 1.29 (1.02, 1.64) 0.034 1.40 (1.02, 1.93) 0.041

Phospho-JNK 
(T183/Y185)

1.44 (1.02, 2.05) 0.048 1.56 (1.04,0.036) 0.13

P44/42 MAPK 
ERK1/2

0.31 (0.13, 0.75) 0.013 0.34 (0.12,0.96) 0.047

CD66b 1.37 (1.12, 1.67) 0.004 1.32 (1.08, 1.62) 0.009

Note: Bold terms have P values that are significant after adjusting for multiple comparisons and/or after controlling for clinical prognostic factors in 
the multivariate analysis. Overall survival (OS) was calculated from the start of immunotherapy until death or censoring.
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Table 2.

Markers significantly associated with PFS under ICI in the discovery cohort YTMA471; Progression Free 

Survival, PFS; Immune Checkpoint Inhibitors, ICI; Yale tissue microarray, YTMA; AOI, Area of Illumination

MARKERS ASSOCIATED WITH PFS

Compartment/AOI N Marker Univariate HR (95% 
CI)

P-value Multivariate HR (95% CI) P-value

CK (panCK+) 54 PD-L1 0.67 (0.48, 0.94) 0.017 0.50 (0.36, 0.71) 0.002

EpCAM 1.48 (1.17, 1.88) <0.001 1.37 (1.08, 1.73) 0.02

Tim-3 0.63 (0.42,0.94) 0.024 0.61 (0.39, 0.95) 0.056

CD66b 1.19 (1.02,1.38) 0.039 1.29 (1.11,1.51) 0.009

CD44 0.76 (0.61, 0.96) 0.024 0.63 (0.50, 0.80) 0.002

Immune Stroma (panCK−/
CD45+/CD68+)

54 S100B 0.64 (0.47, 0.87) 0.003 0.66 (0.48, 0.90) 0.024

EpCAM 1.4 (1.12, 1.82) 0.004 1.40 (1.09, 1.80) 0.046

CD66b 1.24 (1.02, 1.51) 0.040 1.31 (1.08, 1.58) 0.023

FOXP3 1.54 (1.03, 2.31) 0.045 1.33 (0.87, 2.02) 0.3

CD45 (panCK−/CD45+/CD68−) 52 PD-L1 0.52 (0.32, 0.84) 0.008 0.47 (0.29, 0.75) 0.007

S100B 0.63 (0.46, 0.86) 0.002 0.61 (0.44, 0.84) 0.011

CD14 0.63 (0.40, 0.98) 0.037 0.58 (0.37, 0.93) 0.037

CD68 (panCK−/CD68+) 49 S100B 0.69 (0.50, 0.95) 0.018 0.74 (0.50,1.08) 0.12

EpCAM 1.42 (1.12,1.81) 0.004 1.49 (1.08, 2.05) 0.015

MART1 1.73 (1.08,2.76) 0.021 2.25 (1.11, 4.56) 0.016

P44/42 MAPK 
ERK1/2

0.40 (0.17, 0.92) 0.040 0.47 (0.19, 1.18) 0.12

CD66b 1.28 (1.05, 1.56) 0.019 1.39 (1.12, 1.73) 0.004

FOXP3 1.67 (1.12,2.48) 0.018 2.03 (1.16, 3.56) 0.013

Note: Bold terms have P values that are significant after adjusting for multiple comparisons and/or after controlling for clinical prognostic factors 
in the multivariate analysis. Progression-free survival (PFS) was calculated from the start of immunotherapy until progression of disease, death, or 
censoring.
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