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ABSTRACT 

Objective: Immune checkpoint inhibitors (ICIs) have become a key therapeutic modality for 

advanced non–small cell lung cancer (NSCLC), but most patients experience primary or acquired 

resistance to these drugs. We here explored the mechanisms underlying both types of ICI resistance 

by analysis of the tumor immune microenvironment (TME). 

Materials and methods: Four patients who experienced a long-term response to ICI treatment 

(progression-free survival [PFS] of ≥12 months) followed by disease progression, after which a 

rebiopsy was immediately performed (cohort-A), as well as four patients who experienced early 

tumor progression during ICI treatment (PFS of <9 weeks, cohort-B) were enrolled in this 

retrospective study. The pretreatment TME was evaluated by 16- or 17-color multiplex 

immunohistochemistry (mIHC)–based spatial profiling at the single-cell level for both cohorts. In 

cohort-A, changes in the TME after disease progression during ICI treatment were also investigated 

by mIHC analysis and transcriptomic analysis. 

Results: Pretreatment tumor tissue from cohort-B manifested poor infiltration of tumor-reactive 

CD8+ T cells characterized by CD39 and CD103 expression or by programmed cell death–1 

expression, implicating insufficient recognition of tumor cells by CD8+ T cells as a mechanism of 

primary ICI resistance. Analysis of the paired tumor specimens from cohort-A revealed various 

changes in the TME associated with acquired ICI resistance, including substantial infiltration of 

myeloid-derived suppressor cells and M2-type tumor-associated macrophages without a marked 

decline in the number of tumor-reactive CD8+ T cells; a decrease in the number of tumor-reactive 

CD8+ T cells; and an apparent decrease in neoantigen presentation by tumor cells. 

Conclusion: The presence of intratumoral tumor-reactive CD8+ T cells may be a prerequisite for a 

long-term response to ICI treatment in advanced NSCLC, but it is not sufficient for cancer cell 

eradication. Various TME profiles are associated with acquired ICI resistance, suggesting that 

patient-specific strategies to overcome such resistance may be necessary. 
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1. Introduction 

The advent of immune checkpoint inhibitors (ICIs) has brought about a paradigm shift in the 

treatment of non–small cell lung cancer (NSCLC) [1-6]. Despite this clinical success, however, lung 

cancer remains the leading cause of cancer-related deaths worldwide, in part because most patients 

have tumors that are resistant to ICI treatment [7]. There are two main clinical scenarios for ICI 

resistance that are reflected by the time course of its development [8]. Most patients manifest 

primary resistance, which is characterized by early tumor progression without durable disease 

control being achieved by ICI treatment. Primary resistance has been well studied, with poor 

infiltration of CD8+ T cells into the tumor before treatment, a low expression level of programmed 

cell death–ligand 1 (PD-L1) on tumor cells, and a low tumor mutation burden or neoantigen load in 

tumor cells having been suggested as underlying mechanisms [9-11]. On the other hand, other 

patients experience acquired resistance, which is characterized by development of disease 

progression after long-term tumor control (up to years) by ICI treatment. The mechanisms of 

acquired resistance remain largely uncharacterized as a result of the difficulty of accessing tumor 

tissue after its development [12]. The clinical outcome after failure of ICI treatment is poor, with 

attempts to develop new immunotherapy regimens for such patients not having been successful to 

date. Detailed elucidation of ICI resistance mechanisms is thus important for further optimization of 

treatment strategies for NSCLC. 

Accumulating evidence has implicated the tumor immune microenvironment (TME) as a 

key determinant of tumor fate including the invasion and metastasis of cancer cells [13-15]. In 

addition to cancer cells, the TME encompasses immune cells—including T and B lymphocytes, 

tumor-associated macrophages (TAMs), natural killer (NK) cells, myeloid-derived suppressor cells 

(MDSCs), and dendritic cells (DCs)—as well as nonimmune cells such as fibroblasts and endothelial 

cells, all of which interact at the cellular or molecular level in a complex manner [16]. However, 

how these various TME components are related to ICI resistance mechanisms remains poorly 

defined. In particular, further investigation of TME profiles that contribute to acquired resistance to 

ICIs is a clinical priority [8]. 
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We have now conducted a retrospective biomarker analysis to evaluate the mechanisms of 

resistance to programmed cell death–1 (PD-1) and PD-L1 inhibitor treatment in advanced NSCLC 

with the use of multiplex immunohistochemistry (mIHC). We collected both pretreatment and 

posttreatment tumor tissue samples for mIHC analysis from four patients who experienced acquired 

resistance after long-term tumor control by PD-1/PD-L1 inhibitor treatment. Gene expression 

profiles were also compared between before and after resistance development. In addition, we 

collected pretreatment tumor tissue for mIHC analysis from another four patients who experienced 

rapid disease progression after the onset of PD-1/PD-L1 inhibitor therapy. Simultaneous evaluation 

of 16 or 17 marker proteins by mIHC allowed quantitative spatial profiling of various cell lineages in 

the intratumoral area at the single-cell level. Our findings identified TME profiles associated with 

primary or acquired resistance to PD-1/PD-L1 blockade therapy in advanced NSCLC. 

 

2. Materials and Methods 

2.1. Patients 

We consecutively reviewed the medical records of all patients with advanced or recurrent NSCLC 

treated with PD-1 or PD-L1 inhibitor monotherapy at Kindai University Hospital between December 

2015 and September 2021. Among these patients, those with pretreatment archival tumor tissue 

specimens available were selected for potential inclusion in the study. Individuals were excluded if 

their tumors tested positive for an epidermal growth factor receptor (EGFR) gene mutation or 

anaplastic lymphoma kinase (ALK) fusion gene, or if they had an Eastern Cooperative Oncology 

Group performance status of ≥2. Patients were also excluded if their tumor tissue specimens were 

obtained by transbronchial needle aspiration or were cell block specimens, given that these types of 

specimen are not appropriate for spatial TME analysis. In addition, 60 patients were not considered 

for our mIHC analysis because the amount of tumor tissue available was too small. From this review, 

we identified 67 individuals who were potentially evaluable. Patients were selected for cohort-A if 

they also had tumor tissue available that was obtained immediately after they acquired resistance to 

the PD-1/PD-L1 inhibitor treatment, with acquired resistance being defined as disease progression 
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after long-term tumor control (progression-free survival [PFS] of ≥12 months) by the treatment. 

Patients were selected for cohort-B if they manifested primary resistance to PD-1/PD-L1 inhibitor 

treatment, with primary resistance being defined as a PFS of <9 weeks and a best response of 

progressive disease. The details of patient recruitment are shown in Figure 1. This retrospective 

study was performed according to the Declaration of Helsinki and protocols approved by the 

institutional review board of Kindai University Hospital. 

 

2.2. Data collection 

Data regarding clinicopathologic features and treatment history were extracted from medical records 

and were updated as of 1 June 2022. Responses were assessed according to Response Evaluation 

Criteria in Solid Tumors version 1.1. PFS was measured from treatment initiation to clinical or 

radiographic progression or death from any cause.  

 

2.3. mIHC staining protocol 

We performed mIHC staining as described previously [17-19]. In brief, for identification of the 

nucleus of each cell, sections of formalin-fixed paraffin embedded (FFPE) tissue (thickness, 4 µm) 

were depleted of paraffin, stained with hematoxylin (S3301, Dako), and subjected to whole-tissue 

scanning with a NanoZoomer instrument (Hamamatsu Photonics) at 20× magnification. Endogenous 

peroxidase activity was then blocked by incubation of the sections with 0.6% hydrogen peroxide in 

phosphate-buffered saline for 15 min. Antigen retrieval was performed by microwave irradiation (to 

achieve a temperature of 95C for 15 min) in citrate buffer at pH 6.0 (RM102-C, LSI Medience). 

The slides were then exposed to 5.0% goat serum and 2.5% bovine serum albumin in phosphate-

buffered saline to block nonspecific sites before sequential incubation with primary antibodies; anti-

mouse, anti-rabbit, anti-rat, or anti-goat Histofine Simple Stain MAX PO horseradish peroxidase–

conjugated polymer (Nichirei Biosciences); and the alcohol-soluble peroxidase substrate 3-

aminoethyl carbazole in the order shown in Supplementary Table S1. Goat serum was removed 

from the blocking buffer before exposure of the sections to anti-goat secondary antibodies. Stained 
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sections were scanned with the NanoZoomer instrument at 20× magnification. Chromogenic 

destaining and antibody stripping were performed between the sequential staining steps. 

 

2.4. Digital analysis 

Representative fields (0.50 to 3.55 mm2) were randomly selected from intratumoral areas with the 

use of Aperio ImageScope version 12 software (Leica Biosystems). The presence of tumor cells in 

these areas was confirmed by a board-certified pathologist. Each region of interest was further 

categorized into a tumor cell nest area and a non–tumor cell area with the use of a mathematical 

morphological approach performed with the Tissue Segmentation platform developed in our 

previous study [20]. Between one and four fields of view were evaluated depending on the size of 

the tumor (average of 2.0 fields of view). Image processing and subsequent computational analysis 

were performed with ImageJ/Fiji version 1.51 (National Institutes of Health), CellProfiler version 

2.2.0 (Broad Institute), Aperio ImageScope, and FCS Express 7 Image Cytometry version 7.04.0020 

(De Novo Software) [17-19]. In brief, iteratively digitized images were accurately coregistered with 

the use of in-house software (SCREEN Holdings Co. Ltd.) that calculates the coordinates of each 

image relative to a reference one (any one of the images). With the use of these coordinates, a set of 

noncompressed TIFF images for each region of interest was extracted. Single-cell segmentation and 

quantification of staining intensity were then performed with an ImageJ/Fiji and CellProfiler pipeline. 

Quantitative evaluation of staining intensity for single cells was performed with FCS Express 7 

Image Cytometry. Fluorescence-minus-one controls were used to determine true positive cells. The 

final value for each cell number was calculated as the average of values from the multiple fields of 

view. Visualization of each staining was performed by pseudocoloring with ImageJ/Fiji and Aperio 

ImageScope. 

 

2.5. NanoString immune-related gene expression panel analysis 

Isolation of RNA from FFPE tumor tissue and gene expression analysis were performed as described 

previously [21]. In brief, tumor tissue was microdissected to avoid contamination from nontumor 
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tissue before extraction of intratumoral RNA with the use of an AllPrep DNA/RNA FFPE Kit 

(Qiagen). The quality of the isolated RNA was assessed with a NanoDrop system (Thermo Fisher 

Scientific) and an Agilent 2100 Bioanalyzer (Agilent Technologies) before analysis with the 

nCounter platform and a PanCancer IO 360 Panel comprising 750 immune-related genes and 20 

housekeeping genes (NanoString Technologies). Sample-to-sample normalization of gene expression 

was performed on the basis of data for the 20 housekeeping genes with the use of nSolver Analysis 

Software 4.0 and nCounter Advanced Analysis 2.0 (NanoString Technologies). Samples with 

aberrant normalized expression values (normalization factor of >10 obtained with nSolver Analysis 

Software 4.0) were excluded, as recommended by the manufacturer. A total of seven RNA samples 

remained for further analysis. Of the 750 immune-related genes, we filtered out 26 genes for which 

>90% of samples had expression values below the minimum threshold. The normalized gene 

expression data were log2-transformed before calculation of the Z score. Signature scores for gene 

set analysis were calculated with nCounter Advanced Analysis 2.0. 

 

2.6. Statistical analysis 

The Mann-Whitney U test was applied for comparison of continuous variables. Paired data were 

compared with the Wilcoxon signed rank test. All P values were based on a two-sided hypothesis. 

Statistical analysis was performed with GraphPad Prism software version 8.4.3. 

 

3. Results 

3.1. Patient characteristics 

Eight patients were enrolled in the study. Patients with a PFS on ICI treatment of ≥12 months or <9 

weeks were assigned to cohort-A (n = 4) and cohort-B (n = 4), respectively. All patients in cohort-A 

underwent rebiopsy at the time of disease progression during ICI treatment (Fig. 1). Patient 

characteristics were similar between cohort-A and cohort-B (Table 1). The median age for all 

patients was 71 years. The distribution of PD-L1 tumor proportion score (TPS) was well balanced 

between the two cohorts. The median PFS for ICI treatment of patients in cohort-A and cohort-B 
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was 618.5 and 42 days, respectively. 

 

3.2. Association of primary resistance to PD-1/PD-L1 blockade therapy with poor infiltration of 

CD8+ T cells with neoantigen-reactive phenotypes into the tumor nest 

All four patients in cohort-A experienced long-term tumor regression with PD-1/PD-L1 inhibitor 

treatment that persisted for >17 months, in contrast to the rapid disease progression after the start of 

such treatment apparent in cohort-B. We hypothesized that this marked difference in initial response 

to PD-1/PD-L1 inhibitors was attributable to a difference in the pretreatment TME. To investigate 

this hypothesis, we performed single-cell spatial profiling of immune cells infiltrating the tumor nest 

by mIHC analysis with our novel digital pathology platform [17]. We first evaluated intratumoral 

antitumor lymphocytes including T cells and NK cells, as well as regulatory T cells (Tregs). Each 

cell lineage was defined as shown in Figure 2A and Supplementary Table S2. Infiltration of T cells 

and CD8+ T cells into the tumor sites was more pronounced in cohort-A than in cohort-B, although 

infiltration of pan-leukocytes (CD45+ cells) including non–T cells was similar in the two cohorts 

(Fig. 2B). Other antitumor lymphocytes such as T helper 1 and NK cells did not show preferential 

infiltration into the tumors of the long-term responders. In addition, the number of Tregs did not 

differ substantially between the two cohorts. These data suggested that the presence of CD8+ T cells 

in the tumor nest before treatment might contribute to tumor control by PD-1/PD-L1 inhibitors. 

We next investigated the detailed phenotypes of the antitumor CD8+ T cells. Previous 

studies have suggested that the presence of CD8+ T cells expressing the conventional activated T cell 

markers granzyme B, Ki-67, and T-box expressed in T cells (T-bet) is associated with a favorable 

survival outcome in other types of cancer [22-24]. However, no difference in the numbers of these 

CD8+ T cell subsets was detected between the two cohorts of the present study (Supplementary Fig. 

S1A). Recent studies based on single-cell RNA-sequencing analysis have shown that neoantigen-

specific T cells can be identified by CD39 or CD103 expression as tissue-resident memory (Trm)–

like T cells, whose presence in the TME has been associated with an improved response to ICI 

treatment [25, 26]. Indeed, we found that the number of Trm-like (CD39+CD103+) CD8+ T cells in 
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the tumor nest was significantly greater in cohort-A than in cohort-B (Fig. 2C and D). In addition, 

PD-1 has been suggested as a marker of clonally expanded tumor-specific T cells, with its expression 

on CD8+ T cells thus being expected to be associated with a better efficacy of ICI treatment. PD-1 

positivity among tumor-infiltrating CD8+ T cells was higher for cohort-A than for cohort-B (Fig. 2C). 

On the other hand, PD-1 is also a co-inhibitory molecule, and we examined other co-inhibitory 

molecules such as lymphocyte activation gene–3 (LAG-3), T cell immunoglobulin and mucin 

domain containing–3 (TIM-3), and T cell immunoreceptor with immunoglobulin and ITIM domains 

(TIGIT). The expression of these co-inhibitory molecules in CD8+ T cells did not differ substantially 

between the two cohorts (Supplementary Fig. S1B). Expression of CD39 or PD-1 on Tregs also did 

not differ between the two cohorts (Supplementary Fig. S1C). 

Overall, these data suggested that primary resistance of metastatic NSCLC to PD-1/PD-L1 

blockade therapy might be due to the presence of an insufficient number of tumor-infiltrating CD8+ 

T cells—in particular, of neoantigen-reactive T cell subsets—before treatment onset. 

Immunosuppressive mechanisms such as those mediated by Tregs or co-inhibitory molecules in T 

cells did not appear to contribute to such primary resistance. 

 

3.3. Lack of a clear association between immune-related myeloid cells in the tumor nest or immune-

related stromal cells and primary resistance to PD-1/PD-L1 blockade therapy 

In addition to lymphocytes, other immune cell subsets and stromal cells are considered important 

components of the TME [27]. In particular, M2-type TAMs, MDSCs, and cancer-associated 

fibroblasts (CAFs) have been suggested to play an immunosuppressive role by preclinical studies 

[28, 29]. We therefore next evaluated the relation of these putative immunosuppressive cells to the 

initial tumor response to PD-1/PD-L1 inhibitor treatment. We also examined other immunogenic 

myeloid cells such as M1-TAMs as well as DCs and several checkpoint markers including CD73 and 

B7-H3 expressed on tumor cells. In addition, we assessed tertiary lymphoid structures (TLSs) by 

analyzing follicular DCs (FDCs) expressing peripheral lymph node addressin (PNAd). These various 

cell lineages were defined as shown in Figure 3A and Supplementary Table S2. 
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The number of pan-myeloid (CD45+CD3–CD20–) cells in the tumor nest was similar 

between the two cohorts (Fig. 3B). Pan-TAMs, M1-TAMs, and M2-TAMs were also not associated 

with the initial response to ICI treatment (Fig. 3B). The numbers of MDSCs and of the 

polymorphonuclear (PMN)–MDSC subset (CD66b+ MDSCs) were found to be increased in two 

nonresponders in cohort-B, but the overall differences between the two cohorts were not apparent 

(Fig. 3C). Examination of professional antigen presenting cells (APCs) in the tumor nest also 

revealed that intratumoral infiltration of DCs did not differ between the two cohorts, regardless of 

the APC markers, including CD80 and DC–LAMP (lysosome-associated membrane protein), 

examined (Fig. 3D). 

Stromal components implicated as determinants of ICI treatment efficacy were also 

examined in the two cohorts. We defined CAFs as fibroblast activation protein (FAP)–positive 

stromal cells, but the number of these cells was not associated with the initial response to ICI 

treatment (Supplementary Fig. S2A). FDCs, which are a main component of TLSs, were detected 

as CD45–PanCK–PNAd+ cells; however, none of the 12 tumors from the 8 study patients showed a 

solid TLS characterized by accumulated T cells and B cells together with FDCs. These non–TLS-

related FDCs were not associated with the initial ICI response (Supplementary Fig. S2B). 

Previous studies have implicated CD73 and B7-H3 as potential resistance markers for ICI 

treatment [30, 31] , and tumor cells were found to express these molecules at the cell surface in our 

cohorts (Supplementary Fig. S2C). However, the proportion of tumor cells expressing these 

molecules did not differ between the two cohorts (Fig. 3E). 

 

3.4. Immune profiles associated with acquired resistance to PD-1/PD-L1 inhibition 

In cohort-A, all four patients also had tumor tissue samples that were obtained immediately after the 

acquisition of resistance to PD-1/PD-L1 inhibition, and which were also subjected to analysis with 

our mIHC platform. We therefore investigated changes in immune profiles between pretreatment and 

postresistance tumor tissue. We detected no consistent changes in the TME between before and after 

the development of ICI resistance for these four patients (Fig. 4A and B). However, some unique 
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alterations in the immune profile of each patient were apparent that might have contributed to the 

acquired resistance. 

Patient 1 was a current smoker with adenocarcinoma, the PD-L1 TPS for which was <1%. 

This patient experienced disease progression during nivolumab treatment as a second-line therapy, 

with a PFS of 19.8 months. The histological type of the resistant tumor was also adenocarcinoma. 

Unexpectedly, the CD8+ tumor-infiltrating lymphocyte (TIL) density was found to be markedly 

increased after the development of resistance (from 106.4 to 470.8/mm2) (Fig. 4A and C). The 

proportions of these infiltrating CD8+ T cells positive for a Trm-like phenotype or for PD-1 remained 

essentially unchanged (Fig. 4A), suggesting that these cells still recognized tumor cells as their 

immune target. Of interest, however, the numbers of MDSCs, PMN-MDSCs, and M2-TAMs were 

also greatly increased after acquisition of resistance (from 12.8 to 261.6/mm2, from 0.4 to 27.9/mm2, 

and from 2.9 to 182.5/mm2, respectively) (Fig. 4B and C). This postresistance MDSC density was 

even greater than that of pretreatment tissue from any of the nonresponders in cohort-B (Fig. 3C). In 

addition, the proportion of tumor cells expressing CD73 was increased after resistance development 

(from 6.4% to 61.3%) (Fig. 4B). Production of the immunosuppressive molecule adenosine by 

CD73 expressed on tumor cells was previously shown to recruit MDSCs and M2-TAMs into tumors 

and thereby to attenuate antitumor immunity [32, 33], suggesting that such a mechanism might have 

contributed to acquired resistance in this patient. 

Patient 2 was a never-smoker with adenocarcinoma, the PD-L1 TPS for which was 10%. 

This patient received nivolumab as a third-line treatment and experienced a PFS of 25.4 months. The 

histological type of the resistant tumor was also adenocarcinoma. The CD8+ TIL density was also 

increased after the development of ICI resistance in this patient (from 72.9 to 270.1/mm2) (Fig. 4A). 

However, positivity for the tumor-reactive phenotypes of CD8+ TILs declined (Trm-like, from 

95.4% to 65.7%; PD-1+, from 38.6% to 27.1%) (Fig. 4A). 

Patient 3 was a former smoker with squamous cell carcinoma, the PD-L1 TPS for which 

was not evaluated. Sequencing analysis of posttreatment tumor tissue was performed in the clinic 

with the FoundationOne CDx test (Foundation Medicine) and revealed the G12C mutation of KRAS 
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and a nonsynonymous tumor mutation burden of 5 mutations/mb, without any other pathogenic gene 

alterations. The patient received atezolizumab as a second-line treatment and with a PFS of 21.4 

months. The histological type of the resistant tumor was also squamous cell carcinoma. CD8+ TIL 

density was initially low, but the Trm-like CD8+ TIL density (11.5 versus 0–4.1/mm2) and PD-1 

positivity of CD8+ TILs (25.0% versus 7.7–18.8%) before ICI treatment (Fig. 4A) were higher than 

those of all nonresponders in cohort-B (Fig. 2C). The CD8+ TIL density declined further after 

resistance acquisition (from 13.1 to 1.2/mm2) (Fig. 4A). In addition, the proportion of CD8+ TILs 

expressing all co-inhibitory molecules examined (PD-1, TIGIT, LAG-3, TIM-3) increased from 0% 

to 100% (Fig. 4A), suggesting that the small number of tumor-reactive cells had become terminally 

exhausted, possibly as a result of their repetitive stimulation during long-term tumor control. 

Patient 4 was a former smoker with squamous cell carcinoma and a PD-L1 TPS of 80%. 

This patient received pembrolizumab as a first-line treatment and experienced a PFS of 17.8 months. 

The histological type of the resistant tumor was also squamous cell carcinoma. CD8+ TIL density 

decreased between before and after the acquisition of resistance (from 83.5 to 14.9/mm2) (Fig. 4A 

and D). The proportion of CD8+ TILs positive for a Trm-like phenotype increased whereas that of 

those positive for PD-1 decreased in association with the development of ICI resistance, suggesting 

that the tumor cells might have at least partially repressed neoantigen presentation and thereby 

escaped from T cell attack. 

Finally, we performed gene expression profiling to evaluate cell signaling signatures in 

these paired tumor tissue samples from cohort-A (Fig. 4E). The pretreatment specimen from patient 

1 was excluded from the final analysis because the quality of the extracted RNA did not meet the 

requirement to proceed (normalization factor was 62.3). Consistent with the mIHC findings, the 

tumor tissue obtained after resistance acquisition in patient 1 showed enrichment for T cell–related 

gene expression including the expression of interferon signaling and JAK (Janus kinase)–STAT 

(signal transducer and activator of transcription) signaling genes. Genes related to antigen 

presentation and the myeloid compartment were also expressed in the tumor, consistent with the 

mIHC data showing persistence of tumor-reactive CD8+ TILs and a marked increase in myeloid cell 
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density. In addition, signatures for transforming growth factor– signaling and angiogenesis were 

also enriched, consistent with immunosuppressive and tumorigenic activity of accumulated myeloid 

cells. The tumor with acquired resistance from patient 3 showed decreased gene expression for 

signaling pathways related to T cell and myeloid cell activities compared with the pretreatment 

specimen. Of note, expression of genes for antigen presentation was markedly suppressed, consistent 

with the mIHC data showing a reduced infiltration of CD8+ T cells with tumor-antigen reactivity. All 

signatures for T cells and myeloid cells were upregulated in the tumor sampled after the 

development of resistance in patient 4, a finding that was not consistent with the mIHC data. This 

discrepancy might have resulted from contamination by extratumoral tissue in the gene expression 

analysis, emphasizing the advantage of mIHC with regard to providing spatial information at the 

single-cell level. In addition, the detection of increased expression of genes related to antigen 

presentation as opposed to the mIHC results showing decreased infiltration of tumor-reactive CD8+ 

T cells was suggestive of a genetic loss of neoantigens in this tumor. 

 

4. Discussion 

Previous studies have suggested important roles for various cell subsets in the TME of solid cancers, 

but the contributions of these cells to ICI resistance in advanced NSCLC have remained unclear [8, 

12]. We have now performed an mIHC-based spatial analysis at the single-cell level to evaluate the 

detailed immune profiles for tumor tissue of individuals with advanced NSCLC resistant to PD-

1/PD-L1 inhibitor treatment. This deep TME profiling included that for paired tumor tissue samples 

obtained from patients before ICI treatment and after they had acquired resistance to such treatment. 

Our findings suggest that intratumoral tumor-reactive CD8+ T cells are a prerequisite for a long-term 

ICI response in advanced NSCLC, although they are not sufficient to ensure elimination of cancer 

cells. Changes in TME profiles observed in association with the acquisition of ICI resistance differed 

among tumors. However, several distinct changes specific for each individual were revealed, 

suggesting that the mechanisms of primary resistance and those of acquired resistance may differ. 

Recent studies have revealed the importance of neoantigen-specific CD8+ TILs for a tumor 
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response to ICI treatment. These TILs are characterized by several cell surface molecules including 

CD39, CD103, and PD-1 [26, 34, 35]. CD8+ T cells are recruited to tumors by chemokines such as 

CXCL9, CXCL10, and CXCL11, but these molecules attract T cells nonspecifically, with the result 

that tumors can also accumulate bystander T cells that are not able to recognize cancer cells [26, 36, 

37]. CD39 was shown to be specifically expressed on CD8+ TILs with T cell receptors that recognize 

specific neoepitopes [26]. Indeed, a recent study found that the specific expression of CD39 on 

intratumoral CD8+ cells was associated with a response to PD-1/PD-L1 blockade in advanced 

NSCLC [25], with our data now providing further support for this relation. CD103 has also been 

implicated as an important marker for the identification of neoantigen-specific CD8+ T cells as 

clonally expanded Trm cells in solid tumors [38, 39]. The importance of coexpression of CD39 and 

CD103 on CD8+ T cells for the identification of neoantigen-specific repertoires in urothelial cancer 

was suggested by a study based on flow cytometry of intratumoral cells [40], and our data now 

expand this concept to advanced NSCLC. PD-1 has been recognized as a cell surface marker that is 

expressed after T cell receptor stimulation by antigen and has been used to select neoantigen-specific 

CD8+ T cells from tumors [41, 42]. Indeed, PD-1+CD8+ T cells were found to be associated with a 

response to PD-1/PD-L1 blockade in melanoma patients [43, 44]. Our study now confirms this 

relation in NSCLC. Of note, however, we found that the presence of such neoantigen-specific CD8+ 

TILs did not guarantee tumor eradication by ICI treatment, as evidenced by the acquired resistance 

in all four patients of cohort-A. In addition, some patients maintained such neoantigen-specific CD8+ 

T cell phenotypes in the tumor nest even after they had acquired resistance to ICI treatment, 

suggesting that reinvigoration of the tumor-reactive immune cells by some yet to be discovered 

mechanism might be possible. Indeed, previous studies have suggested that acquired expression of 

other checkpoint molecules such as TIM-3 or LAG-3 might lead to unresponsiveness of tumor-

reactive T cells to PD-1 blockade therapy [45-47]. Our clinical data also suggest that upregulation of 

these co-inhibitory molecules on CD8+ TILs might have contributed to the development of acquired 

resistance to the administered ICIs, and that simultaneous blockade of these molecules in addition to 

PD-1 might prove effective. Several trials targeting such checkpoint molecules are in progress for 
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NSCLC [48-50]. 

Other cell subsets that play an immunosuppressive role have been implicated as potential 

therapeutic targets by preclinical studies [51, 52]. Tregs are one of the most studied 

immunosuppressive cell types [53], but they did not appear to be associated with primary or acquired 

resistance to ICIs in our study. Of interest, CD39 and CD73 expressed specifically on Tregs were 

suggested to be important for tumor resistance to PD-1/PD-L1 blockade in a mouse study [54]. In 

addition, PD-1+ Tregs were suggested to contribute to primary resistance to PD-1 inhibition [55]. 

These findings indicate the importance of analysis of specific phenotypes of Tregs. Our mIHC 

analysis allowed the evaluation of Tregs with such specific phenotypes, but neither CD39 nor PD-1 

expression on Tregs was associated with ICI resistance in our NSCLC patients. Further studies are 

needed to clarify the role of these specific cell subsets. The potential roles of immunosuppressive 

myeloid cells such as TAMs and MDSCs in ICI resistance mechanisms have also been noted [56]. 

The number of MDSCs was found to increase markedly in association with acquired resistance, as 

was the proportion of tumor cells expressing CD73, in one patient of our cohort-A. CD73 expression 

on tumor cells was shown to suppress the antitumor effect of intratumoral T cells via recruitment and 

activation of MDSCs in a mouse model of pancreatic cancer [32], which might explain our clinical 

finding. This mouse study also showed that CD73 inhibition could counteract the 

immunosuppressive effect of MDSCs. Targeting of CD73 is therefore a potential strategy to 

overcome acquired resistance to ICIs in advanced NSCLC.  

Small cell lung cancer transformation of NSCLC has recently been recognized as a potential 

mechanism of acquired resistance to ICI treatment [57, 58]. Our cohort-A did not show any 

histological transformation, however, likely reflecting the small number of cases. However, changes 

in the TME associated with such a histological transformation and the types of immune cells that 

might contribute to this resistance mechanism warrant further investigation with our approach. 

There are several limitations to our study. First, it was retrospective in nature and included 

only a small number of patients from a single university hospital. Second, genomic analysis was 

performed for only one tumor specimen obtained from each patient after acquired resistance in 
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addition to the specimen obtained before treatment. Genetic loss of effective neoantigen presentation 

by tumor cells is a key event in the development of resistance to ICI treatment [59-62]. However, 

our study is notable in that it provides a detailed analysis of the TME in advanced NSCLC by spatial 

profiling of multiple cell subsets at the single-cell level with the use of clinical tumor tissue samples 

including those obtained after acquired resistance to PD-1/PD-L1 inhibitor treatment. Further studies 

that apply such mIHC analysis as well as genetic profiling to a larger number of patients are 

warranted. 

 

5. Conclusions 

Our mIHC-based spatial profiling at the single-cell level has suggested that the presence of 

intratumoral CD8+ T cells with neoantigen-specific phenotypes is required for a response to PD-

1/PD-L1 inhibition in advanced NSCLC. However, such a pretreatment TME profile is not sufficient 

for tumor eradication by ICI treatment, with the subsequent development of treatment resistance 

appearing to occur by several different mechanisms in a patient-specific manner. Further studies are 

needed to develop effective strategies to overcome these individual resistance mechanisms. 
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Table 1. Patient characteristics   

Characteristic All patients (n = 8) Cohort-A (n = 4) Cohort-B (n = 4) 

Median age (range), years 71 (53–76) 70 (65–76) 71 (53–75) 

Sex    

 Male 7 (87.5) 3 (75) 4 (100) 

 Female 1 (12.5) 1 (25) 0 (0) 

ECOG performance status    

 0 2 (25) 1 (25) 1 (25) 

 1 6 (75) 3 (75) 3 (75) 

Smoking statusa    

 Current or former 7 (87.5) 3 (75) 4 (100) 

 Never 1 (12.5) 1 (25) 0 (0) 

Histology    

 Adenocarcinoma 2 (25) 2 (50) 0 (0) 

 Squamous 6 (75) 2 (50) 4 (100) 

PD-L1 TPS    

 50% 2 (25) 1 (25) 1 (25) 

 1–49% 2 (25) 1 (25) 1 (25) 

 <1% 2 (25) 1 (25) 1 (25) 

 Unknown 2 (25) 1 (25) 1 (25) 

PD-1/PD-L1 antibody    

 Nivolumab 5 (62.5) 3 (75) 2 (50) 

 Pembrolizumab 2 (25) 1 (25) 1 (25) 

 Atezolizumab 1 (12.5) 0 (0) 1 (25) 

PD-1/PD-L1 antibody 

treatment line 
   

 1 1 (12.5) 1 (25) 0 (0) 

 2 6 (75) 2 (50) 4 (100) 

 3 1 (12.5) 1 (25) 0 (0) 

Median PFS (range), days 298.5 (35–763) 618.5 (535–763) 42 (35–62) 

All data with the exception of age and PFS are n (%). Abbreviations: ECOG, Eastern 

Cooperative Oncology Group; PD-L1 TPS, programmed cell death–ligand 1 tumor 

proportion score; PD-1, programmed cell death–1; PFS, progression-free survival. 
aCurrent smokers were defined as individuals who had smoked a cigarette within the 

previous year, former smokers as those who had smoked ≥100 cigarettes but had quit >1 

year before initiation of PD-1/PD-L1 antibody treatment, and never-smokers as those who 

had smoked <100 cigarettes. 
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Fig. 1. Flow diagram for patient selection. ICI, immune checkpoint inhibitor; EGFR, epidermal 

growth factor receptor gene; ALK, anaplastic lymphoma kinase gene; ECOG, Eastern Cooperative 

Oncology Group; mIHC, multiplex immunohistochemistry; PFS, progression-free survival.  
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Fig. 2. Multiplex immunohistochemistry (mIHC)–based quantitative single-cell analysis of 

intratumoral lymphocytes. (A) Gating strategy for evaluation of lymphocytes including natural 

killer (NK) cells and regulatory T cells (Tregs) in the tumor nest. (B) Densities of intratumoral 

lymphocytes in cohort-A and cohort-B. (C) Density of Trm-like (CD39+CD103+) CD8+ T cells and 

the proportion of Trm-like or PD-1+ cells among CD8+ T cells. Data in (B) and (C) indicate the mean 

± standard error of the mean (SEM). The P values for comparisons between the two cohorts were 

determined with the Mann-Whitney U test.  (D) Representative mIHC images of tumor tissue 

specimens from patients in cohort-A and cohort-B. Trm-like CD8+ T cells were more abundant in the 

tumor from cohort-A than in that from cohort-B. Hematoxylin-eosin (HE) staining is shown in the 

left column, and corresponding multicolor images showing the nucleus (blue), PanCK (cyan), CD45 

(yellow), and CD8 (red) are shown in the middle column. The boxed regions of the middle panels 

are shown at higher magnification in the right column, with the nucleus (blue), CD8 (red), PD-1 

(gray), CD39 (cyan), and CD103 (yellow) being indicated. Arrows represent overlapping color 

markers. Scale bars, 250 µm. PanCK, pan-cytokeratin; FOXP3, forkhead box P3; T-bet, T-box 

expressed in T cells; Trm, tissue-resident memory; PD-1, programmed cell death–1; ICI, immune 

checkpoint inhibitor.  
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Fig. 3. Multiplex immunohistochemistry–based quantitative single-cell analysis of 

intratumoral myeloid cells. (A) Gating strategy for evaluation of myeloid cells in the tumor nest. 

(B–D) Densities of tumor-associated macrophages (TAMs), myeloid-derived suppressor cells 

(MDSCs), and dendritic cells (DCs), respectively, in cohort-A and cohort-B. (E) CD73 and B7-H3 

expression positivity for tumor cells in cohort-A and cohort-B. Data in (B) to (E) indicate the mean ± 

standard error of the mean (SEM), and the P values for comparisons between the two cohorts were 

determined with the Mann-Whitney U test. PanCK, pan-cytokeratin; LAMP, lysosome-associated 

membrane protein; HLA-DPB1, human leukocyte antigen–DPB1; PMN, polymorphonuclear.  
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Fig. 4. Multiplex immunohistochemistry (mIHC)–based quantification of various cell lineages 

before and after acquired resistance to immune checkpoint inhibitor (ICI) treatment. (A) 

Changes in intratumoral CD8+ T cell phenotypes between before treatment (pre) and after the 

development of ICI resistance (post) in individual patients of cohort-A. (B) Changes in tumor-

associated macrophage (TAM) density, myeloid-derived suppressor cell (MDSC) density, and CD73 

expression in tumor cells for patients as in (A). The P values in (A) and (B) were determined with 

the Wilcoxon signed rank test for pairwise comparisons. (C) Representative mIHC images for patient 

1. Hematoxylin-eosin (HE) staining before ICI treatment (upper) and after acquired resistance to 

such treatment (lower) is shown in the left column, and corresponding multicolor images with the 

nucleus (blue), pan-cytokeratin (PanCK, cyan), and CD8 (red) are shown in the middle column. 

Multicolor images generated by layering of colors for MDSCs (red) and CD206+ TAMs (green) on 

hematoxylin images are shown in the right column. Note that CD8+ cells had infiltrated the tumor 

nest both before and after ICI treatment, whereas MDSCs and TAMs had infiltrated only after 

treatment. (D) Representative mIHC images for patient 4. HE staining before (upper) and after 

(lower) acquired resistance to ICI treatment is shown in the left column, and corresponding 

multicolor images with the nucleus (blue), PanCK (cyan), and CD8 (red) are shown in the right 

column. The number of CD8+ cells was decreased after ICI treatment. Scale bars in (C) and (D), 100 

µm. (E) Heat map showing gene signature scores of seven pathways for tumor samples obtained 

before and after acquired resistance to ICI treatment in the individual patients of cohort-A. Each 

colored square represents the Z score, with the highest expression shown in red, median in black, 

and lowest in green. The sample obtained from patient 1 before treatment was not suitable for 

analysis. Trm, tissue-resident memory; PD-1, programmed cell death–1; TIGIT, T cell 

immunoreceptor with immunoglobulin and ITIM domains; TIM-3, T cell immunoglobulin and 

mucin domain containing–3; LAG-3, lymphocyte activation gene–3; PMN, polymorphonuclear; 

TGF-, transforming growth factor–; JAK-STAT, Janus kinase–signal transducer and activator of 

transcription.
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Supplementary Table S2. Identification biomarkers for cell lineages. 

Panel 1  

Lineage Identification biomarkers 

Tumor cell  PanCK+CD45- 

Leukocyte  PanCK-CD45+ 

T cell  PanCK-CD45+CD3+ 

CD8+ T cell  PanCK-CD45+CD3+CD8+ 

Trm-like CD8+ T cell  PanCK-CD45+CD3+CD8+CD39+CD103+ 

Regulatory T cell  PanCK-CD45+CD3+CD8-FOXP3+ 

Natural killer cell  PanCK-CD45+CD3-NKp46+ 

T helper 1 cell  PanCK-CD45+CD3+CD8-FOXP3-T-bet+ 

  

  

Panel 2  

Lineage Identification biomarkers 

Tumor cell  PanCK+CD45- 

Leukocyte  PanCK-CD45+ 

T cell  PanCK-CD45+CD3+CD20- 

B cell  PanCK-CD45+CD3-CD20+ 

Myeloid cell  PanCK-CD45+CD3-CD20- 

Macrophage  PanCK-CD45+CD3-CD20-CD68+ 

M1-macrophage  PanCK-CD45+CD3-CD20-CD68+CD163-CD206-CD80+ 

CD163+ M2-macrophage  PanCK-CD45+CD3-CD20-CD68+CD163+ 

CD206+ M2-macrophage  PanCK-CD45+CD3-CD20-CD68+CD206+ 

MDSC  PanCK-CD45+CD3-CD20-CD33+HLA-DPB1- 

PMN-MDSC  PanCK-CD45+CD3-CD20-CD33+HLA-DPB1-CD66b+ 

Dendritic cell (DC)  PanCK-CD45+CD3-CD20-CD68-HLA-DPB1+ 

DC-LAMP+ DC  PanCK-CD45+CD3-CD20-CD68-HLA-DPB1+DC-

LAMP+ 

CD80+ DC  PanCK-CD45+CD3-CD20-CD68-HLA-DPB1+CD80+ 

Fibroblast  PanCK-CD45-FAP+ 

Follicular DC  PanCK-CD45-PNAd+ 

Abbreviations: PanCK, pan-cytokeratin; Trm, tissue-resident memory; FOXP3, forkhead box P3; MDSC, 

myeloid-derived suppressor cell; HLA-DPB1, human leukocyte antigen–DPB1; PMN, 

polymorphonuclear; DC-LAMP, dendritic cell–lysosome-associated membrane protein; 

FAP, fibroblast activation protein; PNAd, peripheral lymph node addressin. 
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Supplementary Fig. S1. Multiplex immunohistochemistry–based quantitative single-cell 

analysis of intratumoral CD8+ T cells and regulatory T cells (Tregs) expressing specific 

markers. (A) Positivity for conventional activated T cell markers in CD8+ T cells of tumors from 

cohort-A and cohort-B. (B) Positivity for co-inhibitory molecules in CD8+ T cells of tumors in 

cohort-A and cohort-B. (C) Positivity for CD39 and PD-1 in Tregs of tumors from cohort-A and 

cohort-B. All data indicate the mean ± standard error of the mean (SEM). The P values for 

comparisons between the two cohorts were determined with the Mann-Whitney U test. T-bet, T-box 

expressed in T cells; LAG-3, lymphocyte activation gene–3; TIM-3, T cell immunoglobulin and 

mucin domain containing–3; TIGIT, T cell immunoreceptor with immunoglobulin and ITIM 

domains; PD-1, programmed cell death–1.  
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Supplementary Fig. S2. Multiplex immunohistochemistry–based quantitative single-cell 

analysis of CAFs, FDCs, and tumor cells. (A) Density of cancer-associated fibroblasts (CAFs, 

defined as cells positive for fibroblast activation protein [FAP]) in non–tumor cell areas in cohort-A 

and cohort-B. (B) Density of follicular dendritic cells (FDCs) in non–tumor cell areas in cohort-A 

and cohort-B. Representative images of the staining pattern for FDCs, including hematoxylin-eosin 

(HE) staining and a multicolor image showing the nucleus (blue), CD45 (gray), CD20 (yellow), CD3 

(pink), FAP (orange), peripheral lymph node addressin (PNAd, red), and pan-cytokeratin (PanCK, 

cyan), are also presented. Scale bar, 250 µm. Note that solid tertiary lymphoid structures were not 

detected. Quantitative data in (A) and (B) indicate the mean ± standard error of the mean (SEM), and 

the P values for comparisons between the two cohorts were determined with the Mann-Whitney U 

test. (C) Representative multicolor images of tumor cells expressing CD73 (left) or B7-H3 (right). 

The images show the nucleus (blue), CD73 (yellow), B7-H3 (red), and PanCK (cyan). Scale bars, 

100 µm. 
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