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Abstract

Treatment landscape in early-stage NSCLC is rapidly changing after approval of 

anti-PD-1/PD-L1 in the neoadjuvant and adjuvant settings, respectively. However, 

biomarkers for patient selection, to predict response and to inform immunothera-

peutic resistance are not available. Here we interrogate the expression patterns 

of CD73 in malignant cells and examined host anti-tumor immune response in 

order to describe and elucidate potential tumor mechanisms that promote immune 

evasion. We also assess immune biomarkers in early stage NSCLC surgical 

specimens. Finally, we evaluate immune features that promote response after 

chemotherapy or chemoimmunotherapy treatment, with the aim to uncover im-

mune predictive and prognostic biomarkers in early-stage lung cancer.

Our results pointed to the potential role of CD73, and other members of the aden-

osine signaling pathway, as potential mechanisms of tumor immune evasion and 

resistance to ICI, thus providing additional rationale for propagating anti-CD73 an-

tibodies in new combinatorial immunotherapeutic regimens. We found that CD73 

expression was significantly and progressively increased across normal-appear-

ing lung tissue, adenomatous atypical hyperplasia, adenocarcinoma in situ, mini-

mally invasive adenocarcinoma, and lung adenocarcinoma (LUAD). We observed 

that differential CD73 localization was associated with distinct clinicopathological 

and molecular features in LUAD. CD73 expression was positively associated with 

an increase in PD-L1 expression in tumor cells and increase of tumor-associated 



immune cells. Additionally, and using targeted gene sequencing analysis and 

immunohistochemistry, we characterized immune programs across patients that 

underwent upfront surgery, neoadjuvant chemotherapy, or neoadjuvant chemo-

immunotherapy. We identified immune gene programs that are unique to PD-L1 

positive and PD-L1 negative NSCLCs as well as those that are shared between 

both groups. Using IHC, we observed that PD-L1 positive (≥1%) LUADs exhibited 

an augmented infiltration of T cells (CD3+, CD4+, CD8+ cells) along with increase 

of FOXP3+ cells, resident memory cells (CD103+) and macrophages (CD68+). 

Spatial distribution of CD8+ T cells unveiled distinctive TIME phenotypes whose 

frequencies differed based on TNM stage, PD-L1 expression, and mutational 

burden. Inflamed and PD-L1+/TILs+ NSCLCs displayed significantly amplified lev-

els of immune signatures, with the excluded group representing an intermediate 

immune state. Subgroup analysis based on the expression of tumor PD-L1, and 

resident memory immune cells (CD103+ cells) showed an enrichment of immune 

cell infiltrates (CD3+, CD4+, CD8+, CD68+ cells) in tumors harboring higher levels 

of CD103+ immune cells along with an increase of CD80+ cells, essential for T 

cell activation. Longitudinal analysis of patients following neoadjuvant chemoim-

munotherapy showed strong upregulation of immune cells signatures within the 

TIME. In this cohort, pathologic response to chemoimmunotherapy was positively 

associated with higher expression of genes involved in immune activation, chem-

otaxis, as well as T and natural killer cells. Comparative analysis between the 

three cohorts, underscored immune programs and signatures that overall were 

progressively modulated along the spectrum of treatment-naïve, neoadjuvant 

chemotherapy-treated, up to those treated with chemoimmunotherapy, pointing to 

an association between perturbation of an expanded repertoire of immune gene 

sets with neoadjuvant chemoimmunotherapy.



In conclusion, our findings suggest that higher CD73 expression is associated 

with an overall augmented host immune response, suggesting potential 

implications in the immune pathobiology of early-stage lung adenocarcinoma. 

Additionally, our results highlight immune gene programs and IHC markers that 

may underlie host tumor immunity and response to neoadjuvant chemotherapy 

and chemoimmunotherapy in resectable NSCLC.



Resumen

El escenario del tratamiento del cáncer de pulmón en estadios localizados está 

cambiando rápidamente después de la aprobación de anti-PD-1/PD-L1 como 

tratamiento neoadyuvante o adyuvante, respectivamente. Sin embargo, no dispo-

nemos de biomarcadores para la selección de pacientes que ayuden a predecir 

la respuesta y para informar la resistencia a la inmunoterapia. En este trabajo, 

evaluamos los patrones de expresión de CD73 en las células malignas, así como 

la respuesta inmunitaria antitumoral del huésped con el objetivo de describir y 

dilucidar algunos de los mecanismos tumorales que promueven la evasión inmu-

nitaria, así como las características inmunitarias que desencadenan la respuesta 

después del tratamiento con quimioterapia o quimioinmunoterapia, con el objetivo 

de revelar biomarcadores inmunes en el cáncer de pulmón en etapa temprana.

Nuestros resultados señalan el papel de CD73 y otros miembros de la vía de se-

ñalización de la adenosina como mecanismos potenciales de evasión inmune por 

parte de los tumores y de resistencia a la inmunoterapia, proporcionando una jus-

tificación adicional para el desarrollo de anticuerpos anti-CD73 en combinación 

con inmunoterapia. Además, encontramos que la expresión de CD73 aumenta 

significativa y progresivamente a lo largo de tejido pulmonar de apariencia nor-

mal, hiperplasia atípica adenomatosa, adenocarcinoma in situ, adenocarcinoma 

mínimamente invasivo y, finalmente, adenocarcinoma de pulmón. Observamos 

también que la localización diferencial de CD73 se asocia con distintas carac-

terísticas clinicopatológicas y moleculares en adenocarcinomas de pulmón. La 

expresión de CD73 se asocia positivamente con un aumento en la expresión de 

PD-L1 en células tumorales y un aumento de células inmunitarias intratumorales. 



Además, mediante el uso de análisis de secuenciación de genes específicos y 

por inmunohistoquímica (IHC), caracterizamos los perfiles inmunes en pacientes 

que se sometieron a cirugía, quimioterapia neoadyuvante o quimioinmunoterapia 

neoadyuvante. Identificamos perfiles de genes inmunitarios que son exclusivos 

de tumores PD-L1 positivos y PD-L1 negativos, así como los que comparten 

ambos grupos. Usando IHC, observamos que los adenocarcinomas de pulmón 

positivos para PD-L1 (≥1%) exhiben una infiltración aumentada de células T 

(células CD3+, CD4+, CD8+) junto con un aumento de células FOXP3+, células de 

memoria residentes (CD103+) y macrófagos (CD68+). La distribución espacial de 

las células T CD8+ revela distintos fenotipos de microambientes tumorales cuyas 

frecuencias difieren según el estadio TNM, la expresión de PD-L1 y la carga 

mutacional. Los tumores inflamados y PD-L1+/TILs+ muestran niveles significati-

vamente aumentados de marcadores inmunes, mientras que el fenotipo excluido 

representa un estado inmunitario intermedio. El análisis de subgrupos basado en 

la expresión tumoral de PD-L1 y la presencia de células inmunitarias de memoria 

residentes (células CD103+) muestra un enriquecimiento de infiltrados de células 

inmunitarias (células CD3+, CD4+, CD8+, CD68+) en tumores que albergan nive-

les elevados de células inmunitarias CD103+ junto con un aumento de células 

CD80+, esenciales para la activación de los linfocitos T. El análisis longitudinal 

de los pacientes después de quimioinmunoterapia neoadyuvante muestra un au-

mento de los marcadores inmunes intratumorales. En esta cohorte, la respuesta 

patológica a la quimioinmunoterapia se asocia positivamente con una mayor 

expresión de genes implicados en la activación inmune, la quimiotaxis, así como 

genes característicos de células T y células natural killer. El análisis comparativo 

entre las tres cohortes subraya los perfiles inmunes que, en general, se modulan 

progresivamente a lo largo del espectro de los pacientes tratados con cirugía 

de entrada, quimioterapia neoadyuvante, hasta los tratados con quimioinmuno-

terapia, lo que señala el papel de la quimioinmunoterapia neoadyuvante como 

desencadenante de una respuesta inmunitaria antitumoral.



En conclusión, nuestros hallazgos sugieren que una mayor expresión de CD73 

se asocia con una respuesta inmune aumentada, con potenciales implicaciones 

en la patobiología inmune de los adenocarcinomas de pulmón en estadio 

iniciales. Además, nuestros resultados destacan perfiles de genes inmunitarios 

y marcadores por IHC que caracterizan la inmunidad anti-tumoral del huésped 

y de respuesta a tratamientos con quimioterapia o quimioinmunoterapia 

neoadyuvantes en el cáncer de pulmón resecable.
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Chapter 1

1. INTRODUCTION

1.1. Lung Cancer
1.1.1. Incidence and Epidemiology

Despite remarkable improvements on diagnostic tools and treatment, lung cancer 

remains the first cause of cancer-related deaths worldwide1. Particularly in Spain, 

the last numbers published by SEOM (Sociedad Española de Oncología Médica), 

show that lung cancer represents more than 20% of all cancer-related deaths2. 

Globally, more than 2 million/year cases of lung cancer are diagnosed3. In Spain, 

approximately 30.000 lung cancer cases are diagnosed each year, accounting 

for more than 22.000 deaths every year3. 

Of note, while in the last few years a clear reduction in the incidence of lung 

cancer in males has been observed, the same is not true in females, with an 

increased number of new diagnoses since 2015 in Spain and worldwide - Figure 

1. These findings can be explained by the late introduction (approximately two 

decades compared with men) of smoking habit in late 70-80’s, consequently we 

are now diagnosing patients born between 1950 and 19601,3.
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Figure 1. Lung cancer incidence across gender. Adapted from SEOM report (Las cifras del 
cancer en España – 2021).

With the aim to promote early diagnosis, lung cancer screening using low-dose 

CT scan has shown a significant reduction in lung cancer mortality in high-risk 

patients (more than 55 years and at least 30 pack-years)4,5. These results led to 

recommendation of screening implementation from most scientific associations6. 

Therefore, an increase in the number of early-stage lung cancer is expected 

for the upcoming years1,3, generating an urgent need to optimize and improve 

treatment strategies in this setting.

1.1.2. Treatment landscape in early-stage NSCLC.

Chemotherapy.

Early-stage lung cancers are potentially curable tumors, nevertheless, a 

significant proportion of patients will relapse and succumb to this disease7. 
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With the aim to improve clinical outcomes in this setting, several clinical trials 

exploring the addition of adjuvant chemotherapy to surgery revealed an overall 

benefit of this approach with an improvement of 5% in disease-free survival (DFS) 

and overall survival (OS)8, with a greater benefit of chemotherapy observed in 

patients with higher stage. Of note, granular analysis of the benefit of adjuvant 

chemotherapy exposed that this benefit is restricted to tumors larger than 4 cm 

and those with lymph node involvement – using the current 8th edition TNM 

staging, this corresponds to the tumors stage IIA or higher7,9. Another strategy is 

to deliver systemic treatment before surgery – known as neoadjuvant therapy. 

This strategy is accepted in the lung cancer field as an interchangeable approach 

comparable with adjuvant strategies. A meta-analysis including 15 trials evaluating 

neoadjuvant chemotherapy compared to surgery alone found a benefit of 5% 

(similar benefit as adjuvant chemotherapy)10. Until the recent approval of immune 

checkpoint inhibitors11,12, adjuvant or neoadjuvant chemotherapy remained as the 

standard of care for patients with resectable lung cancer for the last 15 years, 

highlighting the difficulty (considering number of patients need to include in these 

trials, as well as the long follow-up) to demonstrate a clinical significant benefit 

in this setting.

Targeted Therapy

In this scenario, trials had used a biomarker-matched drug approach and most of 

them focused on the use of targeted therapy. One example is the CTONG1104 

trial comparing gefitinib (first generation TKI) for 24 months versus cisplatin-

based chemotherapy in stage II-IIIA tumors. Initial results of this trial suggested 

promising results with an improvement on DFS but after a longer follow-up, this 

strategy was not able to demonstrate an overall survival benefit13. More recently, 

the use of Osimertinib (third generation TKI) up to three years after the standard-

of care adjuvant chemotherapy – ADAURA trial – has shown encouraging results 

with a clear reduction on DFS and a great impact on the incidence of central 
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nervous system recurrence, however, longer follow-up is needed with mature OS 

data14. Similar trials exploring the use of targeted therapies in the adjuvant setting 

are being explored in other oncogenic addicted lung cancers15.

Immunotherapy

In contrast to resectable NSCLC, in the advanced setting immunotherapy has 

consolidated as front-line therapy, alone or in combination with chemotherapy, in 

patients with metastatic lung cancer without driver mutations16–19. The encouraging 

results from these trials prompted the initiation of new trials evaluating the role of 

immune checkpoint blockade in the perioperative setting.

In the adjuvant setting, a phase III trial (IMpower010) evaluating atezolizumab 

in patients with resected NSCLC (tumors ≥ 4 cm) that received cisplatin-based 

adjuvant chemotherapy showed a benefit on DFS for the subgroup of patients 

with stage II-IIIA (7th edition TNM), with marked benefit in tumors expressing 

PD-L111. The benefit of adjuvant immunotherapy was later confirmed by the 

PEARLS/KEYNOTE-091 trial20. However, in this last trial the benefit in tumors 

with PD-L1 higher than 50% was not significantly different compared with the 

control arm. Nevertheless, it is worthy to mention that patients’ characteristics 

differ between both trials (e.g., IMpower010 only includes patients that received 

adjuvant chemotherapy) and longer follow-up and overall survival results are 

needed to fully interpret these results.

Early in 2018, Forde et al, reported the first insights on the potential role of 

neoadjuvant anti-PD-1 (nivolumab) with 9 out of 20 patients (45%) showing a 

major pathological response (MPR – less than 10% of viable tumor cells in the 

surgical specimen) after only two doses of nivolumab21.
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These results were used as the foundation for the following trials exploring the role 

of anti-PD-1/PD-L1 in early-stages as well as in combination with anti-CTLA422,23 

and chemotherapy12,24,25. A phase II trial – LCMC3 trial – involving several 

institutions at the USA, investigated two doses of neoadjuvant atezolizumab 

and reported a 20% of MPR and 7% of tumors exhibiting pathological complete 

response (pCR – no viable tumor cells in the surgical resected specimen). 

Interestingly, the authors also reported a trend towards a greater pathological 

response in tumors with high PD-L1 and high tumor mutation burden (TMB)26,27. In 

another phase II study (NEOSTAR), Cascone and colleagues explored nivolumab 

monotherapy or in combination with ipilimumab in the neoadjuvant setting for 

patients with resectable stage I-IIIA NSCLC. Of note, 8 out of 21 patients (38%) 

receiving nivolumab plus ipilimumab arm achieved a MPR, compared with 5 out 

of 21 patients (24%) in the nivolumab monotherapy arm23.

More recently, three phase II trials (NCT02716038, NADIM I and NADIM II 

trial) have explored the combination of anti-PD-1/PD-L1 plus platinum-based 

chemotherapy as neoadjuvant treatment in resectable NSCLC stage IB-IIIA. 

Notably, MPRs were observed in 57%, 83% and 52% patients respectively, 

including up to 63% and 36.2% of the patients in the NADIM I and II trial achieving 

pCR – even though larger tumors were included (in the NADIM trial all tumors 

included were stage IIIA)24,25,28. Initial results from the above-mentioned trials 

prompted the initiation of the corresponding phase III trials investigating the 

addition of ICI to standard platinum-based chemotherapy.

In this line, Forde et al reported the results from the first phase III trial comparing 

three cycles of neoadjuvant platinum-based chemotherapy plus nivolumab versus 

chemotherapy alone. In this trial, patients included in the experimental treatment 

arm presented significant longer event-free survival (EFS) (31.6 Vs 20.8 months) 

and higher rates of pCR with 24% and 2,2% of the cases respectively12, leading to 
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the approval of this strategy by the FDA in March 2022. By the time of this work, 

there are several clinical trials evaluating different immune checkpoint inhibitors 

and adding the corresponding anti-PD-1/PD-L1 as adjuvant treatment.

Overall, adjuvant Osimertinib, adjuvant immunotherapy (anti-PD-1/PD-L1) and 

neoadjuvant chemo-immunotherapy are changing the treatment scenario of 

early-stage NSCLC, nevertheless longer follow-up, and overall survival data for 

all these studies are needed to definitively establish these new strategies as 

standard-of-care across Europe. Clinical trials investigating the role of adjuvant 

ICI after neoadjuvant chemoimmunotherapy are ongoing. However, questions 

such as the value of adjuvant ICI in patients who achieved pCR or had lower 

stage tumors will be difficult to answer.

It is worthy to highlight that neoadjuvant treatment offers several advantages 

compared with adjuvant therapy – 1) Systemic treatment is usually better 

tolerated before surgery; 2) Tumor downstaging that can help achieve better 

surgical results; 3) Opportunity to eradicate micrometastases earlier; 4) Rapid 

assessment of therapeutic efficacy either before surgery (using CT or PET 

scans) or at the time of resection; 5) in context of neoadjuvant ICI (alone or in 

combination with chemotherapy), administration of ICI before surgery will result 

in a stronger systemic anti-tumor immune response, suggested by preclinical 

data demonstrating a more efficient anti-tumor T cell response driven by the high 

antigen burden in the neoadjuvant setting29–31.

Additionally, this approach provides a unique opportunity to evaluate surrogate 

markers of clinical efficacy that correlate with improved survival as well as the 

opportunity to develop translational work that could answer important questions 

to the scientific field. Indeed, preclinical studies suggest that ICIs would be more 

effective as neoadjuvant treatment. These results are mediated by an enhance of 
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T-cell priming, activation and expansion of antitumor T cells that result in higher 

anti-tumor activity, limited recurrence, and improved survival outcomes observed 

with neoadjuvant compared with adjuvant immunotherapy in murine models32.

1.1.3. Biomarkers in early-stage NSCLC.

The most relevant prognostic marker in early-stage NSCLC is the TNM stage, 

and specifically the pathological TNM7 – Figure 2. In this line, previous works 

evaluating neoadjuvant treatment have suggested that tumor downstaging and 

pathological response can be used as a surrogate endpoint of overall survival 
33–36, similar to other tumor types such as breast cancer where pathological 

response is widely accepted as a valid survival outcome 37.

Figure 2. Survival by A) clinical and B) pathological stages. MST=median survival time in 
months. Adapted from Porta et al, CA Cancer 2017.
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Pathological response

Pathological response evaluation consists of the histopathological examination 

of the extension of viable tumor cells in the tumor bed of a surgically resected 

primary tumor and lymph nodes that underwent neoadjuvant treatment. In lung 

cancer, and after neoadjuvant treatment, two concepts are important to retain: 1) 

Major complete response (MPR) and 2) Pathological complete response (pCR). 

The first one (MPR) is defined by less than or equal 10% of viable tumor cells in 

the resected tumor, and the second one is defined by the absence (0%) of viable 

tumor cells in the surgical specimen38.

In 2012, Pataer and colleagues reported histopathologic response to neoadjuvant 

therapy as prognostic biomarker for survival in patients with resected lung cancer 

after receiving neoadjuvant chemotherapy. In this work, the authors compared 

two cohorts of patients with NSCLC, the first one comprising patients treated with 

neoadjuvant chemotherapy (n=192) and the second one including patients that 

underwent surgery alone. They observed a significantly higher rate of MPR in 

patients treated with neoadjuvant chemotherapy – 36 patients (19%). In addition, 

the percentage of viable tumor cells was a significant predictor of survival only 

in patients with NSCLC who received neoadjuvant chemotherapy (even when 

controlled for pathologic stage)36.

Another provocative study suggested that the optimal cutoff for MPR after 

neoadjuvant chemotherapy in resected NSCLC could differ among histological 

subtypes. Specifically, the authors found that the optimal cutoff for lung squamous 

cell carcinoma was 10% and 65% viable tumor cells for lung adenocarcinomas. 

Both percentages were found to be independent factors on a multivariate 

analysis39. Prospective studies report that around 22% of patients with stage 

I-IIIA NSCLC achieve a MPR after neoadjuvant chemotherapy34,40.
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A new approach to increase MPR rates is to add ICI to the platinum-based 

neoadjuvant chemotherapy. This approach was used in the CheckMate 816 

trial, leading to an increase of MPR rate, from 8.9% (in the chemotherapy alone 

arm) versus 36.9% in the neoadjuvant nivolumab plus chemotherapy arm12. 

Exploratory analysis showed that EFS  for patients achieving pCR at 2 years was 

93% compared with 58% of patients without pCR41. The abovementioned results 

led to nivolumab approval in combination with platinum-based chemotherapy as 

a new neoadjuvant treatment strategy in resectable NSCLC by the FDA. 

Overall, pathological response (both MPR and cPR) as surrogates for survival in 

lung cancer have the potential to improve the cost-benefit of clinical trials in this 

setting and accelerate biomarker-driven questions that ultimately will bring new 

and better treatments to our patients.

Membrane PD-L1 expression

Immunohistochemical PD-L1 expression can be found on tumor and immune 

cells and is one of the few biomarkers used in advanced NSCLC (without driver 

mutations) to inform treatment decisions. After extensive debates on how to 

choose the correct antibody clone and pathologically evaluate tissue specimens, 

a harmonization study concluded that, with exception of SP142 clone, all the 

other antibodies tested provided similar results. Also important, pathologists 

showed excellent concordance when scoring malignant cells, nevertheless, 

this study also highlighted the difficulty to evaluate and get reproducible results 

when evaluating PD-L1 in immune cells42. Although imperfect, it is considered 

a predictive biomarker of response to anti-PD-1/PD-L1 in metastatic NSCLC, 

since patients with higher PD-L1 expression had higher chances to respond to 

anti-PD-L1 and better clinical outcomes43,44.
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In the neoadjuvant setting, the results of PD-L1 expression and their association 

with treatment response and/or clinical outcomes were not consistent across 

trials. The first trial evaluating immunotherapy alone, Forde and colleagues did 

not observe an association between pretreatment PD-L1 expression and MPR in 

a cohort of 21 NSCLC patients treated with neoadjuvant nivolumab45. In the same 

line, in the NEOSTAR trial evaluating nivolumab or nivolumab plus ipilimumab, 

MPR achievement was independent of PD-L1 expression. In contrast, LCMC trial 

evaluating atezolizumab and a small trial conducted at Johns Hopkins University 

(JHU) and Memorial Sloan Kettering Cancer Center (MSKCC) evaluating 

nivolumab plus ipilimumab showed a correlation between levels of PD-L1 and 

MPR22,46.

The NADIM I and NADIM II trials (neoadjuvant ICI-chemotherapy) the authors 

reported an association between tumor PD-L1 expression and MPR/cPR. 

These results are in line with a subgroup analysis from a more recent phase 

3 trial – CheckMate 816 – where the magnitude of benefit was incremented in 

patients with a tumor PD-L1 expression ≥1%, compared with those with less 

than 1%12. Conversely, a study reported by Shu et al evaluating the combination 

of atezolizumab plus platinum-based chemotherapy observed pathological 

responses regardless of PD-L1 expression – with tumors with less than 1% for 

PD-L1 displaying a reduction of 34% in tumor size – , while their counterparts 

(PD-L1 positive tumors) showed a median reduction of 40% in tumor size25.

It is plausible to hypothesize that the variability in the results among several 

small-scale studies could be induced by different factors such as tumor histology, 

TNM stage, PD-L1 heterogeneous expression, tumor genomic features, tissue 

availability, neoadjuvant treatment scheme, and different methodologies to 

evaluate pathological response47. Hopefully, translational work from ongoing 

phase 3 neoadjuvant clinical trials will bring light into the dark.
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Tumor associated immune cells

Tumor-associated immune cells (TAIC) comprise different immune cell types within 

the tumor microenvironment, including tumor-infiltrating lymphocytes (TILs – T 

cells, B cells), macrophages, natural killer (NK) and dendritic cells, as well as their 

subpopulations and different functional states. TILs in quantity and composition 

can serve as a predictive biomarker of the response to therapy and prognosis48,49.

Early reports evaluating the immune contexture after ICI showed an influx of 

CD8+ T cells and higher PD-L1 expression of immune cells on the resected 

specimens45. This increase of CD8+ T cells was consistently observed in following 

trials, as well as after treatment with anti-PD-1 plus anti-CTLA422,23. Forde and 

colleagues also observed an increased interaction of PD-L1+ macrophages 

and PD-1+CD8+ T cells, suggesting an increase of antigen presenting ongoing 

after treatment with ICI50. Detailed analysis of specific immune cell subtypes 

using multiplex immunofluorescence showed an increase in post-treatment 

specimens of: T cells (CD3+); Cytotoxic T cells (CD3+ CD8+); Memory T cells 

(CD3+ CD45RO+); Antigen experienced T cells (CD3+PD-1+); Activated T cells 

(CD3+ Granzyme B+) and PD-L1+ Macrophages (CDD68+ PD-L1+) 22–24,50.

Of interest, a common pathological finding was observed across all studies; the 

appearance of lymphoid follicles in the post-treatment samples resembling tertiary 

lymphoid structures 23,24,50. In other tumors, such as melanoma, bladder cancer 

and sarcomas, neoadjuvant treatment with anti-PD-1 was associated with an 

increase of B cell density, TLSs and a notable increase of the ratio TLS/tumor 

area in the post-treatment sample51–55. It has been described that those tumors 

exhibiting mature TLS within the tumor microenvironment also present a high 

density of B cells and plasma cells, as well as antibodies to tumor-associated 

antigens. Features that are frequently associated with favorable clinical outcomes 

as well as higher rates of response to immunotherapy55 – Figure 3.
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Figure 3. Summary of the most relevant translational results derived from initial clinical trials 
exploring immune checkpoint blockade in the neoadjuvant non-small cell lung cancer.

1.2. Immune system and cancer.
The ‘malignant’ intrinsic characteristic of cancers results from the abnormal 

regulation of cell proliferation, resistance of tumor cells to apoptotic death, and 

the ability of the tumor cells to invade and metastasize to other tissues56. Another 

important hallmark in cancer development is the ability acquired by tumors to 

evade the host anti-tumor immune response57. In this line, the concept of immune 

surveillance in cancer refers to a normal function of the immune system that 



34

recognizes and eliminates transformed cells before they start to grow into tumors. 

Yet, immune response frequently fails to prevent tumor growth, through different 

mechanisms such as, increase of checkpoint blockade signaling, reduction of 

immunogenicity (selection of less immunogenic clones) and the rapid tumor 

cell replication that overcomes the capacity of the immune system to effectively 

control the tumor58.

1.2.1 Tumor microenvironment

The tumor microenvironment is constituted by normal cells (immune cells, stromal 

cells such as fibroblasts, endothelial cells), molecules and blood vessels that 

surround and feed a tumor cell48. The interactions between tumor cells and 

immune cells can activate or inhibit an anti-tumor immune response. In order to 

grow and invade tissues, tumors must evade and resist host anti-tumor immune 

response. Several mechanisms have been described that support this hypothesis 

and unveil potential therapeutic approaches. Tumor cells may evade host immune 

response by losing expression of antigens or major histocompatibility complex 

(MHC) molecules, by producing ligands for T cell inhibitory receptors (e.g., PD-1 

and CTLA-4), immunosuppressive cytokines, and promoting the migration of 

immunosuppressive cells (Myeloid derived suppressor cells)29.

1.2.2 Antitumor host immunity

Immune responses against tumor cells usually target several types of molecules 

that cancer cells express and may be recognized by the host immune system. 

Protein antigens that stimulate T cell responses are dominant proteins that 

trigger a protective antitumor immunity. Galon et al demonstrated that T cells 

within a resected tumor predict the likelihood of metastatic disease, and led to 

the development of an immune score that can assess prognosis and potentially 

inform therapeutic decisions59. This has been developed initially in colon cancer, 

in which a score was given to tumors based on the number of CD45RO+ memory 
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T cells and CD8+ CTLs (cytotoxic T lymphocytes) present at the invasive margin 

of resected tumors. A low score was found to predict a higher chance for relapse, 

metastasis, and death within 5 years compared with tumors with high score, 

suggesting a protective role for intratumor immune cells60.

In lung cancer, previous studies have demonstrated the potential implications of 

tumor infiltrating lymphocytes (TILs) and other markers such as PD-1 and PD-L1 

on survival outcomes49,61–64. Particularly, in stage I NSCLC, an increase in CD3+ 

and CD8+ T cells was correlated with better OS and RFS, while no association 

of FOXP3+ cells with survival was observed65,66. Additional work interrogating for 

specific features related to a host anti-tumor immune response identify CD103 

expression in T lymphocytes as a possible marker49. In this work, the authors 

found that tumors highly infiltrated by TILs exhibited an increase expression 

of ITGAE (CD103). In this same work, transcriptomic profiling of purified TILs 

showed that expression of tissue resident memory markers such as CD69 was 

co-expressed with CD103 and at the same time with KLRG1, CCR7, CD62L 

along with an increase expression of granzyme B suggesting the potential 

immune effector activity of these cells. Lastly, in this study, patients with higher 

infiltration by CD103 TILs had significantly better overall survival49.

Earlier work has shown that the extent and spatial pattern (intratumoral or 

peritumoral) of lymphocyte infiltration impact on host immunity and response 

to ICIs67. In this sense, tumor immune microenvironment (TIME) patterns 

were described in order to summarize the complexity of TIME: tumors can 

be categorized on the tumor immunity continuum as having inflamed, desert, 

or excluded immune phenotypes based on the spatial localization of immune 

cells with respect to the tumor and stromal compartments68. Inflamed tumors 

are associated with close proximity of immune cells with tumor cells, immune-

excluded tumors associated with immune cells embedded in the surrounding 
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tumor stroma away from tumor cells, and immune desert phenotype is associated 

with tumors lacking tumor-infiltrating lymphocytes (TILs)69,70 Figure 4.

Figure 4. Tumor immune microenvironment patterns. Representative multiplex 
immunofluorescence images of immunologically inflamed, cold, and excluded TIME phenotype 
are shown.

 1.2.3 The adenosine pathway

The canonical adenosine-generating pathway involves the hydrolysis of ATP by 

ectonucleotidases such as CD39 (also known as ectonucleoside triphosphate 

diphospho-hydrolase 1) and CD73 (also known as 5′-nucleotidase)19. CD39 is a 

transmembrane enzyme that hydrolyses eATP to produce extracellular ADP and 

AMP. Subsequently, extracellular AMP (eAMP) can be converted to eADO by 

CD73. In the second, or non-canonical, pathway leading to adenosine production, 

NAD+ is utilized as the substrate to generate eAMP via the activity of CD38 

(an NAD+ ectohydrolase also known as ADP-ribosyl cyclase/cyclic ADP-ribose 

hydrolase 1) and CD203a (also known as ectonucleotide pyrophosphatase/

phosphodiesterase family member 1 (ENPP1) or PC-1). The eAMP produced 

can then be hydrolyzed to adenosine by CD7371. It is worth emphasizing that, 

although the canonical CD39-CD73 pathway has a major role in the production 

of adenosine, other pathways involving alternative ectoenzymes, nucleoside 
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transporters (ENT1/2 and CNT1/2) and intracellular adenosine metabolism can 

also modulate adenosine concentrations72.

Using gene-targeted mouse models and selective pharmacological inhibitors, 

several independent groups have established that CD39/CD73-derived 

adenosine and A2A and/or A2B signaling suppress the anti-tumor activity of 

CD8+ T cells and NK cells73,74 and promote the production of tolerogenic factors 

(such as TGFβ and IL-10) by myeloid cells75. Adenosine suppresses tumor 

immunity largely by restricting immune cell infiltration and attenuating the effect 

of in situ activated cytotoxic lymphocytes through the reduction of cytokines 

such as interferon-ᵧ76,77. One of the strongest inducers of the adenosine pathway 

is HIF1α, a central transcriptional regulator in hypoxia that constitutes a cancer 

hallmark; and hence, as expected, various tumors types present overexpression 

of key proteins in the adenosine pathway such as CD73 and CD3978.

In human tumor samples, CD73 tumor expression correlates with a poor 

prognosis across different cancer types. In this line, two meta-analyses 

comprising more than 15.000 patients and 15 cancer types showed that CD73 

expression was significantly associated with reduced OS and DFS as well as 

lymph node metastases, and, thus, rising as a prognostic factor in different 

types of cancers79,80. Particularly, previous studies evaluating CD73 expression 

in early-stage NSCLC have shown that a higher expression of CD73 (by IHC) 

was independently associated with poor prognosis and worse OS and DFS. The 

same authors observed that TTF-1 positive lung adenocarcinomas harboring 

EGFR mutations displayed the highest expression of CD73 by IHC81.

The immunosuppressive adenosine pathway, in which CD73 plays a critical role, 

has been proposed as one of the possible mechanisms of primary and acquired 

resistance to ICI71,82. A previous study defined a gene expression signature to infer 



38

levels of the adenosine signaling in tumors and then was applied to The Cancer 

Genome Atlas (TCGA) and different cohorts of patients treated with ICI. Initial 

analysis from the TCGA confirmed the negative association between adenosine 

levels and clinical outcomes (OS, DFS). Subgroup analysis only including tumors 

with high abundance of CD8A expression (potential surrogate for cell density of 

CD8+ T cells) unveil striking decreased survival in patients with tumors exhibiting 

both CD8 and adenosine upregulation, suggesting a strong effect of adenosine 

on modulating the tumor microenvironment83. Additional analysis in a small 

cohort of patients (different cancer types and treated with anti-PD-1) showed 

that responders to ICI displayed a lower baseline level of adenosine, compared 

to non-responders83.

Pursuing this line, several anti-CD73 monoclonal antibodies are currently being 

tested. Oleclumab inhibits the enzymatic function of CD73 and prevents the 

conversion of AMP to adenosine by promoting the internalization of CD73.

Initial results in unresectable stage III NSCLC with oleclumab (anti-CD73 

antibody) combined with durvalumab (anti-PD-L1) after completed chemo-

radiotherapy showed an increased in ORR compared with durvalumab alone, 

30% and 17.9% respectively. Improvement on ORR translated into an increase 

in PFS, with a 12-month PFS rate of 62.5% for the oleclumab arm compared 

with 33.9% in the durvalumab monotherapy arm84. These findings prompted the 

initiation of a phase 3 clinical trial – the PACIFIC-9 (currently enrolling patients).

In the neoadjuvant setting, the NEOCOAST trial also explored the combination 

of Oleclumab plus durvalumab and chemotherapy for 4 cycles. MPR was 

observed in 22.2% of tumors included in the oleclumab arm, with these tumors 

expressing higher levels of CD73 (by IHC). Of note, differential expression 

between responders (MPR) and non-responders (no MPR) identified upregulation 
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of specific genes involved in B-cell activation, and T cell costimulatory pathways 

in the oleclumab arm85.

Overall, adenosine is generated in the tumor microenvironment owing mainly to 

the degradation of extracellular ATP71,86,87 and NAD+88. Several ectonucleotidases 

tightly control levels of ATP and Adenosine, such as CD38, CD39, and CD73; 

among them, CD73 irreversibly converts AMP to Adenosine and was suggested 

as the rate-limiting enzyme for adenosine formation89. Increased adenosine levels 

permit an immune-tolerant tumor microenvironment by regulating the functions of 

immune and inflammatory cells such as macrophages, dendritic cells, myeloid-

derived suppressor cells, T cells, and natural killer (NK) cells90. Targeting the 

adenosine pathway is feasible, with promising results from the initial trials in lung 

cancer. Translational work originated from these trials showed that modulation 

of this pathway can induce immune cell activation, supporting the combination 

with ICI85.
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Chapter 2

AIM
To identify molecular and immune biomarkers in early-stage non-small cell lung 

cancer, their association with host antitumor immune response, and response to 

neoadjuvant chemotherapy and chemoimmunotherapy.

SPECIFIC AIMS:

1. To identify histological patterns and prevalence of CD73 expression in lung 

adenocarcinomas.

2. To investigate CD73 expression with PD-L1 expression and immune cell 

infiltrates.

3. To interrogate the association of CD73 expression with genomic mutations in 

lung adenocarcinoma.

4. To evaluate the canonical and non-canonical adenosinergic pathway in lung 

adenocarcinoma.

5. To characterize the tumor microenvironment in early-stage non-small cell 

lung cancer (NSCLC) by histology, PD-L1 tumor membrane expression and 

molecular subtype.

6. To classify NSCLC based on main immunological features and their spatial 

distribution.
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7. To identify host antitumor immune responses and their corresponding dynamic 

changes upon treatment with chemotherapy and chemoimmunotherapy.

8. To evaluate the association of immune biomarkers and response to therapy.
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Chapter 3

THESIS DIRECTOR REPORT.
Two articles already published, and an additional article currently in preparation 

are included in this Thesis.

The first article, entitled ‘CD73 expression defines immune, molecular, and 

clinicopathological subgroups of lung adenocarcinoma’ published at Cancer 

Immunology, Immunotherapy in 2021, and reports by the first-time different 

implications of CD73 membrane localization and their association with the tumor 

microenvironment in early-stage lung adenocarcinoma. The journal has currently 

an impact-factor of 6.630 (first quartile in oncology journals).

The second article, entitled ‘Distinct Immune Gene Programs Associated with 

Host Tumor Immunity, Neoadjuvant Chemotherapy, and Chemoimmunotherapy 

in Resectable NSCLC’ published at Clinical Cancer Research in 2022. Here for 

the first time a direct comparison of the tumor microenvironment using the same 

methodology/platform (RNAseq – HTG EdgeSeq Precision Immuno-Oncology 

panel) was applied to three different cohorts (treatment naïve, neoadjuvant 

chemotherapy and neoadjuvant chemo-immunotherapy). Clinical Cancer 

Research has presently an impact-factor of 13.801 (first quartile in oncology 

journals).
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Finally, the third article entitled ‘Pre-existing tumor host immunity characterization 

in resected Non-Small Cell Lung Cancer’, currently in preparation to be submitted 

to Lung Cancer journal, describe the immune contexture between histologic 

types, PD-L1 expression and oncogenic driver mutations in early-stage NSCLC.

Dr. Edurne Arriola Aperribay  
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Chapter 4

4. ARTICLES.

4.1	CD73	expression	defines	immune,	molecular,	and	
clinicopathological subgroups of lung adenocarcinoma.

Pedro Rocha, Ruth Salazar, Jiexin Zhang, Debora Ledesma, Jose L. Solorzano, 

Barbara Mino, Pamela Villalobos, Hitoshi Dejima, Dzifa Y. Douse ,Lixia Diao, 

Kyle Gregory Mitchell, Xiuning Le, Jianjun Zhang, Annikka Weissferdt, Edwin 

Parra-Cuentas, Tina Cascone, David C. Rice, Boris Sepesi, Neda Kalhor, Cesar 

Moran, Ara Vaporciyan, John Heymach, Don L. Gibbons, J. Jack Lee, Humam 

Kadara, Ignacio Wistuba, Carmen Behrens, Luisa M. Solis. Cancer Immunology, 

Immunotherapy, 2021.
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Abstract
Introduction CD73 is a membrane-bound enzyme crucial in adenosine generation. The adenosinergic pathway plays a criti-
cal role in immunosuppression and in anti-tumor effects of immune checkpoint inhibitors (ICI). Here, we interrogated CD73 
expression in a richly annotated cohort of human lung adenocarcinoma (LUAD) and its association with clinicopathological, 
immune, and molecular features to better understand the role of this immune marker in LUAD pathobiology.
Materials and methods Protein expression of CD73 was evaluated by immunohistochemistry in 106 archived LUADs from 
patients that underwent surgical treatment without neoadjuvant therapy. Total CD73 (T +) was calculated as the average 
of luminal (L +) and basolateral (BL +) percentage membrane expression scores for each LUAD and was used to classify 
tumors into three groups based on the extent of T CD73 expression (high, low, and negative).
Results CD73 expression was significantly and progressively increased across normal-appearing lung tissue, adenomatous 
atypical hyperplasia, adenocarcinoma in situ, minimally invasive adenocarcinoma, and LUAD. In LUAD, BL CD73 expres-
sion was associated with an increase in PD-L1 expression in tumor cells and increase of tumor-associated immune cells. 
Stratification of LUADs based on T CD73 extent also revealed that tumors with high expression of this enzyme overall 
exhibited significantly elevated immune infiltration and PD-L1 protein expression. Immune profiling demonstrated that 
T-cell inflammation and adenosine signatures were significantly higher in CD73-expressing lung adenocarcinomas relative 
to those lacking CD73.
Conclusion Our study suggests that higher CD73 expression is associated with an overall augmented host immune response, 
suggesting potential implications in the immune pathobiology of early stage lung adenocarcinoma. Our findings warrant 
further studies to explore the role of CD73 in immunotherapeutic response of LUAD.

Keywords CD73 · Lung adenocarcinoma · Immune profiling · Adenosinergic pathway · PD-L1

Abbreviations
NSCLC  Non-small cell lung cancer
LUADs  Lung adenocarcinomas
T  Total

BL  Basolateral
L  Luminal
TH  Total high group
TL  Total low group
TN  Total negative group
TAICs  Tumor-associated immune cells.
ICI  Immune checkpoint inhibitors
PD-1  Programmed death 1
PD-L1  Programmed death-Ligand 1
CTLA-4  Cytotoxic T lymphocyte-associated 4
NK  Natural killer
TME  Tumor microenvironment
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FFPE  Formalin-fixed paraffin-embedded
MCs  Malignant cells

Introduction

Despite significant improvements in treatment, lung cancer 
remains the leading cause of cancer-related deaths world-
wide [1]. Immune checkpoint inhibitors (ICI), as a single 
agent or in combination with chemotherapy, are increasingly 
becoming the standard treatment for non-small cell lung 
cancer (NSCLC), including advanced-stage lung adenocar-
cinoma (LUAD) [2–5]. Recent studies have shed light on 
the clinical value of immunotherapy for earlier stage lung 
tumors including in the neoadjuvant and adjuvant settings 
[6, 7]. Yet, a limited fraction of NSCLC patients respond 
to immune checkpoint blockade consisting of anti-PD-1/
PD-L1 (Programmed death 1/Programmed death-ligand 1) 
and CTLA-4 (Cytotoxic T Lymphocyte-associated 4); per-
haps warranting the need for other combinatorial immuno-
therapeutic regimens to potentiate anti-tumor effects of ICI.

Adenosine is generated in the tumor microenvironment 
owing mainly to the degradation of extracellular ATP [8–10] 
and NAD +  [11]. Several ectonucleotidases tightly control 
levels of ATP and Adenosine, such as CD38, CD39, and 
CD73; among them, CD73 irreversibly converts AMP to 
Adenosine and was suggested as the rate-limiting enzyme 
for adenosine formation [12]. Increased adenosine levels 
permit an immune-tolerant tumor microenvironment by reg-
ulating the functions of immune and inflammatory cells such 
as macrophages, dendritic cells, myeloid-derived suppressor 
cells, T cells, and natural killer (NK) cells [13]. Adenosine 
also regulates cancer growth and dissemination by interfer-
ing with cell proliferation, apoptosis, and angiogenesis via 
adenosine receptors expressed on cancer cells and endothe-
lial cells [14–16].

Tumor microenvironment (TME) immunosuppression has 
emerged as a sentinel mechanism in lung cancer progression 
and, thus, a viable phenotypic target for treatment [17, 18]. 
In this context, numerous therapeutic approaches are cur-
rently under development with the goal of skewing the TME 
toward an immune effective phenotype [19]. More recently, 
in preclinical studies, agents that target the adenosine path-
way, including anti-CD73 antibodies and adenosine A2A 
receptor antagonists, were shown to also attenuate immu-
nosuppression [20, 21].

While CD73 expression in LUAD was noted previously 
[22], the association of this immune enzyme mediator of the 
adenosine pathway with other relevant clinical biomarkers 
such as PD-L1, immune infiltrates, and tumor mutation bur-
den remains unknown. We surmised that understanding the 
contextual expression patterns of CD73 in LUAD can help 
us better understand the role of the adenosine pathway in 

NSCLC and in the immune pathobiology of this malignancy. 
Here, we sought to characterize the immunohistochemical 
expression of CD73 in a richly annotated cohort of early 
stage LUADs in association with various clinicopathologi-
cal, molecular, immune features, and other markers involved 
in adenosine generation. We demonstrate that the extent of 
CD73 expression in malignant cells (MCs) defines groups 
of LUADs with distinct immune profiles and that thus may 
guide future personalized immunotherapeutic strategies.

Materials and methods

Patient samples

We first interrogated CD73 RNA expression in a set of 83 
FFPE specimens from 50 patients representing different 
lesions in the sequence of LUAD pathogenesis including 
normal-appearing lung tissue (n = 38), adenomatous atypi-
cal hyperplasia (AAH; n = 9), adenocarcinoma in situ (AIS; 
n = 11), minimally invasive adenocarcinoma (MIA; n = 21), 
as well as invasive adenocarcinoma (n = 4), and that were 
profiled using the nCounter, PanCancer Immune Profiling 
Panel (NanoString Technologies) (Supplementary Fig. 1) in 
the manner described previously [23]. To determine asso-
ciations of CD73 and LUAD clinicopathological, molecu-
lar, and immune features, we studied a cohort of LUADs 
(n = 106) from patients with early stage (stages I-III) disease 
that underwent surgical treatment without neoadjuvant ther-
apy between Feb 1999 and 2012 at The University of Texas 
MD Anderson Cancer Center (MD Anderson; Houston, TX, 
USA). This study was approved by the MD Anderson Insti-
tutional Review Board and was conducted according to the 
principles of the Helsinki Declaration. Formalin-fixed par-
affin-embedded (FFPE) LUADs tissue was placed in a tissue 
microarray (TMA); the tumor samples were selected based 
on the availability of FFPE tissue blocks; three 1 mm-diam-
eter cores that included tissue from the center, intermediate, 
and peripheral areas of the tumor were used for the TMA, 
as previously described [24]. Detailed clinicopathological 
information, including demographics, smoking history, path-
ologic tumor-node-metastasis stage (staging system from the 
8th American Joint Committee on Cancer) [25], histological 
patterns, and overall and recurrence-free survival were avail-
able for all cases and are summarized in Table 1. Briefly, the 
median age in this cohort was 65 years (range 41—84), with 
ever smokers representing 86% of patients included, and 
with a median follow-up of 86 months. Histological growth 
patterns were categorized as any-solid and non-solid based 
on the presence of any observed solid growth pattern found 
[26]. Mutational status of key driver genes, including KRAS, 
EGFR, STK11, TP53, and mutation burden derived from 
whole-exome sequencing [27] or Sanger sequencing data, 
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were available in a subset of the cases (Table 1). Also, in a 
subset of this cohort (n = 65), next-generation sequencing 
RNA-based data using HTG EdgeSeq Precision Immuno-
Oncology panel were employed to examine associations 
between CD73, CD38, and CD39 expression in LUAD and 
immune gene expression signatures [28–34] (Supplemen-
taryTable 1), CD73 gene expression and its protein product 
by IHC.

Immunohistochemistry staining

We performed immune histochemistry (IHC) to detect 
the protein expression of CD73 (D7F9A), and CD39 
(EPR20461). Antibody optimization of CD73 and CD39 
was performed using tonsil tissue as control and multiple 
tumor specimens (including non-small cell lung carcinoma 
among others) to reach an optimal signal to noise ratio that 
can permit specific evaluation of cellular and subcellular 
expression patterns. Validation of the IHC assay included 
evaluation of FFPE lung cancer cell line pellets available 
with known mRNA expression of CD73 and CD39 (Sup-
plementary Fig. 2). PD-L1 (E1L3N) and CD38 (SPC32) 
antibody immunohistochemistry validation, staining, and 
pathology evaluation were previously reported by our 
team [35]. The immunohistochemistry protocol is briefly 
described: tissue sections (4 μm) were stained in a Leica 
Bond Max automated stainer (Leica Biosystems Nussloch 
GmbH). The tissue sections were deparaffinized and rehy-
drated following the Leica Bond protocol. Antigen retrieval 
was performed for 20 min with Bond Solution #2 (Leica 
Biosystems, equivalent EDTA, pH 9.0) or Bond Solution # 1 
(Leica Biosystems, equivalent Citrate Buffer, pH6). Primary 
antibodies were incubated for 15 min at room temperature 
and detected using the Bond Polymer Refine Detection kit 
(Leica Biosystems) with DAB as chromogen. The slides 
were counterstained with hematoxylin, dehydrated, and 
cover-slipped. Antibody clones and their vendor informa-
tion as well as dilution and antigen retrieval conditions are 
summarized in SupplementaryTable 2.

Immunohistochemistry scoring

Immunohistochemistry expression levels of CD73, was 
evaluated in malignant cells (MCs) by two pathologists 
(RS and LS), using standard microscopy. The percentage of 
MCs with any membrane CD73 expression was estimated. 
Basolateral (BL) (cell membrane not adjacent to luminal 
spaces) and luminal (L) membrane (cell membrane facing 
luminal spaces) expression levels of CD73 were separately 
scored when evaluable (Fig. 1). To determine total CD73 
(T) expression in MCs, the average of BL and L scores 
was computed. Tumors were categorized as CD73 positive 
(T + , BL + or L + ,) based on the presence of any mem-
brane expression in  > 1% of MCs. LUADs were stratified 
into three groups based on the extent of CD73 expression: 
‘T Negative tumors’ (TN),  ≤ 1%, n = 27; ‘T Low group’ 
(TL),  < 55%  > 1%, n = 53, and ‘T High group’ (TH),  ≥  to 
55%, n = 26). Lower quartile of CD73 percentage in malig-
nant cells was used as cutoff for T Negative group, while 
the upper quartile was used as cutoff for T High group (Sup-
plementary Fig. 3a).

Table 1  Clinicopathological and molecular characteristics of LUAD 
patients studied (N = 106)

Characteristic N (%)

Age
 Median (range) 65 (41–84)

Sex
 Female 52 (49%)
 Male 54 (51%)

Smoking history
 Never 15 (14%)
 Current/former 91 (86%)

TNM 8th edition
 I 58 (55%)
 II 26 (25%)
 III 22 (20%)

Pathological T (8th)
 pT1a—pT2a 70 (66%)
 pT2b—T4 36 (34%)

Pathological N (8th)
 N0 78 (74%)
 N1 20 (19%)
 N2 8 (7%)

Histologic pattern
 Any-solid 46 (43%)
 Non-solid 60 (57%)

Molecular characteristics
 EGFR mutated 15 (15%)
 EGFR wild type 85 (85%)
 KRAS mutated 26 (25%)
 KRAS wild type 77 (75%)
 TP53 mutated 27 (43%)
 TP53 wild type 36 (57%)
 STK11 mutated 7 (11%)
 STK11 wild type 56 (89%)

Mutation burden (number of mutations)
 Median (range) 145 (2–993)

Overall survival (median) 108.9 months
 Death 59
 Alive 47

Recurrence-free survival (median) 117.2 months
 Recurrence 49
 No recurrence 57
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Membrane or cytoplasmic CD39 expression in malig-
nant cells was evaluated by two pathologists (DL and LS); 
since expression in malignant cells was not observed in 
any sample (0/95), expression levels of CD39 were evalu-
ated in tumor stromal cells using digital image analysis 
supervised by a pathologist (DL). Briefly, the IHC-stained 
TMA slides were scanned using Aperio AT2 scanner 
(Leica Biosystem) at 20x. The digital images were visual-
ized and analyzed with the HALO (IndicaLabs) software. 
A pathologist selected tumor stroma areas in each TMA 
core and applied algorithms to detect positive cells with 
cytoplasm or membrane expression of these markers; the 
results were expressed as cell densities (n/mm2) of the 
whole tumor stroma area analyzed; necrosis and artifacts 
were not included in the analysis.

Membrane PD-L1 was evaluated by two pathologists 
(DL and LS) as percentage of MCs with positive expres-
sion based on the International Association for the Study 
of Lung Cancer (IASLC) guidelines [36]. CD38 IHC 
expression annotated data included the evaluation in MCs 
and in tumor stromal cells, and were previously published 
by our team [35].

Digital image analysis of tumor-associated immune 
cells

Immunohistochemistry and digital image analysis previ-
ously performed for a subset of LUADs (n = 94), included 
the analysis of cell densities of tumor-associated immune 
cells (TAICs): CD3 + (T cells), CD4 + (helper T cell), 
CD8 + (cytotoxic T cell), CD57 + (NK cells), granzyme 
B + (NK/cytotoxic T cells), CD45RO + (memory T cell), 
PD-1 + , FOXP3 + (regulatory T cell), and CD68 + (tumor-
associated macrophages). The IHC methodology and image 
data analysis were performed as previously reported by our 
group [37, 38].

Statistical analysis

CD73 mRNA expression across normal, preneoplastic, and 
malignant issues in the sequence of LUAD development 
was statistically determined using ANOVA and Benja-
mini–Hochberg correction. Targeted immune gene expres-
sion data were first median-normalized and then log2 trans-
formed for further analysis. Scores of previously curated 

Fig. 1  Immunohistochemical expression and localization of CD73 in 
resectable lung adenocarcinoma. Representative microphotographs 
showing different patterns of CD73 expression in the luminal and/
or basolateral membrane of LUAD. a Luminal and basolateral mem-
brane expression. b Basolateral membrane expression and with no 
immunoreactivity in the luminal compartment. c Basolateral mem-

brane expression, with the absence of a lumen for evaluation. d Lumi-
nal membrane expression and with no immunoreactivity in the baso-
lateral compartment. e Absence of expression in both the luminal and 
basolateral membranes. f No expression in the basolateral membrane 
and absence of a lumen. Red arrows indicate luminal membranes
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immune gene signatures were calculated by computing aver-
age expression of genes within each signature. To determine 
the association of categorical CD73 expression (T + , BL +, 
and L + , and T high, T Low, and T negative) with clinico-
pathological characteristics, we used Fisher’s exact test, as 
appropriate for categorical data. To test association between 
continuous and categorical variables, Wilcoxon signed-rank 
test and Kruskal–Wallis were applied for categorical vari-
ables with two levels or more than two levels, respectively. 
To correlate the association between continuous CD73 
expression, immune markers, and immune signatures, we 
used Spearman’s rank correlation, and scatterplots. For sur-
vival analysis, we used Cox proportional-hazard model with 
CD73 expression as continuous and categorical variables 
separately. Heat maps of CD73 expression and tumor-asso-
ciated immune cells and PD-L1 expression were generated 
after normalizing values for better visualization of data.

Results

Membrane expression patterns of CD73 and their 
association with clinicopathological features 
and immune biomarkers

We first interrogated expression patterns of CD73 in the 
pathogenesis of LUAD. We evaluated the expression of 
CD73 mRNA in a series of premalignant lesions, along with 
malignant tumors, representing the sequence of pathogen-
esis of LUAD (83 specimens from 50 patients). We found 
that CD73 expression was significantly and progressively 
increased across normal-appearing lung tissue, AAH, AIS, 
MIA, and adenocarcinoma (p < 0.0001; Supplementary 
Fig. 1). These findings prompted us to comprehensively 
examine CD73 protein expression patterns in a larger cohort 
of early stage LUAD.

In our cohort of resectable early stage LUAD, immuno-
histochemistry evaluation revealed a positive total (T +) 
CD73 expression (> 1%) in 75% (79/106) of LUADs. 
Positive basolateral (BL +) expression was found in 
60% (68/106); positive luminal (L +) was present in 83% 
(60/72) of LUADs that had luminal structures in the TMA 
cores. Positive correlation was found between BL and L 
CD73 expression (r = 0.49 p = 0.0042). Detailed informa-
tion on L and BL co-expression is presented in Supple-
mentary Table 3. Associations of CD73 expression with 
clinicopathological characteristics are shown in Supple-
mentary Table 4. In our cohort, never smokers showed 
higher rates of T + CD73 expression (15/15, 100%) com-
pared to ever smoker patients (64/91, 70%) (p = 0.0107). 
Tumors with any-solid histological pattern were associated 
with lower frequencies of T + CD73 (p = 0.0243). LUADs 
from female patients had higher frequency of BL + CD73 

(p = 0.0268). We did not find correlations between CD73 
expression and survival outcomes (data not shown). T 
and BL expression levels showed positive correlation 
with most immune biomarkers evaluated by IHC (Fig. 2a 
and Supplementary Fig. 4a). Specifically, CD73 T and BL 
expression levels correlated with higher PD-L1 expres-
sion (r = 0.38, p = 0.0013 and, r = 0.44, p < 0.0001, respec-
tively) (Fig. 2b) and with higher densities of CD3, CD4, 
CD8, CD45RO, CD68, PD-1, FOXP3, and Granzyme B 
positive cells (all p < 0.05; Fig. 2c, and Supplementary 
Fig. 4a). L CD73 levels positively correlated with CD3 and 
CD4 cell densities (Supplementary Fig. 4b).

In a subset of patients (N = 65), we performed RNA-
sequencing-based analysis of immune genes and signa-
tures using the HTG EdgeSeq platform. Corroborating our 
immunohistochemical analyses, BL CD73 gene expres-
sion was positively associated with increased expression of 
T-cell inflammation (p = 0.013) and adenosine signatures 
(p = 0.035) (Fig. 2d).

CD73 expression defines subgroups of LUADs 
with disparate clinicopathological and immune 
features

We then defined groups of LUADs (designated as high, 
low, and negative) based on the extent of CD73 membrane 
expression. CD73 IHC expression across the three groups 
significantly and positively correlated with its RNA coun-
terpart (p < 0.0001, Supplementary Fig. 3b). Based on the 
extent of CD73 expression, we stratified our cohort into 
three groups: ‘T Negative tumors’ (TN),  ≤ 1%, n = 27; ‘T 
Low group’ (TL),  > 1% and  < 55%, n = 53; and ‘T High 
group’ (TH),  ≥  to 55%, n = 26). L + and BL + expressions 
in these groups are shown in Supplementary Table 4. We 
found that these CD73-defined groups correlated with 
tobacco history (p = 0.0194); most LUADs from never 
smoker patients were TL (73%) and none of them were 
TN. TL LUADs showed more frequent non-solid histologi-
cal patterns, while TH and TN showed similar proportions 
of tumors with any-solid histological pattern (p = 0.0003) 
(Table 2). Notably, the CD73-defined groups correlated 
with most of the immune markers examined (Fig. 3a). TH 
showed the highest PD-L1 expression in MCs (p = 0.002) 
(Fig. 3b), and significantly higher cell densities of CD3 
CD4, CD8, PD-1, FOXP3, Granzyme B, CD45RO, and 
CD68-positive cells (Fig. 3c). In addition, 22.2% of tumors 
evaluated co-expressed CD73 and PD-L1. We did not 
find significant differences in immune marker expression 
between TN and TL LUADs. No differences in survival 
outcomes among the three groups were observed (Sup-
plementary Fig. 5).
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Association of CD73 expression with molecular 
features

We then examined the association of CD73 expression with 
genomic features in LUAD. TH and TN groups showed signifi-
cantly higher proportion of TP53 mutant tumors (p = 0.0035) 
compared to TL group. Somatic mutation burdens were sig-
nificantly lower in the TL group compared to TH and TN 
groups (p = 0.0018) (Table 2). We found that L negative CD73 
LUADs comprised more STK11 mutant LUADs rates com-
pared to L +  (p = 0.0041), although in our cohort, we only 
have a small number of STK11 mutations (n = 7). We did not 
find associations between KRAS and EGFR mutations with 
CD73 expression.

Association of CD73 with other markers involved 
in adenosine generation

We next interrogated other critical enzymes in the adeno-
sine pathway, namely CD38 and CD39. CD38 expression in 
malignant cells was found in 20% (20/98) of LUADs and 18 
(89%) of them co-expressed T CD73. Assessment of CD38 
in tumor stroma showed that higher number of  CD38+ cells 
positively associated with the TN group (p = 0.02) (Supple-
mentary Fig. 6a). In addition, our immune gene profiling anal-
ysis showed that CD38 cell densities in tumor stroma were 
associated with specific immune cell signatures indicative of 
T-cell inflammation, cytotoxic T lymphocytes, expanded host 
immune responses, tumor inflammation (TIS), interferon-
gamma signaling, as well as peripheral T-cell infiltration and 
M1 macrophage polarization (Supplementary Fig. 6b). In con-
trast, CD39 expression was not observed in malignant cells 
in our cohort, and  CD39+ cell densities in the tumor stroma 
did not exhibit significant association with CD73 expression 
(Supplementary Fig. 6c) or with immune signatures obtained 
by gene expression analysis.

Discussion

The immunosuppressive adenosine pathway, in which 
CD73 plays a critical role, has been proposed as one of 
the possible mechanisms of resistance to ICI [9, 35, 39]. 

The current combination of ICI therapies and anti-CD73 
antibodies are attractive therapeutic approaches, and are 
under evaluation [40] with the aim to improve the out-
come in patients with NSCLC that did not response to ICI 
(monotherapy or combination with chemotherapy). Yet, 
the role of CD73 in the pathobiology and immune contex-
ture of LUAD is poorly understood. To begin to fill this 
void, we examined the expression patterns of CD73 in a 
richly annotated cohort of early stage LUADs in associa-
tion with various features including clinicopathological, 
molecular, and immune covariates. We found that CD73 
was expressed in a significant fraction (75%) of LUADs 
and categorized subsets of LUAD with distinct histologi-
cal, molecular, and immune features.

In contrast to previous studies that mostly focused on total 
CD73 expression assessment, we interrogated CD73 in dif-
ferent membrane compartments (basolateral and luminal; BL 
and L, respectively) of MCs. Our pathological analyses dem-
onstrated that tumors with different CD73 expression pat-
terns exhibited distinct clinicopathological (e.g., histological 
patterns) and molecular associations, possibly pointing to 
causal links between CD73 expression or membrane locali-
zation and tumor differentiation [9, 41]. This hypothesis is 
also supported by our finding on progressively increased 
expression of CD73 across premalignant lung lesions rep-
resenting different stages in the sequence of LUAD patho-
genesis. We also found that the localization of CD73 in cells 
from well-differentiated LUADs was predominantly luminal, 
which may as well be related to the physiological protec-
tive and mitigating properties of CD73 against inflammation 
(45). Of note, we found distinct associations between not 
only the presence or absence of CD73 but also the extent of 
expression of this antigen with smoking status, molecular 
features, and immune infiltration (Table 1). Consistent with 
previous reports [22], our cohort showed that all (100%) 
never smoker LUADs exhibited positive CD73 expression 
when compared to smoker tumors (70%). However, among 
positive CD73 tumors, never smoker patients had lower 
extent of CD73 expression (T Low group), along with more 
differentiated tumors, less mutation burden, and lower rates 
of p53 mutation. These results suggest that extensive expres-
sion of CD73 in tumors from smoker patients could be in 
part explained by the higher immune infiltration observed 
in these tumors. Interestingly, CD73 membrane localization 
was also predominantly luminal (Supplementary Table 5), 
while the group with higher extent of CD73 expression, the 
predominant localization was basolateral. It is reasonable 
to surmise that CD73, viz., its disparate localization, may 
have distinct roles in the molecular pathogenesis of smoker 
and non-smoker LUADs. It is also plausible to suggest that 
CD73 membrane localization may have important implica-
tions on the effectiveness of anti-CD73 therapy.

Fig. 2  Basolateral CD73 expression is associated with higher 
immune infiltration in lung adenocarcinoma. a Heat map of TAIC 
densities and PD-L1 (% of expression) in MCs from 95 LUADs 
sorted according to BL CD73 expression (red, relatively higher BL 
CD73 expression; green, lower BL CD73 expression). Rows represent 
immune marker and columns denote samples (red, relatively higher 
TAIC density or PD-L1%; blue, lower TAIC density or PD-L1%). b 
Spearman correlation analysis of PD-L1 expression in MCs with BL 
and T CD73. c Spearman correlation analyses of TAICs (y-axis) with 
BL CD73 expression (x-axis)

◂
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It is important to mention that we observed that tumor 
BL CD73 expression positively correlated with features of 
a “hot” immune environment such as PD-L1 and immune 
cell infiltration rendering the plausible supposition that 
CD73 immune function may be disparate between BL and 
L compartments of LUAD cells. Similarly, when we ana-
lyzed immune cell densities within LUADs grouped based 
on CD73 positivity, the TH group displayed elevated PD-L1 
and immune cell infiltration compared with the TL and TN 
groups. It is noteworthy, that CD73 was shown to suppress 
anti-tumor immunity and promote immune evasion [9, 
42, 43]. Thus, given our findings along with the previous 
reports on CD73 function, it is not unreasonable to suggest 

that expression of CD73 may underlie inferior response to 
ICI even in tumors with concomitant high tumoral PD-L1 
expression and immune cell infiltration [44, 45]. In line 
with our results, a previous report demonstrated that high 
levels of adenosine correlated with elevated infiltration of 
immune cells, but with a decreased response to ICI [32]. It is 
intriguing to suppose that targeting CD73 may enhance anti-
tumor immunity, particularly in tumors with high levels of 
CD73, as well as augment the effect of ICI. Indeed, targeting 
CD73 was shown to skew the immune TME to a more anti-
tumor phenotype in preclinical models [46, 47]. In separate 
context, our findings also suggest that targeting CD73 may 
help augment anti-tumor immunity in LUADs with low yet 

Table 2  Clinicopathological 
and molecular features of 
LUAD patients grouped based 
on extent of CD73 expression

Characteristic N T high (TH) 
(26/106, 25%)

T low (TL) 
(53/106, 50%)

T negative (TN) 
(27/106, 25%)

p  valuesa

N (%) N (%) N (%)

Age
 ≤ 65 53 17 (32%) 21 (40%) 15 (28%) 0.2069
 > 65 53 11 (21%) 30 (57%) 12 (23%)

Sex
 Female 52 15 (29%) 26 (50%) 11 (21%) 0.6116
 Male 54 13 (24%) 25 (46%) 16 (30%)

Smoking history
 Never 15 4 (27%) 11 (73%) 0 (0%) 0.0194
 Current/former 91 24 (26%) 40 (44%) 27 (30%)

TNM 8th edition
 I 58 18 (31%) 28 (48%) 12 (20%) 0.4244
 II 26 4 (15%) 12 (46%) 10 (39%)
 III 22 6 (27%) 11 (50%) 5 (23%)

Pathological T (8th)
 pT1a—pT2a 70 19 (27%) 35 (50%) 16 (23%) 0.6934
 pT2b—T4 36 9 (25%) 16 (44%) 11 (31%)

Pathological N (8th)
 N0 78 22 (28%) 37 (47%) 19 (24%) 0.9041
 N1 20 5 (25%) 10 (50%) 5 (25%)
 N2 8 1 (13%) 4 (50%) 3 (37%)

Histologic pattern
 Any-solid 46 15 (32%) 14 (30%) 17 (37%) 0.0003
 Non-solid 60 11 (18%) 39 (65%) 10 (17%)

Molecular features
 EGFR mutated 15 5 (33%) 9 (60%) 1 (7%) 0.1717
 EGFR wild type 85 22 (26%) 38 (45%) 25 (29%)
 KRAS mutated 26 8 (31%) 13 (50%) 5 (19%) 0.7039
 KRAS wild type 77 20 (26%) 36 (47%) 21 (27%)
 TP53 mutated 27 11 (41%) 7 (26%) 9 (33%) 0.0035
 TP53 wild type 36 5 (14%) 24 (67%) 7 (19%)
 STK11 mutated 7 1 (14%) 2 (29%) 4 (57%) 0.1901
 STK11 wild type 56 15 (27%) 29 (52%) 12 (21%)

Mutational burden
 Median 63 353 (2–955) 154 (3–914) 392 (33–993) 0.0018



53

1973Cancer Immunology, Immunotherapy (2021) 70:1965–1976 

1 3

positive CD73, and which we find here to exhibit a rela-
tively “cold” immune contexture [48]. Of note, we found 
that a fraction of LUADs that were CD73 negative displayed 
abundant expression of CD38 concomitant with a muted 
host immune response, suggesting redundant activation of 
the non-canonical adenosine pathway [9, 11] in these tumors 
and their potential tractability by agents that target this path-
way. Our study points to the potential role of CD73, and 

other members of the adenosine signaling pathway, as poten-
tial mechanisms of tumor immune evasion and resistance 
to ICI, thus providing additional rationale for propagating 
anti-CD73 antibodies in new combinatorial immunothera-
peutic regimens. As mentioned before, we found that dif-
ferential (e.g., BL vs. L) CD73 localization was associated 
with distinct clinicopathological and molecular features in 
LUAD. It is intriguing to propose that in-depth assessment 

Fig. 3  Extent of CD73 expression defines groups of lung adenocarci-
noma with disparate tumor immune infiltration. a Heat map of TAIC 
densities and PD-L1 (% of expression) in MCs of 95 LUADs grouped 
based on the extent of CD73 expression (TH, TL, and TN). Rows rep-
resent immune markers and columns denote samples (red, relatively 

higher TAIC density or PD-L1%; blue, relatively lower TAIC density 
or PD-L1%). b Plots showing PD-L1% expression among the TH, 
TL, and TN groups. c) Plots showing TAIC densities among the TH, 
TL, and TN groups (*p < 0.05 based on the Kruskal–Wallis test, n.s. 
not significant, bars correspond to median values ± 95% CI)
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of CD73 expression along with its membrane localization 
will provide comprehensive assessment of patients who may 
benefit from agents targeting this immune marker.

Our study is not without limitations. It is important to 
mention that we interrogated tissue microarrays of LUAD, 
with these arrays typically harboring relatively small tis-
sue cores which may bring about increased tumor and, thus, 
immune marker heterogeneity and under-representation of 
luminal structures of adenocarcinomas—thus warranting 
future studies probing CD73 in whole tissue specimens. It 
is also noteworthy, given our study design and goals, that 
our cohort was primarily comprised of resectable early 
stage tumors with, thus, under-representation of relatively 
more advanced (e.g., metastatic) LUADs. In this context, 
our study is unable to ascertain relative patterns of CD73 
expression (and localization), along with features of host 
anti-tumor immunity and immune evasion, between early 
stage and more advanced LUADs. Since mechanisms of 
host immune evasion by the tumor, along with genomic and 
mutational complexity, are expectantly more pronounced in 
advanced-stage tumors, future studies are warranted to fully 
probe CD73, and other members of the adenosine pathway, 
along the continuum of different stages (e.g., early, local/
oligometastatic to distant metastatic) in LUAD. Further-
more, the expression patterns of CD73 in patients who have 
received ICI, preoperatively or in the advanced setting, are 
not yet discerned. It also cannot be neglected that our study 
is retrospective in nature and comprises a cohort of lim-
ited number of patients and from a single center warranting 
validation of our findings by external cohorts. Addition-
ally, future studies are warranted that further probe mecha-
nisms involving CD73 expression and its interaction with 
host immune responses in LUAD. It is important to note 
that, unlike earlier work [22], we did not find associations 
between CD73 with clinical outcome and EGFR mutation 
status. This discrepancy may be attributable to the dispa-
rate patient molecular and clinicopathological profiles in our 
cohort compared to those earlier studies that focused on East 
Asian patients [22]. Due to the lack of tissue availability, 
the analysis of CD73 gene expression in AAH, MIA, AIS, 
LUAD, and normal lung tissue was not validated by IHC. 
Nonetheless, our study provides new and comprehensive 
insights into diverse patterns of CD73 expression and locali-
zation, in association with genomic, immune, and clinical 
features, in early stage LUAD, thus offering a roadmap in the 
future to interrogate the role of CD73 expression in immu-
notherapy and/or response to ICI.

In conclusion, we comprehensively surveyed the expres-
sion, abundance, and membrane tumor localization of CD73 
in early stage LUAD, and found that this immune marker 
with distinct clinicopathological, molecular, and immune 
characteristics. Our findings on increased expression of the 
immune evasion mediator CD73 in LUADs with elevated 

PD-L1 and immune cell infiltration offer potential insight 
into why some patients with augmented immune response 
still respond poorly or modestly to ICI. Our data also pro-
vide the plausible rationale for exploring immunotherapeutic 
regimens consisting of anti-CD73 antibodies in combination 
with ICI.

Supplementary Information The online version contains supplemen-
tary material available at https ://doi.org/10.1007/s0026 2-020-02820 -4.
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ABSTRACT
◥

Purpose:Our understanding of the immunopathology of resect-
able non–small cell lung cancer (NSCLC) is still limited. Here, we
explore immune programs that inform of tumor immunity and
response to neoadjuvant chemotherapy and chemoimmunotherapy
in localized NSCLC.

Experimental Design: Targeted immune gene sequencing
using the HTG Precision Immuno-Oncology panel was per-
formed in localized NSCLCs from three cohorts based on treat-
ment: naïve (n ¼ 190), neoadjuvant chemotherapy (n ¼ 38), and
neoadjuvant chemoimmunotherapy (n ¼ 21). Tumor immune
microenvironment (TIME) phenotypes were based on the loca-
tion of CD8þ T cells (inflamed, cold, excluded), tumoral PD-L1
expression (<1% and ≥1%), and tumor-infiltrating lymphocytes
(TIL). Immune programs and signatures were statistically
analyzed on the basis of tumoral PD-L1 expression, immune
phenotypes, and pathologic response and were cross-compared
across the three cohorts.

Results: PD-L1–positive tumors exhibited increased signature
scores for various lymphoid and myeloid cell subsets (P < 0.05).
TIME phenotypes exhibited disparate frequencies by stage, PD-L1
expression, and mutational burden. Inflamed and PD-L1þ/TILsþ

NSCLCs displayed overall significantly heightened levels of
immune signatures, with the excluded group representing an
intermediate state. A cytotoxic T-cell signature was associated with
favorable survival in neoadjuvant chemotherapy–treated NSCLCs
(P < 0.05). Pathologic response to chemoimmunotherapy was
positively associated with higher expression of genes involved in
immune activation, chemotaxis, as well as T and natural killer cells
(P < 0.05 for all). Among the three cohorts, chemoimmunotherapy-
treated NSCLCs exhibited the highest scores for various immune
cell subsets including T effector and B cells (P < 0.05).

Conclusions:Our findings highlight immune gene programs that
may underlie host tumor immunity and response to neoadjuvant
chemotherapy and chemoimmunotherapy in resectable NSCLC.

Introduction
While non–small cell lung cancer (NSCLC) remains the leading

cause of cancer-related mortality, death rates due to this ominous
cancer have declined in the past few years (1). Enhanced early

screening and diagnosis have increased the numbers of early-
stage NSCLCs (2, 3). Also, new approaches using stereotactic body
radiation for inoperable early-stage lung cancer (4) and immune
checkpoint inhibitors (ICI) in the adjuvant setting are increasingly
being established for clinical management of stage II to IIIA NSCLC
with ≥ 1% tumoral PD-L1 expression (5). Improved treatment of
early-stage NSCLC heavily relies on understanding the molecular
and immune biology of the malignancy. Indeed, recent emerging
evidence points to reprogramming of the immune contexture in
early stages in the pathogenesis of NSCLC, (6–8) thus providing
rationale for immunotherapeutic strategies such as ICI in the
resectable disease setting (9, 10).

Immunosuppression mediated by the PD-1/PD-L1 checkpoint
pathway has been shown to underlie immune evasion by
NSCLC (11, 12). Clinical studies have shown that ICIs targeting
the PD-(L)1 axis mount an antitumor immune response that leads
to favorable and, in some cases, durable responses in patients with
cancer, including those with advanced/unresectable NSCLC (8, 9).
Of note, patients with NSCLC exhibit variable responses to ICIs
targeting PD-1 or PD-L1 (13, 14). Expression of PD-L1 protein by
IHC is used to guide immunotherapeutic strategies in NSCLC (15).
Previous clinical trials (14) showed that high tumoral and immune
PD-L1 expression predict overall favorable response to ICI. Yet, a
significant fraction of patients with PD-L1–positive (≥1%) tumors
do not respond to ICIs (14) and, conversely, other studies have
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demonstrated responses in patients whose NSCLCs are PD-L1
negative (<1%; ref. 16), thus highlighting the need for more reliable
biomarkers to predict response to ICI.

Recent reports (17–23) demonstrated promising results using
neoadjuvant ICI for treatment of resectable NSCLC. For instance, the
phase II clinical trial by Provencio and colleagues [neoadjuvant
chemotherapy and nivolumab in resectable non–small cell lung cancer
(NADIM)] showed that chemoimmunotherapy (combination of nivo-
lumab and platinum-based chemotherapy) elicited major pathologic
response (MPR) in the majority of resected patients (17). More
recently, a phase III clinical trial by Forde and colleagues showed that
neoadjuvant chemoimmunotherapy resulted in higher MPR rate
(36.8%) compared with chemotherapy alone (8.6%; ref. 24). While
these results are encouraging, the mechanisms by which neoadjuvant
ICI in combination with chemotherapy elicit MPR in early-stage
NSCLC are still largely unknown (25).

Tofill this void, we interrogated three cohorts with localizedNSCLC
that underwent upfront surgery or neoadjuvant chemotherapy, as
currently established standard of care in this setting, and compared
with patients who received neoadjuvant chemoimmunotherapy (plat-
inum-based therapy plus anti–PD-1). Our results show that an
augmented immune response is often observed in treatment-naïve
patients with high tumor PD-L1 expression, while PD-L1–negative
tumors exhibit heterogeneous host immune expression programs. We
also find that chemoimmunotherapy elicits immune gene expression
programs and phenotypes that are distinct from or absent in treat-
ment-naïve or chemotherapy only–treated patients, thus highlighting
potential markers and targets for immunotherapeutic response in
early-stage NSCLC.

Materials and Methods
Patient cohorts

Patients with resectable NSCLC were classified based on preoper-
ative treatment. A cohort of 190 treatment-naïve patients that under-
went upfront surgery and a set of 38 patients that received neoadjuvant

platinum-based chemotherapy followed by surgerywere evaluated and
treated at The University of Texas MD Anderson Cancer Center
(Houston, TX). The third cohort included patients who were enrolled
in a multi-institutional clinical trial (NADIM clinical trial,
NCT03081689, primary institution: Hospital Puerta de Hierro,
Madrid, Spain) and treated with neoadjuvant chemotherapy plus
anti–PD-1 (nivolumab; chemoimmunotherapy cohort; ref. 17). Our
study and analyses were approved by the relevant Institutional Review
Boards and were conducted according to the principles of the Helsinki
Declaration. Informed written consent was obtained from each
subject or subject’s guardian. Detailed clinicopathologic information
including demographics, smoking history, pathologic tumor–node–
metastasis stage, as well as overall and recurrence-free survival for all
cases are summarized inTable 1.Mutational status of key driver genes,
including KRAS, EGFR, STK11, and TP53, as well as tumor mutation
burden (TMB) were previously characterized (26) by whole-exome
sequencing and were available for a subset of the cases (Table 1).
Pathologic response to therapy was assessed by estimating the per-
centage of viable tumor cells (VTC), necrosis, and fibrosis. Pathologic
response to neoadjuvant therapies was performed following a stan-
dardized approach to assess the percentage of VTCs, necrosis and
stroma (including inflammation and fibrosis)—all amounting to 100%
of analyzed cells. Pathologic response was categorized as incomplete
pathologic response (i.e., no MPR; >10% VTCs), MPR (≤10% VTCs),
and pathologic complete response (pCR; no remaining VTCs;
refs. 27, 28). For cases with MPR or pCR after neoadjuvant chemo-
therapy or chemoimmunotherapy, the tumor bed was histopatholog-
ically identified and subsequently interrogated by targeted immune
gene profiling.

IHC analysis
IHC and digital image analysis were performed previously (29) for a

subset of NSCLCs (n ¼ 177). This included analysis of densities of
tumor-associated immune cells: CD4þ (Th), CD8þ (cytotoxic T),
CD45ROþ (memory T), and FOXP3þ (regulatory T; Supplementary
Table S1). Briefly, tissue sections (4 mm) were stained using a Leica
Bond Max automated stainer (Leica Biosystems Nussloch GmbH).
Sections were then deparaffinized and rehydrated according to the
manufacturer’s protocol. Antigen retrieval was performed for 20
minutes with Bond Solution #2 (Leica Biosystems, equivalent EDTA,
pH 9.0) or Bond Solution # 1 (Leica Biosystems, equivalent Citrate
Buffer, pH6). Primary antibodies were incubated for 15 minutes at
room temperature and detected using the Bond Polymer Refine
Detection kit (Leica Biosystems) with DAB as chromogen. Tissue
slides were counterstained with hematoxylin, dehydrated, and
coverslipped.

Membrane PD-L1 was evaluated by a pathologist (L.M. Solis) as
percentage of tumor cells with positive expression based on the
International Association for the Study of LungCancer guidelines (30).
Pathologic evaluation was done for each sample to confirm the
presence of tumor and adjacent normal uninvolved tissue. For those
cases in which the presence of both compartments was confirmed, the
invasivemarginwas delineated (red line inFig. 2A). Subsequently, and
using IHC analysis, CD8þ T-cell densities were separately evaluated
within (tumoral) and surrounding (peritumoral or adjacent normal
tissue) tumors in whole sections using digital image analysis as
previously described by our group (29). Based on this compartment
classification (tumoral vs. peritumoral), we categorized tumors into
three tumor immune microenvironment (TIME) patterns similar to
what was performed by previous studies in NSCLC (31): (i) inflamed,
≥1,000 CD8þ T cells/mm2 within the tumor compartment and a

Translational Relevance
Neoadjuvant treatment with immune checkpoint inhibitors

alone or in combination with chemotherapy have recently shown
promising results in non–small cell lung cancer (NSCLC). Yet,
mechanisms that promote response to these strategies remain
inadequately understood. Here we report immune programs that
inform of host antitumor immunity and response in resectable
NSCLC. In treatment-naïve tumors, we found that tumor immune
microenvironment phenotypes (inflamed, cold, and excluded)
based on the cell densities and spatial distribution of CD8þ T cells
exhibited disparate frequencies by stage, PD-L1 expression, and
mutational burden. Cytotoxic T-cell signature was associated with
favorable survival in neoadjuvant chemotherapy–treated NSCLCs.
Patients achieving major pathologic response after chemoimmu-
notherapy exhibited higher CD8þ T cells, while Th1 cells were
significantly reduced post chemoimmunotherapy. Among the
three cohorts, chemoimmunotherapy-treated NSCLCs significant-
ly exhibited the highest scores for various immune cell subsets
including T effector and B cells. Our findings highlight immune
gene programs that may underlie host tumor immunity and
response to immunotherapy in resectable NSCLC.
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peritumoral CD8þ/tumoral CD8þ ratio < 2.75, denoting homoge-
neous infiltration across both compartments; (ii) cold, < 1,000 CD8þT
cells/mm2 within the tumor compartment and ratio < 2.75, denoting
lack of infiltration across both compartments; and (iii) excluded, with a
peritumoral CD8þ/tumoral CD8þ ratio > 2.75, lacking CD8þT cells in
the tumor area and exhibiting CD8þ T-cell infiltrates that reside at the
periphery of the tumor. Tumors were also categorized into four groups
based on PD-L1 IHC expression (<1% and ≥1%) and tumor-
infiltrating lymphocyte (TIL) infiltration using CD3þ T-cell densities
(<median ¼ TILs# and ≥median ¼ TILsþ): (i) PD-L1#/TILs#; (ii)
PD-L1#/TILsþ; (iii) PD-L1þ/TILs#; and (iv) PD-L1þ/TILsþ.

Multiplex immunofluorescence analysis
Multiplex immunofluorescence (mIF) was available for a subset of

patients in the neoadjuvant chemoimmunotherapy cohort (n ¼ 27)
andwere reported previously (17). Briefly,mIF stainingwas performed
on 4 mm histologic tumor sections using the Opal 7-Color fIHC Kit
(PerkinElmer). Slides were scanned by a Vectra multispectral micro-
scope (PerkinElmer). The immune markers CD3, CD8, and FOXP3,
and pancytokeratin AE1/AE3 were then analyzed and reported as
number of cells per mm square (cells/mm2).

Targeted RNA sequencing of immune genes
The HTG EdgeSeq Precision Immuno-Oncology panel (HTG

Molecular) was employed to examine immune-centric expression
programs in samples from all three cohorts. This panel comprised
1,392 genes with a focus on tumor–immune interaction. We then
used the available HTG EdgeSeq Reveal software (HTGMolecular) to

in silico deconvolute the immune gene expression data into gene
signatures that characterize distinct cell populations and phenotypes
(Supplementary Table S2; ref. 32). Furthermore, gene programs that
predict immune cell infiltration and functional states were compiled
(Supplementary Table S3) and interrogated in the three cohorts. For
validation, we studied publicly available bulk and transcriptome
sequencing data of 481 stage I to III lung adenocarcinomas (LUAD)
from The Cancer Genome Atlas (TCGA) cohort. LUAD samples
were ranked by their expression of CD274, with upper quartile of
tumors constituting those with relatively high expression (PD-L1
positive).

Statistical analysis
Targeted immune gene expression data were first median-

normalized and then log2 transformed for further analysis. Scores of
previously curated immune gene signatures were calculated by com-
puting average expression of genes within each signature. To test
association between continuous and categorical variables, Mann–
Whitney U and Kruskal–Wallis tests were applied for categorical
variables with two levels or more than two levels, respectively. To
test association between two continuous variables, the Spearman rank
correlation test was applied. For survival analysis, we used Cox
proportional hazards models. Benjamini and Hochberg method was
used for multiple testing correction of P values.

Data availability statement
Raw data were generated in the HTG Molecular Diagnostics core

facility. Processed data are available from the authors and derived data

Table 1. Clinicopathologic characteristics of the three cohorts: Treatment-naïve (n¼ 190), neoadjuvant chemotherapy cohort (n¼ 38)
from MD Anderson, and the neoadjuvant chemoimmunotherapy cohort from the NADIM trial (n ¼ 21; NCT03081689).

Clinicopathologic
variables

Treatment-naïve
(MD Anderson)
(n ¼ 190) %

Neoadjuvant
chemotherapy
(MD Anderson)
(n ¼ 38) %

Neoadjuvant
chemoimmunotherapy
(NADIM trial) (n ¼ 21) %

Age median (range) 67 (41–86) 62 (43–81) 64 (41–76)
Sex

Female 80 42.1 17 44.7 5 23.8
Male 110 57.9 21 55.3 16 76.2

Smoking status
Current 83 43.7 23 60.5 8 38.1
Former 92 48.4 15 39.5 13 61.9
Never 15 7.9 0 0.0 0 0.0

Histology
LUAD 107 56.3 20 52.6 11 52.4
LUSC 83 43.7 18 47.4 10 47.6

TNM stage
I 73 38.4 1 2.6 0 0.0
II 49 25.8 7 18.4 0 0.0
III 68 35.8 30 79.0 21 100.0

PD-L1 (IHC)
<1% 80 42.1 4 10.5 8 38.1
≥1% 38 20 7 18.4 9 42.9
NA 72 37.9 27 71.1 4 19.0

Recurrence
Yes 91 47.9 21 55.3 5 23.8
No 99 52.1 17 44.7 16 76.2

Survival
Alive 56 29.5 8 21.1 19 90.5
Dead 134 70.5 30 78.9 2 9.5

Abbreviations: IHC, immunohistochemistry; LUAD, lung adenocarcinoma; LUSC, lung squamous cell carcinoma; NA, not available.
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supporting the findings of this study are available from the corre-
sponding author upon request.

Results
Immune expression programs are associated with PD-L1
positivity in treatment-naïve NSCLC

We performed targeted immune gene sequencing using the HTG
EdgeSeq Precision Immuno-Oncology platform (32) of 190 treatment-
naïve early-stage NSCLCs (Table 1) and compared immune expres-
sion programs and phenotypes between PD-L1–positive and PD-L1–
negative tumors. We first compared protein IHC expression levels of
CD4þ, CD8þ, FOXP3þ, CD45ROþ, and CD68þ cell densities with
corresponding immune cell scores derived by targeted gene sequenc-
ing (n ¼ 177 patients). We found significant correlation between all

four immune cell densities with the corresponding gene scores (r ¼
0.58, r¼ 0.67, r¼ 0.35, r¼ 0.32, r¼ 0.22, respectively, P < 0.0001 for
all; Supplementary Fig. S1A). PD-L1 protein expression in tumor cells
by IHC significantly and highly correlated withCD274 expression (r¼
0.55,P< 0.0001; Supplementary Fig. S1B). In addition, CD8TandCD8
memory effector T-cell immune gene programs were significantly and
highly positively correlated with previous published gene signatures
denoting cytotoxic T lymphocytes (CTL; ref. 33; P < 0.0001; r ¼ 0.7761)
and cytotoxicity (ref. 34; P < 0.0001; r ¼ 0.8037; Supplementary
Fig. S2). These data point to the robustness of the targeted immune
sequencing approach to quantify immune subsets in the TIME of
early-stage NSCLC.

Relative to PD-L1–negative (<1% tumoral PD-L1) LUADs,
PD-L1–positive (≥1%) LUADs displayed elevated expression of
genes associated with antigen presentation (e.g.,HLA-DRA and CD86;

Figure 1.
Immune expression programs differentially expressed in PD-L1–positive and PD-L1–negative treatment-naïve LUADs. A, Heatmap showing DEGs between PD-L1–
positive (≥1%) and PD-L1–negative (<1%) treatment-naïve LUADs. DEGs were selected on the basis of a statistical threshold of adjusted P < 0.05. Columns denote
samples which were annotated with clinicopathologic and molecular features, and rows represent DEGs (red, relatively higher expression; blue, relatively lower
expression). B, Differential expression of functional gene signatures (red, higher expression; blue, relatively lower expression; adjusted P < 0.05) between PD-L1–
positive and PD-L1–negative LUADs. C, Violin plots for cellular signatures scores in PD-L1–positive (≥1%, orange) and PD-L1–negative (<1%, blue) tumors. P values
were calculated on the basis of theMann–Whitney test, black lines represent themedian, and gray lines correspond to 95% confidence interval (CI). DEGs, differently
expressed genes; LUADs, lung adenocarcinomas.
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Fig. 1A), various immune programs such as IFNg signaling (35),
and immune cytolytic activity (36) as well as immune subsets such as
CTLs (33) and T effector cells (37, 38). In addition, PD-L1–positive
tumors showed increased signature scores for immunoregulatory
mediators such as neutrophils (Fig. 1B; ref. 39). These findings were
validated when we studied localized LUADs from the TCGA cohort.
PD-L1–high LUADs from TCGA cohort similarly exhibited rela-
tively higher expression of genes implicated in antigen presentation
and several immune programs implicated in host antitumor
responses (e.g., IFNg , immune cytolytic activity, M1 macrophages,
T effector cells; Supplementary Fig. S3A and S3B). PD-L1–positive
LUADs also showed elevated immune cell scores for B (P ¼ 0.0005),
CD4 T (P ¼ 0.0029), regulatory T, and effector memory CD8 T cells
(all P < 0.05; Fig. 1C). Of note, we observed heterogeneous expres-
sion of these immune gene programs in PD-L1–negative LUADs,
with a subset of tumors exhibiting elevated inflammation-associated
signatures. In close alignment with previous studies (26, 40), LUADs
harboring EGFR or STK11 mutations more frequently exhibited
negative tumoral PD-L1 expression concomitant with reduced
expression of various immune cell scores (Supplementary
Fig. S4A). Among lung squamous cell carcinomas (LUSC), PD-
L1–positive tumors only showed increased abundance of macro-
phages and M1 macrophages signatures and decreased scores for
plasma cells relative to those that were negative for PD-L1, perhaps
suggesting distinct immune biology programs associated with PD-L1
between both subtypes of NSCLC (Supplementary Fig. S4B–S4D).
Of note, tumoral PD-L1 in both LUADs and LUSCs was not
significantly associated with recurrence (Supplementary Fig. S5A).
Notably, nonrecurrent LUADs, compared with their recurrent
counterparts, exhibited increased abundance of specific immune
subsets such as B and plasma cells as well as M1 macrophages (all P <
0.05; Supplementary Fig. S5B). Our findings suggest immune genes
and programs that further inform of the immunopathology of early-
stage NSCLC.

Gene expression programs associated with immunologically
inflamed, cold, and excluded TIME phenotypes

We next categorized treatment-naïve NSCLCs into distinct TIME
phenotypes (inflamed, cold, and excluded) based on cell density and
spatial distribution of CD8þ T cells by IHC (Fig. 2A). The fraction of
LUADs harboring an excluded phenotype increased with pathologic
stage (P ¼ 0.0273; Fig. 2B). In accordance with our previous findings
above, PD-L1–positive LUADs displayed increased frequency of the
inflamed TIME phenotype (66.7%) compared with PD-L1–negative
tumors (38.1%; P ¼ 0.0207; Fig. 2B). In addition, LUADs with
relatively higher TMB more frequently displayed an inflamed pheno-
type (58.6%; P < 0.0001; Fig. 2B). Notably, 9 of 13 EGFR-mutant
LUADs were classified as cold tumors (Supplementary Fig. S6A) in
close agreement with previous studies (26, 40). We found a trend for
reduced survival in the excluded group albeit not reaching statistical
significance (Supplementary Fig. S6B).

We next performed in silico deconvolution to identify differences in
the abundance of immune cell types across the three TIME pheno-
types. Inflamed LUADs exhibited significantly higher signature scores
for CD8 T cells (P < 0.0001) including effector memory T cells (P <
0.0001; Fig. 2C), consistent with the CD8þ IHC analysis. Inflamed
LUADs also showed increased abundance of B-cell populations (naïve
B cells and B cells, both P < 0.0001). In addition, macrophage and M1
macrophage subsets were significantly lower in cold LUADs (P ¼
0.0008 and P ¼ 0.0003, respectively). Similarly, we found by IHC
analysis significantly decreased CD68þ cell densities in the cold group

(P < 0.0001; Supplementary Fig. S7). Of note, signature scores for M2
macrophages were significantly increased in LUADs with an excluded
phenotype (P ¼ 0.0219; Fig. 2C). We identified 94 differentially
expressed genes (DEG) among treatment-naïve LUADs across the
three phenotypes. Inflamed LUADs showed increased expression of
genes that were consistent with elevated immune cell infiltration (e.g.,
CD3E, CD3GCD8A, CD8B), cytolytic activity (GZMA,GZMB,GZMK,
NKG7), immune cell chemotaxis (CXCL9, CXCL10, CXCL13), and
antigen presentation (TAP1, TAP2). In sharp contrast, LUADs with a
cold phenotype exhibited the lowest levels for these immune profiles,
concomitant with increased expression of tumor promoting factors
(MTOR, FGFR3, IL6R). Excluded LUADs displayed immune profiles
that were in an intermediate state between inflamed and cold phe-
notypes (Fig. 2D).

We also performed similar analysis of tumors that we categorized
into four groups based on PD-L1 expression and TILs (CD3þ T cell)
infiltration (Supplementary Fig. S8A).We found increased frequencies
of PD-L1þ/TILsþ tumors in cases with an inflamed or excluded TIME
phenotype and in those with higher TMB (Supplementary Fig. S8B).
Conversely, fractions of PD-L1þ/TILsþ tumors were markedly
reduced and of PD-L1#/TILs# greatly increased in the cold TIME
group (Supplementary Fig. S8B). We found that PD-L1þ/TILsþ

tumors when comparedwith their PD-L1#/TILs# counterparts overall
exhibited increased signature scores for various immune populations,
programs, and genes—echoing our findingswhen comparing inflamed
and cold tumors (Supplementary Fig. S8C and S8D). Also, among PD-
L1–negative tumors, those that were TILsþ displayed higher CD4 T-
cell signatures including memory, effector memory and regulatory cell
subsets compared with their TILs# counterparts (Supplementary
Fig. S8C). We also interrogated expression levels of various immune
checkpoints (PDCD1, CD274, CTLA4, HAVCR2, ICOSLG, TIGIT, and
LAG3) across the TIME phenotypes and PD-L1/TILs groups. We
found increased expression of CTLA4, TIGIT, and LAG3 in the
inflamed group, and elevated levels of HAVCR2 and ICOSLG in the
excluded phenotype (Supplementary Fig. S9A). We did not find
significant differences in the expression of these immune checkpoints
among the four subgroups based on PD-L1 expression and TILs, while
significant differences were observed on the basis of PD-L1 status (<1%
vs.≥1%)with positive tumors exhibiting increase expression ofCD274,
CTLA4, HAVCR2, andTIGIT (P < 0.05 for all; Supplementary Fig. S9B
and S9C).

Immune expression changes linked with pathologic response
after neoadjuvant chemotherapy in early-stage NSCLC

We next sought to interrogate immune programs in early-stage
NSCLCs treated with neoadjuvant chemotherapy. We studied
immune genes that were associated with pathologic response. Among
LUADs, we found that immune genes implicated in innate immune
responses (CD14, TLR4, MAF) and those pertinent to B-cell biology
(CD79A, JCHAIN, CXCL12, BLNK) were significantly and positively
associated with pathologic response (lower % VTCs; P < 0.01). In
contrast, LUADs with relatively lower or no response to neoadjuvant
chemotherapy displayed upregulation of genes implicated in DNA
replication, cell cycle, and inhibition of apoptosis (e.g., MCM6,
FOXM1, FOXA1) consistent with increased % VTCs (Fig. 3A). In
accordance, percentage of VTCs was significantly correlated with the
identified DEGs (r ¼ 0.84, P < 0.001) and with an epithelial cell gene
signature (r¼ 0.62,P¼ 0.0065; Fig. 3B). Also, LUADswith a relatively
higher signature score for CTLs (33) displayed significantly improved
overall survival (OS; P ¼ 0.0055; Fig. 3C). Of note, recurrent LUADs
showed significantly upregulated expression of the adenosine pathway
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Figure 2.
Gene expression programs associated with immunologically inflamed, cold, and excluded TIME phenotypes in treatment-naïve LUADs. A, Scatter plot showing
distribution of LUADs based on tumoral cell densities of CD8þ T cells (y-axis) and peritumoral/tumoral ratios for CD8þ T cells (x-axis). LUADs were classified into
inflamed (red rectangle), cold (blue rectangle), and excluded (yellow rectangle) phenotypes (top); representative images for the three different phenotype patterns
are shown at the bottom (P, peritumoral; T, tumor area). LUADs were also color coded by PD-L1 expression (orange, ≥1%; blue, <1%). B, Frequencies of TIME
phenotypes in LUAD by pathologic stage, tumoral PD-L1 expression, as well as TMB [TMB high, ≥median (171); TMB low, <median]. P values were calculated on the
basis of the Fisher exact test.C,Violin plots depicting cellular signature scores across the three TIMEphenotypes.P valueswere calculated on the basis of the Kruskal–
Wallis test, black lines represent median levels, and gray lines correspond to 95% CI. D, Heatmap showing 94 DEGs (Padjusted < 0.05) between the three TIME
phenotypes. Rows represent genes and columns denote samples (red, relatively higher expression; blue, relatively lower expression).
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(P ¼ 0.0085; Fig. 3D), an immune program previously shown by our
group and others to be associated with tumor immune evasion and
lack of response to ICI (34, 41). Recurrent LUADs in this cohort
also showed a tendency for increased abundance of macrophages
(P¼ 0.0811), M2macrophages (P¼ 0.0557), and CD4memory T cells
(P ¼ 0.0557; Supplementary Fig. S10). In LUSCs, % VTCs was
positively correlated with a natural killer (NK) cell exhaustion signa-
ture (ref. 34; r ¼ 0.61, P ¼ 0.022), and inversely correlated with
abundance of M2 macrophages (r ¼ "0.61, P ¼ 0.0187; Supplemen-
tary Fig. S11A and S11B).

Chemoimmunotherapy elicits pronounced immune-wide
expression changes in resectable NSCLC

Comparison of patients with NSCLC who showed pCR/MPR
relative to those with incomplete response to neoadjuvant chemoim-
munotherapy revealed that the former group overall displayed higher
immune scores (i.e., abundance) for various cell subsets such as B cells
(P ¼ 0.0110) and CD8 T cells (P ¼ 0.0293; Fig. 4A) indicative of
elevated immune infiltration associated with response. On the other
hand, NSCLCs that did not respond to neoadjuvant chemoimmu-
notherapy exhibited elevated fractions of Th type 1 cells as well as of
epithelial cells (P < 0.05; Fig. 4A) consistent with increased percentage
of VTCs. Of note, we also performed orthogonal confirmation of CD8
T and regulatory T cell signatures using mIF. CD3þCD8þ and
CD3þFOXP3þCD8" cell densities by mIF closely and positively
correlated with RNA sequencing (RNA-seq)–derived CD8 T and
regulatory T cell signatures, respectively (Supplementary Fig. S12A
and S12B). CD3þCD8þ cell densities by mIF and the CD8 T-cell
signature were both concordantly and significantly increased between
chemoimmunotherapy-treated patients with MPR/pCR and those
with no MPR (Supplementary Fig. S12A, right) whereas there were
no statistically significant changes in both CD3þFOXP3þCD8" cell

densities and the regulatory T cell signature between both patient
groups (Supplementary Fig. S12B, right).

Next, we interrogated immune genes that were associated with
pathologic response. We identified 223 genes significantly associated
with % VTCs (Padjusted < 0.05). Patients with less % VTCs after
neoadjuvant chemoimmunotherapy exhibited higher expression of
genes involved in immune activation and chemotaxis (ILR1L, CCL14,
IL33, IL7R, IRF8, CXCR4), T and NK (TARP, CD226, CD69, KLRD1),
and myeloid cells (CLEC9A, MARCO). Conversely, tumors with
relatively higher % VTCs following neoadjuvant chemoimmunother-
apy displayed upregulation of genes implicated in DNA replication
and cell cycle (e.g., BRCA1, CDK4, TOP2A, AURKA) as well as of the
major immunosuppressive transcriptional factor FOXP3 (Fig. 4B).

We next interrogated evolution of immune responses in a subset
of these patients (n ¼ 13) with available paired pretherapy and
posttherapy samples. Differential expression analysis revealed 128
DEGs that were significantly modulated between paired posttreat-
ment and pretreatment samples. Chemoimmunotherapy increased
expression of genes that are implicated in inflammation and
chemotaxis of immune cells (IL1R1, CXCR4, CCL14, CXCL12),
regulatory T cells (P ¼ 0.0479), and M2 macrophages (P ¼ 0.0398;
Fig. 4C and D; Supplementary Fig. S13). Chemoimmunotherapy
also reduced overall abundance of Th type 1 (P < 0.0001) and epithelial
(P < 0.0001) cells (Fig. 4D).

We next compared immune gene programs across NSCLCs that are
treatment-naïve, treated with neoadjuvant chemotherapy, and those
treated with neoadjuvant chemoimmunotherapy. Because of the
design of our study, and the currently approved treatment
approaches (42), stage I NSCLCs were more frequently found in the
treatment-naïve cohort (38%) compared with neoadjuvant chemo-
therapy (2.6%) and the chemoimmunotherapy (0%) cohorts. We thus
excluded stage I NSCLCs from this comparative analysis.We observed

Figure 3.
Immune expression changes linked with pathologic response after neoadjuvant chemotherapy in early-stage NSCLC. A,Heatmap showing 29 DEGs (unadjusted P <
0.01) that are associated with the percent of viable tumor cells in early-stage NSCLCs treated with neoadjuvant chemotherapy. Columns denote NSCLCs that are
annotatedwith clinicopathologic andmolecular features and rows represent DEGs (red, relatively higher expression; blue, relatively lower expression).B,Scatter plot
showing statistically positive correlation of the identified DEGs (left) and an epithelial cell signature (right) with percent viable tumor cells. Correlation was
statistically assessed using Spearman correlation. C, Analysis of the association of a signature score for CTLs with OS using Kaplan–Meier method for estimation of
survival probability and of an adenosine signature (D) with recurrence (P value was calculated on the basis of the Mann–Whitney test, black lines represent the
median, and gray lines correspond to 95% CI).
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that 532 genes were differentially expressed between the three groups
(Fig. 5A). Patients with NSCLC treated with chemoimmunotherapy
exhibited upregulated expression of profiles indicative of elevated T
and B cell (e.g., CD3G, CD8A, MS4A1, CD19, CD22) and myeloid
(CD68, CD163, CXCR2, ALOX15B) cell infiltration (Fig. 5A) and,
conversely, attenuated levels of genes involved in cell cycle (PKM,
CDK4) and DNA repair (BRCA1, PCNA; Fig. 5A). In addition, most
immune cell gene signatures were found to be elevated in the che-
moimmunotherapy cohort (Fig. 5B). Chemoimmunotherapy-treated

patients with NSCLC displayed markedly and significantly upregu-
lated abundance of B and plasma cells (both P < 0.05) as well as CD4
(P¼ 0.0031) and cytotoxic CD8 (P < 0.0001) T cells. Notably, and for
many of these cell subsets, we found gradual changes across the three
patient groups, that is, chemoimmunotherapy-treated NSCLCs exhi-
biting the highest fractions of these immune populations and the
treatment-naïve group showing the lowest levels (Fig. 5B). Our
findings underscore immune gene programs that may underlie effects
of and response to neoadjuvant chemoimmunotherapy.

Figure 4.
Chemoimmunotherapy elicits pronounced immune-wide expression changes in resectable NSCLC. A, Violin plots for cellular signatures scores in patients with
pCR/MPR (%of viable tumor cells≤10%, orange) andwithout pCR/MPR (>10% of viable tumor cells, blue). P valueswere calculated on the basis of theMann–Whitney
test; black lines representmedianvalues, and gray lines correspond to 95%CI.B,Heatmap showing 223DEGs (Padjusted<0.05) that are associatedwith percent viable
tumor cells in early-stage NSCLCs treated with neoadjuvant chemoimmunotherapy. C, Radar plot highlighting differences between pretreatment (red) and
posttreatment samples (blue) for the cellular signature scores. D, Heatmap showing 128 DEGs between pretreatment and posttreatment samples (Padjusted < 0.05).
Columns denote samples and rows represent genes (red, relatively higher expression; blue, relatively lower expression). MPR: major pathologic response; pCR:
pathologic complete response.
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Discussion
Immune phenotypes underlying the pathobiology of NSCLC

including its response to neoadjuvant therapy remain poorly under-

stood.Here, we performed targetedRNA-seq of an immune gene panel
to interrogate immune programs in three cohorts of resectable NSCLC
that underwent upfront surgery (treatment-naïve), neoadjuvant che-
motherapy, or chemoimmunotherapy. We found that the majority of

Figure 5.
Immune gene programs that are differentially modulated between treatment-naïve NSCLCs and those treated with neoadjuvant chemotherapy and chemoimmu-
notherapy. A, Heatmap showing 532 DEGs between treatment-naïve, neoadjuvant chemotherapy–treated (Chemotherapy), and NSCLCs treated with chemoim-
munotherapy (ChemoIO; Padjusted < 0.05). Columns denote samples, and rows represent genes (red, relatively higher expression; blue, relatively lower expression).
B, Dot plots for cellular signature scores across the three cohorts (blue, treatment-naïve; orange, neoadjuvant chemotherapy; red, neoadjuvant chemoimmu-
notherapy). P values were calculated on the basis of Kruskal–Wallis tests. Bars correspond to median values ! 95% CI.
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treatment-naïve NSCLCs that expressed PD-L1 displayed elevated
immune cell scores. We further defined three TIME phenotypes
(inflamed, cold, and excluded) in NSCLCs based on the presence and
spatial distribution of CD8þ T cells and that showed distinct immune
and inflammatory features. We then described immune gene sets that
were associated with response to neoadjuvant chemotherapy or che-
moimmunotherapy. Finally, comparative analysis of immune pro-
grams across the three cohorts showed progressive increases in various
immune cell scores along the spectrum of treatment-naïve, to neoad-
juvant chemotherapy–treated tumors, up to those treated with neoad-
juvant chemoimmunotherapy. Our study points to immune programs
and phenotypes that may underlie tumor immunity and responses to
neoadjuvant therapies, including chemotherapy and immune-based
treatment, in resectable NSCLC.

Several clinical trials have demonstrated that tumoral and immune
cell PD-L1 expression is associated with increased likelihood of
response to antibodies against PD-1 or PD-L1 in metastatic
NSCLC (14, 43–45). In our analysis of early-stage NSCLCs, and
consistent with previous reports (46–48), we found that PD-L1–
positive LUADs displayed overall augmented immune gene scores
and programs compared with PD-L1–negative LUADs. Interestingly,
we found that a subset of PD-L1–negative LUADs displayed relatively
high levels of immune cell scores. It is noteworthy that previous
studies demonstrated favorable responses to anti-PD-1/PD-L1
therapy in localized NSCLCs that were negative for tumoral PD-
L1 (17–20, 23). Our findings set the stage for a reasonable supposition
that patients with early-stage NSCLC with negative tumoral PD-L1
may comprise additional immune-centric signatures that play a role in
shaping tumor responsiveness to ICI. These immune programs can be
further explored to improve our understanding of how the TIMEmay
impact responses to anti-PD-1/PD-L1–based therapies in the early-
stage disease setting. It is worthwhile to mention that when we
stratified each of LUADs and LUSCs based on PD-L1 expression
status, we found overall higher immune cell scores and signatures in
the former lung tumor type and less so in LUSCs. In addition, we found
distinctively modulated immune signatures (e.g., plasma cells and
macrophage subsets) between PD-L1–positive LUSCs relative to their
negative counterparts and which were not prevalent in the LUAD
analysis. Our findings point to immune programs that denote dispa-
rate immunopathology between LUADs and LUSCs. Interestingly,
recent studies have shown that PD-L1–negative LUSCs exhibitedmore
favorable responses to combined anti-PD-1 and -CTLA-4 treatment
relative to PD-L1–negative LUADs (49, 50), emphasizing different
immune biology between both major subtypes of NSCLC.

Earlier work has shown that the extent and spatial pattern (intra-
tumoral or peritumoral) of lymphocyte infiltration impinge on host
immunity and response to ICIs (51, 52). Here, we defined three
different TIMEphenotypes based onCD8þT cells: inflamed, excluded,
and cold. We found that inflamed tumors, in contrast to tumors
exhibiting a cold TIME phenotype, showed upregulation for CD8
memory/effector and CD4 memory T cells as well as B cells and
reduced scores for M2 macrophages, all features known to promote
antitumor immune responses (53). We also found that early-stage
LUADs with an inflamed phenotype exhibited elevated levels of
CXCL9 andCXCL13 alongwith increased expression of genes involved
in antigen presentation (e.g., TAP1 and TAP2). Our findings are in
close agreement with a recently reported meta-analysis which
described elevated expression of CXCL9 and CXCL13 as predictors
of response of advanced/metastatic cancers to ICI (54). Interestingly,
LUADs with an excluded TIME phenotype displayed an overall
intermediate “immune-state,” in line with the study by AbdulJabbar

and colleagues (55), and with notably higher signature scores for M2
macrophages relative to both inflamed and cold LUADs. These data
are in agreement with earlier work demonstrating immune cell
exclusion by protumor macrophage subsets including tumor-
associated and tissue-resident macrophages (56, 57). On that theme,
a recent report that employed transcriptomic analysis for multicancer
TIME classification found that tumors with lowest ratios of M1/M2
macrophage signatures exhibited poor prognosis (58). Also, another
study by Herbst and colleagues similarly stratified tumors treated with
anti-PD-L1 therapy into distinct TIME phenotypes and found that
metastatic tumors exhibiting a cold or an excluded TIME phenotype
did not respond, suggesting that preexisting immunity may be impor-
tant for response (31). Conversely, other studies exploring the com-
bination of CTLA-4 plus PD-1 blockade have shown responses
independent of baseline CD8 T cells (59). Nonetheless, our study
highlights heterogeneity of immune phenotypes and antitumor immu-
nity in early-stage NSCLC.

Recent studies have shown encouraging results when interrogating
the use of ICI, alone or in combination with chemotherapy, as a
neoadjuvant therapeutic approach for resectable NSCLC, with MPR
rates ranging from 20% to 86% (17–23, 60). Yet, as in the metastatic
setting, there are very limited, if any, available biomarkers to predict
response to neoadjuvant ICI (18, 43). Analysis of surgically resected
NSCLCs treated with neoadjuvant ICI or chemoimmunotherapy
underscored immune markers or targets that were associated with
MPR (17–19). Despite these insights, a comprehensive view of
immune programs that are associated with response to neoadjuvant
ICI or chemoimmunotherapy is still lacking. Our gene profiling
analysis demonstrated immune cell scores and programs that were
associated with MPR to neoadjuvant chemoimmunotherapy. Our
findings are in line with recent studies showing positive association
between CD8 T cells, including memory T and antigen-experienced
subsets, with ICI response (18, 19, 22, 60, 61). Also, our longitudinal
profiling analysis of paired pretreatment and posttreatment samples
showed increased scores for M2 macrophages postchemoimmu-
notherapy. While these findings may first appear counterintuitive,
they are in accordance with recent independent studies by Forde and
colleagues and Cascone and colleagues showing increased fractions of
macrophages expressing PD-L1 (CD68þPD-L1þ) following
ICI (18, 19). It is intriguing to speculate whether cotargeting protumor
myeloid programs may enhance response to neoadjuvant immuno-
therapy. Of note, a recent phase III clinical trial (CheckMate 816)
showed strikingly increased MPR following neoadjuvant chemoim-
munotherapy (36.8%) versus chemotherapy alone (8.6%; ref. 24).
Here, our gene profiling analysis showed that NSCLCs that were
treated with neoadjuvant chemoimmunotherapy displayed relatively
highest signature scores for various immune cells such as CD8 and
CD4 T cells as well as B-cell subsets. Our work offers a comprehensive
overview of immune gene programs thatmay underlie response to and
effects of chemoimmunotherapy in resectable NSCLC.

Our work is not without limitations. Our analysis centered on
interrogating immune programs in retrospective cohorts of patients
with resectable NSCLC. It is not clear how our data will compare with
immune profiles in NSCLCs in the metastatic setting. Also, our
findings when comparing the three cohorts should be interpreted
with caution due to the small number of patients in the treated groups,
differences in pathologic stage, PD-L1 expression, and disease course
among the three cohorts, along with the multicenter nature of the
chemoimmunotherapy cohort. Thus, our findings warrant validation
in future studies that include larger cohorts. Nonetheless, given the
ongoing efforts exploring ICI in early-stage NSCLC our work
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provides new insights on immune programs that are disparate
among early-stage NSCLCs and in the context of neoadjuvant
therapy. It is noteworthy that we described TIME phenotypes based
on CD8þ T-cell densities and it cannot be neglected that markers for
other immune cells could impact these phenotypes. Nevertheless, we
found that TIME phenotypes based on extent and infiltration of
CD8þ T cells still showed robust differences in their frequencies by
pathologic stage, PD-L1 expression, and TMB. Also, our study
focused on immune gene profiling of different cohorts of resectable
NSCLC. A paucity of adequate tissues from patients treated with
chemotherapy and chemoimmunotherapy impeded a more com-
prehensive examination of TIME phenotypes, for instance by high-
plex spatial analysis of immune cells. Future studies are warranted to
perform spatial immune profiling of neoadjuvant-treated NSCLCs.
Still, our targeted sequencing analysis identified immune programs
that were tightly correlated with their corresponding immune cell
densities (measured by protein analysis) and distinctively modulated
on the basis of various immune phenotypes (e.g., PD-L1 expression).

In conclusion, using targeted gene sequencing analysis, we char-
acterized immune programs across patients that underwent upfront
surgery, neoadjuvant chemotherapy, or neoadjuvant chemoimmu-
notherapy. We identified immune gene programs that are unique to
PD-L1–positive and PD-L1–negative NSCLCs as well as those that are
shared between both groups. Spatial distribution of CD8þ T cells
unveiled distinctive TIME phenotypes whose frequencies differed on
the basis of major clinicopathologic and genomic features. Longitu-
dinal analysis of patients following neoadjuvant chemoimmunother-
apy showed strong upregulation of immune cells signatures within the
TIME. Comparative analysis underscored immune programs and
signatures that overall were progressively modulated along the spec-
trum of treatment-naïve, neoadjuvant chemotherapy–treated, up to
those treated with chemoimmunotherapy—pointing to an association
between perturbation of an expanded repertoire of immune gene sets
with neoadjuvant chemoimmunotherapy. All in all, our study show-
cases immune gene signatures, programs, and phenotypes that inform
of the immunopathology of localized NSCLC as well as its response to
early immunotherapy.
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Abstract. 
 
Introduction: Neoadjuvant and adjuvant immune checkpoint blockade (ICB) have recently 

become standard of care in resectable NSCLC. Yet, biomarkers that inform patient benefit 

with this approach remain largely unknown. Here, we interrogated the tumor immune 

microenvironment (TIME) in early-stage NSCLC patients that underwent up-front surgery. 

 

Methods: A total of 185 treatment-naïve early-stage NSCLC patients, that underwent up-

front surgical treatment between 2006 and 2018 at Hospital del Mar were included. Core 

biopsies from the surgical specimens (124 lung adenocarcinomas (LUADs), and 61 

squamous cell carcinoma (LUSCs)) were included in a tissue microarray. 

Immunohistochemistry for CD3, CD4, CD8, CD68, CD80, CD103, FOXP3, PD-1, PD-L1, PD-

L2 and HLA class II were evaluated by digital image analysis (QuPath software). TIME was 

categorized into four groups using PD-L1 expression in tumor cells (<1% or ≥1%) and tumor 

infiltrating resident memory (CD103+) immune cells (using the median as cut-off): 1) PD-L1-

/CD103-; 2) PD-L1-/CD103+; 3) PD-L1+/CD103-; 4) PD-L1+/CD103+. TIME characteristics and 

immune markers were statistically compared based on clinicopathological and molecular 

features and survival outcomes. 

 

Results: We found elevated levels of T cell markers (CD3+, CD4+, CD8+ cells), functional 

immune markers (FOXP3+ cells) as well as, higher HLA-II tumor membrane expression in 

LUADs (p<0.05 for all). In contrast, LUSCs displayed higher percentage of intratumor 

macrophages (CD68+ cells) as well as, higher PD-L1 and PD-L2 tumor membrane expression 

(p<0.05 for all). PD-L1 positive (≥1%) LUADs exhibited an augmented infiltration of T cells 

(CD3+, CD4+, CD8+ cells) along with increase of FOXP3+ cells, resident memory cells 

(CD103+) and macrophages (CD68+) (p<0.05 for all). Unsupervised analysis revealed three 

different subsets characterized by membrane tumor expression of PD-L1, PD-L2 and HLA-

class II. Enrichment of T cells (CD3+, CD8+ cells), regulatory T cells (FOXP3+ cells) and 

macrophages (CD68+ cells) was observed in the CD103+/PD-L1+ group (p<0.05 for all), while 

T helper cells (CD4+), antigen experienced immune cells (PD-1+) and CD80+ immune cells 

were higher in the CD103+/PD-L1- (p<0.05 for all).  

 

Conclusions: TIME analysis in resected NSCLC highlighted differences by histology,  

PD-L1 expression and molecular subgroups. Biomarker studies using IHC might aid to 

individually tailor adjuvant treatment in early-stage NSCLC. 
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Introduction. 
After endorsing a paradigm shift in the metastatic setting1–4, immune checkpoint blockade 

(ICB) is now established as a treatment option in early-stage non-small cell lung cancer 

(NSCLC). 

Early trials in 2018, had provided the first evidence that neoadjuvant anti-PD-1 therapy could 

promote major and complete pathological responses in early-stage NSCLC 5. These results 

prompted the initiation of phase 2 and 3 clinical trials exploring the use of ICB in the 

neoadjuvant and adjuvant settings, as well as their combination with platinum-based 

chemotherapy 6–9. Recently, Forde et al, reported an increase of the pathological completed 

responses (pCR) when combining ICB plus chemotherapy compared with chemotherapy 

alone as a neoadjuvant fashion. In this trial, pCR was associated with an increase on event-

free survival, suggesting pCR as a surrogate marker for overall survival 9. 

In the adjuvant setting, a phase III trial (IMpower010) evaluating atezolizumab in patients with 

resected NSCLC (tumors ≥ 4 cm) that received cisplatin-based adjuvant chemotherapy 

showed a benefit on DFS for the subgroup of patients with stage II-IIIA with increased benefit 

in tumors expressing PD-L1. Updated analysis suggests that the benefit of adjuvant ICB 

could be limited to tumors with high PD-L1 expression (≥50%), leading to prescription 

restrictions to this subgroup in some regions 10. The benefit of adjuvant immunotherapy was 

later confirmed by the PEARLS/KEYNOTE-091 trial. However, in this last trial the benefit in 

tumors with PD-L1 higher than 50% was not significantly different compared with the control 

arm 11. In both trials, atezolizumab and pembrolizumab, respectively, improved disease-free 

survival but with contradictory results regarding most benefited populations, emphasizing the 

need to develop better biomarkers for accurate patient selection. 

Likewise in the metastatic setting, no biomarkers for patient selection are available in early-

stages, with a potential risk to overtreat patients and life-threatening adverse events, in a 

population that is potentially cured with surgery alone 12. In the next years, with a wide 

implementation of screening programs 13–15, an increase of early-stage NSCLC diagnosis is 

expected 16,17, generating a clear need to better select patients who will benefit for 

perioperative treatment strategies comprising ICB. Following this line, previous work profiling 

tumor infiltrating lymphocytes has identify that tissue resident memory T cells, identified as 

lymphocytes expressing CD103, displayed features of enhanced cytotoxicity suggesting their 

role in promoting response to ICB 18. 

Here, we interrogated the tumor immune microenvironment (TIME) in early-stage NSCLC 

patients that underwent up-front surgery to understand the host anti-tumor immune response. 

We observed significant differences in the tumor immune contexture by histology, tumor PD-

L1 expression and oncogenic driver mutations in lung adenocarcinomas. Unsupervised 
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analysis revealed three different subsets characterized by tumor expression of PD-L1, PD-

L2 and HLA-class II. Finally, subgroup analysis based on the expression of tumor PD-L1, and 

resident memory immune cells (CD103+ cells) showed an enrichment of immune cell 

infiltrates (CD3+, CD4+, CD8+, CD68+ cells) in tumors harboring higher levels of CD103+ 

immune cells along with an increase of CD80+ cells, essential for T cell activation. 

 

 

Material and Methods. 
Patients. A cohort of 185 treatment-naïve early-stage NSCLC patients, that underwent 

upfront curative surgical treatment between 2006 and 2018 at Hospital del Mar, Barcelona, 

Spain, were included. Patients that received neoadjuvant therapy were excluded. Adjuvant 

chemotherapy was administered at physician discretion and following national and 

international guidelines. None of the patients received adjuvant immunotherapy. Mutational 

status of key driver genes (EGFR, KRAS and ALK) and CD274 amplifications were 

characterized by Sanger sequencing and FISH for a subset of cases. Detailed 

clinicopathological information including demographics, smoking history, pathological tumor-

node-metastasis stage, as well as overall and recurrence-free survival for all cases are 

summarized in Table 1. Two core biopsies (1mm diameter) for every patient sample, 

obtained from the surgical specimens, were included in a tissue microarray (TMA), for further 

analysis. 
Immunohistochemistry (IHC) and Digital image analysis. IHC for CD3, CD4, CD8, CD68, 

CD80, CD103, PD-1, FOXP3, PD-L1, PD-L2 and HLA class II were performed following 

conditions previously optimized and validated at our institution Supplementary Table 1. 

Briefly, tissue sections (4μm) were stained using… 

Digital image analysis, QuPath software, was used to evaluate CD3, CD4, CD8, CD68, 

CD80, CD103, PD-1 and FOXP3, and subsequently manual reviewed by two pathologists 

(MR and LC). PD-L2 and HLA class II were microscopically evaluated and reported as 

percentage of membrane expression. Membrane PD-L1 was evaluated by two pathologists 

(MR, LC) as percentage of tumor cells with positive expression based on the International 

Association for the Study of Lung Cancer (IASLC) guidelines 19. 

Tumor immune microenvironment (TIME) was categorized into four groups using PD-L1 

expression in tumor cells (<1% or ≥1%) and tumor resident memory infiltrating lymphocytes  

based on intratumoral CD103 percentage18 (medias was used as cut-off): 1) PD-L1-/CD103-

, 2) PD-L1-/CD103+, 3) PD-L1+/CD103-, 4) PD-L1+/CD103+. TIME patterns and immune 

markers were statistically compared based on clinicopathological and molecular features and 

survival outcomes. 
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Fluorescence In Situ Hybridization (FISH). CD274 gene copy number and PDL1/CEP9 

ratio were evaluated by FISH using ZytoLight SPEC CD274, PDCD1LG2/CEN 9 Dual Color 

Probe (Zytovision, Bremerhaven, Germany). PDL1 gene amplification was defined as mean 

PDL1 to mean CEN9 enumeration (ratio) ≥ 2. 

Statistical analysis. To test association between continuous and categorical variables, 

Mann Whitney U test and Kruskal-Wallis were applied for categorical variables with two levels 

or more than two levels, respectively. To test association between two continuous variables, 

the Spearman’s rank correlation test was applied. For survival analysis, we used Cox 

proportional-hazards model. Benjamini & Hochberg’s method was used for multiple testing 

correction of p-values. 

 
 

Results. 
Tumor immune cell contexture characterization by histology, PD-L1 status and 
oncogenic driver mutations in early-stage NSCLC. 
We evaluated immunohistochemical protein expression comprising 12 markers of 185 

treatment-naïve early-stage NSCLCs Table 1. We first compared the tumor immune 

microenvironment (TIME) between lung adenocarcinomas (LUADs)(n=124) and lung 

squamous carcinoma (LUSCs) (n=61) Supplementary Table 1 and 2. We found increased 

levels of T cell markers (CD3+, CD4+, CD8+ cells), functional immune markers (FOXP3+ cells) 

as well as, higher HLA-II tumor membrane expression in LUADs (p<0.05 for all). In contrast, 

LUSCs displayed higher percentage of intratumor macrophages (CD68+ cells) as well as, 

higher PD-L1 and PD-L2 tumor membrane expression (p<0.05 for all) Figure 1A. Altogether, 

these results suggest a distinctive immune pathobiology between LUADs and indicate that 

tumor immune contexture analysis should be performed separately by histology. 

Relative to PD-L1 negative (<1%), PD-L1 positive (≥1%) LUADs exhibited an augmented 

infiltration of T cells (CD3+, CD4+, CD8+ cells) along with increase of FOXP3+ cells, resident 

memory cells (CD103+) and macrophages (CD68+) (p<0.05 for all) Figure 1B. In stark 

contrast with LUADs, we did not observe any differences by tumor PD-L1 status for all the 

markers analyzed in LUSCs Supplementary Figure 2A. Of note, PD-L1 positive LUSCs, 

tended to exhibit higher infiltration by resident memory cells (CD103+) (p=0.082) 

Supplementary Figure 2A. We next sought to interrogate the TIME composition within the 

major molecular groups in LUADs (KRAS mutant, EGFR mutant and wild-type tumors for 

KRAS and EGFR). EGFR LUADs displayed higher percentage of tumor cells expressing 

membrane HLA-class II (p<0.0001), while KRAS tumors tended to have higher infiltration of 
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resident memory immune cells (CD103+) (p=0.0529) Figure 1C and Supplementary Figure 
3. 

 

Tumor membrane PD-L1, PD-L2 and HLA-class II defined tumor immune subtypes in 
LUADs and LUSCs. 
We next performed unsupervised cluster analysis in order to identify tumor immune subsets 

within wild-type LUADs and LUSCs Figure 2. We observed that in LUADs three tumor 

subsets could be defined based on the membrane expression of PD-L1 and HLA class II, 

and the absence of these markers. PD-L1 and HLA-class II positive LUADs subgroups 

frequently displayed augmented infiltration levels of immune cell markers while PD-L1 and 

HLA class II negative tumors showed a lack of tumor immune infiltration Figure 2A. 

On the other hand, LUSCs subgroups could be defined by the membrane expression of PD-

L1 and PD-L2, with a third group characterized by the lack of these two markers Figure 2B. 

Among LUSCs subgroups, PD-L1 and PD-L2 positive tumors tended to have higher 

infiltration levels of immune cells. 

 

CD103+ immune cells and tumor membrane PD-L1 expression define tumor immune 
microenvironment phenotypes. 
Previous work has reported differences on antitumor immune response to anti-PD-L1 in 

metastatic NSCLC based on the expression of PD-L1 in tumor cells and presence of CD8 T 

cells by IHC 20. In this line, Ganesan et al, reported that CD103 expression in T lymphocytes 

identifies a intratumor tissue resident T cell population with an augmented expression of 

cytotoxicity markers 18. 

Therefore, we used the percentage of intratumor CD103+ immune cells and PD-L1 tumor 

expression to define tumor subgroups (CD103-/PD-L1-, CD103-/PD-L1+, CD103+/PD-L1-and 

CD103+/PD-L1+) and then interrogated these for all the immune markers analyzed Figure 
3A. We first observed that the prevalence of the four subgroups were substantially different 

among NSCLC histology, with CD103-/PD-L1- representing the larger group in LUADs (42.9% 

of all LUADs, compared with 24.6% in LUSCs), while CD103+/PD-L1+ was the most frequent 

group observed in LUSCs (39.3%, compared with 24.1% in LUADs). Interestingly, 

CD103+/PD-L1- and CD103-/PD-L1+ groups exhibited disparate rates among histology 

(27.8% Vs 6.6% and 5.2% Vs 29.5%) respectively in LUADs and LUSC Figure 3B. 

In LUADs, analyses focused on oncogenic driver mutations showed that EGFR mutant 

tumors frequently exhibited CD103+/PD-L1- phenotype (62.5%). KRAS mutant tumors 

displayed comparable rates for the 4 subgroups as the wild type tumors Figure 3C. 
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Analysis of the immune markers among the 4 groups revealed an enrichment of T cells 

(CD3+, CD8+ cells), regulatory T cells (FOXP3+ cells) and macrophages (CD68+ cells) in the 

CD103+/PD-L1+ group (p<0.05 for all). T helper cells (CD4+) and antigen experienced 

immune cells (PD-1+) were higher in the CD103+/PD-L1- (p<0.05 for all). In contrast, both 

CD103-/PD-L1- CD103-/PD-L1+ displayed the lower infiltration for all the immune markers, 

suggesting lack of activation of a proper antitumor immune response. Of note, we observed 

that CD103+ tumors exhibited higher infiltration by immune cells expressing CD80, 

independently of tumor PD-L1 expression Figure 4. 

 

Survival outcomes in early-stage NSCLC: analysis by histology, PD-L1 status, tumor 
infiltrate immune cells. 
Disease-free survival (DFS) and overall survival (OS) was assessed by histology, tumor 

membrane PD-L1 expression, tumor subgroups derived from unsupervised clustering, and 

based on the percentage of tumor infiltrating immune cells. Survival analysis by histology 

showed reduced OS for LUSCs (p=0.022) compared with LUADs, while no differences were 

observed in DFS Supplementary Figure 1A. Regarding PD-L1 status, higher risk of relapse 

was observed in PD-L1 positive LUADs (p=0.041), while no differences were observed in 

LUSCs or overall survival Supplementary Figure 2B. 

We next interrogated survival differences among the unsupervised clusters within LUADs 

and LUSCs, with no differences observed between these groups (data not shown). Lastly, 

we evaluated survival differences among the four groups defined by tumor membrane PD-L1 

expression and tumor infiltration by CD103+ immune cells. Overall, we did not find differences 

for DFS neither OS (data not shown). Of note, CD103+ tumors (using median % as cut-off) 

showed an improvement in OS with a HR 0.44 (0.2-0.95), p=0.031. 

 

 

Discussion. 
While new treatment approaches in the early-stage NSCLC setting had showed survival 

advantages, the underlying pathobiology linked to its response to neoadjuvant and adjuvant 

treatments remains to be elucidated. Here we reported the use of immune markers evaluated 

by IHC to interrogate the tumor immune microenvironment in a richly annotated early-stage 

NSCLC cohort. We found marked differences between the two major histological subtypes, 

adenocarcinoma and squamous lung carcinoma, with LUADs exhibiting an overall 

augmented immune infiltrate at T cells (CD3+, CD4+, CD8+) and immune functional markers 

(FOXP3+ and CD103+) and HLA-II tumor membrane expression, while LUSCs exhibit higher 

rates of macrophage (CD68+) and tumor membrane expression of PD-L1 and PD-L2. We 



79

 
8 

further explored the use of CD103 and PD-L1 as markers that define tumor microenvironment 

phenotypes, revealing that CD103, a tissue resident immune marker, identified tumors with 

higher infiltration and characteristics that could serve as a marker of response to anti-PD-

1/PD-L1 treatments to be explored in prospectively clinical trials. 

 

LUADs and LUSCs comprise the two major histologic subtypes in NSCLC21. Our results point 

to differences in the tumor immune contexture between LUADs and LUSCs. In IMpower010, 

exploratory subgroup analysis by histology showed a hazard ratio (HR) of 0.8(0.54-1.18) in 

LUSCs histology compared with an HR of (0.78 0.61-0.99) in the LUADs, suggesting a 

reduced benefit in squamous tumors 10. These results are in concordance with our results 

emphasizing a different immunopathobiology by these two histologic types, with LUSCs 

exhibiting lower levels of immune infiltration and suggesting a decreased benefit from anti-

PD-1/PD-L1 adjuvant strategies. Interestingly, our LUSCs displayed a higher PD-L1 

expression which is the marker that is currently applied for adjuvant treatment decisions. Our 

work shows that PD-L1 expression might have a different predictive role depending on 

histology. Unsupervised cluster analysis including all immune markers analyzed by IHC, 

unveiled that PD-L1 tumor expression characterized a subgroup of tumors in both LUADs 

and LUSCs, while HLA-class II and PD-L2 defined additional groups in both LUADs and 

LUSCs respectively. It is then plausible to hypothesize that different markers and perhaps 

cut-offs should be used for treatment choice in LUADs and LUSCs. 

 

In IMpower010, atezolizumab demonstrated a benefit on DFS for the subgroup of patients 

with stage II-IIIA  that was driven by PD-L1 positive tumors 10. The benefit of adjuvant 

immunotherapy was later confirmed by the PEARLS/KEYNOTE-091 trial 11. However, in this 

last trial the benefit in tumors with PD-L1 higher than 50% was not significantly different 

compared with the control arm, suggesting that PD-L1 alone might not be robust enough as 

a biomarker to select adjuvant immunotherapy. In our analysis, intratumor immune markers 

analysis by tumor membrane expression of PD-L1 showed elevated immune infiltrates in PD-

L1 positive tumors. These results, once again, align with previous data from randomized 

clinical trials reporting a higher benefit in tumors harboring high PD-L1 tumor expression, 

perhaps suggesting the underlying increase of intratumor immune cells that promote 

response to ICB. It is worthwhile to mention that our study also found, although in a smaller 

proportion, PD-L1 negative tumors that present similar immune infiltration rates to the PD-L1 

positive tumors perhaps partially explaining why some PD-L1 negative tumors present 

exceptional response to ICB 23–25. 
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Previous work has shown the utility of IHC markers to define the tumor microenvironment in 

lung cancer, and their association with ICB response. In this work, the authors classified 

tumor as 1) ‘immunological ignorance’ – absence of T cells, 2) ‘non-functional immune 

response’ – in cases where a lack of increase of T cells were observed after treatment with 

anti-PD-L1, 3) ‘immune excluded’ – in cases that CD8 cells were observed in the tumor 

invasive margin but couldn’t migrate to the intratumor area after administration of ICB 20. 

Other authors20,26,27, suggested a classification based on the presence of intratumor immune 

cells and at the tumor invasive margin. This classification proposes three immune 

phenotypes: 1) Inflamed, tumors highly infiltrated by immune cells, suggesting a presence of 

a preexisting immunity, 2) Cold, tumors lacking immune infiltration and 3) Excluded, in which 

immune cells are unable to migrate to the intratumor area and accumulate at the invasive 

margin. Deconvolution analysis of immune gene programs showed augmented levels of 

CD8+ memory/effector and CD4+ memory T cells as well as B cells and reduced levels 

scores for M2 macrophages, all features linked to better outcomes in patients treated with 

ICB 28. In contrast, cold tumors exhibited lower levels for all immune gene programs, while 

the excluded phenotype displayed the highest levels of M2 macrophages, and intermediate 

levels for all the other immune cells 27. Following similar approach, we used tumor PD-L1 

expression and intratumor CD103 as markers to define TIME phenotypes.  To retain T cells 

within the tumor, integrins are upregulated in T cell surface 29,30. CD103 (ITGAE) is an integrin 

expressed in dendritic and T cells and defined these cells as tissue resident memory T cells 

(TRM)29. Transcriptome analysis of purified intratumor T cells showed that tumors displaying 

enrichment for TRM cells also exhibited features linked to cytotoxicity and T cell proliferation, 

indicating a more pronounced anti-tumor immune response. In this same study, the authors 

found that higher densities of CD103+ cells were associated with better overall survival 

independently of CD8+ cell densities 18. Similarly, we observe that tumors with higher 

infiltration by CD103+ immune cells present better overall survival, compared with those with 

lower levels (p=0.0031, HR: 0.44 (0.2-0.95)). We next define 4 subgroups based on the tumor 

PD-L1 expression (<1% Vs ≥1%) and intratumor CD103+ cells. We found that CD103+/PD-

L1+ tumors overall present higher T cells (CD3+, CD8+ cells), regulatory T cells (FOXP3+ cells) 

and macrophages (CD68+ cells), in concordance with previous studies reporting a robust 

anti-tumor immune response in CD103 high tumors. Together our results suggests that 

CD103+/PD-L1+ tumors present features linked to ICB benefit, by presenting higher levels of 

PD-L1 membrane expression and a pre-existing anti-tumor immunity. Of note, the majority of 

EGFR mutant tumors were classified as CD103-/PD-L1-, suggesting that these tumors lack 

the capacity to mount a robust anti-tumor immune response, in line with previous data 

reporting little benefit from ICB in EGFR tumors. It is also worthy to mention that CD103+ 
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tumors exhibit higher levels of immune cells expressing CD80+ feature linked to a signaling 

activation of T cells in context of developing an effective immune response. It is then plausible 

to hypothesize that CD103 and PD-L1 could be used in combination as a predictive biomarker 

of response to ICB in future clinical trials. 

 

Our study is not without limitations. We focused on the analysis by IHC of a retrospective 

cohort of patients with resected NSCLC. Of note, we interrogate tissue microarrays (TMAs), 

and that this arrays classically include relatively small tissue cores which could increase 

tumor and/or immune marker heterogeneity and under-representation of the tumor invasive 

margins – thus warranting further studies evaluating these markers in whole tissue 

specimens. In this context, it is also important to mention that single-plex assess of immune 

markers does not allow to study immune marker co-localization. Nevertheless, the use of IHC 

allows a world-wide and timely applicability to the clinical setting, without the need of 

additional equipment in most of the pathology departments. Also, our study only includes a 

small cohort of patients that received adjuvant chemotherapy (28%), and it is not clear if our 

survival analysis could be impacted by this fact. 

 

Overall, our study provides a descriptive characterization of the tumor immune 

microenvironment by immunohistochemistry that highlights differences by histology, PD-L1 

status and oncogenic driver mutations. Based on the tumor infiltration by CD103+ immune 

cells and PD-L1 membrane expression in tumor cells we define a subgroup of patients that 

exhibited immunological features linked to ICB response, warranting further interrogation of 

these markers in future clinical trials. 
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Figure 4.
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Table 1. Demographic, clinical, pathological, and molecular characteristics of all 
patients included (n=185). 
 
 
Characteristic (n=185) N % 
Age - median (range) 67 (42-86)  
Sex   
  Female 44 23,8% 
  Male 141 76,2% 
Smoking status   
  Never 22 11,9% 
  Former 76 41,1% 
  Current 86 46,5% 
  NA 1 0,5% 
Histology   
  Adenocarcinoma 124 67,0% 
  Squamous carcinoma 61 33,0% 
TNM 8th Ed.   
  I 87 47,0% 
  II 48 25,9% 
  III 50 27,0% 
Adjuvant Chemotherapy   
Yes 53 28,7% 
No 132 72,3% 
Molecular features   
KRAS   
  Mut 28 15,1% 
  WT 93 50,3% 
  NA 64 34,6% 
EGFR   
  Mut 23 12,4% 
  WT 94 50,8% 
  NA 68 36,8% 
Tumor PD-L1   
  <1% 123 66,5% 
≥1% 61 33,0% 
NA 1 0,5% 
Recurrence   
Yes 57 30,8% 
No 128 69,2% 
Survival   
Death 74 40,0% 
Alive 111 60,0% 
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Chapter 5

GLOBAL DISCUSSION

The work presented here attempts to describe and elucidate the host anti-

tumor immune response as well as potential tumor mechanisms that promote 

tumor growth through immune system evasion with the aim to uncover immune 

biomarkers in early-stage lung cancer. We first interrogated the expression 

patterns of CD73 in tumor cells considering the pathobiology and the immune 

contexture of lung adenocarcinomas. We observed that CD73 was expressed 

in a significant fraction (75%) of LUADs and categorize subsets of LUAD with 

distinct histological, molecular, and immune features. We found that higher CD73 

expression is associated with an overall augmented host immune response, 

suggesting potential implications in the immune pathobiology of early-stage lung 

adenocarcinoma.

In the second part of our work, we performed immunohistochemistry analysis 

and RNA-sequencing using an immune gene panel to interrogate immune 

programs in three early-stage NSCLC cohorts that underwent upfront surgery 

(treatment-naïve) or received neoadjuvant treatment with chemotherapy 

or chemoimmunotherapy. We found that the majority of treatment-naïve 

NSCLCs that expressed PD-L1 (≥1%) displayed elevated immune cell scores, 

while PD-L1 negative (<1%) tumors tended to exhibit a more heterogeneous 
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immune contexture. We defined three tumor immune microenvironment (TIME) 

phenotypes – inflamed, cold, and excluded – in NSCLCs based on the presence 

and spatial distribution of CD8+ T cells and that showed distinct immune and 

inflammatory features. We then described immune gene sets that were 

associated with response to neoadjuvant chemotherapy or chemoimmunotherapy. 

Finally, comparative analysis of immune gene programs across the three cohorts 

showed progressive increases in various immune cell scores along the spectrum 

of treatment-naïve, to neoadjuvant chemotherapy–treated tumors, up to those 

treated with neoadjuvant chemoimmunotherapy. Overall, our results point 

to immune programs and phenotypes that may underlie tumor immunity and 

responses to neoadjuvant therapies, including chemotherapy and immune-based 

treatment, in resected NSCLC.

CD73 expression in lung cancer.
The adenosinergic pathway has been proposed as one of the possible 

mechanisms of resistance to ICI promoting immunosuppression and, hence, 

tumor immune evasion. Within the canonical adenosine pathway, CD73 plays a 

critical role as a rate-limiting enzyme in the adenosine production82,91,92. These 

findings led to the launch of clinical trials exploring ICI combined with anti-

CD73 antibodies84,85. Preliminary results in locally advanced NSCLC showed 

an increase of response rates in the exploratory arm combining durvalumab 

plus oleclumab (anti-CD73 antibody) after chemo-radiotherapy and also in the 

neoadjuvant treatment setting. Biomarker analysis from these trials also unveiled 

that tumors with higher levels of CD73 (by IHC) tended to present greater 

responses, and a higher likelihood of achieving MPR85. Nevertheless, it is worthy 

to mention that these were phase II studies with a relatively small number of 

patients and, although promising results were observed, conclusions regarding 

this combination as well as the magnitude of benefit in lung cancer patients need 

to be confirmed in phase III clinical trials.
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The role of CD73 in the pathobiology and immune contexture of lung 

adenocarcinoma (LUADs) is poorly understood. To fill this void, we examined 

the expression patterns of CD73 in a cohort of early stage LUADs and explored 

their association with various features including clinicopathological, molecular, 

and immune covariates. In contrast to previous studies that mostly focused 

on total CD73 expression assessment, we interrogated CD73 in different 

membrane compartments (basolateral membrane and luminal membrane; BL 

and L, respectively) of tumor cells. Our comprehensive pathological analyses 

demonstrated that tumors with different CD73 expression patterns exhibited 

distinct clinicopathological (e.g., histological patterns) and molecular associations, 

possibly pointing to causal links between CD73 expression or membrane 

localization and tumor differentiation – as seen with other membrane proteins71,93. 

This hypothesis is also supported by our finding on progressively increased 

expression of CD73 across premalignant lung lesions representing different 

stages in the sequence of LUAD pathogenesis (normal-appearing lung tissue 

 adenomatous atypical hyperplasia (AAH)  adenocarcinoma in situ (AIS)  

minimally invasive adenocarcinoma (MIA)  lung adenocarcinoma). We observed 

that the membrane localization of CD73 in cells from well-differentiated LUADs 

was predominantly luminal, which may as well be related to the physiological 

protective and mitigating properties of CD73 against inflammation 94. Of note, 

we found distinct associations between not only the presence or absence of 

CD73 but also the extent of expression of this antigen with smoking status, 

molecular features, and immune infiltration, once again suggesting that patterns 

of expression may correlate with the underlying biology of these tumors. It is 

reasonable to surmise that CD73 expression and its disparate localization, may 

have distinct roles in the molecular pathogenesis of smoker and non-smoker 

LUADs. It is also plausible to suggest that CD73 membrane localization may 

have important implications on the effectiveness of anti-CD73 antibodies. It is 

important to mention that we observed that tumor BL CD73 expression positively 
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correlated with features of an ‘inflamed’ immune environment such as PD-L1 and 

immune cell infiltration, rendering the plausible supposition that CD73 immune 

function may be disparate between the BL and L compartments of LUAD cells. 

Similarly, when we analyzed immune cell densities within LUADs grouped 

based on CD73 positivity, the Total CD73 High (TH) group exhibited elevated 

PD-L1, and immune cell infiltration compared with the Total Low (TL) and Total 

Negative (TN) groups. Importantly, CD73 was shown to suppress anti-tumor 

immunity and to promote immune evasion71,95,96. Thus, given our findings along 

with the previous reports on CD73 function, it is not unreasonable to suggest 

that expression of CD73 may be associated with inferior response to ICI even 

in tumors with concomitant high tumoral PD-L1 expression and immune cell 

infiltration94,97. In line with our results, a previous report demonstrated that high 

levels of adenosine correlated with elevated infiltration of immune cells, but with 

a decreased response to anti-PD1 across various tumor types83. It is intriguing to 

infer that targeting CD73 may enhance anti-tumor immunity, particularly in tumors 

with high levels of CD73, as well as augment the effect of ICI. Indeed, targeting 

CD73 was shown to skew the immune TME to a more anti-tumor phenotype 

in preclinical models76,98. In a separate context, our findings also suggest that 

targeting CD73 may promote anti-tumor immunity in LUADs with low yet positive 

CD73, and which we found to exhibit a relatively ‘cold’ immune contexture. Of 

note, we found that a fraction of LUADs that were CD73 negative displayed 

abundant expression of CD38 concomitant with a muted host immune response, 

suggesting redundant activation of the non-canonical adenosine pathway88 in 

these tumors and their potential tractability by agents that target this pathway 

such as anti-CD38 antibodies.

Tumor microenvironment immune phenotypes.
Immune phenotypes underlying the pathobiology of NSCLC, including its 

response to neoadjuvant therapy, remain poorly understood. Our study points to 
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immune programs and phenotypes that may underlie anti-tumor immunity and 

responses to neoadjuvant therapies, including chemotherapy and immune-based 

treatment, in resected NSCLC.

Several clinical trials have demonstrated that tumoral and immune cell PD-L1 

expression are associated with increased likelihood of response to antibodies 

against PD-1 or PD-L1 in metastatic NSCLC99–102. Our analysis focused on 

early-stage NSCLCs, and consistent with previous reports103,104, found that 

PD-L1 positive LUADs displayed overall augmented immune gene scores and 

programs compared with PD-L1 negative LUADs, findings  then confirmed 

by IHC in a second cohort. Interestingly, we found in two separated cohorts 

(MDAnderson Cancer Center cohort, and Hospital del Mar cohort) that a subset 

of PD-L1 negative LUADs displayed relatively high levels of immune cell scores 

comparable to PD-L1 positive tumors, that could perhaps partially explain 

why some PD-L1 negative tumors present exceptional responses to immune 

checkpoint inhibitors (ICI), and why PD-L1 expression is considered an imperfect 

biomarker to predict treatment response with ICI. Our findings set the stage for 

a reasonable supposition that patients with early-stage NSCLC with negative 

tumoral PD-L1 may comprise additional immune-centric signatures that play 

a role in shaping tumor responsiveness to ICI. These immune programs can 

be further explored to improve our understanding of how the TIME may impact 

responses to anti-PD-1/PD-L1–based therapies in the early-stage disease setting. 

When we stratified each of LUADs and LUSCs based on PD-L1 expression 

status, we found overall higher immune cell scores and signatures in the former 

lung tumor type and less so in LUSCs. In addition, we found distinct modulated 

immune signatures (e.g., plasma cells and macrophage subsets) between PD-

L1–positive LUSCs relative to their negative counterparts and which were not 

prevalent in the LUAD analysis. Our findings point to immune programs that 

denote disparate immunopathology between LUADs and LUSCs. Interestingly, 
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exploratory analysis from CheckMate 227 and CheckMate 9LA have shown that 

PD-L1 negative LUSCs tend to present higher response rates to anti-PD-1 plus 

CTLA-4 treatment relative to PD-L1 negative LUADs, supporting different immune 

biology between both major histologic subtypes in NSCLC17,18.

Previous work has shown that the extent and spatial localization (intra-tumoral 

or peritumoral) of lymphocyte infiltration impact on host immunity and response 

to ICIs 67,105,106. Here, we defined three different TIME phenotypes based on 

CD8+ T cells spatial distribution: inflamed, excluded, and cold. We found that 

inflamed tumors, in contrast to tumors exhibiting a cold TIME phenotype, showed 

upregulation for CD8 memory/effector and CD4 memory T cells as well as B cells 

and reduced scores for M2 macrophages, all features known to promote antitumor 

immune responses107. We also found that early-stage LUADs with an inflamed 

phenotype exhibited elevated levels of CXCL9 and CXCL13 along with increased 

expression of genes involved in antigen presentation (e.g., TAP1 and TAP2). Our 

findings are in close agreement with a recently reported meta-analysis which 

described elevated expression of CXCL9 and CXCL13 as predictors of response 

of advanced/metastatic cancers to ICI108. Interestingly, LUADs with an excluded 

TIME phenotype displayed an overall intermediate “immune-state,” in line with 

the study by AbdulJabbar and colleagues109, and with notably higher signature 

scores for M2 macrophages relative to both inflamed and cold LUADs. These 

findings are in agreement with earlier work demonstrating  immune cell exclusion 

promoted by protumor macrophage subsets, including tumor-associated and 

tissue-resident macrophages110. On that theme, a recent report that employed 

transcriptomic analysis for multicancer TIME classification found that tumors with 

lower ratios of M1/M2 macrophage signatures exhibited poor prognosis when 

treated with ICI111. Another study by Herbst and colleagues similarly stratified 

tumors treated with anti-PD-L1 therapy into distinct TIME phenotypes and found 

that metastatic tumors exhibiting a cold or an excluded TIME phenotype did 
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not respond to atezolizumab monotherapy, overall suggesting that preexisting 

immunity may be critical to respond to ICI70. Conversely, other studies exploring 

the combination of anti-PD-1 plus CTLA-4 blockade have shown responses 

independent of baseline CD8 T cells112.

Previous studies showed the potential role of intratumor CD103 expression 

in immune cells as a marker to identify tumors with an augmented anti-tumor 

response49. In line with previous studies defining TIME based on PD-L1 

expression and CD8 T cell infiltration70, here we define four TIME phenotypes 

based on the tumor PD-L1 expression (<1% Vs ≥1%) and intratumor CD103+ 

cells, due to its role previous described as a tissue resident marker associated 

features of enhanced cytotoxicity and proliferation of immune cells49. We found 

that CD103+/PD-L1+ tumors overall present higher T cells (CD3+, CD8+ cells), 

regulatory T cells (FOXP3+ cells) and macrophages (CD68+ cells), in concordance 

with previous studies reporting a robust anti-tumor immune response in CD103 

high tumors. Together our results suggest that CD103+/PD-L1+ tumors present 

features linked to ICI benefit, by presenting higher levels of PD-L1 membrane 

expression and a pre-existing anti-tumor immunity. Of note, the majority of EGFR 

mutant tumors were classified as CD103-/PD-L1-, suggesting that these tumors 

lack the capacity to mount a robust anti-tumor immune response, in line with 

previous data reporting no benefit from ICI in EGFR tumors. It is also worthy to 

mention that CD103+ tumors exhibit higher levels of immune cells expressing 

CD80+, a feature linked to activation of T cells in context of developing an effective 

immune response. It is then plausible to hypothesize that CD103 and PD-L1 

could be used in combination as a predictive biomarker of response to ICI in 

future clinical trials.

Recent studies have shown encouraging results when interrogating the use of 

ICI, alone or in combination with chemotherapy, as a neoadjuvant therapeutic 
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approach for resectable NSCLC, with MPR rates ranging from 20% to 86%12,22–

24,45,85,113–115. Yet, as in the metastatic setting, there are very limited, if any, available 

biomarkers to predict response to neoadjuvant ICI100. Analysis of surgically 

resected specimens treated with neoadjuvant ICI or chemoimmunotherapy 

identified different immune markers or targets that were associated with 

MPR23,24,45. Despite these insights, a comprehensive view of immune programs 

that are associated with response to neoadjuvant ICI or chemoimmunotherapy 

is still lacking. Our gene profiling analysis demonstrated immune cell scores and 

programs that were associated with MPR to neoadjuvant chemoimmunotherapy. 

Our findings are in line with recent studies showing positive association between 

CD8+ T cells, including memory T and antigen-experienced subsets, with ICI 

response23,45,113. Also, our longitudinal profiling analysis of paired pre- and 

post-treatment samples showed increased scores for M2 macrophages post-

chemoimmunotherapy. While these findings may first appear counterintuitive, they 

are in accordance with recent independent studies by Forde and colleagues and 

Cascone and colleagues showing increased fractions of macrophages expressing 

PD-L1 (CD68+PD-L1+) following ICI23,45. It is intriguing to speculate whether co-

targeting protumor myeloid programs may enhance response to neoadjuvant 

immunotherapy.

A recent phase III clinical trial (CheckMate 816) showed strikingly increased MPR 

following neoadjuvant chemoimmunotherapy (36.8%) versus chemotherapy alone 

(8.6%)12. In this context, our gene profiling analysis showed that NSCLCs treated 

with neoadjuvant chemoimmunotherapy displayed relatively higher signature 

scores for various immune cells such as CD8 and CD4 T cells, as well as B-cell 

subsets. Overall offering a comprehensive overview of immune gene programs 

that may underlie response to and effects of chemoimmunotherapy in early-stage 

NSCLC.
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Our study is not without limitations. It is important to mention that IHC CD73 

expression was evaluated in tissue microarrays of LUAD, with these arrays 

typically harboring relatively small tissue cores which may bring about increased 

tumor and, thus, immune marker heterogeneity and under-representation of 

luminal structures of adenocarcinomas – thus warranting future studies probing 

CD73 in whole tissue specimens. It is also noteworthy, given our study design 

and goals, that our cohort was primarily composed of resected early-stage tumors 

with, thus, under-representation of relatively more advanced (e.g., metastatic) 

LUADs. In this context, our study is unable to ascertain relative patterns of CD73 

expression (and localization), along with features of host anti-tumor immunity 

and immune evasion, between early-stage and more advanced LUADs. Since 

mechanisms of host immune evasion by the tumor, along with genomic and 

mutational complexity, are expectantly more pronounced in advanced-stage 

tumors, future studies are warranted to fully probe CD73 and other members 

of the adenosine pathway along the continuum of different stages (e.g., 

early, local/ oligometastatic to distant metastatic) in LUAD. Additionally, future 

studies warrant further evaluation of mechanisms involving CD73 expression 

and its interaction with host immune responses in LUAD. Also, our findings 

when comparing the three cohorts (treatment-naïve, neoadjuvant chemo and 

neoadjuvant chemoimmunotherapy) should be interpreted with caution due to the 

small number of patients in the treated groups, differences in pathologic stage, 

PD-L1 expression, and disease course among the three cohorts, along with the 

multicenter nature of the chemoimmunotherapy cohort. These findings warrant 

validation in future studies that include larger cohorts. Notably, we described 

TIME phenotypes based on CD8+ T cell densities and it cannot be neglected that 

markers for other immune cells could impact these phenotypes. Nevertheless, 

we found that TIME phenotypes based on extent and infiltration of CD8+ T cells 

still showed robust differences in their frequencies by pathologic stage, PD-

L1 expression, and TMB. Also, our study focused on immune gene profiling 
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of different cohorts of resected NSCLC. A paucity of adequate tissues from 

patients treated with chemotherapy and chemoimmunotherapy impeded a more 

comprehensive examination of TIME phenotypes, for instance by high-plex spatial 

analysis of immune cells. Future studies are warranted to perform spatial immune 

profiling of neoadjuvant-treated NSCLCs. Nonetheless, our study provides new 

and comprehensive information into diverse patterns of CD73 expression and 

localization, in association with genomic, immune, and clinical features, in early 

stage LUAD, thus offering a roadmap in the future to interrogate the role of CD73 

expression in immunotherapy and/or response to ICI. Additionally, and given 

the ongoing efforts exploring ICI in early-stage NSCLC our work provides new 

insights on immune programs that are disparate among early-stage NSCLCs and 

in the context of neoadjuvant therapy.

In conclusion, our study points to the potential role of CD73, and other members 

of the adenosine signaling pathway, as potential mechanisms of tumor immune 

evasion and resistance to ICI, thus providing additional rationale for propagating 

anti-CD73 antibodies in new combinatorial immunotherapeutic regimens. As 

mentioned before, we found that differential (e.g., BL vs. L) CD73 localization 

was associated with distinct clinicopathological and molecular features in 

LUAD. It is intriguing to propose that in-depth assessment of CD73 expression 

along with its membrane localization will provide comprehensive assessment 

of patients who may benefit from agents targeting this immune marker. 

Additionally, and using targeted gene sequencing analysis, we characterized 

immune programs across patients that underwent upfront surgery, neoadjuvant 

chemotherapy, or neoadjuvant chemoimmunotherapy. We identified immune 

gene programs that are unique to PD-L1 positive and PD-L1 negative NSCLCs 

as well as those that are shared between both groups. Spatial distribution 

of CD8+ T cells, PD-L1 expression and CD103+ immune cells unveiled 

distinctive TIME phenotypes whose frequencies differed on the basis of major 
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clinicopathologic and genomic features. Longitudinal analysis of patients 

following neoadjuvant chemoimmunotherapy showed strong upregulation of 

immune cells signatures within the TIME. Comparative analysis underscored 

immune programs and signatures that overall were progressively modulated 

along the spectrum of treatment-naïve, neoadjuvant chemotherapy-treated, up 

to those treated with chemoimmunotherapy, pointing to an association between 

perturbation of an expanded repertoire of immune gene sets with neoadjuvant 

chemoimmunotherapy. All in all, our study showcases immune gene signatures, 

programs, and phenotypes that inform the immunopathology of localized NSCLC 

as well as its response to early immunotherapy.
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Chapter 6

CONCLUSIONS

1. CD73 is expressed in 75% of lung adenocarcinomas and defines subgroups 

with disparate clinicopathological and immune features. 

2. High expression of CD73 positively correlates with PD-L1 expression in tumor 

cells and immune cell infiltration.

3. CD73 expression associates with genomic features (TP53 and STK11) and 

somatic mutation burden.

4. CD73 expression is associated with other markers (CD38) involved in the 

non-canonical pathway promoting adenosine generation.

5. Lung adenocarcinomas, PD-L1 positive, and EGFR wild-type tumors displayed 

elevated immune expression programs in treatment-naïve NSCLC.

6. CD8 T cell densities and spatial distribution define tumor immune 

microenvironment phenotypes – inflamed, cold, and excluded – with distinct 

gene expression programs.

7. Immune genes linked to innate immune response and B-cell biology positively 

associated with pathologic response after neoadjuvant chemotherapy.

8. Chemoimmunotherapy elicits pronounced immune-wide expression changes 

in resectable NSCLC across T, B, and myeloid cells.
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Chapter 7
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Supplementary Figure 5
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Supplementary Figure 6
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SUPPLEMENTARY TABLES. 
 
Supplementary table 1. Annotated genes included to define the immune gene 
signatures. 
 

Signature Reference Genes included 

Adenosine Sidders et al.32 
PPARG,CYBB,COL3A1,FOXP3,LAG3,APP,GPI,PT
GS2,CASP1,FOS,MAPK1,MAPK3 

T cell inflammation Spranger et al.29 
CD8A,CCL2,CCL3,CCL4,CXCL9,CXCL10,ICOS,GZ
MK,IRF1,HLA-DMA,HLA-DMB,HLA-DOA,HLA-DOB 

Cytotoxic T lymphocytes (CTL) Jian et al.30 CD8A,CD8B,GZMA,GZMB,PRF1 

Expanded immune Ayers et al.28 

CD3D,IDO1,CIITA,CD3E,CCL5,GZMK,CD2,CXCL1
3,NKG7,HLA-
E,CXCR6,LAG3,TAGAP,CXCL10,STAT1,GZMB 

Tumor inflammation (TIS) Danaher et al.33 

PSMB10,HLA-DQA1,HLA-DRB1,HLA-
E,NKG7,CD8A,CCL5,CXCL9,CD27,CXCR6,IDO1,S
TAT1,TIGIT,LAG3,CD274 

Interferon-gamma (IFNG) Ayers et al.28 
IFNG,STAT1,CCR5,CXCL9,CXCL10,CXCL11,IDO1,
PRF1,GZMA,HLA-DRA 

Peripheral T cell Hwang et al.31 HLA-DOA,GPR18,STAT1 

M1 Hwang et al.31 
CCR7,CD27,CD48,FOXO1,HLA-B,HLA-
G,IFIH1,IKZF4,LAMP3,NFKBIA,SAMHD1 

 
 
 
Supplementary table 2. Information of antibodies used for immunohistochemistry 
analysis  
 

Biomarker Clone Vendor Catalogue # Antigen Retrieval Dilution 

PD-L1 E1L3N Cell Signaling 13684 
Epitope Retrieval #1 
(Citrate Buffer ph6) 1:100 

CD38 SPC32 Leica/Novocastra NCL-L-CD38-290 
Epitope Retrieval #1 
(Citrate Buffer ph6) 1:100 

CD39 EPR20461 Abcam ab223843 
Epitope Retrieval #1 
(Citrate Buffer ph6) 1:500 

CD73 D7F9A Cell Signaling 13160S 
Epitope Retrieval #2 (Tris-
EDTA Buffer)          1:200 

 
 
 
Supplementary table 3. Overview of Luminal (L) and Basolateral (BL) membrane 
expression of CD73 in LUADs 
 
 
Basolateral CD73 expression Luminal CD73 expression Total 

L CD73+ L CD73- Non-lumen 
N (%) N (%) N (%) N (%) 

BL CD73+   44 (42) 1 (1) 19 (18) 64 (60) 
BL CD73- 16 (15) 11 (10) 15 (14) 42 (40) 
Total 60 (57) 12 (11) 34 (32) 106 (100) 
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Supplementary table 4. Clinicopathological characteristics of patients with lung 
adenocarcinoma and associations with CD73 IHC expression in different membrane 
compartments of malignant cells  

 
 
 

Characteristic 

 

Total (T) CD73+ 
(79/106, 75%) 

Basolateral (BL) 
CD73+ (68/106, 64%) 

Tumors 
with 

evaluable 
Lumen 

Luminal (L) CD73+ 
(60/72, 86%) 

N N % p value* N % p value* N % p value* 
Age            

≤65 53 38 72% 0,6562 33 62% 0,8397 31 23 74% 0,1094 
>65 53 41 77% 35 66% 41 37 90% 

Sex            
Female 52 41 79% 0,3759 39 75% 0,0268 37 31 84% 1 
Male 54 38 70% 29 54% 35 29 83% 

Smoking History            
Never 15 15 100% 0,0107 13 87% 0,0788 15 15 100% 0,0598 
Current/Former 91 64 70% 55 60% 57 45 79% 

TNM 8th Edition            
I 58 46 79% 0,2438 41 71% 0,0896 42 36 86% 0,6201 
II 26 16 62% 12 46% 16 12 75% 
III 22 17 77% 15 68% 14 12 86% 

Pathological T (8th)            
pT1a - pT2a 70 54 77% 0,4810 47 67% 0,3984 50 43 86% 0,4932 
pT2b - T4 36 25 69% 21 58% 22 17 77% 

Pathological N (8th)            
N0 78 59 76% 0,6922 51 65% 0,9400 55 46 84% 0,2996 
N1 20 15 75% 12 60% 12 11 92% 
N2 8 5 63% 5 63% 5 3 60% 

Histologic pattern            
Any-Solid 46 29 63% 0,0243 29 63% 0,8412 12 10 83% 1 
Non-Solid 60 50 83% 39 65% 60 50 83% 

Molecular 
characteristics 

           

EGFR  Mutated 15 14 93% 0,1069 12 80% 0,2532 13 12 92% 0,4351 
EGFR  Wild-type 85 60 71% 54 64% 54 43 80% 
STK11 Mutated 7 3 43% 0,0626 3 43% 0,1948 7 3 43% 0,0041 
STK11 Wild-type 56 44 79% 40 71% 35 33 94% 
KRAS Mutated 26 21 81% 0,6021 20 77% 0,1614 20 17 85% 1 
KRAS Wild-type 77 56 73% 47 61% 50 42 84% 
TP53 Mutated 27 18 67% 0,2507 16 59% 0,2741 11 9 82% 0,6437 
TP53 Wild-type 36 29 81% 27 75% 31 27 87% 

Somatic Mutation 
burden  

           

Median (range) 63 47 99 (2-
955) 

0.0400 43 127 (2-
955) 

0.5401 42 36 75 (2-
940) 

0.3178 



123

 3 

Supplementary table 5. Overview of Luminal (L) and Basolateral (BL) membrane 
expression of CD73 in CD73 Groups. 
 
 
Cell compartment 
CD73 IHC 

T High T low T Negative Total 
N (%) N (%) N (%) N (%) 

BL+    28 (26.4) 35 (33.0) 1 (0.9) 64 (60.4) 

BL–     0 (0) 16 (15.1) 26 (24.5) 42(39.4) 

L+   13 (12.3) 51 (44.3) 0 (0) 60 (56.6) 

L–   0 (0) 0(0) 12 (11.3) 12 (11.3) 

L NE* 15 (14.2) 4 (3.7) 15 (14.2) 34 (32.8) 

Total 28 (26.4) 51 (48.1) 27 (25.2) 106 (100) 
 
*NE: not evaluable (no luminal membrane present) 
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8.2 SUPPLEMENTARY MATERIAL ARTICLE 2.
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Supplementary Figure 1. Correlation between immune marker expression by immunohistochemistry and
targeted RNA sequencing. A) Scatter plots showing statistically positive associations between cell densities for
immune markers (CD4, CD8, FOXP3 and CD45RO) that were determined by immunohistochemistry (IHC)
analysis and their respective cellular immune scores that were derived by targeted RNA sequencing. B)
Correlation plot showing statistically positive association between PD-L1 immunohistochemical expression in
malignant cells (%) and CD274 gene expression. Correlations were statistically assessed using Spearman
correlation.
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Supplementary Figure 2 
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Supplementary Figure 2. Correlation between CD8 T cell scores derived from targeted RNA sequencing
with previously published immune signatures. Correlation plots showing statistically positive associations
between signatures of CD8 T cells and CD8 effector memory T cells derived in this study following targeted
immune profiling with previously reported signatures denoting cytotoxic T lymphocytes (CTLs) (Jian et al, Nature,
2018) and cytotoxicity (Sidders et al, Clinical Cancer Research, 2020) respectively. Correlations were statistically
assessed using Spearman correlation.
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Supplementary Figure 3. Immune expression programs differentially expressed in PD-L1 positive and
negative treatment-naïve LUADs from the TCGA cohort. A) Heat map showing differentially expressed genes
(DEGs) between PD-L1 positive (upper quartile) and PD-L1 negative (lower three quartiles) treatment-naïve
LUADs from TCGA. DEGs were selected based on a statistical threshold of adjusted p<0.05. Columns denote
samples and rows represent DEGs (red, relatively higher expression; blue, relatively lower expression). B)
Differential expression of functional gene signatures (red, higher expression; blue, relatively lower expression;
adjusted p-value <0.05) between PD-L1 positive and negative LUADs from the TCGA cohort.

Supplementary Figure 3 
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Supplementary Figure 4. Analysis of immune gene programs in NSCLC subsets. A) Heat map showing differently
expressed immune gene programs (adjusted p<0.05) between patients with and without STK11 mutation. Columns denote
samples. Rows represent differently expressed immune gene programs (red, relatively higher expression; blue, relatively
lower expression). B) Heat map showing DEGs (adjusted p<0.05) between PD-L1 positive (≥1%) and PD-L1 negative (<1%)
treatment-naive LUSCs. Columns represent samples which were annotated with clinicopathological and molecular features,
and rows represent DEGs (red, relatively higher expression; blue, relatively lower expression). C) Violin plots for significantly
different cellular signatures scores in PD-L1 positive (≥1%, orange) and negative (<1%, blue) tumors, D) and for non-
significant cellular signature scores. P-values were calculated based on the Mann Whitney test, black lines represent median
values, and gray lines correspond to 95% CIs.
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Supplementary Figure 5. Association of PD-L1 protein expression and cellular signatures with recurrence.
A) Analysis of PD-L1 % protein expression in recurrent and non-recurrent NSCLCs was performed separately in
LUADs (right panel) and LUSCs (left panel). B) Differences in cellular signature scores between relapsed (orange)
and non-recurrent (blue) LUADs. P-values were calculated based on the Mann Whitney test, black lines represent
median values, and gray lines correspond to 95% CIs.
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Supplementary Figure 7 

A

Supplementary Figure 7. Correlation between immune marker expression by immunohistochemistry and
targeted RNA sequencing. A Scatter plot showing statistically positive association between CD68+ cell densities
by IHC and the macrophage signature. Violin plots showing differences in CD68+ cell densities and macrophage
signature across the TIME phenotypes. P-values were calculated based on the Mann Whitney test, black lines
represent median values, and gray lines correspond to 95% confidence intervals (CIs). Correlations were
statistically assessed using Spearman correlation.
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Supplementary Figure 8

Supplementary Figure 8. Gene expression programs associated with tumoral PD-L1 and TILs in treatment-naïve
LUADs. A) Scatter plot showing distribution of LUADs based on tumoral cell densities of CD3+ T cells and PD-L1 % in tumor
cells. B) Frequencies of TIME phenotypes in LUAD by pathological stage, tumoral PD-L1 expression, as well as somatic
mutational burden (TMB; TMB high, ≥ median; TMB low, < median). C) Violin plots depicting cellular signature scores across
the three TIME phenotypes. P-values were calculated based on the Kruskal-Wallis test, black lines represent median levels,
and gray lines correspond to 95% confidence intervals (CIs). D) Heat map showing 94 DEGs (adjusted p<0.05) between the
four groups.
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Supplementary Figure 9
A

B

Supplementary Figure 9. Comparison of immune checkpoints across different TIME phenotypes. Violin
plots depicting differences in expression levels of the indicated immune checkpoints between the inflamed,
excluded, and cold TIME groups (A), among four groups based on the expression of tumoral PD-L1 and presence
of TILs (B), as well as between PD-L1 negative (<1%) and positive (≥1%) tumors (C). P-values were calculated
based on Kruskal-Wallis tests (A and B) and Mann-Whitney tests (C) and bars correspond to median values +/-
95% CIs.
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Supplementary Figure 10. Comparative analysis of immune cell signature scores between recurrent and
non-recurrent LUADs after neoadjuvant chemotherapy. P-values were calculated based on the Mann Whitney
test, black lines represent median values, and bars correspond to 95% CIs.
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Supplementary Figure 11. Immune expression changes after neoadjuvant chemotherapy in LUSCs. A)
Heat map showing DEGs (adjusted p<0.05) that were associated with % of viable tumor cells in early-stage
LUSCs treated with neoadjuvant chemotherapy. Columns denote LUSCs that are annotated with
clinicopathological features and rows represent DEGs (red, relatively higher expression; blue, relatively lower
expression). B) Correlation plots showing statistically significant correlations of % viable tumor cells with NK cell
exhaustion (left) and M2 macrophage (right) signatures. Correlations were statistically examined used Spearman
correlation.
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B

A

Supplementary Figure 12. Correlation between expression of immune markers by multiplex
immunofluorescence (mIF) and RNA immune signatures. A. Scatter plots showing statistically positive
association between CD3+CD8+ cell densities evaluated by mIF (CD3+CD8+), and a CD8 T cell signatured
immune derived by targeted immune profiling (left). Violin plots showing concordantly increased levels of both
CD3+CD8+ T cell densities by mIF and the targeted RNA-seq-derived CD8 T cell signature in
chemoimmunotherapy-treated patients with pCR/MPR compared to those without MPR (right). B. Scatter plots
showing statistically positive association between CD3+FOXP3+CD8- cell densities evaluated by mIF and a
regulatory T cell signature derived by targeted immune profiling (left). Violin plots showing concordantly showing
no statistically significant changes in both CD3+FOXP3+CD8- T cell densities by mIF and the targeted RNA-seq-
derived regulatory T cell signature in chemoimmunotherapy-treated patients with pCR/MPR compared to those
without MPR (right). Correlations were statistically assessed using Spearman correlation. P-values for pairwise
comparisons were obtained using Mann-Whitney tests.
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Supplementary Figure 13. Comparison of cell signature scores pre- and post-neoadjuvant
chemoimmunotherapy. Violin plots for cellular signatures scores comparing pre- (n=13) and post-treatment
(n=21) samples. P-values were calculated based on the Mann-Whitney test, black lines represent median values,
and gray lines correspond to 95% CIs.
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Immune marker Clone Vendor Antigen Retrieval Dilution

PD-L1 E1L3N Cell Signaling Epitope Retrieval #1 (Citrate Buffer 
ph6)

0,111111111

CD4 4B12 Leica Biosystems Epitope Retrieval #2 (Tris-EDTA 
Buffer ph9)

0,097222222

CD8 C8/144B ThermoFisher Epitope Retrieval #1 (Citrate Buffer 
ph6)

01:25

CD45RO UCHL1 Leica Biosystems Epitope Retrieval #1 (Citrate Buffer 
ph6)

RTU

FOXP3 206D BioLegend Epitope Retrieval #2 (Tris-EDTA 
Buffer ph9)

01:50

Supplementary Table 1. Antibodies used for immunohistochemical analysis
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Genes

CBLB, CCR7, CD27, CD48, FOXO1, FYB1, HLA-B, HLA-G, 
IFIH1, IKZF4, LAMP3, NFKBIA, SAMHD1

HLA-DOA, GPR18, STAT1

CD8A, CCL2, CCL3, CCL4, CXCL9, CXCL10, ICOS, 
GZMK, IRF1, HLA-DMA, HLA-DMB, HLA-DOA, HLA-DOB

GZMA, PRF1

PSMB10, HLA-DQA1, HLA-DRB1, CMKLR1, HLA-E, 
NKG7, CD8A, CCL5, CXCL9, CD27, CXCR6, IDO1, 
STAT1, TIGIT, LAG3, CD274

CD8A, CD8B, GZMA, GZMB, PRF1

IFNG, STAT1, CCR5, CXCL9, CXCL10, CXCL11, IDO1, 
PRF1, GZMA, HLA-DRA
CD3D, IDO1, CIITA, CD3E, CCL5, GZMK, CD2, HLA-DRA, 
CXCL13, IL2RG, NKG7, HLA-E, CXCR6, LAG3, TAGAP, 
CXCL10, STAT1, GZMB
PPARG, CYBB, COL3A1, FOXP3, LAG3, APP, CD81, 
GPI, PTGS2, CASP1, FOS, MAPK1, MAPK3, CREB1

KIR3DL1, KIR3DL2, IL2RA, IL15RA, HAVCR2, EOMES

NKG7, CST7, PRF1, GZMA, GZMB, IFNG

FLNA, EMP3, CALD1, FN1, FOXC2, LOX, FBN1, TNC

S100A8, S100A9, KRT23

CD8A, EOMES, PRF1, IFNG, CD274

IL6, CXCL1, CXCL2, CXCL3, CXCL8, PTGS2

ReferencePreviously reported immune cell and 
program signatures

Jian et al., Nature, 2018

M1 macrophages Hwang et al., Scientific Reports, 2020

Peripheral T cells Hwang et al., Scientific Reports, 2020

T cell inflammation Spranger et al., Nature, 2015

Myeloid inflammation signature McDermott et al., Nat Med, 2020

NK cell exhaustion Sidders et al., CCR, 2020

Cytotoxicity Sidders et al., CCR, 2020

EMT Wang et al., Nat Commu 2018

Supplementary Table 3. Previously reported immune signatures interrogated in our study

PMN (Neutrophils) Kargl et al., JCI, 2019

T effector signature McDermott et al., Nat Med, 2018

Interferon gamma (IFNG) Ayers et al., JCI, 2017

Expanded immune Ayers et al., JCI, 2017

Adenosine Sidders et al., CCR, 2020

Immune cytolytic activity (CYT) Rooney et al., Cell, 2016

Tumor inflammation (TIS) Danaher et al., JITC 2018

Cytotoxic T lymphocytes (CTL)
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8.3 SUPPLEMENTARY MATERIAL ARTICLE 3.
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Supplementary Figure 1.

Overall survival in LUADs EGFR wild-type

A

B

No 
si
Parece ‘fishing’ 
y no le 
rational claro 
para 
offs.

O
ve

ra
ll 

Su
rv

iv
al

LUADs
LUSCs

LUADs
LUSCs

LUADs
LUSCs

LUADs
LUSCs

D
is

ea
se

-fr
ee

 
Su

rv
iv

al

O
ve

ra
ll 

Su
rv

iv
al

O
ve

ra
ll 

Su
rv

iv
al



143

Supplementary Figure 2.
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Supplementary Figure 3.
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Supplementary Table 1. Information of antibodies used for 
immunohistochemistry analysis. 
 

Antibody Clone Vendor 
Catalogue 
number 

Antigen 
Retrieval Dilution 

Samples 
analysed 

PD-L1   SP263   ROCHE   07494190001   CC1   RTU 184 

CD3   2GV6   ROCHE   05278422001   CC1   RTU 175 

CD4   SP35   ROCHE   05552737001   CC1   RTU 185 

CD8   SP57   ROCHE   05937248001   CC1   RTU 183 

CD68   PGM1   DAKO  M0701   HIGH   1/100 182 

CD80   37711   RD SYSTEMS   MAB140-00 HIGH   1/50 183 

CD103   EPR4166   ABCAM   129202   HIGH   1/500 184 

FOXP3   236A/E7   INVITROGEN   14-4777-82   HIGH   1/100 183 

PD-1   NAT105   ROCHE   07099029001   CC1   RTU 63 

PD-L2   176611   RD SYSTEMS   MAB1224-100   HIGH   1/600 173 

HLA-II   EMR8-5   DAKO   M0775   HIGH   1/800 185 

FAP   SP325   ABCAM   227703   HIGH   1/100 182 
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Supplementary Table 2. Clinicopathological characteristics of patients 
diagnosed with lung adenocarcinoma. 
  

Characteristic (n=124) N % 
Age - median (range) 65.5 (42-84)  
Sex   
Female 36 29,0% 
Male 88 71,0% 
Smoking status   
Never 21 16,9% 
Former 49 39,5% 
Current 53 42,7% 
NA 1 0,8% 
TNM 8th Ed.   
I 62 50,0% 
II 24 19,4% 
III 38 30,6% 
Molecular features   
KRAS   
Mut 28 22,6% 
WT 93 75,0% 
NA 3 2,4% 
EGFR   
Mut 23 18,5% 
WT 94 75,8% 
NA 7 5,6% 
Tumor PD-L1   
<1% 89 71,8% 
≥1% 35 28,2% 
NA 0 0,0% 
Recurrence   
Yes 38 30,6% 
No 86 69,4% 
Survival   
Death 40 32,3% 
Alive 84 67,7% 
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Supplementary Table 3. Clinicopathological characteristics of patients 
diagnosed with lung squamous carcinoma. 

 
 
 
 

Characteristic (n=61) N % 
Age - median (range) 66 (45-86)  
Sex   
Female 8 13,1% 
Male 53 86,9% 
Smoking status   
Never 1 1,6% 
Former 27 44,3% 
Current 33 54,1% 
TNM 8th Ed.   
I 25 41,0% 
II 24 39,3% 
III 12 19,7% 
Tumor PD-L1   
<1% 34 55,7% 
≥1% 26 42,6% 
NA 1 1,6% 
Recurrence   
Yes 19 31,1% 
No 42 68,9% 
Survival   
Death 34 55,7% 
Alive 27 44,3% 
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