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Abstract

Tumor-infiltrating lymphocytes are related to positive clinical prognoses in numerous cancer

types. Programmed death ligand 1 (PD-L1), a mediator of the PD-1 receptor, plays an inhibi-

tory role in cancer immune responses. PD-L1 upregulation can impede infiltrating T-cell

functions in lung adenocarcinoma (LUAD), a lung cancer subtype. However, associations

between the expression of PD-L1 and infiltration of B cells (a major immunoregulatory cell)

remain unknown. Therefore, we investigated the role of infiltrating B cells in LUAD progres-

sion and its correlation with PD-L1 expression. The Cancer Genome Atlas (TCGA) LUAD

data set was used to explore associations among B-cell infiltration, PD-L1 expression, clini-

cal outcome, and gene landscape. Gene set enrichment analysis was used to explore puta-

tive signaling pathways and candidate genes. The drug enrichment analysis was used to

identify candidate genes and the related drugs. We found that high B-cell infiltration was cor-

related with better prognoses; however, PD-L1 may interfere with the survival advantage in

patients with high B-cell infiltration. The gene landscape was characterized comprehen-

sively, with distinct PD-L1 levels in cell populations with high B-cell infiltration. We obtained

five upregulated signaling pathways from the gene landscape: apoptosis, tumor necrosis

factor (TNF)-α signaling via nuclear factor (NF)-κB, apical surface, interferon-α response,

and KRAS signaling. Moreover, four candidate genes and their related target drugs were

also identified, namely interleukin-2β receptor (IL2RB), IL-2γ receptor (IL2RG), Toll-like

receptor 8 (TLR8), and TNF. These findings suggest that tumor-infiltrating B cells could act

as a clinical factor in anti-PD-L1 immunotherapy for LUAD.
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Introduction

Lymphocyte infiltration into solid tumor tissue is a major prognostic and predictive immuno-

logical biomarker of tumor progression. Tumor-infiltrating lymphocytes, such as CD8+ T cells,

are associated with cancer prognoses [1]. Moreover, accumulating evidence is suggesting that

tumor-infiltrating B cells are strongly associated with positive clinical outcomes in various can-

cer types [2–5]. In addition to producing antibodies, tumor-infiltrating B cells function as anti-

gen-presenting cells (APCs) to regulate cellular innate immunity in tumor microenvironments.

By activating CD8+ T cells, tumor-infiltrating B cells can promote antigen-specific immune

responses by inhibiting tumor processes [6]. B cells also produce the opposite effects for tumor

immunity and progression. B cells mediate adaptive immunities through the release of circulat-

ing cytokines or chemokines to recruit immunosuppressive myeloid cells, resulting in chronic

inflammation and de novo carcinogenesis promotion [7]. B cell–derived lymphotoxin can also

activate I kappa B kinase (IKK)-α and signal transducer and activator of transcription 3

(STAT3) signaling to promote prostate cancer progression [8]. However, the overall roles and

mechanisms of tumor-infiltrating B cells in mediating tumor immunity warrants elucidation.

Immune checkpoints are a diverse group of proteins, including ligands and receptors, that

regulate the balance between costimulatory and inhibitory effects on immunity [9]. They not

only maintain self-tolerance in preventing autoimmunity formation but also restrict physio-

logical immune cell responses in protecting tissues from damage during pathogenic infection.

Cancer cells protect themselves from immune surveillance and antitumor immunity by regu-

lating immune checkpoint expressions [10]. Programmed cell death protein (PD)-1, also

known as cluster of differentiation (CD)-279, is a cell surface receptor mainly expressed in

activated T, B, and myeloid cells [11]. PD-1 promotes the development of regulatory T cell

(Treg), an immunosuppressive T cell type, and subsequently induces anti-inflammatory

responses. PD-1 also enhances pathogenic self-reactive T cell apoptosis in lymph nodes [12].

Programmed death ligand 1 (PD-L1), also known as CD274 or B7 homolog 1 (B7-H1), is a

specific ligand for PD-1 [13]. High PD-L1 levels are associated with infiltrating T cells and

secreted interferon (INF)-γ in the tumor microenvironment; they are also involved in adaptive

immune resistance mechanisms [14]. Blockading PD-L1 with an antibody promoted helper T

cell (Th) 1 cytokine–activated natural killer cells exhibiting antitumor functions [15], suggest-

ing that PD-1/PD-L1 signaling has critical inhibitory roles in mediating innate and adaptive

immunity in the tumor microenvironment.

Human lung cancers, including small-cell lung carcinoma (SCLC) and non-SCLC

(NSCLC), are leading causes of malignancy-related mortality worldwide, with fewer than 20%

of patients surviving beyond 5 years after diagnosis [16]. Lung adenocarcinoma (LUAD), a

main subtype of NSCLC, accounts for approximately 40% of lung cancer patients. LUAD

often has a poor clinical outcome and overall 5-year survival. Associations between T-cell infil-

tration and variant immune checkpoint expressions were described in LUAD progression

[17]. T-cell–mediated immune responses and infiltration can significantly delay LUAD malig-

nant tumor processes and could be used to predict poor outcomes in NSCLC [18]. NSCLC

patients with high PD-L1 levels have poor prognoses and immature dendritic cell infiltration

[19]. PD-L1 expression could be a predictive biomarker in clinical trials testing (neo)adjuvant

strategies. Furthermore, in both preclinical and clinical studies PD-1/PD-L1 blockade has

achieved robust immune responses and increased survival in NSCLC patients [20]. Further

investigation of mechanisms and correlations between PD-L1 and lymphocyte infiltrations

may assist future immunotherapy development.

Current immunotherapeutics provides significant benefits of durable remission and pro-

longed survival in cancer patients, particularly lung cancer patients [21]. Blockading
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coinhibitory immune checkpoints with monoclonal antibody administration effectively

improved T-cell infiltration and function. Atezolizumab and MEDI4736, a newly developed

class of drugs for inhibiting PD-L1, effectively attenuated lung cancer progression [20]. How-

ever, most studies have focused on the correlation between immune checkpoints and infiltrat-

ing T cells. Although tumor-infiltrating B cells participate in mediating tumor immunity, little

is known about the associations between PD-L1 and B-cell infiltration in LUAD patients.

Here, we explored the role of B-cell infiltration in LUAD progression using RNA sequenc-

ing (RNA-Seq) data on LUAD patients from The Cancer Genome Atlas (TCGA) data set. We

evaluated B cell infiltration as a determining factor in anti-PD-L1 immunotherapy response.

Furthermore, gene profiles and signaling pathways in different PD-L1 and B-cell infiltration

statuses were validated as therapeutic targets for future anti-LUAD drug development.

Materials and methods

Obtaining molecular profiles and clinical information of LUAD patients

from TCGA

Data on patients (n = 510) with RNA-Seq data and corresponding clinical information

(n = 479) were downloaded from the University of California Santa Cruz Cancer Browser

(https://genome-cancer.ucsc.edu). The RNA-Seq data were normalized using the RNA-Seq by

expectation-maximization method. To obtain LUAD patients’ immune cell infiltration infor-

mation, an immune infiltration score analyzed using single-sample gene set enrichment analy-

sis (GSEA), with a well-defined reference gene list compiled by Şenbabaoğlu et al. [22], was

employed. All data used in this study were derived from the public TCGA database, the use of

which does not require approval by an institutional review board or ethics committee.

Clinical characteristics of B-cell and CD8+ T-cell infiltration

Differences in B-cell and CD8+ T-cell infiltration scores in tumor and paired normal tissues

was evaluated using a Wilcoxon signed-rank test. The divergence of these immune infiltration

scores in different stages was assessed using Kruskal–Wallis one-way analyses, following

Tukey’s method for multiple comparisons. Patients (n = 479) with overall survival information

were selected for the survival analysis. Differences in overall survival between various groups

were investigated using a log-rank test. Groups that were significantly associated with overall

survival were further assessed using a multivariate Cox regression analysis considering patient

age, clinical stage, sex, and epidermal growth factor receptor and Kirsten rat sarcoma (KRAS)

mutation status.

Categorization and unsupervised clustering analysis of LUAD patents

The association between PD-L1 gene expression and B-cell infiltration scores was analyzed

using multivariate linear regression analysis of the CD8+ T-cell infiltration score. Patients were

then divided into four groups based on the median PD-L1 expression and B-cell infiltration

score: groups A (low PD-L1/low B-cell infiltration), B (low PD-L1/high B-cell infiltration), C

(high PD-L1/high B-cell infiltration), and D (low PD-L1/high B-cell infiltration). To examine

discrepancies among these four groups, analysis of variance (ANOVA)-like tests from the

edgeR package were used to identify the most variant genes. Patients were hierarchically clus-

tered according to the top 100 genes selected through false discovery rate (FDR). Sample dissim-

ilarity was calculated using the Euclidean method, and a dissimilar matrix was clustered using

Ward linkage. The Silhouette algorithm was finally applied to determine the number of clusters

was most stable by comparing the scores for each increase in cluster number (up to 10 clusters).
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Identification of pathways and candidate genes for drug discovery

GSEA was performed to compare differences in activated pathways between groups C versus

A and groups D versus A. Genes in different groups were ranked according to signal-to-noise

ratio. The normalized enrichment score (NES) and FDR were calculated after 1000 permuta-

tions. By subtracting the NES between group C versus A and group D versus A, we investigated

differences in pathways between these groups. Pathways with an absolute ΔNES of>0.25 were

considered to differ.

To further pinpoint genes that sequentially increased in the order of A, D, C, 212 core

enrichment genes from pathways with absolute ΔNES values of>0.25 were examined using

differential gene expression analysis. In total, 41 genes with sequential 1.5-fold increases in the

order of A, D, C (with an FDR of<0.01) were selected for drug discovery.

Drug target gene enrichment analysis

Manual search of the DrugBank database [23] was used to identify genes targeted by US Food

and Drug Administration (FDA)-approved cancer treatment drugs, and 171 target genes were

found. To further examine the relation between candidate genes and drug database target

genes, we perform fold enrichment analysis with 104 permutations as proposed by Okada et al.

[24], we assessed which candidate genes significantly overlapped with the drug target genes.

To perform a one-sided permutation test, four genes were first obtained by overlapping 41 dif-

ferentially expressed and 171 drug target genes. Then, the multiple of enrichment was calcu-

lated by dividing four with mean numbers from the null distribution. The p value was

obtained using a one-sided permutation test.

Results

B-cell infiltration more significant in LUAD prognoses than that of CD8

+ T cells

A study reported that infiltrating CD8+ T cells in lung cancer patients were associated with the

histological subtype and degree of dedifferentiation, but not survival [25]. However, no studies

have analyzed the role of B-cell infiltration in LUAD prognosis. The demographic and clinical

characteristics of LUAD patients from TCGA database are presented in Table 1. In another

study, we measured T- and B-cell infiltration scores of LUAD patients [22] and found higher

B-cell infiltration scores in LUAD tumor samples (n = 510) than in paired normal tissues

(n = 58; Fig 1A). However, CD8+ T-cell infiltration scores were lower in tumor tissues than

in paired normal samples (Fig 1B). Previous study has shown that tumor cells, follicular den-

dritic cells, and T follicular helper cells in lung cancer tissues are able to secrete chemokine,

CXCL13, to attract B cells into the tumor tissue [26]. These activated B cells could be trans-

formed into plasma cell to mediate humoral immunity [27]. Beside this, B cell could also acti-

vate the T cells to exert its anti-tumor response [28]. In here, we perform gene set enrichment

analysis between the high versus low B cell-infiltrated patients, and we also found that humoral

immune response and T cell proliferation pathways are also activated (S1 Fig). Hence, high

infiltrated B cell in tumor tissues may mediate an ongoing anti-tumor immune response

through activation of T cells and antibody-dependent cellular cytotoxicity. On further investi-

gation of the association between infiltration scores and cancer staging, we found that both B-

and CD8+ T-cell infiltration scores sequentially decreased from LUAD stage I to IV (Fig 1C

and 1D). Moreover, B-cell infiltration scores were significant in both the stage I versus stage

IV and stage I versus stage III groups, whereas CD8+ T-cell infiltration scores were only signif-

icant in the stage I versus stage IV group. Finally, as shown in Fig 1E, patients with a high B-
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cell infiltration score had longer survival than patients with a low score (mean survival time

difference = 132 days, log-rank test p = 0.00037). The variant B-cell infiltration score was also

highly significant for patient survival (Table 2). However, no correlation was found between

CD8+ T-cell infiltration and survival rate (Fig 1F), suggesting that B-cell infiltration may play

a greater role in LUAD prognosis than does CD8+ T-cell infiltration.

Correlation between PD-L1 levels and B-cell infiltration

High PD-L1 expression in lung cancer patients was associated with histological types and over-

all survival and contributed to poor prognosis and tumor cell immune escape [19]. However,

the association between PD-L1 expression and B-cell infiltration remains unclear. By analyzing

B-cell infiltration scores with normalized PD-L1 levels from the RNA-Seq data of LUAD

patients in TCGA database, a significant and positive correlation between PD-L1 expression

and B-cell infiltration was identified (n = 479, coefficient = 7.10362, p< 0.01; Fig 2A). Further

considering CD8+ T-cell infiltration as a covariate, a significantly positive correlation between

B-cell infiltration and PD-L1 levels was still found (infiltrating B cells: coefficient = 5.09 and

p< 0.01; infiltrating CD8 T cells: coefficient = 11.56 and p< 0.01), suggesting that the correla-

tion of B-cell infiltration with PD-L1 levels was independent of CD8 T-cell infiltration. LUAD

patients were then divided into four groups based on the median cutoff points for B cell scores

and normalized PD-L1 levels (Fig 2B), namely groups A (low PD-L1/low B-cell infiltration,

Table 1. Clinical characteristics of lung adenocarcinoma patients.

Data TCGA

Number of patients 479

Age (years), mean (SD) 65.3 (9.9)

Female, No. (%) 348 (52.1)

Median survivor

follow-up (days)

468 days

Smoking history, No. (%)

Yes 396 (79.7)

No 69 (14.4)

Unknown 14 (2.9)

Stage, No. (%)

I 258 (53.9)

II 173 (36.2)

III 78 (16.3)

IV 26 (5.4)

EGFR gene variation

Non-mutation 181 (37.8)

Mutation 28 (5.8)

Unknown 270 (56.4)

KRAS gene variation

Non-mutation 147 (30.7)

Mutation 62 (12.9)

Unknown 270 (56.4)

TCGA, The Cancer Genome Atlas; SD, standard deviation; EGFR, epidermal growth factor receptor; KRAS, Kirsten

rat sarcoma.

https://doi.org/10.1371/journal.pone.0208459.t001
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n = 145, 30.3% of patients), B (high PD-L1/low B-cell infiltration, n = 95, 19.8% of patients), C

(high PD-L1/high B-cell infiltration, n = 144, 30.1% of patients), and D (low PD-L1/high B-cell

infiltration, n = 95, 19.8% of patients). Since group A had immunological ignorance, we

defined it as the basal control group. Compared with this group (Fig 2C–2F), only group D

patients were found to have significantly higher survival rates (mean survival time differ-

ence = 239 days, log-rank test p = 0.0051). This finding was also confirmed by univariate and

multivariate Cox regression analyses (Table 3). Although group C patients also had high B-cell

infiltration, their high PD-L1 expression levels resulted in poor survival rates. All the results

indicated that greater B-cell infiltration could be related to high PD-L1 expression. PD-L1

acted as a negative regulator to influence B-cell infiltration–mediated tumor immunity.

Characterization of gene signatures and signaling dissimilarities with

different PD-L1 expression and B-cell infiltration

To explore discrepancies in molecular levels related to PD-L1 expression and B-cell infiltra-

tion, we first investigated the diversity of gene signatures among the four groups with different

PD-L1 levels and B-cell infiltration. The top 100 significantly differentially expressed genes

within the four groups were selected (S1 File). We found that two clusters, namely clusters I

and II, showed the greatest robustness (Fig 3A and 3B). On examining the distribution of

patients in clusters I and II (%), we found that groups C and D, both with high B-cell infiltra-

tion but different PD-L1 levels, contained most cluster-I patients (95.2%; Fig 3A). By contrast,

cluster II mainly consisted of patients from groups A and B (78.3%), both with low B-cell infil-

tration and different PD-L1 levels (Fig 3B). Because this study focused only on the

Fig 1. High B-cell infiltration was found in lung adenocarcinoma (LUAD) and was significantly related to patient survival rates. B cell (A) and

T cell (B) infiltration scores of LUAD patients (n = 510) and normal group (n = 58) were compared, with the statistical difference calculated using

the Wilcoxon rank sum test. B cell (C) and T cell (D) infiltration scores in four different LUAD stages were compared, with the statistical difference

calculated using Kruskal–Wallis one-way analysis with Tukey’s post-hoc test. Kaplan–Meier survival curves in LUAD patients with B cell (E) and T

cell (F) infiltration scores were analyzed. LUAD patients were divided into two groups based on the median cutoff points for B- and T-cell

infiltration scores. The survival rate was measured using a log-rank test.

https://doi.org/10.1371/journal.pone.0208459.g001

Table 2. Univariate and multivariate Cox regression analyses of risk factors for overall survival.

Variable Univariate Cox regression Multivariate Cox regression

Hazard ratio p value Hazard ratio p value

B cell infiltration

High vs. Low 0.54 <0.001 0.44 <0.001

Age (years)

Aged>65 vs. Age�65 1.18 0.33 - -

Gender

Female vs. Male 0.96 0.83 - -

Stage

Stage II vs. Stage I 2.32 <0.001 2.13 <0.001

Stage III vs. Stage I 4.24 <0.001 3.74 <0.001

Stage IV vs. Stage I 3.08 <0.001 1.65 0.340

EGFR gene variation

Mutation vs. non-mutation 2.15 0.01 1.73 0.090

KRAS gene variation

Mutation vs. non-mutation 0.90 0.71 - -

EGFR, epidermal growth factor receptor; KRAS, Kirsten rat sarcoma.

https://doi.org/10.1371/journal.pone.0208459.t002
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immunosuppressive role of PD-L1 in highly B cell–infiltrated tumor tissues, group B patients

(high PD-L1 expression and low B-cell infiltration) were excluded from subsequent analyses.

High B-cell infiltration with low PD-L1 was significantly related with longer survival in

LUAD patients (group D versus A). However, high B-cell–infiltration patients with high

Fig 2. Programmed death ligand 1 (PD-L1) expression levels and B-cell infiltration were associated with patient survival rates. (A) Positive correlation between

normalized PD-L1 levels and B-cell infiltration scores, measured using multivariate linear regression analyses. Different PD-L1 and B-cell infiltration levels were defined

for groups A to D. (B) The pie chart shows the distribution of patient numbers (%) among the four groups. Kaplan–Meier survival curves were analyzed for lung

adenocarcinoma (LUAD) patients in group D versus group A (C), group C versus group A (D), group B versus group A (E), and group B versus group C (F). The

survival rate was calculated using a log-rank test.

https://doi.org/10.1371/journal.pone.0208459.g002
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PD-L1 had no survival benefit compared with low B-cell–infiltration/low-PD-L1 expression

patients (group C versus A). To distinguish the effects of PD-L1 in groups with high B-cell

infiltration, the divergence of gene functions between groups C and D was analyzed (Table 4).

Twelve enrichment pathways were activated in group C versus A (FDR� 0.05). On further

comparing the activated pathways of group D versus A, five additional overrepresented path-

ways were selected (ΔNES� 0.25) in group C versus A, namely apoptosis, TNF-α signaling via

NF-κB, apical surface, INF-α response, and KRAS signaling (Fig 4). The results demonstrated

that these signaling pathways were activated in the presence of B-cell infiltration without

PD-L1. Moreover, patients with B-cell infiltration and elevated PD-L1 expression exhibited

higher levels of these pathways. In general, varying B-cell infiltration and PD-L1 status resulted

in dissimilar gene and signaling signatures in LUAD patients.

Investigation of drug-targeting genes related to B-cell infiltration and

PD-L1

To further identify differentially expressed genes (DEGs) among these five significantly

increased signaling pathways in group C versus A, compared with group D versus A, changes

in expressions of 212 core enrichment genes from these pathways were analyzed. We identified

41 significant DEGs (FDR < 0.01) and sequentially increased 1.5-fold in the order of A, D, C

(Fig 5A and S1 Table). Finally, we evaluated the potential role in drug discovery of high B-cell

infiltration–and PD-L1–related genes. The 171 drug target genes from DrugBank [23] (S2

Table) corresponding to drugs approved for cancer treatment demonstrated a significant over-

lap with the 41 DEGs related to B-cell infiltration and PD-L1; that is, four genes overlapped

(10.78-fold enrichment by a permutation analysis, p = 6e-04; Fig 5B), namely interleukin 2β
receptor (IL2RB), interleukin 2γ receptor (IL2RG), Toll-like receptor 8 (TLR8), and TNF (Fig

5C). Three approved cancer therapy drugs, namely aldesleukin, imiquimod, and thalidomide,

Table 3. Univariate and multivariate Cox regression analyses of risk factors for overall survival in low PD-L1/high B cell infiltration and low PD-L1/low B cell infil-

tration patients (n = 240).

Variable Univariate cox regression Multivariate cox regression

Hazard Ratio P value Hazard Ratio P value

B cell infiltration

High vs Low 0.54 <0.001 0.44 <0.001

PD-L1

High vs Low 0.858 0.37 - -

Age

Age>65 vs Age< = 65 1.18 0.33 - -

Sex

Female vs Male 0.96 0.83 - -

Stage

Stage II vs Stage I 2.32 <0.001 2.13 <0.001

Stage III vs Stage I 4.24 <0.001 3.74 <0.001

Stage IV vs Stage I 3.08 <0.001 1.65 0.340

EGFR gene variation

Mutation vs non-mutation 2.15 0.01 1.73 0.090

KRAS gene variation

Mutation vs non-mutation 0.90 0.71 - -

EGFR, epidermal growth factor receptor; KRAS, Kirsten rat sarcoma.

https://doi.org/10.1371/journal.pone.0208459.t003
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were identified through this analysis. Therefore, these B-cell infiltration and PD-L1–related

genes may possess a critical potential in drug development for LUAD patients.

Discussion

The concepts of cancer immunoediting, comprising cancer immunosurveillance, equilibrium,

and escape, are increasingly prominent in clinical cancer research and therapy [29, 30]. Cancer

immunoediting protects a host against carcinogenesis, but may also enhance tumor evasion

from immune destruction. Variation in the levels of infiltrating lymphocytes, immunocheck-

points, and some microenvironmental cytokines are crucial roles in deciding the fate of

tumors. Further understanding associations among these cancer immunity-related factors

during tumor progression can help in correctly classifying patients for the optimal combined

treatment for each tumor type. Both tumor-infiltrating B cells and PD-L1 immunocheckpoints

are involved in lung cancer immunity [17, 31]. Little is known about the roles and interrela-

tions of B-cell infiltration and PD-L1 expression in lung cancer, particularly LUAD. In this

study, we found that B-cell infiltration levels were higher in LUAD tumor samples than in

Fig 3. Gene signature dissimilarity among four groups with different PD-L1 and B-cell infiltration levels. (A) Silhouette score with different numbers of clusters,

calculated using cluster robustness analyses. (B) Heat map with the top 100 differentially expressed genes (DEGs) in the four groups. DEGs with a significant false

discovery rate were analyzed using ANOVA-like tests, after which unsupervised hierarchical cluster analysis was performed. Stable clusters I and II were generated. The

pie chart shows distributions of patients (%) from the four groups in clusters I (C) and II (D).

https://doi.org/10.1371/journal.pone.0208459.g003
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paired normal tissues from TCGA by comparing B-cell infiltration scores, which were signifi-

cantly associated with tumor progression and patient survival. A positive correlation between

B-cell infiltration and PD-L1 expressions was thus verified. Dissimilar gene signatures and sig-

naling pathways were also identified in patients with high B-cell infiltration with or without

elevation in PD-L1 expression. Finally, drug target genes and the corresponding FDA-

approved drugs for patients with high B-cell infiltration or high PD-L1 status were investi-

gated. Our findings described a possible landscape of B-cell infiltration and PD-L1 expression

within LUAD tumors, thus indicating a valuable novel direction for therapy and drug

development.

Blockading immunecheckpoints such as the PD-1/PD-L1 complex demonstrated remark-

able clinical benefits with a long immunogenic response in the tumor microenvironment, thus

leading to a paradigm shift in cancer therapies. However, in NSCLC patients, humanized anti-

PD-L1 antibody treatment led to a relatively lower objective response rate, higher 3- and

4-grade adverse effect rates, and higher number of drug-related deaths compared with chemo-

therapy or tyrosine kinase inhibitor (TKI) therapy [32]. This suggested that not all populations

are suitable for anti-PD-L1 therapy. Moreover, Herbst et al. [33] reported that anti-PD-L1

therapy produced significant responses, particularly in cancer patients with high levels of

PD-L1 and infiltrating immune cells—suggesting that the degree of immune cell infiltration

may be related to the efficacy of anti-PD-L1 therapy in lung cancer patients. In this study, we

found a positive correlation between PD-L1 levels and B-cell infiltration score. Patients with

high B-cell infiltration and low PD-L1 level had a better survival rate than those with high B-

cell infiltration and high PD-L1 level. Our findings indicated that elevated PD-L1 expression

may impede B-cell infiltration–mediated immune responses in LUAD patients, resulting in

poor prognosis. Moreover, B-cell infiltration may represent a crucial clinical factor for future

anti-PD-L1 therapies in lung cancer patients.

According to the stratification rule developed by Teng et al. [34], we divided LUAD patients

into four groups (Fig 2). By using unsupervised hierarchical cluster analyses (Fig 3), we found

that patients in groups C (high PD-L1/high B-cell infiltration) and D (low PD-L1/high B-cell

Table 4. Enriched pathways associated with different PD-L1/B cell infiltration statuses.

HALLMARK gene set Group C vs. Group A Group D vs. Group A Δ NES

NES FDR NES FDR

Apoptosis 1.98 0.02 1.49 0.18 0.49

TNF-α signaling via NF-κB 1.85 0.02 1.46 0.19 0.38

Apical surface 1.83 0.03 1.45 0.19 0.38

Interferon-α response 1.77 0.03 1.51 0.19 0.26

KRAS signaling upregulation 1.94 0.02 1.68 0.09 0.25

Complement 2.04 0.01 1.86 0.04 0.18

Inflammatory response 1.91 0.02 1.77 0.06 0.14

Il6/JAK/STAT3 signaling 1.90 0.02 1.77 0.05 0.13

Interferon-γ response 1.94 0.02 1.86 0.04 0.08

Allograft rejection 1.93 0.02 1.97 0.02 -0.03

IL-2/STAT5 signaling 2.04 0.02 2.12 0.01 -0.08

PI3K/AKT/mTOR signaling 2.22 0.01 2.36 <0.01 -0.14

NES, normalized enrichment score; FDR, false discovery rate; delta NES, NES (group C-group D); TNF, tumor necrosis factor; NF, nuclear factor; KRAS, Kirsten rat

sarcoma; JAK, Janus kinase; STAT, signal transducer and activator of transcription; IL, interleukin; PI3K, phosphoinositide 3-kinase; AKT, protein kinase B; mTOR,

mammalian target of rapamycin.

https://doi.org/10.1371/journal.pone.0208459.t004
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infiltration) had similar activated gene signature patterns but different patient survival rates.

Thus, these genes may be activated during B-cell infiltration but may not demonstrate suffi-

cient inhibitory effects against the infiltrating B-cell–promoted immune system. However, ele-

vated PD-L1 levels accompanied by higher activated gene expressions resulted in even greater

immune dysfunction in the presence of B-cell infiltration. To further investigate the molecular

mechanisms, we identified five more highly activated signaling pathways between the two pop-

ulations, groups C and D (Fig 4). A study reported that PD-L1 upregulation promotes CD8+ T

cell apoptosis [35]. Moreover, activation of the B-cell antigen receptor can induce growth

arrest and apoptosis of germinal center B cells [36]. TNF-α was identified as an autocrine

growth factor from B cells, which upregulated PD-L1 expression through NF-κB signaling

activation [37]. IFN-α can induce the amplification of naïve B-cell activation and PD-L1-me-

diated T-cell apoptosis [38]. KRAS is critical in B-cell lymphopoiesis and is necessary for

enhanced PD-L1 expression [39]. All these studies suggest that the overactivated signaling

pathways in our findings are critical for functions exhibiting B-cell infiltration and enhanced

PD-L1. Finally, our results indicated that four genes (IL2RB, IL2RG, TLR8, and TNF) and their

Fig 4. Radar chart displaying normalized enrichment scores of group C versus group A (red) and group D versus group A (blue) in hallmark pathways. Hallmark

pathways more overrepresented in group C versus group A than in group D versus group A are highlighted in black brackets.

https://doi.org/10.1371/journal.pone.0208459.g004
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related target drugs, including aldesleukin (recombinant IL-2), imiquimod (Toll-like receptor

activator), and thalidomide (immunomodulatory drug) may provide replacement strategies

for developing adjuvant agents in combined anti-PD-L1 cancer immunotherapy.

This study has some limitations. Because the TCGA lists a limited number of factors, many

crucial factors, such as performance status, weight loss, anemia, and treatment schedule, could

not be considered in the overall survival analyses. A significant imbalance in the number of

groups studied also existed in this study. Because of the lack of publicly accessible histology

data, we could not revalidate our results. In addition, the dual protumor and antitumor effects

of B cells remain unclear. Several B-cell subtypes, such as plasma cells, memory B cells, B1a

(Ly-1 B) cells, and B2 cells, are in circulation. Regulatory B cells (Bregs), a newly identified B-

Fig 5. Identification of drug target genes related to B-cell infiltration and PD-L1. (A) Heat map showing differentially expressed genes (DEGs) in group C versus

group A compared with group D versus group A. A total of 212 core enrichment genes from the five pathways in Fig 4 were analyzed. A total of 41 DEGs with a

significant false discovery rate (<0.01) and sequential 1.5-fold increase in the order of A, D, C were selected. (B) Results of one-sided permutation analyses. The null

distribution was developed through the intersection of 171 drug target genes cancer treatment–related from DrugBank and 41 genes randomly selected from 19,035

protein-coding genes with 104 permutations. The dotted line indicates the number of genes associated with B-cell infiltration and PD-L1 expression that also had

therapeutic potential for cancer treatment (10.78-fold enrichment, p = 6e-04). Four overlapping genes from the 41 DEGs and 171 drug target genes were obtained

through drug enrichment analysis. (C) Scheme of relationships of genes related to B-cell infiltration and PD-L1 to approved drugs and indications.

https://doi.org/10.1371/journal.pone.0208459.g005
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cell subtype, play a suppressive role in regulating inflammation in autoimmune diseases. How-

ever, the B-cell infiltration score used in this study could not distinguish these B-cell subtypes.

Precisely defining the actual role of B cells infiltration in LUAD progression was also difficult.

Identifying specific surface markers or developing new techniques of classifying infiltrating B

cell subtypes would assist in understanding B-cell–mediated immune mechanisms and pro-

moting cancer immunotherapy research.

With the clinical success of immunotherapies, further understanding the roles and mecha-

nisms of immunoinflammatory factors in the tumor microenvironment is of major signifi-

cance for next-generation cancer therapies. In this study, we presented the evidence of gene

correlations, dissimilar gene signatures, and variant signaling pathways in LUAD patients with

differing B-cell infiltration and PD-L1 status. We also indicated some therapeutic target genes

and related FDA-approved drugs that may be used in future drug development strategies and

combined treatments with anti-PD-L1 drugs for lung cancer. In summary, improved charac-

terization of the functions and mechanisms of tumor-infiltrating B cells and PD-L1 not only

improves knowledge of tumor immune mechanisms but also suggests potential directions for

future drug development and cancer immunotherapies.

Supporting information

S1 Fig. Enrichment signaling pathways are positively correlated with high B cell infiltra-

tion. (A) Humoral immune response (B) T cell proliferation.

(PDF)

S1 File. List of top 100 significantly differentially expressed genes within the four groups

of different PD-L1 levels and B-cell infiltration.

(XLSX)

S1 Table. The list of all differential expressed genes. The 41 genes in bold are sequential

upregulations.

(PDF)

S2 Table. The list of drug target genes related to cancer treatment.

(PDF)

Acknowledgments

This manuscript was edited by Wallace Academic Editing.

Author Contributions

Conceptualization: Kuo-Hao Ho.

Data curation: Kuo-Hao Ho, Chih-Ju Chang, Ann-Jeng Liu, Peng-Hsu Chen.

Funding acquisition: Chih-Ju Chang, Chwen-Ming Shih, Ann-Jeng Liu, Ku-Chung Chen.

Investigation: Chih-Ju Chang, Tzu-Wen Huang, Chwen-Ming Shih, Kur-Ta Cheng, Ku-

Chung Chen.

Methodology: Tzu-Wen Huang.

Supervision: Kur-Ta Cheng, Ku-Chung Chen.

Validation: Kuo-Hao Ho, Tzu-Wen Huang, Chwen-Ming Shih, Ann-Jeng Liu, Peng-Hsu

Chen, Kur-Ta Cheng.

B cell infiltration and PD-L1 expression in TCGA lung adenocarcinoma patients

PLOS ONE | https://doi.org/10.1371/journal.pone.0208459 December 6, 2018 14 / 17

http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0208459.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0208459.s002
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0208459.s003
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0208459.s004
https://doi.org/10.1371/journal.pone.0208459


Writing – original draft: Kuo-Hao Ho, Chih-Ju Chang.

Writing – review & editing: Chwen-Ming Shih, Kur-Ta Cheng, Ku-Chung Chen.

References
1. Galon J, Costes A, Sanchez-Cabo F, Kirilovsky A, Mlecnik B, Lagorce-Pages C, et al. Type, density,

and location of immune cells within human colorectal tumors predict clinical outcome. Science. 2006;

313(5795):1960–4. https://doi.org/10.1126/science.1129139 PMID: 17008531.

2. Nelson BH. CD20+ B cells: the other tumor-infiltrating lymphocytes. J Immunol. 2010; 185(9):4977–82.

https://doi.org/10.4049/jimmunol.1001323 PMID: 20962266.

3. Linnebacher M, Maletzki C. Tumor-infiltrating B cells: The ignored players in tumor immunology.

Oncoimmunology. 2012; 1(7):1186–8. https://doi.org/10.4161/onci.20641 PMID: 23170274; PubMed

Central PMCID: PMCPMC3494640.

4. Tsou P, Katayama H, Ostrin EJ, Hanash SM. The Emerging Role of B Cells in Tumor Immunity. Cancer

Res. 2016; 76(19):5597–601. https://doi.org/10.1158/0008-5472.CAN-16-0431 PMID: 27634765.

5. Linnebacher M. Tumor-infiltrating B cells come into vogue. World journal of gastroenterology. 2013; 19

(1):8–11. https://doi.org/10.3748/wjg.v19.i1.8 PMID: 23326156; PubMed Central PMCID:

PMC3542760.

6. Ritchie DS, Yang J, Hermans IF, Ronchese F. B-Lymphocytes activated by CD40 ligand induce an anti-

gen-specific anti-tumour immune response by direct and indirect activation of CD8(+) T-cells. Scand J

Immunol. 2004; 60(6):543–51. https://doi.org/10.1111/j.0300-9475.2004.01517.x PMID: 15584965.

7. de Visser KE, Korets LV, Coussens LM. De novo carcinogenesis promoted by chronic inflammation is B

lymphocyte dependent. Cancer Cell. 2005; 7(5):411–23. https://doi.org/10.1016/j.ccr.2005.04.014

PMID: 15894262.

8. Ammirante M, Luo JL, Grivennikov S, Nedospasov S, Karin M. B-cell-derived lymphotoxin promotes

castration-resistant prostate cancer. Nature. 2010; 464(7286):302–5. https://doi.org/10.1038/

nature08782 PMID: 20220849; PubMed Central PMCID: PMCPMC2866639.

9. Pardoll DM. The blockade of immune checkpoints in cancer immunotherapy. Nat Rev Cancer. 2012; 12

(4):252–64. https://doi.org/10.1038/nrc3239 PMID: 22437870; PubMed Central PMCID:

PMCPMC4856023.

10. Postow MA, Callahan MK, Wolchok JD. Immune Checkpoint Blockade in Cancer Therapy. J Clin Oncol.

2015; 33(17):1974–82. https://doi.org/10.1200/JCO.2014.59.4358 PMID: 25605845; PubMed Central

PMCID: PMCPMC4980573.

11. Freeman GJ, Long AJ, Iwai Y, Bourque K, Chernova T, Nishimura H, et al. Engagement of the PD-1

immunoinhibitory receptor by a novel B7 family member leads to negative regulation of lymphocyte acti-

vation. J Exp Med. 2000; 192(7):1027–34. PMID: 11015443; PubMed Central PMCID:

PMCPMC2193311.

12. Francisco LM, Sage PT, Sharpe AH. The PD-1 pathway in tolerance and autoimmunity. Immunol Rev.

2010; 236:219–42. https://doi.org/10.1111/j.1600-065X.2010.00923.x PMID: 20636820; PubMed Cen-

tral PMCID: PMCPMC2919275.

13. Balar AV, Weber JS. PD-1 and PD-L1 antibodies in cancer: current status and future directions. Cancer

immunology, immunotherapy: CII. 2017. https://doi.org/10.1007/s00262-017-1954-6 PMID: 28213726.

14. Taube JM, Anders RA, Young GD, Xu H, Sharma R, McMiller TL, et al. Colocalization of inflammatory

response with B7-h1 expression in human melanocytic lesions supports an adaptive resistance mecha-

nism of immune escape. Science translational medicine. 2012; 4(127):127ra37. https://doi.org/10.1126/

scitranslmed.3003689 PMID: 22461641; PubMed Central PMCID: PMC3568523.

15. Kamata T, Suzuki A, Mise N, Ihara F, Takami M, Makita Y, et al. Blockade of programmed death-1/pro-

grammed death ligand pathway enhances the antitumor immunity of human invariant natural killer T

cells. Cancer immunology, immunotherapy: CII. 2016; 65(12):1477–89. https://doi.org/10.1007/

s00262-016-1901-y PMID: 27631416; PubMed Central PMCID: PMC5099366.

16. Siegel R, Naishadham D, Jemal A. Cancer statistics, 2012. CA Cancer J Clin. 2012; 62(1):10–29.

https://doi.org/10.3322/caac.20138 PMID: 22237781.

17. Kerr KM, Nicolson MC. Non-Small Cell Lung Cancer, PD-L1, and the Pathologist. Archives of pathology

& laboratory medicine. 2016; 140(3):249–54. https://doi.org/10.5858/arpa.2015-0303-SA PMID:

26927720.

18. O’Callaghan DS, Rexhepaj E, Gately K, Coate L, Delaney D, O’Donnell DM, et al. Tumour islet Foxp3+

T-cell infiltration predicts poor outcome in nonsmall cell lung cancer. Eur Respir J. 2015; 46(6):1762–

72. https://doi.org/10.1183/13993003.00176-2014 PMID: 26541534.

B cell infiltration and PD-L1 expression in TCGA lung adenocarcinoma patients

PLOS ONE | https://doi.org/10.1371/journal.pone.0208459 December 6, 2018 15 / 17

https://doi.org/10.1126/science.1129139
http://www.ncbi.nlm.nih.gov/pubmed/17008531
https://doi.org/10.4049/jimmunol.1001323
http://www.ncbi.nlm.nih.gov/pubmed/20962266
https://doi.org/10.4161/onci.20641
http://www.ncbi.nlm.nih.gov/pubmed/23170274
https://doi.org/10.1158/0008-5472.CAN-16-0431
http://www.ncbi.nlm.nih.gov/pubmed/27634765
https://doi.org/10.3748/wjg.v19.i1.8
http://www.ncbi.nlm.nih.gov/pubmed/23326156
https://doi.org/10.1111/j.0300-9475.2004.01517.x
http://www.ncbi.nlm.nih.gov/pubmed/15584965
https://doi.org/10.1016/j.ccr.2005.04.014
http://www.ncbi.nlm.nih.gov/pubmed/15894262
https://doi.org/10.1038/nature08782
https://doi.org/10.1038/nature08782
http://www.ncbi.nlm.nih.gov/pubmed/20220849
https://doi.org/10.1038/nrc3239
http://www.ncbi.nlm.nih.gov/pubmed/22437870
https://doi.org/10.1200/JCO.2014.59.4358
http://www.ncbi.nlm.nih.gov/pubmed/25605845
http://www.ncbi.nlm.nih.gov/pubmed/11015443
https://doi.org/10.1111/j.1600-065X.2010.00923.x
http://www.ncbi.nlm.nih.gov/pubmed/20636820
https://doi.org/10.1007/s00262-017-1954-6
http://www.ncbi.nlm.nih.gov/pubmed/28213726
https://doi.org/10.1126/scitranslmed.3003689
https://doi.org/10.1126/scitranslmed.3003689
http://www.ncbi.nlm.nih.gov/pubmed/22461641
https://doi.org/10.1007/s00262-016-1901-y
https://doi.org/10.1007/s00262-016-1901-y
http://www.ncbi.nlm.nih.gov/pubmed/27631416
https://doi.org/10.3322/caac.20138
http://www.ncbi.nlm.nih.gov/pubmed/22237781
https://doi.org/10.5858/arpa.2015-0303-SA
http://www.ncbi.nlm.nih.gov/pubmed/26927720
https://doi.org/10.1183/13993003.00176-2014
http://www.ncbi.nlm.nih.gov/pubmed/26541534
https://doi.org/10.1371/journal.pone.0208459


19. Mu CY, Huang JA, Chen Y, Chen C, Zhang XG. High expression of PD-L1 in lung cancer may contrib-

ute to poor prognosis and tumor cells immune escape through suppressing tumor infiltrating dendritic

cells maturation. Medical oncology. 2011; 28(3):682–8. https://doi.org/10.1007/s12032-010-9515-2

PMID: 20373055.

20. Jing W, Li M, Zhang Y, Teng F, Han A, Kong L, et al. PD-1/PD-L1 blockades in non-small-cell lung can-

cer therapy. Onco Targets Ther. 2016; 9:489–502. https://doi.org/10.2147/OTT.S94993 PMID:

26889087; PubMed Central PMCID: PMCPMC4741366.

21. Brahmer JR, Pardoll DM. Immune checkpoint inhibitors: making immunotherapy a reality for the treat-

ment of lung cancer. Cancer immunology research. 2013; 1(2):85–91. https://doi.org/10.1158/2326-

6066.CIR-13-0078 PMID: 24777499; PubMed Central PMCID: PMC4856021.

22. Senbabaoglu Y, Gejman RS, Winer AG, Liu M, Van Allen EM, de Velasco G, et al. Tumor immune

microenvironment characterization in clear cell renal cell carcinoma identifies prognostic and immu-

notherapeutically relevant messenger RNA signatures. Genome biology. 2016; 17(1):231. https://doi.

org/10.1186/s13059-016-1092-z PMID: 27855702; PubMed Central PMCID: PMC5114739.

23. Wishart DS, Knox C, Guo AC, Cheng D, Shrivastava S, Tzur D, et al. DrugBank: a knowledgebase for

drugs, drug actions and drug targets. Nucleic acids research. 2008; 36(Database issue):D901–6.

https://doi.org/10.1093/nar/gkm958 PMID: 18048412; PubMed Central PMCID: PMC2238889.

24. Okada Y, Wu D, Trynka G, Raj T, Terao C, Ikari K, et al. Genetics of rheumatoid arthritis contributes to

biology and drug discovery. Nature. 2014; 506(7488):376–81. https://doi.org/10.1038/nature12873

PMID: 24390342; PubMed Central PMCID: PMC3944098.

25. Mori M, Ohtani H, Naito Y, Sagawa M, Sato M, Fujimura S, et al. Infiltration of CD8+ T cells in non-small

cell lung cancer is associated with dedifferentiation of cancer cells, but not with prognosis. The Tohoku

journal of experimental medicine. 2000; 191(2):113–8. PMID: 10946920.

26. Shao Y, Li M, Wu M, Shi K, Fang B, Wang J. FAD-linked Presenilin-1 V97L mutation impede tranport regu-

lation and intracellular Ca(2+) homeostasis under ER stress. International journal of clinical and experimen-

tal medicine. 2015; 8(11):20742–50. PMID: 26884997; PubMed Central PMCID: PMC4723842.

27. Germain C, Gnjatic S, Tamzalit F, Knockaert S, Remark R, Goc J, et al. Presence of B cells in tertiary

lymphoid structures is associated with a protective immunity in patients with lung cancer. Am J Respir

Crit Care Med. 2014; 189(7):832–44. https://doi.org/10.1164/rccm.201309-1611OC PMID: 24484236.

28. Bruno TC, Ebner PJ, Moore BL, Squalls OG, Waugh KA, Eruslanov EB, et al. Antigen-Presenting Intra-

tumoral B Cells Affect CD4(+) TIL Phenotypes in Non-Small Cell Lung Cancer Patients. Cancer Immu-

nol Res. 2017; 5(10):898–907. https://doi.org/10.1158/2326-6066.CIR-17-0075 PMID: 28848053;

PubMed Central PMCID: PMCPMC5788174.

29. Dunn GP, Bruce AT, Ikeda H, Old LJ, Schreiber RD. Cancer immunoediting: from immunosurveillance

to tumor escape. Nature immunology. 2002; 3(11):991–8. https://doi.org/10.1038/ni1102-991 PMID:

12407406.

30. Dunn GP, Old LJ, Schreiber RD. The immunobiology of cancer immunosurveillance and immunoedit-

ing. Immunity. 2004; 21(2):137–48. https://doi.org/10.1016/j.immuni.2004.07.017 PMID: 15308095.

31. Mizukami M, Hanagiri T, Shigematsu Y, Baba T, Fukuyama T, Nagata Y, et al. Effect of IgG produced

by tumor-infiltrating B lymphocytes on lung tumor growth. Anticancer research. 2006; 26(3A):1827–31.

PMID: 16827114.

32. Jia M, Feng W, Kang S, Zhang Y, Shen J, He J, et al. Evaluation of the efficacy and safety of anti-PD-1

and anti-PD-L1 antibody in the treatment of non-small cell lung cancer (NSCLC): a meta-analysis. Jour-

nal of thoracic disease. 2015; 7(3):455–61. https://doi.org/10.3978/j.issn.2072-1439.2015.02.06 PMID:

25922725; PubMed Central PMCID: PMC4387409.

33. Herbst RS, Soria JC, Kowanetz M, Fine GD, Hamid O, Gordon MS, et al. Predictive correlates of

response to the anti-PD-L1 antibody MPDL3280A in cancer patients. Nature. 2014; 515(7528):563–7.

https://doi.org/10.1038/nature14011 PMID: 25428504; PubMed Central PMCID: PMC4836193.

34. Teng MW, Ngiow SF, Ribas A, Smyth MJ. Classifying Cancers Based on T-cell Infiltration and PD-L1.

Cancer Res. 2015; 75(11):2139–45. https://doi.org/10.1158/0008-5472.CAN-15-0255 PMID:

25977340; PubMed Central PMCID: PMC4452411.

35. Shi F, Shi M, Zeng Z, Qi RZ, Liu ZW, Zhang JY, et al. PD-1 and PD-L1 upregulation promotes CD8(+)

T-cell apoptosis and postoperative recurrence in hepatocellular carcinoma patients. International jour-

nal of cancer. 2011; 128(4):887–96. https://doi.org/10.1002/ijc.25397 PMID: 20473887.

36. Mackus WJ, Lens SM, Medema RH, Kwakkenbos MJ, Evers LM, Oers MH, et al. Prevention of B cell

antigen receptor-induced apoptosis by ligation of CD40 occurs downstream of cell cycle regulation.

International immunology. 2002; 14(9):973–82. PMID: 12202395.

37. Wang X, Yang L, Huang F, Zhang Q, Liu S, Ma L, et al. Inflammatory cytokines IL-17 and TNF-alpha

up-regulate PD-L1 expression in human prostate and colon cancer cells. Immunology letters. 2017;

184:7–14. https://doi.org/10.1016/j.imlet.2017.02.006 PMID: 28223102.

B cell infiltration and PD-L1 expression in TCGA lung adenocarcinoma patients

PLOS ONE | https://doi.org/10.1371/journal.pone.0208459 December 6, 2018 16 / 17

https://doi.org/10.1007/s12032-010-9515-2
http://www.ncbi.nlm.nih.gov/pubmed/20373055
https://doi.org/10.2147/OTT.S94993
http://www.ncbi.nlm.nih.gov/pubmed/26889087
https://doi.org/10.1158/2326-6066.CIR-13-0078
https://doi.org/10.1158/2326-6066.CIR-13-0078
http://www.ncbi.nlm.nih.gov/pubmed/24777499
https://doi.org/10.1186/s13059-016-1092-z
https://doi.org/10.1186/s13059-016-1092-z
http://www.ncbi.nlm.nih.gov/pubmed/27855702
https://doi.org/10.1093/nar/gkm958
http://www.ncbi.nlm.nih.gov/pubmed/18048412
https://doi.org/10.1038/nature12873
http://www.ncbi.nlm.nih.gov/pubmed/24390342
http://www.ncbi.nlm.nih.gov/pubmed/10946920
http://www.ncbi.nlm.nih.gov/pubmed/26884997
https://doi.org/10.1164/rccm.201309-1611OC
http://www.ncbi.nlm.nih.gov/pubmed/24484236
https://doi.org/10.1158/2326-6066.CIR-17-0075
http://www.ncbi.nlm.nih.gov/pubmed/28848053
https://doi.org/10.1038/ni1102-991
http://www.ncbi.nlm.nih.gov/pubmed/12407406
https://doi.org/10.1016/j.immuni.2004.07.017
http://www.ncbi.nlm.nih.gov/pubmed/15308095
http://www.ncbi.nlm.nih.gov/pubmed/16827114
https://doi.org/10.3978/j.issn.2072-1439.2015.02.06
http://www.ncbi.nlm.nih.gov/pubmed/25922725
https://doi.org/10.1038/nature14011
http://www.ncbi.nlm.nih.gov/pubmed/25428504
https://doi.org/10.1158/0008-5472.CAN-15-0255
http://www.ncbi.nlm.nih.gov/pubmed/25977340
https://doi.org/10.1002/ijc.25397
http://www.ncbi.nlm.nih.gov/pubmed/20473887
http://www.ncbi.nlm.nih.gov/pubmed/12202395
https://doi.org/10.1016/j.imlet.2017.02.006
http://www.ncbi.nlm.nih.gov/pubmed/28223102
https://doi.org/10.1371/journal.pone.0208459


38. Muhlbauer M, Fleck M, Schutz C, Weiss T, Froh M, Blank C, et al. PD-L1 is induced in hepatocytes by

viral infection and by interferon-alpha and -gamma and mediates T cell apoptosis. Journal of hepatol-

ogy. 2006; 45(4):520–8. https://doi.org/10.1016/j.jhep.2006.05.007 PMID: 16876901.

39. Sumimoto H, Takano A, Teramoto K, Daigo Y. RAS-Mitogen-Activated Protein Kinase Signal Is

Required for Enhanced PD-L1 Expression in Human Lung Cancers. PLoS One. 2016; 11(11):

e0166626. https://doi.org/10.1371/journal.pone.0166626 PMID: 27846317; PubMed Central PMCID:

PMC5112979.

B cell infiltration and PD-L1 expression in TCGA lung adenocarcinoma patients

PLOS ONE | https://doi.org/10.1371/journal.pone.0208459 December 6, 2018 17 / 17

https://doi.org/10.1016/j.jhep.2006.05.007
http://www.ncbi.nlm.nih.gov/pubmed/16876901
https://doi.org/10.1371/journal.pone.0166626
http://www.ncbi.nlm.nih.gov/pubmed/27846317
https://doi.org/10.1371/journal.pone.0208459

