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Down to their innate molecular core, cancer cells are hyperactive, survival-endowed, scrappy, 

fecund, inventive copies of ourselves. 
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Resumo 

VIDOTTO, T. Caracterização do genoma e da resposta imune no microambiente tumoral 

de neoplasias PTEN-deficientes. 2019, 181p. Tese de Doutorado. Faculdade de Medicina de 

Ribeirão Preto. Universidade de São Paulo. 

 

Alterações no genoma de células tumorais são eventos comuns durante a carcinogênese. Tais 

aberrações genômicas – como mutações e variações estruturais - são diretamente relacionadas 

a detecção e morte de células neoplásicas pelo sistema imune. Além da contribuição da perda 

de função de genes supressores tumorais (GSTs) no desenvolvimento neoplásico, GSTs 

também influenciam a resposta imune no câncer. Por exemplo, o GST PTEN afeta diretamente 

a via interferon através da desfosforilação do fator regulador de interferon 3 (IRF3). No 

entanto, se mantém inconclusivo se a inativação de PTEN diretamente influencia a resposta 

imune através de IRF3 ou por provocar altos níveis de instabilidade genômica. Para responder 

essa questão, conduzimos uma análise PanCancer de 33 tipos tumorais da coorte The Cancer 

Genome Atlas para identificar se existem associações entre a inativação do gene PTEN e 

alterações genômicas específicas que podem suprimir ou ativar a resposta imune antitumoral. 

O status de inativação de PTEN foi determinado a partir de dados de variação no número de 

cópias e presença de mutações de ponto. Nesse estudo, investigamos o efeito da inativação de 

PTEN nas alterações genômicas de tumores e na abundância de 22 células do sistema imune 

derivadas do algoritmo CIBERSORT. Observamos que a inativação de PTEN foi 

significantemente associada com níveis elevados de aneuploidia, mutações, e heterogeneidade 

intratumoral. Além disso, nossos achados mostraram que a inativação de PTEN é altamente 

específica para cada tipo tumoral. Da mesma maneira, observamos que pacientes com tumores 

PTEN-inativos podem apresentar variações na resposta a imunoterapia. Tal observação deriva 

da correlação significativa entre a inativação de PTEN e a expressão dos alvos terapêuticos 

proteína programada 1 da morte celular (PD1), seu ligante (PDL1), e indoleamina 2,3 

dioxigenase (IDO1). Na análise PanCancer, a inativação de PTEN também foi 

significativamente associada à composição de células do sistema imune no microambiente 

tumoral, incluindo células T regulatórias (Treg) e células CD8+. A partir desses achados, 

conduzimos uma análise aprofundada de tumores de próstata primários e metastáticos com a 

perda de PTEN. Através de uma análise in silico, nós observamos que tumores primários e 

metastáticos apresentam maiores densidades de Treg quando há perda da proteína PTEN. Nós 

também observamos que, dependendo do local de metástase prostática, a deficiência de PTEN 

é associada a um perfil de células imunes supressivas no microambiente tumoral. A partir da 

análise de uma coorte brasileira composta por 94 tumores primários de próstata, observamos 

que a perda de PTEN se associa a uma maior densidade de Tregs e uma maior expressão da 

proteína imunossupressora IDO1. Além disso, tumores PTEN-deficientes com altas densidades 

de Tregs apresentaram o pior prognóstico entre pacientes. Coletivamente, nós demonstramos 

que a inativação de PTEN é associada a um estado imunossuprimido no microambiente 

tumoral. Ademais, a perda de PTEN possivelmente se associa a resposta imune antitumoral 

através da combinação de duas diferentes vias – uma dependente de IRF3 e outra relacionada 

ao efeito no genoma de células cancerosas. Ensaios funcionais são necessários para validar os 

achados desse estudo; porém, sugerimos que a avaliação do status de inativação de PTEN pode 

ter alto potencial para discernir pacientes que responderão à imunoterapia. 

 

Palavras-chave: PTEN. Resposta imune. Gene supressor tumoral. Checkpoint imune. 

Instabilidade genômica. Aneuploidia. PanCancer. 

 



 

 

Abstract 

VIDOTTO, T. Characterization of the genome and immune response in the tumor 

microenvironment of PTEN-deficient cancers. 2019, 181p. Ph.D. Thesis. Medicine School 

of Ribeirão Preto, University of São Paulo.  

 

Cancer-cell genomes undergo several abnormalities during carcinogenesis. Indeed, many of 

the tumor-specific genomic changes, such as mutations and chromosomal aberrations, are 

related to how the host immune system responds to detect and kill tumor cells. In addition to 

these general effects, loss of function of specific tumor suppressor genes (TSG) contributes to 

tumor development and progression and at the same time also regulates several facets of the 

immune response in cancer. For instance, the TSG phosphatase and tensin homolog (PTEN) 

was shown to directly regulate the anti-viral interferon response by licensing the interferon 

regulatory factor 3 (IRF3). However, it is still unclear whether PTEN directly influences the 

immune response through the interferon network or by provoking higher levels of genomic 

instability. To address this question, we conducted a PanCancer analysis of 33 tumor types 

from The Cancer Genome Atlas to determine whether there were associations between PTEN 

inactivation and specific genomic features that are linked to immunosuppressive states in 

cancer. PTEN inactivation status was determined by combining copy number and point 

mutation data. Then, we performed a parallel analysis of genomic instability and immune-cell 

abundances derived from the CIBERSORT algorithm comparing PTEN deficient to intact 

tumors. We found that PTEN inactivation was strongly associated with enhanced levels of 

aneuploidy, mutation load, immunogenic mutations, and tumor heterogeneity. Furthermore, we 

found that the outcome of PTEN inactivation status was highly specific to each tumor type and 

the induced changes appeared to lead to variation in immune responses in different cancers. 

Response to current immunotherapeutic approaches depends on the expression of targeted 

immune checkpoints, and we found that tumors with PTEN deficiency had altered expression 

of programmed death protein 1 (PD1), its ligand (PDL1), and the immunosuppressive protein 

indoleamine 2,3-dioxygenase (IDO1). We also found that PTEN inactivation led to a distinct 

immune-cell composition in the tumor microenvironment, including regulatory T cells and 

CD8+ T cells. Lastly, we performed an in-depth analysis of the immune-cell content of prostate 

tumors that harbored PTEN protein loss. Through an in silico analysis of 622 tumors, we found 

that both primary and metastatic lesions had higher densities of regulatory T cells when PTEN 

was lost. Then, the analysis of 94 primary prostate tumors from Brazil demonstrated that PTEN 

protein loss was significantly associated with high Treg density and IDO1 protein expression. 

Moreover, PTEN-null tumors with high Treg density exhibited the worse outcome among 

patients. We also found that, depending on the prostate cancer metastatic site, PTEN deficiency 

was linked to variation in the immunosuppressive immune cell landscape. Collectively, we 

show that PTEN inactivation associates with the anti-tumor immune response likely through 

direct avenues (via licensing of IRF3) and indirectly by influencing the genome of cancer cells. 

Functional studies are required to validate our in silico findings; however, we speculate that 

determining PTEN inactivation status may allow clinicians to distinguish patients that are more 

likely to respond to current immunotherapies. 

 

 

Keywords: PTEN. Immune response. Tumor suppressor genes. Immune checkpoint. Genomic 

instability. Aneuploidy. PanCancer. 
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Paraganglioma, READ - Rectum adenocarcinoma, SARC - Sarcoma, SKCM - Skin Cutaneous 

Melanoma, STAD - Stomach adenocarcinoma, TGCT - Testicular Germ Cell Tumors, THYM 

- Thymoma, THCA - Thyroid carcinoma, UCEC - Uterine Corpus Endometrial Carcinoma, 

UVM - Uveal Melanoma. ........................................................................................................ 69 

Figure 6. Effect of PTEN inactivation on ploidy. Ploidy levels equal to two show normal 

DNA content, while four shows a complete DNA content duplication. A shows the results for 

all 10,713 tumors and B shows results by tumor type. Monoallelic inactivation of PTEN was 

linked to higher levels of ploidy, except in bladder cancer (BLCA), sarcomas (SARC), and 

testicular tumors (TGCT). Lines in violin plots show the median. Asterisks evidence the P-

values derived from Kruskal Wallis test. *P<0.05. **P<0.01. ***P<0.001. ****P<0.0001. . 71 

Figure 7. Association between aneuploidy levels and PTEN inactivation status. A – PTEN 

inactivation is significantly associated with increased levels of aneuploidy. B – Aneuploidy 

score stratified by tumor type shows that PTEN biallelic inactivation was linked to higher 

aneuploidy levels in several tumors. Prostate and brain tumors showed the lowest levels of 

aneuploidy across tumor types. Aneuploidy levels were determined based on the length of copy 

number alterations and normalized by tumor type. The scores range from 0, which indicates 

low levels of chromosome aberrations (copy number gains and losses). On the other hand, high 

levels of aneuploidy indicate that the genome of these tumors are highly altered, with larger 

chromosome gains and losses occurring. Lines in violin plots show the median. Asterisks show 

the P-values derived from Kruskal Wallis test. *P<0.05. **P<0.01. ***P<0.001. 

****P<0.0001. ......................................................................................................................... 72 

Figure 8. Effect of PTEN inactivation on the number of homologous recombination 

defects (HDR) in the entire TCGA cohort (A) and stratified by malignancy (B). HDR were 

determined based on copy number alterations through ABSOLUTE algorithm (see methods for 

more details). As observed in ploidy levels, HRD are more frequently high in tumors with 

monoallelic PTEN inactivation. Lines in violin plots show the median. Asterisks show the P-

values derived from Kruskal Wallis test. *P<0.05. **P<0.01. ***P<0.001. ****P<0.0001. . 74 

Figure 9. Correlations between PTEN inactivation and tumor mutation burden 

represented by the number of nonsilent mutations. A show the PanCancer results for the 

associations between PTEN inactivation and frequency of nonsilent mutations. B shows the 

nonsilent mutation levels per tumor type. Nonsilent mutations were log-normalized for better 
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visualization. Thus, the scores vary from negative levels to positive values. Asterisks show the 

P-values derived from Kruskal Wallis test. *P<0.05. **P<0.01. ***P<0.001. ****P<0.0001.

.................................................................................................................................................. 75 

Figure 10. Association between PTEN inactivation and tumor heterogeneity. A shows the 

PanCancer results for the associations between PTEN inactivation and intratumoral 

heterogeneity levels. B shows intratumor heterogeneity scores (defined as number the number 

of copy number alterations and point mutations given by clonal and subclonal components of 

tumors) per tumor type. Monoallelic tumors showed higher levels of intratumor heterogeneity 

across most cancer types. Asterisks show the P-values derived from Kruskal Wallis test. 

*P<0.05. **P<0.01. ***P<0.001. ****P<0.0001. ................................................................... 76 

Figure 11. Ploidy, aneuploidy and intratumoral heterogeneity levels by PTEN somatic 

copy number alteration status. A, B, and C panels show the associations between PTEN copy 

number and ploidy, aneuploidy, and HRD, respectively. We found that tumors harboring PTEN 

duplications or hemizygous deletions are significantly associated with genomic instability 

features. Asterisks show the P-values derived from Kruskal Wallis test. *P<0.05. **P<0.01. 

***P<0.001. ****P<0.0001. .................................................................................................... 78 

Figure 12. Effect of PTEN inactivation on the number of single nucleotide variation 

(SNV) neoantigens in the whole cohort and stratified by tumor type. A – PanCancer results 

for SNV neoantigens levels. B – Neoantigen burden levels stratified by tumor type. SNV 

neoantigens were determined based on mutated and expressed peptides with potential scores 

to acting as antigens derived from NetMHCpan v3.0. SNV neoantigens levels are shown in log 

scale. Tumors with any PTEN inactivation status presented higher number of SNV 

neoantigens. Note the similarities between low grade gliomas (LGG) and prostate cancer 

(PRAD). Asterisks show the P-values derived from Kruskal Wallis test. *P<0.05. **P<0.01. 

***P<0.001. ****P<0.0001. .................................................................................................... 80 

Figure 13. Leukocyte fractions in the PanCancer cohort (A) and by malignancy (B). 

Leukocyte fraction is a measurement of tumor purity. Higher scores of leukocyte fraction is 

indicative of high quantity of leukocyte within sampled tumor lesions. By grouping all tumor 

types, we did not observe a significant effect of PTEN inactivation in leukocyte fraction. 

Interestingly, brain tumors (GBM and LGG) presented high levels of leukocyte fraction when 
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both PTEN alleles were inactive. Asterisks show the P-values derived from Kruskal Wallis test. 

*P<0.05. **P<0.01. ***P<0.001. ****P<0.0001. ................................................................... 81 

Figure 14. CIBERSORT-derived regulatory T cell (Treg) abundance ratios. A – PanCancer 

analysis shows that PTEN biallelic inactivation is linked to high levels of Treg abundance. 

When stratified by tumor type (B), PTEN biallelic inactivation was linked to high Treg density 

in breast (BRCA) and kidney (KICH) tumors. Y-axis shows the relative CIBERSORT scores 

for Treg abundance. Asterisks show the P-values derived from Kruskal Wallis test. *P<0.05. 

**P<0.01. ***P<0.001. ****P<0.0001. .................................................................................. 83 

Figure 15. CIBERSORT-derived CD8+ T-cell abundance ratios. A – CD8+ T-cell 

abundance is decreased in tumors harboring PTEN monoallelic inactivation. B – The 

stratification by tumor type shows that all tumors with significant associations between PTEN 

inactivation and CD8+ T-cell abundance have low levels of these cells when PTEN underwent 

monoallelic inactivation. Y-axis shows relative CIBERSORT CD8+ T-cell abundance scores. 

Asterisks show the P-values derived from Kruskal Wallis test. *P<0.05. **P<0.01. 

***P<0.001. ****P<0.0001. .................................................................................................... 84 

Figure 16. Effect of PTEN inactivation status on the expression of interferon response-

related genes. Asterisks show the P-values derived from Kruskal Wallis test. *P<0.05. 

**P<0.01. ***P<0.001. ****P<0.0001. Y-axis shows RSEM-normalized RNAseq gene 

expression levels. Log-normalization was used for better visualization of results.................. 86 

Figure 17. Expression of interferon-related genes in PTEN inactive and intact tumors 

stratified by cancer type. We observed that PTEN biallelic inactivation was significantly 

associated with increased IRF3 (A), STAT1 (B), and STAT3 (C) expression. JAK1 (D) and JAK2 

(E) expression was reduced in tumors harboring biallelic inactivation of PTEN. IFNG 

expression (F) was not consistent among cancer types. Y-axis shows RSEM-normalized 

RNAseq gene expression levels. Log-normalization was used for better visualization of results. 

Asterisks show the P-values derived from Kruskal Wallis test. *P<0.05. **P<0.01. 

***P<0.001. ****P<0.0001. Continues. ................................................................................. 87 

Figure 18. PanCancer analysis of the effect of PTEN inactivation in the expression of 

immune checkpoints. We found significant associations for all four investigated checkpoints. 

Y-axis shows RSEM-normalized RNAseq gene expression levels. Log-normalization was used 
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for better visualization of results. Asterisks show the P-values derived from Kruskal Wallis test. 

*P<0.05. **P<0.01. ***P<0.001. ****P<0.0001. ................................................................... 91 

Figure 19. Effect of PTEN inactivation in the expression of immune checkpoints by tumor 

type. A, B, C, and D show tumor type-specific associations with PTEN inactivation status for 

PD1, PDL1, CTLA4, and IDO1 expression, respectively. Asterisks show the P-values derived 

from Kruskal Wallis test. Y-axis shows RSEM-normalized RNAseq gene expression levels. 

Log-normalization was used for better visualization of results. *P<0.05. **P<0.01. 

***P<0.001. ****P<0.0001. Continues. ................................................................................. 92 

Figure 20. Correlation analysis between immune checkpoint and interferon-related genes 

for breast cancer (BRCA), low-grade gliomas (LGG), and for all tumors grouped 

(PanCancer). IRF3 expression is negatively correlated with STAT3, JAK1, and JAK2 in breast 

tumors and in the PanCancer analysis. However, in LGG, IRF3 positively correlates with 

STAT1. Blue and red shows positive and negative correlations, respectively. P-values are shown 

inside each correlation score boxes.......................................................................................... 94 

Figure 21. Spearman correlation of immune gene expression, immune-cell abundance, 

and genomic changes. Blue and red shows positive and negative correlation scores. A, B, and 

C show correlation plots for PTEN biallelic, monoallelic, and intact status, respectively. 
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different gene expression data origin (A and B). Tumors harboring PTEN loss exhibit a 

significant increase in the abundance of FoxP3+ Tregs in both cohorts (A and B). Indeed, 

FoxP3+ Treg abundance was found to be relatively low when compared to other immune cell 

types. We did not identify significant associations between PTEN loss and IDO1 RNA 

expression for both cohorts (C and D). However, PTEN-deficient tumors from MSKCC cohort 

showed a significantly reduced expression of PDL1 (C). Mann-Whitney U-test was employed 

to determine significant differences between the groups. Heatmaps show the relative immune 

scores per tumor. Gleason score was dichotomized as low-to-intermediate risk (3+3 and 3+4) 

and high risk (4+3, 4+4, ≥4+5). T – Pathological staging, *P<0.05; **P<0.01. ................... 114 

Figure 24. Site-specific PTEN deficiency in prostate cancer metastatic lesions exhibited 

distinct immune-cell landscapes. PTEN-deficient bone metastases had lower CD8+ T-cell 

abundance when compared to PTEN intact lesions (A). Liver metastases with PTEN loss 

showed high FoxP3+ Treg abundance (B). PTEN-deficient lymph node metastases exhibited 

high abundance of CD8+ T-cells, memory B-cells, and follicular-helper T-cells. PTEN-

deficient lymph node lesions also had low M2 macrophage abundance (C). ........................ 117 

Figure 25. Effect of PTEN deficiency in the expression of IDO1, PDL1 and Treg density. 

A - Comparison between 157 tumor and 99 benign TMA cores showed that tumor cores have 

increased stromal FoxP3+ Treg density and increased stromal and epithelial IDO1 expression. 

B - Tumor cores with PTEN loss glands exhibit increased epithelial FoxP3+ Treg density and 

IDO1 expression. We did not identify significant associations between PTEN loss and PDL1 

protein expression. C - Spearman correlation analysis between markers showed that stromal 

and tumor IDO1 expression and FoxP3+ Treg cell density are positively correlated. Moreover, 

CD8+ T cell density in the stromal compartment was positively correlated with stromal and 

tumor IDO1 expression and FoxP3+ Treg density. PDL1 and IDO1 are also significantly and 

positively correlated. Spearman correlation analysis was conducted by using the expression 

levels of IDO1 and PDL1 in addition to FoxP3+ Treg density defined per patient. P-values are 

shown for each Spearman correlation test. *P<0.05; **P<0.01; ***P<0.001; ****P<0.0001; 

ns, not significant. Dx, core diagnosis; B, benign core; CA, tumor core. ............................. 120 

Figure 26. Representative cores showing tumor cores from patients harboring PTEN loss 

by immunohistochemistry.  A – Tumor core evidencing complete PTEN loss by 

immunohistochemistry. Note the presence of control stromal cells that are positively stained 

with PTEN. B –Tumor core stained with anti-IDO1, anti-FoxP3, and anti-PDL1 from the 
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matched sample that harbors PTEN loss demonstrates high total IDO1 expression (blue 

staining, blue arrow) and high total FoxP3+ Treg cell density (pink staining, red arrow) and 

foci of PDL1 positive tumor cells (brown staining). C – Core with complete PTEN loss by 

immunohistochemistry. D – Same patient core from C showing a total FoxP3+ Treg density 

(pink staining, red arrow) and IDO1 expression (blue staining, blue arrow). This tumor core 

also presented increased PDL1 expression (brown staining, black arrow). E – Tumor core 

presenting retained PTEN protein expression. F – The same tumor core from E demonstrates 

an absent expression of IDO1 and PDL1 proteins and FoxP3+ Treg density. ...................... 122 

Figure 27. Representative tumor cores showing the association between PTEN and the 

immune markers. PTEN-deficient tumors (A) presented high levels of IDO1 (blue staining), 

FoxP3+ Treg density (pink staining) (B), and CD8+ T cell density (brown staining) (C). 

Conversely, a tumor core with retained PTEN protein expression (D) demonstrated low 

expression of IDO1 and density of FoxP3+ Tregs (E). This tumor core also presented low 

CD8+ T cell density (F). ........................................................................................................ 124 

Figure 28. Survival analysis of the in silico cohorts showed that PTEN loss associated with 

earlier recurrence in both TCGA (A) and MSKCC (B) cohorts. Tumor samples harboring 

PTEN loss and high FoxP3+ Treg density exhibited earlier disease recurrence in TCGA (C) and 
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Figure 29. Kaplan Meier curves and log-rank analysis from HCRP cohort showed that 

PTEN loss and FoxP3+ Treg cell density are significantly associated with biochemical 

recurrence. A – PTEN deficiency determined by immunohistochemistry was significantly 

associated with earlier biochemical recurrence. B – Increased FoxP3+ Treg cell density was 

associated with earlier biochemical recurrence in a subset of 80 patients with available data. C 

– Combined PTEN and FoxP3+ Treg density in tumor are strong predictors of earlier 

biochemical recurrence. Moreover, the comparison between PTEN intact tumors that presented 

high vs. low FoxP3+ Treg demonstrated that high FoxP3+ Treg density is strongly affects the 

outcome of patients. FoxP3+ Treg cell density shown was defined based on the overall density 

in TMA cores (stromal and tumor compartments). P-values shown are derived from log-rank 
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Figure 30. Prognostic impact of immune markers in combination with PTEN status. A –

Total IDO1 protein expression was not significantly associated with earlier biochemical 
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recurrence of prostate cancer. B – PDL1 was not associated with biochemical recurrence. C – 

PTEN-deficient tumors with high IDO1 protein expression are more likely to have earlier 

biochemical recurrence. D – PTEN deficiency tumors with high PDL1 protein expression were 

not significantly associated with biochemical recurrence. FoxP3+ Treg cell density and IDO1 

and PDL1 protein. .................................................................................................................. 131 
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During tumorigenesis, normal cells undergo genomic changes that grant them abnormal 1 

proliferation rates1. As a consequence of increased mitosis ratios, chromosomal aberrations – 2 

such as losses, amplifications, and translocations of chromosome arms or regions – are more 3 

likely to occur2,3. The loss of a tumor suppressor gene that in normal conditions prevent cells 4 

from dividing continuously, drives a series of events that favors cell survival and 5 

multiplication4.  6 

Tumor suppressors not only determine cell fate, but increasing evidence has shown that 7 

these genes can shape the crosstalk between cancer cells and the surrounding environment – 8 

referred to as tumor microenvironment5. Solid tumors are composed of cancer cells and normal 9 

cells, being normal cells primarily those derived from the immune system and the extracellular 10 

matrix6. Several reports have evidenced that the inactivation of a tumor suppressor gene may 11 

influence how cancer cells are recognized as abnormal and killed by specific cytolytic immune 12 

cells7. These events are triggered as a result of the highly diverse and intricate manner by which 13 

tumor suppressor act in regulating distinct cell signaling pathways8.  14 

The phosphatase and tensin homolog (PTEN) gene undergoes somatic inactivation 15 

events in several malignancies and has shown to regulate a plethora of critical networks, 16 

including those related to the adaptive immune response9,10. Recently published studies allow 17 

us to speculate that there is fine-tuning of cancer-intrinsic expression – including PTEN 18 

inactivation – that leads to regulation of neoantigens development and immune checkpoint 19 

activities11,12. However, little is known on how PTEN inactivation in tumor cells shape the 20 

tumor microenvironment. Therefore, this thesis focused on how PTEN loss of function 21 

determines tumor-cell fate and disease progression by influencing the genome of cancer cells. 22 

Since neoplastic cells undergo several genomic abnormalities, we also aimed to verify how 23 

PTEN inactivation and the associated genomic instability drives the immune response in 24 

cancer.  25 

We first performed a literature review to summarize the emerging roles of PTEN in 26 

shaping tumor-intrinsic genomic events, and how such mechanisms allow an in-depth 27 

understanding of the anti-tumor immune response in cancers. Further, we conducted a 28 

PanCancer study aiming to determine if PTEN inactivation is crucial for the anti-tumor immune 29 

response in 33 types of tumors (Chapter 1). Lastly, based on our findings from the PanCancer 30 

analysis, we verified the impacts of PTEN protein loss by immunohistochemistry in the most 31 

relevant immune cells within the TME of prostate tumors (Chapter 2). 32 
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2.1 Background 1 

In the past few years, immunotherapeutic approaches for cancer treatment have shown 2 

significant favorable long-lasting outcomes in a subset of patients13. Immune checkpoint 3 

blockade is the primary immunotherapy approach currently available. The principle of the 4 

treatment consists of blocking the suppressive interactions between cancer and the patient’s 5 

immune system.  The blocking negatively regulates immune checkpoints and usually restores 6 

the capacity of the exhausted immune system to start killing the tumor cells again. However, 7 

the majority of individuals treated with immune checkpoint blockade therapies exhibit relapse 8 

as consequence of the development of resistance to treatment14. Most mechanisms of tolerance 9 

during treatment rely on changes in the tumor microenvironment (TME) (tumor cell extrinsic) 10 

and in cancer cells (tumor cell intrinsic)15. However, the lack of response to therapy and the 11 

protection of tumor cells from the immune attack may also be derived from properties of tumor 12 

or immune cells16,17.  13 

Immune and tumor cells often communicate through cell surface receptor binding and 14 

paracrine cell signaling mediated by chemokines and interleukins18. The inactivation of T-cell 15 

by cell-to-cell contact with regulatory T cells (Treg) and other immunosuppressive cells is one 16 

of the primary mechanisms by which cancers evade the anti-tumor immune cell response19. 17 

Immunogenicity, defined as the ability in provoking adaptive immune responses is influenced 18 

by the crosstalk between tumor and immune cells in the TME20. For instance, the presence of 19 

high mutation load in tumor cells is often associated with increased immunogenicity, higher 20 

immune-cell abundance in the TME, improved patient survival, and a better response to 21 

immune checkpoint blockade therapies21,22. The presence of tumor mutations (neoantigens) in 22 

one of the cancer-intrinsic changes that shapes the interplay between cancers and immune-23 

cells16,23.  24 

Higher levels of expressed neoantigens trigger the immune response and favor immune-25 

cell recruitment in the TME21. For instance, tumors with highly unstable genomes (e.g., 26 

melanoma, non-small cell lung cancer, and colorectal cancer) present increased number of 27 

neoantigens, which can be expressed and thus promote anti-tumor immune-cell response24. 28 

CD8+ T-cells and antigen presenting cells constitute the first line host immune response against 29 

tumor cells. Conversely, tumor cells may exhibit abnormal antigen presentation, which can be 30 

derived from chromosomal deletions of critical genes that regulate epitope processing and 31 

presentation25,26. The reduced expression or genomic copy number loss of T-cell-recognized 32 

neoantigens may result in a reduced anti-tumor immune response in the TME27. In addition, 33 
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oncogenic alterations in tumor cells may lead to genetic T-cell exclusion through the expression 1 

of inactivating transmembrane ligands in addition to dysregulated immune pathways8,16.  2 

The presence of activating mutations in oncogenes (e.g. MYC, LKB1, KRAS) and loss 3 

of function of tumor suppressor genes (e.g. TP53, PTEN) have been described as critical for 4 

cancer development28. The inactivating mutation or deletion of a tumor suppressor gene can 5 

facilitate tumor development and progression by conferring a continuous cell proliferation state 6 

to cancer cells29,30. However, emerging evidence has demonstrated that tumor suppressor genes 7 

may influence the immune response as part of their role in regulating tumor-cell intracellular 8 

responses10,11. For instance, the inactivation of the p53 tumor suppressor is associated with 9 

antiviral defense, cytokine production, immune checkpoint regulation, and induction of type I 10 

interferon response31. In addition, it has been shown that these tumor-intrinsic changes are also 11 

related to resistance to immunotherapy in several different types of cancer17. In summary, 12 

tumor-intrinsic genomic changes, such as somatic point mutations and copy number 13 

alterations, may profoundly alter the interactions between immune and cancer cells.  14 

The somatic inactivation of the tumor suppressor gene PTEN is associated with earlier 15 

cancer development, as seen in pre-neoplastic prostate lesions32–34, and has also been widely 16 

linked to aggressive cancer phenotypes35. An overview of the recently published PanCancer 17 

data from The Cancer Genome Atlas shows that PTEN hemi- and homozygous deletions are 18 

high across tumor types. In prostate cancer, melanoma, breast, ovarian, and lung 19 

adenocarcinoma, PTEN deficiency is observed in 32% (159/490), 63% (227/359), 30% 20 

(318/1038), 41% (168/401), and 27% (142/512), respectively (manuscript in preparation). The 21 

techniques for detecting PTEN deficiency are highly reproducible, which increases its potential 22 

use as a biomarker for disease stratification36 and, currently, for being a potential biomarker 23 

for immunotherapy response. In this review, we discuss the most recent findings on the roles 24 

of PTEN in the immune response across cancers.  25 

 26 

2.2 PTEN functions in the cytoplasm and nucleus 27 

PTEN is one of the most common somatically mutated and deleted gene in cancer37. 28 

PTEN is located on 10q23.31 region and consists of nine exons that encode 403 amino acids38. 29 

PTEN protein acts as a dual-specificity phosphatase and a direct antagonist of 30 

phosphatidylinositide 3-kinases (PI3K) signaling by reverting the second messenger 31 

phosphoinositol-3,4,5-trisphosphate (PIP3) into PIP2, which inhibits downstream signaling 32 

pathways39. In the cytoplasm, the loss or inactivating point mutation of the PTEN gene triggers 33 

the activation of the PI3K signaling pathway39 and consequently the downstream activation of 34 
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the AKT protein. Phospho-AKT then activates different substrates, such as the mammalian 1 

target of rapamycin (mTOR)40, which is a serine/threonine kinase that regulates cell growth, 2 

survival, and proliferation. More recently, it was shown that the simultaneous activation of the 3 

mitogen-activated protein kinase (MAPK) and PI3K/AKT pathways occurs in co-deleted 4 

PTEN and promyelocytic leukemia protein (PML) human metastatic prostate cancer41.   5 

In addition to its cytoplasmic functions in regulating cell growth and proliferation, 6 

PTEN regulates genome integrity and DNA replication stability in the nucleus42. Pten-null 7 

mice show increased genomic and chromosomal instability, leading to extensive centromere 8 

breakage, chromosomal translocations, and spontaneous DNA double-strand breaks through 9 

an AKT/PI3K/mTOR independent manner. Moreover, PTEN189 mutation (lacking C-terminus 10 

region) leads to significant increase in chromosomal aberrations, with transfected PTEN189 11 

cells showing a high levels of aneuploidy. This mechanism of centromere stability is directly 12 

regulated by PTEN interactions with the centromere protein, together with Rad51 regulation 13 

of double-strand break repair machinery43 through homologous recombination44.  14 

Recently, PTEN was described to modulate the DNA-binding factor chromodomain-15 

helicase-DNA-binding protein 1 (CHD1) degradation by suppressing cell proliferation, 16 

survival and tumorigenic potential in PTEN-deficient prostate and breast cancers. Furthermore, 17 

the authors demonstrated that PTEN deficiency stabilizes CHD1, which promotes the 18 

activation of the TNF-NFKB network45. In addition to this function, PTEN regulates the 19 

minichromosome maintenance complex component 2 (MCM2), which is critical for DNA 20 

replication. Consequently, tumors harboring PTEN loss undergo unrestrained fork progression, 21 

suggesting that this protein is essential for preventing chromosomal aberrations in cells under 22 

replicative stress. Indeed, the replication stress mediated by DNA damage repair signaling is 23 

enhanced in PTEN-deficient prostate cancer46. 24 

PTEN has also been linked to cell autophagy, which refers to the intracellular 25 

degradation of molecules or organelles by lysosomes17. In breast cell lines and mice treated 26 

with trastuzumab, PTEN loss was associated with decreased expression of the LC3I/II, LAMP, 27 

p62, and cathepsin B autophagic proteins47. In pancreatic cancer murine models, the presence 28 

of PTEN hemizygous deletions led to loss of autophagy and caused earlier pancreatic-cancer 29 

specific-death when compared to autophagy-competent animals48. When PTEN continues to 30 

be expressed in glioblastoma, there is enhanced autophagy flux in a PTEN lipid-phosphatase-31 

independent manner49. In this study the authors demonstrated lipid-phosphatase-independent 32 

activation of mTOR that could inhibit autophagy whilst repressing the ubiquitin-proteasome 33 
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system (UPS). These findings illustrate the diversity of functions of PTEN in regulating a major 1 

catabolic pathways in cells. 2 

PTEN functions have also been linked to cell senescence mechanisms, which refers to 3 

cells that no longer proliferate (reviewed in Collado, Blasco, & Serrano, 2007). Interestingly, 4 

the presence of GR-1+ myeloid cells in the tumor microenvironment were shown to antagonize 5 

PTEN loss induced-senescence by secreting interleukin-1 receptor antagonist (IL-1RA) in 6 

prostate cancer51. Moreover, the inhibition of AKT protein in PTEN-intact patient-derived 7 

prostate tumors led to the activation of the Ras/MEK/ERK pathway52, suggesting that the 8 

PI3K/AKT/mTOR pathway regulated by PTEN may play a role in cell senescence. PTEN 9 

inactivation in prostate cancer epithelial cells of adult mice stimulated cell proliferation, which 10 

was then followed by a senescence-like growth arrest46. Mechanistic studies have found that 11 

PTEN deficiency promotes cell senescence through the p53-p21 signaling network. Both 12 

mTORC1 and mTORC2 complexes bind and phosphorylate p53 at serine 15, which then 13 

promotes the accumulation of p21 in the cytoplasm of cells. Consequently, p21 inhibits cell 14 

cycle and leads to cell senescence53.   15 

Interestingly, emerging evidence has shown that cancers with monoallelic PTEN 16 

inactivation are more aggressive than tumors with complete loss of the gene54. This occurs 17 

because complete loss of the PTEN protein activates p53-dependent cell senescence 18 

mechanism, triggering tumor-cell death. In contrast, tumors that retain one functional PTEN 19 

allele continue to proliferate but the haploinsufficiency of the PTEN protein increases the rate 20 

of chromosomal instability and somatic mutations leading to poorer outcomes55. PTEN 21 

haploinsufficiency has also been referred to as “quasi-inactivation” – which means that a subtle 22 

downregulation of this tumor suppressor can have distinct effects on cancer cells (Reviewed in 23 

56). Indeed, mice showing a 20% decrease on PTEN expression had tumor phenotypes similar 24 

to animals presenting PTEN hemizygous loss57. These observations indicate that the fine 25 

adjustment of cellular PTEN levels may have 1) significant effects on cancer-cell 26 

aggressiveness and 2) presumably drive other genomic changes as consequence of greater 27 

genomic instability. PTEN functions are summarized in Figure 1.28 
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Figure 1. PTEN functions in the cytoplasm and nucleus of cells. The PI3K/AKT/mTOR pathway is 

negatively regulated by PTEN in the cytoplasm through the dephosphorylation of PIP3 in PIP2. mTOR 

complex directly phosphorylates p53, which promotes the accumulation of p21 in the cytoplasm that 

consequently promotes cell senescence. PTEN also negatively regulates NF-kB signaling pathway 

through CHD1, which is ubiquitinated in the presence of PTEN and thus is not able to promote the 

transcription of NK-kB genes in the nucleus. The concomitant presence of DDR gene mutations or 

genome instability leads to double strand breaks (DBS) in the DNA, which often causes self-DNA to 

migrate to the cytoplasm. The presence of cytoplasmic DNA activates the STING pathway, which 

phosphorylates IRF3. PTEN is required for IRF3 nucleus migration where this transcription factor will 

promote the expression of type I IFN genes. Moreover, PTEN controls several mechanisms during DNA 

replication, such as cell cycle, chromosome stability and DBS repair. More recently, PTEN was shown 

to regulate the activation of UPS and to directly promote cell autophagy via an independent lipid-

phosphatase function.  
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2.3 Associations between genomic instability driven by PTEN inactivation and cancer 1 

immunogenicity 2 

Since PTEN normally regulates several mechanisms that maintain chromosome 3 

stability in the nucleus, it is expected that PTEN-deficient cancers may exhibit high rates of 4 

chromosome rearrangements and mutational load. A study conducted with murine models 5 

demonstrated the heterozygous nonsense mutation resulting in the loss of the PTEN C-terminal 6 

led to genomic instability and fragile site rearrangements58. The authors showed that PTEN C-7 

terminal-null metaphases had high levels of aneuploidy and polyploidy, with several acentric 8 

chromosome fragments, premature centromere separation, and Robertsonian chromosomal 9 

fusions. PTEN-null primary breast carcinomas exhibited increased cytoplasmic checkpoint 10 

kinase 1 (CKH1) and aneuploidy. As consequence of PTEN deficiency, AKT phosphorylation 11 

impaired CHK1 through phosphorylation and ubiquitination59. The same study group 12 

performed functional studies with murine embryonic stem cells and showed that PTEN 13 

deficiency promotes DNA damage due to aberrant inactivation of the kinase CHK160. 14 

The investigation of >10,000 tumors from The Cancer Genome Atlas demonstrated that 15 

higher levels of aneuploidy (defined as whole chromosome or chromosome-arm imbalances) 16 

were associated with a significant decrease in the immune response levels due to lower 17 

leukocyte infiltration26. Although the observation that tumors with high aneuploidy levels are 18 

less immune-cell infiltrated is conflicting with the concept of tumor immunogenicity derived 19 

from genomic changes, the mechanisms by which these tumors evade the immune response is 20 

still under discussion. A recently published pan-cancer study demonstrated that the expression 21 

of HLA genes presented a significant negative correlation with chromosome instability 22 

scores61. However, it is well established that acquisition of genomic instability and aneuploidy 23 

in tumors leads to cell cycle arrest, senescence, and the production of pro-inflammatory signals 24 

that normally lead to clearance of abnormal cells62. 25 

Concomitant structural genomic changes and somatic mutations may provoke enhanced 26 

anti-tumor immune responses in the TME. For instance, as consequence of double strand 27 

breaks in the DNA concomitantly with the presence of inactivating mutations in DNA damage 28 

repair (DDR) genes, DNA fragments may be present in the cytoplasm of tumor cells63. These 29 

events may lead the activation of the cytosolic double-stranded DNA sensing cGAS-STING 30 

pathway, which promotes the phosphorylation of the transcription factor interferon regulator 3 31 

(IRF3). It has been shown that PTEN and PTEN-L impact transcription of type I interferon 32 

(IFN) related genes by regulating IRF3 activation10,11. In this manner, PTEN deficiency in DDR 33 
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mutated tumors may provoke reduced levels of immune response activation due to the lack of 1 

transcription of interferon related genes by IRF364.  2 

Since PTEN loss promotes higher rates of genomic instability, it is expected that PTEN-3 

deficient tumors may exhibit increased immunogenicity. However, few studies have 4 

investigated the role of PTEN inactivation in promoting an immunogenic tumor 5 

microenvironment.  Our group has demonstrated that PTEN-deficient prostate tumors exhibit 6 

higher levels of mutation and aneuploidy than tumors with an intact PTEN gene65, suggesting 7 

that PTEN loss may elicit different anti-tumor immune responses in the TME. However, PTEN 8 

loss has been linked to an immunosuppressive tumor state that favors cancer progression66–69, 9 

suggesting that more complex interactions with the immune system may take place in the TME. 10 

In this manner, the avenues of PTEN functions in maintaining the genome and regulating the 11 

immune response are still under debate (Figure 2).12 
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Figure 2. Effect of PTEN inactivation in the immune response of cancer. The presence of recurrent 

inflammation and DNA damage as consequence of metabolic stress may lead to somatic mutations 

(SNVs) or somatic copy number alterations (SCNA) of PTEN. The presence of other concomitant 

genomic changes in tumor suppressor genes (TSG) and oncogenes (OG) in addition to increased levels 

of genomic instability may drive the complete loss of function of PTEN. The lack of PTEN in the tumor 

cells may lead to reduced levels of type I IFN response and NF-kB pathway in the TME. Moreover, 

higher levels of instability of the genome triggers higher levels of mutations and consequently presence 

of neoantigens, which activate the immune-cell response in the TME. However, high levels of 

aneuploidy as consequence of genomic instability may inhibit the immune response. 
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2.4 Implications of PTEN deficiency in the immune response of cancer 1 

Several reports have shown that oncogenes and tumor suppressor genes have secondary 2 

functions in regulating the immune response in the TME in addition to their role on cell 3 

proliferation and survival (reviewed in Wellenstein & de Visser, 2018). In addition to the 4 

regulatory effect of PTEN on AKT pathway and the genomic and chromosomal instability, 5 

PTEN influences the innate immune response by dephosphorylating Ser97 and thus enabling 6 

the nuclear migration IRF3. When in the nucleus, IRF3 promotes the transcription of type I 7 

IFN response genes11. Concordantly, PTEN-L, a secreted protein isoform of PTEN with 576 8 

amino acids, regulates IRF3 and p65 nuclear import, where both factors trigger the transcription 9 

of type I IFN response and nuclear factor-kappa-B (NF-kB)-related genes, respectively10. 10 

Additionally, Cao and colleagues (2018) demonstrated that cells expressing only PTEN-L 11 

synthesized the highest levels of Cxcl10 and the proinflammatory cytokines Il-6 and Cxcl1.  12 

The type I IFN response promotes the recruitment and activation of anti-tumor T-cell 13 

and natural killer (NK) cell in addition to stimulating antigen presentation by dendritic cells70. 14 

It is known that the overactivation of type I IFN responses are strongly linked to better response 15 

to immunotherapy and to an increased activation of antigen presentation by tumor cells 16 

(reviewed in Parker, Rautela, & Hertzog, 2016). On the other hand, NF-kB pathway regulates 17 

both immune and inflammatory responses and tumor-cell proliferation and apoptosis72. As a 18 

result, PTEN-deficient tumors may have impaired activation of type I IFN and NF-kB 19 

pathways, which favors tumor progression as consequence of an immunosuppressed TME.  20 

In melanoma, PTEN deficiency was associated with reduced CD8+ T-cell density in 21 

the TME, which diminished the response to immune checkpoint blockade therapies with anti-22 

PDL1 and anti-cytotoxic T-lymphocyte associated protein 4 (CTLA4)17. The authors 23 

demonstrated that PDL1 and MHC class I expression are not the primary mechanism of 24 

immunosuppression mediated by PTEN loss. Their further analysis suggested lack of response 25 

could be because PTEN-silenced xenografts exhibited higher VEGF protein expression and 26 

increased expression of inhibitory cytokines.  27 

In a study conducted with 28 radical prostatectomy-derived specimens, PTEN loss was 28 

significantly associated with high macrophage density and CXCL8 expression73. In mice, the 29 

haploinsufficiency of Pten combined with oncogenic Kras mutations in pancreatic ductal 30 

adenocarcinoma was associated with NF-kB pathway activation. Moreover, the authors 31 

showed that the NF-kB network stimulation led to TME remodeling through the infiltration of 32 

immune-cell with pro-tumorigenic properties74. In prostate cancer murine models, tumors with 33 

Pten deletions exhibit high expression rates of Csf1 and Il1b, which lead to an expansion of 34 
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myeloid-derived suppressor cells (MDSCs). In turn, the presence of MDSCs triggered the 1 

suppression of T cells in the TME of the prostate tumors68,75.  2 

In prostate cancer, Pten-null tumors are strongly immunosuppressed as a consequence 3 

of the upregulation of PTPN11 and Jak2-Stat3 pathway activation76. In a study conducted with 4 

Pten-deficient mice, the ablation of the growth regulatory kinase promoted T-cell recruitment 5 

through Ccl5 and Cxcl10 production77. This may explain why prostate tumors do not benefit 6 

from current immunotherapeutic approaches in result of a lack of T-cell infiltration. 7 

PTEN loss has also linked to changes in the secretome (i.e., cell-secreted molecules, 8 

such as chemokines and interleukins) so that its role in mediating immune responses in the 9 

TME may also be indirect. In non-small lung cancer, it was shown that the CXC chemokine 10 

receptor 4 (CXCR4) expression is dependent on the PI3K/PTEN/AKT/mTOR signaling 11 

pathway78. A study conducted with murine prostate epithelial cells and human prostate cancer 12 

cell lines demonstrated that loss of PTEN enhanced the expression of CXCR4 and CXC motif 13 

chemokine ligand 12 (CXCL12)79. Moreover, in prostate cancer cell lines and prostatic tissue, 14 

Maxwell and colleagues (2013) demonstrated that the expression and secretion of the pro-15 

inflammatory chemokine CXCL8 was associated with PTEN inactivation80.  16 

It is now accepted that the interactions and coevolution of tumor cells and the 17 

surrounding cellular and non-cellular components of the TME can have a profound effect on 18 

all aspects of tumorigenesis and can contribute to therapeutic resistance. Structural TME 19 

remodeling driven by oncogenic alterations has been reported in several tumor types. For 20 

instance, in a murine model of T-cell acute lymphoblastic leukemia, Pten deficiency was 21 

reported to promote cell survival in a previously unsupportive TME. This finding suggests that 22 

PTEN inactivation not only promotes intrinsic tumor cell expansion, but also elicits extrinsic 23 

effects on the immediate microenvironment by altering the tumor niche in favor of tumor 24 

progression.  25 

 26 

2.5 PTEN loss and immune cell infiltration 27 

The immune-cell landscape of tumors that harbor PTEN somatic mutations is complex 28 

and highly heterogeneous, with studies showing that PTEN deficiency is linked to high CD8+ 29 

T-cell density66,81 while others exhibit inverse correlations with this cell type82–84 (Table 1). 30 

High degrees of tumor infiltration by CD8+ T cells are strongly linked to better prognosis in 31 

several types of cancer85,86. It is known that immune-cell recruitment and activation relies on 32 

tissue-specific mechanisms, which varies across different tumor types87, and may even present 33 

immune-cell contents that are distinct for different lesions from a single patient23. Thus, it is 34 
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expected that PTEN deficiency in tumor cells may elicit effects in the TME that are tumor-type 1 

or even lesion specific. Interestingly, several reports have shown that tumors harboring PTEN 2 

deficiency are more likely to present increased M2 macrophage cell density (Table 1). The 3 

presence of M2 macrophage in tumors is linked to favorable growth and invasive features of 4 

cancer cells. Indeed, tumors with high M2 macrophage density are significantly associated with 5 

worse outcome88,89.   6 

 7 

 8 
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Table 1. Associations between PTEN deficiency, immune-cell composition, and immune checkpoint expression in cancer. 

 

 

Tumor type CD8+ Treg MDSC TAM PDL1 PD1 Sample size 
Studies in 

murine models 

Studies with 

human patients 

Breast cancer ↑      836 patients  66 

Breast cancer cell lines     ↑  836 patients  66 

Colorectal cancer     ↑  404 patients  90 

Endometrial NA      382 patients  91 

Endometrial    ↑   3 mice per group  92 

Glioblastoma ↑ Apoptosis      26 patients  93 

Glioma     ↑  10 cell lines  69 

Gastric and Breast cancer    ↑ M2   12 patients  94 

HNSCC ↓ ↑     5 mice per group 82  

LCNC, SCLC     NA  189 patients  95 

LSCC     ↑  5 mice per group 96  

LSCC     ↓  102 patients  97 

LUAD     ↑  ND 98  

LUAD#    ↑ M2   13 mice 99  

Melanoma ↓ ↑     3 mice per group 83  

Melanoma ↓      135 patients  84 

Melanoma* ↑   ↑ M2   4 mice per group 100  

Melanoma cell lines     ↑  33 patients  101 

Prostate cancer    ↑   70 patients  73 

Prostate cancer ↑ ↑     312 patients  81 

Prostate cancer   ↑    3 mice per group 68  

Prostate cancer   ↑    3 mice per group 75  

Prostate cancer   ↑    3 mice per group 51  

Prostate cancer     NA  20 patients  102 

Thyroid  ↑ ↑ ↑ M2   8 mice per group 103  

Uterine Leiomyosarcoma      ↓ 1 patient  16 
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LUAD – lung adenocarcinoma, SCC – squamous cell carcinoma, LSCC – lung squamous cell carcinoma, LCNC – Large-cell neuroendocrine cancer, SCLC – 

small-cell lung cancer, TAM – tumor associated macrophage, NA – No significant association observed, ND – Not described. HNSCC – Head and neck 

squamous cell carcinoma. CD8+ - CD8+ T cell, Treg – Regulatory T cell, MDSC – Myeloid-derived suppressor cell, TAM – tumor infiltrating macrophage, 

PDL1 – programmed death ligand 1, PD1 – programmed death protein 1. #PtenD5/D5;KrasLox/+;CCSPCre/+ mice. *BRAFV600E;PTEN-/- mice. 

 

 

 

 

 

 

 



Literature Review | 48 

 

 

 

 

Interestingly, PTEN-deficient tumors often exhibit high densities of regulatory T-1 

cell (Treg) in the TME (Table 1). Tregs have an immunosuppressive impact in the TME 2 

by inactivating the priming and effector activities of CD4+ and CD8+ T cells104. Indeed, 3 

high CD8+/Treg ratio is associated with favorable prognosis in ovarian105, gastric106, and 4 

cervival tumors107. Moreover, several reports have confirmed the associations between 5 

Treg density and poor outcome in several tumor types108–110. Studies have demonstrated 6 

that normal functioning PTEN is crucial for Treg development and maturation111; 7 

however, little is known on the mechanisms by which PTEN loss in tumor cells may have 8 

extrinsic effects leading to an increase in Tregs infiltration into the TME. 9 

Studies with mice have shown that PTEN deficiency can increase tumor-10 

infiltrating MDSC densities in TME (Table 1). The role of MDSCs in mediating immune 11 

responses may explain why PTEN can have complex interactions with the TME. MDSCs 12 

are a heterogeneous population of myeloid progenitors and immature granulocytes, 13 

macrophages, and dendritic cells. Mechanistically, MDSCs are highly 14 

immunosuppressive cells that suppress CD8+ T cell activity through the secretion of 15 

reactive oxygen species, peroxynitrite, and nitric oxide (reviewed in Gabrilovich & 16 

Nagaraj, 2009). Due to the modulating effect on the anti-tumor immune response, the 17 

presence of high densities of MDSCs correlates with worse outcome in several tumors 18 

113,114. In addition, the development of castration resistant prostate cancer – a condition 19 

on which tumors are insensitive to androgen-deprivation therapy – was found associated 20 

with the presence of high densities of tumor-infiltrating MDSCs and IL-23 21 

concentration75. Since PTEN loss is present in >70% of castrate resistant prostate cancers 22 

it is important to understand how an immunosuppressive and tumor-tolerant TME is 23 

imposed by infiltrating MDSCs in such advanced cancers. 24 

 25 

2.6 PTEN loss associations with immune checkpoint expression 26 

The most effective current immunotherapeutic interventions include blockade of 27 

programmed death protein 1 (PD1) and programmed death ligand 1 (PDL1) proteins. 28 

Unfortunately, several patients relapse after benefiting from immune blockade therapies, 29 

suggesting that tumor-specific alterations may trigger drug resistance. In this context, 30 

mutations and pathway dysregulation of tumors lead to an altered immune cell 31 

composition in the TME, which is key to therapy response. It is known that 32 

responsiveness to immune checkpoint blockade requires the infiltration of CD8+ T-cell 33 
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in the TME. However, the presence of an immunosuppressive signature in tumors may 1 

thus negatively impact the response to immunotherapies.  2 

During innate immune resistance, the constitutive activation of oncogenic 3 

pathways can promote the synthesis of PDL1 in tumor cells independently of the immune-4 

cell state in the TME. For instance, in murine models of lung cancer, the activation of the 5 

AKT-mTOR pathway promoted the expression of the immune checkpoint PDL115. 6 

Functional studies with lung cancer cell lines also demonstrated that tumor infiltrating 7 

macrophages may promote PDL1 synthesis by secreting IFN-gamma in an JAK/STAT3-8 

dependent manner116. On the other hand, in the adaptive immune resistance, the 9 

stimulation of tumor cells by immune-cell secreted IFN-gamma triggered the synthesis 10 

of PDL1 through JAK/STAT pathway117. Since PTEN ablation promotes low IFN 11 

pathway activation, it is expected that PTEN-deficient tumors may exhibit low levels of 12 

cancer cells expressing PDL1.  13 

Overall, most studies show that PTEN loss is significantly associated with high 14 

PDL1 expression levels (Table 1). In uterine leiomyosarcoma, PTEN deficiency was 15 

linked to resistance to anti-PD1 therapy16. This study showed that the presence of a 16 

biallelic inactivation PTEN in a metastatic lesion was associated with reduced PD1 17 

expression in tumor infiltrating immune cells. Through in silico analyses of TCGA 18 

sarcoma specimens, the authors also demonstrated that the presence of an oncogenic 19 

mutation and a heterozygous deletion of PTEN in had lower expression of CD8+ T cell 20 

markers (GZMA, PRF1, and CD8A) and PD1 and IFNG genes. In murine lung cancer 21 

models, the activation of the PTEN/AKT/mTOR cascade in consequence of PTEN 22 

deficiency was associated with the overexpression of PDL1. The authors also showed that 23 

tumor growth was inhibited, tumor-infiltrating T-cells was increased, and Treg density 24 

decreased with the combined treatment with mTOR inhibition and anti-PD1115. In PTEN-25 

deficient breast cancer cell lines, Mittendorf and colleagues (2014) observed 26 

overexpression of PD1 and PDL1, which were downregulated after PI3K pathway 27 

inhibition. Moreover, PTEN loss-induced PDL1 overexpression in tumor cells was 28 

associated with low T-cell proliferation rates66. Concordantly, the absence of PTEN 29 

expression in melanoma cell lines was associated with the upregulation of PDL1 30 

expression101. In gliomas, PTEN loss was significantly associated with PDL1 31 

overexpression69. In a castrate resistant prostate cancer murine model, the concomitant 32 
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deletion of Pten, p53, and Smad4 led to resistance to immune checkpoint blockade 1 

therapies with anti-PD1 and anti-CTLA4 antibodies118. 2 

Interestingly, PTEN-deficiency was not associated with PDL1 expression in 3 

prostate cancer. Indeed, PDL1 expression in radical prostatectomy-derived prostate 4 

tumors is rare102. Taken together, these observations demonstrate that PTEN deficiency 5 

may be useful in distinguishing patients with specific tumor types that may benefit from 6 

current immunotherapeutic approaches.  7 

 8 

2.7 Clinical trials investigating the impact of PTEN in the response to 9 

immunotherapy  10 

Since PTEN functions are linked to how tumor cells interact with the immune 11 

response, this gene may be a useful biomarker in determining how patients will respond 12 

to therapy. There are a limited number of clinical trials that directly measure PTEN status 13 

and the response of the tumor to immune checkpoint blockade therapies (more details on 14 

Table 2). However, several downstream factors of PTEN signaling pathway, such as 15 

AKT and PI3K, have been investigated in conjunction of checkpoint blockade therapies. 16 

Indeed, PI3K and AKT inhibitors are under investigation in combinatory approaches with 17 

anti-PD1 and anti-PDL1 therapies in several tumor types.  18 

Several reports have determined the effects of inhibiting downstream PTEN 19 

pathways on the anti-tumor immune response of cancer. Interestingly, the inhibition of 20 

the PI3K/AKT/mTOR network in PTEN-deficient primary cultures of gliomas led to a 21 

diminished T-cell death93. Concordantly, the ablation of PI3K pathway remarkably 22 

enhanced the anti-tumor functions of toll-like receptors ligands in murine models119. 23 

Thus, it is expected that several of the trials investigating PTEN-related genomic 24 

alterations and its links to immune checkpoint blockade response (Table 2) may provide 25 

promising results. The trials (NCT03206203 and NCT02299999) have ongoing whole 26 

transcriptome analysis, giving the opportunity to determine if other genomic changes 27 

occurring in conjunction with PTEN loss are linked to immunotherapy response. In this 28 

manner, determining PTEN deficiency in tumors may be useful for determining 29 

biomarker-guided combinatory drug approaches.30 
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Table 2. Clinical trials investigating the effect of PTEN loss or activation of downstream 

effectors of PI3K/AKT/mTOR pathway. 

PTEN-

associated 

mechanism 

Tumor type Drug  Study details Trial number 

PTEN loss Triple Negative Breast 

Cancer 

 

Stage IV Breast Cancer 

 

HER2 Negative 

 

Invasive Breast Cancer 

Atezolizumab (Anti-PDL1) 

 

Carboplatin 

 

Atezolizumab + Carboplatin 

Phase II Trial of Atezolizumab (Anti-

PDL1) in combination with carboplatin in 

metastatic triple negative breast cancer 

(TNBC). 

 

Tumor infiltrating lymphocyte density and 

phenotype (TILs) will be measured. 

 

PD-L1 expression will be determined by 

IHC. 

 

RNA-seq will be performed for classifying 

tumors as TNBC. 

 

IHC will be performed with markers of T 

cell subsets (CD4, CD8, FoxP3, CD25, 

Glut1) and exhaustion proteins (PD1, 

CTLA4). 

 

NCT03206203 

PTEN loss 

and 

phospho-

AKT 

Non-Small Cell Lung 

Carcinoma (NSCLC) 

AZD6244 (KRAS mutant 

patients) 

 

Erlotinib (wild-type KRAS 

patients) 

 

AZD6244 + Erlotinib 

Phospho-ERK (p-ERK), Phospho Protein 

Kinase B (p-AKt) and PTEN expression 

will be determined. 

 

PD-1 expression will be investigated in 

Tregs and CD8+ T cells. 

 

Change in T Cell Immunoglobulin Mucin 

3 (TIM-3) on Tregs. 

 

Change in CTLA-4 expression on Tregs. 

 

Change in PD-1 expression on Tregs. 

 

 

NCT01229150 

Phospho-

AKT 

Stage I-IV Oral Cavity 

Squamous Cell 

Carcinoma 

Stage I-IV 

Oropharyngeal 

Squamous Cell 

Carcinoma 

Metformide 

Hydrochloride/Pioglitazone 

Hydrochloride Extended-

Release Tablet 

PD1 and PDL1 expression will be 

compared between patients before and 

after treatment. 

 

IHC will be performed with apoptosis 

biomarker cleaved caspase 3, cyclin D1, 

p21, PPAR gamma, (p)AKT, pAMPK, 

pS6 and tumor infiltrating immune cells 

(CD8, IFNg, Treg, CD68). 

 

NCT02917629 

Phospho-

AKT 

NSCLC 

 

Squamous Cell 

Adenocarcinoma 

AZD5363 (AKT Inhibitor) 

 

Durvalumab (Anti-PDL1) 

 

Other drugs (ZD4547; 

Vistusertib; Palbociclib; 

Crizotinib; Selumetinib; 

Docetaxel; Osimertinib; 

Sitravatinib) 

 

Multi-drug and genetic testing in a multi-

arm phase II trial.  

 

No genomic or expression tests. 

NCT02664935 

Phospho-

AKT 

Metastatic Breast 

Cancer 

MEDI4736 (Anti-PDL1) 

 

AZD5363 (AKT Inhibitor) 

 

Other drugs (AZD2014, 

AZD4547, AZD8931, 

DNA will be investigated by NGS and 

microarray. 

 

 

NCT02299999 
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Selumetinib, Vandetanib, 

Bicalutamide, Olaparib, 

Anthracyclines, Taxanes, 

Cyclophosphamide, DNA 

intercalators, Methotrexate, 

Vinca alkaloids, Platinum 

based  chemotherapies, 

Bevacizumab, Mitomycine 

C, Eribuline 

 

Phospho-

AKT 

NSCLC 

 

MEDI4736 (Anti-PDL1) 

 

AZD5363 (AKT Inhibitor) 

 

Other drugs (AZD2014, 

AZD4547, AZD8931, 

Selumetinib, Vandetanib, 

Standard maintenance for 

squamous NSCLC, 

Pemetrexed. 

 

DNA will be investigated by NGS and 

microarray. 

 

NCT02117167 

PI3K 

inhibition 

Unresectable or 

Metastatic 

Microsatellite Stable 

Solid Tumor Along 

With Microsatellite 

Stable Colon Cancer 

 

Colon Cancer 

Copanlisib (PI3K Inhibitor) 

Nivolumab (anti-PD1) 

 

Phase I/II study of PI3K inhibition 

(Copanlisib) and anti-PD-1 (Nivolumab) 

in refractory mismatch-repair proficient 

(MSS) colorectal tumors. 

 

No genomic or expression tests. 

 

NCT03711058 

PI3K 

inhibition 

Classical Hodgkin 

Lymphoma 

Tenalisib 

Pembrolizumab 

Phase I/II study to investigating the safety 

and eddicacy of RP6530 (PI3K δ/γ dual 

inhibitor) in combination with an anti-PD1 

therapy (pembrolizumab). 

 

No genomic or expression tests. 

 

NCT03471351 

PI3K 

inhibition 

Metastatic NSCLC 

 

Abemaciclib NGS for 245 genes, Nanostring nCounter 

including immune signature, and IHC with 

PD-L1 in patients treated with PI3K 

Inhibitor and PD1/PD-L1 inhibitors. 

 

NCT03356587 

PI3K 

inhibition 

Advanced Solid Tumors 

 

Itacitinib 

Epacadostat 

INCB050465 

JAK inhibitor with JAK1 selectivity 

(Itacitinib) in combination with an IDO1 

inhibitor (epacadostat; INCB024360; 

Group A) and Itacitinib in combination 

with a PI3K delta inhibitor (INCB050465; 

Group B) 

NCT02559492 
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2.8 Concluding remarks  1 

PTEN has a major role in regulating both cell-intrinsic and extrinsic mechanisms 2 

of the immune response. In this literature review, we described that PTEN inactivation 3 

status may determine the fate of tumors as consequence of anti-tumor-driven immune 4 

responses. However, the associations between secreted signaling proteins, immune cells, 5 

and immune checkpoint expression with PTEN status are complex and highly variable 6 

across tumor types. Indeed, it is unclear whether there are indirect effects of PTEN on the 7 

anti-tumor immune response that are driven by genomic instability in each cancer type. 8 

Thus, we conducted a PanCancer study of 33 tumor types aiming to investigate the 9 

genomic landscape of PTEN inactive tumors and to show how these genomic features 10 

interact with the immune response in human cancer. Lastly, based on our findings from 11 

the PanCancer study, we chose to perform a more in-depth study on prostate cancer 12 

focusing of PTEN protein loss. Since prostate tumors present high rates of PTEN 13 

homozygous losses and that PTEN immunohistochemistry assays in prostate are highly 14 

reproducible, we investigated 94 prostate tumor specimens from a Brazilian cohort. 15 

Since most patients experience relapse after immunotherapy, it is critical to 16 

characterize tumor-specific genomic biomarkers of response that will be informative for 17 

immune-based treatments.  Moreover, understanding how DNA mutations and copy 18 

number changes that impact the immune response may provide evidence for developing 19 

new treatment approaches. 20 
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3.1 General objectives 1 

3.1.1 To perform a cross-cancer investigation on how PTEN loss of function 2 

shapes the immune response of cancer. 3 

 4 

3.2 Specific objectives 5 

3.2.1 Characterize the frequency and distribution of PTEN point mutations, 6 

somatic copy number alterations, and mRNA expression loss across cancers. 7 

3.2.2 Investigate the associations between PTEN inactivation and the genome 8 

landscape of cancer cells. 9 

3.2.3 Determine the influence of PTEN inactivation in the anti-tumor immune 10 

response driven by immune checkpoint expression and immune-cell content within the 11 

tumor microenvironment. 12 

3.2.4 Investigate whether PTEN loss indirectly provokes the activation of immune 13 

response against tumor cells by affecting tumor aneuploidy and mutational burden. 14 

3.2.5 Compare the immune-cell composition of primary and metastatic prostate 15 

tumors harboring PTEN loss vs. those with retained PTEN expression. 16 

3.2.6 Determine the prognostic impact of PTEN inactivation across cancers. 17 



 

 

 

 

 

 

 

 

 

4. HYPOTHESIS 
______ 
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4.1 General hypothesis 1 

4.1.1 As a result of the genetic diversity of cancer, we speculate that interactions 2 

between PTEN loss in a tumor and the immune system in its immediate microenvironment 3 

are specific for each type of cancer.  4 

 5 

4.2 Specific hypotheses 6 

4.2.1 We hypothesize that PTEN mutations and copy number alterations may vary 7 

according to each cancer type. 8 

4.2.2 We expect that PTEN-null tumors may exhibit higher levels of genomic 9 

instability and chromosomal aberrations, since PTEN regulates genome integrity through 10 

various mechanisms in the nucleus of cells.  11 

3.2.3 As PTEN regulates the anti-viral response through IRF3 transcription factor, 12 

we speculate that PTEN-inactive cancers will be highly immunosuppressive as 13 

consequence of the downregulation of type I interferon response genes. Moreover, we 14 

hypothesize that immunosuppression will also be observed in the immune-cell profile of 15 

tumors harboring PTEN loss. 16 

4.2.4. Highly unstable genomes are linked to higher immune response activation 17 

in the tumor microenvironment. Thus, we speculate that PTEN inactivation may drive an 18 

immunosuppressive condition that can be reverted when the genome of cancer cells are 19 

more unstable. 20 

4.2.5 Since immune-cell composition of cancers reflect how tumors interact with 21 

the tumor microenvironment, we speculate that metastatic prostate cancer will also be 22 

highly immunosuppressive when PTEN is lost.  23 

4.2.6 We speculate that the biallelic inactivation and homozygous loss of PTEN 24 

is linked to a worse outcome of tumors. 25 
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PAN-CANCER STUDY REVEALS THE 

DIVERSITY OF GENOMIC AND 
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5.1 Background 1 

Tumor-specific DNA alterations, such as loss of tumor suppressor genes (TSGs) 2 

and activation of oncogenes, trigger numerous changes on how malignant cells are 3 

recognized and killed by immune cells8. The inactivation of the PTEN tumor suppressor 4 

gene is a remarkably common genomic event in human cancers that has a profound effect 5 

on predicting patient outcome across tumor types36,120–122. The PTEN protein functions 6 

in the cytoplasm and in the nucleus,  playing a significant role in regulating cell 7 

proliferation and growth37, chromosome stability123,124, DNA repair46, cell senescence and 8 

autophagy49,52, and, as recently reported, in the anti-viral immune response10,11.  9 

The complete or partial inactivation of TSGs have distinct outcomes on cancer 10 

development and progression4. The classical “two-hit” hypothesis accounts for an effect 11 

being observed exclusively when there is complete loss of function of a TSG. However, 12 

partial loss of function by monoallelic inactivation may actually confer a greater selective 13 

advantage than complete loss of TSG function (reviewed in 56). It follows that single-14 

copy inactivation may be selected during tumor evolution, since biallelic inactivation may 15 

lead to senescence or cell death. This indicates that, during cancer development, partial 16 

inactivation is favored, as observed for TSGs such as PTEN, ARF, p53, and NF1 17 

(reviewed in 4).  18 

Regarding the direct and indirect effects of PTEN on the immune response, 19 

several studies have shown links between PTEN loss and immune-cell composition of the 20 

tumor microenvironment (TME) (reviewed in Chapter 1). PTEN deficiency has also 21 

been linked to the expression of immunosuppressive molecules, such as the programmed 22 

cell death ligand 1 (PDL1) and proinflammatory chemokines and cytokines.  23 

Our group has demonstrated that primary prostate tumors harboring PTEN 24 

deletions have enhanced levels of aneuploidy and non-synonymous mutations65 25 

(Attachment 1). However, it is unclear whether the genomic instability generated by 26 

PTEN inactivation may drive the suppression or activation of anti-tumor immune 27 

mechanisms. A recently published PanCancer study showed that an increased frequency 28 

of chromosome arm and whole arm chromosome aberrations in tumor cells is strongly 29 

associated with a reduction in leukocyte fractions in the TME26. However, in contrast, 30 

several reports have indicated that tumors with higher genomic instability rates are more 31 

like to express neoantigens125, and thus be more immunogenic.  32 
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There are a limited number of studies that have investigated the impact of the 1 

PTEN-dependent genomic changes on the immune response in the TME.  PTEN-deficient 2 

cancer cells are likely to undergo abnormal mitosis and thus exhibit higher rates of 3 

chromosome aberrations that could trigger cell-specific anti-tumor responses independent 4 

of established downstream effects of PTEN on interferon regulatory factor 3 (IRF3) and 5 

PI3K/AKT/mTOR signaling pathways. Therefore in this chapter, we investigated 6 

genomic datasets to evaluate the impact of PTEN loss on the genomic alterations in 7 

different cancers, and explored the links between tumor-specific DNA changes and the 8 

immune response in the TME.  9 

 10 

5.2 Methods 11 

5.2.1 Data download and processing 12 

We downloaded level 3 PanCancer normalized RNAseq, array-CGH, SNV, and 13 

methylation array of 10,713 samples from 33 tumor types from The Cancer Genome Atlas 14 

(TCGA) cohort (www.gdc.cancer.gov). Raw RNAseq experiments were performed 15 

through Illumina HiSeq 2000 RNA Sequencing platform. Copy number data were 16 

obtained from array-CGH experiments performed with the Affymetrix Genome-Wide 17 

Human SNP Array 6.0. DNA sequencing was performed in Illumina Genome Analyzer 18 

DNA sequencing.  19 

Clinical data regarding progression-free survival and overall survival were 20 

obtained for all patients from the TCGA cohort. Raw RNAseq data of all investigated 21 

tumors were downloaded through TCGAbiolinks package in R126. Additional data on 22 

immunogenomic features of tumors were downloaded from the TCGA database127,128. All 23 

analyses were conducted with data derived from primary tumors. 24 

 25 

5.2.2 Defining PTEN deletions and inactivation status 26 

PTEN deletions were characterized by using GISTIC-derived categorical somatic 27 

copy number alterations (SCNA). Tumors had PTEN gene status ranging from 28 

homozygous deletions, hemizygous deletions, and the presence of both alleles or 29 

duplication. PTEN duplications consisted of the presence of gain of an extra copy of the 30 

entire gene or regions at 10q23.31 that include PTEN. Since PTEN deletions and somatic 31 

point mutations lead to loss of function of PTEN protein, our method was designed to 32 

verify the impacts of PTEN inactivation by either deletion or point mutation on the 33 

http://www.gdc.cancer.gov/
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genomic and immunogenic features of tumors. SNV data including missense, splice-site, 1 

inframe, indel, and truncating inactivating variants were analyzed to determine PTEN 2 

mutational status and SCNA data were used to determine the deletion status of the PTEN 3 

gene. 4 

To determine which tumors had PTEN inactivation, we combined data on 5 

mutations and SCNA of PTEN gene. Since PTEN loss by promoter methylation is a rare 6 

event in tumors129, we did not use methylation data to infer PTEN inactivation status. 7 

Tumors harboring PTEN hemizygous deletions or with a single somatic point mutation 8 

were classified as having PTEN monoallelic inactivation. The presence of PTEN 9 

homozygous deletions or the presence of concomitant hemizygous deletion plus a somatic 10 

point mutation determined tumors with PTEN biallelic inactivation status. Cases with 11 

both copies of PTEN and those with duplication were grouped as PTEN intact. Cases with 12 

a single point mutation and PTEN duplication were classified as PTEN intact, as we did 13 

not investigate if the duplication events that included the entire PTEN gene. A summary 14 

of our classification method of PTEN inactivation is summarized on Figure 3.15 
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Figure 3.  Summary of PTEN inactivation criteria utilized in our study. We investigated a 

total of 10,713 samples from 33 different tumor types. PTEN inactivation status was determined 

based on somatic copy number alterations and point mutations in PTEN gene. Tumors with both 

inactive alleles were characterized as undergoing biallelic inactivation. Concordantly, tumors 

harboring one allele inactivation were defined as monoallelic inactive tumors. These inactivation 

groups were compared regarding the anti-tumor immune response and genomic changes.
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5.2.3 Differential expression analysis 1 

To compare the transcriptome of PTEN intact tumors to those presenting 2 

monoallelic or biallelic PTEN inactivation, we conducted a differential expression 3 

analysis by employing raw RNAseq counts in DESeq2 package in R. P-values were 4 

adjusted with the Benjamini Hochberg method and genes presenting P-adjusted values 5 

below 0.05 were considered as differentially expressed between groups. Gene Set 6 

Enrichment Analysis (GSEA) enrichment analysis was conducted to identify the most 7 

significantly altered pathways in PTEN-deficient tumors. The top differentially expressed 8 

genes were visualized through ClueGO package for Cytoscape 3.7.0 9 

(https://cytoscape.org/).  10 

 11 

5.2.4 Methylation, copy number and mutational profiling 12 

 Since PTEN-deficiency may be linked to other significant genomic changes, we 13 

aimed to characterize the methylation, mutational, and copy number landscape of primary 14 

tumors harboring PTEN loss. Copy number analysis was conducted by investigating the 15 

frequencies of SCNAs across all 10,713 primary tumors through Fisher Exact test with a 16 

significant P-value set to <0.05. We then stratified the PanCancer cohort by tumor type 17 

to identify recurrent SCNA calls in tumors harboring PTEN monoallelic and biallelic 18 

inactivation for each histology. The mutational signatures of PTEN-deficient primary 19 

cancer were also compared through Fisher Exact test in R. Maftools package was used to 20 

investigate .maf files and to select loss of function genomic variants for further 21 

comparisons. Each gene mutation frequency was compared between PTEN intact and 22 

deficient groups.   23 

The DNA methylation preprocessed files of Illumina HumanMethylation450 bead 24 

array platform (450K) and Illumina HumanMethylation27 (27K) were retrieved through 25 

TCGAbiolinks package126. The TCGA PanCancer tumoral primary samples were selected 26 

(n=9,728) and both platforms were merged for the common probes (n=22,601). 27 

Supervised analysis among the deletion groups were performed by nonparametric 28 

Wilcoxon test followed by false discovery rate (FDR) correction in a two-step pairwise 29 

model: 1) Intact vs. biallelic inactivation; and 2) Intact vs. monoallelic inactivation. The 30 

DNA methylation data is given by beta (β) value score that ranges from 0 to 1 and results 31 

from the total DNA signal (β=(M/M+U) - M refers to the mean of methylated sites and 32 

U to the mean of unmethylated signals. Values close to 1 indicate increased methylation 33 
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levels on a particular CpG site. Our copy number, mutational, and methylation analyses 1 

are still under development. 2 

 3 

5.2.5 Immunogenic and genomic effects of PTEN deficiency 4 

 To determine the association between PTEN inactivation and acquired DNA 5 

changes in tumors, we investigated the presence of genome doublings, homologous 6 

recombination defects (HRD), aneuploidy levels, tumor mutational burden, and 7 

intratumoral heterogeneity. Genome doubling status was determined through 8 

ABSOLUTE algorithm, which measures tumor ploidy and purity based on copy number 9 

and mutational signatures. Ploidy levels are determined by the actual quantity of DNA 10 

that each cancer cell presents after undergoing several numerical and structural 11 

chromosome aberrations. Clonality calls were employed to determine intratumor 12 

heterogeneity scores, which determines tumor copy number and point mutations as 13 

aggregates of clonal and subclonal components having varying ploidy levels. Tumor 14 

purity is a measurement which considers the fractions of normal cells within the bulk 15 

mass of tumor cells. Aneuploidy levels were calculated based on the total length of gained 16 

and deleted chromosome arms divided by the size of the genome26. Similarly, HRDs were 17 

calculated based on the copy number calls in with large (>15 Mb) non-arm-level 18 

chromosome imbalances with loss of heterozygosity, breaks between genes larger than 19 

>10 Mb, and subtelomeric regions harboring allelic imbalances. Groups with distinct 20 

PTEN inactivation status were compared by employing Kruskal-Wallis test in R.  21 

In addition, we investigated the impact of PTEN inactivation in the immune-cell-22 

based response of tumors using CIBERSORT. The transcriptome of all investigated 23 

samples was imputed in CIBERSORT platform and relative scores for 22 immune-cell 24 

types was obtained. Since immune-cell abundance is linked to the presence of 25 

neoantigens, we also investigated the relationship between PTEN status and 26 

immunogenic mutations. Lastly, to identify potential targets in PTEN-deficient tumors 27 

for immunotherapy, we characterized the expression of the immune checkpoints PD1, 28 

PDL1, CTLA4 and IDO1 in the context of PTEN inactivation status. Since we are 29 

interested in investigating markers of cross-talk between tumor and immune cells, we 30 

investigated immune checkpoint expression that is exclusive to immune cells (PD1 and 31 

CTLA4), and two checkpoints found in tumor cells (PDL1 and IDO1). 32 
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5.2.6 Prognostic effect of PTEN-deficiency 1 

 To determine if PTEN mono- and biallelic inactivation status has a significant 2 

impact in predicting recurrence and death events, we performed survival analysis using 3 

Survival package in R. Log-rank tests and Kaplan Meier curves were generated through 4 

the Survival and Survminer packages in R. In addition, Cox Regression univariate models 5 

were obtained for all tumors, grouped and separately by tumor type. 6 

 7 

5.3 Results 8 

5.3.1 Frequency of PTEN somatic copy number alterations and point mutations 9 

Our PanCancer analysis of inactivating variants in 10,713 tumors revealed that 10 

5.7% and 2.4% of tumors presented one and both mutated PTEN alleles, respectively 11 

(Figure 4a). Copy number analysis showed that PTEN was homozygously deleted in 4.2% 12 

of the primary tumors. We also observed that PTEN had hemizygous in 24.8% of tumors. 13 

PTEN duplication events or 10q23.31 chromosomal gains spanning PTEN were found in 14 

7.1% of tumors (Figure 4b). By combining PTEN copy number and somatic point 15 

mutations data, we classified tumors as having monoallelic and biallelic inactivation. We 16 

found that PTEN had biallelic inactivation in 16.7% and monoallelic inactivation in 17 

25.9% of primary tumors (Figure 4c).  18 

When each tumor type was studied individually, we found that gynecological 19 

tumors - uterine corpus endometrial cancer (UCEC) and uterine carcinosarcoma (UCS) – 20 

had high frequencies of point mutations in PTEN (Figure 5a). Glioblastomas (GBM) were 21 

found as having the second most significant percentage of one allele PTEN point 22 

mutations. When we investigated the copy number alterations of PTEN, we found that 23 

GBM had the most significant presence of PTEN hemizygous deletions, followed by 24 

kidney (KICH), and melanoma (SKCM) (Figure 5b). Moreover, as expected120, prostate 25 

tumors showed a high percentage of PTEN homozygous deletions. The combination of 26 

PTEN point mutations and copy number data confirmed that both UCEC and UCS had 27 

the most significant percentages of PTEN biallelic inactivation (Figure 5c). In addition, 28 

this classification also demonstrated that GBM also had high frequencies of PTEN mono- 29 

and biallelic inactivation.  30 
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Figure 4. Percentage of PTEN mutation, copy number alteration, and inactivation among 33 

TCGA tumor types. A – Percentage of one and two PTEN allele point mutations. PTEN biallelic 

somatic mutations are rare in tumors. B – Overall percentage of PTEN copy number alterations showing 

that PTEN hemizygous deletions (Hemi) are more common than PTEN amplifications (Dupl) and PTEN 

homozygous deletions (Homo). C – After combining PTEN somatic point mutations and PTEN copy 

number data, we classified tumors as having monoallelic and biallelic inactivation status. Monoallelic 

inactivation refers to tumors harboring one copy of PTEN mutated or lost. Biallelic inactivation was 

determined when tumors exhibited homozygous deletions or hemizygous deletions plus another allele 

with a somatic point mutation. PTEN amplification was considered as intact in keeping with the normal 

levels of PTEN being expressed. 
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Figure 5. Percentage of PTEN point mutations, copy number alterations and inactivation status in different types of cancer. A – Biallelic somatic mutation events 

are less common than monoallelic point mutations. Endometrial carcinomas (UCEC) presented the most increased percentage of PTEN point mutations followed by uterine 

carcinosarcoma (UCS). Glioblastoma (GBM) also showed high levels of PTEN point mutations. B – PTEN copy number analysis showed that GBM and kidney 

chromophobe (KICH) presented the highest levels of hemizygous deletions. Prostate cancer (PRAD) presented the most proeminent PTEN homozygous deletion 

percentage, followed by lung squamous cell carcinoma (LUSC) and GBM. C – The combination of PTEN point mutations and PTEN copy number status provides an 

overall incidence plot that shows that the majority of tumor types harbor PTEN monoallelic inactivation. ACC - Adrenocortical carcinoma, BLCA - Bladder Urothelial 

Carcinoma, LGG - Brain Lower Grade Glioma, BRCA - Breast invasive carcinoma, CESC - Cervical squamous cell carcinoma and endocervical adenocarcinoma, CHOL 

- Cholangiocarcinoma, LCML - Chronic Myelogenous Leukemia, COAD - Colon adenocarcinoma, ESCA - Esophageal carcinoma, HNSC - Head and Neck squamous 

cell carcinoma, KIRC - Kidney renal clear cell carcinoma, KIRP - Kidney renal papillary cell carcinoma, LAML - Acute Myeloid Leukemia,  LIHC - Liver hepatocellular 

carcinoma, LUAD - Lung adenocarcinoma, DLBC - Lymphoid Neoplasm Diffuse Large B - cell Lymphoma, MESO - Mesothelioma, OV - Ovarian serous 

cystadenocarcinoma, PAAD - Pancreatic adenocarcinoma, PCPG - Pheochromocytoma and Paraganglioma, READ - Rectum adenocarcinoma, SARC - Sarcoma, SKCM 

- Skin Cutaneous Melanoma, STAD - Stomach adenocarcinoma, TGCT - Testicular Germ Cell Tumors, THYM - Thymoma, THCA - Thyroid carcinoma, UCEC - Uterine 

Corpus Endometrial Carcinoma, UVM - Uveal Melanoma. 
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5.3.2 Genome landscape of PTEN-deficient tumors 1 

 PTEN has been shown to regulate several mechanisms of chromosome stability 2 

and cell proliferation. Thus, we characterized the differential SCNA profile of tumors by 3 

comparing tumors with monoallelic and biallelic PTEN inactivation to those that were 4 

PTEN intact. The SCNA and mutational burden analyses are still under development. 5 

To identify associations between PTEN inactivation status and genomic features 6 

of 33 tumor types, we compared the presence of genome doublings (ploidy) and 7 

aneuploidy levels in tumors previously characterized as having monoallelic or biallelic 8 

PTEN inactivation or having PTEN intact status (Figure 4c and 5c). Our PanCancer 9 

analysis showed two clusters of tumors – one with 2N (normal DNA content) and others 10 

with 4N (entire genome doubling). Tumors harboring PTEN biallelic inactivation showed 11 

generally higher levels of ploidy and a higher number of tumors with a genomic contents 12 

that approached tetraploidy, as seen in the violin plots (Figure 6a). However, when we 13 

stratified these samples by tumor type, some tumor types presenting PTEN monoallelic 14 

inactivation status had higher overall levels of chromosomal instability (Figure 6b), such 15 

as ACC, BRCA, and SKCM.  16 

The analysis of aneuploidy scores – defined as the presence of large chromosome 17 

aberrations, demonstrated that PTEN-monoallelic-inactive tumors have a significant 18 

increase in general levels of aneuploidy (Figure 7a). However, when categorized by tumor 19 

type, we observed that the majority of tumors with biallelic PTEN inactivation status had 20 

higher levels of aneuploidy (Figure 7b). Brain tumors (LGG and GBM) showed the 21 

lowest aneuploidy levels together with prostate cancer. However, we did not find a similar 22 

pattern of PTEN inactivation and aneuploidy levels in these malignancies. Moreover, we 23 

found a significant association between PTEN inactivation and aneuploidy in 27 of the 24 

33 investigated tumor types (Figure 7b).  25 
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Figure 6. Effect of PTEN inactivation on ploidy. Ploidy levels equal to two show normal DNA content, while four shows a complete DNA content duplication. A 

shows the results for all 10,713 tumors and B shows results by tumor type. Monoallelic inactivation of PTEN was linked to higher levels of ploidy, except in bladder 

cancer (BLCA), sarcomas (SARC), and testicular tumors (TGCT). Lines in violin plots show the median. Asterisks evidence the P-values derived from Kruskal 

Wallis test. *P<0.05. **P<0.01. ***P<0.001. ****P<0.0001. 

 

 

B 

A 



Chapter 1 | 72 

 

 

 

 

Figure 7. Association between aneuploidy levels and PTEN inactivation status. A – PTEN inactivation is significantly associated with increased levels of 

aneuploidy. B – Aneuploidy score stratified by tumor type shows that PTEN biallelic inactivation was linked to higher aneuploidy levels in several tumors. Prostate 

and brain tumors showed the lowest levels of aneuploidy across tumor types. Aneuploidy levels were determined based on the length of copy number alterations and 

normalized by tumor type. The scores range from 0, which indicates low levels of chromosome aberrations (copy number gains and losses). On the other hand, high 

levels of aneuploidy indicate that the genome of these tumors are highly altered, with larger chromosome gains and losses occurring. Lines in violin plots show the 

median. Asterisks show the P-values derived from Kruskal Wallis test. *P<0.05. **P<0.01. ***P<0.001. ****P<0.0001.   
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Since genomic instability may result from an abnormal chromosome repair and 1 

segregation, we investigated the impacts of PTEN inactivation status in homologous 2 

recombination defects (HDR). Both PTEN monoallelic and biallelic status showed 3 

increased significant levels of HDR when compared to PTEN-intact tumors (Figure 8). 4 

Twenty-four out of the 33 investigated malignancies showed a significant association 5 

between PTEN inactivation and HDR levels. In addition, similar patterns of HDR were 6 

observed across the 33 studied tumor types.  7 

Our PanCancer analysis revealed that the levels of nonsilent mutations in PTEN-8 

deficient tumors were higher than in PTEN-intact tumors (Figure 9). When stratified by 9 

tumor type, we found that the levels of nonsilent mutations and intratumor heterogeneity 10 

were more elevated in tumor samples with monoallelic PTEN inactivation (Figure 9b and 11 

Figure 10b). Moreover, we did not observe significant associations when we compared 12 

the presence of nonsilent mutations and intratumor heterogeneity across malignancies. 13 
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Figure 8. Effect of PTEN inactivation on the number of homologous recombination defects (HDR) in the entire TCGA cohort (A) and stratified by 

malignancy (B). HDR were determined based on copy number alterations through ABSOLUTE algorithm (see methods for more details). As observed in ploidy 

levels, HRD are more frequently high in tumors with monoallelic PTEN inactivation. Lines in violin plots show the median. Asterisks show the P-values derived 

from Kruskal Wallis test. *P<0.05. **P<0.01. ***P<0.001. ****P<0.0001. 
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Figure 9. Correlations between PTEN inactivation and tumor mutation burden represented by the number of nonsilent mutations. A show the PanCancer 

results for the associations between PTEN inactivation and frequency of nonsilent mutations. B shows the nonsilent mutation levels per tumor type. Nonsilent 

mutations were log-normalized for better visualization. Thus, the scores vary from negative levels to positive values. Asterisks show the P-values derived from 

Kruskal Wallis test. *P<0.05. **P<0.01. ***P<0.001. ****P<0.0001. 
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Figure 10. Association between PTEN inactivation and tumor heterogeneity. A shows the PanCancer results for the associations between PTEN inactivation and 

intratumoral heterogeneity levels. B shows intratumor heterogeneity scores (defined as number the number of copy number alterations and point mutations given by 

clonal and subclonal components of tumors) per tumor type. Monoallelic tumors showed higher levels of intratumor heterogeneity across most cancer types. Asterisks 

show the P-values derived from Kruskal Wallis test. *P<0.05. **P<0.01. ***P<0.001. ****P<0.0001. 
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Considering that tumors with PTEN monoallelic inactivation status were 1 

remarkably associated with enhanced levels of genomic instability, we investigated 2 

whether tumors with hemizygous deletions also exhibit similar patterns of instability 3 

across 33 tumor types. By characterizing PTEN somatic copy number status, we observed 4 

that tumors with PTEN hemizygous deletions showed the most significant levels of 5 

ploidy, aneuploidy, and intratumoral heterogeneity (Figure 11a, Figure 11b, and Figure 6 

11c, respectively). 7 



Chapter 1 | 78 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 11. Ploidy, aneuploidy and intratumoral heterogeneity levels by PTEN somatic copy number alteration status. A, B, and C panels show the 

associations between PTEN copy number and ploidy, aneuploidy, and HRD, respectively. We found that tumors harboring PTEN duplications or hemizygous 

deletions are significantly associated with genomic instability features. Asterisks show the P-values derived from Kruskal Wallis test. *P<0.05. **P<0.01. 

***P<0.001. ****P<0.0001. 
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5.3.3 The impact of PTEN-deficiency on the immune response across cancers 1 

To identify genes that may be significantly associated with active downstream 2 

signaling pathways as a consequence of PTEN inactivation, we compared the 3 

transcriptome profile of tumors with PTEN biallelic and monoallelic inactivation with 4 

those with retained PTEN expression. This analysis is still ongoing. An enrichment 5 

analysis will be performed with the top differentially expressed genes through the GSEA 6 

algorithm. 7 

Since PTEN plays a primary role in activating the IFN response and cytokine 8 

secretion, we performed a combined parallel study of the genomics of tumor cells and 9 

associated immune cells to investigate whether the type of PTEN inactivation (monallelic 10 

vs biallelic) correlated with specific immunogenomic features of tumors.  Tumors with 11 

PTEN biallelic inactivation status had higher rates of SNV neoantigens (Figure 12a). 12 

Thus, it is expected that more immunogenic tumors – characterized by increased levels 13 

of neoantigens – may exhibit more immune cells in the tumor microenvironment27,130. 14 

We did not identify significant associations between PTEN inactivation status and 15 

leukocyte fractions when all tumor samples were grouped (Figure 13a). However, the 16 

stratification by tumor type showed that PTEN intact tumors exhibited the most 17 

significant leukocyte fraction levels for adrenocortical (ACC), head and neck (HNSC), 18 

lung (LUAD and LUSC), pancreas (PAAD), and stomach (STAD) cancers (Figure 13b). 19 

In contrast, brain tumors showed high leukocyte density when PTEN underwent biallelic 20 

inactivation events (Figure 13b).21 
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Figure 12. Effect of PTEN inactivation on the number of single nucleotide variation (SNV) neoantigens in the whole cohort and stratified by tumor type. A 
– PanCancer results for SNV neoantigens levels. B – Neoantigen burden levels stratified by tumor type. SNV neoantigens were determined based on mutated and 

expressed peptides with potential scores to acting as antigens derived from NetMHCpan v3.0. SNV neoantigens levels are shown in log scale. Tumors with any PTEN 

inactivation status presented higher number of SNV neoantigens. Note the similarities between low grade gliomas (LGG) and prostate cancer (PRAD). Asterisks 

show the P-values derived from Kruskal Wallis test. *P<0.05. **P<0.01. ***P<0.001. ****P<0.0001. 
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Figure 13. Leukocyte fractions in the PanCancer cohort (A) and by malignancy (B). Leukocyte fraction is a measurement of tumor purity. Higher scores of 

leukocyte fraction is indicative of high quantity of leukocyte within sampled tumor lesions. By grouping all tumor types, we did not observe a significant effect of 

PTEN inactivation in leukocyte fraction. Interestingly, brain tumors (GBM and LGG) presented high levels of leukocyte fraction when both PTEN alleles were 

inactive. Asterisks show the P-values derived from Kruskal Wallis test. *P<0.05. **P<0.01. ***P<0.001. ****P<0.0001. 
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The analysis of the immune cell composition of tumors showed that tumors with 1 

biallelic PTEN inactivation had a higher abundance of regulatory T cells (Treg) (Figure 2 

14a). However, by separately analyzing each tumor type, we found that significant 3 

associations were only observed for a subset of tumors (Figure 14b). For CD8+ T cell 4 

abundance, we found that thyroid tumors (THDA) with biallelic PTEN inactivation 5 

exhibited an enhanced abundance of CD8+ T cells across tumor types (Figure 15a-b). 6 

Other tumors exhibited an unclear difference regarding CD8+ T cell abundance on PTEN 7 

deficient vs. intact cancers. Moreover, head and neck tumors harboring PTEN monoallelic 8 

inactivation showed a significant decrease in CD8+ T cell abundance. 9 
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Figure 14. CIBERSORT-derived regulatory T cell (Treg) abundance ratios. A – PanCancer analysis shows that PTEN biallelic inactivation is linked to high 

levels of Treg abundance. When stratified by tumor type (B), PTEN biallelic inactivation was linked to high Treg density in breast (BRCA) and kidney (KICH) 

tumors. Y-axis shows the relative CIBERSORT scores for Treg abundance. Asterisks show the P-values derived from Kruskal Wallis test. *P<0.05. **P<0.01. 

***P<0.001. ****P<0.0001.  
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Figure 15. CIBERSORT-derived CD8+ T-cell abundance ratios. A – CD8+ T-cell abundance is decreased in tumors harboring PTEN monoallelic inactivation. 

B – The stratification by tumor type shows that all tumors with significant associations between PTEN inactivation and CD8+ T-cell abundance have low levels of 

these cells when PTEN underwent monoallelic inactivation. Y-axis shows relative CIBERSORT CD8+ T-cell abundance scores. Asterisks show the P-values derived 

from Kruskal Wallis test. *P<0.05. **P<0.01. ***P<0.001. ****P<0.0001.  
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Since PTEN is linked to the activation of the type I interferon (IFNI) signaling 1 

pathway11, we investigated the associations between PTEN inactivation and downstream 2 

IFNI proteins, such as JAK1, JAK2, IFNG, IFNB, and the transcription factors STAT1 and 3 

STAT3. RNA expression of the molecules mentioned earlier was investigated since 4 

protein data for these targets is unavailable through TCGA data portal. Our PanCancer 5 

analysis showed that PTEN biallelic inactivation was linked to increased IRF3, IFNG, 6 

IFNB, STAT1, and STAT3 mRNA expression (Figure 16). Conversely, JAK1 and JAK2 7 

were downregulated in cancers presenting PTEN biallelic inactivation. When stratified 8 

by tumor type, gliomas and prostate cancer showed highly distinct opposite profiles of 9 

IRF3 expression, with tumors with biallelic inactivation presenting high vs. low IRF3 10 

expression in glioma and prostate, respectively (Figure 17a). Moreover, head and neck 11 

tumors harboring PTEN monoallelic inactivation exhibited significantly reduced 12 

expression levels of IRF3, STAT1, and STAT3. 13 

In the same way, STAT1 and STAT3 expression showed opposite patterns for 14 

gliomas and prostate tumors (Figure 17b-c). JAK1 downregulation was consistently 15 

observed in PTEN-biallelic-inactive tumors in the majority of cancer types, similarly to 16 

JAK2 expression (Figure 17d-e). 17 
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Figure 16. Effect of PTEN inactivation status on the expression of interferon response-related genes. Asterisks show 

the P-values derived from Kruskal Wallis test. *P<0.05. **P<0.01. ***P<0.001. ****P<0.0001. Y-axis shows RSEM-

normalized RNAseq gene expression levels. Log-normalization was used for better visualization of results.  
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Figure 17. Expression of interferon-related genes in PTEN inactive and intact tumors stratified by cancer type. We observed that PTEN biallelic inactivation 

was significantly associated with increased IRF3 (A), STAT1 (B), and STAT3 (C) expression. JAK1 (D) and JAK2 (E) expression was reduced in tumors harboring 

biallelic inactivation of PTEN. IFNG expression (F) was not consistent among cancer types. Y-axis shows RSEM-normalized RNAseq gene expression levels. Log-

normalization was used for better visualization of results. Asterisks show the P-values derived from Kruskal Wallis test. *P<0.05. **P<0.01. ***P<0.001. 

****P<0.0001. Continues.  
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Figure 17. Expression of interferon-related genes in PTEN inactive and intact tumors stratified by cancer type. Continues.  
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Figure 17. Expression of interferon-related genes in PTEN inactive and intact tumors stratified by cancer type.  
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Since PTEN loss has been linked to the expression of immune checkpoint genes, 1 

we investigated if PTEN inactivation was associated with the expression of PD1, PDL1, 2 

CTLA4 and IDO1. We observed that biallelic PTEN inactivation was associated with high 3 

PD1, CTLA4, and IDO1 mRNA expression (Figure 18). PDL1 expression was 4 

significantly reduced in tumors with biallelic PTEN inactivation. When stratified by 5 

tumor type, we found that a few cancer types exhibited a significant increase in immune 6 

checkpoint expression when PTEN underwent biallelic inactivation (Figure 19a-d). We 7 

also found that HNSC tumors harboring PTEN monoallelic inactivation status presented 8 

a highly distinct pattern of low expression of PD1, PDL1, CTLA4, and IDO1. Moreover, 9 

similar findings were observed for lung tumors. Conversely, breast tumors and gliomas 10 

with biallelic inactivation had high expression of the four investigated checkpoints.  11 

Correlation analysis of the PanCancer cohort showed that the expression of the 12 

majority of IFN-related genes was positively associated with immune checkpoint 13 

expression (Figure 20a). Moreover, we stratified our correlation analysis to breast and 14 

gliomas since a distinct expression of checkpoints was observed in these cancer types 15 

(Figure 20b and 20c, respectively). Interestingly, IFR3 was the only gene with a 16 

differential correlation, showing a negative association with STAT1 and JAK proteins 17 

between breast cancer and gliomas. 18 
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Figure 18. PanCancer analysis of the effect of PTEN inactivation in the expression of immune checkpoints. We found 

significant associations for all four investigated checkpoints. Y-axis shows RSEM-normalized RNAseq gene expression levels. 

Log-normalization was used for better visualization of results. Asterisks show the P-values derived from Kruskal Wallis test. 

*P<0.05. **P<0.01. ***P<0.001. ****P<0.0001. 
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Figure 19. Effect of PTEN inactivation in the expression of immune checkpoints by tumor type. A, B, C, and D show tumor type-specific associations 

with PTEN inactivation status for PD1, PDL1, CTLA4, and IDO1 expression, respectively. Asterisks show the P-values derived from Kruskal Wallis test. 

Y-axis shows RSEM-normalized RNAseq gene expression levels. Log-normalization was used for better visualization of results. *P<0.05. **P<0.01. 

***P<0.001. ****P<0.0001. Continues.   
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Figure 19. Effect of PTEN inactivation in the expression of immune checkpoints by tumor type. Continued. 
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BRCA LGG PanCan 

Figure 20. Correlation analysis between immune checkpoint and interferon-related genes for breast cancer (BRCA), low-grade gliomas (LGG), and for all 

tumors grouped (PanCancer). IRF3 expression is negatively correlated with STAT3, JAK1, and JAK2 in breast tumors and in the PanCancer analysis. However, in 

LGG, IRF3 positively correlates with STAT1. Blue and red shows positive and negative correlations, respectively. P-values are shown inside each correlation score 

boxes.  
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Correlation between immunogenic features and immune-cell abundance  1 

 By stratifying tumors based on their PTEN inactivation status, we compared the 2 

associations between genomic features, immune-cells, and immune gene expression 3 

through Spearman correlation. We observed that, in PTEN biallelic inactive cancers, 4 

aneuploidy was not significantly associated with the expression of immune genes and 5 

immune-cell abundance (Figure 21a). The opposite was observed when PTEN was intact 6 

(Figure 21b). Moreover, immune cell abundance, such as M2 macrophages and naïve 7 

CD4+ T cells, showed a stronger negative correlation with immune-gene expression in 8 

PTEN-intact tumors when compared to PTEN-inactive tumors. 9 

 We also observed that the expression of the majority of IFNI-related and immune 10 

checkpoint genes was positively associated. In contrast, IRF3 expression was negatively 11 

correlated with STAT1 and STAT3 expression, as observed in the correlations for each 12 

tumor type in Figure 19. 13 
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PTEN biallelic inactivation 

Figure 21. Spearman correlation of immune gene expression, immune-cell abundance, and genomic changes. Blue 

and red shows positive and negative correlation scores. A, B, and C show correlation plots for PTEN biallelic, monoallelic, 

and intact status, respectively. Continues. 
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PTEN monoallelic inactivation 

Figure 21. Spearman correlation of immune gene expression, immune-cell abundance, and genomic changes. 
Continues. 
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PTEN intact 

Figure 21. Spearman correlation of immune gene expression, immune-cell abundance, and genomic changes. 
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5.3.4 PTEN inactivation is linked to poor outcome across tumor types 1 

PTEN homozygous deletions have been associated with worse outcome in several 2 

tumors, including prostate and melanoma101,131. Our PanCancer survival analysis of 3 

~10,000 tumors demonstrated that tumors harboring hemizygous deletions and PTEN 4 

monoallelic inactivation are linked to earlier recurrence and death events (Figure 22a-d). 5 

By stratifying per tumor type, however, we found that PTEN biallelic inactivation was 6 

predictive of earlier death events in ACC (Hazard ratio [HR] = 3.11, 95% Confidence 7 

Interval [CI] = 1.46-6.62, P=0.003), BLCA (HR=1.54, 95% CI 1.00-2.37, P=0.04), GBM 8 

(HR=1.98, 95% CI 1.38-2.84, P=0.0001), LGG (HR=6.10, 95% CI 3.49-10.65, 9 

P=<0.0001), SARC (HR=2.00, 95% CI 1.09-3.67, P=0.02), and STAD (HR=1.55, 95% 10 

CI 1.08-2.23, P=0.01).11 



Chapter 1 | 100 

 

 

 

 

 

Figure 22. PanCancer prognostic impact of PTEN deletions and inactivation on patient outcome. PTEN loss by both copy number and 

inactivation events was significantly associated with overall survival and progression-free interval. A and B demonstrate the associations 

between PTEN inactivation and overall survival and progression free-interval, respectively. C and D show results of PTEN deletions and 

amplifications on overall survival and progression free-interval. P-values are derived from log-rank scores comparing all conditions 

simultaneously. Homo – Homozygous deletion, Hemi – Hemizygous deletion, Dupl – PTEN amplification. 
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5.4 Discussion 1 

 PTEN inactivation is a recurrent tumor-cell-specific genomic change that impacts 2 

several mechanisms in distinct malignancies37. Since PTEN regulates the activation of the 3 

IFNI response10,11, we speculated on the possibility that PTEN loss would be associated  4 

with an immunosuppressive TME. On the other hand, since PTEN has an established role 5 

on genome organization, we hypothesized that PTEN inactivation and its associated 6 

mutational load and chromosomal aberrations could also indirectly provoke an altered 7 

anti-tumor immune response. 8 

Both elements of our hypothesis were supported in our analysis since we found 9 

that PTEN-biallelic-inactive tumors are genomically unstable and may present, depending 10 

on tumor type, strong links with several immunological features of response to cancer. 11 

Tumors harboring biallelic inactivation of PTEN showed high levels of neoantigens likely 12 

as a result of the enhanced levels of nonsilent mutations. However, we found that some 13 

tumor types presented an IFNI signaling pattern driven by the high expression of IRF3, 14 

STAT1, and STAT3. Moreover, these tumors exhibited high levels of immune checkpoint 15 

expression, suggesting that the genomic changes may be provoking an 16 

immunosuppressive signature in tumors. 17 

 It is known that constitutive expression of PDL1 in tumor cells may be driven by 18 

the activation of IFNI signaling network64. Furthermore, a highly unstable genome often 19 

associates with the presence of self-DNA in the cytoplasm of tumor cells125. Such 20 

abnormal presence of DNA in the cytosol triggers the IFNI response by activating the 21 

STING-IRF3 axis132. In this manner, we speculate that a tumor harboring PTEN biallelic 22 

inactivation leads to higher probability of having cytosol DNA and, consequently, have 23 

an active IFNI response. We observed that PTEN-null tumors had high levels of STAT1 24 

and STAT3, which are the two primary transcription factors of IFN-related genes. 25 

However, since PTEN is required for IRF3 nuclear migration and consequently activation 26 

of the IFNI network, presumably other mechanisms are driven by an unstable genome are 27 

occurring. 28 

 Gliomas presented the most distinct patterns of genomic changes and immune 29 

gene expression signatures when PTEN underwent biallelic inactivation. PTEN biallelic 30 

inactivation in LGG was linked to the overexpression of PD1, PDL1, CTLA4, and IDO1, 31 

suggesting that these tumors are highly immunosuppressed17,133–135. Moreover, PTEN loss 32 

has been linked to increased PDL1 expression in gliomas69. In addition, IDO1 expression 33 
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was observed in the majority of GBM and LGG tumors and has been related to higher 1 

Treg density and poor outcome136. Since we found that LGG had the lowest abundance 2 

of Tregs when compared to other malignancies, validation using histological sections is 3 

required to determine the associations between PTEN, IDO1 and Treg density in gliomas.   4 

 Breast tumors showed similar findings as gliomas with regard to immune 5 

checkpoint expression. Interestingly, PTEN deletions or protein loss have been linked to 6 

higher expression of PDL1 in breast tumors66. Further, IFNG expression was found to be 7 

strongly correlated with PD1, PDL1, CTLA4, and IDO1 in breast tumors. It is relevant to 8 

state that the expression of these checkpoints is obtained from a combination of stromal, 9 

neoplastic, and immune cells, which may bias our findings regarding the cell type 10 

expressing a particular gene. For instance, PTEN and IDO1 expression in Tregs are linked 11 

to their immunosuppressive properties111,137.  12 

 Prostate tumors with PTEN biallelic inactivation were linked to high leukocyte 13 

fraction, but showed similar genomic instability levels when compared to PTEN intact. 14 

Interestingly, monoallelic inactivation of PTEN in prostate cancer was linked to an overall 15 

higher instability. Presumably, PTEN heterozygous inactivation may occur in prostate 16 

tumors as an earlier event characterized by higher instability. In contrast, PTEN biallelic 17 

inactivation may occur later during tumor progression, on which cells that present higher 18 

genomic changes were killed by immune cells26. Low IRF3 but high STAT1 and STAT3 19 

expression was observed in PTEN-null prostate cancer. In the same manner, these tumors 20 

showed high IDO1 expression, suggesting that PTEN-deficient prostate cancer may be 21 

highly immunosuppressive. 22 

 Our PanCancer outcome analysis showed that tumors harboring PTEN 23 

monoallelic inactivation showed earlier relapse and cancer-specific death. However, 24 

when stratified by tumor type, we found that PTEN biallelic inactivation predicted earlier 25 

death-related events through a univariate Cox regression model. PTEN homozygous 26 

deletions have been linked to worse outcome in several tumors138–140, which is concordant 27 

with our findings. However, the worst outcome that was found for PTEN monoallelic-28 

inactive cancers may be biased by the increased levels of aneuploidy and genomic 29 

instability, which are linked to poor survival65,141. 30 

PTEN has been described as a dosage-sensitive TSG, suggesting that tissue-31 

specific PTEN expression levels may trigger differential outcomes in cells. Indeed, 32 

complete PTEN loss has been linked to cell death and senescence53,54. We show that 33 
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PTEN monoallelic inactivation, which presumably leads to reduced PTEN protein levels, 1 

are associated with worse outcome and a more diverse pattern of genomic instability. This 2 

conclusion is in keeping with the observation from other studies that PTEN is dosage-3 

sensitive. Allelic serial studies were performed with mice to show the effect of a 4 

continuous loss of Pten expression57. The authors found that tumor incidence and survival 5 

was linked to Pten expression levels, with tumors expressing 80% of normal Pten levels 6 

exhibiting a phenotype similar to tumors with monoallelic Pten inactivation. Similarly, in 7 

a mice astrocytoma model, Pten haploinsufficiency was shown to confer de novo high-8 

grade tumor development12. 9 

In a model proposed by Berger and colleagues (2011), PTEN suffers quasi-10 

inactivation56. In this model, by reducing PTEN expression in a context and site-11 

dependent manner, cells might abnormally proliferate and then develop into cancer. The 12 

continuous loss of expression influences disease severity until complete loss, where cells 13 

undergo Pten-associated senescence in a p53-dependent mechanism. In mice prostate 14 

cancer models, the complete loss of Cpb and the haploinsufficiency of Pten induced the 15 

development of high-grade prostatic intraepithelial neoplasia142. Thus, it is likely that 16 

tumors harboring PTEN monoallelic inactivation are more aggressive than those with 17 

biallelic PTEN inactivation – which is presumably under replicative stress, autophagy, 18 

and senescence37. 19 

 Considering PTEN monoallelic inactivation, we observed that HNSC harboring 20 

this genomic change had low immune checkpoints expression levels. In contrast, PTEN-21 

intact and PTEN-biallelic-inactive HNSC samples had similar patterns of cell-specific 22 

immune response and immune checkpoint expression. Presumably, in addition to the 23 

genomic changes of PTEN-null HNSC (e.g. high intratumor heterogeneity and 24 

aneuploidy), these tumors may be undergoing PTEN-related-senescence mechanisms, 25 

which may explain its proinflammatory state. In this scenario, senescent PTEN-null tumor 26 

cells are probably driving an anti-tumor immune response through the secretion of 27 

proinflammatory chemokines and cytokines143. These secreted molecules recruit more 28 

immune cells that, in combination with a highly unstable genome, drive their responses 29 

to promote tumor-cell death. Reports have linked PTEN-deficiency to the development 30 

of HNSC144; however, the links between PTEN functions and immune response in these 31 

tumors are still poorly understood.  32 
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Interestingly, we also found that HNSC tumors with monoallelic PTEN 1 

inactivation had low expression of STAT1, which may explain why these tumors are 2 

immunologically cold (i.e. having low expression of IFN-related genes and low CD8+ T-3 

cell abundance). PDL1 expression may be upregulated in tumor cells through several 4 

mechanisms, one of them being by the activation of the JAK2/STAT1 expression145. 5 

Thus, partial PTEN deficiency in these tumors may promote an immunosuppressive 6 

environment that may be unresponsive to current immunotherapeutic approaches. On the 7 

other hand, it is expected that HNSC tumors harboring biallelic PTEN inactivation may 8 

be good responders in immune checkpoint blockade therapies. 9 

In summary, we demonstrate that PTEN deficiency have distinct implications on 10 

the genome and immune response of different tumor types. Biallelic and monoallelic 11 

inactivation of PTEN were observed as two entities that might independently influence 12 

the TME of certain malignancies. Moreover, particular cancer types may benefit from 13 

PTEN screening for determining presumable response to immune checkpoint therapies.  14 

Our study has several limitations regarding the localization of immune gene 15 

expression and abundance of immune cells. Immune cells may express high levels of 16 

immune checkpoint proteins and bias our findings, which were obtained exclusively of 17 

tumor-intrinsic genomic changes. In addition, PTEN mRNA may be downregulated by 18 

other epigenetic mechanisms, such as the presence of miRNAs. Further validation is also 19 

required for different cancer types to determine the precise impact of PTEN in the genome 20 

of tumors and consequently its effects in the anti-tumor immune response.  21 

Lastly, based on the results observed from this PanCancer study, we chose to 22 

investigate how PTEN protein loss influences the tumor microenvironment of prostate 23 

cancer tumors. Moreover, since metastatic prostate tumors are difficult to treat, we also 24 

investigated the tumor microenvironment of these tumors when PTEN was lost. 25 
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6.1 Background  1 

One in seven men in North America is expected to be diagnosed with prostate 2 

cancer during their lifetime146,147. Genomic aberrations associated with PTEN tumor 3 

suppressor gene function, are among the most common aberrations in prostate cancer. 4 

Inactivation of the PTEN gene by deletion or mutation leads to loss of PTEN protein, 5 

which occurs in about 25% of primary prostate tumors at radical prostatectomy and as 6 

many as 70% of castrate resistant and metastatic prostate cancer36. PTEN deficiency in 7 

prostate tumors is linked to invasive pathological features and earlier biochemical 8 

recurrence after primary therapies148–150.  9 

Emerging evidence indicates that PTEN may have additional lipid phosphatase 10 

independent functions that are independent of PI3K/AKT pathway, including those 11 

affecting tumor growth through modulation of the immune response and tumor 12 

microenvironment (TME)10,11. In immune cells, PTEN is critical for cell maturation and 13 

activation5. More recently, the secreted PTEN long protein (PTEN-L) was also reported 14 

to be key in activating the anti-viral type I interferon (IFNI) response10. In addition, PTEN 15 

regulates the NF-kB pathway, which underlies several immune response pathways but 16 

can be pro-tumorigenic in the TME45,74. PTEN may thus influence immune-cell 17 

composition in the TME in different ways. However, there is little information on the 18 

types of immune changes that take place in the TME when PTEN is lost in prostate cancer.  19 

Methods of enumerating and classifying the immune cell infiltrate of patient 20 

tumors using immunohistochemistry or flow cytometry are technically challenging. A 21 

recent alternative approach is to computationally characterize high dimensional data from 22 

transcriptomes of patient tumors and to subsequently infer the cellular immune 23 

components present87. This approach has been used to estimate, by inference, the relative 24 

abundance of immune cell types from the TME and has been validated using flow 25 

cytometry based evaluation151. 26 

The effect of tumor-intrinsic genomic alterations in the anti-tumor immune 27 

response is critical for distinguishing tumors that are more likely to benefit from current 28 

immunotherapy approaches8,16,23. PTEN and its isoform PTEN-L regulate the IFNI and 29 

NF-kB pathways with a substantial impact in the expression of pro-inflammatory 30 

cytokines10,11. Therefore, PTEN deficiency elicits a distinctive immune-cell landscape in 31 

the TME of prostate tumors. In this study, we compared the immune cell types present in 32 

the TME of tumors with PTEN loss to those with intact PTEN expression. 33 
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As recently reported in some cancers, PTEN deficiency is associated with an 1 

immunosuppressive TME state with increased expression of immune checkpoint 2 

proteins16,17. Indoleamine 2,3-dioxygenase (IDO1) and programmed death-ligand 1 3 

(PDL1) are thought to play significant roles in suppressing anti-tumor immune-cell 4 

response in the TME by inducing tolerance to tumor-derived antigens133,152. Given the 5 

significance of PTEN loss in prostate cancer, our objective was to evaluate potential 6 

relationships between PTEN status and levels of the IFN-induced immune checkpoints 7 

IDO1 and PDL1 in cancer cells and associated immune cells. Our investigations revealed 8 

that PTEN deficiency is associated with higher densities of FoxP3+ T regulatory cells 9 

(Treg) and increased expression of IDO1. Furthermore, PTEN-deficient prostate tumors 10 

with high FoxP3+ Treg densities demonstrated a higher likelihood of relapse after radical 11 

prostatectomy. Collectively, these findings suggest that PTEN-deficient prostate tumors 12 

may require immunomodulatory treatment approaches to counter the infiltration of the 13 

pro-tumorigenic immune cells in the patient’s TME. 14 

 15 

6.2 Methods 16 

6.2.1 In silico analysis of immune cell abundance in 622 primary and 119 metastatic 17 

prostate cancers 18 

The Cancer Genome Atlas (TCGA) prostate cancer profiling dataset 19 

(https://portal.gdc.cancer.gov/) was used as the discovery cohort for our study. We 20 

downloaded raw and level 3 RNAseq and clinical data of 491 radical prostatectomy-21 

derived tumors from the TCGA cohort. To validate our findings, we further analyzed 22 

microarray-based transcriptomic profiling and clinical data from 131 radical 23 

prostatectomy specimens from the Memorial Sloan Kettering Cancer Center (MSKCC) 24 

resource (Gene Expression Omnibus accession number GSE21032)153. We also 25 

investigated whole-transcriptome sequencing data from a cohort composed of 96 26 

metastatic castrate resistant prostate cancer (mCRPC) specimens154. PTEN loss status 27 

based on gene expression was defined for tumors that showed PTEN expression values 28 

equal to or less than the lowest expression quartile value. 29 

To estimate the immune cell landscape in each tumor, we employed the 30 

CIBERSORT algorithm (https://cibersort.stanford.edu/) that is an established tool to 31 

determine the abundance of immune cells using whole transcriptome data. We separately 32 

imputed normalized gene expression data of 491 samples from TCGA, 131 samples from 33 

https://portal.gdc.cancer.gov/
https://cibersort.stanford.edu/
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MSKCC, and 96 mCRPC specimens. For the mCRPC cases, we compared PTEN-1 

deficient vs. PTEN intact tumors from three different locations: bone (n=29), liver (n=17), 2 

and lymph nodes (n=50).  3 

We selected the leukocyte signature matrix 22 (LM22) from CIBERSORT and 4 

ran the relative mode analysis with 100 permutations. Relative immune cell abundance 5 

score was used to estimate the association with PTEN deficiency for tumor samples from 6 

all cohorts. Based on previous evidence on PTEN associated immunosuppressed TME 7 

across cancers16,67,84, we also examined the association between expression of PTEN with 8 

PDL1 and IDO1 immune checkpoints in the primary prostate cancer cohorts. For clinical 9 

outcome analysis of TCGA and MSKCC cohorts, we employed disease recurrence as an 10 

endpoint, which was defined by the presence of PSA-related relapse, local recurrence or 11 

metastasis.  12 

 13 

6.2.2 Cohort description and TMA design 14 

 This study was approved by the Ethics Committee in Research of Hospital of 15 

Ribeirão Preto, São Paulo, Brazil (HCRP). This study was approved by the HCRP Ethics 16 

Committee (Attachment 2). To validate the in silico findings, formalin-fixed paraffin-17 

embedded radical prostatectomy derived specimens were collected from 94 patients from 18 

the Pathological Archive of the HCRP following informed consent between 2002 and 19 

2015. Clinicopathological and follow-up data from all 94 patients are presented in Table 20 

3. Patients had their serum PSA levels monitored every three months after radical 21 

prostatectomy, except in cases in which follow-up was lost. During the entire patient 22 

follow-up of this cohort, PSA levels >0.2 ng/mL determined the occurrence of 23 

biochemical recurrence. An initial evaluation of whole prostate H&E sections was 24 

performed by a pathologist (F. P. S.) in two regions with the most prevalent Gleason 25 

pattern, one region of the second most prevalent Gleason pattern, and one benign adjacent 26 

region for each patient. The tumor blocks were marked, and 1mm needle cores were 27 

harvested to build a tissue microarray (TMA) with at least four representative cores per 28 

sample. Each core of the TMA slides was independently assessed for tissue identity 29 

(cancer vs. benign) and Gleason score by a second pathologist (T. J.) who was blinded to 30 

diagnostic and clinical information associated with the cases in the study. 31 
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Table 3. Clinicopathological features of 94 prostate tumors from HCRP cohort. 

  Frequency % 

Follow-up (mean)(median, range)  80 (60, 14-189)  
Age (mean)(median, range)    63 (64.5, 45-77)  
Time to recurrence (mean)(median, range) 59 (41, 1-162)  
Preoperatory PSA (mean)(median, range) 38 (36.5, 0.2-66)  
Biochemical recurrence Missing 7 7.4 

 No 68 72.3 

 Yes 19 20.2 

Gleason score Missing 6 6.4 

 6 10 10.6 

 3+4=7 24 25.5 

 4+3=7 25 26.6 

 8 16 17 

 9 13 13.8 

T Missing 8 8.5 

 T2N0 62 66 

 T3N0 24 25.5 

Extraprostatic extension Missing 6 6.4 

 No 64 68.1 

 Yes 24 25.5 

Vesicular invasion Missing 6 6.4 

 No 72 76.5 

 Yes 16 17.1 

Follow-up and time to recurrence are shown in months. Age is shown in years. Preoperatory PSA 

levels are shown as ng/mL. T and N – pathological staging. 
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6.2.3 Immunohistochemical staining and scoring 1 

TMA sections were then stained with rabbit anti-human PTEN antibody (1/50 2 

dilution, clone D4.3 XP; Cell Signaling Technologies, Danvers, MA, USA) and anti-3 

human CD8 primary antibody (1/25 dilution, Abcam #ab17147) using the Ventana 4 

automated staining platform (Ventana Discovery Ultra, Ventana Medical System, 5 

Tucson, AZ, USA). TMA sections were also stained using an immunoenzyme multiple 6 

staining method with Intellipath FLX Automated Staining for rabbit anti-human PDL1 7 

(#M4422, Clone SP142, 1/100, Chromogen DAB), mouse anti-human FoxP3 (#14-7979, 8 

Clone Ebio7979, 1/100, Chromogen Warp Red), and rabbit anti-human IDO1 (#M5600, 9 

Clone SP260, 1/1500, Chromogen Ferangi Blue). All slides were scanned at 20x 10 

magnification through Aperio Systems (Leica Microsystems, Buffalo Grove, IL, USA). 11 

PTEN was scored for each TMA core as being lost when at least >10% of the 12 

cytoplasm and nucleus of tumor cells presented a negative or remarkably decreased 13 

staining compared to control stromal compartment or benign glands155. PTEN scoring 14 

was performed by a trained pathologist (T. J.). CD8+ T cell was visually enumerated in 15 

the epithelial and stromal compartments on 20x scanned TMA sections (Aperio Systems). 16 

PDL1, FoxP3, and IDO1 expression status were scored using an automated method. In 17 

brief, stained TMA sections were scanned and segmented (stromal and epithelial 18 

compartments) in Vectra multispectral imaging system and 20x scanned .im3 files from 19 

ten random cores were used to train five independent algorithms in PerkinElmer’s InForm 20 

software package156. InForm software identified positive pixels for each chromogen with 21 

the hematoxylin channel removed. Then, the number and intensity of cells stained with 22 

the described antibodies in the stromal and epithelial compartments were scored. The five 23 

algorithms independently scored each core stained with PDL1, FoxP3, and IDO1 based 24 

on the three different associated chromogens. Finally, the score for the stromal and 25 

epithelial compartments per core was obtained from the average of the five algorithms 26 

(For more details, please refer to Attachment 3). Total per TMA core density of FoxP3+ 27 

Treg and CD8+ T cells was obtained by the sum of the total number of cells found in the 28 

stromal and tumor compartments. Similarly, the overall IDO1 and PDL1 protein 29 

expression levels per TMA core were obtained by the sum of the positive signals obtained 30 

for the stromal cells and tumor glands from each core. Samples that were exclusively or 31 

had only remaining benign cores of the prostate gland were removed from further 32 

analyses. Visual validation of the automated scoring was performed for all TMA cores.  33 
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To determine the association between PTEN loss and IDO1, PDL1 expression, 1 

and FoxP3+ T cell density with prostate cancer recurrence, we defined PTEN loss as those 2 

patients with at least one tumor core showing partial or complete negative staining for 3 

PTEN protein. All benign adjacent cores were excluded from PTEN scoring and analysis. 4 

For log-rank and Cox regression analyses, the expression of IDO1 and PDL1 in addition 5 

to FoxP3+ Treg cell density were dichotomized based on tertiles. Values below the top 6 

tertile were considered as low, and values above the top tertile were considered as high81. 7 

FoxP3+ Treg cell density was found to be relatively low (range 0-16, median=1.16) in 8 

prostate tumors. Patients classified as having high density of FoxP3+ Treg cells had a 9 

minimum of one FoxP3+ Treg per sampled TMA core. The observation that FoxP3+ Treg 10 

cell density is low in prostate cancer is in keeping with a recently published study that 11 

investigated the clinical impacts of this immune cell in 312 primary prostate tumors81. 12 

CD8+ T cell enumeration was performed in the present study to underlie the correlation 13 

between the immunosuppressive proteins IDO1 and PDL1 in addition to FoxP3+ Treg 14 

cell density. Data manipulation, visualization, and statistical analyses were performed in 15 

R v.3.4.3.  16 

 17 

6.3 Results 18 

6.3.1 FOXP3+ Treg cell abundance is significantly increased in PTEN-deficient 19 

primary prostate tumors 20 

   We characterized the immune cell landscape and immune checkpoint expression 21 

in PTEN-deficient prostate cancer via investigating the transcriptomes of 622 primary 22 

prostate specimens from two independent cohorts. PTEN loss was present in 19.7% 23 

(97/491) and 19.8% (26/131) of patients in the TCGA and MSKCC cohorts, respectively. 24 

Supervised clustering analysis based on PTEN status for both TCGA and MSKCC 25 

cohorts demonstrated a distinct pattern of increased FoxP3+ Treg cell abundance in 26 

PTEN-deficient prostate tumors (Figure 23a and 23b). Mann-Whitney U-test confirmed 27 

that increased FoxP3+ Treg abundance was found in PTEN-deficient tumors in both 28 

TCGA (P<0.001) and MSKCC (P<0.001) cohorts (Figure 23c and 23d, respectively). 29 

Notably, a comparison between primary vs. metastatic lesions from the MSKCC cohort 30 

demonstrated that metastatic tumors exhibit a significant increase in FoxP3+ Treg 31 

abundance (P=0.005) (Table 4). PDL1 immune checkpoint expression was significantly 32 

reduced in tumors harboring PTEN loss from the MSKCC cohort (P<0.01) (Figure 23d). 33 
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We did not find any significant association between PTEN status and IDO1 expression in 1 

either cohort.2 
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Figure 23. In silico sorting of 22 immune cell types in two independent prostate cancer cohorts. By considering the two primary prostate cancer 

cohorts, the tumors exhibit a moderate to high abundance with follicular T-cells, CD8+ T-cells, naïve B-cells, resting mast cells, M0 macrophages, 

resting memory CD4+ T-cells, and plasma cells. Identical immune cell clustering was not observed for the two cohorts likely because of different 

sample size and different gene expression data origin (A and B). Tumors harboring PTEN loss exhibit a significant increase in the abundance of 

FoxP3+ Tregs in both cohorts (A and B). Indeed, FoxP3+ Treg abundance was found to be relatively low when compared to other immune cell 

types. We did not identify significant associations between PTEN loss and IDO1 RNA expression for both cohorts (C and D). However, PTEN-

deficient tumors from MSKCC cohort showed a significantly reduced expression of PDL1 (C). Mann-Whitney U-test was employed to determine 

significant differences between the groups. Heatmaps show the relative immune scores per tumor. Gleason score was dichotomized as low-to-

intermediate risk (3+3 and 3+4) and high risk (4+3, 4+4, ≥4+5). T – Pathological staging, *P<0.05; **P<0.01. 
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Table 4. Immune-cell deconvolution results for TCGA and MSKCC cohorts demonstrated a 

differential cell content for PTEN-deficient tumors.  

 
TCGA 

  
MSKCC 

  
MSKCC 

  

 
PTEN  

  
PTEN 

  
Tumor lesion 

 

 
Intact Loss P Intact Loss P Metastatic Primary P 

Naive B-cell 0.088 0.0793 0.24 0.013 0.015 0.57 0.0109 0.0134 0.93 

Memory B-cell - - - - - - - - - 

Plasma cell 0.1415 0.0565 <0.0001 0.171 0.117 0.005 0.0140 0.1474 <0.0001 

CD8+  0.0716 0.0677 0.54 0.203 0.242 0.003 0.2347 0.2123 0.12 

Naive CD4+  - - - - - - - - - 

Resting memory 

CD4+  

0.1529 0.1683 0.021 0.002 0 0.061 - - - 

Active memory 

CD4+  

- - - - - 
 

- - - 

Follicular helper 

T-cell 

0.0836 0.0836 0.77 0.07 0.076 0.69 0.0736 0.0736 0.81 

Treg 0 0.0007 0.005 0.031 0.071 <0.0001 0.0771 0.0410 0.005 

Gamma-delta T-

cell 

- - 
 

- - 
 

- - - 

Resting NK 0.0004 0.0019 0.56 - - 
 

- - - 

Active NK 0.0205 0.0211 0.7 0.093 0.104 0.008 0.0854 0.0944 0.039 

Monocytes 0.0162 0.012 0.014 0.05 0.068 0.002 0.0620 0.0521 0.27 

M0 0.0394 0.062 0.002 0.068 0.049 0.018 0.0612 0.0643 0.99 

M1 0.0403 0.0591 <0.0001 - - - - - - 

M2 0.1602 0.1668 0.66 - - - - - - 

Resting DC - - - - - - - - - 

Active DC - - - 0.174 0.17 0.94 0.2120 0.1720 0.002 

Resting Mast cell 0.0837 0.0815 0.51 0.089 0.044 <0.0001 0.0731 0.0840 0.19 

Active Mast cell - - - - - 
 

- - - 

Eosinophils - - - - - 
 

- - - 

Neutrophils - - - - - 
 

- - - 

Comparison between primary and metastatic lesions from MSKCC cohort are also shown. Median values 

are shown for PTEN loss vs. PTEN intact groups and primary vs. metastatic lesion per each immune-cell 

type. P-values were obtained from Mann-Whitney U-test. Significant P-values are bolded. Relative scores 

equal to zero are shown as dashes. DC – dendritic cell, NK – natural-killer cell, Treg – regulatory T-cell, 

M0 – M0 macrophage, M1 – M1 macrophage, M2 – M2 macrophage. 
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6.3.2 PTEN-deficient metastatic prostate cancer exhibits site-specific immune differences 1 

By performing CIBERSORT deconvolution analysis in 119 mCRPC specimens, we 2 

identified that the locations of PTEN-deficient metastatic lesions have a distinct immune 3 

landscape. The comparison between PTEN-null vs. PTEN intact mCRPC lesions showed that 4 

PTEN deficiency in bone metastases is associated with lower CD8+ T-cell abundance (p=0.023) 5 

(Figure 24a). Moreover, we found that PTEN-deficient liver mCRPC is linked to higher FoxP3+ 6 

Treg abundance (P=0.05) (Figure 24b). Lastly, PTEN-deficient lymph node metastases were 7 

strongly associated with high CD8+ T-cell (P=0.01), memory B-cells (P=0.01), follicular helper 8 

T-cells (P=0.008) abundances. M2 macrophage abundance was found to be lower in PTEN-9 

deficient lymph node metastases (P=0.02) (Figure 24c). 10 
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Figure 24. Site-specific PTEN deficiency in prostate cancer metastatic lesions exhibited 

distinct immune-cell landscapes. PTEN-deficient bone metastases had lower CD8+ T-cell 

abundance when compared to PTEN intact lesions (A). Liver metastases with PTEN loss showed 

high FoxP3+ Treg abundance (B). PTEN-deficient lymph node metastases exhibited high 

abundance of CD8+ T-cells, memory B-cells, and follicular-helper T-cells. PTEN-deficient lymph 

node lesions also had low M2 macrophage abundance (C). 
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6.3.3 PTEN-deficient primary prostate tumors exhibit high FoxP3+ Treg density and 1 

overexpression of IDO1 protein 2 

Independent validation of findings from in silico transcriptomic profiling analysis was 3 

performed by interrogating protein expression in a cohort of 94 patients. PTEN protein expression 4 

was determined in 76/94 (80%) cases. Protein expression levels of IDO1 and PDL1 and FoxP3+ 5 

Treg cell density were measurable in 91% (86/94) cases.  6 

To evaluate whether prostate tumors upregulate expression of IDO1, PDL1, and FoxP3+ 7 

Treg cell density, we compared the expression of the three markers in the stroma, tumor, and 8 

overall TMA spots between 157 tumor cores to 99 benign adjacent cores. This comparison 9 

demonstrated that tumors had increased FoxP3+ Treg cell density in the stroma (P=0.03), tumor 10 

glands (P=0.03), and overall density of cells per core (P=0.002) compared to those in benign 11 

glandular tissue (Figure 25a). IDO1 protein expression was increased in the stroma (P<0.05), 12 

tumor (P<0.001), and overall core (P<0.0001) when compared to benign adjacent cores. No 13 

significant differences were observed in PDL1 expression levels (Figure 25a).  14 
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Figure 25. Effect of PTEN deficiency in the expression of IDO1, PDL1 and Treg density. A - 

Comparison between 157 tumor and 99 benign TMA cores showed that tumor cores have increased stromal 

FoxP3+ Treg density and increased stromal and epithelial IDO1 expression. B - Tumor cores with PTEN 

loss glands exhibit increased epithelial FoxP3+ Treg density and IDO1 expression. We did not identify 

significant associations between PTEN loss and PDL1 protein expression. C - Spearman correlation 

analysis between markers showed that stromal and tumor IDO1 expression and FoxP3+ Treg cell density 

are positively correlated. Moreover, CD8+ T cell density in the stromal compartment was positively 

correlated with stromal and tumor IDO1 expression and FoxP3+ Treg density. PDL1 and IDO1 are also 

significantly and positively correlated. Spearman correlation analysis was conducted by using the 

expression levels of IDO1 and PDL1 in addition to FoxP3+ Treg density defined per patient. P-values are 

shown for each Spearman correlation test. *P<0.05; **P<0.01; ***P<0.001; ****P<0.0001; ns, not 

significant. Dx, core diagnosis; B, benign core; CA, tumor core. 
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Since prostate cancer often presents with multifocal disease and PTEN loss may also be 1 

heterogeneous within the tumor157, we performed a tumor core-by-core comparison, choosing well 2 

separated representative areas in the gland. First, we examined levels of PDL1 and IDO1 protein 3 

expression and FoxP3+ Treg cell density in the stroma and tumor comparing the tumor cores with 4 

PTEN loss to those cores that had retained PTEN protein. PTEN loss was present in 31/157 5 

(19.74%) of the tumor cores. We observed a significantly increased FoxP3+ Treg cell density in 6 

the tumor (P=0.006), stromal (P=0.04), and overall core (P=0.008) of PTEN-deficient tumors. 7 

Moreover, IDO protein expression was increased in tumor (P<0.0001) and overall core (P<0.0001) 8 

of PTEN-deficient prostate tumors (Figure 25b). Representative tumor cores with PTEN loss 9 

associated FoxP3+ Treg density and IDO1 expression are shown in Figure 26.  10 

Spearman correlation analysis showed significant positive correlation between IDO1 11 

protein expression and FoxP3+ Treg density in both stroma and tumor glands. Furthermore, we 12 

observed a significant positive correlation between CD8+ T cell density, IDO1 expression, and 13 

FoxP3+ Treg cell density (Figure 25c; see Figure 27 for representative TMA core images). PDL1 14 

expression was significantly positively correlated with IDO1 protein expression. 15 
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Figure 26. Representative cores showing tumor cores from patients harboring PTEN loss by immunohistochemistry.  A – Tumor core 

evidencing complete PTEN loss by immunohistochemistry. Note the presence of control stromal cells that are positively stained with PTEN. B –

Tumor core stained with anti-IDO1, anti-FoxP3, and anti-PDL1 from the matched sample that harbors PTEN loss demonstrates high total IDO1 

expression (blue staining, blue arrow) and high total FoxP3+ Treg cell density (pink staining, red arrow) and foci of PDL1 positive tumor cells 
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(brown staining). C – Core with complete PTEN loss by immunohistochemistry. D – Same patient core from C showing a total FoxP3+ Treg density 

(pink staining, red arrow) and IDO1 expression (blue staining, blue arrow). This tumor core also presented increased PDL1 expression (brown 

staining, black arrow). E – Tumor core presenting retained PTEN protein expression. F – The same tumor core from E demonstrates an absent 

expression of IDO1 and PDL1 proteins and FoxP3+ Treg density. 



Chapter 2 | 124 

 

 

 

 

 

Figure 27. Representative tumor cores showing the association between PTEN and the immune markers. PTEN-deficient tumors 

(A) presented high levels of IDO1 (blue staining), FoxP3+ Treg density (pink staining) (B), and CD8+ T cell density (brown staining) 

(C). Conversely, a tumor core with retained PTEN protein expression (D) demonstrated low expression of IDO1 and density of FoxP3+ 

Tregs (E). This tumor core also presented low CD8+ T cell density (F). 



Chapter 2 | 125 

 

 

 

 

6.3.4 High FoxP3+ Treg cell density is associated with poor outcome in PTEN-deficient 1 

prostate cancer 2 

To determine the impact of FoxP3+ Treg cell abundance in the outcome of PTEN-3 

deficient prostate cancer, we investigated tumors with different PTEN status and FoxP3+ 4 

Treg densities from TCGA and MSKCC cohorts. We observed that PTEN-deficient tumors 5 

with increased FoxP3+ Treg abundance were significantly associated with earlier disease 6 

recurrence in TCGA (P<0.0001) and MSKCC (P=0.005) cohorts (Figure 28c and 27d). 7 
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Figure 28. Survival analysis of the in silico cohorts showed that PTEN loss associated with earlier 

recurrence in both TCGA (A) and MSKCC (B) cohorts. Tumor samples harboring PTEN loss and 

high FoxP3+ Treg density exhibited earlier disease recurrence in TCGA (C) and MSKCC (D) cohorts. 
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The clinical effects of PTEN loss and the overall expression (combined stroma and 1 

tumor compartments) of IDO1 and PDL1 proteins and FoxP3+ Treg cell density were then 2 

determined for patients from the HCRP cohort. The mean follow-up time for all patients was 3 

80 months, and the average pre-operative PSA level was 38 ng/mL (Table 5). From 87 4 

patients with available follow-up data, 19/87 (22%) had biochemical recurrence. From the 5 

76 patients with available PTEN immunohistochemistry data, 16/76 (21%) were PTEN-6 

deficient. Tumors from 30% (26/86) patients had high FoxP3+ Treg cell density (top 7 

tertile=1.16), 33% (29/86) had high total IDO1 expression (top tertile=18.6), and 33% 8 

(29/86) had high total PDL1 expression (top tertile=5.9).  9 

In the HCRP cohort, high FoxP3+ Treg cell density was significantly associated with 10 

high Gleason scores (P=0.01). We did not observe any significant association between IDO1 11 

and PDL1 expression with clinicopathological features in the HCRP cohort (Table 5). 12 

Outcome analysis showed that high FoxP3+ Treg cell density was significantly associated 13 

with earlier biochemical recurrence (P=0.044) (Figure 29b). We did not observe any 14 

significant association between IDO1 or PDL1 expression with biochemical recurrence 15 

(P=0.89 and P=0.63, respectively) (Figure 30a and 30b). In the univariate Cox regression 16 

model, we found that patient tumors with high FoxP3+ Treg density were not significantly 17 

associated with biochemical recurrence (HR=2.5, CI 95% 0.9-6.6, P=0.052) (Table 6). 18 

Concordantly, in multivariable analysis adjusted with age, pre-operative PSA, and Gleason 19 

score, high FoxP3+ density was not significantly associated with biochemical recurrence 20 

(HR=2.59, CI 95% 0.88-7.55, P=0.08).  21 

To validate the in silico association between PTEN-deficiency and high FoxP3+ Treg 22 

density with earlier recurrence, we combined both biomarkers in the HCRP cohort. These 23 

analyses confirmed that PTEN-deficient tumors with high FoxP3+ Treg cell densities present 24 

earlier PSA-related relapse, with 50% of patients presenting PSA-related relapse at 50 25 

months after their radical prostatectomy (P=0.003) (Figure 29c).  26 
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Table 5. Frequency and association of the markers with clinicopathological features of patients from HCRP cohort.  

  PTEN FoxP3+ IDO1 PDL1 

  Intact Loss P High Low P High Low P High Low P 

Age (median)  64 66 0.49 63 64 0.36 68 62.5 0.79 63.5 64 0.57 

Time to recurrence 

(median) 

 76 40 0.20 40.5 77.5 0.51 59.5 40.5 0.38 71.5 40.5 0.38 

Preoperative PSA 

(median) 

 36 42 0.34 29 45 0.43 42.5 35.5 0.42 44 31 0.42 

Biochemical 

recurrence 

Missing 1 0 0.05

* 

1 5 0.24 1 5 1 1 5 0.40 

 No 48 9  17 45  22 40  20 42  

 Yes 11 7  8 10  6 12  8 10  

Gleason score Missing 0 0 0.49 1 5 0.01

* 

1 5 0.76 1 5 0.47 

 6 7 0  1 8  4 5  2 7  

 3+4=7 18 4  2 19  7 14  6 15  

 4+3=7 16 4  10 14  7 17  8 16  

 8 7 4  6 4  5 5  6 4  

 9 12 4  6 10  5 11  6 10  

T Missing 2 0 0.22 2 6 0.78 1 7 0.60 1 7 0.43 

 T2N0 44 9  19 6  19 39  22 36  

 T3N0 16 7  39 16  9 13  6 16  

Extraprostatic 

extension 

Missing 0 0 0.12 1 5 0.58 1 5 0.10 1 5 0.78 

 No 46 9  20 40  19 41  22 38  

 Yes 14 7  5 15  9 11  6 14  

Vesicular invasion Missing 2 0 0.06 1 5 1 1 5 0.48 1 5 0.71 

 No 50 10  22 49  26 45  24 47  

 Yes 8 6  3 6  2 7  4 5  

Continuous and categorical variables were compared through Mann-Whitney U-test and Fisher exact test, respectively. Missing values were not 

included for the analyses. *P-value below or equal to 0.05. 
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Table 6. Univariate and multivariate Cox regression models show that total FoxP3+ Treg 

density points towards significance to predict biochemical recurrence events in prostate cancer 

specimens from HCRP cohort. 

 Univariate   Multivariate    

 HR 95% CI P HR 95% CI P 

  Lower Upper   Lower Upper  

PTEN 3.48 1.32 9.15 0.011* 3.38 1.00 9.674 0.03* 

FoxP3+ Treg 2.56 0.99 6.61 0.052 2.59 0.88 7.55 0.08 

PSA 1 0.98 1.02 0.87 0.99 0.98 1.02 0.84 

Gleason score 2.68 1.07 6.67 0.003* 1.74 0.85 7.75 0.09 

Age 1.00 0.94 1.06 0.95 0.94 0.89 1.01 0.14 

FoxP3+ Treg density in the tumor was defined as high x low based on the tertiles of the total density 

of cells in a tumor, with low being set as baseline. PSA levels and age were employed in the model 

as continuous variables. Gleason score was dichotomized as low-to-intermediate risk (3+3 and 3+4) 

and high risk (4+3, 4+4, ≥4+5). Low-to-intermediate risk Gleason score was set as baseline. *P-

value<0.05. HR – hazard ratio, CI – confidence interval, PSA – preoperative serum PSA levels, T – 

pathological staging. 
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Figure 29. Kaplan Meier curves and log-rank analysis from HCRP cohort showed that PTEN loss and FoxP3+ Treg cell density are 

significantly associated with biochemical recurrence. A – PTEN deficiency determined by immunohistochemistry was significantly associated 

with earlier biochemical recurrence. B – Increased FoxP3+ Treg cell density was associated with earlier biochemical recurrence in a subset of 80 

patients with available data. C – Combined PTEN and FoxP3+ Treg density in tumor are strong predictors of earlier biochemical recurrence. 

Moreover, the comparison between PTEN intact tumors that presented high vs. low FoxP3+ Treg demonstrated that high FoxP3+ Treg density is 

strongly affects the outcome of patients. FoxP3+ Treg cell density shown was defined based on the overall density in TMA cores (stromal and tumor 

compartments). P-values shown are derived from log-rank tests.  
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Figure 30. Prognostic impact of immune markers in combination with PTEN status. A –

Total IDO1 protein expression was not significantly associated with earlier biochemical 

recurrence of prostate cancer. B – PDL1 was not associated with biochemical recurrence. C – 

PTEN-deficient tumors with high IDO1 protein expression are more likely to have earlier 

biochemical recurrence. D – PTEN deficiency tumors with high PDL1 protein expression were 

not significantly associated with biochemical recurrence. FoxP3+ Treg cell density and IDO1 

and PDL1 protein. 
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6.4 Discussion  1 

PTEN loss has evolved as a major prognostic biomarker for prostate cancer36 and has 2 

been recently demonstrated to influence the immune response in a PI3K/AKT-independent 3 

manner10,11,45. Given that tumor-intrinsic changes may contribute to a dysregulated anti-4 

tumor immune response8,158, our objective was to study the impact of PTEN loss on the TME 5 

of prostate tumors. By employing in silico tools in a total of 622 primary prostate tumors, 96 6 

mCRPC lesions, and immunohistochemistry in 94 radical prostatectomy specimens, we 7 

characterized the PTEN loss associated immune alterations in prostate cancer.  8 

The most novel finding from this study is that PTEN-deficient prostate tumors 9 

exhibited increased IDO1 protein expression and had higher FoxP3+ Treg density, 10 

suggesting expansion of immunosuppressive factors in PTEN-deficient prostate cancer 11 

159,160. Although mechanistic studies are needed to assign causal associations, it can be 12 

speculated that an immunosuppressed microenvironment in tumors with loss of PTEN and 13 

PTEN-L could result from upregulation of IDO1 expression leading to immunosuppression 14 

with increased FoxP3+ Treg cells, which in combination could be permissive to tumor 15 

growth and invasion.  16 

This study also extended findings of in silico analyses of radical prostatectomy 17 

specimens from 94 patients with a prolonged follow-up period. Log-rank analysis revealed 18 

that patients with increased FoxP3+ Treg cells are more likely to develop biochemical 19 

recurrence. Concordantly, log-rank analysis demonstrated that 50% of patients with PTEN-20 

deficient tumors and high FoxP3+ Treg cell density had PSA-related relapse after 50 months. 21 

However, on Cox regression models, there was a trend towards a higher risk of PSA-related 22 

relapse for patients with high FoxP3+ Treg density, although statistical significance was not 23 

reached in both uni- and multivariable models. Interestingly, high FoxP3+ Treg cell density 24 

was defined as the presence of at least one cell per tumor core, which is in concordance with 25 

a recent study, suggesting that FoxP3+ cells may have a strong regulatory effect in the TME 26 

of prostate tumors161. However, due to the limited size of our study cohort, further studies 27 

are required to determine the precise impact of FoxP3+ Treg cell in prostate cancer prognosis.  28 

A study conducted on 312 primary prostate cancer specimens showed that high 29 

FoxP3+ Treg cell density was not associated with clinicopathological features but was 30 

significantly associated with earlier biochemical recurrence and prostate cancer metastasis81. 31 



Chapter 2 | 133 

 

 

 

 

In addition, the authors observed that PTEN loss was associated with increased FoxP3+ Treg 1 

density. In line with these findings, the evaluation of tumors from 22 patients treated with 2 

salvage radiotherapy after radical prostatectomy showed that reduced density of FoxP3+ 3 

Tregs was significantly associated with better outcome162. Studies conducted in other cancers 4 

have confirmed the associations between high FoxP3+ density in breast108, melanoma109,110, 5 

ovarian163, and pancreatic164 tumors and poor outcome.  6 

In prostate cancer, the lack of response to immune checkpoint blockade therapies can 7 

be partially attributed to a poorly immune infiltrated TME165 and a low tumor mutational 8 

burden166–168. Interestingly, we found that tumors with high IDO1 expression and FoxP3+ 9 

Treg cell density also have high density of CD8+ T cells. IDO1 can be expressed on both 10 

cancer and immune cells and leads to immunosuppression via degrading tryptophan into 11 

kynurenine, which negatively modulates local immune-cell activation160,169. Thus, IDO1 12 

suppresses effector T-cell activity and promotes FoxP3+ Treg differentiation170. Previous 13 

studies have demonstrated that increased expression of IDO1 in tumors is often associated 14 

with poor clinical outcomes including poor response to systemic therapies134,171. This finding 15 

suggests potentially inactive or dysfunctional state of CD8+ T cells in prostate tumors134. 16 

 It has been previously shown that IFN-γ stimulation of prostate cancer cell lines 17 

resulted in the overexpression of IDO1 in PC3 cell lines, which harbor PTEN homozygous 18 

deletion172. In the same study, the investigation of the prognostic impact of IDO1 expression 19 

in 87 prostate cancer cases showed that tumors with high IDO1 expression are more likely 20 

to develop biochemical recurrence. A recently published study that investigated 281 primary 21 

and metastatic breast tumors demonstrated that IDO1 expression was increased in high-grade 22 

triple-negative breast cancers171. Given the recent reports on the co-expression of IDO1 and 23 

PDL1 immune checkpoints, it has been proposed that combined immunotherapeutic 24 

approaches may benefit a subset of breast cancer patients. Since we observed that high IDO1 25 

expression is present in PTEN-deficient tumors, it is possible to speculate that patients with 26 

PTEN loss tumors may be more likely to benefit from the currently IDO1-inhibition trials.  27 

Recent reports have shown that the immune checkpoint protein PDL1 is 28 

overexpressed in PTEN-deficient lung115, breast101 and brain tumors69. In metastatic 29 

melanoma, PTEN-deficient tumors are less likely to respond to treatment with PD-1 blocking 30 

antibodies84. Given that PDL1 expression in cancer cells is often induced following 31 
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stimulation by IFN-γ produced by activated T cells173, it can be speculated that lack of IFN-1 

γ in immune excluded tumors is a factor in the reduced expression of PDL1 in prostate cancer 2 

tumors. In our study, we did not find any significant correlations between PTEN and PDL1 3 

expression. It has been previously reported that primary prostate tumors usually do not 4 

express high levels of PDL1174 and that PTEN loss does not associate with PDL1 5 

expression102. Interestingly, a phase II clinical trial conducted with a patient with metastatic 6 

uterine leiomyosarcoma demonstrated that PTEN loss was associated with response to anti-7 

PD1 immune checkpoint blockade therapy16. A clear understanding of PDL1 independent 8 

immune evasion mechanisms in PTEN-deficient prostate cancer is thus urgently needed for 9 

the use of alternate immunomodulatory treatment strategies. 10 

In summary, this study suggests that the TME of PTEN-deficient prostate cancer 11 

tumors is immunosuppressed, which is reflected by the presence of factors such as FoxP3+ 12 

Treg cells and overexpression of IDO1 protein. Furthermore, these findings may provide 13 

insights into future immune checkpoint blockade trials in prostate cancer in which PTEN 14 

status has been defined. Further validation in larger independent cohorts and needle-core 15 

biopsies are required to precisely determine the prognostic impact of FoxP3+ Treg cells in 16 

prostate cancer in the clinical setting. Likewise, mechanistic studies are also needed to define 17 

the causal associations between PTEN, IDO1 and FoxP3+ Treg cells.  18 



 

 

 

 

 

 

 

 

 

7. CONCLUSIONS AND FUTURE 
DIRECTIONS 

______ 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Conclusions and future directions | 136 

 

 

 

 

 In this thesis, we performed an extensive review of PTEN functions and investigated 1 

how its inactivation is linked to the anti-tumor immune response. PTEN loss by mutation and 2 

copy number alteration was highly variable among tumor types. Interestingly, gynecological, 3 

brain, and prostate tumors exhibited the highest frequencies of PTEN inactivation. Our initial 4 

hypothesis was that PTEN-null tumors would harbor higher aneuploidy and mutational levels 5 

compared to tumors with PTEN intact or monoallelic inactivation. In fact, we found that 6 

PTEN monoallelic inactivation was linked to higher genomic instability features in some 7 

cancer types.  8 

We also observed that PTEN-deficient tumors presented a distinct immune-cell 9 

composition depending on tumor type. Moreover, we found that some PTEN-null cancers 10 

expressed high levels of IRF3 and other interferon related genes. Thus, we reject our initial 11 

hypothesis that PTEN-deficient tumors were more likely to exhibit a downregulation of the 12 

interferon response.  13 

Immune checkpoint expression was highly heterogeneous among tumors harboring 14 

PTEN inactivation, suggesting that PTEN is a promising biomarker for determining patient 15 

response to immunotherapy depending on tumor type. Head and neck, gliomas, 16 

glioblastomas, and breast tumors presented the most distinct and significant changes 17 

regarding immune checkpoint expression when PTEN was lost. Concordantly, in our cohort 18 

study of 94 prostate specimens, we found that PTEN protein loss was linked to a highly 19 

immunosuppressive TME that presumably favors disease progression. Furthermore, we 20 

showed that prostate tumors presenting PTEN protein loss and high Treg density are more 21 

likely to be aggressive.   22 

Lastly, we hypothesized that patients whose tumors harbored PTEN biallelic 23 

inactivation or homozygous deletions would present a worse outcome than those with intact 24 

PTEN. However, we found that PTEN monoallelic inactivation and hemizygous deletions 25 

were strongly associated with a shorter recurrence-free survival and cancer-death intervals. 26 

Based on these findings, we propose that one allele loss of PTEN is linked to a more 27 

aggressive disease as a result of haploinsufficiency mechanisms. Thus, when PTEN 28 

undergoes biallelic inactivation, tumor cells are presumably under senescence or autophagy-29 

related death mechanisms.  30 
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Our PanCancer study is still under development and might thus provide new insights 1 

on how PTEN affects the genome and the transcriptome of cancers. Moreover, our study 2 

requires several validation experiments, including cohort-derived studies and functional 3 

analyses. PTEN silencing in tumor cells followed by functional genomic instability assays 4 

may answer questions on how the inactivation of this tumor suppressor influences the TME. 5 

In addition, since PTEN loss rates are high depending on tumor type, clinical trials 6 

investigating its inactivation status will likely provide insights on how patients respond to 7 

therapy. 8 
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