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ABSTRACT 

Background: Tumor-associated-macrophages (TAMs) play a pivotal role in 
promoting tumor progression and therapy resistance; their targeting has recently 
emerged as a promising strategy for cancer defeat. Current approaches focus on 
reprogramming TAMs from the M2 pro-tumoral to the M1 anti-tumoral 
phenotype to kill cancer cells. Unfortunately, in-depth knowledge of TAMs and 
a signature that can reliably identify them still needs to be improved. We 
identified a splicing isoform of the FKBP5 gene, FKBP51s, exploited by cancer 
cells to suppress undesired immunity and highly expressed in circulating 
monocytes of cancer patients resistant to immunotherapy. Aim of this study is to 
decipher the role of FKBP51s in TAM biology to identify new potential 
therapeutic targets to their reprogramming. Methods: Macrophage polarization 
was assessed by qPCR, immunoblot, and flow cytometry both in a THP-1 cell 
line and in primary monocytes to obtain classically activated M1-macrophages, 
alternatively polarized M2a-macrophages, and the deactivated M2c-
macrophages. Small interfering RNAs were transfected to specifically target 
FKBP51s expression and the silencing effect on the modulation of key 
macrophage polarization genes and cytokines was studied by qPCR, 
immunoblot, ELISA and flow cytometry. Migration and invasion were 
investigated by the transwell assay and immunosuppression by co-culturing 
macrophages with T cells. Proximity ligation assay assessed FKBP51s 
localization to the ER.  Ribosome profiling served to assess the association of 
FKBP51s with polysomes. Agilent Seahorse measured oxygen consumption rate 
and extracellular acidification rate of macrophages. Results: Alternative-
macrophage polarization showed typical features of M2 and M1, such as STAT1 
downregulation in favor of STAT3/6, and a shift towards arginase 1 metabolism 
and scavenger receptors expression. Interestingly, FKBP51s levels strongly 
increased in M2-macrophages, thus suggesting that FKBP5 alternative splicing 
occurs in TAMs. FKBP51s silencing restored STAT1 activity, increased the 
secretion of pro-inflammatory cytokines, while IL-10 production was impaired. 
FKBP51s silencing strongly impacted on TAMs migration, invasiveness, and T-
cells proliferation. Immunoblot of fractioned lysates showed that FKBP51s is 
mainly expressed in the cytoplasm of M2 and it is strongly associated with the 
cytoplasmic side of the ER. Polysome profiling showed that FKPB51s, but not 
the canonical form, is associated with polysomes, thus suggesting it could play 
a role in safeguarding the folding of the nascent protein at the ribosomal tunnel 
exit. Finally, silencing of FKBP51s also impaired OXPHOS and restored 
glycolysis in M2 macrophages. Conclusions: Results from this study suggest a 
relevant role for FKBP51s in the co-translational control of protein modification 
and folding, promoting a shift towards the expression of a different set of protein 
to accomplish the pro-tumoral activities of TAMs. Results from this thesis work 
highlight FKBP51s as a new potential therapeutic target to reprogram TAMs 
towards an anti-tumoral macrophage phenotype, thus overcoming the immune 
suppressive tumor microenvironment. 
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1. BACKGROUND  

1.1.  FKBP5 isoforms 

FKBP51 is a member of the FK506 binding proteins (FKBP), these proteins, 

together with cyclophilins (Cyp), belong to the family of immunophilins 

(Dornan et al. 2003). FKBP51 was firstly cloned in lymphocytes (Baughman et 

al. 1995) and abundantly expressed by immune cells (Baughman et al. 1997). 

This protein exerts an N-terminus domain (FK1) known to be the binding 

domain to immunosuppressant agents, such as FK506 and rapamycin. This 

domain is endowed with a peptidyl-prolyl-isomerase (PPIase) enzymatic 

function, able to catalyze the isomerization of the prolines of FKBP51 substrates, 

thus guiding their proper folding and greatly improving their stability and 

function (Fischer et al. 2003). In humans, at least 15 FKBPs have been identified 

and named to reflect their molecular weights (Somarelli et al. 2008). Family 

members of this ubiquitous enzyme class are found in abundance in virtually all 

organisms and subcellular compartments. Their amino acid sequences are highly 

conserved phylogenetically (Fischer et al. 2003). FKBP51 also exerts 

tetratricopeptide (TPR) domains at the C-terminus, involved in protein-protein 

interactions and by which the immunophilin participates in several pathways, 

such as protein folding, improvement of kinase performance, receptor signaling, 

protein trafficking, and transcription (Dornan et al. 2003, Somarelli et al. 2008). 

TPR domains are responsible for protein-protein interactions with heat shock 

(chaperone) proteins HSP90 and HSP70 as well as with other proteins, including 

steroid receptors (Somarelli et al. 2008, Romano et al. 2011a). The role of this 

immunophilin in supporting tumor proliferation and aggression has been widely 

documented in many human cancers (Romano et al. 2011b).  In 2014 the 

research group to which I belong identified, for the first time, the splicing 

isoform of the FKBP5 gene, namely FKBP51s. This splicing variant is generated 

by alternative splicing of FKBP5 pre-mRNA; particularly, it arises from the 

recognition of an intronic splice site that drives to an exon skipping and a 
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frameshift with the generation of a premature stop codon. As such, the splice 

isoform loses the C-terminus domain and generates a shorter protein, namely 

FKBP51s, with a new C-terminal polypeptide of 44 amino acids, in comparison 

with canonical FKBP51. FKBP51s retains the PPIase activity but loses the TPR 

domain, deputed to the interaction with multiple protein complexes through 

HSP90 (Romano et al. 2015) (Fig. 1). 

 

 
 
Figure 1. Schematic representation of the canonical protein FKBP51 and its splice isoform 
FKBP51s: (Top) Locus on the chromosome. (Middle) The gene with exonic and intronic regions; 
ENSG00000096060. (Bottom) Encoded protein(s): isoform 1, NP_004108.1, NP_001139247, 
NP_001139248; isoform 2, NP_001139249.1. FKB51 contains a tandem FKBD separated by a 
short linker sequence. The N-terminal FKBD is responsible for the PPIase- and ligand-binding 
activities. The 2nd FKBD is inactive in those activities but seems to retain an interaction ability. 
This domain contains an ATP/GTP-binding sequence (D’Arrigo et al. 2016). 
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1.2. FKBP51s is a PD-L1 regulator  

The research group demonstrated that the splicing isoform is 

opportunistically exploited by melanoma to suppress undesired immunity, 

through the interaction of the Programmed cell death ligand (PD-L1) with its 

receptor PD1 (Romano et al. 2015). Particularly, they found that FKBP51s 

expression in the tumor-infiltrating lymphocytes (TILs) of melanoma patients 

was influenced by the expression of PD-L1 by the tumor (Romano et al. 2015). 

Furthermore, cocultures of peripheral mononuclear blood cells (PBMCs) with 

melanoma cells bidirectionally stimulated the expression of FKBP51s because 

of the immune cell/tumor interaction through PD1/PD-L1, respectively. 

FKBP51s, indeed, increases the expression of PD-L1 by acting as a foldase in 

the post-translational modifications of PD-L1 itself, which occur during the 

maturation of the protein and drive its expression on the plasma membrane, thus 

playing a relevant role in the immune suppression induced by the tumor 

(Romano et al. 2015; D’Arrigo et al. 2017). As shown in Fig. 2A, FKBP51s, but 

not FKBP51, was found in the endoplasmic reticulum (ER); moreover, treatment 

of the immunoprecipitated PD-L1 protein with PNGase F resulted in a decrease 

in the band at 68 kDa and the appearance of an additional band at about 37 kDa 

(Fig. 2B), demonstrating that FKBP51s has a role in catalyzing the folding of 

PD-L1, an essential step in glycosylation. Finally, as shown in Fig. 2C, pull-

down of FKBP51s or PD-L1 confirmed that the two proteins interact with each 

other in the ER (D’Arrigo et al. 2017).  
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Figure 2: FKBP51s is associated with PD-L1 in ER. (A)Immunoblot of D54 lysates obtained 
from sub-cellular compartments. PD-L1, FKBP51 and FKBP51s levels are shown along with 
relative organelle markers. (B) Whole D54 lysates immunoprecipitated with anti-PD-L1 and 
subjected, or not, to PNGase F treatment; the arrows indicate the higher (- PNGase F) and 
lower (+ PNGase F) PD-L1 band. Fetuin, on the left of the panel, was used as positive control 
of PNGase digestion. (C) Co-IP of PD-L1 and FKBP51s in ER fraction. ER lysate was 
immunoprecipitated with anti-PD-L1 and anti-FKBP51s and recognized for each protein by 
immunoblot (D’Arrigo et al 2017). 

 

1.3. FKBP51s marks PBMCs of melanoma patients  

Previous data obtained by the research group led to the identification of 

FKBP51s as a signature generated by crosstalk between tumor and immune cells. 

Expression levels of the FKBP51 spliced variant was measured in 70 control 

subjects and 115 patients with metastatic (25) and primary (90) melanoma. The 

results showed that FKBP51s is present in PBMCs of melanoma patients, 

particularly those with metastatic melanoma (Fig. 3) (Romano et al. 2015). 

B C A 
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Figure 3. FKBP51s expression levels are increased in PBMCs of patients with melanoma. 
FKBP51s transcript was measured in 70 control subjects and 115 patients with metastatic (25) 
and primary (90) melanoma, by qPCR. The values are expressed in arbitrary units (relative 
normalized expression) (Romano et al. 2015). 

 

Immunoreactivity for FKBP51s has also been found in TILs and melanomas. 

The expression of PDL1 and FKBP51s was investigated in a series of 76 

melanoma specimens (12 from primary and 64 from metastatic patients) by 

immunohistochemistry (IHC). Most interestingly, in PDL-1-expressing 

melanomas, immunoreactivity for FKBP51s was observed in TILs (Fig. 4A). 

Furthermore, FKBP51s-positive TILs were closed to PDL-1-expressing 

macrophages, which nevertheless infiltrate PDL-1-negative tumors (Fig. 4B). 

These results support the idea that immunosuppressive macrophages also 

mediate immune evasion of tumors (Romano et al. 2015). 
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Figure 4. FKBP51s expression in TILs is increased in PDL-1-expressing melanoma. 
Representative IHC of melanoma specimens. Sections from the same specimen were stained with 
PDL-1 and FKBP51s. (A) Left, a case of invasive primary cutaneous melanoma (vertical growth 
phase), showing extensive immunoreactivity for PDL1 of the tumour population. Original 
magnification: 9250. Right, the same case stained with FKBP51s, showing positive neoplastic 
melanocytes and an intense signal in the great majority of inflammatory cells. Original 
magnification: 9250. (B) Left, a metastatic melanoma negative for PDL-1; numerous PDL-1-
positive macrophages infiltrate the tumour. Right, the same case stained with FKBP51s. No/low 
expression in tumour cells, numerous macrophages immunoreactive, TILs stained by FKBP51s 
<20%. Original magnification: 9250. (Romano et al. 2015). 
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1.4. Monocytes of melanoma patients express increased levels of 

FKBP51s 

FKBP51s isoform can be considered an immune signature, virtually 

associated with the tumor-induced immune tolerance and, therefore, capable of 

monitoring the immunotherapy response of melanoma patients. In details, by 

immunophenotyping 3 different cohorts of patients, 1st undergoing anti- 

cytotoxic T lymphocyte associated protein (CTLA)-4 (ipilimumab) 

immunotherapy treatment (Romano et al. 2017), 2nd receiving anti-PD1 

treatment (nivolumab or pembrolizumab) (Troiani et al. 2020), and a 3rd of 

glioblastoma patients (Giordano et al. 2021), refractory to immunotherapy, the 

research group observed a cluster of differentiation (CD)14+ subset of 

monocytes co-expressing PD-L1 and FKBP51s. In 2017, Romano et al. 

measured FKBP51s expression in peripheral blood CD14 monocytes from a 

cohort of 118 patients and 77 age- and sex-matched healthy controls. Blood 

samples were collected before patients underwent ipilimumab treatment. The 

number of PD-L1+ monocytes was increased in the Nonresponsive (NR) patients 

compared to Responsive (R) patients and the controls. Subsequently, in 2020, by 

studying a different cohort of melanoma patients (22 patients receiving 

nivolumab or pembrolizumab), the research group confirmed previous findings 

that FKBP51s+ PD-L1+ monocytes are associated with response to checkpoint-

targeted therapy. This subset significantly increased after 4 weeks from the 

beginning of the treatment, but only in those patients NR to immunotherapy (Fig. 

5A). The observation that the treatment produced an increase in the expression 

levels of genes such as Arginase 1 (ARG1) and Macrophage scavenger receptor 

1 (MSR1) in NR patients, while a decrease in these same transcripts was 

observed in R patients (Fig. 5B), supported the hypothesis of an alternative 

polarization of macrophages, responsible for tumor tolerance and resistance to 

immunotherapy (Troiani et al. 2020). 
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Figure 5. Increased counts of FKBP51s+ PD-L1+ monocytes in non-responder patients to 
anti-PD1. (A) Graphic representation of FKBP51s+ PD-L1+ monocyte counts at baseline and 
during treatments from 8 R and 8 NR patients.  (B) Levels of ARG1 and MSR1 in 6 R and 5 NR 
patients were assessed by qPCR at baseline and at T2/T3 (follow-up) (Troiani et al. 2020).  

 

In a third cohort of glioblastoma patients, a tumor NR to immunotherapy, 

notwithstanding high expression of PD-L1, they confirmed the existence of this 

monocyte subset even more numerous in this case, but they observed a further 

phenotype more stringent related to the tumor and co-expressing FKBP51s along 

with CD163, the most represented M2 marker of glioblastoma peripheral 

monocytes. Particularly, FKBP51s and CD163 marked circulating monocytes 

associated with the presence of the tumor upon surgical resection: a dramatic 

decrease of such a subset was observed in those patients with radical surgery, 

but not in those with a partial surgical removal of the tumor (Fig. 6) (Giordano 

et al. 2021).  

 

Figure 6. CD163+FKBP51s+ monocytes are sensitive to tumor removal. Representative 
Boxplots of CD163/FKBP51s monocytes. In patients with incomplete resection, no significant 
changes in whole CD163 monocyte count were registered after surgery, but the fraction co-
expressing FKBP51s+ resulted in significant increase (Giordano et al. 2021). 
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1.5. Macrophage heterogeneity, plasticity, and nomenclature  

Macrophages are a heterogeneous and complex population of immune cells 

with roles in host defense against pathogens, maintenance of tissue homeostasis, 

and tissue architecture (Italiani et al. 2014). Macrophages are highly plastic cells 

and in response to microenvironment signals such as chemokines and cytokines 

they differentiate/polarize into distinct phenotypes with specific functionalities. 

Multiple macrophage populations are known to occur within the same 

microenvironment, and each phenotype has a distinctive combination of receptor 

expression, chemokine secretion, and cytokines (DeNardo et al. 2019). The 

current classification of macrophages is based on their function and response to 

polarizing agents (Fig. 7).  
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Figure 7. Schematic representation of M1 and M2-like macrophages functions in tumor 
development. During the early stages of tumorigenesis, activated macrophages (M1) present 
antigens and support cytotoxic T lymphocytes (CTLs) by producing proinflammatory cytokines. 
They eliminate tumor cells with nitrogen radicals and oxygen or by phagocytosis. These anti-
tumor macrophages can be captured by the tumor and shifted to the M2-like state by secretion 
of immunosuppressive cytokines. The formed M2-like macrophages suppress the function of 
CTLs and redirect them to immunosuppressive T-cell subgroups. M2-polarized TAMs support 
tumor growth at all stages of the disease, including proliferation, angiogenesis, and metastasis. 
(van Dalen et al. 2018) 

 

Macrophages can be schematically divided into non-polarized macrophages, 

called M0 (naïve), classically activated macrophages M1, with pro-

inflammatory activity and induced by T helper (Th) 1 cells, and macrophages 

derived from alternative activation M2, with anti-inflammatory activity and 

mainly induced by stimulation of Th2 cells. This classification also includes 

M2a, M2b, M2c, and M2d subtypes (Martinez et al. 2008). Mantovani et al. 

(2004) defined classically activated macrophages or M1 those resulting from 

stimulation with interferon (IFN) γ combined with lipopolysaccharide (LPS), or 

tumor necrosis factor (TNF). Macrophages alternatively activated macrophages 

in vitro by interleukin (IL) 4 were, instead, renamed M2a. Two other M2-like 

macrophage phenotypes were induced by activation of the Fc receptor (FcRs) by 
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immune complexes (M2b) or glucocorticoids and IL-10 (M2c) (Mantovani et al. 

2004). 

1.5.1. M1 macrophages 

M1 macrophages exert tumor suppressors and pro-inflammatory functions; 

they produce pro-inflammatory cytokines, mediate resistance to pathogens, and 

exhibit strong microbicidal properties, but also contribute to tissue damage. M1 

macrophages, also known as inflammatory macrophages, are activated mainly 

by IFN-γ secreted by Th1 cells, cytotoxic T lymphocytes (CTLs) and natural 

killer (NK) cells; they are also activated upon long exposure to microorganisms 

or microbial products such as LPS, a component of the outer membrane of Gram-

negative bacteria and granulocyte-macrophage colony-stimulating factor (GM-

CSF) that stimulates the production of pro- inflammatory cytokines (Fleetwood 

et al. 2007). These cells show enhanced antigen presentation and phagocytosis 

capacity and secrete high levels of proinflammatory factors and cytokines, such 

as TNF-α, IL-1β, IL-12 and IL-18, nitric oxide (NO), thus participating in the 

type I immune response (Rhee et al. 2020). These factors, in turn, exert positive 

feedback on unpolarized macrophages by attracting them into the M1 state. Key 

transcription factors, such as nuclear factor kappa-light-chain-enhancer of 

activated B cells (NF-κB), signal transducer and activator of transcription 

(STAT) 1, STAT5, Interferon regulatory factor (IRF) 3, and IRF5 have been 

shown to regulate the expression of M1 genes. It seems that NF-κB and STAT1 

are the two major pathways involved in M1 macrophage polarization and result 

in microbicidal and tumoricidal functions (Yao et al. 2019). Phenotypically, M1 

macrophages express high levels of major histocompatibility complex (MHC) 

II, CD68, as well as costimulatory molecules CD80 and CD86 (Raggi et al. 

2017). 
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1.5.2. M2 macrophages. 

M2 macrophages possess tissue repair and tumor growth promotion activities. 

M2 macrophages, also known as anti-inflammatory macrophages, are mainly 

activated by IL-4, IL-13, colony stimulating factor 1 (CSF-1), IL-10, 

transforming growth factor (TGF) β and helminth infections through activation 

of STAT6, peroxisome proliferator-activated receptor (PPAR) γ, suppressor of 

cytokine signaling (SOCS) 2. Key transcription factors, such as STAT6, IRF4 

and PPARγ have been shown to regulate the expression of M2 genes (Murray et 

al. 2017). M2 macrophages produce many anti-inflammatory factors, including 

IL-10, TGF-β and ARG1, participating in the type II immune response, which 

plays a central role in the response to parasites, tissue remodeling, angiogenesis, 

and allergic diseases. ARG1 is an enzyme of the urea cycle; its action catalyzes 

the hydrolysis of arginine to ornithine. Ornithine is the substrate for ornithine 

decarboxylase (ODC). This pathway regulates a multitude of cellular processes 

like DNA replication, protein translation, cell growth, and differentiation 

(Murray et al. 2014). Up-regulation of cytokines and chemokines, such as IL-10, 

TGF-β, C-C Motif Chemokine Ligand (CCL) 1, CCL17, CCL18, CCL22, and 

CCL24 also attract unpolarized macrophages to polarize into the M2 state 

(Gordon et al. 2010; Mulder et al. 2014). Phenotypically, M2 macrophages are 

characterized by the expression of specific membrane glycoproteins. CD206 is 

a transmembrane glycoprotein that binds and internalizes collagen glycoproteins 

and ligands. Macrophages expressing CD206 have unfavorable profibrotic 

effects, as they promote fibroblast growth through secretion of TGF-𝛽 and 

CCL18 (Bellón et al. 2011). CD163 is a scavenger receptor for haptoglobin. It 

is an M2 marker protein, mainly due to its upregulated expression in response to 

IL-4, IL-10, and glucocorticoids (Murray et al. 2014). Macrophages co-

expressing CD206 and CD163 are large producers of IL-10, IL-1 receptor 

antagonist (IL-1ra) and CCL18. They also have high uptake of apoptotic cells 

(Zizzo et al. 2012). The CD36 scavenger receptor is a membrane glycoprotein 

that acts as a receptor for a wide range of ligands, including fibronectin, collagen, 
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and ligands of a lipid nature such as fatty acids. Cellular responses to these 

ligands are involved in angiogenesis, inflammatory response, and fatty acid 

metabolism (Liang et al. 2018). 

1.5.3. The Subsets of M2 Macrophages and Their Characteristics  

As mentioned above, M2 macrophages are subgrouped into M2a, M2b, M2c, 

and M2d (Fig. 8).  

 

 

Figure 8. Schematic representation of M2 macrophages subsets and their characteristics. The 
different stimuli, surface markers, secreted cytokines, and biological functions of the M2 
macrophage subsets (M2a, M2b, M2c, M2d) were summarized (Yao et al. 2019). 

 

M2a macrophages, also called wound-healing macrophages, enhance endocytic 

activity, promote cell growth, and tissue repair. They are induced by IL-4 and 

IL-13 and express high levels of CD206, IL-1 decoy receptor (IL-R) and CCL17 

and secrete pro-fibrotic factors such as TGF-𝛽, insulin-like growth factor (IGF) 

and fibronectin to contribute to tissue repair (Mantovani et al. 2004). M2b 

macrophages, also known as regulatory macrophages, regulate the extent and 

depth of immune responses and inflammatory reactions. They can be induced by 
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combined exposure to Toll-like receptors (TLR) agonists or IL-1R agonists and 

express high levels of CCL1 and TNF superfamily member (TNFSF) 14 

(Mantovani et al. 2004). In addition to proinflammatory cytokines (IL-1𝛽, IL-6 

and TNF-𝛼), M2b cells also express and secrete substantial amounts of the anti-

inflammatory cytokine IL-10 and low levels of IL-12, which is the functional 

inverse of M1 cells (Yue et al. 2017). M2c macrophages, also known as 

inactivated macrophages, play crucial roles in the process of phagocytosis of 

apoptotic cells. They are induced by glucocorticoids, IL-10 and TGF-β through 

activation of STAT3 and show strong anti-inflammatory activity by releasing 

large amounts of IL-10 and pro-fibrotic activity by secreting high levels of TGF-

𝛽 (Mantovani et al. 2004). In addition, M2c macrophages exhibit high 

expression of Mer receptor tyrosine kinase (MerTK), resulting in efficient 

phagocytosis of apoptotic cells (Zizzo et al. 2012). M2d macrophages promote 

angiogenesis and tumor progression; they are induced by costimulation with 

TLR ligands and adenosine receptor (AR) 2 agonists or by IL-6 (Shapouri-

Moghaddam et al. 2018). These cells are mainly characterized by high 

production of IL-10, TGF-𝛽 and vascular endothelial growth factor (VEGF) and 

low production of IL-12, TNF-𝛼 and IL-1𝛽 (Martinez et al. 2008). 

 

1.6. Origins of Tumor-associated-macrophages (TAMs) 

Macrophages have two main origins: tissue-resident macrophages (TRMs) 

and monocyte-derived macrophages (MDMs). TRMs develop from embryonic 

precursors (yolk sac or fetal liver progenitors), whereas MDMs develop from 

bone marrow hematopoietic cell progenitors (Blériot et al. 2020) and play 

different roles in both health and disease. TRMs are widely distributed 

throughout the body and, depending on their location, are called osteoclasts in 

bone, alveolar macrophages in the lungs, microglial cells in the central nervous 

system, and Kupffer cells in the liver. In general, they play tissue-specific 



Background 

 24 

homeostatic roles, as well as basic functions such as removing dying cells. 

MDMs are recruited to tissues during inflammation, secrete pro-inflammatory 

cytokines, help clear infection, regulate the immune response, and serve as a 

reservoir for macrophage reconstitution and are recruited in pathology (De 

Nardo et al. 2019). Under physiological conditions, TRMs and MDMs have 

distinct tissue distribution: (i) both subpopulations are found in the liver, 

pancreas, lung, heart, kidney, and spleen; (ii) only TRMs are found in the brain; 

and (iii) MDMs predominate in the gut and dermis (Zhu et al. 2017). Therefore, 

in pathological situations, macrophages are a heterogeneous population. 

Compared with tissue homeostasis, cancer is characterized by increased 

recruitment of monocytes and/or expansion of TRMs, with both populations 

involved in tumorigenesis (De Nardo et al. 2019) (Fig. 9).  
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Figure 9. Schematic representation of the two main origins of TAMs: TRMs and MDMs. 
TRMs develop from embryonic precursors (yolk sac or fetal liver progenitors), whereas MDMs 
develop from bone marrow hematopoietic cell progenitors. Tissue‐resident TAMs and monocyte‐
derived TAMs have different functions in tumor progression (Zhang et al. 2021). 

 

Several pathways are involved in monocyte recruitment to the tumor, including 

cytokines, chemokines, and growth factors that recruit monocytes. Inhibition of 

the recruitment of monocyte-derived macrophages is a promising strategy to 

reduce the TAM population and enhance the antitumor response. The M-

CSF/CSF-1R, CCL2/CCR2, CCL5/CCR5 and CX3CL1/CX3CR1 pathways are 

major targets showing potential in cancer therapy (Peyraud et al. 2017).  In 

general, TAMs are thought to closely resemble M2 macrophages with Th2 

immune response and immunosuppressive features. However, current studies 

have shown that the TAM population is in a state of constant transition between 

the two forms of M1 and M2 types (Pan et al. 2020) (Fig. 10). 

 



Background 

 26 

 

 

Figure 10. Schematic representation of TAMs characteristics. M1 macrophages exert pro-
inflammatory, cytotoxic and tumoricidal roles. On the contrary, M2 macrophages and TAMs 
exert immunosuppressive and pro-tumorigenic roles. In general, TAMs are thought to more 
closely resemble M2 macrophages, however they show some different characteristics (Chen el 
al. 2019). 

 

The proportion of each form is determined by the type and concentration of 

different signals in the tumor microenvironment. It is known that the population 

of TAMs within the Tumor microenvironment (TME) is phenotypically 

heterogeneous (De Nardo et al. 2019), and the total number of TAMs 

accumulated within a tumor is not considered in estimating clinical prognosis. 

However, the M1/M2 ratio is considered an important prognostic marker (Dan 

et al. 2020). A low M1/M2 TAM ratio is associated with tumor progression and 

poor prognosis, whereas a high M1/M2 ratio tends to correlate with positive 

outcomes in ovarian cancer, gastric cancer, colorectal cancer, osteosarcoma, 

lung cancer, and oral squamous cell carcinoma. Numerous studies have shown 

that M2 TAMs play an important role in promoting tumor growth, angiogenesis, 
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extracellular matrix modification, inhibition of antitumor immunity, metastasis, 

immunotherapy resistance, and recurrence (Hourani et al. 2021). 

 

1.7. TAMS in tumor initiation  

Tumors acquire mutations in oncogenes or suppressor genes that allow them 

to progress to malignancy. For years cancer research focused on these mutations, 

and cancer therapies also aimed to target oncogenes. Nowadays it is known that 

stromal cells in the microenvironment evolve along with the tumor and provide 

essential support for their malignant phenotype (Joyce and Pollard 2009). The 

presence of inflammation is a shared feature of many cancers: more than 20 

percent of neoplasms are induced or aggravated by infection, chronic 

inflammation, or autoimmunity in the same tissue or organ (Grivennikov et al. 

2010). Activated macrophages are central to this type of immune response and 

work in concert with other immune cells (Balkwill et al. 2005) (Fig. 11).  
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Figure 11. Overview of macrophages involvement in myeloid cell differentiation in cancer. 
Macrophages development, accumulation, suppressive activity, and survival are controlled by a 
complex network of transcription factors, cytokines, and non-cytokine immune regulatory 
factors. Under different conditions such as the tumor microenvironment, a variety of factors 
promote cancer risk, facilitate cancer onset and progression, and polarize TAMs (Li et a.l 2021).  

 

It has been hypothesized that these immune cells produce a mutagenic 

environment by generating reactive nitrogen and oxygen species that cause 

mutations in the adjacent epithelial cells (Pang et al. 2007). In addition, there is 

evidence that the inflammatory microenvironment also promotes genetic 

instability within the developing tumor epithelial cells (Colotta et al. 2009). In 

either case, the mutations are fixed after replication of the epithelial cells, a 

process that is stimulated by growth factors synthesized by the infiltrating or 

resident immune cells that include macrophages. Macrophages are a major 

infiltrating immune cell in chronic inflammation, secreting inflammatory factors 

and cytokines and influencing angiogenesis and tumor metastasis, such as IL-6, 

TNF-α and IFN-γ (Grivennikov et al. 2010). TNFα action through NF-κB is a 

causal agent in this promotion through mechanisms that act directly on epithelial 

cells and on the inflammatory cells in the surrounding stroma, particularly the 

macrophages (Balkwill et al. 2009). Together these data strongly support causal 

roles for inflammation in cancer initiation and promotion. Although not 
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definitive, given that macrophages have not been uniquely targeted in any 

system, the data suggest that macrophages are key cells in cancer induced by 

inflammation. 

 

1.8.  TAMs functions in the Primary Tumor  

The macrophage phenotype associated with cancer initiation and promotion 

is comparable to the pro-inflammatory (or activated) one (Gordon et al. 2003). 

However, once tumors are established, macrophages are educated to become 

pro-tumor (Qian and Pollard. 2010). At various stages of tumor mass 

development, immune system cells with Th1 type inflammatory action, initially 

recruited to fight it, are gradually and progressively modified to create a Th2 

type immune environment. Macrophage plasticity is a characteristic that is 

opportunistically exploited by the tumor. Macrophages are, in fact, drawn into 

the tumor tissue as M1 macrophages and progressively "reprogrammed" into 

M2, with the result that they are deprived of their antitumor functions and 

diverted to contribute to the growth and spread of malignant cells (Fig. 12) 

(Yunna et al. 2020). 

 



Background 

 30 

 

 

Figure 12. Schematic representation of main roles of TAMs in tumorigenesis. TAMs promote 
tumor growth, angiogenesis, Treg cells induction, metabolic starvation of T cells, cancer stem 
cells induction, T cells inactivation, epithelial-mesenchymal transition (EMT), invasion, 
migration and metastasis (Chen el al. 2019). 

 

Macrophage plasticity can also be used as an opportunity to cure cancer by 

repolarizing TAMs to become anticancer. Several options are currently used to 

select the M1 phenotype from the TAMs or to reprogram the TAMs from the 

M2 to M1 phenotype: TLR agonists, Monoclonal antibodies (mAbs) targeting 

inhibitory proteins of the M1 phenotype, and other compounds. TLR agonists 

represent a promising anticancer therapy (De Meyer et al. 2012). An anti-

scavenger receptor CD204 antibody conjugated to the gustin toxin reduced the 

number of vascular leukocytes and inhibited tumor progression in a murine 

ovarian cancer model (Bak et al. 2007).  Macrophage receptor with collagenous 
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structure (MARCO) is a pattern recognition scavenger receptor and is expressed 

by immunosuppressive TAMs. Targeting this receptor is a promising new way 

to treat breast cancer, colon cancer and melanoma by reprogramming 

immunosuppressive TAMs to a pro-inflammatory phenotype and increasing the 

tumor immune response (Georgoudaki et al. 2016). 

1.9. TAMs in promoting tumor invasion, migration, and intravasation  

Tumor metastasis is an important feature of poor prognosis after tumor 

therapy. The main reason for tumor cell migration and metastasis is the 

degradation and damage of the basement membrane of endothelial cells in the 

tumor tissue. It has been reported that activated TAMs exert a direct effect on 

promoting metastasis through the direct production of soluble factors. They are 

the key that opens the gate for tumor cells to escape. Mechanistically, tumor cells 

synthesize CSF-1, which stimulates macrophages to move and produce 

epidermal growth factor (EGF), which in turn activates tumor cell migration 

(Wyckoff et al. 2004). Macrophages and tumor cells move in tandem, and 

inhibition of EGF or CSF-1 signaling pathways results in inhibition of migration 

and chemotaxis of both cell types (Wyckoff et al. 2007) (Fig.13). 
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Figure 13. Overview of contribution by TAM to tumor invasion and metastasis. TAMs EGF 
and tumour cells secrete CSF-1 to induce a paracrine loop-driven co-migration and invasion of 
both cells type towards blood vessels (Dwyer et al. 2017). 

 

The interaction between tumor cells and TAMs plays a key role in the epithelial-

mesenchymal transition (EMT) process. TAMs induce EMT in tumor cells by 

secreting a series of cytokines and growth factors, such as TGF-β, TNF-α, IL-6, 

and IL-8, thereby promoting tumor invasion and metastasis. TAMs not only 

contribute to early EMT of tumor cells, but also help to prepare a distant site 

ready to support metastatic growth (Li et al. 2022). The extracellular matrix 

(ECM) plays an important role in modifying tumor cell invasiveness. 

Macrophages synthesize secreted protein acidic and rich in cysteine 

(SPARC)/osteonectin, which is important for collagen IV deposition, increased 

tumor cell invasion, and adhesion to other ECM components (such as 

fibronectin). SPARC/osteonectin has been shown to be required for spontaneous 

metastasis formation from the primary tumor (Sangaletti et al. 2008). Fibrillar 

collagen 1 also promotes the invasion process, as tumor cells and macrophages 
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move ~10 times faster on these structures than through the stroma itself. This 

has the unfortunate consequence of recruiting cells to blood vessels, as these 

collagen fibrils also anchor these structures (Condeelis and Segall 2003). 

Macrophages on the vessels then give approach signals that cause tumor cells to 

migrate along the collagen fibrils toward the vessels, where the tumor cells 

escape into the vasculature aided by the macrophages. Tumor cell migration also 

requires proteolytic destruction of the matrix to allow tumor cells to escape from 

the borders of the basement membrane. Subsequently, proteolysis is required for 

tumor cell migration through the dense stroma. Macrophages are potent 

producers of many proteases, including cathepsins, matrix metalloproteases 

(MMPs) and serine proteases (Egeblad and Werb 2002). M2- like TAMs induce 

proteolytic clearance of interstitial collagen through upregulated MMP 

expression, such as MMP-2, MMP-9, and MMP-12, accompanied by increased 

endocytosis and lysosomal degradation of collagen (Madsen et al. 2017). In 

addition to ECM degradation, in a colorectal cancer model, TAMs contribute to 

ECM deposition. Interestingly, this study found that here TAMs are the major 

cell type to upregulate synthesis and assembly of collagens, specifically collagen 

types I, VI and XIV, and induce deposition, cross- linking and linearization of 

these collagen fibers near invasive tumor cells (Afik et al. 2016). These data add 

to growing evidence that immune cells contribute to ECM deposition, as 

macrophages also deposit the glycoprotein osteonectin, which promotes stromal 

invasion in a mouse model of breast cancer (Sangaletti et al. 2008).  

 

1.10. TAMs promote the cancer stemness  

Cancer Stem Cells (CSCs) are cellular elements in the tumor tissue with stem-

like properties which have been demonstrated to play a key role in disease 

progression and tumor recurrence. They represent a distinctive cell subset within 

the tumoral mass and are characterized by unlimited self-renewal properties, 
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tumor initiation ability and chemo-resistance (Kreso and Dick 2014). In tumors, 

also the CSCs reside in a cancer niche that defends them from stress signals, 

such as apoptosis- inducing chemotherapeutic agents and from attacks by the 

immune system (Plaks et al. 2015).  Key players in the cancer niche are TAMs, 

which indeed secrete a variety of soluble factors and physically interact with 

CSCs to protect them from environmental damage (Liguori et al. 2021). As 

mentioned above, TAMs are active producers of matrix-degrading enzymes and 

also of ECM macromolecules, thus contributing to the incessant remodeling of 

the tumor stroma (Liguori et al. 2011). Matrix components are crucial for 

preserving the niche architecture as well as for the communication between 

CSCs and the surrounding cells. Notably, the physical interaction between 

macrophages and CSCs appears crucial to support stemness features, as 

demonstrated in studies specifically addressing the importance of juxtacrine 

signaling mechanisms. Cell–cell contact activates several pathways that are 

important for CSC, such as: SHH, NOTCH, STAT3 (Yang et al. 2013), 

PI3K/AKT, WNT/b-catenin, NANOG (Morgan et al. 2018) and NF-kB 

(Galoczova et al. 2018). 

 

1.11. TAMs in immunosuppression  

The coordinated interaction between the innate immune system, represented by 

macrophages and dendritic cells (DCs), and the adaptive immune system, 

consisting largely of T lymphocytes, is essential to prevent the development and 

progression of neoplastic cells (Koebel et al. 2007). While the immune 

surveillance process functions normally in noncancer hosts, a key problem in 

cancer immunology is to combat immunosuppressive factors within the ECM, 

which tame normal antitumor responses. Substantial evidence has supported that 

TAMs change the composition of immune cells within the TME, reducing 
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antitumor immune cells and simultaneously increasing the presence of 

immunosuppressive cell types to accelerate tumorigenesis (Fig. 14). 

 

 

 

Figure 14. Schematic representation of the immunosuppressive role of TAMs. 
Immunosuppressive TAMs express immune checkpoint ligands, which directly inhibit the 
functions of CTLs. TAMs also promote immunosuppression by recruiting Th2 cells and T reg 
cells through the production of chemokines (Lopez-Yrigoyen et al. 2021). 

 

The immunosuppressive effects of TAMs consist of direct interactions with 

CTLs in an antigen-specific and antigen-non-specific manner or indirect 

overpressure of effector T cells through Treg expansion (Petty and Yang 2017).  

Cathepsin K, cyclooxygenase (COX) 2, ARG1 and MMPs secreted by TAMs 

can directly inhibit the effector function of CD8+ and CD4+ T cells. In addition, 

these TAM-derived chemokines, cytokines, and enzymes can also stimulate the 

generation of induced regulatory T cells (iTregs) and recruit natural Tregs 
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(nTregs), which perform an immunosuppressive function by directly inhibiting 

effector T cells or secreting immunosuppressive factors. In turn, Treg cells 

indirectly promote an M2-like phenotype of TAMs and support their survival by 

suppressing CD8+ T cells in the TME (Liu.C et al. 2019). In addition, some 

studies suggest that TAMs also induce NK cell dysfunction; in fact, TAM-

derived IL-10 inhibits the local production of IL-12, a cytokine essential for NK 

cell cytotoxicity (Sica et al. 2000). Finally, TAMs further promote dysfunction 

of TILs by expressing inhibitory receptor ligands of PD- 1 and CTLA- 4 (Kuang 

et al. 2009). Taken together, this evidence suggests that TAMs are an important 

force in disrupting antitumor responses by effector cells in the TME and remain 

a significant obstacle to effective immunotherapy. 

 

1.12. Macrophage metabolism  

Macrophage polarization also involves metabolic reprogramming, their 

metabolism in fact clearly reflects their functions. An M1 macrophage is part of 

the first line of defense of the innate immune system, which takes place over 

hours or days, compared with an M2 macrophage, which plays a greater role in 

the resolution phase and thus has more long-term functions. We now know that 

the metabolism of M1 macrophages is characterized by high expression of iNOS 

and NO production, glycolysis, and low oxidative phosphorylation (OXPHOS) 

while the metabolism of M2 macrophages is characterized by high levels of 

ARG1, fatty acid oxidation (FAO), and OXPHOS (Fig.15).  
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Figure 15.  Schematic representation of immunometabolic pathways in macrophages. Pro-
inflammatory macrophages are more glycolytic, reflecting their need to rapidly meet the energy 
requirements of acute inflammation in the form of ATP.  By contrast, anti-inflammatory 
macrophages utilize fatty acid OXPHOS to slowly but efficiently generate ATP to support the 
resolution of inflammation (O’Neill et al 2016) 

 

In M1 macrophages, upon activation, aerobic glycolysis is induced, resulting in 

increased glucose uptake and conversion of pyruvate to lactate. At the same time, 

respiratory chain activities are attenuated, allowing the production of reactive 

oxygen species (ROS). In addition, the pentose phosphate pathway is also 

induced following classical action. This pathway is critical for the generation of 

NADPH for NADPH oxidase, which is important for ROS production, but also 

for nitric oxide synthesis (Aktan et al. 2004). Thus, these metabolic events can 

provide the cell with energy and fast reducing equivalents, which are necessary 

for bactericidal activity. A key mechanism for increased glycolysis in the 
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presence of activated macrophages is the induction of pyruvate kinase 

isoenzyme (PK) M2. This form of PKM (which is an enzyme that generates 

pyruvate and ATP from phosphoenolpyruvate and ADP during glycolysis) is 

regulated to slow down glycolytic flux and allow the detour of glycolytic 

intermediates to biosynthetic pathways. PKM2 also has a separate function 

outside of its role in glycolysis. It translocates to the nucleus, where it interacts 

with Hypoxia Inducible Factor 1 Subunit Alpha (HIF1α) and promotes the 

expression of HIF1α-dependent genes, including those encoding the glycolytic 

enzymes and inflammatory factors, such as IL-1β. Also interesting is the 

observation that a small molecule that forces PKM2 into a tetrameric state (in 

which it is unable to enter the nucleus and is more active in glycolysis than 

dimeric PKM2) reprograms macrophages to become more M2-like in their gene 

expression profiles (Palsson‐McDermott et al. 2015). This indicates that 

inhibition of HIF1α (as will occur in this situation, since PKM2 is no longer 

nuclear) will change the macrophage phenotype from pro-inflammatory M1 to a 

pro-reparative (or alternatively activated) M2 phenotype (O’Neill et al. 2016). 

In M2 macrophages, NO production is low, allowing OXPHOS to be 

maintained. High ARG1 activity is associated with the metabolism of arginine 

to proline, a component of collagen (Gordon et al. 2003). Collagen production 

can stimulate matrix synthesis, which is necessary for tissue repair and 

granuloma formation, both of which are important for the resolution of 

inflammation. Unlike M1 macrophages, M2 macrophages do not show increased 

glycolytic activity (Galvan-Pena and O’Neill 2014). Following alternative 

activation, the 6-phosphofructo-2-kinase/fructose-2,6-biphosphatase (PFKFB) 1 

gene is expressed instead of PFKFB3, resulting in higher levels of the hepatic 

isoform of Phosphofructokinase-2 (PFK2) and lower levels of fructose-2,6-

bisphosphate. The lower glycolytic levels are compensated by increased 

OXPHOS. Following macrophage activation with IL4, an oxidative metabolic 

program is induced, ranging from fatty acid uptake and oxidation to OXPHOS 

and mitochondrial respiration. The mechanism underlying this increase is 



Background 

 39 

somewhat better understood than that of glycolysis in M1 macrophages. 

Following treatment with IL4, the transcription factor STAT6, which is 

responsible for mediating the transcriptional responses of this cytokine, is 

activated. Active STAT6 can induce PPARγ-coactivator-1β (PGC-1β). PGC-1β 

can induce mitochondrial respiration and mitochondrial biogenesis. Moreover, 

together with the transcription factors, nuclear respiratory factor 1 (NRF-1) and 

estrogen-related receptor-α (ERRα), it drives the production of key 

mitochondrial components, such as cytochrome c and ATP synthase (St-Pierre 

et al. 2003).  It is therefore not surprising that PGC-1β is considered the key 

player responsible for metabolic change in M2 macrophages. The Krebs o 

tricarboxylic acid (TCA) cycle and OXPHOS have been extensively studied in 

immune cells. In M2 macrophages, there is an intact TCA cycle that is coupled 

to OXPHOS. This allows the generation of UDP-GlcNAc intermediates, which 

are required for glycosylation of M2-associated receptors, such as the mannose 

receptor (Jha et al. 2015). However, in M1 macrophages the situation is quite 

different. In these cells, the TCA cycle has been shown to be interrupted at two 

points: after citrate (due to decreased expression of isocitrate lyase) and after 

succinate (Tannahill et al. 2013). It has been shown that citrate that accumulates 

in M1 macrophages is exported from mitochondria via the citrate transporter. It 

is then used to produce fatty acids, which in turn are used for membrane 

biogenesis. The succinate that accumulates in M1 macrophages because of TCA 

cycle disruption has a direct impact on cytokine production by macrophages 

(Tannahill et al. 2013). One mechanism involved is the inhibition of prolyl 

hydroxylases by succinate, which leads to stabilization of HIF1α and sustained 

production of IL-1β. This pathway functions in both normoxia and hypoxia and 

thus represents a mechanism for HIF1α activation under aerobic conditions 

(O’Neill et al 2016). 
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1.13. TAMs metabolism 

The homeostasis and evolution of the TME are governed by an intimate 

exchange within and between all cellular compartments, including malignant, 

endothelial, stromal, and immune cells. This complex interaction often involves 

extracellular metabolites, which not only provide a source of energy but also act 

as communication signals between different cellular compartments.  TAMs react 

with metabolic changes in response to stimuli in the TME and actively engage 

in metabolic crosstalk with tumor (and other) cells, which often promotes cancer 

progression (Vitale et al. 2019) (Fig. 16). 

 

 

 

Figure 16. Schematic representation of TAMs and cancer cells crosstalk. Early neoplastic 
lesions exhibit limited degree of hypoxia, abundant infiltration by effector T cells, and a TAM 
compartment largely polarized toward an immunostimulatory M1-like state. As disease 
progresses, cancer cells avidly deplete the TME of glucose as they produce increased amounts 
of lactate and secrete cytokines that favor the recruitment of blood-borne monocytes and their 
polarization toward an immunosuppressive M2-like state (Vitale et al 2019). 

  

A major metabolic pathway in macrophages that has been shown to influence 

tumor growth is amino acid metabolism, and as mentioned above, protumoral 

TAMs highly express ARG1 (Murray et al. 2014). Tumor-associated myeloid 

cells express cationic amino acid transporters 1 and 2B at higher levels than non-



Background 

 41 

tumor-associated myeloid cells, leading to increased uptake of arginine and its 

depletion in the TME (Geiger et al 2016). This phenomenon leads to three 

results. First, ARG1 converts arginine to ornithine and urea, inhibiting tumor 

NO synthesis. Second, arginine is metabolized into ornithine and polyamines, 

which promote tumor growth. Myeloid-specific deletion of ODC, a rate-limiting 

factor in the polyamine biosynthesis pathway, also leads to increased production 

of M1-associated cytokines, including TNFα, IL-1β, IFNγ, and NOS2, resulting 

in reduced tumor burden and improved survival in carcinogenesis. Third, 

depletion of arginine from TME suppresses the antitumor activity of T cells 

(Singh et al. 2018). Tryptophan metabolism is also involved in the modulation 

of antitumor immune responses. The enzyme Indoleamine 2,3-dioxygenase 

(IDO) performs the first step of the kynurenine pathway, which converts 

tryptophan to N-formyl kynurenine. In the context of tumors, this has been 

linked to T-cell suppression through depletion of tryptophan from TME and 

promotion of regulatory T-cell responses (Campesato et al. 2020). However, 

tumors overexpressing IDO also recruit more TAMs into the TME, where they 

express CD206 and high levels of TGFβ, but low levels of NOS2, CD86, and 

IL-12, characteristic of protumorigenic macrophages (Campesato et al. 2020). 

Tumor cells and TAMs also engage in metabolic crosstalk (Fig. 14). Cancer cells 

are typically highly glycolytic due to exclusive expression of the M2 isoform of 

PKM2 (Christofk et al. 2008), which can lead to competition for nutrients with 

other glycolytic cells in the TME (Chang et al. 2015). The product of cancer cell 

glycolysis is lactate, which promotes VEGF and ARG1 production in TAMs to 

support vascularization and tumor proliferation. Lactate metabolism is 

particularly relevant not only because of the metabolic symbiosis between 

hypoxic (lactate-generating) and normoxic (lactate-importing) tumor cells 

(Allen et al. 2016), but also because of the ability of hypoxic tumor cells to re-

educate TAMs toward a poorly glycolytic M2 profile, with increased FAO, 

decreased antigen-presenting capacity (Liu.N et al. 2019) and, at least in 

glioblastoma, increased expression of immunosuppressive molecules (Kren et 
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al. 2010). The M2 bias of melanoma-associated TAMs appears to be promoted 

by a mechanism involving a G-protein-coupled receptor (GPCR) that senses 

TME acidification induced by increased glycolysis of cancer cells (Bohn et al. 

2018). Based on these observations, the development of treatments that target 

key metabolic enzymes could have important clinical benefits (Fig. 17).  

 

 

 

Figure 17. Schematic representation of metabolic reprogramming of TAMs toward an 
antitumoral phenotype. Strategies that metabolically reprogram protumoral M2 TAM into an 
antitumoral M1 phenotype, without depleting the full TAM population, could reduce tumor 
growth and metastasis and allow re-establishment of conventional cancer therapies (Geeraerts 
et al. 2017). 

 

A prototypical inhibitor of mTOR, rapamycin, repolarizes protumoral 

macrophages towards an antitumoral phenotype by suppressing mitochondrial 

ROS and NLRP3 inflammasomes, suggesting that targeting upper stream factor 

of glucose would be beneficial for antitumoral responses in TAMs (Aslam et al. 

2017). As expected, the glucose-lowering drug, metformin, reduces M2 
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polarization in TAMs in murine pancreatic tumors and osteosarcoma tumor 

models and reduces IL-1β production (Uehara et al. 2019). 

A study by the group of Mazzone revealed that TAM metabolism directly 

affects tumor vasculature and metastasis, making the link between TAM 

metabolism and its protumoral functionality. Regulated in development and 

DNA damage responses 1 (REDD1), an inhibitor of mTOR, is highly expressed 

by TAM in the hypoxic regions of the tumor, which have been described 

previously as more M2-like macrophages with high angiogenic potential. 

Genetic deletion of REDD1 in hypoxic TAM induced mTOR activity, which in 

turn increased glucose uptake and directed hypoxic macrophage metabolism 

toward glycolysis. Enhanced glycolysis upon REDD1 deletion caused 

competition for glucose between hypoxic TAM and tumor endothelial cells 

(Wenes et al. 2016). Together, these observations suggest that altering the 

metabolic programs of TAMs could be a useful strategy for repolarizing 

macrophages to promote antitumor effector functions. 
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2. AIM OF THE STUDY  

Aim of this study is to decipher the role of FKBP51s in TAM biology with 

the final aims of identifying new targets for TAMs reprogramming, and exploit 

FKBP51s as a univocal biomarker of TAMs and immune tolerance. Starting 

from the observation that FKBP51s, the alternative splicing isoform of the 

FKBP5 gene, constitutively and abundantly expressed by immune cells, was 

highly expressed in the peripheral blood mononuclear cells (PBMCs) of patients’ 

tumor non-responders to immunotherapy, we focused on the role of this splice 

isoform in the regulation of M2 macrophage polarization.  For this purpose, 

THP-1 cell line and human primary monocytes derived from PBMCs were 

subjected to an in vitro polarization to obtain the classically activated M1-

macrophages, and the alternatively activated M2-macrophages (further divided 

in M2a and M2c subtypes). In these macrophage models, membrane proteome, 

cytokine production and secretion, expression, localization, metabolism were 

studied to address the role of FKBP51s. The effect of FKBP51s inhibition on 

macrophage reprograming was also studied; for FKBP51s silencing, both the 

RNA interference method and use of specific switching oligonucleotides to 

redirect the splicing towards the canonical one, were employed. To address the 

mechanistic function of FKBP51s, studies of the localization and the association 

of FKBP51s with ribosomes have been conducted. Finally, the role of the protein 

in two major metabolic pathways OXPHOS and glycolysis was also addressed.   
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3. MATERIALS AND METHODS  

3.1. Cell culture  

Human peripheral blood mononuclear cells (PBMCs) were isolated from 

healthy donors using Ficoll (Sigma Aldrich, California, USA) density gradient 

centrifugation, according to manufacturer instructions. Isolated PBMCs and 

Human monocytic THP-1 cells were cultured in Roswell Park Memorial 

Institute medium (RPMI 1640, Corning; Arizona, USA) supplemented with 10% 

heat-inactivated fetal bovine serum (FBS; Corning), 200mM glutamine (Lonza; 

Basilea, Svizzera), and 100 U/ml penicillin-streptomycin (Lonza) at 37°C in a 

5% CO2 humidified atmosphere. Glioblastoma primary cell line GB138, 

established from acutely resected human GBM (Kroonen 2011) were cultured in 

Dulbecco's Modified Eagle Medium (DMEM) (Corning, Arizona, USA) 

supplemented with 10% heat-inactivated FBS (Corning), 200mM glutamine 

(Corning) and 100U/ml penicillin-streptomycin (Lonza). 

 

3.2. Macrophage polarization 

To polarize macrophages, PBMCs were stimulated for 6 days with GM-CSF 

or M-CSF (Immunotools, Friesoythe, Germany) used at a final concentration of 

50 ng/mL and then polarized into M1 macrophages with 100 ng/mL IFN-γ  

(Immunotools) and 100 ng/mL LPS (Sigma) or M2a macrophages with 50 

ng/mL IL-4 (Immunotools) or M2c macrophages with 50 ng/mL IL-10 

(Immunotools) for 16h to 72h depending on the experiment. THP-1 monocytes 

are differentiated into macrophages by 36 h incubation with 100 ng/mL phorbol 

12-myristate 13-acetate (PMA, Sigma) followed by 36 h incubation in RPMI 

medium. THP1 derived macrophages were polarized in M1 macrophages with 

20 ng/mL IFN-γ (Immunotools) and 100ng/mL LPS (Sigma) or M2a 
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macrophages with 20 ng/mL IL-4 (Immunotools) or M2c macrophages with 20 

ng/mL IL-10 (Immunotools) for 16h to 72h depending on the experiment.  

 

3.3.  Cell transfection  

For knockdown experiment, cells were transfected with specific small 

interfering oligoribonucleotide (siRNA) or with a non-silencing 

oligoribonucleotide (NS RNA) as control, at a final concentration of 50 nM using 

Metafectene (Biontex, Munich, Germany) according to the manufacturer’s 

recommendations. NS RNA was purchased from Novus Biological (Colorado, 

USA). For FKBP51 and FKBP51s siRNA, we used a mixture of three different 

siRNAs (Romano S et al. 2010 and D’Arrigo et al. 2017) purchased from Qiagen 

(Philadelphia, USA). To manipulate the splicing of FKBP5 gene, we designed 

SSOs (Havens 2016). Briefly, FKBP51-specific SSOs (FKBP51-SSOs) trigger 

both splicing silencer and enhancer putatively involved in the exon 6 skipping 

to alter the production of the FKBP51s splice variant.  

A mixture of three FKBP51-SSOs 

(5'aggaggacggaggacggaggacaUCCAAAACCAUA-3'; 

5'aucuuuccucuuuccucuuuccaUCCAAAACCAUA-3'; 

5'auagggcaggcuagggcaggccaUCCAAAACCAUA-3') and the relative control 

oligo (No Tail, 5'-UCCAAAACCAUA-3') were used at the final concentration 

of 1μM. 

 

3.4.  Immunoblotting  

The cells were washed in cold phosphate-buffered saline (PBS) and lysed in 

cell lysis buffer (50 mM Tris–HCl, pH7.4; 150 mM NaCl; 1% NP-40; 0.5% Na-

deoxycholate; 1 mM ethylene- diaminetetraacetic acid (EDTA); 1 mM 
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phenylmethanesul- fonylfluoride (PMSF); 1 mM dithiothreitol (DTT); protease 

inhibitor cocktail). Cell lysates were cleared by centrifugation at 14000 rpm for 

20 min at 4◦C, and the supernatants were collected and assayed for protein 

concentration using the Protein Assay Dye Reagent (Bio-rad, California, USA). 

Cell lysates (30 μg protein lysate) were separated using SDS-PAGE gels of 

different percentages, depending on the molecular weights of the proteins of 

interest. The proteins were then electrophoretically transferred to PVDF 

membranes (Immobilon-P, Millipore, Darmstadt, Germany). After 1 h in 

blocking solution with 5% (w/v) dry milk fat in PBS, or 5% (w/v) bovine serum 

albumin (Sigma-Aldrich) in Tris-buffered saline (both of which contained 0.01% 

(v/v) Tween-20), the membranes were incubated with the primary antibody 

overnight at 4 °C, and then with the secondary antibodies for 1 h at room 

temperature. Primary antibodies against the following proteins were diluted in 

5% (w/v) bovine serum albumin in TBS-Tween or in 5% (w/v) milk fat in PBS-

Tween as follows: anti-𝛾-tubulin (T9026, Sigma-Aldrich) (1:5000), anti-

FKBP51 (NB100-68240, Novus Biological, Abingdon, UK) (1:3000), anti-

G3PDH (sc-32233, Santa Cruz Biotechnology) (1:3000), anti-phospho-STAT1 

(Tyr 701) (GTX50118, Genetex, California, USA) (1:1000), anti-phospho-

STAT 3 (Tyr 705) (GTX133464, Genetex) (1:2000), anti-phospho-STAT 6 (Tyr 

641) (#93615, Cell Signaling Technology, Inc. Massachusetts, USA) (1:500), 

anti- STAT3 (sc-8019, Santa Cruz Biotechnology, California, USA) (1:500), 

anti-STAT1 (sc464, Santa Cruz Biotechnology) (1:500),  anti- STAT6 (sc1689, 

Santa Cruz Biotechnology) (1:500), anti- phospho-IκBα (Ser32/36) ( #9246, Cell 

Signaling) (1:1000), anti-phospho-NF-κB p65 (Ser536) (#3033, Cell Signaling) 

(1:500), anti- NFκB p65 (sc-109, Santa Cruz Biotechnology) (1:1000). anti-

HSp90 (sc13119 Santa Cruz Biotechnology) (1:3000), anti-β-Actin, 

(15G5A11/E2, Invitrogen-Thermo Fisher Scientific) (1:5000). anti-Vinculin 

(sc-55465 Santa Cruz Biotechnology) (1:3000). Total OXPHOS Rodent WB 

Antibody Cocktail (# 45-8099, Invitrogen-Thermo Fisher Scientific) (1:250). 

Anti-Histone H3 (#4499, Cell Signaling) (1:1000). FKBP51s rabbit polyclonal 



Materials and methods 

 48 

(Romano et al. 2015) and the antibody against the FK1 domain (FFI), a kind gift 

of Dr. Marc Cox (Riggs et al. 2003), were used at a dilution of 1:500. After 

washes, membranes were incubated with secondary antibodies for 1 h, at room 

temperature. Anti-mouse and anti-rabbit secondary antibodies HRP-conjugated 

were purchased from ImmunoReagents (Raleigh, North Carolina, USA) and 

were diluted in 5% (w/v) bovine serum albumin in TBS-Tween or in 5% (w/v) 

milk fat in PBS-Tween at 1:5000. The protein bands were visualized with a 

chemiluminescence detection system (Pierce-Thermo Fisher Scientific Inc, 

Illinois, USA). Immunoblot was performed in triplicate. The densitometry 

analysis was carried out using the ImageJ software program. The peak areas of 

the bands were measured on the densitometry plots, and the percentages were 

calculated. Then, the density areas of the peaks were normalized with those of 

the loading controls, and the ratios for the corresponding controls (e.g., NS 

RNA) are presented as fold-changes.  

 

3.5. Quantitative real-time polymerase chain reaction (qRT-PCR)  

Total RNA was isolated from cells using Trizol reagent (Invitrogen, 

California, USA) according to the manufacturer protocol. cDNA was 

synthesized by random hexamers with iScript cDNA synthesis kits (Bio-Rad), 

according to the protocols supplied by Bio-Rad. After digestion with DNAse 

RNAse-free, two micrograms of total RNA in 20 μl was used in each reaction. 

qRT-PCR was performed using the iQSYBR Green Supermix (Bio-Rad) and 

Bio-Rad CFX96 Real-Time PCR detection system, according to the protocols 

supplied by Bio-Rad. The primers were designed with Primer 3 program, 

sequences are reported below. All RTqPCRs were performed in duplicate, with 

50-100 ng ss-cDNA used in each 15-μl reaction. SDHA, RPS18 or RPS13 

mRNA were used to normalize the mRNA concentrations. For statistical 

analysis of gene expression data, the relative expression 2-ΔCt ± SD and the 
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mean fold change = 2-(average ΔΔCt) ± SD were calculated using the mean 

difference in the ΔCt between the genes and the internal control. The ΔCt was 

calculated using the differences in the mean Ct between the genes and the 

internal control.  

Oligo sequences are reported: 

h-ARG1-Fw: 5′-GGCTGGTCTGCTTGAGAAAC-3′;  

h-ARG1-Rev: 5′-CTTTTCCCACAGACCTTGGA-3′;  

h-MSR1-Fw: 5′-CCTCGTGTTTGCAGTTCTCA-3′;  

h-MSR1-Rev: 5′-CCATGTTGCTCATGTGTTCC-3′ 

h-TNF-α-Fw: 5′-AGCCCATGTTGTAGCAAACC-3′; 

h-TNF-α-Rev: 5′-TGAGGTACAGGCCCTCTGAT-3′;  

h-IFNg - Fw: 5′-TTCAGCTCTGGATCGTTTTG-3′;  

h-IFNg - Rev: 5′-TCTTTTGGATGCTCTGGTCA-3′; 

h-iNOS - Fw: 5′-GTTCTCAAGGCACAGGTCTC-3′;  

h-iNOS - Rev: 5′-GCAGGTCACTTATGTCACTTATC-3′; 

h-IL-6 -Fw: 5’-GGTACATCCTCGACGGCATCT-3’ 

h-IL-6 -Rev:5’-GTGCCTCTTTGCTGCTTTCAC-3; 

h- IL10 -Fw: 5′-GGCACCCAGTCTGAGAACAG-3′;  

h- IL10-Rev: 5′-TGGCAACCCAGGTAACCCTTA-3′;  

h-SDHA-Fw: 5′-TGGGAACAAGAGGGCATCTG-3’; 

h-SDHA-Rev: 5′-CCACCACTGCATCAAATTCATG-3′; 

h-RPS18-Fw: 5′- CGATGCGGCGGCGTTATTC-3′  

h-RPS18-Rev: 5′- TCTGTCAATCCTGTCCGTGTCC-3′.  

h-RPS13-Fw: 5′-TGGTTGAAGTTGACATCTGACGA- 3′; 

h-RPS13-Rev: 5′- AGATCAGGAGCAAGTCCCTTAGAC-3′. 
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3.6.  Flow cytometry 

BD-Pharmigen Fc block (2.5 μg/106 cells) was used to minimize non-specific 

binding of immunoglobulins to Fc receptors, prior to the immuno-staining. 

Macrophages were subjected to a multiple- immunofluorescence staining. For 

this purpose, 5–10μl (in accordance with concentration and the manufacturer’s 

instruction) of mouse monoclonal antibody recognizing the typical cluster 

differentiation (CD) was added to 50 μl of cells suspension. Cells were incubated 

for 15 min in the dark at room temperature (20–25 ◦C). The following antibodies 

were used: anti-CD14- Peridinin chlorophyll protein (PerCP) (TÜK4 clone; 

Miltenyi Biotec, Bergisch Gladbach, Germany), anti-PD-L1-phycoerythrin (PE) 

(MIH1 clone; eBioscience, Thermo Fisher Scientific, Massachusetts, USA), 

anti-CD163- Allophycocyanin (APC) (GHI/61 clone; Molecular Probes, 

Thermo Fisher Scientific) anti-CD80-APC (MEM-233 clone; Immunotools, 

Friesoythe, Germany), Anti-Hu-CD36- Fluorescein-5-isothiocyanate (FITC) ( 

NL07 clone; Invitrogen-Thermo Fisher Scientific), Anti-Hu HLA-DR-PE ( 

L243 clone; Invitrogen-Thermo Fisher Scientific). Next, 200 μL of a 

fixation/permeabilization buffer (BD-Pharmingen Cytofix/Cytoperm Kit, 

California, USA) was added to each tube and incubated for 20 min in the dark at 

4 ◦C.  After fixation and permeabilization, the cells were further incubated for 

intracytoplasmic staining by direct immunofluorescence with anti-Hu/Mo 

Arginase1-AlexaFluor488 (A1exF5 clone; Invitrogen-Thermo Fisher Scientific) 

and anti-FKBP51s using anti-FKBP51s antibody conjugated with the 5-

carboxyfluorescein (FAM). This was generated using an AnaTagTM 5-FAM 

Protein Labeling Kit (AnaSpec, California, USA), following the manufacturer’s 

instructions, and used at a concentration of 0.02 μg/ml. FAM-conjugated rabbit 

IgG was used as control antibody for FKBP51s immunofluorescence. For each 

staining, a relative Ig isotype-conjugated antibody was used as a control of non-

specific binding. For the gating strategy doublets were removed and then live 

cells were selected. Samples were analyzed using a BD AccuriTM C6 Cytometer 
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(Becton, Dickinson and Company BD; New Jersey, USA). The flow cytometry 

data were analyzed by using the FlowJo software or the C6 Accurì software.  

 

3.7.  Transwell migration assay 

For cell migration assay PBMCs derived macrophages (7 × 104 cells) were 

seeded into transwell inserts with a polyethylene terephthalate membrane pore 

size of 8 μm (Corning) in 24-well plates with RPMI 0,01% FBS. For cell 

invasion assay, Matrigel (Corning) is added to a 24-well transwell insert and 

solidified in a 37 °C incubator for 3 hours to form a thin gel layer. Cell solution 

is added on top of the Matrigel coating to simulate invasion through the 

extracellular matrix. The chemo-attractant medium (RPMI 10% FBS) was added 

into the bottom of the lower chamber in a 24-well plate. After 72 h media within 

the transwell inserts were carefully removed. Transwell inserts were washed 

twice with phosphate PBS. The cells on the inside of the transwell inserts were 

gently removed using moistened cotton swabs, and the cells on the lower surface 

of the membrane were then stained with crystal violet (Sigma Aldrich) for 10 

min. The transwell inserts were washed twice with PBS to remove unbound 

crystal violet and then airdried. The invaded and migrated cells were observed 

and imaged under a microscope Leica DMI4000. The bound crystal violet was 

eluted by adding 1% SDS into each insert and shaking for 10 min. The eluent 

from the lower chamber was transferred to a 96-well clear microplate (Corning), 

and the absorbance at 570 nm was measured using a plate reader (Biotek Synergy 

H1). 
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3.8. T cell activation and carboxyfluorescein succinimidyl ester (CFSE) 

assay 

The proliferative ability of PBMCs was assessed by the carboxyfluorescein 

succinimidyl ester (CFSE) assay (Thermo Fisher), according to the 

manufacturer's instructions. Briefly, the cell suspension was washed two times 

with PBS to remove any serum and resuspended at the concentration of 5×106 

cells/mL of pre-warmed PBS. One μM CFSE/mL of cells was used for labeling; 

cells were immediately mixed and incubated for 10 min at room temperature in 

the dark. Labeling was stopped by adding 4-5 volumes of cold complete 10% 

FBS-culture medium and incubated on ice for 5 min and cells were washed three 

times with a 10% FBS-culture medium. Then, PBMCs activation was performed 

by stimulating the cells for 12 hours in the presence CD3 monoclonal antibody 

(Functional Grade, eBioscience, Thermo Fisher) (0.2 beads per cell). Cells were 

washed three times with a 10% FBS-culture medium, and then co-cultured with 

autologous monocyte-derived M0, M1, M2a and M2c macrophages, specifically 

depleted, or not, for FKBP51s. PBMCs were harvested from 6 to 24h; those 

stained with CFSE were labeled with propidium iodide for 10 min in the dark to 

identify viable cells easily. For direct immunofluorescence, a BD-Pharmigen Fc 

block (2.5 μg/106 cells) was used to minimize the non-specific binding of 

immunoglobulins to Fc receptors before each immunostaining.  

 

3.9.  Enzyme-linked immunosorbent (ELISA) assays  

The cytokine concentration of IL6, TNF-α and IL-10 was measured in the cell 

culture supernatants using enzyme-linked immunosorbent assays (ELISAs). 

PBMCs derived macrophages were seeded at 1 x 106 cells per well in 12-well 

plates and stimulated for 24h for IL6, TNF-α and 72 h for IL-10. Subsequently, 

culture supernatants were collected, centrifuged 10,000×g for 10 minutes at 4 °C 
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to pellet any detached cells, and measured by using ELISA kits according to the 

manufacturer's instructions (R&D System, Minnesota, USA). The sensitivity of 

this method was below 10 (pg/ml), and the assay accurately detected cytokines 

in the range of 1–32,000 pg/m. 

 

3.10. Multiplex bead technique 

PBMCs derived macrophages were seeded at 2 x 106 cells per well in 6-well 

plates and stimulated for 48h. Subsequently, culture supernatants were 

collected, centrifuged 10,000×g for 10 minutes at 4 °C to pellet any detached 

cells, and analyzed using the human MACSplex cytokine 12-kit (Miltenyi 

Biotec GmbH, Bergisch Gladbach, Germany) according to manufacturer’s 

protocol to quantify cytokine secretion. In brief, 200 µL of sample was loaded 

onto wells of a pre-wet and drained MACSPlex 96-well 0.22 μm filter plate 

before 20 μL of MACSPlex Cytokine 12 Capture Beads. Flow cytometric 

analysis was performed with a MACSQuant Analyzer 10 flow cytometer 

(Miltenyi Biotec) by using the built-in 96-well plate reader. A standard curve 

was used to calculate the concentration of each cytokine on the MACSQuant 

Analyzer X. All samples were automatically mixed immediately before 70–100 

µL were loaded to and acquired by the instrument, resulting in approximately 

7,000–12,000 single bead events being recorded per well. Samples were 

analyzed using the MACSQuant Analyzer 10 and the MACSQuantify™ 2.8 

software (Miltenyi Biotec). 
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3.11. Proximity ligation assay (PLA) 

In-situ protein-protein interactions, revealed as magenta fluorescent dots, 

were detected using the Duolink II PLAkit (Olink Bioscience, Uppsala, 

Sweden), according to the manufacturer’s instructions. Glioblastoma Cells 

(GB138) were grown on coverslips and transiently transfected with different 

constructs (HA- Fzd4-FEVR, 3xFlag- PDL1, Flag-FKBP51s) for 24 hours 

before being fixed and processed for PLA. In order to visualize the distribution 

of the proteins expressed upon transfection, the samples were briefly fixed again 

after the PLA procedure and processed for immunofluorescence microscopy. 

Specific antibodies against tags (HA and FLAG) or the VAP protein (ER 

marker) were used as primary antibodies, followed by the incubation with 

nucleic acid-conjugated secondary antibodies.  

 

3.12. Confocal microscopy  

Glioblastoma Cells (GB138) were grown on coverslips, then after 24 hours 

harvested and fixed in formaldehyde 3,7% dissolved in phosphate buffer (PBS) 

for 30 minutes at room temperature. Fixation was blocked by incubating cells 

with ice-cold PBS containing glycine 0.1M for 5 minutes and then washed three 

times with PBS buffer. Next, cells were permeabilized with a blocking buffer 

containing saponin as a non-ionic detergent (PBS, BSA1%, Saponin 0.05%, and 

sodium azide 0.01%) for 15 minutes at room temperature. After 

permeabilization, cells were incubated with primary antibodies diluted in 

blocking buffer for 1 hour, washed 3 times in PBS for 5 minutes each, and 

incubated with secondary antibodies diluted in blocking buffer for 30 minutes. 

Finally, cells were washed three times with PBS and once in deionized distilled 

water before mounting on the slide with ProLong Gold Antifade Mountant with 

DAPI (ThermoFisher). Single confocal images were acquired at 63x 

magnification on a LSM700 (Carl Zeiss, Jena, Germany). Fluorescence signal 
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intensity was measured by using ImageJ Fiji software. Precisely, the mean 

fluorescence of each of the 100 randomly selected cells were measured by 

dividing the fluorescence signal intensity for the area occupied by each selected 

cell. 

3.13. Polysome profiling  

Cells for each condition were seeded at a density of1 x 106cells/mL in 10 cm 

plates. At least three 10 cm plates were used for each experimental point. For 

whole cell lysate preparation cells were incubated 15 min at 37◦C with fresh 

medium supplemented with 100 µg/ml of cycloheximide (Sigma). 

Cycloheximide is a translation elongation inhibitor and used to prevent 

translating RNA from running off (Schneider-Poetsch et al. 2010).  Cells were 

then washed with ice cold PBS supplemented with 100 µg /ml cycloheximide 

and re- suspended in 1 ml lysis buffer (10 mM Tris–HCl pH 7.4, 100 mM KCl, 

10 mM MgCl2, 1% Triton-X100, 2 mM DTT, 10 U/ml RNase inhibitor, 1X 

Protease inhibitor EDTA-free, 100 µg/ml of cycloheximide). Cell lysates were 

cleared by centrifugation at 14000 rpm for 20 min at 4◦C, and the supernatants 

were collected and assayed for protein concentration using the Protein Assay 

Dye Reagent (Bio-rad). Cell lysates (1 mg protein lysate) were loaded onto a 10–

60% sucrose gradient obtained by adding 6 ml of 10% sucrose over a layer of 6 

ml 60% sucrose prepared in lysis buffer without Triton and containing 0.5 mM 

DTT and 100 µg/ml of cycloheximide, in a 12-ml tube (Polyallomer; Beckman 

Coulter, California, USA). Gradients were obtained with the help of a gradient 

maker (Gradient Master, Bio-comp). Polysomes were subjected to 

ultracentrifugation at 35 000 rpm for 3 h using a Beckmann SW41 rotor to isolate 

40S subunit, 60S subunit, 80S monosome, and polysome-bound RNA with 

different densities. Eleven fractions of 1 ml were collected while polysomes 

were monitored by following the absorbance at 254 nm. For immunoblot, total 

protein was retrieved by 100% ethanol precipitation performed overnight and 
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analyzed by SDS-PAGE. For qPCR some of the fractions are pooled to obtain 

three well separated fractions: polysomes (fractions 7 to 12) and the light fraction 

(fractions 1-2), which contains the free 60S and 40S ribosomal subunits and 

mRNAs that are not associated with ribosomes. Then the fractions were diluted 

in a 1:1 ratio with Trizol reagent (Invitrogen, California, USA) and total RNA 

was isolated according to the manufacturer protocol. 

3.14. Mito stress assay  

Agilent Seahorse XF Cell Mito Stress Test Kit (Agilent, California, USA, Cat 

# 103015) was utilized to determine the oxygen consumption rate (OCR) of 

PBCMs derived macrophages. 1× 105 cells were seeded in a 96-well XF Cell 

Culture Microplate (Agilent) pre-coated with Cell-Tak™ (Corning). Cells were 

left to adhere for one hours at RT and then overnight in the CO2 incubator at 37 

◦C. The following day, cells were washed and supplied with assay medium (XF 

Base medium, 10 mM glucose, 1 mM pyruvate, 2 mM glutamine, pH 7.4) and 

run with the Seahorse XF Analyser (Agilent). The Seahorse cartridge was 

humidified with sterile water overnight in non-CO2 incubator at 37 ◦C and the 

submerged in prewarmed XF-calibrant solution for 45–60 min. Oligomycin, 

Carbonyl cyanide-4 (trifluoromethoxy) phenylhydrazone (FCCP) and 

Rotenone/antimycin A solutions were prepared according to the 

recommendations of the manufacturer and added to cartridge port A, B, or C for 

a final concentration of 1 μM, 2 μM and 0.5 μM, respectively. Oligomycin 

targets mitochondrial respiration by inhibiting the ATP synthase. FCCP is a 

protonophore that collapses the proton gradients in the inner mitochondrial 

membrane and functions as a mitochondrial oxidative phosphorylation 

uncoupler. Rotenone and Antimycin A shut down mitochondrial respiration by 

inhibiting complex I and complex III, respectively. Results were analyzed in the 

Seahorse Analytics software.  

3.15. Glycolysis Stress Assay  
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Agilent Seahorse XF Glycolysis Stress Assay Kit was utilized to determine the 

extracellular acidification rate (ECAR) of PBCMs derived macrophages. 1× 105 

cells were seeded in a 96-well XF Cell Culture Microplate (Agilent) pre-coated 

with Cell-Tak™ (Corning). Cells were left to adhere for one hours at RT and 

then overnight in the CO2 incubator at 37 ◦C. The following day, the cells were 

washed and supplied with assay medium (XF RPMI medium, 10 mM glucose, 1 

mM pyruvate, 2 mM glutamine, pH 7.4) and analyzed with the Seahorse XF 

Analyser (Agilent). The Seahorse cartridge was humidified with sterile water 

overnight in a non-CO2 incubator at 37 ◦C and then submerged in prewarmed 

XF-calibrant solution for 45–60 min. Glucose, oligomycin and 2-deoxy-glucose 

(2-DG) solutions were prepared according to the recommendations of the 

manufacturer and added to cartridge port A, B or C for a final concentration of 

20 mM, 1 mM and 50 mM, respectively. 2-DG is glucose analog that 

competitively binds to the glycolytic enzyme hexokinase inhibiting glycolysis. 

ECAR was measured, and the glycolytic proton efflux rate (PER) was calculated 

in the Seahorse Analytics software. The calculated rates account for contribution 

of citric acid cycle-derived CO2 to extracellular acidification and reflect 

glycolysis.  

 

3.16.  Statistical analysis 

Differences between means of values were assessed by Student’s T-test for 

normally distributed populations, otherwise we used Mann-Whitney’s U test. 

ANOVA was applied for multiple comparisons, using Prism GraphPad 7.0a for 

Macintosh. A p-value ≤ 0.05 was considered statistically significant.  
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4. RESULTS 

4.1. FKBP5 splicing is activated in M2 macrophages 

To address the hypothesis that the alternative splicing of the FKBP5 gene 

occurred during alternative macrophage polarization, we performed in vitro 

macrophage polarization experiments starting from both the monocyte-like 

THP-1 cells and peripheral blood mononuclear cells (PBMCs). Monocytes were 

differentiated to macrophages (M0) by stimulating THP-1 with phorbol 12-

myristate 13-acetate (PMA) and PBMCs with granulocyte-

macrophage/macrophage colony-stimulating factor (GM/M-CSF). After 6 days 

of culture, M0-macrophages were used to start each specific polarization. M1-

macrophages were obtained from M0 by stimulating cells with LPS and IFNg 

for 24-48h. M2a and M2c, respectively alternative polarized macrophages and 

deactivated macrophages, were obtained by stimulating M0 with IL4 (M2a) or 

IL10 (M2c) for 48-72h. As shown in Fig. 18A, light microscopy showed that 

THP-1 cells displayed a round shape and a nonadherent pattern, while 

macrophage-like THP-1 cells (M0, M1 and M2 THP-1) were adherent, with the 

typical flat, amoeboid-shaped, elongated, and branching macrophage 

morphology. PBMCs-derived macrophages presented a unique morphology 

dependent on the cytokine stimulation used. Stimulation with GM-CSF induced 

a majority of round or oval macrophages, whereas M-CSF led to a majority of 

elongated, fibroblast-like shaped cells. These morphological characteristics were 

maintained in each macrophage polarization subtype; in fact, M1 macrophages, 

derived from GM-CSF-M0 macrophages, appeared round, small, and flat, 

whereas M2a and M2c macrophages, coming from M-CSF-M0 macrophages 

were stretched and elongated. The successful macrophage polarization protocol 

was firstly assessed by measuring the mRNA expression of key genes for both 

M1 and M2 macrophages and expressed as M1/M2 relative expression ratio. The 

ratio M1/M2 was >1 for those transcripts mainly related to the M1 profile such 
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as iNOS, IFN-γ, TNFα, IL1b and IL6, while it resulted in <1 for those strictly 

associated with M2 features such as ARG1, MSR1, and IL10 (Fig. 18B).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 18. FKBP5 alternative splicing occurs during alternative macrophage polarization. 
(A) Representative images acquired under an inverted microscope (Leica DMI4000) at 10× 
magnification showing morphological characteristics of THP-1- (THP-1, M0, M1, M2a and 
M2c) and PBMCs- derived macrophages (GMCSF-M0 and -M1, MCSF-M0, -M2a and -M2c). 
(B) RT-qPCR analysis of mRNA levels of the following transcripts ARG1, iNOS, IFN-γ, TNFα, 
IL1b, IL6, MSR1, IL10 in THP-1 and PBMCs derived M1 and M2 macrophages. Values are 
expressed as M1/M2 ratio of the relative mRNA expression values. 
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We also characterized M1/M2 polarization by studying by immunoblot the 

phosphorylation status of different STAT proteins, which specifically mark each 

macrophage phenotype (Fig. 19A).  As expected, p-STAT1, p-NFkB and p-IkBα 

were observed mainly in M1 macrophages, whereas p-STAT3 was found in both 

M2a and M2c, and p-STAT6 occurred only in M2a macrophages. Interestingly, 

the expression levels of the splice isoform FKBP51s resulted induced in M2a 

and M2c macrophages, to the detriment of the canonical FKBP51, whose 

expression was observed only in M1 macrophages. Given the high variability 

among individuals, we confirmed our results in different PBMCs isolated from 

6 healthy donors (Fig. 19B), thus strengthening the finding that the alternative 

splicing of the FKBP5 gene occurs along the alternative macrophage 

polarization.  

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 19. FKBP5 alternative splicing occurs during alternative macrophage polarization. 
(A) Immunoblot of the expression levels of p-STAT6, STAT6, p-STAT1, STAT1, p-STAT3, STAT3, 
p-NFkB-p65, NFkB-p65, p-IkBα FKBP51 and FKBP51s in M0, M1, M2a, M2c from both THP1 
and PBMCs. g-tubulin and vinculin were used as loading control. (B) Immunoblot of the 
expression levels of FKBP51 and FKBP51s in M0, M1, M2a, M2c of 6 different PBMCs. b-Actin 
and g-tubulin were used as loading control.  
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4.2. FKBP5 splicing strongly identifies the M2 subset  

Cell surface glycoproteins regulate many cellular events in the immune 

system, such as sensing pathogens and functioning as receptors or transporters 

for cellular communication between macrophages and other cells of the immune 

system, but also between macrophages and the tumor. Membrane glycoproteins 

are considered biomarkers of macrophage polarization and are often used as 

pharmacological targets (Suttapitugsakul et al. 2021). Therefore, we 

immunophenotyped by flow cytometry both THP1- and PBMCs-derived 

macrophages. As shown in Fig. 20A, the THP1 derived macrophages showed a 

profile fully in line with the literature (Genin et al. 2015), given in vitro 

differentiated macrophages from THP1 have been widely used to study 

macrophage biology. In particular, flow cytometry analysis revealed a strong 

CD86 and HLA-DR expression associated with the M1 macrophages, while 

CD163, CD206 and ARG1 were highly expressed in M2 macrophages. 

Contrarily, immunophenotyping PBMCs-derived macrophages resulted in a 

great variability with key markers such as CD163, CD206, ARG1, CD86 and 

HLADR globally expressed in all macrophages phenotypes, showing no 

differences between pro-inflammatory and pro-tumor macrophages (Fig. 20B). 

These results suggest that the two macrophage models are unlikely to be 

completely interchangeable, indeed, compared to primary cells, THP1 cells are 

simplified systems, they do not conform to physiological roles and do not 

account for interpersonal variability. Several studies draw attention to PD-L1 

and CD163 as TAM markers; high PD-L1 expression was significantly 

correlated with M2 (Zhu et al. 2020) and the expression of CD163 in TAM was 

shown to be a strong indicator of poor prognosis in several cancers (Jung et al. 

2015; Komohara, Jinushi, & Takeya 2014; Park et al. 2016; Ma et al. 2022) 

Fig.20C and D show representative flow cytometry histograms of CD14/SSc-

gated macrophages analyzed for the co-expression of CD163 or PD-L1 and 

FKBP51s. As mentioned above, there were no notable differences in the 

expression of these markers in the subtypes of macrophages derived from 
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PBMCs. Specifically, CD163/FKBP51s+ were 4,6 % in M0 and 2,7 % in M1 

macrophages, while PDL1/FKBP51s+ were 1,1 % in M0 and 1,5 % in M1. 

Interestingly, in M2 macrophages we observed a strong co-expression of 

CD163/FKBP51s+ (34,7 %) and PDL1/FKBP51s+ (35,5 %) that strongly 

identified the M2 phenotype. Curiously, the subset co-expressing CD163 and 

FKBP51s (Fig. 20C) was previously found in the blood of glioblastoma patients 

(Giordano et al. 2021), while the co-expressing PD-L1 and FKBP51s (Fig. 20D) 

was previously found in the blood of melanoma patients (Troiani et al. 2020) 

and glioblastoma patients (Giordano et al. 2021). Taken together, these results 

underline how far away is defining macrophage polarization, and how the field 

is in urgent need of good markers which could help to understand macrophage 

behavior in vivo. In this complex panorama, our findings suggest that the 

assessment of FKBP51s levels, along with other membrane markers, could make 

the difference in identifying TAMs.  
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Figure 20. Immunophenotype of THP1 derived and PBMCs derived macrophages.  Graphical 
representation of flow cytometry values (%) of CD163, CD206, ARG1, CD86, HLA-DR cell 
markers in (A) THP-1 derived macrophages and (B) PBMCs derived macrophages (M0, M1, 
M2a, M2c). The mean and standard deviation values were obtained from independent 
experiments conducted in triplicate. (C) Representative flow cytometry histograms of 
CD163/FKBP51s double positive cells (D) Representative flow cytometry histograms of 
PDL1/FKBP51s double positive cells.   
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4.3.  FKBP51s silencing reprograms M2 to M1 macrophages 

Restoring pro-tumor M2 to the M1 antitumor phenotype is a promising 

strategy in cancer immunotherapy (Pathria et al. 2019); in the attempt to 

investigate whether FKBP51s could be a potential target for macrophage 

repolarization, we first investigated whether M2 macrophages exposed to pro-

inflammatory cytokines could be repolarized to M1 macrophages and whether 

this repolarization had an effect on FKBP5 splicing. For M2-to-M1 re-

polarization studies, PBMCs derived macrophages were first polarized to M2a 

using IL-4 or to M2c using IL-10 for 48h, then IFN-γ and LPS were added for 

further 24 h. As shown in Fig. 21A induced repolarization increased levels of 

pSTAT1, reduces pSTAT3 expression and clearly redirected the splicing of the 

FKBP5 gene towards the canonical isoform, further supporting that FKBP51s 

expression is necessary for the alternative macrophage polarization. Following 

the RNA interference method, both THP1 and PBMCs derived macrophages 

were transfected with a mixture of three specific siRNAs for FKBP51s. The 

siRNA sequences were designed to induce silencing of the alternative splicing 

form of FKBP51, but not the canonical form; a non-silencing RNA was used as 

a negative control. Twenty-4 h after transfection, cells were polarized into the 

different macrophage profiles M1 and M2a, and after subsequent 48 h, they were 

harvested for immunoblot analysis. As shown in Fig. 21B-C FKBP51s silencing 

restored STAT1 activity to the detriment of active STAT3/6 levels, and this was 

accompanied by the rescue of the canonical FKBP51 expression. Given the 

promising results obtained with the RNAi, we produced new small molecules to 

trigger FKBP51s by redirecting the splicing towards the canonical isoform, thus 

reprogramming M2 macrophages. To this aim, we designed splice-FKBP51-

specific switching oligonucleotides (SSOs), commonly used to manipulate 

splicing by preventing the interaction of splicing molecules with specific pre-

mRNAs through steric hindrance, without inducing cleavage of RNAs (Havens 

et al. 2016). Similar molecules are already approved in clinical for Duchenne 

muscular dystrophy and spinal muscular atrophy, so they are promising 
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therapeutic strategies (Disterer et al. 2014, Hua.Y et al. 2008). In details, 

FKBP51-specific SSOs (FKBP51-SSOs) trigger both splicing silencer and 

enhancer putatively involved in the exon 6 skipping to alter the production of 

the FKBP51s splice variant (Fig. 21D). Specific FKBP51-SSOs and the relative 

control oligo were used to transfect THP1 derived macrophages. As shown in 

Fig. 21E, FKBP51-SSOs reduce the activation of pro-tumoral markers STAT3 

and STAT6, further supporting that FKBP51s silencing can reprogram M2 to 

M1 macrophages. In addition, we immunophenotyped by flow cytometry 

PBMC-derived M2a and M2c macrophages silenced for FKBP51s. As shown in 

Fig. 21F, targeting FKBP51s results in a decrease in the pro-tumor markers 

CD163, CD206, CD36, ARG1 and a slight increase in the pro-inflammatory 

marker CD80.  
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Figure 21 FKBP51s targeting with RNA interference and SSOs (A) Immunoblot of the 
expression levels of p-STAT1, STAT1, p-STAT3, STAT3, FKBP51 and FKBP51s in PBMCs 
derived macrophages (M2a, M2c) repolarized with inflammatory cytokines (LPS and IFN-g), g-
Tubulin was used as loading control.(B-C) Immunoblot of the expression levels of p-STAT6, 
STAT6, p-STAT1, STAT1, p-STAT3, STAT3, FKBP51 and FKBP51s in THP1- (B) and PBMCs 
(C) derived macrophages transfected with a mixture of three siRNAs specific for FKBP51s and 
a NS RNA as control. g-tubulin and HSP90 staining were used as loading control. (D) cartoon 
representing FKBP51-specific SSOs mechanism of action (E) Immunoblot of the expression 
levels of p-STAT6, STAT6, p-STAT3, STAT3, FKBP51 and FKBP51s in THP1 derived 
macrophages transfected with FKBP51-specific SSOs and the relative control oligo. G3PDH 
was used as loading control. (F) Graphical representation of flow cytometry values (%) of C163, 
CD206, CD36, ARG-1, CD80 cell markers in PBMCs derived M2a and M2c macrophages 
transfected with FKBP51 siRNA or a NS RNA. The mean and standard deviation values were 
obtained from independent experiments conducted in triplicate.  
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Besides membrane receptors, soluble factors such as growth factors, 

cytokines, chemokines have critical roles in a variety of functions characteristic 

of macrophages. Therefore, we asked whether the FKBP51s depletion could 

modulate the expression of key inflammatory and/or immunosuppressive 

cytokines, which characterize different macrophage phenotypes, for instance IL-

6 and TNFα for M1, IL-10 for M2 macrophages. To test the effects of FKBP51s 

silencing on cytokine production by PBMCs-derived macrophages, M1 and M2a 

macrophages were polarized for 24h and 72h respectively and expression levels 

of IL-6, TNFα and IL10 were assessed by RT qPCR experiments. As expected, 

we found M1 macrophages highly expressing both IL-6 and TNFα levels 

compared to M2 that, contrarily, produced high levels of IL-10. Upon the 

silencing of FKBP51s, we observed that IL-6 and TNFα levels were increased 

in both M0 and M2a macrophages, while IL-10 expression was found 

significantly reduced (Fig. 22A). Moreover, FKBP51s silencing also impacted 

on M1 macrophages, whose ability to produce IL-6 and TNFα resulted 

significantly improved. Cytokine release occurs constitutively following 

continuous transcript expression, then, we evaluated whether the mRNA 

expression of the cytokines corresponded to a secretion into the culture media 

by enzyme-linked immunosorbent assays (ELISA). Results confirmed those 

obtained by RT qPCR and we found that silenced M2a macrophages not only 

suppressed the release of IL-10 but were capable of restoring the secretion of 

pro-inflammatory cytokines such as the IL-6 and TNFα (Fig. 22B). We 

confirmed the ELISA data using the more sensitive MACSplex assay by flow 

cytometry. By this method, that parallelly analyzes up to 12 cytokines, we 

confirmed that FKBP51s-silenced M2a macrophages restored the secretion of 

pro-inflammatory cytokines such as the IL-6, IL-12, IFN-a, IL17-A (Fig. 22C), 

demonstrating once again that FKBP51s silencing is able to reprogram pro-

tumor macrophages into pro-inflammatory macrophages. Interestingly, the 

inhibition of FKBP51s also produced an increase in IL-17A in M1, M2a and 

M2c macrophages. IL17A is very important in mediating the decreased 
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suppressive function of Tregs by inhibiting TGF-β release and promoting IFN-γ 

production (Liu. Y et al. 2021). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

    

Figure 22. FKBP51s targeting with RNA interference and SSOs (A) Normalized expression 
rates of IL-6, TNFα and IL-10 mRNA in cells transfected with FKBP51 siRNA or a NS RNA, by 
RT qPCR. (B) Concentration of IL-6, TNFα and IL-10 in cells transfected with FKBP51 siRNA 
or a NS RNA, by ELISA. (C) Concentration of IL-10, IL-6, IL-12, IFN-a, IL17-A cells transfected 
with FKBP51 siRNA or a NS RNA, by MACSplex cytokine 12-kit.   
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4.4. Effect of FKBP51s silencing on TAMs migration and immune 

suppression 

Membrane proteins and secreted cytokines are essential for the crosstalk of 

TAMs with surrounding cells within the TME, which facilitates cancer 

progression, angiogenesis, metastasis, drug resistance and immunosuppression. 

Given the profound changes in M2a and M2c macrophages after FKBP51s in 

terms of glycoprotein expression and cytokine secretion, we investigated 

whether the inhibition of the short isoform could impact of some TAMs pro-

tumoral activities, such as wound healing and immune suppression.  

Wound healing is a complex and dynamic process facilitated by four 

overlapping processes: homeostasis, inflammation, proliferation, and tissue 

remodeling. Macrophages are known as the most dominating cells at the wound 

site which coordinate the transition between phases during the entire wound-

healing process. In particular, anti-inflammatory macrophages, known as M2 

macrophages, are key regulators in the initiation and resolution of tissue repair 

phase by secreting specific cytokines to modulate fibroblast fates. Over the 

years, multiple lines of evidence have emerged in support of the notion that 

wound healing and tumorigenesis are two sides of the same coin, with the wound 

microenvironment being conducive to cancer progression. To study the 

migratory and invasiveness properties of TAMs, M1, M2a and M2c 

macrophages were obtained by in vitro polarization from isolated PBMCs of 

healthy donors and subjected to a nutrient gradient into the transwells. Migration 

was assayed only in presence of FBS as chemoattractant, while for the invasion 

assay, the top side of the insert was coated with Matrigel. The cells were allowed 

to migrate through the membrane of the insert for 72 hours at 37°C and a 5% 

CO2 atmosphere. Upon exclusion of non-migrating and invading cells remaining 

on the upper surface of the insert, migration and invasion was assessed by cell 

counting and eluted crystal violet ODs. Microscopic analysis confirmed 

profound morphological differences between M1 and M2 macrophages, that 

were accompanied by different migratory and invasive abilities: M2a and M2c 
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macrophages had a greater ability to migrate and invade the extracellular matrix 

(ECM) (Fig. 23A-B).  This capability was efficiently counteracted by FKBP51s 

silencing (Fig. 23C-D) that significantly reduced the number of cells that 

migrated and invaded Matrigel, in comparison with non-silenced M2s. This 

finding suggests that FKBP51s sustains the migratory functions of M2s. 

To test the immune suppressive function of M2 macrophages, we performed 

a macrophage suppression assay based on the co-culture of autologous 

monocyte-derived M0, M1, M2a and M2c macrophages and activated CD3 T 

cells, using PBMCs from healthy donors. Isolated PBMCs were differentiated 

and polarized in the main subtypes that underwent, or not, specifical FKBP51s 

depletion. We assayed proliferative ability of T-cells by flow cytometry after 

24h of coculture, using the proliferation marker CFSE (5,6-Carboxyfluorescein 

Diacetate) in biparametric with CD4 and CD8 antibodies. As expected, we found 

that M2a, but not M2c, macrophages were significantly suppressive on both CD4 

and CD8 T-cell proliferation in vitro, compared to M1 macrophages (Fig. 23E). 

FKBP51s silencing in M2a strongly impacted on T-cell proliferation, which was 

significant with cocultured CD8 lymphocytes. Interestingly, consistent with 

above described results where FKBP51s silencing reinforced M1 phenotype 

(STAT1 expression and cytokine production), T-cell proliferation was strongly 

increased also upon coculture with FKBP51s-silenced M1. The high sensitivity 

of M1 to FKBP51s knockdown suggest that, notwithstanding the very low 

FKBP51s levels in M1, the splice isoform can exert control over the typical pro-

inflammatory behavior of these cells. 
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Figure 23.  Effect of silencing FKBP51s on the migration and immune suppression of TAMs. 
(A) Representative images acquired under an inverted microscope (Leica DMI4000) at 10× 
magnification. Primary monocytes were polarized for 72 h in M1 and M2. Cells that migrated 
through the pores to the underside of the insert membrane were fixed, stained with crystal violet, 
and counted. (B) Graphical representation of cell count and elution values of crystal violet (OD 
570) in polarized macrophages. Mean and standard deviation values were obtained from three 
experiments independent conducted in triplicate and represent both the values obtained for 
migration and invasiveness assay. (C) Representative images acquired under an inverted 
microscope (Leica DMI4000) at 10× magnification. Primary monocytes were polarized for 72h 
in M2 and transfected with a mixture of three siRNAs specific for FKBP51s and an NS RNA as 
a control. Cells that migrated through the pores to the underside of the insert membrane were 
fixed, stained with crystal violet and counted. (D) Graphical representation of cell count and 
elution values of crystal violet (OD 570) in polarized macrophages. (E) Graphical 
representation of the measure of lymphocyte proliferation using CFSE in bi-parametric with 
CD4 and CD8 antibodies. Activated CD3-T cells were co-cultured with autologous monocyte-
derived M0, M1, M2a and M2c macrophages depleted, or not, for FKBP51s.  
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4.5. FKBP51s targeting impairs OXPHOS 

The study of immune cell metabolism in recent years has emphasized the 

close link between the metabolic state and the phenotype of these cells. Indeed, 

their metabolism clearly reflects their functions and is a major driving force 

mediating the alternative polarization of macrophages (O’Neill et al. 2016). 

Moreover, recent studies revealed that FKBP51 plays an important role in the 

regulation of whole-body energy (Stechschulte et al. 2016) and glucose 

metabolism (Balsevich et al. 2017). Since FKBP51 regulates metabolism, it is 

feasible that the alternative splicing of this gene intervenes in the switched 

metabolism occurring between M1 and M2 macrophages. To address this 

hypothesis, we studied the role of the two FKBP51 isoforms in the metabolic 

switch between aerobic glycolysis, and mitochondrial respiration (OXPHOS), 

proper of M1 and M2 macrophages, respectively (Viola et al. 2019). The study 

of the oxygen consumption rate (OCR) and the extracellular acidification rate 

(ECAR) of M1, M2a and M2c macrophages by the Seahorse XFe24 analyzer, 

showed that, as expected, inflammatory M1 macrophages exert increased 

glycolytic metabolism and reduced mitochondrial activity. In contrast, anti-

inflammatory M2a and M2c macrophages showed elevated OXPHOS and were 

characterized by increased respiratory reserve capacity (SRC) (Fig. 24A-25A).  

In details, we first established the “resting” OCR (OCRinitial), which accounts 

for the basal rate of respiration in PBMCs derived M1, M2a and M2c 

macrophages after removing the contribution from non-mitochondrial oxygen 

consumption. Then, macrophages were treated with oligomycin, which 

decreases electron flow through ETC by inhibiting ATP synthase. The resulting 

reduction in mitochondrial respiration after oligomycin injection (OCRoligo) 

isolates the OCR linked to ATP production. Subsequent treatment with a 

mitochondrial uncoupler, Carbonyl cyanide-4 (trifluoromethoxy) 

phenylhydrazone (FCCP), shuttles protons across the inner membrane causing 

Electron Transport Chain (ETC) to operate at maximal capacity. The resulting 
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effect was the maximum OCR reading (OCRFCCP) maintaining the proton 

motive force at the highest levels. The FCCP-stimulated OCR can then be used 

to calculate the Spare respiratory capacity, which is a measure of the ability of 

the cell to respond to increased energy demand or under stress. Altogether, our 

results indicate that M2a and M2c macrophages showed higher levels of all 

bioenergetic parameters analyzed (basal respiration, maximal respiration, ATP 

production, Spare respiratory capacity) when compared to M1 macrophages, and 

there was also a significant difference between M2a and M2c (M2a > M2c) (Fig. 

24A). Therefore, we silenced FKBP51s in M2a and M2c macrophages and we 

found that both pro-tumoral phenotypes (M2a and M2c) silenced for FKBP51s 

had a significantly lower OXPHOS when compared to that from control cells. 

(Fig. 24 B-C). In addition, we evaluated OXPHOS in M1 macrophages silenced 

for the canonical FKBP51, and the results in the Fig. 24D show that there are no 

significant differences compared with the control, suggesting that the effect is 

FKBP51s isoform-specific. Altogether these results demonstrate that FKBP51s 

silencing impairs OXPHOS in M2 macrophages.  



Results 

 74 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 24. Effect of silencing FKBP51s on OXPHOS. (A) Seahorse Mito Stress Test showing 
OCR in PBMCs derived M1, M2a and M2c macrophages recorded before and after adding 
oligomycin, FCCP, and rotenone/antimycin A, respectively (Basal respiration, Maximal 
respiration, ATP-linked and Spare respiratory capacity as measured by Seahorse Mito Stress 
test. (B-C) Seahorse Mito Stress Test showing OCR in PBMCs derived M2a- (B) and M2c (C) 
macrophages transfected with a mixture of three siRNAs specific for FKBP51s and a NS RNA 
as control (D) Seahorse Mito Stress Test showing OCR in PBMCs derived M1 macrophages 
transfected with a mixture of three siRNAs specific for FKBP51 and a NS RNA as control .   
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4.6.  FKBP51s targeting restores glycolysis  

To determine the glycolytic rate, cells were incubated in the glycolysis stress 

test medium without glucose or pyruvate and the ECAR is measured. As shown 

in Fig. 25A, M1 macrophages showed an increased level of glycolysis compared 

to M2a and M2c macrophages. More in details, after the first injection that is a 

saturating concentration of glucose, we measured the rate of glycolysis under 

basal conditions. The second injection was oligomycin, which by inhibiting 

mitochondrial ATP production causes a shift in energy production toward 

glycolysis, resulting in an increase in ECAR that revealed maximum cellular 

glycolytic capacity. The final injection is 2-deoxy-glucose (2-DG), a glucose 

analog, that inhibits glycolysis through competitive binding to glucose 

hexokinase, the first enzyme in the glycolytic pathway. The resulting decrease 

in ECAR confirms that the ECAR produced in the experiment is due to 

glycolysis. Altogether, our results indicate that M1 macrophages showed higher 

levels of all bioenergetic parameters analyzed (glycolysis and glycolytic 

capacity) compared to M2a and M2c macrophages (Fig 25A). Because 

OXPHOS is inhibited in FKBP51s-deprived cells, we wondered whether 

glycolysis could be restored to maintain a balance of energy. As shown in Fig. 

25B-C, the ECAR of FKBP51s-depleted M2a and M2c macrophages had a 

significantly higher glycolysis and glycolytic capacity when compared to that 

from control cells, suggesting that FKBP51s targeting restores glycolysis in M2 

macrophages. Furthermore, we decided to target canonical FKBP51 in M1 

macrophages. As shown in Fig. 25D the ECAR of FKBP51 depleted M1 

macrophages is lower than control cells, indicating an impairment of the 

glycolysis after the targeting of the canonical isoform.   
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  Figure 25. Effect of silencing FKBP51s on Glycolysis. (A) Seahorse Glycolysis Stress Test 
showing ECAR, in PBMCs derived M1, M2a and M2c recorded before and after adding glucose, 
and 2-DG, respectively. Glycolysis and glycolytic capacity as measured by Seahorse Glycolysis 
Stress Test. (B-C) Seahorse Glycolysis Stress Test showing ECAR, in PBMCs derived M2a (B) 
and M2c (C) macrophages transfected with a mixture of three siRNAs specific for FKBP51s and 
a NS RNA as control recorded before and after adding glucose, and 2-DG, respectively. (D) 
Seahorse Glycolysis Stress Test showing ECAR, in PBMCs derived M1 macrophages transfected 
with a mixture of three siRNAs specific for FKBP51 and a NS RNA as control recorded before 
and after adding glucose, and 2-DG, respectively.  
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4.7. FKBP51s is associated to the cytoplasmic side of ER and its 

silencing impairs OXPHOS complexes expression  

Given the strong relevance of the splice isoform in M2 OXPHOS, we 

investigated whether the expression levels of the OXPHOS complexes could be 

affected by silencing FKBP51s in M2a macrophages. By immunoblot analysis 

we employed the total human OXPHOS antibody cocktail containing antibodies 

for the CO2 subunit of cytochrome c oxidase encoded by mtDNA and four other 

polypeptides encoded by nuclear DNA (ubiquinone oxidoreductase subunit B8 

(NDUFB8 NADH); succinate dehydrogenase complex iron sulfur subunit B 

(SDHB); ubiquinol-cytochrome c reductase core protein 2 (UQCRC2); and ATP 

synthase (ATP5A). As shown in Fig. 26 A, the levels of subunits ATP5A and 

UQCRC2 appeared to be reduced in M2a cells depleted of FKBP51s, while the 

MTCO1 subunit, the only one encoded by mtDNA, showed levels comparable 

to those observed in the control cells. Nearly all mitochondrial membrane 

proteins are encoded in the nuclear genome and are synthesized by cytosolic 

ribosomes (Schmidt et al. 2010). The outer membrane of the mitochondria 

therefore represents a significant barrier for these proteins which they must cross 

in order to be correctly assembled into both the inner and outer mitochondrial 

membranes. The entry gate that controls this import process is regulated by a 

number of accessory/scaffolding proteins ensuring the correct translocation of 

the proteins, such as those required for the entry in the endoplasmic reticulum. 

Previous data produced by the research group highlighted a role of FKBP51s as 

PD-L1 foldase involved in the maturation and optimal glycosylation of this 

inhibitory immune checkpoint (Romano et al. 2015; D’Arrigo et al. 2017). In 

line with these findings, and given the impairment of OXPHOS complexes upon 

FKBP51s silencing, we hypothesized that the splice isoform could participate as 

foldase in the entry of nascent proteins in the ER, as well as in the mitochondria. 

Thus, we first analyzed the subcellular localization of FKBP51s in M2 

macrophages and we found that the spliced isoform exerted a preeminent 

cytoplasmic localization, in both M2a and M2c macrophages (Fig. 26B) with a 
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strong association to ER as showed by confocal microscopy (Fig. 26C). 

Differently from other FKBPs that are involved in protein folding in the lumen 

of ER, FKBP51s lacks a leader sequence for localization into the ER lumen; we, 

thus, performed a proximity ligand-assay (PLA) that confirmed a strict 

association of FKBP51s with the cytoplasmic side of the ER (Fig. 26D). 

Confocal microscopy experiments were performed in the glioblastoma cell line 

GB138 (Kroonen et al. 2011) a suitable model for studying the splice isoform 

because these cells constitutively express such protein, and they are easier 

manipulated for microscopy, compared to macrophages.   
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Figure 26. Study of the localization of FKBP51s (A) Immunoblo of OXPHOS complex (ATP5A, 
UQCRC2, SDHB, NDUFB8 and MTCO1) in PBMCs derived M2a macrophages transfected with 
a mixture of three siRNAs specific for FKBP51s and a NS RNA as control. b-Actin was used as 
loading control (B) Immunoblot of FKBP51s in extracts obtained by cell fractionation in PBMCs 
derived M2a and M2c macrophages. G3PDH and Histone H3 were used as loading controls for 
cytosolic and nuclear lysates, respectively. (C) Indirect immunofluorescence on GB138 cells by 
using specific antibodies against FKBP51s and KDELr (a marker of the ER). The histogram 
reports the co-localization between FKBP51s and different intracellular markers like KDELr, 
GOLGA2 (a marker of the Golgi apparatus), and Lamp1 (a lysosomal marker). Mean values 
were obtained by analyzing 100 cells for each of the three independent experiments. (D) 
Proximity ligation assay (PLA) on GB138 transiently transfected with different constructs, 
indicated on the left, for 24 hours before being fixed and processed for PLA. Specific antibodies 
against tags (HA and FLAG) or the VAP protein (ER marker) were used as primary antibodies, 
followed by the incubation with nucleic acid-conjugated secondary antibodies. PLA positive 
signals were shown as magenta dots. The cartoon on the right shows a schematic view of the 
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predicted PLA signal positivity based on the topological distribution of antibodies concerning 
the ER membrane.  
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4.8.  FKBP51 is associates with actively translating polyribosomes in 

macrophages 

Interestingly, homology between FKBP51s and bacterial trigger factors (TFs) 

has been found (Fig 27A). TFs feature a domain with PPIase activity and acts as 

ribosome-bound chaperone interacting with nascent polypeptides (Ferbitz et al. 

2004).  TFs act cotranslationally by weakening the possible coupling between 

cotranslational folding and translation (Nilsson et al. 2016). The structural 

analysis of other PPIases as FKBPs reveals a wide variety of conformation and 

function, due to the diversity of their interactions through the C-terminal TPR 

domain. Thus, we speculated that the different C-terminal sequence of the splice 

isoform, that lacks the TPR protein-protein interaction domain, could have a role 

in the engagement of new nascent proteins and act at cotranslational level. We 

hypothesized that, like TFs, FKBP51s exerts a cotranslational control serving to 

keep unfolded and linear the nascent chains for a longer time, which allows such 

proteins to be modified and stabilized and successfully enter the ER for their 

sequent maturation and post translational modifications or to be translocated to 

other target organelles, such as the mitochondrion. 

To verify this hypothesis, we performed a polysome profiling analysis to test 

whether FKBP51s could be associated with translationally active ribosomes. 

This experiment was first performed on PBMCs-derived M1 and M2a 

macrophages. By polysome profile analysis, M2a showed a strong increase in 

the number of active polyribosomes compared to M1 (Fig. 27B). This finding is 

consistent with the concept that anti-inflammatory macrophages have increased 

demands on pro-proliferative and metabolic programs during their adaptation to 

stressful conditions (Kim.J et al. 2019). Moreover, monosome and polysome 

fractions were collected from the gradient and analyzed by immunoblot. Our 

results demonstrated for the first time that FKBP51s, but not the canonical form, 

was associated with active polyribosomes (Fig. 27C). As demonstrated above, 

M1 macrophages express high levels of the canonical isoform, whereas M2 

macrophages express the splicing isoform, therefore we decided to confirm our 



Results 

 82 

results in another cell line, GB138, constitutively expressing both FKBP51 

isoforms (Fig 27D-E). 

Given the profound metabolic changes observed following FKBP51s 

silencing, we investigated whether, as expected, the OXPHOS complexes’ 

transcripts were translated with a higher efficiency in M2 macrophages 

compared to M1. Specifically, we analyzed, in polysomal fractions, by qPCR the 

mRNA levels of the Complex I subunit NDUFS3 and Complex V ATP5B, both 

of which encoded by nuclear DNA. Translation efficiency was assessed by the 

ratio among the heavy polysomal fractions (i.e., fractions 7 to 12) and the 

respective cytosolic RNA (i.e., input). As shown in Fig. 25F, the translation 

efficiency of these targets resulted increased in M2 macrophages with a 

significant difference of M2a compared to M1 macrophages. These data are 

consistent with the Seahorse results and the preeminent OXPHOS activation in 

M2a macrophages.  

Taken together, these results support a role of FKBP51s in the cotranslational 

control of protein modification and folding, which could be essential in 

promoting the switch to oxidative phosphorylation metabolism in M2 

macrophages.   
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Figure 27 Polysome profiling analysis (A) Homology between the bacterial TFs and FK 
domains of the splice isoform. (B-D) Separation of cytoplasmic extracts of PBMCs derived M1 
and M2a macrophages (B) and glioblastoma cell (D) was performed by ultracentrifugation on 
sucrose gradients as described in Materials and Methods. The absorbance profile, measured at 
254 nm, indicates the sedimentation of the particles: fractions 1 and 2 free cytosolic proteins or 
light complexes; fractions from 3 to 5 ribosomal subunits (60S, 40S) and monomer (80S); 
fractions from 6 to 12 polysomes. (C-E) Proteins from the fractions were analyzed by 
immunoblot with the indicated antibodies. (F) mRNA from the fractions were analyzed by RT-
qPCR. Translation efficiency was assessed by the ratio of heavy polysomal fractions (i.e., 
fractions 7 to 12) to cytosolic RNA (i.e., input). 
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5. DISCUSSION  

Macrophages are a heterogeneous and complex population of immune cells 

with roles in host defense against pathogens, maintenance of tissue homeostasis 

and architecture (Italiani et al. 2014).  They are a dynamic population that can 

be rapidly expanded by infiltrating monocytes in pathological states such as 

tissue damage, inflammation, and neoplasia (Thorsson et al. 2019). 

Macrophages belonging to the tumor microenvironment (TME) can be divided 

into two huge contrasting groups: macrophages M1 or classically activated, with 

pro-inflammatory and T helper cell (Th)1-induced activity, and macrophages 

M2 or alternatively activated with anti-inflammatory and mainly Th2-induced 

activity. This classification also includes M2a, M2b, M2c, and M2d subtypes 

(Martinez et al. 2008). These macrophages differ in cell surface markers, 

secreted cytokines, and biological functions. However, studies have indicated 

that the induction pathways and regulated biological processes are complex and 

intertwined network systems rather than simplistic patterns. M2 cells and small 

populations of M1 cells, also known as tumor-associated macrophages (TAMs), 

are generally believed to be involved in tumor initiation, progression, 

angiogenesis, and metastasis (Mantovani et al. 2015). Most importantly for 

patients, elevated TAMs infiltration is often correlated with unfavorable clinical 

outcomes in a wide variety of cancers, and it is believed to reduce the response 

to standard therapeutic treatments, including radio- and chemo-therapy and 

targeted therapies (Ruffell et al. 2015). However, the macrophage "M1-M2" 

dichotomy is too simple to describe their complicated role in TME. Recent data 

acquired by large-scale unbiased techniques could help discriminate between 

macrophage subpopulations and have unveiled a previously unrecognized 

complexity in macrophage polarization, far beyond the old dogma of the “M1-

M2" binary system (Engblom et al. 2016). In addition, significant dynamic 

changes in macrophage subpopulations have been observed during tumor 

development, correlating with the efficacy of immunotherapy (Gubin et al. 
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2018). To date, the inability to fully characterize the biology of TAMs and to 

classify multiple subsets has hindered progress in therapeutic targeting (Mehta 

et al. 2021). 

In this work, we discovered that the alternative splicing of FKBP5, a gene 

constitutively expressed in immune cells, accompanies alternative macrophage 

polarization. Particularly, in vitro polarization experiments from both the 

monocyte-like THP-1 cells and peripheral blood mononuclear cells (PBMCs) 

showed that the pro-inflammatory M1 phenotype expressed the canonical 

FKBP51, while the alternative polarized macrophages M2a and M2c clearly 

showed high levels of the splice isoform FKBP51s. 

TAMs function is mediated by membrane receptors and soluble factors such 

as growth factors, cytokines, chemokines and extracellular vesicles (Yang. Q et 

al. 2016). Membrane proteins have critical roles in a variety of functions 

characteristic of macrophages, such as phagocytosis, cell migration, antigen 

presentation, and, moreover, plasma membrane proteome represents a powerful 

information to be easily interrogated by flow cytometric analysis. Efficient 

methods for profiling proteins integral to the plasma membrane are highly 

desirable for the identification of overexpressed proteins associated to disease 

cells. Immunophenotyping experiments performed in both immortalized and 

primary macrophages showed that, despite typical features of M2-macrophages, 

i.e. STAT1 and phospho-P65 downregulation, STAT3/6 upregulation, were 

observed in both cell types, profound differences in M1 and M2 membrane 

phenotypes were found in primary macrophages with respect to THP-1. 

Specifically, we found the typical shift towards the arginase 1 metabolism and 

scavenger receptor expression (CD163, CD206) in M2 macrophages from THP-

1, with a loss in these pro-tumoral subsets of the M1 markers CD86 and HLA-

DR. While THP-1 phenotyping clearly distinguishes between pro-tumoral and 

anti-tumoral macrophages, using classical M1 and M2 markers, the same cannot 

be said for primary macrophages where a profound heterogeneity does not allow 

to discriminate between anti- and pro-tumoral subsets using the same markers. 
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In particular, CD163 and PD-L1 expression, which are considered typical M2 

markers, did not show significant differences among the different polarized 

subsets. Interestingly, we observed that the co-expression of CD163 or PD-L1 

and FKBP51s, previously found in the blood of cancer patients by my research 

group (Troiani et al. 2020, Giordano et al. 2021) appeared only in M2 

macrophages, thus sustaining the hypothesis that FKBP5 splicing can make the 

difference in identifying the M2 subsets.  

The pro-tumor functions of TAMs and their ability to be reprogrammed, from 

M2-like macrophages towards the M1 phenotype, make them an interesting 

target for anticancer therapies (Mantovani et al. 2015). Several therapeutic 

approaches have been assayed to deplete TAMs in tumors; however, new 

approaches are majorly focused on the exploitation of TAMs themselves as 

weapons to fight cancer. The reprogramming of TAMs aims to convert immune 

suppressive and pro-tumoral macrophages (M2-like) into immunostimulatory 

and anti-tumor cytotoxic effector cells (M1-like). If effective and long-lasting, 

this switch is expected to reconstitute a reactive immune system with the ability 

to fight and eliminate the cancer in the patient. M2 and M1 macrophages are 

characterized by distinct genetic programs. Thus, the therapeutic reprogramming 

of TAM genetic features towards antitumoral macrophages has been 

investigated using different methodological approaches: including the delivery 

of nucleic acids (i.e., RNAs), direct gene editing (i.e., CRISPR/Cas9 system), or 

even through manipulation of gene’s activity and expression at epigenetic level. 

Interference RNAs, such as small interfering RNA (siRNA) or microRNAs 

(miRNA), can be used to silence the expression of immunosuppressive genes 

(Belgiovine et al. 2020). Song et al. developed mannosylated dual pH-responsive 

NPs delivering two siRNAs against vascular endothelial growth factor (VEGF) 

and placental growth factor (PIGF), directed towards TAMs in murine models 

of breast cancer. The intravenous administration of these siRNA-NPs inhibited 

tumor-induced neoangiogenesis and lung metastasis (Song et al. 2018). 

Triggering of FKBP51s with the RNA interference method or by using splice-
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switching oligonucleotides SSOs, commonly used to manipulate splicing 

(Disterer et al. 2014, Hua.Yet al. 2008), restored STAT1 activity to the detriment 

of active STAT3/6 levels, thus reinforcing the M1 phenotype and supporting the 

hypothesis that FKBP51s silencing can reprogram M2 to M1 macrophages. 

Inhibition of the splice isoform profoundly impacted on membrane expression 

and cytokine production. Specifically, we found that targeting FKBP51s resulted 

in a decrease in the pro-tumor markers CD163, CD206, CD36, ARG1 and a 

slight increase in the pro-inflammatory marker CD80. Moreover, as expected, 

we found M1 macrophages highly expressing both IL-6 and TNFα levels 

compared to M2 that, contrarily, produced high levels of IL-10. Upon the 

silencing of FKBP51s, we observed that IL-6, IL-12, TNFα and IFNα levels 

were increased M2 macrophages, while IL-10 expression was impaired. 

FKBP51s silencing also impacted on M1 macrophages, whose ability to produce 

pro-inflammatory cytokines resulted significantly improved. Interestingly, the 

inhibition of FKBP51s resulted also associated to an increase in IL-17A in M1, 

M2a and M2c macrophages. Membrane proteome and cytokine production are 

essential for the crosstalk of TAMs with surrounding cells within the TME, and 

to facilitate cancer progression, angiogenesis, metastasis, drug resistance and 

immunosuppression. We found that M2a and M2c macrophages had a greater 

ability to migrate and invade the extracellular matrix, capability that was 

efficiently counteracted by FKBP51s silencing, suggesting that FKBP51s 

silencing weakens the migratory functions of M2 macrophages. We also assayed 

the immune suppressive function of M2 macrophages by performing a 

macrophage suppression assay and assessing the proliferative ability of 

autologous T-cells. FKBP51s silencing strongly impacted on T-cell 

proliferation, with significant differences on CD8 cocultured with silenced M2 

macrophages compared to non-silenced macrophages. Interestingly, consistent 

with above-described results where FKBP51s silencing reinforced M1 

phenotype (STAT1 expression and cytokine production), T-cell proliferation 

resulted strongly increased also upon coculture with FKBP51s-silenced M1. 



Discussion 

 88 

This effect can be explained by the strong heterogeneity that exists in the various 

healthy donors whereby, although M2 always express unequivocally higher 

levels than M1, FKBP51s can however be expressed in M1 and therefore 

modulable. It is feasible that the low FKBP51s levels in M1 still keep in check 

the typical pro-inflammatory behavior of these cells; therefore, FKBP51s 

silencing can as well impact on M1 functional aspects.  

As mentioned above, macrophages are extremely plastic cells that can rapidly 

change their functional profile, and metabolic regulation is tightly linked to 

macrophages development, differentiation, and functions. The distinct metabolic 

profiles of macrophage functional differentiation are intimately linked to their 

status and functions. Understanding the metabolic status and the relationship 

with functional differentiation of macrophages would allow us to develop novel 

immunomodulatory therapies to inflammatory diseases and cancer. Glucose 

metabolism is an important way of energy supply for macrophages in the body 

(Byles et al. 2013). It is now clear that M2 macrophages, perhaps by competing 

with cancer cells for glucose supply, switch their metabolism by downregulating 

glycolysis and stimulating OXPHOS (O’Neill et al. 2016). Recent studies 

revealed that FKBP51 plays an important role in the regulation of whole-body 

energy (Stechschulte et al. 2016) and glucose metabolism (Balsevich et al. 

2017). Thus, it could be feasible that the alternative splicing of this gene plays a 

role in the switched metabolism occurring between M1 (aerobic glycolysis) and 

M2 (mitochondrial respiration). By using the Agilent Seahorse methodology, we 

found that FKBP51s silencing impairs OXPHOS in M2 macrophages. 

Glycolysis does not take a mandatory regulatory role in M2 differentiation, but 

assumes an obligatory role once OXPHOS is compromised (Wang et al. 2018). 

As expected, we found that M1 macrophages silenced for FKBP51 had a 

significantly lower glycolysis when compared to control cells, while the effect 

of the silencing of the splice isoform in M2 macrophages seemed to restore 

glycolysis to maintain a balance of energy, possibly due to increase of the 

canonical isoform FKBP51 that was consequently re-expressed. 
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We then examined the levels of five subunits of OXPHOS complexes in M2a 

macrophages, silenced or not for FKBP51s, and found that the levels of the 

nuclear-encoded subunits ATP5A and UQCRC2 were reduced in M2a cells 

depleted for FKBP51s, while the levels of mitochondrial-encoded MTCO1 

subunit was comparable to those in the control cells. Gene products of nuclear-

encoded OXPHOS complexes are transcribed and translated in the cytosol 

before being imported into the organelle via mitochondrial translocases. The vast 

majority of precursors have an N-terminal targeting sequence and are imported 

via initial translocation across the mitochondrial outer membrane from the 

translocase of outer membrane (TOM) complex to the TIM23 complex, and 

include proteins redirected to the mitochondrial matrix and the inner 

mitochondrial membrane. Numerous evidence suggest that mitochondrial 

proteins are synthesized on ribosomes in the cytosol, released as completed-

polypeptide precursor chains, and imported into mitochondria post 

translationally. This, however, does not mean that proteins cannot be imported 

co-translationally (Neupert et al. 1997). Indeed, because most preproteins have 

N-terminal targeting signals, translocation could begin before the polypeptide 

chain is completed, as it happens for some proteins such as fumarase (Karniely 

et al. 2006). Once translated, however, proteins destined for the mitochondrial 

matrix must be unfolded when crossing the two membranes, then they must fold 

into the matrix. Several studies report that Peptidylprolyl-isomerases (PPIases) 

that catalyze proline isomerization may play a key role in this process (Paneni et 

al. 2015; Elrod et al. 2010, Babot et al. 2013). Such proteins reduce the energy 

expenditure for the protein folding by slowing folding itself (Schmid et al. 1995). 

Consistently, bacterial trigger factors (TFs), ribosome-bound chaperones 

interacting with most nascent polypeptides, feature a domain with PPIase 

activity. TFs acts cotranslationally by weakening the possible coupling between 

cotranslational folding and translation (Callebaut et al. 1995). Up to now, the 

structure, interactome and function of the FKBP5 splice isoform are almost 

unknown. Given the putative homology with TFs, we hypothesize a role for the 
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splice isoform as a factor that acts at a cotranslational level by isomerizing the 

proline residues of nascent proteins and preparing it to the folding events in the 

ER or to be translocated to other target organelles, such as the mitochondrion. 

We speculate that the different C-terminal sequence of the splice isoform, that 

lacks the TPR protein-protein interaction domain, might have a role in the 

engagement of new nascent proteins and keep the nascent chain unfolded and 

linear for a longer time, thus allowing such proteins to be modified and stabilized 

to successfully enter the organelle. The presence of TPR in the canonical 

FKBP51 could contrast the need to keep unfolded the nascent protein while 

entering in the organelles. The TPR domain, indeed, attracts several chaperones 

that at a preliminary stage could be of obstacle for required protein linearization. 

This mechanism would be particularly important for some proteins, such as PD-

L1, which does not have an optimal signal peptide that allows an efficient 

recognition crucial for its entry in the secretory route at the level of the ER. 

Previous data produced by the research group demonstrated the role of FKBP51s 

in PDL1 biogenesis (Romano et al. 2015; D’Arrigo et al. 2017). FKBP51s 

physically interacts with PDL1 in ER and promotes the expression of the 

glycosylated form of PDL1 on the cell surface (Romano et al. 2015). To better 

characterize the function of FKBP51s, we studied the localization of our protein 

of interest in macrophages. In line with the role as PD-L1 foldase, we found that 

FKBP51s shows a preeminent cytoplasmic localization in primary M2 

macrophages. We also demonstrated that FKBP51s is an ER-associated protein. 

Differently from other FKBPs that are involved in protein folding in the lumen 

of ER, FKBP51s lacks a leader sequence for localization into the ER lumen; by 

a proximity ligation-assay we found that FKBP51s is strongly associated with 

the cytoplasmic side of the ER, where translationally active ribosomes are 

located. Translational activity is deeply involved in the mechanisms that govern 

alternative polarization; thus, we hypothesize that the new functional need of the 

cell undergoing differentiation and polarization dictates the splicing of FKBP5 

gene supporting a pivotal role in cotranslational regulation of protein synthesis 
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(Orecchioni et al. 2020). To verify this hypothesis, we performed a polysome 

profiling analysis to test whether FKBP51s could be associated with 

translationally active ribosomes. The polysome profiling analysis showed, for 

the first time, that FKBP51s, but not the canonical form, associates with active 

polyribosomes. These findings suggest that FKBP51s might participate in the 

cotranslational control of protein modification and folding, thus making more 

efficient the folding of those nascent proteins whose translation and function is 

maxively required to switch to the M2 phenotype, such as OXPHOS complexes. 

Further studies are needed to fully elucidate the molecular mechanism by which 

FKBP51s promotes the modification and folding of proteins involved in the 

alternative polarization of macrophages and the relative switch to an oxidative-

type metabolism with increased mitochondrial function. Moreover, it remains to 

be addressed the function of FKBP51s in the co-translational control can be 

considered exclusive of the splicing isoform given that the PPIase domains is 

also shared by the canonical isoform. This limitation of our study will find 

answers in future studies. In this regard and as a prospect, we would like to 

perform RNA sequencing experiments of polysome fractions, to characterize the 

transcripts associated with the FKBP51s splicing isoform and also a proteomic 

approach to study the differential interactome of the canonical form of FKBP51 

expressed in M1 and of the spliced form, FKBP51s, in M2 macrophages.  
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6. CONCLUSIONS 

TAMs are a heterogeneous population with a prognostic value as they 

significantly contribute to cancer progression and acquired resistance to 

immunotherapy. Several approaches to target TAMs as a novel therapeutic 

strategy for cancer treatment are currently under investigation, including TAM 

depletion, macrophage recruitment blocking, reprogramming, phagocytosis 

signal moderation, and macrophage engineering. Unfortunately, to date, drugs 

proposed for TAM de-activation have not given fruitful results as they develop 

toxicity and side effects that limit their use. This happens due to a lack of 

selectivity for the target because of incomplete knowledge of TAM 

pathophysiology. Our results point to FKBP51s as TAM marker and suitable 

target for reprograming approaches, laying the basis to drive the production of 

new drugs to manipulate the tumor microenvironment and overcome therapy 

resistance. Besides the potential application in cancer treatment of our 

experimental study, an equally important translation of our results is delineating 

a reliable TAM signature to be developed as a multimarker blood bioassay for 

the cancer patient. Such FKBP51s-candidate biomarker could serve as a 

molecular sensor of the immune-suppressive status predictive of immunotherapy 

response, thus solving the huge problems of patient selection and therapy 

monitoring with strong social and economic impact. For all these reasons, further 

studies are needed to fully clarify the mechanism by which FKBP51s favors 

TAMs that, in turn, make the tumor stronger and invisible to the immune system, 

with possible translational applications in the field of cancer treatment and 

diagnosis. 
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