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1. LIST OF ABBREVIATIONS 

AML = Acute myeloid leukaemia 

APC = Antigen-presenting cell 

APL = Acute promyelocytic leukaemia 

BM = Bone marrow 

BMDM = Bone marrow-derived macrophage 

CD = Cluster of differentiation 

CDK = Cyclin-dependent kinase 

CDKi = Cyclin-dependent kinase inhibitor 

CIP/Kip = CDK interacting protein/Kinase inhibitory protein 

CSC = Cancer stem cell 

CTLA-4 = Cytotoxic T-lymphocyte associated protein 4 

CX3CR1 = CX3 Chemokine receptor 1 

DC = Dendritic cell 

ECM = Extracellular matrix 

ENU = N-ethyl-N-nitrosourea 

ErbB2 = Receptor tyrosin-protein kinase erbB2 

GVHD = Graft versus host disease 

HSC = Hematopoietic stem cell 

HSPCs = Hematopoietic stem and progenitor cells 

IC = Immune complex 

IFN = Interferon 

IL = Interleukin 

LPS = Lipopolysaccharide 

LSC = Leukaemia stem cell 
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Lin = Lineage 

MDSC = Myeloid-derived suppressor cell 

MHC = Major histocompatibility complex 

MNC = Mononuclear cell 

NK = Natural killer cell 

NPM = Nucleophosmin 

NSCLC = Non-small cell lung cancer 

PCNA = Proliferating cell nuclear antigen 

RBC = Red blood cell 

ROS = Reactive oxygen species 

SC = Stem cell 

SLE = Systemic lupus erythematosus 

T-ALL = T-cell acute lymphoblastic leukaemia 

T-reg = Regulatory T cell 

TAM = Tumor-associated macrophage 

TCR = T cell receptor 

TGF-β = Transforming growth factor beta 

TIL = Tumor-infiltrating lymphocyte 

TLR = Toll-like receptor 

TME = Tumor microenvironment 

TNF = Tumor necrosis factor 

WT = Wild-type 

iNOS = Nitric oxide synthase 

iTAM = Iron-retaining tumor-associated macrophage 
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4. ABSTRACT 

Over the last decade, the cell-cycle inhibitor p21 has been shown to sustain leukaemia prop-

agation with two distinct mechanisms. On one hand, p21 was shown to be critical for main-

taining increased self-renewal capacities of leukaemia stem cells. Indeed, the absence of p21 

in leukaemia stem cells leads to their functional exhaustion, which results in loss of leukae-

mia transplantability in syngeneic mice. On the other hand, p21 expression is crucial for 

evading the surveillance mechanisms of the immune system, thus ensuring tumor growth. 

Specifically, lack of p21 in the leukemic microenvironment activates a potent CD4+ T-cell 

mediated immunological response against tumor in syngeneic context (unpublished data 

from the host laboratory). To translate the observed p21-dependent anti-tumoral immunity 

into novel immune-therapies against cancer, underlying mechanisms needed to be unre-

vealed.  

In my thesis work, I dissected the cellular bases of the p21-dependent anti-tumor immunity. 

I disclosed a crucial role of the p21-/- tumor microenvironment in triggering activation of an 

anti-tumor immunological response. In particular, for the first time I identified rare iron-

loaded CD68+ tumor-associated macrophages (iTAMs) in the p21-null context as key medi-

ators of a potent immunological mechanisms of cancer clearance. By unravelling crucial 

players of the p21-dependent anti-tumor immunity, my work set the basis for the future de-

sign of novel anti-cancer vaccines. Such vaccines will grant more efficient and less toxic 

treatment for cancer patients. 

To further transpose such immunological mechanism of cancer clearance in humans, the 

usage of a proper humanized mouse model is needed. Actually, humanized mice allow to 

study the interaction between human immune system and cancers of human origin. I gener-

ated hCB-CD34+ NSG mice containing all the cellular components of human immunity. 

However, I showed that these mice are fully accessible to human tumor growth, demonstrat-
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ing the inadequacy of hCB-CD34+ NSG model in immuno-oncology.  Thus, the develop-

ment of a proper humanized mouse model to study p21-dependent anti-tumoral immune re-

sponse in human context remains necessary.  
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5. INTRODUCTION 

5.1 Role of the cell-cycle inhibitor p21 in cancer growth 

5.1.1 p21 in cell-cycle regulation and DNA damage response. The cell-cycle inhibitor p21 

was first discovered in the 1990’s. It is a 165-amino acid protein that belongs to the CIP/kip 

family of cyclin-dependent kinase inhibitors1. p21 is able to bind CDK2 and negatively reg-

ulate the cyclin/CDK complex, inducing cell-cycle arrest in G1 phase1. Moreover, p21 has 

the ability to directly impede DNA replication by binding the polymerase co-factor PCNA 

(proliferating cell nuclear antigen)2. In this way, p21 can directly disrupt the interaction of 

PCNA with the DNA molecule, which further leads to a halt in DNA replication2.  

Apart from its pivotal role in regulation of cell-cycle, p21 has important functions in various 

cellular processes such as apoptosis, cell differentiation and transcriptional regulation1. p21 

is recognized as a downstream effector of p53 in response to DNA damage3. Upon diverse 

cellular stresses, the upregulation of p53 leads to transcriptional activation of p21, which can 

further lead to G1 cell-cycle arrest, or activation of senescence or apoptosis4.   

 

5.1.2 Dual role of p21 in cancer. The association of p21 with cancer has been extensively 

studied in the last two decades. Initial studies unrevealed its role as a tumor-suppressor, since 

deletion of p21 in mice expressing a mutant form of p53 resulted in accelerated development 

of tumors5. In addition, it was shown that aged p21-deficient mice (>16 months) develop 

spontaneous sarcomas at higher frequency than wild-type mice, though with much longer 

latency then in mice lacking other tumor-suppressor genes, such as p53 and ATM6,  suggest-

ing that the lack of p21 per se is not sufficient to promote tumor formation7. Other studies, 

however, showed that mice lacking p21 are not more tumor-prone than wild type mice, and 

that previous observations of increased spontaneous tumorigenesis in aged p21-deficient 

mice could be due to macrophage hyperactivation8. 
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On the other hand, p21 can exhibit oncogenic activities9. Upregulation of p21 is often ob-

served in many human cancers, and its overexpression positively correlates with poor prog-

nosis7. It has been shown that in p53-deficient or p53-haploinsufficient mice, lack of p21 

inhibits development of spontaneous lymphomas10. Moreover, recent studies have shown 

that p21 may promote tumor development through non-cell autonomous mechanisms. In 

particular, p21 expression in myeloid-derived suppressor cells (MDSCs) facilitates their re-

cruitment in growing tumors (by upregulating CX3CR1 expression), thus conferring re-

sistance to anti-tumor immune mechanisms11. 

Considering its dual role in malignancies, manipulation of p21 expression, either in cancer 

or tumor-infiltrating cells, may represent a novel anti-cancer strategy. 

 

5.1.3 p21 and the regulation of self-renewal in leukaemia stem cells. Normal stem cells 

(SCs) are hallmarked by their ability to differentiate and self-renew. Self-renewal is a pro-

cess by which SCs divide maintaining undifferentiated state and preserving SC pool12. Under 

physiological conditions, regulation of self-renewal is strictly controlled by both intrinsic 

and extrinsic cellular mechanisms. Diverse developmental pathways (such as Wnt, Notch 

and Hedgehog), as well as pathways involved in the regulation of cell survival and cell-cycle 

(p53, Bmi-1 and CDKi) represent crucial intrinsic mechanisms that regulate SC self-re-

newal12,13.  

Differentiation and self-renewal are achieved by normal SCs through a single mitotic divi-

sion, so-called  asymmetric division, which generate one SC and one committed cell (pro-

genitor)13,14. Normal SCs divide limited numbers of times, and they functionally exhaust due 

to intrinsic regulation of self-renewal13. The asymmetric mode of division is imposed by 

functional p5314. In normal SCs, p21 is not epistatic to p53 and, following DNA damage, 

p53 expression is downregulated and p21 up-regulated, allowing SCs entering a symmetric 

self-renewing divisions15. In mammary tumors, cancer SCs (CSCs) undergo unlimited self-
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renewing divisions, with a predominantly symmetric modality of division14, while in mye-

loid leukaemias, leukaemia SCs (LSCs) and p21 increased-expression leads to extended self-

renewal16, suggesting that loss of p53 and p21 up-regulation contribute to the expansion of 

the pool of transformed SCs in tumors13 (Figure 1). 

                         

 

Figure 1. Regulation of normal and cancer SC self-renewal. Asymmetric mode of division of normal SCs is controlled 

by p53 and their self-renewal capacity is perpetuated by p21. By this mechanism, normal SCs undergo limited number of 

cell divisions, after which they functionally exhaust. On the contrary, CSCs divide symmetrically, due to the loss of p53, 

and upregulation of p21 results in unlimited self-renewal capacity (Adapted from Verga Falzacappa, MV. FEBS J. 2012). 

 

In hematopoietic SCs (HSCs), self-renewal was shown to be tightly controlled by CIP/Kip 

family members of CDKi, p21, p27 and p5717–20. The role of p21 in self-renewal regulation 

of leukaemia SCs (LSCs) in mice has been disclosed by Viale et al. almost a decade ago, 

using PML-RAR knock in mice21 backcrossed either in the wild type or p21 knock out 

C57BL6 backgrounds16. PML-RAR is the initiating oncogene of human acute promyelocytic 

leukaemia (APL), a subtype of acute myeloid leukaemia (AML)21. PML-RAR expression, 

as well as AML1-ETO (another AML-associated oncogene) induces DNA damage in HSCs 
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and activates a p53-independent and p21-dependent response, resulting in the maintenance 

of the pool of LSCs16. Expression of AML1-ETO and PML-RAR lead to accumulation of 

DNA damage in hematopoietic SCs, which increases significantly in the absence of p21. 

Strikingly, AML1-ETO failed to induce leukaemias in p21-/- mice16.  p21-/- PML-RAR knock 

in mice, instead, developed APL with comparable latency and frequency as control mice. 

However, the p21-/- APLs were not transplantable in syngeneic recipients16. In light of this 

evidence, the authors postulated that the loss of p21 induces LSCs to hyperproliferate and 

accumulate massive DNA damage, resulting in their functional exhaustion16.  

 

5.2 Cell-extrinsic effects of p21 in cancer growth 

 

5.2.1 p21 expression in AML and the regulation of the host’s immune system.  The in-

creased replicative potential of LSCs was shown to be governed by constitutive activation 

of p2116. Absence of p21 in LSCs led to the exhaustion of their self-renewal and loss of 

transplantability in syngeneic mice. Strikingly, preliminary data of my host lab demonstrated 

that immune-deficient mice or syngeneic recipients after γ-irradiation, however, are com-

pletely permissive to the growth of p21-/- AMLs (both PML-RAR and AML1-ETO) (Verga 

Falzacappa, MV. et al. preliminary data). Notably, transplantability of p21-/- AMLs in im-

mune-compromised hosts was shown not to be due to facilitated homing of leukaemia cells 

in immune-compromised recipients, nor to higher susceptibility of immune-deficient mice 

to the growth of wild type leukaemia (Verga Falzacappa, MV. et al. preliminary data), sug-

gesting the involvement of cell-extrinsic mechanisms in the clearance of p21-/- leukaemias, 

and that the immune-competent host activates an immunological response specific to p21-/- 

leukaemia.  
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5.2.2 Cytotoxic CD4+ T cells mediate a p21-dependent anti-tumoral immune response 

against leukaemia cells. Experiments of leukaemia transplantation in different immune-de-

ficient mouse models (selectively depleted for specific cellular compartments of the immune 

system) showed that cytotoxic CD4+ T cells are responsible for the clearance of p21-/- leu-

kaemias in syngeneic host (Verga Falzacappa, MV. et al. preliminary data). Most im-

portantly, a protective CD4+ T-cell population can be transferred in vivo in order to vaccinate 

immune-deficient mice (RAG1) against leukaemia development. A protocol to prime CD4+ 

T cells in syngeneic host using p21-/- leukaemia was established: immune-competent mice 

are exposed to p21-/- leukaemia for 15 days, after which CD4+ T cells are isolated from the 

spleen of these mice. The adoptive transfer of the isolated CD4+ T cells into immune-defi-

cient RAG1 mice prevents growth of different clones of p21-/- leukaemia, as well as AMLs 

of different origin (AMLs expressing the AML-associated NPMc or FLIT3 mutations) (Fig-

ure 2) (Verga Falzacappa, MV. et al. preliminary data). On the other hand, unprimed CD4+ 

T cells from syngeneic mice were shown not to be protective against leukaemia upon adop-

tive transfer in immune-compromised recipients (Verga Falzacappa, MV. et al. preliminary 

data). 

 

Figure 2. Generation of protective CD4+ T cells and their adoptive transfer in immune-deficient recipients. Immune-

competent mice are exposed to p21-/- leukaemia for 15 days. Consequently, primed CD4+ T cells are isolated from spleens 

of these mice and transferred in immune-deficient recipients, which are challenged the next day with AML. Anti-tumoral 

effect of CD4+ T cells primed with p21-/- leukaemia is observed against AMLs in general. 
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5.2.3 The anti-leukaemia T-cell mediated immune response to p21-/- leukaemias is MHC 

II dependent. T-cell mediated immune response is triggered by coordinated interactions of 

different molecules on T cells and professional antigen presenting cells (APCs). T cells can 

recognize antigens of infectious agents presented by the major histocompatibility complex 

(MHC) on APC through T-cell receptor (TCR)-MHC interactions22. Specifically, CD4+ T 

cells are activated by antigen-presentation via class II molecules of the major histocompati-

bility complex22. Preliminary data of my host lab showed that the activation of anti-leukemic 

T-cell mediated immune response triggered by the p21-/- leukaemias depends on MHC II 

(Insinga, A. et al. preliminary data). Actually, in vitro analyses of T-cell proliferation 

showed that CD4+ T cells proliferate in the presence of p21-/- leukaemia (Insinga, A. et al. 

preliminary data). However, the proliferative effect is halted by administration of anti-MHC 

II blocking antibody (Insinga, A. et al. preliminary data). Moreover, p21-/- leukaemias, when 

depleted of MHC II+ cells, re-acquire the ability to propagate in immune-competent recipi-

ents (Insinga, A. et al. preliminary data). This evidence shed the light on an antigen-present-

ing cell being key mediator of CD4+ T-cell immunological response against leukaemia in a 

p21-dependent manner.   

 

5.2.4 Lack of p21 expression in normal residual splenocytes impedes AML propagation. 

Priming of CD4+ T cells by AMLs was performed transplanting cell preparations from the 

spleen of p21-/- leukemic mice. p21-/- leukemic spleens comprise of infiltrating p21-/- leuke-

mic blasts and residual cells of the non-leukemic p21-/- splenic environment16, suggesting 

that the normal cellular components of the p21-/- spleen, rather than the p21-/- blasts them-

selves, might be also involved in the anti-leukemic immunological response. To this end, in 

my host lab, it has been investigated whether the observed p21-dependent immune response 

to AML could also be achieved in the presence of WT leukemic blasts upon exposure to a 

p21-/- splenic environment. Leukaemias obtained in WT C57BL6 mice (“WT leukaemias”) 

https://en.wikipedia.org/wiki/Major_histocompatibility_complex
https://en.wikipedia.org/wiki/Major_histocompatibility_complex
https://en.wikipedia.org/wiki/Major_histocompatibility_complex


18 
 

showed similar growth rates (in terms of latency and frequency of engraftments) upon trans-

plantation in WT or p21-/- C57BL6 mice (Verga Falzacappa, MV. et al. preliminary data). 

However, WT leukaemias grown in p21-/- recipient showed markedly reduced growth rates 

when re-transplanted in WT syngeneic recipients, in terms of survival rate of injected mice 

(see also paragraph 7.1.1). Thus, WT leukaemias exposed to the p21-/- environment “mimic” 

the behaviour of p21-/- leukaemias when re-transplanted in WT syngeneic host. These obser-

vations implied that the lack of p21 expression in the normal p21-/- splenocytes, rather than 

in the leukemic blast per se, contribute significantly, or is sufficient for the activation of a 

T-cell mediated immunological response against leukaemia (Figure 3). The demonstration 

that p21-/- splenocytes play a crucial role in mounting an anti-leukaemia immune response 

raises the question of how p21-/- mice develop leukaemia in the first place. One of the pos-

sible explanations is that despite the presence of anti-leukemic p21-/- splenocytes, the T-cell 

compartment of p21-/- mice is defective (as demonstrated in other studies)23, thus not able to 

mount an anti-leukemic response.  
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Figure 3. p21 expression in TME inhibits activation of anti-leukemic CD4+ T-cell response. Syngeneic recipients 

transplanted with PRKi leukaemia succumb to disease. On the other hand, the growth of p21-/- leukaemia is suppressed in 

syngeneic mice due to the activation of a specific CD4+ T cell population. The same anti-tumoral effect can be observed 

upon re-transplantation of PRKi leukaemia previously exposed to p21-/- environment.  

 

 

5.2.5 Breast cancer and p21-dependent T-cell mediated immune responses. In my host lab, 

a p21-dependent cancer clearance, analogous to the one revealed in leukaemia, has also been 

observed in breast cancer, using transgenic mice overexpressing the breast-cancer specific 

ErbB2 oncogene (Insinga, A. et al. preliminary data). As observed with leukaemias, WT and 

p21-/- mice expressing the ErbB2 transgene develop breast cancers with similar latency and 

penetrance. However, ErbB2 tumors developed in p21-/- mice (p21-/- ErbB2 tumors) do not 

grow upon re-transplantation in WT syngeneic recipients, while they grow when trans-

planted in immune-deficient hosts (Insinga, A. et al. preliminary data). CD4+ T cells primed 

in vitro with p21-/- ErbB2 tumors, but not naïve T cells, proliferate in vitro in the presence 

of either p21-/-  or WT breast cancers (Insinga, A. et al. preliminary data). Moreover, the 

proliferation is completely abolished in vitro upon administration of anti-MHC II blocking 

antibody (Insinga, A. et al. preliminary data). Taken together, these data strongly support 

the evidence obtained in leukaemia, implying the existence of a p21-dependent anti-tumoral 

immune response. Additionally, they suggest that the p21-dependent cancer clearance is not 

tumor specific, but rather a broad immunological response against malignancy.  

 

5.3 Cancer and autoimmunity  

 

5.3.1 Mechanisms of autoimmunity: pro- and anti-tumoral functions. The immune system 

is a finely balanced network able to maintain immune homeostasis under normal physiolog-

ical conditions. However, under certain conditions, such as cancer or autoimmunity, the im-

mune system can either under or over-react, respectively. Malignant cells often camouflage 
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themselves expressing altered self- antigens to become unrecognizable to the immune sys-

tem24. On the other hand, deregulation of mechanisms controlling immune tolerance to “self” 

antigens, results in break of self-tolerance and leads to development of autoimmune dis-

eases25.  

Autoimmune diseases and immune-suppressive treatments may allow for tumor develop-

ment24–26. For example, it has been observed that patients with rheumatoid arthritis have 

increased risk of lymphomas and lung cancer27. On the other side, immune-therapies against 

different types of cancer often correlate with the break of immune-tolerance and consequent 

autoimmune responses24,28,29. Indeed, emerging evidence suggests that development of au-

toimmunity during cancer treatment correlates with inhibition of tumor growth. It has been 

reported that patients with metastatic melanoma treated with antibodies against immune-

checkpoint inhibitors (anti-CTLA-4 antibodies) develop severe autoimmune diseases30, 

which correlates with tumor regression. Another study also reported positive correlation be-

tween severe autoimmunity and immune response against metastatic melanoma, ovarian and 

renal cell carcinoma31. 

Accumulating evidence suggests a tight association between cancer and autoimmunity, in-

dicating that the manipulation of immune-tolerance mechanisms might be used to develop 

novel strategies or implement already used cancer treatments.     

 

5.3.2 p21 and autoimmunity. p21 may affect multiple processes of the immune system. De-

regulation of cell-cycle was shown to cause break of self-tolerance and associated autoim-

mune disorders32. In humans, it has been demonstrated that mutations in p21 and other genes 

such as HLA class I and II are associated with the development of systemic lupus erythema-

tosus (SLE)33,34. Due to defective apoptosis, SLE patients develop anti-nuclear antibodies, 

followed by expansion of inflammatory cells that attack multiple organ systems, leading to 

overt disease and eventually death35. 
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Studies in mice also demonstrated a role of p21 as a suppressor of autoimmunity23,36. It has 

been shown that in mice of mixed genetic background, deletion of p21 led to the develop-

ment of severe and lethal lupus-like autoimmunity36. Characteristics of lupus, such as sple-

nomegaly, lymphadenopathy, glomerulonephritis, T-cell accumulation and high levels of 

anti-DNA antibodies were observed in these mice36. The extreme disease outcome was as-

sociated to the mixed genetic background of these mice that enhanced the effect of p21 de-

letion36. Actually, p21-deficient mice of pure genetic background develop normally and over 

time show a mild loss of tolerance to DNA and a moderate, yet not lethal, lupus-like pheno-

type23. 

 

5.4 Tumor microenvironment: a critical accomplice in tumorigenesis 
 

Evidence summarized above suggests that p21 plays a critical role in the regulation of im-

munity, and, in particular, in the regulation of the host response to the emergence and ex-

pansion of tumor cells.  

The interaction between cancer cells and cells of the immune system in the tumor microen-

vironment influences significantly all steps of tumorigenesis, including tumor initiation, pro-

gression and metastasis37. The tumor microenvironment (TME) is formed and dominated by 

the tumor itself, which dictates molecular and cellular events in the surrounding tissue38. 

Cancer cells form TME by attaching to the extracellular matrix (ECM), thus becoming com-

petent for interactions with other cells, such as neutrophils, macrophages (tumor-associated 

macrophages or TAMs), fibroblasts (cancer-associated fibroblasts or CAFs), myeloid-de-

rived suppressor cells (MDSCs), dendritic cells (DCs), B and T cells, natural killer cells 

(NK) 38–41 (Figure 4). Such intercellular interactions are driven or regulated by a complex 

network of soluble factors, including pro-inflammatory cytokines, chemokines or growth 

factors, which may also induce inflammation or stimulate cancer cell growth39. During initial 

stages of cancer formation, immune cells are recruited to the tumor site in response to tumor-
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derived signals. However, their anti-cancer function is often downregulated, therefore al-

lowing for immune-evasion and tumor progression38,40,41. For example, TAMs present in 

TME inhibit lymphocyte effector functions by producing immune-suppressive cytokines 

such as IL-1042. Regulatory T-cells and MDSCs are expanded in TME and downregulate 

effector T cells and antigen-presenting cell (APC) functions43,44.  

Taking into consideration the complexity of TME and its critical role in tumorigenesis, de-

velopment of novel therapeutic strategies to target and modify TME will be of great im-

portance to effectively treat malignant diseases. 

              

 

Figure 4. Organization of tumor microenvironment in solid tumors. Tumor microenvironment is formed by malignant 

cells that closely interact with extracellular matrix and other cells of both innate and adaptive immunity. This interaction is 

achieved either by cell-cell contact, or by secretion of diverse cytokines and chemokines that support tumor growth (Image 

adapted from Cui, Y et al. Int. J. Mol. Sci. 2016). 

 

 

5.5 Immune cells of the tumor microenvironment  

 

 

TME comprises of tumor stroma, blood vessels, infiltrating inflammatory cells and a variety 

of associated tissue cells. Both adaptive and innate immune cells, such as T cells, B cells, 
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dendritic cells (DCs), macrophages, and natural killer (NK) cells can be found in TME. Most 

immune cells of the TME inhibit anti-tumor immunity and promote tumor growth and pro-

gression38,40. In other cases, specific tumor-infiltrating immune cells (i.e. cytotoxic T lym-

phocytes) exert anti-tumor effects, and can be regarded as an attempt of host’s immune re-

sponse to react to slow tumor progression (“immune-surveillance”)39,45. However, the pro-

tumoral effects of the TME exceed consistently its anti-tumoral effects, resulting in tumor 

escape and progression.   

In a variety of tumors, the majority of infiltrating inflammatory cells are CD4+ and CD8+ 

tumor-infiltrating lymphocytes (TILs)38,46. TILs can recognize specific tumor-associated an-

tigens, however their effector function is often inhibited by other immune cells present in 

TME (such as regulatory T cells or TAMs), rendering them defective in supressing tumor 

growth38.  

A crucial portion of CD4+ T cells present in TME are CD4+CD25+Foxp3+ cells known as 

regulatory T cells (T-regs)40,46. Under physiological conditions, T-regs have a critical role in 

maintaining homeostasis of cytotoxic lymphocytes. In cancer, T-regs have immune-suppres-

sive role and they often block the proliferation of cytotoxic T cells in TME either by direct 

contact or secretion of specific inhibitory cytokines (such as IL-10 and TGF-β)38,44. These 

cells also interfere with tumor-associated antigen-presentation by downregulating co-stimu-

latory molecules on DCs44.  

Another type of cells with immune-suppressive function found in TME is MDSCs46,47. They 

originate from the common myeloid progenitor in the bone marrow and often have a direct 

inhibitory effect on cytotoxic lymphocytes47. They are also known to impede M1 macro-

phage polarization48, antigen-presentation by DC43, and NK cell cytotoxicity49.  

Solid tumors are also infiltrated with macrophages, known as TAMs. TAMs often perform 

suppressive functions in TME by releasing inhibitory cytokines such as IL-10, prostaglan-

dins and ROS38,40,41. In response to diverse microenvironmental stimuli, macrophages can 
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be polarized towards different functional phenotypes (see paragraph 5.5.1). Polarization of 

macrophages significantly impacts tumorigenesis. Macrophages activated in a classical fash-

ion are polarized towards M1 phenotype and they may counteract tumor growth50,51, while 

alternatively activated M2 macrophages often have a pro-tumoral role42,52. In fact, in a vari-

ety of human tumors, infiltrated macrophages are associated with M2 phenotype and their 

presence in TME negatively correlates with patient’s survival42. It has been suggested that 

hypoxic TME in solid tumors is one of key factors that induces TAM polarization by up-

regulating M2-related genes53–55. Other than inhibiting lymphocyte effector function, TAMs 

are also shown to be responsible for tumor entry in the vasculature56,57, allowing for tumor 

dissemination.  

 

5.5.1 Tumor-associated macrophages: dual role in cancer 

 

5.5.1.1 M1 macrophage polarization and the pro-inflammatory phenotype. Macrophages 

are highly heterogeneous immune cells that can be found in almost all tissues. Their crucial 

role in tissue development, immune response to pathogens, iron metabolism and mainte-

nance of tissue homeostasis is widely known50,51. They can undergo differentiation into var-

ious functional phenotypes depending on a variety of different environmental signals51. Con-

ventionally, macrophages can be polarized either toward a pro-inflammatory, classically ac-

tivated M1 phenotype, or to an anti-inflammatory, alternatively activated M2 pheno-

type51,58,59. Yet, accumulating evidence suggests that M1 and M2 phenotypes represent two 

extremes of a wide range of macrophage activation with intermediate M1/M2 pheno-

types59,60. 

In TME, macrophages often represent the majority of the infiltrating leukocytes61,62. Most 

of TAMs originate from bone marrow-derived circulating monocytes62,63. Circulating mon-

ocytes are recruited from the peripheral blood to TME where they differentiate into TAMs 

in response to diverse cytokines, chemokines and growth factors released by tumor cells or 
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the TME62. TAMs are considered as a “double-edged sword” since they can either halt tumor 

progression64,65 or promote tumor growth52,61. It has been initially suggested that in different 

types of tumors TAMs expressed the M2-like phenotype52. However, it is now clear that the 

TAM compartment in TME comprises of diverse populations with specific functions60. 

Macrophages can be polarized towards M1 pro-inflammatory phenotype in the presence of 

IFN-γ alone or in combination with microbial products (i.e. LPS) or cytokines (i.e. TNF)66 

(Figure 5). Activated M1 macrophages are characterized by high antigen-presenting capacity 

and secretion of pro-inflammatory cytokines such as IL-6, IL-12 and IL-23 and TNF59,66. 

M1-polarized macrophages are able to produce high amounts of toxic intermediates, such as 

iNOS and ROS which have strong microbicidal effect. They express high levels of MHC II 

molecules on their surface, CD68, and CD80 and CD86 co-stimulatory molecules59. Macro-

phages are crucial regulators of iron homeostasis and this characteristic is closely associated 

to their role in innate immunity67. Splenic and liver macrophages phagocyte senescent eryth-

rocytes and sequester iron, that is then either stored intracellularly by ferritin, or exported in 

the environment via ferroportin68. M1-polarized macrophages are hallmarked by high accu-

mulation of iron, due to increased levels of ferritin and low ferroportin expression69,70. Ex-

pression of genes involved in iron metabolism is either dependent on macrophage polariza-

tion or conversely, dictates the polarization state of macrophages67.  

M1-polarized TAMs present in TME were shown to be effective in suppressing tumor 

growth, either by activating components of the adaptive immune system or by directly killing 

tumor cells64,65,71. For example, the presence of M1 TAMs in patients with non-small cell 

lung cancer (NSCLC) was shown to positively correlate with patient’s extended survival72,73. 
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5.5.1.2 M2 macrophage polarization and anti-inflammatory phenotype. M2 polarized mac-

rophages are so-called “alternatively activated macrophages” and they arise upon exposure 

to cytokines such as IL-4, IL-10 and IL-1351,59,66 (Figure 5). They are known to mediate anti-

inflammatory processes, immune regulation and tissue remodelling59. Mantovani and co-

authors suggested that the M2 activated macrophage population can be divided into three 

well defined phenotypes. Exposure to IL-4 and IL-13 or immune complexes (IC) and ago-

nists of TLR or IL-1R induces polarization to M2a or M2b phenotypes, respectively, both 

of which exhibit immune-modulatory functions59,66. IL-10 induces the M2c activation phe-

notype, which is involved in tissue remodelling and immune-suppression59,66. Phenotypi-

cally, M2-like macrophages are characterized by low expression of MHC II, high expression 

of IL-10, CD163, CD200R, CD206, arginase-1 and low expression of IL-1266. The produc-

tion of iNOS and ROS is inhibited in M2 activated macrophages52. Comparing to M1 phe-

notype, M2 macrophages express more ferroportin and less ferritin, and thus have enhanced 

ability to release iron69,70. 

It has been suggested that most TAMs in TME are of the M2-polarized phenotype, with 

immune-suppressive and tumor-promoting functions. M2-like TAMs are usually located in 

hypoxic areas of the tumor, where they play an active role in tumor invasion and angiogen-

esis55. It has been shown that the presence of anti-inflammatory cytokines released by M2-

TAMs such as IL-10, is closely associated with tumor progression. By releasing immune-

suppressive cytokines, M2-like TAMs downregulate cytotoxic T-cell effector functions and 

induce expansion of T-regs that further inhibit anti-tumoral immunity42. In a variety of tu-

mors, macrophage infiltration correlates with poor prognosis for patient’s survival42,62,74. 

Due to strong evidence supporting their pro-tumoral role, M2 TAMs represent potential ther-

apeutic targets in cancer treatment.  
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Figure 5. Polarization landscape of macrophages. Different phenotypes that macrophages can acquire depending on the 

environmental stimuli. Two extreme phenotypes are M1, stimulated by IFN-γ alone or in combination with microbial prod-

ucts such as LPS, and M2, induced by exposure to IL-10, IL.4 and IL-13, as well as to immune complexes and TLR ligands. 

Different gene expression profile of polarized macrophages describes their role either in halting tumor growth (M1) or 

promoting its progression (M2). 

 

 

5.5.1.3 Other types of TAMs. Recent studies have reported other populations of TAMs that 

are able to either inhibit or promote tumor growth or progression. For example, macrophages 

that secrete IFN-γ were identified in mouse models of melanoma where they promoted tumor 

growth75. A recent study identified in cases of NSCLCa subpopulation of pro-inflammatory 

CD68+ iron-retaining TAMs (iTAMs) with anti-tumoral functions76. The authors demon-

strated that in haemorrhagic areas of TME, red blood cells (RBCs) release heme and iron 

that are consequently up-taken by TAMs76. Heme and iron induce TAM reprogramming to 

a pro-inflammatory phenotype that negatively impacts tumor growth and progression76. 
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5.6 Tumor microenvironment in haematological malignancies 

 

In solid tumors, TME represents the environmental niche surrounding malignant cells. In 

case of haematological malignancies, even though cancer cells are not strictly encircled by 

all the environmental components, TME still exists and has a crucial impact on tumorigen-

esis. TME in leukaemias resides in the bone marrow (BM), blood vessels and secondary 

lymphoid organs such as the spleen77. Abnormalities in the BM niche severely affect normal 

haematopoiesis leading to the development of haematopoietic malignancies in both mice and 

humans78. The BM microenvironment in haematological cancers consist of complex net-

work of cellular interactions and soluble factors. Different cell types can be found in the BM 

microenvironment of leukaemias, such as osteoclasts, osteoblasts, T and B cells, macro-

phages, and other cells of the immune system79. As in solid tumors, cells of BM microenvi-

ronment such as T-regs, MDSCs and TAMs often show immune-suppressive or tumor pro-

moting function80. Even though there is evidence that anti-tumoral effector T cells can be 

found in TME of haematological malignancies such as myeloma, their effector function is 

often downregulated allowing for disease progression81. Although most of the studies legit-

imately pinpoint the BM niche as the TME in haematological tumors, the involvement of 

the spleen microenvironment in the development and progression of hematopoietic malig-

nancies must also be considered. Spleen is a secondary lymphoid organ with important role 

in adaptive immune response. Diverse spectrum of immune cells, such as T and B lympho-

cytes, macrophages, NK cells and DCs can be found in spleen. As the BM, the spleen mi-

croenvironment has an impact on haematological malignancies. In fact, splenomegaly is of-

ten observed in patients with some types of leukaemia, such as T-ALL, as the result of infil-

tration of leukemic blasts at the late stages of disease82. In case of Notch1-induced T-cell 

acute lymphoblastic leukaemia (T-ALL), it has been demonstrated that microenvironmental 

cues from spleen had a promoting effect on dissemination of leukemic cells83. This suggested 

that spleen might be a more important environment for the initiation and early development 
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of a Notch1-induced T-ALL83. Moreover, a pro-tumoral function of the spleen microenvi-

ronment was observed in mouse models of chronic lymphocytic leukaemia, since selective 

depletion of splenic myeloid cell subpopulations such as TAMs delayed leukaemia progres-

sion84.  

The BM and spleen microenvironments represent specific niches that highly impact devel-

opment and progression of haematological malignancies. Alteration of splenic and BM mi-

croenvironmental cellular components towards phenotypes that enhance anti-tumoral im-

munity could result in tumor clearance and thus is a promising way to treat haematopoietic 

cancers.  

 

5.7 Humanized mouse models as a preclinical tool to study interactions between human 

immune system and cancer 

 

The promising field of immune-oncology aims to study, use and manipulate immunity to 

recognize and eliminate cancer cells. In order to model complex interactions between the 

human immune system, human tumor cells and the TME, it is necessary to reproduce all 

these interactions in an in vivo context. Models of human tumors growing in vivo are well 

established since decades in many murine xenograft systems where human cancer cells or 

tumor biopsies are heterotransplanted into immune-deficient rodents. On the other hand, hu-

manized mice, that carry a human immune system, have been developed over the past three 

decades85,86. The development of humanized mouse models relies on the use of immuno-

deficient mice that allow engraftment of human hematopoietic stem cells (hHSCs) and tis-

sues, followed by generation of a functional human immunity into the murine context87. 

Over the past years, different immune-deficient mouse strains have been developed and 

tested for hHSC and tissue engraftment and many steps forward have been made to obtain a 
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good level of engraftment of the human cells. Initially, CB17-scid mice were shown to sup-

port the engraftment of hHSCs only at low level due to the presence of murine immune 

barriers (i.e. NK cells)88. Consecutively, NOD-scid mice allowed good engraftment of 

hHSCs, but their relatively short life span and residual innate immunity were considerable 

limitations89. Finally, NOD-scidIL2Rgammanull (NSG) mice, that lack all the components of 

murine innate immunity and allow a highly efficient engraftment of human HSCs90,91 be-

came a gold standard platform to recapitulate the human immune system in mice92. 

The development of a complete human immune system in NSG mouse model can be 

achieved by transplantation of human peripheral blood leukocytes93, human stem cells (orig-

inated from peripheral blood, cord blood or bone marrow) or bone marrow, fetal liver and 

thymus along with autologous fetal liver HSCs90. However, recapitulation of human immun-

ity in NSG mice is often followed by development of graft-versus-host disease94 or non-

functional human T-cell compartment in these mice95. Despite their caveats, humanized 

NSG mice were proposed to be a great tool to study infectious diseases, autoimmunity and 

drug metabolism, due to the existence of at least partially functional human immune system. 

Yet, the remaining limitations of this model still need to be surpassed. One of the major 

obstacles is the poor organization of secondary lymphoid structures that negatively impacts 

humoral response86. Nevertheless, a recent study demonstrated that intrahepatic injection of 

human cord blood hematopoietic stem and progenitor cells (HSPCs) in sublethally irradiated 

newborn triple transgenic NSG (SGM3) mice expressing human stem cell factor, granulo-

cyte colony-stimulating factor and IL-3, resulted in complete reconstitution of haematopoi-

esis in these mice96. T-cell compartment reconstituted in these mice was demonstrated to be 

fully functional to human alloantigens96. Moreover, human T cells failed to induce GVHD 

upon adoptive transfer into sublethally irradiated secondary NSG recipients96. Despite all 

the efforts to develop an excellent mouse model that carries functional human immunity, 

still an optimal humanized mouse for immune-oncology studies has not been generated and 

further progress in the field is necessary.  
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5.8 Aims of the project 

 

My project stemmed from the hypothesis that the cell-cycle inhibitor p21 inhibits the anti-

leukemic activities of the TME. This is based on the preliminary observation that transplan-

tation of leukaemia cells previously grown in p21-/- mice, activate anti-leukemic CD4+ T 

cells. My specific goal was to identify the peculiar TME cellular-components that, in the 

p21-null context, mediate activation of anti-leukemic T cells. Specifically: i) first, I set-up 

experiments to definitively exclude a role of p21-/- leukemic blasts in mounting the anti-

leukaemia immune response; ii) I then analysed the composition and functional status of the 

p21-/- spleen TME; iii) I searched for the specific TME cellular component involved in anti-

leukaemia responses; iv) I investigated whether the observed phenomenon is strain-specific, 

analysing its reproducibility in an another mouse strain; 
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6. MATERIALS AND METHODS 

 

6.1. Mouse strains 

Animals were housed in the animal facility at European Institute of Oncology, in pathogen-

free conditions. All the procedures related to mouse use have been communicated and ap-

proved by the Italian Ministry of Health. 

C57Bl6 mice were purchased from Charles River Laboratories. FVB/Hsd (FVB) animals 

were purchased from Harland Laboratories. p21-/- C57Bl6, p21-/- FVB and NOD-sci-

dIL2Rgammanull (NSG) mice were provided from breeding area of the mouse facility at Eu-

ropean Institute of Oncology. PML-RAR knock-in mice (PRKi) were provided by T. J. Ley 

and backcrossed in the C57BL6 background. These mice express the PML-RARα oncogene 

in stem and early myeloid cells under control of murine cathepsin G promoter. Murine APL 

develops spontaneously in these mice with 70% penetrance at 6-16 months of age (median 

10 months) and resembles the human APL. p21-/- PRKi mice were generated in the breeding 

area of the mouse facility at IEO, by mating PRKi and p21-/- C57Bl6 mice. These mice de-

velop spontaneous leukaemia at the age of 8-16 months (40% penetrance).  

 

6.2. In vivo procedures  

6.2.1 Leukaemia transplantation. Leukemic spleens of PRKi and p21-/- PRKi mice were 

used as a source of leukemic blasts and were transplantated in 7-12 weeks old WT and p21-

/- C57Bl6 recipients. 1x106 cells per mouse was injected in the caudal vein. Upon transplan-

tation, mice were followed for the disease development by controlling the haematological 

parameters (bleeding via tail vein was performed weekly). Mice have been also followed 

every 2-3 days to evaluate any sign of distress, such as pale extremities, curved posture, 

reluctance in motion. At the onset of the disease, mice were euthanized (using CO2) and 
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leukemic spleens were collected and consecutively used in re-transplantation experiments in 

syngeneic recipients.  

 

6.2.2 Tumor-stimulated macrophages. In order to challenge macrophages in vivo with leu-

kaemia, WT and p21-/- C57Bl6 mice 7-12 weeks old were intravenously injected with 5x106 

PRKi leukaemia cells/mouse. Mice were sacrificed prior leukemic blast infiltration in the 

spleen, 8h, 24h, 48h and 7 days post leukaemia transplantation. Spleens of the mice were 

collected, processed to single-cell suspension and used in subsequent experiments. 

 

6.2.3 DNA damage induction in vivo. WT C57Bl6 mice were irradiated 2, 4 or 6 Gy for 

induction of acute DNA damage or treated with N-ethyl-N-nitrosourea (ENU) (Sigma Al-

drich, Cat. No N3385), as a source of chronic DNA damage. ENU was injected intraperito-

neally once (50 mg/kg)16. The animals were sacrificed immediately after irradiation, or 5 

and 10 days post ENU treatment, and their spleens were collected. Spleens were processed 

to single-cell suspension, followed by immunofluorescence staining. 

 

6.2.4 DFO and hemin treatment in vivo. For iron depletion, deferoxamine mesylate salt 

DFO (Sigma Aldrich, Cat. No D9533) was used. WT and p21-/- C57Bl6 mice were injected 

intraperitoneally with a single dose of 100mg/kg DFO97. For iron overload, mice were 

treated with a single dose of 75mg/kg hemin (Sigma Aldrich, Cat. No H9039)97. Mice were 

sacrificed 15 hours post DFO or hemin treatment.  
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6.2.5 Blood smears and blood analysis. In the experiments where leukaemia formation was 

followed, mice were weekly bled via tail vein. Blood parameters such as white and red blood 

cells, haemoglobin, platelets, were analysed using haematoanalyzer (Beckman Coulter). 

Blood was also smeared on the glass slides and left to dry for 1-2h, after which Giemsa 

(Sigma Aldrich, Cat. No  51811-82-6) and May Grünwald (Sigma Aldrich, Cat. No MG500) 

staining was performed, according to manufacturer’s protocol. After staining, slides were 

mounted with Eukitt (Bio-Optica, Cat. No 09-00501) and analysed using Upright Olympus 

BX 51 Full Manual Wide Field microscope.  

 

6.3. Generation of MLL-AF9 leukaemia in FVB mouse strain 

 

Lin- cells were FACS isolated from BM of WT and p21-/- FVB mice, 6-7 weeks old. In 

particular, total BM cells were extracted by crushing bones from posterior limbs and ster-

num. Total BM cells were layered onto density gradient (Histopaque® 1083, Sigma-Aldrich) 

and centrifuged at 1800 rpm, 45 minute at 16oC. After centrifugation, BM-mononuclear cells 

remain at the PBS-Histopaque® interface and can be collected. BM-MNC were incubated 

in blocking solution (PBS + 10% BSA + 10% Rat Serum) for 30 minutes at 4oC. Staining 

for Lin- was performed in PBS + 1% BSA, 1 hour at 4oC in the dark, using the following 

lineage antibodies (all purchased from eBioscience, Pe-Cy7-conjugated, at concentration 

1:200): CD3, B220, Ter119, Mac, Gr1). Lin- cells were FACS sorted using (MoFlo Astrios, 

Beckman Coulter). After sorting, Lin- cells were plated in Retro-Nectin coated 6-well plates 

(300 000 cells/ml) in RPMI, 10% Fetal Bovine Serum (FBS Stem Cell), interleukin-3 1000x, 

interleukin-6 1000x, Stem Cell Factor (S-CF 100x), 100 U/ml penicillin/streptomycin, 2mM 

L-glutamine and incubated at 37oC overnight. Lin- cells were transduced by spinoculation 

with the retroviral vector expressing MLL-AF9 fusion protein which expresses Venus 

(green). Infected Lin- cells were then sorted and intravenously injected in FVB WT and p21-

/- mice sub-lethally irradiated (4 Gy) 16 hours prior transplantation. MLL-AF9 leukaemia 

https://www.sigmaaldrich.com/catalog/search?term=51811-82-6&interface=CAS%20No.&lang=en&region=US&focus=product
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develops in WT FVB recipients around 80 days post injection. Immunophenotype of the 

leukaemia was assessed by FACS analysis, using fluorochrome-conjugated antibodies 

against myeloid and lymphoid markers. Leukemic spleen of WT FVB mice was used for re-

transplantation experiments.   

 

6.4 Cell sorting and flow cytometry analysis 

 

All the cells used for FACS analysis were first incubated in blocking solution for 30 minutes 

at 4oC, after which specific fluorochrome-conjugated antibodies were added to the staining 

solution (PBS, 1% BSA) in concentration 1:200, if not indicated diversely by the manufac-

turer. Cells were stained for 1h at 4oC in dark and consecutively analysed via FACS (BD 

FACSCantoII, FACSDiva Version 6.1.1 software).   

For the experiments of macrophage activation, anti-CD11b (FITC-conjugated, eBioscience, 

Cat. No 11-0112-85), anti-Ly6G (PE-conjugated, eBioscience, Cat. No RB6-8C5), anti-

Ly6C (APC-conjugated, BD Biosciences, Cat. No 560595) and anti-MHC II (Pe-Cy7-con-

jugated, eBioscience, Cat. No 25-5321-82) were used.  

For the analysis of origin and physical distribution of macrophages in the spleen, following 

antibodies were used: anti-MARCO (PE-conjugated, LifeSpan Biosciences, Cat. No 

108347), anti-CD206 (PE-conjugated, BioLegend, Cat. No 141705), anti-CD209b (APC-

conjugated, Miltenyi Biotech, Cat. No 130-106-331), anti-Dectin-2 (FITC-conjugated, Mil-

tenyi Biotech, Cat. No 130-103-011), anti-F4/80 (APC-conjugated, eBioscience, Cat. No 17-

4801-82), anti-CD11b (PE-conjugated, eBioscience, Cat. No 12-0112-81), anti-CD169 (PE-

conjugated, BioLegend, Cat. No 142403), anti-CD68 (Brilliant Violet 421-conjugated, Bio-

Legend, Cat. No 137017). When using markers for intracellular staining (anti-CD68 and 

anti-CD206), Fixation/Permeabilization Solution Kit (BD Biosciences, Cat. No 554714) was 

used, according to manufacturer’s protocol. 
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For in vivo transplantation experiments, CD11b+ and CD11c+ cell populations were isolated 

from spleens of WT and p21-/- C57Bl6 mice. Cell sorting was performed via magnetic iso-

lation, using magnetic columns along with anti-mouse CD11b microbeads (Milteny Biotech, 

Cat. No 130-049-601) or anti-mouse CD11c Ultra Pure microbeads (Miltenyi Biotech, Cat. 

No 130-108-338), according to the manufacturer’s protocol.  

 

6.5 Production of BMDMs 

 

Posterior limbs and sternum were collected from WT and p21-/- C57Bl6 mice. Bones were 

crushed, and total BM cells were collected. 1.5x106 total BM cells were plated in sterile 

10cm Petri-dish in Macrophage-specific medium: Dulbecco’s Modified Eagle Medium 

(DMEM), 20% Fetal Bovine Serum North American (FBS NA), 1% L-glutamine, 1% peni-

cillin/streptomycin, 0.5% NaP, 0.1% β-mercaptoethanol, 30% L929 medium. Plates were 

incubated at 37oC for 6 days, after which differentiated macrophages were gently scraped 

from the plates and used for specific experiments. 

 

6.5.1 IFN-γ and LPS stimulation. BMDMs were incubated with 150U/ml IFN-γ (Prepro-

Tech, Cat. No 315-05) for 6 hours in culture medium previously described (see paragraph 

6.5). After incubation, plates were washed with warm culture medium, and subsequently 

fresh medium containing 10ng/ml LPS (Sigma Aldrich, Cat. No L2630) was added. Stimu-

lated BMDMs were collected 24h post LPS stimulation.   

 

6.6 Immunohisctochemistry 

 

Spleens of healthy or leukaemia-challenged WT and p21-/- C57Bl6 mice assigned to histo-

logical assessment were fixed in 4% paraformaldehyde overnight at 4oC. The next day the 

samples were washed in 70% ethanol and submitted to paraffin embedding using Diapath 
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automatic processator. 5um sections were stained with hemtoxilin/eosin. Consecutive slides 

were stained for specific antibodies, following this protocol: paraffin was removed with xy-

lene and the sections were rehydrated in graded alcohol. Antigen retrieval was carried out 

using preheated target retrieval solution for 45 minutes. Tissue sections were stained with 

H2O2 for quenching of endogenous peroxidases, blocked with FBS in PBS for 60 minutes 

and incubated overnight with primary antibodies. The antibody binding was detected using 

a polymer detection kit (GAR-HRP  and GAM-HRP, Microtech) followed by a diaminoben-

zidine chromogen reaction (Peroxidase substrate kit, DAB, SK-4100; Vector Lab).  All sec-

tions were counterstained with Mayer's hematoxylin and visualized using a bright-field mi-

croscope.  

Table 1. Primary antibodies used for immunohistochemistry  

 

 

6.7 Prussian Blue staining (PERLS’) 

 

Detection of iron-loaded macrophages was performed on paraffin-embedded samples of WT 

and p21-/- spleens, previously collected from the mice under steady state or challenged with 

leukaemia. The Prussian Blue staining was performed using Perls’ Kit (Bio-Optica, Cat. No 

# 04-180807), according to manufacturer’s protocol. 

Primary Ab Species Dilution Code/Company 

Monoclonal anti-CD68 

(KP1) 

Mouse 1:200 #ab955/Abcam 

Polyclonal anti-Iba1 Rabbit 1:1000 #019-19741/Wako 

Monoclonal Ki67 (SP6) Rabbit 1:20 #MA514520 

/ThermoFisher Scientific 

Polyclonal anti-Bcl6 Rabbit 1:150 #4242/ 

Cell Signalling Technol-

ogy 

Monoclonal anti-CD3ε 

(D4V8L) 

Rabbit 1:150 #99940/ Cell Signalling 

Technology 

Monoclonal anti-CD4 

(D7D2Z) 

Rabbit 1:100 #25229/ Cell Signalling 

Technology 

Monoclonal anti-CD8α 

(D4W2Z) 

Rabbit 1:400 #98941/Cell Signalling 

Technology 
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Double staining of Fe-content and CD68 was performed as follows: CD68 immunostaining 

was performed first, after which the slides were dis-assembled and stained with Perls’. 

 

6.8 Immunofluorescence 

 

Cells were fixed in 2% formaldehyde and seeded in 24-well plates (1x106 cells/well) onto 

poly-lysine cover slips. Plates were left at 4oC overnight. The following day, fixation was 

performed with 4% paraformaldehyde for 4 minutes at RT. All further manipulations were 

performed at RT. After three-time washing with PBS, fixed cells were permeabilized with 

0.1% Triton-x100 in PBS for 10 minutes. Blocking was performed in PBS + 5% BSA for 30 

minutes at RT, followed by incubation with the primary anti-γ-H2AX-Phosphorylated Alexa 

647–conjugated antibody (BioLegend) (1:200) for 1 hour. Detection was performed using 

anti-goat Cy3-conjugated (Invitrogen). After staining with the primary antibody, blocking 

was performed in PBS + 5% BSA + IgG (250x) for 15 minutes, after which staining with 

anti-CD11b FITC-conjugated antibody (eBioscience) (1:200) was performed at RT for 1 

hour. Following, DAPI (4,6 diamidino-2-phenylindole; Sigma-Aldrich) was used to stain the 

nuclei for 10 minutes. Cover slips were then put on the slides and mounted with Mowioll 

(Calbiochem). Images were acquired using Image Wide Field Microscope (Upright Olym-

pus BX 61).  

 

6.9 RNA reverse transcription and qPCR 

 

Total RNA was extracted from splenic macrophages (WT and p21-/-) using Quick RNA Kit 

(Zymo Research, Cat. No R1050) according to manufacturer’s protocol. 0.1-1µg of total 

RNA of each sample (quantified by ND1000 Spectrophotometer) was reverse transcribed 

using ImProm-II™ Reverse Transciptase kit (Promega) according to manufacturer’s instruc-

tions. RNA was first incubated with random primers (0.5µg/reaction) at 75oC for 10 minutes 

and then chilled on ice, after which the following mix was added (per sample):  
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ImProm-II™ 5X reaction buffer    4 µl 

  MgCl2 25mM     3.2 µl 

  dNTPs (10mM each)    1 µl 

  recombinant RNAse inhibitor     1 µl 

  ImProm-II™ Reverse Transcriptase  1 µl 

  Nuclease-free water    0.8 µl 

 

Reaction was then incubated at 42oC for 90 minutes, and then at 70oC for 10 minutes. cDNA 

was stored at -20oC. For mRNA expression, qPCR was performed using 10 ng of cDNA, 0.2 

µM of both forward and reverse primers and 10 µl of FAST SYBER™ Green Master Mix, 

AmpliTaq® Fast DNA Polymerase (ThermoFisher) in a final volume of 20 µl per reaction 

in 96-well plate. Fluorescence accumulation during qPCR reaction was detected on CFX96 

Touch™ Real-Time PCR Detection System (Biorad). The mRNA/cDNA abundance of each 

gene was calculated relative to the expression of a house-keeping gene, GAPDH (glycer-

aldehyde-3-phosphatedehydrogenase). Primers used are listed in Table 2. 

 

Table 2. List of primers used for qPCR. 

 

 

 

 

 

 

Gene of interest 

 

Sequence 

 

GAPDH 

Fw 5’-CCCATTCTCGGCCTTGACTGT-3’ 

Rev 5’-GTGGAGATTGTTGCCATCAACGA-3’ 

 

Tfr1 

Fw 5’-CCCATGACGTTGAATTGAACCT-3’ 

Rev 5’-GTAGTCTCCACGAGCGGAATA-3’ 

 

Hif1α 

Fw 5’-CATGATGGCTCCCTTTTTCA-3’ 

Rev 5’-GTCACCTGGTTGCTGCAATA-3’ 

 

TNFα  

Fw 5’-TGCCTATGTCTCAGCCTCTTC-3’ 

Rev 5’-GAGGCCATTTGGGAACTTCT-3’ 

 

HO1  

Fw 5’-AGGCTAAGACCGCCTTCCT-3’ 

Rev 5’-TGTGTTCCTCTGTCAGCATCA -3’ 

 

Ireg1 

Fw 5’-TGTCAGCCTGCTGTTTGCAGGA-3’ 

Rev 5’-TCTTGCAGCAACTGTGTCACCG-3’ 
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6.10 Humanization of NSG mice and propagation of hCB-CD34+ cells   

 

hCB-CD34+ cells were purchased from Stem Cell Technologies (Cat. No 70008). The cells 

originate from human cord blood of mixed healthy donors.  For NSG humanization, 400 000 

cells per mouse were transplanted in sublethally irradiated (1 Gy) NSG mice, 6-8 weeks old. 

For hCB-CD34+ cell propagation, BM cells of already humanized NSG recipients were re-

transplanted in sublethally irradiated (1 Gy) NSG recipients. BM cells were processed as 

previously described in paragraph 6.3.  

 

 

6.11 In vitro assays 

6.11.1 CD3/CD28 activation assay. 96-well plate was coated with 5µg/ml of anti-human 

anti-CD3 antibody (eBioscience, Cat. No 16-0037) for 2 hours at 37oC. Following, cells 

were prepared and added to the plate (150 000 cells/well). Immediately after, 2µg/ml of anti-

human anti-CD28 antibody (eBioscience, Cat. No 16-0289) was added to each well and plate 

was incubated at 37oC for 4 days.  

 

6.11.2 CFSE proliferation assay. Human T cells, isolated from the spleens of hCB-CD34+ 

NSG mice, were stained using CellTrace™ CFSE Proliferation kit (ThermoFisher, Cat. No 

C34554), according to manufacturer’s protocol. 4 days post culture, proliferation of these 

cells was assessed via FACS. 

 

 

6.12 Human AMLs 

 

Two different primary human AMLs were used for transplantation experiments in hCB-

CD34+ NSG mice. Human AMLs originate from IEO Biobank. hAML1 derived from a pa-

tient affected by an M4 AML, harbouring the translocation t(9;11). hAML2 is leukaemia 
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with normal karyotype, bearing mutations in NPM and FLT3 genes.  These leukaemias were 

xenotransplanted once in NSG mice, and leukemic spleens of these mice were used further 

in the experiments. hCB-CD34+ NSG mice or the control animals were transplanted with 

1x106 hAML cells.    

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 



42 
 

7. RESULTS 

 

7.1 The lack of p21 expression by the TME allows immunological recognition and erad-

ication of leukemic cells 

 

7.1.1 WT leukaemias grown in the p21-/- TME have impaired ability to propagate in WT 

mice   
 

The preliminary data of my host lab demonstrated that p21-/- leukemic spleen activates anti-

leukemic CD4+ T cells upon transplantation in syngeneic mice. This suggests that the p21-/- 

TME contributes to the immunological response against leukaemias in this experimental 

setting. Thus, to formally separate the contribution of p21-/- leukemic blasts from that of the 

p21-/- TME, we analysed the growth properties of WT leukaemias transplanted in p21-/- 

C57Bl6 recipient mice. These mice, when transplanted with WT leukaemias, as preliminar-

ily shown in my host lab, develop leukaemia with a latency that is comparable to that of their 

WT counterpart (see paragraph 5.2.4). Leukemic spleens of these mice, which consist of 

infiltrating WT blasts (~80-90%) and p21-/- TME cells, were then re-transplanted (1x106 

cells per mouse) into WT C57Bl6 recipients. Notably, we observed significantly prolonged 

survival (p < 0.001) of these animals in comparison to a control group transplanted with WT 

leukaemias that had previously passaged in WT mice (Figure 6A and 6B). These data 

demonstrated that the absence of p21 expression in the TME, rather than in the leukemic 

blasts, is indispensable for activation of an immunological response against leukaemia.  
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Figure 6. WT leukaemia transplantation in WT and p21-/- C57Bl6 mice, following re-transplantation of such leu-

kaemias in syngeneic recipients. A) Scheme of re-transplantation. B) Survival curve of p21-/- C57Bl6 (n = 9) and WT 

C57Bl6 (n = 8) mice injected with WT leukaemia and survival curve of WT C57Bl6 (n = 32) mice transplanted with WT 

leukaemia developed in p21-/- C57Bl6 mice (p < 0.001, Gehan-Breslow-Wilcoxon test). 

 

 
 

7.1.2 The p21-/- spleen and the bone marrow protect against leukaemia development  
 

To formally prove the role of the p21-/- TME in mounting an anti-leukemic response, we 

analysed the effects of WT blasts and p21-/- TME separately. Due to the fact that both com-

ponents are of myeloid origin, thus sharing the same myeloid-specific markers, we set them 

apart, by transplanting 1x106 WT leukaemia cells along with 5x106 p21-/- whole spleen or 
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bone marrow cellular extract (collected from donor p21-/- C57Bl6 mice) in syngeneic recip-

ients, and monitored leukaemia growth. Leukaemias developed in mice co-transplanted with 

WT leukaemias and WT spleen or bone marrow cells (7 mice per group). On the contrary, 

leukaemia growth was completely abolished in recipients co-transplanted with WT leukae-

mias and either p21-/- spleen (7 mice) or bone marrow cells (7 mice). Strikingly, these mice 

remained disease-free up to 250 days post transplantation (Figure 7). These findings demon-

strate that the initially observed anti-leukemic immune response activated by p21-/- primary 

leukaemias is due to the p21-/- TME component present in the leukemic spleens used to 

propagate leukaemias.  

 

Figure 7. Survival curve of 

C57Bl6 syngeneic recipients 

transplanted with WT leu-

kaemia along with WT or 

p21-/- spleen cells. C57Bl6 

syngeneic mice transplantated with 

WT leukaemia along with p21-/- 

spleen cells (n=7) remained disease-

free up to 250 days post iv. On the 

contrary, all the mice transplanted 

with WT leukaemia and WT spleen 

cells (n=7) developed the disease (p 

< 0.001, Gehan-Breslow-Wilcoxon 

test).  

 

 

 
 

 

7.2 The p21-/- spleens are more sensitive to activating signals  
 

Considering that the spleen is the anatomical site where we investigated the interactions 

between leukemic blasts and TME, we next analysed differences between p21-/- and WT 

C57Bl6 splenic TMEs. We first examined the activation status of the p21-/- and WT C57Bl6 

splenic TMEs by quantifying the ratio of primary follicles and germinal centers (GC), under 

both steady state conditions and upon exposure to leukaemia cells. Active germinal centers 
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are specific sites located in the primary follicles of spleen or lymph nodes, which are char-

acterized by the presence of proliferating mature B cells98,99. To detect active splenic GCs 

and calculate the ratio between primary follicles and GCs, we performed immunohistochem-

istry staining for the Ki67 proliferation marker and the Bcl6 active B-cell specific-marker. 

Bcl6 positivity marks the presence of B cells; Ki67 and Bcl6 stain the follicles that are im-

munologically active99. Not necessarily active GCs are double positive for Ki67 and Bcl6, 

since follicles at the initiation stages of their activation stain for Ki67, while they become 

Bcl6+ only after B cells enter in the center of follicles. Although the number of active Ki67 

positive GCs was similar between p21-/- and WT spleens at steady-state (6.7% and 6.2%, 

respectively; Figure 8A) , we observed slightly increased numbers of Bcl6 positive GCs in 

the p21-/- spleens, as compared to WT (6.8% and 3.7%, respectively; Figure 8B). Upon ex-

posure to leukemic cells, active Ki67+ and Bcl6+ GCs increased in both WT and p21-/- 

spleens (from ~3 to 40%), yet with a faster kinetics in the p21-/- spleens. In fact, GCs activa-

tion peaked at 8 hours after challenge in the p21-/- primary follicles, while it peaked at 5 days 

post challenge in the WT spleen (Figure 8A and 8B). These results suggest higher sensitivity 

of the p21-/- TME to activating signals, as observed at both basal level and after tumor chal-

lenge. 
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Figure 8. Response of p21-/- vs WT splenic TME to tumor challenge. Activation status of WT and p21-/- spleens repre-

sented as the ratio of A) Ki67+ GCs and primary follicles and B) Bcl6+ GCs and primary follicles. Values represent the 
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mean ± SD of two biologically independent experiments. One mouse per group was considered for each of the two biolog-

ically independent experiments. 

 

 

7.3 T cells in p21-/- TME are not required for the early response to leukaemia exposure 
 

The anti-leukemic immune response generated in syngeneic mice upon exposure to p21-/- 

leukemic spleens can be transferred to recipient mice by CD4+ T cells (collected from synge-

neic mice 15 days post leukaemia challenge) (see paragraph 5.2.2). Thus, we investigated 

whether T cells are recruited to the spleen already at early time points after tumor challenge. 

To this end, we analysed expression of CD4, CD8 and the pan-T CD3 markers within splenic 

primary follicles and counted positive follicles. We did not observe significant differences 

in the percentage of primary follicles expressing CD3, CD4 and CD8 between WT and p21-/- 

spleens, both under steady state and after leukaemia challenge (Figure 9), suggesting that T 

cells are not crucial for the early activation of the immune response in the p21-/- context. This 

findings imply that the observed anti-leukemic CD4+ T-cell mediated response mounted by 

the p21-/- splenic TME does not occur shortly after leukaemia challenge, but later in time. 
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Figure 9. Analyses of T-cell compartment in p21-/- vs WT spleens, under steady state and upon leukaemia exposure. 

Percentage of primary follicles in WT and p21-/- spleens expressing (A) CD3, (B) CD4 and (C) CD8. Values represent the 

mean of two biologically independent experiments. One mouse per group was considered for each of the two biologically 

independent experiments. 

 

 

7.4 Leukaemias activate p21-/- macrophages  

 

7.4.1 Lack of p21 expression renders splenic macrophages more responsive to exposure 

to leukaemia blasts  
 

Preliminary data of my host lab showed that the activation of a CD4+ T-cell mediated re-

sponse against leukaemia is MHC II-dependent (see paragraph 5.2.3). This finding, together 

with the observation that the p21-/- splenic TME is involved in the anti-leukaemia immune 

response (see paragraph 7.1), suggests that the key cellular mediator of the p21-/- TME is a 

professional APC.  Macrophages, dendritic cells (DCs) and B-cells are all considered pro-

fessional APCs. Macrophages and DCs are phagocytes that are recruited to tissues and T-

cell zones of secondary lymphoid organs (lymph nodes and spleen) upon activation100. When 

activated, they constitutively express high levels of MHC II molecules and components of 

the antigen-processing machinery, as well as co-stimulatory molecules. Mast cells, eosino-

phils, and basophils (so-called atypical APCs) can also express, upon activation, MHC class 

II molecules on their surface, yet there is the lack of compelling evidence that they can prime 

naïve CD4+ T cells in antigen-specific manner100. Thus, we mainly focused on macrophages 

and their function as APCs in the tumoral context. 

We first examined the activation status of WT and p21-/- splenic macrophages under steady 

state conditions and upon exposure to leukemic blasts. WT and p21-/- C57Bl6 mice were 

transplanted with 5x106 WT leukaemia cells for tumor challenge. PRKi leukemic blasts ex-

press diverse myeloid-specific markers that overlap with those expressed on macrophages. 

Thus, to avoid analyses of macrophage activation in the presence of leukemic blasts in the 

spleen, we sacrificed the mice and collected the spleens at defined time points (8h, 24h, 48h 

and 7 days upon leukaemia exposure) when the blasts did not yet migrate to the splenic 
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environment (as determined by FACS-analysis of leukaemia blasts versus host splenocytes 

using the CD45.1/CD45.2 congenic model; data not shown). As a measure of macrophage 

response to tumor challenge, we used already established flow cytometry protocols using 

known markers of macrophage activation101. Specifically, we performed FACS analyses on 

the whole spleen (WT vs p21-/-) to examine the position of CD11b+ Ly6G- cells in the quad-

rants Ly6C and MHC II. Ly6G staining allows the exclusion of neutrophils and granulocytes, 

while Ly6C marks inflammatory monocytes. Differentiation of inflammatory monocytes to-

wards macrophages is characterized by the decrease of Ly6C marker expression and in par-

allel, increase of MHC II expression101. At basal conditions, splenic p21-/- macrophages (de-

fined as CD11b+ Ly6G- Ly6C- MHC II+) expressed increased levels of MHC II (21%; Figure 

10), which characterizes an inflammatory phenotype, while WT macrophages were at their 

steady state (12.9%; Figure 10).  

The inflammatory phenotype of p21-/- macrophages did not change at 8h and 24h after leu-

kaemia exposure (17.6% and 23.2%, respectively; Figure 10), yet after 48h and 7 days post 

leukaemia exposure it was switched (12.6% and 3.6%, respectively; Figure 10). On the con-

trary, a slight increase in MHC II expression on the WT macrophages was observed only 

48h post leukaemia challenge (14.8%; Figure 10), demonstrating a significantly delayed ac-

tivation of WT macrophages in comparison to p21-/- macrophages (Figure 10). These data 

demonstrate a considerably faster response of already active p21-/- macrophages in splenic 

environment to tumor presence and coincide with the evidence of greater immunological 

responsiveness of p21-/- spleen to the tumor exposure (see paragraph 7.2). Moreover, it is 

known that also p21-/- macrophages in FVB strain respond with faster kinetics to tumor stim-

ulus when compared to their WT counterpart (data obtained during the study of immunolog-

ical anti-tumoral response in breast cancer; Insinga, A. et al. preliminary data). 
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Figure 10. Kinetics of WT versus p21-/- splenic macrophages upon tumor stimulus. Flow cytometry plots of 

Ly6C/MHC II expression on CD11b+Ly6G- cells in WT and p21-/- spleen under basal conditions and post leukaemia expo-

sure. Data are representative of two biological replicates, using two different WT leukaemias for macrophage stimulation.  

 

 

7.4.2 p21-/- macrophages trigger anti-tumor immune response in vivo  
 

To examine the ability of p21-/- macrophages to mount the anti-tumor immune response in 

vivo, we differentiated in vitro macrophages from the total BM cellular extract (BM-derived 

macrophages; BMDMs) (see paragraph 6.5). We then transplanted 1x106 BMDMs (WT or 

p21-/- C57Bl6) along with WT leukaemia in syngeneic recipients. As expected, WT BMDMs 

failed to activate the CD4+ T-cell mediated immunological response, which was followed by 

disease development (Figure 11). Noteworthy, 5 out of 5 mice transplanted with p21-/- 

BMDMs and WT leukaemia were disease-free up to 250 days post transplantation (Figure 

11). These data clearly demonstrate that macrophages are a key cellular component of p21-/- 

TME responsible for the activation of a CD4+ T-cell mediated immune response against 

leukaemia. 
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Figure 11. Survival curve of 

C57Bl6 syngeneic mice 

transplanted with WT leu-

kaemia along with WT or 

p21-/- BMDMs. C57Bl6 mice 

transplanted with WT leukae-

mia and WT BMDMs (n = 5) 

developed the disease while 

the recipients injected with  

WT leukaemia and p21-/- 

BMDMs (n = 5) remained disease-

free (p < 0.05,Gehan-Breslow-Wil-

coxon test).  

 

 

 

 

 

7.5 The macrophage response to non-tumoral stimuli is p21-independent 

 

7.5.1 Bone marrow-derived macrophages respond to unspecific stimuli in a p21-independ-

ent manner  
 

To further characterize functional differences between p21-/- and WT C57Bl6 macrophages, 

we analysed canonical activation signatures upon in vitro priming of BMDMs and stimula-

tion with IFN-γ and LPS. BMDMs were incubated with IFN-γ for 6 hours and then treated 

with LPS. 24 hours post LPS stimulation, we performed FACS analysis for known markers 

of macrophage activation, as previously described (see paragraph 7.4.1). WT and p21-/- 

BMDMs (CD11b+ Ly6G- Ly6C-) expressed modest level of MHC II under basal conditions 

(9.4% and 5.9%, respectively). Following priming and stimulation with IFN-γ and LPS, both 

WT and p21-/- BMDMs showed similar activated phenotype: increased expression of MHC 

class II antigens (88.7% and 80%), demonstrating that p21-/- and WT BMDMs share a com-

parable activation signature upon canonical stimulation. Thus, the p21-/- macrophage respon-

siveness seems to be specific for the tumoral stimulus.  
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7.5.2 Splenic macrophages are resistant to chronic and acute DNA damage  
 

p21 is involved in the cellular response to DNA-damage and is critical for DNA-repair, as 

revealed by findings of  DNA-damage accumulation in cells lacking p21 expression4. Thus, 

we hypothesised that splenic macrophages from p21-/- mice have chronic activation of DNA-

repair signalling pathways and accumulate excessive DNA damage, which may interfere 

with their immune functions. We first investigated whether WT splenic macrophages mimic 

the phenotype of p21-/- macrophages upon induction of DNA damage.  To induce chronic 

DNA damage, we treated WT C57Bl6 mice with N-ethyl-N-nitrosourea (ENU), a potent 

DNA-damaging agent16. A single dose of ENU was administered intraperitoneally 

(50mg/kg), and mice were sacrificed 5 and 10 days post treatment. Spleens were collected, 

stained with antibodies against CD11b and the γ-H2AX DNA-damage marker, and analysed 

by immunofluorescence. Intensity and number of γ-H2AX+ foci represent informative pa-

rameters to measure DNA damage. Surprisingly, p21-/- CD11b+ cells did not show DNA 

damage accumulation under steady state conditions, as compared to WT counterparts (Fig-

ure 12). Upon ENU administration, we observed a slight γ-H2AX signal accumulation in 

WT or p21-/- CD11b- cells at 5 or 10 days post treatment. Strikingly, levels of γ-H2AX expres-

sion in CD11b+ cells, instead, did not increase after ENU treatment, and were indeed com-

parable to those of the untreated cells (see Figure 13 for representative results on WT cells). 

These results demonstrate that, unexpectedly, splenic macrophages are not susceptible to 

accumulation of chronic DNA damage or, alternatively, they have a different processing of 

the DNA damage. 
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Figure 12. DNA damage in p21-/- vs WT splenic macrophages. Immuno-fluorescence analysis of DAPI (blue, x40), 

CD11b (green, x40) and γ-H2AX (yellow, x40) on WT and p21-/- spleens. Images shown are representative of three bio-

logical replicates.  

 

 

 

Figure 13. ENU-induced DNA damage in WT macrophages. Immunofluorescence analysis of γ-H2AX expression in 

WT CD11b+ and CD11b- splenocytes upon 5 or 10 days ENU treatment (DAPI: blue; CD11b: green; γ-H2AX: yellow; 

x40). Data shown are representative of three biological replicates. 
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We then used γ-irradiation as a source of acute DNA damage and assessed levels of DNA 

damage in CD11b+ splenic macrophages of WT C57Bl6 mice. We irradiated mice using 

different sub-lethal doses of γ-irradiation (2, 4 and 6 Gy). Mice were sacrificed immediately 

after γ-irradiation and spleens were collected and processed for immunofluorescence analy-

sis of γ-H2AX foci formation. While cells negative for CD11b expression were clearly dam-

aged upon γ-irradiation, macrophages were resistant to DNA damage accumulation (Figure 

14). These data, together with the observed resistance to chronic DNA damage, indicate that 

splenic macrophages, independently of p21 expression levels, have unique mechanisms of 

DNA damage processing.  

 

Figure 14. Irradiation-induced DNA damage in WT macrophages. Immunofluorescent staining of spleens collected 

from WT mice previously irradiated 4 Gy (DAPI: blue; CD11b: green; γ-H2AX: yellow; x40). While γ-H2AX signal is 

present in CD11b- cells, macrophages do not accumulate DNA damage upon irradiation, as indicated with white arrows. 

Presented images are of 4 Gy irradiated spleens, since 2 Gy and 6 Gy irradiation induces the same level of DNA damage 

(not shown). Images are representative of two biological replicates.  
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7.6 Conventional p21-/- macrophage subpopulations are not involved in the anti-leuke-

mic immune response 

 

7.6.1 CD11b or CD11c markers do not allow identification of the p21-/- APC involved in 

the anti-leukemic immune response  
 

To isolate and characterize the specific p21-/- APC responsible for the anti-leukaemia im-

mune response, we tested the ability of diverse p21-/- APCs to trigger an immunological 

response against WT leukaemia in immune-competent hosts. CD11b+ (a marker mainly ex-

pressed by macrophages) and CD11c+ (a marker mainly expressed by DCs) cells were iso-

lated via magnetic separation from spleens of WT and p21-/- C57Bl6 mice. We transplanted 

1x106 of WT or p21-/- CD11b+ or CD11c+ cells along with 1x106 WT leukaemia cells in 

syngeneic recipients. The protective immunological response against the disease was not 

activated neither in presence of p21-/- CD11b+ nor CD11c+ cells, since all the experimental 

groups developed leukaemia with comparable latency to their WT counterpart (span of 35-

40 days; data not shown). These results show that expression of CD11b or CD11c markers 

alone does not allow identification of the relevant p21-/- APC. Indeed, diverse APCs can 

share same superficial markers and specific combination of markers characterize discrete 

subpopulations of APCs.  

 

7.6.2 Other conventional macrophage markers do not allow identification of the p21-/- 

APC involved in the anti-leukemic immune response (F4/80, CD68, CD169, CD206, Dec-

tin-2, CD209b, Marco, Iba1)   
 

Data described above suggest that cellular mediators of the anti-leukemic immune response 

in the p21-/- TME are discrete subpopulations of APCs. We thus considered the usage of a 

combination of additional cellular markers and of different methodologies of identification. 

The distinction of tissue macrophage subpopulations can be achieved by their ontogeny. 

While some can be of a mixed origin, most of splenic macrophages are either derived from 

embryonic precursors or monocytes, yet their diverse origin-dependent functions are still not 
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fully clear102. Moreover, in the spleen, different subpopulations of macrophages (such as 

metallophilic, marginal zone, red and white pulp macrophages) are phenotypically distin-

guishable and can be found in discrete niches of the tissue were they possess specific immu-

nological functions103. 

To identify the specific subpopulation of p21-/- macrophages that act as potent mediator of 

immunological response against tumor, we examined splenic macrophage subpopulations of 

different origin, by flow-cytometry analyses of  known markers of embryonic- 

(CD11b+F4/80low/neg) and monocyte-derived macrophages (F4/80+). The percentage of either 

embryonic- or monocyte-derived macrophages was low (1.2% and 2.05%, respectively), 

without significant differences between spleens collected from healthy WT or p21-/- C57Bl6 

mice. 

We then analysed metallophilic (CD68+CD169+), red pulp (CD68+F4/80+CD206+Dectin-2+) 

and marginal zone (CD68+CD209b+Dectin-2+Marco+) macrophage subpopulations. Flow-

cytometry analyses were performed on spleens collected from mice under steady state con-

ditions and upon previous exposure to WT leukaemia blasts. WT leukemic blasts, like all 

the above-mentioned macrophage subpopulations, express the CD68 marker (48.7% ± 3.3). 

Therefore, to avoid presence of the CD68+ blasts in the spleen, we analysed spleens collected 

before the infiltration of the organ by leukemic blasts (8 hours and 5 days post leukaemia 

challenge). Macrophage subpopulations were present in a very low amount both in the p21-/- 

and WT spleens, independently of leukaemia exposure (Table 3). Data shown here imply 

that the usage of conventional markers of diverse macrophage subpopulations is not suffi-

cient for identification of key p21-/- APC that triggers anti-tumoral response. 
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Table 3. Metallophilic, red pulp and marginal zone macrophages in WT and p21-/- spleen. Flow-cytometry analysis 

of CD68+CD169+ (metallophilic), F4/80+CD206+Dectin-2+ (red pulp) and CD68+CD209b+Dectin-2+Marco+ (marginal 

zone). Numbers of macrophage subpopulations under steady state are represented as the average value of three individual 

experiments ±SD. The analyses on spleen challenged with leukaemia were performed once. 

 

 

As additional approach to examine physical distribution of macrophages in WT and p21-/- 

spleens (both under steady state and upon leukaemia exposure), we performed immunohisto-

chemistry analysis of specific macrophage markers. The detection of macrophages was as-

sessed using the well-characterized “Pan-macrophage” marker Iba1 (Ionized calcium-bind-

ing adapter molecule 1). Iba1 is a 17-kDa protein that is constitutively expressed on macro-

phages and microglia104. We observed a diffuse signal of Iba1 and equal expression of the 

protein in all of the samples tested (Figure 15). The constitutive expression of Iba1 in splenic 

macrophages, independently on their p21 status, excludes its usage for the appreciation of 

differences among spleen samples in our conditions. 
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Figure 15. Iba1 expression in WT and p21-/- spleens. Anti-Iba1 immuno-staining performed on WT and p21-/- spleens, 

both under steady state and post leukaemia exposure (brown staining indicates Iba1 positive cells). Images are representa-

tive of two biological replicates. One mouse per group was considered for each of the two biological replicates. 

 

CD68 or macrosialin is a member of scavenger receptor supergene family.  It is a known 

Pan-macrophage marker mainly expressed in their late endosomes and lysosomes. In com-

parison to Iba1, this is a more selective marker, since it is expressed predominantly on acti-

vated macrophages105. We analysed the expression of CD68 protein in WT and p21-/- 

spleens, both under steady state and upon exposure to leukaemia. Comparing the slides of 

p21-/- vs WT spleens, we noticed a higher level of CD68 positivity in p21-/- spleens under 

steady state compared to its WT counterpart (Figure 16). Moreover, we observed the increase 

in CD68 expression after challenge with leukaemia mainly in p21-/- spleen (Figure 16), sug-

gesting that upon tumor challenge, a different recruitment of macrophages occurs in the p21-

/- splenic TME, as compared to its WT counterpart (these observations are based on visual 

analyses of the samples; the quantification of CD68+ cells in the samples has not been per-

formed since this analysis served as an informative step preceding further analyses). 
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Figure 16. CD68 expression in p21-/- vs WT spleens. Anti-CD68 immunostaining (brown staining indicates CD68 positive 

cells) of p21-/- and WT spleens under steady state and 8h post leukaemia exposure. Images are representative of two bio-

logical replicates. One mouse per group was considered for each of the two biological replicates. 

 

 

 

7.7 Identification of Fe-loaded CD68+ macrophages (iTAMs) as potential effectors of 

the immune-response against leukaemia cells 

 

7.7.1 Exposure to leukaemia blasts induces iron-retention in splenic macrophages  
 

Apart from their contribution to immunity, splenic macrophages have a crucial role in recy-

cling iron from senescent red blood cells68. Thus, we analysed the presence of iron-contain-

ing macrophages in WT and p21-/- spleens, by Perls’ staining, which marks iron (Fe) particles 

in the tissue. As expected, at steady state, Fe particles were detected mainly in the red pulp 

in both p21-/- and WT splenic macrophages (Figure 17). Upon leukaemia exposure, the signal 

of Fe increased both in p21-/- and WT macrophages, suggesting that the challenge with leu-

kaemia cells induced Fe-retention in macrophages (Figure 17). Interestingly, we observed a 

difference in the physical position of p21-/- and WT Fe-loaded macrophages upon tumor 

challenge. While the WT Fe-loaded macrophages remained detectable in the red pulp, p21-

/- Fe-loaded macrophages were found also inside primary follicles (Figure 17), suggesting 
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different functional characteristics of Fe-loaded p21-/- splenic macrophages in the presence 

of leukaemia blasts.  

 

 

Figure 17. Iron content in p21-/- vs WT splenic macrophages. Perls’ staining of WT and p21-/- spleens, both under steady 

state and post exposure to leukaemia. Blue colour indicates intracellular iron. p21-/- Fe-loaded macrophages inside primary 

follicles of p21-/- spleens are indicated with black arrows. Images are representative areas of two biologically independent 

samples. One mouse per group was considered for each of the two biological replicates.  

 

 

7.7.2 Exposure to leukaemia blasts induces accumulation of Fe-loaded CD68+ macro-

phages (iTAMs) only in p21-/- spleens 
 

To phenotypically characterize the p21-/- Fe-loaded macrophage subpopulation present in 

primary follicles of p21-/- spleen upon leukaemia exposure, we performed stainings with 

Perls’ and anti-CD68 antibodies on consecutive sections of the paraffinized spleen tissue. 

We identified an Fe-loaded macrophage subpopulation that also expresses CD68 and, strik-

ingly, is present only in the p21-/- spleen (Figure 18). The Fe-loaded CD68+ macrophages, 

named iTAMs, have been identified in TME of NSCLC, where they exhibit anti-tumoral 

function (see paragraph 5.5.1.3).  
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Notably, we observed the presence of iTAMs also in p21-/- lung cancers. We analysed WT 

and p21-/- K-Ras/RERT lung cancer106. We performed CD68 immunostaining on the slides 

of WT and p21-/- lung cancer which were previously stained with Perls’ and documented the 

presence of the Fe-loaded macrophages exclusively in the p21-/- TME, mainly in tumor-free 

areas of lung sections (Figure 19A). Strikingly, some of the p21-/- Fe-loaded macrophages 

were also positive for CD68 staining (iTAMs) (Figure 19B).   

Together, these data establish a correlation between tumor cells and the presence of p21-/- 

iTAMs in the TME, in both leukaemias and lung cancer, and suggest that the presence of 

p21-/- iTAMs in the TME is linked with the anti-tumoral immune response activated by the 

p21-/- TME.  

 

Figure 18. p21-/- Fe-loaded macrophages express CD68. Overlapping Perls’ staining and anti-CD68 immunostaining of 

WT and p21-/- spleens under basal conditions and upon tumor challenge. Blue staining indicates iron and brown staining 

indicates CD68 positive cells. Black arrows indicate p21-/- CD68+ iron-loaded macrophages. Images are of the areas repre-

sentative of two biological replicates. One mouse per group was considered for each of the two biological replicates. 
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Figure 19. CD68 immune-staining and Perl’s staining of non-tumoral areas of WT vs p21-/- K-Ras/RERT Lung 

carcinoma. A) Perls’ staining of tumor-free areas of WT and p21-/- K-Ras/RERT lung cancer (blue staining indicates iron). 

B) Overlapped staining for CD68 and Perl’s on tumor-free area of p21-/- K-Ras/RERT lung cancer (brown staining indicates 

CD68 positive cells and blue indicates Fe-loaded cells). Images are of the areas representative of two biological replicates. 

One mouse per group was considered for each of the two biological replicates. 

 

 

7.8 Polarization of splenic macrophages is marginally affected by modulation of sys-

temic iron content  
 

7.8.1 Systemic iron depletion induces a mild shift in macrophage polarization in p21-null 

context  
 

Macrophages are key regulators of iron homeostasis, and their polarization is known to dic-

tate expression of genes involved in iron metabolism, or vice versa67. Modulating iron con-

tent in macrophages can result in a shift of macrophage polarization.  

We examined the polarization of WT and p21-/- splenic macrophages upon systemic iron 

depletion, using a known iron chelator desferoxamine (DFO)107. 100mg/kg DFO were in-

jected intraperitoneally in WT and p21-/- C57Bl6 mice and, 15h post treatment, mice were 

sacrificed and spleens collected. We FACS-sorted CD11b+F4/80+ macrophages and per-

formed qPCR analysis for diverse macrophage polarization markers (tumor necrosis factor 

alpha (TNFα), transferrin receptor 1 (Tfr1), hypoxia inducible factor alpha (Hif1α), iron-

regulated transporter 1 (Ireg1), heme oxygenase 1 (HO1)). Analyses of mRNA expression 

of the above-mentioned macrophage markers did not show differences between WT and p21-/- 

splenic macrophages under steady state conditions (data not shown). By comparing fold-
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changes of DFO-treated versus untreated samples obtained by p21-/- splenic macrophages to 

the ones of their WT counterpart, we observed a drop in transferrin receptor 1 and the Fe-

exporter Ireg1 (data not shown). These data would suggest a different handling of Fe-intake 

in p21-/- macrophages in response to exogenous iron depletion. These results, together with 

the lack of induction of HO1, suggest a mild shift towards M1-like phenotype69 of p21-/- 

macrophages, as compared to WT; however the expression of only few of the iron-related 

markers seems to change upon DFO treatment (Ireg1 upregulation and Trf1 downregula-

tion). 

 

7.8.2 Macrophages are not responsive to systemic iron-overload  
 

In parallel, we studied WT and p21-/- splenic macrophage polarization after treatment with 

hemin, which is known to induce iron-overload97. A single dose of hemin (75uM/kg) was 

intravenously injected in WT and p21-/- C57Bl6 mice, and, after 15h mice were sacrificed. 

We FACS-sorted CD11b+F4/80+ macrophages from spleens of these mice, and examined 

expression of M1/M2 related genes (see paragraph 7.8.1). Fold-change levels (treated versus 

untreated samples) for the p21-/- splenic macrophages and their WT counterpart showed that 

systemic iron overload did not affect polarization of WT or p21-/- macrophages (data not 

shown). 

 

7.9 Experienced challenges with p21-/- mouse strain  
 

In 2017 it became progressively evident that some of the initial observations described in 

the above chapters were not reproducible. In particular: a) transplantation of p21-/- spleno-

cytes in WT mice failed to protect against growth of WT leukaemias (34 mice); b) faster 

kintetics of p21-/- splenic macrophage response to leukaemia challenge were not reproduci-
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ble in two independent experiments; c) co-transplantation of p21-/- BMDMs  with WT leu-

kaemia failed to promote anti-tumoral immune response in 14 mice (p21-/- BMDMs were 

produced from p21-/- BM cells, collected from 5 p21-/- C57Bl6 mice separately).  

Considering the robustness of the previously observed phenotypes, we hypothesized that 

lack of reproducibility was connected to a modification of the status of the p21-/- C57Bl6 

mouse colony. Notably, during the 2016-2017 years, we also noticed a gross modification 

of the tumor-phenotype of the p21-/- PML-RAR expressing (PRKi) mice, which did not de-

velop leukaemias during their entire lifespan, as instead consistently observed in previous 

years (see also ref. 16).  

For unknown reasons, in the course of 2018, resistance of p21-/- PRKi mice “disappeared”, 

and several mice developed leukaemias, which, most notably, were unable to transplant in 

immune-competent syngeneic mice, as previously observed. Importantly, these leukaemias 

were also capable of generating protective T cells (as shown by adoptive T-cell transfer of 

CD4+ T cells obtained from WT mice challenged with p21-/- leukaemias). We were unable, 

however, to reproduce experimentally the ability of the p21-/- TME (spleen, bone marrow or 

macrophages) to protect WT mice toward the growth of WT leukaemias.  

In summary, during the 2016-2018 years, we observed: i) initially, the non-reproducibility 

of the main traits of the previously observed p21-/- phenotype (occurrence of leukaemias in 

the p21-/- background; capacity of the p21-/- TME to induce resistance to leukaemia growth 

in WT mice); and ii) more recently, the partial re-appearance of some traits of the p21-/- 

phenotype (development of leukaemias in the p21-/- PRKi mice; lack of their transplantabil-

ity in syngeneic WT mice; capacity to mount a protective T-cell response), but not others 

(capacity of the p21-/- TME to transfer resistance to leukaemia growth). 

To explain these findings, we hypothesized that the p21-/- colonies (p21-/- and p21-/- PRKi) 

might have segregated specific genetic loci with immune-related functions. To test this hy-

pothesis, we started a new p21-/- colony by crossing C57 WT and C57 p21-/- mice (using 
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either “our” mice or new mice imported from Jaxon Laboratories), and then breeding heter-

ozygous mice to re-generate “new” homozygous p21-/- mice. However, the p21-/- TME from 

mice of these two new colonies proved to be unable to protect against leukaemia develop-

ment.  

As an alternative hypothesis, we are now considering the existence of environmental factors 

(possibly due to our mouse-housing conditions) that may affect the immunological status of 

the p21-/- mice. Unfortunately, however, we could not identify changes in our mouse-housing 

conditions that could be tested experimentally. Thus, we are now evaluating the possibility 

of analysing the microbiota of p21-/- mice of different strains (C57Bl6 vs FVB; see below) 

and eventually test their impact on the immunity of our mice.  

Meanwhile, we decided to investigate the previously observed p21-/- phenotype in another 

mouse strain (FVB). 

 

 

7.10 The p21-/- TME is critical to leukaemia development and growth in the FVB mouse 

strain 

 

7.10.1 p21-/- FVB mice are resistant to leukaemia formation  
 

It has been demonstrated in the host lab that the p21-dependent CD4+ T-cell mediated im-

munological response against tumor also occurs in breast cancer (see paragraph 5.2.5). No-

tably, the mouse model of breast cancer (WT and p21-/-) used in these studies (FVB strain) 

is of a different genetic background than the one used in leukaemia studies (C57Bl6 strain), 

suggesting that the potent immune response observed with leukaemias is neither strain nor 

tumor-type specific. Thus, we investigated whether in the absence of p21, TME of different 

genetic backgrounds possesses similar tumor-clearance functions. We first generated and 

then tested an AML in the FVB WT and p21-/- mouse strains. To this end, WT and p21-/- Lin- 

cells (obtained from FVB and p21-/- FVB, respectively) were transduced with a retrovirus 
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expressing the AML-specific MLL-AF9 fusion-protein oncogene and transplanted into WT 

and p21-/- FVB recipient mice. Most notably, p21-/- Lin- cells expressing MLL-AF9 failed to 

promote leukaemogenesis when expressed in either WT or p21-/- mice (data not shown). WT 

Lin- cells expressing MLL-AF9 engrafted and induced leukaemia in WT recipients, but not 

in p21-/- mice (Figure 20). Engraftment was not observed in p21-/- recipients, and they re-

mained disease-free (Figure 20). These results suggest that p21 expression is critical for the 

permissiveness of FVB mice to leukaemia formation.  

 

 

Figure 20. Survival curve 

of WT vs p21-/- FVB mice 

transplanted with WT 

Lin- cells expressing 

MLL-AF9.  WT FVB 

mice (n = 4) all developed 

leukaemia, while p21-/- re-

cipients (n = 4) remained 

disease-free(p < 0.05,Gehan-

Breslow-Wilcoxon test).  

 

 

 

 

 

7.10.2 The p21-/- FVB TME is not permissive for leukaemia growth 
 

To investigate whether the p21-/- TME of FVB mice has also an impact on the growth of 

already formed leukaemias, we transplanted 1x106 cells from a fully developed WT MLL-

AF9 leukaemias  (previously generated in WT recipients, by injection WT Lin- cells infected 

with MLL-AF9) in both WT and p21-/- mice. As expected, leukaemias propagated in WT 

recipients, while leukaemia growth was halted in 4 out of 4 p21-/- recipients (Figure 21). 

These data parallel those obtained with breast cancer in p21-/- FVB recipients, and demon-

strate the ability of p21-/- FVB TME components to mount an immunological response 

against different types of tumors. 
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Figure 21. Survival curve of WT 

vs p21-/- FVB mice transplanted with 

WT MLL-AF9 leukaemia. WT 

FVB recipients all developed leu-

kaemia (n = 4), while p21-/- FVB 

mice (n = 4) remained disease-free 

up to 200 days post injection (p < 

0.005, Gehan-Breslow-Wilcoxon 

test).  

 

 

  

 

 

 

Experiments to characterize the role of macrophages in anti-leukaemia immune response 

activation in FVB context are ongoing.  

 

 

7.11 Human cord blood CD34+ cells give rise to human immune system in NOD-sci-

dIL2Rgammanull mouse model 

 

7.11.1 Generation of humanized mouse model 

 

In order to investigate whether the anti-tumoral T-cell mediated immune response triggered 

by p21-/- iTAMs could occur in humans, we generated a humanized mouse model. One of 

the best established approaches to humanize NSG mice is transplanting human CD34+ cells, 
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that include haematopoietic stem and progenitor cells, which are able to give rise to the hu-

man immune system in mouse recipients. Thus, we transplanted human CD34+ cells from 

the cord blood of healthy donors (hCB-CD34+) into sub-lethally (1 Gy) irradiated NOD-

scidIL2Rgammanull (NSG) mice (Figure 22A). The engraftment of hCB-CD34+ was fol-

lowed in peripheral blood (PB) via FACS analysis using human CD45 marker. 7 weeks post 

transplantation, the percentage of hCD45+ cells in PB of transplanted mice was higher than 

20% and mice were considered humanized (Figure 22A). 

 

 

7.11.2 In vivo propagation of hCB-CD34+ cells 

 

In order to amplify hCB-CD34+ cells and propagate hCB-CD34+ humanized NSG mice, the 

whole BM of hCB-CD34+ NSG mice was intravenously injected into irradiated NSG recip-

ients (Figure 22B). The engraftment of hCB-CD34+ cells was detected already 6 weeks post 

transplantation (Figure 22B), which could be due to stimulated self-renewal capability of 

hCB-CD34+ cells upon re-transplantation. On the other hand, NSG mice transplanted with 

BM of second passage hCB-CD34+ NSG mice did not show any sign of engraftment even 

16 weeks post injection (Figure 22C). Taken together these observations might be explained 

by the fact that hCB-CD34+ cells are pushed to proliferate and rapidly undergo functional 

exhaustion in this model system.  



68 
 

 

Figure 22. Generation of hCB-CD34+ NSG mice and propagation of hCB-CD34+ cells. NSG recipient mice were irra-

diated (1 Gy) prior transplantation. Engraftment of human cells has been evaluated via detection of human CD45+ cells in 

the PB of hCB-CD34+ NSG mice (flow cytometry analysis) A) engraftment at 7 weeks post transplant of hCB-CD34+ cells 

B) engraftment at 6 weeks post transplant of BM of P1 hCB-CD34+ NSG mice C) engraftment at 16 weeks post transplant 

of BM of P2 hCB-CD34+ NSG mice.  

 

7.12 hCB-CD34+ NSG mice are accessible to human leukaemia growth 

 

We investigated the accessibility of hCB-CD34+ NSG mice to tumour growth, following the 

development of the disease in hCB-CD34+ NSG mice upon human acute myeloid leukaemia 

(hAML) transplantation. Two different leukaemias from two AML patients have been intra-

venously injected in hCB-CD34+ NSG mice (1x106 leukaemia cells per mouse). Both control 

and hCB-CD34+ NSG mice transplanted with hAML developed leukaemia with comparable 

kinetics of disease (Figure 23A and 23B). The features of leukaemia, in terms of morphology 

of the blasts and organ infiltration by leukemic cells, did not show any difference between 

the two groups (Figure 23C and 23D). Similar behaviour has been observed in the hAMLs 
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developed in hCB-CD34+ humanized NSG mice when re-transplanted for an additional pas-

sage in NSG recipients (data not shown). These data suggest a complete accessibility of the 

hCB-CD34+ NSG mice to human leukaemia growth, most likely due to an inefficient recog-

nition of the leukaemia by the human immune components developed in these mice. 

 

Figure 23. hAML transplant in hCB-CD34+ NSG recipients. Transplantability of two different hAMLs (hAML1 and 

hAML2) in hCB-CD34+ NSG and control NSG mice (at least two mice per group per each leukaemia). A) kinetics of the 

development of the disease represented as percentage of blasts in the PB. B)  survival curve of humanized NSG vs control 

NSG mice transplanted with hAML1 and hAML2. C) leukemic blasts in blood smears of transplanted animals D) spleen 

architecture of transplanted animals.   

 

 

 

7.13 hCB-CD34+ NSG mice do not support the maturation of human immune compo-

nents 

 

hCB-CD34+ NSG mice are completely accessible to hAML growth. In order to understand 

whether this is due to inability of human immune system developed in hCB-CD34+ NSG 



70 
 

mice to efficiently recognize and react to hAML presence, we performed FACS analysis of 

PB of hCB-CD34+ NSG. We observed high occupancy of naïve T cells in the peripheral 

blood of hCB-CD34+ NSG (CD45RA+ = 42%, among human CD45+ cells). On the other 

hand, we noticed very low amount of B cells (CD19+ = 0.2%) and CD4+ and CD8+ (5.2% 

and 0.5%, respectively, among human CD45+ cells). These data imply that the hCB-CD34+ 

NSG mouse model develops a “primitive” human immune system. Moreover, in order to 

examine the functionality of human T cells in humanized context, we isolated human T cells 

from the spleen of hCB-CD34+ NSG and performed in vitro CD3/CD28 activation. We then 

performed CFSE proliferation assay. We observed that human T cells of hCB-CD34+ NSG 

do not proliferate upon canonical stimulation (none and 54% of CFSElow CD3+ cells from of 

hCB-CD34+ NSG and from PB of a healthy human donor, respectively), suggesting the de-

velopment of entirely non-functional T-cell compartment in the hCB-CD34+ NSG mouse 

model. 
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8. DISCUSSION  

In the last decade, a dual pro-tumoral role of the cell-cycle inhibitor p21 has been unrevealed.  

The initial discovery that p21 is critical for the re-transplantability of tumor suggested its 

central role in maintaining the self-renewal capacity of LSCs.  The expression of leukaemia-

associated oncogenes in HSCs was shown to induce DNA damage and activate a cellular 

response that relies on p21 which leads to reversible cell-cycle arrest, DNA damage repair 

and ultimately to perpetuation of LSCs pool16. Considering this evidence, a p21-dependent 

intrinsic mechanism by which LSCs handle DNA damage has been proposed. However, it 

remained unclear whether the self-renewal regulation of LSCs by p21 is solely a cell-auton-

omous process, or there are other p21-dependent cell-extrinsic mechanisms involved. The 

subsequent discovery that in the absence of p21 expression, leukaemia propagation depends 

on the immune system of the host, strongly suggested the existence of pro-tumoral cell-

extrinsic mechanisms that rely on p21. It has been shown that upon transplantation of p21-/- 

leukaemia in immune-competent recipient, a potent anti-tumor CD4+ T-cell mediated immu-

nological response is activated. Such CD4+ T-cell population can be used to vaccinate im-

mune-deficient mice and protect them against AML development, emphasising the potency 

of p21-dependent immunological response. Therefore, in light of this evidence, p21 was 

suggested to play its pro-tumoral role not only by ensuring the unlimited self-renewal capac-

ity to LSCs, but also by evading the exposure to the anti-tumor mechanism of the immune 

system. Yet, it remained unclear whether the two p21-dependent mechanisms could some-

how co-operate, or the powerful anti-tumoral immunological response might overwrite the 

cell-autonomous effect.  

All the experiments conducted to study the CD4+ T-cell mediated immunological mecha-

nism of AML clearance have been performed transplanting p21-/- leukemic spleens as source 

of leukemic blasts. Although the major part of these leukemic spleens is composed of infil-

trating p21-/- blasts (almost 90%), there are some cells of p21-/- splenic microenvironment 

remained. Those remained non-malignant cells, at the time of leukemic blast infiltration in 
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the spleen, depict the microenvironment of leukaemia. This aspect implied that also the cel-

lular components that reside in p21-/- spleen exposed to the tumor (considered as p21-/- TME) 

could be crucial for eliciting the anti-tumor immunological response. Thus, in order to test 

our hypothesis, it was necessary to separate the p21-/- TME from leukemic blasts.  However, 

the physical separation of the two components was not possible since they share the same 

myeloid-specific markers due to their common myeloid origin. Therefore, we set them apart 

by transplanting WT leukaemia in p21-/- mice (see Results 7.1.1). Although these mice de-

velop leukaemia, their leukemic spleen consist of the majority of infiltrated WT leukemic 

blasts and cells of p21-/- splenic environment. Re-transplantation of such leukemic spleens, 

or transplantation of WT leukemic blasts along with healthy p21-/- spleen in immune-com-

petent recipients resulted in the activation of the CD4+ T-cell mediated immunological re-

sponse against tumor (see Results 7.1.1 and 7.1.2). This demonstrated that indeed the lack 

of p21 expression in TME, independently on p21 status in the leukemic blast, is indispensa-

ble for activation of the immunological mechanism of tumor clearance. Interestingly, the 

analogous effect of p21-/- TME on mounting anti-tumor immunological response was ob-

served also in FVB mouse strain (see Results 7.10.1 and 7.10.2) which suggested that the 

p21-dependent anti-tumoral response is not strain-specific. However, the p21-dependent 

anti-tumor immune response in FVB mice appear to be slightly distinct from the one in 

C57Bl6 mouse strain, since p21-/- FVB mice completely reject tumor (both leukaemia and 

breast cancer) (see Results 7.10.2). This could be due to crucial differences in the immune 

system between the two strains. While C57Bl6 mice activate Th1 immune response upon 

diverse stimuli, FVB mouse strain is known to activate Th2 response58,108, which could result 

in different potency of the anti-leukemic immunological response. Moreover, we demon-

strated that in FVB, p21 most likely co-operates with MLL-AF9 in leukaemogenesis (see 

Results 7.10.1), thus implying the existence of p21-dependent cell-autonomous mechanism 

also in this setting. Maybe the p21-dependent immunological mechanism in FVB strain has 
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the analogous bases to the one observed in C57Bl6, but the hierarchical organization of its 

players is set up differently, thus resulting in higher efficiency of the response.  

The data obtained from the two mouse strains go in the same direction and contribute to 

demonstrate for the first time that in the absence of p21, splenic TME is critical for mounting 

an immunological response against the tumor. Considering the fact that the anti-tumor im-

munological response is activated exclusively in the p21-/- TME context, we assumed the 

existence of crucial biological differences between p21-/- and WT splenic TMEs. Actually, 

the quantification of the ratio of splenic primary follicles and germinal centers, which are 

indicators of splenic activation, both under steady state and upon leukaemia challenge, 

demonstrated that under basal conditions, p21-/- spleens are immunologically more active 

and able to respond to tumor challenge with a faster kinetics compared to WT (see Result 

7.2). Those p21-/- spleens originate from p21-/- C57Bl6 mice in which, due to the lack of p21, 

memory T cells hyperproliferate and eventually lose tolerance to autoantigens23. However, 

the loss of self-tolerance is mild in these mice and does not result in severe lupus-like phe-

notype23. The subpathological autoimmunity in these mice could explain the observed “hy-

per-activated” state of p21-/- splenic environment under steady conditions. Such p21-/- 

splenic environment, after exposure to leukaemia, is able to elicit the immunological re-

sponse against tumor, strongly suggesting the presence of key mediators of the anti-tumor 

immunological response in p21-/- splenic TME.  The analyses of T-cell compartments in p21-/- 

and WT splenic environment under steady state and upon leukaemia challenge excluded the 

involvement of T cells in the early activation of the p21-dependent immune response (see 

Results 7.3). This evidence implied that the anti-leukemic CD4+ T-cell mediated immuno-

logical response, triggered by p21-/- splenic environment, occurs later in the time, rather than 

shortly after tumor challenge. This is also supported by the fact that in the presence of p21-/- 

leukemic spleen in immune-competent host, the activation of “killing” CD4+ T-cell popula-

tion occurs 15 days post leukaemia exposure.  
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Taking into consideration that along the spleen, BM is recognized as TME in haematological 

malignancies, we investigated whether the ability of p21-/- TME to trigger anti-leukemic 

immune response could be associated also to the BM. The concomitant transplantation of 

WT leukaemia and p21-/- BM in immune-competent mice, similarly to experiment of p21-/- 

spleen transfer, vaccinated from leukaemia development (see Results 7.1.2). This implied 

that the key p21-/- mediator of the anti-tumor immunological response must be a cellular 

component present both in spleen and BM. Considering that the p21-dependent mechanism 

of cytotoxic CD4+ T-cell activation fully relies on MHC II expression (see paragraph 5.2.3), 

our cell of interest must be a professional antigen-presenting cell present in the BM and in 

the spleen. We assumed that this p21-/- professional APC could efficiently present tumor-

specific antigen on MHC II and activate CD4+ T-cell population to eradicate the tumor. 

Macrophages are considered as professional APCs that constitutively express high levels of 

MHC II molecules, antigen-processing machinery and co-stimulatory molecules and there 

is evidence of their ability to activate naïve CD4+ T cells in an antigen-specific manner.  

In order to unravel the crucial biological differences between WT and p21-/- macrophages 

that render the latter able to mount anti-tumor immune response, we investigated the behav-

iour of p21-/- and WT macrophages in the presence of different stimuli. The fact that the lack 

of p21 expression in diverse cells results in DNA damage accumulation4 led to hypothesize 

that p21-/- splenic macrophages could be hyper-damaged and that this feature induces their 

special anti-tumoral biological behaviour. By exposing splenic macrophages to chronic and 

acute source of DNA damage, we demonstrated that independently on their p21 status, 

splenic macrophages express fully resistant phenotype to DNA damage (see Results 7.5.2). 

This evidence suggested a different mechanism of DNA damage handling in macrophages 

compared to other cells of the tissue, which however, does not rely on p21. In fact, our data 

correlate with other reports on p21-independent macrophage DNA repair mechanisms109, 

thus implying that the crucial biological differences between p21-/- and WT macrophages do 

not have their basis in mechanisms of DNA-damage handling.  
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We then investigated whether the lack of p21 in macrophages induces a particular response 

to unspecific or tumor-specific stimuli, that would eventually result in a different biological 

behaviour of p21-/- macrophages. By generating BMDMs from WT and p21-/- BM and ex-

posing them to unspecific stimuli, such as IFN-γ and LPS in vitro, we demonstrated that both 

WT and p21-/- BMDMs acquire comparable activation phenotype (see Results 7.5.1). These 

data implied that their responsiveness to unspecific stimuli does not depend on p21 (see 

Results 7.5.1). On the other hand, p21-/- BMDMs were able to mount anti-leukemic immune 

response in vivo (see Results 7.4.2), implying that BMDMs respond exclusively to tumor 

stimuli in a p21-dependent manner. In addition to this evidence, the responsiveness of 

splenic macrophages to tumor exposure in vivo was also shown to rely on p21 (see Results 

7.4.1). Steady state p21-/- splenic macrophages express a hyper-active inflammatory pheno-

type, hallmarked by up-regulation of MHC II, and it ensures a faster response to tumor pres-

ence (see Results 7.4.1). This evidence coincides with greater immunological responsiveness 

of p21-/- spleen upon tumor stimulus, confirming the critical involvement of p21-/- macro-

phages in anti-tumor response. The analogous p21-dependent splenic macrophage activation 

upon tumor stimulus was observed also in the FVB mouse strain. Here we showed that in 

the absence of p21, splenic macrophages engage an inflammatory phenotype that could pos-

sess altered antigen-processing and antigen-presenting mechanisms, inducing durable CD4+ 

T-cell response against tumor, yet the underlying mechanisms still remain unclear. In addi-

tion to our data, there are other studies supporting the critical role of p21 in promoting mac-

rophage hypo-responsive state110. In particular, upon LPS stimulation, p21-/- peritoneal mac-

rophages were shown to produce increased levels of pro-inflammatory cytokines when com-

pared to WT macrophages, suggesting that p21 negatively regulates macrophage inflamma-

tory response by inducing macrophage immunosuppression110.  

In light of the evidence that p21-/- APC is key mediator of the potent anti-tumor immune 

response, it was necessary to fully characterize this APC present in p21-/- TME. The pheno-

typical characterization of a discrete cellular component from tissue mainly relies on the 
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specific surface markers expressed on the cell of interest. Initially, we attempted to identify 

and extract splenic macrophages using CD11b and CD11c markers. Although these markers 

are expressed mainly on macrophages (CD11b) or DCs (CD11c), their diverse subpopula-

tions can share both markers, thus causing difficulties in their characterization. In fact, in 

vivo transplantation of either p21-/- CD11b+ or CD11c+ cells along with WT leukaemia in 

immune-competent mice did not result in the activation of the CD4+ T-cell mediated immune 

response (see Result 7.6.1). These data demonstrated that the key p21-/- player cannot be 

distinguished by the sole expression of CD11b or CD11c marker, thus suggesting that the 

p21-/- mediator might be a discrete subpopulation of p21-/- macrophages and in order to char-

acterize it, additional cellular markers had to be used.  

Additional approach to discriminate splenic macrophage subpopulations is based on their 

ontogeny or spatial position in the spleen. Macrophages in the spleen can derive from em-

bryonic precursors or monocytes, or they can be of mixed origin, and their origin-dependent 

functions are still not fully clear102. In addition, different subpopulations of macrophages are 

found in specific niches of the spleen. Metallophilic, marginal zone, red and white pulp mac-

rophages are phenotypically distinguishable and they possess specific immunological func-

tions103. However, we observed very low percentage of these subpopulations in the spleen, 

independently on p21 expression (see Results 7.6.2), which implied that this approach is not 

optimal for detection of distinctive macrophage subpopulation in p21-/- TME and that differ-

ent methodologies of identification should be applied.  

Therefore, in order to visualize the rare p21-/- macrophage subpopulation in the splenic en-

vironment, we performed IHC analyses of “Pan-macrophage” markers, Iba1 and CD68, on 

spleens under basal conditions or post tumor challenge. The constitutive expression of Iba1 

in splenic macrophages independently on p21 allowed us to exclude its usage for this pur-

pose. On the other hand, the increased expression of activation marker CD68 in p21-/- mac-

rophages, both under steady state conditions and upon tumor challenge (see Results 7.6.2), 

confirmed the hyper-activated state of p21-/- macrophages at basal conditions and suggested 
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faster and different recruitment of CD68+ macrophages in p21-/- splenic environment upon 

tumor stimulus.  

Such faster recruitment of CD68+ macrophages in p21-/- splenic environment to tumor stim-

uli would ultimately result in efficient mounting of the potent immunological response 

against tumor. Recently, a new subpopulation of CD68+ TAMs has been discovered in the 

TME of patients with non-small cell lung cancer76. These TAMs retain Fe (iTAMs) and, 

opposite of majority of TAM populations, perform anti-tumoral functions76. Considering this 

evidence, we analysed p21-/- splenic macrophages for their iron content. Independently on 

p21 expression, mainly red pulp macrophages contain Fe particles (see Results 7.7.1), which 

coincide with other scientific reports on red pulp macrophages and their crucial role in main-

taining Fe homeostasis by recycling Fe from senescent RBCs111. Interestingly, the exposure 

to tumor promoted the migration of p21-/- Fe-loaded macrophages inside primary follicles 

(see Results 7.7.1). Considering the fact that the antigen-presentation by APCs to T cells 

occurs in splenic primary follicles, our data strongly imply that in response to tumor pres-

ence, p21-/- Fe-loaded macrophages are recruited to splenic primary follicles in order to ef-

ficiently present tumor-specific antigen to the T-cell compartment. Strikingly, such p21-/- 

Fe-loaded macrophage subpopulation is also positive for CD68 (see Results 7.7.2), clearly 

demonstrating the appearance of iTAMs in p21-/- spleen upon tumor challenge. Interestingly, 

we identified the iTAMs also in the p21-/- TME of lung cancer (see Results 7.7.2).  

Another aspect that characterizes macrophages and correlates to Fe-retention is the M1/M2 

polarization status. Polarization of macrophages is known to either dictate or to be dictated 

by the expression of genes involved in iron metabolism67. A grey scale of M1/M2 interme-

diates exists and the levels of Fe-content can strongly influence the shift towards M1 or M2 

phenotype. By modulating systemic iron content in vivo, we have been able to partially ma-

nipulate splenic macrophage polarization. In the absence of p21, splenic macrophages confer 

a mild M1-like phenotype upon systemic iron depletion (see Results 7.8.1), while the iron-

overload does not affect the expression profile of macrophages, independently on p21 status 
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(see Results 7.8.2). In the absence of iron in the environment, macrophages tend to retain 

iron and the retention is further enhanced by p21 absence, inducing M1-like phenotype. In 

line with our data, a study of Rackov and colleagues demonstrated that the lack of p21 in 

peritoneal macrophages induced an M1-like phenotype upon LPS stimulation110. Interest-

ingly, iTAMs present in the TME of NSCLC were also reported to be M1-polarized76. Our 

data strongly imply that the absence of p21 renders macrophages more prone to M1 pheno-

type, both under Fe-depletion and tumor-exposure challenge. Therefore, we can conclude 

that in the absence of p21 and upon tumor challenge, an iTAM population is recruited from 

the blood stream to the site of tumor infiltration and that this population is M1-polarized 

with the anti-tumoral activity.  

By identifying iTAMs as essential trigger of the immunological response against the tumor 

in mice, we delineated the cellular mechanism of p21-dependent CD4+ T-cell mediated tu-

mor clearance. Translating the discovered anti-tumor immunological mechanism into human 

context is of great importance as it would lead to the development of efficient immune-

therapies for cancer patients. Thus, it was necessary to understand whether the anti-tumoral 

T cell-mediated immune response triggered by p21-/- iTAMs occurs in humans. In order to 

do so, it was crucial to establish a proper humanized mouse model, containing human im-

mune system. Transplantation of human CD34+ cells originated from the cord blood of 

healthy donors in immune-deficient mice lead to successful engraftment of these cells and 

generation of human immune components in these mice (see Results 7.11.1). Importantly, 

we demonstrated that human CD34+ cells can be propagated, yet only after one passage in 

NSG recipients (see Results 7.11.2). This evidence suggested that although hCD34+ cells 

possess stimulated self-renewal capacity upon re-transplantation, they are pushed to prolif-

erate and undergo functional exhaustion in NSG mice, yet the underlying molecular mecha-

nisms still remain unclear.  
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Although hCB-CD34+ NSG mice developed all the components of human immunity (see 

Results 7.13), they were completely accessible to the growth of human leukaemia (see Re-

sults 7.12). This could be due to an inefficient recognition of the leukaemia by the human 

immune system developed in these mice. In fact, the phenotype of the human immune sys-

tem in hCB-CD34+ NSG resembled a “primitive” one, and with the highest occupancy of 

naïve T cells (see Results 7.13). The naïve human T cells were completely unresponsive to 

canonical stimulation (see Results 7.13). This evidence suggests that hCB-CD34+ NSG are 

transient and incomplete carriers of the human immune system and are an insufficient model 

to study interactions between human immune system and human cancer.  Despite the fact 

that this model develops all the components of human immunity, we did not find the “win-

dow” of accessibility to cancer growth where there is a balance between response of the 

immune system and escape of the tumor. Actually, the hCB-CD34+ NSG is a fully accessible 

system to human tumor growth, comparable to a xenograft model in the absence of the hu-

man immune system and can be definitively abandoned as tool for translational studies of 

leukaemia immuno-treatments.  

Thus, further improvements are needed in order to achieve an ultimate humanized mouse 

model that offers an acceptable window of response/escape where to study interactions be-

tween the human immune system and human cancer in not-fully-compatible conditions. De-

velopment of such model will allow to understand whether the anti-tumor immunological 

response elicited by p21-/- iTAMs is conserved also in humans. This part of our work is of 

great importance for other scientists since it facilitates choosing the right humanized mouse 

model to study and develop immune-therapies against leukaemia.  

 

It is already known that immune system is able to recognize malignant cells and activate 

clearance responses. However, cancer cells are often capable of evading immune surveil-

lance mechanisms, allowing tumor progression. Tumor microenvironment has emerged as 

one of the key factors supporting tumor escape and growth, due to its mainly inhibitory effect 
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on the host’s immune system. Therefore, manipulation of the components of TME and dis-

section of poorly understood cellular and molecular mechansims of tumor-escape would al-

low development of active cancer immunotherapies.  

p21 has been previously proposed to play a pro-tumoral role by evading the surveillance 

mechanisms of the immune system (see paragraph 5.2.1). A CD4+ T-cell mediated immu-

nological response is activated in the presence of p21-/- leukemic spleen (see paragraph 5.2.2 

and 5.2.4). Yet, until now, the cellular mechanism underneath this potent anti-tumor immu-

nological response has never been described before. 

In this work, we unrevealed the crucial role of p21-/- tumor microenvironment in triggering 

anti-tumor immunological response. We identified for the first time p21-/- iTAMs present in 

the tumor microenvironment as key mediators of a potent immunological mechanism of can-

cer clearance. A fine manipulation of p21 expression together with mechanisms of Fe-han-

dling in macrophages in the microenvironment of diverse tumors would enhance their anti-

gen-presentation functions and allow efficient activation of T cells that would ultimately 

clear the tumors. Although the molecular mechanisms by which iTAMs efficiently activate 

powerful and durable anti-cancer CD4+ T-cell response in the absence of p21 remain poorly 

understood, our discovery is of great importance since it establishes the basis to design effi-

cient vaccine against cancer. Development of such vaccines will represent an immense step 

in the field of immune-oncology, as it will allow less toxic and more efficient immune-ther-

apies for cancer patients.  

 

While repeating the above-mentioned experiments, we encountered problems with the re-

producibility of some of them, due to the unexpected loss of the biological phenotype of p21-

/- C57Bl6 and p21-/- PRKi mice. In particular, p21-/- PRKi mice did not develop leukaemias 

as expected (see Results 7.9 and also ref. 16), and p21-/- C57Bl6 mice did not exhibit the 

well-established protective phenotype against leukaemias (see Results 7.9). Initially, we hy-

pothesized that the observed absence of the main traits of p21-/- phenotype could be due to 
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possible appearance of new, untraceable genetic variants in p21-/- mice. These genetic mod-

ifications might have influenced the immune system of p21-/- mice and, consecutively, their 

ability to mount an anti-leukemic immune response. To test this hypothesis, we re-generated 

our p21-/- mouse colonies. However, we did not observe restoration of the immunological 

phenotype of these mice. These observations led us to hypothesize the existence of environ-

mental changes that might have altered the immunological status of these mice (for example 

changes in the gut microbiota composition). Along the same line, recently, we noticed the 

re-occurrence of leukaemias in the p21-/- PRKi mice, as previously observed. These contin-

uous alterations in the biological phenotype of p21-/- mice strongly support our hypothesis 

of the existence of environmental factors and their impact on the immunity of these animals, 

which is at the moment under evaluation. In-depth studies of the environmental factors 

would allow for the possibility to indirectly manipulate the immunity of these mice towards 

a potent anti-tumoral phenotype.  

Importantly, as described before, we observe a protective biological phenotype of p21-/- mice 

of a different genetic background (FVB). This evidence strongly confirms the presence of a 

potent anti-tumoral immune response in p21-null context and add to the solidity of the data 

demonstrated in this work.  
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