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“When approaching a topic, we can adopt two basic attitudes, we either have 

a hypothesis about the matter, or we simply aim to learn from it. The first 

attitude can be called confirmation, while the second might be called research. 

There is no chance of understanding a matter without investigating it. We learn 

by allowing ourselves the benefit of surprise, replacing prejudice with 

judgement. We develop judgment through the compilation of successive facts, 

and sometimes it takes many quantitative measurements for a qualitative 

change to occur. However, if we analyze any idea with patience, unfeelingly, 

welcoming surprise, that idea will change.” – Antonio Escohotado. 





Table of contents

Original research articles ............................................................................ 11 

Author’s contributions to articles .............................................................. 12 

Other original research articles .................................................................. 13 

Popular scientific summary ........................................................................ 15 

Abbreviations ............................................................................................... 19 

1. Introduction ....................................................................................... 21 

1.1. Immuno-oncology ................................................................. 22 

1.2. Immunology of head and neck cancer ................................... 24 

2. Pathology of the tonsil ....................................................................... 25 

2.1. The tonsil, structure, and function ......................................... 25 

2.2. HPV biology and epithelial cell transformation .................... 26 

2.3. Epidemiology and prognosis of TC ....................................... 28 

2.4. Approved treatments .............................................................. 31 

2.5. Immunotherapeutic treatments under evaluation ................... 32 

3. Myeloid cell identity .......................................................................... 35 

3.1. Single-cell transcriptomics as a tool to study cell identity .... 35 

3.2. Myeloid cell development in steady state .............................. 37 

3.3. Revision of myeloid heterogeneity ........................................ 38 

3.4. Systemic perturbations of the myeloid compartment ............ 40 

3.5. Local perturbations of the myeloid compartment .................. 42 

4. Models applied in immuno-oncology to assess cell function .......... 45 

5. Outlook ............................................................................................... 47 

References .................................................................................................... 51 

Acknowledgements ...................................................................................... 65 





11 

Original research articles 

This thesis is based on the following articles, referred to by their Roman 

numerals (I-IV): 

I. Jimenez D.G., Sobti A., Askmyr D., Sakellariou C., Carreira Santos

S., Swoboda S., Forslund O., Greiff L., Lindstedt M. Tonsillar cancer

with high CD8+ T-Cell infiltration features increased levels of

dendritic cells and transcriptional regulation associated with an

inflamed tumor microenvironment. Cancers (Basel).

2021;13(21):5341.

II. Altunbulakli C., Jimenez D.G., Askmyr D., Sobti A., Swoboda S.,

Greiff L., Lindstedt M. Spatial proteomic characterization of the

tumor microenvironment of tonsillar cancer. 2022. Manuscript.

III. Jimenez D.G., Altunbulakli C., Swoboda S., Sobti A., Askmyr D., Ali

A., Greiff L., Lindstedt M. Single-cell analysis of myeloid cells in

HPV+ tonsillar cancer. 2022. Submitted manuscript with preprint

available on bioRxiv.

IV. Jimenez D.G., Carreira Santos S., Greiff L., Alm K., Lindstedt M.

Subpopulations of organoid-forming cells have different

motility. Appl. Sci. 2020, 10, 4673.



12 

Author’s contributions to articles 

I. Participated in experimental design. Performed sample processing,

flow cytometric analysis, and RNA-seq and qPCR data analysis

together with co-authors. Prepared figures and participated in

manuscript writing and revision. Did not perform the HPV DNA and

RNA quantification.

II. Participated in the conceptualization and design of the study, spatial

biomarker analysis, conducted survival and recurrence data analysis,

shared the biological interpretation of the data. Participated in

manuscript writing. Did not perform the selection, normalization, and

differential expression analysis of spatial proteomics data.

III. Conceived the study together with co-authors, participated in study

design and performed the flow cytometric analysis and cell sorting.

Performed the data analysis and interpreted the results in collaboration

with other authors. Prepared the figures and was the main writer of the

manuscript.

IV. Conceived the study and designed the analysis with co-authors,

participated in method development, experiments, data analysis and

visualization, and participated in manuscript writing.



13 

Other original research articles 

I. Askmyr D., Abolhalaj M., Jimenez D.G., Greiff L., Lindstedt M.,

Lundberg K. Pattern recognition receptor expression and maturation

profile of dendritic cell subtypes in human tonsils and lymph nodes.

Hum Immunol. 2021;82(12):976-981.

II. Hägerbrand K., Varas L., Deronic A., Nyesiga B., Sundstedt A.,

Ljung L., Sakellariou C., Werhau D., Thagesson M., Jimenez D. G.,

Greiff L., Celander M., Smedenfors K., Rosén A., Bölükbas D.,

Carlsson F., Levin M., Säll A., von Schantz L., Lindstedt M., Ellmark

P. Bispecific antibodies targeting CD40 and tumor associated

antigens promote cross-priming of T cells resulting in an anti-tumor

response superior to monospecific antibodies. Journal for

ImmunoTherapy of Cancer. Accepted, 30th Sept 2022.





15 

Popular scientific summary 

Cancer is a group of more than 200 distinct illnesses, each characterized by its 

tissue of emergence as well as its cellular and molecular properties. The goal 

of cancer treatment is to maximize the results of the therapy while minimizing 

the side effects for the patient. However, due to the diversity of illnesses, and 

the intrinsic differences between patients, the effectiveness of the treatment 

varies. Precision medicine is an approach that accounts for this variability, in 

contrast to the traditional “one treatment suits all patients”. Precision medicine 

can be used for instance to predict the probability of survival, tumor re-

appearance after treatment, and to identify patients likely to respond to a 

certain treatment. This is accomplished by using clinical and/or biological 

markers, which are measurable traits that represent key events of the disease. 

A solid tumor is composed of cancer cells, and their microenvironment 

including immune cells, blood and lymphatic vessels, among other cell types. 

Recent technological advancements enable us to study the components of a 

tumor at single-cell resolution, which makes it possible to study in detail the 

properties of individual cells and their location in the tumor tissue. We focus 

our research on tonsillar cancer (TC), a fast-growing disease caused by the 

infection of human papillomavirus, tobacco smoking, and alcohol abuse. The 

presence of the virus is used as a biological marker in the clinic, because 

patients with papillomavirus-driven tumors have a better prognosis compared 

to those patients with tumors caused by tobacco and alcohol. The viral particles 

in the tumor act as a flag marking infected cancer cells, and ultimately facilitate 

their detection and destruction by immune cells. Among immune cells, we 

investigate cells that are key in the generation and execution of immunological 

memory and tumor cell killing: dendritic cells, macrophages, and T-cells. 

Dendritic cells and macrophages can “eat” tumor cells, and use parts of these 

(the antigens) to instruct T-cells. Some instructed T-cells (known as CD8+ T-

cells) can then kill tumor cells when they recognize the antigens on the surface 

of the tumor cell.  
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We monitor the immune responses that take place in the tumor by quantifying 

the type and number of immune cells, by quantifying the genes they express, 

and by estimating how these parameters influence patient prognosis. 

Ultimately, we can use this information to estimate if an immune response 

happens and suggest biological markers and treatments.   

In paper I, we quantified and compared the abundance of human 

papillomavirus, T-cell, macrophages, and dendritic cell subtypes in biopsies of 

TC lesions and healthy tonsil obtained from the same patient. We observed 

that tumors with viral gene expression had higher level of CD8+ T-cells, 

macrophages, and subtypes of dendritic cells, compared to tumors that lacked 

viral gene expression and to the healthy tonsil from the same patient. This 

indicated that patients infected with papillomavirus had an on-going immune-

response in the tumor. We also observed that the abundance of dendritic cells 

and CD8+ T-cells were correlated to each other in tumors with viral gene 

expression. At this point, we hypothesized that dendritic cells and perhaps 

macrophages influenced the levels of CD8+ T-cells.  

The architecture of a solid tumor is as complex as the one of a healthy organ. 

We hypothesize that the location of the immune cells, either inside isles of 

tumor cells, or surrounding these isles, reflects their function. In paper II, we 

assessed if the abundance, position in the tumor, and expression of a selection 

of proteins by CD8+ cells affected TC patient survival. We observed that the 

overall abundance of CD8+ cells, and specifically of those located inside tumor 

cell isles, was associated with greater probability of survival. Next, we 

described that CD8+ cells in the tumor isles expressed proteins related to 

dysfunctional activity, that might impair their ability to destroy tumor cells. 

These observations indicate that CD8+ cells are beneficial for the patient, but 

their activity might be partly dampened when these infiltrate tumor cell isles. 

The emergence of single-cell RNA sequencing technology has revolutionized 

biomedicine by allowing us to detect the expression of thousands of genes and 

cells. Using this novel tool, we can now classify cells based on their gene 

expression without any previous information. Dendritic cells and macrophages 

are key cells that tailor T-cell immune responses, but they are also rare, and 

often they represent 0.1% of all the cells in the tumor. Because of this, they are 

under-studied. In paper III, we characterized subtypes of dendritic cells and 

macrophages, isolated from biopsies of papillomavirus-driven TC patients, 

using this novel technology. We identified thirteen groups of dendritic cells 

and macrophages, and described their differentiation and activation in the 

tumor. We also observed that, among the different groups, a subtype of 

dendritic cell known as cDC1 was more abundant in tumors, and that its gene 
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expression was correlated to longer patient survival. We predicted that cDC1 

had a higher ability to activate CD8+ T-cells compared to other dendritic cells 

and macrophages. We proposed cDC1 as the initial spur in the development of 

a beneficial immune response in TC patients infected with papillomavirus.  

In paper IV, we used a three-dimensional cell culture model that allowed us to 

grow tumor cells, derived from a patient with papillomavirus-induced cancer, 

in the laboratory. We developed a protocol to monitor the formation of this 

artificial tumor using holographic microscopy. We described that, among all 

tumor cells, those expressing the protein CD44 engaged other tumor cells 

creating three-dimensional artificial tumor spheres within fifteen hours. This 

paper represents a first step to study the interaction of immune cells with the 

tumor in detail. When studying the biology of a tumor, we rely on the 

expression of genes and proteins to predict the function of immune cells. 

However, the protocol described in paper IV may be used to prove some of the 

predicted functions of dendritic cells and macrophages.  

To sum up, we have characterized the subtypes, activation status, and 

abundance of immune cells engaged in the development of antigen-specific 

immune responses in TC lesions driven by human papillomavirus infection. 

The research of this thesis contributes to the understanding of immunological 

responses in the disease and provides foundation for the use of cDC1 and CD8+ 

T-cell biomarkers in clinical practice.
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Abbreviations 

APC: Antigen presenting cell. 

CD: Complex of differentiation. 

cDC: Conventional DC. 

DC: Dendritic cell. 

FC: Flow cytometry. 

HPV: Human papillomavirus. 

HT: Healthy tonsil. 

ICI: Immune checkpoint inhibitor. 

LC: Langerhans cell. 

MDSC: Myeloid-derived suppressor cell. 

MHC-I/II: Major histocompatibility complex class I or II. 

moDC: Monocyte-derived DC. 

PCR: polymerase chain reaction. 

pDC: Plasmacytoid DC. 

RNA-seq: RNA-sequencing. 

scRNA-seq: Single-cell RNA-seq. 

TAM: Tumor-associated macrophage. 

TC: Tonsillar cancer. 

TCR: T-cell receptor. 

TF: Transcription factor. 

TFH: T follicular helper cell. 

Th: T-helper cell. 

TME: Tumor microenvironment. 

Treg: T-regulatory cell. 
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1.Introduction  

The capacity of the immune system to wage war on cancer tissue has been 

recognized for over 100 years (1). However, it was not until recently that we 

effectively directed the immune system to treat neoplastic diseases. 

Immunotherapy holds the promise of generating a diverse yet specific and 

long-lasting effect on cancer patients. Recent advances in the field have now 

allowed us to treat patients with fatal malignancies of over 50 cancer types  (2). 

As a result, immunotherapy is now included among the five pillars of cancer 

therapy, along with surgery, chemotherapy, radiotherapy, and targeted therapy 

(3). Despite its impressive clinical success, immunotherapy has proven 

effective only in a subset of patients (2). Currently there are active efforts in 

understanding the interplay between the immune system and cancer, ultimately 

aiming to address a higher number of patients. 

The main objective of this thesis was to explore the immune landscape of 

human tonsillar cancer (TC). We have studied the interplay between myeloid 

and T-cells, which governs the antigen-specific cellular response, and 

compared subtypes of TC and healthy tonsils (HT), with a focus on human 

papillomavirus (HPV) driven TC. In the following chapters, I will briefly 

present our current understanding of immuno-oncology and how immune 

responses and cancer development shape each other. I will examine the cellular 

dynamics of the tonsil, and the origins and progression of TC. Further, I will 

detail the treatment modalities of TC, including currently approved treatments, 

as well as those under evaluation in clinical trials. Next, I will delve into the 

methodology used to scrutinize myeloid cell diversity, the subtypes of myeloid 

antigen presenting cells (APC), and their impact on patient survival. Finally, I 

will present in vitro tools that are used to study immune-cell function and to 

test novel therapeutic approaches.  
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1.1. Immuno-oncology 

Cancer, derived from the Greek karkinoma, was first recognized as a medical 

entity in the western world by the Hippocratic school in the city state of Athens, 

as reviewed in (4). The term karkinoma is thought to derive from karkinos, 

crab, due to the hardness of the tissue and the blood vessels that grow into the 

tumor, reminiscent of the shell and the legs of the crab. According to the texts 

of Galen and Archigenes, long-standing cancers were then considered 

incurable and were surgically removed (5). On the contrary smaller tumors 

were treated with drugs, from the Greek phármakon, meaning medicine, 

poison, and magic (6). These texts illustrate that concepts such as staging, early 

detection, and treatment were already managed by ancient practitioners. 

However, the paradigm used to explain the origin and development of cancer 

has completely shifted over time.  

In 2000, Hanahan and Weinberg proposed “the hallmarks of cancer” theory, 

which describes a series of traits that a cell acquires in its progression to a 

neoplastic state (7). Revisited in 2011 and 2022, it currently comprises a total 

of eight hallmarks: “sustaining proliferative signaling, evading growth 

suppressors, resisting cell death, enabling replicative immortality, 

inducing/accessing vasculature, activating invasion and metastasis, 

reprogramming cellular metabolism, and avoiding immune destruction” (8, 9). 

The field of immuno-oncology builds on the last hallmark, and it studies the 

interplay between immunity and cancer. The notion that the immune system is 

able to recognize and destroy neoplastic tissue arose from the observations of 

William Coley in 1893 (1). Coley treated sarcoma patients using inactivated 

streptococcal toxins and described a reduction of the tumor volume. The 

concept of immunosurveillance was finally proposed in 1950s by Burnet and 

Thomas who suggested that the immune system constantly monitors tissues, 

eliminating most of the early cancer cells, thus avoiding tumor formation (10). 

After 50 years of experimental research in the field of immuno-oncology, the 

immunosurveillance concept crystallized into the cancer immunoediting 

theory, postulated by Schreiber in 2004 (11). Immunoediting harmonizes a 

body of evidence indicating that the immune system has a dual role regarding 

cancer progression, limiting or favoring it depending on the type and stage of 

the tumor. Immunoediting is a dynamic process encompassing three steps: 

elimination, equilibrium, and evasion, which occur in parallel to tumor 

progression, even though the steps may temporally co-exist (11). Firstly, 

during elimination the immune system detects and destroys highly 

immunogenic tumor cells. It does so, partly, by recognizing tumor 
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(neo)antigens generated due to genomic instability of tumor cells. The second 

step, equilibrium, involves a situation of clonal selection. The immune system 

recognizes and eliminates highly immunogenic tumor cell clones, while less 

immunogenic clones are selected and progress within the tumor. This situation 

leads into the third step, escape, in which the tumor cells co-opt immune cells 

to render them inactive or favor tumor growth (11).  

In 2013, Chen and Mellman introduced the concept of the cancer-immunity 

cycle to explain how effective anti-cancer immune-responses are mounted, 

using the antigen-specific  dendritic cell (DC) – T-cell axis as backbone (12). 

The cancer immunity cycle is a stepwise process consisting of subsequent 

events. Initially, dying neoplastic cells release a battery of molecular signals, 

i.e., damage associated molecular patterns, such as HMGB1, ATP, ANXA1,

CALR, HSPs, and type 1 IFNs, which trigger chemotaxis and activation of

innate immune cells via pattern recognition receptors (13). DC phagocyte

particulate, or endocytose soluble, tumor (neo)antigens, and process these via

sequential trafficking from endosomes to either lysosomes or cytosol where

the antigens are enzymatically digested via cathepsins or the proteasome,

respectively. Peptide epitopes are loaded onto nascent or recycled MHC-I or II

complexes, and trafficked to the cell membrane ready to be presented to T-

cells (14). This process is accompanied by profound changes in DC gene

expression profile known as maturation, which involve upregulation of CCR7,

MHC-II, and co-stimulatory molecules CD40/80/86 (15). Thereafter, CCR7+

mature DC acquire the ability to migrate out of the tumor into the draining

lymph nodes via CCL19/21 gradients generated by endothelial cells of

lymphatic vessels (16). In the draining lymph node, CCR7+ mature DC may

then encounter and prime naïve and memory T-cells. Three signals are needed

for T-cell priming to occur: specificity through the formation of the T-cell

receptor (TCR)-epitope-MHC complex, co-stimulation via CD80/86-CD28,

and differentiation signals via cytokine production by DC. These signals

induce T-cell clonal expansion producing both effector and memory clones,

which access high endothelial venules, traffic back into the tumor, and

infiltrate the tumor bed. Once in the tumor microenvironment (TME), antigen-

specific CD8+ T-cell clones will recognize tumor (neo)antigens loaded onto

MHC class I molecules on the surface of tumor cells. The formation of the

TCR-epitope-MHC-I complex results in the release of cytotoxic granules

containing PRF1 and GZMs by terminal effector CD8+ T-cells, inducing tumor

cell death in an antigen-specific fashion. Tumor cell death increases the

availability of tumor (neo)antigens further boosting the cancer-immunity cell

cycle (12). In the context of immunoediting, the cancer-immunity cycle

performs at its best during the elimination phase.
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1.2. Immunology of head and neck cancer 

Tumors can be classified according to their immune-phenotypes (17). Desert 

and immune-excluded tumors feature insufficient infiltration of T-cells due to 

a lack of immunogenic antigens, antigen presentation, chemotaxis, or the 

deposition of dense extracellular matrix by stromal cells. In comparison, 

inflamed tumors display effective immune infiltration, yet with impaired anti-

tumor activity (17). Taking head and neck cancer (HNC) as an example, tumor 

progression is accompanied by a loss of immunogenic neoantigens with branch 

mutations and acquisition of mechanisms to hijack different steps of the cancer 

immunity cycle (17, 18). For instance, Ferris et al. reported an increased 

abundance of TGF-β in the TME of HNC compared to healthy tissue (19). 

Mainly produced by tumor cells or T-regulatory cells (Treg), TGF-β inhibits 

CCR7 expression by DC in vitro (20). Intra-tumoral retention mediated by 

CCR7 downregulation could result in a decreased migration to draining lymph 

nodes in humans, as shown in mouse models (21). During T-cell priming, lack 

of IL-12 stimulation and/or production of IL-10 by DC renders CD8+ T-cells 

anergic, characterized by absence of cytolytic and IFN-γ production abilities, 

and favors Treg development from naïve CD4+ T-cells (22-24). Seemingly, 

over-expression of CTLA-4 upon T-cell activation limits clonal expansion, by 

outcompeting CD28 in its interaction with CD80/86 (25). Further, Meissner et 

al., and Leibowitz et al., demonstrated defects in the antigen processing 

pathway of HNC cells, at RNA and protein level ex vivo and in vitro (26, 27). 

These defects included the downregulation of STAT1, LMP2/7, and TAP1, 

which may ultimately allow CD8+ T-cell evasion, and were associated with 

lower overall survival (27). Lastly, tumor cell death mediated by CD8+ T-cells 

can be impaired by overexpression and engagement of PD-1, LAG-3, and 

TIM-3 immune checkpoints. Krishna et al. showed that these checkpoints are 

stably expressed by exhausted CD8+ T-cells in HNC upon continued antigen 

re-stimulation, resembling T-cell exhaustion in chronic viral infections (28, 

29). More importantly, CD8+ T-cells from patients treated with anti-PD-1 

inhibitors maintain exhaustion through other immune checkpoints, resulting in 

the loss of IL-2, TNF-α, and IFN-γ production, leading to apoptosis (30).  

To sum up, a variety of immunological processes can influence cancer 

progression and ultimately patient prognosis. However, these mechanisms may 

vary according to the type of tumor, level of disease progression, and even 

between patients due to interpatient variation. Hence, it is of utmost importance 

to accurately describe these events as well as to suggests biomarkers, points of 

intervention, and treatment modalities that can be beneficial for a given patient. 



25 

2.Pathology of the tonsil  

2.1. The tonsil, structure, and function  

The palatine tonsils are paired lymphoid organs located in the oropharynx. 

While most lymphoid organs receive antigens via blood or lymphatic vessels, 

the tonsils continually sample inhaled and ingested material (31). The tonsil is 

divided in three functional areas consisting of reticular crypt epithelium, 

lymphoid follicles, and extrafollicular area (32).  

The reticular crypt epithelium is a type of non-keratinized stratified squamous 

epithelium of endodermal origin. The epithelium is characterized by 10-30 

branched crypts, which are macroscopically visible on the surface of the tonsil 

(32). The crypts maximize the surface of the tonsil and entrap cellular debris 

and foreign antigen material. In the crypts, antigen transport is thought to be 

performed by specialized epithelial M cells, which would constantly transport 

antigens across their cytoplasm via transcytotic vesicles (33). On their apical 

side, M cells display pockets where APC process antigens and transport them 

through the epithelium, making them available to the underlying lymphoid 

tissue (34).  

The extrafollicular area is mainly composed of T-cells and conventional DC 

(cDC). This region is vascularized by high endothelial venules, which allow 

the entrance of circulating naïve and central memory T- and B-cells. Mature 

cDC2, carrying processed peptide antigens onto their MHC-II, activate CD4+ 

T-cells through antigen presentation. Upon activation, CD4+ T-cells are 

polarized into T-helper (Th) type 1, 2, and 17, Treg, or T follicular helper 

(TFH), the latter of which will migrate to the lymphoid follicles. In turn, 

mature cDC1 cross-present peptides to naïve CD8+ T-cells via MHC-I, 

inducing proliferation and differentiation of clones with a peptide-matching 

TCR. Effector and memory CD8+ and CD4+ Th exit the tonsil via high 

endothelial venules, transiting into areas, for instance, with local inflammation.  
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The lymphoid follicles are mainly composed of B-cells, but also harbor small 

numbers of TFH, macrophages, and follicular DC. In the follicles, B-cells 

obtain antigens from follicular DC through B-cell receptor-mediated 

endocytosis. Then, activated B-cells proliferate and undergo somatic 

hypermutation increasing the diversity of the antibody variable region genes, 

and differentiate into memory B-cells and antibody secreting cells (35). TFH 

are key players of this process, providing signals for B-cell survival and 

differentiation via CD40LG and IL-21 (36). Durand et al. recently proposed 

that in the tonsil, maturing TFH access the B-cell zone interface where they 

are further primed by macrophages to instruct their differentiation process (37). 

This observation contrasts with the classical function of macrophages in the 

draining lymph nodes, where these cells are positioned in the subcapsular 

sinus, sampling exogenous material that flows through the afferent lymphatics 

(31, 38).  

Overall, the structure and the localization of immune cells within the tonsil 

dictate the development of adaptive immune responses in the region of the 

oropharynx. However, due to the constant exposure to pathogens, the tonsil is 

also subjected to infection, which can impair human health either in the form 

of tonsilitis or through the development of TC triggered by HPV.  

2.2. HPV biology and epithelial cell 

transformation  

HPV are circular double stranded DNA viruses without envelop. The HPV 

genome is 8Kb long and it has 7-9 open reading frames including early genes 

E1-2 and E4-7, and late genes L1-L2, which encode components of the viral 

capsid (39). The Papillomaviridae taxonomic family consists of over 170 HPV 

types, which are divided into low and high-risk groups. Low-risk HPV types 

may lead to the emergence of warts, while high-risk types can trigger 

carcinogenesis in non-keratinized stratified squamous epithelia (40). The 

oncogenic potential of HPV was first described in cervical cancer patients by 

zur Hausen’s team in 1983 (41). Among high-risk HPV types, HPV16 and 

HPV18 are the most prevalent in tumors, and besides cervical cancer they are 

also associated with anal, vaginal, vulval, penile, and oropharyngeal cancer, 

notably TC (42).  
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The strict association between HPV and stratified squamous epithelia lies in 

the close relationship between the HPV life cycle and epithelial cell 

differentiation (39, 43). HPV has a marked tropism for the basal layer of the 

squamous epithelium, which harbors the epithelial progenitor cell layer. Upon 

injury to the epithelium, HPV accesses its basal layer, binds to proteoglycans 

in the surface of epithelial cells through the L1 protein (43), and is endocytosed 

via tetraspanin (44). Once in the endosomes, the viral capsid is degraded, and 

cleaved fragments of the L2 protein form a complex with the HPV genome. 

The genome-L2-retromer complex then accesses the retrograde transport 

pathway, sequentially moving from lysosome to Golgi network, endoplasmic 

reticulum, and finally accessing the cell nucleus during mitosis (43, 45).  

In the nucleus, HPV DNA is either maintained episomally or it integrates into 

the host DNA via disruption of the E2 open reading frame (39). The E2 gene 

codes for the E2 repressor protein, which controls the expression of genes 

downstream from HPV’s p97 promoter, including E6 and E7. Hence, 

disruption of the E2 gene upon integration of the viral DNA into the host 

genome allows active transcription of the E6 and E7 oncogenes (39). The 

major effect of the E6 and E7 oncoproteins is forcing basal epithelial cells to 

escape cell cycle control. Briefly, E6 induces ubiquitin mediated degradation 

of the tumor suppressor protein p53 via the ubiquitin ligase E3A (46). p53 

degradation has diverse effects including decreased apoptosis through the 

Smac/DIABLO mitochondrial pathway, blockade of the cyclin regulated cell-

cycle arrest mechanism, and impairment of the p53R2 mediated DNA repair 

process (47). In turn, E7 binds to the pRb-E2F complex, forcing the release of 

the transcription factor (TF). E2F controls the expression of a gene network 

involved in the transition from cell cycle phase G1 into S. E7 also promotes 

de-methylation of histone 3 (H3K27), resulting in the upregulation of p16 (48). 

In fact, p16 is used as a surrogate diagnostic marker of high-risk HPV infection 

in the clinic (49).  

At the basal layer, HPV’s genome is maintained in the progenitor cell layer 

and passed on to cellular progeny during cell division. As the epithelium 

differentiates, HPV DNA is amplified in the nucleus in a circular double 

stranded format, along with a high production of late proteins L1 and L2 in the 

cytoplasm (50). Finally, in the most outer epithelial layers, pentamers of L1 

and L2 are recruited into the nucleus via Hsc70 where the virions are 

assembled. HPV virions are then passively released upon disruption of the 

nuclear envelope when terminally differentiated keratinocytes die (50).  
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2.3. Epidemiology and prognosis of TC 

HNC comprises a group of solid tumors of epithelial origin in areas including 

the oral and nasal cavities, pharynx, and larynx. TC is an oropharyngeal subset 

of HNC strongly associated with HPV infection. In fact, HPV+ TC accounts 

for over 50% of cases in the US and Europe and over 70% in Sweden (51-53). 

In the US, the incidence rate of HPV+ TC has been growing over the last 40 

years, while the number of HNC cases driven by carcinogens such as tobacco 

and alcohol have either declined or remained stable (54). However, these 

patterns vary globally, since national tobacco and alcohol control measures as 

well as changes in sexual behavior, have a great influence on the incidence of 

TC (55).  

HPV+ TC is not only distinct because of its epidemiological trends, but also 

due to its prognosis. Compared to HPV- TC patients, HPV+ TC patients have 

a better 5-year-overall survival (OS) (36% vs. 81%), and a lower relapse rate 

(26% vs. 69%) (56). The acknowledgement of these clinical traits has resulted 

in the inclusion of HPV status in clinical staging and decision making of TC 

and other oropharyngeal cancers (57), often assessed by p16 detection via 

immunohistochemistry (IHC). In paper I, we observed an 88% overlap 

between p16 detection via IHC, E7 HPV16 DNA, and RNA detection using 

PCR methods. Interestingly, we described that while HPV16 DNA and RNA 

was detectable in TC, over 50% of contralateral paired HT also featured 

HPV16 DNA but lacked RNA expression. Gillison et al. reported that 1% of 

healthy individuals displayed HPV16 DNA in the oropharyngeal cavity in a 

cross-sectional study in the US (58). In this context, we argued that active 

transcription of HPV16 oncogenes is a surrogate marker of epithelial 

transformation, possibly resulting in the production of viral antigens that may 

elicit an immune response. 

TC is a unique entity among HNC subtypes due to the underlying tonsillar 

lymphoid tissue with APC that can transport tumor antigens and trigger 

adaptative immune responses in situ. In this context, two hypotheses could 

explain the different prognosis of HPV+ and HPV- TC. These refer to either the 

development of de novo antigen-specific immune responses in previously 

unchallenged individuals, or the mobilization of preestablished immunological 

memory in individuals previously exposed to HPV. 
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First, the presence of viral antigens may increase the immunogenicity of HPV+ 

TC via an anti-viral immune response. This hypothesis is based on studies 

where CD8+ T-cell infiltration was assessed via IHC, demonstrating that HPV+ 

TC featured higher CD8+ T-cell infiltration compared to HPV- TC (59, 60). 

Näsman et al. also highlighted a positive correlation between CD8+ T-cell 

infiltration and disease-free survival, further supporting this hypothesis (59). 

In papers I and II, we explored the immune-phenotype of TC, with a focus on 

the antigen-specific cellular immunity exerted through the APC-T-cell axis. 

Consistent with the studies from Näsman et al. and Nordfors et al., we showed 

that HPV+ TC displayed higher abundance of CD8+ T-cells compared to HPV- 

TC and HT, respectively. Of note, these results were validated in two 

independent cohorts using different techniques (paper I, flow cytometry (FC), 

n=40; paper II, immunofluorescence, n=105). We also indicated that the 

overall abundance of CD8+ cells, and in particular their abundance in cancer-

cell islets, was associated to a lower all-cause mortality, independently of 

TNM7 staging, HPV status, and age at diagnosis (paper II), suggesting that 

CD8+ T-cell responses might be HPV/tumor antigen-specific. To test the 

additive prognostic value of combining HPV status and CD8 quantification via 

immunofluorescence we stratified TC patients according to both parameters. 

HPV+ TC featuring CD8 expression levels above the cohort’s median featured 

higher 5-year OS compared to HPV+ TC with CD8 expression below the 

median and HPV- TC patients.  

Besides, abundance and location, clonal T-cell specificity is another relevant 

prognostic factor. Two independent studies have highlighted the presence of a 

T-cell response against viral antigens in over 60% of HPV+ oropharyngeal

cancer patients (61, 62). Firstly, Bhatt et al. highlighted that 65% of HPV+

patients displayed circulating CD8+ and CD4+ T-cell clones against at least one

of the eight HPV proteins, and 30% displayed T-cell clones against three or

more HPV antigens (62). Similarly, Welters et al. reported HPV specific intra-

tumoral T-cell clones against E6 and/or E7 oncoproteins in 64% of HPV+

oropharyngeal cancer patients before treatment (61). They also described a

positive association between detectable HPV specific T-cell responses and

overall survival, associated with smaller tumor size and lower frequency of

local metastases. The authors linked these clinical observations to a Th1-

polarized TME as well as a higher frequency of memory and tissue resident T-

cells compared to HPV+ oropharyngeal cancer patients with no detectable anti-

viral T-cell response (61). Together these studies highlight the complex

network of events involved in the generation of an effective antigen specific

cellular immune-response as well as the need to account for inter-patient

variation.
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The second hypothesis used to explain the different prognosis of HPV+ and 

HPV- TC reflects on a pre-existent anti-HPV immune response. Chesson et al. 

estimated that over 80% of Americans will acquire HPV during their life (63). 

In addition, Bhatt et al., described that some healthy individuals (3 out of 22) 

display CD8+ and CD4+ HPV16-specific T-cell clones (62). This suggests that 

some unvaccinated HPV+ individuals have a pre-existent adaptative immune 

response against HPV antigens before they develop cancer. Currently, over 

100 countries world-wide have introduced HPV vaccination according to 

WHO (64). A recent study by Falcaro et al. highlighted a drastic reduction in 

cervical cancer incidence when comparing vaccinated and unvaccinated 

cohorts in England (65). Even though no study has addressed this topic in TC, 

similar results might be expected from the HPV vaccination programs.  

Yet another distinct factor of HPV+ and HPV- HNC, is their tumor mutational 

burden (TMB), i.e., the total number of coding mutations in the tumor genome. 

In HNC, TMB is close to the average of other solid tumors (> 180 somatic 

mutations/megabase) (66), with lower mutation rates in HPV+ compared to 

HPV- tumors (2.28 vs. 4.83 mutation/megabase) (30, 67). While HPV affects 

the activity of p53 and pRb via E6 and E7, and features unique mutations in 

FGFR2/3 and KRAS, HPV- HNC frequently feature loss-of-function mutations 

in the TP53 and CDKN2A genes (68, 69). In theory, a higher mutational burden 

leads to an increase in tumor neo-antigen frequency, and greater tumor 

immunogenicity, which would positively impact patient survival. However, a 

study by Plath et al. suggested that the impact of TMB in HNC patient survival 

might be subset specific (70). In their study, HPV- active smokers with 

homozygous CDKN2A deletion displayed a higher mutational burden 

associated with lower disease specific survival (70). Thus, the impact of TMB 

on the survival of HNC patients remains unclear.  

In summary, the combination of an anti-viral immune response, proximity to 

underlying lymphoid tissue, and moderate TMB suggests HPV+ TC as a 

potential candidate for early immunotherapeutic treatment. 
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2.4. Approved treatments 

First line of treatment of TC traditionally involves radiotherapy. The most 

common approach is conventional fractioning where a total dose of 60-70 Gy 

is administered at 2 Gy per day, 5 days a week, over 6-7 weeks (71). The aim 

with fractioning is to minimize the effect on neighbouring healthy tissue, 

taking advantage of a higher repair ability of sublethal doses of healthy cells 

compared to cancer cells. Side effects of radiotherapy are induced by tissue 

damage/inflammation and subsequent repair processes, resulting in skin 

wounds and mucositis associated with, and followed by, symptoms including 

pain, dysphagia, weight loss, and fatigue (71). In locally advanced TC, T 

category 3-4, notably with HPV- disease, concomitant radio- and 

chemotherapy can be administered. In this group, concomitant radio- and 

chemotherapy treatment increases 5-year OS compared to radiotherapy alone 

(34% vs. 27%) (72). Cisplatin is administered intravenously to a total of 200 

mg/m2, generally at weekly doses of 30–40 mg/m2. Side effects of concomitant 

radio- and chemotherapy are usually severe compared with radiotherapy alone 

(71). Patients with locally advanced tumors may also be treated with 

simultaneous EGFR blockade and radiotherapy, to inhibit the proliferative 

signalling mediated by EGFR overexpression on cancer cells (71). Cetuximab, 

an EGFR-inhibitor, administered weekly along radiotherapy has shown 

increased 5-year OS compared to radiotherapy alone (45.6% vs. 36.4%) (73). 

However, EGFR blockade has a response rate below 20% in HNC, and patients 

may develop resistance through activation of HER2/3 and MET (74).  

Patients with distant metastatic TC have a median survival of 6-9 months and 

often enter palliative chemotherapy regimens with no demonstrated benefit of 

survival (71). Currently, there are also two immunotherapeutic drugs approved 

for the treatment of HNC patients with recurrent or metastatic disease. 

Nivolumab and pembrolizumab are immune-checkpoint inhibitors (ICI) that 

block PD-1, aiming to extend T-cell survival, and avoid T-cell exhaustion by 

reactivating the signaling through ZAP70 and PI3K (75). Nonetheless, PD-

1/PD-L1 blockade has proven limited effect in terms of response rate (13.3% 

for nivolumab, and 17-23% for pembrolizumab) and overall survival compared 

to the standard of care (7.5 vs. 5.1 months for nivolumab; 13.0 vs. 10.7 months 

for pembrolizumab) (76, 77). The adverse effects of ICI, even though less 

frequent, are also of a different nature compared to conventional therapy (76). 

ICI related adverse events include inflammation of diverse organs, reflected 

as, e.g., skin rash and hypothyroidism (76). Given the moderate response rates, 

there is an active effort to elucidate factors predictive of ICI response, but to 
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date only a few biomarkers have proven predictive efficacy. PD-L1 expression 

and an inflamed T-cell gene signature correlate to one another and to ICI 

response (78). In addition, TP53 mutation was recently associated with a lower 

ICI response rate (79). TMB is only predictive of ICI response in HPV- HNC, 

irrespective of PD-L1 expression (30), while HPV status is not predictive of 

ICI response (76).  

Interestingly, Bhatt et al. reported a decrease in the number of HPV specific T-

cell clones of patients following curative treatment, involving either surgery, 

radiotherapy, chemotherapy, cetuximab, or combinations thereof, compared to 

treatment naïve patients (62). This observation may reflect a reduction in HPV 

antigens necessary to maintain T-cell responses in patients after curative 

treatment. It also suggests that ICI-based therapy may produce significant 

therapeutic effect if applied at an earlier point of intervention.   

2.5. Immunotherapeutic treatments under 

evaluation 

Even though patient stratification strategies are improving, still more than 80% 

of HNC patients with refractory or metastatic disease are resistant to PD-1/PD-

L1 blockade. Novel immunotherapeutic approaches are needed to treat these 

patients, and examples of strategies to meet this end are detailed below. For 

instance, the combination of ICI with radiotherapy aims at synergizing the 

release of antigens by dying tumor cells and inflammation triggered by 

radiotherapy, with a sustained immune response provided by ICI. Weiss et al. 

reported that the combination of PD-1/PD-L1 axis blockade and radiotherapy 

in locally advanced HNC was well tolerated, with a distinct one year overall 

survival of 94% vs. 75% of p16+ and p16- tumors, respectively 

(NCT02609503) (80). Combinatorial ICI therapy approaches that target 

multiples immune checkpoints aim to bypass resistance to PD-1/PD-L1 axis 

(NCT04080804). The rationale behind this approach is supported by a study 

by Hanna et al. where HNC patients, refractory to ICI targeting PD-1/PD-L1, 

displayed an increase in LAG-3 and TIM-3 expression on CD8+ T-cells (30). 

Another strategy consists of eliciting HPV-specific immune responses by 

administering HPV16 E6 and E7 derived peptides, alone or in combination 

with ICI (NCT03258008, NCT02865135). Sousa et al. reported a promising 

overall response rate of 33% in HPV+ HNC patients with recurrent disease 

when using an HPV16-peptide vaccine in combination with nivolumab (81, 

https://clinicaltrials.gov/ct2/show/NCT02865135
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82). Compared with the results of the check-mate 141 study, where the overall 

response rate to nivolumab was 13.3% (76), a synergistic effect of the HPV16 

vaccine and nivolumab seemed to increase the response rate more than 2-fold. 

Personalized medicine approaches using patient specific tumor cell lysates 

alone (NCT01998542), or combined with transgenic cells expressing GM-CSF 

(NCT02999646), aim to elicit immune responses against the patient’s own 

mutanome.   

Yet another strategy consists of harnessing anti-tumor immunity by targeting 

APC in situ. This therapeutic modality has the advantage of generating a 

diverse yet antigen-specific immune-response while conditioning the TME. In 

fact, targeting the CD40-CD40LG axis has historically been one of the most 

popular myeloid-directed immunotherapies, either in monoclonal antibody 

format or in combination with other agents. For instance, the combination of 

FLT3-LG and agonistic anti-CD40 antibody aims at increasing the production 

rate of bone-marrow derived cDC and monocytes via FLT3-LG, while 

simultaneously providing activation signaling via CD40 stimulation (83, 84) 

(NCT03329950). However, myeloid cells are diverse, and currently there is an 

active effort to delineate their role in different cancer types. In a seminal paper, 

Zhang et al. compared the effect of targeting murine myeloid APC using two 

different monoclonal antibodies directed towards M-CSF and CD40 in 

colorectal cancer models (85). M-CSF blockade resulted in a depletion of 

inflammatory macrophages, while macrophages expressing VEGFA and 

MMPs persisted. On the other hand, the CD40 agonist activated cDC1 resulting 

in an expansion of type-1 CD4+ T-cells and CD103+ CD8+ tissue resident 

memory cells, and a reduction of exhausted T-cells and Tregs. This pre-clinical 

study highlights the importance of characterizing myeloid populations when 

designing targeted therapies, to achieve the desired effect.  

In paper I, we described that DC frequency was correlated with intra-tumoral 

CD8+ T-cell levels in HPV+ TC biopsies. Our re-analysis of an RNA-seq 

dataset from TC patients  indicated that CD8+ T-cell scores were co-expressed 

along a battery of genes associated to antigen processing and presentation, as 

well as T-cell exhaustion (68). Following the cancer-immunity cycle theory, 

DC and T-cells could influence each other’s frequency in the TME of TC 

patients in a positive feed-back loop fashion (12). In paper I, we discuss the 

application of different immunotherapies according to CD8+ T-cell intra-

tumoral levels. We hypothesize that TC patients with a higher degree of CD8+ 

T-cell infiltration may benefit more from PD-1 blockade, alone or in 

combination with other ICI strategies, to boost their activity and bypass 

exhaustion. In comparison, patients in the lower spectrum of CD8+ T-cell 

https://clinicaltrials.gov/ct2/show/NCT02999646
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infiltration may instead benefit from myeloid targeted therapies or CTLA-4 

blockade, aimed at increasing the numbers of tumor infiltrating CD8+ T-cells.  

Targeting myeloid cells to create appropriate T-cell polarization is an attractive 

approach to bypass the current limits of ICI therapy. However, a detailed 

understanding of the biology and function of myeloid cells in HPV-driven TC 

is a pre-requisite for that approach. 
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3.Myeloid cell identity

Three factors have been proposed to define cell identity: ontogeny, function, 

and cell state (86). The study of ontogeny involves a description of the 

developmental pathway, from a stem cell into a fully mature somatic cell type, 

which is controlled by specific TF. In turn, cell function encompasses physical 

measurable features that can be used to classify cells. Finally, cell state refers 

to the phenotypes that a given cell can acquire when it is exposed to intrinsic 

(e.g., cell cycle) or extrinsic stimuli (e.g., viral infection, response to cellular 

interactions). This chapter is focused on concepts and methodology used to 

evaluate myeloid heterogeneity and origin in lymphoid organs and solid 

tumors, with a particular focus on summarizing the current knowledge from 

HNC subtypes.  

3.1. Single-cell transcriptomics as a tool to study 

cell identity 

In humans, cellular ontogeny cannot be studied using lineage tracing or other 

genetic engineering methods. Instead, it has traditionally relied on the 

development of in vitro culture systems and isolation of distinct progenitor 

cells (87, 88). Organ transplantation has further allowed researchers to 

investigate the dynamics of cell replacement in grafted tissue, describing the 

turnover of cells from donors to receivers (89, 90). In addition, naturally 

occurring loss-of-function mutations in TF have provided information on 

specific TF-dependencies of different developmental pathways (91).  

The emergence of single-cell transcriptomics has revolutionized our 

understanding of cellular identity and diversity. Currently, single-cell RNA 

sequencing (scRNA-seq) methods enable the detection of thousands of 

transcripts per cell, obtaining a snapshot of hundreds to thousands of cells from 

a given tissue at a given time (92). An unbiased analysis of cellular 

heterogeneity can be achieved through the implementation of community 
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detection algorithms, which group cells in clusters based on their 

transcriptomic similarity. However, it is important to differentiate between the 

concepts of cell-type, cell state, and cluster. A cell type is stable, and it 

encompasses a collection of reversible cell states. In contrast, a cluster is a 

group of entities that are similar to one another with regards to measurable 

variables. In a seminal paper, Villani et al. re-evaluated the diversity of blood 

DC and monocytes, reporting a total of ten subtypes of myeloid cells as well 

as circulating progenitor cells (93). Besides detecting rare populations, the 

authors described transitional states between some clusters. In this context, 

scRNA-seq analysis has highlighted the heterogeneity of cellular states in a 

given cell type. For instance, Regev’s group stimulated human bone marrow-

derived DC in parallel with Pam3Cys, poly(I:C), and LPS, which activate 

TLR1/2, TLR3, and TLR4, respectively. They observed the induction of 

different gene expression profiles, but most interestingly they also captured an 

asynchronous and time-dependent change in the transcriptomes between the 

unstimulated and stimulated cell states in the three conditions (94).  

Yet another application of scRNA-seq has been the reconstruction of 

developmental trajectories and cell fate. Cellular development is driven by 

transcriptional changes throughout a continuum of cells states. By ordering 

different DC precursor groups throughout a pseudo-time, Schlitzer et al. 

described that commitment to cDC1 or cDC2 lineages happens at the stage of 

common cDC progenitor in the bone marrow (95). They also highlighted that 

cell differentiation, in this case cDC, is an asynchronous process. The 

transition between cell states can be also interrogated in silico using RNA 

velocity analysis, which measures the speed by which splicing of intronic 

regions take place to infer the future state of cells. By calculating the kinetics 

of immature (unspliced) vs. mature (spliced) RNA, these models re-capitulate 

the directionality across a trajectory. Using RNA velocity, Zhang et al. 

recapitulated DC population dynamics throughout body compartments in 

hepatocellular carcinoma (96). They predicted that circulating cDC accessed 

the tumor bed and either migrated to tumor draining lymph nodes with a 

sequential maturation of their transcriptomic profile, or they exited the tumor 

accessing the inflammatory fluid in the abdomen known as ascites. These 

studies provide evidence that scRNA-seq technologies complement traditional 

methods such as FC and in vitro cell culture in the study of human cellular 

identity.  
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3.2. Myeloid cell development in steady state 

Myeloid cells are key players of innate immunity, and they are broadly divided 

into myeloid APC (also known as mononuclear phagocytes) and granulocytes. 

Since myeloid APC display partly overlapping phenotypes and functions there 

has been an active effort to delineate their ontogeny in humans (Figure 1).  

In steady state hematopoiesis, CD34+ common myeloid progenitors in the bone 

marrow proliferate and differentiate into a series of intermediate progenitors 

(97), eventually giving rise to monocyte-DC progenitors. Monocyte-DC 

progenitors differentiate into restricted monocyte and common cDC 

progenitors which progressively leave the bone marrow as they differentiate, 

entering blood circulation (87, 88). The differentiation of common cDC 

progenitors into pre-cDC1 or pre-cDC2s is dictated by expression of BATF3 

and IRF8, or IRF4 and KLF4, respectively (15, 91, 98-100). At steady state, 

fully differentiated cDC, along with circulating pre-committed cDC, enter 

lymphoid and non-lymphoid organs giving rise to the two major cDC subsets, 

i.e., CD141+ cDC1s and CD1c+ cDC2s, thus maintaining tissue homeostasis

(101). Plasmacytoid DC (pDC) were proposed to derive from common cDC

progenitors, based on results from in vitro differentiation cultures (88), and

also due to their dependency on FLT3 in vivo, similar to myeloid APC (102).

However, the pre-pDC restricted progenitor has not been found in humans, and

some authors hypothesize that pDC originate from lymphoid precursors, as

shown in mouse models (103, 104).

In contrast to a parallel ontogeny model as for cDC, the monocyte lineage has 

been shown to differentiate sequentially (105). Patel et al. demonstrated that 

fully differentiated CD14+CD16- classical monocytes exited the bone marrow 

into circulation and sequentially differentiated into intermediate CD14+CD16+ 

monocytes, and finally into non-conventional CD14-CD16+ monocytes (105). 

Two different theories are used to explain the origin of macrophages in steady-

state peripheral tissues. Initially it was proposed that monocytes, originating in 

the bone-marrow, replenished tissue macrophages in steady state conditions. 

The most notable example refers to intestinal macrophages, which are 

completely replenished in duodenal transplant patients by the receiver’s 

circulating monocytes, as shown by Bujko et al. (89). The second theory refers 

to the embryonic origin, in which yolk-sac and fetal liver monocytes seed 

different organs, acting as the unique source of self-renewing tissue resident 

macrophages (106). Microglia represent the best example of this hypothesis 

since they have been shown to originate from yolk-sac primitive macrophages 

(107), and they cycle and divide in human adults (108). Furthermore, Kanitakis 
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et al. showed that Langerhans cells (LC) in skin allografts self-renewed for 

over ten years post-transplantation.  However, how well these dogmas translate 

to other human tissue resident macrophage populations is unclear. Most of the 

data on monocyte-macrophage lineage dynamics derives from mice studies 

(109-111), and only recently similar transcriptional profiles have been reported 

between mouse and human steady-state tissue macrophages (112).  

Figure 1. Development of distinct myeloid lineages in steady state and inflammation/cancer. CMP: Common myeloid 

progenitor; MDP: Monocyte dendritic cell progenitor; CDP: common dendritic cell progenitor; CLP: Common lymphoid 

progenitor; cDC: conventional dendritic cell; pDC: plasmacytoid dendritic cell; EMP: Erythro-myeloid progenitor, LMP: 

Lympho-myeloid progenitor. Adapted from (113).  

3.3. Revision of myeloid heterogeneity 

The emergence of single-cell omic techniques has broadened our 

understanding of myeloid cell heterogeneity in different body compartments 

(Figure 1). scRNA-seq studies have confirmed the identity of cDC1, cDC2, 

pDC, and monocyte lineages, while simultaneously providing evidence for a 

wide variety of novel myeloid cell types and states (85, 93, 94, 96, 112, 114-

119). Motivated by these advances in the field, in paper III we explore the 

diversity of myeloid APC at single cell level, using scRNA-seq and multiplex-
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FC in HPV+ TC and HT. We and others have provided proof of cDC2 and pDC 

subpopulations, while highlighting the uniformity of cDC1. Surprisingly, and 

in agreement with the state of the art, we have shown a transcriptomic 

confluence of DC subtypes upon maturation, making it impossible to discern 

activated DC subtypes at the present sequencing depth.   

Villani et al. described novel myeloid subtypes in blood, encompassing CD14+ 

DC3 and CD123+ DC5, besides the cDC and monocyte subsets described 

previously (93). Further characterization of DC3 in blood and bone marrow 

has confirmed that the novel CD14+CD1c+CD163+ DC3 population shares 

transcriptional and phenotypical traits with both cDC2 and classical monocytes 

(93, 120, 121). Bourdely et al. described a GM-CSF based in vitro culture 

system that allowed differentiation of DC3 from monocyte-DC progenitors, 

independently from restricted common cDC progenitors and monocyte 

progenitors (120). Together, these studies suggest that DC3 represent a lineage 

of their own. Further research is required to assess if the same GM-CSF 

process drives DC3 development in vivo, and which are the TF responsible for 

the DC3 developmental program. 

An Axl+Siglec6+CD5+ DC5 (also referred to as ‘AS’DC or transitional DC), 

which shares CD123 expression with pDC, is currently under extensive study. 

In steady state, this population has been described in blood and lymphoid 

organs such as tonsil and spleen (93, 114, 122). Villani et al. showed that DC5 

have a capacity to differentiate into cDC2 in vitro (93), contrary to other DC 

and monocytic cells where the developmental potential is lost along lineage 

commitment. Of note, the authors reported that differentiation from DC5 into 

cDC2 did not involve up-regulation of cell cycle genes, and that the DC5 and 

pre-cDC2 did not share a common transcriptional profile, suggesting that DC5 

do not represent pre-cDC2. Using ATAC-seq, Leylek et al. reported that 

KLF12 is a DC5 specific TF, as compared to other TF shared with pDC such 

as TCF4 and RUNX2 (116). In contrast to DC5, bona-fide proliferating cDC 

progenitors, pre-committed to either cDC1 or cDC2 lineage, have been 

identified in blood and spleen (93, 114). Consistent with these observations, in 

paper III we described the presence of DC5 in HPV+ TC and HT using scRNA-

seq and FC. Using a gating strategy based on the expression of CD45, CD13 

and HLA-DR, we sorted myeloid APC along with DC5, while excluding pDC. 

Our transcriptomic data showed that DC5 did not cycle and represented a 

different cluster from cycling pre-cDC2. Compared to the in vitro studies 

conducted by Villani et al., we did not observe evidence of DC5 differentiating 

into cDC2 in the tumor tissue in our RNA-velocity analysis. This observation 

suggests that the TME lacked appropriate niche cues to induce DC5 
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differentiation in HPV+ TC. Further phenotypic characterization using FC 

revealed that a subset of CD123+CD5+ DC5 expressed CD11c, while 

CD123+CD5- pDC did not. Together, these studies suggest that DC5 represent 

a distinct DC lineage, perhaps of myeloid origin. In fact, a study of Rodrigues 

et al. highlights that CD123+ DC may develop from both myeloid and 

lymphoid progenitors in mice (103). Moreover, the authors point out that 

CD123+ DC of the myeloid branch present antigens, while CD123+ DC of the 

lymphoid branch does not. If we assume that equivalent “pDC” differentiation 

processes occur in mice and humans, DC5 may represent the myeloid branch 

of CD123+ DC, while bone fide pDC may develop from lymphoid progenitors. 

3.4. Systemic perturbations of the myeloid 

compartment 

Another layer of complexity is added during cancer and inflammation when 

myeloid cells and their progenitors/precursors are exposed to systemic and 

local stimuli that promote their expansion, recruitment, and differentiation. 

The most notable systemic effect is emergency myelopoiesis. In cancer and 

chronic inflammation, the affected tissues release a battery of cytokines into 

the blood stream, e.g., IFNs, CSFs, IL-1, IL-6, TNF-α, and TGF-β (123), 

triggering myelopoiesis through activation of bone marrow hematopoietic 

stem and progenitor cells. Even though the effect of these cytokines has been 

mostly described in mouse and in vitro models, increased levels of circulating 

(124-126) and intra-tumoral (126) CD34+ myeloid progenitors have been 

described in a variety of human cancers including HNC. Notably, stimulation 

of circulating CD34+ myeloid progenitors with SCF and GM-CSF produced 

cells of DC phenotype (126), indicating that circulating myeloid progenitors 

have the potential to differentiate into DC. In fact, in paper III we 

demonstrated an expansion of the myeloid compartment and observed the 

presence of cycling progenitor cDC in HPV+ TC and HT, indicating that 

emergency myelopoiesis and myeloid cell recruitment were active. We 

hypothesize that HPV+ TC feature an enrichment in pre-cDC1 in detriment of 

pre-cDC2, compared to HT. However, we lacked statistical power and further 

experiments are required to prove that hypothesis.  

The combination of emergency myelopoiesis and systemic stimuli derived 

from the tumor results in the pathological activation of monocytes and 

neutrophils in circulation (127). Myeloid-derived suppressor cells (MDSC) 
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encompass cell states of monocytes (M-MDSC), neutrophils (or G-MDSC), 

and possibly progenitor cells (e-MDSC) with potent immunosuppressive 

effects (128, 129). Among others, the group of Gabrilovich has characterized 

MDSC in a variety of cancer types and described their accumulation along 

cancer progression (128). Using their proposed gating strategy (128), we have 

identified the presence of MDSC subtypes in peripheral blood and tumor lesion 

of TC patients (Figure 2A). We observed an increase of circulating MDSC 

subpopulations in TC patients when compared to healthy donors (Figure 2B). 

Interestingly, the same tendency was observed upon comparison of TC lesion 

and paired HT for G-MDSC and e-MDSC populations. However, M-MDSC 

were mostly absent in TC lesions (Figure 2C). In fact, HLA-DRlow/- M-MDSCs 

have been reported to differentiate into tumor associated macrophages via HIF-

1α upon extravasation (130, 131). Upon differentiation in the tumor bed, the 

resulting macrophages produce PGE2 and TGF-β, impairing CD8+ T-cell 

activation and expansion via IL-2 (132). In turn, CLEC8A+ G-MDSC are 

present in both circulation and tumor tissue. Lang et al. demonstrated that G-

MDSC overexpress Arginase I and iNOS in HNC, resulting in the depletion of 

arginine and impairing T-cell proliferation (133).  

 

 
Figure 2. MDSC distribution in peripheral blood and tonsillar tissue in TC patients and healthy donors. Gating 

strategy used to identify MDSC in blood and tissue (A). Frequency of MDSC subtypes identified in (A) in peripheral blood 

(B) and TC and paired HT from TC patients (C). Frequency is indicated as % out of CD45+ cells. TC: Tonsillar cancer; HT: 

Healthy tonsil; MDSC: Myeloid-derived suppressor cell.  

 

In contrast to well characterized myeloid lineages such as cDC1, cDC2, and 

monocytic cells, MDSCs have not been extensively studied through scRNA-

seq. In fact, only two papers have described the emergence of G-MDSC in the 

spleen of tumor bearing mice (134, 135). Further scRNA-seq studies are 

warranted to elucidate how monocytes are pathologically activated in blood 

and which macrophage phenotype they acquire upon differentiation in the 

tumor.  
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3.5. Local perturbations of the myeloid 

compartment 

The potential of CD14+ classical monocytes to differentiate upon exposure to 

inflammatory signals is a well characterized phenomenon. Driven by CCL2, 

CCR2+ classical monocytes access the tumor/inflamed tissue where they are 

exposed to a variety of cytokines influencing their differentiation. 

Combinations of cytokines such as M-CSF, GM-CSF, IL-4, TNF-α, and IFN-

γ have been shown to induce monocyte differentiation into monocyte-derived 

DC (moDC) (136, 137) and/or macrophages in vitro. The group of Segura has 

recently characterized in vivo moDC in inflammatory fluids from rheumatoid 

arthritis patients, tumor ascites (137, 138), and breast tumors (139). Similarly 

to LC and DC3, moDC expressed CD1C, CLEC10A, and FCER1A, as well as 

CD14 and S100A8/9, revealing a hybrid transcriptional profile, half-way 

between cDC2 and monocytes (119). Another similarity between DC3 and 

moDC is their capacity to prime naïve CD4+ T-cells into IL-17-producing 

Th17 cells in allogenic in vitro cultures (115, 138). However, differences have 

been reported between the three populations. First, moDC differentiate from 

monocytes under the control of the transcriptional factors BLIMP-1 and IRF4 

(137), while LC differentiate from cycling primitive macrophages under the 

control of RUNX3, ID2, and MAFB. In contrast, DC3 differentiation from 

monocyte-DC progenitors has only been described in vitro (120), and no TF 

has yet been proposed to regulate this process. Secondly, moDC and LC were 

characterized by CD1A and CD207 expression, while DC3 uniquely expressed 

CD163. A closer comparison of the DC3 and moDC subpopulations is 

necessary to elucidate if these cells represent equivalent blood and tissue 

counterparts, or if they rather belong to distinct lineages. In paper III, we 

conduct a careful assessment of the identity of a CD14+CD1c+ myeloid cluster 

using a combination of these parameters. Based on the expression of CD207, 

CD1A, and TGF-β, its emergence from cycling cells, and a high LC gene-

signature score, we categorized this cluster as mucosal LC. Careful 

examination of myeloid cells from HPV+ TC by 26-plex FC showed that LC 

did not overlap with CD163+ CD1c+ DC3, demonstrating that these are two 

distinct entities. In our analysis, we did not observe evidence for monocyte 

differentiation into moDC, suggesting that either the process does not happen 

in HPV+ TC, or that the sequencing depth of 10x scRNA-seq is limited to 

capture this event.  
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Macrophage heterogeneity in tissue is greatly influenced by the 

microenvironment in which these cells are embedded in. Traditionally, 

macrophages have been classified into two polarization states, namely M1 and 

M2, which represent canonical models of inflammatory and anti-inflammatory 

cells (140, 141). The M1/M2 paradigm has been extensively characterized by 

culturing monocytes in vitro either in IFN-γ + LPS/TNF-α or IL-4 + IL-13/IL-

10 to obtain M1 and M2 macrophages, respectively (140). However, this 

theory has been re-challenged throughout the development of transcriptomic 

technologies. Xue et al. conducted a comparative transcriptomic study using 

28 different stimuli on in vitro differentiated macrophages. They suggested a 

total of nine polarization states, and described common expression of the TF 

NFKB1, JUNB, and CREB1 in all subtypes (142). In addition, recent scRNA-

seq studies have suggested that the monocyte lineage is transcriptionally more 

plastic across tissue and cancer types than cDC lineages. This was shown in a 

scRNA-seq metadata-analysis by Mulder et al. where the identity of myeloid 

APC from 13 different tissues was assessed by canonical correlation analysis 

and unsupervised clustering. A total of 14 different monocytic cell states with 

strong dependence on the tissue of origin were detected, as compared to single 

cDC1 and cDC2 clusters (117). Currently, the diversity of the monocyte 

lineage is under extensive characterization.  

Despite the disparity of profiles reported in scRNA-seq studies, some 

macrophage profiles have been recurrently reported in cancer. FCN1+S100A+ 

monocyte-like cells have been shown to differentiate into C1Q-expressing 

TAM (tumor-associated macrophage) in hepatocellular carcinoma and colon 

cancer (85, 96). Interestingly, C1Q macrophages expressed high levels of 

TREM2, a canonical marker used to define monocyte-derived TAM in breast 

cancer (118). However, the use of single transcripts to define cell identity has 

limitations, and when these studies are considered together contradictions 

arise. First, C1QA/B/C gene expression was detected in all macrophage 

clusters in breast cancer, including FOLR2+ tissue resident macrophages. 

Second, TREM2 TAM in breast cancer also expressed high levels of SPP1. In 

turn, SPP1+ TAM were reported as an independent cell state from C1Q TAM 

in colon cancer. Finally, while high C1Q macrophage scoring correlated with 

poor survival in hepatocellular carcinoma, it had the opposite effect in colon 

cancer (85, 96). Altogether, the understanding of macrophage diversity has 

drifted from a dual to a network paradigm. Further research is required to 

assess niche-specific cell states and to examine if macrophages can transit 

several of these states in cancer during a cellular life-span. 
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In paper III we characterized six monocytic lineage clusters in HPV+ TC, 

along with two macrophage differentiation pathways triggered by different 

polarization states of monocytes. Similar to what Mulder et al. described in 

pancreatic cancer (117), we observed a monocyte cluster expressing an 

interferon-inducible gene signature and high levels of the TF IRF7, which 

sequentially differentiated into C1QA/B/C expressing macrophages and SDC2, 

PD-L1, and CCR7 expressing activated macrophages. We validated the 

presence of the activated macrophage population using FC, and suggested 

CD163 as an additional surface marker. Their expression of CCR7 suggests 

that activated macrophages may respond to CCL19 and CCL21 gradients, like 

mature DC on their migration to draining lymph nodes. However, migratory 

capacity experiments must be conducted before claiming any migratory 

properties of this population. The second differentiation pathway involved the 

sequential differentiation of FCN1 monocytes into NLRP3 expressing 

macrophages followed by CXCL1/3/5/8 expressing macrophages, similar to 

the description from Zhang et al. in colon cancer (85). Interestingly, we only 

detected CXCL macrophages in locally advanced patients, compared to earlier 

T-categories and HT, respectively. Even though we did not predict an impact 

of any monocyte-macrophage population on survival in TC or HNC using gene 

signature scoring, we hypothesize that the CXCL macrophage could be 

involved in the recruitment of pathologically activated neutrophils (G-MDSC)  

and angiogenesis through the CXCL1/3/5 - CXCR2 receptor-ligand axis (143).  
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4.Models applied in immuno-

oncology to assess cell function

Cancer models aim to recapitulate key events of tumorigenesis and are useful 

to test scientific hypothesis and drugs. All cancer models have advantages and 

limitations, and thus careful consideration should be taken when selecting 

them. Conventional 2D monolayer cultures are easy and cheap to stablish, but 

lack most of the environmental traits of tumors, including matrix-cell 

interactions, immune-tumor cell interactions as well as nutrient and oxygen 

gradients, among others. In turn, in vivo models can recapitulate the complex 

features of tumorigenesis described above, but are limited by time and 

monetary cost, as well as by experimental limitations in terms of visualization, 

response monitoring, and inter-species differences. For instance, common in 

vivo rodent models, Mus musculus and Rattus norvegicus, do not have palatine 

tonsils (144), and are therefore not suitable for the study of myeloid cell 

trafficking and function in the context of HPV+ TC.  

3D in vitro models such as organoids recapitulate tissue (145), and even organ- 

(146), specific cellular interactions with the simplicity and capacity to control 

conditions of a 2D in vitro culture. Originally established by the group of Hans 

Clevers (147), organoids are self-organizing structures that recapitulate 

epithelial tissue architecture and are based on the use of Wnt-3a, R-spondin-1, 

and Noggin to control stem cell survival and differentiation (148). In the field 

of immuno-oncology, organoids have been used to reproduce patient-specific 

tumors in vitro (145), generate patient specific T-cell lines (149), and 

reproduce antigen-specific antibody generation in tonsillar germinal centers 

(146).  

In addition, patient-derived organoids represent a useful tool to study myeloid 

cell functions such as chemotaxis-driven tumor-infiltration and phagocytic 

activity. The limitations of these 3D models include high costs and time needed 

to develop patient derived organoids.  
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One option to monitor these processes is to use label-free non-invasive digital 

holographic microscopy. Digital holography is based on the phase shift of light 

when it crosses an entity such a cell. The beam of a diode laser is split in two 

based on the wavelength, referred to as sample and reference beams. The 

sample beam hits the cell resulting in light scattered off and delayed light that 

passes by. A sensor then detects the phase shift of the light in the sample beam 

and overlaps it to the reference beam. Digital holography allows us to quantify 

morphological characteristics of cells at the resolution of one micron. The area 

is proportional to the number of pixels of the imaged cell, while cellular shape 

can be discerned by determining its edges. The cellular thickness is quantified 

as a measure of the phase shift of the sample beam, the wavelength, and the 

refractive index of the cell. Hence, by measuring the phase shift using a known 

refractive index and wavelength, we can estimate the thickness of the cell 

(150).  

In paper IV, we used digital holographic microscopy to monitor organoid 

formation, as a proof of principle that the technology is suitable to study cell-

cell interactions in a microscopic 3D model. Using the HPV16+ TC cell line 

LU-HNSCC-26 (151), we observed that seeding of 100 to 1000 single cells in 

a hydrogel-embedded culture format generated 3D structures with stable 

optical thickness and volume in a time lapse of fifteen hours. Some authors 

have hypothesized that the ability of tumor cells to form 3D structures, such as 

organoids, reflects on their stemness potential (152, 153). We sorted TC cells 

based on their surface phenotype of CD44 and CD271, two reported cancer 

stem cell markers, and compared the motility and organoid forming capacity 

of these cells (154). Compared to the results from Elkashty et al. (154), we 

observed that the CD44+NGFR- population had higher motility and organoid 

forming capacity than CD44+NGFR+ and CD44-NGFR- cells. The 

disagreement between the two studies regarding the stemness phenotype, 

CD44+NGFR- in our study and CD44+NGFR+ in Elkashty’s, could be 

associated with the low number of cell lines used in our publication and theirs, 

i.e., one and two respectively. This would suggest that while CD44 is a pan-

cell line HNC stem cell enriching marker, NGFR is not. Nonetheless, paper IV

represents a first step towards the development of an assay to monitor tumor

cell – DC interactions in a 3D format.
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5.Outlook

The emergence of novel technologies, such as spatial omics and scRNA-seq, 

has enabled high resolution analysis of tissue and cellular heterogeneity. 

Improvement of scRNA-seq may provide an increased sequencing depth and 

median detected genes per cell. These parameters may be key to unbiasedly 

resolve questions arisen in the myeloid cell field. For instance, the 

development of a common DC maturation profile seems to eclipse lineage 

identity in scRNA-seq studies. However, there is extensive experimental 

research that indicates how the activation of different DC lineages dictates 

distinct antigen presentation and T-cell polarization abilities (93, 94, 155, 156). 

Hence, it would be expected that these properties were embedded in the DC 

transcriptome, and yet these have not been reported to my knowledge. Our 

median number of genes detected per cell was approximately 2.000 (paper III), 

while other myeloid cell studies have reported up to 5.000 detected genes per 

cell, which is far from the reported technical limit of 10.000 genes per cell 

detected in cell lines (157). Implementation of full-length scRNA-seq methods 

might also shed light on these questions, considering that 95% of protein 

coding genes undergo alternative splicing resulting in 70.000 transcripts (158). 

Another technique that holds the promise to deeply characterize single cells is 

proteomics. The advent of single cell proteomics may further increase the 

number of variables one order of magnitude given that each splicing variant 

can be subjected to different post-translational modifications which condition 

protein function. Thus, advances in single-cell omic technologies may provide 

a more mature picture of cellular identity and phenotype.  

In this document, I have detailed some hypotheses that spin off the research 

projects I have been involved in. One hypothesis may hold clinical interest if 

proven certain. This hypothesis stems from observation in paper III that pre-

cDC1 were more abundant than pre-cDC2 in HPV+ TC. Even though this 

observation needs to be statistically confirmed, we did observe and statistically 

significant increase of cDC1 in HPV+ TC compared HT, while cDC2 levels 

were similar. Given that cDC differentiation takes place in the bone marrow 

(88), and considering that tumor-derived factors can exert long range influence 
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over myeloid production in the bone marrow (123), I hypothesize that one or 

a combination of molecules derived from the tumor may be responsible for the 

increased production of cDC1 in the bone marrow of HPV+ TC patients. If 

proven correct, the identification of soluble factors that allow cDC1 expansion 

and recruitment into the tumor may have clinical implications, since a high 

cDC1 gene-signature score has a positive impact in the 5-year OS of TC and 

HNC patients. A closer comparison of both tissue- and serum-derived proteins 

between HPV+ TC and healthy donors, followed by screening of candidates 

using the in vitro culture system described by Lee et al. (88), may be a first 

step towards testing this hypothesis.  

The cross-talk between myeloid populations in TC is another event that 

deserves attention. Specifically, the interactions involving the CXCL 

macrophage population (identified in paper III). We described the presence 

of this population in advanced tumor setting using scRNA-seq, but we could 

not validate it using 26-plex FC. Close examination of its gene expression 

profile suggests that CXCL macrophages are involved in granulocyte 

chemotaxis and angiogenesis. CXCL-macrophages may mediate G-MDSC 

recruitment into the tumor via CXCL1/3/5/8 - CXCR2 receptor-ligand axis. 

Interestingly, VEGF and CXCL1/3/5/8 also regulate angiogenesis upon 

exposure of CXCR2+ endothelial cells (143). Since angiogenesis is triggered 

in hypoxic microenvironments, and as these are more common in advanced T 

category tumors, it would be interesting to study the distribution and frequency 

of CXCL macrophages, G-MDSC, and vasculature across T categories. Such 

experiments would shed light into the role of CXCL macrophages in the 

recruitment of G-MDSC and development of angiogenesis in hypoxic settings, 

and perhaps suggest novel targets or biomarkers.   

Some studies relate myeloid cell location in lymphoid organs with function 

(37, 159). The experimental approaches that we have used exhibit limitations 

when it comes to decipher how myeloid lineages are compartmentalized within 

the tumor. Digital spatial protein profiling lacks single-cell resolution capacity, 

while FC and scRNA-seq methods lack cellular location information. Tertiary 

lymphoid structures are of increasing interest in the field of immuno-oncology 

due to their association with favorable prognosis in distinct cancer types 

including HNC (160-162). Tertiary lymphoid structures are self-organizing 

immune cell aggregates with varying degree of maturity, which form in sites 

of inflammation such as tumors. Recently, Ruffin et al. described the presence 

of tertiary lymphoid structures with mature germinal centers in HNC, with a 

higher positive impact in patient survival for HPV+ compared to HPV- 

individuals (162). It is possible that plasma cells producing antibodies against 
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tumor neoantigens are involved in eliciting antibody-dependent cellular 

cytotoxicity, for instance through NK cells, similar to monoclonal antibodies 

used in the clinical setting (163, 164). However, it is less probable that this 

mechanism is triggered by the antibody response against HPV viral antigens 

given that, as described by Wieland et al., the immunogenic B-cell receptor 

epitopes are located in the nucleus or cytoplasm of the infected cell (165). 

Nonetheless, antibodies directed against viral antigens may opsonize tumor 

cell debris favoring phagocytic uptake and antigen presentation, ultimately 

boosting the development of T-cell responses in the tertiary lymphoid 

structures of HPV+ HNC. It would be interesting to assess if tertiary lymphoid 

structures are subjected to specific myeloid lineage segregation, and to 

examine the interplay of myeloid cells with B- and T-cells in these local 

lymphoid structures.  

Deep transcriptomic characterization of the myeloid compartment within 

diseased and healthy tissue has provided insights on which myeloid subtypes 

influence cancer patient prognosis (85, 96). This knowledge opens the door to 

in situ targeting of specific myeloid populations using therapeutic antibodies. 

However, functional characterization of myeloid subpopulations is a pre-

requisite to therapeutic targeting. FC-sorting followed by in vitro 

characterization of their phagocytic and antigen presentation activities as well 

as their cytokine profile will shed light on the function of these populations. 

Furthermore, assessment of standard and immunotherapeutic regimes on the 

composition of the myeloid compartment could provide mechanistic insights 

and perhaps help treatment selection.    
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Oeuvres d'Oribase. Collection des médecins grecs et latins. 4: Paris : A
l'Imprimerie nationale; 1862. p. 244.

6. Escohotado A. A brief history of drugs: Park Street Press; 1999 1st of May.
178 p.

7. Hanahan D, Weinberg RA. The Hallmarks of Cancer. Cell. 2000;100(1):57-
70.

8. Hanahan D. Hallmarks of Cancer: New Dimensions. Cancer Discov.
2022;12(1):31-46.

9. Hanahan D, Weinberg RA. Hallmarks of cancer: the next generation. Cell.
2011;144(5):646-74.

10. Burnet FM. The concept of immunological surveillance. Prog Exp Tumor Res.
1970;13:1-27.

11. Dunn GP, Old LJ, Schreiber RD. The three Es of cancer immunoediting. Annu
Rev Immunol. 2004;22:329-60.

12. Chen DS, Mellman I. Oncology meets immunology: the cancer-immunity
cycle. Immunity. 2013;39(1):1-10.

13. Fucikova J, Kepp O, Kasikova L, Petroni G, Yamazaki T, Liu P, et al.
Detection of immunogenic cell death and its relevance for cancer therapy. Cell
Death Dis. 2020;11(11):1013.

14. Blum JS, Wearsch PA, Cresswell P. Pathways of antigen processing. Annu
Rev Immunol. 2013;31:443-73.



52 

15. Cabeza-Cabrerizo M, Cardoso A, Minutti CM, Pereira da Costa M, Reis e 
Sousa C. Dendritic Cells Revisited. Annual Review of Immunology. 
2021;39(1):131-66. 

16. Russo E, Nitschke M, Halin C. Dendritic cell interactions with lymphatic 
endothelium. Lymphat Res Biol. 2013;11(3):172-82. 

17. Chen DS, Mellman I. Elements of cancer immunity and the cancer-immune set 
point. Nature. 2017;541(7637):321-30. 

18. McGranahan N, Furness AJ, Rosenthal R, Ramskov S, Lyngaa R, Saini SK, et 
al. Clonal neoantigens elicit T cell immunoreactivity and sensitivity to immune 
checkpoint blockade. Science. 2016;351(6280):1463-9. 

19. Martinez I, Wang J, Hobson KF, Ferris RL, Khan SA. Identification of 
differentially expressed genes in HPV-positive and HPV-negative 
oropharyngeal squamous cell carcinomas. Eur J Cancer. 2007;43(2):415-32. 

20. Sato K, Kawasaki H, Nagayama H, Enomoto M, Morimoto C, Tadokoro K, et 
al. TGF-beta 1 reciprocally controls chemotaxis of human peripheral blood 
monocyte-derived dendritic cells via chemokine receptors. J Immunol. 
2000;164(5):2285-95. 

21. Imai K, Minamiya Y, Koyota S, Ito M, Saito H, Sato Y, et al. Inhibition of 
dendritic cell migration by transforming growth factor-beta1 increases tumor-
draining lymph node metastasis. J Exp Clin Cancer Res. 2012;31:3. 

22. Steinbrink K, Graulich E, Kubsch S, Knop J, Enk AH. CD4(+) and CD8(+) 
anergic T cells induced by interleukin-10-treated human dendritic cells display 
antigen-specific suppressor activity. Blood. 2002;99(7):2468-76. 

23. Curtsinger JM, Lins DC, Mescher MF. Signal 3 determines tolerance versus 
full activation of naive CD8 T cells: dissociating proliferation and 
development of effector function. J Exp Med. 2003;197(9):1141-51. 

24. Hsu P, Santner-Nanan B, Hu M, Skarratt K, Lee CH, Stormon M, et al. IL-10 
Potentiates Differentiation of Human Induced Regulatory T Cells via STAT3 
and Foxo1. J Immunol. 2015;195(8):3665-74. 

25. Doyle AM, Mullen AC, Villarino AV, Hutchins AS, High FA, Lee HW, et al. 
Induction of cytotoxic T lymphocyte antigen 4 (CTLA-4) restricts clonal 
expansion of helper T cells. J Exp Med. 2001;194(7):893-902. 

26. Leibowitz MS, Srivastava RM, Andrade Filho PA, Egloff AM, Wang L, 
Seethala RR, et al. SHP2 is overexpressed and inhibits pSTAT1-mediated 
APM component expression, T-cell attracting chemokine secretion, and CTL 
recognition in head and neck cancer cells. Clin Cancer Res. 2013;19(4):798-
808. 

27. Meissner M, Reichert TE, Kunkel M, Gooding W, Whiteside TL, Ferrone S, 
et al. Defects in the human leukocyte antigen class I antigen processing 
machinery in head and neck squamous cell carcinoma: association with clinical 
outcome. Clin Cancer Res. 2005;11(7):2552-60. 



53 

28. Krishna S, Ulrich P, Wilson E, Parikh F, Narang P, Yang S, et al. Human 
Papilloma Virus Specific Immunogenicity and Dysfunction of CD8(+) T Cells 
in Head and Neck Cancer. Cancer Res. 2018;78(21):6159-70. 

29. Schietinger A, Greenberg PD. Tolerance and exhaustion: defining mechanisms 
of T cell dysfunction. Trends Immunol. 2014;35(2):51-60. 

30. Hanna GJ, Lizotte P, Cavanaugh M, Kuo FC, Shivdasani P, Frieden A, et al. 
Frameshift events predict anti-PD-1/L1 response in head and neck cancer. JCI 
Insight. 2018;3(4). 

31. Brandtzaeg P. Immunology of tonsils and adenoids: everything the ENT 
surgeon needs to know. Int J Pediatr Otorhinolaryngol. 2003;67 Suppl 1:S69-
76. 

32. Nave H, Gebert A, Pabst R. Morphology and immunology of the human 
palatine tonsil. Anat Embryol (Berl). 2001;204(5):367-73. 

33. Finzi G, Cornaggia M, Capella C, Fiocca R, Bosi F, Solcia E, et al. Cathepsin 
E in follicle associated epithelium of intestine and tonsils: localization to M 
cells and possible role in antigen processing. Histochemistry. 1993;99(3):201-
11. 

34. Scadding GK. Immunology of the tonsil: a review. J R Soc Med. 
1990;83(2):104-7. 

35. Allen CD, Okada T, Cyster JG. Germinal-center organization and cellular 
dynamics. Immunity. 2007;27(2):190-202. 

36. Crotty S. T Follicular Helper Cell Biology: A Decade of Discovery and 
Diseases. Immunity. 2019;50(5):1132-48. 

37. Durand M, Walter T, Pirnay T, Naessens T, Gueguen P, Goudot C, et al. 
Human lymphoid organ cDC2 and macrophages play complementary roles in 
T follicular helper responses. J Exp Med. 2019;216(7):1561-81. 

38. Mescher AL. The Immune System & Lymphoid Organs.  Junqueira’s Basic 
Histology: Text and Atlas, 15e. New York, NY: McGraw-Hill Education; 
2018. 

39. Zheng ZM, Baker CC. Papillomavirus genome structure, expression, and post-
transcriptional regulation. Front Biosci. 2006;11:2286-302. 

40. Bzhalava D, Guan P, Franceschi S, Dillner J, Clifford G. A systematic review 
of the prevalence of mucosal and cutaneous human papillomavirus types. 
Virology. 2013;445(1-2):224-31. 

41. Durst M, Gissmann L, Ikenberg H, zur Hausen H. A papillomavirus DNA from 
a cervical carcinoma and its prevalence in cancer biopsy samples from 
different geographic regions. Proc Natl Acad Sci U S A. 1983;80(12):3812-5. 

42. Cubie HA. Diseases associated with human papillomavirus infection. 
Virology. 2013;445(1-2):21-34. 

43. Aksoy P, Gottschalk EY, Meneses PI. HPV entry into cells. Mutat Res Rev 
Mutat Res. 2017;772:13-22. 



54 

44. Scheffer KD, Gawlitza A, Spoden GA, Zhang XA, Lambert C, Berditchevski 
F, et al. Tetraspanin CD151 mediates papillomavirus type 16 endocytosis. J 
Virol. 2013;87(6):3435-46. 

45. Zhang P, Monteiro da Silva G, Deatherage C, Burd C, DiMaio D. Cell-
Penetrating Peptide Mediates Intracellular Membrane Passage of Human 
Papillomavirus L2 Protein to Trigger Retrograde Trafficking. Cell. 
2018;174(6):1465-76 e13. 

46. Scheffner M, Werness BA, Huibregtse JM, Levine AJ, Howley PM. The E6 
oncoprotein encoded by human papillomavirus types 16 and 18 promotes the 
degradation of p53. Cell. 1990;63(6):1129-36. 

47. Harris SL, Levine AJ. The p53 pathway: positive and negative feedback loops. 
Oncogene. 2005;24(17):2899-908. 

48. McLaughlin-Drubin ME, Park D, Munger K. Tumor suppressor p16INK4A is 
necessary for survival of cervical carcinoma cell lines. Proc Natl Acad Sci U 
S A. 2013;110(40):16175-80. 

49. Prigge ES, Arbyn M, von Knebel Doeberitz M, Reuschenbach M. Diagnostic 
accuracy of p16(INK4a) immunohistochemistry in oropharyngeal squamous 
cell carcinomas: A systematic review and meta-analysis. Int J Cancer. 
2017;140(5):1186-98. 

50. Cerqueira C, Schiller JT. Papillomavirus assembly: An overview and 
perspectives. Virus Res. 2017;231:103-7. 

51. Haeggblom L, Attoff T, Yu J, Holzhauser S, Vlastos A, Mirzae L, et al. 
Changes in incidence and prevalence of human papillomavirus in tonsillar and 
base of tongue cancer during 2000-2016 in the Stockholm region and Sweden. 
Head Neck. 2019;41(6):1583-90. 

52. Faust H, Eldenhed Alwan E, Roslin A, Wennerberg J, Forslund O. Prevalence 
of human papillomavirus types, viral load and physical status of HPV16 in 
head and neck squamous cell carcinoma from the South Swedish Health Care 
Region. J Gen Virol. 2016;97(11):2949-56. 

53. Stein AP, Saha S, Kraninger JL, Swick AD, Yu M, Lambert PF, et al. 
Prevalence of Human Papillomavirus in Oropharyngeal Cancer: A Systematic 
Review. Cancer J. 2015;21(3):138-46. 

54. Ellington TD, Henley SJ, Senkomago V, O'Neil ME, Wilson RJ, Singh S, et 
al. Trends in Incidence of Cancers of the Oral Cavity and Pharynx - United 
States 2007-2016. MMWR Morb Mortal Wkly Rep. 2020;69(15):433-8. 

55. Rettig EM, D'Souza G. Epidemiology of head and neck cancer. Surg Oncol 
Clin N Am. 2015;24(3):379-96. 

56. Lindquist D, Romanitan M, Hammarstedt L, Nasman A, Dahlstrand H, 
Lindholm J, et al. Human papillomavirus is a favourable prognostic factor in 
tonsillar cancer and its oncogenic role is supported by the expression of E6 and 
E7. Mol Oncol. 2007;1(3):350-5. 



55 

57. Amin MB, Edge SB, American Joint Committee on Cancer. AJCC cancer 
staging manual. Eighth edition. ed. Switzerland: Springer; 2017. xvii, 1024 
pages p. 

58. Gillison ML, Broutian T, Pickard RK, Tong ZY, Xiao W, Kahle L, et al. 
Prevalence of oral HPV infection in the United States, 2009-2010. JAMA. 
2012;307(7):693-703. 

59. Nasman A, Romanitan M, Nordfors C, Grun N, Johansson H, Hammarstedt L, 
et al. Tumor infiltrating CD8+ and Foxp3+ lymphocytes correlate to clinical 
outcome and human papillomavirus (HPV) status in tonsillar cancer. PLoS 
One. 2012;7(6):e38711. 

60. Nordfors C, Grun N, Tertipis N, Ahrlund-Richter A, Haeggblom L, Sivars L, 
et al. CD8+ and CD4+ tumour infiltrating lymphocytes in relation to human 
papillomavirus status and clinical outcome in tonsillar and base of tongue 
squamous cell carcinoma. Eur J Cancer. 2013;49(11):2522-30. 

61. Welters MJP, Ma W, Santegoets S, Goedemans R, Ehsan I, Jordanova ES, et 
al. Intratumoral HPV16-Specific T Cells Constitute a Type I-Oriented Tumor 
Microenvironment to Improve Survival in HPV16-Driven Oropharyngeal 
Cancer. Clin Cancer Res. 2018;24(3):634-47. 

62. Bhatt KH, Neller MA, Srihari S, Crooks P, Lekieffre L, Aftab BT, et al. 
Profiling HPV-16-specific T cell responses reveals broad antigen reactivities 
in oropharyngeal cancer patients. J Exp Med. 2020;217(10). 

63. Chesson HW, Dunne EF, Hariri S, Markowitz LE. The estimated lifetime 
probability of acquiring human papillomavirus in the United States. Sex 
Transm Dis. 2014;41(11):660-4. 

64. Bruni L, Saura-Lazaro A, Montoliu A, Brotons M, Alemany L, Diallo MS, et 
al. HPV vaccination introduction worldwide and WHO and UNICEF estimates 
of national HPV immunization coverage 2010-2019. Prev Med. 
2021;144:106399. 

65. Falcaro M, Castañon A, Ndlela B, Checchi M, Soldan K, Lopez-Bernal J, et 
al. The effects of the national HPV vaccination programme in England, UK, 
on cervical cancer and grade 3 cervical intraepithelial neoplasia incidence: a 
register-based observational study. The Lancet. 2021;398(10316):2084-92. 

66. Lawrence MS, Stojanov P, Polak P, Kryukov GV, Cibulskis K, Sivachenko A, 
et al. Mutational heterogeneity in cancer and the search for new cancer-
associated genes. Nature. 2013;499(7457):214-8. 

67. Stransky N, Egloff AM, Tward AD, Kostic AD, Cibulskis K, Sivachenko A, 
et al. The mutational landscape of head and neck squamous cell carcinoma. 
Science. 2011;333(6046):1157-60. 

68. Cancer Genome Atlas N. Comprehensive genomic characterization of head 
and neck squamous cell carcinomas. Nature. 2015;517(7536):576-82. 

69. Seiwert TY, Zuo Z, Keck MK, Khattri A, Pedamallu CS, Stricker T, et al. 
Integrative and comparative genomic analysis of HPV-positive and HPV-



56 

negative head and neck squamous cell carcinomas. Clin Cancer Res. 
2015;21(3):632-41. 

70. Plath M, Gass J, Hlevnjak M, Li Q, Feng B, Hostench XP, et al. Unraveling
most abundant mutational signatures in head and neck cancer. Int J Cancer.
2021;148(1):115-27.

71. Cancercentrum. Nationellt vårdprogram, huvud- och halscancer In:
cancercentrums R, editor. 2.2 ed. Web page2022. p. 207.

72. Pignon JP, le Maitre A, Maillard E, Bourhis J, Group M-NC. Meta-analysis of
chemotherapy in head and neck cancer (MACH-NC): an update on 93
randomised trials and 17,346 patients. Radiother Oncol. 2009;92(1):4-14.

73. Bonner JA, Harari PM, Giralt J, Cohen RB, Jones CU, Sur RK, et al.
Radiotherapy plus cetuximab for locoregionally advanced head and neck
cancer: 5-year survival data from a phase 3 randomised trial, and relation
between cetuximab-induced rash and survival. Lancet Oncol. 2010;11(1):21-
8.

74. Wheeler DL, Huang S, Kruser TJ, Nechrebecki MM, Armstrong EA,
Benavente S, et al. Mechanisms of acquired resistance to cetuximab: role of
HER (ErbB) family members. Oncogene. 2008;27(28):3944-56.

75. Lee J, Ahn E, Kissick HT, Ahmed R. Reinvigorating Exhausted T Cells by
Blockade of the PD-1 Pathway. For Immunopathol Dis Therap. 2015;6(1-2):7-
17.

76. Ferris RL, Blumenschein G, Jr., Fayette J, Guigay J, Colevas AD, Licitra L, et
al. Nivolumab for Recurrent Squamous-Cell Carcinoma of the Head and Neck.
N Engl J Med. 2016;375(19):1856-67.

77. Burtness B, Harrington KJ, Greil R, Soulieres D, Tahara M, de Castro G, Jr.,
et al. Pembrolizumab alone or with chemotherapy versus cetuximab with
chemotherapy for recurrent or metastatic squamous cell carcinoma of the head
and neck (KEYNOTE-048): a randomised, open-label, phase 3 study. Lancet.
2019;394(10212):1915-28.

78. Haddad RI, Seiwert TY, Chow LQM, Gupta S, Weiss J, Gluck I, et al.
Influence of tumor mutational burden, inflammatory gene expression profile,
and PD-L1 expression on response to pembrolizumab in head and neck
squamous cell carcinoma. J Immunother Cancer. 2022;10(2).

79. Klinakis A, Rampias T. TP53 mutational landscape of metastatic head and
neck cancer reveals patterns of mutation selection. EBioMedicine.
2020;58:102905.

80. Weiss J, Vincent B, Deal A, Grilley-Olson J, Patel S, Hackman T, et al.
Progression-free survival, overall survival and immunophenotyping outcomes
for patients with stage III-IV head and neck cancer and cisplatin
contraindication treated with definitive radiotherapy plus pembrolizumab.
International Journal of Radiation Oncology*Biology*Physics.
2020;106(5):1221.



57 

81. Sousa LG, Rajapakshe K, Rodriguez Canales J, Chin RL, Feng L, Wang Q, et 
al. ISA101 and nivolumab for HPV-16(+) cancer: updated clinical efficacy and 
immune correlates of response. J Immunother Cancer. 2022;10(2). 

82. Massarelli E, William W, Johnson F, Kies M, Ferrarotto R, Guo M, et al. 
Combining Immune Checkpoint Blockade and Tumor-Specific Vaccine for 
Patients With Incurable Human Papillomavirus 16-Related Cancer: A Phase 2 
Clinical Trial. JAMA Oncol. 2019;5(1):67-73. 

83. Maraskovsky E, Daro E, Roux E, Teepe M, Maliszewski CR, Hoek J, et al. In 
vivo generation of human dendritic cell subsets by Flt3 ligand. Blood. 
2000;96(3):878-84. 

84. Vitale LA, Thomas LJ, He LZ, O'Neill T, Widger J, Crocker A, et al. 
Development of CDX-1140, an agonist CD40 antibody for cancer 
immunotherapy. Cancer Immunol Immunother. 2019;68(2):233-45. 

85. Zhang L, Li Z, Skrzypczynska KM, Fang Q, Zhang W, O'Brien SA, et al. 
Single-Cell Analyses Inform Mechanisms of Myeloid-Targeted Therapies in 
Colon Cancer. Cell. 2020;181(2):442-59 e29. 

86. Morris SA. The evolving concept of cell identity in the single cell era. 
Development. 2019;146(12). 

87. Kawamura S, Onai N, Miya F, Sato T, Tsunoda T, Kurabayashi K, et al. 
Identification of a Human Clonogenic Progenitor with Strict Monocyte 
Differentiation Potential: A Counterpart of Mouse cMoPs. Immunity. 
2017;46(5):835-48 e4. 

88. Lee J, Breton G, Oliveira TY, Zhou YJ, Aljoufi A, Puhr S, et al. Restricted 
dendritic cell and monocyte progenitors in human cord blood and bone 
marrow. J Exp Med. 2015;212(3):385-99. 

89. Bujko A, Atlasy N, Landsverk OJB, Richter L, Yaqub S, Horneland R, et al. 
Transcriptional and functional profiling defines human small intestinal 
macrophage subsets. J Exp Med. 2018;215(2):441-58. 

90. Kanitakis J, Morelon E, Petruzzo P, Badet L, Dubernard JM. Self-renewal 
capacity of human epidermal Langerhans cells: observations made on a 
composite tissue allograft. Exp Dermatol. 2011;20(2):145-6. 

91. Hambleton S, Salem S, Bustamante J, Bigley V, Boisson-Dupuis S, Azevedo 
J, et al. IRF8 mutations and human dendritic-cell immunodeficiency. N Engl J 
Med. 2011;365(2):127-38. 

92. Papalexi E, Satija R. Single-cell RNA sequencing to explore immune cell 
heterogeneity. Nat Rev Immunol. 2018;18(1):35-45. 

93. Villani AC, Satija R, Reynolds G, Sarkizova S, Shekhar K, Fletcher J, et al. 
Single-cell RNA-seq reveals new types of human blood dendritic cells, 
monocytes, and progenitors. Science. 2017;356(6335). 

94. Shalek AK, Satija R, Shuga J, Trombetta JJ, Gennert D, Lu D, et al. Single-
cell RNA-seq reveals dynamic paracrine control of cellular variation. Nature. 
2014;510(7505):363-9. 



58 

95. Schlitzer A, Sivakamasundari V, Chen J, Sumatoh HR, Schreuder J, Lum J, et 
al. Identification of cDC1- and cDC2-committed DC progenitors reveals early 
lineage priming at the common DC progenitor stage in the bone marrow. Nat 
Immunol. 2015;16(7):718-28. 

96. Zhang Q, He Y, Luo N, Patel SJ, Han Y, Gao R, et al. Landscape and Dynamics 
of Single Immune Cells in Hepatocellular Carcinoma. Cell. 2019;179(4):829-
45 e20. 

97. Doulatov S, Notta F, Laurenti E, Dick JE. Hematopoiesis: a human 
perspective. Cell Stem Cell. 2012;10(2):120-36. 

98. Poulin LF, Reyal Y, Uronen-Hansson H, Schraml BU, Sancho D, Murphy KM, 
et al. DNGR-1 is a specific and universal marker of mouse and human Batf3-
dependent dendritic cells in lymphoid and nonlymphoid tissues. Blood. 
2012;119(25):6052-62. 

99. Schlitzer A, McGovern N, Teo P, Zelante T, Atarashi K, Low D, et al. IRF4 
transcription factor-dependent CD11b+ dendritic cells in human and mouse 
control mucosal IL-17 cytokine responses. Immunity. 2013;38(5):970-83. 

100. Bigley V, Cytlak U, Collin M. Human dendritic cell immunodeficiencies. 
Semin Cell Dev Biol. 2019;86:50-61. 

101. Breton G, Zheng S, Valieris R, Tojal da Silva I, Satija R, Nussenzweig 
MC. Human dendritic cells (DCs) are derived from distinct circulating 
precursors that are precommitted to become CD1c+ or CD141+ DCs. J Exp 
Med. 2016;213(13):2861-70. 

102. Chen W, Chan AS, Dawson AJ, Liang X, Blazar BR, Miller JS. FLT3 
ligand administration after hematopoietic cell transplantation increases 
circulating dendritic cell precursors that can be activated by CpG 
oligodeoxynucleotides to enhance T-cell and natural killer cell function. Biol 
Blood Marrow Transplant. 2005;11(1):23-34. 

103. Rodrigues PF, Alberti-Servera L, Eremin A, Grajales-Reyes GE, Ivanek R, 
Tussiwand R. Distinct progenitor lineages contribute to the heterogeneity of 
plasmacytoid dendritic cells. Nat Immunol. 2018;19(7):711-22. 

104. Herman JS, Sagar, Grun D. FateID infers cell fate bias in multipotent 
progenitors from single-cell RNA-seq data. Nat Methods. 2018;15(5):379-86. 

105. Patel AA, Zhang Y, Fullerton JN, Boelen L, Rongvaux A, Maini AA, et al. 
The fate and lifespan of human monocyte subsets in steady state and systemic 
inflammation. J Exp Med. 2017;214(7):1913-23. 

106. Ginhoux F, Jung S. Monocytes and macrophages: developmental pathways 
and tissue homeostasis. Nat Rev Immunol. 2014;14(6):392-404. 

107. Bian Z, Gong Y, Huang T, Lee CZW, Bian L, Bai Z, et al. Deciphering 
human macrophage development at single-cell resolution. Nature. 
2020;582(7813):571-6. 



59 

108. Askew K, Li K, Olmos-Alonso A, Garcia-Moreno F, Liang Y, Richardson
P, et al. Coupled Proliferation and Apoptosis Maintain the Rapid Turnover of
Microglia in the Adult Brain. Cell Rep. 2017;18(2):391-405.

109. Ginhoux F, Greter M, Leboeuf M, Nandi S, See P, Gokhan S, et al. Fate
mapping analysis reveals that adult microglia derive from primitive
macrophages. Science. 2010;330(6005):841-5.

110. Schulz C, Gomez Perdiguero E, Chorro L, Szabo-Rogers H, Cagnard N,
Kierdorf K, et al. A lineage of myeloid cells independent of Myb and
hematopoietic stem cells. Science. 2012;336(6077):86-90.

111. Soucie EL, Weng Z, Geirsdottir L, Molawi K, Maurizio J, Fenouil R, et al.
Lineage-specific enhancers activate self-renewal genes in macrophages and
embryonic stem cells. Science. 2016;351(6274):aad5510.

112. Dick SA, Wong A, Hamidzada H, Nejat S, Nechanitzky R, Vohra S, et al.
Three tissue resident macrophage subsets coexist across organs with conserved
origins and life cycles. Sci Immunol. 2022;7(67):eabf7777.

113. Eisenbarth SC. Dendritic cell subsets in T cell programming: location
dictates function. Nat Rev Immunol. 2019;19(2):89-103.

114. Brown CC, Gudjonson H, Pritykin Y, Deep D, Lavallee VP, Mendoza A,
et al. Transcriptional Basis of Mouse and Human Dendritic Cell Heterogeneity.
Cell. 2019;179(4):846-63 e24.

115. Dutertre CA, Becht E, Irac SE, Khalilnezhad A, Narang V, Khalilnezhad
S, et al. Single-Cell Analysis of Human Mononuclear Phagocytes Reveals
Subset-Defining Markers and Identifies Circulating Inflammatory Dendritic
Cells. Immunity. 2019;51(3):573-89 e8.

116. Leylek R, Alcantara-Hernandez M, Granja JM, Chavez M, Perez K, Diaz
OR, et al. Chromatin Landscape Underpinning Human Dendritic Cell
Heterogeneity. Cell Rep. 2020;32(12):108180.

117. Mulder K, Patel AA, Kong WT, Piot C, Halitzki E, Dunsmore G, et al.
Cross-tissue single-cell landscape of human monocytes and macrophages in
health and disease. Immunity. 2021;54(8):1883-900 e5.

118. Nalio Ramos R, Missolo-Koussou Y, Gerber-Ferder Y, Bromley CP,
Bugatti M, Nunez NG, et al. Tissue-resident FOLR2(+) macrophages associate
with CD8(+) T cell infiltration in human breast cancer. Cell.
2022;185(7):1189-207 e25.

119. Tang-Huau TL, Gueguen P, Goudot C, Durand M, Bohec M, Baulande S,
et al. Human in vivo-generated monocyte-derived dendritic cells and
macrophages cross-present antigens through a vacuolar pathway. Nat
Commun. 2018;9(1):2570.

120. Bourdely P, Anselmi G, Vaivode K, Ramos RN, Missolo-Koussou Y,
Hidalgo S, et al. Transcriptional and Functional Analysis of CD1c(+) Human
Dendritic Cells Identifies a CD163(+) Subset Priming CD8(+)CD103(+) T
Cells. Immunity. 2020;53(2):335-52 e8.



60 

121. Yin X, Yu H, Jin X, Li J, Guo H, Shi Q, et al. Human Blood CD1c+ 
Dendritic Cells Encompass CD5high and CD5low Subsets That Differ 
Significantly in Phenotype, Gene Expression, and Functions. J Immunol. 
2017;198(4):1553-64. 

122. Zhang H, Gregorio JD, Iwahori T, Zhang X, Choi O, Tolentino LL, et al. 
A distinct subset of plasmacytoid dendritic cells induces activation and 
differentiation of B and T lymphocytes. Proc Natl Acad Sci U S A. 
2017;114(8):1988-93. 

123. McAllister SS, Weinberg RA. The tumour-induced systemic environment 
as a critical regulator of cancer progression and metastasis. Nat Cell Biol. 
2014;16(8):717-27. 

124. Wu WC, Sun HW, Chen HT, Liang J, Yu XJ, Wu C, et al. Circulating 
hematopoietic stem and progenitor cells are myeloid-biased in cancer patients. 
Proc Natl Acad Sci U S A. 2014;111(11):4221-6. 

125. Almand B, Clark JI, Nikitina E, van Beynen J, English NR, Knight SC, et 
al. Increased production of immature myeloid cells in cancer patients: a 
mechanism of immunosuppression in cancer. J Immunol. 2001;166(1):678-89. 

126. Garrity T, Pandit R, Wright MA, Benefield J, Keni S, Young MR. 
Increased presence of CD34+ cells in the peripheral blood of head and neck 
cancer patients and their differentiation into dendritic cells. Int J Cancer. 
1997;73(5):663-9. 

127. Millrud CR, Bergenfelz C, Leandersson K. On the origin of myeloid-
derived suppressor cells. Oncotarget. 2017;8(2):3649-65. 

128. Bronte V, Brandau S, Chen SH, Colombo MP, Frey AB, Greten TF, et al. 
Recommendations for myeloid-derived suppressor cell nomenclature and 
characterization standards. Nat Commun. 2016;7:12150. 

129. Cassetta L, Bruderek K, Skrzeczynska-Moncznik J, Osiecka O, Hu X, 
Rundgren IM, et al. Differential expansion of circulating human MDSC 
subsets in patients with cancer, infection and inflammation. J Immunother 
Cancer. 2020;8(2). 

130. Corzo CA, Condamine T, Lu L, Cotter MJ, Youn JI, Cheng P, et al. HIF-
1alpha regulates function and differentiation of myeloid-derived suppressor 
cells in the tumor microenvironment. J Exp Med. 2010;207(11):2439-53. 

131. Pello OM, De Pizzol M, Mirolo M, Soucek L, Zammataro L, Amabile A, 
et al. Role of c-MYC in alternative activation of human macrophages and 
tumor-associated macrophage biology. Blood. 2012;119(2):411-21. 

132. Kalinski P. Regulation of immune responses by prostaglandin E2. J 
Immunol. 2012;188(1):21-8. 

133. Lang S, Bruderek K, Kaspar C, Hoing B, Kanaan O, Dominas N, et al. 
Clinical Relevance and Suppressive Capacity of Human Myeloid-Derived 
Suppressor Cell Subsets. Clin Cancer Res. 2018;24(19):4834-44. 



61 

134. Alshetaiwi H, Pervolarakis N, McIntyre LL, Ma D, Nguyen Q, Rath JA, et
al. Defining the emergence of myeloid-derived suppressor cells in breast
cancer using single-cell transcriptomics. Sci Immunol. 2020;5(44).

135. Veglia F, Hashimoto A, Dweep H, Sanseviero E, De Leo A, Tcyganov E,
et al. Analysis of classical neutrophils and polymorphonuclear myeloid-
derived suppressor cells in cancer patients and tumor-bearing mice. J Exp Med.
2021;218(4).

136. Sallusto F, Lanzavecchia A. Efficient presentation of soluble antigen by
cultured human dendritic cells is maintained by granulocyte/macrophage
colony-stimulating factor plus interleukin 4 and downregulated by tumor
necrosis factor alpha. J Exp Med. 1994;179(4):1109-18.

137. Goudot C, Coillard A, Villani AC, Gueguen P, Cros A, Sarkizova S, et al.
Aryl Hydrocarbon Receptor Controls Monocyte Differentiation into Dendritic
Cells versus Macrophages. Immunity. 2017;47(3):582-96 e6.

138. Segura E, Touzot M, Bohineust A, Cappuccio A, Chiocchia G, Hosmalin
A, et al. Human inflammatory dendritic cells induce Th17 cell differentiation.
Immunity. 2013;38(2):336-48.

139. Michea P, Noel F, Zakine E, Czerwinska U, Sirven P, Abouzid O, et al.
Adjustment of dendritic cells to the breast-cancer microenvironment is subset
specific. Nat Immunol. 2018;19(8):885-97.

140. Martinez FO, Gordon S. The M1 and M2 paradigm of macrophage
activation: time for reassessment. F1000Prime Rep. 2014;6:13.

141. Mills CD, Kincaid K, Alt JM, Heilman MJ, Hill AM. M-1/M-2
macrophages and the Th1/Th2 paradigm. J Immunol. 2000;164(12):6166-73.

142. Xue J, Schmidt SV, Sander J, Draffehn A, Krebs W, Quester I, et al.
Transcriptome-based network analysis reveals a spectrum model of human
macrophage activation. Immunity. 2014;40(2):274-88.

143. Keeley EC, Mehrad B, Strieter RM. Chapter 3 - CXC Chemokines in
Cancer Angiogenesis and Metastases. In: Vande Woude GF, Klein G, editors.
Advances in Cancer Research. 106: Academic Press; 2010. p. 91-111.

144. Casteleyn C, Breugelmans S, Simoens P, Van den Broeck W. The tonsils
revisited: review of the anatomical localization and histological characteristics
of the tonsils of domestic and laboratory animals. Clin Dev Immunol.
2011;2011:472460.

145. Driehuis E, Kolders S, Spelier S, Lohmussaar K, Willems SM, Devriese
LA, et al. Oral Mucosal Organoids as a Potential Platform for Personalized
Cancer Therapy. Cancer Discov. 2019;9(7):852-71.

146. Wagar LE, Salahudeen A, Constantz CM, Wendel BS, Lyons MM,
Mallajosyula V, et al. Modeling human adaptive immune responses with tonsil
organoids. Nat Med. 2021;27(1):125-35.



62 

147. Sato T, van Es JH, Snippert HJ, Stange DE, Vries RG, van den Born M, et 
al. Paneth cells constitute the niche for Lgr5 stem cells in intestinal crypts. 
Nature. 2011;469(7330):415-8. 

148. Clevers H, Loh KM, Nusse R. Stem cell signaling. An integral program for 
tissue renewal and regeneration: Wnt signaling and stem cell control. Science. 
2014;346(6205):1248012. 

149. Dijkstra KK, Cattaneo CM, Weeber F, Chalabi M, van de Haar J, Fanchi 
LF, et al. Generation of Tumor-Reactive T Cells by Co-culture of Peripheral 
Blood Lymphocytes and Tumor Organoids. Cell. 2018;174(6):1586-98 e12. 

150. Kersti Alm ZE-S, Maria Falck Miniotis, Anette Gjörloff Wingren, Birgit 
Janicke and Stina Oredsson. Cells and Holograms – Holograms and Digital 
Holographic Microscopy as a Tool to Study the Morphology of Living Cells. 
In: Mihaylova E, editor. Holography - Basic Principles and Contemporary 
Applications. London: IntechOpen; 2013. p. 392. 

151. Forslund O, Sugiyama N, Wu C, Ravi N, Jin Y, Swoboda S, et al. A novel 
human in vitro papillomavirus type 16 positive tonsil cancer cell line with high 
sensitivity to radiation and cisplatin. BMC Cancer. 2019;19(1):265. 

152. Krishnamurthy S, Nor JE. Orosphere assay: a method for propagation of 
head and neck cancer stem cells. Head Neck. 2013;35(7):1015-21. 

153. Mehta P, Novak C, Raghavan S, Ward M, Mehta G. Self-Renewal and 
CSCs In Vitro Enrichment: Growth as Floating Spheres. Methods Mol Biol. 
2018;1692:61-75. 

154. Elkashty OA, Abu Elghanam G, Su X, Liu Y, Chauvin PJ, Tran SD. Cancer 
stem cells enrichment with surface markers CD271 and CD44 in human head 
and neck squamous cell carcinomas. Carcinogenesis. 2020;41(4):458-66. 

155. Krug A, Towarowski A, Britsch S, Rothenfusser S, Hornung V, Bals R, et 
al. Toll-like receptor expression reveals CpG DNA as a unique microbial 
stimulus for plasmacytoid dendritic cells which synergizes with CD40 ligand 
to induce high amounts of IL-12. Eur J Immunol. 2001;31(10):3026-37. 

156. Ito T, Amakawa R, Kaisho T, Hemmi H, Tajima K, Uehira K, et al. 
Interferon-alpha and interleukin-12 are induced differentially by Toll-like 
receptor 7 ligands in human blood dendritic cell subsets. J Exp Med. 
2002;195(11):1507-12. 

157. Hagemann-Jensen M, Ziegenhain C, Chen P, Ramskold D, Hendriks GJ, 
Larsson AJM, et al. Single-cell RNA counting at allele and isoform resolution 
using Smart-seq3. Nat Biotechnol. 2020;38(6):708-14. 

158. Beck M, Schmidt A, Malmstroem J, Claassen M, Ori A, Szymborska A, et 
al. The quantitative proteome of a human cell line. Mol Syst Biol. 2011;7:549. 

159. Granot T, Senda T, Carpenter DJ, Matsuoka N, Weiner J, Gordon CL, et 
al. Dendritic Cells Display Subset and Tissue-Specific Maturation Dynamics 
over Human Life. Immunity. 2017;46(3):504-15. 



63 

160. Castino GF, Cortese N, Capretti G, Serio S, Di Caro G, Mineri R, et al. 
Spatial distribution of B cells predicts prognosis in human pancreatic 
adenocarcinoma. Oncoimmunology. 2016;5(4):e1085147. 

161. Dieu-Nosjean MC, Antoine M, Danel C, Heudes D, Wislez M, Poulot V, 
et al. Long-term survival for patients with non-small-cell lung cancer with 
intratumoral lymphoid structures. J Clin Oncol. 2008;26(27):4410-7. 

162. Ruffin AT, Cillo AR, Tabib T, Liu A, Onkar S, Kunning SR, et al. B cell 
signatures and tertiary lymphoid structures contribute to outcome in head and 
neck squamous cell carcinoma. Nat Commun. 2021;12(1):3349. 

163. Clynes RA, Towers TL, Presta LG, Ravetch JV. Inhibitory Fc receptors 
modulate in vivo cytotoxicity against tumor targets. Nat Med. 2000;6(4):443-
6. 

164. Lattanzio L, Denaro N, Vivenza D, Varamo C, Strola G, Fortunato M, et 
al. Elevated basal antibody-dependent cell-mediated cytotoxicity (ADCC) and 
high epidermal growth factor receptor (EGFR) expression predict favourable 
outcome in patients with locally advanced head and neck cancer treated with 
cetuximab and radiotherapy. Cancer Immunol Immunother. 2017;66(5):573-9. 

165. Wieland A, Patel MR, Cardenas MA, Eberhardt CS, Hudson WH, Obeng 
RC, et al. Defining HPV-specific B cell responses in patients with head and 
neck cancer. Nature. 2021;597(7875):274-8. 

 

 

 

 

 

 

 

 

 





65 

Acknowledgements 

There is no ending without a beginning, and this particular journey starts with 

a series of short chats back in the winter of 2018.  Malin, I still remember when 

you offered me to join your team on a 24th of December. The scene is imprinted 

in my memory, we were talking about meeting in person, while I was scrolling 

to place Lund in the map. That scene illustrates how you infuse your team with 

energy and motivation for science, in that case convincing me to move to a 

place I had not heard from before. Over the years, we have explored a lot of 

ideas, many have failed, and in as many we have disagreed, but you have 

always managed to boost my confidence. Thanks for the opportunity, the trust, 

and the support, I have developed a lot under your mentorship, both in and 

outside of the lab.  

Lennart, I appreciate your perfectionism, structure, and realism when 

working. Your ability to quickly adapt to any topic and change your point of 

view has fascinated me. David and Sabine, thanks for the exchange of ideas, 

and for the disposition to make projects run smoothly, you have been key 

components of our team. Sabine and Rebecca, our afterworks have been more 

successful than some of our collaborative efforts. I take with me all the laughs, 

and the promise of trying new hype spots in Malmö.  

The department of Immunotechnology has changed a lot in since 2018, but my 

colleagues have been always helpful and supportive, and I am thankful to all 

of you for that. Milad and Tim, thanks for all the philosophical guidance, you 

made me feel welcomed at the department since the beginning. I hope we still 

have many tennis and padel matches ahead. Aastha, we have shared a lot of 

hours and headaches in front of Aria and writing manuscripts. Thanks for 

showing me that every situation can be approached with a smile. Can, thanks 

for all the nice discussions, and the fun above and below water. I wish you the 

best of luck as new FC Master. Sofia thanks for all the laughs looking at the 

news, tips on how to grow plants, music in the lab, and delicious cakes. I wish 

you the best of luck in your PhD journey. Viktor, thanks for all the rewarding 

discussions, chats behind closed doors, and especially the absurd, non-sense 

moments. You have been a true friend in this last three years. Magda, you are 



66 

an omnipresent source of practical information, both regarding experiments 

and trekking. Thanks for running the department in the shadow, you make 

Immunotechnology work soundly.  Kristina and Ashfaq, thanks your support 

in key moments and for having your door always open for me. Joana, thanks 

for all the “silent” fun at the office. Lavanya and Sergio, we haven’t been as 

close during this time, but I have always enjoyed your acid, spot-on sense of 

humor. Christina, I appreciate your help during the first year, your scientific 

rectitude, and your ability to state things boldly.  

Claudio, I don’t even know where to begin. We’ve shared countless 

experiences together; I appreciate your brutal honesty and your willingness to 

think independently. I hope your critical thinking will, someday, make you 

despise the heavy metal that you love so much. Non ho potuto resistere 

quest'ultima; ci vediamo my friend. Adrian, thanks for introducing me to 

climbing. I hope to work on some hard projects together. Roger, James and 

Chris, thanks for the laughs, the train cans, the suicidal nights out, and all the 

memories. We’ve had a weird old-friend synergy that has been essential for 

me during these years.  

To my very first neighbor in Lund, Alba Maria Garcia Serrano, I’m glad we 

became friends even after you realized I don’t speak French. I have had 

massive fun planning music festivals together (sometimes just planning, not 

really attending), recreating muchachada nui gags, and on trips with Martin 

and Irene. Thanks to the three of you for the support in the dark times.   

Anna, Marta and Laura, I had a lot of fun living together with you at the 

Mafia house. Thanks for all the gossips, the parties, and lately the brunches in 

Malmö. I hope we can convince Laura to join KC soon. Anna and Jordi, I 

wish you all the best in Boston, and I hope you enjoy such a great city. I will 

visit soon, and maybe go for a quick weekend to Red Rock.  

Ignacio, Miriam, Espe, Hector, Raquel, Pau, Elsa, Will, Tony, Javi and 

Judith., thanks for welcoming me to the promise land. Thanks to everyone in 

the “Be creative” group: Fabio D, Fabio F, Marine, Eliška, Marcus, 

Martino, Matilde, Isak, Marija, Alex, Maria, Roberta, Bianca, Tiago B., 

Tiago C., Carletto, Julie, Albert, Nadja, Nic, Scott, Mert, Eduardo, Mo, 

and Carolina. From dinners to Thursday beer and sauna I have shared many 

fun and memorable moments with all of you.  

To Arianna, who has been patient and supportive while I have been writing 

this endless book. Thanks for dragging me down to earth when it was needed 

and make me laugh. I hope to correspond your natural optimism and evolve 

with you.    



67 

I am grateful to those that have supported me from a distance. Some of you 

have even dared to visit me and explore the north, but most importantly you 

have all made home feel as such: David A., David M., Berta, Paula, Carlos, 

Marc, Dani, Sara, Sarai, Mireia, Sergio, Baró, Uri, Ainara, David H., 

Albert, Nico and Nuria. Special thanks to my mum and my sister for all your 

support and love, you are such strong women, I admire your capacity to better 

yourselves.     

Further, I thank all the funding agencies that have supported this work, the 

European Union’s Horizon 2020 research and innovation programme, the 

Cancera Foundation, Laryngfonden, ACTA Oto-Laryngologica Foundation, 

Henning and Ida Persson’s Research Foundation, Mrs. Berta Kamprad’s 

Cancer Foundation, and the Faculty of Engineering, Lund University. Special 

mention to the Royal Physiographic Society of Lund, John and Augusta 

Perssons’ foundation, LMK foundation and Ernhold Lundström’s foundation 

for supporting scientific dissemination of science. Lastly, thanks to Vinnova 

and Peter Ellmark for giving me the opportunity to contribute to the 

development of cutting-edge immunotherapy.  







Lund University
Faculty of Engineering

Department of Immunotechnology

ISBN 978-91-8039-425-3 9
7
8
9
1
8
0

3
9
4
2
5
3

N
O

RD
IC

 S
W

A
N

 E
C

O
LA

BE
L 

30
41

 0
90

3
Pr

in
te

d 
by

 M
ed

ia
-T

ry
ck

, L
un

d 
20

22


	Tom sida
	332236_nr7_E5_Gomez.pdf
	Tom sida




