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Summary 

The immune system is designed to protect our bodies from infection by constantly surveying peripheral 

tissues for signs of infection. Immune effectors are activated and mobilized upon detection of components 

from pathogenic intruders, but the immune system can also recognize and eliminate transformed, 

cancerous cells if they appear foreign by expression of mutated antigens. The ability of the immune system 

to recognize and eliminate cancer cells have motivated the development of cancer immunotherapies that 

aim at mobilizing a tumour reactive immune response.  Adoptive T cell therapy (ACT) is a type of cancer 

immunotherapy that has undergone extensive development during the past decades and now offers a 

curative option for subgroups of patients with malignant melanoma and haematological malignancies. ACT 

is based on treatment with autologous tumour-reactive, T cells that are isolated from the patient, 

expanded ex vivo and infused back to the patient.  

Despite impressive response rates, the majority of patients are not cured by ACT and currently the therapy 

is not effective for solid cancers other than melanoma. It is therefore necessary to continuously advance 

the procedure by identifying factors that influence the therapeutic efficacy of ACT. The phenotype of the 

infused T cells is known to influence the persistence and ability of T cells to sustain long-term tumour-

reactivity, and studies have shown that using minimally differentiated T cells for ACT improves the 

therapeutic outcome. Furthermore, providing post-infusion priming of T cells by tumour antigen 

vaccination has been found to enhance the persistence and functionality of the infused T cells. Motivated 

by these findings, this thesis provides a preclinical evaluation of a therapeutic strategy that aims at 

improving the therapeutic response of ACT by combining infusion of naïve, antigen-specific T cells with a 

liposomal tumour antigen vaccination consisting of tumour antigen and a toll-like receptor 7 (TLR7) agonist 

conjugated to a liposomal formulation. 

The work behind manuscript 1 presented in this thesis demonstrate that adoptively transferred, naïve 

antigen-specific T cells can be primed and expand in vivo by post-infusion liposomal vaccination with their 

cognate antigen. The liposomal vaccine effectively activated and induced antigen-presentation by antigen-

presenting cells in vitro and in vivo, which stimulated extensive expansion of adoptively transferred T cells. 

The T cell expansion resulted in a high tumour infiltration of antigen-specific T cells and was associated with 

improved tumour control and prolonged survival of treated mice.  

Manuscript 2 describes an evaluation of the tumour-intrinsic mechanisms associated with tumour response 

to ACT and an eventual tumour relapse that was observed after an initial period of ACT-induced tumour 

regression. A comparative transcriptional analysis of untreated control tumours, responding tumours and 

relapsing tumours demonstrated that response to ACT was associated with upregulation of genes indicative 



   
_______________________________________________________________________________________ 

     
8 

 

of tumour-infiltration of activated dendritic cells and cytotoxic effector functions of T cells and natural killer 

cells. Furthermore, responding tumours had an upregulated expression of genes associated with tumour 

associated macrophage-mediated immune suppressive mechanisms. Contrasting this, relapsing tumours 

were characterized by a transcriptional profile associated with immune exclusion, as genes associated with 

both pro-inflammatory and immune suppressive mechanisms were significantly downregulated. These 

results indicate that the ACT-induced immunogenic tumour reactivity is associated with induction of 

immune suppressive mechanisms and that relapsing tumours evolve to become immune excluded. 

Collectively, the work behind this thesis describes a preclinical evaluation of performing ACT using naïve, 

antigen-specific T cells that are primed post-infusion by a liposomal tumour antigen vaccination, and it 

elucidates tumour-intrinsic mechanisms associated with response to and eventual tumour escape from ACT 

and tumour antigen vaccination. This work can have implications for the future design of ACT treatment 

regimens by offering insights to the mechanisms behind response to ACT and subsequent escape 

mechanisms. 
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Sammendrag 

Immunsystemet er designet til at beskytte mod infektion, ved kontinuerligt at undersøge kroppens væv for 

infektionstegn. Immunceller aktiveres og mobiliseres, når de detekterer komponenter fra indtrængende 

patogene organismer, men immunsystemet kan også genkende og eliminere kræftceller, hvis udtrykker 

muterede antigener, som får dem til at se anderledes ud end kroppens raske celler. Immunsystemets evne 

til at genkende og eliminere kræftceller har motiveret udviklingen af cancer immunterapier, som virker ved 

at mobilisere et tumorreaktivt immunrespons. Adoptiv T-celleterapi (ACT) er en form for cancer 

immunterapi, der har gennemgået en omfattende udvikling i løbet af de sidste årtier, og som i dag bruges 

til at behandle subgrupper af patienter med malignt melanom og hæmatologiske kræftformer. ACT er 

baseret på behandling med autologe tumorreaktive T celler, der er isoleret tumor biopsier eller blodprøver, 

ekspanderet ex vivo og derefter givet tilbage til patienten. 

På trods af relativt gode responsrater bliver størstedelen af patienter ikke helbredt af ACT, og behandlingen 

er ikke effektiv mod andre solide kræftformer end melanom. Det er derfor vigtigt at identificere faktorer, 

der har indflydelse på den terapeutiske effekt af ACT, for at kunne fortsætte udviklingen og udbredelsen af 

terapien. Man ved, at fænotypen af de T celler, som overføres ved ACT, påvirker cellernes udholdenhed og 

evne til at opretholde langvarig tumor-reaktivitet, og undersøgelser har vist, at brugen af minimalt 

differentierede T-celler til ACT forbedrer behandlingseffekten. Herudover har studier vist, at kombinationen 

af ACT og tumorantigenvaccination kan forbedre udholdenheden og funktionaliteten af de overførte T-

celler. Denne viden har motiveret studiet bag denne afhandling, som udgør en præklinisk evaluering af en 

terapeutisk strategi, der stiler mod at forbedre behandlingseffekten af ACT, ved at kombinere overførsel af 

naive, antigenspecifikke T-celler med en liposomal tumorantigenvaccine bestående af tumorantigen og en 

TLR7-agonist konjugeret til en liposom formulering. 

Arbejdet bag manuskript 1, som præsenteres i denne afhandling, viser at naive, antigenspecifikke T celler 

kan primes og ekspanderes in vivo ved liposomal vaccination med deres kognate antigen. I studiet bag 

manuskript 1 blev det påvist, at den liposomale vaccine effektivt kunne aktivere og inducere 

antigenpræsentation af antigenpræsenterende celler både in vitro og in vivo, hvilket stimulerede en massiv 

ekspansion af adoptivt overførte T-celler. T celle ekspansionen var associeret med en høj tumorinfiltration 

af antigenspecifikke T-celler og resulterede i langsommere tumorvækst og længere overlevelse af 

behandlede mus. 

Manuskript 2 beskriver en evaluering af de mekanismer, der er forbundet med tumourrespons til ACT samt 

tumor-tilbagefald, som kunne observeres efter en indledende periode med ACT-induceret tumorregression. 

En analyse baseret på RNA sekventering af ubehandlede kontroltumorer, ACT-responsive tumorer og 
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tilbagefaldende tumorer viste, at tumorrespons efter ACT var forbundet med opregulering af gener både 

forbundet med tumorinfiltration af aktiverede dendritiske celler samt cytotoksiske funktioner af T-celler og 

natural killer celler. Ydermere havde responderende tumorer en opreguleret ekspression af gener 

forbundet med immunsuppressive mekanismer. I modsætning hertil var tilbagefaldende tumorer 

karakteriseret ved en nedregulering af både gener forbundet med pro-inflammatoriske og 

immunsuppressive mekanismer. Disse resultater indikerer, at den ACT-inducerede tumor-reaktivitet er 

associeret med induktion af immunsuppressive mekanismer, og at tilbagefaldende tumorer udvikler sig til 

at blive immunekskluderende.  

Arbejdet bag denne afhandling beskriver en præklinisk evaluering af anvendelsen af naive, 

antigenspecifikke T-celler til ACT, som bliver primet in vivo af en liposomal tumorantigenvaccination, samt 

de mekanismer, der er forbundet med respons på og tumor-tilbagefald fra ACT. Samlet set kan dette 

arbejde have implikationer for designet af fremtidige ACT-behandlingsregimer ved at give indsigt i 

mekanismerne bag både respons efter ACT og tumor-tilbagefald. 
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1.1 Rationale 

Cancer is a leading cause of death in developed countries. In 2018, 9.6 million people died from cancer 

worldwide1 and a recent report estimates that every day in 2019, 1,700 Americans will die from cancer with 

an estimated probability of developing invasive cancer from birth to death of 39.3%2. Some patients benefit 

from conventional cancer therapies that include surgery, radiotherapy and chemotherapy. Surgery and 

radiotherapy can be used to treat a proportion of patients with localized disease while chemotherapy can 

be used as treatment against both local and metastatic disease. Unfortunately, a large proportion of 

patients cannot be cured by the conventional cancer treatments. This can be due to the anatomical 

localization of the tumour, the stage of the disease or development of chemotherapeutic resistance. It is 

therefore of high importance to continuously improve our knowledge on cancer pathogenesis to facilitate 

optimization of current treatments as well as development of novel therapeutic strategies. 

Advances in the understanding of tumour biology have highlighted an important interplay between cancer 

cells and the immune system during both progression and elimination of a tumour3. This has paved the way 

for the development of cancer immunotherapies that exploits the fact that cancer cells express antigens 

that can be recognized as foreign by cells of the immune system. Cancer immunotherapies therefore target 

components of the immune system with the aim to activate, expand and mobilize immune cells that 

directly or indirectly cause elimination of cancer cells. The extension of the cancer therapeutic spectrum 

with immunotherapies makes it possible to combine treatments that target several aspects of tumour 

progression, thereby improving the likelihood of clinical response4.  

 

Adoptive T-cell therapy (ACT) is a type of cancer immunotherapy that has become a potentially curative 

option for subgroups of patients with melanoma and haematological malignancies. ACT is based on 

treatment with a pool of autologous, tumour-reactive T cells that are isolated and expanded ex vivo before 

they are infused back to the patient5. The most established types of ACT are based on treatment with 

tumour infiltrating lymphocytes (TILs) and chimeric antigen receptor (CAR) T cells that are genetically 

engineered to recognize a target antigen express by the cancer cells. TIL-based ACT has for decades been 

used to successfully treat patients with melanoma6–9 and CAR-T cell therapy has within the past few years 

demonstrated impressive therapeutic efficacy in patients with specific haematological malignancies10–12.  

 

Despite relatively good response rates, the majority of patients do not benefit from ACT. This can be due to 

T cell intrinsic and/or host-related factors that affect the ability of the T cells to function after infusion13–16. 

Acquired resistance to ACT can also develop after an initial period of therapy-induced cancer regression, 
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because tumours can adapt mechanisms to avoid immune mediated destruction. Therefore, it is necessary 

to improve current treatment procedures and develop novel therapeutic strategies, to increase ACT 

response rates, and to expand the applicability of ACT to other types of malignancies. Several factors are 

known to impact the clinical outcome of ACT and this understanding offers some opportunities for 

therapeutic optimization. It has been found that the phenotype of the infused T cells affects their 

persistence and functional capacity, and particularly the ability of T cells to persist long-term after infusion 

has been linked to clinical efficacy17–19. Tumour infiltration of immune suppressive subsets can also affect 

the tumour reactive capacities of the infused T cells and ultimately make them dysfunctional20,21.  

 

One strategy, that can be used to enhance the persistence and functionality of infused T cells for ACT, is to 

select specific T cell subsets with known superior tumour reactive capacities. Terminally differentiated T 

cells have traditionally been used for ACT because of the high cytotoxic potential of this subset. Using 

terminally differentiated T cell subsets for ACT can however be problematic, because they are short-lived 

and incapable of self-renewal, which limits their ability to sustain a tumour reactive response. Minimally 

differentiated T cells, on the other hand, have been found to have superior therapeutic capacities 

compared to T cells with a more differentiated phenotype22–24. This is thought to be attributed to the stem-

cell like features of less differentiated T cell subsets that allow them to self-renew and thereby maintain a 

pool of tumour-reactive T cells25. 

 

Another way to enhance the therapeutic efficacy of ACT is to combine T cell infusion with therapies that 

target other components of the immune system to modulate the inflammatory state and support the 

functions of the infused T cells26,27. In particular the combination of ACT and tumour antigen vaccination is 

an interesting therapeutic strategy because an effective tumour antigen vaccination can provide additional 

antigen-stimulation and co-stimulatory signals to strengthen post-infusion T cell priming28–35. Cancer 

vaccines, which have typically been based on infusion of autologous dendritic cells (DCs) or parenteral 

administration of tumour antigens and adjuvant, have however yielded disappointing results with modest 

clinical efficacy36. This can presumably be attributed to sub-optimal administration of vaccine 

components37,38, difficulties identifying immunogenic tumour antigens39 and the barrier imposed by the 

immune suppressive tumour microenvironment40. It is therefore necessary to improve the design of cancer 

vaccines to enhance the immunogenicity and induce an effective and sustained tumour reactive T cell 

response. 
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Cancer immunotherapies, including ACT, offer a curative option for a minority of cancer patients but 

therapeutic optimization is necessary to further improve clinical response rates and unleash the full 

potential of the therapy. Several aspects of cancer pathogenesis must be considered to determine how 

immunotherapeutic and conventional cancer treatments can be combined in considerable and effective 

ways, to achieve synergistic effects and improve the clinical response rates. 
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1.2 Aim and Objectives 

The overall aim of the work, that laid the foundation for this thesis, was to provide a preclinical evaluation 

of performing ACT using naïve, antigen-specific CD8+ T cells that are primed in vivo by tumour antigen 

vaccination. The tumour antigen vaccine, described in this study, was based on a liposomal formulation 

containing the cognate antigen of the infused T cells and a TLR7 agonist. The specific objectives to achieve 

the aim were: 

 

 To evaluate the ability of the liposomal tumour antigen vaccination to stimulate activation and 

antigen presentation by antigen-presenting cells (APCs) in vitro and in vivo (manuscript 1) 

 To assess the ability of liposome treated APCs to prime antigen specific T cells in vitro and in vivo 

(manuscript 1) 

 To evaluate the effect on tumour growth and survival of tumour bearing mice by combining ACT 

with post-transfer liposomal vaccination (manuscript 1) 

 To elucidate the mechanisms behind tumour relapse observed after initial period of response to 

ACT and tumour antigen vaccination (manuscript 2) 

 To outline therapeutic strategies that can be utilized to improve the therapeutic efficacy of ACT by 

engaging DCs alongside T cell infusion (review 1) 

 

The objectives of this thesis were addressed using a broad variety of in vitro and in vivo assays with female 

C57bl/6 mice as model organism. 
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1.3 Outline of Thesis 

This introductory chapter (chapter 1) is followed by chapter 2, which will guide the reader through the 

concept of cancer immunity and adoptive T cell transfer (ACT) and tumour antigen vaccinations as 

immunotherapeutic cancer treatments. Chapter 3 entails three manuscripts included in this thesis: a review 

(review 1) outlining and discussing how endogenous dendritic cells can be leveraged to enhance the 

therapeutic efficacy of ACT; a scientific paper (manuscript 1) describing a preclinical evaluation of 

performing ACT using naïve, antigen-specific CD8+ T cells that are primed post-infusion by a liposomal 

tumour antigen vaccination; a scientific paper (manuscript 2) describing an evaluation of the tumour 

intrinsic transcriptional changes associated with tumour escape after an initial period of response to ACT. In 

closing, a general discussion, future perspectives and concluding remarks related to the work conducted for 

this thesis are given in chapter 4.   
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2.1 The Cancer Immunity Cycle 

Our immune system is designed to protect us from infectious and foreign invaders by eliminating entities 

that are different from cells of our own tissues. These foreign entities include for example pathogens of 

different microbial origin but transformed cancerous cells can also be recognized as ‘non-self’ if they 

express mutated proteins41. Cancer cells are characterized by having increased genomic instability 

compared to healthy cells, which drives the expression of mutated proteins41. It has been hypothesized that 

our immune systems often succeed at eliminating cancerous cells before they evolve into established 

tumours. This concept has been described as immunological surveillance and entails the theory that cells 

with malignant potential often appear during normal development and growth, but that the majority of 

people do not develop cancer because of protective action from the immune system42. This theory is 

difficult to prove because we only learn about the cancerous disease once it has emerged. The ability to 

stimulate the immune system to eliminate established tumours using immunotherapy is however an 

indirect indication that our immune system possesses the ability to recognize and kill cancer cells as foreign 

entities. 

Cells of our immune system constantly survey peripheral tissues for the presence of pathogens and 

unhealthy cells that must be eliminated to avoid disease. Antigen presenting cells (APCs), including DCs, are 

immune cells that are first-line responders to foreign entities. APCs are phagocytic cells that engulf dying 

cells and microorganisms, and they are activated by pathogen associated molecular patters (PAMPs) and 

danger associated molecular patterns (DAMPs)43. PAMPs entail conserved structures of microbial origin 

(e.g. components of bacterial cell membranes and viral RNA/DNA) and DAMPs (e.g. calreticulin and ATP) 

are expressed on the membrane of dying host cells44. The engagement of PRRs and their ligand initiates an 

activation cascade that results in secretion of inflammatory cytokines, such as type I interferons (IFN-α/β) 

and IL12 p7045, and up-regulation of co-stimulatory molecules (CD80 and CD86) that enhances T cell 

priming46. A well-known type of PRRs is toll-like receptors (TLRs) that are a family of membrane-bound 

intracellular and extracellular receptors47 and TLR agonists are often used as vaccine adjuvant48.  

If an APC engulfs a mutated protein from a cancer cell, the APC can process the protein, break it down to 

shorter peptides and present a peptide sequence on major histocompatibility complex (MHC) class I or II 

molecules49. Peptides derived from an extracellular source are typically presented on MHC class II 

molecules and can be recognized by CD4+ T helper cells, whereas peptides derived from intracellular 

proteins are presented on MHC class I molecules and are recognized by cytotoxic CD8+ T cells. 

Extracellularly derived proteins, from e.g. cancer cells, can however also be presented on MHC class I 

molecules by a process known as cross-presentation50. Conventional dendritic cell type 1 (cDC1s) are 
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professional cross-presenting cells and therefore this DC subtype is considered indispensable for initiating a 

tumour-reactive T cell response51. Activated CD4+ T helper cells secrete cytokines and boost the activity of 

other immune cells52, whereas activated CD8+ T cells are directly cytotoxic upon encounter with cells 

expressing their target antigen53.   

Activated DCs travel to lymphoid organs to prime T cells that have a T cell receptor (TCR) specific for the 

particular peptide sequence presented by the DC. Engagement between the TCR and the MHC:peptide 

complex results in T cell activation, if there is simultaneous engagement of co-stimulatory molecules and 

availability of inflammatory cytokines54. Lead by a trail of chemokines produced by tumour-infiltrating 

innate immune effectors, the activated T cells will home to the tumour and eliminate the cells that express 

the cognate antigen of the T cell in the context of MHC molecules55. The destruction of target cancer cells 

can result in release of cancer cell antigens that are taken up by APCs that can then prime additional 

tumour reactive T cells, a process known as epitope spreading56. This circle of events, which ultimately 

leads to tumour elimination, is termed the cancer immunity cycle (figure 1).  
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2.2 Factors Influencing Cancer Immunity 

This cancer immunity cycle can become compromised if the tumour develops immune suppressive 

mechanisms that inhibit the effector functions of tumour-reactive T cells. The ability of T cells to cause 

Figure 1. The cancer immunity cycle. Dying cancer cells release tumour associated antigens (1) that can 

be taken up, processed and presented on MHC molecules by APCs (including DCs) (2). The APCs 

subsequently travel to lymphoid organs and prime cytotoxic T lymphocytes (CTLs) that recognize their 

cognate antigen presented by the APC (3). Primed and activated CTLs subsequently traffic to the tumour 

(4-5) and kill the cancer cells that express their target antigen upon interaction between the T cell 

receptor and MHC:peptide complex (6-7). The CTL mediated destruction of cancer cells causes an 

additional release of antigens (1) and the cancer-immunity cycle can be repeated. Adapted from Mellman 

and Chen, 2013 

 

 

 

Adapted from Mellman and Chen, 2013 
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tumour elimination and induce cancer immunity is dependent on the general composition of the TME that 

can favour or suppress T cell mediated tumour rejection. Expression of inhibitory ligands and tumour 

infiltration of suppressive immune subsets can impair the effector functions of endogenous or adoptively 

transferred T cells. These are all factors often employed by tumours as immune escape mechanisms that 

can impose significant barriers for cytotoxic T cells. This can completely abolish the effect of cancer 

immunotherapy and cause therapeutic resistance. The most prominent mechanism that can affect T cell 

mediated tumour rejection will be outlined in the following sections. 

 

2.2.1 Expression of Co-inhibitory Molecules 

The process of T cell activation is initiated by an interaction between the T cell receptor (TCR) and its 

cognate antigen presented in the context of an MHC molecule on a professional antigen-presenting cell 

(APC). For complete activation, T cells also require stimulation via the co-stimulatory receptor CD28 

through B7 (CD80 or CD86) expressed by the APC57. The process of co-stimulation is tightly regulated by 

inhibitory check-points to prevent detrimental immune activation and induction of autoimmune reactions. 

One such inhibitory check-point receptor is the programmed death 1 (PD-1) receptor that is expressed by 

activated T cells and remains upregulated on T cells with an exhausted and functionally impaired 

phenotype58. PD-1 was characterized in 199259 and the ligand of PD-1, named PD-L1, was first described in 

a study from 200060. Here it was found that engagement of PD-1 and PD-L1 reduced proliferation and 

cytokine secretion by T cells. It is now known that PD-L1 is expressed by various healthy tissues but cancer 

cells and cells of the tumour stroma, including T cells, macrophages and DCs, can also express PD-L1 in 

response to inflammatory mediators, in particular IFN-y61. PD-L1 expression on cancer cells and tumour 

infiltrating immune cells is known to be an important contributing factor to tumour mediated immune 

suppression and is associated with poor prognosis of cancer patients62. PD-L1 expression on infiltrating 

immune cells correlates positively with response to treatment with the α-PD-L1 inhibitor Atezolizumab 

across multiple cancer types, and the effects of α-PD-L1 therapy is most pronounced in patients with 

tumours having pre-existing immunity63. Antibodies blocking the PD-1/PD-L1 inhibitory axis have been 

shown to induce durable anti-tumour responses in a number of clinical trials64. An interesting aspect of 

targeting the PD-1/PD-L1 inhibitory axis is the potential to combine it with ACT with the aim of preserving 

the T cell effector functions in the patient, despite an immune suppressive TME. The effects of combining 

TCR transgenic or CAR-T cell therapy with check-point inhibitors blocking the PD-1/PD-L1 axis have been 

explored in preclinical studies with encouraging results65,66 and presents an interesting approach to 

enhance the persistence and function of T cells in the recipient.  
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2.2.2 Tumour Infiltration of Immune Suppressive Cell Populations 

Tumour extrinsic mechanisms that can facilitate resistance to cancer immunotherapy include tumour 

infiltration of regulatory T cells (Tregs), myeloid derived suppressor cells (MDSCs) and tumour associated 

macrophages (TAMs). These cell types can directly or indirectly inhibit an anti-tumour T cell response by 

different mechanisms that will be reviewed below. 

 

2.2.2.1 Regulatory T Cells 

Tregs are characterized by the expression of FoxP3 and the surface markers CD3, CD4 and CD2567. Tregs 

also express a high affinity IL-2 receptor and the immune check-point receptor cytotoxic T-lymphocyte-

associated protein 4 (CTLA-4) that can compete with B7 for interaction with CD28 on T cells68. The vast 

amounts of IL-2 secreted by T cells in an inflammatory context drives the expansion of Tregs and enhances 

their suppressive functions69 which serves as a negative feed-back mechanism to balance out an immune 

reaction. The role of Tregs is to functionally suppress the effects of activated T cells and they are 

indispensable for avoiding detrimental autoimmune reactions against healthy tissues. The T cell receptor 

repertoire of Tregs is skewed towards self-antigens and Tregs are capable of suppressing T cells in an 

antigen-specific manner70. Thereby, Tregs can impede anti-tumour immunity by suppressing T cells that 

recognize tumour self-antigens expressed by cancer cells. The expression of CTLA-4 is a key suppressive 

feature of Tregs but secretion of IL-10 also inhibits the effector functions of cytotoxic CD8+ T cells71. A 

clinical trial with stage III or IV melanoma patients found that treatment with the CTLA-4 blocking antibody 

Ipilimumab improved the median overall survival72. These results were later supported by findings from 

another clinical trial where the combined treatment of Ipilimimab and the chemotherapeutic agent 

Decarbazine resulted in an improved overall survival in patients with metastatic melanoma73. How 

Ipilimimab augments anti-tumour immunity remains unclear but CTLA-4 blockade has previously been 

shown to shift the ratio of effector to regulatory T cells in cancer patients74. This suggests a potentiation of 

cytotoxic T cells through a relief of the Treg mediated suppression. Along the line of these results, 

Ipilimimab treatment has been shown to broaden the tumour reactive T cell response in melanoma 

patients75.  

 

2.2.2.2 Myeloid Derived Suppressor Cells 

Myeloid derived suppressor cells (MDSCs) are defined by their myeloid origin, undifferentiated state and 

ability to suppress T cell functions76. High numbers of tumour infiltrating MDSCs are known to impact 



   
_______________________________________________________________________________________ 

     
31 

 

clinical outcomes negatively77 and the frequency of circulating MDSCs correlates inversely with the amount 

of active antigen-specific T cells in patients with advanced melanoma78. MDSCs can suppress T cell 

functions by different mechanisms including sequestering of nutrients, release of reactive oxygen species 

(ROS) and modification of T cell migration79. MDSCs can sequester nutrients through expression of the 

cationic amino acid transporter 2B that can rapidly deplete amino acids, such as L-arginine and L-cysteine, 

that are essential for T cell function80. The depletion of these amino acids causes downregulation of the ζ-

chain of the TCR complex and halts antigen-specific T cell proliferation81. MDSCs also generate oxidative 

stress and release reactive oxygen species (ROS), which affects T cell functions in different ways. ROS can 

cause a desensitization of the TCR, interfere with IL-2 production and cause downregulation of the TCR ζ-

chain82. MDSCs also affect the trafficking of T cells to lymphoid organs and the tumour site by expression of 

ADAM metallopeptidase domain 17 (ADAM17). An interaction between the T cell homing receptor L-

selectin (CD62L) and ADAM17 on MDSCs induces a downregulation of CD62L on CD4+ and CD8+ T cells83. 

Loss of CD62L expression consequently makes the T cells incapable of homing to lymphoid organs for 

priming and activation by APCs. MDSCs can also induce differentiation of Tregs from naïve CD4+ T and 

promote the expansion of antigen-specific Tregs84. One of the mechanisms behind this is believed to be an 

interaction between CD40 and CD40L and through secretion of soluble factors such as transforming growth 

factor beta (TGF-β) and IL-10 in response to interferon γ (IFN-γ)84.  

 

2.2.2.3 Tumour Associated Macrophages 

Macrophages are innate immune cells often present in tumour microenvironments and substantial 

evidence indicates that TAMs are polarized to a pro-tumourigenic phenotype85. TAMs have been found to 

promote several aspect of tumour progression including angiogenesis and invasion86, as well as induction of 

Treg expansion87. TAMs can inhibit T cell effector functions directly by their expression of PD-L188, but it has 

also been found that TAMs mediate an indirect T cell inhibition by expression of TGF-β89, Arginase-1 and 

nitric oxide synthase 2 (Nos2)90. TGF-β has been found to act directly on CD8+ T cells by inhibiting the 

expression of perforin, granzyme A, granzyme B, Fas ligand, and IFN-γ91. Arginase-1 and Nos2 are enzymes 

involved in the metabolism of L-arginine which can be exploited to control T cell functions92. Nos2 

generates nitric oxide (NO) and Arginase-1 depletes the TME of arginine and induction of either enzyme 

causes a reversible T cell proliferation block. Under conditions of limited arginine, Nos2 generates 

peroxynitrites that causes apoptosis of activated T cells. Nos2 and Arginase-1 can thereby act alone or 

synergistically to affect T cell functions. Additionally, TAMs are known to secrete IL-10 which can suppress 

IL-12 production by intra-tumoural DCs and block CD8+ T cell anti-tumour responses93.  
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The aim of cancer immunotherapies is to restore the immune reactivity against cancer cells by directly or 

indirectly boosting the effect of tumour-reactive T cells. This can be done by different strategies but the 

focus of this thesis will be on two specific types of cancer immunotherapies; 1) adoptive T cell therapy 

(ACT), based on treatment with a pool of tumour-reactive autologous T cells5, and 2) vaccination with 

tumour antigens expressed by cancer cells36. The concept of ACT and tumour antigen vaccination will be 

reviewed in the following sections. 

 

2.3 Adoptive T Cell Therapy  

The concept of ACT was pioneered by Steven Rosenberg who in 1986 demonstrated that adoptive transfer 

of TILs isolated from murine tumour fragments could be used to treat mice with different types of 

syngeneic tumours9. In this study, Rosenberg also found that the therapeutic efficacy of TILs could be 

augmented by lymphodepletion with cyclophosphamide (CPX) and co-administration of IL-2. Since 1986, 

the concept of ACT has been developed extensively. For decades, TIL-based ACT has been evaluated and 

used in the clinic to treat patients with metastatic melanoma and the therapy results in durable, complete 

response in up to 20% of patients6–8. The standard treatment regime of TIL based ACT remains to be a 

combination with lymphodepletion using CPX and IL-2 administration (figure 2, left). Lymphodepletion 

refers to an elimination of endogenous lymphocytes prior to T cell infusion, which improves the T cell 

mediated tumour reactivity by increasing the availability of homeostatic cytokines, enhancing APC 

functions and depleting immune suppressive subsets, e.g. MDSCs and Tregs94.  
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The success of treating melanoma patients with TILs is most likely due to the particularly high expression of 

neoantigens in melanomas that lays the foundation for a high tumour infiltration of tumour-reactive T 

cells95. Accordingly, TIL-based ACT has not been successful for treating patients with other types of 

malignancies that have a lower abundance of immunogenic neo-epitopes. Many tumours are 

immunologically “cold”, meaning they have a low infiltration of lymphocytes. The absence of T cell 

infiltration can have several underlying causes related to the TME, such as lack of immunogenic 

neoantigens or defective antigen presentation by the cancer cells. It can also be due to T cell intrinsic 

factors, e.g. poor tumour-homing abilities, inadequate priming/activation or exhaustion induced by 

Figure 2. Principles of adoptive T cell therapy (ACT) in cancer. ACT is based on a treatment with 

tumour-reactive T cells that are isolated from the patient, expanded in vitro and infused back into the 

patient.  ACT can be done using tumour-infiltrating lymphocytes (TILs) (a) or genetically modified T cells, 

e.g. T cell receptor (TCR) transgenic or chimeric antigen receptor (CAR) T cells (b). For TIL-based ACT, 

the T cells are obtained from tumour biopsies, and for TCR/CAR T cell production the T cells are isolated 

from peripheral blood. Before T cell infusion, the patient undergoes a lymhodepleting preconditioning. 

Adapted from Svane et al., 2019 
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persistent inflammation and antigen exposure in the tumour21,96. Regardless of the underlying causes, 

immunologically cold tumours represent a major challenge to effective ACT and immunotherapy in general. 

TIL-based ACT also has several practical obstacles that limit a broad application of the therapy. TIL isolation 

requires a resectable tumour, which not all patients have. Furthermore, the isolated TILs must be able to 

expand in vitro and exhibit tumour-reactivity. The TIL culture time of eight weeks or longer also poses a 

challenge because some patients simply do not survive for that long. Within the past decades, however, 

advances in gene editing tools have paved the way for the development of genetically modified T cells that 

recognize a specific target antigen, thus circumventing the requirement for TIL isolation (figure 2, right). 

This technology has revolutionized the concept of ACT because it broadens the therapeutic range of ACT to 

include other types of cancer where functional TILs cannot be isolated, e.g. haematological malignancies 

and cold tumours. CAR T-cells are a type of genetically modified T cells that are now being used to treat 

paediatric and adult patients suffering from certain types of B cell malignancies97. The CAR construct of 

CAR-Ts consists of an extracellular antigen recognition domain, a transmembrane domain and an 

intracellular signalling domain that activate the cytotoxic functions of the T cell upon antigen recognition98.  

CAR-T cells targeting the shared tumour-antigen CD19 expressed by B cells have been effective in treating 

B-cell acute lymphoblastic leukaemia. A recent phase I/II study, where patients with CD19+ relapsed or 

refractory B cell ALL were treated with an anti-CD19 CAR T-cell therapy, reported an overall remission rate 

of 81% within 3 months10. In this study, the rate of relapse-free survival among responding patients was 

80% at six months and 59% at 12 months. Another study reported encouraging results from a clinical trial 

with anti-CD19 CAR T-cell treated relapsed or refractory chronic lymphocytic leukaemia patients12. The 

overall response rate of the patients was 57%, with 4 complete remissions and 4 partial remissions. After 

four years, none of the responders with complete remission had experienced disease relapse and the CAR-T 

cells had persisted and remained functional until this point.  

Despite impressive response rates, disease relapse following CD19 CAR T-cell therapy is a common 

phenomenon99. It has become apparent that relapsed CD19 CAR T cell treated patients often exhibit loss-

of-antigen relapse with CD19- leukemic cells, which has been attributed to genetic alterations, including 

CD19 loss-of-function mutations100 and emergence of alternative splice variants of CD19101. This acquired 

resistance resulting from loss of antigen escape variants represents a substantial barrier for ACT to induce 

durable, complete responses in treated patients. A recent preclinical study investigated the epigenetic 

modifications resulting from ACT and demonstrated that the immunogenic pressure created by ACT 

induced transcriptional silencing of immunogenic antigens in the tumour cells102. These results are in line 

with previous findings stating that ACT induces a T cell dependent immune-editing that facilitates 
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outgrowth of cancer cells lacking expression of immunogenic antigens103,104. These observations indicate 

that therapeutic induction of antigen spreading and a broad tumour-specific T-cell response is favourable in 

the context of ACT, to cope with the selective pressure that favours outgrowth of cancer cells that do not 

express the target antigen. 

Since both CAR T and TIL-based ACT currently have restricted applications, limited to treatment of patients 

with haematological malignancies and melanoma, respectively, the ability to develop CAR T cells that are 

effective for other types of solid tumours is highly sought for. The utilization of CAR T cells for solid tumours 

are however limited by immune suppressive features of the TME that can induce exhaustion of the CAR T 

cells21. Solid tumours have a complex and dynamic composition consisting of a variety of infiltrating 

immune cells that can have tumour promoting or rejecting features. Consequently, there are two primary 

features that can be manipulated to create a potent T cell response: 1) the functional qualities (phenotype) 

of the adoptively transferred T cells and 2) the suppressive TME in solid tumours105. The immune 

suppressive TME can be manipulated using strategies that enhance DC functions to support and enhance 

the efficacy of infused T cells. This topic will be discussed in detail in review 1: “Leveraging endogenous 

dendritic cells to enhance the therapeutic efficacy of T cell therapy”. How the phenotype of infused T cells 

affect the therapeutic efficacy of ACT will be discussed in the following sections. 

 

2.3.1 The Rationale of Using Minimally Differentiated T cells for ACT 

Both ACT based on TILs and CAR-Ts rely on isolation followed by in vitro culturing and expansion of patient-

derived T cells. The process of culturing and expanding T cells for ACT is both labour-intensive and time-

consuming, which is problematic because it limits a broad therapeutic application of ACT. Additionally, 

cancer patients that receive ACT are typically refractory to other treatment regimens and have advanced 

disease. For these reasons, it is of high interest to reduce the time and resources spent on T cell culturing to 

ensure that patients can receive their treatment as fast as possible, whilst minimizing the time and cost of 

large-scale T cell cultures. In this respect it is interesting that vast amounts of research have demonstrated 

that the use of minimally differentiated T cells for ACT is actually associated with improved clinical 

outcome, thus providing further rational for using T cells that have undergone minimal expansion and 

differentiation ex vivo. It is well-established that the state of differentiation of adoptively transferred T cells 

is pivotal for their ability to kill cancer cells and cause tumour rejection25. This is due to the functional 

characteristics associated with each differentiation stage from naïve T cell to effector T cell, which will be 

reviewed in the following section. 
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2.3.2 The Effect of T Cell Differentiation on Tumour Reactivity  

When naïve T cells are activated upon encounter with their cognate antigen presented by APCs on MHC 

molecules, the T cell enters a step-wise differentiation process characterized by different functionalities at 

each step. Naïve T cells have an expression marker profile that enables them to enter lymphoid organs to 

become primed upon encounter with their cognate antigen106. This initiates a differentiation that is thought 

to be influenced by the strength of the TCR binding to the peptide:MHC complex, the balance between 

stimulatory and inhibitory signals and the characteristics of the inflammatory mileu25. If the T cell is 

properly activated, it enters differentiation from a naïve phenotype to a terminally differentiated, short-

lived effector phenotype (figure 4)107.  

 

 

 

 

 

 

 

 

Antigen unexperienced, naïve T cells (TN) express the co-stimulatory receptors CD27 and CD28 that allow 

them to become primed. They also express CD62L and C-C chemokine receptor type 7 (CCR7), which 

Figure 4. Progressive T cell differentiation upon activation. When naïve T cells (TN) encounter their 

cognate antigen in the context of a MHC molecule on an APC in an inflammatory context, the TN 

enters a progressive differentiation that terminates with short-lived, cytotoxic effector T cells (TEFF). 

The differentiation is dependent on the strength and quality of the stimulatory signals. Along the path 

of differentiation, the T cells ability to self-renew decreases. Adapted from Restifo et al., 2012 
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enables them to enter the lymphoid organs for priming106. When T cell differentiation is initiated upon 

activation, the naïve T cell progresses into an antigen-experienced central memory (TCM) phenotype. The 

TCM have an upregulated expression of the CD122 (IL-2 receptor) while the expression of CD27, CD28, 

CD62L and CCR7 is maintained. This allows the TCM to patrol lymphoid organs, while rendering them 

susceptible for co-stimulation, and they rapidly proliferate if they are re-exposed to their cognate 

antigen106. T stem cell memory (TSCM) is an intermediate phenotype between TN and TCM and this is the least 

differentiated subset of antigen-experienced T cells. TSCMs are characterized by their ability to self-renew 

and generate all memory and effector T cell phenotypes107. The progress from TSCM to an effector memory T 

cell (TEM) phenotype is characterized by a loss of CD62L and CCR7 expression, confining the TEM to patrol the 

peripheral tissues for inflammatory ques108. Both the TCM and TEM rapidly proliferate and differentiate into 

effector T cells (TEFF) upon antigen exposure. TEM and TEFF are potent secretors of IFN-γ and their cytotoxic 

capacitates are high, which makes them effective at killing cells that express their target antigen109. The TEM 

and TEFF are however short-lived and this limits their therapeutic efficacy. A study conducted by Restifo et 

al. showed that the mere presence of antigen-experienced TEM and TEFF cell subsets in a pool of adoptively 

transferred T cells could lead to a loss of less-differentiated T cell subsets by direct interaction between the 

different T cell subsets110. The T cell driven differentiation of naïve subsets resulted in impaired cellular 

persistence of the transferred T cells, which correlated with impaired tumour immunity in mouse models. 

In line with these findings, another study demonstrated that acquisition of full effector functions was 

associated with a pronounced in vitro tumour killing capacity111. However, the differentiation was inversely 

correlated with the in vivo activation, proliferation and survival of T cells, which was significantly impaired 

by acquisition of full effector functions. These findings indicate that the use of T cells with a TEM or TEFF 

phenotype is sub-optimal in a therapeutic context. 

An early study investigated the parameters of TIL cultures that were associated with the clinical response of 

melanoma patients to ACT112. The researchers found that clinical outcome correlated with treatment with 

younger TIL cultures that had shorter doubling time on the day of infusion. These results were confirmed by 

a more recent study, where the clinical response of ACT using short-term cultured T cells (young TILs) was 

evaluated in a phase II study in melanoma patients113. Results from this study showed that treatment with 

young TILs that had been cultured for 10-18 days, as opposed to 21-36 days for regular TILs, resulted in a 

fifty percent response rate (10 out of 20 patients), including two complete responders and eight partial 

responders. The correlation between tumour regression and infusion of young TILs have been seconded in 

a later study in metastatic melanoma patients114, and together these results indicate that less differentiated 

TILs, cultured for a minimal amount of time, have a superior therapeutic efficacy over regular TILs. In line 

with these results, a preclinical study showed that antigen-specific effector cells derived from naïve T cells 
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had a better tumour reactivity in tumour bearing mice than effector cells derived from central memory 

subsets24. In this study, effector T cells were generated in vitro by stimulation of respectively cultures of 

naïve and central memory T cells, and the anti-tumour reactivity of each effector population after infusion 

was compared. The results showed that the effector cells derived from naïve T cells did not acquire 

expression of killer cell lectin-like receptor subfamily G member 1 (KLRG1), which is associated with 

terminal differentiation and replicative arrest. Consistent with this observation, the results also showed 

that the effector cells generated from naïve subsets was associated with a sustained development of 

effector T cells, which correlated with prolonged cytokine production and increased in vivo expansion. 

Similar results have been obtained with respect to human T cell subsets, where a study demonstrated that 

effector T cells generated from naïve T cells had a lower expression of KLRG1 and higher expression of 

CD27, compared to effector T cells generated from T cells with a TCM or TEM phenotype22.  

Together the results from these studies indicate that T cells with a less differentiated phenotype should be 

utilized for ACT, due to the tumour-reactive superiority of effector T cells stemming from less differentiated 

T cell subsets. 

 

2.3.3 The Correlation between Persistence of Infused T Cells and Clinical Efficacy of ACT  

The multi-potency, and thereby the ability of T cells to self-renew, decreases along the path of T cell 

differentiation. T cells with a TSCM phenotype have the highest capacity to self-renew and this subset can 

give rise to all memory T cells subsets107. TSCMs with tumour antigen specificity can thereby sustain a 

tumour-reactive T cell response by continuously producing tumour-reactive TEFFs with high cytotoxicity, 

while maintaining a pool of T cells with memory phenotypes. This creates a persistent anti-tumour 

response and accordingly, the persistence of infused T cells have been linked to therapeutic 

efficacy17,112,113,115. The superior tumour-reactive capacity of adoptively transferred T cells with a less 

differentiated phenotype might therefore stem from the ability to self-renew, which is associated with an 

enhanced persistence after infusion. 

A clinical trial with 13 melanoma patients was conducted to evaluate the association between persistence 

of adoptively transferred T cells and tumour regression17. In this study, the persistence of transferred T cells 

was evaluated by quantifying the amount of T cells in peripheral blood of patients after infusion. The result 

showed that responding patients had a higher frequency of peripheral T cell clones 23-63 days after 

infusion. The link between persistence of infused T cells and clinical outcome has been confirmed by results 

from another clinical trial where the persistence and the presence of multiple tumour-reactive T cell clones 

was associated with complete response in a melanoma patient18. In line with these results, another study 
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demonstrated that the probability of achieving objective responses in metastatic melanoma patients 

treated with ACT was associated with the telomere length of the infused T cells and the persistence of the 

infused T cells at one month after treatment6. The association between clinical response and telomere 

length of infused T cells has been confirmed by results from another study, where the telomere length of 

administered T cells correlated with tumour regression in melanoma patents115. Since telomere length 

decreases with the degree of T cell differentiation, this link further sediments the rationale of using less 

differentiated T cells for ACT.  

 

2.4 Cancer Vaccines 

The concept of vaccinating cancer patients with tumour antigens to stimulate tumour reactivity has been 

evaluated in numerous clinical trials during the past decades, but has rarely translated into clinical 

efficacy36. Several challenges have halted the development of effective cancer vaccinations, such as 

identification of immunogenic tumour antigens and suboptimal administration of vaccine subunits. Despite 

limited success of cancer vaccinations, it is relevant to revisit the concept and optimize vaccine 

immunogenicity to stimulate an effective and sustained T cell response. Rapid development within the field 

of cancer therapeutic design has resulted in continuous improvement of current treatments as well as the 

design of novel strategies. This offers new opportunities of combining cancer vaccines with other therapies 

to create an environment that enhances the efficacy of the vaccination. Cancer vaccines can for example be 

combined with therapies that modulate the inflammatory state of the tumour to overcome suppressive 

barriers in the patient116, which can enhance the effector functions of vaccine primed T cells. Another 

interesting aspect is the ability to use conventional cancer treatments in combination with cancer vaccines 

to provide a period with minimal disease for the vaccine to work117. Lastly, advances in bioinformatical tools 

are improving the ability to identify immunogenic tumour antigens118, also enabling the design of patient-

specific tumour antigen vaccinations. The ability to battle immunosuppressive barriers and decrease the 

tumour burden by other therapeutic strategies, and the ability to identify immunogenic tumour antigens, 

creates an opportunity for utilizing combinational strategies to enhance the clinical efficacy of cancer 

vaccinations.  

To date, two main strategies have been utilized in the attempt to stimulate an anti-tumour T cell response 

using cancer vaccinations: 1) DC vaccinations based on infusion with activated, antigen-pulsed autologous 

DCs and 2) tumour antigen vaccinations using a conventional vaccine strategy based on water-in-oil 

peptide:adjuvant depot formation. Both strategies have limitations that have restricted their applicability 
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and ability to induce a durable, clinical response in cancer patients. Past limitations and strategies for 

optimizing the effect of cancer vaccines will be discussed in the following section. 

 

2.4.1 DC-based Cancer Vaccines 

During the past decades, many attempts have been made to design a clinically effective DC-based cancer 

vaccine. DC-vaccines rely on a treatment with autologous DCs that have been matured and loaded ex vivo 

with a source of tumour antigens, e.g. synthetic peptides or tumour lysate. The failure of early DC-vaccines 

can most likely be attributed to inadequate knowledge on DC biology and the T cell priming abilities of the 

particular DC subsets used for vaccination38. Early DC-vaccines were based on loading of immature ex vivo 

generated monocyte derived DCs (mo-DCs) with recombinant/synthetic tumour associated antigens or 

tumour lysates, a strategy that showed modest clinical benefits119. Later trials have utilized preparations of 

tumour antigen pulsed mo-DCs that have been fully matured with e.g. pro-inflammatory cytokines, TLR 

agonists or CD40 stimulation120. The realization of the importance of maturing DCs before vaccination did in 

fact result in the development of the cellular vaccine Sipuleucel-T (Provenge) that was approved in 2010 for 

treatment of prostate cancer patients. Provenge is based on intravenous administration of autologous 

peripheral blood mononuclear cells that are activated by a protein consisting of prostate antigen and 

prostatic acid phosphatase, fused to granulocyte–macrophage colony stimulating factor (GM-CSF)121. 

Treatment with Provenge can prolong the overall survival of prostate cancer patients but largely fails to 

affect the time to disease progression122. 

Recent advances in the understanding of DC biology and the T cell priming capacities of different DC 

subsets have turned the focus to the source and nature of the type of DCs used for cancer vaccinations. 

Naturally occurring, differentiated DCs are now being utilized for vaccinations. This is due to their better 

functionality as well as reduced culturing time and manufacturing cost, compared to mo-DCs. Current 

technologies have made it easier to isolate differentiated DCs, which has facilitated the use of DC subsets 

that are superior at antigen cross-presentation and eliciting cytotoxic T lymphocyte (CTL) responses120.  

Several subtypes of naturally occurring DCs have effector functions that are attractive in a vaccine context. 

For example, plasmacytoid DCs (pDCs) are vast producers of type I IFNs upon stimulation, which makes 

them an important link between innate and adaptive immunity123. Myeloid DCs (mDCs) (in particular 

conventional type I DCs), on the other hand, have superior antigen processing and presentation 

capacities124. Clinical trials using pDCs and mDCs for tumour antigen vaccinations have been performed 

with promising results demonstrating the feasibility and safety of this approach. A study showed that pDCs 

could be isolated from peripheral blood from melanoma patients, pulsed with tumour associated antigens 
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(TAAs), re-infused to the patients by intranodal administration and induce secretion of type I IFN’s as well 

as mounting of CD4 and CD8 T cell responses125. The same investigators also showed that a DC vaccine 

based on autologous CD1c+ mDCs loaded with TAAs could prolong the progression-free survival of 

melanoma patients that was associated with the presence of tumour antigen specific T cells in the blood126.  

The results from these studies are encouraging and indicate a progress related to the design and 

applicability of next-generation DC-vaccines. However, what the studies also underline is the uncertainty of 

whether one particular DC subset is superior in a vaccine context over the others. A preclinical study in 

mice recently demonstrated that cDC1s and cDC2s have distinct T cell priming abilities and activate CD8+ T 

cells and Th17 cells, respectively127. Vaccination with cDC2s resulted in a reduction of suppressive TAMs 

and MDSCs in the tumour, whereas cDC1 vaccination induced a strong anti-tumour CTL response. Thus, DC 

subsets largely differ in their effector functions and T cell priming abilities, which in turn can affect vaccine 

efficacy. This makes it necessary to gather more information about the effect of DC subtypes in a vaccine 

context by comparing the clinical efficacy of vaccines based on different DC subsets.  

Another limitation to DC-based vaccines is the dependence on the ability to isolate naturally occurring, 

functional DCs from the patients in sufficient numbers to produce an effective vaccine. In general, the 

process of isolating and ex vivo pulsing autologous DCs is costly and labour-intense, which in itself limits the 

broad therapeutic application of this approach. Furthermore, age has been shown to influence the 

numbers and functionality of DCs. A study, where pDCs isolated from young and elderly individuals were 

compared, showed that the frequency of pDC was lower in elderly individuals128. The pDCs isolated from 

the elderly individuals were also found to secrete less IFN-α upon stimulation compared to pDCs from 

younger subjects. Furthermore, an evaluation based on transcriptional profiling of circulating human CD1c+ 

DCs showed that DCs from elderly individuals displayed a transcriptional state associated with reduced 

antigen presentation capacities129. Age-related changes in DC numbers and functionality could potentially 

limit the ability to generate vaccines using differentiated DCs from elderly patients. This poses a potential 

barrier, since a majority of cancer patients are elderly individuals.  

Evidently, there are currently limitations to the production of effective and broadly applicable DC-based 

tumour antigen vaccines. More research is needed to elucidate what DC subtype is superior for induction of 

an anti-tumour response in order to establish consensus on the protocol for DC-vaccine production. 

Furthermore, the dependence on isolating sufficient numbers of functional DCs, especially from elderly 

patients, to stimulate a tumour-reactive T cell response, could potentially be problematic.  
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2.4.2 Tumour Antigen Vaccinations 

The majority of vaccines are administered parentally, either intramuscular or subcutaneously. This strategy 

is very effective at inducing T cell priming in response to vaccination against infectious diseases, where 

there are typically no limitations related to the immunogenicity of the antigen, immune suppressive 

mechanisms or chronic antigen exposure. This conventional vaccine delivery platform has therefore been 

extensively evaluated for delivering tumour antigens and adjuvant parentally. A commonly used strategy 

has been to mix synthetic tumour antigenic peptides with incomplete Freunds adjuvant (IFA), such as 

Montanide, forming a water-in-oil emulsion130. The IFA/antigen solution forms a poorly biodegradable 

depot at the injection site and thereby gives a slow release of the antigenic peptides and IFA is known a 

potent inflammatory inducer131. However, the use of IFA as adjuvant for tumour antigen vaccinations has 

been problematized by a preclinical study conducted by Overwijk et al.. This study demonstrated that 

injection of IFA/antigen emulsion formed a persistent antigen depot that caused T cell accumulation and 

dysfunction at the injection site132. The investigators studied the immune response in mice vaccinated with 

gp100 peptide as a peptide/IFA emulsion. The vaccination did result in induction of a g100 specific CD8+ T 

cell response but the T cells were shown to accumulate at the antigen-rich vaccination site rather than the 

tumour. The persistent antigen presentation at the vaccine site resulted in antigen-specific T cell 

dysfunction and eventual deletion, associated with an IFN-γ induced upregulation of Fas. These results 

provided a possible explanation for the notion that cancer patients treated with cancer vaccinations often 

have circulating tumour-specific T cells but does not exhibit clinical response133. Interestingly, Overwijk et 

al. also demonstrated that replacing IFA with saline and making a short-lived gp100/saline depot 

vaccination decreased the period where antigen-presentation could be detected in the vaccine-draining 

lymph node (vdLN) from 3 months to 7 days132. When combined with three immune-stimulatory 

compounds (the TLR7 agonist resiquimod, CD40 monoclonal antibody and IL-2), the gp100/saline vaccine 

induced a strong antigen-specific T cell expansion and localization to the tumour, and prevented T cell 

dysfunction. These results indicate that a short period of antigen-presentation in vdLN is favourable for 

inducing a tumour-reactive T cell response. This hypothesis has later been investigated further by the same 

group of researchers, who found an optimal window for antigen presentation, sufficient to allow effective T 

cell priming but not persistent enough to induce T cell sequestering and dysfunction134.  

For effective induction of immunity, the subunits of a vaccine (antigen and adjuvant) must by transported 

to the lymph nodes by peripheral DCs to induce T cell priming135. The requirement for immunogenicity of 

peptide:adjuvant depot vaccines is that peripheral DCs present at the injection site take up the peptides, 

become activated by the adjuvant and travel to the lymph nodes to the vdLNs. Here, the DCs will present 

the antigen in the context of MHC molecules to antigen-specific T cells present in the vdLN and thereby 
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induce a T cell response136. This strategy is therefore critically dependent on the activation and migratory 

abilities of the peripheral DCs at the vaccination site. Consequently, a stronger immune response could be 

expected if vaccine components are delivered or targeted directly to lymphoid organs, since this would skip 

the step involving peripheral DCs traveling to the vdLN. Delivering the vaccine subunits directly to LNs could 

potentially also decrease the amount of peptide and adjuvant used for the vaccination, since loss related to 

the trafficking could be avoided, if the LN-targeting delivery system is effective. For this reason, efforts have 

been put into designing vaccine delivery systems that target the subunits of the vaccine to the LNs137.  

 

2.4.3 Liposomes as Vaccine-delivery Systems 

An interesting aspect to tumour antigen vaccine is to optimize the vaccine immunogenicity by improving 

the biophysical properties of the vaccine units138. It has been demonstrated that the physical size of 

vaccines influence their biodistribution and ability to reach and accumulate in lymph nodes139. 

Unformulated peptides and molecular adjuvant, as well as small antigenic proteins show very poor lymph 

node accumulating abilities, and soluble, small-molecule adjuvants have also been shown to induce 

systemic inflammatory toxicity140,141.  

The poor abilities of small vaccine subunits to accumulate in lymphoid organs, as well as the risk of inducing 

inflammatory toxicity, limit their ability to be delivered systemically. This consideration, along with the 

issues related to parenteral administration of peptide:adjuvant emulsion, motivates optimization of vaccine 

design to improve administration and lymph node accumulation of vaccine subunits. This has inspired the 

use of nanoparticles (NPs) as delivery vehicles for vaccine subunits, because NPs can be designed with an 

optimal size for lymph node accumulation139. Additionally, the use of NPs for vaccine delivery allows co-

formulation of vaccine subunits and thereby co-delivery of antigen and adjuvant to cross-presenting 

lymphoid DCs. NPs can consist of different materials, but particularly lipid NPs, e.g. liposomes, are 

interesting in a drug-delivery context because they can be used to deliver both hydrophobic and hydrophilic 

molecules. In a cancer vaccine context, this amphiphilic structure facilitates a broader vaccine design 

spectrum because it allows formulation of hydrophobic agonists such as TLR7 which is currently restricted 

to topical application142. Liposomes consists of one or more lipid bilayers that can be composed of cationic, 

anionic, or neutral (phospho)lipids and cholesterol, which surrounds an aqueous core that protects the 

encapsulated compounds from degradation143. Hydrophobic molecules are inserted into the lipid 

membrane while hydrophilic molecules are encapsulated in the aqueous core. Liposomes can be 

functionalized by insertion of targeting ligands, imaging agents or small molecules144 and biodistribution 
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properties of liposomes can be altered by addition of a hydrophilic polymer coating with polyethylene 

glycol (PEG), which gives a longer circulation145.  

The concept of using NPs as vaccine delivery system has been evaluated in preclinical studies where it has 

been found that liposomal delivery of antigen and adjuvant can create an ‘antigen depot’ inside DCs, 

resulting in slow degradation and sustained cross-presentation of antigens146. The slow antigen release rate 

was associated with improved tumour control and prolonged survival of treated mice. This observation has 

been confirmed by results from another study, where a high-density lipoprotein-mimicking nanodisc 

formulated with antigenic peptides and adjuvant sustained antigen presentation in DCs and resulted in a 

47-fold increase in the frequency of neoantigen-specific CTLs compared to soluble vaccine subunits147. 

Another study has evaluated the immunogenicity and anti-tumour response in tumour-bearing mice 

treated with a nanovaccine consisting of antigen formulated in a polymeric NP148. The nanovaccine 

effectively accumulated in lymphoid organs, induced a strong cytotoxic T cell response and led to tumour 

growth inhibition in melanoma, colon cancer and human papilloma virus murine cancer models.  

The use of liposomes as vehicles for vaccine subunits offers several advantages. The ability to optimize the 

size and biophysical properties of the liposomal formulation to accumulate in lymphoid organs circumvents 

issues with depot-formation from parental administration. Co-formulate hydrophobic and hydrophilic 

adjuvant and antigens also offers a major advantage over separate delivery of vaccine components because 

it ensures activation and antigen presentation by the DC that engulfs the liposome. The simultaneous 

induction of activation and antigen presentation ensures that the DC is equipped to effectively prime T 

cells.    

 

2.4.4 Selecting Tumour Antigens for Vaccination 

The development of clinically effective cancer vaccinations has been challenging, partly because of 

difficulties identifying tumour antigens that are in fact immunogenic149. Candidate tumour antigens have 

typically been identified by comparative sequencing of cancer cells and matched healthy cells150, but only a 

fraction of the peptides produced in the cell are actually presented by the HLA molecules on the surface39. 

This is due to several bottlenecks in the antigen processing machinery such as antigen processing and 

binding affinity between peptide and the HLA molecule. To predict the immunogenicity of a candidate 

tumour antigen it is therefore necessary to consider the processing and presentation of the candidate 

peptide. By incorporating these factors, recent advances in bioinformatics have made available tools able 

to predict the immunogenic peptides presented by cancer cells151–153. Additionally, new developments in 

mass spectrometry have provided a new source of neo-antigen discovery through a strategy called 
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immunopeptidomics154. The immunopeptidome is the collection of peptides presented on MHC molecules 

and mass spectrometry provides a tool for identifying the immunopeptidome by eluting the MHC-peptide 

complex from tumour fragments. The presented peptides can thereafter be identified by a database search 

of the peptide sequences and validation of their immunogenicity can be done by culturing T cells with 

synthetic variants of the identified peptides.  

Viral antigens and neo-epitopes are generally immunogenic and capable of inducing reactive T cell 

responses with high avidity, because they are foreign in nature. Tumour associated self-antigens on the 

other typically have low immunogenicity. Vaccination against low-affinity epitopes therefore poses a 

challenge because T cell clones with high reactivity towards self-antigens are deleted by central tolerance 

to prevent autoimmune reactions155. It has however been found that activation of T cell clones reactive to 

low affinity epitopes have important implications for tumour reactivity, because they express lower levels 

of inhibitory receptors and secrete higher levels of inflammatory cytokines upon activation. This was 

demonstrated in a recent study, where the therapeutic potential of ACT with low-affinity OT.1 T cells in 

combination with tumour antigen vaccination with SIINFEKL and two lower affinity versions of the antigen 

was evaluated156. Vaccination with low-affinity epitopes might therefore be clinically relevant, if the vaccine 

design can be optimized to effectively activate low-affinity T cells.  
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3.1 Review 1 

Leveraging endogenous dendritic cells to enhance the therapeutic efficacy of adoptive T cell therapy 

Mie L. Hübbe† & Ditte E. Jæhger† 

† These authors contributed equally to the paper 

 

This review outlines and discusses therapeutic strategies that have been described pre-clinically and/or 

clinically as a means to enhance the therapeutic efficacy of ACT by engaging DCs alongside T cell infusion. 

Because ACT can induce a strong selection pressure that facilitates outgrowth of cancer cells with a 

downregulated expression of the target antigen(s) of the infused T cells, it is beneficial to broaden the 

tumour-reactive response by enhancing epitope spreading. In this respect, stimulating DC activation and 

enhancing antigen presentation can induce epitope spreading by priming of endogenous tumour-reactive T 

cells that recognize other target antigens than the infused T cells. Therapeutic strategies that stimulate DC 

activation and enhance antigen presentation are therefore relevant to consider as adjuvant treatments to 

ACT. 
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Abstract 

Adoptive T cell therapy (ACT), based on treatment with autologous tumor infiltrating lymphocyte (TIL)-

derived or genetically modified chimeric antigen receptor (CAR) T cells, has become a potentially curative 

option for subgroups of patients with melanoma and hematological malignancies. To further improve 

response rates, and to broaden the applicability of ACT to solid malignancies other than melanoma, it is 

necessary to elucidate factors that influence the tumor-reactivity of the infused T cells and explore 

strategies that can be used as adjuvant therapies to ACT to enhance the therapeutic efficacy. In this review, 

we will outline and discuss therapeutic strategies that can be utilized to engage endogenous dendritic cells 

(DCs) alongside ACT to support the effector functions of infused T cells.  

 

Introduction 

The understanding that the immune system has the ability to recognize and eliminate cancer cells has 

paved the way for the development of cancer immunotherapies that target components of the immune 

system to mobilize a tumour-reactive immune response1. Adoptive T-cell therapy (ACT) is an example of a 

cancer immunotherapy that has become a potentially curative option for subgroups of patients with 

melanoma and haematological malignancies2. ACT is based on a systemic treatment with tumour-reactive 

autologous T cells that are obtained from tumour biopsies or blood samples, expanded in vitro and infused 

back to the patient3,4. This process can involve selection of tumour reactive clones or genetic modification 

to generate chimeric antigen receptor (CAR) T cells or T cell receptor (TCR) modified T cells that recognize 

cancer-specific antigens5. ACT using tumour infiltrating lymphocytes (TILs) are being used to treat patients 

with advanced stage melanoma and mount durable complete responses in up to 20% of treated patients6,7. 

CAR-T cells targeting the shared tumour antigen CD19 have been used to treat adult and paediatric patients 

suffering from B-cell acute lymphocytic leukemia8, reaching up to 90% response rate in some clinical trials9.  
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Clinical success of ACT has been associated with the ability of the transferred T cells to undergo post-

infusion priming and expansion, which is both dependent of the phenotype of infused T cells10–12 as well as 

antigen presentation and activation of dendritic cells (DCs) in the tumour-draining lymph node (tdLN)13–15. 

Following priming and expansion, the therapeutic efficacy of the transferred T cells is dependent on their 

ability to engraft the tumour and maintain their effector functions. Thus, even sufficiently primed T cells 

can lose their tumour-reactivity due to escape mechanisms adapted by the tumour16,17, e.g. downregulation 

of the cognate antigen18 or MHC molecules19,20. Accordingly,  it has been found that many patients treated 

with CD19 targeting CAR-T cells eventually suffer from relapse with CD19- leukemias21,22. Tumour escape 

has also been described in melanoma patients treated with TILs, where the ACT was found to alter the 

antigenic landscape by causing both target antigen downregulation and an emergence of tumour reactive T 

cells with novel specificities23. Relapse caused by loss of antigen can be ameliorated by the engagement of 

endogenous T cells to facilitate recognition of a broader tumour epitope repertoire24,25. This phenomenon, 

denoted epitope spreading, is facilitated by peripheral, migratory DCs that transport antigen from the 

tumour to the tumour-draining lymph node (tdLN), where naïve, tumour-reactive T cells can be primed26 

(figure 1). Thereby the engagement of DCs alongside ACT can help to facilitate a durable therapeutic 

response.  

In this review, we will discuss strategies, which have been described preclinically and clinically, to improve 

the efficacy of ACT by engaging DCs to support the functions of infused and endogenous tumour-reactive T 

cells. Our primary focus will be on CD8+ T cells and the subsets of DCs that that are essential for stimulating 

a tumour-reactive T cell response, i.e. cross-presenting conventional type 1 dendritic cells (cDC1s) and type 

I interferon (IFN) producing plasmacytoid DCs (pDCs). 

 

Dendritic cell subtypes and their role in T cell priming 

In order to become activated and gain an effector phenotype, naïve T cells must to be introduced to their 

cognate antigen presented by activated antigen presenting cells (APCs) in the context of MHC molecules. 

DCs are the most effective type of APCs and they are indispensable for initiating an anti-tumour response27. 

The outcome of an interaction between a DC and a T cell is however critically dependent on the activation 

status of the DC. Consequently, antigen presentation by DCs in the absence of co-stimulatory molecules or 

in the presence of  co-inhibitory signals can result in induction of antigen-specific CD8+ T cell tolerance28 or 

expansion of antigen-specific regulatory T cells (Tregs)29,30. The tolerogenic DCs can be induced by IL-10 that 

causes downregulation of co-stimulatory molecules and decreases the secretion of inflammatory 
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chemokines31. Priming of tumour-reactive T cells can therefore only be achieved if there is availability of 

tumour antigens in an inflammatory context that also facilitates DC activation. DCs can become activated 

by pathogen-associated molecular patterns (PAMPs), inflammatory cytokines and damage-associated 

molecular patterns (DAMPs)32. Activation of DCs stimulates intrinsic processes necessary for T cell priming, 

including accumulation of MHC class I molecules in MHC loading intracellular compartments for enhanced 

cross-presentation33, upregulation of co-stimulatory molecules34 and secretion of T cell promoting 

cytokines35.  

Due to the pivotal role of the DC activation status on T cell priming, tumour infiltration of immature or 

otherwise functionally deficient DCs presents an obstacle for efficient ACT. Non-activated tumour-

associated DCs can contribute to the induction of a tolerable environment that limits the effector functions 

of infused T cells and affects priming of endogenous T cells36. It is therefore relevant to discuss therapeutic 

strategies that can increase the availability of tumour antigens and enhance DC activation as adjuvant 

therapies to ACT. Enhancing the tumour antigen presentation and DC activation will not only remove a 

potential barrier to T cell functions, but also enhance post-infusion priming of T cells and support the 

mobilization of an endogenous T-cell response.  

 

Conventional dendritic cells 

cDCs are the most effective type of APC and they are dedicated to the continuous sampling of antigen. 

Precursors to cDCs are released from the bone marrow where after they enter lymphoid organs or other 

peripheral sites and develop into migratory or resident DC subsets37. The migratory DCs travel to the local 

LNs via the afferent lymph, were they are able to mature and function38,39. cDCs can be separated into 

cDC1s and cDC2s that differ in their anatomical location and ability to perform cross-presentation40, which 

is a process where exogenous derived antigens are internalized and presented on MHC I molecules. Cross-

presentation is a prerequisite for induction of a tumour reactive cytotoxic T cell response because it 

permits the presentation of exogenous antigens on MHC class I molecules, which are normally presented 

on MHC class II molecules. cDC1s are known to excel at cross-presentation of antigen to CD8+ T cells and 

they are the main producers of IL-1241,42. In contrast, cDC2s orchestrate CD4+ T helper responses40. In a 

cancer immunotherapy context, the contribution of intratumoural CD103+ cDC1s has been well described 

pre-clinically and via their function as the primary producers of the chemokine CXCL10, they are known to 

be essential for tumour-homing of effector T cells43. In a vaccine context, engagement of the cross-
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presenting CD8α+/CD103+ cDC1s has been the primary focus of many vaccine platforms due to their ability 

to cross-present tumour antigens.  

 

Plasmacytoid dendritic cells 

pDCs are unique in their ability to rapidly produce vast amounts of type I IFNs (IFN-α/β) in response to TLR 

stimulation44. In contrast to cDCs, pDCs develop fully in the bone marrow where after they can traffic to 

secondary lymphoid organs45. Activated pDCs are known to augment CD8+ T cell responses in non-human 

primates, even in the absence of specific antigen stimulation46. In addition, studies indicate that TLR-

activated pDCs can function as cross-presenting cells47–49 and even have direct cytotoxic effects50,51.  

The ability of pDCs to produce vast amounts of type I IFNs upon activation is important for cancer 

immunity52,53. A preclinical study reported that tumour rejection was dependent on secretion of type I 

IFNs54 and this observation has later been seconded  by a study reporting that type I IFNs were  selectively 

required by DCs for tumour-reactive T cell priming and tumour elimination55. Type I IFNs have been found 

to promote cross-priming of CD8+ T cells56, prolong the division of activated CD8+ T cells57 and stimulate 

intratumoural accumulation of cross-presenting DCs58. Induction of type I IFN secretion in a cancer 

immunotherapeutic context is therefore a feasible strategy to augment tumour-reactivity.  

 

Strategies to engage endogenous DCs for improved ACT efficacy 

Because engagement DCs alongside ACT is pivotal for broadening the tumour-reactive response, it is 

relevant to explore treatment strategies that can be used to stimulate DC activation and/or antigen 

presentation. In this review, the focus will be on preconditioning with chemotherapeutics, peptide or DC-

vaccination, stimulation with toll-like receptor (TLR) or stimulator of interferon genes (STING) agonists and 

CD40 ligation as adjuvant treatments to ACT. 

 

Preconditioning with chemotherapeutics   

It is well-established that ACT following lymphodepletion can enhance anti-tumour reactivity in murine and 

human hosts59–61, and lymphodepleting preconditioning is a standard treatment before T cell infusion in 

human patients62. Lymphodepletion refers to the elimination of endogenous lymphocytes which can be 

achieved by treatment with a low dose of radiation or a chemotherapeutic agent, typically 
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cyclophosphamide (CPX). Lymphodepletion results in a more pronounced tumour regression than observed 

with ACT alone and proposed mechanisms behind the improved immunity include increased availability of 

homeostatic cytokines to the infused T cells63, depletion of immune suppressive subsets64 and enhanced 

APC functionality65. Particularly DCs are believed to play an important role in mediating the enhanced anti-

tumour reactivity following lymphodepletion66,67.  

Preconditioning with CPX has been found to enhance the proliferative capacity of bone marrow derived DC 

precursors68. Compared to untreated control mice, bone marrow harvested from CPX-treated mice 

generated higher numbers of DCs with the ability to become activated in response to TLR stimulation and 

prime T cells in vitro. These results were in line with previous findings demonstrating that lymphodepletion 

with a single dose of CPX induced expansion of immature DCs that could be detected in the peripheral 

blood 8-16 days post treatment69. Preconditioning with CPX followed by a DC based vaccine has also been 

found to enhance the anti-tumour response in murine hosts, even in the absence of ACT70, suggesting that 

CPX stimulates priming of endogenous T cells. 

Another proposed mechanism, behind the enhanced function of DCs following preconditioning, is induction 

of immunogenic cancer cell death, which is a result of the anti-proliferative and cytotoxic effects of 

chemotherapy or ionizing radiation71–73. Immunogenic cell death involves exposure of several plasma 

membrane markers that enhances DC functions, e.g. HSP70 and calreticulin that stimulates cross-

presentation of tumour derived antigens and phagocytosis, repectively74. In response to plasma membrane 

markers associated with immunogenic cell death, DCs become activated and release cytokines, which 

supports the process of creating a pro-inflammatory environment for T cell priming and activation75. 

Immunogenic cell death is also a determining factor for antigen trafficking and presentation by DCs in the 

tdLN76.  

 

Vaccination 

Preclinical and clinical studies have demonstrated that the in vivo expansion, persistence and poly-

functionality of infused T cells can be enhanced by providing post-transfer vaccination. Tumour antigen 

vaccination facilitates post-infusion priming of adoptively transferred T cells, which stimulates the 

expansion and functionality and enhances the tumour-reactivity. Clinical trials combining ACT and tumour 

antigen vaccinations are in early stages and with a primary focus on evaluating safety and applicability, but 

encouraging findings have been reported. Recently, a vaccination with Epstein Barr Virus (EBV) antigen was 

shown to improve the persistence of CD19 CAR T cells modified to recognize EBV in relapsed paediatric 
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acute lymphoblastic leukaemia patients77. Similarly, a preclinical study has described that the persistence 

and activity of infused CAR-T cells could be enhanced by a tumour antigen vaccination78. This study found 

that the CAR-T cells could undergo post-infusion priming in lymphoid organs which triggered extensive 

expansion and enhanced anti-tumour efficacy. These results were in line with findings from a previous 

study demonstrating that a DC-based tumour antigen vaccination significantly enhanced the proliferation, 

cytokine production and tumour infiltration of infused T cells79.   

Other clinical trials have reported encouraging results related to the objective clinical response of cancer 

patients treated with the ACT and post-infusion vaccination. A DC-based vaccine with cytomegalovirus 

(CMV) antigens in combination with CMV-specific T cell transfer induced a significant increase in 

polyfunctional CMV specific T cells which correlated with longer survival of glioblastoma patients80. In line 

with these findings, a clinical phase II trial reported an improved 5 year recurrence-free and prolonged 

overall survival of patients with invasive hepatocellular carcinoma who received a post-operative DC based 

vaccine combined with ACT81. This treatment was based on autologous tumour lysate pulsed DCs and 

transfer of activated T cells.  

If immunogenic tumour antigens can be successfully identified, the ability to combine ACT with a tumour 

antigen vaccination represents an interesting approach to enhance the efficacy of ACT. The persistence of 

infused T cells have been linked to therapeutic efficacy82,83 and because post-transfer vaccination has been 

shown to enhance the persistence of infused T cells, future studies should further explore the concept of 

enhancing ACT with post-infusion vaccination.  

 

TLR stimulation 

A well-established way to activate DCs is by stimulation with TLR agonists. TLRs are a type of pattern 

recognition receptors (PRRs) that comprise a group of endosomal and plasma-membrane associated 

proteins expressed on DCs and other innate immune cells84. TLRs are conventionally used as vaccine 

adjuvants85 and when DCs are stimulated through TLRs, a process of activation and maturation is initiated 

that results in secretion of T cell activating cytokines such as TNF-α, IL-6, IL-12 and type I IFNs86. To this 

date, three TLR agonists have been approved by US regulatory agencies to treat cancer patients; 1) 

Imiquimod, a TLR7 agonist used to treat superficial basal cell carcinoma, 2)  Bacillus Calmette-Guérin (BCG), 

supposedly stimulating TL2, TLR3 and TLR9, used to treat non-invasive transitional cell carcinoma of the 

bladder and 3) monophosphoryl lipid A (MPL) (a derivative of LPS) stimulating TLR4 and used in a 

prophylactic vaccine against HPV-virus87.  
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TLR stimulation can be used in combination with tumour antigens to ensure activation of antigen 

presenting DCs. TLR stimulation can however also be used as an adjuvant treatment to other cancer 

treatments that causes tumour antigen release, e.g. radiotherapy (RT), to induce an in situ vaccination. The 

combination of TLR stimulation and RT has been explored in preclinical studies with encouraging results. A 

study reported that intravenous administration of the TLR7 agonist resiquimod (R848) in combination with 

RT lead to clearance of established tumours in murine lymphoma models88. The treatment effect was 

associated with expansion of tumour-antigen specific CD8+ cells and improved survival of the treated mice. 

These results were in line with findings from other preclinical studies demonstrating that TLR7/8 agonists 

can be potent adjuvants to RT by boosting antigen-presentation by DCs in subcutaneous and orthotopic 

mouse models of colorectal and pancreatic cancer89. Similarly, systemic administration of a TLR7 agonist in 

combination with RT has been shown to prime a tumour-reactive CD8+ T cell response and result in 

improved survival in syngeneic models of colorectal carcinoma and fibrosarcoma90. The combination of RT 

and TLR stimulation is interesting because the RT-induced availability of tumour antigens at the tumour site 

can be exploited to stimulate an endogenous tumour response. RT acts directly on cancer cells and 

introduce DNA damage that, if left unrepaired, results in cell death72,73. This can stimulate an anti-tumour T 

cell response, if APCs engulf (parts of) dying cancer cells for subsequent T cell priming. In this setting, TLR 

stimulation can feed in to the circle of events and boost activation and antigen-presentation of DCs that 

enhances the T cell priming. 

To the best of our knowledge, no clinical trials evaluating the effect of boosting ACT with TLR agonist 

stimulation have so far been completed. Preclinical studies have however described the use of TLR 

stimulation to augment ACT with encouraging results. A recent study found that the administration of the 

TLR4 agonist Lipopolysaccharid (LPS) could augment the tumour-reactivity of adoptively transferred pmel-1 

CD8+ T cells in mice with established B16.F10 tumours91. Administration of MPL and the TLR9 agonist CpG 

ODN likewise potentiated the anti-tumour activity of infused CD8+ T cells. These results were in line with 

findings from a previous study demonstrating that TLR3 stimulation and a tumour antigen vaccination 

increased the expansion and anti-tumour efficacy of adoptively transferred antigen-specific pmel-1 CD8+ T 

cells in preconditioned B16.F10 tumour-bearing mice69. 

Although TLR agonists are effective vaccine adjuvants, the overall beneficial effect of TLR stimulation as 

cancer immunotherapy is debated. The concept is complicated by the fact that TLRs are not only expressed 

by immune cells but also by cancer cells92 and TLR expression by cancer cells has been linked to metastasis 

in breast cancer93 and oesophageal squamous cell carcinoma94. Accordingly, the reported effects of TLR 

treatment as a cancer immunotherapy have been mixed87,95, reflecting issues with toxicity and supposedly 
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the complexity of TLR expression in the tumour microenvironment. Therefore additional research is needed 

to further elucidate the effect of TLR stimulation as a cancer immunotherapy and current issues related to 

safety and administration of TLR agonists have to be resolved.  

 

STING agonists 

Given the importance of type I IFNs in cancer immunity, efforts have been put into identifying pathways 

that are responsible for or linked to secretion of type I IFNs. Recent findings have pointed towards a crucial 

role for the STING pathway in this process96. STING is an adapter molecule that becomes activated by cyclic 

dinucleotides generated by cyclic GMP-AMP synthase, which in turn is activated by cytosolic DNA. 

Activated STING phosphorylates interferon regulatory factor 3 (IRF3) that directly contributes to type I IFN 

gene transcription97. One study found that spontaneous tumour reactive CD8+ T cell priming was defective 

in STING-/- mice and that STING pathway activation and IFN-β production correlated with DNA detection in 

tumour infiltrating DCs98. The STING pathway therefore appears to be involved in detecting the presence of 

a tumour to drive DC activation and subsequent T cell priming against tumour associated antigens.  

STING agonists have been shown to have therapeutic implications for stimulating anti-tumour T cell 

reactivity. Preclinical studies have described that treatment with STING agonists can induce an increase in 

the abundance and functionality tumour infiltrating cytotoxic T cells associated with tumour regression99–101 

and STING stimulation has also been shown to antagonize expansion of immune suppressive myeloid 

derived suppressor cells102. Interestingly, a preclinical study recently demonstrated that co-delivery of a 

STING agonist and CAR-T cells resulted in elimination of tumour cells that were not recognized by 

adoptively transferred CAR-T cells as monotherapy103. The combined delivery of a STING agonist and CAR-T 

cells resulted in a synergistic activation of APCs and was associated with prolonged survival and protection 

against tumour escape. These results indicate that STING activation might enhance the effect of CAR-T cell 

therapy by broadening the tumour reactive T cell response.  

Given the ability of STING to stimulate priming of tumour-reactive T cells through DC activation, it is likely 

that STING activation can enhance epitope spreading when combined with ACT. The combination of STING 

and check-point inhibitors is being tested in clinical settings and has been shown to enhance the 

therapeutic response to chemotherapy in patients with ovarian cancer104. A study done in a preclinical 

model of head and neck cancer also demonstrated that the combined treatment of STING and PD-1 

blockade could enhance local and systemic immunity and reverse adaptive resistance to chemotherapy105. 

The ability to (re)establish tumour immunity using STING and check-point inhibition indicates that STING 
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activation can expand pre-existing tumour reactivity, perhaps by broadening the tumour response. STING 

activation could thereby support the therapeutic efficacy of adoptively transferred T cells by activating 

APCs that in turn can cross-prime endogenous tumour-reactive T cells. 

 

CD40 stimulation 

Another well-established mechanism, which is implicated in priming of tumour-reactive T cells, is 

engagement of the CD40/CD40L axis. CD40 is a member of the Tumour necrosis factor (TNF) receptor 

family and is expressed by a range of different cell types including DCs, B cells, platelets and non-

hematopoietic cells such as endothelial cells, fibroblasts and some types of cancer cells106. Ligation of CD40 

on DCs has been found to upregulate the expression of co-stimulatory molecules (e.g. CD80 and CD86) and 

MHC molecules, induce secretion of pro-inflammatory cytokines and enhancing the antigen processing 

machinery107. Stimulation with CD40 agonists has been shown to stimulate the T cell priming capacity of 

DCs and lead to potent anti-tumour T cell immunity in preclinical models. Early mechanistic studies also 

demonstrated that CD40 stimulation can enhance the efficacy of tumour antigen vaccination108,109, induce 

activation of endogenous CD4+ T cells108 and reverse cytotoxic T cell tolerance109. Interestingly, preclinical 

studies indicate that activated CD8+ T cells are able to boost IL-12 production by DCs through expression of 

CD40L. Consequently, this could provide a positive feedback loop for adoptively transferred T cells through 

the engagement of DC help110. 

The ability of CD40 stimulation to enhance the efficacy of ACT has been evaluated in different preclinical 

models. Recently, a study showed that lymphodepleting whole body irradiation (WBI) in combination with 

CD40 stimulation enhanced the accumulation of infused T cells in a murine pancreatic tumour model111. 

Here it was demonstrated that the combination of CD40 stimulation, WBI and ACT enhanced the 

proliferation of infused T cells, promoted high levels of tumour inflammation and was associated with 

tumour regression and prolonged survival of treated mice. These findings were in line with observations 

from a previous study, where CD40 stimulation was shown to boost the antitumour activity of ACT in 

murine B16.F10 tumours112. Here, a monoclonal antibody targeting CD40 was combined with ACT and 

administration of IL-2. This combination improved the expansion of the infused T cells and was associated 

with tumour regression. The results also showed that the T cell expansion was dependent on IL-12 and 

expression of CD80 and CD86 by endogenous DCs.  

The use of CD40 agonists has also been tested as cancer immunotherapy in clinical settings. A paper 

recently summarized the long-term outcomes of a phase I study of agonistic CD40 antibody and CTLA-4 
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treatment of metastatic melanoma patients113. Here it was found that the therapy was associated with 

increased tumour T cell infiltration, T cell reinvigoration and T cell clonal expansion. The overall response 

rate was 27.3% and out of 22 evaluable patients, 2 patients were complete responders and 4 patients had 

partial response. Collectively, findings from preclinical and clinical studies indicate that CD40 agonists, via 

the ability of CD40 stimulation to enhance DC functions and T cell priming, could be a feasible adjuvant 

therapy to ACT.  

 

Concluding remarks 

The concept of ACT has been manifested as a promising therapeutic option for a subgroup of patients with 

melanoma and haematological malignancies. To further enhance the therapeutic capacity of ACT, and to 

broaden the application to other types of solid cancers, it is necessary to gain more knowledge on factors 

that can enhance the post-infusion persistence and functionality of transferred T cells. Engagement of DCs, 

as an adjuvant therapy to ACT, can stimulate a broader tumour-reactive response by priming endogenous T 

cells and facilitate post-infusion priming of adoptively transferred T cells. Accordingly, the combination of 

ACT and DC-activating treatments such as TLR or STING agonists, as well as CD40 stimulation and tumour 

antigen vaccination, has been found to have implications for the in vivo expansion, persistence and 

polyfunctionality of infused T cells. Engagement of activated DCs alongside ACT has also been associated 

with improved tumour control and prolonged survival in preclinical models. The combination of ACT and 

treatments that activates and/or induces antigen presentation of DCs therefore represents an interesting 

therapeutic strategy that potentially can enhance the effect and broaden the applicability of ACT in the 

future.  
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Figure 1. Strategies that engage endogenous DCs to enhance the anti-tumour effect of ACT. 

After infusion, adoptively transferred T cells home to the tumour and kill cancer cells that 

express their cognate antigen presented on MHC molecules (1). In the tumour, CD8+ T cells kill 

their target cells by secreting cytotoxic molecules (e.g. granzymes and perforins) that induce 

apoptosis. Preconditioning, using a small dose of chemotherapy or radiation, can be used to 

induce cancer cell death and thereby additional release of tumour antigens. Peripheral, tumour-

infiltrating DCs engulf pieces of the dead cancer cells and process the tumour associated 

antigens for subsequent presentation on MHC molecules. To ensure proper activation of 

peripheral DCs, stimulation of toll-like receptors (TLRs), STING or CD40 can be utilized. Activated, 

antigen-presenting DCs travel to lymphoid organs for priming of endogenous tumour-reactive T 

cells (2). Depending on their differentiation state, the infused T cells also home to the lymphoid 

organs and can undergo post-infusion priming at this site, which will induce expansion and 

activation. Vaccination with tumour antigens can therefore be used to ensure post-infusion 

expansion of the transferred T cells. Activated T cells subsequently home to the tumour for 

additional cancer cell killing (3). 
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3.2 Manuscript 1 

Systemic liposomal vaccination potentiates antigen-specific priming and expansion of adoptively 

transferred, naïve CD8+ T cells 

Ditte E. Jæhger† & Mie L. Hübbe†, Martin K. Kræmer, Gael Clergeaud, Anders E. Hansen, Martin Bak, Jonas 

Henriksen, Mette N. Witt, Andreas Kjær, Thomas L. Andresen   

† These authors contributed equally to the paper 

 

Manuscript 1 describes a preclinical evaluation of performing ACT using naïve, antigen-specific CD8+ T cells 

that are primed in vivo by a liposomal tumour antigen vaccination containing the cognate antigen of the 

transferred T cells co-formulated with a TLR7 agonist. The ability of the liposomal tumour antigen 

vaccination to activate APCs and induce antigen presentation was confirmed both in vitro and in vivo, and 

vaccination of tumour-bearing mice was shown to prime and induce expansion of adoptively transferred, 

naïve, antigen-specific CD8+ T cells. The vaccine-induced T cell priming was associated with improved 

tumour control and prolonged survival of treated mice. These results show that naïve, antigen-specific CD8+ 

T cells can be used for ACT by proving post-infusion priming with a liposomal tumour antigen vaccination. 

This finding provides a rational for further exploring the potential to enhance the therapeutic effect of ACT 

by combining infusion of naïve or minimally differentiated T cells with tumour antigen vaccination in 

preclinical and clinical settings.  
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One sentence summary: A liposomal tumor antigen vaccination can efficiently prime and expand 

adoptively transferred naïve CD8
+
 T cells in vivo, resulting in improved control of established 

tumors and prolonged survival in two murine models of cancer.  

 

Abstract 

Adoptive T cell transfer (ACT) offers a curative therapeutic option for subgroups of cancer patients 

with different malignancies, even in cases of progressed or disseminated disease. The design of 

novel treatment strategies that potentiate the effect of transferred T cells is however pivotal for the 

continued solicitation of ACT, in order to further improve response rates and broaden the 

applicability of the therapy. Post-transfer tumor antigen vaccination has been explored and, in some 

cases, verified as an efficient way to improve therapeutic outcome of ACT. Here, we demonstrate 

that a single, intravenous injection of tumor antigen and adjuvant-carrying vaccine liposomes 

efficiently primes adoptively transferred, naïve CD8
+
 T cells. The transferred T cells accumulate in 

the spleen, whereby local antigen presentation and dendritic cell activation induced by the vaccine 

stimulates robust T cell expansion. Subsequently, expanded T cells home to the tumor resulting in a 

high infiltration of antigen-specific T cells associated with improved control of established tumors 

and prolonged survival of treated mice. Overall, this liposomal vaccine platform offers an attractive 

and versatile treatment strategy to potentiate the post infusion performance of adoptively transferred 

T cells and enhance the effect of ACT.  
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Introduction 

The potential of the immune system to recognize and eliminate cancer cells has been demonstrated 

by the tremendous advances of cancer immunotherapy
1
. Central in generating an effective anti-

cancer immune response is the mobilization of functional cancer reactive T cell populations. 

Unfortunately, a significant number of patients fail to raise or sustain this response after treatment
2
. 

Adoptive cell transfer (ACT) of T cells expanded and modified ex vivo, can be used to (re)constitute 

the tumor-reactive T cell population. ACT has yielded impressive treatment responses, even in 

patients that are heavily pretreated and/or refractory to standard chemotherapeutics
3
. The most 

clinically advanced ACT treatments are based on tumor-infiltrating leukocytes (TILs) and chimeric 

antigen receptor (CAR)-T cells. TIL-based ACT has emerged as an effective cancer immunotherapy 

for treatment of malignant melanoma
4
 that typically induces complete durable responses in 15-20% 

of patients in clinical trials
5,6

. ACT based on CAR-T cells has yielded impressive treatment 

responses against CD19-expressing B cell cancers, with up to 90% complete remission reported in 

some trials
7,8

. This creates and sustains an interest in the development of improved T cell therapies
9
.  

Despite impressive response rates, a large proportion of patients do not benefit from ACT, 

and the therapeutic efficacy against solid cancers remains low. Unresponsiveness to ACT can have 

several underlying causes but generally it can be attributed to an inability of the transferred T cells 

to persist and function after infusion
10–12

. The T cell phenotype is known to affect the efficacy of 

ACT, with less differentiated T cell subsets being associated with enhanced persistence and 

improved tumor control
13,14

. The naïve or central memory phenotype can however be difficult to 

sustain during repeated stimulation ex vivo. Strategies to shorten or obliterate ex vivo expansion of T 

cells before transfer are therefore highly sought for.  

Recent advances in the understanding of ACT have demonstrated that minimally 

differentiated T cells can be primed and expand in secondary lymphoid organs following infusion
13–

15
. Expansion occurs when transferred T cells recognize their cognate antigen presented by activated 

antigen-presenting cells (APCs), such as dendritic cells (DCs), and this motivates the combination 

of ACT and peptide vaccination for post-infusion priming
16–18

. Accordingly, clinical studies have 

demonstrated that the combination of ACT and vaccination with tumor antigen-pulsed DCs can 

enhance the effect of ACT
19,20

, increase the polyfunctionality of transferred T cells
21

 and improve 

patient survival
22

.  

The central dogma for peptide vaccinations is currently based on depot formation of 

peptide-adjuvant emulsions, using e.g. Montanide, because this protects the peptides from rapid 

degradation and elimination 
23

. However, using this technology for tumor antigen vaccinations 

poses significant barriers
24

. Pre-clinically it was demonstrated that a tumor antigen peptide vaccine 

in water-oil adjuvant can create a depot that induce dysfunctional antigen-specific CD8
+
 T cells at 

the site of injection
25

. This relationship between sustained, high antigen concentrations and T cell 

dysfunction has been repeatedly demonstrated in pre-clinical studies
26,27

 and constitutes a 

significant hindrance to the efficient priming of adoptively transferred and endogenous T cells. 

With an offset in current limitations to effective tumor antigen vaccinations, we developed a 

novel system for tumor antigen vaccinations based on a liposomal formulation with conjugated 
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tumor antigenic peptides and a Toll-like receptor (TLR)7 agonist, delivered systemically as an 

intravenous (i.v.) injection. The priming potential of vaccine formulations depend critically on the 

coordinated activation and uptake of professional APCs. Thus, if antigen is presented by non-

activated APCs, it might result in antigen-specific tolerance, and suboptimal T cell priming
28

. We 

demonstrate that, by co-delivering tumor antigen and adjuvant, our liposomal vaccine platform 

induces activation and antigen presentation by splenic CD8
+
 conventional dendritic cells (cDCs). 

This initiates priming and expansion of adoptively transferred antigen-specific naïve CD8
+
 T cells 

in the spleen, followed by extensive tumor infiltration, which significantly improves tumor growth 

control and prolongs survival of treated mice.  

 

Results 

Establishing a versatile liposomal vaccine platform 

In this study, we introduce the novel concept of expanding naïve T cells directly in the host by 

liposomal vaccination delivered as a single, intravenous injection. This strategy aims at shortening 

the timespan of ex vivo T cell culture prior to infusion as well as exploiting a liposomal platform to 

deliver a concise, potent stimulation, thereby overcoming the need for vaccine depot formation (Fig. 

1A).  

For this purpose, we have developed a liposomal platform based on co-formulation of a 

potent TLR7 agonist and tumor antigens incorporated into the surface through highly flexible 

reducible linkers that upon activation by reduction release the antigen intracellularly (Fig. 1A). The 

lipidated TLR7 agonist (TMX-201) and antigens were anchored into the liposome membrane 

through a cholesterol moiety (Fig. 1B), with cryoTEM examination showing homogeneous 

unilamellar structures of the liposomes (Fig. 1C). 

Antigens OVA257-264 (SIINFEKL) and human gp10025−33 (KVPRNQDWL) were synthesized 

with N-terminal cysteine modifications to facilitate conjugation to cholesterol with or without 

reducible linkers (Fig. 1D, supplementary materials S1). The physicochemical characteristics of the 

different formulations, including size, polydispersity, -potential and concentrations of lipid, TLR7 

adjuvant (TMX-201) and antigens are presented in Fig. 1E.  
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A Liposomal vaccine (1)

Naïve T cells (2)

Reduction

B C

D

Fast initiation of therapy and/or possiblity of using donor cells

Efficient homing to lymphoid organs for in vivo priming

High proliferative capacity of infused T cells

(2)

(1)
Efficient shielding of antigen for intravenous delivery

Rapid accumulation in lymphoid organs

Co-delivery of antigen and adjuvant

Flexible platform technology

E C
Formulation Size (nm) PDI (au) Z-Pot (mV) Lipid (mM) Antigen (mM) TMX-201 (mM) 

MK062:TMX 114.0 ± 1.4 0.135 -15.0 ± 0.3 26.38 0.622 0.861 

MK098:TMX 123.6 ± 1.4 0.177 -17.6 ± 0.3 31.28 0.570 0.975 

MK062 128.2 ± 0.3 0.060 -14.9 ± 0.3 17.47 0.250 N/A 

TMX 117.1 ± 0.5 0.061 -15.1 ± 0.7 33.26 N/A 1.053 

MK084:TMX 112.0 ± 0.7 0.127 -19.8 ± 0.6 26.15 0.454 0.968 

 

TMX-201

 

Figure legend on next page 
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Fig. 1. Therapeutic strategy and liposomal vaccine design and characterization. (A) Proposed 

strategy for efficient in vivo priming of minimally differentiated (naïve) antigen-specific T cells 

using the liposomal vaccine platform. Naïve, antigen-specific T cells are infused intravenously to 

tumor-bearing recipient mice. 24 hours after T cell infusion, mice receives an intravenous injection 

with liposomal antigen vaccination consisting of the cognate antigen of the infused T cells co-

formulated with a TLR7 agonist (TMX-201). The vaccine liposomes are engulfed by antigen 

presenting cells in vivo, release the antigen intracellularly which results in activation, antigen 

presentation and ultimately priming of tumor-reactive, infused T cells. (B) Conceptual illustration 

of the liposome formulation. (C) Cryogenic transmission electron microscopy imaging of liposomal 

formulation MK098:TMX. Scale bars depict 100 nm. (D) Structure of TLR7 agonist TMX-201 and 

peptide antigens coupled to cholesterol via reducible (MK062 and MK098) or non-reducible 

(MK084) linkers. (E) Liposome characterization.  

 

Liposomal vaccination improves the therapeutic effect of ACT in murine cancer models 

To examine the therapeutic effect of combining ACT using naïve T cells and the liposomal 

tumor antigen vaccination, we combined infusion of unstimulated splenocytes from TCR transgenic 

donor mice and systemic liposome vaccination.  

OT-1 splenocytes were isolated from TCR-transgenic ‘OT-1’ mice (C57BL/6 -

Tg(TcraTcrb)100Mjb/J) and primed 24 hours following infusion with the cognate antigen OVA257-

264 (SIINFEKL). The antigen was delivered either as the free peptide dissolved in PBS together with 

TMX-201 liposomes, or formulated with TMX-201 in liposomes using the reducible linker system 

(MK062:TMX). A similar set-up was used to prime pmel-1 splenocytes (B6.Cg-Thy1a/Cy 

Tg(TcraTcrb)8Rest/J) with the cognate antigen gp10025-33 (KVPRNQDWL) as soluble peptide or 

inserted with a reducible linker in a liposomal formulation (MK098:TMX) (Fig. 2A). 

The therapeutic effect of T cells and liposome vaccination was evaluated in syngeneic 

murine cancer models. Firstly, the co-formulation (MK062:TMX) was compared to delivery of the 

soluble peptide antigen and TMX-201 liposomes as separate components. Whereas the soluble 

peptide and TMX-201 liposomes induced no or minimal tumor growth delay in combination with 

transferred T cells, the combination of ACT and vaccine liposomes induced marked regression of 

established tumors and significantly prolonged survival in the two murine syngeneic tumor models: 

The lymphoma model E.G7-OVA (Fig. 2B, C) and the melanoma model B16-OVA (Fig. 2D, E). 

Neither ACT nor vaccine liposomes had significant therapeutic effect as monotherapies 

(Supplementary figure, S2).   

Next, we wanted to address the therapeutic importance of attaching the antigen to the 

vaccine liposome using a reducible linker, which previously was shown to induce higher cross-

presentation compared to conjugation via non-reducible linkers
29

. To address this, SIINFEKL was 

inserted in liposomes using a non-reducible, cholesterol linker construct (MK084:TMX) and TMX-

201 liposomes without antigen were included as controls. Neither MK084:TMX or TMX-201 

liposomes displayed any anti-tumor effects when combined with ACT, demonstrating that the 
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presence of the active peptide release mechanism in the liposomal vaccine platform is of crucial 

importance in order to achieve therapeutic effect (Fig. 2 F,G). 

Targeting a single antigen with ACT has been shown to increase selection pressure and 

accelerate antigen escape
30–32

, and this limitation might be circumvented by targeting multiple 

antigens simultaneously
33

. Thus, we hypothesized that a multivalent approach, combining multiple 

T cell clones and antigens, would result in improved therapeutic effect. To examine this, we 

combined OT-1 and pmel-1 splenocyte transfer with vaccination against both cognate antigens 

simultaneously (MK062:TMX + MK098:TMX). The combinatorial approach resulted in more 

sustainable tumor regression and significantly prolonged survival in the B16-OVA model (Fig. 2H, 

I).  
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Fig. 2. Combined treatment of ACT and liposomal vaccination improves tumor control and 

prolongs survival in two syngeneic mouse cancer models. (A) Schematic illustration of the 

treatment schedules applied. Tumor growth curves (B,D) and survival curves (C,E) of mice 

receiving either soluble peptide (SIINFEKL or KVPRNQDWL) and liposomal adjuvant (TMX-

201) or liposome vaccination (MK062:TMX or MK098:TMX) post T cell infusion, as indicated. 

Tumor growth curves (F) and survival curves (G) of mice receiving different liposome formulations 

post T cell infusion, as indicated. Tumor growth curves (H) and survival curves (I) of mice 

receiving combination therapy directed against a single antigen or both antigens, as indicated. 

Graphs represent pooled data from 2-3 independent experiments with 8 mice pr. group in each 

experiment. Error bars in B, D, F and H represent the mean ± SEM. Survival in D, E, G and I was 

calculated by Log-Rank. *P ≤ 0.05, ** P ≤ 0.01 ***P ≤ 0.001 ****P ≤ 0.0001. 

 

Splenic APCs are activated and present antigen upon intravenous, liposomal vaccination 

Successful priming of tumor-reactive T cells is critically dependent on tumor antigen 

uptake, processing and presentation on MHC molecules by APCs. To confirm that the antigen and 

adjuvant co-formulated in the liposome vaccine could be processed by APCs, we established an in 

vitro assay using bone-marrow derived dendritic cells (BMDCs) to assess antigen presentation and 

activation in response to treatment with MK062:TMX liposomes. To evaluate the MK062:TMX 

induced antigen presentation, we quantified the SIINFEKL presentation on CD11c
+
 BMDCs by 

flow cytometry using an antibody specific for SIINFEKL peptide bound to MHC I (H-2Kb) 

molecules. The level of SIINFEKL presentation induced by MK062:TMX was compared to that of 

untreated controls and BMDCs treated with free SIINFEKL peptide in PBS + TMX-201 liposomes 

as separate components. By assessing the SIINFEKL peptide presentation over four consecutive 

days (after 24-96 hours in culture) we found that MK062:TMX treated BMDCs exhibited a higher 

level of SIINFEKL presentation than SIINFEKL + TMX-201 treated BMDCs after 48-96 hours in 

culture (Fig. 3A). The MK062:TMX induced antigen presentation persisted at a stable level for 96 

hours in culture as opposed to the SIINFEKL + TMX-201 induced antigen presentation which 

decreased significantly after 48 hours in culture. This extended period of antigen presentation 

observed with MK062:TMX liposomes was an encouraging find since a sustained antigen-

presentation previously has been shown to enhance the expansion and effector functions of antigen-

specific T cells in vivo
34–36

.  

To confirm that the TMX-201 could activate BMDCs, we evaluated the expression of the 

activation markers CD86 and CD40 at 24 and 48 hours after treatment with MK062:TMX 

liposomes. The expression levels of CD86 and CD40 were compared to those of BMDCs treated 

with MK062 liposomes without TMX-201 adjuvant. After 24 hours, CD11c
+
 BMDCs treated with 

MK062:TMX liposomes had upregulated expression of both CD86 and CD40 compared to MK062 

treated BMDCs. After 48 hours, the expression of CD86 had returned to baseline whereas CD40 

remained upregulated (Fig. 3B). 

Next, we evaluated if MK062:TMX liposomes could induce antigen presentation and 

activation of APCs in vivo. Since the SIINFEKL antigen conjugated in the MK062:TMX liposomes 
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is a CD8
+
 T cell epitope, it was important to confirm that the vaccine liposomes could induce 

antigen cross-presentation and activation of conventional type I DCs (cDC1s). cDC1s are 

specialized in taking up exogenous tumor antigens for cross-presentation on MHC class I molecules 

and therefore essential for the initiation of an anti-tumor CD8
+
 T cell responses

37
. Since the 

liposomal formulation used for the MK062:TMX vaccine has previously been shown to accumulate 

in the spleen (unpublished data), we evaluated activation and SIINFEKL presentation on MHC I 

molecules by splenic CD8
+
 cDCs. Female C57bl/6 mice received a single i.v. injection with 

MK062:TMX liposomes corresponding to a treatment with 10 µg SIINFEKL epitope. Control mice 

were treated i.v. with 10 µg soluble SIINFEKL peptide in PBS or TMX-201 liposomes. 24 hours 

after treatment, spleens were excised and single-cell suspensions prepared. The splenic cells were 

stained for flow cytometry analysis and CD8
+
 cDCs were identified as viability dye (VD)

-
, CD45

+
, 

CD64
-
, CD11c

hi
, MHC II

hi
, CD11b

-
 and CD8

+
 (Fig. 3C) The antigen presentation was evaluated by 

quantifying the level of MHC:SIINFEKL
+
 CD8

+
 cDCs. Our results demonstrated that vaccination 

with MK062:TMX liposomes induced SIINFEKL antigen presentation by splenic CD8
+
 cDCs to a 

higher extent than observed in mice treated with soluble SIINFEKL antigen or TMX-201, as 

evidenced by a higher percentage of MHC:SIINFEKL
+
 CD8

+
 cDCs (Fig. 3D). We also evaluated 

antigen presentation in the tumor-draining lymph nodes upon MK062:TMX vaccination, but did not 

detect an increase in MHC:SIINFEKL
+
 DCs (supplementary figure, S4). 

Finally, we assessed the expression of the activation marker CD86 at 24 and 48 hours after 

treatment and could confirm that liposomal TMX-201 activates splenic CD8
+
 cDCs in vivo (Fig. 

3E). Together these results demonstrate that treatment with MK062:TMX liposomes can induce 

activation and antigen presentation by APCs both in vitro and in vivo. 
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Figure legend on next page  
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Fig. 3. MK062:TMX liposomes effectively activate and deliver antigen to APCs in vitro and in 

vivo. (A) Evaluation of SIINFEKL antigen presentation on CD11c
+
 BMDCs 24-96 hours after 

treatment with MK062:TMX liposomes or soluble SIINFEKL peptide + TMX-201 liposomes 

depicted as fold change to untreated controls (left) and shift in MFI after 48 hours (right). (B) 

Expression (MFI) of activation markers CD40 and CD86 on CD11c
+
 BMDCs in response to 

treatment with MK062:TMX or MK062 liposomes (without TMX-201 adjuvant) liposomes. (C) 

Antigen presenting CD8
+
 cDCs were identified as viability dye (VD)

-
, CD45

+
, CD64

-
, CD11c

hi
, 

MHC II
hi

, CD11b
-
, CD8

+
 and MHC:SIINFEKL

+
. (D) Antigen presentation by splenic CD8

+
 cDCs 

after treatment with MK062:TMX or a corresponding dose of soluble SIINFEKL peptide or TMX-

201 liposomes, depicted as MHC:SIINFEKL
+
 CD8

+
 cDCs (E) Expression of activation marker 

CD86 on splenic CD8
+
 cDCs in response to MK062:TMX, SIINFEKL or TMX-201 treatment. 

Graphs represent pooled data from 2-4 independent experiments with n=2-6 for each experiment. 

Error bars represent the mean ± SD. Differences were calculated with students T-test for A and B 

and ordinary one-way ANOVA for C and D *P ≤ 0.05, **P ≤ 0.01 ***P ≤ 0.001 ****P ≤ 0.0001. 

 

Antigen presentation is associated with secretion of type I IFNs by pDCs 

Type I interferons (IFN-α/β) are pivotal for the activation and antigen presenting capacities 

of DCs
38,39

 and thereby essential for mounting an effective anti-tumor T cell response. IFN-α/β are 

produced in vast amounts by plasmacytoid DCs (pDCs) in response to TLR7 stimulation
40

 and 

because the MK062:TMX liposomes are delivered systemically, we speculated if circulating pDCs 

could become activated by the TLR7 agonist and produce type I IFNs. pDCs constitute an important 

link between innate and adaptive immunity and TLR stimulation of pDCs initiates a complex 

inflammatory cascade that results in activation of innate immune cells and promotion of CD8
+
 T 

cell Th1 responses
41

. For this reason, we also evaluated the systemic levels of CXCL10 (IP10) and 

IL-12 p70 that are produced by activated innate immune effectors, including DCs. IP10 stimulates 

effector T cell migration to the tumor site
42

 and IL-12 p70 prolongs IL-2 stimulated CD8
+
 T cell 

division
43

 and activates tumor infiltrating CD8
+
 T cells

44
.  

To evaluate the systemic levels of IFN-β, IP10 and IL-12 p70 in response to MK062:TMX 

liposomes, we performed ELISA on serum samples. Female C57bl/6 mice received an i.v. injection 

with MK062:TMX liposomes corresponding to a dose of 10 µg SIINFEKL peptide and 10 µg 

liposomal TMX-201 adjuvant. To elucidate the role of pDCs on systemic cytokine secretion, an 

additional group of mice received MK062:TMX vaccination along with three i.p. injections with α-

Siglec-H antibody that functionally blocks pDCs. Our results demonstrate that vaccination with 

MK062:TMX liposomes increase the systemic levels of both IFN-β, IP10 and IL-12 p70 (Fig. 4A) 

and that pDC blocking reduced the systemic levels of all three cytokines (Fig. 4A).  

The successful blocking of pDCs was confirmed by an observed decrease in the frequency 

of splenic pDCs in the treated mice (Fig. 4B). Spleens were prepared for flow cytometry analysis as 

previously described and pDCs were identified by the following surface marker characteristics: VD
-

, CD45
+
, CD64

-
, CD11c

low-int
, MHC II

low-int
, Ly6C

+
, Siglec-H

+ 
(gating strategy is exemplified in 

supplementary figure S3)(Fig. 4B).  The analysis did not reveal a difference in the activation of 
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splenic CD8
+
 cDCs when the pDCs were blocked (Fig. 4C) which indicates that CD8

+
 cDC 

activation is not solely dependent on IFN-β stimulation. However, the frequency of splenic antigen 

presenting (MHC:SIINFEKL
+
) CD8

+
 cDCs was significantly lower when the mice were treated 

with MK062:TMX and α-Siglec H (Fig. 4D). In fact, treatment with α-Siglec-H resulted in a 

frequency of MHC:SIINFEKL
+
 CD8

+
 cDCs corresponding to the levels observed with MK062 

treatment without inclusion of the TLR7 agonist (Fig. 4D). This indicates that pDC blocking 

eliminates the enhancing effect that TMX-201 has on antigen presentation. These results are in line 

with previous findings demonstrating that type I IFNs promote intracellular antigen persistence and 

stimulates survival and activation of in cross-presenting DCs
45

 resulting in enhanced cross-priming 

of CD8
+
 T cells

45,46
.  

Despite previous reports suggesting that pDCs are capable of presenting antigen and priming 

T cells
47,48

, we did not detect antigen-presentation on splenic pDCs in response to MK062:TMX 

vaccination (supplementary figure, S5, right). We did however observe an increase in the CD86 

expression level, confirming the activation of pDCs upon vaccination with MK062:TMX liposomes 

(supplementary figure, S5, left). 
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Fig. 4. The level of antigen presentation by splenic CD8
+
 cDCs after MK062:TMX vaccination 

is associated with secretion of type I IFNs by pDCs. (A) Effect of pDC blocking on systemic 

levels of IFN-β, IL-12 p70 and IP-10. Serum levels of cytokines were measured by ELISA four 

hours after vaccination. (B) The percentage of splenic pDCs upon α-Siglec-H pDC blocking. (C) 

Effect of pDC blocking on activation (CD86 expression) of splenic CD8
+
 cDCs. (D) Effect of pDC 

blocking on antigen presentation by splenic CD8
+
 cDCs. Graphs depict data from one experiment 

that has been repeated with comparable results. Error bars in the graphs represent the mean ± SD. 

Differences were calculated with one-way ANOVA . *P ≤ 0.05, **P ≤ 0.01 ***P ≤ 0.001 ****P ≤ 

0.0001. 
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Liposomal vaccination efficiently expands adoptively transferred, naïve CD8
+
 T cells 

Having established that MK062:TMX liposomes could activate APCs and deliver antigen 

for presentation in vitro and in vivo, we turned to evaluate the capacity of the liposomal vaccine to 

induce priming and expansion of CD8
+
 T cells. The CD8

+
 T cell activating properties of 

MK062:TMX liposome treated APCs were evaluated using an in vitro co-culture assay with 

MK062:TMX liposome-treated BMDCs and Cell Trace Violet stained OT-1 T cells. After 72h in 

culture, BMDCs were treated with soluble peptide with or without inclusion of TMX-201 

liposomes, TMX-201 liposomes alone or the vaccine liposomes (MK062:TMX). OT-1 T cells were 

added to the BMDCs in a ratio of 2:1 and proliferation evaluated after additionally 4 days in co-

culture, by quantification of CellTrace dye dilution
49

. Compared to liposomal adjuvant alone, 

treatment with MK062:TMX liposomes increased the proliferation and expansion index of OT-1 

CD8
+
 T cells (Fig. 5A-B). Representative histograms showing the dilution of CellTrace signal used 

for calculation is shown for TMX-201 liposomes (Fig. 5C, left) and MK062:TMX  vaccination 

(Fig. 5C, right).  

Based on the therapeutic efficacy and superior in vivo antigen presentation observed 

following ACT and MK062:TMX liposome vaccination, we hypothesized that adoptively 

transferred T cells were primed and expanded in vivo following liposome vaccination 

Following liposomal vaccination, OT-1 T cells proliferated markedly in the spleen, reaching 

14.4-fold expansion 2 days after vaccination (Fig. 5D). This corresponded to a considerably 

increased proportion of OT-1 cells in the spleen 2 and 3 days following vaccination (Fig. 5E). No 

notable proliferation of the OT-1 T cells could be observed in tumor-draining lymph nodes (tdLN), 

suggesting that priming was restricted to the spleen (Fig. 5G). At later time points, activated T cells 

entered the tumor reaching a level of up to 80 percent of the total CD8
+
 T cell population at day 8 

following vaccination (Fig. 5F). Notably, intratumoral engraftment of T cells coincided with the 

time at which the tumor volume started to decrease following treatment (Fig. 2B).  

To address whether the proliferation observed for OT-1 CD8
+
 T cells was antigen specific, 

we co-injected Cell Trace Violet-stained OT-1 splenocytes and antigen-unspecific Cell Trace 

CFSE-stained T splenocytes from C57bl/6 mice. Vaccination was performed 24 hours after ACT. 

Two days after vaccination, the spleens were harvested to examine proliferation of the two stained 

splenocyte subsets. Encouragingly, the Cell Trace Violet signal was drastically reduced, indicating 

that OT-1 proliferation had been stimulated whereas the CFSE signal was equal to the control not 

receiving the vaccination (Fig. 4H). This demonstrates that the MK062:TMX liposome vaccine 

provides an antigen-specific T cell expansion, as opposed to unspecific stimulation related to the 

adjuvant.   
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Fig. 5. MK062:TMX vaccination induces extensive proliferation of antigen-specific T cells in 

the spleen that subsequently home to the tumor. To address in vitro T cell activation and 

proliferation in a co-culture assay with antigen or liposome-treated BMDCs, CD8
+
 T-cells were 

isolated from OT-1 donor mice, stained with Cell Trace Violet and added to BMDCs. (A) 

Percentage of dividing antigen-specific CD8
+
 T cells, (B) Proliferation index of OT-1 CD8

+
 T cells 

calculated in the software FlowJo V.10. (C) Representative cell trace violet histogram of from 

TMX-201-treated (left), or MK062:TMX-treated (right) samples. All conditions were tested in 

triplicates, in two independent experiments. ** P ≤ 0.01, **** P ≤ 0.0001 (Turkey’s multiple 

comparison test). To address OT-1 CD8
+
 T-cell activation and proliferation in vivo, organs were 

excised from mice that received Cell Trace Violet stained OT-1 splenocytes alone or in combination 

with MK062:TMX liposomes. (D) Fold expansion calculated in the software FlowJo V.10 at day 2 

following vaccination. (E) Percentage of OT-1 T cells out of total CD8
+
 T cells in the spleen at days 

1, 2, 3 and 6 following vaccination. (F) Percentage of OT-1 T cells of total CD8
+
 T cells in the 

tumor at days 3, 6 and 8 following vaccination. (G) Percentage of OT-1 T cells of total CD8
+
 T 

cells in the tumor draining lymph node (tdLN) at days 1, 2 and 3 following vaccination. Graphs 

represent pooled data from 2-4 independent experiments (n=4-6). *P ≤ 0.05 ** P ≤ 0.01, **** P ≤ 

0.0001 (Unpaired t test, one per time point, with Holm-Sidak correction for multiple comparisons). 

(H) Evaluation of antigen-specific and antigen-unspecific CD8+ T cell proliferation in response to 

MK062:TMX vaccination. C57bl/6 WT mice received an i.v. injection of a mixture of CFSE-

stained C57bl/6 splenocytes and Cell Trace Violet stained OT-1 splenocytes. 24h after splenocyte 

transfer, mice received a vaccination with MK062:TMX liposomes. 48h after the vaccination 

spleens were excised from treated and control mice to assess the proliferation of injected C56bl/6 

and OT-1 T-cells as a result of the vaccination. The figure shows schematic representation of the 

experimental set-up (upper left), representative histograms (lower left) and dilution of cell dye 

signals from OT-1 (upper right) or C57bl/6 CD8
+
 T cells (lower right). 

 

Discussion  

In the work presented herein we demonstrate that liposomal tumor antigen vaccination can 

induce priming of adoptively transferred naïve antigen-specific CD8
+
 T cells to stimulate a potent 

anti-tumor response.  

The vaccine liposomes were formulated as a PEGylated liposome with a potent TLR7 

agonist and peptide with a reducible linker anchored via cholesterol to the liposome membrane. In 

line with recent publications
50,51

, we demonstrate that a peptide attached to the liposome membrane 

through a reducible linker improves the duration and degree of antigen presentation. In addition, the 

linker-design provides a technology that allows for insertion of different antigens, with a single 

anchor-modification of the peptides. This flexibility is crucial, in order to allow for the coordinated 

vaccination with multiple antigens to improve efficacy and counteract tumor antigen escape.  

The antigen presentation was markedly improved when the tumor antigen liposomes were 

co-formulated with the TLR7 agonist TMX-201 as an adjuvant. Additionally, we identified a 

correlation between liposomal TMX-201 treatment and systemic levels of IFN-β, which was 



   
_______________________________________________________________________________________ 

     
88 

 

associated with the detected quantity of splenic pDCs. A reduction of pDCs, and thereby the 

systemic levels of IFN-β, correlated with a decrease in MHC:SIINFEKL
+
 splenic CD8

+
 cDCs. 

These observations are supported by previous studies demonstrating that type I IFNs stimulate 

cross-presentation by DCs
38,45,52–54

. The provided TLR7 stimulation thereby secures that pDCs are 

activated and supports CD8
+
 cDC engagement for priming of tumor reactive CD8

+
 T cells. Clinical 

trials with DC-based vaccinations have evaluated the use of the human equivalents of both pDCs 

and CD8
+
 cDCs for tumor antigen vaccinations, with encouraging results

55,56
. Thus, the choice of a 

TLR7 agonist as adjuvant in the context of tumor antigen vaccinations is eligible and should be 

considered for the design of tumor antigen vaccinations. 

TLR7 expression and direct TLR7 mediated activation of CD8
+
 cDCs is debated. Results 

from a study by Miyake et al. demonstrated that TLR7 expression could be detected by flow 

cytometry on both pDCs and CD8
+
 cDCs

57
. On the contrary, a more recent study by Waithman et 

al. showed that TLR7 mRNA expression was restricted to pDCs, splenic CD4
+
 and CD8

+
XCR1

-
 

DCs
58

. Our results demonstrate that the MK062:TMX liposome-induced activation of splenic CD8
+
 

cDCs is independent of type I IFN levels. This suggests that either the CD8
+
 cDCs are activated 

directly by TMX-201, and therefore must express TLR7, or indirectly through the effects of other 

activated immune effectors.  

Naïve and minimally differentiated T cells retain surface expression of molecules, such as 

CD62L, that allow them to traffic to lymphoid organs and undergo priming and expansion. In order 

to induce T cell proliferation, vaccine formulations must reach the same anatomical location as the 

T cells
59

. The typical vaccine strategy is to use formulations that rely on peripheral DCs to transport 

the vaccine subunits from the depot to lymphoid organs. However, as well as being linked to 

suboptimal T cell priming, intramuscular depot injection is often associated with discomfort for the 

patient and local irritation at the injection site. Here, we demonstrate that the vaccine liposomes can 

be used to prime adoptively transferred T cells without the need for depot formation.  The careful 

timing of T cells and liposome vaccine injections as well as the brevity of PEGylated liposome 

persistence (unpublished data) allow for a transient, but sufficient priming of T cells. 

The endogenous T cell response in cancer patients is often curtailed by a suppressive tumor 

microenvironment, tolerance mechanisms and/or cytotoxic pretreatments
60

, which are major 

limiting factors for the successful generation of a T cell product for ACT. The use of T cells from 

HLA-matched, healthy donors has been suggested as a possible approach to overcome this 

obstacle
61

. Donor T-cells are unhindered by the direct and indirect selection that takes place in 

cancer patients. Pre-clinically, transfer of hematopoietic cells from vaccinated donors has been 

shown to increase the response to cancer antigen vaccination against solid tumors
62

. Clinically, a 

novel study has demonstrated improved tumor-reactive potential of donor derived T-cells, which 

suggest that T-cells from healthy individuals are able to recognize a broader range of immunogenic 

mutations from patient tumors compared to autologous T-cells
63

.  The liposomal vaccine platform 

presented here is able to activate and induce antigen-specific, robust expansion of previously 

unstimulated T cells. This approach could potentially facilitate the use of donor T cells which can 

be directly activated upon transfer to the patient.  
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Immunotherapy is often associated with a significant risk of inducing a systemic cytokine 

response and generating long-term toxicity, which limits the amount and combinations of active 

compounds that can be safely administered. Using the liposomal vaccine platform we were able to 

induce robust T cell activation and anti-tumor efficacy at very low doses of peptide and adjuvant. 

This resonates well with previous reports indicating that CD8
+
 T cells only need a brief priming to 

become fully activated
64,65

. As well as having relevance for reducing the resources used for vaccine 

production, the concept of keeping treatment dose as low as possible might hold importance when 

trying to avoid short- and long-term adverse effects.  

Toxicity caused by adoptively transferred T cells is often cytokine-mediated and can arise 

from strong activation or on-target/off-tumor effects
66–68

. These risks pose a considerable barrier 

towards the broad application of ACT
3
. The challenge remains to create a platform that can sustain 

the potency of transferred T cells, without increasing the risk of adverse effects. Here, we 

demonstrate that a single i.v. injection of vaccine liposomes carrying a very low dose of antigen and 

adjuvant is sufficient to selectively expand and activate the transferred naïve T-cells and induce 

regression of established tumors. The activation was completely antigen-dependent and induced no 

proliferation of a non-targeted T cell population. The constructed liposome-based vaccination 

platform is therefore highly promising for securing a selective and controlled expansion of tumor 

reactive clones. The presented platform therefore provides a significant refinement of current 

vaccination and immunotherapeutic approaches. Our results demonstrate that the vaccine 

formulation can provide a therapeutic effect and potent T cell activation without the need for 

repeated dosing or depot formation. All together, we demonstrate a facile, robust and well-tolerated 

approach for T cell priming following ACT that induce regression of established solid cancers.  

 

Materials and Methods 

Study design 

The study was designed to investigate if adoptively transferred naïve T cells could be primed in vivo 

by a liposomal vaccination consisting of the cognate antigen of the T cells co-formulated with a 

TLR7 agonist (TMX-201) delivered systemically by an intravenous injection. Our hypothesis relied 

on the ability of the liposome vaccination to stimulate priming, activation and expansion of the 

transferred T cells by inducing antigen presentation and activation of APCs in the lymphoid organs. 

To explore our hypothesis, we conducted experiments using murine cell lines and primary cell 

cultures derived from murine tissues. We used mice as model organisms for our in vivo efficacy and 

mechanistic studies. All of the animal studies reported in this research article was conducted in 

accordance with the ARRIVE guidelines.  

For both efficacy and mechanistic studies, mice were randomized according to tumor size and 

assigned to treatment groups by a blinded measurer. The wellbeing of the mice was evaluated on a 

daily basis by observing their behavior. If a mouse exhibited signs of modest or severe distress or 

pain (lack of grooming, squinting, ears pulled back) it was immediately euthanized by cervical 

dislocation. Mice were weighed three times per week and were euthanized if they exhibited a 

weight loss exceeding 15% from last weigh or 20% from baseline. The tumor size was measured by 
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a blinded measurer using a digital caliper three times per week, every second day and mice were 

euthanized if the tumor size exceeded 1000mm
3
, or if the tumors had wounds.  

With respect to data inclusion/exclusion criteria or outliers, no data points were left out in any of the 

reported studies. All experiments have been performed with all relevant controls a minimum of two 

times. In some reported data sets, two or more experiments have been pooled. If a graph represents 

data points from pooled experiments, it is clearly stated in the figure text. For efficacy studies, a 

minimum of 8 mice pr. treatment group was included. For in vitro and ex vivo studies, a range of 2-

8 replicates were included for each individual study, depending on availability of sample material.  

 

Antigen synthesis and vaccine formulation 

All chemicals were purchased from Sigma-Aldrich Co., unless stated otherwise. Matrix-assisted 

laser desorption/ionization – time of flight (MALDI-TOF) mass spectrometry was performed on 

Bruker Autoflex TOF/TOF
TM 

(Bruker Daltonics GmbH, Leipzig, Germany). Nuclear magnetic 

resonance (NMR) spectroscopy was carried out on a Bruker Ascend 400 (operating at 400 MHz for 

proton and 101 MHz for carbon) with resulting chemical shifts (δ) reported in parts per million 

(ppm) and coupling constants (J) in Hz. Semi-preparatory high-performance liquid chromatography 

(semi-prep HPLC) was performed on a Waters Semi-Preparative HPLC (Waters Corporation, 

Milford, Massachusetts) equipped with a Waters Xterra
® 

C8 column (150x10mm) using eluents (A) 

0.1 % TFA in water and (B) 0.1 % TFA in acetonitrile. Analytical HPLC analyses were performed 

on a Shimadzu Nexera-x2 UHPLC equipped with a Waters XBridge
®
 C8 column (5 μm, 4.6x150 

mm) using the same eluent system at a flow rate of 1 mL/min. Liposome size, polydispersity, and 

zeta potential were analyzed by dynamic light scattering (DLS) using a Zetasizer Nano ZS (Malvern 

Panalytical Ltd). Liposome lipid concentrations were measured by quantifying 
31

P concentrations 

by inductively coupled plasma mass spectrometry (ICP-MS) on an iCAP Q ICP-MS system 

(Thermo Scientific). Samples were diluted 5000-fold in 2% HCl containing 10 ppb gallium as 

internal standard.  

Antigens were synthesized according to the procedures in the supporting information 

(Supplementary Figure S1).  

Liposome formulation was carried out by lyophilizing tert-butanol:water (9:1 v/v) solutions of 

lipids (HSPC:Cholesterol:DSPE-mPEG2000 57:38:5 mol %, Avanti Polar Lipids, Inc.) with or 

without 2.5 mol % TLR7-agonist TMX-201 (Figure 1) followed by rehydration at 70
o
C with 

vortexing every 10 minutes during 1 h in HEPES buffer (25 mM HEPES, 150mM NaCl, pH 7.4) to 

a lipid concentration of 50 mM. The multilamellar vesicles were subsequently downsized by 

extrusion through 2x 100nm polycarbonate filters at 70
o
C with 10 repetitions on a pressure 

extruder. The resulting liposomes were stored at 4
o
C overnight before characterization. For antigen 

post-insertion, the liposomes were stirred at 45
o
C while dropwise adding 10mM solutions of 

cholesterol-linked peptide antigens in DMSO to a final antigen concentration of 2.5 mol %. The 

resulting solution was stirred for 15 h and then dialyzed against HEPES buffer for at least 12 h 

using Slide-A-Lyzer
TM

 dialysis cassettes (10k molecular weight cut-off, ThermoFischer Scientific). 

Finally, the antigen containing liposomal formulations were slowly filtered through a 0.45µm nylon 
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filter followed by characterization of size, polydispersity index and zeta potential by DLS,  and 

determination of lipid, antigen, and adjuvant concentrations by ICP-MS and HPLC respectively. 

Cryo-TEM was performed at the Center for Electron Nanoscopy at DTU. 

 

Cancer cell lines and tumor challenge in mice  

The murine thymoma cell line E.G7-OVA was obtained from the American Type Culture 

Collection (ATCC, Manassas, VA CRL-2113) and the murine melanoma cell line B16-OVA was a 

kindly provided by Dr. Marianne Hokland, Aarhus University, Denmark. Both cell lines were 

maintained in RPMI 1640 medium supplemented with 10% FBS, 1% P/S and 0.4 mg/ml geneticin 

selective antibiotic (G418). Prior to tumor challenge, cells were harvested, washed and resuspended 

in complete RPMI 1640 medium.  

 

Efficacy studies in mice  

Female C57BL/6 mice were obtained at 6 weeks of age from Janvier Labs (France) and housed at 

the Department of Experimental Medicine, University of Copenhagen. The National Animal 

Experiments Inspectorate approved all animal procedures. Following at least one week of 

acclimatization, mice we subjected to a tumor challenge. For both the E.G7-OVA and B16-OVA 

models, C57BL/6 mice received an s.c. injection of 3 x 10
5
 viable cells on day 0. Tumors were 

consequently allowed to establish for 7 days for E.G7-OVA and 10 days for B16-OVA before 

initiation of treatment. Upon initiation of efficacy studies, mice were randomized according to 

tumor volume and individually marked with ear tags. For treatment, spleens were harvested from 

OT-1 and pmel-1 TCR transgenic mice after cervical dislocation, minced into small fragments and 

mechanically dispersed in 3-5 ml cold PBS. After filtering with a 70 μm cell strainer the cells were 

centrifuged and resuspended in lysis buffer to remove erythrocytes. Mice bearing established B16-

OVA tumors received a total dose of 5x10
6
 splenocytes, corresponding to ~0.5x10

6
 naïve CD8

+
 T 

cells. One day after adoptive cell transfer, mice were vaccinated with MK062 TMX [0.5ug antigen] 

and/or MK098:TMX [10 ug antigen] liposomes performed by i.v. injection in the tail vein.  All 

statistics were done in in the Graph Pad Prism (8.1.1) software. For survival analysis, log-rank test 

was performed.  

 

In vitro antigen presentation assay 

Bone marrow derived dendritic cells (BMDCs) were differentiated in vitro before antigen pulsing. 

Bone marrow cells were isolated from tibia and femur from C57bl/6 JrJ mice obtained from Janvier 

SAS. After sacrificing the mice by cervical dislocation, bone were isolated and kept in tissue 

storage solution (MACS Miltenyi). After 2 min sterilization in 70% ethanol, bones were cut at each 

end with a scalpel end flushed with medium by using a 29g insulin syringe. Following isolation, 

bone marrow cells were cultured in complete RPMI 1640 medium supplemented with 20 ng/ml 

mouse recombinant GM-CSF. On day 3, cells were supplemented with fresh medium containing 

GM-CSF. On day 6, immature BMDCs were harvested, re-plated and incubated with 1 µg/ml 
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liposomal (MK062 or MK062:TMX) or free SIINFEKL peptide dissolved in PBS. BMDCs were 

harvested after 24-96 hours in culture for flow cytometry analysis. 

Two million cells/sample were washed with phosphate buffer saline (PBS) containing 0.5% BSA 

and 0.1% NaN3 (FACS buffer) and resuspended in Fc block (BD Bioscience) to avoid unspecific 

antibody binding. After blocking for 5 min on ice, cells were stained with antibodies against the 

dendritic cell marker CD11c and assessed for antigen presentation by an antibody recognizing 

SIINFEKL presented on MHC I molecules (H-2kb). Staining was done for 30 min at 4 °C. 

Subsequently, cells were washed, suspended in FACS buffer and subjected to flow cytometric 

analysis (BD LSRFortessa X20). Analysis was done in FlowJo V.10, and data was plotted in 

GraphPad Prism version 7.3.   

 

In vitro T cell proliferation assay 

Bone marrow derived dendritic cells (BMDCs) were differentiated and treated with antigen as 

described above.  

Six week old TCR-trangenic ‘OT-1’ mice (C57BL/6 -Tg(TcraTcrb)100Mjb/J) were obtained from 

Charles River. For splenic CD8
+
 T cell isolation, spleens were harvested from OT-1 TCR transgenic 

mice after cervical dislocation, minced into small fragments and mechanically dispersed in 3-5 ml 

cold PBS. After filtering with 70 μm cell strainer the cells were centrifuged and resuspended in 

lysis buffer to remove erythrocytes. Following wash in cold PBS, splenocytes were counted and 

resuspended in sterile phosphate buffer saline (PBS) containing 0.5% BSA and 0.1% NaN3 (FACS 

buffer). CD8
+
 T lymphocytes were purified using microbead isolation kits followed by magnetic-

activated cell sorting (MACS) according to the manufacturer’s instructions (Miltenyi Biotec). 

Isolated CD8
+
 T cells were washed and stained with CellTrace™ Violet Cell Proliferation Kit  

(Thermo Fisher Scientific), by incubating the cells at a density of 5x10
6
 cells/ml with 2.5 µM dye in 

warm PBS for 20 min at 37C following wash in 5X staining volume with complete medium. The 

CellTrace dye can be used for cell generation estimation, as the signal halves for each cell division 

and is dispersed evenly between daughter cells.   

For co-culture, 1× 10
6
 BMDCs were plated with 3 × 10

6
 CD8

+
 T cells in 6 well flat bottom tissue 

culture plates in complete 1640 RMPI media with 1% ITS (Insulin-Transferrin-Selenium) solution. 

Following 4 days of co-culture, the samples were harvested for flow cytometry analysis. Cells were 

washed with phosphate buffer saline (PBS) containing 0.5% BSA and 0.1% NaN3 (FACS buffer) 

and resuspended in Fc block (BD Bioscience). After blocking for 5 min on ice, cells were stained 

with stained with fluorescent antibodies to visualize living, CD11c
-
, CD3

+
, CD8

+
 and Cell trace

+
 

positive cells. Analysis was done in FlowJo V.10, and data was plotted in GraphPad Prism version 

7.3.  ns: P > 0.05, ** P ≤ 0.01 (one-way ANOVA followed by. Tukey´s post-test). The proliferation 

is visualized by histograms (representative plots shown below), and the expansion index was 

calculated using the FlowJo V.10 software. 
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Determination of systemic cytokine levels following vaccination 

Blood was sampled from treated or untreated control female C57bl/6 mice from the sublingual vein, 

to determine systemic cytokine levels. Serum was prepared from the blood by centrifuging at 4⁰C 

for 15 minutes at 2000G and cytokine levels were determined using mouse DuoSet ELISAs (R&D 

Systems). ELISAs were performed according to manufactures protocol.  

Flat-bottomed 96-well Nunc plates (Thermo Fischer) were coated with IL12-p70, IFN-β or 

CXCL10/IP10 detection antibody diluted in PBS and left overnight at room temperature. Plates 

were washed in PBS containing 0.05% Tween-20 and blocked in reagent diluent for 1 hour. Plates 

were washed and 100 ul standard or diluted sample was added pr. well and left at room temperature 

for 2 hours. Serum samples were diluted 1:2 in reagent diluent (PBS containing 1% BSA) for IL12-

70 ELISA and 1:10 for IFN-β or CXCL10/IP10. After incubation, plates were washed and 100 ul 

detection antibody diluted in reagent diluent was added. The plates were incubated for another 2 

hours at room temperature, then washed and 100 ul of a working dilution of Streptavidin-HRP was 

added to each well. The plates were subsequently incubated at room temperature for 20 minutes, 

washed and 100 μL of Substrate Solution was added to each well. The plates were incubated for 20 

minutes at room temperature and 50 μL of Stop Solution was then added to each well. Finally, the 

plate was read in a MicroPlate reader at 450nm and 540nm to determine the optical density of each 

well. Data analysis was done in GraphPad Prism version 7.3, and differences were calculated with 

one-way ANOVA. 

 

pDC blocking 

To address the contribution from pDCs to treatement effects, we performed pDC blocking 

experiments. Blocking was done with a Siglec-H antibody (clone 440c, InVivoMab) injected ip. 

The first two injections were given 24 hours apart starting two days before vaccination and the third 

injection was given immediately before vaccination with liposomes. Flow cytometry was used to 

confirm depletion of pDCs.  

 

Ex vivo analysis of antigen presentation  

C57bl/6 female were immunized with a single, intravenous, tail vein administration of either 

soluble peptide [10ug], liposomal adjuvant TMX-201, or the MK062 TMX formulation.  24 and 

48h after receiving the vaccine dose, mice were sacrificed and spleens were harvested for flow 

cytometry analysis. Single cell suspensions were obtained from mouse organs by mechanical 

disruption by passing the organ through a 70uM cell strainer. Ten million cells/sample were washed 

with phosphate buffer saline (PBS) containing 0.5% BSA and 0.1% NaN3 (FACS buffer) and 

resuspended in Fc block. After blocking for 5 min on ice, cells were incubated with fluorochrome 

conjugated antibodies for 30 min at 4 °C. Subsequently, cells were washed, suspended in PBS and 

subjected to flow cytometric analysis (BD Fortessa). The splenic dendritic cell subset cDC1s were 

gated as CD45
+
, CD64

-
, CD26

+
, MHC II

hi
, CD11c

hi
, CD8a

+
, CD11b

-
, and antigen presentation was 
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evaluated with an antibody recognizing SIINFEKL presented on MHC I (H-2kb) molecules. 

Analysis was done in FlowJo V.10, and data was plotted in GraphPad Prism version 7.3. 

 

Ex vivo analysis of T cell engraftment and proliferation  

Six week old TCR-trangenic ‘OT-1’ mice (C57BL/6 -Tg(TcraTcrb)100Mjb/J) were obtained from 

Charles River. For splenic CD8
+
 T cell isolation, spleens were harvested from OT-1 TCR transgenic 

mice after cervical dislocation, minced into small fragments and mechanically dispersed in 3-5 ml 

cold PBS. After filtering with 70 μm cell strainer the cells were centrifuged and resuspended in 

lysis buffer to remove erythrocytes. Remaining splenocytes were washed and stained with 

CellTrace™ Violet Cell Proliferation Kit  (Thermo Fisher Scientific), by incubating the cells at a 

density of 5x10
6
 cells/ml with 2.5 µM dye in warm PBS for 20 min at 37C following wash in 5X 

staining volume with complete medium. The CellTrace dye can be used for cell generation 

estimation, as the signal halves for each cell division and is dispersed evenly between daughter 

cells. Mice bearing established E.G7-OVA tumors received a total dose of 5x10
6
 splenocytes, 

corresponding to ~0.5x10
6
 naïve CD8

+
 T cells. One day after adoptive cell transfer, vaccination 

with MK062:TMX liposomes [0.5ug] was performed by i.v injection in the tail vein.    

At various time points after receiving the vaccine dose, mice were sacrificed and organs were 

harvested for flow cytometry analysis and evaluation of T cell proliferation and/or infiltration. 

Single cell suspensions were obtained from mouse organs by mechanical disruption (spleen) or 

enzymatic digestion (tumor). Ten million cells/sample were washed with phosphate buffer saline 

(PBS) containing 0.5% BSA and 0.1% NaN3 (FACS buffer) and resuspended in Fc block. After 

blocking for 5 min on ice, cells were incubated with fluorochrome conjugated antibodies for 30 min 

at 4°C. Subsequently, cells were washed, suspended in PBS and subjected to flow cytometric 

analysis (BD Fortessa). The percentage and proliferation of antigen-specific, CD8+ T cells in the 

spleen and in the tumor was evaluated using a fluorescently labeled MHC multimer (ImmuDex) 

recognizing the SIINFEKL-specific T cells in combination with the CellTrace violet stain. Analysis 

was done in FlowJo V.10, and data was plotted in GraphPad Prism version 7.3. 

 

Flow cytometry 

For all experiments, antibodies from BD Bioscience or BioLegend were used. Unspecific binding 

was avoided using Purified Rat Anti-Mouse CD16/CD32 (Mouse BD Fc Block) from BD 

Bioscience. Cells were always stained in FACS buffer (PBS containing 0.5% BSA and 0.1% NaN3) 

for 30 minutes on ice. Samples were acquired on a BD Fortessa X-20.  
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Supplementary Information 

 

Supplementary Materials (S1) 

 

Procedures for antigen synthesis 

Peptides synthesis was carried out on a Biotage Initiator+ Alstra automated microwave peptide 

synthesizer using standard Fmoc chemistry and reagents purchased from Iris Biotech Gmbh as 

follows: Peptides were synthesized on preloaded Fmoc-protected wang resins with standard Fmoc-

protected amino acids, HATU, and 2,4,6-trimethylpyridine in N,N-dimethylformamide (DMF) at 

room temperature for 45 min or at 75
o
C for 5 min per coupling. Deprotections were carried out in 

20% Piperidine in DMF (v/v). Cleavage from the resin was carried out in trifluoroacetic 

acid/triisopropylsilane/1,2-ethanedithiol/water 94:2:2:2 (v/v), followed by precipitation in diethyl 

ether and purification by semi-preparatory high-performance liquid chromatography.  

(a) Cholesterol-SH: Cysteamine (1000 mg, 12.96 mmol) was dissolved in tetrahydrofuran (40 mL), 

then cooled to 4
o
C. Cholesteryl chloroformate (3894 mg, 8.67 mmol) was dissolved in 

tetrahydrofuran (15 mL) and added 2,4,6-trimethylpyridine (1150 μL, 8.70 mmol). This mixture 

was then added to the solution of cysteamine to form a white mixture that was refluxed for 30 min. 

The mixture was then filtered, evaporated onto Celite, and purified by dry column vacuum 

chromatography (hexane/chloroform/ethyl acetate 80:0:0  30:50:5). Yielded 3635 mg (86%) as a 

white solid. Rf = 0.34 (hexane/chloroform/ethyl acetate 20:20:1). MALDI-TOF MS: Calculated 

mass of C30H51NO2S = 489.36. Observed [M+Na]
+
 as m/z = 512.19. 

1
H NMR (400 MHz, 

Chloroform-d) δ 5.37 (dt, J = 5.4, 2.0 Hz, 1H), 5.00 (s, 1H), 4.50 (dt, J = 11.4, 6.3 Hz, 1H), 3.35 (q, 

J = 6.3 Hz, 2H), 2.66 (dt, J = 8.5, 6.5 Hz, 2H), 2.41 - 2.18 (m, 2H), 2.04 - 1.79 (m, 5H), 1.64 - 0.79 

(m, 34H), 0.67 (s, 3H). 
13

C NMR (101 MHz, CDCl3) δ 156.1, 139.9, 122.7, 74.7, 56.8, 56.3, 50.1, 

44.0, 42.5, 39.9, 39.7, 38.7, 37.1, 36.7, 36.3, 35.9, 32.1, 32.0, 28.4, 28.3, 28.2, 25.2, 24.4, 24.0, 

23.0, 22.7, 21.2, 19.5, 18.9, 12.0. 

(b) MK062 and MK098: Synthesized peptides (CSIINFEKL for MK062; CKVPRQDWL for 

MK098) were dissolved in NMP to approximately 0.01M, then cooled to 4
o
C before a 0.15M 

solution of 4,4′-dipyridyl disulfide (1.25 eq) in NMP was added to the peptide solution. This 

mixture was stirred at 4
o
C under nitrogen for 15 minutes before a 0.15M solution of Cholesterol-SH 

(1.25 eq) in NMP was added. The crude product was precipitated from NMP in diethyl ether and 

the resulting white solids purified by semi-prep HPLC. MK062: Yielded 78 mg (37%). HPLC 

(>95%). MALDI-TOF MS: Calculated mass of C78H128N12O16S2 = 1552.90. Observed [M+Na]
+
 as 

m/z = 1575.89; and [M-H+2Na]
+
 as m/z = 1597.89. MK098: Yielded 56.9 mg (35%). HPLC 

(>95%). MALDI-TOF MS: Calculated mass of C85H136N18O17S2 = 1744.98. Observed [M+H]
+
 as 

m/z = 1746.15; and [M+Na]
+
 as m/z = 1768.21. 

(c) Cholesterol-VS: Divinyl sulfone (265 μL, 2.64 mmol) was dissolved in dichloromethane (10 

mL) and added triethylamine (300 μL, 2.15 mmol) before a solution of Cholesterol-SH (1078 mg, 

2.20 mmol) in dichloromethane (10 mL) was added. This mixture was subsequently stirred at room 

temperature under nitrogen for 2.5 h. The solution was then washed with water (25 mL), which was 

extracted with dichloromethane, dried with Na2SO4, filtered, and concentrated to a crude residue 

that was purified by flash column chromatography (dichloromethane/ethyl acetate 30:1). Yielded 
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653 mg (49%) as a white solid. Rf = 0.23 (dichloromethane/ethyl acetate 30:1). MALDI-TOF MS: 

Calculated mass of C34H57NO4S2 = 607.37. Observed [M+Na]
+
 as m/z = 630.33. 

1
H NMR (400 

MHz, Chloroform-d)  δ 6.68 (dd, J = 16.6, 9.8 Hz, 1H), 6.48 (d, J = 16.6 Hz, 1H), 6.22 (d, J = 9.8 

Hz, 1H), 5.38 (dt, J = 4.7, 2.0 Hz, 1H), 4.94 (s, 1H), 4.49 (dt, J = 11.5, 6.3 Hz, 1H), 3.36 (q, J = 6.2 

Hz, 2H), 3.29 - 3.19 (m, 2H), 2.95 - 2.85 (m, 2H), 2.70 (t, J = 6.6 Hz, 2H), 2.39 - 2.22 (m, 2H), 2.05 

- 1.76 (m, 5H), 1.65 - 0.80 (m, 33H), 0.67 (s, 3H). 
13

C NMR (101 MHz, CDCl3) δ 156.2, 139.9, 

136.2, 131.5, 122.8, 74.8, 56.8, 56.3, 54.5, 50.2, 42.5, 40.0, 39.9, 39.7, 38.7, 37.1, 36.7, 36.3, 35.9, 

32.6, 32.1, 32.0, 28.4, 28.3, 28.2, 24.4, 24.1, 24.0, 23.0, 22.7, 21.2, 19.5, 18.9, 12.0. 

(d) MK084: A solution of the peptide “CSIINFEKL” (47.5 mg, 0.045 mmol) in NMP (4.4 mL) was 

added a solution of Cholesterol-VS (32.5 mg, 0.053 mmol) in NMP (0.3 mL). The mixture was 

stirred at 75
o
C under nitrogen for 8 h. The crude product was purified by semi-prep HPLC. Yielded 

32.2 mg (43%). HPLC (>95%). MALDI-TOF MS: Calculated mass for C82H136N12O18S3 = 1672.93. 

Observed [M+Na]
+
 as m/z = 1695.97. 

 

 

Supplementary Figures 

 
 

Figure S1: Synthesis of peptide antigens MK062, MK084, and MK098. Reagents and 

conditions: (a) Cholesteryl chloroformate, tetrahydrofuran, 0
o
C  reflux, 30 min; (b) N-terminal 

cysteine modified peptide, 4,4′-dipyridyl disulfide, N-methyl-2-pyrrolidinone (NMP), 4
o
C, 5 h; (c) 

divinyl sulfone, triethylamine, dichloromethane, room temperature, 2.5 h; (d) N-terminal cysteine 

modified peptide, NMP, 75
o
C, 8 h. 

 



   
_______________________________________________________________________________________ 

     
97 

 

A B

0 5 10 15 20
0

200

400

600

800

1000

1200

1400

E.G7-OVA

Day

T
u

m
o

r 
s
iz

e
 (

m
m

3
) 

+
/-

 S
E

M

Untreated

OT-1

MK062:TMX

0 5 10 15 20
0

20

40

60

80

100

E.G7-OVA

Day

P
e

rc
e

n
t 

s
u

rv
iv

a
l

Untreated

OT-1

MK062:TMX

 

Figure S2: Transfer of naïve T cells or liposomal vaccination have no therapeutic effect when 

administered as monotherapies. (A) growth curves (B) and survival curves of mice receiving 

either OT-1 splenocytes or vaccine NPs, as indicated. Tumor growth was monitored by a blinded 

measurer, and mice were euthanized when their tumors exceeded 1000 mm3. Graphs represent 

pooled data from two independent experiments with 8 mice/group in each experiment. Error bars in 

(A) represent the mean +/- SEM. Survival in (B), was calculated by Log-Rank in the Graph Pad 

Prism (8.1.1) software  
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Figure S3: Exemplified splenic pDC gating strategy. Spleens from female C57bl/6 were excised 

and stained for flow cytometry analysis. pDCs were identified as viability dye (VD)
-
, CD45

+
, 

CD64
-
, CD11c

lo
, Siglec-H

+
 and Ly6C

+
. Data was analyzed using FlowJo version 10. 
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Figure S4: Antigen-presentation by DCs in the tumor-draining lymph nodes (tdLN) was not 

enhanced by MK062:TMX vaccination. Female C57bl/6 mice were treated with MK062:TMX 

liposomal corresponding to a dose of 10 µg SIINFEKL peptide. tdLN were excised from the treated 

and untreated control mice 24 hours after treatment and stained for flow cytometry analysis for 

evaluation of antigen presentation by DCs. Data was analyzed using FlowJo version 10. Statistics 

(t-test) were done using Graph Pad Prism (8.1.1) software. 
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Figure S5: Splenic pDCs become activated but do not present antigen upon MK062:TMX 

vaccination. Female C57bl/6 mice were treated with MK062:TMX liposomes corresponding to a 

dose of 10 µg SIINFEKL peptide. Spleens were excised from the treated and untreated control mice 

24 hours after treatment and stained for flow cytometry analysis for evaluation of activation and 

antigen presentation by pDCs. Data was analyzed using FlowJo version 10. Statistics (t-test) were 

done using Graph Pad Prism (8.1.1) software. ***P ≤ 0.001. 
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3.3 Manuscript 2 

Acquired resistance to adoptive T cell therapy is associated with immune exclusion of the relapsed 

tumour 
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Manuscript 2 describes an investigation of the transcriptional changes associated with an acquired 

resistance to treatment with ACT and tumour antigen vaccination in the murine lymphoma model E.G7-

OVA. After an initial period of tumour regression in response to ACT and tumour antigen vaccination, E.G7-

OVA tumours were found to relapse and regrow rapidly. In an attempt to prevent tumour escape, the 

treatment schedule was modified to include an additional vaccination and/or T cell infusion or checkpoint 

inhibition using an α-PD-1 antibody. Neither of these interventions did however prevent tumour escape. To 

elucidate the transcriptional changes associated with the acquired resistance, we performed RNA 

sequencing of responding and relapsing tumours from mice treated with ACT and tumour antigen 

vaccination, and included untreated tumours for comparison. The results showed that tumour response to 

ACT and tumour antigen vaccination was associated with an upregulation of genes associated with 

activated DCs, cytotoxic effector functions of CD8+ T cells and NK cells and tumour associated macrophage 

(TAM)-mediated immune suppression. Contrasting this, relapsing tumours exhibited a transcriptional 

profile associated with immune exclusion as both pro-inflammatory and immune suppressive markers were 

downregulated. These findings indicate that relapsing tumours evolve to become immune excluding which 

can have important implications for the future design of adjuvant therapies to ACT and tumour antigen 

vaccination as well as the therapeutic strategy employed to combat relapsing tumours.  

Please note that this manuscript is not ready for submission, as some finalizing experiments are scheduled 

to be performed in order to finish the study. 
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One sentence summary: This study provides a characterization of the transcriptional changes that 

takes place in the tumor microenvironment during tumor response and eventual escape to combined 

treatment of adoptive T cell therapy and tumor antigen vaccination. 

 

Abstract 

Adoptive T cell therapies (ACT) have evolved significantly over the past decades and now offer a 

potentially curative option for subgroups of patients with melanoma and hematological 

malignancies. Unfortunately, disease relapse is often observed, even in patients displaying an initial 

therapy-induced cancer regression, which makes the deciphering of the underlying mechanisms 

highly important. 

We have previously demonstrated that naïve, antigen-specific T cells can be primed in vivo by a 

liposomal tumor antigen vaccination provided post-infusion. The combination of ACT using naïve, 

antigen-specific T cells and liposomal tumor antigen vaccination resulted in improved tumor growth 

control and prolonged survival in two murine models of cancer. After a period of tumor regression, 

the responding tumors did however relapse and grew back rapidly. To investigate the underlying 

molecular mechanisms behind the observed tumor escape to ACT and tumor antigen vaccination, 



   
_______________________________________________________________________________________ 

     
107 

 

we performed an RNA sequencing (RNA-seq)-based transcriptional analysis of responding and 

relapsing tumors from mice treated with ACT and tumor antigen vaccination. A comparison of the 

gene expression profile of untreated control tumors and responding tumors demonstrated that 

therapeutic response to ACT and tumor antigen vaccination was associated with induction of a 

highly pro-inflammatory tumor microenvironment (TME). Interestingly, responding tumors did not 

only display an upregulation of markers related to DC activation, CD8
+
 T cell effector function and 

NK cytotoxicity, but also of genes associated with TAM-mediated immune suppression. On the 

contrary, a striking deprivation of both pro-inflammatory markers and the majority of therapy-

induced immune suppressive markers characterized relapsing tumors. Together these findings 

indicate that relapsing tumors revert to a transcriptional profile resembling immune-exclusion. This 

observation can have important implications for the rational selection of add-on therapies to ACT 

and tumor antigen vaccination, as well as the design of therapeutic strategies to eradicate relapsing 

tumors following cancer immunotherapy. 

 

Introduction 

During tumorigenesis, cancer cells are inherently dependent on the ability to activate multiple 

escape mechanisms in order to avoid recognition and elimination by immune cells [1]. Cancer 

immunotherapies aim at mobilizing immune effectors and/or relieving immune suppressive 

mechanisms that can tip the balance towards immune-mediated tumor regression [2, 3]. Adoptive T 

cell therapy (ACT) acts by increasing the magnitude of cancer-reactive T cells through a process of 

isolation, ex vivo expansion and re-infusion [4]. The most clinically advanced types of ACT are 

based on chimeric antigen receptor (CAR)-T cells for hematological cancers and tumor-infiltrating 

lymphocytes (TILs) for melanoma [5]. The manifestation of ACT as an effective cancer 

immunotherapy for subgroups of cancer patients has initiated intense research trying to identify the 

optimal cell product and adjuvant therapy to broaden the applicability of the therapy. 

Notwithstanding these efforts, limited clinical progress has been made for ACT of solid cancers 

beyond melanoma [6, 7].  

The immune-editing properties of cancer cells activate multiple pathways during tumorigeneses and 

provides a significant challenge for anti-cancer immunotherapy. In solid cancers, these intricate 

cellular and structural rearrangements may exclude immune effector cells or render them 

dysfunctional under the oppression of pro-tumor cell subsets [8-10]. Accordingly, preclinical and 
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clinical findings have reported that many, initially responsive, solid cancers eventually become 

refractory to ACT and relapse. Still, conclusive mechanistic explanations for this escape have not 

been provided [11-15]. 

We have previously evaluated the therapeutic and mechanistic effects of performing ACT by 

infusion of naïve, tumor antigen-specific T cells that are primed and expanded in vivo by a 

liposomal tumor antigen vaccination [16]. The combined T cell infusion and tumor antigen 

vaccination halted tumor growth and prolonged survival in two murine cancer models (E.G7-OVA 

and B16-OVA). After a period of complete tumor remission we did however, in line with previous 

studies,  find that the responding tumors eventually relapsed and regrew rapidly [16]. To investigate 

if the relapse observed for combined ACT and liposomal tumor antigen vaccination could be 

reversed by modifying our treatment schedule, we evaluated the therapeutic effect of increasing the 

antigen dose, adding immune checkpoint inhibitor therapy or vaccinating against two epitopes. 

However, neither of these modifications prevented an eventual tumor escape. To examine the 

molecular mechanisms associated with tumor relapse and therapy resistance, we compared the 

transcriptional profile of tumors that were responsive to ACT and tumor antigen vaccination to 

tumors that had relapsed after an initial treatment response. The results demonstrate that multiple 

immune activating and inhibitory pathways are activated in responding tumors, whereas the 

relapsing tumors generally display low immune-related activity of both activating and inhibitory 

pathways. Identifying therapeutic interventions that can circumvent tumor relapse after initial 

response to ACT and tumor antigen vaccination is of high clinical relevance, and these findings 

provide important insights for the optimization of adjuvant therapies to support the activity of ACT.   

 

Results 

Tumor escape following ACT and tumor antigen vaccination cannot be prevented by additional T 

cell infusion, repeated peptide vaccination or checkpoint inhibition 

To examine if the tumor escape observed in response to our treatment schedule could be prevented 

by treatment with a higher vaccination dose, we performed a titration study with peptide doses 

ranging from 0.5 μg to 50 μg pr. vaccination. Female C57bl/6 mice bearing established E.G7-OVA 

tumors were treated with a combination of ACT and a liposomal peptide vaccination. For ACT, 

OT-1 splenocytes were obtained from TCR-transgenic ‘OT-1’ mice (C57BL/6 -
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Tg(TcraTcrb)100Mjb/J), infused to tumor bearing mice and primed 24 hours after infusion by 

intravenous injection of liposomes containing the cognate antigen OVA257-264 (SIINFEKL) and a 

TLR7 agonist (TMX-201), hereafter denoted ‘Vaccine’ (Fig. 1A). The vaccination protocol and 

doses were well tolerated but the increased vaccination dose provided no additional therapeutic 

benefit in terms of tumor growth delay or prolonged survival (Fig. 1B-C).  

It is well established that activated, tumor reactive T cells can become inactivated through an 

interaction with inhibitory molecules, e.g. PD-L1, expressed by cells in the TME [17]. Thus, 

antibodies blocking PD-1, or the ligand PD-L1, are clinically approved therapies and have 

demonstrated activity in selected patients across a range of malignancies [18, 19]. We therefore 

speculated if engagement of PD-1 in transferred T cells could be one explanation for tumor escape 

following ACT. As anticipated, flow cytometric analysis of E.G7-OVA tumors demonstrated a high 

expression level of PD-1 on T cells following treatment (Supplementary Fig. S1). To investigate if 

induction of PD-1 expression could be the mechanism underlying the tumor relapse, we added 

checkpoint inhibition, using α-PD-1 antibody, to the ACT + vaccination treatment (Fig. 1D, top). 

However, the addition of α-PD-1 treatment did not prevent or postpone the regrowth after the initial 

response phase, nor influenced tumor growth rates of E.G7-OVA tumors (figure 1E).  

Considering that addition of α-PD-1 treatment provided no additional therapeutic benefit, we 

speculated if the relapse was associated with an absence of tumor reactive T cells at the time of 

tumor regrowth. To increase the number of tumor reactive T cells, we added an additional treatment 

with ACT and/or an additional tumor antigen vaccination to the original treatment schedule. The 

dosing schedule was modified to include additional T cell infusion and/or vaccination on day 15 

and 16 after inoculation, respectively (Fig. 1D, bottom). Unfortunately, the additional ACT 

infusion and/or tumor antigen vaccination did not affect the tumor growth or prevented tumor 

relapse after the initial response (Fig. 1F). These results could indicate that the relapsed tumors 

have adapted some PD-1-independent mechanisms to prevent the cytotoxic function of transferred 

T cells. Possible mechanisms could include loss of antigen or exclusion of the transferred T cells 

from the tumor. 
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Figure 1. Tumor escape following treatment with ACT and tumor antigen vaccination.  

A: Dosing schedule for efficacy studies. C57BL/6 mice were inoculated with 3x10
5
 E.G7-OVA tumor cells 

(day 0) and therapy was administered once palpable tumors had formed (typically on day 7 after 

inoculation). Treatment consisted of intravenous injection of 5x10
6
 OT-1 splenocytes (denoted ACT) on day 

7, followed by intravenous injection of liposomes carrying increasing doses of the tumor antigen OVA257-264 

(SIINFEKL) and a TLR7 agonist (denoted Vaccine) on day 8. Tumor sizes were measured 3 times weekly 

and mice were euthanized when their tumors reached a size of 1000 mm
3
. B: Individual tumor growth 

curves. C: Survival plots. D: Dosing schedule for efficacy studies using either α-PD-1 treatment (top) or 

additional T cell infusion and/or vaccination (bottom) as interventions. E: Tumor growth curves of mice 

treated with ACT + tumor antigen vaccination + α-PD-1. F: Tumor growth curves of mice treated with two 

doses of ACT and/or tumor antigen vaccination. 

 

Dual-epitope targeting does not counteract tumor escape following ACT 

T cells recognize cancer cells by abnormal or unique expression of immunogenic antigens in the 

sense of tumor associated antigens (TAAs) or neo-epitopes. Targeting these antigens with 

immunotherapy, such as ACT, can impose a strong selection pressure on cancer cell clones within 

the tumor [20, 21], which may cause selective silencing of immunogenic antigens by genetic or 

epigenetic alterations [22]. Consequently, loss of antigen has been demonstrated in relapsed B-cell 

cancers targeted by CD19-directed CAR-T cells [23, 24]. One strategy to prevent or slow down the 

loss of antigen from cancer cells involve targeting of multiple epitopes [25-28]. To examine the 

kinetics of tumor escape in a model with multiple immunogenic epitopes, we used the B16-OVA 

model that express two targetable antigens: OVA257-264 (SIINFEKL) and human gp10025–33 

(KVPRNQDWL). In this model, ACT can be performed using naïve CD8
+
 T cells with two 

different antigen specificities based on T cells obtained from TCR-transgenic ‘OT-1’ mice and 

‘pmel-1’ mice (B6.Cg-Thy1a/CyTg(TcraTcrb)8Rest/J) that recognize SIINFEKL and 

KVPRNQDWL, respectively. After infusion, both OT-1 and pmel-1 T cells can be stimulated by a 

vaccination with SIINFEKL and KVPRNQDWL, thus performing dual-epitope targeting. Before 

ACT, lympho-depletion was performed using a single dose of cyclophosphamide (CPX) to improve 

the effect of ACT [29, 30] (Fig. 2A). The combined treatment consisting of dual-targeting ACT and 

the dual-epitope vaccine controlled tumor growth for a period and prolonged survival but tumors 

still regrew after an initial regression period (Fig. 2B, C).  

To verify that the tumor antigen vaccination induced priming of the infused T cells, we performed 

an evaluation of OT-1 and pmel-1 infiltration of B16-OVA tumors (Fig. 2D). By flow cytometric 

analysis we could confirm that the dual-epitope vaccination with SIINFEKL and KVPRNQDWL 
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resulted in a higher proportion of both OT-1 and pmel-1 T cells in B16-OVA tumors, compared to 

the level observed in tumors from mice treated only with ACT (Fig. 2E, F). These results show that 

the inability of the dual-epitope targeting approach to affect cancer relapse was not due to 

ineffective priming by the tumor antigen vaccination. The efficacy and mechanistic studies 

therefore demonstrate that tumor escape to ACT and tumor antigen vaccination could not be 

prevented by dual-epitope targeting. Consequently, the escape could be caused either by a 

downregulation of both antigens in parallel, or it could mean that T cells, independent of reactivity, 

loose their cytotoxic functions and/or access to target cells. 
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Figure 2. Tumor escape following treatment with ACT and dual-valent vaccination.  

A: Dosing schedule for efficacy studies. C57BL/6 mice were inoculated with 3x10
5
 E.G7-OVA tumor cells 

(day 0) and therapy was administered once palpable tumors had formed. The therapy consisted of 100 mg/kg 

cyclophosphamide (CPX, day 9) as pre-conditioning and ACT was performed by intravenous injection of 

5x10
6
 OT-1 and pmel-1splenocytes (ACT) on day 10, followed by intravenous injection of liposomes 

carrying tumor antigen of OVA257-264 (SIINFEKL), or gp10025–33 (KVPRNQDWL) and a TLR7 agonist 

(TMX-201) (Vaccine) on day 11. Tumor sizes were measured 3 times weekly, and the humane endpoint was 

set to 1000 mm
3
. B: Grouped tumor growth curves showing average tumor size and C: Survival plots. D: 

Dosing schedule for flow cytometric analysis of T cell infiltration. Mice bearing palpable tumors were 

treated with ACT on day 10 as monotherapy or in combination with multivalent vaccine on day 11. Five 

days later (on day 16), tumors were harvested for flow cytometry. E: Percentage of OT-1 CD8
+
 T cells in 

B16-OVA tumors. F: Percentage of pmel-1 CD8
+
 T cells in B16-OVA tumors. 

 

ACT-responsive tumors display a transcriptional signature associated with DC activation, 

cytotoxicity and TAM-mediated immune suppression that is lost upon relapse 

To elucidate the underlying mechanisms of E.G7-OVA escape to ACT and tumor antigen 

vaccination, we decided to do RNA-seq of E.G7-OVA tumors. For this set-up, tumors were 

harvested during the therapeutic response phase and during the escape phase with an untreated 

control included for comparison. This approach was chosen to investigate the transcriptional 

differences between tumors in which ACT and tumor antigen vaccination were able to control 

growth, and tumors that had evolved to escape therapeutic control. Relapsed tumors were sampled 

when they were comparable in size to the response tumors, to avoid confounding factors related to 

tumor size (Supplementary Fig. S2). 

Principle component analysis revealed that control, responding and relapsing tumors separated to a 

reasonable extent (Supplementary Fig. S3). A clear difference between the gene expression 

profiles between responding and control tumors was evident by 2567 differently regulated genes 

(FDR < 0.05 and absolute log2FC > 1) (Fig. 3A). Between relapsing and responding tumors, a total 

of 3373 differently regulated genes were identified (FDR < 0.05 and absolute log2FC > 1) (Fig. 3B). 

The transcriptional profile of tumors in the responding phase was found to be associated with DC 

activation and cytotoxic T cell effector functions (Fig. 3C, D). Furthermore, a comparative gene 

ontology analysis of responding against untreated control tumors demonstrated that an 

inflammatory TME existed during the response phase. Specifically, genes associated with innate 

and adaptive immune responses, immune effector processes and cytokine production were found 

upregulated (figure 3F). Furthermore, we found an upregulated expression of genes associated with 
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response to IFN-β, which resonates well with the use of TLR7 as vaccine adjuvant that has 

previously been demonstrated to stimulate type I IFN production by pDCs [31, 32]. Compared to 

untreated controls and relapsing tumors, the responding tumors had an upregulated expression of 

the DC activation markers Cd40 (CD40) and Cd86 (CD86), as well as the transcription factor Batf3 

that is expressed by cross-presenting CD8a
+
 and CD103

+
 cDCs  (Fig. 3C). These findings suggest 

that the response to ACT and tumor antigen vaccination is associated with activation of tumor-

associated DCs and recruitment of cross-presenting peripheral cDCs that excluded upon relapse. 

Consistent with this indication, a gene ontology analysis of relapsing compared to responding 

tumors showed that relapse was associated with downregulation of genes associated with e.g. 

leukocyte chemotaxis, innate immune response as well as response to IFN-β and IFN-γ (Fig. 3G). 

In responding tumors, we observed an upregulated expression of Cxcl9, Cxcl10 and Cxcl11 (Fig. 

3C). The corresponding protein products CXCL9-11 are secreted by innate immune cell subsets in 

response to inflammation by IFN-γ dependent pathways and recent work identifies CD103
+
 cDCs 

as the main intratumoral producers of CXCL9-10 [33, 34]. This finding resonates well with our 

observation that responding tumors exhibit high levels of both Batf3 (BATF3) and Cxcl9-11. 

Furthermore, CXCL9-11 are ligands for the CXCR3 receptor, and the CXCL9-11/CXCR3 axis 

stimulates immune cell migration, differentiation, and activation [35, 36]. Consistent with the high 

expression of Cxcl9-11, an upregulated expression of Cxcr3 (CXCR3) was also observed in 

responding tumors (Fig. 3D). The chemokine receptor CXCR3 is expressed by CD8
+
 T cells, Th1 

CD4
+
 T cells and NK cells, and mediates the responsiveness towards CXCL9 and CXCL10 by these 

subsets [37]. Consistent with the upregulation of Cxcr3, an increased expression of genes associated 

with infiltration of NK cells, cytotoxic CD8
+
 T cells and their effector functions, e.g. Klrk1 

(KLRK1), Cd8a (CD8α), Infg (IFN-γ), Gzmb (granzyme B) and Prf1 (perforin-1), was observed in 

responding tumors (Fig. 3D). The gene expression of Eomes and Tbx21, coding for the transcripton 

factors eomesodermin and T-bet, respectively, furthermore indicated that CD8
+
 effector memory 

and memory subsets are formed [38].  

In addition to an upregulation of inflammatory markers associated with the actions of activated 

DCs, NK cells and CD8
+
 T cells, we also observed upregulated expression of genes indicative of 

infiltration and effector functions of tumor-associated macrophages (TAMs) [39]. Compared to 

control and relapsing tumors, responding tumors exhibited higher levels of Nos2 (Nitric oxide 

synthase 2), Arg1 (arginase-1), Tgfb1 (TGF-β) and Il10 (IL-10), which are all factors that have 

been linked to TAM-mediated suppression of anti-cancer immune reactivity (Fig. 3E).  
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Similar to the genes associated with DC activation, T cell and NK cell effector functions and TAM-

mediated suppressive mechanisms, both Cd274 (PD-L1) and Ctla4 (CTLA-4) were found to be 

upregulated in responding tumors but downregulated in relapsing tumors (Fig. 3E).  The expression 

of Cd4 (CD4) did however exhibit a different pattern and were upregulated in relapsing tumors 

compared to control and responding tumors (Fig. 3E). As were Ccl17 (CCL17), which has been 

associated with tumor infiltration of Tregs [40]. The upregulation of Cd4 and Ccl17 could therefore 

indicate an accumulation of Tregs upon tumor relapse. However, since the expression of Ctla-4 and 

Foxp3 (FOXP3), which are associated with Tregs, were not found to be upregulated in the relapsed 

tumors, it could be speculated if Cd4 expression was associated with other T helper cell 

populations. In addition, the myeloid derived suppressor cell (MDSC) marker ly6g6c (Gr1) was 

also found to be upregulated in relapsing tumors (Fig. 3E). MDSCs are known to negatively 

influence T cell effectors functions through secretion of reactive oxygen species (ROS) and 

arginase-1 and Nos2 mediated L-arginine metabolism [41]. However, the overall transcriptional 

levels of Arg1 and Nos2 were, as stated previously, only found to be upregulated during treatment 

response. This does however not exclude the possibility that MDSCs are involved in the 

progression towards tumor relapse through other mechanisms e.g. ROS production.  

Collectively these results indicate that tumor regression observed in response to ACT and tumor 

antigen vaccination is associated with infiltration of activated DCs, effector functions of cytotoxic 

CD8
+
 T cells and NK cells, but also secretion of immune suppressive substances from TAMs and 

upregulation of immune checkpoints. The majority of genes related to immune-infiltration, apart 

from CD4 and Gr1, are downregulated upon tumor regression, which indicates that the tumor 

becomes predominantly immune excluding and that intratumoral immune reactivity is not 

supported.  
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Figure 3. Tumors that respond to ACT and tumor antigen vaccination exhibit upregulated expression 

of genes related to effector functions of both inflammatory and suppressive immune mediators, 

whereas relapsing tumors display a transcriptional profile associated with immune exclusion. A-B) 

Volcano plots illustrating differentially regulated genes (FDR < 0.05 and absolute log2FC > 1) between 

untreated control tumors and responsive tumors (A) and responsive tumors and relapsing tumors (B). Grey 

dots: insignificant genes, blue dots: Significant downregulated genes above the log2FC threshold, red dots: 

Significant downregulated genes above the log2FC threshold, black dots: significant genes below the log2FC 

threshold  C-E) Heatmaps depicting normalized (Z-score) RNAseq read counts of genes associated with 

dendritic cell functions (C), effector cell functions (D) and immune suppressive mechanisms (E). Colors 

representing normalized gene expressions are row z-score normalized. F-G) Gene ontology analysis 

illustrating upregulated gene sets (GO Terms) in responsive tumors compared to untreated control tumors (F) 

and downregulated genes in relapsing tumors compared to responsive tumors (G). “Expected” denotes the 

number of up- or downregulated genes that would be expected to find by chance, whereas “Significant” 

denotes the number of genes that were found to be significantly up- or downregulated in the gene ontology 

analysis. 

 

Discussion 

Acquired resistance to ACT has been described clinically as a limiting factor for achieving durable 

therapeutic responses [23, 24, 42]. Consistent with previously published preclinical studies, we 

observed a progressive loss of anti-cancer activity of ACT using the TCR-transgenic, CD8
+
 T cells 

from pmel-1 and OT-1 mice [12, 43]. The anti-cancer activity could not be restored or maintained 

by multiple doses of ACT, tumor antigen vaccination or immune checkpoint inhibition.  

In some studies, acquired resistance towards ACT has been attributed to a progressive loss of 

antigen or MHC class I expression [44-46]. This has been related to the inherent genomic instability 

of malignant cells and the selection pressure driven by the targeted ACT [21, 47]. As a possible 

intervention, multiple studies have explored the use of multi-targeted CAR-T cell therapy [25, 26] 

and polyclonal T cell products [48]. In our study, we tested the simultaneous targeting of two 

distinct tumor antigens, by using both OT-1 and pmel-1 T cells in the B16-OVA model. This 

approach did not prevent tumor escape, which indicates that dual-epitope targeting was insufficient, 

and that supplementary approaches should be considered. 

Chronic exposure to antigen in the absence of adequate co-stimulation can render T cells 

dysfunctional, most likely due to the effectuation of molecular events established to prevent 
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autoimmunity [49-51]. The acquisition of a dysfunctional T cell phenotype is believed to be 

reversible and mediated by epigenetic changes at early stages of tumor formation, before it becomes 

irreversible at later stages [52, 53]. This phenomenon termed “T cell stunning” could potentially 

explain why T cells eventually lose their effector function in solid cancers [49, 50]. However, in the 

case of our ACT + tumor antigen vaccine treatment, the initial dose of ACT functions as a 

debulking treatment and the second ACT dose was given when the tumor mass was very small. 

This, we believe, excludes T cell stunning as a strong explanation for the escape observed since the 

second population of transferred T cells would be unaffected by this phenomenon at the time of 

infusion.  

In this study, we found that the combined treatment of ACT and the vaccine liposome containing 

antigenic peptides and a TLR7 agonist stimulated a highly inflammatory TME during the tumor 

regression phase after therapy. This was reflected by the upregulated expression of DC activation 

markers (Cd86, Cd40), immune cell recruiting chemokines (Cxcl9-11) and factors related to 

cytotoxic T cell effector functions (Ifng, Gzmb, Prf1) compared to control or relapsed tumors.  

Tumor escape from immune-mediated destruction has been linked to immunosuppressive 

mechanisms that inhibit T cell functions [17, 54]. Thus, increased recruitment and activity of 

immune suppressive subsets e.g. MDSCs, TAMs and Tregs, has been described to accelerate tumor 

progression and limit immune-mediated anti-cancer activity [55]. Previous studies have shown that 

tumor infiltration of Tregs, upregulation of PD-L1 and secretion of Indoleamine 2,3-dioxygenase 

(IDO) is driven by the actions of activated CD8
+
 T cells [56]. Some studies even suggest that IDO 

can be used as a biomarker for response to immunotherapy [57]. Our findings support these results 

as we observed a simultaneous upregulation of inflammatory markers related to T cell effector 

functions, PD-L1 and IDO. TAMs are a heterogeneous cell subset known to counteract anti-tumor 

responses through expression of Nos2, TGF-β, Arginase-1 and IL-10. During treatment response, 

we found a strong transcriptional signature suggesting that TAMs co-infiltrate the tumor alongside 

DCs and transferred T cells. Interestingly, the increased levels of these immune-suppressive 

markers did not persist after tumor relapse and were downregulated compared to tumors sampled in 

the response phase. Contrasting these findings, the expression of the MDSC-associated marker 

Ly6g6c, showed a different transcriptional pattern, and was downregulated during response and 

upregulated during relapse. MDSCs and TAMs converge in many immune-suppressive pathways 

e.g. Arg-1 and Nos2 mediated T cell suppression, but given the downregulation of both these 

markers, we could not delineate the functionality of infiltrating MDSCs during tumor relapse. 
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Collectively, these results indicate that a transition from a T-cell inflamed to a non-T cell inflamed 

TME occurs in relation to tumor relapse. The downregulation of markers related to immune 

infiltration of both cytotoxic T cells, activated DCs and TAMs suggest that the tumor becomes 

predominantly immune-excluding.  

Paradoxically, we observed an increase in CD4
+
 T cell levels following tumor relapse, which could 

not be attributed to increased Treg infiltration, due to an absence of specific Treg markers. 

Interestingly, a recent study has pointed to a role of tumor-specific CD4
+
 T cells, as an immune-

suppressive mechanism in melanoma patients, which could potentially explain this observation 

[58].  

A growing body of work describes and deciphers the central importance of a T cell inflamed TME 

for therapeutic outcome. Thus, in line with our observations, the T cell inflamed tumor presents 

multiple targets for immunotherapies e.g. checkpoint inhibitors and other inhibitors targeting 

suppressive subsets induced by the CD8
+
 T cell activity. On the contrary, the non-inflamed, 

relapsed tumors most likely have limited benefit of these therapies before inflammation is restored 

[59, 60]. Restoring and maintaining a T-cell inflamed TME therefore seems central for improving 

anti-cancer immunotherapy.  

This study demonstrates that T cell reactivity is challenging to re-introduce when tumors have 

escaped and formed a non-inflamed TME that prevents further CD8
+
 T cell recruitment. These 

findings provide a rationale for combining targeted therapy, such as tumor antigen vaccination or 

ACT, with therapeutic strategies to restore inflammation in relapsed and immune-excluded tumors.   

 

Material and methods  

Cancer cell lines and tumour challenge in mice  

The murine thymoma cell line E.G7-OVA was obtained from the American Type Culture 

Collection (ATCC, Manassas, VA CRL-2113) and the murine melanoma cell line B16-OVA was a 

kind gift from Dr. Marianne Hokland, Aarhus University, Denmark. Both cell lines were 

maintained in complete RPMI 1640 medium supplemented with 10% FBS, 1% P/S and 0.4 mg/ml 

geneticin selective antibiotic (G418). Prior to tumour challenge, cells were harvested and 

resuspended in HBSS.  
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Efficacy studies in mice  

Female C57BL/6 JrJ mice were obtained at 6 weeks of age from Janvier Labs and housed at the 

Department of Experimental Medicine, University of Copenhagen. The National Animal 

Experiments Inspectorate approved all animal procedures.  

Following at least one week of acclimatization, mice we subjected to a tumour challenge. For both 

the E.G7-OVA and B16-OVA models, C57BL/6 mice received an s.c. injection of 3 x 10
5
 viable 

cells on day 0. Tumours were allowed to establish for 7 days for E.G7-OVA and 10 days for B16-

OVA before initiation of treatment. Upon initiation of efficacy studies, mice were randomized 

according to tumour volume and individually marked with ear tags.  

For ACT, spleens were harvested from OT-1 and pmel-1 TCR transgenic mice after cervical 

dislocation, minced into small fragments and mechanically dispersed in 3-5 ml cold PBS. After 

filtering with a 70 μm cell strainer the cells were centrifuged and resuspended in VersaLyse lysis 

buffer to remove erythrocytes. Mice bearing established tumours received a total dose of 5x10
6
 

splenocytes, corresponding to ~0.5x10
6
 naïve CD8

+
 T cells. One day after ACT, mice were 

vaccinated with liposomes containing SIINFEKL peptide [0.5 -50 µg antigen] and a TLR7 agonist 

[0.5 -50 µg] or KVPRNQDWL [10 µg antigen] and a TLR7 agonist [10 µg].  ACT and vaccinations 

were done by i.v. injection in the tail vein. For the dual-epitope targeting efficacy study, 100 mg/kg 

cyclophosphamide (CPX) was given as a lympho-depleting preconditioning 24 hours prior to T cell 

infusion by i.v. injection in the tail vein. For the efficacy study with α-PD-1 treatment, mice 

received intravenous injections with 10 mg/kg α-PD-1 (InVivoPlus anti-mouse PD-1 (CD279), 

BioXcell) pr. treatment.  

 

Flow cytometry 

For all experiments, antibodies from BD Bioscience or BioLegend were used. Unspecific binding 

was avoided using Purified Rat Anti-Mouse CD16/CD32 (Mouse BD Fc Block) from BD 

Bioscience. Cells were always stained in FACS buffer (PBS containing 0.5% BSA and 0.1% NaN3) 

for 30 minutes on ice. Samples were acquired on a BD Fortessa X-20.  
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RNA isolation 

Tumors were excised, snap frozen and stored at -80°C. Tumors were subsequently pulverized with 

the automated CryoPrep instrument (Covaris, USA) and 10 mg was transferred to a CK mix bead 

beating tube (Bertin, France) with 350 µL RLT buffer (Qiagen, Germany) supplemented with 1% β-

mercaptoethanol (Sigma). Tissue was homogenized in the Precellys 24 instrument (Bertin, France) 

6500 rpm for 20 s. Samples were centrifuged for 3 min at 16,000 g and the supernatant was 

collected. RNA was extracted from the supernatant with the RNeasy Mini kit (Qiagen, Germany) 

following the manufacturer’s instructions. RNA concentration was measured with the NanoDrop 

One (Thermo Scientific, USA) and RNA integrity was confirmed with the 2100 Bioanalyzer RNA 

Nano Chip (Agilent, USA).   

 

RNA-seq 

For RNA library preparation, the RNA of each tumors from both control and treatment groups was 

diluted to the same concentration with RNase-free water. Four biological replicates were generated 

for each group. Then, library construction was conducted following a standardized procedure at 

Beijing Genome Institute (BGI, Copenhagen, Denmark). Pair-end reads of 100 bp read-length were 

sequenced on the BGISEQ-500RS sequencer. Qualified raw data were provided by the Beijing 

Genomics Institute in FASTQ format.  

 

Preprocessing of raw data Fastq to count data 

RNA-seq quantification was performed by using the bcbio-nextgen pipeline including state-of-the-

art bioinformatics tools. This included (1) quality assessment of the fastq files by using fastq, (2) 

alignment to the mm10 mouse genome reference by using hisat2, and (3) counting of reads by using 

featureCounts. 

 

DEA 

Differential expression analysis (DEA) of coding genes was performed by using the DESeq2 R 

package. Non-coding genes in the quantified RNA-seq data was filtering out by using the biomaRt 

R package followed by library size normalization and DEA. In total, two sets of analyses were 
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made: treatment against control and relapse against treatment. Post-hoc filtering was applied to the 

DEA results (absolute log2FC > 1 and FDR < 0.05). 

 

GO enrichment 

GO enrichment was performed by using the topGO R package. Significant genes were separated 

based on the log2FC direction. All genes with accessible p-values from the DEA (14,178 genes) 

were used as genetic background for the GO enrichment test. Subsequent FDR correction was 

performed on the GO enrichment results. 

 

Heatmaps 

Quantified gene expression data was normalized for library size by using the 

estimateSizeFactorsForMatrix function in the DESeq2 R package. Next, genes of interest that were 

shown to be significantly different among the groups (abs(log2FC) > 1 and FDR < 0.05) were 

visualized by using the heatmap.2 function from the gplots R package. Row z-score normalization 

was performed to standardize colors between genes for better comparison of up- and down-

regulated genes.  
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Supplementary figures 
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Supplementary figure S1: Intratumoral CD8
+
 T cells show high levels of PD-1 expression. To 

evaluate PD-1 expression of CD8
+
 T cells in the tumor, a mechanistic study was carried out in 

EG.7-OVA. C57bl/6 female mice bearing established EG.7-OVA tumors were treated with OT-1 

splenocytes (ACT, n=4), or OT-1 splenocytes and liposomes carrying peptide and adjuvant (ACT + 

Vaccine, n=4). For analysis, tumors were harvested and analyzed for expression of PD-1 using flow 

cytometry. A fluorophore minus one (FMO) control for PD-1 antibody staining is also shown (n=1).   
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Supplementary figure S2: Tumor sizes at takedown for RNA isolation and sequencing.  To 

minimize bias related to tumor size, we aimed for a takedown when the tumor size reached 
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approximately 100 mm
3
. C57bl/6 female mice bearing established EG.7-OVA tumors were either 

left untreated, treated with iv. injection of OT-1 splenocytes (ACT) or a combination of OT-1 

splenocytes and liposomes carrying cognate peptide and adjuvant (ACT + Vaccine). Tumor size 

was measured 3-5 times weekly. The graph shows tumor sizes of individual mice at takedown.  

 

 

Supplementary figure S3: Principle component analysis.  

PCA plot of the 12 RNA-seq samples colored by group. Red: Control (ctrl), green: relapse (relap), 

blue: treatment (trt). 
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4. General Discussion 
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4.1 Overview of Main Findings 

In the following, a summary of the main findings from manuscript 1 and 2 is given before they are discussed 

in a broader context of combinatorial cancer immunotherapeutic treatments in the subsequent sections. 

 

4.1.1 Manuscript 1 

In manuscript 1, the concept of performing ACT by priming naïve, antigen-specific CD8+ T cells in vivo with a 

liposomal tumour antigen vaccination was evaluated as an immunotherapeutic treatment in two mouse 

models of cancer. The liposomal tumour antigen vaccination was based on co-formulation of tumour 

antigens (OVA257-264 (SIINFEKL) or human gp10025−33 (KVPRNQDWL)) and a TLR7 agonist (TMX-201) that 

was delivered systemically by intravenous injection. The T cells used for infusion in this treatment schedule 

were obtained from two types of transgenic donor mice that produce SIINFEKL or KVPRNQDWL specific 

CD8+ T cells, respectively. It was found that the liposomal vaccine was capable of activating and inducing 

antigen presentation by APCs both in vitro and in vivo, and that adoptively transferred, antigen-specific 

CD8+ T cells were primed and expanded in vivo as a result of post-infusion liposomal vaccination with their 

cognate antigen. The liposomal vaccination was found to stimulate expansion of the infused T cells in the 

spleen, which was followed by massive tumour infiltration of antigen-specific CD8+ T cells. The antigen-

specific T cell expansion and tumour infiltration was associated with improved tumour control and 

prolonged survival of the treated mice, while neither T cell infusion nor liposomal tumour antigen 

vaccination affected tumour growth or survival as monotherapies. The results also demonstrated that the 

therapeutic effect of post-infusion priming was more pronounced with the liposomal tumour antigen 

vaccination compared to vaccination with soluble antigen and TMX-201 liposomes as separate 

components. 

 

4.1.2 Manuscript 2 

In manuscript 2, the mechanisms behind an observed tumour escape to the combined treatment of ACT 

using naïve CD8+ T cells and tumour antigen vaccination described in manuscript 1, were investigated. 

Despite an initial treatment-induced tumour regression, the responding tumours eventually relapsed and 

regrew rapidly. The tumour escape could not be prevented by additional T cells infusion, repeated peptide 

vaccination or checkpoint inhibition. Dual epitope targeting by infusion of T cells with two different 

specificities followed by vaccination with their cognate antigens did not prevent tumour escape either. A 

comparative analysis of the transcriptional profile of untreated control tumours, responding tumours and 
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relapsing tumours using RNA sequencing revealed that tumour response to ACT was associated with 

upregulated expression of genes related to DC activation and effector functions of cytotoxic CD8+ T cells 

and NK cells. Additionally, the responding tumours exhibited a high expression of genes associated with 

immune suppressive mechanisms. The responding tumours thereby presented a gene expression profile 

indicating simultaneous induction of mechanisms related to immune mediated tumour destruction and 

immune suppression. On the contrary, at the time of relapse, the tumours had become immunologically 

“cold” with a downregulated expression of both pro-inflammatory and immune suppressive markers. These 

findings indicate that the relapsing tumours evolve to become immune excluded, which has implications for 

the design of immunotherapeutic strategies and provide a rational for combining ACT with treatments that 

target immune suppressive mechanisms. 

 

4.2 General Discussion and Future Perspectives 

4.2.1 Combinational Cancer Therapies 

The complexity of cancer pathogenesis and the heterogeneity of tumours can make it necessary to combine 

two or more treatments to obtain clinical efficacy. The data presented in this thesis support this notion 

since the therapeutic effect reported in manuscript 1 was only observed when ACT and tumour antigen 

vaccination were combined. Neither ACT nor tumour antigen vaccination alone affected tumour growth or 

survival of treated mice. The combinatorial approach however, induced a drastic synergistic effect that 

resulted in significant tumour growth delay and prolonged survival of treated mice. The particular 

combination of ACT and tumour antigen vaccination is an example of a therapeutic approach that can 

result in a synergistic, curative effect by providing optimal conditions for the other treatment to work. An 

effective tumour antigen vaccination activates and stimulates antigen presentation by DCs, whilst ACT 

provides a sufficient number of T cells to ensure that priming takes place.  

It is important to stress, that the use of combinatorial therapies can lead to overtreatment accompanied by 

an increased risk of detrimental side effects. The risk of detrimental adverse effects that follows from 

(combinations) of cancer immunotherapies (and other cytotoxic and targeted therapies) highlights the 

importance of identifying biomarkers that can be used to predict what types of therapies the individual 

cancer patient will be responsive to. This could avoid overtreatment of patients and minimize detrimental 

side effects, as well as the cost of giving expensive medicine to unresponsive patients. A few biomarkers 

have been linked to a greater likelihood of response to immunotherapy, including PD-L1 expression157, CD8+ 
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T cell infiltration158 and cytolytic activity158,159 and T cell repertoire clonality159, which are all features linked 

to pre-existing tumour reactivity in the TME.  

From a health economical point of view, it is also apparent that our healthcare systems in the long run 

cannot afford to offer expensive, personalized cancer immunotherapies to patients that are not likely to 

benefit from the therapy. Therefore, it is necessary to develop tools to identify true predictive biomarkers 

that can be used to screen cancer patients to select those that are likely to benefit from the therapy. This 

‘tumour-profiling’ can be used to design beneficial combinational strategies based on e.g. the presence of 

specific targetable immune suppressive subsets or secreted factors.  

 

4.2.2 Targeting the Immune Suppressive Tumour Microenvironment 

It is possible that ACT and tumour antigen vaccination needs to be complimented by additional therapies 

that target the suppressive features of solid tumours to prevent disease relapse and offer a fully curative 

option. Despite the strong anti-tumour effects observed by combining ACT and liposomal tumour antigen 

vaccination, the therapeutic effect eventually diminished and resulted in tumour regrowth by the majority 

of the treated mice. As described in manuscript 2, the tumour response to ACT and tumour antigen 

vaccination was associated with induction of an inflammatory tumour microenvironment characterized by 

an upregulation expression of genes associated with activated DCs and cytotoxic effector cells but also 

immune suppressive factors. This indicates that the therapy-induced inflammation stimulates a suppressive 

feedback system that ultimately results in inhibition of immune mediated tumour reactivity. In the 

treatment regime evaluated in these studies, we did not utilize therapeutic strategies that directly 

modulate the inflammatory state of the TME. For a curative option, we relied solely on the effector 

functions of the primed T cells and the potential bystander effects of endogenous tumour reactive T cells.  

Recent work has indicated an interesting potential of vaccinating against immune suppressive subsets and 

secreted factors, to dampen the vaccine-induced suppressive response and further potentiate the effect of 

the tumour antigen vaccines160. Studies have shown that human cancer patients and healthy individuals 

have CD8+ and CD4+ T cells that can respond to factors associated with immune suppression, e.g. PD-

L1161,162, arginase-1163 and IDO164. An interesting study showed that the immunogenicity of a DC-based 

vaccine against p53 could be enhanced by co-stimulation with a PD-L1 derived epitope165. These findings 

provide an interesting potential for combining tumour antigen vaccinations with vaccinations against 

antigens associated with immune suppressive subsets or secreted factors. This could potentially be one 
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mechanism to counter-act the inflammation-induced suppressive mechanisms observed in response to 

vaccination or ACT.  

 

4.2.3 Exploiting the Donor T Cell Repertoire for ACT 

In the work presented in this thesis, tumour bearing mice were treated with splenocyte suspensions 

entailing naïve T cells from MHC-matched donor mice. This concept of using donor-derived (allogenic) 

lymphocytes for ACT is interesting from a translational point of view because allogenic T cells can exhibit 

reactivity to antigens that are ignored by the host T cell repertoire166. An inability of host T cells to cause 

tumour rejection can be due to ineffective priming or because the primed cells are tolerized by tumour 

immune suppressive mechanisms. Donor T cells are unbiased towards these host-related mechanisms and 

allogenic T cells thereby represent a potential expansion of the tumour-reactive T cell repertoire.  

The applicability of utilizing T cells isolated from healthy donors to induce neoantigen-specific reactivity has 

recently been evaluated167. In this study, the researchers assessed if T cells derived from healthy donors 

showed reactivity towards neoantigens expressed by patient melanomas. Neoantigens had been identified 

by whole exome and RNA sequencing of tumour material from three patients and the results showed that 

peripheral T cells isolated from healthy donors responded to 11 of 57 of the predicted epitopes. The 

majority of the epitopes were ignored by patient-isolated TILs. The researchers also showed that the donor-

derived T cells could be transduced with TCRs identified by sequencing of antigen-responsive donor T cell 

clones, and show reactivity towards patient derived melanoma cell lines. A recent paper by some of the 

same researchers describes a protocol for the induction of neoantigen reactive T cell clones from healthy 

individuals168, further indicating the feasibility of utilizing T cells from healthy donors as a source of tumour 

neoantigen reactive T cell clones.  

 

4.3 Concluding Remarks 

The therapeutic strategy evaluated in the work behind this thesis offers an interesting potential to enhance 

the effect of ACT. The ability to prime naïve T cells in vivo by a liposomal vaccination with the cognate 

antigen of the infused T cells potentiates the use of minimally differentiated T cells for ACT. The tumour 

antigen vaccination ensures effective activation and expansion in vivo and the dependence on expanding 

the T cells ex vivo and causing differentiation is thereby circumvented. Because the available tools to 

predict the immunogenicity of tumour antigenic peptides are becoming more advanced and precise, the 

ability to identify immunogenic antigens from individual tumours offers renewed hope for production of 
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clinically effective tumour antigen vaccinations. With the concept of engineering T cells with TCRs targeting 

specific antigens simultaneously becoming more advanced, the design of personalized therapeutic 

strategies where tumour antigens are identified from individual tumours and antigen specific T cells are 

selected or designed for ACT is enabled. This facilitates treatment with a set of antigen specific, minimally 

differentiated T cells and vaccination with the cognate antigen of the infused T cells.  

Based on results from this study, the combined treatment of ACT and tumour antigen vaccination might not 

offer a curative option for the majority of treated subjects. It is possible that the immune suppressive 

mechanisms that set in to balance out the vaccine-induced inflammation eventually will overrule and 

counteract the treatment-induced tumour regression. For this reason, it can be necessary to combine ACT 

and tumour antigen vaccination with additional therapies that targets the suppressive features of tumour 

infiltrating immune subsets. 

When combining cancer (immuno)therapies there is an increased risk of inducing side-effects including 

damage to heathy tissues. Enhancing the effect of infused T cells by combining the therapy with e.g. 

tumour antigen vaccination therefore comes with an increased risk of inducing detrimental cytokine 

release syndrome or induction of auto-reactivity from on-target off-tumour effects or bystander activation 

of self-reactive T cells. When dealing with a life-threatening disease like cancer, the risk you as a patient or 

a clinical are willing to take is typically higher, depending on the age and disease status of the patient. 

Therefore, the risk of inducing autoimmune disease such as diabetes can be acceptable, if there is a chance 

the patient will be cured from the cancerous disease.  

However, for the sake of the patients’ well-being, it is beneficial to take steps to evaluate if the patient is 

likely to respond from the therapy. Also from a health economical point of view it is necessary to only treat 

patients that are likely to respond to the therapy. Currently there are some biomarkers that can be helpful 

to identify patients that will likely benefit from immunotherapy but it is necessary to discover additional 

predictive markers to fully elucidate if/what type of treatment the patient is most likely to respond to.  
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