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Abstract 

Cancer is one of the leading causes of death globally, affecting an estimated 40% of all men and 

women during their lifetime. Standard cancer treatment works by removing the primary 

cancer by surgical resection, chemotherapeutics and/or irradiation. Unfortunately, many 

cancer patients experience disease recurrence and thus die from the disseminated disease.  

 

Cancer immunotherapy is a systemic and long term treatment option. Firstly, immune cells are 

constantly patrolling the body, endowed with the ability to recognize and eliminate malignant 

cells before they form a tumor. Thus, cancer-reactive immune cells can prevent a tumor from 

metastasizing and tackle disseminated disease. Secondly, immune cells have the ability to 

develop into long-lived memory cells that expand rapidly in response to reintroduction of the 

cancerous antigens, which makes curative cancer therapy into a personal cancer vaccine. 

 

Adoptive T cell therapy (ACT) is a form of cancer immunotherapy in which T cells are removed 

from the body and then expanded to large numbers, before being reinfused into the patient. 

The T cells can be grown from resected tumor fragments, or they can be isolated from blood 

samples and genetically modified to express cancer-specific receptors. Regardless of the origin 

of T cells, they face similar challenges upon infusion. Firstly, they must be able to survive and 

continue to expand, secondly, they must overcome the challenge of immunosuppression 

exerted in the tumor, and lastly, they must sustain function to prevent tumor relapse.  

 

The process of T cell expansion and survival can be reinforced by the use of post-transfer 

vaccination with specific antigenic peptides that stimulate the T cells. In the first manuscript of 

this thesis, we validate a novel liposomal vaccine platform, wherein peptide antigens are 

anchored to a liposome alongside an adjuvant for activation of transferred T cells. We 

demonstrate that liposomal vaccination outperforms the non-formulated antigen and that 

previously unstimulated T cells can expand and eradicate established tumors when combined 

with liposomal vaccination. In the manuscript, we also describe the specific subsets of 

dendritic cells that are stimulated by the vaccine and which support infused T cells through 

antigen-presentation, expression of co-stimulatory receptors and cytokine release.  
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When applying a targeted therapy such as ACT and vaccination, the tumor can develop 

intrinsic escape mechanisms to counteract immune-mediated destruction. During the studies 

included in the first manuscript, we observed this phenomenon when tumors, which initially 

diminished after treatment, suddenly became irresponsive and relapsed. In the search for a 

complete response, we tested several alternative treatment strategies, such as increasing the 

vaccine dose and giving multiple rounds of both T cells and vaccination. However, none of 

these strategies prevented eventual tumor escape. To increase our understanding of this 

acquired irresponsiveness towards the treatment, we performed RNA sequencing to look at 

the global transcriptomic landscape, during treatment response and after relapse. Tumors that 

were responding to ACT and vaccination showed strong immune activation, as evidenced by 

the presence of both anti-tumor and pro-tumor inflammatory cells. Strikingly, the relapsed 

tumors included very few of these cells. On the contrary, the relapsed tumors seemed 

predominantly immune excluding, which might indicate why additional treatments were 

ineffective.  

 

Together, the two manuscripts referred to above demonstrate that, even when T cells are 

primed and expand to great numbers after transfer, they still require a permissive 

inflammatory environment in the tumor to infiltrate and exert their effector functions. In the 

third manuscript, we evaluate a drug delivery platform for intratumoral injection that aims at 

sustaining local inflammation by the controlled release of immunotherapy into the tumor. This 

is achieved through the use of a nanogel, which, upon injection into the tumor, solidifies to 

create a local depot that releases the toll-like receptor (TLR) 7 agonist Resiquimod. By 

pretreating tumors with the nanogel formulation, we were able to improve the treatment effect 

of ACT and critically, prevent tumor relapse in murine cancer models. Encouragingly, we found 

that the nanogel stimulated both transferred T cells and endogenous immune cells, which 

supported a broadening of anti-tumor responses.  

 

Overall, this thesis has investigated two novel approaches for the potentiation of ACT and 

validated these in preclinical models of cancer. I hope that this work will contribute to the 

overall progress within the cancer immunotherapy field, and highlight promising therapeutic 

strategies for further clinical development.   
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Dansk Resumé 

Kræft er en af de hyppigste dødsårsager globalt, og i Danmark får én ud af tre personer kræft. 

Standard kræftbehandling involverer typisk at den primære tumor fjernes med enten kirurgi, 

kemoterapi eller bestråling. Desværre oplever mange patienter at kræften vender tilbage efter 

en sygdomsfri periode, og en stor del ender derfor med at dø af tilbagefald, hvor kræften har 

spredt sig til andre steder i kroppen.  

 

T-celle terapi er en gren af immunterapi, som har til formål at øge antallet af T-celler, der 

genkender og eliminerer kræftcellerne. Dette opnås ved at isolere T-celler fra patientens blod 

eller tumor, hvorefter de dyrkes i laboratorier og gives tilbage til patienten i en meget højere 

mængde. Nogle former for T-celle terapi fungerer også ved at T-cellerne ændres genetisk, så de 

udtrykker receptorer, der genkender kræftcellerne specifikt. T-celle terapi er en systemisk 

behandling, idet immuncellerne cirkulerer i blodbanen og dermed udbredes til alle kroppens 

organer. Dette betyder, at celle-baseret immunterapi kan targetere kræftceller som har spredt 

sig gennem kroppen, eller som har dannet metastaser. Derudover kan der udvikles en 

immunologisk hukommelse, som medvirker at T-cellerne kan genkende og reagere hurtigt på 

tilbagevendende kræftceller. Derved kan en kurativ T-celle terapi fungere som en patient-

specifik vaccine.  

 

For at opnå en behandlingseffekt, skal T-cellerne være i stand til at overleve og dele sig efter 

infusion. Derudover skal de opretholde deres funktion under et konstant pres fra et immun-

suppressivt miljø i tumor. Hvis disse forudsætninger ikke er opfyldt, kan behandlingen holde 

op med at virke, og kræften kan forsat vokse ukontrolleret. Et sådant tilbagefald opleves 

desværre ofte indenfor T-celleterapi, og derfor er det altafgørende at forske i nye behandlinger, 

som kan bidrage til at styrke T-cellernes overlevelse og funktion.  

 

Overlevelsen af T-celler efter infusion kan styrkes ved brug af vacciner, der indeholder et 

peptid antigen som genkendes af T-cellerne samt en adjuvans som stimulerer kroppens egne 

immunceller. Typisk leveres en vaccine som en intramuskulær injektion, der danner et depot, 

hvorfra antigen og adjuvans kan dræne til lymfesystemet.  Forskning viser dog, at denne 

leveringsform kan være suboptimal for T-cellerne, som har en tendens til at blive liggende 

omkring injektionsstedet. Vi har udviklet en alternativ vaccineform, hvor antigen og adjuvans 
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sættes fast på et liposom og injiceres direkte i blodbanen ligesom T-cellerne. Både T-celler og 

vaccine liposomer akkumulerer herefter i milten og der opnås en fysiologisk relevant 

stimulering af T-cellerne, så de aktiveres og deler sig. Ved brug af murine cancer modeller, 

demonstrerer vi at denne vaccine form er potent nok til at aktivere T-cellerne direkte i 

kroppen, dvs. uden forudgående dyrkning i laboratoriet. Dette har stor betydning, da man 

derved åbner op for muligheden for at bruge flere typer af T-celler, fx fra raske donorer, og 

samtidigt kan minimere ventetiden for kritisk syge patienter.  

 

På trods af en indledningsvis behandlingseffekt af vores T-celle og vaccine terapi oplevede vi 

dog at tumorerne kom tilbage, som det tidligere er beskrevet for T-celle terapier både 

præklinisk og klinisk. I håb om at forhindre dette tilbagefald testede vi forskellige ændringer til 

behandlingen, dog uden den ønskede effekt. For bedre at kunne belyse mekanismerne bag 

tilbagefaldet, undersøgte vi den globale gen-ekspression af tumorer udtaget under den 

behandlings-responsive fase eller efter tilbagefald. Vi kunne konkludere, at T-celle terapi og 

vaccine førte til en opregulering af gener forbundet med rekruttering af immunceller og et 

stærkt inflammatorisk tumor miljø. Derimod var størstedelen af disse gener nedreguleret i de 

tumorer, som var vokset op igen ved tilbagefaldet. Overordnet kan dette fund have betydning 

for de behandlings strategier, som bruges i forbindelse med T-celle terapi. Det indikerer, at der 

er brug for kombinationsbehandlinger, som kan bibeholde inflammatorisk stimuli i tumor, for 

derved at øge rekruttering og funktion af både injicerede T-celler og endogene immunceller.   

 

Forskning indikerer, det er fordelagtigt at kombinere T-celle terapi med andre immunterapier 

for derved at støtte bedst muligt op omkring funktionen T-cellerne efter injektion. I den 

forbindelse er der studier som påviser en positiv effekt af TLR7-agonister, som er en klasse af 

immunstimulerende stoffer der stimulerer endogene immunceller. Der er dog en risiko for at 

inducere toksicitet ved denne type behandlinger, på grund af den høje mængde signalstoffer 

som frigives til blodet. Derfor har vi udviklet en metode til lokal injektion, hvorved TLR7 

agonisten frigives direkte i tumor. I det tredje manuskript undersøgte vi kombinationen af 

denne inter-tumorale TLR7 terapi og T-celle terapi. Vi påviste, at kombinationsbehandling øger 

effekten af T-cellerne, og derved er i stand til at forhindre tilbagekomsten af tumor i 

størstedelen af musene. Yderligere studier belyste desuden en direkte stimulering af både de 

injicerede T-celler og endogene immunceller i tumor og den tumordrænende lymfeknude. 

Derudover viste vi, at kombinationsbehandlingen kunne mobilisere flere typer af T-celler til et 

koordineret angreb på tumor. Samlet set belyser disse studier en relevant mulighed for at gøre 



 
 

 

vii 

tumorer mere modtagelige over for T-celle terapi, som resulterer i at behandlingseffekten 

bibeholdes i længere tid.  

 

Samlet set belyser denne afhandling hvordan nye teknologier kan bruges til at styrke 

behandlingseffekten af T-celle terapi. Dette inkluderer både en initial stimulering af T-cellerne 

i milten ved brug af liposomal vaccine, samt en lokal stimulering af tumor, som bidrager til at 

beholde behandlingseffekten. Det er min forhåbning at disse prækliniske studier kan bidrage 

med viden til immunterapi området, og forhåbentligt kan danne bro til forbedrede 

behandlingstilbud til kræftpatienter. 
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Chapter 1  
Introduction and thesis scope 

 

 

This PhD thesis will focus on adoptive T cell therapy (ACT), with an emphasis on evaluating 

drug delivery platforms for potentiation of this treatment. The thesis consists of one 

background chapter, two reviews and three research manuscripts. In this introduction, I will 

outline the content and main findings from each chapter.  

 

Chapter II: Background 

This chapter will outline the concept of cancer immunotherapy with an emphasis on 

therapeutic cancer vaccination. Tumor associated antigens (TAAs) and neo-epitopes are the 

main categories of peptides used for therapeutic cancer vaccines. These two antigen types will 

be presented with comments on the advantages and potential pitfalls associated. In addition, 

the use of toll-like receptor 7 (TLR) 7 agonists as cancer vaccine adjuvants will be addressed, 

alongside a brief introduction to the use of nanoparticles as a drug delivery platform for 

therapeutic cancer vaccination. 

 

ACT will be introduced as the next topic. The concept of ACT involves harvest, expansion and 

re-infusion of T cells. The therapy is applied in a setting of insufficient immune response to a 

tumor, and aims to reach a level of curative T cell activity by invigorating and expanding 

tumor-reactive T cells outside the host before reinfusion. The most established fields of ACT 

are based on engineered chimeric antigen receptors T cells (CAR-T cells), tumor-infiltrating 

lymphocytes (TILs) and T cell receptor (TCR)-transgenic T cells. These approaches will be 

presented and described with emphasis on current clinical status. The preclinical models of 

ACT used for the experimental work in this thesis will also be introduced.  

The impact of the tumor microenvironment (TME) on ACT will be the focus of the last sections. 

Solid cancers are known to pose a particular challenge to adoptively transferred T cells. The 
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TME is enriched with immune suppressive subsets, which are briefly introduced in the first 

section alongside their implication for ACT. After this, the possibilities of modulation the TME 

through chemotherapeutic preconditioning, or administration of immune therapies will be 

presented.  

 

Chapter III: Reviews 

Review I: Expansion of minimally differentiated CD8+ T cells for adoptive cancer therapy 

The first review is on the expansion and differentiation of T cells used for ACT. Part of the 

experimental platform established during this thesis includes a protocol for in vitro expansion 

of murine CD8+ T cells and the subsequent use in murine models of ACT. The review is largely 

based on information that was acquired during the establishment of an in vitro expansion 

protocol for the studies in the thesis.  

 

The phenotype of transferred T cells is known to influence therapeutic outcome. Preferably, T 

cells for ACT must sustain the proliferative potential in order to persist after infusion. At the 

same time, they must expand to reach critical numbers for therapeutic efficacy. This paradox 

has inspired the development of novel culture protocols that aim at uncoupling expansion and 

differentiation. In the review, we discuss how culture conditions during in vitro expansion 

affect the differentiation and phenotype of CD8+ T cells.  

 

Review II: Leveraging endogenous dendritic cells to enhance the therapeutic efficacy of 

T cell therapy 

The second review focuses on dendritic cells (DCs) in cancer, and the possibilities of improving 

therapeutic outcomes of ACT through the mobilization of DCs.  A multi-assay platform for the 

in vitro, in vivo and ex vivo evaluation of vaccine responses was established as part of the 

experimental work in this thesis. The interaction between DCs and cytotoxic T cells are at the 

core of this treatment validation and evaluation of DC activation and antigen cross-

presentation has been pivotal in guiding the rational cancer vaccine development. 

Furthermore, DCs are involved in the response to the TLR7 agonist Resiquimod (R848) that is 

applied as an intratumoral therapy in one of the manuscripts included in this thesis. 

Altogether, these projects have encouraged the topic of this review. 
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Chapter IV: Manuscripts  

Manuscript I: Systemic liposomal vaccination potentiates antigen-specific priming and 

expansion of adoptively transferred, naïve CD8+ T cells 

The first research manuscript in the thesis describes the evaluation of a novel, liposome-based 

vaccine platform for the delivery of tumor antigens to antigen presenting cells (APCs). Within 

the group, we have developed a liposome vaccine platform consisting of a co-formulated TLR7 

agonist and tumor-antigen anchored to the liposome surface by a reducible linker. As a novel 

concept, the liposomal vaccine was designed for systemic delivery.  

 

By using three syngeneic murine cancer models, we demonstrated that liposomal antigen 

vaccination efficiently, and with great specificity primes, and expands adoptively transferred, 

naïve CD8+ T cells. We subsequently demonstrated that these cells acquire therapeutic 

potential against solid cancers. To elucidate the critical therapeutic mechanisms, we examined 

the immunological events from liposomal bio-distribution, to DC antigen presentation and 

activation towards T cell priming, expansion and tumor engraftment.  

 

The main findings were that the liposomal vaccine induced a prolonged antigen presentation 

compared to soluble peptide and adjuvant. Systemic administration of the vaccine was well 

tolerated and resulted in antigen cross-presentation by splenic DCs, as well as subsequent 

expansion of adoptively transferred T cells in the spleen. We observed a marked increase in 

systemic levels of interferon (IFN)-β, IP-10 and interleukin (IL)-12 p70 following liposome 

vaccination. Both systemic cytokine levels and cross-presentation were reduced by blocking 

plasmacytoid DCS (pDCs), indicating a prominent role for these cells in the vaccine response. 

Additionally, we found that the T cell expansion achieved with vaccination was highly antigen 

specific, and that the platform could be extended to include multiple epitopes. Overall, the 

paper demonstrates the feasibility of combining ACT with a liposomal tumor antigen vaccine.  

 

Manuscript II: Acquired resistance to adoptive T cell therapy and tumor antigen 

vaccination is associated with immune exclusion of the relapsed tumor 

The second research manuscript deals with the topic of tumor escape. It examines and 

discusses observed changes in the gene expression profile following acquired resistance to 

ACT.  

 



 

4 

As described in the first research manuscript, we demonstrated improved tumor control and 

prolonged survival using a combination of ACT and vaccine treatment. However, in spite of 

drastic initial treatment efficacy, we observed a relapse of the tumors. This prompted us to 

investigate strategies to overcome this tumor escape. Initially, we hypothesized that the 

attenuated treatment response was caused by a T cell intrinsic mechanism such as checkpoint 

ligation in the tumor microenvironment, exhaustion or terminal differentiation.  Nonetheless, 

we were unable to prevent tumor escape using checkpoint inhibitors or by replenishing the T 

cell pool with multiple, staggered doses of ACT and vaccine. To deepen our understanding of 

this phenomenon, we decided to harvest tumors that were either untreated, responding to 

therapy or relapsed and perform RNA sequencing. Interestingly, the three groups showed 

significant differences in their transcriptional profile. While responding tumors demonstrated 

a strong, cytotoxic T cell fingerprint, the relapsed tumors had downregulated most immune cell 

processes. This could be the result of a cascade of immune events facilitating the escape of the 

tumor, in contrast to a single event such as loss of antigen or repressive tumor 

microenvironment. Please note, that this manuscript is still under preparation, and more data 

will be generated after this thesis has been submitted. 

 

Manuscript III: Intratumoral TLR7 agonist treatment improves the efficacy of adoptive T 

cell transfer and prevents tumor escape 

The third manuscript evaluates the use of intratumoral immunotherapy as a preconditioning 

regimen for ACT. The immunogel containing the TLR7 agonist R848 (from now on referred to 

as TLR7a gel) was developed and evaluated previously in the group, as an add-on to liposomal 

chemotherapy and radiation therapy. With an offset in these models, we investigated the use of 

intratumoral TLR7a gel treatment as preconditioning for ACT in several murine models of ACT. 

By preconditioning the tumors with TLR7a prior to ACT, we were able to prolong the tumor 

control and survival significantly compared to ACT alone. To evaluate the mechanisms behind 

this, we investigated immune cell subsets in the tumor-draining lymph node (tdLN) and tumor 

using flow cytometry. The TLR7a treatment resulted in increased activation of both classical 

and plasmacytoid DCs in the tdLN. In addition, TLR7a gel treatment resulted in amplified 

activation of intratumoral T cells, as evidenced by an increase in IFN-γ production. Finally, we 

were able to demonstrate the priming of co-transferred, naïve T cells reactive towards a 

second TAA in response to TLR7a gel and ACT treatment, suggesting that this approach can 

facilitate epitope spreading and diversification of T cell responses. Please note, that this 
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manuscript is still under preparation, and more data will be generated after this thesis has 

been submitted.  

 

Chapter V: Summary and future perspectives 

The final chapter of the thesis will start with a summary of the results obtained, and how the 

findings from the three manuscripts intertwine. This is followed by a general discussion on the 

use of preclinical models and how their translational value can be increased with novel 

approaches. Finally, the topic of future directions for ACT, especially how the therapy can 

evolve towards an off-the-shelf therapy will be discussed.  
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Chapter 2  
Background 

 

 

2.1 Cancer immunotherapy 

 

Cancer is one of the leading causes of death globally; and current statistics dictate that almost 

40% of men and women will be diagnosed with cancer during their lifespan (1). 

Immunotherapy has developed as one of the main pillars of modern cancer therapy. While 

many conventional therapies are successful in removing the primary tumor, they offer little 

protection from disseminated disease. Thus, metastatic spread of cancer has for a long time 

been recognized as a primary cause of cancer patient mortality (2-4).  By reviving the immune 

response to tumors, it is possible to induce a systemic response and thereby cure or prevent 

metastatic disease. In addition, the induction of adoptive memory prevents regrowth of cancer 

cells harboring the same antigenic profile. In effect, this vaccinates the patients against their 

own tumor, offering a long-term protection from recurrent disease.  

 

The cancer immunity cycle describes the productive coordination of immune cell subsets 

against a tumor. Figure 2.1 shows an illustration of the cancer immunity cycle, including 

stimulatory and inhibitory factors as reviewed by Chen et al. (5). Following their schematics, 

the cycle starts with the release of antigen from dying tumor cells. This event facilitates uptake 

of the antigen-presenting cells (APC)s, some of whom migrate to the tumor-draining lymph 

node (tdLN) and prime cognate T cells. Activated T cells then travel to the tumor via a 

chemokine gradient and infiltrate the tumor, where they kill cancer cells, thus potentiating the 

cycle further (5). During carcinogenesis, the cancer immunity cycle is perturbed and immune 

cells are no longer able to control tumor growth adequately. In addition, many cells of the 
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immune system become phenotypically polarized to favor tumor growth and metastatic spread 

of the cancer (3, 6). 

 

Cancer immunotherapy encompasses therapeutics that restore anti-tumor immune reactivity. 

This can be achieved by a plethora of treatments including cell therapy, cytokine therapy and 

checkpoint inhibitors. Overall, the goal is to induce novel immune responses, relieve 

suppression of existing immune pathways or a combination thereof (7, 8). In the following 

sections, cancer vaccination, adoptive T cell transfer and toll-like receptor (TLR) agonist-based 

immunotherapy are described, representing the primary immunotherapeutic modalities used 

in this thesis. 

  

 
Figure 2.1: The cancer immunity cycle. Cancer cell antigens released from dying cancer cells are constantly 
processed by the immune system, which strengthens the tumor elimination. At multiple steps of the process, the 
continuous development of pro- and anti-tumorigenic factors can modulate transition through the cycle. Adapted 
from Chen et al. (5)  
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2.2 Therapeutic cancer vaccination  

 

In spite of limited clinical impact, cancer vaccination still holds great interest in the cancer 

immunotherapy field. Figure 2.2 highlights the vast amounts of ongoing clinical studies within 

cancer vaccination initiated in the past two years (2017-2018). The aim of a therapeutic cancer 

vaccine is to induce or increase T cell responses against the tumor, facilitating both a cure for 

the current disease and a protection against tumor relapse. To achieve this, vaccine platforms 

are designed with the purpose of delivering antigen and adjuvant to antigen-presenting cells of 

the immune system. Whereas vaccination might be successful as a monotherapy in some 

settings, it requires an existing T cell repertoire that is able to respond and expand. In addition, 

expanded T cell clones must be able to reach the cancer and sustain anti-tumor activity long 

enough for therapeutic efficacy to persist. In cases of insufficiency in the T cell repertoire 

and/or an extremely suppressive tumor microenvironment, these issues must be tackled 

separately for the vaccination to work. This aspect will be presented in ensuing sections.   
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Figure 2.2: Trends in the global immune-oncology landscape. Cancer vaccination continues to be a topic of 
scientific interest within the cancer immunotherapy field. Top: The number of clinical trials registered in 2017 and 
2018. The topic of cancer vaccination accounted for the highest number of phase II and phase III trials (257 in total) 
compared to other therapy types. Bottom: The most used targets in cancer vaccination trials in 2017 (left) and 2018 
(right). From 2017 to 2018, trials with neoantigens doubled, making this the most used (specified) target. Online 
figure from (9).     
 

2.2.1 Cancer vaccination based on tumor associated antigens  

Tumor associated antigens (TAAs) are antigens that to a higher extent are expressed in 

cancerous tissue compared to healthy tissue. This allows them to be targeted by vaccines or 

cell therapy with a calculated risk of on-target/off-tumor side-effects (10). TAAs are often 

shared between patients, making them attractive for off-the-shelf approaches. However, as 

TAAs are non-mutated self-antigens, the disadvantage is that T cells recognizing these antigens 



 
 

 

11     

typically are edited by either central or peripheral tolerance mechanisms (11). Remaining T 

cell clones are often low-avidity variants, posing a unique challenge for vaccine design (12-14).   

 

2.2.2  Personal, neo-epitope based cancer vaccination 

Neo-epitopes arise as a result of the high cellular turnover rate and intrinsic genomic 

instability of cancer cells. Translational changes down to a single amino acid can change the 

immunogenicity of tumor antigens considerably, paving the way for novel T cell responses (15-

17). Neo-antigen-specific T cells have been detected in the circulation of cancer patients, and 

accelerated development in the field of genomic sequencing and bioinformatics allows for the 

rapid identification of mutated antigens that might be presented on major histocompatibility 

complex (MHC) class I molecules (18, 19). Vaccination against neo-epitopes can potentially 

expand high-affinity and functional tumor-specific T cells (20, 21). Two studies published in 

Nature in 2017 both reported the clinical success of neo-epitope vaccination in late-stage 

melanoma patients. While the studies included only a small cohort of patients, the response 

rates were exceptionally high for this type of therapy, and the encouraging results contributed 

to the excitement surrounding this approach (22, 23).  In a separate study, a neo-epitope 

approach was successfully applied to a dendritic cell (DC) vaccination platform. Here, adoptive 

transfer of neo-antigen-loaded, autologous DCs induced a broad repertoire of T cell responses 

in patients with advanced melanoma (24).  A novel, two-step approach was recently tested at 

Rigshospitalet, Denmark. In this set-up, patients were in the first step initially vaccinated 

against common TAAs, allowing time for sequencing and synthesis of personal neo-epitope 

peptides, which were then applied in the second step (25). Similar treatment designs could 

help bridge the gap between off-the-shelf approaches and highly personalized treatments. 

 

The observations hold great promise for the future of neo-antigen vaccines, albeit a number of 

important factors need to be resolved before the vaccines will be even more efficacious. For 

instance, the majority of vaccine responses in the abovementioned studies were raised against 

CD4 epitopes, accenting the need for strategies that can increase the priming of CD8+ T cells. 

Additionally, optimized adjuvant and peptide delivery platforms will most likely increase the 

efficacy of cancer vaccines (26).  
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2.2.3  TLR7 agonists as vaccine adjuvants in cancer vaccines 

For more than a decade, agonists of the TLR7 receptor have been used as vaccine adjuvants 

and immunotherapeutic agents. The interest is supported by the ability of TLR7 agonists to 

facilitate potent immune responses by both innate and adaptive immune cell subsets (27). 

In a vaccine formulation context, the effect of TLR7 agonists on DC subsets holds particular 

interest. Plasmacytoid DCs (pDCs) are a circulating subset of DCs, with a high capacity for IFN-

α/β production (28). TLR7 treatment recruits and activates pDCs (29, 30). Conventional DCs 

(cDCs) can both be migratory and resident, and they are dedicated to the continuous sampling 

antigen (31). The subset cDC1s are most efficient at cross-presentation, which is the process of 

displaying epitopes on MHC class 1 molecules for priming of CD8+ T cells (32, 33). Human 

cDC1s express TLR7 receptors, but the expression by murine cDC1s has been debated (34-36). 

Still, in both murine and human vaccination studies, TLR7 agonists in the vaccine formulation 

potentiate the vaccine responses by increased cDC1 activation, and enhanced cross-

presentation (37-39). The benefits associated with the use of TLR7 agonists for vaccination are 

most likely attributed to the synergistic involvement of multiple DC subsets. Whereas cDC1s 

act as the primary cross-presenting subset, IFN-α/β released from activated pDCs have been 

shown to augment their functionality (39-41). As an alternative or supplementing mechanism, 

direct cytotoxic effects of both plasmacytoid and monocytic DC subsets, have been described as 

part of a TLR7 agonist mediated treatment response to basal cell carcinoma (42).   

 

A positive influence of TLR7 agonists on CD8+ T cells has been repeatedly demonstrated. 

Studies have shown that T cells expressing TLR7 receptors and TLR7 agonists can increase the 

response to T cell receptor (TCR) stimulation(43). In addition, both CD4+ and CD8+ T cells 

secrete IFN-γ in response to TLR7 receptor agonists (44-47). This could be an added benefit in 

a vaccine context, as increased levels of IFN-γ potentiate functionality of nearby DCs (40, 48, 

49). Another recent study correlates TLR7 treatment to a reduction in PD1 expression on 

antigen-activated CD8+ T cells, which further motivate the use of TLR7 for vaccine purposes 

(50).  

 

TLR7 agonists tends to be small, highly hydrophilic molecules, which means that formulation 

into drug delivery systems is required for the agonist to be co-delivered with tumor antigens. 

Adverse effects related to tolerance (51) and systemic immune depletion (52) further limits 

their systemic dosage. Various TLR7 agonists in topical gel formulations have been evaluated 

for their ability to support vaccine responses to synthetic peptides in clinical studies. 
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Resiquimod (R848) treatment was tested as a topical gel together with Montanide (water in oil 

emulsion adjuvant) and NY-ESO 1 protein for melanoma patients. While the combination 

induced antibodies and strong T helper responses, few CD8+ responses were raised (53). In 

another study, R848 topical gel was used together with MART-1 peptide and Montanide. In this 

study, an increase in MART-1 specific T cells was observed, albeit not statistically significant 

(54). As a possible alternative, formulation of TLR7 agonists in nanoparticles showed improved 

kinetics and facilitate the co-delivery of adjuvant and antigen in preclinical models (55, 56).   

A novel vaccine approach using intravenously administered RNA-lipoplexes has recently been 

presented as an elegant way to combine RNA-encoded antigen delivery and TLR7-based 

activation of DC subsets in lymphoid organs (57, 58). This approach has been clinically 

validated in melanoma patients using a personalized, neo-antigen vaccine strategy, as 

mentioned in previous sections (23).  

 

2.2.4  Nanoparticles as vaccine platforms  

Engineered micro- and nanoparticles have shown great promise as platforms for co-delivery of 

peptide and adjuvant(s). The potent T cell response following nanoparticle vaccines has been 

attributed to a prolonged and improved antigen presentation by DCs (59, 60), following 

internalization of the particles.  

Typically, a vaccine is administered as an intramuscular depot from which the peptides need to 

drain to lymph nodes, thereby allowing professional APCs to prime cognate T cells. However, 

multiple studies describe the challenges related to depot formation, including inefficient 

antigen drainage that can cause T cells to sequester around the depot/injection site and 

become dysfunctional by the chronic exposure to antigen (61-64). Nanoparticles have been 

shown to drain efficiency from the injection site, thereby increasing antigen trafficking to 

draining lymph nodes (60, 65-68).  

As an added advantage, the association of immune-stimulating agents with nanoparticles 

reduces their systemic exposure, which can help to limit toxicity (69). 

 

2.3 Adoptive T cell therapy 

 

Adoptive T cell therapy (ACT) as a therapeutic platform covers the isolation, ex vivo handling 

and re-infusion of tumor-reactive T cells. During the last decades, this therapy has evolved 

from highly experimental, to part of the established health care system. Still, ACT therapy 



 

14 

requires highly specialized laboratory facilities and patient hospitalization and, even when 

successfully applied, carries a high risk of toxicity.  

 

Meanwhile, ACT continues to grow as a cancer therapy, in particular due to the impressive 

responses that can be achieved for patients with otherwise very poor prognosis. In addition, 

ACT and immunotherapy as a whole, offers the promise of protection from relapsing disease, 

facilitated by the establishment of long-lived, memory T cells. This means that the number of 

clinical trials continues to skyrocket, as can be perceived from Figure 2.3.1, ACT can be 

subdivided into categories according to the type of T cell product used. In the following section, 

some typically used cell products are presented alongside a brief discussion of their 

advantages and limitations.  

 
Figure 2.3.1: The global pipeline of cell therapies for cancer from 1993 to 2019. The graph shows the trials 
opened per year from 1993 to March 2019. The largest contribution stems from CAR-T cell products, depicted in 
light blue. Figure acquired from (70). 
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2.3.1 ACT based on tumor-infiltrating lymphocytes  

One way to achieve a T cell product for ACT is to isolate tumor-infiltrating lymphocytes (TIL)s 

from resected tumor biopsies and expand these. The main advantage of this approach is the 

(relative) high frequency of tumor-specific T cell clones, whereas the main disadvantage is the 

phenotypic status of T cells that are under the suppression of a hostile tumor 

microenvironment.  

 

The laboratory of Steven Rosenberg at NCI has been amongst the pioneers within TIL-based 

therapies. In 2002, they reported the first successful treatment of metastatic melanoma 

patients using TILs. Notably, six out of the 13 patients enrolled experienced objective clinical 

responses, five of which experience autoimmune adverse reactions (71). In Denmark, clinical 

research and application of TIL-based therapies have been developed at Herlev Hospital in the 

lab of Inge Marie Svane (72, 73). 

 

Ensuing research has indicated that melanoma patients could have specific characteristics that 

allow for the impressive clinical responses of up to 50% (74, 75). Thus, melanomas are 

characterized by a high mutational burden, which allows for the continuous development of 

immunogenic cell clones (76-78). This observation, as well as obstacles related to resection of 

tumors and expansion of cells from the tumor fractions, could explain the relative low fraction 

of ACT therapies currently based on TILs (Figure 2.3.1). In addition, TIL therapy requires 

interleukin IL-2 infusions as add-on therapy, which can lead to cytokine-related toxicity in 

some patients. This issue is currently being addressed by studies testing attenuated IL-2 

regimens (79, 80).  

 

Related to the challenges of growing T cells from resected tumor fractions, studies done in the 

lab of Julian Kim at Western Reserve University (Cleveland, OH) have demonstrated that 

melanoma-reactive T cells can be isolated from the tumor-draining lymph nodes (tdLN)s of 

late-stage melanoma patients (81-83). This approach builds on the observation that the tdLN 

functions as a site for priming and expansion of tumor-specific T cells, and that the tdLN 

therefore represents a site enriched with tumor-specific T cells. This approach has been tested 

in a clinical trial (ClinicalTrials.gov identifier: NCT02327390), but results have not been 

published yet.  
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2.3.2  T cell therapy based on chimeric antigen receptor T cells 

The development of engineered T cells, the chimeric antigen receptor (CAR)-T cells, has 

accelerated during the last decades. The concept of CAR-T cell therapy is to drive tumor cell 

recognition through chimeric antigen receptors that are transduced in isolated, peripheral T 

cells from the patient. Moving to the second generation of CAR-T cells, more traits have been 

implemented such as co-stimulatory receptors (84). 

 

Potential factors limiting the success of CAR-T cells are the relatively technical and costly 

aspect of genetic manipulation. Currently, the FDA has approved two CAR-T cell therapies: 

Yescarta (Kite Pharma, Gilead) for B cell lymphoma, and Kymriah (Novartis), for B cell 

lymphoma and pediatric leukemia. At $373,000 and $475,000 per treatment, respectively, 

these treatments have sparked the debate on medical cost in the era of personalized medicine. 

Furthermore, the frailty of targeting one or few antigens has been linked to treatment limiting 

antigen-escape (85). However, several current studies aim at identifying the mechanisms 

leading to CAR-T cells attrition and/or loss of antigen (86, 87).  

 

CAR-T cell therapy has also been associated with severe and sometimes fatal adverse effects. 

The most common toxicity following CAR-T cell therapy is cytokine release syndrome (CRS), 

with incidence reaching up to 93% of patients in some trials (88, 89). Most often, CRS can be 

managed with high dose corticoid steroids. It is intuitive to assume that the source of cytokines 

is the infused CAR-T cell product, but preclinical models suggests that CRS stems from 

bystander activation of macrophages releasing IL-6, IL-1 and nitric oxide (90, 91). In general, 

insights in to the molecular mechanisms of CRS might facilitate more refined treatment options 

and aid the uncoupling of therapeutic efficacy and toxicity (92). A recently published clinical 

study describes the generation of a new CD19-directed CAR-T therapy, engineered to reduce 

the amounts of cytokines released following infusion. In this trial, remission was observed for 

11 out of 25 patients, and no patients experienced neurological toxicity or CRS (93).  

 

2.3.3  T cell therapy based on TCR-transgenic T cells 

TCR-transgenic T cells are another example of engineered T cells. Instead of a CAR, the cells 

express TCRs against their target epitopes. This means that the modus of activation is similar 

to that of TILs in that they can react to all antigens presented on MHC class I molecules, 

including intracellular antigens. This point is illustrated in Figure 2.3.2, which is from a recent 

review by Chandran & Klebanoff (94). This comes with the added advantage that TCR-
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transgenic T cells can be generated from peripheral blood cells, which are more abundant and 

typically less differentiated.  

 

Therapeutic effect of TCR-transgenic T cells has been demonstrated for melanoma patients 

treated with TCR-transgenic T cells against the TAA MART-1. The study, published in Science in 

2006, reported objective responses in two out of the 15 patients treated (95). Subsequently, 

more TCRs have been cloned and used for treatment, with more trials reporting clinical 

responses (96-98) .  

 

However, many of these reports include descriptions of adverse effects, related to on-

target/off-tumor toxicity. For example, healthy melanocytes present in the skin, retina and 

inner ear also express the TCR-targeted antigens MART-1 and gp100, which can lead to skin 

rash, uveitis, and hearing loss upon TCR-transgenic T cell therapy (96, 99). Similar problems 

have been observed for TCR-transgenic T cells targeting antigen CEA in colorectal cancer, and 

the cancer testis antigen MAGE-A3 with reports of colitis and neurotoxicity, respectively (97, 

98). In a very severe example, T cells expressing high affinity variations of TCRs against MAGE-

A3 caused the immediate cardiac arrest and death of two treated patients (100). 
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Figure 2.3.2: An illustration of antigens that can be targeted by CAR-T cells or TCR-based T cell therapies. 
CAR-T cells differ from other T cell products, as their antigen recognition is restricted to membrane-associated 
proteins. Figure adapted from (94).  
 

2.3.4  Preclinical models of T cell therapy 

The pmel-1 mouse model, established at NCI in the group of Nicholas Restifo, remains one of 

the most commonly used murine models of ACT. The pmel-1 mouse is engineered to express a 

monoclonal CD8+ T cell population, reacting against the human gp100 (25-33) [KVPRNQDWL] 

that is overexpressed in melanoma cells (101). To prevent TCR rearrangements, pmel-1 mice 

also carry a knock-out of the RAG gene. Pmel-1 cells can be used to treat the murine melanoma 

model B16 and other cancer cell lines expressing gp100 as a syngeneic and orthotropic tumor 

models.   

 

Another widespread model is the OT-1 mouse model, in which the CD8+ T cells carry TCRs 

against the model chicken-derived antigen ovalbumin OVA (257-264) [SIINFEKL]. Multiple cell 

lines have been engineered to express the OVA protein, such as EG.7-OVA and B16-OVA used in 

this thesis. In addition, it is also possible to use the OT-2 model, where CD4+ T cells recognize a 

CD4+ epitope of the OVA protein, OVA (323-339) [ISQAVHAAHAEINEAGR]. The main 
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advantage of the OVA system is the vast amount of experimental tools that have been 

developed for this particular antigen. Firstly, a monoclonal antibody recognizing the presented 

SIINFEKL epitope exists, making it possible to examine the relationship between antigen 

presentation and T cell activation. In addition, the SIINFEKL peptide sequence can be varied 

with known amino acid substitutions that modulate TCR affinities (102). Some groups have 

also developed preclinical protocols for the use of tdLN cells in murine cancer models (103-

105). This approach offers some advantages in modeling the dispersity of T cells when using, 

for instance, TILs or tdLN-derived T cells clinically. Notably, the T cell product includes CD4+ T 

cells, which have a substantial contribution to the antitumor response (106-108) and are also 

known to constitute a major part of neo-epitope reactive T cells in recent clinical studies (21, 

22, 25).  

 

2.4 Overcoming the suppressive microenvironment in tumors 

 

Clinical progress within ACT has been achieved mainly for hematological cancers, as outlined 

above. In contrast, the ability of ACT to successfully treat solid cancers, other than melanomas, 

has been disappointing. One reason for this discrepancy could be structural and cellular 

changes occurring during tumorigenesis that contribute to a suppressive tumor 

microenvironment (TME) (109-111). The influence of tolerogenic DCs in the TME is discussed 

in the review “3.2 Leveraging endogenous dendritic cells to enhance the therapeutic 

efficacy of T cell therapy” presented later in this thesis, while additional examples of how the 

TME can influence therapeutic outcome of ACT are given below. The focus of this section will 

be on myeloid derived suppressor cells (MDSCs), regulatory T cells (Tregs) and tumor 

associated macrophages (TAMs), which are identified as the primary drivers of pro-tumor 

immunity (112). It should be noted that, in addition to the topics introduced above, therapeutic 

efficacy of ACT can be modulated through other components of the TME, such as stromal cells 

(113) and extracellular matrix (111).   

 

2.4.1  Myeloid derived suppressor cells 

MDSCs are recruited from the bone marrow to make up a substantial fraction of the TME (114-

116). MDSCs are a heterogeneous cell population, which negatively influence T cell function by 

depletion of nutrients (117, 118), modification of T cell migration by down-regulation of CD62L 

(119) and/or production of reactive oxygen species (ROS) (120, 121).  
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T cells with high cellular antioxidant levels maintain function and persist for longer in milieus 

high in ROS (122). Preclinical studies have demonstrated that in vitro antioxidant treatment 

protects transferred T cells from undergoing apoptosis upon transfer, indicating that ACT 

protocols can be redesigned to facilitate resistance towards intratumoral MDSCs (123). In 

relation to this, other preclinical studies have shown that reducing the intratumoral levels of 

MDSCs improves CAR-T cell efficacy in xenograft models of sarcoma (124), and that inhibiting 

the release of suppressive molecules from MDSCs improves efficacy of ACT in syngeneic mouse 

models (125). 

 

2.4.2  Regulatory T cells 

Tregs are an indispensable part of immune homeostasis, and serve to prevent autoimmune 

reactions by enforcing self-tolerance. However, during tumorigenesis, the amount of 

regulatory T cells can increase in the tumor and curtail CD8+ T cell responses. Intratumoral 

Treg levels can increase from circulation or lymphoid organs. Furthermore, they can increase 

by direct induction of Tregs in the tumor through dysfunctional APCs (126), or conversion of T 

helper cells to Tregs by a transforming growth factor (TGF)-β dependent process (127).  

 

Tregs inhibit early CD8+ T cell responses through expression of cytotoxic T lymphocyte 

associated protein-4 (CTLA-4), which competes with CD28 for binding to co-stimulatory 

molecules on APCs (128). CTLA-4 was the first checkpoint to be identified and treatments with 

anti-CTLA-4 monoclonal antibodies have shown promising clinical results in cancer, although 

the precise mechanism is currently facing scrutiny (129, 130). In addition to CTLA-4 

expression, Tregs can limit anti-tumor cytotoxic T cell responses through the appropriation of 

IL-2 and secretion of inhibitory factors (131, 132). Preclinical studies show that depletion of 

Tregs before ACT, markedly improves therapeutic outcome (108). Clinical studies have pointed 

to a correlation between circulating Treg levels and response to ACT (133), yet the exact role of 

Tregs for the treatment response to ACT in human cancer remains to be elucidated (132).  

 

2.4.3  Tumor associated macrophages  

TAMs are a heterogeneous and functionally disperse cell subset that derive from circulating 

monocytes, which engraft and proliferate in the TME. Conventionally, TAMs are described as 

having either a pro-inflammatory/ anti-tumor ‘M1’ phenotype or a tumor-promoting ‘M2’ 

phenotype(134).   
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 M2 polarized TAMs limit T cell effector function in the tumor through contact-dependent 

mechanisms, secretion of inhibitory mediators i.e. IL-10, and TGF-β, and secretion of the 

enzyme Arginase I (135). The presence of Arginase I, also released from MDSCs (136), 

compromises T cell metabolism and survival by depletion of the amino acid L-arginine (137). 

Recent studies have also highlighted a negative role for TAMs in the recruitment of T cells to 

tumors and depleting intratumoral TAMs can restore T cell engraftment in preclinical models 

of immune-excluded tumors (138).  

 

The negative effects of TAMs can also be counteracted by inhibition of secreted molecules, such 

as Arginase I and TGF-β.  Concordantly, pre-treatment of tumors with an inhibitor of Arginase I 

was shown to increase the response to ACT in a murine model of melanoma (139).  

Likewise, pharmacological inhibition of TGF-β has been shown to improve efficacy in 

preclinical models of ACT (140). More recently, TCR-transgenic or CAR-T cells have been 

engineered to express a decoy receptor for TGF-β, which makes them capable of resisting TGF-

β mediated suppression in the TME. This approach has shown promising results in syngeneic 

and humanized mouse models of ACT (141, 142). Currently this strategy is advanced to a Phase 

I trial (141).  

 

2.4.4  Expression of programmed death-ligand 1  

Stromal cells, TAMs, tumor cells, MDSCs and tolerogenic DCs can all express programmed 

death-ligand 1 (PDL1), which is the ligand for programmed cell death protein 1 (PD-1) 

receptors on the surface of activated T cells (143). Downstream signaling through PD-1 

receptors functionally impedes T cell activation and thus anti-tumor efficacy, through 

molecular mechanisms that are still under investigation (144, 145). Since the identification of 

the PDL1/PD-1 axis, monoclonal antibodies blocking either PDL1 or PD-1 have emerged as a 

clinically advanced immunotherapy with multiple FDA-approved drug combinations (146). The 

combination of ACT and PD-1/PDL1 blocking has been shown to augment efficacy in 

preclinical studies, by preserving activity of the infused T cells after transfer (147, 148). 

Currently, clinical trials investigating the combination of TILs and PD-1 blockage are under 

way for gastrointestinal tumors (ClinicalTrials.gov Identifier: NCT02757391), and combination 

of TCR-transgenic T cells and PD-1 blockage for solid cancers (ClinicalTrials.gov Identifier: 

NCT03970382).  
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2.4.5  Preconditioning with radiation or chemotherapy 

Preconditioning with chemotherapy or total body irradiation (TBI) is the most validated 

method to improve the outcome of ACT clinically. Preclinical studies have used TBI or 

cyclophamide (CPX), whereas mainly chemotherapeutics such as CPX plus Fludarabine are 

used in the clinical setting.  

Preconditioning markedly reduces the number of endogenous immune cells. This 

lymphodepletion is thought to create a niche for adoptively transferred T cells by reducing 

competition for homeostatic cytokines (107, 149-151). In addition, numerous studies have 

shown that the immune-modulating effects exerted by chemotherapeutics go beyond 

eradication of existing immune cells in the host. Thus, precondition can also act as a “re-set” of 

a malfunctioning immune system (152, 153). This can happen through the activation and 

recruitment of DCs (154-157), the selective depletion of regulatory T cells (158-160) as well as 

reduction or repolarization of MDSCs (161-163).  

In spite of these benefits, the use of chemotherapeutic regimens can be problematic. In 

addition to adverse effects, the treatment can deplete valuable, endogenous tumor reactive 

cells found in circulation (164, 165).   

 

2.5 Combining ACT with other immunotherapies in solid cancers  

 

The overall immune status of a tumor relies on a delicate balance of cellular subsets and 

signaling molecules. The immune system is inherently conditioned to respond to inflammatory 

cues, and immune-excluded tumors are generally characterized by low levels of inflammation. 

An inflammatory state can be reintroduced therapeutically through direct supplementation of 

e.g. cytokines and chemokines, or indirectly through inflammatory stimuli. In the following 

sections, some examples of immunotherapy that potentiates ACT are given within two 

categories: cytokine/chemokine stimulation or TLR receptor agonists.   

 

2.5.1  Cytokines and chemokines  

Cytokines and chemokines are important signaling cues that orchestrate cell migration and 

phenotypic changes within the tumor (166, 167). Exogenous supplementation of either 

chemokines or cytokines can be used to create a TME that is more conducive towards T cell 

infiltration and function.   

For example, intratumoral administration of IFN-α, IFN-γ, TNF-α, and IL-2 was shown to favor 

T cell efficacy in a preclinical model of ACT. This beneficial effect was associated with 
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downregulation of T cell anergy markers and infiltration of natural killer (NK) cells and CD11c+ 

antigen-presenting cells (168).  

 

Another strategy to overcome suppression in the TME, is the development of novel “armored” 

CAR-T cells engineered to constitutively secrete cytokines (169). For example, CAR-T cells 

expressing IL-12 have shown convincing efficacy pre-clinically, partly attributed to the 

repolarization of immunosuppressive TAMs (170).  

 

Recent studies showed that intratumoral treatment with oncolytic vaccinia virus engineered to 

produce CXCL11 improves CAR-T cell recruitment and anti-tumor efficacy in murine cancer 

models (171). The IFN-γ induced chemokine CXCL11 is one of the ligands for the CXCR3 

receptor expressed on CD8+ T cells, CD4+ Th1 T cells and NK cells that have been associated 

with anti-tumor immunity (172-174). Clinically, the safety and efficacy of combing ACT with an 

intra-lesional adenovirus expressing IFN-γ was addressed in melanoma patients treated with 

TILs. Encouragingly, the treatment was well tolerated and positive responses could be related 

to infiltration of NK cells in treated lesions, which might reflect an overall repolarization of the 

TME (175).   

 

2.5.2  TLR agonists 

TLR agonists can be used in conjunction with ACT to start inflammatory processes that favor T 

cell persistence and function (176). For instance, systemic administration of formulated 

peptide and a TLR9 agonist can convert TAMs to antigen presenting cells, capable of priming T 

cell responses. Thereby, TLR9 treatment renders otherwise refractory tumors sensitive to ACT 

in preclinical studies. Administration of TLR9 or TLR3 agonists was also found to augment ACT 

when administered intratumorally. Here, the sequence of events was found to be stimulation of 

endogenous cells, leading to increased production of IFN-γ by adoptively transferred T cells, 

ultimately increasing tumor immunogenicity (177).  

 

Therapeutic efficacy of ACT using transgenic CD4+ T cells can also be augmented in preclinical 

studies by loading the cells with a TLR2 agonist. Mechanistically, the effect was found to be an 

increased resistance towards TGF-β mediated suppression (178).  

 

Alternatively, intratumoral injection with Salmonella bacteria can be used as an alternative 

source of inflammatory cues (179).  This treatment has also been reported to repolarize the 
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TME, and increase the efficacy of ACT in preclinical studies. Mechanistically, Salmonella 

injection increased neutrophil recruitment, as well as intratumoral cytokine levels. Notably, 

the combination of intratumoral Salmonella injection and ACT led to durable responses in most 

animals, whereas most animals receiving ACT as mono treatment eventually showed tumor 

relapse (180). 

 

2.5.3  Delineating the contribution of the TME for therapeutic outcome  

Interestingly, studies in certain preclinical models of ACT describe that adoptively transferred 

T cells with high avidity for their target are able to retain their function even in the presence of 

inhibitory subsets such as MDSCs and TAMs (181, 182). This could be due to the high amounts 

of IFN-γ and other effector molecules that stem from robust T cell activation, which can 

contribute to (re)polarization of the TME towards anti-tumor immunity (183, 184).  

 

Contrasting this, low avidity T cells are generally found to be sensitive to a suppressive TME 

and might require more add-on therapies to perform optimally (185). Overall, these 

observations suggest that the TME can limit the therapeutic response to ACT, with a more 

pronounced effect for sub-optimal T cell products. Thus, novel treatment strategies are needed 

to accommodate the use of ACT in solid cancers, with prime candidates being therapies that 

can stimulate T cells directly, as well as dampen suppressive influences from the TME. 
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Abstract: 

Cancer immune therapies aim at mobilizing immune cells to eradicate established tumors. A 

primary focus within the field of cancer immune therapy has been on CD8+ T cells, as these 

cells have a highly specific, cytotoxic effect on cancer cells (186, 187). In addition, tumor-

specific T cells can develop into long-lived memory cells, whereby the patient can become 

vaccinated against recurrence of tumors harbouring a similar mutagenic profile(188).   

Adoptive T cell therapy (ACT) can augment the number and functionality of tumor-reactive T 

cells through a process of isolation, in vitro expansion and re-infusion. During the last decade, T 

cell based therapies have reached numerous clinical milestones, and the breadth of indications 

continues to expand (189). The phenotype of CD8+ T cells used for adoptive transfer greatly 

shapes the therapeutic response, as it dictates persistence and cytotoxicity of the T cells post-

transfer. It is possible to influence the phenotype of CD8+ T cells during in vitro expansion by 

adjusting culture conditions such as mode of activation, co-receptor engagement and cytokine 
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stimuli. In this review, we will discuss factors that influence CD8+ T cell differentiation and 

phenotype during in vitro culture, and the implications for (ACT).  

 

T cell differentiation and functionality 

The process by which T cells differentiate into different memory subsets is highly complex and 

diverse models have been proposed and investigated. Classic observations of T cell responses 

indicate that activated T cells move through a largely unilateral differentiation program from 

central memory, through effector-memory to effector T cells. Hereafter the majority of cells 

ultimately die after termination of the infection or disease, with only a minor proportion 

retaining memory properties (190). Guided by refined analytical tools, novel studies continue 

to add more nuances to the topic of T cell differentiation and subset classification. Using a 

combination of DNA-barcoding and second generation sequencing, Gerlach et al., as well as 

Buchholz et al. have been able to observe the individual fates of specific CD8+ T cells during 

acute infection. Their studies reveal remarkable heterogeneity within T cells expressing 

identical T cell receptors (TCR)s and a notable disparity wherein a small number of ‘dominant’ 

progenitor cells give rise to the majority of daughter cells during infection (191, 192). Further 

work, using serial transfer studies as well as epigenetic characterization demonstrate the 

ability of central memory T cells to maintain a high phenotypic plasticity, on a level comparable 

to naïve T cells (193, 194). Concordantly, studies have described the formation of a L-selectin 

(CD62L)high, slow-dividing population from a population of highly proliferative T cells (195). 

Further work supports this notion of asymmetric division as a key feature of CD8+ T cells 

responding to infectious disease (196). Altogether, these observations underline the notion 

that T cell memory progression is not a universal path for all activated T cells, but rather a 

highly plastic and stochastic progress. 

 

How this plasticity affects single T cells growing in vitro is not yet fully elucidated, as most 

phenotypic read-outs in these settings still are carried out on the population as a whole. 

However, recent work by Richards et al. has sought to dissect the fate of individual cells 

following in vitro activation with respect to ligand strength. Their work, using single cell 

approaches, indicates that all cells in a controlled in vitro environment eventually embark on 

the same transcriptional path upon activation. The authors made the case that this process is 

independent of the ligand strength, although the synchronization of the individual cells in a 

culture increases with ligand affinity (102). 
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The differentiation status of adoptively transferred T cells dynamically influences their 

trafficking patterns and persistence post-infusion. Naïve and central memory T cells circulate 

in the blood and home to secondary lymphoid organs through CD62L expression that 

facilitates entrance to lymph nodes via high endothelial venules (197). Upon antigen 

recognition in the lymph nodes, T cells undergo a process of differentiation le ading to subsets 

of memory and effector T cells (198). Acquisition of an effector phenotype is associated with 

loss of CD62L and as a direct result, these cells are excluded from entering lymphoid organs 

and traffic directly to sites of inflammation to exert cytotoxic functions (199). Given that the 

target of the T cells is cleared, the cytotoxic response will be contracted and most effector T 

cells will undergo cell death (200). In cases of persistent antigen exposure, such as cancer, the 

antigen-specific T cells might persist, but enter a state of dysfunction (63), which hindersthe 

therapeutic potential of adoptively transferred T cells, due to loss of cytotoxicity and impaired 

recall ability (11, 201, 202). 

 

Expanding T cells in vitro for adoptive T cell therapy 

ACT is a multi-step process consisting of isolation, in vitro expansion/manipulation and 

infusion of tumor-reactive T cells. Typically, patients are treated with autologous T cells that 

are resected from tumor sections (e.g tumor-infiltrating lymphocytes (TILS)) or engineered 

cells obtained from blood samples, i.e. chimeric antigen receptor (CAR)-T cells and TCR-

transgenic T cells (100). In either case, the T cell product requires in vitro culture before re-

infusion. This culture period can persist of multiple steps to select for tumor-reactive clones, 

perform genetic manipulation etc. Most often, the purpose of in vitro culture is also to increase 

the actual number of cells through expansion. The period of in vitro handling is very delicate, as 

most decisions on the culture conditions will influence T cell viability, phenotype and 

proliferation.  

 

Gattoni et al. were amongst the first to describe that in vitro cytotoxicity is inversely related to 

the actual in vivo (post-transfer) performance of T cells (203). This is attributed to the fact that 

T cells displaying a highly cytotoxic profile in vitro are T cells that have acquired a full effector 

phenotype and thereby are closer to reaching terminal differentiation status.  

Thus, these studies represent a shift in paradigm where after less differentiated T cells have 

been favoured for ACT due to their ability to persist longer post-transfer, a phenomenon linked 

to increased proliferative capacity and telomere length (204). Furthermore, less differentiated 

cells retain surface markers such as CD62L that allow them to traffic to secondary lymphoid 
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organs where they can undergo additional priming in vivo. It should be noted however, that the 

use of CD62L as a sole predictor of therapeutic potential of T cells has been debated (205). The 

work of the Gattoni et al. has also led to the identification of stem cell like memory T cells 

(TSCM), which has inspired novel expansion protocols for ACT (206). The TSCM cell subset shares 

some features with naïve T cells, such as being highly sensitive to homeostatic cytokines and 

having high expression of anti-apoptotic markers, but at the same time, these cells are able to 

mount a rapid recall response when re-challenged with antigen (207, 208).  

 

Some publications have examined the synergistic effect of having multiple memory subsets 

present in the T cell infusion product. Some studies suggest that co-infusion of effector T cells 

and less differentiated, central memory T cells markedly reduces the benefits of the latter. The 

authors identified a mechanism by which more differentiated cells directly influence less 

differentiated cells in a direct cell-cell contact process comparable to quorum sensing in 

bacteria (209). Contrasting this, other studies recently reported improved efficacy when co-

transferring effector T cells with effector memory T cells in a murine model of melanoma 

(210). As well as being dependent on the phenotype and quality of transferred cells, the 

quantity of cells proportionally influence the therapeutic outcome – even though the use of 

cells with higher proliferative capacity allow for a lower starting number (203). Therefore, the 

current target for expansion of T cells prior to infusion is to maintain a less differentiated 

phenotype whilst aiming for the cell dose to be as high as possible.  

 

In vitro T cell expansion and possible points of intervention 

In order for T cells to become activated and expand, be it in vivo or in vitro, three signals must 

be provided: (1) TCR ligation, (2) engagement of co-stimulatory receptors and (3) cytokine 

stimulation. The resulting phenotype after in vitro expansion will stem from the combined and 

dynamic integration of all three signals, as well as other factors such as cell density, choice of 

cell medium and the three-dimensional properties of the culture system, which will not be 

discussed here.  

 

Signal 1: TCR stimulation  

The first signal needed for T cell activation is recognition of a specific, antigen-loaded MHC 

class I complex by the TCR complex. Given that this initial signal is strong enough to overcome 

counteracting feedback mechanisms, additional signalling components are recruited and a 

multi-faceted process of transcriptional changes and cytoskeletal rearrangement is initiated 
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(211). It has been suggested that the ligand strength and duration of the TCR complex 

interaction with a ligand (antibody, tetramer, MHC-complex etc.) directly influences the 

process of T cell differentiation from a naïve T cells towards acquisition of either memory 

phenotype or full effector phenotype (212, 213).   

 

For the purpose of in vitro expansion, TCR stimulation is typically provided by peptide- or 

tumor lysate-pulsed autologous dendritic cells (DCs), artificial antigen presenting cells (APCs) 

or by antibodies against the CD3 complex. Thus, during in vitro culture, the stimulation time is 

readily variable, since the source of TCR stimulation can be removed from the culture.   

A number of publications have investigated the duration of TCR stimulation in different culture 

systems and the effect on T cell phenotype and expansion. Of these, several publications note 

the fact that transient stimulation (withdrawal of TCR stimuli after a short time period) yields 

cells with higher proliferative potential. In a setting of α-CD3/α-CD28 bead-based stimulation, 

increasing the time of stimulation from 1 day to 3-5 days progressively lowered T cell 

proliferation and thus total number of cells after culture. In vivo, transiently stimulated T cells 

showed superior anti-tumor efficacy and persistence over long-term stimulated cells (214). 

This finding was seconded by other studies demonstrating that a shorter α-CD3/α-CD28 

stimulation at low bead-to-cell ratios generated a higher proportion of TSCM-like cells compared 

to when the stimuli was continued throughout the entire culture period of 10 days (215). 

 

In spite of the apparent benefits of keeping stimulation time short, the threshold for activation 

and acquisition of cell-intrinsic survival factors must be reached for T cells to show in vivo anti-

tumor effect. This was highlighted in a study, showing that very short stimulation (10 minutes) 

in a tetramer-based system was inferior to sustained activation (16 hours). The authors 

applied single cell methods to show that these benefits where attributed to a larger proportion 

of cells being activated, as well as increased cell-cell contact. Highlighting the huge differences 

between alternating culture systems, authors noted that the 16 hour stimulation, shown to be 

efficacious in a tetramer-based stimulation, was insufficient to achieve tumor control post 

transfer when changing to α-CD3/α-CD28 antibody stimulation (216). The high sensitivity to 

the mode of TCR stimulation was also demonstrated by studies using an engineered APC line. 

In this setting, T cells required as little as 2 hours of stimulation from the APC to initiate 

proliferation and acquisition of effector function. Notably, authors did not observe a decrease 

in proliferation when the stimulation time was increased to 4 hours or 8 hours (217).    
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In summary, it is pivotal that the TCR stimulation applied is sufficient to initiate transcriptional 

changes associated with T cell proliferation. However, the majority of research suggests that 

continuing stimulation for days beyond this threshold will contribute to accelerated T cell 

differentiation at the expense of therapeutic potential.   

 

Signal 2: Engagement of co-stimulatory receptors  

The overall purpose of co-stimulatory receptors is to provide survival signals to the T cell. 

These signals will ensure that T cells are activated in an inflammatory context and prevent the 

expansion of autoreactive T cell clones. The dominant co-stimulatory pathway is through CD80 

and CD86 on APCs which will signal through the CD28 co-receptor on T cells to initiate a 

signalling cascade leading to T cell growth and differentiation (218).   

 

CD28 

During in vitro expansion of T cells, co-stimulation can be provided by co-culturing with ‘feeder 

cells´ or by adding antibodies to the culture. The most commonly used antibody for this 

purpose is α-CD28. Downstream events of CD28 activation is known to increase gamma-chain 

cytokine interleukin-2 (IL-2) production, IL-2 responsiveness, survival factors and 

proliferation (219). In addition, earlier work by Fuse et al. indicate that activation of the CD28-

downstream pathway is pivotal for the development of CD8+ memory T cells (220). During in 

vitro culture, CD28 stimulation is found to increase T cell activation at lower cell densities, 

where activation otherwise is curtailed (221). Whether co-stimulation through CD28 can be 

manipulated to minimize cell differentiation has not been elucidated.  

 

Notch ligand 

The notch receptor family are highly conserved, transmembrane proteins known to be pivotal 

for the development of embryonic hematopoietic stem cells (222). Additionally, the Notch 

receptor pathway is shown to influence both the priming and proliferation of naïve T cells 

(223). Studies have demonstrated activation-induced Notch expression in CD4+ T cells and that 

signalling through Notch receptor pathways enhances IL-2 responsiveness (224). By co-

culturing previously activated T cells with stromal cells expressing a Notch ligand, Kondo et al. 

were able to actively reverse the expression of differentiation-associated markers such as 

programmed cell death-1 (PD-1) and cytotoxic T-lymphocyte–associated antigen-4 (CTLA-4) 

on the cells. Thereby, authors generated a ‘novel’ subset that they termed “induced TSCM cells”. 

These cells had a high expression of CD62L and anti-apoptotic proteins, while having a low 
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expression of CD44, highly reminiscent of the TSCM cells that can be induced from naïve 

precursors (225, 226). This approach has some interesting perspectives for reversing the 

differentiation of T cells derived from tumor biopsies or other antigen-rich environments. 

 

TNFR superfamily  

Activated T cells are known to express a range of receptors belonging to the tumor necrosis 

factor receptor (TNFR) superfamily and extensive research has focused on the manipulation of 

these pathways and the associated effects on T cell priming and phenotype (227). The majority 

of studies been carried out using monoclonal antibodies  in vivo, but some studies have also 

dealt with the effects during in vitro expansion of T cells.  

 

The 4-1BB (CD137) co-receptor is primarily expressed by activated T cells and stimulating the 

CD137 axis has been suggested to be superior to CD28 stimulation when expanding previous 

activated, memory T cells, especially in TIL expansion protocols (228, 229). CD137-

downstream signalling has been linked to an increase in anti-apoptotic cell processes (230); 

Recent studies also demonstrates a direct link between CD137 stimulation and IL-2 receptor 

expression in CD8+ T cells, with CD137 ligation improving IL-2 mediated T cell proliferation 

(231). It remains to be determined whether this increased proliferative capacity is 

independent or accompanied by a faster differentiation of the CD8+ T cells towards an effector 

memory phenotype.  

 

Another member of the TNFR family is the co-stimulatory receptor CD27, which is expressed 

by both naïve and activated T cells. Inhuman leukocytes, studies have shown that stimulation 

of CD27 with agonistic antibodies during in vitro culture increases proliferation and cytokine 

production. However, authors do not report the memory phenotype of CD8+ T cells after 

expansion (232). Preclinical studies have also demonstrated a role for CD27 stimulation in 

maintaining expression of the IL-7Rα on activated CD8+ T cells (233). Notably, IL-7Rα 

expression is used as a shared marker of naïve T cells and TSCM cells.  

 

Similarly, CD134 (OX-40) and CD137 have been investigated and reported to increase 

interferon (IFN)-γ production and aid T cell priming, even in a setting of suboptimal antigenic 

stimuli (234, 235). Studies have indicated a role for  CD134 in the long-term survival of T cells 

by increasing the expression of Bcl-xL and Bcl-2 proteins (236). Notably, Bcl-2 has later been 
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included as a marker for TSCM cells, indicating that stimulation of the CD134 pathway may lead 

to increased proportions of this cell subset.  

 

In summary, co-stimulation through the CD28 pathway is used for in vitro T cell expansion and 

might be obligatory in most culture settings. At the same time, other pathways can be exploited to 

influence the differentiation state of expanding cells. Co-stimulation through CD27, CD134 and 

CD137 receptors has been linked to improved survival and anti-apoptotic markers associated 

with TSCM subsets. However, engagement of the Notch receptor has demonstrated the most 

dramatic influence on T cell memory phenotype, by actively reversing the differentiation of T cells 

during culture.  

 

Signal 3: Cytokine milieu  

Together with TCR ligation and co-stimulation, cytokines act as part of the integrated signal 

that determines the phenotype of in vitro expanded CD8+ T cells. IL-2 is the most potent 

inducer of T cell proliferation and for that reason it continues to be used extensively in in vitro 

T cell culture systems. The potential drawback of IL-2 supplementation is that it is known to 

speed up the process of differentiation as well as being linked to induction of activation-

induced cell death (237). Thus, during in vitro expansion of human TIL products, IL-2 

supplementation has been linked to loss of the T cell memory marker CD44 (238), albeit 

lowering the IL-2 dose could ameliorate some of these issues (239). As an alternative to IL-2, 

various other cytokines and cytokine cocktails have been reported to improve T cell 

performance after in vitro culture. The most frequently discussed cytokines in this context will 

be presented below. 

 

Interleukin-21  

IL-21 is a cytokine belonging to the IL-2 γ-chain receptor cytokine family (IL-2, IL-7 and IL-15). 

IL-21 is produced by natural killer T cells and CD4+ T cells and has pleiotropic effects on both 

innate and adaptive immune responses, but importantly, IL-21 is found to play a role in the 

priming of CD8+ antigen-specific T cells (240, 241). IL-21 stimulation initiates a transcriptional 

program that is different from the IL-2 induced program (242). Thus, IL-21 treatment increases 

the proportion of cells with a high expression of CD62L lower CD44 and Granzyme B 

expression. In line with this, the addition of IL-21 to cultures has been described to augment 

the proportion of TSCM cells both during CD3/CD28-based and DC-based expansion of naïve T 
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cells in vitro (215, 240). Other studies describe that antigen-specific T cell numbers and well as 

secretion of IFN-γ increases with IL-21 supplementation (243).  

 

Interleukin-7 

IL-7 is mainly produced by stromal cells and, although present in limited amounts in vivo, is 

found to support proliferation of naïve and memory T cells. In a study examining the 

outgrowth of antigen-specific T cells from a polyclonal background, Pathangey et al. found IL-7 

to be the only cytokine necessary during the expansion phase (244). Furthermore, authors 

noted that other gamma-chain cytokines tested resulted in a “contraction phase”, whereas IL-7 

alone or the combination of IL-2 and IL-7 did not. 

 

Interleukin-15 

IL-15 is structurally very closely related to IL-2, having two sub-units in common, yet the two 

cytokines have distinct effects on T cell development and function (245). IL-15 has been noted 

to have the same proliferative impact on T cells as IL-2, but with the important difference that 

IL-15 is involved in the generation and persistence of memory T cells (246). Consistent with 

this observation, T cells expanded with IL-15 retains expression of CD62L and have increased 

protection of apoptosis and activation-related senescence (203, 247). Interesting work by 

Osborn et al. has elucidated the effect of IL-15 stimulation on the trafficking patterns of CD8+ T 

cells. Their work indicate that IL-15 stimulation directly influences the synthesis of core 2 O-

glycans, which generates functional ligands for E- and P-selectins thus allowing entry into 

lymphoid organs – a key feature of naïve, TSCM and central memory T cells (248).  

 

Interleukin-12 

IL-12 is produced by many innate immune cells, for example conventional DCs (249). Multiple 

studies have demonstrated that adding IL-12 to the culture during T cell expansion can favour 

the generation of less differentiated cells. Hence, IL-12 based expansion, as opposed to IL-2 

based, retains high CD62L levels for T cells activated by co-culture with autologous DCs or 

splenocytes (250, 251). This positive effect is accompanied by enhanced protection from 

activation-induced cell death (252). Overall, T cells primed in vitro with IL-12 show superior 

anti-tumor effects and persistence in several preclinical models (253, 254).  
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Cytokine cocktails  

As well as substituting IL-2 in the culture by the abovementioned cytokines one at a time, 

extensive research have investigated the possibility of exploiting synergistic effects of multiple 

cytokines in combination. Below, some of these examples will be presented.  

Preclinical studies found that murine pmel-1 splenocytes expanded in vitro for adoptive cell 

transfer showed an increase in the proportion of CD8+ cells in the presence of IL-7/IL-15/IL-21 

as compared to IL-2 or IL-7/IL-15 supplementation. Furthermore, a combination of IL-7/IL-

15/IL-21 gave rise to cells with increased response to tumor cells and improved effect against 

B16 metastases in vivo (255). Similar positive effects have also been reported in other studies, 

demonstrating that IL-21 in concert with IL-15 and, to a lesser extent, IL-7 promotes survival 

of naïve and memory CD8+ T cells (243).  

 

In other studies, the combination of IL-12 with either IL-7 or IL-21 has been associated with 

increased expression of genes related to stemness and surface markers associated with TSCM 

and TCM cells. Furthermore, authors showed that this cytokine cocktail yielded cells with 

increased persistence, and that could be used to gain less differentiated cells from TIL products 

(256). 

 

In line with this, CD19-directed CAR-T cells showed increased resistance to cell death and thus 

improved persistence in preclinical models, when cultured in a combination of IL-7 and IL-15, 

as opposed to IL-2 alone (257). This finding is further seconded by studies demonstrating that 

TSCM cells can be generated from naïve human T cells by α-CD3/α-CD28 based activation and 

supplementation with IL-7 and IL-15 in culture (258). 

 

In summary, supplementation with IL-2 might be counterproductive when trying to expand a 

population of less differentiated T cells for adoptive transfer. IL-7, IL-12, IL-15 and IL-21 (or 

combinations hereof) are the most well described alternative cytokines. Notably, the effects of 

using either of the abovementioned cytokines are quite similar, namely increased/retained CD62L 

expression and resistance to activation induced cell death. Together, these phenotypic 

characteristics are likely to facilitate increased persistence and proliferative capacity post 

adoptive transfer.   
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Addition of small molecule inhibitors during T cell culture   

With increasing knowledge about the transcriptional machinery that governs T cell 

differentiation becoming available, the possibility to directly influence downstream signalling 

by small molecules has gained traction recently. The motivation for using small molecules can 

be to slow down differentiation of T cells while maintaining proliferation or decrease the 

expression of inhibitory receptors.  

 

Down-stream signalling pathways involved in T cell differentiation 

Upon T cell activation, cell-intrinsic processes are initiated to facilitate survival and 

proliferation. One of the pivotal events in this process is activation of the Phosphoinositide 3-

kinase (PI3K)/AKT pathway, which leads to activation of mammalian target of rapamycin 

complex 1 (mTORC). In addition to mTORC, the kinase Glycogen synthase kinase 3 (GSK-3) is a 

direct substrate of AKT. Thus, activation of the PI3K pathway can lead to a multitude of 

signalling outcomes, highlighted by the interface of this pathway with other pathways such as 

JAK/STAT pathway, nuclear factor kappa-light-chain-enhancer of activated B cells (NF-kB) 

pathway and canonical Wnt/β-catenin pathway (259). 

 

PI3K/AKT signalling regulates the differentiation as well as metabolic profile of CD8+ T cells 

dose-dependently, meaning that robust AKT signalling will drive the formation of effector T 

cell subsets, whereas weakened signalling will drive CD8+ T cells towards a more central 

memory-like phenotype (260, 261). For this reason, a number of publications have explored 

pharmacological inhibition of the PI3K/AKT pathway as a mean to increase the proportion of 

TSCM or central memory T cells during in vitro T cell culture.    

 

PI3K/AKT inhibitors 

Studies suggest that the addition of an AKT-inhibitor during in vitro culture of TILs can induce 

a memory-like phenotype from these, otherwise very differentiated, T cells. Importantly, AKT-

inhibition did not compromise expansion of TILs, rather it changed their metabolic profile and 

other cell-intrinsic processes to increase the persistence after adoptive transfer (262). Similar 

conclusions have been drawn based on a screening of AKT-inhibitors used during α-CD3/α-

CD28-based expansion of human PBMCs (263). In preclinical models, adoptive transfer of T 

cells primed in the presence of an AKT-inhibitor showed superior in vivo expansion capacity, 

resulting in improved efficacy (264, 265). Other recent work has explored the simultaneous use 
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of PI3K inhibition to improve expansion rate and therapeutic potential of cells from heavily 

pre-treated patients (266).  

 

GSK-3 inhibitors  

The favourable properties of TSCM cells for adoptive therapy have prompted research into small 

molecules that retain a high proportion of this subset during in vitro culture. Gattoni et al. have 

elucidated the involvement of the GSK-3 -signalling pathway in the development of TSCM cells, 

and demonstrated that small molecule inhibitors targeting the kinase GSK-3α/β can 

manipulate this pathway (267). Clinically applied, a protocol consisting of pre-enrichment for 

naïve T cells and culture in the presentence of GSK-3β inhibitor plus IL-21 and IL-7 can be used 

to generate a population of 90% TSCM-like CAR-T cells (268). In another setting of CAR-T cell 

expansion, authors found that the addition of a GSK-3 inhibitor during culture protected cells 

against activation-induced cell death (269). As well as preserving a young phenotype from 

naïve T cells, GSK-3 inhibition could potentially also reverse already differentiated T cells, as 

indicated by studies from Forget et al. (270).  

 

In addition to modulating the differentiation status of T cells, Taylor et al. were able to 

convincingly demonstrate how GSK-3 kinase signalling directly governs PD-1 expression by 

CD8+ T cells (271). Briefly, this was found to be mediated by the transcription factor T-bet that 

is under negative control of GSK-3. When GSK-3 activity is lowered by small molecule inhibitor 

or siRNA treatment the levels of T-bet increase, which in turn lowers the expression of PD-1 on 

the cell surface. Later studies demonstrate that GSK-inhibition during in vitro culture promotes 

T cell function to a similar extent as αPD-1 treatment, which further validates the use in ACT 

(272).  

 

In summary, small molecule inhibitors can be used to influence T cell differentiation and 

phenotype directly during in vitro culture. Given the importance of the PI3K/AKT and 

downstream pathway(s), this has been the primary target of inhibition so far. Specifically, AKT-

inhibitors and GSK-3 inhibitors has gained justified attention for their dramatic effect on T cell 

differentiation, with several of these protocols reaching clinical trials.  
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Figure 1. Effects of culture conditions on in vitro T cell expansion and differentiation. During in vitro T cell 
expansion, the culture conditions can be manipulated to maintain a less differentiated phenotype. The cytokine 
milieu, the mode of TCR stimulation and engagement of co-stimulatory receptors are all factors that influence the 
differentiation and thereby post-infusion properties of the T cells. 
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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 usefulness 

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 tumor-reactive immune response (5). 

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 

malignancies (273). ACT is based on a systemic treatment with tumor-reactive autologous T 

cells that are obtained from tumor biopsies or blood samples, expanded in vitro and infused 

back to the patient (274, 275). This process can involve selection of tumor 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 antigens (276). ACT using tumor 

infiltrating lymphocytes (TILs) are being used to treat patients with advanced stage melanoma 
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and mount durable complete responses in up to 20% of treated patients (277, 278). CAR-T cells 

targeting the shared tumor antigen CD19 have been used to treat adult and paediatric patients 

suffering from B-cell acute lymphocytic leukemia (279), reaching up to 90% response rate in 

some clinical trials (280).  

 

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 cells(204, 281, 282) as well as antigen presentation and activation of dendritic cells 

(DCs) in the tumor-draining lymph node (tdLN)(283-285). Following priming and expansion, 

the therapeutic efficacy of the transferred T cells is dependent on their ability to engraft the 

tumor and maintain their effector functions. Thus, even sufficiently primed T cells can lose 

their tumor-reactivity due to escape mechanisms adapted by the tumor (286, 287), e.g. 

downregulation of the cognate antigen(288) or major histocompatibility complex (MHC) 

molecules (289, 290). Accordingly, it has been found that many patients treated with CD19 

targeting CAR-T cells eventually suffer from relapse with CD19- leukemias (291, 292). Tumor 

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 tumor reactive T cells with novel specificities (293). Relapse caused by loss of 

antigen can be ameliorated by the engagement of endogenous T cells to facilitate recognition of 

a broader tumor epitope repertoire (294, 295). This phenomenon, denoted epitope spreading, 

is facilitated by peripheral, migratory DCs that transport antigen from the tumor to the tumor-

draining lymph node (tdLN), where naïve, tumor-reactive T cells can be primed (296) (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 tumor-reactive T cells. Our primary focus will be on CD8+ T cells and the 

subsets of DCs that that are essential for stimulating a tumor-reactive T cell response, i.e. cross-

presenting conventional type 1 dendritic cells (cDC1s) and type I interferon (IFN) producing 

plasmacytoid DCs (pDCs). 
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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-tumor response (297). 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 

tolerance (298) or expansion of antigen-specific regulatory T cells (Tregs)(126, 299). The 

tolerogenic DCs can be induced by interleukin (IL)-10 that causes downregulation of co-

stimulatory molecules and decreases the secretion of inflammatory chemokines (300). Priming 

of tumor-reactive T cells can therefore only be achieved if there is availability of tumor 

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’ (301). 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-presentation (302), upregulation 

of co-stimulatory molecules (303) and secretion of T cell promoting cytokines (304).  

 

Due to the pivotal role of the DC activation status on T cell priming, tumor infiltration of 

immature or otherwise functionally deficient DCs presents an obstacle for efficient ACT. Non-

activated tumor-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 cells (305). 

It is therefore relevant to discuss therapeutic strategies that can increase the availability of 

tumor antigens and enhance DC activation as adjuvant therapies to ACT. Enhancing the tumor 

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 subsets 

(306). The migratory DCs travel to the local lymph nodes via the afferent lymph, were they are 
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able to mature and function (307). cDCs can be separated into cDC1s and cDC2s that differ in 

their anatomical location and ability to perform cross-presentation(31), 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 tumor 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-12(308, 309). In contrast, 

cDC2s orchestrate CD4+ T helper responses(31). In a cancer immunotherapy context, the 

contribution of intratumoral 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 tumor-homing of effector T cells (310). In a vaccine context, engagement of the cross-

presenting CD8α+/CD103+ cDC1s has been the primary focus of many vaccine platforms due to 

their ability to cross-present tumor 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 stimulation(311). In contrast to cDCs, pDCs develop fully in the bone marrow 

where after they can traffic to secondary lymphoid organs (312). Activated pDCs are known to 

augment CD8+ T cell responses in non-human primates, even in the absence of specific antigen 

stimulation (313). In addition, studies indicate that TLR-activated pDCs can function as cross-

presenting cells (314-316) and even have direct cytotoxic effects (42, 317).  

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

cancer immunity (318, 319). A preclinical study reported that tumor rejection was dependent 

on secretion of type I IFNs (320) and this observation has later been seconded by a study 

reporting that type I IFNs were  selectively required by DCs for tumor-reactive T cell priming 

and tumor elimination (321). Type I IFNs have been found to promote cross-priming of CD8+ T 

cells (322), prolong the division of activated CD8+ T cells (323) and stimulate intratumoral 

accumulation of cross-presenting DCs (324). Induction of type I IFN secretion in a cancer 

immunotherapeutic context is therefore a feasible strategy to augment tumor-reactivity (325). 

 

Strategies to engage endogenous DCs for improved ACT efficacy 

Because engagement DCs alongside ACT is pivotal for broadening the tumor-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 
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chemotherapeutics, peptide or DC-vaccination, stimulation with 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-tumor reactivity in 

murine and human hosts (151, 326), and lymphodepleting preconditioning is a standard 

treatment before T cell infusion in human patients (327). 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 cyclophosphamide (CPX). Lymphodepletion 

results in a more pronounced tumor regression than observed with ACT alone and proposed 

mechanisms behind the improved immunity include increased availability of homeostatic 

cytokines to the infused T cells (328), depletion of immune suppressive subsets (329) and 

enhanced APC functionality (330). Particularly DCs are believed to play an important role in 

mediating the enhanced anti-tumor reactivity following lymphodepletion(155, 331)  

 

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

derived DC precursors (157). 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 

treatment (332). Preconditioning with CPX followed by a DC based vaccine has also been found 

to enhance the anti-tumor response in murine hosts, even in the absence of ACT (333), 

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 radiation (334-336). Immunogenic cell death 

involves exposure of several plasma membrane markers that enhances DC functions, e.g. 

HSP70 and calreticulin that stimulates cross-presentation of tumor derived antigens and 

phagocytosis, repectively (337). 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 activation (338). 
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Immunogenic cell death is also a determining factor for antigen trafficking and presentation by 

DCs in the tdLN  (339).  

 

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. 

Tumor antigen vaccination facilitates post-infusion priming of adoptively transferred T cells, 

which stimulates the expansion and functionality and enhances the tumor-reactivity. Clinical 

trials combining ACT and tumor 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 acute 

lymphoblastic leukaemia patients (340). Similarly, a preclinical study has described that the 

persistence and activity of infused CAR-T cells could be enhanced by a tumor antigen 

vaccination (341). This study found that the CAR-T cells could undergo post-infusion priming 

in lymphoid organs which triggered extensive expansion and enhanced anti-tumor efficacy. 

These results were in line with findings from a previous study demonstrating that a DC-based 

tumor antigen vaccination significantly enhanced the proliferation, cytokine production and 

tumor infiltration of infused T cells (342).   

 

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 patients (343). 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 ACT 

(344). This treatment was based on autologous tumor lysate pulsed DCs and transfer of 

activated T cells.  

 

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

a tumor antigen vaccination represents an interesting approach to enhance the efficacy of ACT. 

The persistence of infused T cells have been linked to therapeutic efficacy (345, 346) and 

because post-transfer vaccination has been shown to enhance the persistence of infused T 
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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 cells (347). TLRs 

are conventionally used as vaccine adjuvants (348) 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 tumor necrosis factor (TNF)-α, IL-6, IL-12 and type I IFNs (349). 

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 lipopolysaccharides (LPS)) stimulating TLR4 and used in a prophylactic 

vaccine against Human papillomavirus ‘HPV’ (350).  

 

TLR stimulation can be used in combination with tumor 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 tumor 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 

tumors in murine lymphoma models (351). The treatment effect was associated with 

expansion of tumor-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 cancer (352). 

Similarly, systemic administration of a TLR7 agonist in combination with RT has been shown 

to prime a tumor-reactive CD8+ T cell response and result in improved survival in syngeneic 

models of colorectal carcinoma and fibrosarcoma (353). The combination of RT and TLR 

stimulation is interesting because the RT-induced availability of tumor antigens at the tumor 

site can be exploited to stimulate an endogenous tumor response. RT acts directly on cancer 

cells and introduce DNA damage that, if left unrepaired, results in cell death (335, 336). This 
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can stimulate an anti-tumor 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 LPS could augment the tumor-reactivity of adoptively 

transferred pmel-1 CD8+ T cells in mice with established B16.F10 tumors (354). Administration 

of MPL and the TLR9 agonist CpG ODN likewise potentiated the anti-tumor activity of infused 

CD8+ T cells. These results were in line with findings from a previous study demonstrating that 

TLR3 stimulation and a tumor antigen vaccination increased the expansion and anti-tumor 

efficacy of adoptively transferred antigen-specific pmel-1 CD8+ T cells in preconditioned 

B16.F10 tumor-bearing mice (332). 

 

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 cells (355) and TLR expression 

by cancer cells has been linked to metastasis in breast cancer (356) and oesophageal squamous 

cell carcinoma (357). Accordingly, the reported effects of TLR treatment as a cancer 

immunotherapy have been mixed(350) (358), reflecting issues with toxicity and supposedly 

the complexity of TLR expression in the tumor 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 process (359). 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 transcription 

(360). One study found that spontaneous tumor reactive CD8+ T cell priming was defective in 
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STING-/- mice and that STING pathway activation and IFN-β production correlated with DNA 

detection in tumor-infiltrating DCs (361). The STING pathway therefore appears to be involved 

in detecting the presence of a tumor to drive DC activation and subsequent T cell priming 

against tumor-associated antigens.  

 

STING agonists have been shown to have therapeutic implications for stimulating anti-tumor T 

cell reactivity. Preclinical studies have described that treatment with STING agonists can 

induce an increase in the abundance and functionality tumor-infiltrating cytotoxic T cells 

associated with tumor regression (362-364) and STING stimulation has also been shown to 

antagonize expansion of immune suppressive myeloid derived suppressor cells (365). 

Interestingly, a preclinical study recently demonstrated that co-delivery of a STING agonist and 

CAR-T cells resulted in elimination of tumor cells that were not recognized by adoptively 

transferred CAR-T cells as monotherapy (366). 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 tumor escape. These results indicate that STING activation 

might enhance the effect of CAR-T cell therapy by broadening the tumor-reactive T cell 

response.  

 

Given the ability of STING to stimulate priming of tumor-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 

cancer (367). 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 chemotherapy (368). The ability to (re)establish 

tumor immunity using STING and check-point inhibition indicates that STING activation can 

expand pre-existing tumor reactivity, perhaps by broadening the tumor response. STING 

activation could thereby support the therapeutic efficacy of adoptively transferred T cells by 

activating APCs that in turn can cross-prime endogenous tumor-reactive T cells. 

 

CD40 stimulation 

Another well-established mechanism, which is implicated in priming of tumor-reactive T cells, 

is engagement of the CD40/CD40L axis. CD40 is a member of the Tumor necrosis factor (TNF) 

receptor family and is expressed by a range of different cell types including DCs, B cells, 
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platelets and non-hematopoietic cells such as endothelial cells, fibroblasts and some types of 

cancer cells (369). 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 machinery (370). Stimulation 

with CD40 agonists has been shown to stimulate the T cell priming capacity of DCs and lead to 

potent anti-tumor T cell immunity in preclinical models. Early mechanistic studies also 

demonstrated that CD40 stimulation can enhance the efficacy of tumor antigen vaccination 

(371, 372), induce activation of endogenous CD4+ T cells (371) and reverse cytotoxic T cell 

tolerance (372). 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 help 

(373). 

 

The ability of CD40 stimulation to enhance the efficacy of ACT has been evaluated in different 

preclinical models. Recently, a study showed that lymphodepleting total body irradiation (TBI) 

in combination with CD40 stimulation enhanced the accumulation of infused T cells in a 

murine pancreatic cancer model (374). Here it was demonstrated that the combination of CD40 

stimulation, TBI and ACT enhanced the proliferation of infused T cells, promoted high levels of 

tumor inflammation and was associated with tumor 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 anti-tumor activity of ACT in murine B16.F10 tumors 

(375). 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 tumor 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 cytotoxic T-lymphocyte–associated antigen-4 (CTLA-4) treatment of metastatic 

melanoma patients (376). Here it was found that the therapy was associated with increased 

tumor 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 
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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 tumor-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 tumor 

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 tumor 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-tumor effect of ACT. After infusion, 
adoptively transferred T cells home to the tumor and kill cancer cells that express their cognate antigen presented 
on MHC molecules (1). In the tumor, 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 tumor antigens. Peripheral, tumor-
infiltrating DCs engulf pieces of the dead cancer cells and process the tumor-associated antigens for subsequent 
presentation on MHC molecules. To ensure proper activation of peripheral DCs, stimulation of TLRs, STING or CD40 
can be utilized. Activated, antigen-presenting DCs travel to lymphoid organs for priming of endogenous tumor-
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 
tumor antigens can therefore be used to ensure post-infusion expansion of the transferred T cells. Activated T cells 
subsequently home to the tumor for additional cancer cell killing (3). 
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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.  
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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.  

 

Introduction 

The potential of the immune system to recognize and eliminate cancer cells has been 

demonstrated by the tremendous advances of cancer immunotherapy(8). 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 (377). 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(100). 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 

(378) that typically induces complete durable responses in 15-20% of patients in clinical trials 

(277, 278). 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 

(379, 380). This creates and sustains an interest in the development of improved T cell 

therapies (381).  
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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 (85, 201, 287). 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 (203, 282). 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 (203, 204, 

282). 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 (382-384). Accordingly, 

clinical studies have demonstrated that the combination of ACT and vaccination with tumor 

antigen-pulsed DCs can enhance the effect of ACT (385, 386), increase the polyfunctionality of 

transferred T cells (343) and improve patient survival (344).  

 

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 (387). However, using this technology for tumor antigen 

vaccinations poses significant barriers (388). 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 (61). This relationship between sustained, 

high antigen concentrations and T cell dysfunction has been repeatedly demonstrated in pre-

clinical studies (389, 390) 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 

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 
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non-activated APCs, it might result in antigen-specific tolerance, and suboptimal T cell priming 

(298). 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 

-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).   
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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 (391). 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 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 (392-394), and this limitation might be circumvented by targeting 

multiple antigens simultaneously (395). 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 (60, 

396, 397). 

 

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 
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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 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 (308). 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-, CD11chi, MHC IIhi, 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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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-, CD11chi, MHC IIhi, 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 (39, 321) 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 (398) 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(399). 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 (310) and IL-12 p70 prolongs IL-2 stimulated CD8+ T cell division (323) and activates 

tumor infiltrating CD8+ T cells (400).  

 

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).  
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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-, CD11clow-int, MHC IIlow-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 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 (322) 

resulting in enhanced cross-priming of CD8+ T cells (322, 401).  

 

Despite previous reports suggesting that pDCs are capable of presenting antigen and priming T 

cells (314, 315), 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. 

 

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 
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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 (402). 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(59, 65), 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 

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. 
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These observations are supported by previous studies demonstrating that type I IFNs 

stimulate cross-presentation by DCs (39, 57, 321, 322, 403) 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 (404, 405). 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 (406). 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 

(407). 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 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 

(408). 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 (164), which are 
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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 (409). 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 (410). 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 (411).  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.  

 

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 (217, 412). 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 (91, 413, 414). These risks pose a considerable 

barrier towards the broad application of ACT (100). 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 
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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 a blinded measurer using a digital caliper three times per week, every second 

day and mice were euthanized if the tumor size exceeded 1000mm3, 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 
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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/TOFTM (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 31P 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 70oC 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 70oC with 10 repetitions on a pressure 

extruder. The resulting liposomes were stored at 4oC overnight before characterization. For 

antigen post-insertion, the liposomes were stirred at 45oC while dropwise adding 10mM 
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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-LyzerTM dialysis cassettes (10k molecular weight cut-off, 

ThermoFischer Scientific). Finally, the antigen containing liposomal formulations were slowly 

filtered through a 0.45µm nylon 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 105 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 5x106 splenocytes, 

corresponding to ~0.5x106 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 
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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 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 

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 
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(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 5x106 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× 106 BMDCs were plated with 3 × 106 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 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. 

 

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 
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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 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 IIhi, CD11chi, 

CD8a+, CD11b-, and antigen presentation was 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 
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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 5x106 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 5x106 splenocytes, corresponding to ~0.5x106 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 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 Cell Trace 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 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 75oC 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 4oC. 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 Æ 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. 
1H 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). 13C 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 4oC 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 4oC 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 



 

78 

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 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. 1H 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). 13C 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 75oC 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. 
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Supplementary Figures 

 
 

Figure S1: Synthesis of peptide antigens MK062, MK084, and MK098 . Reagents and conditions: (a) Cholesteryl 
chloroformate, tetrahydrofuran, 0oC Æ reflux, 30 min; (b) N-terminal cysteine modified peptide, 4,4′-dipyridyl 
disulfide, N-methyl-2-pyrrolidinone (NMP), 4oC, 5 h; (c) divinyl sulfone, triethylamine, dichloromethane, room 
temperature, 2.5 h; (d) N-terminal cysteine modified peptide, NMP, 75oC, 8 h. 

 

A B

0 5 10 15 20
0

200

400

600

800

1000

1200

1400

E.G7-OVA

Day

Tu
m

or
 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
er

ce
nt

 s
ur

vi
va

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  
 



 

80 

 
 
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-, CD11clo, 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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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 



 

84 

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, 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 tumor associated macrophage (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 (415). 

Cancer immunotherapies aim at mobilizing immune effectors and/or relieving immune 

suppressive mechanisms that can tip the balance towards immune-mediated tumor regression 

(5, 7). 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 (416). 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 (100). 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 (169, 189).  
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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 (3, 110, 

417). Accordingly, preclinical and 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 (85, 87, 341, 418, 419). 

 

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 (420). 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 

(420). 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 
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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 T cell receptor (TCR)-transgenic 

‘OT-1’ mice (C57BL/6 -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. programmed death-ligand 1 (PD-L1), expressed by 

cells in the tumor microenvironment (TME) (421). Thus, antibodies blocking the immune 

checkpoint programmed cell death-1 (PD-1), or the ligand PD-L1, are clinically approved 

therapies and have demonstrated activity in selected patients across a range of malignancies 

(422, 423). 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 
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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 legend on next page 
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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 3x105 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 5x106 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 mm3. 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 (286, 424), which may cause selective silencing of immunogenic antigens by 

genetic or epigenetic alterations (425). Consequently, loss of antigen has been demonstrated in 

relapsed B cell cancers targeted by CD19-directed chimeric antigen receptor (CAR)-T cells 

(291, 292). One strategy to prevent or slow down the loss of antigen from cancer cells involve 

targeting of multiple epitopes (426-429). 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 (107, 

162) (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 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 
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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 3x105 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 5x106 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 mm3. 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 response to interferon (IFN)-β, which resonates well with the use of 

TLR7 as vaccine adjuvant that has previously been demonstrated to stimulate type I IFN 



 
 

 

93     

production by plasmacytoid dendritic cells (pDCs) (27, 311). Compared to untreated controls 

and relapsing tumors, the responding tumors had an upregulated expression of the dendritic 

cell (DC) activation markers Cd40 (CD40) and Cd86 (CD86), as well as the transcription factor 

Batf3 that is expressed by cross-presenting CD8α+ 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 (310, 430). 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 (174, 

431). 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 (173). 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 (432).  

 

In addition to an upregulation of inflammatory markers associated with the actions of 

activated DCs, natural killer (NK) cells and CD8+ T cells, we also observed upregulated 

expression of genes indicative of infiltration and effector functions of tumor-associated 

macrophages (TAMs) (135). Compared to control and relapsing tumors, responding tumors 

exhibited higher levels of Nos2 (Nitric oxide synthase 2), Arg1 (arginase-1), Tgfb1 (TGF-β) and 
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Il10 (IL-10), which are all factors that have been linked to TAM-mediated suppression of anti-

cancer immune reactivity (Fig. 3E).  

 

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 regulatory T cells (Tregs) (433). 

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 (434). 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 (291-293). 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 (418, 435). 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 (392, 436, 437). This has been related to the inherent 

genomic instability of malignant cells and the selection pressure driven by the targeted ACT 

(286, 438). As a possible intervention, multiple studies have explored the use of multi-targeted 

CAR-T cell therapy (426, 427) and polyclonal T cell products (439). 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 

autoimmunity (63, 64, 389). 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 (440, 441). This phenomenon termed “T cell stunning” 

could potentially explain why T cells eventually lose their effector function in solid cancers (63, 

389). 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 
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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 (421, 442). 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 (185). 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 (443). 

Some studies even suggest that IDO can be used as a biomarker for response to 

immunotherapy (444). 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. 

 

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 
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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 (445).  

 

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 (446, 447). 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 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 

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 tumor 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 tumor challenge. For 

both the E.G7-OVA and B16-OVA models, C57BL/6 mice received an s.c. injection of 3 x 105 

viable cells on day 0. Tumors 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 tumor 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 tumors received a total dose of 

5x106 splenocytes, corresponding to ~0.5x106 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 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 made: treatment against control and relapse against treatment. Post-hoc 

filtering was applied to the DEA results (absolute log2FC > 1 and FDR < 0.05). 

 

 



 
 

 

101     

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.  

 

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).   
 



 

102 

0

50

100

150

200

250

Size at tumor take down

Tu
m

or
 si

ze
 (m

m
3)

RelapseControl Response
 

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 approximately 100 mm3. 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.  
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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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One sentence summary: Intratumoral treatment with immunogel containing TLR7 agonist 
improves the therapeutic efficacy of adoptive T cell transfer in preclinical models of cancer.  
 

Abstract 

Adoptive T cell therapy (ACT) has significant, often curative, therapeutic effect in patients with 

hematological cancers and melanoma. This effect has, however, not been mirrored for other 

solid malignancies. Novel strategies are therefore highly requested to expand the therapeutic 

potential of ACT across solid cancers. To achieve this, immune tolerance and suppression must 

be broken both in lymphoid organs and in the tumor microenvironment (TME).  

 

Here we present a novel gel-based intratumoral drug delivery system (TLR7a gel) that 

provides a sustained release of a potent TLR 7 agonist. The TLR7a gel is demonstrated to 

enhance the efficacy of ACT against tumors and overcome the tumor-intrinsic escape 

mechanisms. The combined treatment of TLR7a gel and ACT results in increased activation of 

dendritic cell subsets and initiates both IFN-α/β and IFN-γ responses. Furthermore, the 

combined treatment efficiently broadens the T cell responses and increases the number of 

complete responders to ACT in two preclinical tumor models.  
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Introduction 

 

Adoptive T cell transfer (ACT) aims to reconstitute adaptive immunity by the transfer of 

tumor-specific T cells. Chimeric antigen receptor (CAR)-T cells have shown remarkably cure 

rates for patients with hematological cancers, resulting in the FDA-approval of two CAR-T cell 

products targeting CD19-positive cancers (448). So far, successful treatment of solid cancers 

with ACT has been limited to melanoma patients where clinical response rates of 20% have 

been reported (277, 278), as the high immunogenicity of many melanomas allows for collection 

and expansion of tumor-infiltrating lymphocytes (TILs) (74, 449). Notwithstanding the 

therapeutic efficacy in hematological cancers and melanomas, only very limited clinical benefit 

of ACT in other solid malignancies has been observed (416). 

 

The therapeutic effect of ACT relies on a continuous activity of adoptively transferred T cells, 

whereas the proliferative potential relates to phenotypic traits of the T cell product (203, 204). 

In order to have a sustained effector function T cells requires a coordinated, permissive 

activation from endogenous immune cells in the tumor microenvironment (447). The cross-

presenting dendritic cells (DCs) play a central role in this process given their ability to prime 

adoptively transferred and endogenous T cells (310). Furthermore, chemokines released from 

activated, intratumoral DCs maintains a productive intratumoral chemokine and cytokine 

environment, which is central for the recruitment and activity of transferred T cells (450).  

 

The therapeutic use of toll like receptor 7 (TLR7) agonists for cancer immunotherapy is 

encouraged by their ability to bridge innate and adoptive immune responses (27). 

Unfortunately, TLR7 agonists are poorly tolerated systemically at therapeutic doses which has 

hampered their introduction in clinical immunotherapy(27). To overcome these issues, and 

provide a physiological immune activation within the cancerous tissue, we have developed a 

gel-like drug delivery system (TLR7a gel) that provide sustained intratumoral release of the 

potent TLR7 agonist Resiquimod (R848). This approach is expected to provide an 

inflammatory status that continuously stimulate immune cell recruitment and activation. TLR7 

agonists stimulate the release of interferon (IFN)-α/β from plasmacytoid DCs (pDCs), which in 

turn augments of IFN-γ release and antigen-presentation by conventional DCs (cDCs) (34, 39). 

Furthermore, TLR7 agonists act directly on effectors cells. Thus, TLR7 treatment can reverse 

anergic natural killer cells (451), as well as potentiate priming and IFN-γ production of CD8+ T 

cells (43, 45, 46, 50). 
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The Immunogel technology for intratumoral delivery of R848 has previously been evaluated in 

combination with chemo- and radiation therapy. Here it was demonstrated that local, 

sustained release of R848 can polarize the tumor microenvironment to favor T cell infiltration 

and support anti-tumor cytotoxicity (452). 

 

With an offset in these observations, this study was performed to investigate the use of R848-

loaded immunogel (TLR7a gel) as adjuvant for ACT. Encouragingly, we observed that the 

intratumoral TLR7a gel increased the therapeutic efficacy of ACT across three syngeneic 

murine cancer models of ACT. Most notably, pretreatment with a single, intratumoral gel 

injection limited escape of the tumors, a phenomenon that is otherwise known to counteract 

the efficacy of ACT (392, 418, 438, 453). Mechanistically, we were able to show enhanced 

activation of pDCs and cDCs in the tumor-draining lymph mode (tdLN), increased IFN-γ 

production by tumor-engrafted T cells and antigen spreading to a non-targeted, secondary 

tumor epitope.  Altogether, the studies presented here show that persistence and function of 

adoptively transferred T cells can be improved by leveraging endogenous immune cells 

through TLR7a gel treatment.  

 

Results 

Pretreatment with intratumoral TLR7a gel improves efficacy of TCR-transgenic T cells in two 

murine cancer models.  

 

TLR7 agonists have been associated with improved CD8+ T cell anti-cancer immune responses 

(57, 454). To examine the feasibility and therapeutic efficacy of combining the novel 

intratumoral TLR7a gel and T cell therapy, we tested the combination therapy in two syngeneic 

cancer models using TCR-transgenic T cells. Mice bearing established E.G7-OVA or B16-OVA 

tumors were anesthetized and injected intratumorally with TLR7a gel. Subsequently, the mice 

were allowed to recover before receiving ACT with 1x106 OT-1 CD8+ T cells or 3x106 pmel-1 

CD8+ T cells. Therapeutic efficacy and tolerability were continuously monitored by tumor size 

and weight measurements (Fig 1A).  

 

The ACT product was generated by isolating  CD8+ T cells from TCR-transgenic ‘OT-1’ mice 

(C57BL/6 -Tg(TcraTcrb)100Mjb/J), or TCR-transgenic ‘pmel-1’ mice (B6.Cg-Thy1a/Cy 

Tg(TcraTcrb)8Rest/J) using magnetic beads. T cells were activated on α-CD3/α-CD28 coated 

plates, and hereafter cultured and expanded with recombinant murine interleukin (rmIL)-2, 
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rmIL-7 and rmIL-21 by a 4-day expansion protocol. Following culture, T cells were harvested, 

and a small fraction was used for phenotypic profiling by flow cytometry. Central memory T 

cells (TCM) were defined as CD44 and CD62L double positive, whereas effector memory T cells 

(TEM) were defined as CD44 positive, CD62L low. The TCM subset accounted for the majority of 

the T cell product used in the presented studies (Fig. 1B).  

 

In the EG.7-OVA model, the combination of ACT and TLR7a gel resulted in a significantly 

prolonged survival and complete rejection of tumors (complete response) in 62.5% of mice, 

compared to 17.3% of mice receiving only ACT (Fig 1C). Individual growth curves of mice 

show that both ACT and combination treatment induces an initial tumor regression, but only 

the combination treatment is able to sustain this response. Notably, despite the potent 

properties as an adjuvant to ACT therapy, the TLR7a gel has no effect on tumor growth as 

monotherapy (Fig 1D).  

 

In the B16-OVA model, we did not observe complete responses in any of the treatment groups, 

which could be due to a lower efficacy of the pmel-1 T cells. However, the combined ACT and 

TLR7a therapy still delayed tumor growth (Fig 1F) and prolonged the median survival to 26.5 

days compared to 22 days for ACT monotherapy (Fig. 1E).  
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Figure 1: TLR7a gel therapy augments CD8+ T cell therapy in E.G7-OVA and B16-OVA tumors and prevents 

tumor escape following CD8+ T cell therapy in E.G7-OVA. A: Dosing schedule for efficacy studies: C57BL/6 mice 
were inoculated with 3x105 EG.7-OVA or B16-OVA tumor cells (day 0) and therapy was administered once palpable 
tumors had formed (EG.7-OVA: day 7, B16-OVA day 9). TLR7a gel was injected intratumorally as a single dose (3 
mg/kg R848 (TLR7a gel)) and was followed by intravenous injection of activated T cells (EG.7-OVA: 1x106 OT-1 T 
cells, B16-OVA: 1x106 pmel-1 cells (ACT)). B: Flow cytometric phenotype analysis of activated OT-1 CD8+ T cells 
before treatment. Tumor growth in EG.7-OVA was monitored 3 times per week and the results are presented as C: 
percent survival and D: individual tumor growth curves. Tumor growth in B16-OVA was monitored 3 times per 
week and the results are presented as E: percent survival and F: individual tumor growth curves. Survival was 
analyzed by Log-rank (Mantel-Cox) test. A significant difference from mice treated with TLR7a gel and ACT is 
indicated with * (p < 0.05), *** (p < 0.001) or **** (p < 0.0001) (n=7-24). 
 

TLR7a gel treatment improves the efficacy of polyclonal CD4+ and CD8+ T cells expanded from 

tumor-draining lymph nodes 

 

T cells derived from tdLNs for ACT is currently explored preclinically and clinically as an 

alternative to TILs (103, 104, 455). This strategy was therefore evaluated for the combination 

of TLR7a gel and ACT, using the CT26 colorectal cancer model, which is highly immunogenic 

and has a high effector cell infiltration  (456). Donor mice bearing CT26 tumors were sacrificed 

4 days prior to ACT, and a single-cell suspension was created from the LNs. For expansion, cells 

were activated on α-CD3/α-CD28 coated plates and cultured with rmIL-2, rmIL-7 and rm-IL21 

during a 4-day expansion protocol. On the day of treatment, mice bearing established CT26 

tumors received an intratumoral TLR7a gel injection before intravenous injection of 10x106 

expanded tdLN cells (denoted ACT) (Fig 2A). Phenotypic analysis of the cells before and after 

cultivation was performed by flow cytometry. The content of CD3+ T cells was enriched after 

the expansion process, with the final levels reaching up to 93% of the total cell population (Fig. 

2B). In addition, we observed a shift from a Tnaïve phenotype towards the majority of cells being 

TCM, and a smaller fraction being TEM (Fig. 2C-D). We did not observe any differences 

phenotypically between cells from non-tumor bearing mice (denoted ntdLN cells) and tdLN 

cells however, differences were reflected in therapeutic efficacy, since ACT with tdLN cells 

showed a improved tumor control compared to cells from ntdLNs (Supplementary figure, Fig. 

S1). When combining TLR7a gel therapy with tdLN cells, we observed improved tumor growth 

control (Fig. 2D) and a significantly increased median survival time for the combination 

treatment compared in comparison to ACT alone. Encouragingly a complete tumor rejections 

was observed for 27% of the mice in the combined treatment group (Fig. 2E). The individual 

growth curves are depicted in Fig. 2F.  
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Figure 2: TLR7a gel therapy strengthens in vivo primed CD3+ T cell therapy in CT26. A: Treatment schedule. 

Balb/C mice were inoculated with 3x105 CT26 (day 0) together with an additional group of donor mice. On day 10, 
tdLNs from donor mice were harvested and a single-cell suspension were made and subsequently expanded from 
day 10-14. On day 14, mice were randomized and treated with ACT or TLR7a gel and ACT. B: Flow cytometric 
analysis of the percentage of CD3+ positive cells when harvested and after expansion C-D: Characterization of T cell 
subsets before (C) and after (D) expansion by flow cytometric analysis. For analysis, tdLNs from 6 mice were pooled 
into 3 independent groups (n=3). E-F: Mice were injected intravenously with either 8x106 in vivo primed T cells 
(ACT), ACT + TLR7a gel injected intratumorally (3 mg/kg R848) or non-treated as control (NT) represented as E: 

percent survival, and F: individual growth curves of tumors. A significant difference from mice treated with TLR7a 
gel and ACT is indicated with * (p < 0.05).  
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TLR7a gel stimulates intratumoral CD8+ T cells to release IFN-γ 

 

T cells express TLR7 receptors, and are induced to secrete IFN-γ in response to TLR7 

agonist treatment (44, 45). Therefore, we hypothesized that intratumoral release of 

R848 from the TLR7a gel would stimulate local T cell responses. To test this 

hypothesis, mice bearing established E.G7-OVA tumors were injected intratumorally 

with TLR7a gel, followed by 1x106 OT-1 T cells. Two weeks after treatment, mice were 

sacrificed, and tumors were harvested for flow cytometric analysis (Fig 3A). The 

combination of TLR7a gel and ACT displayed a potent therapeutic effect, as evidenced 

by a markedly lower of tumor mass compared ACT monotherapy and controls (Fig 

3B).  To examine TLR7 induced IFN-γ secretion by intratumoral T cells, single cell 

suspensions were prepared from tumors. In order to have enough material for 

analysis, tumors from 2-4 mice from the same treatment group were hereafter 

combined and handled as one sample. 

 

Prior to flow cytometry, tumor samples were stained with SIINFEKL-dextramer 

(ImmuDex, Copenhagen, Denmark) as a marker for OT-1 receptor positive cells, 

followed by surface staining of CD45, CD3 and CD8 and subsequent intracellular 

staining for IFN-γ. In the group receiving combination therapy, we observed a 

tendency towards higher levels of OT-1 (SIINFEKL dextramer+CD8+) T cells in the 

tumor, albeit this was not statistically significant (Fig. 3C). In addition, IFN-γ secretion 

by CD8+ positive cells was markedly augmented by TLR7a gel treatment, as evidenced 

by an increase in the level of IFN-γ positive CD8+ T cells shown as average for all 

samples (Fig. 3D), and representative flow plots from the highest IFN-γ expressing 

sample in each group (Fig. 3E). Furthermore, the level of IFN-γ secreted by individual 

cell was elevated, as can be appreciated from the staining intensity displayed as 

overlapping histograms (Fig 3F). 
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Figure 3: TLR7a gel therapy stimulates IFN-γ secretion by intratumoral CD8+ T cells. A: Dosing schedule for 
mechanistic studies: C57BL/6 mice were inoculated with 3x105 EG.7-OVA tumor cells (day 0) and therapy was 
administered once palpable tumors had formed on day 7. TLR7a gel was injected intratumorally as a single dose (3 
mg/kg R848 (TLR7a gel)) and was followed by intravenous injection of activated T cells (1x106 OT-1 T cells (ACT)). 
Two weeks after treatment, mice were sacrificed and tumors were sampled for analysis. B-F: The results from the 
experiment is presented as B: tumor weights, C: percentage of SIINFEKL dextramer positive cells, D: percentage of 
IFN-γ positive CD8+ T cells, E: representative flow plots of IFN-γ staining, F: histograms showing the intensity of 
IFN-γ antibody staining. Data in B-D is shown as mean +/- SD. Differences were calculated by one-way ANOVA. A 
significant difference between groups is indicated with * (p < 0.05)  ** (p < 0.01), (n=4-6).  
 

Intratumoral TLR7a gel activates dendritic cells in the tumor-draining lymph node 

 

The pivotal role of dendritic cells in shaping the outcome of ACT is becoming increasingly clear. 

Notably, conventional dendritic cells trafficking from the tumor to the draining lymph nodes 

are indispensable for the continuous priming of transferred and endogenous T cells (297). 
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TLR7 agonists have previously been shown to activate both pDCs and cDC1s and increase 

antigen cross-presentation through an IFN-α/β pathway (29, 30, 37-39). Accordingly, we 

hypothesized that intratumoral TLR7a gel could stimulate both pDC and cDC1 subsets in the 

tdLN (Fig. 4A). To evaluate this, mice bearing established B16-OVA tumors were 

preconditioned with cyclophosphamide (CPX) and 18h later, injected intratumorally with 

TLR7a gel, followed by intravenous injection of 5x106 pmel-1 T cells. Three days after TLR7a 

gel, mice were sacrificed, and tdLNs were harvested for flow cytometric analysis. In order to 

secure sufficient material for analysis, lymph nodes were pooled from two animals belonging 

to the same treatment group. Distinction between DC subsets was based on the following 

gating strategy: CD8a+ cDCs were defined as CD45+CD64-CD11chighMHCIIhighCD11b-CD8+ 

(Supplementary Fig. S2) while pDCs were defined as CD45+CD64-CD11clow-intMHCIIlow-

intLy6C+siglec-H+ (Supplementary Fig. S3). Antigen presentation was evaluated by quantifying 

the amount of CD8+ cDCs that presented the SIINFEKL antigen on major histocompatibility 

complex (MHC) class I molecules, and activation was addressed by the mean fluorescent 

intensity (MFI) of CD86 staining.  

 

The combination of TLR7a gel and ACT increased the activation of pDCs as evidenced by a 

higher expression of CD86 (Fig. 4B). In addition, we observed a tendency towards increased 

infiltration of SIINFEKL-presenting CD8α+cDCs, although this was not statistically significant 

(Fig. 4C). However, TLR7a gel augmented the activation of the CD8α+ cDCs, again 

demonstrated by a higher expression of CD86 on these cells after combined TLR7a gel and ACT 

compared to ACT alone (Fig 4D). 
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Figure 4: TLR7a gel therapy activates both plasmacytoid and conventional dendritic cells. A: proposed 
mechanism of action of TLR7a gel. TLR7a released within the tumor reaches circulating dendritic cell subsets. 
TLR7a treatment activates cDCs. In addition, TLR7a treatment induces IFN-α/β secretion by pDCs, which stimulates 
IFN-γ secretion and antigen presentation by cDCs further. B: CD86 staining intensity of pDCs, C: CD86 staining 
intensity of CD8α+ cDCs, D: percentage of CD8α+ cDCs presenting the SIINFEKL epitope on MHC class I molecules. 
Data is shown as mean +/- SD. Differences were calculated by one-way ANOVA. A significant difference between 
groups is indicated with ** (p < 0.01) or **** (p < 0.0001) (n=4-5).  
 

Intratumoral TLR7a gel facilitates epitope spreading to non-targeted tumor antigens following 

ACT 

 

Encouraged by the robust activation of antigen-presenting CD8α+ cDCs in the tumor-draining 

lymph node, we hypothesized that TLR7a gel could facilitate epitope-spreading through 

priming of CD8+ T cells responsive towards secondary tumor antigens. To examine this, we 

extended the experimental set-up to include post-treatment transfer of naïve OT-1 splenocytes. 

Thus, mice bearing established B16-OVA tumors were preconditioned with CPX and 18 hours 

later injected intratumorally with TLR7a gel, followed by intravenous injection of 5x106 pmel-1 

T cells. One hour later, the mice were injected again, this time with 5x106 naïve OT-1 

splenocytes stained with the proliferation marker Cell Trace Violet (CTV). Three and six days 
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after treatment, mice were sacrificed and tdLNs (day 3) or tdLNs and tumors (day 6) were 

harvested for flow cytometric analysis (Fig. 5A). Transferred OT-1 CD8+ T cells were gated as 

CD45+CD3+CD8+CTV+SIINFEKL-dextramer+. We observed a tendency towards increased 

engraftment of OT-1 cells in the tdLN, both at day 3 and day 6 following TLR7a gel and ACT 

(Fig. 5B). In addition, TLR7a gel treatment significantly increased the expansion index of OT-1 

T cells, as addressed by dilution of the CTV signal (Fig. 5C). In support of these findings, the 

level of antigen-experienced CD8+ T cells were increased after combined TLR7a gel and ACT 

treatment, as compared to ACT alone, suggesting that TLR7a gel treatment can facilitate 

priming of de novo T cell responses in the tdLN (Fig. 5D). To exert anti-tumor effector 

functions, CD8+ T cells must engraft the tumor after expansion in lymphoid organs. 

Encouragingly, we observed an increase in the percentage of OT-1 T cells in the tumor 

following TLR7a gel and ACT treatment, suggesting that TLR7a gel boost polyclonal, anti-tumor 

T cell responses (Fig. 5E). In summary, we hypothesize that TLR7a gel and ACT treatment 

causes the release of tumor antigen, which, when presented on activated dendritic cells can 

stimulate the priming of secondary T cell responses (Fig 5F). 
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Figure 5: TLR7a gel enhances antigen spreading following ACT. A: Dosing schedule for mechanistic studies: 
C57BL/6 mice were inoculated with 3x105 B16-OVA tumor cells (day 0) and therapy was administered once 
palpable tumors had formed on day 10. TLR7a gel was injected intratumorally as a single dose (3 mg/kg R848 
(TLR7a gel)) and was followed by intravenous injection of activated pmel-1 T cells and naïve, CTV-stained OT-1 
splenocytes. Three days after treatment, mice were sacrificed and tdLNs and tumors were sampled for analysis. B-E: 
The results from the experiment is presented as B: percentage of CTV and SIINFEKL dextramer double positive cells 
in the tdLN, C: expansion index calculated in FlowJo V.10, D: percentage of CD44 positive CD8+ T cells in tdLNs, E: 
percentage of CTV and SIINFEKL dextramer double positive cells in the tdLN. F: Proposed mechanism. Data in B-E is 
shown as mean +/- SD. Differences were calculated by one-way ANOVA. A significant difference between groups is 
indicated with ** (p < 0.01)(n=4-6).  
 
  

Discussion 

 

ACT-based therapies have made an immense impact on hematological cancers (100). 

Unfortunately, the success rate for treatment of solid cancers, except for melanomas, has been 

limited. In patients, ACT therapy has proven to induce remarkable early remissions, which in 

the great majority of cases is followed by a post-therapy relapse. Previous clinical reports 

suggest that the high selection pressure that arise from targeted ACT drives the cancer cells to 

modulate their antigenic landscape, either through loss of target antigen expression or through 

loss of major histocompatibility complex (MHC) class 1 expression (392, 418, 436, 437). In 

compliance with these studies and previously published preclinical data [4, 5], we noticed that 

ACT monotherapy induced an early remission phase followed by tumor escape when treating 

E.G7-OVA and B16-OVA tumors with TCR-transgenic OT-1 and pmel-1 CD8+ T cells, 

respectively. Likewise, the same pattern was observed in the CT26 tumor model after tdLN-

derived polyclonal CD4+ and CD8+ T cell therapy.  

 

In order to maintain a strong anti-cancer reactivity and immune surveillance over time, cancer 

treatments should optimally exploit the adaptive capacity of the immune system. Thus, long-

lasting response to ACT in melanoma has been linked to the emergence of T cells with 

reactivity towards novel cancer expressed targets (293). To achieve this, we decided to 

combine ACT with an intratumorally injected sustained releasing TLR7a gel depot, since TLR7 

stimulation can facilitate cross talk between the innate and the adaptive immune system (27, 

351, 457). Immediately following therapy, we did not observe any changes in response. 

However, as opposed to the mice that only received ACT, the majority of mice that were 

pretreated with TLR7a gel did not show any sign of tumor regrowth, which indicate that 

durable tumor remission was achieved. Upon treatment, we observed a substantial increase of 

CD8+ T cells expressing IFN-γ in the tumors receiving both TLR7a gel and ACT compared to the 

mice only receiving ACT. This can partially explain the increased therapeutic effect and 
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corresponds with other studies, where both CD4+ T cells and CD8+ T cells have been reported 

to secrete IFN-γ in response to TLR7a therapy (44-47).  

 

Through engagement of endogenous T cells, tumor relapse caused by loss of antigen 

expression can be circumvented, as this may enable recognition of multiple tumor-associated 

antigens (294). This phenomenon has been entitled epitope spreading and is facilitated by 

peripheral migratory DCs that can transport antigens from dying tumor cells to the tdLN. In the 

tdLN, presentation of these antigens by DCs can prime and expand naïve T cells, thus 

broadening the number of tumor-reactive T cells (296). Accordingly, DCs play a pivotal role in 

creating durable ACT-based anti-tumorigenic responses. Among other cell types, the TLR7 

receptor is highly expressed on pDCs, a circulating DC type that upon stimulation produces 

high amounts of IFN-α/β, which can then activate cDCs, a subset of DCs able to sample and 

present antigens (458, 459). Especially, cDC1s are of great interest, since these cells can 

efficiently cross-present antigens to CD8+ T cells [12-14]. In agreement with this, a flow 

cytometric analysis of the tdLNs revealed that activation of both pDCs and CD8α+ cDC1s was 

significantly improved by combined TLR7a gel and ACT therapy in the E.G7-OVA cancer model. 

Interestingly, the activation of cDC1s in the tdLNs by the TLR7a gel could be translated into a 

broadening of the anti-tumor T cell response. This was evidenced by proliferation of co-

transferred, naïve OT-1 T cells in tdLNs of B16-OVA tumors together with an increase of 

antigen-experienced CD8+ T cells. Finally, we also observed an increased infiltration of OT-1 

CD8+ T cells in the TME of B16-OVA tumors and combined these results suggest that TLR7a gel 

therapy is able to extend the anti-tumorigenic immune response of ACT and also include de 

novo T cell responses against other antigens than those targeted by the initially transferred T 

cells.  

 

Previously, we have examined the RNA profile of tumors during the ACT-derived response 

phase and the following relapse phase (460). In the relapse phase, a down-regulation of 

markers related to immune infiltration of CD8+ T cells, activated DCs and tumor-infiltrating 

macrophages (TAM)s was identified. This demonstrates that tumors undergo transition from a 

highly inflamed “hot” tumor to an immunologically “cold“ tumor status between the response 

phase and the relapse phase and this immune-exclusion allows for tumor escape. In this 

context, our data indicate that intratumoral TLR7a gel can prevent this inflammatory transition 

through induction of the cytokines IFN-α/β and IFN-γ, favoring DC and T cell persistence and 

function in the tumor. 



 

120 

To summarize, our studies demonstrate that the intratumoral sustained release TLR7a gel can 

improve the efficacy of ACT. The therapeutic effect of the TLR7a gel was based on an improved 

maintenance of a pro-inflammatory TME and the induction of epitope spreading and thus 

broadening of the T cell response. Notably, the positive effects of combining TLR7a gel and ACT 

was observed for both TCR-transgenic CD8+ T cell therapy and for a polyclonal CD4+ and CD8+ 

T cell infusion product. These results demonstrate that the intratumoral TLR7a gel could be a 

broadly applicable technology to finally make ACT therapeutically successful in solid cancers. 

 

Methods  

 

Cancer cell lines and tumor challenge 

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 Marianne Hokland. Both cell lines were maintained in complete RPMI medium 

1640 medium supplemented with 0.4 mg/ml geneticin selective antibiotic (G418). For in vivo 

primed CD3+ setup, the murine colon carcinoma cell line CT26.WT (ATCC® CRL-2638™) was 

used. The cells were cultured in RPMI medium 1640 supplemented with 10% FBS and 1% 

Penicillin-streptomycin. As tumor model, Balb/c Jrj mice were inoculated in the right flank s.c. 

with 3x105 viable cells on day 0. For E.G7-OVA and B16-OVA tumor models, C57BL/6 Jrj mice 

received an s.c. injection of 3 x 105 viable cells on day 0. For CT26, Balb/c mice were inoculated 

following the same procedure. The tumors were allowed to establish for 7 days for E.G7-OVA, 

10 days for B16-OVA, and day 14 for CT26 before initiation of treatment.  

 

Expansion of CD8+ T cells prior to adoptive transfer 

Six week old TCR-trangenic ‘OT-1’ mice (C57BL/6 -Tg(TcraTcrb)100Mjb/J) were obtained 

from Charles River and six week old TCR-trangenic ‘pmel-1’ (B6.Cg-Thy1a/Cy 

Tg(TcraTcrb)8Rest/J) mice were obtained from The Jackson Laboratory. 

 

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 



 
 

 

121     

magnetic-activated cell sorting (MACS) according to the manufacturer’s instructions (Miltenyi 

Biotec, Germany).  

 

One day prior to culture, 6-well plates were coated with anti-CD3 (clone 2C11) and anti-CD28 

(clone 37.51) antibodies (BioXcell) at a concentration of 5 µg/ml in sterile PBS at 4C. Isolated 

CD8+ T cells were plated in a-CD3/a-CD28 coated six-well-plates at a concentration of 1 × 106 

cells/mL in complete RPMI-1640 medium with 1% ITS solution. The following day (day 1), 

medium was supplemented with recombinant murine IL-2 [20 ng/ml] and IL-7 [5 ng/ml]. On 

day 2, cells were removed from the plate and washed in cold PBS, then resuspended in fresh 

medium containing IL-2 and IL-7. On day 3, cells were supplemented with fresh medium 

containing IL-21 [10 ng/ml]. On day 4, cells were counted, then washed and resuspended to a 

concentration of 10 x 106 cells/ml. Recipient mice were injected i.v. in the tail vein with 100 µl 

cell suspension, corresponding to 1x106 T cells. 

 
Expansion of tumor-draining lymph node cells prior to adoptive transfer  

Six weeks old Balb/cJrJ mice were obtained from The Jackson Laboratory. For in vivo priming, 

the mice were inoculated with 3x105 CT26 in the right flank from the cell line CT26.WT 

obtained from ATCC. After 10 days, the tumor-draining lymph nodes (right inguinal lymph 

node) were dissected after cervical. A single cell suspension of lymph nodes was made by 

mechanically dispersed by filtered through a 70µm cell strainer and flushed with 3-5 mL sterile 

PBS. The following culturing process was performed according to the method as described in 

previous section. On day 4, cells were resuspended to a concentration of 80x106 cells/mL. 

Reciepient mice were injected i.v. in the tail vein with 100 µL cell suspension, corresponding to 

8x106 TdLN cells.  

 
TLR7a gel synthesis  

Lactose octa-isobuterate (LOIB) was purchased from Carbosynth and solubilized in glycerol 

trioctanoate (GTO) and ethanol (EtOH) to generate a gel-forming matrix with following 

composition LOIB:GTO:EtOH (82.5:7.5:10, w/w %). Subsequently, the TLR7a gel solution was 

prepared with a R848 concentration of 1.2 mg/ml. In order to solubilize R848, the TLR7a gel 

formulation was heated at 50°C for 1-2 hours with occasional vortexing. The final TLR7a gel 

was stored at -5°C until use.   

 

TLR7a gel treatment 
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50 µl TLR7a gel (R848: 1.2 mg/ml: 3 mg/kg) was injected intratumorally. The syringe was left 

in the tumor for 5 minutes before withdrawn to avoid reflux of the gel. Mice were anesthetized 

by inhalation anesthesia (~4.5% sevoflurane) during treatment. 

 
 
Efficacy studies  

Mice were monitored for tumor growth and survival. Tumors were measured with a caliper in 

two dimensions, 3 times a week. Tumor volume was calculated using the formula: tumor size = 

0.5 x length x width2. When tumors reached a volume of 1000 mm3, mice were sacrificed in 

accordance with animal facilities regulations. Tumor size is indicated as mean ± SEM.  

 

Ex vivo flow cytometry  

Single cell suspensions were obtained from mouse organs by mechanical disruption (spleen 

and lymph nodes) or enzymatic digestion (tumor). Cells 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. For intracellular staining of IFN-γ, cells were fixed and permeabilised using 

the FoxP3/transcription factor staining buffer (eBioscience) according to the manufacturer’s 

protocol. Subsequently, cells were washed, suspended in PBS and subjected to flow cytometric 

analysis (BD Fortessa). 
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Supplementary Figures  
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Fig. S1: Cells harvested from tumor-draining lymph nodes differ in their anti-tumor efficacy after expansion, 

but not phenotypic composition. For evaluation of the in vivo priming set-up, balb/C mice were inoculated with 
3x105 CT26 cells (day 0), or left untreated. Once tumors had established, tdLNs from tumor-bearing mice, or ntdLNs 
from untreated mice were harvested for flow cytometric analysis. A: Memory phenotype of cells harvested from 
LNs, B: Percentages of CD8+ and CD4+ T cells harvested from LNs. To evaluate the therapeutic potential of tdLN 
versus ntdLN cells, an efficacy study was done in CT26. On day 10 after tumor challenge, mice were randomized and 
treated with total body irradiation (TBI) as lymphodepleting preconditioning. The following day, mice received ACT 
(7.5 x 106 cells/mouse) from either ntdLNs or tdLNs and were monitored for tumor growth three times weekly. C: 
Tumor growth curves (n=6-8). B: Flow cytometric analysis of the percentage of CD3+ positive cells when harvested 
and after expansion C-D: Characterization of T cell subsets before (C) and after (D) expansion by flow cytometric 
analysis. For analysis, tdLNs from 6 mice were pooled into 3 independent groups (n=3). E-F: Mice were injected 
intravenously with either 8x106 in vivo primed T cells (ACT), ACT + TLR7a gel injected intratumorally (3 mg/kg 
R848) or non-treated as control (NT) represented as E: percent survival, and F: individual growth curves of tumors. 
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Fig. S2: Gating strategy used for CD8α+ cDCs 

 

 
 

Fig. S3: Gating strategy used for pDCs 
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Chapter 5  
Thesis summary and future perspectives 

 
 

In the last chapter of the thesis, I will summarize the manuscripts with respect to the main 

findings of the experimental work conducted. Furthermore, I will discuss the use of preclinical 

models of adoptive T cell therapy (ACT) and suggested improvements to increase clinical 

translation. Then, potential strategies for the synthesis of novel T cell therapies for off-the-

shelve usage will be presented. Finally, the identification of potential responders, and how the 

prerequisites for response can be augmented, will be described.  

 

5.1 Thesis summary  

 

ACT is emerging as a curative option for many cancer patients. The most remarkable clinical 

progress is done within hematological cancers and melanoma, while extensive research efforts 

being made to expand treatment options for patients with solid tumors. The scope of this 

thesis has been preclinical evaluation of novel drug delivery strategies for improvement of 

ACT, some of which could facilitate treatment of solid cancers. ACT can be optimized at 

multiple stages of the therapy, which are described below and summarized in Figure 5.1. For a 

discussion of the results obtained in relation to current literature, the reader is referred to the 

discussion sections in chapter 4. 

 

(1) Expansion of T cells prior to adoptive transfer 

To reach sufficient cell numbers for therapeutic effect, T cells must be expanded prior to 

infusion. During the expansion process, T cells progressively mature into short-lived effector 

memory or effector cells with diminished therapeutic potential. However, alterations to the 

process of T cell culture can be (re)designed to facilitate the expansion of less differentiated T 
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cells, with greater therapeutic potential. This topic is reviewed in 3.1 Optimizing culture 

conditions for the expansion of minimally differentiated CD8+ T cells for adoptive 

cancer therapy. 

 

(2) Priming in lymphoid organs and engraftment in solid tumors  

T cells with naïve, TSCM or central memory phenotypes reach the lymphoid organs where they 

can be primed and further expanded. In the manuscript 4.1 Systemic liposomal vaccination 

potentiates antigen-specific priming and expansion of adoptively transferred, naïve 

CD8+ T cells, we demonstrate that naïve T cells can be primed and expanded in the spleen by a 

liposomal tumor antigen vaccine. The paper also highlights the ability of a toll-like receptor 

(TLR)7 agonist to work as vaccine adjuvant in this setting. Mechanistically, the TLR7 agonist 

induced interferon (IFN)-β secretion through activation of plasmacytoid dendritic cells (pDCs), 

accompanied by activation of CD8α+ conventional dendritic cells (cDCs) and secretion of 

interleukin (IL)-12 p70 and CXCL10. Finally, T cells engrafted the tumor and prolonged the 

survival of tumor-bearing mice, albeit the tumors eventually relapsed. Thus, priming the cells 

in lymphoid organs improved therapeutic efficacy, but was inadequate in creating complete 

responses in solid tumors, which is in line with recently published observation on the priming 

of chimeric antigen receptor (CAR)-T cells by nanoparticle vaccination (341).  

 

(3) Overcoming the tumor microenvironment and avoiding tumor escape  

For the treatment of solid cancer, primed and expanded T cells must engraft the tumor, which 

is dependent on T cell phenotype, as well as the inflammatory state of the tumor 

microenvironment (TME). Dendritic cells (DCs) have a pivotal role for the recruitment and 

continuous priming of adoptively transferred T cells. How dendritic cells can be leveraged 

therapeutically in this context is presented in the review 3.2 Leveraging endogenous 

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

 

In order to persist and function in solid cancers, T cells must overcome suppressive properties 

of the TME. Consequently, if the T cells seize to function, the therapeutic effect of ACT is 

diminished and tumors escape. The molecular profiles of responding and relapsed tumors are 

the focal point in the manuscript 4.2 Acquired resistance to adoptive T cell therapy and 

tumor antigen vaccination is associated with immune exclusion of the relapsed tumor. 

Interestingly, we observed differences T cell activity, dendritic cell activation, natural killer 

(NK) cell activation and chemokine profile between responding tumors and relapsed tumors. 



 
 

 

127     

When examining the gene-associated GO-terms, response to treatment was related to both 

IFN-α/β response pathways and IFN-γ response pathways. In relapsed tumors, these pathways 

were inactive, resembling the transcriptional profile of untreated tumors.  

 

In the manuscript 4.3 Intratumoral TLR7 agonist treatment improves the efficacy of 

adoptive T cell transfer and prevents tumor escape, pretreatment with an intratumoral 

TLR7 agonist was evaluated for potentiation of ACT. Release of IFN-α/β is a direct downstream 

consequence of TLR7 receptor activation, as we also confirm in the first manuscript. 

Furthermore, multiple papers describe that TLR7 agonist treatment can lead to IFN-γ secretion 

by both activated DCs and T cells. In the manuscript, we report both an increase in dendritic 

cell activation and intratumoral levels of IFN-γ positive CD8+ T cells.  Notably, we were able to 

prevent the escape of tumors in some of the models, thereby increasing the proportion of 

durable responses to ACT.  

 

T cell receptor (TCR)-related diversification of anti-tumor T cell responses is also related to 

prolonged treatment response to immunotherapy. This can be achieved through priming and 

expansion of endogenous tumor-specific T cell clones through epitope spreading. In the 

manuscript, we address this topic using the B16-OVA model, and observe that the combination 

of ACT and immunogel potentiates reactivity towards a secondary antigen. Intriguingly, this 

ties together the observations made in manuscript two and manuscript three, and point to a 

role for intratumoral TLR7 agonist treatment in prevention of tumor escape, through sustained 

intratumoral inflammation and epitope spreading.  
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Figure 5.1 Conceptual thesis summary. The challenge of improving ACT for solid cancers can be 
tackled at multiple stages of the therapeutic process.   
 

5.2 Translating preclinical research models of ACT 

 

Ultimately, the aim of preclinical cancer research is to identify compounds and treatments that 

can be advanced to the clinic and benefit cancer patients. To this end, preclinical models serve 

as an important first step to test the safety and efficacy of novel therapies. However, translating 

research from mouse models to human patients can be a tedious task. This is reflected in 

unforeseen adverse effects or lack of efficacy, which often cause the discontinuation of 

preclinically well-researched treatments (461-463). Cancer research has one of the highest fail 

rates in the translation from preclinical to clinical research, and therefore it is vital to 

strengthen this link (464, 465). In the following section, I will comment on the limitations of the 

models used in this thesis, as well as suggestions on more advanced experimental models. 

 

 



 
 

 

129     

5.2.1  Syngeneic mouse models of cancer and ACT 

For the studies conducted in this thesis, we have used syngeneic cancer models in mice to 

mimic human disease. The advantages of these models are the availability of complimentary 

cancer cell lines and donor mice for ACT studies (e.g. the pmel-1 and OT-1), as well as the 

presence of an intact immune system in the mice.  While some research groups have developed 

the use of polyclonal models of ACT, by using for instance tumor-draining lymph node (tdLN) 

cells, most research still relies on the use of TCR-transgenic CD8+ T cell models. This has some 

potential translational pitfalls for evaluating treatments using cell products such as tumor-

infiltrating lymphocytes (TILs), which include both CD4+ and CD8+ T cells. Moreover, tumor 

models based on OVA-transduced cancer cell lines might not fully replicate the impact of a 

suppressive microenvironment. For example, recent preclinical studies of ACT show that 

adoptively transferred, memory T cells with high avidity for their target retain their function 

even in the presence of inhibitory subsets such as myeloid derived suppressor cell (MDSC)s 

and tumor-associated macrophage (TAM)s (181, 182). For low avidity T cell clones, in contrast, 

a suppressive TME could have more pronounced consequences (185), which might not be fully 

represented in existing preclinical models.  

 

5.2.2  Moving towards personalized ACT models in the preclinical setting 

In an attempt to increase the translational relevance of murine cancer models, more advanced 

models have been developed, including xenograft models and humanized mouse models. 

Landgraf et al. have recently reviewed advantages and obstacles in these models (461). 

Xenograft models use the direct transplantation of human cell lines or tissues into immune-

compromised mice. While this allows for a more direct link to human cancer, the lack of 

endogenous immune cells complicates the use in cancer immunology studies. On the contrary, 

humanized mice models allow for the study of human cancer cells, in mice altered to have a 

human immune system (466, 467).  

 

Several research institutions have recently published the use of partly humanized and fully 

humanized mouse models to predict responses to ACT.  In a partly humanized mouse model of 

melanoma, human tumor cell lines transplanted onto mice were treated with patient derived 

TIL products. The experiments showed a direct link between therapeutic effect of human TILs 

in the mouse model and clinical response of the corresponding human patients (468). A partly 

humanized mouse model was also recently used to examine the efficacy of NY-ESO-1 directed 

CAR-T cells in combination with checkpoint inhibitors (148), while a fully humanized mouse 
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model was developed for the study of CD19-directed CAR-T cell therapy against genetically 

matched, B cell leukemia (469) 

 

As a supplement to animal models, organoid model development has taken off recently. 

Organoids are three-dimensional models of organs (or cancers) that mimic the cellular and 

structural composition of human tissue. The use of organoids in cancer research are becoming 

increasingly relevant (470), with recent publications demonstrating that organoids can be used 

to represent the tumor microenvironment of human glioblastoma cancers (471).  

Personalized models such as organoids and humanized mice requires resources in terms of 

both cost and labor, and they might not (yet) facilitate large preclinical screening of potential 

new immunotherapy treatments. Still, they provide a much-needed tool to close the 

translational gap between preclinical and clinical research, which merits their continued 

development.    

 

5.3 Novel approaches to T cell therapy - towards off-the-shelve solutions  

 

ACT is a costly and highly specialized treatment, as outlined in previous sections. In spite of 

being initially rooted in personalized medicine, ACT could potentially transition towards an 

off-the-shelve therapy. For this to happen, standardized T cell products that can be stored in 

cell banks and provided when needed, must be available (472). In the following sections, I will 

introduce some concepts that could aid in the patient un-specific expansion of T cells, 

ultimately reducing the waiting time and cost for critically ill patients. Concurrently, I will note 

the possible implications of the experimental findings from this thesis.  

 

5.3.1 T cell therapy based on donor T cells  

The endogenous T cell response in cancer patients is often curtailed by a suppressive tumor 

microenvironment and/or central and peripheral tolerance mechanisms, which are major 

limiting factors for efficacy of T cell-based therapy (11). As described in earlier sections, most 

practices within ACT come with distinct obstacles; functional TILs require access to tumor 

fractions with high mutational burden and CAR-T cells require genetic manipulation of a T cell 

product, which could already be compromised by any eventual cytotoxic preconditioning 

(164). 
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Donor T cells are unhindered by direct and indirect selection that takes place in cancer 

patients, and could therefore serve as an alternative source of T cells for ACT (80, 409, 427, 

473). In support of this notion, a pioneering study demonstrating the tumor-reactive potential 

of donor derived T cells, suggests that donor T cells are able to recognize a broader range of 

immunogenic mutations from patient tumors compared to autologous T cells (411). However, 

use of donor T cells most likely requires enrichment for tumor-reactive clones, to mitigate the 

fact that adoptively transferred tumor-specific T cells compete with co-transferred, non-tumor 

specific T cells for growth signals (326). To this end, antigen exposure can be used to increase 

the T cell product for clones of a desired specificity. One approach involves synthetic peptide 

libraries, which are fed to autologous antigen-presenting cell (APC)s, thereby creating a cell 

culture platform for priming and expansion of a tumor-reactive T cell product (241, 474, 475). 

Currently, this approach is entering clinical trials. A recently published phase I study describes 

the use of T cells directed against tumor-associated antigen (TAA)s during in vitro expansion, 

and infused into patients with high-risk, TAA-positive solid tumors. Out of 15 patients, 11 had 

initial responses (disease progression free for 45 days, and 6 patients whom received the 

highest dose had prolonged response (lasting more than one year)(439).  

As a way to optimize parts of the T cell expansion process, autologous APCs can also be 

replaced by engineered particles, i.e. “artificial APCs” (476, 477). Artificial APCs can be 

constructed to present individual neo-antigens as well as optimal co-stimulatory signals.  In 

addition, by adding a ‘tag’ or ‘handle’ to the APCs, T cells bound to these can be enriched from 

the original culture (476).  

 

Progressive studies have also recently demonstrated the use of tumor organoids as a platform 

for selection and expansion of tumor-reactive T cells from peripheral blood cells. Organoids 

can be established from tumor biopsies or be constructed to resemble human thyroids and co-

cultured with peripheral T cells, thereby facilitating the expansion of tumor-specific clones 

(478-480).  

 

With the observation made in this thesis that liposomal vaccines enhance antigen presentation 

time, it might also be worthwhile to consider this approach for in vitro based T cell expansion 

protocols. Importantly, this might have further relevance for the expansion of low avidity T cell 

clones both in vitro and in vivo since these T cells suffer from reduced contact time with DCs 

(13, 481).  
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5.3.2   Predicting and enhancing patient responsiveness to ACT  

While immunotherapy can produce impressive results in a subset of patients, many still fail to 

respond to the therapy. Given the high cost and potential toxicity associated with ACT, the 

ability to identify potential responders could help increase the success rate. Generally, the 

ability of an individual to respond to immune therapy is determined by the sum of many 

contributing factors, such as previous treatment(s), immune cell repertoire, age, 

environmental factors etc. Together, this provides what can be described as an ‘cancer-

immune-set point’ which is defined as the threshold that a therapy needs to surpass for anti-

tumor immune mechanisms to prevail (482).  

 

A prerequisite for ACT to have therapeutic effect is that transferred T cells can engraft the 

tumor. Abnormal vasculature in the tumor can hinder T cell entrance, through the suppression 

of adhesion molecules needed for extravasation (483, 484), and extracellular matrix density 

can further constrain T cell mobility and function within the tumor (111, 485). In addition, non-

T cell inflamed tumors are often characterized by a lack of chemokines, specifically of the 

CXCL9-11 subtype secreted by intratumoral DCs (310). Thus, identification of these tumor-

intrinsic properties before ACT could potentially both help to avoid ineffective treatment or, 

even better; help guide the rational use of synergistic therapies for ACT to become more 

effective (442).  

 

Experimental data in this thesis demonstrate that intratumoral treatment with a TLR7 agonist 

gel increases inflammation and DC activation, and ultimately prevents tumor relapse. Possibly, 

this therapy could be used as a strategy to precondition non-inflamed tumors. This 

intratumoral drug delivery platform could also be used in combination with small molecules 

that target other suppressive pathways to enhance T cell recruitment and effector function.  

Mutational load of the tumor can also be used as a predictor of response to both checkpoint 

inhibitor treatment and adoptive T cell therapy (486). High numbers of immunogenic 

mutations gives rise to a broader anti-tumor immune repertoire, and neo-epitopes that can be 

used for personalized cancer vaccination (21, 25). However, for tumors lacking neo-epitopes, it 

could be feasible to strengthen the T cell response towards either TAAs or exploit preexisting 

virus-specific T cells.  

 

Given that TAAs are un-mutated self-antigens, specific T cells are often removed through 

negative selection, but they can be re-supplied through ACT e.g. by TCR-transgenic T cells. In 
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this thesis, we show that transferred naïve T cells can be primed and expanded with high 

precision using a liposome based vaccine, which might be a feasible way to ignite TAA-specific 

T cell responses.  

 

Recent preclinical studies have shown that intratumoral injection of peptide can mobilize 

virus-specific memory T cells and restore immunogenicity of the tumors, even though the T 

cells themselves are reactive towards tumor-unspecific peptides (487). This is attributed to the 

ability of T cells to function as intratumoral cytokine producers, igniting other immune cells to 

restart the cancer-immunity cycle. For tumors that, due to anatomical location, are ineligible 

for local injection it might be possible to exploit the Enhanced Permeability and Retention 

‘EPR’ effect of circulating liposomes (488, 489) and use the vaccine platform described in this 

thesis to deliver peptides intratumorally for virus-specific, memory T cells.  

 

5.4 Conclusions 

 

Altogether, this thesis examines the application of novel drug delivery concepts for 

potentiation of ACT in preclinical models. Encouragingly, the treatments applied here were 

able to improve treatment responses by initiating cross talk between endogenous immune 

cells and transferred T cells. The positive findings described here warrant further research and 

development of these therapies for clinical use.  
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