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Zusammenfassung 

Auf Grund des Erfolgs von chimären Antigen Rezeptor (CAR) T-Zellen in der Behandlung von 

hämatologischen Tumoren wird eine Ausweitung der Behandlung auf solide Tumore unter-

sucht. Die klinische Übertragbarkeit auf solide Tumore wird allerdings durch das Fehlen tumor-

spezifischer Antigene und durch ein komplexes Tumormilieu (TME) erschwert. Zur Identifika-

tion neuer tumorspezifischer Antigene fokussieren sich die meisten Ansätze auf membranstän-

dige Proteine. Zahlreich im TME vorkommende lösliche immunmodulatorische Signalmoleküle 

werden dabei größtenteils nicht adressiert. Ein solches lösliches Molekül, das eine Vielzahl von 

Immunzellen im TME supprimiert, ist TGF-³.  

Im Rahmen dieser Arbeit wurde latentes TGF-³ im TME von primären Ovarialkarzinomen nach-

gewiesen. Eine Korrelation mit Fibroblasten-assoziierten Oberflächenmarkern und mit Integri-

nen, die beide mit Tumor-Invasivität und Immunsuppression in Zusammenhang stehen, wurde 

gezeigt. Latentes TGF-³ kann membrangebunden oder löslich vorliegen und wurde daher in 

dieser Arbeit ausgewählt, um die Sensitivität von Adapter-CAR (AdCAR) T Zellen gegenüber lös-

lichen Antigenen zu zeigen. Es wurde anhand von Aktivierungsmarkern und Zytokin-Sekretion 

nachgewiesen, dass die Adapter-vermittelte Bindung eines löslichen Antigens an AdCARs zu 

einer funktionellen Aktivierung von AdCAR T-Zellen führt. Die Aktivierung der AdCAR T-Zellen 

war sowohl abhängig von der Adapterkonzentration als auch von der Antigenkonzentration. 

Die Aktivierung durch lösliches Antigen konnte weiterhin in einem immunsuppressiven Umfeld 

bei direktem Zellkontakt mit Tumorzellen und bei räumlicher Trennung der Zelltypen gezeigt 

werden. In drei verschiedenen duktalen Pankreaskarzinom (PDAC) Xenograft Modellen führte 

eine Adapter-vermittelte Bindung von latentem TGF-³ durch AdCAR T-Zellen zu einer schnelle-

ren IFN-³ Sekretion verglichen mit CAR T-Zellen, die direkt ein Tumor-assoziiertes Antigen (TAA) 

erkennen. Zytotoxische CD8+ AdCAR T Zellen reicherten sich in der Milz an, was auf eine Stimu-

lation dieser Zellen durch lösliches latentes TGF-³ hindeutete. In einem immunkompetenten 

Mausmodell konnte die Flexibilität des AdCAR gezeigt werden. Durch die Applikation zweier 

verschiedener Adapter konnte ein TAA und gleichzeitig immunsuppressives latentes TGF-³ 

adressiert werden. Eine gegenseitige funktionelle Blockade konnte nicht ermittelt werden. So-

wohl die Zytokin-Sekretion als auch die Kontrolle des Tumorwachstums konnten in Gegenwart 

von autologen Immunzellen verbessert werden. Dadurch konnte eine transiente Kontrolle des 

Tumorwachstums im immunsuppressiven PDAC Tumormodell erreicht werden. Zusammenge-

fasst zeigen diese Daten, dass AdCARs durch lösliche Antigene auch in vivo stimuliert werden 

können. Dies ermöglicht, das Spektrum potentieller Antigene für die CAR Therapie solider Tu-

mor auf lösliche Antigene zu erweitern. Weiterhin bietet das neu entwickelte Konzept die Mög-

lichkeit, membranständige und lösliche Antigene bei der Behandlung von Krebs mit CAR T-Zel-

len zu kombinieren.  
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Abstract 

Due to the tremendous success of chimeric antigen receptor (CAR) T cell therapy in the treat-

ment of hematologic malignancies, the clinical translation of this therapeutic concept to solid 

tumors is currently under investigation. The lack of tumor specific antigens and a complex tu-

mor microenvironment (TME) are hurdles for the translation of CAR T cell therapy to solid tu-

mors. To identify novel tumor specific antigens most approaches are focusing on membrane-

bound targets. Thus, neglecting the huge repertoire of soluble immunomodulatory signaling 

molecules present in the TME. A soluble molecule present in the TME suppressing a variety of 

immune cells is TGF-³. 

In the presented work here, latent TGF-³ was found in the TME of ovarian cancer tissue. A 

correlation of latent TGF-³ with surface markers expressed on fibroblasts and with integrins 

was shown. Both are linked to tumor invasiveness and immunosuppression. Latent TGF-³ can 

be found membrane-bound as well as in soluble form. Therefore, latent TGF-³ was selected in 

this study to investigate sensing of soluble antigens with AdCAR T cells. It could be demon-

strated that an adapter-meditated binding of soluble antigens to AdCAR T cells induces effector 

functions in T cells. This was indicated by the expression of activation markers and cytokine 

secretion. The activation of AdCAR T cells was dependent on the adapter as well as on the 

antigen concentration. In addition, soluble antigen sensing was shown under immunosuppres-

sive conditions in direct cell-to-cell contact of AdCAR T cells with tumor cells and with spatial 

separation of both cell types. In three different pancreatic ductal adenocarcinoma (PDAC) xen-

ograft mouse models the targeting of latent TGF-³ with AdCAR T cells induced a rapid stimula-

tion of IFN-³ secretion, when compared to CAR T cells directly targeting a tumor associated 

antigen (TAA). The enrichment of cytotoxic CD8+ T cells in spleens was indicative for soluble 

latent TGF-³-mediated stimulation of AdCAR T cells. The versatility of the AdCAR system was 

demonstrated in an immunocompetent mouse model. The combined administration of two 

different adapter specificities was feasible to target a TAA and immunosuppressive latent TGF-

³ simultaneously. Neither cytotoxicity nor the sensing of the soluble ligand was blocked by a 

second adapter specificity. Furthermore, it was demonstrated that cytokine secretion and con-

trol of tumor growth were improved in presence of autologous immune cells. Thus, transient 

tumor control of the immunosuppressive PDCA tumor model was achieved. 

Overall, these data demonstrate sensing of soluble antigens with AdCAR T cells in vivo. This 

expands the spectrum of possible antigens by soluble ligands to target solid tumors with AdCAR 

T cells. Furthermore, the novel developed concept allows to combine targeting of a TAA and a 

soluble antigen in the treatment of cancer with CAR T cells. 
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1. Introduction 

1.1 Development of cancer and immunosurveillance 

More than 100 years ago changes in the structure of chromosomes of tumor cells were ob-

served and described1,2. The events causing these genetic abnormalities are just as diverse as 

tumors themselves. Probably one of the biggest risk factors to trigger malignant transformation 

is our way of life. Tobacco consumption, alcohol and obesity all contribute to the development 

of cancer3. In addition to our own behavior pathogens like viruses are reported to cause cancer, 

e.g. Epstein-Barr virus and the human papillomavirus4,5. Environmental factors like UV exposure 

are linked to transformation of normal cells as well6. All of these external and internal influences 

can cause lesions of the DNA more than 10,000 times per day in the genome of a single cell7. 

Most commonly only one strand of the DNA helix is showing defective or mismatched base 

pairing termed as single-strand DNA breaks. However, in more severe cases even double-strand 

breaks can happen. Despite the manifold threats exerted on genome integrity, various repair 

strategies have evolved to guarantee the genetic stability before cancer develops. Single strand 

DNA breaks are repaired throughout the excision of incorrect base pairs mostly by three me-

chanisms: base excision repair, mismatch repair and nucleotide excision repair8310. The more 

severe double strand DNA breaks are either repaired by homologous recombination, using the 

non-damaged homologous chromosome as a template, or the more error prone non-homolo-

gous end-joining, which ligates the broken DNA strand in absence of a template11. In case repair 

mechanisms are overwhelmed or not sufficient anymore, e.g. as associated with age, genetic 

lesions may indeed result in tumor formation. Tumor cells can arise from normal tissue by ge-

netic lesions, e.g. acquired from inherited germline mutations or somatic mutations. Point mu-

tations and inter- and intrachromosomal relocations are frequently found in the genome of 

tumor cells causing the abnormality in cancer12. The type and the extent of those mutations 

are numerous but commonly they drive uncontrolled cell cycle. For example, these mutations 

can result in silencing of tumor suppressor genes, e.g. p53, or generate constitutively active 

signaling molecules like the BCR-ABL fusion protein13,14.  

However, even if cells start to transform, both the innate and the adaptive immune response 

are able to protect against cancer formation, by a mechanism coined immunosurveillance15317. 

Immunosurveillance is extremely important. This is especially evident when immunosurveil-

lance is suppressed by, e.g. drugs. After organ transplantation, for instance, the long-lasting 

immunosuppression in those patients, originally induced to prevent graft rejection, is known to 

result in higher incidences of cancer, thus stressing the potential tumor suppressive role of our 

immune cells18,19. In addition, the importance of anti-cancer immune responses was illustrated 

in cancer patients who were suffering from a viral or bacterial infection and cancer at the same 
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time20,21. One patient diagnosed with Hodgkin lymphoma got infected with the SARS-CoV-2 vi-

rus and after four months the patient went into remission although no corticosteroid or immu-

notherapy was administered. It is assumed that the pneumonia caused by viral infection trig-

gered the patient9s immune system and induced the anti-tumor response20. Although our im-

mune system does in principle provide an effective protection against the occurrence of tumors 

non-immunocompromised individuals are frequently diagnosed with cancer. In 2020 alone, ac-

cording to estimations of the global cancer statistics, 19.3 million new cases of cancer were 

diagnosed22. The processes by which cancer escapes control by the immune system were de-

scribed by Schreiber et al23. The so called tumor immunoediting is divided into three phases: 

elimination, equilibrium and escape. In the elimination phase the innate immune response is 

alarmed by tumor cell-mediated inflammation due to tumor invasiveness and cytokine produc-

tion. A diverse set of immune cells including ³· T cells, NK-cells and macrophages are recruited 

and recognize tumor-related antigens, e.g. MICA or Rae1 via the NKG2D receptor followed by 

IFN-³ secretion23326. IFN-³ is counteracting tumor progression by its antiproliferative, pro-apop-

totic or angiostatic effect on malignant cells27329. Finally, adoptive CD4+ and CD8+ T cells infil-

trate the tumor and induce tumor cell killing, thus amplifying the innate anti-tumor response 

leading to tumor clearance23. In case of an incomplete tumor clearance, malignant cells can 

enter the equilibrium phase. In the equilibrium phase tumor cells that were not eradicated are 

under constant selection pressure by the immune system. Due to the selective pressure ex-

erted by the TME cancer cells acquire mutations to evade the immune response. This leads first 

to clonal expansion of malignant cells and later on to intratumoral heterogeneity. Subse-

quently, transformed cells escape from the tumor suppression30332. In the last phase, tumors 

evade the control of the immune system and show continuous growth. This is achieved by low-

ering the immunogenicity of the tumor due to an accumulation of further mutations in addition 

to the ones that initially drove cancer development, e.g. a loss of MHC I expression, induced 

expression of immune checkpoint molecules like PD-L1 or acquisition of mutations in the trans-

forming growth factor-³ (TGF-³) signaling pathway33335. However, this observation that the im-

mune system has the potential to control tumor development per se resulted in several thera-

peutic strategies aiming to induce or restore immunosurveillance. 
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1.2 New perspectives of cancer therapy  

Over the past years our understanding of cancer improved fundamentally, especially the 

knowledge of the molecular mechanisms leading to its formation, progression and resistance 

to immune control. Based on this increasing knowledge cancer therapy has evolved dramati-

cally. From first chemotherapeutic approaches treating lymphoma with nitrogen mustard to 

personalized patient specific treatment options that combine several layers of immunotherapy 

to elicit a broad immune reaction against cancer, treatment options for patients are constantly 

increasing36,37. The access to better treatment options is reflected in a continuous decrease of 

cancer mortality over the past years38.  

1.2.1 Cancer immunotherapy 

The starting point of today9s immunotherapy was marked by studies of William B. Coley in 1891 

who demonstrated that extracts of bacteria boost the immune response against cancer39. Sub-

sequently, Lewis Thomas and Sir Frank Macfarlane Burnet postulated the hypothesis of cancer 

immunosurveillance40,41. In 1997 the US Food and Drug Administration (FDA) approved the first 

monoclonal antibody for the treatment of malignant B cells, named Rituximab42. The use of 

monoclonal antibodies (mAbs) for targeting cancer by re-directing the patient9s own immune 

system marked the start for a new era of cancer therapeutics. As a next step, the therapeutic 

concept using mAbs was translated to the field of solid cancer. The blocking of the immune 

checkpoint molecule CTLA-4 with Ipilimumab achieved FDA approval in 2011. Ipilimumab ad-

ministration improved long term survival of patients suffering from unresectable or metastatic 

melanoma43,44. In 2014, two additional checkpoint blocking antibodies, pembrolizumab and 

nivolumab both targeting PD-1, were approved for the treatment of melanoma patients45,46. 

The use of both therapeutic agents was continuously expanded to other malignancies, e.g. non-

small-cell lung cancer or head and neck squamous cell carcinoma47,48. Furthermore, it turned 

out that simultaneous targeting of more than one checkpoint pathway was even more benefi-

cial in treating cancer. A combination of CTLA-4 and PD-1 blocking showed promising results in 

several phase III clinical trials and led to FDA approval, e.g. for the treatment of unresectable 

malignant pleural mesothelioma49351. Here, a combination of these antibodies led to prolonged 

overall survival rates compared to the standard of care49. In addition to mAbs, cytotoxic T cells 

were shown to be a promising treatment option for cancer by Chester M. Southam in 196652. 

Leukocytes derived from cancer patients and administered together with their own tumor cells 

were found to induce tumor rejection in his studies52. This adoptive cell therapy (ATC) was de-

veloped further by Rosenberg and colleagues. In particular, tumor infiltrating lymphocytes 

(TILs) were isolated from tumor biopsies and expanded ex vivo in the presence of IL-2 and in-

jected back into the patient9s body. In previously lymphodepleted patients this approach 
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showed a remarkably complete tumor remission in 22 % of metastatic melanoma patients53. 

The lymphodepletion was essential in this therapeutic setting as it led to an increased level of 

IL-7 and IL-15, which promotes the homeostatic proliferation of transferred cells54. However, 

this approach is limited, as it depends on the presence of tumor reactive TILs at sufficient num-

bers for isolation and expansion. To overcome this bottleneck autologous T cells were genet-

ically modified to express recombinant T cell receptors (TCRs) specific for a cancer antigen, e.g. 

NY-ESO-1. Subsequently, the modified T cells are expanded and re-injected into cancer pa-

tients. NY-ESO-1 TCR expressing T cells demonstrated clinical response in patients with mela-

noma and synovial cell sarcoma emphasizing the potential of this method55. 

TILs and TCR transgenic T cell approaches build on the establishment of a highly specific TCR-

MHC-peptide complex as prerequisite for T cell activation. However, one mechanism of tumor 

cells to evade T cell mediated elimination is the silencing of MHC expression. To counteract the 

limitations of TCR based cellular therapy a new class of antibodies was developed. Novel anti-

body generation methods and the use of <knobs-into holes mutations= allowed the production 

of recombinant antibody fragments with two different specificities56. Subsequently, antibodies 

were developed to cross-link cytotoxic T cells with cancer antigens expressed on the cell sur-

face, independent of the T cell9s TCR specificity. The new class of molecules was called bispecific 

T cell engagers (BiTEs). With blinatumomab the FDA approved the first BiTE against B-cell lym-

phoblastic leukemia in 2014, after blinatumomab treatment resulted in event-free survival in 

31 % of treated patients57. A potential disadvantage of BiTEs is that the molecule needs to be 

constantly re-injected to elicit anti-tumor T cell responses and thus, long term protection 

against recurrent malignant cells may be impaired58. However, this bottleneck was overcome 

by a new class of genetically engineered immune cells not occurring in nature. The concept of 

so called chimeric antigen receptor (CAR) expressing T cells and its study in clinical trials led to 

groundbreaking results in cancer therapy. 

1.2.2 CAR T cells in cancer therapy 

Since its first description by Eshhar et al. in 1993 CAR T cell therapy underwent an enormous 

evolution59. Constant improvements in CAR design and CAR manufacturing has led to the FDA 

approval of six CAR T cell therapies so far: Kymriah#, Yescarta#, Tecartus#, Breyanzi®, 

Abecma® and CARVYKTI#60. All currently approved CAR T cell therapies focus on hematological 

malignancies with four of them targeting CD19, whereas Abecma® and CARVYKTI# are target-

ing BCMA in patients with relapsed or refractory multiple myeloma60. Currently more than 650 

CAR T cell trials are registered as recruiting or active, indicating that the CAR T cell therapy will 

possibly be available to more indications in the future (as registered at clinicaltrials.gov, 

28.01.2022). In contrast to previous cancer therapies, CAR T cells provide an option to heavily 

pre-treated patients for which other standard-of-care therapies have already failed. In relapsed 



1 Introduction 

12 

and refractory multiple myeloma patients, who have undergone at least three other treatments 

before, Abecma® demonstrated an overall response rate of 73 % with a median progression 

free survival of 8.8 months61. This impressively shows how CAR T cells can give hope to patients 

who previously had no treatment options left and may explain why CAR T cells have gained 

such an enormous attention in the field of immunotherapy. 

To build a CAR, four structural elements are essential: (1) antigen binding domain, (2) hinge-

region, (3) transmembrane domain and (4) intracellular signaling (Figure 1). 

In most cases the antigen binding domain is a single chain variable fragment (scFv). The scFv 

allows CAR T cells binding to tumor antigens independent of the peptide-MHC complex and 

defines the specificity of the CAR. The scFv does not simply crosslink the CAR with its cellular 

target. Parameters like the position of the epitope, e.g. more proximal or more distal from the 

tumor cell membrane, and binding affinity impact the cytolytic activity as well as persistence of 

CAR T cells. Furthermore, the binding properties of the scFv can be used to discriminate be-

tween healthy and malignant cells62364. Although scFvs are frequently used many other binding 

domains, e.g. nanobodies, receptor ligands or darpins have been evaluated in CAR format65367.  

The binding moiety is followed C-terminally by the hinge region. The hinge domain regulates 

the distance between the CAR T cell and the target cell. The hinge sequence is often derived 

from IgG domains or from endogenous T cell co-receptors, like CD28 or CD8. The composition 

of the hinge region, as well as length and flexibility, were shown to modulate efficacy and per-

sistence of the CAR T cells in vivo68,69. Therefore, the optimal hinge needs to be determined 

Figure 1: Structural differences of TCRs and CARs. 

Processed peptides are presented by MHC molecules expressed on, e.g. tumor cells. The TCR binding of 
native T cells is restricted to the MHC:peptide complex, therefore tumor cells downregulate MHC expres-
sion to evade anti-tumor immune response. The CAR is MHC independent due to its architecture. The CAR  
contains four essential elements: (1) antigen binding domain, (2) hinge, (3) transmembrane domain and (4) 
intracellular signaling. Adapted from Lee, YH. et al. Evolution of chimeric antigen receptor (CAR) T cell ther-
apy: current status and future perspectives. Arch. Pharm. Res. (2019). Illustration created with BioRen-
der.com. 
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empirically, for each CAR and the corresponding target antigen. The CAR complex is anchored 

to the T cell membrane by a transmembrane domain (TM) commonly derived from the native 

CD8³ or CD28 TM receptor sequence. In addition to the anchoring of the CAR the TM can im-

prove CAR T cell responses by incorporating native TCR signaling molecules into the CAR syn-

apse or induce activation independently of intracellular signaling domains70372. 

The endodomain is essential to convert the binding of a tumor cell into CAR T cell activation. 

This structural element of CAR T cells plays a crucial role in CAR T cell functionality as demon-

strated early in the development of CARs. The first generation of CAR T cells was composed of 

CD3³ or CD3· endodomains59. However, those cells showed limited proliferation in vitro and 

limited anti-tumor efficacy in a clinical proof of concept study in patients73,74. This changed with 

the introduction of second generation CAR T cells in which CD3· and CD28 signaling were com-

bined. Those constructs with co-stimulation mediated long term persistence and robust cyto-

kine secretion of CAR T cells75. In third generation CARs different co-stimulatory domains, e.g. 

CD28, 4-1BB, OX-40 or ICOS, were combined to further improve activation76378. In order to har-

ness CAR T cell therapy in solid tumors, additional domains for cytokine production were in-

cluded into the endodomain of CARs to generate fourth generation CARs. The local triggering 

of the CAR induces deposition of, e.g. IL-12 or IL-18, and stimulates the innate anti-tumor re-

sponse in addition to the antigen dependent CAR T cytotoxicity79381. In contrast to previous CAR 

designs, complete activation of native T cells includes cytokine-derived stimulation in addition 

to TCR activation and co-stimulation. The limitation of the missing cytokine engagement by CAR 

T cells was overcome in fifth generation CARs. In the fifth generation of CARs co-stimulatory 

signaling elements have been extended by endodomains of cytokine receptors like IL-21R or IL-

2R to induce JAK-STAT signaling in dependency of CAR engagement. By this architecture CARs 

recapitulate cytokine-derived stimulation and therefore were found to improve the efficacy in 

solid tumors82,83 (Figure 2).  

All of these CAR designs have in common that for any CAR T cell product, once injected into a 

patient, the pharmacological control is limited. Importantly, in contrast to previous cancer 

drugs CAR T cells are living agents capable to proliferate and persist. This makes CAR T cell 

therapy difficult to control in case of severe side effects or after tumor eradication. Therefore, 

adapter CARs (AdCARs) have been developed which combine the features of CAR T cells with 

properties of mAbs. 
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Figure 2: Evolution of CAR design. 

First generation CARs contained only one intracellular signaling motif. In second generation CARs one co-stimula-
tory domain and in third generation CARs two co-stimulatory domains were added to the design of first generation 
CARs. Fourth generation CARs built on the framework of second generation CARs and contained a signaling motif 
to induced cytokine secretion. The fifth generation of CARs was also derived from the second generation design 
and included the intracellular signaling moieties of cytokine receptors to trigger the JAK-STAT signaling pathway. 
Adapted from Tokarew, N., Ogonek, J., Endres, S. et al. Teaching an old dog new tricks: next-generation CAR T 
cells. Br J Cancer (2019). Illustration created with BioRender.com. 
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1.2.3 AdCAR T cells for cancer therapy  

In AdCARs the tumor binding domain and the signaling domains are not covalently linked. Ad-

CAR T cells bind to the tumor cell via an additional adapter molecule which is designed to allow 

tumor cell and AdCAR T cell cross-linking. The adapter controls the specificity of the AdCAR T 

cells and adds an additional layer of control to the therapy as no anti-tumor response is elicited 

in absence of adapter. This principle is comparable with Fc-receptor induced antibody-depend-

ent cell-mediated cytotoxicity (ADCC) of macrophages or NK cells. In the context of immuno-

therapy, ADCC was observed to eradicate patient-derived lymphoma cells with rituximab or in 

breast cancer patients treated with tarstuzumab84,85. Indeed, this ADCC principle has been 

translated to CAR T cells in which Fc receptors, instead of scFvs, were combined with the sig-

naling architecture of 1st generation CARs. This modification allowed to induce ADCC with ge-

netically modified T cells in presence of mAbs86. In additional concepts, AdCARs binding to 

tagged biomolecules and AdCARs binding bispecific molecules were developed. Especially the 

field of tag-specific CARs is extremely diverse. Biotin, FITC, peptide motifs, leucine zipper or spy 

tags have been successfully applied as tag structures coupled to antibodies or fragments 

thereof87391 (Figure 3).  

All AdCAR systems have in common that they offer a safety mechanism in case of severe side 

effect, like CRS or neurotoxicity. The cytolytic activity of AdCAR T cells is dependent on the 

Figure 3: Structural differences of CARs and AdCARs. 

CARs and AdCARs share most of their basic structural elements. The major difference is the binding of the target 
antigen. In contrast to CARs, AdCARs do not bind directly to the tumor cell, since the adapter binding domain of 
the AdCAR is specific for a tagged adapter molecule, rather than for a TAA. The adapter cross-links the AdCAR and 
the tumor cell. Thus, AdCARs show no effector function in absence of adapter, offering a better pharmacologic 
control after AdCAR T cells administration. Adapted from Seitz et al. Novel adapter CAR-T cell technology for pre-
cisely controllable multiplex cancer targeting. OncoImmunology (2021). Illustration created with BioRender.com. 
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adapter concentration, which is in contrast to CAR T cells. Therefore, also side effects are man-

ageable via the dosing of the adapter. A gradual increase of adapter dosing over time starting 

at suboptimal doses of adapter, discontinuation of the adapter injections or withdrawal of the 

adapter injections were demonstrated to limit CRS like symptoms in mice92,93. The improved 

safety profile of AdCARs is a major advantage in comparison to CARs. However, the controlla-

bility of AdCAR T cells significantly depends on the pharmacokinetics of the adapter molecule 

which, e.g. can be modulated by the molecular size of the adapter. Whereas small adapters, 

e.g. nanobodies or scFvs, were shown to be cleared from the blood of mice within minutes 

larger biomolecules like IgGs were found to circulate for days in the blood stream94396. A po-

tential drawback of adapter molecules with a small molecular weight is the need for continuous 

re-dosing to ensure a constant supply of AdCAR T cells with adapter. An additional advantage 

of AdCARs is the option to consecutively target multiple cancer antigens and/or apply Boolean 

logics via mixtures of adapters. This is helpful in solid tumors with heterogenous target antigen 

expression or to antagonize healthy tissue damage when AdCAR-mediated on target-off tumor 

cytotoxicity is observed87,90.  

Since AdCAR T cells are a promising new CAR technology this concept has been already evalu-

ated in clinical trials. CAR T cells using the Fc³RIII as binding moiety have been evaluated in a 

phase I clinical trial in combination with Rituximab as adapter moiety. In this trial an overall 

response rate of 64 % was reported97. Unfortunately, the trial was later on stopped due to 

grade three serious adverse events in one patient98. Nevertheless, clinical trials with other Ad-

CAR systems, e.g. tag specific AdCAR CARs, are planned or currently ongoing99,100. Promising 

intermediated results were reported for three patients suffering from relapsed/refractory 

acute myeloid leukemia treated with UniCAR-T-CD123 cells. The patients received AdCAR T cells 

in combination with a tagged CD123 specific scFv. The investigators reported no dose limiting 

toxicities and only mild side effects. Most importantly, all the patients showed either complete 

or partial remission101. 

As described initially, CAR T cell therapy achieved remarkable success in hematological malig-

nancies. Although numerous improvements in CAR architecture were made and promising re-

sponse rates in clinical trials were observed with CAR T cells in hematologic malignancies such 

results currently have not been achieved in solid tumor settings102. The cellular composition, 

the antigen distribution and accessibility of solid tumors differs substantially from liquid tu-

mors. Especially the microenvironment of solid tumors is highly immunosuppressive and rep-

resent a major obstacle for CAR T cell therapy necessitating novel concepts to advance CAR T 

cell therapies into the field of solid tumor therapy. 
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1.3 Tumor microenvironment of solid cancer 

The tumor mass is made of a heterogenous composition of tumor cells, non-malignant cells, 

structural proteins and soluble molecules. Together, all of these components form the so-called 

TME103,104. All classes of immune cells but also non-immune cells like stromal cells and endo-

thelial cells form a complex and dynamic network around the tumor. The TME and tumor cells 

are in constant exchange via cell-to-cell contacts, the extracellular matrix as well as chemokines 

and cytokines105. The impact of the TME on the tumor has been reported to be manifold and 

can be either anti- or pro-tumorigenic. For instance, infiltrating T cells and dendritic cells (DCs) 

are able to form tertiary lymphoid structures (TLSs) as part of the TME. The organization of such 

structures, which were shown to even contain high endothelial venules, closely resembles a 

lymph node like architecture. Within the TME, a TLS provides space for activation of cytotoxic 

T cells and B cell maturation as proinflammatory cytokines are enriched and cancer immuno-

suppression is absent106,107. In patients, the presence of TLSs was positively correlated with sur-

vival and was predictive for higher responsiveness to immunotherapy108,109. Besides these pro-

inflammatory <hot= TMEs non-tumor reactive <cold= TMEs have been reported, and especially 

glioblastomas stand out as an example110. A non-tumor reactive TME promotes the accumula-

tion of a diverse set of immunosuppressive immune cells including regulatory T cells (Tregs), 

myeloid-derived suppressor cells, tumor-associated macrophages or tumor-associated neutro-

phils106. In addition, a central element of the TME are cancer-associated fibroblasts (CAFs). CAFs 

can represent the majority of cells within the TME. For example, in PDAC up to 90 % of the solid 

tumor can consist of CAFs111. Multiple progenitor cells like quiescent fibroblasts, bone marrow-

derived mesenchymal cells, adipocytes and endothelial cells are able to develop into CAFs1123

114. CAFs are in constant cross-talk with almost all immune cells within the TME and contribute 

to shape the environment as a favorable niche for tumor progression. In particular, CAFs pro-

duce a variety of immunosuppressive signaling molecules, e.g. TGF-³ and IL-6115,116. In this way, 

CAFs contribute essentially to tumor immune evasion by inducing M2 polarization of macro-

phages, suppressing cytotoxic T cells or by promoting the generation of regulatory dendritic 

cells1163118. Furthermore, CAFs are responsible for the deposition of extracellular matrix (ECM) 

molecules and thereby contribute to the remodeling of the ECM. Furthermore, CAFs shape a 

pre-existing ECM by secretion of ECM degrading enzymes, e.g. matrix metalloproteinases 

(MMPs)119,120. As a result, CAFs form a dense and rigid desmoplastic stroma as it can be found 

in PDAC121.  

The ECM is a central structure within the TME made of numerous proteins, e.g. collagen, hya-

luronic acid or heparan sulfate103. Exactly like the TME, the ECM is a dynamic and patient spe-

cific structure that has been shown to even allow prediction of the disease outcome of breast 

cancer patients122. The ECM, as a component of the TME, provides proliferative signaling to 

malignant cells, helps to avoid immune destruction and is involved in tumor vascularization. All 
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of these characteristics belong to a group of central properties Hanahan and Weinberg classi-

fied as hallmarks of cancer that need to be acquired by malignant cells to enable tumor for-

mation. This underlines further the importance of the ECM, and the TME in general, for tumor 

formation1233125. The ECM protects the tumor from cytotoxic immune cell infiltration. Dense 

and aligned collagen fibers have been shown to reject lymphocytes from entering encapsulated 

tumor cells by determining the trajectory migration of T cells126. However, due to its composi-

tion the ECM does not only restrict the access of T cells to the tumor, in addition it recruits 

immunosuppressive cell types. Tumor associated macrophages (TAMs), for instance, are at-

tracted by ECM areas rich in hyaluronic acid and then modulate neovascularization to promote 

tumor growth127. The example of hyaluronic acid shows that the ECM is also providing survival 

stimuli directly to malignant cells, since tumor cells bind hyaluronic acid via CD44 to activate 

downstream signaling of several kinases. This interaction actively contributes to tumor prolif-

eration and invasion128,129. A similar mechanistic relation is described for cancer cell-expressed 

integrins engaging the ECM, as the ECM does provide stimulatory ligands for integrins. Integrins 

are an inevitable class of receptors of malignant cells to interact with the ECM. An integrin is 

assembled by pairing of an ³ and ³ chain. Through the combination of the 18 ³ and 8 ³ subunits, 

24 different receptors can be made, binding to different ECM components like fibronectin, vit-

ronectin or collagen130,131. 

Integrins support tumor progression and survival by, e.g. contributing to chemo- and immuno-

therapy resistance or by providing immunosuppressive cytokines within the TME. The integrin 

³1 expressed on small cell lung carcinoma cells and PDAC, e.g. induces activation of tyrosine 

kinases, thus mitigating the cytotoxic effect of chemotherapeutics132,133. Furthermore, integrin 

³1 is linked to counteract the therapeutic effect of the Her-2 targeting monoclonal antibody 

Trastuzumab134. Integrins are also involved in the localization and concentration of growth fac-

tors within the TME. One important example in this context is TGF-³ which is anchored to the 

ECM in its inactive form. However, this immunosuppressive molecule can be activated via an 

interaction of, e.g. integrin ³v³6 or ³v³8 binding to an RGD motif of TGF-³ resulting in soluble 

active TGF-³135,136. 

Overall, the TME is an essential element of solid tumors with multiple cellular and molecular 

components, and one prominent example is TGF-³. 
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1.4 The role of TGF-³ in the TME 

A tight regulation of cellular processes like proliferation, differentiation or apoptosis is required 

for an organism to maintain functional integrity. One regulatory element that is involved in 

orchestrating these processes is TGF-³. Almost all classes of immune cells as well as stromal 

cells are susceptible to TGF-³. Depending on the context, TGF-³ is able to both stimulate certain 

cell types and inhibit functions of others. This dual role was described by Anita B. Roberts in the 

1980s as TGF-³ was found to induce collagen secretion by fibroblasts but also to suppress 

growth of human tumor cells137,138. Because of this bi-functionality and the fact that TGF-³ and 

its signaling pathways are prone to mutations in cancer TGF-³ is of high interest in cancer im-

munotherapy. 

1.4.1 Structure and secretion of TGF-³ 

As first step TGF-³ is synthesized as a pre-pro-peptide located in the endoplasmic reticulum, 

consisting of the N-terminal latency associated peptide (LAP) and the C-terminal TGF-³. LAP 

and TGF-³ are subsequently cleaved by furin proteases and re-assemble non-covalently to form 

the small latent complex (SLC). The SLC consists of the dimeric LAP non-covalently linked to the 

also dimeric mature TGF-³. LAP is required for correct folding of TGF-³, as in absence of LAP no 

active TGF-³ is formed1393141. In addition, LAP wraps around TGF-³ and blocks the receptor 

binding sites to keep TGF-³ in its latent form142. The SLC can further associate with ECM an-

choring proteins during the secretion process in the endoplasmic reticulum143. Most frequently 

the SLC is bound covalently to latent TGF-³ binding proteins (LTBPs) via disulfide bonds be-

tween LAP and LTBP. The formed complex is termed large latent complex (LLC). The LLC is sub-

sequently secreted and can be tethered to the ECM by, e.g. fibronectin or collagen. This an-

choring to the ECM is crucial for later activation and release of active TGF-³ (Figure 4)139,144,145. 

In addition to LTBP a few specialized SLC binding partners exist, e.g. for Tregs or macrophages. 

On Tregs the SLC is bound and presented on the cell surface by glycoprotein A repetitions pre-

dominant protein (GARP) which is furthermore predictive for the degree of immunosuppres-

sion of these cells146,147. Another specialized SLC binding partner is the Leucine-Rich Repeat-

Containing Protein 33 (LRRC33). LRRC33 is essential for activation of TGF-³ presented on mac-

rophages or microglia. The different binding partners are assumed to allow differential spatial 

activation of TGF-³148,149. 

Three different isoforms of TGF-³ exist. However, the secretion and maturation process is 

shared between all isoforms of the beta-type subfamily members. The beta-type subfamily of 

mammals is composed of the isoforms TGF-³1, TGF-³2 and TGF-³3, which share 71-79 % of 

sequence homology within the active part of TGF-³150. In contrast to the active part, the inac-

tive part of TGF-³ is less conserved between the isoforms, showing only 36-51 % sequence 
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identity150. Despite this high sequence similarity the different isoforms exert specific functions 

in vivo which is associated with differences in the LAP sequence151. For example during 

keratinocyte differentiation isoforms two and three are more related to the proliferation of 

keratinocytes, whereas isoform one is upregulated during differentiation152. Isoform specific 

functionality was also described during wound healing. An excess of isoform three compared 

to isoforms one and two was described to induce scar free wound healing153. In the context of 

cancer, it was described that tumors of different origin display a unique TGF-³ isoform signa-

ture, further highlighting the isoform specific functionality in vivo154. 

Besides cancer cells themselves, a broad spectrum of cells is described to secrete TGF-³155. This 

includes immune cells like T cells, B cells, DCs, TAMs and granaulocytes1563160. In addition, stro-

mal cells as CAFs and platelets were reported to be major sources of TGF-³ in the context of 

cancer161,162. Finally, to carry out its biological function, TGF-³ needs to be released from LLC 

by removing it from LAP.  

1.4.2 TGF-³ activation and downstream signaling  

The conversion of latent TGF-³ into its active form can be mediated by an acidic pH, an enzy-

matic reaction or an interaction of the LLC with integrins135,163,164. For the later, the RGD motif 

of LAP plays an important role to convert inactive latent TGF-³ into active TGF-³. This motif 

serves as a binding site for integrins, e.g. ³¿³6 and ³¿³8. Upon binding to LAP integrin ³¿³6 

applies a physical force to the LLC as the integrin ³-chain interacts with the contracting actin 

cytoskeleton. Since the LLC is covalently attached to the ECM by, e.g. LTBP the integrin-medi-

ated force induces a deformation of the latent complex and a subsequent release of active TGF-

³165,166. In contrast to the physical force needed for integrin ³¿³6-dependent TGF-³ activation, 

it is postulated that ³¿³8 in contrast acts with MMP14 to release active TGF-³, representing an 

interplay between enzymatical and non-enzymatical activation processes167. Upon release from 

the LLC active TGF-³ initiates intracellular signaling by binding to four receptors: TGF-³ receptor 

I (T³RI or ALK-5), activin receptor-like kinase 1 (ALK-1), TGF-³ receptor II (T³RII) and TGF-³ re-

ceptor III (T³RIII). Whereas T³RI, T³RII and T³RIII are widely expressed, ALK-1 expression is 

more restricted to, e.g. endothelial cells, skin fibroblasts or microglia1683173. In general, intracel-

lular signaling is mediated via T³RI and T³RII. In detail, active TGF-³ binds and multimerizes 

T³RII and induces a phosphorylation of T³RI174,175. T³RIII is described to act as a co-receptor 

with contrary mechanistic outcomes. T³RIII is described to improve the binding of TGF-³2 to 

the T³RII, thus enhancing the signaling176. However in MDA-MB231 cells T³RIII was found to 

compete with T³RI/II complex formation, thus lowering TGF-³ induced signaling177. In general, 

the multimeric receptor signaling complex consisting of homodimeric T³RII and homodimeric 

T³RI can either induce the canonical signaling pathway or the non-canonical signaling path-

way178. For canonical pathway activation the receptor complex induces the phosphorylation of 
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Smad proteins leading to translocation of the Smad complex to the nucleus to induce gene 

expression179. In addition to Smad dependent signaling TGF-³ interacts with several other non-

canonical pathways related to growth and survival, e.g. NF-»B or the AKT/PKB pathway180,181. 

Since TGF-³ can trigger a large portfolio of signaling pathways it can also exert a broad spectrum 

of biological functions within the TME (Figure 4). 

1.4.3 TGF-³ and its role in tumor biology 

In tumor biology, TGF-³ has been described to act as a tumor suppressor at onset but may 

convert later into a tumor promoter enhancing immune evasion. Under physiological condi-

tions, TGF-³ acts as a negative regulator of cell cycle progression by inhibiting cyclin-dependent 

kinases via p15INK4B and p21CIP1 and thus preventing uncontrolled proliferation182,183. In the 

course of cancer progression, tumor cells can accumulate mutations within the TGF-³ signaling 

Figure 4: Secretion and activation of latent TGF-³. 

TGF-³ is secreted non-covalently attached to LAP forming the SLC. LAP keeps TGF-³ in an inactive latent from and 
anchors the SLC to ECM binding proteins like LTPB building the LLC. The LLC tethers the complex to the ECM for 
subsequent activation of TGF-³: (1) Integrins like ³¿³6 bind the RGD motif of LAP. (2) By applying physical force to 
the LLC active TGF-³ is released. (3) Active TGF-³ binds T³RII causing dimerization of the receptor. (4) This induces 
phosphorylation and multimerization of T³RI forming a larger T³RI/T³RII signaling complex. Next, the receptor 
complex phosphorylates Smad proteins. (5) Finally, the phosphorylated Smad proteins translocate into the nucleus 
and exerting gene expression. Adapted from Robertson et al. Latent TGF-³-binding proteins. Matrix Biology (2015) 
and Kubiczkova et al. TGF-³ 3 an excellent servant but a bad master. Journal of Translational Medicine (2012). 
Illustration created with BioRender.com. 
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pathway, which make the malignant cells resistant to cell cycle regulation by TGF-³. A fre-

quently found mutation in the TGF-³ signaling pathway of PDAC causing TGF-³ resistance is 

resulting in inactivation of Smad4 or loss of Smad4 expression. In addition, mutations of T³RI 

and T³RII are described as well184,185. TGF-³ is also involved in the epidermal-to-mesenchymal 

transition (EMT)186. During EMT cells lose the expression of epithelial markers but upregulate 

e.g. fibronectin expression which is a classical mesenchymal marker186. Furthermore, cells re-

duce cell-to-cell contacts and lose the typical apical-basal polarity. This enhances the motility 

of cancer cells and the potential to form metastases187. Furthermore, in PDAC EMT is linked to 

chemoresistance, whereas in other cancers like endometrial carcinomas an increased invasive-

ness is related to EMT188,189. 

Importantly, TGF-³ not only acts directly on cancer cells as TGF-³ also orchestrates immune 

evasion by modulating almost all immune cell subsets involved in anti-tumor immunology. NK 

cells, for example, show reduced activity in presence of TGF-³ due to a variety of inhibited pro-

cesses mediated by TGF-³, e.g. suppression of IFN-³ secretion, blockade of IL-15 downstream 

signaling crucial for proliferation, or by downregulation of expression of NK cell receptors that 

mediate sensing of malignant cells1903192. As already described, DCs are key to elicit T cell me-

diated anti-tumor response as those cells are responsible for presenting cancer antigens to 

cytotoxic T cells. In presence of TGF-³, however, this central function of DCs is impaired. In 

addition, TGF-³ drives the development of immature immunosuppressive DCs193,194. Besides 

dampening the innate immune response, TGF-³ is highly suppressive to cells of the adaptive 

immune response as well. In T cells TGF-³ lowers the calcium influx upon T cell receptor (TCR) 

stimulation, thus impairing the Th1 and Th2 differentiation. Calcium influx is occurring early in 

the signaling cascade following TCR or CAR activation. As a result, TGF-³ signaling in T cells 

suppresses key effector functions like IFN-³, IL-2 or granzyme production1953197. Furthermore, 

and dependent on its local concentration within the TME, TGF-³ and IL-2 can induce the differ-

entiation of T cells into immunosuppressive Tregs
198,199. Tregs, in turn, are a central source of TGF-

³, and the presence of this cell type after chemotherapy is negatively correlated with the overall 

survival of patients suffering from PDAC200. In sum, TGF-³ is fundamentally involved in cancer 

development and progression, which makes this multi-faceted molecule and its underlying sig-

naling pathways attractive targets in cancer therapy. 

1.4.4  Targeting TGF-³ in cancer therapy 

Since TGF-³ is involved in many processes promoting cancer progression several therapeutic 

approaches were investigated in clinical trials, e.g. neutralizing antibodies, ligand traps, siRNAs, 

small molecules or vaccines2013205. 

Bintrafusp alfa is a chimeric fusion protein composed of the T³RII and a monoclonal PD-L1 

antibody. This bifunctional molecule has been reported to combine TGF-³ neutralization with 
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prevention of checkpoint inhibition206. For instance, Bintrafusp alfa showed promising results 

in a phase I clinical trial with patients suffering from NSCLC with an overall response rate of 

approx. 21 %. Nevertheless, the future of this drug is unclear due to setbacks observed in recent 

clinical trials. The defined primary objective of overall survival was not reached which led to a 

discontinuation of the study207. Belagenpumatucel-L belongs to the group of cancer vaccines. 

This therapeutic agent is made of four engineered human NSCLC cell lines. The human cancer 

cells were irradiated and express the TGF-³2 antisense gene to shut down TGF-³ expression 

and prevent immunosupression208. In a phase II study with patients suffering from NSCLC, 

Belagenpumatucel-L treated cohorts showed an improved survival. Moreover, in responding 

patients enhanced secretion of proinflammatory cytokines was observed205. Efficacy of 

Belagenpumatucel-L was already tested as a maintenance therapy in a phase III clinical study, 

including stage IV NSCLC patients. Unfortunately, no differences in the overall survival were 

observed with regard to the total patient cohort in comparison to the placebo-treated control 

cohort. However, in patients receiving the vaccine not later than twelve weeks after initial 

chemotherapy or in patients who underwent radiation before, the vaccine led to prolonged 

patient survival. This clinical trial stresses the potential of TGF-³ in cancer therapy209.  

In the development of an effective TGF-³ targeting drug neutralizing antibodies appear to be 

an alternative and promising approach. One example is NIS793 which binds and neutralizes 

TGF-³ and received orphan drug designation by the FDA for the treatment of PDAC. Future 

phase III clinical trials may show whether this treatment strategy can result into regular market 

authorization of NIS793 for treating PDAC210,211. 

In addition, the inhibition of TGF-³ signaling in combination with adoptive cellular therapy was 

shown to be an interesting emerging therapeutic concept in the treatment of cancer212,213. In 

a phase I clinical trial, T cells specific for Epstein-Barr virus related proteins were modified to 

express a dominant negative T³RII and used to treat relapsed Hodgkin lymphoma. The modified 

T cells induced a clinical response in four out of seven patients enrolled to the study. Interest-

ingly, modified T cells showed expansion in blood even without a lymphodepletion prior to in-

fusion214. Overall, these data demonstrate that TGF-³ and its signaling pathways are interesting 

targets to improve cancer therapy and targeting TGF-³ may even enhance the efficacy of adop-

tive cellular therapies in solid cancers. Nevertheless, the clinical translation appears challenging 

and necessitates further investigation in the future. 
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2. Materials 

2.1 Kits 

Table 1: Ready to use kits 

Kit Application Supplier 

NucleoSpin Plasmid (NoLid), 

Mini kit 

DNA preparation Macherey-Nagel, Düren, GER 

ZymoPURE II Plasmid Midiprep 

Kit 

DNA preparation Zymo Research Corporation, Irvine, US 

NucleoBond Xtra Maxi EF, Maxi 

kit for endotoxin-free plasmid 

DNA 

DNA preparation Macherey-Nagel, Düren, GER 

Pan T cell isolation kit T cell isolation Miltenyi Biotec, Bergisch Gladbach, GER 

MACSelect# LNGFR system T cell enrichment Miltenyi Biotec, Bergisch Gladbach, GER 

LEGEND MAX# Human Latent 

TGF-³ ELISA Kit 

ELISA BioLegend, San Diego, US 

MACSPlex Cytokine 12 Kit, hu-

man 

Cytokine multiplex assay Miltenyi Biotec, Bergisch Gladbach, GER 

Tumor Dissociation Kit human Dissociation of s.c. tumor 

xenografts  

Miltenyi Biotec, Bergisch Gladbach, GER 

2.1.1 Buffers and reagents  

Table 2: Reaction buffers and reagents 

Buffer/Reagent Application Supplier 

MACS® BSA Stock Solution Flow cytometry/Cell sepa-

ration 

Miltenyi Biotec, Bergisch Gladbach, GER 

CliniMACS PBS/EDTA Buffer Flow cytometry/Cell sepa-

ration 

Miltenyi Biotec, Bergisch Gladbach, GER 

Dimethyl sulfoxide (DMSO) Cryopreservation Sigma-Aldrich, St. Louis, US 

InsideFix solution Flow cytometry Miltenyi Biotec, Bergisch Gladbach, GER 

MACSQuant bleach solution Flow cytometry Miltenyi Biotec, Bergisch Gladbach, GER 

MACSQuant running buffer Flow cytometry Miltenyi Biotec, Bergisch Gladbach, GER 

MACSQuant storage solution Flow cytometry Miltenyi Biotec, Bergisch Gladbach, GER 

MACSQuant washing solution Flow cytometry Miltenyi Biotec, Bergisch Gladbach, GER 
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Buffer/Reagent Application Supplier 

Pancoll Cell separation Pan-Biotech, Aidenbach, GER 

NaHCO3 Conjugation Sigma-Aldrich, St. Louis, US 

EZ-Link# NHS-LC-LC-Biotin Conjugation Thermo Fisher Scientific, Waltham, US 

Gibco# PBS, pH 7,2 Conjugation/Cell culture Thermo Fisher Scientific, Waltham, US 

Accutase® Cell Detachment Solu-

tion 

Cell culture BioLegend, San Diego, US 

Polyethylenimine, MW 25,000 

(PEI) 

Lentivirus production Polysciences, Warrington, US 

Sodium butyrate Lentivirus production Sigma-Aldrich, St. Louis, US 

CliniMACS® Formulation Solu-

tion 

Cryopreservation Miltenyi Biotec, Bergisch Gladbach, GER 

Cryo Supplement 3x Cryopreservation Miltenyi Biotec, Bergisch Gladbach, GER 

MACSQuant® calibration beads Flow cytometry Miltenyi Biotec Bergisch Gladbach, GER 

Albumin (Human) 25 % Flow cytometry/Cell sepa-

ration 

Octapharma, New York, US 

Recombinant Human LAP (TGF-

beta 1) Protein 

Co-culture assay R&D Systems, Minneapolis, US 

Isoflurane Anesthesia of mice Zoetis, New Jersey, US 

Human intravenous immuno-

globulin (IVIG) 

Fc-receptor blocking/ la-

tent TGF-³ 

Takeda, Tokyo, JPN 

D-Luciferin, Potassium Salt In vivo imaging GoldBio, St Louis, US 

Red blood cell lysis buffer Ex vivo analysis Miltenyi Biotec Bergisch Gladbach, GER 

autoMACS® Running Solution Ex vivo analysis Miltenyi Biotec Bergisch Gladbach, GER 

OCT mounting medium Immunohistochemistry VWR, Radnor, US 

Inside Fix Immunohistochemistry Miltenyi Biotec Bergisch Gladbach, GER 

Permeabilization Solution Immunohistochemistry Miltenyi Biotec Bergisch Gladbach, GER 

Antibody Staining Solution Immunohistochemistry Miltenyi Biotec Bergisch Gladbach, GER 

DAPI Immunohistochemistry Sigma-Aldrich St. Louis, US 

Fluoromount# Aqueous Mount-

ing Medium 

Immunohistochemistry Sigma-Aldrich St. Louis, US 

Cover glasses for slipping equip-

ment, Menzel Gläser 

Immunohistochemistry VWR, Radnor, US 

Adhäsionsobjektträger, Super-

Frost® Plus 

Immunohistochemistry VWR, Radnor, US 
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Buffer/Reagent Application Supplier 

Hoechst Cyclic fluorescent imaging Sigma-Aldrich, St. Louis, US 

7-AAD Flow cytometry Miltenyi Biotec Bergisch Gladbach, GER 

Propidium Iodide Flow cytometry Miltenyi Biotec Bergisch Gladbach, GER 

2.1.2 Cell culture media and supplements for eukaryotic cells 

All cell culture media and supplements were purchased as sterile solutions. Reagents were 

stored according to manufacturer9s protocol. 

Table 3: Cell culture media for eukaryotic cells 

Medium Supplier 

DMEM high glucose w/ L-glutamine w/ sodium pyruvate Biowest Nuaillé, FR 

RPMI 1640 w/o L-glutamine Biowest Nuaillé, FR 

TexMACS GMP Medium Miltenyi Biotec Bergisch Gladbach, GER 

Table 4: Cell culture supplements for eukaryotic cells 

Supplement Supplier 

L-glutamine 200 mM Lonza Basel, CHE 

FBS-Maximus Catus Biotech Tutzing, GER 

MACS® GMP Recombinant Human IL-7 Miltenyi Biotec Bergisch Gladbach, GER 

MACS® GMP Recombinant Human IL-15 Miltenyi Biotec Bergisch Gladbach, GER 

T Cell TransAct#, human Miltenyi Biotec Bergisch Gladbach, GER 

MACS® GMP T Cell TransAct# Miltenyi Biotec Bergisch Gladbach, GER 
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2.1.3 Cell culture media and supplements for prokaryotic cells 

The ingredients were dissolved under constant steering in deionized water. Prior to steriliza-

tion, the pH was adjusted to 7.5 by adding 1 M NaOH (Roth, Karlsruhe, GER) to the solution. 

Table 5: Culture medium for prokaryotic cells 

Medium Ingredient Supplier 

Lysogeny broth( LB) medium liquid 10 g/L NaCl Roth, Karlsruhe, GER 

5 g/L Veggie Yeast Extract Merck, Darmstadt, GER 

10 g/L Veggie Peptone Merck, Darmstadt, GER 

LB medium solid 10 g/L NaCl Roth, Karlsruhe, GER 

5 g/L Veggie Yeast Extract Merck, Darmstadt, GER 

10 g/L Veggie Peptone Merck, Darmstadt, GER 

15 g/L LB Agar Roth, Karlsruhe, GER 

SOC medium ready to use NewEngland BioLabs, Ipswich, US 

The ingredients were dissolved in ddH2O and filtered through a PVDF-filter (Merck, Darmstadt, 

GER) with a pore size of 0.22 µm. The stock solution was stored at -20 °C. 

Table 6: Cell culture supplements for prokaryotic cells 

Supplement Ingredient Dilution Supplier 

Antibiotic ampicillin Ampicillin 100 mg/mL 1:1000 Roth, Karlsruhe, GER 

Antibiotic kanamycin Kanamycin 50 mg/mL 1:1000 Sigma-Aldrich, St. Louis, US 

2.1.4 Cell lines 

Table 7: Cell lines and culture conditions 

Cell line Application Culture medium Reference 

HEK293 T Lentiviral vector production DMEM, 10 % FCS ATCC CRL-3216 

SUP-T1 Titration of lentiviral vectors RPMI, 10 % FCS, 2 mM L-glutamine, ATCC CRL-1942 

AsPC-1 WT Target cell line in vitro and in 

vivo 

RPMI, 10 % FCS, 2 mM L-glutamine, Daniel Schaefer 215 

AsPC-1-TGF Target cell line in vitro and in 

vivo 

RPMI, 10 % FCS, 2 mM L-glutamine, This work 
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2.1.5 Plasmids 

Table 8: Plasmids 

 

A schematic representation of the AdCAR constructs used in this thesis is shown (Figure 5).  

  

ID Description Reference 

pMDG CMV promotor, VSV-G Addgene 

pCMVdR8.74 CMV promotor, gag, pol, rev, RRE Addgene 

MB_TV_LPC_701_050 (AdCAR1) RRE, 5'LTR, 3' sin LTR PGK promotor, IL22RA2 

leader LLE-CAR (scFV: h Bio3-3.18E7), 

hIgG4hinge, CD8 TM, CD28 and 4-1BB, CD3 ·, 

P2A, LNGFR 

Miltenyi Biotec 

MB_TV_LTG701_115 (AdCAR2) RRE, 5'LTR, 3' sin LTR, EF-1³ IL22RA2 leader LLE-

CAR (scFV: Bio2_4G10), hIgG4hinge, CD8 TM, 

CD28 and 4-1BB, CD3 · 

Miltenyi Biotec 

pGF-NFAT RRE, 5'LTR, 3' sin LTR, 4xhNFAT-AP-1 binding site, 

CMV minimal promotor, cop GFP, T2A, Luciferase 

System Bioscience 

Figure 5: Illustration of AdCAR constructs. 

Both AdCARs contained an IL22RA2 signal peptide (SP), a human IgG4 hinge and a human CD8 transmembrane 
region. The AdCARs were 3rd generation CARs, with a CD28 and a 4-1BB intracellular signaling domain. The biotin-
specific scFv of AdCAR1 was derived from the antibody clone hBio3-3.18E7, whereas the biotin-specific scFv of 
AdCAR2 was derived from the antibody clone Bio2 4G10. As a transduction marker and as a tag for enrichment 
the AdCAR1 construct included a truncated LNGFR, separated via a P2A element downstream of the CAR se-
quence.  
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2.1.6 Antibody-conjugates used for cyclic fluorescent imaging and flow cytometry 

Antibody conjugates were obtained from Miltenyi Biotec (Bergisch Gladbach, GER), with the 

exception of CD274, TCF1 (BioLegend, San Diego, US) and MECA79 (eBioscience, Waltham, US). 

Table 9: Antibody conjugates used for cyclic fluorescent imaging 

Specificity Conjugate Dilution 
factor 

Clone Specificity Conjugate Dilution factor Clone 

CD3 PE 50 BW264/56 CD163 PE 50 REA812 
LAP PE 50 CH6-17E5.1 CD22 PE 10 REA340 

CD274 PE 50 29E.2A3 CD26 PE 10 FR10-
11G9 

TCF1 PE 50 7F11A10 CD21 PE 10 HB5 
CD272 PE 50 REAL858 CD80 PE 50 REA661 

CD4 PE 50 REA623 CD83 PE 50 REA714 
CD8 PE 10 BW135/80 CD86 PE 50 REA968 

CD69 PE 50 REA824 CD34 PE 50 REA1164 
CD39 PE 10 REA739 CD40 PE 50 REA733 

CD279 PE 50 PD1.3.1.3 CD64 PE 50 REA978 
CD103 PE 50 REA803 CD31 PE 50 REA730 
CD366 PE 50 REA635 CD11a PE 50 REA378 

Ki67 PE 50 REA183 CD150 PE 10 REA299 
CD137 PE 10 REA756 CD11c PE 10 REA618 
CD101 PE 50 REA954 CD154 PE 10 REA238 
CD25 PE 10 REA945 CD141 PE 10 REA674 

CD278 PE 50 REA192 CD183 PE 10 REA232 
CD161 PE 10 REA631 CD196 PE 10 REA190 
CD244 PE 10 REA112 CD1c PE 10 REA694 
CD57 PE 10 REA769 CD235a PE 10 REA175 
CD38 PE 10 REA572 KLRG1 PE 10 REA261 

HLADR PE 10 REA805 IgM PE 10 PJ2-22H3 
CD152 PE 50 REA152 IgA PE 10 IS11-8E10 

CD9 PE 10 SN4 C3-3A2 IgD PE 50 REA740 
CD7 PE 10 CD7-6B7 CD79a PE 50 REA1142 

CD159a PE 10 REA110 CCR10 PE 50 REA326 
CD49a PE 50 REA1106 CD53 PE 10 REA259 
CD357 PE 10 REA1007 CD58 PE 10 TS2/9 
CD134 PE 10 REA621 CD273 PE 10 REA985 
CD162 PE 10 REA319 HLADQ PE 50 REA303 
CD45 PE 10 REA747 HLAABC PE 10 REA230 
CD20 PE 10 REA780 CD52 PE 10 REA164 
CD19 PE 50 REA675 CD54 PE 10 REA266 
CD56 PE 50 REA196 CXCL10 PE 10 REA334 
CD15 PE 50 VIMC6 CD5 PE 10 UCHT2 
CD68 PE 10 REA886 TNF³ PE 10 REA656 

CD138 PE 10 REA929 CD102 PE 10 REA878 
CD14 PE 10 REA599 CX3CR1 PE 50 REA385 
CD62L PE 10 REA615 CD107a PE 10 REA792 
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Specificity Conjugate Dilution 
factor 

Clone Specificity Conjugate Dilution factor Clone 

CD45RO PE 10 REA611 CD197 PE 10 REA108 
CD45RA PE 10 T6D11 Vimentin PE 10 REA409 

CD27 PE 10 M-T2T1 TSPAN8 PE 10 REA443 
CD28 PE 50 REA612 FoxP3 FITC 10 REA1253 

LIF PE 10 REA350 MECA79 FITC 50 MECA-79 
CD24 PE 10 REA832 CD66b FITC 10 REA306 
CD10 PE 50 REA877 CD11b FITC 10 REA713 

CD105 PE 50 43A4E1 CD103 FITC 50 REA803 
CD90 PE 50 DG3 CD326 FITC 50 REA764 

Antibodies for flow cytometry were obtained from Miltenyi Biotec (Bergisch Gladbach, GER), 

with the exception of Fibronectin and Goat anti-Rab-bit IgG (H+L) which were obtained from 

Thermo Fisher Scientific (Waltham, US). 

Table 10: Antibody conjugates used for the characterization of cellular composition via flow cytometry  

Specificity Conjugate Clone Dilution factor Application 

CD45 VioBlue REA747 50 

Cellular composition 
 

CD4 VioGreen REA623 50 

CD3 FITC REA613 50 

CD16 PE REA423 50 

CD56 PE REA196 50 

CD20 PE-Vio770 REA780 50 

CD14 APC REA599 50 

CD8 APC-Vio770 REA734 50 

Table 11: Antibody conjugates used for the characterization of transduction efficacy via flow cytometry 

Specificity Conjugate Clone Dilution factor Application 

CD45 VioBlue REA747 50 

Transduction efficacy 

CD4 VioGreen, APC REA623 50 

CD3 FITC REA613 50 

CD8 APC-Vio770, PE REA734 50 

LNGFR PE, APC REA844 50 

Biotin PE in house 50 
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Table 12: Antibody conjugates used for the characterization of T cell activation via flow cytometry 

Specificity Conjugate Clone Dilution factor Application 

CD45 VioBlue REA747 50 

Ex vivo and in vitro T cell activation 

CD4 VioGreen REA623 50 

CD8 APC-Vio770 REA734 50 

LNGFR PE REA844 50 

EpCAM FITC REA764 50 

CD25 PE-Vio770 REA570 50 

CD137 APC REA765 50 

CD69 VioBlue REA824 50 In vitro T cell activation 

Table 13: Antibody conjugates used for immunohistochemistry 

Specificity Conjugate Clone Dilution factor Application 

CD4 APC REA623 50 

Immunohistochemistry 

CD8 PE REA734 50 

LNGFR PE, APC REA844 50 

EpCAM FITC REA764 50 

Fibronectin / PA5-

29578 

200 

CD31 PE REA730 50 

LAP APC REA1214 50 

REA Isotype control PE, APC, FITC REA293 50 

Goat anti-Rabbit IgG (H+L) Alexa Fluor Plus 488 A32731 200 

Table 14: Antibody conjugates used for the characterization of T cell exhaustion via flow cytometry 

Specificity Conjugate Clone Dilution factor Application 

CD45 VioBlue REA747 50 

Ex vivo T cell exhaustion 

CD4 VioGreen REA623 50 

CD8 APC-Vio770 REA734 50 

LNGFR PE REA844 50 

LAG3 FITC REA351 50 

PD-1 PE-Vio770 REA1165 50 

TIM3 APC REA635 50 
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2.1.7 Consumables 

Table 15: Consumables 

Item Supplier 

Disposable PD-10 Desalting Column GE Healthcare, Chicago, US 

T75 culture flask Corning, New York, US 

T175 culture flask Corning, New York, US 

CellSTACK® Culture Chambers (CF2 or CF5) Corning, New York, US 

Filter unit 0.45 µm Merck Millipore, Burlington, US 

96-well U-bottom plate Corning, New York, US 

96-well flat-bottom plate Corning, New York, US 

24-well plate Corning, New York, US 

50 mL flacon tube Corning, New York, US 

LS-column Miltenyi Biotec, Bergisch Gladbach, GER 

Tubing set TS520 Miltenyi Biotec, Bergisch Gladbach, GER 

CliniMACS® CD4 and CD8 reagent Miltenyi Biotec, Bergisch Gladbach, GER 

Transfer bag 20 mL Miltenyi Biotec, Bergisch Gladbach, GER 

Cryo vial 1.5 mL Thermo Fisher Scientific, Waltham, US 

Transferbag 600 mL TERUMO CORPORATION, Tokyo, JPN 

CryoMACS® Freezing Bag 500 Miltenyi Biotec, Bergisch Gladbach, GER 

Syringe 50/5 mL Becton Dickinson, New Jersy, US 

6-well plate Corning, New York, US 

HTS Transwell-96 Permeable Support Merck, Darmstadt, GER 

SMUC IVIC CAGE TECNIPLAST, Hohenpeißenberg, GER 

Syringe BD Micro-Fine#+ 29G for s.c. Becton Dickinson New Jersy, US 

Systinge BD Plastipak 27G for i.v. Becton Dickinson New Jersy, US 

Heparin coated capillary tubes Roche, Basel, CHE 

Microvette EDTA coated Sarstedt, Nürmbrecht, GER 

gentleMACS# C Tubes Miltenyi Biotec, Bergisch Gladbach, GER 

30 µm cell strainer Miltenyi Biotec, Bergisch Gladbach, GER 

Glass slide 24-well format Zell-Kontakt, Nörten-Hardenberg, GER 

24-well no-bottom plate Zell-Kontakt, Nörten-Hardenberg, GER 

96-well U-bottom plate LVL technologies, Crailsheim, GER 
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Item Supplier 

MACSPlex filter plate Miltenyi Biotec, Bergisch Gladbach, GER 

Microcentrifuge tubes STARLAB, Hamburg, GER 

NALGENE Cryogenic vials Thermo Fisher Scientific, Waltham, US 

2.1.8 Instruments 

Table 16: Devices 

Device Name Supplier 

Thermomixer Eppendorf ThermoMixer® C Eppendorf, Hamburg, GER 

Incubator Brutschrank IN75 Memmert, Schwabach, GER 

Centrifuge Centrifuge 5424 R Eppendorf, Hamburg, GER 

Centrifuge Multifuge X3R Heraeus Instruments, Hanau, GER 

Incubator  ISF1-X Adolf Kühner, Birsfelden, CHE 

Incubator mammalian HERACELL 240i Thermo Fisher Scientific, Waltham, US 

Photometer NanoDrop ND-1000 Spectro-

photometer 

Thermo Fisher Scientific, Waltham, US 

Hematology analyzer Sysmex XP-300 Sysmex Deutschland, Norderstedt, GER 

Cultivation device CliniMACS Prodigy# Miltenyi Biotec, Bergisch Gladbach, GER 

Flow cytometer MACSQuant® Analyzer 10 Miltenyi Biotec, Bergisch Gladbach, GER 

Flow cytometer MACSQuant® X Miltenyi Biotec, Bergisch Gladbach, GER 

Cell container Mr. Frosty# Thermo Fisher Scientific, Waltham, US 

Water bath SW22 Shaking water bath JULABO, Seelbach, GER 

Welding device TSCD II TERUMO CORPORATION, Tokyo, JPN 

Plasma extractor Plasma extractor TERUMO CORPORATION, Tokyo, JPN 

Control rate freezer Consarctic BV-40  Consarctic, Westerngrund, GER 

Microscope Incucyte® S3 system Sartorius, Göttingen, GER 

In vivo imaging system IVIS Lumina III imaging sys-

tem 

Perkin Elmer, Waltham, US 

Tissue dissociator gentleMACS# Octo Dissocia-

tor 

Miltenyi Biotec, Bergisch Gladbach, GER 

Cryostat CM3050 S cryostat Leica, Chicago, US 

Microscope EVOS M5000 Thermo Fisher Scientific, Waltham, US 
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Device Name Supplier 

Liquid handling system  TECAN liquid handling plat-

form 

TECAN Group, Männedorf, GER 

Microscope  IN Cell Analyzer 2000 GE, Boston, US 

Sterile hood Cell culture hood, Hera Safe 

KS 

Thermo Fisher Scientific, Waltham, US 

2.1.9 Software 

Table 17. Software 

Software Supplier 

Flowlogic 8.4 Inivai Technologies Pty.Ltd., Mentone Victoria, AUS 

MACSQuantify# 2.13.0 Miltenyi Biotec, Bergisch Gladbach, GER 

ImageJ 1.53e National Institutes of Health, Bethesda, US 
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3. Methods 

3.1 Molecular biology methods 

3.1.1 Transformation of E. coli with plasmid DNA  

Plasmids were transformed into E.coli DH5³ (New England Biolabs, Ipswich, US) according to 

manufacturer9s instructions. The cells were thawed on ice and gently mixed with up to 100 ng 

plasmid DNA and incubated for 30 min on ice. Subsequently, a heat shock at 42 °C was per-

formed for 30 sec, followed by 2 min incubation on ice. Next, 250 µL pre-warmed SOC medium 

were added and cells were incubated at 37 °C for 45 min under constant shaking. Finally, 10 3 

50 µL cell suspension were plated on LB agar plates supplemented with antibiotics depending 

on the used resistance gene.  

3.1.2 Cultivation of E. coli and isolation of plasmid DNA 

E.coli DH5³ were transformed as described under 3.1.1. Next day, 5 mL of LB medium contain-

ing the required antibiotics were inoculated with a single colony of bacteria. The culture was 

incubated overnight at 37 °C and 220 rpm. Subsequently, the suspension was used for mini 

plasmid purification using the NucleoSpin Plasmid (NoLid) Mini kit. For preparation of larger 

amounts of plasmid DNA either 50 mL LB-medium (midi preparation) or 100 mL LB-medium 

(maxi preparation) were incubated over night at 37 °C and 220 rpm. For midi preparations the 

ZymoPURE II Plasmid Midiprep Kit and for maxi preparations the NucleoBond Xtra Maxi EF was 

used according to manufacturer9s instructions. 

3.1.3 Biochemical modification of immunoglobulins  

First, IgGs were re-buffered in 0.1 M NaHCO3 using a PD-10 column according to manufac-

turer9s instructions. Protein concentration was determined by measuring the absorbance at 

280 nm with the NanoDrop ND-1000 Spectro-photometer. Next, a 5 mM biotin solution was 

prepared in DMSO. Under constant steering the previously re-buffered antibody solution was 

mixed drop wise with a three-fold molar excess of biotin. The reaction mixture was incubated 

at RT for 1 h under constant steering. Afterwards, the reaction mixture was applied to a PD-10 

column and re-buffered in PBS. Protein concentration was determined by measuring the ab-

sorbance at 280 nm with the NanoDrop ND-1000 Spectro-photometer. The degree of labeling 

was analyzed via LC-MS analysis at our inhouse core facility. Two different IgG1 molecules spe-

cific for latent TGF-³ (aLAP) recognizing the same epitope were used for adapter conjugation: 

(1) CH6-17E5.1 and (2) REA 1214. REA1214 based adapters were used for in vivo studies. 
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3.2 Cell culture methods 

3.2.1 Cell lines and culture conditions  

Human embryonic kidney cells 293T (HEK293T) was cultured in DMEM high glucose w/- L-gluta-

mine supplemented with 10 % fetal bovine serum (FBS). HEK293T were cultivated in T75 or 

T175 flasks and subcultured twice a week at a ratio of 1:10. In order to subculture adherent cell 

lines the culture medium was removed and the cells were washed with PBS. Cells were de-

tached by adding 1 mL accutase and incubated for 5 min at 37 °C. Next, 10 mL culture medium 

was added. Finally, the desired volume of detached cells was transferred into a new culture 

flask.  

AsPC-1 cells expressing GFP and firefly luciferase (AsPC-1 WT) were used to generate AsPC-1 

cells constitutively secreting latent TGF-³ (AsPC-1-TGF). AsPC-1 WT and AsPC-1-TGF were cul-

tured in RPMI 1640 supplemented with 2 mM L-glutamine and 10 % FBS. Both cell types were 

subcultured as described for HEK293T cells. SupT1 cells were cultivated in RPMI 1640 supple-

mented with 2 mM L-glutamine and 10 % FBS. SupT1 cells were subcultured twice a week at a 

ratio of 1:10. All cell lines and primary human cells were cultured at 37 °C, 5 % CO2 and at con-

stant humidity. 

3.2.2  Lentiviral vector production 

Lentiviral vectors (LVVs) pseudotyped with vesicular stomatitis virus glycoprotein (VSV-G) were 

produced in HEK293T via transient transfection using the polymeric cation PEI. Depending on 

the amount of LVV needed the production was done in T175 flasks or in Corning® CellSTACK® 

Culture Chambers with either two chambers (CF2) or five chambers (CF5). According to the 

production size HEK293T were seeded three days before transfection into the appropriate cul-

ture flask (Table 18). At the day of transfection cells should have reached a confluency of 70 3 

90 %.  

Table 18: Cell number and volume for transient transfection of HEK293T cells 

Culture flask T175 CF2 CF5 

cell number [-] 4.5x106 3x107 7.4x107 

volume of culture medium [mL] 20 200 500 

A fresh aliquot of PEI and the plasmid DNA were thawed and both solutions were vortexed for 

at least 1 min. Next, the DNA solution (Table 19) containing 51 % transfer plasmid (encoding 

the gene of interest), 10 % pMDG and 39 % pCMVdR8.74 as well as the PEI solution (Table 20) 

were prepared. 
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Table 19: Composition of the DNA solution for transient transfection of HEK293T cells  

 T175 CF2 CF5 

total DNA [µg] 35.1 252.4 631.8 

volume DMEM [µL] 3464.9 24747.6 62368.2 

total volume [µL] 3500 25000 63000 

Table 20: Composition of the PEI solution for transient transfection of HEK293T cells 

 T175 CF2 CF5 

volume PEI (1 mg/mL) [µL] 140 1000 2500 

volume DMEM [µL] 3360 24000 60500 

total volume [µL] 3500 25000 63000 

Both solutions were vortexed for at least 1 min and mixed, resulting in a DNA:PEI ratio of 1:4. 

The solution was incubated for 20 min at RT. Next, the culture medium was removed com-

pletely and replaced with DMEM either mixed with the DNA-PEI solution (CF2 and CF5) or with 

DMEM w/o additives (T175 flask) (Table 21). For T175 flasks the DNA-PEI solution was added 

to the cells dropwise afterwards. 

Table 21: Volume of DMEM w/o additives added for transient transfection of HEK293T cells 

 T175 CF2 CF5 

volume DMEM [mL] 18 130 324 

Afterwards, the cells were incubated at 37 °C for 4 3 6 h. Next, FBS was added in the same way 

as described for the PEI:DNA solution (Table 22). 

Table 22: Volume of FCS added for transient transfection of HEK293T cells 

 T175 CF2 CF5 

volume FCS [mL] 2.5 20 50 

The cells were supplemented with sodium butyrate in the same way as described for the 

PEI:DNA solution to enhance the production after 24 h of incubation (Table 23). 

Table 23: Volume of sodium butyrate added for transient transfection of HEK293T cells 

 T175 CF2 CF5 

volume NaButyrat 500mM [mL] 0.52 4 10 
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After 24 h the supernatant containing the LVVs was harvested and centrifuged at 300 g to re-

move cell debris. Next, the supernatant was filtered through a 0.45 µm filter. Subsequently, the 

LVVs were concentrated via centrifugation at 4000 g at 4°C for 24 h. Finally, the supernatant 

was discarded and the LVVs were resuspended in ice-cold TexMACS# medium to achieve a 

100-fold concentration of LVVs. The LVVs were stored at -80 °C. 

3.2.3 Titration of lentiviral vectors 

The titer of LVVs was determined by transducing SupT1 with serial diluted LVVs. Therefore, 

2x105
 SupT1 were seeded in a 96-well U-bottom plate in 150 µL RPMI 1640 plus 2 mM L-gluta-

mine. Next, 50 µL serial diluted LVVs were added to the cells. After 24 h the cells were fed with 

90 µL RPMI 1640 supplemented with 2 mM L-glutamine and 10 % FBS. After 96 h, the titer of 

LVVs was calculated based on the transduction efficacy on SupT1 analyzed by flow cytometry 

and the corresponding volume of added LVVs. The result was given in units per volume (TU/mL). 

3.2.4 Lentiviral transduction of cell lines 

5x104 AsPC-1 WT per well were seeded in a 24-well plate in 1 mL RPMI 1640 supplemented 

with 2 mM L-glutamine and 10 % FBS. After 24 h the medium was removed completely and 

replaced with 1 mL RPMI 1640 and the according amount of LVVs. After 6 h 1 mL RPMI 1640 

supplemented with 2 mM L-glutamine and 20% FBS was added to the cells. After three days 

the culture medium was removed completely and the cells were cultured as described in 3.2.1. 

3.2.5 Isolation of human peripheral blood mononuclear cells 

Anticoagulated blood samples (buffy coats) from healthy donors were obtained from DRK Dort-

mund after informed consent (Dortmund, GER). For isolation of peripheral blood mononuclear 

cells (PBMCs) 25 mL buffy coat were transferred to a 50 mL falcon tube and diluted with 10 mL 

CliniMACS® PBS/EDTA buffer plus 0.5 % MACS® BSA (PEB). The diluted buffy coats were layered 

on top of 15 mL Pancoll. The blood components were separated by density gradient centrifu-

gation at 445 g for 35 min in a swing bucket rotor (acc:5, br:4). Due to their density, the PBMCs 

formed a layer between the erythrocytes and the plasma. The PBMCs were collected carefully 

by pipetting and washed. Therefore, the lymphocytes were resuspended in 50 mL PEB and cen-

trifuged at 300 g for 15 min in a swinging bucket rotor. Next, the supernatant was discarded 

carefully and the sedimented cells were washed a second time as described previously. After a 

centrifugation at 200 g for 10 min the cells were resuspended in 10 mL PEB and the white blood 

cell (WBC) count was determined using the Sysmex XP-300. PBMC isolation for in vivo studies 

was kindly supported by Carolin Kolbe. 
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3.2.6 Isolation of primary human T cells 

Primary human T cells were isolated with the Pan T cell isolation kit according to manufacturer9s 

instructions. In brief, PBMCs isolated as described in 3.2.5 were resuspended in 40 µL PEB per 

1x107 WBCs. Next, 10 µL of Pan T Cell Biotin-Antibody cocktail per 1x107 cells were added and 

the cell suspension was incubated for 5 min at 4 °C. Next, 30 µL PEB and 20 µL of Pan T Cell 

Microbead cocktail per 1x107 cells were added followed by an incubation for 5 min at 4 °C. T 

cells were isolated via a LS column. The column was washed twice with 3 mL PEB before the 

cells were applied. As this was an untouched T cell isolation the flowthrough was collected. The 

isolated cells were washed twice in TexMACS# medium followed by a centrifugation at 300 g 

for 10 min. The pellet was resuspended in 10 mL TexMACS# medium and the cell count was 

determined using the Sysmex XP-300.  

3.2.7 Lentiviral transduction of primary human T cells 

First, 2x106 T cells were seeded in a 24-well plate in 2 mL culture medium containing TexMACS# 

medium supplemented with 12.5 ng/mL recombinant human IL-7 and 12.5 ng/mL recombinant 

human IL-15. T cells were activated with TransAct# (diluted 1:100). After 24 h, the desired vol-

ume of LVVs corresponding to a multiplicity of integration (MOI) of five was added and the cells 

were resuspended. After three days, the culture medium was removed completely and re-

placed by fresh culture medium. T cells were passaged at a ratio of 1:2 every two days from day 

three on. T cells were expanded for at least ten days before they were used in functional assays. 

3.2.8 Enrichment of transduced primary human T cells 

Transduced T cells were enriched using truncated CD271 co-expressed with the CAR. Therefore, 

transduced T cells were enriched using the MACSelect# LNGFR system according to manufac-

turer9s instructions five to seven days after transduction. In brief, T cells were centrifuged at 

300 g for 10 min and resuspended in 60 µL PEB and 20 µL CD271 microbeads per 1x107 cells. 

After an incubation time of 15 min at 4 °C the cells were washed in 2 mL PEB and centrifuged 

at 300 g for 10 min. The labeled T cells were resuspended in 500 µL PEB and magnetically sep-

arated via a LS column including two washing steps with 3 mL PEB. The positive fraction con-

taining CD271+ T cells was eluted in absence of the magnetic field by adding 5 mL TexMACS# 

medium onto the column and gently applying the plunger. Enriched T cells were washed twice 

in TexMACS# medium and seeded as described previously (3.2.7). On day 10, the cellular prod-

uct was characterized via flow cytometry as described in 3.2.12. Transduction efficacy and en-

richment of CAR T cells was analyzed using the transduction efficacy panel (Table 11). Trans-

duction efficacy of CD66c-specific CAR T cells was determined via staining of the transduction 

marker LNGFR. Transduction of biotin-specific AdCAR T cells was quantified using a biotinylated 
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PE conjugate. The transduction efficacy was defined as frequency of viable T cells expressing 

the transduction marker or the AdCAR. 

3.2.9 Automated isolation, transduction and cultivation of human T cells 

CAR T cells for in vivo studies were manufactured with the CliniMACS Prodigy# using the TCT 

process version 8.4 and a single use tubing set TS520. As culture medium TexMACS# GMP Me-

dium supplemented with 12.5 ng/mL MACS® GMP Recombinant Human IL-7 and 12.5ng/mL 

MACS® GMP Recombinant Human IL-15 was used. For the priming of the tubing set and mag-

netic enrichment CliniMACS® PBS/EDTA supplemented with 0.5 % human serum albumin was 

used. The process of T cell isolation, transduction and cultivation was fully automated and was 

done according to manufacturer9s instructions with the recommended activity matrix (Table 

24). First, the LP was thawed as described in 3.2.11 and sterile welded onto the primed tubing 

set. Next, T cells were magnetically enriched using CliniMACS® CD4 and CliniMACS® CD8 rea-

gents. The cellular composition and T cell concentration were analyzed by flow cytometry using 

the cellular composition panel (Table 10) in combination with the cellular composition express 

mode. Next, 1x108 T cells were seeded into the heated culture chamber and were activated in 

culture medium supplemented with MACS® GMP T Cell TransAct#. After 24 h a 20 mL transfer 

bag containing LVVs diluted in 10 mL culture medium was sterile welded to the tubing set to 

transduce T cells at an MOI of ten. On day three the cells were washed and continuously ex-

panded until day ten. On day six transduction efficacy was analyzed via flow cytometry using 

the transduction efficacy panel (Table 11). On day 10, the cells were automatically harvested in 

TexMACS# GMP Medium. Cell number and transduction efficacy were determined via flow cy-

tometry using the transduction efficacy panel (Table 11).  
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Table 24: Activity matrix of the TCT process 

Day Activity Volume [mL] 

-1 Medium preparation and tubing set installation / 

0 CD4/CD8 enrichment  / 

0 Seeding of T cells and shaker type 1 70 

1 Transduction 100 

3 Culture wash and shaker type 2 200 

5 Media exchange ±50 (total:200) 

6 Media exchange and shaker type 3 ±130 (total:200) 

7 Media exchange  ±130 (total:200) 

8 2x Media exchange  ±130 (total:200) 

9 Media exchange  ±130 (total:200) 

10 Harvest / 

3.2.10 Cryopreservation and thawing of cell lines  

Cells were harvested and centrifuged at 300 g for 10 min. The cells were adjusted to a final 

concentration of 1x107 cells/mL in freezing solution containing 10 % DMSO and 90 % FBS. In 

total 1 mL cell suspension was transferred to cryovials and immediately placed in a Mr. Frosty# 

pre-cooled at 4 °C. After 24 h at -80 °C the cells were transferred into liquid nitrogen for long 

term storage. 

Cells were thawed in a SW22 Shaking water bath at 37 °C until the frozen sample was nearly 

completely melted. Subsequently, the cell suspension was transferred into 10 mL of the cell 

line specific culture medium. The cells were centrifuged at 300 g for 10 min and resuspended 

in culture medium. Finally, the cells were seeded as described in 3.2.1. 

3.2.11 Cryopreservation and thawing of leukaphereses 

Unstimulated leukaphereses (LPs) of healthy donors were obtained from <Institut für klinische 

Transfusionsmedizin und Immungenetik Ulm<. The LPs were transferred into a 600 mL transfer 

bag. The final volume in the transfer bag was adjusted to 600 mL with CliniMACS® Formulation 

Solution. Next, the transfer bag was sterilely welded to a second transfer bag and centrifuged 

at 200 g for 15 min (br:0). Afterwards the plasma was removed using the Plasma extractor. 

Next, the cells were diluted in 100 mL ice-cold CliniMACS® Formulation Solution and 100 µL of 

the diluted cells were used to determine cell concentration and cellular composition via flow 
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cytometry using the cellular composition panel (Table 10). In total 1x109 cells were transferred 

into a CryoMACS® Freezing Bag 500 and the final volume was adjusted to 60 mL with Clin-

iMACS® Formulation Solution. Subsequently, 30 mL ice-cold Cryo Supplement 3x was added to 

reach a final volume of 90 mL. The remaining air was removed using a sterile syringe and the 

bag was closed by sterile welding. Cells were frozen with the Consarctic BV-40 using the in 

house developed freezing program CP11. The cells were transferred into liquid nitrogen for 

long term storage after finishing the freezing program. 

Cells were thawed in a SW22 Shaking water bath at 37 °C. Next, the cell suspension was trans-

ferred into a 600 mL transfer bag prepared with 180 mL TexMACS# medium. Diluted cells were 

further used for automated isolation, transduction and cultivation of primary human T cells. 

3.2.12 Immunofluorescent staining and flow cytometry 

Cells were harvested and up to 5x105 cells were transferred in a 96-well U-bottom plate. After 

centrifugation at 300 g for 10 min the cells were washed with 200 µL PEB. Next, antibody con-

jugates diluted in 50 µL PEB were added according to manufacturer9s instructions. For the anal-

ysis of cell viability either 7-AAD or PI was used according to manufacturer9s instructions. The 

staining was performed at 4 °C for 10 min. Afterwards, the cells were washed in 150 µL PEB and 

centrifuged at 300 g for 10 min. Finally, the cell pellet was resuspended in up to 200 µL PEB. 

Samples were analyzed either on a MACSQuant® Analyzer 10 or MACSQuant® X. In both devices 

three laser lines (405 nm, 488 nm and 640 nm) and ten emission detectors were available. Be-

fore the samples were acquired the machines were calibrated using MACSQuant® calibration 

beads. Data analysis was done with Flowlogic 8.4 or MACSQuantify# 2.13.0. In general the tar-

get cell population was identified in the forward (FCS) and sideward scatter (SSC) and dead cells 

(7AAD or PI negative) were excluded. Subsequent gates were defined based on either negative 

controls or fluorescent minus one (FMOs) controls. 

3.3 Functional analysis of AdCAR T cells 

3.3.1 Co-culture of AdCAR T cells with soluble antigens 

As soluble target molecules either recombinant human LAP (hLAP) or AsPC-1-TGF tumor cell-

derived latent TGF-³ was used. The hLAP was reconstituted according to manufacturer9s in-

structions and stored at -20 °C. Tumor-derived latent TGF-³ was obtained from the supernatant 

of AsPC-1-TGF. Therefore, the supernatant was centrifuged at 300 g for 10 min to remove the 

cell debris. Concentration of latent TGF-³ was determined via ELISA and supernatant was stored 

at -20 °C or used freshly. AdCAR1 T cells were prepared as described in 3.2.7. T cells were har-

vested and resuspended in TexMACS# medium and 5x104 LNGFR+ cells in 50 µL were seeded 
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in a 96-well flat bottom plate. The concentration of hLAP and tumor-derived latent TGF-³ was 

adjusted in TexMACS# medium or if no concentration is indicated 50 µL of tumor cell-derived 

supernatant were used. Afterwards, 50 µL of the prepared antigen solution were added to the 

T cells. Next, all adapter molecules were adjusted to the desired concentration in TexMACS# 

medium and subsequently 50 µL of the prepared adapter solution were added. TexMACS# me-

dium was added to reach a final volume of 200 µL. Cells were incubated for 24 h at 37 °C. Af-

terwards, the cells were centrifuged at 300 g for 10 min. Next, the supernatant was removed 

for cytokine analysis (3.3.2) and cells were analyzed via flow cytometry as described in 3.2.12 

using the T cell activation panel (Table 12). 

3.3.2 Analysis of cytokines 

Cytokine secretion of T cells either after in vitro or in vivo co-culture was analyzed by MACSPlex 

Cytokine 12 Kit according to manufacturer9s instructions. Supernatants of in vitro assays were 

used undiluted whereas serum samples of in vivo studies were diluted 1:8 in MACSQuant® Run-

ning Buffer. Concentration of latent TGF-³ was determined via ELISA according to manufac-

turer9s instructions. To determine latent TGF-³ concentration in supernatant of tumor cell lines 

in vitro, cells were cultured in 6-well plates until they reached confluence. Supernatants of 

AsPC-1-TGF were serial diluted up to 10,000-fold whereas all other supernatants were used 

undiluted. Serum samples from in vivo studies were diluted 1:16 to 1:100. 

3.3.3 AdCAR T cell reporter assay 

AdCAR T cells were prepared as described in 3.2.7. Primary human T cells were co-transduced 

with LVVs encoding AdCAR1 at an MOI of ten and 50 µL LVV encoding the pGF-NFAT reporter 

construct. The co-culture was prepared as described in 3.3.1. In brief, AdCAR T cells were co-

cultured with 125 ng/mL hLAP and 10 ng/mL aLAP for 90 h. The expression of GFP was analyzed 

by live cell imaging using the Incucyte® S3 system. Total integrated GFP intensity was normal-

ized to start values. 

3.3.4 Transwell assay 

Transwell assay was performed in HTS Transwell-96 Permeable Support with 0.4 ¿m pore size. 

AsPC-1-TGF were harvested as described in 3.2.1 and 2x104 cells were seeded to the lower 

chamber of the transwell plate and cultured for 24 h. The culture medium was removed and 

replaced with 160 µL TexMACS# medium 24 h later. Next, 5x104 LNGFR+ cells were re-sus-

pended in 75 µL TexMACS# medium and were added to the desired transwell chamber. Adapt-

ers were diluted in TexMACS# medium and 75 µL were added to the lower transwell chamber 

to reach a final adapter concentration of 100 ng/mL. Wells were filled with TexMACS# medium 
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to a final volume of 310 µL. After 24 h of incubation at 37 °C the supernatant was removed for 

cytokine analysis (3.3.2) and cells were analyzed via flow cytometry as described in 3.2.12 using 

the T cell activation panel (Table 12). 

3.3.5 In vitro cytotoxicity assay 

Primary human T cells were transduced (3.2.7) to express AdCAR1 or AdCAR2. AsPC-1 WT and 

AsPC-1-TGF were seeded in a 96-well flat bottom plate. After 24 h the medium was removed 

and 2.5x104 CAR positive T cells in 50 µL TexMACS# medium were added. The indicated adapt-

ers were diluted in TexMACS# medium and 50 µL of the adapter solution were added. All wells 

were filled up to 200 µL with TexMACS# medium. The cells were incubated at 37°C and the 

cytotoxicity was measured by live cell imaging using the Incucyte® S3 system. The acquisition 

time for the brightfield and the fluorescent imaging channel was set to 300 ms. Fluorescent 

intensity of GFP+ target cells was analyzed every two 2 h using the standard scan type. At each 

time point four pictures per well were taken. The quantification of GFP+ target cells was done 

using the Incucyte® S3 system analysis software. The analysis mask was trained to differentiate 

between GFP+ target cells and GFP- cells by using in total six representative pictures at different 

time points. Top-Hat segmentation (radius:100 µm) and a threshold (GCU) of 1 were used for 

the analysis. The area of the wells covered by GFP+ target cells was used as a metric for cyto-

toxicity. All values were normalized to the start values. 

3.4 In vivo studies 

All in vivo studies were performed according to the European and German guidelines for the 

care and use of laboratory animals. All experiments were approved by the ethical committee 

on animal care and use in North Rhine-Westphalia (approval numbers: 81-02.04.2018.A096, 

81-02.04.2020.A255, 84-02.04.2017.A021). The data acquisition was kindly supported by Dr. 

Dominik Lock, Dr. Nicole Cordes, Simon Lennartz and Karin Teppert. 

3.4.1 Animal models 

In this work four to six weeks old female immunodeficient NOD.Cg-Prkdcscid Il2rgtm1Wjl/SzJ (NSG) 

mice (Charles River Laboratories, Wilmington, US) were used. Upon arrival animals were kept 

in IVIC SMUC cages in groups of up to six animals per cage for two weeks in order to adapt to 

the housing conditions before any experiments were performed. The wellbeing of all animals 

was monitored regularly as it was described in the individual approved permit. 
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3.4.2 Tumor cell inoculation 

Tumor cells, e.g. AsPC-1 WT or AsPC-1-TGF were detached as described in 3.2.1 and 1x106 3 

1x107 cells per 100 µL were resuspended in PBS. The cells were kept on ice until injection. Be-

fore injection the mice were anesthetized by the inhalation of 2.0 % (v/v) isoflurane (Zoetis 

Schweiz, Zuerich, CHE). The right flank of the animals was shaved and 100 µL of tumor cell sus-

pension were subcutaneously (s.c.) injected. Tumors were engrafted for eight to nine days to 

form a palpable tumor mass. Tumor growth was monitored regularly by bioluminescent imag-

ing (BLI). Mice were randomized two days before T cell injection according to the BLI measure-

ment to achieve a homogenous distribution of tumor burden across the cohorts. 

3.4.3 Injection of T cells 

T cells were harvested as described in 3.2.9. T cells were resuspended in PBS at the desired 

concentration and kept on ice until injection. The number of total T cells injected was kept 

constant among all cohorts and was adjusted with untransduced T cells. If necessary T cells 

were co-injected with autologous PBMCs. Therefore, PBMCs were isolated as described in 3.2.5 

and mixed with AdCAR T cells. The cells were kept on ice until injection. Human immune cells 

were injected intravenously (i.v.) in a volume of 100 µL into the tail vein. 

3.4.4 Injection of adapter molecules and immunoglobulins 

Biotinylated adapter molecules were prepared as described in 3.1.3. Adapters were thawed 

and the concentration was adjusted to the indicated concentrations in PBS. IVIG (Takeda, To-

kyo, JPN) was dissolved according to manufacturer9s instructions. The final concentration was 

adjusted to 108.7 mg/mL. The solution was stored at -80 °C. Prior to injection IVIG was thawed 

and diluted in PBS to reach a final concentration of 100 mg/mL. Both IVIG and adapter mole-

cules were injected intraperitoneally (i.p.) in a volume of 100 µL. Mice were injected with 

adapter and IVIG one day before T cell injection and were re-injected twice a week as not men-

tioned different.  

3.4.5 Bioluminescent in vivo imaging of tumor cells 

D-Luciferin potassium was dissolved in PBS to reach a final concentration of 30 mg/mL. Mice 

were i.p. injected with 100 µL D-Luciferin potassium salt. Images were acquired 10 min after 

injection using the IVIS Lumina III imaging system. Aperture and exposure time were adjusted 

automatically by the device. The bioluminescent signaling was quantified within the manually 

drawn region of interest covering the whole body of the animal. BLI was expressed as photons 

per second per cm2 per steradian. The animals were anesthetized during the measurement as 

previously described in 3.4.2. 
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3.4.6 Preparation of blood plasma 

Blood sampling was done by a puncture of the vena facialis. Blood was immediately collected 

in heparin coated capillary tubes (Roche, Basel, CHE). The blood was transferred into an EDTA 

containing microvette. The samples were centrifuged at 13000 rpm for 15 min at 4 °C to sepa-

rate the plasma from cells. The supernatant was collected and stored at -20 °C. 

3.4.7 Preparation of blood for ex vivo analysis 

Blood was collected and separated from plasma as described in 3.4.6. The remaining cell pellet 

was resuspended in 1 mL red blood cell lysis buffer according to manufacturer9s recommenda-

tion. After 5 min of incubation cells were centrifuged at 300 g and subsequently resuspended 

in 100 µL PEB. Cells were analyzed via flow cytometry using the T cell activation and the T cell 

exhaustion panel (Table 12 and Table 14). 

3.4.8 Preparation of spleens for ex vivo analysis 

Spleens were transferred into gentleMACS# C Tubes filled with 3 mL autoMACS® Running So-

lution supplemented with 0.5 % BSA. Spleens were dissociated using the gentleMACS# Octo 

Dissociator with the predefined program: m_spleen_01. The cell suspension was filtered with 

a 30 µm cell strainer. The red blood cell lysis was done as described in 3.4.7. The cells were 

finally resuspended in 1 mL PEB. Cells were analyzed via flow cytometry using the T cell activa-

tion panel, the T cell exhaustion panel and cellular composition panel (Table 10, Table 12, Table 

14). 

3.4.9 Preparation of tumors for ex vivo analysis 

Tumors were dissociated using the Tumor Dissociation Kit human according to manufacturer's 

instructions. Tumors were dissociated using the gentleMACS# Octo Dissociator with heater. 

The predefined program 37C_h_TDK_2 was used. The cell suspension was further processed as 

described in 3.4.8. Cells were analyzed via flow cytometry using the T cell activation panel, the 

T cell exhaustion panel and cellular composition panel (Table 10, Table 12, Table 14). 

3.4.10 Preparation of tumors for immunohistochemistry 

Tumors were isolated and embedded into OCT mounting medium. Afterwards, the tumors 

were frozen at -80 °C. Tissue slices with a thickness of 8 µm were cut on a CM3050 S cryostat 

and stored on object carriers at -80 °C for further processing. After thawing, the tissue slices 

were washed once with PBS and fixed with Inside Fix for 10 min. Next, the slices were washed 

twice with PBS and afterwards incubated with permeabilization solution for 10 min. All anti-

bodies used for immunohistochemistry (Table 13) were diluted in antibody staining solution 
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according to manufacturer9s instructions. Nuclei were stained with DAPI diluted 1:4000 (stock 

concentration: 10 µmg/mL). DAPI was added to the tissue slices together with the diluted anti-

body conjugates. Tissue slices were stained overnight at 4 °C. Prior to image acquisition the 

slices were washed three times with PBS. Finally coverslips were mounted with aqueous 

mounting medium. Images were acquired using the EVOS M5000 and analyzed with ImageJ 

1.53e. 

3.4.11 Cyclic fluorescent imaging of human tumor tissue 

The ovarian cancer tissue was obtained from the Department of Obstetrics and Gynecology at 

the University Hospital of Cologne. The tissue was embedded in OCT mounting medium and 

frozen in liquid nitrogen. Tissue sections were prepared as described in 3.4.10. Tissue slices 

were mounted on a glass slide and fixed in -20 °C cold acetone for 20 min. Afterwards, the glass 

slide was glued to a 24-well no-bottom plate. Antibody fluorochrome conjugates (Table 9) were 

diluted in autoMACS® Running Solution and FcR blocking reagent according to the manufac-

turer9s instructions. The different antibody conjugates were pipetted separately in a 96-well U-

bottom plate. In addition, every 4th well of the 96-well plate contained Hoechst diluted 1:100 

for nuclei staining. Per tissue section, 300 µL of the staining cocktail were prepared. The cyclic 

fluorescent imaging was done on a TECAN liquid handling platform in combination with an IN 

Cell Analyzer 2000. The device was handled and maintained by our in house core facility. The 

staining procedure was done automatically (Figure 6) except for the first step (Table 25). The 

images were taken at 20x magnification. Cyclic fluorescent imaging was kindly supported by 

Elvira Criado-Moronati and Andre Gosselink. Elvira supported during sample preparation as 

well as during preparation of the antibody staining cocktail. Andre developed the algorithm to 

calculate the Pearson correlation coefficient of final images. The acquired images were pro-

cessed by the core facility using an in house developed workflow containing dark-frame sub-

traction, flat field correction and aligning the individual pictures based on the nuclei staining. 

Further image analysis was done with ImageJ 1.53e. 
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Table 25: Cycles of cyclic fluorescent imaging. 

Step-number Task 

1 region of interest selection 

2 Image acquisition of autofluorescence 

3 Photobleaching of autofluorescence 

4 Transfer of the antibody conjugate to the tissue  

5 Washing 

6 10 min incubation 

7 Image acquisition 

8 Photobleaching of the antibody fluorophore 

9 Image acquisition of remaining fluorophore signal 

 

Figure 6: Illustration of the cyclic fluorescent imaging method. 

Tumor tissue specimens are stained with an antibody fluorophore conjugate, e.g. an EpCAM specific antibody. 
Subsequently, a microscopic-image is acquired. Next, the fluorophore is bleached to prepare the tissue for the 
next cycle, e.g. with a CD90 specific fluorophore conjugate. This cycle can be repeated n-times, depending on the 
number of markers that are analyzed on the same tissue section. Adapted from Kinkhabwala, A., Herbel, C., Pank-
ratz, J. et al. MACSima imaging cyclic staining (MICS) technology reveals combinatorial target pairs for CAR T cell 
treatment of solid tumors. Sci Rep (2022). Illustration created with BioRender.com. 
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3.4.12 Statistical analysis  

Data were analyzed with GraphPad Prism 8.1.2 software (GraphPad, USA). The method used 

for statistical data analysis of experimental groups, as well as the number of independent do-

nors are mentioned in the corresponding figure legends. Correction for multiple comparisons 

was done by Holm-Sidak correction following ANOVA. Significance was defined by pf0.05 

(pf0.05:*; pf0.01:**; pf0.001:***; pf0.0001:****). 
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4. Scope 

CAR T cell therapy demonstrated great potential in the treatment of hematologic tumors. How-

ever, the transferability to solid tumors is challenging. Therefore, new therapeutic CAR con-

cepts are under investigation to improve the efficacy of CAR therapy in solid cancer, and one 

opportunity is to broaden the spectrum of target antigens.  

Soluble molecules, either secreted by the tumor or TME-related cells, are essential to orches-

trate immune evasion of solid tumors. Up to now, the majority of CARs is targeted to membrane 

bound antigens whereas only one example is described using the CAR to engage soluble lig-

ands216. A proof of concept study by Chang et al. demonstrated that a CAR can indeed be trig-

gered by soluble TGF-³. The study described clustering of CARs inducing effector functions like 

cytokine secretion and T cell proliferation as function of soluble ligand binding. The strength of 

the response to soluble ligands was dependent on the ligand concentration as well as on the 

architecture of the CAR216. This pioneering work demonstrated the opportunity to turn an im-

munosuppressive agent into a pro-inflammatory stimulus. However, targeting only soluble lig-

ands will most likely not result in tumor eradication, therefore the co-expression of a second 

CAR specificity would be required. This mechanistic prerequisite would make a translation of 

soluble antigen sensing with CAR T cells into the clinics more complex. Moreover, targeting 

soluble ligands is challenging since those molecules are not tumor restricted. Thus, additional 

safety mechanisms have to be included to control CAR T cell responses in case of on-target off-

tumor toxicities or after successful treatment.  

On these grounds, the aim of this thesis is to sense soluble ligands by AdCAR T cells rather than 

by CAR T cells binding directly to the soluble antigen in order to improve the safety and to allow 

combined targeting of a soluble molecule and a TAA. Within this project, latent TGF-³, which is 

an immunosuppressive molecule present either ECM bound or soluble, has been evaluated as 

a possible target within the TME (Figure 7). The primary objective of this work was to prove 

soluble antigen sensing with AdCAR T cells by the example of latent TGF-³ as a clinically relevant 

cue of the TME. First, the adapter-dependent activation of AdCAR T cells targeting a soluble 

ligand was examined in vitro. Furthermore, the responsiveness of AdCARs towards soluble lig-

ands as well as the mechanistic outcome of targeting soluble antigens was characterized. Sub-

sequently, sensing of tumor cell-secreted latent TGF-³ and simultaneous targeting of CD66c as 

a TAA by combining different adapter molecules was studied. Finally, the concept of sensing 

soluble antigens with AdCAR T cells was validated in vivo using PDAC xenograft mouse models. 

The response of AdCAR T cells targeting latent TGF-³ was compared to CAR T cells targeting the 

TAA CD66c. In addition, the anti-tumor treatment effects of targeting a TAA and a soluble anti-

gen with two different CARs as well as the simultaneous targeting using two different adapters 

but only one AdCAR were examined. Finally, synergies between endogenous immune cells and 

AdCAR T cells were investigated in a reconstituted mouse model. 
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Figure 7: Overcoming the immunosuppressive TME with AdCAR T cells. 

Schematic visualization of how a soluble protein complex serves as an activation trigger for AdCAR T cells within 
the otherwise suppressive stroma. In general, the TME consists of tumor cells, stromal components, e.g. fibro-
blasts or fibronectin, and a wide range of chemokines and cytokines, for instance latent TGF-³. Due to its pro-
nounced expression in the TME of human cancer tissues, latent TGF-³ is an interesting target for CAR T cell therapy 
of solid tumors. Importantly, latent TGF-³ can be present in a TME in a cell-anchored form, but also as a secreted 
soluble molecule. To serve as a stimulus for AdCAR T cells, it is hypothesized that the soluble cue is required to be 
sequestered by the tagged antibody. In presence of adapter, the soluble antigen is complexed via the adapter. 
Subsequently, a tertiary complex made of antigen, adapter and CAR is formed. This adapter-antigen complex in-
duces dimerization of the CAR to trigger a signaling cascade resulting in cellular activation characterized by e.g. 
pro-inflammatory cytokine secretion. Adapted from Werchau et al. Combined targeting of soluble latent TGF-³
and a solid tumor-associated antigen with adapter CAR T cells. OncoImmunology (2022). Illustration created with 
BioRender.com. 
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5. Results 

5.1 TME composition of ovarian tumor tissue 

To evaluate the localization of the latent TGF-³ complex and its co-localization with other mark-

ers within the TME, human ovarian cancer tissue was analyzed via cyclic fluorescent imaging. 

In addition, the purpose of this analysis was to determine which regions of the tumor would be 

recognized by AdCAR T cells when latent TGF-³ is used as an antigen. 

One imaging cycle was composed of the staining with a fluorophore-conjugated antibody as 

first step followed by a subsequent bleach process. Cycles were repeated multiple times and 

allowed to analyze the expression of multiple markers on the same tissue section.  

With this technique tissue sections of two patients suffering from ovarian cancer were investi-

gated. The difference between both sections was that they were either infiltrated by the Ep-

CAM+ tumor cells (Figure 8) or free of EpCAM+ tumor cells (Figure 9). In total three regions of 

interest (ROIs) showing EpCAM expression and three ROIs showing no EpCAM expression were 

analyzed. To demonstrate the presence of latent TGF-³ in the tumor area the expression of LAP 

was used as a surrogate. In total 95 surface markers were analyzed and assessed for co-locali-

zation with latent TGF-³ (Table 9).  

The exemplary human ovarian cancer tissue showing EpCAM+ tumor cells (Figure 8) presented 

as two parts: a tumor-invaded desmoplastic area and a clearly separated non-tumor invaded 

area.  

In order to quantify the degree of co-localization of latent TGF-³ with other markers within the 

TME, a Pearson correlation analysis was performed. Analysis was done separately for both tu-

mor- and non-tumor-bearing tissue sections, to compare the degree of correlation between 

both tissue areas. In total, three regions showing EpCAM+ tumor cells and three regions con-

taining no EpCAM+ tumor cells were analyzed in the described way. 

PCC analysis showed the highest degree of correlation between CD90 and CD49a. Expression 

of CD90 (PCC: 0,32±0,08) and CD49a (PCC: 0,35±0,04) increased linearly with LAP expression in 

the tumor area. In the analyzed tissue showing no tumor, lower correlation coefficients for 

CD90 (PCC: 0,13±0,05) and CD49a (PCC: 0,11±0,04) with LAP were observed, indicating a re-

duced linear correlation of those markers. 

The results of the PCC analysis were also confirmed visually by the microscope images. 

The desmoplastic area showed as dense structure with islets of EpCAM+ tumor cells surrounded 

by e.g. connective tissue. Areas invaded by the tumor showed dense expression of CD49a in 

combination with CD90. Within this desmoplastic area the expression of LAP was strongly over-

lapping with CD49a and CD90 (Figure 8). This overlapping expression pattern of LAP, CD49a and 

CD90 was not observed in the tissue section without EpCAM+ tumor cells (Figure 9).  
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Figure 8: LAP expression in presence of tumor cells on human ovarian cancer tissue. 

The expression pattern of human LAP was analyzed in human ovarian cancer tissue. (A) Single antibody staining

with grey scale values for one exemplary ROI and (B) a merged image thereof are depicted (CD90: magenta, Ep-

CAM: cyan, LAP: red, CD49a: green and DAPI: blue). Scale bar indicates 100 µm. 

A 

B 
EpCAM/CD90/CD49a/LAP/DAPI 

CD49a LAP 

CD90 EpCAM 
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Figure 9: LAP expression in absence of tumor cells on human ovarian cancer tissue. 

The expression pattern of human LAP was analyzed by cyclic immunofluorescent staining in a non-tumor bearing 
area of ovarian tissue isolated from a patient suffering from ovarian cancer. A merge picture thereof for one ex-
emplary ROI (CD90: magenta, EpCAM: cyan, LAP: red, CD49a: green and DAPI: blue) is depicted. Scale bar indicates 
100 µm.  

EpCAM/CD90/CD49a/LAP/DAPI 
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5.2 Soluble antigen-induced activation of AdCAR T cells 

5.2.1 AdCAR T cells sense soluble human LAP in presence of adapter  

To validate the central hypothesis of this thesis, namely that AdCAR T cells can be activated by 

soluble ligands, primary human T cells were transduced to express a biotin specific CAR (Ad-

CAR1). The antigen binding domain (scFv: h Bio3-3.18E7) of AdCAR 1 was specific for the linker-

label-epitope (LLE) tag of LCLC-biotin. Transduction efficacy was 36 %, 38 % and 53 %. The Ad-

CAR1 T cells were co-cultured in presence of soluble hLAP with or without LLE-conjugated IgG1, 
specific for hLAP. Soluble antigen-induced activation of AdCAR T cells was quantified via flow 

cytometric analysis of CD69 and CD25. The frequency of cells co-expressing both activation 

markers when aLAP was available was normalized to background expression on T cells cultured 

in absence of hLAP and aLAP. The level of CD69 and CD25 was significantly increased in pres-

ence of both aLAP and hLAP (Figure 10) compared to hLAP only. 

The presence of only aLAP induced a slight expression of CD69 and CD25 which might have 

been caused by crosslinking of CAR molecules as the aLAP was conjugated to multiply LC-LC 

biotins. The soluble antigen on its own did not induce activation. In addition cytokine secretion 

of AdCAR1 T cells was analyzed after 24 h of co-culture (Figure 11). AdCAR T cells secreted pro-

inflammatory cytokines only in presence of aLAP and hLAP (GM-CSF, IFN-³, IL-2 and TNF-³). 

This cytokine secretion pattern further validated that AdCAR1 T cell activation observed was 

Figure 10: Activation marker expression of AdCAR1 T cells co-cultured in presence of hLAP and aLAP. 

AdCAR1 T cells were incubated for 24h with 10 ng/mL aLAP with or without 125 ng/mL hLAP. (A) Activation of 
LNGFR+ AdCAR T cells was quantified by phenotyping, i.e. surface staining for CD69 and CD25 expression. Mean 
values were normalized to T cell activation in absence of soluble hLAP and aLAP. (B) CD69 and CD25 expression is 
shown for one exemplary donor. Data shown were obtained from n=3 healthy donors and plotted with mean
(dashed lines). Statistical analysis was performed by Two-way ANOVA. Correction for multiple comparisons done 
with Holm-Sidak. Significance defined as: * pf0.05; ** pf0.01; *** pf0.001; **** pf0.0001. 

77 7777

A B 
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dependent on presence of both adapter and soluble antigen. In summary, these data demon-

strate that AdCAR T cells get activated by soluble antigens and do not require surface associated 

antigens.  

5.2.2 Soluble antigen-induced AdCAR T cell activation can be modulated by both adapter 

and antigen concentration in vitro. 

After demonstrating successful sensing of hLAP with AdCAR1 T cells, the impact of antigen- or 

adapter concentration on cellular activation was analyzed. The influence of the adapter con-

centration was assessed by incubating AdCAR1 T cells with 250 ng of hLAP and varying concen-

trations of adapter. Transduction efficacy was 20 %, 18 % and 38 %. Activation-induced in-

crease of CD69-MFI and CD25-MFI was observed from 10 ng/mL to 100 ng/mL of adapter (Fig-

ure 12 A-B). Similarly, activation dependency on target antigen concentration was studied. 

Here, the aLAP concentration was fixed to 100 ng/mL and the antigen concentration was var-

ied. Transduction efficacy was 65 %, 52 % and 42 %. Clearly, CD69 and CD25 were expressed in 

an antigen concentration-dependent manner (Figure 12 C). In summary, these results strength-

ened the hypothesis that AdCAR T cells, indeed, can be re-directed towards soluble ligands. 

Their effector response appeared to be sensitively tunable by modulating the ligand- and the 

adapter concentrations. In accordance to previous results, the MFI of CD69 and CD25 was 

slightly increased in presence of aLAP compared to controls cultured without aLAP and hLAP. 

This as well pointed to minor background activation by the tagged adapter molecule. Overall, 

the data indicated that the strength of AdCAR1 T cell activation is adjustable. This is a property 

with potential relevance when targeting the TME of solid tumors considering antigen gradients 

as well as off-tumor effects that might require quick adapter withdrawal. 

Figure 11: Cytokine secretion of AdCAR1 T cells co-cultured in presence of hLAP and aLAP. 

AdCAR1 T cells were incubated for 24 h with 10 ng/mL aLAP with or without 125 ng/mL hLAP. As effector function 
cytokine secretion of activated AdCAR1 T cells was analyzed by cytokine multiplex assay. Data shown were ob-
tained from n=2 healthy donors plotted with mean and ± 1 standard deviation (SD). 
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Figure 12: Activation marker expression of AdCAR1 T cells co-cultured in presence of varying concentrations of 
hLAP or adapter. 

(A) AdCAR1 T cells were incubated for 24 h with 250 ng/mL of soluble recombinant hLAP and indicated concentra-
tions of aLAP. Activation of LNGFR+ AdCAR1 T cells was quantified by phenotyping, i.e. expression of CD69 and 
CD25. (B) Histograms of one exemplary donor depicting CD69 and CD25 expression. (C) In addition, AdCAR1 T cells 
were incubated for 24 h with 100 ng/mL aLAP and varying concentrations of hLAP as indicated. Activation of 
LNGFR+ AdCAR1 T cells was quantified by gating on CD69+ or CD25+ events. MFI was normalized to T cell activation 
in absence of both hLAP and aLAP. Data shown were obtained from n=3 healthy donors and plotted with mean
(dashed lines). 
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5.2.3 Sensing of soluble antigens induces transgene expression in AdCAR T cells  

AdCAR1 T cells successfully converted soluble hLAP into an activating stimulus for T cells. This 

trigger was strong enough to induce expression of endogenous T cell genes related to T cell 

activation, e.g. surface markers and cytokines. Next, the stimulus-induced expression of a 

transgene upon AdCAR activation was investigated. Therefore, AdCAR1 T cells were transduced 

with a LVV encoding a reporter cassette. This cassette contained a repetitive sequence of the 

human NFAT-AP-1 binding site. In addition, to assess transgene expression, GFP was located 39 

of the promotor sequence. In this way, GFP served as a reporter for activation-induced NFAT 

signaling in AdCAR1 T cells (Figure 13 A). GFP expression was quantified in AdCAR1 T cells co-

incubated with hLAP, aLAP or both by fluorescent microscopy after 90 h. All values were nor-

malized to background fluorescence of T cells measured at the beginning of the co-culture. In 

presence of both hLAP and aLAP AdCAR1 T cells showed three-fold increase of GFP intensity 

and thus, significantly higher integrated GFP intensity compared to controls cultured only with 

hLAP or aLAP (Figure 13 B).  

Figure 13: Transgene expression in AdCAR1 T cells co-cultured in presence of hLAP and aLAP. 

(A) Schematic representation of the AdCAR1 T cell reporter assay using GFP expression as read-out for activation-
induced signal transduction in dependency of AdCAR engaging hLAP. (B) Primary human T cells were transduced 
to express AdCAR1. In addition, cells were transduced with a LVV encoding a NFAT-AP1-GFP reporter construct to 
visualize downstream intracellular signaling upon CAR engagement by hLAP adapter complex. AdCAR1 T cells were 
incubated for 90 h with 10 ng/mL aLAP with or without 125 ng/mL hLAP. CAR signaling was analyzed by GFP ex-
pression with the Incucyte® S3 system. Integrated GFP intensity was normalized to start values. (C) Dot plots of 
one representative donor. GFP expression of viable total T cells was analyzed via flow cytometry after 90 h. Data 
shown were obtained from n=3 healthy donors plotted with mean (dashed lines). Statistical analysis was per-
formed by One-way ANOVA. Correction for multiple comparisons done with Holm-Sidak. Significance defined as: 
* pf0.05; ** pf0.01; *** pf0.001; **** pf0.0001. Illustration created with BioRender.com. 
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This result confirmed the activation of the NFAT signaling pathway following soluble antigen-

induced AdCAR1 T cell activation. The stimulus provided by soluble antigens was potent enough 

to induce the expression of a transgene, in this case GFP in AdCAR1 T cells.  

5.2.4 Secretion of soluble latent TGF-³ by human tumor cell lines in vitro 

In order to assess soluble latent TGF-³ as a soluble target antigen expressed by human tumor 

cell lines, supernatants of four human cancer cell lines were investigated by ELISA. Three pan-

creatic cancer cell lines (AsPC-1, BxPC-3 and AsPC-1-TGF), one neuroglioma cell line (H4) and 

one myeloma cell line (U266) were cultured in 6-well culture plates for 24 h (Figure 14 A). H4 

cells secreted 168 ng/mL latent TGF-³, the highest amount amongst the tested cancer cell lines, 

whereas the pancreatic cancer cell lines secreted approx. 100-fold less latent TGF-³. U266 did 

not secrete latent TGF-³ to detectable concentrations in vitro, since the measured values did 

not exceed the background level observed in this assay. In previous studies, our group devel-

oped CAR T cells for the treatment of pancreatic adenocarcinoma using an established AsPC-1 

tumor model215. To build on these previous experiments, and to allow inter-experimental com-

parisons, the AsPC-1 WT tumor model was selected for subsequent studies to integrate estab-

lished conventional CAR constructs and to investigate differences of CAR T cells targeting a TAA 

or a soluble antigen. To achieve a constitutive secretion of the soluble target molecule by AsPC-

1 WT, the secretion of human latent TGF-³ was enforced via transduction of AsPC-1 WT with a 

LVV encoding human latent TGF-³ (AsPC-1-TGF). The overexpression resulted in latent TGF-³ 

concentrations of approx. 770 µg/mL (Figure 14 B).  

  

Figure 14: Latent TGF-³ secretion of human tumor cell lines in vitro. 

(A) Concentrations of latent TGF-³ were quantified in supernatants of human tumor cell lines by ELISA. The dotted 
line indicates the limit of detection. (B) The AsPC-1 cell line was engineered to achieve constitutive secretion of
latent TGF-³ (AsPC-1-TGF) which was confirmed by ELISA. 
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5.2.5 Tumor cell line-secreted latent TGF-³ induced AdCAR T cell activation 

To assess the induction of activation and effector functions by AsPC-1-TGF-secreted soluble 

latent TGF-³, expression of surface markers and cytokine secretion of AdCAR1 T cells was ana-

lyzed. Transduction efficacy after enrichment was 90 %, 92 % and 88 %. First, AdCAR1 T cells 

were co-cultured with serial dilutions of soluble latent TGF-³ derived from AsPC-1-TGF in pres-

ence or absence of aLAP for 24 h. Expression of activation markers was quantified by flow cy-

tometry (Figure 15 A). Expression of CD69, CD25 and CD137 occurred only in presence of the 

adapter molecule and was dependent on the presence and concentration of the soluble ligand. 

The expression of all three markers reached a plateau between 193 µg/mL and 10 µg/mL solu-

ble latent TGF-³. In the same experiment, the cytokine secretion of AdCAR1 T cells upon co-

culture with tumor-derived soluble latent TGF-³ was analyzed (Figure 15 B). In accordance with 

the activation marker expression, AdCAR1 T cells secreted pro-inflammatory cytokines in de-

pendency of available soluble latent TGF-³ when aLAP was added. In general, the highest con-

centration of target antigen induced the highest production of all four cytokines tested. Gradual 

reductions were observed with reduced concentrations of soluble latent TGF-³. With approx. 

2000 pg/mL GM-CSF and IFN-³ were identified as most prominent cytokines. Although cyto-

kines were detected for all three donors the intensity was highly donor dependent. These re-

sults showed that AdCAR1 T cells do respond to a tumor cell line-derived soluble factor in vitro. 

Sensing of soluble ligands by AdCAR1 T cells was not suppressed even in presence of the im-

munosuppressive latent TGF-³. 
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Figure 15: Activation marker expression and cytokine secretion of AdCAR1 T cells co-cultured in presence of AsPC-
1-TGF-secreted latent TGF-³ and aLAP. 

(A) Tumor cell-secreted soluble latent TGF-³ was titrated and activation markers of LNGFR+ AdCAR1 T cells were 
analyzed. (B) Quantification of GM-CSF, IFN-³, IL-2 and TNF-³ production by AdCAR1 T cells. Data shown were
obtained from n=3 healthy donors plotted with mean (dashed lines) and ± 1 SD. 

 



5 Results 

62 

5.2.6 AdCAR T cells sense soluble latent TGF-³ in presence of tumor cells  

In previous experiments it was shown that AdCAR1 T cells are able to convert the presence of 

a soluble antigen into an activating stimulus. However, this was tested in absence of tumor 

cells. To mimic the situation in the TME more closely and to evaluate any additional immuno-

suppressive effects mediated by the tumor cells, soluble antigen sensing by AdCAR1 T cells was 

studied in co-cultures with AsPC-1-TGF. To dissect cell contact-independent and cell contact-

dependent interactions between tumor cells and AdCAR1 T cells, as well as their impact on the 

sensing of latent TGF-³, a transwell experiment was performed (Figure 16 A). AsPC-1-TGF were 

cultured in the lower compartment with AdCAR1 T cells either in the same compartment or, 

separated by a membrane, in the upper compartment of the culture chamber. The membrane 

between the upper and the lower compartment had a pore size of 0.4 µm. The soluble latent 

TGF-³ secreted by the tumor cells was able to diffuse through the membrane, whereas the 

AdCAR1 T cells were blocked from transwell migration. Transduction efficacy after enrichment 

was 97 %, 97 % and 98 %. The frequency and MFI of CD137+ cells were significantly increased 

in presence of AsPC-1-TGF and aLAP validating the activation of AdCAR1 T cells by a tumor-

derived soluble ligand. Importantly, AdCAR1 T cell activation occurred without and with sepa-

ration from AsPC-1-TGF. Both CD4+ and CD8+ AdCAR1 T cells showed activation induced expres-

sion of CD137, with CD8+ AdCAR1 T cells showing higher frequencies and MFI of CD137 com-

pared to CD4+ AdCAR1 T cells. CD4+ AdCAR1 T cells that have been cultured in direct contact to 

tumor cells showed significantly higher frequencies of CD137+ cells and increased MFI of 

CD137+ cells compared to AdCAR1 T cells that had exclusive contact to the soluble antigen. In 

CD8+ AdCAR1 T cells these effects were less pronounced since a significant difference was only 

observed for the MFI of CD137+ whereas the frequency of CD137+ AdCAR1 T cells was not im-

pacted by the well compartment the cells have been cultured in (Figure 16 B-C). These results 

provided additional evidence that the presence of tumor cells does not per se obviate the acti-

vation of AdCAR T cells induced by soluble ligands. Overall, it could be validated that both CD8+ 

and CD4+ AdCAR T cells were activated independently of target cell contact. 
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Figure 16: Activation marker expression of AdCAR1 T cells co-cultured in presence of AsPC-1-TGF and aLAP.  

(A) An illustration of transwell conditions is shown. (B) Frequencies and MFI of LNGFR+ CD137+ AdCAR1 T cells 
were analyzed by flow cytometry. Activation markers were analyzed separately for CD4+ and CD8+ AdCAR1 T cells 
in presence (+) or absence (-) of aLAP. (C) CD137 expression of CD4+ or CD8+ AdCAR1 T cells after co-culture with 
AsPC-1-TGF in transwell assay depicted (for one donor). Normal well conditions (green circle, red square, cyan 
triangle) and transwell conditions (blue rhombus, yellow triangle). Data shown were obtained from n=3 healthy 
donors plotted with mean (dashed lines). Statistical analysis was performed by Two-way ANOVA. Correction for 
multiple comparisons done with Holm-Sidak. Significance defined as: * pf0.05; ** pf0.01; *** pf0.001; 
**** pf0.0001. Illustrations were created with BioRender.com. 
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5.2.7 Combinatorial targeting of soluble latent TGF-³ and CD66c with AdCAR T cells in vitro 

The flexibility to redirect AdCAR T cells by adapter choice is a major advantage compared to T 

cells expressing a CAR for direct targeting of a TAA. By combining different adapter molecules, 

AdCAR T cells can in principle be targeted towards multiple antigens at the same time, e.g. a 

soluble target and a TAA. To this end, AdCAR T cells were used to investigate combined sensing 

of soluble latent TGF-³ and tumor cell killing via AsPC-1-TGF-expressed CD66c. CD66c was re-

cently shown to be a potential antigen candidate for CAR T cells targeting pancreatic adenocar-

cinoma215. First, CD66c expression was confirmed on AsPC-1 WT and AsPC-1-TGF. The expres-

sion level of CD66c was comparable in both cell lines (Figure 17 A). Therefore, CD66c was used 

as a model antigen for targeting a TAA with AdCAR T cells in this study. Next, the impact of a 

second adapter molecule specific for latent TGF-³ on the killing efficacy of AdCAR T cells tar-

geting CD66c was investigated. Apart from the concentration of adapters the affinity of the 

AdCAR for the LLE adapter-tag may also impact the combinatorial targeting. To address the 

impact of affinity, two adapter CARs with different LLE-specific scFvs were analyzed. AdCAR2 

(scFv: Bio2 4G10) showed a higher affinity for LLE-tagged adapter molecules than AdCAR1 (scFv: 

h Bio3-3.18E7) in flow cytometry (data not published). For AdCAR1 transduction efficacy was 

47 %, 52 % and 77 %. For AdCAR2 transduction efficacy was 52 %, 57 %, and 69 %. AdCAR T 

cells were co-cultured with AsPC-1 WT and AsPC-1-TGF and varying ratios of a CD66c-specific 

adapter (aCD66c) and aLAP. Both CAR constructs showed significant killing of AsPC-1 WT in 

presence of aCD66c (Figure 17 B). Killing efficacy was not significantly reduced at any of the 

tested ratios of aLAP and aCD66c compared to aCD66c alone. It should be noted that although 

not significant AdCAR1 showed a decrease in tumor killing at a ratio of 90 ng/mL aLAP plus 

10 ng/mL aCD66c. This was not observed for AdCAR2. AdCAR2 T cells showed the same killing 

efficacy between 10 ng/mL to 100 ng/mL aCD66c irrespective of the amount of added aLAP. 

This may indicate that due to its higher affinity, AdCAR2 can induce target cell killing at lower 

concentrations of aCD66c. Surprisingly, AdCAR2 induced growth control of AsPC-1 WT in pres-

ence of 100 ng/mL aLAP but in absence of aCD66c. This was not observed for AdCAR1, and is 

possibly due to LAP expression on the surface of AsPC-1 WT or unspecific killing by AdCAR2. 

Killing of AsPC-1-TGF was found to be adapter-dependent as well, but less effective compared 

to AsPC-1 WT. Growth of AsPC-1-TGF was significantly reduced in presence of aCD66c 

(100 ng/mL) for both AdCARs compared to the control group without adapter. Importantly, 

killing efficacy was not significantly reduced in any of the tested mixtures of aLAP and aCD66c 

compared to aCD66c alone. However, in this experimental setting a concentration of 

100 ng/mL aLAP led to a comparable anti-tumor effect as observed with 100 ng/mL aCD66c, 

indicating surface expression of LAP on AsPC-1-TGF. These results demonstrated that AdCAR T 

cells elicit tumor cell killing in presence of multiple adapter molecules, e.g. with one adapter 

being specific for a TAA and a second one being specific for a soluble antigen. 
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Figure 17: Killing of AsPC-1 WT or AsPC-1-TGF in presence of AdCAR T cells at varying ratios of multiple adapter 
specificities in vitro. 

(A) AsPC-1-TGF (2) and AsPC-1 WT (4) were stained with anti-CD66c antibody for flow cytometric analysis. AsPC-
1-TGF (1) and AsPC-1 WT (3) were stained with a PE-Isotype control. (B) Primary human T cells were transduced 
for expression of either AdCAR1 or AdCAR2. Subsequently, AdCAR T cells were either co-cultured with AsPC-1-TGF 
or AsPC-1 WT for 141 h in presence of indicated mixtures of aLAP and aCD66c. The surface area in wells covered 
by target cells was quantified with the Incucyte® S3 system. Data shown were obtained from n=3 healthy donors
and plotted with mean ± 1 SD. Data were normalized to the start values. Statistical analysis was performed by
Two-way ANOVA. Correction for multiple comparisons done with Holm-Sidak. Significance defined as: * pf0.05; 
** pf0.01; *** pf0.001; **** pf0.0001. 
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To evaluate the effect of aCD66c on the sensing of latent TGF-³ via aLAP, AdCAR T cells were 

co-cultured with supernatant of AsPC-1 WT and AsPC-1-TGF plus aCD66c and aLAP at varying 

ratios. In contrast to previous studies, the MFI of CD137+ AdCAR T cells was used as metric for 

soluble antigen-induced activation instead of frequency. The lentiviral construct of AdCAR2 did 

not contain LNGFR as surrogate surface marker co-expressed with the AdCAR to identify Ad-

CAR+ cells by flow cytometry. Thus, unlike for AdCAR1, the frequency of CD137+ AdCAR2 T cells 

could only be measured for total viable T cells. Hence, for comparability of both constructs the 

MFI of viable CD137+ cells was analyzed. After co-culture with supernatant of AsPC-1 WT, the 

MFI of CD137+ on AdCAR T cells increased as a function of aCD66c concentration irrespective 

of the used AdCAR construct. At a ratio of 100 ng/mL aCD66c plus 0 ng/mL aLAP, the activation 

was significantly increased compared to the 0 ng/mL aCD66c plus 100 ng/mL aLAP condition 

for both AdCAR constructs when co-cultured with supernatant of AsPC1 WT (Figure 18 A). This 

surprising finding may indicate the presence of soluble CD66c in supernatants of AsPC-1 WT 

acting as a soluble antigen for AdCAR T cells. The MFI of CD137+ T cells expressing AdCAR2 was 

slightly higher at lower concentration of aCD66c compared to AdCAR1. At a ratio of 50 ng/mL 

aCD66c plus 50 ng/mL aLAP the MFI of CD137+ was 2.08 for AdCAR1 compared to 2.5 for Ad-

CAR2. As expected, in presence of supernatant derived from AsPC-1-TGF, cellular activation 

was observed in an aLAP concentration-dependent manner for both CAR constructs (Figure 18 

B). The MFI of CD137+ T cells was higher compared to what was observed with supernatants of 

AsPC-1 WT. This points towards a stronger activation induced by soluble latent TGF-³ compared 

to an unknown ligand, potentially soluble CD66c, secreted by AsPC-1 WT cells. The presence 

and the concentration of soluble CD66c needs to be further evaluated, e.g. by CD66c ELISA. 

Different concentrations of soluble CD66c and latent TGF-³ may explain relative differences in 

activation when AdCAR T cells were co-cultured with supernatant of AsPC-1 WT and either aLAP 

or aCD66c.  

Importantly, neither killing of tumor nor sensing of soluble ligands was blocked by the presence 

of a second non-related adapter. Taken together, these results demonstrated that AdCAR T 

cells can, in one approach, be directed towards two different target moieties in vitro and inte-

grate antigenic simulation without detectable adverse inhibitory effects. 
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Figure 18: Activation of AdCAR T cells co-cultured in presence of supernatant of AsPC-1 WT or AsPC-1-TGF at
varying ratios of multiple adapter specificities.  

Primary human T cells were transduced for expression of AdCAR1 or AdCAR2. AdCAR T cells were either co-cul-
tured with supernatant of AsPC-1 WT (A) or supernatant of AsPC-1-TGF (B) for 24 h in presence of indicated ratios
of aLAP and aCD66c. MFI of CD137 on AdCAR T cells was analyzed. Data shown were obtained from n=3 healthy 
donors plotted with mean ± 1 SD. Statistical analysis was performed by Two-way ANOVA. Correction for multiple 
comparisons done with Holm-Sidak. Significance defined as: * pf0.05; ** pf0.01; *** pf0.001; **** pf0.0001. 
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5.3 Sensing soluble antigens with AdCAR T cells in vivo 

The previous results have shown that AdCAR T cells can be activated by soluble hLAP and latent 

TGF-³ in an adapter and ligand-dependent manner. In order to confirm this novel mechanistic 

concept in vivo, a PDAC xenograft tumor model was used to build on TGF-³ as soluble antigen 

as well as to ensure presence of an immunosuppressive TME by inoculating mice with TGF-³ 

over-expressing tumor cells. In this way, the conversion of an otherwise inhibitory signal into a 

pro-inflammatory signal was investigated. Human latent TGF-³ was chosen since this molecule 

can be present in soluble form and attached to the ECM. This makes it an ideal target to dis-

criminate effector function of AdCAR T cells induced via a soluble antigen or locally within the 

TME. 

5.3.1 Establishment of a latent TGF-³-secreting tumor model in NSG mice 

NSG mice were s.c. inoculated with three different doses of AsPC-1-TGF. The tumor growth as 

well as animal welfare were monitored over 30 days. Tumor growth was quantified by BLI meas-

urement and caliper (Figure 19 A-B). The genetically modified AsPC-1-TGF tumor engrafted 

similarly in all three cohorts. Animals showed palpable tumors in the flank at around day six. In 

the first two weeks after engraftment, tumors showed increase in size before reaching a plat-

eau. Growth rate as well as total tumor sizes were comparable across all groups. Animals 

showed no signs of toxicity during tumor engraftment. Mice showed either weight gain when 

s.c. injected with 1x106 and 5x106 cells or stable body weight when s.c. injected with 1x107 cells 

(Figure 19 C). Any signs of toxicity were absent in the course of the study. On day 30, the 

amount of latent TGF-³ was analyzed in sera as an indicator for the presence of the soluble 

target for subsequent in vivo studies (Figure 20 A). In all cohorts, latent TGF-³ was detectable 

in soluble form by ELISA. The concentration of latent TGF-³ in animal sera was approx. 

10 µg/mL. In the context of this work, the characterization of the TME created by AsPC-1-TGF 

is of particular interest, especially the localization of latent TGF-³. The spatial distribution of 

latent TGF-³ locally within the TME was assessed via immunofluorescent imaging of tumor tis-

sue. As seen in human ovarian cancer tissue (Figure 8), latent TGF-³ was present in the TME 

and associated with EpCAM+ AsPC-1-TGF tumors (Figure 20 B-C). The tumors formed a TME 

rich in fibronectin which showed to some extend an overlap in expression with latent TGF-³. 

The vascularization was assessed via staining for CD31 as an endothelial marker. Tumors 

showed low CD31 expression indicating a lack of functional vasculature within the solid tumor 

mass. 
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Figure 19: Tumor growth kinetic of AsPC-1-TGF in NSG mice. 

AsPC-1-TGF were s.c injected into five NSG mice per cohort. Tumor formation of AsPC-1-TGF was analyzed by (A) 
BLI imaging and (B) caliper measurement. (C) Weight changes over time during tumor establishment. Data shown
are plotted as mean with standard error of the mean (SEM). 
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Figure 20: Localization of latent TGF-³ in AsPC-1-TGF tumor-bearing mice. 

(A) At day 30 after s.c. inoculation of NSG mice with three different doses of AsPC-1-TGF blood was collected from
the vena facialis and presence of latent TGF-³ was analyzed via ELISA. Data shown were obtained from n=5 NSG 
mice with median values plotted as dashed lines. The co-localization of LAP (red) with (B) EpCAM+ AsPC-1-TGF 
tumor cells (green) and (C) fibronectin (green) as a stroma marker was analyzed by immunofluorescence imaging. 
Scale bar indicates 150 µm. 
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5.3.2 Targeting human latent TGF-³ with AdCAR T cells is tolerated by NSG mice 

Potential toxicities of AdCAR T cells targeting human latent TGF-³ were investigated in NSG 

mice in absence of tumor cells but in presence of soluble latent TGF-³. Therefore, human T cells 

were transduced for AdCAR1 expression. The CAR expression was analyzed prior to injection by 

flow cytometry. AdCAR1 was expressed in 60.64 % of the cells. The functionality of the AdCAR1 

T cells was confirmed in vitro at day ten before the cells were injected into mice. In presence 

of aLAP and AsPC-1-TGF, AdCAR1 T cells showed elevated CD137 expression and IFN-³ secretion 

confirming an adapter- and target-dependent activation in vitro (Figure 21 A-B).  

Therefore, the functionality-controlled cellular product was considered as suitable for toxicity 

assessment. On day minus four, mice were i.p. injected with 10 mg human IVIG (LOT1). The 

human IVIG fulfilled two functions: (1) it saturated Fc-receptor binding sites that may function 

as a sink for the aLAP and (2) it contained soluble human latent TGF-³ (Figure 22). 

A B 

Figure 21: In vitro functionality of AdCAR1 T cells used for toxicity study. 

AdCAR1 T cells and AsPC-1-TGF were co-cultured in presence or absence of 100 ng/mL aLAP. (A) Activation marker 
and (B) cytokine secretion were analyzed 24 h later and confirmed functionality of AdCAR1 T cells used for toxicity 
study. Values measured in duplicates. Mean is plotted with ± 1SD. 

Figure 22: Concentration of soluble latent TGF-³ in human IVIG. 

Quantification of latent TGF-³ in human IVIG was done via ELISA. Two different LOTs from the same supplier were 
tested. LOT1 was tested after freeze and thaw and LOT2 directly after reconstitution.  
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In case of any toxicities, the injection of both the adapter and the target could be withdrawn to 

distinguish between off target toxicity, e.g. due to unspecific AdCAR binding and toxicity caused 

by using latent TGF-³ as a CAR antigen. On day minus one, animals were i.p. injected with either 

230 µg/mL or 25 µg/mL aLAP. On day zero, 1x107 AdCAR1 T cells per mouse were i.v. injected. 

The weight change and animal score were monitored over 13 days as a metric for toxicity in-

duced by AdCAR T cells in combination with aLAP (Figure 23 A-B).  

In both cohorts, the mice9 weight stayed mostly stable during the study. No indications of se-

vere toxicities were observed as reflected by the animals9 score. The highest score (5, weight 

loss 5 % to 10 %) was reached in the cohort treated with 230 µg/mL aLAP between day one and 

six. The higher animal score in the cohort treated with 230 µg/mL might indicate a latent TGF-

³-triggered stimulation of AdCAR1 T cells. As for the in vitro studies, aLAP was tagged with mul-

tiple biotins and thus aLAP is possibly able to induce AdCAR cross-linking in absence of soluble 

antigen. 

  

A B 

Figure 23: Assessment of aLAP-mediated toxicity in mice treated with AdCAR1 T cells in presence of soluble latent 
TGF-³. 

(A) Weight change over time of NSG mice supplemented with latent TGF-³ and treated with AdCAR1 T cells plus 
230 µg/mL or 25 µ/mL aLAP. Each dot represents an individual animal. (B) Animal score over time for 230 µg/mL
or 25 µg/mL aLAP-receiving cohorts as a metric for animal well-being. Animal score represents body condition, 
general condition, animal activity and study specific criteria. A score of 20 marks the abortion of the study. Each 
dot represents one animal. Median values shown as dashed lines. 
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For a more comprehensive understanding of potential aLAP-induced AdCAR1 T cell activation 

in absence of membrane-bound target, the IFN-³ level in sera was monitored throughout the 

course of the study (Figure 24). On day one and three, approx. 1200 pg/mL IFN-³ in sera were 

detected in the cohort that received the high aLAP dose (230 µg/mL) compared to approx. 

800 µg/mL IFN-³ in the cohort that received the low aLAP dose (25 µg/mL). On day three, the 

cytokine levels were significantly higher in the 230 µg/mL aLAP cohort compared to the low 

aLAP dose. It should be noted that due to technical issues, only two animals were analyzed on 

day three in the 25 µg/mL cohort which impacts the power of the statistical analysis. On day 

ten, almost no cytokines were detected in both groups. 

Furthermore, the aLAP-induced activation of AdCAR1 T cells was quantified in different tissues 

by CD137 expression analysis ex vivo (Figure 25). To this end, AdCAR1 T cells were isolated from 

blood, bone marrow (BM) and spleen of recipient mice. The frequency of CD137+ cells was 

compared between mock T cells (LNGFR-) and CAR-expressing T cells (LNGFR+) to discriminate 

between activation induced by the environment and by aLAP. In none of the cohorts, a signifi-

cant difference in CD137 expression was observed between LNGFR- and LNGFR+ cells. However, 

although not significant, a higher frequency of CD137+ cells was detected in blood of animals 

that received 230 µg/mL aLAP.  

Figure 24: IFN-³ levels in mice treated with AdCAR1 T cells and aLAP in presence of soluble latent TGF-³. 

Cytokine levels were determined at day one, day three and day ten after AdCAR1 T cell infusion. Each dot repre-
sents one animal. Median values are plotted as dashed lines. Statistical analysis was performed by Two-way 
ANOVA. Correction for multiple comparisons done with Holm-Sidak. Significance defined as: * pf0.05; ** pf0.01; 
*** pf0.001; **** pf0.0001. 
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These results demonstrated that tumor-free NSG mice tolerated the infusion of AdCAR1 T cells 

and aLAP. No signs of toxicity were observed even at high doses of the adapter molecule. Cy-

tokine secretion was observed at both adapter doses tested indicating adapter-induced signal-

ing of the CAR construct in presence of soluble latent TGF-³. The activation could be either 

caused by crosslinking of CAR molecules via the tagged adapter or tonic signaling of the AdCARs. 

To exclude an activation that is triggered by tonic signaling control cohorts without adapter 

were included in next experiments. 

  

Figure 25: Ex vivo analysis of CD137 expression on mock T cells and AdCAR1 T cells in presence of latent TGF-³ and 
aLAP. 

CD137 expression was analyzed on day 13 in blood, bone marrow and spleen of NSG mice. Animals were supple-
mented with latent TGF-³ and received AdCAR1 T cells at day zero plus aLAP at days minus one, three, six and 
nine. Each dot represents an individual animal and medians are represented as dashed lines.  
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5.3.3 Sensing of latent TGF-³ with AdCAR T cells induces rapid stimulation of pro-

inflammatory cytokine secretion in vivo 

The main objectives of this study were to investigate whether AdCAR T cells can be stimulated 

by soluble TME-related antigens and to identify differentially induced effector functions when 

targeting a TAA compared to a soluble antigen in vivo. The previously established AsPC-1-TGF 

tumor model was used and combined with AdCAR1 CAR T cells for targeting tumor cell-secreted 

latent TGF-³ by aLAP. NSG mice were s.c. inoculated with AsPC-1-TGF and randomized before 

AdCAR1 T cells were injected at day zero. Mice were i.p. injected with three different doses 

(200 µg, 25 µg or 0 µg) of aLAP at day minus one and then injected twice a week with adapter. 

As a reference an established CD66c S CAR215 was tested in the same tumor model (Figure 26 

A). The CAR expression and CD4:CD8 ratio were analyzed prior to injection by flow cytometry. 

AdCAR1 was expressed in 64.22 % of the cells and CD66c S CAR was expressed in 70.04 % of 

the cells. The CD4:CD8 ratio was comparable between both cellular products (AdCAR1: 69.34 % 

CD4+, 21.42 % CD8+; CD66c S CAR: 67.45 % CD4+, 22.27 % CD8+). The CD66c S CAR showed 

transient reduction of tumor until day seven, indicating its functionality. However, the tumor 

reduction was followed by tumor outgrowth (Figure 26 B). BLI measurement revealed no tumor 

control in animals treated with AdCAR1 T cells and aLAP. Based on these observations, it was 

unclear whether AdCAR1 T cells were activated locally in the TME by ECM-attached latent TGF-

³ as no anti-tumor effect was observed. To analyze activation of AdCAR T cells via soluble latent 

TGF-³ present in sera of tumor-bearing mice, cytokine levels were measured on day four (Fig-

ure 26 C). Animals treated with 200 µg aLAP showed significantly higher IFN-³ secretion com-

pared to cohorts treated with 25 µg aLAP or no aLAP. Surprisingly, the CD66c S CAR T cells 

produced less IFN-³ in contrast to the AdCAR1 T cells in presence of 200 µg aLAP, although 

CD66c S CAR T cells showed a transient anti-tumor effect. In accordance with the observations 

made in the AdCAR toxicity study, the AdCAR T cells secreted cytokines also in absence of 

adapter. The background cytokine level was higher than the cytokine level of the CAR.  

Taken together these results demonstrated a soluble tumor cell-derived antigen-induced rapid 

activation of AdCAR1 T cells. This activation was characterized by secretion of pro-inflammatory 

IFN-³. The stimulation of cytokine secretion by AdCAR1 T cells was faster compared to a CAR 

pointing towards different sites of activation. AdCAR1 T cells may encounter the soluble target 

already in the peripheral blood, as the soluble form of latent TGF-³ is present in sera of AsPC-

1-TGF tumor inoculated mice. In contrast, the CD66c S CAR expressing T cells require migration 

to the tumor site to allow antigen-induced CAR activation. 
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Figure 26: Treatment of AsPC-1-TGF tumor-bearing mice with AdCAR1 T cells and aLAP or CD66c S CAR T cells. 

(A) Schematic representation of the study design to assess soluble antigen-induced AdCAR T cell activation in AsPC-
1-TGF tumor-bearing NSG mice. (B) Tumor growth was analyzed by BLI imaging quantifying the median photon 
flux. Six mice were analyzed per cohort. (C) Cytokine levels in sera were determined at day four after AdCAR1 T 
cell infusion. At each time point the blood of at least three animals was analyzed. Median values are plotted as 
dashed lines. Statistical analysis was performed by One-way ANOVA. Correction for multiple comparisons done 
with Holm-Sidak. Significance defined as: * pf0.05; ** pf0.01; *** pf0.001; **** pf0.0001. Illustrations were 
created with BioRender.com. 
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5.3.4 Sensing of latent TGF-³ with AdCAR T cells induces systemic activation of CAR T cells in 

vivo 

To verify that AdCAR T cells were indeed systemically stimulated by soluble latent TGF-³ in vivo, 

the expansion of CD8+ AdCAR T cells of the previously described in vivo study (5.3.3) was ana-

lyzed ex vivo. Spleens and tumor tissues were isolated and dissociated (Figure 27 A). The fre-

quency of CD4+ and CD8+ AdCAR1 T cells was quantified by flow cytometry and the frequency 

of CD8+ CAR T cells was considered as being indicative for antigen-dependent stimulation of 

AdCAR1 T cells. In contrast to CAR T cells and AdCAR1 T cells without aLAP, a significant shift of 

the CD4:CD8 ratio towards CD8+ AdCAR1 T cells in spleens was observed for AdCAR1 T cells plus 

200 µg aLAP treated cohorts. In tumor tissue however, this shift was exclusively seen in cohorts 

treated with the CD66c S CAR.  

Additionally, tumor tissue sections were analyzed by immunohistochemistry to further under-

stand the spatial distribution of CAR T cells within the tumor (Figure 27 B). CD66c S CAR T cells 

were found to penetrate the EpCAM+ and LAP-expressing tumor areas. CD8+ CAR T cells were 

found to be more abundant in this cohort, which is in line with the flow cytometry data. In 

cohorts treated with 200 µg aLAP, AdCAR1 T cells were found especially in the peritumor. In 

absence of aLAP only few AdCAR1 T cells were found in the tumor area. In any case, AdCAR1 T 

cells did not infiltrate the tumor as it was observed for the CAR T cells. These data supported 

the finding that AdCAR1 T cells targeting soluble latent TGF-³ were already stimulated before 

reaching the tumor site due to the systemic availability of their target antigen. In contrast, the 

TAA-directed CAR T cells need to reach the tumor to become activated. This mechanistic dif-

ference between CD66c-directed CAR T cells and soluble antigen-directed AdCAR1 T cells may 

was responsible for their divergent migration pattern at the tumor site.  
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Figure 27: CD8 frequency and tumor infiltration of CAR T cells in AsPC-1-TGF tumor-bearing mice treated with
AdCAR1 T cells plus aLAP or CD66c S CAR T cells. 

(A) Ex vivo analysis of the expansion of CD8+ CAR T cells in AsPC-1-TGF tumor-bearing NSG mice. (B) T cell infiltra-
tion and CD4:CD8 ratio was analyzed by immunofluorescence of AsPC-1-TGF tumor sections. Consecutive tissue 
slices from the same animal are depicted for each treatment cohort. Images were taken with 10x magnification. 
Scale bars indicate 150 µm. Each dot presents one animal. Median values are plotted as solid lines. Statistical 
analysis was performed by Two-way ANOVA. Correction for multiple comparisons done with Holm-Sidak. Signifi-
cance defined as: * pf0.05; ** pf0.01; *** pf0.001; **** pf0.0001. 
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5.3.5 Combined sensing of latent TGF-³ with AdCAR T cells and targeting a TAA with CAR T 

cells in trans does not interfere with anti-tumor efficacy 

To assess if the anti-tumor efficacy of a CD66c-directed CAR can be improved in the AsPC-1-

TGF tumor model, and to examine a potential beneficial effect of soluble antigen targeting by 

AdCAR T cells, CD66c XS CAR T cells were co-infused with AdCAR1 T cells. In this way, the early 

induction of pro-inflammatory cytokine secretion induced by targeting a soluble antigen was 

aimed to be verified in presence of the XS CAR specific for CD66c. In contrast to the previously 

tested CD66c S CAR, the XS CAR contained a shorter hinge domain (XS). It was shown previously 

by Schaefer et al. that the CD66c XS CAR was outperforming the CD66c S CAR in a pancreatic 

tumor model215. The incorporation of the XS CAR into the experimental set-up also allowed to 

investigate whether the comparably high level of TGF-³ in the AsPC-1-TGF model is suppressing 

the cytotoxicity of CAR T cells. Therefore, combined TAA targeting and soluble antigen sensing 

was tested in AsPC-1-TGF tumor-bearing mice (Figure 28 A) and AsPC-1 WT tumor-bearing mice 

supplemented with human soluble latent TGF-³-containing IVIG (Figure 28 D). In the latter 

model, mice were i.p. injected with 10 mg of human IVIG one day before CAR T cell injection. 

To control for potential AdCAR1 T cell activation induced only by aLAP, all control groups re-

ceived a control adapter conjugated to multiple LLE moieties comparable to aLAP. The CAR 

expression and CD4:CD8 ratio were analyzed prior to injection by flow cytometry. AdCAR1 was 

expressed in 52.81 % of the cells and CD66c XS CAR was expressed in 58.94 % of the cells. The 

CD4:CD8 ratio was comparable between both cellular products (AdCAR1: 45.38 % CD4+, 

50.62 % CD8+; CD66c XS CAR: 45.79 % CD4+, 49.66 % CD8+) 

In the AsPC-1-TGF tumor-bearing mice, the combination of CD66c XS CAR T cells with AdCAR1 

T cells did not induce tumor eradication neither in presence or absence of aLAP (Figure 28 B). 

Nevertheless, animals that have been treated with aLAP clearly showed higher levels of IFN-³ 

in sera on day four compared to controls (Figure 28 C). These results supported the previous 

finding that AdCAR1 T cells convert the soluble latent TGF-³ into a pro-inflammatory stimulus 

in presence of a specific adapter molecule.  

In comparison, in the AsPC-1 WT tumor-bearing mice supplemented with human latent TGF-³, 

the combination of CD66c XS CAR T cells with the AdCAR1 T cells induced tumor clearance both 

in absence and presence of aLAP (Figure 28 E). Tumor eradication started on day seven inde-

pendently of the presence of aLAP. The killing kinetics were comparable between both cohorts. 

It should be noted that one animal in the aLAP-treated cohort showed tumor outgrowth after 

initial tumor control, whereas in the cohort without aLAP the tumor was cleared in all animals. 

The IFN-³ levels on day four were significantly higher in presence of aLAP confirming activation 

of AdCAR T cells by exogenously added soluble latent TGF-³ (Figure 28 F).  
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Figure 28: Treatment of AsPC-1-TGF- or AsPC-1 WT tumor-bearing mice with AdCAR1 T cells and CD66c xs CAR T 
cells in presence of aLAP. 

Schematic representation of the study design to assess soluble antigen sensing and targeting a TAA in (A) AsPC-1-
TGF tumor-bearing mice or (D) AsPC-1 WT tumor-bearing mice. Tumor growth of (B) AsPC-1-TGF and (E) AsPC-1 
WT was analyzed by BLI imaging. Photon flux per second in presence of aLAP (black line: median; grey line: indi-
vidual animals) or absence of aLAP (orange line: median; light orange line: individual animals) is plotted. Cytokine 
levels were determined of (C) AsPC-1-TGF tumor-bearing mice or (F) AsPC-1 WT tumor-bearing mice at day four
after T cell infusion. Each dot represents one animal. Dashed lines represent median values. Statistical analysis 
was performed with unpaired two tailed t-test. Significance defined as: * pf0.05; ** pf0.01; *** pf0.001; **** 
pf0.0001. Illustrations were created with BioRender.com. 
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A comparison of the IFN-³ concentration between the AsPC-1-TGF and the AsPC-1 WT model 

supplemented with the soluble ligand showed higher cytokine secretion in the AsPc-1 WT 

model. This finding as well as the lack of anti-tumor efficacy observed in the AsPC-1-TGF model 

suggests that TGF-³ was acting as a strong immunosuppressor in the AsPC-1-TGF tumor bearing 

mice. Surprisingly, the AdCAR1 T cells were still able to convert a soluble ligand into a pro-

inflammatory stimulus. To get a better understanding of soluble target concentrations in both 

animal models, the levels of latent TGF-³ in sera were analyzed by ELISA. Serum samples were 

collected five days after i.p. injection of IVIG-containing latent TGF-³. In sera of animals inocu-

lated with AsPC-1 WT supplemented with latent TGF-³, no latent TGF-³ was detected five days 

after first IVIG injection. In contrast, sera of animals bearing AsPC-1-TGF tumors contained ap-

prox. 200 ng/mL to 700 ng/mL of endogenously, tumor-secreted soluble latent TGF-³ (Figure 

29). This difference in systemic latent TGF-³ concentrations may explain the difference in anti-

tumor efficacy in both models.  

Overall these data indicated no reduction in anti-tumor efficacy when AdCAR1 T cells and CAR 

T cells were combined to target different antigens. Based on the BLI measurement, the systemic 

activation of AdCAR1 T cells did not counteract local activation of CAR T cells in trans. The sol-

uble antigen-mediated systemic activation and subsequent release of IFN-³ was confirmed. Alt-

hough the CD66c XS CAR induced tumor reduction, a faster induction of IFN-³ release in de-

pendency of aLAP indicated AdCAR stimulation by the soluble ligand. This showed that the pre-

viously observed differences in activation between CAR T cells and AdCAR T cells were not due 

to a nonfunctional CD66c CAR construct. 

 

Figure 29: Concentration of soluble latent TGF-³ in sera of AsPC-1-TGF or AsPC-1 WT-bearing mice. 

Latent TGF-³ quantified in sera of mice was sampled four days after T cell injection. Each dot represents one 
animal. Dashed lines represent median values. 
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5.3.6 Endogenous immune cells enhance sensing of latent TGF-³ and anti-tumor efficacy of 

AdCAR T cells in an immunosuppressive tumor model 

One objective of this work was to demonstrate the feasibility of simultaneous targeting of a 

soluble ligand and a TAA with the same AdCAR. Within the TME of AsPC-1-TGF tumors, the 

presence of latent TGF-³ has been shown previously (5.3.1). In principle, AdCAR T cells can bind 

both latent TGF-³ and CD66c within the TME, when adapters for these targets are infused. This 

might result in synergies in controlling tumor growth. Local latent TGF-³ might serve as an an-

tigen for AdCAR T cells to destruct the TME in addition to tumor eradication via the TAA CD66c. 

However, the AsPC-1-TGF tumor model is challenging for CAR T cells as in all previous in vivo 

experiments the AsPC-1-TGF tumor model was shown to be very resistant to CAR T cell-induced 

killing. CD66c specific CAR T cells did only induce a transient control of AsPC-1-TGF tumors. 

Therefore, further improvement was needed to enhance therapeutic outcome in this highly 

immunosuppressive model. 

To investigate whether a potential engagement of immune cells in addition to AdCAR T cells 

could lead to an improved anti-tumor response in such an immunosuppressive environment, 

AdCAR T cells were co-infused with autologous PBMCs. The importance of endogenous immune 

cells has been studied previously for targeting the TME of solid cancer with CAR T cells65,217. In 

contrast, the treatment strategy presented in this work allowed to combine two different Ad-

CAR-related modes of action. First, the targeting of a TAA and second, the novel sensing of a 

soluble ligand. Thus, mice were i.p. injected with either aCD66c or with a combination of 

aCD66c plus aLAP (Figure 30 A). Deviating from previous in vivo studies, T cells were transduced 

to express AdCAR2. Based on the previous observation that AdCAR2 showed higher tumor cell 

lysis at lower concentrations of aCD66c and simultaneously higher aLAP concentrations in vitro, 

this construct was used for in vivo testing here. The CAR expression and CD4:CD8 ratio were 

analyzed prior to injection by flow cytometry. AdCAR2 was expressed in 84.71 % of the cells. 

The cellular product was composed of 67.11 % CD4+ cells and 24.31 % CD8+ cells. 

When AdCAR2 T cells were given in combination with autologous PBMCs reduction of tumors 

was observed in presence of aCD66c or aCD66c plus aLAP on day 18, whereas all other cohorts 

showed a progression of tumor growth (Figure 30 B). After day 18, in all cohorts, progression 

of tumor growth was observed. Nevertheless, AsPC-1-TGF tumor burden was significantly re-

duced in reconstituted mice treated with AdCAR2 T cells in combination with aCD66c or aCD66c 

plus aLAP at the endpoint on day 25. Interestingly, the anti-tumor effect was lost in absence of 

autologous PBMCs. In absence of PBMCs, the combinatorial targeting of soluble latent TGF-³ 

and CD66c resulted in a higher tumor burden compared to animals treated with aCD66c alone.  

As in previous experiments, the release of IFN-³ on day four was used as a readout for soluble 

antigen-induced AdCAR T cell activation (Figure 30 C). The combination of aCD66c and aLAP led 
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to higher IFN-³ secretion compared to mice treated with aCD66c alone. Furthermore, the pres-

ence of autologous PBMCs enhanced IFN-³ production. Co-injection of AdCAR2 T cells and 

PBMCs induced significantly higher IFN-³ levels in cohorts treated with both adapter molecules. 

Surprisingly, this effect was observed in absence of adapter molecules as well, but was not seen 

in mice injected only with aCD66c. The unexpected high levels of IFN-³ in absence of adapter 

may indicated tonic signaling of the AdCAR2 construct as the cytokine secretion was suppressed 

in presence of aCD66c. In addition, it was observed that PBMC injection alone did not result in 

elevated IFN-³ production highlighting the importance of the mutual dependency between Ad-

CAR2 T cells and PBMCs to boost pro-inflammatory cytokine secretion. Conclusively, AdCAR2 T 

cells were able to sense a soluble ligand and induced tumor cell killing simultaneously. For the 

first time AdCAR2 T cells controlled the tumor growth partially in the immunosuppressive AsPC-

1-TGF model. In the same experimental setting, AdCAR2 T cells also responded to a soluble 

ligand. Most importantly, the sensing of a soluble ligand did not counteract the cytolytic poten-

tial of AdCAR2 T cells targeting a TAA. Overall, the enhanced anti-tumor effect can be attributed 

to the co-administration of PBMCs. Both the tumor control and the cytokine secretion were 

strengthened in this reconstituted model.  

Figure 30: Treatment of AsPC-1-TGF tumor-bearing mice with autologous PBMCs and AdCAR2 T cells in presence 
of aLAP plus aCD66c. 

(A) Schematic representation of the study design to investigate AdCAR2 T cell treatment combined with co-ad-
ministration of autologous PBMCs in AsPC-1 TGF-³ tumor bearing NSG mice. (B) Tumor growth of AsPC-1-TGF was 
analyzed by BLI imaging. At least five mice were analyzed per cohort and median values of photon flux are plotted.
(C) Quantifications of IFN-³ levels in sera are shown. Blood was drawn at day four. Each dot represents one animal. 
dashed lines represent median values. Statistical analysis was performed with (B) Two-way ANOVA or (C) ordinary 
one-way ANOVA. Correction for multiple comparisons was done by Holm-Sidak correction. Significance defined 
as: * pf0.05; ** pf0.01; *** pf0.001; **** pf0.0001. Illustrations were created with BioRender.com. 
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5.3.7 Endogenous immune cells enhance proliferation and tumor infiltration of AdCAR T 

cells in an immunosuppressive tumor model 

In addition to impacts on tumor growth and cytokine production as effector mechanisms of 

AdCAR2 T cells (5.3.6), the proportion of human cells infiltrating the spleen and the tumor tis-

sue was assessed ex vivo at day 25 (Figure 31 A-B). In spleens and tumors, the co-administration 

of PBMCs together with AdCAR2 T cells led to higher frequencies of human immune cells com-

pared to mice which did not receive autologous PBMCs. However, the increase of CD45+ cells 

was not adapter-dependent and the highest levels of CD45+ cells were found in spleens in ab-

sence of adapter. In contrast, mice treated with a combination of aLAP and aCD66c showed 

lowest frequencies of CD45+ cells in the spleens amongst PBMC reconstituted cohorts. Almost 

no CD45+ cells were detected in cohorts treated with PBMCs in absence of AdCAR2 T cells. In 

tumor tissue, the overall levels of CD45+ cells showed no significant differences between all 

reconstituted cohorts, irrespective of the adapter molecule administered. As observed in the 

spleens, the frequency of CD45+ cells was higher in tumor tissue when AdCAR2 T cells and 

PBMCs were combined independent of the adapter administration. In comparison to spleens, 

the frequency of immune cells was approx. two to three times lower in the tumors indicating 

good engraftment of cells but low tumor infiltration. 

To further characterize the effects of autologous PBMCs on AdCAR2 T cells in the immunosup-

pressive environment of AsPC-1-TGF tumors, the detailed immune cell composition was ana-

lyzed in spleens and tumor tissues of cohorts co-injected with PBMCs (Figure 31 C). The immune 

cell composition was analyzed by flow cytometry (Table 10). Both in spleens and tumor tissues, 

T cells represented the majority of immune cells followed by NKT cells. In spleens, the propor-

tion of T cells was increased when mice received both adapter molecules. In contrast to tumor 

tissues, B cells were found in spleens. Interestingly, the highest frequency of B cells was present 

in absence of any adapter and the lowest frequency was found in presence of aCD66c and aLAP. 

This shift in immune cell composition towards T cells may indicate antigen-induced T cell acti-

vation. 
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To support this assumption, the CD8 frequency of T cells in spleens and tumors was analyzed 

as an indicator for adapter-mediated AdCAR2 activation (Figure 32 A). In spleens, a significantly 

higher frequency of CD8+ T cells was found in animals treated with aLAP and aCD66c compared 

to aCD66c treatment or in absence of adapter molecules. This finding might have been caused 

by the systemically present soluble latent TGF-³. In the tumor tissue the, frequency of CD8+ T 

cells was comparable between cohorts injected with aCD66c or a combination of both adapt-

ers. Both cohorts showed significantly more cytotoxic T cells compared to absence of adapter.  

Although T cells were stimulated in an adapter- and antigen-dependent manner no complete 

tumor control was observed. One explanation for this could be the exhaustion of T cells due to 

chronic antigen stimulation. To further analyze exhaustion, CD279 (PD-1), CD366 (TIM3) and 

CD223 (LAG3) expression on T cells isolated from spleens or tumor tissues were analyzed by 

flow cytometry (Figure 32 B). The tumor-infiltrating lymphocytes showed high levels of T cells 

Figure 31: Immune cell engraftment and immune cell composition in AsPC-1-TGF tumor-bearing mice treated with 
AdCAR2 T cells and autologous PBMCs in presence of aLAP plus aCD66c. 

Ex vivo analysis of viable CD45+ cells in (A) spleens and in (B) tumor tissues at day 25. Each dot represents one 
animal. Dashed lines represent median values. (C) Ex vivo analysis of immune cell compositions in spleens and 
tumor tissues. Statical analysis was performed with unpaired t-test, correction for multiple comparisons was done 
by Holm-Sidak correction. Significance defined as: * pf0.05; ** pf0.01; *** pf0.001; **** pf0.0001. 
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expressing PD-1, TIM3 and LAG3. Only a small fraction of T cells located in spleens showed this 

phenotype. The administration of adapters did not induce differences in the expression pat-

terns of analyzed exhaustion markers. This finding may explain the tumor outgrowth after the 

initial tumor reduction as T cells expressed markers indicative for dysfunctionality within the 

TME of AsPC-1-TGF tumors. 

These results showed that autologous PBMCs improve AdCAR2 T cell functionality by enhancing 

the engraftment of immune cells in an immunosuppressive TME that is rich in TGF-³. The sur-

vival of autologous PBMCs was dependent on the presence of AdCAR2 T cells as there was 

almost no engraftment seen in mice which only received PBMCs. In accordance with the cyto-

kine data presented previously (5.3.6) AdCAR2 T cells demonstrated activation in absence of 

adapter indicated by elevated levels of CD45+ cells both in spleens and in tumor tissues. Nev-

ertheless, the signature of CD8 expression revealed antigen-induced AdCAR2 T cell activation 

in presence of either the soluble antigen or the TAA. The monitored aLAP-dependent increase 

of CD8+ T cells in spleens confirmed that a soluble ligand was able to trigger cytotoxic T cell 

activation. 

  

Figure 32: CD8 frequency and exhaustion marker expression on T cells isolated from AsPC-1-TGF tumor-bearing 
mice treated with AdCAR2 T cells in presence of aLAP plus aCD66c. 

(A) Ex vivo analysis of viable CD8+ T cells was done by flow cytometry after immune cell isolation from spleens and
tumor tissues, respectively. (B) In addition, T cells were used for ex vivo analysis of exhaustion marker expression 
on T cells isolated from spleens as well as tumor tissues. Each dot represents one animal. Dashed lines represent 
median values. Statical analysis was performed with Two-way ANOVA. Correction for multiple comparisons was 
done with Holm-Sidak correction. Significance defined as: * pf0.05; ** pf0.01; *** pf0.001; **** pf0.0001. 
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5.3.8 Cytotoxic T cells show adapter-dependent accumulation in the peritumor 

In addition to the previously described flow cytometric analysis (5.3.7) the infiltration of T cells 

into the tumor was investigated by immunofluorescent imaging (Figure 33). In contrast to the 

ex vivo analysis of digested tumor material used for flow cytometry, this method adds spatial 

information on T cell penetration of the tumors. In this way, microscopy may provide a better 

understanding of possible limitations and hurdles with regard to incomplete tumor eradication. 

In absence of adapters, mostly CD4+ cells were found in the surroundings of the tumors. Only 

a minor fraction of cells was invading the tumor. In presence of either aCD66c or aCD66c plus 

aLAP mainly CD8+ T cells were detected prominently in the peritumor. Importantly, in these 

cohorts, the T cells showed invasion into the solid tumor mass as well, which was not seen in 

absence of adapter. Neither in the peritumor nor in the center of the tumor, aLAP altered the 

infiltration of T cells compared to treatment with aCD66c alone. The structure of the tumor 

tissue was comparable between cohorts treated with either aCD66c alone or both adapters. 

Based on this observation no structural changes in the stroma were observed.  

In summary, this analysis of tumor tissue by immunofluorescent imaging validated the results 

obtained by flow cytometry. Only in presence of adapter molecules an increase in CD8+ T cells 

was observed indicating an antigen-dependent activation. Based on the immunohistochemistry 

data it can be concluded that T cells attach to the tumor edge but the ability to invade the 

tumor mass appears to be limited. The limited amount of cells penetrating the tumor may ex-

plain incomplete tumor eradication.  

 

Data shown in figures 8-13, 15-18, 20 and 30-32 are part of a published manuscript218. 

Figure 33: T cell infiltration in tumors of AsPC1-TGF tumor-bearing mice treated with AdCAR2 T cells and autolo-
gous PBMCs in presence of aLAP plus aCD66c. 

The spatial distribution of T cells in AsPC-1-TGF tumors and surrounding tissue was analyzed by immunofluores-
cence imaging (CD8: red, CD4: blue, EpCAM: green). Tumor slices (8 µm) of cohorts injected with AdCAR T cells 
and autologous PBMCs were analyzed at the endpoint of the in vivo study. Images from the peritumors and the 
center of tumors are shown. Images were taken with 10x magnification. Scale bar represents 150 µm. 
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6. Discussion 

Soluble molecules, e.g. cytokines or chemokines play a central role in cancer progression by 

orchestrating the interplay of malignant and non-malignant cells within the TME. Despite of 

their importance, soluble molecules have been omitted as antigens for CAR T cells to elicit or 

support anti-tumor response. The feasibility to target soluble TGF-³ directly by CAR T cells was 

demonstrated recently216. Nevertheless, targeting a soluble antigen alone will most probably 

not be sufficient to elicit complete tumor eradication. An additional limitation of directly tar-

geting soluble antigens with CAR T cells is on-target off-tumor toxicity as soluble CAR ligands 

are not tumor confined. Therefore, a tight control is required when using soluble ligands as CAR 

antigens. In principle, the recently developed AdCAR technology would allow a controllable 

multiplexed targeting of different antigens, as shown for membrane bound antigens but not 

for soluble ligands87. The response of AdCAR T cells towards soluble ligands has not been de-

scribed so far. 

The data obtained within the presented study demonstrated that AdCAR T cells are sensitive 

for sensing soluble antigens in vitro and in vivo upon complexing the soluble ligand by an 

adapter molecule. The activation was dependent on the adapter and the antigen concentration 

and thus controllable. The concept of converting latent TGF-³, an immune-suppressive cytokine 

involved in a variety of solid cancers, into a pro-inflammatory trigger for AdCART cell activation 

was functional in vivo as well. Importantly, it could be combined with targeting a TAA employing 

the very same AdCAR T cell product. 

6.1 Latent TGF-³ is localized in the TME of ovarian tumors 

The TME of solid tumors is a complex structure composed of malignant and non-malignant 

cells. In addition to cellular components, soluble factors play a major role in shaping the im-

mune responses to cancer. TGF-³ is known as a potent inhibitor of T cell-mediated anti-tumor 

immune response219. Interestingly, TGF-³ is secreted and can be anchored to the ECM within 

the tumor stroma in its latent form220. Therefore, latent TGF-³ represents a potential target for 

CAR T cell therapy targeting the TME rather than the tumor itself. To decipher the spatial dis-

tribution of latent TGF-³ in human tumors and its co-localization with other cellular- or ECM-

components within the TME, human ovarian cancer tissue was analyzed with cyclic fluorescent 

imaging. This technique allowed to visualize the localization of latent TGF-³ within the TME and 

to quantify the co-expression of latent TGF-³ in relation to other surface markers on tumor and 

non-tumor tissue. Latent TGF-³ was found to be expressed in desmoplastic areas of human 

ovarian cancer. Within these areas it was co-localized with CD90 and CD49a. CD49a showed 

the highest correlation with LAP in the analyzed human ovarian cancer tissue. This integrin is 

binding to collagen in the ECM of malignant tissue. In ovarian cancer, CD49a expression was 
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reported and low CD49a expression was linked to drug resistance in ovarian cancer221. CD49a 

was also linked to other solid cancers, e.g. PDAC in which CD49a was necessary for chemother-

apy resistance of PDAC cells, cell attachment and spreading222. CD90, which showed the second 

highest correlation, is a fibroblast marker that can be found on CAFs223. The existence of CAFs 

in the stroma of ovarian cancer has been described previously112,224,225. CAFs are reported to 

enhance tumor invasiveness through direct cell-cell interactions or by secreting chemokines. 

For instance, CAF-derived CCL5 was reported to be a regulator of metastasis in ovarian can-

cer112,226. Overall, these reports highlight the relevance of CD90 and CD49a within the TME and 

support the cyclic fluorescent imaging data obtained in this work.  

The co-expression of LAP, as a surrogate for TGF-³, with CD90 and CD49a can be linked to bio-

logical processes that are mediated by TGF-³ in the TME. Ovarian cancer cells were reported 

to secret TGF-³ for active recruitment of CAFs. TGF-³ is reported to promote the conversion of 

mesothelial cells to myofibroblasts. After transitioning to this mesenchymal phenotype, CAFs 

contribute to ECM remodeling and cancer invasiveness by secreting, e.g. fibronectin227,228. In 

addition, CAFs themselves were reported to secrete TGF-³. CAF-derived TGF-³ was shown to 

be a potent mediator of ECM remodeling in ovarian cancer by inducing signaling cascades lead-

ing to MMP secretion229. Furthermore, an interplay of CD49a and TGF-³ was demonstrated as 

well. CD49a and TGF-³ response genes were found to be co-expressed in samples of pancreatic 

cancer patients, indicating functional relations of both proteins222. In TMEs rich of collagen, 

CD49a and TGF-³ were found to synergistically drive cancer progression and therapy re-

sistance222.  

 

In summary, these studies support the observed co-expression of LAP with CD90 and CD49a 

found in this work. Therefore, latent TGF-³ appears to be a potential target for directing AdCAR 

T cells to the TME and tumor stroma regions. 

Similar approaches were already tested successfully for CAR T cells by targeting a splice variant 

of fibronectin or the fibroblast activation protein (FAP) expressed by fibroblasts65,217. For fur-

ther validation of LAP expression and spatial distribution in human cancer tissue, the correla-

tion of known LAP binding partners e.g. LTPB, integrins or GARP should be included into, e.g. 

cyclic fluorescent imaging analysis 2303232. 

For the clinical translation of a therapeutic concept targeting the stroma rather than the tumor, 

one paradigm is to minimize on-target off-tumor toxicity. One way to achieve this is to target 

molecules which are predominately present in malignant stroma. However, based on the cyclic 

fluorescent imaging data shown here, LAP was also expressed in absence of tumor cells. For a 

comprehensive conclusion whether LAP is suitable to distinguish between tumor and non-tu-

mor tissue quantitative data rather than qualitative expression data would be required. In a 

study by Cao et al., clinical samples of gastric cancer patients showed high LAP expression in 
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the tumor, whereas less LAP expression was found in the peritumor. This study described LAP 

expression in gastric cancer as a suitable prognostic factor for patient survival and found evi-

dence for a correlation of high LAP expression and dysfunctional T cells233. The differential ex-

pression intensity further highlights the possibility to use LAP for discrimination between 

healthy and malignant tissue. Although LAP was found to be expressed in less desmoplastic 

regions of tumors as well, different expressions levels across a patient9s tissue may nonetheless 

be suitable to direct the cytotoxic activity of AdCAR T cells to the tumor area.  

In addition to its localization in the ECM, LAP was also found as a soluble protein circulating in 

the plasma of healthy subjects, demonstrating that latent TGF-³ can occur either ECM bound 

or as soluble protein circulating in the blood234. This is in accordance with observations within 

this work, since latent TGF-³ was detected in the supernatant of the glioblastoma cell line H4, 

the pancreatic tumor cell line AsPC-1-TGF and in the serum of mice inoculated with AsPC-1-

TGF.  

Besides its localization and prognostic relevance in the TME, the LAP TGF-³ complex is a rele-

vant target because it is involved in the regulation of the immune response. A central role of 

LAP is to control TGF-³ activity upon secretion since membrane tethering by LAP allows TGF-³ 

to signal either in an autocrine or paracrine manner231. In addition, TGF-³ independent func-

tionality was described. LAP acts as a chemoattractant for monocytes and showed anti-inflam-

matory response in a mouse model independently of TGF-³235. Furthermore, LAP was described 

as a chemoattractant for squamous carcinoma cells promoting cancer cell invasion236. The role 

of LAP as a chemoattractant is of particular interest as this implies that LAP can build a gradient 

which could be exploited for CAR T cell therapies to guide CAR T cells towards the tumor. Inter-

estingly, the process of squamous carcinoma cell invasion was inhibited by the soluble form of 

LAP, indicating differential modes of action depending on LAP being present in its ECM an-

chored or soluble form236. 

The significance of LAP as a suitable target moiety for CAR T cells is further supported by a study 

conducted by Gabriely et al. using an anti-LAP antibody to improve anti-tumor response in 

mouse tumor models237. The application of anti-LAP antibodies led to a reduction of tumor 

growth in different immunocompetent mouse tumor models, e.g. melanoma, orthotopic glio-

blastoma and orthotopic colorectal cancer237. Mechanistically, the authors found a reduction 

of CD103+ tolerogenic T cells, Tregs and immature immunosuppressive LAP+ DCs 237,238. This 

study highlights that LAP is suitable to target a diverse set of immunosuppressive cell types 

commonly found in the TME of various cancers.  

The conclusive assessment of latent TGF-³ as a CAR target is complex and involves numerous 

aspects. Latent TGF-³ is either contributing or actively promoting a variety of processes in-

volved in immune evasion of tumor cells, which argues for latent TGF-³ being a relevant target 

to treat cancer. This is further supported by first promising results obtained in mouse models 
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targeting LAP by mAb therapy. The most critical point to keep in mind when latent TGF-³ is 

considered as a CAR target is its localization. Although LAP can be found in the TME of solid 

cancers and shows a prognostic relevance, it is not exclusively tumor confined, especially as it 

is present as a soluble molecule. Therefore, potential on-target off-tumor toxicities need to be 

evaluated in future studies. However, the presence of latent TGF-³, as both membrane-bound 

and soluble molecule distinguishes this cytokine complex from other antigens to target the TME 

by CAR T cells. Utilizing this soluble antigen thus may improve CAR T cell therapy for solid tu-

mors216. 

6.2 AdCAR T cells are activated by soluble antigens and effector responses are 

tunable by both adapter and antigen dose  

CAR T cells were initially designed to directly recognize antigens expressed on the surface of 

cells for targeted killing of malignant cells, independent of HLA presented antigens. Typically, 

the specificity of a CAR is mediated by an extracellular scFv coupled to intracellular signaling 

molecules which are derived from the endogenous T cell activation cascade59. In the study pre-

sented here, T cells were engineered to express an AdCAR specific for LC-LC biotin. In contrast 

to a conventional CAR, the AdCAR does not directly bind to its targeted molecule but to the tag 

of an adapter, e.g. antibodies or fragments thereof. Hence, only in combination with an adapter 

molecule the CAR will be able to bind to its target and induce T cell effector function. Indeed, 

the data obtained within the presented study demonstrated that soluble hLAP and soluble la-

tent TGF-³ in presence of a tagged IgG1 adapter molecule do trigger AdCAR T cell phenotypic 

activation and cytokine secretion. Importantly, this response was dependent on the adapter as 

well as on the soluble ligand concentration.  

In the past, the effect of soluble ligands on engineered T cells was mainly investigated with a 

focus on potential inhibitory effects on T cells. For instance, it was reported that soluble CD30, 

CEA, Lewis-Y or CEA do not inhibit the anti-tumor effect of T cells specific for the respective 

membrane bound antigen2393241. Soluble BCMA was described not to limit expansion or anti-

tumor effect in vivo. However, Pont et al. described reduced cytokine secretion of CAR T cells 

in presence of soluble BCMA242,243. In addition, anti-Glypican-3 CAR T cells showed reduced 

anti-tumor response in a hepatocellular carcinoma secreting the soluble target antigen244. In 

this light, the seminal work of Chang et al. opened up an entirely new perspective for soluble 

CAR targets. The authors demonstrated that CAR T cells can be engineered to respond to solu-

ble ligands and convert per se inhibitory signals, e.g. TGF-³, into stimulatory cues of T cell ef-

fector functions216,245. As a pre-requisite, the soluble antigen needed to complex at least two 

CAR molecules, subsequently leading to intracellular activation of the CAR downstream signal-

ing cascade216. 
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To meet the criteria of CAR complexation upon soluble antigen sensing with AdCAR T cells, a 

homodimeric soluble antigen and an adapter with multiple tags were used in this study. Both 

LAP and latent TGF-³ are homodimers. Therefore, one antigen molecule can form a complex 

with two adapter molecules and subsequently crosslink at least two CAR molecules to induce 

downstream signaling. However, not all antigens that might appear attractive in the future to 

target within the TME do form homodimers. In this case, AdCARs would be advantageous com-

pared to a conventional CAR approach because crosslinking of CARs with proteins not forming 

homodimers would require the expression of two CARs with different specificities. This would 

mean a more labor intensive CAR T cell transduction and higher production costs, whereas Ad-

CAR T cells can target multiple antigens by applying different imparting adapters87. In addition, 

the mode of operation of an AdCAR does further support multimerization of CAR molecules on 

T cells surface through multivalency of the adapter and multiple tags conjugated to one 

adapter. Due to the multivalency of the IgG1-derived adapter molecule, one CAR engages two 

antigens. In combination with a homodimeric target, this enables a concatenation of CARs on 

the T cell surface. As the adapter molecules used in the presented study contained multiple 

binding sites, it can be assumed that this contributes to CAR multimerization as well. In sum, 

AdCARs have advantages in terms of dimerization by soluble antigens compared to a CAR ap-

proach.  

One important characteristic to consider is the sensitivity at which the soluble antigen-CAR-

complex induces intracellular signaling. Although AdCAR T cells tested in this work sensed anti-

gens in a dose dependent manner, the sensitivity towards latent TGF-³ was clearly lower than 

the sensitivity of the conventional CAR to TGF-³. The AdCAR was activated from 2 µg/mL to 

193 µg/mL latent TGF-³, whereas the CAR detected TGF-³ at concentration approx. one log 

scale lower216. Due to the low concentrations of latent TGF-³ secreted by various tumor cell 

lines in vitro, the AdCAR system would not be sensitive enough to get activated by the super-

natants of these cell lines. Of the tested cell lines, H4 a neuroglioma cell line, was found to 

secrete the highest amount of latent TGF-³ at approx. 200 ng/mL. That concentration would 

still be below the detection limit of AdCAR T cells. To ensure stable and reasonable secretion of 

latent TGF-³ by tumor cells to characterize the system for soluble antigen sensing in vitro and 

in vivo, the AsPC-1 WT tumor cell line was modified to constitutively express latent TGF-³. It 

should be noted that the concentration of latent TGF-³ measured in vitro cannot be predictive 

for the concentrations later found in vivo, as latent TGF-³ can either accumulate or diffuse 

within the TME. Furthermore, the amount of soluble antigen depends on the amount of tumor 

cells inoculated in vivo and subsequent tumor growth kinetics. 

To improve the sensitivity of the system several modifications of the CAR architecture can be 

made. Chang et al. proposed a mechanotransduction model that requires a reasonable stiffness 

of the CAR construct216. Based on this model it can be deduced that the AdCAR design is crucial 
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for sensing soluble antigens. In this context, it was essential to prove in AdCAR T cells that cou-

pling of the CAR to its soluble antigen via an antibody indeed resulted in T cell activation, since 

this coupling is expected to be less rigid compared to a conventional CAR. Hence, it can be 

assumed that an increased affinity between AdCAR and adapter, as well as between adapter 

and antigen, would lower the detection limit of soluble antigen sensing. As already mentioned 

the CAR design, e.g. the length of the spacer domain, can influence the performance of the 

CAR. Reducing the length of the extracellular spacer domain resulted in higher sensitivity of the 

CAR towards TGF-³ in the proof of concept study done by Chang et al 216. Since the AdCAR 

tested in the study presented here already contained the short IgG4 hinge domain this struc-

tural element is most probably not the main cause for the lower sensitivity of AdCAR T cells. 

One major difference between the two CAR architectures, besides the adapter molecule, is the 

TM domain. The AdCAR has a CD8 TM domain in comparison to the anti TGF-³ CAR which con-

tained a CD28 TM. In previous studies it was shown that the TM can have a significant impact 

on CAR performance. In a comparative study of CD28 TM and CD8 TM only the CD28 TM was 

able to activate endogenous CD2870. Therefore, the TM can change the composition of the 

immunological synapse formed by the CAR by engaging with endogenous T cell signaling mol-

ecules and lower the activation threshold246.  

Another critical component influencing the sensitivity of a CAR is the configuration of co-stim-

ulatory endodomains for efficient intracellular signaling. In this study, a third generation CAR 

containing CD28 and 4-1BB co-stimulatory domains was used. This signaling complex may need 

further optimization to increase the sensitivity of the AdCAR T cells. Previously, improved anti-

gen sensitivity of CARs was achieved by adding two CD3· elements to a 4-1BB co-stimulation 

domain246. In addition, besides the commonly used co-stimulatory domains CD28 and 4-1BB, 

other intracellular signaling moieties need to be considered. Breuning et al. incorporated sig-

naling motifs of CD6 which is a co-receptor of T cells involved in synapse formation and demon-

strated improved CAR T cell effector function when compared to 4-1BB mediated signal-

ing247,248. These results highlight that the identification of the best CAR design is still an empir-

ical process. To this end, an empirical evaluation of the best CAR design for AdCARs which are 

re-directed to sense soluble antigens is just at the beginning.  

6.3 AdCAR T cells can target a soluble antigen and a TAA simultaneously 

In principle, AdCARs allow to target multiple target antigens by sequential or even simultaneous 

administration of adapter molecules which differ in specificity. Indeed, using three different 

adapter molecules specific for CD19, CD20 and ROR1, Seitz et al. demonstrated the combina-

tion of different adapters. The adapters functioned as an <OR= gate and led to differential killing 
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of target cells in dependency of TAAs expressed on the target cell87. The transferability of sim-

ultaneous TAA targeting to the simultaneous targeting of a soluble ligand and a TAA was inves-

tigated within the study presented here. To this end, AdCAR T cells were co-cultured with AsPC-

1 WT and AsPC-1-TGF in presence of different mixtures of aLAP and aCD66c. It could be shown 

that both killing of CD66c+ tumor cells and sensing of latent TGF-³ was mediated simultaneously 

by AdCAR T cells. In accordance with previous results obtained with hLAP, AdCAR T cells were 

activated in dependency of aLAP concentration when cultured with supernatant of AsPC-1-TGF. 

Surprisingly, an activation of AdCAR T cells was also observed in an aCD66c-dependent manner 

when supernatant of AsPC-1 WT was provided. In theory, the activation of AdCAR T cells might 

have been induced by crosslinking of CAR molecules by the multiple-biotinylated aCD66c. How-

ever, this activation was not observed with multiple-biotinylated aLAP in absence of aCD66c. 

Thus, an adapter-induced activation can be excluded as trigger for AdCAR T cell activation. In 

fact, this unexpected finding indicates that the supernatant of AsPC-1 WT contains soluble 

CD66c. Grunert et al. found concentrations of approx. 40 ng/mL to 100 ng/mL CD66c in sera of 

patients diagnosed with uterus carcinoma249. As described earlier, AdCAR T cells got stimulated 

by soluble hLAP provided in comparable concentrations. Therefore, soluble CD66c secreted by 

AsPC-1 WT is likely to have induced the stimulation of AdCAR T cells. It should be noted that 

the activation strength induced by potential soluble CD66c was lower compared to the activa-

tion observed in presence of soluble latent TGF-³. Different concentrations of the soluble target 

antigens may explain this observation. To validate this hypothesis, and to definitely confirm the 

presence of soluble CD66c, the CD66c concentration in supernatant of AsPC-1 WT needs to be 

determined in future studies as it cannot be excluded that residual cells or debris might have 

triggered AdCAR T cell activation. 

Furthermore, two different CAR constructs were tested and compared for simultaneous sens-

ing of TAAs and soluble antigens in this study. The main difference between these constructs 

were the LLE specific scFv fragments. Based on data generated by our group, it is inferred that 

scFv hBio2 4G10 used in AdCAR2 has a higher affinity towards LC-LC-biotin. Interestingly, Ad-

CAR2 T cells outperformed AdCAR1 T cells in vitro as the AdCAR2 T cells showed superior effec-

tor function at lower aCD66c concentrations with concomitant higher concentrations of aLAP. 

These data indicate that the AdCAR2 construct is more suitable for the simultaneous targeting 

of two antigens. Apart from a different promotor sequence, the affinity is the main difference 

between the two constructs. The affinity of the scFv appeared to be crucial for the performance 

of AdCAR2 in comparison to AdCAR1. It is not clear yet which affinity is needed to have optimal 

CAR activation. Previous research described that low affinity scFvs outperform binders of higher 

affinity, however, also the opposite finding was made63,250. For the AdCAR concept, the role of 

affinity is even more complex, as the affinity of the CAR to its tagged adapter and the affinity 

of the adapter towards the antigen impacts the efficacy of the AdCAR T cells. For a leucine 
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zipper based AdCAR T cell approach, Cho et al. reported a positive correlation of effector func-

tions and affinity of the CAR to the adapter molecule indicating the need for strong binding 

between an AdCAR and the corresponding adapter90. Although this result is in line with the 

findings reported here, it needs to be clarified if this principle is universal and thus translatable 

to LLE-specific AdCARs as well.  

In previous reports, conventional CARs were used to target multiple antigens. Different ap-

proaches, e.g. double transduction of T cells or mixing of different CAR T cell products have 

been described251. A double transduction will lead to an undefined CAR T cell product consisting 

of single and double transduced T cells, which is not favorable for clinical translation. In addi-

tion, and as an alternative to double transductions, two CARs were encoded on a bicistronic 

vector to circumvent double transduction, as shown for BCMA-SLAMF7 CAR T cells252. One 

drawback of this approach is the size of the transgene that needs to be packed into the LVV. 

The larger size of the bicistronic transgene will lead to lower LVV titers and reduced transduc-

tion efficacy compared to a monocistronic construct due to limited packaging capacity of 

LVVs253. In principle, one solution could be to equip a CAR with two scFv fragments with differ-

ent specificities to create tandem CARs. Indeed, a CD19/20 tandem CAR developed by Schnei-

der et al. is currently tested in a clinical trial (NCT03870945) to treat patients suffering from 

diffuse large B cell lymphoma254. In theory, a tandem CAR targeting CD66c and latent TGF-³ 

could be used to induce tumor cell killing with combined soluble antigen sensing as well. How-

ever, the safety profile of such a cellular immunotherapy approach needs to be considered. 

Especially when targeting soluble antigens that are potentially more abundant in tumor tissue 

but also systemically available to infused CAR T cells. On-target off-tumor toxicity is a major risk 

for CAR T cell applications in the clinics, as severe side effects were observed in patients treated 

with Her2 and GD2 specific CAR T cells255,256. To this end, especially latent TGF-³ targeted by 

CAR T cells are anticipated to require a safety strategy since latent TGF-³ can be found system-

ically in healthy individuals as well234. In this regard, AdCARs offer the advantage that T cell 

activity can be controlled by adapter removal or withdrawal of adapter injections. Thus, the 

AdCAR T cell concept enables simple CAR T cell generation for targeting multiple antigens and 

appears ideal for combined sensing of soluble antigen. 
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6.4 In the subcutaneous AsPC-1-TGF mouse model latent TGF-³ is present 

both in serum and the TME  

To investigate the sensing of soluble antigens in vivo, NSG mice were s.c. inoculated with AsPC-

1-TGF. Analysis by immunofluorescence imaging of the solid tumor mass identified latent TGF-

³ within the TME of AsPC-1-TGF tumors. Latent TGF-³ was found to be co-localized with tumor 

cells and fibronectin. In accordance with previous reports, which described latent TGF-³ as not 

only being anchored to the ECM but also as a soluble molecule, latent TGF-³ was detectable in 

the sera of AsPC-1-TGF tumor bearing mice as well. The concentration of the soluble ligand 

ranged from approx. 400 ng/mL to 10 µg/mL depending on tumor size and time point of blood 

sampling. 

The clinical relevance of this model is critical for evaluation of the potential clinical applicability 

of soluble latent TGF-³ sensing with AdCAR T cells. However, knowledge about the local con-

centrations of latent TGF-³ within the TME of human tumors is limited. For example, Hawinkels 

et al. analyzed the spatial distribution of total TGF-³ and quantified total TGF-³ in tissue ho-

mogenates of gastric tumors. Significantly higher levels of total TGF-³ were found in tumor 

tissue homogenates (21.1 to 620.1 pg/mg) compared to adjacent control mucosa257. In addi-

tion, the spatial distribution of total TGF-³ was compared between gastric tumor tissue and 

adjacent control tissue by immunohistochemistry. Total TGF-³ was preferentially associated 

with epithelial and stromal staining257. The AsPC-1-TGF mouse model established in the pre-

sented study recapitulated this TGF-³ distribution pattern, as latent TGF-³ was found to be co-

localized with tumor cells and fibronectin. In sum, and in line with the immunostaining of hu-

man ovarian cancer tissue presented in this study, these data indicate the presence of TGF-³ in 

the TME at concentrations higher compared to non-malignant tissue.  

Besides attached to the ECM, soluble latent TGF-³ concentrations, ranging from 400 ng/mL to 

10 µg/mL, were also found in sera of mice inoculated with AsPC-1-TGF. In humans, elevated 

levels of TGF-³ in sera of cancer patients suffering from, e.g. hepatocellular carcinoma or pan-

creatic ductal adenocarcinoma have been reported as well. Absolute values ranged from 

1.69±1.46 ng/mL in hepatocellular carcinoma to 237.6±45.3 ng/mL in PDAC258,259. These data 

indicate that clinical levels of TGF-³ are depending on the particular disease and prone to inter-

individual variation. For any comparison of latent TGF-³ levels between the AsPC-1-TGF mouse 

model and clinical data, it is essential to stress that the cited clinical data refer to concentrations 

of TGF-³. Unfortunately, it is not clearly indicated whether the investigators of these studies 

quantified total or active TGF-³. If these studies were only referring to active TGF-³ the levels 

of latent TGF-³ in serum could change up to 65-fold260. In addition, a positive correlation of the 

TGF-³ level with the tumor size was found, further showing the dynamic of the TGF-³ concen-

tration in tumor patients261. This correlation was observed in the AsPC-1-TGF mouse model as 

well. Serum samples collected at day four contained approx. 400 ng/mL latent TGF-³, whereas 
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at day 30, latent TGF-³ went up to approx. 10 µg/mL. Thus, at day four, latent TGF-³ serum 

levels of AsPC-1-TGF-bearing mice were comparable to levels reported for PDAC. However, as 

tumor growth continued over time, the latent TGF-³ levels in the AsPC-1-TGF mouse model 

exceeded clinically relevant levels. 

For a more comprehensive understanding whether AdCAR T cells sense clinically relevant levels 

of latent TGF-³ co-culture assays with patient-derived serum samples are advisable. Potentially, 

also the eligibility of a patient to such a soluble antigen targeting approach could be evaluated 

in this way.  

Sensing of soluble latent TGF-³ was also assessed in the AsPC-1 WT model in which exogenous 

latent TGF-³ was supplemented by i.p. injection of IVIG. IVIG, which was injected to block Fc-

receptor binding of adapter molecules, was found to also contain human latent TGF-³ as shown 

by own ELISA data and confirming reports by Rißmann et al.262. Mice received approx. 20 ng 

latent TGF-³ i.p. which was sufficient to induce activation of AdCAR T cells. Interestingly, no 

latent TGF-³ was detected by ELISA five days after the last i.p. injection. It could be assumed 

that due to renal clearance the concentration was below the detection limit of the ELISA263. 

This result indicates that AdCAR T cells do not require the high latent TGF-³ concentrations 

observed in the AsPC-1-TGF mouse model to become activated. However, the AsPC-1 WT 

model was suitable to validate the stimulation of AdCAR T cells in presence of soluble latent 

TGF-³ in absence of the ECM attached form. It further demonstrates that AdCAR T cells can 

sense latent TGF-³ in a broad concentration range in vivo. Nevertheless, it does most likely not 

recapitulate the immunosuppressive TME due to the absence of latent TGF-³ anchored to the 

stroma as it is found in primary cancer tissue.  

However, to allow a more comprehensive evaluation of the clinical relevance of soluble antigen 

sensing by AdCARs, a mouse model with TGF-³ concentrations equivalent to cancer patients is 

required for future studies. One option to investigate the impact of latent TGF-³ and its gradi-

ents even better in pre-clinical models could be the use of mouse models in which the tumor 

arises spontaneously, rather than being transplanted. In previous reports it was demonstrated 

that the same tumor type can secret different levels of TGF-³ depending on whether it was 

transplanted or developed spontaneously264. In more detail, Guerin et al. found a seven-fold 

higher mRNA expression of TGF-³ in the spontaneous MMTV-PyMT tumor model compared to 

the transplanted model264. Furthermore, the improved anti-tumor effect of TGF-³ blocking an-

tibodies combined with DMXAA was only observed in the spontaneous tumor model, whereas 

in a transplanted PyMT tumor additional blocking of TGF-³ was not improving tumor regres-

sion264. This indicates that the level of TGF-³ as well as the therapeutic translation of therapies 

targeting TGF-³ are indeed a function of the tumor origin which needs to be considered to 
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improve the significance of pre-clinical results. Therefore, such a tumor model would be favor-

able as well to decipher the effect of sensing soluble latent TGF-³ by AdCAR T cells on tumor 

rejection. 

The TME is a major limitation of this study. In this study, an immune compromised subcutane-

ous xenograft tumor model was applied by inoculating NSG mice with AsPC-1-TGF. For this rea-

son, central components of the TME, e.g. stroma organization, vascularization or immune infil-

tration, are not comparable to primary tumors. The stroma of primary tumors is typically orga-

nized by stromal cells like fibroblasts265. Xenografts, even when patient-derived, lose stromal 

cells during in vitro cell cultivation. Therefore, tumor matched fibroblasts can no longer con-

tribute to build up stromal structures in mouse models as found in primary human tumors. 

Consequently, the stroma of the implanted tumor is either reconstituted by mouse stroma 

and/or tumor cells266. Extensively cultured tumor cells can undergo EMT switch in vitro and 

therefore segregate fibronectin on their own differently than fibroblasts would do. The stroma 

organized by tumor cells does not show the characteristic islet like organization of malignant 

cells surrounded by stroma tissue as seen e.g. for carcinoma cells. In contrast, the connective 

tissue is distributed more uniform within the tumor mass265. This tumor cell-mediated uniform 

distribution of fibronectin was also observed in the AsPC-1-TGF model used in the presented 

study. This indicates an artificial stroma architecture that is lacking a well-organized stroma and 

fibroblasts. However, the development of a tumor stroma resembling human malignant tissue 

as much as possible is of particular interest for targeting latent TGF-³ with AdCAR T cells. Since 

latent TGF-³ can be anchored to the ECM, the stroma organization impacts the spatial distribu-

tion as well as the local concentration of the target antigen. In addition, the stromal architec-

ture organized by fibronectin was shown to influence the spatial distribution of infiltrating im-

mune cells267. As shown by Salmon et al., both the alignment and the density of the fibers are 

decisive for the migratory trajectory of T cells. Immune cells fail to migrate properly through 

dense matrix structures and in addition the orientation of stromal fibers specifies the direction 

of T cell migration126. Therefore, the stroma does significantly influence the migration of T cells 

within the tumor as well as the anti-tumor efficacy of AdCAR T cells. This further highlights the 

need for a clinically relevant stroma of tumor models to predict the therapeutic outcome of 

new immunotherapies more precisely. 

CAFs are potential targets for AdCAR T cells targeting latent TGF-³. Thus, it can be assumed that 

the eradication of those CAFs could lead to different therapeutic outcome in a tumor model 

that depends on stromal cells to organize the ECM around the tumor. For better prediction of 

clinical efficacy, the use of freshly patient-derived xenografts or autochthonous models is rec-

ommended268. However, it is important to stress that spontaneous tumor models are usually 

more difficult to establish and take longer to engraft compared to transplanted tumors which 

make them not suitable for initial functional assessment of AdCAR T cells265.  
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As an alternative, orthotopic models need to be considered in future. Substantial differences 

in vascularization as well as a more immunosuppressive TME in orthotopic tumors compared 

to s.c. tumors were described269. Therefore, orthotopic models might overcome limitations of 

subcutaneous models as they are described to recapitulate the features of spontaneous tumors 

better than a subcutaneous tumor265,270. In sum, future studies of AdCAR T cells targeting the 

TME of cancer should include mouse models which recapitulate many more facets that shape 

solid tumors and determine treatment efficacy. 

6.5 Sensing of soluble latent TGF-³ in vivo induces systemic AdCAR T cell 

activation characterized by an early induction of pro-inflammatory 

cytokine secretion 

In this work the sensing of soluble antigens was investigated in three different s.c. xenograft 

mouse models. NSG mice received either (1) AsPC-1 WT and were in addition supplemented 

with soluble latent TGF-³, (2) AsPC-1-TGF which directly secrete latent TGF-³ or (3) AsPC-1-TGF 

plus autologous PBMCs to investigate synergistic effects of AdCAR T cells with endogenous im-

mune cells. 

Independent of the model used, soluble latent TGF-³ was found to trigger IFN-³ release by 

AdCAR T cells in presence of an anti-LAP specific adapter. Furthermore, the induction of cyto-

kine release in vivo was compared between targeting a TAA or a soluble antigen. The differen-

tial induction of cytokine secretion was analyzed in the AsPC-1 WT model and in the AsPC-1-

TGF model. Using these two models, the cytokine secretion of two different anti-CD66c CAR T 

cells was compared to AdCAR T cells targeting soluble latent TGF-³. The cytokine secretion was 

induced remarkably earlier by soluble ligands targeted by the AdCAR compared to a CAR tar-

geting a TAA.  

One major advantage of the AdCAR concept is its flexibility to redirect the AdCAR to multiple 

target molecules by applying different adapters. Therefore, simultaneous targeting of a TAA 

and a soluble antigen with one AdCAR T cell was evaluated in the AsPC-1-TGF model as well. In 

animals that were treated with aLAP plus aCD66c elevated levels of systemic IFN-³ were found 

at day four compared to animals treated with aCD66c only. Importantly, when targeting a TAA 

alone or simultaneously with a soluble antigen using the same AdCAR, the anti-tumor efficacy 

was similar in both settings. This demonstrated no interference of soluble antigen sensing and 

tumor killing. In addition, the activation of AdCARs by soluble antigens did not impair tumor 

trafficking and TAA induced activation of AdCAR T cells, as frequencies of infiltrating lympho-

cytes and the proportion of CD8+ T cells in the tumors were comparable between the cohorts 

that received either aCD66c plus aLAP or only aCD66c. However, a remarkable shift towards 
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CD8+ AdCAR T cells was observed in spleens in presence of latent TGF-³ and aLAP. This indicates 

latent TGF-³ induced AdCAR T cell activation independent of AdCAR T cells engaging a TAA. 

To better understand the elevated IFN-³ concentrations four days after AdCAR T injection, the 

availability of latent TGF-³ and the route of AdCAR T cell administration in these mouse models 

needs to be considered. Upon i.v. administration most transplanted cells are trapped in the 

lung for the first 24 h and persist for up to three days followed by homing to the tumor site271. 

Within this time frame, truly TAA specific T cells lack antigen-dependent stimulation. This is 

supported by the observation that the efficacy of PSCA-mCAR T cells was improved in a lung 

metastatic model compared to the corresponding prostate tumor model. The authors assumed 

that the initial trapping of i.v. injected CAR T cells in the lung is limiting the survival in the pe-

riphery due to missing antigen stimulation in the non-metastatic model. In a metastatic model, 

CAR T cells engage their antigen rapidly after infusion and thus get stimulated already in the 

lung272. Furthermore, T cells were described to not only lack sufficient antigen stimulus but also 

to receive inhibitory signals in the periphery before reaching the tumor tissue. For instance, 

MDSCs were found to circulate in the periphery of melanoma and lung cancer patients after 

chemotherapy273. As already discussed, soluble latent TGF-³ is circulating in the serum, there-

fore AdCAR T cells receive antigen stimulation already in the periphery distant from the tumor. 

Thus, the early induction of IFN-³ secretion by AdCAR T cells targeting a soluble antigen in pres-

ence of aLAP and soluble latent TGF-³ clearly identifies a peripheral stimulation of AdCAR T 

cells by soluble latent TGF-³ distant from the tumor site. In sum, the mechanistic feature may 

circumvent the lack of initial antigen encounter of CAR T cells targeting TAAs.  

One mechanistic feature of sensing soluble antigens with AdCAR T cells in vivo was the produc-

tion of IFN-³. The systemic administration of IFN-³ was reported to elicit remodeling of the TME. 

For example, systemic exogenous administration of IFN-³ was already evaluated in a phase 0 

clinical trial274. In detail, patients suffering from synovial sarcoma and myxoid/round cell lipo-

sarcoma were injected with IFN-³ to induce inflammation of the TME. Mechanistically, Zhang 

et al. found an upregulation of MHC-I expression on tumor cells and less exhausted T cells 

within the tumor in this phase 0 study 274. It needs to be clarified by future work whether the 

systemic stimulation of AdCAR T cells by soluble antigens and the secretion of pro-inflammatory 

cytokines is beneficial to also activate bystander immune cells systemically or if activation is 

limited to AdCAR T cells. To comprehensively answer this question, a fully immune competent 

mouse model is required. This would allow to also study the involvement of, e.g. B cells, NK 

cells or DCs in systemic activation and tumor infiltration275.  

In the mouse studies presented here, secretion of cytokines in absence of adapter was noticed. 

Interestingly, this background cytokine secretion was diminished in presence of adapter when 

the target was absent. This data indicates an adapter-independent stimulation of the AdCAR 

early after injection. One phenomenon that is described to cause such antigen-independent 
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stimulation of CAR T cells is tonic signaling. Tonic signaling was reported to be dependent on 

various factors such as intracellular signaling, the scFv or CAR expression level. Frigault et al. 

could show a link of tonic signaling between the CD28 intracellular signaling domain and a high 

expression level of the CAR276. As both, the AdCAR1 and AdCAR2 contain a CD28 signaling do-

main, a possible correlation of the expression level and tonic signaling needs to be investigated. 

Furthermore, it cannot be excluded that the scFv binds a second target in addition to the LLE. 

A potential off-target binding may explain why CAR activation is blocked in presence of adapter 

molecules. In sum, more data are needed to identify the cause of the antigen-independent 

signaling in absence of adapter. It is likely that this phenomenon is caused by a combination of 

multiple factors, e.g. CAR architecture, expression level and choice of CAR binding moiety. 

6.6 The anti-tumor effect of AdCAR T cells is enhanced in NSG mice 

reconstituted with autologous PBMCs 

Within this study, the NSG mouse strain was used for all three tumor models, and for all of 

them the principle of sensing soluble antigens with AdCAR T cells was confirmed. However, 

complete tumor eradication, even for functional CD66c CAR T cells, was only observed in NSG 

mice bearing the AsPC-1 WT tumor, whereas in NSG mice bearing the AsPC-1-TGF tumor no 

anti-tumor effect was found. A similar trend was observed with AdCAR T cells simultaneously 

targeting soluble latent TGF-³ and CD66c. No anti-tumor response was elicited in the NSG AsPC-

1-TGF model. Surprisingly, AdCAR T cells were able to induce growth control of highly immuno-

suppressive AsPC-1-TGF tumors in PBMC reconstituted NSG mice. Tumor burden in mice 

treated with AdCAR T cells and aLAP plus aCD66c was significantly lower in presence of autolo-

gous PBMCs compared to non-reconstituted mice. Moreover, in reconstituted mice, the fre-

quency of human cells was significantly higher indicating improved engraftment and expansion 

of immune cells in secondary lymphoid organs, e.g. spleens. Additionally, elevated frequencies 

of CD45+ cells were found in dissociated AsPC-1-TGF tumors of reconstituted NSG mice com-

pared to non-reconstituted mice, which might explain the superior anti-tumor response.  

Pyo et al. engrafted NSG mice with human PBMCs of healthy donors. By comparing the cytokine 

secretion pattern of human cytokines before and after engraftment, the authors found a sig-

nificantly higher secretion of, e.g. IFN-³ and GM-CSF277. Furthermore, Onoe et al. adoptively 

transferred CD34+ cells into lymphopenic NOD/SCID mice and reported a rapid proliferation and 

conversion of naïve CD8 and CD4 T cells into memory like T cells with the capability to secrete 

IFN-³ upon stimulation278. The pronounced secretion of IFN-³ reported by Pyo et al. and Onoe 

et al. is in line with the increased IFN-³ levels found in PBMC reconstituted mice bearing AsPC-

1-TGF tumors after treatment with AdCAR T cells. It is likely that the cytokine milieu established 

by the engraftment of human PBMCs and AdCAR T cells into lymphopenic mice explains the 



6 Discussion 

102 

improved anti-tumor response of AdCAR T cells in the otherwise immunosuppressive AsPC-1-

TGF model. There is evidence that IFN-³, besides its pro-apoptotic role, can enhance the prolif-

eration and cytolytic potential of T cells, therefore a positive effect on AdCAR T cells is as-

sumed2793282. IFN-³ can improve survival of CD4+ T cells in absence of antigen stimulation. CD4+ 

T cells pre-treated with IFN-³ in vitro demonstrated improved expansion upon antigen stimula-

tion, since the fraction of cells entering replicating cell cycle was increased by IFN-³283. Thus, 

IFN-³ could prepare AdCAR T cells to elicit an anti-tumor response as soon as reaching the tu-

mor and contribute to the survival of T cells during circulation in the periphery. 

In the presented study, the reconstitution of immunodeficient mice was required but not suf-

ficient for anti-tumor response in the AsPC-1-TGF model. It is hypothesized that the pool of 

AdCAR T cells was systemically increased in AsPC-1-TGF bearing mice reconstituted with autol-

ogous PBMCs, whereas the AdCAR T cell proliferation was suppressed by active TGF-³ in ab-

sence of autologous PBMCs. Additionally, no engraftment of immune cells was observed in 

AsPC-1-TGF-bearing mice treated with PBMCs only, indicating a suppression of the previously 

observed rapid proliferation in absence of AdCAR T cells. Zhang et al. identified TGF-³ as a sup-

pressor of T cells proliferation in a lymphopenic environment. After transferring mouse T cells, 

harboring a knockout of the TGF-³RII or WT T cells into RAG1-/- mice, only the knockout T cells 

showed proliferation under lymphopenic conditions284. This indicates that TGF-³ is a mediator 

of T cell proliferation under lymphopenic conditions. Consequently, the TGF-³ present in the 

AsPC-1-TGF model most likely suppressed the lymphopenia-induced proliferation of immune 

cells. However, when AdCAR T cells and autologous PBMCs were co-injected to mice bearing 

AsPC-1-TGF tumors a proliferation of human immune cells was observed. Cytokine driven stim-

ulation of T cells, e.g. by IL-12, TNF-³ and to some extend IFN-³ is known to overcome the 

suppressive effect TGF-³ is exerting on T cells284. Therefore, the level of those cytokines should 

be monitored in future experiments when treating AsPC-1-TGF-bearing mice with autologous 

immune cells and/or AdCAR T cells to decipher their contribution to overcome the suppressive 

effect of TGF-³. 

However, this highlights the potential of a combined application of AdCAR T cells and autolo-

gous PBMCs to overcome a suppressive TME marked by TGF-³. Although the simultaneous tar-

geting of CD66c and latent TGF-³ enhanced IFN-³ secretion in humanized mice no improved 

tumor clearance was found compared to targeting CD66c alone. Nevertheless, Boulch et al. 

described a beneficial effect of IFN-³ and IL-12 in orchestrating the crosstalk of CD19-CAR T 

cells with host immune cells in an immune competent mouse model285. IFN-³ was shown to 

recruit a wide range of immune cells to the TME, e.g. DCs, monocytes, NK- and NKT cells. In 

addition, DC-derived IL-12 was needed to elicit full CAR T cell functionality285. This feedback 

loop might be relevant for AdCAR T cells sensing soluble latent TGF-³ as well but could not be 

investigated in the NSG model. 
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It should be noted that the induction of rapid proliferation of immune cells observed in this 

study was adapter-independent, whereas the anti-tumor response was strictly dependent on 

aCD66c. The previously discussed tonic signaling of AdCAR T cells is assumed to support the 

reconstitution of NSG mice also in absence of an adapter, since IFN-³ secretion was observed. 

Therefore, a system without background activation of AdCAR T cells is needed to clarify 

whether the improved expansion of AdCAR T cells in presence of PBMCs can be triggered in a 

soluble antigen and/or a TAA-dependent manner. 

Furthermore, B cells acting as APCs were identified to be essential for the rapid proliferation of 

CD8+ cytotoxic T cells under lymphopenic conditions278. In the study presented here, B cells 

were found to be persistent in spleens after injection of human PBMCs into NSG mice. Thus, B 

cells potentially served as APCs for adoptively transferred T cells and/or AdCAR T cells to induce 

rapid proliferation in the AsPC-1 TGF model. This may further contributed to the elevated fre-

quencies of T cells found in spleens and tumors. Although the injection of human PBMCs into 

NSG mice is a straight-forward approach for in-depth investigations of CAR T cell therapy, the 

used model harbors some disadvantages. In this study mainly T cells, B cells and NKT cells were 

found in the spleens or the tumors after 25 days of engraftment. However, the myeloid com-

partment and NK cells were mostly missing, due to a lack of human cytokine support in NSG 

mice. An improved engraftment of neutrophils and monocytes was reported for NSG-SGM3 

mice, expressing human GM-CSF, IL-3 and stem cell factor286. Thus, the investigation of anti-

tumor efficacy of AdCAR T cells in such a humanized mouse model is required in the future, as 

they much more mimic the setting in a patient. The rationale to target the TME with AdCAR T 

cells in immunocompetent models is further supported by results obtained with anti-EIIIB+ CAR 

T cells and anti-FAP CAR T cells. Both CAR T cells demonstrated anti-tumor responses in vivo in 

immunocompetent mouse models but were not functional in immunodeficient hosts65,217.  

In sum, it appears reasonable to speculate that the effects of targeting the TME via soluble 

latent TGF-³ would be much more pronounced in a tumor mouse model with a fully reconsti-

tuted human immune system and a more physiological tumor stroma. 
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6.7 AdCAR T cells show deficits to infiltrate solid tumor tissue  

AdCAR T cells either targeting CD66c or CD66c and latent TGF-³ showed a transient control of 

AsPC-1-TGF tumors in reconstituted NSG mice. However, AdCAR T cells failed to achieve com-

plete tumor eradication. To get a more comprehensive understanding what caused the tumor 

outgrowth of AsPC-1-TGF tumors, the frequency of T cells infiltrating spleens and tumors as 

well as their exhaustion marker expression was analyzed ex vivo. 

T cells were mainly found in spleens, whereas the frequency of T cells in the tumors was mark-

edly reduced. Interestingly, these lymphocyte accumulations were accompanied by phenotypic 

differences. T cells in the tumor showed higher frequencies of PD-1, TIM3 and LAG3 expression 

compared to T cells isolated from spleens. This phenotype is considered as an indication of 

exhaustion and low cellular fitness287. Despite the immunosuppressive conditions present in 

the AsPC-1-TGF model, T cells showed persistence in the spleens more than three weeks after 

transfer. Thus, T cells located in the spleens seem to be an untapped reservoir of functional 

cells for tumor treatment which have not been recruited to the tumor site. Interestingly, similar 

observations were made in an autochthonous prostate cancer model. Tumor specific T cells 

harboring a knockout of the TGF-³RII receptor showed persistence in the spleen but not in the 

tumor288. Here, the authors found LAG3 to be expressed preferentially in T cells isolated from 

the tumor but not on cells from the periphery288. These observations are supported by gene 

expression data obtained from melanoma patients showing an exhaustion related gene profile 

and reduced IFN-³ production only in the tumor or draining lymph nodes but not in circulating 

cells289. 

Lesch et al. reported that engineering CAR T cells to co-express CXCR6 improved tumor infiltra-

tion and enhanced anti-tumor response in an orthotopic pancreas tumor model290. This ap-

proach seems to be an elegant way to induce migration of less exhausted AdCAR T cells from 

secondary lymphoid organs to the tumor site. By combining chemokine-induced tumor infiltra-

tion and sensing of soluble antigens with AdCAR T cells, systemically activated CAR T cells could 

potentially be recruited to the tumor site. The analysis of the spatial distribution of AdCAR T 

cells further validates the need to improve the penetration of AdCAR T cell into the tumor. 

Whereas anti-CD66c CAR T cells showed accumulation in tumor layers more distant from the 

periphery, AdCAR T cells preferential accumulated in the peritumor as observed in the AsPC-1-

TGF model. This migration behavior of AdCAR T cells may counteract anti-tumor efficacy. In 

general, two requirements for effective anti-tumor response of AdCAR T cells must be met, e.g. 

(1) sufficient infiltration of the tumor tissue by AdCAR T cells and in contrast to CAR T cells, (2) 

tumor penetration of the adapter molecules at therapeutic relevant concentration. As an 

adapter IgG1 molecules tagged with the LLE epitope were used in this study. It can be assumed 

that these molecules distribute similar in tumor tissue compared to antibody drug conjugates 

(ADCs) as both molecules share most biochemical properties. In regions of high antigen density, 
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ADC penetration is less homogenous and declines rapidly the more the antibody diffuses into 

the tumor291,292. Furthermore, it was shown for human head and neck cancer tumors that the 

size of the tumors is negatively correlated with antibody accumulation293. One caveat for biva-

lent adapter formats in penetrating solid tumor tissues is their relatively high affinity. Highly 

affine binding molecules showed limited diffusion due to the low level of unbound antibodies 

which can diffuse further into the tumor tissue294,295. This is further supported by clinical data 

of patients suffering from head and neck squamous cell carcinomas. Here, anti-EGFR antibodies 

showed declining tumor penetration with increased distance from tumor edges leading to het-

erogeneously labeled tumors, thus potentially limiting the efficacy of the ADC296. Antibody frag-

ments of smaller size, e.g. Fab-fragments or scFvs, demonstrated improved intratumoral distri-

bution and thus have the potential to overcome the shortcoming of full length IgGs297. How-

ever, limitations of antigen binding moieties with lower molecular weight, are a faster renal 

clearance and a lower plasma concentration. Nessler et al. fused nanobodies to an albumin 

binding domain to elongate serum half-life. This increased tissue penetration and efficacy of an 

ADC in a mouse xenograft prostate cancer model compared to a full length IgG298. It can be 

assumed that both the aLAP and the aCD66c adapter also penetrated only outer layers of the 

tumors resulting in the accumulation of AdCAR T cells in this region.  

In summary, both the accumulation of adapter molecules and the migration pattern need to 

be quantified within the tumor mass in future studies, either by ex vivo immunofluorescent 

analysis of sequential tumor slices or imaging of the whole tumor by ultramicroscopy299. In ad-

dition, adapter formats of low molecular weight, e.g. Fabs, scFvs or nanobodies, should be con-

sidered for AdCAR T cells in solid tumor treatment, instead of full length IgG molecules. 

6.8 Outlook 

The introduction of CAR T cells has offered new therapeutic options for patients suffering from 

hematological malignancies. However, CAR T cell therapies targeting solid cancers have not yet 

been approved. A major difference between liquid and solid tumors is the TME, and its complex 

and immunosuppressive composition that currently renders CAR T cell therapy inefficient.  

Most of the current CAR T cell approaches focus on membrane bound molecules expressed by 

the tumor with only a few examples targeting the stroma of solid tumors65,217. To allow com-

munication of the tumor with surrounding stroma, and in order to orchestrate immune evasion, 

soluble molecules like chemokines or cytokines are indispensable. However, chemokines, cyto-

kines or shed tumor antigens have only poorly been considered as CAR targets so far due to the 

dogma of antigens requiring cell surface expression.  

In the study presented here it was shown that AdCAR T cells in combination with an adapter 

molecule get stimulated by soluble antigens both in vitro and in vivo. The AdCAR technology 
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allowed to combine soluble antigen sensing with direct tumor targeting without any further 

genetic modification of the T cell except of the AdCAR expression. Therefore, the therapeutic 

spectrum of future AdCAR approaches can be expanded simply by adding new adapter speci-

ficities to the treatment protocol. The omission of additional genetic modifications facilitates 

clinical translation since the already existing AdCAR architecture is used for sensing soluble an-

tigens as well as TAAs. This allows to target antigens present in the TME, which can be both 

ECM-bound or secreted. This concept was inspected in this work using the immunosuppressive 

latent TGF-³. However, in addition to TGF-³, other chemokines are described to contribute to 

the immune evasion of tumors as well, for instance by attracting immunosuppressive cells like 

Tregs, MDSCs or neutrophils into the TME. Therefore, CCL22, CCL2 or CXCL5 appear attractive 

to be targeted by AdCAR T cells for conversion into pro-inflammatory stimuli in future work3003

302. In addition, tumors do escape the CAR T cell anti-tumor effector function by shedding TAAs, 

as described for Glypicane-3244. These antigens are usually not considered as CAR targets. How-

ever, with the technique presented here the higher serum concentrations of shed antigens can 

be used as a specific trigger of AdCAR T cells in the periphery before reaching the tumor lesion. 

By sensing shed tumor antigens and subsequent secretion of pro-inflammatory cytokines, Ad-

CAR T cells have the potential to compensate the lack of antigen stimuli in the periphery. 

Another class of new potential CAR targets are soluble checkpoint molecules which suppress 

the immune response. For instance, soluble PD-L1 or soluble CTLA-4 have been identified in 

sera of cancer patients303,304. A complexation of soluble checkpoint molecules with AdCAR T 

cells could counteract their inhibitory effect in two ways. First, the AdCAR T cells would be trig-

gered by those molecules instead of being inhibited. Second, the adapter could be engineered 

to neutralize those molecules and thereby reduce the inhibitory effect otherwise exerted on 

non-AdCAR T cells as well. This strategy has the potential to promote an enhanced and systemic 

immunity. 

It was demonstrated within this study that soluble antigens trigger the secretion of endogenous 

IFN-³ but can induce transgene expression as well. It is conceivable that this system can be used 

to induce expression of therapeutically relevant transgenes within a specific environment, e.g. 

at high concentrations of TGF-³ at the tumor site. In this way, AdCAR T cells can be used for 

instance to sense latent TGF-³ and induce the expression of a dominant negative T³RII. 

Thereby, AdCAR T cells could help to overcome TGF-³-mediated inhibition of cytotoxicity as 

AdCAR T cells would act as a sink for TGF-³213. Overall, the concept of soluble antigen sensing 

with AdCAR T cells may provide a new therapeutic option to patients suffering from solid can-

cer. 
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Acc     Acceleration 
aCD66c   CD66c-specific antibody 
AdCAR    Adapter CAR 
ADCC    Antibody-dependent cell-mediated cytotoxicity 
aLAP    LAP-specific antibody 
ALK    Activin receptor-like kinase 
APC    Allophycocyanin 
AsPC-1-TGF  latent TGF-³ secreting AsPC-1 WT 
AsPC-1 WT   AsPC-1 GFP+ luciferase+ 

ATC    Adoptive cell therapy 

B 
BCR    B cell receptor 
BiTE    Bispecific T cell engager 
BLI     Bioluminescent imaging 
Br     Break 
BSA    Bovine serum albumin 

C 
CAF    Cancer associated fibroblast 
CAR    Chimeric antigen receptor 
CRS    Cytokine release syndrome 

D 
DC     Dendritic cell 
DMEM    Dulbecco's Modified Eagle Medium 
DMSO    Dimethylsulfoxid 

E 
ECM    Extra cellular matrix 
EMT    Epidermal mesenchymal transition 

F 
Fab     Fragment-antigen binding 
FAP    Fibroblast activation protein 
FBS     Fetal bovine serum 
FCS     Forward scatter 
FDA    U.S. Food and Drug Agency  
FITC    Fluorescein isothiocyanate 

G 
GARP    Glycoprotein A repetitions predominant protein 
GFP    Green fluorescent protein 
GM-CSF   granulocyte-macrophage colony-stimulating factor 
GMP    Good manufacturing practice 

H 
HEK    Human embryo kidney cells 
hLAP    Recombinant human LAP 
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I 
i.v.     Intravenous 
IFN     Interferon  
IgG     Immunoglobulin G 
IL     Interleukin 
IVIG    Human intravenous immunoglobulin 

L 
LAP    Latency associated peptide 
LB     Lysogeny broth 
LLC     Large latent complex 
LLE     Linker label epitope 
LP     Leukapheresis 
LRRC33   Leucine-Rich Repeat-Containing Protein 33 
LTBP    Latent TGF-³ binding protein 
LVV    Lentiviral vector 

M 
mAb    Monoclonal antibody 
MDSC    Myeloid derived suppressor cells 
MFI    Mean fluorescent intensity  
MHC    Major histocompatibility complex 
MMP    Matrix metalloproteinase 
MOI    Multiplicity of integration 

N 
NSCL    Non-small cell lung cancer 

P 
PBMC    Peripheral blood mononuclear cell 
PBS    Phosphate buffered saline 
PCC    Pearson correlation coefficient  
PDAC    Pancreatic ductal adenocarcinoma 
PE     Phycoerythrin 
PEB    PBS/EDTA/BSA 
PEI     Polyethylenimine 

R 
ROI     Region of interest 
RPMI    Roswell Park Memorial Institute 

S 
s.c.     Subcutaneous  
scFv    Single chain fragment variable 
SD     Standard deviation 
SEM    Standard error of the mean 
SLC     Small latent complex 
SSC     Sideward scatter 
SP     Signaling peptide 
SUP-T1    Stanford University Pediatric T cell line 1 
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T 
TAA    Tumor associated antigen 
TAM    Tumor associated macrophages 
TCR    T cell receptor 
TCT    T cell transduction 
TGF-³    Transforming growth factor-³ 
TIL     Tumor infiltrating lymphocytes 
TLS     Tertiary lymphoid structures 
TM     Transmembrane domain 
TME    Tumor microenvironnement 
TNF    Tumor necrosis factor 
Treg    Regulatory T cells 
T³R    TGF-³ receptor 

W 

w/o    Without 
WBC    White blood cell count 
WT     Wild type 
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